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Abstract

Pathophysiology of pulmonary arterial hypertension is based on three basic mechanisms: thrombotic
pulmonary vascular lesions, vasoconstriction and vascular remodeling. Platelets are related to all of these
mechanisms by their aggregation, production, storage and release of several mediators. The role of platelets is
more prominent in some types of pulmonary arterial hypertension, including those which are secondary to
inflammatory and infectious diseases, hemoglobinopathies, essential thrombocythemia, drugs, thrombo-
embolism, and cardiac surgery. Most pulmonary antihypertensive drugs have a negative effect on platelets. In
this review, the mechanisms of platelets association with pulmonary arterial hypertension, those types of
pulmonary arterial hypertension with greatest platelet contribution to their pathophysiology, and the effects
of pulmonary antihypertensive drugs on platelets are summarized.
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Introduction

Pulmonary hypertension (PH) is a disease
characterized by increased pulmonary artery
pressure (PAP) due to increased pulmonary
vascular resistance (PVR) and/or large intra-
cardiac or vascular left-to-right shunts (transfer of
systemic pressures to the right side of the heart
and pulmonary artery). PH increases right
ventricular pressure and may lead to heart failure,
disability and finally, death of the patient in most
cases. PH can be idiopathic or secondary to other
known diseases [*]. The newest classification of PH,
known as Dana Point classification, categorized
this disease into 5 main subclasses [2. These
include pulmonary arterial hypertension (PAH),
PH owing to left heart diseases, PH owing to lung
diseases and/or hypoxia, chronic thromboembolic

PH (CTEPH), and PH with unclear multifactorial
mechanisms.

In 1958, Heath and Edward presented a
pathological classification of PH into 6 progressive
grades: | (retention of fetal type pulmonary
vessels, Il (medial hypertrophy with cellular
intimal reaction), Il (progressive fibrous vascular
occlusion), IV (progressive generalized arterial
dilatation with the formation of complex dilatation
lesions; plexiform lesions), V (chronic dilation
with formation of numerous dilation lesions and
pulmonary hemosiderosis), and VI (necrotizing
arteritis) [31.

Although PH is not generally regarded as an
inflammatory disease, there are evidences that
inflammation plays a great role in the
pathogenesis of at least some of its types [4l. There
is a complex association between platelets and
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this disease. There are sufficient evidences that
platelets play a causative role in some situations,
while a simple association seems to be the best
explanation  for the  others. However,
discrimination between a cause-and-effect role
and a mere association is difficult for most cases.

Thrombotic  pulmonary vascular lesions,
vasoconstriction and remodeling are the basic
mechanisms of pulmonary vascular pathology in
PH [ Platelets are related to all of these
mechanisms through different pathways. Platelet
functional abnormalities, endothelial disintegrity
or dysfunction, and impaired fibrinolysis/
antithrombosis were found in idiopathic PHBI. It is
not clear whether these abnormalities are primary
and contributory to PH development, or secondary
to this disease.

This review tries to present the evidences about
the relation of platelets to PH. It first describes the
mechanisms through which platelets may be
associated with this disease. Then, those types of
PH in which platelets seem to have a greater
association are reviewed. Last, the effects of
pulmonary antihypertensive drugs on platelets are
discussed.

Literature Search Strategy

MEDLINE was searched to find English papers
published from January 2006 to June 2010 and
review articles from January 2000 to the same
date, using the combination of words “Platelet”
and “Pulmonary Hypertension”. The numbers of
articles found were 213 and 114, respectively.
Whenever the materials found via this basic
research were unsatisfactory in providing
information about a subitem of this review, older
references were added through a more specific
search. In addition, many other references were
included based on the experts’ opinions and
citations found in the reviewed papers.

