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Abstract The recent development and approval of novel
oral anticoagulants represents a significant success in the
intelligent design of target-specific therapeutics. However,
while these agents obviate many of the shortcomings of
their predecessor (warfarin), they present novel challenges
in pharmacologic management as well. Each was designed
to have high oral bioavailability and high affinity for its
target molecule, conveying significant anticoagulant
effects. Yet, such unique drug-ligand binding, coupled
with unfamiliar drug interactions and renal-based clear-
ance, represent challenges to clinical management. The
current review describes the development and pharmaco-
kinetic properties of these agents, in the context of their
clinical utility and pitfalls.
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Introduction

For more than half of a century, warfarin has been the only
available oral agent to effect systemic anticoagulation.
Now it is well-known that several alternatives exist which
predominantly extinguish the notorious shortcomings of
warfarin (Table 1). In long sought-after successes of
pharmaceutical development, dabigatran, rivaroxaban, and

B. A. Steinberg (PX)) - R. C. Becker

Duke University Medical Center, PO Box 17969, Durham,
NC 27715, USA

e-mail: benjamin.steinberg @duke.edu

B. A. Steinberg - R. C. Becker
Duke Clinical Research Institute, Durham, NC, USA

@ Springer

apixaban have become approved oral anticoagulants for a
variety of indications, including the prevention of stroke or
systemic embolism in patients with non-valvular atrial
fibrillation (AF) [1-3].

While these drugs do not require the close monitoring
characteristic of warfarin therapy, and they have fewer
drug and food interactions, there are important distinctions
among these new agents. They have unique pharmacoki-
netic and pharmacodynamic properties that represent a new
paradigm in the treatment of patients requiring long-term
systemic anticoagulation. Importantly, these biochemical
properties can have significant clinical implications. In the
current review, we will discuss the development and
in vivo pharmacokinetic properties of the novel oral factor
Xa inhibitors, as they relate to their clinical utility and
effects.

Factor Xa as a target

The body’s anticoagulant system exists as a fluid system of
biochemical processes balancing bleeding versus coagula-
tion effects. The most acute reaction to bleeding diatheses
involves platelets binding to tissue factor (TF) to ultimately
form a platelet plug. However, this also serves as one
catalyst for the complex coagulation cascade that will
ultimately lead to stable fibrin clot formation [4].

The development of fibrin is the result of two parallel
and intersecting pathways, the intrinsic and extrinsic anti-
coagulation cascade. These series of reactions activate
various enzymatic factors through proteolysis of their
inactive precursors. Along the way, the overall effect is
magnified such that a small amount of TF can lead to
significant fibrin deposition. This amplification of bio-
chemical effect has been one reason that factors in the
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Table 1 Limiting characteristics of warfarin

Requires regular monitoring

Significant interactions with other drugs
Significant interactions with foods and supplements
Slow onset of action

Long half-life

cascade have long been targeted for pharmacologic
intervention.

Factor Xa is an activated serine protease partially
responsible for the conversion of prothrombin to thrombin
[5]. The choice of factor Xa for drug development is based
on its position at the intersection of the intrinsic and
extrinsic pathways. The subcutaneous drug fondaparinux
has provided a proof-of-concept example of factor Xa
inhibition. Yet, fondaparinux is an antithrombin-dependent
agent, and cannot penetrate factor Xa when it is bound
within the prothrombinase complex (a complex of pro-
thrombin and factors Xa and Va). This represents a sig-
nificant shortcoming in its anticoagulant ability, as the
prothrombinase complex is responsible for the procoagu-
lant effects of factor Xa. Fondaparinux has historically
demonstrated a favorable bleeding profile, and this may be
one reason [6].

