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CHEST Supplement
ANTITHROMBOTIC THERAPY AND PREVENTION OF THROMBOSIS, 9TH ED: ACCP GUIDELINES

New Antithrombotic Drugs

      Arterial and venous thrombosis is a major cause of 
morbidity and mortality. Arterial thrombosis is a 

common cause of myocardial infarction (MI), ischemic 
stroke, and limb gangrene; venous thrombosis 
includes DVT, which can be complicated by the post-
thrombotic syndrome, and pulmonary embolism (PE), 
which can be fatal or can lead to chronic thromboem-
bolic pulmonary hypertension. 

 Arterial thrombi, which form under high shear con-
ditions, consist of platelet aggregates held together by 
small amounts of fi brin.  1   Because of the predomi-
nance of platelets, strategies to inhibit arterial throm-
bogenesis focus mainly on drugs that block platelet 
function but include anticoagulants for prevention of 
cardioembolic events in patients with atrial fi brilla-
tion or mechanical heart valves. Fibrinolytic drugs 
are used for rapid restoration of antegrade blood fl ow 
in patients with acute MI who do not undergo a pri-
mary percutaneous coronary intervention (PCI) and 
for treatment of acute ischemic stroke. 

 Venous thrombi, which form under low shear, are 
composed mainly of fi brin and trapped RBCs and 
contain relatively few platelets.  1   With the predomi-
nance of fi brin in venous thrombi, anticoagulants are 

the mainstay for the prevention and treatment of VTE. 
Systemic or catheter-directed fi brinolytic therapy is 
used for treatment of massive PE and for manage-
ment of selected patients with submassive PE, 
whereas catheter-directed fi brinolytic therapy is used 
in some patients with extensive iliofemoral DVT. 

 Limitations of existing antithrombotic drugs have 
prompted a search for novel agents. Focusing on new 
drugs for the prevention and treatment of arterial 
and venous thrombosis, this chapter (1) outlines the 
rationale for development of new antithrombotic 
drugs; (2) describes the new antithrombotic drugs, 
focusing primarily on those in phase 2 or 3 clinical 
testing; and (3) provides perspective on the unmet 
needs in antithrombotic therapy. 

 1.0 Rationale for Development of 
New Antithrombotic Drugs 

 New antithrombotic drugs have been developed to 
overcome the limitations of existing agents. Most of 
the advances have been in the area of antiplatelet 
drugs and anticoagulants. The development of new 
fi brinolytic agents has lagged. 

 This article focuses on new antithrombotic drugs that are in or are entering phase 3 clinical testing. 
Development of these new agents was prompted by the limitations of existing antiplatelet, anti-
coagulant, or fi brinolytic drugs. Addressing these unmet needs, this article (1) outlines the ratio-
nale for development of new antithrombotic agents; (2) describes the new antiplatelet, anticoagulant, 
and fi brinolytic drugs; and (3) provides clinical perspectives on the opportunities and challenges 
faced by these novel agents.    CHEST 2012; 141(2)(Suppl):e120S–e151S  

  Abbreviations:  ACS  5  acute coronary syndrome; ADP  5  adenosine diphosphate; aPTT  5  activated partial thrombo-
plastin time; CYP  5  cytochrome P450; HR  5  hazard ratio; LMWH  5  low-molecular-weight heparin; MI  5  myocardial 
infarction; NAPc2  5  nematode anticoagulant peptide c2; PAD  5  peripheral arterial disease; PAI-1  5  type 1 plasminogen 
activator inhibitor; PAR  5  protease-activated receptor; PCI  5  percutaneous coronary intervention; PE  5  pulmonary 
embolism; PF4  5  platelet factor 4; PLATO  5  Study of Platelet Inhibition and Patient Outcomes; RR  5  relative risk; 
TAFI  5  thrombin activatable fi brinolysis inhibitor; TIMI  5  thrombolysis in myocardial infarction; TRAP  5  thrombin 
receptor agonist peptide; t-PA  5  tissue plasminogen activator; u-PA  5  urokinase plasminogen activator 
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disease,  12   the effi cacy of this combination is similar to 
that of clopidogrel.  13   

 The limitations of existing antiplatelet drugs refl ect, 
at least in part, their capacity to attenuate only a 
single pathway of platelet activation. Because plate-
lets can be activated via multiple pathways, the 
potential for bypassing the inhibitory effects of these 
drugs remains high when there is a potent stimulus 
for platelet activation. Consequently, it is not sur-
prising that breakthrough cardiovascular events occur, 
and these should not necessarily be labeled as simple 
treatment failures. 

 Another factor that may contribute to break-
through cardiovascular events is individual variability 
in the response to antiplatelet drugs. Such variability 
may refl ect poor compliance, pharmacogenetic fac-
tors, increased platelet turnover, drug interactions, 
baseline and residual platelet hyperreactivity, and 
other factors.  14,15   Decreased responsiveness to aspirin 
and/or clopidogrel is common in patients with acute 
coronary syndromes, particularly in those with 
diabetes.  16   In patients undergoing PCI, a reduced 
biologic response to aspirin plus clopidogrel has been 
associated with a poorer outcome. The decreased 
response may refl ect, at least in part, reduced meta-
bolic activation of clopidogrel.  15   The cytochrome 
P450 (CYP) 2C19 enzyme plays a critical role in this 
process, and clopidogrel-treated patients with 
reduced function variants of the  CYP2C19  gene have 
lower levels of clopidogrel metabolites and dimin-
ished platelet inhibition.  17   It is estimated that 26% of 
the white population carries one loss-of-function var-
iant of this gene, and about 2% carry two such alleles. 
These percentages are slightly higher in blacks and 
substantially higher in Asians. In patients undergoing 
PCI, those with one or two  CYP2C19  loss-of-function 
alleles are at increased risk of subsequent cardiovas-
cular events compared with noncarriers.  17   These 
fi ndings have prompted some experts to recommend 
tailored antiplatelet therapy based on periprocedural 
platelet function or genetic testing.  18,19   However, the 
value of this approach has not been established. 
Instead, the limitations of existing antiplatelet agents 
has prompted the development of newer and more 
potent drugs, some directed against proven targets 
involved in platelet activation and others against new 
targets. These agents include novel inhibitors of the 
thromboxane A 2  receptor, new P2Y 12  antagonists, and 
inhibitors of protease activated receptor-1 (PAR-1), 
the major thrombin receptor on platelets. 

 On the anticoagulant front, most of the recent 
attention has focused on the development of new 
oral agents to replace vitamin K antagonists.  20   Rivar-
oxaban, a direct factor Xa inhibitor, and dabigatran 
etexilate, a direct thrombin inhibitor, have been licensed 
in many countries for short-term thromboprophylaxis 

 Although IV glycoprotein IIb/IIIa antagonists have 
a role in patients undergoing PCI, the need for these 
agents has declined because of the development of 
more potent oral antiplatelet drugs. Currently avail-
able oral antiplatelet drugs include aspirin, clopid-
ogrel, prasugrel, and dipyridamole. The effi cacy 
of aspirin and clopidogrel has clearly established 
cyclooxygenase-1, a key enzyme in thromboxane A 2  
synthesis, and P2Y 12 , the major adenosine diphos-
phate (ADP) receptor on platelets, as important tar-
gets for antiplatelet drugs. Although the benefi ts of 
aspirin for secondary prevention of atherothrombotic 
cardiovascular events clearly outweigh the risk of 
bleeding, aspirin is of limited usefulness for primary 
prevention, including primary prevention in patients 
with type 2 diabetes mellitus.  2   In addition, recent 
meta-analyses question the usefulness of aspirin for 
prevention of cardiovascular events in patients with 
peripheral arterial disease (PAD).  3   Building on this 
latter information, an expert panel of the US Food 
and Drug Administration found insuffi cient evidence 
to support over-the-counter use of aspirin for preven-
tion of cardiovascular events in such patients.  4   These 
issues highlight the limitations of aspirin. 

 On its own, clopidogrel has been shown to be only 
marginally more effective than aspirin.  5   The combi-
nation of aspirin plus clopidogrel is superior to aspi-
rin alone in patients at high risk for cardiovascular 
events,  6-9   but combination therapy is associated with 
a signifi cant risk of bleeding and has yielded disap-
pointing results in patients with stable cardiovascular 
disease.  10,11   Although the combination of aspirin plus 
dipyridamole is superior to aspirin alone for sec-
ondary prevention in patients with cerebrovascular 
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 2.1.1 Terutroban:   A selective inhibitor of the 
thromboxane A 2  receptor on platelets, terutroban 
(previously known as S18886) is orally active.  27   Peak 
plasma concentrations are achieved within 1 to 2 h 
of oral administration, and the drug has a half-life 
of 6 to 10 h. Terutroban inhibits thromboxane 
A 2 -induced platelet aggregation in a dose-dependent 
fashion with maximum inhibition obtained with drug 
levels  .  10 ng/mL  ; a concentration that can be 
achieved with daily doses of 10 to 30 mg.  28   

 Single-dose administration of 10 mg of terutroban 
to 12 patients with coronary artery disease who were 
receiving aspirin (100 mg/d) improved forearm blood 
fl ow after acetylcholine infusion compared with the 
results in eight aspirin-treated patients who received 
placebo.  29   In patients with PAD randomized to ter-
utroban, aspirin, or placebo, terutroban produced 
dose-dependent inhibition of platelet aggregation in 
response to thromboxane, ADP, or collagen and was 
at least as potent as aspirin.  30   These phase 2 fi ndings 
prompted the phase 3, double-blind Prevention 
of Cerebrovascular and Cardiovascular Events of 
Ischemic Origin with Terutroban in Patients with a 
History of Ischemic Stroke or Transient Ischemic 

after elective hip or knee arthroplasty, and dabigatran 
etexilate has recently been licensed in the United 
States and Canada for stroke prevention in patients 
with atrial fi brillation. Several other direct factor Xa 
inhibitors, including apixaban and edoxaban, are in 
advanced stages of development for these and other 
indications ( Table 1  ). 

 There have been few advances in fi brinolytic 
therapy over the past 5 years refl ecting, at least in 
part, the shift from systemic fi brinolytic therapy to 
catheter-directed interventions for patients with 
acute MI and the challenge of improving on the effi -
cacy of tissue plasminogen activator (t-PA) and the 
convenience of its longer-acting derivatives, such as 
reteplase and tenecteplase.  21   Nonetheless, there still 
is a need for safer fi brinolytic drugs that can extend 
the window for treatment of patients with acute 
ischemic stroke and for agents that produce more 
rapid and localized clot lysis when used for catheter-
based procedures. Focusing on these indications, 
desmoteplase, a recombinant analog of the full-length 
plasminogen activator found in the saliva of the vam-
pire bat, is undergoing phase 3 evaluation for treat-
ment of acute ischemic stroke,  22   whereas human 
plasmin is being explored for catheter-based treat-
ment of ischemic stroke or acute peripheral artery 
occlusion.  23   

 2.0 New Antiplatelet Agents 

 New antiplatelet agents in advanced stages of 
development target the thromboxane A 2 , ADP, or 
thrombin receptors on platelets ( Fig 1  ). Like clopid-
ogrel, the novel ADP receptor antagonists target 
P2Y 12 , whereas the thrombin receptor antagonists 
target PAR-1. 

 2.1 Thromboxane A 2  Receptor Antagonists 

 The thromboxane A 2  receptor is a G-protein-
coupled receptor on platelets that is activated not 
only by thromboxane A 2  but also by its cyclic endo-
peroxide precursors. Thromboxane A 2  receptor 
antagonists were developed, at least in part, to over-
come the variable response to aspirin.  24   Although 
aspirin blocks thromboxane A 2  synthesis in most indi-
viduals, elevated urinary levels of its stable metab-
olite, thromboxane B 2 , have been associated with 
an increased risk of cardiovascular events.  25,26   Ele-
vated levels of urinary thromboxane B 2  may refl ect 
incomplete blockade of cyclooxygenase-1 in platelets 
and/or the shuttling of endoperoxide intermediates 
to platelets from other cells. The thromboxane A 2  
receptor antagonists include terutroban, which is 
specifi c for the thromboxane A 2  receptor, and picot-
amide, which not only blocks the thromboxane A 2  
receptor but also inhibits thromboxane A 2  synthetase. 

 Table 1— [Section 1.0]   Comparison of the 
Pharmacologic Properties of the New Oral 

Anticoagulants That Are Approved or in the Most 
Advanced Stages of Clinical Development  

Property  Dabigatran  Rivaroxaban Apixaban Edoxaban

Target Thrombin Factor Xa Factor Xa Factor Xa
Molecular weight 628 436 460 548
Bioavailability, % 6 80 50 50
Dose frequency od/bid od/bid bid od
Tmax, h 2 3 3 1-2
Half-life, h 12-17 7-11 9-14 9-11
Protein binding, % 35 95 87 54
CYP metabolism, % None 32 15  ,  4
P-gp transport Yes Yes Yes Yes
Renal excretion, % 80 66 25 35
Extrarenal 
 excretion, %

20 34 75 65

CYP  5  cytochrome P450; od  5  once daily; P-gp  5  p-glycoprotein effl ux 
transporter; Tmax  5  time to maximum concentration  .

  Figure  1. New antiplatelet drugs. PAR  5  protease-activated 
receptor.   
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PAD.  37   The primary effi cacy end point was overall 
mortality, whereas the secondary end point was the 
composite of death and cardiovascular events. At 
2 years, the overall mortality rates with picotamide 
and aspirin were 3.0% and 5.5%, respectively (rela-
tive risk [RR], 0.55; 95% CI, 0.31-0.98). Cardiovascular 
events occurred in 7.1% of patients given picotamide 
and 8.7% of those treated with aspirin. The differ-
ence in the combined end point of mortality plus 
cardiovascular events between the two groups did 
not reach statistical signifi cance. Bleeding events 
were infrequent with both picotamide and aspirin 
(1.3% and 2.0%, respectively). Although these results 
are promising, additional studies are needed to estab-
lish the role of picotamide in patients with diabetes 
with PAD. 

 2.2 ADP Receptor Antagonists 

 Three reversible P2Y 12  inhibitors are in phase 3 
development: cangrelor, ticagrelor, and elinogrel 
( Table 2  ). Although these agents are chemically dis-
tinct and have different pharmacologic profi les, they 
share certain properties. In contrast to the thienopyri-
dines, the reversible P2Y 12  inhibitors do not require 
metabolic activation and they bind directly and 
reversibly to the P2Y 12  receptor. Because of the 
reversible binding, their inhibitory effects decrease 
as drug concentrations fall. 