Mechanisms of platelets contribution to
the development of PH

Platelet = Aggregation: Platelets  actively
participate in clot formation. Pulmonary
intravascular  thrombosis and  thrombotic

arteriopathy are common pathological findings in
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PH [131, Increased thromboxane (TxAz) and
serotonin and decreased prostacyclin (PGl;) and
nitric oxide (NO) enhance platelet aggregation in
PH patients [1],

Maeda et al found a subpopulation of PH

patients with increased propensity to thrombosis
as suggested by increased platelet protease-
activated receptor 1 (PARL, a key element in the
activation of human platelets by thrombin)
expression and PAR-mediated surface exposure of
P-selectin (an adhesion molecule, a marker for in
vivo platelet activation, and an essential
component in thrombus formation), associated
with thrombocytopenia [¢1. Thrombocytopenia was
seen in PH patients [78]. It is not clear whether
thrombocytopenia in PH patients is an incidental
finding, caused by platelet consumption in
pulmonary vasculature, or resulted from platelet
shearing due to pulmonary microangiopathy as
suggested by Herve et al €],
Interactions with Endothelial Cells!ll;
Endothelial cells (EC) participate actively in the
process of coagulation. They activate factor X,
facilitate the formation of the thrombin-activating
prothrombinase complex, activate the extrinsic
pathway of coagulation by releasing tissue factor,
and produce and release von Willebrand Factor
(VWF). On the other hand, EC can inhibit
thrombosis and potentiate fibrinolysis. They
produce NO and PGl,, potent inhibitors of platelet
aggregation [0, EC express thrombomodulin, a
high affinity receptor for thrombin, on their
surface which prevents cleavage of fibrinogen to
fibrin. EC are a source of both tissue plasminogen
activator (t-PA), an important activator of
plasminogen in the fibrinolytic cascade and
plasminogen activator inhibitor-1 (PAI-1), an
inhibitor of t-PA. These facts show the importance
of EC in regulating the fine balance of
prothrombotic and antithrombotic processes.

There are evidences in favor of an imbalance in
PH patients. In 19 out of 27 patients with
idiopathic PAH, PAI-1 activity was elevated [11],
Welsh et al found coagulation abnormalities in
both idiopathic PAH and secondary PH. Low
soluble thrombomodulin, low fibrinolytic activity,
and high fibrinolytic inhibitor levels were seen in
idiopathic PH patients. Those with secondary PH
had elevated fibrinogen levels, increased vWF, and
atrend to increased t-PA[12],

It is noteworthy that an additional role for PAI-
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1 in vascular remodeling was suggested [13], The
studies about such a role for PAI-1 in PH are
limited in number and conflicting (31,

Eicosanoids: Activated platelets are the major
producers of TxA; a vasoconstrictive and
proaggregatory eicosanoid. PGl is synthesized by
EC, including those in pulmonary circulation. It is a
physiological antagonist of TxA,, inhibiting
platelet aggregation and relaxing vascular smooth
muscle. Abnormal production of eicosanoids has
been demonstrated in idiopathic and secondary
PH, including patients with congenital heart
diseases before and after surgical correction of
these diseases [14-19]. In children with left-to-right
shunts and in adolescents with Eisenmenger
syndrome, the ratio of TxA; to PGl> metabolites
urinary excretion is elevated as compared to
control subjects [141519], Prostacyclin analogues are
important drugs in the treatment of PH,
emphasizing the causative role of this eicosanoid
in the development of PH. In contrary, it is not
known whether TxA2 changes are secondary or
primary to PH [16],

Serotonin: Serotonin (5-hydroxytriptamine, 5HT)
is produced in the central nervous system (CNS),
enterochromaffin cells and limitedly in platelets.
Although platelets are not a large producer of
serotonin, they are a major storage site for this
mediator outside the CNS. Platelets readily take up
serotonin from plasma, leaving very little
circulating [20, Under certain circumstances,
pulmonary EC can produce and secrete serotonin
as well [21],

Serotonin may contribute to PH in several ways.
First, it is a pulmonary vasoconstrictor, mainly
through its 5HT1g receptor. In mice and human,
overexpression of 5-HT,s (another serotonin
receptor subtype) in the pulmonary arterial tree is
associated with the development of PH [22],

