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1. Introduction

Thrombosis is the underlying cause of a host of common,
debilitating, and often fatal cardiovascular disorders. Forma-
tion of thrombi in the arterial circulation can lead to acute
myocardial infarction (MIa) or ischemic stroke. In the venous
circulation, deep vein thrombosis (DVT) may result in chronic
leg pain, swelling, and ulceration and can, if partially or fully
dislodged, be followedby life-threateningpulmonary embolism
(PE). The public health consequences of thromboembolic
disease are vast. For example, approximately 2.5millionpeople
in the United States are affected by atrial fibrillation (AF), a
cardiac arrhythmia associated with a 4- to 5-fold increase in
the risk of stroke of primarily cardioembolic origin.1 Another
group at elevated risk of ischemic stroke, as well as recurrent
acute MI, is the large and growing population of patients with
acute coronary syndrome (ACS).2 Furthermore, it has been
estimated that DVT and PE, which together comprise venous
thromboembolism (VTE), afflict up to 600000 individuals in
the United States each year and are implicated in at least
100000 deaths.3

Despite the continued morbidity and mortality caused
by thromboembolic disease, recent advances in drug develop-
ment provide cause for optimism that we are about to enter a
new era in antithrombotic therapy.One of themost important
advances has been the development, and recent introduction
into clinical practice, of a new class of anticoagulants, the
direct factor Xa (FXa) inhibitors.4,5 In this Perspective, we
provide a detailed insight into the development of these
important new agents, describe how structure-based design
played a pivotal role in this process, and review the wealth of
preclinical and clinical data that have emerged to date.
Finally, we consider the issues that will determine the future
impact of the direct FXa inhibitors on clinical practice. We

begin by briefly highlighting the limitations of the current
standards of care in antithrombotic therapy, reviewing some
key concepts in hemostasis and thrombosis, and explaining
the rationale for targeting FXa.

1.1. Current Antithrombotic Therapy. Numerous clinical
trials have confirmed the efficacy of traditional anticoagu-
lants, including vitamin K antagonists (VKAs), unfraction-
ated heparin (UFH), and low-molecular-weight heparins
(LMWHs, fractionated heparinwith reduced activity toward
thrombin compared to UFH), in the prevention and treat-
ment of a range of arterial and venous thromboembolic
diseases.1,6-8Despite the fact that these drugs are the current
standard of care and despite their proven efficacy, these
anticoagulants all possess significant limitations that restrict
their usefulness in the clinic and have created the need for
new therapies. Use of warfarin and other VKAs is especially
problematic, even though these anticoagulants offer the
convenience of oral administration.9 For example, warfarin
is associated with numerous drug and food interactions, an
unpredictable pharmacokinetic (PK) andpharmacodynamic
(PD) profile, and considerable intra- and interpatient varia-
bility in drug response.9 As a result, the appropriate ther-
apeutic dose varies, necessitating monitoring and frequent
dose adjustment. Monitoring of warfarin therapy is critical
because of this variability and relatively narrow therapeutic
index, which often leads to subtherapeutic anticoagulation
and a higher risk of thromboembolism or to excessive anti-
coagulation and an increased risk of bleeding.9 Furthermore,
the delayed onset of action of warfarin means that in critical
situations therapy must be initiated with a rapid-acting,
parenteral anticoagulant. Urgent surgical or invasive proce-
dures may also be complicated by the fact that the anti-
coagulant effects of warfarin are retained for several days
after discontinuation of treatment.

Agents for short-term anticoagulation include UFH,
LMWHs, the indirect FXa inhibitor fondaparinux, and
the direct thrombin inhibitors (DTIs) argatroban, bivali-
rudin, and hirudin. These anticoagulants all require paren-
teral administration, which makes their use outside the
hospital problematic and which can also be associated with
injection-site hematomas. UFH and, to a lesser extent,
LMWHs carry the risk of thrombocytopenia, and since they
are produced from animal tissue, they are sometimes asso-
ciated with serious side effects.10 In addition, UFH has an
unpredictable PK profile and anticoagulant response that
necessitate monitoring.5 The limitations of parenteral anti-
coagulants, particularly the need for injection, mean that
warfarin and other VKAs, which in many countries are still
the only orally administered anticoagulants approved for
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use, represent the sole viable option for long-term anti-
coagulation therapy.

As discussed below, hemostasis and thrombosis are inter-
related processes, and it is not surprising that anticoagulant
and antiplatelet agents may have hemorrhagic complica-
tions. Dose selection, therefore, is primarily influenced by
the maximum dose that can be safely administered rather
than the dose providing greatest efficacy. Although this will
remain true for new antithrombotic agents on the horizon,
benefit-to-risk profiles do vary.11 These limitations result in
the underutilization of existing therapies in the very patients
who are at highest risk of serious thrombotic events. For
example, use of antithrombotic drugs is often avoided in the
very elderly, despite the fact that advanced age is amajor risk
factor for both arterial and venous thromboembolism.12,13

Concerns over bleeding have also restricted long-term use of
warfarin and other anticoagulants in combination with
antiplatelet drugs in patients with ACS and AF.4

All of these factors have been the driving force for the
development of new anticoagulants, including the direct
FXa inhibitors. For any new anticoagulant to be considered
ideal, it would need to possess a predictable PK profile that
allows fixed oral dosing without routine monitoring and to
possess a relatively wide therapeutic index with low peak-
to-trough plasma concentrations to provide high levels of
efficacy and low rates of bleeding. Since the target is in the
central compartment, the ideal PK profile also features a low
volume of distribution (to reduce the potential for off-target
liabilities) and low systemic clearance (to minimize drug-
drug interactions). Other key features of the “ideal” new
anticoagulant include a rapid onset of action and an ability
to bind clot-bound coagulation factors.14

1.2. Hemostasis and Thrombosis. Hemostasis is the phy-
siologic process during which bleeding is antagonized, and
possibly stopped, in order to minimize blood loss.15 Unlike
hemostasis, which is a necessary physiologic response to
bleeding, thrombosis is a pathological process involving an
exaggerated hemostatic response and is often ascribed to the
combined influence of a triad of causative factors, namely,
prothrombotic vascular endothelial changes or injury, stasis
of blood flow, and/or other causes of hypercoagulability.16

Primary hemostasis begins immediately after endothelial
damage and involves localized vasoconstriction and the
activation and adhesion of platelets to form a soft aggre-
gate plug. In contrast, secondary hemostasis comprises a
complex series of reactions during which several trypsin-like
serine proteases, including FXa, are formed from their
respective proenzymes. Figure 1A depicts how the “coagula-
tion cascade” has classically been viewed, with two parallel
and largely independent pathways, the extrinsic and in-
trinsic pathways, converging at the point of factor X (FX)
activation.4 Upon the formation of FXa, the common path-
way is initiated, leading to the activation of prothrombin to
thrombin and the subsequent conversion of fibrinogen to
fibrin (described in more detail in section 1.3). Polymerized
fibrin strands, together with activated platelets, then form
stable clots that seal the breach at the site of injury.While this
classic view of the coagulation cascade aids understanding of
some of the key processes involved in secondary hemostasis,
recent advances have led to the development of a cell-based
model that may describe the time course and physiology of
thrombogenesis more accurately, including the roles of
tissue-factor (TF)-bearing cells and platelets. In this model,
shown schematically in Figure 1B, coagulation occurs in

three overlapping phases (initiation, amplification, and
propagation) and is critically dependent on the contribution
of cell surface proteins such as TF.17,18 In the initiation

Figure 1. (A) Classic view of the coagulation cascade. Sites of
action of traditional and new anticoagulants are also depicted
(coagulation factors affected by VKAs are indicated by an asterisk).
Adapted by permission from Macmillan Publishers Ltd.: Clinical
Pharmacology & Therapeutics (http://www.nature.com/clpt/index.
html) (Gross, P. L.; Weitz, J. I. New antithrombotic drugs. Clin.
Pharmacol.Ther. 2009, 86, 139-146),4 Copyright 2009. (B) Cell-
based model of coagulation. Adapted by permission from Wolters
Kluwer Health/Lippincott, Williams & Wilkins: Journal of Cardi-
ovascular Pharmacology (Hammw€ohner, M.; Goette, A. Will war-
farin soon be pass�e? New approaches to stroke prevention in atrial
fibrillation. Journal of Cardiovascular Pharmacology 2008, 52,
18-27),17 Copyright 2008, and Arteriosclerosis, Thrombosis and
Vascular Biology (Monroe, D. M.; Hoffman, M.; Roberts, H. R.
Platelets and thrombin generation. Arterioscler., Thromb., Vasc.
Biol. 2002, 22, 1381-1389),18 Copyright 2002.
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phase, TF-factor VIIa (FVIIa) complexes activate factor IX
(FIX) and FX; subsequently formed FXa-factor Va (FVa)
complexes then generate small amounts of thrombin.During
the amplification phase, thrombin generated in the initiation
phase activates platelets, leading to release of factor VIIIa
(FVIIIa) from factor VIII (FVIII)-von Willebrand factor
(vWF) complexes on the platelet surfaces and also genera-
tion of FVa and factor XIa (FXIa). In the final propagation
phase, factor XIa (FXIa) generates more FIXa; this FIXa,
together with that generated in the amplification phase,
activates FX, leading to the formation of numerous FXa-
FVa complexes and a burst of thrombin generation.

The inhibitory activity of anticoagulants can be assessed
by a number of methods. Assays that employ purified co-
agulation proteases and synthetic substrates are most com-
monly used for the initial characterization of the affinity
of synthetic inhibitors toward their target enzyme. Modifi-
cations of these methods can also be used to measure the
activity of inhibitors in blood samples as, for example, the
anti-Xa assay that can be used with the LMWHs, fondapar-
inux, or synthetic inhibitors. Anticoagulants can be further
characterized using clotting assays (including prothrombin
time (PT) and activated partial thromboplastin time (aPTT))
that measure the time for formation of a fibrin clot after
addition of an activator of coagulation to whole blood
or plasma.19 Clotting assays can be used for either in
vitro characterization of the potency of compounds or for
ex vivo assessments in laboratory animals or in humans.
In vitro potency is conventionally reported as the concentra-
tion of inhibitor required to produce a doubling of the
uninhibited clotting time (PT2� or aPTT2�). Other useful
laboratory methods include the thrombin generation (TG)
assay, which measures time-dependent changes in thrombin
concentration.20

1.3. Targeting FXa. FXa plays a critical role in coagula-
tion. Together with FVa and calcium ions on a phospholipid
surface, FXa forms the prothrombinase complex, which is
responsible for the conversion of prothrombin to thrombin,
the final effector of coagulation. Regulation of thrombin
generation is the primary physiologic function of FXa, and
few other roles have been identified.21 FXa is therefore an
attractive and potentially specific target for new anticoagu-
lant agents. As will be discussed, experience with indirect
inhibitors of FXa has helped to validate FXa inhibition as
an effective and safe anticoagulant strategy. However, in-
direct FXa inhibitors possess two significant limitations.
First, these agents require parenteral administration; second,
they rely on the activity of antithrombin and are therefore
not able to inhibit FXa bound within the prothrombinase
complex.22 Development of orally administered direct inhi-
bitors of FXa that can effectively inhibit prothrombinase-
associated and clot-bound FXa, and thereby offer poten-
tially greater anticoagulant activity, is therefore a highly
significant advance.

Once formed via the actions of FXa, thrombin plays key
roles in both coagulation and platelet activation. Within the
coagulation cascade, thrombin directly cleaves fibrinopep-
tides from fibrinogen, participates in positive feedback reac-
tions via activation of FV and FVIII, promotes the cross-
linking of fibrin through activation of factor XIII (FXIII),
and renders fibrin resistant to fibrinolysis through activation
of thrombin-activatable fibrinolysis inhibitor (TAFI).23Oral
anticoagulant drug discovery efforts initially focused on the
development of small-molecule anticoagulants that target

thrombin directly, the oral DTIs. Although the rationale for
targeting thrombin is clear, there is some evidence to suggest
that inhibition earlier in the coagulation cascade at the level
of FXa may have greater antithrombotic potential.21

Furthermore, preclinical studies suggest that FXa inhibitors
may possess a wider therapeutic index than DTIs.24 There-
fore, it is not surprising that the oral anticoagulant drug
discovery efforts of many pharmaceutical companies ulti-
mately focused aggressively on small-molecule, direct FXa
inhibitors.Differences between the direct FXa inhibitors and
DTIs, and the potential consequences of these differences for
clinical practice, are discussed in more detail in section 5.

