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Abstract Apixaban is a potent, highly selective, revers-

ible, oral, direct factor Xa (fXa) inhibitor in development

for thrombosis prevention and treatment. The preclinical

pharmacokinetic (PK) attributes of apixaban feature small

volume of distribution (Vd), low systemic clearance (CL),

and good oral bioavailability. Apixaban is well absorbed in

rat, dog, and chimpanzee, with absolute oral bioavailability

of approximately 50% or greater. The steady-state Vd of

apixaban is approximately 0.5, 0.2, and 0.17 l/kg in rats,

dogs, and chimpanzees, while CL is approximately 0.9,

0.04, and 0.018 l/h/kg, respectively. In vitro metabolic

clearance of apixaban is also low. Renal clearance com-

prises approximately 10–30% of systemic clearance in rat,

dog, and chimpanzee. Anti-fXa activity, prothrombin time

(PT), and HEPTEST� clotting time (HCT) prolongation

correlated well with plasma apixaban concentration in rat,

dog and chimpanzee. There was no lag time between

apixaban plasma concentration and the pharmacodynamic

(PD) markers, suggesting a rapid onset of action of

apixaban. The PK/PD analyses were performed using an

inhibitory Emax model for anti-fXa assay and a linear model

for PT and HCT assays. The IC50 values for anti-fXa

activity were 0.73 ± 0.03 and 1.5 ± 0.15 lM for rat and

dog, respectively. The apparent Ki values for PT were

approximately 1.7, 6.6, and 4.8 lM for rat, dog and

chimpanzee, respectively. The apparent Ki for HCT was

approximately 1.3 lM for dog. Apixaban exhibits desirable

PK and PD properties for clinical development with good

oral bioavailability, small Vd, low CL, and direct, pre-

dictable, concentration-dependent PD responses.
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Abbreviations

a1-AGP a1-Acid glycoprotein

AUCinf Area under concentration–time curve from

0 to infinity

AUC(0–24h) Area under concentration–time curve from

0 to 24 h

CL Clearance

CLint Intrinsic clearance

Cmax Maximum concentration

F Absolute bioavailability

fXa Factor Xa

HCT HEPTEST� clotting time

HSA Human serum albumin

IC50 Concentration required for 50% inhibition

Ki Inhibition constant

LC–MS/MS Liquid chromatography–tandem mass

spectrometry

MRT Mean residence time

PD Pharmacodynamics

PK Pharmacokinetics
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PT Prothrombin time

t1/2 Half-life

Tmax Time to maximum concentration

Vdss Volume of distribution at steady state

1 Introduction

Anticoagulant therapy is the cornerstone of treatment for

venous thromboembolism and stroke prevention in atrial

fibrillation (Weitz 2006). Currently available anticoagu-

lants include vitamin K antagonists such as warfarin,

unfractionated heparin, low-molecular weight heparins,

and fondaparinux. Warfarin has been widely used as the

oral anticoagulant in the clinic. However, warfarin therapy

requires frequent monitoring and dose adjustment because

of narrow therapeutic window, drug–drug interactions,

food effects, and genetic polymorphic metabolism and

action (Kimmel 2008). Warfarin also has a slow onset of

pharmacological action, which limits its utility in providing

rapid initial anticoagulation for patients after surgery to

minimize the risk of thrombus extension and fatal pul-

monary embolism (Weitz 2006; Kimmel 2008). Low-

molecular weight heparins and fondaparinux overcome

some of the limitations of vitamin K antagonists. However,

they must be administered parenterally (Weitz 2006).

Therefore, there is a great need for safe and efficacious oral

anticoagulants that can overcome the various limitations of

the current anticoagulant therapy for prevention and

treatment of thromboembolic diseases.

Coagulation factor Xa (fXa) catalyzes the conversion of

prothrombin to thrombin and is crucial for both intrinsic

and extrinsic coagulation pathways (Weitz 2006). Inhibi-

tion of fXa activity should attenuate the generation of

thrombin, thus inhibit blood coagulation. Another approach

is to directly inhibit thrombin activity (Weitz 2006).

Experimental evidence suggests that fXa inhibitors have

antithrombotic efficacy with lower bleeding risk in animal

models compared with thrombin inhibitors (Hauptmann

and Stürzebecher 1999; Leadley 2001; Wong et al. 2002).

Moreover, in clinical trials in total hip and knee replace-

ment patients, oral fXa inhibitors have demonstrated

superior efficacy compared to enoxaparin, whereas oral

direct thrombin inhibitors were found to be non-inferior to

enoxaparin in these patient populations (Eriksson et al.

2008; Eriksson et al. 2007a, b; Kakkar et al. 2008; Lassen

et al. 2008). In the past decade we have focused on dis-

covery and development of fXa inhibitors, with continuous

efforts on optimization of pharmacokinetic (PK), pharma-

codynamic (PD), and safety properties (Pinto et al. 2001;

Quan and Wexler 2001; Lam et al. 2003; Quan et al. 2005;

Qiao et al. 2007). Recently we have discovered apixaban

(BMS-562247), 1-(4-methoxyphenyl)-7-oxo-6-[4-(2-oxo-

1-piperidinyl)phenyl-4,5,6,7-tetrahydro-1H-pyrazole-[3,4-c]

pyridine-3-carboxamide (Fig. 1), which is a potent and

highly selective, oral, direct fXa inhibitor (Pinto et al.

