
 
UNIVERSITÀ DEGLI STUDI DI ROMA 

"TOR VERGATA" 
 

FACOLTA' di MEDICINA e CHIRURGIA 

 

 

DOTTORATO di RICERCA in 

BIOCHIMICA e BIOLOGIA MOLECOLARE 
XXI ciclo 

2009-2010 

 

 

“INTRACELLULAR AND SURFACE REDOX 

SYSTEMS IN HUMAN PLATELETS” 
 

 

 

Dott. ROSARIA ARNONE 

 

 

 

Docente Guida: Prof. Luciana Avigliano  

Coordinatore: Prof. Alessandro Finazzi Agrò 

 

 
DIPARTIMENTO DI MEDICINA SPERIMENTALE & SCIENZE BIOCHIMICHE  

VIA MONTPELLIER 1 – 00133 ROMA 

 





 I 

 
 
 

ABSTRACT 

 

Redox balance is important for platelet physiology, indeed it is crucial for 

blood coagulation and thrombosis. This thesis will give an update on 

intracellular and plasma membrane systems involved on redox homeostasis 

in human platelets, with particular regard to vitamin C and plasma 

membrane NAD(P)H oxidases.  

The redox balance is linked to the presence of intracellular antioxidants; 

in particular, vitamin C appears to be a key modulator of platelet oxidative 

state, since these cells physiologically accumulate ascorbic acid. Here, we 

showed, for the first time, that platelets could compensate for fluctuations in 

ascorbate levels by modulating the expression of the Na
+
-dependent 

transporter SVCT2 at translational level. Moreover, we showed that changes 

in intracellular ascorbic acid content had physiological relevance, since they 

modulate the surface sulfhydryl content and the thrombus viscoelastic 

properties. 

Intracellular reducing equivalents can be propagated to the plasma 

membrane and electrons transferred to external acceptors, thus affecting both 

adjacent cells and circulating blood components. In platelets, the plasma 

membrane redox (PMR) system has not yet been fully characterized and the 

molecular identities of most components are unknown. Here we described 

the presence of at least one member of the plasma membrane hydroquinone-

(NADH) oxidase family (namely Ecto-NOX1). We found that Ecto-NOX1 is 

sensitive to capsaicin: indeed, it is up-modulated through a mechanism 

requiring binding of capsaicin to its receptor, namely the transient receptor 

potential vanilloid subtype 1 (TRPV1). Ligand-receptor interaction triggers a 

signalling cascade leading to reactive oxygen species (ROS) production, 

which in turn enhances the expression and activity of Ecto-NOX1. Redox 

regulation of Ecto-NOX1 may be important for platelet recruitment and 

activation during inflammatory diseases. 
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RIASSUNTO 

 

Lo stato redox è importante per la corretta fisiologia delle piastrine, dal 

momento che esso risulta cruciale durante la coagulazione del sangue e la 

trombosi. Questa tesi intende descrivere i sistemi intracellulari e di 

membrana coinvolti nel mantenimento dell’omeostasi dello stato redox nelle 

piastrine umane, con particolare riguardo alla vitamina C ed alle NAD(P)H 

ossidasi presenti sulla membrana plasmatica. 

L’equilibrio redox è chiaramente correlato alla presenza di antiossidanti 

cellulari: in particolare, la vitamina C è un modulatore importante dello stato 

redox piastrinico, dal momento che le piastrine stesse accumulano l’acido 

ascorbico in condizioni fisiologiche. In questo lavoro, abbiamo evidenziato 

per la prima volta che le piastrine possono compensare le fluttuazioni nei 

livelli di ascorbato, modulando, a livello tradizionale, l’espressione del 

trasportatore Na
+
-dipendente SVCT2. Inoltre, abbiamo dimostrato che 

cambiamenti nel contenuto intracellulare di acido ascorbico hanno una 

rilevanza fisiologica, dal momento che questi possono modulare il contenuto 

di gruppi sulfidrilici nella membrana plasmatica e le proprietà viscoelastiche 

el trombo. 

Gli equivalenti riducenti intracellulari possono essere trasferiti alla 

membrana plasmatica e gli elettroni trasferiti ad accettori esterni, 

influenzando così sia le cellule adiacenti che i diversi componenti del 

sangue. Nelle piastrine il sistema redox di membrana non è stato ancora 

completamente caratterizzato e l’identità molecolare di molti componenti di 

questo sistema rimangono sconosciuti. Abbiamo evidenziato la presenza di 

almeno un membro della famiglia delle idrochinone-(NADH) ossidasi 

localizzate sulla membrana plasmatica; tale membro è designato Ecto-

NOX1. Abbiamo anche dimostrato che Ecto-NOX1 è sensibile alla 

capsaicina; infatti, tale composto è in grado di aumentare l’espressione di 

Ecto-NOX1 mediante un meccanismo che richiede il legame della capsaicina 

al suo recettore naturale (designato recettore transiente per il vanilloide di 

tipo 1 o TRPV1). L’interazione ligando-recettore innesca una cascata del 

segnale che porta alla produzione di specie reattive dell’ossigeno, le quali, a 

loro volta, aumentano l’espressione e l’attività di Ecto-NOX1. La 

regolazione redox di questo enzima potrebbe essere importante per il 

reclutamento e l’attivazione delle piastrine durante i processi infiammatori. 



 III 

 

INDICE 

 

ABSTRACT.................................................................................................   I 

1. PLATELETS........................................................................................   1 

1.1 Platelet morphology..................................................................   1 

1.2 Platelet and protein synthesis....................................................   5 

1.3 Platelet activation......................................................................   6 

1.4 Dynamics of thrombus formation.............................................   6 

2. REDOX SYSTEMS IN HUMAN PLATELETS............................... 11 

2.1 Reactive oxygen/nitrogen species............................................. 11 

2.2 Antioxidant defence mechanisms............................................. 13 

2.3 The plasma membrane redox system........................................ 14 

2.4 Vitamin C.................................................................................. 19 

2.4.1 General aspects…....................................................... 19 

2.4.2 Metabolism................................................................. 21 

2.4.3 Biochemical Functions............................................... 25 

3. OBJECTIVES OF RESEARCH........................................................ 27 

4. RESULTS............................................................................................. 29 

4.1 Translational control of ascorbic acid transporter SVCT2…… 29 

4.1.1 Ascorbic acid is accumulated through the  

 SVCT2 carrier……………………….………………… 29 

4.1.2 Expression of SVCT2 is regulated by  

 intracellular AA levels..................................................... 30 

4.1.3 Vitamin C is maintained in the reduced  

 form inside cells............................................................... 33 

4.1.4 SVCT2 expression is enhanced during  

 platelet activation............................................................. 33 

4.1.5 AA modulates surface sulfhydryl groups......................... 36 

4.1.6 AA modulates thrombus rigidity...................................... 38 

4.2 Modulation of surface NADH-oxidase enzyme by capsaicin 38 

4.2.1 Ecto-NOX1 is present in human platelets........................ 38 

4.2.2 Ecto-NOX1 expression is up-regulated  

 by capsaicin ..................................................................... 44 

4.2.3 The capsaicin-mediated regulation of ecto-NOX1  

 requires binding to vanilloid receptor.............................. 44 

5. DISCUSSION....................................................................................... 49 

6. CONCLUSIONS.................................................................................. 53 

7. EXPERIMENTAL PROCEDURES.................................................. 55 



 IV 

8. REFERENCES.................................................................................... 61 

9. CURRICULUM VITAE..................................................................... 73 

10. LIST OF PUBLICATIONS................................................................ 75 



 V 

 

LIST OF ABBREVIATIONS 

 

4E-BP1……………… 4E-binding protein1 

5’-IRTX……………... 5’-iodo-resiniferatoxin 

AA…………………… ascorbic acid  

AA-2P……………….. ascorbic acid-2 phosphate  

AFR………………….. ascorbyl free radical  

arNOX……………….. age-related NADH oxidase  

Caps………………….. capsaicin  

CM-H2DCFDA………. 5(and-6)chloromethyl-2',7'-dichlorodihydro-

fluorescein diacetate, acetyl ester 

cNOX or Ecto-NOX1... constitutive NADH oxidase  

CoQ.............................. ubiquinone; coenzyme Q;  

CoQ
•-
………………… semiquinone radical 

CoQH2……………….. hydroquinone  

Cpz…………………... capsazepine  

DHA............................. dehydroascorbic acid  

DTNB………………... 5-5'dithiobis(2-nitrobenzoic acid)  

DOG............................. deoxyglucose  

DTT.............................. dithiotreitol  

ERP5............................ endoplasmic reticulum protein. 

FXI…………………… factor XI 

FXII………………….. factor XII 

GP……………………. glycoprotein  

GPx............................... glutathione peroxidase  

GSH.............................. reduced glutathione  

GSSG............................ oxidized glutathione  

NAC………………….. N-acetyl-L-cysteine  

NOX (1-5)..................... NADPH oxidases;  

NQO.............................. NAD(P)H:ubiquinone oxidoreductase 

PBS............................... phosphate buffered saline  

PDI…………………… protein disulphide isomerase  

PMA………………….. phorbol 12-myristate 13-acetate  

PMR.............................. plasma membrane redox system 

mPMS………………… 1-methoxy-5-methyl-phenazinium methyl sulphate  



 VI 

RO/NS........................... reactive oxygen and nitrogen species 

ROS............................... reactive oxygen species;  

RTX………………….. resiniferatoxin  

SOD.............................. superoxide dismutase  

SVCT………………… Na
+
-dependent transporters 

TF……………………. tissue factor  

tNOX or Ecto-NOX2.... tumour-associated NADH oxidase 

TRPV1……………….. vanilloid receptor type 1 

Trx................................ thioredoxin  

TrxR............................. thioredoxin reductase  

TX…………………… thromboxane 

VDAC……………….. voltage-Dependent anion-selective channel 

vWF………………….. van Willebrand Factor 

WST-1……………….. 2-(4-iodophenyl)-3-(4-nitrophenyI)-5-(2,4-

disulfophenyl)-2H-tetrazolium, monosodium salt 



 VII 

 

RINGRAZIAMENTI 

 

Desidero esprimere la mia gratitudine alla Prof.ssa Luciana Avigliano, 

riferimento essenziale ed eccellente supervisore, per gli insegnamenti 

ricevuti durante questo percorso di studio e per avermi guidato con la sua 

grande esperienza in questi anni di lavoro. 

 

Ringrazio inoltre il Collegio dei Docenti del Dottorato di Ricerca in 

Biochimica e Biologia Molecolare ed, in particolar modo, il Coordinatore 

Prof. Alessandro Finazzi Agrò.  

 

Un ringraziamento particolare alle Prof.sse Isabella Savini e Maria 

Valeria Catani per i loro preziosi insegnamenti e per l’infinita pazienza e 

disponibilità. 

 

Infine, ringrazio sentitamente tutte le persone con cui ho condiviso la vita 

di laboratorio in questi anni e che mi hanno supportato durante la stesura di 

questa tesi. 

 

 Un pensiero particolare va a tutti i colleghi del corso di Dottorato di 

Ricerca in Biochimica e Biologia Molecolare per i numerosi piacevoli 

momenti trascorsi durante questo periodo di lavoro. 

 

 

 

 



 VIII 



 1 

1. PLATELETS 
 

Platelets, discovered by G. Bizzozero in 1882, have been “rediscovered” 

in the 1960s after many decades of oblivion. Their role was initially more 

clearly associated with thrombosis than with haemostasis (de Gaetano, 

2001). Platelets are anucleated fragments of cytoplasm originating from 

megakaryocytes, haematopoietic cells residing in the bone marrow, and 

released into circulating blood to function as sentinels of the integrity of 

vascular system (Figure 1.1) (Chang et al., 2007). They circulate in blood for 

approximately 10 days, normally in a concentration of 150-400 x 10
9
/L 

(inferring that approximately 1.5 million platelets are formed every second) 

(Dale, 1997). Platelets react with any type of vessel wall injury, that alters 

the endothelial cell lining, whether accompanied or not by exposure of 

subendothelial matrix components. This “defence” mechanism is elicited 

whenever there is a deviation from normal condition of vasculature. The 

most common situation inducing a platelet response results from traumatic 

injuries to tissue, where the continuity of the vascular tree is interrupted and 

blood begins to pour outside. 

Haemostasis is a complex set of regulated events leading to the arrest of 

post-traumatic hemorrhage and preventing death from exsanguinations. 