Before we begin our review of the development of the
direct FXa inhibitors, it is worth briefly considering some
important molecular features of the target protein. FXa
belongs to the family of trypsin-like serine proteases, the
catalytic domain of which consists of two similar antiparallel
β-barrel folds that together form the catalytic triad and
substrate binding site.25 Schechter and Berger have devel-
oped a useful nomenclature to describe the prototypical
binding site of a serine protease that has been widely adopted
and that we will use herein.26 Accordingly, each protein
subsite, labeled Si, binds the corresponding substrate amino
acid labeled Pi, with “i” increasing toward the substrate
N-terminus. Similarly, the corresponding subsites and sub-
strate amino acids to the left of the scissile amide bond
in Figure 2 are designated as Si

0 and Pi
0, respectively, in-

creasing toward the substrate C-terminus. Substrate clea-
vage occurs at the P10-P1 amide bond. As the discovery
of small-molecule protease inhibitors has advanced, this
convention has been extended to denote drug substructures
that bind in a manner similar to substrate amino acids.27

Figure 2A depicts the serine protease subsites primarily
responsible for the recognition and binding of substrate
and druglike molecules. It is noteworthy that all reported
small-molecule serine protease inhibitors for which structur-
al data exist bind in the S1 and one or more of the remaining
subsites.

The FXa binding site is defined by the S1 and S4 subsites
and surrounding residues (Figure 2B and Figure 2C). S1 is a
deep, largely hydrophobic cleft at the bottom of which lies
the Asp189 and Tyr228 side chains. S4 is a strongly hydro-
phobic pocket defined principally by the side chains of
Tyr99, Phe174, and Trp215. The most potent ligands re-
ported in the literature invariably engage both sites. Other
features include the catalytic triad consisting of His57,
Asp102, and Ser195 and the β-strand region defined by the
214-217 backbone.

Selectivity is a significant issue in the development of
factor Xa inhibitors, since, as discussed above, several
trypsin-like serine proteases play key regulatory roles in the
coagulation cascade, among themFVIIa, FIXa, FXa, FXIa,
and thrombin. Trypsin itself is an important enzyme for
digestion of proteins in the gastrointestinal tract. Although
the consequences of trypsin inhibition in humans have not
been well-studied, results in laboratory animals could be
problematic in preclinical toxicity testing that is required of
any new drug.30 Orally administered drugs can reach con-
centrations many-fold higher within the GI tract compared
to concentrations within blood; therefore, a high degree of
selectivity for the target coagulation enzyme over trypsin
is important. In addition, selectivity over trypsin may be
considered as a surrogate determination for achieving selec-
tivity over othermembers of the trypsin-like protease family.
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Aswill be discussed in section 3 in more detail, a differentiat-
ing feature that can be exploited for selectivity among serine
proteases is the nature of the S1 pocket, being smaller and
lipophilic in some such as trypsin, or larger and more
hydrophobic such as in FXa.

2. Development of Direct FXa Inhibitors

2.1. Precedence for FXa Inhibition as an Effective and Safe

Anticoagulant Therapy. Proof of principle for the effectiveness
of direct FXa inhibition was established in preclinical animal
models of thrombosis with naturally occurring FXa inhibitors
of the prothrombinase complex such as tick anticoagulant
peptide (TAP)31 and antistasin.32,33 Both are highly potent
inhibitors of FXa (Ki = 0.59 and 0.3-0.6 nM, respectively),
with>50000-fold selectivity for FXa over other related serine
proteases.34,35 Compound 1 (Figure 3), a synthetic pentasac-
charide, is selective for FXa but acts indirectly via binding
to antithrombin and has demonstrated improved or similar
clinical benefit over LMWHs in venous thrombotic indica-
tions.36 Superiority inACSpatients with unstable angina/non-
ST-segment elevation MI for reducing risk of death or recur-
rent heart attack was also demonstrated.37,38 The safety and
efficacy of 1 provided the first clinical proof of principle that
targeting FXawould be an important advancement in the area
of anticoagulation therapy.36

More recently, Sanofi-Aventis advanced a hypermethy-
lated derivative of 1 with a high affinity for antithrombin III
(ATIII), in which the amino functional groups were replaced
with hydroxyl or methoxy groups.39 This compound, idra-
parinux (2a, Kd = 1 nM, Figure 3), interacts more strongly
with ATIII than 1 (Kd= 50 nM) and in patients has a longer
half-life (t1/2 ≈ 80 h), allowing for once-weekly dosing. The
results of phase II/III trials with 2aweremixed, however, and

did not demonstrate a clear advantage over 1.40 In a phase III
trial, long-term treatment with 2a (once weekly) for the
prevention of stroke and systemic embolism in patients with
AF was noninferior to warfarin but caused more bleeding.41

Development of 2a has since been discontinued. A second-
generation synthetic pentasaccharide, idrabiotaparinux (2b,
SSR126517E), is in late-stage clinical trials for treatment of
VTE and for stroke prevention in patients with AF,4,42

although the company recently announced discontinuation
of development of the drug for the latter indication.43 Com-
pound 2b incorporates a biotin moiety that enables the
selective reversal of anticoagulant activity by intravenous
(iv) administration of avidin, which binds the biotin group.

Figure 2. Serine protease and factor Xa structure and nomenclature. (A) Depiction of substrate/protease nomenclature based on the
convention of Schechter and Berger.26 This figure is based on that of Leung et al.28 (B, C)Overview of the factorXa binding site,29 with subsites
and several residues important for ligand binding labeled.

Figure 3. Structures of the pentasaccharide indirect FXa inhibitors.
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2.2. Early Prototype Direct FXa Inhibitors: Parenteral

Agents. The shortcomings of the LMWHs (e.g., indirect
activity, limited ability to inhibit fibrin-bound FXa, paren-
teral use only) provided great impetus for the discovery of
synthetic, small-molecule direct FXa inhibitors. The first
generation of these were iv agents, and several small-mole-
cule, nonpeptidic, direct inhibitors of FXa were advanced
to phase II clinical trials as parenteral agents.44,45 DX-9065a
(3, Daiichi Sankyo, Figure 4, FXa Ki = 41 nM, thrombin
Ki > 2000 μM, trypsin Ki = 620 nM) was clearly one of the
first potent and selective FXa inhibitors identified, with
good clotting activity (activated partial thromboplastin time
twice the control [aPTT2�] = 0.97 μM, prothrombin time
twice the control [PT2�]=0.52μM).46,47 The compoundwas
studied extensively in preclinical models; found to be effica-
cious in animal models of thrombosis after iv, subcutaneous,
and oral administration; and did not show prolonga-
tion of bleeding time.48 Because of its very low human oral
bioavailability (F = 2-3%), 3 was advanced clinically
as a parenteral agent.49 The compound was well tolerated,
with no increase in bleeding over the dose range. Human PK
for 3 showed a long half-life (t1/2 > 20 h), low clearance
(120mL/min), and lowplasmaprotein binding (60%bound).
Plasma concentrations correlated well with PD markers.
In a phase II study in patients with non-ST-elevation ACS,
dose-related trends toward reductions in ischemic events
with high-dose 3 compared with heparin were observed.50

Safety parameters such as bleeding increased dose propor-
tionally.

Otamixaban (4, FXV-673, Sanofi-Aventis, Figure 4), a
2,3-disubstituted β-aminoester derivative, is a potent, rever-
sible FXa inhibitor (Ki = 0.5 nM) with good in vitro antico-
agulant activity (aPTT2�=0.41 μM, PT2�=1.1 μM).51,52

Like 3, compound 4 belongs to the benzamidine class
of molecules, and its polarity precludes significant oral
absorption. In vivo, 4 was efficacious in canine models of
thrombosis and demonstrated minimal effect on bleeding at
effective doses.53,54 In phase I/II studies, 4 was administered
intravenously and was found to be well tolerated in healthy
volunteers and patients with coronary artery disease and

was rapidly distributed in the plasma and rapidly eliminated
with a half-life of 1.5-2 h.55 In a phase II trial setting, 4
significantly reduced prothrombin fragment 1þ 2, a marker
of thrombin generation, when compared with UFH and a
glycoprotein (GPIIb/IIIa) antagonist, eptifibatide.56 Two
phase II clinical trials for the management of ACS and
patients with ACS undergoing percutaneous coronary inter-
vention have also been completed and showed the potential
for reduced ischemic events with bleeding rates similar to
those of UFH plus eptifibatide.56,57 A third parenteral agent
that was advanced to human clinical trials was fidexaban (5,
ZK-807834, Berlex-Pfizer; Figure 4),58 a compound that
contains two amidine groups and a polar carboxylic acid
moiety.59 The dihydrochloride salt of 5 (ZK-807191) is a
potent inhibitor of FXa (Ki = 0.10 nM) and exhibits nearly
20 000-fold selectivity over thrombin and 2500-fold selectiv-
ity over trypsin; it has been shown to be efficacious in several
in vivo animal models of thrombosis.60-62 In human clinical
trials, infusion of 5was found to be well tolerated.63 Phase II
trials were underway in unstable angina in 2001; however,
no results from these studies were published.64 In addition to
the above direct FXa parenteral compounds, a dual throm-
bin/Xa inhibitor, tanogitran (6, BIBT 986, Boehringer In-
gelheim, FXaKi = 26 nM, thrombinKi= 2.7 nM,Figure 4),
was evaluated more recently in a phase II clinical trial
involving a human model of endotoxin-induced coagula-
tion.65 In this study, 6 prolonged plasma aPTT, reduced in
vivo thrombin generation in a dose-dependent manner, and
was safe and well tolerated. No further development has
been reported.

Clinical success of indirect FXa inhibitors such as 1 and
the improved therapeutic index with the early direct FXa
inhibitors such as the parenteral inhibitors described above
fueled an intense effort to discover and develop safer and
more effective oral FXa inhibitors. The discovery and ad-
vancement of orally bioavailable, direct-acting FXa inhibi-
tors that progressed to clinical studies, including a brief
survey of some of the early inhibitors that led up to these
agents, are now discussed.

2.3. Approach to Oral FXa Inhibitors. 2.3.1. Transition

State and Peptidomimetic Approach: Covalent Inhibitors.

Early efforts to identify inhibitors of FXa stemmed from
the prior discoveries of thrombin inhibitors that contained
“serine traps”, such as aldehyde or ketothiazole moieties,
which are capable of interacting covalently with the cata-
lytic Ser195 hydroxyl group to mimic a tetrahedral transi-
tion state in a reversible manner. Compounds 7 (FXa IC50=
15 nM),66 8 (FXa Ki = 0.13 nM),67 and 9 (FXa IC50 =
0.83 nM)68 are examples of early FXa inhibitors that contain
a “serine trap” (Figure 5). As with the thrombin inhibitors in
this class, several of the first transition-state FXa inhibitors
also contained arginine or constrained arginine P1 residues
that would interact strongly with the acidic Asp189 S1 resi-
due, flanked by aromatic residues designed to fit into the
hydrophobic S1 pocket of FXa.44 In the design of these
inhibitors, it also became apparent that basic substituents
could be tolerated in both the S1 and S4 regions, with a
basic P4 moiety interacting in a π-cation manner with the
hydrophobic residues in the S4 subsite. These peptide-like
inhibitors eventually evolved to incorporate heterocyclic
amide-bond replacements,69 such as pyridone (10, FXa
IC50 = 3 nM), ketopiperazine (11, FXa IC50 = 2 nM), and
caprolactam (12, FXa IC50 = 3 nM), while maintaining
good FXa binding affinity; however, oral bioavailability was

Figure 4. Parenteral direct FXa inhibitors 3, 4, and 5 and the dual
FXa/thrombin inhibitor 6.
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not achieved. There are no published reports of any transi-
tion-state FXa inhibitors advancing into clinical trials.

2.3.2. Early Dibasic Benzamidine Approach. Reports of
nonpeptidic, small-molecule inhibitors of FXa such as bis-
amidine compounds 13 (DABE, bovineFXaKi= 570 nM)70

and 14 (BABCH, bovine FXa Ki = 610 nM)71 set the stage
for the evolution of additional dibasic inhibitors (Figure 6),
of which 3 is an early example. The success of 3 prompted
multiple research groups to further optimize compounds in
this class. Initial attempts at Daiichi Sankyo to improve FXa
potency and oral bioavailability in direct analogues of 3

resulted in constrained indoline compounds 15 (FXa IC50=
7.6 nM)72 and 16 (FXa IC50=3.9 nM).73 Although these
analogues demonstrated potent binding affinity against
FXa, selectivity over trypsin remained an issue (trypsinKi =
24 and 39 nM, respectively). This was addressed by mod-
ification of the naphthyl P1 moiety to a substituted benz-
amidine and introduction of a hydroxyl moiety on the P1
benzamidine group to afford 17 (FXa IC50 = 4.4 nM),74

which demonstrated an improved selectivity profile for FXa
relative to trypsin (Ki= 1500 nM).Compound 17was potent
in the in vitro clotting assays (PT2�=0.39 μM, aPTT2� =
0.34 μM); however, oral exposure was not achieved.

