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Review Article

The plasma membrane redox system in human platelet functions
and platelet-leukocyte interactions
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Summary

The plasma membrane electron transport is crucial for blood
coagulation and thrombosis, since reactive oxygen species and
thiol changes, generated by plasma membrane redox reactions,
modulate activation of platelets, as well as their interaction with
leukocytes. Several antioxidants are linked to this system; thus,
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platelets are also able to counterbalance radical production and
to regulate thrombus growth. Aim of this review is to give an up-
date on the plasma membrane redox system in platelets,as well
as on its role in platelet functions and leukocyte-platelet cross-
talk.

Thromb Haemost 2009; 101: 284-289

Introduction

Reactive oxygen species (ROS), including superoxide anion
(0,") and hydrogen peroxide (H,0,), are constitutively released
from platelets and their production is enhanced by classical
agonists, such as thrombin, collagen and immunological stimuli
(1-4). As thoroughly described in recent reviews (5, 6), endogen-
ously produced ROS play autocrine and/or paracrine roles in pla-
telet activation, likely those reported for exogenous ROS; pla-
telet-derived ROS can arise from the activity of several cytosolic
enzymes, including xantine oxidase, monoaminooxidase, lip-
oxygenase and the endothelial isoform of nitric oxide (NO) syn-
thase (eNOS), as well as from mitochondrial membrane-associ-
ated respiratory enzymes. An alternative source of ROS is repre-
sented by the plasma membrane redox (PMR) system or the plas-
ma membrane electron transport (PMET); it has been known
since 1970, although its physiological relevance has only re-
cently been investigated. By this system, intracellular electrons
(derived from NADH, NADPH or vitamin C) (7, 8) flow out-
wards thanks to their sequential transfer to several carriers [the
most widely used is ubiquinone (or coenzyme Q; CoQ), although
other acceptors (b cytochromes, flavin, vitamin E and membrane
proteins) exist] (9), through the activity of enzymes localized in

the plasma membrane (for an overview of the enzymatic systems
involved see [10]); once outside, electrons reduce extracellular
molecules (especially molecular oxygen), thus modulating the
redox state of the microenvironment surrounding cells (11). Par-
tial oxygen reduction leads to generation of O, and H,0,, which
regulate normal cellular functions, but, if overproduced, can con-
tribute to pathological diseases, including endothelial dysfunc-
tion and cardiovascular diseases (12). The components of the
PMR system are summarized in Figure 1.

Almost all studies concerning the PMR system have been fo-
cused on the NADPH oxidase family (NOX), whose best charac-
terized member is the phagocytic enzyme NOX2 (11). Also in
platelets, the aggregation-induced ROS production has been as-
cribed to the activity of an enzyme similar to NOX2. Nonethe-
less, the experimental settings have overestimated the role of
NADPH oxidase to the detriment of other mechanisms. This
misunderstanding principally relies on the use of inhibitors,
which are not specific: diphenylene iodonium is an inhibitor of
flavoproteins (13) rather than a specific NADPH oxidase in-
hibitor and apocynin is a general antioxidant rather than an enzy-
matic inhibitor (14). Indeed, almost all cells (including platelets)
possess, together with NOX, a NADH oxidase (ECTO-NOX),
which uses electrons derived from intracellular NADH or CoQ to

Correspondence to:

Dr. Domenico Del Principe

Department of Health and Cell Biology
University of Rome Tor Vergata

Via Montpellier |, 00133 Rome, Italy

Tel.: + 39 6 72596380, Fax: + 39 6 72596379
E-mail: delprin@uniromaZ.it

Financial support:
This work was supported by grants from the Italian MIUR.

Received: May 15, 2008
Accepted after major revision: October 30, 2008

Prepublished online: January 15, 2009
doi:10.1160/TH08-05-0300

284

Downloaded from www.thrombosis-online.com

on 2012-05-25 | IP: 38.107.179.234

For personal or educational use only. No other uses without permission. All rights reserved.



Del Principe et al. The plasma membrane redox system in platelets

2+
Figure I: Key enzymes of Fe(CN)s

the PMR system. Membrane
localisation and catalysed reac-
tions for each enzyme are

Fe(CN)g3*

Aiz

AA 0, 0,"

02.-

shown. These enzymes are dif-
ferentially expressed in differ-
ent cell types (see the text for
those present in platelets). AA,
ascorbate; AFR, ascorbyl free

outside
VDAC>

NADH:AFR
reductase

NOX)

radical; VDAC, voltage-de-
pendent anion-selective chan-
nel or NADH:ferricyanide re-
ductase; NQOI,
NAD(P)H:ubiquinone oxidore-
ductase or DT-diaphorase;
NOX, NADPH oxidase;
ECTO-NOX, NADH oxidase.

