Journal of Thrombosis and Haemostasis, 12: 1054-1065

DOI: 10.1111/jth.12591

ORIGINAL ARTICLE

Direct thrombin inhibitors, but not the direct factor Xa
inhibitor rivaroxaban, increase tissue factor-induced
hypercoagulability in vitro and in vivo

E. PERZBORN,* S. HEITMEIER,* U. BUETEHORNY and V. LAUX*
*Pharma R&D Discovery Research, Bayer Pharma AG; and tBioanalytics, Bayer Pharma AG, Wuppertal, Germany

To cite this article:

Perzborn E, Heitmeier S, Buetehorn U, Laux V. Direct thrombin inhibitors, but not the direct factor Xa inhibitor

rivaroxaban, increase tissue factor-induced hypercoagulability in vitro and in vivo. J Thromb Haemost 2014; 12: 1054-65.

Summary. Background. Increased hypercoagulability has
been reported with low doses of direct thrombin inhibi-
tors but not with direct factor Xa inhibitors. Objectives:
To compare the effects of rivaroxaban with those of mel-
agatran and dabigatran on thrombin generation (TG) and
tissue factor-induced hypercoagulability and to explore the
possible involvement of the thrombin—thrombomodulin/
activated protein C system. Methods: In normal human
plasma and in protein C-deficient plasma, TG was investi-
gated in vitro in the presence and absence of recombinant
human soluble thrombomodulin (rhs-TM). TG was deter-
mined by calibrated automated thrombography and an
ELISA for prothrombin fragments 1+2 (F;4,). In an
in vivo rat model, hypercoagulability was induced by tissue
factor; levels of thrombin—antithrombin (TAT) and fibrin-
ogen and the platelet count were determined. Results: Riv-
aroxaban inhibited TG in a concentration-dependent
manner. In the absence of rhs-TM, melagatran and dabig-
atran also inhibited TG concentration dependently. How-
ever, in the presence of rhs-TM, lower concentrations of
melagatran (119474 nmol L") and  dabigatran
(68-545 nmol L") enhanced endogenous thrombin poten-
tial, peak TG, and F; ., formation in normal plasma but
not in protein C-deficient plasma. In vivo, rivaroxaban
dose-dependently inhibited TAT generation, whereas mel-
agatran showed a paradoxical effect, with an increase in
TAT and a small decrease in fibrinogen and platelet count
at lower doses. Conclusion: Low concentrations of the
direct thrombin inhibitors melagatran and dabigatran
enhanced TG and hypercoagulability, possibly via inhibi-
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tion of the protein C system. In contrast, rivaroxaban
reduced TG and hypercoagulability under all conditions
studied, suggesting that it does not suppress this negative-
feedback system.
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rivaroxaban; thrombin.
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Introduction

Factor Xa (FXa) and thrombin are favorable targets
for anticoagulant therapy, and the development of
target-specific oral anticoagulants that inhibit either FXa
(rivaroxaban, apixaban, edoxaban) or thrombin (dabiga-
tran, melagatran) is rapidly changing clinical practice.
The efficacy of these oral anticoagulants has been demon-
strated in a variety of clinical studies for the prevention
and treatment of thromboembolic disorders [1].

There have been concerns about a trend toward an
increase in the incidence of acute coronary events such as
myocardial infarction (MI) observed in some trials with
the direct thrombin inhibitors (DTIs) ximelagatran and
dabigatran. However, in all of these trials, rates of
MI/acute coronary syndrome (ACS) were low across
treatment groups [2-8], and further analysis of data from
the Randomized Evaluation of Long-Term Anticoagula-
tion Therapy (RE-LY) study of dabigatran showed that
the increase in the occurrence of MI seen with dabigatran
did not reach statistical significance [4].