An additional advantage of targeting factor Xa is that
the prothrombinase reaction is a potent effect-multiplier,
generating 1,000 thrombin molecules for each Xa molecule
[6]. Inhibition of free and bound factor Xa can therefore
lead to potent anticoagulant effect. However, the bleeding
profile of these agents is thus carefully scrutinized. Studies
of patients with genetic factor X deficiencies demonstrate
the severe deficiency required for clinical hypocoagulation
(<1 % activity) and adverse spontaneous bleeding [5].
Therefore, these agents may have a broader therapeutic
window than initially anticipated, particularly in compari-
son to vitamin K antagonists.

The successful development of agents targeting each
aspect of the coagulation cascade represents the culmina-
tion of years of work in ‘intelligent’ drug design. Sub-
strate—ligand structures were identified, and inhibitor
molecules were designed based on such interactions. Tar-
geted modifications were made to optimize the properties
of the resulting inhibitors [5, 7].

Target binding

Proteolytic enzymes throughout the body demonstrate a
wide range of target specificities, consistent with their role.
For example, serine proteases of the digestive tract dem-
onstrate low target specificity, allowing breakdown of a
wide range of ingested nutrients. In contrast, the serine

proteases of the coagulation cascade demonstrate signifi-
cant specificity for a particular target, as would be expected
for a crucial equilibrium [8, 9]. Such specificity is often
mainly a reflection of active site recognition of a specific
substrate, however, factor Xa substrate specificity also
depends on interactions with the prothrombinase complex
and the cell membrane [9]. Such complex interactions led
to the more direct inhibition of prothrombinase via action
at the factor Xa active site, more broadly preventing
thrombin formation.

Active-site inhibition

This is the major distinction of novel, oral factor Xa
inhibitors: their binding within the active site of factor Xa
(both free and bound). The design of such compounds was
driven by the recognition that the few, naturally-occurring
factor Xa inhibitors possessed moieties that acted as
mimics of an arginine residue in the natural substrate. This
led to development of a variety of candidates, derivatives
of oxazolidinones (Fig. 1).

These inhibitors bind in an L-shaped fashion within the
factor Xa active site. The ‘L’ is bracketed by the S1 and S4
binding sites of factor Xa, previously recognized as key
constituents of any substrate. At these ends of the ‘L’,
natural compounds possess highly polar, charged compo-
nents, allowing them to bind the target with some speci-
ficity. Yet such a charged molecule is poorly-absorbed
through the digestive tract. In contrast, synthetic inhibitors
instead possess aromatic rings with various moieties
attached. These allow for alternative interactions in the S1
and S4 pocket, maintaining binding strength while maxi-
mizing bioavailability. Instead of highly-polar ionic inter-
actions, several of the novel agents depend on hydrophobic
and hydrogen-bonding interactions with the target. For
example, several of the agents approved or in advanced
clinical development possess a chlorine-based group which
interacts with the Tyrosine of the S1 pocket. Alternatively,
apixaban utilizes a methoxyphenyl-based moiety at the S1
binding site [10, 11].

The ‘long’ end of the ‘L’ must conform to a highly-
specific tunnel within the target active site. This is
accomplished through the common structural backbone of
these class of molecules. While there may be little formal
bonding between inhibitor and target at this region, the ‘fit’
of such agents contributes to the high specificity for the
target.

As noted above, the non-ionic interaction between
inhibitor and target maintained oral, bioavailability that
could not be achieved with highly-charged molecules. Such
agents, which can be very pH sensitive, are not easily-
absorbed in the gastrointestinal tract, limiting achievable
serum concentrations. However, even within the class,
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Fig. 1 Diagrams of novel, factor Xa inhibitors in development. Reprinted by permission from Macmillan Publishers Ltd [5], Nature Reviews

Drug Discovery, © 2011

there is variability in this effect, with earlier generations of
agents exhibiting relatively more basic chemistry and
lower bioavailability, compared with later-developed ones.

