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Abstract New oral anticoagulants (OACs) that directly
inhibit Factor Xa (FXa) or thrombin have been developed
for the long-term prevention of thromboembolic disorders.
These novel agents provide numerous benefits over older
vitamin K antagonists (VKAs) due to major pharmaco-
logical differences. VKAs are economical and very well
characterized, but have important limitations that can out-
weigh these advantages, such as slow onset of action,
narrow therapeutic window and unpredictable anticoagu-
lant effect. VKA-associated dietary precautions, monitor-
ing and dosing adjustments to maintain international
normalized ratio (INR) within therapeutic range, and
bridging therapy, are inconvenient for patients, expensive,
and may result in inappropriate use of VKA therapy. This
may lead to increased bleeding risk or reduced anticoagu-
lation and increased risk of thrombotic events. The new
OACs have rapid onset of action, low potential for food
and drug interactions, and predictable anticoagulant effect
that removes the need for routine monitoring. FXa inhibi-
tors, e.g. rivaroxaban and apixaban, are potent, oral direct
inhibitors of prothrombinase-bound, clot-associated or free
FXa. Both agents have a rapid onset of action, a wide
therapeutic window, little or no interaction with food and
other drugs, minimal inter-patient variability, and display
similar pharmacokinetics in different patient populations.
Since both are substrates, co-administration of rivaroxaban
and apixaban with strong cytochrome P450 (CYP) 3A4 and
permeability glycoprotein (P-gp) inhibitors and inducers
can result in substantial changes in plasma concentrations
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due to altered clearance rates; consequently, their con-
comitant use is contraindicated and caution is required
when used concomitantly with strong CYP3A4 and P-gp
inducers. Although parenteral oral direct thrombin inhibi-
tors (DTIs), such as argatroban and bivalirudin, have been
on the market for years, DTIs such as dabigatran are novel
synthetic thrombin antagonists. Dabigatran etexilate is a
low-molecular-weight non-active pro-drug that is admin-
istered orally and converted rapidly to its active form,
dabigatran—a potent, competitive and reversible DTIL
Dabigatran has an advantage over the indirect thrombin
inhibitors, unfractionated heparin and low-molecular-
weight heparin, in that it inhibits free and fibrin-bound
thrombin. The reversible binding of dabigatran may pro-
vide safer and more predictable anticoagulant treatment
than seen with irreversible, non-covalent thrombin inhibi-
tors, e.g. hirudin. Dabigatran shows a very low potential for
drug—drug interactions. However, co-administration of
dabigatran etexilate with other anticoagulants and anti-
platelet agents can increase the bleeding risk. Although the
new agents are pharmacologically better than VKAs—
particularly in terms of fixed dosing, rapid onset of action,
no INR monitoring and lower risk of drug interactions—
there are some differences between them: the bioavail-
ability of dabigatran is lower than rivaroxaban and apix-
aban, and so the dabigatran dosage required is higher;
lower protein binding of dabigatran reduces the variability
related to albuminaemia. The risk of metabolic drug—drug
interactions also appears to differ between OACs:
VKAs > rivaroxaban > apixaban > dabigatran. The con-
venience of the new OACs has translated into improve-
ments in efficacy and safety as shown in phase III
randomized trials. The new anticoagulants so far offer the
greatest promise and opportunity for the replacement of
VKAs.
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Fig. 1 Point of action of oral
anticoagulants in the
coagulation cascade. TF tissue
factor, VKA vitamin K
antagonist

Anticoagulant
Proteins C, S, Z

1 Introduction

Oral anticoagulants (OACs) are indicated for the long-term
prevention of thromboembolic disorders in several cardio-
vascular diseases, including atrial fibrillation (AF), acute
myocardial infarction, venous thromboembolism (VTE)
and in patients with mechanical heart valves. For several
decades vitamin K antagonists (VKAs), e.g. warfarin, were
the only OACs available in clinical practice. More recently,
efforts have been made in research to develop pharmaco-
logical agents with more specific mechanisms of action than
VKAs. Various anticoagulants act at different points in the
anticoagulation cascade. Numerous new drugs directly
inhibiting Factor Xa (FXa) or thrombin are approved, or are
in late phase of approval, in some indications (Fig. 1).

This topic has been extensively reviewed elsewhere;
therefore, the objective of this review is to compare the
pharmacology of OACs currently in clinical use, focusing
on the potential benefits of new drugs in comparison with
VKAs, and to provide the clinician with tools for their
appropriate use.

2 Vitamin K Antagonists

VKAs were discovered more than 80 years ago following
the development of fatal bleeding in cattle that had eaten
spoiled hay made from sweet clover. Dicoumarol was
subsequently identified as a cause of these haemorrhagic
complications by inhibiting the synthesis of vitamin
K-dependent clotting factors [1-5].

Racemic warfarin is the principal VKA used worldwide,
whereas phenprocoumon and acenocoumarol are VKAs
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Fig. 2 The vitamin K cycle. Reproduced from Stehle et al. [6] with
permission from Springer International Publishing AG (© Adis Data
Information BV 2008. All rights reserved.). NAD(P) nicotine amide
dinucleotide phosphate, NAD(P)H nicotine amide dinucleotide phos-
phate hydrogen, R aliphatic side chain, VKORC! vitamin K epoxide
reductase complex subunit 1

widely used in many European countries. The VKAs in
clinical use are structurally derived from 4-hydroxycoum-
arin and share a common mechanism of action in that they
non-competitively inhibit the vitamin K epoxide reductase
complex subunit 1 (VKORCI1), which is essential in the
recycling of vitamin K in the liver (Fig. 2) [6]. As vitamin
K serves as a co-factor in the activation of clotting factors
II, VII, IX and X, the inhibition of its recycling results in
strong anticoagulation activity. On the other hand, vitamin
K also serves as a co-factor for the anticoagulant proteins
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C, S and Z [7, 8], which also affects the regulation of the
procoagulant—anticoagulant system.