There is currently no mechanistic explanation for the
trend toward an increase in MI/ACS events. One possible
explanation is that warfarin may be more efficacious than
dabigatran for the prevention of ACS [9], but impairment
of the activated protein C system might also be a contrib-
uting factor. The phenomenon of a paradoxical activation
of coagulation has been observed with low doses of the
DTI melagatran in preclinical studies [10-12]. In a rat
model of disseminated intravascular coagulation (DIC),
melagatran aggravated DIC by increasing thrombin
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generation (TG) at low doses, whereas the FXa inhibitors
DX-9065a and edoxaban showed dose-dependent protec-
tion against DIC [10,12]. In vitro, in human plasma, mel-
agatran increased TG at low concentrations when protein
C or thrombomodulin (TM) was present, whereas the
FXa inhibitors DX-9065a and edoxaban decreased TG
[10]. Results from this in vitro study suggest that a DTI
such as melagatran may inhibit the activation of protein
C through the inhibition of thrombin activity, which may
explain the observed increase in TG in the rat model
[11,13,14].

Most of the thrombin generated after the activation of
coagulation binds to TM present on the surface of endo-
thelial cells, where it rapidly activates protein C. This pro-
cess is enhanced by the binding of protein C to the
endothelial cell protein C receptor (EPCR). When acti-
vated, protein C dissociates from EPCR and binds to
protein S. The activated protein C—protein S complex
then inactivates FVa and FVIIla, further limiting TG
[15]. A defect in this feedback pathway has been reported
to be associated with microvascular thrombosis—the pro-
gression of which could be prevented by the administra-
tion of protein C [16].

Rivaroxaban, a direct FXa inhibitor [17], inhibits free
and clot-bound FXa [18], as well as prothrombinase
activity [17], without affecting the activity of existing
thrombin. The aim of this study was to compare the
effects of rivaroxaban with those of melagatran and
dabigatran on tissue factor (TF)-induced TG in vitro in
human plasma and in vivo in a rat model of TF-induced
hypercoagulability. The possible involvement of the
thrombin—-TM/activated protein C system in the enhance-
ment of TG observed with low concentrations of DTIs
was also explored.

Methods

Agents

Rivaroxaban, melagatran, and dabigatran were synthe-
sized by Bayer Pharma AG (Wuppertal, Germany). For
the in vitro studies, rivaroxaban was dissolved in 100%
DMSO and then further diluted with 5% DMSO. Mel-
agatran was dissolved in distilled water. Dabigatran was
dissolved in 1 N HCI (1 mg 20 pL™") and filled up to
I mL with distilled water. Recombinant human soluble
TM (rhs-TM, American Diagnostica, Stamford, CT,
USA) was dissolved in 0.9% NaCl. For the in vivo stud-
ies, rivaroxaban was dissolved in polyethylene glycol:
H,O:glycerol (996:100:60 g), and melagatran was dis-
solved in 0.9% NaCl. Recombinant TF was obtained
from a thromboplastin reagent kit (HemosIL® Recombi-
PlasTin; Instrumentation Laboratory, Lexington, MA,
USA). For the TG assay (calibrated automated thrombo-
gram [CAT] method), platelet-poor plasma (PPP) reagent
(5 pmol L), thrombin calibrator, and FluCa-Kit (Fluo-
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buffer and Fluo-substrate) were obtained from Thrombi-
noscope BV  (Maastricht, The Netherlands) and
PefablocFG was obtained from Pentapharm (Basel, Swit-
zerland).

In vitro studies

Plasma preparation Human blood was obtained from
healthy subjects who had not received medication during
the 10 days before the study. Blood was collected via
venipuncture and was allowed to drip freely into plastic
tubes containing 1/10 volume of 3.12% trisodium citrate.
PPP was obtained by immediate centrifugation at
1000x g for 20 minutes at room temperature.

