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INTRODUCTION

Blood carries oxygen and nutrientsto tissues and takes meta-
bolic waste products away from tissues. Humans have devel -
oped a well-regulated system of hemostasis to keep the
blood fluid and clot-free in normal vessels and to form a
localized plug rapidly in injured vessels. Thrombosis de-
scribes a pathologic state in which normal hemostatic pro-
cesses are activated inappropriately. For example, a blood
clot (thrombus) may form as the result of arelatively minor
vessel injury and occlude a section of the vascular tree. This
chapter presents the normal physiology of hemostasis, the
pathophysiology of thrombosis, and the pharmacology of
drugs that can be used to prevent or reverse a thrombotic
state. Drugs introduced in this chapter are used to treat a
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variety of cardiovascular diseases, such as deep vein throm-
bosis and myocardia infarction.

B Case

Mr. Soprano, a 55-year-old man with a history of hyperten-
sion and cigarette smoking, is awakened in the middle of
the night with substernal chest pressure, sweating, and
shortness of breath. He calls 911 and is taken to the emer-
gency room. An EKG shows deep T-wave inversions in
leads V2 to V5. A cardiac biomarker panel shows a creatine
kinase level of 400 U/L (normal, <200 U/L) with 10% MB
fraction (the heart-specific isoform), suggesting myocardial
infarction. He is treated with IV nitroglycerin, aspirin, un-
fractionated heparin, and eptifibatide, but his chest

387



LP-FPPP-92900 R1 CH22 01-15-07 10:08:23

388 Il Principles of Cardiovascular Pharmacology

pain persists. He is taken to the cardiac catheterization labo-
ratory, where he is found to have a 90% mid-LAD (left
anterior descending artery) thrombus with sluggish distal
flow. He undergoes successful angioplasty and stent place-
ment. At the time of stent placement, an intravenous load-
ing dose of clopidogrel is administered. The heparin is
stopped, the eptifibatide is continued for 18 more hours,
and he is transferred to the telemetry ward. Six hours later,
Mr. Soprano is noted to have an expanding hematoma (an
area of localized hemorrhage) in his right thigh below the
arterial access site. The eptifibatide is stopped and pressure
is applied to the access site, and the hematoma ceases to
expand. He is discharged 2 days later with prescriptions for
clopidogrel and aspirin, which are administered to prevent
subacute thrombosis of the stent.

QUESTIONS

B 1. Howdid ablood clot arise in Mr. Soprano’s coronary

artery?

If low molecular weight heparin had been used

instead of unfractionated heparin, how would the

monitoring of the patient’s coagulation status during
the procedure have been affected?

What accounts for the efficacy of eptifibatide (a

platelet GPIIb—llla antagonist) in inhibiting platelet

aggregation?

When the expanding hematoma was observed,

could any measure other than stopping the

eptifibatide have been used to reverse the effect of
this agent?

. How do aspirin, heparin, clopidogrel, and epti-
fibatide act in the attempt to treat Mr. Soprano’s
blood clot and to prevent recurrent thrombus
formation?

u 2.

PHYSIOLOGY OF HEMOSTASIS

Aninjured blood vessel must induce the formation of ablood
clot to prevent blood loss and to allow healing. Clot forma-
tion must also remain localized to prevent widespread clot-
ting within intact vessels. The formation of alocalized clot
at the site of vessel injury isaccomplished in four temporally
overlapping stages (Elg__22-1). First, localized vasocon-
striction occurs as aresponse to areflex neurogenic mecha-
nism and to the secretion of endothelium-derived vasocon-
strictors such as endothelin.  Immediately following
vasoconstriction, primary hemostasis occurs. During this
stage, platelets are activated and adhere to the exposed sube-
ndothelial matrix. Platelet activation involvesboth achange
in shape of the platelet and the release of secretory granule
contents from the platelet. The secreted granule substances
recruit other platelets, causing more platelets to adhere to
the subendothelial matrix and to aggregate with one another
at the site of vascular injury. Primary hemostasis ultimately
results in the formation of a primary hemostatic plug.

The goal of the final two stages of hemostasisis to form
a stable, permanent plug. During secondary hemostasis,
also known as the coagulation cascade, the activated endo-
thelium and other nearby cells (see below) express a mem-
brane-bound procoagulant factor called tissue factor, which
complexes with coagulation factor VI to initiate the coagu-
lation cascade. The end result of this cascadeisthe activation
of thrombin, a critical enzyme. Thrombin serves two pivotal
functions in hemostasis: (1) it converts soluble fibrinogen
to an insoluble fibrin polymer that forms the matrix of the
clot; and (2) it induces more platelet recruitment and activa-
tion. Recent evidence indicates that fibrin clot formation
(secondary hemostasis) overlaps temporally with platelet
plug formation (primary hemostasis), and that each process
reinforces the other. During the final stage, platelet aggrega-
tion and fibrin polymerization lead to the formation of a
stable, per manent plug. In addition, antithr ombotic mech-
anisms restrict the permanent plug to the site of vessdl in-
jury, ensuring that the permanent plug does not inappro-
priately extend to occlude the vascular tree.

VASOCONSTRICTION

Transient arteriolar vasoconstriction occurs immediately
after vascular injury. This vasoconstriction is mediated by
a poorly understood reflex neurogenic mechanism. Local
endothelial secretion of endothelin, a potent vasoconstric-
tor, potentiates the reflex vasoconstriction. Because the
vasoconstriction is transient, bleeding would continue if pri-
mary hemostasis were not activated.

PRIMARY HEMOSTASIS

The goal of primary hemostasis is to form a platelet plug
that rapidly stabilizesvascular injury. Platelets play apivotal
role in primary hemostasis. Platelets are cell fragments that
arise by budding from megakaryocytes in the bone marrow;
these small, membrane-bound discs contain cytoplasm but
lack nuclei. Glycoprotein receptors in the platelet plasma
membrane are the primary mediators by which platelets are
activated. Primary hemostasis involves the transformation
of platelets into a hemostatic plug through three reactions:
(1) adhesion; (2) the granule release reaction; and (3) aggre-
gation and consolidation.

Platelet Adhesion

In thefirst reaction, platelets adhere to subendothelial colla
gen that is exposed after vascular injury . This
adhesion is mediated by von Willebrand factor (VWF), a
large multimeric protein that is secreted by both activated
platelets and the injured endothelium. VWF binds both to
surface receptors (especialy glycoprotein Ib [GPIb]) on the
platelet membrane and to the exposed collagen; this‘* bridg-
ing’”’ action mediates adhesion of platelets to the collagen.
The GPIb:vWEF:collagen interaction is critical for initiation
of primary hemostasis, because it is the only known molecu-
lar mechanism by which platelets can adhere to the injured
vessel wall.
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Figure 22-1. Sequence of events in hemostasis. The hemostatic
process can be divided conceptually into four stages—vasoconstric-
tion, primary hemostasis, secondary hemostasis, and resolution—
although recent evidence suggests that these stages are temporally
overlapping and may be nearly simultaneous. A. Vascular injury
causes endothelial denudation. Endothelin, released by activated en-
dothelium, and neurohumoral factor(s) induce transient vasocon-
striction. B. Injury-induced exposure of the subendothelial matrix (7)
provides a substrate for platelet adhesion and activation (2). In the
granule release reaction, activated platelets secrete thromboxane A,
(TxA;) and ADP (3). TxA, and ADP released by activated platelets
cause nearby platelets to become activated; these newly activated
platelets undergo shape change (4) and are recruited to the site of
injury (5). The aggregation of activated platelets at the site of injury
forms a primary hemostatic plug (6). C. Tissue factor expressed on
activated endothelial cells (7) and leukocyte microparticles (not
shown), together with acidic phospholipids expressed on activated
platelets and activated endothelial cells (2), initiate the steps of the
coagulation cascade, culminating in the activation of thrombin (3).
Thrombin proteolytically activates fibrinogen to form fibrin, which
polymerizes around the site of injury, resulting in the formation of a
definitive (secondary) hemostatic plug (4). D. Natural anticoagulant
and thrombolytic factors limit the hemostatic process to the site of
vascular injury. These factors include tissue plasminogen activator
(t-PA), which activates the fibrinolytic system (7); thrombomodulin,
which activates inhibitors of the coagulation cascade (2); prosta-
cyclin, which inhibits both platelet activation and vasoconstriction
(3); and surface heparin-like molecules, which catalyze the inactiva-
tion of coagulation factors (4). E. Scanning electron micrographs of
resting platelets (7), a platelet undergoing cell spreading shortly after
cell activation (2), and a fully activated platelet after actin filament
bundling and crosslinking and myosin contraction (3).
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Figure22-2. Platelet adhesion and aggregation. von Willebrand
factor mediates platelet adhesion to the subendothelium by binding
both to the platelet membrane glycoprotein GPIb and to exposed
subendothelial collagen. During platelet aggregation, fibrinogen
crosslinks platelets to one another by binding to GPIIb-llla receptors
on platelet membranes.

Platelet Granule Release Reaction

Adherent platelets undergo a process of activation (E|§. 22
3) during which the cells’ granule contents are released. The
release reaction isinitiated by agonist binding to cell surface
receptors, which activates intracellular protein phosphoryla
tion cascades and ultimately causes release of granule con-
tents. Specifically, stimulation by ADP, epinephrine, and
collagen leads to activation of platelet membrane phospholi-
pase A, (PLA,). PLA, cleaves membrane phospholipids and
liberates arachidonic acid, which is converted into a cyclic
endoperoxide by platelet cyclooxygenase. Thromboxane
synthase subsequently converts the cyclic endoperoxide into
thromboxane A, (TxA,). TxA,, via a G protein-coupled
receptor, causes vasoconstriction at the site of vascular in-
jury by inducing a decrease in CAMP levels within vascular
smooth muscle cells. TxA, aso stimulates the granule re-
lease reaction within platelets, thereby propagating the cas-
cade of platelet activation and vasoconstriction.

During the release reaction, large amounts of ADP, C&2 ™,
ATP, serotonin, VWF, and platelet factor 4 are actively se-
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Figure 22-3. Platelet activation. Platelet activation is initiated at
the site of vascular injury when circulating platelets adhere to ex-
posed subendothelial collagen and are activated by locally generated
mediators. Activated platelets undergo shape change and granule
release, and platelet aggregates are formed as additional platelets
are recruited and activated. Platelet recruitment is mediated by the
release of soluble platelet factors, including ADP and thromboxane
A, (TxA,). Tissue factor, expressed on activated endothelium, is a
critical initiating component in the coagulation cascade. The mem-
branes of activated platelets provide a surface for a number of critical
reactions in the coagulation cascade, including the conversion of pro-
thrombin to thrombin.

creted from platelet granules. ADP is particularly important
in mediating platelet aggregation, causing platelets to be-
come ‘‘sticky’’ and adhere to one another (see below). Al-
though strong agonists (such as thrombin and collagen) can
trigger granule secretion even when aggregation is pre-
vented, ADP can trigger granule secretion only in the pres-
ence of platelet aggregation. Presumably, this difference is
caused by the set of intracellular effectors that are coupled
to the various agonist receptors. Release of Ca?* ionsisalso
important for the coagulation cascade, as discussed below.

Platelet Aggregation and Consolidation

TxA,, ADP, and fibrous collagen are al potent mediators
of platelet aggregation. TxA, promotes platelet aggregation
through stimulation of G protein-coupled TxA, receptorsin
the platelet membrane (@ Binding of TxA, to plate-
let TxA, receptors leads to activation of phospholipase C
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Figure 22-4. Platelet activation by thromboxane A,. 1. Thromboxane A, (TxA;) is generated from arachidonic acid in activated platelets;
cyclooxygenase catalyzes the committed step in this process. 2. Secreted TxA, binds to the cell surface TxA, receptor (TxA,-R), a G protein-
coupled receptor. 3. The Ga isoform Gagq activates phospholipase C (PLC). 4. PLC hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP,)
to yield inositol 1,4,5-trisphosphate (IPs) and diacylglycerol (DAG). 5. IP5 raises the cytosolic Ca?* concentration by promoting vesicular
release of Ca®™ into the cytosol. 6. DAG activates protein kinase C (PKC). 7. PKC activates phospholipase A, (PLA,). 8. Through a poorly
understood mechanism, activation of PLA, leads to the activation of GPIIb-llla. 9. Activated GPIIb-llla binds to fibrinogen. 10. Fibrinogen
crosslinks platelets by binding to GPIIb-llla receptors on other platelets. This crosslinking leads to platelet aggregation and formation of a

primary hemostatic plug.

(PLC), which hydrolyzes phosphatidylinositol 4,5-bisphos-
phate (PI[4,5]P,) to yield inositol 1,4,5-trisphosphate (1Ps)
and diacylglycerol (DAG). IP; raises the cytosolic Ca?™
concentration and DAG activates protein kinase C (PKC),
which in turn promotes the activation of PLA,. Through a
poorly understood mechanism, PLA, activation induces the
expression of functional GPI1b—Il1a, the membrane integrin
that mediates platel et aggregation. ADPtriggers platel et acti-
vation by binding to G protein-coupled ADP receptorson the
platelet surface (FTg.22-5). The two subtypes of G protein-
coupled platelet ADP receptors are termed P2Y 1 receptors
and P2Y(ADP) receptors. P2Y1, a Gq-coupled receptor,
releases intracellular calcium stores through activation of
phospholipase C. P2Y (ADP), a G;-coupled receptor, inhibits
adenylyl cyclase. The P2Y (ADP) receptor isthetarget of the
antiplatelet agents ticlopidine and clopidogrel (see below).

Activation of ADP receptors mediates platelet shape change
and expression of functional GPIlb—Illa. Fibrous collagen
activates platel ets by binding directly to platelet glycoprotein
VI (GPVI). Ligation of GPVI by collagen leadsto phospholi-
pase C activation and platel et activation, as described above.

Platelets aggregate with one another through a bridging
molecule, fibrinogen, which has multiple binding sites for
functional GPlIb-Illa (Fig. 22-2). Just as the VWVF:GPIb
interaction isimportant for platelet adhesion to exposed su-
bendothelial collagen, the fibrinogen:GPlIb—Illa interac-
tioniscritical for platelet aggregation. Platelet aggregation
ultimately leads to the formation of a reversible clot, or a
primary hemostatic plug.

Activation of the coagulation cascade proceeds nearly
simultaneously with the formation of the primary hemostatic
plug, as described below. Activation of the coagulation cas-
cade leads to the generation of fibrin, initially at the periph-
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Figure 22-5. Platelet activation by ADP and thrombin. Left panel: 1. Binding of ADP to the P2Y(ADP) receptor activates a G; protein,
which inhibits adenylyl cyclase. 2. Inhibition of adenylyl cyclase decreases the synthesis of cCAMP, and hence decreases protein kinase A (PKA)
activation (dashed arrow). cAMP is metabolized to AMP by phosphodiesterase (PDE). 3. PKA inhibits platelet activation through a series of
poorly understood steps. Therefore, the decreased PKA activation that results from ADP binding to the P2Y(ADP) receptor causes platelet
activation. Right panel: 4. Thrombin proteolytically cleaves the extracellular domain of its receptor. This cleavage creates a new N-terminus,
which binds to an activation site on the thrombin receptor to activate a G4 protein. 5. ADP also activates G4 by binding to the P2Y1 receptor.
6. Gq activation (by either thrombin or ADP) activates phospholipase C (PLC). 7. PLC activity leads to platelet activation, as shown in Figure
22-4. Note that ADP can activate platelets by binding to either the P2Y(ADP) receptor or the P2Y1 receptor, although recent evidence suggests

that full platelet activation requires the participation of both receptors.

ery of the primary hemostatic plug. Platelet pseudopods at-
tach to the fibrin strands at the periphery of the plug and
contract. Platelet contraction yieldsacompact, solid, irrever-
sible clot, or a secondary hemostatic plug.

