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Summary

The serine proteases thrombin and factor Xa are key
enzymes in the cascade-like activation of the coagulation
system and, therefore, they are at present the most
important targets for the development of new anticoagu-
lant/antithrombotic drugs which may be advantageous
over heparin and heparin-related agents for prophylaxis
and/or treatment of thromboembolic disorders. Directly
acting thrombin and factor Xa inhibitors are either derived
from natural sources, such as hirudin as antithrombin or
antistasin and tick anticoagulant peptide as anti-factor Xa
agents, or they are chemically synthesized such as the
thrombin inhibitor argatroban or the factor Xa inhibitor
DX-9065a. Due to the inactivation of thrombin or factor
Xa, anticoagulant effects are obtained which can be mea-
sured in global clotting assays. The inhibition of thrombin
by highly effective and selective compounds prevents
clotting of blood but does not effectively block the further
generation of thrombin. In contrast, the inactivation of fac-
tor Xa results in a strong reduction of thrombin genera-
tion. Both direct thrombin and factor Xa inhibitors are able
to inhibit clot-associated thrombin and factor Xa, which
play important roles in the thrombus-associated procoag-
ulant activity and the continuation of thrombotic process-
es in vivo.

Comprehensive experimental studies suggest that
thrombin and factor Xa inhibitors may be effective drugs
in a wide range of intravascular thrombus formation. The
inactivation of thrombin and factor Xa, which are both
known to be potent mitogens, may also have potential

implications for the inhibition of vascular restenosis.
Recent clinical trials revealed the usefulness of direct
thrombin inhibitors in various thrombotic and cardiovas-
cular indications, but also an increased risk of bleeding
complications. It is assumed that factor Xa inhibitors
prevent thrombus formation without compromising
hemostasis.

In conclusion, both thrombin and factor Xa inhibitors
are promising drugs for the management of various
thrombotic disorders which has to be further demonstrat-
ed under clinical conditions.

Introduction

Thromboembolic disorders are a major cause of mor-
bidity and mortality in industrialyzed countries. Whereas a
balanced activity of the clotting system is necessary to
prevent blood loss after vessel injury, an uncontrolled
activation of the coagulation system within the blood ves-
sel can cause various cardiovascular disorders, and,
thus, represents a serious medical problem which
requires an effective prophylaxis and/or treatment by anti-
coagulant/ antithrombotic agents.

At present, the most important targets for the devel-
opment of new anticoagulants/antithrombotics are throm-
bin and factor Xa. Thrombin is a trypsin-like serine pro-
tease which is directly generated from its vitamin
K-dependent precursor protein prothrombin at the end of
a cascade-like series of events by splitting off the F1+2
prothrombin fragment (1, 2). The initiation of coagulation
primarily includes the exposure of tissue factor and its
association with factor Vlla resulting in the activation of
both factor IX and factor X (Fig. 1). The activated clotting
factors are essential for the induction of thrombin gener-
ation and the thrombin-mediated reactions that follow.
Thrombin, which exerts both procoagulant and anticoag-
ulant effects, plays a key role in the regulation of hemo-
stasis and thrombosis. It stimulates platelet activation,
catalyzes the conversion of fibrinogen into clottable fibrin
by releasing fibrinopeptides A and B, activates factor XIlII
to cross-link soluble fibrin to form the final clot and ampli-
fies its generation by converting the cofactors V and VIl
into their active forms. On the contrary, thrombin binds to
thrombomodulin on endothelial cells, and thus it activates
the protein C pathway. Due to the resulting inactivation of
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Fig. 1. Scheme of contact and tissue factor-induced activation of the plasmatic coagulation system.

factors Va and Vllla, it inhibits its own generation.
Thrombin is a multifunctional protein which has, besides
its role in blood coagulation, numerous cellular effects,
e.g., on endothelial cells, smooth muscle cells, fibroblasts
and macrophages (3, 4). Activation of platelets as well as
the majority of thrombin-stimulated cell responses are
mediated by the binding of the enzyme to its specific cell
surface receptor which belongs to the seven transmem-
brane domain receptor family coupled to heterotrimeric
guanine nucleotide-binding proteins (G-proteins). After
binding to and subsequent cleavage of the extracellular
domain of the receptor by thrombin, a new amino termi-
nus is formed which acts as a “tethered” ligand activating
the receptor and the resulting intracellular signal trans-
duction (5).

The conversion of prothrombin to thrombin is cat-
alyzed by the prothrombinase complex which is assem-
bled on phospholipid surfaces and involves the Ca?*-
dependent association of factor Xa and factor Va.
Membrane surfaces required for prothrombinase complex
formation are provided after vascular cell damage and
activation of platelets. Factor X is synthesized in the liver
as vitamin K-dependent protein and secreted into the
blood stream as an inactive precursor. It circulates in
plasma as a two-polypeptide chain glycoprotein with a

molecular weight of 58,000 Da. Factor Xa is generated
either by factor IXa which converts factor X into its active
form in the presence of factor Vllla, Ca?* and phospho-
lipids or by the tissue factor/factor Vlla complex (Fig. 1).
Activated platelets, endothelial cells at sites of vascular
injury, vascular smooth muscle cells (VSMC) and fibrob-
lasts are capable of supporting the activation of factor X
into factor Xa (6). Like thrombin, factor Xa is also a very
important enzyme in the coagulation cascade especially
because of its central position at the stage of the common
pathway after contact- or tissue factor-induced coagula-
tion. Compared to thrombin, factor Xa acts at an earlier
level in the coagulation system and is not such a multi-
functional protein, i.e., it exerts its action mainly on the
substrate prothrombin. Whereas thrombin effectively
cleaves its substrate fibrinogen which is dissolved in plas-
ma, the catalytic activity of factor Xa alone is extremely
low and is insufficient to generate thrombin in amounts
that are able to produce a fibrin/platelet clot at the site of
vascular injury or inside the vessel (7, 8). However, upon
formation of the prothrombinase complex, the catalytic
efficiency of thrombin synthesis by factor Xa is enhanced
by approximately 300,000-fold so that sufficient amounts
of thrombin can be generated. Vascular endothelial cells,
smooth muscle cells and platelets are known to express
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effector cell protease receptor (EPR-1), a 65-kDa mem-
brane receptor for factor Xa, which may be of importance
in the regulation of prothrombinase-catalyzed thrombin
generation, as well as in the mediation of vascular cell
signalling following receptor occupancy by locally gener-
ated factor Xa (9-11).

