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Preface

Two types of anticoagulant drugs, heparin and vitamin K antagonists, were widely used
during the last century and were among the most frequently prescribed drugs in everyday
clinical practice. In the past decades, several new direct oral anticoagulants were developed
that changed the anticoagulant therapy landscape considerably. On the one hand, this book
provides an extensive overview of all the known anticoagulants, including exotic anticoagu‐
lants found in different animal species that can be used for studying different aspects of the
haemostatic system or as a starting point for new drug development. On the other hand, it is
also a valuable tool for clinicians providing a description of the mode of action and manage‐
ment of therapy for anticoagulant drugs used in everyday clinical practice in different clini‐
cal settings, including direct oral anticoagulants dabigatran, rivaroxaban, apixaban and
edoxaban. Despite the wide range of anticoagulant drugs available today, the ideal anticoa‐
gulant drug that would effectively prevent thrombotic events, but would not expose pa‐
tients to increased risk of bleeding, is yet to be discovered.

Mojca Božič Mijovski
Department of Vascular Diseases

University Medical Centre Ljubljana, Slovenia
Slovenia
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Abstract

Anticoagulant drugs directly or indirectly influence coagulation factors preventing fibrin
formation thus preventing blot clotting. They are classified into two groups according to
the mode of application, namely parenteral and oral drugs. Among the latter, vitamin K
antagonists (most often warfarin) were the only available oral drugs and were widely
used for almost a century. In the recent years, new oral anticoagulant drugs became
available that directly target either factor IIa or Xa. This chapter provides an overview of
both parenteral and oral anticoagulant drugs used in clinical practice with description of
the mode of action and management of therapy in different clinical settings.

Keywords: anticoagulant drugs, indications, therapy

1. Introduction

Anticoagulant drugs directly or indirectly influence coagulation factors and thus inhibit the
initiation and progress of coagulation and fibrin-clot formation. They are classified into two
groups according to the mode of application, namely parenteral and oral drugs. Among the
latter, vitamin K antagonists (most often warfarin) were the only available oral anticoagulants
and were widely used for almost a century. In recent years, new oral anticoagulant drugs
became available that directly target either factor IIa or Xa [1].

This chapter provides an overview of both parenteral and oral anticoagulant drugs used in
clinical practice with a description of the mode of action and management of therapy in
different clinical settings.
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2. Parenteral anticoagulant drugs

2.1. Unfractionated heparin

Unfractionated heparin (UFH) binds antithrombin—a physiological inhibitor of coagulation—
and accelerates its inhibitory action against coagulation factors II and X and in minor degrees
also factors IX, XI and XII [2, 3]. UFH is active in a parenteral form only and therefore
administered by intravenous (i.v.) infusion [2]. It is used for the treatment of acute thrombo-
embolic events. One of the major disadvantages of UFH is its binding to plasma proteins and
endothelial cells making its anticoagulant effect unpredictable [2, 3]. Treatment with UFH
must, therefore, be regularly monitored with activated partial thromboplastin time (APTT).
Due to different sensitivities of APTT reagents the therapeutic APTT range must be determined
by each laboratory and must correspond to heparin anti-factor Xa activity between 0.3 and
0.7 IU/mL [4–6]. Treatment is initiated with UFH bolus of 80 U/kg i.v. and continued with
continuous infusion of 18 U/kg body mass/h [7]. Dosage must be adjusted according to the
APTT result. At the beginning of treatment, laboratory monitoring is needed several times a
day, the first one 6 h after UFH initiation. The two most important non-hemorrhagic side
effects of UFH treatment are osteoporosis and thrombocytopenia [2].

2.2. Low-molecular weight heparin

Low-molecular weight heparin (LMWH) is obtained by various methods of fractionation or
depolymerization of polymeric UFH [8]. Because LMWHs differ in molecular mass, they also
differ in pharmacological characteristics and anticoagulant effects [9]. All LMWHs inhibit
coagulation factors II and X. Among the most commonly used LMWHs for treatment and the
prevention of acute thromboembolic events are dalteparin (Fragmin®), enoxaparin (Clexane®)
and nadroparin (Fraxiparine® and Fraxiparine forte®) in the form of subcutaneous injections.
They can also be used as a bridging therapy in patients with high thromboembolic risk during
a period when these patients cannot receive oral anticoagulants. Therapeutic dose is deter-
mined according to the patient’s body weight [2] (Table 1).

For prevention of venous thromboembolism (VTE), lower (prophylactic) doses of LMWH are
used [2] (Table 2). The adequate LMWH dose is selected according to the risk. Prophylactic
doses are used in some patients during the interim cessation of oral anticoagulant therapy
above all in the first days after large interventions.

The most important advantage of LMWH over UFH is the lower degree of binding to plasma
proteins and endothelial cells making their pharmacokinetics and anticoagulant effects pre-
dictable [10, 11]. Regular laboratory monitoring with coagulation tests is therefore not needed,
except in patients with kidney disease and patients with very low (under 45 kg) or very high
(above 120 kg) body weight [2]. Although APTT may be mildly prolonged during LMWH
therapy it cannot be used for monitoring. The chromogenic anti-Xa is the test of choice for the
determination of plasma LMWH concentration [12]. The LMWH dose should be adjusted to
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0.5–1.0 IU/mL 4 h after the last LMWH dose when administered twice daily or to 1.0–2.0
IU/mL 5–6 h after the last dose when administered once daily [13, 14]. The two main
non-hemorrhagic side effects of LMWH therapy are osteopenia and thrombocytopenia; how-
ever, both these side effects are considerably rarer compared to UFH therapy [2].

Therapeutic dose

LMWH Twice daily Once daily

Dalteparin (Fragmin®) 100 IU/kg BW/12 h sc 200 IU/kg BW/24 h sc

46–56 kg 5.000 IU/12 h sc 10.000 IU/24 h sc

57–68 kg 6.000 IU/12 h sc 12.500 IU/24 h sc

69–82 kg 7.500 IU/12 h sc 15.000 IU/24 h sc

82–120 kg 100 IU/kgBW/12 h sc 18.000 IU/24 h sc

Enoksaparin (Clexane®) 1 mg/kg BW/12 h sc 1.5 mg/kg BW/24 h sc

45–54 kg 50 mg/12 h sc 80 mg/24 h sc

55–64 kg 60 mg/12 h sc 90 mg/24 h sc

65–74 kg 70 mg/12 h sc 100 mg/24 h sc

75–84 kg 80 mg/12 h sc 120 mg/24 h sc

85–94 kg 90 mg/12 h sc 135 mg/24 h sc

94–120 kg 100 mg/12 h sc 150 mg/24 h sc

Nadroparin (Fraxiparine®) 0.1 ml/10 kg BW /12 h sc (Fraxiparine FORTE®) 0.1 ml/10 kg BW/24 h sc

50–59 kg 0.5 ml/12 h sc 0.5 ml/24 h sc

60–69 kg 0.6 ml/12 h sc 0.6 ml/24 h sc

70–79 kg 0.7 ml/12 h sc 0.7 ml/24 h sc

80–89 kg 0.8 ml/12 h sc 0.8 ml/24 h sc

90–120 kg 0.9 ml/12 h sc 0.9 ml/24 h sc

IU: International Units, BW: body weight, sc: subcutaneously.

Table 1. LMWH therapeutic doses according to body weight.

LMWH Low prophylactic dose (moderate VTE risk) High prophylactic dose (high VTE risk)

Dalteparin 2500 IU/24 h sc 5000 IU/24 h sc

Enoxaparin 20 mg/24 h sc 40 mg/24 h sc

Nadroparin 0.3 ml/24 h sc 0.4 ml/24 h sc at BW ≤ 70 kg
0.6 ml/24 h sc at BW > 70 kg

IU: International Units, BW: body weight, sc: subcutaneously, VTE: venous thromboembolism.

Table 2. Prophylactic doses of LMWH.
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2.3. Fondaparin

Fondaparin (Arixtra®) is a synthetic pentasaccharide that closely resembles the pentasacch-
aride naturally occurring in the UFH and LMWH. It is an antithrombin-mediated factor Xa
inhibitor that is devoid of any anti-factor IIa (thrombin) activity [15]. It is used for treating
patients with acute coronary syndrome and heparin-induced thrombocytopenia. It is indicated
also for certain patients with thrombophlebitis in a fixed dose of 2.5 mg daily s.c. Laboratory
monitoring is not needed; however, if necessary fondaparin levels should only be determined
using assays that use known fondaparin concentrations to generate their calibration curve. The
use of fondaparin in patients with creatinine clearance below 30 mL/min is contraindicated [2].

2.4. Hirudin

Hirudin is a naturally occurring peptide in the salivary glands of medicinal leeches that
irreversibly inhibits thrombin. Lepirudin, a recombinant hirudin derived from yeast cells, was
used in clinical practice but is no longer available. Instead, the synthetic analog—bivalirudin
(Angiox®)—with a short half-life is used at percutaneous coronary interventions and for
treating patients with heparin-induced thrombocytopenia. The use of bivalirudin in patients
with creatinine clearance below 30 mL/min is contraindicated [16].

2.5. Argatroban

Argatroban (Argatra®) is a synthetic reversible direct thrombin inhibitor. It is metabolized
solely in the liver and is, therefore, suitable for patients with renal failure. It is used in patients
with heparin-induced thrombocytopenia. Treatment with argatroban requires laboratory mon-
itoring with activated partial thromboplastin time (APTT) and the dose adjusted to reach 1.5–
3.0 times prolonged baseline APTT, but should not exceed 100 s [17].

3. Oral anticoagulants

3.1. Vitamin K antagonists

The vitamin K-dependent coagulation factors II, VII, IX and X require γ-carboxylation for their
procoagulant activity. Treatment with vitamin K antagonists results in the hepatic production
of partially carboxylated and decarboxylated proteins with reduced coagulant activity. Among
the most commonly used vitamin K antagonists are warfarin and acenocoumarol. Although
vitamin K antagonists are absorbed quickly their full effect develops after about 5 days when
the activity of all vitamin K-dependent coagulation factors is reduced [1].

Warfarin therapy requires regular laboratory monitoring with prothrombin time (PT). Due to
different sensitivities of thromboplastin reagents used for PT measurement the results are
expressed as the International Normalized Ratio (INR). For the majority of indications the
target INR range falls between 2.0 and 3.0. In certain patient populations, for example, in
patients with mechanical heart valves, the target range is 2.5–3.5 INR. A rare non-hemorrhagic
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side effect of vitamin K antagonist therapy is skin necrosis that develops at therapy initiation
and is a consequence of acute thrombosis of subcutaneous venules and capillaries [1].

3.2. Direct oral anticoagulants

3.2.1. Dabigatran

Dabigatran etexilate (Pradaxa®) is a low-molecular weight prodrug that exhibits no pharma-
cological activity. After oral administration, dabigatran etexilate is converted to its active form,
dabigatran, a potent, competitive and reversible direct thrombin inhibitor [18]. The binding of
dabigatran to thrombin is specific and selective and includes both free and thrombus-bound
thrombin. Maximal blood concentration of dabigatran is reached after 1–3 h after the intake
[18]. About 35% of the drug is bound to plasma proteins. Eighty percent of dabigatran is
excreted through the kidneys [18]. Dabigatran half-life is 14–17 h [18]. It is given in fixed doses
of either 150 or 110 mg twice daily in patients with atrial fibrillation and 150 mg twice daily in
patients with VTE [19, 20]. Prophylactic doses after total hip or knee replacement are 220 or
150 mg once daily with only half the dose given as the first dose after surgery [21].

The anticoagulant effect of dabigatran is predictive and, therefore, requires no regular labora-
tory monitoring. During dabigatran therapy, APTT and thrombin time (TT) are prolonged, but
these two tests can only offer a rough approximation of dabigatran blood concentration. In
certain situations when dabigatran concentration needs to be assessed, a specific test must be
used, such as modified thrombin time or a chromogenic assay [22, 23].

3.2.2. Rivaroxaban

Rivaroxaban (Xarelto®) directly inhibits factor Xa. It selectively binds both free and prothrom-
bin complex bound factor Xa and in this way inhibits thrombin and clot formation. Peak blood
concentration is achieved after 1–3 h after drug ingestion. As much as 95% of the drug is bound
to plasma protein. One-third of the drug is excreted through kidneys, the other two-thirds are
metabolized in the liver. The drug half-life is 8–13 h [1, 24]. Therapeutic doses are 20 and 15 mg
once daily for patients with atrial fibrillation [25]. Patients with VTE are treated with 15 mg
twice daily for the first 3 weeks, followed by 20 mg once daily [26, 27]. The drug must always
be ingested with food. The prophylactic dose for patients with total hip or knee replacement is
10 mg once daily [28, 29].

No laboratory monitoring of therapy is needed due to the predictive effect of the drug.
Rivaroxaban prolongs PT; however, when an assessment of the drug blood level is needed, an
anti-Xa test calibrated to rivaroxaban should be used [30].

3.2.3. Apixaban

Apixaban (Eliquis®) directly and reversibly inhibits factor Xa. Maximal blood concentration of
the drug is achieved 3–4 h after ingestion. As much as 87% of the drug is bound to blood
protein. Twenty-seven percent of the drug is excreted through kidneys and the remainder
through the liver. The drug half-life is 12 h [31]. Patients with atrial fibrillation are treated with
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2.3. Fondaparin

Fondaparin (Arixtra®) is a synthetic pentasaccharide that closely resembles the pentasacch-
aride naturally occurring in the UFH and LMWH. It is an antithrombin-mediated factor Xa
inhibitor that is devoid of any anti-factor IIa (thrombin) activity [15]. It is used for treating
patients with acute coronary syndrome and heparin-induced thrombocytopenia. It is indicated
also for certain patients with thrombophlebitis in a fixed dose of 2.5 mg daily s.c. Laboratory
monitoring is not needed; however, if necessary fondaparin levels should only be determined
using assays that use known fondaparin concentrations to generate their calibration curve. The
use of fondaparin in patients with creatinine clearance below 30 mL/min is contraindicated [2].

2.4. Hirudin

Hirudin is a naturally occurring peptide in the salivary glands of medicinal leeches that
irreversibly inhibits thrombin. Lepirudin, a recombinant hirudin derived from yeast cells, was
used in clinical practice but is no longer available. Instead, the synthetic analog—bivalirudin
(Angiox®)—with a short half-life is used at percutaneous coronary interventions and for
treating patients with heparin-induced thrombocytopenia. The use of bivalirudin in patients
with creatinine clearance below 30 mL/min is contraindicated [16].

2.5. Argatroban

Argatroban (Argatra®) is a synthetic reversible direct thrombin inhibitor. It is metabolized
solely in the liver and is, therefore, suitable for patients with renal failure. It is used in patients
with heparin-induced thrombocytopenia. Treatment with argatroban requires laboratory mon-
itoring with activated partial thromboplastin time (APTT) and the dose adjusted to reach 1.5–
3.0 times prolonged baseline APTT, but should not exceed 100 s [17].

3. Oral anticoagulants

3.1. Vitamin K antagonists

The vitamin K-dependent coagulation factors II, VII, IX and X require γ-carboxylation for their
procoagulant activity. Treatment with vitamin K antagonists results in the hepatic production
of partially carboxylated and decarboxylated proteins with reduced coagulant activity. Among
the most commonly used vitamin K antagonists are warfarin and acenocoumarol. Although
vitamin K antagonists are absorbed quickly their full effect develops after about 5 days when
the activity of all vitamin K-dependent coagulation factors is reduced [1].

Warfarin therapy requires regular laboratory monitoring with prothrombin time (PT). Due to
different sensitivities of thromboplastin reagents used for PT measurement the results are
expressed as the International Normalized Ratio (INR). For the majority of indications the
target INR range falls between 2.0 and 3.0. In certain patient populations, for example, in
patients with mechanical heart valves, the target range is 2.5–3.5 INR. A rare non-hemorrhagic
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side effect of vitamin K antagonist therapy is skin necrosis that develops at therapy initiation
and is a consequence of acute thrombosis of subcutaneous venules and capillaries [1].

3.2. Direct oral anticoagulants

3.2.1. Dabigatran

Dabigatran etexilate (Pradaxa®) is a low-molecular weight prodrug that exhibits no pharma-
cological activity. After oral administration, dabigatran etexilate is converted to its active form,
dabigatran, a potent, competitive and reversible direct thrombin inhibitor [18]. The binding of
dabigatran to thrombin is specific and selective and includes both free and thrombus-bound
thrombin. Maximal blood concentration of dabigatran is reached after 1–3 h after the intake
[18]. About 35% of the drug is bound to plasma proteins. Eighty percent of dabigatran is
excreted through the kidneys [18]. Dabigatran half-life is 14–17 h [18]. It is given in fixed doses
of either 150 or 110 mg twice daily in patients with atrial fibrillation and 150 mg twice daily in
patients with VTE [19, 20]. Prophylactic doses after total hip or knee replacement are 220 or
150 mg once daily with only half the dose given as the first dose after surgery [21].

The anticoagulant effect of dabigatran is predictive and, therefore, requires no regular labora-
tory monitoring. During dabigatran therapy, APTT and thrombin time (TT) are prolonged, but
these two tests can only offer a rough approximation of dabigatran blood concentration. In
certain situations when dabigatran concentration needs to be assessed, a specific test must be
used, such as modified thrombin time or a chromogenic assay [22, 23].

3.2.2. Rivaroxaban

Rivaroxaban (Xarelto®) directly inhibits factor Xa. It selectively binds both free and prothrom-
bin complex bound factor Xa and in this way inhibits thrombin and clot formation. Peak blood
concentration is achieved after 1–3 h after drug ingestion. As much as 95% of the drug is bound
to plasma protein. One-third of the drug is excreted through kidneys, the other two-thirds are
metabolized in the liver. The drug half-life is 8–13 h [1, 24]. Therapeutic doses are 20 and 15 mg
once daily for patients with atrial fibrillation [25]. Patients with VTE are treated with 15 mg
twice daily for the first 3 weeks, followed by 20 mg once daily [26, 27]. The drug must always
be ingested with food. The prophylactic dose for patients with total hip or knee replacement is
10 mg once daily [28, 29].

No laboratory monitoring of therapy is needed due to the predictive effect of the drug.
Rivaroxaban prolongs PT; however, when an assessment of the drug blood level is needed, an
anti-Xa test calibrated to rivaroxaban should be used [30].

3.2.3. Apixaban

Apixaban (Eliquis®) directly and reversibly inhibits factor Xa. Maximal blood concentration of
the drug is achieved 3–4 h after ingestion. As much as 87% of the drug is bound to blood
protein. Twenty-seven percent of the drug is excreted through kidneys and the remainder
through the liver. The drug half-life is 12 h [31]. Patients with atrial fibrillation are treated with

An Overview of the Anticoagulant Drugs Used in Routine Clinical Practice
http://dx.doi.org/10.5772/intechopen.76206

5



5 or 2.5 mg twice daily [32]. Patients with VTE are treated with 10 mg twice daily for the first
7 days followed by 5 mg daily [33]. The prophylactic dose for patients with total hip or knee
replacement is 2.5 mg twice daily [34].

No laboratory monitoring of therapy is needed due to the predictive effect of the drug.
Apixaban unreliably prolongs APTT and PT. When an assessment of the drug blood level is
needed, an anti-Xa test calibrated to apixaban should be used [35].

3.2.4. Edoxaban

Edoxaban directly inhibits factor Xa. Maximal blood concentration of the drug is achieved 1–
2 h after the ingestion. About 40–59% of the drug is bound to plasma protein. Roughly 35% of
the drug is excreted through the kidneys and the remainder through the liver. The drug half-
life is 9–14 h. Therapeutic doses are 60 and 30 mg daily for patients with atrial fibrillation and
VTE. The prophylactic dose for patients with total hip or knee replacement is 30 mg once daily.
Edoxaban prolongs APTT and PT, but for a quantitative assessment of the drug level, an anti-
Xa test calibrated to edoxaban must be utilized [36, 37].
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No laboratory monitoring of therapy is needed due to the predictive effect of the drug.
Apixaban unreliably prolongs APTT and PT. When an assessment of the drug blood level is
needed, an anti-Xa test calibrated to apixaban should be used [35].

3.2.4. Edoxaban

Edoxaban directly inhibits factor Xa. Maximal blood concentration of the drug is achieved 1–
2 h after the ingestion. About 40–59% of the drug is bound to plasma protein. Roughly 35% of
the drug is excreted through the kidneys and the remainder through the liver. The drug half-
life is 9–14 h. Therapeutic doses are 60 and 30 mg daily for patients with atrial fibrillation and
VTE. The prophylactic dose for patients with total hip or knee replacement is 30 mg once daily.
Edoxaban prolongs APTT and PT, but for a quantitative assessment of the drug level, an anti-
Xa test calibrated to edoxaban must be utilized [36, 37].
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Abstract

Factor Xa (FXa) is an enzyme belonging to the serine protease family which plays a vital 
role in hemostasis, being an essential part in the blood-clotting cascade by catalyzing 
the thrombin and clot production, and wound closure. Moreover, the improvement of 
new anticoagulants drugs is essential to prevent cardiovascular thrombotic and patholo-
gies. FXa has been a main target for the design of new drugs with important antithrom-
botic action; nevertheless direct FXa inhibitors that are available still have side effects 
and drawbacks. This chapter describes the FXa function in the blood-clotting cascade, 
the molecular and structural characteristics of this essential enzyme, and the novel FXa 
synthetic drug characteristics. This chapter highlights the importance of continuing the 
efforts towards searching and designing novel and safer anticoagulant drugs.

Keywords: FXa, coagulation cascade, anticoagulants, synthetic inhibitors, direct FXa 
inhibitors

1. Introduction

1.1. Primary and secondary hemostasis

Hemostasis is the human body’s physiological response to blood vessel injury and subse-
quent prevention of hemorrhage [1–3]. This significant three-step biological process involves 
a concerted coordination between blood clotting proteins and platelets with the consequent 
formation of a clot (repair of a damaged vascular tissue) or thrombus (clot in a healthy blood 
vessel). According to the cell-based coagulation model (Figure 1), this process involves: pri-
mary and secondary hemostasis, and fibrinolysis [4].
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Primary hemostasis causes local vasoconstriction which diminishes blood flow at the injury site 
and platelet plug formation. Secondary hemostasis implicates a series of enzymatic reactions 
between coagulation factors and cellular activity. These enzymatic reactions convert fibrino-
gen to fibrin, an insoluble strand, which together with platelets forms a thrombus.

Lastly, fibrinolysis is the biological mechanism which disperses the clot after the blood vessel 
has healed.

The cell-based model includes the interactions between cells, platelets, and coagulation fac-
tors. This model postulates a three-phase process:

• Initiation: occurs after vascular injury and leads to the production of a small amount of 
thrombin. Tissue factor (TF) localized to the cell membrane is activated by non-coagula-
tion and coagulation proteases (blood clotting proteins or factors). The produced FVIIa/TF 

Figure 1. Cell-based coagulation model. Figure adapted from Vojacek [8].
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 complex activates Factor X to FXa, and FXa combines with FVa to produce small amounts 
of thrombin, which subsequently activate platelets during the amplification phase.

• Amplification: produces small amounts of thrombin activated platelets increasing platelet 
adhesion and promoting FXa and cofactors to catalyze the production of more than 1000 
thrombin molecules from each FXa unit.

• Propagation: the protein complexes are assembled on the platelet surface resulting in large-
scale thrombin generation. After that, fibrin production starts with the clot formation. Fi-
nally, stabilization contributes to the formation of a thrombus, thus producing the world-
wide pathology called thrombosis [5–7].

1.2. Thrombosis

Over the past few decades, the fact that cardiovascular syndromes are a leading cause of heart 
problems and rising death rates in the US and Europe has been gradually accepted. With 
more than 24,000 deaths annually, cerebrovascular accidents (CVA) represent almost a third 
of all deaths [8–12].

Figure 2. Thrombus production on blood vessels.
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In 2012, the World Health Assembly (WHA) set a global target to reduce premature deaths 
from non-infectious disease, including cardiovascular disease, by 25% by 2025. Later, in 
May 2015, the International Society on Thrombosis and Hemostasis (ISTH) and the World 
Thrombosis Day (WTD) committee appealed for increased attention to thrombosis in a mes-
sage to the Assembly of the World Health Organization (WHO) [13].

A thrombus formation, which obstructs arterial circulation, can end in acute myocardial 
infarction (AMI) or ischemic stroke. In venous circulation, deep vein thrombosis (DVT) can 
cause chronic leg pain, edema, and ulcers [14–16].

A thrombus can partly or completely block blood vessels, which may deprive tissues of a 
supply of oxygen and nutrients. An embolus (stroke) is a dislodged thrombus that moves 
through the bloodstream and obstructs another vessel (Figure 2). The thrombus is formed by 
aggregations of activated platelets, red blood cells, and cross-linked fibrin protein.

Thrombosis is a common causal pathology for three prevalent cardiovascular disorders: 
stroke, acute coronary syndrome (ACS), and venous thromboembolism (VTE) [17, 18]. 
Additionally, the latest statistical study from the Global Burden of Diseases, Injuries, and Risk 
Factors (GBD) shows that 25% of the people around the world die from thrombosis-related 
events. As an example of this statistic, a recent study carried out in Chile found the incidence 
risk rate for thromboembolic diseases among patients under general surgery is 55%, and the 
main cause of death in Chile is cardiovascular disease [9, 10].

Besides, it is important to point out that these diseases have a harsh effect on these people’s 
quality of life and health care costs [19]. Clearly, the high prevalence of thrombosis and its 
serious implications create an urgent need for safe and reliable prophylaxis and treatment.

2. Nowadays antithrombotic therapy

Antithrombotic drugs are used for prevention and treatment of thrombosis. Targeting the 
thrombi components and the pathology, these agents include antiplatelet drugs, anticoagulants, 
and fibrinolytic agents [20]. The two first agents act to prevent the thrombus formation during 
the primary and secondary hemostasis process, while the fibrinolytic agents act when the 
thrombus is already formed (Figure 3) [21].

There is a great variety of commercial drugs for the treatment of antithrombotic pathologies 
with a wide range of disadvantages and side effects as summarized in Table 1.

Various clinical trials have verified the value of standard antiplatelet and anticoagulant agents, 
which include aspirin (antiplatelet), vitamin K antagonists (VKA) (warfarin), FXa indirect 
inhibitors (fondaparinux sodium), DTI (argatroban), UFH, LMWH, and TII for wide-ranging 
prevention and treatment of arterial and venous thromboembolic diseases and cardiovascular 
pathologies [21–30].

It is evident that, given the prevalence and implications of serious thrombosis, there exists a 
strong necessity for effective prophylaxis and treatment, and the use of oral anticoagulants is 
widespread.

Anticoagulant Drugs14

Several clinical trials have confirmed the efficacy of classic anticoagulants, including vita-
min K antagonists (VKA), unfractionated heparin (UFH), and low molecular weight heparins 
(LMWH weight heparin with reduced activity towards thrombin versus UFH) in prevention 
and treatment of a wide range of arterial and venous thromboembolic disease prevention [21]. 
Many approaches have been explored in the development of antithrombotic agents which 
inhibit enzymes in the coagulation pathways [29, 30, 32].

Unfractionated heparin (UFH) was discovered in 1916 and it targets multiple factors in the 
coagulation cascade, but it has a number of disadvantages, including a parenteral route 
of administration, frequent laboratory monitoring of coagulation activity, and the risk for 
patients to develop mortal heparin-induced thrombocytopenia. Low-molecular-weight hepa-
rins (LMWHs), developed in the 1980s, promote the inactivation of both thrombin (factor IIa) 
and factor Xa. LMWHs have largely replaced UFH due to its lower risk of causing bleeding, 
lower levels of plasma protein binding, good bioavailability and superior pharmacokinetic 
properties in comparison with UFH.

However, its use remains limited owing to the need for parenteral administration to patients 
who will eventually need either to be trained to self-inject or to find assistance from a trained 
nurse. These anticoagulants all have the limitations mentioned above that restrict their use in 
the clinic and have created the need for new treatments (Figure 4) [33–35].

Warfarin, which was discovered in 1941, is the prototype vitamin K antagonist (VKA, Figure 
5a and b). Its use and other VKAs’ uses are especially problematic, albeit these anticoagulants 
offer the convenience of oral administration. Until recently, the VKAs were the only avail-
able oral anticoagulants and the most commonly prescribed. However, VKAs have a number 
of well-documented drawbacks, including a slow onset and offset of action, unpredictable 
pharmacokinetics and pharmacodynamics, variability in response to the dosage, and mul-
tiple food-drug and drug–drug interactions. Furthermore, regular monitoring of coagulation 
and dose adjustments are required to maintain patients in the target international normalized 

Figure 3. Antithrombotic agents’ classification, target points, and commercial drugs [20–27].
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ratio (INR) range. Monitoring of warfarin therapy is critical due to the variability and rela-
tively narrow therapeutic index, which frequently leads to a higher risk of thromboembolism 
or excessive anticoagulation with subsequent increased risk of bleeding [36, 37].

Other drugs available for short-term anticoagulation include UFH, LMWHs, fondaparinux 
(Figure 5c) as an indirect FXa inhibitor, and direct thrombin inhibitors (DTIs) such as argatroban, 
bivalirudin, and hirudin. All these anticoagulants require parenteral administration with their 
consequent disadvantage. However, LMWH and VKA are the basis for contemporary thrombo-
prophylaxis and treatment in Chile as it is all around the world. The difficulties and inadequacies 
around the practical and medical aspects of these anticoagulants have encouraged the develop-
ment of novel drugs that are less expensive for the patient and the health care system [38–41].

Despite the accumulated understanding of the clotting system, its complexity has provided a 
considerable number of obstacles to the discovery and development of potent anticoagulants 
that are simultaneously effective and safe.

Antithrombotic agent Commercial agents disadvantages and side effects

Antiplatelet drugs • Aspirin: gastrointestinal complaints, allergy, hepatic and renal pathologies, aspirin 
resistance

• Thienopyridines: gastrointestinal complaints, hematologic side effects

• Dipyridamole: gastrointestinal complaints, headache, facial flushing, dizziness, hypoten-
sion, caution in patients with coronary artery diseases

• GPIIb/IIIA receptor antagonists: bleeding, thrombocytopenia.

Anticoagulants • Heparin, UFH, and LMWH: parenteral administration, bleeding, thrombocytopenia, 
increasing level of bilirubin, osteoporosis.

• Fondaparinux: bleeding, there is no antidote

• Lepirudin, bivalirudin, argatroban: parenteral administration, serious bleeding, hepatic 
insufficiency

• Dabigatran etexilate: bleeding, renal excretion

• Warfarin or acenocoumarol: only 3% of administered warfarin is biologically active due to 
its binding to albumin, narrow therapeutic window, frequent monitoring, drug-food and 
drug–drug interactions, interference with the synthesis of vitamin K-dependent clotting 
proteins (FII, FVII, FIX and FX), bleeding, skin necrosis, and fetal abnormalities.

• Rivaroxaban: expensive, renal excretion

• Apixaban: expensive, only for major orthopedic surgery, anemia, hemorrhage, nausea

• Betrixaban: expensive, anemia, skin rash, drug–drug interactions

Fibrinolytics • Streptokinase: expensive, hypotension, rash, fever, chills and rigors, blurred vision, confu-
sion, dizziness, faintness, unusual tiredness or weakness, drug–drug interactions.

• Urokinase: bleeding gums, difficulty with breathing or swallowing, headache, increased 
menstrual flow or vaginal bleeding, nosebleeds, paralysis, prolonged bleeding from cuts

• Anistreplase, alteplase, tenecteplase, reteplase: hemorrhage or hematoma formation at the site 
of venipuncture, gastrointestinal and genitourinary tract hemorrhage, blood in urine

Table 1. Disadvantages and side effects of commercial antithrombotic agents [31].
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In recent years, investigation has been focused on novel classes of anticoagulants (small mol-
ecules) which target a specific enzyme or coagulation step in the coagulation cascade, includ-
ing complex inhibitor of factor VIIa-tissue factor, factor IXa inhibitors, and factor XIa, direct 
thrombin inhibitors, and synthetic direct and indirect inhibitors of Factor Xa (activated Factor 
X). All of the features mentioned have led to the development of new anticoagulants, includ-
ing direct FXa inhibitors [42–44].

3. Clotting cascade: factor Xa function

Factor X or Stuart-Prower Factor named after the male patient named Stuart in 1957 and a female 
patient named Prower with FX deficiency [45, 46]. Moreover, Factor X has long been known to 
have a key role in hemostasis and plays a central part in the blood-clotting cascade by catalyzing 
the production of thrombin, which leads to clot formation and wound closure [33, 47].

Figure 4. Chronological development of anticoagulants.

Figure 5. (a-b) VKA. (c) Indirect FXa inhibitor.
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menstrual flow or vaginal bleeding, nosebleeds, paralysis, prolonged bleeding from cuts

• Anistreplase, alteplase, tenecteplase, reteplase: hemorrhage or hematoma formation at the site 
of venipuncture, gastrointestinal and genitourinary tract hemorrhage, blood in urine

Table 1. Disadvantages and side effects of commercial antithrombotic agents [31].
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In recent years, investigation has been focused on novel classes of anticoagulants (small mol-
ecules) which target a specific enzyme or coagulation step in the coagulation cascade, includ-
ing complex inhibitor of factor VIIa-tissue factor, factor IXa inhibitors, and factor XIa, direct 
thrombin inhibitors, and synthetic direct and indirect inhibitors of Factor Xa (activated Factor 
X). All of the features mentioned have led to the development of new anticoagulants, includ-
ing direct FXa inhibitors [42–44].

3. Clotting cascade: factor Xa function

Factor X or Stuart-Prower Factor named after the male patient named Stuart in 1957 and a female 
patient named Prower with FX deficiency [45, 46]. Moreover, Factor X has long been known to 
have a key role in hemostasis and plays a central part in the blood-clotting cascade by catalyzing 
the production of thrombin, which leads to clot formation and wound closure [33, 47].

Figure 4. Chronological development of anticoagulants.

Figure 5. (a-b) VKA. (c) Indirect FXa inhibitor.
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An ideal anticoagulant would prevent thrombosis without inducing systemic hypocoagula-
tion, and would thereby prevent undesired bleeding complications. Thus, a factor Xa inhibi-
tor could potentially have the properties of a desirable anticoagulant. In the search for new 
drugs, anticoagulant serine protease activated factor Xa is a particularly promising target and 
has attracted a strong interest in the last 5 years.

FXa plays an important role in first and secondary hemostasis. It produces the core catalyzing 
reaction that results in thrombin enzyme formation by means of the blood coagulation cascade 
which results in clot formation and wound closure [33, 47]. Moreover, FXa was found to play 
a central role in the coagulation process leading to hemostasis in the original extrinsic/intrin-
sic model [33] as well as in the newly proposed cell-based model. Factor X can be activated 
through either the intrinsic or extrinsic pathway. Initiation of both pathways activates the 
inactive precursor FX to FXa. Considering that one molecule of FXa catalyzes the formation of 
1000 thrombin molecules, this amplification step can be substantial. Moreover, both pathways 
lead to the propagation and amplification of coagulation through the activation of FX.

