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Evaluation of anticoagulant effects of direct thrombin inhibitors, dabigatran and
argatroban, based on the Lineweaver—Burk plot applied to the Clauss assay
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Abstract

Introduction: Direct thrombin inhibitors (DTIs) represented by dabigatran were expected to be
available for therapeutic use without the need for routine monitoring. However, clinical
concerns regarding impacts of plasma dabigatran concentrations on the rate of major bleeding
have been raised. Based on enzymatic examinations with a synthetic substrate, S-2238, it has
been well recognised that dabigatran and another DTI argatroban reversibly and competitively
inhibit thrombin reaction, while it is still uncertain whether such an inhibition pattern reflects
anticoagulation effects. The Clauss assay is a method for quantification of plasma fibrinogen
concentrations, based on the quantitative relationship between fibrinogen concentrations and
time for fibrin clot formation by thrombin. The Lineweaver—Burk plot, which is one of
classical linear transformations of the Michaelis—Menten equation for enzymatic reaction
kinetics, presents curve-linearity between the reciprocal of the substrate concentration versus
the reciprocal of the rate of reaction. When used for determining the type of enzyme inhibition,
this plot can distinguish competitive, uncompetitive, non-competitive and mixed inhibitors.
To assess how DTIs affect in vitro clotting from the enzymatic perspective, the
Lineweaver—Burk plot was applied to the Clauss assay, regarding the clotting time as an inverse

function of the rate of thrombin reaction.

Materials and Methods: The clotting time in pooled plasma samples of three different
fibrinogen concentrations was examined in the presence of various concentrations of dabigatran
or argatroban, using a thrombin concentration of concentration of 40.25 IU/mL, which is

sensitive to DTIs.



Results: Dabigatran appeared to inhibit thrombin reaction uncompetitively roughly within

dabigatran concentrations of 250 ng/mL (0.53 uM). Consistent with uncompetitive inhibition,

dabigatran seemed to be effective in plasma samples containing high fibrinogen concentrations.

At the concentrations of more than 250 ng/mL, the anticoagulant effects exhibited mixed

inhibition-like patterns, and the prolongation of clotting time was curve-non-linearly accelerated.

Analogous experiments using argatroban provided findings roughly similar to those from the

experiments using dabigatran, suggesting that the observations were not limited to the case of

dabigatran.

Conclusions: The results revealed the considerable discrepancy from well-known findings

originated from previous studies using a thrombin assay with S-2238 as a substrate. Further

understanding of how DTIs impact in vitro and in vivo coagulation reaction is expected to aid in

studying how best to improve the medication.
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Direct thrombin inhibitors (DTIs) represented by dabigatran were expected to be available for
therapeutic use without the need for routine monitoring, in contrast to warfarin. However,
clinical concerns regarding impacts of plasma dabigatran concentrations on the rate of major
bleeding have been raised.' Not only clinical but also basic aspects of DTIs would aid in
studying how best to address concerns regarding bleeding risk in therapeutic use. Based on
enzymatic examinations with a synthetic substrate, S-2238, it has been well recognized that
dabigatran and another DTI argatroban reversibly and competitively inhibit thrombin reaction.**
However, it still remains unclear whether the type of inhibition by DTIs of thrombin reaction
with S-2238 can be applied to the anticoagulant effects.

The Clauss assay is classical but most popular even now for quantification of plasma
fibrinogen concentrations.” This is based on the quantitative relationship between fibrinogen
concentrations and time for fibrin clot formation by thrombin. As a high concentration of
thrombin ranging from 40.25 to 115 IU/mL is added to dilute test plasma, the clotting time
depends exclusively on concentrations of fibrinogen but not of other coagulation factors.

The Lineweaver-Burk plot, which is one of classical linear transformations of the
Michaelis-Menten equation for enzymatic reaction kinetics, presents curve-linearity between the
reciprocal of the substrate concentration versus the reciprocal of the rate of reaction.” When

used for determining the type of enzyme inhibition, this plot can distinguish competitive,
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uncompetitive, non-competitive, and mixed inhibitors.

To assess how DTIs affect in vitro clotting from the enzymatic perspective, the
Lineweaver-Burk plot was applied to the Clauss assay, regarding the clotting time as an inverse
function of the rate of thrombin reaction. In brief, the clotting time in pooled plasma samples
of three different fibrinogen concentrations was examined in the presence of various
concentrations of dabigatran, using a thrombin concentration of 40.25 IU/mL, which is sensitive
to DTIs .°

The dabigatran concentration of around 250 ng/mL (0.53 mM) seemed to critically affect the
inhibition type as well as the prolongation of clotting time (figure 1). Dabigatran appeared to
inhibit thrombin reaction uncompetitively roughly within dabigatran concentrations of 250
ng/mL. Consistent with uncompetitive inhibition, dabigatran appeared to be effective in
plasma samples containing high fibrinogen concentrations. At the concentrations of more than
250 ng/mL, the anticoagulant effects exhibited mixed inhibition-like patterns, and the
prolongation of clotting time was curve-nonlinearly accelerated. Interestingly, the
concentration, 250 ng/mL, appearing to critically affect the inhibition type and the prolongation
of clotting time was close to the concentration of 210 ng/mL, which doubled the rate of major
bleeding as analyzed by the RE-LY trials." Analogous experiments using argatroban provided

findings roughly similar to those from the experiments using dabigatran, suggesting that the
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observations were not limited to the case of dabigatran (figure 2).

