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Highlights of Latest Advances in Antithrombotics

Shaker A. Mousa

1. Platelets, Thromboembolic Disorders, and Antiplatelets
Thrombosis is still the leading cause of morbidity and mortality, and thus,

effective antithrombotic strategies remain a critical therapeutic objective. The
past decade has witnessed considerable progress in the development of newer
anticoagulants, antiplatelets, and thrombolytics for the prevention and treatment
of various thromboembolic disorders.

The transition of coronary-artery plaque from stable to unstable with the sub-
sequent plaque rupture at the shoulder region leads to thrombotic complications,
or acute coronary syndromes (ACS), ranging from unstable angina to acute
myocardial infarction (AMI). Plaque rupture results in the exposure of the
thrombogenic surface, leading to platelet adhesion, platelet activation, platelet
aggregation, and secretion. Platelets play a major role in health and disease.

Antiplatelet therapies have provided a distinct clinical benefit in various
arterial thromboembolic disorders, including aspirin and clopidogrel. Aspirin
is currently considered to be the gold-standard antiplatelet agent based on its
high benefit-to-cost and benefit-to-risk ratios. Another class of antiplatelet
agents includes Ticlopidine and its improved version, clopidogrel adenosine 5′
diphosphate (ADP) inhibition, which has demonstrated comparable efficacy to
that of aspirin.

2. Clopidogrel: A Novel ADP Antagonist
In the CAPRIE trial, both aspirin and clopidogrel have been compared.

Clopidogrel may be a valuable alternative to aspirin for those patients for whom
aspirin fails to achieve therapeutic benefit. A number of preclinical studies
have suggested an additive to synergistic potential in combining aspirin and
clopidogrel, this was further confirmed in a randomized CURE clinical trial,
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with a significant benefit-to-risk ratio for patients with various thromboembolic
disorders.

Recent clinical studies have validated the benefit of the aspirin and dipyri-
damole combination in stroke patients. Clopidogrel (75 mg QD) demonstrated
rapid oral absorption, significant platelet aggregation, and inhibition (40–60%),
and bleeding time increases as much as twofold above baseline value.
Clopidogrel (5.32% event rate/yr) demonstrated 8.7% overall relative risk
reduction over aspirin (5.83% event rate/yr) in preventing MI, ischemic stroke,
or vascular death. Clopidogrel (2.5% event rate/yr) resulted in a 19.2% relative
risk reduction as compared to aspirin (3.6% event rate/yr) in reducing fatal and
non-fatal MI.

The CLASSICS trial compared the efficacy and safety of clopidogrel (75 mg
QD) + aspirin (325 mg QD) vs ticlopidine (250 mg QD) + aspirin (325 mg/d).
The overall cardiovascular event rates were low and comparable between the
clopidogrel and the ticlopidine arms. Clopidogrel + aspirin is superior to ticlo-
pidine + aspirin in coronary stenting. Pretreatment with clopidogrel + aspirin
prior to stenting was beneficial. The latest CURE trial demonstrated an addi-
tive effect on the efficacy of clopidogrel + aspirin in arterial thrombosis, with
reasonable safety profiles.

3. Intravenous Platelet GPIIb/IIIa Antagonists
3.1. Abciximab

The EPIC and EPILOG trials have established the clinical benefit of
Abciximab in reducing the risk of ischemic complications in patients under-
going percutaneous coronary intervention. In addition to its platelet αIIbβ3
blockade, Abciximab blocks αvβ3, and to some extent Mac-1 integrin. The
implication of these additional effects on efficacy and safety has not yuet been
determined as compared to the specific platelet αIIbβ3 antagonists such as inte-
grilin and Tirofiban.

3.2. Eptifibatide (Integrilin)

Eptifibatide is a cyclic KGD peptide that is specific for platelet αIIbβ3 inte-
grin. Eptifibatide has demonstrated clinical benefits in patients with non-ST-
segment elevation and acute ischemic syndromes, and in patients undergoing
PCI. Additionally, initial data and ongoing clinical trials suggest its potential
value in combination with thrombolytics, stent in PCI, and in peripheral-artery
diseases.

3.3. Aggrastat (Tirofiban) in ACS

Aggrastat is a non-peptide RGD mimetic that is specific for platelet αIIbβ3
integrin. The clinical benefit of Aggrastat was established in various trials

2 Mousa

CH01,1-8,8pgs  9/5/03 10:57 AM  Page 2



including prism, Restore, and prism-plus. Tirofiban demonstrated a significant
reduction in refractory ischemia in unstable angina/non-Q wave MI patients as
compared to heparin (prism). In the prism-plus trial, Tirofiban + heparin resulted
in a significant reduction in refractory ischemia and MI as compared to heparin
alone. The Restore trial, Tirofiban plus heparin reduced the incidence of adverse
outcomes at 2 and 7 d after PTCA. Tirofiban as well as other GPIIb/IIIa antag-
onists are in clinical trials in combination with low-molecular-weight heparin
(LMWH).

4. Oral Platelet GPIIb/IIIa Antagonists
4.1. Discontinued Oral Platelet GPIIb/IIIa Antagonists 
in Clinical Development

The clinical benefit of platelet GPIIb/IIIa blockade is well-documented with
intravenous (iv) GPIIb/IIIa antagonists. Intravenous platelet GPIIb/IIIa antag-
onists have proven to be of clinical benefit in reducing ischemic complications
following angioplasty and in unstable angina and non-Q-wave MI. Recently,
clinical results with three oral GPIIb/IIIa inhibitors in large phase III trials
showed lack of clinical benefit over aspirin. These trials include Excite
(Xemilofiban), OPUS-TIMI 16 (Orbofiban), Symphony (Sibrafiban). In those
trials with oral GPIIb/IIIa antagonists’ composite end points—that is, reduc-
tion of MI events, mortality, and urgent revascularization demonstrated a lack
of significant clinical benefit. However, subgroup analysis demonstrated poten-
tial benefit in the reduction of the need for revascularization post-interventional
procedures. The exact reason for the failure of oral as compared to iv GPIIb/IIIa
blockade suggest the critical need to achieve steady-state antiplatelet effective
levels with the oral agents or the need for heparin.

4.2. Roxifiban

The latest oral GPIIb/IIIa antagonist with high affinity and specificity for both
activated and resting human platelets along with a slow platelet dissociation rate.
Roxifiban represents a demonstrated new generation oral platelet GPIIb/III
antagonist. Because of its unique platelet-binding kinetics, it has demonstrated
distinct pharmacokinetic and pharmacodynamic profiles in various preclinical
and clinical studies. All clinical trials with all oral GPIIb/IIIa antagonists are
being discontinued because of the failure of various GPIIb/IIIa antagonists
(xemilofiban, orbifiban, lotrafiban) in various large phase III trials.

5. Highlights of the Latest Developments in Anticoagulants
The past decade has witnessed remarkable progress in the development of

newer anticoagulants and anti-platelets. An understanding of the pathogenesis
of thrombotic and vascular disorders has greatly facilitated these developments
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to target blood vessels, platelets, and the protease network involving the coag-
ulation, thrombolytic, and the fibrinolytic systems. Improved processing from
the natural sources, biotechnology, and organic chemistry strategies have played
a major role in these developments. Such drugs as the LMWH, oral unfrac-
tionated heparin (UFH) synthetic heparin, and antithrombin agents. Many of
the important drugs, such as the LMWH, pentasaccharide, direct antithrombin,
direct antiXa agents, and biotechnology-derived therapeutic agents, are high-
lighted in this issue.

5.1. Low Molecular Weight Heparin (LMWH)

LMWH represents the most significant development in antithrombotic ther-
apy. The potential advantages of these drugs as antithrombotic agents are based
on high bioavailability (85–95%) after subcutaneous (sc) administration, long
plasma half-life resulting in a predictable response, and less bleeding for a clin-
ically significant antithrombotic effect as compared to UFH. LMWH prepara-
tions currently in use are produced by different techniques, have variable
molecular weight distribution, and therefore are likely to have different phar-
macokinetic and pharmacodynamic properties, which may have important clin-
ical implications. Several randomized clinical trials have clearly demonstrated
their efficacy and safety in preventing and treating venous and arterial throm-
bosis. Further expansion beyond the use of heparin in thrombosis is in progress.

5.1.1. The Use of LMWH in Pregnancy

Thromboembolism is a leading contributor to obstetric morbidity as well as
mortality, occurring with an incidence between 0.1% and 0.4% during preg-
nancy, and the rate of recurrent thromboembolism can be as high as 12.5%
among pregnant women with a history of thrombosis during previous preg-
nancy. LMWH do not cross the placental blood-barrier, and are associated with
a better compliance, lesser risk for thrombocytopenia, bleeding complications,
or osteopenia as compared to UFH. The use of LMWH in obstetric patients is
controversial with respect to the time and duration of therapy, monitoring, and
dose adjustment. The utility of LMWH in the obese subset of the patient pop-
ulation and patients with renal failure must be defined in clinical trials for each
individual LMWH.

5.1.2. LMWH in ACS: MI Management

It is well-established that LMWH offer advantages in comparison with UFH
in the prevention and treatment of DVT. Therefore, they are likely to offer some
advantages in arterial diseases, particularly coronary-artery diseases as com-
pared to UFH. This was demonstrated with Enoxaparin (Essence and TIMI 11B)
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and recently with Dalteparin (FRIX II). The potential value of other LMWH in
that setting must be established.

5.1.3. LMWH and Cancer

Venous thromboembolism is an important complication in patients who are
receiving treatment for cancer. LMWH may offer opportunities to improve the
prevention and treatment of VTE in cancer, but further randomized trials are
required in order to separate the anticancer from the anticoagulant effects.
These agents may also prolong survival in patients with malignant disease, and
are currently being evaluated in this indication.

6. Progress in the Development of Synthetic Pentasaccharides
Pentasaccharides are synthetic high ATIII-affinity heparinomimetics defined

as being the critical structure of heparin that binds to ATIII and elicits an anti-
factor Xa activity. Several pentasaccharides have been produced that vary in
potency and biological half-life. The original SR 90107A/ORG and the
SANORG were recently approved by the Food and Drug Administration (FDA)
for venous prophylaxis indications and are in various other clinical trials.

6.1. Bivalirudin (Hirulog)

Bivalirudin is a highly specific and reversible direct thrombin inhibitor,
which has been shown in clinical trials for percutaneous transluminal angio-
plasty to have a significant reduction in death, MI, urgent revascularization, and
major hemorrhage. Current trials are evaluating its safety with concomitantly
administered GPIlb/Illa, thrombolytics, and other antiplatelet agents.

6.2. Argatroban

Argatroban is a novel direct thrombin inhibitor, which has been developed
for treatment in heparin-induced thrombocytopenia (HIT) as an alternative to
UFH. Two large studies have examined the effect of treatment with Argatroban
in HIT compared to conventional treatment. The results of these trials have
demonstrated the efficacy of Argatroban in the various presentations of HIT.

6.3. Anti-Xa Agents

High affinity and selectivity toward the Xa as compared to other serine pro-
teases characterize newly developed anti-Xa agents. In addition to the inhibition
of plasmatic coagulation processes—such as the prevention of thrombin gener-
ation and of thrombin-mediated platelet reactions, as well as the inactivation of
clot-bound prothrombinase complexes—some of these agents may also interfere
with receptor-mediated cellular effects of factor Xa that play an important role
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in the proliferation of vascular smooth-muscle cells (SMCs). Anti-Xa agents
might become important drugs for the prophylaxis of various venous throm-
boembolic disorders as well as an adjunct therapy with other antithrombotics.

6.4. Heparin by Oral Delivery

Currently, UFH is not orally administered because UFH molecules are not
absorbed from the gastrointestinal (GI) tract, presumably because of their size
and ionic repulsion from negatively charged epithelial tissue. A novel carrier
system is now available to accomplish GI absorption. Oral administration of
heparin with this carrier molecule (SNAC) has produced significant alterations
in aPTT, anti- Ila and Xa, and release of TFPI. The development of an oral liquid
formulation has permitted evaluation in patients. The results of a recently com-
pleted Phase 11 trial, which evaluated the safety and tolerance of oral heparin
administration as venous thromboprophylaxis in patients undergoing total hip
arthroplasty, demonstrated limited oral bioavailability. The intra- and inter-
subject variability may limit the potential utility of this formulation. However,
a second-generation formulation might overcome these limitations. The PRO-
TECT Trial—a Phase III trial evaluating SNAC heparin—is in progress. It is
still undetermined whether this regimen would be cost-effective.

6.5. Recombinant Human Protein C

Protein C is a vitamin K-dependent plasma serine protease that plays a crit-
ical role in the regulation of hemostasis. A recombinant version of human acti-
vated protein C (rhAPC) has demonstrated significant benefits for the treatment
of sepsis. The biology, structure/function relationships, and therapeutic ratio-
nale for rhAPC have demonstrated efficacy and safety in various experimental
settings. Protein C appears to have clear safety advantages as compared to
other anticoagulant strategies.

6.6. Antitissue Factor (TF)

Inhibition of the coagulation cascade can be accomplished by blocking the
cascade at one of several points. Many of the currently available therapies have
been directed at blocking the downstream portion of the process, including
thrombin action and Xa. An approach that may offer some advantages over the
present therapies is blockade of the coagulation cascade very early in the
process at the TF/VIIa level. However, there is no evidence yet available in favor
of this approach.
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Antiplatelet, Anticoagulant, and Thrombolytic
Drug Interactions

Omer Iqbal and Shaker A. Mousa

1. Introduction
Despite recent major pharmacological and device advances, percutaneous

coronary intervention (PCI) remains a costly procedure with significant peri-
procedural risk. Heparin has maintained the foundation of procedural antico-
agulation, but heparin anticoagulation is unpredictable because it is an indirect
thrombin inhibitor, which requires heparin cofactor II-antithrombin for its
actions. Antithrombin levels vary widely in patients. In addition, the heparin-
antithrombin complex is too large to inhibit clot-bound or fibrin-bound throm-
bin. Clinical functions can alter antithrombin levels, which further reduce
heparin’s predictability. Heparin can also be inhibited by plasma proteins.
These complexities can lead to both excessive anticoagulation with clinical
bleeding and subtherapeutic heparinization with clinical coronary occlusion.
Finally, heparin is associated with a 1–3% incidence of heparin-induced throm-
bocytopenia (HIT), which carries an increased risk for acute, subacute, and
chronic thrombotic occlusion. The major pharmacological improvement in
platelet efficacy has been the addition of glycoprotein IIb/IIIa inhibitors for
PCIs. However, all GPIIb/IIIa inhibitors are associated with a risk of bleeding.
Reduction of heparin doses has resulted in less clinical bleeding, but bleeding
still occurs in a significant number of patients.

Investigations with direct thrombin inhibitors have been undertaken for both
non-ST-elevation myocardial infarction (MI) and PCI. Hirudin has shown a
small but definite reduction in coronary ischemia compared to heparin in acute
coronary syndromes (ACS), but hirudin is associated with a statistically sig-
nificant increase in the frequency of major bleeding. The modifications in the
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hirudin molecule have resulted in bivalirudin, which has been tested in >4000
PCI patients compared to heparin. Bivalirudin showed a significant reduction
in major bleeding (13.0% vs 9.89%, p<0.001) compared to heparin, indicating
a trend toward fewer ischemic complications. Argatroban is smallest of the
direct thrombin inhibitors, and has similar pharmacodynamics to bivalirudin
(reversible, short half-life). A large body of evidence suggests that direct throm-
bin inhibitors (hirudin and bivalirudin) are more efficacious than heparin for
treatment of ACS and that the small molecules—short half-life, reversible
thrombin inhibitors (bivalirudin and argatroban)—are safer than heparin. The
improved efficacy of argatroban should reduce the need for adjuvant GPIIb/IIIa
inhibition, and therefore reduce bleeding as well as pharmacologic costs.

Argatroban (Novastan), a direct thrombin inhibitor, is a carboxy acid deriv-
ative that belongs to a class of peptidomimetics that also includes inogatran,
efegatran, and napsagatran. Argatroban has now been approved in the United
States as an alternative to heparin in patients with HIT. It binds covalently to
the active site of thrombin (1). Argatroban was used in one trial of 50 patients
with HIT who were undergoing plasma thromboplastin component antecedent
percutaneous transluminal coronary angioplasty (PTCA) at a dose of 350 µg/kg
bolus, and yielded encouraging results.

Reperfusion therapy of acute myocardial infarction (AMI) to establish reper-
fusion as quickly as possible is of primary importance. The use of fibrinolyt-
ics in combination with low molecular weight heparins (LMWHs) have
provided encouraging results in randomized clinical trials. The encouraging
results seen with LMWHs instead of unfractionated heparin (UFH) represent
a definitive advancement in the field. If LMWHs are exerting their effects
mainly their enhanced anti-Xa inhibition, then more specific and direct factor
Xa inhibitors may be advantageous (4). The GPIIb/IIIa inhibitors can be used
in combination with the thrombolytic agents in patients with AMI. Activase™

(alteplase, recombinant) in combination with GPIIb/IIIa inhibitors or TNKase
in combination with GPIIb/IIIa inhibitors can be used in patients with AMI.

The thrombi in the coronary arteries that cause AMI comprise of a platelet core
in a fibrin-thrombin matrix. Following successful thrombolysis, re-occlusion
is caused by excessive platelet activation, which makes the thrombi difficult to
lyse. In these situations, adjunctive use of thrombolytic agents with GPIIb/IIIa
inhibitors will prevent platelet activation and aggregation (5). Platelets bind to
the walls of the vessel by attachment at Ia or Ib receptors on the platelet sur-
face. Platelet-platelet binding is a result of interaction between GPIIb/IIIa
receptors involving the fibrinogen and vWF (6).

Gold et al. have demonstrated that the platelet Fab fragment of the murine
antibody 7E3-F(ab)2 to GPIIb/IIIa binds tightly to the GPIIb/IIIa receptor and
inhibits platelet aggregation (7). In the TAMI-8, a non-randomized multicen-
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ter pilot study, 60 patients with AMI were given Activase with varied abcix-
imab dosages of 0.1, 0.15, 0.20, and 0.25 mg/kg given at 3, 6, and 15 h after a
100-mg dose of Activase administered over a period of 3 h. Despite limitations
of the study being small and not blinded, the safety profile was similar in the
abciximab and control groups. However, in abciximab-treated patients, fewer
major bleeding events, decreased recurrent ischemic events, and better coro-
nary-artery patency, as evaluated by angiography, were observed.

An ongoing, double-blind, randomized, placebo-controlled, crossover trial
of abciximab alone or in combination with low-dose Activase is being carried
out in 26 patients with AMI. Each patient presented within 6 h of symptom onset
with ST-segment elevation. Patients were initially given aspirin and heparin,
and then randomized to receive either abciximab 0.25 mg/kg bolus or placebo
followed by an angiogram 60–90 min later. Patients were crossed over and given
the opposite treatment. A second angiogram was taken 10 min later. The results
of the second angiogram, in which patients received abciximab alone, showed
that eight patients had thrombolysis in myocardial infarction (TIMI) grade 0
flow, five patients had TIMI grade 1 flow, five patients had TIMI grade 2 flow,
and eight patients had TIMI grade 3 flow. The results of the angiogram in
patients who received Activase and placebo have not yet been reported (8).

Antman et al. also reported the results from the dose-finding and dose-
confirmation phases of the TIMI-14 trial, which evaluated the use of throm-
bolytic therapy in combination with abciximab in patients with AMI (9).

TNKase—a new, genetically engineered variant of t-PA—is produced by
recombinant DNA technology. TNKase is fibrin-specific. This fibrin specificity
decreases systemic activation of plasminogen and the resulting breakdown of the
circulating fibrinogen when compared to a molecule that lacks this feature. The
ASSENT-2 trial was a phase III, randomized, double-blind trial that compared
TNKase with Activase. Anticoagulants such as heparin and vitamin K antago-
nists, acetylsalicylic acid, dipyridamole, and GPIIb/IIIa inhibitors, may increase
the risk of bleeding if administered prior to, during, or after TNKase therapy.

Combination strategies of LMWH with GPIIb/IIIa inhibitor or LMWH with
a thrombolytic agent or thrombolytic agent with GPIIb/IIIa inhibitors may pro-
vide better approaches in the management of thrombosis or thromboembolic
complications (10,11). Orally available drugs with rapid onset of action and no
need for laboratory monitoring will be more suited for postsurgical prophylaxis
of patients undergoing major hip or knee replacement surgeries than the LMWH
or coumadin. A prodrug form of melagatran exhibits good bioavailability after
oral administration, and has undergone phase II clinical evaluation for pro-
phylaxis of thrombosis in orthopedic patients. For patients who develop venous
thromboembolism (VTE) without identifiable risk factors requiring long-term
oral anticoagulation, orally active drugs that target thrombin or factor Xa may
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show better outcomes. With the dawning of the genomic era, future drug devel-
opment and drug interactions that utilize microarray technology will go hand
in hand with the diagnosis of disease or drug interactions at the genetic or mol-
ecular level.

Although the development of new antithrombotic and new anticoagulant drugs
has been rather impressive, optimized use of aspirin, oral anticoagulants, and
heparin has added a new dimension in the management of thrombotic disorders.
Polytherapeutic approaches have been used to treat thrombotic disorders. The
development of synthetic pentasaccharides represents a validation of the target
specificity of heparins. Additional targets will be described in the near future, and
heparins will provide other drugs with biochemical and functional specificities.

Pentasaccharide has undergone various phase II and phase III trials (12–15),
and a recent publication has provided comparative evidence on the therapeutic
effectiveness of this drug (16). However, it should be emphasized that pen-
tasaccharide contains only one of the multiple pharmacological properties of
heparin. Such a selective approach may have narrower therapeutic implications;
however, in combination with other drugs this new antithrombotic oligosac-
charide may provide similar effects to those observed with aspirin/clopidogrel
combinations. The PENTATHLON study showed a rebound effect at 6.0 mg,
and the rate of thrombosis was higher than in the lowered dose of 3.0 mg/kg.
Furthermore, the bleeding was higher in the 3.0-mg dose in comparison to the
comparative group in which enoxaparin was used. The rebound thrombotic
effect is paradoxical, and may be explained on the basis of biochemical limi-
tations. The fact that pentasaccharide produced an increased bleeding in the
3.0-mg group as compared to the 30-mg bid groups treated with enoxaparin was
also an important consideration for the relatively higher rates of bleeding. An
arbitrary dose of 2.5 mg was chosen for the additional studies. This is remark-
able because there was no weight adjustment in these patients and with a sta-
tistical difference between 2.5 and 3.0 mg dose in a population with a weight
of 60–90 kg, it is difficult to demonstrate the physical differences. In renal com-
promise, the accumulation of pentasaccharide can be readily attained, and one
would expect a strong bleeding outcome. In the REMBRANDT trial, pen-
tasaccharide demonstrated no significant differences between the dosages of
7.5 and 10 mg. This may be because of the saturation of AT by pentasaccha-
ride. Interestingly, unlike the PENTATHLON study, in this study at a 10-mg
dose, no bleeding complications were observed. If the hemorrhagic threshold
of pentasaccharide is so low that a reduction of 0.5-mg dosage provides dif-
ferent results, then it may be more useful to adjust the dosage. Careful dosage
selection of pentasaccharide is warranted before it is used in any combination
therapy to avoid undesirable bleeding complications.
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Oral anticoagulant drugs such as warfarin also exert their therapeutic effects
by multiple mechanisms. These drugs are optimized for the management of
thrombotic and cardiovascular disorders using the INR and the dosage opti-
mization approaches. Oral heparin and oral antithrombin formulations are indi-
vidually developed as potential replacements for the oral anticoagulant agents.
The development of oral thrombin inhibitors and oral heparin formulations as
a potential replacement for oral anticoagulants are rather significant. These
drugs are currently in phase III clinical trials. However, marked variations in
the oral absorption, metabolic conversion, alterations in hepatic function, and
the absorption indices will markedly influence their bioavailability. It is diffi-
cult to predict whether these drugs will ever achieve therapeutic potential as
oral anticoagulants. Warfarin has a track record in multiple indications, with
an enormous clinical database. The apparent problems associated with warfarin
may also be observed with oral heparin and thrombin inhibitors. These oral
heparin and thrombin formulations have different degrees of bioavailabilities.
Since a specific antagonist is not available, caution should be exercised—espe-
cially when these agents are used in combination with other anticoagulants to
avoid uncontrolled bleeding complications. Careful calibration of dosages is
warranted before any attempt to combine these oral formulations with other anti-
coagulant agents.

The current trend in the reperfusion therapy for AMI involves the use of fib-
rinolytic therapy in combination with more effective antithrombotic therapy to
enhance early coronary patency and myocardial perfusion and to prevent reoc-
clusion (17). The GUSTO V, ASSENT-3, and HERO-2 trials have shown that
more effective antiplatelet and/or anticoagulant therapies can reduce myocar-
dial infarction (MI) rates by more than 20% (18–20). Benefits of the adjunc-
tive use of GPIIb/IIIa and coronary intervention have been demonstrated (21).

2. Combination Fibrinolytic and GPIIb/IIIa Inhibitor Therapy
Inhibition of the final common pathway of platelet aggregation is important,

especially when these GPIIb/IIIa inhibitors are combined with fibrinolytic ther-
apy. Initial results of Phase II angiographic studies, with half-dose t-PA (9),
reteplase (22,23), or tenecteplase (24–26) when combined with either abcix-
imab (9,23–25), eptifibatide (25,27), or tirofiban (26) markedly improved
infarct artery TIMI grade 3 flow (9,22,27). These results were less consistent
in confirmation phases (27), and were found to be less evident in later studies
(23–25). Combination fibrinolytic and GPIIb/IIIa inhibitor showed greater
extent of ST-segment resolution, as observed in most of the trials (9,24). This
demonstrates the importance of platelet involvement in microvascular occlu-
sion after fibrinolysis (28) and better early ST-segment resolution and improved
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myocardial perfusion and survival because of combination fibrinolytic and
more potent antiplatelet therapy (29).

The GUSTO V trial of 16,000 patients found no significant improvement in
survival with half-dose reteplase and abciximab; however, the trial did demon-
strate non-inferiority to reteplase alone (18). The secondary benefits of com-
bination therapy included a lower rate of reinfarction (2.3% vs 3.5%) and less
need for urgent coronary intervention. Although intracranial hemorrhages were
the same at 0.6%, higher rates of ICH were observed in patients >75 yr of age.
Thus, half-dose reteplase or tenecteplase combined with abciximab is an effec-
tive combination in young patients. A combination strategy of GPIIb/IIIa
inhibitors with reduced-dose fibrinolytic therapy before acute angioplasty, or
“facilitated angioplasty,” needs to be tested. A combination strategy of half-dose
reteplase and abciximab followed by early angioplasty is safe, with good clin-
ical outcomes (30). Randomized clinical trials involving the strategies of ear-
liest combination pharmacologic reperfusion therapy combined with coronary
intervention are now in progress.

3. Combination Fibrinolytic and LMWH Therapy
LMWHs in combination with fibrinolytic therapy have been evaluated in five

randomized clinical trials (24,31–34).

1. The HART-2 study: The strategy of enoxaparin or unfractionated heparin (UFH)
with t-PA was compared, and it was found that enoxaparin was at least as effec-
tive as UFH as an adjunct to t-PA, with higher recanalization rates and less occlu-
sion at 5–7 d (31).

2. The ENTIRE study: This study compared enoxaprin to UFH, and full-dose to half-
dose tenecteplase with abciximab in a factorial design (24). Enoxaparin showed
similar TIMI 3 flow rates, and showed an advantage over UFH in regard to the
ischemic events during a period of 30 d.

3. The ASSENT-PLUS study: This study compared dalteparin to UFH with t-PA (32).
4. The AMI-SK trial: This trial compared enoxaparin vs placebo with streptokinase,

and demonstrated better coronary-artery patency at 8 d and reduced rates of infarc-
tion and recurrent ischemia with enoxaparin (33).

5. The ASSENT-3 trial: This trial evaluated the efficacy and safety of tenecteplase
in combination with enoxaparin, abciximab, or UFH in 6000 patients. Enoxaparin
significantly reduced, from 15.4 to 11.4%, the primary efficacy composite end
points of death, reinfarction, and recurrent ischemia.

3.1. Ongoing Trials

1. The ASSENT-3 PLUS study:Approximately 1600 patients treated with tenecteplase
are being randomized to enoxaparin vs UFH in the prehospital setting.
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2. The EXTRACT trial: Approximately 21,000 patients will be evaluated to com-
pare enoxaparin vs UFH with a fibrinolytic agent of the investigator’s choice to
evaluate death and reinfarction in a more definitive manner.

4. Combination Fibrinolytic and Direct Thrombin Inhibitor Therapy
Over 36,000 patients with AMI treated with direct thrombin inhibitors in 11

randomized clinical trials showed a 15% relative reduction (p = 0.001) in the
composite end points of death and MI at the end of treatment (35). The first
AMI trial designed to evaluate mortality with a direct thrombin inhibitor—
bivalirudin compared to heparin in patients treated with streptokinase—was the
HERO-2 trial, which demonstrated no effect on mortality, but one-quarter
reduction in reinfarction from 2.3% to 1.6% at 4 d (p = 0.001), with a minor
increase in the risk of bleeding complications.

5. Experimental Evidence for the Interactions Between 
Antiplatelets and Anticoagulant Using Thrombelastography
5.1. Thrombelastography (TEG)

TEG has been used in various hospital settings since its development by
Hartert in 1948 and others. The principle of TEG is based on the measurement
of the physical viscoelastic characteristics of blood clots. Clot formation is mon-
itored at 37°C in an oscillating plastic cylindrical cuvet (“cup”) and a coaxi-
ally suspended stationary piston (“pin”) with a 1-mm clearance between the
surfaces. The cup oscillates in either direction every 4.5 s with a 1-s mid-cycle
stationary period, resulting in a frequency of 0.1 Hz. The pin is suspended by
a torsion wire that acts as a torque transducer. During clot formation, fibrin fib-
rils physically link the cup to the pin, and the rotation of the cup is transmitted
to the pin via the viscoelasticity of the clot, is displayed on-line using an IBM-
compatible personal computer and customized software (Haemoscope Corp.,
Skokie, IL). The torque experienced by the pin is plotted as a function of time,
as shown by the different TEG clot parameters.

The following TEG parameters were monitored:
r: The period of time of latency from the time that the blood was placed in

the TEG® until the initial fibrin formation. R-time is prolonged by anticoagu-
lants and is shortened by hypercoagulable states.

K: K-time is a measure of the speed needed to reach a certain level (20 mm)
of clot strength. K and α both measure similar information, and both are affected
by the availability of fibrinogen, which determines the rate of clot buildup; in
the presence of factor XIII, which enables crosslinking of fibrin to form a
stable clot; and to a lesser extent, by platelets.
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α: Measures the rapidity (kinetics) of fibrin buildup and crosslinking, that
is the speed of clot strengthening. α is decreased by anticoagulants that affect
fibrinogen and platelet function.

MA (maximum amplitude): A direct function of the maximum dynamic
properties of fibrin and platelet bonding, which represents the ultimate strength
of the platelet/fibrin clot. Maximum Amplitude (MA, in mm), is the peak rigid-
ity manifested by the clot at 45–90 min.

5.2. Blood Sampling

Whole blood can be collected into siliconized Vacutainer tubes (Becton-
Dickinson, Rutherford, NJ) containing 3.2% trisodium citrate, so that a ratio
of citrate to whole blood of 1�9 (v/v) is maintained. TEG was performed within
3 h of blood collection on a slow-speed rocker.

Two different conditions can be used for blood collection and induction of
clot formation. These include the following: i) Calcium was added back at an
average of 2.25 mM concentration followed by the addition of tissue factor (TF)
(25 ng/cup) for the in vitro studies. This CaCl2 concentration showed only a
minimal effect on clot formation and clot strength. ii) Recalcification by adding
10 mM calcium resulted in a similar peak MA. The in vitro effects of GPIIb/IIIa
antagonists, anticoagulants such as heparin or LMWH, or a combination of both
at sub-effective levels on platelet/fibrin clot dynamics were examined.

LMWHs are shown to act at multiple sites, including inhibition of factor Xa,
inhibition of thrombin, and via the increase in cellular release of tissue-factor
pathway inhibitor (TFPI). Platelet GPIIb/IIIa blockade represents the common
pathway for platelet aggregation. The present study was undertaken to deter-
mine the interactions between the LMWH tinzaparin and various platelet
GPIIb/IIIa antagonists, including abciximab, integrilin, tirofiban, or roxifiban,
on TF-induced platelet fibrin-clot strength (PFCS). Computerized thrombelas-
tography (TEG) was used to determine the ability of platelets and fibrin to aug-
ment human blood clot formation and strength under conditions of maximal
platelet activation accelerated by TF in human blood. The effect of sub-
effective concentrations of tinzaparin (20–30% PFCS inhibition) on the
dose-response of the GPIIb/IIIa antagonists and vice versa was examined.
Additionally, studies in dogs given sub-effective subcutaneous (sc) doses of rox-
ifiban (0.1 mg/kg), tinzaparin (100 IU/kg), or combinations of both on ex vivo
clot retraction induced by TF using TEG were determined. Under these condi-
tions, platelets significantly enhance clot strength eightfold relative to platelet-
free fibrin clots. Abciximab and roxifiban effectively inhibited this enhancement
of clot strength. In contrast, integrilin or tirofiban were much less effective. The
combination of sub-effective tinzaparin and roxifiban or abciximab resulted in
distinct synergy in improving the antiplatelet and anticoagulant effect mediated
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by TF. Similar synergistic interactions were demonstrated after sc administra-
tion of roxifiban and tinzaparin at reduced doses in dogs. The in vitro dose-
response relationship of PFCS using TF-TEG at reduced levels of tinzaparin
with clinically achievable levels of tirofiban or integrilin significantly inhib-
ited PFCS. These data suggest the potential of low-dose tinzaparin with either
low-dose GPIIb/IIIa antagonists (abciximab or roxifiban) or with full-dose
GPIIb/IIIa antagonists (integrilin or tirofiban) in the prevention and treatment
of various thromboembolic disorders. The effect of tinzaparin on inhibition of
platelet/fibrin clot are given in Table 1.

5.3. Need for Heparin

Results from PRISM, PRISM-PLUS, and PURSUIT suggest an important
role for concomitant heparin in trials with intravenous (iv) GPIIb/IIIa inhibitors.
Greater clinical benefit was shown in the patients who received the IIb/IIIa
inhibitor plus heparin as compared to the IIb/IIIa inhibitor alone. These data
suggested the potential benefit of heparin. Recent studies from our laboratory
demonstrated a synergistic effect of heparin with class II GPIIb/IIIa antagonists
in inhibiting platelet/fibrin clot dynamics. Additionally, heparin plus class I
demonstrated additive effects in inhibiting clot dynamics.

Similar synergistic interactions were demonstrated between GPIIb/IIIa
antagonists and thrombolytics, based on this in vitro model and based on exper-
imental in vivo models of thrombosis as well as clinical investigations.
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Evaluation of Platelet Antagonists in In Vitro 
Flow Models of Thrombosis

Owen J. T. McCarty, James P. Abulencia, Shaker A. Mousa,
and Konstantinos Konstantopoulos

1. Introduction
Intravascular thrombosis is one of the most frequent pathological events that

affects mankind, and a major cause of morbidity and mortality in developed
countries. There is abundant evidence suggesting that platelets play a pivotal
role in the pathogenesis of arterial thrombotic disorders, including unstable
angina (UA), myocardial infarction (MI), and stroke (1–3). The underlying
pathophysiological mechanism of these processes has been recognized as the
disruption or erosion of a vulnerable atherosclerotic plaque, leading to local
platelet adhesion and subsequent formation of partially or completely occlu-
sive platelet thrombi.

The specific platelet-surface receptors that support these initial adhesive
interactions are determined by the local fluid dynamic conditions of the vas-
culature and the extracellular matrix (ECM) constituents exposed at the sites
of vascular injury (4). Under high shear conditions, the adhesion of platelets to
exposed subendothelial surfaces of atherosclerotic or injured vessels present-
ing collagen and von Willebrand’s factor is primarily mediated by the platelet
glycoprotein (GP)Ib/IX/V complex (4,5). This primary adhesion to the matrix
activates platelets, ultimately leading to platelet aggregation-mediated pre-
dominantly by the binding of adhesive proteins such as fibrinogen and vWF to
GPIIb/IIIa (4,5). In addition, direct platelet aggregation in the bulk phase under
conditions of abnormally elevated fluid shear stresses, analogous to those occur-
ring in atherosclerotic or constricted arterial vessels (6), may be important.
Shear-induced platelet aggregation is dependent upon the availability of vWF
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and the presence of both GPIb/IX and GPIIb/IIIa on the platelet membrane. It
has been postulated that at high shear stress conditions, the interaction of vWF
with the GPIb/IX complex is the initial event that triggers platelet activation,
as well as the binding of vWF to GPIIb/IIIa to induce platelet aggregate for-
mation (4).

Several studies have identified the pivotal role of GPIIb/IIIa in arterial throm-
bosis. Thus, this platelet integrin receptor has emerged as a rational therapeu-
tic target in the management of acute coronary syndromes (ACS). The first
platelet GPIIb/IIIa antagonist developed was abciximab, a chimeric Fab frag-
ment of the monoclonal antibody (mAb) 7E3 (7). Various large-scale clinical
trials have demonstrated the efficacy of abciximab against major ischemic
events in patients undergoing percutaneous coronary interventions (reviewed
in 8). Additionally, studies with the small-molecule GPIIb/IIIa antago-
nists eptifibatide and tirofiban have illustrated the clinical benefits of intra-
venous (iv) use of specific GPIIb/IIIa inhibitors in patients with ACS (8).
However, clinical development programs with orally active, rapidly reversible
GPIIb/IIIa antagonists including xemilofiban (EXCITE), orbofiban (OPUS) and
sibrafiban (SYMPHONY) were halted because of lack of efficacy, and perhaps
increased thrombotic events (9). The lack of clinical benefit for the oral agents
is puzzling, and may be partially attributed to under-dosing. GPIIb/IIIa antag-
onists, when administered at suboptimal levels, may transiently bind to the
platelet receptor and induce conformational changes, which then allow fib-
rinogen binding to occur after the drug dissociates from the receptor (10).
Along these lines, it was recently shown that oral administration of orbofiban
enhanced platelet reactivity, as determined by increased fibrinogen binding to
the platelet surface and elevated P-selectin expression levels (11). Therefore,
ex vivo monitoring must reflect the actual in vivo antiplatelet efficacy in order
to optimize therapeutic dose regimens, and thus achieve clinical benefit.

A variety of methods have been utilized to evaluate the ex vivo and/or in vitro
efficacy of platelet antagonists, including photometric aggregometry, whole
blood electrical aggregometry, and particle counter methods. In photometric
aggregometry, a sample is placed in a stirred cuvet in the optical light path
between a light source and a light detector. Aggregate formation is monitored
by a decrease in turbidity, and the extent of aggregation is measured as a per-
centage of maximal light transmission. The major disadvantage of this technique
is that it cannot be applied in whole blood, since the presence of erythrocytes
interferes with the optical responses. Furthermore, it is insensitive to the for-
mation of small aggregates (12). Particle counters are used to quantitate the size
and the number of particles suspended in an electrolyte solution by monitor-
ing the electrical current between two electrodes immersed in the solution.
Aggregation in this system is quantitated by counting the platelets before and
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after stimulation, and is usually expressed as a percentage of the initial count
(13,14). However, the disadvantage of this technique is that it cannot distinguish
platelets and platelet aggregates from other blood cells of the same size. Thus,
one is limited to counting only a fraction of single platelets, as well as aggre-
gates that are much larger than erythrocytes and leukocytes (14). The technique
of electrical aggregometry allows the detection of platelet aggregates as they
attach to electrodes that are immersed in a stirred cuvet of whole blood or
platelet suspensions. Such an attachment results in a decrease in conductance
between the two electrodes that can be quantitated in units of electrical resis-
tance. However, one disadvantage of this method is that it is not sensitive in the
detection of small aggregates (15).

This chapter discusses two complementary in vitro flow models of throm-
bosis that can be used to accurately quantify platelet aggregation in anticoag-
ulated whole blood specimens, and to evaluate the inhibitory efficacy of platelet
antagonists. i) A viscometric-flow cytometric assay to measure direct shear-
induced platelet aggregation in the bulk phase (16–19); and ii) a parallel-plate
perfusion chamber coupled with a computerized videomicroscopy system to
quantify the adhesion and subsequent aggregation of human platelets in anti-
coagulated whole blood flowing over an immobilized substrate (e.g., collagen I)
(19–21). Furthermore, a third in vitro flow assay is described in which surface-
anchored platelets are pre-incubated with a GPIIb/IIIa antagonist, and unbound
drug is washed away prior to the perfusion of THP-1 monocytic cells, thereby
enabling us to distinguish agents with markedly distinct affinities and receptor-
bound lifetimes (19,21).

2. Materials
1. Anticoagulant solution (sodium citrate, porcine heparin, PPACK).
2. Fluorescently labeled platelet-specific antibody.
3. Dulbecco’s phosphate-buffered saline (D-PBS) (with and without Ca2+/Mg2+).
4. Formaldehyde.
5. Type I collagen, from bovine Achille’s tendon.
6. 0.5 mol/L glacial acetic acid in water.
7. Glass cover slips (24 × 50 mm; Corning; Corning, NY).
8. Silicone sheeting (gasket) (0.005-in or 0.010-in thickness; Specialty

Manufacturing Inc., Saginaw, MI).
9. Quinacrine dihydrochloride.

10. Prostaglandin E1 (PGE1) and EGTA.
11. Thrombin.
12. Bovine serum albumin (BSA).
13. N-2-hydroxyethylpiperazine N′2-ethane sulfonic acid (HEPES)-Tyrode buffer

(129 mM NaCl, 9.9 mM NaHCO3, 2.8 mM KCl, 0.8 mM K2PO4, 0.8 MgCl2•6H2O,
1 mM CaCl2, 10 mM HEPES, 5.6 mM dextrose).
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14. 3-aminopropyltriethoxysilane (APES).
15. Acetone.
16. 70% nitric acid in water.
17. THP-1 monocytic cells.
18. Platelet antagonists such as abciximab.

3. Methods
The methods described here outline three dynamic adhesion/aggregation

assays used to evaluate the in vitro and/or ex vivo efficacy of platelet antago-
nists: (i) a viscometric-flow cytometric assay to measure shear-induced platelet-
platelet aggregation in the bulk phase, (ii) a perfusion chamber coupled with a
computerized videomicroscopy system to visualize in real time and quantify
(iia) the adhesion and subsequent aggregation of platelets flowing over an
immobilized substrate (e.g., extracellular matrix [ECM] protein) and (iib) free-
flowing monocytic cell adhesion to immobilized platelets.

3.1. Isolation of Human Platelets

The steps described in Subheading 3.1.1.–3.1.3. outline the procedure for
isolation and purification of platelets from whole blood obtained by venipunc-
ture from human volunteers.

3.1.1. Venous Blood Collection

Obtain blood sample by venipuncture from an antecubital vein into
polypropylene syringes containing either sodium citrate (0.38% final concen-
tration) or heparin (10 U/mL final concentration) (19).

3.1.2. Preparation of Platelet-Rich Plasma

Centrifuge anticoagulated whole blood at 160g for 15 min to prepare platelet-
rich plasma (PRP) (see Note 1).

3.1.3. Isolation of Washed Platelets

1. PRP specimens are subjected to a further centrifugation (1,100g for 15 min) in
the presence of 2 µM PGE1 (22).

2. The platelet pellet is resuspended in HEPES-Tyrode buffer containing 5 mM
EGTA and 2 µM PGE1 (22).

3. Platelets are then were washed via centrifugation (1,100g for 10 min) and resus-
pended at 2 × 108/mL in HEPES-Tyrode buffer (22), and kept at room tempera-
ture for no longer than 4 h before use in aggregation/adhesion assays.

3.2. Viscometric-Flow Cytometric Methodology

The cone-and-plate viscometer is an in vitro flow model used to investigate
the effects of bulk fluid shear stress on suspended cells. Anticoagulated whole
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blood specimens (or isolated cell suspensions) are placed between the two
platens (both of stainless steel) of the viscometer. Rotation of the upper coni-
cal platen causes a well-defined and uniform shearing stress to be applied to
the entire fluid medium (4). The shear rate (γ) in this system can be readily cal-
culated from the cone angle and the speed of the cone using the formula:

2 πωγ = —— (1)
60θcp

where γ is the shear rate in s–1, ω is the cone rotational rate in revolutions per
min (rev/min) and θcp is the cone angle in radians. The latter is typically in the
range of 0.3 to 1.0o. The shear stress, τ, is proportional to shear rate, γ, as shown
by: τ = µ × γ, where µ is the viscosity of the cell suspension (the viscosity of
anticoagulated whole blood is ~0.04 cp at 37°C). This type of rotational vis-
cometer is capable of generating shear stresses from ~2 dyn/cm2 (venous level)
to greater than 200 dyn/cm2 (stenotic arteries) (see Note 2).

Single platelets and platelet aggregates generated upon shear exposure of
blood specimens are differentiated from other blood cells on the basis of their
characteristic forward-scatter and fluorescence (by the use of fluorophore-
conjugated platelet specific-antibodies) profiles by flow cytometry (17,18).
This technique requires no washing or centrifugation steps that may induce arte-
factual platelet activation, and allows the study of platelet function in the pres-
ence of other blood elements. The steps described in this section outline the
procedure used to quantify platelet aggregation induced by shear stress in the
bulk phase as well as the inhibitory effects of platelet antagonists (16,19).

1. Incubate anticoagulated whole blood with platelet antagonist or vehicle (control)
at 37°C for 10 min.

2. Place a blood specimen (typically ~500 µL) on the stationary platen of a cone-
and-plate viscometer maintained at 37°C.

3. Take a small aliquot (~3 µL) from the pre-sheared blood sample (see Note 3),
fix it with 1% formaldehyde in D-PBS (~30 µL), and process it as outlined in
steps 6–8.

4. Expose the blood specimen, in the presence or absence of a platelet antagonist,
to well-defined shear levels (typically 4000 s–1 to induce significant platelet
aggregation in the absence of a platelet antagonist) for prescribed periods of time
(typically 30–60 s).

5. Take a small aliquot (3 µL) from the sheared blood specimen, and immediately
fix it with 1% formaldehyde in D-PBS (~30 µL).

6. Incubate the fixed blood samples with a saturating concentration of a fluorescently
labeled platelet-specific antibody, such as anti-GPIb(6D1)-fluorescein isothio-
cyanate (FITC), for 30 min in the dark.

7. Dilute specimens with 2 mL of 1% formaldehyde, and analyze them by flow
cytometry.
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8. Flow-cytometric analysis is used to distinguish platelets from other blood cells
on the basis of their characteristic forward scatter and fluorescence profiles, as
shown in Fig. 1. Data acquisition is then carried out on each sample for a set period
(usually 100 s), thereby allowing equal volumes for both the pre-sheared and
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Fig. 1. Quantification of shear-induced platelet aggregation by flow cytometry. (A)
corresponds to an unsheared blood specimen. (B) corresponds to a blood specimen that
has been subjected to a pathologically high level of shear stress for 30 s. As can be seen
in the Figure, there are three distinct cell populations. The upper population consists
of platelets and platelet aggregates. The “rbcs-plts” population corresponds to platelets
associated with erythrocytes and leukocytes (see Note 4). The “wbcs” population con-
sists of some leukocytes that have elevated levels of FITC autofluorescence. The left
vertical line separates single platelets (≤4.5 µm in diameter) from platelet aggregates,
whereas the right vertical line separates “small” from “large” platelet aggregates. The
latter were defined to be larger than 10 µm in equivalent sphere diameter. Reproduced
from Thrombosis and Haemostasis (1995) 74(5), 1329–1334, by copyright permission
of the Schattauer GmbH (17).
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sheared specimens to be achieved. As a result, the percent platelet aggregation can
be determined by the disappearance of single platelets into the platelet aggregate
region using the formula:

% platelet aggregation = (1– Ns/Nc) × 100 (2)

where Ns represents the single-platelet population of the sheared specimen and
Nc represents the single-platelet population of the pre-sheared specimen. By com-
paring the extents of platelet aggregation in the presence and absence of a platelet
antagonist, its antiplatelet efficacy can be readily determined.

3.3. Platelet Adhesion and Subsequent Aggregation 
onto Collagen I Under Dynamic Flow Conditions

The steps described in Subheadings 3.3.1. and 3.3.2. outline an in vitro flow
model of platelet thrombus formation that can be used to evaluate the ex vivo
and/or in vitro efficacy of platelet antagonists. In vivo, thrombus formation may
be initiated by platelet adhesion from rapidly flowing blood onto exposed
subendothelial surfaces of injured vessels containing collagen and vWF, with
subsequent platelet activation and aggregation. The use of a parallel-plate flow
chamber provides a controlled and well-defined flow environment based on the
chamber geometry and the flow rate through the chamber (4). The wall shear
stress, τw, assuming a Newtonian and incompressible fluid, can be calculated
using the formula:

6 µQτw = —— (3)
wh2

where Q is the volumetric flow rate, µ is the viscosity of the flowing fluid, h is
the channel height, and b is the channel width. A flow chamber typically con-
sists of a transparent polycarbonate block, a gasket whose thickness deter-
mines the channel depth, and a glass cover slip coated with an ECM protein
such as type I fibrillar collagen. The apparatus is held together by vacuum. Shear
stress is generated by flowing fluid (e.g., anticoagulated whole blood or iso-
lated cell suspensions) through the chamber over the immobilized substrate
under controlled kinematic conditions using a syringe pump. Combining the
parallel-plate flow chamber with a computerized epifluorescence videomi-
croscopy system enables us to visualize in real time and separately quantify the
adhesion and subsequent aggregation of human platelets in anticoagulated
whole blood (or isolated platelet suspensions) flowing over an immobilized sub-
strate (19–21).

3.3.1. Preparation of Collagen-Coated Surfaces

1. Dissolve 500 mg collagen type I from bovine Achille’s tendon into 200 mL of
0.5 mol/L acetic acid in water, pH 2.8.
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2. Homogenize for 3 h.
3. Centrifuge the homogenate at 200g for 10 min, collect supernatant, and measure

collagen concentration by a modified Lowry analysis (23).
4. Coat glass cover slips with 200 µL of fibrillar collagen I suspension on all but first

10 mm of the slide length (coated area = 12.7 × 23), and place in a humid envi-
ronment at 37°C for 45 min.

5. Rinse excess collagen with 10 mL of D-PBS maintained at 37°C before assem-
bly into the flow chamber (see Note 5).

3.3.2. Platelet Perfusion Studies

1. Add the fluorescent dye quinacrine dihydrochloride to anticoagulated whole blood
samples at a final concentration of 10 µM immediately after blood collection.

2. Prior to the perfusion experiment, incubate blood with either a platelet antagonist
or vehicle (control) at 37°C for 10 min.

3. Perfuse anticoagulated whole blood through the flow chamber for 1 min at wall
shear rates ranging from 100 s–1 (typical of venous circulation) to 1500 s–1 (mim-
icking partially constricted arteries) for prescribed periods of time (e.g., 1 min).
Platelet-substrate interactions are monitored in real time using an inverted micro-
scope equipped with an epifluorescent illumination attachment and silicon-
intensified target video camera, and recorded on videotape (see Note 6). The
microscope stage and flow chamber are maintained at 37°C by an incubator heat-
ing module and incubator enclosure during the experiment.

4. Videotaped images are digitized and computer-analyzed at 5, 15, and 60 s for each
perfusion experiment. The number of adherent individual platelets in the micro-
scopic field of view during the initial 15 s of flow is determined by image pro-
cessing and used as the measurement of platelet adhesion that initiates platelet
thrombus formation. The number of platelets in each individual thrombus is cal-
culated as the total thrombus intensity (area × fluorescence intensity) divided
by the average intensity of single platelets determined in the 5-s images (see Note
7). By comparing the extents of platelet aggregation in the presence and absence
of a platelet antagonist, its antiplatelet efficacy can be determined (Fig. 2). Along
these lines, any potential inhibitory effects of a platelet antagonist on platelet adhe-
sion can be readily evaluated.

3.4. Cell Adhesion to Immobilized Platelets Using 
a Parallel-Plate Flow Chamber

The steps described in Subheadings 3.4.1.–3.4.3. outline an in vitro flow
assay to distinguish agents with markedly distinct affinities and off-rates. In this
assay, immobilized platelets are pretreated with a GPIIb/IIIa antagonist, and any
unbound drug is washed away before the perfusion of monocytic THP-1 cells.
We have demonstrated that agents with slow platelet off-rates such as XV454
(τ1/2 of dissociation = 110 min; Kd = 1 nm) and abciximab (τ1/2 of dissociation
= 40 min; Kd = 9.0 nm) (19) that are distributed predominantly as receptor-
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bound entities with little unbound in the plasma, can effectively block these
heterotypic interactions (19,21). In contrast, agents with relatively fast
platelet dissociation rates such as orbofiban (τ1/2 of dissociation = 0.2 min;
Kd >110 nm), whose antiplatelet efficacy depends on the plasma concentration
of the active drug, do not exhibit any inhibitory effects (19,21).

3.4.1. Preparation of 3-Aminopropyltriethoxysilane Treated Glass Slides

1. Soak glass cover slips overnight in 70% nitric acid.
2. Wash cover slips with tap water for 4 h.
3. Dry cover slips by washing once with acetone, followed by immersion in a 4%

solution of APES in acetone for 2 min.
4. Repeat step 3, followed by a final rinse of the glass coverslips with acetone.
5. Wash cover slips 3× with water, and allow them to dry overnight.

3.4.2. Immobilization of Platelets on 3-Aminopropyltriethoxysilane 
Treated Glass Slides

1. Layer washed platelets or PRP (2 × 108 cells/mL) on the surface of a cover slip at
30 µL/cm2.

2. Allow platelets to bind to APES-treated cover slip in a humid environment at 37°C
for 30 min.
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Fig. 2. Three-dimensional computer-generated representation of platelet adhesion
and subsequent aggregation on collagen I/von Willebrand factor from normal
heparinized blood perfused in the absence (control) or presence of a GPIIb/IIIa antag-
onist (XV454) at 37°C for 1 min at 1,500 s–1. Reproduced from Arterioscl. Thromb. B.
Vasc. Biol. (2001) 21, 149–156 by copyright permission of Lippincott, Williams, &
Wilkins (19).
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3.4.3. Monocytic THP-1 Cell-Platelet Adhesion Assay

1. Assemble the platelet-coated cover slip on a parallel-plate flow chamber that is
then mounted on the stage of an inverted microscope equipped with a CCD camera
connected to a VCR and TV monitor.

2. Perfuse the antiplatelet antagonist at the desirable concentration or vehicle (con-
trol) over surface-bound platelets, and incubate for 10 min. The extent of platelet
activation can be further modulated by the presence of chemical agonists such as
thrombin (0.02–2 U/mL) during the 10-min incubation. The microscope stage and
flow chamber are maintained at 37°C by an incubator heating module and incu-
bator enclosure during the experiment.

3. In some experiments, unbound platelet antagonist is removed by a brief washing
step (4 min) prior to the perfusion of the cells of interest over the platelet layer.
In others, the desirable concentration of the platelet antagonist is continuously
maintained in the perfusion buffer during the entire course of the experiment.

4. Perfuse cells (e.g., THP-1 monocytic cells, leukocytes, tumor cells, protein-coated
beads, etc.) over surface-bound platelets, either in the presence or absence of a
platelet antagonist at the desirable flow rate for prescribed periods of time. THP-
1 cell binding to immobilized platelets is monitored in real time, and recorded on
videotape (Fig. 3).

5. Determine the extent of THP-1 cell tethering, rolling, and stationary adhesion to
immobilized platelets as well as the average velocity of rolling THP-1 cells (see
Note 8). By comparing the corresponding extents of THP-1 cell tethering, rolling,
and stationary adhesion to immobilized platelets in the presence and absence of
a platelet antagonist, its antiplatelet efficacy can be determined (19,21).

4. Notes
1. Low-speed centrifugation results in the separation of platelets (top layer) from

larger and more dense cells such as leukocytes and erythrocytes (bottom layer).
To minimize leukocyte contamination in PRP specimens, slowly aspirate the
uppermost two-thirds of the platelet layer. Furthermore, certain rare platelet dis-
orders, such as Bernard-Soulier syndrome (BSS), are characterized by larger than
normal platelets that must therefore be isolated by allowing whole blood to grav-
ity separate for 2 h post-venipuncture.