The activity of clotting enzymes, including thrombin
and factor Xa, is controlled by several endogenous
inhibitors. Antithrombin Il (AT Ill) is a potent inhibitor of
the blood coagulation system that, by interaction with gly-
cosaminoglycans, effectively inactivates both thrombin
and factor Xa, as well as other serine proteases (12).
However, factor Xa which is bound to factor Va on the
membrane surface does not seem to be susceptible to AT
Ill-mediated inhibition (7, 13). Heparin cofactor Il (HC II)
also inactivates thrombin in a reaction that is catalyzed by
dermatan sulfate (14). Protein C, which is activated
(APC) by the thrombin-thrombomodulin complex, inacti-
vates the cofactors Va and Vllla in the presence of the
cofactor protein S (15). After cleavage by APC, the factor
Va molecule is incapable of binding factor Xa and pro-
thrombin, which results in an inhibition of thrombin gener-
ation. The extrinsic coagulation pathway is controlled by
the tissue factor pathway inhibitor (TFPI). In a first step,
TFPI binds and inhibits factor Xa, and in a second step,
the TFPI-factor Xa complex inhibits the tissue factor-fac-
tor Vlla complex (16).

Because of the central regulatory roles of thrombin
and factor Xa in the coagulation cascade, it is necessary
to analyze whether the direct inhibition of thrombin and/or
factor Xa by various substances (Fig. 2) is a suitable way
to interfere with the activation of blood coagulation and
which inhibitors are more competent for use as anticoag-
ulants/antithrombotics in clinical states.
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Thrombin inhibitors

Because of the central role of thrombin in the coagu-
lation cascade, the enzyme was the primary target for the
development of anticoagulant/antithrombotic drugs, and
most currently used anticoagulant regimens are based on
inhibition of the activity of thrombin. With respect to its
natural substrates, thrombin cleaves peptide bonds of
arginine which is fixed in the specificity pocket of the
enzyme via its guanidinoalkyl side chain (17). Secondary
binding sites in the vicinity of this pocket can interact with
the leaving group of the substrate and with further groups
so that the cleavable bond comes close to the active cen-
ter serine hydroxyl. Blocking of the active site of the
enzyme by a fast reaction with an inhibitor leads to the
decrease or disappearance of thrombins enzymatic
activity.

The prototype of directly acting antithrombins is
hirudin. Hirudin which is originally produced in salivary
glands of the medicinal leech, Hirudo medicinalis, is the
most potent and selective thrombin inhibitor known. It is a
7 kDa, single-chain polypeptide which contains 65 amino
acids; the recombinant form, produced by E. coli or in
yeast, is a desulfatohirudin lacking the sulfate residue on
tyrosine 63. Hirudin forms a noncovalent complex with
thrombin utilizing the anion-binding exosite as well as the
apolar binding site adjacent to the active site of thrombin.
It blocks sterically the access of both natural and synthet-
ic substrates to the active site of the enzyme (18).
Coupling of recombinant hirudin to polyethylene glycol
(PEG-hirudin) leads to longer-lasting agents with an
increase in the efficacy of the drug (19). A new, naturally
occurring potent thrombin inhibitor is triabin, isolated from
the saliva of the assassin bug Triatoma pallidipennis,
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Fig. 2. Various ways of inactivation of thrombin and factor Xa by directly or indirectly acting protease inhibitors.
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Table I: Strategies for the inhibition of thrombin.

Thrombin and factor Xa inhibitors

Potentiation of the endogenous inhibition of thrombin: heparin, LMWH

Direct inactivation of thrombin

Naturally occurring thrombin inhibitors: hirudin (from Hirudo medicinalis, recombinant) and triabin (from Triatoma pallidipennis,

recombinant)
Synthetic active-site inhibitors of thrombin

Irreversible inhibitors: alkylating agents (PPACK (p-Phe-Pro-Arg-CH,CI)) and acylating agents (LY-806303)
Reversible covalent inhibitors (transition-state analogs): boronic acid derivatives (DuP-714, SDZ-219349), aldehyde inhibitors

(efegatran, CVS-1123) and ketone derivatives (CVS-1347)

Reversible noncovalent inhibitors: arginine derivatives (argatroban) and benzamidine derivatives (NAPAP)

Hirulogs: hirulog-1 (bivalirudin; Hirulog™)

which has been characterized as an anion-binding
exosite inhibitor of thrombin (20, 21).