Expression of anticoagulant effects of DTIs is thought to be complicated due to the molecular
structure of fibrinogen and dynamics of thrombin molecules. S-2238 is a small peptide
molecule possessing just one binding site for catalysis, while a fibrinogen molecule is a dimeric
macromolecule composed of two identical monomers possessing two enzymatic cleavage sites
to release the fibrinopeptide A (FPA) and fibrinopeptide B (FPB), respectively. The
specificity constant for release of FPB from intact fibrinogen is less than 3% of that for release
of FPA from intact fibrinogen.” It is plausible that the two cleavage sites are differently sensitive
to DTIs because of the great differences in binding affinity for thrombin. Notably, thrombin
catalyzes FPB cleavage without dissociation of the catalytic intermediate, des-A fibrinogen,
immediately just after catalyzing FPA cleavage. In fact, the specificity constant for release of
FPB from intact fibrinogen is less than 10% of that for release of FPB from des-A fibrinogen.’
Low concentrations of DTIs, which cannot compete with intact fibrinogen to bind to thrombin,
might bind to thrombin still associated with des-A fibrinogen to exhibit apparently
uncompetitive but not competitive inhibition of FPB cleavage. It is of considerable interest
that even only release of FPA from intact fibrinogen can initiate observable clotting. This
might be why the clotting times within dabigatran concentrations of 250 ng/mL were much

closer to those in the absence of dabigatran than those at the concentrations of more than 250
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ng/mL. In contrast, high concentrations of DTIs could bind not only to a complex of thrombin
and des-A fibrinogen but also to free thrombin to exhibit mixed inhibition-like patterns,
preventing both FPA release and FPB release.

Fibrin once generated by thrombin adsorbs a considerable amount of thrombin molecules.®
The resulting immobilization of thrombin affects the enzymatic activities and kinetics, likely
changing rate of catalytic reaction more complicatedly than the case of only soluble thrombin.
Thus, it seems that structural features of fibrinogen and dynamics of thrombin molecules are
related to the discrepancy from findings based on thrombin reaction with S-2238.

Potential weakness of the present study is the use of plasma samples spiked with DTIs but not
of samples from patients on medication. It is difficult to assess the inter-individual variation
using spiked samples. In addition, about 20% of dabigatran gets metabolized to
pharmacologically active glucuronide conjugates by glucuronosyltransferase in vivo.
Observations from samples spiked with dabigatran cannot reflect effects of its metabolites.
However, it is unjustifiable to designedly expose patients to potentially toxic dose and
indefensible to collect such samples from patients. To evaluate in vitro anticoagulant effects
of DTIs not including their metabolites, the use of spiked samples is a valid methodology.

To our knowledge, the present study is the first to evaluate anticoagulant effects of DTIs

based on the Lineweaver-Burk plot applied to the Clauss assay. The results revealed the
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considerable discrepancy from well-known findings originated from previous studies using a

thrombin assay with S-2238 as a substrate. Further understanding of how DTIs impact in vitro

and in vivo coagulation reaction is expected to aid in studying how best to improve the

medication.
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Figure legends

Figure 1. Examination of dabigatran. (A) Lineweaver-Burk plot analysis for the data from

pooled plasma samples spiked with dabigatran at the concentrations of the range from 0 to 700

ng/mL as indicated in the graph. The fibrinogen concentrations of samples were 150, 240, and

410 mg/dL. (B) Linear approximate equations and correlation coefficients in (A). (C)

Prolongation of the clotting time of pooled plasma samples bearing a fibrinogen concentration

of 150, 240, or 410 mg/dL in the presence of dabigatran. Ratios of clotting time were ratios of

the clotting time in the presence of dabigatran to the clotting time in the absence of dabigatran.

Figure 2. Examination of argatroban. (A) Lineweaver-Burk plot analysis for the data from

pooled plasma samples spiked with argatroban at the concentrations of the range from 0 to 1000

ng/mL as indicated in the graph. The fibrinogen concentrations of samples were 140, 240, and

440 mg/dL. (B) Linear approximate equations and correlation coefficients in (A). (C)

Prolongation of the clotting time of pooled plasma samples bearing a fibrinogen concentration

of 140, 240, or 440 mg/dL in the presence of argatroban. Ratios of clotting time were ratios of

the clotting time in the presence of argatroban to the clotting time in the absence of argatroban.
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Figure 1 B and C
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Figure 2 A
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Figure 2 B and C
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