2. The mechanical force most relevant to platelet-mediated thrombosis is shear
stress. The normal time-averaged levels of venous and arterial shear stresses range
between 1 and 5 dyn/cm2 and 6–40 dyn/cm2, respectively. However, fluid shear
stress may reach levels well over 200 dyn/cm2 in small arteries and arterioles par-
tially obstructed by atherosclerosis or vascular spasm. The cone-and-plate vis-
cometer and parallel-plate flow chamber are two of the most common devices used
to simulate fluid mechanical shearing stress conditions in blood vessels (4).

3. Because of the large concentration of platelets and erythrocytes in whole blood,
small aliquots (~3 µL) of pre-sheared and post-sheared specimens must be
obtained and processed prior to the flow cytometric analysis. This will minimize
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an artifact produced as a platelet and an erythrocyte pass through the light beam
of a flow cytometer at the same time (18).

4. The “rbcs-plts” population represents 3–5% of the displayed cells. A small frac-
tion (~5%) of this population seems to be leukocyte-platelet aggregates as evi-
denced by the use of an anti-CD45 monoclonal antibody (18). The remaining
events correspond to erythrocytes associated with platelets. However, it appears
that the majority of the latter population is an artifact generated by the simulta-
neous passage of a platelet and an erythrocyte through the beam of a flow cytome-
ter. This concept is corroborated by the fact that further dilution of pre-sheared
and sheared blood specimens and/or reduction of the sample flow rate during the
flow cytometric analysis results in a dramatic relative decrease of the “rbcs-plts”
population (18).

5. The collagen density remaining on glass cover slips after D-PBS rinsing can be
measured by the difference in weight of 20 clean uncoated slides vs 20 collagen-
treated slides (24).

6. Experiments are optimally monitored ~100–200 µm downstream from the collagen/
glass interface using a 60X FLUOR objective and 1X projection lens, which gives
a 3.2 × 104 µm2 field of view (19,21). A field of view closer to the interface may
lead to non-reproducible results because of variations in the collagen layering in
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Fig. 3. Phase-contrast photomicrograph of THP-1 cells (phase bright objects)
attached to a layer of thrombin-treated platelets (phase dark objects) after THP-1 cell
perfusion for 3 min at a shear stress level of 1.5 dyn/cm2.
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that region. In contrast, positions farther downstream are avoided in order to min-
imize the effects of upstream platelet adhesion, and subsequent aggregation on
both the fluid dynamic environment as well as bulk platelet concentration.

7. The digitization of a background image (at the onset of perfusion prior to platelet
adhesion to the collagen I surface) and its subtraction from a subsequent image
acquired 5-s after an initial platelet adhesion event allows the determination of
the fluorescence intensity emitted by a single platelet. The intensity level of each
single platelet is measured as a mean gray level between 0 (black) and 255 (white)
through the use of an image-processing software (e.g., OPTIMAS; Agris-Schoen
Vision Systems, Alexandria, VA), and is multiplied by its corresponding area
(total number of pixels covered by each single platelet). The aforementioned
products are then averaged for all single-platelet events detected at the 5-s time-
point, thus enabling us to calculate the average intensity of single platelets.

8. A single field of view (10X; 0.55 mm2) is monitored during the 3-min period of
the experiment, and at the end five additional fields of view (0.55 mm2) are mon-
itored for 15 s each (21). The following parameters can be quantified: i) the
number of total interacting cells per mm2 during the entire 3-min perfusion exper-
iment; ii) the number of stationary interacting cells per mm2 after 3 min of shear
flow; iii) the percentage of total interacting cells that are stationary after 3 min of
shear flow; and iv) the average rolling velocity (µm/s) of interacting cells. The
number of interacting cells per mm2 is determined manually by reviewing the
videotapes. Stationary interacting cells per mm2 are considered as those that move
<1-cell radius within 10 s at the end of the 3-min attachment assay. To quantify
their number, images can be digitized from a videotape recorder using an imag-
ing software package (e.g., OPTIMAS). Rolling velocities can be computed as the
distance traveled by the centroid of the rolling THP-1 cell divided by the time inter-
val using image processing.
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Heparin and Low Molecular Weight Heparin 
in Thrombosis, Cancer, and Inflammatory Diseases

Shaker A. Mousa

1. Introduction
Despite the research and development efforts in newer anticoagulants,

unfractionated heparin (UFH) and low molecular weight heparin (LMWH)
will continue to play a pivotal role in the management of thrombotic disorders.
Although bleeding and heparin-induced thrombocytopenia (HIT) represent
major side effects of this drug, it has remained the anticoagulant of choice for
the prophylaxis and treatment of arterial and venous thrombotic disorders, sur-
gical anticoagulation, and interventional usage. It is the understanding of the
structure of heparin that led to the development of LMWHs, synthetic hepari-
nomimetics, antithrombin (AT), and anti-Xa agents.

In recent years, clinical data and studies have clarified both the potential and
the shortcomings of anticoagulant therapy in the prevention and treatment of
thromboembolic disorders. The discovery and introduction of heparin deriva-
tives such as LMWHs have enhanced the clinical options for the management
of thromboembolic disorders while enhancing the safety of therapy. In the
United States LMWHs are currently approved for the prophylaxis and treatment
of deep venous thrombosis (DVT). LMWH uses are also being expanded for
additional indications for the management of unstable angina and non Q-wave
myocardial infarction (MI) (1–4). In addition to the approved uses, LMWHs
are currently being tested for several newer indications. Because they are
polypharmacological agents, these drugs are expected to find uses in several
other clinical indications such as inflammatory diseases and cancer. Additional
pharmacological studies and well-designed clinical trials in which various phar-
macokinetic and pharmacodynamic parameters are studied will provide addi-
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tional evidence on the clinical individuality of each of this class of novel agents
(1–4). The key reason for the success of heparin in thrombosis and beyond is
its polypharmacological site of actions for the prevention and treatment of
mutifactorial diseases that will only benefit slightly with single pharmacolog-
ical mechanism-based agents. Thromboembolic disorders are driven by hyper-
coaguable, hyperactive platelet, pro-inflammatory, endothelial dysfunction,
and pro-angiogenesis states. Heparin can effectively modulate all of those muti-
factorial components as well as the interface among those components.

As heparin was discovered more than half a century ago, our knowledge of
the chemical structure and molecular interactions of this fascinating poly-
component was limited at the early stages of its development. Through the
efforts of a major multidisciplinary group of researchers and clinicians, it is now
well-recognized that heparin has multiple sites of actions and can be used in
multiple indications. It is not too distant in the future to witness the impact of
these drugs on the management of various diseases.

Tinzaparin sodium (Fig. 1) is a LMWH produced by controlled enzymatic
depolymerization of conventional, unfractionated porcine heparin (3,5).
Tinzaparin is a potent anticoagulant as compared to other known LMWH (6).
Tinzaparin is more effective than UFH as treatment for DVT, is effective in the
treatment of pulmonary embolism (PE), and the prevention of DVT in abdom-
inal surgery patients, and is superior to warfarin as thromboembolism prophy-
laxis in subjects who are undergoing orthopedic joint (hip or knee) replacement
surgery (7–10). It is also an effective anticoagulant for hemodialysis extracor-
poreal circuits (11). Tinzaparin has been marketed for more than 10 yr in
Europe, 6 yr in Canada, and more recently, has been FDA-approved in the
United States and worldwide under the trade name Innohep (Leo
Pharmaceutical Products). Indications approved in countries outside the United
States include treatment of DVT, treatment of PE, prevention of DVT follow-
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Fig. 1. Example of a structure of representative LMWH: Tinzaparin. n = 1–25,
R = H or SO3Na, R′ = H or SO3Na or COCH3; R2 = H and R3 = COONa or R2 = COONa
and R3 = H.
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ing hip or knee replacement surgery, prevention of DVT following general
surgery, and anticoagulation of extracorporeal circuits during hemodialysis.

Anti-Xa activity has served as the primary biomarker for evaluating the
exposure of Tinzaparin and other LMWHs. It is used to define in vitro potency
and to monitor therapeutic response (12). Because LMWHs are polycomponent
moieties with multiple biological actions each with distinct time-courses, the
true pharmacokinetic behavior of these agents cannot be evaluated with assays
developed for a single pharmacological activity. The absolute bioavailability is
approx 90% based on anti-Xa activity (12,13) and 93% based on plasma tissue-
factor pathway inhibitor (TFPI).

Recent clinical trials in which LMWHs with different anti-Xa to anti-IIa
ratios were tested in DVT patients following hip replacement found no differ-
ence in efficacy or safety measures as compared to UFH (13,14), despite dis-
tinct differences in biomarker activity profiles. However, anti-Xa activity is
sensitive as an indicator of molecular weight distribution differences with var-
ious heparin fractions (3,5,15). LMWHs vary in their affinity for ATIII, pre-
sumably because of production method (16). Such differences have been cited
as a partial explanation for the differences in LMWH pharmacodynamics as
evaluated by anti-Xa activity, and one reason why they cannot be used inter-
changeably. In contrast, TFPI, a vascular endothelial biomarker, might repre-
sent a greater potential for the role of LMWH in various diseases (17,18).

2. Pharmacology of Heparin and LMWH
UFH is a highly negatively charged glycosaminoglycan (GAG) that binds

freely and nonspecifically to various proteins, and effectively binds to
antithrombin III (ATIII). Since plasma protein levels of ATIII are variable, con-
stant monitoring of the UFH dose is required. UFH is currently indicated for
the prevention of DVT in low-risk patients (<40 yr of age; undergoing uncom-
plicated surgery; no risk for thromboembolism) and high-risk patients (>40 yr
of age, undergoing major or orthopedic surgery, with previous DVT) (19–21).
The UFH dose should be monitored to keep the activated partial thromboplas-
tin time (APTT) at 1.5 to provide adequate prophylaxis. Under these circum-
stances, an increased risk for postoperative bleeding accompanies the use of
UFH (20,22). UFH is also indicated for the treatment of DVT, given as a con-
tinuous intravenous (iv) administration concomitant with warfarin (started on
d 1 or d 2 after the qualifying event, for 3 mo). Additional indications for UFH
include treatment of acute PE, myocardial infarction (MI), unstable angina,
embolism in patients with atrial fibrillation (AF), and in acute peripheral arte-
rial occlusion (23–28).

Longterm UFH administration has been shown to increase osteoclastic activ-
ity and bone resorption, which may be related to the dosage rather than dura-
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tion of exposure to UFH (20,29). Hypersensitivity to UFH preparations may
cause necrosis of skin overlying the injection site, which is believed to be the
result of the formation of antigen-antibody complexes, with or without depo-
sition of platelets. UFH injections have also been associated with metabolic
changes, such as a marked increase in both lipolytic activity and plasma levels
of free fatty acids, which may cause complications in patients with type II hyper-
lipidemia (29).

LMWHs have a lower reactivity to platelets, which correlates inversely with
the anticoagulant activity in normal platelet-rich plasma (PRP). However,
LMWH fractions with low and high antithrombotic activity reacted equally with
platelets in PRP depleted of AT, suggesting the formation of heparin-AT com-
plexes that protect platelets from aggregation (30). LMWHs are less affected
than UFH by platelet factor 4 (PF4), a protein that effectively neutralizes
heparin molecules (31,32).

In contrast to UFH, LMWHs have a lower affinity to bind to plasma proteins,
endothelial cells, and macrophages. This difference in binding profile explains
the pharmacokinetic differences observed between LMWHs and UFH. The
binding of UFH to plasma proteins reduces its anticoagulant activity, which
combined with the variations in plasma concentrations of heparin-binding pro-
teins, is reflected in its unpredictable anticoagulant response (Table 1).

LMWHs exhibit improved subcutaneous (sc) bioavailability; lower protein
binding; longer half-life; variable number of ATIII binding sites; variable GAG
contents; variable antiserine protease activities (anti-Xa, anti-IIa, anti-Xa/anti-
IIa ratio, and other anticoagulation factors); variable potency in releasing
TPFPI; variable levels of vascular endothelial-cell-binding kinetics (15–18). For
these reasons, during the last decade LMWHs have increasingly replaced UFH
in the prevention and treatment of venous thromboembolic disorders such as
venous thromboembolism (VTE). Randomized clinical trials have demon-
strated that individual LMWHs used at optimized dosages are at least as effec-
tive and probably safer than UFH. The convenient once- or twice daily sc
dosing regimen without the need for monitoring has encouraged the wide use
of LMWHs. It is well-established that different LMWHs vary in their physical
and chemical properties because of the differences in their methods of manu-
facturing. These differences translate into differences in their pharmacody-
namic and pharmacokinetic characteristics (16). The World Health Organization
(WHO) and United States Food and Drug Administration (FDA) regard
LMWHs as individual drugs that cannot be used interchangeably (16,33).

Bioavailability of LMWHs after iv or sc administration is greater than for
UFH, and was determined to be between ~87% and 98%. By contrast, UHF has
a bioavailability of 15–25% after sc administration. LMWHs have a biological
half-life (based on anti-Xa clearance) nearly double that of UFH. The half-life
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of LMWHs enoxaparin, deltaparin, tinzaparin, and others has been documented
to be between ~100 and 360 min, depending on whether the administration of
LMWH was iv or sc. The anti-Xa activity persists longer than AT activity,
which reflects the faster clearance of longer heparin chains (34).

LMWH, in doses based on patient weight, needs no monitoring, possibly
because of the better bioavailability, longer plasma half-life, and more pre-
dictable anticoagulant response of LMWHs compared with UFH, when admin-
istered subcutaneously. Although LMWHs are more expensive than UFH, a
pilot study in pediatric patients found that sc LMWH administration reduced the
number of necessary laboratory assays, nursing hours, and phlebotomy time (35).

LMWHs are expected to continue to diminish UFH use, through develop-
ment programs for new indications and increased clinician comfort with use of
the drugs. In addition, as both patients and healthcare providers recognize the
relative simplicity of administration with a sc injection, together with real cost
savings and quality-of-life benefits by reducing hospital stays, the trend toward
outpatient use will continue.

3. LMWH Differentiation: Structure–Function Differences
The variations in molecular composition and pharmacological properties of

LMWHs are reflected in clinical trials that have reported differences in clinical
efficacy and safety. Therefore, each LMWH should be considered a unique sub-
stance. The main differences between LMWHs are variations in the amount of
pharmacologically active product, varying chemical and physical compositions
resulting in different biologic actions, and differences in results from clinical
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Table 1
UFH vs LMWH

UFH LMWH

Continuous, iv infusion BID or QD sc injection
Primarily administered in hospital Administered in hospital, office, or home
Usually administered by healthcare Administered by patient, caregiver, or

professionals professional
Monitoring and dosing adjustments No monitoring, fixed, or weight-based 

dosing
Frequent dosing errors More precise dosing
Risk of thrombocytopenia and Decreased risk of adverse events

osteoporosis
Cheap, but not cost-effective Demonstrated pharmacoeconomic benefits
Requires 5–7 d in the hospital Requires 0–2 d in the hospital
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trials performed at optimized doses for each agent. The FDA considers each
LMWH to be a distinct drug that cannot be interchanged with another LMWH.

LMWHs have different physiochemical characteristics because of their
diverse methods of preparation, which make them non-interchangeable. The
anticoagulant potency of heparin is measured as USP U/mg. This method is only
applicable to LMWHs at high doses, when their anticoagulant properties are
apparent. Anti-Xa activity has not enabled standardization of the biologic
actions of LMWHs, since it does not address the ATIII-independent actions of
LMWHs. The European Pharmacopoeia Commission has nevertheless adopted
anti-Xa activity as a measure of LMWH potency. Since other markers of phar-
macological activity also differ among LWMHs, their anti-IIa activity may
prove useful in determining the biologic activity of each LMWH.

3.1. Method of Manufacturing

All of the commercially available LMWHs are manufactured by depoly-
merization of porcine mucosal heparin preparations. Bovine heparins are not
used in their production because of viral contamination. LMWHs are prepared
either by chemical or enzymatic digestion methods (5). Most LMWHs exhibit
approximately one-third of the molecular weight of regular heparin. Initially,
the clinical batches of LMWHs were prepared by ethanolic fractionation of
heparin. However, because of cost and limited availability of heparin for the
sizeable isolation of these agents, chemical and enzymatic depolymerization
procedures have been developed. Physical methods such as irradiation and the
ultrasonification process have also been employed in the preparation of these
agents. All of the currently available LMWHs are currently manufactured by
chemical or enzymatic depolymerization of porcine mucosal heparin (3,15,16).
Controlled depolymerization processes have been widely used to produce prod-
ucts with similar molecular weights; however, marked differences in the chem-
ical composition of each of these products were noted during the
depolymerization process. Tinzaparin is the only known LMWH that is prepared
by enzymatic hydrolysis with heparinase (3,5,15,16).

Although the depolymerization process results in lower molecular weight
heparin products (MW 4–8 Kd ), these products exhibit differences in both of
their molecular structural and functional properties (15,16). Optimized meth-
ods are currently employed to prepare LMWHs, which exhibit a similar mole-
cular profile. However, because of the significant differences in the chemical
or enzymatic procedures, structural variations are found in all of these agents.
Therefore, these differences exert significant influence on the biologic action
of these products (6). Safety and efficacy comparison of these agents in well-
designed clinical trials to demonstrate clinical differences in each of the indi-
vidual products have only recently become available. Initial attempts to
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standardize LMWHs because of their biologic actions, such as anti-Xa potency,
have failed. A potency designation because of the anti-Xa actions represents
only one of the several properties of these agents. Furthermore, this assay only
measures the AT-III affinity-based actions of some of the components of these
agents. Many of the pharmacological actions of LMWHs are based on the non-
ATIII affinity components of the drugs. These include the release of TFPI,
t-PA, inhibition of adhesion molecule release, decrease in the circulating von
Willebrand’s Factor, and modulation of blood flow. Most of these effects are
not measurable through the conventional methods to assay heparin such as the
anti-Xa, anti-IIa, and global anticoagulant tests.

Because a wide range of GAGs of varying chain length and molecular weight
typifies UFH, treatment and response are difficult to standardize and predict.
LMWHs are depolymerized heparin preparations, derived by chemical or enzy-
matic methods. The method of production of LMWHs influences their phar-
macokinetic properties and anticoagulant activities. The differing methods of
LMWH preparation result in considerable molecular heterogeneity, which are
apparent in the demonstrated differences among LMWHs in anti-IIa and anti-
Xa activities, platelet interactions, and protamine and PF4 neutralization activ-
ities. The LMWHs are bioequivalent (anti-Xa, USP), and their biologic effects
also vary according to the route of administration. Significantly different bleed-
ing profiles were noted for each of the LMWHs, depending on whether they
were administered intravenously or subcutaneously.

3.2. Molecular Weight Distribution

The resulting molecules have a mean molecular mass of 4–8 Kd. More than
60% of the polysaccharides have molecular masses between 2 and 8 Kd, result-
ing in a reduction in thrombin-neutralizing capacity (anti-IIa activity). The
anticoagulant properties of heparins depend on the presence of specific pen-
tasaccharide sequences with a high affinity to ATIII (5,15,16). The depoly-
merization methods result in modified ATIII-binding sites on the heparins and
reduced activity of specific LMWHs. LMWHs have different properties and
characteristics, a direct result of their method of synthesis and the resulting mol-
ecular weight distribution (5,15,16).

3.3. Degree of Sulfation

Chemical modifications of the end groups and internal structure, degree
of sulfation, and charge density vary from product to product, and affect the
characteristics of the products. Depending on the method of preparation,
the LMWHs are different mixtures of various polysaccharides, antifactor X
(anti-Xa), anti-IIa activities, endothelial TFPI release, and different biologic
actions (6,16).
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4. Plasmatic Effects
Heparin affects the coagulation cascade at multiple sites. Heparin-mediated

effects could be classified as either AT-dependent or AT-independent. Individual
LMWHs have predictable pharmacological actions, increased bioavailability,
prolonged half-life (t1/2), and sustained activity compared to UFH, making it
possible to provide adequate anticoagulation for DVT prophylaxis with one sc
administration per 24 h in the case of some LMWHs (3).

The anti-IIa-to-anti-Xa ratio for UFH is approximately one. By convention,
the anti-Xa effect of LMWHs is identical, although the anti-IIa increases as the
heparin molecular weight increases. US pharmacopoeia amidolytic measure-
ments of the various LMWHs have demonstrated differences in anti-Xa activ-
ities for each LMWH (33). However, since anti-IIa and anti-Xa activities of each
LMWH do not represent the total antithrombotic and antihemorrhagic effects
of the respective agents, the International Society on Thrombosis and
Haemostasis recommends that vial labeling should be based on weight.
Labeling should also include specific anti-IIa and anti-Xa activity as evaluated
against the International Standard and the recommended therapeutic dose (20).

Pharmacokinetic studies have shown that LMWHs have a relatively high
bioavailability after sc injection as compared to UFH, and demonstrated a
longer half-life of their anticoagulant anti-Xa activity than UFH, LMWHs have
been demonstrated to be highly effective in the prevention of venous throm-
bosis in surgery patients (22,24,36), and in patients undergoing hip surgery (9).
Initial reports of a high incidence of bleeding have been reevaluated. When used
in lower, more appropriate doses for preventing thrombosis, LMWHs have not
been associated with an increased risk of perioperative bleeding. Other side
effects such as thrombocytopenia and skin necrosis also occur with LMWHs,
but the occurrence rate appears to be much lower than with UFH (37).

5. Vascular Effects
The vascular vs plasmatic effects of LMWH is currently gaining tremendous

interest in explaining the actions of LMWH in various settings. The role of TFPI
as the heparin vascular component in the prevention of thrombosis was origi-
nally reported to be limited. Subsequent studies have challenged this view. TFPI
interferes with enzyme-substrate interactions, resulting in a complex of four pro-
teins: TFPI, TF, Xa, and IIa. This interaction can occur at the endothelial sur-
face, and TFPI may thus be involved in maintaining a nonthrombotic state in
the endothelium. TFPI also interacts with several mechanisms, including elas-
tase, protease generation, low-density lipoproteins, and tissue factor (TF) medi-
ation of platelet and macrophage activation. TFPI is released into the bloodstream
after administration of UFH or LMWHs, and prophylactic LMWH administra-
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tion can increase TFPI plasma-concentrations (17,38). TFPI has demonstrated
synergism with heparin in clotting assays, and may contribute to the antithrom-
botic effects of heparin (6). High cellular distribution has been shown in
endothelial cells with limited distribution in platelets, monocytes, or other cells.

In vitro studies of tinzaparin have demonstrated a time-dependent and sat-
urable binding profile on endothelial cells, with both low and high affinity for
binding (39). Heparin is shown to increase endothelial TFPI release in an ATIII-
independent mechanism. The release of endothelial TFPI is directly dependent
on the molecular weight and the degree of sulfation. There is no release of TFPI
with the pentasaccharide, but as the MW increases above 2000–3000 Daltons
and up to 8000 Daltons, a significant increase in TFPI release (17) has been
demonstrated. The degree of sulfation also contributes significantly to the
endothelial TFPI release (17) at the same molecular weight. Different LMWHs
demonstrated different capacities in releasing endothelial TFPI.

A fivefold increase in the plasma level of TFPI after administration of tin-
zaparin at the DVT treatment dose and by threefold above basal after adminis-
tration at the prophylaxis dose were documented. Heparin-released TFPI in
itself has potent anticoagulant properties in inhibiting platelet/fibrin clot for-
mation, strength, and dynamics. A synergistic interaction was found between
tinzaparin and TFPI in clotting assays. The combination of LWMH and TFPI
is far more potent in clotting assays than either one alone (40).

Another non-ATIII-mediated action of LMWHs is the promotion of fibri-
nolysis (31). Tinzaparin was shown to affect fibrinolysis; prophylactic use of
tinzaparin for DVT increased levels of tissue plasminogen activator (t-PA) and
fibrin and fibrinogen degradation products and enhanced α2-antiplasmin activ-
ity. Levels of t-PA antigen were significantly elevated in patients undergoing
total hip replacement who were receiving tinzaparin for up to 7 d for DVT
prophylaxis.

6. Clinical Experiences in VTE
The commercial use of LMWHs began in the mid-1980s for hemodialysis

and the prophylaxis of DVT in general surgery. The initial clinical development
of LMWHs remained sequestered in the European continent during the initial
years. Later, these drugs were introduced in North America. In the initial stages
of the development of these drugs, only Nadroparin, Dalteparin, and Enoxaparin
were used. Subsequently, several other LMWHs such as ardeparin, tinzaparin,
reviparin, and parnaparin were introduced. These LMWHs constitute a group
of important medications, with total sales reaching nearly 2.5 billion dollars and
expanded treatment plans reaching far beyond the initial indications for the pro-
phylaxis of postsurgical DVT.
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Efficacy and safety comparisons of LMWHs vs UFH have demonstrated that
LMWHs were at least as effective as UFH in reducing mortality rates after acute
DVT. LMWHs were also shown to be as safe as UFH with respect to major
bleeding complications, and as effective as UFH in preventing thromboembolic
recurrences. Meta-analyses of trials evaluating enoxaparin, tinzaparin, dal-
teparin, and others in the treatment of DVT showed that LMWHs were likely
to be more effective than UFH in the prevention of recurrent venous throm-
boembolism. LMWHs were also associated with a lower incidence of major
bleeding and lower mortality rate in this clinical setting, particularly in patients
with cancer. Trials of fixed doses of SC LMWHs, adjusted for body wt, and no
monitoring, showed that LMWHs were safer and more effective than adjusted-
dose UFH. The authors of this analysis cautioned that the conclusions were
based on trials with only two LMWHs (fraxiparin and tinzaparin). LMWHs are
not interchangeable; therefore, the conclusions on efficacy and safety of tin-
zaparin and fraxiparin cannot be extrapolated to other LMWHs.

The largest trial comparing a LMWH with UFH evaluated fixed-dose sc tin-
zaparin vs adjusted-dose continuous iv heparin in 432 patients for the initial
treatment of proximal-vein thrombosis, using objective documentation of clin-
ical outcomes. Warfarin sodium was administered on d 2 of therapy, and con-
tinued for 3 mo. The incidence of new thromboembolism was higher in the UFH
group (p < 0.7). The risk of major bleeding was reduced by 95% for patients
in the tinzaparin treatment regimen (p < 0.06). Risk reduction for death was
51% in favor of the LMWH regimen (p = 0.49), which was particularly strik-
ing in patients with cancer. The long-term use of tinzaparin may have a greater
effect on the incidence of death, bleeding, and recurrent thromboembolism in
patients with metastatic carcinomas (9).

Initial sc therapy with tinzaparin was concluded to be as safe and effective
as iv UFH in patients with acute pulmonary embolism (PE). The benefit and
ease of administration of LMWH in patients with DVT may be extended to
patients with acute symptomatic PE and stable hemodynamics (41). A study of
SC LMWH in patients with proximal DVT vs iv UFH evaluated the clinical out-
comes, cost, and cost-effectiveness of both methods. The American-Canadian
Thrombosis Study randomized 432 patients and found sc tinzaparin sodium to
be at least as clinically effective and safe as iv UFH, and also less expensive.
The cost-effectiveness of the LMWH administration could have been even
greater if outpatient therapy had been implemented (36). Once again, the results
of this study could not be extrapolated to other LMWHs, since their molecular
composition and pharmacokinetic profiles differ and their costs may therefore
vary considerably (36).
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LMWHs have an efficacy profile equivalent to or better than UFH, and the
safety profile includes fewer complications than UFH. Nevertheless, several
side effects have been documented. Although initially believed to be absent with
LMWHs, HIT has been reported in a few LMWH-treated patients. However,
the frequency with which this side effect occurs is far smaller than with UFH.
Because LMWHs are considered to be less immunogenic because of their lower
molecular weights, LMWH anticoagulation therapy may be possible in patients
who have HIT (37).

6.1. LMWH vs Pentasaccharide

Advantages for LMWH as compared to the pentasaccharide are shown in
Table 2, which illustrates a polypharmacological effects for LMWH at various
levels beyond anti-Xa.
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Are Low Molecular Weight Heparins the Same?

Shaker A. Mousa

1. Introduction
Low molecular weight heparins (LMWHs) are glycosaminoglycans (GAGs)

of different chain length, molecular weight distribution, and different physio-
chemical characteristics that result from their diverse methods of preparation,
which make them non-interchangeable. The anticoagulant potency of heparin
is measured as USP U/mg. This method is only applicable to LMWHs at high
doses, when their anticoagulant properties are apparent. Anti-Xa activity has
not enabled standardization of the biologic actions of LMWHs, since it does
not address the ATIII-independent actions of LMWHs. Yet the European
Pharmacopoeia Commission has adopted anti-Xa activity as a measure of
LMWH potency. Since other markers of pharmacological activity also differ
among LMWHs, their anti-IIa activity, tissue-factor pathway inhibitor (TFPI)
releasing capacity, anti-inflammatory, and other cellular effects should be useful
biomarkers in determining the biologic activity of each LMWH.

2. LMWH Differentiation: Structure–Function Differences
The variations in molecular composition and pharmacological properties of

LMWHs are reflected in clinical trials that reported differences in clinical effi-
cacy and safety. Therefore, each LMWH should be considered to be a unique
substance. The main differences between LMWHs are variations in the amount
of pharmacologically active product, varying chemical and physical composi-
tions resulting in different biologic actions, and differences in results from
clinical trials performed at optimized doses for each agent. The Food and Drug
Administration (FDA), World Health Organization (WHO), and other national
organizations consider each LMWH to be a distinct drug that cannot be inter-
changed with another LMWH.
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2.1. Method of Manufacturing

All of the commercially available LMWHs are manufactured by depoly-
merization of porcine mucosal heparin preparations (1). LMWHs are prepared
by either chemical or enzymatic digestion methods (Table 1). Most LMWHs
exhibit approximately one-third of the molecular weight of regular heparin.
Initially, the clinical batches of LMWHs were prepared by ethanolic fraction-
ation of heparin. However, because of cost and limited availability of heparin
for the sizeable isolation of these agents, chemical and enzymatic depolymer-
ization procedures were developed. All of the currently available LMWHs are
currently manufactured by chemical or enzymatic depolymerization of porcine
mucosal heparin (Table 1). Controlled depolymerization processes were widely
used to produce products with similar molecular weights; however, marked dif-
ferences in the chemical composition of each of these products were imposed
during the depolymerization process. Tinzaparin is the only LMWH known that
is prepared by enzymatic hydrolysis with heparinase. A distinct improvement
in the pharmacokinetic and pharmacodynamic properties of the class of LMWH
over the parent-unfractionated heparin (UFH) has been clearly demonstrated
(Table 2).

Although the depolymerization process results in lower molecular weight
heparin products (MW 4–8 Kd), these products exhibit differences in both their
molecular structural and functional properties. Optimized methods are cur-
rently used to prepare LMWHs, which exhibit a similar molecular profile.
However, because of the significant differences in the chemical or enzymatic
procedures, structural variations are found in all of these agents. Therefore,
these differences exert a significant influence on the biologic action of these
products (2). Safety and efficacy comparison of these agents in well-designed
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Table 1
Low Molecular Weight Heparins (LMWHs) 
and Their Chemical Characteristics

LMWHs Characteristics

Nadroparin Presence of 2,5-anhydro-D-mannose at reducing terminus
Enoxaparin Presence of 4,5 unsaturated uronic acid at nonreducing terminus
Dalteparin Presence of 2,5-anhydro-D-mannose at reducing terminus
Certoparin Presence of 2,5-anhydro-D-mannose at reducing terminus
Tinzaparin Presence of 4,5-unsaturated uronic acid at nonreducing terminus
Reviparin Presence of 2,5-anhydro-D-mannose at reducing terminus
Ardeparin Labile glycosidic bonds
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clinical trials to demonstrate clinical differences in each of the individual prod-
ucts are not available at this point. Initial attempts to standardize LMWHs on
the basis of their biologic actions, such as anti-Xa potency, have failed. A
potency designation on the basis of the anti-Xa actions represents only one of
the various properties of these agents. Many of the pharmacological actions of
LMWHs are based on the non-ATIII affinity components (3–7). These include
the release of TFPI, t-PA, inhibition of adhesion molecules, decrease in the cir-
culating von Willebrand’s Factor, and modulation of blood flow (Table 3).
Most of these effects are not measurable with the conventional methods such
as the anti-Xa, anti-IIa, or global anticoagulant methods.

The method of production of LMWHs influences their pharmacokinetic and
pharmacodynamic properties as well as their anticoagulant and antithrombotic
activities (1–3). The various methods of LMWH preparation result in consid-
erable molecular heterogeneity, which are apparent in the demonstrated dif-
ferences among LMWHs in anti-IIa and anti-Xa activities, platelet interactions,
protamine, and PF4 neutralization activities (8).

2.2. Molecular Weight Distribution (Fig. 1)

The resulting molecules have a mean molecular mass of 4–8 Kd. More than
60% of the polysaccharides have molecular masses between 2 and 8 Kd, result-
ing in a reduction in thrombin-neutralizing capacity (anti-IIa activity). The
plasmatic anticoagulant properties of heparins depend on the presence of spe-
cific Pentasaccharide sequences with a high affinity to ATIII/factor Xa. The
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Table 2
UFH vs LMWH

UFH LMWH

Continuous iv infusion BID or QD subcutaneous injection
Primarily administered in hospital Administered in hospital, office, or home
Usually administered by healthcare Administered by patient, caregiver, or

professionals professional
Monitoring and dosing adjustments No monitoring, fixed or weight-based

dosing
Frequent dosing errors More precise dosing
Risk of thrombocytopenia and Decreased risk of adverse events

osteoporosis
Cheap, but not cost-effective Demonstrated pharmacoeconomic

benefits
Requires 5–7 d in the hospital Requires 0–2 d in the hospital
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depolymerization methods result in modified ATIII-binding sites on the heparins
and in reduced activity of specific LMWHs. LMWHs have different charac-
teristics, a direct result of their method of synthesis and the resulting molecu-
lar weight distribution (8–11).

2.3. Degree of Sulfation

Chemical modifications of the end groups and internal structure, degree of
sulfation, and charge density vary from product to product and affect the char-
acteristics of the end products. Depending on the method of preparation, the
LMWHs are different mixtures of various polysaccharides, different anti-Factor
X (anti-Xa), anti-IIa activities, endothelial TFPI release, and different biologic
actions (4,6).

2.4. Pharmcokinetics, Pharmacodynamics, and Elimination

Tinzaparin (Logiparin,® Innohep®), a LMWH with an average molecular
weight of 6.5 Kd, is synthesized through depolymerization of heparin by hepari-
nase, an enzyme isolated from Flavobacterium heparinum (12). This allows for
the production of a LMWH with intact structure and highest level of sulfation.
The bioavailability of the tinzaparin fraction with anti-Xa activity is higher than
the fraction with anti-IIa activity. The absorption half-life for anti-Xa is ~200
min. The difference may indicate that bioavailability is dependent on molecu-
lar weight. Longer chain lengths are necessary for anti-IIa activity rather than
for anti-Xa activity. Anti-Xa bioavailability is ~90%, as measured in healthy
volunteers. Based on a one-compartment model, the elimination half-life was
calculated to be 82 min (12). The elimination half-life was found to be dose-
dependent. The half-life after intravenous (iv) administration of 5000 IU a-Xa
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Table 3
Variable Poly-Components and Poly-Pharmacological Effects 
of LMWHs as a Function of Their Structural Heterogenicity

Site of Actions Pharmacological Effects

ATIII-dependent plasmatic effects Anti-Xa, Anti-IIa, and other coagulation
factors

ATIII-independent vascular effects TFPI, nitric oxide, vWF
Cell adhesion molecule modulation Selectins (P, L, and E-Selectins) and

immunoglobulins (soluble ICAM-1 
andVCAM-1)

Fibrinolytic system t-PA and PAI-1
Inflammatory mediators TNF-α, IL-6, etc.
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was determined to be ~112 min, compared with 61 min for the same dose of
UFH. Tinzaparin is distributed mainly into two compartments, plasmatic and
vascular. This feature allows for initial and delayed renal elimination of tinza-
parin. Because of tinzaparin’s high vascular distribution, it does not accumu-
late in patients with renal failure. Thus, there is no need for dose adjustment
with tinzaparin in contrast to UFH or other LMWH.

The elimination route of UFH, tinzaparin, or other LMWH is predominantly
via renal excretion, with about 90% of the administered dose detectable in the
urine (over a period of 7 d). The majority of renal excreted material is recov-
ered during the first 24 h post-administration. A minimal amount is excreted in
three feces (12). The renal excreted LMWH fraction is characterized by lower
molecular mass that has no anti-Xa activity.

In contrast to UFH, tinzaparin does not exhibit significant accumulation in
patients with renal failure (13). This is because of the differences in the com-
partments for distribution. Tinzaparin exhibits a strong vascular distribution,
with a relatively long residence time (sulfation) in addition to its plasmatic dis-
tribution. UFH is distributed into the plasma protein pool and free plasma pool,
and with limited vascular distribution. In general, the lower the molecular
weight distribution, the greater the plasmatic distribution and the lesser the vas-
cular distribution. The pentasaccharide is 100% plasmatic distribution and 0%
vascular distribution. In patients with renal failure, pentasacchride would have
the highest accumulation with a greater incidence of bleeding if doses are not
adjusted, as with other LMWH with relatively low molecular weight distribu-
tion and relatively low sulfate/carboxylate ratios.
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Fig. 1. Molecular weight distribution of two different LMWH as compared to UFH.
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3. Anticoagulation: Plasmatic vs Vascular-Mediated
Effects (Fig. 2)
3.1. Plasmatic Effects at Different Steps
in the Coagulation Cascade

Heparin affects the coagulation cascade at multiple sites. Heparin-mediated
effects could be classified as either AT-dependent or AT-independent. Individual
LMWHs have predictable pharmacological actions, increased bioavailability,
prolonged half-life, and sustained activity compared with UFH, making it pos-
sible to provide adequate anticoagulation for DVT prophylaxis and treatment
with once-a-day subcutaneous (sc) administration in the case of some LMWHs
such as tinzaparin (13).

The anti-IIa-to-anti-Xa ratio for UFH is approximately one. By convention,
the anti-Xa effect of LMWHs is identical, although the anti-IIa decreases as the
heparin molecular weight decreases. US Pharmacopoeia amidolytic measure-
ments of the various LMWHs have demonstrated differences in anti-Xa activi-
ties for each LMWH (8). However, since anti-IIa and anti-Xa activities of each
LMWH do not represent the total antithrombotic and anti-hemorrhagic effects
of the respective agents, the International Society on Thrombosis and
Haemostasis recommends that vial labeling should be based on weight. Labeling
should also include specific anti-IIa and anti-Xa activity as evaluated against the
International Standard and the recommended therapeutic dose. The antithrom-
botic potency and potential bleeding effects of one product cannot be extrapo-
lated to another on the basis of weights in mg of anti-Xa or anti-IIa activity.

Pharmacokinetic studies have shown that LMWHs have a relatively high
bioavailability after sc injection as compared to UFH, and demonstrate a longer
half-life of their anticoagulant anti-Xa activity than UFH. LMWHs have been
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Fig. 2. Vascular vs plasmatic effects of heparin and LMWH.
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demonstrated to be highly effective in the prevention of venous thrombosis in
surgery patients (14–16), and in patients undergoing hip surgery (17). Initial
reports of a high incidence of bleeding have been reevaluated. When used in
lower, more appropriate doses for preventing thrombosis, LMWHs have not
been associated with an increased risk of perioperative bleeding. Other side
effects such as thrombocytopenia and skin necrosis also occur with LMWHs,
but the occurrence rate appears to be much lower than with UFH (10).

3.2. Vascular Effects in the Endothelium

The vascular vs plasmatic effects of LMWH are a topic of increasing inter-
est as a way to explain the actions of LMWH in various settings. The role of
TFPI as the heparin vascular component in the prevention of thrombosis was
originally reported to be limited. Subsequent studies have challenged this view.
TFPI interferes with enzyme-substrate interactions, resulting in a complex of four
proteins: TFPI, TF, Xa, and VIIa. This interaction can occur at the endothelial
surface, and TFPI may therefore be involved in maintaining a non-thrombotic
state in the endothelium. TFPI also interacts with several mechanisms, includ-
ing elastase, protease generation, low-density lipoproteins, and TF mediation
of platelet and macrophage activation. TFPI is released into the bloodstream
after administration of UFH or LMWHs; prophylactic LMWH administration
can increase TFPI plasma-concentrations (4,5,18,19). TFPI has demonstrated
synergism with heparin in clotting assays, and may contribute to the antithrom-
botic effects of heparin (3). High cellular distribution is shown in endothelial
cells with limited distribution in platelets, monocytes, or other cells.

3.2.1. Effects of LMWH on Endothelial TFPI

In vitro studies of tinzaparin have demonstrated a time-dependent and sat-
urable binding profile on endothelial cells, with both low and high affinity for
binding (6). Heparin is shown to increase endothelial TFPI release in an ATIII-
independent mechanism. The release of endothelial TFPI is directly dependent
on the molecular weight (Fig. 3) and the degree of sulfation (Fig. 4). There is
no release of TFPI with the pentasaccharide, but as the molecular weight
increases above 2000–3000 Dalton and up to 8000 Dalton, a significant increase
in TFPI release has been demonstrated (4). The degree of sulfation also con-
tributes significantly to the endothelial TFPI release at the same molecular
weight (Fig. 4). Thus, different LMWHs demonstrate different capacity in
releasing endothelial TFPI (4).

Anti-Xa activity has served as the primary biomarker for evaluating the
exposure of LMWHs. It is used to define the in vitro potency and to monitor
therapeutic response. Because LMWHs are poly-component moieties with mul-
tiple biological actions, each with distinct time-courses, the true pharmacoki-
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netic behavior of these agents cannot be evaluated with assays developed for a
single pharmacological activity. Heparin has multiple effects beyond anti-Xa
and anti-IIa, ranging from the inhibition of tissue factor (TF) activity to the
enhancement of TFPI levels and resulting in a shift in the TF-to-TFPI ratio, a
more important upstream as compared to the Xa/IIa ratio (20,21).

Clinical trials in which LMWHs with distinct in vitro potency (anti-Xa: anti-
IIa ratio) and ex vivo anti-Xa and anti-IIa activities were tested in deep venous
thrombosis (DVT) patients following hip replacement found no difference in
efficacy or safety measures, despite distinct differences in biomarker activity
profiles (22,23). LMWHs vary in their affinity for ATIII, presumably because
of production method of the GAGs and their molecular weight distributions
(22,23). In contrast, TFPI, an ATIII-independent vascular-endothelial bio-
marker, might represent a greater potential for the role of LMWH in various
diseases and in differentiating LMWHs.

Based on current methods, plasma levels of TFPI increase rapidly following
the sc injection of tinzaparin sodium, reaching maximum and sustained levels
for up to 5 h. The absolute bioavailability is approx 90%, based on anti-Xa activ-
ity (24), and 95% based on TFPI (18).

The effect of molecular weight on the bioavailability of heparin has been
well-appreciated and anti-Xa activity is accepted as a sensitive biomarker for
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Fig. 3. In vitro effect of molecular weight distribution on the release of TFPI from
human endothelial cells.
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the various heparin molecular weight fractions. Whether or not these fractions
have any pharmacological activity has been a topic of much debate.

Comparisons among agents are less straightforward, and the biomarker
response from one such agent may not be transmittable to another with respect
to outcomes that these markers may contribute to but certainly do not predict.
A composite of several markers may be required to make such comparisons.
Continued exploration of mechanistic determinants of activity to better quan-
tify the effects of these important medicines is warranted.
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showing dependency on the molecular weight and degree of sulfation.
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Antithrombotic Drugs for the Treatment
of Heparin-Induced Thrombocytopenia

Walter P. Jeske and Jeanine M. Walenga

1. Introduction
Heparin remains the anticoagulant of choice in the therapy of thromboem-

bolic events. Heparin is effective in the prevention and treatment of venous
thromboembolism (VTE), as a surgical anticoagulant, and in interventional car-
diology (1). Heparin is also used in the treatment of unstable angina and acute
myocardial infarction (AMI), and in some patients with disseminated intravas-
cular coagulation. Although the clinical effects of heparin are meritorious, side
effects do occur. Bleeding is the primary undesirable effect of heparin. Heparin-
induced thrombocytopenia (HIT), the most frequent of drug-induced allergies,
necessitates the use of alternative agents to treat or prevent thrombus formation.

2. Clinical Manifestations of HIT
The diagnosis of HIT should be based on clinical criteria and platelet count,

and not solely on HIT laboratory tests. Most authors define thrombocytopenia
in HIT as a platelet count below 100,000–150,000/µL or a 30–50% decrease
in platelet count from baseline (2). Although HIT is typically associated with
a platelet count of 38,000–60,000/µL, there is no platelet count at which a diag-
nosis of HIT can be made, or excluded, with certainty. Thrombocytopenia may
be relative, but not absolute.

If no previous heparin exposure can be determined and the decrease in
platelet count immediately after heparin administration is only moderate, a tran-
sient HIT that is not immune-mediated should be suspected (3). This form of
HIT is known as HIT type I (Table 1). Laboratory testing is an important con-
sideration in such patients. The diagnosis of HIT type I is supported by nega-
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tive laboratory tests. Patients with this benign form of HIT can continue with
heparin treatment without consequence.

HIT type II is a more serious form of HIT, which is immune-mediated and
can result in serious thrombotic complications. The diagnosis of HIT type II
depends on clinical criteria with confirmation by specific laboratory tests.
Functional assays, such as platelet aggregometry or the serotonin-release assays,
detect HIT antibodies by their ability to activate platelets. Enzyme-linked
immunosorbent assays (ELISA) to identify these antiheparin-PF4 antibodies
are also available. Unexplained thrombocytopenia or unexplained throm-
boembolism in a patient who is receiving heparin is sufficient reason to sus-
pect a diagnosis of HIT (3,4). A link must be established between heparin and
thrombocytopenia; other causes of thrombocytopenia must be excluded.

An early diagnosis of HIT in cardiac surgery patients can be difficult to make,
as most patients have platelet counts between 100,000/µL and 150,000/µL
during the early postoperative period (2). Ongoing studies by the authors sug-
gest that HIT may be associated with an immediate postoperative platelet count
decrease >50% from the pre-operative count without a trend of increasing
platelet count during the following postoperative days. It is important to exclude
postoperative platelet-consumptive processes such as unrecognized hematoma
formation or hemorrhage (2).

The time required to develop HIT antibody from the initial heparin exposure
is typically 5 d, but can be longer or shorter if an anamnestic response is pro-
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Table 1
Types of HIT

Type I HIT
• Nonimmune-mediated
• Benign
• Mild thrombocytopenia
• Thrombocytopenia corrects despite continuation of heparin
Type II HIT
• Immune-mediated
• Thrombocytopenia, which follows heparin exposure with a reduction in platelet

count to less than 100,000/µL or a 30% decrease in platelet count from baseline
• Heparin exposure which precedes the thrombocytopenia by at least 5 d (at the

current period or any time earlier)
• Reasonable exclusion of other clinical causes of thrombocytopenia—e.g., a degree

of thrombocytopenia following cardiac surgery is expected
• May be associated with thrombosis—onset of new thrombotic event or extension

of previous thrombosis
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duced (5,6). The dose of heparin and route of administration do not seem to
make any difference in the frequency of HIT. Like other antibody responses,
the HIT antibody response varies in an individual patient. This can be seen from
the varying titers of antibody to the heparin-platelet factor (PF) 4 complex (7,8).
The duration of antibody production in individual patients is also variable. The
antibody response in most patients ranges from a period of weeks to months;
but patients have remained HIT antibody-positive for more than 1 yr. One may
observe a delay in platelet rise in some HIT patients with a negative lab assay
after heparin removal, and a positive lab assay may be observed in the face of
rising platelet counts after heparin removal (3) Both cases are HIT.

Failure to monitor platelet counts and to evaluate the patient for manifesta-
tions of thromboembolism or hemorrhage may result in a delay in diagnosis.
Rechallenge with heparin after resolution of the thrombocytopenia to confirm
the diagnosis of HIT is dangerous, and should not be performed.

HIT occurs in approx 1–2% of all individuals exposed to heparin (9,10). The
majority of cases are found in medically and surgically treated adults, but can
also be observed during pregnancy and in the newborn (11–13). The most dra-
matic clinical expression of HIT is HIT antibody-driven thrombosis.
Thrombosis can occur anywhere throughout the venous or the arterial circula-
tion (3,10,13,14). HIT in patients with thrombosis (HITTS) is most often asso-
ciated with deep venous thrombosis (DVT) and pulmonary embolism (PE), but
unusual thromboses, including mesenteric ischemia, spinal-artery thrombosis,
visceral infarctions, cerebral infarction, and myocardial infarction (MI) are not
uncommon (2,13). Thrombi are probably also formed in many HIT patients in
locations that do not result in clinically expressed adverse events, and can
develop when platelet counts are normal.

Studies suggest that the diagnosis of HIT predicts future clinically signifi-
cant thrombotic events (2,3,13,15). Patients with clinically diagnosed HIT have
a 35% probability of developing a clinically significant thrombosis during their
hospitalization (13). Patients with HIT or HITTS carry a reported mortality of
25–30% and amputation rates of up to 25% (13). The apparent paradox of a fall
in platelet count with thrombotic rather than hemorrhagic complications is
analogous to the syndrome of thrombotic thrombocytopenic purpura (TTP) (3).
Therefore, these patients require careful monitoring and aggressive treatment,
possibly including prophylactic anticoagulant therapy.

3. Pathophysiology of HIT
HIT type II is an immune reaction triggered by the generation of antibodies

that bind to a complex of heparin coupled with a peptide or protein on the
platelet or endothelial cell-surface (16–23). The currently accepted mechanism
of the pathophysiology of HIT is based on the development of an IgG antibody

Antithrombotic Drugs and HIT 63

CH06,61-82,22pgs  9/5/03 11:03 AM  Page 63



targeted toward the heparin-PF4 complex (16,21). This antibody causes platelet
activation, aggregation, and subsequent platelet and endothelial-cell destruc-
tion (17,19,24–27). The antibody is not heparin specific, and has been shown
to react with highly sulfated materials including dextran sulfate, pentosan poly-
sulfate, but not dextran, dermatan sulfate or de-sulfated heparin (20,28).

The Fab region of the antibodies recognize the heparin-PF4 complex, and
the Fc portion of the antibody binds to the FcγRIIa receptors on the platelet
(16–18,21,22,29). Complexes of heparin-PF4-IgG accumulate on the platelet
surface and stimulate platelets, which releases additional PF4, creating a pos-
itive feedback cycle. In addition, heparin sulfate on the endothelial-cell surface
can also bind PF4. The antibody to the heparin-PF4 complex binds to the cell-
bound complex, resulting in endothelial-cell damage (19,23,25–27). The dam-
aged endothelial cells act as a starting point for the thrombotic event, potentially
through exposure of tissue factor (TF), which is enhanced by the recruitment
of monocytes and further TF release from these cells (30). The release of
platelet microparticles (24,31) that are rich in phospholipid and adhesion mol-
ecules further contributes to platelet aggregation, endothelial-cell change, and
thrombosis.

Platelet activation plays a central role in HIT; however, platelet activation
does not occur as an isolated physiological response. Leukocyte activation,
leukocyte binding to platelets, leukocyte binding to endothelial cells, and the
activation of the inflammatory state also occur in the presence of heparin-
dependent antibodies (25,26,32–35).

Studies with cultured endothelial cells have demonstrated that there is an
increase in the expression of adhesion molecules (ICAM-1, VCAM,
E-Selectin), inflammatory cytokines (IL-1β, IL-6) and prothrombotic sub-
stances (TF, PAI-1) upon incubation with anti-heparin-PF4 antibodies (26,34).
From these studies, it is clear that endothelial-cell behavior is related to the vas-
cular bed from which they are derived. Although human bone-marrow endothe-
lial cells could be activated by isolated HIT IgG and PF4 alone, the activation
response with human umbilical vein endothelial cells (HUVEC) was dependent
on the presence of platelets or prestimulation with TNFα. HIT patients have
been shown to have elevated circulating levels of TF, thrombomodulin, solu-
ble P-selectin, and PAI-1 compared to normal individuals, suggesting endothe-
lial injury and/or activation in patients with HIT (25,35).

Platelet activation induced by anti-heparin-PF4 antibodies results in
enhanced binding of platelets to monocytes and neutrophils (32). Such inter-
actions can lead to alterations in the functions of both the platelets and leuko-
cytes. Measured as increased CD11b expression, neutrophils are activated upon
incubated with HIT serum (33). Studies suggest that this activation response is
dependent on platelets. Another study has shown that isolated monocytes

64 Jeske and Walenga

CH06,61-82,22pgs  9/5/03 11:03 AM  Page 64



express TF following incubation with purified HIT IgG (30). Thus, it appears
that there is also an inflammatory component to the HIT response.

The wide spectrum of clinical manifestations described in patients who
develop HIT may be explained by the heterogeneity of the components that com-
prise its mechanism. HIT antibodies are usually of the IgG2 isotype, although
other IgG isotypes as well as IgA and IgM antibodies have been identified in
these patients (16,21,22,36). The heparin-PF4 antibody titer does not correlate
with the severity of clinical manifestations of HIT (7,8), suggesting that there
are other still unknown components or mechanisms. Both functional and non-
functional antibodies, in terms of their ability to activate platelets, have been
identified in patients with HIT (36,37). Such antibodies may arise from differ-
ent epitopes on the heparin-PF4 complex. Whether these non-functional anti-
bodies are truly benign is unknown. However, there is evidence of an increased
prevalence of MI, recurrent angina, urgent revascularization, and stroke within
the year following detection of antibodies (38). There is a range of affinities of
antibodies to the heparin-PF4 complex, and only the highest-affinity antibodies
appear to cause platelet activation, as demonstrated by the serotonin-release
assay (39,40). Other studies have also shown that antibodies from some patients
with HIT can cause platelet activation independent of heparin (36).

The platelet FcγRIIA-receptor genotype imparts a degree of risk on patients
for developing HIT, but this does not seem to be a major factor (41). Heparin
itself is heterogeneous in amino acid and protein content and degree of sulfa-
tion from lot to lot and from manufacturer to manufacturer. These add other
levels of heterogeneity to the spectrum of HIT.

4. Anticoagulant Options for Patients With HIT
Despite the devastating consequences of the heparin antibody, the diagnosis

of the immune form of HIT is not made promptly in many hospital units. The
clinical management of patients who are believed to have HIT demands a metic-
ulous search for heparin exposure, including vascular line flushes and heparin-
coated catheters. All heparin should be immediately discontinued. Early
discontinuation of heparin alone does not appear to significantly affect the
thrombotic event rate, although early recognition may improve mortality (13).
In one study, one-third of all HIT patients in whom heparin was stopped as soon
as the diagnosis was made developed a new thrombosis (13). Thus, prophylaxis
against thrombosis may be beneficial. Although the discontinuation of heparin
removes the stimulus for HIT antibody production, it also eliminates the usual
treatment for thrombosis. Untreated thrombus will continue to propagate, and
will become a clinically significant thrombotic event. Therefore, alternatives
to heparin are needed in this patient population for the prophylaxis and treat-
ment of thrombotic events and for use in interventional and surgical procedures.
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4.1. Traditional Management Options

Most of the early anticoagulation treatment alternatives for patients with HIT
have been less than optimal because of high bleeding risk, slow onset of activ-
ity, long half-life, poor efficacy, and lack of an antidote. The conventional anti-
coagulants aspirin and dextran are of limited value in the treatment of patients
with HIT-associated thrombosis (2). Dextran interferes with platelet aggrega-
tion and fibrin polymerization, thus delaying the onset of aggregation and the
overall degree of aggregation. However, tachyphylaxis or anaphylaxis to dex-
tran can occur. Aspirin has been used with some success, but often has no effect
in HIT patients (42). Aspirin is usually initiated only after thrombocytopenia
has resolved to a level of at least 100,000/µL platelets.

4.2. Low Molecular Weight Heparins

Considered to be less antigenic than heparin because of their smaller size, low
molecular weight heparins (LMWHs) were believed to play a role as alternative
anticoagulants in patients with HIT. Based on a review of clinical trials carried
out in the 1990s, there was a lower risk of immune sensitization and lower risk
of developing HIT with LMWH treatment (0.3% vs 2.8%) (43). The molecular
weight of heparin may contribute to its ability to generate functional antibod-
ies. Fractions of heparin with mean molecular weights less than 5000 Daltons
do not activate platelets in the presence of antibody (44). This may be a key factor
in the lower incidence of HIT in patients treated with LMWH; however, data for
all LMWHs and for both prophylactic and therapeutic doses is not available.