Second, serotonin has mitogenic activity on
pulmonary arterial smooth muscle cells (PASMC),
causing their hypertrophy and proliferation
[202324] |t was speculated that highly selective
serotonin transporter (SERT) plays an important
role in this mechanism [201. Serotonin interacts
with this specific transporter to enter PASMC and
inducing proliferation [19. Patients with PH have
PASMC with faster growth rate than normal
subjects after stimulation by serotonin or serum.
Selective  serotonin  transporter inhibitors
fluoxetine and citalopram, but not serotonin

receptor antagonists ketanserin (a 5HT2a
antagonist) and GR127935 (a selective 5HT1s/1p
antagonist) can inhibit those effects [1925]. SERT
gene polymorphism was also found to be a
determinant of PH severity [1926], |n addition, a
5HTa>-mediated p38 mitogen-activated protein
kinase activation with mitogenic effects on
pulmonary artery fibroblasts from chronically
hypoxic rats was observed [1927],

Last, serotonin stimulates platelet aggregation
especially in combination with adenosine
diphosphate and TxA, [2028], The significance of
increased plasma levels of serotonin in PH is not
clear. While some studies reported high plasma
levels of serotonin in PH patients [52930] some
found normal values in their cohort [3031]
Increased serotonin level may be secondary to its
impaired metabolism, as pulmonary EC contribute
greatly to its clearance and their damage can be a
sign of idiopathic PH [51, Successful therapy by a
potent antiaggregatory agent, epoprostenol, and
heart-lung transplantation did not lower plasma
serotonin levels 529, Breuer et al found higher
urinary excretion of 5-hydroxyindolacetic acid (a
major metabolite of serotonin) in PH patients with
left to right shunts and contributed it to higher
metabolism of serotonin in these patients [31],
von Willebrand Factor: Only EC and
megakaryocytes synthesize this glycoprotein. vVWF
is present in the endothelial basement membrane
and in plasma. In endothelial basement
membrane, it serves to anchor platelets and EC to
the matrix [32. In plasma, VWF acts as a carrier for
coagulation factor VIII, and within platelet -
granules as an adhesive protein. EC stimulation in
pathological conditions, like PH is followed by a
rapid release of vVWF from storage granules into
the circulation 321, Plasma level of vWF is used as a
marker for EC damage, and increased levels of
VWF have been reported in patients with PH [3334],
Plasma antigenic activity of vVWF (VWF:Ag) can be
a useful biochemical index for predicting a short-
term prognosis in PH. A plasma VWF:Ag higher
than 240% of standard activity was 54% sensitive
and 93% specific for identifying patients who
were unlikely to survive one year, with an overall
predictive value of 75% [32]. Elevated baseline and
follow up VvWF levels were showed to be
associated with worse survival [33],

Nitric Oxide: Endothelium-derived NO (eNO) is a
potent inhibitor of platelet aggregation in addition

147




148

to its vasodilatory and antiproliferative effects.
Deficiency in endothelial NO synthase (eNOS)
sensitize mice to hypoxia-induced PH, whereas
pulmonary gene transfer of eNOS could protect
the lungs. Low NO levels were found in the
exhaled breath of PH  patients  [36].
Tetrahydrobiopterin (BH4) is an essential cofactor
for the enzymatic activity of all three isoenzymes
of NOS, including eNOS 371, Khoo et al showed that
mice deficient in BH4 developed PH which can be
reversed by increasing BH4 availability. They also
found that augmented BH4 production can be
protective against hypoxia-induced PH in mice [36],
Platelet Activating Factor: Platelet Activating
Factor (PAF) is a phospholipid with diverse
physiological and pathological actions [38], Caplan
et al reported high PAF plasma levels in newborns
with persistent pulmonary hypertension of the
newborn (PPHN), correlation between plasma PAF
level and disease severity, and a fall in PAF levels
as they improved clinically [391. PAF has also been
implicated in chronic hypoxia-induced PH in adult
rats [40-42], Bixby et al found increased PAF
synthesis in pulmonary arteries, increased PAF
receptor protein expression, increased PAF
receptor binding, and an increase in PAF induced
smooth muscle cell proliferation in fetal lambs
exposed to chronic high altitude hypoxia 421,
Angiostatin: Angiostatin induces EC apoptosis. It
is cleaved from plasminogen at the platelet plasma
membrane, absorbed by platelet membrane, and
released only upon  aggregation  [43-46],
Overexpression of angiostatin is associated with
PH in mice [4447], Only upon thrombus formation in
the pulmonary capillaries would excessive
amounts of angiostatin be released in a localized
manner, where it could contribute to the EC
microfragment formation, injury and/or death,
and possibly to the progression of PH [44]
Idiopathic PAH patients have significantly elevated
platelet, but not plasma, angiostatin levels
compared to controls [44],