The perfect antithrombotic agent would not induce systemic hypocoagulation and thus pro-
vides equilibrium between clot formation and secondary problems such as bleeding. The 
investigation into finding new anticoagulant agents reveals that serine protease FXa is an 
important validated pharmaceutical achievement whose use has grown remarkably since the 
beginning of the twenty-first century [42–44]. Thus, an FXa inhibitor combined with an anti-
platelet moiety could possibly provide the features of an effective drug, thus preventing the 
platelet aggregation during the hemostasis process, avoiding the thrombus formation and 
inhibiting the catalyzing FXa reaction [33, 48–53].

As explained above, FXa performs a crucial function in the coagulation process. Thus, FXa 
provides a specific target for novel anticoagulant agents. The synthesis of direct FXa inhibitors 
that are able to effectively inhibit prothrombinase-associated and clot-bound FXa, and there-
fore provide greater potential anticoagulant activity, is therefore a significantly important 
advance. There is enough evidence to imply that inhibition earlier during primary hemostasis 
in the coagulation cascade at the FXa level could provide higher antithrombotic potential by 
using inhibition of platelet adhesion drugs. Furthermore, preclinical studies indicate that FXa 
inhibitors possibly possess a broader therapeutic index. Therefore, there is a significant num-
ber of pharmaceutical companies, which are working to discover new anticoagulant drugs, 
and have finally decided to focus on small molecules such as direct FXa inhibitors [54–59].

FXa is a serine protease which catalyzes the production of 1000 thrombin molecules involving 
the interaction on the platelets surface, Ca2+ ions, and FVa called the prothrombinase complex. 
The prothrombinase complex acts on the natural substrate producing the catalytic coagula-
tion process.

Structurally FXa, like trypsin, belongs among the family of serine proteases within the cata-
lytic domain, which is formed by two antiparallel β-barrel folds that act in tandem to produce 
the catalytic triad and the substrate binding site. Schechter and Berger (Figure 6) have pro-
vided a nomenclature adopted by scientists, which describes the prototypical binding site of 
a serine protease. Consequently, each protein subsite, labeled Si, binds its related amino acid 
substrate, labeled Pi [60].
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As the discovery of small-molecule protease inhibitors has progressed, this convention has 
been amplified to denote drug substructures that similarly bind to substrate amino acids 
(Figure 6) [54].

In the 1980s, early attempts to identify FXa inhibitors were prompted by prior thrombin inhib-
itor discoveries such as the compounds illustrated in Figure 7 (a and b), which are examples 
of early [61] and most recent direct FXa inhibitors rivaroxaban (Figure 7c) and apixaban 
(Figure 7d) chemical structures.

Development of rivaroxaban was a major breakthrough in anticoagulation drug discovery 
and was the first approved orally active direct FXa inhibitor. However, recently studies have 
shown that rivaroxaban and apixaban discontinuation could result in thromboembolic events, 
and the use of rivaroxaban associated with warfarin increases the risk of major bleeding in 
non-valvular atrial fibrillation patients [62–64]. Through the study of the chemical structures 
of these inhibitors illustrated below, it also became evident that various substitutes could be 
accepted in both the S1 and S4 regions [45, 65–73].

In spite of extensive knowledge about the clotting mechanism, its complexity poses a consid-
erable challenge to the research and development of powerful anticoagulants that are both 
safe and effective.

3.1. FXa structural target points

As it was exposed before, FXa plays a critical role in coagulation. Together with FVa and 
calcium ions on a phospholipid surface, FXa forms the prothrombinase complex, which is 
responsible for the conversion of prothrombin to thrombin, the final effector of coagulation 
(Figure 1).

Oral anticoagulant drug discovery efforts initially focused on the development of small-
molecule anticoagulants that target thrombin directly—the oral DTIs. But, there is some evi-
dence to suggest that inhibition earlier in the coagulation cascade at the level of FXa may have 
greater antithrombotic potential. In addition preclinical studies suggest that FXa inhibitors 
may possess a wider therapeutic index than DTIs. Thus, it is understandable that a great 
number of pharmaceutical companies dedicated to the discovery of this oral anticoagulant 
drug have finally and determinedly concentrated on small-molecule, direct FXa inhibitors 
[33, 56, 57, 74–78].

It is worth considering briefly some of the significant molecular characteristics of the target 
protein. FXa belongs to the family of serine proteases such as trypsin; the catalytic domain 
consists of two antiparallel β-barrel folds that together form the catalytic triad and the sub-
strate binding site. Accordingly to the Schetcher and Berger nomenclature each protein sub-
site (Si) binds the amino acid (Pi) residue [79]. Specifically, FXa is composed by four principal 
subsites S1, S2, S3, and S4.

S1 is an anionic pocket—hydrophobic and deep cleft—formed by Tyr228, Ser195, and Asp189; 
and S4 subsite has three domains to link with the ligand: one hydrophobic pocket defined by 
Tyr99, Trp215, and Phe174, one cationic hole formed by Glu97 and Lys96, and a water pocket 
where the natural substrate is trapped under the following amino acids: Thr98, Ile175, and 
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An ideal anticoagulant would prevent thrombosis without inducing systemic hypocoagula-
tion, and would thereby prevent undesired bleeding complications. Thus, a factor Xa inhibi-
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has attracted a strong interest in the last 5 years.
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platelet moiety could possibly provide the features of an effective drug, thus preventing the 
platelet aggregation during the hemostasis process, avoiding the thrombus formation and 
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As explained above, FXa performs a crucial function in the coagulation process. Thus, FXa 
provides a specific target for novel anticoagulant agents. The synthesis of direct FXa inhibitors 
that are able to effectively inhibit prothrombinase-associated and clot-bound FXa, and there-
fore provide greater potential anticoagulant activity, is therefore a significantly important 
advance. There is enough evidence to imply that inhibition earlier during primary hemostasis 
in the coagulation cascade at the FXa level could provide higher antithrombotic potential by 
using inhibition of platelet adhesion drugs. Furthermore, preclinical studies indicate that FXa 
inhibitors possibly possess a broader therapeutic index. Therefore, there is a significant num-
ber of pharmaceutical companies, which are working to discover new anticoagulant drugs, 
and have finally decided to focus on small molecules such as direct FXa inhibitors [54–59].

FXa is a serine protease which catalyzes the production of 1000 thrombin molecules involving 
the interaction on the platelets surface, Ca2+ ions, and FVa called the prothrombinase complex. 
The prothrombinase complex acts on the natural substrate producing the catalytic coagula-
tion process.

Structurally FXa, like trypsin, belongs among the family of serine proteases within the cata-
lytic domain, which is formed by two antiparallel β-barrel folds that act in tandem to produce 
the catalytic triad and the substrate binding site. Schechter and Berger (Figure 6) have pro-
vided a nomenclature adopted by scientists, which describes the prototypical binding site of 
a serine protease. Consequently, each protein subsite, labeled Si, binds its related amino acid 
substrate, labeled Pi [60].
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(Figure 7d) chemical structures.
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non-valvular atrial fibrillation patients [62–64]. Through the study of the chemical structures 
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In spite of extensive knowledge about the clotting mechanism, its complexity poses a consid-
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safe and effective.
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As it was exposed before, FXa plays a critical role in coagulation. Together with FVa and 
calcium ions on a phospholipid surface, FXa forms the prothrombinase complex, which is 
responsible for the conversion of prothrombin to thrombin, the final effector of coagulation 
(Figure 1).

Oral anticoagulant drug discovery efforts initially focused on the development of small-
molecule anticoagulants that target thrombin directly—the oral DTIs. But, there is some evi-
dence to suggest that inhibition earlier in the coagulation cascade at the level of FXa may have 
greater antithrombotic potential. In addition preclinical studies suggest that FXa inhibitors 
may possess a wider therapeutic index than DTIs. Thus, it is understandable that a great 
number of pharmaceutical companies dedicated to the discovery of this oral anticoagulant 
drug have finally and determinedly concentrated on small-molecule, direct FXa inhibitors 
[33, 56, 57, 74–78].

It is worth considering briefly some of the significant molecular characteristics of the target 
protein. FXa belongs to the family of serine proteases such as trypsin; the catalytic domain 
consists of two antiparallel β-barrel folds that together form the catalytic triad and the sub-
strate binding site. Accordingly to the Schetcher and Berger nomenclature each protein sub-
site (Si) binds the amino acid (Pi) residue [79]. Specifically, FXa is composed by four principal 
subsites S1, S2, S3, and S4.

S1 is an anionic pocket—hydrophobic and deep cleft—formed by Tyr228, Ser195, and Asp189; 
and S4 subsite has three domains to link with the ligand: one hydrophobic pocket defined by 
Tyr99, Trp215, and Phe174, one cationic hole formed by Glu97 and Lys96, and a water pocket 
where the natural substrate is trapped under the following amino acids: Thr98, Ile175, and 
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Figure 8. Most important amino acid residues in S1 and S4 pockets.

Tyr175. Besides, the S2 subsite is not well defined, has a slightly profound pocket, and is fused 
with the S4 subsite (Figure 8). Finally, the S3 pocket is exposed to the solvent, and it is situated 
at the borderline of the S1 subsite region [78, 80].

All reported data indicates that small-molecule serine protease inhibitors bind one or more of 
the subsites. Figure 5 shows the most important serine protease subsites responsible for the 
design molecules recognition and binding characteristics.

In view of the small size of these synthetic inhibitors, they allow inhibiting both bound pro-
thrombinase and free FXa. In addition, these drugs are able to penetrate the blood clot and 
inhibit FXa [61, 81, 82].

Figure 6. Nomenclature based on the Schechter and Berger convention. Figure adapted from Berg et al [67].

Figure 7. Early and more recent direct FXa inhibitors.
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4. Direct FXa inhibitors development

In spite of the fact that as early as the beginnings of the 1980s, the factor Xa had already been 
recognized as an auspicious target for the development of new anticoagulants, its viability 
inhibition was not tested until the late 1980s. It was in 1987 that the first factor Xa inhibi-
tor—naturally occurring compound antistasin—was extracted from the salivary glands of 
the Mexican leech Haementeria officinalis. Antistasin is a 119 amino-acid polypeptide; kinetic 
studies revealed that it is a slow, tight-binding, potent factor Xa inhibitor [83–85]. Similar 
properties show another factor Xa inhibitor—the tick anticoagulant peptide (tAP) [86]. This 
anticoagulant peptide is a single-chain, amino-acid peptide which was isolated in 1990 from 
extracts of the soft tick Ornithodoros moubata. The antithrombotic effects of these compounds 
were compared with those of direct thrombin inhibitors, and of indirect thrombin and factor 
Xa inhibitors in animal models of thrombosis.

The discovery of FXa’s role in the clotting cascade produced an increasing interest in this 
enzyme due to its pharmacological target for the treatment of a diverse number of hemostatic 
pathologies.

The first FXa inhibitory studies were carried by using natural anticoagulants obtained from 
ticks (antistatin), leeches (Yagin), and bats (Draculin). These natural anticoagulant proteins had 
indirect activity on FXa. Antistatin produce a slow-release FXa-complex which reduces the cas-
cade amplification. Besides, Draculin directly inhibits FXa without activity on thrombin [87].

Several investigation groups started designing and synthesizing novel small molecules for 
the treatment of thrombotic-related pathologies such as deep vein thrombus (DVT), acute 
coronary syndrome (ACS), stroke, as well as for the prevention of clot production during 
surgeries. Moreover, pharmaceuticals companies have been financing strongly in the research 
and development of new synthetic oral FXa inhibitors.

For example, fondaparinux (Figure 5c), is selective for FXa but acts indirectly via binding to 
antithrombin and has demonstrated similar clinical benefit over LMWHs in venous throm-
botic indications. The safety and efficacy of one provided the first clinical proof of the prin-
ciple that targeting FXa would be an important advancement in the area of anticoagulation 
therapy [79, 88–91].

A second generation of synthetic derivatives, idrabiotaparinux, is in late-stage clinical tri-
als for treatment of VTE and for stroke prevention in patients with AF [92]. Early efforts to 
identify inhibitors of FXa stemmed from the prior discoveries of thrombin inhibitors such as 
compounds showing in Figure 6 are examples of early FXa inhibitors. Because of the success 
of indirect dual factor Xa and thrombin inhibitors, such as LMWHs, indirect inhibitors of 
factor Xa with greater selectivity, such as fondaparinux, were developed in parallel with oral 
direct factor Xa inhibitors, such as rivaroxaban [93] (Figure 7c) and apixaban [94] (Figure 7d).

These last two small molecules have been demonstrated to have the best pharmacokinetics 
characteristics, and they have a fully complete preclinical characterization as an oral direct 
FXa inhibitor. Furthermore, rivaroxaban was approved in Canada, Europe, and other coun-
tries for the prevention of VTE in adults undergoing hip and knee surgery, and it has a pre-
dictable anticoagulant response avoiding the need for monitoring. Moreover, apixaban was 
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cade amplification. Besides, Draculin directly inhibits FXa without activity on thrombin [87].
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coronary syndrome (ACS), stroke, as well as for the prevention of clot production during 
surgeries. Moreover, pharmaceuticals companies have been financing strongly in the research 
and development of new synthetic oral FXa inhibitors.

For example, fondaparinux (Figure 5c), is selective for FXa but acts indirectly via binding to 
antithrombin and has demonstrated similar clinical benefit over LMWHs in venous throm-
botic indications. The safety and efficacy of one provided the first clinical proof of the prin-
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These last two small molecules have been demonstrated to have the best pharmacokinetics 
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Figure 9. Chemical structures: Commercial starting material and Razaxaban. The moiety that interacts with S1, is shown 
in blue, and the portion involved in the S4 interaction is shown in red [50].

approved by the Food and Drug Administration (FDA) in December 2012 with an indication 
of reducing the risk of stroke and dangerous blood clots (systemic embolism) in patients with 
atrial fibrillation (AF) [95–98].

Based on these discoveries, in the mid-1990s, it was assumed that small-molecule, direct fac-
tor Xa inhibitors could most likely become a better option than the antithrombotic therapies 
used in those days [99].

4.1. Direct synthetic FXa inhibitors

Indirect FXa inhibitor development led to the advance of direct oral FXa inhibitors, such as 
rivaroxaban [100] (Figure 7c) and apixaban [98] (Figure 7d). Interestingly, the “Xa” suffix 
comes from FXa and “ban” indicating inhibition [101].

These latest FXa direct oral inhibitors comprised a group of small molecules. Taking into 
account the chronological order, these new direct oral anticoagulants (DOACs) are razaxa-
ban, rivaroxaban, apixaban, darexaban, edoxaban, and betrixaban; however, some of them 
did not obtain the approval during clinical trials and they are not commercialized [48].

4.1.1. Razaxaban

This novel FXa synthetic and orally active compound was developed by Bristol Myers Squibb 
in 2004. The production of razaxaban was carried out through a seven synthetic pathway 
(Figure 9) [56]. It acts as a selective and reversible direct FXa inhibitor which was the first syn-
thetic direct FXa inhibitor developed. Moreover, razaxaban has demonstrated FXa selectivity in 
venous thrombosis in human beings and arterial thrombosis prevention in animal models [94].

The razaxaban structural L shape allowed it to fit within the FXa S1 pocket where the nitrogen 
atom of the benzoisoxazole moiety interacts with Ala190 and Asp189 (Figure 10) [48, 100]. 
Moreover, the development was discontinued in Phase II at the end of 2004.

4.1.2. Rivaroxaban

Rivaroxaban (Xarelto®), was the first direct oral FXa inhibitor developed by Bayer Schering 
Pharma AG and it obtained the clinical approved in 2008 [102]. At the beginning, the produc-
tion of rivaroxaban was carried out through a nine synthetic pathway [68]. In recent years, a 
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novel synthetic route was design by using only a seven-step procedure diminishing the envi-
ronmental impact and increasing the reaction yields (Figure 11) [103]. This novel DOAC is a 
selective and reversible FXa inhibitor which shows 100-fold greater selectivity for FXa over any 
other serine protease. Rivaroxaban inhibits the complex between FXa and prothrombinase with 
an IC50 2.1 nM; moreover, it shows nanomolar inhibitory constant [Ki = 0.4 nM] [33, 93, 104].

As it is shown in Figure 12, the two-ringed moiety, including the morpholinone and bencenic 
moieties, produced S4 hydrophobic interactions with Phe174 and Tyr99 residues. Moreover, 
the oxazolidone ring interacts with Gly219 through hydrogen bonds and the chlorothiophene 
moiety produces necessary interactions with Asp189, Ala190 and Tyr228 in the profound S1 
site (Figure 12) [33, 68, 82].

This first commercially available DOAC doesn’t show food interactions and it is prescribed as 
one dose-per-day drug after heart attack or stroke [105, 106]. Furthermore, rivaroxaban was 
approved for prophylaxis after knee or hip surgery [96].

Figure 10. Razaxaban bound to FXa (PDB ID 2w26). The binding site is shown in surface mode. Important residues are 
labeled.

Figure 11. Chemical structures: Commercial starting material and rivaroxaban. The moiety that interacts with S1 is 
shown in blue and the portion involved in the S4 interaction is shown in red [594].
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Figure 9. Chemical structures: Commercial starting material and Razaxaban. The moiety that interacts with S1, is shown 
in blue, and the portion involved in the S4 interaction is shown in red [50].
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novel synthetic route was design by using only a seven-step procedure diminishing the envi-
ronmental impact and increasing the reaction yields (Figure 11) [103]. This novel DOAC is a 
selective and reversible FXa inhibitor which shows 100-fold greater selectivity for FXa over any 
other serine protease. Rivaroxaban inhibits the complex between FXa and prothrombinase with 
an IC50 2.1 nM; moreover, it shows nanomolar inhibitory constant [Ki = 0.4 nM] [33, 93, 104].

As it is shown in Figure 12, the two-ringed moiety, including the morpholinone and bencenic 
moieties, produced S4 hydrophobic interactions with Phe174 and Tyr99 residues. Moreover, 
the oxazolidone ring interacts with Gly219 through hydrogen bonds and the chlorothiophene 
moiety produces necessary interactions with Asp189, Ala190 and Tyr228 in the profound S1 
site (Figure 12) [33, 68, 82].

This first commercially available DOAC doesn’t show food interactions and it is prescribed as 
one dose-per-day drug after heart attack or stroke [105, 106]. Furthermore, rivaroxaban was 
approved for prophylaxis after knee or hip surgery [96].
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4.1.3. Apixaban

Apixaban (Eliquis®) was the second FXa oral inhibitor approved by the European Medicines 
Agency (EMA) in 2011 and by the Food and Drug Administration (FDA) in 2012 [98]. This 
novel molecule is a design evolution of razaxaban, and it was developed by Bristol Myers 
Squibb [53]. Moreover, apixaban is a reversible and selective FXa inhibitor which is prescribed 
in thromboembolic prophylaxis events such as preventing thrombus production and strokes 
in persons with atrial fibrillation. Furthermore, apixaban is prescribed to prevent blood clots in 
deep vein thrombosis (DVT) and pulmonary embolus formation according to the United States 
regulations [52, 107, 108].

Currently, apixaban has FXa inhibitory activity showing a Ki = 0.08 nM with 50% oral bio-
availability [104, 107]. In addition, its action showed selectivity for clot-bound (IC50 1.3 nM) vs. 
free FXa (IC50 7.6 nM) [107]. Besides, this DOAC induces hepatotoxicity as its adverse effect 
(Figure 13) [109].

The characteristic FXa inhibitors L shape is produced by the peptide bond present between 
the two ring pyrazole linked to a phenyl piperidinone (Figure 14). Apixaban shows the same 
interactions than Rivaroxaban in the S1 pocket by using the methoxyphenyl portion at the 
bottom of the S1 pocket [100].

4.1.4. Darexaban

Darexaban was designed by Astellas Pharma in 2007 for venous and arterial thromboembolic 
disease prophylaxis such as venous thrombosis, myocardial infarction, and ischemic stroke [110].

Figure 12. Rivaroxaban bound to FXa (PDB ID 2w26) [68]. The binding site is shown in surface mode. Specificity sites 
and important residues are labeled.

Anticoagulant Drugs24

It showed an inhibition constant Ki 0.031 μM and IC50 40 nM for free FXa and IC50 80 nM for 
blood clots [111]. However, darexaban development was discontinued in September 2011, 
after a phase II in Australia, Canada, and the European Union (EU) because the clinical trial 
showed that the combination of darexaban with an antiplatelet agent such as acetyl salicylic 
acid (ASA) caused a fourfold increase in bleeding rates and had no effect on acute coronary 
syndrome (ACS) (Figure 15) [112].

Darexaban establishes the same interactions with Asp189, Ala190, and Tyr228 in the S1 pocket 
as other DOACs (Figure 16) [100].

4.1.5. Edoxaban

Edoxaban (Savaysa® in USA and Lixiana ® in Canada and outside the USA) was developed 
by Daiichi Sankyo and it was approved in Japan (2011) and by the FDA (2015) [71, 113]. This 

Figure 13. Chemical structures: Commercial starting material and apixaban. The moiety that interacts with S1 is shown 
in blue, and the portion involved in the S4 interaction is shown in red [53].

Figure 14. Apixaban bound to FXa (PDB ID 2w26). The binding site is shown in surface mode. Important residues are 
labeled.
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Figure 15. Darexaban chemical structure. The moiety that interacts with S1 is shown in blue, and the portion involved 
in the S4 interaction is shown in red.

novel DOAC is used for stroke and VTE prophylaxis in patients with atrial fibrillation [114]. 
Edoxaban was synthesized through a twelve-step procedure (Figure 17) [113].

Edoxaban bioavailability is 62%, and it is prescribed at 15–150 mg daily. It has been shown a 
nanomolar value for its Ki (0.56 nM) and IC50 (3 nM) [115–117]. Currently, Daiichi Sankyo is 
developing a phase III trial for cardiovascular disorders during February 2018.

This DOAC interacts with the same amino acidic residues in the S1 serine enzyme pocket as the 
other FXa direct inhibitors (Figure 18). The chloropyridine moiety is responsible for the S1 pocket 
interaction meanwhile the tetrahydrothiazolo-pyridine moiety interacts with the S4 pocket [100].

4.1.6. Betrixaban

Betrixaban (Bevyxxa®) is the newest DOAC developed by Portola Pharmaceuticals and it was 
designed through structure activity relationship (SAR) studies [80, 118]. It was approved by 
the FDA in June 2017 for prevention of venous thromboembolism in acute hospitalized medi-
cal adult patients by using an initial single dose of 80 mg (Figure 19) [119].

Figure 16. Darexaban bound to FXa (PDB ID 2w26). The binding site is shown in surface mode. Important residues are 
labeled.
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This new DOAC is a competitive and reversible FXa inhibitor and it has a Ki 0.117 pM and 
IC50 1.5 nM [119]. Betrixaban may therefore have several potential advantages over the other 
FXa inhibitors (Figure 20).

Figure 17. Chemical structures: commercial starting material and Edoxaban. The moiety that interacts with S1 is shown 
in blue, and the portion involved in the S4 interaction is shown in red [113].

Figure 18. Edoxaban bound to FXa (PDB ID 2w26). The binding site is shown in surface mode. Important residues are 
labeled.

Figure 19. Chemical structures: commercial starting material and Betrixaban. The moiety that interacts with S1 is shown 
in blue, and the portion involved in the S4 interaction is shown in red.
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5. Conclusions

A perfect anticoagulant would prevent thrombosis without inducing systemic hypocoagu-
lation, and would prevent undesired bleeding complications. Thus, an FXa inhibitor could 
potentially have the properties of a desirable anticoagulant. In the search for new antico-
agulant drugs, the serine protease FXa is a particularly promising target and has attracted a 
strong interest over the last 15 years.

Development of DOACs such as direct FXa inhibitors is an important innovation in the anti-
coagulation drug discovery field. In spite of widespread knowledge about the clotting mecha-
nism, its complexity generates significant challenge for the investigation and production of 
innovative anticoagulants that are both efficient and safe. DOACs availability embraces a vast 
field of the clinical health system for prevention of diverse pathologies. Currently, with the 
development and approval of DOACs such as FXa inhibitors, clinical health professionals can 
use these novel therapeutics approaches.

The continuous and future development of an innovative oral anticoagulant drug that is 
designed to prevent several thrombotic disorders and related pathologies would be of 
remarkable wide-reaching health value.

Acknowledgements

The author would like to thanks Centro de Investigación en Nanotecnología y Materiales 
Avanzados, CIEN-UC, Pontificia Universidad Católica de Chile and the Institute for Biological 

Figure 20. Betrixaban bound to FXa (PDB ID 2w26). The binding site is shown in surface mode. Important residues are 
labeled.

Anticoagulant Drugs28

and Medical Engineering. This work was financially supported to F.C.Z. by the CONICYT/
FONDECYT Fondecyt Iniciación N° 11130595 and Fondecyt Regular N° 1181408 project.

Conflict of interest

The author declares no conflict of interest.

Thanks

The author would like to express a sincere gratitude to Nicolás E. Núñez-Navarro for his 
valuable assistance with the bibliographical search and to Fabián M. Santana for the images 
improvement.

Author details

Flavia C. Zacconi

Address all correspondence to: fzacconi@uc.cl

Pontificia Universidad Católica de Chile, Santiago de Chile, Chile

References

[1] Austin S. Haemostasis. Medicine. 2013;41:208-211

[2] Pérez-Gómez F, Bover R. La nueva cascada de la coagulación y su posible influencia 
en el difícil equilibrio entre trombosis y hemorragia. Revista Española de Cardiología 
2007;60:1217-1219

[3] Riddel J, Aouizerat B, Miaskowski C, Lillicrap D. Theories of blood coagulation. Journal 
of Pediatric Oncology Nursing. 2007;24:123-131

[4] Smith S. The cell-based model of coagulation. Journal of Veterinary Emergency and 
Critical Care. 2009;19:3-10

[5] Hoffman M, Monroe D III. A cell-based model of hemostasis. Thrombosis and 
Haemostasis. 2001;85:958-965

[6] Hoffman M, Monroe D. Rethinking the coagulation cascade. Current Hematology 
Reports. 2005;4:391-396

[7] Palta S, Saroa R. Overview of the coagulation system. Indian Journal of Anaesthesia. 
2014;58:515-523

[8] Vojacek J. Should we replace the terms intrinsic and extrinsic coagulation pathways with 
tissue factor pathway? Clinical and Applied Thrombosis/Hemostasis. 2016;1:1-6

FXa Direct Synthetic Inhibitors
http://dx.doi.org/10.5772/intechopen.76518

29



5. Conclusions

A perfect anticoagulant would prevent thrombosis without inducing systemic hypocoagu-
lation, and would prevent undesired bleeding complications. Thus, an FXa inhibitor could 
potentially have the properties of a desirable anticoagulant. In the search for new antico-
agulant drugs, the serine protease FXa is a particularly promising target and has attracted a 
strong interest over the last 15 years.

Development of DOACs such as direct FXa inhibitors is an important innovation in the anti-
coagulation drug discovery field. In spite of widespread knowledge about the clotting mecha-
nism, its complexity generates significant challenge for the investigation and production of 
innovative anticoagulants that are both efficient and safe. DOACs availability embraces a vast 
field of the clinical health system for prevention of diverse pathologies. Currently, with the 
development and approval of DOACs such as FXa inhibitors, clinical health professionals can 
use these novel therapeutics approaches.

The continuous and future development of an innovative oral anticoagulant drug that is 
designed to prevent several thrombotic disorders and related pathologies would be of 
remarkable wide-reaching health value.

Acknowledgements

The author would like to thanks Centro de Investigación en Nanotecnología y Materiales 
Avanzados, CIEN-UC, Pontificia Universidad Católica de Chile and the Institute for Biological 

Figure 20. Betrixaban bound to FXa (PDB ID 2w26). The binding site is shown in surface mode. Important residues are 
labeled.

Anticoagulant Drugs28

and Medical Engineering. This work was financially supported to F.C.Z. by the CONICYT/
FONDECYT Fondecyt Iniciación N° 11130595 and Fondecyt Regular N° 1181408 project.

Conflict of interest

The author declares no conflict of interest.

Thanks

The author would like to express a sincere gratitude to Nicolás E. Núñez-Navarro for his 
valuable assistance with the bibliographical search and to Fabián M. Santana for the images 
improvement.

Author details

Flavia C. Zacconi

Address all correspondence to: fzacconi@uc.cl

Pontificia Universidad Católica de Chile, Santiago de Chile, Chile

References

[1] Austin S. Haemostasis. Medicine. 2013;41:208-211

[2] Pérez-Gómez F, Bover R. La nueva cascada de la coagulación y su posible influencia 
en el difícil equilibrio entre trombosis y hemorragia. Revista Española de Cardiología 
2007;60:1217-1219

[3] Riddel J, Aouizerat B, Miaskowski C, Lillicrap D. Theories of blood coagulation. Journal 
of Pediatric Oncology Nursing. 2007;24:123-131

[4] Smith S. The cell-based model of coagulation. Journal of Veterinary Emergency and 
Critical Care. 2009;19:3-10

[5] Hoffman M, Monroe D III. A cell-based model of hemostasis. Thrombosis and 
Haemostasis. 2001;85:958-965

[6] Hoffman M, Monroe D. Rethinking the coagulation cascade. Current Hematology 
Reports. 2005;4:391-396

[7] Palta S, Saroa R. Overview of the coagulation system. Indian Journal of Anaesthesia. 
2014;58:515-523

[8] Vojacek J. Should we replace the terms intrinsic and extrinsic coagulation pathways with 
tissue factor pathway? Clinical and Applied Thrombosis/Hemostasis. 2016;1:1-6

FXa Direct Synthetic Inhibitors
http://dx.doi.org/10.5772/intechopen.76518

29



[9] Principales causas de muerte en Chile por regiones 1997-2003. Instituto Nacional de 
Estadísticas; 2006

[10] Feigin V, Lawes C, Bennett D, Anderson C. Stroke epidemiology: a review of popula-
tion based studies of incidence, prevalence and case fatality in the late 20th century. The 
Lancet Neurology. 2003;2:43-53

[11] Estrategia Nacional de Salud. 2011-2020. Ministerio de Salud. Gobierno de Chile

[12] Protocolo prevención enfermedad tromboembólica en pacientes quirúrgicos. Dirección 
Servicio de Salud Metropolitano Oriente. Ministerio de Salud de Chile; 2010

[13] Raskob G, Angchaisuksiri P, Blanco A, Buller H, Gallus A, Hunt B, Hylek E, Kakkar A, 
Konstantinides S, McCumber M, Ozaki Y, Wendelboe A, Weitz J. A major contributor to 
global disease burden. ISTH steering Committee for World Thrombosis day. Journal of 
Thrombosis and Haemostasis. 2014;12:1580-1590

[14] Gustafsson D, Bylund R, Antonsson T, Nilsson I, Nyström J-E, Eriksson U, Bredberg U, 
Teger-Nilsson A-C. A new oral anticoagulant: the 50-year challenge. Nature Reviews 
Drug Discovery. 2004;3:549-659

[15] Wolf P, Abbott R, Kannel W. Atrial fibrillation as an independent risk factor for stroke: 
the Framingham Study. Stroke. 1991;22:983-988

[16] Flisfisch H, Aguiló J, Lillo Cuevas D. Trombosis venosa profunda. Revista Medicina y 
Humanidades. 2014;VI:46-50

[17] Bombin F, Kotlik A, Díaz G, Vera O, Contreras T, Vásquez Z. Secuelas de la trombosis 
venosa profunda de las extremidades inferiores luego de un tratamiento anticoagulante 
controlado. Revista Chilena de Cirugía. 2005;57:311-319

[18] Palomo G, Pereira G, Alarcón L, Pinochet P, Vélez S, Hidalgo P, Skagerberg K, Poblete 
CF. Factor V Leiden y mutación de la protrombina G20210A en pacientes con trombosis 
venosa y arterial. Revista Médica De Chile. 2005;133:1425-1433

[19] Wolf P, Mitchell J, Baker C, Kannel W, D’Agostino R. Impact of atrial fibrillation on mor-
tality, stroke, and medical costs. Archives of Internal Medicine. 1998;158:229-234

[20] Longo D, Fauci A, Kasper D, Hauser S, Jameson J, Loscalzo J. Harrison's Principles of 
Internal Medicine, 1 and 2. 18th ed. New York: McGraw-Hill Professional; 2011

[21] Abraham D, editor. Burger’s Medicinal Chemistry and Drug Discovery. Cardiovascular 
Agents and Endocrines. 6th ed. Vol. Vol. 3. New Jersey: Wiley–Interscience; 2003

[22] Lee M, Smith S, Galor A, Hoffman G. Antiplatelet and anticoagulant therapy in patients 
with giant cell arteritis. Arthritis and Rheumatism. 2006;54:3306-3309

[23] Rao P, Burkart T. Advances in oral anticoagulation therapy – What’s in the pipeline? 
Blood Reviews. 2017;31:205-211

[24] Oh J, Smiddy W, Kim S. Antiplatelet and anticoagulation therapy in vitroretinal surgery. 
The American Journal of Ophthalmology. 2011;151:934-939

Anticoagulant Drugs30

[25] Cohen A, Imfeld S, Markham J, Granziera S. The use of aspirin for primary and sec-
ondary prevention in venous thromboembolism and other cardiovascular disorders 
Thrombosis Research. 2015;135:217-225

[26] Koenig-Oberhuber V, Filipovic M. New antiplatelet drugs and new oral anticoagulants. 
British Journal of Anaesthesia. 2016;117:ii74-ii84

[27] Aizman A, Abbott E, Rojas L. Profilaxis de enfermedad tromboembólica en pacientes 
hospitalizados con patología médica, estrechando la brecha entre las guías y la práctica 
clínica. Revista Médica de Chile. 2011;139:1210-1217

[28] Sobieraj-Teague M, O’Donnell M, Eikelboom J. New anticoagulants for atrial fibrillation. 
Seminars in Thrombosis and Hemostasis. 2009;35:515-524

[29] Gómez-Outes A, Suárez-Gea M, Lecumberri R, Rocha E, Pozo-Hernández C, Vargas-
Castrillón E. Nuevos anticoagulantes parenterales en desarrollo clínico. Actualidad  en 
Farmacología y Terapéutica. 2011;9:167-181

[30] Weits JI. Emerging anticoagulants for the treatment of venous thromboembolism. 
Thrombosis and Haemostasis. 2006;96:274-284

[31] Side effects of commercial antithrombotic agents. https://www.drugs.com/sfx/ [Accessed:  
July 12, 2017]

[32] Dimitropoulos G, Rahim S, Moss A, Lip G. New anticoagulants for venous thromboem-
bolism and atrial fibrillation: what the future holds. 2018;27:71-86

[33] Perzborn E, Roehrig S, Straub A, Kubitza D, Misselwitz F. The discovery and develop-
ment or rivaroxaban, an oral, direct factor Xa inhibitor. Nature Reviews Drug Discovery. 
2011;10:61-75

[34] Eriksson BI, Dahl OE, Lassen MR, Ward DP, Rothlein R, Davis G, Turpie AGG. Partial 
factor IXa inhibition with TTP889 for prevention of venous thromboembolism: An 
exploratory study. Journal of Thrombosis and Haemostasis. 2008;6:457-463

[35] Goto S. Factor XIa as a possible new target of antithrombotic therapy. Journal of 
Thrombosis and Haemostasis. 2006;4:1494-1495

[36] Schumacher WE. Antithrombotic and hemostatic effects of a small molecule factor XIa 
inhibitor in rats. European Journal of Pharmacology. 2007;570:167-174