2007). The human fXa Ki is approximately 80 pM at 25�C,

with greater than 30,000-fold selectivity over other coag-

ulation and related serine proteases. Apixaban has dem-

onstrated antithrombotic activity in preclinical animal

models and clinical efficacy and safety for the prevention

of venous thromboembolism in patients who underwent

total knee or hip replacement surgery (Lassen et al. 2010a,

b; Wong et al. 2008). Apixaban is currently in late-stage

clinical development for prevention and treatment of

thromboembolic diseases. In this study, we report the

preclinical PK and PD properties of apixaban.

2 Materials and methods

2.1 Materials

Apixaban was prepared by the Discovery Chemistry

Department, Bristol-Myers Squibb Co. (Princeton, NJ).

Pooled human (from at least five individuals), rat and dog

liver microsomes (from at least five animals) were pur-

chased from XenoTech, LLC (Lenexa, KS), and cryopre-

served human hepatocytes were obtained from Celsis

In Vitro Technologies (Baltimore, MD). Chimpanzee liver

microsomes, prepared from liver collected at surgical

resection, were pooled from three animals before the

experiment. Factor X Kit was purchased from Diapharma

(West Chester, OH), Prothrombin time (PT) reagents

Thromboplastin C-Plus from Dade-Behring (Deerfield, IL)

and HEPTEST� clotting time (HCT) reagents from

American Diagnostica (Stamford, CT). HemosIL reagents

for PT were also purchased from Beckman Coulter (Ful-

lerton, CA). Individual human serum was obtained from

four healthy males and three healthy females. Pooled rabbit

serum was collected by the Thrombosis Biology group at

Bristol-Myers Squibb Co. Serum from other species was

purchased from Biological Specialty Corp. (Colmar, PA) or
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Fig. 1 Chemical structure of apixaban
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Bioreclamation (Hicksville, NY). Human serum albumin

(HSA) and a1-acid glycoprotein (a1-AGP) were purchased

from Sigma-Aldrich Co. (St. Louis, MO).

2.2 Animal dosing and sample collection

Animal experiments were conducted in accordance with

the National Institutes of Health Guide for the Care and

Use of Laboratory Animals, and the regulations of the

Animal Care and Use Committees of the Bristol-Myers

Squibb Company and the New Iberia Research Center.

Apixaban was administered i.v. over 10 min to four rats

at 0.5 mg/kg, and p.o. to four rats at 5 mg/kg. In dogs,

apixaban was administered in three cases by i.v. infusion

over 10 min at 0.5 mg/kg (0.17 mg/ml, 3 ml/kg), and p.o.

in three cases at 0.5 mg/kg (0.25 mg/ml, 2 ml/kg). The p.o.

dose was formulated in 0.5% methylcellulose containing

1% TweenTM 80, and the i.v. dose in 10% dimethylacet-

amide, 20% propylene glycol, and 70% deionized water.

Blood samples for both rats and dogs were collected into

sodium citrate tubes predose, at 10, 15, 30, and 45 min, and

at 1, 2, 4, 6, 8, and 24 h relative to the start of the infusion.

For the p.o. dosing groups, blood samples were collected

predose and at 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, and 24 h

postdose.

Apixaban was administered i.v. over 60 min to one

chimpanzee (sedated during infusion) at 0.2 mg/kg, and

p.o. to two alert chimpanzees at 0.5 mg/kg in the New

Iberia Research Center (New Iberia, LA). Blood samples

were collected into sodium citrate tubes predose and at 2, 4,

8, 12, 16, and 24 h postdose for the p.o. group. For the i.v.

group, blood samples were collected predose and at 0.5, 1,

1.08, 1.25, 1.5, 2, 4, 8, 12, 16, and 24 h relative to the start

of the infusion. Plasma and urine were collected and stored

at -20�C until analysis. The p.o. dosing solution was a

50–50 (v/v) mixture of 0.5% methylcellulose and TangTM

orange juice containing 1% TweenTM 80. The i.v. dose was

formulated in 10% dimethylacetamide, 20% propylene

glycol, and 70% deionized water.

2.3 Determination of protein binding

The protein binding of apixaban in rat, dog, chimpanzee,

and human serum, HSA, and a1-AGP was determined by

equilibrium dialysis using a Dianorm dialysis system and

Diachema dialysis membrane (MW cut-off, 10,000) (Lin

et al. 1987). All sera were thawed at room temperature and

centrifuged at 3,000 rpm for 10 min before the experi-

ments to remove clotted proteins. HSA and a1-AGP were

dissolved in 0.133 M potassium phosphate buffer (pH 7.4)

to obtain final protein concentration of 40 mg/ml and

1 mg/ml, respectively. Prior to the experiments, the dial-

ysis membranes were preconditioned with water and,

subsequently, with 0.133 M potassium phosphate buffer

(pH 7.4). Serum containing 1, 3, or 10 lM apixaban

(0.75 ml) was added to one side of the cell and an equal

volume of buffer (0.133 M potassium phosphate buffer, pH

7.4) was added to the opposite side of the cell. Equilibrium

was achieved by rotating the cells at 3–5 rpm at 37�C for

3 h. After incubation, aliquots of the protein and the buffer

sides were collected separately and mixed with an equal

volume of the opposite matrix. Apixaban concentrations

were determined by liquid chromatography–tandem mass

spectrometry (LC–MS/MS).