Vascular Endothelial Growth Factor: Vascular
endothelial growth factor (VEGF) is a growth
factor  involved in  vasculogenesis and
angiogenesis. Platelets contain large circulating
stores of VEGF. This factor antagonizes the
formation of apoptotic endothelial
microfragments by angiostatin [4448491, A possible
role for VEGF in the development of PH is
suggested but not approved yet [44. VEGF
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produced endogenously by EC is also crucial for
the maintenance of vascular endothelium [5051],
CD40 and its ligand: CD40 Ligand (CD40L) is a
transmembrane protein found on the surface of
CD4+ T cells and activated platelets as well as in
plasma (soluble form) [52. CD40 can be found on
the B cells, macrophages, vascular smooth muscle
and EC. CD40L may interact with CD40 ensuing
inflammatory reactions, matrix degradation and
thrombus formation 2. Damas et al showed
several evidences in favor of a role for this
pathway in PH, including higher levels of soluble
CD40L in secondary and idiopathic PH but not in
CTEPH patients, lower levels in patients receiving
warfarin, higher levels in arterial blood than in
mixed venous samples (enhanced release or
reduced clearance in pulmonary vasculature), and
increased secretion of soluble CD40L by pallets of
PH patients [52],

Platelet-Derived Growth Factor: Platelet-
Derived Growth Factor (PDGF) is a disulphide-
linked polypeptide comprised of two chains (A
and B) and appearing as three dimeric isoforms
termed PDGF AA, AB, and BB [53541, Many cell types
including smooth muscle cells, and macrophages
secrete PDGF-like molecules [33541. Existence of
PDGF-AB in platelets may be confined to humans
54551, PDGF-B is processed in platelets into a
soluble and active isoform lacking the retention
motif 541, A PDGF-like protein is secreted by EC [56],
Growth factors such as PDGF may participate in
the initiation and/or progression of idiopathic
PAH 71 PDGF can induce the proliferation and
migration of smooth cells and fibroblasts [571. PDGF
expression is elevated in lung biopsies of patients
displaying idiopathic PAH [57]. There is an evidence
that serotonin transactivates PDGF receptor
(PDGFR) 3 through SERT in PASMC [58],

LIGHT: Lymphotoxin-like Inducible protein that
competes with Glycoprotein D for Herpesvirus
entry mediator on T lymphocytes (LIGHT), is a
platelet-derived member of the tissue necrosis
factor superfamily 591, Serum levels of LIGHT are
increased in PH patients and its arterial level
correlates with mortality. Immunostaining of
LIGHT and its receptors was observed in alveolar
macrophages, vascular smooth muscle cells, and
EC in lungs from patients with PAH. In addition,
prostacyclin therapy lowers the serum level of
LIGHT. Based on these observations, it was
suggested that LIGHT may have a role in the
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pathogenesis of PH, although further studies were
recommended as well [59],

Platelets and angiogenesis: Platelets seem to
play a significant role in angiogenesis through
their proangiogenic and antiangiogenic factors [60],
Platelets and megakaryocytes promote
angiogenesis through proangiogenic factors like
VEGF-A, fibroblast growth factor 2, epidermal
growth factor, PDGF and matrix metallopeptidase
9 (861 On the other hand, they inhibit
angiogenesis by their antiangiogenic factors like
platelet factor 4, thrombospondin 1, a-
macroglobulin, PAI-1, and angiostatin [8, A
disordered or misguided angiogenesis was
suggested to be present in patients with severe PH
621, The role of platelets in this situation is not
clear.

Types of PH with greatest platelets
contribution

Inflammatory and Connective Tissue Diseases:
Inflammation appears to play a significant role in
some types of PAH, including those secondary to
connective tissue diseases [. PAH occurs in
patients with systemic sclerosis (SS) and CREST
syndrome (calcinosis, the Raynaud phenomenon,
esophageal dysfunction, sclerodactyly, and
telangiectasia), and less frequently in patients
with  systemic lupus erythematosus (SLE),
rheumatoid  arthritis,  Takayasu  arteritis,
polymyositis, and dermatomyositis [63].