NAD*

inside
+
NADH +H NADH + H*

NADPHfR

NADP*

produce superoxide and hydrogen peroxide; thus, this enzyme
requires redox carriers different from those used by NOX and
strictly depends on the cytoplasmic NADH concentrations.

Aim of this review is to collect all evidences showing the in-
volvement of the PMR system in platelet signalling, as well as its
role in platelet-leukocyte cross talk.

The PMRS in platelets

Findings that both resting and stimulated platelets can reduce
cell-impermeant tetrazolium salts have indicated the presence of
transplasma membrane or surface reducing activities, which can
alternatively use NADH or NADPH (4). Several components of
the PMR system have been identified so far, whose best char-
acterized elements are different NAD(P)H oxidases and thiol-re-
lated enzymes.

Platelets express both catalytic and regulatory subunits of
NADPH oxidase (NOX), a multi-subunit enzyme first identified
in phagocytic cells (15). The enzyme consists of two membrane-
bound subunits (p22phox and gp91phox) catalyzing one-elec-
tron transfer from NADPH to molecular oxygen, thus generating
O,~. Small GTPases (Racl or Rac2) and cytosolic factors
(p47phox, p67phox, p40phox), which translocate to the plasma
membrane after phosphatidylinositol 3-kinase- (PI3K) and pro-
tein kinase C (PKC) -dependent phosphorylation, are needed for
the catalytic activity (16). Platelets are not true phagocytic cells
and they do not kill bacteria (17); so, platelet NADPH oxidase
may play a different role related to oy,Bs-integrin activation,
ADP release and platelet recruitment (18, 19). Classical agonists
activate this gp91phox-dependent enzyme: collagen and throm-
bin induce the NADPH oxidase-dependent superoxide release in
platelets, while oy, B inhibitors prevent the aggregation-induced
membrane translocation of p67phox and p47phox subunits. Ac-
cordingly, platelets from gp91phox-deficient patients produce
very small amounts of ROS (20). Platelet NADPH oxidase exerts
roles other than those associated with aggregation. Indeed, the
angiotensin II pathway activates this enzyme, which is thus re-
lated to hypertension-associated overproduction of O,~; in host
defence response, platelet NADPH oxidase causes thromboxane

A2 release which, in turn, enhances ROS production and the cy-
totoxic action of neutrophils (21).

Platelets also possess a NADH oxidase ([1, 22] and our un-
published data), belonging to the protein family named “external
NADH oxidases” or “ECTO-NOX” (23). These enzymes are pe-
culiar, as they are not trans-membrane proteins, but instead cell
surface-associated oxidases; they show hydroquinone (NADH)
oxidase and protein disulfide-thiol interchange activities, that al-
ternate giving rise to oscillations with a period of 24 minutes
(24). In platelets, the enzyme may be responsible for agonist-in-
duced H,0, production (2); then, H,0, acts extracellularly or
diffuses inside cells, where it functions as a second messenger
(25). The ability of the enzyme to cycle between ROS generation
and cleavage of disulfide bonds can explain its role in platelet
regulation; this requires that surface sulphydryl groups are
redox-sensitive sites, whose oxidation leads to changes in the
conformation of cell surface integrins, thus modulating platelet
functions (26). This should be relevant in hypoxic conditions,
when the protein disulfide—thiol interchange activity predomi-
nates, because of the lack of molecular oxygen.

At least two thiol isomerases [protein disulphide isomerase
(PDI) and endoplasmic reticulum protein 5 (ERP5)] and a glut-
athione reductase have been identified on platelet surface
(27-30). These enzymes, interacting with integrin receptors, are
crucial for rearrangement of membrane disulfide bonds needed
for platelet aggregation, secretion and post-aggregation events
(26,27,31, 32). ERPS is recruited to the cell surface in response
to platelet agonists and becomes physically associated with B3
integrin (30), while PDI interacts with o3, and oy, integrins
(32,33). It is noteworthy the potential interplay among the differ-
ent enzymes. It is has been shown that PDI interacts with
NADPH oxidase, thus regulating its activity (34). On the other
hand, PDI is a redox-sensitive enzyme, since changes in com-
position of the glutathione redox buffer are known to modulate
the rate of PDI-catalyzed folding of a target protein (35); thus, it
is conceivable that glutathione reductase, by maintaining ad-
equate concentrations of external GSH, may regulate PDI activ-

1ty.
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Figure 2: Interaction
between platelets and
leukocytes during clot
formation. A) Platelet-
leukocyte conjugates. Tight
cell-to-cell contacts activate
cells via ROS production.

