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Abstract: The role of blood platelets in the pathogenesis of atherosclerosis, thrombosis,
thromboembolism and stroke (hemorrhagic/thrombotic) is well established. In view of
this recognized role played by platelets in the complications associated with coronary
artery disease and cerebrovascular disease, there is considerable interest in the
pharmacology of platelet activation inhibitory drugs. These drugs exert their effect by
blocking several different activation signalling mechanisms. Some of the known
compounds that modulate platelet function include: inhibitors of arachidonic acid
metabolism (nonsteroidal anti~inflammatory drugs and thromboxane synthetase inhibitors),
drugs that alter membrane phospholipid composition (omega 3 fatty acids), stimulators
of adenylyl cyclase and guanylyl cyclase (PGE" PGI

2
, PGD/ERRF [nitric oxide],

nitroglycerine, nitroprussidc), phosphodiesterase inhibitors (dipyridamole and
methylxanthines) and calcium antagonists (verapamil, nifedipine, diltiazem). Current
research on the pharmacology of platclct activation inhibitory drugs is focused on the
development of specific receptor antagonists (antibodies, pcptidcs, receptor antagonists).
Since platelets have multiple mechanisms for achieving activation, and the process of
thrombosis involves multicellular modulation of platelet activity, it will be rather
difficult to develop a compOlmd that is capable of causing complete inhibition of
activation mechanisms. Therefore, future research will be devoted to development
of designer drugs that will be used for preventing discrete platelet responses. This
approach lJ1ay be useful as total inhibition of platelet activation, although it may prevent
thrombotic events, may possibly precipitate hemorrhagic conditions. A better understanding
of cell signalling pathways and the mechanisms involved in the pathogenesis of
cardiovascular/cerebrovascular disease will facilitate the dcvclopment of efficient anti
platelet drugs.
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INTRODUCTION

Earlier studies on platelet biochemistry, physiology
and function suggest that release of granule contents is
essential for recruitment of cells, irreversible aggregation
and formation of thrombi (I -7). Discovery of the novel

metabolites of arachidonic acid, vasodilatory prostacyclin
and vasoconstrictory thromboxane, suggested a
modulating role for these bioactive lipidS in platelet
endothelial interactions (8-22). Agonist-mediated
activation of platelets stimulates phospholipase C, causes
hydrolysis of phosphatidylinsoitol 4, 5-bisphosphate.
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formation of second messengers, 1, 2-diacyl glycerol
and inositol 1,4, 5-trisphosphate (Fig. 1). These second

Fig. I: Biochemical pathways associated with agonist-mediated
platelet activation. Ligand receptors interaction leads to
transmembrane signaltmnsduction via GTP-binding proteins
and activation of intracellular phospholipase C, leading to
the hydrolysis of phosphatidyl inositol 4,5-bisphosphate
(pIP

2
) and formation of second messengers 1,2-diacylglycerol

(DG) and inositol 1,4,5-trisphosphate (lP,). Diglyceride
stimulates protcin kinase C and IP, mobilizes ionized
cylOsolic calcium. Elevation of cytosolic calcium activates
phospholipase AI and liberates arachidonic acid from
membrane phospholipids. Free arachidonic acid is converted
by cyclovxygenases to prostaglandin endopcroxides (PGG;
PGH,) and by thromboxanc synthetase to thromboxane
(TxA,). Thromboxane is the major mctabolite and facilitates
platelet recruitment, aggregation and secretion of granule
contcnts.

messengers facilitate mobilization of cytosolic calcium
(5). Elevation of ionized cytosolic calcium and activation
of phospholipase A

2
liberates free arachidonic acid (8).

This fatty acid is metabolized by prostaglandin (PG)
synthetase to cyclic endoperoxides (prostaglandin G

2

and prostaglandin H
2

, PGG/PGH
2

) and thromboxane
A

2
(TxA). Thromboxane A

2
is the major metabolite of

this pathway (11). It is a potent platelet agonist and
plays a critical role in cell recruitment, granllie

mobilization and secretion of granule contents (11).
These observations tend to support the concept that
signal transduction linking receptor occupancy to
functional response depends on a complex series of
biochemical events (5). Based on the information
avialabIe on the specific mechanisms involved in platelet
activation, antiplatelet or anti thrombotic drugs were
developed to prevent or disrupt discrete steps in the
activation signalling pathways (2-4). Major
pharmacological approaches, therefore, revolve around
prevention of the release of arachidonic acid, blocking
conversion of the fatty acid substrate by prostaglandin
synthetase or interference with the availability or rise
in ionized cytosolic calcium (Fig. 2). Recent studies

Major
Pharmaological Approaches

Fig. 2: Major pharmacological approaches for prevention of platelet
activation include the use of compounds that inhibit release
of arachidonic acid, conversion of this fatty acid to
endopcroxides, (PGG/PGH

2
) thromboxanes, antagonize the

receptor for these bioactive molecules, stimulators of adenylyl
cyclase and guanylyl cyclase; calcium chelators, channel
blockers and antagonists.

from our laboratory have demonstrated that inhibition
of arachidonic acid metabolism by PG synthetase will
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not completely block platelet function (23-26).
Furthermore, these studies demonstrate that irreversible
aggregation of platelets can be achieved independent
of the mediation by prostanoids (pGG

2
, PGH

2
, TxA

2
)

or released granule contents (serotonin, ADP) (24).
Studies with calcium-specific chelators suggest that
platelet responses such as change of shape, development
of stickiness, irreversible aggregation and activation
caused by extracellular matrix components do not require
elevation of ionized cytosolic calcium (27,28). In this
article we review some salient findings on antiplatelet
drugs, with part;cular emphasis on the agents that
interfere with known cell signalling pathways.

Plalelet morphology, physiology and function
Platelets are the disc-shaped fragments of bone marrow
megakaryocytes circulating in blood. They are about
250,OOO±80,OOO per mmJ (Ill). They have a life span
of 8-10 days and playa critical role in the recognition
of vascular injury, formation of effective hemostatic
plugs, retraction of clots and wound healing. However,
when hyperactive, they can initiate events leading to
clinical complications assoicated with cardiovascular
and cerebrovascular diseases. Although completely
nonsticky in the resting state, they become sticky with
the slightest stimulation. The degree of activation
depends on the strength of the stimulus and the type of
signal generated by ligand-receptor interaction. Four
well developed stages of activation are recognized:
(I) development of stickiness, (2) changes in cell shape,
(3) contraction and release of granule contents and
(4) irreversible aggregation.