Non-active site factor X inhibition

An alternative approach to factor X inhibition is to take
advantage of non-active site (‘exosite’) interactions to
hinder prothrombinase activity. The requirement of an
exosite substrate for prothrombinase activity has been well-
described, and is necessary for the catalytic complex to
overcome adverse thermodynamic barriers to activity [9].
Furthermore, these data suggest the specificity of the

@ Springer

prothrombinase enzyme activity is guided not just by local,
active site interactions, but perhaps even more by exosite-
inhibits. Krishnaswamy and colleague [12] have previously
demonstrated the proof-of-concept that prothrombinase
activity can be inhibited by non-active site, surface binding
of an experimental monoclonal antibody. This could
potentially open a new mechanism and target for factor Xa
inhibition—exosite-directed, reversible inhibitors. Theo-
retically, such agents could have more dynamic pharma-
cokinetics, as well as perhaps yield novel and more
straightforward mechanisms for reversal. RNA or DNA
oligonucleotides, also referred to as aptamers effectively
inhibit protein—protein interactions through binding to non-
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Fig. 2 Conceptual diagrams of
4 novel factor Xa inhibitors
binding to the active site.
Diagrams for rivaroxaban and
apixaban are derived from
reported structures; [18, 35]
betrixaban and edoxaban are
extrapolated based on these
structures. Not drawn to scale.
S1 and S$4 represent binding
regions of the factor Xa active
site; Ox oxazolidinone moiety,

Rivaroxaban

Apixaban

Gly216

Cl chloride, H hydrogen
participating in bonding, CH;

methyl group, H,O water, Tyr
tyrosine, Gly glycine, Gin
glutamine

Betrixaban

Edoxaban

Table 2 Characteristics of oral factor Xa inhibitors in advanced clinical development

Rivaroxaban [5, 15]

Apixaban [15, 18]

Edoxaban [11, 36, 37] Betrixaban [15, 23, 38]

MwW 436 460 548 452
Shape ‘L ‘v ‘T ‘T

K; (free factor Xa) 0.4 nM 0.08 nM 0.561 nM 0.117 nM
ICso 0.7 nM N/A N/A 1.5 nM
Oral bioavailability (%) 60 58 62 47
Human serum protein binding (%) N/A 87 40-59 80

N/A not available

active sites (exosites) of coagulation proteins. Their known
amino acid sequences, typically 30-50 base pairs, allow for
the concomitant manufacturing of complementary oligo-
nucleotides that serve as antidotes, rapidly reversing the
molecules anticoagulant properties. To date a formulation
that permits oral delivery—specifically absorption and
achievement of sufficient plasma concentration for a
pharmacodynamics effect—has not been mastered.

Structure-activity relationships

Target-binding specificity was demonstrated to be very
closely-tied to specific structures of these molecules
(Fig. 2). Various substitutions of Sl-pocket binding
groups, from chlorine to fluorine, or other carbon-based
groups, demonstrated significant variability in inhibitor
activity [13]. However, several options maintained target

specificity, with a variety of different properties. For
example one sister compound to apixaban demonstrated
similar, highly-selective factor Xa inhibition, yet had a
short half-life [13]. Such considerations open the door for
the development of agents tailored to specific applications,
based on reversibility, bioavailability, and duration of
activity. Several of the compounds furthest along in clini-
cal development will be discussed here (Table 2).

Rivaroxaban

Rivaroxaban was the first oral, direct factor Xa inhibitor
approved in the US. It demonstrates very high selectivity
for factor Xa, over other serine proteases in the coagulation
cascade (by a factor of >10,000). Notably, rivaroxaban-
based inhibition of factor Xa appears independent of
thrombomodulin, and therefore does not perturb APC-
based negative feedback [5]. This could have significant
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clinical implications, as enhanced APC activity has been
implicated in the ‘rebound’ procoagulant effect of certain
direct thrombin inhibitors [14]. Yet, clinical trials have not
yet demonstrated such a benefit [2].