Nonetheless, it is clear that in a patient with established HIT, the use of
LMWHs would be associated with a high risk of continuation of the disease
process. In vitro results unequivocally demonstrate that LMWHs will pro-
duce platelet aggregation in the presence of heparin antibody. Although the
response is less than that for heparin (80% vs 100% positive reactors), it remains
significant (28,45). There have been limited reports on the successful use of
LMWHs in HIT-positive patients (46–49). However, some authors caution that
evidence for reducing the thrombus extension was not documented in all
patients (49–51). If in vitro platelet aggregation with LMWH is positive, treat-
ment must be avoided or stopped (47) The current American College of Chest
Physicians (ACCP) recommendation is that LMWH should not be given to
patients with HIT, as the potential for cross-reactivity with the heparin antibody
is high (1).

4.3. Warfarin

For patients with mechanical prosthetic valves, atrial fibrillation (AF), and
an underlying hypercoagulable state, the ideal management strategy is to keep
the patients prophylactically anticoagulated with oral anticoagulants (2,4).
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However, warfarin should not be used as the sole treatment for HIT-associated
thrombosis. With warfarin, the required loading period of 48–72 h leaves
patients without anticoagulant protection during that period. This can be pre-
vented by overlapping use of a direct thrombin inhibitor during initial warfarin
dosing. Warfarin also inhibits protein C, potentially resulting in a prothrombotic
state that can lead to tissue necrosis. To avoid skin necrosis, full anticoagula-
tion with warfarin should be delayed until the patient is out of the acute phase
of HIT and platelet counts exceed 100,000/µL (52). Once the international nor-
malized ratio (INR) for warfarin is stable in the therapeutic range, the intra-
venous (iv) thrombin inhibitor can be tapered off. An important point to consider
when using a combination of direct thrombin inhibitor and oral anticoagulant
is that the PT/INR is also affected by direct thrombin inhibitors (53–55). Higher
than expected INR values will be obtained for patients on a combination of
direct thrombin inhibitors and warfarin, but without the same relationship
between INR and bleeding risk. A nomogram is available that can be used to
help direct dosing. A practical recommendation is to co-administer warfarin and
the thrombin inhibitor until an INR of 3–4 is achieved. The thrombin inhibitor
can then be withdrawn, and the INR can be reassessed. Low-dose aspirin can
be added to the regimen once warfarin is therapeutic.

4.4. Ancrod

The defibrinating agent ancrod (Arvin®; Knoll; Whippany, NJ) is a purified
fraction of venom from the Malaysian pit viper Agkistrodon rhodostroma.
Theoretically, it is useful in patients with HIT because of its mechanism of
action, which differs from that of heparin. Ancrod acts on the fibrinogen mol-
ecule enzymatically, cleaving off the fibrinopeptides A but not the fibrinopep-
tides B. Soluble fibrin is formed, to which tissue plasminogen activator (tPA)
and plasminogen bind. Generated plasmin degrades the fibrin. Fibrin deposi-
tion and clot formation are prevented by endogenous fibrinolysis. Thrombosis
can occur if the endogenous fibrinolytic system is not optimal, or if the infu-
sion of ancrod is rapid enough that the rate of fibrin formation is greater than
the rate of fibrin degradation. Ancrod has been used in cardiac surgery for anti-
coagulation of the cardiac surgery pump in patients with HIT, with treatment
performed 24–48 h prior to surgery. This treatment is no longer recommended
because it carries an inherent risk of bleeding, thrombosis, and treatment fail-
ure (56). This agent is no longer available for clinical use.

4.5. Direct Thrombin Inhibitors

The recommended treatment for patients with HIT antibody is to antico-
agulate with a direct thrombin inhibitor (1). The FDA has approved hirudin
(lepirudin, Refludan® [Berlex; Wayne, NJ]) and argatroban (Acova®
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[GlaxoSmithKline; Philadelphia, PA]) for the treatment of HIT-associated
thrombosis. Pharmacologic characteristics of these agents are compared in
Table 2. Argatroban has also been approved for prophylaxis of HIT-associated
thrombosis. These drugs have no structural similarity to heparin, and thus do
not crossreact with the HIT antibody (2,28,57,58). The level of anticoagulation
can be monitored with standard aPTT testing for both drugs.

4.5.1. Argatroban: Prophylaxis and Treatment of Thrombosis

A multicenter study conducted to evaluate the safety and efficacy of arga-
troban in patients with HIT used continuous iv argatroban at 2 µg/kg/min for
an average of 6 d (14 d maximum) in 160 HIT patients and 144 HITTS patients
(59). Dosage was adjusted to maintain the activated partial thromboplastin time
(aPTT) between 1.5 and 3.0× baseline. Outcomes assessed during and for a
period of 30 d following therapy were compared with those from 147 HIT and
46 HITTS historical control patients.

The primary efficacy composite end points of new thrombosis, all-cause
amputation, or all-cause death were significantly reduced in argatroban-treated
patients vs controls with HIT (25.6% vs 38.8%, p = 0.014). In patients with
HITTS the composite incidence in argatroban-treated patients was 43.8% vs
56.5%, p = 0.13. Significant between group differences by time-to-event
analysis of the composite end point favored argatroban treatment in HIT
(p = 0.01) and HITTS (p = 0.014) patients. Argatroban therapy, relative to
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Table 2
Differences Between the Two Direct Thrombin Inhibitors

Argatroban Hirudin

Shorter half-life Longer half-life
Anticoagulant response rapidly reversed Anticoagulant response slowly reversed
No antibody formation Antibodies are generated that delay its

elimination; antibodies are generated
that decrease its anticoagulant activity

May have less bleeding side effect May have more bleeding side effect
Metabolized in the liver Cleared via the kidney
Requires dose adjustment in liver disease Requires dose adjustment in renal

patients diseasepatients
Effectively monitored by aPTT and ACT Monitored by aPTT and ACT, but 

response times are different from
argatroban
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controls, also significantly reduced new thrombosis and death due to thrombosis
(p < 0.05).

No difference was detected in the incidence of major bleeding vs controls
(HIT: 3.1% vs 6.5%, p = 0.20; HITTS: 10.4% vs 9.2%, p = 0.74), although minor
bleeding was increased (HIT: 40% vs 12%, p < 0.001; HITTS: 42% vs 17%,
p < 0.001), primarily at procedural sites. Argatroban-treated patients achieved
therapeutic aPTTs generally within 4–5 h of starting therapy, and, compared to
controls, had a significantly more rapid rise in platelet count (p = 0.0001).

4.5.2. Argatroban: Interventional Cardiology

Frequently, patients with HIT require coronary interventional procedures.
The feasibility of using argatroban in this patient population was investigated
several years ago (60–62). Subsequently, two trials (ARG216 and ARG310/311)
evaluated the safety and efficacy of argatroban as anticoagulant therapy for per-
cutaneous coronary interventional (PCI) procedures, including percutaneous
transluminal coronary angioplasty, stent implantation and rotational atherec-
tomy, in HIT patients (63). Patients (n = 91; 112 PCIs) were treated with a
350 µg/kg bolus argatroban followed by a 25 µg/kg/min infusion. Efficacy of
anticoagulation in argatroban-treated PCI HIT patients was measured in com-
parison to the Cleveland Clinic PCI angioplasty registry of heparin-treated
non-HIT patients during the concordant time of patient enrollment. Safety of
argatroban in PCI was evaluated by comparing the bleeding rate with argatroban
to the heparin-only arm of the EPILOG trial, which was also conducted during
the same period as patient enrollment in the argatroban PCI trials.

The 94.5% acute procedural success rate in patients who were undergoing
their initial PCI with argatroban compared favorably with the 94.0% procedural
success rate with heparin. No unsatisfactory outcomes occurred during repeat
PCIs with argatroban (n = 21). Only one patient experienced major peri-
procedural bleeding. The safety of argatroban during PCI was at least
equivalent to the safety of heparin during PCI (1.1% major bleeding rate with
argatroban vs 3.1% with heparin).

Adequate anticoagulation as measured by the activated clotting time (ACT)
was achieved in 97.8% of argatroban-treated patients after the initial arga-
troban bolus. The target ACT for PCI of 300–450 s was achieved within 10 min
of initiation of argatroban (61). An ACT of >300 s was maintained throughout
the interventional procedure in more than 80% of the argatroban-treated
patients. A repeat argatroban bolus of 150 µg/kg generally re-established a ther-
apeutic ACT. An ACT of 200–250 s was recommended when argatroban is used
in conjunction with a GPIIb/IIIa inhibitor.

Although the data is promising for the use of argatroban in PCI in HIT and
non-HIT patients, the registry-style control data collection used in some of these
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studies could have introduced observational bias as a result of the non-blinded
nature of the study design. A recent pilot study has shown that the use of 
argatroban in combination with glycoprotein IIb/IIIa inhibition is safe and
effective in non-HIT patients undergoing percutaneous coronary intervention
(63a). In this study of 101 prospectively enrolled patients, a 250 µg/kg bolus
+ 15 µg/kg/min infusion of argatroban was observed to provide adequate anti-
coagulation with an acceptable bleeding risk. Further refinement of argatroban
dosing is ongoing.

4.5.3. Lepirudin: Treatment of Thrombosis

Lepirudin was evaluated for safety and efficacy in the heparin-associated
thrombocytopenia (HAT) study in patients with HIT confirmed by lab testing.
Patients were administered one of four iv regimens: A1, HITTS patients
(n = 51), 0.4 mg/kg bolus followed by 0.15 mg/kg/h; A2, HITTS patients receiv-
ing thrombolysis (n = 5), 0.2 mg/kg bolus followed by 0.1 mg/kg/h; B, HIT
patients (n = 18), 0.1 mg/kg/h; C, during cardiopulmonary bypass surgery
(n = 8), 0.25 mg/kg bolus and 5 mg boluses as needed (64). Outcomes of
71 patients were compared to a historical control group of 120 patients. The
incidence of the combined end point (death, amputation, new thromboembolic
complications) was significantly reduced in lepirudin-treated patients
(p = 0.014). Platelet counts increased rapidly in 88.7% of treated patients, and
bleeding rates were similar in both groups.

In the HAT-2 study, patients with HIT confirmed by lab testing received treat-
ment by one of three dosing regimens for 2–10 d or longer: A1, treatment,
0.4 mg/kg bolus followed by 0.15 mg/kg/h (n = 65); A2, in conjunction with
thrombolytic therapy, 0.2 mg/kg followed by 0.1 mg/kg/h (n = 4); B, prophy-
laxis, 0.01 mg/kg/h (n = 43) (65). Outcomes of 95 patients compared with those
of 120 historical control patients showed aPTT >1.5× baseline and platelet count
normalization by d 10 in 69% of treated patients. Within 35 d after HIT con-
firmation fewer lepirudin-treated patients than historical control patients expe-
rienced outcome events (p = 0.12). Bleeding events in the lepirudin group were
more frequent (44.6 vs 27.2%; p = 0.0001).

These studies showed that anticoagulation with argatroban or hirudin sig-
nificantly reduces the risk of thrombosis and thromboembolic complications
(new thrombosis, amputation, or death) associated with HIT. This benefit was
achieved with an acceptable safety profile.

4.5.4. Lepirudin: Cardiac Surgery

Perhaps the greatest obstacle to overcome in the management of patients with
HIT antibody is anticoagulation during surgical coronary revascularization.
Standard heparin protocols, restricted to the surgery itself, can be employed after
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antibody titers are allowed to decrease (3,66). Additionally, performing surgery
with a combination of heparin and an antiplatelet agent such as tirofiban or ilo-
prost may prove to be a useful option (67,68). Postoperative or long-term use
of heparin should be replaced with a direct thrombin inhibitor and/or warfarin.

The use of hirudin as an anticoagulant during cardiopulmonary bypass
surgery (coronary-artery grafting, aortic-valve replacement) in patients with
HIT has been described in a number of small studies and case reports (69–77).
Although large-scale trials to identify the optimal dosage of hirudin have not
been performed, it appears that clotting can be avoided at hirudin concentra-
tions of approx 3–5 µg/mL (71,74). It may be possible to monitor such levels
of hirudin using the ecarin clotting time. However, this assay has not been stan-
dardized, and is not widely available. As in patients without HIT, the risk of
bleeding is increased when hirudin-treated HIT patients have impaired renal
function.

4.5.5. Other Uses of Thrombin Inhibitors in HIT Patients

Several case reports describe the successful use of argatroban anticoagula-
tion in HIT patients requiring renal or carotid stent placement (77a,b). Doses
of argatroban were similar to those that are used for coronary interventions. The
use of both argatroban and lepirudin for anticoagulation in HIT patients requir-
ing hemodialysis has been described (77c–77g). Lepirudin has been shown in
a limited number of patients to provide safe and effective anticoagulation for
performing percutaneous coronary interventions in patients with HIT (77h,77i).

4.5.6. Danaparoid

The low molecular weight heparinoid danaparoid (Orgaran®; Organon; Oss,
The Netherlands) was introduced about 12 yr ago, and was soon used as an alter-
native anticoagulant in patients with HIT, as no other viable drug existed at this
time. Danaparoid is a mixture of non-heparin polysulfated glycosaminoglycans
(GAGs) (heparin sulfate, dermatan sulfate, chondroitin sulfate) and LMWH.
Although related to heparin in structure, danaparoid differs from heparin in the
degree of sulfation and molecular weight. In vitro studies using HIT-positive
sera have shown a decreased incidence of platelet aggregation to danaparoid
compared to heparin—e.g., 18% positive reactors vs 100% for heparin (28,78).
As a result, there have been reported treatment failures (79).

Danaparoid has been successfully used in a considerable number of patients
with HIT in numerous clinical situations such as hemodialysis, plasmaphere-
sis, treatment of pulmonary emboli, treatment of venous or arterial thrombo-
sis, and unstable angina, and during therapy with the intra-aortic balloon pump
(80,81). Danaparoid has been the drug of choice for treatment of HIT patients
over the last several years prior to the availability of direct thrombin inhibitors.
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Typical dosing ranges from 0.5–0.8 anti-Xa U/ml for treatment of thrombosis.
Although useful in many clinical cases, limitations do exist with danaparoid,
including dosing guidelines that are not well-established, lack of an antagonist,
and monitoring assays that are usually unavailable. In addition, because of its
long half-life (about 25 h), significant postoperative bleeding can occur with
danaparoid. While danaparoid has been withdrawn from the US market by its
manufacturer, it remains a useful alternative for the prophylactic and therapeutic
anticoagulation of HIT patients in Europe.

4.6. Thrombolytic Agents

Patients who have limb-threatening or life-threatening thrombosis that is not
corrected with thrombin-inhibitor treatment can be treated with selective throm-
bolytic infusion (2,4). Lower doses for postoperative patients (urokinase
30,000–60,000 U/h) and higher doses (urokinase 50,000–200,000 U/h) for
non-postoperative patients are recommended (4,82–84). Fibrinogen levels are
monitored every 8 h to maintain levels at 200 mg/dL. Thrombolytic infusions
are discontinued or decreased if significant clinical bleeding is observed, and
are continued until angiographic evidence of complete resolution of thrombus
is found. Selective thrombolytic infusion has been more successful than surgi-
cal thrombectomy. The endothelial damage that occurs with thrombectomy,
combined with the involvement of endothelial cells observed with HIT antibody,
may explain the limited success with thrombectomy. However, surgical
thrombectomy remains a reasonable therapy in patients who have dire clinical
circumstances and cannot afford the time required for selective thrombolytic
infusions.

5. Future Anticoagulants
5.1. Bivalirudin

Bivalirudin (Angiomax®, The Medicines Company; Parsippany, NJ) is a
synthetic, direct thrombin inhibitor with a lower molecular weight than hirudin.
Its structure is based on two small peptide sequences that bind directly to the
active site of thrombin, and to the exosite of thrombin. Bivalirudin is a reversible
inhibitor of thrombin, which can be used in both renally and hepatically
impaired patients. Bivalirudin is currently approved in the US for use in non-
HIT patients undergoing PTCA. In addition, the drug is in phase II/III devel-
opment for use as an anticoagulant for off-pump coronary surgery. Limited data
suggests that the use of bivalirudin provide adequate anticoagulation for off-
pump surgery without increasing the propensity for bleeding relative to the use
of heparin/protamine. Limited clinical experience shows that bivalirudin can
be used successfully to prevent thrombosis in patients with HIT (57a,b).
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5.2. Factor Xa Inhibitors

Factor Xa inhibitors are another focus of new drug development. The syn-
thetic heparin pentasaccharide (fondaparinux, Arixtra®; Sanofi-Synthélabo
Organon; Paris, France) is one example. Factor Xa inhibitors have shown no
platelet aggregation response at any concentration with numerous HIT positive
sera that have been evaluated (28). These agents would not be expected to pro-
duce a platelet activation/aggregation response to the known HIT antibody, since
they do not interact with PF4 and do not release PF4 from activated platelets,
as does heparin. In clinical trials to date, fondaparinux treatment has been asso-
ciated with thrombocytopenia at half the frequency as that observed with
LMWH treatment. There has been no known development of HIT because of
fondaparinux treatment in these trials. However, it is not known if these drugs
are potent enough to counteract the high level of thrombin generation that pro-
duces the hypercoagulable state in HIT.

5.3. Antiplatelet Agents

Despite the potent anticoagulant effect of direct thrombin inhibitors demon-
strated in the clinical trials, an unacceptable level of thrombosis-related mor-
bidity and mortality remains in HIT patients. The glycoprotein (GP) IIb/IIIa
platelet-receptor inhibitors (abciximab, ReoPro®; Lilly; Indianapolis IN; epti-
fibatide, Integrilin®; Millenium Pharmaceuticals, Cambridge, MA; tirofiban,
Aggrastat®; Merck, West Point, PA) and the ADP platelet receptor inhibitor
(clopidogrel, Plavix®; Sanofi; Paris, France) have been shown to inhibit in
vitro platelet activation/aggregation responses induced by HIT serum and
heparin (24,85). This includes inhibition of the formation of platelet micropar-
ticles. The thrombin inhibitors were not effective in suppressing this platelet
activation (85).

Limited clinical experience suggests that GPIIb/IIIa inhibitors are effective
at reducing thrombus that is resistant to thrombin inhibitor treatment (58). In
these patients, a standard dose of a GPIIb/IIIa inhibitor was administered with
a reduced dose of the direct thrombin inhibitor. There was no incidence of overt
bleeding that required intervention, and all patients exhibited clinical improve-
ment or full recovery. Although promising, optimal dosing regimens have not
yet been established.

6. Conclusion
Because patients with HIT have an extremely high probability of develop-

ing thrombosis, treatment options other than heparin are essential (Table 3;
2,4). Prophylaxis against thrombosis should also be considered (2,4). The cur-
rent ACCP guidelines for the treatment of acute HITTS include the use of
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Table 3
Anticoagulant Options for the HIT Patient

Drug Comment

Current recommendations
Argatroban Drug of choice; approved for prophylaxis and 

treatment of HIT-associated thrombosis.
Lepirudin Drug of choice; approved for the treatment of 

HIT-associated thrombosis.
Danaparoid Useful in many cases; but inconvenient monitoring,

longer half-life than thrombin inhibitors, potential
cross-reactivity with HIT antibodies.

Warfarin Should not be used as sole therapy in acute phase 
of HIT; can be given in conjunction with
thrombin inhibitors during the acute phase, or 
its use delayed until platelet counts begin to
normalize.

Other options
Thrombolytics Useful only to resolve life-threatening thromboses.
Dextran Limited value; may be associated with anaphylactic 

or tachyphylactic responses.
Aspirin Not effective in most patients; lacks potent 

anticoagulant effect needed in HIT type II.
Ancrod Slow onset of action; high bleeding risk; no 

antidote.
Contraindicated agents

LMW heparins Not recommended due to a high degree of in vitro 
cross-reactivity and the potential for in vivo
cross-reactivity.

Under investigation
Bivalrudin Direct thrombin inhibitor with properties similar to

argatroban and lepirudin; limited experience in
HIT patients.

Antifactor Xa agents Do not interact with HIT antibody; may lack potent
anticoagulant activity needed in HIT type II.

Antiplatelet agents GP IIb/IIIa antagonists and ADP-receptor blockers;
effective in in vitro studies; limited data in vivo;
may be useful in combination with thrombin
inhibitors.
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danaparoid, lepirudin, or argatroban alone or in combination with warfarin.
For documented clinical thrombosis associated with HIT, patients should be
treated with a direct thrombin inhibitor at therapeutic aPTT levels for 7–10 d.
Warfarin should not be used during the acute phase of HIT, unless a thrombin
inhibitor is being used simultaneously. Conversion to warfarin can be done when
the acute phase of HIT has passed. Because of the high likelihood of cross-
reactivity, the use of LMWHs in patients with HIT is not recommended.

For prophylactic treatment of HIT patients despite a lack of other indications
for anticoagulation, a direct thrombin inhibitor can be initiated with low levels
of anticoagulation until the thrombocytopenia resolves. This regimen is con-
tinued until laboratory evidence is provided that the HIT antibody is no longer
detectable. In addition to needing anticoagulation to treat thrombosis, HIT
patients can require anticoagulation for non-HIT-related events such as treat-
ment of MI and unstable angina or long-term anticoagulation for heart valves
or AF. For these situations, the use of a direct thrombin inhibitor if immediate
anticoagulation is needed with switchover to warfarin is a useful option.
However, optimal dosing regimens have not been established in all cases.
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Laboratory Methods for Heparin-Induced
Thrombocytopenia

Margaret Prechel, Walter P. Jeske, and Jeanine M. Walenga

1. Introduction
Heparin-induced thrombocytopenia (HIT) is associated with high morbid-

ity and mortality. Because the pathophysiology of this complex disorder has
remained unclear, so has the development of supportive diagnostic laboratory
assays. The currently available laboratory methods for HIT include platelet-
function assays such as the platelet aggregation assay, the serotonin release
assay (SRA) and flow-cytometric assays, and antigen assays (enzyme-linked
immunosorbent assays [ELISAs]) that quantitate the titer of anti-heparin-
platelet factor 4 antibody. In a clinically defined HIT population, the aggrega-
tion and SRA are highly specific, but the aggregation is usually less sensitive
than the SRA. The flow-cytometric assay has not been tested clinically, although
it shows promising data. The ELISA has a higher sensitivity than the functional
assays, but it gives a high frequency of false-positive results (e.g., patients with
no clinical signs or symptoms of HIT, yet the ELISA titer is positive). False-
negative results, in which patients are clinically HIT-positive yet have negative
ELISA titers, are also observed. Positive aggregation and SRA results are gen-
erally associated with a higher antibody titer; however, a minimum critical titer
is not identifiable. There is no direct correlation between the positive responses
of any of these assays, and clinically positive patients can be missed by all
assays. With these limitations, the combination of aggregation, SRA, and
ELISA testing with multiple samples offers the best chance of identifying a pos-
itive HIT patient. Caution is advised for all assays, as none is optimal. The clin-
ical impression remains the most important factor for the diagnosis of HIT.
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HIT is an immune reaction in which the formation of heparin-dependent anti-
bodies can result in platelet activation (1–4). The antibodies are targeted against
the heparin-platelet factor 4 (PF4) complex and are typically IgG, although IgM
and IgA antibodies have been identified (3–9). The IgG antibodies bind to PF4
following a heparin-induced conformational change and cause platelet activation
via platelet FcγRIIa receptor binding (2,3,5,7,10–13). These antibodies are not
heparin-specific, as they react when non-heparin glycosaminoglycans (GAGs) or
other highly sulfated materials are used in place of heparin in test systems (14,15).

HIT is a complex clinical syndrome with an overall incidence estimated at
2% of all patients exposed to heparin (1,16–18). It is characterized by one or
more of the following clinical features: development of thrombocytopenia to
a platelet count of <100,000/µL or a 50% decrease from baseline, in the
absence of any other reasonable cause of thrombocytopenia, and normalization
of the platelet count following discontinuation of heparin. Nearly one-third of
the patients progress to overt thrombosis, often resulting in amputation. The
mortality from HIT is approx 30%.

Although the diagnosis of HIT may be considered based on clinical features
alone, the decision to discontinue heparin in a patient with recent thrombosis—
often in the face of few choices for continuing anticoagulation, may be diffi-
cult, especially when other potential causes of thrombocytopenia are present.
Because of the potential clinical severity of HIT, it is desirable to support clin-
ical suspicions with laboratory confirmation. Several assays based on the known
pathophysiology of HIT have been developed (3,19,20). Functional assays
include platelet aggregometry, platelet aggregometry with simultaneous mea-
surement of adenosine triphosphate (ATP) release (lumi-aggregometry), SRA,
and flow-cytometric analysis. Following the discovery that antibodies that
cause HIT are targeted against the heparin-PF4 complex, ELISAs were devel-
oped to quantitate this antibody titer.

2. Methods for HIT
2.1. Platelet Aggregation Assay

2.1.1. Assay Technique

Normal healthy donors are prescreened to identify those whose platelets are
reactive in this assay (19,21,22). A two-syringe technique is used to draw whole
blood from the donor into sodium citrate (0.109 M ) in a ratio of 1 part antico-
agulant to 9 parts whole blood. The initial 3 mL of whole blood in the first
syringe is discarded. The citrated blood is centrifuged at 80g for 15 min at room
temperature to obtain platelet-rich plasma (PRP).

After removing the PRP, the remaining whole blood is re-centrifuged at
1200g for 15 min to prepare platelet-poor plasma (PPP). The platelet count of
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the PRP should be 250,000–300,000/mL. If it is too high, the PPP is used as
diluent. If it is too low, the aggregation test will be less sensitive. Platelets should
be maintained at room temperature, and covered to avoid exposure to air and
thus pH change. PRP should be used within 4 h of blood collection.

Serum from patients who are clinically suspected of HIT is used as the test
sample. Serum is pretreated at 56°C for 45 min to inactivate complement and
nonspecific enzymes such as thrombin. The heat-inactivated serum is cen-
trifuged at 600g for 10 min to remove any solid material. Serum can be frozen
or kept at 4°C for several days. Freezing may decrease the platelet activation
activity of the antibody in the serum.

Aggregation is detected by an increase in light transmission through the
platelet suspension measured by a commercial aggregometer (e.g., BioData;
Horsham, PA). After blanking the aggregometer with PPP, 140 µL of pre-
warmed (37°C) PRP and 220 µL of serum is added to a cuvet containing a stir
bar. This mixture is monitored for 3–5 min. If spontaneous aggregation occurs,
the serum cannot be tested with heparin. If there is no spontaneous aggrega-
tion, 40 µL of heparin (or another test drug such as low molecular weight
heparin) is added to the cuvet. Final concentrations of 0.1, 1.0, and 100 U/mL
heparin are used. The aggregation response is monitored for 20 min. Sera are
considered positive for HIT if the low heparin concentrations produce ≥10%
aggregation response, but the 100 U/mL heparin does not cause aggregation.
Appropriate positive and negative controls (stored patient sera previously tested)
are run in parallel with test samples. For all negative responses, viability of
platelets is verified using arachidonic acid activation.

Platelet aggregation with simultaneous measurement of ATP release—lumi-
aggregometry—has also been used to assay for HIT (23). This test is performed
exactly as the aggregation test described previously, with the addition of the
luciferin-luciferase reagent (Sigma, St. Louis, MO) to a final concentration of
4.0 mg/mL to detect released ATP.

2.1.2. Assay Precautions

Specificity of the platelet aggregation assay for HIT is >90%. Sensitivity is
40–60%, but in experienced hands, when optimizing each of the technical
points described in Subheading 2.1.1., it can be as high as 80% (24). One of
the most important factors is the responsiveness of donor platelets (19). Assay
sensitivity has been shown to range from 29–82%, depending on the platelets
used. Because of this, it is recommended that donors be screened to demon-
strate responsiveness, or that several donor platelets be used to assay one serum.
Expert handling of platelets to maintain their function is critical.

The second most important condition is the heparin concentration in the assay
(19). Sensitivity and specificity are improved when multiple heparin concen-
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trations are used. Low heparin concentration triggers the antibody-induced
platelet activation response. High heparin levels inhibit the response. When
combined with a potential heparin contaminant in the serum, the heparin added
as a reagent in the assay may inhibit the activation response, as the total heparin
level is too high. Heparinase is effective for removing heparin contamination
in serum (25).

Conditions must be controlled so that a positive result demonstrates a true
heparin-dependent antibody. Because controls are not commercially available,
previously identified HIT-negative and HIT-positive patient specimens must be
used. One disadvantage is that such samples are typically in limited volume,
and offer no batch-to-batch consistency.

False-positive aggregation responses are rare, but have been shown for patients
with thrombotic thrombocytopenic purpura (TTP) and cocaine abuse. Platelets
can also interact nonspecifically with heparin in the absence of HIT serum
because of alloantibodies from other disease states. These are not HIT responses.

Although it has been reported by Stewart that the sensitivity and specificity
of the lumi-aggregometry method is comparable to that of the SRA (23), other
studies have not confirmed that there is any advantage of the lumi-aggregation
assay over the platelet aggregation assay for HIT.

2.2. Serotonin Release Assay

2.2.1. Assay Technique

The SRA is similar to the platelet aggregation assay for HIT, but uses the
release of radioactive serotonin as the activation end point (26). In brief, PRP is
prepared from citrated whole blood as previously described. PRP is labeled with
0.1 µCi 14C-serotonin/mL for 45 min at 37°C, then washed and resuspended in
albumin-free Tyrode’s solution to a count of 300,000 platelets/µL. Twenty µL of
heat-inactivated test serum is incubated for 1 h with 70 µL of the platelet
suspension and 10 µL of saline or heparin solution (final concentrations 0.1 and
100 U/mL). After ethylenediaminetetraacetic acid (EDTA) is added to stop the
activation reaction, the mixture is centrifuged to pellet the platelets. 14C-serotonin
released into the supernatant is measured in a scintillation counter. Maximal
release is measured following platelet lysis with 10% Triton X-100. Sera are des-
ignated as positive for heparin antibody if they cause the release of ≥20% sero-
tonin with 0.1 U/mL heparin and <20% serotonin with 100 U/mL heparin.
Controls as used in the platelet aggregation assay, are included in each assay.

2.2.2. Assay Precautions

The prerequisite for a high-quality, reproducible SRA test is training and
experience of the laboratory technician. The SRA is a technically demanding,
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labor-intensive, and time-consuming procedure, and requires a license to use
radioactivity. Many labs choose to have this test performed by a reference lab.
If properly performed, the SRA is considered to have better sensitivity for HIT
than the aggregation assay. The specificity and sensitivity of the assay have been
reported to be as high as 90% and >80%, respectively (20,24). False-positive
results are obtained with samples from patients with idiopathic thrombocy-
topenic purpura (ITP) and TTP, as well as from thrombin and other contami-
nants that cause release from the platelet granules.

2.3. Flow Cytometry

2.3.1. Assay Technique

In an effort to develop an assay for the laboratory diagnosis of HIT that is
more user-friendly than the platelet-activation assays yet provides clinically rel-
evant results, the flow cytometer has recently been employed. There are sev-
eral different approaches available for assays to diagnose HIT by flow
cytometry, including both whole blood and washed platelet systems. Samples
run on the flow cytometer can be analyzed for forward-angle light scatter, side-
angle light scatter, and fluorescence. Parameters that can be measured include
platelet microparticle formation, platelet aggregation, platelet-leukocyte inter-
action, and expression of cell-surface markers by fluorescent-tagged antibod-
ies to markers of interest. For example, surface expression of P-selectin is
minimal on resting platelets, but is increased on activated platelets.

An example of an assay that utilizes non-anticoagulated whole blood follows
(27,28). Although non-anticoagulated blood provides for the most optimal
assay system, it is not practical in some settings. Hirudin can be used as a blood
collection anticoagulant in this assay if needed. Freshly drawn whole blood
(290 µL) is incubated with test serum (160 µL) and heparin (50 µL) at 37°C
with stirring for 15 min. The cells are then fixed in 1% p-formaldehyde for
30 min at 4°C. The excess p-formaldehyde is removed, and an aliquot of cells
is resuspended in 400 µL calcium-free Tyrode’s solution (pH 7.4). This sus-
pension is incubated with fluorescent-labeled antibodies (e.g., CD61: GPIIIa
to identify platelets; and CD62: P-selectin to identify activated platelets) for
30 min at room temperature in the dark, then analyzed. Controls, as used in the
platelet aggregation assay, are included in each assay. The test is considered pos-
itive for heparin antibody if the P-selectin expression on platelets or the platelet
microparticle formation for platelets incubated with serum and low-dose
heparin is significantly greater than control.

Other assays use citrated PRP (29,30), and one assay (29) is performed as
follows: To 70 µL adjusted PRP (300,000/µL), 20 µL test plasma and 10 µL
heparin are added. After incubating at room temperature for 1 h, a 5 µL aliquot
is removed, mixed with 10 µL CD41, 1 µL anti-annexin V antibody, and 50 µL
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N-2-hydroxyethylpiperazine N′2-ethane sulfonic acid (HEPES) buffer.
Following a 15-min incubation at room temperature, a 1�10 dilution in HEPES
buffer is made, and the resulting mixture is analyzed by flow cytometry. CD41
(GPIIb/IIIa) identifies platelets, and the annexin V detects activated platelets.

2.3.2. Assay Precautions

At present, flow-cytometry assays are only being used in the research
setting. They are still in development, and have not been verified for clinical
relevance.

We have observed that the whole-blood assay provides better dose-
dependent and reproducible responses with the lowest background noise than
assays that use PRP or washed platelets. Compared to the pure platelet systems,
whole blood has the added advantages of being more physiological, uses
patient’s own platelets, has a decreased turn-around time of the assay, and
allows for the study of platelet-leukocyte interactions.

Use of flow cytometry requires technical expertise of the instrument and
knowledge of cellular gating thresholds for platelets, as well as typical platelet
activation responses. There are several important steps to be performed prior
to flow-cytometric analysis of any test material. For example, one must estab-
lish the thresholds for each fluorescent marker, size calibrations must be done,
gating control samples must be run, and amorphous regions need to be drawn
for the cell populations being analyzed. In addition, all antibodies must be
titrated against cells expressing their specific antigen prior to experimentation
to determine their saturating concentration.

2.4. Antiheparin-PF4 Antibody ELISA

2.4.1. Assay Technique

There are two commercially available, sandwich-type HIT antibody ELISA
assays: Asserachrom HPIA (Diagnostica Stago; Asnieres, France) and the GTI-
HAT assay (GTI; Brookfield, WI).

For the GTI kit, two 30 min incubations at 37°C are required. Alkaline phos-
phatase-conjugated goat anti-human immunoglobulin is the detection antibody.
All antibody isotypes are detected. After incubation with p-nitrophenyl phos-
phate (PNP) substrate, the optical density (OD) at 405 nm is determined for each
test well. Test samples with OD ≥ 0.400 are regarded as positive for HIT anti-
body. If a test sample is positive, it should be repeat-tested in the presence of
100 U/mL heparin. Inhibition of the OD by 50% or more in the presence of
excess heparin confirms a true heparin-PF4 antibody. Inhibition by less than
50% is an equivocal result. The kits provides a positive (OD ≥ 1.800) and neg-
ative (OD ≤ 0.300) control.
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For the Stago HPIA kit (3), there are two incubations of 60 min at room tem-
perature. Peroxidase-conjugated goat anti-human immunoglobulin is the detec-
tion antibody. All antibody isotypes are detected. After incubation with
ortho-phenylenediamine (OPD) substrate, OD is read at 490 nm. Results are
interpreted in comparison to a reference standard included in each kit. ODs
greater than a defined percentage of the reference standard OD are considered
positive for heparin antibody. Positive and negative control plasmas are included
in each kit.

2.4.2. Assay Precautions

The primary difference between the two kits is that Stago coats the microtiter
wells with heparin-PF4 complex as the antigen, whereas GTI coats the wells
with a polyvinyl sulfonate-PF4 complex as the antigen. This and other differ-
ences in reaction conditions (“heparin”-PF4 density on the microtiter plate,
“heparin”-PF4 ratio, epitope of the detection antibody, sample dilution) and def-
inition of a positive result contribute to the differences in sensitivity and speci-
ficity between these two ELISAs.

Relative to the SRA, the sensitivity and specificity of the Asserachrom HPIA
assay were 73% and 77%, respectively (31). The sensitivity and specificity of
the GTI-HAT assay were 60% and 93%, respectively. Antibodies were detected
by HPIA in 18% of the sera negative by both SRA and GTI-HAT.

These ELISAs provide a simpler alternative to the functional platelet assays
for the diagnosis of HIT; however, they have limitations that must be under-
stood for data interpretation. The ELISAs demonstrate the presence of the anti-
body, but are unable to demonstrate an ability of the antibody to cause platelet
activation (a functional response associated with HIT). Sufficient data exists
that shows a high incidence of antibody in patients exposed to heparin in the
absence of any clinical symptoms associated with HIT (19,21,32,33). Thus, anti-
body titer alone does not necessarily correspond with clinical symptoms of HIT.
Other studies demonstrate a population of patients considered to clinically
HIT-positive, for whom the ELISA test was negative. Additionally, the
available ELISAs cannot be used to test the reactivity of the antibodies to low
molecular weight heparins (LMWHs), heparinoids or any drug other than the
heparin used by the manufacturer. This latter protocol modification can easily
be performed in the functional platelet-based assays.

3. Conclusion
In comparative studies, the platelet-aggregation assay has less sensitivity than

the SRA, and the ELISA has the highest sensitivity to identify patients who are
positive for HIT (34). Although the aggregation test was generally the least sen-
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sitive, it can identify HIT-positive patients in cases in which the SRA and the
ELISA are negative. We believe that the pathophysiology of HIT is complex,
and that each of the described assays provides different information related to
the involved mechanisms. No one assay can stand alone as the optimum diag-
nostic assay. Moreover, the sensitivity of all assays is lower than desired, as
patients with clinical signs and symptoms of HIT are often found negative by
all tests.

Recommendations have been made, but not validated, to use the ELISA
assay as a screening assay and a functional platelet assay to confirm a HIT diag-
nosis. However, caution is advised, as false-positive results—and, more impor-
tantly, false-negative results—are frequent, making the interpretation of the
ELISA difficult. Antibody alone is not the cause of the clinical symptoms of
HIT. These results suggest that other factors are involved in the pathogenesis
of HIT and associated thrombosis.

Clearly, the clinical definition of HIT is not standardized. HIT is a complex
syndrome that is manifested in numerous ways. In addition, the assays for HIT
have never been tested in large-scale valid systems that truly determine their
sensitivity and specificity in whole patient populations. The numbers reported
reflect studies only from patients suspected of HIT. Thus, the true sensitivity
and specificity of the assays for HIT is difficult to determine. The assays for
HIT diagnosis should be used only in patients who have been previously exam-
ined clinically and are strongly suspected of having HIT.

All patterns of positive and negative results by the aggregation assay, SRA,
and the ELISA were observed for HIT patients with and without thrombosis
(34). There was no direct correlation of ELISA titer to aggregation assay or SRA
or clinical outcome; clinically ill patients had a wide range of titers. There was
no relationship between any of the three assays. A significant number of patients
were not identified as HIT-positive by any of the three assays.

Nevertheless, studies have shown that a positive assay response was more
often obtained for HIT patients with thrombosis than for HIT patients without
thrombosis (34). Also, the ELISA antibody titer was higher for HIT patients
with thrombosis. These were general findings that did not hold true on an indi-
vidual patient basis, as even low titers could be found in thrombotic patients
(34). No assay was able to predict the thrombotic risk in patients with HIT.

All assays available for the laboratory diagnosis of HIT are of limited value.
Today, the best that can be offered is to perform the combination of the aggre-
gation, SRA, and ELISA tests on samples collected over multiple days for the
best chance to identify a patient with HIT. Newer approaches to improve the
laboratory diagnosis of HIT, including the use of flow cytometry, may offer a
solution to the difficulties associated with the current tests. Further elucidation
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of the pathophysiology of HIT will also help to develop improved laboratory
assays for HIT. Until that time, results obtained with the current assays should
be interpreted with caution, and clinical impressions are best used to direct the
treatment of patients with HIT.
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Factor Xa Inhibitors

Jeanine M. Walenga, Walter P. Jeske, Debra Hoppensteadt,
and Jawed Fareed

1. Introduction
Serine proteases play an important role in the process of thrombogenesis. In

the coagulation network, various serine proteases are activated that facilitate
the formation of factor Xa (1). The serine protease factor Xa has a central role
in coagulation and platelet activation. Factor Xa is an essential component of
the prothrombinase complex, and leads to the formation of thrombin. Thus, the
inhibition of factor Xa represents an important strategy in the development of
new antithrombotic drugs.

A growing interest in the development of specific inhibitors of serine pro-
teases is evident (2). In addition, to the development of factor Xa inhibitors,
there is also interest in the development of factor VIIa, factor VIIa-tissue factor
(TF), factor XIIIa, factor XIIa, and factor IXa inhibitors. Although the devel-
opment of these inhibitors represents a logical approach to control thrombo-
genesis, each of these enzymes or enzyme/activator complexes represents a
specific site with limited activation potential. Eventually, all of these proteases,
with the exception of factor XIIIa, augment the generation of factor Xa. The
direct inhibition of factor Xa would offer a more collective control of throm-
bogenesis than individual site inhibition would.

The initial development of factor Xa inhibitors met with less interest than
the development of thrombin inhibitors. These early inhibitors had low affin-
ity to factor Xa, low selectivity, and low enzymatic activity (3,4). Because of
the increase in catalytic activity within the coagulation cascade, once the pro-
thrombinase complex is formed (300,000-fold more activity over factor Xa
alone), a potent factor Xa inhibitor is required with high affinity for the enzyme.
The first factor Xa inhibitors did not fulfill this requirement.
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Factor Xa inhibitors have several potential advantages over thrombin
inhibitors. Factor Xa is in the common pathway of both the intrinsic and extrin-
sic systems, playing a central role in the coagulation pathway. Since it is formed
at an earlier stage than thrombin, the catalytic effect of factor Xa is less than
that of thrombin until it is highly amplified by the prothrombinase complex.
Thus, less inhibitory activity would be required to reduce the procoagulant
action of factor Xa. Factor Xa has no known activity other than as a procoag-
ulant, as opposed to thrombin, which has multiple plasmatic and cellular acti-
vation functions, not the least of which is activation of protein C.

Factor Xa has slower activation kinetics in comparison to thrombin because
of its position in the coagulation cascade. In addition, factor Xa inhibitors do
not completely suppress the production of thrombin. Small amounts of throm-
bin generated, despite factor Xa inhibition, can initiate primary hemostasis by
forming platelet hemostatic plugs. However, this small amount of thrombin is
insufficient to catalyze the conversion of large amounts of fibrinogen to fibrin.
For these reasons, it is assumed that the narrow safety/efficacy margin of throm-
bin inhibitors shown in clinical trials that lead to drug overdose with a resul-
tant bleeding would not be as readily observed with Xa inhibitors (5,6). Because
of their different mechanisms of action, factor Xa inhibitors are expected to be
safer than thrombin inhibitors, yet be effective antithrombotic agents.

2. Classification
Factor Xa inhibitors are structurally diverse, ranging from peptides and pro-

teins to heparin saccharidic sequences (7,8; Table 1). They can be naturally
derived, recombinant, or synthetic. Molecular size, specificity, and kinetics of
factor Xa inhibition differ between inhibitors. They can be direct binding to factor
Xa or indirect via a cofactor such as antithrombin (ATIII) and binding can be
reversible or irreversible. Protein inhibitors tend to be immunogenic; they can carry
viral or animal contaminants and can become limited in supply. The structural
diversity among the factor Xa inhibitors influences their mechanisms of action.

3. Mechanisms of Action
3.1. Coagulation

The different factor Xa inhibitors will affect the coagulation cascade at dif-
ferent points, possibly resulting in differing antithrombotic efficacies. Based
on the amplification mechanisms within the coagulation cascade and the impor-
tant role of the prothrombinase complex, highly effective and selective factor
Xa inhibitors will inhibit the generation of thrombin. This is probably the most
important mechanism of factor Xa inhibitors as antithrombotic agents. By their
action, thrombin-mediated feedback reactions, such as the activation of the
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Table 1
Factor Xa Inhibitors

Agent Originator Chemical nature Source Developmental status

Direct inhibitors
Yagin Bio-Technology Medicinal leech protein Animal derived Terminated

General (85 a.a.)
Antistasin Merck Mexican leech protein Recombinant Terminated

(119 a.a.)
TAP Bristol-Myers Squibb Tick protein (60 a.a.) Recombinant Preclinical
rNAPc-2 Corvas Hookworm protein Recombinant Phase II
TFPI Pharmacia/Chiron Human protein Recombinant Phase II/III
DX-9065a Daiichi Propanoic acid derivative Synthetic Phase II
SEL 2711 Selectide Pentapeptide produced by Synthetic Preclinical

combinatorial chemistry
YM-60828 Yamanouchi Peptidomimetic Synthetic Preclinical
ZK-807834 Berlex/Pfizer Peptidomimetic Synthetic Phase II
KFA 1411 Kissei Peptidomimetic Synthetic Preclinical
RPR 120844 Rhone-Poulenc Rorer Peptidomimetic Synthetic Preclinical
Bay-59-7939 Bayer Peptidomimetic Synthetic Phase II
DPC-423 Bristol-Myers Squibb Peptidomimetic Synthetic Phase I

Indirect inhibitors
Heparin Sanofi/Organon Oligosaccharide; requires Synthetic Launched

pentasaccharide binding to AT
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cofactors V and VIII that amplify thrombin formation and the effect of throm-
bin on platelets and other cellular elements, will also be altered. Evidence for
DX9065a, as described here, suggests that Xa inhibitors may also inhibit throm-
bin generation by blocking tissue factor (TF) induced coagulation.

A possible difference between the heparin-related and the synthetic low
molecular weight factor Xa agents is the activation of vascular-bound ATIII by
the heparin-like drugs. This may be a disadvantage for the synthetic agents that
are unable to produce such a localized effect.

3.2. Free- vs Bound-Factor Xa

An important aspect of the antithrombotic mechanism of factor Xa inhibitors
is their capacity to inhibit bound factor Xa. Because of the small size of some
of these inhibitors (500–800 Daltons), they are able to inhibit prothrombinase-
bound as well as free-factor Xa. Tick anticoagulant peptide (TAP) is particu-
larly effective at inhibiting prothrombinase-bound factor Xa (9). Tissue-factor
pathway inhibitor (TFPI) and ATIII-dependent inhibitors are not effective in
inhibiting prothrombinase-bound Xa (10).

Small molecular weight drugs such as DX-9065a and TAP can penetrate the
clot and inhibit Xa. On the other hand, the protein inhibitors are limited in their
degree of activity, possibly because their size limits access to factor Xa bound
within clots. Another possible mechanism is that when thrombin is bound to
fibrin, the heparin-binding site on thrombin may be inaccessible to heparin.
Larger molecules such as TFPI and antistasin do not inhibit clot-bound factor
Xa. The activity of clot-bound factor Xa is also resistant to inhibition by ATIII-
and ATIII-dependent inhibitors such as the heparin pentasaccharide (because
of its size or other mechanisms) (9,11–13).

Remnants of intravascular thrombi, known to induce activation of the coag-
ulation system, may also play a role in rethrombosis, such as after coronary
thrombolysis. Pre-existing thrombin, which is bound to fibrin and re-exposed
during thrombolysis, has been believed to be the primary mediator of thrombus-
associated procoagulant activity, and thus, thrombin inhibitors such as hirudin
may be useful agents to prevent the recurrence of thrombosis after thromboly-
sis (11). However, recent results indicate that other clotting factors such as factor
Xa are also bound to whole blood clots, contributing to the procoagulant activ-
ity of intravascular thrombi (12,14). Thus, Xa inhibitors may prove effective
against rethrombosis.

3.3. Restenosis

Migration and proliferation of vascular smooth-muscle cells (VSMC) as a
reaction to injury of the endothelium and the resulting formation of a neoin-
tima contribute to the development of restenosis and atherosclerosis. Platelets,
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thrombin, and other components of the thrombotic process are important fac-
tors in stimulation of VSMC and neointimal formation (15–18). There is evi-
dence that both direct and ATIII-mediated anti-Xa effects produce vascular
effects. The inhibition of the proliferation of VSMC may be controlled by
factor Xa inhibition. Aside from its action in the plasmatic coagulation system,
the serine protease thrombin is known to exert several cellular effects via the
reaction with its specific receptor (16,18). Through this mechanism, it activates
platelets and acts as a strong mitogen for endothelial cells, VSMC, fibroblasts,
and macrophages. In limited studies on mitogenesis in cultured rat VSMC it
was shown that factor Xa is also a potent mitogen that stimulates DNA syn-
thesis and cell growth in VSMC (19,20).

Factor Xa probably exerts its effect indirectly through the platelet-derived
growth factor (PDGF)-receptor tyrosine kinase pathway. Factor Xa stimulates
VSMC to release pre-existing PDGF which then, through the receptor tyrosine
kinase pathway, leads to the activation of mitogen-activated protein kinases
(MAPK), which are well-characterized intracellular mediators of cell prolifera-
tion (19). This action of factor Xa on VSMC seems to be related to its serine pro-
tease activity, since in the presence of specific factor Xa inhibitors such as
antistasin and TAP the mitogenic effect of factor Xa is blocked (19,20). VSMC
proliferation, which is mediated by factor Xa might also play an important
role in restenosis after angioplasty. Therefore, specific inhibition of factor Xa can
be expected to limit intimal hyperplasia after damage of the vascular endothelium.

Under experimental conditions, the specific factor Xa inhibitors antistasin
and TAP have been shown to limit restenosis after balloon angioplasty (21,22).
A 2-h infusion of antistasin resulted in significantly less restenosis and less
luminal narrowing by plaque measured 28 d after balloon angioplasty of ath-
erosclerotic femoral arteries in rabbits compared with controls (21). In a porcine
model of severe coronary-artery injury, a short-term administration of TAP for
60 h resulted in a long term decrease in neointimal thickness measured 28 d
after injury (22). These results implicate specific factor Xa inhibitors as effec-
tive substances to reduce neointimal hyperplasia either by preventing the mito-
genic effects of factor Xa and/or by inhibiting the generation of thrombin,
which by itself is also a potent mitogen. These agents may be capable of pro-
ducing anti-ischemic, antithrombotic, profibrinolytic, antiproliferative, anti-
coagulant, and anti-platelet effects.

4. Direct Inhibitors
4.1. Antistasin

Antistasin, purified several years ago from the Mexican leech (Haementeria
officinalis), has an apparent molecular weight of 17,000 Daltons (23). Because
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of antibody formation, it has fallen out of developmental interest. It inhibits
factor Xa by forming a stable enzyme-inhibitor complex (24). Antistasin was
more effective at prolonging the prothrombin time (PT) than hirudin, but only
slightly less effective than hirudin at prolonging the activated partial thrombo-
plastin time (aPTT) (7).

4.2. Yagin

Yagin (Bio-Technology General), an 85 amino acid peptide isolated from the
medicinal leech (Hirudo medicinalis), has 50% homology with antistasin. It is
a slow, tight-binding inhibitor of factor Xa, in which the inhibition is a time-
dependent reaction effected by the order of addition of components (25).

4.3. TAP

TAP was originally isolated from the tick Ornithodorus moubata. It is now
produced through recombinant technology (Bristol-Myers Squibb Pharma Co.).
This 60 amino acid peptide (6850 Daltons) is a slow, tight-binding inhibitor of
factor Xa. Initially, it forms a relatively weak complex with factor Xa followed
by a more stable enzyme-inhibitor complex in a second step (26,27). TAP has
a higher affinity to the enzyme when it is assembled in the prothrombinase
complex with an appropriately lower inhibition constant (Ki value 0.006 nM
vs 0.18 nM for free-factor Xa) (28,29).

TAP, a very selective and highly effective factor Xa inhibitor, was shown to
affect thrombosis and restenosis via the inhibition of thrombin generation. TAP
inhibited the in vivo formation of venous thrombosis (30–32), prevented platelet
and fibrin deposition as well as thrombus formation in arterial thrombosis
and in arteriovenous shunts (32–34) as well as in ex vivo, human non-
anticoagulated blood (35). It also accelerated perfusion during thrombolysis and
prevented acute reocclusion in canines (36–38).

TAP was much less potent than antistasin in prolonging the aPTT, despite
nearly equal antithrombotic efficacies in a rabbit model of venous thrombosis
(29,30). This reflects kinetic differences in the rate of factor Xa inactivation
between various inhibitors—e.g., TAP shows a time-dependent inhibition
requiring an incubation period of 50–60 min to achieve maximal inhibition (30).
On the other hand, in the celite activated clotting time (ACT) assay, TAP showed
the most potent anticoagulant activity in comparison to heparin and other factor
Xa inhibitors. These differences show that the antithrombotic efficacy of a par-
ticular anticoagulant cannot always be predicted by clotting assay values.

Aside from the antithrombotic effectiveness of TAP, favorable actions against
restenosis were demonstrated. TAP reduced angiographic restenosis and caused
less luminal cross-sectional narrowing by plaque after short-term administra-
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tion to rabbits (21), produced a long-term decrease in neointimal thickness in
damaged pig coronary arteries (15), and inhibited mitogenesis in cultured rat
aortic smooth-muscle cells (20).

4.4. rNAPc-2

rNAPc-2 (Corvas), a recombinant anticoagulant protein, was originally iso-
lated from hookworm nematodes. It has a molecular weight of 8700 Daltons
and inhibits factor Xa and the factor VII/TF complex following prior binding
to factor Xa (39), and is undergoing Phase II investigations in acute coronary
syndrome.

4.5. TFPI

TFPI is a human protein (43 kDa) identified more than 40 yr ago (40,41). It
is the endogenous inhibitor of the extrinsic coagulation pathway which, in
addition to the inhibition of the factor VIIa/tissue factor (TF) complex in a final
step, also binds to and inhibits factor Xa (12,13). Because of its mechanism of
action, TFPI is an important regulator of coagulation. The only physiologically
significant inhibitor of factor VII is TFPI.

TFPI has been shown to inhibit venous and arterial thrombosis, including
arterial reocclusion after thrombolysis, microvascular thrombosis, and
disseminated intravascular and septic shock associated thrombosis (42–44).
Profound inhibition of cell proliferation and angiogenesis has also been demon-
strated by several investigators (44). Heparin and low molecular weight heparins
release endogenous TFPI upon administration. None of the factor Xa inhibitors
tested to date have been associated with the release of TFPI (10,45).

A recombinant form has been studied in Phase II/III clinical trials with
Pharmacia/Chiron. However, there have been reports of excessive bleeding in
septic patients treated with TFPI. Because of its antithrombotic activity in 
various models of thrombosis, it has been suggested that TFPI would be an
effective drug in unstable angina, MI, ischemic stroke, atherosclerosis, venous
thrombosis, microvascular anastomosis, disseminated intravascular thrombo-
sis, and septic shock (44).

4.6. DX-9065a

DX-9065a is a synthetic, non-peptide, propanoic acid derivative, 571
Daltons, factor Xa inhibitor (Daiichi). It directly inhibits factor Xa in a com-
petitive manner with an inhibition constant in the nanomolar range (46,47).
DX-9065a is highly selective for factor Xa (47–50).

DX-9065a showed antithrombotic activity in models of venous and arterial
thrombosis (32,42,46,51,52), arteriovenous shunt thrombosis (32,46,53,54),
acute disseminated intravascular coagulation (46,54–56), and disseminated
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intravascular coagulation in solid tumor-bearing rats (57) as well as hemodial-
ysis in cynomologus monkeys (58). After an intravenous (iv) dose of 1 mg/kg
significant anticoagulant and anti-factor Xa activities could be measured in
plasma up to 120 min in both rabbits and primates. Antithrombotic actions were
also demonstrated after oral administration (48,53–55).

DX-9065a caused a significant, dose-dependent prolongation of the aPTT,
the prothrombin (PT) time test, and the ACT (46,48,51,53–55,59). The PT
was the most sensitive assay. Thrombin generation was inhibited by
DX-9065a; however, the intrinsic pathway was more affected than the
extrinsic pathway (46,59). The anticoagulant action of DX-9065a is species-
dependent showing much less activity in rat, dog, and mouse plasma than in
human and common squirrel monkey plasma (51,60).