PAH is a major complication of SS [¢7], It has
always been among the leading causes of mortality
in these patients [651. Using echocardiography, it
can be found in 13.3% of SS patients [661. Survival
of SS patients with PAH was reported to be 50% at
12 months [¢7]. It was hypothesized that the initial
lesions appears due to vasoconstriction or
vasospasm, but inflammation and excessive
platelet adhesion lead to the vasculopathy [64],
Hummers et al found higher levels of PDGF and
VEGF in patients with scleroderma [68l. Activation
of the PDGF/PDFGR signaling pathway has been
linked to some proliferative and fibrotic disorders
including PAH and SS [59]. Baroni et al showed that
autoantibodies against PDGF receptor are specific
hallmark of SS [0, It was suggested that these
antibodies may contribute to the development of
PAH in this disease[71]. SSis characterized by EC

injury as well [70],

PAH is also found in 0.5-14% of patients with
SLE, being the third cause of death after infections
and organ failure [72l, Platelet abnormalities are
among the suggested mechanism for PAH
development in SLE [72l. Some of these patients
have experienced significant improvements with
immunosuppressive therapy, emphasizing the
importance of inflammation in this setting [4l. The
development of PAH greatly deteriorates
prognosis of these patients [72].

Antiphospholipid (aPL) antibodies have been
detected in PAH due to thromboembolism and in
the primary plexogenic PAH [73]. The prevalence of
aPL antibodies in patients with CTEPH is 10-20%
74, PAH may be the only manifestation of the
antiphospholipid syndrome (APS), and patients
have been observed with very high levels of aPL
antibodies [73], The prevalence of PAH in primary
APS and secondary APS patients is around 3.5%
and 1.8%, respectively [74l. PAH and aPL antibodies
may also accompany SLE [72]. aPL antibodies found
in a greater percentage of SLE patients with PAH
than in those with normal PAP [72l. Interaction
between aPL and EC and the resultant vascular
remodeling was suggested as the basis of PAH
development [72],

Human Immunodeficiency Virus (HIV)
infection: Several cases of HIV-1 infected patients
with idiopathic PAH have been reported, raising
the question of a causal relationship between
these two conditions 5775791, The lack of evidence
for a direct HIV-1 pulmonary artery infection by
means of electron microscopy, immunochemistry,
deoxyribonucleic acid in situ hybridization, and
polymerase chain reaction in two patients
displaying HIV-1-associated idiopathic PAH has
suggested that HIV-1 may act in these cases
through mediator release associated with
retroviral infection rather than by direct
endothelial infection [57.76],

Hemoglobinopathies: PAH is one of the
complications of sickle cell disease (SCD). Mild
PAH (PAP<35mmHg) is seen in 20% and
moderate to severe degrees (PAP>45mmHg) in
10% of the patients [80, Platelet activation may
contribute to the development of PAH. Direct
inhibition of NO by plasma hemoglobin released
from damaged red blood cells leads to platelet
activation because NO is a potent inhibitor of this
pathway [80-821. Clinical studies of patients with
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SCD reveal correlations between the intrinsic rate
of intravascular hemolysis and blood levels of
procoagulant factors [808384]  Cell-free plasma
hemoglobin mediated resistance to NO and the
development of PAH has also been shown in
transgenic mouse models of SCD and
spherocytosis, and in mouse models of
alloimmune hemolysis and malaria [80.8586],

NO bioavailability is decreased not only through
NO scavenging by plasma hemoglobin and
superoxide, but also through arginine depletion by
plasma arginase, and increased NO inactivation by
reactive oxygen species derived from xanthine
oxidase, nicotinamide adenine dinucleotide
phosphate-oxidase, hemoglobin S autooxidation,
and uncoupled endothelial nitric oxide synthase
(eNOS) [871. In SCD patients, plasma level of PDGF
BB correlated positively with tricuspid valve
regurgitation velocity (which reflects systolic
PAP), while that of VEGF negatively correlated [88],
Activated platelets might be a source of increased
plasma PDGF levels in SCD [8288],