Several other laboratories have explored variants of 3 to
arrive at potent inhibitors ofFXa.For example, researchers at
Astellas Pharma prepared the structurally related compound
18 (YM-60828, FXa Ki =1.3 nM, PT2� = 0.21 μM),75,76

which was highly selective over thrombin (Ki > 10 000 nM)
but showed less selectivity for FXa compared with trypsin
(Ki= 46nM). This compound showedoral activity in squirrel
monkeys (F=20%), was efficacious in several animal models
of thrombosis, and did not show bleeding increases at effec-
tive doses. YM-75466, the methanesulfonate salt of 18, was
reported to have entered clinical development,75 although
development of this compound appears to have ceased.

In a parallel effort, investigators at Portola Pharmaceu-
ticals also prepared compounds (e.g., 19, FXa IC50=6 nM
and 20, FXa IC50=7 nM) that bear structural similarities to
15.77 Constraining the central aniline moiety in the form of a

benzoxazinone ring resulted in analogues, such as 21, that
retained potent binding affinity against FXa (Ki=6 nM).
Kissei Laboratories reported the discovery of 22 (KFA-
1411, FXa Ki = 1.7 nM), which is highly selective over a
broad range of serine proteases, including trypsin, and
has good in vitro anticoagulant potency (PT2� = 0.28 μM,
aPTT2�=0.87 μM).78 The compound was efficacious when
compared with dalteparin and LMWH in a hemodialysis
model inmonkeys.79Additional early bisamidine-containing
analogues have been covered extensively in previous review
articles.80-82

2.4. Transition From Benzamidine to Oral Agents. 2.4.1.

Isoxazoline, Isoxazole, and Pyrazole-Based Inhibitors. In the
quest for potent inhibitors of FXa, Bristol-Myers Squibb
researchers recognized the similarity between the platelet
GPIIb/IIIa peptide sequence Arg-Gly-Asp and the pro-
thrombin substrate FXa sequence Glu-Gly-Arg.83 Isoxazo-
line derivative 23 (FXa Ki ≈ 39 000 nM, Figure 7) was
identified from a high-throughput screen (HTS) of a library
of proprietary GPIIb/IIIa antagonists. Modifications to
incorporate the bisbenzamidine motif of the known FXa
inhibitors, along with further optimization, provided 24

with greatly enhanced affinity (FXa Ki = 94 nM).83 Guided
by structure-based design, these researchers replaced the
4-amidino moiety of 24 with a neutral o-phenylsulfonamide
group to reduce the basicity of this dibasic lead and thus
improve permeability. This afforded the first known mono-
basic FXa inhibitor 25, which also exhibited enhanced
potency (FXa Ki = 6.3 nM).84 The biaryl moiety of 25 was
designed to interact with the hydrophobic S4 aryl binding
domain of the FXa active site (see Figure 2B) and, from
modeling experiments, was shown to be neatly stacked
between the residues Tyr99, Phe174, and Trp215, with the
terminal o-phenylsulfonamide ring designed tomakean edge-
to-face interaction with Trp215. Further scaffold optimiza-
tion led to isoxazoline compound 26 (FXa Ki = 0.55 nM)
with the benzamidine P1 and the biarylsulfonamide vicinally
substituted on the five-member ring.85 Replacement of
the isoxazoline ring with a planar aromatic isoxazole ring
in 27 provided further improvement in FXa potency (Ki=
0.15 nM).85 The lack of chirality of this template, and the
potency, made it an attractive starting point for further
optimization. Rapid evaluation of a variety of vicinally
substituted five- and six-member ring scaffolds resulted in
the determination that the five-member nitrogen-based,
N-linked templates were most potent.86 This effort led to
the discovery of a very potent pyrazole analogue 28 (SN429,
FXa Ki = 0.013 nM).87 An X-ray crystal structure of 28 in
bovine trypsin showed the following interactions: S1-Asp189
with the benzamidine P1, the pyrazole N2 group with the
backbone ofGln192, a lipophilic interaction of theC3methyl
at the outer ridge of the enzyme, the linker carboxamide
carbonyl oxygen with the NH of Gly216, and the P4 bi-
arylsulfonamide neatly stacked in the S4 hydrophobic box
formed by Tyr99, Trp215, and Phe174. In vivo, in the rabbit
arteriovenous (AV) shunt model, administration of 28 by iv
infusion resulted in reduction of thrombus weight by 50% at
a dose of 0.02 μmol/kg/h (ID50).

87 Poor oral bioavailability
(F<4% in dogs), combined with a short half-life (t1/2=
0.82 h) and lack of selectivity over related trypsin-like serine
proteases, precluded further development of 28 as an oral
anticoagulant.

The high affinity of 28 for FXa afforded a unique oppor-
tunity to give up potency in an effort to improve the oral

Figure 5. Examples of transition-state inhibitors of FXa.
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bioavailability and selectivity of the pyrazole class of com-
pounds. The initial strategy centered on replacing the highly
basic amidine P1 moiety (pKa ≈ 11.5) with a less basic P1
group such as a benzylamine (pKa ≈ 8.8). This culminated
in the discovery of the first oral clinical candidate from
the pyrazole series, 29 (DPC423, Figure 8), which demon-
strated excellent affinity for FXa (Ki = 0.15 nM), good selec-
tivity (thrombin Ki = 6000 nM, trypsin Ki = 60 nM),87 and
potency in clotting assays (aPTT2� = 4.86 μM). The com-
pound showed good oral bioavailability in dogs (F= 57%),
low clearance (Cl = 0.24 L/h/kg), moderate volume of
distribution at steady state (Vdss = 0.90 L/kg), and a rela-
tively long half-life (t1/2= 7.5 h). In the rabbit AV shunt
and the rabbit electrically induced carotid artery (ECAT)
thrombosis models, 29 administered as a continuous iv
infusion was efficacious, with 50% reduction in thrombus
weight at a plasma concentration (IC50) of 150 nM and
restoration of integrated blood flow to 50% of pre-ECAT
injury values at an effective plasma concentration (EC50)
of 137 nM, respectively.88,89 In phase I clinical trials, high
oral exposure was observed, with a half-life of approxi-
mately 30 h.90

In a continuing effort to find pyrazole FXa inhibitors with
improved selectivity and oral bioavailability profiles, a sys-
tematic and comprehensive search for novel benzamidine
mimicswith reduced basicitywas explored.91 To optimize 28,

the strategy focused on lowering the pKa of the P1 ligand by
replacing the amidine with less basic and neutral benzami-
dine mimics, some of which is summarized in Table 1. This
effort proved successful and resulted in a number of analo-
gues that maintained nanomolar potency and good selectiv-
ity while demonstrating improved PK profiles and oral
absorption.

Further modifications led to a diverse set of pyrazole com-
pounds, including 30 (DPC602)92 and 31 (razaxaban, BMS-
561389, Figure 8).93 Compound 30 (FXa Ki = 0.91 nM)
showed excellent potency against FXa and improved selec-
tivity for FXa relative to trypsin (Ki = 3500 nM) and throm-
bin (Ki=3600 nM). The compound was permeable in the
Caco-2 assay and efficacious in the iv rabbit AV shunt
model (ID50 = 4.2 μmol/kg/h) and demonstrated excellent
oral bioavailability (F = 100% in dogs).92 Compound 31

was also highly potent against FXa (Ki = 0.19 nM) and very
selective (>5000-fold) against other serine proteases.93 As
described in more detail in section 3, the excellent selectivity
of 31 was in part due to the presence of the bulky amino-
benzisoxazole P1 moiety, which is in close contact with the
side chain of Ala190 in FXa and thus forms an unfavorable
interaction with the larger serine residue at this position
in the trypsin S1 pocket. This compound is potent in the in
vitro clotting assays (aPTT2�=6.1μMandPT2�=2.1μM)
and shows antithrombotic efficacy in the iv rabbit AV shunt

Figure 6. Examples of bis-amidine FXa inhibitors.
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with ID50 = 1.6 μmol/kg/h 93 and in the ECAT model with
ED50 = 0.22 mg/kg/h.94 Additionally, 31 was highly perm-
eable in a Caco-2 assay and orally bioavailable in dogs (F=
84%), with a moderate clearance (Cl=1.1 L/h/kg) and a
moderate to high volume of distribution (Vdss=5.3 L/kg)
and half-life of 3.4 h. The HCl salt of 31 was selected for
clinical development and was the first orally bioavailable
pyrazole FXa inhibitor to demonstrate efficacy in a phase II
proof-of-principle clinical trial.95

An early concern in the pyrazole series was the presence of
the 5-amido linkage to biarylamine P4 moieties, creating the
possibility of liberation of an aniline-containing metabo-
lite in vivo that has the potential to be mutagenic. The
cleavage of the amide linker of 31 was not observed in vivo,
and the imidazoaniline P4 moiety was not mutagenic in
either in vitro or in vivo experiments. However, during lead
optimization, screening each new aniline P4 fragment for
mutagenicity was cumbersome and no clear structure-activ-
ity relationship (SAR) emerged.As a result, several strategies
were developed to remove the cleavable amide in subsequent
follow-on compounds. Replacement of the amide linkage
with a ketone linker led to compound 32 (FXaKi=0.97 nM),
which demonstrated a high affinity for FXa and good
clotting activity (PT2�=2.0 μM).96 In dogs, 32 exhibited
high clearance (Cl=2.5 L/h/kg), a large volume of distribu-
tion (Vdss= 4.5 L/kg), a short half-life (t1/2= 1.6 h), and
low oral bioavailability (F=16%). Another approach in-
volved the rigidification of the pyrazole ring by cyclization of
the amideNH to the C4 position of the pyrazole ring to form
a bicyclic scaffold (Figure 9), as in the pyrazolopyrimidi-
nones 33 (FXa Ki=1.1 nM, PT2�=2.2 μM)97 and 34 (FXa
Ki = 0.17 nM; PT2� = 4.1 μM).98 Further optimization
resulted in several potential follow-on compounds to
31.99,100 For example, tetrahydropyrazolopyridinone 35

(BMS-740808, FXaKi=0.030 nM, PT2�=3.6 μM), contain-
ing the aminobenzisoxazole P1 moiety, was shown to be a
highly potent FXa inhibitor, with good antithrombotic

efficacy in the iv rabbit AV shunt model and a PK profile
similar to that of 31.99 Evaluation of other P1 groups
with this bicyclic template resulted in the m-carboxamido-
phenyl analogue 36, which retained potent FXa affinity
(Ki = 0.18 nM), good in vivo efficacy (iv rabbit AV shunt
IC50=500 nM), and similar PK profile to 31.100 In identify-
ing a suitable backup for 31, a compound with both low
clearance and low volume of distribution was targeted to
keep the drug in the central compartment. A significant
breakthrough in achieving this ideal PK profile was ulti-
mately realized by the incorporation of a P4 lactam group in
combination with a p-methoxyphenyl P1 group. To further
increase the free fraction and decrease protein binding, the
trifluoromethyl substituent was replaced by a carbamoyl
group. This led to the discovery of 37 (apixaban, BMS-
562247, FXa Ki = 0.08 nM, Figure 9), a highly potent
and selective FXa inhibitor with good in vitro anticoagulant
activity (PT2�=3.8 μM, aPTT2�=5.1 μM).101 Compound 37

was permeable in the Caco-2 assay and demonstrated an
ultralow clearance (Cl=0.02 L/h/kg), low volume of distribu-
tion (Vdss=0.2 L/kg), and high oral bioavailability (F>50%)
in dogs.101 In rabbits, 37 was highly efficacious in three iv
thrombosis models, AV shunt (ED50=0.27 mg/kg/h), ECAT
(ED50=0.07 mg/kg/h), and DVT (ED50=0.11 mg/kg/h).102

The overall preclinical profile demonstrated by 37 was con-
sidered superior to its predecessor compounds. Compound 37

is currently in late-stage (phase III) clinical trials for multiple
indications as described in section 4.

The pyrazole scaffold was subsequently also employed by
other research groups, including researchers at Portola who
identified pyrazole compounds 38 (FXa Ki=1.5 nM)103 and
39 (FXa Ki=0.7 nM),104 in which the P1 moiety is a halo-
genated naphthyl group (Figure 10). These compounds were
orally bioavailable in rats (F=35% and 47%, respectively)
with long half-lives (t1/2=7.2 and 8.8 h, respectively) and
inhibited thrombus formation by iv infusion in a rabbit DVT
model. Researchers at Johnson & Johnson also reported a
series of benzofused pyrazole FXa inhibitors.105 An example
is compound 40 (FXa Ki=4.4 nM, aPTT2�=4.4 μM),105 in
which the bicyclic pyrazole scaffold of 37 has been replaced
with a 7-fluoroindazole core, and the aminobenzisoxazole P1
moiety of 31 was employed. The fluoro substituent on the
indazole ring mimics the carbonyl-Gly216 binding interac-
tion seen with the amide carbonyl group present in 37.

