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March is deep vein thrombosis awareness month in the United States. To mark this event, this
issue of Arteriosclerosis, Thrombosis, and Vascular Biology contains a series of reviews on
new anticoagulants that either are in development or have been approved for clinical use.
Particularly exciting are the new oral inhibitors of thrombin (dabigatran etexilate) and factor
Xa (rivaroxaban).

Thrombosis is the leading cause of morbidity and mortality in the Western world. Arterial
thrombosis leads to myocardial infarction and stroke. Arterial clots are platelet-rich and fibrin-
poor (so-called white clots). They are generated at sites of vascular injury under high shear
rates and are prevented or treated with antiplatelet drugs.1 However, because of the fact that
the thrombin is a potent activator of platelets and that arterial clots contain fibrin, anticoagulant
drugs are also used to prevent arterial thrombosis. Venous thromboembolism (VTE), which
includes deep vein thrombosis and pulmonary embolism, is the third leading cause of death
after myocardial infarction and stroke. It is estimated that 2 million people have deep vein
thrombosis in the United States, and of these 600 000 have a pulmonary embolism (one-third
of which are fatal).2 Venous clots are fibrin-rich and platelet-poor (socalled red clots) because
of the incorporation of red cells and low levels of platelets. They are prevented or treated with
anticoagulant drugs.1

There are 3 major groups of patients that are administered anticoagulant drugs to treat or prevent
venous thrombosis: (1) patients with VTE, who have had VTE, or are at risk for VTE, such as
patients undergoing hip and knee replacement surgery; (2) patients at risk for stroke because
of atrial fibrillation; and (3) acute coronary syndrome patients.

Before discussing the anticoagulant drugs that are available to treat thrombosis, we will briefly
summarize the coagulation protease cascade. Our knowledge of the cascade is based on many
years of biochemical studies, the phenotype of patients with defects in the system, and, more
recently, on knockout studies in mice. Rapid formation of a clot is required to limit bleeding
after vascular injury. Because this cascade is essential for hemostasis, the major side effect of
overdosing with an anticoagulant drug is bleeding. Patients with deficiencies in either factor
VIII (hemophilia A) or factor IX (hemophilia B) have mild to severe bleeding, depending on
the extent of the deficiency. Studies with mice have shown that an absence of components of
the extrinsic pathway (tissue factor and factor VII) or the common pathway (factor V, factor
X, and prothrombin) is not compatible with survival.3 In contrast, mice lacking components
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of the intrinsic pathway (factor VIII, factor IX, factor XI, and factor XII) survive. Factor
VIII−/− and factor IX−/− mice have excessive bleeding after hemostatic challenge, whereas
factor XI−/− and factor XII−/− mice have no hemostatic defects but are protected in thrombosis
models.4

The coagulation cascade can be divided into 2 phases: initiation and propagation (Figure). The
extrinsic pathway (tissue factor–factor VIIa) initiates the clotting cascade by activation of
factor X and, to a lesser extent, factor IX, which leads to the generation of small amounts of
thrombin because of the absence of the cofactors factor V and VIII. However, the tissue factor–
factor VIIa is rapidly inactivated in a factor Xa-dependent manner by tissue factor pathway
inhibitor. The small amount of thrombin generated in the first phase then initiates the
propagation phase by activating the cofactors factor V and factor VIII, as well as factor XI and
factor XIII. A recent study showed that polyphosphate released by platelets activates factor
XII, thus providing an alternative route for activation of factor XI5 (Figure). The propagation
phase is mediated by the intrinsic pathway, particularly the tenase complex (factor VIIIa–factor
IXa), and this results in the generation of large amounts of thrombin and fibrin formation. The
cell-based model of thrombosis proposes that platelets are the major thrombogenic surface for
the propagation phase.6 Thrombin also activates platelets by cleavage of protease activated
receptors.7

Vitamin K antagonists, such as warfarin, and unfractionated heparin have been the mainstay
of anticoagulant therapy for >50 years. Vitamin K antagonists are oral drugs that interfere with
a posttranslational modification of several coagulation proteins (factor VII, factor IX, factor
X, and thrombin) and anticoagulant proteins (protein C and protein S) that is required for
functional activity. The broad range of targets may be viewed as a disadvantage of these drugs.
Initiation of vitamin K antagonist therapy requires short-term coverage with heparin because
of a slow onset of action. Although vitamin K antagonist therapy is inexpensive, there are
several problems, including a poor pharmacokinetics, a narrow therapeutic index, and
numerous drug and dietary interactions. This means that long-term monitoring is required,
which is expensive and inconvenient to the patient. Unfractionated heparin has a rapid onset
of action but must be delivered intravenously or parenterally. Unfractionated heparin binds to
antithrombin and enhances its ability to inactivate factor Xa and thrombin. A major side effect
of unfractionated heparin is life-threatening heparin-induced thrombocytopenia. More
recently, low-molecular-weight heparins have been developed. These drugs are delivered via
subcutaneous injection and have a more predictable anticoagulant response than unfractionated
heparin. They preferentially inhibit factor Xa over thrombin in an antithrombindependent
manner and are associated with a lower incidence of heparin-induced thrombocytopenia. Low-
molecular-weight heparins are used in the initial treatment of patients with VTE. The review
by Key and Kasthuri8 in this issue of Arteriosclerosis, Thrombosis, and Vascular Biology
describes the use of the currently available anticoagulant drugs in the treatment of patients with
VTE.