Based on the catalytic mechanism of serine pro-
teinases and the substrate specificity, several types of
synthetic thrombin inhibitors have been developed that
can be classified according to the kinetics of inhibition
and the type of binding or according to the structural ori-
gin of the molecule (18, 22-25). Synthetic inhibitors of ser-
ine proteinases (Table 1) are mainly classified as (i) irre-
versible alkylating or acylating agents which either
alkylate the active-site His%” or react with the active-site
Ser'¥% to form a stable acyl enzyme intermediate, (i)
reversible covalent inhibitors or transition-state analogs
which form inhibitory tetrahedral adducts with the hydrox-
yl group of the active-site Ser'%, such as boronic acids,
aldehydes and ketones, and (iii) reversible noncovalent
thrombin inhibitors, which are simple substrate analogs
such as arginine or benzamidine derivatives (24, 25). Of
the many active site-directed compounds developed, the
peptide chloromethyl ketone D-Phe-Pro-Arg-CH,CI
(PPACK) has been found to be a highly potent irreversible
inhibitor of thrombin. Among the reversible thrombin
inhibitors, especially the arginine derivative argatroban
(MD-805), the benzamidine derivative NAPAP, and the
tripeptide-type inhibitor efegatran (D-MePhe-Pro-Arg-H)
have been shown to be effective and selective inhibitors
of thrombin.

In addition, during the last years thrombin inhibitors
have been developed that interact with both the active
site of the enzyme and the anion-binding exosite. These
agents, termed hirulogs, consist of a peptide chain with
an anion-binding exosite recognition sequence based on
the C-terminus of hirudin, which is linked by glycine
residues of variable length to a D-Phe-Pro-Arg-Pro
sequence that binds to the active site of thrombin (26-28).
Hirulog-1 (bivalirudin, Hirulog™) is a bifunctional 20-
amino acid peptide which, via its 12 C-terminal amino
acids, interacts with the anion-binding exosite of throm-
bin, whereas the N-terminal tetrapeptide moiety interacts
with the catalytic site of the enzyme (26-28).

Factor Xa inhibitors

There was not a similar rapid development in the field
of factor Xa inhibitors as there was for synthetic or natu-

rally occurring thrombin inhibitors. Only a few systematic
studies on factor Xa inhibitors comprehensively charac-
terized this class of substances in vitro for their inhibitory
activity against various coagulation enzymes, as well as
in vivo for their antithrombotic effectiveness (29). Due to
the dramatic increase of the catalytic activity of factor Xa
after assembly in the prothrombinase complex an effec-
tive factor Xa inhibitor is required to have an extremely
high affinity for the enzyme. Synthetic, directly acting fac-
tor Xa inhibitors developed and studied in the past had
less selectivity over thrombin and, furthermore, the poten-
cy of these agents was modest, so that no final conclu-
sions on the anticoagulant/antithrombotic potential of the
inhibition of factor Xa could be drawn (30, 31). During the
last few years potent factor Xa inhibitors have been iso-
lated from natural sources or were chemically synthe-
sized (Table Il) (32). The naturally occurring factor Xa
inhibitors are now available as recombinant polypeptides.

Various highly effective and selective polypeptide
inhibitors of factor Xa were isolated from blood sucking
animals and biochemically and pharmacologically char-
acterized (Table Ill). Antistasin (ATS), which was isolated
from the salivary glands of the Mexican leech
Haementeria officinalis, is a selective inhibitor of factor Xa
which reacts with the active site of the enzyme forming a
stable complex (33-36). Tick anticoagulant peptide (TAP)
was originally isolated from the tick Ornithodorus mouba-
ta (37). TAP was shown to be a reversible, slow tight-
binding inhibitor of factor Xa. A first low-affinity binding of
TAP to a site distinct from the catalytic site is followed by
formation of a stable enzyme-inhibitor complex (38, 39).
The affinity of TAP for factor Xa assembled in the pro-
thrombinase complex is greater than that for the free
enzyme resulting in an appropriately lower inhibition con-
stant (40, 41). Another factor Xa inhibitor, FXal, was iso-
lated from the saliva of the medicinal leech Hirudo medi-
cinalis. A novel recombinant factor Xa inhibitor from H.
medicinalis is called Yagin (42). Both FXal and Yagin are
slow tight-binding and, except for trypsin, selective factor
Xa inhibitors with homologies in their structure and a very
similar inhibition pattern. FXal and Yagin are more effec-
tive in inhibiting factor Xa in the prothrombinase complex
than the free factor Xa in solution (42). Hematophageous
nematodes, such as the hookworm Ancylostoma can-
inum, produce structurally related anticoagulant proteins
(nematode anticoagulant proteins, NAP), including effec-
tive factor Xa inhibitors (43).
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Table IlI: Strategies for the inhibition of factor Xa.
Potentiation of factor Xa inactivation by endogenous inhibitors: synthetic pentasaccharides
Direct inactivation of factor Xa
Naturally occurring factor Xa inhibitors: antistasin (ATS) (from Haementeria officinalis, recombinant), tick anticoagulant peptide
(TAP) (from Ornithodorus moubata, recombinant) and FXal/Yagin ( from Hirudo medicinalis, recombinant)
Synthetic low molecular weight factor Xa inhibitors: DX-9065a and SEL-2711
Inhibition of the activity of the prothrombinase complex: inactive forms of factor Xa
Table IlI: Characteristics of various inhibitors of factor Xa.
ATS TAP FXal/Yagin DX-9065a SEL-2711
Origin Haementeria officinalis Ornithodorus moubata Hirudo medicinalis Synthetic Synthetic
(recombinant) (recombinant) (native/recombinant)
Chemical Polypeptide Polypeptide Polypeptide (Amidinoaryl) propanoic  Pentapeptide
structure (119 amino acids) (60 amino acids) (85 amino acids) acid derivative
Molecular weight 15 kDa 6.9 kDa 14.4 kDa 571 Da 760 Da
K; factor Xa 0.04-0.06 0.18 (free FXa) 10 (free FXa) 41 3
[nmol/] 0.006 (FXa complex) 0.12 (FXa complex for FXal)
0.05 (FXa complex for Yagin)
Selectivity for High High High High High
factor Xa (except for trypsin)
Orally active No No No Yes Yes
References 33-36 37-41 42 45-48 49, 50

A novel type of synthetic factor Xa inhibitor is
DX-9065a. DX-9065a, also called APAP (44), is a non-
peptide, low molecular weight compound which has been
described as a potent inhibitor of factor Xa with an inhibi-
tion constant in the nanomolar range. It is also highly
selective for factor Xa and shows oral absorption (45-48).
Another synthetic active-site factor Xa inhibitor is SEL-
2711 (49, 50). SEL-2711 is a synthetic pentapeptide
which is orally available and inhibits factor Xa in a
reversible, competitive manner. Some other newly devel-
oped synthetic factor Xa inhibitors, such as YM-60828,
are in the preclinical phase of development (51-54).