Platelet plasma membranes contain transmembrane
proteins as well as glycoproteins. Glycoproteins serve
as the receptors for agonist/surface-mediated stimuli
initiating platelet activation. Platelets contain integrin
and nonintegrin domains in their plasma membranes.
Integrins are transmemebrane glycoproteins with alpha
and beta units coupled noncovalently (GPlIb-IIIa, GPIa
lIa, GPlc-IIa). They participate in both cell-cell and
cell-matrix interactions. In addition, there are nonintegrin
glycoprotein domains on platelets capable of interacting
with macromolecules such as vWF and collagen (GPIV,
GPIb). Physiological agonists, such as thrombin
epinephrine, thromboxane and PAF appear to induce
activation by interacting with seven transmembrane
spanning G-protein-coupled receptors.

Agonists initiate platelet activation by complexing
with specific receptors or interactive domains. Specific
mechanisms involved in ligand-receptor interaction
mediated signal generation are not clear. Ligand-receptor
interaction may lead to the phosphorylation of receptor
proteins or specific kinases. Platelet activation signalling
pathways are complex and the chain of events may
include Na+/H exchange, changes in cytosolic pH,
alteration in cytosolic calcium levels, transmembrane
Ca2+ flux, activation of GTP-binding proteins,
phosphorylation and stimulation of tyrosine kinase,
activation of phospholipases, hydrolysis of phosphatidyl
inositol 4, 5-bisphosphate, rise in cytosolic ionized
calcium, generation of lipid mediators such as
prostanoids, thromboxanes, and platelet activating factor,
expression of binding sites for adhesive molecules,
development of stickiness, change of shape, aggregation,
contraction and secretion of granule contents (5).

Role of platelets in thrombosis: Blood platelets
playa critical role in the pathogenesis of atherosclerosis,
thrombosis and stroke (1-7). Some of the clinical
complications attributed to platelet activity include acute
myocardial infarction, stroke (hemorrhagic and
thrombotic), unstable angina, reocclusion following
coronary thrombolysis, occlusion during angioplasty,
and sudden deteriorations in peripheral vascular disease.
In addition to these clinical situations, platelets are
known to contribute to the complications involved in
atrial fibrillation, pulmonary embolism and left
ventricular dysfunction. Inhibitors of platelet activation
have proven effective in the secondary prevention of
clinical vascular complicationsin patients with
cardiovascular and cerebrovaScular disease (3,4).
Encouraging results obtained with aspirin, a known
inhibitor of platelet prostaglandin synthetase in patients
with coronary artery disease, have prompted clinicians
to use anti-platelet therapy in unstable angina, acute
Illyocardial infarction, coronary angioplasty and
saphenous vein bypass surgery. In addition, anti-platelet
therapy is used extensively for the primary and secondary
prophylaxis against myocardial ischemia.

Screening for compounds that prevent platelet
activalion : Promising compounds can be screened to
prevent all of the previously mentioned sequences of
platelet activation or just prevent some discrete
responses. For example, phenylarsine oxide blocks the
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majority of biochemical events associated with platelet
activation, whereas amiloride blocks specifically the
NNIH exchange. The best method for initial screening
of a large number of compounds is to evaluate their
effect on agonist-mediated platelet aggregation on an
aggregometer.

Adenosine diphosphate (ADP, 3 l!M), thrombin
(0.2 U/ml) , epinephrine (5 l!M), collagen (1 l!g!ml),
arrchidonic acid (0.45 mM), serotonin (5 HT, 10 l!M)
and platelet activating factor (1 l!M) cause irreversible
aggregation of platelets and promote secretion of granule
contents. Platelets in citrated plasma or in appropriate
buffers or in whole blood could be used for evaluating
the effect of inhibitory compounds on agonist-mediated
platelet activation. Using luciferine-Iuciferase, one can
monitor release of ATP sim ultaneously with the
aggregation response.

In addition to aggregometry one can follow
platelet adhesion, spreading and aggregation on
various natural and synthetic surfaces (29). Small
pieces of test surfaces can be exposed to platelets in
plasma, buffer or in whole blood. After the appropriate
incubation period, the degree of interaction can be
measured by using established procedures. Radiolabelled
platelets (SICr, 3H-adenine, 3H oleic acid, 111 Indium)
can be used to obtain quantitation for these studies.
Scanning electron microscopy and light microscopy
can also be used for visualization of activated platelets
on exposed surfaces.

To a great extent, platelet interaction with surfaces
is modulated by shear force. Therefore, it is critical to
test promising antiplatelet drugs under flow conditions.
By and large, platelet researchers have used two different
techniques to monitor platelet interaction on surfaces.
The Baumgartner technique employs denuded rabbit
aorta to evaluate platelet interaction with basement
components (30). The "flate chamber" method uses a
chamber in which cover slips coated with various test
components are exposed to flowing blood (31). It is
possible to culture endothelial cells on cover slips,
strip them after they reach con fluency and obtain
the cell matrix components on the glass surface.
Such preparations also have been used for following
platelet interactions with extracellular matrix
components.

It is critical to test the efficacy of anti platelet
drugs in animals before they are recommended for use
in humans. However, it is very important to remember
that platelets of different species vary widely in their
responses to agonists. For instance, platelets of sheep,
goat, cow, and horse do not respond with aggregation
when exposed to arachidonic acid or prostanoids. The
majority of dogs have platelets that do not respond to
arachidonate or thromboxane. However, when exposed
to epinephrine or norepinephrine, the dog platelets regain
the ability to respond to the action of thromboxane.
This is not true for platelets of cow, horse or sheep.
Unlike human platelets, they do not respond to (X2

adrenergic stimulation, and therefore, epinephrine and
norepinephrine fail to potentiate the action of other
agonists. In view of the large variations in response of
platelets to various aggregating agents that have been
reported for different animal species, serious
consideration has to be given to the choice of animal
for in vivo drug trials.