From a chemical point of view (Fig. 3), each drug has a
single, chiral centre that gives rise to two different enan-
tiomeric forms, of which the S-form is approximately two-
to fivefold more potent than its R counterpart [9-12].

2.1 Pharmacokinetics

The comparative pharmacokinetics of VKAs have been
extensively reported elsewhere [6, 13]. A summary of the
key pharmacokinetic parameters of VKAs is shown in
Table 1 [13].

After oral administration, VKAs are rapidly and exten-
sively absorbed from the stomach and small intestine with
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Fig. 3 Structure of vitamin K antagonist anticoagulants

Table 1 Pharmacokinetic parameters of vitamin K antagonists [13]

essentially complete oral bioavailability, except for
S-acenocoumarol, which undergoes extensive first-pass
metabolism [14]. Although all VKAs are highly protein
bound in human plasma (>98 %) [15], acenocoumarol has
higher (almost double) apparent volumes of distribution
than warfarin and phenprocoumon (Table 1) [13]. Since
only the free fraction is pharmacologically active, variation
in albuminaemia may affect the activity.

All three drugs are almost completely metabolised in
specific pathways depending on the drug and enantiomeric
form [6]. The elimination half-lives (t,) of phenprocou-
mon, acenocoumarol and warfarin range between 110-130,
1.8-6.6 and 24-58 h, respectively [13]. Reduced clearance
by the cytochrome P450 (CYP) enzymes involved in
phenprocoumon hydroxylation and enterohepatic recycling
of conjugated phenprocoumon are probably the main cause
of the longer t., of phenprocoumon [13].

Hydroxylation and reduction processes in humans
account for the metabolic clearance of warfarin of approx-
imately 80 % in urine and 20 % in faeces. CYP2C9 is the
main enzyme involved in warfarin metabolism and which
mainly (>90 %) metabolises S-warfarin. The R-enantiomer
is hydroxylated by CYP1A2, CYP2C8, CYP2C19 and
CYP3A4. Furthermore, CYPs also facilitate the formation
of dehydrowarfarin, but not the reduction of warfarin to
alcohols [6]. In contrast, CYP2C9 hydroxylates all of the
S-form of acenocoumarol and approximately 60 % of the
R-enantiomer. The 6- and 7-hydroxylated metabolites and
trace amounts of the parent compound are then excreted in
their non-conjugated form via the kidneys [6].

CYP2C9 and CYP3A4 are the major enzymes respon-
sible for the metabolism of phenprocoumon. In vitro,
approximately 60 and 40 % of metabolites are formed by
CYP2C9 and CYP3A4, respectively [6].

Numerous drug interactions with VKAs have been
reported [13, 16]. These may occur by different mechanisms,

Parameter Warfarin Phenprocoumon Acenocoumarol

Maintenance dose (mg/day) 1.5-12 0.75-9 1-9

Volume of distribution (L/kg) 0.08-0.12 0.11-0.14 0.22-0.52

Protein binding (%) >99 >99 >08

Plasma concentration® (umol/L) 1.5-8 1.5-15 0.03-0.3

Terminal elimination half-life (h) S-WAR: 24-33 S-PPC: 110-130 S-AC: 1.8°
R-WAR: 35-58 R-PPC: 110-125 R-AC: 6.6°

Plasma clearance (L/h) S-WAR: 0.10-1.0 S-PPC: 0.045-0.055 S-AC: 28.5°
R-WAR: 0.07-0.35 R-PPC: 0.055-0.08 R-AC: 1.9°

Elimination kinetics First-order First-order Biphasic

# Refers to the total plasma concentration of bound and unbound racemic drug after maintenance doses

® Data are illustrated for subjects expressing the cytochrome P450 2C9*1/*1 reference genotype

R-AC R-acenocoumarol, S-AC S-acenocoumarol, R-PPC R-phenprocoumon, S-PPC S-phenprocoumon, R-WAR R-warfain, S-WAR S-warfarin
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including decreased absorption owing to an interruption of
enterohepatic recycling, displacement from the protein-
binding site and by inhibition or induction of metabolism. A
complete listing of these data is beyond the scope of this
review, but all inhibitors or inducers of CYP2C9 may affect
the blood concentrations of VKAs.

2.2 Clinical Considerations

Of note, any conclusions on the efficacy and safety of
warfarin may not be transferred directly to the other VKAs,
because clinical studies with phenprocoumon and aceno-
coumarol are often lacking. However, these clinical con-
siderations may be common to all VKAs.

VKAs are the orally active anticoagulants that are
licensed for long-term use worldwide. The advantages of
VKAs are their very low acquisition cost and the large
experience in their management among physicians; how-
ever, they have important limitations that may neutralize
any economic advantage.

VKAs have a slow onset of action and a narrow thera-
peutic window. They also have an unpredictable antico-
agulant effect that results from multiple food and drug
interactions, as well as genetic polymorphisms, that affect
both the drug metabolism (CYP2C9) and the target of
action (VKORCI1). It is well known that CYP2C9 and
VKORC1 polymorphisms have a strong impact on the
responsiveness of warfarin and, to a lesser extent, of ace-
nocoumarol and phenprocoumon, allowing derivation of
their average effects on dose requirements [6]. However,
the use of this information, which may reduce the adverse
effects of warfarin in the treatment of patients, is still a rare
exception.

In addition, non-genetic factors such as age, body-
weight, body surface area, sex, drug interactions, disease
conditions and variable dietary intake of vitamin K can also
contribute to drug use variation [17-21]. Patients must take
dietary precautions, and prescribers must take special care
when modifying concomitant drug therapy [22].

The unpredictable anticoagulant effects require routine
coagulation monitoring and dose adjustment to maintain
the international normalized ratio (INR) within the target
range [23]. Furthermore, because VKAs have a slow onset
of action, patients who require an immediate anticoagulant
effect will require bridging therapy with a rapidly acting
agent (e.g. low-molecular weight heparin) [23]. However,
dietary precautions, dosing adjustments, monitoring and
bridging therapy are inconvenient for patients, add to the
cost of care and may be to blame for under-use or inap-
propriate use of VKA therapy [22]. Even when VKAs are
appropriately used, the INR is frequently outside of the
therapeutic range, leading to reduced anticoagulation or
increased bleeding risk [24]. Poor anticoagulant control in
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patients with AF receiving VKA therapy for stroke pre-
vention doubles the frequencies of stroke, major bleeding
and death compared with those achieving good control
[25].

