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Understanding the Mechanism of Platelet Thrombus Formation under Blood
Flow Conditions and the Effect of New Antiplatelet Agents

Shinya Goto*

Division of Cardiology, Department of Medicine Tokai University School of Medicine Kanagawa, Japan

Abstract: Platelet aggregation induced by stirring of a platelet suspension after activation by the exogenous
addition of stimulants, such as ADP, epinephrine and thrombin, has long been used as a platelet function test, and
for the screening of antiplatelet agents. Since platelet aggregation has been demonstrated to be mediated
exclusively by the binding of plasma fibrinogen to the activated GP IIb/Illa, anti-GP IIb/Illa agents, which can
completely inhibit platelet aggregation, were expected to become among the most potent of antithrombotic agents.
The strong preventive effects of anti-GP Ilb/llla agents against thrombotic complications afier coronary
intervention, and the weaker preventive effects of the same agents against the onset of coronary thrombosis in
unstable angina pectoris patients point to both the efficacy and the limitations of anti-GP IIb/Illa antithrombotic
agents. Recently, many investigators have reported that platelets play a major role in thrombus formation at sites
exposed to blood flow. Several platelet-function assay systems have been developed to elucidate the mechanism of
thrombus formation under blood flow conditions. Numerous studies have demonstrated that von Willebrand factor
(VWF) and its interaction with its receptors on platelets, including GP Ibct and GP IIb/Ila, play essential roles not
only in platelet activation, but also in platefet adhesion and possibly platelet cohesion. These findings prompted
us to explore whether the VWF-mediated process of thrombus formation could be exploited as a target for potential
antiplatelet agents. Moreover, recent studies have demonstrated that multiple synergistic signals, including those
mediated by catecholamine receptors, purine nucleotide receptors, as well as some types of collagen receptors are
involved in the process of VWF-mediated platelet thrombus formation. We now have new antiplatelet agents on the

horizon, targeted against thrombus formation under blood flow conditions.
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ANTIPLATELET AGENTS TARGETED AGAINST
PLATELET AGGREGATION

It is now common understanding that platelets, in
addition to the coagulation system, play crucial roles in not
only normal hemostasis, but also in pathological thrombus
formation, especially at sites exposed to blood flow [1, 2].
Since the involvement of platelets in normal hemostasis was
first recognized in patients with congenital bleeding
tendencies, [3, 4] the mechanism underlying the contribution
of platelets to hemostasis was .investigated mostly by
hematologists caring for patients with congenital bleeding
disorders. During the course of this research, an assay system
of platelet function, which has been shown to reliably assess
the in vivo bleeding tendency, named conventional
turbidimetric aggregometry, was developed [5]. In this assay
system, platelets in platelet-rich plasma (PRP) are activated
by adding varicus platelet-activating agents, such as ADP,
epinephrine or thrombin. When platelets in PRP were
activated by those agents and when the platelet suspension
was then stirred, the activated platelets, which were bound
with plasma protein ligands, mostly fibrinogen, showed
marked aggregation (Fig. 1) {6]. The extent of platelet
aggregation could be easily semi-quantified because the light
transmittance of the suspension increased when the
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Fig. (1). Mechanism of Platelet Aggregation in Conventional
Aggregometry.

The protein conformation of GP IIb/llla changes after platelet
activation, which increases its affinity to multivalent plasma
proteins, such as fibrinogen. Stirring of the platelet suspension
resulted in platelet aggregation mediated by the binding of
fibrinogen to GP IIb/IIla.

single platelet count in the suspension decreased in
association with platelet aggregation (Lambert Beers
equation).

© 2004 Bentham Science Publishers Ltd.
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Since the mechanism of platelet involvement in the
formation of thrombi has been considered to be similar to
that in platelet aggregation, the mechanism of platelet
aggregation was extensively studied at the molecular level by
conventional aggregometry, in order to develop effective
antiplatelet agents [6]. Investigators clarified that the
conformation of one of the platelet surface glycoproteins
(GP), namely GP IIlla (integrin onfs), changed after
platelet activation by chemical agonists increasing its affinity
to fibrinogen [3, 4]. Since fibrinogen has at least two
binding sites for GP IIb/lla, activated platelets could bind
together sharing the same fibrinogen molecule (Fig. 1). The
investigators also demonstrated that another kind of platelet
aggregation, mediated by binding of von Willebrand factor
(VWF) to the platelet receptor protein GP Iba, could also be
detected by the turbidimetric platelet aggregation assay
system using specific modulators such as ristocetin or
botrocetin instead of the conventional platelet-activating
agents {7, 8]. This turbidimetric platelet aggregometry
method was widely used as a platelet function test, because
it was relatively easy to perform, and reliably assessed the
bleeding tendency in congenital disorders, including
Glanzman’s  thromboasthenia,  afibrinogenemia, von
Willebrand disease and Bernard-Soulier syndrome [3, 4, 8].

Since turbidimetric platelet aggregometry was so widely
utilized and was established as a common platelet function
test, it is not surprising that the assay system was also used
for the development of antiplatelet agents intended for the
prevention of thrombotic diseases. This is based on the
concept that the mechanism involved in platelet aggregation
also represented that underlying platelet thrombus formation
in vivo. However, there are no data demonstrating the
relationship between the extent of platelet aggregation and
the onset of thrombotic diseases [6, 9]. Indeed, until very
recently, it was accepted without question that the traditional
antiplatelet agent aspirin exerted its antiplatelet effects by
inhibiting arachidonic-acidic and collagen-induced platelet
aggregation [10, 11]). The same was also true for the
thienopyridine  anti-platelet agents ticlopidine and
clopidogrel, in that they were considered to exert their
antiplatelet effects by blocking ADP-induced platelet
aggregation [12, 13]. Until now, strong anti-platelet-
aggregation agents were expected to be potent antithrombotic
agents. Based on this concept, anti-GP Ib/Illa agents, which
can inhibit platelet aggregation completely by blocking
fibrinogen binding to the activated GP IIb/Illa, were
developed as antithrombotic agents [6, 9]. Clinical
experiences with these specific anti-GP IIb/Illa agents that
could potently inhibit platelet aggregation in cases with

Table 1,
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acute coronary syndromes [14, 15] along with recent
advances in the understanding of the mechanism of platelet
thrombus formation in vive [2, 16, 17] have led to
questioning of the initial assumption that the mechanism of
platelet aggregation represents that underlying platelet
thrombus formation in vivo. Indeed, strong inhibition of
platelet aggregation by anti-GP Ib/llla agents, which was
expected to produce potent preventive effects on arterial
thrombosis, was shown to be effective only in limited
clinical situations [14, 15, 18, 19). Plasma ligand binding to
the activated GP IIb/Illa is the final common pathway for
platelet aggregation. However, antiplatelet agents that
blocked this interaction were shown not to be sufficiently
potent in the prevention of acute coronary syndromes {14,
15], suggesting that assays of platelet aggregation alone can
not predict the onset of atherothrombotic diseases, such as
acute coronary syndromes.

WHAT IS THE DIFFERENCE
PLATELET AGGREGATION AND
THROMBUS FORMATION IN VIVG?