Platelets cannot distinguish vessel damage caused by traumatic wounds from 

damage arising as a complication of pathologic vascular alterations. Under 

the latter circumstances, the beneficial role that prevents excessive blood 

loss may become a life-threatening disease mechanism. Indeed, platelets 

may participate in the formation of occlusive thrombi, that may be the cause 

of sudden death or serious pathological conditions, such as ischemic 

syndromes of heart and brain. 

 

 

1.1 Platelet morphology 

 

Platelets are the smallest corpuscular components of human blood: their 

mean diameter is <1.5-2.5 μm, from one-third to one-fourth that of 

erythrocytes. Platelets are no true cells, as they are not provided with a 

nucleus. Their origin is the bone marrow, where megakaryocytes liberate 

platelets as the end product of protrusions of their membrane and cytoplasm. 

The typical shape of resting platelets is discoid, but upon activation they 

undergo a shape change to a spiny sphere with long, thin filopodia extending 

up to 5 μm out from platelet and ending in points that are as small as 0.1 μm.  
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                     Figure 1.1. Origin of blood cells (from 2007 Terese Winslow). 
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Electron microscopy reveals that a resting platelet is divided into three 

zones (Figure 1.2): 

 

- Peripheral zone: responsible for adhesion and aggregation. It consists of 

membrane glycoproteins, glycolipids, mucopolysaccharides, adsorbed 

plasma proteins and integrins. 

Integrins, (α2bβ3, αvβ3, α2β1) are transmembrane heterodimeric proteins 

consisting of two noncovalently associated glycoproteins, α and β. The α2β1 

integrin, commonly referred to as GPIa/IIa, plays a role in the adhesion of 

platelets to collagen (Corral et al., 1999; Kritzik et al., 1998). GPIb/IX/V 

complex is the major platelet receptor mediating interaction with von 

Willebrand Factor (vWF) (Rivera et al., 2000; Luo et al., 2007); it also binds 

to other adhesive proteins (collagen, thrombospondin-1), α-thrombin and 

coagulation factors (kininogen, FXI, FXII). It also plays a substantial role in 

platelet interaction with activated endothelial cells and with leukocytes 

(Gregg et al., 2004). 

Immediately below the plasma membrane, a network of short actin 

filaments makes up a membrane cytoskeleton that stabilizes the membrane’s 

discoid shape and supports platelet spreading after adhesion. (Authi et al., 

1993; Rendu et al., 2001). 

 

- Sol-Gel zone: responsible for contraction and constitutes the support 

microtubule system. Contains the connecting system, called the open 

canalicular system, and the dense tubular system located near the membrane 

in the vicinity of microtubule. This intracellular membrane organelle 

contains phospholipid-modifying enzymes that catabolize arachidonic acid 

towards thromboxane, namely cyclooxygenase and thromboxane (TX) 

synthetase activities. 

 

- Organelle zone: contains different types of cytoplasmic organelles, that 

contain biologically active molecules crucial for platelet functions (Rendu & 

Brohard-Bohn, 2001).They include: the dense granules (containing high 

concentrations of adenine nucleotides), alpha granules (containing growth 

factors and cytokine-like proteins), lysosomal granules (containing digestive 

enzymes, such as glycosidases, proteases, cationic proteins with bactericidal 

activity), mitochondria and glycogen granules. 
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Figure 1.2. Platelet anatomical structure. Cartoon depicting all the essential features of a 

human platelet. 

 

 



 5 

 

1.2 Platelet and protein synthesis 

 

Booyse et al. showed, already in 1967, that platelets retain 

megakaryocyte-derived, translationally active mRNAs (Booyse & Rafelson, 

1967a; Booyse & Rafelson, 1967b); it was not until the late 1990s that the 

interest of this mRNA was reviewed. Electron microscopy studies revealed 

the presence of rough endoplasmic reticulum and polyribosomes and they 

retain the ability for protein biosynthesis from cytoplasmic mRNA. (Belloc 

et al., 1987; Kieffer et al., 1987; Newman et al., 1988). 

Quiescent platelets generally display minimal translational activity, but 

quiescent platelets stimulated by agonists such as α-thrombin increases 

protein synthesis of various platelet proteins (Gnatenko et al., 2003). 

In 1998 Weyrich et al. demonstrated that resting platelets contain mRNA 

for Bcl-3, and that, upon activation, they translate the message into protein 

via a signalling pathway that involves the phosphorylation of the eukaryotic 

initiation factor 4E-binding protein 1 (4E-BP1); the rapid and sustained 

accumulation was unexpected because platelets were considered incapable 

of regulated protein synthesis.  

During the last few years platelet mRNA have been extensively studied 

by quantitative PCR, microarray (Bugert et al., 2003; Gnatenko et al., 2003; 

McRedmond et al., 2004) and SAGE (serial analysis of gene expression) 

(Gnatenko et al., 2003; Dittrich et al., 2006). These studies have revealed a 

platelet specific transcriptome with 2500 different transcripts. Furthermore, 

recent studies documented the synthesis of a number of specific proteins, 

some of which with a highly sophisticated regulation. (Brogren et al., 2004; 

Denis et al., 2005; Evangelista et al., 2006; Lindemann et al., 2001).  

To date, proteins synthesized by freshly platelets include actin, 

thrombosthenin, membrane glycoprotein (GP)Ib, GPIIb, and GPIIIa, 

fibrinogen, thrombospondin and vWF, all originating from mRNAs 

abundantly expressed (Thon & Devine, 2007). Moreover, Panes et al. (2007) 

demonstrated that circulating platelets contain tissue factor (TF) mRNA, the 

initiator of clotting, which is spliced and made readily functional to 

participate in haemostatic or thrombotic processes; this observation suggests 

that regulated synthesis of proteins is a signal-dependent response of human 

platelets. 
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1.3 Platelet activation 

 

The activation of platelets involves a series of coordinated, tightly 

regulated events, to maintain haemostasis. Endothelial cells are the main 

regulators of blood flow and in their basal state provide a non-thrombogenic 

surface, that helps to prevent undesired thrombosis (Cines et al., 1998). 

After blood vessel injury, the endothelium rapidly becomes an adhesive 

surface with intercellular gaps that allow the passage of soluble plasma and 

inflammatory cells from the vascular lumen to the underlying tissue 

(Michiels, 2003).  

Platelets get activated following vascular injury and subsequently lead to 

the formation of a platelet plug. This process involves shape change, 

secretion of granule contents, aggregation and generation of lipid mediators 

and platelet activating factor. Immediate platelet adherence and aggregation 

with concomitant release of their granule contents, is followed by local 

activation of blood coagulation. Together, these events prevent life-

threatening blood loss and invasion of microorganisms and ensure wound 

healing. Upon contact with plasma proteins, tissue factor (expressed in 

deeper layers of the vessel wall or in association with activated platelets) 

induces the formation of minute amounts of thrombin, that in turn will 

amplify its further production through direct activation of coagulation factor 

XI (a pro-form of a serine protease) and the non-enzymatic protein cofactors 

VIII and V (Ruf et al., 1999; Mann et al., 2003; Müller et al., 2003). 

Together with anionic glycerophospholipids, that become exposed after 

platelet activation or cellular disruption, the subsequent calcium-dependent 

assembly of multicomponent protease complexes comprises the central 

aspect of the exploding coagulation enzyme cascade (MacFarlane, 1964; 

Dahlbäck, 2000), that allows spatio-temporal fibrin formation for tight 

sealing of the wound, necessary for tissue repair. 

 

 

 

1.4 Dynamics of thrombus formation 

 

Haemostasis and pathological thrombus formation are dynamic processes 

that require a coordinated series of events involving platelet membrane 

receptors, bidirectional intracellular signals, and release of platelet proteins 

and inflammatory substances.  

Initial tethering and firm adhesion of platelets to the exposed 
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subendothelium is mediated by GPIb/IX/V complex and collagen receptors, 

GPVI and α2β1 integrin, in the platelet surface, and by vWF and collagen in 

the vascular site. Interactions between these elements are largely influenced 

by flow and trigger signalling events that reinforce adhesion and promote 

platelet activation. Thereafter, soluble agonists (ADP, thrombin and TxA2, 

produced/released at the site of vascular injury) act in autocrine and 

paracrine mode, to amplify platelet activation and to recruit circulating 

platelets to the developing thrombus. Specific interactions of these agonists 

with their G-protein coupled receptors generate inside-out signalling leading 

to conformational activation of integrins, in particular αIIbβ3, increasing their 

ligand affinity. Binding of αIIbβ3 to its ligands, mainly fibrinogen, supports 

processes such as clot retraction and platelet aggregation. Stabilization of 

thrombi is supported by the late wave of signalling events promoted by close 

contact between aggregated platelets (Rivera et al., 2009). 

 

Several steps can be identified during formation of platelet plugs at sites 

of vascular damage (Figure 1.3): 

 

- initiation phase: consists of platelet arrest onto the exposed 

subendothelium creating a monolayer of activated cells, that interact with the 

extracellular matrix components exposed to blood. 

 

- extension phase: consists of recruitment of additional platelets, 

which upon activation acquire the ability to stick to each other in a process 

commonly referred to as platelet aggregation. 

 

- stabilization phase: consists of thrombus formation that arrests 

blood loss at the site of vascular injury. Essential events for thrombus growth 

and stabilization are cytoskeletal reorganization, formation and stabilization 

of large platelet aggregates, development of a procoagulant surface and a 

clot retraction that helps to narrow the gaps between platelets and to increase 

the local concentration of soluble platelet agonists (Watson et al., 2005; 

Woulfe et al., 2004). 

 

- thrombus dissolution: the fibrinolytic system regulates the resolution 

of a thrombus, by degradating the fibrin into soluble fibrin degradation 

products. The fibrinolytic system consists of plasminogen activators (tissue 

plasminogen activator and urokinase-type plasminogen activator), that 

convert inactive plasminogen into active plasmin, which is responsible  for 
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fibrin degradation. Plasmin activity is regulated by its inhibitor a2-

antiplasmin.  

 

Thiol groups or the rearrangement of disulfide bonds are strictly required 

for platelet responses, including aggregation and secretion (Essex, 2004). It 

has long been known that the poorly membrane-permeant sulfhydryl 

blocking reagent p-chloromercuribenzene sulfonate (pCMBS) inhibits 

platelet aggregation (Aledort et al., 1968) and that reduction of disulfide 

levels in the fibrinogen receptor by reducing agents induces platelet 

aggregation (MacIntyre & Gordon, 1975). In addition, a protein disulphide 

isomerase, present on platelet plasma membrane, mediates activation of 

IIb 3 and 2 1 collagen receptor (Lahav et al., 2000, 2003); glutathione at 

concentrations normally found in blood potentiates platelet aggregation, by 

increasing sulfhydryls in the 3 subunit (Essex et al., 2001). 
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Figure 1.3. Formation of platelet plugs at sites of vascular damage (from www.clot-

ed.com). See text for details. 

 

http://www.clot-ed.com/
http://www.clot-ed.com/
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2. REDOX SYSTEMS IN HUMAN PLATELETS 
 

Platelet interaction with the vessel wall serves physiological and 

pathophysiological functions; this is reflected by the fact that platelets 

release growth factors (English et al., 2001), lipid mediators (Bolz, 2003; 

Kaul et al., 1994) and cytokines (Boehlen, 2001). Consequently, regulation 

of platelet activity plays a role not only for thrombus formation and 

regulation of the vascular tone (Agha et al., 1992), but also for the vascular 

pathophysiology of angiogenesis and inflammation. Recently, several papers 

have suggested that the redox (oxidation-reduction) state represents a new 

modulator of platelet activity. 

The intracellular redox state is a dynamic condition, reflecting the 

amounts of oxidant and antioxidant species present inside cells. The relative 

abundance of different species, instead the absolute concentration, appear to 

be important, as the oxidant/antioxidant balance plays a crucial role in cell 

signalling pathways. Indeed, low levels of pro-oxidant agents, which include 

reactive oxygen/nitrogen species (RO/NS), act as second messenger 

molecules promoting cell growth and differentiation; but if RO/NS 

concentrations overwhelm the antioxidant capacity, oxidative stress will 

arise (Freeman et al., 1982; Halliwell et al., 1990a). For this reason, ROS 

levels have to be modulated by a variety of antioxidant systems (including 

enzymes and small molecules), that are able to quench most of the ROS 

(Duval et al., 2002). 