 2.2.1 Cangrelor:   An adenosine triphosphate analog, 
cangrelor is a direct competitive inhibitor of P2Y 12 .  37   
In contrast to clopidogrel or prasugrel, cangrelor does 
not require hepatic conversion to an active metabo-
lite. The drug is only active when administered IV and it 
produces almost immediate and dose-proportional 
inhibition of ADP-induced platelet aggregation. Can-
grelor is rapidly inactivated by dephosphorylation 
and has a half-life of 3 to 5 min. Upon cessation of 

Attack (PERFORM)   trial, which compared ter-
utroban (30 mg/d) with aspirin (100 mg/d) for sec-
ondary prevention in 19,119 patients with a recent 
history of ischemic stroke or transient ischemic 
attacks.  31,32   The primary effi cacy end point, a compos-
ite of fatal or nonfatal ischemic stroke or MI or vas-
cular death, occurred in 11% of patients receiving 
either terutroban or aspirin (hazard ratio [HR], 1.02; 
95% CI, 0.94-1.12). There was a small increase in minor 
bleeding with terutroban compared with aspirin 
(12% and 11%, respectively; HR, 1.11; 95% CI, 
1.02-1.12), but no difference in other safety end 
points.  33   

 2.1.2 Picotamide:   A derivative of methoxy-isophthalic 
acid, picotamide not only inhibits the thromboxane 
A 2  receptor but also inhibits thromboxane synthetase 
at equivalent concentrations.  34   In contrast to aspirin, 
picotamide does not interfere with prostacyclin pro-
duction. In a double-blind, placebo-controlled study 
in 2,304 patients with PAD, treatment with picot-
amide (300 mg bid) or placebo was administered for 
18 months.  35   End points of the study included major 
events (cardiovascular death, MI, stroke, or ampu-
tation) and minor events (unstable angina, tran-
sient ischemic attacks, hypertension, renal failure, or 
worsening of PAD symptoms). Although the inten-
tion-to-treat analysis revealed an 18.9% reduction in 
major plus minor events with picotamide, this differ-
ence was not statistically signifi cant. However, the 
on-treatment analysis showed a 22.8% reduction in 
the same end points. Bleeding side effects were sim-
ilar in the two groups. A post hoc subgroup analysis of 
the data from the 438 patients with diabetes included 
in the study revealed a 45.2% reduction in major and 
minor end points with picotamide compared with 
placebo.  36   These fi ndings prompted a randomized 
trial comparing picotamide (600 mg bid) with aspirin 
(320 mg/d) in 1,209 patients with diabetes with 

 Table 2— [Section 2.2] Pharmacologic Characteristics of Direct-Acting Reversible P2Y 12  Inhibitors  

Characteristic Cangrelor Ticagrelor Elinogrel

Molecular weight 776 523 562
Route of administration IV Oral IV or oral
Site of action ADP binding site Site distinct from ADP binding site ADP binding site
Type of inhibition Competitive Noncompetitive Competitive
Time to peak activity 30 min 2 h 20 min and 12 h for IV and oral 

 formulation, respectively
Frequency of oral administration Inactive bid bid
Half-life 3-5 min 6-12 h Not reported
Metabolism Dephosphorylation  O -deethylation and oxidation None
Elimination 27% Renal; 58% feces 30% Renal; 70% feces 40% Renal; 60% feces
Time to recovery of platelet function 60 min 3-5 d Not reported
Stage of development Phase 3 Completed phase 3; licensed in United 

States, Europe, and Canada
Phase 2

ADP  5  adenosine diphosphate.
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regimen that was used in the CHAMPION-PCI trial) 
or placebo at the time of PCI.  41   Patients in the can-
grelor group received 600 mg of clopidogrel after the 
cangrelor infusion stopped, whereas those in the pla-
cebo group received 600 mg of clopidogrel after the 
procedure. The primary effi cacy end point, which 
was the same as that used in CHAMPION-PCI, 
occurred in 7.0% of those given cangrelor and in 
8.0% of patients randomized to placebo (HR, 0.87; 
95% CI, 0.71-1.07;  P   5  .17). Major bleeding was 
more frequent with cangrelor than with placebo 
(5.5% and 3.5%, respectively;  P   ,  .001). Based on the 
negative results of these two trials, more work is 
needed to determine the role of cangrelor in patients 
with acute coronary syndrome (ACS) undergoing 
PCI. 

 2.2.2 Ticagrelor:   An orally active agent belonging 
to the cyclopentyl-triazolopyrimidine class, ticagrelor 
acts as a direct inhibitor of P2Y 12 .  42   Ticagrelor binds 
to the receptor at a location distinct from the ADP 
binding site and blocks ADP-mediated receptor acti-
vation in a noncompetitive fashion, likely through an 
allosteric mechanism. Like cangrelor, ticagrelor does 
not require hepatic conversion to an active metabo-
lite. Consequently, the drug has a rapid onset of 
action and within 30 min achieves a level of inhibition 
of ADP-induced platelet exceeding that obtained 
with a 300- or 600-mg loading dose of clopidogrel.  43   
The peak inhibitory effect of ticagrelor is seen about 
2 h after a loading dose of ticagrelor of 180 mg or a 
maintenance dose of 90 mg bid. 

 When compared with clopidogrel in 200 patients 
with atherosclerosis treated with aspirin, ticagrelor, 
in doses of 100 or 200 mg bid or 400 mg once daily, 
produced more rapid and more potent inhibition of 
ADP-induced platelet aggregation.  44   The Dose Con-
fi rmation Study Assessing Antiplatelet Effects of 
ticagrelor vs Clopidogrel in non-ST-elevation MI 
(DISPERSE 2) compared ticagrelor plus aspirin with 
clopidogrel plus aspirin in 990 patients with non-ST-
segment elevation ACS.  45   Patients were randomized 
to receive ticagrelor (90 or 180 mg bid) or clopidogrel 
(75 mg once daily). One-half of the patients ran-
domized to ticagrelor were given a loading dose of 
270 mg, whereas the other one-half only received the 
maintenance dose. The primary end point, a com-
bination of major and minor bleeding, occurred 
in 10.2% of patients given either dose of ticagrelor 
and in 9.2% of those treated with clopidogrel. 

 Building on the promising phase 2 data, ticagrelor 
(180 mg loading dose followed by 90 mg bid thereaf-
ter) was compared with clopidogrel (300 to 600 mg 
loading dose followed by 75 mg daily thereafter) for 
prevention of cardiovascular events in 18,624 patients 
with acute coronary syndrome in the Study of 

therapy, therefore, there is recovery of platelet func-
tion within 60 min.  37,38   

 The interaction of cangrelor with P2Y 12  prevents 
the binding of the active metabolites of clopidogrel 
or prasugrel. This phenomenon complicates the 
transitioning of patients from cangrelor to clopid-
ogrel or other thienopyridines, which can only exert 
their inhibitory effects once cangrelor dissociates 
from P2Y 12 . 

 Cangrelor has been evaluated in a two-part phase 2 
trial in patients undergoing PCI.  39   For part one, 
200 patients were randomized to an 18- to 24-h infu-
sion of cangrelor (in doses of 1, 2, or 4  m g/kg/min) or 
placebo in addition to aspirin plus heparin. In the 
second part, an additional 199 patients were random-
ized to IV cangrelor (at a dose of 4  m g/kg/min) or 
abciximab prior to PCI. In the fi rst part of the study, 
the primary end point, the combination of major and 
minor bleeding up to 7 days, occurred in 13% of 
patients given cangrelor and in 8% of those given 
placebo, a difference that was not statistically sig-
nifi cant.  39   In the second part, major plus minor 
bleeding occurred in 7% and 10% of those random-
ized to cangrelor or abciximab, respectively. The 
30-day composite of adverse cardiac events (death, MI, 
or unplanned repeat coronary intervention) was not 
signifi cantly different in patients randomized to can-
grelor or abciximab (7.6% and 5.3%, respectively). 

 Building on these phase 2 data, cangrelor was 
investigated in two double-blind phase 3 trials. In the 
Cangrelor vs Standard Therapy to Achieve Optimal 
Management of Platelet Inhibition (CHAMPION)-
PCI trial, 8,877 patients scheduled for PCI were ran-
domized to receive IV cangrelor (30  m g/kg bolus 
followed by an infusion of 4  m g/kg/min) or placebo 
starting 30 min prior to PCI and continuing for at 
least 2 h after completion of the procedure.  40   Patients 
received 600 mg of clopidogrel or placebo at the time 
of the infusion. At the end of the infusion, the transi-
tion from IV cangrelor to clopidogrel was facilitated 
by administration of 600 mg of clopidogrel to those in 
the cangrelor group and administration of placebo to 
those in the clopidogrel group  . All patients received 
aspirin. The primary effi cacy end point, a composite 
of all-cause mortality, MI, or ischemia-driven revas-
cularization within 48 h of PCI, occurred in 7.5% of 
those randomized to cangrelor and 7.1% of those 
given placebo (HR, 1.05; 95% CI, 0.88-1.24;  P   5  .59). 
Rates of major bleeding were similar with cangrelor 
or clopidogrel (3.6% and 2.9%, respectively;  P   5  .06), 
but rates of minor bleeding were higher with cangre-
lor (17.6% and 15.2%, respectively;  P   5  .003). 

 In the CHAMPION PLATFORM trial, 5,362 
patients with non-ST-elevation MI or unstable angina 
with at least one coronary lesion amenable to PCI 
were randomized to receive cangrelor (in the same 
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numbers for clopidogrel were 27.7%, 37.9%, and 
34.5%. In this subset, the primary effi cacy end point 
occurred in 10.6% of patients randomized to ticagre-
lor and 13.1% of those who received clopidogrel 
(HR, 0.84; 95% CI, 0.60-1.16;  P   5  .29). The rate of 
cardiovascular death was lower with ticagrelor than 
with clopidogrel (4.1% and 7.9%, respectively; 
 P   ,  .01), as was all-cause mortality (4.7% and 9.7%, 
respectively;  P   ,  .01) but there was no difference in 
MI or stroke and no reduction in CABG-related 
bleeding. 

 Side effects of ticagrelor include dyspnea, which is 
usually mild and dose related,  49   asymptomatic brady-
cardia with ventricular pauses,  46   and a modest increase 
in the levels of uric acid. The mechanisms respon-
sible for these side effects are unclear. One possible 
explanation relates to the capacity of ticagrelor to 
inhibit adenosine reuptake by erythrocytes, thereby 
increasing circulating levels of adenosine. In addi-
tion to explaining the dyspnea and the bradycardia, 
the resultant adenosine-induced vasodilatation and 
increased myocardial perfusion could also endow 
ticagrelor with benefi cial effects that are independent 
of P2Y 12  blockade. 

 2.2.3 Elinogrel:   A reversible P2Y 12  inhibitor avail-
able in both IV and oral formulation, elinogrel is a 
competitive inhibitor of P2Y 12  that blocks ADP 
binding to the receptor.  50   Consequently, the drug 
inhibits platelet aggregation in response to low con-
centrations of ADP, but its inhibitory effects can be 
overcome with higher ADP concentrations. This phe-
nomenon could endow elinogrel with a favorable 
risk-benefi t profi le if ADP concentrations are higher 
with hemostatic plug formation than with intravas-
cular thrombosis. 

 The Early Rapid Reversal of Platelet Thrombosis 
with Intravenous Elinogrel before PCI to Optimize 
Acute MI (ERASE MI) dose-escalation pilot study 
evaluated the safety and tolerability of a single IV 
bolus of elinogrel, in doses of 10, 20, 40, or 60 mg, 
compared with placebo given before the start of the 
diagnostic angiogram preceding primary PCI in 
70 patients with ST-elevation MI.  51   All patients 
received a 600-mg loading dose of clopidogrel fol-
lowed by a second 300-mg loading dose of clopidogrel 
4 h after the procedure. The primary outcome was 
major bleeding, which was infrequent and occurred 
at a rate with all doses of elinogrel that was similar 
to the rate with placebo. However, the trial was 
stopped early for administrative reasons and subse-
quent studies used oral elinogrel in place of clopid-
ogrel after the initial IV elinogrel bolus. 

 In the phase 2 Intravenous and Oral Administra-
tion of Elinogrel vs Clopidogrel to Evaluate Tolera-
bility and Effi cacy in Nonurgent PCI Patients 

Platelet Inhibition and Patient Outcomes (PLATO) 
trial.  46   At 12 months, the primary effi cacy end point—
a composite of cardiovascular death, MI, or stroke—
occurred in 9.8% of patients treated with ticagrelor 
and in 11.7% of those given clopidogrel (HR, 0.84; 
95% CI, 0.77-0.92;  P   ,  .001). The rate of MI was 
lower with ticagrelor than with clopidogrel (5.8% and 
6.9%, respectively;  P   5  .005), as were the rates of car-
diovascular mortality (4.0% and 5.1%, respectively; 
 P   5  .001) and all-cause mortality (4.5% and 5.9%, 
respectively;  P   ,  .001). In contrast, the rate of stroke 
was similar with ticagrelor and clopidogrel (1.5% and 
1.3%, respectively;  P   5  .22). Although there was no 
signifi cant difference in the rates of major bleeding 
with ticagrelor and clopidogrel (11.6% and 11.2%, 
respectively;  P   5  .43), ticagrelor was associated with a 
higher rate of major bleeding not related to coronary 
artery bypass graft surgery (4.5% and 3.8%, respec-
tively;  P   5  .03), including more fatal intracranial 
bleeds (0.1% and 0.01%, respectively;  P   5  .02). 

 Of the 18,624 patients entered in the PLATO trial, 
an invasive strategy was planned for 72%. In this 
subset, the primary composite end point occurred 
in 9.0% of patients randomized to ticagrelor and 
in 10.7% of those given clopidogrel (HR, 0.84; 
95% CI, 0.75-0.94;  P   5  .0025). Rates of major 
bleeding were similar with ticagrelor and clopidogrel 
(11.6% and 16.5%, respectively;  P   5  .88). 

 PLATO-STEMI focused on the 7,544 patients 
with ST-elevation MI included in the PLATO trial 
who were scheduled to undergo primary PCI.  47   Of 
these patients, 75% received a stent, the majority of 
which were bare metal stents. In this subset, the pri-
mary effi cacy end point occurred in 9.4% of patients 
randomized to ticagrelor and in 10.8% of those given 
clopidogrel (HR, 0.87; 95% CI, 0.75-1.01;  P   5  .07). 
The rate of MI was lower with ticagrelor than with 
clopidogrel (4.7% and 5.8%, respectively;  P   5  .03), as 
was all-cause mortality (5.0% and 6.1%, respectively; 
 P   5  .05). Defi nite stent thrombosis occurred in 1.6% 
of patients taking ticagrelor and in 2.4% of those 
given clopidogrel (HR, 0.60; 95% CI, 0.45-0.95; 
 P   5  .03). There was no increase in the rate of major 
bleeding with ticagrelor compared with clopidogrel 
(9.0% and 9.2%, respectively;  P   5  .76). 

 Outcomes in the 1,899 patients enrolled in the 
PLATO trial who underwent coronary artery bypass 
graft surgery postrandomization were reported in 
PLATO-CABG.  48   The protocol recommended with-
holding ticagrelor (or placebo) for 1 to 3 days and 
clopidogrel (or placebo) for 5 days prior to surgery, 
but among the 1,261 patients who underwent coro-
nary artery bypass graft surgery within 7 days of stop-
ping study drug, only 30.1% stopped within 2 days, 
43.8% stopped within 3 to 5 days, and 26.1% 
stopped  .  5 days prior to surgery. The corresponding 
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specifi c competitive inhibitor of PAR-1.  54   The drug 
has excellent oral bioavailability and produces dose-
dependent inhibition of thrombin- or thrombin 
receptor agonist peptide (TRAP)-induced platelet 
aggregation. Vorapaxar does not affect platelet aggre-
gation in response to other agonists nor does it affect 
thrombin-mediated conversion of fi brinogen to fi brin. 
Vorapaxar has a long half-life of 126 to 269 h and 
inhibits TRAP-induced platelet aggregation for up to 
4 weeks. Although the binding of vorapaxar to PAR-1 
is reversible, dissociation of the drug from the 
receptor is slow, which may explain the long half-life. 
Vorapaxar is metabolized by CYP3A4.  53   

 In phase 1 studies, vorapaxar did not appear to 
prolong the bleeding time when administered to 
healthy volunteers.  55   A phase 2 study in 1,031 patients 
scheduled for coronary angiography and possible PCI 
randomized patients to vorapaxar (at loading doses 
of 10, 20, or 40 mg) or placebo in a 3:1 ratio.  56   A total 
of 573 patients underwent PCI, all of whom received 
aspirin, clopidogrel, and an anticoagulant (either 
heparin or bivalirudin). Those randomized to vora-
paxar received maintenance therapy at doses of 0.5, 
1.0, or 2.5 mg once daily for 2 months. The primary 
outcome, a combination of thrombolysis in myocar-
dial infarction (TIMI) major and minor bleeding, 
occurred in 3.3% of the 151 patients randomized to 
placebo and in 2.8% of the 422 patients given vora-
paxar. Major bleeding occurred in 1.3% and 0.7%, 
respectively. The effi cacy end point of death, major 
adverse coronary events, or stroke occurred in 8.6% 
of patients randomized to placebo and in 6.2% of 
those given vorapaxar. 

 The safety of vorapaxar observed in the Thrombin 
Receptor Antagonist (TRA)-PCI study was confi rmed 
in two small randomized trials conducted in Japanese 
patients. In the fi rst, a total of 117 patients under-
going PCI for a non-ST elevation ACS were random-
ized to vorapaxar for 60 days (either 20- or 40-mg 
loading dose, followed by 1- or 2.5-mg daily mainte-
nance dose) or placebo in addition to standard-of-
care antithrombotic therapy.  57   No differences were 
observed in the rate of the primary safety end point 

(INNOVATE-PCI) study, 652 patients scheduled 
for nonurgent PCI were randomized to clopidogrel 
(300 to 600 mg load followed by 75 mg daily thereaf-
ter) or to elinogrel (80 mg IV bolus followed by oral 
dosing of 50, 100, or 150 mg bid thereafter).  52   The 
Data Safety Monitoring Board recommended dis-
continuation of the 50-mg oral dose and suggested 
increasing the IV dose to 120 mg. The study was not 
powered for effi cacy, but patients given elinogrel 
exhibited greater platelet inhibition than those 
treated with clopidogrel. 