Pharmacokinetic studies on DX-9065a revealed a biological half-life of
approx 6 min for the alpha-phase and 99 min for the beta-phase when given intra-
venously (53). Oral administration produced peak plasma concentrations at
30 min, and anticoagulant levels gradually declined over 6–8 h (48,53). The
bioavailability after oral administration was estimated to be approx 5–12% (53).

DX-9065a does not affect platelet aggregation stimulated by epinephrine,
collagen, and ADP (48). However, tissue factor activation of platelets as mea-
sured by P-selectin expression can be inhibited by DX-9065a at a low concen-
tration of 0.1 µg/mL (59). This data suggests that factor Xa inhibitors may be
able to block tissue factor-mediated generation of additional factor Xa, which
subsequently results in the generation of thrombin. Thus, factor Xa inhibitors
may produce their therapeutic effect not only by the inactivation of coagula-
tion, but also by the inhibition of platelet activation induced by TF. Other stud-
ies by our group have demonstrated that DX-9065a does not produce a positive
platelet aggregation effect in an in vitro heparin-induced thrombocytopenia
(HIT) system (unpublished data).

DX-9065a has no significant effect in a rabbit ear bleeding model at doses
higher than those shown to be effective for antithrombotic protection. At
dosages up to 5 mg/kg, DX-9065a did not produce any bleeding, in contrast to
heparin, which produced a concentration-dependent effect. This data is sup-
ported by similar findings in other animals (46,48,54). In a recent study
DX-9065a showed less bleeding in comparison to warfarin in a rat model of
gastric ulcer (61).

In a recent study of the effect of factor Xa inactivation on restenosis in rats,
DX-9065a at single subcutaneous (sc) doses of 2.5 to 10 mg/kg given before
vessel injury significantly reduced vascular smooth-muscle cell proliferation
in terms of total cell number and incorporation of DNA precursor molecules
(62). Similarly, in cell culture, DX-9065a was able to inhibit endothelial-cell
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activation (63). It is suggested that interactions of factor Xa with specific cell-
surface receptors, such as effector-cell protease receptor-1 (EPR-1), protease-
activated receptor (PAR-2), and mitogenic effects mediated via the
PDGF-receptor tyrosine kinase pathway, are altered in the presence of factor
Xa inhibitors (62,63).

DX-9065a is in Phase II clinical trials. After iv administration to healthy
males of doses ranging from 0.625 to 30 mg, a good correlation between linear
pharmacokinetics and pharmacodynamics was found, with no adverse affects
(64). Bleeding time did not increase at the highest plasma concentration of
1640 ng/mL.

4.7. SEL Series

The SEL series of novel factor Xa inhibitors (SEL-1915, SEL-2219, SEL-
2489, SEL-2711: Selectide) are pentapeptides based on L-amino acids produced
by combinatorial chemistry (65). They are highly selective for factor Xa and
have potencies in the pM range. The Ki for SEL 2711, one of the most potent
analogs, is 0.003 µM for factor Xa and 40 µM for thrombin (66).

4.8. YM-60828

YM-60828 is a synthetic, orally active agent that is in preclinical studies at
Yamanouchi. In animal models, it is effective against carotid arterial thrombo-
sis and as an adjunct to thrombolysis after oral administration (67).

4.9. RPR-120844

A non-peptide, synthetic factor Xa inhibitor, RPR-120844 (Rhone-Poulenc
Rorer), is one of a series of novel inhibitors that incorporate 3-(S)-amino-2-
pyrrolidinone as a central template (68). This compound has a Ki of 7 nm with
selectivity >150-fold over thrombin, activated protein C, plasmin and tissue
plasminogen activator (tPA). It prolongs the PT and aPTT in a concentration-
dependent manner, and is more sensitive to the aPTT. It is a fast-binding,
reversible, and competitive inhibitor of factor Xa. The efficacy of antithrom-
botic activity has been demonstrated in a rabbit venous thrombosis model and
a rat arterial thrombosis model.

4.10. BX-807834

BX-807834 is under development by Berlex (69). This synthetic agent has
a molecular weight of 527 Daltons and a Ki of 110 pM for factor Xa (compared
to 180 pM for TAP and 40 nM for DX-9065a). Antithrombotic efficacy has been
demonstrated in several animal models of thrombosis, including the carotid
electrical vascular injury and copper wire or cotton thread in the superior vena
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cava of rabbits. ED50 values for preventing arterial occlusion were 0.2 µM/kg,
compared to 1 µM/kg for TAP and 5 µM/kg for DX-9065a. Bleeding was less
than that observed for TAP-treated animals. ED50 values for preventing venous
thrombosis were <0.008 µM/kg for BX-807834. PT and aPTT were unchanged
only at the ED50 doses in the venous model.

5. Indirect Inhibitors
5.1. Heparin Pentasaccharides

The only available indirect factor Xa inhibitor is the heparin pentasaccha-
ride (Table 2). This agent produces its antithrombotic effect via high-affinity
binding to ATIII. It is the smallest heparin-based molecule (mol wt 1728
Daltons) that retains antithrombotic activity. It is composed of five saccharide
units—two of the regular region of heparin and three of the irregular region (70).
Pentasaccharide was developed in 1983 as proof of the hypothesis that a five-
member heparin chain was the most minimal saccharide sequence for antithrom-
botic activity, and that sole factor Xa inhibition was indeed antithrombotic
(71–73). It was shown in experimental models that inhibition of factor Xa con-
trols excessive thrombin generation, produces an antithrombotic effect, and has
less bleeding risk than heparin (74–76).
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Table 2
Characteristics of DX-9065a and Pentasaccharide

Pentasaccharide DX-9065a

Synthetic Synthetic
Oligosaccharide Propanoic acid derivative
1728 Daltons 571 Daltons
ATIII-pentasaccharide complex binds FXa Direct binding to FXa
Limited inhibition of clot-bound/ Inhibits clot-bound/

prothrombinase-bound FXa prothrombinase-bound FXa
Prolongs the Heptest Does not prolong the Heptest
Does not prolong the aPTT or PT Prolongs the aPTT and PT
No platelet interactions in normal No platelet interactions in normal 

and HIT* systems and HIT* systems
IV and SC half-life about 18 h IV half-life about 90 min
100% bioavailable subcutaneously Orally bioavailable
Limited bleeding side effect Limited bleeding side effect
Predictable dose response Predictable dose response

*HIT = heparin-induced thrombocytopenia.
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SR-90107 is a synthetic heparin pentasaccharide produced in a cooperative
effort by Sanofi and Organon. The chemical synthesis process permits the gen-
eration of structurally modified analogs. From this work, it was determined that
the binding to ATIII was most critical for expression of antithrombotic activ-
ity (77–80). The synthetic pentasaccharides have stronger antifactor Xa poten-
cies and longer half-lives than the natural compound (77,80–82). Because of
its small size, pentasaccharide possesses antifactor Xa activity with no
inhibitory actions against thrombin or other serine proteases. The pentasac-
charide-ATIII complex has a potency of about 700 anti-factor Xa IU/mg in
human plasma (79). An equivalent amount of ATIII is required for complete
expression of the antifactor Xa activity of pentasaccharide (83). Recently, it has
been shown that pentasaccharide inhibits the coagulant activity of the factor
VIIa-TF complex (84). The antithrombotic activity was found to be related to
the inhibition of thrombin generation shown in in vitro and ex vivo settings,
but the maximal inhibition was less than that for heparin (75,85–87). The same
result was obtained after administration of pentasaccharide to humans (88).
Thrombin generation inhibition following extrinsic pathway activation was
stronger than the inhibition after intrinsic pathway activation.

The aPTT was minimally affected (about 100 s at a very high dose) by pen-
tasaccharide, and the PT and ACT were not affected at all (51,70). No platelet
interactions have been observed for pentasaccharide in agonist-induced systems
for aggregation or in heparin-induced thrombocytopenia (HIT) test systems (89).

Pentasaccharide has dose-dependent antithrombotic activity in several animal
models of thrombosis, and the degree of antithrombotic activity is dependent
on the thrombogenic stimulus for venous thrombosis (42,74,76,90). Penta-
saccharide was also effective against arterial thrombosis in a rat arteriovenous
shunt model (76,91,92), a modified arteriovenous shunt model in baboons (93),
and in a laser-induced rat model (70,92). This agent has also been shown to facil-
itate fibrinolysis induced by tPA in rabbits (94).

Pharmacokinetic studies reveal a prolonged half-life in both iv (approx 4 h)
and sc (approx 18 h) dosing regimens (76,82,95). Subcutaneous bioavailabil-
ity was near 100% (96). Human pharmacokinetics revealed a similar half-life
at about 13.5 h and a linear correlation with dose (97). The majority of pen-
tasaccharide was eliminated through the kidneys. In elderly subjects the half-
life was prolonged to 14.5 h, and plasma clearance was decreased (97). Bleeding
studies in rats suggested very minor bleeding at dosages 100-fold higher than
required for complete protection against induced thrombosis (70,76).

SR-90107 (ORG-31540) has undergone successful clinical trials for the pro-
phylaxis of venous thrombosis in orthopedic surgical patients using a once-daily
single sc dose of 2.5 mg (Fondaparinux, Arixtra®). A brief study on the success-
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ful use of SR-90107 with percutaneous transluminal coronary angioplasty has
recently been reported (98). It is more attractive than low molecular weight
heparins because it is a well-defined synthetic drug with a long half-life and 100%
sc bioavailability. It does not appear to be related to the heparin-induced throm-
bocytopenic response, and may therefore be used as a substitute antithrombotic
agent in patients with HIT (99). SR-90107 appears to have a minimal bleeding risk.

Several analogs of pentasaccharide have recently been produced. SANORG-
34006 is a more potent and longer-acting pentasaccharide than SR-90107. It
has a higher affinity to ATIII (Kd = 1.4 ± 0.3 vs 48 ± 11 nM) with an activity
of 1240 anti-Xa U/mg (100). Similar to SR-90107, this new analog demon-
strated antithrombotic activity in venous and arterial thrombosis models, and
enhanced thrombolysis during tPA therapy. It did not enhance bleeding in a
rabbit ear bleeding model. The half-life in humans was as long as 120 h, with
linear pharmacokinetics. Subcutaneous bioavailability was near 100%. Phase I
studies in healthy young males and elderly males and females at doses of
2–10 mg (sc) and 2–14 mg (iv) showed the drug to be well-tolerated, without
significant adverse events (101,102).

Molecular modeling studies at Sanofi have led to the synthesis of
SR123781A, a hexadecasaccharide constituted by two distinct domains: a
pentasaccharide that binds ATIII and a thrombin-binding domain (103).
These two domains are separated by a central uncharged oligosaccharide.
SR123781A showed high affinity for ATIII (Kd = 58 ± 22 nM), high potency
(297 ± 13 anti-Xa U/mg), and thrombin inhibition activity equal to heparin
(IC50 = 4.0 ± 0.5 ng/mL). Rat, rabbit, and baboon models of thrombosis showed
better antithrombotic activity than heparin (ED50 = 18 ± 0.1 µg/kg vs 77 ± 3 µg/kg
for heparin) (104).

6. Comparative Studies
A comparison of synthetic pentasaccharide SR 90107 and the synthetic pep-

tidomimetic anti-Xa agent, DX 9065a is useful because both agents are at a sim-
ilar stage of clinical development, yet are different in structure and mechanism
(47,48,76).

Both SR-90107 and DX-9065a are synthetic, low molecular weight agents.
SR-90107 is a heparinomimetic drug, whereas DX-9065a is a peptidomimetic
agent. SR-90107 requires endogenous ATIII for its effects, whereas DX-9065a
is a direct anti-Xa agent (Table 2).

The initial studies carried out on the comparison of SR-90107 and
DX-9065a revealed significant differences in the inhibition of clot-bound factor
Xa, so that DX-9065a, but not SR-90107, was able to inhibit clot-bound factor Xa.

Interestingly, SR-90107 did not produce sizable prolongation of the PT and
aPTT, although DX-9065a produced a concentration-dependent effect on both

106 Walenga et al.

CH08,95-118,24pgs  9/5/03 11:04 AM  Page 106



parameters. Although DX-9065a did not produce a strong effect on the Heptest,
SR-90107 did. TAP and DX-9065a produced relatively stronger anticoagulant
effects, whereas heparin at comparable concentrations produced a weaker effect.
SR-90107 failed to produce any effect at concentrations up to 10 µg/mL. The
different actions on the coagulation cascade may account for some of these vari-
abilities. Although DX-9065a and SR-90107 produced no inhibition of agonist-
induced platelet aggregation, both agents inhibited platelet activation by TF. All
agents had strong in vivo antithrombotic effects in animal models. These results
suggest that although anti-Xa agents have differing anticoagulant mechanisms,
they can still be effective antithrombotic agents.

The pharmacokinetics of the factor Xa inhibitors also differs markedly.
Previous reports on the long-lasting effects of SR-90107 have suggested that
this agent shows an extended half-life because of its interaction with ATIII
(100). Many of the synthetic anti-Xa drugs exhibit a relatively short half-life.
The biologic half-life of SR-90107 was markedly longer than that of
DX-9065a. Both drugs were well-absorbed via the sc route, and both exhibited
a predictable dose-response relationship in both iv and sc studies. However, pen-
tasaccharide did not exhibit oral bioavailability, whereas DX-9065a exhibited
10–20% oral bioavailability.

At the present time, only limited data on the bleeding effects of these agents
are available. In contrast to the antithrombin agents, these two factor Xa
inhibitors produce relatively lesser bleeding effects.

These studies, although preliminary, demonstrate that each factor Xa
inhibitor should be studied for its own merits as plasma and cellular interac-
tions can differ as a result of individualized structure, size, physical constraints,
and mechanisms of action for each drug.

7. Discussion
As the common point between the extrinsic and intrinsic pathways, factor

Xa plays a pivotal role in the coagulation process. Although thrombin is an
important enzyme, its generation is dependent on factor Xa. Thus, control of
activated factor X would control excessive thrombin generation. With less
thrombin, the rate of fibrin formation is slowed, and a regulated control of the
activation of the coagulation cascade would be achieved. With factor Xa
inhibitors, bleeding risk should be minimal, because some thrombin genera-
tion/clot formation is still possible under treatment, since thrombin generation
is not completely blocked.

It is now well-recognized that drugs with sole anti-Xa activity are capable
of producing antithrombotic effects. The early studies with pentasaccharide val-
idated this hypothesis (74,75). The factor Xa inhibitors presently undergoing
preclinical and clinical development are a diverse class of new antithrombotic
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agents with direct and indirect mechanisms of inhibition. They possess differ-
ences in their mechanisms of action, molecular size, access to clot-bound factor
Xa, access to prothrombinase-bound factor Xa, specificity, and kinetics of inhi-
bition. Their small molecular weight provides better bioavailability and
endovascular access. These agents inhibit thrombin generation, bind to pre-
formed thrombi, bind to injured vessel walls, interact with specific cell-surface
receptors, and seem to play a role in cell proliferation.

Factor Xa inhibitors can potentially be used for clinical indications in which
heparin or low molecular weight heparins (LMWHs) are used such as for pro-
phylaxis of the thrombotic processes. They may be particularly effective in less
severe indications in which there is not a high degree of preformed thrombin.
As antithrombotic agents, factor Xa inhibitors are expected to be weaker than
thrombin inhibitors because they cannot inhibit generated thrombin. In com-
parison to LMWHs, factor Xa inhibitors can have a sc bioavailability of almost
100%, which may provide for more acceptable dosing regimens. Their phar-
macodynamics differ significantly, and the half-life of some agents can be very
long. These agents do not release endogenous TFPI as heparin does; the clini-
cal significance of this must still be determined.

These agents may be useful not only as prophylactic agents against venous
thrombosis, but also in cancer, DIC, sepsis, and inflammatory disorders. Factor
Xa inhibitors may also be better adjunct drugs than heparin and thrombin
inhibitors for the new antiplatelet agents. This would open developmental appli-
cations for factor Xa inhibitors in arterial thrombosis such as coronary throm-
bosis, unstable angina, and thrombotic stroke. As adjunct agents, these drugs
may also be ideal for thrombolytic therapy in both cardiovascular and cere-
brovascular indications. If used at higher doses as therapeutic agents, their
selectivity and predictable pharmacokinetics should make them more control-
lable than heparin and antithrombin agents.

Studies are needed to determine the relative importance of inhibition of clot-
associated factor Xa in the progression of thrombosis. One study has suggested
that the inhibition of factor Xa, but not thrombin, results in sustained attenua-
tion of thrombus associated procoagulant activity (14). For effective suppres-
sion of the procoagulant activity and the resulting continuation of the thrombotic
processes, it may be useful to combine the inhibition of factor Xa with the inhi-
bition of thrombin. Factor Xa inhibitors are able to inhibit thrombin genera-
tion, but they do not have the capacity to inhibit pre-existing thrombin.
Thrombin inhibitors can inhibit pre-existing thrombin as well as clot-bound
thrombin and released thrombin upon clot lysis. The resulting antithrombotic
effect of both factor Xa and thrombin inhibitors could provide a therapeutic ben-
efit (7,8,105). However, additive or synergistic effects must be addressed when
combining drugs.
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Both TAP and DX-9065a produce measurable in vitro anticoagulant effects.
In contrast, pentasaccharide does not produce an anticoagulant effect by the typ-
ical clot-based assays. Thus, with factor Xa inhibitors there is not necessarily
the same correlation between current lab assays and antithrombotic efficacy that
occurs with heparin. Clinical monitoring for these drugs may require the devel-
opment of new assay systems.

In contrast to thrombin inhibitors, factor Xa inhibitors are largely devoid of
bleeding effects resulting in a dissociation between the bleeding and antithrom-
botic responses. None of the factor Xa inhibitors produce significant inhibition
against agonist-induced platelet activation. Therefore, it can be projected that
the safety/efficacy profile of factor Xa inhibitors should be better than that of
heparin and anti-thrombin agents. Furthermore, factor Xa inhibitors are devoid
of heparin-induced thrombocytopenia (HIT) and immunogenic responses,
making them potentially useful alternative antithrombotic agents in patients in
whom heparin is contraindicated. Thrombin inhibitors indiscriminately inhibit
thrombin, and thus impair the cellular regulatory functions of this enzyme.
Factor Xa inhibitors do not modulate the regulatory actions of thrombin, which
should further contribute to the relative safety of these agents.

The limited data available on factor Xa inhibitors is favorable, and warrants
additional investigations to demonstrate the efficacy of these agents in throm-
botic and cardiovascular indications and to validate their true clinical potential.
It should be emphasized that each of the factor Xa inhibitors represents a dis-
tinct drug that requires individual indication-specific dosage optimization. The
future holds promise for factor Xa inhibitors as effective antithrombotic agents.

8. Developmental Perspective
In light of significant developments with LMWHs and anti-thrombin agents,

the developmental approaches taken for the factor Xa inhibitors are somewhat
ambiguous, and a clear strategy is not in sight. It has been suggested that the
factor Xa inhibitors may be useful in the control of post-surgical thrombosis.
However, none of the Xa inhibitors show any interaction with TFPI. Therefore,
in post-surgical conditions where TF may be the primary trigger for thrombo-
sis, the efficacy of these agents may be questionable. Similarly, there is a strong
thrust in promoting these drugs for the management for acute coronary syn-
dromes (ACS). Since there is no preclinical data on this subject at this time,
such a use of factor Xa inhibitors also appears to be premature. However, syn-
thetic Xa inhibitors may be useful as adjunct drugs, especially in cardiovascu-
lar indications. Most notably, these agents may show useful interactions with
anti-platelet drugs such as GPIIb/IIIa inhibitors and ADP antagonists. Adjunct
use of these drugs with thrombolytic agents may also be helpful in optimizing
the use of lytic approaches in both cerebrovascular and cardiovascular indica-
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tions. With the limited oral bioavailability and unpredictable pharmacody-
namics after oral administration, iv or sc approaches currently appear to be most
feasible for clinical development of factor Xa inhibitors.
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Tissue Factor/VIIa in Thrombosis and Cancer

Shaker A. Mousa

1. Introduction
Tissue factor (TF) is a transmembrane glycoprotein that functions as a recep-

tor and cofactor for activated factor VII (factor VIIa) to initiate blood coagula-
tion. Although TF has been characterized best for its role in blood coagulation,
recent studies have suggested a role for the molecule in physiologic processes
that are distinct from hemostasis. Recently, this molecule has been shown to
induce cellular signaling and promote angiogenesis and tumor metastasis (1–6).

TF is a 47-kDa transmembrane glycoprotein that consists of a 219 amino acid
extracellular domain, a 23 amino acid single transmembrane domain, and a 21
amino acid cytoplasmic domain (Fig. 1). The protein function as a cofactor for
the serine protease factor VIIa, and formation of the TF-VIIa complex initiates
the blood coagulation pathway (7). Procoagulant activity is localized in the
extracellular domain of TF (8). The cytoplasmic domain, which is not required
for procoagulant function, contains three serine residues that can be phospho-
rylated (9,10). Because the structure of the extracellular domain of TF is sim-
ilar to several hematopoietic and cytokine receptors, TF has been believed to
participate in other physiologic processes (Fig. 1) apart from the initiation of
blood coagulation (11–13).

Factor VII is the zymogen form (inactive precursor), and factor VIIa is the
active enzyme form (serine protease). In plasma, about 99% of the factor VII
circulates in the zymogen form and about 1% circulates as factor VIIa, the active
enzyme. Factor VIIa lacks the Gla domain, and the active site is inhibited with
a peptidyl-chloromethylketone inhibitor (Gla-domainless factor VIIai).

TF and factor VIIa are multidomain proteins. TF, the triggering agent of the
blood clotting system, is a member of the class 2 cytokine receptor superfam-
ily. The extracellular portion of TF is composed of two fibronectin type III
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domains (F3). This is followed by a membrane-spanning domain and a short
cytoplasmic tail on the C-terminus. FVIIa is the ligand for TF, and the result-
ing TF:VIIa complex is the first enzyme in the clotting cascade. FVIIa contains
an N-terminal domain that is rich in the modified amino acid, gamma-
carboxyglutamic acid (the Gla domain; indicated in Fig. 2 by the Greek letter
gamma). The Gla domain confers the ability to bind, in a reversible and
calcium-dependent manner, to membranes containing negatively charged phos-
pholipids. Next is the aromatic or hydrophobic stack, followed by two epider-
mal growth factor-like domains (EGF domains; indicated by the letters “EG”
in Fig. 2). Last is the serine protease domain, which is structurally related to
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Fig. 1. Illustration of role of TF/VIIa in thrombosis, angiogenesis, and inflammation.

Fig. 2. Illustration of TF, factor VIIa, X, or IX Membrane Assembly.

CH09,119-132,14pgs  9/5/03 11:05 AM  Page 120



trypsin and chymotrypsin. The major protein substrates for the TF�VIIa com-
plex, factors IX and X (Fig. 2) have the same domain structure as factor VII.
Molecular markers of coagulation activation are as shown in Fig. 3.

2. Role of TF-VIIa Complex in Cellular Signaling
TF has been shown to have a role in cellular signaling. Treatment of cells

that express TF with factor VIIa has been shown to induce an array of cellular
events. Camerer et al. showed that factor VIIa induced calcium fluxes in tumor
cells and endothelial cells that expressed TF (14). Subsequently, other investi-
gators showed that factor VIIa treatment of cells that express TF induces: i) tyro-
sine phosphorylation in monocytes (15); ii) p44/p42 mitogen-activated protein
kinase (MAPK) phosphorylation in variety of cell lines (16); iii) activation of
Src family members c-Src, Lyn, and Yes followed by stimulation of phos-
phatidylinositol 3-kinase and activation of c-Akt/protein kinase B, Rac, Cdc 42,
p44/p42 MAPK, and p38 MAPK in fibroblasts (17); iv) expression of poly (A)
polymerase in a fibroblast cell line (18); v) induction of vascular endothelial
growth factor (VEGF) secretion in fibroblasts (19); vi) increased expression of
the urokinase receptor in a pancreatic tumor-cell line (20), vii) activation of
phospholipase C and chemotaxis in fibroblasts (21); viii) upregulation of genes
such as egr-1, Cyr61 and connective-tissue growth factor (22,23). However, the
physiologic consequences of these signaling events, which require catalytically
active factor VIIa, are not fully known.

Activation of the blood coagulation system stimulates the growth and dis-
semination of cancer cells through multiple mechanisms, and anticoagulant
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drugs inhibit the progression of certain cancers. Laboratory data on the effects
of anticoagulants in various tumors suggest that this treatment approach has
considerable potential in some cancers, but not others. For example, renal-cell
carcinoma (RCC) is one of a small number of human tumor types in which the
tumor cell contains an intact coagulation pathway, leading to thrombin gener-
ation and conversion of fibrinogen to fibrin immediately adjacent to viable
tumor cells (41). Similar observations have been made in melanoma and ovar-
ian and small-cell lung cancers, but not in breast, colorectal, and nonsmall-cell
lung cancers (42). This is of considerable relevance to the finding that growth
of melanoma and small-cell lung cancer is inhibited by anticoagulants, but that
no such effect has been observed in those other tumor types (43). We hypoth-
esize that, based on the relatively unique features of the interaction of the coag-
ulation system with RCC, RCC will respond to anticoagulation therapy
similarly to small-cell lung cancer and melanoma. Therefore, we propose that
an anticoagulant that inhibit at TF/VIIa level would have an improved efficacy
and safety in inhibiting tumor-associated thrombosis, angiogenesis, and metas-
tasis. We would also predict that a combination of that type of anticoagulant,
that inhibits TF/VIIa, such as anti-TF, anti-VIIa, anti-TF/VIIa, tissue-factor
pathway inhibitor (TFPI), or TFPI-releasing low-molecular-weight heparin
(LMWH), with various angiogenesis inhibitors (e.g., Thalidomide, anti-VEGF,
anti-ανβ3 integrin antagonist, and MMP inhibitors) and chemotherapeutic
agents would have greater impact on thrombosis, tumor growth, tumor angio-
genesis, tumor metastasis, and eventually, survival and quality of life.

3. Coagulation and Cancer
The association between coagulation system activation (Fig. 3) and sys-

temic thrombosis in human cancers has been recognized for more than a cen-
tury since Trousseau’s original description of migratory thrombophlebitis
complicating gastrointestinal malignancy (27). In recent years, an improved
appreciation of the interdependency of the coagulation system and malignant
behavior has led to an understanding of how an activated coagulation system
in turn may enhance cancer-cell growth (28). Although this does not establish
causality or even a biologic association, it is of interest that a recent Danish
study showed that patients with cancer who developed venous thrombosis
during the course of their disease had significantly shorter cancer-related sur-
vival than similar patients who remained thrombosis-free (29). Conversely,
and resting on greater strength of evidence, several studies, including random-
ized clinical trials, have documented improved cancer-related survival in
patients treated with anticoagulants compared to those who did not receive anti-
coagulants (26,30–32).
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4. Tumor Factors That Predict Sensitivity to Anticoagulants
The various tumor types differ in the nature of their interactions with the

coagulation system, and in this regard there are two types of tumors: those that
activate the coagulation system directly and those that mediate coagulation acti-
vation indirectly via a paracrine mechanism. Tumors in the first group include
RCC, melanoma, ovarian, and small-cell lung cancers. These tumors overex-
press procoagulant molecules such as TF, cancer procoagulant—or, in the case
of RCC—hepsin on their cell surfaces. The entire coagulation pathway is
assembled on the surface of these tumor cells, leading to fibrin formation in
close proximity to the tumors. This at least partly explains the occasional find-
ing in RCC of clot emanating from the tumor and extending into the renal vein
and inferior vena cava (IVC). Tumors in the second group, however, tend to acti-
vate systemic coagulation by releasing cytokines (e.g., TNF-alpha, IL-1-beta)
that in turn stimulate the production procoagulant molecules on the surface of
circulating monocytes. Examples of these tumor types include breast, colorec-
tal, and nonsmall-cell lung cancers. Based on this difference in the biology of
coagulation activation, tumors in the first group might be predicted to be more
likely to respond to anticoagulation that interferes with TF/VIIa than tumors in
the second group. In support of this hypothesis, anticoagulants have had sig-
nificant activity in melanoma and small-cell lung cancer, but not in breast, col-
orectal, and nonsmall-cell lung cancers in prospective trials (30–33).

5. The Role of the Coagulation System in Angiogenesis
The processes of blood coagulation and the generation of new blood vessels

both play crucial roles in wound healing. For example, platelets are the first line
of defense during vascular injury, and contain at least a dozen promoters of
angiogenesis, which they may be induced to secrete into the surrounding vas-
culature upon activation by thrombin (34). It follows that these pathways are
also intricately linked within human tumors. Targeting both the coagulation and
angiogenesis pathways may provide more potent antitumor effect than target-
ing either pathway alone. Elucidation of the TF signaling pathway using tumor
cells as a model system should provide new insights into the cellular biology of
TF that might be applied to signaling in endothelial cells, smooth-muscle cells,
and fibroblasts. Also, since new classes of anticoagulant molecules have been
developed over the past several years (35–37), which selectively target TF
and/or TF-VIIa complex, an understanding of this pathway might provide
the rational basis for the development of new agents to prevent and/or reduce
angiogenesis-related disorders, tumor-associated thrombosis, and the positive
feedback loop between thrombosis and cancer (4). TF-factor/VIIa and tumor-
associated hypercoagulation. Under normal physiological conditions, TF is
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expressed only on extravascular sites and perivascularly in the adventitial layer
of blood vessels. Although not normally expressed by cells within the circula-
tion, TF can be induced in monocytes and endothelial cells. Also, several malig-
nant cells express high levels of TF. Recent reports have shown that FVIIa
binding to TF can influence a number of biological functions, such as angio-
genesis and cancer metastasis. As previously described, TF appears to play an
important role in cell adhesion and migration. The intracellular signaling is inde-
pendent of downstream activation of the blood coagulation cascade. FVIIa/TF
seems to transduce signaling by two distinct mechanisms: one independent of
the cytoplasmic domain but dependent on the proteolytic activity of FVIIa, and
one dependent on the cytoplasmic domain of TF.

Idiopathic thrombosis often precedes the diagnosis of occult cancer by sev-
eral years. Whether hyper-coagulability predisposes for malignancy or the con-
verse holds true is an unresolved paradigm that stems from the known vicious
cycle of clot formation and tumor growth. Central to this paradigm is the inter-
play between TF, the initiator of coagulation, and angiogenesis, and the life
support of tumors. Both clotting-dependent and -independent mechanisms
of TF-induced angiogenesis have been elucidated that may signal through
distinct pathways.

TF expression is a hallmark of cancer progression. The procoagulant func-
tions of TF that lead to thrombin generation are critically important to support
metastasis, in part through the generation of fibrin that assures prolonged arrest
of tumor cells in target organs. In addition, the coagulation initiation complex—
e.g., TF-VIIa-Xa, generates autocrine cell signaling though protease-activated
receptors. A cooperation of the TF cytoplasmic domain with protease signaling
may explain the diverse contributions of TF to metastasis and angiogenesis.

The anticoagulant heparin and LMWH has many actions that may affect the
malignant process, especially metastasis. Thrombin is generated by tumors, and
the resultant fibrin formation impedes natural killer cell activity. Heparin pre-
vents the formation of thrombin and neutralizes its activity at various levels
(4,95). Angiogenesis plays an important role in metastasis; heparin minimizes
angiogenesis via the inhibition of VEGF, TF, and platelet-activating factor. It
decreases tumor-cell adhesion to vascular endothelium as it inhibits selectin and
chemokine actions, and it also decreases the replication and activity of some
oncogenic viruses. Matrix metalloproteinases, serine proteases, and hepari-
nases all play an important role in metastasis. Heparin decreases their activa-
tion and limits their effects. It competitively inhibits tumor-cell attachment to
heparinsulfate proteoglycans. It blocks the oncogenic action of ornithine decar-
boxylase and enhances the antineoplastic effect of transforming growth factor-
beta. Heparin inhibits activator protein-1, which is the nuclear target of many
oncogenic signal-transduction pathways, and it potently inhibits casein kinase
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II, which has carcinogenic activity. PDGF, which has oncogenic effects, is also
inhibited by heparin, as are reverse transcriptase, telomerase, and topoiso-
merase pro-oncogenic actions.

6. Angiogenesis Inhibitors and TF-Mediated Hypercoagulation
The angiogenesis inhibitor SU5416 is a potent inhibitor of VEGF receptor-1

and -2. VEGF may be involved in hemostasis by altering the hemostatic prop-
erties of endothelial cells. The effects of SU5416 on the coagulation cascade
and the vessel wall in patients with advanced cancer were examined by Kuernen
et al. (38). Markers for thrombin generation, activation of the protein C path-
way, fibrinolysis, and endothelial-cell activation were measured in patients with
RCC, soft-tissue sarcoma, or melanoma on d 0, 14, and 28 of treatment with
SU5416. Three of 17 sampled patients developed a thromboembolic event
in the fifth week of treatment. Significant increase in endogenous thrombin
potential and of parameters reflecting endothelial-cell activation in all patients
was demonstrated (38). In patients who experience a thromboembolic event,
endogenous thrombin potential, soluble TF, and soluble E-selectin increased
to a significantly greater extent (38).

Certain angiogenesis inhibitors, such as anti-VEGF and thalidomide were
documented to promote thrombosis when given alone, and more so when com-
bined with chemotherapeutic agent. Anti-TF/VIIa is an upstream mechanism
for the inhibition of angiogenesis and cancer or cancer-related therapies that
increase thromboembolic events. Thus, the strategy of inhibiting TF/VIIa as an
upstream mechanism might provide an improved efficacy and safety over other
anti-angiogenesis strategies.

7. Tissue Factor Pathway Inhibitor (TFPI)
TFPI contains three Kunitz-type protease-inhibitor domains. The first Kunitz

domain reacts with the active site of factor VIIa, and the second Kunitz domain
reacts with the active site of factor Xa (Fig. 4). The solution structure of the
second Kunitz domain of TFPI has been solved by NMR, as has the X-crystal
structure of the second Kunitz domain of TFPI in complex with porcine trypsin
(in the latter, the structure of TFPI was solved to a resolution of 2.6 Angstroms).

A key plasma inhibitor of the TF:VIIa complex is TFPI. TFPI is composed
of three Kunitz-type domains (K1-K3), which are homologous to bovine pan-
creatic trypsin inhibitor (BPTI). The first Kunitz domain binds to the active site
of FVIIa, and the second Kunitz domain binds to the active site of FXa. The func-
tion of the third Kunitz domain is unknown. The C-terminal domain (represented
by “C” in the above Fig. 4) can bind to cell-surface proteoglycans and also to
the low-density lipoprotein receptor-related protein (LRP). TFPI inhibits both
FXa and FVIIa (when the latter is bound to TF). Ultimately, this results in the
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formation of an inhibited tetra-molecular complex on the cell surface, composed
of TF, FVIIa, FXa and TFPI. Additionally, based initial studies conducted in our
laboratory heparin fractions with specific molecular weight and a high degree
of sulfation were shown to induce optimal endothelial-cell TFP release (39).

8. TF/Factor VIIa and Chemotaxis:
Mechanisms Beyond Coagulation

Protease-activated receptor 2 (PAR2) is one of the G-protein-coupled recep-
tors capable of being activated by trypsin and coagulation factor VIIa.
Marutsuka et al. (40) reported that TF/factor VIIa (TF/FVIIa) complex was a
strong chemotactic factor for cultured vascular smooth-muscle cells (SMCs).
The migratory response was dependent on a catalytic activity of FVIIa, and did
not involve factor Xa and thrombin generation. Trypsin and PAR2-activating
peptide (AP; SLIGKV) stimulated SMC migration in a dose-dependent manner,
and their abilities were comparable to those of TF/FVIIa complex and PDGF-
BB, but PAR1-AP (TFLLR or SFLLR) or PAR4-AP (AYPGOV) did not elicit
the migration (40). The anti-sera against PAR2-AP significantly inhibited
TF/FVIIa-induced SMC migration, but that of PAR1-AP did not. In immuno-
staining, both intimal SMCs of the human coronary arteries and cultured SMCs
showed a positive reaction for PAR2-AP (40). These results suggest that PAR2
in SMCs plays a crucial role in the cell migration induced by TF/FVIIa com-
plex. This may or may not be the case with other cells.

9. TF/Factor VIIa and Fibroblast Chemotaxis:
Mechanisms Beyond Coagulation

The effects of FVIIa binding to TF on cell migration and signal transduction
of human fibroblasts, which express high amounts of TF, were studied by
Siegbahn et al. (41). Fibroblasts incubated with FVIIa migrated toward a con-
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centration gradient of PDGF-BB at approx 100× lower concentration than do
fibroblasts not ligated with FVIIa. Anti-TF antibodies inhibited the increase in
chemotaxis induced by FVIIa/TF. Moreover, a pronounced suppression of
chemotaxis induced by PDGF-BB was observed with active site-inhibited FVIIa
(FFR-FVIIa). The possibility that TF/VIIa-mediated hyper-chemotaxis to be
induced by a putative generation of FXa and thrombin activity was excluded (41).

10. Regulation of VEGF Production by TF
Abe et al. (42) demonstrated a significant correlation between TF and VEGF

production in 13 human malignant melanoma cell lines. Two of these cell lines,
RPMI-7951—a high TF and VEGF producer—and WM-115—a low TF and
VEGF producer—were grown subcutaneously in severe combined immunod-
eficient mice. The high-producer cell line generated solid tumors characterized
by intense vascularity, whereas the low producer generated relatively avascu-
lar tumors, as determined by immuno-histological staining of tumor vascular
endothelial cells with anti-von Willebrand factor antibody (42). Cells trans-
fected with the full-length sequence produced increased levels of both TF and
VEGF. Transfectants with the full-length sequence and the extracellular domain
mutant produced approximately equal levels of VEGF mRNA. However, cells
transfected with the cytoplasmic deletion mutant construct produced increased
levels of TF, but little or no VEGF. Thus, the cytoplasmic tail of TF may play
a key role in the regulation of VEGF expression in some tumor cells.

11. TF, Integrin, and VEGF
VEGF is a potent angiogenic factor in human gliomas. VEGF-induced pro-

teins in endothelial cells, TF, osteopontin (OPN) and αvβ3 integrin have
been implicated as important molecules by which VEGF promotes angiogen-
esis in vivo. Takano et al. (43) showed TF as well as VEGF to be a strong reg-
ulator of human glioma angiogenesis. First, TF expression in endothelial
cells—which was observed in 74% of glioblastomas, 54% of anaplastic astro-
cytomas, yet no low-grade astrocytomas—correlated with the microvascular
density of the tumors (43). Double staining for VEGF and TF demonstrated
co-localization of these two proteins in the glioblastoma tissues. Second, there
was a correlation between TF and VEGF mRNA expression in the glioma tis-
sues. Third, glioma cell-conditioned medium containing a large amount of
VEGF upregulated the TF mRNA expression in human umbilical-vein endothe-
lial cells (43). OPN and alphavbeta3 integrin, were also predominantly observed
in the microvasculature of glioblastomas associated with VEGF expression.
Microvascular expression of these molecules suggests that an upstream regu-
lation of TF/VIIa might be an effective anti-angiogenesis strategy for human
gliomas and other tumors.
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12. TF/VIIa and Tumor Metastasis
It has been suggested that TF plays an important role in tumor metastasis.

Its expression in sarcoma cells was reported to upregulate the VEGF gene and
thereby enhance tumor angiogenesis, which is essential to tumor metastasis.
Although many malignant tumors have been reported to express this protein
constitutively, recent clinical studies have focused mainly on the correlations
among TF expression, tumor progression, and histological grade. Therefore, to
address the role of TF and the underlying mechanism of hematogenous metas-
tasis of colorectal carcinoma, the authors analyzed the correlations among TF
expression, hepatic metastasis, and VEGF gene expression in surgical speci-
mens. Furthermore, they analyzed the prognostic significance of TF expression
with respect to overall patient survival. Univariate and multivariate analyses
showed TF expression to be a significant and independent risk factor for hepatic
metastasis, whereas a weak but insignificant correlation was observed between
TF and VEGF gene expression (44). The outcomes in the TF-positive group
were significantly worse in all cases and in the cases without synchronous
hepatic metastasis. The study concluded that TF expression is a suitable indi-
cator of both hepatic metastasis and prognosis for colorectal carcinoma patients.
Again, these data provide further support for the key role of TF in tumor metas-
tasis that is associated with a worsened clinical outcome.

We have established and utilized several angiogenesis and cancer-related
models (45–50) as well as several biomarkers to determine the relationship
between the progression of tumor growth, clinical outcome, and various pro-
angiogenesis and pro-inflammatory biomarkers (51).
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Tissue Factor Pathway Inhibitor in Thrombosis
and Beyond

Shaker A. Mousa, Jawed Fareed, Omer Iqbal, and Brigitte Kaiser

1. Introduction
Tissue factor (TF) plays a crucial role in the pathogenesis of thrombotic, vas-

cular, and inflammatory disorders, and thus, the inhibition of this membrane
protein provides a unique therapeutic approach for prophylaxis and/or treatment
of various diseases. In recent years, tissue-factor pathway inhibitor (TFPI), the
only endogenous inhibitor of the TF/FVIIa complex, has been characterized bio-
chemically and pharmacologically. Studies in patients have demonstrated that
both TF and TFPI may be indicators for the course and the outcome of cardio-
vascular and other diseases. Based on experimental and clinical data, TFPI may
become an important drug for several clinical indications. TFPI is expected to
inhibit the development of postinjury intimal hyperplasia and thrombotic occlu-
sion in atherosclerotic vessels, and to be effective in acute coronary syndromes
(ACS) such as unstable angina (UA) and myocardial infarction (MI). Of spe-
cial interest is the inhibition of TF-mediated processes in sepsis and dissemi-
nated intravascular coagulation, which are associated with the activation of
various inflammatory pathways as well as the coagulation system. A phase II
trial of the efficacy of TFPI in patients with severe sepsis showed a mortality
reduction in TFPI- compared to placebo-treated patients and an improvement
of organ dysfunctions. TFPI can be administered exogenously in high doses to
suppress TF-mediated effects, or high amounts of TFPI can be released from
intravascular stores by other drugs such as heparin and low molecular weight
heparins (LMWHs). In this way, high concentrations of the inhibitor are pro-
vided at sites of tissue damage and ongoing thrombosis. At present clinical stud-
ies with TFPI are rather limited, and the clinical potential of the drug cannot

From: Methods in Molecular Medicine, vol. 93: Anticoagulants, Antiplatelets, and Thrombolytics
Edited by: S. A. Mousa © Humana Press Inc., Totowa, NJ

CH10,133-156,24pgs  9/5/03 11:05 AM  Page 133



be evaluated properly. However, TFPI and its variants are expected to undergo
further development and to find indications in various clinical states.

The cascade or waterfall model of blood coagulation is undergoing some
changes with regard to the role of cellular components for the clotting process.
In the so-called cell-based model, hemostasis is believed to occur in three over-
lapping phases—e.g., the initiation that occurs on TF-bearing cells or particles;
the amplification in which platelets and cofactors are activated, thus leading to
thrombin generation; and the propagation, in which large amounts of thrombin
are generated on the platelet surface (1). In both the cascade and the cell-based
model of hemostasis, TF—which is a member of the cytokine-receptor super-
family—is considered to be the primary physiologic initiator of blood coagu-
lation. The clotting process proceeds when TF is brought into close proximity
to activated platelets and coagulation factors. In addition to its essential role in
physiologic hemostasis, TF—which is exposed to the blood following vascu-
lar injury—also triggers a wide variety of thrombotic diseases and other hyper-
coagulable states, including disseminated intravascular coagulation induced by
sepsis, and arterial thrombosis overlying an atherosclerotic plaque, a process
known to be the final event in acute myocardial infarction (AMI) and UA. New
studies indicate that TF can function as a signaling receptor and, upon binding
of factor VIIa (FVIIa) to TF, a signaling cascade can be initiated. Furthermore,
it is suggested that this integral membrane protein exerts important non-
hemostatic functions. Assembly of the TF-FVIIa complex on cellular surfaces
may be important in mediating intimal hyperplasia as well as for tumor metas-
tasis and angiogenesis. TF has also been shown to play an important role in early
embryonic development (for review, see 2–5). Because of the pathophysiolog-
ical role of TF in various disease states, the inhibition of the TF pathway rep-
resents an attractive therapeutic target for the development of new
pharmacologic or biologic agents (5).

TF-mediated plasmatic and cellular reactions can be influenced by the TFPI,
the only known physiologically significant inhibitor of the TF-initiated coag-
ulation pathway. As described earlier, TFPI consists of 276 amino acid residues
with 18 cysteine residues and three potential N-linked glycosylation sites, after
removal of a 28-residue signal peptide. It contains an acidic N-terminal region
followed by three tandemly repeated Kunitz-type serine protease inhibitory
domains and a basic C-terminal region. Post-translational modifications in the
TFPI molecule include partial phosphorylation of serine-2 as well as N-linked
glycosylation (6–8). These modifications can influence pharmacokinetic/phar-
macodynamic properties of TFPI. Recombinant TFPI lacking post-translational
modifications may show functional differences to TFPI that is endogenously
synthesized or released from endothelium (9). TFPI produces a FXa-dependent
feedback inhibition of the TF/FVIIa catalytic complex through the formation
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of a final, quarternary inhibitory complex consisting of TFPI/FXa/TF/FVIIa.
In the first step, TFPI binds and directly inhibits activated FX via the second
Kunitz-domain. In the second step, the TFPI/FXa complex binds and inhibits
FVIIa in the TF/FVIIa complex via the first Kunitz-domain (10–15). See
Figs. 1 and 2 for the interactions between TFPI, Xa, and TF/VIIa. A kinetic
analysis of the regulation of the extrinsic pathway by TFPI suggested that FXa
is initially inhibited when it is bound to or near TF/FVIIa on the membrane sur-
face. This leads to an unexpectedly rapid inactivation of TF/FVIIa and a result-
ing inhibition of factor X activation by the TF/FVIIa complex (16).

Intensive studies have been done in the past to characterize TFPI regard-
ing its biochemical actions and pharmacological properties (for review, see
17,18). During the past few years, studies with TFPI have focused on the direct
or indirect use of the inhibitor for various clinical indications, especially in the
cardiovascular field. The goal of this chapter is to review newer experimental
and clinical results obtained with TFPI, and further aspects of its use in clini-
cal states.

2. Role of TFPI in Cardiovascular Disorders
2.1. Atherosclerosis/Restenosis

The most important underlying mechanisms for the development of acute
coronary syndromes are atherosclerotic plaques. Spontaneous plaque rupture
or acute interventions such as balloon angioplasty, coronary atherectomy, or
stent placement may increase the procoagulant activity of the vessel wall, and
especially expose TF to circulating blood, resulting in the initiation of the clot-
ting process with the formation of intravascular thrombi. As previously men-
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CH10,133-156,24pgs  9/5/03 11:05 AM  Page 135



tioned, the effects of TF in vivo are very complex, and this membrane protein
may play an important role in inflammatory processes such as those associated
with atherosclerosis and restenosis. Because TF is upregulated after vascular
injury and in atherosclerotic plaques, TFPI is expected to inhibit the develop-
ment of postinjury intimal hyperplasia and thrombotic occlusion in athero-
sclerotic vessels.

2.1.1. Preclinical Studies

2.1.1.1. IN VITRO STUDIES

Various studies on the role of TFPI in hyperplasia of vascular smooth muscle
cells (VSMCs) have been done using cell-culture systems. In human pulmonary
arteries, the expression of TFPI in smooth-muscle cells (SMCs) is upregulated
by treatment with serum or basic fibroblast growth factor (bFGF)/heparin, indi-
cating that growth factors that can stimulate the vessel wall in vivo may locally
regulate TFPI expression. The upregulation of TFPI may be pathophysiologi-
cally important for the regulation of TF-mediated coagulation within the vessel
wall, and thus for the course of hyperplasia associated with pulmonary hyper-
tension and atherosclerosis (19). An increased expression of TFPI after an ini-
tial expression of TF was also found in serum-stimulated cultured fibroblasts,
VSMCs, and cardiac myocytes (20). The in vitro findings suggest that TFPI reg-
ulates the TF-initiated clotting and is also involved in inhibiting VSMC prolif-
eration. Various studies have demonstrated the antiproliferative effectiveness
of TFPI both in vitro and in vivo (Table 1). TFPI was found to inhibit the
FVIIa/TF-induced migration of cultured VSMCs (21), and the proliferation of
cultured human neonatal aortic SMCs (22), as well as the growth of human
umbilical-vein endothelial cells (23). Newer studies demonstrated that the
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Fig. 2. Schematic illustration of the assembly of TFPI binding to factor Xa, TF/VIIa.
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antiproliferative activity of TFPI is mediated by the very low-density lipopro-
tein (VLDL) receptor. In addition, for the inhibition of the proliferation of
bFGF-stimulated endothelial cells, the C-terminal region of TFPI seems to be
responsible because a truncated form of TFPI that only contains the first two
Kunitz-type inhibitor domains is relatively ineffective (24).

2.1.1.2. IN VIVO STUDIES

In animal experiments, the effect of TFPI on the proliferation of VSMCs as
well as on atherosclerotic processes was investigated (Table 1). TFPI was
shown to reduce angiographic restenosis and intima hyperplasia in a rabbit
atherosclerotic femoral-artery injury model (25) and to inhibit neointima for-
mation and stenosis in pigs after deep arterial injury of the carotid artery (26)
as well as the procoagulant activity and the upregulation of TF at injured sites
(27), and to inhibit mural thrombus formation, neointima formation, and growth
after repeated balloon angioplasty of the rabbit thoracic aorta (28). In a model
of small autografts in the rabbit femoral artery, topically applied TFPI signifi-
cantly increased the patency rates of the grafts, and reduced the intimal area as
well as the percentage of stenosis and the intima/media areas ratio (29). In the
last few years, experimental studies demonstrated the antithrombotic and
antiproliferative effectiveness of an overexpression of TFPI achieved by local
gene transfer (30–35). Retrovirus-mediated TFPI gene transfer to the arterial
wall effectively inhibited intravascular thrombus formation in stenotic and
injured rabbit carotid arteries (30). Adenovirus-mediated local expression of
TFPI inhibited shear stress-induced recurrent thrombosis in balloon-injured
carotid arteries of rabbits (31) and pigs (32). The combination of brief irriga-
tion with recombinant TFPI and adenovirus-mediated TFPI gene transfer fully
suppressed TF activity and reduced fibroproliferative changes in rabbit carotid
arteries, as shown by the reduction of intima/media ratios (33). Recently pub-
lished results obtained in a model of balloon-injured atherosclerotic arteries in
rabbits demonstrated that an overexpression of TFPI markedly inhibited inti-
mal hyperplasia (34). In a murine model of flow cessation, adenoviral delivery
of TFPI decreased vascular TF activity and inhibited neointima formation (35).
The TFPI overexpression by gene transfer and the resulting effects on throm-
bosis and restenosis were achieved without impairment of systemic hemosta-
sis or excess bleeding. The local regulation of TF activity may be considered a
target for a gene transfer-based antirestenosis therapy. The development of ath-
erosclerosis in mice with a homozygous apolipoprotein E (ApoE) deficiency
and an additional heterozygous TFPI deficiency was significantly greater than
that seen in ApoE knockout mice with a normal TFPI genotype, indicating that
TFPI provides protection from atherosclerosis and is an important regulator of
thrombotic events in atherosclerosis (36).
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Table 1
In Vitro and In Vivo Studies on the Effect of TFPI on VSMC

Effect Reference

In vitro Synthesis and secretion of TFPI by human pulmonary SMCs 19
and upregulation of TFPI expression by serum or bFGF.

Increased expression of TF and TFPI by serum-stimulated 20
fibroblasts, VSMCs, and cardiac myocytes.

Inhibition of TF/FVIIa-induced migration of cultured VSMCs. 21
Inhibition of the proliferation of cultured human neonatal aortic 22

SMCs (mediated by the C-terminal region of TFPI).
Inhibition of the growth of cultured HUVECs by inducing apoptosis 23

(no inhibition of DNA synthesis).
Expression of TFPI protein and mRNA in atherosclerotic arteries, 37

in internal carotid plaques from patients undergoing 
endarterectomy + in fatty-streak lesions in rabbits fed a 
high-cholesterol diet.

Presence of biologically active TFPI and co-localization with 38–40
TF in human atherosclerotic plaques of carotid and coronary 
arteries.

In vivo Reduction of angiographic restenosis and decrease of neointimal 25
hyperplasia in a rabbit atherosclerotic femoral-artery injury model.

Inhibition of neointimal formation and stenosis in minipigs after 26
deep arterial injury of the carotid artery.

Inhibition of the procoagulant activity and the upregulation of 27
TF at balloon-induced arterial injury in pigs.

Inhibition of mural thrombus formation and neointimal growth 28
after repeated balloon angioplasty of the rabbit thoracic aorta.

Reduction of intimal thickness and increase of long-term patency 29
of small arterial autografts in rabbits.

Inhibition of intravascular thrombus formation and recurrent 30–32
thrombosis in carotid arteries of rabbits and pigs by gene 
transfer-mediated overexpression of TFPI.

Inhibition of intimal hyperplasia in balloon-injured atherosclerotic 33,34
arteries in rabbits by gene-transfer of TFPI.

Inhibition of neointima formation by adenoviral-mediated 35
overexpression of TFPI in a murine model of vascular 
remodeling.

Increase of atherosclerotic changes in arteries of ApoE-knockout 36
mice with a heterozygous TFPI deficiency.
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2.1.2. Studies in Human Vessels

Active TF is present in the atherosclerotic vessel wall, where it is believed
to be responsible particularly for acute thrombosis after plaque rupture, the
major complication of primary atherosclerosis. In addition to TF, TFPI is also
expressed in atherosclerotic plaques (37–40). In atherosclerotic lesions of
human coronary arteries, a co-localization of TF and TFPI was found in
endothelial cells, macrophages, macrophage-derived foam cells, and SMCs in
intimal lesions. In type III and IV of atherosclerotic lesions, the number of TF-
and TFPI-positive cells is increased, accompanied by extracellular localization
of TF and TFPI in the lipid core of atherosclerotic plaques (38). In human
carotid atherosclerotic plaques, biologically active TFPI was found in endothe-
lial cells, VSMCs, and macrophages (39). Similar results were seen in other
studies using human coronary arteries, popliteal arteries, and saphenous vein
grafts. In the atherosclerotic vessels, TFPI frequently colocalized with TF in
endothelial cells overlying the plaque and in microvessels, as well as in the
medial and neointimal SMCs, and in macrophages and T cells in areas sur-
rounding the necrotic core (40). TFPI was found to be largely expressed in the
normal vessel wall and enhanced in atherosclerotic vessels. TFPI was active
against the TF-dependent procoagulant activity, suggesting a significant role
for the inhibitor in the regulation of TF activity. It is assumed that upregulation
of TFPI in atherosclerotic plaques may control their thrombogenicity or even
prevent the complications associated with plaque rupture (40). Figure 3 illus-
trates the release of TFPI from endothelium by heparin and its circulation in
free and bound forms.

In the TFPI gene, three polymorphisms have been recently identified that are
associated with a significant variation in plasma TFPI levels (41,42). However,
studies in patients who underwent angioplasty, with or without stent implanta-
tion, revealed that—despite significant variations in TFPI levels—there was no
evidence that the polymorphism of the TFPI gene influenced the risk of angio-
graphic restenosis after angioplasty (43).