SECONDARY HEMOSTASIS: THE
COAGULATION CASCADE

Secondary hemostasis is also termed the coagulation cas-
cade. The goa of this cascade is to form a stable fibrin
clot at the site of vascular injury. Details of the coagulation
cascade are presented schematically in Figure 22-6. Several
genera principles should be noted.

First, the coagulation cascade is a sequence of enzymatic
events. Most plasma coagulation factors circulate asinactive
proenzymes, which are synthesized by the liver. These pro-
enzymes are proteolytically cleaved, and thereby activated,
by the activated factors that precede them in the cascade.

The activation reaction is catalytic and not stoichiometric.
For example, one ““unit’”’ of activated factor X can poten-
tially generate 40 ‘‘units'’ of thrombin. This robust amplifi-
cation process rapidly generates large amounts of fibrin at
a site of vascular injury.

Second, the major activation reactions in the cascade
occur at siteswhere aphospholipid-based protein—protein
complex hasformed . This complex is composed
of amembrane surface (provided by activated platelets, acti-
vated endothelial cells, and possibly activated |eukocyte mi-
croparticles [see below]), an enzyme (an activated coagula-
tion factor), a substrate (the proenzyme form of the
downstream coagulation factor), and a cofactor. The pres-
ence of negatively charged phospholipids, especially phos-
phatidylserine, iscritical for assembly of the complex. Phos-
phatidylserine, which is normally sequestered in the inner
lesflet of the plasma membrane, translocates to the outer
leaflet of the membrane in response to agonist stimulation
of platelets, endothelial cells, or leukocytes. Calcium is re-
quired for the enzyme, substrate, and cofactor to adopt the
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Figure 22-6. Coagulation cascade. The coagulation cascade is
arbitrarily divided into the intrinsic pathway, the extrinsic pathway,
and the common pathway. The intrinsic and extrinsic pathways con-
verge at the level of factor X activation. The intrinsic pathway is largely
an in vitro pathway, while the extrinsic pathway accounts for the
majority of in vivo coagulation. The extrinsic pathway is initiated at
sites of vascular injury by the expression of tissue factor on several
different cell types, including activated endothelial cells, activated
leukocytes (and leukocyte microparticles), subendothelial vascular
smooth muscle cells, and subendothelial fibroblasts. Note that Ca?*
is a cofactor in many of the steps, and that a number of the steps
occur on phospholipid surfaces provided by activated platelets, acti-
vated endothelial cells, and activated leukocytes (and leukocyte mi-
croparticles). Activated coagulation factors are shown in blue and
indicated with a lower case “a.” HMWK, high-molecular-weight ki-
ninogen.

proper conformation for the proteolytic cleavage of acoagu-
lation factor proenzyme to its activated form.

Third, the coagulation cascade has been divided tradition-
aly into the intrinsic and extrinsic pathways (Fig. 22-6).
This division is aresult of in vitro testing and is essentially
arbitrary. Theintrinsic pathway is activated in vitro by factor
X1l (Hageman factor), while the extrinsic pathway is initi-
ated in vivo by tissue factor, a lipoprotein expressed by
activated leukocytes (and microparticles derived from acti-
vated leukocytes; see below), activated endothelial cells, su-
bendothelial smooth muscle cells, and subendothelial fibro-
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Proteolytic cleavage
(activation) of prothrombin
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@ Prothrombin (I1)

Va Ca** Thrombin (lla)
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Figure 22-7. Coagulation factor activation on phospholipid
surfaces. Surface catalysis is critical for a number of the activation
reactions in the coagulation cascade. Each activation reaction con-
sists of an enzyme (e.g., factor IXa), a substrate (e.g., factor X), and
a cofactor or reaction accelerator (e.g., factor Vllla), all of which are
assembled on the phospholipid surface of activated platelets, endo-
thelial cells, and leukocytes. Ca?* allows the enzyme and substrate
to adopt the proper conformation in each activation reaction. In the
example shown, factor Vllla and Ca®™" act as cofactors in the factor
IXa-mediated cleavage of factor X to factor Xa. Factor Va and Ca?*
then act as cofactors in the factor Xa-mediated cleavage of prothrom-
bin to thrombin.

blasts at the site of vascular injury. Although these two
pathways converge at the activation of factor X, there also
exists much interconnection between the two pathways. Be-
cause factor VII (activated by the extrinsic pathway) can
proteolytically activatefactor I X (akey factor intheintrinsic
pathway), the extrinsic pathway is regarded as the primary
pathway for the initiation of coagulation in vivo.

Fourth, both the intrinsic and extrinsic coagulation path-
ways lead to the activation of factor X. In an important reac-
tion that requires factor V, activated factor X proteolyticall
cleaves prothrombin (factor 11) to thrombin (factor 11a)
22-8). Thrombin isamultifunctional enzyme that acts in the
coagulation cascade in four important ways: (1) it converts
the soluble plasma protein fibrinogen into fibrin, which then
forms long insoluble polymer fibers; (2) it activates factor
X111, which crosslinks the fibrin polymers into a highly sta-
ble meshwork or clot; (3) it amplifies the clotting cascade
by catalyzing the feedback activation of factors VIII and V;
and (4) it strongly activates platelets, causing granule re-
lease, platelet aggregation, and platelet-derived microparti-
cle generation. In addition to its procoagulant properties,
thrombin acts to modul ate the coagul ation response. Throm-
bin binds to thrombin receptors on the intact vascular endo-
thelia cellsadjacent tothe areaof vascular injury, and stimu-
|ates these cellsto release the platel et inhibitors prostacyclin
(PGI5) and nitric oxide (NO), the profibrinolytic protein tis-
sue-type plasminogen activator (t-PA), and the endogenous
t-PA modulator plasminogen activator inhibitor 1 (PAI-1)
(see below).

The thrombin receptor, a protease-activated G protein-
coupled receptor, is expressed in the plasma membrane of



LP-FPPP-92900 R1 CH22 01-15-07 10:08:23

394 1l Principles of Cardiovascular Pharmacology
Resting
endothelial  Activated
ceIIs endothelial

cells
VII Vlla vIil villa Xl Xla

Prothrombin (1) j
Xa Ca2+ O

Resting

platelets

Thrombin (lla) D

Flbrlnogen /\ Activated
Xl XIIIa

platelets
Fibrin G99

\%%

Fibrin polymer Crosslinked

fibrin polymer

Figure 22-8. Central role of thrombin in the coagulation cas-
cade. In the coagulation cascade, prothrombin is cleaved to thrombin
by factor Xa; factor Va and Ca®* act as cofactors in this reaction,
and the reaction takes place on an activated (phosphatidylserine-
expressing) phospholipid surface (PL). Thrombin converts the solu-
ble plasma protein fibrinogen to fibrin, which spontaneously poly-
merizes. Thrombin also activates factor XllI, a transglutaminase that
crosslinks the fibrin polymers into a highly stable meshwork or clot.
Thrombin also activates co-factors V and VI, as well as coagulation
factors VIl and XI. In addition, thrombin activates both platelets and
endothelial cells. Finally, thrombin stimulates the release of several
antithrombotic factors—including PGl,, NO, and t-PA—from resting
(intact) endothelial cells near the site of vascular injury; these factors
limit primary and secondary hemostasis to the injured site (not
shown).

platelets, vascular endothelial cells, smooth musclecells, and
fibroblasts. Activation of the thrombin receptor involvespro-
teolytic cleavage of an extracellular domain of the receptor
by thrombin. The new NH,-terminal-tethered ligand binds
intramolecularly to a discrete site within the receptor and
initiates intracellular signaling. Activation of the thrombin
receptor results in G protein-mediated activation of PLC
(Fig. 22-5) and inhibition of adenylyl cyclase.

Finaly, recent evidence from intravital (in vivo) micros-
copy experiments suggests that leukocyte-derived micropar-
ticles have an important role in coupling platelet plug forma-
tion (primary hemostasis) to fibrin clot formation (secondary
hemostasis). A subpopulation of these microparticles, re-
leased from monocytes that are activated in the context of
tissue injury and inflammation, appears to express both tis-
sue factor and PSGL-1, a protein that binds to the P-selectin
adhesion receptor expressed on activated platelets. By re-
cruiting tissue factor-bearing microparticles throughout the
developing platelet plug (primary hemostasis), thrombin
generation and fibrin clot formation (secondary hemostasis)
could be greatly accelerated within the plug itself. Indeed, it
appears that vessel wall tissue factor (expressed by activated
endothelial cells and subendothelial fibroblasts and smooth
muscle cells) and microparticle tissue factor are both impor-
tant for formation of a stable clot.

REGULATION OF HEMOSTASIS

Hemostasis is exquisitely regulated for two major reasons.
First, hemostasis must be restricted to the local site of vascu-
lar injury. That is, activation of platelets and coagulation
factorsin the plasmashould occur only at the site of endothe-
lial damage, tissue factor expression, and procoagulant phos-
pholipid exposure. Second, the size of the primary and sec-
ondary hemostatic plugs must be restricted so that the
vascular lumen remains patent. After vascular injury, intact
endothelium in the immediate vicinity of the injury becomes
“‘activated.”” This activated endothelium presents a set of
procoagulant factors that promote hemostasis at the site of
injury, and anticoagulant factors that restrict propagation of
the clot beyond the site of injury. The procoagulant factors,
such astissue factor and phosphatidylserine, tend to be mem-
brane-bound and localized to the site of injury — these
factors provide a surface on which the coagulation cascade
can proceed. In contrast, the anticoagulant factors are gener-
ally secreted by the endothelium and are solublein the blood.
Thus, the activated endothelium maintains a balance of pro-
coagulant and anticoagulant factors to limit hemostasis to
the site of vascular injury.

After vascular injury, the endothelium surrounding the
injured area participates in five separate mechanisms that
limit the initiation and propagation of the hemostatic process
to the immediate vicinity of the injury. These mechanisms
involve prostacyclin (PGl.), antithrombin 111, proteins C and
S, tissue factor pathway inhibitor (TFPI), and tissue-type
plasminogen activator (t-PA).

Prostacyclin (PGl>,) is an eicosanoid (i.e., a metabolite
of arachidonic acid) that is synthesized and secreted by the
endothelium. By acting through G protein-coupled platel et
surface PGl receptors, this metabolite increases CAMP lev-
els within platelets and thereby inhibits platelet aggregation
and platelet granule release. PGI, also has potent vasodila-
tory effects; this mediator induces vascular smooth muscle
relaxation by increasing CAMP levels within the vascular
smooth muscle cells. (Note that these mechanismsare physi-
ologically antagonistic to those of TxA,, which induces
platelet activation and vasoconstriction by decreasing intra-
cellular cAMP levels.)) Therefore, PG, both prevents plate-
lets from adhering to the intact endothelium that surrounds
the site of vascular injury and maintains vascular patency
around the site of injury.

Antithrombin 111 inactivates thrombin and other coagu-
lation factors (IXa, Xa, Xla, and Xlla, where “‘a’ denotes
an ‘‘activated’’ factor) by forming a stoichiometric complex
with the coagulation factor . These interactions
are enhanced by a heparin-like molecule that is expressed
at the surface of intact endothelia cells, ensuring that this
mechanism is operative at al locations in the vascular tree
except where endothelium is denuded at the site of vascular
injury. (These endothelial cell surface proteoglycans are re-
ferred to as‘ ‘heparin-like'’ because they are the physiologic
equivalent of the pharmacologic agent heparin, discussed
below.) Heparin-like molecules on the endothelial cells bind
to and activate antithrombin 11, which is then primed to
complex with (and thereby inactivate) the activated coagula-
tion factors.
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Figure 22-9. Antithrombin Il action. Antithrombin IIl (ATIII) inactivates thrombin and factors IXa, Xa, Xla, and Xlla by forming a stoichiomet-
ric complex with these coagulation factors. These reactions are catalyzed physiologically by heparin-like molecules expressed on healthy
endothelial cells; sites of vascular injury do not express heparin-like molecules because the endothelium is denuded or damaged. Pharmacolog-
ically, these reactions are catalyzed by exogenously administered heparin. In more detail, the binding of heparin to ATIIl induces a conforma-
tional change in ATIII (A) that allows the ATIII to bind thrombin or coagulation factors IXa, Xa, Xla or Xlla. The stoichiometric complex between
ATIII and the coagulation factor is highly stable, allowing heparin to dissociate without breaking up the complex (B).

Protein C and protein S are vitamin K-dependent pro-
teins that slow the coagul ation cascade by inactivating coag-
ulation factorsVaand Vllla. Protein C and protein Sare part
of afeedback control mechanism, in which excess thrombin
generation leads to activation of protein C which, in turn,
helps to prevent the enlarging fibrin clot from occluding
the vascular lumen. Specifically, the endothelial cell surface
protein thrombomodulin is a receptor for both thrombin
and protein C in the plasma. Thrombomodulin binds these
proteinsin such away that thrombomodulin-bound thrombin
cleaves protein C to activated protein C (also known as pro-
tein Ca). In a reaction that requires the cofactor protein S,
activated protein C then inhibits clotting by cleaving (and
thereby inactivating) factors Va and Vllla

Tissue factor pathway inhibitor (TFPI), as its name
indicates, limitsthe action of tissuefactor (TF). The coagula-
tion cascade is initiated when factor VIla complexes with
TF at the site of vascular injury (Fig. 22-6). The resulting
V1laTF complex catalyzes the activation of factors IX and
X. After limited quantities of factors I Xa and Xa are gener-
ated, the VIlaTF complex becomes feedback inhibited by

TFPI in a two-step reaction. First, TFPI binds to factor Xa
and neutralizes its activity in a Ca?* -independent reaction.
Subsequently, the TFPI:Xa complex interacts with the Vlla
TF complex via a second domain on TFPI, so that a quater-
nary XaTFPI:VIlaTF complex is formed. The molecular
‘‘knots’’ of the TFPI molecule hold the quaternary complex
tightly together and thereby inactivate the VIla: TF complex.
Inthismanner, TFPI preventsexcessive TF-mediated activa-
tion of factors IX and X.