Thrombin generation assay in human plasma using the
CAT method TG was determined by the CAT method
(Thrombinoscope, Maastricht, The Netherlands) in accor-
dance with the manufacturer’s instructions with some
modifications. PPP (76 puL) from individual donors was
spiked with 2 pL of increasing concentrations of rivarox-
aban (n = 9), melagatran (n = 8), dabigatran (n = 12), or
the appropriate vehicles in the presence or absence of
2 uL rhs-TM (final concentration 10 nmol L™"). Diluted
PPP reagent (20 pL, diluted with Fluo-buffer) was added
to the plasma to achieve a final TF concentration of
1.67 pmol L' and phospholipid concentration of
1.33 umol L™'. Incubation was carried out at 37 °C for
5 minutes, and the reaction was then started by adding
20 pL FluCa (HEPES, calcium chloride, and fluorogenic
substrate). Fluorescence was read in a fluorometer (Fluo-
roskan Ascent®: Thermo Scientific, Waltham, MA,
USA). In addition, thrombin calibration curves were per-
formed for each individual plasma sample spiked with the
appropriate solvent. TG curves were calculated using the
Thrombinoscope software (Thrombinoscope BV). The
following parameters were determined: peak TG (Cpax)
and endogenous thrombin potential (ETP). TG in protein
C-deficient plasma (lyophilized protein C-deficient human
plasma; Kordia, Leiden, The Netherlands) was deter-
mined as described for normal PPP.

Determination of prothrombin fragment 1+2 in human
plasma  To circumvent the small paradoxical stimulation
of TG observed at low concentrations of a DTI in some
experiments using the CAT assay [19], prothrombin frag-
ment 1+2 (F;,,) was measured as an additional marker
for TG. Briefly, human PPP (76 pL) was spiked with
2 pL of increasing concentrations of rivaroxaban (n = 3),
melagatran (n = 3), dabigatran (n = 4-8), or the appropri-
ate vehicles in the presence or absence of 2 pL rhs-TM
(final concentration 10 nmol L™'"). TG (generation of
F;+,) was induced according to the CAT method with
the following modifications. PPP was defibrinated by the
addition of PefablocFG (2 pL; final concentration of
6mgmL™"). TG was started by the addition of
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Fluo-buffer (HEPES, calcium chloride, and 5% DMSO
[instead of Fluo-Substrate]). The reaction was stopped by
adding 2 pL PPACK (Calbiochem®, Darmstadt, Germany;
final concentration 10 pmol L™") after 12 minutes. Deter-
mination of F;,, in protein C-deficient plasma was per-
formed as described earlier. Samples (120 pL) were then
transferred to microtiter plates containing EDTA (final
concentration 100 mmol L™") at 4 °C and then stored at
—20 °C. F,, was determined by an ELISA (Enzygnost®
F1+2 monoclonal; Dade Behring, Marburg, Germany) in
accordance with the manufacturer’s instructions.

In vivo study—tissue factor-induced hypercoagulability
in rats

RecombiPlasTin (8 mg) was reconstituted in RecombiPla-
sTin Diluent (0.5 mL) and further diluted with 0.5 mL
0.9% NaCl. Male Wistar rats, weighing 227-273 g, were
fasted overnight and anesthetized by intraperitoneal injec-
tion of pentobarbital-Na (Narcoren® 80-100 mg kg™ ';
5mL kg™!; Merial GmbH, Hallbergmoos, Germany).
The animals were randomized (nz = 10) to receive intrave-
nous rivaroxaban  (0.001-0.3 mg kg~'), melagatran
(0.001-0.3 mg kg™ "), or the appropriate vehicle (1 mL kg ™).
After 5 minutes, RecombiPlasTin (8 mg kg™"') or its vehi-
cle (sham control groups) was administered slowly as an
intravenous bolus. Blood was obtained via puncture of
the abdominal aorta 10 minutes after the administration
of RecombiPlasTin or vehicle using 3.12% trisodium cit-
rate (for measurements of clotting times) or EDTA
1.8 mg ml~" (for measurements of thrombin-antithrombin
[TAT], fibrinogen, platelet count) as an anticoagulant.
PPP was obtained as described for the in vitro studies and
stored at —20 °C. All animal procedures were conducted
in accordance with the German Animal Protection Act
(Deutsches Tierschutzgesetz).