As shown in (Fig. 1), platelet aggregation in
conventional aggregometry after platelet activation by
agonists, such as ADP and thrombin, was exclusively
mediated by the binding of fibrinogen to the activated GP
IIb/Illa. However, the conditions necessary for platelet
aggregation are substantially different from those necessary
for initiation of platelet thrombus formation in vive (Table
1). One of the most important differences is that platelet
thrombus formation in vive is initiated by endothelial injury,
such as that eccurring after atheroma rupture [1, 20, 21], and
not by platelet activation by agonists which is the case with
aggregometry (Fig. 2). The roles played by soluble agonists
such as ADP and thrombin, although still important [22-24],
seem to be relatively smaller in vivo than in aggregometry,
perhaps because a platelet thrombus in vivo is initiated in the
presence of arterial blood flow which would immediately
dilute the soluble agonists. In platelet thrombus formation
occurring on the exposed subendothelial matrix under blood
flow conditions, platelet activation is initiated by an
interaction of platelets with the exposed subendothelial
matrix constituents, such as collagen [25, 26], and
immobilized plasma proteins, such as VWF [27, 28].
Soluble activating agents, although they may play important
roles in stabilizing platelet thrombi, play a relatively limited
role in platelet activation in vive. It is important to note that
the necessary interactions for the initiation of platelet
thrombus formation in vivo, which cannot be assessed by
conventional aggregometry, such as platelet interactions with

BETWEEN
PLATELET

Difference between Platelet Aggregation and Platelet Thrombosis In Vivo

Platelet Aggregation

Platelet Thrombosis fn Vive

Blood flow

No significant bloed fow

Presence of arterial blood flow

Vessel wall injury

Not involved

Thrombus formation was initiated by vessel wall injury

Soluble agonists

ADP, thrombin, epinephrine, etc.

Not directly involved

Other blood cells

Only platelets

Erythrocytes and leukocytes are involved
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subendothelial matrix cxposed at sites of vascular damage,
could be very promising potential targets for the
development of antiplatelet agents [26].

Blood flow

Erythrocytes

Non A:nvnled.
Platelets

- ® 5 o &®
® o o

Activated Pmelm
) “Vessel Wall
Stimulated

Disrupted
Endothelial Cells

Normal Endothelial
Cells Endothelial Cells

Fig. (2). Role of Platelets in Arterial Thrombus Formation.

Under arterial bload flow conditions, larger sized particles, such
as erythrocytes, tend to accumulate close to the center of blood
flow. Platelets, on the other hand, tend to flow peripherally.
Although no interactions occur between platelets and normal
endothelial cells, stimulated éndothelial cells expressing
adhesion molecules, such as von Willebrand factor on their
surface transiently trap platelets and trigger their activation.
More marked platelet accumulation occurs when the endothelial
cells are disrupted and the thrombogenic subendothelial matrix
made up of collagen is exposed to the bloodstream.

There is another important difference between platelet
thrombus formation in vivo and platelet aggregation in
aggregometry, namely the effects of blood flow. As shown
in (Fig. 2), platelets play important roles in hemostasis and
thrombus formation in the presence of blood flow, because
the coagulation cascade does not function effectively under
conditions of blood flow, because of the dilution of
coagulation factors under these conditions. Investigators,
including us, consider that these differences may be
important [2, 17, 29, 30]. Indeed, experiments on animal
models of arterial thrombosis clearly demonstrated that
factors that are not known to be involved in platelet
aggregation in conventional aggregometry, such as VWF,
play crucial roles in arterial thrombesis in vive [31-33).
Further investigation revealed that immobilized VWF on the
exposed subendothelial matrix and its interaction with
platelet GP Ibo and GP IIb/IMla play essential roles in the
initiation of platelet thrombus formation at sites exposed to
high shear stress conditions [27, 28, 34]. This concept
provides us with important clues for developing newer, safer
and more effective anti-platelet agents, because with this new
understanding, it may now be possible to develop selective
antiplatelet agents to prevent arterial thrombosis at sites
exposed to high shear stress conditions, without influencing
hemostasis at low-shear sites [29].

Taking into consideration the above two important
factors involved in the onset of arterial thrombosis in vivo,
namely endothelial damage and blood flow, we and several
other investigators attempted to clarify the mechanism of
platelet thrombus formation in vivo by using a parallel-plate
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flow chamber, in which subendothelial matrix at sites of
endothelial damage was exposed to shear stress conditions
(Fig. 3) 12, 16, 26-28, 30, 34, 35]. The mechanism of

Blood Flow

Platelet Thrombus Flow Chamber

Platelet 4 4} asion
-8

s - E
~ A
Glass Plate Immobilized
Matriz such as UGM Source
Caollagen Fluorescent Microscope

Laser Confocal Microscopy

Fig. (3). Parallel- Plate Flow Chamber to Analyze the Mechanism
of Platelet Thrombus Formation.

Subendothelial  matrix, namely, type [ collagen, was
immobilized on a glass plate, to create a model of the damaged
vascular surface. Whole blood containing platelets rendered
fluorescent by the addition of mepacrine was perfused on the
collagen surface at a wall shear rate controlled by the parallel-
plate flow chamber. Platelet adhesion and thrombus formation
on the immobilized collagen surface was then visualized by
flucrescence microscopy or laser confocal microscopy.

platelet thrombus formation, as suggested by the use of this
assay system, was shown to be far more complex than that
of platelet aggregation, which is exclusively mediated by the
binding of fibrinogen to the activated GP IIb/illa. Many
platelet surface proteins such as GP Ibo, GP IIb/1IIa [27, 28,
34]), GP VI [26], epinephrine receptors [36] and ADP
receptors [22, 23] and their stimulation by various ligands,
including VWF, fibrinogen, collagen, catecholamines, and
thrombin are involved. Of the many receptor-ligand
interactions, that between VWF and GP Ibo. rather than
those between collagen and GP VI are perhaps the most
important, This is because the former is the initial and
necessary interaction that stops flowing platelets on the
matrix surface against a strong shearing force that works
towards detaching the platelets from the surface [37] and the
latter cause triggers the strongest signaling to the activated
platelets resulting from their firm adhesion on the surface
{25, 26). The mechanism of platelet thrombus formation on
to the exposed subendothelial matrix under blood flow
conditions proposed by us is shown in (Fig. 4) [2].

HOW DO THROMBI GROW?

Once a constituent of the subendothelial matrix, such as
collagen, is exposed to the bloodstream, platelets begin to
tether to the exposed surface, through interaction of the GP
Ibot receptor with the VWF bound with the collagen surface.
Then, platelets are activated by synergistic signaling
generated by the VWF-GP Iba,, VWF-GP IIb/IIla, collagen-
GP 1V interactions etc, which result in shape changes, firm
adhesion on to the surface and cluster formation of the
platelets, to form platelet thrombi (Fig. 5). This activation
process may occur in stepwise manner. Shear-induced
platelet activation, for example, is initiated by phosphatidyl
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- LPlatelet Adhesion 3, Stable Thrombus Formation

2. Thrombus Growth

i Collagon s

(modified from Gow 8. Clinical Laborstory, 2002}

Fig. (4). Mechanism of Platelet Thrombus Formation on the
Exposed Subendothelial Matrix under Blood Flow Conditions.

Platelets initially get tethered to the immobilized von
Willebrand factor (VWF), which in tum is bound to exposed
collagen at the site of vascular damage via the specific receptor
GP lbo., Then, the platelets become firmly adherent to the
collagen surface through interactions between VWF-activated
GP IIb/1l1a and collagen-GP VI and collagen-oz8;. Then, some as
yet unclarified signals cause platelet activation that induces the
formation of firm platelet thrombi on the exposed
subendothelial matrix.

3 min,

Flow direction

Shear Rate: 1500 s°!

0.1 mm
[

Fig. (5). Two-Dimensional Platelet Thrombus Growth on the
Surface of Immobilized Collagen.

Following perfusion of blood containing platelets rendered
fluorescent by the addition of mepacrine and anticoagulatated
by the specific antithrombin agent Argatroban, platelets adhered
to the collagen surface and aggregated to form platelet thrombi,
as shown in the figure, On the surface of immobilized VWF (data
not shown), however, no clustering could be seen, even theugh
firm platelet adhesion was noted.

serine platelet surface expression detected by annexin V
binding followed by a more significant process such as
microparticle release and platelet shape change [38].
Activated platelets firmly adhered to the exposed
subendothelial” matrix surface 'through various receptors
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including GP IIb/Illa [25]. As shown in (Fig. 6), platelets
not only adhered directly to the matrix surface and grew in a
two-dimensional direction, but also bind to other platelets
already adhering to the surface, to exhibit three-dimensional
growth, A three-dimensional imaging technique involving
ultra-fast laser confocal microscopy with a piezo-motor
control unit developed by us was used to observe the three-
dimensional growth of platelet thrombi [39]. It has also been
shown that platelet cohesion, previously supposed to be
similar to platelet aggregation, is also initially mediated by a
VWF-GP Ibo interaction [16]. Fibrinogen plays an
important role in stabilizing platelet thrombi, but works
rather later in the process of thrombosis [27]. Nevertheless, it
is important to note that even the mechanism of platelet
cohesion was found not to be similar to that of platelet
aggregation under conditions of blood flow.