Plasmin exerts its anticoagulant effect by proteolytically
cleaving fibrin into fibrin degradation products. Because
plasmin has powerful antithrombotic effects, the formation
of plasmin has intrigued researchers for many years, and a
number of pharmacologic agents have been developed to
target the plasmin formation pathway (F|§. 221(5) Plasmin
is generated by the proteolytic cleavage of plasminogen, a
plasma protein that is synthesized in the liver. The proteoly-
tic cleavage is catalyzed by tissue-type plasminogen acti-
vator (t-PA), which issynthesized and secreted by the endo-
thelium. Plasmin activity is carefully modulated by three
regulatory mechanismsin order to restrict plasmin action to
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Figure 22-10. The Fibrinolytic System. Plasmin is formed by the
proteolytic cleavage of plasminogen by tissue-type or urokinase-type
plasminogen activator. Plasmin formation can be inhibited by plas-
minogen activator inhibitor 1 or 2, which binds to and inactivates
plasminogen activators. In the fibrinolytic reaction, plasmin cleaves
crosslinked fibrin polymers into fibrin degradation products. a,-Anti-
plasmin, which circulates in the bloodstream, neutralizes free
plasmin in the circulation.

the site of clot formation. First, t-PA is most effective when
itisbound to afibrin meshwork. Second, t-PA activity canbe
inhibited by plasminogen activator inhibitor (PAI). When
local concentrations of thrombin and inflammatory cyto-
kines (such as IL-1 and TNF-«) are high, endothelial cells
increase the release of PAI, preventing t-PA from activating
plasmin. This ensures that a stable fibrin clot forms at the
site of vascular injury. Third, ap-antiplasmin is a plasma
protein that neutralizes free plasmin in the circulation and
thereby prevents random degradation of plasma fibrinogen.
Plasma fibrinogen is important for platelet aggregation in
primary hemostasis (see above), and it is also the precursor
for the fibrin polymer that is required to form a stable clot.

PATHOGENESIS OF THROMBOSIS

Thrombosis is the pathologic extension of hemostasis. In
thrombosis, coagulation reactions are inappropriately regu-
lated so that a clot uncontrollably enlarges and occludes the
lumen of a blood vessel. The pathologic clot is now termed
a thrombus. Three mgjor factors predispose to thrombus
formation—endothelia injury, abnormal blood flow, and
hypercoagulability. These three factors influence one an-
other, and are collectively known as Virchow's triad (Eig;

ZT)

01-15-07 10:08:23
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/ AN

Abnormal Hypercoagulability

blood flow \_/

Figure22-11. Virchow’s triad. Endothelial injury, abnormal blood
flow, and hypercoagulability are three factors that predispose to
thrombus formation. These three factors are interrelated; endothelial
injury predisposes to abnormal blood flow and hypercoagulability,
while abnormal blood flow can cause both endothelial injury and
hypercoagulability.

ENDOTHELIAL INJURY

Endothelial injury isthe most dominant influence on throm-
bus formation in the heart and the arterial circulation. There
are many possible causes of endothelial injury, including
changes in shear stress associated with hypertension or tur-
bulent flow, hyperlipidemia, elevated blood glucose in dia-
betes mellitus, traumatic vascular injury, and some infec-
tions. (Recall that Mr. Soprano developed coronary artery
thrombosis, which was probably attributable to endothelial
injury secondary to hypertension and cigarette smoking.)

Endothelia injury predisposes the vascular lumen to
thrombus formation through three mechanisms. First, plate-
let activators, such as exposed subendothelial collagen, pro-
mote platelet adhesion to the injured site. Second, exposure
of tissue factor on injured endothelium initiates the coagul a-
tion cascade. Third, natural antithrombotics, such as t-PA
and PGI,, become depleted at the site of vascular injury
because these mechanisms rely on the functioning of an in-
tact endothelial cell layer.

ABNORMAL BLOOD FLOW

Abnormal blood flow refersto astate of turbulenceor stasis
rather than laminar flow. Atherosclerotic plagues commonly
predispose to turbulent blood flow in the vicinity of the
plague. Bifurcations of blood vessels can also create areas
of turbulent flow. Turbulent blood flow causes endothelial
injury, forms countercurrents, and creates local pockets of
stasis. Local stasis can also result from formation of an aneu-
rysm (afocal out-pouching of avessel or acardiac chamber)
and from myocardial infarction. In the latter condition, a
region of noncontractile (infarcted) myocardium serves as a
favored site for stasis. Cardiac arrhythmias, such as atrial
fibrillation, can also generate areas of local stasis. Stasis is
the major cause for the formation of venous thrombi.
Disruption of normal blood flow by turbulence or stasis
promotes thrombosis by three major mechanisms. First, the
absence of laminar blood flow allows platelets to come into
close proximity to the vessel wall. Second, stasis inhibits
theflow of fresh blood into the vascular bed, so that activated
coagulation factorsin the region are not removed or diluted.
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Third, abnormal blood flow promotes endothelial cell activa-
tion, which leads to a prothrombotic state.

HYPERCOAGULABILITY

Hypercoagulability is generally lessimportant than endothe-
lial injury and abnormal blood flow in predisposing to throm-
bosis, but this condition can be an important factor in some
patients. Hypercoagulability refers to an abnormally height-
ened coagulation response to vascular injury, resulting from
either: (1) primary (genetic) disorders; or (2) secondary
(acquired) disorders (see e 22-1). (Hypocoagulable
states, or hemorrhagic disorders, can aso result from pri-
mary or secondary causes; see Box 22-1 for an example.)

Among the genetic causes of hypercoagul ability, the most
prevalent known mutation residesin the genefor coagulation
factor V. It is estimated that 6% of the Caucasian population
in the U.S. carries mutations in the factor V gene. The most
common mutation is the Leiden mutation, in which gluta-
mineissubstituted for arginine at position 506. This position
is important because it is part of a site in factor Vathat is
marked for proteolytic cleavage by activated protein C. The
mutant factor V Leiden protein is resistant to proteolytic
cleavage by activated protein C. As a result of the Leiden
mutation, factor Vais allowed to accumulate and thereby to
promote coagulation.

A second common mutation (2% incidence) is the pro-
thrombin G20210A mutation, in which adenine (A) is sub-
stituted for guanine (G) in the 3'-untranslated region of the

LGRS PR Major Causes of Hypercoagulability

CONDITION

prothrombin gene. This mutation leads to a 30% increase in
plasma prothrombin levels. Both the factor V Leiden muta-
tion and the prothrombin G20210A mutation are associated
with asignificantly increased risk of venous thrombosis and
a modestly increased risk of arterial thrombosis. Other ge-
netic disorders that predispose someindividuals to thrombo-
sis include mutations in the fibrinogen, protein C, protein
S, and antithrombin 111 genes. Although the latter disorders
are relatively uncommon (less than 1% incidence), patients
with a genetic deficiency of protein C, protein S, or anti-
thrombin Il often present with spontaneous venous throm-
bosis.

Hypercoagulability can sometimes be acquired (second-
ary) rather than genetic. An example of acquired hypercoa-
gulability is the heparin-induced thrombocytopenia syn-
drome. In some patients, administration of the anticoagul ant
heparin stimulates the immune system to generate circulat-
ing antibodies directed against acomplex consisting of hepa-
rin and platelet factor 4. Because platelet factor 4 is present
on platelet and endothelial cell surfaces, antibody binding
to the heparin:platelet factor 4 complex results in antibody-
mediated removal of platelets from the circulation; that is,
in thrombocytopenia. In some patients, however, antibody
binding also causes platelet activation, endothelia injury,
and aprothrombotic state. Although both unfractionated and
low molecular weight heparin (see below) can cause throm-
bocytopenia, it appears that low molecular weight heparin
has a lower incidence of thrombocytopenia than unfraction-
ated heparin.

MECHANISM OF HYPERCOAGULABILITY

Primary (Genetic)

Factor V Leiden mutation (factor
V R506Q) (common)

Hyperhomocysteinemia
(common)

Prothrombin G20210A mutation
(common)

Antithrombin Il deficiency (less
common)

Protein C or S deficiency (less
common)

Secondary (Acquired: Disease or Drug-Induced)

Antiphospholipid syndrome

Heparin-induced
thrombocytopenia

Malignancy

Myeloproliferative syndromes

Nephrotic syndrome

Oral contraceptive use, estrogen
replacement therapy

Paroxysmal nocturnal
hemoglobinuria

Postpartum period

Surgery/trauma

Resistance to activated protein C — excess factor Va
Endothelial damage due to accumulation of homocysteine
Increased prothrombin level and activity

Decreased inactivation of factors Ila, |Xa, and Xa

Decreased proteolytic inactivation of factors Villaand Va

Autoantibodies to negatively charged phospholipids — 1 platelet adhesion
Antibodies to platelet factor 4 — platelet activation

Tumor cell induction of tissue factor expression

Elevated blood viscosity, altered platelets

Loss of antithrombin 111 in urine, T fibrinogen, T platelet activation

1 Hepatic synthesis of coagulation factors and/or effects of estrogen on endothelium (effect
may be more prominent in patients with underlying primary hypercoagulability)

Unknown, possibly ‘‘leaky’’ platelets

Venous stasis, increased coagulation factors, tissue trauma
Venous stasis, immobilization, tissue injury
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BOX 22-1. Hemorrhagic Disorders: The Case
of Hemophilia A

When the vascular endothelium is injured, the hemostatic
process ensures localized, stable clot formation without
obstruction of the vascular lumen. Just as thrombosis
constitutes a pathologic variation on this otherwise
orchestrated physiologic process, disorders involving
insufficient levels of functional platelets or coagulation
factors can lead to a hypocoagulable state characterized
clinically by episodes of uncontrolled hemorrhage.
Hemorrhagic disorders result from a multitude of causes,
including disorders of the vasculature, vitamin K
deficiency, and disorders or deficiencies of platelets,
coagulation factors, and von Willebrand factor.
Hemophilia A serves as an example of a hemorrhagic
disorder in which hypocoagulability is the underlying
pathology.

Hemophilia A is the most common genetic disorder of
serious bleeding. The hallmark of the disorder is a
reduction in the amount or activity of coagulation factor
VIII. The syndrome has an X-linked mode of
transmission, and the majority of patients are males or
homozygous females. Thirty percent of patients have no
family history of hemophilia A and presumably represent
spontaneous mutations. The severity of the disease
depends on the type of mutation in the factor VIII gene.
Patients with 6% to 50% of normal factor VIII activity
manifest a mild form of the disease; those with 2% to 5%
activity manifest moderate disease; patients with less than
1% activity develop severe disease. All symptomatic
patients demonstrate easy bruisability and can develop
massive hemorrhage after trauma or surgery. Spontaneous
hemorrhage can occur in body areas that are normally
subjected to minor trauma, including joint spaces, where
spontaneous hemorrhage leads to the formation of
hemarthroses. Petechiae (microhemorrhages involving
capillaries and small vessels, especially in mucocutaneous
areas), which are usually an indication of platelet
disorders, are absent in patients with hemophilia.

Patients with hemophilia A are currently treated with
infusions of factor VIII that is either recombinant or
derived from human plasma. Factor VIII infusion therapy
is sometimes complicated in patients who develop
antibodies against factor VIII. HIV infection was a serious
complication of infusion therapy in patients who received
factor VIII products before the institution of routine
screening of blood for HIV infection (before the mid-
1980s). Some sources suggest that the entire cohort of
hemophilioes who received factor VIII concentrates
(factor VIII concentrated from the blood of many
individuals) between 1981 and 1985 has been infected
with HIV. With current blood screening practices and the
development of recombinant factor V111, the risk of
contracting HIV through factor VIII infusions is now
virtually zero.

PHARMACOLOGIC CLASSES AND
AGENTS

Drugs have been devel oped to prevent and/or reverse throm-
bus formation. These drugs fall into three classes. antiplate-
let agents, anticoagulants, and thrombolytic agents. Hemo-
static agents, discussed at the end of the chapter, are
occasionally used to reverse the effects of anticoagulants or
to inhibit endogenous fibrinolysis.

ANTIPLATELET AGENTS

As described above, formation of a localized platelet plug
in response to endothelial injury istheinitial step in arteria
thrombosis. Therefore, inhibition of platelet function is a
useful prophylactic and therapeutic strategy against myocar-
dia infarction and stroke caused by thrombosis in coronary
and cerebral arteries, respectively. The classes of antiplatel et
agentsin current clinical useinclude cyclooxygenase (COX)
inhibitors, phosphodiesterase inhibitors, ADP receptor path-
way inhibitors, and GPIlb—Illa antagonists.

Cyclooxygenase Inhibitors

Aspirin inhibits the synthesis of prostaglandins, thereby in-
hibiting the platel et rel ease reaction and interfering with nor-
mal platelet aggregation.

The biochemistry of prostaglandin synthesis in platelets
and endothelial cells provides a basis for understanding the
mechanism of action of aspirin as an antiplatelet agent. F19-
ure 22-12 depicts the prostaglandin synthesis pathway,
which isdiscussed in more detail in Chapter 41, Pharmacol-
ogy of Eicosanoids. Briefly, activation of both platelets and
endothelial cellsinduces phospholipase A, (PLA,) to cleave
membrane phospholipids and release arachidonic acid. Ara-
chidonic acid is then transformed into a cyclic endoperoxide
(also known as prostaglandin G, or PGG,) by the enzyme
COX. In platelets, the cyclic endoperoxide is converted into
thromboxane A, (TxA,). Acting through cell surface TxA,
receptors, TxA, causes localized vasoconstriction and is a
potent inducer of platelet aggregation and the platel et release
reaction. In endothelial cells, the cyclic endoperoxideis con-
verted into prostacyclin (PGl,). PG, in turn, causes local-
ized vasodilation and inhibits platelet aggregation and the
platelet release reaction.

Aspirin acts by covalently acetylating a serine residue
near the active site of the COX enzyme, thereby inhibiting
the synthesis of the cyclic endoperoxide and the various me-
tabolites of the cyclic endoperoxide. In the absence of TxA,,
there is a marked decrease in ?Iatelet aggregation and the
platelet release reaction (Eig. 22-13A). Because platelets do
not contain DNA or RNA, these cells cannot regenerate new
COX enzyme once aspirin has permanently inactivated all
of the available COX enzyme. That is, the platelets become
irreversibly ‘‘poisoned’’ for the lifetime of these cells (7—10
days). Although aspirin aso inhibits the COX enzyme in
endothelial cells, its action is not permanent in endothelial
cells because these cells are able to synthesize new COX
molecules. Thus, the endothelia cell production of prosta-
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Figure22-12. Overview of Prostaglandin Synthesis. Membrane phospholipids are cleaved by phospholipase A, to release free arachidonic
acid. Arachidonic acid can be metabolized through either of two major pathways, the cyclooxygenase pathway or the lipoxygenase pathway.
The cyclooxygenase pathway, which is inhibited by aspirin and other nonsteroidal anti-inflammatory drugs (NSAIDs), converts arachidonic
acid into prostaglandins and thromboxanes. Platelets express TxA, synthase and synthesize the pro-aggregatory mediator thromboxane A;;
endothelial cells express PGl, synthase and synthesize the anti-aggregatory mediator prostacyclin. The lipoxygenase pathway converts arachi-
donic acid into leukotrienes, which are potent inflammatory mediators. (See Chapter 41, Pharmacology of Eicosanoids, for a detailed discussion
of the lipoxygenase and cyclooxygenase pathways.) Aspirin inhibits cyclooxygenase by covalent acetylation of the enzyme near its active site.
Because platelets lack the capability to synthesize new proteins, aspirin inhibits thromboxane synthesis for the life of the platelet.
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mediated platelet activation. Aspirin inhibits cyclooxygenase by covalent acetylation of the enzyme near its active site, leading to decreased
TxA, production. The effect is profound because platelets lack the ability to synthesize new enzyme molecules. GPIIb-Illa antagonists, such
as the monoclonal antibody abciximab and the small-molecule antagonists eptifibatide and tirofiban (not shown), inhibit platelet aggregation
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dipyridamole inhibit steps in ADP-mediated platelet activation. Clopidogrel and ticlopidine are antagonists of the P2Y(ADP) receptor. Dipyrida-
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cyclin is relatively unaffected by aspirin at pharmacologi-
cally low doses (see below).