It should be mentioned that, in addition to the direct
inhibition of the catalytic activity of the enzyme, factor Xa
can also be inactivated by potentiation or acceleration of
its inhibition by AT Ill. Synthetic pentasaccharide, which
represents the AT Il binding region of heparin, catalyzes
the AT Il mediated inactivation of factor Xa but not that of
thrombin (55, 56).

The inhibition of the activity of the prothrombinase
complex by inactive forms of factor Xa (57, 58), which do
not have catalytic activity but are still capable of associat-
ing into prothrombinase complexes, is at present of more
scientific interest. By competitive inhibition of plasma fac-
tor Xa for prothrombinase complex assembly by inactive
forms, finally thrombin generation is reduced and throm-
botic processes can be controlled (58).

Anticoagulant actions

The anticoagulant potency of protease inhibitors both
in vitro and in vivo depends on the mechanism of enzyme

inhibition, the affinity to the enzyme, and thus the inhibi-
tion constant, as well as on their stability in blood or an
interaction with other blood constituents. To measure anti-
coagulant effects, global clotting assays such as thrombin
time (TT), activated partial thromboplastin time (APTT) or
prothrombin time (PT) can be used.

Direct thrombin inhibitors are known to exert strong
anticoagulant effects in vitro as well as in vivo due to the
inhibition of the catalytic activity of the enzyme (19, 22,
59-62). Blockade of the active site of thrombin prevents
not only plasmatic coagulation processes but also throm-
bin-mediated platelet reactions which may significantly
contribute to the antithrombotic effectiveness of these
agents. However, platelet activation which is induced by
other agonists such as ADP, collagen or arachidonic acid
is not inhibited (63). The most sensitive clotting assay for
thrombin inhibitors is TT followed by APTT, whereas PT is
least sensitive (Fig. 3). The anticoagulant potency of
competitive inhibitors correlates to their inhibition con-
stant for thrombin (22).

The inactivation of factor Xa by specific inhibitors
does not have any effect on preformed thrombin.
However, due to the inhibition of prothrombinase complex
assembly, catalytic cleavage of prothrombin and, thus,
formation of thrombin is inhibited, as well as the
enhancement of thrombin production through autoampli-
fication. Both in vitro and in vivo naturally occurring or
synthetic factor Xa inhibitors did not affect TT, whereas
APTT and PT were prolonged in a concentration- or
dose-dependent manner (Fig. 3). The factor Xa inhibitors
DX-9065a and SEL-2711 demonstrated anticoagulant
activities in ex vivo blood samples after different routes of
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Fig. 3. Anticoagulant action of thrombin (argatroban, Arg, 0.5
mg/kg) and factor Xa (DX-9065a, DX, 1 mg/kg) inhibitors after i.v.
bolus injection into rabbits as measured by thrombin time (TT),
prothrombin time (PT) and activated partial thromboplastin time
(APTT).

administration, including orally, thus showing the oral
bioavailability of these compounds (45, 49, 64). The anti-
coagulant action of some factor Xa inhibitors such as DX-
9065a and ATS is species-dependent (34, 65, 66).
Furthermore, the anticoagulant potency of the naturally
occurring factor Xa inhibitors ATS and TAP did not corre-
late to their antithrombotic efficacy, i.e., at nearly equal
antithrombotic efficiency TAP was less potent than ATS in
prolonging APTT which may reflect kinetic differences in
the factor Xa inactivation (67). A comparative study on
anticoagulant activities of thrombin and factor Xa
inhibitors revealed that the PT assay is most sensitive for
factor Xa inhibitors (30, 68).

Effect on protease generation

The effect of thrombin and factor Xa inhibitors on the
generation of proteases, especially thrombin and factor
Xa, is of great interest. Thrombin inhibitors with a high
affinity and selectivity for the enzyme are expected to
inhibit not only generated thrombin but also thrombin-
mediated feedback reactions, such as the activation of
cofactors V and VIII, and in this way, to interrupt the
amplification mechanisms for thrombin production. On
the other hand, the inactivation of factor Xa, which acts at
a kinetically important point in the coagulation cascade,
by specific inhibitors is assumed to effectively prevent the
generation of thrombin. The action of thrombin inhibitors
on protease generation was investigated in isolated sys-
tems in vitro and after administration to humans. At pre-
sent only few results are available on the influence of fac-
tor Xa inhibitors on protease generation.

In biochemically defined systems, thrombin inhibitors
such as hirudin or DuP-714 prevented the formation of
factor Xa and thrombin after coagulation activation in a
concentration-dependent manner (69, 70). Hirudin and
hirulog-1 were also shown to inhibit amplification reac-
tions of blood coagulation and, thus, to prevent prothrom-

Thrombin and factor Xa inhibitors

bin activation (71). In contrast, using platelet-rich plasma,
hirudin was less effective in inhibiting thrombin generation
and platelet aggregation after intrinsic activation of the
coagulation system (72, 73). In whole blood supplement-
ed with hirudin at concentrations that completely prevent-
ed clotting of blood a strong increase in levels of the acti-
vation markers F1+2 and TAT was found, showing a
considerable thrombin generation in the presence of
hirudin despite inhibition of clotting (74). The in vitro
results correlate with in vivo findings, where an increased
thrombin activity was observed after cessation of therapy
with thrombin inhibitors. This rebound phenomenon is
thought to be caused by an incomplete and only tempo-
rary suppression of thrombin generation by these drugs
(75-78). The persistent formation of thrombin may con-
tribute to early rethrombosis and reocclusion after thera-
py with thrombin inhibitors.