Pharmacology of platelet activation inhibitors:
Inhibitors of platelet activation are described as
antiplatelet drugs or anti-thrombotic drugs (2,4).
This terminology has been used to describe compounds
that prevent one or more of the measurable properties
of platelet activation such as adhesion, aggregation or
secretion. In many cases, the pharmacological basis
for the inhibitory effect mayor may not be known. A
brief list of some of the known anti-platelet drugs is
provided in Table I. In some cases, inhibitory effects
can be demonstrated in vitro at concentrations much
higher than can be safely achieved in man.

TABLE I : Platelet activation inhibitory drugs.

1. Platelet cyclooxygenase inhibitors

Acetyl salicylic acid (aspirin)
Nonsteroidal anti-inflammatory drugs (NSAID)
Phenylbutazone, Indomethacin
Ibuprofen, Fenoprofen
Plurbiprofen, Neproxen
Sulfinpyrazone
Antioxidants (BHA, BHT DPA)

2. Thromboxane synthetase inhibitors (TSI)

Benzydamine, imidazole congeners
9,II-azo-13 oxa-15 hydroxyprostanoic acid
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9,11-azoprosta-5-13 dienoic acid (U-51605)
9,11 (epoxmethano) prostanoic acid
1 (isopropyl-2-indoly (1)-3 pyridjl-3-ketone
(L-8027)

3. Thromboxane receptor antagonists (TRA)

(n-pentylamino) carbonyI2-0xazolyl-7-0xa bicyclo
Hept-2-yl methyl benzene propanoic acid
(BMS 180,291)
Vapiprost (SN309 Nippon Glaxo Ltd., Japan)
13 azaprostanoic acid. Isoprostane «8 epi-PGF2a)
TSI/TRA:
(3 pyridinyl) alkanoic acids
(arylsulfonylamino) alkanoic acids

4. Stimulators ofadenylyilguanylyl cyclases

Adenylyl cyclase: prostaglandin (PG) 1
211

(prostacyclin)
PGE

1
, PGD

2
, adenosine, forskolin coleonol

Gunylyl cyclase: endothelium derived relaxing factor
(EDRF, nitric oxide), nitroglycerine, nitroprusside
Sin-I, nitrosoglutathione
Carbon monoxide, free radicals

5. Platelet cyclic AMP phosphodiesterase inhibitors

Dypyridamole and related compounds: RA233,
RA433, VK744, VK774,
Methylaxanthines, theophylline, caffeine, papaverine
aminophylline

6. Serine protease inhibitors

Heparin, hirudin
Recombinant hirudin

l
(r-hirudin) (GP39399) and

hirudin analogues
Peptide antagonists of thrombin rectptor polypeptide
Peptide aldehydes D-phe-pro-arg~H, D-phe-pro-arg
CH

2
CI

7. Calcium antagonists

cAMP,cGMP
Stimulators of adenylyl/guanylyl cyclases
Inhibitors of cAMP/cGMP hydrolysis
Verapamil, Nifedipine, Diltiazcm
Quin-2 AM, BAPTA-AM
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8. Miscellaneous drugs

Antibiotics, immune suppressive agents
Antibodies for specific receptors (Fab-fragments)

Synthetic peptides that mimic interactive domains
of recognition sites of adhesive proteins such as
collagen, fibronectin, fibrinogen; ticlopidine,
disintegrins, venoms and saliva of blood sucking
animals and insects

Arachidonic acid metabolism

Arachidonic acid liberation: There are four major
phospholipids associated with platelet membranes.
Thery are phosphatidyl inositol (PI), phosphatidyl
choline (PC), phosphatidyl ethanolamine (PE) and
phosphatidyl serine (PS). Phospholipase Al specifically
releases the fatty acids from the carbon 1 positiun,
whereas phospholipase A

2
1iberates fatty acids esterified

at thc second carbon. Phospholipase C liberates
phosphorylated bases from the diglyceride portion of
the molecule. Phospholipase D releases the bases such
as inositol, choline, ethanolamine and serine from the
phospatidic acid moiety. Activation of phospholipase
C results in the hydrolysis of PI and formation of
a diglyceride and inositols trisphosphatc. Action
of diglyceride lipase and other lipases produce free
fatty acids. In addition to phosphatidyl inositols,
phosphatidyl choline and phosphatidyl ethanolamine
also may serve as a source for arachidonic acid.
Phospholipase A

2
is a membrane associated enzyme

responsible for liberation of arachidonic acid from these
phospholipids.

A variety of compounds inhibit one or more steps
in the libcration and metabolism of arachidonic acid.
In human platelets the free fatty acid, eicosatctracenoic
acid (20:w4), is liberated from the membrane
phospholipids by the action of phospholipases. Releascd
arachidonic acid is converted to 12-hydroperoxyeico
satetraenoic acid (12-HPETE) and 12
hydroxyeicosatetraenoic acid (12-HETE) by
lipoxygenase, whereas arachidonic acid is converted
to cyclic endoperoxides (PGGjPG~) by cyclooxygenase
and to thromboxane by thromboxane synthetase
(Fig. 3).
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Arachidonic Acid Metabolism by Platelet and Endothelial Cells

PHOSPHATIDYL
CHOLINE or PI

PhOSPholi~
ARACHIDONIC ACID

(CYCLOOXYGENASE)

Aspirin---- -------

PHOSPHATIDYL
INOSITOL (PI)

Phospholipase C
and Oiglyceride Lipase

CYCL~ ENDOPEROX~ES

PGG 2

Thromboxane J. P I'
BLOOD PLATELETS , ENDOTHELIAL CELLS rostacyc In

TjA2 • Th,ombox=e PjH2 P,osiacyclin" pr2t Synlhelose / +~ Synlhelose ,

TxB2 PGE2 PGD2 PGF2a 6-Keto-PGF1a

Fig. 3: Arachidonic acid is liberated from membrane phospholipids by the action of phospholipases. Free arachidonic acid is convened by
cyclooxygenase to transient prostaglandin endopcroxides (PGG

2
/PGH

2
). This enzyme is irreversibly inhibited by aspirin by acetylation

of a serine residue. Prostaglandin endoperoxides are transformed to a potent platelet agonist thromboxane in platelets, whereas
endothelial cells convert these metabolites to a powerful platelet antagonist, proslacyclin (pG!,).