 

2.1 Reactive oxygen/nitrogen species 

 

The most common free radicals present in our organism are superoxide 

anion (O2
•-
), hydroxyl radical (OH•) and nitric oxide (NO). Other reactive 

oxygen species, such as hydrogen peroxide (H2O2) and hypochlorous acid 

(HClO), are usually produced, but they are not radicals, as they do not 

posses unpaired electrons; nonetheless, they can diffuse across biological 

membranes and equally produce oxidative damage. Mechanisms and sites of 

RO/NS production are schematically shown in Figure 2.1 and Table I. 

 
Lipids, proteins and DNA are targets for RO/NS injury (Reznick et al., 

1998;, McArdle et al., 2001, 2004; O’Neill et al., 1996; Silveira et al., 2003). 

Polyunsatured fatty acids, possessing weak C-H bounds, are susceptible to 

radical attack, thus forming C-centered radicals; in this way, RO/NS initiate  
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                     Figure 2.1. Intracellular sources of RO/NS. 

 

 
   Table I. Main reactive oxygen/nitrogen species 

 

. 
 

 

 

 

 

 

 

RADICAL 
TYPICAL BIOLOGICAL 

TARGET 

Superoxide  

O2 + e   O2
.-
 

enzymes 

Hydrogen peroxide  

O2
 -
+ e + 2H

+
  H2O2 

unsaturated fatty acid 

R-oxyl  

RO
.
 + H

+ 
+ e   ROH 

unsaturated fatty acid 

Hydroxyl  

OH
.
 + e  OH

-
 

all biomolecules 

Nitroxyl  

2NO +  H2O + 2e  N2O + 2OH
-
 

several 

Hypochlorous acid  

ClO
-
 + H2O + 2e   Cl

-
 + 2OH

-
 

aminoacids, amines, hemoprotein 

Peroxisome 

(oxidases, flavoproteins) 

 

Mitochondrion 

(electron transport system) 

Cell membrane (cyclooxygenase, 

lipoxigenase, NADPH oxidase) 

 Cytoplasm (riboflavin, 

xantine oxidase, transition 

metals) 

Endoplasmic reticulum 

(cytocromes P450 and b5) 
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radical chain reactions leading to lipid peroxidation and membrane damage 

(Davies et al., 1982; Alessio et al., 1988; Ji et al., 1988; Venditti et al., 1996; 

Venditti et al., 1977; Rajguru et al., 1993). RO/NS may attack proteins, 

modifying aminoacid structures and altering the functional properties of 

enzymes (Pacifici et al., 1990; Leeuwenburgh et al., 1997a-c; Leeuwenburgh 

et al., 1999). Genetic RO/NS targets are poly-ribonucleotides and poly-

deoxyribonucleotides (Floyd, 1991; Halliwell et al., 1991; Shigenaga et al., 

1990): ROS may induce single and double DNA breaks, modify purinic and 

pirimidinic bases and create deletions or timine dimers. DNA damage is 

mainly induced by OH• (McBride et al., 1991) and H2O2; the latter may 

diffuse into the nucleus and react with iron or copper ions forming the 

hydroxyl radical (Halliwell et al., 1990a-b). Genetic alterations lead to 

pathological diseases, including degenerative processes, carcinogenesis and 

immunodeficiency. 

 

Within the vessel wall, there is a constant, low-quantity flux of ROS. In 

the endothelium, NAD(P)H-oxidase, cyclooxygenase isoforms 1 and 2, 

cytochrome P450 epoxygenase isoform 2C9 (CYP2C9), xanthine oxidase, 

uncoupled endothelial NO synthase and mitochondrial respiration are the 

main ROS-generating systems (Krotz, 2004). It is already established that 

enhanced ROS release from the vascular wall can affect platelet activity by 

scavenging NO, thereby decreasing the anti-platelet properties of the 

endothelium (Loscalzo, 2003). Furthermore, changes on redox potential of 

blood may regulate activation of αIIb/β3 integrin in platelets. 

 

In addition to their exposure to ROS derived from the vascular wall, 

platelets themselves can generate oxidant species; the release of ROS has 

been reported both from resting platelets and after platelet stimulation with 

agonists, such as collagen or thrombin (Caccese et al., 2000; Finazzi-Agro et 

al., 1982; Wachowicz et al., 2002). This endogenous formation of ROS 

suggests that they have autocrine or paracrine roles in platelet activation, 

similar to those described for exogenous ROS (Krötz, 2004). 

 

 

2.2 Antioxidant defence mechanisms 

 

To neutralize the oxidative effects of ROS, aerobic organisms are 

endowed with several system, including: 
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1. cellular compartmentalization, which minimally reduces diffusion of 

ROS from the site of production to other cellular districts; 

2. chelating proteins, which bind and sequester transition metals; 

3. non-enzymatic systems, such as ubiquinone, vitamins, polyphenols, 

glutathione and thioredoxin, which scavenge ROS. 

 

As other cells, platelets possess an antioxidant machinery. Among the 

enzymatic systems, it should be recalled (i) mitochondrial (Mn-SOD) and 

cytosolic (Cu-Zn SOD) superoxide dismutase, which catalizes the 

dismutation of superoxide anion to hydrogen peroxide, (ii) catalase, which 

converts hydrogen peroxide to water, and (iii) glutathione peroxidase, which 

neutralize peroxides utilizing the reducing equivalents of glutathione. Other 

enzymatic systems are thioredoxin reductase and glutathione reductase that 

act to regenerate antioxidant molecules, such as thioredoxin, glutathione and 

ubiquinone. 

Among the non-enzymatic systems, it should be recalled the low 

molecular weigth scavengers of ROS, which include tocopherols, 

carotenoids, ubiquinone, urate, glutathione, thioredoxin and ascorbate. 

Different antioxidant molecules are shown in Table II. 

 

 

2.3 The plasma membrane redox system 

 

Being ubiquitous in every living cell (including bacteria, yeast, plants and 

animals), the plasma membrane redox (PMR) system has the primary 

function of maintaining the cytoplasmic NAD
+
/NADH ratio, thus regulating 

energy levels and redox homeostasis. Cellular ATP usually comes from 

oxidative phosphorylation, but when mitochondrial activity is depressed (e.g. 

in the presence of mitochondrial dysfunction or strenuous physical activity) 

cells can survive by using alternative pathways, including cytoplasmic 

glycolysis. In such conditions, the NAD
+
/NADH balance, needed for 

sustaining ATP levels, is maintained by compensatory mechanisms, such as 

the pyruvate/lactate couple and enhanced PMR activity. Indeed, higher 

activity of the PMR system has been observed in human ρ
0
 cells (devoid of 

mitochondrial DNA), where mitochondrial respiration is impaired (Scarlett 

et al., 2004), and in lymphocytes derived from diabetes mellitus patients, 

lacking functional mitochondria (Lenaz et al., 2002). So, the PMR system 

guarantees glycolytic metabolism, thus ensuring survival of cells deficient in 

mitochondrial electron transport (e.g. aged or tumour cells). 
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Table II. Main antioxidant species. 
 

 

Enzymes                 Mn-superoxide dismutase (mitochondria) 

                                Cu,Zn-superoxide dismutase (cytosol) 

                                DT diaphorase (cytosol) 

                                GSH-peroxidase (cytosol) 

                                GSH-reductase (cytosol) 

                                Thioredoxin-reductase (cytosol and plasma membrane) 

                                Catalase (peroxisomes) 

   

Scavengers             Tocopherols 

                                Carotenoids 

                                Ubiquinone 

                                Ascorbate 

                                Glutathione 

                                Urate 

 

Proteins                  Lactoferrin 

                                Transferrin 

                                Ferritin 

                                Caeruloplasmin 
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The basic components of the PMR system include electron donors and 

acceptors and reductases. These systems may have operational flexibility, 

since electrons can be transferred from different donors to several acceptors. 

 

a) Electron donors and acceptors 

The intracellular sources of reducing equivalents are mainly represented 

by the pyridine coenzymes NADH and NADPH derived from the 

hydrophilic vitamin niacin, although other components (such as intracellular 

vitamin C) may act as electron donors in specific cell types (VanDuijn et al., 

2001). Intracellular electrons are then used for reducing extracellular 

molecules, thus modulating the redox state of the microenvironment 

surrounding the cell. Oxygen is the most common final electron acceptor of 

membrane NADH/NADPH oxidases (Geiszt & Leto, 2004); partial 

reduction of molecular oxygen leads to generation of superoxide anions and 

hydrogen peroxide. Beside oxygen, other natural acceptors have been 

described, including ferri-heme and ascorbyl free radical; in this way, heme 

delivery to cells is facilitated by reduction of iron ions, while reduction of 

ascorbyl free radical maintain the tone of vitamin C in extracellular fluids 

(McKie et al., 2001; Goldenberg et al., 2000;). 

Electrons flow outwards thanks to their sequential transfer to plasma 

membrane carriers: although several acceptors exist (including b 

cytochromes, flavin, vitamin E and membrane proteins), the most widely 

used is ubiquinone (or coenzyme Q; CoQ). It is widely distributed in cell 

membranes and, depending on the enzyme involved, it can be transformed to 

the semiquinone radical (CoQ
•-
) or to hydroquinone (CoQH2) (Villalba et al., 

1997; Villalba & Navas, 2000). 

 

b) Enzymes 

Specific enzymes localized in the plasma membrane allow this “in-

outside” electron flux. Briefly, the PMR enzymes in human cells include 

(Figure 2.3): 

1. the NADH:ferricyanide reductase, known as Voltage-Dependent Anion-

selective Channel (VDAC) or porin, is present on both plasma and 

mitochondrial membranes (Lawen, 2005); 

2. the NAD(P)H:ubiquinone oxidoreductase (NQO1, also named DT-

diaphorase) is a flavoprotein, which is translocated into the plasma 

membrane under oxidative stress (Li, 1995). Its primary physiological role 

is to act as an antioxidant enzyme, thus preventing the harmful effects of 

xenobiotics; 
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Figure 2.3. Key enzymes of the PMR system. Membrane localisation and catalysed 

reactions are shown in the scheme. Alternative reactions are depicted with hatched lines. CoQ 

regenerates transplasma membrane tocopherol and extracellular ascorbate, thus protecting 

platelets from lipid peroxidation and external oxidative insults. Asc: ascorbate. AFR: ascorbyl 

free radical. 
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3. the cytochrome b5 reductase is a membrane-bound flavoprotein, whose 

function in erythrocytes is to be responsible for haemoglobin reduction 

(Prchal et al., 2005); 

4. the NADH:ascorbate free radical oxidoreductase is an enzymatic activity 

found in the plasma membrane, but not yet unequivocally ascribed to a 

specific protein, which uses NADH to reduce the ascorbyl free radical 

(Savini et al., 1999); 

5. the superoxide-generating NADPH oxidases represent a protein family, 

including at least seven proteins (NOX1 to NOX5, Duox1 and Duox2), 

whose best characterized member is NOX2 (Geiszt & Leto, 2004). They 

are composed of catalytic (p22
phox

, gp91
phox

) and regulatory (Rac1, Rac2, 

p47
phox

, p67
phox

 and p40
phox

) subunits and generate tightly controlled 

superoxide anions, in a tissue-and function-specific manner (Geiszt & 

Leto, 2004). 

6. the NADH oxidases represent a protein family, whose members exhibit a 

time-keeping NADH:CoQ oxidase activity and a protein disulfide-thiol 

interchange activity (Morré et al., 2003). They are designated as Ecto-

NOX proteins, to distinguish them from other NAD(P)H oxidases and to 

underline their feature to be located on the outside surface of the cell. At 

least three members of this family have been described so far: the tumour-

associated NADH oxidase (also known as tNOX or Ecto-NOX2) (Chueh 

et al., 2002), which is present on the surface of invasive cancer cells and in 

the sera of cancer patients, the constitutive NADH oxidase (cNOX or 

Ecto-NOX1), expressed in normal cells (Wang, 2001), and the age-related 

NADH oxidase (arNOX), expressed exclusively in aged cells (Morrè et al., 

2003). 

 

Human platelets (Figure 2.4) possess a NADPH oxidase complex, similar 

to NOX2 (Seno et al., 2001; Pignatelli et al., 2004; Krotz et al., 2002). In 

these cells, the NADPH oxidase plays a key role in intracellular signalling 

leading to αIIb/ 3-integrin activation (Begonja et al., 2005); furthermore, O2
•-
 

(or the derivative H2O2) enhances the ADP release, resulting in increased 

platelet recruitment (Krotz et al., 2002). In addition, in host defence 

response, platelet NADPH oxidase causes the release of thromboxane A2, 

which, in turn, enhances ROS production by neutrophils and their cytotoxic 

action (Chlopicki et al., 2004). Platelets may also possess a NADH oxidase 

activity, whose presence has firstly been suggested by Del Principe et al. 