TAT levels Plasma TAT complex levels were measured
using a commercially available ELISA kit (Enzygnost®;
Dade Behring) in accordance with the manufacturer’s
instructions. The TAT concentrations of the sham groups
were used as baseline values to calculate fold increases.

Fibrinogen levels Plasma fibrinogen was measured using a
commercially available ELISA kit (Rat Fibrinogen ELISA,
Immunology Consultants Laboratory, Newberg, OR, USA)
in accordance with the manufacturer’s instructions.

Measurement of platelet count Platelet count was deter-
mined in whole blood in a Coulter counter (Beckman
Coulter, Krefeld, Germany).

Clotting time measurements Prothrombin time (PT;
Neoplastin® Plus; Diagnostica Stago, Asniéres-sur-Seine,
France) was measured in the rivaroxaban study and acti-
vated partial thromboplastin time (APTT; STA APTT;

Diagnostica Stago) was determined in the melagatran
study using a ball coagulometer KCI0A (Amelung,
Lemgo, Germany), in accordance with the manufacturer’s
instructions.

Plasma concentrations of rivaroxaban and melagatran
Plasma concentrations of rivaroxaban and melagatran
were determined by liquid chromatography—tandem mass
spectrometry using a stable isotope-labeled internal stan-
dard. The applied sample preparation procedure involved
protein precipitation followed by HPLC separation and
tandem mass spectrometric detection. The HPLC system
was coupled online to a tandem mass spectrometer (Bio-
systems/MDS Sciex API 4000) via a TurbolonSpray®
interface.

Statistics

Results are shown as mean + standard error of the mean.
ICsg values were calculated using GraphPad Prism 6.0
(GraphPad Software, San Diego, CA, USA). One-way
analysis of variance (anova) followed by Tukey’s multiple
comparison test was used for statistical analysis or
unpaired parametric t test to compare two groups, with a
P-value < 0.05 considered to be statistically significant.

Results

Effect of rivaroxaban, melagatran, or dabigatran on
thrombin generation in normal and protein C-deficient
human plasma (CAT method)

In control PPP, the levels of TG (ETP and C,,,,) were simi-
lar across all studies investigating rivaroxaban, melagatran,
or dabigatran. The addition of 10 nmol L™' rhs-TM signifi-
cantly decreased TG in the control plasma, as shown by
the reduction in Cp.x (by 63 £+ 4%, 63 £ 5%, and
69 + 4% in the rivaroxaban, melagatran, and dabigatran
groups, respectively) and the ETP (by 72 + 3%, 71 + 3%,
and 76 + 3% in the rivaroxaban, melagatran, and dabiga-
tran groups, respectively) (Table 1).

Rivaroxaban significantly inhibited TG in a
concentration-dependent manner in normal human PPP
(Figs 1A, 2A, and 3A,B), resulting in ICsy for Cpax of
44 + 6 and 66 + 5 nmol L™ in the presence and absence
of rhs-TM, respectively, and for ETP of 57 + 8 and
697 + 106 nmol L~' in the presence and absence of
rhs-TM, respectively (Table 2).

