754 lepirudin accumulates in patients with renal insufficiency. For throm-

boprophylaxis, desirudin is given SC twice daily in fixed doses; the
half-life of desirudin is 2–3 h after SC injection.
A high proportion of lepirudin-treated patients develop antibodies against the drug; antibody formation is rare with SC desirudin.
Although lepirudin-directed antibodies rarely cause problems, in
a small subset of patients, they can delay lepirudin clearance and
enhance its anticoagulant activity. Serious bleeding has been reported
in some of these patients.
Lepirudin is usually monitored using the aPTT, and the dose is
adjusted to maintain an aPTT that is 1.5–2.5 times the control. The
aPTT is not an ideal test for monitoring lepirudin therapy because
the clotting time plateaus with higher drug concentrations. Although
the clotting time with ecarin, a snake venom that converts prothrombin to meizothrombin, provides a better index of lepirudin dose than
the aPTT, the ecarin clotting time has yet to be standardized. When
used for thromboprophylaxis, desirudin does not require monitoring.
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argatroban A univalent inhibitor that targets the active site of
thrombin, argatroban is metabolized in the liver. Consequently, this
drug must be used with caution in patients with hepatic insufficiency.
Argatroban is not cleared via the kidneys, so this drug is safer than
lepirudin for HIT patients with renal insufficiency.
Argatroban is administered by continuous IV infusion and has
a plasma half-life of ~45 min. The aPTT is used to monitor its
anticoagulant effect, and the dose is adjusted to achieve an aPTT 1.5–3
times the baseline value, but not to exceed 100 s. Argatroban also
prolongs the international normalized ratio (INR), a feature that can
complicate the transitioning of patients to warfarin. This problem can
be circumvented by using the levels of factor X to monitor warfarin in
place of the INR. Alternatively, argatroban can be stopped for 2–3 h
before INR determination.
bivalirudin A synthetic 20-amino-acid analogue of hirudin, bivalirudin is a divalent thrombin inhibitor. Thus, the N-terminus of bivalirudin interacts with the active site of thrombin, whereas its C-terminus
binds to exosite 1. Bivalirudin has a plasma half-life of 25 min, the
shortest half-life of all the parenteral direct thrombin inhibitors.
Bivalirudin is degraded by peptidases and is partially excreted via the
kidneys. When given in high doses in the cardiac catheterization laboratory, the anticoagulant activity of bivalirudin is monitored using the
activated clotting time. With lower doses, its activity can be assessed
using the aPTT.
Bivalirudin is licensed as an alternative to heparin in patients undergoing percutaneous coronary intervention. Bivalirudin also has been
used successfully in HIT patients who require percutaneous coronary
intervention or cardiac bypass surgery.
ORAL ANTICOAGULANTS
Current oral anticoagulant practice dates back almost 60 years to when
the vitamin K antagonists were discovered as a result of investigations
into the cause of hemorrhagic disease in cattle. Characterized by a
decrease in prothrombin levels, this disorder is caused by ingestion
of hay containing spoiled sweet clover. Hydroxycoumarin, which
was isolated from bacterial contaminants in the hay, interferes with
vitamin K metabolism, thereby causing a syndrome similar to vitamin
K deficiency. Discovery of this compound provided the impetus for
development of other vitamin K antagonists, including warfarin.
For many years, the vitamin K antagonists were the only available
oral anticoagulants. This situation changed with the introduction of
new oral anticoagulants, including dabigatran, which targets thrombin, and rivaroxaban, apixaban, and edoxaban, which target factor Xa.
Warfarin A water-soluble vitamin K antagonist initially developed
as a rodenticide, warfarin is the coumarin derivative most often prescribed in North America. Like other vitamin K antagonists, warfarin
interferes with the synthesis of the vitamin K–dependent clotting proteins, which include prothrombin (factor II) and factors VII, IX, and
X. The synthesis of the vitamin K–dependent anticoagulant proteins,
proteins C and S, is also reduced by vitamin K antagonists.

HPIM19_Part07(B)_p0620-p0760.indd 754

mecHanism of action All of the vitamin K–dependent clotting factors
possess glutamic acid residues at their N termini. A posttranslational
modification adds a carboxyl group to the γ-carbon of these residues
to generate γ-carboxyglutamic acid. This modification is essential for
expression of the activity of these clotting factors because it permits
their calcium-dependent binding to negatively charged phospholipid
surfaces. The γ-carboxylation process is catalyzed by a vitamin K–
dependent carboxylase. Thus, vitamin K from the diet is reduced to
vitamin K hydroquinone by vitamin K reductase (Fig. 143-6). Vitamin
K hydroquinone serves as a cofactor for the carboxylase enzyme,
which in the presence of carbon dioxide replaces the hydrogen on the
γ-carbon of glutamic acid residues with a carboxyl group. During this
process, vitamin K hydroquinone is oxidized to vitamin K epoxide,
which is then reduced to vitamin K by vitamin K epoxide reductase.
Warfarin inhibits vitamin K epoxide reductase (VKOR), thereby
blocking the γ-carboxylation process. This results in the synthesis
of vitamin K–dependent clotting proteins that are only partially
γ-carboxylated. Warfarin acts as an anticoagulant because these partially γ-carboxylated proteins have reduced or absent biologic activity.
The onset of action of warfarin is delayed until the newly synthesized
clotting factors with reduced activity gradually replace their fully active
counterparts.
The antithrombotic effect of warfarin depends on a reduction in
the functional levels of factor X and prothrombin, clotting factors that
have half-lives of 24 and 72 h, respectively. Because the antithrombotic
effect of warfarin is delayed, patients with established thrombosis
or at high risk for thrombosis require concomitant treatment with a
rapidly acting parenteral anticoagulant, such as heparin, LMWH, or
fondaparinux, for at least 5 days.
pHarmacology Warfarin is a racemic mixture of R and S isomers.
Warfarin is rapidly and almost completely absorbed from the
Non-functional
Prozymogens

Functional
Zymogens
γ-glutamyl
carboxylase

O2
CO2
Reduced
vitamin K

Vitamin K
cycle

Oxidized
vitamin K

Vitamin K
reductase

x

CYP1A1
CYP1A2
CYP3A4

R-warfarin

S-warfarin

CYP2C9

Warfarin
metabolism
Warfarin

FIGURE 143-6 Mechanism of action of warfarin. A racemic mixture
of S- and R-enantiomers, S-warfarin is most active. By blocking vitamin K epoxide reductase, warfarin inhibits the conversion of oxidized
vitamin K into its reduced form. This inhibits vitamin K–dependent
γ-carboxylation of factors II, VII, IX, and X because reduced vitamin
K serves as a cofactor for a γ-glutamyl carboxylase that catalyzes
the γ-carboxylation process, thereby converting prozymogens to
zymogens capable of binding calcium and interacting with anionic
phospholipid surfaces. S-warfarin is metabolized by CYP2C9. Common
genetic polymorphisms in this enzyme can influence warfarin
metabolism. Polymorphisms in the C1 subunit of vitamin K reductase
(VKORC1) also can affect the susceptibility of the enzyme to warfarininduced inhibition, thereby influencing warfarin dosage requirements.
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