Fig. (6). Three-Dimensional Imaging of Platelet Thrombi Formed
on the Surface of Collagen under Blood Flow Conditions.

Ultrafast multi-pinhole laser confocal microscopy with a piczo-
electric motor control unit developed by us (and previously
described) enabled us to obtain three-dimensional projection
images of platelet thrombi formed on the surface of collagen, as
shown in the figure,

To understand the mechanism of thrombus growth, the
role of the coagulation system, especially that of thrombin
formation on the surface of platelet thrombi should also be
considered from two distinct aspects; its role in platelet
activation and platelet . thrombus growth, and its role in
fibrin formation around platelet thrombi. Recently, Falati S,
et al. clearly demonstrated that fibrin formation around
platelet thrombi is an essential process in the formation of
arterial occlusive thrombi [40]. Indeed, arterial occlusive
thrombi in vive, such as coronary thrombi, are always mixed
thrombi containing activated platelets and fibrin [41-43).
Thrombin and fibrin formation around activated platelets and
platelet thrombi [44-46) play essential roles in thrombus
formation in vivo, although the mechanism is still to be
elucidated. The role played by tissue factor is of particular
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interest, because severa] investigators have demonstrated the
accumulation of tissue factor, which directly activates the
coagulation system, around activated platelets not only in
vitro [47-48), but also in vivo [40]. The functional blocking
of tissue factor might be a good target for developing the
next-generation antithrombotic agents [49, 50].

HOW DO THE CURRENTLY AVAILABLE ANTI-
PLATELET AGENTS PREVENT THROMEROTIC
DISEASE?

(1) Aspirin

After aspirin was clearly demonstrated to have preventive
effects on death and recurrence of coronary ischemia in acute
myocardial infarction patients in ISIS-2 [51], a large number
of clinical trials of aspirin have been conducted under many
different conditions. The beneficial effects of aspirin in
preventing cardiovascular thrombotic events during the acute
phase of myocardial infarction, in old cases of myocardial
infarction, in stroke patients, and in other high-risk patients,
such as patients with diabetes mellitus, have been clearly
established by meta-analyses, published by both the
Antiplatelet Trialists’ Collaboration (APT) in 1994 [52] and
the Antithrombotic Trialists’ Collaboration (ATT) in 2002
[53]. Accordingly, it has been established beyond doubt that
aspirin is effective in preventing arterial thrombotic

5. Anti-GP Hb/IIIa Agents
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disorders, including myocardial infarction and stroke, In
spite of its established clinical benefits, the exact mechanism
by which aspirin prevents arterial thrombosis has yet to be
clarified. Traditional research has demonstrated that aspirin
irreversibly blocks the action of the enzyme cyclooxygenase-
1, a crucial enzyme involved in the generation of the potent
platelet agonist thromboxane Az (Fig. 7) [54]. The
cyclooxygenase-1 mediated activation pathway plays an
important role in platelet activation, but at a relatively later
phase, because a previous report suggested that aspirin did
not inhibit platelet shape change occurring as a result of
platelet activation [55]. Many investigators still suppose that
aspirin exhibits its antiplatelet actions through inhibition of
thromboxane A, biosynthesis. This hypothesis is supported
by a recent publication, which reported that the recwrence
rate of thrombotic disease tended to be higher in patients
resistant to inhibition of thromboxane A, production by
aspirin [56]. While it is true that aspirin inhibits platelet
aggregation associated with platelet activation induced by
arachidonic acid or collagen [57], there still remains the
question of whether the inhibition of platelet aggregation is
indeed the mechanism underlying the antithrombotic actions
of aspirin, because the orally available anti-GP OW/Ila agents
which can inhibit platelet aggregation more strongly than
aspirin, do not prevent thrombotic events as effectively as
aspirin [58]. Since aspirin is an anti-inflammatory agent,
some investigators proposed that the stabilization of

AD? Receptor
ot (P2Y ;)

Thrombin
Receptor

Fig. (7). Target of Anti-Platelet Agents.

hienopyridines

Serotonin§;
Receptor

4. Sarpogrelate

This figure summarizes the platelet receptors and signaling pathways necessary for thrombus formation and the major potential
targets of antiplatelet agents. Aspirin is an irreversible inhibitor of cyclooxygenase, which is a rate-limiting enzyme in the
production of the potent platelet stimulator thromboxane A;. Thienopyridine antiplatelet agents, namely ticlopidine and clopidogrel,
inhibit the platelet surface ADP receptor P2Y); through their active metabolite(s) generated in the liver, Cilostazol is a specific
inhibitor of phosphodiesterase-3 and inhibits platelet function by increasing the intracellular ¢-AMP levels. Sarpogrelate is a
specific 5-HTza receptor inhibitor, which blocks serotonin-mediated platelet activation. Anti-GP IIb/[lla agents inhibit platelet
aggregation by blocking the binding of plasma ligands (mostly fibrinogen) to activated GP IIb/11Ia,
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atheroma plaques by the anti-inflammatory effects of aspirin
might play some role in the prevention of thrombotic events
by this drug [59]. This hypothesis, however, stands on weak
ground as it is considered that other non-steroidal antj-
inflammatory agents, including ibuprofen, do not prevent
cardiovascular thrombotic events [60] and even sometimes
increase the incidence of such events [61]. Further evaluation
is awaited for a complete understanding of the mechanism of
actions of one of the oldest and most commonly used and
well-established antiplatelet agents.

(2) Thienopyridine Antiplatelet Agents (ticlopidine and
clopidogrel)

The beneficial effects of ticlopidine and clopidogrel in the
prevention of arterial thrombotic disease has also been
demonstrated by the APT 1994 [52] and ATT 2002 [53]
although it still remains unclear as to whether or not the
effects of these agents are superior to those of aspirin.
Pharmacological investigations have revealed that both
agents are pro-drugs [12, 62] and that their antiplatelet effects
are exerted via the blockade of the P2Y,, ADP receptor by
their active metabolites [62, 63]. So far, at least three
distinct ADP receptors have been identified in platelets [64]
and the P2Y; receptor has been demonstrated to be involved
in the augmentation of platelet aggregation with a modest
influence on platelet shape change or release reactions as
assessed by aggregometry [13, 64, 65). Since the effects of
stimulation of this receptor on platelet aggregation may not
reliably represent its effects on arterial thrombosis in vivo,
we tested the role of P2Y); stimulation in the process of
platelet thrombus formation on the surface of exposed
subendothelial matrix under blood flow conditions, and
revealed that stimulation of this receptor may also play
crucial roles in platelet activation initiated by the interaction
of platelets with immebilized matrix, even in the absence of
the exogenous addition of ADP [66]. We have also shown
that P2Y); stimulation by ADP released from activated
platelets plays crucial roles in not only platelet adhesion and
thrombus formation, but also in platelet activation resulting
in P-selectin surface translocation and procoagulant
microparticle release [23]. In conventional aggregometry,
anti-GP Iib/ll1a agents appear to be highly potent antiplatelet
agents, because they inhibit platelet aggregation induced by
any kind of activating agents. But, in the prevention of
platelet thrombus formation in vive, agents inducing P2Y,,
inhibition might have stronger effects, because they inhibit
not only platelet aggregation, but also events upstream of
platelet activation, such as phosphatidylinositol 3-kinase
activation [67], o-granule degranulation and microparticle
release [68] that result in platelet-derived procoagulant
activity [23].