Any conclusions on the efficacy of warfarin may not
directly be transferred to the other VKAs, because clinical
studies with phenprocoumon and acenocoumarol are often
lacking.

A major requirement in management of thrombotic risk
is an effective and safe replacement for VKAs—one that
has a more rapid onset of action, a low potential for food
and drug interactions, and a predictable anticoagulant
effect that obviates the need for routine coagulation
monitoring.

3 Factor Xa Antagonists

Two oral FXa inhibitors are reviewed here: rivaroxaban,
which is approved by the US Food and Drug Administra-
tion (FDA) and European Medicines Agency (EMA), and
apixaban, which is approved by the EMA and is expected
to be approved by the FDA at the beginning of 2013. Other
FXa inhibitors include edoxaban (which was approved for
use in Japan in April 2011), and otamixaban, betrixaban,
DX-9065a, SRI123781A, LY517717 and GW-813893,
which are in earlier stages of development [26].

3.1 Rivaroxaban

Rivaroxaban is a potent, oral direct inhibitor of FXa.
Rivaroxaban prevents thrombin generation inhibiting FXa
by binding directly to the active sites of the serine endo-
peptidase. It has been shown to inhibit free FXa, FXa
already bound in the prothrombinase complex, as well as
clot-bound FXa. At the molecular level, the action of riv-
aroxaban is governed by chlorothiophene and morpholi-
none moieties attached to a central oxazolidinone ring,
which bind with high affinity to the S1 and S4 pockets of
FXa (Fig. 4) [27, 28].

In preclinical studies, rivaroxaban dose-dependently
inhibited free FXa in human plasma. The inhibition con-
stant (K;) for FXa in human plasma was 0.4 nmol/L; the
rivaroxaban concentration required to inhibit 50 % of
enzyme activity (ICsg) was 21 nmol/L [29]. Rivaroxaban
is specific for FXa and does not inhibit related serine
proteases including thrombin, trypsin, plasmin, Factor
VIIa, Factor IXa, Factor Xla, urokinase and activated
protein C (ICsy >20,000 nmol/L) [29]. Plasma clotting
times in human plasma were increased in a dose-depen-
dent manner with rivaroxaban, with a concentration
required to double prothrombin time (PT) and activated
partial thromboplastin time (aPTT) of 0.23 and
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Fig. 4 Chemical structure of new oral anticoagulants. The morpholi-
none residue of rivaroxaban (a) binds the S4 pocket and the
chlorothiophene moiety binds the S1 pocket of Factor Xa. [28]
p-Methoxyphenyl of apixaban (b) binds the S1 pocket and the aryl-
lactam moiety binds the S4 pocket of Factor Xa. [51] Dabigatran
(c) specifically binds thrombin on the S and P pockets. The D pocket
is occupied by a pyridine ring [102]

0.69 mmol/L, respectively [29]. No direct effects of riv-
aroxaban on platelets have been demonstrated [26].
However, while rivaroxaban does not affect platelet
aggregation in platelet-rich plasma, it potently inhibits
tissue factor-induced platelet aggregation indirectly, by
inhibiting thrombin generation [30].

Although the clinical relevance of these findings
remains to be established, the effects of co-administration
of rivaroxaban with naproxen [31], aspirin [32] and clop-
idogrel [33] have been examined in healthy volunteers.
Naproxen and aspirin had no clinically relevant effect on
bleeding times compared with rivaroxaban alone, while the
combination of clopidogrel and rivaroxaban significantly
prolonged the mean bleeding time compared with riva-
roxaban alone (least-squares mean increase from baseline
of 3.77-fold with combination therapy versus 1.13-fold
with rivaroxaban alone [31-33]).

3.1.1 Pharmacokinetics

The pharmacokinetics of rivaroxaban have been evaluated
in healthy young male subjects (aged 19-45 years) and
elderly subjects (60-76 years) at single oral doses of up to
80 mg and multiple doses of up to 30 mg twice daily
[34, 35]. Rivaroxaban reached maximum (peak) plasma
concentrations (C,,.x) 2—4 h after oral administration; the
relative bioavailability of a tablet formulation versus a
solution formulation in healthy volunteers is reported to be
about 80 %. Dose-proportional increases in the area under
the concentration-time curve (AUC) are observed, and
there is no significant drug accumulation when steady-state
conditions are achieved [35].

When co-administered with food, the time to Cyax (tmax)
for rivaroxaban increased from 2.75 to 4 h, with an increase
in the C,,,x and AUC of 3040 % [36]. Co-administration
with food is associated with reduced inter-patient variabil-
ity, thereby increasing the predictability of rivaroxaban
plasma concentrations [36]. The C,,.. is unaffected when
rivaroxaban is given to subjects weighing about 120 kg, but
a 24 % increase in the C,,,x is seen when the drug is given to
those weighing <50 kg [37].

When administering the same total daily dose, Cpax
values are higher and minimum concentration values are
lower with once-daily dosing than with twice-daily dosing
in patients undergoing total hip replacement or receiving
treatment for acute proximal deep vein thrombosis (DVT)
[38, 39]. However, since the 90 % confidence intervals
overlap, a concentration—effect relationship should be
evaluated. Plasma protein binding is 92-95 %, with serum
albumin the predominant binding component and the
apparent volume of distribution of rivaroxaban at steady
state is about 50 L [40].

Rivaroxaban has a terminal elimination half-life (t,.g) of
5-9 h in healthy young subjects [35, 41], and 11-13 h in
elderly subjects due to normal age-related renal function
decline [34, 42]. In individuals with mild (creatinine
clearance [CLcr] 50-80 mL/min), moderate (CLcgr
30-49 mL/min) or severe (CLcr 15-29 mL/min) renal
impairment, rivaroxaban plasma concentrations (AUC)
were increased 1.4-, 1.5- and 1.6-fold, respectively, com-
pared with healthy controls [42].