Melagatran and dabigatran inhibited TG in a
concentration-dependent manner in the absence of rhs-
TM (Figs 1C,E and 3C-F). However, there was a slight,
but not significant, increase in Cp,,x (maximal increase of
8% and 11% for melagatran and dabigatran, respectively)
and ETP (maximal increase of 6% and 5% for melaga-
tran and dabigatran, respectively) over baseline at the
lower concentration range measured. In the presence of
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Table 1 Thrombin generation in control samples of normal human plasma and protein C-deficient plasma with and without thrombomodulin
comparing the rivaroxaban, melagatran, and dabigatran study

Rivaroxaban Melagatran Dabigatran
-T™ +TM -T™M +TM -T™M +TM
Normal PPP
Cpmax (nmol L™! thrombin) 273 £9 100 £ [1%** 276 + 14 101 £ [3%** 261 £ 12 81 £ [1¥**
ETP (nmol L™! thrombin x min) 2070 + 74 586 4+ 61%** 2019 + 90 583 4+ 67*** 1970 + 84 472 £+ 61***
Protein C-deficient plasma
Cpnax (nmol L™! thrombin) 287 £ 15 290 + 19 269 + 45 294 + 22 271 + 45 298 + 21
ETP (nmol L™" thrombin x min) 1997 £ 69 2022 £ 46 1913 + 182 1993 + 62 1856 + 186 1980 + 73

Data are control values and are shown as mean + standard error of the mean (n = 812 for rivaroxaban, melagatran, and dabigatran in
normal plasma from healthy volunteers; n = 3 in protein C-deficient plasma).

kP < 0.001 vs. =TM.

Chnax> peak thrombin generation; ETP, endogenous thrombin potential; PPP, platelet-poor plasma; TM, thrombomodulin.
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Fig. 1. Representative thrombograms without and with rivaroxaban (3-1090 nmol L™"), melagatran (3-948 nmol L"), or dabigatran
(3-1090 nmol L") in normal human platelet-poor plasma (A, C, E) and in protein C-deficient plasma (B, D, F) in the absence of recombinant
human soluble thrombomodulin (rhs-TM).
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Normal human platelet-poor plasma
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Fig. 2. Representative thrombograms without and with rivaroxaban (3-1090 nmol L"), melagatran (3-948 nmol L™"), or dabigatran
(3-1090 nmol L") in normal human platelet-poor plasma (A, C, E) and in protein C-deficient plasma (B, D, F) in the presence of recombinant

human soluble thrombomodulin (rhs-TM; 10 nmol L™").

rhs-TM, melagatran and dabigatran exhibited a paradoxical
effect on Cy,,.x and ETP. There was a concentration-dependent
increase over control of Cy,,x and ETP at concentrations >
10 nmol L', reaching a maximum at approximately
200-300 nmol L~'. The ETP and Cy,, were significantly
increased by 1.9-2.2-fold and by 2.2-2.7-fold, respectively,
with melagatran at 119-474 nmol L™" vs. control (Fig. 3C,D).
Similarly, in the presence of dabigatran, the ETP was signifi-
cantly increased at 136-545 nmol L' by 2.2-2.6-fold, and
the Cpax Was significantly enhanced at 68-545 nmol L' by
2.0-3.3-fold, respectively (Fig. 3E,F). Furthermore, even at
the highest concentration of melagatran and dabigatran
tested (~1000 nmol L™"), TG was not reduced to values
below those measured in the controls (Fig. 3C-F). Thus, in
the presence of rhs-TM, ICsq for Cpa. and ETP increased

from 940 to 732 nmol L™, respectively, for melagatran and
from 976 to 722 nmol L', respectively, for dabigatran, to
values above the highest concentrations measured (Table 2).

In protein C-deficient plasma, rhs-TM had no influence
on TG or the inhibition of TG by rivaroxaban, melaga-
tran, or dabigatran (Figs 1B,D,F and 2B,D,F). No
increase in ETP or C,,,x was observed with melagatran or
dabigatran in the absence or presence of rhs-TM in pro-
tein C-deficient plasma.