Thienopyridine antiplatelet agents are widely used in
combination with aspirin in patients ‘undergoing coronary
stenting [69]. The stronger effects in the prevention of
subacute stent thrombosis (SAT) achieved with a
combination of antiplatelet agents, initially demonstrated
with aspirin plus ticlopidine [70], and now also confirmed
with aspirin plus clopidogrel [71], as compared to that
achieved with warfarin underlines the more important role of
platelets than the coagulation system in stent thrombosis.
However, the exact mechanisms underlying the strong

“wonder whether the mechanism of acute
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antithrombotic effects of combinations of antiplatelet agents
could not be clarified by conventional aggregometry. The
superior effects of a combination of antiplatelet agents as
compared to that of aspirin or ticlopidine alone were also
recently demonstrated in a study using an ex vive assay
system [72], although the exact mechanism involved still
remains to be elucidated. Furthermore, the superior
antithrombotic effects achieved by inhibition of events
upstream of platelet activation by a combination of aspirin
and a thienopyridine antiplatelet agent were also
demonstrated clinically by the strong preventive effects of
aspirin and clopidogrel on cardiovascular thrombotic events
in acute coronary syndrome patients in the ACS-CURE
study [73].

(3) Anti-GP ITb/IIla Agents

Anti-GP Ib/llla agents were developed as strong
antiplatelet drugs because they blocked the final common
pathway of fibrinogen binding to the activated GP IIb/Tlla
necessary for platelet aggregation (9, 74, 75]. Accordingly,
they had the ability to completely inhibit platelet
aggregation, regardless of the activating agents used. Prof,
Coller and his colleagues were the first to develop a
clinically available anti-GP IIb/Illa agent by combining the
mouse-derived monovalent Fab of anti-human GP IIb/Ila
(7E3) and human IgG (75]. This chimeric human mouse Fab
¢-7E3 was supposed to have reduced immunogenicity, even
though it is not completely humanized [76]. After initial
clinical trials had demonstrated the safety of this agent,
large-scale randomized clinical trials performed in patients
who underwent coronary interventions [77, 78).
Surprisingly, the incidence of acute thrombotic
complications after coronary intervention decreased by more
than 50% with the use of this chimeric Fab as an anti-GP
IIb/Mla agent (patent name: abciximab) [78]. Subsequently,
two small-molecule anti-GP IIb/Illa agents, named tirofiban
and eptifibatide, were approved by the FDA, because they
were also found to significantly reduce the incidence of acute
thrombotic complications after coronary intervention [75]. It
is now common understanding that anti-GP 1[b/[lla agents,
which block platelet aggregation, are effective in the
prevention of acute thrombotic complications after coronary
intervention in patients with acute coronary syndromes and
stable effort angina.

The initially successful results in patients, who
underwent coronary intervention, led one to believe that the
anti-GP 1Ib/llla agents would be the ultimate anti-platelet
agents. However, two negative findings broke the myth, The
GUSTO-IV ACS trials planned to show the superior effects
of the anti-GP IIb/la agent abciximab over conventional
antithrombotic treatment (aspirin plus heparin) in patients
with acute coronary syndromes not undergoing coronary
intervention; contrary to expectation, abciximab did not
show any additional benefit over those of the conventional
antithrombotic regimen {14]. In addition, the inferior
thrombosis-preventive effects of orally available anti-GP
Hb/llla agents as compared to.those of aspirin have been
shown in several clinical trials [15). These reports, in
addition to the results of the GUSTO-IV ACS trial, led us to
thrombotic
complications in patients undergoing and net undergoing
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coronary intervention might not be the same. Nevertheless,
the limited antithrombotic effects of anti-GP ITb/Illa agents,
even though they can completely inhibit platelet aggregation,
might be understood as explained in (Fig. 8). There is no
doubt that platelets are the most important players in the
onset of thrombosis, even though it is also important to
understand that they are not the only plavers. Indeed,
combination therapy with an antiplatelet agent and an
anticoagulant has been shown to be more effective than either
an antiplatelet agent or an anticoagulant agent alone {79]. We
assume that upstream inhibition after platelet activation, not
only blocking aggregation, but also platelet protoagulant
activity resulting from platelet activation, might be superior
to blocking the final common pathway for platelet
aggregation.

- Activated Platelet

» Platelet
Procoagulant-i;? pib Aggregation

Activi - ety
A Platelet Anti-GP XIb/Tla
“X.? Activation Agents

Non

o Activated
P telet°

Fibrinogen Fibrin

Fig. (8). Interrelation between Platelet Thrombus Formation and
Activation of the Coagulant Cascade

There is a positive feedback system between platelet thrombosis
and the coagulation cascade. Activated platelets not only tend
to aggregate, but also provide procoagulant activity to activate
the coagulation cascade. Once the coagulation cascade is
activated, platelet activation is induced by thrombin generated
on its surface. Anti-GP IIb/Illa agents are strong inhibitors of
platelet aggregation, but cannot inhibit platelet activation or
platelet expression of procoagulant activity.

(4) Other Anti-platelet Agents

Of the many other antiplatelet agents available, cilostazol
and sarpogrelate merit attention. Cilostazol is a specific
phoshphodiesterate-3 inhibitor that exerts its antiplatelet
effects by increasing the intra-platelet cAMP level [80]. This
agent not only inhibits platelet aggregation, but also platelet
activation. Moreover, cilostazol has a potential to prevent
atherothrombotic disease by improving endothelial cell
function [81]. Large-scale randomized trials recently
conducted in Japan demonstrated that cilostazol reduces the
recurrence rate of stroke by almost 50% (Fig. 9) [82]. Several
animal experiments and small-scale clinical trials have also
demonstrated that cilostazol might even prevent the later
events of restenosis [83-85]. It is also worthwhile to note
that this agent is ideal for the treatment of peripheral arterial
disease, because it can prevent both vascular spasm and
platelet plugging.
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Fig. (9). Cilostazol Stroke Prevention Trial.

This figure is reproduced from “Cilostazol stroke prevention
study: A placebo-controlled double-blind trial for secondary
prevention of cerebral infarction, * by Goto F, et al, published
in the Journal of Stroke and Cerebrovascular Disease (2000).
One thousand and fifty patients with a history of stroke in the
previous 1 to 6 months were recruited for the trial, The
preventive effect of oral cilostazol therapy was compared with
placebo. As shown in the figure, the recurrence rate was
significantly reduced in the cilostazol group.

Another anti-platelet agent currently available in some
countries is sarpogrelate. This agent is a specific inhibitor of
S-HT:a receptors, and thereby blocks serotonin-induced
platelet aggregation [86]. Since serotonin is stored in the
dense granules and released upon stimulation, like ADP, the
mechanisms underlying the antiplatelet effects of specific
anti-serotonin agents might be similar to those of the
thienopyridine agents. A precise understanding of the role
played by serotonin in platelet thrombus formation in vivo is
awaited to improve our understanding of the mechanism of
actions of this sarpogrelate.

FUTURE DIRECTIONS IN THE DEVELOPMENT OF
NEWER ANTI-PLATELET AGENTS

Until now, most of the antiplatelet agents developed are
those that primarily inhibit platelet aggregation. As
described in this review, the mechanism of platelet
aggregation in vitro is not similar to that of platelet
thrombus formation in vivo. We now know that multiple
receptor-ligand interactions are involved in the process of
platelet thrombus formation in vive, occurring on the
exposed subendothelial matrix under blood flow conditions.
All the relevant molecules involved in the multiple-
synergistic platelet activation pathway, shown in (Fig. 7),
may be exploited as novel targets for antiplatelet agents, The
following are of particular interest:
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(1) Von Willebrand Factor-GP Ibc

Since platelet tethering mediated by the VWF-GPIbo
interaction is the initial step of the platelet activation
occurring at sites exposed to high shear stress conditions,
direct inhibitors of this interaction, or inhibitors of the
specific signaling (yet to be clarified) triggered by this
interaction may prove to be effective anti-platelet agents.
These molecular targets have an advantage over those of the
conventional anti-GP IIb/Illa agents, because the VWF-GP
Ibo interaction only occurs at sites exposed to a high shear
stress, such as in atherosclerotic stenotic coronary arteries
that could be inhibited without concomitant inhibition of
normal hemostatic plug formation. Both humanized anti-
VWF and anti-GP Iba. antibody are currently under
development [87-89].