Rivaroxaban is metabolized via CYP enzymes
(CYP3A4 and CYP2CS), as well as CYP-independent
mechanisms, with the major sites of biotransformation
being the oxidative degradation of the morpholinone moi-
ety and hydrolysis of the amide bonds [43]. Approximately
66 % of ingested rivaroxaban is excreted via the kidneys
and the remainder excreted in the faeces as unchanged
drug. Intestinal excretion of rivaroxaban appears to be
mediated, at least in part, by permeability glycoprotein
(P-gp), because potent P-gp inhibitors increase rivaroxaban
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plasma concentration [44]. Of rivaroxaban excreted in the
urine, 30-40 % is unchanged drug excreted via a combi-
nation of glomerular filtration and tubular secretion, and
60-70 % is metabolised [44].

The pharmacokinetic profile of rivaroxaban in healthy
subjects is not substantially affected by age or sex [45].
Likewise, its profile is unaffected by mild impairment in
hepatic function (Child-Pugh class A) [46] or extremes in
bodyweight [37]. In subjects with moderate hepatic
impairment (Child-Pugh class B), the AUC is twofold
higher than in controls, with an associated moderate
increase in inhibition of FXa activity and prolongation of
the PT in these subjects [46].

As rivaroxaban is a substrate of CYP and P-gp,
co-administration of rivaroxaban with strong CYP3A4
and P-gp inhibitors ketoconazole or ritonavir led to a
2.6- and 2.5-fold increase in mean rivaroxaban AUC and
a 1.7- and 1.6-fold increase in mean rivaroxaban C,,,y,
respectively, with significant increases in pharmacody-
namic effects that could result in increased bleeding risk
[47]. The use of rivaroxaban is therefore contraindicated in
patients receiving concomitant treatment with strong
inhibitors of both CYP3A4 and P-gp [26].

Active substances strongly inhibiting only one of the
rivaroxaban elimination pathways, either CYP3A4 or P-gp,
are expected to increase rivaroxaban concentrations to a
lesser extent. Co-administration of the strong CYP3A4
inhibitor and moderate P-gp inhibitors clarithromycin and
erythromycin, for example, led to small and clinically insig-
nificant increases in mean rivaroxaban AUC and C,,, [47].

Clopidogrel and rivaroxaban did not show a pharma-
cokinetic interaction when co-administered, but increased
bleeding time not correlated to platelet aggregation was
observed in some patients [33]. Care needs to be taken if
patients are treated concomitantly with NSAIDs (including
naproxen and aspirin) and platelet aggregation inhibitors
because these medicinal products typically increase the
bleeding risk [31-33].

Co-administration of rivaroxaban with the strong
CYP3A4 inducer rifampicin led to an approximate 50 %
decrease in mean rivaroxaban AUC, with parallel decreases
in its pharmacodynamic effects [40]. The concomitant use
of rivaroxaban with other strong CYP3A4 inducers (e.g.
phenytoin, carbamazepine, phenobarbital or St John’s
wort) may also lead to reduced rivaroxaban plasma con-
centrations and so they should be co-administered with
caution [40].

3.1.2 Clinical Considerations
Rivaroxaban is generally administered once daily, although

the drug is given twice daily for the initial treatment of
patients with VTE [40].
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The pharmacodynamic profile of rivaroxaban in healthy
subjects reveals a linear correlation between the PT and the
plasma concentration of rivaroxaban [35, 48, 49]. The
maximum prolongations of the PT, aPTT and HepTest (a
clot-based assessment measuring heparin in plasma) are
dose dependent and follow the same time profiles as the
pharmacokinetic time curves, with some prolongation
observed up to 24 h after dosing [35, 41]. In two large,
phase IIb, dose-finding trials investigating rivaroxaban for
the treatment of proximal DVT or of patients undergoing
hip replacement surgery [38, 50], clinically relevant plasma
concentrations of rivaroxaban correlated linearly with the
PT, suggesting that the PT may provide a useful assessment
of drug exposure. Due to the linear correlation between
plasma concentration and PT, care should be taken in
elderly patients or in patients that are treated concomitantly
with drugs affecting the exposure of rivaroxaban in order to
avoid increased bleeding risk. Careful monitoring of PT
should be performed in these ‘at risk’ patients [40].

In renal patients, the pharmacokinetic changes translated
into more pronounced corresponding increases in phar-
macodynamic effects: in individuals with mild, moderate
and severe renal impairment, the overall inhibition of FXa
activity was increased by a factor of 1.5, 1.9 and 2.0,
respectively, compared with healthy volunteers; prolonga-
tion of PT was similarly increased by a factor of 1.3, 2.2
and 2.4, respectively [42]. There are no data in patients
with CLcr <15 mL/min. Due to the high plasma protein
binding of rivaroxaban, it is not expected to be dialysable
and so its use is not recommended in patients with CLcr
<15 mL/min, and the drug should be used with caution in
patients with CLcg 15-29 mL/min [40].

3.2 Apixaban

Apixaban is a pyrazole derivative small-molecule, selec-
tive FXa inhibitor. The molecular formula for apixaban is
C,5H,5N50,4; molecular weight 459.5 kDa [51]. Similarly
to rivaroxaban, apixaban binds FXa at two sites (Fig. 4).
Apixaban is a highly selective inhibitor of human FXa
(apparent dissociation constant [Ky] 0.08 nmol/L); acti-
vated protein C, Factors [Xa and VIla, and thrombin were
not affected [52]. Platelet aggregation was not altered by
apixaban [53] and apixaban 10 mmol/L had no effect on
platelet aggregation in response to adenosine diphosphate,
gamma-thrombin or collagen stimulation [52]. Like riva-
roxaban, apixaban is an inhibitor of FXa regardless of
whether it is prothrombinase bound, associated with a clot
or free FXa [54]. In platelet-poor human plasma, apixaban
prolongs clotting times in a concentration-dependent
manner: the PT, aPTT and HepTest were doubled by
apixaban 3.6, 7.4 and 0.4 mol/L, respectively [55].
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Apixaban inhibits thrombin generation in vitro [56],
doubling the lag time and the peak thrombin concentration
at 200 and 300 nmol/L, respectively. It reduces the maxi-
mum thrombin generation rate and the peak thrombin
concentration, with ICsy, values of 35 and 70 nmol/L,
respectively.