 Dyspnea occurred more frequently with elinogrel 
than with clopidogrel. Abnormal liver function tests 
also were more common with elinogrel, but the 
abnormalities appeared to resolve over time, even if 
the drug was continued.  51,52   

 Elinogrel will soon undergo phase 3 evaluation in 
aspirin-treated patients with a history of MI within 
the past 6 months to 5 years. Such patients will be 
randomized to elinogrel (in one of two doses) or to 
placebo for approximately 29 months. The primary 
effi cacy outcome will be the composite of cardiovas-
cular mortality, MI, or stroke. A phase 3 trial evalu-
ating IV and oral elinogrel in patients with ACS is 
likely to follow. 

 2.3 PAR-1 Antagonists 

 PAR-1 belongs to a family of G-protein-coupled 
receptors that are activated by proteolytic cleavage.  53   
Human platelets express PAR-1 and PAR-4, both of 
which can be activated by thrombin to induce plate-
let secretion and aggregation. Although activation of 
either receptor can cause platelet aggregation inde-
pendently of the other, PAR-1 and PAR-4 act syner-
gistically to induce platelet activation. However, the 
affi nity of PAR-1 for thrombin is 40-fold higher than 
that of PAR-4. Consequently, PAR-1 is activated by 
relatively low concentrations of thrombin, whereas 
PAR-4 activation requires higher thrombin concen-
trations. Therefore, PAR-1 is considered to be the 
major thrombin receptor on human platelets.  53   

 PAR-1 also is found on endothelial cells, smooth 
muscle cells, fi broblasts, and cardiac myocytes.  53   
Thrombin-mediated activation of PAR-1 on these 
cells may contribute to the proliferative and proin-
fl ammatory effects of thrombin. Therefore, it is pos-
sible that PAR-1 antagonism will not only attenuate 
arterial thrombosis but may also modulate other 
thrombin-mediated processes, including restenosis. 
Two orally active PAR-1 antagonists are under inves-
tigation; vorapaxar and atopaxar ( Table 3  ). 

 2.3.1 Vorapaxar:   A synthetic tricyclic 3-phenylpyri-
dine analog of himbacine, an alkaloid isolated from 
the bark of Australian magnolia trees that is used in 
several natural products, vorapaxar is a potent and 

 Table 3— [Section 2.3] PAR-1 Antagonists: Comparison 
of the Features of Vorapaxar and Atopaxar  

Feature Vorapaxar Atopaxar

Molecular weight 591 608
Onset of action, h 2 3.5
Half-life, h 250 23
Route of elimination Feces Feces
Metabolism CYP3A4 CYP3A4
Stage of development Phase 3 Phase 2

PAR-1  5  protease-activated receptor 1. See Table 1 legend for expansion 
of other abbreviation.
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Maximal platelet inhibition is achieved within 3 to 
5 h of dosing and the half-life is about 23 h. Like 
vorapaxar, atopaxar does not appear to prolong 
the bleeding time when administered to healthy 
volunteers.  53   

 In the fi rst of the phase 2 Lessons from Antago-
nizing the Cellular Effect of Thrombin in Japanese 
Patients (J-LANCELOT) trials, 241 patients with 
ACS (unstable angina or non-ST-elevation MI) were 
given atopaxar (loading dose of 400 mg followed by 
either placebo or atopaxar 50, 100, or 200 mg daily 
thereafter) for 12 weeks.  61   More than 95% of the 
patients were also taking aspirin and clopidogrel. In 
the second trial, 263 patients with coronary artery 
disease were randomized to placebo or the same 
doses of atopaxar for 24 weeks.  54   All patients were 
taking aspirin, and about 40% were also receiving 
clopidogrel. The primary end point in these studies 
was bleeding events; the secondary end points were 
major adverse cardiovascular events, including car-
diovascular death, MI, stroke, or recurrent ischemia, 
and inhibition of platelet aggregation. There was a 
nonsignifi cant trend toward an increase in bleeding 
with increasing doses of atopaxar. The combination 
of major plus minor bleeding and minimal bleeding 
requiring medical attention was similar in patients 
receiving placebo and those given atopaxar (6.6% and 
5.0%, respectively, in the fi rst study and 1.5% in 
both groups in the second study). The studies were 
underpowered for effi cacy, but at trough levels, 
atopaxar produced a mean of  .  90% inhibition of 
platelet aggregation with the 100- or 200-mg doses 
and 20% to 60% inhibition with the 50-mg dose.  54   

 The clinical development plan for atopaxar is 
uncertain. Unexplained increased transaminase levels 
were noted in up to 15% of patients receiving ato-
paxar.  61   In addition, prolongation of the QTc interval 
was seen with higher doses of atopaxar in the phase 2 
studies.  61   Additional studies are needed to determine 
the clinical signifi cance of these fi ndings. 

 3.0 New Anticoagulants 

 Anticoagulants can inhibit the initiation or propa-
gation of coagulation, or, by targeting thrombin, they 
can attenuate fi brin formation. Drugs that target the 
tissue factor/factor VIIa complex block the initiation 
of coagulation, whereas those that inhibit factor IXa 
or factor Xa, or their cofactors, factor VIIIa and factor 
Va, block the propagation of coagulation. Finally, 
anticoagulants that target thrombin attenuate fi brin 
generation ( Fig 2  ). New anticoagulants can be further 
subclassifi ed as direct or indirect inhibitors ( Fig 3  ). 
Direct inhibitors bind directly to the target enzyme 
and block substrate interactions. In contrast, indirect 
inhibitors exert their anticoagulant effects by binding 

(TIMI major and minor bleeding), but compared 
with placebo, vorapaxar reduced the rate of nonfatal 
MI (42.9% and 16.9%, respectively;  P   5  .013). In the 
second study, which evaluated the safety of vorapaxar 
in patients with a history of ischemic stroke,  58   vora-
paxar (1 or 2.5 mg daily) or placebo was administered 
to 90 such patients for 60 days. All patients received 
aspirin. Event rates were low, and vorapaxar appeared 
to be safe in this setting. 

 Building on these phase 2 results, vorapaxar under-
went phase 3 evaluation in two large clinical trials: 
Thrombin Receptor Antagonists for Clinical Event 
Reduction (TRA-CER)  59   and Thrombin Receptor 
Antagonist in Secondary Prevention of Athero-
thrombotic Ischemic Events (TRA2P-TIMI 50).  60   
TRA-CER was a randomized, double-blind trial that 
compared vorapaxar with placebo on top of standard-
of-care treatment with aspirin and/or clopidogrel in 
13,000 patients with non-ST-elevation ACS. Follow-up 
in the trial was terminated early because of safety 
concerns. After a median follow-up of 502 days, the 
rates of the primary effi cacy outcome (a composite of 
cardiovascular death, MI, stroke, hospitalization for 
recurrent ischemia, or urgent coronary revascular-
ization) in the vorapaxar and placebo groups were 
18.5% and 19.9%, respectively (HR, 0.29; 95% CI, 
0.85-1.01; P  5  .07). The composite of cardiovascular 
death, MI, or stroke was lower with vorapaxar than 
with placebo (14.7% and 16.4%, respectively; HR, 
0.89; 95% CI, 0.81-0.98; P  5  .02). Rates of moderate 
and severe bleeding were higher with vorapaxar 
than with placebo (7.2% and 5.2%, respectively) and 
there was more intracranial bleeding with vorapaxar 
(1.1% and 0.2%). Thus, addition of vorapaxar to stan-
dard therapy did not reduce the composite end point, 
but signifi cantly increased the risk of bleeding. 

 TRA2P-TIMI 50 is a randomized double-blind 
trial compared vorapaxar (2.5 mg daily) with pla-
cebo on top of standard antiplatelet therapy (with aspi-
rin and/or a thienopyridine) in about 26,500 patients 
with a history of MI, stroke, or PAD. After safety 
review, vorapaxar was discontinued in patients with a 
stroke prior to entry or during the course of the trial 
because of excess bleeding. 

 2.3.2 Atopaxar:   A reversible PAR-1 antagonist, 
atopaxar binds PAR-1 with high affi nity and blocks 
thrombin and TRAP-induced platelet aggregation.  53   
Like vorapaxar, atopaxar is a small molecule 
chemically identifi ed as 1-(3- tert -butyl-4-methoxy-5-
morpholinophenyl)-2-(5,6-dieth-oxy-7-fl uoro-1-imino-
1,3-dihydro-2H-isoindolyl-2) ethanone hydrobromide. 
Because atopaxar inhibits TRAP binding to PAR-1, it 
is likely that the drug interacts with PAR-1 at or near 
the tethered ligand binding site. Atopaxar exhibits 
good oral bioavailability and is rapidly absorbed. 
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parenteral agents in this category have reached phase 
2 or 3 clinical testing ( Table 4  ). These include tifa-
cogin, which is a recombinant form of tissue factory 
pathway inhibitor, recombinant nematode antico-
agulant peptide (NAPc2), and active site inhibited 
factor VIIa (factor VIIai). 

 3.1.1 Tifacogin:   A recombinant form of tissue fac-
tory pathway inhibitor, tifacogin has been evaluated 
in patients with sepsis. The drug has a half-life of 
minutes, which necessitates IV infusion, and is cleared 
by the liver. In a phase 2 trial,  62   210 patients with sep-
sis were randomized to receive one of two doses of 
tifacogin (25 or 50 mg/kg/h) by continuous infusion 
or placebo for 4 days. Compared with placebo, tifa-
cogin produced a 20% relative reduction in 28-day 
mortality. Major bleeding occurred in 9% of patients 
treated with tifacogin and in 6% of those given pla-
cebo, a nonsignifi cant difference. Building on these 
results, a phase 3 trial compared tifacogin with pla-
cebo in 1,754 patients with severe sepsis.  63   The pri-
mary end point, 28-day mortality, was similar with 
tifacogin and placebo (34.2% and 33.9%, respec-
tively), whereas the rate of bleeding was signifi cantly 
higher with tifacogin (6.5% and 4.8%, respectively). 
A post hoc subgroup analysis suggested a benefi t of 
tifacogin in the 780 patients with severe community-
acquired pneumonia; in this subset, 28-day mortality 
was 27.9% with tifacogin and 32.7% with placebo.  64   
Differences in mortality were greater in patients with 
more severe disease who did not receive adjunctive 
heparin. Based on this analysis, a phase 3 double-blind 
trial compared two doses of tifacogin with placebo in 
about 2,100 patients with   severe community-acquired 

to naturally occurring plasma cofactors, such as anti-
thrombin or heparin cofactor II, thereby accelerating 
their interaction with clotting enzymes. 

 3.1 Inhibitors of Initiation of Coagulation 

 Drugs that target the factor VIIa/tissue factor 
complex inhibit the initiation of coagulation. Only 

  Figure  2. Sites of action of new anticoagulants in more advanced 
stages of development. NAPc2  5  nematode anticoagulant pep-
tide c2.   

  Figure  3. Classifi cation of new anticoagulants. Indirect anticoagulants act in an AT-dependent fashion 
or exert their effect via the protein C pathway. Direct anticoagulants do not require a plasma cofactor. 
Instead, these agents directly target a specifi c coagulation enzyme. AT  5  antithrombin. See Figure 2 
legend for expansion of other abbreviation.   
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have not been reported and development of NAPc2 
appears to have halted, at least temporarily. 

 3.1.3 Factor VIIai:   Recombinant factor VIIa that 
has its active site irreversibly blocked competes with 
factor VIIa for tissue factor binding, thereby attenu-
ating the initiation of coagulation by the factor VIIa/
tissue factor complex. Based on promising results in 
animal models of thrombosis,  73,74   factor VIIai, given 
in doses ranging from 50 to 400 mg/kg with or with-
out adjunctive heparin was compared with heparin 
alone in 491 patients undergoing elective PCI.  75   
Factor VIIai, with or without adjunctive heparin, pro-
duced no signifi cant reduction in the primary end 
point, a composite of death, MI, need for urgent 
revascularization, abrupt vessel closure, or bailout 
use of glycoprotein IIb/IIIa antagonists or heparin at 
day 7 or at hospital discharge. Rates of major bleeding 
were similar with factor VIIai and heparin. Because 
of these disappointing results, factor VIIai has not 
been developed further for treatment of arterial 
thrombosis. 

 3.2 Inhibitors of Propagation of Coagulation 

 Propagation of coagulation can be inhibited by 
drugs that target factors IXa or Xa or by agents that 
inactivate their respective cofactors, factors VIIIa 
and Va, respectively. 

 3.2.1 Factor IXa Inhibitors:   Both parenteral and 
oral factor IXa inhibitors have been developed 
( Table 5  ). The parenteral agents include factor 
IX-directed monoclonal antibodies and pegnivacogin, 
a factor IXa-directed aptamer. Development of 
TTP889, the only oral factor IXa inhibitor, has been 
halted. 

 3.2.1.1 Factor IX-Directed Antibodies—  Several 
monoclonal antibodies directed against various factor 
IX epitopes have been developed. Of these, SB 
249417, a humanized mouse monoclonal antibody 
directed against the Gla-domain of factor IX, has 
undergone the most extensive investigation. The 

pneumonia.  65   Although enrollment was completed in 
2008, the results of this trial have not been reported. 

 3.1.2 NAPc2:   An 85-amino acid polypeptide originally 
isolated from the canine hookworm,  Ancylostoma 
caninum ,  66   recombinant NAPc2 is expressed in yeast. 
NAPc2 binds to a noncatalytic site on factor X or 
factor Xa.  67   Once bound to factor Xa, the NAPc2/
factor Xa complex inhibits tissue factor-bound factor 
VIIa. Because it binds factor X with high affi nity, 
NAPc2 has a half-life of approximately 50 h after sub-
cutaneous injection.  68   Consequently, the drug can be 
given on alternate days. 

 Initial clinical trials with NAPc2 focused on venous 
thromboprophylaxis. In a phase 2 dose-fi nding study,  69   
293 patients undergoing elective knee arthroplasty 
were given subcutaneous NAPc2 on the day of sur-
gery and every second day thereafter to a maximum 
of 4 doses. The best results were observed with a 
NAPc2 dose of 3.0  m g/kg administered 1 h after sur-
gery. With this dose, the rate of venographically-
detected DVT in the operated leg was 12%, whereas 
the rate of proximal DVT was 1%. Major bleeding 
occurred in 2% of patients. 

 In a series of phase 2 studies, NAPc2 was evalu-
ated in patients with unstable angina or non-ST-
elevation ACS and in those undergoing PCI  . Addition 
of NAPc2 to usual antithrombotic therapy in 
203 patients with non-ST-elevation ACS reduced levels 
of prothrombin fragment 1.2 in a dose-dependent 
fashion without increasing the risk of bleeding.  70   In 
a second study, adjunctive NAPc2 (in doses ranging 
from 3.5-10  m g/kg) suppressed levels of prothrombin 
fragment 1.2 in patients undergoing elective PCI.  71   
Despite these promising initial results, the disease 
focus for NAPc2 shifted from thrombosis to cancer to 
capitalize on emerging evidence that tissue factor 
plays a role in tumor progression. However, a phase 2 
study examining the feasibility of administering esca-
lating doses of twice-weekly subcutaneous NAPc2 
as an adjunct to chemotherapy for metastatic colon 
cancer was suspended.  72   The data from this study 

 Table 5— [Section 3.2.1] Factor IXa Inhibitors  

Drug
Route of 

Administration
Mechanism 

of Action
Stage of 

Development

SB249417 IV Partial inhibitor of 
 factor IXa

Halted

Pegnivacogin IV Factor IXa-directed 
  inhibitory RNA 

aptamer

Phase 2

TTP889 Oral Inhibits factor IXa 
  incorporation into 

intrinsic tenase

Halted

 Table 4— [Section 3.4] Inhibitors of the 
Factor VIIa-Tissue Factor Complex  

Drug
Route of 

Administration Mechanism of Action
Stage of 

Development

Tifacogin IV Inhibits factor VIIa in a 
  factor Xa-dependent 

fashion

Phase 3

NAPc2 Subcutaneous Inhibits factor VIIa 
  in a factor X- or 

Xa-dependent fashion

Phase 2

Factor 
VIIai

IV Competes with factor 
 VIIa for tissue factor

Halted

NAPc2  5  nematode anticoagulant peptide c2.
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successful and both reversal strategies enabled suc-
cessful sheath removal. 