Additionally, despite the improved bioavailability over
natural compounds [15], pharmacokinetic studies have
demonstrated this to be dose-dependent. At the dose
approved for prevention of venous thromboembolism,
10 mg, most of the drug is absorbed irrespective of food
intake [5]. However, due to lower solubility at higher
doses, it is recommended that the dose for stroke preven-
tion in AF, 20 mg, be taken with an evening meal. Clinical
studies have dosed rivaroxaban both once- and twice-daily,
depending on the dose and indication [2, 16].

Rivaroxaban demonstrates a modest volume of distri-
bution, ~50 L, without affinity for any specific tissue [15].
This probably contributes to its relatively short half-life,
and may have important implications for reversal in vivo
(discussed later).

Apixaban

Apixaban is the most recently-approved, oral factor Xa
inhibitor for the prevention of stroke or systemic embolism
in patients with non-valvular AF. Similar to rivaroxaban, it
is an oral, reversible, selective inhibitor of factor Xa and
has bioavailability and factor Xa selectivity that are both
high and comparable to those of rivaroxaban [15, 17]. The
binding affinity of apixaban for factor Xa (K;) is 0.08 nM
(compared to an affinity for thrombin of 3,100 nM) [11].
However, binding of apixaban to factor Xa is less depen-
dent on interactions at the S1 and S4 binding pockets of the
target [18]. While its structure demonstrates similarities to
others in the class, likely accounting for its specificity,
there are fewer direct interactions between residues of the
S1/54 pockets and specific subgroups of the drug [18]. This
may have important implications for durability of antico-
agulant effect, and bleeding rates. Apixaban has been
consistently dosed twice daily across indications in studies
[3, 19, 20].

Edoxaban

Still in development for the prevention of stroke in patients
with AF, edoxaban is the third oxazolidinone-like com-
pound [21]. Like rivaroxaban, it uses a chlorine moiety to
modulate the S1 active site interaction. It exhibits a Ki of
0.56 nM, with a 10,000-fold selectivity of factor Xa over
Ila, and no cross-reactivity with other coagulation factors
[15]. Notably, only 35 % of the circulating drug is excreted
in the urine [22]. The current, phase III study of edoxaban
for stroke prevention in AF uses a once-daily dosing reg-
imen [21].
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Betrixaban

Betrixaban is the third chlorine-based inhibitor, with very
high factor Xa specificity (>86,000-fold). It has a Ki
0.12 nM, and is still in early development across indica-
tions [23]. However, is it minimally excreted by the kid-
neys, with mostly bile excretion [15]. This may provide a
unique therapeutic option in patients with impaired renal
function, and also likely accounts for a higher rate of
diarrhea in patients taking betrixaban (compared with
warfarin). Thus far, it has been dosed once-daily [24].

Implications for clinical use
Reversal

The lack of reversibility has been noted as one of the most
significant drawbacks to the novel factor Xa inhibitors.
Currently, there is not an approved mechanism by which to
acutely deactivate these drugs, though several recombinant
factor combinations have been tested [25]. The competitive
binding of factor Xa inhibitors leaves the door open to the
development of a novel, small-molecule to more precisely
deactivate the effect of one or a class of these agents. One
agent in development, PRT064445, was developed as an
inert, recombinant, factor Xa mimetic [26]. It has been
demonstrated to reduce rivaroxaban-related blood loss in a
rabbit liver-laceration model. Notably, administration of
PRT064445 not only reduced the measured anti-Xa activity
induced by rivaroxaban, but was found to decrease free
concentrations of rivaroxaban in plasma. Yet, total con-
centrations of drug increased with PRT064445, owing to
the intravascular migration of rivaroxaban from the extra-
vascular space. This highlights the volume of distribution
as one of the key structural properties of factor Xa inhib-
itors, which could dictate measured ‘reversibility’ of such
agents. While betrixaban and apixaban demonstrated sim-
ilar clinical responses to PRT064445, this effect is likely to
be dependent on several properties of the specific inhibitor
being reversed.