The development of target-specific anticoagulants has mainly focused on components of the
common pathway, ie, factor Xa and thrombin. Fondaparinux is a synthetic pentasaccharide
that selectively inhibits factor Xa in an antithrombin-dependent manner because of its small
size. It is Food and Drug Administration-approved for prophylaxis and treatment of VTE.
Idraparinux is a long-acting version of fondaparinux (Figure). Direct thrombin inhibitors do
not require antithrombin for inhibition (Figure). This includes argatroban, bivalirudin,
lepirudin, and desirudin. These are reversible inhibitors of thrombin that can inhibit free and
clot-bound thrombin, and they have less bleeding than the first generation of irreversible direct
thrombin inhibitors. The reversible nature is beneficial because it allows escape of small
amounts of thrombin that can help maintain hemostasis. These drugs are mainly used in acute
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coronary syndrome patients to prevent arterial thrombosis, or in VTE patients with heparin-
induced thrombocytopenia.

The new development of orally available, small-molecule inhibitors of either factor Xa or
thrombin is extremely exciting.9 Dabigatran directly inhibits free thrombin and clot-bound
thrombin. Dabigatran etexilate is a prodrug that is rapidly converted to dabigatran and has a
half-life of 14 to 17 hours. Relatively high doses are needed because it has a low bioavailability
(6%). It is approved in Canada and Europe for VTE prevention after orthopedic surgery. In a
recent phase III trial of stroke prevention in patients with nonvalvular atrial fibrillation, a twice-
daily dose of 150 mg of dabigatran resulted in a lower rate of stroke/systemic embolism
compared with warfarin (1.11% vs 1.69%; P<0.003), with a similar risk of major bleeding.10

A review by Eisert et al11 describes the development of dabigatran and will be published in an
upcoming issue of Arteriosclerosis, Thrombosis, and Vascular Biology. Other orally available
direct thrombin inhibitors in development include AZD0837 and MCC 977.

Rivaroxaban is an orally available factor Xa inhibitor that is in the most advanced stage of
development among this class of drug. Rivaroxaban is a small-molecule inhibitor of free factor
Xa and factor Xa in the prothrombinase complex. It has a rapid onset of action, a high
bioavailability (80%), and a half-life of 4 to 12 hours. Results from 4 phase III clinical trials
with knee and hip replacement patients indicated that a 10-mg oral dose of rivaroxaban reduced
VTE compared with the low-molecular-weight heparin enoxaparin, with similar rates of major
bleeding (although there was a trend toward increased bleeding with rivaroxaban). This led to
its approval in Canada, Europe, and several other countries for VTE prevention after orthopedic
surgery. Perzborn et al12 describe the development of rivaroxaban in this issue of
Arteriosclerosis, Thrombosis, and Vascular Biology. There are a number of other orally
available antifactor Xa drugs in development, including apixaban, edoxaban, betrixaban,
eribaxaban, LY517717, YM150, and TAK-442.9 Apixaban and edoxaban are currently being
evaluated in phase III clinical trials.

Other targets in the clotting cascade for new anticoagulant drugs include components of the
intrinsic pathway (factor FIXa, factor XIa, and factor XIIa). As discussed, components of the
intrinsic pathway are not “essential” for survival but are required for propagation of the clotting
system. This means that, in theory, anticoagulants that target components of the intrinsic
pathway may have a wider therapeutic index compared with inhibitors of the common pathway,
especially those that target either factor XIa or factor XIIa. Moreover, the fact that mice lacking
factor XI or factor XII have normal hemostasis but are protected from thrombosis has led to
the suggestion that hemostasis and thrombosis maybe distinct processes.3 However, inhibitors
of the intrinsic pathway may be better at preventing thrombosis rather than treating ongoing
coagulation. Eikelboom et al13 describe the development of factor IXa inhibitors in this issue
of Arteriosclerosis, Thrombosis, and Vascular Biology. One challenge with the development
of factor IXa inhibitors is that formation of the active site of this protease requires interaction
with its cofactor factor VIIIa. TTP889 is an oral small-molecule inhibitor of factor IXa.
Unfortunately, total VTE in patients with hip fracture did not differ between the TTP889 and
placebo groups, possibly because of inadequate dosing of the drug. Another factor IXa inhibitor
is called RB006, but this drug requires parenteral delivery. This is an aptamer that blocks the
associations of factor X with the factor VIIIa–factor IXa complex. An advantage of RB006 is
that there is an antidote that can be used to rapidly inactivate the drug. The final review in this
issue is by Schumacher et al,14 and this discusses the potential advantages of inhibition of
factor XIa as a new approach to anticoagulation. It will be interesting to see if proteases of the
intrinsic pathway (factor IXa, factor Xia, and factor XIIa) will prove to be better targets of
anticoagulant therapy than proteases of the common pathway (factor Xa and thrombin). Only
time will tell.
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These are exciting times. After 50 years without the development of new oral anticoagulant
drugs, we now have 2 new drugs that selectively inhibit either factor Xa or thrombin, with
many more in the pipeline. These drugs should allow better treatment of venous thrombosis.
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Figure.
Targets of new anticoagulant drugs. The tissue factor (TF)–factor VIIa complex initiates
clotting, the intrinsic pathway mediates propagation, and the common pathway results in the
generation of large amounts of thrombin (factor IIa), which is the central protease in the
coagulation cascade. Venous (red) and arterial (yellow) thrombi contain different proportions
of fibrin and platelets. Parental direct thrombin inhibitors and factor Xa inhibitors are shown
in the light pink boxes. Fondaparinux and idraparinux require antithrombin (AT) for inhibition
of factor Xa. Oral inhibitors of thrombin and factor Xa are shown in the dark pink boxes. Other
possible targets of anticoagulant drugs include factor VIIa, factor IXa, factor XIa, and factor
XIIa (red lines).
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