(2) ADP-P2Y Receptor

Thienopyridine antiplatelet agents are prodrugs of anti-
P2Y,; agents. Strong antithrombotic effects are achieved
with only partial inhibition of P2Y}; [90]. There still is the
possibility that specific P2Y; inhibitors may be developed
as stronger antithrombotic agents [91]. The use of direct
P2Y), inhibitors under close monitoring, or the development
of other P2Y receptor inhibitors (P2Y,, P2X,) may prove to
be newer strategies for antiplatelet therapy.

(3) Collagen Receptors

Unlike platelet aggregation, platelet thrombus formation
is initiated by exposure of the subendothelial matrix to the
bloodstream. Platelet interaction with the constituents of this
matrix, especially collagen, might be a new target that could
be exploited in the development of antithrombotic agents. Of
the collagen receptors known, GP VI is of particular interest
in this connection, because it plays a crucial role in platelet

activation and thrombus formation on the surface of collagen .

[25, 26]. We expect that anti-GP VI drugs may be developed
as strong potent antiplatelet agents with the least risk of
bleeding, because GP VI-deficient humans and animals only
show a modest bleeding tendency.

(4) Others

Thrombin plays a role not only in fibrin formation, but
also in platelet activation. Drugs that inhibit thrombin
formation, thrombin-thrombin receptor interaction, and
thrombin receptor stimulation-triggered signaling, can all be
developed as antiplatelet agents. Serotonin receptor
inhibitors, catecholamine receptor-inhibitors, as well as
inhibitors of many intra-platelet activation signaling
molecules might be considered as next generation antiplatelet
agents, ‘

CONCLUSIONS

1} The mechanism of platelet thrombus formation in vivo is
different from that underlying platelet aggregation in
conventional aggregometry. Therefore, the platelet
aggregation assay is not a suitable screening test for the
assessment of antiplatelet agents, even though the assay has
long been used as a conventional method for assessing

Shinya Goto

platelet function and is still useful for understanding the
mechanisms involved in the onset of bleeding disorders.

2) Muiltiple synergistic stimulation of platelet receptors by
the corresponding ligands is involved in the process of
platelet activation. The von Willebrand factor-GP Ibex
interaction and the collagen-GP VI interaction are the two
most important receptor-ligand interactions in the process of
platelet thrombus formation on the surface of collagen under
conditions of high shear stress,

3) The aforementioned receptor-ligand interactions, as well as
the intraplatelet signaling triggered by these interactions may
be exploited as targets in the development of newer
antiplatelet agents. Furthermore, the antiplatelet actions of
already established antiplatelet agents, such as aspirin and
thienopyridine agents, should be reassessed with regard to
their effects on platelet thrombus formation on the surface of
exposed subendothelial matrix under blood flow conditions.
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Thrombus Formation by Anti-Platelet Agents

S.Goto*

Division of Cardiology, Department of Medicine, Tokai University School of Medicine, Kanagawa, Japan

Abstract: For many years, platelet aggregation, which is mediated exclusively by the binding of fibrinogen to
activated glycoprotein (GP) 1Ib/lila, has been used for the screening of antiplatelet agents. However, clinical
experience with anti-GP 1Ib/lIla agents, which can completely inhibit platelet aggregation, has shown that these
drugs are not the most ideal agents for the prevention of atherothrombosis. Recently, many investigators have
reported that platelets play a major role in thrombus formation at sites exposed to blood flow, and also that there is
a crucial difference between the mechanism of platelet thrombus formation under blood flow conditions in vivo and
that of platelet aggregation occurring in conventional aggregometry. Indeed, multiple receptor-ligand interactions,
including von Wiliebrand factor (VWF) binding with platelet GP Iba and GP IIb/Illa, collagen binding with
collagen receptors, as well as stimulation of platelet receptors, such as adenosine 5'-diphosphate (ADP) receptors,
appear to be involved in the process of in vive anterial thrombus formation. Moreover, not only platelets, but also
the coagulation cascade activated by the procoagulant activity expressed on the surface of activated platelets, are
believed to play a crucial role in the formation of occlusive thrombi. These findings suggest that drugs which block
events upstream of the final common pathway for platelet aggregation might be better antiplatelet agents than those
that merely inhibit platelet aggregation. We may then expect new antiplatelet agents on the horizon that exert their
actions against both thrombus formation under blood flow conditions and against the procoagulant activity
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appearing on the surface of activated platelets,

Key Words: von Willebrand factor, platelet, arterial thrombosis, shear stress, endothelial cell

INTRODUCTION

Due to the increased incidence of various risk factors
including diabetes mellitus, hypertension, decreased physical
activities, the risk of atherothrombotic disease such as
myocardial infarction and ischemic stroke is increasing
world-wide, especially in industrialized countries. Throm-
bosis due to the presence of vulnerable athermanous plaque
plays important in the onset of these disorders. It is rather
difficult to inhibit the progression of atherosclerosis so far
because it is a kind of aging process. On the hand, recent
progress in understanding the mechanism of thrombus
formation give us certain hope to develop agents, which can
prevent arterial thrombosis efficiently. We show herein the
mechanism as well as the possible target of new generation
of anti-atherothrombotic agents.

MECHANISM  OF ARTERIAL
THROMBUS FORMATION.

(1). Important Role of von Willebrand Factor and Its
Receptors on the Platelet Surface,

Arterial thrombosis, including thrombosis in the
coronary arteries and carotid arteries, is now believed to be
initiated by disruption of the wvascular endothelium
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associated with plaque rupture or plaque erosion [1,2].
Platelets located adjacent to the endothelium start to
accumulate at sites - where the subendothelial matrix, an
important component of which is collagen, becomes exposed
to the bloodstream as a result of endothelial damage (Fig.
(1)). This is the initial event in atherothrombosis [3]. The
mechanism of arterial platelet thrombus formation on the
exposed subendothelial matrix, which forms the basis of
atherothrombosis , has been investigated extensively in both
animal thrombosis models and in ex vive and in vitro studies
using human platelets.

In a canine model of coronary thrombosis, besides the
commonly used antiplatelet agent aspirin and agents
inhibiting platelet aggregation such as anti-glycoprotein (GP)
Hb/lla agents, specific monoclonal antibodies and drugs
inhibiting von Willebrand factor (VWF) binding with
platelet GP Iba which do not inhibit agonist-induced
platelet aggregation at all, were also demonstrated to be
effective in preventing atherothrombosis [4-6]. These results,
along with the report that a specific monoclonal antibody
against the human Al domain of VWF inhibited occlusive
thrombus formation in the dog coromary artery and also
prevented thrombus formation and neointimal proliferation
in a guinea pig model, [7-9] strongly support the contention
that the Al domain of VWF and its interaction with its
corresponding platelet receptor GP Ibat plays a crucial role in
the formation of platelet thrombi. In addition to these
findings in animal experiments, ex wvive flow chamber
experiments conducted using blood samples obtained from

© 2004 Bentham Science Publishers Ltd.
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Fig. (1). Role of Platelets in Arterial Thrombus Formation. Under arterial blood flow conditions, platelets tend. to flow peripherally.
No interaction occurs berween platelets and endothelial cells when the endothelial cell functions are normal. On the other hand, when
the endothelial cells are disrupted, platelets begin to interact transiently with VWF expressed on stimulated endothelial cells, or to
accumulate on the matrix surface. Note that platelet thrombus formation occurred in the presence of damaged endothelium.