PH is found in 10-75% of patients with
thalassemia and can be the leading cause of heart
failure in these patients [89-921. Prior splenectomy,
older age, and evidence for chronic hemolysis
were significantly associated with PAH [92, A
suggested mechanism involves abnormal red cell
membrane phosphatidylserine exposure. This can
trigger low-grade hypercoagulability, which is
enhanced in splenectomized patients [92-94]
Alternatively, there is a growing evidence that
hemolysis-induced NO scavenging is responsible
for the PAH development in thalassemia, causing
platelet activation, thrombosis, and endothelial
dysfunction [9295], Singer et al found higher soluble
P-selectin levels in pulmonary hypertensive
thalassemic  patients in comparison with
pulmonary normotensive ones. They also found
lower protein C in these patients which may
contribute to a hypercoagulable state, but its role
in the development of PAH is unknown [921, It was
reported that a shorter platelets life span in both
splenectomized and non-splenectomiszed patients
with thalassemia than in non-thalassemic
splenectomized patients [96.97],

Thromboembolic PH: Acute massive pulmonary
thromboembolism (PTE) increases PAP and PVR
[19, In some subjects including a small number
(0.1-3.8%) of PTE patients, a chronic state of
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thromboembolism leads to PH [98991, This different
disease state is called CTEPH. The
pathophysiology of CTEPH is not completely
understood: proposed mechanisms include a  t-
PA/PAI-1 imbalance [0, and lysis-resistant
fibrinogen variants [101.102] " A difficult situation is
to distinguish an acute PH in an already normal
PTE patient from an acute embolism in an
unrecognized CTEPH patient as these two
conditions need different treatment algorithms
[103], Lifelong anticoagulation is required for all
CTEPH patients, while antiplatelet therapy is
indicated in some [103],

PH Crisis after Cardiopulmonary Bypass: After
cardiac surgery, a sudden increase in PAP and PVR
may occur. The pathophysiology of these
problematic and sometimes fatal episodes, called
pulmonary hypertensive crisis [19, is complex and
not well understood yet. The exposure of platelets
to the artificial membrane during
cardiopulmonary bypass may activate them and
contribute to this process. Endothelial injury,
hypothermia, and nonpulsatile perfusion may be
more important factors than the artificial
membrane in this situation [104. The mechanism of
endothelial injury is not well understood;
however, ischemia-reperfusion injury could be its
main basis. Endothelial injury impairs the balance
between vasodilatory and vasoconstrictive
mechanisms in favor of the latter, and promotes
platelet aggregation and activation [104],

Drug- and toxin-induced PAH: PAH may develop
after using anorexigen drugs such as
fenfluramines, Aminorex and toxins like rapeseed
oil [21. Although there is an accepted belief that
these drugs potentiate PAH through their
serotonin releasing properties [22105] there are
controversies as dexfenfluramine can actually
lower blood serotonin and may only slightly
elevate plasma serotonin to nontoxic levels [105-107],
Often the fenfluramines and phentermine were
co-administered. The combination of
fenfluraming~phentermine is known to increase
SERT activity [20.108],

Essential thrombocythemia (ET): Altintas et al
found PH in 47.8% of ET patients. There was a
statistically significant difference in platelet
counts between ET patients with PH and without
PH. In contrast, none of the patients with reactive
thrombocytosis had PH [109],
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PH therapy and platelets

Anticoagulation: Abnormalities of the activated
clotting system [32110-112] - jmpaired fibrino-lysis
[11112113]  gbnormal platelet function [16112114]
histological evidence of microvascular thrombosis
[112115116]  EC dysfunction and injury [, and
increased tendency to develop deep vein
thrombosis due to low cardiac output and
sedentary life in chronic patients are the rationale
to use anticoagulants in PH [©112]. However, there
is no randomized controlled trial and only
observational studies data supports their
administration [01121171 |n a systematic review,
Johnson et al reported that five observational
studies suggested a survival benefit associated
with warfarin in the treatment of idiopathic PH,
whereas two others did not support this
association [112. Anticoagulants are indicated for
idiopathic PH (class lla, level of evidence C) and
permitted for secondary PH (class llb, level of
evidence C) [117.118],
Prostacyclin and its analogues: Several reports
have shown that prostacyclin therapy directly
inhibits platelets [9119-121]. Thrombocytopenia was
observed in 34% of PH patients treated by
epostrenol [122I, The administered dose and
severity of hemodynamic abnormalities were
associated with thrombocytopenia. It is not clear
whether epoprostenol, PH, or both cause this
complication, although the drug seems to play a
greater role. In one patient in whom epoprostenol
was discontinued, platelet counts improved after
discontinuation  of  epoprostenol despite
worsening hemodynamics, and then fell after re-
initiation at a lower dose despite improvement in
hemodynamics, suggesting that epoprostenol
caused the thrombocytopenia [122], The mechanism
of epoprostenol-induced thrombocytopenia is
unknown, as well as its significance. In addition,
prostacyclin therapy in PH was associated with a
significant decrease in serum levels of LIGHT [591, A
recent study confirmed platelet inhibitory
function of epoprostenol by preventing platelet
aggregation and platelet-leukocyte conjugates
formation [1231. This may suggest an additional
mechanism for epoprostenol in the treatment of
PH.