Apixaban was as effective as fondaparinux and warfarin
in preventing thrombosis at doses that preserve haemostasis
in rabbit models [55]. Furthermore, the addition of apix-
aban to aspirin or clopidogrel significantly improved anti-
thrombotic activity with a moderate, but significant,
increase in bleeding time [57]. Apixaban significantly
enhanced the antithrombotic effects of heparin and enox-
aparin when co-administered, with a significant increase in
bleeding time (p < 0.05) [58].

3.2.1 Pharmacokinetics

Apixaban is rapidly absorbed, reaching C,.x approxi-
mately 3 h post-dose in healthy volunteers [59]. The oral
bioavailability of apixaban is approximately 50 % in
human volunteers. Steady-state concentrations are reached
within 3 days, with a mean t,,g of 12.7 & 8.55 h in healthy
adults [26, 59-61]. Apixaban has a low volume of distri-
bution of approximately 21 L and is about 87 % protein
bound [26]. The small volume of distribution is probably
due to limited extravascular tissue distribution and not the
result of extensive plasma protein binding [54].

The effects of bodyweight, sex, age and ethnicity on
apixaban pharmacokinetics have been reported [60, 62,
63]. After a single oral dose of apixaban 10 mg adminis-
tered to healthy males and females stratified by body-
weight, the C.x and AUC were 30 and 20 % higher,
respectively, in subjects weighing <50 kg compared with
those weighing 65-85 kg, and 30 and 20 % lower,
respectively, than subjects weighing >120 kg [63]. In
another study, apixaban 20 mg administered as a single
oral dose to healthy younger (18—40 years) and elderly
(>65 years) males and females produced a 32 and 7 %
higher C,,.x and AUC, respectively, in the elderly than in
the younger participants and 18 and 15 % higher C,,,x and
AUC, respectively, in women than in men [60]. The
European summary of product characteristics for apixaban
states that the pharmacokinetic profile is similar in Asians,
African Americans and Caucasians [64].

Food has little or no effect on C,,,x or AUC [64].

After oral administration, the drug is eliminated by
multiple routes, with approximately 50 % recovered
unchanged in the faeces and approximately 25 % excreted
in the urine [59]. Apixaban is metabolized via O-demeth-
ylation and hydroxylation mainly by CYP3A4/5 with minor
contributions from CYP1A2 and 2J2 [65]. Unchanged

apixaban is the major component in human plasma with
no active circulating metabolites present [59]. In incuba-
tions of human liver microsomes, apixaban did not
show inhibition (ICsy values >20 pmol/L) with the probe
substrates of CYP1A2, 2B6, 2C8, 2C9, 2C19, 2D6 or
3A4/5. Moreover, apixaban did not show any induction
effect at concentrations up to 20 pmol/L on CYP1A2, 2B6
and 3A4/5 in incubations with primary human hepatocytes
[65].

Although apixaban is a substrate of transport protein
P-gp, it does not appear to be an inducer or inhibitor, so
does not affect the pharmacokinetics of co-administered
P-gp substrates [66]. However, strong inhibitors and
inducers of both P-gp and CYP3A4 may affect apixaban
pharmacokinetics. Co-administration of apixaban with
ketoconazole, for example, a strong inhibitor of both
CYP3A4 and P-gp, led to substantial increases in mean
apixaban AUC and C,,,, [66]. Therefore, the use of apix-
aban is not recommended in patients receiving concomitant
systemic treatment with strong CYP3A4 and P-gp inhibi-
tors, such as ketoconazole, ritonavir, etc. [64]. Moderate
inhibitors of CYP3A4 and/or P-gp are expected to have a
smaller effect on apixaban pharmacokinetics. Diltiazem, a
moderate CYP3A4 and a weak P-gp inhibitor, led to small
increases in mean apixaban AUC and C,,,x [66]. Naproxen
(500 mg, single dose) an inhibitor of P-gp but not an
inhibitor of CYP3A4, led to a 1.5- and 1.6-fold increase
in mean apixaban AUC and C,,,, respectively [61, 64].
Therefore, no dose adjustment for apixaban is advised
when co-administered with less potent inhibitors of
CYP3A4 and/or P-gp [64].

Co-administration of apixaban with rifampicin, a strong
CYP3A4 and P-gp inducer, results in a significant decrease
in mean apixaban AUC and C,,x [67]. The concomitant
use of apixaban with other strong CYP3A4 and P-gp
inducers (e.g. phenytoin, carbamazepine, phenobarbital or
St John’s wort) may also lead to reduced apixaban plasma
concentrations, so, although no dose adjustment is required
during concomitant therapy with such agents, strong
CYP3A4 and P-gp inducers should be co-administered
with caution [64, 67].

3.2.2 Clinical Considerations

Apixaban is dosed twice daily [64]. Like rivaroxaban,
apixaban-induced increases in the aPTT, INR and modified
PT closely tracked the plasma concentration—time profile.
Care should be taken in patients that are treated concom-
itantly with drugs affecting apixaban exposure, in order
to avoid increased bleeding risk. Monitoring of plasma
concentrations of apixaban may be warranted in this cir-
cumstance [64].
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4 Oral Direct Thrombin Inhibitors

Direct thrombin inhibitors (DTIs) are a new therapeutic class
of synthetic, small molecules that interact directly with
thrombin and block its interaction with its substrates leading to
an antithrombotic effect. Parenteral DTTIs, such as argatroban
and bivalirudin, have been on the market for many years.
Ximelagatran, the pro-drug of melagatran, was the first orally
available DTI to undergo clinical evaluation. However,
although ximelagatran was proven to be an effective OAC,
prolonged therapy with ximelagatran resulted in idiosyncratic
hepatic toxicity and it was subsequently withdrawn from the
market in 2006 [68]. Dabigatran is the second oral DTI
approved for clinical use and has proven to be an effective
OAC without the hepatic toxicity seen with ximelagatran [69].