 In the phase 2 Randomized, Active-Controlled, 
Dose-Ranging Study Assessing the Safety, Effi cacy 
and Pharmacodynamics of the REG1 Anticoagula-
tion System (RADAR) study, 640 patients with ACS 
scheduled for cardiac catheterization were ran-
domly allocated to receive open-label pegnivacogin 
(1 mg/kg) or unfractionated heparin in a 4:1 ratio 
prior to PCI. After the procedure, patients given 
pegnivacogin then were given anivamersen at four 
different doses designed to produce 25%, 50%, 75%, 
or 100% reversal. 

 Recruitment into the lowest-dose anivamersen arm 
was stopped early because of a higher rate of major 
bleeding compared with heparin (20.0% and 10.1%, 
respectively). Rates of major bleeding with doses of 
anivamersen that produced 50%, 75%, or 100% 
reversal were 10.6%, 8.4%, and 7.3%, respectively. 
There was a trend for fewer ischemic events with 
pegnivacogin than with heparin (3.0% and 5.7%, 
respectively), but the total number of events was 
small. Sheaths were removed at a mean of 24 min 
after the procedure in patients given pegnivacogin 
and after 3 h in those given heparin. Three allergic 
reactions were reported with pegnivacogin. Although 
two were mild, one patient required hemodynamic 
support. The mechanism responsible for these 
reactions has not been elucidated. 

 3.2.1.3 TTP889—  An orally active partial inhib-
itor of factor IXa inhibitor, TTP889 exhibited anti-
thrombotic activity in rat and porcine arteriovenous 
shunt models. A small phase 1 study was reported as 
showing a predictable pharmacokinetic profi le after 
single or multiple dose administration and a half-life 
of about 20 h. In a phase 2 proof-of-concept study, 
261 patients undergoing surgery for hip fracture 
were given conventional anticoagulant prophylaxis 
for 1 week and were then randomized to receive 
once daily oral TTP889 (at a dose of 300 mg) or pla-
cebo for 3 weeks, at which point bilateral venography 
was performed.  83   The primary effi cacy outcome was 
VTE, which occurred in 32.1% of patients random-
ized to TTP889 and in 28.2% of those given placebo 
( P   5  .58). There were no major bleeding events and 
only two clinically relevant nonmajor bleeding events 
with TTP889. Because of the negative results, devel-
opment of TTP889 was halted. 

 3.2.2 Factor Xa Inhibitors:   New factor Xa inhibi-
tors include agents that block factor Xa indirectly or 
directly. Indirect inhibitors are given parenterally 
and act by catalyzing factor Xa inhibition by anti-
thrombin. In contrast, direct factor Xa inhibitors 
bind directly to the active site of factor Xa, thereby 
blocking its interaction with its substrates. New 

antibody exhibited antithrombotic activity compa-
rable to that of enoxaparin in a rat arterial throm-
bosis model, but produced less prolongation of the 
activated partial thromboplastin time (aPTT).  76   In a 
rat model of thromboembolic stroke, the antibody 
reduced infarct volumes and neurologic defi cits to a 
greater extent than t-PA.  77   

 SB249417 has undergone limited evaluation in 
humans. In a phase 1 study in 26 human volunteers, 
a 50-min infusion of antibody prolonged the aPTT 
in a dose-dependent fashion.  78   Development of the 
antibody has been stopped. 

 3.2.1.2 Pegnivacogin—  A specifi c factor IXa-directed 
RNA aptamer, pegnivacogin, which was previously 
known as RB006, was isolated from a library of 
104 nucleic acid species.  79   Cholesterol was conju-
gated to the 5 9  end of pegnivacogin to extend its cir-
culating half-life to about 12 h. Pegnivacogin binds to 
both factor IX and factor IXa with high affi nity and 
not only inhibits factor IXa activity, but also blocks the 
activation of factor IX by the factor VIIa-tissue factor 
complex, but not by factor XIa. As such, pegnivacogin 
prolongs the aPTT in a dose-dependent fashion but 
has no effect on the prothrombin time. A unique 
feature of pegnivacogin is that its anticoagulant 
activity can be rapidly reversed with a comple-
mentary aptamer, anivamersen (previously known 
as RB007). Anivamersen exerts its inhibitory effect 
by binding to pegnivacogin and releasing it from 
factor IX or factor IXa. 

 In a phase 1 study, pegnivacogin and anivamersen 
were evaluated in 85 healthy volunteers.  80   These 
individuals received increasing IV bolus doses of 
pegnivacogin or placebo followed 3 h later by IV bolus 
doses of anivamersen or placebo. At pegnivacogin 
doses of 30 to 60 mg, there was a dose-dependent 
prolongation of the aPTT and activated clotting time 
that was rapidly restored to baseline values with ani-
vamersen administration. 

 Two early phase 2 studies evaluated the safety and 
tolerability of pegnivacogin and anivamersen in 
patients with coronary artery disease.  81,82   In the fi rst 
of these studies, 50 patients with stable coronary 
artery disease taking aspirin and/or clopidogrel 
received an IV bolus of pegnivacogin at doses of 15, 
30, 50, or 75 mg. Pegnivacogin prolonged the aPTT 
in a concentration-dependent fashion. Subsequent 
administration of anivamersen (at doses of 30, 60, 
100, or 150 mg) restored the aPTT to baseline levels 
within a median of 1 min (25th and 75th percentiles, 
1 and 2 min, respectively) with no rebound increase 
through 7 days.  81   In the second study, 24 patients 
undergoing nonurgent PCI were randomized in a 
5:1 ratio to receive pegnivacogin or unfractionated 
heparin with immediate or delayed reversal of pegni-
vacogin after the procedure.  82   All procedures were 
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was similar in all idraparinux groups and did not differ 
from that in the warfarin group. There was a clear 
dose-response for major bleeding in patients given 
idraparinux, with an unacceptably high frequency in 
those given the 10-mg dose. Patients given the lowest 
dose of idraparinux had less bleeding than those ran-
domized to warfarin ( P   5  .029). Based on these 
results, a once-weekly 2.5 mg dose of idraparinux was 
chosen for further trials. 

 The phase 3 Van Gogh DVT and PE trials  90   random-
ized 2,904 patients with acute symptomatic DVT and 
2,215 patients with PE to either a 3- to 6-month course 
of once-weekly subcutaneous idraparinux (at a dose 
of 2.5 mg) or to conventional therapy with LMWH or 
heparin followed by a vitamin K antagonist with the 
dose adjusted to achieve an INR between 2 and 3. In 
the patients with DVT, the rate of recurrent VTE at 
3 months was similar in the idraparinux and conven-
tionally treated groups (2.9% and 3.0%, respectively). 
Clinically relevant bleeding events were less common 
with idraparinux than with conventional treatment 
(4.5% and 7.0%, respectively;  P   5  .004). In the 
patients with PE, idraparinux was less effective than 
conventional therapy at 3 months. Thus, recurrent 
VTE occurred in 3.4% of patients given idraparinux 
and in 1.6% of those receiving conventional therapy. 
Clinically relevant bleeding occurred in 5.8% of those 
given idraparinux and in 8.2% of those treated with 
heparin or LMWH followed by a vitamin K antago-
nist. The discordant results in the DVT and PE trials 
highlight the importance of adequate levels of antico-
agulation for initial PE treatment because the majority 
of the recurrences occurred early. These fi ndings 
suggest that patients with PE may require higher ini-
tial doses of idraparinux than patients with DVT. 

 The effi cacy of long-term idraparinux was evalu-
ated in the Van Gogh extension study.  91   In this trial, 
1,215 patients who had completed 6 months of initial 
treatment of DVT or PE with either idraparinux or a 
vitamin K antagonist were randomized to an addi-
tional 6 months of treatment with either once-weekly 
subcutaneous idraparinux or with placebo. Compared 
with placebo, idraparinux produced a 72.9% relative 
reduction in the risk of recurrent VTE ( P   5  .002), 

direct factor Xa inhibitors include otamixaban, 
which is given IV, and a number of orally active 
drugs. Unlike the heparin/antithrombin complex, 
which has limited capacity to inhibit factor Xa incor-
porated into the prothrombinase complex,  84,85   direct 
factor Xa inhibitors inhibit both free and platelet-
bound factor Xa.  86,87   This property may endow these 
agents with an advantage over indirect factor Xa 
inhibitors. 

 3.2.2.1 Indirect Factor Xa Inhibitors—  The proto-
type for most of the new indirect factor Xa inhibi-
tors is fondaparinux, a fi rst-generation synthetic 
analog of the antithrombin-binding pentasaccharide 
found in heparin or low-molecular-weight heparin 
(LMWH). Based on the results of well-designed ran-
domized clinical trials, fondaparinux is licensed for 
prevention of VTE in patients undergoing high-risk 
orthopedic surgery and, in some countries, for VTE 
prevention in general surgical or medical patients. 
Fondaparinux also is approved as a substitute for 
heparin or LMWH for initial treatment of VTE. In 
addition, fondaparinux has been licensed in Europe 
and Canada, but not in the United States, as an 
alternative to heparin or LMWH for the treatment 
of ACS. Three of the newer indirect factor Xa inhib-
itors, idraparinux, idrabiotaparinux, and SR123781A, 
are second- and third-generation variants of fonda-
parinux, whereas M118 and semuloparin are LMWH 
derivatives ( Table 6  ). 

 Idraparinux: A hypermethylated derivative of 
fondaparinux, idraparinux binds antithrombin with 
such high affi nity that its plasma half-life of 80 h is 
similar to that of antithrombin.  88   Because of its long 
half-life, idraparinux can be given subcutaneously 
on a once-weekly basis. In a phase 2 dose-fi nding 
trial, idraparinux was compared with warfarin in 
659 patients with proximal DVT.  89   After a 5- to 7-day 
course of enoxaparin, patients were randomized 
to receive once-weekly subcutaneous idraparinux 
(2.5, 5.0, 7.5, or 10 mg) or warfarin (dose-adjusted to 
achieve an international normalized ratio [INR] of 
2-3) for 12 weeks. The primary end point, thrombus 
burden, as assessed by measuring changes in com-
pression ultrasound and perfusion lung scan fi ndings, 

 Table 6— [Section 3.2.2.1] Antithrombin-Dependent Indirect Factor Xa Inhibitors  

Drug Route of Administration Mechanism of Action Stage of Development

Idraparinux Subcutaneous Only inhibits factor Xa Halted
Idrabiotaparinux Subcutaneous Biotinylated form of idraparinux Phase 3
SR123781A Subcutaneous Synthetic hexadecasaccharide that inhibits factor 

 Xa and thrombin equally well
Halted

M118 IV or subcutaneous Novel LMWH that inhibits factor Xa to a greater 
 extend than thrombin

Phase 2

Semuloparin Subcutaneous Ultra-LMWH that mainly inhibits factor Xa Phase 3

LMWH  5  low-molecular-weight heparin.
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 Reversibility of idraparinux was demonstrated in 
two studies.  94   First, in a double-blind phase 1 study, 
41 healthy males received idrabiotaparinux prior 
to being randomized to a 30-min infusion of either 
100 mg of avidin or placebo. In eight of these sub-
jects, idrabiotaparinux plus avidin was readminis-
tered 10 to 14 months later. Avidin infusion rapidly 
reduced anti-factor Xa activity by 66.1% to 90.3%. 
Similar results were obtained with readministration 
of idrabiotaparinux and avidin. The second study 
involved a subset of 55 patients who received idrabi-
otaparinux in the EQUINOX trial. These patients 
were randomized to receive either 100 mg avidin 
(n  5  33) or placebo (n  5  22). Avidin was well tolerated 
and reduced the anti-Xa activity by 67% to 97%. 

 The ongoing phase 3 Clinical Study Assessing 
SSR126517E Injections Once-weekly in Pulmonary 
Embolism Therapeutic Approach (CASSIOPEA) trial 
is comparing 3 to 6 months of subcutaneous idrabio-
taparinux (3 mg once weekly) with conventional anti-
coagulant therapy for prevention of recurrent VTE in 
3,200 patients with acute PE. The phase 3 Evaluation 
of Once-weekly Biotinylated Idraparinux vs Oral 
Adjusted-dose Warfarin to Prevent Stroke and 
Systemic Thromboembolic Events in patients with 
Atrial Fibrillation (BOREALIS-AF) trial, which 
compared the same idrabiotaparinux regimen with 
warfarin for prevention of stroke or systemic embo-
lism in patients with atrial fi brillation, was stopped 
early, but the results are not yet available. With only 
the EQUINOX and CASSIOPEA trial results to sup-
port its use, it is likely that the role of idrabiota-
parinux will be limited. 

 SR123781A: A synthetic hexadecasaccharide, 
SR123781A is composed of the antithrombin-binding 
synthetic pentasaccharide plus a thrombin-binding 
sulfated tetrasaccharide joined together by a central 
nonsulfated heptasaccharide. SR123781A binds anti-
thrombin with high affi nity.  95   In addition to catalyzing 
factor Xa inhibition by antithrombin, SR123781A is 
long enough to bridge antithrombin to thrombin, 
thereby enhancing thrombin inhibition. Like hep-
arin, therefore, SR123781A catalyzes the inhibition 
of both factor Xa and thrombin.  95   Unlike heparin, 
however, SR123781A does not bind platelet factor 4 
(PF4) or fi brin. Because it does not bind PF4, hepa-
rin-induced thrombocytopenia is unlikely to occur 
with SR123781A. Without affi nity for fi brin, SR123781A 
does not promote the formation of the ternary hep-
arin/thrombin/fi brin complex that protects fi brin-
bound thrombin from inhibition by the antithrombin/
heparin complex.  96   In contrast to heparin, therefore, 
SR123781A appears capable of inhibiting fi brin-
bound thrombin.  97   

 SR123781A is administered subcutaneously. 
It exhibits almost complete bioavailability after 

reducing recurrent events from 3.7% to 1%. Major 
bleeding occurred in 3.7% of those given idraparinux 
and included three fatal intracranial bleeding events. 
In contrast, there were no major bleeding events in 
the placebo group. 

 In the phase 3 AMADEUS trial, subcutaneous 
idraparinux (2.5 mg once weekly) was compared 
with warfarin (dose-adjusted to achieve a target INR 
of 2 to 3) for stroke prevention in patients with 
atrial fi brillation.  92   Although the plan was to ran-
domize 5,940 such patients to treatment of 18 months, 
the trial was stopped after randomization of only 
4,576 patients with a mean follow-up of 10.7 months 
because of an excess of clinically relevant bleeding 
with idraparinux (19.7 and 11.3 per 100 patient-years, 
respectively;  P   ,  .0001), including an excess of intra-
cranial bleeding with idraparinux compared with 
warfarin (1.1 and 0.4 per 100 patient-years, respec-
tively;  P   5  .014). There were 18 cases of thromboem-
bolism with idraparinux and 27 cases with warfarin 
(0.9 and 1.3 per 100 patient-years, respectively; HR, 
0.71; 95% CI, 0.39-1.30), a result that met the pre-
specifi ed noninferiority criterion (noninferiority 
 P   5  .007). 

 The results of the Van Gogh extension and the 
AMADEUS studies suggest that although idraparinux 
is a highly effective anticoagulant, it causes excessive 
bleeding. Based on this information, development of 
idraparinux was halted, and attention was shifted to 
idrabiotaparinux. 

 Idrabiotaparinux: A biotinylated form of idraparinux 
previously known as SSR126517E, idrabiotaparinux 
exhibits the same pharmacokinetic and pharmacody-
namic profi le as idraparinux. Like idraparinux, 
idrabiotaparinux is given subcutaneously on a once-
weekly basis. The only difference between the drugs 
is that the anticoagulant activity of idrabiotaparinux 
can be rapidly neutralized by IV administration of 
avidin. A large tetrameric protein derived from egg 
white, avidin binds the biotin moiety of idrabiota-
parinux with high affi nity, thereby forming a 1:1 stoi-
chiometric complex that is rapidly cleared by the 
kidneys. 