[37] Kearon C. Dose-response study of recombinant human soluble thrombomodulin (ART-123) 
in the prevention of venous thromboembolism after total hip replacement. Journal of 
Thrombosis and Haemostasis. 2005;3:962-968

[38] Koller F. History of factor X. Thrombosis Et Diathesis Haemorrhagica. 1960;4:58-65

[39] Brown DL, Kouides PA. Diagnosis and treatment of inherited factor X deficiency. 
Haemophilia. 2008;14:1176-1182

[40] Telfer TP, Denson KW, Wright DR. A “new” coagulation defect. British Journal of 
Haematology. 1956;2:308-316

FXa Direct Synthetic Inhibitors
http://dx.doi.org/10.5772/intechopen.76518

31



[9] Principales causas de muerte en Chile por regiones 1997-2003. Instituto Nacional de 
Estadísticas; 2006

[10] Feigin V, Lawes C, Bennett D, Anderson C. Stroke epidemiology: a review of popula-
tion based studies of incidence, prevalence and case fatality in the late 20th century. The 
Lancet Neurology. 2003;2:43-53

[11] Estrategia Nacional de Salud. 2011-2020. Ministerio de Salud. Gobierno de Chile

[12] Protocolo prevención enfermedad tromboembólica en pacientes quirúrgicos. Dirección 
Servicio de Salud Metropolitano Oriente. Ministerio de Salud de Chile; 2010

[13] Raskob G, Angchaisuksiri P, Blanco A, Buller H, Gallus A, Hunt B, Hylek E, Kakkar A, 
Konstantinides S, McCumber M, Ozaki Y, Wendelboe A, Weitz J. A major contributor to 
global disease burden. ISTH steering Committee for World Thrombosis day. Journal of 
Thrombosis and Haemostasis. 2014;12:1580-1590

[14] Gustafsson D, Bylund R, Antonsson T, Nilsson I, Nyström J-E, Eriksson U, Bredberg U, 
Teger-Nilsson A-C. A new oral anticoagulant: the 50-year challenge. Nature Reviews 
Drug Discovery. 2004;3:549-659

[15] Wolf P, Abbott R, Kannel W. Atrial fibrillation as an independent risk factor for stroke: 
the Framingham Study. Stroke. 1991;22:983-988

[16] Flisfisch H, Aguiló J, Lillo Cuevas D. Trombosis venosa profunda. Revista Medicina y 
Humanidades. 2014;VI:46-50

[17] Bombin F, Kotlik A, Díaz G, Vera O, Contreras T, Vásquez Z. Secuelas de la trombosis 
venosa profunda de las extremidades inferiores luego de un tratamiento anticoagulante 
controlado. Revista Chilena de Cirugía. 2005;57:311-319

[18] Palomo G, Pereira G, Alarcón L, Pinochet P, Vélez S, Hidalgo P, Skagerberg K, Poblete 
CF. Factor V Leiden y mutación de la protrombina G20210A en pacientes con trombosis 
venosa y arterial. Revista Médica De Chile. 2005;133:1425-1433

[19] Wolf P, Mitchell J, Baker C, Kannel W, D’Agostino R. Impact of atrial fibrillation on mor-
tality, stroke, and medical costs. Archives of Internal Medicine. 1998;158:229-234

[20] Longo D, Fauci A, Kasper D, Hauser S, Jameson J, Loscalzo J. Harrison's Principles of 
Internal Medicine, 1 and 2. 18th ed. New York: McGraw-Hill Professional; 2011

[21] Abraham D, editor. Burger’s Medicinal Chemistry and Drug Discovery. Cardiovascular 
Agents and Endocrines. 6th ed. Vol. Vol. 3. New Jersey: Wiley–Interscience; 2003

[22] Lee M, Smith S, Galor A, Hoffman G. Antiplatelet and anticoagulant therapy in patients 
with giant cell arteritis. Arthritis and Rheumatism. 2006;54:3306-3309

[23] Rao P, Burkart T. Advances in oral anticoagulation therapy – What’s in the pipeline? 
Blood Reviews. 2017;31:205-211

[24] Oh J, Smiddy W, Kim S. Antiplatelet and anticoagulation therapy in vitroretinal surgery. 
The American Journal of Ophthalmology. 2011;151:934-939

Anticoagulant Drugs30

[25] Cohen A, Imfeld S, Markham J, Granziera S. The use of aspirin for primary and sec-
ondary prevention in venous thromboembolism and other cardiovascular disorders 
Thrombosis Research. 2015;135:217-225

[26] Koenig-Oberhuber V, Filipovic M. New antiplatelet drugs and new oral anticoagulants. 
British Journal of Anaesthesia. 2016;117:ii74-ii84

[27] Aizman A, Abbott E, Rojas L. Profilaxis de enfermedad tromboembólica en pacientes 
hospitalizados con patología médica, estrechando la brecha entre las guías y la práctica 
clínica. Revista Médica de Chile. 2011;139:1210-1217

[28] Sobieraj-Teague M, O’Donnell M, Eikelboom J. New anticoagulants for atrial fibrillation. 
Seminars in Thrombosis and Hemostasis. 2009;35:515-524

[29] Gómez-Outes A, Suárez-Gea M, Lecumberri R, Rocha E, Pozo-Hernández C, Vargas-
Castrillón E. Nuevos anticoagulantes parenterales en desarrollo clínico. Actualidad  en 
Farmacología y Terapéutica. 2011;9:167-181

[30] Weits JI. Emerging anticoagulants for the treatment of venous thromboembolism. 
Thrombosis and Haemostasis. 2006;96:274-284

[31] Side effects of commercial antithrombotic agents. https://www.drugs.com/sfx/ [Accessed:  
July 12, 2017]

[32] Dimitropoulos G, Rahim S, Moss A, Lip G. New anticoagulants for venous thromboem-
bolism and atrial fibrillation: what the future holds. 2018;27:71-86

[33] Perzborn E, Roehrig S, Straub A, Kubitza D, Misselwitz F. The discovery and develop-
ment or rivaroxaban, an oral, direct factor Xa inhibitor. Nature Reviews Drug Discovery. 
2011;10:61-75

[34] Eriksson BI, Dahl OE, Lassen MR, Ward DP, Rothlein R, Davis G, Turpie AGG. Partial 
factor IXa inhibition with TTP889 for prevention of venous thromboembolism: An 
exploratory study. Journal of Thrombosis and Haemostasis. 2008;6:457-463

[35] Goto S. Factor XIa as a possible new target of antithrombotic therapy. Journal of 
Thrombosis and Haemostasis. 2006;4:1494-1495

[36] Schumacher WE. Antithrombotic and hemostatic effects of a small molecule factor XIa 
inhibitor in rats. European Journal of Pharmacology. 2007;570:167-174

[37] Kearon C. Dose-response study of recombinant human soluble thrombomodulin (ART-123) 
in the prevention of venous thromboembolism after total hip replacement. Journal of 
Thrombosis and Haemostasis. 2005;3:962-968

[38] Koller F. History of factor X. Thrombosis Et Diathesis Haemorrhagica. 1960;4:58-65

[39] Brown DL, Kouides PA. Diagnosis and treatment of inherited factor X deficiency. 
Haemophilia. 2008;14:1176-1182

[40] Telfer TP, Denson KW, Wright DR. A “new” coagulation defect. British Journal of 
Haematology. 1956;2:308-316

FXa Direct Synthetic Inhibitors
http://dx.doi.org/10.5772/intechopen.76518

31



[41] Butenas S, van’t Veer C, Mann KG. “Normal” thrombin generation. Blood. 1999;94: 
2169-2178

[42] Mann G. Thrombin formation. Chest. 2003;124:S4-S10

[43] Di Cera E. Thrombin interactions. Chest. 2003;124:S11-S17

[44] Mann KG, Brummel K, Butenas S. What is all that thrombin for? Journal of Thrombosis 
and Haemostasis. 2003;1:1504-1514

[45] Komoriya S, Kobayashi S, Osanai K, Yoshino T, Nagata T, Haginoya N, Nakamoto Y, 
Mochizuki A, Nagahara T, Suzuki M, Shimada T, Watanabe K, Isobe Y, Furugoori T. 
Bioorganic & Medicinal Chemistry. 2006;14:1309-1330

[46] Medscape. Factor X deficiency. https://emedicine.medscape.com/article/209867-overview#a4 
[Accessed: Janauary 25, 2018]

[47] Ansell J. Factor Xa or thrombin: Is factor Xa a better target? Journal of Thrombosis and 
Haemostasis. 2007;5:60-64

[48] Perzborn E. Factor Xa inhibitors-new anticoagulants for secondary haemostasis. 
Hämostaseologie. 2009;29:260-267

[49] Beynon R, Bond J, editors. Proteolytic Enzymes. 2nd ed. New York: Oxford University 
Press; 2001

[50] Quan M, Lam P, Han Q, Pinto D, He M, Li R, Ellis C, Clark C, Teleha C, Sun J, Alexander R, 
Bai S, Luettgen J, Knabb R, Wong P, Wexler R. Discovery of 1-(3’-aminobenzisoxazol-5’-yl)-
3-trifluoromethyl-N-[2-fluoro-4- [(2’-dimethylaminomethyl)imidazol-1-yl]phenyl]-1H- 
pyrazole-5-carboxyamide hydrochloride (razaxaban), a highly potent, selective, and 
orally bioavailable factor Xa inhibitor. Journal of Medicinal Chemistry. 2005;48:1729-1744

[51] Nagar S, Argikar U, Tweedie D, editors. Enzyme Kinetics in Drug Metabolism. Funda-
mentals and Applications. New York: Humana Press/Springer; 2014

[52] Hanna M, Mohan P, Knabb R, Gupta E, Frost C, Lawrence J. Development of Apixaban: 
A novel anticoagulant for prevention of stroke in patients with atrial fibrillation. Annals 
of the New York Academy of Sciences. 2014;1329:93-106

[53] Jiang J, Ji Y. Alternate synthesis of Apixaban (BMS-562247), an inhibitor of blood coagu-
lation factor Xa. Synthetic Communications. 2013;43:72-79

[54] Meyer S, Vanhoorelbeke K, Ulrichts H, Staelens S, Feys H, Salles I, Fontayne A, Deckmyn H.  
Development of Monoclonal Antibodies that Inhibit Platelet Adhesion or Aggregation 
as Potential Anti-Thrombotic Drugs Cardiovascular & Hematological Disorders - Drug 
Targets. 2006;6:191-207

[55] Vanhoorelbeke K, Ulrichts H, Van de Walle G, Fontayne A, Deckmyn H. Inhibition 
of Platelet Glycoprotein Ib and Its Antithrombotic Potential. Current Pharmaceutical 
Design. 2007;13:2684-2697

Anticoagulant Drugs32

[56] Rezaie R. Prothrombin protects factor Xa in the prothrombinase complex from inhibition 
by the heparineantithrombin complex. Blood. 2001;97:2308-2313

[57] Desai U. New antithrombin-based anticoagulants. Medicinal Research Reviews. 2004; 
24:151-181

[58] Undas A, Brummel-Ziedins K, Mann K. Antithrombotic properties of aspirin and resis-
tance to aspirin: beyond strictly antiplatelet actions. Blood. 2007;109:2285-2292

[59] Assessing and treating disorders of primary hemostasis. Clinical Advisor. https://www.
clinicaladvisor.com/features/treating-disorders-primary-hemostasis/article/706749/ 
[Accessed March 07, 2018]

[60] Berg J, Tymoczko J, Stryer L. Biochemistry. 5th Edition: International Version. New York: 
W. H. Freeman; 2002

[61] Núñez-Navarro N, Santana F, Parra L, Zacconi F. Surfing the blood coagulation Cascade: 
Insight into the vital factor Xa. Current Medicinal Chemistry. DOI: 10.2174/0929867325
666180125165340

[62] Lip G, Pan X, Kamble S, Kawabata H, Mardekian J, Masseria C, Bruno A, Phatak H. 
Major bleeding risk among non-valvular atrial fibrillation patients initiated on apixaban, 
dabigatran, rivaroxaban or warfarin: a “real- world” observational study in the United 
States. International Journal of Clinical Practice. 2016;70:752-763

[63] Vene N, Mavri A, Gubensek M, Tratar G, Cuderman T, Perme M, Blinc A. Risk of 
Thromboembolic Events in Patients with Non-Valvular Atrial Fibrillation After 
Dabigatran or Rivaroxaban Discontinuation - Data from the Ljubljana Registry. PLoS 
One. 2016;11:e0156943

[64] Acanfora D, Acanfora C, Scicchitano P, Longobardi M, Furgi G, Casucci G, Lanzillo B, 
Dentamaro I, Zito A, Incalzi R, Ciccone M. Evidence Gaps in the Era of Non–Vitamin K 
Oral Anticoagulants. Clinical Drug Investigation. 2016;36:857-862

[65] Pruitt J, Pinto D, Galemmo R, Alexander R, Rossi K, Wells B, Drummond S, Bostrom L, 
Burdick D, Bruckner R, Chen H, Smallwood A, Wong P, Wright M, Bai S, Luettgen J, 
Knabb R, Lam P, Wexler R. Discovery of 1-(2-aminomethylphenyl)-3-trifluoromethyl-
N-[3-fluoro-2’-(aminosulfonyl)[1,1’-biphenyl)]-4-yl]-1H-pyrazole-5-carboxyamide 
(DPC602), a potent, selective, and orally bioavailable factor Xa inhibitor(1). Journal of 
Medicinal Chemistry. 2003;46:5298-5315

[66] Mederski W, Cezanne B, van Amsterdam C, Buhring K-U, Dorsch D, Gleitz J, Marz J, 
Tsaklakidis C. Chlorothiophenecarboxamides as P1 surrogates of inhibitors of blood 
coagulation factor Xa. Bioorganic & Medicinal Chemistry Letters. 2004;14:5817-5822

[67] Wang W, Yuan J, Fu X, Meng F, Zhang S, Xu W, Xu Y, Huang C. Novel Anthranilamide-
Based FXa Inhibitors: Drug Design, Synthesis and Biological Evaluation. Molecules. 
2016;21:491-507

FXa Direct Synthetic Inhibitors
http://dx.doi.org/10.5772/intechopen.76518

33



[41] Butenas S, van’t Veer C, Mann KG. “Normal” thrombin generation. Blood. 1999;94: 
2169-2178

[42] Mann G. Thrombin formation. Chest. 2003;124:S4-S10

[43] Di Cera E. Thrombin interactions. Chest. 2003;124:S11-S17

[44] Mann KG, Brummel K, Butenas S. What is all that thrombin for? Journal of Thrombosis 
and Haemostasis. 2003;1:1504-1514

[45] Komoriya S, Kobayashi S, Osanai K, Yoshino T, Nagata T, Haginoya N, Nakamoto Y, 
Mochizuki A, Nagahara T, Suzuki M, Shimada T, Watanabe K, Isobe Y, Furugoori T. 
Bioorganic & Medicinal Chemistry. 2006;14:1309-1330

[46] Medscape. Factor X deficiency. https://emedicine.medscape.com/article/209867-overview#a4 
[Accessed: Janauary 25, 2018]

[47] Ansell J. Factor Xa or thrombin: Is factor Xa a better target? Journal of Thrombosis and 
Haemostasis. 2007;5:60-64

[48] Perzborn E. Factor Xa inhibitors-new anticoagulants for secondary haemostasis. 
Hämostaseologie. 2009;29:260-267

[49] Beynon R, Bond J, editors. Proteolytic Enzymes. 2nd ed. New York: Oxford University 
Press; 2001

[50] Quan M, Lam P, Han Q, Pinto D, He M, Li R, Ellis C, Clark C, Teleha C, Sun J, Alexander R, 
Bai S, Luettgen J, Knabb R, Wong P, Wexler R. Discovery of 1-(3’-aminobenzisoxazol-5’-yl)-
3-trifluoromethyl-N-[2-fluoro-4- [(2’-dimethylaminomethyl)imidazol-1-yl]phenyl]-1H- 
pyrazole-5-carboxyamide hydrochloride (razaxaban), a highly potent, selective, and 
orally bioavailable factor Xa inhibitor. Journal of Medicinal Chemistry. 2005;48:1729-1744

[51] Nagar S, Argikar U, Tweedie D, editors. Enzyme Kinetics in Drug Metabolism. Funda-
mentals and Applications. New York: Humana Press/Springer; 2014

[52] Hanna M, Mohan P, Knabb R, Gupta E, Frost C, Lawrence J. Development of Apixaban: 
A novel anticoagulant for prevention of stroke in patients with atrial fibrillation. Annals 
of the New York Academy of Sciences. 2014;1329:93-106

[53] Jiang J, Ji Y. Alternate synthesis of Apixaban (BMS-562247), an inhibitor of blood coagu-
lation factor Xa. Synthetic Communications. 2013;43:72-79

[54] Meyer S, Vanhoorelbeke K, Ulrichts H, Staelens S, Feys H, Salles I, Fontayne A, Deckmyn H.  
Development of Monoclonal Antibodies that Inhibit Platelet Adhesion or Aggregation 
as Potential Anti-Thrombotic Drugs Cardiovascular & Hematological Disorders - Drug 
Targets. 2006;6:191-207

[55] Vanhoorelbeke K, Ulrichts H, Van de Walle G, Fontayne A, Deckmyn H. Inhibition 
of Platelet Glycoprotein Ib and Its Antithrombotic Potential. Current Pharmaceutical 
Design. 2007;13:2684-2697

Anticoagulant Drugs32

[56] Rezaie R. Prothrombin protects factor Xa in the prothrombinase complex from inhibition 
by the heparineantithrombin complex. Blood. 2001;97:2308-2313

[57] Desai U. New antithrombin-based anticoagulants. Medicinal Research Reviews. 2004; 
24:151-181

[58] Undas A, Brummel-Ziedins K, Mann K. Antithrombotic properties of aspirin and resis-
tance to aspirin: beyond strictly antiplatelet actions. Blood. 2007;109:2285-2292

[59] Assessing and treating disorders of primary hemostasis. Clinical Advisor. https://www.
clinicaladvisor.com/features/treating-disorders-primary-hemostasis/article/706749/ 
[Accessed March 07, 2018]

[60] Berg J, Tymoczko J, Stryer L. Biochemistry. 5th Edition: International Version. New York: 
W. H. Freeman; 2002

[61] Núñez-Navarro N, Santana F, Parra L, Zacconi F. Surfing the blood coagulation Cascade: 
Insight into the vital factor Xa. Current Medicinal Chemistry. DOI: 10.2174/0929867325
666180125165340

[62] Lip G, Pan X, Kamble S, Kawabata H, Mardekian J, Masseria C, Bruno A, Phatak H. 
Major bleeding risk among non-valvular atrial fibrillation patients initiated on apixaban, 
dabigatran, rivaroxaban or warfarin: a “real- world” observational study in the United 
States. International Journal of Clinical Practice. 2016;70:752-763

[63] Vene N, Mavri A, Gubensek M, Tratar G, Cuderman T, Perme M, Blinc A. Risk of 
Thromboembolic Events in Patients with Non-Valvular Atrial Fibrillation After 
Dabigatran or Rivaroxaban Discontinuation - Data from the Ljubljana Registry. PLoS 
One. 2016;11:e0156943

[64] Acanfora D, Acanfora C, Scicchitano P, Longobardi M, Furgi G, Casucci G, Lanzillo B, 
Dentamaro I, Zito A, Incalzi R, Ciccone M. Evidence Gaps in the Era of Non–Vitamin K 
Oral Anticoagulants. Clinical Drug Investigation. 2016;36:857-862

[65] Pruitt J, Pinto D, Galemmo R, Alexander R, Rossi K, Wells B, Drummond S, Bostrom L, 
Burdick D, Bruckner R, Chen H, Smallwood A, Wong P, Wright M, Bai S, Luettgen J, 
Knabb R, Lam P, Wexler R. Discovery of 1-(2-aminomethylphenyl)-3-trifluoromethyl-
N-[3-fluoro-2’-(aminosulfonyl)[1,1’-biphenyl)]-4-yl]-1H-pyrazole-5-carboxyamide 
(DPC602), a potent, selective, and orally bioavailable factor Xa inhibitor(1). Journal of 
Medicinal Chemistry. 2003;46:5298-5315

[66] Mederski W, Cezanne B, van Amsterdam C, Buhring K-U, Dorsch D, Gleitz J, Marz J, 
Tsaklakidis C. Chlorothiophenecarboxamides as P1 surrogates of inhibitors of blood 
coagulation factor Xa. Bioorganic & Medicinal Chemistry Letters. 2004;14:5817-5822

[67] Wang W, Yuan J, Fu X, Meng F, Zhang S, Xu W, Xu Y, Huang C. Novel Anthranilamide-
Based FXa Inhibitors: Drug Design, Synthesis and Biological Evaluation. Molecules. 
2016;21:491-507

FXa Direct Synthetic Inhibitors
http://dx.doi.org/10.5772/intechopen.76518

33



[68] Roehrig S, Straub A, Pohlmann J, Lampe T, Pernerstorfer J, Schlemmer K-H, Reinemer 
P, Perzborn E. Discovery of the novel antithrombotic agent 5-chloro-N-({(5S)-2-oxo-3-
[4-(3-oxomorpholin-4-yl)phenyl]-1,3-oxazolidin-5-yl}methyl)thiophene-2-carboxamide 
(BAY 59-7939): An oral, direct factor Xa inhibitor. Journal of Medicinal Chemistry. 
2005;48:5900-5908

[69] Anselm L, Banner D, Benz J, Zbinden K, Himber J, Hilpert H, Huber W, Kuhn B, 
Mary J-L, Otteneder M, Panday N, Ricklin F, Stahl M, Thomi S, Haap W. Discovery 
of 1-(4-Methoxyphenyl)-7-oxo-6-(4-(2-oxopiperidin-1-yl)phenyl)-4,5,6,7-tetrahydro- 
1H-pyrazolo[3,4-c]pyridine-3-carboxamide (Apixaban, BMS-562247), a Highly Potent, 
Selective, Efficacious, and Orally Bioavailable Inhibitor of Blood Coagulation Factor Xa. 
Bioorganic & Medicinal Chemistry Letters. 2010;20:5313-5319

[70] Song H, Cho Y, Lee D, Park H, Baek S, Chae S, Jo S, Kim Y, Lee H, Park J, Park T, Woo S, 
Kim Y. 2011. US 2011/0112083 A1

[71] Samama MM, Mendell J, Guinet C, Le Flem L, Kunitada S. In vitro study of the anti-
coagulant effects of edoxaban and its effect on thrombin generation in comparison to 
fondaparinux. Thrombosis Research. 2012;129:E77-E82

[72] Douxfils J, Ageno W, Samama C, Lessire S, Ten Cate H, Verhamme P, Dogné J, Mullier F. 
Laboratory testing in patients treated with direct oral anticoagulants: a practical guide 
for clinicians. Journal of Thrombosis and Haemostasis. 2018;16:209-219

[73] Myerson J, He L, Lanza G, Tollefsen D, Wickline S. Thrombin-inhibiting perfluorocar-
bon nanoparticles provide a novel strategy for the treatment and magnetic resonance 
imaging of acute thrombosis. Thrombosis and Haemostasis. 2011;9:1292-1300

[74] Merlini P, Ardissino D, Bauer K, Oltrona L, Pezzano A, Bottasso B, Rosenberg R, Mannucci P.  
Persistent thrombin generation during heparin therapy in patients with acute coronary 
syndromes. Arteriosclerosis, Thrombosis, and Vascular Biology. 1977;17:1325-1330

[75] Hermans C, Claeys D. Review of the rebound phenomenon in new anticoagulant treat-
ments. Current Medical Research and Opinion. 2006;22:471-481

[76] Weitz J, Hudoba M, Massel D, Maraganore J, Hirsh J. Clot-bound thrombin is protected 
from inhibition by heparin-antithrombin III independent inhibitors. The Journal of 
Clinical Investigation. 1990;86:385-391

[77] Pinto D, Smallheer J, Cheney D, Knabb R, Wexler R. Factor Xa inhibitors: Next-generation 
antithrombotic agents. Journal of Medicinal Chemistry. 2010;53:6243-6274

[78] Young R. The successful quest for oral factor Xa inhibitors; learnings for all of medicinal 
chemistry? Bioorganic & Medicinal Chemistry Letters. 2011;21:6228-6235

[79] Bauer K, Hawkins D, Peters P, Petitou M, Herbert J-M, van Boeckel C, Meuleman 
D. Fondaparinux, a synthetic Pentasaccharide: The first in a new class of antithrombotic 
agents—The selective factor Xa inhibitors. Cardiovascular Drug Reviews. 2002;20:37-52

[80] Zhang P, Huang W, Wang L, Bao L, Jia Z, Bauer S, Goldman E, Probst G, Song Y, Su 
T, Fan J, Wu Y, Li W, Woolfrey J, Sinha U, Wong P, Edwards S, Arfsten A, Clizbe L, 

Anticoagulant Drugs34

Kanter J, Pandey A, Park G, Hutchaleelaha A, Lambing J, Hollenbach S, Scarborough 
R, Zhu B. Discovery of betrixaban (PRT054021), N-(5-chloropyridin-2-yl)-2-(4-(N,N-
dimethylcarbamimidoyl)benzamido)-5-methoxybenzamide, a highly potent, selective, 
and orally efficacious factor Xa inhibitor. Bioorganic & Medicinal Chemistry Letters. 
2009;19:2179-2185

[81] Cabral K, Ansell J. The role of factor Xa inhibitors in venous thromboembolism treat-
ment. Vascular Health and Risk Management. 2015;11:117-123

[82] Samama M. The mechanism of action of rivaroxaban—an oral, direct factor Xa inhibi-
tor—compared with other anticoagulants. Thrombosis Research. 2011;127:497-504

[83] Nutt E, Gasic T, Rodkey J, Gasic GJ, Jacobs JW, Friedman PA, Simpson E. The amino 
acid sequence of antistasin. A potent inhibitor of factor Xa reveals a repeated internal 
structure. The Journal of Biological Chemistry. 1988;263:10162-10167

[84] Tuszynski GP, Gasic TB, Gasic GJ. Isolation and characterization of antistasin. An inhibitor 
of metastasis and coagulation. The Journal of Biological Chemistry. 1987;262:9718-9723

[85] Dunwiddie C, Thornberry NA, Bull HG, Sardana M, Friedman PA, Jacobs JW, Simpson E. 
Antistasin, a leech-derived inhibitor of factor Xa. Kinetic analysis of enzyme inhi-
bition and identification of the reactive site. The Journal of Biological Chemistry. 
1989;264:16694-16699

[86] Waxman L, Smith DE, Arcuri KE, Vlasuk GP. Tick anticoagulant peptide (TAP) is a novel 
inhibitor of blood coagulation factor Xa. Science. 1990;248:593-596

[87] Al-Obeidi F, Ostrem J. Factor Xa inhibitors. Expert Opinion on Therapeutic Patents. 
1999;9:931-953

[88] Nagler M, Haslauer M, Wuillemin W. Fondaparinux—Data on efficacy and safety in 
special situations. Thrombosis Research. 2012;129:407-417

[89] Bauer K. Fondaparinux sodium: A selective inhibitor of factor Xa. American Journal of 
Health-System Pharmacy. 2001;58:14-17

[90] Savi P, Chong B, Greinacher A. Effect of fondaparinux on platelet activation in the pres-
ence of heparin-dependent antibodies: A blinded comparative multicenter study with 
unfractionated heparin. Blood. 2005;105:139-144

[91] Warkentin T, Pai M, Sheppard J. Fondaparinux treatment of acute heparin-induced 
thrombocytopenia confirmed by the serotonin-release assay: A 30-month, 16-patient 
case series. Journal of Thrombosis and Haemostasis. 2011;9:2389-2396

[92] Harenberg J. Development of idraparinux and idrabiotaparinux for anticoagulant ther-
apy. Thrombosis and Haemostasis. 2009;102:811-815

[93] Kubitza D, Becka M, Mueck W, Zuehlsdorf M. Rivaroxaban (BAY 59-7939) – An oral, 
direct factor Xa inhibitor – Has no clinically relevant interaction with naproxen. British 
Journal of Clinical Pharmacology. 2007;63:469-476

FXa Direct Synthetic Inhibitors
http://dx.doi.org/10.5772/intechopen.76518

35



[68] Roehrig S, Straub A, Pohlmann J, Lampe T, Pernerstorfer J, Schlemmer K-H, Reinemer 
P, Perzborn E. Discovery of the novel antithrombotic agent 5-chloro-N-({(5S)-2-oxo-3-
[4-(3-oxomorpholin-4-yl)phenyl]-1,3-oxazolidin-5-yl}methyl)thiophene-2-carboxamide 
(BAY 59-7939): An oral, direct factor Xa inhibitor. Journal of Medicinal Chemistry. 
2005;48:5900-5908

[69] Anselm L, Banner D, Benz J, Zbinden K, Himber J, Hilpert H, Huber W, Kuhn B, 
Mary J-L, Otteneder M, Panday N, Ricklin F, Stahl M, Thomi S, Haap W. Discovery 
of 1-(4-Methoxyphenyl)-7-oxo-6-(4-(2-oxopiperidin-1-yl)phenyl)-4,5,6,7-tetrahydro- 
1H-pyrazolo[3,4-c]pyridine-3-carboxamide (Apixaban, BMS-562247), a Highly Potent, 
Selective, Efficacious, and Orally Bioavailable Inhibitor of Blood Coagulation Factor Xa. 
Bioorganic & Medicinal Chemistry Letters. 2010;20:5313-5319

[70] Song H, Cho Y, Lee D, Park H, Baek S, Chae S, Jo S, Kim Y, Lee H, Park J, Park T, Woo S, 
Kim Y. 2011. US 2011/0112083 A1

[71] Samama MM, Mendell J, Guinet C, Le Flem L, Kunitada S. In vitro study of the anti-
coagulant effects of edoxaban and its effect on thrombin generation in comparison to 
fondaparinux. Thrombosis Research. 2012;129:E77-E82

[72] Douxfils J, Ageno W, Samama C, Lessire S, Ten Cate H, Verhamme P, Dogné J, Mullier F. 
Laboratory testing in patients treated with direct oral anticoagulants: a practical guide 
for clinicians. Journal of Thrombosis and Haemostasis. 2018;16:209-219

[73] Myerson J, He L, Lanza G, Tollefsen D, Wickline S. Thrombin-inhibiting perfluorocar-
bon nanoparticles provide a novel strategy for the treatment and magnetic resonance 
imaging of acute thrombosis. Thrombosis and Haemostasis. 2011;9:1292-1300

[74] Merlini P, Ardissino D, Bauer K, Oltrona L, Pezzano A, Bottasso B, Rosenberg R, Mannucci P.  
Persistent thrombin generation during heparin therapy in patients with acute coronary 
syndromes. Arteriosclerosis, Thrombosis, and Vascular Biology. 1977;17:1325-1330

[75] Hermans C, Claeys D. Review of the rebound phenomenon in new anticoagulant treat-
ments. Current Medical Research and Opinion. 2006;22:471-481

[76] Weitz J, Hudoba M, Massel D, Maraganore J, Hirsh J. Clot-bound thrombin is protected 
from inhibition by heparin-antithrombin III independent inhibitors. The Journal of 
Clinical Investigation. 1990;86:385-391

[77] Pinto D, Smallheer J, Cheney D, Knabb R, Wexler R. Factor Xa inhibitors: Next-generation 
antithrombotic agents. Journal of Medicinal Chemistry. 2010;53:6243-6274

[78] Young R. The successful quest for oral factor Xa inhibitors; learnings for all of medicinal 
chemistry? Bioorganic & Medicinal Chemistry Letters. 2011;21:6228-6235

[79] Bauer K, Hawkins D, Peters P, Petitou M, Herbert J-M, van Boeckel C, Meuleman 
D. Fondaparinux, a synthetic Pentasaccharide: The first in a new class of antithrombotic 
agents—The selective factor Xa inhibitors. Cardiovascular Drug Reviews. 2002;20:37-52

[80] Zhang P, Huang W, Wang L, Bao L, Jia Z, Bauer S, Goldman E, Probst G, Song Y, Su 
T, Fan J, Wu Y, Li W, Woolfrey J, Sinha U, Wong P, Edwards S, Arfsten A, Clizbe L, 

Anticoagulant Drugs34

Kanter J, Pandey A, Park G, Hutchaleelaha A, Lambing J, Hollenbach S, Scarborough 
R, Zhu B. Discovery of betrixaban (PRT054021), N-(5-chloropyridin-2-yl)-2-(4-(N,N-
dimethylcarbamimidoyl)benzamido)-5-methoxybenzamide, a highly potent, selective, 
and orally efficacious factor Xa inhibitor. Bioorganic & Medicinal Chemistry Letters. 
2009;19:2179-2185

[81] Cabral K, Ansell J. The role of factor Xa inhibitors in venous thromboembolism treat-
ment. Vascular Health and Risk Management. 2015;11:117-123

[82] Samama M. The mechanism of action of rivaroxaban—an oral, direct factor Xa inhibi-
tor—compared with other anticoagulants. Thrombosis Research. 2011;127:497-504

[83] Nutt E, Gasic T, Rodkey J, Gasic GJ, Jacobs JW, Friedman PA, Simpson E. The amino 
acid sequence of antistasin. A potent inhibitor of factor Xa reveals a repeated internal 
structure. The Journal of Biological Chemistry. 1988;263:10162-10167

[84] Tuszynski GP, Gasic TB, Gasic GJ. Isolation and characterization of antistasin. An inhibitor 
of metastasis and coagulation. The Journal of Biological Chemistry. 1987;262:9718-9723

[85] Dunwiddie C, Thornberry NA, Bull HG, Sardana M, Friedman PA, Jacobs JW, Simpson E. 
Antistasin, a leech-derived inhibitor of factor Xa. Kinetic analysis of enzyme inhi-
bition and identification of the reactive site. The Journal of Biological Chemistry. 
1989;264:16694-16699

[86] Waxman L, Smith DE, Arcuri KE, Vlasuk GP. Tick anticoagulant peptide (TAP) is a novel 
inhibitor of blood coagulation factor Xa. Science. 1990;248:593-596

[87] Al-Obeidi F, Ostrem J. Factor Xa inhibitors. Expert Opinion on Therapeutic Patents. 
1999;9:931-953

[88] Nagler M, Haslauer M, Wuillemin W. Fondaparinux—Data on efficacy and safety in 
special situations. Thrombosis Research. 2012;129:407-417

[89] Bauer K. Fondaparinux sodium: A selective inhibitor of factor Xa. American Journal of 
Health-System Pharmacy. 2001;58:14-17

[90] Savi P, Chong B, Greinacher A. Effect of fondaparinux on platelet activation in the pres-
ence of heparin-dependent antibodies: A blinded comparative multicenter study with 
unfractionated heparin. Blood. 2005;105:139-144

[91] Warkentin T, Pai M, Sheppard J. Fondaparinux treatment of acute heparin-induced 
thrombocytopenia confirmed by the serotonin-release assay: A 30-month, 16-patient 
case series. Journal of Thrombosis and Haemostasis. 2011;9:2389-2396

[92] Harenberg J. Development of idraparinux and idrabiotaparinux for anticoagulant ther-
apy. Thrombosis and Haemostasis. 2009;102:811-815