(1980); After that, the presence of an enzyme similar to Ecto-NOX1 has 

been suggested from the study of Peter et al. (2000), which demonstrated a 
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periodic and light responsive oxidation of NADH by human buffy coats (a 

mixture of white cells and platelets). However, the exact molecular identity 

of NADH oxidase remains unknown. 

Other components have been identified, such as NADH-diaphorase, 

cytochrome b5 reductase (Takeshita et al., 1982) and, more importantly, at 

least three thiol-related enzymes. In particular, two thiol isomerases and a 

glutathione reductase activity are responsible for the rearrangement of 

disulfide bonds (Figure 2.4) (Essex et al., 2004; Essex, 2004); many platelet 

membrane proteins contain redox-sensitive sulfhydryl groups, so that the 

thiol/disulfide balance appears crucial for platelet aggregation, secretion and 

post-aggregation events. Among the thiol isomerase family, protein 

disulphide isomerase (PDI) and endoplasmic reticulum protein 5 (ERP5) 

have been identified on the platelet surface; PDI interacts with α2 1 and 

αIIb 3 integrins, whereas ERP5
 
is associated only with the 3 integrin 

subunit. Importantly, PDI itself is activated by changes in the sulfhydryl 

state of its active site. So far, it is not clear which mechanism mediates PDI 

activation; Essex et al. (2004) suggested the involvement of external 

reducing compound(s) (such as glutathione), maintained in the active form 

by either NADPH oxidase or glutahione reductase. On the other hand, the 

presence of NADH oxidases with protein disulfide-thiol interchange activity 

can raise the possibility of an alternative mechanism of action, which 

directly modulates PDI (or integrins). Finally, a relationship between PDI 

and NADPH oxidases has been discovered: in this case, PDI regulates the 

activity of NADPH oxidase (Janiszewski, 2005), so that a bi-directional 

mode of action may lead to reciprocal regulation of these two enzymes. 

 

 

2.4 VITAMIN C 

 

2.4.1 General aspects 

 
Vitamin C, also referred to as ascorbic acid (AA) or ascorbate, belongs to 

the water-soluble class of vitamins. It exists in two active forms: the reduced 

form, known as AA, and the oxidized form dehydroascorbic acid (DHA). 

Physiologically, AA provides electrons for enzymes, oxidants or other 

electron acceptors. Under physiological pH, the predominant form is the 

ascorbate anion, that undergoes the oxidative process, leading to an 

intermediate compound, named ascorbyl free radical (AFR) (Frei, 1994; 

Jacob, 1999). AFR is a radicalic, not dangerous compound, as it is not a  
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Figure 2.4. The PMR system in platelets. Plasma membrane enzymes are present on 

membranes, looking outside or inside (channels of the open canalicolar system) the cell. The 

main components are NADH- and NADPH-related enzymes (NADH and NADPH oxidases), 

which maintain the levels of NAD(P)H/NAD(P)+ and reduced coenzyme Q (CoQ), while 

generating reactive oxygen species. ROS may act intra- and extra-cellularly, inducing either 

autocrine or paracrine effects. The reducing activity may also contribute to thiol/disulfide 

balance (through PDI or ERP5 activity), thus affecting platelet activation and aggregation. 
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strong oxidizing agent and, moreover, its reactivity with oxygen (and thus 

the possibility to generate the superoxide anion) is low (Figure 2.5).  

 

Vitamin C is required for many reactions of hydroxylation, involved in 

the synthesis of collagen (Bremer, 1983), carnitine (Nelson et al., 1981), 

norepinephrine and serotonin; all of them are catalyzed by mono- and di-

oxygenases, which contain iron or copper as prostetic group (Dhariwal et al., 

1989; Murthy et al., 1987; Padh, 1990; Jacob, 1994). Vitamin C may also 

have vasodilatory and anticlotting effects within the body, by stimulating 

nitric oxide release. Furthermore, vitamin C can act as antioxidant by 

sequestering the singlet oxygen radical, stabilizing the hydroxyl radical and 

regenerating reduced vitamin E back to the active state. These reactions 

work together to halt peroxidation of cellular lipid membranes (Sen, 2001; 

Padh, 1991; Englard et al., 1986).  

 
 

2.4.2 Metabolism 

 

a) Transport 

 

All members of the animal kingdom (except men, guinea pig, primates 

and some fishes and birds) are able to synthesize AA by the glucuronic acid 

pathway, in liver or kidney (Nishikimi et al., 1994). Since human cells 

cannot de novo synthesize the vitamin, they must import it from extracellular 

fluids and store it inside cells at high concentrations (Peake, 2003). 

Vitamin C is imported inside cells by two different systems (Figure 2.6); 

specific Na
+
 dependent co-transporters for AA and facilitative glucose 

transporters for DHA. There are two Na
+
-dependent transporters, namely 

SVCT1 and SVCT2 (Tsukaguchi et al., 1999). SVCT1 and SVCT2 are 

highly homologous to each other; however, they have different functional 

characteristics, with SVCT2 exhibiting a higher affinity/lower capacity for 

AA than SVCT1. Furthermore, the two isoforms show different tissue 

distribution: in situ hybridization experiments and northern analysis revealed 

that SVCT1 is largely confined to bulk transporting epithelia (e.g., small 

intestine, kidney) (Tsukaguchi et al., 1999; Wang et al., 2000), as well as in 

other epithelial and endocrine tissues (e.g. skin, liver, lung, prostate, ovary, 

pancreas, thymus) (Wang et al., 2000; Savini et al., 2002) . The distribution 

and kinetic parameters suggest that the primary role of SVCT1 transporter is 

the absorption of dietary AA and renal reabsorption, thus maintaining the  
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Figura 2.5 Vitamin C redox state. 
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Figura 2.6 Import of AA and DHA inside cells and mechanisms of vitamin C recycling. 

 

 



 24 

whole-body homeostasis. SVCT2 is widely expressed, and its mRNA has 

been detected in several metabolically active and specialized cells and 

tissues (neurons, brain, eye, placenta, osteoblasts, chondrocytes) 

(Tsukaguchi et al., 1999; Castro et al., 2001; Rajan et al., 1999; Kannan et 

al., 2001; Wu et al., 2004; Clark et al., 2002); the possible role for this 

transporter may be the widespread uptake of AA required to protect 

metabolically active cells from oxidative stress. It has been recently 

demonstrated that mice lacking SVCT2 die within minutes of birth, 

supporting the important role of this transporter in development (Sotiriu et 

al., 2002). 

Cells, can also import DHA by the means of hexose GLUT transporters 

(Korcok et al., 2003) (Figure 2.4). These transporters are unlikely to play a 

major role in vitamin C uptake under physiological conditions, as the high 

concentrations of glucose will block the influx; however, this pathway may 

be crucial during oxidative stress, when the oxidized vitamin is locally 

concentrated. 

 

 

b) Recycling 

 

Playing its physiological role, AA is oxidized to AFR, which then rapidly 

disproportionates to AA and DHA. Under neutral or alkaline conditions, 

DHA undergoes an irreversible hydrolysis, with opening of the ring and loss 

of vitamin activity; the product of this reaction (2,3-dioxo-L-gulonic acid) is 

splitted in oxalic acid and L-threonic acid. 

The active, reduced form of vitamin C can be regenerated both from AFR 

and DHA. In those organisms unable to synthesize AA, the efficiency of 

systems involved in vitamin C recycling is essential to lower dietary 

requirements (Figure 2.5). 

AFR reduction is mediated by several enzymatic systems, localized in 

almost all cellular compartements. AFR can be reduced by (i) the plasma 

membrane NADH-dependent system, (ii) the microsomal cytocrome b5-

cytocrome b5 reductase system (Hara et al., 1971) and (iii) the cytosolic and 

mitochondrial NADPH-dependent thioredoxin reductase (May et al., 1998).  

DHA can be reduced to AA in an enzymatic or non-enzymatic manner, 

through a direct chemical reaction with reduced glutathione (Basu et al., 

1979). The exact nature of the enzymatic systems involved in DHA 

reduction, in human cells, is still under debate, though a tissue-specific 

difference appears to be implicated. Many studies indicate that different 
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enzymatic systems are involved in DHA reductase activity, though current 

experimental evidence does not specify the extent to which this occurs in 

vivo. Enzymatic systems of mammalian tissues include: (i) NADPH-

glutathione-dependent DHA reductases, such as glutaredoxin, protein 

disulfide isomerase (Wells et al., 1990) and glutathione peroxidase 

(Washburn et al., 1999); (ii) NADPH-dependent DHA reductases, such as 

thioredoxin reductase (May et al., 1997; Mendiratta et al., 1998) and 3 -

hydroxysteroid dehydrogenase (Del Bello et al., 1994); (iii) NADH-lipoic-

acid-dependent lipoamide dehydrogenase (Xu et al., 1996). 

The reduction of DHA to AA by intracellular enzymes keeps the 

cytosolic concentration of DHA low, thus contributing to a gradient favoring 

DHA uptake across the plasma membrane (Himmelreich et al., 1998).  

 

 

2.4.3 Biochemical functions 

 

Vitamin C has physiological relevance in platelets, because it can 

modulate the platelet oxidative state. Indeed, the vitamin inhibits lipid 

peroxidation and ROS production in blood platelets, thus protecting 

membrane components susceptible to free radical damage and regulating 

membrane systems sensitive to ROS-mediated signalling (Olas et al., 2002). 

Vitamin C also reduces the expression of platelet CD40L, a transmembrane 

protein with pro-inflammatory and pro-thrombotic properties (Pignatelli et 

al., 2005); this protein has been implicated in the initiation and progression 

of atherosclerotic disease, through scavenging the O2 generated by NADPH 

oxidase activation (Ushio-Fukai et al., 2006). Other functions of vitamin C 

include regulation of platelet-derived NO production (Takajo et al., 2001), 

inhibition of thromboxane B2 formation (Ho et al., 1976), protection against 

nickel-induced inhibition of aggregation (Chen & Lin, 2001), and 

stimulation of prostaglandin E1 production (Srivastava, 1985). Finally, the 

platelet PMR system is able to prevent extracellular ascorbate autoxidation 

(our unpublished data), thus contributing to stabilization of reduced vitamin 

C and, consequently, to modulation of the redox state in the micro-

environment, which, in turn, modulates platelet functions. The 

ascorbate/dehydroascorbate redox couple (instead of ascorbate per se) seems 

to be important in those events accompanying platelet aggregation, as 

dehydroascorbate can be a substrate for PDI present on platelet surface 

(Rhee et al., 2000). 
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3. OBJECTIVE OF RESEARCH 
 

Maintenance of a correct redox balance inside and outside the cell is a 

crucial factor  in platelet biology; indeed, the oxidant/antioxidant balance 

plays a central role during activation of the coagulation pathway. This 

equilibrium is achieved through different mechanisms, including modulation 

of intracellular and surface antioxidants, as well as of the plasma membrane 

redox (PMR) system. Aim of this research was to characterize intracellular 

and surface systems in freshly human platelets, especially focusing on 

vitamin C homeostasis and plasma membrane NAD(P)H oxidases. 

Development of this research has been planned according to five main goals: 

First, we characterized the ascorbic acid (AA) uptake in human platelets, 

as these cells are able to accumulate millimolar concentrations of this 

vitamin. To this end, we performed Western blot analysis, to document the 

presence of the two specific Na
+
-dependent AA transporters (SVCT1 and 

SVCT2), and kinetic assays, in order to investigate the transport efficiency 

of platelets. All studies have been carried out in resting and activated 

platelets (with PMA or thrombin), to assess the potential modulation of 

vitamin C accumulation during platelet activation and aggregation. 

Second, we investigated the activity of trapping systems responsible for 

maintaining the vitamin in the reduced form inside cells; in particular we 

evaluated dehydroascorbate (DHA) and ascorbyl free radical (AFR) 

reductase activities. 

Third, we investigated if vitamin C, beside its role during aggregation, 

has some biological functions also in post-aggregatory events. We assessed 

if intracellular and surface sulfhydryls groups (with particular regard to 

glutathione content) were modified in relation to changes in vitamin C 

content. We also assessed the potential role played by AA in dynamics of 

platelet thrombus formation, calculating the time of thrombus formation and 

thrombus elasticity. 