2.2. UA and MI

Several clinical studies have been performed to evaluate the significance of
measuring various parameters with regard to their diagnostic and prognostic
value for cardiovascular disorders, especially for ischemic heart diseases such
as UA and AMI. In patients with ischemic heart diseases, an excess of throm-
bin formation was demonstrated by increased plasma concentrations of pro-
thrombin fragment F1.2 and thrombin-antithrombin III-complexes. This could
be related to the elevated levels of circulating TF also found. In these patients,
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plasma levels of TFPI were also increased, but were not sufficient to interrupt
the TF-induced coagulation activation (44,45). Increased plasma concentrations
of both total and free TFPI measured in AMI patients may result from their
release by ischemic tissues (46). Patients with AMI show an increased proco-
agulant activity of monocytes which is believed to be caused by an upregula-
tion of TF and can be partially inhibited by surface-bound TFPI, suggesting that
a direct inhibition of TF activity by a specific therapy may be particularly effec-
tive for the treatment of AMI (47). The prognostic importance of TF and TFPI
for recurrent coronary events was investigated in a long-term follow-up study
over 4 yr in patients after AMI (48). There were no statistical differences in TF
or in total and free TFPI levels between patients and controls, demonstrating
that the TF/TFPI system is not a useful prognostic marker. However, in middle-
aged men with no history of coronary heart disease (CHD), a significant posi-
tive correlation was found between free TFPI plasma levels and atherogenic
lipids such as total cholesterol and triglycerides, as well as factor VII and fib-
rinogen, which can be considered as a compensatory increase in plasma-free
TFPI to the occurrence of risk factors for atherothrombotic diseases in appar-
ently healthy men (49). A large population study on the association between
plasma levels of free and total TFPI, conventional cardiovascular risk factors,
and endothelial-cell markers showed that plasma levels of free TFPI correlated
poorly with that of total TFPI, indicating that free and lipid-bound TFPI are reg-
ulated differently. Free TFPI strongly correlates to endothelium-derived mol-
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Fig. 3. Endothelial release of TFPI by heparin and its distribution in free and bound
forms.
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ecules such as thrombomodulin, von Willebrand’s factor, and tissue-type plas-
minogen activator (t-PA), whereas total TFPI is more related to conventional
risk factors such as low-density lipoprotein (LDL) cholesterin (50).

2.3. Sepsis and Disseminated Intravascular Coagulation (DIC)

Severe sepsis is associated with the activation of various inflammatory path-
ways, and especially with the activation of the coagulation system. Because of
endotoxin and the production of proinflammatory cytokines, TF is expressed
on activated monocytes and vascular endothelial cells. TF-mediated coagula-
tion activation can lead to microvascular thrombosis and further endothelial acti-
vation, which appear to play an important role in the development of multiple
organ failure associated with severe sepsis. Based on the role of TF in sepsis
and DIC, it is expected that TFPI can provide a new therapeutic rationale for
the treatment of sepsis. Experimental findings suggest a significant role of
TFPI in DIC and severe sepsis. Rabbits that have been immunodepleted of
plasma TFPI activity are sensitized to substantial intravascular coagulation
induced by an infusion of TF at doses that were essentially without effect in
control animals (51). Similar results were found after an injection of endotoxin,
which induced extensive DIC in immunodepleted rabbits, but only minimal or
moderate intravascular clotting in animals with normal TFPI levels (52). The
effectiveness of TFPI in DIC and septic shock has been investigated in various
animal models (for review, see 17,18,53). The results suggest that TFPI may
offer benefits when used to treat severe sepsis. In various studies in humans,
plasma concentrations of TF and TFPI have been determined to define the
pathophysiological role of these molecules in DIC and septic shock. In patients
with DIC, plasma concentrations of both TF and TFPI were seen to be signif-
icantly higher than in patients without DIC (54,55). The increase of TF in
plasma of DIC patients is followed by an increase in TFPI, which is most likely
based on its release from vascular endothelium resulting from endothelial-cell
injury (54). In patients with DIC, plasma concentrations of truncated TFPI
were significantly elevated as compared to pre- and nonDIC patients. Reduced
levels of the intact form of TFPI found in preDIC patients may suggest a hyper-
coagulable state in those patients with a consumption of TFPI (56,57).

In animal models of sepsis, TFPI was able to completely block the coagu-
lant response and to prevent death as well as reduce the cytokine response. In
a human model of endotoxemia, recombinant human TFPI effectively and dose-
dependently attenuated the endotoxin-induced coagulation activation. However,
in contrast to animal experiments, it did not influence leukocyte activation,
chemokine release, endothelial-cell activation, or the acute phase responses.
Thus, the complete prevention of coagulation activation by TFPI does not
inhibit activation of inflammatory pathways during human endotoxemia
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(58,59). In posttrauma patients with DIC, the TF-dependent coagulation acti-
vation could not be sufficiently prevented by TFPI, which remained at normal
levels. The DIC was associated with thrombotic and inflammatory responses,
leading to multiple organ dysfunction and a poor outcome in these patients (60).

In normal volunteers, TFPI was found to be well-tolerated, with no clinically
significant bleeding (53). Recently, recombinant human TFPI (Chiron,
Emeryville, CA) was examined in small phase II clinical studies in patients with
severe sepsis (53,61). In the first trial, some of the patients showed an increase
in the incidence of serious adverse events involving bleeding that might be
caused by the relatively high doses of TFPI (0.33 and 0.66 mg/kg/h) adminis-
tered. In the two following studies, lower doses of TFPI (0.025–0.1 mg/kg/h)
were used, and then adverse events did not differ between placebo and TFPI
groups (53). A recently completed phase II study in 210 patients with sepsis
showed a trend toward a relative reduction in d 28 all-cause mortality in TFPI-
treated patients as compared with placebo. There was also an improvement in
selected organ dysfunction scores and biochemical evidence of TFPI activity
in these patients (53,61). A large, international phase III study now underway
will evaluate TFPI therapy for severe sepsis (53).

2.4. Other Disorders

The role of TFPI as a possible diagnostic or prognostic marker or as a patho-
genetic factor was also investigated in studies involving other diseases (for
review, see 18). In patients with ischemic stroke, TFPI activity was significantly
lower in atherothrombotic and lacunar infarction than in control subjects, which
might be attributed to atherosclerotic changes in endothelial cells. In patients
with venous thrombosis, an association between TFPI deficiency and throm-
bosis has not been clearly demonstrated. Increased TFPI levels in patients with
end-stage chronic renal failure are considered to be a compensatory mechanism
for the activation of the clotting process. Increased levels of TFPI in patients
with non-insulin- and insulin-dependent diabetes mellitus could indicate an
imbalance between procoagulant and anticoagulant mechanisms in diabetic
patients, or may reflect a vascular damage with an endothelial dysfunction. The
increased TFPI levels seen in patients with malignancies cannot yet be
explained.

3. Interactions Between TFPI, Unfractionated Heparin,
and LMWHs

TFPI is synthesized in the vascular endothelium and is released from there
after injection of either unfractionated heparin (UFH) or LMWHs, thus pro-
viding high concentrations of TFPI at sites of tissue damage and ongoing throm-
bosis (Fig. 3). The endogenous, cell-associated TFPI may be more important
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for maintaining the anticoagulant properties of the endothelium than the cir-
culating TFPI (62). Endothelial cell-released TFPI—which, in contrast to
plasma TFPI, still contains the basic C-terminal tail—is considered to signifi-
cantly contribute to the anticoagulant effect of heparin. UFH and LMWH,
which were originally developed for prophylaxis of venous thromboembolic
diseases, are now also used for the treatment of thrombotic disorders of both
the venous and especially the arterial type (63,64). Intravenous (iv) or subcu-
taneous (sc) administration of heparin reduced the elevated levels of TF
observed in patients with UA and AMI and increased the concentrations of free
TFPI (65–67). In large, randomized clinical trials, the antithrombotic effec-
tiveness of different LMWHs has been demonstrated (68–74). LMWHs were
observed to be superior to UFH in the treatment of both arterial and venous
thrombosis, an effect that may be particularly based on the differential action
of UFH and LMWHs on intravascular pools of TFPI (75,76). At therapeutic
doses, UFH but not LMWH is associated with a progressive depletion of both
circulating and endothelial-bound TFPI, which may lead to a strong rebound
activation of coagulation after cessation of treatment with UFH (77–80). A
depletion of intracellular TFPI was also observed in endothelial-cell culture sys-
tems in which the depletion was also significantly stronger with UFH than with
LMWH (62). This difference may be responsible for the higher antithrombotic
efficacy of LMWH as compared to UFH The cellular mechanisms of the effect
of heparin on endothelium-associated TFPI appears to involve not only a simple
displacement of TFPI from the cell surface, but a more specific mechanism that
includes increased secretion as well as redistribution of cellular TFPI induced
by heparin (62). In vitro studies on the effect of UFH on the synthesis and secre-
tion of TFPI in endothelial cells demonstrated that heparin dose-dependently
increased the expression of TFPI mRNA in endothelial cells, followed by a syn-
thesis-dependent increase in TFPI release (81). After heparin stimulation, the
major portion of TFPI appears to be secreted from intracellular stores and not
displaced from the membrane surface. An alternative explanation would be that
when TFPI is displaced from the membrane surface, it is rapidly replaced from
intracellular stores (81).

In contrast to the differences between UFH and LMWH described here,
recently published studies comparing the TFPI releasing effect of therapeutic
doses of UFH and the LMWH dalteparin in hospitalized patients demonstrated
that dalteparin caused significantly less TFPI induction, and, thus it is suggested
that TFPI may not be a major contributor to the antithrombotic effect of heparin
(82). In patients with ACS such as UA and AMI, the measurements of markers
of thrombin generation, endothelial function, and acute phase reaction revealed
similar responses to UFH and the LMWH enoxaparin. The increase in plasma
levels of total TFPI also did not show significant differences between UFH and
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the LMWH. In particular, after both heparins, a depletion of TFPI was observed
that may indicate that the constitutive synthesis of TFPI is surpassed by its elim-
ination in these patients (83).

4. Comparison With Other Anticoagulants/Antithrombotics
Antithrombotic agents such as heparin and aspirin have been used for a long

time for prophylaxis and therapy of thromboembolic disorders in both the
venous and arterial system. New drugs developed during recent years represent
a wide spectrum of natural, synthetic, and semi-synthetic as well as biotech-
nologically produced agents and include especially LMWHs, serine proteinase
inhibitors such as direct and indirect thrombin and factor Xa inhibitors, endoge-
nous anticoagulants such as antithrombin III, and platelet function inhibitors
such as GPIIb/IIIa-receptor antagonists or ADP-receptor blockers.

With special emphasis on TFPI, it must be stated that—based on the central
role of the TF/FVIIa complex in the initiation of blood coagulation—other ther-
apeutic strategies for regulating the TF pathway are currently being evaluated.
Recombinant inactivated FVIIa (FVIIai)—which at least has similar or even
higher binding capacity to TF than FVIIa but blocks the catalytic activity of the
TF/FVIIa complex—was investigated in various animal models (84,85). When
administered intravenously or topically, FVIIai prevented or diminished imme-
diate thrombus formation after vessel-wall injury both in the venous and arte-
rial system, and reduced the long-term intima thickening and narrowing of the
vessel lumen. Furthermore, it attenuated coagulant and inflammatory responses
in septic shock and reduced an experimental ischemia/reperfusion injury. In
humans, FVIIai was studied in dose-escalation trials in healthy volunteers and
as an adjunct to heparin in patients undergoing percutaneous transluminal bal-
loon angioplasty (PTCA). The combination with FVIIai revealed a trend toward
a reduction in the number of ischemia events as well as a lowering of heparin
doses required to reach the same effect (85).

Another potent inhibitor of the TF/FVIIa complex is the recombinant nema-
tode anticoagulant protein c2 (NAPc2), which binds to factor Xa at a site dis-
tinct from the active site, and then the resultant binary complex inhibits the
TF/FVIIa complex (86,87). A multicenter dose-response study for the preven-
tion of venous thromboembolism in patients undergoing knee replacement
showed the antithrombotic efficacy of NAPc2 after sc administration, thus
encouraging further clinical trials (88). In healthy human volunteers, the anti-
coagulant action of NAPc2 could be reversed by the infusion of recombinant
FVIIa, resulting in an increased generation of thrombin. FVIIa may be used as
an antidote for inhibitors of the TF/FVIIa complex in cases of adverse effects
such as bleeding events (89).
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An important clinical indication for TFPI is the treatment of severe sepsis that
results from a generalized inflammatory and procoagulant response to an infec-
tion (see Subheading 2.2.). However, in addition to the TF pathway the other
anticoagulant pathways—e.g., the antithrombin pathway and the protein C
system—are also defective in sepsis and DIC (90). Because the natural antico-
agulants exhibit specific cellular interactions that appear to provide anti-
inflammatory as well as anticoagulant activities, it is expected that restoration
of the anticoagulant pathways may be associated with an improved clinical out-
come in patients with sepsis and DIC (91). The protein C system appears to play
a central role in the pathogenesis of severe sepsis because of its antithrom-
botic/profibrinolytic actions, the modulation of vascular functions, and the anti-
inflammatory properties (92,93). In various animal models of sepsis and DIC,
activated protein C (APC) has been shown to be an effective therapeutic agent
(94). In humans, the efficacy and safety of recombinant human APC for severe
sepsis was studied in a multicenter phase 3 trial involving patients with systemic
inflammation and organ failure resulting from acute infection. Administration
of APC significantly reduced the rate of death from all causes at 28 d in patients
with a clinical diagnosis of severe sepsis, but this may be associated with an
increased risk of bleeding (95). From the theoretical basis, replacement therapy
with antithrombin III (ATIII), which is an important inhibitor of thrombin as
well as of other proteases of the coagulation system, could be useful for the treat-
ment of DIC and severe sepsis (96,97). However, there have been no convinc-
ing clinical trial results demonstrating the efficacy of ATIII in these diseases.
As shown in a randomized, placebo-controlled, double-blind multicenter phase
II trial as well as in a meta-analysis on all trials with ATIII in patients with severe
sepsis, there was a positive trend with ATIII for reduction of mortality and
organ failure, but no statistically significant difference between ATIII- and
placebo-treated groups (98). In another study, ATIII replacement therapy sig-
nificantly reduced mortality only in the subgroup of septic shock patients (99).
In the clinical trials, a relatively low number of patients was included. Therefore,
a final evaluation of the therapeutic value of ATIII for DIC, and severe sepsis
requires additional and larger clinical trials (100).

TFPI demonstrated potent anti-angiogenesis efficacy vs many growth fac-
tors that might mediate the heparin anti-angiogenesis effects (Fig. 4).

5. Clinical Perspectives
It can be expected that, because of the various biological functions of TF and

the role of this protein in the pathomechanism of many diseases, the inhibitor
TFPI may have a broad spectrum of therapeutic use. However, until now TFPI
has only found indications in severe sepsis in which defined trials have been
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carried out that demonstrated the effectiveness of the drug by an improved out-
come in terms of surrogate markers and mortality reduction in the patients.
Numerous studies in patients suffering from cardiovascular and other disorders
showed that both TF and TFPI may be indicators for the course and the out-
come of certain diseases. Based on experimental and clinical findings, it may
be assumed that TFPI could become an important drug for several clinical indi-
cations (Table 2). The prevention of thrombotic complications of atheroscle-
rosis after plaque rupture, and thus, the development of ACS, may represent a
very promising indication for TFPI. In addition, in animal studies, TFPI was
found to even protect vascular sites from atherosclerosis. Topical application
of TFPI has been shown to improve capillary blood flow, which could be ben-
eficial for patients with microangiopathic disorders. This is consistent with the
observation that defibrotide enhances the release of TFPI. TFPI affects the
inflammation cycle that contributes to microvascular thrombosis, and in this
way it may be of value in the acute respiratory distress syndrome. TFPI could
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Fig. 4. Potent inhibition of FGF2-induced angiogenesis by r-TFPI in the chick
chorioallantoic membrane (CAM) model.
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also be useful for the prevention of thrombosis associated with stroke or tran-
sient ischemic attacks, as an antithrombotic drug in microvascular surgery and
for the reduction of ischaemia/reperfusion injury (18). TFPI may have impor-
tant therapeutic value for various clinical indications, but it is important to rec-
ognize that the preclinical and especially the clinical investigations of TFPI are
rather limited. Therefore, the clinical potential of the drug cannot yet be eval-
uated properly, and requires further study.

6. Conclusion
TF plays a crucial role in the pathogenesis of thrombotic, vascular, and

inflammatory disorders (Fig. 5). Targeting of this mediator provides a unique
therapeutic approach to influence the underlying pathophysiologic processes
and to prevent or treat the respective diseases. The development of recombi-
nant TFPI and its molecular variants has provided a new dimension in the man-
agement of various disorders such as atherosclerosis, ACS including UA and
MI, thrombotic stroke, and microangiopathic disorders, as well as for inflam-
mation-associated pathogenetic processes. Although the development of recom-
binant TFPI is currently limited to sepsis, this agent and its variants are expected
to find multiple indications. Molecular manipulation of the currently available
TFPI forms will provide drugs with varying pharmacokinetic and pharmaco-
dynamic properties and with relatively stronger affinity to endothelial or suben-
dothelial target sites. As TFPI is present in several forms, the identification of
these forms and their differential function may lead to the development of addi-
tional TFPI variants for specific indications. In addition, TFPI conjugates with
drugs and chemicals may provide agents with a broader spectrum for the man-
agement of various diseases and a desirable duration of action. Because of the
unique nature of TFPI, genomic manipulation of the vascular system will be
an important consideration to enhance the endogenous synthesis and release of
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Table 2
Clinical Relevance of TFPI and Potential Therapeutic Applications

Acute coronary syndromes (unstable angina, AMI)
Prevention of reocclusion and restenosis after successful PTCA or lysis
Disseminated intravascular coagulation and sepsis
Prophylaxis and therapy of deep venous thrombosis
Microvascular anastomosis
Ischemic stroke (especially atherothrombotic and lacunar infarction) and ischemia-

reperfusion injury

Detailed references in 17,18 and herein.
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TFPI. The TFPI gene can be readily introduced at various sites using different
vectors, which may be an important approach to modulate thrombotic and vas-
cular disorders.
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Cell Adhesion Molecules

Potential Therapeutic and Diagnostic Implications

Shaker A. Mousa

1. Introduction
The role of cell adhesion molecules (CAM) and extracellular matrix (ECM)

proteins in various pathological processes, including angiogenesis, thrombo-
sis, apoptosis, cell migration, and proliferation, is well-documented. These
processes can lead to both acute and chronic disease states such as ocular dis-
eases, metastasis, unstable angina (UA), myocardial infarction (MI), stroke,
osteoporosis, a wide range of inflammatory diseases, vascular remodeling, and
neurodegenerative disorders. One key milestone in this field is evident from the
potential role of the platelet GPIIb/IIIa integrin in the prevention and diagno-
sis of various thromboembolic disorders. Additionally, soluble adhesion mol-
ecules as potential diagnostic markers for acute and chronic leukocyte, platelet,
and endothelial cellular insult are increasingly utilized. In this chapter, the
development of various therapeutic and diagnostic candidates based on the key
role of CAM—with special emphasis on integrins in various diseases as well
as the structure-function aspects of cell adhesion and signaling of the different
CAM and ECM—is highlighted.

Many physiological processes, including cell activation, migration, prolif-
eration, and differentiation, require direct contact between cells or ECM pro-
teins. Cell–cell and cell–matrix interactions are mediated through several
different families of CAM, including the selectins, the integrins, the cadherins,
and the immunoglobulins. Newly discovered CAM, along with the discovery
of new roles for integrins, selectins, and immunoglobulins in certain disease
states, provide ideal opportunities for the development of therapeutic and per-
haps diagnostic modalities.
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Intensified drug discovery efforts, directed at manipulating CAM activity
through monoclonal antibodies (MAbs), peptides, peptidomimetics, and non-
peptide small molecules for diagnostic and therapeutics, continue to broaden
the scope of key clinical applications. This chapter focuses on the current
advances in the discovery and development of novel anti-integrins for poten-
tial therapeutic and diagnostic applications, as well as methods required in
studying these different CAM members.

CAM plays a critical role in normal as well as various pathophysiological
disease states. For this reason, the selection of specific and relevant CAM to
target certain disease conditions without interference in other normal cellular
functions is a very important prerequisite for the ultimate success in develop-
ing truly active and safe therapeutic strategies (1,2). Exciting advances in our
understanding of several CAMs—most notably, the αvβ3, αvβ5, α4β1, α5β1, and
αIIb/β3 integrin receptors—and their direct relationships to different disease
states represent a tremendous therapeutic and diagnostic opportunities (1–7).
CAMs are believed to play a role in different disease states including: cardio-
vascular, cancer, inflammatory, ocular, pulmonary, bone, central nervous system
(CNS), kidney, and the gastrointestinal (GI) system. For example, the role of
the integrin αIIb/β3 in the prevention, treatment, and diagnosis of various
thromboembolic disorders provides excellent proof of this concept (3–7). The
potential prophylactic role of antiselectins, the role of β1 along with other
leukointegrins in various inflammatory conditions, the potential utility of var-
ious soluble adhesion molecules as surrogate markers for acute and chronic
endothelial injury, and the potential role of αvβ3 in angiogenesis and osteo-
porosis, have all been implicated (8,9).

CAMs for Therapeutic and Diagnostic Utility:
Selected CAM Receptors

2. Anti-Selectins
The families of cell adhesion receptors include: the selectins, consisting of

three CAMs unified structurally by the inclusion of lectin (L), EGF-like (E),
and complement (C) binding-like domains (LEC-CAMs). Functionally, the
selectins are unified by their ability to mediate cell binding through interactions
between their lectin domains and cell-surface carbohydrate ligands (10). These
include the E-, L-, and P- selections. The P- and E- selections are calcium-
dependent on platelets or endothelial-cell surface lectins that mediate leuko-
cyte adhesion by recognition of cell-specific carbohydrate ligands. L- selections
are found on all leukocytes, and bind to its counter receptors on endothelial cells
(Gly-CAM-1), a mucin-like endothelial glycoprotein (11). E-selectin is an
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endothelial adhesion molecule whose expression is induced by various inflam-
matory stimuli, which recognizes cell-surface carbohydrate, Sialyl Lewisx

(SLex) (12). P-selectin is found stored in alpha granules of platelets, as well as
Weible-palade bodies of endothelial cells, and recognizes a carbohydrate that
is closely related to SLex (13).

The selectin family of CAMs plays a key role in the mediation of early neu-
trophil (PMN) rolling on and adherence to endothelial cells. P-selectin on
platelet (P) and endothelial cells surfaces and L-selectin on the leukocyte sur-
face act in concert to promote PMN-endothelial cells and PMN-P interactions.
Monoclonal antibodies, which neutralize either P-selectin or L-selectin, have
been found to preserve endothelial- and monocyte-cell function in a myocar-
dial ischemia/reperfusion injury model (14,15). Additionally, in a primate
model of carotid-artery restenosis, GA-6 resulted in a 25% reduction in the
neointimal-medial ratio after 14 d (16). L-selectin is involved in mediating neu-
trophil rolling interactions at sites of inflammation (17; Fig. 1).
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2.1. Human Soluble Selectin Assays (sP-, sL-, or sE-Selectins)

The most commonly used assay employs the quantitative sandwich
immunoassay technique. A MAb specific for sP-, sL-, or sE-selectins precoated
onto a microplate. Standard, samples, and control are pipetted into the wells,
together with a polyclonal antibody that is specific for sP-, sL, or sE-selectins
conjugated to horseradish peroxidase (HRP). After removal of unbound con-
jugated antibody, a substrate is added and color is developed that is proportional
to sP-selectin concentration.

2.1.1. Assay Procedure

1. Dilute all samples. For most samples (serum or plasma), a dilution of 1 in 100
should be adequate. For cell-culture supernatant samples, a dilution of 1 in 25 is
appropriate.

2. Remove excess microtiter-plate strips from the frame and store in the resealed foil
pouch with the silica gel sachet.

3. Add 100 µL standard diluted sample or diluted parameter control to each well in
duplicate.

4. Cover the plate with a plate sealer and incubate at room temperature for 1 h.
5. Add 100 µL anti-selectin/HRP conjugate to each well with sufficient force to

ensure mixing. Conjugate is red-colored to facilitate correct addition.
6. Cover the plate with a new plate sealer provided and incubate at room tempera-

ture for 30 min.
7. Aspirate or decant contents from each well and wash by adding 400 µL of wash

buffer per well. Repeat the process 5× for a total of six washes. After the last wash,
aspirate or decant the contents and remove any remaining wash buffer by tapping
the inverted plate firmly on clean paper toweling.

8. Add 100 µL substrate to each well. Cover the plate and incubate at room tem-
perature for 30 min.

9. Add 100 µL of Stop Solution to each well. The Stop Solution should be added to
the wells in the same order as the Substrate.

10. Determine the optical density (OD) of each well within 30 min using a microtiter-
plate reader of Photometer set at 450 nm with a correction wavelength of 620 nm.
If the wavelength correction facility is not available, read plates at 450 nm and
then separately at 620 nm. Subtract the OD620 from the OD450.

3. Integrins
Integrins are a widely expressed family of cell adhesion receptors that enable

cells to attach to extracellular matrices, to each other, or to different cells. All
integrins are composed of αβ heterodimeric units that are expressed on a wide
variety of cells, and most cells express several integrins. The interaction of inte-
grins with the cytoskeleton and ECM appears to require the presence of both
subunits. The binding of integrins to their ligands is a cation-dependent.
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Integrins appear to recognize specific amino acid sequences in their ligands.
The most extensively studied is the RGD sequence found within a number of
matrix proteins including fibrinogen, vitronectin, fibronectin, thrombospondin,
osteopontin, VWF, and others. However, other integrins bind to ligands via non-
RGD-binding domains such as the α4β1 integrin receptors that bind and rec-
ognize the LDV sequence within the CS-1 region of fibronectin. There are at
least eight known β subunits and 14 α subunits (1,2).

3.1. Coordinate Regulation of Cell Adhesion 
and Signaling Through Integrins

Integrin adhesion receptors contain an extracellular face that engages adhe-
sive ligands and a cytoplasmic face that engages intracellular proteins. These
interactions are critical for cell adhesion and for anchorage-dependent signal-
ing reactions in normal and pathological states. For example, platelet activa-
tion induces a confirmational change in integrin αIIb/β3, thereby converting it
into a high-affinity fibrinogen receptor. Fibrinogen binding then triggers a cas-
cade of protein tyrosine kinases and phosphatases, and recruitment of numer-
ous other signaling molecules into F-actin-rich cytoskeletal assemblies in
proximity to the cytoplasmic tails of αIIb and β3. These dynamic structures
appear to influence platelet functions by coordinating signals emanating from
integrins and G-protein-linked receptors. Studies of integrin mutations confirm
that the cytoplasmic tails of αII/β3 are involved in integrin signaling, presum-
ably through direct interactions with cytoskeletal and signaling molecules.
Blockade of fibrinogen binding to the extracellular face of αIIb/β3 has been
shown to be an effective way to prevent platelet-rich arterial thrombi after coro-
nary angioplasty (18). Once proteins that interact with the cytoplasmic tails of
αIIb/β3 are fully identified, it may also be possible to develop selective
inhibitors of integrin adhesion or signaling with a locus of action that is inside
the cell.

3.2. Anti-Integrins as a Potential Drug Discovery Target

The commercial and therapeutic potential of CAMs is on the rise. Newly dis-
covered CAM and the discovery of new roles for integrins, selectins, and
immunoglobulins in certain disease states provide ideal opportunities to develop
therapeutic and diagnostic drugs. Integrin represents the best opportunity to
achieve small-molecule antagonist for both therapeutic and diagnostic utility
in various key diseases with unresolved medical needs.

3.3. β1 Integrins

The largest group of integrins is the β1 integrin family, which are also known
as the VLA subfamily because of the late appearance of VLA after activation.
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There are at least seven receptors characterized from this subfamily, each with
different ligand specificity. Among the most studied include the α4β1, α5β1,
α6β1, and α2β1 receptors. The leukocyte integrin α4β1 (also known as VLA-4,
and CD49d/CD29) is a cell adhesion receptor, which is predominantly
expressed on lymphocytes, monocytes, and eosinophil (19). The leukocyte
integrin α4β1 (also known as VLA-4, and CD49d/CD29) is a potential target
for therapeutics in chronic inflammatory diseases.

3.3.1. Potent and Selective Small-Molecule Antagonists of α4 Integrins

The α4 integrins are heterodimeric cell-surface molecules that are central to
leukocyte-cell and leukocyte-matrix adhesive interactions. The integrin α4β7,
expressed on all leukocytes except neutrophils, interacts with the immunoglob-
ulin (Ig) superfamily member VCAM-1, and with an alternately spliced form
of fibronectin. The integrin α4β7 is also restricted to leukocytes, and can bind
not only to VCAM1 and fibronectin, but also to MAdCAM the mucosal
addressin or homing receptor, which contains Ig-like domains related to
VCAM-1. Certain MAbs to the α4 chain and α4β7 can block their in vitro adhe-
sive function. In vivo studies with these MAbs in several species demonstrate
that the interactions between these integrins and their ligands play a key patho-
physiologic role in immune and inflammatory reactions. Thus, α4 integrin-
dependent adhesive interactions with VCAM-1, MAdCAM, and fibronectin
appear to play a central role in the recruitment priming, activation, and apop-
tosis of certain leukocyte subsets, and offer novel targets for drug intervention.
For this reason, a selective and potent anti-α4 MAb and small-molecule antag-
onists were designed. These molecules demonstrated in vivo efficacy in sev-
eral animal models (20,21). The mucosal vascular addressin MAdCAM-1 is an
immunoglobulin-like adhesion receptor that is preferentially expressed by venu-
lar endothelial cells that define sites of lymphocyte extravasation in mucosal
lymphoid tissues and lamina propria. MAdCAM-1 binds lymphocyte integrin
α4β7 (22). Peptide-based analogs based on various regions in the first and
second domains of MAdCAM-1 for the binding to α4β7 have been identified.

3.3.2. The Leukocyte Integrin α4β1 as a Potential Target for Therapeutics

These leukocyte populations primarily mediate chronic inflammatory dis-
ease (e.g., rheumatoid arthritis, asthma, and psoriasis and allergy). In contrast,
VLA-4 is not present on circulating unstimulated neutrophils, which constitute
a first line of defense against acute infections. Eosinophils selectively accu-
mulate at sites of chronic allergic diseases such as bronchial asthma. The role
of β1 integrins and its regulation by cytokines and other inflammatory media-
tors during eosinophil adhesion to endothelium, ECM proteins, and
transendothelial migration has been well-documented (23,24). The interactions
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of VLA-4 with alternatively spliced fibronectin containing CS-1 to design
receptor blockers that bind to the VLA-4 integrin receptor have been utilized
in targeting small-molecule inhibitors. Evaluation of these analogs in animal
models of disease indicate that VLA-4 blockade has the potential to achieve dra-
matic in vivo effects in a variety of chronic inflammatory disorders (19–21).

3.3.3. Antibodies Against α4 Integrin Prevent Immune-Cell Infiltration 
of the CNS and Reverse Progression of Experimental 
Autoimmune Encephalomyelitis (EAE)

Infiltration of circulating immune cells into the CNS, resulting in edema,
myelin damage, and paralysis, has been documented (25). The role for the
adhesion molecule α4β1 integrin in this process has been demonstrated. When
administered to animals with EAE, antibodies against α4 integrin prevented
the adhesion of lymphocytes and monocytes to inflamed endothelium within
blood vessels of the CNS, and prevented immune-cell infiltration. Even when
administered to animals after the onset of paralysis, anti-α4 integrin reversed all
clinical signs of disease. MRI analysis of these animals showed that antibody
treatment reduced edema and reduced permeability of the blood–brain barrier
to Gd-DPTA, and histological analysis demonstrated that treatment prevented
the destruction of myelin. Remarkably, anti-α4 integrin reversed the accumula-
tion of lymphocytes and monocytes within the CNS, and did not affect the level
of the cells in the circulation. These results suggest that the active disease process
requires an ongoing recruitment of circulating cells into the CNS, and that anti-
α4 integrin prevents this recruitment and reverses disease progression.

3.3.4. Integrins in Other Diseases

3.3.4.1. INTEGRINS IN GI DISEASES

Inflammatory bowel disease (IBD), Crohn’s disease, and ulcerative colitis
(UC) are immunologically mediated illnesses. Using antibodies to the β family
of integrins, isolated intestinal lamina mononuclear cells from IBD and the
normal intestine express a pattern of integrins found on normal solid organs with
more β7 expression than IBD. Crohn’s CD3+ cells express more β1 than normal,
supporting separate β integrin systems in GI diseases. However, β1 and β7 inte-
grins in particular remain as a potential therapeutic target for GI inflammatory
disease (26).

3.3.4.2. α5β1 INTEGRIN IN ANGIOGENESIS

Recent evidence suggested the role this integrin in the modulation of
angiogenesis. Thus antagonist for α5β1 may have potential utility in various
angiogenesis-mediated disorders (27).
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3.3.4.3. α5β1 INTEGRIN AND BACTERIAL INFECTION

Recent studies suggested a key role for α5β1 integrin in mediating
certain types of bacterial invasion into human host cells, leading to antibiotic
resistance (28).

3.4. β2 Integrins

The leukocyte-restricted β2 (CD18) integrins promote a variety of homotypic
and heterotypic cell adhesion events required for normal and pathologic func-
tioning of the immune system (29). Several physiological processes including
cell adhesion, activation, migration, and transmigration require direct contact
between cells or ECM proteins via CAM receptors. To date, only three mem-
bers of this integrin subfamily have been identified, including: CD11a/CD18
(LFA-1), CD11b/CD18 (Mac-1), and CD11c/CD18 (P150,95). In vitro studies
have shown that LFA-1(CD11a/CD18) and Mac-1 on neutrophils can be dif-
ferentially activated for distinct function (29). In addition, investigations in vivo,
including studies in CD11b-deficient mice, further underscore the biologic
significance of the distinct contributions of LFA-1 and Mac-1 to neutrophil-
dependent tissue injury.

3.5. β3 Integrins

3.5.1. αIIb/β3 Integrin

3.5.1.1. INTRAVENOUS AND ORAL PLATELET αIIB/β3-RECEPTOR ANTAGONISTS:
POTENTIAL CLINICAL USE

There is an urgent need for more efficacious antithrombotic drugs that are
superior to aspirin or ticlopidine for the prevention and treatment of various car-
diovascular and cerebrovascular thromboembolic disorders. The realization
that the platelet integrin αIIbβ3 is the final common pathway for platelet aggre-
gation, regardless of the mechanism of action, has prompted the development
of several small-molecule αIIb/β3-receptor antagonists for intravenous (iv)
and/or oral antithrombotic utilities. Platelet αIIb/β3-receptor blockade repre-
sents a very promising therapeutic and diagnostic strategy of thromboembolic
disorders. Clinical experiences (efficacy/safety) gained with injectable αIIbβ3

antagonists will provide valuable insights into the potential of long-term chronic
usage of oral αIIb/β3 antagonists. At this point, there are still many unanswered
questions, and thorough studies are needed to determine the safety and efficacy
of this mechanism either alone or in combination with antiplatelet/anticoagu-
lant therapies.

The clinical utility of Abciximab (ReoPro, c7E3 Fab) based on several trials
involving coronary-artery intervention procedures (30–32). The potent, rapid,
and sustained blockade of platelet GPIIb/IIIa receptors and perhaps its αvβ3
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blockade may be the key aspect that contributes to the dramatic early antithrom-
botic benefits. Early benefits were maintained for more than 3 yr in-patients
who received 12-hr Abciximab treatment in the EPIC trial. These unique
pharmacological characteristics may also provide benefits in other thrombotic
conditions such as stroke, unstable angina, and acute myocardial infarction
(AMI). Coronary Intervention: Epic (high-risk abrupt closure), Epilog (broad
entry criteria), Capture (refractory unstable angina [UA]), Epistent (stent), and
Rapport (direct angioplasty). Integrilin is a cyclic heptapeptide KGD analog.
Impact II (coronary intervention—broad entry criteria) and Pursuit (UA—chest
pain <24 h ischemic ECG changes) both demonstrated significant clinical ben-
efits (33). Tirofiban: the Restore (Coronary intervention—high risk of abrupt
closure per clinical and anatomic criteria), Prism and Prism plus trials (UA,
chest pain 24 and 12 h) demonstrated significant clinical benefits. Lamifiban:
the Paragon trial demonstrated significant clinical benefits (34). Studies with
Lamifiban in Canada were stopped because of lack of efficacy and nuisance
bleeding.

3.6. Chronic Therapy With Platelet GPIIb/IIIa Antagonists

3.6.1. Orally Active GPIIb/IIIa Antagonists

A high level of platelet antagonism has been required when GPIIb/IIIa antag-
onists have been employed for acute therapy of coronary artery disease.
However, the requirements for chronic therapy using orally active agents are
only now being determined. Interaction with aspirin and other antiplatelet and
anticoagulant drugs lead to shifts in the dose-response curves for both efficacy
and unwanted side effects, such as increased bleeding time (36–38). More
recently, both Xemilofiban (EXCITE) and Orbofiban (OUPIS) sponsored by
Searle and Sibrafiban (SYMPHONY) sponsored by Roche were withdrawn
because of a disappointing outcome. This raises many serious questions regard-
ing the potential of oral GPIIb/IIIa antagonists (39,40).

3.6.2. Issues in Clinical Development

These include thrombocytopenia, monitoring, bleeding risk, and drug
interactions (41,42).

3.6.3. The Role of Platelet Integrin GPIIb/IIIa-Receptor Antagonists 
in the Rapid Diagnosis of Thromboembolic Events

The role of the platelet integrin GPIIb/IIIa receptor and its potential utility
as a radiodiagnostic agent in the rapid detection of thromboembolic events has
been demonstrated (43).
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3.7. αvβ3 Integrin

3.7.1. The Role of Integrin αvβ3 and Matrix Proteins in Vascular
Remodeling Via Endothelial and Smooth-Muscle-Cell Actions

Vascular remodeling processes play a key role in the pathological mecha-
nisms of atherosclerosis and restenosis. In response to vascular injury such as
by PTCA, matrix proteins such as osteopontin and vitronectin are rapidly upreg-
ulated (44). Osteopontin stimulates smooth-muscle cell (SMC) migration
through its action on the integrin αvβ3, and thereby contributes to neointima for-
mation and restenosis (45,46). In addition, the matrix protein osteopontin and
vitronectin induce angiogenesis, which may support neointima formation
and arteriosclerosis (47). Thus, specific matrix proteins—via selected inte-
grins and especially αvβ3—may be important targets for selective antagonists
aimed at blocking the pathological processes of restenosis (44).

3.8. Cellular and Integrin-Based Assays

3.8.1. Antiplatelet Efficacy Assays

3.8.1.1. LIGHT TRANSMITTANCE AGGREGOMETRY ASSAY

Venous blood was obtained from healthy nonsmokers and non-fasted human
donors (35–45 yr old, males and females) who were drug- and aspirin-free for
at least 2 wk prior to blood collection, as previously described (5,6). Briefly,
blood was collected into citrated Vacutainer tubes. The blood was centrifuged
for 10 min at 150g in a Sorvall RT6000 Tabletop Centrifuge with H-1000 B
rotor) at room temperature, and platelet-rich plasma (PRP) was removed. The
remaining blood was centrifuged for 10 min at 1,500g at room temperature, and
platelet-poor plasma (PPP) was removed. Samples were assayed on a PAP-4
Platelet Profiler, using PPP as the blank (100% transmittance). Two hundred
microliters of PRP (2 × 108 platelets/mL) were added to each micro test tube,
and transmittance was set to 0%. Twenty microliters of platelet agonist, ADP
(10 µM final concentration) was added to each tube, and the aggregation pro-
files were plotted (percentage transmittance vs time). Twenty microliters of
antiplatelet agent were added at different concentrations ranging from
0.001–100 µM for 8 min prior to the addition of adenosine diphosphate (ADP).
Results were expressed as the percentage of inhibition of agonist-induced
platelet aggregation or IC50 (µM ).

3.8.1.2. PLATELET 125I-FIBRINOGEN-BINDING ASSAY

Human PRP (h-PRP) was applied to a size-exclusion sepharose column
to prepare human-gel-purified platelets (h-GPP). Aliquots of h-GPP (2 ×
108 platelets/mL) along with 1 mM calcium chloride were added to removable
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96-well plates, 125I-fibrinogen (26.5 µCi/mg) was added, and the h-GPP were
activated by addition of ADP, epinephrine, and sodium arachidonate at 100 µM
each. The 125I-fibrinogen bound to the activated platelets were separated from
the free form by centrifugation, and then counted on a gamma counter.
Nonspecific binding (caused by entrapment of 125I-fibrinogen), either in the
presence or absence of a test agent, was shown (in the absence of agonists) to
be in the range of 4–6% of total 125I-fibrinogen binding to agonist-activated
platelets.

3.8.2. Integrin-Based Assays

3.8.2.1. 293/β3-FIBRINOGEN ADHESION

In this assay, an αvβ3-transefected 293/β3 cell line was used. The adhesion
of this cell line to fibrinogen was shown to be dependent on the αvβ3, as shown
by the total inhibition by an αvβ3 MAb. The method briefly involves the use of
enzyme-linked immunosorbent assay (ELISA) plate wells, which were coated
with fibrinogen at 25 µg/well and stored at 4°C until use. On the day of the assay,
wells were washed twice with phosphate-buffered saline (PBS) without cations,
and the wells were blocked with 5% BSA made in PBS for 2 h. The 293/β3 cells
at 30–70% confluence were harvested and brought up to 1 × 106 cells/mL. On
a 96-well polypropylene plate, 65 µL of buffer was added followed by 5 µL of
test agent at different concentrations. Then, 130 µL of cells was added and incu-
bated at 37°C, 5% CO2 for 15 min. After the incubation, non-adhered cells were
removed. Cells were lysed with 100 mM potassium phosphate, 0.2% Triton
X-100, pH 7.8 solution, and 5 µL was assayed for β-galactosidase using
a Galactolight luminescence assay. Luminescence values were converted to
β-galactosidase using a standard curve, nonspecific was subtracted, the per-
centage of inhibition was calculated for each test agent concentration, and IC50
was computed.

3.8.2.2. SK-BR-3 CELL-VITRONECTIN (αVβ5- MEDIATED) ADHESION ASSAY

An αvβ5 expressing SK- breast cancer cell line (SK-BR-3, ATCC, Rockville,
MD) was used. The adhesion of this SK-BR-3 cell line to vitronectin was deter-
mined to be an αvβ5-mediated adhesion, as evident from the total blockade by
αvβ5 MAb (23). The method briefly involves the use of a Costar plate coated
with 100 µL of vitronectin (0.25 µg per well) overnight at 4°C. Following
overnight coating, each well was washed twice with 200 µL PBS, and nonspe-
cific binding was blocked by adding 200 µL of PBS + 5% BSA per well for
1 h at room temperature. Cells were labeled with 2 µM calcein-AM (Molecular
Probes) for 30 min at 37°C humidified incubator. Cells (1 × 106 cells/mL) were
pre-incubated with either 150 µL of test compounds or medium, gently mixed,
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then incubated for 15 min at room temperature. Test agent-treated SK-BR-3
cells were added to the assay plate in duplicate and incubated for 60 min on a
shaker at room temperature. Plates were covered with foil to prevent photo-
bleaching of the dye from labeled cells. Following the washing of unattached
cells, 100 µL of media was added to each well, and the fluorescence was read
on a Cytofluor 2300, Ex = 485 nm and EM = 530 nm.

3.8.2.3. PURIFIED α5β1-RECEPTOR-BIOTINYLATED FIBRONECTIN-BINDING ASSAY

Purified receptor α5β1 obtained from human placenta was coated onto Costar
high-capacity binding plates overnight at 4°C. Coating solution was discarded,
and plates were washed once with buffer. Wells were then blocked with 200 µL
buffer containing 1% BSA. After washing once with buffer, 100 µL of biotiny-
lated fibronectin (2 nM) was added, plus 11 µL of either test agent or buffer con-
taining 1.0% BSA to each well and incubated for 1 h at room temperature. The
plate was then washed twice with buffer and incubated for 1 h at room temper-
ature with 100 µL anti-biotin alkaline phosphatase. Plates were washed twice
with buffer and incubated for 1 h with 100 µL alkaline phosphatase substrate.
Color was developed at room temperature for approx 45 min, and the reaction
was stopped by adding 2 N NaOH. Developed color was read at 405 nm.

3.8.3. Functional Assays

Integrin-mediated intracellular signaling can be studied using integrin-
transfected cells or other cell systems and specific blocking antibody or small-
molecule ligand for the integrin of interest. Additionally, integrin-mediated
cell migration or proliferation can be studied using classical migration or
proliferation assays.

4. Immunoglobulin (Ig)
ICAMs and VCAMs are members of the Ig superfamily. Most of the effort in

targeting the Ig superfamily is focused on the development of specific MAbs
and/or anti-sense oligonucleotide and small molecules that may specifically
block gene transcriptional factors. Strategies for designing small molecular weight
inhibitors for the Ig superfamily are somewhat more difficult. However, with cur-
rent advances in molecular modeling and crystal structure information, it might
be possible to develop cyclic peptides and peptidomimetics Ig antagonist.

Several studies with MAbs to ICAM-1 demonstrated anti-inflammatory
properties with tremendous therapeutic potential in liver and kidney trans-
plantation as well as in rheumatoid arthritis (48,49). In contrast to current
immunosuppressants, which demonstrated efficacy in organ transplantation
along with major adverse effects, the use of anti-CAM as a strategy may be
proven to be effective and safer.
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4.1. Role of PECAM-1 in Regulating Transendothelial Migration 
of PMNs in Disease States

PMNs adhere to the inflamed vascular endothelium, and eventually undergo
transendothelial migration. This latter process is largely regulated by PECAM-
1, which is expressed on platelets, leukocytes and at the intercellular junctions
of endothelial cells. Specific antibodies that neutralize PECAM-1 selectively
block PMN migration and markedly attenuate injury to ischemic-reperfused
myocardium and the coronary endothelium. Intravital microscopy confirms
that the protective mechanism of PECAM-1 blockade is by the inhibition of
their transendothelial migration (50).

4.2. Soluble Adhesion Molecules as Surrogate Markers

CAMs are well-recognized as adhesive receptors to facilitate adhesion,
migration, and transmigration of circulating cells into damaged vascular tissues.
Recent studies have demonstrated that expression of ICAM-1 on human
athersclerotic plaques and treatment with an anti-ICAM-1 MAb resulted in a
significant reduction of myocardial infarct size in experimental
myocardial/ischemia reperfusion injury models (51,52). Soluble isoforms of
these CAMs are believed to be shed from the surface of activated cells, which
can be quantified in peripheral blood. Increased serum concentrations of solu-
ble CAMs have been observed in a variety of diseases (53,54). Recent studies
have suggested the prognostic and diagnostic potential for various soluble
adhesion molecules in various vascular and cardiovascular diseases. See
Fig. 2 for diagrammatic sketch of soluble immunoglobulins.

4.3. Human Soluble VCAM-1, ICAM-1, or PECAM Assays

These assays involve the simultaneous reaction of sVCAM-1 present in the
sample or standard to two antibodies directed against different epitopes on the
sVCAM-1 molecule. One antibody is coated onto the walls of the microtiter
wells, and the other is conjugated to the enzyme HRP. Any sVCAM-1 present
forms a bridge between the two antibodies. The same concept applies to
sICAM-1 or PECAM.

After removal of unbound material by aspiration and washing, the amount
of conjugate bound to the well is detected by reaction with a substrate that is
specific for the enzyme that yields a colored product proportional to the amount
of conjugate (and thus sVCAM-1 in the sample). The colored product can be
quantified photometrically.

By analyzing standards of known sVCAM-1 concentration coincident with
samples and plotting a curve of signal vs concentration, the concentration of
unknowns can be determined.
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5. Assay Procedure Summary
1. For most samples (serum, plasma, or cell-culture fluids), a dilution of 1 in 50

should be adequate.
2. Add 100 µL diluted anti-VCAM-1-HRP conjugate to each well.
3. Add 100 µL standard, diluted sample, or diluted parameter control to each well

with sufficient force to ensure mixing. Shaking or tapping is not recommended.
4. Cover the plate with a plate sealer provided and incubate at room temperature for

1.5 h.
5. Aspirate or decant contents from each well and wash by adding 300 µL or wash

buffer per well. Repeat the process 5× for a total of six washes. After the last wash,
aspirate or decant the contents and remove any remaining wash buffer by tapping
the inverted plate firmly on clean paper toweling.

6. Immediately after decanting, add 100 µL substrate to each well.
7. Cover the plate with a plate sealer provided and incubate at room temperature for

30 min.
8. Add 100 µL or Stop Solution to each well. The Stop Solution should be added to

the wells in the same order as the substrate.
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9. Determine the optical density (OD) of each well within 30 min using a microtiter-
plate reader or Photometer set at 450 nm with a correction wavelength of 620 nm.
The photometer or plate reader should be blanked according to the manufac-
turer’s instructions. If the wavelength correction facility is not available, read plates
at 450 nm and then separately at 620 nm. Subtract the OD620 from the OD450.

6. Conclusion
It is very clear that several members in the CAM superfamilies—particularly

the integrin family—will serve as potential therapeutic and diagnostic strate-
gies for a number of diseases with unresolved medical needs. The selection of
a certain CAM that is associated with specific pathophysiological aspect of cer-
tain disease processes, as well as the ease of achieving a small anti-CAM mol-
ecules, will determine the ultimate success in the discovery and development
of therapeutic and diagnostic drugs.
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Development and Applications of Animal Models
of Thrombosis

Ronald J. Shebuski, Larry R. Bush, Alison Gagnon,
Liguo Chi, and Robert J. Leadley, Jr.

1. Introduction
Of more than 2 million deaths in the United States each year (from all

causes), nearly 1 million are caused by cardiovascular disease (CVD). CVD
claims more lives each year than the next seven leading causes combined. The
prevalence of CVD in the United States is indicated by the statistics: 50 mil-
lion people with high blood pressure, 12.5 million people with coronary heart
disease (CHD) (7.2 million with myocardial infarction [MI]; 6.3 million with
angina pectoris), 4.4 million with stroke, 4.6 million with congestive heart fail-
ure, and 2.8 million suffering from other CVD diseases.

In 1997, there were 60.2 million physician office visits and 4.5 million hos-
pital emergency room (ER) visits with the principal diagnosis of CVD. An esti-
mated 1.1 million Americans each year will have a new or recurrent coronary
attack, defined as acute coronary syndromes (ACS) or CHD. Of these, 650,000
are first attacks and 450,000 are recurrent. More than 40% of people who expe-
rience a heart attack will die. CHD accounts for 50% of all segments of car-
diovascular disease, and represents the largest market opportunity for the
development of novel diagnostics and therapeutics.

It is well-known that ACS such as unstable angina (UA) and non-Q-wave
AMI involve the participation and interaction of blood platelets and procoag-
ulant proteins to form a thrombus or blood clot (1). Thrombi are often precip-
itated by acute rupture of an underlying atherosclerotic plaque in which the thin
fibrous cap of the atherosclerotic lesion ruptures, exposing surfaces and cells
that activate platelets and the coagulation cascade in an attempt to repair the
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damage. Plaque rupture is now widely recognized as the primary cause of acute
thrombus formation, and complete occlusion of the vessel may result in irre-
versible ischemic damage to the cardiac tissue supplied downstream from the
obstruction. Angiography often reveals incomplete occlusion of the vessel, but
has a substantial atherosclerotic lesion (>90%) and is thus at extremely high
risk of complete blockage and eventual acute myocardial infarction (AMI).
These patients may also experience periodic episodes of platelet-dependent
unstable angina.

During the past two decades, great advances have been made in the phar-
macological treatment and prevention of thrombotic disorders (e.g., tissue-
plasminogen activators (tPAs), platelet GPIIb/IIIa antagonists, adenosine
diphosphate (ADP)-receptor antagonists such as clopidogrel, low molecular
weight heparins [LMWHs], and direct thrombin inhibitors). New research is
leading to the next generation of antithrombotic compounds such as direct
coagulation FVIIa inhibitors, tissue-factor pathway inhibitors (TFPIs), gene
therapy, and orally active direct thrombin inhibitors and coagulation Factor Xa
(FXa) inhibitors.

The development and application of animal models of thrombosis have
played a crucial role in discovering and validating novel drug targets, select-
ing new agents for clinical evaluation, and providing dosing and safety infor-
mation for clinical trials. These models have also provided valuable information
regarding the mechanisms of these new agents and the interactions between
antithrombotic agents that work by different mechanisms. Animal models have
contributed greatly to the discovery of currently available antithrombotic agents,
and will play a primary role in the discovery and characterization of the novel
antithrombotic agents that will provide safe and effective pharmacological
treatment for life-threatening thrombotic diseases.

Several excellent reviews covering the different theoretical and technical
aspects of thrombosis and thrombolysis models have been published previously
(2–7). These reviews, along with more specialized reviews of models of ather-
osclerosis (8), restenosis (9), and stroke (10), provide comprehensive infor-
mation regarding the details of many models and provide the pathological
rationale for using specific models for specific diseases. In addition, the advan-
tages and disadvantages of each model of thrombosis and thrombolysis are
described in these reviews. This chapter focuses on the use of thrombosis
models in the drug discovery process, with a focus on the practical application
of these models. Examples from studies evaluating therapeutic approaches that
target various antithrombotic mechanisms will be presented to demonstrate the
current use of thrombosis models in drug discovery. Important issues in eval-
uating novel antithrombotic compounds are also addressed. Evidence demon-
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strating the clinical relevance of preclinical data derived from animal models
of thrombosis is also presented. Finally, a summary of the use of genetic models
of thrombosis/hemostasis and their current and potential use in drug discovery
is also discussed.

2. Development and Application of Small Animal Models
of Thrombosis in the Discovery of Novel Antithrombotic Agents

Although each occurrence of thrombotic disease may reveal somewhat
unique etiology, the general understanding of the pathophysiology of throm-
bosis has not changed dramatically since the observation of Virchow in 1856
(11). Thus, the components of Virchow’s triad—namely vessel injury, hyper-
coagulability of the blood, and obstruction of blood flow—remain the pre-
dominant factors believed to be responsible for thrombotic episodes. Many
models of thrombotic disease have been introduced that focus on one, two, or
all of these factors in combination. Indeed, the ability to isolate one factor and
study the mechanisms by which that factor contributes to thrombosis is a strong
argument for performing in vitro experiments in which individual components
(e.g., coagulation enzymes or platelets) can be studied in detail. However, these
in vitro results are often difficult to correlate with in vivo results because they
cannot mimic the myriad of hemodynamic and localized cellular and molecu-
lar interactions that occur during the generation, propagation, and lysis of
thrombi in vivo. In addition, the potential side effects, caused either to the
expected pharmacology of the drug (e.g., bleeding diatheses) or by an unex-
pected effect (e.g., hypotension or thrombocytopenia) require the evaluation of
novel antithrombotic agents in animal models of thrombosis prior to testing in
humans.

The modern drug discovery process generally consists of target identifica-
tion, high-throughput screening, and/or chemical optimization by rational, mol-
ecular modeling-aided drug design, and the evaluation of select compounds in
animal models of disease. Throughout the process, a decision tree, flowchart,
or testing funnel is employed to winnow from the thousands of compounds a
diminishingly smaller portion, which receives greater attention and undergoes
intensified evaluation, notably in vivo testing. New technologies in combina-
torial chemistry are capable of generating huge numbers of compounds that can
be evaluated quickly for in vitro activity against the targeted mechanism by
automated high-throughput screening. In vitro analysis initially provides
potency and selectivity data for the desired target and eliminates the vast major-
ity of compounds from further testing. Antithrombotic agents that meet the spec-
ified potency and selectivity criteria are evaluated further in human plasma using
in vitro clotting assays such as activated partial thromboplastin time (aPTT) or
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prothrombin time (PT)—or, in the case of antiplatelet agents—by platelet
aggregation tests. These tests are often referred to as “functional” tests because
they monitor clot formation or platelet aggregation, as opposed to isolated
enzyme activity or receptor binding. The compounds that meet predetermined
potency criteria in these functional assays are then evaluated for in vitro anti-
coagulant activity using plasma obtained from the species that will be used
for efficacy testing in vivo. As discussed in detail here, some compounds
have demonstrated marked species-specificity (12), so it is important
to evaluate the activity in vitro using plasma from the chosen species prior to
evaluating the compounds in animal models in vivo.

If the in vitro functional assay results using rodent plasma are acceptable,
rodents are usually chosen for primary in vivo evaluation of compounds. Several
factors make rodents desirable for primary evaluation of compounds. First, their
small size decreases the amount of compound required for testing, and the lower
cost of acquisition and housing minimizes the investment. Second, the ease of
handling and the ability to perform multiple experiments simultaneously
increases efficiency, providing important information quickly in order to decide
which compounds will be advanced to the next stage. Also, many animal models
of thrombosis have been developed for rodents, so there are many detailed tech-
niques as well as a large body of data in the scientific literature to help guide
the investigator and reduce the number of experiments needed to provide useful
information. Finally, the primary evaluation of new compounds in rats can also
include a preliminary evaluation of the hemodynamic effects of the drug.
Measurements of heart rate and blood pressure are relatively easy to obtain, and
can be very useful in quickly eliminating a compound or a series of compounds
from further evaluation.