human donors have also shown that besides GP IIb/11la, GP
Ibc, which transiently binds with VWEF, [10,11] also plays
an important role in the activation of platelets [12-18] and
the formation of platelet thrombi (Fig. (2)) [2,3,10,19-23].
Based on these experimental results, we propose the
following mechanism for platelet thrombus formation; [2,20]
when components of the subendothelial matrix, e.g.,
collagen, become exposed to the bloodstream as a result of
atheroma rupture, platelets flowing adjacent to the vessel
wall start to accumulate on the exposed matrix surface under
conditions of high shear stress and become activated. These
activated platelets then become firmly adherent to the matrix
surface through more stable interactions, such as collagen
binding with its receptors, [24] and VWF binding with GP
IIb/THa [21]. Then, other platelets coming in contact with the
adherent platelets interact with them via binding of the GP
Ibct on their surface with the VWF bound on the surface of
the adherent platelets. It is important to note that even
platelet cohesion, which was previously believed to be
mediated exclusively by fibrinogen binding with GP [IbA1a,
[25-27] requires the VWF-GP Ibor interaction under
conditions of high shear stress [28]. In other words, the
fibrinogen-GP IIb/Ia interaction is evidently necessary for
the stabilization of platelet thrombi [21]. Thus, VWF
appears to play a crucial role in not only the initial tethering
of the platelets to the matrix surface, but also in the
accumulation of platelets on the surface of other platelets
already adherent on the matrix surface (Fig. (3)).

In addition to its role in arresting platelets on the
exposed matrix surface or on the surface of already adherent
platelets, the VWF-GP Iba binding is also believed to
trigger activation signals. As a matter of fact, GP Ibc has a

functional link with the cytoskelton through actin-binding
proteins [29]. Furthermore, GP Tbct can alse bind directly to
the 14-3-3-adapter protein  (14-3-3 £), which is supposed to
play an important role in the initiation of activation
signaling [30]. In addition to the role of the signals
originating from the cytoskelton, recent studies also suggest
the possible role of membrane protein association mediated
by cholesterol-rich microdomains named lipid rafts. One
study has demonstrated the presence of the GP IbIX
complex in the lipid rafts, [31] and others have suggested the
possible role of other raft-associated proteins, such as GP
VI/FcRy, in GP IWIX complex-mediated intracellular
signaling [32]. Once these mechanisms are clarified in detail,
we might be able to find antiplatelet targets in VWF-GP
Iboi-mediated signals [34]. Regarding drug development, it
is important to note that crystallographers have demonstrated
the three-dimensional structure of the GP Iba-VWF
complex, [33] and it may be possible to develop small-
molecule inhibitors of the VWF-GP Iba complex as
potential antiplatelet agents 35,36].

(2). Role of Multiple Synergistic Stimulation of Various
Platelet Receptors in Stabilizing Platelet Thrombi.

The VWF-GP Iba interaction plays an important role in
the formation of the initial platelet thrombi; however, it is
important to understand that the thrombi formed via the
mediation of only this interaction are unstable and easily
dissociated [21]. Synergistic stimulation of other receptors,
some examples of which are shown in Fig. (4), is necessary
for the formation of stable platelet thrombi. Of these, the
following are of particular interest, because they are either
targets of antiplatelet agents already available, or may serve
as potential targets of newer generation antiplatelet drugs.
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Fig. (2). Platelet Thrombus Formation on the Collagen Matrix under Blood Flow. Platelet thrombus formation on the surface of
collagen was observed following perfusion of whole blood containing fluorescinated platelets (upper panel). The thrombus
formation was completely inhibited by blockade of the VWF-GP Iba interaction, as well as by that of GP 1Ib/Illa.
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Fig. (3). Mechanism of Platelet Thrombus Formation on the Exposed Subendothelial Matrix under Blood Flow Conditions. Platelets
initially become tethered to immobilized von Willebrand factor through GP Ibo, then become firmly adherent to the surface of the
matrix through VWF-activated GP IIb/Illa and collagen-GP VI interactions. Activated platelets express P-selectin, so that
inflammatory cells, such as leukocytes, also become involved in the thrombus formation. Moreover, activated platelets contribute to
fibrin formation by expressing procoagulant activity mediated by the phospholipids on their surface, and microparticle release.

A. ADP Receptors P2Y); by their active metabolite(s) [40,41]. Biochemical
. ' experimental reports have revealed a link between the P2Y,
nmﬁe%glgfre;;%]) :néei:;;?;s Ea,;'_ 83 S}’fer'i‘}fior:ﬁi;ga t:?;; receptor and the Gi-coupled adenylate cyclase [37,38]. It may

effects of the widely used thienopyridine antiplatelet agents be reasonable to suppose that the antiplatelet effects of

A . . thienopyridine agents are mostly mediated by increase in the
ticlopidine and clopidogrel are mediated by blockade of intracellular levels of ¢c-AMP, although several reports have
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Fig. (4). Synergistic Stimulation of Various Receptors is Involved in the Process of Platelet Thrombus Formation. Stimulation of
various receptors, examples of which are shown in this figure, is involved in the process of platelet activation.

suggested the involvement of other mechanisms as well
[42,43]. Nevertheless, the inhibitory effects of the
thienopyride antiplatelet agents are not limited to inhibition
of platelet aggregation induced by exogenously added ADP;
indeed, we have clearly demonstrated that platelet activation
initiated by the VWF-GP Ibo. interaction under high shear
stress conditions in the absence of exogenous addition of
ADP is also inhibited by more than 50% when P2Y); is
blocked by a specific inhibitor [44]. Moreover, platelet
thrombus formation occurring on the surface of type I
collagen under blood flow conditions, which is obviously
not directly related to the exogenous addition of ADP, was
also inhibited by P2Y,; blockade [45,46]. These
experimental findings lend theoretical support to the clinical
experience with clopidogrel in the prevention of
atherothrombotic diseases, such as the acute coronary
syndrome [47)]. These important role of ADP receptors in
platelet thrombus formation was recently reviewed elsewhere
in detail by Nurden AT and Nurden P [48).

B. Thromboxane A; Receptor

The role played by thromboxane A, receptor in the
process of platelet thrombus formation is less completely
clarified than that of the ADP receptors. It is well known
that aspirin, which'is a commonly used antiplatelet agent
worldwide, inhibits the production of thromboxane A; by
blocking cyclooxygenease [49]. This suggests the possible
role of Tx-A; and the Tx-A; receptor in the process of
arterial thrombus formation. However, in spite of clear
demonstration of the role of aspirin in the prevention of
atherothrombotic disease, [50,51] the precise mechanisms

underlying the inhibition of platelet thrombus formation by

this drug are still not clearly understood. Unlike P2Y,,
inhibitors, aspirin does not inhibit shear-induced VWE-

mediated platelet activation [13] or aggregation [52)].
Although aspirin is known to inhibit arachidonic- acid-
induced and collagen-induced platelet aggregation, [49] the
relevance of such inhibitory effects in the prevention of
arterial thrombus formation in +vivo remains unclear.
Moreover, specific Tx-A; receptor iohibiters, which are
supposed to be stronger antiplatelet agents than aspirin, have
not been shown to have superior preventive effects against
atherothrombotic diseases to those of aspirin {53,54]. Further
investigations are necessary for a complete under-standing of
the role played by Tx-A; receptor stimulation in the process
of arterial thrombus formation in vivo.