4.1 Dabigatran Etexilate

Dabigatran etexilate is a low-molecular weight non-active
pro-drug that is administered orally and converted in the
blood to its active form, dabigatran, a potent, competitive
and reversible DTI [70]. Dabigatran binds to the active site
of thrombin univalently, thereby inactivating both fibrin-
bound and unbound (i.e. free) thrombin (Fig. 4) [69, 71,
72]. Indirect thrombin inhibitors, such as unfractionated
heparin and low-molecular weight heparin, cannot inhibit
fibrin-bound thrombin. Dabigatran, therefore, has an
advantage over the heparins because it prevents bound
thrombin from continuing to trigger thrombus expansion
[73, 74]. By inhibiting thrombin, dabigatran prevents a
cascade of events: conversion of fibrinogen into fibrin,
positive feedback amplification of coagulation activation,
cross-linking of fibrin monomers, platelet activation and
inhibition of fibrinolysis [70].

Dabigatran inhibits human thrombin in a concentration-
dependent manner, with a K; of 4.5 nmol/L, and has been
shown to be a competitive inhibitor of thrombin [75].
Dabigatran displays highly selective and rapid, but
reversible, binding to thrombin. Reversible binding may
contribute towards safer and more predictable anticoagu-
lant treatment than has been observed with irreversible,
non-covalent binding, as shown for the first DTI, hirudin
[76]. Dabigatran, by inhibiting thrombin, potently inhibits
platelet aggregation, with an ICsy similar to the K;
of thrombin [75]. Moreover, dabigatran inhibits tissue
factor-induced thrombin generation in human platelet-
poor plasma in a concentration-dependent manner, and
decreased endogenous thrombin generation [75]. A similar
pattern has been observed in prolongation of blood coag-
ulation times by dabigatran in animal species and human
plasma, with the thrombin time and ecarin clotting time
being the most sensitive clotting assays, followed by the
aPTT and the PT [75, 77].
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The antithrombotic and anticoagulant effects of the pro-
drug dabigatran etexilate were investigated in a rabbit
model [78]. In the rabbit jugular vein, dabigatran etexilate
reduced thrombus formation in a dose-dependent manner
with a dose that produced a 50 % effective response of
4.65 mg/kg, demonstrating effective antithrombotic activ-
ity. Thrombus formation was almost maximally reduced
with dabigatran etexilate within 1 h of pretreatment, indi-
cating a fast onset of action and rapid conversion to active
dabigatran [78]. The preclinical data showed that dabiga-
tran was an effective antithrombotic agent.

4.1.1 Pharmacokinetics

After oral administration, dabigatran etexilate is rapidly
absorbed and quickly and completely hydrolysed to its
active moiety, dabigatran, by non-specific ubiquitous
esterases in the gut mucosa, liver and plasma [79, 80]. The
absolute bioavailability after oral administration of dabig-
atran etexilate is about 7 % [79]. This low absolute bio-
availability is not problematic from a clinical point of view,
because the recommended doses ensure adequate plasma
concentrations with no unexpected accumulation of dabig-
atran after multiple dosing [69]. After oral administration
of dabigatran etexilate, C,,x is reached within 0.5-2 h
(average, 1.5 h) [81] and steady-state concentrations are
achieved within 3 days after multiple-dose administration
in healthy volunteers [69]. Steady-state plasma concentra-
tions in patients with AF taking 150 mg twice daily were
180 ng/mL at peak and 90 ng/mL at trough [82].

Dabigatran etexilate is not metabolised by the CYP
enzymes or other oxidoreductases. About 20 % is conjugated
with glucuronic acid and excreted via the biliary system [83].
In patients with mild hepatic impairment, the AUC after a
single oral dose of dabigatran etexilate was comparable
with that in healthy control subjects, and the bioconver-
sion of the pro-drug was only slightly reduced [84].

Up to 80 % of circulating unchanged dabigatran and
small amounts of dabigatran glucuronides are excreted via
the kidneys, the dominant elimination pathway [81]. Con-
sequently, reduced kidney function results in elevated
dabigatran plasma concentrations and a prolonged drug t,
[85]. The mean t,g of dabigatran after oral administration
is about 8—10 h after a single dose, and ranges from 14 to
17 h after multiple doses [79]. In older healthy volunteers
the t,g is about 12—14 h [81]. The t.,g is increased to 28 h
in patients with a CLcgr of <30 mL/min [85].

Dabigatran shows a very low potential for drug—drug
interactions and the absorption is not affected by food.
However, as with other OACs, co-administration of da-
bigatran etexilate with other anticoagulants and antiplatelet
agents should be approached with caution because of an
increased risk of bleeding.



Comparative Pharmacology of New Anticoagulants

77

Dabigatran etexilate absorption is dependent on an acid
environment; therefore, it is formulated together with tar-
taric acid to reduce its variability [69]. Because of this,
dabigatran etexilate absorption is independent of gastroin-
testinal tract acidity [70] and, although co-administration
of the proton pump inhibitor (PPI) pantoprazole was shown
to reduce the bioavailability of dabigatran by approxi-
mately 28 % and increase inter-patient pharmacokinetic
variability, particularly in females, dabigatran dose
adjustment is not required when co-administered with a
PPI [81, 86].

Co-administration of atorvastatin (CYP3A4), diclofenac
(CYP2C9) or digoxin (P-gp) with dabigatran has been
shown to have limited impact on dabigatran efficacy, is
safe and well tolerated, and does not affect routine coag-
ulation assays [69, 87].