2.1. Ferric Chloride-Induced Carotid-Artery Thrombosis

Rodents have been used extensively in the primary evaluation of novel coag-
ulation Factor Xa (FXa) inhibitors. RPR120844 and RPR208566 were initially
evaluated for efficacy in the carotid-artery ferric chloride-induced thrombosis
model (13,14). This model elicits acute thrombus formation by chemical
damage to the vessel wall via topical administration of FeCl3.

2.2. Venous Thrombosis

For antithrombotic efficacy on the venous side, several compounds were eval-
uated using methods that induce stasis of blood in the inferior vena cava (IVC)
(15,16). In this model, a section of the IVC is isolated and ligated so that the
stasis in this region promotes thrombus generation. Thrombus formation can
be accelerated by administering a thrombogenic substance such as FXa or
tissue factor (TF) directly into the stasis region.
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2.3. Arteriovenous Shunt Model

An arteriovenous shunt model, which results in the formation of a “mixed”
thrombus (platelet and fibrin-dependent), has been utilized by numerous inves-
tigators. A polyethylene tube of varying diameter and length, containing a thread
or other thrombogenic surface, is placed in-line between the carotid artery and
the jugular vein (15–22) in rats or rabbits. After a specified time, the thrombus
is removed and weighed, or the protein content of the thrombus is determined.
All of these models use thrombus mass as a primary end point, and some of the
models provide a flow readout that indicates the time required to produce a com-
pletely occlusive thrombus (e.g., time-to-occlusion). The flow parameter requires
specialized equipment and added experimental preparation time, so these fac-
tors should be carefully considered when selecting and optimizing a model.

2.4. Disseminated Intravascular Coagulation
Another model that is also used widely in rats and mice is a model of sys-

temic thrombosis or disseminated intravascular coagulation (DIC), which is
induced by TF, endotoxin (lipopolysaccharide), or FXa (16,23,24). After sys-
temic administration of the thrombogenic stimulus, this model can be per-
formed with or without mechanical vena caval stasis. When stasis is used, the
major parameter is the thrombus mass, but when stasis is not used, the read-
outs are fibrin degradation products, fibrinogen, platelet count, PT, and aPTT,
among others. As shown by the many and varied parameters, when used with-
out stenosis, the postexperimental analysis can be time-consuming and tech-
nically demanding. Although rodents are useful as a primary efficacy model,
limitations such as the ability to withdraw multiple blood samples over the
course of the experiment and the difference in activity of at least some FXa
inhibitors in human compared to rat plasma in vitro require that compounds be
characterized further in more advanced in vivo models of thrombosis.

2.5. Wessler Rabbit Model

Generally, after initial evaluation in rodent models proves that a compound
is efficacious, other models of thrombosis using larger animals are employed
to confirm and extend the rodent results. For the evaluation of novel FXa
inhibitors, rabbit models have been extensively used. The Wessler model (25)
is relatively simple and highly reproducible, and, most importantly, rabbit and
human FXa appear to have similar binding affinity to the FXa enzyme substrate
and to small-molecule inhibitors of FXa (12). Further evidence supporting the
use of rabbits to characterize FXa inhibitors is that the FXa cleavage site result-
ing in the formation of meizothrombin is identical in rabbit and human pro-
thrombin (26). Another advantage of rabbit over the rat models is that multiple
blood samples can be obtained from the rabbit without compromising the hemo-
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dynamic system. Most models of venous thrombosis in rabbits are modifica-
tions of the Wessler model, in which a stasis is produced in the jugular vein and
a thrombogenic substance, such as thrombin or thromboplastin, is placed in the
stasis “pouch” (either before the initiation of stasis by infusing the substance
intravenously, or by injecting the thrombogenic substance directly into the
“pouch” via a side-branch vessel after the stasis is employed). These Wessler-
type rabbit models have been used to characterize novel FXa inhibitors (16,27).
FXa inhibitors have also been shown to be effective in this model when endothe-
lial damage in the stasis region is produced chemically, resulting in a surface
that promotes thrombus formation and growth (28). In addition, a rabbit model
of arteriovenous shunt thrombosis has also been used extensively to evaluate
the antithrombotic efficacy of FXa inhibitors (17,29–32). Wong et al. (31) used
the arteriovenous shunt model to demonstrate that the in vitro potency of FXa
inhibitors is significantly correlated with their antithrombotic efficacy in vivo.
These data provided important information regarding the contribution of selec-
tive FXa inhibition to the antithrombotic effect of drugs evaluated in this model.

2.6. Thrombin-Induced Rabbit Femoral-Artery Thrombosis

Localized thrombosis can also be produced in rabbit peripheral blood ves-
sels such as the femoral artery by injection of thrombin, calcium chloride, and
fresh blood via a side branch (33).

Either femoral artery is isolated distal to the inguinal ligament and trauma-
tized distally from the lateral circumflex artery by rubbing the artery with the
jaws of forceps. An electromagnetic flow probe is placed distal to the lateral
circumflex artery to monitor femoral-artery blood flow (FABF) (Fig. 1). The
superficial epigastric artery is cannulated for induction of the thrombus and sub-
sequent infusion of thrombolytic agents. Localized thrombi distal to the lateral
circumflex artery with snares approx 1 cm apart are induced by the sequential
injection of thrombin, CaCl2 (1.25 mmol), and a volume of blood sufficient to
distend the artery. After 30 min, the snares are released and FABF is monitored
for 30 mm to confirm total obstruction of flow by the thrombus.

These models are not appropriate for evaluating drugs for their ability to
inhibit original thrombosis. However, the model is particularly appropriate for
evaluating thrombolytic agents and adjunctive therapies—e.g., for their ability
to hasten and/or enhance lysis or prevent acute reocclusion after discontinuing
administration of a thrombolytic agent.

3. Development and Application of Large Animal Models
of Thrombosis in the Discovery of Novel Antithrombotic Agents

More advanced experimental models, which are reserved for compounds that
have successfully met the efficacy and safety criteria established for rodent and
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rabbit models, include canine, porcine, and nonhuman primate thrombosis
models. These models are obviously more costly, have a slower turnaround time
to achieve statistically significant results, and require careful design consider-
ations in order to minimize the number of animals used.

3.1. Folts Coronary Thrombosis Model

In 1976 Folts and colleagues (34) described a model of repetitive thrombus
formation, or cyclic flow reductions (CFRs), in stenosed coronary arteries of
open-chest, anesthetized dogs (Fig. 2). This model is also applicable to the rabbit
femoral or carotid artery (35). Using this model, several groups have described
the antithrombotic effects of a variety of drugs, primarily prostaglandin-
inhibitory, prostacyclin-mimetics, or fibrinogen-receptor antagonists (36–42).
The combination of two thrombogenic stimuli leads to the development of
CFRs in this model: severe, concentric stenosis and focal, intimal injury. With
few exceptions, CFRs will not develop unless both stimuli exist.
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Fig. 1. Rabbit model of femoral arterial thrombosis. A clot is introduced into an iso-
lated segment of femoral artery by injection of thrombin, CaC12, and whole blood. After
aging for 1 h, t-PA is infused. Reperfusion is assessed by restoration of blood flow.
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The rheological conditions required to produce turbulence and stasis upon
vessel narrowing dictate that lumenal diameter must be reduced by at least 50%.
Two- to 3-mm long constrictors are cut from Lexan® rods readily available from
local plastics distributors. One center hole of varying diameter(s) and two
smaller collar holes are drilled, into which the prongs of snap-ring pliers fit to
spread the constrictor’s slit in the top-central portion to apply or remove them.
Other plastics will suffice, but Lexan is ideal because of its strength and
resiliency. Both circumflex and left anterior descending (LAD) coronary arter-
ies have been used in this model. Aside from personal preferences, we know of
no physiologic basis for preferring one to the other.
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Fig. 2. Technique for monitoring platelet aggregation in the partially obstructed left
circumflex coronary artery of the dog. Elecetromagnetic flow probes measure blood
flow iii nil/mm. Partial obstruction of the coronary artery with a plastic Lexan cylin-
der results in episodic cyclical reductions in coronary blood flow that are caused by
platelet-dependent thrombus formation. Every 2–3 mm the thrombus must he mechan-
ically shaken loose (SL) to restore blood.
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Because of the prominent autoregulation of the coronary circulation, it is dif-
ficult to evaluate the severity of a stenosis on the basis of changes in basal coro-
nary blood flow (CBF). However, the robust reactive hyperemia (RH)
characteristic of the coronary circulation provides a powerful tool with which
to gauge the severity of the stenosis. With gradual narrowing, basal CBF will
remain unchanged or decline negligibly, whereas the RH will begin to decline
more quickly as the vasodilatory reserve of downstream vessels is progres-
sively exhausted. Reduction of lumenal diameter to this degree is required if one
wishes to produce CFRs in a high percentage (e.g., >90%) of dogs. It is also
critical if one wishes to compare two or more drugs in this model and draw mean-
ingful conclusions about drug effects. Inasmuch as the severity of the stenosis
is an important component of the thrombogenic stimulus, then comparable and
uniform degrees of constriction between treatment groups are required, prefer-
ably those in which basal CBF is reduced between 10% and 25% and the RH
is abolished, or nearly so. It is important to apply these criteria when one is inves-
tigating a drug that possesses vasodilatory effects or one with a pharmacologic
profile that is not completely known. Without exhaustion of the vasodilatory
reserve (as evidenced by abolition of the RH), elimination of CFRs could result
(at least partly) from coronary vasodilation. One difficulty in using the RH or
basal-flow reduction immediately after placing a constrictor on the coronary
artery is that CBF starts to decline quickly as platelets accumulate at the site of
stenosis and intimal injury. Thus, one needs to evaluate the degree of flow
reduction immediately after constricting the artery. Delaying this assessment
will result in an overestimation of the stenosis severity because of the accumu-
lation of platelets on the vessel lining. Alternatively, the degree of stenosis can
be ascertained by applying the constrictor before denuding the artery, in which
case the constrictor (or constrictors) must be removed and reapplied.

After damaging and stenosing the coronary artery sufficiently, CBF starts
declining immediately, reaching zero within 4–12 min and remaining there until
blood flow is restored by manually shaking loose the thrombus (“SL”; see Fig. 2,
bottom). This is usually accomplished by either flicking the Lexan constrictor
or sliding the constrictor up and down the artery to mechanically dislodge the
thrombus. Spontaneous flow restorations occur in three circumstances:
i) nonsevere conditions (e.g., minimal stenosis or de-endothelialization);
ii) waning CFRs (which can occur as late as 30–45 mm after establishing
CFRs); and/or iii) administration of a partially effective antithrombotic agent.

Although the influence of blood pressure on the rate of formation of occlu-
sive thrombi or their stability has not been studied systematically, one might
predict that higher arterial pressures would increase the deceleration of CBF to
zero by enhancing platelet aggregation through increased shear forces and
increased delivery of platelets to the growing thrombus. Higher arterial pres-
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sure also might increase the propensity for spontaneous flow restorations before
an occlusive thrombus is formed, because of greater stress on the nascent,
unconsolidated thrombus.

Several groups have histologically examined the coronary arteries harvested
from dogs undergoing CFRs usually when CBF is declining or has ceased.
Extensive intimal injury, including de-endothelialization with adherent platelets
and/or microthrombi, is consistently observed. Arteries harvested when CBF
is zero invariably reveal a platelet-rich thrombus filling the stenotic segment
(34,36,40,43). These histological observations, coupled with the pattern of
gradual, progressive declines in CBF and abrupt increases thereof (whether
spontaneous or deliberate) provide further evidence that CFRs are caused pri-
marily by platelet thrombi, not vasoconstriction.

Although the primary cause of CFRs is platelet aggregation, it is possible
that local vasospasm and/or vasoconstriction downstream from the site of
thrombosis are induced by vasoactive mediators released by activated and/or
aggregating platelets. Experimental evidence supporting vasoconstriction just
downstream from the stenosis during CFRs has been demonstrated (44).

Further evidence for platelet-dependent thrombus formation in the etiology
of CFRs is derived from the pharmacological profile of this model. In general,
platelet-inhibitory agents consistently abolish or attenuate CFRs, whereas
vasodilators (e.g., nitroglycerin, calcium entry blockers, and papaverine) affect
them negligibly (45). Aspirin was the first described inhibitor of CFRs (34).
However, in subsequent studies, its effects on CFRs were found to be variable
and dose-dependent (39). Variability in the response to aspirin may be related
to the severity of the stenosis, as further tightening of the constrictor after an
effective dose of aspirin or ibuprofen usually restores CFRs.

Prostacyclin, a powerful antiaggregatory and potent coronary vasodilatory
product of endothelial arachidonic acid metabolism, is extremely efficacious
and potent in abolishing CFRs. Notably, different drug classes can be compared,
as evidenced by the wide range of percentages of responders (43).

Advances in platelet physiology and pharmacology have identified a new
class of antiplatelet agents that block the platelet membrane glycoprotein
IIb/IIIa (GPIIb/IIIa) receptor and thus fibrinogen binding. Fibrinogen binding
between platelets is an obligate event in aggregation and is initiated by blood-
borne platelet agonists such as adenosine diphosphate (ADP), serotonin, throm-
bin, epinephrine, and collagen (46). The tripeptide sequence Arg-Gly-Asp
(RGD), which occurs twice in the Aα-chain of fibrinogen, is believed to medi-
ate, at least in part, the binding of fibrinogen to the GP IIb/IIIa complex.

Early experimental results with GPIIb/IIIa antagonists in studies by Coller
et al. (47) and Bush (41) and Shebuski (42,48) demonstrated that fibrinogen-
receptor antagonists are as effective as prostacyclin as anti-aggregatory and
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antithrombotic agents and do not possess the hemodynamic liabilities associ-
ated with prostaglandin-based compounds. Monoclonal antibodies (MAbs)
directed against the platelet fibrinogen-receptor (abciximab) are essentially
irreversible, whereas RGD- (tirofiban) or KGD- (eptifibatide)-based fibrinogen
receptor antagonists are reversible, their effects dissipating within hours after
discontinuation of an iv infusion.

The prominence of platelet aggregation vis-à-vis coagulation mechanisms
in the Folts model is evidenced by the lack of effect of heparin and thrombin
inhibitors reported by most investigators (34,39). However, heparin and MCI-
9038, a thrombin inhibitor, were reported to abolish CFRs in about two-thirds
of dogs with recently (30 mm) established CFRs, but not in those extant after
3 h (49). The explanation for the differential effects of heparin is not immedi-
ately apparent. It may be related to the severity of the stenosis used. The appar-
ent discrepancy in observations could be related to inhibition of
thrombin-stimulated platelet activation and/or aggregation.

One attractive feature of the Folts model is its amenability to dose-response
studies. Unlike other models in which the thrombotic processes are dynamic,
occurring over a period of several minutes to hours, CFRs in the Folts model
are repetitive and remarkably unchanging. In the many dogs that received either
no intervention or vehicle 1 h after initiating CFRs, flow patterns remained
unchanged for at least another hour (40). Thus, one can evaluate several doses
of an investigational drug in a single dog. We and others have exploited this to
determine potencies, an important basis of comparison between drugs with sim-
ilar mechanisms of action, thus underscoring another feature of the model: its
amenability to quantification of drug response. Two methods for quantifying
drug effects in this model have been described.

Aiken et al. (36) first described a four-point scoring scheme to evaluate and
compare different doses or drugs, ranging from 0 (no effect on CFRs) to 3 (fully
effective; complete abolition of CFRs). Intermediate scores of 1 and 2 were
respectively applied when the CFR frequency was slowed (but occlusive
thrombi still occurred) and when non-occlusive, spontaneously embolizing
thrombi were observed. One advantage of this system is the provision of a single
number for each evaluation period. A disadvantage is that agents that decrease
systemic blood pressure (e.g., prostacyclin) will also decrease coronary per-
fusion pressure; the coronary flow pattern will be affected, making the scoring
system somewhat more subjective.

Another method of quantifying CFRs, described by Bush et al. (40),
addresses the frequency—expressed on a per hour basis—and severity—based
on the average nadir of CBF before a flow restoration. This system is less sub-
jective, but it produces two values per evaluation period, and combinations of
the two in an effort to provide a single parameter are awkward. In practical
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terms, both methods for quantifying CFRs described here provide similar
answers. The important point for both is consistency in scoring. This end is best
served by well-defined and communicated criteria.

To date, the Folts model has been used only to evaluate antithrombotic drugs
(Table 1). No description of this model for the evaluation of thrombolytic
drugs or adjunctive agents has been made. However, preliminary data reveal
these thrombi to be resistant to doses of thrombolytic agents that lyse thrombi
in the other models (50). Of all the models described in this chapter, the thrombi
in this model are probably the most platelet-rich, and possess relatively less
fibrin than—for example—the copper coil or wire models. However, it may be
erroneous to conclude that these thrombi are devoid of fibrin, as the fibrinogen
that links platelets during aggregation via the GPIIb/IIIa receptor is theoreti-
cally capable of undergoing fibrin formation.

Several investigators have shown that the same combination of severe vessel
narrowing and de-endothelialization results in CFRs in arteries other than the
coronary. We have elicited CFRs in femoral arteries in anesthetized dogs with
similar degrees of vessel narrowing and deliberate denudation of the artery
(unpublished observation). Folts et al. (38) have demonstrated that CFRs can
be produced in conscious dogs with chronically implanted Lexan® coronary
constrictors and flow probes. CFRs were prevented in the interim between
implantation and acute study by the administration of aspirin. Al-Wathiqui (51)
and Gallagher (52) and colleagues have demonstrated that progressive carotid
or coronary arterial narrowing with ameroid constrictors will result in CFRs in
a period of days to weeks after surgical implantation. These dogs apparently
did not undergo deliberate vessel denudation at the time of implantation.
Perhaps focal inflammation developed in the intervening week(s) between
surgery and the development of CFRs in these animals. Alternatively, there was
sufficient intimal vessel injury during implantation of the ameroid constrictors
to induce development of CFRs at a later time. CFRs have also been elicited in
the renal (53) and carotid (54) arteries of cynomolgus monkeys.

Eidt et al. (55) showed that conscious dogs equipped with the same con-
strictors over segments of the LAD showing endothelial injury undergo repet-
itive CFRs in response to exercise, but not ventricular pacing. The frequency
and severity of CFRs varied more in this model. Some CFRs were nonocclu-
sive. CFRs of most dogs eventually deteriorated to persistent no- or low-flow
states. Unlike the open-chest preparation, flow restorations observed in this
model occurred spontaneously. Also, the severity of the stenosis produced by
Eidt et al. (55) was not as great as that produced by most practitioners of the
Folts model, as reflected by the ability of CBF to increase above control levels
initially during exercise.
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Table 1
Animal Models of Thrombosis and their Clinical Correlates

Preclinical animal Preclinical Clinical
Compound model results References indication Clinical result References

Recombinant Rabbit pulmonary- Lysis of preformed Matsuo et al., AMI thrombolysis Improved recanalization Collen et al.,
t-PA (Activase) artery thrombosis pulmonary thrombus 1981 1984

Abciximab Canine coronary CFR Significant Coller et al., High-risk coronary Reduction in death, MI, EPIC
(ReoPro) (Folts et al., 1991) inhibition of 1986. angioplasty refractory ischemia, Investigators,

platelet-dependent or unplanned 1994
thrombosis revascularization

Tirofiban Canine coronary CFR Significant Lynch et al., Unstable angina Reduction in death, MI, PRISM
(Aggrestat) (Folts et al., 1991) inhibition of 1995 refractory ischemia Investigators,

platelet-dependent 1998
thrombus

Eptifibitide TPA-induced Significant Nicolini et Acute myocardial Improvement in Ohman et al.,
(Integrilin) coronary improvement in 1994 infarction— incidence and speed 1997

thrombolysis lysis of occlusive thrombolysis with of reperfusion
thrombus tPA

Enoxaparin Canine coronary CFR Significant Leadley et al., Unstable Angina Significant decrease in Cohen et al.,
(Lovenox) (Folts et al., 1991) inhibition of 1998 death, MI, and need 1998

platelet-dependent for revascularization 
at 30 d

Hirudin Rabbit jugular vein Inhibition of Agnelli et al., Deep venous Significantly decreased Eriksson et al.,
(Refludan) thrombus growth thrombus growth 1990 thrombosis after rate of DVT 1997

compared to total hip
standard heparin replacement

Porcine deep - Prevented mural Heras et al., Unstable angina Superior to heparin in OASIS-2,
caroitid artery injury thrombosis 1990 or AMI reducing endpoints of 1999

death, MI, and
refractory angina

Argatroban Canine coronary- Accelerated Fitzgerald et al., Unstable angina No episodes of MI Gold et al.,
artery electrolytic- reperfusion and 1989 during drug infusion 1993
injury (TPA-induced prevented
thrombolysis) reocclusion
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In summary, the Folts model of platelet-dependent thrombus formation is a
well-established method to determine the pharmacology of antithrombotic
agents. It represents an excellent choice for initial evaluation of antiplatelet
activity in vivo, regardless of the artery used. Qualitatively, the thrombogenic
stimuli in the Folts model and those responsible for unstable angina may be sim-
ilar, since involvement by platelets has clearly been demonstrated in the model
and is strongly suspect clinically. However, it should be remembered that flow
restorations in the Folts model require vigorous shaking. In contrast, unstable
angina is not believed to involve persistent, total thrombotic coronary occlu-
sion. On the basis of the model’s pharmacological profile, the thrombi in this
model also do not appear to resemble those usually responsible for AMI, as the
former appear to be unresponsive to thrombolytic agents. The preliminary
observations that either streptokinase (SK) or tissue plasminogen activator
(t-PA) do not lyse thrombi in the Folts model contrasts with the 50–75%
response rate to thrombolytic therapy in patients with evolving MI (50).
However, it is tempting to speculate that the platelet-rich thrombi produced in
this model are more like thrombi in those patients whose coronary arteries are
not reopened by even early intervention and/or high doses of t-PA (56), and thus
could represent a model of “thrombolytic-resistant” coronary thrombosis.

3.2. Copper Coil-Induced Canine Arterial Thrombosis

Blair et al. (57) reported on the ability of spiral wires constructed of alu-
minum-magnesium alloy inserted into the coronary circulation of dogs to pro-
duce slowly developing occlusive thrombi. In this early description of the
technique, the spiral was inserted through the coronary-vessel wall in open-chest
dogs. Several years later, Kordenat et al. (58) described a modification of this
model, and the salient feature was insertion of the thrombogenic coils via the
left carotid artery under fluoroscopic guidance in closed-chest dogs. Subsequent
studies by Cercek et al. (59) and Bergmann (60) and colleagues used this basic
experimental method for producing arterial thrombi to evaluate thrombolysis
and the utility of reperfusion.

As described by Kordenat et al. (58) and Bergmann et al. (60), a thrombo-
genic coil is advanced via the left carotid artery into a coronary artery with the
aid of a hollow guiding catheter and a smaller inner catheter or guide wire in
closed-chest dogs. Occlusive thrombosis, heralded by electrocardiographic
signs of ischemia and confirmed by the development of a filling defect distal
to the coil, occurs in a period of minutes to hours, depending on the composi-
tion (alloy) and size of the coil. Ventricular fibrillation (VF) occurs in approx-
imately one of five dogs that  undergo coronary thrombosis. Although some of
these dogs can be converted to sinus rhythm by DC countershock, most die.
There is no firm evidence that anti-arrhythmic agents effectively prevent or
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attenuate the frequency of VF. Another disadvantage of the model is the require-
ment for expensive fluoroscopic equipment to insert the coil into the coronary
circulation. Not all investigators have such equipment at their disposal.

A femoral arterial version of this model in anesthetized dogs was described
by Bush and colleagues (61). It uses the same thrombogenic coils, but does not
require fluoroscopy. With Doppler flow probes placed directly on the femoral
artery just proximal to the site of thrombosis, it allows the exact moment of
thrombosis and thrombolysis to be detected, and the extent of blood-flow
restoration after lysis to be monitored continuously and accurately (Fig. 3). One
attractive feature of this model is the ability to perform the procedure in smaller
dogs, which saves expensive thrombolytic agents or investigational adjunctive
drugs. Moreover, use of the femoral artery enables the model to be adapted to
smaller animals such as rabbits (62).

Of the four models discussed in this chapter, this model may be the least attrac-
tive from the standpoint of the thrombogenic stimulus resembling the human
pathophysiology of MI. However, it may be no less relevant to the human situ-
ation than the other three in its degree of thrombogenicity and response to throm-
bolytic agents. A particularly attractive feature of the model is the uniform time
to original thrombus formation, thrombolysis, and reocclusion (60–62).

In the femoral artery model, thrombotic occlusion consistently occurs within
10–12 min after insertion, following a flow pattern that suggests gradual platelet
accumulation, and leading in turn to a progressively narrowing stenosis within
the coil. Occasionally, spontaneous flow restorations similar to those seen in
the Folts and electrical stimulation models precede total occlusion, but this
occurs rarely (in approx 10% of dogs).

Thrombi produced in the coil model are considered to be relatively platelet-
poor and fibrin-rich, on the basis of the model’s pharmacologic profile.
Clinically relevant doses of t-PA and SK lyse these thrombi (60,63,64), and
heparin prolongs (but does not prevent) original thrombosis (58,65). However,
histological examination of thrombi removed from copper coils 15 mm after
occlusive thrombus formation reveals a platelet-rich thrombus that also contains
red blood cells and fibrin (61).

The model’s amenability to thrombolytic agents and the inability of several
anti-platelet agents—which abolish CFRs in the Folts model—to prevent or
delay thrombosis support this notion. Another interpretation, however, is that
these models differ in their degree of thrombogenicity, rather than having qual-
itatively different thrombogenic stimuli. Echistatin, the RDG-containing snake
venom peptide with no known anticoagulant effects, prevented original throm-
bosis in four of five dogs (41).

Certain methodological factors can greatly influence the nature of thrombi
in this model. The speed with which the copper coil is inserted to its destina-
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tion may contribute significantly to the differences in the relative contribution
by platelets between the femoral and coronary models, and thus to different
results between investigators. We have inserted copper coils into the LAD
(under fluoroscopic guidance) and femoral arteries (61). Moreover, we have
observed more varied and shorter average times to occlusion in the coronary
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Fig. 3. Schematic diagram of the canine femoral artery copper coil model of throm-
bolysis. A thrombogenic copper coil is advanced to either femoral artery via the left
carotid artery. By virtue of the favorable anatomical angles of attachment, a hollow
polyurethane catheter advanced down the left carotid artery nearly always enters the
descending aorta, and with further advancement, into either femoral artery without flu-
oroscopic guidance. A flexible, Teflon-coated guidewire is then inserted through the
hollow catheter and the latter is removed. A copper coil is then slipped over the
guidewire and advanced to the femoral artery (see inset). Femoral artery flow velocity
is measured directly and continuously with a Doppler flow probe placed just proximal
to the thrombogenic coil and distal to a prominent sidebranch, which is left patent to
dissipate any dead space between the coil and the next proximal sidebranch. Femoral
artery blood flow declines progressively to total occlusion over the next 10–12 mm after
coil insertion.
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model. Sometimes a filling defect is observed immediately after coil placement,
presumably because of “snow-plowing” by the coil of clotted blood on the
guidewire during its passage to the coronary artery. Golino et al. (63), who
inserted copper coils into coronary arteries of dogs under fluoroscopy, reported
occlusion times ranging from 0 to 12 min, with an average of 2 ± 1 min; com-
pare this with the longer and more consistent 10–12 min observed in the
femoral-artery model (61).

Another technical aspect worth noting is the geometry and composition of
the coil. Kordenat and Kezdi (6) observed times to occlusion exceeding 2 h,
with shorter coils containing fewer spirals. Aluminum and magnesium alloys
appear to be less thrombogenic than copper coils, as signs of infarction did not
appear until 24–48 h after placement of coils or spirals constructed of these
metals (57,58).

Because the coils fit snugly against the vessel lining and the wall of the coil
possesses some thickness, strictly speaking, a stenosis is produced. However,
experience in our laboratory suggests that it is minor, as blood flow immedi-
ately after coil insertion usually is decreased slightly (61). The coil lumen nar-
rows quickly with progressive thrombus formation. The extent to which
vessel-wall injury immediately subjacent to the coil contributes to thrombus for-
mation is unknown. Intimal injury of the artery proximal to the coil as a result
of insertion probably occurs; its contribution to thrombosis and/or thromboly-
sis is unknown.

The original description of this model for the study of thrombolytic agents
and their influence on myocardial injury was by Bergmann et al. (64), who
demonstrated that timely reperfusion with intracoronary SK salvaged
myocardium and metabolic function. Subsequent studies from that group with
this model demonstrated the ability of t-PA to lyse thrombi (60). Bush et al.
(61) and van der Werf et al. (65) have demonstrated a dose-response with t-PA
and pro-urokinase, respectively, in this model.

In contrast to the Folts model, the copper coil model has been used almost
exclusively for the evaluation of either thrombolytic agents or adjunctive drugs
(59,60,62–66). However, we have evaluated several potential antiplatelet and
anticoagulant agents for their ability to prevent or delay original thrombosis
after coil insertion. In our laboratory, heparin doubled the time to occlusive
thrombosis, but the only agent that delayed thrombus formation significantly
was the RGD-containing snake venom, echistatin (41). In these studies, the pep-
tide was infused via a proximal femoral artery catheter at a rate calculated to
achieve a plasma concentration of about 0.2 µM. Neither aspirin (25 mg/kg p.o.
every 12 h starting 24 h before the acute study) nor a selective TXA2-receptor
antagonist extended the time to original thrombosis significantly. Heparin
(100 U/kg plus 1.5 U/kg/min) doubled the time to thrombus formation but did
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not prevent it. MCI-9038, a synthetic, selective thrombin inhibitor, was vari-
ably effective in delaying original thrombosis, but very effective in preventing
reocclusion after t-PA induced thrombolysis (66). Although echistatin was
more effective than MC-9038 in delaying or preventing original thrombosis,
the opposite order of efficacy held for reocclusion after discontinuing t-PA.
These observations led us to believe that the thrombogenic stimulus responsi-
ble for original occlusion and reocclusion after thrombolysis differ qualitatively
or quantitatively. L-670,596 a potent TXA2-receptor antagonist, with or with-
out ketanserin, a selective serotonin2-receptor antagonist, did not significantly
delay reocclusion after stopping t-PA (66). Different results were observed by
Golino et al. (63), who reported that the combination of a serotonin2-receptor
antagonist and TXA2-receptor antagonist (but neither agent alone) delayed
reocclusion after t-PA-induced thrombolysis in dogs with coronary thrombo-
sis induced by copper coils.

3.3. Thrombin-Induced Clot Formation 
in the Canine Coronary Artery

A canine model of thrombin-induced clot formation was developed by Gold
et al. (67) in which localized coronary thrombosis was produced in the LAD.
This is a variation of the technique described by Collen et al. (68) who used
radioactively labeled fibrinogen to monitor the occurrence and extent of
thrombolysis of rabbit jugular-vein clots. The vessel was intentionally
de-endothelialized by external compression with blunt forceps. Snare occlud-
ers were then placed proximal and distal to the damaged site, and thrombin
(10 U) was injected into the isolated LAD segment in a small volume via a
previously isolated side branch. Autologous blood (0.3–0.4 mL) mixed with
calcium chloride (0.05 M ) was also injected into the isolated LAD segment,
producing a stasis-type red clot superimposed on an injured blood vessel. The
snares were released 2–5 min later, and total occlusion was confirmed by selec-
tive coronary angiography.

This model of coronary-artery thrombosis relies on the conversion of fib-
rinogen to fibrin by thrombin. The fibrin-rich thrombus contains platelets, but
at no greater concentration than in a similar volume of whole blood. Once the
thrombus is formed, it is allowed to age for 1–2 h, after which a thrombolytic
agent can be administered to lyse the thrombus and restore blood flow.

In the initial study described by Gold et al. (67) in 1984, recombinant t-PA
was characterized for its ability to lyse 2-h-old thrombi. Then, tPA was infused
at doses of 4.3, 10, and 25 µg/kg/min (iv) and resulted in reperfusion times of
40, 31, and 13 min, respectively. Thus, in this model of canine coronary throm-
bosis, t-PA exhibited dose-dependent coronary thrombolysis. Furthermore, it is
possible to study the effect of different doses of t-PA on parameters of systemic
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fibrinolytic activation, such as fibrinogen, plasminogen, and α2-antiplasmin, as
well as to evaluate myocardial infarct size. For example, Kopia et al. (69)
demonstrated that SK elicited dose-dependent thrombolysis in this model.

Subsequently, Gold et al. (70,71) modified the model to study reperfusion
as well as acute reocclusion. Clinically, reocclusion is a persistent problem after
effective coronary thrombolysis, which is reported to occur in 15–45% of
patients (72). Thus, an animal model of coronary reperfusion and reocclusion
would be important from the standpoint of evaluating adjunctive therapies to
t-PA to hasten and/or increase the response rate to thrombolysis and to prevent
acute reocclusion.

The model of thrombin-induced clot formation in the canine coronary artery
was modified so that a controlled high-grade stenosis was produced with an
external constrictor. Blood flow was monitored with an electromagnetic flow
probe. In this model of clot formation with superimposed stenosis, reperfusion
in response to t-PA occurs with subsequent reocclusion (70). The MAb against
the human GPIIb/IIIa receptor developed by Coller et al. (73) and tested in com-
bination with t-PA in the canine thrombosis model hastened t-PA-induced
thrombolysis and prevented acute reocclusion (70,74). These actions in vivo
were accompanied by the abolition of ADP-induced platelet aggregation and
markedly prolonged bleeding time.

3.4. Injury-Induced (Electrolytic) Arterial Thrombosis 
in the Canine

A novel technique for inducing arterial thrombosis was introduced by Salazar
(75) in which anodal current was delivered to the intravascular lumen of a
coronary artery in the dog via a stainless-steel electrode. The electrode was posi-
tioned under fluoroscopic control, which somewhat complicated the proce-
dure. Subsequently, Romson et al. (76) modified the procedure so that the
electrode was placed directly into the coronary artery of an open-chest, anes-
thetized dog. This technique then allows one to produce a thrombus in the
anesthetized animal or to close the chest after inserting the electrode and allow
the animal to recover, after which thrombosis can be elicited later in the con-
scious animal. The advantage of this modification is that it allows induction of
thrombus formation without the need for fluoroscopy.

The stimulation electrode is constructed from a 25- or 26-gauge stainless-
steel hypodermic needle tip, which is attached to a 30-gauge Teflon-insulated
silver-coated copper wire. Anodal current is delivered to the electrode via either
a 9-V nickel cadmium battery with the anode connected in series to a 250,000-
ohm potentiometer or with a Grass stimulator connected to a Grass constant
current unit and a stimulus isolation unit. The cathode in both cases is placed
into a subcutaneous (sc) site completing the circuit. The anodal current can be
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adjusted to deliver 50–200 µA. Anodal stimulation results in focal endothelial
disruption, which in turn induces platelet adhesion and aggregation at the dam-
aged site. This process is then followed by further platelet aggregation and con-
solidation, with the growing thrombus entrapping red blood cells.

A modification of the method of Romson et al. (76) involves placement onto
the coronary artery of an external, adjustable occluder (77) to produce a
fixed stenosis on the coronary artery. A flow probe to record CBF is placed on
the proximal portion of the artery followed by the stimulation electrode, with
the clamp being placed most distally (Fig. 4). The degree of stenosis can then
be controlled by adjusting the clamp. The resulting stenosis is produced in an
effort to mimic the human pathophysiology of atherosclerotic coronary-artery
disease, in which thrombolytic therapy restores CBF through a coronary artery
with residual narrowing as a result of atherosclerotic plaque formation.

Another modification of the electrical stimulation model that merits discus-
sion is described by Benedict et al. (78). They discontinued anodal current when
mean distal coronary flow velocity (measured with Doppler flowmetry)
increased by approx 50%, reflecting disruption of normal axial flow by the
growing thrombus. Occlusive thrombosis occurred within 1 h after stopping the
current (2 h after starting the current). In these studies, coronary sinus plasma
levels of serotonin—an index of intravascular platelet aggregation—were
increased approx 20-fold just before occlusive thrombus formation. The results
of these studies agree with others in showing that either proximal flow veloc-
ity or electromagnetically measured CBF decline trivially over the majority of
the time period in which the thrombus is growing. The largest declines in
(volume) flow occur over a small and terminal fraction of the period between
initial vessel perturbation and final occlusion. During that interval, coronary
lumenal area decreases rapidly and to a critical degree, as platelets accrue at
the growing thrombus. The studies by Benedict et al. (78) demonstrate that this
final phase of thrombosis can occur independently of electrical stimulation. This
variation of the model may be attractive to those who wish to produce occlu-
sive thrombosis without continued electrical stimulation.

Regardless of whether electrical stimulation is continued until occlusive
thrombosis, there is another component to this model that has upside and down-
side potential—the opportunity for coronary vasoconstriction to occur.
Although the incidence of Prinzmetal’s angina is low, it is widely suspected that
vasospasm superimposes on a primarily thrombotic event in unstable angina
and MI. In studies by Van der Giessen et al. (79), nifedipine was reported to
increase the extent of CBF after plasmin-induced thrombolysis in a porcine
model of electrically induced coronary thrombosis. In their model, the anodal
stimulation was applied circumferentially to the exterior surface of the LAD,
and an external constrictor was not used.
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Depending on the hypothesis being tested, the experimenter can leave intact
or minimize this potential through the use or disuse of an external constrictor.
As in the Folts and Gold coronary thrombo(ly)sis models, blood pressure must
be taken into account or maintained within acceptable limits, since, in the pres-
ence of a critical stenosis, autoregulation no longer exists. Under these condi-
tions, CBF is highly dependent on driving pressure (arterial pressure).

Numerous experimental studies evaluating anticoagulants, antithrombotic,
and/or thrombolytic drugs have been performed using this model. In the initial
report by Romson et al. (76), the cyclooxygenase inhibitor ibuprofen was eval-
uated. Comparison of myocardial infarct size, thrombus weight, arrhythmia
development, and scanning electron microscopy (SEM) of drug-treated and con-
trol animals indicated that ibuprofen protected against the deleterious effects
of coronary-artery thrombosis in the conscious dog. Subsequent studies in the
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Fig. 4. Model of coronary artery thrombosis in the dog. Electrical injury to the inti-
mal surface of the artery leads to occlusive thrombus formation. The thrombus is
formed in the presence of a flow-limiting stenosis induced by a Goldblatt clamp. Upon
spontaneous occlusion, heparin is administered and the clot is aged for 1 h before ini-
tiating the t-PA infusion.
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same model and laboratory evaluated the antithrombotic potential of various
TXA2 synthetase inhibitors, such as U 63557a, CGS 13080, OKY 1581, and
dazoxiben. When the TXA2 synthetase inhibitors were administered before
induction of the current, OKY 1581 (80) and CGS 13080 (81) reduced the inci-
dence of coronary thrombosis, whereas U 63557A (82) and dazoxiben (83) were
ineffective and partially effective, respectively. The differences in efficacy
noted among the TXA2 synthetase inhibitors were ascribed to differences in
potency and duration of action.

Other investigators have used this model to study the prevention of original
coronary thrombosis in the dog. Fitzgerald et al. (84) studied the combination
of the TXA2 synthetase inhibitor, U 63557A, alone or in combination with
L-636,499, an endoperoxide/thromboxane-receptor antagonist. U 63557A alone
did not prevent coronary thrombosis when administered before current appli-
cation, whereas the combination of U 63557A and L-636,499 was highly effec-
tive. These data suggest that prostaglandin endoperoxides may modulate the
effects of TXA2 synthetase inhibitors and that this response may be blocked by
concurrent administration of an endoperoxide/thromboxane-receptor antago-
nist. The murine MAb to platelet GPIIb/IIIa (7E3) was studied in this model
for its ability to prevent thrombus formation. At a dose of 0.8 mg/kg (iv), the
7E3 MAb completely prevented original thrombus formation (85).

In addition to evaluation of antithrombotic (e.g., antiplatelet) agents, the elec-
trical injury model is useful for studying anticoagulant FXa inhibitors, such as
YM 60628 (86), and thrombolytic drugs. When evaluating thrombolytic agents,
the thrombus is allowed to form without drug intervention and then aged for
various periods. Schumaker et al. (77) demonstrated that intracoronary strep-
tokinase was an effective thrombolytic drug in the model, the thrombolytic
effectiveness being augmented by the concurrent administration of heparin and
prostacyclin, or by a TXA2 synthetase inhibitor (77). In other studies reported
by Shebuski et al. (87), the TXA2 receptor antagonist, BM 13.177, hastened
t-PA-induced thrombolysis and prevented acute thrombotic reocclusion. Van der
Giessen et al. (88) subsequently demonstrated that BM 13.177 prevented orig-
inal thrombus formation in 75% of pigs undergoing electrical stimulation as
described here (79); aspirin was ineffective in this porcine model. These and
other studies underscore the potential for adjunctive therapy to hasten throm-
bolysis and/or prevent reocclusion, both contributing to greater salvage of
ischemic myocardium.

Like the copper coil model, the electrical stimulation model has been used
to produce experimental myocardial infarction (MI). Patterson et al. (89) have
used this technique to produce coronary thrombosis in the left circumflex coro-
nary artery (which supplies blood flow to the posterior LV wall in dogs) in dogs
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with a previous anterior wall infarct to mimic sudden cardiac death that occurs
in people during a second (recurrent) MI or ischemic event.

This model has also been modified to demonstrate the efficacy of adjuncts
to thrombolytic therapy (91–94). In this case, the thrombus is allowed to extend
until it completely occludes the vessel. Usually, the thrombus is allowed to sta-
bilize, or “age,” to mimic the clinical setting in which a time lag exists between
the thrombotic event and the pharmacological intervention. At the end of
the stabilization period, thrombolytic agents such as t-PA or streptokinase are
administered in conjunction with the novel antithrombotic agent to lyse the
thrombus and maintain vessel patency. The incidence and times of reperfusion
and reocclusion are the major end points. These studies have established that
recombinant tick anticoagulant peptide (rTAP), a potent and selective FXa
inhibitor derived from the soft tick (95), promotes rapid and prolonged reper-
fusion at doses that produce relatively minor elevations in PT, aPTT, and tem-
plate bleeding time.

4. Extracorporeal Thrombosis Models
These models employ passing blood over a section of damaged vessel (or

other selected substrates) and recording the thrombus accumulation on the dam-
aged vessel histologically or by scintigraphic detection of radiolabeled platelets
or fibrin (97). This model is interesting because the results can be directly com-
pared to the in vivo deep arterial injury model (96) results and to results from
a similar extracorporeal model used in humans (98,99). Dangus et al. (98) used
this model to characterize the antithrombotic efficacy of abciximab, a MAb-
based platelet glycoprotein IIb/IIIa inhibitor, after administration to patients
undergoing percutaneous coronary intervention. They demonstrated that abcix-
imab reduces both the platelet and fibrin components of the thrombus, thereby
providing further insight into the unique long-term effectiveness of short-term
administration of this drug. Orvim et al. (99) also used this model in humans to
evaluate the antithrombotic efficacy of rTAP, but instead of evaluating the com-
pound after administration of rTAP to the patient, the drug was mixed with the
blood immediately as it flowed into the extracorporeal circuit prior to flowing
over the thrombogenic surface. By changing the thrombogenic surface, they
were able to determine that rTAP was more effective at inhibiting thrombus for-
mation on a TF-coated surface compared to a collagen-coated surface. These
results suggest that optimal antithrombotic efficacy requires an antiplatelet
approach along with an anticoagulant. Although this model does not completely
represent pathological intravascular thrombus formation, this “human model”
of thrombosis may be very useful in developing new drugs because it directly
evaluates the ex vivo antithrombotic effect of a drug in flowing human blood.
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4.1. Arteriovenous Shunt Model in Baboons

Because of similarities between human and nonhuman primate blood clot-
ting (100), nonhuman primate thrombosis models are believed to be the best
models to evaluate novel thrombotic agents prior to administration of the drug
to humans in clinical trials. A well-established model of thrombosis in baboons
has been used to evaluate numerous antithrombotic approaches. Briefly, a throm-
bogenic segment is placed in an exteriorized chronic arteriovenous shunt, blood
is pumped at a specified shear rate through the segment, and the thrombus is
quantified by deposition of radiolabeled platelets or fibrin on the segment (101).
Also, the segments can be easily removed and replaced with fresh segments so
that a time-course or dose-response for the drug effect can be determined.

This model was used to evaluate SR90107A/ORG31540, a synthetic pen-
tasaccharide that is a selective, antithrombin-III-dependent FXa inhibitor that
has recently entered the marketplace (102), and DX-9065a, a novel small mol-
ecule direct inhibitor of FXa that is currently in clinical development (103). A
multi-compartment segment was placed in the shunt for these experiments. For
the SR90107A/ORG31540 experiments, the components consisted of a colla-
gen-coated segment followed by two sections of expanded polytetrafluoroeth-
ylene tubing. SR90107A/ORG31540 dose-dependently inhibited platelet and
fibrin deposition on the expanded chambers, but had little effect on the colla-
gen-coated segment, which generates a platelet-dependent thrombus. In exper-
iments evaluating DX-9065a, a two-compartment model was used. The first
compartment consisted of a tubular segment of knitted Dacron vascular graft
followed by the second compartment composed of expanded polytetrafluo-
roethylene tubing. The vascular graft is believed to generate arterial-like
thrombi, and the expanded compartment generates a venous-type thrombus.
Intravenous and oral administration of DX-9065a significantly inhibited throm-
bus formation in the venous-type chamber, but had no significant antithrom-
botic effect in the arterial-type chamber. These results suggest that selective
inhibition of FXa results in specific inhibition of fibrin formation and that opti-
mal antithrombotic therapy with FXa inhibitors may require antiplatelet treat-
ment as well. These studies have provided efficacy and safety data that
supported the initiation of clinical studies with these agents (104,105).

In a separate study, platelet deposition on Dacron vascular grafts was exam-
ined in baboons during and after a 2-h iv infusion of rTAP (106). Platelet depo-
sition was inhibited during the infusion and also for an additional 2 h and 53 h
after termination of low-dose (10 µg/kg/min) and high-dose (25 µg/kg/min)
rTAP, respectively. These data suggest that the thrombus can be passivated for
long periods of time with only brief inhibition of FXa, again providing impor-
tant data for designing clinical studies to evaluate novel FXa inhibitors.
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The porcine and nonhuman primate models used to evaluate compounds for
efficacy in vivo are complex and resource-intensive, especially when consid-
ering veterinary care and husbandry. In addition, the training and expertise
required to perform the important work of large animal pharmacology in drug
discovery is diminishing as universities focus more on molecular and cellular
physiology and less on integrative physiology. Thus, these more complex
models are not performed “in-house” and are usually contracted to experts at
academic or contractual research centers. This is especially true for smaller
biotech companies that do not have the facilities and personnel for performing
such studies. The requirement for outsourcing such studies creates a new role
for the pharmaceutical industry investigator in thrombosis—namely, the role
of collaboration manager. The challenges of managing a collaboration are not
trivial and include contract negotiations, agreement on protocols, overseeing
the study, and deciding who, how, and when to present the results of this work,
which is usually proprietary. Once these issues are resolved, these collabora-
tions can yield very interesting results that provide scientific rationale and
opinion leader support for specific pharmacological approaches to the treatment
of thrombotic diseases.

4.2. Venous Thrombosis

Animal models of venous thrombosis have been developed in cats (107) and
baboons (108,109). These models rely primarily on stasis in which blood flow
is interrupted for varying periods of time to induce clot formation. The effect
of inflammatory mediators such as P-selectin have been determined in venous
thrombosis models and led to the conclusion that P-selectin is not only a pro-
thrombotic molecule but also possesses pro-inflammatory actions.
Pharmacological antagonism of P-selectin results in resolution of venous
thrombi and decreased inflammatory-cell infiltration (107–109).

5. Notes
5.1. The Use of Positive Controls in Models of Thrombosis

Clearly, there are many antithrombotic agents that can be used to compare
and contrast the antithrombotic efficacy and safety of novel agents. The clas-
sic antithrombotic agents are heparin, warfarin, and aspirin. However, new and
more selective agents such as hirudin, low molecular weight heparins
(LMWHs), and clopidogrel are commercially available that will either replace
or augment these older treatments. Novel antithrombotic agents should certainly
be demanded to demonstrate better efficacy than currently available therapy in
animal models of thrombosis. This should be demonstrated by performing
dose-response experiments that include maximally effective doses of each com-
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pound in the model. At the maximally effective dose, parameters such as aPTT,
PT, template bleeding time, or other, more sensitive measurements of systemic
hypocoagulability or bleeding should be compared. A good example of this
approach is a study by Schumacher et al. (110), who compared the antithrom-
botic efficacy of argatroban and dalteparin in arterial and venous models of
thrombosis. Consideration of potency and safety compared to other agents
should be taken into account when advancing a drug through the testing funnel.

The early in vivo evaluation of compounds that demonstrate acceptable in
vitro potency and selectivity requires evaluation of each compound alone in
order to demonstrate antithrombotic efficacy. However, to provide adequate
dosing, safety and efficacy information to colleagues in clinical development,
it is no longer such a simple question as to what does this new agent do by itself?
Now the question is: What does this new agent do when administered with
aspirin, heparin, LMWHs (which one?), GPIIb/IIIa antagonists (again, which
one?), clopidogrel, thrombolytics, or combinations of these agents? The
antithrombotic landscape is becoming complicated by so many agents from
which to choose that it will become increasingly difficult to design preclinical
experiments that mimic the clinical setting in which poly-antithrombotic ther-
apy is required for optimal efficacy and safety. Thus, secondary and tertiary pre-
clinical experiments will need to be carefully designed in order to answer these
specific, important questions.

5.2. Evaluation of Bleeding Tendency of Novel Antithrombotics 
in Animal Models of Thrombosis

Although the clinical relevance of animal models of thrombosis has been
well-established in terms of efficacy, the preclinical tests for evaluating safety—
e.g., bleeding tendency, have not been as predictable. The difficulty in predict-
ing major bleeding, such as intracranial hemorrhage, resulting from anti-
thrombotic or thrombolytic therapy stems from the complexity and lack
of understanding of the mechanisms involved in this disorder. Predictors of
anticoagulant-related intracranial hemorrhages are advanced age, hyperten-
sion, intensity, and duration of treatment, head trauma, and prior neurologic dis-
ease (111,112). These risk factors are clearly difficult, if not impossible, to
simulate in laboratory animals. Thus, more general tests of anticoagulation and
primary hemostasis have been employed.

Coagulation assays provide an index of the systemic hypocoagulability of
the blood after administration of antithrombotic agents. However, the sensitiv-
ity and specificity of these assays varies from compound-to-compound, so
these assays do not provide a consistent safety measure across all mechanisms
of inhibition. Thus, many laboratories have attempted to develop procedures
that provide an indication of bleeding risk by evaluating primary hemostasis
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after generating controlled incisions in anesthetized animals. Some of the tests
used in evaluating FXa inhibitors include template bleeding time, tail transec-
tion bleeding time, cuticle bleeding time, and evaluation of clinical parameters
such as hemoglobin and hematocrit. Unfortunately, template bleeding tests,
even when performed in humans, have not been good predictors of major bleed-
ing events in clinical trials (113–115). However, these tests have demonstrated
relative advantages of certain mechanisms and agents over others (18,20). For
example, hirudin, a direct thrombin inhibitor, appears to have a narrow thera-
peutic window when used as an adjunct to thrombolysis in clinical trials, pro-
ducing unacceptable major bleeding when administered at 0.6 mg/kg, iv bolus,
plus 0.2 mg/kg/h (116,117). When the dose of hirudin was adjusted to avoid
major bleeding (0.1 mg/kg and 0.1 mg/kg/h), no significant therapeutic advan-
tage over heparin was observed. If the relative improvement in the ratio between
efficacy and bleeding observed preclinically with Xa inhibitors compared to
thrombin inhibitors such as hirudin is supported in future clinical trials, this will
establish an important safety advantage for FXa inhibitors and provide valu-
able information for evaluating the safety of new antithrombotic agents in pre-
clinical experiments.

5.3. Selection of Model Based on Species-Dependent
Pharmacology/Physiology

Species selection for animal models of disease is often limited by the unique
physiology of a particular disease target in different species or by the species
specificity of the pharmacological agent for the target. For example, it was dis-
covered relatively early in the development of platelet GPIIb/IIIa antagonists
that these compounds were of limited use in rats (118) and that there was a dra-
matic species-dependent variation in the response of platelets to GPIIb/IIIa
antagonists (119–121). This discovery led to the widespread use of larger ani-
mals (particularly in dogs, whose platelet response to GPIIb/IIIa antagonists
resembles humans) in the evaluation of GPIIb/IIIa antagonists. Of course, the
larger animals required more compound for evaluation, which created a resource
problem for medicinal chemists. This was especially problematic for compa-
nies that generated compounds by combinatorial parallel synthetic chemistry
in which many compounds can be made, but usually in very small quantities.
However, some pharmacologists devised clever experiments that partially over-
came this problem. Cook et al. (122) administered a GPIIb/IIIa antagonist
orally and intravenously to rats, and then mixed the platelet-rich plasma (PRP)
from the treated rats with platelet-rich plasma from untreated dogs. The mix-
ture was then evaluated in an agonist-induced platelet aggregation assay, and
the resulting inhibition of canine platelet aggregation (rat platelets were rela-
tively unresponsive to this GPIIb/IIIa antagonist) was a result of the drug pre-
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sent in the plasma obtained from the rat. Using this method, only a small
amount of drug is required to determine the relative bioavailability in rats.
However, the animal models chosen for efficacy in this report (guinea pigs and
dogs) were selected based on their favorable platelet response to the GPIIb/IIIa
antagonist.

Similarly for inhibitors of FXa, there are significant variations in the activ-
ity of certain compounds against FXa purified from plasma of different species
and in plasma-based clotting assays using plasma from different species. DX-
9065 is much more potent against human FXa (Ki = 78 nm) than against rabbit
(Ki = 102 nm) and rat (Ki = 1980 nm) FXa (12). Likewise, in the PT assay, DX-
9065a was very potent in human plasma (concentration required to double PT,
PT × 2, was 0.52 µM) and in squirrel monkey plasma (PT × 2 = 0.46 µM), but
was much less potent in rabbit, dog, and rat plasma (PT × 2 = 1.5, 6.5, and
22.2 µM, respectively). Other FXa inhibitors have also demonstrated these
species-dependent differences in activity (123–125). These differences in potency
in vitro can be dramatic; however, in vivo efficacy can still be demonstrated in
species that exhibit limited sensitivity to these inhibitors in vitro (19,20). In any
case, the investigator must be aware of these differences so that appropriate
human doses can be extrapolated from the laboratory animal studies.

Although in many cases the exact mechanism for the species-dependent dif-
ferences in response to certain therapeutic agents remains unclear, these dif-
ferences must be examined to determine the appropriate species to be used for
preclinical pharmacological evaluation of each agent. This evaluation can rou-
tinely be performed by in vitro coagulation or platelet aggregation tests prior
to evaluation in animal models.

5.4. Selection of Model Based on Pharmacokinetics

Much debate surrounds the issue as to which species most resembles humans
in terms of gastrointestinal (GI) absorption, clearance, and metabolism of ther-
apeutic agents. Differences in GI anatomy, physiology, and biochemistry
between humans and commonly used laboratory animals suggest that no single
animal can precisely mimic the GI characteristics of humans (126). Because of
resource issues (mainly compound availability) and animal care and use con-
siderations, small rodents, such as rats, are usually considered for primary in
vivo evaluation of pharmacokinetics for novel agents. However, there is great
uncertainty about moving a compound into clinical trials based on oral bioavail-
ability data derived from rat experiments alone. Usually, larger animals such
as dogs or nonhuman primates, which have similar GI morphology compared
to humans, are the next step in the evaluation of pharmacokinetics of new
agents. The pharmacokinetic characteristics of the FXa inhibitor, YM-60828,
have been studied extensively in a variety of laboratory animals. YM-60828
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demonstrated species-dependent pharmacokinetics, with oral bioavailability
estimates of approx 4%, 33%, 7%, and 20% in rats, guinea pigs, beagle dogs,
and squirrel monkeys, respectively (86). Although these results suggest that
YM-60828 has somewhat limited bioavailability, evaluating the pharmacoki-
netic profile of novel agents in a number of species (13,30,86,127) is a well-
established approach used to identify compounds for advancement to human
testing. That is, acceptable bioavailability in a number of species suggests that
a compound will be bioavailable in humans. Which of the laboratory species
adequately represents the bioavailability of a specific compound in humans can
only be determined after appropriate pharmacokinetic evaluation in humans.
Nevertheless, preclinical pharmacokinetic data are important in selecting the
appropriate animal model for testing the antithrombotic efficacy of compounds
because the ultimate proof-of-concept experiment is to demonstrate efficacy by
the intended route of administration.