2.4.2. Disubstituted Heterocycles. In addition to the 3,5-
isoxazoline cores described above,84 other 1,3-disubstituted

Figure 7. Evolution of the first pyrazole-based FXa inhibitors.

Figure 8. Optimization of pyrazole-based FXa inhibitors.
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five-membered heterocyclic cores were investigated by var-
ious groups. The Sanofi-Aventis group identified a 1,3-
disubstituted pyrrolidinone analogue 41 (FXa Ki = 230
nM), which combined a (2-naphthylsulfonamido) P4 moiety
attached at the C3 position of a pyrrolidinone core with a
3-amidinobenzyl P1 group appended at N1 (Figure 11).106

The introduction of a methoxy group at the 7-position on
the naphthyl P4 group and methylation of the sulfona-
mide nitrogen led to further potency enhancements in 42

(FXa Ki=47 nM) and 43 (FXa Ki=22 nM). Both 42 and
43 had moderate selectivity for FXa compared with throm-
bin (30- to 50-fold) and trypsin (18- to 32-fold). Affinity
for FXa and selectivity with respect to thrombin and
trypsin (140- and 76-fold, respectively) was further im-
proved by replacing the benzamidine P1 group of 42 with
an amidinothiophene P1 moiety in 44 (RPR120844, FXa

Ki = 7 nM). Modest plasma exposure was observed in
rats with this thiophene analogue after an oral dose of
50 mg/kg.106 To overcome the historical problem of poor
oral bioavailability associatedwith amidine-containing com-
pounds, the highly basic P1 moiety of 42 was replaced with
2-aminoisoquinoline.107 The resulting compound, 45, main-
tained moderate binding affinity for FXa (Ki=180 nM) and
showed improved permeability in the Caco-2 assay. Repla-
cement of the methoxy naphthyl P4 substituent with a
thienopyridine group afforded compound 46 (FXa Ki =
22 nM), which demonstrated good exposure in dogs with a
maximum plasma concentration of 2.7 μM at 2 h after a
10 mg/kg oral dose, oral bioavailability (F=33%), and good
ex vivo anti-FXa activity up to 4 h postdose. The introduc-
tion of a second amino group on the isoquinoline P1 moiety
led to improved FXa binding affinity in 47 (FXa Ki=6 nM)
along with improved selectivity. Interestingly, the 6-azain-
dol-2-yl group also served as a good benzamidine P1 replace-
ment in this scaffold, as shown by compounds 48 (FXa Ki=
43 nM)108 and 49 (RPR208707, FXa Ki=18 nM).109 X-ray
structures of 46 and 48 show that the aminoisoquinoline and

Table 1. Benzamidine Mimics: Effect of pKa on Potency and Oral Bioavailability in Analogues of 2891

Figure 9. Bicyclic pyrazole FXa inhibitors leading to 37.

Figure 10. Additional examples of pyrazole and bicyclic pyrazole
FXa inhibitors.
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azaindole moieties do not form the typical direct salt-bridge
interaction to Asp189 seen with the more basic benzamidine
compounds. Instead, these P1 groups sit higher in the S1
pocket and interact with Asp189 via a water molecule.109

A 3-aminopyrrolidinone scaffold was also used by
GlaxoSmithKline researchers toprepareFXa inhibitorswherein
a 6-chloronaphthalene-2-sulfonamide as the P1 group and
the biaryl P4 group of 29were employed to afford compound
50 (Figure 12), which was potent in the binding assay (FXa
Ki < 0.1 nM) but showed weak clotting activity (aPTT1.5�=
52 μM).110 Replacement of the naphthylsulfonamide P1
moiety with (E)-2-(5-chlorothiophen-2-yl)ethenesulfonamide
led to compound 51 (FXa Ki = 0.2 nM, aPTT1.5� =21.3
μM).110 The low potency in the clotting assay for these
compounds was attributed to high plasma protein binding,
since 51was 97.6%bound. Introduction of polar substitution
in the P4 region was tolerated but did not provide the desired
increased potency in the aPTT assay in 52 (FXaKi < 0.3 nM,
aPTT1.5�=38.9 μM), 53 (FXa Ki < 0.4 nM, aPTT1.5�=
17 μM), or 54 (FXa Ki=0.6 nM, aPTT1.5�=19.2 μM).111

The combination of the basic dimethylaminomethylimidazole
P4 moiety with the (E)-2-(5-chlorothiophen-2-yl)ethenesul-
fonamide P1 group in compound 55 (FXa Ki = 0.2 nM),
however, did result in a 4- to 5-fold improvement in clott-
ing activity (aPTT1.5�=4.2 μM).111 In rats, 55 showed low
clearance (Cl=13 mL/min/kg), low volume of distribution
(Vdss=0.6 L/kg), and good oral bioavailability (F=52%) but
a short half-life (t1/2=1 h). Introduction of a novel morpho-
lino amide P4 group provided 56 (FXaKi=6 nM, aPTT1.5�=
5.4 μM) and 57 (GW813893, FXa Ki=4 nM, aPTT1.5�=
1.2 μM),112 which had similar in vitro anticoagulant potency
but reduced FXa binding affinity compared with 55. Com-
pound 57 demonstrated good oral bioavailability in rats and
dogs (F=75% and 53%, respectively), with low clearance
and lowvolumeof distribution in both species butwith a short
half-life (rat t1/2=0.7 h; dog t1/2=1.2 h). This compound was
efficacious in animal models of thrombosis113 and was se-
lected for further development but has since been term-
inated.114 Additional structurally diverse, pyrrolidine-based
FXa inhibitors were also reported by researchers at Roche

(58, FXa Ki=3.0 nM, PT2�=1.7 μM)115 and Bristol-Myers
Squibb (59, FXa IC50=5.5 nM).116 No further development
was reported with either of these analogues.

Themost successful approach employing a 1,3-substituted
heterocycle core was the discovery of the oxazolidinone
class of potent FXa inhibitors at Bayer HealthCare AG
(Figure 13). Beginning with compound 60 (FXa IC50 =
120 nM), identified from HTS,117 an early lead compound
61 was obtained by introduction of an isoindoline core and
replacement of the highly basic amidinomethoxy moiety
with a 4-pyridylaminomethyl group. While 61 had excellent
FXa affinity (IC50=8 nM), it lacked oral bioavailability.
Incorporation of the chlorothiophene P1 moiety from 61

into another weakly active oxazolidinone-containing HTS
hit provided compound 62 (FXa IC50 = 90 nM), which
was further improved by replacement of the pendent P4
thiomorpholine moiety with a morpholine group to provide
63 (FXa IC50 = 32 nM). Various other heterocyclic P4
modalities were also investigated. Lactam analogue 64 (FXa
IC50 = 4.0 nM), which lacks the fluorine substitution on
the phenyl ring, showed significant improvement in binding
affinity. The introduction of the carbonyl moiety into the
morpholine P4 group provided compound 65 (rivaroxaban,
BAY 59-7939, FXa IC50=0.7 nM, PT2�=0.23 μM). In a
rabbit AV shunt model, 65 reduced thrombus formation in a

Figure 11. 3-Aminopyrrolidinone FXa inhibitors.

Figure 12. Additional examples of pyrrolidinone and pyrrolidine
FXa inhibitors.
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dose-dependent manner with an ED50 value of 0.6 mg/kg
(po), with no significant increase in bleeding time.118 The
oral bioavailability was high (F=60-86% and 57-66%
in dogs and rats, respectively), with low clearance (Cl=0.3
and 0.4 L/h/kg, respectively) and short half-life (t1/2=0.9
and 1.2-2.3 h, respectively).119 An X-ray structure of 65

bound in human FXa (2.08 Å) shows a Cl-Tyr228 interac-
tion in the S1 region, with the morpholinone substituent
occupying the S4 hydrophobic box and the oxazolidinone
carbonyl forming a hydrogen bond to the backbone NH
of Gly219. The S-oxazolidinone enantiomer provided opti-
mal binding to FXa. Compound 65 was advanced into
clinical development.117 Currently, supported by four phase
III trials showing superior efficacy versus enoxaparin, 65 is
approved in Europe, Canada, and several other countries
outside the United States for the prevention of VTE in
patients undergoing total hip replacement (THR) or total
knee replacement (TKR) surgery.120

2.4.3. Vicinal Diamide Inhibitors. Pioneering efforts in this
area include the contributions from the Berlex and the Lilly
groups. Researchers at Berlex identified anthranilamide
compound 66 (FXa Ki=11 nM, Figure 14) through library
screening.121Replacement of the fluoroanilide with a chloro-
anilide moiety in 67 led to a 34-fold improvement in binding
affinity toward FXa (Ki = 0.32 nM). Further structural
modifications to the central phenyl core and to both the P1
andP4moieties of 67provided additional potent compounds
such as 68 (FXa Ki = 0.005 nM, PT2� = 1.2 μM).122

Compound 68 demonstrated excellent oral bioavailability
in dogs (F=98%) and showed good efficacy in the rat stasis
thrombosis model.

Researchers at Lilly separately disclosed anthranilamide
and diaminobenzene compounds as inhibitors of FXa
(Figure 14). Compound 69 (FXa Kass (∼1/Ki)=57.9 � 106

L/mol,Ki=11.5 nM)was themost potent analogue disclosed
in the anthranilamide series.123 In a related diaminobenzene
series, benzamidine 70 was highly active against FXa (Kass=
250 � 106 L/mol), demonstrated good clotting activity
(aPTT2�=0.67 μM, PT2�=0.96 μM), and was efficacious
in rabbit and rat models of thrombosis.124 Other diamino-
benzene analogues devoid of the amidine moiety, such as
71 (FXa Kass=2.3 � 106 L/mol) and 72 (FXa Kass=100 �
106 L/mol), were also reported to have moderate FXa

activity.125 A structurally related analogue 73 (FXa IC50=
3.5 nM, PT2�=0.09 μM, Figure 15) with a 4-methyl-1,4-
diazepane P4 moiety was reported by Astellas.126 In a sepa-
rate effort, the Lilly group disclosed 74 (Kass=8970 � 106

L/mol, aPTT2� =0.1 μM, PT2� =0.14 μM), which also
contained the diazepane P4 group.127

Investigators at Portola successfully incorporated several
biaryl P4 groups onto the anthranilamide scaffold, e.g., 75
and 76 (Figure 15).128 Compound 76 (FXa Ki = 0.1 nM)
showed excellent oral bioavailability in rats (F= 100%).
These compounds hadpoor potency in theTGassay (TG2�>
5 μM), owing to their high lipophilicity (cLogD > 4).
Bristol-MyersSquibb scientists also reportedon relatedanthra-
nilamide analogues bearing the P4 lactam group of 37, such as

Figure 13. Oxazolidinone-based FXa inhibitors leading to 65.

Figure 14. Anthranilamide and diaminobenzene FXa inhibitors.

Figure 15. Additional anthranilamide-like FXa inhibitors.
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77 (FXa Ki=0.057 nM), which displayed comparable efficacy
to 37 in the rabbit AV shuntmodel and was orally bioavailable
in dogs.129

To reduce the lipophilicity and to lower protein binding
in 75 and 76, the Portola group incorporated a polar amino-
alkyl P4moiety (Figure 16) to provide 78 (FXaKi=1.3 nM),
which retained good FXa binding affinity with good activity
in the TG assay (TG2�=3.2 μM).130 In rats, 78 had mod-
erate clearance (Cl= 20.6 mL/min/kg), very high volume
of distribution (Vdss=33 L/kg), long half-life (t1/2=7.5 h),
and high oral bioavailability (F=100%). Replacement of
the dimethylamine moiety of 78 with a 2-iminooxazolidine
group afforded 79 (FXa Ki = 1.5 nM, TG2�=0.56 μM),
which was also orally bioavailable (F=44%). The FXa affi-
nity of these compounds was also retained in acyclic amidine
compound 80 (FXa Ki=0.6 nM, TG2�=0.5 μM); however,
oral exposure was greatly reduced (F<1%in rats). The SAR
of theanthranilamide serieswas next extended to includeN,N-
dialkylbenzamidine P4 groups (Figure 16).131 Compound 81

(FXa IC50=3 nM, TG2�=0.54 μM) demonstrated good
binding affinity for FXa, as well as good potency in the TG
assay. In rats and dogs, 81 demonstrated good oral bioavail-
ability (F=31% and 69%, respectively) and a moderate PK
profile with a large volume of distribution. Other dialkylami-
dines and imidazolines in this series show similar properties.