Aspirin is most often used as an antiplatelet agent to pre-
vent arterial thrombosis leading to stroke, transient ischemic
attack, and myocardial infarction. Because the action of aspi-
rin on plateletsis permanent, it ismost effective asaselective
antiplatelet agent when taken in low doses and/or at infre-
quent intervals. For example, aspirin is often used as an
antiplatelet agent at a dose of 81 mg once daily, while a
typical anti-inflammatory dose of this agent could be 650
mg three to four times daily. Taken at high doses, aspirin
can inhibit prostacyclin production without increasing the
effectiveness of the drug as an antiplatelet agent. A more
extended discussion of the uses and toxicities of aspirin is
found in Chapter 41. Compared with aspirin, other nonsteroi-
dal anti-inflammatory drugs (NSAIDs) are not as widely
used in the prevention of arterial thrombosis because the
inhibitory action of these drugs on cyclooxygenase is not
permanent.

COX-1 isthe predominant COX isoform in platelets, but
endothelial cells appear to express both COX-1 and COX-
2 under physiologic conditions. Because aspirin inhibits
COX-1 and COX-2 nonselectively, this drug serves as an
effective antiplatelet agent. In contrast, the newer selective
COX-2 inhibitors cannot be used as antiplatelet agents be-
cause they are poor inhibitors of COX-1. Furthermore, use
of the selective COX-2 inhibitors appears to be associated
with increased cardiovascular risk, most likely because these
agents inhibit endothelial production of PGI, without inhib-
iting platelet generation of TxA,. The adverse impact of
the selective COX-2 inhibitors on cardiovascular risk has
resulted in the recent withdrawal of most of these agents
from the market (see Chapter 41).

Phosphodiesterase Inhibitors

In platelets, an increase in the concentration of intracellular
CAMP leads to a decrease in platelet aggregability. Platelet
CAMP levels are regulated physiologically by TxA, and
PGI,, among other mediators (see above). The mechanism
by which increased intracellular CAMP concentration leads
to decreased platelet aggregability is not well understood.
CAMP activates protein kinase A, which, through incom-
pletely elucidated mechanisms, decreases availability of the
intracellular Ca2* necessary for platelet aggregation (Fig.
22-13B). Inhibitors of platelet phosphodiesterase decrease
platel et aggregability by inhibiting cAM P degradation, while
activators of platelet adenylyl cyclase decrease platelet ag-
gregability by increasing CAMP synthesis. (There are cur-
rently no direct adenylyl cyclase activators in clinical use.)

Dipyridamoleis an inhibitor of platelet phosphodiester-
asethat decreases platel et aggregability (Fig. 22-13B). Dipy-
ridamole by itself has only weak antiplatelet effects, and is
therefore usually administered in combination with warfarin
or aspirin. The combination of dipyridamole and warfarin
can be used to inhibit embolization from prosthetic heart
valves, while the combination of dipyridamole and aspirin
can be used to reduce thelikelihood of thrombosisin patients
with athrombotic diathesis. Dipyridamol e also has vasodila-
tory properties. It may paradoxically induce angina in pa-
tients with coronary artery disease by causing the coronary

steal phenomenon, which involves intense dilation of coro-
nary arterioles (see Chapter 21, Pharmacology of Vascular
Tone).

ADP Receptor Pathway Inhibitors

Both ticlopidine and clopidogrel are derivatives of thieno-
pyridine. These agents, which irreversibly inhibit the ADP-
dependent pathway of platelet activation, have antiplatelet
effectsin vitro and in vivo. Ticlopidine and clopidogrel are
thought to act by covalently modifying and inactivating the
platelet P2Y (ADP) receptor (also called P2Y,,), which is
physiologically coupled to the inhibition of adenylyl cyclase
(Fig. 22-13B). Ticlopidineis aprodrug that requires conver-
sion to active thiol metabolitesin the liver. Maximal platelet
inhibition is observed 8 to 11 days after initiating therapy
with the drug; used in combination with aspirin, 4 to 7 days
are needed to achieve maximal platelet inhibition. Adminis-
tration of aloading dose can produce a more rapid antiplate-
let response. Ticlopidine is approved in the U.S. for two
indications: (1) secondary prevention of thrombotic strokes
in patients intolerant of aspirin, and (2) in combination with
aspirin, prevention of stent thrombosisfor up to 30 days after
placement of coronary artery stents. In general, ticlopidine
is considered to be less safe than clopidogrel. The use of
ticlopidine has occasionally been associated with neutro-
penia, thrombocytopenia, and thrombotic thrombocytopenic
purpura (TTP); for this reason, blood counts must be moni-
tored frequently when using ticlopidine.

Clopidogrel, a thienopyridine closely related to ticlopi-
dine, has been used widely in combination with aspirin for
improved platelet inhibition during and after elective percu-
taneous coronary intervention. Clopidogrel is a prodrug that
must undergo oxidation by hepatic P450 3A4 to the active
drug form; it may therefore interact with statins and other
drugs metabolized by this P450 enzyme. Clopidogrel is ap-
proved for secondary prevention in patientswith recent myo-
cardia infarction, stroke, or peripheral vascular disease. It
is also approved for use in acute coronary syndromes that
are treated with either percutaneous coronary intervention
or coronary artery bypass grafting. Liketiclopidine, clopido-
grel requires aloading dose to achieve amaximal antiplatel et
effect rapidly. For this reason, Mr. Soprano was given an
intravenous loading dose of clopidogrel in the context of his
myocardial infarction. The adverse effect profile of clopido-
grel is more favorable than that of ticlopidine: the gastroin-
testina side effects of clopidogrel are similar to those of
aspirin, and clopidogrel lacks the significant bone marrow
toxicity associated with ticlopidine.

GPlIb-Illa Antagonists

Asnoted above, platelet membrane GPIIb—IIlareceptorsare
important because they constitute the final common pathway
of platelet aggregation, serving to bind fibrinogen molecules
that bridge plateletsto one another. A variety of stimuli (e.g.,
TxA,, ADP, epinephrine, collagen, and thrombin), acting
through diverse signaling molecules, are capabl e of inducing
the expression of functional GPIlb—IIla on the platelet sur-
face. It could therefore be predicted that antagonists of
GPIlb-Illa would prevent fibrinogen binding to the
GPlIb—Illareceptor and thus serve as powerful inhibitors of



LP-FPPP-92900 R1 CH22 01-15-07 10:08:23

402 111 Principles of Cardiovascular Pharmacology

platelet aggregation. Eptifibatide, the GPIIb— Il1a receptor
antagonist used in the opening case, is a highly efficacious
inhibitor of platelet aggregation. A synthetic peptide, eptifi-
batide antagonizesthe platelet GPI1b—Il1areceptor with high
affinity. This drug has been used to reduce ischemic events
in patients undergoing percutaneous coronary intervention
and to treat unstable angina and non-ST elevation myocar-
dial infarction.

Abciximab is a chimeric mouse—human monoclonal an-
tibody directed against the human GPIlb—Il1a receptor. Ex-
periments in vitro have shown that occupation of 50% of
platelet GPIlb—I1lareceptors by abciximab significantly re-
duces platelet aggregation. The binding of abciximab to
GPllb-llla is essentially irreversible, with a dissociation
half-time of 18 to 24 hours. In clinical trials, adding abcixi-
mab to conventional antithrombotic therapy reduces both
long-term and short-term ischemic events in patients
undergoing high-risk percutaneous coronary intervention.

Tirofiban is a nonpeptide tyrosine analogue that reversi-
bly antagonizesfibrinogen binding to the platelet GPIIb—Il1a
receptor. Bothinvitro and in vivo studies have demonstrated
the ability of tirofiban to inhibit platelet aggregation. Tirofi-
ban has been approved for use in patients with acute coro-
nary syndromes.

Because of their mechanism of action as antiplatelet
agents, al of the GPIlb—Il1a antagonists can cause bleeding
as an adverse effect. In the opening case, Mr. Soprano devel-
oped a hematoma in his right thigh near the arterial access
site at which eptifibatide was being infused. The expanding
hematoma was caused by the excessive antiplatel et effect of
avery highlocal concentration of eptifibatide at the infusion
site. Importantly, the ability to reverse the effect of
GPlIb—Illa receptor antagonists differs for the different
agents. Because abciximab is an irreversible inhibitor of
platelet function, and all the abciximab previoudy infused
is already bound to platelets, infusion of fresh platelets after
the drug has been stopped can reverse the antiplatel et effect.
In contrast, because the two small-molecul e antagonists (ep-
tifibatide and tirofiban) bind the receptor reversibly and are
infused in great stoichiometric excess of receptor number,
infusion of fresh platelets simply offers new sites to which
thedrug can bind, and it isnot practical to deliver asufficient
number of platelets to overwhelm the vast excess of drug
present. Therefore, one must stop the drug infusion and wait
for platelet function to return to normal asthedrugiscleared.
In the case of Mr. Soprano, no other measure could have
been taken to reverse the effect of eptifibatide at the time
his hematoma was recognized.

ANTICOAGULANTS

As with antiplatelet agents, anticoagulants are used both to
prevent and treat thrombotic disease. There are four classes
of anticoagulants: warfarin, unfractionated and low molecu-
lar weight heparins, selective factor Xainhibitors, and direct
thrombin inhibitors. Anticoagulants target various factorsin
the coagulation cascade, thereby interrupting the cascade and
preventing the formation of a stable fibrin meshwork (sec-
ondary hemostatic plug). In this section, the four classes of
anticoagulants are discussed in order of selectivity, from the
least selective agents (warfarin and unfractionated heparin)

to the most selective agents (selective factor Xa inhibitors
and direct thrombin inhibitors). Recombinant activated pro-
tein C also has anticoagulant activity, athough its clinical
indication is severe sepsis. Because of the mechanisms of
action of these drugs, bleeding is an adverse effect common
to all anticoagulants.

Warfarin

In the early 1900s, farmers in Canada and the North Dakota
plains adopted the practice of planting sweet clover instead
of corn for fodder. In the winter months of 1921 to 1922, a
fatal hemorrhagic disease was reported in cattle that had
foraged on the sweet clover. In almost every case, it was
found that the affected cattle had foraged on sweet clover
that had been spoiled by the curing process. After an inten-
sive investigation, scientist K. P. Link reported that the
spoiled clover contained the natural anticoagulant 3,3'-meth-
ylene-bis-(4-hydroxycoumarin) or ‘‘ dicumarol.”” Dicumarol
and war farin (a potent synthetic congener) were introduced
during the 1940s as rodenticides and as oral anticoagulants.
Because the oral anticoagulants act by affecting vitamin
K-dependent reactions, it is important to understand how
vitamin K functions.

Mechanism of Action of Vitamin K

VitaminK (**‘K’" isderived from the German word ** Koagu-
lation’") is required for the normal hepatic synthesis of four
coagulation factors (I, VII, 1X, and X), protein C, and pro-
tein S. The coagulation factors, protein C, and protein S are
biologically inactive as unmodified polypeptides following
protein synthesis on ribosomes. These proteins gain biologi-
cal activity by post-translational carboxylation of their 9 to
12 amino-terminal glutamic acid residues. The y-carboxyl-
ated glutamate residues (but not the unmodified glutamate
residues) are capable of binding Ca2* ions. Ca®™ hinding
induces a conformational change in these proteins that is
required for efficient binding of the proteins to phospholipid
surfaces. The ability of the y-carboxylated moleculesto bind
Ca?* increases the enzymatic activity of coagulation factors
Ila, Vlla, IXa, Xa, and protein Ca by approximately 1,000-
fold. Thus, vitamin K-dependent carboxylation is crucial for
the enzymatic activity of the four coagulation factors and
protein C, and for the cofactor function of protein S.

The carboxylation reaction requires (1) a precursor form
of the target protein with its 9 to 12 amino-terminal glutamic
acid residues, (2) carbon dioxide, (3) molecular oxygen, and
(4) reduced vitamin K. The carbox&lation reaction is sche-
matically presented in Figure 22-14. During this reaction,
vitamin K is oxidized to the inactive 2,3-epoxide. An en-
zyme, epoxide reductase, isthen required to convert theinac-
tive 2,3-epoxide into the active, reduced form of vitamin K.
Thus, the regeneration of reduced vitamin K is essential
for the sustained synthesis of biologically functional clotting
factorsll, VII, IX; and X, all of which arecritical components
of the coagulation cascade.

Mechanism of Action of Warfarin

Warfarin acts on the carboxylation pathway, not by inhibit-
ing the carboxylase directly, but by blocking the epoxide
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Figure 22-14. Mechanism of action of warfarin.
Vitamin K is a necessary cofactor in the post-transla-
tional carboxylation of glutamate residues on factors II,
VII, IX, and X. During the carboxylation reaction, vitamin
K is oxidized to the inactive 2,3-epoxide. The enzyme
epoxide reductase converts the inactive vitamin K 2,3-
epoxide into the active, reduced form of vitamin K. The
regeneration of reduced vitamin K is essential for the
sustained synthesis of biologically functional coagula-
tion factors Il, VII, IX, and X. Warfarin acts on the carbox-
ylation pathway by inhibiting the epoxide reductase
that is required for the regeneration of reduced (active)
vitamin K. Dicumarol is the natural anticoagulant
formed in spoiled clover. Both warfarin and dicumarol
are orally bioavailable, and are often termed “oral anti-
coagulants.”

reductase that mediates the regeneration of reduced vitamin
K (Fig. 22-14). Because depletion of reduced vitamin K in
the liver prevents the y-carboxylation reaction that is re-
quired for the synthesis of biologically active coagulation
factors, the onset of action of the oral anticoagulantsparallels
the half-life of these coagulation factors in the circulation.
Of the four affected clotting factors (11, VII, IX, and X),
factor V11 hasthe shortest half-life (6 hours). Thus, the phar-
macologic effect of a single dose of warfarin is not mani-
fested for approximately 18 to 24 hours(i.e., for 3 to 4 factor
VII haf-lives). This delayed action is one pharmacologic
property that distinguishes the warfarin class of anticoagu-
lants from all the other classes of anticoagulants.