[93] Kubitza D, Becka M, Mueck W, Zuehlsdorf M. Rivaroxaban (BAY 59-7939) – An oral, 
direct factor Xa inhibitor – Has no clinically relevant interaction with naproxen. British 
Journal of Clinical Pharmacology. 2007;63:469-476

FXa Direct Synthetic Inhibitors
http://dx.doi.org/10.5772/intechopen.76518

35



[94] Wong P, Crain E, Xin B, Wexler R, Lam P, Pinto D, Luettgen J, Knabb R. Apixaban, an 
oral, direct and highly selective factor Xa inhibitor: In vitro, antithrombotic and antihe-
mostatic studies. Journal of Thrombosis and Haemostasis. 2008;6:820-829

[95] Kubitza D, Becka M, Mueck W, Zuehlsdorf M. Effects of renal impairment on the phar-
macokinetics, pharmacodynamics and safety of rivaroxaban – An oral, direct factor Xa 
inhibitor. British Journal of Clinical Pharmacology. 2010;70:703-712

[96] Eriksson B, Quinlan D, Weitz J. Comparative pharmacodynamics and pharmacokinet-
ics of oral direct thrombin and factor Xa inhibitors in development. Clinical Pharma-
cokinetics. 2009;48:1-22

[97] Pinto D, Orwat M, Koch S, Rossi K, Alexander R, Smallwood A, Wong P, Rendina A, 
Luettgen J, Knabb R, He K, Xin B, Wexler R, Lam P. Discovery of 1-(4-Methoxyphenyl)-
7-oxo-6-(4-(2-oxopiperidin-1-yl)phenyl)-4,5,6,7-tetrahydro-1H-pyrazolo[3,4-c]pyri-
dine-3-carboxamide (Apixaban, BMS-562247), a highly potent, selective, efficacious, 
and orally bioavailable inhibitor of blood coagulation factor Xa. Journal of Medicinal 
Chemistry. 2007;50:5339-5356

[98] Wong P, Pinto D, Zhang D. Preclinical discovery of apixaban, a direct and orally bio-
available factor Xa inhibitor. Journal of Thrombosis and Thrombolysis. 2011;31:478-492

[99] Collins B, Hollidge C. Antithrombotic drug market. Nature Reviews Drug Discovery. 
2002;2:11-12

[100] De Candia M, Lopopolo G, Altomare C. Novel factor Xa inhibitors: A patent review. 
Expert Opinion on Therapeutic Patents. 2009;19:1535-1580

[101] Masotti L, Campanini M. Pharmacology of new oral anticoagulants: Mechanism of action, 
pharmacokinetics, pharmacodynamics. The Italian Journal of Medicine. 2013;7:1-7

[102] Perzborn E, Roehrig S, Straub A, Kubitza D, Mueck W, Laux V. Rivaroxaban: A new oral 
factor Xa inhibitor. Arteriosclerosis, Thrombosis, and Vascular Biology. 2010;30:376-381

[103] Yuan J, Liu K, Li L, Yuan Y, Liu X, Li Y. A novel synthesis of the oxazolidinone anti-
thrombotic agent rivaroxaban. Molecules. 2014;19:14999-15004

[104] Ufer M. Comparative efficacy and safety of the novel oral anticoagulants dabigatran, 
rivaroxaban and Apixaban in preclinical and clinical development. Thrombosis and 
Haemostasis. 2010;103:572-585

[105] Wong K, Hu D, Oomman A, Tan R, Patel M, Singer D, Breithardt G, Mahaffey K, Becker R, 
Califf R, Fox K, Berkowitz S, Hacke W, Hankey G. Rivaroxaban for stroke prevention in 
east Asian patients from the ROCKET AF trial. Stroke. 2014;45:1739-1747

[106] Dempfle C. Direct oral anticoagulants-pharmacology, drug interactions, and side 
effects. Seminars in Hematology. 2014;51:89-97

[107] Frost C, Wang J, Nepal S, Schuster A, Barrett Y, Mosqueda-Garcia R, Reeves R, Lacreta F. 
Apixaban, an oral, direct factor Xa inhibitor: Single dose safety, pharmacokinetics, 
pharmacodynamics and food effect in healthy subjects. British Journal of Clinical 
Pharmacology. 2013;75:476-487

Anticoagulant Drugs36

[108] Pinto DJP, Orwat MJ, Quan ML, Han Q, Galemmo RA, Amparo E, Wells B, Ellis C, He 
MY, Alexander RS, Rossi KA, Smallwood A, Wong PC, Luettgen JM, Rendina AR, Knabb 
RM, Mersinger L, Kettner C, Bai S, He K, Wexler RR, Lam PYS. 1-[3-Aminobenzisoxazol-
5-yl]-3-Trifluoromethyl-6-[2-(3-(R)-Hydroxy-N-Pyrrolidinyl)methyl-[1,1]-Biphen-
4-yl]-1,4,5,6-Tetrahydropyrazolo-[3,4-C]-Pyridin-7-one (BMS-740808) a highly potent, 
selective, efficacious, and orally bioavailable inhibitor O. Bioorganic Medicinal 
Chemistry Letters. 2006;16:4141-4147

[109] Cordeanu M, Lambert A, Gaertner S, Nouri S, Mirea C, Alt-Tebacher M, Stephan D. 
Apixaban-induced hepatotoxicity. The International Journal of Cardiology. 2016;204:4-5

[110] Hashimoto T, Suzuki K, Kihara Y, Iwatsubo T, Miyashita A, Heeringa M, Onkels H, 
Groenendaal D, Verheggen F, Van Marle S, Usui T. Absorption, metabolism and excre-
tion of darexaban (YM150), a new direct factor Xa inhibitor in humans. Xenobiotica. 
2013;43:534-547

[111] Iwatsuki Y, Sato T, Moritani Y, Shigenaga T, Suzuki M, Kawasaki T, Funatsu T, Kaku 
S. Biochemical and pharmacological profile of darexaban, an oral direct factor Xa inhib-
itor. European Journal of Pharmacology. 2011;673:49-55

[112] Steg PG, Mehta SR, Jukema JW, Lip GYH, Gibson CM, Kovar F, Kala P, Garcia-
Hernandez A, Renfurm RW, Granger CB. RUBY-1: A randomized, double-blind, 
placebo-controlled trial of the safety and tolerability of the novel oral factor Xa inhibi-
tor darexaban (YM150) following acute coronary syndrome. European Heart Journal. 
2011;32:2541-2554

[113] Nakamura Y, Mukesh KM, Inamdar MI. Process for the preparation of (1S,4S,5S)-4-
bromo-6-oxabicyclo[3.2.1] Octan-7-one, U.S. patent 20150239909, August 27, 2015

[114] Minguet J, Sims HM, Smith KH, Bramlage P. The factor Xa inhibitor edoxaban for the 
prevention of stroke and systemic embolism in patients with atrial fibrillation. Expert 
Review of Clinical Pharmacology. 2016;10:1-11

[115] Parasrampuria DA, Truitt KE. Pharmacokinetics and pharmacodynamics of edoxaban, 
a non-vitamin K antagonist oral anticoagulant that inhibits clotting factor Xa. Clinical 
Pharmacokinetics. 2016;55:641-655

[116] Poulakos M, Walker JN, Baig U, David T. Edoxaban: A direct oral anticoagulant. The 
American Journal of Health-System Pharmacy. 2017;74:117-129

[117] Lip GYH, Agnelli G. Edoxaban: A focused review of its clinical pharmacology. European 
Heart Journal. 2014;35:1844-1855

[118] Thoenes M, Minguet J, Bramlage K, Bramlage P, Ferrero C. Betrixaban – The next direct 
factor Xa inhibitor? Expert Review of Hematology. 2016;9:1111-1117

[119] Administration, F. & D. FDA Approved Betrixaban (BEVYXXA, Portola) for the Pro-
phylaxis of Venous Thromboembolism (VTE) in Adult Patients. https://www.fda.gov/
drugs/informationondrugs/approveddrugs/ucm564422.htm [Accessed September 21, 
2017]

FXa Direct Synthetic Inhibitors
http://dx.doi.org/10.5772/intechopen.76518

37



[94] Wong P, Crain E, Xin B, Wexler R, Lam P, Pinto D, Luettgen J, Knabb R. Apixaban, an 
oral, direct and highly selective factor Xa inhibitor: In vitro, antithrombotic and antihe-
mostatic studies. Journal of Thrombosis and Haemostasis. 2008;6:820-829

[95] Kubitza D, Becka M, Mueck W, Zuehlsdorf M. Effects of renal impairment on the phar-
macokinetics, pharmacodynamics and safety of rivaroxaban – An oral, direct factor Xa 
inhibitor. British Journal of Clinical Pharmacology. 2010;70:703-712

[96] Eriksson B, Quinlan D, Weitz J. Comparative pharmacodynamics and pharmacokinet-
ics of oral direct thrombin and factor Xa inhibitors in development. Clinical Pharma-
cokinetics. 2009;48:1-22

[97] Pinto D, Orwat M, Koch S, Rossi K, Alexander R, Smallwood A, Wong P, Rendina A, 
Luettgen J, Knabb R, He K, Xin B, Wexler R, Lam P. Discovery of 1-(4-Methoxyphenyl)-
7-oxo-6-(4-(2-oxopiperidin-1-yl)phenyl)-4,5,6,7-tetrahydro-1H-pyrazolo[3,4-c]pyri-
dine-3-carboxamide (Apixaban, BMS-562247), a highly potent, selective, efficacious, 
and orally bioavailable inhibitor of blood coagulation factor Xa. Journal of Medicinal 
Chemistry. 2007;50:5339-5356

[98] Wong P, Pinto D, Zhang D. Preclinical discovery of apixaban, a direct and orally bio-
available factor Xa inhibitor. Journal of Thrombosis and Thrombolysis. 2011;31:478-492

[99] Collins B, Hollidge C. Antithrombotic drug market. Nature Reviews Drug Discovery. 
2002;2:11-12

[100] De Candia M, Lopopolo G, Altomare C. Novel factor Xa inhibitors: A patent review. 
Expert Opinion on Therapeutic Patents. 2009;19:1535-1580

[101] Masotti L, Campanini M. Pharmacology of new oral anticoagulants: Mechanism of action, 
pharmacokinetics, pharmacodynamics. The Italian Journal of Medicine. 2013;7:1-7

[102] Perzborn E, Roehrig S, Straub A, Kubitza D, Mueck W, Laux V. Rivaroxaban: A new oral 
factor Xa inhibitor. Arteriosclerosis, Thrombosis, and Vascular Biology. 2010;30:376-381

[103] Yuan J, Liu K, Li L, Yuan Y, Liu X, Li Y. A novel synthesis of the oxazolidinone anti-
thrombotic agent rivaroxaban. Molecules. 2014;19:14999-15004

[104] Ufer M. Comparative efficacy and safety of the novel oral anticoagulants dabigatran, 
rivaroxaban and Apixaban in preclinical and clinical development. Thrombosis and 
Haemostasis. 2010;103:572-585

[105] Wong K, Hu D, Oomman A, Tan R, Patel M, Singer D, Breithardt G, Mahaffey K, Becker R, 
Califf R, Fox K, Berkowitz S, Hacke W, Hankey G. Rivaroxaban for stroke prevention in 
east Asian patients from the ROCKET AF trial. Stroke. 2014;45:1739-1747

[106] Dempfle C. Direct oral anticoagulants-pharmacology, drug interactions, and side 
effects. Seminars in Hematology. 2014;51:89-97

[107] Frost C, Wang J, Nepal S, Schuster A, Barrett Y, Mosqueda-Garcia R, Reeves R, Lacreta F. 
Apixaban, an oral, direct factor Xa inhibitor: Single dose safety, pharmacokinetics, 
pharmacodynamics and food effect in healthy subjects. British Journal of Clinical 
Pharmacology. 2013;75:476-487

Anticoagulant Drugs36

[108] Pinto DJP, Orwat MJ, Quan ML, Han Q, Galemmo RA, Amparo E, Wells B, Ellis C, He 
MY, Alexander RS, Rossi KA, Smallwood A, Wong PC, Luettgen JM, Rendina AR, Knabb 
RM, Mersinger L, Kettner C, Bai S, He K, Wexler RR, Lam PYS. 1-[3-Aminobenzisoxazol-
5-yl]-3-Trifluoromethyl-6-[2-(3-(R)-Hydroxy-N-Pyrrolidinyl)methyl-[1,1]-Biphen-
4-yl]-1,4,5,6-Tetrahydropyrazolo-[3,4-C]-Pyridin-7-one (BMS-740808) a highly potent, 
selective, efficacious, and orally bioavailable inhibitor O. Bioorganic Medicinal 
Chemistry Letters. 2006;16:4141-4147

[109] Cordeanu M, Lambert A, Gaertner S, Nouri S, Mirea C, Alt-Tebacher M, Stephan D. 
Apixaban-induced hepatotoxicity. The International Journal of Cardiology. 2016;204:4-5

[110] Hashimoto T, Suzuki K, Kihara Y, Iwatsubo T, Miyashita A, Heeringa M, Onkels H, 
Groenendaal D, Verheggen F, Van Marle S, Usui T. Absorption, metabolism and excre-
tion of darexaban (YM150), a new direct factor Xa inhibitor in humans. Xenobiotica. 
2013;43:534-547

[111] Iwatsuki Y, Sato T, Moritani Y, Shigenaga T, Suzuki M, Kawasaki T, Funatsu T, Kaku 
S. Biochemical and pharmacological profile of darexaban, an oral direct factor Xa inhib-
itor. European Journal of Pharmacology. 2011;673:49-55

[112] Steg PG, Mehta SR, Jukema JW, Lip GYH, Gibson CM, Kovar F, Kala P, Garcia-
Hernandez A, Renfurm RW, Granger CB. RUBY-1: A randomized, double-blind, 
placebo-controlled trial of the safety and tolerability of the novel oral factor Xa inhibi-
tor darexaban (YM150) following acute coronary syndrome. European Heart Journal. 
2011;32:2541-2554

[113] Nakamura Y, Mukesh KM, Inamdar MI. Process for the preparation of (1S,4S,5S)-4-
bromo-6-oxabicyclo[3.2.1] Octan-7-one, U.S. patent 20150239909, August 27, 2015

[114] Minguet J, Sims HM, Smith KH, Bramlage P. The factor Xa inhibitor edoxaban for the 
prevention of stroke and systemic embolism in patients with atrial fibrillation. Expert 
Review of Clinical Pharmacology. 2016;10:1-11

[115] Parasrampuria DA, Truitt KE. Pharmacokinetics and pharmacodynamics of edoxaban, 
a non-vitamin K antagonist oral anticoagulant that inhibits clotting factor Xa. Clinical 
Pharmacokinetics. 2016;55:641-655

[116] Poulakos M, Walker JN, Baig U, David T. Edoxaban: A direct oral anticoagulant. The 
American Journal of Health-System Pharmacy. 2017;74:117-129

[117] Lip GYH, Agnelli G. Edoxaban: A focused review of its clinical pharmacology. European 
Heart Journal. 2014;35:1844-1855

[118] Thoenes M, Minguet J, Bramlage K, Bramlage P, Ferrero C. Betrixaban – The next direct 
factor Xa inhibitor? Expert Review of Hematology. 2016;9:1111-1117

[119] Administration, F. & D. FDA Approved Betrixaban (BEVYXXA, Portola) for the Pro-
phylaxis of Venous Thromboembolism (VTE) in Adult Patients. https://www.fda.gov/
drugs/informationondrugs/approveddrugs/ucm564422.htm [Accessed September 21, 
2017]

FXa Direct Synthetic Inhibitors
http://dx.doi.org/10.5772/intechopen.76518

37



Chapter 3

Anticoagulants from Hematophagous

Ana Marisa Chudzinski-Tavassi, Fernanda Faria and
Miryam Paola Alvarez Flores

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78025

Provisional chapter

DOI: 10.5772/intechopen.78025

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Anticoagulants from Hematophagous

Ana Marisa Chudzinski-Tavassi, Fernanda Faria and 
Miryam Paola Alvarez Flores

Additional information is available at the end of the chapter

Abstract

This chapter will focus on anticoagulant molecules described until now from hematopha-
gous animals. The evolutionary scenario for hematophagous animals is convergent and 
has resulted on a wide diversity of saliva anticoagulants, substances with platelet anti-
aggregation action, and also with vase-dilating action. Hematophagous animals such as 
bloodsuckers (leeches, mosquitoes, and ticks) have developed strategies that specifically 
target proteinases from the hemostatic system of the animals they feed, thus keeping the 
blood incoagulable. The saliva of those animals provides a large amount of molecules 
to modulate the innate immune response of the host and to inhibit blood coagulation in 
order to facilitate the feeding. Thus, anticoagulants from hematophagous animals rep-
resent a very interesting tool for studies ranging from basic research to applications in 
the therapeutic area, as anticoagulant medication. Several studies have pointed out that 
anticoagulants from hematophagous can also display non-hemostatic functions as anti-
tumor, bringing new perspectives for the study of these molecules. The comprehension 
of the multi-faced physiological roles of those new anticoagulants from hematophagous 
opens new perspectives for therapeutic and biotechnological approaches.

Keywords: anticoagulant, hematophagous animals, blood coagulation, FXa inhibitor, 
thrombin inhibitor

1. Introduction

1.1. Hematophagous animals

On the search for niches to ensure the survival of their populations, some animal species 
adapted as parasites on other species, retrieving nutrients directly from the inner mediums 
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of their hosts. In this way, these animals acquired the capacity to mediate the host defenses in 
order to succeed on their search for food [1, 2].

Among the arthropods, there are more than 14,000 species which are classified in around 400 
genders of blood sucking animals with specific need to suck the host’s blood, mostly vertebrate. 
These types of ectoparasites are called hematophagous animals and their saliva feature a rich 
array of substances capable to keep the ingested blood unclotted in their digestive system [3, 4].

The hematophagous animals feature exquisite and highly specialized mouthparts and a saliva 
rich in anti-hemostatic components. These substances are able to interfere on different stages of 
the blood coagulation mechanism and fibrinolysis. There are different groups of hematophagous 
animals, such as annelids, like leeches [5, 6] and intestinal worms [7], including arthropods, like 
mosquitoes [8] and ticks (arachnids) [9], and even mammals such as vampire bats [10].

1.2. A little about hirudotherapy

The number of compounds that have been discovered with anticoagulant potential in leeches 
and other bloodsuckers has become increasingly larger with the advent of transcriptomic 
analysis [11–13]. Nevertheless, the use of the animal itself has being also an alternative. 
Hirudotherapy, after many time, re-emerged in the 1970s. Leeches have been used with suc-
cess in some kinds of microsurgeries and surgeries, as for example, in repair of lost limbs or 
still in plastic surgeries, where the animal helps in the blood fluid reestablishment [14, 15]. 
Hirudotherapy has also been used to treat soft tissue swelling and hematomas in trauma [16]. 
In the literature, you can find many reviews that report the use of this animal in different 
applications [14, 16–18]. On the other hand, a study where the use of leeches as an adjunct for 
the management of venous congestion after reconstructive surgery, realized with 87 patients, 
demonstrated that the morbidity associated with it should be considered, particularly the 
need for a blood transfusion [19].

There are even studies that demonstrate the opinion of the population regarding the use of 
the animal in surgery, of course that is not very comfortable for the patient. However, in 
general social cognition, the acceptance of hirudotherapy may not be very welcome at first, 
but provided with proper information and explanations, overall compliance of patients and 
caregivers can be improved and consequently result in superior outcomes in flap salvage [20].

Actually, no international protocols on leech therapy instructions have been established; some 
reported that leech application for a week is sufficient to get good results [21, 22]. However, it 
already was published in the literature, a guide of procedure for the use of leeches in surgical 
interventions [23].

1.3. Hematophagous animals and role in hemostasis

In all animals, the circulatory system exists in a perfect balance between coagulation (clot 
formation) and fibrinolysis (clot dissolution); in other words, to maintain blood in a fluid 
state, minimizing blood loss when the vascular system is injured. In this mechanism, endothe-
lial cells and platelets are extremely important to form the hemostatic plug helping to arrest 
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bleeding. First, after injury, circulating platelets bind to collagen in the exposed vessel wall 
and aggregate, and second, the clotting factors are activated in the coagulation cascade, result-
ing in the formation of a fibrin clot. Thus, hemostasis coagulation reactions and fibrinolysis 
are crucial for the proper functioning of the hemostatic system [24].

Hematophagous animals such as bloodsuckers (leeches, mosquitoes, and ticks) are rich 
sources of anticoagulant molecules; among them, clotting inhibitors, fibrinogenolytics, plas-
minogen activators, and platelet inhibitors, all are present in their fluids and secretions, with 
roles on physiological processes such as feeding, digestion, self-defense, etc. Bloodsuckers 
access the blood fluid through the wound made by specialized structures targeting blood 
coagulation components, specially thrombin, factor Xa and the prothrombinase and tissue 
factor/FVIIa complexes, as a strategy to maintain blood incoagulable over a relatively long 
period of time. These new anticoagulants from hematophagous animals have opened new 
perspectives in the scientific area for basic and applied researches, having applications in the 
therapeutic area, as anticoagulant medication. Therefore, hematophagous animals have been 
an excellent target for studies, including pharmacologists [3, 25, 26].

2. Anticoagulant from leeches

Leeches are annelids (Annelida, Hirudinea), and feature over 650 known species found on 
many parts of the planet, including the oceans. Some species do not suck blood, but prey on 
worms and other small animals. Many sensorial organs are deployed to detect feeding oppor-
tunities, such as receptors over the body sensitive to movements and vibrations of water and 
soil, and also the “ocelli,” light-sensitive cells. Some receptors of these animals can detect very 
small quantities of some substances such as oils and blood [6].

Even before the medicinal principles of leeches were studied in depth, it was known that these 
animals had powerful anticlotting and antiprotease substances as the blood found in their 
intestines remained liquid for weeks [27]. The most studied substances come from the salivary 
glands of hematophagous leeches. As an example, we have the European leech Hirudo medici-
nalis, for over a century, reaching its highest popularity on the XIX century in Europe. These 
leeches feature three adapted jaws in their mouth system that perforate the host’s skin [6].

Other well-studied leech is the Haementeria ghilianii, popularly named as Giant Leech, found 
mainly in the North of Brazil and in the French Guyana, reaching up to a 50 cm length. 
However, differently from the European ones, leeches of the Haementeria genus have a pro-
boscis on the mouth system, which is introduced on the pores of the host animal to find 
peripheral blood vessels, from which they then feed [6].

The salivary secretions of leeches have different roles, which are more important for the suck-
ing process than for digestion itself. Some of these functions are performed by substances 
that have not even been isolated and/or studied, such as an anesthetic agent that causes the 
“bite” of the mandibular leeches to be painless and also a vasodilator of the histamine type 
that prolongs the bleeding of the host [6]. Many other substances of pharmacological interest 
have been characterized and described [28].
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ing in the formation of a fibrin clot. Thus, hemostasis coagulation reactions and fibrinolysis 
are crucial for the proper functioning of the hemostatic system [24].

Hematophagous animals such as bloodsuckers (leeches, mosquitoes, and ticks) are rich 
sources of anticoagulant molecules; among them, clotting inhibitors, fibrinogenolytics, plas-
minogen activators, and platelet inhibitors, all are present in their fluids and secretions, with 
roles on physiological processes such as feeding, digestion, self-defense, etc. Bloodsuckers 
access the blood fluid through the wound made by specialized structures targeting blood 
coagulation components, specially thrombin, factor Xa and the prothrombinase and tissue 
factor/FVIIa complexes, as a strategy to maintain blood incoagulable over a relatively long 
period of time. These new anticoagulants from hematophagous animals have opened new 
perspectives in the scientific area for basic and applied researches, having applications in the 
therapeutic area, as anticoagulant medication. Therefore, hematophagous animals have been 
an excellent target for studies, including pharmacologists [3, 25, 26].

2. Anticoagulant from leeches

Leeches are annelids (Annelida, Hirudinea), and feature over 650 known species found on 
many parts of the planet, including the oceans. Some species do not suck blood, but prey on 
worms and other small animals. Many sensorial organs are deployed to detect feeding oppor-
tunities, such as receptors over the body sensitive to movements and vibrations of water and 
soil, and also the “ocelli,” light-sensitive cells. Some receptors of these animals can detect very 
small quantities of some substances such as oils and blood [6].

Even before the medicinal principles of leeches were studied in depth, it was known that these 
animals had powerful anticlotting and antiprotease substances as the blood found in their 
intestines remained liquid for weeks [27]. The most studied substances come from the salivary 
glands of hematophagous leeches. As an example, we have the European leech Hirudo medici-
nalis, for over a century, reaching its highest popularity on the XIX century in Europe. These 
leeches feature three adapted jaws in their mouth system that perforate the host’s skin [6].

Other well-studied leech is the Haementeria ghilianii, popularly named as Giant Leech, found 
mainly in the North of Brazil and in the French Guyana, reaching up to a 50 cm length. 
However, differently from the European ones, leeches of the Haementeria genus have a pro-
boscis on the mouth system, which is introduced on the pores of the host animal to find 
peripheral blood vessels, from which they then feed [6].

The salivary secretions of leeches have different roles, which are more important for the suck-
ing process than for digestion itself. Some of these functions are performed by substances 
that have not even been isolated and/or studied, such as an anesthetic agent that causes the 
“bite” of the mandibular leeches to be painless and also a vasodilator of the histamine type 
that prolongs the bleeding of the host [6]. Many other substances of pharmacological interest 
have been characterized and described [28].
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2.1. Molecules with activity in the hemostatic system from leeches

Among different anticlotting molecules from leeches and involved in the coagulation cascade, 
fibrinolysis, or on the platelet aggregation process, three substances have been the main focus of 
investigation. They are hirudin (a thrombin inhibitor) [29], antistasin (factor Xa inhibitor) [30], 
and decorsin (an antagonist of the llb-llla glycoprotein of the platelet membrane) [31]. The amino 
acid sequences of these substances, together with studies of inhibitory activities from different 
molecules and designs of the three-dimension structure have been determined, and, then, the 
structural similarity of these molecules was observed, allowing for the design of a structure motif 
(L.A.P.: Cys-X6-12-Cys-X-Cys-X3-6-Cys-X3-6-Cys8-14) [32]. However, the mechanisms of action 
of these inhibitors and important epitopes for the connection to their respective targets are distinct 
[32], demonstrating the relevance of the many inhibition mechanisms on clotting processes, as well 
as the evolution of these processes. Many of these substances that come from leeches have been 
developed by the industry, as targets for different therapies and in different clinical trial stages.

2.1.1. Thrombin inhibitors

Thrombin is a key enzyme on the pathogenesis of coronary acute thrombosis. Therapies with 
heparin, an indirect thrombin inhibitor, have been used during the last four decades. Search 
for new alternatives has demonstrated that the development of direct thrombin inhibitors 
(DTIs) is a translational success story; an example in which the combination of scientific inge-
nuity, structure-based design (including leech molecules models), and rigorous clinical trials 
has created a new class of anticoagulants that has improved patient care [33].

Hirudin was discovered on the salivary glands of the Hirudo medicinalis leeches in 1884 
[34], and its role as a powerful antithrombotic drug started to be investigated on the 1920s. 
Markwardt in 1957 started studies with hirudin as a direct agent on the inhibition of thrombin 
(DTI), and these studies have been progressing significantly [28, 29].

Hirudin is a natural peptide with a simple chain, featuring 65 with three disulfide bridges 
and one residue of sulfated tyrosine amino acid residues. Part of its N-terminal region is 
globular and very compact, due to the presence of three disulfide bridges. On the other hand, 
the C-terminal region is made up of a great number of negatively charged residues [35–38]. 
More than 100 years after its discovery, the cDNA of hirudin was cloned and the recombinant 
(rH) obtained in large scale on Escherichia coli [39], on Saccharomyces cerevisiae [40], and, more 
recently, on Acremonium chrysogenum [41]. Its way of action has been extensively compared to 
low-molecular-weight heparins. Hirudin is a strict thrombin inhibitor of the “tight binding” 
type [42], and cofactors are not needed for its activity. Preclinical evaluation and rH clinical 
selection of analog forms have been improved on the last years [43].

The complex formed between hirudin and thrombin involves the three amino acid residues 
from the N-terminal region, which link near to the active site, and the C-terminal tail is linked 
to the fibrinogen-linking site. Crystallographic studies have shown that 10 residues of amino 
acids of the C-terminal portion (residues 55–65) react with the anion present on the exosite of 
thrombin, an important region for linking to fibrinogen. The residues 1–48 of the N-terminal 
portion are also important for the action of hirudin over thrombin; they interact with the 
enzyme’s catalytic site. These types of interaction explain why hirudin links only to thrombin 
and not to the blood semiproteases [44].
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A significant advance was reached with the resolution of the tridimensional structure of 
hirudin, which allowed for the understanding and development of recombinants equivalent 
to this protein (rH). The increase of interest on protein inhibitors also was due to studies 
that demonstrated thrombocytopenia induced by heparin. These new agents produce a 
direct anticlotting response, having thrombin as target, and they also inhibit the activation 
of platelets and the increase of thrombin’s activity on the coagulation cascade, as thrombin is 
a multifunctional enzyme responsible for the activation of manly factors, for example, factor 
V, VIII, and XI [45]. The use of rH has been promising in patients with unstable angina [46].

Lepirudin (Refludan) is an rH, and it was the first direct thrombin inhibitor (DTI) licensed for 
treatment of thrombosis complicating HIT and associated thromboembolic disease in order 
to prevent further thromboembolic complications [47]. It is given as an intravenous infusion 
with or without a bolus, and its dosing is dependent on body weight. It is renally excreted and 
dose adjustments are required in patients with renal impairment [48]. Significant limitations 
to its use are its narrow therapeutic window and potential for increased bleeding events [49]. 
Besides, it is a drug that forms immunogenic complexes and causes a delay in renal excretion 
causing its accumulation [50, 51]. Therefore, during the treatment, the dose adjustment based 
on aPTT is recommended. Although not common, anaphylaxis can also occur in patients with 
hirudin-induced antibodies during the re-exposition to drug [52]. To date, there are no reports 
of antidotes that reverse these effects of DTIs [53]. There are recent reports that lepirudin has 
been discontinued from the market [54, 55].

Desirudin (Iprivask) is also an rH, with very similar characteristics as lepirudin. Both rH 
are structurally identical except for their N-terminus sequences, which are Leu1-Tyr2 in 
lepirudin and Val1-Val2 in desirudin. It reversibly binds to the active thrombin site of free 
and clot-associated thrombin. Desirudin is able to inhibit different actions of thrombin as 
fibrin formation, activation of coagulation factors V, VII, and XIII, and platelet aggregation, 
resulting in a dose-dependent prolongation of aPTT. It is the only fixed-dose subcutaneously 
administered DTI approved by FDA for postoperative prevention of VTE in patients under-
going elective hip replacement surgery [56]. Eriksson and collaborators published two clinical 
studies comparing the efficacy and safety of desirudin (15 mg s.c. twice daily injections) with 
unfractionated heparin (5000 units s.c. three times daily) and enoxaparin (40 mg s.c. daily), for 
the prophylaxis of DVT in patients undergoing major orthopedic surgeries. After 8–12 days of 
treatment, desirudin proved to be superior to both heparin anticoagulants, while showing a 
similar safety profile [57, 58]. Recently, desirudin was also under investigation as a potential 
anticoagulant for patients with heparin induced-thrombocytopenia (HIT) with or without 
thrombosis. Desirudin was also compared with argatroban in PREVENT-HIT study. This is a 
small, randomized, open-label trial comparing the clinical efficacy, safety, and economic util-
ity of fixed-dose s.c. of drugs. However, just as lepirudin, desirudin is also renally excreted; 
there is still a risk of accumulation if the renal function is impaired [59].

Bivalirudin, formerly named Hirulog, is not properly a molecule from leech, but is a synthetic 
peptide (20 amino acids) [60] and bivalent analog of hirudin with a thrombin inhibition activity 
nearly 800 times weaker than that of hirudin [61]. Unlike the rH, the binding of bivalirudin to 
thrombin is reversible, and after the binding, the inhibitor is slowly cleaved by thrombin. Then, 
thrombin activity is only transiently inhibited and its enzymatic activity is restored. This revers-
ible relationship between bivalirudin and thrombin can be seen as a benefit, once may contribute 
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investigation. They are hirudin (a thrombin inhibitor) [29], antistasin (factor Xa inhibitor) [30], 
and decorsin (an antagonist of the llb-llla glycoprotein of the platelet membrane) [31]. The amino 
acid sequences of these substances, together with studies of inhibitory activities from different 
molecules and designs of the three-dimension structure have been determined, and, then, the 
structural similarity of these molecules was observed, allowing for the design of a structure motif 
(L.A.P.: Cys-X6-12-Cys-X-Cys-X3-6-Cys-X3-6-Cys8-14) [32]. However, the mechanisms of action 
of these inhibitors and important epitopes for the connection to their respective targets are distinct 
[32], demonstrating the relevance of the many inhibition mechanisms on clotting processes, as well 
as the evolution of these processes. Many of these substances that come from leeches have been 
developed by the industry, as targets for different therapies and in different clinical trial stages.

2.1.1. Thrombin inhibitors

Thrombin is a key enzyme on the pathogenesis of coronary acute thrombosis. Therapies with 
heparin, an indirect thrombin inhibitor, have been used during the last four decades. Search 
for new alternatives has demonstrated that the development of direct thrombin inhibitors 
(DTIs) is a translational success story; an example in which the combination of scientific inge-
nuity, structure-based design (including leech molecules models), and rigorous clinical trials 
has created a new class of anticoagulants that has improved patient care [33].

Hirudin was discovered on the salivary glands of the Hirudo medicinalis leeches in 1884 
[34], and its role as a powerful antithrombotic drug started to be investigated on the 1920s. 
Markwardt in 1957 started studies with hirudin as a direct agent on the inhibition of thrombin 
(DTI), and these studies have been progressing significantly [28, 29].

Hirudin is a natural peptide with a simple chain, featuring 65 with three disulfide bridges 
and one residue of sulfated tyrosine amino acid residues. Part of its N-terminal region is 
globular and very compact, due to the presence of three disulfide bridges. On the other hand, 
the C-terminal region is made up of a great number of negatively charged residues [35–38]. 
More than 100 years after its discovery, the cDNA of hirudin was cloned and the recombinant 
(rH) obtained in large scale on Escherichia coli [39], on Saccharomyces cerevisiae [40], and, more 
recently, on Acremonium chrysogenum [41]. Its way of action has been extensively compared to 
low-molecular-weight heparins. Hirudin is a strict thrombin inhibitor of the “tight binding” 
type [42], and cofactors are not needed for its activity. Preclinical evaluation and rH clinical 
selection of analog forms have been improved on the last years [43].

The complex formed between hirudin and thrombin involves the three amino acid residues 
from the N-terminal region, which link near to the active site, and the C-terminal tail is linked 
to the fibrinogen-linking site. Crystallographic studies have shown that 10 residues of amino 
acids of the C-terminal portion (residues 55–65) react with the anion present on the exosite of 
thrombin, an important region for linking to fibrinogen. The residues 1–48 of the N-terminal 
portion are also important for the action of hirudin over thrombin; they interact with the 
enzyme’s catalytic site. These types of interaction explain why hirudin links only to thrombin 
and not to the blood semiproteases [44].
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A significant advance was reached with the resolution of the tridimensional structure of 
hirudin, which allowed for the understanding and development of recombinants equivalent 
to this protein (rH). The increase of interest on protein inhibitors also was due to studies 
that demonstrated thrombocytopenia induced by heparin. These new agents produce a 
direct anticlotting response, having thrombin as target, and they also inhibit the activation 
of platelets and the increase of thrombin’s activity on the coagulation cascade, as thrombin is 
a multifunctional enzyme responsible for the activation of manly factors, for example, factor 
V, VIII, and XI [45]. The use of rH has been promising in patients with unstable angina [46].