The factor Xa inhibitor DX-9065a was shown to both
delay and inhibit thrombin generation in human plasma.
Intrinsic thrombin generation was affected to a larger
extent than thrombin formation mediated via the extrinsic
pathway (64). Recent studies compared the effect of
thrombin (hirudin) and factor Xa (DX-9065a) inhibitors on
thrombin generation in whole blood after extrinsic or
intrinsic activation of the coagulation system (Fig. 4). In
the presence of hirudin clotting was prevented, but there
was a remarkable generation of thrombin demonstrated
by very high F1+2 and TAT levels. The synthetic factor Xa
inhibitor was less effective in preventing clotting of blood
but was much more active than hirudin in inhibiting throm-
bin generation. The combination of hirudin with DX-9065a
was most effective, i.e., blood clotting was prevented and
F1+2 and TAT levels were strongly reduced to normal val-
ues. Thus, the combination of a thrombin inhbitor with a
factor Xa inhibitor seems to have very favorable effects
on the coagulation system, because clotting of blood is
prevented by direct inactivation of thrombin and the gen-
eration of thrombin is blocked by factor Xa inactivation.

Effect on clot-bound proteases

Intravascular thrombi are known to induce activation
of the coagulation system which may play a role, e.g., in
rethrombosis and restenosis after coronary thrombolysis.
It has been shown that preexisting thrombin which is
bound to fibrin in a plasma clot retains its enzymatic activ-
ity, and when it is reexposed during fibrinolysis, it is
thought to be the primary mediator of thrombus-associat-
ed procoagulant activity. Clot-bound thrombin is resistant
to inhibition by antithrombin 11l and the heparin-AT Il com-
plex but is susceptible to inactivation by AT lll-indepen-
dent inhibitors such as hirudin or argatroban (79-81).
Argatroban as a low molecular weight synthetic thrombin
inhibitor was even found to have advantages over hirudin
in the inhibitory effect against thrombin bound to a plas-
ma clot when compared to the effect on thrombin in solu-
tion. The higher effectiveness of argatroban to inhibit clot-
bound thrombin as compared to hirudin is probably based
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tration) inhibitors on thrombin generation in whole blood without
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thrombin fragment F1+2 (A) or thrombin-AT Il complexes (B).

on the better accessibility to the clot-fluid interphase as a
result of its low molecular weight and on its direct inter-
action with the active site of thrombin (81).

Newer results indicate that other coagulation factors
such as factor Xa are also bound to whole-blood clots.
Besides clot-bound thrombin, the procoagulant activity of
thrombus-associated factors Xa/Va may be very impor-
tant for the propagation of intravascular thrombi and for
their capability of inducing activation of the coagulation
system. In addition to other blood cells, intravascular
thrombi contain varying amounts of platelets which may
contribute to the procoagulant activity of thrombi in that
they provide binding sites for the factor Xa-factor Va com-
plex on their surface, thus promoting the formation of the
prothrombinase complex and the resulting activation of
prothrombin. Studies on the relative efficacy of inhibitors
of thrombin and factor Xa indicate that the thrombus-
associated procoagulant activity is mainly dependent on
de novo activation of prothrombin mediated by factor Xa-
factor Va and not primarily on preexisting clot-bound
thrombin (82). Clot-associated factor Xa activity was
found to be resistant to inhibition by AT Il and AT llI-
dependent inhibitors such as heparin pentasaccharide,
but it was inhibited by directly acting factor Xa inhibitors
such as TAP and by the endogenous inhibitor tissue fac-
tor pathway inhibitor (TFPI), which besides inhibition of
the factor Vlla-tissue factor complex, in a first step also
binds and inhibits factor Xa (82, 83).
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Recent studies, however, have shown that clot-bound
factor Xa can be inhibited by both the low molecular
weight, synthetic factor Xa inhibitor DX-9065a and the
synthetic heparin pentasaccharide SR-90107A/Org-
31540 (84). DX-9065a was shown to effectively inhibit
prothrombinase activity, whereas hirudin inhibits generat-
ed thrombin but is unable to prevent clot-associated pro-
thrombinase activity (85). Because of the presence of
clot-associated factor Xa, it can be expected that inhibi-
tion of clot-bound thrombin by specific inhibitors is inef-
fective in preventing continued activation of prothrombin,
and that inhibition of factor Xa may attenuate clot-associ-
ated procoagulant activity. Thrombin-specific therapy
may be effective only as long as it is continued because
of the persistence of factor Xa activity (83). This might
have important therapeutic implications for the use of
inhibitors with a high specificity and selectivity for throm-
bin. Activation of prothrombin by factor Xa might be
responsible, e.g., for the occurrence of recurrent throm-
bosis after thrombolysis induced by residual thrombi.
Thus, it might be concluded that effective inhibition of the
procoagulant activity of thrombi requires inactivation of
both thrombin and factor Xa (83).

Antithrombotic effects

The formation of thrombi in arterial or venous vessels
is a complex process that result from changes in blood
flow, in the vessel wall or in blood constituents. Under
experimental conditions intravascular thrombosis can be
induced by various means such as activation of the coag-
ulation system, endothelial damage of the vessel wall,
platelet activation and alterations in blood flow. Thrombin-
induced platelet reactions and fibrin formation are essen-
tial factors for intravascular thrombus formation.
Therefore, the inhibition of thrombin generation and/or
the direct inactivation of the enzyme by specific inhibitors
are expected to effectively prevent the formation of throm-
bi and/or their progression.