2.4 Determination of in vitro intrinsic clearance

of apixaban

Apixaban (1 lM) was incubated with rat, dog, chimpanzee,

and human liver microsomes (0.5–2 mg/ml) in 50 mM

potassium phosphate buffer (pH 7.4) or cryopreserved

human hepatocytes in Krebs–Hensleit buffer (0.5–2 million

cells/ml) for 0, 10, 20, and 30 min at 37�C with shaking.

Reactions with liver microsomes were started with addition

of NADPH (final concentration 1 mM) and stopped with

acetonitrile. Reactions with cryopreserved human hepato-

cytes were started with addition of apixaban and stopped

with acetonitrile. The concentrations of apixaban were

determined using LC–MS/MS. Intrinsic clearance (CLint)

was calculated as described previously (Obach et al. 1997).

2.5 Determination of apixaban by LC–MS/MS

For chimpanzee study and all the in vitro studies, the

samples for analysis spiked with the internal standard DPC-

A38702 were extracted using a solid phase extraction

(SPE) system on a 3 M Empore C8 disk SPE cartridge

(St. Paul, MN). The SPE cartridge was preconditioned with

250 ll of methanol and, subsequently, with 250 ll of

2 mM ammonium acetate (pH 5.5). Each sample (100 ll)

was mixed with 50 ll of 200 nM DPC-A38702 (internal

standard) and 500 ll of 2 mM ammonium acetate (pH 5.5)

and loaded onto the cartridge. The cartridge was washed

with 425 ll of water and, subsequently, with 425 ll of

15% methanol. The analytes were eluted with 75% aceto-

nitrile containing 25% ammonium acetate (100 mM) and

0.2% formic acid. The eluate was diluted with 100 ll water

before injection on the LC–MS/MS system for analysis.

Apixaban concentrations were determined with multiple

reaction monitoring (MRM) in positive electrospray ioni-

zation mode on a Micromass Quattro Ultima mass spec-

trometer (Manchester, UK) coupled with a Shimadzu

HPLC systems (Columbia, MD) and a HTC PAL auto-

sampler (Leap Technologies, Carrboro, NC). HPLC sepa-

ration was achieved on a Supelco (Bellefonte, PA)

Discovery C18 column, and eluted with water containing
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0.1% formic acid (A) and acetonitrile containing 0.1%

formic acid (B) in a gradient from 5 to 90% B in 2.5 min,

90% B for 1 min, from 90 to 5% B in 0.05 min and 5% B

for 1.45 min. The parent-to-daughter ion transitions were

460.17 to 443.10 and 537.20 to 492.10 for apixaban and

DPC-A38702, respectively. The quantitation limit for both

compounds was 1 nM.

For rat and dog in vivo studies, the samples for the

analysis were prepared using protein precipitation proce-

dure. An aliquot (50 ll) of sample, standard, quality con-

trol (QC) sample or blank was transferred into a 96-well

plate using a Packard MultiPROBE II liquid handler

(Perkin Elmer, Boston, MA). Dilutions were made at this

stage when appropriate. The protein precipitation process

was performed using a Janus Mini liquid handler (Perkin

Elmer, Boston, MA). An aliquot (150 ll) of acetonitrile

containing 250 nM internal standard was added to the

96-well sample plate. A stable isotope-labeled (13C,32H)

apixaban (BMS-562247-03) was used as internal standard

for the rat and dog in vivo studies. The plate was first

vortex mixed for 5 min and then centrifuged at 3,600 rpm

for 6 min. An aliquot (100 ll) of supernatant was trans-

ferred into a clean collection plate and an aliquot (200 ll)

of water containing 0.1% formic acid was then added to the

collection plate and followed by vortex mixing for 2 min.

Samples were analyzed with an LC–MS/MS system con-

sisting of a Shimadzu HPLC (Columbia, MD), an HTC

PAL autosampler (Leap Technologies, Carrboro, NC) and

an API4000 Q-Trap mass spectrometer (Sciex, Toronto,

Canada) equipped with the TurboIonSpray interface.

Samples were separated on a Phenomenex Onyx Mono-

lithic C18 column, 4.6 9 50 mm (Torrance, CA), with a

flow rate of 2.0 ml/min and were detected using multiple

reaction monitoring (MRM) in the positive electrospray

ionization mode. The MRM transitions monitored were

460.15–443.10 for apixaban, 464.19–447.30 for the iso-

tope-labeled apixaban or 537.20–492.10 for DPC-A38702.

The quantitation limit was 1 nM.

2.6 Determination of fXa activity

FXa activity was measured using a commercially available

Factor X Kit (Diapharma, West Chester, OH). All reagents

were prepared and used according to the package insert

directions. The buffer was 50 mM Tris buffer (pH 7.8)

containing 20 mg/l polybrene (hexadimethrine bromide).