F1.2 generation

To confirm that the results obtained with the CAT
method were not biased by the methodology, TG was
measured under similar conditions but using the
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Fig. 3. Peak thrombin generation (Cy,,x) and endogenous thrombin potential (ETP) in normal human platelet-poor plasma spiked with rivarox-
aban (n = 9), melagatran (n = 8), or dabigatran (n = 12) in the absence and presence of recombinant human soluble thrombomodulin (rhs-TM;
10 nmol L’l). Results are shown as mean + standard error of the mean. *P < 0.05, **P < 0.01, ***P < 0.001 vs. respective controls.
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Table 2 Thrombin generation in human platelet-poor plasma spiked with rivaroxaban, melagatran, or dabigatran without and with thrombo-

modulin

Rivaroxaban Melagatran Dabigatran
Parameter ™ +TM ™ +TM ™ +TM
Crnax 1Cso (nmol L™ 66 £ 5 44 +6 940 + 79 >950 976 + 71 >1090
ETP ICs (nmol L™1) 697 + 106 57+ 8 732 + 43 >950 722 + 44 >1090

Results are shown as mean + standard error of the mean; n = 812 in normal plasma from healthy volunteers.
Chax» peak thrombin generation; ETP, endogenous thrombin potential; ICs,, maximal drug concentration to cause 50% inhibition; TM, throm-

bomodulin.

measurement of F;,, as a read-out system. Similar
results were obtained by measuring F;,, generation
(Fig. 4). In control plasma, the amount of F; ., generated
was similar across all studies. The addition of rhs-TM
decreased the amount of F;,, (Fig. 4B). Rivaroxaban
concentration-dependently inhibited F;,, generation in
the absence or presence of rhs-TM, with ICs, values of
12 4+ 7 and 14 = 7 nmol L™, respectively (Fig. 4A,B).

In the absence of TM, melagatran and dabigatran
inhibited F;., generation in a concentration-dependent
manner (Fig. 4A). The ICs, values were 368 + 40 nmol L™
for melagatran and 387 + 63 nmol L' for dabigatran.
However, in the presence of rhs-TM, both melagatran
and dabigatran increased F;., generation. F;., was sig-
nificantly increased within the same concentration range
as observed by the CAT method, by 1.8-2.0-fold and
1.6-1.9-fold with melagatran and dabigatran, respectively
(Fig. 4B).

In protein C-deficient plasma, rivaroxaban, as well as
melagatran and dabigatran, concentration-dependently
inhibited the generation of F;., in the presence of TM.
Neither dabigatran nor melagatran enhanced F; ., gener-
ation (Fig. 4C).

TF-induced hypercoagulability in vivo in rats

TF significantly increased TAT levels by 13-fold
from 9+ 5to 116 + 11 pg L™ and from 7 + 2 to
88 «+ 10 pg L' in the control animals of the rivaroxaban
and melagatran groups, respectively, within 10 minutes
after injection, without affecting fibrinogen concentration
or platelet count (Fig. 5). There was a slight increase in
APTT but not PT in the control animals (Table 3).
Rivaroxaban dose-dependently inhibited the TF-induced
increase in TAT levels over a broad dose range (0.001—
0.3 mg kg™ "); the effect was highly significant at doses >
0.03 mg kg~! (P <0.001), with complete inhibition at
0.3 mg kg~ ' rivaroxaban (Fig. 5A). This dose range cor-
responded to plasma levels of rivaroxaban of
3-766 ug L' and prolongation of PT of 1.0-1.9-fold
over baseline (Table 3). Platelet count and fibrinogen con-
centration were not affected over the whole dose range
tested (Fig. 5C,E). Melagatran also reduced TF-induced

TAT generation at the highest dose (0.3 mg kg ';

corresponding to a plasma level of 525 pug L~! and APTT
prolongation of 3.1-fold) (Table 3). However, melagatran
potentiated TF-induced hypercoagulability at lower doses
(0.01-0.03 mg kg~ '; corresponding to plasma levels of
19-46 pg L"), At a melagatran dose of 0.01 mg kg ™'
(corresponding to a plasma level of 19 pg L' and APTT
prolongation of 1.7-fold), TAT increased by 1.6-fold vs.
TF control (P < 0.01; Fig. 5B). Furthermore, fibrinogen
levels decreased significantly from 2.34 4+ 0.08 g L™! (TF
control) to 1.41 +0.20 g L™" at 0.03 mg kg~' melaga-
tran (P < 0.001) (Fig. SD), and platelet count decreased
from 644 x 10° uL~!' (TF control) to 559 x 10° pL~! at
0.01 mg kg~ ! melagatran (Fig. 5F).