 In the phase 3 Bioequipotency Study of SSR126517E 
and Idraparinux in Patients with Deep Venous 
Thrombosis of the Lower Limbs (EQUINOX) trial, 
757 patients with DVT were randomized to receive 
equimolar doses of once-weekly subcutaneous idra-
biotaparinux or idraparinux (3 mg and 2.5 mg, respec-
tively) for 6 months.  93   Recurrent VTE occurred in 
2.3% of the patients randomized to idrabiotaparinux 
and in 3.2% of those given idraparinux. The rates of 
clinically relevant bleeding in the idrabiotaparinux 
and idraparinux groups were 5.2% and 7.3%, respec-
tively ( P   5  .29). Both agents inhibited factor Xa to a 
similar extent. 
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and for VTE prevention after major abdominal sur-
gery. Enoxaparin was the comparator in all of these 
studies. Semuloparin also has been compared with 
placebo for VTE prevention in patients receiving 
chemotherapy for treatment of cancer. A trial com-
paring semuloparin with enoxaparin for thrombopro-
phylaxis in hospitalized, medically ill patients was 
stopped.  101   

 In the Evaluation of AVE5026 as Compared to 
Enoxaparin in Patients Undergoing Total Hip 
Replacement Surgery (SAVE-HIP1) trial, semu-
loparin (20 mg once daily) was compared with enox-
aparin (40 mg once daily starting 12 h prior to surgery) 
in 2,326 patients undergoing elective hip arthro-
plasty.  102   Both treatments were given for 7 to 10 days. 
In the 1,849 patients with evaluable venograms, the 
primary effi cacy end point, a composite of VTE or 
all-cause mortality, occurred in 6.3% of those ran-
domized to semuloparin and in 11.1% of those given 
enoxaparin (OR, 0.54; 95% CI, 0.38-0.76;  P   ,  .001). 
Rates of major bleeding were 0.3% and 1.2% with 
semuloparin and enoxaparin, respectively (OR, 0.28; 
95% CI, 0.08-0.83) and rates of clinically relevant 
nonmajor bleeding with semuloparin and enox-
aparin were 0.7% and 1.0%, respectively (OR, 0.73; 
95% CI, 0.28-1.83). 

 The same dose regimens were compared in 
1,003 patients undergoing surgery for hip fracture in 
the SAVE-HIP2 trial.  103   In the 753 patients with evalu-
able venograms, the primary effi cacy end point, a 
composite of VTE or all-cause mortality, occurred in 
17.7% of those randomized to semuloparin and in 
22.0% of those given enoxaparin (OR, 0.77; 95% CI, 
0.53-1.12). The rates of major bleeding with semu-
loparin and enoxaparin were 1.0% and 0.6%, respec-
tively, whereas the rates of clinically relevant nonmajor 
bleeding were 1.0% and 0.2%, respectively. 

 Semuloparin was compared with enoxaparin 
(30 mg bid starting 12 to 24 h after surgery) in 
1,150 patients undergoing elective knee arthroplasty 
in the SAVE-KNEE trial.  104   In the 855 patients with 
evaluable venograms, the primary effi cacy end point, 
a composite of VTE or all-cause mortality, occurred 
in 24.5% of those randomized to semuloparin and in 
28.1% of those given enoxaparin (OR, 0.83; 95% CI, 
0.60-1.14). The rates of major bleeding with semu-
loparin and enoxaparin were 0.5% and 0.7%, respec-
tively, whereas the rates of clinically relevant nonmajor 
bleeding were 2.1% and 1.1%, respectively. 

 A meta-analysis of the results of the SAVE-HIP1 
and 2 and the SAVE-KNEE trials, which included 
4,479 patients undergoing major orthopedic surgery, 
demonstrated that compared with a 7- to 10-day 
course of enoxaparin (at a dose of 40 mg once daily 
for hip fracture or 30 mg bid for knee arthroplasty), 
semuloparin reduced any VTE or all-cause mortality 

subcutaneous administration and produces a dose-
proportional increase in anti-factor Xa activity and 
the aPTT. The drug is primarily cleared by the kid-
neys, where it is excreted intact. 

 Subcutaneous SR123781A, at doses ranging from 
0.25 to 4 mg once daily, was compared with enox-
aparin (40 mg once daily) in 1,023 patients under-
going elective hip arthroplasty.  98   SR123781A reduced 
the rate of VTE in a dose-dependent fashion and the 
rates of VTE with the 2.0- and 4.0-mg doses (7.0% and 
4.4%, respectively) were similar to that with enox-
aparin (8.7%). Major bleeding occurred in 0.6% 
and 5.8% of patients given the 2.0- and 4.0-mg doses 
of SR123781A, respectively, and in 0.6% of those 
given enoxaparin. A phase 2 study comparing two 
different doses of SR123781A with heparin plus a 
glycoprotein IIb/IIIa antagonist in 180 patients with 
non-ST-elevation ACS undergoing PCI has been 
completed, but the results have not been reported. 

 M118: Obtained by depolymerization of unfrac-
tionated heparin, M118 is a novel LMWH that has a 
mean molecular weight of 6,500 and an anti-factor Xa 
to anti-factor IIa ratio of 1.4.  99   The drug has a subcu-
taneous bioavailability of about 70% and a half-life of 
about 1 h after IV administration and 2 to 3 h after 
subcutaneous delivery. The anticoagulant activity is 
reversed with protamine sulfate and can be moni-
tored using the aPTT. 

 In the phase 2 EMINENCE study, 503 patients 
undergoing PCI were randomized to receive either 
IV M118 (in doses of 50, 75, or 110 units/kg) or 
70 units/kg of unfractionated heparin.  100   The primary 
end point (a composite of death, MI, stroke, throm-
bocytopenia, catheter thrombus, bailout use of a gly-
coprotein IIb/IIIa antagonist, or any bleeding up to 
20 days) occurred in 31.1% of patients given heparin 
and in 22.7%, 28.3%, and 30.1% of those randomized 
to the 50, 75, or 110 units/kg dose of M118, respec-
tively. The rates of adverse events were similar across 
all study groups. 

 Semuloparin: An ultra-LMWH, semuloparin is 
synthesized from unfractionated heparin by selective 
and controlled depolymerization. With a mean 
molecular weight of 2,000 to 3,000, most of the sem-
uloparin molecules are too short to bridge anti-
thrombin to thrombin. Consequently, semuloparin 
has high anti-factor Xa activity and only minimal 
activity against thrombin. The drug is administered 
subcutaneously and exhibits 98% bioavailability. Peak 
plasma levels are achieved 3 h after subcutaneous 
injection and the half-life is 16 to 20 h, which enables 
once-daily administration. Excretion of the drug is 
primarily via the kidneys. 

 In phase 3 trials, semuloparin has been evaluated 
for postoperative thromboprophylaxis after hip or 
knee arthroplasty or after surgery for hip fracture, 
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site of factor Xa ( Table 7  ). The large number of oral 
factor Xa inhibitors highlights the continued focus on 
development of oral anticoagulants that can replace 
vitamin K antagonists, such as warfarin. 

 DX-9065a: A synthetic nonpeptidic direct factor Xa 
inhibitor, DX9065a is administered parentally, has a 
dose-dependent half-life that ranges from 40 min to 
5 h, and is cleared by the kidneys.  109-111   DX9065a 
was evaluated in patients with non-ST-elevation 
ACS and in patients undergoing PCI. In the ACS trial, 
402 patients were randomized to weight-adjusted 
heparin or to low- or high-dose DX-9065a.  112   The pri-
mary effi cacy end point, a composite of death, MI, 
urgent revascularization, or ischemia, occurred in 
33.6%, 34.3%, and 31.3% of patients, respectively. 
Major bleeding occurred in 3.3% of those random-
ized to heparin and in  ,  1% of those who received 
DX-9065a. In the PCI trial, 175 patients were ran-
domized to open-label DX-9065a or to heparin in 
one of four sequential phases.  113   Although thrombotic 
events were rare in all phases of the study, enrollment 
in the phase evaluating the lowest dose of DX-9065 
was stopped because of catheter thrombosis. Major 
bleeding events were uncommon, and there was no 
apparent dose response. Although promising, DX9065a 
has not undergone further clinical evaluation. 

 Otamixaban: A parenteral direct factor Xa inhib-
itor, otamixaban has a rapid onset of action, produces 
a predictable anticoagulant effect, has a short half-life, 
and  ,  25% of the drug is cleared by the kidneys.  114,115   
These features render otamixaban as a potential can-
didate to replace heparin in patients with ACS and 
those undergoing PCI. This possibility was evaluated 
in two phase 2 dose-fi nding trials. 

 The Study of Otamixaban vs Unfractionated Hep-
arin (UFH) and Eptifi batide in Percutaneous Coro-
nary Intervention (SEPIA-PCI) trial compared fi ve 
different doses of otamixaban with unfractionated 
heparin in 947 patients undergoing nonurgent PCI.  116   
The primary outcomes were change in blood levels 
of prothrombin fragment 1.2 (F1.2) and anti-factor 
Xa activity. The highest dose of otamixaban produced 
greater suppression of F1.2 than unfractionated 

by almost one-third (OR, 0.70; 95% CI, 0.58-0.85; 
 P   5  .0003) with similar rates of major or clinically 
relevant nonmajor bleeding (1.7% and 1.8%, respec-
tively; OR, 0.95; 95% CI, 0.60-1.50).  105   In the 
SAVE-HIP3 trial, 509 patients undergoing surgery 
for hip fracture all received semuloparin for 7 to 
10 days, and 469 patients were then randomized in 
a 2:1 fashion to either continued semuloparin or 
to placebo for an additional 19 to 23 days.  106   In the 
332 patients with evaluable venograms, the primary 
effi cacy end point, a composite of VTE or all-cause 
mortality, occurred in 3.9% of those randomized to 
extended semuloparin and in 18.6% of those given 
placebo (OR, 0.18; 95% CI, 0.07-0.45;  P   ,  .001). The 
rates of major bleeding and clinically relevant non-
major bleeding with semuloparin were both 0.3%; 
there were no bleeding events with placebo. 

 In the SAVE-ABDO trial, semuloparin (20 mg 
once daily started 8 h after surgery) was compared 
with enoxaparin (40 mg once daily started 12 to 24 h 
after surgery) in 4,413 patients undergoing major 
abdominal surgery who were  .  60 years of age or, if 
younger, had risk factors for VTE.  107   Both treatments 
were administered for 7 to 10 days. Originally con-
ceived as a superiority trial, there was revision to a 
noninferiority design after an interim analysis. In the 
3,030 patients with evaluable venograms, the primary 
effi cacy end point, a composite of VTE or all-cause 
mortality, occurred in 6.3% of those randomized to 
semuloparin and in 5.5% of those given enoxaparin 
(OR, 1.16; 95% CI, 0.84-1.59), a difference that failed 
to meet the prespecifi ed noninferiority margin of 
1.25. The rates of major VTE (proximal DVT or PE) 
or all-cause mortality were 2.2% and 2.3% with sem-
uloparin and enoxaparin, respectively. Major bleeding 
occurred in 2.9% of patients given semuloparin and 
in 4.5% of those given enoxaparin, whereas the rates 
of clinically relevant nonmajor bleeding were 1.2% in 
both groups. 

 The SAVE-ONCO trial compared semuloparin 
(20 mg once daily) with placebo in  .  3,000 patients 
with cancer who were receiving chemotherapy.  108   
Although the trial has been completed, the results 
have not been reported. 

 Overall, the results with semuloparin have been 
mixed. The need for a new injectable anticoagulant in 
this patient population is limited, given the avail-
ability of new oral anticoagulants. The disappointing 
results of the SAVE-ABDO trial suggest that the 
20 mg once daily dose of semuloparin is inappro-
priate for all thromboprophylactic indications. 

 3.2.2.2 Direct Factor Xa Inhibitors—  Direct factor 
Xa inhibitors include parenteral agents, such as 
DX9065a and otamixaban, as well as several orally 
active drugs. All of the direct factor Xa inhibitors 
are small molecules that reversibly block the active 

 Table 7— [Section 3.2.2.2] Direct Factor Xa Inhibitors  

Drug
Route of 

Administration Stage of Development

DX-9065a IV Stopped at phase 2
Otamixaban IV Phase 3
Apixaban Oral Phase 3
Rivaroxaban Oral Phase 3; licensed for some indications
Edoxaban Oral Phase 3
Darexaban Oral Halted
Betrixaban Oral Phase 2
TAK-442 Oral Phase 2
LY-517717 Oral Halted
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for prevention of recurrent ischemia in patients 
with ACS. The drug is licensed in the United States, 
Canada, and Europe for VTE prevention after hip or 
knee arthroplasty and is under consideration for 
approval for VTE treatment and for stroke preven-
tion in atrial fi brillation. 

 Apixaban: An oral direct factor Xa inhibitor, apixa-
ban is an active drug with an oral bioavailability 
of  .  45%. Like rivaroxaban, apixaban inhibits both 
free and clot-associated factor Xa activity.  122   In healthy 
men, levels of apixaban in plasma peak about 3 h after 
oral administration, and the drug is cleared with a 
terminal plasma half-life of 8 to 14 h.  123   Apixaban is 
eliminated via multiple pathways, including oxidative 
metabolism and renal and intestinal routes. Potent 
inhibitors of CYP3A4, such as ketoconazole or ritona-
vir, are contraindicated because they increase plasma 
drug concentrations. 

 Prevention of VTE: Apixaban has been evaluated 
for VTE prevention in three phase 3 randomized 
controlled trials: two in patients undergoing knee 
arthroplasty (n  5  6,252) and one in patients under-
going hip arthroplasty (n  5  5,407). All three trials 
used the same apixaban dose regimen of 2.5 mg bid 
starting 12 to 24 h after surgery, which was adminis-
tered for 10 to 14 days in patients undergoing knee 
arthroplasty and for 35 days in those undergoing hip 
arthroplasty. In the ADVANCE-1 trial, apixaban was 
similarly effective to enoxaparin 30 mg bid (starting 
12-24 h after surgery) for the prevention of total VTE 
or all-cause mortality (9.0% and 8.8%, respectively; 
RR, 1.02; 95% CI, 0.78-1.32) in patients undergoing 
knee arthroplasty, although the prespecifi ed statis-
tical criteria for noninferiority were not met.  124   In the 
ADVANCE-2 trial, apixaban was superior to enox-
aparin 40 mg once daily (starting 12 h preoperatively) 
for the prevention of total VTE or all-cause mortality 
(1.51% and 24.4%, respectively; RR, 0.62; 95% CI, 
0.51-0.78;  P   ,  .0001) in patients undergoing knee 
arthroplasty.  125   In the ADVANCE-3 trial, patients 
undergoing hip arthroplasty were randomized to 
apixaban or enoxaparin (40 mg once daily starting 
12 h preoperatively) for 35 days.  126   Once again, 
apixaban was superior to enoxaparin (1.4% and 3.9%, 
respectively; RR, 0.36; 95% CI, 0.22-0.54;  P   ,  .001). 
Rates of major or clinically relevant nonmajor bleed-
ing were numerically lower with apixaban than with 
enoxaparin in all three trials, but the differences only 
reached statistical signifi cant in the ADVANCE-1 
trial. Based on the results of the ADVANCE-2 and 
ADVANCE-3 trials, apixaban was approved by the 
European Commission for prevention of VTE in 
patients undergoing elective hip or knee replacement 
surgery. 

 Apixaban also was evaluated for thromboprophy-
laxis in medical patients. In the phase 3, multicenter, 

heparin, and increasing doses of otamixaban were 
associated with increasing anti-Xa levels. Otamixaban 
also had a dose-dependent effect on rates of any 
bleeding, which were signifi cantly higher with the 
two highest otamixaban doses than with unfraction-
ated heparin. Rates of ischemic events were similar 
across treatment groups. 