While interest in these series was peaking, it was found
that many of these benzamidine-containing compounds
were potent hERG inhibitors.132,133 Compounds 81 and 82

(FXa Ki= 0.044 nM), for example, both inhibited hERG
with Ki values of 100 nM. Similarly, the piperidinylamidine
analogue 83 was also a potent hERG inhibitor (hERG
Ki=200 nM). To circumvent the hERG issue, acidic groups
were introduced as in 84, 85, and 86 to provide compounds
with hERG Ki >10 000 nM; however, these zwitterionic

species were no longer orally bioavailable. Ultimately, meth-
oxy analogue 87 (betrixaban, PRT054021, Figure 16) was
identified as having the best overall profile from this series
and was chosen for advancement into clinical trials. Com-
pound 87 has good binding affinity for FXa (Ki=0.12 nM)
and potency in a TG assay (TG2�=0.33 μM) and has a lower
affinity for the hERG channel (patch clamp hERG IC50=8.9
μM) compared with other lead compounds in this class.133

Oral bioavailability was observed in rat, dog, and monkey
(F=23.8%, 51.6%, and 58.7%, respectively), and 87 was
efficacious in iv animal models of thrombosis.134

In a slightly differentmanner, the Pfizer group also applied
a vicinal diamide strategy using five-membered nitrogen
heterocyclic scaffolds and employing a chloroaniline P1
moiety (Figure 17). For example, the pyrazoline derivative
88 (FXa IC50=8 nM) incorporated a biarylsulfonamide P4
group, which provided good FXa-binding affinity.135 Re-
placement of the pyrazoline with pyrrolidine resulted in a
2-fold drop in FXa binding affinity in 89 (FXa IC50=18
nM).136 Incorporation of a cis-3-methoxy group on the pro-
line moiety (analogous to the comparable substitution in the
anthranilamide series described above) led to a substantial
improvement in the FXa affinity in 90 (FXa IC50=0.16 nM)
and good in vitro clotting activity (PT2�=1.7 μM).136 Com-
pound 90 was permeable in the Caco-2 assay and was orally
bioavailable in rats (F=28%) with a half-life of 2.4 h.136,137

The desmethyl analogue 91 (FXa IC50=0.38 nM, PT2�=
1.9μM)hadmodest oral bioavailability in rats (F=17%) and
was active in a canine electrolytic injurymodel of thrombosis.
Replacement of the pendent P4 sulfonylphenyl group with
pyridone afforded 92 (eribaxaban, PD-0348292), a potent
and selective inhibitor of FXa (IC50=0.32 nM)with excellent
in vitro clotting activity (PT2�=0.58 μM).137 In dogs, 92
had low clearance (Cl = 2.5 mL/min/kg), low volume of
distribution (Vdss = 0.87 L/kg), and moderate half-life
(t1/2=4.9 h) andwas orally bioavailable (F=41%). A similar

Figure 16. Anthranilamide FXa inhibitors related to 87.

Figure 17. Proline-derived FXa inhibitors.
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profilewas also observed in rats,with improvedoral exposure
(F=82%). A dose-dependent inhibition of thrombus weight
in the rabbit AV shunt model was observed with 92, with an
estimated oral EC50 value of 55 ng/mL. On the basis of the
overall favorable profile exhibited, 92was selected for clinical
development137 andhas completed a phase II trial.According
to dose-response modeling from this adaptive-design trial,
the dose of 92 equivalent to enoxaparin 30 mg twice daily for
the prevention of VTE in TKR patients was estimated to be
1.16 mg once daily.138 Clinical development of 92 has since
been discontinued.139 The Pfizer group further explored the
3-substituted proline SAR with the intention of identifying
compounds with a longer duration of action (t1/2).

140 This
effort yielded compound 93 (FXa IC50=0.10 nM), which
displayed good in vivo activity, excellent PK in rats and dogs,
including both low clearance and volume of distribution,
amoderate to long half-life (t1/2=12.6 h in dogs), andmodest
oral bioavailability (F of 19% and 24% in rats and dogs,
respectively). No further development has been reported for
these analogues. Compound 94 (EMD-503982), a close ana-
logue of 92, in which the morpholinone P4 moiety of 65 was
incorporated, was selected for development at Merck
KGaA.141 FXa affinity data have not been disclosed for 94,
and it is not clear whether this compound was advanced to
clinical trials.

On a separate front, researchers at Daiichi Sankyo inves-
tigated vicinal substituted cycloalkyl scaffolds as potential
mimics of the previously reported 1,2-diaminobenzene series
(Figure 18).142 Both cis- and trans-1,2-diaminocyclohexyl
derivatives were explored using 5-chloroindole at the P1
position and a novel 5-methyl-4,5,6,7-tetrahydro-thiazolo-
[5,4-c]pyridine group as the P4 moiety. Initial examples
demonstrated comparable FXa binding affinity for both
the trans-isomer 95 (FXa IC50=13 nM, PT2�=6.2 μM)
and the corresponding (-)-(1R,2S)-cis-isomer 96 (FXa
IC50=16 nM, PT2�=2.9 μM).142 Good oral exposure was
demonstrated in rats with 96, as measured by ex vivo anti-
FXa and anticoagulant activity up to 6 h after a 30 mg/kg
oral dose. Compound 96 showed modest oral bioavailability
in monkeys (F=6.1%) and poor stability in human liver
microsomes (HLM; 46% remaining after 5 min incubation).

To address the microsomal instability, racemic 3,4-diamino-
piperidine analogues were explored.143 Good FXa binding
affinity and potent clotting activity were observed with
the N-acetyl compound 97 (FXa IC50= 8.6 nM, PT2�=
0.67 μM). A similar in vitro profile was observed with the
N,N-dimethylurea analogue 98 (FXa IC50=8.4 nM, PT2�=
0.79 μM). In the HLM assay, however, both compounds
had a high turnover rate, similar to 96. Introduction of a
carboxylic group in the cyclohexyl scaffold led to 99 (FXa
IC50=7.5 nM,PT2�=2.8 μM),whichwas stable inHLMbut
not orally bioavailable, presumably because of poor intrinsic
permeability.144,145 Conversion of the acid to the corre-
sponding N,N-dimethylamide provided 100 (FXa IC50 =
2.8 nM, PT2�=0.34 μM),145 which had slightly better affi-
nity for FXa and significantly improved potency in the PT
assay compared with 99. In monkeys, 100 demonstrated
moderate clearance (Cl=12.4 mL/min/kg), moderate vo-
lume of distribution (Vdss = 1.49 L/kg), short half-life
(t1/2=1.5 h), and good oral bioavailability (F=68%), the
last being an indication of better liver microsome stability.
An X-ray structure of 100 bound in FXa shows the chloro-
indole and the methyltetrahydrothiazolo[5,4-c]pyridine
moieties in the S1 and the S4 pocket of the FXa enzyme,
respectively. The compound was highly selective against
most serine proteases and was active in animal models of
thrombosis. Replacing the chloroindole P1 moiety of 100

with a 5-chloropyridin-2-yloxalamide group provided 101

(edoxaban, DU-176b).146 Compound 101 is a potent inhibi-
tor of humanFXa in vitro (FXaKi=0.56 nM),with>10 000-
fold selectivity against relevant serine proteases, and demon-
strated good anticoagulant activity (PT2�=0.26 μM) and
activity in various animal models of thrombosis, with mini-
mal bleeding.144,146 Significant FXa inhibition was observed
in rat plasma 0.5 h after oral administration of 101 and was
sustained up to 4 h. In cynomolgusmonkeys, a rapid onset of
FXa inhibition that peaked at 4 h after oral dosing and
persisted at gradually decreasing levels out to 24 h was
observed. Compound 101 is currently in phase II/III clinical
trials (see section 4.2.3).

Researchers at Bristol-Myers Squibb also employed 1,2-
diaminocycloalkyl scaffolds but incorporated a phenylpyr-
idone P4 moiety in combination with various P1 groups
(Figure 19). The cis-cyclohexyl compound 102 (FXa Ki =
0.67 nM, PT2�=3.2 μM), with a chloroindole P1 moiety,
and the cis-cyclopentyl analogue 103 (FXa Ki=0.43 nM,
PT2�=1.7 μM), with the 5-chlorothiophene of 65 at P1, both
displayed good affinity for FXa and were potent in the in
vitro clotting assays.147 An analogue of 103 with a basic
substituent at the P4 position, 104 (FXaKi=0.51 nM,PT2�=
2.1 μM), also showed good binding affinity and in vitro
anticoagulant activity.

Figure 18. Evolution of 101.

Figure 19. FXa inhibitors with vicinal cycloalkyl cores.
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2.4.4. D-AminoAcid Based Inhibitors. Investigators at Lilly
used iterative structure-based screening of virtual chemical
libraries coupled with a structure-based design approach in
their search for FXa lead molecules.148 To simplify the
library design, the initial effort focused on retaining the
benzamidine P1 moiety because of its strong binding affinity
with Asp189 in the S1 region. Libraries generated off the
3- and 4-position of benzamidine were evaluated, and it
was quickly realized that the meta-substituted compounds
provided the best fit. A set of hydrophobic and polar S4
substituents was selected and attached to the benzamidine
via an appropriate linker (Figure 20). Compared with 3-
carbamoylbenzamidine, 105 (FXa Ki = 250 000 nM), the
tyrosine derivative 106 had a FXa Ki = 16 000 nM. The
derivatized glycine analogue 107 (FXa Ki=11 000 nM) also
had weak FXa binding affinity. A virtual screen of other
amino acid derivatives suggested that D-phenylglycine ana-
logues, wherein the phenyl ring of the amino acid was in
proximity to the Cys190-Cys220 disulfide bridge, were
preferred. This was confirmed by evaluation of the enantio-
mers of structure 108 where the D-isomer had 5- to 6-fold
better affinity for FXa (Ki = 210 nM) compared with
the corresponding L-isomer (FXa Ki=1100 nM). A 15-fold
improvement in FXa-binding affinity was achieved with
4-benzoylpiperidine analogue 109 (FXa Ki=16 nM). Fur-
ther optimization included replacing the benzamidine of 109
with an aminoisoquinoline in 110 (FXa Ki=100 nM), which
showed reducedFXabinding affinity.VariousP4 replacements
were then explored while maintaining the aminoisoquinoline
at the P1 position. The 4-fluoro-2-methylsulfonylphenyl-
piperazine analogue, 111 (FXa Ki =3 nM), showed im-
provement in FXa binding affinity, with greatly improved
selectivity over trypsin compared with earlier benzamidine

compounds (trypsin Ki=11 000 nM). This compound was
orally bioavailable in rats (F=27%) and demonstrated oral
antithrombotic activity in a rat thrombosis model. The
aminoisoquinoline in the P1 position of 111was successfully
replaced by an o-chloroaniline substituent in 112 (FXa Ki=
2 nM). This P1 substitution was also compatible with a 4-N-
methylpiperidinylpiperidine P4 moiety in compound 113

(FXa Ki=4 nM). By use of this basic P4 moiety, a neutral
6-indolyl P1 group could be installed without a significant
drop in FXa affinity (114, FXa Ki=4 nM). Substitution at
the C3 position of the indole with either chlorine or methyl
provided enhanced binding affinity in compounds 115 (FXa
Ki=0.7 nM) and 116 (FXa Ki=0.9 nM). The piperazine
analogue of 114, compound 117 (LY517717, FXa Ki =
4.6-6.6 nM, aPTT1.5�=0.46 μM),149 was advanced into clin-
ical development. Compound 117 is 1000-foldmore selective
for FXa over other serine proteases and displays good
aqueous solubility. Oral bioavailability was observed in
rats and dogs (F= 25-82%),150 with plasma half-life of
7-10 h. In a rat AV shunt model, 117 had an ED50 value of
5-10 mg/kg po.149 Clinical development of 117 has since
been discontinued.151

Using D-norvaline as a scaffold, researchers at Merck
KGaA incorporated a urea-linked p-chlorophenyl P1 moi-
ety and the phenylmorpholinone P4 group (Figure 21)
to arrive at 118 (FXa IC50=5.6 nM).152 The corresponding
aza analogue 119 (FXa IC50=85 nM), which lacks the chiral
center, showed reduced FXa affinity.153 Amide-linked P1
analogues were also investigated in combination with a
variety of aliphatic D-amino acid templates and substituted
phenylmorpholinone P4 groups.152 This effort provided a
potent FXa inhibitor derived from (D)-O-methylserine, com-
pound 120 (EMD-495235, FXa IC50=5.5 nM, aPTT2�=
1 μM, and PT2�=1 μM), which was orally active in rats,
dogs, and monkeys (F = 60%, 60%, and 80%, respec-
tively).152 Clearance of 120 in rats and dogs was moderate
(0.94 and 1.3 L/h/kg, respectively), but low inmonkeys (0.25
L/h/kg).