The antithrombotic effectiveness of thrombin and fac-
tor Xa inhibitors was studied in various experimental
thrombosis models in which the pathophysiologic mecha-
nisms for the thrombotic process correspond to those
which are known to also be relevant in humans. Specific
thrombin inhibitors were shown to be potent antithrom-
botic agents irrespective of the kind of thrombotic chal-
lenge, although effective doses and plasma concentra-
tions differed among the various thrombin inhibitors, as
well as for a given inhibitor in different thrombosis models
(19, 20, 59, 60, 62, 86). Thrombin inhibitors caused dose-
dependent antithrombotic actions in both venous and
arterial (including coronary) thrombosis, in disseminated
intravascular coagulation (DIC) and in arteriovenous
shunt thrombosis. They also prevented reocclusion after
lysis and increased the efficacy of thrombolytics by short-
ening the time until lysis. The antithrombotic action was
more pronounced in thrombosis models in which the
initial generation of thrombin due to activation of the
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Table IV: Antithrombotic effectiveness of factor Xa inhibitors in various experimental models of thrombosis (see Refs. 49, 64, 117-119).

Venous thrombosis (rat, rabbit): ATS, TAP, Yagin, DX-9065a, SEL-2711
Arteriovenous shunt thrombosis (rat, baboon): ATS, TAP, Yagin, DX-9065a, SEL-2711
Laser-induced mesenteric microvessel thrombosis (rat): DX-9065a

Acute disseminated intravascular coagulation (mice, rat, rabbit): Yagin, DX-9065a

Coronary artery thrombosis (canine): TAP

Arterial thrombolysis and acute reocclusion after rt-PA (rabbit, canine): ATS, TAP
Restenosis after balloon angioplasty (rabbit): ATS, TAP

Hemodialysis (monkey): DX-9065a

plasmatic coagulation system plays the most important
role for the occurrence of vascular thrombi such as in
venous thrombosis or DIC. When thrombus formation is
primarily initiated by platelet adherence to a damaged
area in the vessel wall and, second, by the following acti-
vation of plasmatic coagulation, usually higher doses or
concentrations of thrombin inhibitors are required for the
antithrombotic effect (87-89). Thrombin inhibitors only
influence thrombin-mediated platelet reactions and, fur-
thermore, due to the high affinity of thrombin to its recep-
tor on platelets the inhibition of thrombin-induced platelet
reactions generally requires higher inhibitor concentra-
tions than the prevention of thrombin-catalyzed fibrinogen
conversion (90). For competitive, reversible thrombin
inhibitors the antithrombotic potency correlates with their
inhibition constants for thrombin.

The inactivation of factor Xa might also be an impor-
tant antithrombotic principle because of the resulting
interference with thrombus formation at an early stage of
coagulation activation and because of the persistence of
active prothrombinase complexes at the site of vascular
injury or inside a thrombus, which may be responsible for
the continuation of thrombotic processes during or after
treatment with a thrombin inhibitor. Experimental studies
carried out with naturally occurring or synthetic factor Xa
inhibitors revealed a considerable antithrombotic poten-
tial of these compounds in several models of thrombosis,
which also included their usefulness for the prevention of
arterial thrombosis and as an adjunct to thrombolytic ther-
apy (Table IV). The various factor Xa inhibitors were
found to be at least as effective as hirudin or heparin in
accelerating reperfusion during thrombolysis and in pre-
venting reocclusion and restenosis. It may be concluded
that the inactivation of factor Xa by specific inhibitors and
the resulting prevention of thrombin formation may be a
promising way to prevent thrombotic processes not only
in the venous but also in the arterial system. This class of
drugs might be able to prevent mural thrombus formation
after arterial injury and the following events that lead to
restenosis and reocclusion of the vessel.

Antiproliferative action

Whereas in a normal intact vessel the vascular
endothelium provides a nonthrombogenic and nonadhe-
sive surface, after injury and the following changes in
endothelial permeabilities, various cellular and molecular

processes occur resulting in migration and proliferation of
VSMC, formation of a neointima and finally atherosclerot-
ic plaques (91). Platelets, thrombin and other compo-
nents of the thrombotic process are important factors in
neointimal formation (3, 91-93). Thrombin-mediated cel-
lular reactions require the interaction of thrombin with its
receptor which is expressed by a variety of cell types
including endothelial cells, VSMC, fibroblasts, platelets
and macrophages. Thrombin is known to act as a mito-
gen and/or chemoattractant for these cells (3). Therefore,
inactivation of thrombin, interruption of thrombin genera-
tion and inhibition of thrombin receptor activation may
have potential implications for the inhibition of vascular
restenosis. Because the hemostatic and cellular effects of
thrombin are of great relevance both for acute vessel clo-
sure and late restenosis, thrombin inhibitors have been
expected to be suitable agents for the prevention of these
processes. The inactivation of thrombin by heparin, which
requires AT lll for its anticoagulant action, does not effec-
tively inhibit restenosis and reocclusion. This may be
based on the inaccessibility of the heparin-AT Il complex
to its binding site on fibrin-associated thrombin and/or by
heparin neutralization by platelet factor 4 released in a
platelet-rich thrombus (94). In contrast, direct thrombin
inhibitors such as hirudin, hirulog or argatroban are able
to penetrate into the thrombus, and, thus, achieve a more
potent inhibition of clot-bound thrombin. This may reduce
thrombus formation and cellular effects of thrombin at the
site of angioplasty.