For ex vivo samples, rat or dog plasma at each time point

was diluted 21-fold (10 ll ? 200 ll buffer). For in vitro

samples, pooled normal rat, dog, chimpanzee, or human

plasma was spiked to achieve final concentrations of

apixaban from 0.1 to 12.8 lM, then diluted 21-fold with

buffer. The kit substrate is Z-(D)Arg-Gly-Arg-para-nitroa-

nalide at a concentration of 1,750 lM when reconstituted

in 20 ml water (Diapharma, West Chester, OH; personal

communication). To establish enzyme kinetic parameters

for the Diapharma Factor X substrate separate experiments

were conducted with substrate serially diluted with assay

buffer to obtain 875, 438, 219 lM substrate. In a 96-well

microtiter plate (Corning CoStar 3474), 50 ll diluted

plasma was added and warmed to 37�C for 4 min in the

plate reader (SpectraMax 384 Plus, Molecular Devices,

Sunnydale, CA). Reactions were initiated by adding 50 ll

substrate and 50 ll RVV/calcium, both warmed to 37�C in

a water bath. Absorbance at 405 nm was measured every

15 s for up to 20 min. Initial rates of substrate hydrolysis

(first 90 s) were used for analysis of enzyme kinetic

parameters and steady-state rates of substrate hydrolysis

(0–3 min for rat and dog; 2–5 min after initiation for

human and chimpanzee) were used for apixaban inhibition

analysis. The assay was not available for chimpanzee ex

vivo samples when the chimpanzee study was carried out.

2.7 Determination of anticoagulant activity

PT and HCT assays were performed according to the

reagent manufacturer directions using an automated coag-

ulation analyzer (Sysmex CA-6000, Dade-Behring, New-

ark, DE). For the chimpanzee study, the PT assay was

carried out with ACL 3000 (Beckman Coulter, Fuller, CA)

using HemosIL reagents at the New Iberia Research Center

(New Iberia, LA). For PT assay, rat plasma samples at each

time point were first pooled. Warmed plasma (50 ll 37�C)

was then combined with 100 ll PT reagent and clotting

time was recorded by the automated analyzer. For HCT

assay of dog plasma samples, warmed plasma (50 ll 37�C)

was combined with 50 ll HEPTEST� bovine fXa for

2 min at 37�C. Clotting was initiated by adding 50 ll

HEPTEST� RECALMIX� and clotting time was recorded

by the automated analyzer. HCT assays were not com-

pleted for the rat ex vivo samples and were not available

for chimpanzee ex vivo samples when the chimpanzee

study was carried out.

2.8 Data analysis

Noncompartmental analysis was used to calculate the PK

parameters. Area under the plasma drug concentration–

time curve (AUC) and total area under the first moment–

time curve were obtained using Lagrange polynomial

integration from time zero to the last measured sample

time, with extrapolation to time infinity using the least

squares terminal slope by means of WinNonlin� software

(V.1 to V3; Pharsight Corp., Mountain View, CA). With

AUC, total area under the first moment–time curve, and

terminal slopes, systemic clearance (CL), volume of dis-

tribution at steady state (Vdss), half-life (t1/2), and mean
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residence time (MRT) were calculated. Time to maximum

concentration (Tmax) and maximum concentration (Cmax)

were obtained from the observed data. The absolute bio-

availability (F) was estimated from the plasma AUC data

after intravenous and oral administrations.

For anti-fXa activity, the IC50 values were determined

using XLFit for Excel (version 2.0, IDBS, Bridgewater,

NJ). The following equation was used to describe the PK/

PD relationship:

E ¼ Emax 1� C

C þ IC50

� �

For clotting times (PT and HCT), a linear model was

used to calculate the apparent Ki values. From an enzyme

kinetics perspective, the one-stage clotting time represents

1/v, where v is the apparent velocity of overall coagulation

reaction (Hemker et al. 1977). The plot of clotting time

(reaction velocity) as a function of inhibitor concentration

is a Dixon plot as follows for noncompetitive inhibition

(Segel 1993; Luettgen et al. 2011):

1

v
¼

1þ Km

S

� �
Vmax � Ki

� I þ
1þ Km

S

� �
Vmax

which has the slope–intercept form, y = mx ? b, where

1/v (y) is the clotting time,
1þKm=Sð Þ
Vmax�Ki

is the slope (m), and

1þKm=Sð Þ
Vmax

is the y-axis intercept (b), the clotting time when

inhibitor is not present. Using the slope–intercept formula

equivalence between negative x-intercept (-Ki) and the

x-coordinate at y = 2-times the y-intercept can be estab-

lished as follows. The x-intercept equals -b/m when

y = 0. The x-intercept equals b/m when y = 2-times

b. Thus, the apparent Ki for inhibition of the clot formation

by apixaban, which is the x-axis intercept, could be

determined by Dixon plotting.