In a similar manner, investigators from Pfizer identified
compounds 121 and 122,154 containing biarylsulfone and
phenylpyridone as the P4 moieties, respectively (Figure 21).
Similar FXa binding affinity (IC50 = 4-5 nM) was seen
with these entities; however, 122 (PT2�=1.7 μM) was more

Figure 20. Design and optimization of phenylglycine FXa inhibi-
tors leading to 117.

Figure 21. Amino acid derived FXa inhibitors.
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potent in the clotting assay compared with 121 (PT2�=
7.6 μM). In a rat PK/PD model, 122 exhibited good oral
exposure with short apparent half-life as measured by
ex vivo FXa inhibition and plasma concentration 4-6 h
after oral gavage. The Portola group investigated both
amidine and amidine replacements at the P1 position, in-
cluding 2-aminoisoquinoline, 3-aminobenzisoxazole, and
3-aminoindazole moieties.155 The amidine analogue 123

(FXa IC50=35 nM) was 100-fold more active than the ami-
noindazole analogue, 124 (FXa IC50=3450 nM). No further
advancement of these templates was reported by either
research group.

2.4.5. Other Scaffolds. An extensive effort at Sanofi-
Aventis to find an alternative to the aminopyrrolidinone
scaffold resulted in the identification of ketopiperazine as
a suitable replacement (Figure 22).44 Compound 125 from
this series, with an amidine as the P1 moiety, demonstrated
potent affinity for FXa (Ki=4 nM), with good selectivity
relative to other serine proteases (thrombin Ki > 4000 nM,
trypsin Ki=1200 nM). The corresponding 4-aminoquinazo-
line analogue, 126 (FXa Ki=0.8 nM, aPTT2�=12 μM),
showed improved FXa activity but was less potent in the in
vitro clotting assay. Incorporation of the 5-azaindole P1
group in 127 (FXa Ki=4 nM, aPTT2�=2 μM) provided
improved potency in the in vitro clotting assay while main-
taining goodFXa binding affinity. In dogs, 127 showed good
oral bioavailability (F=46%); however, the half-life was
short (t1/2=0.6 h). Incorporation of the (E)-2-(5-chlorothio-
phen-2-yl)ethenesulfonamide substituent to afford 128 (FXa
Ki=1.1 nM, aPTT2�=0.6 μM) further increased binding
affinity and potency in the aPTT assay. The compound was
efficacious in various animal models of thrombosis and,
when dosed in dogs at 5 mg/kg, showed good oral bioavail-
ability (F = 97%) but a short half-life (t1/2 = 52 min).
Separately, Portola investigators installed an N-2-imdazo-
linylphenyl P4 group in combination with 5-chloroindole at
the P1 position to arrive at 129 (FXaKi=1.9 nM, Figure 22),
which also possessed good activity in a TG assay (TG2�=
1.3μM)and efficacy in a rabbitDVTmodel.156 TheMochida
group reported novel fused spirocyclic piperazinone
compound 130 (FXa IC50=1.2 nM, Figure 22), which
was efficacious in a rat thrombosis model.157

Other structurally diverse compounds (Figure 23) include
cyanoguanidine 131 (BMS-269223, FXa Ki = 6.5 nM,
PT2�=30 μM)158 and aroylguanidine 132 (BMS-344577,

FXa IC50=9 nM, PT2�=2.5 μM) reported by researchers
at Bristol-Myers Squibb.159 Compound 131 showed good
oral bioavailability in rats, dogs, and monkeys (F=50%,
77%, and 49%, respectively). Similar oral bioavailability
was demonstrated for 132 (F=55%, 77%, and 28% in rats,
dogs, and monkeys, respectively). Both compounds were
efficacious in iv rat models of venous and arterial throm-
bosis. Ethylsulfone 133 (FXa Ki = 2 nM, PT2�=1.0 μM)
from Takeda also showed good oral bioavailability in rats
(F=24%) andmonkeys (F=46%).160 The hydroxy analogue
134 (FXa Ki=0.5 nM, PT2�=0.92 μM) was identified as an
active metabolite of 133.161 This hydroxyl substitution was
also employed in 135 (TAK-442, FXa IC50=3.5 nM, PT2�=
0.58 μM), wherein the 5-methyl-1,2-dihydro-3H-imidazo-
[1,5-c]imidazol-3-one P4 moiety was replaced with a tetra-
hydropyrimidin-2(1H)-one.162 Compound 135 is orally
bioavailable in monkeys (F =52.5%) with low clearance
(Cl =708 mL/h/kg) and volume of distribution (Vdss=
579 mL/kg) and a mean residence time of 6.96 h. The
compound was efficacious in an iv rabbit venous thrombo-
sis model and did not prolong bleeding times.163 Compound
135 is currently in phase II clinical trials. Sulfonamide
136 (KFA-1829, FXa Ki=5 nM, PT2�=1.0 μM), an earlier
compound fromKissei, was advanced into clinical trials as a
double prodrug, KFA-1982 (137).164 The prodrug had mod-
est oral bioavailability in multiple species (F=4.9%, 11%,
23%, and 15% in dogs, monkeys, rabbits, and mice, re-
spectively). Compound 138 (JTV-803, FXa Ki=19 nM)165

from Japan Tobacco showed dose-dependent efficacy in
an iv venous thrombosis model in rats, as well as oral
exposure in monkeys as measured by ex vivo inhibition of
FXa, and was selected as a candidate for further studies.
Sanofi-Aventis has described indole carboxamides 139 (FXa
Ki=1 nM)166 and 140 (FXaKi=3 nM),167 with good binding
affinity for FXa. It was recently reported that a compound
from this class, AVE-3247, was advanced into clinical
development.168 YM150 (Astellas, structure undisclosed) is
currently in mid- to late-stage clinical trials in multiple
indications. In preclinical studies, YM150 inhibited FXa

Figure 22. Ketopiperazine FXa inhibitors.

Figure 23. Other structurally diverse FXa inhibitors.
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with a Ki value of 31 nM and prolonged PT and aPTT in

human plasma. The compound was efficacious in animal

models without affecting bleeding times.169

Preclinical data for the oral FXa inhibitors that have
advanced into clinical trials and are still being actively
developed are summarized in Table 2.

3. Structure and Molecular Modeling

To date, over 90 crystallographic structures involving
FXa are known to have been solved, reflecting the integral
role that structure-based modeling and design have played
in the discovery of FXa inhibitors. In this section, we des-
cribe how molecular modeling was employed to guide devel-
opment of oral FXa inhibitors. Figure 24A and Figure 24B
depict the first crystallographic structure of a small mole-
cule, 3, bound to FXa.179,180 This early structure exemplifies
many key features involved in FXa-drug-molecule binding.
The naphthylamidine P1 is positioned in the S1 subsite, a
deep, largely hydrophobic recess formed by the backbone
atoms of Ala190-Gly192, Ser214-Gly218, the side chains of
Asp189, Val213, and Tyr228, and the Cys191-Cys220 disul-
fide bridge. The basic amidine forms a salt bridge interaction
with the Asp189 side chain in a manner similar to the peptide
substrate.

The S1 pocket is well conserved among trypsin-like serine
proteases, with the notable exceptions of residues at the 190
and 192 positions (Table 3), which can influence ligand
selectivity.182 In FXa, as with thrombin and FXIa, alanine
occupies position 190, creating a slightly larger and more
lipophilic pocket than the so-called “serine 190” serine pro-
teases such as FVIIa and FIXa. Position 192 is more variable
across the coagulation serine proteases. Compound 3 pro-
vides a striking example of 192-dependent selectivity, where a

high degree of selectivity for FXa over thrombin is achieved,
presumably arising from electrostatic repulsion of the ligand
CO2

- with the Glu192 side chain. The corresponding methyl
ester is nonselective (Figure 25).

The phenoxy moiety of 3 lies over the Trp215-Gly216
backbone and is partially inserted into the S4 pocket. Gly216
NH appears to be desolvated, a phenomenon that is com-
monly observed in other FXa-small-molecule complexes.
The expected desolvation penalty is possibly offset by attrac-
tive electrostatic interactions resulting from the complemen-
tary alignment of the Gly216 NH and Gly216 CO dipoles.

The basic P4group is engaged in complex interactions inS4,
which is defined by the aromatic side chains of Tyr99, Trp215,
and Phe174 and the backbone atoms of Thr98-Tyr99. Fries-
ner et al. have described subsites such as the FXa S4 as
“hydrophobic enclosures”, that is, deep clefts in the protein
surface where water molecules are particularly unfavored
enthalpically and entropically.183,184 Displacement of such
waters can lead to very significant gains in the free energy of
ligand binding. Hydrophobic groups avidly bind in the S4
pocket, but organocationic groups bind as well, some exam-
ples being quaternary nitrogen, 4-aminopyridine, amidines,
and imidazoles.185 Cheney and Mason used quantum chemi-
cal methods to elucidate the relative electrostatic potentials of
the S4 subsites of FXa, trypsin, and thrombin and showed a
relatively large negative potential that is unique to FXa186 but
absent in thrombin, which is not known to bind organo-
cations (Figure 26).

Figure 24. (A) Stick representationof 3bound toFXa.180,181 (B) Same structure inwhich the protein is renderedwith a solvent-accessible surface.

Table 3. Homology of S1 Pockets across Serine Proteases Involved in
the Coagulation Cascadea

enzyme 189 190 191 192 193 194 195 213 218 220

factor Xa Asp Ala Cys Gln Gly Asp Ser Val Gly Cys

factor XIa Asp Ala Cys Lys Gly Asp Ser Thr Gly Cys

thrombin Asp Ala Cys Glu Gly Asp Ser Val Gly Cys

factor VIIa Asp Ser Cys Lys Gly Asp Ser Val Gly Cys

factor IXa Asp Ser Cys Gln Gly Asp Ser Ile Glu Cys

trypsin Asp Ser Cys Gln Gly Asp Ser Val Gly Cys
aThe S1 pocket is well conserved among trypsin-like serine proteases,

with the notable exceptions of residues at the 190 and 192 positions (in
boldface).

Figure 25. Residue at position 192 of serine proteases can be an
important determinant of selectivity, as was demonstrated by the
SAR of an early Daiichi Sankyo inhibitor series.180,181
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The basic P4 moiety of 3 appears to engage in cation-π
interactionswith the aryl side chains of Phe174 andTyr99 and
forms a hydrogen bondwith the backbone carbonyl ofGlu97.

The salt bridge interaction between Asp189 and the P1
amidine of 3 characterizes first-generation thrombin and FXa
inhibitors and was rationalized on the basis of mimicking the
substrate P1 arginine side chain. However, in 1998, Lumma
and colleagues reported the discovery of potent thrombin
inhibitors that incorporated nonbasic P1 groups.189 In the
same year, the crystal structure of TAP bound to FXa was
reported, in which the N-terminal tyrosine side chain unex-
pectedly bound in S1 and an arginine side chain bound in S4
(Figure 27A).190 Together, these findings challenged the con-
vention whereby a basic P1 was required for strong binding
affinity, and enabled the discovery of second-generation

trypsin-like serine protease inhibitors containing neutral P1s
with improved PK properties, for thrombin and FXa, respec-
tively. The unexpected manner of binding observed in the
TAP-FXa crystal structure (i.e., a neutral group in S1 and
basic group in S4) was mirrored in a subsequent report191 by
scientists at Sanofi-Aventis of a crystallographic structure
(Figure 27B) in which the intended P1 benzamidine was
bound in the S4 pocket and the P4 aryl halogen was bound
in S1, displacing a water above Tyr228 in a manner very
similar to the thrombin inhibitors described earlier by
Merck.189 The amidine group of 125 is positioned at the
solvent edge of S4 and forms a hydrogen bond to a structural
water to the rear of the pocket. The ketopiperazine carbonyl
forms a pair of contacts involving a strong hydrogen
bond with Gly218 NH and a T-shaped carbonyl-carbonyl

Figure 26. Quantum chemically derived electrostatic potentials of S4 subsites of FXa, trypsin, and thrombin.186-188

Figure 27. (A) TAP-FXa complex (3.0 Å).190 (B) Sanofi-Aventis inhibitor (125) bound to FXa (2.1 Å).191

Figure 28. Crystallographic structure of 65 bound to FXa:181,194 (A) view detailing key intermolecular interactions in the S1 pocket of FXa
(2.08 Å); (B) overview of 65 bound in FXa.
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interaction with Gly216. This latter interaction has been
observed in severalFXa-small-molecule complexes involving
diverse chemotypes and its geometry likened to the trajectory
of nucleophilic attack on carbonyl groups.192,193