Epoxide
reductase

NAD* NADH
Oral anticoagulants
O
OH
X X
o~ o 7
Dicumarol Warfarin

Evidence from studies of long-term rodenticide use
supports the hypothesis that the epoxide reductase is the
molecular target of oral anticoagulant action. The use of
oral anticoagulants as rodenticides has been a widespread
practice in farming communities. In some areas of the
United States, heavy rodenticide use has selected for a
population of wild rodents that is resistant to 4-hydrox-
ycoumarins. In vitro studies of tissues from these rodents
have demonstrated a mutation in the rodent epoxide re-
ductase that renders the enzyme resistant to inhibition by
the anticoagulant. Similarly, a small population of patients
is genetically resistant to warfarin because of mutations
in their epoxide reductase gene. These patients require 10
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LA N BpYW  Examples of Drugs That Diminish Warfarin's Anticoagulant Effect

DRUG OR DRUG CLASS MECHANISM

Cholestyramine

Barbiturates, carbamazepine,
phenytoin, rifampin

Vitamin K (reduced)

Gl, gastrointestinal.

to 20 times the usual dose of warfarin to achieve the
desired anticoagulant effect.

Clinical Uses of Warfarin

Warfarin is often administered to complete a course of anti-
coagulation that has been initiated with heparin (see below)
and to prevent thrombosis in predisposed patients. Orally
administered warfarin is nearly 100% bioavailable, and its
levelsintheblood peak at 0.5 to 4 hours after administration.
In the plasma, 99% of racemic warfarin is bound to plasma
protein (albumin). Warfarin hasarelatively long elimination
half-life (approximately 36 hours). The drug is hydroxylated
by the cytochrome P450 system in the liver to inactive me-
tabolites that are subsequently eliminated in the urine.

Drug—drug interactions must be carefully considered in
patients taking warfarin. Because warfarin is highly albu-
min-bound in the plasma, co-administration of warfarin with
other albumin-bound drugs can increase the free (unbound)
plasma concentrations of both drugs. In addition, because
warfarin is metabolized by P450 enzymes in the liver, co-
administration of warfarin with drugs that induce and/or
compete for P450 metabolism can affect the plasma concen-
trations of both drugs. Table 22-2 lists some of the major
interactions between warfarin and other drugs.

Among the adverse effects of warfarin, bleeding is the
most serious and predictable toxicity. Withdrawal of the
drug may be recommended for patients who suffer from
repeated bleeding episodes at otherwise therapeutic drug

Inhibits warfarin absorption in the Gl tract

Accelerate warfarin metabolism by inducing hepatic
P450 enzymes (especially P450 2C9)

Bypasses warfarin's inhibition of epoxide reductase

concentrations. For severe hemorrhage, patients should
promptly receive fresh frozen plasma, which contains bio-
logically functional clotting factors 11, VI, IX, and X. War-
farin should never be administered to pregnant women be-
cause it can cross the placenta and cause a hemorrhagic
disorder inthefetus. In addition, newborns exposed to warfa-
rin in utero may have serious congenital defects character-
ized by abnormal bone formation (certain bone matrix pro-
teins are y-carboxylated). Rarely, warfarin causes skin
necrosis as a result of widespread thrombosis in the micro-
vasculature. Thefact that warfarin can cause thrombosis may
seem paradoxical. Recall that, in addition to inhibiting the
synthesis of biologically active coagulation factors 11, VII,
IX, and X, warfarin also prevents the synthesis of biologi-
caly active proteins C and S, which are natural anticoagu-
lants. In patients who are genetically deficient in protein C
or protein S (most commonly, patientswho are heterozygous
for protein C deficiency), an imbalance between warfarin’s
effects on coagulation factors and its effects on proteins C
and S may lead to microvascular thrombosis and skin ne-
Crosis.

Because warfarin has anarrow therapeutic index and par-
ticipates in numerous drug—drug interactions, the pharmaco-
dynamic (functional) effect of chronic warfarin therapy must
be monitored regularly (on the order of every 2 to 4 weeks).
Monitoring ismost easily performed using the prothrombin
time (PT), which is a simple test of the extrinsic and com-
mon pathways of coagulation. In this test, the patient’s
plasmaisadded to a crude preparation of tissuefactor (called

LA RS Epl: M Examples of Drugs That Enhance Warfarin's Anticoagulant Effect

DRUG OR DRUG CLASS MECHANISM

Chlora hydrate

Amiodarone, clopidogrel,
ethanol (intoxicating dose),
fluconazole, fluoxetine,
metronidazole,
sulfamethoxazole

Broad-spectrum antibiotics

Displaces warfarin from plasma abumin
Decrease warfarin metabolism by inhibiting hepatic
P450 enzymes (especialy P450 2C9)

Eliminate gut bacteria and thereby reduce availability

of vitamin K in the GI tract

Anabolic steroids (testosterone)

Inhibit synthesis and increase degradation of

coagulation factors

Gl, gastrointestinal.
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thromboplastin), and the time for formation of afibrin clot
is measured. Warfarin prolongs the PT mainly because it
decreases the amount of biologically functional factor VI
inthe plasma. (Recall that factor V11 isthe vitamin K-depen-
dent coagulation factor with the shortest half-life.) Measure-
ment of the PT has been standardized worldwide, and is
expressed asthe I nter national Nor malized Ratio (INR) of
the prothrombin timein the patient sampleto that in acontrol
sample, normalized for the international sensitivity index
(ISl) of the laboratory’s thromboplastin preparation com-
pared to the World Health Organization’s reference throm-
boplastin preparation. The formulaused to calculate the INR
is as follows: INR = [PTpasient / PTeontrol]''-

Unfractionated and Low Molecular Weight
Heparins

Structure of Heparin

Heparin is a sulfated mucopolysaccharide stored in the se-
cretory granules of mast cells. Itisahighly sulfated polymer
of alternating uronic acid and D-glucosamine. Heparin mole-
cules are highly negatively charged; indeed, endogenous
heparin is the strongest organic acid in the human body.
Commercial preparations of heparin are quite heterogene-
ous, with molecular weights ranging from 1 to 30 kDa. Con-
ventionally, commercially prepared heparins have been cate-
gorized into unfractionated (standard) heparin and low
molecular weight (LMW) heparin. Unfractionated hepa-
rin, which is often prepared from bovine lung and porcine
intestinal mucosa, ranges in molecular weight from 5 to 30
kDa. LMW heparins are prepared from standard heparin
by gd filtration chromatography; their molecular weights
range from 1 to 5 kDa.

Mechanism of Action of Heparin

Heparin’s mechanism of action depends on the presence of
a specific plasma protease inhibitor, antithrombin I11. Anti-
thrombin 111 is actually a misnomer because, in addition
to inactivating thrombin, antithrombin 111 inactivates other
serine proteases including factors 1Xa, Xa, Xla, and Xlla
Antithrombin 11 can be considered as a stoichiometric ** sui-
cide trap’’ for these serine proteases. When one of the pro-
teases encounters an antithrombin 111 molecule, the serine
residue at the active site of the protease attacks a specific
Arg—Ser peptide bond in the reactive site of the antithrom-
bin. The result of this nucleophilic attack is the formation
of a covalent ester bond between the serine residue on the
protease and the arginine residue on the antithrombin I11.
This results in a stable 1:1 complex between the protease
and antithrombin molecules, which prevents the protease
from further participation in the coagulation cascade.

In the absence of heparin, the binding reaction between
the proteases and antithrombin 111 proceeds slowly. Heparin,
acting as a cofactor, accelerates the reaction by 1,000-fold.
Heparin has two important physiologic functions: (1) it
serves as a catalytic surface to which both antithrombin 111
and the serine proteases bind; and (2) it induces a conforma-
tional change in antithrombin |11 that makes the reactive site
of this molecule more accessible to the attacking protease.
The first step of the reaction involves the binding of the
negatively charged heparin to alysine-rich region (a region

of positive charge) on antithrombin I11. Thus, the interaction
between heparin and antithrombin 111 is partly electrostatic.
During the conjugation reaction between the protease and
the antithrombin, heparin may be released from antithrombin
1l and become available to catalyze additional pro-
tease—antithrombin 111 interactions (i.e., heparin is not con-
sumed by the conjugation reaction [Fig. 22-9]). In practice,
however, heparin’s high negative charge often causes this
“‘sticky’” molecule to remain electrostatically bound to pro-
tease, antithrombin or another nearby molecule in the vicin-
ity of athrombus.

Interestingly, heparins of different molecular weights
have divergent anticoagulant activities. These divergent ac-
tivities derive from the differential requirements for heparin
binding exhibited by the inactivation of thrombin and factor
Xa by antithrombin 111 (Eig_22-15). To catalyze most effi-
ciently the inactivation of thrombin by antithrombin I11, a
single molecule of heparin must bind simultaneously to both
thrombin and antithrombin. This ‘*‘scaffolding’’ function is
required in addition to the heparin-induced conformational
changein antithrombin 111 that renders the antithrombin sus-
ceptible to conjugation with thrombin. In contrast, to cata-
lyze the inactivation of factor Xa by antithrombin 111, the
heparin molecule must bind only to the antithrombin, be-
cause the conformational changein antithrombin 111 induced
by heparin binding is sufficient by itself to render the anti-
thrombin susceptible to conjugation with factor Xa. Thus,
LMW heparins, which have an average molecular weight of
3to 4 kDaand contain fewer than 18 monosaccharide units,
efficiently catalyze the inactivation of factor Xa by anti-
thrombin 111 but less efficiently catalyze the inactivation of
thrombin by antithrombin I11. In contrast, unfractionated
heparin, which has an average molecular weight of 20 kDa
and contains more than 18 monosaccharide units, is of suffi-
cient length to bind simultaneously to thrombin and anti-
thrombin 111, and therefore efficiently catalyzes the inactiva-
tion of both thrombin and factor Xa by antithrombin II1.
Quantitatively, LMW heparin has athreefold higher ratio of
anti-Xato anti-thrombin (anti-11a) activity than does unfrac-
tionated heparin. LMW heparin istherefore amore selective
therapeutic agent than unfractionated heparin. Both LMW
heparin and unfractionated heparin use a pentasaccharide
structure of high negative charge to bind antithrombin 111
and to induce the conformational change in antithrombin
required for the conjugation reactions. This pentasaccharide
has recently been approved for use as a highly selective
inhibitor of factor Xa (fondaparinux; see below).

Clinfcal Uses of Heparins

Heparins are used for both prophylaxis and treatment of
thromboembolic diseases. Both unfractionated and LMW
heparins are used to prevent propagation of established
thromboembolic disease such as deep vein thrombosis and
pulmonary embolism. For prophylaxis against thrombosis,
heparins are used at much lower doses than those indicated
for thetreatment of established thromboembolic disease. Be-
cause the enzymatic coagulation cascade functions as an am-
plification system (e.g., 1 unit of factor Xagenerates40 units
of thrombin), the administration of relatively small amounts
of circulating heparin at the first generation of factor Xais
highly effective. Heparinsare highly negatively charged, and



LP-FPPP-92900 R1 CH22 01-15-07 10:08:23

406 11 Principles of Cardiovascular Pharmacology

Anticoagulant class Effect on Thrombin Effect on Factor Xa

Unfractionated heparin

(about 45 saccharide units,
MW ~ 13,500)

Heparin

Binds to antithrombin Il (ATIII)
via pentasaccharide
(sufficient to inactivate Xa)

Binds to antithrombin IIl (ATIII)
and thrombin
(inactivates thrombin)

Thrombin>

Low molecular weight (LMW) heparins

(about 15 saccharide units,

MW ~ 4,500) ATIII

-M‘

Binds to antithrombin Il (ATIII)
via pentasaccharide
(sufficient to inactivate Xa)

LMWH

Binds to antithrombin IIl (ATIII)
but not to thrombin
(poorly inactivates thrombin)

Selective factor Xa inhibitors No effect on thrombin

Fondaparinux

Binds to antithrombin Il (ATIII)
via pentasaccharide
(sufficient to inactivate Xa)

Lepirudin

e

Direct thrombin inhibitors No effect on Xa

Argatroban

Selectively inactivate thrombin
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Figure 22-15. Differential effects of unfractionated heparin and low molecular weight heparin on coagulation factor inactivation.
Effect on thrombin: To catalyze the inactivation of thrombin, heparin must bind both to antithrombin Il via a high-affinity pentasaccharide
unit (5) and to thrombin via an additional 13 saccharide unit (here labeled “Heparin"). Low molecular weight heparin (LMWH) does not
contain a sufficient number of saccharide units to bind thrombin, and therefore is a poor catalyst for thrombin inactivation. Effect on factor
Xa: Inactivation of factor Xa requires only the binding of antithrombin IIl to the high-affinity pentasaccharide unit (5). Both unfractionated
heparin and low molecular weight heparin (and fondaparinux; not shown) are therefore able to catalyze the inactivation of factor Xa.
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neither unfractionated heparin nor LMW heparin can cross
the epithelial cell layer of the gastrointestinal tract. Hence,
heparin must be administered parenterally, usually viaintra-
venous or subcutaneous routes.

Unfractionated heparin is often used in combination
with antiplatelet agents in the treatment of acute coronary
syndromes. For example, Mr. Soprano was treated with the
antiplatelet agents aspirin and eptifibatide and with unfrac-
tionated heparin in an attempt to limit the extent of his myo-
cardial infarction. Monitoring of unfractionated heparin ther-
apy is important for maintaining the anticoagulant effect
within the therapeutic range, because excessive heparin ad-
ministration significantly increases the risk of bleeding.
Monitoring is usually performed using the activated partial
thromboplastin time (aPTT) assay. The aPTT isasimple
test of the intrinsic and common pathways of coagulation.
The patient’s plasmais added to an excess of phospholipid,
and fibrin forms at a normal rate only if the factors in the
intrinsic and common pathways are present at normal levels.
Increasing amounts of unfractionated heparin in the plasma
prolong the time required for the formation of afibrin clot.

Asistrue of the other anticoagulants, the major adverse
effect of heparin is bleeding. Thus, it is critical to maintain
the anticoagulant effect of unfractionated heparin within the
therapeutic range in order to prevent the rare, devastating
adverse effect of intracranial hemorrhage. In addition, a
small fraction of patients taking heparin develop heparin-
induced thrombocytopenia (HIT). In this syndrome, pa
tients develop antibodies to a hapten created when heparin
molecules bind to the platelet surface. In HIT type 1, the
antibody-coated platelets are targeted for removal from the
circulation, and the platelet count decreases by 50% to 75%
approximately 5 days into the course of heparin therapy.
The thrombocytopeniain HIT type 1 istransient and rapidly
reversible upon heparin withdrawal. In HIT type 2, however,
the heparin-induced antibodies not only target the platelets
for destruction but also act as agonists to activate the plate-
lets, leading to platelet aggregation, endothelial injury, and
potentialy fatal thrombosis. There is a higher incidence of
HIT in patients receiving unfractionated heparin than in
those receiving LMW heparin.

The LMW heparins enoxaparin, dalteparin and tinza-
parin are each fractionated heparins of low molecular
weight. Asdiscussed above, these agentsarerelatively selec-
tivefor anti-Xacompared to anti-l1a(anti-thrombin) activity.
All LMW heparins are approved for use in the prevention
and treatment of deep vein thrombosis. Additionally, enoxa
parin and dalteparin have been studied in the treatment of
acute myocardial infarction and as adjuncts to percutaneous
coronary intervention. LMW heparins have a higher thera-
peutic index than unfractionated heparin, especialy when
used for prophylaxis. For thisreason, it is generally not nec-
essary to monitor blood activity levels of LMW heparins.
Accurate measurement of the anticoagulant effect of LMW
heparins requires aspecialized assay for anti-factor Xaactiv-
ity. Because LMW heparins are excreted via the kidneys,
care should be taken to avoid excessive anticoagulation in
patients with renal insufficiency.