Fourth, we characterized the NAD(P)H-oxidase proteins expressed on 

platelet plasma membrane. In particular, we focused on Ecto-NOX proteins, 

which are expressed on the external side of plasma membrane. We 

performed activity assays, evaluating cofactor specificity (NADH or 

NADPH), membrane localization of the enzymes and drug-specific 

inhibition (capsaicin). 

Fifth, we investigated the potential modulation of NAD(P)H enzymes. To 

this aim, we evaluated ROS content, surface and intracellular sulfhydryl 

groups and GSSG/GSH ratio in relation to enzyme expression and activity. 
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4. RESULTS 
 

 

4.1 Translational control of ascorbic acid transporter SVCT2 

 

4.1.1 Ascorbic acid is accumulated through the SVCT2 carrier 

 

Freshly isolated platelets contain intracellular ascorbate as much as 24 

fold higher than that found in plasma (1.7 ± 0.1 vs 0.07 ± 0.03 mM) and the 

vitamin is all present in the reduced form (data not shown). Thus, resting 

platelets physiologically accumulate AA, although the mechanism of such 

accumulation has never been investigated. In order to go further insight on 

the role played by vitamin C, we first evaluated the presence of the two 

specific Na
+
-dependent AA transporters (SVCT1 and SVCT2) in human 

platelets. Both messengers were detected by RT-PCR, but with different 

levels of expression: exponential amplification showed huge amounts of 

SVCT2 mRNA, while the amplified product for SVCT1 messenger was less 

evident (Figure 4.1A). Accordingly, only protein corresponding to the 

SVCT2 transporter could be found in resting platelets, while western blot for 

SVCT1 protein showed a band exclusively in CaCo-2 cells, used as positive 

control (Figure 4.1B). Western blot analysis showed one reactive band with 

an apparent molecular weight of about 45-50 kDa. Competition studies 

performed with a blocking peptide to which the antibody was made 

confirmed the specificity of labelling (Figure 4.1B). Interestingly, our 

experiments showed that, in human platelets, the apparent molecular weight 

of SVCT2 was lower than that found in other species. Indeed, almost all data 

present in the literature referred to mouse or rat cells, where the available 

anti-SVCT2 antibodies recognize two major bands at 70–80 and 66 kDa, 

possibly correlated to the glycosylated and nonglycosylated forms of the 

protein (Wu et al., 2003; Garcia et al., 2005; Mun et al., 2006). In human 

platelets, as well as in other human cells (Li et al., 2003; Godoy et al., 2007; 

our unpublished data on epidermal, neuronal, intestinal, lymphoid cells), 

only a specific 50-kDa reactive band could be seen. Altogether, these 

findings suggested that a species-specific (and not a tissue-specific) 

processing could determine the molecular weight of SVCT2 observed in 

human platelets. 

 

To confirm the involvement of SVCT2, as the unique carrier responsible 

for AA accumulation, we carried out uptake experiments. The time course of 
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AA transport was linear for at least 15 minutes with the maximum 

accumulation time at 30 min (range 5–100 M) (data not shown). 

Concentration dependence experiments showed that AA was accumulated 

with a saturable mechanism (Figure 4.2); calculated kinetic parameters 

(apparent Km = 29 ± 1 M and Vmax = 130 ± 8 pmol/min/mg protein; see 

Figure 2, panel inside) were in agreement with values just reported for the 

SVCT2 transporter in other cell types (Rajan et al., 1999; Daruwala et al., 

1999). By supplementing platelets with exogenous AA (100 M for 15 min), 

we were able to increase the intracellular concentration from 1.7 ± 0.1 to 1.9 

± 0.1 mM. 

Confirmatory results were obtained by the usage of specific SVCTs 

inhibitors. AA uptake was significantly inhibited by sulfinpyrazone (an 

anion transport inhibitor) and, to a lesser extent, by ouabain (an inhibitor of 

Na
+
/K

+
-ATPase) (Table I). The incomplete inhibition of AA transport by 

ouabain was probably due to incomplete collapse of the Na
+
-membrane 

gradient (Pales et al. , 1988); complete removal of sodium ions was not 

allowed in this experimental model, since replacement of NaCl with choline 

chloride caused lysis of platelets, as already described by Bergsten et al. 

(1995) for lymphocytes. 

AA uptake was not affected by the GLUTs inhibitors phloretin (200 M) 

and cytochalasin B (10 M), which otherwise inhibited DHA import (Table 

I).  

Usage of GLUT inhibitors was also employed to investigate AA efflux 

from cells. Vitamin C leakage could occur after AA oxidation and DHA exit 

through GLUT transporters (Vera et al., 1995). In platelets, intracellular AA 

fell down to 0.52 ± 0.03 mM, corresponding to 30% of the basal value, after 

3 washings with 10 ml PBS for 40 min. The loss was almost completely 

inhibited (90%) after incubation with cytochalasin B, indicating that the 

major vitamin efflux was mediated by exose transporters (data not shown).  

 

 

4.1.2 Expression of SVCT2 is regulated by intracellular AA levels 

 

As demonstrated for other cell types (Dixon et al., 1992; Wilson et al., 

1990; MacDonald et al., 2002), AA uptake was self-regulated. Kinetic 

analysis of vitamin C-depleted platelets (washed with PBS as described 

above and containing only 30% of the basal vitamin C content) showed that 

Vmax was increased to 440 ± 21 pmol/min/mg protein, whereas apparent Km 

value was unaffected (28 ± 1 M). 
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Figure 4.1 Expression of the Na+-dependent AA transporters in resting platelets. (A) 

Analysis by RT-PCR of SVCT1 and SVCT2 expression. Total RNA was purified from 

freshly isolated platelets, reverse-transcribed and amplified with primers specific for SVCT1 

or SVCT2. The blot is representative of three independent experiments. Amplification of the 

housekeeping GAPDH messenger is shown as loading control. (B) Western blot analysis of 

AA transporters. Platelet extracts were purified and immunoblotted with either anti-SVCT1 or 

anti-SVCT2 antibodies. The radiograph is representative of five similar experiments. Positive 

controls (+) were cellular extracts from CaCo-2 and SH-SY5Y cells, for SVCT1 and SVCT2 

respectively. Plt: freshly isolated platelets. Plt/BP: competition study with SVCT2 blocking 

peptide. 
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Figure 4.2 Concentration dependence of ascorbic acid transport. Platelets were incubated 

with [14C]AA and adequate concentrations of the respective unlabeled compound for 15 

minutes; then, AA uptake was determined by scintillation spectrometry. Panel inside: Eadie-

Hofstee plot of AA transport. Values are the mean of four independent experiments. 

S.D.≤5%. 
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The increased transport ability of depleted cells suggested a modulation 

of transporter activity, which in turn could be the result of increased 

expression. To test this hypothesis, we checked for protein levels by Western 

blot: we found that SVCT2 expression in AA-depleted cells was higher with 

respect to native platelets (Figure 4.3). Conversely, native platelets 

supplemented with 500 M AA for 30 min showed a slight decrease in 

SVCT2 levels (Figure 4.3), in agreement with the potential regulation of 

SVCT2 protein by AA and/or redox state. 

 

 

4.1.3 Vitamin C is maintained in the reduced form inside cells 

 

During oxidative conditions, intracellular AA is oxidized to AFR, which 

then rapidly disproportionates to AA and DHA. The active reduced form of 

vitamin C can be regenerated both from AFR and DHA by distinct 

reductases (Wells et al., 1990; Washburn et al., 1999; Del Bello et al., 1994; 

May et al., 1997; Xu et al., 1996). 

In order to assess the reduction ability, we first loaded platelets with the 

oxidised form of vitamin C. Kinetic parameters (apparent Km = 1.1 ± 0.05 

mM and Vmax = 39 ± 1.5 nmol/min/mg protein) for DHA import were in 

agreement with the presence of GLUT3, the only transporter present in 

platelets (Craik et al., 1995). HPLC analysis revealed that platelets incubated 

with 0.1 mM extracellular DHA for 10 min accumulated 8 ± 0.5 mM AA; 

thus, all the imported DHA was immediately converted to AA, 

demonstrating the presence of efficient reductase systems. Indeed, we found 

intracellular DHA and AFR reductase activities of 0.1 ± 0.01 nmol/min/mg 

protein and 8.7 ± 0.6 nmol/min/mg protein, respectively; intra-platelet AA 

removal unaffected these enzymatic activities (data not shown). 

Thus, platelets possess an efficient AFR reductase activity and low, 

although measurable, DHA reduction ability. Therefore, AFR reductase 

appeared to be the most relevant system in maintaining vitamin C in the 

reduced state. 

 

 

4.1.4 SVCT2 expression is enhanced during platelet activation 

 

We wondered if platelet activation had some effects on vitamin C 

handling. To this end, we treated platelets for 15 min with two activators 

acting on different pathways: PMA, a non-selective protein kinase-C  
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    Table I 

                Effect of inhibitors on AA and DHA transport 

 

 

 

Inhibitor AA transport 

(% of control) 

DHA transport 

(% of control) 

5 mM sulfinpyrazone 20 ± 1 100 ± 3 

0.5 mM oubain 70 ± 3 93 ± 4 

10 M cytochalasin B 98 ± 4 30 ± 1 

200 M phloretin 100 ± 4 2 ± 0.1 

 

 

 
The AA content was determined by scintillation. In control platelets, AA transport was 

105 + 5 pmol/min/mg of protein (after incubation with 0.1 mM [14C]AA), whereas DHA 

transport was 5 + 0.2 nmol/min/mg of protein (after incubation with 0.1 mM [14C]DHA). 

Values are the mean of three independent experiments. 
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Figure 4.3 Modulation of SVCT2 expression by AA levels. (A) Resting platelets were 

left untreated (-) or supplemented with 500 M AA for 30 min (AA) or depleted by 

exhaustive washing (30% of the basal vitamin C content; Depl). Cell extracts were purified 

and immunoblotted with either anti-SVCT2 or tubulin antibodies. The histogram represents 

the densitometric analysis of autoradiography. Values are the means ± SEM of three 

independent experiments. *p=0.02 vs Ctrl; **p=0.003 vs Ctrl. (B) Resting platelets were left 

untreated (-) or depleted by exhaustive washing, in the absence (Depl) or presence (Depl/Cx) 

of 1 mM cycloheximide. Cell extracts were purified and immunoblotted with either anti-

SVCT2 or tubulin antibodies. The histogram represents the densitometric analysis of 

autoradiography. Values are the means ± SEM of three independent experiments. *p=0.02 vs 

Ctrl; **p=0.01 vs Depl. In both histograms, values are reported as fold of control, arbitrarily 

set to 1, after normalization with tubulin. 

A 

B 
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activator, and thrombin, a receptor mediated agonist. 

As shown in Figure 4.4A, both 100 nM PMA and 0.5 U/ml thrombin 

increased SVCT2 expression, resulting in a two-fold increase in AA 

transport. Thus, we investigated if enhanced SVCT2 protein reflected a 

translational control of expression; to this end, we pre-treated platelets with 

cycloheximide, an inhibitor of 60S peptidyl transferase and translational 

elongation. Our results demonstrated, for the first time, that SVCT2 can be 

modulated at the translational level, as protein amounts, increased after 

incubation with PMA, were significantly reduced when cells were incubated 

with cycloheximide (Figure 4.4B). 

Parallel to enhanced AA import, DHA reduction decreased in activated 

platelets. Stimulation of platelets with both thrombin and PMA caused a 2.5-

fold increase in radiolabelled 2-DOG uptake (data not shown), indicating a 

higher GLUT activity. These results were in agreement with the reported 

translocation of GLUT-3 to the cell surface after platelet stimulation 

(Heijnen et al., 1997). Nonetheless, DHA uptake was halved with respect to 

resting platelets (Figure 4.5). These results could be explained by a decrease 

in reduction ability, with subsequent leakage of imported DHA; indeed, we 

found that DHA reduction activity was decreased of about 50% (Figure 4.5). 

Accordingly, glutathione, which is an important factor for reducing DHA, 

was lowered in activated platelets with respect to resting cells (1.4 ± 0.1 vs. 

2.0 ± 0.2 nmol/mg of protein). 

 

 

4.1.5 AA modulates sulfhydryls groups 

 

Thiols and disulfides on platelet surface play an important role in platelet 

responses, including aggregation, secretion and activation of integrins 

(Essex, 2004). Thus, we evaluated if intracellular AA levels could modulate 

these surface sulfhydryls groups.  