Inhibitors of phospholipase : Liberation of
arachidonic acid is the rate limiting step in prostanoid
synthesis (11). This is accomplished by the activation
of phospholipase C (or phospholipa3e AJ Agonist
mediated activation of protein kinase C and tyrosin
kinase seem to modulate the activity of phospholipase
suggesting that phosphorylation of serine and tyrosine
residues are critical. Phospholipases (pLA

2
s : E.C.3. 1.1.4)

are a family of esterases capable of hydrolyzing the
sn-2 bond in glycerophospholipids and liberating
arachidonic acid. In addition, they can also hydrolyze
l-alkyl-2-acyl-sn-glycerophosphocholine to generate
lyso-platelet activating factor. There are at least three
types characterized. Type 1 and type 2 enzymes have

relatively low molecular weight proteins (- 14 leD).
The third type which is cytosolic has high molecular
weight proteins (- 100-110 kD (33). A series of
dehydroabietylamine derivative with anti-inflammatory
properties have been prepared based on the x-ray crystal
struCture of porcine pancreatic PLA

2
, Based on these

studies using computer models, a template for the design
of novel PL~ inhibitors was developed and a library
of over 600 compounds synthesized (34). In a separate
study biologically active PLA

2
inhibitory peptides were

developed from the active site structures of an
endogenous PLA

2
inhibitory protein, uteroglobin (33).

Because of their potent anti-inflammatory activity, these
peptides are called "antiflammins". These peptides have
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been shown to inhibit thrombin and ADP-induced platelet
aggregation. However, the core peptide (Iys-val-leu
asp) does not inhibit PLA

2
, yet it is a potent inhibitor

of ADP-induced platelet aggregation. Antiflammins have
been shown to inhibit the synthesis of PAF, a potent
physiological platelet agonist and mediator of
inflammation. Results of similar ongoing studies will
provide information on the structural activity
relationships as well as the mechanisms involved in
the activation/inactivation of PLA

2
•

Inhibition of prostanoids by alterations in
membrane phospholipds : Since availability of free
arachidonic acid is the rate limiting step for the synthesis
of thromboxane, there is considerable interest in altering
the availability of this fally acid in cell membrane
phospholipids. Based on epidemiological date, it was
suggested that dietary fish fats reduced the risk for
coronary artery diseases (CAD). Saltwater fish fats are
rich in eicosapentaenoic acid (20:w5) and
docosahexaenoic acid (22:w6). These omega three fally
acids produce trienoic prostanoids (PGI/fxA) and
tetraenoic prostanoids (PGI/fxA

4
) when converted by

PG synthetase (35). In earlier studies it was suggested
that PGI

3
was vasodilatory, whereas TxA

2
had no

stimulatory effect on platelets (36). Based on these
and other observations, including the lipid lowering
crfects of EPA and DHA, several studies have been
conducted to evaluate the effect of dietary omega-3
fany acids on serum lipids, atherosclerosis, hypertension
and inci"dence of coronary artery disease.
Epidemiological studies have now documented a dose
related decrease in cardiovascular motality with a weekly
intake of 350 g of fish (37). AlLhough fish consumption
may offer beneficial effects, it is hard to consume EPA
and DHA in quantities at which they will exert anti
platelet activity (> 9 gm/day). Polyenoic acids may
alter prostaglandin metabolism in several ways. First,
they can substi tute for arachidonic acid and form
prostaglandins of the three series (PGG/TxA/PGIJ
Second, they may compete for the enzyme and act as
competitive inhibitors of arachidonic acid metabolism
(38). Third, they can form hydroperoxy acids via
lipoxygenase and exert inhibitory effects on platelet
function through the actions of these metabolic products
(39).

There is considerable interest in n-3 fally acid

therapy. Six randomized trials have been completed
on the prevention of restenosis following percutaneous
transluminal coronary angioplasty. The total number
of patients tes1ed for this procedure was 312 and the
results showed significant reduction in restenosis. Dietary
supplementation of these fally acids may lead to altered
platelet fally acid compositions, and as a result platelets
in circulation may be in a state of lower reactivity. In
addition, these fally acids also reduce plasma
triglycerides and lipoproteins. They also reduce
inflammatory and immune responses. More research
and futher clinical trials are necessary to take advantage
of the beneficial effects of omega-3 fatty acids.

Cyclooxygenase inhibitors : Prostaglandin
synthetase facilitates two discrete reactions,
bisoxygenation and peroxidation. Once arachidonate
is released, this enzyme exhibits both a bis-oxygenase
(cyclooxygenase) activity converting fatty acid to cyclic
endoperoxide (PGG

2
) and a peroxidase activity

catalyzing a two-electron reduction to PGH
2

(40). This
enzyme is an integral protein found in microsomal
membranes.

CycIooxygenase inhibitors primarily inhibit the
covers ion of fatty acid to cyclic endoperoxides. Some
of the known cyclooxygenase inhibitors include aspirin,
indomethacin, phenylbutazone, ibuprofen, naproxen and
ferroproten. Aspirin inhibits this enzyme in platelets
irreversibly by acetylating the serine residue (Ser 529)
(40, 41). Since platelets lack DNA, they cannot
resynthesize new enzyme. Therefore, aspirin-exposed
platelets lose their ability to make cyclooxygenase
metabol ites permanently. Stud ies from several
laboratories indicate that the concentration of aspirin
which inhibits the platelet secretion in vitro (100 11M)
is of the same level as that obtained in plasma in
therapeutic doses (300-600 mgs or 10 mgs/kg). However,
even as low a dose as 50 mgs taken daily reduced
plateletthromboxane production significantly (42,43).
In this context, one has to remember that aspirin is
hydrolyzed in circulating blood rapidly (a few minutes).
Once the active drug loses its acetyl group and becomes
salicylic acid, it no longer exhibits an inhibitory effect
on platelet cyclooxygenase. Platelets are released into
circulation constantly. Therefore, the cells released into
blood after aspirin is hydrolyzed will have normal
enzyme activity.
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Vascular tissues produce endoperoxides from
substrate arachidonic acid via cyclooxygenase pathways
as in platelets. Indeed, platelet endoperoxides (pGGj
PGH) can be utilized by endothelial cells to make
vasodilatory prostacyclin (pGI

2
). Aspirin also inhibits

cyclooxygenase in endothelial cells. However, these
cells can regenarate new enzymes in a few hours.
Therefore, ideal aspirin therapy envisages a low dose
aspirin protocol that can inhibit platelet thromboxane
synthesis significantly, sparing the ability of vascular
tissue to produce PGI

2
• In a limited study it was

demonstrated that controlled release of aspirin (75 mg
bolus capable of releasing 10 mg per hour) may
accomplish this ideal goal.