Aeorosolized lloprost was also showed to
inhibit platelet aggregation which was mild but
sustained [24, The observed results on platelet

function were postulated to explain, at least partly,
the beneficial effects of this drug in PH patients
[124],

Phosphodiesterase Type 5 Inhibitors: NO is an
important molecule in a number of cellular
functions, including the regulation of vascular
smooth muscle tone [125126]. The physiological
target of NO is soluble guanylate cyclase, the
enzyme which catalyses the conversion of
guanosine triphosphate (GTP) to the intracellular
second messenger cyclic guanosine mono-
phosphate (cGMP), mediating NO induced
relaxation [1261271 Intracellular cGMP is rapidly
inactivated to guanosine monophosphate (GMP)
by the action of cyclic nucleotide phospho-
diesterases (PDEs). Therefore, cGMP
concentration in smooth muscle cells is mainly
dependent on the balance between the synthesis
by soluble guanylate cyclase and the breakdown
by PDEs, which represents the unique degradation
pathway for this second messenger [126128129]
There exist 11 distinct PDE isoenzymes which
differ in their substrates, stimulators, inhibitors or
gene homology [126130], PDES is the isoenzyme
highly presented in pulmonary vasculature
[126131132] and pulmonary vasodilatation has been
resulted from its inhibition [126.133-135],

Three commercially available PDE5 inhibitors
are sildenafil, vardenafil and tadalafil. These
inhibitors,  specifically  sildenafil, received
attention for their action on the pulmonary
vasculature and the observed beneficial effects in
the treatment of PH [126136-139] As PDES is present
in human platelets, the effect of NO and NO donors
on platelet function is potentiated by sildenafil
[62140.141] Enhancement of platelet sensitivity to
NO by PDES5 inhibition returns platelet activation
to more normal levels in patients with SCD and
PAH (821, This effect is added to the beneficial
effects of sildenafil on endothelial function in
these patients.

Vardenafil has independent calcium-channel
blocking activity on platelets [126], This drug
significantly reduced the Ca?* mobilization and
Ca?* influx in thrombin-stimulated rabbit washed
platelets [1261, This action enhances pulmonary
vasodilatory effect of Vardenafil.

Nitric Oxide: Inhaled NO is administered for the
acute treatment of PH, mostly after cardiac
surgery and in PPHN [291, As mentioned previously,
this drug is a potent inhibitor of platelet
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activation. Beghetti et al found that 30 ppm
inhaled NO inhibits platelet aggregation after
stimulation by collagen, arachidonic acid, and
epinephrine. Plasma but not intraplatelet cGMP
levels were increased meanwhile. It was
postulated that platelet effects of NO should be
mediated through a cGMP-independent
mechanism, in contrary to the vascular effects [142],
Endothelin Receptor Antagonists: Endothelin
(ET) receptors were identified on human platelets
[143], ET-1 is overexpressed in PH and may be an
important factor in the initiation or progression of
the disease 1441, The ET-1 effects can be mediated
directly through its receptors on the platelets, or
indirectly through activation of prostaglandin
synthesis [144.145], [annone et al showed that serum
levels of the soluble form of platelet EC adhesion
molecule-1 (PECAM-1) is increased in patients
with systemic sclerosis and PAH, and bosentan
therapy can return it to the normal values [146],
However, bosentan had no effect on serum vWF
level in these patients [146],