B) Platelets may release anti-
oxidant molecules (catalase,
peroxidase...), which scavenge
ROS and inhibit cell activation.
C) The platelet PMR system
serves as a surface antioxidant
system (ascorbate, vitamin E,
coenzyme Q). CAT, catalase;
SOD, superoxide dismutase;
PMN, polymorphonucleate
cells; P, platelets.

Finally, platelets have a NADH:ascorbate free radical ox-
idoreductase (our unpublished data), a membrane-bound enzy-
matic activity not yet unequivocally ascribed to a specific pro-
tein. It uses intracellular NADH to reduce extracellular ascorbyl
free radical; CoQ can be an electron linker, since its removal de-
creases the extent of radical reduction. By recycling ascorbate,
this oxidoreductase may modulate cell response to extracellular
redox changes.

Non-enzymatic scavenger molecules are strictly linked to a
functional PMR system; their low molecular mass allows them
to remove ROS at sites where larger antioxidant enzymes cannot
access. In particular, vitamin C and vitamin E have physiological
relevance in platelets. We demonstrated that intracellular ascor-
bate modulates the redox state of surface sulphydryl groups, thus
regulating aggregation and thrombus strength generated during
post-clotting events (36). Moreover, the general antioxidant role
of ascorbate regulates those membrane systems sensitive to
ROS-mediated signalling, by reverting the NADPH oxidase-me-
diated effects in chronic smokers (37) or after chronic exposure
to organic nitrates (38). Ascorbate may also play a role in thiol-
disulfide reactions, since dehydroascorbate can be a substrate for
PDI (39). Due to its relevance in platelet physiology, vitamin C
uptake is strictly controlled: platelets compensate for fluctu-
ations in ascorbate levels by modulating (at translational level)
the expression of the Na*-dependent transporter SVCT2 (36).
Vitamin E interferes with the PKC signalling pathway and
NADPH-oxidase activation, thus regulating platelet adhesion,
activation and aggregation (40, 41). It also exerts antioxidant ef-
fects, by preventing lipid peroxidation and prostaglandin pro-

duction (42). In agreement with these data, decreased platelet
antioxidant content is related to increased platelet aggregation;
likewise, platelet hyperactivity can be normalized by adding ex-
ogenous antioxidants (43).

The PMR system and platelet/leukocyte
cross-talk

As ROS generation in platelets may occur either inside or on the
external surface (19, 44, 45), platelet PMR activity may induce
autocrine and paracrine effects. In particular, it can be involved
in complex interactions among platelets, leukocytes and en-
dothelial cells, occurring during thrombus and clot formation, as
well as during inflammation and atherosclerosis (46).

Platelets and leukocytes mutually activate themselves, when
contacts are established between platelet surface molecules and
leukocyte receptors (47, 48). Adherent platelets and platelet-re-
leased molecules enhance leukocyte recruitment and adhesion to
endothelial cells, as well as their phagocytic activity (49); in the
mean time, activated leukocytes enhance platelet adhesion, ag-
gregation and secretion (50). This cell-to-cell adhesion facili-
tates platelet-leukocyte crosstalk, but it may also lead to inflam-
mation and may support several pathological events, such as
plaque formation in atherosclerosis (51).

Platelet/leukocyte interactions are associated with increased
ROS that, when accumulated in the “microenvironment”, drive
specific cellular responses. Paradoxically, stimulated platelets
can also down-regulate leukocyte ROS production, by releasing
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“stop signals” (serotonin, adenosine, catalase, superoxide dis-
mutase and peroxidase): it has been shown that platelet superna-
tants inhibit chemiluminescence (i.e. concentration of ROS) and
myeloperoxidase activity of phagocytic cells, thus impairing
chemotaxis and cytotoxicity (52, 53). Thus, the dual action of
platelets on plasma ROS levels may be required to maintain an
adequate blood flow and prevent pathologic thrombosis (54).