Prostaglandin synthetase (E.C.1.l4.99.1) catalyzes
the first two steps of oxygenation of substrate fatty
acids to generate prostanoids. Several studies have
demonstrated that acetylsalisylic acid (aspirin) transfers
its acetyl group to serine (Ser 529) which blocks the
availability of the substrate arachidonic acid to the
substrate binding site. N-acetylimidazole acetylates
several nucleophilic groups in PGH synthetase but does
not react with Ser 530. Therefore, the specificity of
aspirin to acetylate this group seems to be related to
affinity of binding of salicylate moiety to this region
of PGH synthetase. In a novel study Rao et '11
demonstrated that ingestion of ibuprofen, which lacks
an acetyl group, abolishes the in vivo effect of aspirin,
suggesting that both drugs are probably competing for
the same binding site on the enzyme (44). Further studies
u~ing dypyridil, a ferrous iron chelator, suggested the
importance of heme group in prostanoid synthesis (45).
Based on several in vitro studies and moleclllar
modelling, Peterson et a(suggested a model to explain
the heme/arachidonic acid interactior. and how NSAID
interferes with this reaction and prevents arachidonic
acid oxidation (46). Inhibitors of PG-synthetase, other
than aspirin, may interfere with peroxidative activity
and formation of tyrosil and arachidonic acid radicals
thereby preventing prostanoid synthesis.

Inhibitors of thromboxane synthetase
Araehidonate metabolites and prostaglandin
endoperoxides are transformed to thromboxane A

2
by

thromboxane synthetase. Thromboxane is the major
metabolite of this synthetic pathway. Imidazole
analogues capable of inhibiting thromboxane synthetase

have been developed with the hope that these drugs
inhibit thromboxane production, sparing or enhancing
the fonnation of prostacyclin by the vascular endothelium
(47,48). Limited animal studies have shown beneficial
effects of these inhibitors. However, the results are
controversial in studies of patients with coronary artery
disease. These controversial results may be due to the
nonspecificity of these drugs or due to relatively poor
transcellular metabolism of proaggregatory prostaglandin
endoperoxides by the endothelial cells to vasodilatory
prostacyclin.

Thromboxane and endoperoxide receptor
antagonists: In view of the problems associated with
achieving total inhibition of complex enzymes such as
prostaglandin synthetase and thromboxane synthetase,
there is considerable interest in the development of
receptor antagonists. Several prostaglandin-thromboxane
receptor antagonists have been developed and tested
for their effect in a variety of experimental conditions
(49). Studies by Bhagwat and associates have
demonstrated that (3-pyridinyl) alkanoic acids and
(arylsulfonylamino) alkanoic acids represent the basic
chemical structural features required for thromboxane
synthetase inhibition and thromboxane receptor
antagonism, respectively (50).

Further studies are essential to demonstrate that
these drugs offer better protection when used singly or
together to preventthromboxane synthetase activity or
antagonize the platelet prostanoid receptors. In a variety
of acute and chronic clinical conditions such as
angioplasty, surgical procedures, diabetes, preganancy,
hypertension, angina. sickle cell crisis and
cardiovascular/cerebrovascular complications the in vivo
thromhoxane production has been shown to be elevated.
Limitcd clinical trials have dcmonstrated the usefulness
of this class of drugs.

Stimulators of adenylyl cyclase and guanylyl
cyclase : Agents that stimulate the activity of these
enzymes facilitate the formaition cf second messengers,
cyclic adenosine monophosphate (cAMP) and cyclic
guanosine monophosphate (cGMP). These messenger
molecules are potent vasodilators and platelet antagonists
(51,52). Both these metabolites have been shown to
prevent arachidonic acid release and block the
mechanism responsible for cytosolic calcium increase.
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Furthermore, these compounds also facilitate calcium
resequestration and lower the elevated levels of ionized
calcium. Prostaglandins E1, 1

2
and D

2
are potent systemic

vasodilators and inhibitors of platelet activation. These
compounds, and others that stimulate adenylate cyclase,
exert their effect by virtue of their ability to promote
the formation of cAMP (51). Some of the other
compounds that stimulate adenylyl cyclase include
adenosine, forskolin and cloleonol. In addition,
compounds that inhibit cAMP-phosphodiesterase also
contribute to the elevation of intracellular cAMP. Known
examples for this class of compounds include
dypyridamole, caffeine, papaverine, theophylline and
methylaxanthines.

Prostacyclin is the most potent naturally occuring
inhibitor of platelet function at present (21, 22). It is
available as a stable freeze dried preparation
(Epoprostenol) for administration to humans. The use
ofporstacyclin is underway in several clinical conditions
such as extracorporeal circulation, cardiopulmonary
bypass, renal hemodialysis, peripheral vascular disease,
primary pulmonary hypertension, subarachnoid
hemorrhage, ischemia and transplant preservation.
Although results of some of these studies are
encouraging, clinical use of prosLacyclin and various
stable analogues are still regarded as investigational.

Another vasodilator that can be effectively used
is adenosine. This compound also stimulates adenylyl
cyclase. Adenosine has been shown to exert an anti
aggregatory effect on platelets at 0.3 Ilmol/I in whole
blood (53). This compound can be used alone or in
combination with an adenosine uptake inhibitor,
dipyridamole (2 IlmollL). Adenosine can be used in
many clinical conditions, where currently prostacyclin
or its stable analogues are in use. The hal f life of
adenosine is less than lOs at micromolar concentrations
and, therefore, it could be used safely at effective
therapeutic concentrations withOUt deleterious effects.