We found that intracellular AA changed the surface sulfhydryl content, as 

demonstrated by studies performed in vitamin C-depleted or supplemented 

cells. As shown in Figure 4.6A, exogenous supplementation dose-

dependently increased the amounts of surface thiols, while vitamin depletion 

decreased them. Furthermore, depleted platelets incubated with AA (Figure 

4.6A, last column) reverted the effects of vitamin depletion. 

To evaluate if AA specifically preserved surface thiols or its effect was a 

more generalized phenomenon (thus preserving total cellular thiols), we  
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Figure 4.4 SVCT2 expression in stimulated platelets. (A) Platelets were left untreated (-) 

or stimulated either with 100 nM PMA or 0.5 U/ml thrombin (Thr), at 25°C for 15 min. Cell 

extracts were purified and immunoblotted with either anti-SVCT2 or tubulin antibodies. The 

histogram represents the densitometric analysis of autoradiography. Values are the means ± 

SEM of three independent experiments. *p= 0.03 vs Ctrl; **p=0.04 vs Ctrl. (B) Inhibition of 

SVCT2 up-regulation by cycloheximide. Platelets were left untreated (lane 1) or stimulated 

with 100 nM PMA for 15 min, in the absence (lane 2) or in the presence (lane 3) of 5 g/ml 

cycloheximide. Cell extracts were purified and immunoblotted with either anti-SVCT2 or 

tubulin antibodies. The histogram represents the densitometric analysis of autoradiography. 

Values are the means ± SEM of three independent experiments. *p= 0.03 vs Ctrl; **p=0.03 vs 

PMA. 

In both histograms, values are reported as fold of control, arbitrarily set to 1, after 

normalization with tubulin. 

A 
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measured intracellular sulfhydryl groups and glutathione content. As shown 

in Fig. 4.6B, no significant differences in the intracellular thiol content were 

observed after AA supplementation or depletion. Also the glutathione 

content (the main nonprotein thiol in platelets) was unaffected by 

intracellular AA levels: glutathione amounts were unchanged after vitamin C 

supplementation (2.02 ± 0.2 nmol/mg of protein) or depletion (2.2 ± 0.2 

nmol/mg of protein), with respect to untreated platelets (2.0 ± 0.2 nmol/mg 

of protein). 

 

 

4.1.6 AA modulates thrombus rigidity 

 
Typical rheometer tracings showed logarithmic damping and frequency 

shift as a function of time; by these tracings, time of thrombus formation and 
thrombus elasticity were calculated. 

Thrombus formation for fresh platelet suspensions stimulated with 

SFLLRN occurred in 12-15 min; in the presence or absence of AA, platelets 

did not show significant differences. At about 50 min after thrombus 

formation, an increase either in frequency or in logarithmic damping, 

indicating thrombus contraction, was recorded; platelets with or without AA 

did not show any difference in the onset of these changes. The “elastic” or 

“storage” modulus (G') is the measurement of energy stored during 

deformation and related to the elastic portion of the thrombus, thus reflecting 

its resistance to elastic deformation. Figure 4.7 showed the maximal values 

of G' (G'max) of platelets in relation to the presence or absence of ascorbic 

acid. As shown in the figure, thrombus strength generated during 

postclotting events was significantly reduced in AA depleted platelets with 

respect to freshly isolated platelets; the strength was in part restored if 

platelets were incubated with 0.5 mM AA. 

 

 

4.2. Modulation of surface NADH-oxidase enzyme by capsaicin 

 

4.2.1 Ecto-NOX1 is present in human platelets. 

 
Since oxidant/antioxidant balance plays a crucial role during platelet 

activation and/or aggregation, we focused on the PMR system, as it has been 

shown to regulate the extra/intracellular electron flow in several cell types  

(del Castillo-Olivares et al., 2000). In human platelets this system has not yet 
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Figure 4.5 Vitamin C uptake and reduction, and glutathione content after platelet 

activation. Platelets were left untreated or stimulated with 100 nM PMA at 25°C for 15 min. 

Vitamin C uptake was evaluated by HPLC analysis after incubation with 0.1 mM AA or DHA 

for 15 min. Data are the means ± SEM of four independent experiments, each performed in 

duplicate. Values are reported as fold of control, arbitrarily set to 1. Control absolute values 

were: AA uptake = 1.6 ± 0.07 nmol/mg protein; DHA uptake = 78 ± 4 nmol/mg protein; DHA 

reduction activity = 0.13 ± 0.01 nmol/min/mg protein; glutathione content = 2.0 ± 0.2 

nmol/mg of protein. *p=0.003 vs Ctrl; **p=0.001 vs Ctrl; # p= 0.001 vs Ctrl; ##p=0.002 vs 

Ctrl. 
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Figure 4.6 Modulation of sulfhydryls groups by intracellular AA. Platelets were left 

untreated (Ctrl), supplemented for 15 min with 0.1 or 0.5 mM AA or depleted (Depl) by 3 

washings with 10 ml PBS for 40 min; the last column represents depleted platelets 

supplemented again with 0.5 mM AA for 15 min. (A) Surface sulfhydryls groups. Values are 

reported as percent of control, arbitrarily set to 100% (100% = OD412 nm 0.41 ± 0.11 /mg 

protein). *p<0.05 vs Ctrl; **p<0.001 vs Ctrl; #p<0.01 vs Depl. (B) Intracellular sulfhydryls 

groups. Values are reported as percent of control, arbitrarily set to 100 (100% = OD412 nm 

13.4 ± 3.3 /mg protein). 

Data are the means ± SEM of three independent experiments, each performed in triplicate. 

Intracellular AA concentrations were: 1.7 ± 0.1 mM (Ctrl), 1.9 ± 0.1 mM (Ctrl + 0.1 mM 

AA), 2.2 ± 0.1 mM (Ctrl + 0.5 mM AA), 0.52 ± 0.03 mM (depleted), 1.4 ± 0.1 mM (depleted 

+ 0.5 mM AA). 

A 
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fully characterized. Thus, our first attempt was to better understand the 

enzyme(s) potentially linked to the PMR system; in particular, we 

investigated the hydroquinone NAD(P)H oxidase system, by evaluating 

cofactor specificity (NADH or NADPH) and membrane localization of the 

enzymes. 

Platelets showed an electron donor preference: indeed, oxidation of 

exogenous NADH appeared to be more efficient than NADPH oxidation 

(Figure 4.8). Similar results were obtained when we monitored the reduction 

of the exogenous acceptor WST-1, in the presence of pyridine nucleotides 

(Figure 4.8). These findings indicated that platelets have a NAD(P)H 

oxidase activity able to direct an electron flow on the external side of the 

plasma membrane, although electron leakage into the cytoplasm could not be 

excluded. 
Trans-membrane oxidase activity, evaluated by measuring the WST-1 

reduction in the presence of the electron carrier mPMS, was very low (0.12 ± 

0.01 nmol/min/mg of protein). The ratio between surface and trans-

membrane activity was much higher than that reported by Berridge & Tan 

(2000) for other cell types. The latter observation, together with the NADH 

preference, suggested that, in human platelets, surface NADH oxidases 

could be important components of the PMR system. 

In order to define the enzyme(s) present on the platelet membrane, we 

assessed the NADH-dependent WST-1 reduction, by directly adding to the 

assay mixture 100 M capsaicin, which it has been recognized as an 

inhibitor of some NAD(P)H oxidases (Vaillant et al., 1996; Scarlett et al., 

2005; Joung et al., 2007). Both external NADH oxidation and WST-1 

reduction resulted partially inhibited (20 ± 3 %) in the presence of capsaicin, 

thus suggesting that at least one capsaicin-sensitive NADH oxidase should 

be on the platelet surface. In the meanwhile, the finding that only 20% 

inhibition was seen led us to speculate about the presence of a second, 

capsaicin-insensitive NADH oxidase. 

As members of the Ecto-NOX family can account for the biochemical 

features arising from our experiments, we tried to establish if Ecto-NOX 

proteins were expressed in platelets. In agreement with biochemical results 

showing two NADH oxidases with distinct sensitivity to capsaicin, protein 

bands likely corresponding to both Ecto-NOX1 and Ecto-NOX2 could be 

seen in the membrane fractions (Figure 4.9). The Ecto-NOX1 antibody 

recognized a major band of about 70 kDa, which is close to the molecular 

weight of full length Ecto-NOX1 protein (Jiang et al., 2008). On the other 

hand, the Ecto-NOX2 antibody recognized four main bands; however, the  
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Figure 4.7 Modulation of thrombus rigidity by intracellular AA. Ctrl: freshly isolated 

platelets. Depl: platelets depleted by 3 washings with 10 ml PBS for 40 min (30% of the basal 

vitamin C content). Depl + AA: depleted platelets supplemented again with 0.5 mM AA for 

15 min. Each sample contained 3-4 x 108 platelets in 1 ml PBS. Data are the means ± SEM of 

three independent experiments. *p<0.01 vs Ctrl; **p<0.05 vs Depl and Ctrl. 
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Figure 4.8 Cofactor specificity of the platelet NAD(P)H oxidase system. Enzyme 

activities were measured spectrophotometrically, as NAD(P)H oxidase activity and 

NAD(P)H-dependent WST-1 reduction. Values are the means of five independent 

experiments, each performed in triplicate. *p<0.001 vs NADH-containing assays. 

 

 

 
 

Figure 4.9 Identity of the platelet NAD(P)H oxidase system. Western blot analysis of 

Ecto-NOX proteins was performed on platelet membranes (PLT) with either anti-Ecto-NOX1 

or anti-Ecto-NOX2 antibodies. Positive controls were cellular extracts from lymphocytes 

(Lympho) for Ecto-NOX1, and SH-SY5Y cells for Ecto-NOX2. The arrows point to Ecto-

NOX bands. The radiograph is representative of four similar experiments. 
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antibody employed in this study appeared to be largely unspecific. The lack 

of commercially available specific antibodies did not allowed us to give 

irrefutable evidence for the presence of Ecto-NOX2 on platelet surface; this 

is a crucial point, as many data in the literature stated the cancer-specificity 

expression of this protein. Further studies are needed to get unequivocal 

proofs of Ecto-NOX2 expression on normal human platelets.  

 

 

4.2.2 Ecto-NOX1 expression is up-regulated by capsaicin 

 

As capsaicin is a quinone analogue and, therefore, perturbates the 

electron flow through the plasma membrane, we investigated the platelet 

response to prolonged exposure to this drug. To this end, we incubated 

human platelets with capsaicin for 45 minutes. When we looked at NADH 

oxidase activity, we found an increase in enzymatic activity: both NADH 

oxidation (data not shown) and NADH-dependent WST-1 reduction (Figure 

4.10A) significantly increased in capsaicin-treated platelets. This enhancing 

effect seemed to be related to alteration in redox balance, as N-acetyl-L-

cysteine (NAC) prevented the capsaicin-triggered increase (Figure 4.10A). 

Therefore, we considered whether this effect was due to modulation of 

protein levels. The drug induced Ecto-NOX1 expression and this up-

regulation could be prevented by the presence of NAC (Figure 4.10B). In 

addition, experiments performed with 1 mM cycloheximide suggested that 

Ecto-NOX1 can be modulated at the translational level (Figure 4.10B). Thus, 

Ecto-NOX1 was capsaicin-responsive. 

 

 

4.2.3 The capsaicin-mediated regulation of Ecto-NOX1 requires 

binding to vanilloid receptor 

 

In platelets, capsaicin induced a significant increase in ROS production. 

Time course experiments (Figure 4.11) showed that ROS amounts, apart 

from a brief spike at 2 minutes, began to rise after 15 minutes incubation, 

reaching a 4-fold increase, if compared to basal levels. The capsaicin-evoked 

ROS increase was completely abrogated by NAC (data not shown). 

Accordingly, capsaicin resulted in a 30% decrease in total glutathione 

content and a 2-fold increase in the GSSG/GSH ratio, as well as in a 40% 

decrease in the levels of ascorbic acid (Table II). We also found that 

capsaicin reduced AFR reductase activity and both surface and intracellular 



 45 

sulfhydryl groups, although the effects were significant only on the former 

(Table II). Depletion of sulfhydryls could explain the decrease in AFR 

activity, since enzymes accounting for AFR reduction (including thioredoxin 

reductase and cytochrome b5 reductase) have been shown to be redox-

sensitive (Nordberg et al., 2001; Shirabe et al., 1991). 
As capsaicin could bind to the TRPV1 receptor, recently shown to be 

expressed in human platelets (Harper et al., 2009), we investigated whether 

capsaicin effects on the redox state and Ecto-NOX1 modulation were 

exerted through a vanilloid receptor-dependent pathway. First, we 

investigated the possible presence of TRPV1 protein in platelet samples, as 

our purification protocol differed from that adopted by Harper et al. (2009). 