Accumulating evidences suggest a pro-thrombotic effect of
platelet-derived ROS, associated with the outbreak of myo-
cardial infarct and angina. Chronic activated platelets, cross-
reacting with several cell types and overproducing ROS, lead to
inflammatory processes, which are involved in the pathogenesis
and progression of atherosclerosis and other cardiovascular dis-
eases (6). During activation, platelets release exosomes in plas-
ma, which induce cell death through a NADPH oxidase-depend-
ent pathways; this is an additional mechanism of platelet-induced
vascular dysfunction (55). An excess in platelet ROS production
has been demonstrated in hypercholesterolemia and platelet-as-
sociated NADPH oxidase produces a thrombogenic phenotype
associated with elevated cholesterol levels (56). In the same way,
hyperhomocysteinemia, which is a risk factor for cardiovascular
disease, is a potent inducer of endothelial PMR activity (57); this
modulating effect should also be extended to platelets. Recently,
increased eosinophil- and neutrophil-platelet interactions and
ROS production have been related to inflammatory responses
and increased risk of vascular thrombotic events promoted by
strenuous exercise (58). Exercise-triggered thrombosis can also
be related to changes in the GSH/GSSG ratio: vigorous exercise
in not-trained subjects leads to increased GSSG levels, thus con-
tributing to alterations in platelet functions (59).

The pro-oxidant activity of the PMR system can be counter-
balanced by endogenous and exogenous antioxidants, which in-
hibit ROS production and platelet functions. Such an example,
polyphenols decrease platelet recruitment, via inhibition of
NADPH oxidase activity (60); this should explain the cardiopro-
tective effects of phenol-containing foods. Development and
progression of atherosclerosis can be inhibited by antioxidants,
including vitamins E and C. In platelet-leukocyte interactions,
vitamin C changes NO levels regulating cell responses (61). Vit-
amin E may affect atherogenesis by inhibiting cell-to-cell ad-
hesion, platelet functions and mural thrombi through inhibition
of PKC (62, 63). The effects of antioxidants on platelet-leuko-
cyte aggregation has been reported in cigarette smokers, during
strenuous exercise and in haematological pathologies such as
paroxysmal nocturnal haemoglobinuria and sickle cell disease,
as well as in allergic, immunological, thrombotic and inflamma-
tory vascular diseases (46, 64, 65, 60).

In this context, the PMR system can be viewed as an addi-
tional mechanism through which platelets control blood redox
state; activation or inhibition of the PMR components by circu-

lating products (hormones, growth factors and other cell acti-
vators) (67) can promote the pro/anti-oxidant shift in platelet ac-
tion. Recent evidences suggest that RNA present in blood may be
placed among these circulating regulators (68—70), as it induces
conformational changes in several enzymes, thus modulating
their activity. By looking at the ECTO-NOX primary structure,
we found an RNA recognition motif (RRM) probably diagnostic
of an RNA binding protein, since it has been found in eukaryotic
proteins known to bind single stranded RNA (71). Motif Scan
analysis (72) of the sequence gives an E-value of 6.3 ¢ for the
RRM match (the E-value is the number of matches with a score
equal to or greater than the observed score that is expected to
occur by chance); therefore, the observed low value means that
the match is likely a true positive. Vascular injury results in RNA
and RNase release; it has been proposed that this RNA-RNase
balance contributes to vascular homeostasis, since RNA, activat-
ing specific coagulation factors, promotes thrombus formation,
while RNase is required to stop it (68—70). As RNA appears to be
a key factor in thrombus formation, and ECTO-NOX is a pu-
tative RNA binding protein, is tempting to speculate a possible
regulatory role of this platelet enzyme during the coagulation
process.

From these observations, it can be proposed a model (Fig. 2)
in which platelet/leukocyte cross-talk and ROS generation are
needed for priming the coagulation process; but, moving away
from the clot centre, microenvironment changes (lower levels of
radicals, less pronounced cell-to-cell contacts and activation), so
that the antioxidant action of platelets counterbalances the ef-
fects of oxidative stress and restricts the extension of clot growth.
Alterations on redox balance dramatically change platelet func-
tions, contributing to the pathogenesis of several cardiovascular
diseases, including thrombotic vascular occlusion and throm-
boembolic complications.

In conclusion, the PMR system is crucial in platelets, offer-
ing an additional mechanism to regulate thrombus growth and
cell-to-cell interactions. It must be recalled that the PMR system
works in platelets as pro-oxidant, but it can also have antioxidant
effects; these effects should be temporally and spatially regu-
lated, in order to modulate the entire process of coagulation, as
well as immunological and inflammatory events. Further know-
ledge on the role of the PMR system in platelet functions should
promote the development of therapeutic approaches against sev-
eral diseases, including diabetes, inflammation and thromboem-
bolic pathologies.

Abbreviations

PMR, plasma membrane redox; CoQ, coenzyme Q; ROS, reactive
oxygen species; PDI, protein disulphide isomerase; ERPS, endoplasmic
reticulum protein; PKC: protein kinase C.
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