Phosphodiesterase Type 3 Inhibitors: Pulmo-
nary vasodilation can be induced by milrinone
through its action on a cyclic adenylate
monophosphate pathway [1471. The pulmonary
antihypertensive action of this drug is well known
(1481, Clinically, it is used for the treatment of PPHN
and postoperative PH [149.150]. Thrombocytopenia is
a major side effect of milrinone. Moreover, it has
an inhibitory action on platelet activation [151],

It is not known whether the vasodilatory role of
mirinone is solely responsible for its pulmonary
antihypertensive action, or its antiplatelet role
may be important as well. Kikura et al found no
difference in platelet count, bleeding time, and
platelet aggregation between cardiac post-
operative patients receiving milrinone or not [152],
Tanaka et al speculated that at least part of the
pulmonary antihypertensive action of milrinone
may be through its platelet inhibitory properties
[153]

PDGFR Inhibitors: The multi-kinase inhibitor
(including PDGFR) imatinib mesylate reversed
pulmonary vascular remodeling in rats with
monocrotaline-induced PAH and in chronically
hypoxic mice [154155]  Addition of imatinib to
approved PH drugs was reported to improve
pulmonary hemodynamics and functional capacity
of some patients with severe PAH [156-159] A
completed phase Il clinical trial investigating the
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safety and efficacy of imatinib mesylate in PH
failed to meet the primary efficacy end point of
improvement in exercise capacity. However, many
secondary end points, including pulmonary
hemodynamics, were significantly improved [159],
Sorafenib inhibits several kinases including
PDGFR. It prevents pulmonary remodeling and
improves cardiac and pulmonary function in
experimental PH. The combined inhibition of
tyrosine and serine/threonine kinases can provide
an option to treat PH and associated right heart
remodeling [160],
Serotonin antagonists: Although there is general
agreement that serotonin is important in the
pathophysiology of PAH, no serotonin antagonist
exists with clinically accepted effects in this
disease. Several agents are targets for
investigation in human PAH, including the highly
selective 5-HT,z antagonist PRX-08066 and
escitalopram (a serotonin reuptake inhibitor) [22],
There is a bulk of evidence in favor of a complex
association between platelets and PH. Although
there is a small number of reports against a
causative role and a risk that many of these
observations be secondary to PH [9], it seems that
the role of these blood elements cannot be
overlooked in the pathophysiology of PH. The
author tried to provide a comprehensive collection
of evidences; however, the presented list of
associations between platelets and PH may be
incomplete as these relations are numerous,
complex, and many of them not well understood.
In addition, PH is a heterogeneous disease with
diverse pathophysiological bases, and the relation
of platelets to each type may be different.

In spite of these evidences, the specific
antiplatelet drugs such as aspirin and clopidogrel
were not studied sufficiently in PH patients. In
addition, no randomized clinical trial studied the
role of anticoagulants in PH. These can make the
basis of future researches on the relation of
platelets and PH.

Conclusion

In summary, platelets not only participate actively
in thrombus formation, but also produce (TxAz,
LIGHT, angiostatin, and PDGF), store (serotonin,
VWF, and VEGF), and release mediators that may
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contribute to the initiation or aggravation of PH
(Fig. 1). Platelets are related to all three basic
mechanisms of PH: vasoconstriction (serotonin
and TxAz), thrombotic lesions (aggregation,
serotonin, TxA,, CD40L, and vVWF), and remodeling
(serotonin, CD40L, proangiogenic and
antiangiogenic factors).

Flatelat
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Fig 1: Summary of the major mechanisms of platelets
associations with pulmonary vasoconstriction, thrombus
formation, and remodeling in the pulmonary vessels.
Antiang: antiangiogenic facrors (platelet factor 4,
thrombospondin 1,  az-macroglobulin,  plasminogen
activator inhibitor-1, and angiostatin); CD40L, CD40 ligand,
Proang: proangiogenic factors (vascular endothelial growth
factor A, fibroblast growth factor 2, epidermal growth
factor, platelet-derived growth factor and matrix
metallopeptidase 9); TxAz: thromboxane Az; VWF: von
Willebrand Factor.
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