Nitrosovasodilators as a class seem to exert their
effect by producing nitric oxide (NO), a potent stimulator
of guanylyl cyclase (52, 54-63). This enzyme is found
in soluble form in platelets, and is stimulated by
carbonmonoxide, hydroxyl radicals and nitric oxide.
Nitric oxide synthetase is present in a variety of cells
including macrophages, neutrophils, endothelial cells
and platelets. This enzyme uses L-arginine as substrate

and generates nitric oxide and L-citruline as me~bolites.

Methyl ester of L-arginine is a potent specific inhibitor
of NO-synthetase.

Nitrovasodilators such as nitroglycerine
nitroprusside and Sin-1 have been tested effectively in
the management of cardiovascular complications. Some
studies have demonstrated the in vivo inhibitory effect
of this class of compounds on platelet function, whereas
several in vitro studies have shown that the
concentrations of these drugs required for total inhibition
of platclet activation is too high to be achieved under
therapeutic conditions. Thercfore, it is possible that
the beneficial effect of these drugs may very well be
due to their potent vasodilatory effect. However, similar
to vasodilatory prostacyclin, nitric oxide also may exert
a potent inhibitory effect at the site of its synthesis
and prevent platelet interaction with the vascular tissues.

Calcium antagonists : Ionized calcium is the
primary regulator of platelet activation (28). All major
biochemical mechanisms of platelet activation, including
ligand binding, receptor phosphorylation,
phosphorylation tyrosine, serine and theonine residues
of proteins and enzymes, development of stickiness,
contraction and secretion of granule contents require
calcium. Agonists such as thrombin and platelet
activating factor induce hydrolysis of phosphatidyl
inositol 4,5-bisphosphate and generate inositol 1,4,5
trisphosphate, a known messenger capable of releasing
calcium from internal membrane stores. In addition,
they induce Ca2+ influx across the membrane like calcium
ionophore (A23187). Such an influx could be blocked
by stable analogue of GDP, GDP (13)5 and lanthanum.

Based on electrophysiological studies, Fleckenstein
and associates introduced a new class of drugs called
"calcium antagonists" (64). This class of drugs consists
of calcium entry blockers and intracellular calcium
antagonists. The most widely used calcium entry blocker
currently available represent three separate classes:
dihydropyridines (nifedipine), phenylalcylamines
(Verapamil) anc! benzothiazepines (diltiazem). Although
at high concentrations all these drugs inhibit agonist
mediated activation, at therapeutic levels achievable
in vivo (-100 nM) none are potent inhibitors of platelet
activation. Rao and associates used chlonetracyc.jine,
Quin-2 aceoxymethylester and Quin-2 free acid to
complex surface membrane, intracellular and



78 Gundu Rao and Anupama Rao Indian J Physiol Phannacol 1994; 38(2)

ex tracellular calci urn. They showed chelating
intracellular calcium prevented contraction, secretion
of granule contents, formation of thrombi and retraction
of fibrin clots. However, this pool of calcium was not
essential for platelet responses such as adhesion, change
of shape and spreading (28).

Several studies have evaluated the effect of calcium
channel blockers in modulating platelet function. Gnoda
and associates reported an IC

50
100 JlM for inhibiting

ADP/thrombin-mediated platelet aggregation, whereas
More et al found an IC

50
of 256 JlM for verapamil,

630 JlM for diltiazem and 840 JlM for nifedipine (6S,
66). However, these drugs do not interfere with thrombin
stimulated calcium transients at therapeutic
concentrations. Further studies are essential to design
specific calcium antagonists capable of preventing
discrete platelet responses (67).

Inhibitors of thrombin : Thrombin is a potent
endogenous stimulator of platelets and a powerful
promoter of fibrin clot formation. Using agents such
as heparin, a stimulator of antithrombin III, effects of
thrombin on platelets and fibrinogen can be prevented.
In addition, specific antagonists of thrombin like hirudin
or hirudin analogues can also be used to antagonize
the effect of endogenous thrombin. Studies with
chemically modified thrombin analogues indicate
intrinsic proteolytic activity of the enzyme is required
for its ability to activate platelets. These results are
further confirmed by studies using a protease inhibitor,
leupeptin (68).

Recent studies have demonstrated that N-terminal
sequence of 14 amino acids (S42FLLRNDNDKYEPF55)
also can mimic the action of thrombin (69). Furthermore,
it has been shown that a synthetic tetradecapeptide,
TRP42-55, derived from proteolytically cleared amino
terminal sequence possessed thrombin-like activity and
caused platelet aggregation. Using current knowledge
on structural chemistry of thrombin as well as structure
of thrombin receptor, several synthetic peptides have
been synthesized to antagonize the activity of thrombin
and its specific receptor. In addition, as serine proteases
are known to react with peptide aldehydes, several
promising inhibitory compounds have been prepared
(D-phe-pro-arg-H, D-phe-pro-arg-CH

2
CI). Since the

tripeptide has unique affinity for thrombin, it has been
used effectively both in vitro and in vivo studies to

antagonize the effect of thrombin (70). Further clinical
trials are essential for evaluating the clinical efficacy
of new generation peptide inhibitors of agonist-mediated
platelet activation (71, 72).

Antagonists ofinlegrin and nonintegrin receptors:
Intergrins are a family of cell surface glycoproteins
that mediate cell adhesion (73). They consist of two
subunits, a. and ~. There are 11 a. subunits and 6 p
subunits that can form a complex on cell surfaces. The
most striking exaIT'ple is the glycoprotein JIb-IIIa, which
is expressed by megakaryocytes and platelets. This
integrin is considered a fibrinogen receptor. There are
more than 50,000 receptors per cell and they bind other
adhesive proteins such as fibronectin, laminin and
vitronectin. The recognition site for many of the integrins
that bind to extracellular matrix components and platelets
is the tripeptide arg-gly-asp (RGD). The integrin IIb
IIa (o.nb~3) requires activation to bind ligands, whereas
GPIa-IIa (a2'~)' a putative collagen receptor, does not
seem to require prior activation to bind ligands. In
addition to integrins, which serve as cell surface receptors
for macromolecules, platelets also have nonintegrin
glycoprotein-rich domains. Glycoprotein Ib binds to
von Willebrand factor (vWF) and plays an important
role in cell surface interactions. Although GPIIb-IIIa
plays a role in cell-cell interactions leading to irreversible
aggregation, it is also important for cell-surface
interactions. In addition to these known glycoprotein
domains, there are many other interactive domains on
platelet cell surfaces capable of ligand binding and
initiating activation signals.