The antiproliferative action of thrombin inhibitors has
been investigated in numerous experimental studies.
Direct inactivation of thrombin by specific inhibitors such
as hirudin or argatroban, and inhibition of prothrombin
activation by factor Xa inhibitors such as TAP, limit neoin-
tima formation and prevent or reduce restenosis (94-101).
A few clinical studies in patients undergoing coronary
angioplasty showed favorable effects of the thrombin
inhibitors hirudin, hirulog and argatroban (78, 102-105).
However, until now the thrombin inhibitors used in clinical
trials were administered only for a relatively short period
of time. The outcome after long-term administration of
these drugs is still unknown. Furthermore, specific throm-
bin inhibitors do not effectively block the generation of
thrombin (see section on protease generation), so that
after cessation of therapy a rebound increase of thrombin
activity can occur as observed after withdrawal of arga-
troban (75), hirudin (76) or hirulog (77, 78).

Studies on mitogenesis using cultured rat VSMC
showed that factor Xa is also a potent mitogen which
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stimulates DNA synthesis and cell growth (106, 107).
Most probably factor Xa exerts its effect indirectly via the
PDGF receptor tyrosine kinase pathway. It stimulates
VSMC to release preexisting PDGF, which then through
the receptor tyrosine kinase pathway leads to the activa-
tion of mitogen-activated protein kinases (MAPK) which
are well characterized intracellular mediators of cell pro-
liferation (106). This action of factor Xa on VSMC seems
to be related to its serine protease activity, since in the
presence of specific factor Xa inhibitors such as ATS and
TAP the mitogenic effect of factor Xa is blocked (106,
107). Factor Xa-mediated proliferation of VSMC may also
be important in vivo for the pathogenesis of reocclusion
and restenosis after angioplasty. Specific inhibition of fac-
tor Xa could limit intimal hyperplasia after damage of the
vascular endothelium and, thus, diminish restenosis after
balloon angioplasty (108, 109). Experimental studies
showed that a 2-hour infusion of ATS significantly
reduced restenosis and luminal narrowing by plaque
measured 28 days after balloon angioplasty of athero-
sclerotic femoral arteries in rabbits (108). Administration
of TAP for 60 hours resulted in a long-term decrease in
neointimal thickness of porcine coronary arteries 28 days
after severe injury (109). The results indicate that specif-
ic factor Xa inhibitors might be effective substances to
reduce neointimal hyperplasia either by preventing the
mitogenic effects of factor Xa and/or by inhibiting the gen-
eration of thrombin as a potent mitogen.

Clinical implications

The principal criteria for the clinical use of thrombin
and factor Xa inhibitors are their effectiveness and safety.
Preclinical studies with both classes of serine proteinase
inhibitors showed that the direct inactivation of coagula-
tion enzymes by specific inhibitors is an effective
approach for anticoagulant/antithrombotic therapy.

Recent clinical trials suggest that active site-directed
thrombin inhibitors might be useful for prophylaxis and/or
therapy of various thromboembolic disorders. Among the
numerous thrombin inhibitors known, particularly hirudin,
PEG-hirudin, hirulog and argatroban have been studied
for various clinical indications. The clinical development
of these agents has been reviewed recently (110-115).
Thrombin inhibitors are the most promising class of drugs
for the initial treatment of patients with heparin-induced
thrombocytopenia (HIT). Hirudin (Refludan®, Revasc®)
and argatroban (Novastan®) have been investigated or
approved for their use as alternate anticoagulants in HIT
patients (116). Completed or ongoing trials with thrombin
inhibitors were reported in cardiovascular indications
such as unstable angina, percutaneous coronary inter-
ventions and acute myocardial infarction (110, 114, 115).
The clinical trials have shown a decreased risk of acute
ischemic complications following PTCA, but only a mod-
est benefit over heparin in acute coronary syndromes or
when used as adjunct drugs to thrombolytic agents.
Thrombin inhibitors such as hirudin or hirulog have also

431

Table V: Possible clinical indications for thrombin inhibitors.

Replacement of heparin in patients with HIT or AT Il deficiency
Prevention of restenosis following angioplasty or thrombolysis
Adjunctive administration in thrombolysis

Postoperative venous thrombosis prophylaxis

Anticoagulation in hemodialysis and extracorporeal circulation
Disseminated intravascular coagulation

been found to be safe and efficacious in the management
of postoperative venous thrombosis after knee or hip
surgery (27, 111). Possible indications for the clinical use
of thrombin inhibitors are given in Table V.

Most of the specific factor Xa inhibitors known at the
present time are still in the phase of preclinical develop-
ment or are being investigated in first clinical studies.
Based on experimental findings, factor Xa inhibitors are
expected to be suitable agents for the prophylaxis and/or
treatment of various thrombotic disorders. Due to the inhi-
bition of the generation of thrombin, factor Xa inhibitors
could be very useful agents for the prophylaxis of less
severe thrombotic processes such as venous throm-
boembolism. The inactivation of clot-associated pro-
thrombinase activity by low molecular, specific factor Xa
inhibitors which are able to penetrate into the clot may be
a valuable tool to prevent the perpetuation of thrombotic
processes after angioplasty or thrombolysis. Thus, these
agents might have important therapeutic implications in
coronary and cerebrovascular ischemic syndromes such
as coronary thrombosis, unstable angina and stroke.
They may be useful in preventing reocclusion and
restenosis after PTCA, as adjuncts to thrombolytic thera-
py or in combination with new antiplatelet agents such as
clopidogrel or GPIIb/llla inhibitors. However, the real
potential of factor Xa inhibitors has still to be validated in
comprehensive clinical trials.

An important point is that factor Xa inhibitors cannot
interrupt thrombotic processes which are caused by gen-
erated thrombin. Therefore, to effectively suppress the
procoagulant activity of intravascular thrombi and the pro-
gression of thrombosis, it may be a promising approach
to inhibit both thrombin and factor Xa by respective
inhibitors. This may provide therapeutic benefit in a range
of clinical indications.