Lepirudin (Refludan) is an rH, and it was the first direct thrombin inhibitor (DTI) licensed for 
treatment of thrombosis complicating HIT and associated thromboembolic disease in order 
to prevent further thromboembolic complications [47]. It is given as an intravenous infusion 
with or without a bolus, and its dosing is dependent on body weight. It is renally excreted and 
dose adjustments are required in patients with renal impairment [48]. Significant limitations 
to its use are its narrow therapeutic window and potential for increased bleeding events [49]. 
Besides, it is a drug that forms immunogenic complexes and causes a delay in renal excretion 
causing its accumulation [50, 51]. Therefore, during the treatment, the dose adjustment based 
on aPTT is recommended. Although not common, anaphylaxis can also occur in patients with 
hirudin-induced antibodies during the re-exposition to drug [52]. To date, there are no reports 
of antidotes that reverse these effects of DTIs [53]. There are recent reports that lepirudin has 
been discontinued from the market [54, 55].

Desirudin (Iprivask) is also an rH, with very similar characteristics as lepirudin. Both rH 
are structurally identical except for their N-terminus sequences, which are Leu1-Tyr2 in 
lepirudin and Val1-Val2 in desirudin. It reversibly binds to the active thrombin site of free 
and clot-associated thrombin. Desirudin is able to inhibit different actions of thrombin as 
fibrin formation, activation of coagulation factors V, VII, and XIII, and platelet aggregation, 
resulting in a dose-dependent prolongation of aPTT. It is the only fixed-dose subcutaneously 
administered DTI approved by FDA for postoperative prevention of VTE in patients under-
going elective hip replacement surgery [56]. Eriksson and collaborators published two clinical 
studies comparing the efficacy and safety of desirudin (15 mg s.c. twice daily injections) with 
unfractionated heparin (5000 units s.c. three times daily) and enoxaparin (40 mg s.c. daily), for 
the prophylaxis of DVT in patients undergoing major orthopedic surgeries. After 8–12 days of 
treatment, desirudin proved to be superior to both heparin anticoagulants, while showing a 
similar safety profile [57, 58]. Recently, desirudin was also under investigation as a potential 
anticoagulant for patients with heparin induced-thrombocytopenia (HIT) with or without 
thrombosis. Desirudin was also compared with argatroban in PREVENT-HIT study. This is a 
small, randomized, open-label trial comparing the clinical efficacy, safety, and economic util-
ity of fixed-dose s.c. of drugs. However, just as lepirudin, desirudin is also renally excreted; 
there is still a risk of accumulation if the renal function is impaired [59].

Bivalirudin, formerly named Hirulog, is not properly a molecule from leech, but is a synthetic 
peptide (20 amino acids) [60] and bivalent analog of hirudin with a thrombin inhibition activity 
nearly 800 times weaker than that of hirudin [61]. Unlike the rH, the binding of bivalirudin to 
thrombin is reversible, and after the binding, the inhibitor is slowly cleaved by thrombin. Then, 
thrombin activity is only transiently inhibited and its enzymatic activity is restored. This revers-
ible relationship between bivalirudin and thrombin can be seen as a benefit, once may contribute 
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to its decreased bleeding risk when compared with rHs [62, 63]. Another advantage of bivalirudin 
was demonstrated in animal studies, where bivalirudin presented a wider therapeutic index than 
rHs, and an additional advantage of bivalirudin was its lack of immunogenicity [64].

There are many studies with bivalirudin as an alternative to heparin or the combination of 
heparin and a GpIIb/IIIa inhibitor in patients with acute coronary syndromes and those under-
going a PCI [65–67]. These trials demonstrated that bivalirudin was not significantly differ-
ent from other tested inhibitors in relation to reduction in major bleeding; on the other hand, 
bivalirudin, unlike heparin and GpIIb/IIIa inhibitors, does not cause thrombocytopenia. In this 
study, it also was demonstrated that bivalirudin reduced cardiac mortality and all-cause mor-
tality among patients undergoing primary PCI for ST-elevation-myocardial infarction in the 
HORIZONS-AMI trial [66]. Accordingly, bivalirudin (Angiomax, The Medicines Company, 
Parsippany, NJ, USA) has become one of most widely used antithrombotics in the United 
States for PCI. Bivalirudin has been further studied in other kind of surgeries, but has not been 
further developed for these indications. Some examples of clinical studies with bivalirudin 
were as an alternative to heparin in coronary artery bypass [68, 69] in a dose-finding study 
for VTE prevention in patients after hip or knee surgery [70] and for the treatment of calf vein 
thrombosis [71]. Finally, the FDA expanded its approval of bivalirudin to include its use as an 
alternative to heparin in HIT patients with or without thrombosis undergoing PCI [72].

2.1.2. Other thrombin inhibitors

Besides hirudin, other thrombin inhibitors less studied have been isolated from leeches. Among 
them are a granuline-similar peptide [73], bufrudin [74], theromin [75], and haemadin [76]. 
Haemadin and theromin are inhibitors and do not present homology in their sequences with 
the other inhibitors described up to now in all animal kingdom. Haemadin was isolated from the 
Haemadipsa sylvestris, leech, and it is a 5 kDa peptide with a Ki of 100 fM, kinetically less efficient 
than hirudin (21 fM) [76, 77]. In addition, in literature, we can find only studies about crystal of 
haemadin and formation of haemadin-thrombin complex, nothing more besides [78, 79].

Theromin is a potent inhibitor (Ki = 12 fM) which was isolated from the intestines of 
Theromyzon tessulatum leeches [75]. It is homodimer 67 amino acid residues, with 16 cyste-
ines that share 8 disulfide bridges. Just like hirudin, the N-terminal sequence of theromin 
is highly negatively charged and its C-terminal portion is very compact, due to 10 residues 
of cysteine present on the sequence. Around 24% of the residues of the molecule be cyste-
ins and this approaches it, in sequence similarity, to protease inhibitors of the antistasin 
family (more detailed below). Hence, considering the low identity on the general sequence 
between theromin and the peptides of this family, it is difficult to include theromin as a new 
member of the mentioned family. However, comparisons of sequences have been made 
between theromin and four different serine-protease inhibitors isolated from T. tessulatum  
leeches: cytin, therin, therostasin, and tessulin [80–83]. These comparisons revealed that in the 
case of therostasin [82] and tessulin [83], there was a high degree of sequence identity with 
theromin (70 and 52%, respectively).

It can also be added that among the leeches from the Theromyzon genus, three other thrombin 
inhibitors were also described [84]. In fact, Merck Company, in 1994, deposited patents for 
different applications observing three thrombin inhibitors with masses of 3, 9, and 14 kDa 
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[28]. The N-terminal of the 9 kDa inhibitor, EDDNPGPPRACPGE, presented homology with 
theromin (ECENTECPRACPGE), factor Xa inhibitor (DCENTECPRACPGE) [82], and trypsin 
inhibitor tessulin (MCENTECPRACPGE) [83]. This 9 kDa inhibitor features a pI of 4.9 and a 
specific activity at the end of the purification process of 25 IU for inhibition of thrombin and 
of 0.2 IU for factor Xa inhibition.

2.1.3. Factor Xa inhibitors

While FXa inhibition has emerged as a convenient pathway for management of VTE, currently 
three FXa inhibitors are available for anticoagulation management—rivaroxaban, apixaban, 
and edoxaban [85]. New researches about FXa inhibitors of hematophagous animals con-
stantly have been sought.

Antistasin was the first factor Xa inhibitor described that originates from leeches. It is a 15 kDa 
protein isolated from the salivary glands of the Mexican leech H. officinalis [86, 87]. Soon after, 
a homologous protein, ghilanten, was isolated from the H. ghiliani leech [88]. Antistasin fea-
tures 119 residues of amino acids with the domain I (residues 1–55) being 56% similar to the 
domain II (residues 56–110). Of the nine residues of the C-terminal (111–119), domain portion 
four was positively charged [86], and their active site was located on domain I [88–90]. The 
cDNA of antistasin was cloned [89] and the recombinant protein expressed in system of bacu-
lovirus vector in insect cells [90]. Pharmacological studies were carried out, and data showed 
that the protein remains active after 30 h of injection in animals. Besides this, when tested in 
different thrombosis models, antistasin proved superior to heparin [91].

Administration of recombinant antistasin in rabbits with atherosclerosis in the femoral artery, 
as an example, demonstrated reduction of restenosis after balloon angioplasty [91]. Besides 
this, chimeric peptides corresponding only to domain I were also tested, and it was checked 
that domains II and III do not feature any intrinsic inhibitory activity over factor Xa, and also 
do not contribute to activity of domain I [86]. The most powerful synthetic peptide derived 
from antistasin corresponds to amino acids 27–49, with a disulfide bridge (ATS29–47); this 
peptide was able to inhibit factor Xa with a Ki of 35 nM. The DRCRVHCP peptide, in micro-
molar concentrations, featured anticlotting activity and was able to prolong the coagulation 
time in 50%, when compared with the control [92].

2.1.4. Other inhibitors of factor Xa

Therostasin is a powerful inhibitor for FXa of the “tight binding” type, isolated from T. tessulatum, 
featuring a Ki of 34 pM [82]. The cDNA (825 bp) encodes 82 amino acids polypeptide (with 16 of 
them being cysteines) preceded by 19 residues representing the signal peptide. Therefore, just as 
other inhibitors, therostasin is expressed and kept in cells from the salivary glands of leeches [82].

Vizottin is a FXa inhibitor from the salivary complex of the leech Haementeria vizottoi. It 
has shown anticoagulant effects in human plasma, prolonging the recalcification time in a 
dose-dependent manner (IC50 40 nM). Vizottin was able to induce blood incoagulability in 
FX-deficient plasma, whereas in normal and reconstituted plasma, vizottin doubled the pro-
thrombin time at 160 nM. At high concentrations, vizottin inhibited the amidolytic activity of 
factor VIIa/tissue factor (IC50 96.4 nM). It is a compound which is also able to inhibit FXa in 
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to its decreased bleeding risk when compared with rHs [62, 63]. Another advantage of bivalirudin 
was demonstrated in animal studies, where bivalirudin presented a wider therapeutic index than 
rHs, and an additional advantage of bivalirudin was its lack of immunogenicity [64].

There are many studies with bivalirudin as an alternative to heparin or the combination of 
heparin and a GpIIb/IIIa inhibitor in patients with acute coronary syndromes and those under-
going a PCI [65–67]. These trials demonstrated that bivalirudin was not significantly differ-
ent from other tested inhibitors in relation to reduction in major bleeding; on the other hand, 
bivalirudin, unlike heparin and GpIIb/IIIa inhibitors, does not cause thrombocytopenia. In this 
study, it also was demonstrated that bivalirudin reduced cardiac mortality and all-cause mor-
tality among patients undergoing primary PCI for ST-elevation-myocardial infarction in the 
HORIZONS-AMI trial [66]. Accordingly, bivalirudin (Angiomax, The Medicines Company, 
Parsippany, NJ, USA) has become one of most widely used antithrombotics in the United 
States for PCI. Bivalirudin has been further studied in other kind of surgeries, but has not been 
further developed for these indications. Some examples of clinical studies with bivalirudin 
were as an alternative to heparin in coronary artery bypass [68, 69] in a dose-finding study 
for VTE prevention in patients after hip or knee surgery [70] and for the treatment of calf vein 
thrombosis [71]. Finally, the FDA expanded its approval of bivalirudin to include its use as an 
alternative to heparin in HIT patients with or without thrombosis undergoing PCI [72].

2.1.2. Other thrombin inhibitors

Besides hirudin, other thrombin inhibitors less studied have been isolated from leeches. Among 
them are a granuline-similar peptide [73], bufrudin [74], theromin [75], and haemadin [76]. 
Haemadin and theromin are inhibitors and do not present homology in their sequences with 
the other inhibitors described up to now in all animal kingdom. Haemadin was isolated from the 
Haemadipsa sylvestris, leech, and it is a 5 kDa peptide with a Ki of 100 fM, kinetically less efficient 
than hirudin (21 fM) [76, 77]. In addition, in literature, we can find only studies about crystal of 
haemadin and formation of haemadin-thrombin complex, nothing more besides [78, 79].

Theromin is a potent inhibitor (Ki = 12 fM) which was isolated from the intestines of 
Theromyzon tessulatum leeches [75]. It is homodimer 67 amino acid residues, with 16 cyste-
ines that share 8 disulfide bridges. Just like hirudin, the N-terminal sequence of theromin 
is highly negatively charged and its C-terminal portion is very compact, due to 10 residues 
of cysteine present on the sequence. Around 24% of the residues of the molecule be cyste-
ins and this approaches it, in sequence similarity, to protease inhibitors of the antistasin 
family (more detailed below). Hence, considering the low identity on the general sequence 
between theromin and the peptides of this family, it is difficult to include theromin as a new 
member of the mentioned family. However, comparisons of sequences have been made 
between theromin and four different serine-protease inhibitors isolated from T. tessulatum  
leeches: cytin, therin, therostasin, and tessulin [80–83]. These comparisons revealed that in the 
case of therostasin [82] and tessulin [83], there was a high degree of sequence identity with 
theromin (70 and 52%, respectively).

It can also be added that among the leeches from the Theromyzon genus, three other thrombin 
inhibitors were also described [84]. In fact, Merck Company, in 1994, deposited patents for 
different applications observing three thrombin inhibitors with masses of 3, 9, and 14 kDa 
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[28]. The N-terminal of the 9 kDa inhibitor, EDDNPGPPRACPGE, presented homology with 
theromin (ECENTECPRACPGE), factor Xa inhibitor (DCENTECPRACPGE) [82], and trypsin 
inhibitor tessulin (MCENTECPRACPGE) [83]. This 9 kDa inhibitor features a pI of 4.9 and a 
specific activity at the end of the purification process of 25 IU for inhibition of thrombin and 
of 0.2 IU for factor Xa inhibition.

2.1.3. Factor Xa inhibitors

While FXa inhibition has emerged as a convenient pathway for management of VTE, currently 
three FXa inhibitors are available for anticoagulation management—rivaroxaban, apixaban, 
and edoxaban [85]. New researches about FXa inhibitors of hematophagous animals con-
stantly have been sought.

Antistasin was the first factor Xa inhibitor described that originates from leeches. It is a 15 kDa 
protein isolated from the salivary glands of the Mexican leech H. officinalis [86, 87]. Soon after, 
a homologous protein, ghilanten, was isolated from the H. ghiliani leech [88]. Antistasin fea-
tures 119 residues of amino acids with the domain I (residues 1–55) being 56% similar to the 
domain II (residues 56–110). Of the nine residues of the C-terminal (111–119), domain portion 
four was positively charged [86], and their active site was located on domain I [88–90]. The 
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as an example, demonstrated reduction of restenosis after balloon angioplasty [91]. Besides 
this, chimeric peptides corresponding only to domain I were also tested, and it was checked 
that domains II and III do not feature any intrinsic inhibitory activity over factor Xa, and also 
do not contribute to activity of domain I [86]. The most powerful synthetic peptide derived 
from antistasin corresponds to amino acids 27–49, with a disulfide bridge (ATS29–47); this 
peptide was able to inhibit factor Xa with a Ki of 35 nM. The DRCRVHCP peptide, in micro-
molar concentrations, featured anticlotting activity and was able to prolong the coagulation 
time in 50%, when compared with the control [92].

2.1.4. Other inhibitors of factor Xa

Therostasin is a powerful inhibitor for FXa of the “tight binding” type, isolated from T. tessulatum, 
featuring a Ki of 34 pM [82]. The cDNA (825 bp) encodes 82 amino acids polypeptide (with 16 of 
them being cysteines) preceded by 19 residues representing the signal peptide. Therefore, just as 
other inhibitors, therostasin is expressed and kept in cells from the salivary glands of leeches [82].

Vizottin is a FXa inhibitor from the salivary complex of the leech Haementeria vizottoi. It 
has shown anticoagulant effects in human plasma, prolonging the recalcification time in a 
dose-dependent manner (IC50 40 nM). Vizottin was able to induce blood incoagulability in 
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the prothrombinase complex and Gla-domain less FXa. The authors demonstrated that the 
inhibition of FXa by vizottin is through binding to the active site rather than an exosite. The 
structure of this molecule still need to be better studied [93].

A FXa inhibitor has been described in leech that are proven not part of the antistasin-family, 
the Lefaxin. This inhibitor was obtained from the salivary glands of the Brazilian leech, 
Haementeria depressa. It is a competitive inhibitor of FXa with a Ki of 3.6 nM, and is able to 
inhibit the FXa also in the prothrombinase complex with IC50 of 10 nM. It has a simple chain 
with 30 kDa and pI of 5.7 [94].

Among the FXa inhibitors from leeches, antistasin was the one that came closest to drug 
development; however, it did not get there. Even if these natural substances, as antistasin, 
are not being directly used in the human medical clinic, it was through the study of them 
that synthetic molecules focused on FXa were and are still being designed. This has provided 
potent and selective tools for evaluating the potential role of FXa in various diseases. In addi-
tion, these advances have been instrumental in defining the biology of FXa and have aided in 
the discovery of specific receptors and intracellular signaling pathways for FXa that may be 
important in the progression of, or the response to, various diseases [95].

2.1.5. Antiplatelet agents

2.1.5.1. Collagen-binding proteins

Leech antiplatelet protein (LAPP) is a specific inhibitor by collagen pathway from Haementeria 
officinalis leech salivary glands. It has around 13 kDa and pI 4.0. Recombinant LAPP (rLAPP) 
is able to inhibit collagen-mediated platelet aggregation under test-tube stirring conditions 
(IC50 ∼ 60–100 nM) and, also, it is able to block platelet adhesion to soluble collagen under 
static conditions, a step mediated by integrin α2β1 [96, 97]. There are reports demonstrating 
that this recombinant prevents integrin α-I domain binding to collagen with IC50 ∼ 125 nM 
[98]. The platelet adhesion to collagen type I is inhibited by rLAPP at high shear rate (1600 s−1) 
and this inhibitor is also able to prevent the binding of vWF to collagen type III [99]. In spite 
of this, rLAPP inhibits platelet deposition to cross sections of human atherosclerotic coronary 
arteries [99], and studies in baboons proved that rLAPP did not block collagen graft throm-
bosis, suggesting that inhibition of collagen alone is not enough to prevent thrombosis, pos-
sibly because TF exposure plays an important role in the model [100]. The crystal structure of 
LAPP has been determined and consists of a C-terminal domain which is very compact and a 
disordered N-terminal region [101].

Calin is isolated from the salivary secretion of the European leech H. medicinalis, as well as 
the rLAPP; it is able to inhibit the vWF-binding and platelet adhesion to collagen both under 
static and flow conditions [102]. Similarly, Saratin, from Haementeria ghilianii leeches, has been 
described as a platelet aggregation inhibitor that acts on collagen preventing the binding to 
integrin α2β1 and vWF [103]. The recombinant Saratin was obtained in yeasts (Hansenula 
polymorpha) [104] and it is being commercialized by BioVascular which has developed this 
product to GMP standards and is evaluating the effects in clinical studies [105]. To date, in 
the literature, only a few animal studies have been published, where it has been given alone 
or together with other drugs in glaucoma rabbit models [106, 107]. Saratin, when adminis-
trated alone in rat carotid endarterectomy model, significantly decreased platelet adhesion, 
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intimal hyperplasia, luminal stenosis, and thrombosis. This inhibitor did not increase suture 
line bleeding or bleeding times, and did not decrease platelet counts. In this study, the authors 
also have concluded that Saratin may serve as a topical agent to be used for the site-specific 
inhibition of thrombosis and intimal hyperplasia after vascular manipulation [108].

2.1.5.2. Disintegrins

Disintegrins were first discovered in snake venoms where they are very well studied, and 
were instrumental in our understanding of integrin function and also for the development of 
antithrombotic drugs [109]. However, this molecule class also has been found in bloodsucker 
animals. In leeches, there are two more studied molecules with this profile, decorsin and 
ornatin.

Decorsin is a 39 amino acids protein purified from Macrobdella decora leech salivary glands 
that acts as an antagonist of glycoprotein GPIIb-IIIa. This disintegrin, like snake family of 
inhibitors, has six cysteines and an RGD motif near its C-terminus. It completely inhibits 
platelet aggregation ADP induced at high concentrations (1 μM) and is able to inhibit the 
interaction of GPIIb-IIIa with fibrinogen in ELISA assays (IC50 ~ 1.5 nM). The secretion of 
decorsin in the salive of this animal probably is one of its strategy to keep host blood flowing 
or to keep ingested blood from clotting, as leeches store ingested blood for long periods of 
time [31]. The structure of decorsin was determined by nuclear magnetic resonance (NMR) 
and it is interestingly similar to that of hirudin from Hirudo medicinalis leech [32].

Ornatin is a disintegrin described on Placobdella ornate leech that is 40% similar to decorsin. 
Studies with ornatin demonstrated that it is able to inhibit fibrinogen binding to GPIIb-IIIa 
(IC50 ~ 5 nM); on the other hand, it inhibits platelet aggregation at higher concentrations 
(IC50 ~ 300 nM) [110]. Studies with the recombinant protein demonstrated that the native 
disulfide bonds are required for the optimal GPIIb-IIIa antagonist activity of the ornatin [111].

2.1.6. Regulators of fibrinogenolysis

As described in this chapter, various thrombin inhibitors from hematophagous animals 
together with other kind of anticoagulant as FXa inhibitor and anti-platelets not only main-
tain anticoagulant potential of the salivary gland secretions but also play a role of blood pre-
servatives in the gut channel of the bloodsuckers. On the other hand, little is known on the 
degradation of fibrinogen and fibrin by secretions of bloodsuckers. However, we relate here 
some data obtained about molecules from some leeches of Haementeria genus and from specie 
Hirudo medicinalis that act as regulators of fibrinogenolysis and/or fibrinolysis.

2.1.6.1. FXIIIa inhibitors

Factor XIIIa promotes the covalent crosslinking of fibrin polymers and incorporation of pro-
teins into the fibrin network and thus the thrombus can be stable and relative resistance to 
plasmin-mediated degradation. Besides, FXIIIa is involved in other processes such as wound 
healing and arteriosclerosis. Therefore, selective FXIIIa inhibitors may be a valuable tool for 
evaluation of the various functions of FXIIIa and their pharmacological control [112]. In this 
field, a potent FXIIIa inhibitor was found in leeches. Tridegin was discovered in salivary 
glands of blood-sucking leech, Haementeria ghilianii. It is a highly specific inhibitor of factor 
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A FXa inhibitor has been described in leech that are proven not part of the antistasin-family, 
the Lefaxin. This inhibitor was obtained from the salivary glands of the Brazilian leech, 
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officinalis leech salivary glands. It has around 13 kDa and pI 4.0. Recombinant LAPP (rLAPP) 
is able to inhibit collagen-mediated platelet aggregation under test-tube stirring conditions 
(IC50 ∼ 60–100 nM) and, also, it is able to block platelet adhesion to soluble collagen under 
static conditions, a step mediated by integrin α2β1 [96, 97]. There are reports demonstrating 
that this recombinant prevents integrin α-I domain binding to collagen with IC50 ∼ 125 nM 
[98]. The platelet adhesion to collagen type I is inhibited by rLAPP at high shear rate (1600 s−1) 
and this inhibitor is also able to prevent the binding of vWF to collagen type III [99]. In spite 
of this, rLAPP inhibits platelet deposition to cross sections of human atherosclerotic coronary 
arteries [99], and studies in baboons proved that rLAPP did not block collagen graft throm-
bosis, suggesting that inhibition of collagen alone is not enough to prevent thrombosis, pos-
sibly because TF exposure plays an important role in the model [100]. The crystal structure of 
LAPP has been determined and consists of a C-terminal domain which is very compact and a 
disordered N-terminal region [101].

Calin is isolated from the salivary secretion of the European leech H. medicinalis, as well as 
the rLAPP; it is able to inhibit the vWF-binding and platelet adhesion to collagen both under 
static and flow conditions [102]. Similarly, Saratin, from Haementeria ghilianii leeches, has been 
described as a platelet aggregation inhibitor that acts on collagen preventing the binding to 
integrin α2β1 and vWF [103]. The recombinant Saratin was obtained in yeasts (Hansenula 
polymorpha) [104] and it is being commercialized by BioVascular which has developed this 
product to GMP standards and is evaluating the effects in clinical studies [105]. To date, in 
the literature, only a few animal studies have been published, where it has been given alone 
or together with other drugs in glaucoma rabbit models [106, 107]. Saratin, when adminis-
trated alone in rat carotid endarterectomy model, significantly decreased platelet adhesion, 
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intimal hyperplasia, luminal stenosis, and thrombosis. This inhibitor did not increase suture 
line bleeding or bleeding times, and did not decrease platelet counts. In this study, the authors 
also have concluded that Saratin may serve as a topical agent to be used for the site-specific 
inhibition of thrombosis and intimal hyperplasia after vascular manipulation [108].

2.1.5.2. Disintegrins

Disintegrins were first discovered in snake venoms where they are very well studied, and 
were instrumental in our understanding of integrin function and also for the development of 
antithrombotic drugs [109]. However, this molecule class also has been found in bloodsucker 
animals. In leeches, there are two more studied molecules with this profile, decorsin and 
ornatin.

Decorsin is a 39 amino acids protein purified from Macrobdella decora leech salivary glands 
that acts as an antagonist of glycoprotein GPIIb-IIIa. This disintegrin, like snake family of 
inhibitors, has six cysteines and an RGD motif near its C-terminus. It completely inhibits 
platelet aggregation ADP induced at high concentrations (1 μM) and is able to inhibit the 
interaction of GPIIb-IIIa with fibrinogen in ELISA assays (IC50 ~ 1.5 nM). The secretion of 
decorsin in the salive of this animal probably is one of its strategy to keep host blood flowing 
or to keep ingested blood from clotting, as leeches store ingested blood for long periods of 
time [31]. The structure of decorsin was determined by nuclear magnetic resonance (NMR) 
and it is interestingly similar to that of hirudin from Hirudo medicinalis leech [32].

Ornatin is a disintegrin described on Placobdella ornate leech that is 40% similar to decorsin. 
Studies with ornatin demonstrated that it is able to inhibit fibrinogen binding to GPIIb-IIIa 
(IC50 ~ 5 nM); on the other hand, it inhibits platelet aggregation at higher concentrations 
(IC50 ~ 300 nM) [110]. Studies with the recombinant protein demonstrated that the native 
disulfide bonds are required for the optimal GPIIb-IIIa antagonist activity of the ornatin [111].

2.1.6. Regulators of fibrinogenolysis

As described in this chapter, various thrombin inhibitors from hematophagous animals 
together with other kind of anticoagulant as FXa inhibitor and anti-platelets not only main-
tain anticoagulant potential of the salivary gland secretions but also play a role of blood pre-
servatives in the gut channel of the bloodsuckers. On the other hand, little is known on the 
degradation of fibrinogen and fibrin by secretions of bloodsuckers. However, we relate here 
some data obtained about molecules from some leeches of Haementeria genus and from specie 
Hirudo medicinalis that act as regulators of fibrinogenolysis and/or fibrinolysis.

2.1.6.1. FXIIIa inhibitors

Factor XIIIa promotes the covalent crosslinking of fibrin polymers and incorporation of pro-
teins into the fibrin network and thus the thrombus can be stable and relative resistance to 
plasmin-mediated degradation. Besides, FXIIIa is involved in other processes such as wound 
healing and arteriosclerosis. Therefore, selective FXIIIa inhibitors may be a valuable tool for 
evaluation of the various functions of FXIIIa and their pharmacological control [112]. In this 
field, a potent FXIIIa inhibitor was found in leeches. Tridegin was discovered in salivary 
glands of blood-sucking leech, Haementeria ghilianii. It is a highly specific inhibitor of factor 
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XIIIa with about 7 kDa, this inhibitor works with effective concentrations in the nanomolar 
range [113]. It was also related the presence of transcripts similar to tridegin in some transcrip-
tome analysis of other leeches specie [12], but the obtaining of new molecules from leeches 
with this function was not yet published. Some tridegin analog peptides have been synthe-
sized and analyzed for their action improvement, but so far, nothing very relevant has been 
exposed [114]. Although not used in clinical trials on its recombinant form (T087), a derivative 
of tridegin is being marketed by more than one company for use in laboratory research.

2.1.6.2. Fibrino(geno)lytics molecules

Hementin is responsible for proteolysis of blood fibrinogen with formation of products which 
block conversion of fibrinogen into fibrin catalyzed by thrombin; this molecule was discov-
ered in salivary gland from Haementeria ghilianii [115]. Since fibrinogen is involved in the 
formation of platelet clot, hementin is able to prevent the platelet aggregation induced by 
ADP and collagen; on the other hand, it can also induce disaggregation of platelet aggregation 
induced by ADP, but not collagen [116]. Hementin can lyse fibrin clots; but its fibrinolytic 
activity is less potent than the fibrinogenolytic one. It does not influence the activity of other 
plasma proteins [117].

It was also demonstrated that plasma clots formed in the presence of tridegin are more 
sensitive to lyses by hementin (time required for 50% lysis in the presence and absence of 
hementin was 16 and about 22 h, respectively) [118]. Study of lysis of clots formed from PRP 
revealed that in the presence of tridegin the effect of fibrinolytic enzymes was the same as in 
PPP, whereas lysis of platelet-containing clots occurred slower. Thus, the importance of the 
platelets in the resistance of plasma clots to fibrinolytic enzymes and also the importance of 
cross-linking in this process [119].

Considering that both molecules are obtained in the same leech species, it was suggested that 
hementin and tridegin have a synergic action in feeding process of Haementeria ghilianii. They 
may be considered as promising thrombolytic agents.

Hementerin (HT) is a single-chain 80 kDa, Ca++-dependent metalloproteinase, which specifi-
cally degrades fibrin(ogen) through a plasminogen-independent pathway. The amino terminal 
sequence of 8 residues shows 80% similarity with hementin. However, their activities differ 
somewhat in terms of kinetics and with regard to the structure of the fibrin(ogen) fragments 
they may produce. Cleavage by HT of fibrinogen A-alpha, gamma, and B-beta chains, in that 
order, produces fragments differ from those produced by plasmin. HT was also able to degrade 
cross-linked fibrin although at a lower rate as compared to fibrinogen. HT is a plasminogen-
independent fibrino(geno)lytic metalloproteinase that degrades fibrinogen faster than fibrin, pre-
vents the coagulation and destroys fibrin clots in vitro [120]. The action of HT was also studied in 
different platelet assays and the studies have indicated that HT is an effective inhibitor of human 
platelet aggregation, presumably through activation of the platelet’s nitridergic pathway [121].

Destabilase was discovered in salivary glands from Hirudo medicinalis and it was able to 
hydrolyze the epsilon-(gamma-glutamyl)-lysine bonds as a result of fibrin stabilization by 
FXIIIa in the presence of calcium ions [122]. It was characterized as a polyfunctional molecule 
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and is a unique representative of invertebrate lysozymes. This molecule combines the proper-
ties of endo-s-lysyl-y-glutamyl isopeptidase (D-dimer monomerase), lysozyme, and chitin-
ase and simultaneously is also a non-enzymatic antimicrobial agent. Its ability to hydrolyze 
endoisopeptide bonds formed by transglutaminases, which are involved in many pathologi-
cal conditions, including thrombosis, causes this enzyme to become a focus to seek its use in 
practice [123], on the other hand, none was presented after that.

The substrate of destabilase is the D-D-dimer, a protein of 190 kDa that contains fragments of 
all three chains of monomer fibrin (alpha, beta, and gamma) and there is a nonlinear depen-
dence of the reaction rate on substrate concentration. The crosslinked fibrin is also a substrate 
of destabilase, which catalyzes hydrolysis of isopeptide bonds connecting gamma-gamma 
and alpha-alpha-chains of this protein [124, 125].

Recently, a study demonstrated an optimization procedures related to the expression, isolation, 
and purification of active destabilase isoforms (mlDL-Ds1, 2, 3) using an Escherichia coli expression 
system, where their muramidase, lytic, isopeptidase and antimicrobial activities were detected 
and compared. Analyses of the tested activities revealed that all isoforms had almost identical 
patterns of pH and ionic strength effects. It was determined that three isoforms possessed non-
enzymatic antibacterial activity independent of their muramidase activity. It was also demon-
strated, for the first time, the fibrinolytic activity of the recombinant destabilase and showed that 
only intact proteins possessed this activity, suggesting being an enzymatic property [126].

3. Anticoagulants from ticks

Most anticoagulants from ticks are produced for the salivary glands and play essential func-
tions during feeding. Ticks inject the saliva into the skin of a wide range of terrestrial verte-
brates and absorb it along with the blood of the animal. Faced with an injury inflicted by tick 
bite, the animal respond by activating blood coagulation, vasoconstriction, inflammation, and 
tissue remodeling related to wound healing. However, these ectoparasites have a complex 
and potent pharmacological mechanism to overcome the host defenses, blocking pain and 
itch and facilitating blood flow to allow the feeding [25, 127, 128].

Differences in the composition of tick saliva are reflected in the co-evolution between ticks and 
their host, the feeding strategies, the tick developmental stage, the process of penetration of the 
host skin, and the duration of the feeding. This can be observed between the two major fami-
lies, Argasidae and Ixodidae. The first family (family Argasidae) is called soft ticks. They feed 
fast, less than 1 h, for multiple times causing profound damage to the host skin due the deep 
mouthparts penetration, while hard ticks (family Ixodidae) feed for a prolonged period (days to 
weeks) in each developmental stage. Hard ticks have strategies to firmly attach to its host, pro-
ducing large amount of cement or glue to penetrate the host skin and cause a superficial dam-
age (Metastriata ticks, e.g., Dermacentor or Rhipicephalus genera), or by attaching more deeply to 
the host skin by physical mechanisms using longer, barbed mouthparts. Females hard tick feed 
only once and may ingest more blood than 100-times their initial body weight to die later after 
oviposition (Prostriata, e.g., Ixodes, Metastriata, and Amblyomma genera) [127, 129–131].
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tions during feeding. Ticks inject the saliva into the skin of a wide range of terrestrial verte-
brates and absorb it along with the blood of the animal. Faced with an injury inflicted by tick 
bite, the animal respond by activating blood coagulation, vasoconstriction, inflammation, and 
tissue remodeling related to wound healing. However, these ectoparasites have a complex 
and potent pharmacological mechanism to overcome the host defenses, blocking pain and 
itch and facilitating blood flow to allow the feeding [25, 127, 128].