Recently a number of low molecular weight RGD
containing, cysteine-rich peptides have been isolated
from the venom of vipers. These biolcgicaBy active
peptides are caBed disintegrins (74). The potency of
disintegrins has been shown to be 500-2000 times higher
than shon chain synthetic RGDX peptides. The potency
seems to be attributable to specific conformation, RGD
sequence and amino acids adjacent to this recognition
sequence. Santoro and associates have characterized
asp-gly-glu-ala (DGEA) sequence from collagen as the
important structural determinant of 0.2' ~l (GPIa-IIa)
recognition site (75). In a separate study it was shown
that arg-glu-asp-val (REDV), a tetrapeptide derived from
fibronectin, inhibits binding of fibrinogen, fibronectin,
von Willebrand factor and vitronectin to platelets
(76).
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Synthetic peptides (RGDS) are rapidly degraded
in human plasma. Stable peptides with acetylation or
deletion of a. amino group have been prepared to get
protection from the action of plasma aminopeptidase.
Disintegrins (albolabrin 60-200 nM, bitistatin 60 nM)
high affinity peptides (GRGDS, 0.75 mM), monoclonal
antibodies (IOE5 10 Jlg/ml) and Fab fragments (10 Jlg/
ml) have been tested effectively as antiplatelet agents
in animal studies. Another antibody, 7E3, has been
used successfully in primate and canine models to
prevent thrombosis following angioplasty. This antibody,
7E3F (ab1)2' has been evaluated in a limited number of
patients with unstable angina (77). In a separate study
this antibody has been used to infuse in patients with
ischemic heart disease (78). Increased bleeding time
and compromised ex vivo platelet function has been
demonstrated suggesting effective block of GPIIb-lIIa
receptor. Compared to the use of antibodies and Fab
fragments, there seems to be greater interest in the use
of specific effective peptides. The half life of some of
these peptides are relatively short (a few hours) and
they seem to cause less bleeding complications than
the use of antibodies.

Drugs that act on membranes: In addition to the
well known inhibitors of platelet function reviewed in
the previous sections, a variety of compounds known
to modify biological membranes also inhibit platelet
function. The mechanism by which they inhibit is not
clear at this time.

Anesthetics: Cocaine, procaine, xylocaine, and
nupercaine inhibit thrombin and ADP mediated
aggregation at greater than 1 mM concentration. The
majority of these anesthetics penetrate lipid layers of
plasma membrane and alter their repsonse to agonists.
Some of them, at lower concentrations, may stimulate
or potentiate platelet activation.

Phenothiazines : Chlorpromazine inhibits platelet
aggregation at concentrations greater than I mg/ml in
whole blood and prevents clot retraction. These
compounds are known to alLer membrane fluidity.
Fluorescent spectroscopic studies have shown that
phenothiazines may complex with negatively charged
phospholipids such as phosphatidyl serine and
phosphatidyl inositol. Trifluorperazine (stelazine) binds
to the calcium-dependent regulatory protein, calmodulin.
It may potentiate secretion of granules at low
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concentrations. At high concentrations it inhibits agonist
mediated platelet aggregation (79, 80).

Tricyclic antidepressants: Dibenzapine derivatives,
imipramine and amiLryptaline and the related compounds,
desmethyl imipramine and nortryptaline, inhibit second
wave aggregation by ADP and epinephrine. Some of
these compounds block serotonin uptake by platelets.

Antihistamines : Diphendydramine, at a
concentration of 1 mg/ml, seems to suppress platelet
aggregation and adhesion to glass. At a concentration
of 50 JlM these compounds inhibit second wave of
ADP-induced aggregation. They are less potent than
phenothiazines and antidepressants in their action on
platelets.

Penicillin and carbenicillin : At high doses of
carbenicillin (600 Jlg/kg/day) and penicillin (one million
units/day; 1 g/day) increase in bleeding time may occur.
At greater than I mg/ml these drugs exert an inhibitory
effect on agonist-mediated platelet aggregation. They
s€em to down regulate GPIb receptors. They also affect
alpha adrenergic receptor. However, Rao and White
demonstrated that penicillin-treated platelets regain their
sensitivity to the action of other agonists when they
are exposed to epinephrine (81).

Sulfinpyrazone, a structurally related anti
infammatory drug to phenylbutazone, iron chelators
(dypyrydil), and antioxidants (BHA, BRT, DPA vitamin
E) also inhibit platelet function. Of the various drugs
that inhibit platelet function by unknown mechanisms,
ticlopidine, (S-{2-chlorobenzyl)--4,5,6,7-tetrahydrothieno
(3,2-C) pyridine hydrochloride, seems to be gaining
some interest. The exact mechanism by which this drug
induces compromised platelet function is not known.
The metabolite of the parent compound seems to
antagonize the effect of agonists such as ADP, collagen
and epinephrine. Human subjects receiving 250-1000
mgs per day develop prolonged bleeding time. It has
been known to inhibit binding of ADP, fibrinogen and
vWF and enhance arterial production of PGIr Limited
clinical trials have shown promising results in the
treatment of unstable angina, myocardial infarction,
occlusion following angioplasty and ischemic stroke.

Epinephrine-induced membrane modulation: A
brief review of the physiology of platelet activation
reveals that by and large agonists induce activation of
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phospholipases and generate a variety of second
messengers capable of producing calcium transients,
contraction, secretion of granule contents, fibrinogen
binding, and irreversible aggregation. Based on this
information, a variety of phannacological approaches
have been developed to interfere with one or more
steps leading to platelet activation. Aspirin is the most
widely used drug for the prevention, treatment and
prophylaxis of ischemic heart disease. Careful timing
and dosage of aspirin will provide some degree of
protection against clinical complications related to
platelet activation. However, if one examines the results
of several major clinical trials of aspirin, it becomes
evident that its beneficial effect is limited (Table II).
Imleed, none of the currently available drugs completely
block platelet function (81-93).