 The Study of Otamixaban vs Unfractionated Hep-
arin and Eptifi batide in Non-ST Elevation Acute 
Coronary Syndrome (SEPIA-ACS)-1-TIMI 42 trial 
compared fi ve different doses of otamixaban with 
the combination of heparin plus eptifi batide for 
the prevention of major cardiovascular events in 
3,241 patients with non-ST-elevation ACS.  117   All 
patients received aspirin and clopidogrel and 62.7% 
underwent PCI. Although the rates of the primary 
effi cacy outcome, a composite of death, MI, urgent 
revascularization, or bailout glycoprotein IIb/IIIa 
use at 7 days, were not signifi cantly different across 
the fi ve doses of otamixaban or compared with hep-
arin plus eptifi batide, rates were numerically lowest 
with the two intermediate doses of otamixaban. The 
lowest-dose otamixaban arm was stopped early 
because of excess thrombotic complications, and the 
rates of thrombotic complications were numerically 
higher with all doses of otamixaban than with heparin 
plus eptifi batide. Otamixaban was associated with a 
signifi cant dose-dependent increase in the primary 
safety outcome, non-coronary artery bypass graft sur-
gery-related TIMI major or minor bleeding, but 
bleeding rates with intermediate doses of otamixaban 
were similar to those with heparin plus eptifi batide. 
On the basis of these results, a phase 3 trial of the 
same design has been initiated; this trial will evaluate 
two different doses of otamixaban.  118   

 Rivaroxaban: A direct factor Xa inhibitor, rivar-
oxaban is an active compound with about 80% 
oral bioavailability. Plasma levels of rivaroxaban peak 
2 to 3 h after administration, and the terminal half-
life is 7 to 11 h.  119,120   Rivaroxaban is eliminated by the 
kidneys and in the feces. One-third of the adminis-
tered drug is cleared as unchanged active drug by the 
kidneys, one-third is metabolized by the liver via 
CYP3A4-dependent and CYP3A4-independent path-
ways and then excreted in feces, and one-third is 
metabolized to inactive metabolites, which are then 
excreted by the kidneys. The pharmacokinetic and 
pharmacodynamic profi le of rivaroxaban is predict-
able and dose-dependent and is not infl uenced by 
age, gender, or body weight. Potent inhibitors of both 
CYP3A4 and P-glycoprotein, such as ketoconazole or 
ritonavir, are contraindicated because they increase 
plasma drug concentrations. 

 As outlined in Ageno et al,  121   rivaroxaban has been 
investigated for the prevention and treatment of 
VTE, for stroke prevention in atrial fi brillation, and 
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5,600 patients with atrial fi brillation who were ineli-
gible for vitamin K antagonist treatment or could not 
tolerate such therapy.  131   Compared with aspirin, 
treatment with apixaban reduced the rate of stroke 
or systemic embolism from 3.6% to 1.6% (RR, 0.46; 
95% CI, 0.33-0.64). Rates of major bleeding were 
similar with apixaban and aspirin (1.4% and 1.2%, 
respectively). 

 Acute coronary syndromes: In the phase 2 Apixa-
ban for Prevention of Acute Ischemic and Safety 
Events (APPRAISE) study, varying doses of apixa-
ban (2.5 mg bid, 10 mg once daily, 10 mg bid, or 
20 mg once daily) were compared with placebo in 
1,715 patients with recent ST-elevation or non-ST-
elevation ACS.  132   Nearly all patients received aspirin, 
and 76% also received clopidogrel. The primary out-
come was bleeding. Recruitment into the two higher 
dose arms of apixaban was stopped early because of 
excess bleeding. Compared with placebo, apixaban 
(2.5 mg bid and 10 mg once daily) increased bleeding 
in a dose-dependent fashion. There was a trend for 
fewer ischemic events in patients given apixaban, 
a phenomenon that was attenuated in those taking 
aspirin plus clopidogrel compared with those 
receiving aspirin alone. Building on these phase 
2 results, the multicenter, double-blind, random-
ized phase 3 APPRAISE-2 trial compared apixaban 
(5 mg bid) with placebo as adjuncts to antiplatelet 
therapy with aspirin with or without a thienopyri-
dine for prevention of recurrent ischemic events in 
7,392 patients with ACS.  133   The trial was stopped 
early because of excess bleeding, including intracra-
nial bleeding when apixaban was given in conjunc-
tion with dual antiplatelet therapy, and no evidence 
of effi cacy. 

 Edoxaban: An active drug with an oral bioavail-
ability of at least 50%, edoxaban is rapidly absorbed 
from the gastrointestinal tract such that plasma con-
centrations peak 1 to 2 h after dosing. Elimination 
follows a biphasic pattern, and the terminal elimina-
tion half-life is approximately 8 to 10 h.  134   There is a 
dual mechanism of elimination; approximately 35% 
of the total administered oral dose is excreted via the 
kidneys, and the remainder is eliminated in the 
feces.  134   

 Prevention of VTE: In a phase 2 dose-ranging 
study conducted in Japan, oral edoxaban (5, 15, 30, or 
60 mg once daily) was compared with placebo in 
593 patients undergoing knee arthroplasty.  135   Treat-
ment was given for 11 to 14 days. Compared with 
placebo, edoxaban produced a signifi cant and dose-
related reduction in the primary effi cacy end point, 
total VTE, which was reduced from 48.3% to 29.5%, 
26.2%, 12.5%, and 9.1% with the 5-, 15-, 30-, and 
60-mg dose of edoxaban, respectively. The rates of 
major plus clinically relevant nonmajor bleeding 

double-blind, randomized ADOPT trial, a 30-day 
regimen of apixaban (2.5 mg bid) was compared 
with enoxaparin (40 mg once daily, given for 6 to 
14 days) in acutely ill medical patients.  127   At 30 days, 
the primary effi cacy outcome (a composite of symp-
tomatic VTE, asymptomatic proximal DVT detected 
by routine ultrasonography or VTE-related mortality) 
occurred in 2.71% of patients given apixaban and in 
3.06% of those treated with enoxaparin (RR, 0.87; 
95% CI, 0.62-1.23). By day 30, rates of major bleeding 
in the apixaban and enoxaparin groups were 0.47% 
and 0.19%, respectively (RR, 2.58; 95% CI, 1.02-7.24; 
p  5  .04). Therefore, extended thromboprophylaxis 
with apixaban was not superior to a shorter course 
with enoxaparin, and there was more bleeding with 
apixaban. 

 Treatment of VTE: The phase 3 multicenter, 
double-blind, randomized AMPLIFY trial is com-
paring apixaban (10 mg bid for 1 week followed by 
5 mg bid thereafter) with conventional anticoagulant 
therapy (heparin or LMWH followed by dose-
adjusted warfarin) for treatment of patients with 
acute VTE.  128   The phase 3 multicenter, double-blind, 
randomized AMPLIFY-EXT trial is comparing apixa-
ban (at doses of either 2.5 or 5 mg bid) with placebo 
for prevention of recurrent VTE in patients who have 
completed a minimum of a 6-month course of antico-
agulation therapy for a fi rst episode of VTE.  129   

 Stroke prevention in atrial fi brillation: The multi-
center, double-blind, randomized phase 3 Apixaban 
for Reduction in Stroke and Other Thromboembolic 
Events in Atrial Fibrillation (ARISTOTLE)   trial 
compared apixaban (5 mg bid) with warfarin (dose-
adjusted to achieve an INR of 2-3) in 18,201 patients 
with atrial fi brillation with at least one additional risk 
factor for stroke.  130   The rate of primary effi cacy out-
come, a composite of stroke (ischemic or hemor-
rhagic) and systemic embolism, was 1.27% per year 
in the apixaban group and 1.60% per year in the war-
farin group (HR, 0.79; 95% CI, 0.66-0.95;  P   ,  .001 
for noninferiority and  P   ,  .01 for superiority). Annual 
rates of major bleeding with apixaban and warfarin 
were 2.13% and 3.09%, respectively (HR, 0.69; 
95% CI, 0.60-0.80;  P   ,  .001) and rates of hemorrhagic 
stroke were 0.24% and 0.47%, respectively (HR, 0.51; 
95% CI, 0.35-0.75;  P   ,  .001). The rates of ischemic 
stroke were similar with apixaban and warfarin 
(0.97% and 1.05%, respectively). All-cause mor-
tality was lower with apixaban than with warfarin 
(3.52% and 3.94%, respectively;  P   5  .047). Therefore, 
apixaban was superior to warfarin in preventing 
stroke and systemic embolism and produced less 
bleeding. Enrollment has been completed and patients 
are now undergoing follow-up. In the multicenter, 
double-blind, phase 3 AVERROES trial, the same 
apixaban regimen was compared with aspirin in 
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12 months depending on whether the VTE is pro-
voked or unprovoked.  138   

 Stroke prevention in atrial fi brillation: In a phase 2 
trial, edoxaban (at doses of 30 or 60 once daily or 30 
or 60 mg bid) was compared with warfarin in 
1,146 patients with atrial fi brillation. The rates of the 
primary end point, the composite of major plus clini-
cally relevant nonmajor bleeding, were signifi cantly 
higher in the groups randomized to 30 or 60 mg of 
edoxaban bid than the rate in patients given warfarin 
(7.8%, 10.6%, and 3.2%, respectively). In contrast, 
the rates with 30 or 60 mg of edoxaban once daily 
were similar to that with warfarin (3.0% and 3.8%, 
respectively).  139   Based on these data, the phase 3 
double-blind ENGAGE-AF-TIMI 48 trial is com-
paring two doses of edoxaban (30 or 60 mg once daily 
with dose adjustments for drug clearance) with war-
farin (dose adjusted to achieve a target INR of 2-3) 
for stroke prevention in 21,500 patients with atrial 
fi brillation.  140   Enrollment into the trial has been com-
pleted and patients are now being followed in this 
event-driven trial. 

 Darexaban: An oral inhibitor that inhibits factor Xa 
with a Ki of 31 nM, darexaban (formerly known as 
YM150) has high oral bioavailability, and drug levels 
peak about 2 h after oral drug administration. The 
half-life of darexaban is 14 to 18 h. Darexaban has a 
dual mechanism of elimination; one-half is eliminated 
via the kidneys and the remainder in the feces. 

 Prevention of VTE: Darexaban was fi rst evaluated 
in 174 patients undergoing elective hip arthroplasty.  141   
At once-daily doses of 3, 10, 30, or 60 mg, darexaban 
produced a statistically signifi cant dose response for 
effi cacy. No major bleeding events were reported 
and there was no dose-response trend for clinically 
relevant nonmajor bleeding. In a second phase 2 
dose-fi nding study, 1,017 patients undergoing elec-
tive hip arthroplasty were randomized to once-daily 
oral darexaban (at doses of 5, 10, 30, 60, or 120 mg) 
or to subcutaneous enoxaparin (40 mg once daily 
starting 12 h prior to surgery) for 5 weeks. The pri-
mary effi cacy end point, a composite of VTE or all-
cause mortality, occurred in 18.9% of patients given 
enoxaparin. Darexaban reduced the rate of VTE in a 
dose-dependent fashion and the rates in the 30-, 60-, 
and 90-mg dose groups were 19.3%, 13.3%, and 14.5%, 
respectively. There was one major bleeding event with 
the 60-mg dose of darexaban and one with enoxaparin. 
Ongoing dose-fi nding studies were comparing once-
daily and bid regimens of darexaban with enox-
aparin for VTE prevention after hip arthroplasty  142   
and with warfarin in patients undergoing knee arthro-
plasty.  143   Although there was an initial fi ling in Japan for 
darexaban use for VTE prevention in the orthopedic 
setting, the application was withdrawn because the 
regulatory agency requested additional clinical trials. 

were similar across all treatment groups, and there 
was no signifi cant difference in the rates with edoxa-
ban and that with placebo. 

 A second phase 2 study compared oral edoxaban 
(in doses of 15, 30, 60, or 90 mg once daily) with sub-
cutaneous dalteparin (at an initial dose of 2,500 units, 
followed by 5,000 units once daily thereafter) in 
903 patients undergoing hip arthroplasty. Both treat-
ments were given for 7 to 10 days.  136   The rates of the 
primary effi cacy end point, total VTE, with edoxaban 
were 28.2%, 21.2%, 15.2%, and 10.6% in the 15-, 30-, 
60-, and 90-mg dose groups, respectively, compared 
with a rate of 43.8% with dalteparin ( P   ,  .005). The 
incidences of clinically relevant nonmajor bleeding 
were low and similar across all treatment groups.  136   

 Building on these phase 2 results, oral edoxaban 
(30 mg once daily) was compared with subcutaneous 
enoxaparin in three double-blind phase 3 trials con-
ducted in Japan. In the fi rst trial, edoxaban was com-
pared with enoxaparin (20 mg bid, the licensed dose 
in Japan) in 716 patients undergoing knee arthro-
plasty. Edoxaban was started 6 to 24 h after surgery, 
whereas enoxaparin treatment was initiated 24 to 
36 h after surgery, which is the standard-of-care in 
Japan; both treatments were given for 11 to 14 days. 
The rate of the primary effi cacy end point, total VTE, 
was lower with edoxaban than with enoxaparin 
(7.4% and 13.9%, respectively;  P   5  .01). Rates of the 
primary safety end point, the composite of major and 
clinically relevant nonmajor bleeding, were similar 
in both groups.  135   In the second trial, the same regi-
mens of edoxaban and enoxaparin were compared in 
610 patients undergoing knee arthroplasty in Japan. 
The primary effi cacy outcome, total VTE, in the 
edoxaban and enoxaparin groups was 2.4% and 
6.9%, respectively (absolute risk difference,  2 4.5%; 
95% CI,  2 8.6% to  2 0.9%;  P   ,  .001 for noninferiority; 
 P   5  .016 for superiority). Rates of major plus clini-
cally relevant nonmajor bleeding with edoxaban and 
enoxaparin were 2.6% and 3.7%, respectively, a dif-
ference that was not statistically signifi cant.  137   The 
third trial compared the same regimens of edoxaban 
and enoxaparin in patients undergoing surgery for 
hip fracture. Although the trial has been completed, 
the data have not yet been presented. Based on the 
results of these three studies, regulatory fi ling for 
prophylactic edoxaban in patients undergoing major 
orthopedic surgery has been submitted in Japan. 

 Treatment of VTE: The phase 3 double-blind 
HOKUSAI trial is comparing edoxaban 60 mg once 
daily (reduced to 30 mg once daily in selected patients) 
with warfarin (dose adjusted to achieve a target INR 
of 2-3) for treatment of VTE. Patients are randomized 
to edoxaban or warfarin after they have completed an 
initial course of therapy with heparin or LMWH for 
at least 5 days. Study drug is administered for 3, 6, or 
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those given warfarin. It is unclear whether betrixa-
ban will be taken to phase 3 for this indication. 

 TAK-442: With good oral bioavailability, TAK-442 
is specifi c for factor Xa and inhibits the enzyme with 
a Ki of 1.8 nM. In healthy volunteers, TAK-442 pro-
duces a predictable and dose-proportional level of 
anticoagulation with a time to peak plasma concen-
tration of 1 to 2 h and an elimination half-life of 9 to 
13 h.  146   In a phase 2 dose-fi nding study, oral TAK-442 
(in doses of 40 or 80 mg once daily or 10, 20, 40, or 
80 mg bid) was compared with subcutaneous enox-
aparin (30 mg bid) in 1,038 patients undergoing knee 
arthroplasty.  148   Both treatments were given for 10 to 
14 days. The primary effi cacy end point was com-
posite of total VTE and all-cause mortality, whereas 
the primary safety end point was major bleeding. 
Recruitment into the TAK-442 10- and 20-mg bid 
arms of the study was stopped early because the rates 
of the primary effi cacy end point were higher than 
that with enoxaparin (39.0%, 38.4%, and 22.0%, 
respectively). The primary effi cacy end point occurred 
in 23.5%, 21.4%, 26.8%, and 14.3% of those receiving 
TAK-442 40 mg once daily, 40 mg bid, 80 mg once 
daily, or 80 mg bid, respectively. Rates of major 
bleeding were low and the rates of major plus clini-
cally relevant nonmajor bleeding were similar across 
all treatment groups.  147   

 A phase 2 dose-fi nding study compared varying 
doses and regimens of TAK-442 with placebo in 
patients with ACS, most of whom were also taking 
aspirin and clopidogrel.  149   Although the study has 
been completed, the results have not been reported. 

 LY-517717: With oral bioavailability of 25% to 
82%, LY-517717 inhibits factor Xa with a Ki of 5 to 
7 nM. LY-517717 has a half-life of about 25 h and is 
given once daily.  146   LY-517717 was evaluated in 
a phase 2 noninferiority study that randomized 
511 patients undergoing hip or knee arthroplasty to 
one of six doses of LY-517717 (25, 50, 75, 100, 125, or 
150 mg started 6 to 8 h after wound closure) or to 
once-daily subcutaneous enoxaparin (40 mg started 
the evening before surgery).  150   Both treatments were 
administered for a total of 6 to 10 doses. Randomiza-
tion to the three lower doses of LY-517717 was 
stopped early due to lack of effi cacy. The three higher 
doses of LY-517717 had effi cacy similar to that of enox-
aparin (17.1% to 24.0%, and 22.2%, respectively). 
Adjudicated major bleeding events were uncommon 
in all study arms. Further development of LY-517717 
has been halted. 