C. Collagen Receptors

Another important receptor that is probably involved in

the process of arterial thrombus formation is the collagen

receptor, because collagen is one of the most important
constituents of the subendothelial matrix exposed at sites of
endothelial damage. Both integrin ¢, and GP VI are
involved in platelet adhesion on the surface of collagen [24].
Numerous investigators have demonstrated the importance of
GP VI in platelet thrombus formation, especially under
blood flow conditions [32,55-57]. GP VI, which is linked
with FcRY, [58] plays an important role in not only platelet
activation induced by platelet interaction with collagen, but
also in VWF-mediated platelet activation, [35] as explained
above. This important role of GP VI in platelet thrombus
formation was recently reviewed by Nieswandt and Watson.
[59] Antiplatelet agents targeted against GP VI might be safe
and effective next-generation agents, because they would be
expected to prevent platelet thrombus formation only at sites
where the subendothelial matrix becomes exposed as a result
of endothelial damage, to more strongly inhibit thrombus
formation under high shear stress conditions, such as in
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atherosclerotic stenotic coronary arteries, and to be associated
with only a modest bleeding tendency, as seen in GP VI-
deficient animals and humans [60].

D. Fibrinogen Receptor (GP 1Ib/111a)

Since. platelet aggregation is exclusively mediated by
fibrinogen binding with activated GP IIb/Illa regardless of
the initial activation signal, this receptor ligation is
considered to be the final common pathway for platelet
aggregation [25-27]. Blockers of GP IIb/Illa were therefore
expected to be among the strongest antiplatelet agents
developed yet. After some clinical experience, however, we
have begun to understand the efficacy and limitations of the
anti-GP ITb/ITla agents in the clinical setting, and also the
role of GP Ib/la in the process of arterial thrombus
formation in vive, We describe in detail the current status of
this understanding in the following section.

ROLE OF PLATELET GP IB/IIJA RECEPTOR IN
ARTERIALL. THROMBUS FORMATION: NEW
CONCEPTS AFTER CLINICAL EXPERIENCE WITH
ANTI-GP IIB/TIIA AGENTS.

(1). Initial Expectation

Although we now understand that the conditions
necessary for platelet aggregation are far different from those
necessary for platelet thrombus formation in vive, many
investigators previously believed that platelet aggregation, as
observed in conventional aggregometry, in which platelet
activation is induced by chemical agonists such ADP or
thrombin, alone was involved in platelet thrombus
formation. In this context, aspirin, the most commonly used
antiplatelet agent worldwide, was considered to exert its
antiplatelet effects by inhibiting arachidonic-acid- and
collagen-induced platelet aggregation. Also, the antiplatelet
effects of the thienopyridine antiplatelet agents ticlopidine
and clopidogre! were considered to be exerted via inhibition
of ADP-induced platelet aggregation. Since platelet
aggrepation is exclusively mediated by fibrinogen binding
with GP IIb/IIa, it was expected that platelet thrombus
formation would be prevented when the fibrinogen-GP
[Tb/1Ta ligation was blocked by specific inhibitors.

Of the three distinct classes of anti-GP IIb/Ila agents
currently approved for clinical use by the FDA, [61-63]
abciximab, a human-mouse chimeric Fab of IgG originally
developed as the anti-human mouse monoclonal antibody
7E3 by Dr. Barry Coller, [64] was the first one tested in
clinical trials [65,66]. This chimeric human mouse Fab (Fab
¢c-7E3) was supposed to have reduced immunogenicity, [67]
although this molecule has not yet been completely been
humanized. After initial clinical experience demonstrated the
safety of this agent, large-scale randomized clinical trials
were performed in patients undergoing coronary intervention.
[65,66] Surprisingly, it was found that the incidence of acute
thrombotic complications ~after coronary intervention
decreased by more than 50% following administration of this
chimeric Fab of anti-GP ITb/Illa (patent name: abciximab).
Subsequent to the approval of abeiximab, two small-
molecule anti-GP Mb/IMa agents named tirofiban and
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eptifibatide were also approved by the FDA, because these
agents were also found to significantly reduce the incidence
of acute thrombotic complications in patients with the acute
coronary syndrome [68,69].

(2). Clinical Usefulness and Limitations of Anti-GP
1Ib/Ia Agents

Anti-GP TIb/llla agents are strong antiplatelet agents,
because they block the final common pathway of fibrinogen
binding to GP IIb/Illa that is necessary for platelet
aggregation. We now have reproducible data demonstrating
the effects of anti-GP IIb/Illa agents on the prevention of
acute thrombotic complications after coronary intervention
[61,62]. However, recent clinical experience has revealed the
limitations of these anti-GP IIb/Illa agents in the prevention
of occlusive arterial thrombosis, e.g., that involved in the
development of acute myocardial infarction in high-risk
patients such as those with unstable angina, when no
corcnary intervention is performed {70]. Furthermore, none
of the clinical trials of orally available anti-GP 1Ib/Illa agents
conducted so far have been demonstrated to be superior to
aspirin in the prevention of cardiovascular events [71]. How
can these differential effects of anti-GP IIb/IIla agents in
different clinical settings be explained?

As clearly demonstrated recently by Falati et al.,
formation of arterial occlusive thrombi cannot be completed
by platelet activation alone [72]. Fibrin formation, mostly
on the platelet thrombi, is extremely important for the
formation of thrombi large enough to occlude arteries or
arterioles. While anti-GP IIb/IIla agents inhibit the final
common pathway for platelet aggregation, they do not
inhibit the procoagulant activity expressed on the surface of
activated platelets, except for those agents that also inhibit
oPfs [73]. This implies that the formation of arterial
occlusive thrombi, mostly composed of fibrin, cannot be
effectively prevented by inhibition of the final common
pathway for platelet aggregation. Aspirin and thienopyridine
antiplatelet agents might be more effective for this purpose,
because they inhibit relatively upstream events in the process
of platelet activation. Then, how can the strong efficacy of
anti-GP IIb/Illa agents be explained in the prevention of
thrombotic complications after interventional treatment? We
speculate that the effects under this condition may depend on
the inhibition of distal emboli: 1) Anti-GP IIb/lla agents
have been shown to prevent thrombotic complications
occurring after coronary intervention: The most frequently
occurring and most effectively prevented event was non-Q
wave myocardial infarction diagnosed based on the elevation
of the serum CK, the development of which is associated
with not only thrombotic occlusion, but also with distal
embolization; [66] 2) using recently developed distal
protection devices, platelet thrombi could be detected in
almost all the cases after coronary intervention: 3) The
myocardial perfusion images obtained by PET have
demonstrated the effects of anti-GP IIb/Illa agents in the
prevention of distal emboli in patients undergoing
atherectomy [74]. Similar protective effects, although
less marked, may be observed in patients undergoing
coronary intervention.
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FUTURE DIRECTIONS IN THE DEVELOPMENT OF
ANTIPLATELET AGENTS FOR THE PREVENTION
OF ATHEROTHROMBOSIS.

(1). Drugs Specifically Inhibiting the Development of
Arterial Thrombaosis

Antiplatelet agents, such as anti-GP IIb/Illa, have been
developed as agents that block platelet functions, in general,
to prevent platelet aggregation. These strong antiplatelet
agents, however, are associated with a strong bleeding
tendency. Presently, we are beginning to understand the
specific processes involved in the development of arterial
thrombosis as compared to those involved in the formation
of hemostatic platelet plugs. In my personal opinion, the
following differences should be taken into consideration
while developing antiplatelet agents for specifically
inhibiting atherothrombosis associated with a minimal
bleeding tendency.