A major side effect of anticoagulant/antithrombotic
therapy are bleeding complications which often limit the
therapeutic value of coagulation enzyme inhibitors. In ani-
mal experiments thrombin inhibitors were found to pro-
long the bleeding time in a dose-dependent manner.
However, under experimental conditions primary hemo-
stasis was markedly influenced only at dosages which
were much higher than those required for antithrombotic
effects (88, 89). In healthy volunteers, thrombin inhibitors
showed no evidence of bleeding complications and did
not prolong the bleeding time (110). In contrast, bleeding
complications occurred in clinical trials with hirudin for the
treatment of myocardial infarction (110, 111, 113). This
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Table VI: Characteristics of direct thrombin inhibitors vs. direct factor Xa inhibitors.

Thrombin Inhibitors

Factor Xa Inhibitors

Target enzyme
Anticoagulant action

Effect on proteases and their

generation of protease generation

Effect on clot-associated
coagulation enzymes

Antihrombotic action in various Yes

experimental models
Hemorrhagic effects Bleeding complications
Induction of thrombocytopenia No

Interaction with other factors

Specific and potent inhibition of thrombin
TT assay is most sensitive

Inhibition of generated thrombin, no inhibition

Inhibition of clot-bound thrombin

Numerous interactions with other structures
(due to multiple functions of thrombin)

Specific and potent inhibition of factor Xa
PT and APTT assays are most sensitive

Inhibition of protease generation, no inhibition
of preexisting thrombin

Inhibition of clot-bound factor Xa

Yes

High benefit/risk ratio, no bleeding side effects
No

Fewer interactions with other plasmatic and
cellular components

might be due to an inadequate dose regimen or adjust-
ment or due to interactions with other drugs such as
aspirin. Other trials revealed no differences in major or
minor bleedings among groups receiving heparin or
hirudin, and furthermore, in prevention of postoperative
venous thromboembolism after orthopedic surgery,
hirudin was more effective than heparin without increase
in bleeding risk (113). However, the results from clinical
trials suggest that there is a relatively narrow therapeutic
window for hirudin. Until now, hirulog showed a high
effectiveness in patients with unstable angina and after
PTCA without any increased risk of bleeding complica-
tions (27, 111, 113).

Factor Xa inhibitors such as DX-9065a were
antithrombotically effective at doses that did not affect
bleeding time or blood loss (29, 45, 117). For some rea-
sons, it can be expected that factor Xa inhibitors express
a better safety/efficacy profile than heparin or direct
thrombin inhibitors. Factor Xa inhibitors do not impair pri-
mary hemostasis because they do not affect platelet
aggregation. As competitive inhibitors they do not com-
pletely suppress thrombin formation. Small amounts of
thrombin generated at a site of vascular injury are able to
initiate the formation of a hemostatic plug but cannot cat-
alyze the conversion of fibrinogen into fibrin in amounts
which are sufficient to form an intravascular thrombus.

Conclusions

The development of direct inhibitors of serine pro-
teinases with high specificity and selectivity provides new
means for effectively controlling blood coagulation
processes and intravascular thrombus formation. Direct
thrombin and direct factor Xa inhibitors both have poten-
tial advantages over heparin and heparin-related drugs in
that they are able to penetrate into a thrombus to inacti-
vate clot-associated thrombin as well as factor Xa, and
furthermore, their use is not limited by the occurrence of

an antibody-based thrombocytopenia syndrome. Despite
differences in the site and mechanism of action and the
resulting effects on the coagulation system (Table VI),
these agents reflect newer therapeutic strategies and can
provide therapeutic benefit in various clinical indications.
Currently available thrombin and factor Xa inhibitors rep-
resent different classes of drugs with great chemical and
functional heterogeneity. Therefore, each of these com-
pounds should be considered and characterized as a
distinct drug.

Despite major progress in the development of
antithrombin and antifactor Xa agents, there are still
some unresolved issues. The principal limitations of
thrombin inhibitors result from their potential to cause
bleeding complications and the lack of an available anti-
dote at the present time, as well as from their ineffective-
ness in inhibiting protease generation which may be
responsible for the rebound phenomenon after cessation
of antithrombotic therapy. Furthermore, pharmacokinetic
characteristics such as a relatively short half-life (except
for PEG-hirudin) or the poor oral bioavailability must be
taken into consideration. On the other hand, the short
duration of the anticoagulant effect might be advanta-
geous in case of an overdose when no antagonist is
required for neutralization.

With regard to factor Xa inhibitors, these agents
strongly inhibit the formation of thrombin and thus can
prevent or even interrupt the thrombotic process,
although they are expected to be much less antithrom-
botically effective when sufficient amounts of thrombin
have already been generated. Due to their mechanism of
action, competitive factor Xa inhibitors are expected not
to cause hemorrhagic side effects such as those seen
with thrombin inhibitors.

In addition to the anticoagulant/antithrombotic effec-
tiveness, a general assessment of the therapeutic poten-
tial of a given drug should include other important aspects
such as metabolic transformations, excretory routes,
interactions with other drugs or endogenous factors, as
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well as additional mechanisms of actions. A particular
thrombin or factor Xa inhibitor might be useful for only a
specific clinical indication, and it is likely that one drug
might not be the optimum treatment for all thrombotic sit-
uations. Furthermore, since only the inhibition of thrombin
may not always be sufficient to effectively interrupt
thrombotic mechanisms which are related to restenosis
and reocclusion processes, it is necessary to analyze
whether the combination of thrombin with factor Xa inhi-
bition would be a useful strategy to suppress procoagu-
lant activity in vivo. Additional investigations and compre-
hensive clinical trials are needed to demonstrate the
inhibitory profile, the effectiveness or the superiority of
thrombin over factor Xa inhibitors and vice versa in throm-
botic and cardiovascular indications.
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