Figure 28 depicts the crystallographic structure of 65

bound to FXa.117,118,194 Arylhalogen binding189 is observed
in the S1 pocket, while the central core engages in interactions
very similar to the ketopiperazine ring of 125 in Figure 27B.
The phenylmorpholinone group engages in extensive hydro-
phobic interactions in the S4 pocket. Crystal structures of 65
and other second-generation FXa inhibitors suggest that
effective FXa-drug molecule binding is largely a hydropho-
bically driven process. A detailed statistical mechanical anal-
ysis of the hydration of the FXa binding site using lengthy
molecular dynamic simulations showed that enthalpically and
entropically disfavored waters coincide closely with known
high-affinity subsites, such as S4 andmuch of S1, particularly
the water site above Tyr228.195

Figure 29 depicts the crystallographic structure of 37 in
FXa at 2.3 Å resolution in which the anisole ring is bound in
the S1 subsite, displacing the water characteristically located
above Tyr228.101,196 The methoxy group forms contacts with
the Val213 side chain. High-level quantum chemical calcula-
tions suggest a weak hydrogen bonding potential of the
oxygen of anisole, suggesting this oxygen to be relatively
lipophilic.197,198 The identities of the two heteroatoms of the
amide are not discernible at the level of resolution (2.3 Å) but
in this case can be deduced from the nature of the attached
pyrazole ring. Thus, the amide N-H is estimated to be about
2.5 and 2.8 Å away from the Cys191Sγ and Cys220Sγ,
respectively. Given the relatively large van der Waal radius
for sulfur (1.8 Å vs 1.52 Å for oxygen and 1.55 Å for nitrogen),
these can be regarded as weak to moderate contacts. There
is some hesitancy in characterizing these as hydrogen bonds.
A recent review of high-resolution protein structures in
the Protein Data Bank (PDB) concluded that such contacts
with disulfide bridges and methionines occur infrequently,
suggesting that the interaction is not strong.199 Although the
pyrazole nitrogen atom is positioned in proximity to Gln192
backbone NH, the geometry is suboptimal for hydrogen
bonding. However, a contact between this nitrogen and
Cys220Sγ is observed (3.5 Å). The Merck group observed
a very similar contact between a tetrazole nitrogen and
the thrombin Cys191-Cys220 disulfide and postulated a

polar interaction, citing computational work by Rotello to
support their theory.200,201 Diederich and Iwaoka per-
formed a detailed statistical analysis of experimental structur-
al data and showed that this contact likely involves favorable
interactions.193,202

The lactam oxygen of the central bicyclic core of 37 forms a
hydrogen bond toGly216NH.Aswith the ketopiperazine 125
(Figure 27B) and oxazolidinone 65 (Figure 28), a T-shaped
carbonyl-carbonyl interaction is observedbetween the ligand
and Gly216.193 The P4 N-phenyl lactam moiety binds deep
in the S4 pocket, with the plane of the lactam amide stacking
with the aryl rings of Phe174 and Tyr99, the edge of the
lactone ring forming an edge-to-face interaction with Trp215,
and the carbonyl solvent exposed. The very high binding
affinity to FXa of 37 and related compounds (sub-
picomolar in some cases) is likely due in part to the low
internal entropy of binding resulting from the rigidity of these
compounds. Conformational analysis using the parameters
of Bostr€om et al.203 shows no more than eight distinct and
energetically viable conformations of 37, one of which is
closely related to the bound conformation.

The evolution of 37 exemplifies how insights into the
comparative structures of serine protease S1 pockets were
utilized to design highly selective FXa inhibitors. Figure 30A

Figure 29. Crystallographic structure of 37 bound to FXa
(2.3 Å).101,181,196

Figure 30. Structure-based design of selectiveFXa inhibitors. Parts
A and B depict the S1 region of the crystallographic structures of 29
bound in factor Xa and trypsin, respectively.92,204,205 Part C depicts
the crystallographic structure of 31 in factor Xa.29,92 Part D is a
model portraying the steric clash 31 encounters in the trypsin S1
pocket.93,206

Figure 31. Comparison of 37 in a crystallographic structure bound
to FXa and in a docked model involving trypsin.206
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andFigure 30B depict crystallographic structures of 29bound
to S1 pockets of trypsin and FXa92,204,205 and provide a clear
rationale for the poor selectivity of 29 for FXa over trypsin:
the benzylamine P1 of 29 is easily accommodated in both S1
pockets. Molecular modeling,206 on the other hand, suggests
that the aminobenzisoxazole ring of 31 fits poorly into the S1
pocket of trypsin, clashing with the side chain of Ser190
and resulting in improved selectivity (40 000-fold) for FXa
(Figure 30C and Figure 30D). Similarly, the putative clash
of the anisole P1 of 37 in trypsin S1206 results in a 20000-fold
increase in selectivity for FXa (Figure 31).

4. Clinical Investigations of Oral FXa Inhibitors

Numerous clinical studies of the oral FXa inhibitors have

been performed or are ongoing. In this section, we review key

published clinical data for those agents that are under active

development in phase II or III trials or have already entered

clinical practice in some countries. For details of individual

ongoing trials see www.clinicaltrials.gov.
4.1. Clinical Pharmacology.Early phase clinical trials have

provided detailed information on the PK and PD character-
istics of rivaroxaban and apixaban in humans; relatively
limited data are also available for other oral FXa inhibitors
(Table 4).

4.1.1. Early Phase Clinical Trials with Rivaroxaban (65). In
healthy subjects, 65 dose dependently inhibited FXa, with
maximum effects occurring 1-4 h after administra-
tion.207,208 Compound 65 also inhibited thrombin genera-
tion induced by collagen or tissue factor in a single-dose
phase I study.209 Clinical PK studies have shown that 65 is
rapidly absorbed, with Cmax occurring 2-4 h after oral
administration.207,208 The terminal half-life of 65 in healthy
young subjects is 5-9 h.207,208 During multiple-dosing stud-
ies, a dose-proportional PKprofile was observed and steady-
state conditions were achieved without significant drug
accumulation.208 The populationPKprofiles of 65 in healthy
subjects and in patients undergoingTHRare predictable and
dose-dependent and are well described by two- and one-
compartment models, respectively.210,211

In humans, approximately 66% of the total dose of 65 is
excreted through the kidneys, either as the parent compound or
as variousmetabolites, and the remainder is excreted in the feces
as unchanged drug.177 Compound 65 should be used with
caution in patients with severe renal impairment and in some
patients with moderate renal impairment; use of 65 is not
recommended in patients with creatinine clearance of <15
mL/min.212 This agent is also contraindicated in patients with
hepatic disease associated with coagulopathy and clinically
relevant bleeding risk.212 Administration of 65with food delays
the time at which Cmax is reached (Tmax) by 1.3 h and increases
drug exposure by 30-40%.213 Studies to date suggest that 65
hasa lowpropensity fordrug interactions;120useof65, however,
is contraindicated in patients receiving strong inhibitors of both
CYP3A4 and P-glycoprotein (e.g., ketoconazole).120

4.1.2. Early Phase Clinical Trials with Apixaban (37).
Single- and multiple-dose studies in healthy male subjects
have shown that the PK and PD profiles of 37 in humans are
consistent and predictable.214,215 In these studies, clotting
times increased in proportion to the dose of 37. Compound
37 is rapidly absorbed after oral administration, with Cmax

reached 1.5-3.5 h after dosing and a reported half-life of
8-15 h.214,215 In a multiple-dose study, dose-proportional
increases in drug exposure were observed and steady-state

plasma concentrations of 37were achieved after 3 days, with
onlymild drug accumulation.215 As expected, lower peak-to-
trough concentration ratios were observed with twice-daily
versus once-daily dosing.

Compound 37 is excreted by multiple elimination path-
ways in humans. Renal and fecal elimination account for
25-29% and 47-56% of excretion of 37, respectively.216

Unchanged 37 is the major circulating component, although
several metabolites are produced.216 It is postulated that
multiple elimination pathways may allow a drug to be used
without dose reduction in patients with renal impairment; a
PK study of 37 in patients with renal impairment is ongoing.
Systemic clearance of 37 is low, as predicted by preclinical
PK studies.175 Compound 37 has a low volume of distribu-
tion, suggesting that it is mainly distributed at the site of
therapeutic action, the blood.5,175 The PK of compound 37

in patients undergoing knee replacement surgery has been
described by a one-component linear model with first-order
absorption.217

Exposure to 37 is not affected by food (although time to
Cmax is delayed), and the potential for drug interactions with
this agent is low.120,175,218-220 For example, 37 has no effect
on the PK of digoxin, a drug frequently administered to
patients with AF.219 Similarly, the histamine H2-receptor
antagonist famotidine does not influence the PK of 37.221

Exposure to 37 is affected by strong inhibitors or inducers of
CYP3A4 and P-glycoprotein, although available data sug-
gest it is not a sensitive CYP3A4 substrate.222,223

4.1.3. Early Phase Clinical Trials with Other Oral FXa

Inhibitors in Development. Of the oral FXa inhibitors in the
earlier stages of clinical development,most data are available
for 101. In healthy subjects, single doses of 101 inhibited
thrombin generation and ex vivo thrombus formation224

and were associated with rapid and sustained inhibition
of coagulation.225 The effects of food on the PK and PD
of 101 are minimal.226 Published data for other compounds
are scarce, although 87 is reported to possess good oral
bioavailability (47%), a long elimination half-life (19 h),
minimal renal excretion, and a low potential for drug-drug
interactions.120,227 Reports state that YM150 displays pre-
dictable PK and PD in humans,228 but detailed data have not
been published.

4.2. Phase II and Phase III Clinical Trials. Phase II and
phase III clinical development of new anticoagulants gen-
erally begins with assessment of effectiveness for VTE pre-
vention in patients undergoing THR or TKR. Rates of VTE
after these orthopedic procedures are high, and therapy is
usually short (∼2-5 weeks); as a result, fewer patients and a
relatively short duration of drug exposure are required to
assess anticoagulant efficacy. In addition, patients remain in
the controlled environment of the hospital for the first few
days after surgery, where potential adverse events such as
bleeding can be effectively managed.229 Once efficacy and
safety have been established in this setting or while these
studies are ongoing, phase II and III trials are initiated in
other areas of high unmet need, including the treatment of
patients with acute VTE, the secondary prevention of VTE,
the prevention of systemic embolism and stroke in patients
with AF, and the prevention of cardiovascular events in
patients with ACS. Of all the oral FXa inhibitors, 65 and 37

are the most advanced (Table 4).
4.2.1. Phase II/III Clinical Trials with 65. The efficacy and

safety of 65 as VTE prophylaxis in patients undergoing TKR
or THRwere first assessed in four phase II dose-ranging trials
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(Table 4).230-234 Subsequently, a once-daily 10 mg dose of 65
was selected for evaluation in four phase III trials in TKR or
THR patients (RECORD1-4).235-238 These trials compared
the efficacy and safety of 65with those of the current standard
of care for VTE prevention in major orthopedic surgery, the
LMWHenoxaparin. In all RECORD trials, 65was associated
with a significant reduction in the risk of the primary out-
come (the composite of any DVT, nonfatal PE, and all-cause
mortality) compared with enoxaparin. Event rates in the
TKR studies were 9.6% and 18.9% with 65 and enoxa-
parin, respectively, in RECORD3237 and 6.9% and 10.1% in
RECORD4.238 In theTHRstudywithbothagents given forup
to 35 days (RECORD1),235 the incidence of the primary
outcomes was 1.1% in the 65 group and 3.7% in the enox-
aparin group. In pooled analyses of all four RECORD
trials,239 rates of major bleeding at day 12 were increased with
65 (0.34% vs 0.21%), although they did not reach statistical
significance (p=0.175). The RECORD trials did not include
bleeding at the site of surgery in the definition of major
bleeding. Surgical site bleeding is of particular concern to
orthopedic surgeons and, as a consequence of its exclusion,
reported rates of major bleeding in the RECORD trials are
lower than forother anticoagulant trials.11Todate,65hasbeen
approved in a number of other countries outside the United
States forVTEprevention in adults undergoingTHRorTKR.

Proof of concept for 65 as a treatment for acute VTE has
been provided by two dose-ranging phase II trials.240,241

Ongoing phase III trials are investigating 65 in the treatment
of acute DVT and PE and for the long-term prevention of
recurrent VTE. Phase II trial data have also been reported
for 65 in ACS,242 and a phase III trial in this indication is
underway. Other ongoing phase III trials will assess 65 for
prevention of systemic embolism and stroke in patients with
AF and for VTE prophylaxis in hospitalized patients.