Discussion

In this study, we investigated the phenomenon of a para-
doxical activation of coagulation at low concentrations of
DTIs, as reported by Furugohri ez al. [10-12], and com-
pared the effects of dabigatran, melagatran, and rivarox-
aban in vitro and melagatran and rivaroxaban in vivo. In
contrast to the in vivo studies by Furugohri et al., we used
less severe hypercoagulable conditions, which avoided the
development of DIC in the control animals. In these stud-
ies, the increase in TAT was higher (519 pg L™' [10] and
385 ug L' [12]), which resulted in a strong decrease in
platelet count (27% and 42%, respectively), compared
with TAT levels of 88 pg L' (melagatran study) and
116 pg L' (rivaroxaban study) in our study without a
reduction in platelet count or fibrinogen levels in the con-
trol groups. Furthermore, in the study by Furugohri et al.
[12], there was a dose-dependent or time-dependent high
mortality rate (up to 67% and 88% mortality, respec-
tively) in the ximelagatran-treated animals. We used this
modified model of TF-induced intravascular coagulation
to reflect more closely the clinical situation of athero-
thrombosis. Our study showed that rivaroxaban protected
against TF-induced hypercoagulation over a broad dose
range. Higher doses of melagatran also exhibited a pro-
tective effect; however, at low doses/plasma concentra-
tions, direct inhibition of thrombin with melagatran
increased hypercoagulability, as shown by an increase in
TAT and a decrease in fibrinogen levels, and a mild
decrease in platelet count. These results are consistent
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Fig. 4. Effects of rivaroxaban (3-1090 nmol L"), melagatran (3-948 nmol L"), and dabigatran (3-1090 nmol L™") on prothrombin fragment
142 generation in the absence (A) and presence (B) of recombinant human soluble thrombomodulin (rhs-TM; 10 nmol L") in normal human
platelet-poor plasma and in protein C-deficient human plasma in the presence of rhs-TM (C). *P < 0.05, **P < 0.01, ***P < 0.001 vs. respec-

tive controls. rhs-TM, recombinant human soluble thrombomodulin.

with the previous studies showing a paradoxical activa-
tion of coagulation with these DTIs, in contrast to FXa
inhibitors [10,12].

In normal human PPP, rivaroxaban concentration-
dependently inhibited TG in the absence and presence of
rhs-TM. Melagatran and dabigatran also inhibited TG in

a concentration-dependent manner in the absence of TM.
The slight, but not significant, increase in Cp,,x and ETP
over baseline may be due to an increase in the activity of
ar-macroglobulin-thrombin (o2-M-thrombin) in the pres-
ence of low concentrations of a DTI, but this transient
increase is not subtracted by the mathematical algorithm
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D), and platelet counts (E, F) 10 minutes after injection of tissue factor (8 mg kg~') in male rats. Results are mean + standard error of the
mean (n = 10). **P < 0.01, ***P < 0.001 vs. tissue factor control group; "P < 0.05, TP < 0.01, TP < 0.001 vs. sham control group. i.v., intra-

venous.

used by the CAT technique to correct the 02-M-thrombin
activity. Thus, the increase might not be attributed to
thrombin itself [19]. However, in the presence of TM,
only high concentrations of melagatran and dabigatran
reduced ETP and C,,, whereas at lower concentrations
both DTIs significantly enhanced peak levels of TG; this
effect was not observed in protein C-deficient plasma.
This is consistent with previous findings that DTIs, such
as melagatran, increased TG at low concentrations in the
presence of protein C [10] or TM [11]. To exclude the
possibility that the observed increase in TG in the pres-
ence of TM was due to the readout system of the CAT

method, TG was also determined by measuring the
concentration of F,,. The results showed that low con-
centrations of melagatran (119-474 nmol L™") and dabig-
atran (136-545 nmol L") enhanced F;,, generation in
the presence but not in the absence of rhs-TM, confirm-
ing the results obtained with the CAT method.