3 Results

3.1 Apixaban PK parameters in rat, dog,

and chimpanzee

The PK parameters of apixaban in rat, dog, and chimpan-

zee are summarized in Table 1. The Vdss was small and

ranged from approximately 0.2 to 0.5 l/kg in rat, dog, and

chimpanzee. The CL ranged from approximately 0.02 to

0.9 l/(h kg), with the lowest value in chimpanzee and

highest value in rat. The terminal t1/2 ranged from 4 to 7 h

in chimpanzee and dog, and was approximately 3 h in rats.

The absolute oral bioavailability ranged from approxi-

mately 50% in both rat and chimpanzee to 80% in dog. The

renal clearance ranged from 0.002 to 0.3 l/(h kg), repre-

senting approximately 10–30% of the systemic plasma

clearance, with the lowest values in chimpanzee and the

highest values in rat.

3.2 Serum protein binding of apixaban

The unbound fraction of apixaban in rat, dog, chimpanzee,

and human serum are summarized in Table 2. The unbound

fraction ranged from approximately 4–13% in rat, dog,

chimpanzee, and human sera. The protein binding was not

concentration dependent over the range from 1 to 10 lM in

rat, dog, and chimpanzee sera (human serum was tested

only at 1 lM). There was no gender difference in protein

binding for rat, dog, and human. The mean unbound frac-

tion of apixaban to HSA and human a1-AGP were

34 ± 5% (n = 3) and 91 ± 7% (n = 3), respectively.

3.3 In vitro intrinsic clearance

Apixaban is metabolically stable in dog, chimpanzee, and

human liver microsomes, and human hepatocytes. There

was no appreciable disappearance of apixaban in the liver

microsomal incubation at 0.5–2 mg/ml microsomal protein

for 60 min, nor in the hepatocyte incubation at

0.5–2 million cells/ml for 120 min. The intrinsic clearance

could not be accurately determined in the in vitro systems.

Compared with dog, chimpanzee, and human, there was

small but appreciable disappearance of apixaban in rat liver

microsomal incubation, with a calculated intrinsic clear-

ance value of 0.02 ml/(min mg).

3.4 Effect of apixaban on fXa activity in vitro

Apixaban inhibits human, chimpanzee, rat, and dog fXa

activity in a concentration-dependent manner (Fig. 2). The

substrate Michaelis–Menten constant (Km) was determined

for each species and, assuming competitive inhibition, this

Km was used to calculate a Ki of apixaban for each species

fXa after correcting for the total plasma dilution (Table 3).

Apixaban has higher affinity for human and chimpanzee

fXa as compared to rat and dog fXa similar to what was

observed using purified fXa from human, rat, and dog

(Wong et al. 2008). The human fXa Ki (0.48 nM) is

comparable to what was recently reported for apixaban at

37�C (Luettgen et al. 2011).

3.5 Effect of apixaban on fXa activity and PK/PD

relationship in rat and dog

Activity of fXa changed as a function of time in rat and dog

following a single oral dose of apixaban (Fig. 3). The fXa

activity showed good inverse correlation with the plasma

apixaban concentration. There was no lag time between

fXa inhibition and plasma apixaban concentrations for both
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species. The maximum effect occurred at approximately

1–2 h, and the fXa activity returned to approximately the

baseline at 24 h postdose. Results from samples obtained

from rats and dogs following i.v. administration were not

included because of potential interferences of the dosing

vehicles on the assay performance.

Factor Xa activity decreased as the plasma apixaban

concentrations increased in both rat and dog (Fig. 4). The

PK/PD relationship was modeled with a direct inhibitory

Emax model. The IC50 values were 0.73 and 1.5 lM for rat

and dog, respectively (Table 3).

The in vitro and ex vivo results were comparable for

both dog and rat. Ex vivo anti-fXa activity assay for

chimpanzee and human were not performed in this study.

3.6 Effect of apixaban on plasma clotting times

and PK/PD relationship in rat, dog,

and chimpanzee

The PT changed as a function of time postdose in rat, dog,

and chimpanzee following a single p.o. dose administration

of apixaban (Fig. 5). The PT prolongation correlated well

with the plasma apixaban concentration. There was no lag

time between the PT prolongation and plasma apixaban

Table 1 Pharmacokinetic parameters (mean ± SD) of apixaban in rat, dog, and chimpanzee following a single dose administration of apixaban

Rat Dog Chimpanzee

i.v. (n = 4) p.o. (n = 4) i.v. (n = 3) p.o. (n = 3) i.v. (n = 1) p.o. (n = 2)

Dose (mg/kg) 0.5 5 0.5 0.5 0.2 0.5

Cmax (lM) N/A 1.2 ± 0.1 N/A 2.0 ± 0.3 N/A 2.9/4.1

Tmax (h) N/A 0.6 ± 0.3 N/A 2.8 ± 1.3 N/A 2/2

CL [l/(h kg)] 0.9 ± 0.2 N/A 0.04 ± 0.0 N/A 0.018 N/A

Renal CL [l/(h kg)] 0.3 ± 0.1 0.1 ± 0.02 0.01 ± 0.003 0.01 ± 0.004 0.0017 0.003/0.007