 3.3 Factor Va and VIIIa Inhibitors 

 Factor Va is the major target of activated protein C. 
Activated protein C acts as an anticoagulant by pro-
teolytically degrading and inactivating factor Va, 

 Stroke prevention in atrial fi brillation: In a phase 2 
dose-fi nding study, once-daily darexaban (at doses 
of 30, 60, 120, or 240 mg) was compared with warfa-
rin in 448 patients with atrial fi brillation. The warfa-
rin dose was adjusted to achieve an INR of 2.0 to 
3.0 for those up to age 69 years and an INR of 1.6 to 
2.6 for those  �  70 years. Recruitment into the 
240-mg darexaban dose arm was stopped early 
because of excess bleeding. Rates of major or clini-
cally relevant nonmajor bleeding with the 30-, 60-, 
and 120-mg doses of darexaban were 2.2%, 2.2%, 
and 3.2%, respectively, whereas the rate was 2.1% 
with warfarin. A larger phase 2 dose-fi nding study is 
underway.  144   

 Acute coronary syndrome: A phase 2 dose-fi nding 
study compared darexaban with placebo for preven-
tion of recurrent ischemic events in 1,279 stabilized 
patients with acute coronary syndrome.  145   Three 
doses of darexaban were tested (10, 30, or 60 mg), 
with each dose given either four times or bid. The 
primary end point was a composite of major and clin-
ically relevant nonmajor bleeding. All darexaban reg-
imens produced more bleeding than placebo. With 
the 30-mg twice-daily dose, the rate of bleeding was 
11.3% compared with 3.1% with placebo (HR, 3.8; 
 P   5  .002). There was no difference in effi cacy between 
darexaban and placebo. Because of these results and 
the lack of a clear advantage of darexaban over other 
oral factor Xa inhibitors, development of darexaban 
has been halted. 

 Betrixaban: With oral bioavailability of 47% and a 
half-life of 19 h, betrixaban inhibits factor Xa with a 
Ki of 0.12 nM. The drug has minimal renal excretion. 
Betrixaban had antithrombotic activity in animal 
models and was well tolerated in humans in a phase 1 
trial that included 64 subjects.  146   

 Prevention of VTE: In the phase 2 EXPERT trial, 
oral betrixaban, at doses of 15 or 40 mg bid, was com-
pared with subcutaneous enoxaparin (30 mg bid) for 
postoperative thromboprophylaxis in 215 patients 
undergoing elective knee arthroplasty.  147   Randomiza-
tion was done in a 2:2:1 fashion and treatment was 
given for 10 to 14 days. VTE occurred in 20% and 
15% of patients given 15 or 40 mg of betrixaban, 
respectively, and in 10% of those given enoxaparin. 
There were no major bleeding events in the 171 patients 
given betrixaban, and there was one major bleeding 
event in the 43 patients given enoxaparin. 

 Stroke prevention in atrial fi brillation: In the 
phase 2, EXPLORE-Xa study, oral betrixaban (at doses 
of 40, 60, or 80 mg once daily) was compared with 
warfarin (dose-adjusted to achieve and INR of 2-3) in 
506 patients with atrial fi brillation. Major or clinically 
relevant nonmajor bleeding occurred in 1, 5, and 
4 patients in the groups of patients given 40, 60, or 
80 mg of betrixaban, respectively, and in four of 
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4.3% of the 94 patients given lower dose Recomodu-
lin and in none of the 99 patients receiving the higher 
dose.  155   Major bleeding occurred in 1.6% and 5.7% 
of patients receiving low- or high-dose Recomodu-
lin, respectively. In a double-blind study, Reco-
modulin was compared with placebo in 750 patients 
with sepsis associated with disseminated intravascular 
coagulation. Although the study has been completed, 
the results are not available. 

 3.3.3 Solulin:   Another recombinant analog of 
thrombomodulin, low-dose solulin is being explored 
as an adjunctive treatment of patient with hemo-
philia. Solulin appears to stabilize thrombi in animal 
models of hemophilia, likely by promoting the activa-
tion of thrombin activatable fi brinolysis inhibitor 
(TAFI). Once activated, TAFIa releases lysine resi-
dues from the COOH-termini of the polypeptide 
chains of degrading fi brin. This phenomenon attenu-
ates fi brin breakdown because these lysine residues 
serve as binding sites for plasmin. Studies in humans 
with hemophilia have not yet been initiated. 

 3.3.4 TB-402:   A human IgG 4  monoclonal antibody 
that partially inhibits factor VIIIa, TB-402 was gener-
ated by introducing a point mutation into the gene 
encoding MAB-LE2E9, a factor VIII-directed mono-
clonal antibody.  156,157   TB-402 does not affect the 
interaction of factor VIII with von Willebrand factor, 
but it inhibits factor VIII activity by about 40%.  158   The 
antibody has a half-life of about 3 weeks, which may 
enable prolonged VTE prophylaxis with a single dose. 

 In a phase 1 study in healthy volunteers, increasing 
doses of TB-402 decreased factor VIII activity to pla-
teau levels that were one-third to two-thirds lower 
than baseline.  158   The aPTT was correspondingly pro-
longed and remained so for at least 4 weeks, consis-
tent with the long half-life. In a phase 2 study, a single 
dose of IV TB-402 (0.3, 0.6, or 1.2 mg/kg) was com-
pared with enoxaparin in 316 patients undergoing knee 
arthroplasty.  159   All patients received a 40-mg subcu-
taneous dose of enoxaparin 12 h prior to surgery; they 
were then randomized to receive either TB-402 or 
enoxaparin 18 to 24 h after the procedure. The primary 
outcome, major or clinically relevant nonmajor 
bleeding, occurred in 3.8% of patients given enox-
aparin and in 4.0%, 5.4%, and 8.0% of those given 
TB-402 at the 0.3-, 0.6-, and 1.2-mg/kg dose, respec-
tively. The primary effi cacy outcome, total VTE, 
occurred in 39.0% of the patients given enoxaparin 
and in 16.7%, 23.9%, and 24.1% of those receiving 
TB-402 at doses of 0.3, 0.6, and 1.2 mg/kg, respec-
tively. Thus, there was no dose-response trend for 
effi cacy with TB-402, but there was a dose-dependent 
increase in bleeding. At a dose of 0.3 mg/kg, TB-402 
appeared to have effi cacy and safety similar to that of 

a key cofactor in thrombin generation. Factor Va is 
directly inhibited by drotrecogin alfa (activated), a 
recombinant form of activated protein C. Recomod-
ulin, previously known as ART-123, and solulin are 
recombinant analogs of the extracellular domain of 
thrombomodulin that binds thrombin and enhances 
its capacity to activate protein C. Solulin differs from 
Recomodulin in that targeted amino acid substitu-
tions render it relatively resistant to oxidation or pro-
tease degradation. TB-402 is a factor VIIIa-directed 
monoclonal antibody ( Table 8  ). 

 3.3.1 Drotrecogin Alfa (Activated):   A recombinant 
form of activated protein C, drotrecogin is licensed 
for treatment of patients with severe sepsis. Approval 
for this indication was based on a trial comparing 
drotrecogin with placebo in 1,690 patients with severe 
sepsis.  151   When given as an infusion of 24  m g/kg/h 
over 96 h, drotrecogin produced a 19% reduction in 
mortality at 28 days (from 30.8% to 24.7%;  P   5  .005). 
The rate of major bleeding was higher with drotrec-
ogin than with placebo (3.5% and 2%, respectively; 
 P   5  .06). Since approval, two additional clinical trials, 
one in adults with sepsis and a low risk of death and 
the other in children with sepsis, were stopped pre-
maturely due to lack of effi cacy and the potential 
to cause harm because of bleeding.  152,153   Because of 
these results, drotrecogin has recently been withdrawn 
from the market. 

 3.3.2 Recomodulin:   A recombinant analog of the 
extracellular domain of thrombomodulin,  154   Reco-
modulin binds thrombin and converts it from a pro-
coagulant enzyme into a potent activator of protein 
C. Recomodulin has nearly 100% bioavailability 
after subcutaneous administration and a half-life of 
2 to 3 days. In a phase 2a dose-ranging study in 
patients undergoing elective hip arthroplasty, the pri-
mary end point (a composite of venographically-
detected DVT and symptomatic PE) occurred in 

 Table 8— [Section 3.3] Inhibitors of Factor Va 
and/or VIIIa  

Drug
Route of 

Administration Mechanism of Action
Stage of 

Development

Drotrecogin IV Proteolytically degrades 
  and inactivates factors 

Va and VIIIa

Withdrawn 
  from 

market
Recomodulin Subcutaneous Binds thrombin and 

  promotes its activation 
of protein C

Phase 2

Solulin Subcutaneous Binds thrombin and 
  promotes activation 

of protein C

Phase 2

TB-402 IV Partially inhibits factor 
 VIIIa

Phase 2
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fl ovagatran is mainly cleared via an extrarenal mech-
anism, its pharmacokinetic profi le in patients with 
renal failure is reported to be similar to that in patients 
with normal renal function. Building on this property, 
fl ovagatran was investigated as an alternative to hep-
arin during hemodialysis in patients with end-stage 
renal disease who had antibodies directed against the 
heparin/PF4 complex. A small phase 2 study in 38 
such patients demonstrated that the drug produces a 
predictable anticoagulant effect that permits suc-
cessful hemodialysis. Plans for future development of 
fl ovagatran are uncertain. 

 3.4.2 Pegmusirudin:   A chemically modifi ed hirudin 
derivative, pegmusirudin is manufactured by cou-
pling two polyethylene glycol side chains to recombi-
nant hirudin.  162   These side chains prolong the half-life 
of hirudin from 60 min after IV bolus injection to 
about 12 h in patients with normal renal function. 
Like hirudin, pegmusirudin is cleared by the kidneys, 
and its half-life is prolonged in patients with renal 
insuffi ciency. Capitalizing on this feature, the drug 
underwent phase 2 evaluation to prevent access graft 
occlusion in patients with end-stage renal disease 
who were undergoing routine hemodialysis. Given IV 
prior to each dialysis session, pegmusirudin not only 
provided anticoagulation during dialysis but also pro-
duced continued anticoagulation between dialysis 
sessions. Because of its prolonged anticoagulant 
effect, pegmusirudin produced excessive bleeding, 
and the study was stopped early. It is unlikely that 
pegmusirudin will undergo further development. 

 3.4.3 Odiparcil:   An oral  b - d -xyloside, odiparcil 
primes the synthesis of circulating dermatan sulfate-
like glycosaminoglycans.  163   These glycosaminoglycans 
indirectly inhibit thrombin by catalyzing heparin 
cofactor II. Steady-state levels of glycosaminoglycans 
are achieved after 2 to 3 days of odiparcil administra-
tion. Like warfarin, therefore, odiparcil has a delayed 
onset of action. The anticoagulant activity of odiparcil 
can be partially reversed with protamine sulfate. In a 
phase 2 dose-fi nding trial, three different doses of oral 
odiparcil were compared with warfarin for thrombo-
prophylaxis in patients undergoing knee arthroplasty.  164   
Because of lack of effi cacy, further development of 
odiparcil was halted. 

enoxaparin. Additional studies are needed to confi rm 
these fi ndings. 

 3.4 Inhibitors of Fibrin Formation 

 Thrombin, the enzyme that converts fi brinogen to 
fi brin, can be inhibited indirectly or directly. Indirect 
inhibitors that are specifi c for thrombin act by cata-
lyzing heparin cofactor II. In contrast, direct throm-
bin inhibitors bind to the enzyme and block its 
interaction with substrates. 

 Direct thrombin inhibitors have properties that 
give them potential mechanistic advantages over 
indirect inhibitors.  160,161   First, because direct throm-
bin inhibitors do not bind to plasma proteins, they 
produce a more predictable anticoagulant response. 
Second, unlike heparin, direct thrombin inhibitors do 
not bind to PF4. Consequently, the anticoagulant 
activity of direct thrombin inhibitors is unaffected by 
the large quantities of PF4 released in the vicinity of 
platelet-rich thrombi. Finally, direct thrombin inhib-
itors inactivate fi brin-bound thrombin, as well as 
fl uid-phase thrombin. 

 Four parenteral direct thrombin inhibitors (lepiru-
din, desirudin, argatroban, and bivalirudin) have 
been licensed in North America for limited indica-
tions. Lepirudin and argatroban are approved for 
treatment of patients with heparin-induced thrombo-
cytopenia, whereas bivalirudin is licensed as an alter-
native to heparin in patients undergoing PCI with or 
without heparin-induced thrombocytopenia. Desiru-
din is approved for postoperative thromboprophylaxis 
in patients undergoing hip arthroplasty. Because 
these drugs are already licensed, they will not be dis-
cussed here. Flovagatran and pegmusirudin are par-
enteral direct thrombin inhibitors that have undergone 
phase 2 evaluation; neither has advanced to phase 3. 
There also are three new oral thrombin inhibitors: 
odiparcil, an indirect inhibitor whose development has 
been halted, and dabigatran etexilate and AZD0837, 
which are oral direct thrombin inhibitors ( Table 9  ). 

 3.4.1 Flovagatran:   A synthetic active site-directed 
small molecule formerly designated TGN 255, fl ova-
gatran reversibly inhibits thrombin. The drug exhibits 
predictable and dose-dependent pharmacokinetics 
after IV injection and has a short half-life. Because 

 Table 9— [Section 3.4] Thrombin Inhibitors  

Drug Route of Administration Mechanism of Action Stage of Development

Odiparcil Oral Primes the synthesis of dermatan 
 sulfate-like glycosaminoglycans

Halted

Dabigatran etexilate Oral Prodrug of dabigatran, a reversible 
 inhibitor of the active site of thrombin

Phase 3; licensed for some indications

AZD0837 Oral Prodrug of AR-HO67637, a reversible 
 inhibitor of the active site of thrombin

Phase 2
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lation.  166   Total bleeding events were similar or lower 
with all doses of AZD0837 than with warfarin (5.3% 
to 14.7% with AZD0837 and 14.5% with warfarin). 
Adverse events were similar in frequency with 
AZD0837 and warfarin, but there were more gastro-
intestinal side effects, including diarrhea and nausea, 
with AZD0837. The frequency of elevations in the 
level of alanine aminotransferase was similar with 
AZD0837 and warfarin. 

 The second phase 2 study compared the extended-
release formulation of AZD0837 (at doses of 150 
or 300 mg once daily) with standard therapy (con-
sisting of either nothing, aspirin, or clopidogrel), in 
131 patients with atrial fi brillation who were unwilling 
or unable to take a vitamin K antgonist.  167   Treatment 
was given for a median duration of 6 weeks. Minor or 
clinically relevant nonmajor bleeding events occurred 
in none of the patients given the 150-mg dose of 
AZD0837, in fi ve of those treated with the 300-mg 
dose, and in six of the patients receiving standard 
therapy. There were no major bleeding events. Side 
effects of AZD0837 include dyspepsia and a revers-
ible elevation in the serum creatinine level that 
appears to be the result of decreased inhibition of the 
tubular secretion of creatinine.  168   Despite the prom-
ising clinical results with AZD0837, phase 3 trials 
have not yet been initiated. 

 4.0 Fibrinolytic Therapy 

 Although traditional antithrombotic strategies have 
been aimed at inhibiting platelet function or blocking 
coagulation, a better understanding of fi brinolysis has 
identifi ed potential methods to enhance endogenous 
fi brinolytic activity and has led to the development of 
new fi brinolytic agents. Strategies to enhance endog-
enous fi brinolysis include inhibitors of type 1 plas-
minogen activator (PAI-1), urokinase plasminogen 
activator   (u-PA), TAFIa, or activated factor XIII 
(factor XIIIa). New fi brinolytic agents include alfi me-
prase, V10153, plasmin, and desmoteplase ( Table 10  ). 

 3.4.4 Dabigatran Etexilate:   A prodrug of dabiga-
tran, dabigatran etexilate has an oral bioavailability of 
about 6%. After absorption, dabigatran etexilate is 
rapidly and completely converted to dabigatran by 
esterases. Plasma levels of dabigatran peak 2 h after 
drug administration, and the half-life of dabigatran is 
14 to 17 h. The elimination is mainly via the kidneys, 
with 80% of the drug excreted unchanged in the 
urine. Dabigatran exhibits predictable pharmacoki-
netics and pharmacodynamics with little effect of 
food. Drug-drug interactions are limited; potent 
P-glycoprotein inhibitors, such as quinidine, are 
contraindicated. 