Differences in the composition of tick saliva are reflected in the co-evolution between ticks and 
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host skin, and the duration of the feeding. This can be observed between the two major fami-
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fast, less than 1 h, for multiple times causing profound damage to the host skin due the deep 
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weeks) in each developmental stage. Hard ticks have strategies to firmly attach to its host, pro-
ducing large amount of cement or glue to penetrate the host skin and cause a superficial dam-
age (Metastriata ticks, e.g., Dermacentor or Rhipicephalus genera), or by attaching more deeply to 
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3.1. Components affecting coagulation

Ticks saliva has other strategies besides inhibiting blood coagulation factors, in order to facili-
tate the feeding. After injury, subendothelial tissue get exposed, activated platelets bind to 
exposed von Willebrand factor and collagen through its surface receptors and platelets release 
soluble vasoconstrictor mediators (ADP, serotonin, and thromboxane A2). Physiologically, 
there are three major mechanisms that regulate anticoagulation: TFPI, antithrombin III 
(ATIII), and protein C/thrombomodulin/activated protein C. Until now, there are no descrip-
tion of tick saliva components interfering with or imitating antithrombin, protein S, protein C, 
heparin, or thrombomodulin [24]. However, many ticks can inhibit thrombin-induced platelet 
aggregation. On the other hand, anticoagulant molecules from tick saliva also regulate hemo-
stasis by inhibiting blood coagulation factors (FXa or thrombin) or tenase complexes (FVIIa/
TF and FIXa) and/or platelet aggregation [132].

Anticoagulants from tick saliva can be classified according with their biochemical character-
istics and structure, some of them belonging to the Kunitz-type domain inhibitors and Serpin 
domain inhibitors [127]. Members of those families can modulate coagulation, inflammation, 
or vasoconstriction. For example, the Serpin IRS-2 (I ricinus Serpin-2) from I. ricinus inhibits 
cathepsin G and chymase, both known as mediators of platelet aggregation and inflammation 
[133], as well as to mediate vascular permeability [25]. Besides, Kunitz domain inhibitors are 
widely expressed and characterized as anticoagulants, some of them having just one Kunitz 
domain being able to inhibit factor Xa [134] or thrombin, such as savigin from Ornithodoros 
savignyi [135].

Depending on the mechanism of action, they can include platelet inhibitors, factor Xa inhibi-
tors and thrombin inhibitors, since they are able to prevent blood clotting and maintain blood 
incoagulable. Those blood coagulation inhibitors from tick are the major focus of this section.

3.1.1. Antiplatelet agents

The primary response to injury is the activation of circulating platelets, which bind to collagen 
in the exposed vessel wall and aggregate, arresting bleeding. In addition, thrombin, a multi-
functional serine protease, activates platelets by cleaving platelet receptors [24]. Thus, saliva 
from ticks possess molecules to able to target platelet activation and aggregation in several 
ways, some of them inhibiting thrombin-induced platelet activation [136], other interfering 
with the adhesion of platelet to collagen or other ligands [136] or inhibiting the activation of 
protease-activated receptors (PARs). An example of the first group is the Serpin IRS-2 (I rici-
nus Serpin-2) from Ixodes ricinus which inhibits platelet aggregation induced by both throm-
bin and cathepsin G [133]. Another Serpin, IxscS from I. scapularis, was described to inhibit 
thrombin and to interfere with platelet aggregation induced by thrombin or ADP [137]. Also, 
in I. scapularis, the enzyme apyrase (an adenosine triphosphate (ATP) diphosphohydrolase) 
degrades active ATP and ADP into non-active AMP [138].

Some molecules can interfere with the adhesion of platelets to collagen, for example, the tick 
adhesion inhibitor (TAI) from Ornithodoros moubata [139, 140]. Other inhibitors act by binding 
competition through an integrin recognition motif RGD or KGD preventing the binding to 

Anticoagulant Drugs50

fibrinogen or other ligands to platelet receptors such as savignygrin from O. savignyi [141]. 
Variabilin is another anti-platelet RGD-containing peptide from Dermacentor variabilis [142]. 
Some inhibitors identified in I. pacificus and I. scapularis, known as ixodegrins, display some 
differences with variabilin by having cysteines flanking the RGD motif, and with savignygrin, 
which have a non-canonical RGD peptide inserted into a Kunitz fold [127, 143].

Other anti-platelet molecules from ticks were reported: monogrin from Argas monolakensis 
[144], moubatin, a lipocalin derived from O. moubata which inhibits collagen-induced platelet 
aggregation by scavenging thromboxane A2 [139, 140, 144], longicornin, isolated from the 
salivary gland of Haemaphysalis longicornis, which also inhibits collagen-mediated platelet 
aggregation [145].

3.1.2. Tenase complex inhibitors

To target blood coagulation, components from tick saliva have inhibitory activities on the 
extrinsic tenase complex in blood coagulation [132]. From the studies in I. scapularis tick (Acari: 
Ixodidae) [146], two classes of extrinsic tenase complex inhibitors were identified acting simi-
larly, but not identically, to the physiological inhibitor, tissue factor pathway inhibitor (TFPI) 
[136]. The first group is represented by ixolaris [147], a 15.7 kDa molecule obtained from the 
cDNA library of the salivary glands of I. scapularis consisting of 140 amino acid residues contain-
ing 10 cysteine and two-Kunitz tandem domain which does not bind to FXa active site, in con-
trast TFPI. It was hypothesized that the second Kunitz domain of ixolaris binds first to FX/FXa 
(on a heparin binding proexosite/exosite) before binding to the FVIIa-TF complex via the first 
Kunitz domain. The native inhibitor has a molecular mass of 24 kDa, and both forms are equally 
effective as anticoagulants. Functionally, the Ixolaris is structurally distinct from human tissue 
factor pathway inhibitor (TFPI) [146]. The second group is represented by penthalaris [148], a 
five-Kunitz tandem domain which uses FX or FXa as scaffold to inhibit the FVIIa-TF complex.

3.1.3. Factor Xa inhibitors

One of the main classes of FXa inhibitors characterized from soft tick saliva is the atypical, 
non-canonical Kunitz-type inhibitors including the tick anticoagulant peptide (TAP), obtained 
from the Ornithodoros moubata tick [9] and FXa-inhibitor (FXaI) from O. savignyi tick [149] 
(Acari: Argasidae). Both inhibitors possess a single Kunitz domain, in contrast to the tandem 
Kunitz type thrombin inhibitors. Kinetically, both are slow, tight-binding, competitive inhibi-
tors of FXa. The recombinant (rTAP) TAP has a single-chain acidic polypeptide composed of 
60 amino acids including 6 cysteine residues, and is a competitive FXa inhibitor highly selec-
tive and reversible. Its molecular weight is 6.8 kDa, pI 4.5 and Ki of 0.588 for the native form, 
and Ki of 0.18 nM for the recombinant form, expressed in Saccharomyces cerevisiae [150–152].

Amblyomin-X is a FXa inhibitor identified molecule in the transcriptomics profile of the 
salivary glands by Expressed Sequence Tags (ESTs) from the hard tick Amblyomma cajennense 
(currently Amblyomma sculptum) [153], containing an unique structure with a N-terminal 
Kunitz-type domain of 60 amino acids and a C-terminal with 49 amino acids. Amblyomin-X is 
able to inhibit factor Xa, prothrombinase and tenase activities. As FXa inhibitor, Amblyomin-X 
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acts as a noncompetitive inhibitor (Ki = 3.9 μM) of factor Xa. It is a substrate for plasmin and 
trypsin, but not for factor Xa and thrombin. The prolongation of PT and aPTT is reversible 
[154]. Interestingly, several studies pointed out Amblyomin-X as an anti-cancer molecule in 
vitro and in vivo [154–161].

Other FXa inhibitors were reported in I. scapularis belonging to the salivary protein (Salp) fam-
ily, which specifically inhibits the FXa active site [162]. Other inhibitors act on FXa through 
binding to prothrombinase complex [163].

3.1.4. Thrombin inhibitors

The main effector blood coagulation factor is thrombin, which is the enzyme involved in the 
final (common pathway of the blood coagulation, responsible for the conversion of fibrino-
gen in fibrin and also regulates the activity of other coagulation factor with great specificity. 
Thrombin is a multifunctional molecule acting in cell signaling, fibrinolysis, and inflamma-
tion system [164]. Thrombin has three domains, the active site and two regulator sites, named 
exosites. Exosite I is the site that links the enzyme with fibrinogen, the platelet receptor and pro-
tease activated receptors (PARs), as well as the endothelial receptor, thrombomodulin. Exosite 
II recognizes glycosaminoglycans such as heparin, platelet receptor GP Ib-IX-V and fibrin (for 
a recent review on the role of thrombin exosites, see Ref. [165]. Thus, the choice of thrombin 
as a target for new anticoagulants seems logical, since its inhibition not only attenuates fibrin 
formation, but also blocks thrombin-mediated feedback amplification of clotting [166].

Kunitz-type thrombin inhibitors from ticks were identified in hard (Ixodidae family) and soft 
(Argasidae family) ticks, and have differences that place them in two different protein sub-
classes, based on their sequences, probably as an adaptation of their different blood-feeding 
behaviors [2]. Avathrin is a recombinant thrombin inhibitor from the salivary glands of the 
ixodid tick, Amblyomma variegatum. It shares 31–34% of identity with variegin. Kinetically, 
avathrin is a fast, tight binding competitive inhibitor (545 pM) with high affinity for thrombin 
rather than other serine proteases of the coagulation system. Cristal structure of avathrin and 
thrombin reveal an interaction through the active site and exosite-I of thrombin. Moreover, 
cleavage products continue to exert prolonged inhibition in a murine carotid artery throm-
bosis model [167]. From hard ticks, other thrombin inhibitor was isolated including amblin 
from Amblyomma hebraeum [168], boophilin from the cattle tick Boophilus microplus [169], and 
hemalin from Haemaphysalis longicornis [170].

Boophilin has been cloned and overexpressed in E. coli, which potently inhibits additional trypsin-
like serine proteases, including trypsin and plasmin and displays an apparent molecular mass of 
~23 kDa. This inhibitor binds bovine thrombin with tight-binding kinetics, and was determined 
an apparent Ki of 1.8 nM. The crystal structure of the bovine α-thrombin boophilin complex 
reveals a non-canonical binding mode to the protease. The N-terminal region of the mature 
inhibitor binds in a parallel manner across the active site of the protease, while the C-terminal 
Kunitz domain is negatively charged and docks into the basic exosite I of thrombin [169].

Recently, a new thrombin inhibitor from Amblyomma sculptum was identified in the tran-
scriptomics analysis of tick’s salivary glands [171]. Scupltin was cloned and expressed in 
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E. coli as a 20 kDa protein sharing only few similarities with hirudin and more similarity 
with serine protease inhibitors of the antistasin family. Sculptin is a novel class of competi-
tive, reversible, and specific inhibitor of thrombin because its mechanism of inhibition is 
slightly different than hirudin. The Ki is comparable with that of hirudin and lower then 
hirulogs. Interestingly, sculptin phylogenetically diverges from hirudin. Sculptin has not 
inhibitory activity on FXa, trypsin and plasmin. However, it is degraded by serine proteases 
including thrombin, thus would not requires antidotes. The sculptin fragments produced 
by thrombin have not thrombin inhibitory activity, while sculptin fragments produced by 
FXa can inhibit thrombin independently. Sculptin increases blood coagulation parameter 
in concentration dependent manner. Sculptin has been filed for patenting in Brazil [171].

From soft ticks, Kunitz-type thrombin inhibitors include ornithodorin from Ornithodoros mou-
bata [172], savignin from Ornithodoros savignyi [135, 173] and monobin from Argas monolakensis 
[174]. Kinetically, they are slow, tight-binding, competitive inhibitors of thrombin: savignin 
(Ki = 4.89 pM) [173], and monobin (Ki = 7 pM) [174].

As mentioned above, most Ixodidae ticks produce a cement or glue to attach to the host skin to 
facilitate the penetration of mouthparts for feeding. Interestingly, in Amblyomma americanum, 
the compositions of this cement revealed by the presence of glycine-rich proteins, lipids, and 
certain carbohydrates, besides serine protease inhibitors and metalloproteases. Some mole-
cules from tick cement were considered promising candidates for an anti-tick vaccine because 
of their antigenic properties [136, 175].

3.2. Components affecting fibrinolysis

Fibrinolytic enzyme with metalloprotease activity has been described in the hard tick I. scapularis 
[176]. On the other hand, an activator of plasminogen, called longistatin from H. longicornis, was 
found to cause hydrolysis of fibrinogen and delay formation of the fibrin clot as comparable to 
that of tissue-type plasminogen activator (t-PA) [177]. The recombinant form of longistatins is 
able to inhibit inflammation associated to tick feeding [178].

4. Conclusions

To conclude, hematophagous animals have evolved effective means of inhibiting thrombosis, 
thereby facilitating the acquisition and digestion of a blood meal. To date, specific inhibitors 
of coagulation, platelet function and fibrinolysis regulators have been identified from numer-
ous invertebrate species, mainly leeches, ticks, and mosquitoes, representing an impressive 
array of convergent functional strategies. These parasites may serve as potentially useful 
therapeutic agents for the treatment of a variety of conditions associated with activation of 
thrombosis. A number of anticoagulants and platelet inhibitors from bloodsuckers have been 
evaluated in vivo, with some currently in varying stages of preclinical and clinical develop-
ment. Because of the unique specificity and potency of anticoagulants from hematophagous, 
these kinds of products hold great promise for improving the treatment of a variety of human 
illnesses, as heart disease and stroke.
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Abstract

Atrial fibrillation (AF) is common in patients with kidney disease, with prevalence 
several times greater than in the general population. Anticoagulation agents are used 
to prevent thromboembolic events as a consequence of AF. Several randomized trials 
have established the efficacy of antithrombotic drugs for preventing stroke in patients 
with AF, with both antiplatelet agents and oral anticoagulants showing benefit. End-
stage kidney disease (ESKD) patients have known platelet defects/dysfunction and also 
receive heparin during their dialysis treatment, which contributes to their overall coagu-
lopathy. Warfarin being vitamin-K antagonist can augment calciphylaxis in patients with 
ESKD. Taken together, formal anticoagulation use in patients with ESKD may confer 
additional risk that is not appreciated in patients without kidney disease. In particular, 
patients on new oral anticoagulants show excess morbidity and mortality from bleeding 
when compared to warfarin.

Keywords: anticoagulation, warfarin, end-stage kidney disease, hemodialysis, atrial 
fibrillation, new oral anticoagulation

1. Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia that can lead to thrombus 
formation in the atria and atrial appendages. It also causes reduction in cardiac output and 
affected individuals are at increased risk of mortality. The prevalence of AF in patients with 
end-stage kidney disease (ESKD) is higher than in general population.
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Patients with AF are managed with antiarrhythmic agents to control their heart rate and with 
anticoagulant agents to prevent thromboembolic events. The benefits of anticoagulation in 
patients with AF (without kidney disease) are well established; however, the benefits and 
safety of anticoagulation in patients with AF and ESKD are still not clear.

In this chapter, we discuss the prevalence of AF in ESKD and management of AF in these 
patients focusing on anticoagulation including the direct oral anticoagulants (DOACs).

2. Epidemiology

The 2010 Global Burden of Disease (GBD) study estimated that the prevalence of AF approxi-
mated at 33.5 million individuals worldwide [1]. In particular, AF is believed to affect between 
2.2 and 5.0 million Americans, 4.5 million Europeans and is estimated to affect 1.4% of 
Australians [1, 2]. The prevalence of AF is expected to increase globally over the next decade [3].  
The prevalence of AF increases with age, occurring in approximately 1% of the population under 
60 years of age and 15% of the population over 80 years of age. Furthermore, the age-adjusted 
prevalence of AF is higher for men than women [1, 4]. In terms of complications of AF, ischemic 
stroke is the most common cause of cerebrovascular incident with 75% of these strokes directly 
linked to AF [3]. In addition, proportion of strokes from embolic sources increases with age, and 
greater than 35% of strokes in patients over 80 years of age are cardiac in origin, predominantly 
due to AF [3], making AF the commonest cause of stroke in this patients older than 80 years [1, 3, 4].

The health burden of renal disease is high for patients as well as for health services globally. 
The 2010 GBD study found that chronic kidney disease (CKD), which previously ranked 
27th in the list of causes of total number of global deaths in 1990, ranked 18th in 2010 [1, 5].  
The incidence and prevalence of ESKD vary significantly across different countries. The inci-
dence of ESKD is increasing, with reports indicating doubling in the number of patients being 
treated for ESKD in Europe, the Americas, and Australia, with diabetes and hypertension being 
the most common causes in developed and many developing countries; however, glomerulo-
nephritis and “undetermined causes” were more common in Asia and sub-Saharan Africa [5].

Cardiovascular disease and its sequelae occur more frequently in patients with CKD, com-
pared to the general population, and it is often more severe [6]. Patients with impaired renal 
function (estimated glomerular filtration rate (eGFR) ≤80 mL/min) are deemed to be at higher 
risk for all cardiovascular events. Current literature examining the prevalence of AF in hemo-
dialysis (HD) patients varies widely, describing a range from 7 to 27% [4]. Furthermore, par-
oxysmal AF was present in 3.5%, persistent AF in 9.6% of patients and permanent AF in 13.9% 
of patients [4]. In a large cohort study conducted by Cheng-Huang et al., the prevalence of AF 
in patients receiving peritoneal dialysis and HD was examined [7]. The incidence rate ratios 
for AF were 2.07 and 1.78 in HD and PD groups, respectively. Additionally, after adjusting 
for age, gender and comorbidities, the hazard ratios for the AF risk were 1.46 and 1.32 in HD 
and PD groups, respectively.

In particular, in a study reported by Hohnloser et al., the risk of stroke in patients with CKD 
increased with decreasing eGFRs, the annual stroke rate was 1.05% in patients with an eGFR 
of >80 mL/min, 1.46% in patients with an eGFR of 50–80 mL/min and 2.39% in patients with 
an eGFR of ≤50 mL/min [8].
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3. Goals of therapy for AF

The mechanisms initiating and maintaining AF may be multifactorial in individual patients, 
including electrophysiological and structural abnormalities. The primary goals of therapy 
for AF are to control symptomatic effects of the disease and to prevent any disease-related 
complications such as thromboembolism and tachycardia-induced cardiomyopathy [9]. The 
management of AF therefore revolves around strategies for rate control, rhythm control and 
prevention of thromboembolic strokes. In relation to the former two strategies, multiple 
international guidelines, including the American College of Cardiology (ACC), the American 
Heart Association (AHA), European Society of Cardiology (ESC) and the Heart Rhythm 
Society (HRS) recommend that patients with no structural heart disease should be initiated 
with dofetilide, dronedarone, flecainide, propafenone, or sotalol, as these agents are found to 
have the lowest level of cardiac toxicity [9]. If first line therapy is contraindicated or shown to 
be ineffective, second-line therapy is considered and includes either amiodarone or catheter-
directed ablation [9]. Interestingly, amiodarone is considered as first line therapy in patients 
with substantial left ventricular (LV) hypertrophy as these patients are seen to be at increased 
proarrhythmic risk with most other first line antiarrhythmic drugs.

The prevention of thromboembolism including stroke prevention has been widely proven 
with the use of anticoagulants such as warfarin and DOACs. Stroke is seen to be the most 
common clinical thromboembolic event in patients with AF, with AF attributing to 36% of 
all strokes in individuals aged 80–89 years [10]. Furthermore, stroke occurring in patients 
who have AF tend to have a higher degree of severity as compared to those without AF [11]. 
Clinical markers predicting increased risk of stroke in patients with AF include previous his-
tory of transient ischemic attacks (TIA) or prior strokes, coronary artery disease, mitral ste-
nosis, left ventricular dysfunction, heart failure (HF), hypertension, diabetes mellitus, female 
gender and age more than 75 years [9].

Thrombus formation within the left atrial appendage occurs secondary to reduced blood flow 
velocities due to the loss of organized mechanical contraction in this anatomical area [12, 13]. 
Along with reduced flow velocity, other factors have also been attributed to the enhanced 
thrombogenicity in patients with AF. This includes reduced nitric oxide (NO) production in 
the left atrial endocardium, increased levels of the prothrombotic protein plasminogen activa-
tor inhibitor 1 (PAI-1), as well as elevated levels of β-thromboglobulin and platelet factor 4, 
von Willebrand factor (vWF), soluble thrombomodulin and fibrinogen [14].

4. Evaluation of embolic risk

All individuals who have AF are not at equally high risk for thromboembolic events, and sev-
eral predisposing clinical factors can identify those patients at relatively higher or lower risk. 
Risk stratification for embolic events assumes added importance, since the individual’s risk of 
embolic events needs to be carefully balanced against the risk of bleeding which is associated 
with anticoagulation. In patients without CKD, AF in association with any form of valvular 
heart disease (VHD) is considered for anticoagulation commencement as the stroke risk in 
this population subset is high [3, 15, 16]. Patients with nonvalvular heart disease (NVHD), 
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however, do not necessarily require anticoagulation, and the decision to anticoagulate for 
stroke prevention depends on their individual risk of stroke [15–17].

There are several risk scores that can be used to evaluate stroke and bleeding risk in the 
NVHD sub-group including the HAS-BLED score, the CHADS2 and CHA2DS2-VASc score 
and the ATRIA stroke risk score [18–21]. The CHADS2 stroke risk scoring system was devel-
oped based on the analysis of 1773 patients in the National Registry for Atrial Fibrillation and 
in 2006 and was used in the ACC/AHA/ESC guidelines to tailor therapy for stroke prevention 
in AF [15]. The scoring system includes points for congestive heart failure, hypertension, age, 
diabetes and stroke [15, 20]. Previous stroke or TIA is the strongest predictor of stroke and 
equates for two points, whereas the other risk factors carry one point each. The final score 
measures the adjusted stroke rate per 100 patient-years [15, 18, 20]. The CHA2DS2-VASc score 
is an updated version of the CHADS2 score as not all patients with a CHADS2 score of 0 were 
found to be at low risk and was also noted that other risk factors that had been identified were 
not encompassed by this tool [18, 20, 22]. With the improvement to the CHA2DS2-VASc score, 
the 2012 ESC guidelines and 2014 ACC/AHA/HRS guidelines changed their recommenda-
tions to support the use of CHA2DS2-VASc score over the CHADS2 scoring system [18, 20, 22]. 
In addition to the CHADS2, the CHA2DS2-VASc acknowledges that stroke risk in patients with 
AF is related to age as a continuous variable, the higher risk of stroke in women, and incor-
porates risk associated with vascular disease, prior MI, complex aortic plaque, and peripheral 
arterial disease [18, 20, 22]. The CHA2DS2-VASc score states that antithrombotic therapy may 
be omitted for a score of 0, either oral anticoagulants, aspirin, or no antithrombotic therapy 
can be considered for a score of 1, and oral anticoagulation is recommended for patients with 
a prior stroke, TIA, or a score of 2 or more [3, 9, 15, 16, 18, 20, 22–26]. Although CHADS2 and 
CHA2DS2-VASc scores were useful tools in the past in assisting to quantify risk of stroke in 
patients with NVAF, recent studies have shown that the CHA2DS2-VASc score is only able to 
correctly predict strokes in approximately 68% of cases [3, 18, 22]. The HAS-BLED scoring sys-
tem was developed in 2010 as a result of the Euro Heart Survey and aims to assess the 1-year 
risk of major bleeding in patients with AF [18, 21]. The scoring system includes points for 
hypertension (Systolic >160 mmHg), abnormal renal function, liver function, stroke in past, 
bleeding, labile international normalized ratio (INR), age ≥65, consuming drugs and consum-
ing alcohol [19, 21]. The scoring system is based on a maximum of nine points with each risk 
factor worth one point each [18, 21]. A score of 3 or more indicating an increased 1-year bleed 
risk on anticoagulation is sufficient to justify caution or more regular review [19–21].

While there are other more contemporary risk assessment scoring systems available, such 
as the ABC (age, biomarkers, clinical history) stroke risk score as devised from Apixaban for 
Reduction in Stroke and Other Thromboembolic Events in Atrial Fibrillation (ARIS-TOTLE) 
study, their applicability is somewhat limited, as several key risk factors included are not 
routinely measured, and have also yet to be widely validated in population studies [27].

Information on how to best predict stroke risk in the ESKD population is limited and pre-
cludes the ability to identify patients at high risk for stroke. No stroke risk prediction scores 
have been specifically developed for patients with ESRD with AF. Existing thromboembolic 
and bleeding risk prediction scores show good standardization of stroke risk in the general 
population, but performs poorly in the ESKD population. McAlister et al. conducted a ret-
rospective large cohort study comparing the effectiveness of current thromboembolic and 
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bleeding risk prediction scores in patient with NVAF and CKD [28]. The seven risk predic-
tion models examined included CHADS2, CHA2DS2-VASc, R2CHADS2, ATRIA stroke, HAS-
BLED, HEMORR2HAGES and ATRIA bleed. The study showed that the thromboembolic 
risk scores did not perform differently from each other, where the negative predictive value 
was not seen to be significantly different from each other. In terms of bleeding risk score, 
HEMORR2HAGES was the observed to be the most accurate with the highest c-statistic of 
0.66 [28]. Furthermore, the study also showed that each of the seven risk prediction scores 
performed significantly better for patients with normal kidney function than in patients with 
CKD with performance significantly worsened as severity of kidney disease increased [28]. 
Therefore, the study suggests that current thromboembolic and bleeding risk prediction 
scores are inadequate for use in patients with CKD.

There is no difference in the indications for anticoagulation therapy between paroxysmal, 
persistent, or permanent AF. Clinical risk assessment tools such as the CHA2DS2-VASc score 
do not fully account for thromboembolic risk, and stroke can occur even after a sinus rhythm 
is restored by either pharmacological or electrical cardioversion.

5. Anticoagulation therapy in atrial fibrillation

As stipulated previously, no stroke risk prediction scores have been specifically developed 
for patients with CKD and AF. It has been shown, however, that patients with CKD and 
nonvalvular AF have a heightened stroke risk regardless of CHADS2DS2-VASc score, where 
80% of patients having scores of ≥2 [29]. Current ACC/AHA/ESC guidelines advise that for 
a CHADS2 score of ≥2 for either men or women, formal anticoagulation is recommended 
for patients [3, 9, 15, 16, 20, 22–26, 30]. Those with a CHADS2 score of 1, formal anticoagula-
tion or aspirin alone should be considered in conjunction with patient specific comorbidities  
[3, 9, 15, 16, 20, 22–26]. Finally, the guidelines state for patients with a CHADS2 score of 0, no 
anticoagulation, neither formal nor antiplatelets, is recommended [3, 9, 15, 16, 20, 22–26]. In 
comparison with the American guidelines, the European guidelines recommend that males 
with a CHA2DS2-VASc score of ≥2 then anticoagulation should be used for stroke prevention, 
whereas those with a score of 1 should only be considered for anticoagulation, depending 
also on patient comorbidities and other risk factors [15, 20, 22–24]. Furthermore, for females, 
as female gender has been shown to be a weak risk factor for stroke in AF, guidelines advise 
that a CHA2DS2-VASc score of ≥3, then anticoagulation is recommended; however if the score 
is 2, then anticoagulation be considered [15, 20, 22–24]. If the CHA2DS2-VASc score is 0 in 
men and women or is 1 in women, neither formal anticoagulation nor antiplatelet therapy is 
advised or required [15, 20, 22–24].

5.1. Antiplatelets

There are few studies available that directly compare antiplatelet therapy, either single or 
dual agent, directly with formal anticoagulation. In a study conducted by Connely et al., it 
was investigated whether the addition of clopidogrel to aspirin in patients would reduce the 
risk of vascular events in patients with atrial fibrillation [11]. The primary end points exam-
ined included stroke, myocardial infarction, noncentral nervous system systemic embolism 
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and death from vascular causes. The study showed that in patients with AF where vitamin-K 
antagonists were deemed unsuitable, the addition of clopidogrel to aspirin reduced the risk 
of major vascular events, in particular stroke, by 28%; however, the combination increased the 
risk of major hemorrhage from 1.3 to 2.0% per year [10, 11].

The Stroke Prevention in Atrial Fibrillation (SPAF) II study was the only major study to show 
a positive outcome for use of aspirin in AF for stroke prevention [31]. The study showed that 
patients treated with aspirin had a statistically significant reduction of 42% in stroke rate over 
the placebo group [31]. In the more recent Apixaban Versus Acetylsalicylic Acid to Prevent 
Stroke in Atrial Fibrillation Patients Who Have Failed or Are Unsuitable for Vitamin-K 
Antagonist Treatment (AVERROES) study, 5599 patients with atrial fibrillation who were at 
increased risk for stroke and for whom vitamin-K antagonist therapy was unsuitable were 
assessed and divided into groups whom received apixaban or aspirin [10]. The primary out-
come assessed in the study was the occurrence of stroke or systemic embolism. The study was 
halted at 18 months as a significant benefit from apixaban over aspirin was observed with a 
55% risk reduction in ischemic stroke [10]. Furthermore, it was also found that bleeding was 
comparable between aspirin and apixaban, 44 major bleeding events (a rate of 1.4% per year) 
among patients taking apixaban and 39 (1.2% per year) among those taking aspirin (hazard 
ratio with apixaban, 1.13; 95% CI, 0.74–1.75; P = 0.57) [10].

Olesen et al. examined aspirin’s use for stroke prevention in patients with AF and CKD. The 
retrospective cohort study found that aspirin was associated with an increased risk of stroke 
or systemic thromboembolism among patients who had any form of renal disease, (hazard 
ratio, 1.17; 95% CI, 1.01–1.35; P = 0.04) [9]. Furthermore, the risk of stroke or systemic throm-
boembolism in association with CKD was of the same magnitude when adjusted for all base-
line characteristics [9].

Aspirin, however, is still frequently used to reduce stroke risk in many patients with high 
CHA2DS2-VASc scores who would benefit from anticoagulation.

5.2. Vitamin-K antagonist

Vitamin-K antagonist, for example, warfarin, was first used as an anticoagulant in the 1960s 
when it was validated through multiple randomized, controlled clinical trials comparing it 
versus placebo or no therapy, that it had superior efficacy in reducing strokes in patients with 
NVAF [31, 32]. Warfarin’s effectiveness was confirmed in the pivotal 1992 Veterans Affairs 
Stroke Prevention in Nonrheumatic Atrial Fibrillation (SPINAF) trial [33]. This trial defini-
tively proved that warfarin reduced stroke rates in patients with NVAF by approximately 
70% and mortality by approximately 30% [33]. Furthermore, when investigated with regard 
to intention to treat, it was found that there was a 68% risk reduction in stroke for patients 
taking warfarin when compared to the control groups who were not anticoagulated [34, 35].

Although warfarin is extremely effective in reducing stroke and mortality, it is an incredibly 
difficult drug to use in clinical practice. Warfarin has a slow onset and offset of action and 
has multiple drug and food interactions. Warfarin requires constant monitoring to ensure the 
INR remains within the therapeutic range of 2–3. Studies have shown that an INR <2 carries 

Anticoagulant Drugs74

an increased risk of stroke, whereas an INR of >3 confers an increased risk of bleeding [31, 
32, 36, 37]. From an Australian perspective, the difficulties of warfarin’s clinical usage were 
seen in multicenter trials showing the time in therapeutic range (TTR) is near 70% at best, but 
more often found to be around 50–60% [38]. Interestingly there seems to be an increased risk 
of bleeding and intracranial hemorrhage (ICH) with warfarin in Asian populations, even in 
patients with an INR within the therapeutic range. This has seen some major centers in Asia 
adopt a lower therapeutic range of 1.5–2 [31, 32].

Formal anticoagulation using Warfarin has been shown to significantly reduce the incidence 
of stroke in CKD patients with AF. The Stroke Prevention in Atrial Fibrillation [SPAF-III] 
Study analyzed 516 AF participants with CKD and showed that warfarin was able to reduce 
ischemic stroke or systemic embolism by 76% (95% CI 42–90, P < 0.001) [39]. In a population-
based retrospective cohort study conducted by Mitesh et al., it was found that CKD patients 
requiring dialysis with AF, warfarin use, in comparison with no-warfarin use, did not reduce 
the risk for stroke however it was associated with a 44% higher risk for having a bleeding 
event, whereas warfarin use in nondialysis patients with AF was associated with a 13% lower 
risk for stroke with a 19% higher risk for bleeding event [32, 40]. Bleeding in this study was 
grouped and defined as intracerebral bleeding, gastrointestinal bleeding, intraocular bleeding, 
hematuria, and unspecified location of bleeding. This data should not be surprising though as 
it is well known that HD patients have both platelet and coagulation abnormalities and also 
have associated comorbidities such as uncontrolled hypertension and diabetes mellitus, all 
of which contribute to an increase in the risk for stroke and bleeding [32, 41]. Furthermore, 
HD patients usually also receive heparin during dialysis, which also adds to their increased 
risk for bleeding. Warfarin use in HD patients, through the inhibition of matrix Gla protein 
and Gas-6, thus causing calciphylaxis, can accelerate vascular calcification, which may also 
increase the risk for ischemic stroke [32, 42, 43]. This is further supported by a 134,410 patient 
retrospective study cohort by Chen et al. who compared ESRD patients requiring renal 
replacement therapy with AF receiving either monotherapy with antiplatelets or Warfarin 
with a control group who were not using either of the medications [44]. They showed that the 
incidence of ischemic stroke or TIAs was no different between the intervention group and the 
control group [44]. Furthermore, the results stayed unchanged after propensity match and 
also showed no beneficial effect of antiplatelet or warfarin therapy in any subgroups, such as 
age and gender [44].

5.3. Direct oral anticoagulation drugs

Currently available oral direct acting anticoagulants are the direct thrombin inhibitor dabiga-
tran, and the factor Xa inhibitors rivaroxaban and apixaban. Their clinical use in the normal 
population is favored due to their rapid onset and offset of action. Direct oral anticoagulations 
(DOACs) achieve full anticoagulation within 2 h of dosing, and are mostly excreted within 
24 h of taking the last dose. In addition to their appeal, none of the DOACs require routine 
monitoring to evaluate their extent of anticoagulation performance. There has been minimal 
evidence in investigating DOACs for stroke prophylaxis in ESKD patients with AF. All major 
trials, comparing DOACs to warfarin for AF and stroke prophylaxis, excluded patients with a 
calculated creatinine clearance rate of <25 or 30 mL/min [45, 46].
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The RE-LY study was the first open label study to compare dabigatran, a direct thrombin inhibi-
tor, to warfarin in patients with one or more risk factors for stroke [45]. The study concluded that 
a higher dose (110 and 150 twice daily) of dabigatran was superior to warfarin in reducing stroke 
and systemic embolism. The study also revealed the effect of creatinine clearance and renal 
function on dabigatran’s action and pharmacokinetics. Dabigatran is highly dependent on renal 
excretion with 80% being excreted unchanged in the urine. A 20% of patients in the RE-LY study 
had a CrCl of 30–50 mL/min (Patients with CrCl<30 were excluded). These patients had a higher 
risk of major bleeding compared to patients with a CrCl of >80 mL/min [46]. The RE-LY study 
also saw that warfarin-assigned patients with an eCrCl of 30–49 mL/min had a significant rate of 
major hemorrhage at 5.4% per year compared to other participants at 3.2% per year [45]. Large-
scale trials for dabigatran use in CKD patients are not available, and although dabigatran is 
partially removed by dialysis, it remains not recommended for anticoagulation during HD [47].