Vdss (l/kg) 0.5 ± 0.2 N/A 0.2 ± 0.02 N/A 0.17 N/A

AUC(0–24h) (lM h) 1.2 ± 0.2 5.8 ± 1.0 27.0 ± 3.0 21.7 ± 4.0 22 25/34

AUCinf (lM h) 1.2 ± 0.2 5.9 ± 1.0 27.2 ± 3.1 22.3 ± 4.0 24 26/35

t1/2 (h) 1.7 ± 0.7 4.5 ± 1.0 3.2 ± 0.4 4.3 ± 0.8 6.8 4.8/4.9

MRT (h) 0.5 ± 0.1 4.8 ± 0.6 4.4 ± 0.1 7.0 ± 0.3 9.6 8.2/8.3

F (%) N/A 48 ± 8 N/A 80 ± 9 N/A 43/59

Cmax maximum concentration, N/A not applicable, Tmax time to maximum concentration, CL clearance, Vdss volume of distribution at steady

state, AUC(0–24h) area under concentration–time curve from 0 to 24 h, AUCinf area under concentration–time curve from 0 to infinity, t1/2 half-

life, MRT mean residence time, F absolute bioavailability

Table 2 Unbound fraction (% ± SD) of apixaban in rat, dog,

chimpanzee, or human serum

Free fraction (%)

1 lMa 3 lM 10 lM

Rat

Male 3.6 ± 0.2 4.0 ± 0.9 4.4 ± 0.3

Female 4.7 ± 0.4 4.7 ± 0.7 4.8 ± 0.3

Dog

Male 8.0b 6.3 ± 0.7 6.5 ± 1.5

Female 8.8 ± 0.3 8.1 ± 0.7 9.0 ± 0.1

Chimpanzee 4.9 ± 0.7 5.1 ± 0.3 5.7 ± 0.6

Human

Male 13.2 ± 2.2 ND ND

Female 13.1 ± 3.1 ND ND

HSA 34 ± 5 ND ND

Human a-AGP 91 ± 7 ND ND

Experiments were performed in triplicate with pooled serum samples

from rats, dogs, and chimpanzees. Human serum was obtained from

four male and three female healthy volunteers, and experiments were

performed in triplicate for each subject

ND not determined
a Initial apixaban concentration
b Mean value of two experiments
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concentration. Similarly, the HCT, which was only assayed

for the dog study, changed as a function of time. There was

no lag time between HCT prolongation and plasma

apixaban concentrations. The maximum effect on clotting

times occurred at 1, 2, and 2 h postdose in rat, dog, and

chimpanzee (the earliest time point), respectively. The

clotting times returned to baseline values at 24 h postdose.

The PK/PD relationship was analyzed with a linear

model as described in Sect. 2. The apparent Ki values

derived from PT were 1.7, 6.6, and 4.8 lM for rat, dog, and

chimpanzee, respectively. The apparent Ki value derived

from HCT assay was 1.3 lM for dog. The HCT assay is

more sensitive than PT as observed in dog. The concen-

tration–PT response curve is steeper for rat than for

chimpanzee and dog. The concentration–HCT curve is

steeper than the concentration–PT response curve in dog

plasma.

The baseline PT value was higher in dog than in rat. The

baseline PT value in chimpanzee is between that in dog and

that in rat, however, the reagent used for chimpanzee study

is different from the one used in rat and dog studies.

Table 3 Ex vivo IC50 values for apixaban inhibition factor Xa activity and maximum factor Xa activity in rat and dog plasma and corresponding

in vitro results, including enzyme kinetic parameters in rat, dog, chimpanzee and human plasma

IC50 (lM) Maximum activity

(mOD/min)a
Km (lM) Ki (nM)b

Ex vivoc

Rat 0.73 ± 0.028 106 ± 1.1

Dog 1.5 ± 0.15 194 ± 6.1

In vitro

Rat 1.03 ± 0.023 89 ± 0.45 193 ± 9.9 4.1

Dog 1.9 ± 0.068 213 ± 1.6 125 ± 8.5 5.3

Chimpanzee 0.28 ± 0.008 116 ± 0.89 69 ± 3.4 0.44

Human 0.25 ± 0.013 139 ± 1.9 80 ± 7.2 0.48

Values are fitted parameters ± SD
a fXa activity in plasma samples from predose (in vivo) or in the absence of apixaban (in vitro)
b Ki calculated after correction for substrate competition and total plasma dilution (63-fold) according to the formula [IC50/(1 ? (S/Km))]/63
c fXa activity was determined in plasma samples from rats (5 mg/kg) and dogs (0.5 mg/kg) following a single oral administration of apixaban
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4 Discussion

The results of this study show that apixaban has the key

properties for an optimal oral anticoagulant with good oral

bioavailability, small Vd, low CL, and a direct, predictable,

concentration-dependent PK/PD response. Apixaban is

well absorbed in rat, dog, and chimpanzee, with absolute

oral bioavailability of approximately 50% or greater. The

Vd value of apixaban is consistently small in rat, dog, and

chimpanzee, ranging from approximately 0.2 to 0.5 l/kg,

which is less than the total body water volume in the

corresponding species (Davies and Morris 1993). In addi-

tion, apixaban appears to be equally distributed between

plasma and blood (data not shown). Compared to the

average blood volumes, approximately 20, 40, and 50% of

apixaban remains in blood in rat, dog, and chimpanzee,

respectively (Davies and Morris 1993). The small Vd is

unlikely related to protein binding since the protein binding

is not high in these species. A small Vd of apixaban sug-

gests that it largely remains in blood where fXa resides,

instead of extensively distributing to other tissues. Drug

distribution primarily to the same compartment as the drug

target leads to high potency and reduces the potential for

off-target effects.