Western blot analysis showed two reactive bands with an apparent molecular 

weight of about 70 and 100 kDa: only the immunoreactive band with the 

highest molecular weight corresponded to the TRPV1 receptor, as confirmed 

by competition studies performed with the blocking peptide (Figure 4.12A).  

To investigate the involvement of TRPV1 in capsaicin-induced ROS 

production, an ultra potent agonist (resiniferatoxin) (Szolcsanyi et al., 1990) 

and two specific antagonists (5’-IRTX and capsazepine) (Wahl et al., 2001; 

Dickenson & Dray, 1991) of the vanilloid receptor were used. Figure 4.12B 

showed that activation of the TRPV1 receptor by either capsaicin or 

resiniferatoxin resulted in a strong induction of ROS generation. 

Accordingly, receptor antagonists exerted the opposite effects; in fact, the 4-

fold increase elicited by capsaicin alone was halved when platelets were pre-

treated with either 20 M 5’-IRTX or 50 M capsazepine. In line with our 

hypothesis, pre-incubation of platelets with capsazepine prevented the 

capsaicin-triggered increase of Ecto-NOX1 expression and activity (Figure 

4.12C). 
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Figure 4.10 NADH-dependent WST-1 reduction and expression of Ecto-NOX1. (A) 

NADH-dependent WST-1 reduction. Platelets were left untreated or treated with capsaicin 

(Caps); some samples were also pre-treated with NAC for 15 minutes, before incubation with 

capsaicin. (B) Western blot analysis of Ecto-NOX1. Platelets were treated as in A and 

immunoblotted with anti-Ecto-NOX1 antibody; the third bar represents platelets incubated 

with capsaicin in the presence of 1 mM cycloheximide (CX). The radiograph is representative 

of four similar experiments. The histogram represents the densitometric analysis of 

autoradiography. Values are the means ± S.E. of three independent experiments, values are 

reported as fold over control, arbitrarily set to 1, after normalization with tubulin.*p<0.001 vs 

untreated platelets; **p<0.05 vs capsaicin. 

A 
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Figure 4.11 Time course experiment of ROS production by capsaicin. Platelets were 

incubated with 100 M capsaicin for the indicated times, before assessing radical formation 

by flow cytometry. Values are the means ± S.E. of five independent experiments. 

 

 

 

 

 

 

Table II 

Effect of capsaicin on platelet redox state 

 

 CTRL CAPSAICIN 

Total glutathione  

(nmol/mg protein)  
2.7 ± 0.3 2.0 ± 0.2

*
 

GSSG/GSH * 100 2.6 ± 0.3 5.0 ± 0.4
*
 

AA (mM) 1.6 ± 0.1 1.0 ± 0.1
*
 

Surface sulfhydryl groups  

(nmol DTNB/mg protein) 

27 ± 2.6 15 ± 2.0 

Intracellular sulfhydryl groups  

(nmol DTNB/mg protein) 
860 ± 90 690± 70 
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Figure 4.12 TRPV1 involvement in Ecto-NOX1 modulation. (A) Western blot analysis of 

TRPV1 receptor. Platelet extracts were immunoblotted with anti-TRPV1 antibody, alone or 

with TRPV1-specific blocking peptide. The radiographs are representative of four similar 

experiments. (B) ROS production with TRPV1 agonists and antagonists. Platelets were left 

untreated or treated with capsaicin (Caps, 100 M), capsazepine (Cpz, 50 M), 5’-iodo-

resiniferatoxin (5’-IRTX, 20 M) and resiniferatoxin (RTX, 10 M); some samples were also 

pre-treated either with capsazepine or 5’-iodo-resiniferatoxin for 10 minutes, before 

incubation with capsaicin. Data are the means ± S.E. of three independent experiments, each 

performed in triplicate. *p<0.001 vs untreated platelets; **p<0.05 vs capsaicin. (C) Western 

blot analysis of Ecto-NOX1 with TRPV1 agonists and antagonists. Platelets were left 

untreated or treated with capsaicin; some samples were also pre-treated with capsazepine for 

10 minutes, before incubation with capsaicin. The radiograph is representative of four similar 

experiments. The histogram represents the densitometric analysis of autoradiography. Values 

are the means ± S.E. of three independent experiments, values are reported as fold over 

control, arbitrarily set to 1, after normalization with tubulin.*p<0.001 vs untreated platelets; 

**p<0.05 vs capsaicin. 

A 

B 
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5. DISCUSSION 
 

Platelet activation and aggregation are modulated by ROS (Iuliano et al., 

1997; Del Principe et al., 2009), which control both outside-in and inside-out 

signalling, by modulating the activity of key molecules through 

thiol/disulfide exchanges. The downstream effect of ROS is oxidation of 

proteins, which can be reversed by intracellular reducing agents; an 

imbalance between ROS production and antioxidant defences may play a 

role in cardiovascular pathologies (Touyz, 2003, 2004). Intracellular 

antioxidants (such as vitamin C) and the PMR system may be of importance 

in terms of electron movement during platelet activation and cell-to-cell 

interactions (platelet-platelet, platelet-leukocyte, platelet-endothelial cells) 

(Hidalgo et al., 2009; Looney & Matthay, 2009).  

Here, we found that platelets are able to compensate for fluctuations in 

vitamin C levels by regulating the specific AA transporter SVCT2. In AA-

depleted platelets, SVCT2 protein levels were up-regulated, in order to 

restore intracellular vitamin concentration; conversely, high intracellular AA 

levels lowered the SVCT2 protein. Substrate regulation of Na
+
-dependent 

transporters seems to be a more generalized phenomenon, not restricted to 

platelets, since it has already been described in other cell types. 

Downregulation of SVCT2 activity has been demonstrated in osteoblasts 

(Dixon & Wilson, 1992) and astrocytes (Wilson et al., 1990), where Vmax 

changed as a function of AA levels. More recently, decreased mRNA levels 

for SVCT1 after AA supplementation have been demonstrated in enterocytes 

(MacDonald et al., 2002). The molecular mechanisms explaining such 

changes have not yet been identified; several key points should control 

SVCT activity, acting at transcriptional or post-translational levels, or 

modulating protein turnover. In particular, a translational control mechanism 

for SVCT2 emerged from our study; indeed, platelets are anucleated cells, 

thus ruling out the involvement of transcription factors in regulation of 

expression. We found that translation of the SVCT2 messenger was 

modulated at very short times; as suggested by others, the rapid response 

may result from localization of transcripts in polysomes in resting platelets 

(Lindemann et al., 2001). RNA secondary structure prediction of SVCT2 

mRNA by the program GeneBee-Net v.2.0 (www.genebee.msu.ru) shows 

that the 3′-untranslated region could fold in conformations stable enough at 

37°C. Therefore, it is possible that the 3′-untranslated region of SVCT2 

mRNA is important to keep it stable enough in order to allow its regulation. 

The ability to compensate for fluctuations in ascorbate levels should have 
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biological relevance in conditions where AA dramatically falls, such as in 

scurvy or during platelet activation (Zucker et al., 1990). Nonetheless, by our 

findings, it is not clear if vitamin C acts on its own carrier directly or 

indirectly by altering the redox state. Sensitivity of the SVCT2 carrier to 

changes in cellular redox state has already been reported in muscle cells 

(Savini et al., 2005). Furthermore, during platelet activation both vitamin C 

deprivation and induction of oxidative stress occur (Finazzi-Agrò et al., 

1982). 

Also Ecto-NOX1, a component of the PMR system, whose presence in 

platelets has been described for the first time in this study, is under 

translational control. Our data showed that resting platelets had both trans-

membrane and surface NAD(P)H oxidase activities. Western blot analysis 

allowed us to combine the observed enzymatic activity with the expression 

of Ecto-NOX1. We have also shown that the ubiquinone analogue capsaicin 

inhibited the NADH oxidase activity of about 20%. However, after 

prolonged exposure to capsaicin, platelets showed enhanced Ecto-NOX1 

protein expression and activity. The translational modulation of Ecto-NOX1 

appeared to be dependent on activation of TRPV1 (the natural receptor for 

capsaicin) and generation of ROS. It should be recalled that TRPV1 

activation led to biphasic ROS production: in capsaicin-treated platelets, we 

found a spike in ROS concentration as early as 2 minutes followed by a 

gradual rise after 15 minutes. Thus, ligand-receptor binding activated the 

signalling cascade responsible for the early events, as already reported 

(Harper et al., 2009), but the TRPV1-dependent Ecto-NOX1 activation 

appeared to rely on prolonged activation of the receptor, since it is a later 

event. 

As noted above, the redox state controls platelet functions, through 

protein folding and disulfide bond formation. Functional sulfhydryl groups 

are present in platelet membrane proteins and provide redox-sensitive sites 

stimulating platelet aggregation, secretion, and postaggregation events 

through the activation of platelet integrin receptors (Essex, 2004; Kashiwagi 

et al., 1999; Yan & Smith, 2000). What is emerging from our study is that 

the redox state of sulfur atoms exposed on platelet surface may be modulated 

by intracellular antioxidants, as well as by the PMR system. In our model, 

the surface sulfhydryl content appeared to be related to the intracellular 

vitamin C content; on the other hand, the particular localization of Ecto-

NOX1, and its disulfide/thiol interchange activity, may be of importance in 

terms of protein folding during platelet activation. 

Under specific conditions, such as during inflammation and tissue injury, 
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Ecto-NOX1 activity may be enhanced, as a result of increased protein 

translation and substrate availability. The release of several mediators, 

including histamine, anandamide, prostaglandins and cytokines (collectively 

termed endovanilloids), activates TRPV1 and promotes ROS increase, which 

in turn induces Ecto-NOX1 expression; in the meanwhile, cell damage may 

promote NADH release into extracellular compartments.  

Beside the importance in aggregating events, the redox state of sulfhydryl 

groups may also play a key role after aggregation. Here, we found a strict 

relationship between intracellular AA and dynamics of platelet thrombus 

formation. Thus, intracellular antioxidants can regulate the thrombus 

viscoelastic properties, thus modulating clot stiffness and platelet contacts 

occurring during postaggregation events (Carr, 2003). 
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6. CONCLUSIONS 
 
This study characterizes intracellular and surface systems in freshly 

human platelets, especially focusing on vitamin C homeostasis and 
plasma membrane NAD(P)H oxidases. 

Our conclusions are supported by several findings: (i) platelets 
express the Na

+
-dependent AA transporter SVCT2; (ii) SVCT2 

expression is under translational control, related to substrate 
availability and platelet activation; (iii) platelets express Ecto-NOX1 
protein, located on the external side of plasma membrane and 
responsible for NADH oxidation; (iv) Ecto-NOX1 expression is under 
translational control, with a mechanism depending on TRPV1 
activation and ROS generation.  

 
Intracellular antioxidants (such as vitamin C) and the PMR system 

are involved in the modulation of sulfhydryl groups present in platelet 
membrane proteins, crucial for platelet aggregation, secretion, and 
post-aggregation events. 
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7. EXPERIMENTAL PROCEDURES 
 

 

Reagents 

 

[
14

C]-AA was purchased from Amersham (Arlington Heights, IL). DHA 

was obtained from ICN (Aurora, OH). Ascorbate oxidase was obtained from 

Boehringer Mannheim (Mannheim, Germany); 2-(4-iodophenyl)-3-(4-

nitrophenyI)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt (WST-

1) was obtained from Cayman Chemical Company (Ann Arbor, Michigan, 

USA). 5’-iodo-resiniferatoxin (5’-IRTX) was obtained from Tocris (Bristol, 

UK); capsaicin, NADH, NADPH, were obtained from Sigma Chemical (St. 

Louis, MO, USA).  

 

 

Platelet isolation and drug treatments 

 

After informed consent, platelets were isolated from blood samples 

obtained from 12 healthy donors (20 to 40 years old) free of medication for 

at least the preceding 30 days. Blood was collected in plastic tubes and 

diluted 1:5 with ACD buffer (80 mM glucose, 25 mM citric acid 45 mM 

sodium citrate). The platelet pellet was prepared by centrifuging plasma 

through a Ficoll layer (23% w/v) at 80 x g for 20 min, as previously 

described (Washburn et al., 1999); after washings, platelets were 

resuspended in tyrode’s buffer (100 mM HEPES, 1.3 M NaCl, 29 mM KCl, 

10 mM NaHCO3). 