5.5. Clinical Relevance of Data Derived From Animal Models 
of Thrombosis

Animal models of thrombosis have played a crucial role in the discovery and
development of a number of compounds that are now successfully being used
for the treatment and prevention of thrombotic diseases. The influential pre-
clinical results using novel antithrombotics in a variety of laboratory animal
experiments are listed in Table 1, along with the early clinical trials and results
for each compound. This table intentionally omits many compounds that were
tested in animal models of thrombosis, but failed to succeed in clinical trials
or, for other reasons, did not become approved drugs. However, these negative
outcomes would not have been predicted by animal models of thrombosis
because the failures were generally caused by other shortcomings of the drugs
(e.g., toxicity, narrow therapeutic window, or undesirable pharmacokinetics or
pharmacodynamics), which are not always clearly presented in the scientific
literature because of proprietary restrictions in this highly competitive field.

Nonetheless, it is clear that animal models have supplied valuable informa-
tion for investigators who are responsible for evaluating these drugs in humans,
providing pharmacodynamic, pharmacokinetic, and safety data that can be
used to design safe and effective clinical trials.

5.6. Genetic Models of Hemostasis and Thrombosis

Recent advances in genetic molecular biology have provided tools that allow
scientists to design genetically altered animals that are deficient in certain pro-
teins involved in thrombosis and hemostasis (so-called “knockouts” or “nulls”)
(128,129). These animals have been extremely useful for identifying and vali-
dating novel targets for therapeutic intervention. That is, by examining the phe-

Animal Models of Thrombosis 203

CH12,175-220,46pgs  9/5/03 11:07 AM  Page 203



notype (e.g., spontaneous bleeding, platelet defect, or prolonged bleeding after
surgical incision) of a specific knockout strain, scientists can identify the role
of the knocked-out protein. If the phenotype is favorable (e.g., not lethal), phar-
macological agents can be designed to mimic the knockout. More recently,
novel gene medicine approaches have also benefited greatly from the avail-
ability of these models, as discussed here. The following section briefly sum-
marizes some of the major findings in thrombosis and hemostasis using
genetically altered mice, and concludes with an example of how these models
have been used in the drug discovery process.

Mouse knockout models of virtually all of the known hemostatic factors
have been reported (Table 2). The majority of these gene knockouts result in
mice that develop normally, are born in the expected Mendelian ratios, and are
viable as defined by the ability to survive to adulthood. Although seemingly
normal, these knockout mice display alterations in hemostatic regulation, espe-
cially when challenged. Deletion of FVIII, FIX, vWF, and the β3-integrin
(130–133) all result in mice that bleed upon surgical challenge, and despite some
minor differences in bleeding susceptibility, these mouse knockout models
mirror the human disease states quite well (hemophilia A, hemophilia B, von
Willebrand’s disease, and Glanzmann’s thrombasthenia, respectively). In addi-
tion, deletion of some hemostatic factors results in fragile mice with severe defi-
ciencies in their ability to regulate blood loss. Prenatally, these mice appear to
develop normally, but are unable to survive the perinatal period because of
severe hemorrhage, in most cases because of the trauma of birth.

Genetic knockouts have also been useful in dissecting the role of individual
signaling proteins in platelet activation. Deletion of the β3-integrin (133) or of
Gαqq (134) results in dramatic impairment of agonist-induced platelet aggre-
gation. Alteration of the protein coding region in the β3-integrin carboxy-tail,
β3-DiY, at sites that are believed to be phosphorylated upon platelet activation,
also results in unstable platelet aggregation (135). Deletion of various recep-
tors such as thromboxane A2, P-selectin, P2Y1, and PAR-3 demonstrate dimin-
ished responses to some agonists, and other platelet responses are intact
(136–139). Deletion of PAR-3, another thrombin receptor in mice, has little
effect on hemostasis. This indicated the presence of yet another thrombin recep-
tor in platelets and led to the identification of PAR-4 (139).

Since knockouts of prothrombotic factors yield mice with bleeding tenden-
cies, it follows that deletion of factors in the fibrinolytic pathway results in
increased thrombotic susceptibility in mice. Plasminogen (140,141), t-PA,
urokinase-type plasminogen activator (u-PA), and the combined t-PA/u-PA
knockout (142) result in mice that demonstrate impaired fibrinolysis, suscep-
tibility for thrombosis, vascular occlusion, and tissue damage caused by fibrin
deposition. Interestingly, as a result of fibrin formation in the heart, these mice
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Table 2
Genetic Models of Thrombosis and Hemostasis

Embryonic
Knock-out Viable development/survival References

Coagulation
Protein C No Normal Jalbert et al., 1998

Perinatal death
Fibrinogen Yes Normal Suh et al., 1995

Perinatal death
Fibrinogen-QAGVD Yes Normal Holmback et al., 1996
fV No Partial embyronic loss Cui et al., 1996

Perinatal death
FVII Yes Normal Rosen, et al., 1997

Perinatal death
fVIII Yes Normal Bi et al., 1996
fIX Yes Normal Wang, et al., 1997
fXI Yes Normal Gailani et al., 1997
Tissue Factor No Lethal Toomey et al., 1996

Bugge et al., 1996
Carmeliet et al., 1996

TFPI No Lethal Huang et al., 1997
vWF Yes Normal Denis, et al., 1998
Prothrombin No Partial embryonic loss Xue et al., 1998

Perinatal death Sun et al., 1998
Fibrinolytic

u-Pa and t-PA Yes Normal Carmeliet et al., 1994
Growth retardation

uPAR Yes Normal Dewerchin et al., 1996
Bugge et al., 1995a

Plasminogen Yes Normal Bugge et al., 1995b
Growth retardation Ploplis, et al., 1995

PA-I Yes Normal Carmeliet et al., 1993
thrombomodulin No Lethal Healy et al., 1995

Platelet
β3 Yes Normal Hodivala-Dilke et al., 1999

Partial embryonic loss
β3-DiYF Yes Normal Law et al., 1999
P-Selectin Yes Normal Subramaniam et al., 1996
PAR-1 Yes Normal Connolly et al., 1996

Partial embryonic loss
PAR-3 Yes Normal Kahn et al., 1998
Gαq Yes Normal Offermans et al., 1997

Perinatal death
TXA2 receptor Yes Normal Thomas et al., 1998
NF-E2 Yes Normal Shivdasani et al., 1995

Perinatal death
P2Y1 Yes Normal Leon, et al.
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may provide a good model of MI and heart failure caused by thrombosis (143).
Intriguingly, mice deficient in PAI-1, the primary inhibitor of plasminogen
activator, demonstrate no spontaneous bleeding and a greater resistance to
venous thrombosis as a result of a mild fibrinolytic state (144), suggesting that
inhibition of PAI-1 might be a promising approach for novel antithrombotic
agents.

In addition to their role in the regulation of hemostasis, several of these genes
are important in embryonic development. For example, deletion of tissue factor
(TF) (145–147), tissue-factor pathway inhibitor (TFPI) (148), or thrombo-
modulin (149) results in an embryonic lethal phenotype. These and other
(150,151), hemostatic factors also appear to contribute to vascular integrity in
the developing embryo. These data suggest that initiation of coagulation and
generation of thrombin is important at a critical stage of embryonic develop-
ment, yet other factors must contribute because some of these embryos are able
to progress and survive to birth.

Clearly, genetically altered mice have provided valuable insight into the
roles of specific hemostatic factors in physiology and pathophysiology. The
results of these studies have provided a rationale and impetus for attacking cer-
tain targets pharmacologically. These types of models have also provided excel-
lent model systems for studying novel treatments for human diseases. For
example, these models provided exceptional systems for studying gene ther-
apy for hemophilia. Specifically, the deletion of FIX, generated by specific dele-
tions in the FIX gene and its promoter, results in mice that mimic the human
phenotype of hemophilia B (152). When these mice are treated with adenovi-
ral-mediated transfer of human FIX, the bleeding diathesis is fully corrected
(153). Similarly, selectively bred dogs that have a characteristic point mutation
in the sequence encoding the catalytic domain of FIX also have a severe hemo-
philia B that is phenotypically similar to the human disease (154). When adeno-
associated virus-mediated canine FIX gene was administered to these dogs
intramuscularly, therapeutic levels of FIX were measured for up to 17 mo
(155). Clinically relevant partial recovery of whole-blood clotting time and
APTT was also observed during this prolonged period. These data provided sup-
port for initiating the first study of adeno-associated virus-mediated FIX gene
transfer in humans (156). Preliminary results from this clinical study provided
evidence for expression of FIX in the three hemophilia patients studied and also
provided favorable safety data to substantiate studying this therapy at higher
doses. Although it is likely that there are differences between the human dis-
ease and animal models of hemophilia (or other diseases), it is clear that these
experiments have provided pharmacological, pharmacokinetic, and safety data
that were extremely useful in developing this approach and designing safe clin-
ical trials.
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Gene therapy approaches to rescuing patients with bleeding diatheses are
more advanced than gene therapy for thrombotic indications. However, promis-
ing preclinical data indicates that local overexpression of thrombomodulin
(157) or t-PA (158) inhibits thrombus formation in a rabbit model of arterial
thrombosis. Similarly, local gene transfer of TFPI prevented thrombus forma-
tion in balloon-injured porcine carotid arteries (159). These, and other studies
(160) suggest that novel gene therapy approaches will also be effective for
thrombotic indications, but these treatments must be carefully optimized for
pharmacokinetics, safety, and efficacy in laboratory animal studies prior to
administration to humans.
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A Survey of Venous Thrombosis Models

Walter P. Jeske, Omer Iqbal, Jawed Fareed, and Brigitte Kaiser

1. Introduction
Animal models have played a crucial role in the development of new

antithrombotic drugs during the past few decades. Through the use of these
animal models, the differentiation between the anticoagulant and antithrombotic
effects was first recognized. Drugs that were unable to produce a prolongation
of blood clotting time were found to produce antithrombotic effects in animal
models, and a recognition that endogenous effects in the intact animal result-
ing from the metabolic transformation of the drug and/or release of antithrom-
botic substances was appreciated. Without the use of intact animal models, such
an observation would not have been possible.

Antithrombotic and anticoagulant drugs are effective in the control of throm-
bogenesis at various levels. These drugs are also capable of producing hemor-
rhagic effects. These effects are not predictable using in vitro testing methods.
The bleeding effects of a drug may be direct or indirect; thus, the use of animal
models adds to the pharmacodynamic profiling of drugs to project safety-to-
efficacy ratios.

The repeated administration of drugs can result in a cumulative response that
may alter the pharmacokinetic and pharmacodynamic indices of a given agent.
It is only through the use of animal models that such information can be gen-
erated. Furthermore, since antithrombotic drugs represent a diverse class of
agents, their interactions with physiologically active endogenous proteins can
only be studied using animal models.

Species variation plays an important role in thrombotic, hemostatic, and
hemorrhagic responses. Although there is no set formula to determine the rel-
evance of the results obtained with animal models to man, the use of animal
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models can provide valuable information on the relative potency of drugs, their
bioavailability after various routes of administration, and their pharmacokinetic
behavior. Specific studies have provided data on the species relevance of the
responses in different animal models to the projected human responses. Thus,
the use of animal models in the evaluation of different drugs can provide useful
data to compare different drugs within a class. Caution must be exercised in
extrapolating such results to the human clinical condition.

The selection of animal models for the evaluation of antithrombotic effects
depends on several factors. The interaction of a particular drug with the blood
and vascular components and its metabolic transformation are important con-
siderations. Thus, ex vivo analysis of blood, along with the other end points,
can provide useful information on the effects of different drugs. Unlike the
screening of other drugs such as the antibiotics, antithrombotic drugs require
multi-parametric end point analysis. Thus, animal models are most useful in
the evaluation of the effects of these drugs.

Finally, it should be emphasized that the pharmacopeial and in vitro potency
evaluations of antithrombotic drugs do not necessarily reflect the in vivo
safety/efficacy profile. Endogenous modulation, such as the release of tissue-
factor pathway inhibitor (TFPI) by heparins, plays a very important role in the
overall therapeutic index of many drugs. Such data can only be obtained using
animal models. Therefore, it is important to design experiments in which sev-
eral data points can be obtained. This information is of critical value in the eval-
uation of antithrombotic drugs, and cannot be substituted by other in vitro or
tissue culture-based methods.

2. Animal Models of Thrombosis
In most animal models of thrombosis, healthy animals are challenged with

thrombogenic (pathophysiological) stimuli and/or physical stimuli to produce
thrombotic or occlusive conditions. These models are useful for the screening
of antithrombotic drugs. A more comprehensive review of animal models used
to study venous and arterial thrombosis, hemorrhagic tendencies, and resteno-
sis has recently been published (1).

2.1. Stasis-Thrombosis Model

Since its introduction by Wessler (2), the rabbit model of jugular stasis
thrombosis has been extensively used for the pharmacologic screening of
antithrombotic agents. This model has also been adapted for use in rats (3). In
the stasis thrombosis model, a hypercoagulable state is mimicked by adminis-
tration of one of a number of thrombogenic challenges, including human serum
(4–8), thromboplastin (9–12), activated prothrombin complex concentrates
(11,13), factor Xa (FXa) (11,14), and recombinant relipidated tissue factor
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(TF) (15). This administration serves to produce a hypercoagulable state.
Diminution of blood flow achieved by ligating the ends of the vessel segments
serves to augment the prothrombotic environment. The thrombogenic envi-
ronment produced in this model simulates venous thrombosis, in which both
blood flow and the activation of coagulation play a role in the development of
a thrombus.

The procedure for the modified stasis thrombosis model of Fareed (16) is
outlined here. Male white New Zealand rabbits are anesthetized. A 2-cm seg-
ment of each jugular vein, including the bifurcation, is carefully isolated from
the fascia. The right carotid artery is cannulated in order to obtain blood sam-
ples. The test agent can be administered either subcutaneously in the abdomi-
nal region, intravenously via the marginal ear vein, or orally using a nasogastric
feeding tube. 7.5 U/kg FEIBA,® administered via the marginal ear vein as a
thrombogenic stimulus, is allowed to circulate for exactly 20 s before the jugu-
lar vein segments are ligated to induce stasis. After 10 min of stasis time, the
left vein segment is excised and opened, and the clot is graded on a scale from
0 to +4. The right jugular segment is removed after 20 min of stasis time, and
the clots are graded using the scale. Controls are run by administration of vehi-
cle in place of the antithrombotic agent.

Other more quantitative means of measuring clot formation have also been
reported with this model. These include administering radiolabeled fibrinogen
or platelets to the test animal prior to the experiment, thus allowing clot size to
be quantitated by measuring the incorporation of 125I-fibrinogen or 111In labeled
platelets into the thrombus. Although these techniques can remove the subjec-
tivity associated with visually grading the clot size, they make the model more
technically complex because of the requirement of using radiolabeled mater-
ial and to the need to incorporate a method to detect the radioactivity.
Measurement of the wet weight of the clot formed has also been used with this
model. With either of these clot measurement techniques, careful surgical iso-
lation of the jugular vein is required, as excessive mechanical manipulation of
the exposed vessels often results in vasoconstriction. The vessel segments used
in such experiments must be of a consistent size in order to obtain valid results.

The formation of a thrombus in the jugular vein of rabbits also lends itself
to studying the modulation of the fibrinolytic system. Models have been
described in which clots formed, as in the stasis thrombosis model, are lysed
by administration of a lytic agent by intravenous (iv) bolus and/or by constant
iv infusion (17). After a set period of time, any remaining clot can be graded,
as in the stasis thrombosis model.

Criticisms of this model often revolve around the complete lack of blood flow
during the thrombogenic period. The degree to which this model mimics the
pathologic state is controversial. During many pathologic conditions in which
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a thrombus is formed, a certain degree of blood flow remains through the
affected site. However, this model does offer the advantage of allowing the coag-
ulation system to be activated at a number of distinct points. The activation of
the coagulation system in vivo is known to be multivariate with respect to var-
ious clinical disease states (16). Therefore, this model can be used to determine
the potency of a particular agent against a variety of potential thrombogenic
triggers.

In addition to differences in the thrombogenic triggers, a number of other
factors can affect thrombus formation in this model (16). These include the
effect of preparatory agents such as anesthetics on various hemostatic para-
meters, variations in the circulation time of the thrombogenic challenge, and
the duration of stasis. Xylazine and ketamine have no known effects on the
hemostatic system. When an antithrombotic agent is administered subcuta-
neously or orally, pharmacokinetic and bioavailability considerations become
important in evaluating the observed antithrombotic activity. Plasma drug levels
are influenced by the extent of drug absorption as well as the time needed for
the absorption to occur. During long periods of absorption, drug absorption and
drug metabolism may occur simultaneously. Thus, it is necessary to determine
antithrombotic activity at the proper time-point in order to assure that maximal
plasma drug concentrations have been achieved, particularly if agents with dif-
ferent absorption or metabolism profiles are to be compared.

Figure 1 illustrates the effect of intravenously administered heparin and
low molecular weight heparin (LMWH) on thrombus formation in this model
using an activated prothrombin complex concentrate as the thrombogenic trig-
ger. Both agents were tested 5 min following administration. By using this route
of administration and short circulation time, little clearance or metabolism of
any of the agents is likely to have occurred. In this system, each agent produced
a dose-dependent reduction in thrombus formation.

2.2. Models Based on Vessel-Wall Damage

The formation of a thrombus is not solely induced by a plasmatic hyperco-
agulable state. In the normal vasculature, the intact endothelium provides a non-
thrombogenic surface over which the blood flows. The non-thrombogenic
properties of the endothelium are in part caused by release of such agents as
prostacyclin that prevents platelet aggregation, the presence of TFPI, and
heparin-like glycosaminoglycans (GAGs), and the synthesis of fibrinolytic
activators. Disruption of the endothelium limits the beneficial effects previously
enumerated, and also exposes subendothelial TF and collagen that serve to acti-
vate the coagulation and platelet aggregation processes, respectively.
Endothelial damage can be induced experimentally by physical means (clamp-
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ing, catheter), chemical means (fluorescein isothiocyanate [FITC], Rose Bengal,
ferrous chloride), thermal injury, or electrolytic injury.

2.2.1. Rat Jugular-Vein Clamping Model of Thrombosis

The process of thrombus formation following endothelial damage has been
modeled in rats by Raake et al. (18). Repeated clamping of the vessel wall using
a hemostat produces damage to the endothelium that has been demonstrated his-
tologically (18,19).

In this model, male Sprague-Dawley rats are anesthetized, the skin on the neck
is shaved, and an incision is made centrally above the trachea. The right jugu-
lar vein is isolated and covered with ultrasound transmission gel. A bi-directional
Doppler probe is used to measure blood flow through the vessel. Because
the carotid artery is located below the jugular vein, it is important to use a
bi-directional Doppler probe so that only venous flow is measured. After record-
ing the baseline blood flow, the jugular vein is clamped using a mosquito for-
ceps for a period of 1 min. Following removal of the forceps, blood flow is
measured for a period of 5 min with the Doppler probe. If measurable flow exists
at the 5-min time-point, clamping is initiated again. This process is repeated
until no flow can be measured 5 min post-clamping. The effectiveness of a par-
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Fig. 1. Antithrombotic effect of heparin and LMWH in the rabbit stasis thrombosis
model following intravenous administration. A stasis time of 10 min was utilized. The
results represent the mean ±SEM of five rabbits per treatment group.
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ticular antithrombotic agent is determined by the number of clampings required
to cause vascular occlusion.

When high doses of an effective antithrombotic agent are used in this model,
the maximal number of vessel clampings must be artificially limited. Beyond
a certain point, excessive mechanical damage to the vessel leads to bleeding
from the clamping site, thereby preventing an accurate determination of the time
needed for thrombus formation. Because a maximal antithrombotic effect may
not be determined, conventional potency designations such as ED50 cannot be
used with this model. In setting up this model, it is essential to exercise cau-
tion in isolating the jugular vein, as excessive physical manipulation or the use
of cautery result in a constriction of the vessel. Once constricted, blood flow
through the jugular vein cannot be accurately measured by Doppler flow.

Unfractionated heparin (UFH), LMWH, the synthetic polyanion aprosulate,
and a number of thrombin inhibitors have all been shown in the literature to
dose-dependently increase the number of clampings required for vessel occlu-
sion (19,20).

2.2.2. Catheter-Induced Thrombosis Models

Models that use a catheter to induce vessel-wall damage of both arteries and
veins have been reported (21–24). Such models in the arterial system mimic
potential injuries induced by angioplasty. In these models, the endothelium is
damaged either by rubbing the catheter across the luminal surface of the vessel
or by air desiccation. Inflation of the balloon and the induction of partial stasis
in the area of damage produce additional injury. With this procedure, vessel-
wall collagen, elastic tissues, and tissue thromboplastin are exposed to the cir-
culating blood. Such models are typically carried out in rabbits or larger animals
because of size considerations for both the vessel and the catheter.

In these models, the formation of thrombi has been detected in a number of
ways. Measurement of flow by a distally placed flow meter or thermistor has
been reported (22). A decrease in vessel temperature measured distally to the
site of injury reflects a decrease in blood flow through the segment and the for-
mation of a thrombus. Deposition of radiolabeled platelets at the site of injury
and measurement of thrombus wet weight have also been used.

Figure 2 illustrates a typical flow measurement tracing obtained during and
after induction of venous thrombus formation in the rabbit jugular vein. In this
experiment, recombinant TFPI was administered at doses of either 10 or 20 µg/kg
as an iv bolus. As observed in the figure, baseline blood flow was measured at
approx 15 mL/min. Following vessel damage by repeated balloon inflation and
gentle rubbing of the endothelium, a vessel clamp was placed to reduce blood
flow nearly 90% relative to baseline. At this time, the test agent (TFPI) was
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administered. A period of partial stasis was carried out for 60 min. Following
removal of the vessel clamp, blood flow was observed to immediately increase.
Flow was monitored for 3 h after removal of the clamp. At the lower dose of
TFPI, full occlusion of the vessel was observed by 120 min post-damage,
whereas at the higher dose of TFPI, flow was maintained for at least 240 min.

Platelets appear to play an important role in the formation of thrombi at sites
in which the endothelium is damaged (25). Platelets may also play a key role
in the initiation of the restenotic process following angioplasty (26). Therefore,
these models provide an opportunity to evaluate the pharmacologic effects of
agents that are capable of modulating either acute platelet function or the coag-
ulation system that may be useful as adjunctive treatments in angioplasty. It has
been demonstrated that platelets as well as the clotting system are activated by
arterial intervention (26,27), and with this model, it has been shown that heparin
and hirudin are both capable of inhibiting initial thrombosis. In addition, these
models have also been used to evaluate the inhibition of rethrombosis follow-
ing lysis of the initial clot (22).
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Fig. 2. Typical blood-flow tracings in the jugular vein of rabbits before, during and
after the induction of venous thrombus formation. The effect of an iv bolus injection
of TFPI on vascular patency is shown. Rabbits were administered either 10 (A) or
20 (B) µg/kg TFPI.
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2.2.3. Chemically Induced Thrombosis Models

The administration of a variety of chemicals either systemically or locally
can result in damage to the endothelium, with subsequent generation of throm-
bus. Such compounds include ferric/ferrous chloride, fluorescein-labeled dex-
tran, and Rose Bengal. Although typically used to induce arterial thrombosis,
such agents may also be useful in inducing venous thrombosis.

In models employing ferric (ferrous) chloride (28), the carotid artery of rats
is isolated. A flow probe is placed proximal to the intended site of lesion,
and a 3-mm disk of filter paper that has been soaked in ferric/ferrous
chloride (35–50%) is placed on the artery. The application of ferric (ferrous)
chloride results in a transmural vascular injury, leading to the formation of
occlusive thrombi. This injury is believed to be a result of lipid peroxidation
catalyzed by the ferric (ferrous) chloride. Thrombus formation, measured as a
decrease in blood flow through the vessel, typically occurs within 30 min.
Microscopic analysis of the thrombi has shown them to be predominantly
platelet-rich clots. This model has been used to study the antithrombotic effects
of direct thrombin inhibitors (29–31) and heparins.

Endothelial damage can also be induced by fluorescein or FITC-conjugated
compounds. A model has been described in which FITC-dextran is adminis-
tered intravenously to mice. Thrombus formation is induced upon exposure of
the arterioles and venules of the ear to the light of a mercury lamp (excitation
wavelength of 450–490 nm) (32). The endothelial damage induced in this
model is believed to be a result of the generation of singlet molecular oxygen
produced by energy transfer from the excited dye (33). Thrombus formation is
measured using intravital fluorescence microscopy. This detection technique
allows for a number of end points to be quantitated, including changes in lumi-
nal diameter resulting from thrombus formation, blood flow measurements, and
extravasation of the FITC-dextran. This model offers the advantages of not
requiring surgical manipulations that can cause hemodynamic or inflammatory
changes—it allows repeated analysis of the same vessel segments over time and
is applicable to the study of both arteriolar and venular thrombosis. The admin-
istration of Rose Bengal has been used similarly (34).

2.2.4. Laser-Induced Thrombosis Model

The physiologic responses to injury in the arterial and venous systems vary,
partly because of differences in blood-flow conditions that lead to different clot
compositions. This model of thrombosis is based on the development of a
platelet-rich thrombus following a laser-mediated thermal injury to the vascu-
lar wall of arterioles or venules (36–38). This model was first described by
Weichert et al. (35). In this model, an intestinal loop of an anesthetized rat is
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exposed through a hypogastric incision and spread on a microscope stage while
being continuously irrigated with sterile physiologic saline. Vascular lesions are
induced on small mesenteric arterioles with an argon laser beam (50 mW at
microscope, 150-ms duration) directed through the optical path of the micro-
scope. Exposure of the laser beam is controlled by means of a camera shutter,
and laser shots are made every minute. Antithrombotic potency is evaluated in
real time by microscopic evaluation of vascular occlusion. The number of laser
injuries to induce a thrombus with a length of at least 1.5× the inner diameter
of the vessel is taken as an end point.

The antithrombotic activity of several thrombin inhibitors has been compared
to UFH using the laser-induced thrombosis model. Each inhibitor was admin-
istered intravenously via one of the tail veins and allowed to circulate for 5 min
prior to the initiation of the laser-induced lesions. Saline-treated control rats
required an average of three laser shots to reach an end point. Each thrombin
inhibitor produced a dose-dependent antithrombotic effect in this model (Fig. 3).
In comparing the dose of each agent required to extend the end point to six laser
shots, hirudin was observed to be the most potent antithrombotic agent
(0.08 µmol/kg), followed by heparin (0.154 µmol/kg). Consistent with the
results obtained with these agents in the rabbit jugular-vein stasis thrombosis
model, D-Me-Phe-Pro-Arg-H exhibited the weakest effects in the laser-induced
thrombosis model (2 µmol/kg).
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Fig. 3. Comparison of the antithrombotic effects of various thrombin inhibitors in
the rat laser-induced thrombosis model. Each thrombin inhibitor was administered via
the tail vein and allowed to circulate for 5 min prior to initiation of the laser injuries.
(•)D-MePhe-Pro-Arg-H, (——) hirudin, (——) heparin.��
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2.3.2. Vena-Caval Ligation Model

Vena-caval ligation models in rats have been used to study the antithrom-
botic activities of heparin, thrombin inhibitors, and antiplatelet agents (39–41).
One variation on this model is similar to the stasis-thrombosis model in rabbits
in that dilute thromboplastin is administered to the rats prior to complete liga-
tion of the vessel segment. After a defined time period, the vessel segment is
opened, and the size of the resulting thrombus is determined by weight or pro-
tein content. Similar models have been reported in which copper or stainless-
steel coils are placed in the vena cava, providing a thrombogenic surface on
which a thrombus can form.

2.4. Disease Models

2.4.1. Microvascular Thrombosis in Trauma Models

Successful replantation of amputated extremities is dependent in large degree
on maintaining the microcirculation. A number of models have been developed
in which blood vessels are subjected to crush injury with or without vascular
avulsion and subsequent anastomosis (42–44).

In the model of Stockmans (44), both femoral veins are dissected from the
surrounding tissue. A trauma clamp, which has been adjusted to produce a pres-
sure of 1500 g/mm,2 is positioned parallel to the long axis of the vein. The ante-
rior wall of the vessel is grasped between the walls of the trauma clamp, and
the two endothelial surfaces are rubbed together for a period of 30 s as the clamp
is rotated. Formation and dissolution of platelet-rich mural thrombi are moni-
tored over a period of 35 min by transillumination of the vessel. By using both
femoral veins, the effect of drug therapy can be compared to control in the same
animal, minimizing intra-animal variations.

The models of Korompilias (43) and Fu (42) examine the formation of arte-
rial thrombosis in rats and rabbits, respectively. In these models, either the rat
femoral artery or the rabbit central ear artery is subjected to a standardized crush
injury. The vessels are subsequently divided at the midpoint of the crushed area,
and then anastomosed. Vessel patency is evaluated by milking the vessel at var-
ious time-points post-anastomosis. These models have been used to demonstrate
the effectiveness of topical administration of LMWH in preventing thrombotic
occlusion of the vessels. Such models effectively mimic the clinical situation,
yet are limited by the necessity of a high degree of surgical skill to effectively
anastomose the crushed arteries.

2.4.2. Cardiopulmonary Bypass Models

Cardiopulmonary bypass (CPB) models have been described in baboons
(45), swine (46,47), and dogs (48,49). In each model, the variables that can
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affect the hemostatic system such as anesthesia, shear stresses caused by the
CPB pumps and the exposure of plasma components and blood cells to foreign
surfaces (e.g., catheters or oxygenators) are comparable to that observed with
human patients. With these models, it is possible to examine the potential use-
fulness of novel anticoagulants in preventing thrombosis under relatively harsh
conditions in which both coagulation and platelet function are altered. The
effectiveness of direct thrombin inhibitors (45,48), LMWHs (50), and hepari-
noids (49) has been compared to standard heparin. End points have included
the measurement of plasmatic anticoagulant levels, the histological determi-
nation of microthrombi deposition in various organs, the formation of blood
clots in the components of the extracorporeal circuit, and the deposition of radi-
olabeled platelets in various organs and on the components of the extracorpo-
real circuit. Therefore, these models can be used to evaluate the antithrombotic
potential of new agents for use in CPB surgery and to assess the biocompata-
bility of components used to maintain extracorporeal circulation.

3. Discussion
A wide range of animal models has been developed to mimic thrombotic,

vascular, bleeding, and cardiovascular disorders. These animal models have pro-
vided useful information of the pathogenesis of hemostatic and thrombotic dis-
orders, and have also served as crucial models to test the safety and efficacy of
newer antithrombotic drugs. The information obtained from animal models
remains indispensable, and has helped in the design of human clinical trials.
The animal models have played a key role in the development of such newer
drugs as the LMWHs, glycoprotein IIb/IIIa antagonists, and hirudin.

It is not possible to survey all of the animal models used in the investigation
of antithrombotic drugs in a single manuscript. In this chapter, only the most
commonly used animal models of venous thrombosis have been described.
Since rats, rabbits, and monkeys have been used extensively and are available
for the investigation of the pathogenesis of thrombosis and pharmacoki-
netic/pharmacodynamic modeling studies, these models have been included in
this manuscript. Other animal models based on the use of such animals as the
mouse, guinea pig, and hamster are not discussed. However, these and other
species have been used by various investigators.

The original model of jugular-vein thrombosis described by Wessler remains
the most practical and widely used model for testing antithrombotic drugs. Since
its introduction, several modifications have been proposed, including the use
of different thrombogenic challenges such as TF, prothrombin complexes, and
purified clotting enzymes. The nature of the thrombogenic challenge is the pri-
mary determinant of the outcome, and has provided a basis for simulating mul-
tiple thrombogenic conditions. This model simulates both the decrease in blood
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flow and the activation of the coagulation system observed in deep venous
thrombosis (DVT). The use of this model to investigate antiplatelet drugs is
rather limited. The jugular-vein stasis thrombosis model can also be extended
to other species. In particular, rats have often been used with this model.
However, significant attenuation of the antithrombotic efficacy for various
drugs has been noted in rats in comparison to the effects observed in rabbits.

In both rabbit and rat models, mechanical and physical damage of blood ves-
sels has also been used to trigger thrombogenesis. These lesions eventually lead
to occlusive processes and simulate human pathologic responses. Stasis and
other induced impediments to flow have also been used in conjunction with
these models. In both rats and rabbits, ligation has been used to simulate
venous thrombosis. The laser-induced thrombosis model has also been devel-
oped to test the effects of drugs on the microcirculation of the arterial and venous
systems. This model mimics the dynamic condition and allows the direct effect
of a test agent to be readily evaluated. The thrombogenic trigger in this model
involves both vascular and platelet components. Several other models in dogs
have also been developed. These models are valuable in the study of antithrom-
botic drugs for cardiovascular indications.

The choice of relevant models to test new antithrombotic drugs depends on
several factors such as the intended indication, sites of drug action, route of drug
administration, and the nature of the data required. Thus, before choosing an
animal model for scientific studies, a careful analysis of the study objectives
should be conducted.

The nonhuman primates provide one of the most useful models for studying
antithrombotic drugs in simulated conditions that mimic human diseases. The
results obtained from the primates closely approximate human responses, and
the data provide relevant information for developing new antithrombotic drugs
in human trials. These primates exhibit significant phylogenetic similarities to
humans, and the humoral and cellular sites mimic the human receptors. Some
of the antibodies engineered for human antigens can be used to investigate the
responses in primates. A classic example of this is the development of glyco-
protein IIb/IIIa (GP IIb/IIIa) antagonists. The platelets from other species, such
as the dog, rat, rabbit, guinea pig, and hamster, exhibit varying degrees of very
low affinity to GP IIb/IIIa, whereas platelets from both the Cynomolgus and
Macaca mulatta primates exhibit comparable responses to humans and can be
used to investigate the antiplatelet effects of these inhibitors. Similarly, several
occlusive disorders such as thrombotic and ischemic stroke can be studied in
baboons, in which the pathophysiology of tissue damage mimics the human
response. Primates have been used extensively for various studies. Because of
the cost, many of these studies are not terminal. Primates are extremely useful
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in the study of human receptor-specific drugs because of their similarity to
humans.

Bleeding is the most common side effect of anticoagulant and antithrombotic
drugs. For methodologic reasons, bleeding models are difficult to develop.
However, several animal models of bleeding have been used to profile the
safety of antithrombotic drugs. The rabbit ear-bleeding model reported by Cade
remains the most practical and widely used model. The rat-tail transection and
template bleeding models have also been used. The pathophysiology of bleed-
ing models is usually based on mechanical damage to the blood vessels. A model
based on the endogenous modulation of the hemostatic system is not available
at this time.

Microvascular hemorrhagic responses can be mimicked by inducing mechan-
ical damage to rabbit mesenteric arteries. However, this method is difficult to
standardize. Primates also provide a useful model for simulating the bleeding
response. Gum-bleeding and ear-bleeding responses have been used to deter-
mine the bleeding effects of various agents. Standardization of the bleeding
response has been a major problem, and a large number of primates are needed
to obtain standardized, valid data. Regardless of the limitations of the bleeding
models, it is important to profile the pharmacologic effects of the antithrom-
botic drugs using these models.

Despite their limitations, the animal models of bleeding and thrombosis
have provided invaluable tools for investigating anticoagulant and antithrom-
botic drugs. These models provide crucial data on both direct and indirect
(endogenous) effects of drugs. Furthermore, the endogenous modulation of
drugs can be studied only in intact animals. Species variation, sex, age, and other
physiologic parameters contribute to the variability of the data obtained, and
should be evaluated with caution in animal studies.
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Arixtra® (Fondaparinux Sodium)

Shaker A. Mousa

1. Introduction
The synthetic pentasaccharide Arixtra or Fondaparinux is an indirect anti-Xa

that effectively inhibits thrombin generation via its binding to anti-thrombin,
the co-factor for Xa. A well-executed and designed clinical development of
Fondaparinux in venous thrombosis prophylaxis demonstrated success of this
agent and thus its FDA approval. Further studies are in progress in order to
expand the use of this anticoagulant in various thromboembolic disorders. This
represents a new challenges for the marketing of this agent vs low molecular
weight heparin (LMWH) or yet to come oral direct anti-Xa or direct anti-IIa
with regard to pharmacoeconomics.

Arixtra® (fondaparinux sodium) injection is a sterile solution containing
fondaparinux sodium. It is a synthetic and specific inhibitor of activated Factor
X (Xa). Fondaparinux sodium is methyl 0-2 deoxy-6-0-sulfo-2-(sulfoamino)-
α-D-glucopyranosyl-(1-4)-0-β-D-glucopyranuronosyl-(1→4)-0-2-deoxy-3,6-
di-0 sulfo-2-(sulfoamino)-α-D-glucopyranosyl-(1-4)-0-2-0-sulfo-α-
L-idoPYranuronosyl-(1-~4)-2-deoxy-6-0-sulfo-2-(sulfoamino)-α-
D-glucopyranoside, decasodium salt.

The molecular formula of fondaparinux sodium is C31H43N3Na10O49S8 and
its molecular weight is 1728. 

Arixtra® is supplied as a sterile, preservative-free injectable solution for sub-
cutaneous (sc) use. Each single-dose, prefilled syringe of Arixtra, affixed with
an automatic needle protection system, contains 2.5 mg of fondaparinux sodium
in 0.5 mL of an isotonic solution of sodium chloride and water for injection.
The final drug product is a clear and colorless liquid with a pH between 5.0
and 8.0 (1).
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2. Clinical Pharmacology (1)
2.1. Mechanism of Action

The antithrombotic activity of fondaparinux sodium is the result of
antithrombin III (ATIII)-mediated selective inhibition of Factor Xa. By selec-
tively binding to ATIII, fondaparinux sodium potentiates (about 300×) the
innate neutralization of Factor Xa by ATIII. Neutralization of Factor Xa inter-
rupts the blood coagulation cascade and thus inhibits thrombin formation and
thrombus development. Fondaparinux sodium does not inactivate thrombin
(activated Factor II), and has no known effect on platelet function. At recom-
mended doses, fondaparinux sodium does not affect fibrinolytic activity or
bleeding time.

2.2. Anti-Xa Activity

The pharmacodynamics and pharmacokinetics of fondaparinux sodium are
derived from fondaparinux plasma concentrations quantified via anti-Factor Xa
activity. Only fondaparinux can be used to calibrate the anti-Xa assay. (The
international standards of heparin or LMWH are not appropriate for this use.)
As a result, the activity of fondaparinux sodium is expressed as milligrams (mg)
of the fondaparinux calibrator. The anti-Xa activity of the drug increases with
increasing drug concentration, reaching maximum values in approx 3 h.

2.3. Pharmacokinetics

Absorption: Fondaparinux sodium administered by sc injection is rapidly and
completely absorbed (absolute bioavailability is 100%). Following a single sc
dose of fondaparinux sodium 2.5 mg in young male subjects, Cma. of 0.34 mg/L
is reached in approx 2 h. In patients undergoing treatment with fondaparinux
sodium injection 2.5 mg, once daily, the peak steady-state plasma concentra-
tion is, on average, 0.39–0.50 mg/L and is reached approx 3 h post-dose. In these
patients, the minimum steady-state plasma concentration is 0.14–0.19 mg/L.

2.4. Distribution

In healthy adults, intravenously or subcutaneously administered fonda-
parinux sodium distributes mainly in blood and only to a minor extent in
extravascular fluid, as evidenced by steady state and non-steady-state apparent
volume of distribution of 7–11 L. Similar fondaparinux distribution occurs in
patients undergoing elective hip surgery or hip fracture surgery. In vitro, fon-
daparinux sodium is highly (at least 94%) and specifically bound to antithrom-
bin III (ATIII), and does not bind significantly to other plasma proteins
(including platelet Factor 4 [PF4]) or red blood cells.
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2.5. Metabolism

In vivo metabolism of fondaparinux has not been investigated since the
majority of the administered dose is eliminated unchanged in urine in individ-
uals with normal kidney function.

2.6. Elimination

In individuals with normal kidney function fondaparinux is eliminated in
urine mainly as unchanged drug. In healthy individuals up to 75 yr of age, up
to 77% of a single sc or intravenous (iv) fondaparinux dose is eliminated in urine
as unchanged drug in 72 h. The elimination half-life is 17–21 h.

3. Special Populations (1)
3.1. Renal Impairment

Fondaparinux elimination is prolonged in patients with renal impairment,
since the major route of elimination is urinary excretion of unchanged drug. In
patients undergoing elective hip surgery or hip fracture surgery, the total clear-
ance of fondaparinux is approx 25% lower in patients with mild renal impair-
ment (cretonne clearance 50–80 mL/min), approx 40% lower inpatients with
moderate renal impairment (creatinine clearance 30–50 mL/min) and approx
55% lower in patients with severe renal impairment (<30 mL/min) compared
to patients with normal renal function.

3.2. Hepatic Impairment

The pharmacokinetic properties of fondaparinux have not been studied in
patients with hepatic impairment.

3.3. Elderly Patients

Fondaparinux elimination is prolonged in patients over 75 yr of age. In stud-
ies that evaluate fondaparinux sodium 2.5 mg in hip fracture surgery or elec-
tive hip surgery, the total clearance of fondaparinux was approx 25% lower in
patients over 75 yr of age as compared to patients less than 65 yr of age.

3.4. Patients Weighing Less Than 50 kg

Total clearance of fondaparinux sodium is decreased by approx 30% in
patients weighing less than 50 kg.

3.5. Gender

The pharmacokinetic properties of fondaparinux sodium are not signifi-
cantly affected by gender.
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3.6. Race

Pharmacokinetic differences resulting from race have not been studied
prospectively. However, studies performed in Asian healthy subjects did not
reveal a different pharmacokinetic profile compared to Caucasian healthy sub-
jects. Similarly, no plasma clearance differences were observed between Black
and Caucasian patients undergoing orthopedic surgery.

4. Clinical Studies
4.1. Prophylaxis of Thromboembolic Events Following 
Hip-Fracture Surgery

In a randomized, double-blind, clinical trial in patients undergoing hip frac-
ture surgery, Arixtra (fondaparinux sodium) Injection 2.5 mg sc once daily was
compared to a LMWH unapproved for use in the United States for this patient
population. A total of 1711 patients were randomized and 1673 were treated.
Patients ranged in age from 17–101 yr (mean age 77 yr) with 25% men and 75%
women. Patients were 99% Caucasian, 1% other races. Patients with multiple
trauma affecting more than one organ system, serum creatinine level more than
2 mg/dL (180 pmol/L), or platelet count less than 100,000/mm3 were excluded
from the trial. Arixtra was initiated 6 h after surgery in 88% of patients, and the
comparator was initiated an average of 18 h after surgery in 74% of patients.
For both drugs, treatment was continued for 7 ± 2 d. Differences in efficacy and
safety between Arixtra and the comparator may have been influenced by fac-
tors such as the timing of the first dose of drug after surgery.

4.2. Prophylaxis of Thromboembolic Events Following 
Hip-Replacement Surgery

In two randomized, double-blind, clinical trials in patients undergoing hip
replacement surgery, Arixtra 2.5 mg sc once daily was compared to either
enoxaparin sodium 30 mg sc every 12 h (Study 1) or to enoxaparin sodium
40 mg sc once a day (Study 2). In Study 1, a total of 2275 patients were ran-
domized and 2257 were treated. Patients ranged in age from 18 to 92 yr (mean
age 65 yr) with 48% men and 52% women. Patients were 94% Caucasian, 4%
Black, <1% Asian, and 2% other. In Study 2, a total of 2309 patients were ran-
domized and 2273 were treated. Patients ranged in age from 24 to 97 yr (mean
age 65 yr) with 42% men and 58% women. Patients were 99% Caucasian,
and 1% other races. Patients with serum creatinine level more than 2 mg/dL
(180 pmol/L), or platelet count less than 100,000/mm3 were excluded from both
trials. In Study 1, Arixtra was initiated 6 ± 2 h (mean 6.5 h) after surgery in
92% of patients and enoxaparin sodium was initiated 12 to 24 h (mean
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20.25 h) after surgery in 97% of patients. In Study 2, Arixtra was initiated
6 ± 2 h (mean 6.25 hrs) after surgery in 86% of patients and enoxaparin sodium
was initiated 12 h before surgery in 78% of patients. The first postoperative
enoxaparin sodium dose was given before 12 h after surgery in 60% of patients
and 12 to 24 h after surgery in 35% of patients with a mean of 13 h. For both
studies, both study treatments were continued for 7 ± 2 days. Differences in effi-
cacy and safety between Arixtra and enoxaparin may have been influenced by
factors such as the timing of the first dose of the drug after surgery.

4.3. Prophylaxis of Thromboembolic Events Following 
Knee-Replacement Surgery

In a randomized, double-blind, clinical trial in patients undergoing knee-
replacement surgery (e.g., surgery requiring resection of the distal end of the
femur or proximal end of the tibia), Arixtra 2.5 mg sc once daily was compared
to enoxaparin sodium 30 mg sc every 12 h. A total of 1049 patients were ran-
domized and 1034 were treated. Patients ranged in age from 19 to 94 yr (mean
age 68 yr) with 41% men and 59% women. Patients were 88% Caucasian, 8%
Black, <1% Asian, and 3% other. Patients with serum creatinine level more than
2 mg/dL (180 pmol/L), or platelet count less than 100,000/mm3 were excluded
from the trial. Arixtra was initiated 6 ± 2 h (mean 6.25 h) after surgery in 94% of
patients and enoxaparin sodium was initiated 12–24 h (mean 21 h) after surgery
in 96% of patients. For both drugs, treatment was continued for 7 ± 2 d. Major
bleeding was significantly greater in Arixtra-treated patients as compared to
active enoxaparin sodium-treated patients.

5. Indications and Usage
Arixtra (fondaparinux sodium) Injection is indicated for the prophylaxis of

deep venous thrombosis (DVT), which may lead to pulmonary embolism: in
patients undergoing hip fracture surgery; in patients undergoing hip replace-
ment surgery; in patients undergoing knee replacement surgery.

5.1. Contraindications

Arixtra (fondaparinux sodium) Injection is contraindicated in patients with
severe renal impairment (creatinine clearance <30 mL/min). Arixtra is elimi-
nated primarily by the kidneys, and such patients are at increased risk for major
bleeding episodes. Arixtra is contraindicated in patients with body wt <50 kg.
The use of Arixtra is contraindicated in patients with active major bleeding, bac-
terial endocarditis, patients with thrombocytopenia associated with a positive
in vitro test for anti-platelet antibody in the presence of fondaparinux sodium,
or in patients with known hypersensitivity to fondaparinux sodium.
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5.2. Renal Impairment

The risk of hemorrhage increases with increasing renal impairment.
Occurrences of major bleeding patients with normal renal function, mild renal
impairment, moderate renal impairment, and severe renal impairment have
been found to be 1.6% (25/1565), 2.4% (31/1288), 3.8% (19/504), and 4.8%
(4/83). Therefore, Arixtra is contraindicated in patients with severe renal impair-
ment and should be used with caution in patients with moderate renal impair-
ment. Renal function should be assessed periodically in patients who receive
the drug. Arixtra should be discontinued immediately in patients who develop
severe renal impairment or labile renal function while on therapy. After dis-
continuation of Arixtra, its anticoagulant effects may persist for 2–4 d in patients
with normal renal function (e.g., at least 3–5 half-lives). The anticoagulant
effects of Arixtf may persist even longer in patients with renal impairment.

5.3. Hemorrhage

Arixtra Injection, like other anticoagulants, should be used with extreme cau-
tion in conditions with increased risk of hemorrhage, such as congenital or
acquired bleeding disorders, active ulcerative gastrointestinal disease, hemor-
rhagic stroke, or shortly after brain, spinal surgery, or in patients who are treated
concomitantly with platelet inhibitors.

5.4. Neuraxial Anesthesia and Postoperative Indwelling 
Epidural Catheter Use

Spinal or epidural hematomas, that may result in long-term or permanent
paralysis can occur with the use of anticoagulants and neuraxial (spinal/
epidural) anesthesia or spinal puncture. The risk of these events may be higher
with postoperative use of indwelling epidural catheters or concomitant use of
other drugs affecting haemostasis such as Naiads.

5.5. Thrombocytopenia

Thrombocytopenia can occur with the administration of Arixtra. Moderate
thrombocytopenia (platelet counts between 100,000/mm3 and 50,000/mm3)
occurred at a rate of 2.9 in patients given Arixtra 2.5 mg in clinical trials.
Severe thrombocytopenia (platelet counts less than 50,000/mm3) occurred at a
rate of 0.2% in patients given Arixtra 2.5 mg in clinical trials. Thrombocytopenia
of any degree should be monitored closely. If the platelet count falls below
100,000/mm3, Arixtra should be discontinued.

5.6. Drug Interactions

In clinical studies performed with Arixtra, the concomitant use of oral anti-
coagulants (warfarin), platelet inhibitors (acetylsalicylic acid), nonsteroidal
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antiinflammatory drugs (NSAIDs) (piroxicam) and digoxin did not signifi-
cantly affect the pharmacokinetics/pharmacodynamics of fondaparinux sodium.
In addition, Arixtra did not influence the pharmacodynamics of warfarin, acetyl-
salicylic acid, piroxicam and digoxin, or the pharmacokinetics of digoxin at
steady state. Agents that may enhance the risk of hemorrhage should be dis-
continued prior to initiation of Arixtra therapy. If co-administration is essen-
tial, close monitoring may be appropriate.

5.7. Nursing Mothers

Fondaparinux sodium was found to be excreted in the milk of lactating rats.
However, it is not known whether this drug is excreted in human milk. Because
many drugs are excreted in human milk, caution should be exercised when fon-
daparinux sodium is administered to a nursing mother.

5.8. Pediatric Use

Safety and effectiveness of Arixtra in pediatric patients have not been
established.

5.9. Geriatric Use

Arixtra should be used with caution in elderly patients. Over 2300 patients,
65 yr of age and older, have received fondaparinux sodium 2.5 mg in random-
ized clinical trials in the orthopedic surgery program. The efficacy of Arixtra
in the elderly (equal to or older than 65 yr) was similar to that seen in younger
patients (younger than 65 yr). The risk of Arixtra-associated major bleeding
increased with age: 1.8% (23/1253) in patients <65 yr, 2.2% (24/1111) in those?
65–74 yr of age, and 2.7% (33/1227) in those 75 yr of age. Serious adverse
events increased with age for patients receiving Arixtra. Careful attention to
dosing directions and concomitant medications.

Fondaparinux sodium is substantially excreted by the kidney, and the risk of
toxic reactions to Arixtra may be greater in patients with impaired renal func-
tion. Because elderly patients are more likely to have decreased renal function,
it may be useful to monitor renal function.

5.10. Elevations of Serum Aminotransferases

Asymptomatic increases in aspartate (AST [SGOT]) and alanine (ALT
[SGPT]) aminotransferase levels greater than three times the upper limit of
normal of the laboratory reference range have been reported in 1.7% and 2.6%
of patients, respectively, during treatment with Arixtra 2.5-mg injection vs
3.2% and 3.9%, of patients, respectively, during treatment with enoxaparin
sodium 30 mg every 12 h or 40 mg once daily or a LMWH comparator. Such
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elevations are fully reversible, and are rarely associated with increases in biliru-
bin. Since aminotransferase determinations are important in the differential
diagnosis of myocardial infarction (MI), liver disease, and pulmonary emboli,
elevations that might be caused by drugs such as Arixtra should be interpreted
with caution.

6. Conclusions
The pentasaccharide Arixtra (fondaparinux sodium) Injection is administered

by sc injection at 2.5 mg once a day to patients undergoing hip fracture, hip
replacement, or knee replacement surgery. After haemostasis has been estab-
lished, the initial dose should be given 6–8 h after surgery. Administration
before 6 h after surgery has been associated with an increased risk of major
bleeding. The usual duration of administration is 5–9 d, and up to 11 d admin-
istration has been tolerated. The role of this agent in other thromboembolic dis-
orders is under clinical investigation.

Reference
*1. Arixtra: Prescribing information. Organon, Sanofi-Synthelabo, 2002, pp. 1–4.
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Oral Thrombin Inhibitor Ximelagatran

Shaker A. Mousa

1. Introduction
Preclinical and initial clinical experiences with the direct oral thrombin

inhibitor ximelagatran demonstrated both a short and long-term potential util-
ity for this agent in the prevention and treatment of various thromboembolic
disorders associated with both arterial and venous thrombosis. Oral adminis-
tration of ximelagatran after surgery and continued for at least 6–12 d appears
to be safe and effective as prophylaxis against venous thromboembolism after
total knee replacement surgery. This was accomplished without laboratory
monitoring of the intensity of ximelagatran anticoagulation or adjustment of
the ximelagatran dose. Of the four postoperative oral ximelagatran dose regi-
mens tested, the most effective is the 24 mg twice-daily; this regimen appears
to provide at least comparable efficacy and safety as compared to postopera-
tive low molecular weight heparin (LMWH) prophylaxis. Further testing of
ximelagatran in phase III clinical trials in patients with various thromboembolic
disorders is in progress.

Thrombin plays a major role in thrombus formation through its ability to
rapidly activate platelets and catalyze fibrin formation (1,2). The goal of anti-
coagulant therapy is therefore to reduce the presence and/or action of throm-
bin. The primary action of direct thrombin inhibitors is to directly inhibit
thrombin activity without the requirement of co-factors such as antithrombin
(3). In addition to inhibiting thrombin activity, potent direct thrombin inhibitors
have been shown to inhibit thrombin generation (4,5).

A shed blood model involving incision of the skin with standardized bleed-
ing time devices has been used to study thrombin generation in humans (5,6).
This model involves exposure of shed blood to subendothelial tissues, which
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are rich in tissue factor (TF) (7). TF is an important element in the activation of
the coagulation cascade, and in platelet activation at sites of coronary-artery ath-
erosclerotic plaque rupture (8–11). Thus, exposure of shed blood to TF results
in immediate activation of the coagulation cascade and thrombin generation. The
extent of thrombin generation can be evaluated by measuring the levels of cer-
tain markers of thrombin generation in the shed blood that is collected (5).

The mechanism by which direct thrombin inhibitors have been proposed to
inhibit thrombin generation is via inhibition of thrombin’s feedback activation
of factors V, VIII, and XI (4,12), as well as cellular mechanisms. There is con-
siderable variability in the degree of inhibition of thrombin generation by dif-
ferent thrombin inhibitors. A high affinity for thrombin (e.g., Ki <10 nm) has
been suggested to be required for strong inhibition of thrombin generation (4).
Additionally, a small-molecule direct thrombin inhibitor should be able to
inhibit fibrin-bound thrombin that is associated with other matrices or
various tumor types. See Table 1 for the effect of fibrin-bound thrombin on
coagulation and fibrinolysis.

Melagatran, the active form of the oral, direct thrombin inhibitor ximelaga-
tran (formerly H 376/95), has a Ki of 2 nm for thrombin (13). Oral adminis-
tration of ximelagatran results in rapid conversion to melagatran with low
inter-individual variability in melagatran plasma levels (14–16). 

A long-term follow-up of Ximelagatran as an oral anticoagulant for the pre-
vention of stroke and systemic embolism in patients with atrial fibrillation data
suggested that fixed-dose ximelagatran (36 mg bid) showed promise as an
effective and well-tolerated agent for the prevention of stroke and systemic
embolism, with no need for routine coagulation monitoring. Larger clinical
studies to evaluate the effects of ximelagatran on the prevention of stroke in
patients with NVAF are ongoing (17).

Another clinical study with a fixed-dose oral direct thrombin inhibitor
ximelagatran as an alternative for dose-adjusted warfarin in patients with non-
valvular atrial fibrillation (AF) concluded that fixed doses of ximelagatran of
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Table 1
Procoagulant and Inhibition of Fibrinolytic Activities 
of Fibrin-Bound Thrombin

Procoagulant Activity Anti-fibrinolysis activity

Generation of fibrin from fibrinogen Activate factor XIII (crosslinks fibrin,
crosslinks α2-antiplasmin with fibrin)

Activate platelets Activate pro-carboxypeptidase B
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up to 60 mg bid were well-tolerated during a 3-mo treatment period in NVAF
patients with a medium-to-high risk for stroke and systemic embolism (18). The
possible long-term beneficial effect of ximelagatran treatment justifies further
exploration in large-scale clinical studies.