Low clearance is essential for a drug with a low volume

of distribution to maintain adequate t1/2. The CL value of

apixaban is very low in dog and chimpanzee, accounting

for less than 2% of the hepatic blood flow. Consistently, the

intrinsic metabolic CLs are very low, with no appreciable

disappearance in dog and chimpanzee liver microsomes.

The renal clearances are also very low, and less than the

protein binding-adjusted glomerular filtration rate. Com-

pared with dog and chimpanzee, the rat CL value is higher,

with a greater in vitro metabolic rate and a greater renal

CL, though apixaban is still categorized as a low clearance

compound in rat. Apixaban was the result of lead optimi-

zation efforts to achieve and maintain small Vd and low CL

for a direct fXa inhibitor (Lam et al. 2003; Pinto et al.

2001, 2007; Quan et al. 2005; Wong et al. 2004). To

compare to our previous clinical development candidates,

the chimpanzee Vdss is 0.17, 2.6, and 2.4 l/kg, and the

chimpanzee CL is 0.018, 0.21, and 0.55 l/h/kg for apix-

aban, DPC-423, and razaxaban, respectively (Wong et al.

2004).

The in vitro metabolic CL is very low in both human

liver microsomes and hepatocytes, with no appreciable

intrinsic CL, which is similar to dog and chimpanzee.

Collectively, these results suggest that dog and chimpanzee

are more relevant preclinical models than rat for human CL

prediction. Furthermore, the chimpanzee model has been

evaluated as an appropriate surrogate for human PK pre-

diction for certain compounds because of generic, physi-

ological, and biochemical similarities between chimpanzee

and human (Wong et al. 2004). Based on the preclinical

profiles, we predicted that apixaban would have a desirable

PK profile in humans with good oral bioavailability, small

Vd and low CL. Moreover, the chimpanzee PK predicts

twice-daily or once-daily dosing regimen in human with an

acceptable peak/trough ratio.
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Fig. 5 Plasma apixaban concentration (mean ± SD) and ex vivo

clotting times (mean ± SD) as a function of time in rats (upper
panel), dogs (middle panel), and chimpanzees (lower panel) follow-

ing a single oral administration of apixaban. The doses were 5, 0.5,

and 0.5 mg/kg for rat, dog, and chimpanzee, respectively. Upper
panel plasma samples from four rats were pooled and assayed for

prothrombin time (PT), middle panel dog plasma samples were assays

for both PT and HEPTEST� clotting time (HCT), lower panel two

chimpanzees (X133, A008) were involved in the study
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Primary biotransformation reactions of apixaban include

O-demethylation and mono-oxidation (Zhang et al. 2009;

Raghavan et al. 2009). Combinations of these reactions

were also observed as sulfation of O-demethyl apixaban,

sulfation of hydroxylated O-demethyl apixaban and glu-

curonidation of O-demethyl apixaban. No glutathione

adduct of apixaban was detected in microsomes or hepa-

tocytes, indicating that the formation of reactive metabo-

lites with apixaban is unlikely. The in vitro metabolism of

apixaban was primarily mediated by CYP3A4/5, with rel-

atively minor contributions from CYP1A2 and CYP2J2

towards the formation of O-demethyl apixaban. In addi-

tion, low levels of O-demethyl apixaban formation were

catalyzed by CYP2C8, CYP2C9 and CYP2C19 (Wang

et al. 2010). The elimination of apixaban involves multiple

pathways, including hepatic metabolism, renal excretion

and intestinal/biliary secretion, each responsible for elim-

ination of approximately one third of dose (Wang et al.

2010; Zhang et al. 2009). Given that apixaban has multiple

routes of elimination and an oral bioavailability of

approximately 50%, any such drug–drug interaction effects

are likely to be of relatively low magnitude. The potential

of apixaban to inhibit or induce CYP is minimal, sug-

gesting that apixaban is unlikely to affect the metabolism

of co-administered medications that are dependent on

CYP-mediated clearance (Wang et al. 2010).

Apixaban shows relatively low plasma protein binding

in humans, with a free fraction of approximately 13%. This

level of protein binding indicates a low binding affinity of

apixaban to plasma proteins. The low binding affinity in

nature implies a low potential for apixaban to cause drug–

drug interactions through displacement of plasma protein

binding. It is particularly relevant for anticoagulants

because the free concentration is considered to correlate

with anticoagulant activity and, theoretically, with bleeding

potential. This attribute partially explains the difficulty in

using warfarin since clinically significant drug–drug

interactions of warfarin are associated with plasma protein

binding displacement (Harder and Thürmann 1996). Fur-

thermore, it appears that HSA accounts for the plasma

protein binding with minimal contribution from a1-AGP.