The Rivaroxaban—once daily, oral, direct factor Xa inhibition compared with vitamin-K antago-
nism for prevention of stroke and Embolism Trial in Atrial Fibrillation (ROCKET AF) trial—
examined rivaroxaban versus warfarin in patients with two or more risk factors for a stroke. The 
study showed that rivaroxaban had similar efficacy to warfarin in reducing stroke and embolism 
but a significant reduction in ICH. The study was also able to show a statistically significant 
trend toward a decrease in all-cause mortality, as with other DOACs [48]. Patients with CrCl 
<30 mL/min were excluded from the trial, whereas patients with moderate renal insufficiency 
(CrCl of 30–50 mL/min) were included but given an adjusted dose of 15 mg daily based on data 
showing 25–30% higher residual serum concentration of rivaroxaban in these patients compared 
to patients with normal renal clearance [49, 50]. The ROCKET AF study was unable to demon-
strate noninferiority or superiority of rivaroxaban in patients with moderate renal insufficiency 
in comparison with warfarin therapy. The rates of stroke and systemic embolism were higher in 
patients with moderate renal impairment compared to patients with better renal function [47]. 
The ROCKET AF trial also examined the primary outcome of major hemorrhage in comparison 
with warfarin and was shown to occur in 3.2% of patients per year for those with an eCrCl of 
>50 mL/min as compared to 4.7% per year in those with an eCrCl of 30–49 mL/min [48]. There are 
no major trials for rivaroxaban therapy in patients with a creatinine clearance of <30 mL/min or 
on dialysis. Rivaroxaban has been shown to be able to be completely and immediately reversed 
with 50 U/kg prothrombin complex concentrate on patients with normal renal function [51].

Apixaban’s effectiveness was examined in the ARISTOTLE trial, which was similar to the 
other DOAC trials, included patients with one or more risk factors for stroke. The trial 
revealed that apixaban was superior to warfarin in stroke reduction and systemic embo-
lism [52]. Major and clinically relevant nonmajor bleeding was also found to be signifi-
cantly less with apixaban when compared to warfarin with ICH being also significantly 
reduced [3, 52]. Of the three DOACs available, only apixaban has proven to be statistically 
significant for reduction in total mortality when compared with warfarin, regardless of 
renal function.

The ARISTOTLE trial involved examining the efficacy of a apixaban in patients with creatinine 
of 133–221 μmol/L (1.5–2.5 mg/dL) and lower or creatinine clearance of >25 mL/min [45], and 
noted that the incidence of major bleeding events with apixaban was inversely related to renal 
functions [8]. Patients with moderate to severe renal insufficiency (creatinine 133–221 μmol/L 
or CrCl of <25 mL/min) were given 2.5 mg doses twice daily while patients with normal 
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renal function were given 5 mg twice daily. Bleeding episodes were higher in patients with 
moderate/severe renal failure when compared to the normal renal function group, however 
remained lower with apixaban compared to patients with renal impairment on warfarin. In 
terms of observing patients on warfarin, the ARISTOTLE trial showed that major hemorrhage 
was at least twice as likely among patients with an eCrCl of 25–50 mL/min compared with 
others [52]. The ARISTOTLE trial therefore eludes to apixaban being safe for oral anticoagula-
tion in AF patients with creatinine clearance of >25 mL/min, with dose adjustment as decided 
by the treating physician.

Again, there are no major trials investigating the effectiveness of apixaban on ESKD patients 
with stroke risks. Further research in this area is awaited. Apixaban like rivaroxaban is not 
dialyzable and therefore albeit the small renal excretion of 27 and 36%, respectively, they may 
build up in patients with ESKD [53]. Therefore, it is always advisable to continue monitoring 
patients with moderate to severe (CrCl 30–80 mL/min) for worsening renal function and pos-
sibility of toxicity.

6. Conclusions

In conclusion, patients with ESKD have higher prevalence of AF. In the absence of DOACs 
that can be used in patients with ESRD, vitamin-K antagonists still remain the gold stan-
dard for systemic anticoagulation in this group of patients. Anticoagulation with vitamin-K 
antagonist in patients with ESKD is challenging due to the adverse events such as increased 
risk of bleeding and augmentation of risk of calciphylaxis.

The risks of administering vitamin-K antagonists in patients with ESRD should be carefully 
weighed against benefits of these agents in preventing embolic episodes. Since newer DOACs 
may have a better benefit-risk profile in dialysis patients than vitamin-K antagonists, provided 
appropriate dose reductions are made, this strategy may yield more on-target anticoagula-
tion, reduce the risk of intracerebral bleeding, and not interfere with vascular calcification 
biology. Clinical trials with direct oral anticoagulant in dialysis patients are eagerly awaited. 
In addition, development of a DOAC that has nonrenal mode of excretion and can be safely 
given in patients on dialysis may also result in lower rates of bleeding complications, thereby 
shifting the risk-benefit balance toward systemic anticoagulation with this group of agents in 
the future.
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Abstract

The aim of the present chapter is to characterize the management of anticoagulation in 
the real-world clinical setting, describing all pharmacological aspects of anticoagulant 
medications, in particular safety aspects. The chapter is structured into three main sec-
tions. Within the first two sections, active principles are classified on the basis of their 
pharmacological properties (pharmacodynamic and pharmacokinetic characteristic) in 
old and new molecules (or first and second generation class). In the third one, we dis-
cuss safety issues of anticoagulants using available data from postmarketing evidences. 
Furthermore, we also provide some essential information on the use of this kind of medi-
cations in special populations (i.e., elderly, coronary artery disease, diabetics, chronic 
kidney disease, etc.) in clinical practice.

Keywords: anticoagulants, safety, comorbidity, observational study

1. Introduction

Hemostasis is the physiologic process for the prevention of hemorrhage and bleeding in 
response to blood vessel damage, while physiologic inhibition of coagulation ensures the 
fluidity of blood. The ways in which these factors all balance each other can be the difference 
between hemostasis and thrombosis [1]. Alteration of this balance in favor of coagulation 
results in thrombosis, a pathological process characterized by the formation of a platelet or 
fibrin clot, which could occlude both arterial and venous vessels.

This chapter reviews the agents commonly used for controlling blood fluidity, including in 
particular:
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• The coumarin anticoagulants: warfarin, acenocumarol, and phenprocoumon;

• Direct oral anticoagulants (DOACs): dabigatran, rivaroxaban, apixaban, and edoxaban;

• Parenteral anticoagulant heparin and its derivatives.

2. Oral anticoagulants

2.1. Old agents

2.1.1. Warfarin

2.1.1.1. Mechanism of action

Warfarin is a racemic mixture of two optically active isomers, the R and S enantiomers, and 
it produces its anticoagulant effect by interfering with the cyclic interconversion of vitamin 
K and vitamin K-2,3-epoxide. Warfarin blocks vitamin K epoxide reductase (VKOR), and 
the consequent conversion of oxidized vitamin K epoxide into its reduced form, vitamin K 
hydroquinone [2]. However, warfarin also has a simultaneous procoagulant effect caused by 
blocking the activation of protein C and S, two endogenous anticoagulants. A rapid deple-
tion of these proteins leads to a transient hypercoagulable state in the first 1 or 2 days of 
therapy.

2.1.1.2. Indications

Warfarin is prescribed for the treatment and prophylaxis of various thromboembolic diseases 
such as atrial fibrillation (AF), deep venous thrombosis (DVT), transient ischemic attacks (TIA), 
pulmonary embolism, and other thromboembolic disorders that may affect carriers of cardiac 
valvular prosthesis or patients who underwent electric cardioversion [3, 4]. The dose-response 
relationship of warfarin is influenced by genetic and environmental factors, including muta-
tions in gene coding for cytochrome P (CYP) 450, the hepatic enzyme responsible for oxidative 
metabolism of warfarin, mutations in gene coding for VKOR [5], concomitant drugs, diet, 
and various disease states [6]. Although warfarin and other dicumarol derivatives cross the 
placenta and contribute to fetal bone and central nervous system abnormalities when mothers 
are treated with warfarin within the first-trimester of pregnancy, there is no evidence that war-
farin directly affects bone metabolism when administered to children or adults [7]. Women 
who will be managed with therapeutic anticoagulation in pregnancy should be treated prefer-
ably with a parenteral agent, such as heparin and low-molecular-weight heparin (LMWH), 
unfractionated heparin (UFH), and fondaparinux [8].

2.1.1.3. Pharmacokinetics

After oral intake, warfarin enantiomers are absorbed rapidly and almost completely from the 
gastrointestinal tract (100% of bioavailability) and reach their maximal plasma concentration 
in 90 minutes in healthy people. Racemic warfarin is extensively bound to plasma protein 
(mainly albumin, 99%) and has a plasma half-life of 36–42 hours [9]. Warfarin is extensively 
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metabolized in the liver by different CYP enzymes: CYP3A4 and CYP1A2 primarily metabo-
lize the R-enantiomer, whereas the S-enantiomer is mainly metabolized by CYP2C9. The inac-
tive metabolites are excreted with the urine and stool [10].

2.1.1.4. Interactions

Drug interactions that alter the pharmacokinetics of warfarin may include alterations in absorp-
tion (e.g., cholestyramine), which would decrease the anticoagulant effect. Reduced plasma-
binding because of the presence of excessively albumin-bound drugs causes an increase in free 
drug plasma concentration and therefore an increase in antithrombotic activity. Aspirin and 
other nonsteroidal anti-inflammatory drugs (NSAIDs), and large doses of penicillins inhibit 
platelet function, prolong bleeding time, and have the potential to increase the risk of warfarin-
associated bleeding, especially upper gastrointestinal bleeding due to their gastric erosion 
effect. Many drug interactions with warfarin are caused by alterations in metabolism either 
by CYP2C9 enzyme induction [11], which increases warfarin clearance and thereby reduc-
ing antithrombotic activity (e.g., phenytoin, rifampin) [12], or stereoselective and nonselec-
tive enzyme inhibition (e.g., amiodarone, cimetidine, sulfamethoxazole, metronidazole) [13], 
which increases its antithrombotic effect (and the INR). Amiodarone is a potent inhibitor of the 
metabolic clearance of both the S-enantiomer and the R-enantiomer and potentiates warfarin 
anticoagulation [14]. The anticoagulant effect of warfarin is augmented by second-generation 
and third-generation cephalosporins, which inhibit the cyclic interconversion of vitamin K, by 
thyroxine, which increases the metabolism of coagulation factors, by clofibrate and by acet-
aminophen, by inhibition of VKOR through a toxic metabolite of the drug [2]. The effect of 
statins or fibrates on the risk of bleeding in patients on VKAs is controversial. The initiation of a 
fibrate or statin that inhibits CYP3A4 enzymes was reported to increase the risk of gastrointes-
tinal bleeding, whereas statins that are mainly excreted unchanged were not found to be asso-
ciated with such an increased risk [15, 16]. Furthermore, nutritional supplements and herbal 
products are particularly problematic in warfarin-treated patients, who often fail to inform 
physicians and use these products as self-medication. Fluctuating levels of dietary vitamin K 
derive predominantly from phylloquinones in plant material, i.e., green tea and natto [17, 18].

2.1.1.5. Therapy management

Patients at low risk of thrombosis (i.e., AF) do not require heparin treatment at the beginning of 
warfarin therapy and a low initial dose regimen starting with 3 mg warfarin is recommended. 
The time taken to reach a therapeutic International Normalized Ratio (INR) is not critical; INR 
values should be monitored weekly on day 1 (baseline), day 8 and day 15, especially in older 
people who respond more slowly with changes to the INR. All patients who are sensitive to 
warfarin effects should monitor their INR more frequently (i.e., every 3–4 days). Patients at 
high risk of thrombosis (i.e., DVT) should be treated with heparin or LMWH when starting 
warfarin therapy for a minimum of 5 consecutive days. For initiation, a starting dose of 5 mg 
warfarin with daily INR monitoring for a minimum of 5 days is recommended. After day 4, 
clinicians should continue regular INR monitoring every 3 to 4 days until stabilized, and if 
the patient is still on heparin or LMWH, review the ongoing need for these additional anti-
coagulants. If INR values change of 0.5 over 3 days or 1.0 over 7 days, the INR is considered 
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unstable. After INR stabilization, clinicians should adopt a maintenance dosing. The weekly 
dose can be prescribed using a range of dosing regimens (i.e., alternate day dosing or dose 
regimens with different doses for weekdays compared to the weekend).

Dose modification should be taken into account following the INR monitoring:

• INR < 1.5: weekly dose should be increased by 20%;

• INR between 1.5 and 1.9: weekly dose should be increased by 10% only if the alteration of 
the values persists for more than a week;

• INR between 2 and 3: no change in dose regimen;

• INR between 3.1 and 3.9: weekly dose should be decreased by 10–20% only if the alteration 
of the values persists for more than a week;

• INR between 4 and 4.9: the patient has to omit one dose, decrease the weekly dose by 
10–20%, and monitor INR in 2–5 days.

For INR values greater than or equal to 5, there is a significantly increased risk of bleeding and 
vitamin K administration should be evaluated. Patients have to cease warfarin therapy and 
restart with a reduced dose, when INR is minor than 5 [19].

In case of switch to another anticoagulant agent and in particular to a direct oral anticoagu-
lant agents (DOACs) in patients with atrial fibrillation, INR should be strictly monitored. 
Apixaban and dabigatran should be started when INR < 2, rivaroxaban when INR < 3, and 
edoxaban when INR ≤ 2.5 [20].

2.1.1.6. Real-world safety aspects

Vitamin K antagonists reduce stroke and systemic embolism by 64% and all-cause mortality 
by 26%, compared to placebo in patients with atrial fibrillation [21]. However, as already 
mentioned above, VKAs have many drug and food interactions and require routine INR 
monitoring, and these limitations result in under-treatment for 30–50% of AF patients [22].

The CHADS2 scoring system [23] is a simple system that can be used to assess the annual risk 
of stroke in AF. In the CHADS2 scoring system, each point increases the annual risk of stroke 
by a factor of 1.5. Treatment with warfarin is recommended for a CHADS2 or CHA2DS2VASc 
scores of equal to or greater than 2. While the CHADS2 score is simple, it does not include 
many common stroke risk factors. The CHA2DS2VASc score is inclusive of the most common 
stroke risk factors in everyday clinical practice and has been validated in multiple cohorts; 
the accumulated evidence shows that CHA2DS2VASc is better at identifying “truly low-risk” 
patients with AF and is as good as, and possibly better than, scores such as CHADS2 in iden-
tifying patients who develop stroke and thromboembolism [24]. Direct comparison between 
the effects of warfarin and aspirin has been undertaken in several studies, demonstrating 
that warfarin was significantly superior, with a relative risk (RR) reduction of stroke of 39%.

In clinical practice, the risk of stroke should be weighed against the risk of bleeding to assess appro-
priateness of anticoagulant therapy. Warfarin causes major bleedings in 1–2% of people treated and 
intracranial bleeding in 0.1–0.5% of patients each year of treatment [25]. The highest rate of major 
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bleeding occurs in the first 3 months of treatment [26]. In comparison, aspirin causes major bleed-
ing in 1.3% of patients [26]. Absolute risk increases for intracranial hemorrhage with warfarin com-
pared to aspirin is only 0.2% per year [27]. Risk of bleeding can be assessed using the HAS-BLED 
scoring system, where a bleeding risk score of equal to or greater than 3 indicates high risk. There 
are other bleeding risk assessment tools available including HEMORR2HAGES [23]. Assessment 
may identify reversible risks that can be managed prior to initiation of warfarin. In general, clini-
cians should be cautious and conduct regular review of the patient if initiating warfarin [24].

2.1.2. Acenocoumarol and phenprocoumon

Like warfarin, acenocoumarol and phenprocoumon also exist as optical isomers that have 
different stereochemical characteristics. R-acenocoumarol has an elimination half-life of 9 h; it 
is primarily metabolized by CYP2C9 and CYP2C19 and is more potent than S-acenocoumarol. 
In fact, S-acenocoumarol has a faster clearance (elimination half-life of 0.5 h), it is primarily 
metabolized by CYP2C9 and undergoes extensive first pass metabolism. The treatment dose 
may vary between patients up to 10-fold, ranging from 1 to 9 mg daily [28, 29].

Phenprocoumon is a much longer acting agent, with both the R- and the S-isomers with 
elimination half-lives of 5.5 days. Both are metabolized by CYP2C9, and S-phenprocoumon 
is 1.5–2.5 times more potent than R-phenprocoumon. It is administered in daily maintenance 
doses of 0.75–9 mg [29, 30].

As for warfarin, allelic variants of CYP2C9, CYP2C9*2, and CYP2C9*3 could lead to bleed-
ing complications, especially if they code for enzymes with approximately 12 and 5% of the 
enzymatic activity of the wild type genotype CYP2C9*1 [31].

2.2. Novel oral anticoagulants

2.2.1. Direct oral anticoagulants

Four non–vitamin K antagonist oral anticoagulants (NOACs), or direct oral anticoagulants 
(DOACs), are widely used as alternatives to warfarin: dabigatran etexilate, rivaroxaban, 
apixaban, and edoxaban. In contrast with warfarin, DOACs have a more predictable thera-
peutic effect, do not require routine INR monitoring, and have fewer potential drug-drug 
interactions and no restriction on dietary consumption of vitamin K–containing food [32].

2.2.1.1. Mechanism of action

DOACs act through direct inhibition of thrombin or inhibition of activated factor X (factor 
Xa). Dabigatran etexilate mesylate is a competitive direct thrombin inhibitor. Rivaroxaban, 
apixaban, and edoxaban inhibit factor Xa and prothrombinase activity, thus inhibiting the 
conversion of prothrombin to thrombin and decreasing thrombus formation.

2.2.1.2. Indications

DOACs indications comprehend thromboembolic prevention in patients with nonvalvular atrial 
fibrillation (AF), DVT, and pulmonary embolism. For each one of these conditions, dose regimen 
has to be adjusted. Creatinine clearance (CrCl) values should be checked for dose management.
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unstable. After INR stabilization, clinicians should adopt a maintenance dosing. The weekly 
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patients with AF and is as good as, and possibly better than, scores such as CHADS2 in iden-
tifying patients who develop stroke and thromboembolism [24]. Direct comparison between 
the effects of warfarin and aspirin has been undertaken in several studies, demonstrating 
that warfarin was significantly superior, with a relative risk (RR) reduction of stroke of 39%.

In clinical practice, the risk of stroke should be weighed against the risk of bleeding to assess appro-
priateness of anticoagulant therapy. Warfarin causes major bleedings in 1–2% of people treated and 
intracranial bleeding in 0.1–0.5% of patients each year of treatment [25]. The highest rate of major 
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2.2.1.3. Pharmacokinetics

Dabigatran etexilate has a bioavailability of 3–7%, and it is bound to plasma proteins for a 
total amount of 35%. Its plasma half-life ranges between 12 and 17 hours but increases to 
18–28 hours in case of mild to severe renal impairment. Dabigatran is converted into active 
dabigatran through hepatic and plasma hydrolysis and hepatic glucuronidation. Excretion 
occurs through the kidney after i.v. administration, while after oral administration, 7% of 
drug is recovered in urine and 86% is excreted in feces.

Rivaroxaban reaches the peak of plasma concentration in 2–4 hours, and its bioavailability 
ranges between 66% (20 mg) and 80–100% (10 mg); 92–95% of the drug administered is bound 
to plasma proteins for a total volume of distribution of 50 L. Hepatic oxidation by CYP3A4/5, 
CYP2J2, and hydrolysis converts rivaroxaban to inactive metabolites excreted through kidney 
(66%) and feces (28%).

Apixaban has a bioavailability of 50% and reaches plasma peak concentration in 3–4 hours. It 
is bound for 87% to plasmatic proteins, and it is metabolized by CYP3A4/5, 1A2, 2C9, 2C19, 
2 J2, O-demethylation, and hydroxylation in the liver. Excretion occurs through the kidney 
(27%) and intestinal and biliary tract.

Edoxaban reaches the peak of plasma concentration in 1–2 hours, has a bioavailability of 62%, 
and it is bound for 55% to plasma protein. Its plasma half-life ranges from 10 to 14 hours. 
Edoxaban is converted through CYP3A4, hydrolysis, conjugation, and oxidation. Metabolites 
are excreted through kidneys (50%) and biliary/intestinal excretion [33].

2.2.1.4. Interactions

All DOACs are substrate of P-glycoprotein (P-gp), and apixaban and rivaroxaban are sub-
strates for CYP3A4 metabolism. Thus, concomitant medications that are inducers or inhibitors 
of these pathways should be evaluated for potential interactions [34]. In particular, concomi-
tant use of rifampin (P-gp inducer), carbamazepine, phenytoin (both P-gp and CYP3A4 induc-
ers) and cyclosporine, ketoconazole, verapamil, and HIV protease inhibitors (both P-gp and 
CYP3A4 inhibitors) should be avoided or needs an adjustment of DOACs treatment [34, 35].

2.2.1.5. Therapy management

The main advantage of DOACs is a more rapid onset and offset of action that eliminates the 
necessity of routine INR monitoring. In case of acute care or perioperative settings, when 
there is uncertainty about the timing of last ingestion, renal function, and gastrointestinal 
absorption, there are several values that can be checked to assess DOACs effect, such as acti-
vated partial thromboplastin time (aPPT), prothrombin time (PT), and antifactor Xa activity. 
During rivaroxaban treatment renal function (CrCl), complete blood count (CBC) tests and 
hepatic function monitoring are required periodically, at least annually.

Dabigatran treatment of nonvalvular AF provides:

• 150 mg twice daily if CrCl>30 mL/min;

• 75 mg twice daily if CrCl is between 15 and 30 mL/min;

• 75 mg twice daily if CrCl is between 30 and 50 mL/min with concomitant P-gp inhibitors.
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Rivaroxaban is administered with the evening meal on the basis of CrCl values:

• 20 mg daily if CrCl<50 mL/min;

• 15 mg daily if CrCl is between 15 and 50 mL/min.

Apixaban is given at the dose of 5 mg twice daily in patients with nonvalvular AF and reduced 
to 2.5 mg twice daily if there are at least two of the following conditions: body weight ≤ 60 kg, 
creatinine ≥ 1.5 mg/dL, age ≥ 80 years. Apixaban is not recommended in case of severe hepatic 
impairment.

Edoxaban is administered on the basis of CrCl:

• 60 mg daily if CrCl is between 50 and 95 mL/min;

• 30 mg daily if CrCl is between 15 and 50 mL/min.

2.2.1.6. Real-world safety aspects

2.2.1.6.1. Dabigatran

A systematic review and meta-analysis was performed with the aim of summarizing all 
available evidence from high-quality real-world observational studies regarding efficacy 
and safety of non–vitamin-K oral anticoagulants compared with vitamin-K antagonists 
in patients with atrial fibrillation [36]. Compared with warfarin, dabigatran is associ-
ated with lower risk for intracranial hemorrhage in several studies that included 606.855 
patients (hazard ratio (HR), 0.42; 95% confidence interval (CI), 0.37–0.49) and lower risk 
for death in 319.486 patients (HR, 0.63; 95% CI, 0.52–0.76). There is no statistical difference 
between dabigatran and warfarin for the outcomes of ischemic strokes (HR, 0.96; 95% CI, 
0.80–1.16); ischemic stroke or systemic embolism (HR, 1.17; 95% CI, 0.92–1.50); any stroke 
or systemic embolism (HR, 0.93; 95% CI, 0.77–1.14); major hemorrhage (HR, 0.83; 95% 
CI, 0.65–1.05); and myocardial infarction (HR, 0.96; 95% CI, 0.77–1.21). Authors identified 
10 studies that included 537.770 patients which assessed the outcome of gastrointestinal 
hemorrhage and reported higher risk of dabigatran compared with warfarin (HR, 1.20; 
95% CI, 1.06–1.36). Authors also reported the presence of a significant heterogeneity in all 
analyses with the exception of the outcome of intracranial hemorrhage and any stroke or 
systemic embolism.

2.2.1.6.2. Rivaroxaban

As reported in the study authored by Ntaios and Colleagues [36], compared with warfarin, 
rivaroxaban is associated with lower risk for intracranial hemorrhage in several real-world 
studies that included 136,221 patients (HR, 0.64; 95% CI, 0.47–0.86). There is no statistical dif-
ference between rivaroxaban and warfarin for the outcomes of ischemic stroke (HR, 0.89; 95% 
CI, 0.76–1.04); ischemic stroke or systemic embolism (HR, 0.73; 95% CI, 0.52–1.04); any stroke 
or systemic embolism (HR, 0.87; 95% CI, 0.71–1.07); major hemorrhage (HR, 1.00; 95% CI, 
0.92–1.08); myocardial infarction (HR, 1.02; 95% CI, 0.54–1.89); and death (HR, 0.67; 95% CI, 
0.35–1.30). Authors identified four studies that included 71.368 patients which assessed the 
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2.2.1.5. Therapy management
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there is uncertainty about the timing of last ingestion, renal function, and gastrointestinal 
absorption, there are several values that can be checked to assess DOACs effect, such as acti-
vated partial thromboplastin time (aPPT), prothrombin time (PT), and antifactor Xa activity. 
During rivaroxaban treatment renal function (CrCl), complete blood count (CBC) tests and 
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• 75 mg twice daily if CrCl is between 30 and 50 mL/min with concomitant P-gp inhibitors.
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outcome of gastrointestinal hemorrhage and reported higher risk of rivaroxaban compared 
with warfarin (HR, 1.24; 95% CI, 1.08–1.41). Authors reported a significant heterogeneity for 
the outcomes of intracranial hemorrhage and death.

2.2.1.6.3. Apixaban

Compared with warfarin, apixaban is associated with lower risk for intracranial hemorrhage 
in several real-world studies that included 66.482 patients (HR, 0.45; 95% CI, 0.31–0.63); lower 
risk for gastrointestinal hemorrhage in 2 studies that included 33.323 patients (HR, 0.63; 95% 
CI, 0.42–0.95); and lower risk for major hemorrhage in 4 studies that included 89.036 patients 
(HR, 0.55; 95% CI, 0.48–0.63) [36]. Authors identified only one study of 41.785 patients which 
assessed death; it reported lower risk with apixaban compared with warfarin (HR, 0.65; 95% 
CI, 0.56–0.75). Also, they identified only one study of 15.390 patients which assessed the 
outcome of any stroke or systemic embolism; it reported lower risk of apixaban compared 
with warfarin (HR, 0.67; 95% CI, 0.46–0.98). There is neither a statistical difference between 
apixaban and warfarin for the outcomes of ischemic stroke (HR, 0.95; 95% CI, 0.75–1.19) nor 
for ischemic stroke or systemic embolism (HR, 1.07; 95% CI, 0.87–1.31). Authors reported a 
significant degree of heterogeneity in the analysis of the outcomes of gastrointestinal hemor-
rhage but not for the other outcomes.

2.2.2. Betrixaban

Betrixaban is an oral factor Xa inhibitor whose extended duration treatment reduced 
a composite of asymptomatic DVT, symptomatic DVT, nonfatal PE, and venous throm-
boembolism (VTE)–related death compared to enoxaparin, without an increase in major 
bleeding [37]. It acts by competitively binding to the active site of Xa, preventing its abil-
ity to convert prothrombin to thrombin. Betrixaban is rapidly absorbed with mean peak 
concentrations occurring within 3–4 hours after oral administration. Excretion is mostly 
unchanged through the bile with renal excretion accounting for 5–7% of the orally admin-
istered dose. Betrixaban is not a substrate for major cytochrome P450 enzymes, but it is a 
substrate for P-gp. Potent inhibitors of P-gp (i.e., ketoconazole, amiodarone, and diltiazem) 
increase betrixaban concentrations around twofold [38]. A recent network meta-analysis 
aimed to comprehensively analyze the thromboprophylactic drugs that are used to prevent 
thrombosis and reduce bleeding risk. Results showed that sudoxicam, FXI-ASO (factor 
XI antisense oligonucleotide), and betrixaban were likely to be associated with the lowest 
risk of all-cause bleeding after major joint surgery. Furthermore, betrixaban, dalteparin, 
and warfarin were associated with the lowest risk of major bleeding/nonmajor clinically 
relevant bleeding events [39].

The FDA (Food and Drug Administration) approved betrixaban on June 2017 for the pro-
phylaxis of VTE in adult patients hospitalized for an acute medical illness, who are at risk 
for thromboembolic complications due to moderate or severe restricted mobility and other 
risk factors for VTE. The recommended dose of betrixaban is an initial single dose of 160 mg 
starting on day 1, followed by 80 mg once daily taken for 35–42 days at the same time each 
day with food. Dose should be reduced in case of severe renal and hepatic impairment or 
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concomitant treatment with P-gp inhibitors. The most common adverse reactions (≥5%), 
observed in the APEX trial considered for approval, were related to bleeding.

2.2.3. Sulodexide

Sulodexide belongs to a class of substances known as glycosaminoglycans (GAGs), composed 
of a fast-moving heparin fraction (80%) with affinity for antithrombin III and a dermatan 
sulfate fraction (20%) with affinity for heparin cofactor II.

2.2.3.1. Mechanism of action

Sulodexide exerts a strong antithrombotic activity by simultaneously potentiating the anti-
protease activities of both antithrombin III and heparin cofactor II. Sulodexide also has a 
profibrinolytic effect (through activation of tissue plasminogen activator and inhibition of 
plasminogen activator inhibitor), an antiproliferative effect on smooth muscle cells, and anti-
lipemic and antiatherosclerotic effects [40, 41].

2.2.3.2. Indications

Several clinical studies have demonstrated the efficacy of sulodexide in the treatment or preven-
tion of vascular diseases associated with increased thrombotic risk, such as peripheral arterial 
occlusive diseases, post-myocardial infarction, recurrent DVT, and postthrombotic syndrome 
[42]. Other clinical applications are treatment of venous ulcers, cerebrovascular disorders, dia-
betic nephropathy, and other diabetic complications (nephropathy and macular edema).

2.2.3.3. Pharmacokinetics

Sulodexide is available for both intravenous and intramuscular administration, but it can be 
taken also orally. By the oral route, Sulodexide is absorbed within 1–2 hours and behaves 
as a mono-compound, reaching the time to peak in about 4 hours with a dose of 50–100 mg. 
Similar concentrations are maintained at least up to 18 hours. The distribution volume is very 
large, due to a higher affinity of sulodexide for the extensive surface area of the endothelium 
rather than for plasma proteins. Metabolism is liver dependent and based on N-desulfation, 
while excretion is mostly kidney dependent [40, 43].

2.2.3.4. Therapy management

Nowadays, sulodexide 250 LSU (lipasemic unit) capsules or 600 LSU parenteral preparation 
is approved only in Europe (Italy) for venous chronic ulcers in adults (250 LSU twice daily, 
away from meals).

2.2.3.5. Safety

Oral administration could lead to disorders of the gastrointestinal system with nausea, vomit-
ing, and heartburn.
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outcome of gastrointestinal hemorrhage and reported higher risk of rivaroxaban compared 
with warfarin (HR, 1.24; 95% CI, 1.08–1.41). Authors reported a significant heterogeneity for 
the outcomes of intracranial hemorrhage and death.
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concomitant treatment with P-gp inhibitors. The most common adverse reactions (≥5%), 
observed in the APEX trial considered for approval, were related to bleeding.

2.2.3. Sulodexide

Sulodexide belongs to a class of substances known as glycosaminoglycans (GAGs), composed 
of a fast-moving heparin fraction (80%) with affinity for antithrombin III and a dermatan 
sulfate fraction (20%) with affinity for heparin cofactor II.

2.2.3.1. Mechanism of action

Sulodexide exerts a strong antithrombotic activity by simultaneously potentiating the anti-
protease activities of both antithrombin III and heparin cofactor II. Sulodexide also has a 
profibrinolytic effect (through activation of tissue plasminogen activator and inhibition of 
plasminogen activator inhibitor), an antiproliferative effect on smooth muscle cells, and anti-
lipemic and antiatherosclerotic effects [40, 41].

2.2.3.2. Indications

Several clinical studies have demonstrated the efficacy of sulodexide in the treatment or preven-
tion of vascular diseases associated with increased thrombotic risk, such as peripheral arterial 
occlusive diseases, post-myocardial infarction, recurrent DVT, and postthrombotic syndrome 
[42]. Other clinical applications are treatment of venous ulcers, cerebrovascular disorders, dia-
betic nephropathy, and other diabetic complications (nephropathy and macular edema).

2.2.3.3. Pharmacokinetics

Sulodexide is available for both intravenous and intramuscular administration, but it can be 
taken also orally. By the oral route, Sulodexide is absorbed within 1–2 hours and behaves 
as a mono-compound, reaching the time to peak in about 4 hours with a dose of 50–100 mg. 
Similar concentrations are maintained at least up to 18 hours. The distribution volume is very 
large, due to a higher affinity of sulodexide for the extensive surface area of the endothelium 
rather than for plasma proteins. Metabolism is liver dependent and based on N-desulfation, 
while excretion is mostly kidney dependent [40, 43].

2.2.3.4. Therapy management

Nowadays, sulodexide 250 LSU (lipasemic unit) capsules or 600 LSU parenteral preparation 
is approved only in Europe (Italy) for venous chronic ulcers in adults (250 LSU twice daily, 
away from meals).

2.2.3.5. Safety

Oral administration could lead to disorders of the gastrointestinal system with nausea, vomit-
ing, and heartburn.
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3. Parenteral anticoagulants

3.1. Heparins and low-molecular-weight heparins

Heparan sulfate (HS) proteoglycans play vital functions in many biological processes in the 
animal kingdom, and the GAG moiety is essential for these functions. Heparin is synthesized 
from UDP-sugar precursors as a polymer of alternating D-glucuronic acid and N-acetyl-D-
glucosamine residues [44]. Unfractionated heparin (UFH) is a glycosaminoglycan consisting 
of heterogeneous mixture of polysaccharide chains with alternating residues of D-glucosamin 
and uronic acid, glucoronic acid, or iduronic acid, with a molecular weight range of 3000–
30,000 Da. Low-molecular-weight heparins (LWMHs) are fragments of UFH produced by 
controlled enzymatic or chemical depolymerization processes with a mean molecular weight 
of about 5000 Da [45].

3.1.1. Mechanism of action

Both UFH and LMWHs exert their anticoagulant activity by inhibiting thrombin-activated 
conversion of fibrinogen to fibrin [46]: binding of a unique pentasaccharide to antithrombin 
causes a conformational change in antithrombin that accelerates its interaction with thrombin 
and factor Xa by about 1000 times. Binding of the pentasaccharide to antithrombin results 
directly in inhibition of factor Xa, and the pentasaccharide also blocks the activation of factor 
IX and neutralizes factor Xa by activating factor X inhibitor.

3.1.2. Indications

Heparins, and in particular LMWHs, indications comprehend: DVT prophylaxis during peri-
operative or postoperative period of general/orthopedic surgery or in bedridden patients; DVT 
treatment in patients affected by pulmonary embolism; instable angina and non-ST-elevation 
myocardial infarction (NSTEMI) prophylaxis with concomitant use of acetylsalicylic acid; coag-
ulation prevention in patients undergoing dialysis; and symptomatic VTE (proximal DVT and/
or pulmonary embolism) to reduce the recurrence of VTE in patients with solid tumor cancers.