Dabigatran etexilate, but not dabigatran, is a substrate
for P-gp. Co-administering dabigatran etexilate with strong
P-gp inhibitors (e.g. ketoconazole and verapamil) and
inducers (e.g. rifampicin) can alter plasma concentrations
of dabigatran by decreasing or increasing clearance via the
gastrointestinal tract [69]. Therefore, co-administration of
strong P-gp inducers or inhibitors is contraindicated in
patients receiving dabigatran etexilate after orthopaedic
surgery [70].

4.1.2 Clinical Considerations

Prolongation of the clotting time with dabigatran correlates
with the plasma concentration—time curve, with a rapid
onset of action without time delay in healthy younger and
older adults and the reproducible pharmacokinetic and
pharmacodynamic profiles translate into convenient twice-
daily dosing, with predictable rapid efficacy and good
safety profile, without the need for coagulation monitoring
or dose adjustment [79, 81, 88].

Since dabigatran is predominantly renally excreted, dose
reduction may need to be considered in patients with
moderate renal impairment (including age-related decline
in renal function) and dabigatran is contraindicated in
patients with severe renal function (CLcgr <30 mL/min)
[85, 89].

Moderate hepatic impairment has been shown to have
no effect on the anticoagulant activity or safety profile of
dabigatran and no dose adjustments are required [84].

5 Comparing Oral Anticoagulants

New OAC:s for the prevention and management of venous
and arterial thromboembolism have important advantages
over VKAs. Their rapid onset of action and predictable
anticoagulant effects, which obviate the need for routine

coagulation monitoring, are the most important. In addi-
tion, the low inter-patient variability and low propensity for
drug interactions are important considerations for long-
term anticoagulant therapy.

The pharmacological superiority of new OACs com-
pared with VKAs is shown in Table 2. Although the new
agents are pharmacologically better than VKAs, allowing
fixed dosing, rapid onset of action and no monitoring of
INR, interesting differences can be found between them.
The bioavailability of dabigatran is lower than rivaroxaban
and apixaban; therefore, the dosage of dabigatran is higher.
The lower protein binding of dabigatran could be beneficial
because it reduces the risk of variability related to albu-
minaemia and interactions for displacement. The risk of
metabolic drug—drug interactions also appears to differ
between OACsS, and is dramatically higher for VKAs than
for newer drugs. However, newer drugs also show a pro-
pensity for drug interactions. Overall, the extent of drug—
drug interactions generally occur in the following order:
VKAs > rivaroxaban > apixaban > dabigatran [26].

Furthermore, the convenience of the new OACs com-
pared with existing anticoagulants has translated into
improvements in efficacy and safety as shown in phase III
randomized trials of the new agents compared with warfarin
in AF: RE-LY (Randomized Evaluation of Long-Term
Anticoagulation Therapy) (dabigatran), ROCKET-AF
(Rivaroxaban Once Daily Oral Direct Factor Xa Inhibition
Compared with Vitamin K Antagonism for Prevention of
Stroke and Embolism Trial in Atrial Fibrillation) (rivarox-
aban) and ARISTOTLE (Apixaban for Reduction in Stroke
and Other Thromboembolic Events in Atrial Fibrillation)-
AF (apixaban) (Table 3) [90-92]. Dabigatran, which had
superior efficacy to warfarin with a lower bleeding risk in
the RE-LY trial, so far offers the greatest promise and
opportunity for the replacement of VKAs [90]. The results
of the three pivotal studies comparing new OACs with
warfarin in non-valvular AF, when compared indirectly,
show that all new anticoagulants are able to reduce the
emergence of stroke or systemic embolism versus warfarin.
However, only dabigatran 150 mg twice daily and apixaban
5 mg twice daily are significantly superior to warfarin, with
hazard ratios of 0.65 and 0.79, respectively (Table 4).
Moreover, dabigatran showed a better overall safety profile
compared with warfarin [90]. Finally, an increase in the risk
of myocardial infarction observed with dabigatran 150 mg
twice daily compared with warfarin, which was seen in the
original analysis of RE-LY [90], was not confirmed in
revised analysis [93].

Phase III results for rivaroxaban are also promising and
provide additional information on the benefits of this agent
in this clinical setting [91].

The withdrawal of oral ximelagatran, an oral DTI, in
2006 due to hepatic toxicity [68] has heightened awareness
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Table 2 Pharmacology of oral vitamin K antagonists and new oral anticoagulants [26, 35, 36, 41, 54, 79]

Parameters VKA? Dabigatran Apixaban Rivaroxaban
Target VKORCI (Factors II, VII, X, IX); Factor II (thrombin) Factor Xa Factor Xa (direct inhibitor)
proteins C, S, Z (direct inhibitor) (director
inhibitor)
Onset 3-4 days Rapid Rapid Rapid
Bioavailability (%) >95 ~6 >50 >80
tmax (h) Variable 2 1-3 2.5-4
ty,p (h) Warfarin 35-45 12-17 8-15 5-9 (healthy); 9-13 (elderly)
Phenprocoumon 100-270 h
Acenocoumarol 2-20 h
Renal clearance (%) 0 80 25 66
Protein binding (%) 99 35 87 >90
Involvement of CYP CYP2C9 None CYP3A4 CYP3A4
Interactions CYP2C9, 3A4, 1A2 inhibitors; Potent P-gp inhibitors® Potent CYP3A4 Potent CYP3A4 inhibitors
dietary vitamin K inhibitors and P-gp inhibitors
Dosing AF INR-guided od 110 mg or 150 mg bid 5 mg bid 20 mg od
Routine coagulation Yes No No No
monitoring

% Data are common for warfarin, phenprocoumon and acenocoumarol, unless specified

® For absorption only

AF atrial fibrillation, bid twice daily, CYP cytochrome P450, INR international normalized ratio, od once daily, P-gp permeability-glycoprotein,
ty,p terminal elimination half-life, f,,,, time to maximum plasma concentration, VKA vitamin K antagonists, VKORCI vitamin K epoxide
reductase complex subunit 1