Selective Factor Xa Inhibitors

Fondaparinux is a synthetic pentasacharide molecule that
contains the sequence of five essential carbohydrates neces-

sary for binding to antithrombin 111 and inducing the confor-
mational change in antithrombin required for conjugation to
factor Xa (see above). This agent is therefore is a specific
inhibitor of Xa, with negligible anti-lla (anti-thrombin) ac-
tivity. Fondaparinux is approved for prevention and treat-
ment of deep vein thrombosis, and is available as a once-
daily subcutaneous injection. It is excreted via the kidneys
and should not be administered to patients with renal insuffi-
ciency.

Direct Thrombin Inhibitors

As discussed above, thrombin plays a number of critical
roles in the hemostatic process (Fig. 22-8). Among other
effects, thisclotting factor (1) proteolytically convertsfibrin-
ogen to fibrin, (2) activates factor XIII, which crosslinks
fibrin polymers to form a stable clot, (3) activates platelets,
and (4) induces endothelia release of PGI», t-PA, and PAI-
1. Thus, direct thrombin inhibitors would be expected to
have profound effects on coagulation. The currently ap-
proved direct thrombin inhibitors include lepirudin, desiru-
din, bivalirudin, and argatroban. These agents are specific
inhibitors of thrombin, with negligible anti-factor Xa ac-
tivity.

L epirudin, arecombinant 65-amino acid polypeptide de-
rived from the medicinal leech protein hirudin, isthe proto-
typical direct thrombin inhibitor. For years, surgeons have
used medicinal leeches to prevent thrombosis in the fine
vessels of reattached digits. Lepirudin bindswith high affin-
ity to two sites on the thrombin molecule — the enzymatic
active site and the *‘ exosite,”” aregion of the thrombin pro-
tein that orients substrate proteins. Lepirudin binding to
thrombin prevents the thrombin-mediated activation of fi-
brinogen and factor XIIl. Lepirudin is a highly effective
anticoagulant because it can inhibit both free and fibrin-
bound thrombin in developing clots, and because lepirudin
binding to thrombin is essentially irreversible. It is approved
for use in the treatment of heparin-induced thrombocyto-
penia. Lepirudin has a short half-life, is available parenter-
aly, and is renally excreted. It can be administered with
relative safety to patients with hepatic insufficiency. Aswith
al direct thrombin inhibitors, bleeding is the mgjor side ef-
fect of lepirudin, and clotting times must be monitored
closely. A small percentage of patients may develop anti-
hirudin antibodies, limiting the long-term effectiveness of
this agent as an anticoagulant. Another recombinant formu-
lation of hirudin, desirudin, has been approved for prophy-
laxis against deep vein thrombosis in patients undergoing
hip replacement.

Bivalirudin is a synthetic 20-amino acid peptide that,
like lepirudin and desirudin, bindsto both the active site and
exosite of thrombin and thereby inhibits thrombin activity.
Thrombin slowly cleavesan arginine—proline bond in bivali-
rudin, leading to reactivation of the thrombin. Bivalirudin
is approved for anticoagulation in patients undergoing coro-
nary angiography and angioplasty, and may have reduced
rates of bleeding relative to heparin for this indication. The
drugisexcreted renally and hasashort half-life (25 minutes).

Argatroban is a small-molecule inhibitor of thrombin
that is approved for the treatment of patients with heparin-
induced thrombocytopenia. Unlike other direct thrombin in-
hibitors, argatroban binds only to the active site of thrombin
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(i.e., it does not interact with the exosite). Also unlike other
direct thrombin inhibitors, argatroban is excreted by biliary
secretion, and can therefore be administered with relative
safety to patients with renal insufficiency.

Recombinant Activated Protein C (r-APC)

As described above, endogenously activated protein C
(APC) exerts an anticoagulant effect by proteolytically
cleaving factorsVaand Vllla. APC also reduces the amount
of circulating plasminogen activator inhibitor 1, thereby en-
hancing fibrinolysis. Finally, APC reduces inflammation by
inhibiting the release of tumor necrosis factor o« (TNF-a) by
monocytes. Because enhanced coagulability and inflamma-
tion are both hallmarks of septic shock, APC has been tested
both in animal models of this disorder and in humans. Re-
combinant activated protein C (r-APC) has been found
to significantly reduce mortality in patients at high risk of
death from septic shock, and the U. S. Food and Drug Ad-
ministration (FDA) has approved r-APC for the treatment
of patients with severe sepsis who demonstrate evidence of
acute organ dysfunction, shock, oliguria, acidosis, and hypo-
xemia. r-APC is not indicated for the treatment of patients
with severe sepsis and a lower risk of death, however. As
is the case with other anticoagulants, r-APC increases the
risk of bleeding. This agent is therefore contraindicated in
patients who have recently undergone a surgical procedure
and in those with chronic liver failure, kidney failure, or
thrombocytopenia.

THROMBOLYTIC AGENTS

Although warfarin, unfractionated and low molecular weight
heparins, selective factor Xa inhibitors, and direct thrombin
inhibitors are effective in preventing the formation and prop-
agation of thrombi, these agents are generally ineffective
against pre-existing clots. Thrombolytic agents are used to
lyse already-formed clots, and thereby to restore the patency
of an obstructed vessel before distal tissue necrosis occurs.
Thrombolytic agents act by converting the inactive zymogen
plasminogen to the active protease plasmin (Fig. 22-10). As
noted above, plasminisarelatively nonspecific protease that
digests fibrin to fibrin degradation products. Unfortunately,
thrombolytic therapy has the potentia to dissolve not only
pathologic thrombi, but also physiologically appropriate fi-
brin clots that have formed in response to vascular injury.
Thus, the use of thrombolytic agents can lead to hemorrhage
of varying severity.

Streptokinase

Streptokinaseisaprotein produced by 3-hemolytic strepto-
cocci as a component of that organism'’s tissue-destroying
machinery. The pharmacologic action of streptokinase in-
volves two steps — complexation and cleavage. In the com-
plexation reaction, streptokinase forms a stable, noncovalent
1:1 complex with plasminogen. The complexation reaction
produces a conformational change in plasminogen that ex-
posesthisprotein’ sproteolytically active site. Streptokinase-
complexed plasminogen, with its active site exposed and
available, can then proteolytically cleave other plasminogen

molecules to plasmin. In fact, the thermodynamically stable
streptokinase: plasminogen complex isthe most catalytically
efficient plasminogen activator in vitro.

Although streptokinase exerts its most dramatic and po-
tentially beneficial effects in fresh thrombi, its use has been
limited by two factors. First, streptokinase is a foreign pro-
teinthat is capable of eliciting antigenic responsesin humans
upon repeated administration. Previous administration of
streptokinase is a contraindication to its use, because of the
risk of anaphylaxis. Second, the thrombolytic actions of
streptokinase are relatively nonspecific and can result in sys-
temic fibrinolysis. Currently, streptokinase is approved for
treatment of ST elevation myocardial infarction and for treat-
ment of life-threatening pulmonary embolism.

Recombinant Tissue Plasminogen
Activator (t-PA)

An idea thrombolytic agent would be nonantigenic and
would causelocal fibrinolysisonly at the site of a pathologic
thrombus. Tissue plasminogen activator (t-PA) approxi-
mates these goals. t-PA is a serine protease produced by
human endothelia cells; therefore, t-PA is not antigenic.
t-PA binds to newly formed (fresh) thrombi with high affin-
ity, causing fibrinolysisat the site of athrombus. Once bound
to the fresh thrombus, t-PA undergoes a conformational
change that renders it a potent activator of plasminogen. In
contrast, t-PA is a poor activator of plasminogen in the ab-
sence of fibrin-binding.

Recombinant DNA technology has allowed the produc-
tion of recombinant t-PA, generically referred to as al-
teplase. Recombinant t-PA is effective at recanalizing oc-
cluded coronary arteries, limiting cardiac dysfunction, and
reducing mortality following an ST elevation myocardia
infarction. At pharmacologic doses, however, recombinant
t-PA can generate a systemic lytic state and (as with other
thrombolytic agents) cause unwanted bleeding, including ce-
rebral hemorrhage. Thus, its use is contraindicated in pa-
tients who have had arecent hemorrhagic stroke. Like strep-
tokinase, t-PA isapproved for usein thetreatment of patients
with ST elevation myocardial infarction or life-threatening
pulmonary embolism. It is also approved for the treatment
of acute ischemic stroke.

Tenecteplase

Tenecteplase is a genetically engineered variant of t-PA.
The molecular modifications in tenecteplase increase its fi-
brin specificity relative to t-PA and make tenecteplase more
resistant to plasminogen activator inhibitor 1. Large trias
have shown that tenecteplase is identical in efficacy to
t-PA, with similar (and possibly decreased) risk of bleeding.
Additionally, tenecteplase has a longer half-life than t-PA.
This pharmacokinetic property allows tenecteplase to be ad-
ministered as a single weight-based bolus, thus simplifying
administration.

Reteplase

Similar to tenecteplase, reteplaseisagenetically engineered
variant of t-PA with longer half-life and increased specificity
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for fibrin. Its efficacy and adverse effect profile are similar
to those of streptokinase and t-PA. Because of its longer
half-life, reteplase can be administered asa‘* double bolus”
(two boluses, 30 minutes apart).

INHIBITORS OF ANTICOAGULATION AND
FIBRINOLYSIS

Protamine

Protamine, alow molecular weight polycationic protein, is
a chemical antagonist of heparin. This agent rapidly forms
a stable complex with the negatively charged heparin mole-
cule through multiple electrostatic interactions. Protamineis
administered intravenously to reverse the effects of heparin
in situations of life-threatening hemorrhage or great heparin
excess (for example, at the conclusion of coronary artery
bypass graft surgery). Protamine is most active against the
large heparin molecules in unfractionated heparin and it can
partialy reverse the anticoagulant effects of low molecular
weight heparins, but it is inactive against fondaparinux.

Serine-Protease Inhibitors

Aprotinin, anaturally occurring polypeptide, is an inhibitor
of the serine proteases plasmin, t-PA, and thrombin. By in-
hibiting fibrinolysis, aprotinin promotes clot stabilization.
Inhibition of thrombin may also promote platelet activity by
preventing platelet hyperstimulation. At higher doses, aprot-
inin may also inhibit kallikrein and thereby (paradoxically)
inhibit the coagulation cascade. Clinical trials have demon-
strated decreased perioperative bleeding and erythrocyte
transfusion requirement in patients treated with aprotinin
during cardiac surgery. However, these positive findings
have been tempered by recent evidence suggesting that,
compared to other antifibrinolytic agents, aprotinin may in-
crease the risk of postoperative acute renal failure.

Lysine Analogues

Aminocaproic acid and tranexamic acid are analogues of
lysine that bind to and inhibit plasminogen and plasmin.
Like aprotinin, these agents are used to reduce perioperative
bleeding during coronary artery bypass grafting. Unlike
aprotinin, these agents may not increase the risk of postoper-
ative acute renal failure.

8 Conclusion and Future Directions

Hemostasis is a highly regulated process that maintains the
fluidity of blood in normal vessels and initiatesrapid forma-
tion of a stable fibrin-based clot in response to vascular in-
jury. Pathologic thrombosis results from endothelial injury,
abnormal blood flow, and hypercoagulability. Antiplatelet
agents, anticoagul ants, and thrombolytic agentstarget differ-
ent stages of thrombosis and thrombolysis. Antiplatelet
agents interfere with platelet adhesion, the platelet release
reaction, and platelet aggregation; these agents can provide
powerful prophylaxis against thrombosisin susceptible indi-

viduals. Anticoagulants primarily target plasma coagulation
factors and disrupt the coagulation cascade by inhibiting cru-
cial intermediates. After a fibrin clot has been established,
thrombolytic agents mediate dissolution of the clot by pro-
moting the conversion of plasminogen to plasmin. These
classes of pharmacologic agents can be administered either
individually or in combination, to prevent or disrupt throm-
bosis and to restore the patency of blood vessels occluded
by thrombus.

Future development of new antiplatelet, anticoagulant,
and thrombolytic agents will be forced to contend with two
major constraints. First, for many clinical indicationsin this
field, highly effective, orally bioavailable, and inexpensive
therapeutic agents are already available: these include the
antiplatel et drug aspirin and the anticoagulant warfarin. Sec-
ond, virtually every antithrombotic and thrombolytic agent
is associated with the mechanism-based toxicity of bleeding,
and this side effect is likely to plague new agents under
development. Nonetheless, opportunities remain for the de-
velopment of safer and more effective therapies. It is likely
that pharmacogenomic techniques (see Chapter 52, Pharma-
cogenomics) will be capable of identifying individuals in
the population who carry an elevated genetic risk of throm-
bosis, and such individuals may benefit from long-term anti-
thrombotic treatment. Combinations of antiplatelet agents,
low molecular weight heparins, orally bioavailable direct
thrombin inhibitors (such as the snake-venom—derived prod-
rug ximelagatran, which is not approved for use in the
U.S.), and new agents that target currently unexpl oited com-
ponents of hemostasis (such as inhibitors of the factor VIla/
tissue factor pathway) could all be useful in these settings.
At the other end of the spectrum, there remains a great need
for new agents that can achieve rapid, noninvasive, conven-
ient, and selective lysis of acute thromboses associated with
life-threatening emergencies such as ST elevation myocar-
dial infarction and stroke. Carefully designed clinical trials
will becritical to optimizetheindications, dose, and duration
of treatment for such drugs and drug combinations.

L' Suggested Readings

Baggish AL, Sabatine MS. Clopidogrel use in coronary artery dis-
ease. Exp Rev Cardiovasc Ther 2006;4:7—15. (Reviews pharma-
cology and expanding clinical applications for clopidogrel.)

Bates SM, Ginsberg JS. Treatment of deep-vein thrombosis. N Engl
J Med 2004;351:268—277. (Reviews treatment options for deep
vein thrombosis.)

Bauer KA. New anticoagulants: anti [lavs anti Xa—is one better?
J Thromb Thrombolysis 2006;21:67—72. (Summarizes clinical
trial data on selective factor Xa inhibitors and direct thrombin
inhibitors.)

Brass LF. The molecular basis for platelet activation. In: Hoffman
R, Benz EJ, Shatill SJ, et al, eds. Hematology: basic principles
and practice. 4th ed. Philadelphia: Churchill Livingstone; 2004.
(Detailed and mechanistic description of platelet activation.)

Di Nisio M, Middeldorp S, Buller HR. Direct thrombin inhibitors.
N Engl J Med 2005;353:1028—1040. (Reviews mechanism of
action and clinical indications for direct thrombin inhibitors.)

Franchini M, Veneri D, Salvagno GL, et al. Inherited thrombophi-
lia. Crit Rev ClinLab Sci 2006;43:249-290. (Reviews epidemiol-
ogy, pathophysiology, and treatment of hypercoagulable states.)