Compared with a1-AGP, HSA has higher capacity to bind

drugs, and its plasma level is less affected by physiological

and pathological conditions (Svensson et al. 1986).

Therefore, these plasma protein binding characteristics

suggest that apixaban has a low potential for any significant

drug–drug interactions due to plasma protein binding

displacement.

To evaluate the PD response, anti-fXa activity, PT, and

HCT were used as biomarkers in the PK/PD studies. The

traditional clotting time-based PT assay measures the

overall coagulation cascade reactions triggered through

the extrinsic pathway. The PT assay has been widely used

to monitor anticoagulant activity of warfarin (Kimmel

2008). However, it has been shown that PT is not a sen-

sitive assay for Xa inhibition (Tobu et al. 2002; Walenga

and Hoppensteadt 2004; Paccaly et al. 2006). The com-

mercially available HCT employs exogenous bovine fXa as

the activator. As shown in Fig. 6, HCT is more sensitive

than PT to changes in apixaban concentrations in dog.

A similar observation was found in human plasma (Wong

et al. 2008). Compared with PT and HCT, the chromogenic

fXa assay, which measures the fXa activity generated by

activation of fX in plasma directly, appears to be a sensi-

tive and specific assay for anti-fXa activity. The assay has

been used to monitor the anticoagulant activity of the low-

molecular weight heparin fondaparinux (Turpie 2004;

Walenga and Hoppensteadt 2004). It is noteworthy that the

assay sensitivity may be compound dependent even with

the same mechanism of action (Walenga and Hoppensteadt

2004). Collectively, the results indicate that fXa activity

assay could be used as PD markers for apixaban-induced

anticoagulant activity.

The PD markers correlate well with apixaban plasma

concentrations. This finding is expected since fXa resides

in plasma and plasma apixaban should exhibit a direct

pharmacological effect. Indeed, no lag time was observed

between the PD markers and plasma level of apixaban,

suggesting a rapid onset of action. The fXa activity was

inhibited by apixaban in a concentration-dependent man-

ner, with a saturation observed at higher apixaban con-

centrations. The ex vivo profile is consistent with the

mechanism of action involving direct and reversible

enzyme inhibition of fXa. The degree of the inhibition was

estimated with a direct inhibitory Emax model. Rat appears

to be more sensitive than dog with IC50 of 0.73 versus

1.5 lM. The clotting times were prolonged in a concen-

tration-dependent manner in rat, dog, and chimpanzee. The

concentration:response relationship is linear as observed

with other direct anticoagulants, including direct thrombin

inhibitors and fXa inhibitors (Kubitza et al. 2005; Paccaly

et al. 2006; Stangier et al. 2007). Theoretically, clotting

time is equivalent to 1/v, where v represents the velocity of

the overall enzyme reactions leading to clot formation. The

plot of clotting time as a function of anticoagulant con-

centrations is therefore equivalent to a Dixon plot,

depicting the overall inhibitory effect on enzymes involved

in coagulation. In the case of apixaban, the inhibitory effect

is attributed to the inhibition of the enzyme, fXa. Theo-

retically, as depicted by Dixon plotting, the concentra-

tion:response for clotting time assays should be linear,

which was indeed observed in several reports (Kubitza

et al. 2005; Paccaly et al. 2006). However, the linearity

could be limited by other factors in the reaction system

such as test reagents, enzyme stability, and substrate

availability. Based on the enzymatic equation for Dixon
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plotting, the slope of the concentration–response curve

would depend on the potency of direct anticoagulant and

predisease or treatment conditions where the fXa activity

and/or the prothrombin concentration are altered, which in

turn affect the baseline clotting time. Apixaban has been

found to cause noncompetitive inhibition of prothrombin-

ase activity when the natural substrate prothrombin was

used (Luettgen et al. 2011). Therefore, the apparent Ki

values could be estimated using Dixon plotting (Segel

1993). The apparent Ki values are 1.7, 6.6, and 4.8 lM for

rat, dog, and chimpanzee, respectively. As described in

Sect. 2, mathematically, the apparent Ki value is equal to

the concentration doubling the clotting time, which is a

parameter commonly reported (Pinto et al. 2001, 2007;

Wong et al. 2002, 2008; Quan et al. 2005). Consistent with

the anti-fXa assay, rat appears to be more sensitive than

dog to PT prolongation. The species difference may be

mainly due to the susceptibility of fXa to small molecular

inhibitors (Hara et al. 1995). The baseline coagulation

activity in species, which determines the baseline PT value

(the y-axis intercept), would also affect the slope of con-

centration response curve. It is difficult to have a direct

comparison for the PT results between chimpanzee and rat

or dog because the assays were performed using different

reagents and instruments which may affect the results.

Overall, apixaban shows a predictable and concentration-

dependent PD effect in the animal models tested.

In conclusion, apixaban is a potent, highly selective and

reversible, oral, direct fXa inhibitor. Importantly, apixaban

exhibits attributes consistent with an optimal oral antico-

agulant exhibiting good oral bioavailability, small Vd, low

CL, rapid onset of action, and a direct, predictable, con-

centration-dependent PD responses.
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