Studies from our laboratory have demonstrated
the' existence of an intrinsic mechanism capable of
restoring the sensitivity of refractory platelets to the
aciton of agonists. This newly discovered mechanism,
termed "membrane modulation", is capable of securing
irreversible aggregation without the mediation of
newly generated cyclic endoperoxides, thromboxane
Az' platelet activating factor, or dense granule
contents such as calcium, serotonin and ADP. It
is mediated by alpha-adrenergic receptors, is
calcium-dependent, and facilitates calcium uptake
and fibrinogen binding. Epinephrine-induced restoration
of function of refractory platelets seems to be
independent of enhanced phosphoinosilOl metabolism,
formation of second messengers and elevation of
cytosolic calcium.

TABLE II: Controversy surrounding the use oj a platelet inhibitory drug (aspirin, ASA, in mg) after myocardial
infarction: Discrepancies in prospective, randomized, double-blind, placebo-controlled trials.

Major clinical trials

Elwood et ai, 1974 (I)

Coronary Druti Project, 1976 (2, 3)

German-Austrian, 1979 (4)

Elwood and Sweetman, 1979 (5)

AMIS, 1980 (6, 7)

PARIS, 1980 (8)

Ongoing Physicians Health Study, 1988 (9)

British Physicians' Study, 1988 (10)

References

ASA (Mgs)

300

972

1500

900

1000

972

325
Every oth~r day

500

N patients

1239

1526

946

1682

4524

2026

5139

Results

Favorable trend

Favorable trend

Favorable trend

Favorable trend

No benefit

Favorable trend

Favorable trend

No benefit

I. Elwoodetal.BrMedJ1:436,J974

2. Coronary Drug Project Research Group. J Chron Dis 29: 625,1976

3. Coronary Drug Project Research Group. Suppl. V-59, 1980

4. Breddin et al. Thromb Hemost 40: 225, 1979

S. Elwood and Sweetman Lancet 12: 1313, 1979

6. AMIS. JAMA 243: 661,1980

7. AMIS. Circulation Suppl. 62: V-79, 1980

8. PARIS. Circulation 62 (Suppl. 11): 11-1,1980

9. Ongoing Physicians' Health Study. N Eng J Med 313: 1369-1375, 1983

10. British Physicians' Study. Br Med J 296: 3 I3, 1988.
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Studies using calcium-specific chelators such as
Quin-2 free acid, chlortetracycline and Quin-2 AM (or
BAPTA-AM) to complex extracel1ular, membrane
associated and intracellular calcium respectively, have
shown that elevation of cytosolic calcium is not critical
for a<1hesion, spreading or aggregation of platelets.
Platelets have multiple activation mechanisms and drugs
that are currently available do not interfere with the
signalling pathways. Indeed, drugs that may interfere
with several signalling pathways may be hazardous as
they may increase the tendency to bleed. A thorough
understanding of the platelet activation mechanisms
will provide necessary information for the development
of potent inhibitors of platelet activation.

Pharmacological approaches: Past, Present and
Future: Earlier approaches for screening platelet
activation inhibitory drugs focused on compounds that
blocked responses such as aggregation and secretion
of granule contents. This approach was used because
not much was known about the mechanisms involved
in platelet activation (94). The most commonly used
anti-platelet drug, aspirin, was used for blocking platelet
function even before the mechanism of action of this
drug was discovered (95-97). However, knowledge
gained about platelet biochemistry and physiology
prompted development of drugs that inhibited the known
biochemical events leading to prostanoid synthesis and
secretion of granule contents (5,8-13).

During the last two decades there has been
explosive development of information on cell signalling
mechanisms and molecular events that lead to ligand
interaction, transmembrane signal transduction, activation
of intracel1ular effector enzymes, cytosolic ionized
calcium mobilization and platelet activation (5, 7, 98
100). Signals are initiated by extracellular mediators
(soluble agonists, hormones and extracellular matrix
components) on cell surface receptors which are
glycoprotein-rich domains (98). These signals are
transduced to the inner surface by transmembrane
proteins to intracellular effector enzymes
(phospholipases) (99). The initial ligand receptor
interaction generates a cascade of biochemical events
involving several signalling pathways that modulate
ionized calcium levels, enzyme activities, state of actin
assembly and phosphorylation of regulatory proteins
(100). The information available on these signalling
pathways has enabled the development and design of

drugs that specifically inhibit discrete events associated
with activation signalling mechanisms.

At least five G-protein coupled receptors seem to
modulate the biological response to the action of soluble
physiological agonists such as epinephrine, thrombin,
thromboxane, PAF and vasopressins (7). Activation
leading to biological response could be blocked by
specific antibodies, Fab fragments or peptides that
inhibit the active site or the recognition sites of the
interactive domains. Macromolecules such as fibrinogen,
fibronectin,collagen, and laminin interact with
platelets through cell surface receptors called integrins.
Some molecules, such as vWF, act via nonintegrin
glycoprotein domains. Isolation and characterization
of interactive domains of these adhesive proteins as
well as potent soluble agonists like thrombin, have
revealed discrete binding sites and sequences of amino
acids (69, 72). This information has provided the
impetus to develop structure-based drug design. The
small size of binding sites and the information about
the sequence of amino acids facilitates the design of
peptide mimetics. Synthesis of peptide mimetics derived
from structure analysis of interactive sites of ligand
and receptors will be an attractive future strategy for
drug development.

In conclusion, the role of platelets in the
pathogenesis of atherosclerosis, thrombosis and stroke
is well recognized. Agonist-mediate platelet activation
is modulated by a series of signalling events. Major
pharmacological approaches have focused on generating
inhibitors capable of preventing one or more of the
activation signalling mechanisms. None of the currently
available drugs totally inhibit platelet function. Specific
mechanisms involved in eliciting discrete platelet
responses such as adhesion, change of shape,
development of stickiness and irreversible aggregation
is not clear. A beller understanding of the signalling
processes for these platelet responses will facilitate the
development of specific, potent platelet activation
inhibitory drugs.
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