LP-FPPP-92900 R1 CH22 01-15-07 10:08:23

410 1 Principles of Cardiovascular Pharmacology

Furie B, Furie BC. Thrombusformation in vivo. J Clin Invest 2005;
115:3355-3362. (Reviews molecular and cellular mechanisms
of primary and secondary hemostasis in vivo.)

Grosser T, Fries S, FitzGerald GA. Biological basisfor the cardio-
vascular consegquences of COX-2 inhibition: therapeutic chal-
lenges and opportunities. J Clin Invest 2006;116:4—15. (Reviews

effects of COX-2 inhibition in cellular, animal, and human
studies.)
Hirsh J, O’'Donnell M, Weitz JI. New anticoagulants. Blood 2005;
105:453-463. (Reviews anticoagulantsin clinical development.)
Levy JH. Hemostatic agents. Transfusion 2004;44:585-62S. (Re-
views aprotinin, aminocaproic acid, and tranexamic acid.)



LP-FPPP-92900 R1 CH22 01-15-07 10:08:23

Chapter 22 Pharmacology of Hemostasis and Thrombosis 411

(panunuod)
10940 pRE
-llue S IpaWW| 8A81yJe 0} asop Huipeo| e salinbay
auipidojon

ueyl ApixolopAw ssa| Apueaijiubis ‘suipidoon
uey) a|1joid 1004Jo asseApe |geIoNe) SI0 N

1094 PR
-1lUe akIpawW | 8A81yde 0} asop Buipeo| e salinbay
Apixo1opAw pakinosse Aq peiwl| siasn

Bpiosip Buipss|g ARy

uonouNISAp JoAl| aenes
eluadolfooquioly) ‘eluadosneN
Jopiosip Buipss|g Ay

ssauizzip ‘eibesylrie ‘UoJuodsIp

|9 ‘SIS9} UOMdUNY BAI| fewloude alel
‘eindind ‘uosueledAY eweps ‘ured 1S8UD

uoipuNny [eusl fewloude ‘ebey.liowsy

[elueIoeNUl BJeJ ‘elusdoineu Jo elBue

el AjeA ‘(uliidse y1im uoireuiguiod

u1) abey.ioway |9 ‘swonnw
BwoeyA e ‘2in|re} 1ieay ‘uone||Lgy el

SSauizzIp ‘SS9 Uoiouny

JAAI| rwoude ‘elsdedsAp ‘ysel ‘snilinid
eJind.nd o1uadoitooquioyl

JnoquioJy] ‘eluadoineu ‘elwsue onse|dy

(uundse y1m uorreuiquiod ut)
SIS0qW0JY} JUSIS JO UONUBASIH
SawioJpuAs Akreuolod ainoy

aseasIp fejnaseA esayduad o

‘X041 ‘UoNDseul [eIpMe0AW

1uB0. Yiim spueired

Ul SIUS/AS 91108 [0S0y

10 uonuanald Arepuodes pibopido|D

(uindse yym uoreUIqUIOD Ul)

SIS0qIOIL} JUSIS JO UONUSAI
uuidse Jo Juese|ol

sjuaited Ul se)0.IS D1OqUIoIY)

Jo uonuanaid Arepuodes auipidopi L

ARemyred uoirennoe wppe|d Juspuadep-day Buniqiyul Algisenalll pue Buireubs Joidedss Bunuansid Agesey) ‘101dedsl day ©ere|d Ajipow Ajjusero)—wsIueyas A

uouswiouayd

[eaxs Areuo.o09 ay) Busned Ag eulbue aonpul
Aleoixopeled Aew ‘sansedoid Alome|iposen seH

uuidse 1o
uLke fem Uiim uoiieuiquiod Ul paleisiuiwpe Ajensn
10940 PPR|dIUe eI

sjuafe asay) Y1IM UoIe.IS U IWpe-00 ploAe
‘auozesAduiyins pue ‘piosusgo.ld ‘suozeing|Ausyd
1O S109}49 91INS001IN sazluofejue uLidsy
A101X01 ULlidse 01 pea| Aew siv1}IpIJe auln JBYlo
10 3PLIOJYO WiNjUOWIWE L} IM UO IS U IWpe-0D
S109}0 21X01010 3k nualod Aew UIDAWOIURA
10 ‘apiwisso.ny ‘pide ouAIgeype ‘unAwolylhie
‘uire|dsd ‘upAwosided ‘epiueewng
'S9P IS00A|BoU IR U} IM UOITRJIS IU IWpe-0D
Juewredw o1reday Jo ‘eindind diusdolAocoquuoayl
onoquiolyl ‘Aousioijep M ulweliA
eIWBUIquOoIYIodAY ‘uonouny eusl paledw i
'suosa| 9 yum susired ul Anonmed asn
ApAnosepsuou g-X00 pue T-XOD sHaIuu|

ajowepuAdip 01 AvinnsussiedAH

eluadolfooquiolyy
aunwiw| Jo ‘asessip
S pueIcR||IM UOA ‘eljiydowsy
se yons sJeplosip Buipsalg
Aous 1P Ad9D
SawioJpuAs axl|
N} J0 XOdUuSMOIUD UM UBIPIIYD
suonJesl
Anansues paonpul-alvsN

aydepesy ‘ssauizzip

‘(®IN0J [2I0) LIOJWOTSIP [eUIWIOPCe
‘(801 Al) uosueIodAY ‘D03 WIOUGY

wisedsoyouo g a.fel ‘e ylAy e

Je|nd1USA 8.Jel ‘Uoiosejul [elpedoAw
aJes ‘(@IN0J4 A]) eUlbUe JO UOoITeqJeJex]

siojqiyuj Aemyjed 103daday dav

BuiBew

uosnyed eIpsesoAw wnijeyl

Ul 8S10/0X3 0] SAITRUR] Y
'SIBPIOSIP D1{0CLIBOGUUIOILY

suRbe sixe|Aydoid ajowrepllAdig

Ajiqebe 166e ppe|d aseslssp Ageloyl pue uoirepelfiop 4 N2 BRRe(d 1IgIyu |—Wwsiueyss

ysel ‘awn Buipsa|q pabuojoid
‘Bu1pas|g 1n220 ‘esdadsAp ‘sniuuil]
aWOIpU/S s pfay “ewyise
“ewiepaolifue ‘siireday ‘“eluadoifooquuo Jyl
‘fousd1yNsul feuad ainde ‘Buipss|g |19

s10)iqiyu] 3sesa)saipoydsoyd

ooy Jo ued pIN
JoMa} olrewnay

‘Shye a|IeAn( ‘SHuyuY
uoejue|dw
JUBIS puUe Ssainpacoid
uolezLre|nosenss Areuolod

Ul UOSN[2203. JO UONUBASI-
sawioJpuAs

AJeu0i02 81nJe Jo Juswiesl |
SIopIoSIP 21joquIsOqUIOIY)
pue ‘uonoseul
[ 1pe20AW ‘YJee dIWeyds!

e sUel] suebe sixe|Aydoid undsy

uolrefaibbe pere|d pue uoioeal aseap.l BRe(d Buniqiyul pue uoreeuab zy auexoquwolyl Buoo|q Ageey) ‘eseusbAxo0(0Ad BRe(d 1IgIyu |—WsILeydas N

sisoquiody] pue sise}sowdH jo A3ojodeuweyd zz 193dey)

si10)qiyuj aseuadixoopA)
SIN3IDV 1ITILVIdILNY

9|qe] Alewwns 3nig




LP-FPPP-92900 R1 CH22 01-15-07 10:08:23

Principles of Cardiovascular Pharmacology

412

sBnJp Yy1og Jo suoreuadu0d ewse|d

8y} 109}fe e WsljogelsW 0Gid 10} siledwiod

Jo/pue 2onpul Tey sbnip Jo uomessIuIwpe

-00 ‘sbnup y10q Jo suoieueduod ewse|d

(punoqun) aa.} 8y} aseaJoul Ued sPnJp punog

-uiwnge Jeyio Yiim uLerlem Jo uolessiuiwpe

-0D ‘(suondeseul Jueniodwi Jo sajduexe

10} 2-gg 3|0 L 0} PPI) ULRLEM ULIM PRSP ISU0D
AJInjgfed ag 1snwi suondeseiul Bnip—Bnig

(4N1) orres pazifewlou

feuoreuRIUl By} Se passaldxe ‘(1d) swn
uigwoJyloud ay1 Busn Ag paiinbai s1 BulIolIUO A

uosuaLiBdAY pajjo2iuodun aenss

Asebins Jeulds Jo ‘ulelq ‘98 U9y
SIHpedopUs [eleldeq ‘Uosnye
fe1pseoed pue spipieotied
‘wisAIneue d110e J0 [RICRISD
‘afey1ioway Jenosenoige.ieo
‘SUOISa| [esoonw 0}
anp BuIpss|q 10 Uo RO IN BAITR

Unm pareroosse Aouspuel Buipse|g
eseIsip

pooj|q Jo Aouapusl d1beylioweH

foueubBaid

uonoeal AlanisussjadAy ‘snireday
‘afiey Jowey ‘S1S0.408U anss |y Jayio pue
UDiS ‘W0Jpu/As Uoirezijogquie [0.11sa10UD

anRA
1eay [ediueydsw onaysold
1o ‘afiewrep aneA ey
U}M 8sessIp Liesy dlfewnsys
‘uoie||uqly LT LM
PO I00SSe WIS|[0guid J1WSISAS

10 JuBwWEa ] pue sixe|Aydoid
uonoeul eiped0Aw
JB1e wsijoque J1weIsAs

1O JuswiEa ] pue sixe|Aydoid
SIS0qWOIY) UBA daap

10 uBwEa ] pue sixe|Aydoid
wsljoque Areuow nd

10 uBWEa ] pue sixe|Aydoid uliej e

S pue D sulioid jue|nfeoonue

pue X pue ‘X | ‘IIA ‘|1 Sio10e} uoire|nfeod aAnde A|[eaibooiq o SSSUiUAS 10y paainbal S1 YdIYM M UILBIIA pBoNnpsal Jo uolrepualal oy sezAered Jey) sseonps. apixods ofreday 1giyu [—WsIueyos N

anbofeue auso.A) apideduou e si ueqijoln 1de0xe
‘ap1eq14nde Se suoieepIsU0D dnadessy) awes

Aise|doibue Areuolod

¥su-yb1y Buiobepun syuaired Ul SJUSAS JIWBYDS|

wR1-Moys pue wiel-Huo| yiog ssonpas Adesayl
J110qIOJY} U [eUONUSAUOD 0} qewl IXidge Bulppy

Apogue feuojoouow

Uewiny—asnouw d1LBWIYD B S1 qewixioge 1dsoxe
‘apIreqiynide se suoelepIsuod dnnadessy) swes

uolelisiuiwpe esews.red
BIA pRJeAlRp 8pnded d1ByIUAS B sI epireqind
sagn} ausefoseu
pUe [eaydelioseu pue ‘siepeyed Arulin
‘saJnjound SNOUBA pue [elidlie Jo asn azZIW Ul
s1uobejue
©|11-q1IdD PUOJSS B UM OIS IUIWPE-00 PIOAY

apleq1inds se swes

apieq14nds se swes

uoisuaLiBdAY pa|joiuodun alenss
UO[TeWO} [eW SNOUSAC LIBLIe

Jo ‘ssew ‘afieyliowsy [elUeITRU|
ao0.1s difey.ioway

Jo AIoXS1y Jo 9X0u1s Ry

Asebins Jofew ueoey
s1uobeiue
e|11-q|] uL104dooA|6 puosss

© JO UOIeJISIUIWPe JUe}IodUoD
Buipss|q fewoude 1usosI

Jo ssaymeip Buipss|q Jo AiosIH

ponesIo
ApJel si uonodsssip Asslre Areuolod
‘A|reuonippy ‘apireqinde se aures

apireqinds se awes

Buipes|q ‘uoisualodAH
eluadoifooquio Jyl
‘abey.liowey [eigeleoenul ‘Buipss|q Jofen

uuepen
SINVINDVODILNVY

A|e21pow
pafievew 1o Awolde.eyre Jo
Aise|doibue Buiobepun ueired

U1 SSWoJpufs Areuolod anoy ueqljo i |

uonuaABIUI
Areuolod snosuenased
10} panpays siusired
u1 Adesey) [EUONUSAUOD 0]
Bulpuodsas jou euibue a|gesun
SUOIe01|dWod 21WaYds| Jeip.led
ande Wwensid 01 Awoleeyr
10 uonuaALIUI ArRUO0I0D

snosuenased 03 unfpy qew ixngy

uonusARIUI
Aeuo.oo snoaueINosed

sswolpufs Areuoiod sinoy apirequyndg

spuebi| ansaype Jeyio pue usbouligly jo Buipuiq wenaid Ageeyl pue e|||—q||dD J01dads. vpie|d 01 puig—wsiueyss |\

(panunuo)) sisoquioayl pue sisejsowdH jo A3ojodeunieyd zz 193dey)

mum_:OMMu:< e[li-qlidD

9|qe] Alewwns 3nig




LP-FPPP-92900 R1 CH22 01-15-07 10:08:23

Chapter 22 Pharmacology of Hemostasis and Thrombosis 413

(panunuo)

eluadolfooquio.y) paonpui-utiedsy

YlIM paIeI00sse Usag Jou Sey asn Xnu Lredepuod
Aouapiynsul jeusi

yrm siuaired ui uoie nfeodue aASSa0Xe PIOAY
Ainnze el
-hue) uiquioay-nue a1 ib1Bau yim ‘ex Ioiey Jo
J1o1ig1yul 19811pul 214198ds B S1 1] ||| Ulquioyinue
Buipuiq Jo} Aressaoeu sorIpAY0gIed BAl) [BNUSSSe

ay} Jo pasodwiod aplreydeseluad e s1 xnuledepuo

Kouspiyynsul feus)

yrm sjuaired ul uole nBeodue aAISSa0Xe PIOAY
uondelul

SNoaURINIgNS Paseg-1ybiem se paRISIuILPY

Buipsa|g Jo XS pasealoul 0 aNp JBAOD
paJ pue ‘Lomisyiow ‘obxulb ‘Jebulb ‘o1eb ‘renb
Buop se yons sgiey Jo asn el IWoduod abeinodsig
1999
e nBeoonue asealoul Aew sioligiyul BRr(d pue
‘SyuenfBeoonue felo ‘suljjoiuad ‘sullodsoeyded
109}J0 1uenBeodnue
19e/01un0d Ajensed Aew saulpAdele)
puUe ‘Bunodiu ‘sap1sdA|B Jeipsed ‘ssulesIyuy
uteddy MINT
Buinpdal 8soy) ul Ueyy ulkeday paleuondeljun
Buinvoal sueired ul elusdoifooquiolyl
paonpul-utieday Jo aouspioul Bybiy e sl alyl

ewse|d uszol} ysaly anr1 Apdwold pinoys
siBlked ‘ulkejlem 0} anp affeyllowey 8loAss 104
8INTe[NJSeA0IOIW 8Y} Ul SISOIOIY) Peaidsapim
10 NS & Se SIS0J08U U IS asned Ued UL LeAA
SNP} 8y} Ul S10eep [e1usbuod Jo/pue Joplosip
oifeyJioway e asred ued 31 8snessq UsWOoM
JueuBa.d 01 USAIB 8 JeAsu PINoys Ul LA