(A). Platelet Procoagulant Activity

Since the formation of arterial occlusive thrombi is
characterized mainly by excess fibrin formation [72] that is
initiated by the procoagulant activity of platelets adhering to
the surface of exposed subendothelial matrix, [78,75,76)
regulation of the platelet procoagulant activity may be the
most important target for the development of antiplatelet or
antithrombotic agents to specifically inhibit the formation of
arterial occlusive thrombi. Although the mechanisms are not
fully understood, exposure of the negatively charged
phopholipids on the surface of platelets, microparticle release
and the accumulation of tissue factor on the surface of
activated platelets [18,75-77] have been suggested to play
important roles in the expression of procoagulant activity on
the surface of activated platelets. We have shown previously
that among the three anti-GP IIb/Illa agents currently
available for clinical use, tirofiban has the weakest activity
against expression of platelet procoagulant activity induced
by the VWF-GP Iba interaction under high shear stress
conditions [73]. This may contribute to the superior
preventive effects of abciximab over tirofiban in the
prevention of acute thrombotic events, as demonstrated in
large-scale randomized head to head comparisons; [78] the
difference in the effectiveness between the two drugs was,
however, no longer significant after 6 months [79]. We may
therefore expect to develop a new generation of specific
antiplatelet agents associated with a minimal bleeding
tendency to prevent arterial thrombotic occlusion by
developing agents inhibiting platelet procoagulant activity.
Further investigations must be conducted to gain a complete
understanding of the mechanism of expression of the platelet
procoagulant activity,

(B). Receptors Involved in Platelet Thrombus Formation
on the Exposed Subendothelial Matrix Under Blood Flow
Conditions.

Since arterial thrombosis, such as in the acute coronary
syndrome, is initiated by exposure of the subendothelilal
matrix under conditions of arterial blood flow, drugs
inhibiting the platelet-matrix interaction under blood flow
conditions might have specific inhibitory effects on the onset
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‘of atherothrombosis. In this regard, there are several

potentially important targets, some of which have already
been discussed. VWF and its receptor GP Ibo are unique
targets, because they play a role only under conditions of
high shear stress. It might be useful to develop agents that
block the VWF-GP Ibo, interaction, which would be
expected to be effective only under conditions of high shear
stress, such as in the case of coronary thrombosis occurring
at sites of atherosclerotic stenosis. Moreover, the bleeding
tendency observed in patients completely deficient in VWF
or GP Ibe is usually relatively mild as compared to that
seen in patients deficient in GP IIb/IIa. These findings lend
support to the hypothesis that the VWF-GP Iba interaction,
or the direct signals generated by this interaction might serve
as potentially useful targets for the development of relatively
selective antiplatelet agents for the prevention of
atherothrombosis.

As discussed previously, collagen receptors, in particular,
GP VI, might also be potentially suitable target for the
development of antiplatelet agents specifically effective in
the prevention of arterial thrombosis, because collagen
exposure to the bloodstream after atheroma rupture is the
initial event that triggers the development of acute
myocardial infarction. The bleeding tendency caused by
blockade of GP V1 is expected to be relatively mild, because
patients deficient in GP VI and knockout mice deficient in
GP VI have been shown to exhibit only a modest bleeding
tendency [55]. Recently, some very interesting findings were
published by Nieswandt ef al. They showed that injection of
anti-GP VI antibody, without directly inhibiting the
collagen-GP VT interaction, not only attenuated the “platelet
surface expression of GP VI, but also the production of GP
VI mRNA in megakaryocytes [80].

CONCLUSIONS

(1) The mechanisms of arterial thrombus formation in vive
are different from those underlying platelet aggregation
in conventional aggregometry. Not only GP IIb/Ila
ligation, but also numerous other receptor-ligand
interactions are involved in the former,

(2) Anti-GP.IIb/Ia agents, developed as strong inhibitors
of platelet aggregation, have been reported to be
effective in the prevention of thrombotic complications
after coronary intervention, but their effects on the
_prevention of atherothrombosis are limited, Drugs
inhibiting activation events upstream of the final
common pathway might be more effective.

(3) Future antiplatelet agents should selectively prevent
atherothrombosis without being associated with
bieeding tendency, In this regard, the procoagulant
activity expressed on the platelet surface, as well as
molecules specifically involved in platelet thrombus
formation on the exposed subendothelial matrix under
blood flow conditions, might serve as good targets.
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ABBREVIATIONS

GP=  Glycoprotein

VWF = Von Willebrand factor
ADP = Adenosine 5’-diphosphate
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Pioglitazone Prevents Alcohol-Induced Fatty Liver in Rats

Through Up-regulation of c-Met
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Background & Aims: Treatment of steatosls is important
in preventing development of fibrosis in alcoholic liver
diseases. This study aimed to examine if pioglitazone,
an antidiabetic reagent serving as a ligand of peroxi
some proliferator-activated receptor gamma (PPARY),
could prevent alcoholic fatty liver. Methods: Rats fed
with an ethanol-containing liquid diet were given the
reagent at 10 mg/kg per day intragastrically for 6
weeks, Hepatic genes involved in actions of the reagent
were mined by transcriptome analyses, and their
changes were confirmed by real-time polymerase chain
reaction and Western blotting analyses. The direct ef-
fects of pioglitazone on primary-cultured hepatocytes
were also assessed In vitro. Results: Pioglitazone signif-
fcantly attenuated steatosis and lipid peroxidation elic-
ited by chronic ethanol exposure without altering insulin
resistance. Mechanisms for improving effects of the
reagent appeared to involve restoration of the ethanok
induced down-regulation of ¢-Met and up-regulation of
stearoyl-CoA desaturase (SCD). Such effects of pioglita-
zone on the c-Met signaling pathway resulted from its
tyrosine phosphorylation and resultant up-regulation of
the apolipoprotein B (apoB)}mediated lipid mobilization
from hepatocytes through very low-density lipoprotein
(VLDL) as well as down-regulation of sterol regulatory
element binding protein (SREBP) -1¢ and SCD levels and
a decrease in triglyceride synthesis in the liver.
Conclusions: Pioglitazone activates ¢-Met and VLDL-de-
pendent lipid retrieval and suppresses triglyceride syn-
thesis and thereby serves as a potentially useful strata-
gem to attenuate ethanol-induced hepatic steatosis.

hrenic consumption of excess alcohol is hepatotoxic

in humans and produces an accumulation of hepatic
triglycerides to cause steatosis. These changes are patho-
logically chatacterized by macrovesicular fatry degener-
ation and occur in pericentral regions. Recent clinical
studies provided evidence that such an accumulation of
triglycerides in the liver is not benign but could lead to

fibrosis and cirrhosis with effective treatment remaining
to be established.!? Because the hepatic steatosis often
coincides with hyperinsulinemia and insulin resistance,
treatment that renders patients sensitive to the hormone
could be beneficial. Such a possibility was well supported
by previous studies showing that metformin, an agent
improving insulin resistance of the liver, improved ste-
atosis, hepatomegaly, and the release of transaminases in
insulin-resistant ob/ob mice with nonalcoholic fatty liver;
mechanisms for such beneficial effects of metformin appear
o involve down-regulation of tumor necrosis facror-ot
(TNF-w) and TNF-inducible genes such as SREBP-1 and
uncoupling protein-2* as well as increased phosphorylation
and activation of AMP-activated protein kinase (AMPK).4
The fact that the histological features and natural history of
alcoholic fatty liver are similar to those of nonalcoholic fatty
liver suggests that unidentified common mechanisms for
pathogenesis of hepatic steatosis could be involved in these
2 disease conditions. However, utilization of metformin is
unlikely to be applicable to treat alcoholic steatosis because
of its side effect of lactic acidosis, an important complication
of clinical alcoholic liver injury.

Such circumstances led us to examine if another class
of antidiabetic agents such as thiazolidinediones are ef-
fective to treat hepatic steatosis caused by chronic etha-
nol administration. These reagents are ligands of perox-

Abbreviations used in this paper: ALT, alanine aminotransferase;
AMPK, AMP-activated proteln kinase; apoB, apolipoprotein B; AST,
aspartate aminotransferase; BADGE, bisphenol A diglycidyl ether; HGF,
hepatocyte growth factor; 4HNE, 4-hydroxynonenal; HOX, heme oxy-
genase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PPAR,
peraxisome proliferator-activated receptor; PCR, reverse-transcriptase
pelymerase chaln reactlon; TG, trlglyceride; TNF-x, tumor necrosls
factor-a; VLDL, very low-denslty lipeproteln; ZDF fa/fa, Zucker diabetle
fatty.
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