Table 3 Completed, randomized trials with new oral anticoagulants in atrial fibrillation [90-92]

Parameters RE-LY [90] (n = 18,113) ROCKET-AF [91] ARISTOTLE-AF [92]
(n = 14,000) (n = 18,201)
Drug and dose Dabigatran 110/150 mg bid Rivaroxaban 20 mg od 5 mg bid

Comparator (target)
Mean age (years)

Time in therapeutic range

with warfarin (%)

Primary endpoint (stroke or systemic

embolism) [% per year]

Major bleeding events (% per year)

Intracranial haemorrhage (% per year)

Warfarin (INR 2.0-3.0)
71.5
64

1.71 warfarin

1.54 dabigatran 110 mg
(p < 0.001 for non-inferiority)

1.11 dabigatran 150 mg
(p < 0.001 for superiority)

3.57 warfarin

2.87 dabigatran 110 mg
(p = 0.003)

3.32 dabigatran 150 mg
(p =0.31)

0.74 warfarin

0.23 dabigatran 110 mg
(p <0.001)

0.30 dabigatran 150 mg
(p < 0.001)

Warfarin (INR 2.0-3.0)
73
57.8

2.42 warfarin
2.12 rivaroxaban (p = 0.117)

3.45 warfarin
3.6 rivaroxaban (p = 0.576)

0.74 warfarin
0.49 rivaroxaban (p = 0.019)

Warfarin (INR 2.0-3.0)
70
62

1.60 warfarin

1.27 apixaban
(p = 0.01 for superiority)

3.09 warfarin

2.13 apixaban
(p = 0.001)

0.80 warfarin

0.33 apixaban
(p < 0.001)

bid twice daily, INR international normalized ratio, od once daily
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Table 4 Comparable primary

- Drug Primary outcome rate HR 95 % CI p-Value
efficacy endpoints of stroke or (% per year): new OACs
systemic embolism of new VeI‘SIl)]S v};arfaéin ‘
anticoagulants versus warfarin;
df‘g,fmgoplg;’]tal phase III Dabigatran 110 mg  1.54 versus 1.71 090  0.74-1.10  <0.001 for non-inferiority
studies [90—
Dabigatran 150 mg 1.11 versus 1.71 0.65 0.52-0.81 <0.001 for superiority
Rivaroxaban 2.12 versus 2.42 0.88 0.74-1.03 <0.001 for non-inferiority;
HR hazard ratio, NS not 0.117 (NS) for superiority
significant, OAC oral Apixaban 1.27 versus 1.60 079  0.66-095  0.01 for superiority

anticoagulant

about potential adverse effects of these new agents, par-
ticularly hepatotoxicity, and associated drug interactions
[94]. None of the new OACs in advanced stages of
development or in clinical practice have demonstrated
evidence of liver toxicity [94].

Finally, we must point out that the main adverse effect
of all OACs is bleeding, and the absolute frequency dif-
ferences between OACs are low. However, the new anti-
coagulants, in all studies, show a frequency of bleeding
always lower than warfarin (Table 3).

Other potential limitations of these novel drugs include
the lack of specific antidotes in such circumstances that
immediate reversal is required (severe bleeding, urgent
surgery, etc.). Prothrombin complex concentrate (PCC) from
human plasma, containing a high concentration of the pro-
coagulation factors II, VII, IX and X, as well as the natural
anticoagulants protein C and S and antithrombin, has been
proposed as antidote [95]. Although PCC may have impor-
tant clinical implications, its effect has yet to be confirmed in
patients with bleeding events who are treated with the new
anticoagulants. However, the t., values of the new agents are
relatively short versus warfarin, so the absence of antidotes
may not be a real limitation in the clinical setting.

Routine monitoring of drug plasma concentrations is not
required with the new anticoagulants; however, a simple
assay for quantifying drug activity or plasma concentra-
tions would be useful in patients with a thrombotic or
bleeding event and could be used to assess compliance [96,
97]. Such testing would be useful for drugs such as riva-
roxaban or apixaban when they are administered in com-
bination with drugs with a potential to cause metabolic
interactions.

6 Conclusions

New OACs that directly inhibit FXa or thrombin provide
numerous benefits over older VKAs. Although VKAs are
economical and very well characterized, they have
important limitations such as slow onset of action, narrow
therapeutic window and unpredictable anticoagulant effect
that make their use problematic and expensive. As a result,
many patients do not receive optimum anticoagulant

therapy leading either to increased bleeding risk or to
reduced anticoagulation effect and increased risk of
thrombotic events. The new OACs, direct FXa and
thrombin inhibitors, have a rapid onset of action, low
potential for food and drug interactions, and predictable
anticoagulant effect, thereby removing the need for routine
monitoring. These characteristics of new OACs increase
their overall efficacy and reduce the risk of severe adverse
effects such as major bleeding. Among the new OACs,
dabigatran, which inhibits factor II (thrombin), shows a
different mechanism of action, leading to a potent, com-
petitive and reversible anticoagulant effect. The reversible
binding of dabigatran may provide safer and more pre-
dictable anticoagulant treatment than seen with irreversible
OACs. Furthermore, its low protein binding results in
minimal albuminaemia-related inter-patient variability. Of
all the newer OACs, dabigatran also appears to have the
lowest risk of drug—drug interactions.

Although a pharmacoeconomic evaluation is not within
the scope of this review, we must consider that the new
anticoagulants have much higher prices than the VKAs.
However, considering the overall cost of both VKAs and
monitoring of INR, resource consumption of new OACs is
comparably lower. Two pharmacoeconomic analyses that
took into account dabigatran [98, 99] and apixaban [100,
101] have concluded that both drugs are cost effective
relative to warfarin for secondary stroke prevention in
patients with AF.

Even if a limited number of studies are published, it
seems quite clear that the pharmacological benefits and
convenience of the new OACs have translated into
improvements in efficacy and safety as shown in phase III
randomized trials, opening a new era in which anticoagu-
lant therapy is less problematic, less dangerous, less costly
and more effective.
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