A randomized, double-blind, comparative study Ximelagatran (formerly
H 376/95), an oral direct thrombin inhibitor, and warfarin to prevent venous
thromboembolism (VTE) after total knee arthroplasty (TKA) concluded that
Ximelagatran 24 mg bid starting the morning after TKA is safe, at least as effec-
tive as warfarin as prophylaxis against VTE, and does not require routine coag-
ulation monitoring or dose adjustment (19). Another randomized, double-blind
comparison of Ximelagatran, an oral direct thrombin inhibitor, and enoxaparin
to prevent venous thromboembolism (VTE) after total hip arthroplasty (THA)
concluded that enoxaparin-treated patients had significantly fewer VTE than
ximelagatran-treated patients. Bleeding rates were low and comparable between
groups. Fixed-dose oral ximelagatran was well-tolerated without excess bleed-
ing. The oral drug showed excellent efficacy compared to published literature
and was used without routine coagulation monitoring or dose adjustment (20).

Methro II: Dose-Response Study of the novel oral, direct thrombin inhibitor,
H 376/95 and its subcutaneous (sc) formulation melagatran, compared with dal-
teparin as thromboembolic prophylaxis after total hip or total knee replacement
demonstrated a statistically significant dose-dependent increase in efficacy was
seen with melagatran/H 376/95, and the highest dose of melagatran/H 376/95
was superior to dalteparin, suggesting that the new treatment is effective and
safe in the prevention of VTE (21).

Results from the enhancement of fibrinolysis by melagatran via inhibition
of thrombin-induced activation of PRO-CUP (TAFI) study suggested that
melagatran enhances fibrinolysis by inactivating clot-bound thrombin, thus
inhibiting the activation of proCPU (22).

Additionally, melagatran as a safe alternative to hirudin in prevention of
arterial thrombosis was demonstrated (23). In this study of melagatran at equally
effective antithrombotic doses, melagatran causes less bleeding than hirudin
suggests that direct reversible thrombin inhibitors may be safer than irreversible
thrombin inhibitors (23).

2. Conclusions
Ximelagatran is the first from the class of oral direct thrombin inhibitor to

continue in advanced clinical development. Further work is needed in large
phase III trials to demonstrate the balance between the efficacy and safety of
Ximelagatarn after long-term administration in various patient populations
with thromboemobolic disorders.
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Pharmacogenomics and Coagulation Disorders

Omer Iqbal

1. Introduction
The term pharmacogenetics, first introduced by Vogel in 1959 (1) is defined

as the analysis of inherited factors that define an individual’s response to a drug,
and generally refers to monogenetic variants that affect drug response.
Pharmacogenetics refers to the monogenetic variants that affect drug response,
and aims to deliver the right drug to the correct patient at the correct dosage by
using DNA information. Pharmacogenomics refers to the entire library of genes
that determine drug efficacy and safety. There are approx 3 billion basepairs
in the human genome, which code for at least 30,000 genes. Although the
majority of basepairs are identical from individual to individual, only 0.1% of
the basepairs contribute to individual differences. Three consecutive basepairs
form a codon that specifies the amino acids that constitute the protein, because
of substantial redundancy, and two or more codons code for the same amino
acid. Genes represent a series of codons that specifies a particular protein. At
each gene locus, an individual carries two alleles—one from each parent. If
there are two identical alleles, it is referred to as a homozygous genotype; if
the alleles are different, it is heterozygous. Genetic variations usually occur as
single-nucleotide polymorphisms (SNP) on average at least once every 1000
basepairs, accounting for approx 3 million basepairs distributed throughout the
entire genome. Genetic variations that occur at a frequency of at least 1% in
the human population are referred to as polymorphisms. Genetic polymor-
phisms are inherited and monogenic; they involve one locus and have inter-
ethnic differences in frequency. Rare mutations occur at a frequency of less than
1% in the human population. Other examples of genetic variations include
insertion-deletion polymorphisms, tandem repeats, defective splicing, aberrant
splice site, and premature stop codon polymorphisms.
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The variable drug response in different patients may be the result of genetic
differences in drug metabolism, drug distribution, and drug target proteins (2).
Pharmacogenomics may revolutionize the future practice of medicine. Through
the use of a SNP test, a clinician may predict whether or not an individual will
respond to a particular medication. Thus, medications can be selected or avoided
based on the genetic makeup of the patient, causing a beneficial or adverse
effect. Variations in a drug-metabolizing enzyme cytochrome P450 (CYP)
cause interindividual differences in the plasma concentrations of narrow ther-
apeutic drugs such as warfarin (3). As patients show adverse effects, the med-
ications may be either avoided or administered at a reduced dosage with careful
monitoring. Based on the genetic control of the cellular function, new drugs
may be developed to match the correct drug to the correct patient at the right
dosage. Through the discovery of new genetic targets, pharmacogenomics may
improve the quality of life, reduce the costs of health of care by treating spe-
cific genetic subgroups, and decrease the treatment failures and the adverse drug
reactions (ADRs).

2. SNPs Mapping in Pharmacogenomics
Pharmaceutical companies are greatly interested in pharmacogenomics as a

means to reduce the costs and the time involved with clinical trials, and to
improve the efficacy of therapeutic compounds tailored to treat each patient at
the correct dosage. Although genetic association studies are used to establish
links between polymorphic variation in the coagulation Factor V gene and deep
venous thrombosis (DVT), this approach of “susceptibility genes” that directly
influence an individual’s likelihood of developing the disease (4) has been
extended in the identification of other gene variants. Variations in a drug-
metabolizing enzyme gene, thiopurine methyltransferase (TPMT), have been
linked to adverse drug reactions (5); variants in a drug-target (5-lipoxygenase,
ALOX5) have been linked to variations in drug response (6). Through linkage
disequilibrium (LD) or nonrandom association between SNPs in proximity to
each other, tens of thousands of anonymous SNPs are identified and mapped.
These anonymous genes may fall either within genes, susceptibility genes, or in
noncoding DNA between genes. Through LD, the associations found with these
anonymous SNP markers can identify a region of the genome that may harbor
a particular susceptibility gene. Through positional cloning, the gene and the SNP
can be revealed within, conferring the underlying associated condition or dis-
ease (7). As the human genome is now completely mapped, gene-based SNP
approaches will be valuable in the diagnosis of diseases. Numerous companies
have now developed DNA microarrays (biochips) of different genes of interest
that could be used in high-throughput sequencing in a population to detect
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common or uncommon genetic variants. These DNA-based diagnostic microar-
rays, which are targeted for patient care, must be accurate, high-throughput,
reproducible, flexible, and low-cost. Thus far, there are no FDA-approved DNA
microarrays on the market. Efforts should be made to improve the sensitivity as
well as reduce the costs of identifying polymorphisms by direct sequencing.

It is important to understand the genetic variability in genes in relation to
the safety and efficacy of an anticoagulant drug. The functional consequences
of non-synonymous SNPs can be predicted by a structure-based assessment of
amino acid variation (8).

According to the SNP Map Working Group (Nature 2001), there are 1.42 mil-
lion SNPs; one SNP per 1900 bases; 60,000 SNPs within exons; two exonic
SNPs per gene (1/1080 bases); 93% of genetic loci contain two SNPs. Because
each person is different at 1 in 1000–2000 bases, SNPs are responsible for
human individuality. A list of genes involved in hematologic, hemostatic, and
thrombotic disorders is given in Table 1.

3. Pharmacogenomics in Hematology
1. Coagulation Factor II (Prothrombin) G20210A: This mutation, which occurs in

2% of the population, is located in the 3′ untranslated region (UTR) of the coag-
ulation Factor II propeptide near a putative polyadenylation site. It is associated
with increased levels of prothrombin, resulting in DVT, recurrent miscarriages,
and portal-vein thrombosis in cirrhotic patients (9–12).

2. Coagulation factor V Leiden R506Q: This mutation (G1691A), which occurs in
8% of the population, refers to specific G to A substitution at nucleotide 1691 in
the gene for factor V. It is cleaved less efficiently (10%) by activated protein C
(APC), and results in DVT, recurrent miscarriages, portal-vein thrombosis in cir-
rhotic patients, early kidney transplant loss, and other forms of venous throm-
boembolism (9,11–13). There is a dramatic increase in the incidence of thrombosis
in women who are taking oral contraceptives.

3. Coagulation Factor IX propeptide mutations at ALA-10 (coumarin hypersensi-
tivity): The Alanine-10> threonine and alanine-10>Valine missense mutation of
factor IX propeptide is known to cause abnormal sensitivity to oral anticoagula-
tion by reducing the affinity of the carboxylase for the vitamin K-dependent coag-
ulation factor IX precursor, resulting in severe bleeding complications. These
patients with “Coumarin hypersensitivity” bleed severely, despite the therapeutic
International Normalized Ratio (INR). The increased APTT is a result of reduced
factor IX. In the absence of coumarins the activated partial thromboplastin time
(APTT) and factor IX levels are normal. Thus, it is important to detect the sub-
stitution G > A at position 9311 (threonine variant) or C > T at position 9312
(Valine variant) to identify the hypersensitivity before starting the patient on
coumarin anticoagulation to avoid excessive bleeding complications (14–17).
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Table 1
List of Genes Involved in Hematologic, Hemostatic,
and Thrombotic Disorders

Clone ID Name Gene title

71626 ZNF268 zinc-finger protein 268
753430 ATRX Alpha thalassemia/mental retardation syndrome 

X-linked RAD54 (S. cerevisiae) homolog
753418 VASP Vasodilator-stimulated phosphoprotein
34778 VEGF Vascular endothelial growth factor (VEGF)
44477 VCAM1 Vascular cell adhesion molecule 1
782789 AVPR1A Arginine vasopressin receptor 1A
666218 TGFB2 Transforming growth factor, beta 2
212429 TF Transferrin
810512 THBS1 Thrombospondin 1
205185 THBD Thrombomodulin
210687 AGTR1 Angiotensin receptor 1
136821 TGFB1 Transforming growth factor, beta 1
143443 TBXAS1 Thromboxane A synthase 1
812276 SNCA Synuclein, alpha (non A4 component of amyloid

precursor)
149910 SELL Selectin E (endothelial adhesion molecule 1)
135221 S100P S100 calcium-binding protein P
753211 PTGER3 Prostaglandin E receptor 3 (subtype EP3)
245242 CPB2 Carboxypeptidase B2 (Plasma, carboxypeptidase U)
143287 PSG11 Pregnancy-specific beta-1 glycoprotein 11
130541 PECAM1 Platelet/endothelial-cell adhesion molecule (CD31

antigen)
40643 PDGFRB Platelet-derived growth factor (PDGF) receptor,

beta polypeptide
121218 PF4 Platelet Factor 4
66982 PLGL Plasminogen-like
810017 PLAUR Plasminogen activator, urokinase receptor
813841 PLAT Plasminogen activator, tissue serine (or cysteine)

proteinase inhibitor, Clade E (nexin, plasminogen
activator inhibitor type 1), member 1

770670 TNFAIP3 Tumor necrosis factor (TNF), alpha-induced protein 3
142556 PSG2 Pregnancy-specific beta 1 glycoprotein 2
120189 PSG4 Pregnancy-specific beta-1-glycoprotein 4
151662 P11 Protease, serine, 22
49920 PTDSS1 Phosphatidylserine synthase 1
345430 PIK3CA Phosphoinositide 3 kinase, catalytic, alpha 

polypeptide
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Table 1 (continued)

Clone ID Name Gene title

194804 PITPN Phosphotidylinositol transfer protein
809938 TACSTD2 Matrix metalloproteinase 7 (matrilysin, uterine)
22040 MMP9 Matrix metalloproteinase 9 (gelatinase B, 92-Kd

gelatinase, 92-Kd type IV collagenase)
196612 MMP12 Matrix metalloproteinase 12 (macrophage elastase)
589115 MMP1 Matrix metalloproteinase 1 (interstitial collagenase)
292306 LIPC Lipase, hepatic
160723 LAMC1 Laminin, gamma 1 (formerly LAMB2)
32609 LAMA4 Laminin, alpha 4
51447 FCGR3B Fc fragment of IgG, low-affinity IIIb, receptor for

Z(CD16)
727551 IRF2 Interferon regulatory factor 2
754080 ICAM3 Intercellular adhesion molecule 3
340644 ITGB8 Integrin, beta 8
343072 ITGB1 Integrin, beta 1 (fibronectin receptor, beta 

polypeptide, antigen CD29 includes MDF2,
MSK12)

770859 ITGB5 Integrin, beta 5
811096 ITGB4 Integrin, beta 4
45138 VEGFC VEGF factor C
199945 TGM2 Transglutaminase 2 (C polypeptide, protein-

glutamine-gamma-glutamyltransferase)
234736 GATA6 GATA-binding protein 6
180864 ICAM5 Intercellular adhesion molecule 5, telencephalin
755054 IL18R1 Interleukin 18 receptor 1
810242 C3AR1 Complement component 3a receptor 1
41898 PTGDS Prostaglandin D2 synthase (21 Kd, brain)
810124 PAFAH1B3 Platelet-activating factor acetylhydrolase,

isoform 1b, gamma subunit (29 Kd )
810010 PDGFRL PDGF-receptor-like
184038 SPTBN2 Spectrin, beta, non-erythrocytic 2
179276 FASN Fatty acid synthase
776636 BHMT Betaine-homocysteine methyltransferase
770462 CPZ Carboxypeptidase Z
137836 PDCD10 Programmed cell death 10
127928 HBP1 HMG-box containing protein 1
138991 COL6A3 Collagen, type VI, alpha 3
212649 HRG Histidine-rich glycoprotein
155287 HSPA1A heatshock 70 Kd protein 1A
810891 LAMA5 Laminin, alpha 5

(continued)
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Table 1 (continued)

Clone ID Name Gene title

811792 GSS Glutathione synthetase
768246 G6PD Glucose-6-phosphate dehydrogenase
260325 ALB Albumin
131839 FOLR1 Folate receptor 1 (adult)
139009 FN1 Fibronectin 1
813757 FOLR2 Folate receptor 2 (fetal)
241788 FGB Fibrinogen, B beta polypeptide
49509 EPOR Erythropoietin receptor
49665 EDNRB Endothelin receptor type B
26418 EDG1 Endothelial differentiation, sphingolipid 

G-protein-coupled receptor.
1813254 F2R Coagulation factor II (thrombin) receptor
296198 CHS1 Chediak-Higashi syndrome 1
261519 TNFRSF5 TNF-receptor superfamily, member 5
243816 CD36 CD36 antigen (collagen type 1 receptor,

thrombospondin receptor)
810117 ANXA11 Annexin A11
240249 APLP2 Amyloid beta (A4) precursor-like protein 2
49164 VCAM1 Vascular-cell adhesion molecule 1
714106 PLAU Plasminogen activator, urokinase
842846 TIMP2 Tissue inhibitor of metalloproteinase 2
758266 THBS4 Thrombospondin 4
712641 PRG4 Proteoglycan 4, (megakaryocyte-stimulating

factor, articular superficial-zone protein)
726086 TFPI2 Tissue-factor pathway inhibitor (TFPT) 2
67654 PDGFB PDGF-beta polypeptide (simian sarcoma viral 

(v-sis) oncogene homolog
85979 PLG Plasminogen
85678 F2 Coagulation factor II
814615 MTHFD@ Methylene tetrahydrofolate dehydrogenase 

(NAD-dependent), methlenetetrahydrofolate
cyclohydrolase

825295 LDLR Low-density lipoprotein-receptor (familial
hypercholesterolemia)

814378 SPINT2 Serine protease inhibitor, kunitz type 2
71101 PROCR Protein C receptor, endothelial (EPCR)
785975 F13A1 Coagulation factor XIII, A1 polypeptide
310519 F10 Coagulation factor X
840486 VWF Von Willebrand’s factor
191664 THBS2 Thrombospondin 2
788285 EDNRA Endothelin-receptor type A
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4. Platelet glycoprotein Ia C807T: Platelet glycoprotein Ia C807T gene polymor-
phisms is associated with nonfatal myocardial infarction (MI) in younger patients.
Other platelet polymorphisms such as P-selectin, alpha 2 adrenergic receptor, and
transforming growth factor beta are associated with a risk for arterial disease, or
may produce a prothrombotic state (18–21).

5. Platelet glycoprotein Ia G1648A (HPA-5):
6. Platelet glycoprotein IIIa T393C (HPA-1 a/b = P1A1/P1A2): HPA-1a, found on

glycoprotein IIIa, has been recently found to be an inherent risk factor for coro-
nary thrombosis, premature MI and coronary stent thrombosis. Human platelet
antigen-1a (HPA-1a) is the determinant in the pathogenesis of post-transfusion
purpura (PTP) and neonatal alloimmune thrombocytopenic purpura (NATP). The
human platelet alloantibody P1A1 and plA2 are associated with a leucine 33/pro-
line 33 amino acid polymorphism in membrane glycoprotein IIIa, and are distin-
guishable by DNA typing (22–24).

4. Pharmacogenomics in Cardiovascular Disease
1. Endothelial nitric oxide synthase eNOS (E298D) (G894T). Causes increased risk

for acute myocardial infarction (AMI), coronary atherosclerosis, and essential
hypertension.

2. Coagulation factor II (prothrombin) (G20210A). Causes elevated prothrombin
levels with increased risk of DVT.

3. Factor V Leiden (G1691A). Causes increased risk of venous thrombosis.
4. Factor XIII (V34L) (G103T) Reduced lower incidence of cardiovascular disease

(CVD).
5. Methylenetetrahydrofolate reductase gene MTHFR (C677T). A major risk factor

for vascular disease.

5. Pharmacogenomics in General Metabolism
1. Apolipoprotein E E2-E3-E4.
2. Butyrylcholinesterase atypic and K-variants.
3. MTHFR C677T.
4. Leukotriene C4 synthase A-444c.

6. Pharmacogenomics in Immune System and Host Response
1. Interleukin 1 beta C4336T = TaqI RFLP.
2. IL4-receptor a Q576R.
3. Interleukin 6 G-174C.
4. TNFa G-238A, G-308A.
5. TNFb A329G.
6. CD14C-260T.
7. Toll-like receptor 4 (TLR4).
8. CCR2 V641 (G190A).
9. SDF-1 3′ G810A.
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7. Proposed Uses of Pharmacogenomics
7.1. Selection of Individualized and Tailored Therapy

In the future, a physician may request a genotyping test instead of a com-
plete blood count (CBC) to come to a diagnosis and prescribe an individual-
ized treatment because of the wide inter-patient variability in drug efficacy or
response. Recent advances in molecular biological techniques will help pinpoint
these mutations.

7.2. Prevention of Adverse Drug Reactions

Adverse Drug Reactions (ADRs) are the sixth leading cause of death in the
United States, with an annual expenditure of $75 billion. Aside from age, sex,
and nutritional status, genetic factors play a significant role in an individual’s
response to a drug. There are a number of inherited sequence variants (alleles)
of genes that code for drug metabolizing enzymes and drug receptors that man-
ifest as discrete drug-metabolism phenotypes. A physician would like to have
a pretreatment screening for these alleles, thereby predicting a patient’s response
to a medication eventually helping in the selection of a drug, which is safe and
efficacious. Most of the SNPs identified are present in the drug-metabolizing
enzymes, receptors, and transport proteins.

1. To prevent toxicity of the drugs or adverse side effects.
2. Help pharmacists in selecting drugs with least SNPs in pathway.
3. In drug development.

7.3. SNPs in Drug-Metabolizing Enzymes

Polymorphisms in drug-metabolizing enzymes are the first-recognized and
most-documented examples of genetic variations that have consequences not
only in drug response, but also in drug toxicity. The drug metabolizing enzymes
are divided into two phases.

7.3.1. PHASE 1: Metabolizing Enzymes

Most of these enzymes are members of the Cytochrome P450 (CYP) super-
family, and are located in the cells of the liver and gastrointestinal (GI) system.
About 40 different CYP enzymes are present in humans, and they are classi-
fied by the name of the enzyme CYP, followed by the family (e.g., 2) and sub-
family (e.g., D) and gene (e.g., 6) associated with the biotransformation (e.g.,
CYP2D6). Functional genetic polymorphisms have been discovered
for CYP2A6, CYP2C9, CYP2C19, and CYP2D6 (25), and more recently for
CYP3A4 (26). Although a polymorphism in the regulatory region of the gene
that encodes for CYP1A2 has been recognized, its functional importance is
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unknown (27). Warfarin, a narrow-therapeutic-index agent, is metabolized by
CYP2C9. Because warfarin is a racemic mixture, its S-isomer (3× more potent
than the r-isomer), is metabolized by CYP2C9. CYP2C9*2 and CYP2C9*3 are
the most common CYP2C9 variants to exhibit single amino acid substitutions
at critical positions of enzyme action (28). The consequence of CYP2C9*3
homozygotes was a 90% reduction in S-warfarin clearance compared to the
wild-type variant (29). CYP2C9 mutant alleles were found to be overrepre-
sented in 81% of patients who required low-dose warfarin therapy (<1.5 mg/d)
(30). These patients had difficulty in induction, required longer hospitalization
for stabilization of the warfarin regimen, and experienced greater bleeding
complications. Patients who were homozygous with CYP2C9*3 allele had a pro-
found response to warfarin and necessitated dose reduction to 0.5 mg/d.

Polymorphisms in these genes can result in three possible phenotypes: poor,
normal, and ultrafast metabolizers. Poor metabolizers lack an active form of the
expressed enzyme, normals have one copy of the active gene, and the ultrafast
metabolizers have duplicated copies of the active gene. Poor metabolism would
lead to toxicity, and ultrafast metabolism would lead to reduced drug efficacy.
More than half of the prescribed drugs are metabolized by the cytochrome P450
system; CYP3A4 account for 50% of these, CYP2D6 (20%), and CYP2D9 and
CYP2D19 (15%). CYP2D6 exhibited significantly decreased or absent activity.
Drug developers avoid drugs whose metabolic pathways are significantly influ-
enced by genetic polymorphisms in the cytochrome P450 enzyme system.

7.3.2. PHASE II Metabolizing Enzymes

Examples of phase II metabolizing enzymes that exhibit genetic polymor-
phisms are: N-acetyltransferase, thiopurine S-methyltransferase (TPMT), and
glutathione S-transferase. The relevance of genetic polymorphisms of TPMT,
dihydropyrimidine dehydrogenase (DPD) and UDP-glucuronosyl transferase
(UGT) have been demonstrated in cancer (31–33). The TPMT gene has three
mutant alleles: TPMT*3A, TPMT*2, and TPMT*3C. The most common one
is TPMT*3A.

8. Drug Transporter Gene Polymorphisms
Drug transport across the GI tract, drug excretions into the bile and urine,

and drug distribution across the blood–brain barrier are carried out by certain
membrane proteins. Genetic variations in these proteins may result in distur-
bances in the distribution of drugs and alter drug concentrations affecting ade-
quate therapeutic action and efficacy of the drug. P-glycoprotein comprises
of the energy-dependent transmembrane efflux pump that is encoded by the
multidrug-resistant (MDR-1) genes. It transports toxic substances out of the
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cells. This protein also affects the distribution of digoxin, cyclosporine, HIV
protease inhibitors, dexamethasone, vinca alkaloids, and anthracyclines. The
expression of this protein in cancer cells results in active cellular export of anti-
neoplastic drugs, resulting in multidrug resistance to antineoplastic agents.
Increased P-glycoprotein expression in the GI tract limits the absorption of
drugs that are P-glycoprotein substrates, resulting in lower concentration of the
drugs at the therapeutic sites of action. In contrast, lower p-glycoprotein expres-
sion results in supratherapeutic concentrations of the drug at sites of action.
P-glycoprotein is also expressed in hepatocytes as well as renal proximal tubu-
lar cells and capillary endothelial cells (BBB).

Of the 15 MDR-1 gene polymorphisms, the most common is exon 26 of the
MDR-1 (34), which influences P-glycoprotein expression in vitro (34). The
homozygous form of this polymorphism in healthy volunteers resulted in sig-
nificantly lower P-glycoprotein expression and in increased plasma digoxin con-
centrations (34). Thus, the plasma concentrations of the P-glycoprotein
substrates can be predicted by the exon 26 polymorphism of the MDR-1 gene.
This would also contribute to the ethnic and racial differences in the bioavail-
ability of P-glycoprotein substrates. Identification of Exon 26 polymorphisms
of the MDR-1 gene in screening tests could help in the dosing of cyclosporine,
since subtherapeutic concentrations of this agent may result in organ rejection
and supratherapeutic concentrations result in drug-induced nephro- and
neurotoxicity.

9. Drug Target Gene Polymorphisms
Genetic polymorphisms in receptors, enzymes, and other protein genes may

alter receptor function, and sensitivity and drug response to pharmacologic com-
petitive and noncompetitive agonizes and antagonists. The apolipoprotein gene,
which affects the cholinergic function of the brain, is linked to familial late-
onset Alzheimer’s disease. The link between the SNPs in the β-adrenergic-
receptor gene and hypertension has been established (35).

10. Genetic Polymorphisms and Adverse Effects of the Drugs
Genetic polymorphisms have been linked to adverse effects of the drugs. For

example, a patient with Parkinson’s disease, when administered levodopa, was
protected against levodopa-induced dyskinesia, because of short tandem-repeat
polymorphisms in the dopamine-D2-receptor gene (36).

11. Conclusions
Pharmacogenomics-based personalized practice of medicine will reduce the

number of adverse drug effects and drug failures, thereby improving the qual-

CH16,253-266,14pgs  9/5/03 11:09 AM  Page 262



Pharmacogenomics 263

ity of medical practice and reducing the total healthcare costs. It will provide
a better insight in the understanding and diagnosis of patients with drug resis-
tance. This will ensure the administration of the correct drug to the correct
patient at the right dosage. Gene therapy will be able to treat patients with the
disease by altering gene expression. By correcting the genetic defects, there is
a permanent restoration of normal cellular function, thereby eliminating recur-
rence or relapse of the disease and controlling healthcare expenditure. Although
inefficient gene delivery to target cells, inadequate gene expression, and unac-
ceptable adverse effects are major limitations of gene therapy, alternate means
of a gene delivery system will offer a new approach to treatment. The use of
adeno-associated viruses—human DNA-containing viruses that do not cause
disease in humans or trigger immune responses upon injection—have been
found to be beneficial in treating hemophilia B. Intramuscular injections of an
adeno-associated virus vector that expresses the human coagulation factor IX
gene were used (37). In the near future, clinicians will routinely order genetic
testing for identification of SNPs for finding a permanent therapeutic option.
To allay public confusion, terms such as “gene mapping” instead of “genetic
testing” may be used to differentiate genotyping for polymorphisms associated
with drug response from genotyping for mutations linked to increased suscep-
tibility to inherited disorders. Focusing on somatic gene transfer instead of the
germline may allay the ethical concerns with gene therapy that requires trans-
genic manipulation of germline cells. Recently, the –33T→C polymorphism in
intron 7 of the tissue-factor pathway inhibitor (TFPI) gene was reported to influ-
ence the risk of venous thromboembolism, independently of the factor V Leiden
and prothrombin gene mutations (38). The SNPs could be used for drug selec-
tion, dose selection, identification of disease risk, and prevention of drug tox-
icity, and in medical decision-making (39). The effect of factor XIII VAL34LEU
polymorphism on thrombolytic therapy in premature MI has been recently
reported (40). The pharmacogenomic basis of drug development involves target
identification, target characterization and target validation to ensure the right
drug for the right patient at the right time (41). It is now possible to develop a
fully automated method that combines bioinformatics and chemoinformatics
data, for the analysis of protein-binding sites across gene families to offer a
chemogenomic approach to design multiple drugs to target multi-gene fami-
lies, thereby speeding up the drug discovery research and development process
(42). The genes encoding for Types I, II, and III nitric oxide synthase (NOS)
have now been identified and localized in the human genome. Studies of knock-
out mice with disruption of the genes for type I, type II, and type III NOS would
shed light on the functions of NO in vivo. In order to better understand the func-
tions of NO in the body, biochemical studies of NOS inhibitors are warranted.
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These studies will reveal the mechanism of synthesis of NO and the manipu-
lation of NO in vivo as well as in vitro, and provide pharmacological tools that
may be useful in studies of the function of NO.
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1. Introduction
Venous thromboembolism (VTE) is a term that includes both deep venous

thrombosis (DVT) and pulmonary embolism (PE). Considerable progress has been
made in the understanding of the risk factors for VTE. The clinical applications
of molecular techniques have facilitated identification of important inherited, yet
not uncommon risk factors for VTE. Factor V Leiden (1–5) and prothrombin
G20210A mutation (6–10) are among the most common. Such progress raised
many questions regarding the need for and duration of anticoagulation.

At the end of treatment, low molecular weight heparin (LMWH) has become
the first choice and the standard of care in many instances of VTE (11,12).

This chapter outlines a cost-effective diagnostic approach for both suspected
DVT and PE, followed by our consensus opinion on the best treatment options,
using an evidence-based approach.

2. Deep Venous Thrombosis
2.1. Risk Factors for VTE

2.2.1. Inherited

2.1.1.1. COMMON

1. Factor V Leiden (1–5):
Described in 1993 this is the most common cause of inherited thrombophilia,
accounting for 20–50% of all cases. It results from a point mutation in Factor V
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gene that causes a hypercoagulable state by slowing the inactivation of Factor Va
by activated protein C (APC).

2. Prothrombin G20210A mutation (6–10):
Such point mutation results in higher level of plasma prothrombin level (Factor
II activity is usually >130%), present in 2–5% of healthy individuals.

3. Antithrombin III deficiency (13–15):
It is the most thrombogenic of all hereditary thrombophilias with a 50% life
chance of thrombosis. Luckily, the frequency of antithrombin III deficiency in the
general population is low (0.02–0.17%), but is higher in patients with VTE.

4. Protein C deficiency (16–18):
Protein C is a vitamin K-dependent glycoprotein, synthesized in the liver and acti-
vated slowly by thrombin to APC. APC inactivates membrane-bound Factor V.

5. Protein S deficiency (19,20):
This is another vitamin K-dependent glycoprotein, synthesized in the liver, which
acts as a cofactor for protein C. It circulates in the plasma as a free form, or is
complexed with C4b-binding protein. Only the free form is the active one.

2.1.1.2. LESS COMMON

1. Congenital dysfibrinogenemia (21).
2. Hyperhomocysteinemia (22–24).
3. Excessive plasminogen activator inhibitor.
4. Plasminogen deficiency.
5. Dysplasminogenemia.
6. High Factor VIII (25–29).
7. High Factor IX (30).
8. High Factor XI (31).
9. APC resistance (without factor V Leiden) (32–34).

2.1.2. Acquired

1. Age (35–37).
2. Antiphospholipid syndrome (38,39).
3. Postphlebitic syndrome.
4. Trauma/fractures (40,41).
5. Malignancy (42–48).
6. Surgery (49,50).
7. Prolonged immobilization (Plaster casts, bed rest, paralysis of the limbs, prolonged

travel) (51).
8. History of VTE (52,53).
9. Central venous catheters.

10. Chronic venous insufficiency.
11. Pregnancy/puerperium (54–57).
12. Nephrotic syndrome.
13. Hyperviscosity.
14. Obesity.
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15. Oral contraceptives and hormonal replacement therapy (HRT) (58–63).
16. Heart failure.
17. Heparin-induced thrombocytopenia (HITT).
18. Myeloproliferative diseases.
19. Paroxysmal nocturnal hemoglobinurea (PNH).
20. Microangiopathic hemolytic anemia (MAHA): TTP, HUS, DIC.
21. Inflammatory bowel disease (IBD).

A simplified classification of these risk factors is shown in Table 1.

2.2. Signs and Symptoms

1. Asymptomatic.
2. Swelling.
3. Redness.
4. Pain and tenderness.
5. Hotness.

2.3. Differential Diagnosis

1. Ruptured Baker’s cyst.
2. Cellulitis.
3. Venous insufficiency.
4. Thrombophlebitis.
5. Hematoma.
6. Postphlebitic syndrome.
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Table 1
Risk Factors for VTE

Persistent Transient

Inherited Acquired Mixed

Factor V Leiden Age Hyperhomocysteinemia Surgery
Prothrombin Malignancy High Factor VIII Major trauma

G20210A
Protein C deficiency Antiphospholipid High Factor IX Pregnancy/puerperium

antibodies
Protein S deficiency History of VTE High Factor XI Oral contraceptives
Antithrombin APC resistance (Without Hormonal replacement

deficiency factor V Leiden) therapy
Dysfibrinogenemia Prolonged immobilization

*Modified from: Martinelli (2001) Risk factors in venous thromboembolism. Thromb.
Haemostasis 86, 395–403.
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2.4. Investigations

2.4.1. D-Dimer Enzyme-Linked Immunosorbent Assay (ELISA)

Has a high sensitivity, but low specificity in DVT and PE (64–68).

2.4.2. Ultrasound/Doppler

Lower limb compression venous ultrasonography, an entirely noninvasive
test, has a sensitivity of 97% and specificity of 98% for symptomatic proximal
DVT (69,70). However, it has a low sensitivity for DVT below the knee and
above the groin (71,72). This drawback has been overcome by serial testing (73).

2.4.3. Venography

Remains the “gold standard” for diagnosing DVT. However, it is costly and
invasive, and has significant interobserver variability (74).

Caution: if the patient has renal impairment with creatinine >150 µmol/L.

2.4.4. Impedance Plythesmography

Less sensitive than ultrasonography, and decreasing in use (75–77).

2.4.5. Laboratory Examinations

Complete blood count (CBC) diff., ESR, prothrombin time (PT), interna-
tional normalized ratio (INR), aPTT and chemistry profile.

2.4.6. Hypercoagulable Assays

Examination should be done when there is a suspicion of hereditary throm-
bophilia (young age, positive family history), recurrent thromboembolic events,
unusual localization, or extensive thrombosis. Controversies exist about the
timing of the work up. Some of the functionally based assays may be low
during the acute phase of the disease. If so, a repeat after 6 mo of therapy while
the patient is off anticoagulants is advocated.

Note: If warfarin cannot be stopped, switch patients to LMWH for 2 wk prior
to protein C or S testing. AT testing can be done while the patient is on war-
farin, but not on heparin.

2.4.7. The Initial Thrombophilia Workup Should Include

1. Protein S (total and free).
2. Protein C.
3. Antithrombin.
4. APC-resistance.
5. Prothrombin mutation.
6. Lupus anticoagulant, anti-cardiolipin, and ANA.
7. Homocysteine levels.
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2.5. Malignancy and Thrombosis

The association between cancer and thromboembolism is well-established.
Patients with a first episode of unprovoked VTE have a higher chance of devel-
oping cancer during follow-up (43–47). Certain types of cancer are more often
associated with thromboembolism, mostly adenocarcinoma of the gastroin-
testinal (GI) tract, pancreatic, prostate, ovarian, and lung cancer. Examination
should be done in connection with symptoms and/or findings that indicate
malignancy. The examinations should include a thorough breast, rectal, and
pelvic examinations and routine labs with CXR and abdominal ultrasound,
prostate-specific antigen (PSA), and stool sample for occult blood. Whether or
not these individuals should undergo more aggressive investigations is contro-
versial (42,48).

2.6. Cost-Effective Diagnostic Strategies for Suspected DVT

Considering the relatively high incidence of DVT and the cost implication
associated with this diagnosis, several efforts have been made to establish a
diagnostic strategy that is cost-effective and accurate.

1. Clinical models: Several models have been developed to help establish the clini-
cal probability of having DVT. Wells’s model (64,79,80) combines risk factors for
DVT and clinical examination. Each element of the score is assigned one or more
positive or negative points. Patients with a total score of 3 or more have a high
clinical probability, and those with a total score of 0 or less have a low clinical
probability. Wells’s score is detailed in Table 2.
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Table 2
Clinical Model for Predicting Pretest Probability for DVT*

Clinical feature Score

Active cancer (treatment ongoing or within previous 6 mo or palliative) –1
Paralysis, paresis, or recent plaster immobilisation of the lower extremities –1
Recently bedridden for more than 3 d or major surgery, within 4 wk –1
Localized tenderness along the distribution of the deep venous system –1
Entire leg swollen –1
Calf swelling by more than 3 cm when compared with the asymptomatic leg –1

(measured 10 cm below tibial tuberosity)
Pitting edema (greater in the symptomatic leg) –1
Collateral superficial veins (non-varicose) –1
Alternative diagnosis as likely or greater than that of (DVT) –2

*From Wells, P. S., et al. (1997) Value of assessment of pretest probability of deep-vein
thrombosis in clinical management, Lancet 350, 1795–1798.
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2. The cornerstone in diagnostic strategies of DVT is venous compression ultra-
sonography, a test with limited sensitivity for distal clots that represent 15% of
patients suspected of having DVTs.
Most recent strategies rely on serial ultrasonography to rule out proximal exten-
sion of the thrombus, a strategy resulted in too many repetitions of the procedure
(1302 procedures in 1702 patients with low yield; only 12 DVTs in 1302 proce-
dures—e.g., <1.0%) (73).

3. The use of D-Dimer in addition to ultrasonography reduces the requirement for
repeated ultrasounds to 9% (81). The 3-mo thromboembolic risk was less than 1%
in most of the studies (79,81).

4. With the increasing use of D-Dimer in the initial investigation of VTE, there is little
evidence to suggest that D-Dimer in its own could safely be used to rule out DVT.

5. One group from the Geneva University Hospital has recently validated an inte-
grative algorithm that includes clinical evaluation, ELISA D-Dimer, and a single
ultrasound in a study that included 474 patients with clinically suspected DVT (64).
The 3-mo thromboembolic risk in patients without DVT in that series was 2.6%.

6. Based on the published data, we propose the following algorithm: (see p. 273).

2.7. Treatment

2.7.1. Inpatient or Outpatient Treatment?

Most of the patients with DVT can be treated as outpatients with LMWH if
the hospital has buildup routines for follow-up.

Consider hospitalization if the patient has:

1. Bleeding or risk of bleeding complication.
2. Thrombocytopenia (<100 × 109/L) or known heparin-induced thrombocytopenia

(HIT).
3. Signs and symptoms of PE.
4. Other diseases that requires further investigations and in hospital treatment.
5. Uncontrolled hypertension (>200/110).
6. Acute ulcer (treatment initiated during the last 4 wk).
7. Impending venous gangrene.
8. Renal insufficiency requiring dialysis.
9. Serious liver disease.

10. Pregnancy.
11. Intracranial bleeding <2 mo or damage/surgery of central nervous system (CNS),

eyes or ears <14 d.
12. Lack of compliance when appropriate care not available.
13. Extensive DVT.

2.7.2. Low Molecular Weight Heparin

LMWH present a number of potential advantages over unfractionated heparin
(UFH): a longer half-life, improved subcutaneous (sc) bioavailability, and less
variability in response to fixed doses adjusted to body wt (82).
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Multiple large randomized, controlled studies had suggested superiority of
LMWH in terms of safety and efficacy over UFH (83–85). It is to be noted that
a statistically significant reduction of major bleeding was observed only with
tinzaparin (78).

1. Start with LMWH treatment if there is no contraindication or concerns for out-
patient therapy.

2. Table 3 shows the approved agents, doses and frequency of administration.
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3. Start warfarin therapy on d 1 at 5 mg and adjust the subsequent doses according
to INR.

4. Check platelet count between d 3 and 5.
5. Stop LMWH after at least 4–5 d of combined therapy when INR >2.0 in two con-

secutive days.
6. Continue anticoagulation with warfarin for at least 3 mo. (See Table 5 for dura-

tion of anticoagulation.)
7. Anti-Xa level and APTT should be checked only if the patient is bleeding.

2.7.3. UF Heparin Infusion

Heparin infusion should be given if the patient has a bleeding tendency or
is a candidate for invasive procedure so as the reversal of coagulation can be
easy to achieve.

1. Obtain a baseline aPTT, PT, and CBC count.
2. Check for contraindication to heparin therapy.
3. Give a bolus injection of 80 U/Kg followed by 18 U/kg/h continuous iv infusion.
4. Check the APTT 6 h after start of infusion and adjust the infusion accordingly (see

Table 4).
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Table 3
LMWH Doses in VTE

LMWH Dose

Tinzaparin 175 iu/kg sc od
Dalteparin 200 iu/kg sc daily (Max dose: 18,000 iu)
Enoxaparin 1mg/kg q 12h sc or 1.5 mg/kg/ sc od
Nadroparin 86 iu/kg sc bid or 170 iu/kg sc od
Reviparin

Table 4
Nomogram for the Administration of iv Heparin*

Bolus Hold Rate Change
APTT U/kg (Min) U/kg/h Next APTT (h)

<35 80 10 +4 6
35–45 40 10 +2 6
46–70 10 10 10 Next AM

71–90 10 10 –2 6
>90 10 60 –3 6

*To be followed 6 h after the start of the infusion.
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5. The APTT should be prolonged 1.5–2.0× the upper limit of the reference range.
6. Check platelet count between d 3 and 5.
7. Start warfarin therapy on d 1 at 5 mg and adjust the subsequent doses according

to INR.
8. Stop UFH after at least 4–5 d of combined therapy when INR >2.0 in 2 consecu-

tive d.
9. Continue anticoagulation with warfarin for at least 3 mo (see Table 5 for dura-

tion of anticoagulation).

2.7.4. Nomograms for the Use of UFH

Heparin has a short half-life (<60 min). The current clinical practice of
heparin therapy often resulted in subtherapeutic levels and inadequate antico-
agulation, which may result in a higher recurrence rate of VTE. Several nomo-
grams had been proposed (86–88). Raschke et al. (86) and de Groot et al. (87)
proposed and validated a weight-adjusted program for heparin infusion. The
proportion of patients who achieved the therapeutic range within 24 h was
>95% using this program. This Nomogram is shown in Table 4.

1. Note: Sample taken for APTT must be analyzed within 1 h; for this reason, the
time of sampling must be recorded on the tube.

2. Range of APTT is variable.

2.7.5. Limitations of Unfractionated Heparin

The use of UFH requires considerable expertise, and can cause inconvenience
and has limitations. Hospitalization is also required to ensure adequate
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Table 5
Duration of Anticoagulation*

3–6 mo First event with reversible or time-limited risk factor**

>6 mo Idiopathic VTE, first event
Lifetime First event# with:

1. Cancer, until resolved
2. Anticardiolipin antibody
3. Antithrombin deficiency

Recurrent event, idiopathic or with any thrombophilia

*Adopted from Hyers et al. (2001) Antithrombotic Therapy for Venous
Thromboembolic Disease. Chest 119, 176s–193s.

**Reversible or time-limited risk factors: Surgery, trauma, immobilization,
estrogen use.

#Proper duration of therapy is unclear in first event with homozygous factor
V leiden, homocysetinemia, deficiency of protein C or S.
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heparinization. It is also associated with a higher risk of bleeding (89,90) and
thrombocytopenia (91) as compared to LMWH.

2.7.6. Duration of Anticoagualtion

The duration of anticoagulation should be tailored to the individual patient
according to patient age, comorbidity, and the likelihood of recurrence. In the
absence of controlled studies addressing the duration of anticoagulation in spe-
cial high-risk groups, we recommend following the sixth ACCP Consensus
Conference on Antithrombotic Therapy (92) illustrated on Table 5.

2.7.7. VTE in Pregnancy

Two Choices:

1. Fixed dose or adjusted-dose LMWH throughout pregnancy is preferred by most
clinicians (93).

2. Bolus with iv UFH followed by a continuous infusion in order to maintain aPTT
in the therapeutic range for 5 d followed by adjusted-dose sc UFH for the remain-
der of pregnancy.

Note: Adjusted-dose heparin: Give sc heparin q12 h in a dose sufficient to
prolong the mid-interval APTT to 1.5–2.0× the baseline.

1. Discontinue LMWH or UFH therapy 24 h prior to elective induction of labor.
2. Postpartum anticoagulation therapy should be administered for at least 6 wk.
3. UFH, LMWH, and warfarin should be considered safe for lactating mothers

(94,95).
4. Long-term heparin therapy has been reported to cause osteoporosis. Most studies

had reported >2% (96) incidence of vertebral fractures and a 30% reduction in bone
density in patients receiving long-term UFH (97).

5. Several studies suggest that LMWH is associated with less osteoporosis and ver-
tebral fractures as compared to UFH (98,99).

2.7.8. Thrombolytic Therapy

1. Thrombolytic agents dissolve thrombi by activating plasminogen to its active
form, plasmin, which then degrades the fibrin to soluble peptides. Streptokinase,
urokinase, and tissue plasminogen activator (t-PA) are the thrombolytic agents cur-
rently approved for clinical use in VTE.

2. Although the standard of care for DVT is systemic anticoagulation, thrombolytic
therapy may add some benefits in special cases of DVT.

3. Thrombolytic therapy can be administered locally (100)—e.g., through a pedal
vein for lower-extremity DVT or through systemic infusion. It can also be given
via a catheter directed to the clot site (catheter-directed) (101–106).

4. Reviewing the literature, we can come up with the following conclusions:
5. Thrombolytic therapy is more hazardous than standard anticoagulation because

of an increased risk of major bleeding (107–111).
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6. Although early vein patency is an advantageous feature of thrombolytic therapy,
such advantage proved to be helpful in situations such as Phlegmasia Cerulea
Dolens (105,106), but not in reducing the incidence of Postphlebitic Syndrome
(PTS) were the available data are conflicting (112–116).

7. The potential role for catheter-directed thrombolytic therapy is unknown because
there are no appropriate trials.

8. Other possible indications for thrombolytic therapy include massive iliofemoral
thrombosis, vena cava thrombosis, and subclavian thrombosis.

2.7.9. Venous Filters

Inferior vena cava (IVC) filters are indicated so as to prevent PE in patients
with absolute contraindication to anticoagulants with recurrent VTE episode
plus pulmonary hypertension, or in patients who suffer from recurrent VTE
despite adequate anticoagulation (117–122). Another indication is concurrent
performance of surgical pulmonary embolectomy or pulmonary endarterectomy
(123–125). There are no long-term survival benefits because the advantage
gained by less PE is offset by an increasing incidence of DVTs (126). The most
popular filters are Greenfield and Rutherford (127).

3. Pulmonary Embolism
3.1. Clinical Findings

PE has a wide range of clinical presentations. Some PE are clinically silent
and the most common signs and symptoms at presentation are:

1. Dyspnea is the most frequently reported symptom in almost 80% of the patients.
2. Tachypnoea (≥20/min) in 70% of the patients.
3. Tachycardia.
4. Pleuritic chest pain in approx 50% of the patients.
5. Syncope or shock are associated with massive PE, and is caused by a reduction

in cardiac output.
6. Hemoptysis is the less frequent feature of PE.

3.2. Investigations

3.2.1. Chest X-Ray

Abnormal chest X-ray in approx 45% of the cases with plate-like atelecta-
sis, pleural effusion, or elevation of diaphragm. However, chest X-ray is mainly
useful to exclude other causes of dyspnea and chest pain, and is essential for
interpreting the lung-scan findings.

3.2.2. Arterial Blood Gases (ABG)

Hypoxemia and hypo, but up to 20% of patients with PE have a normal arte-
rial oxygen pressure.
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Caution: Arterial puncture should be avoided if massive PE is suspected and
thrombolytic treatment could be indicated. If arterial puncture must be done,
use the radial artery.

3.2.3. D-Dimer

A high sensitivity but non-specific test (see DVT). The test has a high neg-
ative predictive value for PE if the pretest probability is low, but this is not the
case if the pretest probability is high (127a).

3.2.4. Lung Scintigraphy

The lung scan consists of a perfusion and a ventilation component. A normal
perfusion scan excludes PE, while an abnormal perfusion scan may be non-
specific (128–130).

3.2.5. Spiral Computed Tomography (sCT)

Spiral CT is more accurate in the demonstration of central, lobar, and seg-
mental PE than sub-segmental PE. A negative sCT rules out clinically signifi-
cant pulmonary embolism with similar accuracy as normal lung scanning or a
negative pulmonary angiogram (130a). The accuracy of sCT in detecting sub-
segmental PE is still under debate, at the clinical relevance of such emboli is
unclear, but the low rate of recurrence supports the accuracy of a negative result
from sCT (130b).

3.2.6. Pulmonary Angiography

Pulmonary angiography is the reference method but should be reserved for
patients in whom noninvasive diagnostic tests remain indeterminate.

3.2.7. Echocardiography

Echocardiography is useful in patients with suspected massive PE. It helps
both in diagnosis and determining the associated prognosis and treatment.
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Table 6
Findings in Lung Scan

Finding Action

Normal LS PE excluded
Matching changes Probably not PE. Further work-up is needed, with clinical 

correlation
Mismatch Probably PE
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Dilatation of the right chamber and increased pressure is not diagnostic but can
be used to make a decision of whether thrombolytic treatment is indicated or not.

3.2.8. Electrocardiogram (ECG)

ECG is frequently normal, or shows non-specific abnormalities such as
T-wave abnormalities, tachycardia (exatrial fibrillation), right bundle-branch
block, or right ventricular strain.

3.2.9. Venous Ultrasonography

Venous ultrasonography (VU) investigation for DVT is useful because 70%
of pulmonary emboli are associated with DVT of the lower extremities and about
half of the PE patients will have a DVT, which can be demonstrated by VU.

3.3. Treatment

3.3.1. Anticoagulant Therapy

In general the anticoagulant treatment strategy in the acute phase (days) of
PE is similar to DVT. In most patients LMWH is preferred (130c). LMWH sc
once-daily (130d) or twice daily (130e) is continued for at least 5 days and until
INR (2,0–3,0) has been in the therapeutic range for two days. The once daily
administration of tinzaparin sc was used in a fixed weight-based dosage with-
out the need of laboratory monitoring of the anticoagulant effect.

Also the duration of VKA follows the same rules as in DVT with calcula-
tion of recurrence risk based on clinical presentation, the presence of perma-
nent risk factors including thrombophilia and cancer, previous VTE and the
quality of the anticoagulant therapy.

Treatment in pregnancy is also identical to the treatment of DVT (130f) and
outpatient treatment is possible in low-risk patients with a normal echocardio-
graphy. LMWH therapy can start until the diagnostic workup has confirmed the
diagnosis. Thrombophilia screening is similar for PE and DVT.

UFH with intravenous infusion and APTT monitoring is used in patients
receiving thrombolytic therapy.

3.3.2. Thrombolytic Therapy

Thrombolytic therapy may lower mortality from pulmonary embolism and
reduce morbidity from chronic pulmonary hypertension that might complicate
PE. In the absence of clinical trials demonstrating survival advantage, this ther-
apeutic approach remains debatable (131).

A recent relatively big trial showed alteplase in combination with UFH as
compared to UFH alone to improve the clinical course of stable patients, who
had an acute submassive PE preventing clinical deterioration requiring the
escalation of therapy during the hospital stay (131a). The use of thromblysis
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in submassive PE was recently debated in the Journal of Thrombosis and
Haemostasis (131b,c).

Risk stratification is important before deciding on thrombolytic therapy. This
stratification can be based on clinical features only when PE is complicated by
cardiogenic shock, systemic arterial hypotension, or respiratory failure.

Echocardiography may provide prognostic features. The presense of right
ventricular dysfunction was associated with PE-related shock in 10% (132).
Other predictors of poor outcome in echocardiography includes patent Foramen
Ovale (133) and free-floating thrombi in the right heart (134).

More recently, troponin-I level was used to determine prognoses in PE. High
levels were associated with a high frequency of right ventricular dysfunction
and a high mortality. Mortality rate was 44% in a group of 56 patients with high
troponin level, as compared to 3% in troponin-negative patients (135).

Three agents had been approved for thrombolytic therapy in VTE (Table 7),
while other agents, such as Reteplase and Tenecteplase, are not currently
approved worldwide but have shown promise for rapid thrombolysis (136). The
drugs are given as IV bolus injection(s).

The following points should be considered when giving thrombolytic
therapy:

1. Streptokinase and urokinase regimens are used less often. rt-PA should be your
first choice.

2. No need for laboratory tests during thrombolytic infusion.
3. Concomitant heparin is not given during rt-PA infusion.
4. Obtain APTT at the conclusion of thrombolytic therapy.
5. Resume heparin infusion with no bolus once APTT is <80 s.
6. If the APTT is >80 s, repeat the test every 4 h until the results are <80.
7. The following are some of the contraindications for thrombolytic therapy:

a. Active internal bleeding.
b. Bleeding tendency.
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Table 7
FDA-Approved Thrombolytic Agents*

Agent Dose and schedule

Streptokinase 250,000 IU loading dose over 30 min, followed by 10,000 IU/h 
for 24 h

Urokinase 4400 IU/kg loading dose over 10 min, followed by 4400 IU/kg/h
for 12–24 h

rt-PA (Alteplase) 100 mg as a continuous peripheral iv infusion over 2 h

*Modified from: Goldhaber, S. Z. (2001) Thrombolysis in pulmonary embolism: a debatable
indication. Thromb. Haemostasis 86, 444–451.
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c. Operation and trauma within the last 10 d.
d. Stroke within 6 mo and CNS trauma/surgery within 2 mo.
e. Other major bleeding within the last 2 mo.
f. Uncontrolled hypertension >180/110.
g. Endocarditis and pericarditis.
h. Acute pancreatitis.
i. Previous treatment with streptokinase.
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Table 8
GCC—Hemostasis Study Group Members

Name Institution Country

Dr. Shaker A Mousa Albany College of Pharmacy, Albany, NY USA
Dr. Hikmat Abdel-Razeq KFAFH-Jeddah Saudi Arabia
Dr. Mahmoud Marashi Rashid Hospital-Dubai UAE
Dr. Faisal Al Sayegh Kuwait University Hospital Kuwait
Dr. Nabil Moshin Royal Hospital Oman
Dr. Samir Al Azzawi Royal Hospital Oman
Dr. Rajan Royal Hospital Oman
Dr. Mousa Othman RKH-Riyadh Saudi Arabia
Dr. Abdul Aziz Al Abdulaaly RKH-Riyadh Saudi Arabia
Dr. Saud Abu Harbesh Security Forces Hospital-Riyadh Saudi Arabia
Dr. Abdul Aziz Al Saif RKH- Riyadh Saudi Arabia
Dr. Battal Al Dosary RKH- Riyadh Saudi Arabia
Dr. Ali Al Shangiti RMC-Riyadh Saudi Arabia
Dr. AbdulAziz Al Zeer King Khalid University Hospital-Riyadh Saudi Arabia
Dr. Hazaa Al Zahrani KFSH- Riyadh Saudi Arabia
Dr. Hatem Qutub KFTH-Dammam Saudi Arabia
Dr. Abdulaziz Al Nwasser KFMMC Dammam Saudi Arabia
Dr. Wahid Al Fare KKMCH- Dammam Saudi Arabia
Dr. Ali M. Al-Amri KFTH-Dammam Saudi Arabia
Dr. Mohamed Qari KAUH-Jeddah Saudi Arabia
Dr. Mohamed Abdelaal KKNGH-Jeddah Saudi Arabia
Dr. Abdulaziz Al Homaidhi KFSH-Jeddah Saudi Arabia
Dr. Mubarak H. Zafer ASSER Hospital Saudi Arabia
Dr. Omar Al Amoudi KAUH-Jeddah Saudi Arabia
Dr. Jamal Al Hashemy KAUH-Jeddah Saudi Arabia
Dr. Usama Al Homsi Hamad Medical Center Qatar
Dr. Abdulla Al Ajmi Bahrain
Dr. Jorgen Kristensen Tawam Hospital-Al Ain UAE
Dr. Hussein Alizadeh Tawam Hospital-Al Ain UAE
Dr. Steen Husted Aarhus University Hospital Denmark
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3.3.3. Surgical Embolectomy

A high-risk procedure has operative mortality rates that range between 10
and 75%, and with reported postoperative complications that include ARDS,
mediastitis, acute renal failure, and severe neurological sequelae.

Before attempting embolectomy, the following criteria must be met (92):

1. Massive PE.
2. Hemodynamic instability despite heparin and resuscitative efforts.
3. Failure of thrombolytic therapy or a contraindication to its use.
4. An experienced cardiac surgical team must be immediately available.
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