ShpAeopUe leIRY
Wewlredw! eual aenes
Buipss|q Jofew aAndY

uoleyl
[ed0| ‘Jens} ‘eaudsAp ‘ured ‘uosnjuod
‘elwaue 91wo.ydodAy dnAoowiou
‘BLIORWAY Basmneu ‘eaylreip ‘ewspd
ewolewsy [eulds ‘uonoess
plooejAydeue ‘S1sa] UooUNY JBAI|
few Joude ‘eluadoifooquioly) ‘ebeyioweH

10 JuBWea ] pue sixe|Aydoid

wsljoque Areuownd

10 uBwEa ] pue sixe|Aydoid

SISOqWOJY} UBA dasp
Xnuifedepuo

'YX Jojoe} Jo uoeAndeul aANKSRS A|UBIY BIA SKSBISOWRY Aepuodss SHQIYUL pue ||| UIqUoJyInue Yim suiguio)—WsIUeyss

(UomeoIpurRIUOD
aniepl) Aouepiynsul euey
syonpoud
yJod Jo uireday 01 AlIAnisussiedAH
eluadolfoogquioly) paonpui-utedoH
Buipss|q Jofew andY

uosueledAy aenes
Shipedopus feleried
Ajiqeswed Ase||ided
pasesJou| asred eyl suonipuod
uiXs Jo uolfepnusp
SABUBIXS ‘SPUNOM BAITRRI N UadO
affey.lowsay [eIUeIJRNUI p1IadsNS
elWsU IquioiyioidodAy
UHm aseasip dleday
Jo ‘eiuadolfooquiolyy ‘eljiydowsy
Se yons salouspus) Buipss|g
Buipss|q Jofew anoy
eluadolfooquioyy paonpui-utedoH

uolgeyLul
[e20| ‘Jons) ‘eaudsAp ‘ured ‘uoisnjuod
‘elweue 91woiyd0dAy dnksowiou
‘BLORWaY Basrneu ‘eaylreip ‘ewsp3
ewiorewsy feulds ‘uonoeal
pioejAydeue ‘S1sa1 U0 1OUNY JBAI|
rew oude ‘eluadoifooquioly) ‘abeyioweH

BWoRWAY ‘uoiesan
fesoonuwl ‘aw Bumojo pebuoijoid ALAO
suonoes.
plooeAydeue Buipnjoul suonoea.
AinnsussedAy ‘elusdoifooquioyy
paonpui-ulreday ‘abeyioweH

Areuoliod ande JO JusWiTeal |

1JO JUBWIIES ) pUe UoNUSASId

s10)iqIyu] eX 10)oe4 dAIII|IS

(uLreds1ep

pUe ulredexoua) UonuaARIUI

Areuolod snosuenosed

01 Joun(pe pue sawolpuis
ulfedezul ]
ulredslreq
ul.redexouy
sulreday M

(sutredsy MINT
I/e) SISOqUIOIU} UBA 0SSP
JO JUBWIEaI} pUe UoNUBASId

slePYEd
Al Jo fousred urelureN
uole |nfeod
Je[noseneliul paleuILBssIq
Abins 1eay-uado
euibue ajgesun
uonoleul eipfesoAw
UM pageloosse wslijoque
JIWRISAS JO UonUASId

SNQUIOJY) JeNdLIUBA 19—

SISOqUIoIY} [RIGRIBD —
SIS0qIOJY} URA deeg—
wsijoquie Areuow Ind— ulreday

pareuolie.ljun

"eX J01oe} JO UOHANORUI BANDSIRS (P[04-E) APAIRR[RI BIA SISeISOWSY A1epuodss 1igIyul pue ||| UIGUIoJYInUe Yim auiquiod sulredsy MINT B1IX
Jojoe) pue e |X Jowe) ‘eX | Jo1oe) ‘ex Joloej ‘(e]| J010e)) UIQUIOJL) JO UOITRANORUI SANDSRSUOU BIA SISBISOWRY Afepucdss SHQIYUl pue ||| UIGWOJYIRUR U}M SSUIQUIOD :Uliedsy pareuoiioejun—uwsIueyss i\

suniedaH Y390 Jejndsjoy mo] pue uneday pajeuondeljun

Butfes Jo ds1 Yynm asouy}
Ale10adss pue ‘uolresedood Jo yae|
1o ‘wsljoyooe ‘Alljiuss ‘sisoyossd

Ynm siuaired pasiniednsun
SIS0409U

peonpul-uLie em Jo AIoSIH
esoyiseue

3201|q fequun| Jo [euoifioy
esduwreosaid

‘eisdwe |29 ‘Uoiliode pausIealy |



LP-FPPP-92900 R1 CH22 01-15-07 10:08:23

Principles of Cardiovascular Pharmacology

414

ssAjouquy
JIWBISAS Ul 1NSaJ Ued pue J1310adsuou ApAlRRI
aJe aseuboldaUis Jo suoige JnAjoquioly L
sixe|Aydeue Jo s aup
0} 8Np 3sh 0} UO[IRDIPURAILOD B S| 8Seui¥01dalls
JO Uoesiuiwpe Joud ‘uoiessiuiwpe poreadal
uodn suewny ul sasuodsal dlusbnue 111
ued ey uvlold [eliB1deq ubvlo) e SI aseuyoidens

(1d)
aw uiquoaylosd uo 1848 sl sey Inq (Lide)
awn unsedoquioiyy feied pareAnde sbuojold

uosuaLBdAY pa||01uodun alenss
Ssewl [elueIdenu|
syuow
Z UIY1IM JUspIdde Je|ndsenolgalo)
SYUOW g UIYIIM ewres} 1o
Abins euidsenul o eiueidenu|
sseyeIp Buipss|q
umouy| 1o BuIpse|q feuselul SANDY

BueAlys ‘lereH
uosualodAy ‘ewispa Areuow ind
o1uaboipred-uou ‘AyredoinsuAiod ‘uonoeal
ploeAydeue ‘Buipsa|q Jofew ‘awopuis
snjogwe [0481S910Yd ‘ellyihy.re deipred

uosN[a20 BPYEI

SnousAeUL IO eLRLeRIU|

wisijoquie Areuow nd

SIS0qUIOJY} UBA doaQ

sisoquioiyy eLeMY
uono.ejul

felpfed0AwW uoiedR 1S

aseunjolde s

spnpo.d uoiepelBap uligily 01 uligly S1sebip yoiym ‘ujwse|d wioy 0 usboulwse|d arennde A|[eanA|os1oid—wsIueyds N
SIN3DV JILATOGINOYHL

Buipss|q Bulueresyl-a)1] JO YSU
pasea.oul e Yiim ewrel) Jofe
JAPYRI einpide Ue Jo a0ussald

Syuow ¢ ulyim
euwne.) pesy aenss 1o Arbins
feuidselul Jo [eiUeIIRUl JUSIDY

syuow
€ UIylIm ayjouis o1beyliowaH

SSewl [elueldenu|

Buipss(q feuseiul SANOY

afey.loweH

yreep
Jo ds1 yb1y pue uonounsAp
ueflo Ylim sisdes alones

(Odv-1) 2
ule10.d pateAlloe
jueulquiodoay

SUN09S 0} UDISaYpe 81400%Md| Bu ool pue uoionpo.d Jojoe) S1S0409U Jownl Buniqiyul Aq 10948 Alorewiwe|jul-nue 1oxe osfe Aew ‘e|||A pue BA Sioioe) sareAnoeul A|feonk|osioid—Wwsiueyse
(DdV-1) D uId10id pPoJeAIDY JURUIqUIOIDY

a]1g 3y} Ul paj.Ioxe S| Ueqo.reble asnedsaq asessip
JBAI| yum suered Ul paainbau s1 uswisnipe ssoq
UIguIoJy} JO 811S0X3 10U INQ 815 ANJe 01 spulg

sfaupiy syl eIA
paRIOXe ale Sjusle asay] asnedsaq Adusioinsul
feuas Yy1im swuaired ul palinbai s1 uswisnh e asoq
uiquioly) Jo UoieAndeal 01 Buipes| ‘uipniieAlq
ul puog auljoid—auluibre Ue sanesjo A|Mors
uiquioJy} 8y} ‘uiquioly} 03 spuig uipniieAlq Jeyy
uiquoly
punog-utig1y pue 8814 Y1og sHgIyul uipniice
UIquIoJy} JO 81150
pUe 81Is 8ANIJe Yiog 03} pulg ‘uipniiy upioid yoss|
[euioIpawW ay) uo peseq sepidedAjod Jueuiquiossy

JuBWLIRdW JOAI| 919NS
Buipas|q Jofew anndy

Wwewlredw! eual aenes
uoisualiedAY pa|jjo2uooun aenss
foueuBaid

Buipss|q Jofew sy

uosualodAy
‘sisdes ‘eIpeaAyoe] Jenoliuan
‘JOpIOSIp Je[ndseno.ge.ad ‘1salle Jeipred

A9} elweue ‘AlinnsussiedAy snosuein)
sisdes ‘eluownaud ‘esessip
Kloreuidsas oibB|[e dsULIXG ‘@In|E)
feuas ‘elinfewny ‘sisAesed anJou [eloe)
‘ssAfesed ansou esaydised ‘ebey.iowey
[elueJoeul ‘elwsyds! [eigetsd
‘uoisualodAy ‘uosueliedAy ‘sixejAydeue
SIS9) LO1DUNY JSAI| [ewjouqe ‘Buipsaq

‘abey.lioway feunsaluloseb ‘ain|rey 1eaH

eluadoifooquiolyy
paonpul-uLiedaH

uonuaABIUL ArRU0I0D
snoaueinased ul sixe|Aydoid
sisoquioly} Alye Areuoiod

(uipniieAiq)
Aise|doibue pue AydelBoibue
Aseuo.oo BuioBiepun
Sisiked ul uoienBeodnuy
(uipn.1sap) ssoquuo.y}
UBA doap sumkele sixe|Aydoid
(uipnuida|) eluadolfooquiolyy
paonpul-utiedoH

ueqo Jreb .y

uipnJieAalg
uipniseqg
uipn.ide
s1uabe

parep J-upniiy

siselsowsy Aepuodss 11giyul Ageey) pue uiguioly o} Ajselip pulg—uwsiueyse
S10}1qIYu] uIquoy] 311d

9|qe] Alewwns 3nig

(panunuo)) sisoquioiyl pue sisejsowdH jo ASojorewseyd zz 19ydey)




LP-FPPP-92900 R1 CH22 01-15-07 10:08:23

Chapter 22 Pharmacology of Hemostasis and Thrombosis 415

uunoide
0} 9AIRPI aIN|e) [eusl aINJe SS9 asred Ae |y

swefe onkjounqynue

JBU10 01 BAIRRI IN|R} [eUBI BINJe
aAleJadoisod Jo ys1i 8y} asealoul few uunoidy

9pedsed uolk nfeod

ays ugiyul Ajpeaixopered Agpleu pue upi e
Hgyut ose Aew uunosde ‘sesop eybly 1v

xnuifedepuoy Jo 19840

Jue|nfeoonUe ay) 8sjoAd. Jouued 31 INg ‘ulreday

WBM Jejnosjow Mo| JO 109440 Jue|nfeoonue
ay1 asenal Ajeited osle ued auiwelold

snjoq a|gnop e Se pasesIuiWpe S| ase(dale.
'snjoq peseg-ybem a|buss e se pasesIuiWpe
S1ase|08108UR L | Vd-} Ueu 8411-3ey sebuoT
uuqly Joj A014199ds pasealoul
YHM Vd-} JO SiteLien passauifue A|edieueD

Buipsa|g paivemun
asned pue aels J1A| J1WRIS/S e arloush
ued yd-1 ‘siuabe anAjoquiolyy ,Byl1o Yiim sy
sngquioayy
' Jo a1is 8y} e ssAjoutiqly Bussres ‘Anuiyge
ybiy ynm 1quioays (Ysely) paunioy Ajveu o1 spuig

pioe

2l04dedouiwe 01 AlAnisussiedAH
uoirenBeod

Je[naseneljul pareuIwsssIg

ulunoide o1 AlanisussiedAH

aulwelold 01 AlansussiedAH

852U 0I0aIS Se aweS

aseunjoida.is se awes

ssAjounquy

paesealoul wodj afeyliowsH
wieisAs anAjouqiy

ay1 Buinjoaul seplosia

ain|re} feusl arel ‘(ploe oloideoouiLe)
AyredoAw paonpul-Bnip ‘seplosip
2110qW0JY} ‘uosueIodAy ‘eruyAyredApe.lg

ploe olwexaue . |
pioe 210 Jdedouiwy

uiwse|d pue usbouiwse|d 1igiyul pue o} puiq ey} susA| Jo sanfoeuy—uwsiueyx® N
san3ojeuy auisA]

ain|re} reuat
‘uosn |00 AJelre [elgeed ‘@Insodxaa.l Asbins 116
Uim sixejAydeue ‘iepIosip 2100Wo Iy} ssedAq Awepe Areuotod Buunp

ooys ‘uonaejul [eipedoA ‘ein|rey JesH Buipas|q anlresedoriad aonpay uiunody

uIquioJy} pue ‘vd-} ‘uiwse|d Buipnul ‘sssesjoud auLies SHAIYU |—WSIUeYRB N
1031qIyu] 3SBI)0id-dULIDS

esdadsAp ‘Buniwon ‘essreu ‘Bulysn|H
ewsaps Areuow|nd
oluabolpfeouou “yea| Are|ided ‘esde||od
Alore|noJmn ‘uonoeal piloloejAydeure
‘uosualodAy ‘euyAyredpelg

a50pJono ulredoH aulwel0 id

¥9|dwoo ulreday:auiwelold T:T a|qers e Buiw o) Aq ulieday SareAldeu |[—WsIURYD A
aujwejoid
SISATONIYEId ANV NOILYTINDVOIILINY 40 SHOLIGIHNI

afieyJjoway [eiueoenul ‘JUSpIode

Je[naseno.geed ‘sixejAydeue ‘uonoes.

o1b.e|[e ‘Buipss|q Jofew ‘Bwoipuls
snjogque [0481S810Yd ‘eluyAy e deipred

ase|dorpy

uonoeul [eIped0Aw 9IN0Y ase|do1oaus |

uosN[200
JOPYIEO SNOLBA [elus)

sisdes ‘abey.ioway wsijoquie Areuow nd (ese|de1v)
[elueJoe.ul ‘uonoesl oibB| e el S1S0qWoJY} (Vd-1) Jorenioe
‘afiey.lioway [eunsaluio.iseb ‘awo.Jpuis 1e|nasen0iesed alnoy ueboulwse|d

SNjogWe [0481S910Y0 " IYIAY Jfe Jeip.red uonofejul eIPRO0AW 8INDY  BNSSI1 1URUIgUIoIDY



LP-FPPP-92900 R1 CH22 01-15-07 10:08:23

Page 416 Blank