P-glycoprotein interactions

There are additional clinical implications for the metabo-
lism and drug-ligand properties of novel oral anticoagu-
lants. While they lack many of warfarin’s interactions at
the cytochrome P-450 level, clinicians now need to be
aware of potential interactions with the P-glycoprotein (P-
gp) system. The P-gp system is often responsible for cross-
membrane transport in various organs, including the
intestinal tract, brain, and kidney. The influence of P-gp
transport on drug absorption, metabolism, and excretion is
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become increasingly important as more novel small mol-
ecules become available.

For example, P-gp binding is likely one reason for lower
concentrations of factor Xa inhibitors in brain tissue [27].
This could explain one of the major benefits observed with
oral factor Xa inhibitors—the significant reduction in intra-
cranial hemorrhage (ICH), compared with warfarin (see
below). Yet, as a significant substrate of the P-gp system,
P-gp inhibitors (such as ketoconazole and ritonavir) can
suppress systemic efflux of factor Xa inhibitors [28].
Importantly, increased brain concentrations of rivaroxaban
have been detected in the presence of P-gp inhibitors [29].

Bleeding

The limitations of warfarin are principally related to its
narrow therapeutic index, which is subsequently compli-
cated by numerous interactions. The most feared compli-
cation of its use remains ICH, which occurs at a rate of
approximately 0.7-0.8 % per year in well-controlled
cohorts [1-3, 30]. A long-sought objective of novel oral
anticoagulants is the reduction of this catastrophic event,
while preserving anticoagulant efficacy. Lower rates of
ICH have been shown in the well-controlled, randomized
studies of rivaroxaban, and apixaban [2, 3]. Yet, this effect
is difficult to reconcile with the potent anticoagulant effect
of these new agents. One proposed mechanism is the more
consistent anticoagulant effect of direct thrombin and
factor Xa inhibitors. However, there may be other factors at
play. Some have speculated on the necessity of factor VIla
to maintain blood-brain barrier hemostasis [30, 31]. Given
that only warfarin affects factor VII activity levels, this
could explain such an effect. However, additional possi-
bilities exist, including lower CNS penetration of novel
oral anticoagulants.

Monitoring

Closely-tied to the activity of novel anticoagulants is the
ability to monitor their effect. Traditional measures of
systemic anticoagulation (i.e., the prothrombin time , and
activated partial thromboplastin time) are of minimal use in
assessing activity of these agents, owing to their mecha-
nism of action. Adoption of these assays for novel agents is
heavily dependent on the specific reagents used, and gen-
erally are not sensitive [32]. Among widely-available tests,
the thrombin time can be used to assess dabigatran activity,
however, requires specific calibration. Additional, agent-
specific chromogenic assays for rivaroxaban and apixaban
have been effectively tested, but are not currently available
[33, 34].

Structure, function, and the practicing clinician

While many practicing clinicians are far-removed from the
labs where these agents are developed and studied, the
clinical implications of their structure—function relation-
ships cannot be underestimated. These micro- and macro-
molecular interactions dictate much of the clinical end
results. Dynamic equilibrium at the target site can affect
potency and side effects (specificity). Availability of an
agent for reversibility, either through direct agent binding
or competitive target binding, depends heavily on the
structure—function relationship. As more agents become
available that are broadly labeled as ‘factor Xa inhibitors,’
it will be incumbent upon the clinician to understand the
relevant characteristics and distinct properties between
each, and select ‘the right drug, at the right dose for the
right patient.’

Conclusions

Factor Xa inhibitors represent a marked development in the
treatment of patients requiring chronic, systemic antico-
agulation. Intelligent, structural design of this new class
provides specific benefits in bioavailability and pharma-
cologic activity, as well as opportunities for reduction in
unwanted adverse events, specifically pathological bleed-
ing. Additional data on these interactions, as well as the
monitoring and reversal of these agents, is needed.
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