Platelet stimulation was achieved by preincubating samples with 100 nM 

phorbol 12-myristate 13-acetate (PMA) or 0.5 U/ml thrombin at 25°C for 15 

min. Platelet count and mean volume were measured by Beckman Coulter 

HMX. 

Capsaicin treatments were performed by adding capsaicin dissolved in 

ethanol just before use; 100 µM capsaicin corresponded to 0.004% ethanol 

final concentration. Where indicated, platelets were pre-treated for 10 min 

either with 50 µM capsazepine or 20 µM 5’-IRTX, or for 15 min with 5 mM 

N-acetyl-L-cysteine (NAC), before incubation with capsaicin. After 

treatments, platelets were rinsed with tyrode’s buffer. 
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Western blot 

 

Platelets were resuspended in lysis buffer (25 mM Tris-HCl pH 8.0, 1 

mM EDTA, 0.5% SDS) and disrupted by three freeze-thawing cycles. 

Plasma membranes were separated on a sucrose step gradient, as already 

reported (MacDonald et al., 2002). Membrane fractions (10 µg) were 

subjected to SDS-PAGE on a 10% polyacrylamide gel and then 

electroblotted onto a PVDF membrane. Blots were blocked with 5% non fat 

dry milk (Biorad, Hercules, CA, USA) and then incubated with anti-SVCT1 

(sc-9924), anti-SVCT2 (sc-9926), anti-TRPV1 (sc-12498), anti-tubulin (sc-

9104) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-Ecto-NOX1 

(H00055068-B01; Abnova, Taipei City, Taiwan) and anti-Ecto-NOX2 

(HPA000514; Sigma) primary antibodies. After washings and incubation 

with the horseradish peroxidase-conjugated secondary antibody, detection 

was carried out with ECL (Amersham, Arlington Heights, IL, USA). 

Competition experiments were carried out by incubating the antibody 

solution with a 100-fold molar excess of specific blocking peptides for 3 

hours at room temperature, before performing Western blot analysis. 

 

 

RT-PCR 

 

Total RNA was isolated by Trizol (Invitrogen Corporation, Carlsbad, 

CA), reverse-transcribed using the Superscript preamplification system 

(Invitrogen Corporation) and, finally, PCR-amplified. Control reactions were 

performed to ensure complete removal of DNA and exponential 

amplification of mRNA. Twenty microliters of the reaction were 

electrophoresed on a 1.2% (w/v) agarose gel and the amplified products 

were visualized by ethidium bromide staining.  

The primers used were as follows: hSVCT1-forward 5’-

ATTTGGCACCCACGGATACG-3’ and hSVCT1-reverse 5’-

TCAAGGTCAGGACATAGCAGAGC-3’; hSVCT2-forward 5’-

AGAAGGCAAATACGAAGACGAGG-3’ and hSVCT2-reverse 5’-

GCTCTGCTGTTCCATTGGCAAC-3’. The amplification parameters were 

as follows: 94°C 30 s, 58°C 30 s and 72°C 1 min for 30 cycles.  

Amplification of GAPDH mRNA was performed as loading control. The 

primers were as follows: hGAPDH-forward 5’-

TCGGAGTCAACGGATTTGGTCG-3’ and hGAPDH-reverse 5’-

GCTCTCCAGAACATCATCCCTGCCT-3’. The amplification parameters 
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were as follows: 94°C 30 s, 60°C 30 s and 72°C 40 s for 22 cycles.  

 

 

Vitamin C uptake 

 

Intra-platelet AA amount was measured by using HPLC with UV 

detection at 265 nm, as previously described (Savini et al., 1999). Briefly, 

0.5-1 x 10
8
 platelets were dissolved in 50 µl of 0.1 M phosphate buffered 

saline (PBS) and directly extracted with 116 µl ice-cold methanol containing 

1 mM EDTA. Following sonication at 4°C, the precipitated proteins were 

removed by centrifugation at 16,000 rpm for 5 min and 20 µl of the 

supernatant was injected onto the column for HPLC analysis. Since DHA 

does not adsorb at 265 nm, it was quantified as AA by treating samples with 

10 mM dithiothreitol (DTT) for 10 min. Intracellular AA molar amounts 

were calculated by measuring platelet mean volume for each experiment. 

Because endogenous AA concentrations would produce a high 

background with HPLC analysis, transport experiments were performed by 

scintillation spectrometry. In time-dependent experiments, 0.5-1 x 10
8
 

platelets were incubated in 1 ml of transport medium (5 mM KCl, 1.9 mM 

KH2PO4, 5.5 mM glucose, 0.3 mM MgSO4, 1 mM MgCl2, 0.3 mM CaCl2, 10 

mM Hepes, 147 mM NaCl, 1.1 mM Na2HPO4 pH 7.4), containing 0.1 mM 

[
14

C]AA (specific activity 1 mCi/mmol) and 1 mM DTT (to prevent AA 

oxidation) or 0.1 mM [
14

C]DHA (1 mCi/mmol) or 0.2 mM [1,2-
3
H]-2-

deoxyglucose (2-DOG; 1 mCi/mmol). DHA was prepared by incubating 

[
14

C]AA with 2 units of ascorbate oxidase immediately before being added 

to the incubation medium; complete oxidation was verified by HPLC. After 

incubation at 37°C, platelet samples were washed twice with ice-cold 0.1 M 

PBS and resuspended in 100 µl of 0.1 M PBS. Then, 10 µl of samples were 

analysed for protein content (Bradford, 1976) and the remaining 90 µl were 

dissolved in 500 µl of ice-cold methanol and counted in a liquid scintillation 

counter. For concentration-dependence experiments, platelets were 

incubated with 1-100 µM [
14

C]AA for 15 min or with 1-5000 µM [
14

C]DHA 

for 5 min. 

For transport inhibition studies, platelets were pre-incubated with 

cytochalasin B (10 µM), ouabain (0.5 mM), sulfinpyrazone (5 mM) and 

phloretin (200 µM) for 15 min at 37°C before the addition of labeled 

compounds.  
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Vitamin C recycling 

 

DHA-reductase activity was assayed as previously described (Savini et 

al., 2000). Platelets were resuspended in 50 mM Tris-HCl pH 7.4, 1 mM 

EDTA, 30 mg/ml catalase, 1 mM PMSF and sonicated. Samples (0.2-0.3 mg 

of protein) were incubated at 37°C for 20 min in 50 mM Tris-HCl pH 7.5 

containing 1 mM EDTA and 1 mM DHA. After incubation and precipitation 

of proteins by methanol, the ascorbate content was evaluated by HPLC.  

Ascorbyl free radical (AFR) reductase activity was assessed 

spectrophotometrically through the rate of ascorbate free radical-dependent 

oxidation of NADH, by monitoring the decrease in 340 nm absorbance (E = 

6.2 mM
-1

 cm
-1

) at 25°C (Savini et al., 1999). Corrections have been made for 

direct oxidation of NADH by homogenates. The assay mixture contained 

0.05 mM Tris-HCl pH 7.8, 1 mM EDTA, 0.1 mM NADH, 1 mM ascorbate 

and 0.3 mg of proteins. The reaction was started by adding 0.28 U of 

ascorbate oxidase to generate the ascorbate free radical. 

 

 

Free Oscillation Rheometry 

 

Four-channel FORs (Reorox4) was obtained from the Global 

Haemostasis Institute Linkoping Sweden. The method is based on the fact 

that the rheological properties of sample change during coagulation 

(Ramstrom et al., 2003). The time of thrombus formation was recorded 

immediately after addition of 1 mg/ml fibrinogen and 10.5 µg/ml SFLLRN 

(a thrombin-receptor-agonist peptide; kindly provided by the Global 

Haemostasis Institute). Stimulation with SFLLRN is particularly useful for 

studies of platelet rheological properties, since the peptide, unlike thrombin, 

does not allow the conversion of fibrinogen to fibrin (Kinlough-Rathbone et 

al., 1993; Coughlin, 1999). 

To allow determination of thrombus elasticity, gold-plated reaction 

chamber was used. The reaction chamber included a cylindric sample cup 

and an inner cylinder, a golden bob, attached to a hollow shaft and immersed 

into the centre of the sample cup. Frequency and amplitude of the free 

oscillation are functions of elastic and viscous properties of the thrombus. 

For evaluation of the FOR curves, the elasticity modulus G’ was plotted as a 

function of time in the ReoRox4 Viewer software, according to the 
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manufacturer’s instructions. The maximal G’ was determined from curves 

and expressed as Pa.  

Surface NAD(P)H oxidase activity 

 

NADH and NADPH oxidase activities were determined by monitoring 

the decrease in absorbance (340 nm) of exogenously added nucleotides. 

Briefly, platelets (1 x 10
8
) were incubated in 1 ml of tyrode’s buffer 

containing 0.2 mM NADH or 0.2 mM NADPH at 37 °C with continuous 

stirring, and rates of NADH or NADPH oxidation were calculated using the 

extinction coefficient 6.2 mM
-1

 cm
-1

. 

NAD(P)H oxidase activity was also measured by monitoring the 

reduction of WST-1, a cell-impermeable artificial electron acceptor, usually 

employed to measure surface Ecto-NOX activity (Bergsten et al., 1995; 

Wells et al., 1990; Washburn et al., 1999; Del Bello et al., 1994). Briefly, 

platelets (1 x 10
8
) were incubated with 0.5 mM WST-1 and 0.2 mM NADH 

or 0.2 mM NADPH. All experiments were performed at 37°C, with 

continuous stirring, and WST-1 formazan production was monitored in real 

time by the increase of absorption at 450 nm. Rates of WST-1 reduction 

were expressed as nmol WST-1 reduced/min/mg protein (extinction 

coefficient = 37 mM
-1

cm
-1

).  

 

 

Trans-PMR activity  

 

Trans-PMR activity was evaluated by measuring WST-1-reduction in the 

presence of 1-methoxy-5-methyl-phenazinium methyl sulphate (mPMS), 

which is a stable electron-transport mediator between NAD(P)H and WST-1 

(May et al., 1997). Washed platelets (1 x 10
9
) were incubated in 1 ml of 

tyrode’s buffer containing 0.5 mM WST-1 and 20 µM mPMS and WST-1 

reduction was monitored in real time at 450 nm. 

 

 

Intracellular ROS 

 

Intracellular ROS generation was measured by using the fluorescent 

probe 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, 

acetyl ester (CM-H2DCFDA; Molecular Probes Inc., Eugene, OR). After 

treatment, platelets were incubated with 10 µM CM-H2DCFDA for 20 min 

at 37°C in the dark. Radical formation was assessed by flow cytometry in a 
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FACSCalibur Flow Cytometer (Becton Dickinson, CA, USA). CM-

H2DCFDA mean fluorescence was registered at 530 nm (bandwidth 30 nm), 

exciting at 488 nm using a 15 mW Argon laser. One hundred thousand 

events were evaluated for each analysis. 

 

 

Sulfhydryl groups and glutathione content 

 

Surface sulfhydryl groups were evaluated by using the membrane-

impermeant reagent 5-5'dithiobis(2-nitrobenzoic acid) (DTNB). Briefly, 

1x10
9 

platelets in 1 ml tyrode’s buffer were incubated with 0.2 mM DTNB 

for 15 min at 37°C. Platelets were pelleted (12,000 rpm for 5 min) and 2-

nitro-5-thiobenzoic acid was measured in the supernatant at 412 nm 

(extinction coefficient = 14.150 mM
-1

 cm
-1

). Total sulfhydryl groups were 

evaluated in lysed platelets by the same assay, and the intracellular amounts 

were obtained by difference (Xu et al., 1996). 

Intracellular glutathione content was quantified by a DTNB-glutathione 

reductase recycling assay as described (Craik et al., 1995). 

 

 

Kinetics calculations and statistics  

 

Kinetics for all substrates were determined when transport was linear. 

The transport kinetic parameters were calculated by Michaelis-Menten 

equation and linear transformation of Eadie-Hofstee. Statistical analysis was 

conducted with the program GraphPad Prism 4.00 (GraphPad Software Inc., 

La Jolla, CA, USA). Either paired t-test or analysis of variance (ANOVA) 

followed by Bonferroni post hoc comparisons were performed to evaluate 

differences between samples. Significant differences were accepted at 

p<0.05. 
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