 As detailed by Ageno et al,  121   dabigatran etexilate 
has been evaluated for the prevention and treatment 
of VTE and as an alternative to warfarin for stroke 
prevention in patients with atrial fi brillation. The 
drug is licensed in the United States, Canada, and 
Europe for stroke prevention in patients with atrial 
fi brillation and in Canada and in Europe for VTE 
prevention after hip or knee arthroplasty. 

 3.4.5 AZD0837:   A follow-up to ximelagatran, 
AZD0837 is a prodrug, which undergoes rapid 
metabolism by CYP isoenzymes, including CYP2C9, 
CYP2C19, and CYP3A4, to AR-H69927, an interme-
diate that is then converted to AR-H067637, a selec-
tive and reversible direct inhibitor of thrombin.  161   
The half-life of AR-H067637 is 9 to 14 h in healthy 
subjects and AZD0837 and its metabolites are 
excreted in the urine and the feces. The oral bioavail-
ability of AZD0837 is in the range of 22% to 55%, 
and drug levels in plasma peak about 1.5 h after oral 
drug administration. Coadministration with food 
prolongs the time to peak by about 2 h. Both imme-
diate-release and extended-release formulations of 
AZD0837 have been developed.  161   The extended-
release form has the potential for once-daily adminis-
tration. Both formulations of AZD0837 have been 
explored as alternatives to warfarin in patients with 
atrial fi brillation. In a phase 2 study, the immediate 
release formulation of AZD0837 (in doses of 150 or 
350 mg bid) was compared with warfarin (dose-
adjusted to achieve an INR of 2-3) in 250 such 
patients.  165   Total bleeding events were reported in 
six patients receiving the 150-mg dose of AZD0837, 
in 15 patients given the 350-mg dose, and in eight of 
those treated with warfarin. Elevations in alanine 
aminotransferase levels were infrequent, and the 
rates were similar with AZD0837 and warfarin. 

 The extended-release formulation has been evalu-
ated in two phase 2 studies. The fi rst compared the 
extended-release formulation of AZD0837 (in doses 
of 150, 300, and 450 mg once daily and 200 mg bid) 
with warfarin (dose-adjusted to achieve an INR 
between 2.0 and 3.0) in 955 patients with atrial fi bril-

 Table 10— [Section 4.0] New Fibrinolytic Agents  

Drug
Route of 

Administration Mechanism of Action
Stage of 

Development

Alfi meprase IV Directly degrades 
 fi brin and fi brinogen

Halted

BB10153 IV Thrombin activatable 
 plasminogen variant

Phase 2

Plasmin IV Directly degrades 
 fi brin and fi brinogen

Phase 2

Desmoteplase IV A variant of t-PA 
  with enhanced 

fi brin specifi city

Phase 3

t-PA  5  tissue plasminogen activator.
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agents is paradoxical enhancement of TAFIa activity 
at low doses.  186-188   Presumably, this refl ects allosteric 
modulation at the active site of the enzyme. If this 
phenomenon is common to all TAFIa inhibitors, 
optimal dosing of these agents will be problematic. 

 4.1.4 Factor XIIIa Inhibitors:   A thrombin-activated 
transglutaminase, factor XIIIa cross-links the  a - 
and  g -chains of fi brinogen to form  a -polymers and 
 g -dimers, respectively. Cross-linking stabilizes the 
fi brin polymer and renders it more refractory to deg-
radation by plasmin.  189   Inhibition of factor XIIIa, 
therefore, has the potential to increase the suscepti-
bility of the thrombus to lysis.  190   

 Tridegin, a peptide isolated from the giant Amazon 
leech,  Haementeria ghilianii , is a specifi c inhibitor of 
factor XIIIa and enhances fi brinolysis in vitro when 
added before clotting of fi brinogen.  191,192   Destabilase, 
a leech enzyme that hydrolyzes cross-links, provides 
an alternative approach to reversing the conse-
quences of factor XIIIa-mediated fi brin crosslink-
ing.  193,194   Neither of these agents has been tested in 
humans. 

 4.2 New Fibrinolytic Agents 

 Existing fi brinolytic agents are plasminogen acti-
vators that act by converting plasminogen to plasmin. 
t-PA and u-PA, which are enzymes, do this directly 
by converting single-chain plasminogen into two-
chain plasmin. In contrast, streptokinase accom-
plishes this indirectly. Streptokinase, which is not an 
enzyme, binds to plasminogen and the streptokinase/
plasminogen complex then serves as the plasminogen 
activator. More recently licensed plasminogen activa-
tors are variants of t-PA. These include reteplase, a 
truncated t-PA variant with a longer half-life, and 
tenecteplase, a bioengineered t-PA variant that not 
only has a longer half-life than t-PA but also exhibits 
enhanced fi brin specifi city and resistance to inhibi-
tion by PAI-1. Because of their longer half-lives, 
reteplase and tenecteplase can be given by bolus 
injection, thereby simplifying administration. 

 New fi brinolytic agents under development build 
on advances with t-PA derivatives. Direct-acting 
fi brinolytic drugs, such as alfi meprase, V10153, and 
plasmin, have been developed in an attempt to accel-
erate lysis, whereas desmoteplase has been developed 
because of its enhanced fi brin specifi city ( Table 7 ). 

 4.2.1 Alfi meprase:   A recombinant truncated form 
of fi brolase, alfi meprase directly degrades fi brin and 
fi brinogen.  195   Fibrolase is a zinc metalloprotease orig-
inally isolated from the venom of the Southern cop-
perhead snake,  Agkistrodon contortrix contortrix . Like 
fi brolase, alfi meprase directly degrades the  a  chains 

 4.1 Strategies to Enhance Endogenous Fibrinolysis 

 4.1.1 PAI-1 Inhibitors:   As the major physiologic 
inhibitor of t-PA and u-PA, PAI-1 is an attractive tar-
get. PAI-1 activity can be reduced by (1) decreasing 
PAI-1 gene expression, or (2) reducing the activity of 
PAI-1. Lipid-lowering drugs, such as niacin and 
fi brates,  169,170   decrease PAI-1 synthesis in vitro. These 
agents are not specifi c for PAI-1, however, and also 
affect the synthesis of other proteins. More contem-
porary strategies focus on PAI-1 gene silencing. 

 Peptides have been identifi ed that block PAI-1 
activity either by preventing insertion of the reactive 
center loop into the body of the inhibitor after 
cleavage by the target protease  171   or by converting 
PAI-1 into its latent conformation.  172   However, the 
effectiveness of these agents has yet to be tested in 
vivo. More promising are small-molecule PAI-1 
inhibitors, some of which exhibit antithrombotic 
activity in vivo.  173   

 4.1.2 u-PA Inhibitors:   Mesupron (WX-671) is an 
orally active prodrug of WX-UK1, a compound that 
inhibits u-PA and other serine proteases. Both Mesu-
pron and WX-UK1 reduce tumor growth and metas-
tasis in vitro and in various animal models.  174,175   A 
phase 1 study in 19 patients with advanced head and 
neck cancer revealed a dose-dependent increase in 
plasma levels of WX-671, and WX-671 was found in 
tissue samples collected after tumor resection,  176   sug-
gesting that amounts of drug suffi cient to inhibit u-PA 
are concentrated in the tumor.  176   In a phase 2 study, 
95 patients with locally advanced, metastatic pancre-
atic cancer received either Mesupron (at doses 
corresponding to 200 or 400 mg of WX-UK1) or 
placebo in conjunction with weekly gemcitabine. 
Mesupron was well tolerated, and compared with 
placebo, overall survival increased from 10.2 months 
to 13.5 months. An ongoing study is evaluating Mesu-
pron as an adjunct to capecitabine in women with 
HER2 receptor-negative breast cancer. 

 4.1.3 TAFIa Inhibitors:   Studies in vitro indicate 
that TAFIa attenuates fi brinolysis by cleaving car-
boxy-terminal lysine residues from fi brin.  177   Removal 
of these lysine residues decreases plasminogen or 
plasmin binding to fi brin, thereby retarding the lytic 
process. Given this mechanism of action, inhibitors of 
TAFIa have the potential to enhance fi brinolytic 
activity, a concept supported by studies in dogs and 
rabbits demonstrating that a potato-derived TAFIa 
inhibitor increased plasminogen activator-induced 
thrombolysis.  178-180   These observations have prompted 
development of TAFIa-directed antibodies  181   and 
nanontibodies,  182   as well as small molecule TAFIa 
inhibitors.  183-185   A potential limitation of some such 
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of fi brin and fi brinogen.  195   Because there is no need 
for plasmin generation, alfi meprase has the potential 
more, the action of alfi meprase is independent of the 
plasminogen content of the thrombus and alfi me-
prase is not inhibited by PAI-1. Finally, by degrading 
fi brinogen as well as fi brin, alfi meprase not only 
degrades preformed fi brin but also has the potential 
to inhibit fi brin generation. 

 In the circulation, alfi meprase is rapidly inhib-
ited by  a  2 -macroglobulin.  196   Neutralization by  a  2 -
macroglobulin limits the systemic effects of alfi meprase 
and may reduce its hemorrhagic potential. To bypass 
circulating  a  2 -macroglobulin, alfi meprase must be 
administered directly into the thrombus. Therefore, 
clinical trials of alfi meprase have focused on catheter-
directed lysis of peripheral arterial occlusions or on 
local delivery to restore fl ow in indwelling catheters 
blocked by thrombus.  197   Phase 3 studies with alfi me-
prase for these indications have been halted, at least 
temporarily, because key effi cacy end points were not 
met. The full results of these trials have not yet been 
published. 

 4.2.2 V10153:   A variant form of plasminogen, 
V10153 (previously known as BB10153) has its plas-
minogen activator cleavage site replaced with a 
thrombin cleavage site.  198   Like plasminogen, BB10153 
binds to fi brin. Once bound to fi brin, BB10153 is 
converted to plasmin by fi brin-bound thrombin and 
not by plasminogen activators. After IV injection, 
BB10153 has a half-life of about 4.4 h in humans.  199   
In a phase 2 dose-escalation study in 50 patients 
with acute MI, a single IV bolus of BB10153 pro-
duced a dose-dependent increase in drug levels, and, 
at doses in the 5- to 10-mg/kg range, 34% of patients 
achieved complete fl ow in the infarct-related artery.  200   
Major bleeding occurred in three patients, whereas 
minor bleeding occurred in six. There were no intra-
cranial bleeding events. Based on these data, V10153 
is undergoing continued investigation for treatment 
of acute ischemic stroke. 

 4.2.3 Plasmin:   Delivery of plasmin directly into a 
thrombus via a catheter has the potential to produce 
rapid lysis. Excess plasmin that fails to bind to fi brin 
will rapidly be inactivated by  a  2 -antiplasmin, thereby 
preventing the generation of a systemic lytic state by 
unopposed   plasmin.  23   Although there are plasma-
derived, recombinant, and transgenic forms of 
human plasmin, a plasma-derived form is in the most 
advanced stages of development. Thus, an ongoing 
dose-escalation study is evaluating the safety of 
catheter-delivered plasma-derived plasmin (in doses 
of 20, 40, or 60 mg) in patients with acute ischemic 
stroke involving the middle cerebral artery who pre-

sent within 9 h of stroke symptom onset.  201   There are 
two ongoing studies in patients with acute peripheral 
arterial occlusion; the fi rst is evaluating the safety of 
increasing doses of plasma-derived plasmin (ranging 
from 25 to 175 mg in 25-mg increments) injected 
directly into the thrombus,  202   and the second is 
comparing four different infusion strategies for 
catheter-directed delivery of 150 mg plasmin.  203   

 4.2.4 Desmoteplase:   A recombinant analog of the 
full-length plasminogen activator isolated from the 
saliva of the vampire bat,  Desmodus rotundus , des-
moteplase has  .  70% homology to t-PA. Like t-PA, 
desmoteplase binds to fi brin via its fi bronectin fi nger-
like domain, and its catalytic activity is enhanced in 
the presence of fi brin.  204   Once bound to fi brin, des-
moteplase converts fi brin-bound plasminogen to 
plasmin and induces fi brin degradation. 

 In contrast to t-PA, desmoteplase lacks a second 
kringle domain. This endows desmoteplase with 
greater fi brin specifi city than t-PA because it is the 
second kringle domain of t-PA that mediates its inter-
action with fi brin degradation products and promotes 
systemic plasmin generation and subsequent fi brin-
ogen degradation.  204   Because it is more fi brin-specifi c 
than t-PA, desmoteplase may produce less bleeding.  205   

 In the phase 2 Desmoteplase in Acute Ischemic 
Stroke (DIAS) study, 104 patients presenting within 
3 to 9 h of the onset of symptoms of acute ischemic 
stroke and with evidence of perfusion/diffusion mis-
match on MRI of the brain were randomized to IV 
desmoteplase (25, 37.5, or 50 mg) or placebo.  206   
Because of an excessive rate of intracranial hemor-
rhage with fi xed doses of desmoteplase in the fi rst 
47 patients enrolled in the study (26.7% compared 
with none with placebo), subsequent patients were 
given lower, weight-adjusted doses of desmoteplase 
(62, 90, or 120  m g/kg). With these lower doses, the 
overall rate of intracranial hemorrhage with des-
moteplase was 2.2%. Reperfusion rates up to 71.4% 
were observed with desmoteplase compared with 
19.2% with placebo. These fi ndings were confi rmed 
in the Dose Escalation of Desmoteplase for Acute 
Ischemic Stroke (DEDAS) study, which compared 
IV desmoteplase (90 or 125  m g/kg) with placebo in 
37 patients presenting within 3 to 9 h of onset of 
stroke symptoms.  207   There were no symptomatic 
intracranial hemorrhages, and reperfusion was achieved 
in 18.2% of patients given 90  m g/kg desmoteplase, 
53.3% of those treated with 125  m g/kg desmoteplase, 
and in 37.5% of patients given placebo. Good clinical 
outcome at 90 days occurred in 28.6% and 60.0% of 
patients treated with 90 or 125  m g/kg desmoteplase, 
respectively, compared with 25% of patients given 
placebo. Building on these fi ndings, the DIAS-2 
study followed the same design and randomized 
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193 patients to desmoteplase (90 or 120  m g/kg) or 
placebo 3 to 9 h after onset of symptoms of stroke.  208   
Clinical response rates at day 90, the primary effi -
cacy end point, were 47% and 36%, with the 90- or 
120- m g/kg doses of desmoteplase, respectively, com-
pared with 46% with placebo. The high response in 
the placebo group may be explained by inclusion of 
patients with mild strokes, which may have reduced 
the potential to detect an effect with desmoteplase. 
An ongoing phase 2 trial in Japan is comparing des-
moteplase (70 or 90  m g/kg) with placebo in patients 
with acute ischemic stroke.  209   The phase 3 DIAS-4 
trial is comparing 90  m g/kg of desmoteplase with pla-
cebo in patients presenting 3 to 9 h after onset of 
symptoms of stroke.  210   

 5.0 Conclusions and Future Directions 

 Aspirin and clopidogrel have an established role in 
the prevention and treatment of arterial thrombosis. 
Although effective, breakthrough thrombosis remains 
a problem, even when the drugs are used in combina-
tion. This has prompted the development of new 
antiplatelet drugs. The variable antiplatelet effects of 
fi xed doses of clopidogrel have led to the develop-
ment of new thienopyridines, such as prasugrel, 
which produces more potent and consistent inhibi-
tion of ADP-induced platelet aggregation. Direct-
acting P2Y12 inhibitors, such as ticagrelor, not only 
overcome the slow onset and offset of the thienopyri-
dines but also offer more potent ADP receptor block-
ade. The challenge with these new agents is safety; 
when added to aspirin, these drugs produce more 
bleeding than clopidogrel. Therefore, fi nding the 
right dose, identifying the appropriate patients, and 
restricting the duration of therapy will be necessary 
to ensure that an optimal benefi t-to-risk profi le is 
obtained. 

 The greatest unmet need in anticoagulation therapy 
has been the replacement of warfarin with orally 
active agents that can be given in fi xed doses without 
routine coagulation monitoring. Consequently, most 
of the recent attention has focused on new oral 
anticoagulants. 
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