4.2.2. Phase II/III Clinical Trials with 37. Phase II inves-
tigations of 37 for the prevention of VTE in patients under-
going TKR helped identify the optimal dosing regimen for
further evaluation in this setting.243 Two phase III, double-
blind trials have since compared the efficacy and safety of 37
(2.5 mg twice daily) with that of two different doses of
enoxaparin.244,245 In ADVANCE-1, the proportion of
TKR patients experiencing DVT, nonfatal PE, or death by
any cause was numerically similar in patients receiving 37

(9.0%) and enoxaparin (30 mg twice daily, 8.8%).245 Statis-
tical criteria for noninferiority of 37 versus enoxaparin were
not met. However, achievement of noninferiority was made
difficult because the observed rate of events in the enoxapar-
in arm (8.8%) was lower than the predicted rate (16%) upon
which the study sample size was calculated. Compound 37

was significantlymore effective than enoxaparin (40mg once
daily) inADVANCE-2, a second phase III trial of 37 in TKR
patients (rates of DVT, PE, or death: 15.1% vs 24.4%,
respectively; p < 0.001).244 In both trials, rates of clinically
relevant bleeding (a composite of major bleeding and clini-
cally relevant nonmajor bleeding, including bleeding at the
surgical site) were lower with 37 than with enoxaparin (for
ADVANCE-1, 2.9% vs 4.3%, p=0.03; for ADVANCE-2,
3.5% vs 4.8%, p=0.09). A phase III trial of 37 in THR
patients is ongoing.

Phase II trials of 37 for the treatment of symptomatic VTE
and the prevention of cardiovascular events in patients with
ACS have also been reported,246,247 with phase III trials in
these indications underway. Two ongoing phase III trials are
investigating 37 for the prevention of systemic embolism and

stroke in patients withAF, one comparing 37 to warfarin in a
broad AF population (CHADS2 risk score of g1) and a
second comparing 37 to aspirin in patients intolerant of or
unable to take warfarin. Another phase 3 trial is ongoing for
VTE prophylaxis in hospitalized medical patients.

4.2.3. Other Oral FXa Inhibitors in Phase II/III Clinical

Trials. Phase II studies of 87, 101, and YM150 for VTE
prevention following THR or TKR have been reported
(Table 4).228,248-251 All of these agents displayed dose-
dependent antithrombotic activity in this setting. The results
of two phase II trials of 101 in AF have also been
presented,252,253 and a phase III trial in this indication is
underway. Phase III trials of YM150 are currently investi-
gating this agent in the prevention of recurrent VTE and for
VTE prevention in patients undergoing THR, TKR, major
abdominal surgery, or lower-extremity surgery. A phase II
trial of 87 in AF is also ongoing. A phase II trial of 135 in
TKR patients has reportedly been completed, and another
phase II trial in ACS is underway.

5. Oral FXa Inhibitors and Oral DTIs: Differences in Clinical

Practice?

The first oral DTI, ximelagatran (141, AstraZeneca;
Figure 32), was launched in Europe in 2004 for the prevention
of VTE following orthopedic surgery. However, marketing
and development of 141 were halted in 2006 because of
potential hepatotoxicity.254 Despite its withdrawal from the
market, 141 provided proof of concept for the efficacy of oral,
direct thrombin inhibition and several new oral DTIs have
since been developed. At the time of writing, the most
advanced oral DTI, dabigatran etexilate (142, Boehringer
Ingelheim), had been approved in several regions outside the
United States for the prevention of VTE in adults undergoing
THR or TKR surgery. In the phase III RE-NOVATE trial,
142 (150 or 220 mg once daily) was noninferior to enoxaparin
(40 mg once daily) for VTE prevention in THR patients.255

Figure 32. Structures of direct thrombin inhibitors.
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Noninferiority of 142 in TKR was also demonstrated versus
enoxaparin (40 mg once daily) in the RE-MODEL trial.256 In
the RE-MOBILIZE trial, both doses of 142 were statistically
inferior to enoxaparin (30 mg twice daily; p < 0.001 for 150
mg 142 and p=0.02 for 220 mg 142).257 In a meta-analysis of
RE-NOVATE, RE-MODEL, and RE-MOBILIZE, no sig-
nificant differences between 142 (220 mg once daily) and all
doses of enoxaparin were detected for the primary end-point
of the trials (rates of total VTE and all-cause mortality) or
major bleeding rates.258

The phase III trial RE-LY compared 142with warfarin for
the prevention of stroke and systemic embolism in patients
withAF.259Compound 142 (110mgonce daily) and adjusted-
dose warfarin were associated with similar rates of stroke
and systemic embolism (1.53% vs 1.69% per year, respec-
tively; p<0.0001 for noninferiority) and lower rates of major
bleeding (3.36% vs 2.71% per year, respectively; p=0.003).
A higher dose of 142 (150 mg once daily) was associated with
lower rates of stroke and systemic embolism (1.11%, p<
0.0001 for superiority vs warfarin) and similar rates of bleed-
ing (3.11%, p=0.31). Another oral DTI in development is
AZD0837 (144, AstraZeneca). This compound is currently in
phase II development, and preparations for phase III trials of
144 are underway.260

Both 142 and 144 are prodrugs that aremetabolized to their
active forms (143 and 145 (AR-H067637), respectively) fol-
lowing oral administration. Compound 143 is a nonpeptidic
molecule that was synthesized as a derivative of the peptide-
like thrombin inhibitor,N-R-naphthylsulfonylglycyl-4-amidi-
nophenylamine piperidine.120,261 Subsequent addition of a
hydrophobic side chain created orally absorbed 142. Com-
pounds 143 and 145 are specific and reversible inhibitors of
both free and clot-bound thrombin.120

The comparative efficacy and safety of oral FXa inhibitors
and DTIs have not been assessed in head-to-head clinical
trials. Assessment of relative therapeutic indices is also ham-
pered by the wide variation in bleeding definitions employed
within different VTE prophylaxis clinical trial programs.11

Preclinical comparator studies have, however, highlighted
differences between FXa inhibitors and DTIs. In rabbit
models of venous thrombosis, 37, 65, and 143 were equally
efficacious.24 In the same study, however, the bleeding poten-
tial of equivalent doses of these agents differed. Cuticle
bleeding times increased 4.4-fold with 143, compared with
1.1- and 1.9-fold increases for 37 and 65, respectively. Overall,
these results suggest that in rabbits the FXa inhibitors 37 and
65 preserve hemostasis more effectively and possess a favor-
able efficacy-bleeding profile compared with the oral DTI
142. Earlier animal studies also showed that inhibition of FXa
was associated with reduced bleeding times compared with
thrombin inhibition.88,262

Differences in bleeding profiles observed in preclinical
studies may be due to the fact that, unlike DTIs, FXa
inhibitors do not affect existing levels of thrombin. Therefore,
the small amounts of thrombin remaining after FXa inhibi-
tion may be sufficient to activate platelet thrombin receptors
and preserve hemostatic function.24Whether these differences
will afford FXa inhibitors a wider therapeutic index in clinical
practice remains to be determined. Interestingly, different
LMWHpreparations have varying anti-Xa and antithrombin
activity, and evidence from clinical trials suggests that prep-
arations with the highest ratio of anti-Xa/antithrombin acti-
vity are more effective and safer.21 In addition to its pro-
thrombotic role in platelet activation, thrombin has other

important functions outside the coagulation cascade that, in
theory, may be inhibited when thrombin is blocked. These
include an antithrombotic role in protein C activation and
functions related to cellular inflammation and prolifera-
tion.218 Further studies are required to determine whether
loss of these additional functions of thrombin during long-
term therapy with oral DTIs will prove important. Unlike
thrombin, FXa has relatively few functions outside its role in
the coagulation cascade; FXa inhibition may therefore repre-
sent a method of anticoagulation associated with a reduced
potential for “off-target” effects.

6. Future Perspectives

Direct FXa inhibitors and other new small-molecule, orally
available anticoagulants have the potential to revolutionize
the management of thromboembolic disease. Large clinical
trial programshave already established the effectiveness of the
FXa inhibitors 37 and 65 and the oral DTI 142 for VTE
prevention in patients undergoing THR or TKR. In phase III
trials in this setting, these agents provided efficacy comparable
or superior to that of the current standardof care, enoxaparin.
Of particular interest is whether differences in benefit-risk
profiles (risk of clinically relevant bleeding or serious hemor-
rhagic complications) of one or more of the new oral anti-
coagulants will be borne out in clinical practice. Such a step
forward may help combat the perhaps disproportionate fear
of bleeding that leads some orthopedic surgeons to withhold
anticoagulant therapy despite the high risk of VTE following
THR and TKR surgery and the established efficacy of tradi-
tional agents such as enoxaparin.11

The potential introduction of new oral anticoagulants into
the orthopedic surgeon’s armamentarium is a welcome ad-
vance. It is in other settings, however, that these agents are
likely to have the biggest impact. Because it is administered
orally, the VKA warfarin has, for many decades, been the
agent of choice when long-term anticoagulation is required to
prevent recurrent VTE or reduce the risk of arterial throm-
boembolism in patients with ACS or AF. Unfortunately, the
numerous limitations of warfarin (in particular, its unpredict-
able PK and anticoagulant effects) have led to substantial
underutilization of anticoagulant therapy in these patients.
Even when warfarin is administered, treatment remains sub-
optimal; indeed, it has been estimated that therapeutic levels
of anticoagulation are maintained only about 50% of the
time.4 Issueswithwarfarin therapyhave been the driving force
for the development of oral FXa inhibitors and DTIs, agents
with predictable pharmacologic profiles that offer the conven-
ience of fixed, once- or twice-daily dosing and can be admin-
istered without anticoagulation monitoring or frequent dose
adjustment. These characteristics offer the hope that many
patients currently considered unsuitable for warfarin therapy
will be eligible for treatment with these new agents and that
levels of compliance with oral anticoagulant therapy will be
increased. If approved for longer-term indications currently
being investigated in phase III trials, 37, 65, and/or 142will be
the first new oral anticoagulants to rival warfarin since its
introduction in 1954. A new era of antithrombotic therapy
beckons.

In this new era, will differences between new oral anti-
coagulants emerge? As we have discussed, theoretical and
observed differences between and within the new classes of
oral anticoagulants do exist. For example, preclinical evidence
suggests that FXa inhibitors may possess a wider therapeutic
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index than DTIs.24 PK differences between agents may also
prove important in the clinic. Agents that are eliminated via
multiple routes may, for instance, be more suitable for use in
patients with renal impairment than drugs that are predomi-
nately renally excreted. Because renal function declines with
age, such differences may be important in the future manage-
ment of age-related conditions such as AF. While published
and ongoing clinical trials can provide useful information on
potential clinical differences between agents, variations in
study design limit the validity of cross-trial comparisons.
For example, the broad range of definitions of “bleeding”
used in studies involving patients undergoing THR or TKR
makes it difficult to compare the relative risk of bleeding
associated with new oral agents.11 In the absence of head-to-
head trials, experiences in clinical practice are likely to play an
important role in determining the relative roles of these new
agents.

Widespread clinical use of a new drug sometimes reveals
previously undetected safety signals, such as the hepatotoxi-
city detected following the brief introduction into clinical
practice of 141. Evidence to date suggests that oral FXa
inhibitors do not affect liver function and, in general, possess
favorable safety profiles. These findings are perhaps not
surprising given the fact that, from the earliest stages of
development, the selection and refinement of candidate com-
pounds with optimal PK characteristics have been a primary
objective.Minimization of peak-to-trough plasma concentra-
tion ratios, for example, may be expected to contribute to a
reduced risk of hemorrhagic complications. Similarly, drugs
with low volumes of distribution are, by definition, primarily
maintained in the central compartment and may therefore
have a reduced potential for off-target toxicities. Despite such
observations, ongoing vigilance for potential long-term non-
hematologic side effects remains of critical importance.
Furthermore, additional clinical experience is needed to
further characterize the safety of oral FXa inhibitors in
patients receiving concomitant medications, including other
antithrombotic agents such as clopidogrel, aspirin, warfarin,
and enoxaparin.

Structure-based drug design has played an important role
in the discovery and development of oral FXa inhibitors
particularly in terms of achieving selectivity and oral bioavail-
ability. The increased throughput of crystallography and
increasingly sophisticated molecular modeling techniques
have been critical in understanding how lead molecules bind
toFXa and related serine proteases and integral to the process
of evolving these molecules into highly optimized orally
bioavailable FXa inhibitors.263

We are about to enter a new frontier in the management of
thromboembolic disease, with some new agents offering the
promise of fixed-oral dosing that does not require time- and
resource-intensive monitoring, efficacy that is at least as
impressive as current standards-of-care, and uniquely favor-
able safety profiles. Phase II and phase III clinical trials have
clearly shown that direct oral FXa inhibitors are efficacious in
patients experiencing, or at risk of, arterial or venous throm-
boembolism. Data from these trials, together with evidence
from preclinical studies, also suggest that these agents may
possess wider therapeutic indices than traditional agents or
other new oral anticoagulants. It is therefore anticipated that
orally administered, direct inhibitors of FXa will afford a
significant advance in the next generation of anticoagulants
andhave the potential to provide a long-awaited alternative to
the current standard of care.
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