3.1.3. Pharmacokinetics

Heparin is not absorbed orally and therefore is administered parenterally. The two preferred 
routes of administration are continuous intravenous infusion or subcutaneous injection. If 
administered subcutaneously, the dose of heparin should be higher than the usual intrave-
nous dose because subcutaneous administration is associated with reduced bioavailability 
[46]. UFH does not have predictable pharmacokinetics, and it has a small volume of distribu-
tion and a relatively short half-life of about 0.5–1 hour [47]. After injection heparin rapidly 
disappears from blood: the rapid, saturable elimination phase is thought to reflect UFH bind-
ing to vascular endothelial cells, macrophages, and reticuloendothelial cells, where it is inter-
nalized and metabolized into smaller and less sulfated forms [48]. At higher doses, the cellular 
binding sites are saturated, and heparin is cleared predominantly by renal elimination [49]. 
UFH binds also to plasma proteins, changing its pharmacokinetic profile and reducing its 
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anticoagulant activity. Because of the unpredictable anticoagulant response, careful/close 
monitoring is essential, when UFH is given in therapeutic doses [48].

LMWHs do not bind to endothelial cells, macrophages, or reticuloendothelial cells and have 
a 2–4 times longer half-life compared to UFH (3–6 hours). Furthermore, LMWHs have much 
lower affinity for heparin-binding plasma proteins and are mainly removed by nonsaturable 
renal filtration, and thus, their clearance is independent of dose and plasma concentration [50].

3.1.4. Interactions

Heparin use should be avoided in case of concomitant treatment with antiplatelet drugs 
(NSAIDs, diclofenac, piroxicam, ketorolac, nimesulide, and acetylsalicylic acid), anticoagu-
lant agents (warfarin), and glucocorticoids, due to increase in bleeding risk. Furthermore, 
LMWH should not be used in patients with previous heparin-induced thrombocytopenia/
thrombosis (HITT), known hypersensitivity or adverse reaction to LMWH (dalteparin or 
enoxaparin), severe renal impairment, active bleeding, severe or uncontrolled hypertension, 
active peptic ulcerations, hemophilia, and severe liver disease.

3.1.5. Therapy management

Heparin therapy for VTE treatment is typically administered by continuous intravenous infu-
sion, but adjusted dose and fixed dose subcutaneous injections can also be utilized. Obese 
patients clear LMWHs faster than nonobese patients due to hyperfiltration, and their dose 
should be adjusted on total body weight or LMWHs should be substituted with UFHs [51]. 
Therapy monitoring comprehends regular CrCl, platelet count, and antifactor Xa assay 
measurements.

In case of VTE prophylaxis, dosing and duration of LMWHs follow this pattern:

• dalteparin 5000 units subcutaneously once daily for 5–10 days or enoxaparin 40 mg subcu-
taneously once daily for 7–10 days in patients undergoing surgery interventions, who had 
previously VTE or are bedridden;

• dalteparin 2500 units subcutaneously once daily or enoxaparin 20 mg subcutaneously once 
daily in case of renal impairment.

Dosing recommendations for treatment of NSTEMI with enoxaparin take into account renal 
functions and concomitant therapies with antiplatelet agents. In particular:

• enoxaparin 1 mg/kg subcutaneously every 12 hours if CrCl is >50 mL/min;

• enoxaparin 1 mg/kg subcutaneously every 12 hours if CrCl is between 30 and 50 mL/min 
with continue; monitoring of renal function and antifactor Xa levels;

• heparins use is not recommended if CrCl is <30 mL/min.

In case of thrombolysis, anticoagulation is generally given in addition to dual antiplatelet 
therapy at doses adjusted on patient’s age:
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• age < 75 years, 30 mg i.v. bolus immediately prior to thrombolysis followed within 15 min-
utes by 1 mg/kg subcutaneously every 12 hours (each dose should not exceed 100 mg);

• age > 75 years, 0.75 mg/kg subcutaneously every 12 hours (each dose should not exceed 
75 mg in the first two administrations);

• UFHs in patients with CrCl is <30 mL/min.

Intravenous anticoagulation with UFHs in addition to antiplatelet therapy is recommended 
for all patients undergoing primary percutaneous coronary intervention (PCI). Anticoagulant 
therapy is selected according to patient’s ischemic and bleeding risks (70–100 units/kg i.v. 
bolus or 50–70 units/kg i.v. bolus with GPIIb/IIIa inhibitor). Bivalirudin or intravenous enoxa-
parin (0.5 mg/kg i.v.) may be used as alternatives to UFH.

3.1.6. Real-world safety aspects

Safe and effective use of heparin requires maintaining a delicate balance: dosing low enough 
to minimize the risk of bleeding, yet high enough to treat or prevent thrombosis. Achieving a 
therapeutic level of heparin within 24 hours significantly reduces the risk for recurrent VTE 
[52]. However, non-protocol-driven practice achieves this outcome only 40% of the time [53].

Bleeding is the primary untoward effect of heparin. Major bleeding occurs in 1–5% of patients 
treated with intravenous heparin for venous thromboembolism [54]. The incidence of bleed-
ing is somewhat less in patients treated with LMWH for this indication, although the risk of 
bleeding appears to increase with higher total daily doses of heparin.

Heparin-induced thrombocytopenia (platelet count <150,000/mL or a 50% decrease from the 
pre-treatment value) occurs in ~0.5% of medical patients 5–10 days after initiation of therapy 
with heparin [55]. Although the incidence may be lower, thrombocytopenia also occurs with 
LMWHs and fondaparinux and platelet counts should be monitored. Thrombotic complica-
tions that can be life-threatening or lead to amputation occur in about one-half of the affected 
heparin-treated patients and may precede the onset of thrombocytopenia. The incidence of 
heparin-induced thrombocytopenia and thrombosis is higher in surgical patients than in 
medical patients. Women are twice as likely as men to develop this condition.

3.2. Fondaparinux, idraparinux, and idrabiotaparinux

Fondaparinux is a synthetic heparin-like compound that acts as indirect factor Xa inhibitor 
[50]. Idraparinux and idrabiotaparinux are second and third generation pentasaccharides 
derived from fondaparinux.

After subcutaneous administration, fondaparinux is cleared by kidneys and has an elimina-
tion half-life of 17 h in healthy volunteers and 29 h in patients with moderate renal insuf-
ficiency, and therefore, it is contraindicated in patients with severe renal insufficiency. In this 
specific condition, laboratory monitoring is performed with anti-Xa assay, aPTT, and PT [50]. 
Fondaparinux is approved as an alternative for heparin or LMWH in the initial treatment of 
VTE in conjunction with a vitamin K antagonist (VKA) and, in Europe, for ACS in patients for 
whom PCI is not indicated [56].
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Idraparinux has a longer elimination half-time of 120 h after a single administration and accu-
mulation does occur and after more than 6 months of treatment, the elimination half-time is 
increased up to 60 days. It is administered once weekly and is thereby suitable for long-term 
anticoagulation [57]. Idrabiotaparinux was evaluated for treatment of VTE and for stroke pre-
vention in patients with AF, resulting as safe and efficient as idraparinux [58].

3.3. Irudin, lepirudin, desirudin, bivalirudin, and argatroban

Hirudin is a direct thrombin inhibitor (DTI) derived from the salivary secretions of leech 
(Hirudo medicinalis). Lepirudin and desirudin are two forms of recombinant hirudin, struc-
turally identical except for minute differences in the amino-terminus sequence [59]. Unlike 
heparin and others anticoagulants, DTIs do not need antithrombin to perform its anticoagu-
lant action: epirudin and desirudin form a bivalent irreversible complex with thrombin, while 
hirudin binds to both the active site as well as to exosite I on thrombin.

Lepirudin and desirudin have been evaluated for the prevention and treatment of VTE and 
in patients with acute coronary syndrome (ACS). These drugs are generally more effective 
than heparin in prevention of thrombosis but lead to more bleeding complications possibly 
related to their irreversible binding to thrombin [60]. Their indications of use comprehend: 
treatment and prevention of suspected or proven HIT; VTE prophylaxis after hip or knee 
arthroplasty. Lepirudin and desirudin are administered intravenously or subcutaneously and 
have a half-life of 80 and 60–120 minutes, respectively. The excretion is totally renal. Due to 
their narrow therapeutic range, therapy monitoring should be done regularly through aPTT, 
activated clotting time (ACT), and anti-Xa assay evaluation.

Bivalirudin is used in treatment of patients with unstable angina undergoing PCI even if at 
risk of HIT. This is a synthetic analog of hirudin that forms a reversible, high-affinity com-
plex with thrombin [61]. Consequently, bivalirudin has a shorter half-life (25 minutes) and 
is a weaker thrombin inhibitor compared to hirudin, with a potentially larger therapeutic 
window. Its clearance is for 80% enzymatic and for 20% renal. Bivalirudin is now one of the 
preferred drugs for patients undergoing PCI in American and European guidelines, and it has 
become one of the most widely used antithrombotics in the USA for PCI [62].

Argatroban is a small, univalent competitive inhibitor of thrombin. It binds selectively and revers-
ibly to the active site of thrombin and has a short elimination half-life of 50 min through hepatobi-
liary clearance. Since it is metabolized in the liver, it should be used with caution in patients with 
liver failure. Argatroban has been approved for the prevention and treatment of VTE in patients 
with HIT [46, 47] and for patients with (a history of) HIT who need to undergo PCI [46, 63].
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Abstract

Heparin-induced thrombocytopenia (HIT I) is a severe, life-threatening, and immuno-
logical drug reaction. According to the clinical-laboratory characteristics, there are two 
types of HIT: type I (HIT I) and type II (HIT II). HIT I is the result of non-immunologic, 
direct interaction of heparin with the platelet surface. Contrary, HIT II is immunologi-
cally induced (antibody-mediated) and life-threatening side effect of heparin therapy, 
often associated with thromboembolic complications. All patients receiving heparin are 
exposed to the development of anti-heparin antibodies, irrespective of the heparin dos-
age, type, and method of administration. HIT most commonly develops in intensive care 
patients, dialyzed patients, and cardiosurgical and orthopedic patients. It commonly 
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Abstract

Heparin-induced thrombocytopenia (HIT I) is a severe, life-threatening, and immuno-
logical drug reaction. According to the clinical-laboratory characteristics, there are two 
types of HIT: type I (HIT I) and type II (HIT II). HIT I is the result of non-immunologic, 
direct interaction of heparin with the platelet surface. Contrary, HIT II is immunologi-
cally induced (antibody-mediated) and life-threatening side effect of heparin therapy, 
often associated with thromboembolic complications. All patients receiving heparin are 
exposed to the development of anti-heparin antibodies, irrespective of the heparin dos-
age, type, and method of administration. HIT most commonly develops in intensive care 
patients, dialyzed patients, and cardiosurgical and orthopedic patients. It commonly 
develops after 5–10 days of heparin therapy. Platelet count decreases by more than 50% 
from the baseline and ranges from 20 × 109/L to 100 × 109/L. In HIT II, thromboembolic 
complications usually include deep-vein thrombosis and pulmonary embolism, but 
they also include arterial occlusion of the extremities, myocardial infarction, stroke, and 
necrosis and organ damage. Clinical assessment of the HIT probability using 4T´s score 
system, systematic monitoring of platelet number in heparin-receiving patients, and 
specific laboratory diagnosis of anti-heparin antibodies substantially contribute to the 
final confirmation of the diagnosis, enable timely administration of direct non-heparin 
thrombin antagonists, and reduce mortality from thromboembolic complications.
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1. Introduction

Heparin-induced thrombocytopenia type II (HIT II) is a severe, life-threatening, immunological 
drug reaction. HIT II is an important side effect of heparin, the most commonly used antico-
agulant agent. As opposed to bleeding caused by heparin overdose, some patients develop a 
paradoxical complication of heparin treatment – thromboembolism. According to the clinical-
laboratory characteristics, there are two types of HIT: type I (HIT I) and type II (HIT II). HIT 
I is the result of non-immunologic, direct interaction of heparin with the platelet surface. It 
occurs in approximately 10% of the patients in the first several days of heparin treatment. 
Thrombocytopenia is mild and resolves within several days with the continuation of heparin 
therapy. Thromboembolic complications usually do not occur; therefore, it is of minor clini-
cal significance. Contrary, HIT II is immunologically induced (antibody-mediated) and a life-
threatening side effect of heparin therapy, often associated with thromboembolic complications 
[1]. The HIT may occur during the treatment with unfractionated heparin (UFH) or low-molec-
ular-weight heparin (LMWH). All patients receiving heparin are exposed to the development 
of anti-heparin antibodies, irrespective of heparin dosage (prophylactic or therapeutic), type 
(UFH or LMWH), and method of administration (subcutaneous or intravenous). Since hepa-
rin is also used for flushing intravenous lines, it may lead to the development of anti-heparin 
antibodies in patients who do not receive subcutaneous or intravenous heparin [1, 2]. HIT 
most often develops in intensive care patients, hemodialyzed patients, and cardiosurgical and 
orthopedic patients, who usually receive heparin. Heparin-induced thrombocytopenia (HIT) is 
a clinical-pathologic syndrome diagnosed based on clinical findings and laboratory evidence 
of antibodies directed to the heparin and platelet factor 4 complex (H-PF4). HIT II may also be 
defined as a transitory, autoimmune, and heparin-induced thrombocytopenia. Reaching the 
diagnosis of HIT is a complex process, because thrombocytopenia in patients receiving heparin 
may be caused by numerous other factors. Although clinical assessment is very important in 
suspecting HIT, laboratory diagnosis plays the key role in providing evidence for the diagno-
sis of HIT II [3–5]. HIT II occurs in 0.1–5.0% heparin-treated patients, predominantly in those 
receiving UFH. It commonly develops after 5–10 days of therapy, but it may also occur earlier 
during the treatment course if the patient has been exposed to heparin within the previous 
100 days (early form). HIT II rarely develops after 20 or more days from the start of the therapy 
(late form). In HIT II, platelet count decreases by more than 50% from the baseline and ranges 
from 20 × 109/L to 100 × 109/L. HIT II patients are at high-risk of thromboembolic complica-
tions, venous and/or arterial, and allergic reactions. In HIT II, thromboembolic complications 
usually include deep-vein thrombosis and pulmonary embolism, but they also include arterial 
occlusion of the extremities, myocardial infarction, stroke, and necrosis and organ damage. 
Vein thrombosis may be found by duplex ultrasound in more than 50% of the patients with no 
clinical signs or symptoms of thrombosis [1–4]. In one-fourth of the HIT II patients, an allergic 
reaction may develop within 5–30 min after intravenous heparin administration (fever, chills, 
and respiratory distress). Rarely, an erythematous plaque or necrosis with pronouncedly pain-
ful skin may be observed. Complications related mortality rate was high (20–30%), but it has 
been significantly reduced in recent years due to the early diagnosis and treatment of HIT with 
heparin alternative [5, 6].
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1.1. Heparin

Heparin is a polymer of varying chain size. Two forms of heparin are used as paharmaceu-
ticals: unfractionated heparin (UFH) that has not been fractionated to sequester the frac-
tion of molecules with low molecular weight, and low molecular weight heparin (LMWH), 
which undergone fractionation. Either UFH or LMWH can be used in the prevention of 
thromboembolic events LMWH is preferable. Heparin binds to the enzyme inhibitor anti-
thrombin III (AT) via a specific pentasaccharide sulfation sequence contained within the 
heparin polymer. The formation of a ternary complex between AT, thrombin, and heparin 
results in the inactivation of thrombin, factor Xa, and other proteases. In contrast, anti-
factor Xa activity requires only the pentasaccharide binding site. The highly negative charge 
density of heparin contributes to its very strong electrostatic interaction with thrombin. For 
this reason, heparin’s activity against thrombin is size-dependent, with the ternary complex 
requiring at least 18 saccharide units for efficient formation. The rate of inactivation of these 
proteases by AT can increase by up to 1000-fold due to the binding of heparin. The size dif-
ference of heparin has led to the development of low-molecular-weight heparins (LMWHs) 
and, more recently, to fondaparinux as pharmaceutical anticoagulants. Fondaparinux is a 
synthetic pentasaccharide, whose chemical structure is almost identical to the AT binding 
pentasaccharide sequence that can be found within polymeric heparin and heparan sulfate. 
LMWHs and fondaparinux target anti-factor Xa activity rather than AT activity, with the 
aim of facilitating a more suitable regulation of coagulation and an improved therapeutic 
index [6].

2. Pathophysiology

The pathophysiologic mechanism of HIT II is mediated by the formation of heparin-platelet 
factor 4 (PF4) complexes. The PF4 is a positively charged heterodimer found in platelet alpha 
granules, and heparin is a negatively charged molecule. The formation of heparin-PF4 com-
plex results in the change in the tertiary structure of the PF4 and exposure of neo-peptide, 
which elicits the formation of antibodies, usually IgG isotype. The immune heparin-PF4-IgG 
complexes activate platelets via Fc y IIa receptors. The antibodies may bind to monocytes, 
which then release tissue factor, the most potent blood clotting factor. Activated platelets 
release procoagulant microparticles and PF4. Antibodies recognize the complexes, bind to the 
endothelial cells, and activate the coagulation cascade, which leads to the formation of throm-
bin and eventually thrombosis. The ability of HIT antibodies to strongly activate platelets 
even in the absence of heparin may cause heparin-independent HIT II [7–9].

HIT II is most often caused by IgG antibodies targeting heparin-PF4 complex. In patients with 
HIT antibodies present in the blood, re-administration of heparin causes a rapid decrease 
in the platelet counts (within hours) to extremely low values. In heparin-treated patients, 
platelet count should be monitored before and during therapy. Before the specific laboratory 
evidence of anti-heparin antibodies, the probability of HIT should be determined using clini-
cal laboratory indicators.
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3. Clinical diagnosis

Clinicians should assess whether the platelet count decrease is the result of anti-heparin anti-
bodies or underlying disease. They should also be cautious not to over diagnose HIT, because 
some HIT antibodies are not pathogenic and will not necessarily lead to the clinical HIT syn-
drome. Before the specific laboratory evidence of anti-heparin antibodies, the probability of 
HIT should be determined using clinical-laboratory indicators. In heparin-treated patients, 
platelet count should be monitored before and during the course of therapy. According to the 
2006 British Haematology Standards, platelet count should be determined in all patients on 
the day of the start of heparin therapy. In patients who received heparin within the previous 
100 days, platelet count should be determined on the day of the start of heparin therapy and 
24 h later. In patients receiving UFH, platelet count should be measured daily from day 4 to 
day 14, and every 2–4 days between day 4 and day 14 in patients receiving LWMH [10–13].

The clinical scoring system used for determining the probability of a HIT is the so-called “4 T 
score” - thrombocytopenia, timing of onset, thrombosis, and absence of other causes of throm-
bocytopenia (Table 1) [6]. Each of these symptoms is scored from 0 to 2 points. The total score 
of 0–3 indicates a low probability of HIT II, 4–5 indicates moderate, and 6–8 indicates a high 

4Ts Score

T1

Thrombo-cytopenia

(a) Platelet count decline by >50%, with lowest value of 20 × 10/9/L 2

(b) Platelet count by 30–50%, with lowest value of 10–19 × 10/9/L 1

(c) Platelet count decline by <30%, with lowest value below 10 × 10/9/L 0

T2

Timing od platelet count 
decline

(a) Occurrence of thrombocytopenia 5–10 days of initial heparin 
administration or <1 day (with previous exposure within 30 days)

2

(b) Occurrence of thrombocytopenia >10 days of initial heparin 
administration or unknown or <1 day (with previous exposure within 
30–100 days)

1

(c) Occurrence of thrombocytopenia at <4 days (without previous recent 
heparin exposure)

0

T3

Thrombosis or other 
sequelae

(a) New thrombosis, skin necrosis, acute systemic reaction following bolus 
heparin

2

(b) Progressive recurrent thrombosis, erythematous skin lesion, 
unconfirmed suspicion of thrombosis

1

(c) No other causes of thrombocytopenia 0

T4

Other cause of 
thrombocytopenia

(a) No other cause of thrombocytopenia 2

(b) Presence of other possible causes of thrombocytopenia 1

(c) Definitive other cause of thrombocytopenia is present 0

Low, 0–3; Moderate, 4–5; High, 6–8.

Table 1. Clinical assesement of Heparine induced thrombocytopenia (HIT) by use of modified 4T scoring system 
according to Lo and Warkentin [6].
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probability of HIT II. To confirm the diagnosis of HIT II, laboratory evidence of anti-heparin 
antibodies is needed. Anti-heparin antibodies may be confirmed in about half of the patients 
with clinically suspected HIT requiring laboratory investigation. The frequency of positive 
results depends on the clinical 4 T score and sensitivity and specificity of the test used [6–9].

4. Laboratory diagnostics

Laboratory investigation of HIT includes two categories of tests: immunologic assays for 
detecting circulating anti-PF4/heparin antibodies usually of IgG class and functional assays 
which detect antiplatelet antibodies capable to induce heparin-dependent platelet activation 
and thrombogenic potential (Table 2) [10–12].

In laboratory investigations of HIT II, anti-heparin-PF4 antibody tests are most commonly 
used in immunologic assays and serotonin-release assay (SRA) to determine anti-heparin 
antibody-induced platelet activation. In addition to, SRA heparin-induced platelet activation/
aggregation assay (HIPA) is used when the thrombogenic potential of the present antibodies 
should be determined or in vitro effectiveness of heparin, alternative should be estimated. 
Enzyme-immunologic (EIA) method and gel method are most commonly used for immu-
nologic assays. EIA is performed on a microtiter plate, and heparin-PF4 antigen complex is 
applied to the plate wells. Gel test is performed on gel-filled microcolonies, and the heparin-
PF4 complex is added into a microparticle suspension. These tests have a similar sensitivity 
(80–90%) and specificity (89–97%). The most important advantage of gel test (quick screening 
test) is a high negative predictive value (>95%) for the exclusion of HIT II. In the other group 

Method Sensitivity Specificity NPV PPV

Anti H-PF4 assays (antigen-antygody assays):

(a) Gel-columns-mycro-particle assay High Moderate High Low

(b) Lateral flow immunodiffudion assay-IgG High Moderate High Moderate

(c) EIA-IgG High Moderate High Moderate

Funtional assays:

(a) SRA-cr

(b) SRA-HPLC

(c)SRA-EIA

(d) HIPA

(e) HIMA

Low/moderate High High

H-PF4, heparin-platelet factor 4 complex; EIA, enzyme immuno assay; HPLC, high presure liquid cromatography; 
SRA, serotonin release assay; HIPA, heparin-induced platelet activation/aggregation; HIMA, heparin-induced platelet 
activation/multilate aggregation; NPV, negative predictive value; PPV, positive predictive value; H-PF4, heparin-platelet 
factor 4 complex.

Table 2. Methods for anti-heparin antibodies detection.
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probability of HIT II. To confirm the diagnosis of HIT II, laboratory evidence of anti-heparin 
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activation/multilate aggregation; NPV, negative predictive value; PPV, positive predictive value; H-PF4, heparin-platelet 
factor 4 complex.

Table 2. Methods for anti-heparin antibodies detection.
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of tests, heparin-induced platelet activation (HIPA), and serotonin-release assay (SRA) are the 
most commonly used tests. They have lower sensitivity, but higher specificity than the first 
group of tests. In addition to, EIA test result, OD value is also obtained. OD <1.000 indicates 
the presence of clinically significant antibodies and a high-risk of thromboembolic complica-
tions. OD ranging from 0.400 to 0.999 and low clinical 4T indicate low thrombogenic activity 
of the antibodies and subclinical HIT. Monitoring antibody titres using OD values is used 
in the preoperative preparation of patients with previously confirmed HIT II; the surgery 
in which heparin is given is performed after the antibody titter decreases or the test results 
become negative [14, 15].

To exclude other causes of thrombocytopenia, differential diagnosis should include pseudo 
thrombocytopenia (artifact), massive pulmonary embolism, disseminated intravascular coag-
ulation (DIK), sepsis, other drug-induced thrombocytopenia (e.g. by GP IIb/IIIa inhibitors), 
autoimmune or alloimmune thrombocytopenia, post-transfusion purpura, diabetic ketoaci-
dosis, and antiphospholipid syndrome with thrombocytopenia [16].

5. Treatment

Treatment of HIT patients is complex. In severely ill, heparin-treated patients who develop 
HIT II, there is often a misbalance of antithrombotic molecules including protein C, antithrom-
bine III, thrombomodulin, and others. If there is a lack of these regulators, their substitution 
may increase the anticoagulant effect of heparin alternatives [16]. Clinical assessment plays a 
key role not only in discerning the platelet count decrease caused by anti-heparin antibodies 
from the platelet count decrease caused by the underlying disease but also in the selection of 
anticoagulant agent [17].

According to the clinical practice guidelines on antithrombotic therapy and prevention of 
thrombosis, if there is laboratory evidence of anti-heparin antibodies, heparin should be dis-
continued immediately, and replaced by some other non-heparin anticoagulant. Most com-
monly used alternative anticoagulants are: direct thrombin inhibitors, heparinoids, and factor 
Xa inhibitors (Table 3) [17].

Hirudin is a direct inhibitor of thrombin and acts independently of cofactors such as anti-
thrombin. (19) Therefore, hirudin may be more effective in the presence of platelet-rich 
thrombi. Hirudin can also inhibit thrombin bound to fibrin or fibrin degradation products.

Direct thrombin inhibitors (DTI) Hirudin, lepirudin, bivaluridin argartoban

Heparionoides Danaparoid

Factor Xa inhibitors Fondaparinux

Direct oral anticoagulants(DOACs) Dabigatran, apixaban, rivaroxaban

Other Intravenous gamma globulins (IVIG)

Table 3. Alternative anticoagulants for treatment of heparin- induced thrombocytopenia type II (HIT II).
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Lepirudin is a recombinant hirudin and is a highly specific direct and irreversible inhibitor of 
thrombin. One molecule of lepirudin binds with one molecule of thrombin. Lepirudin is almost 
exclusively excreted by the kidneys and hence systemic clearance of lepirudin is dependent 
on the glomerular filtration rate. The drug should be avoided in hemodialysis patients and 
those with acute renal failure with creatinine clearance <15 ml min−1 (normally 120 ml min−1) or 
serum creatinine >528 μmol liter−1. The 2006 British Guidelines recommend lepirudin, recom-
binant protein, and direct thrombin inhibitor to be used as heparin alternatives [12].

Bivalirudin is a direct thrombin inhibitor and an analogue of the peptide fragment hirugen, which 
is a compound derived from hirudin. Unlike lepirudin, the binding of bivalirudin to thrombin is 
reversible. Bivalirudin binds specifically to the catalytic site and substrate-binding site of throm-
bin. The US Food and Drug Administration (FDA) has approved bivalirudin for use in patients 
undergoing coronary angioplasty with unstable angina who are also on aspirin therapy [18].

Argatroban is a direct competitive synthetic inhibitor of thrombin. It binds reversibly to the 
thrombin catalytic site and therefore, inhibits reactions that are catalyzed or induced by the 
presence of soluble and clot-bound thrombin. When given i.v. and is metabolized in the liver 
by cytochrome P450 enzymes it is 100% bioavailable. Unchanged drug is excreted in the urine 
(16%) and feces (14%). It is eliminated as its metabolite in the feces (65%), presumably through 
biliary secretion, and in the urine (22%) [17].

It should be taken into account that all non-heparin anticoagulants may also lead to anaphy-
lactic reaction and bleeding. However, unlike heparin, there is no known antidote for these 
agents and laboratory monitoring of their effects and antibody cross-reactivity is difficult 
(anti-Xa activity and ellagic time are not standard laboratory tests for hemostasis), in addition 
to the high price of the substance.

Danaparoid is a low molecular weight heparinoid. It is a mixture of dermatan sulfate, glycos-
aminoglycans, and chondroitin sulfate. A favorable outcome in 90% of patients with HIT is 
associated with the use of danaparoid. The main activity of danaparoid is against factor Xa, with 
the anti-Xa: the anti-IIa ratio of 22:1 resulting in inhibition of fibrin formation. There is a 10–20% 
cross-reactivity rate with HIT antibodies in vitro although it is less common in vivo. [18].

Coumarin agents (e.g. warfarin) are contraindicated in acute HIT II, because they increase 
the risk of microvascular thrombosis, necrosis, and gangrene. Replacing UFH with LWMH is 
also contraindicated in the treatment of HIT II due to the antibody cross-reactivity [12, 13, 18].

Most guidelines suggest the use of argatroban over other nonheparin anticoagulants in patients 
with HITT and renal insufficiency, and the use of bivalirudin over other nonheparin antico-
agulants or heparin plus antiplatelet agents in patients with acute HIT or subacute HIT who 
require urgent cardiac surgery (Grade 2C) [12, 18, 19].

Recently, the most commonly used agent has been fondaparinux, a synthetic and selective 
factor Xa inhibitor, which rarely causes anti-heparin antibody cross-reactivity. Clinical expe-
rience shows it has beneficial effects in the prevention of thromboembolic complications. The 
fondaparinux results are an important step in developing the recommendations for the use of 
alternative agents to heparin, although randomized studies are needed [20, 21].
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bine III, thrombomodulin, and others. If there is a lack of these regulators, their substitution 
may increase the anticoagulant effect of heparin alternatives [16]. Clinical assessment plays a 
key role not only in discerning the platelet count decrease caused by anti-heparin antibodies 
from the platelet count decrease caused by the underlying disease but also in the selection of 
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According to the clinical practice guidelines on antithrombotic therapy and prevention of 
thrombosis, if there is laboratory evidence of anti-heparin antibodies, heparin should be dis-
continued immediately, and replaced by some other non-heparin anticoagulant. Most com-
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Hirudin is a direct inhibitor of thrombin and acts independently of cofactors such as anti-
thrombin. (19) Therefore, hirudin may be more effective in the presence of platelet-rich 
thrombi. Hirudin can also inhibit thrombin bound to fibrin or fibrin degradation products.

Direct thrombin inhibitors (DTI) Hirudin, lepirudin, bivaluridin argartoban
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Factor Xa inhibitors Fondaparinux
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Other Intravenous gamma globulins (IVIG)
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exclusively excreted by the kidneys and hence systemic clearance of lepirudin is dependent 
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reversible. Bivalirudin binds specifically to the catalytic site and substrate-binding site of throm-
bin. The US Food and Drug Administration (FDA) has approved bivalirudin for use in patients 
undergoing coronary angioplasty with unstable angina who are also on aspirin therapy [18].

Argatroban is a direct competitive synthetic inhibitor of thrombin. It binds reversibly to the 
thrombin catalytic site and therefore, inhibits reactions that are catalyzed or induced by the 
presence of soluble and clot-bound thrombin. When given i.v. and is metabolized in the liver 
by cytochrome P450 enzymes it is 100% bioavailable. Unchanged drug is excreted in the urine 
(16%) and feces (14%). It is eliminated as its metabolite in the feces (65%), presumably through 
biliary secretion, and in the urine (22%) [17].

It should be taken into account that all non-heparin anticoagulants may also lead to anaphy-
lactic reaction and bleeding. However, unlike heparin, there is no known antidote for these 
agents and laboratory monitoring of their effects and antibody cross-reactivity is difficult 
(anti-Xa activity and ellagic time are not standard laboratory tests for hemostasis), in addition 
to the high price of the substance.

Danaparoid is a low molecular weight heparinoid. It is a mixture of dermatan sulfate, glycos-
aminoglycans, and chondroitin sulfate. A favorable outcome in 90% of patients with HIT is 
associated with the use of danaparoid. The main activity of danaparoid is against factor Xa, with 
the anti-Xa: the anti-IIa ratio of 22:1 resulting in inhibition of fibrin formation. There is a 10–20% 
cross-reactivity rate with HIT antibodies in vitro although it is less common in vivo. [18].

Coumarin agents (e.g. warfarin) are contraindicated in acute HIT II, because they increase 
the risk of microvascular thrombosis, necrosis, and gangrene. Replacing UFH with LWMH is 
also contraindicated in the treatment of HIT II due to the antibody cross-reactivity [12, 13, 18].

Most guidelines suggest the use of argatroban over other nonheparin anticoagulants in patients 
with HITT and renal insufficiency, and the use of bivalirudin over other nonheparin antico-
agulants or heparin plus antiplatelet agents in patients with acute HIT or subacute HIT who 
require urgent cardiac surgery (Grade 2C) [12, 18, 19].

Recently, the most commonly used agent has been fondaparinux, a synthetic and selective 
factor Xa inhibitor, which rarely causes anti-heparin antibody cross-reactivity. Clinical expe-
rience shows it has beneficial effects in the prevention of thromboembolic complications. The 
fondaparinux results are an important step in developing the recommendations for the use of 
alternative agents to heparin, although randomized studies are needed [20, 21].
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The use of oral direct thrombin inhibitors in the treatment of HIT II (dabigatran, rivaroxa-
ban, and apixaban) also holds promise. The effectiveness of rivaroxaban in HIT patients 
was assessed in several studies showing no cross-reactivity with anti-heparin antibodies. 
Moreover, there was no PF4 release from platelets, as opposed to enoxaparin-LWMH [22, 23]. 
HIT can be managed with danaparoid in post-cardiac surgery patients. However, in absence 
of any increase of platelet count after 3–5 days of danaparoid therapy and/or occurrence of 
a new thrombotic event, danaparoid cross-reactivity with heparin should be suspected and 
replaced with direct thrombin inhibitor [24].

There is a dozen of evidence that in some patients with severe HIT II refractory to standard 
treatment immediate and sustained respond could be achieved by the admission of intrave-
nous gamma globulin (IVIg), most probably mediated by inhibition of platelet activation [25].

According to the literature data, prophylactic platelet transfusions in thrombocytopenic HIT 
patients are contraindicated. Since spontaneous bleeding in HIT is rare, and platelet transfu-
sions may potentially increase the risk of thrombosis, their use is recommended in case of 
life-threatening bleeding. Contrary, there is not clear evidence suggested that platelet transfu-
sions should be avoided in a critically ill bleeding patient with HIT. [26].

In a couple of studies, platelet transfusion was administered prophylactically to prevent 
bleeding in post-surgery patients. These patients experienced no new thrombotic complica-
tion but expected post-transfusion platelet count increment was not achieved. Furthermore, 
previous deep venous thrombosis progressed after platelet transfusion and subsequently led 
to death in one patient [27].

6. Conclusion

HIT II is immunologically-induced, a life-threatening side effect of heparin therapy associ-
ated with thromboembolic complications. All patients receiving heparin are exposed to the 
development of anti-heparin antibodies, irrespective of the heparin dosage, type, and method 
of administration. HIT most commonly develops in intensive care patients, dialyzed patients, 
and cardiosurgical and orthopedic patients. Clinical assessment of the HIT probability using 
4T scoring system, systematic monitoring of platelet number in heparin-receiving patients, 
and specific laboratory diagnosis of anti-heparin antibodies substantially contribute to the 
final confirmation of the diagnosis, enable timely administration of direct non-heparin throm-
bin antagonists, and reduce mortality from thromboembolic complications.
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The use of oral direct thrombin inhibitors in the treatment of HIT II (dabigatran, rivaroxa-
ban, and apixaban) also holds promise. The effectiveness of rivaroxaban in HIT patients 
was assessed in several studies showing no cross-reactivity with anti-heparin antibodies. 
Moreover, there was no PF4 release from platelets, as opposed to enoxaparin-LWMH [22, 23]. 
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According to the literature data, prophylactic platelet transfusions in thrombocytopenic HIT 
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sions may potentially increase the risk of thrombosis, their use is recommended in case of 
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