In the control samples of normal plasma, the concentra-
tions of F; +, were 1.5-1.7-fold higher compared with those
in protein C-deficient plasma. In contrast, ETP was similar
in normal and in protein C-deficient plasma, as measured
by using the CAT method. These differences may be at least
partly due to the different batches of protein C-deficient
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Table 3 Prothrombin time (PT) and activated partial thromboplastin time (APTT) prolongation and plasma levels of rivaroxaban and melaga-
tran 15 minutes after intravenous drug administration and 10 minutes after injection of tissue factor (TF)

Rivaroxaban Melagatran
Drug dose Plasma concentration PT prolongation Plasma APTT prolongation
(mg kg™ (ug LY (x-fold over baseline) concentration (ug L") (x-fold over baseline)
Sham - 1.00 £ 0.03 - 1.00 £ 0.05
TF control - 1.01 £ 0.03 - 1.23 £ 0.04
0.001 29 £04 1.00 £ 0.04 <2.9% 1.26 £ 0.05
0.003 48+ 09 1.02 £ 0.02 63£03 1.34 £ 0.05
0.01 154 £ 2.6 0.96 + 0.02 19.2 £ 0.9 1.68 £+ 0.03
0.03 60.7 £ 9.1 1.03 £ 0.02 459 £ 5.7 2.17 £ 0.23*
0.1 276.8 + 35.4 1.26 £ 0.06%** 199.8 + 25.8 2.08 £ 0.18%*
0.3 765.9 + 68.0 1.92 £ 0.05%** 524.7 + 26.1 3.11 £ 0.27%**

Results are shown as mean =+ standard error of the mean.
*P < 0.05, **P < 0.01, ***P < 0.001 vs. sham control.
tValue below the detection limit of the assay.

plasma used in both methods. We also excluded the possi-
bility that contact activation at low TF concentrations may
have influenced the TG profile. The results were similar in
plasma obtained from blood withdrawn in the presence of
corn trypsin inhibitor (data not shown).

In normal human PPP, the addition of 10 nmol L~!
rhs-TM suppressed the amount of TG by approximately
60%, as a result of the activation of protein C and the neg-
ative-feedback system. The increase in TG at low concen-
trations of melagatran and dabigatran in the presence of
TM and protein C suggests that these DTIs may inhibit the
activation of protein C through the inhibition of TM-
bound thrombin, which subsequently reduces the TM/acti-
vated protein C negative-feedback system. This may be due
in part to an increase in the affinity of the thrombin inhibi-
tor for the thrombin bound to TM, which may reduce the
concentrations of the active TM—thrombin complex below
a critical level. A twofold increase in this affinity was
shown for melagatran and inogatran [13]. Melagatran,
inogatran, and dabigatran are derivatives of the peptide-like,
benzamidine-based thrombin inhibitors and show struc-
tural similarities. It should be noted that the paradoxical
activation may not occur with DTIs in general. Structural
changes of the inhibitors leading to different binding kinet-
ics and thermodynamics can have significant effects on the
interaction of the inhibitor with its different target enzyme
complexes [20].

Low thrombin inhibitor concentrations might insuffi-
ciently block the feedback activation of FXI, FV, and
FVIII by thrombin; in this situation, the protein C path-
way may have a dominant role in the regulation of TG.
Higher inhibitor concentrations are sufficient to inhibit
thrombin activity and TG because of the inhibition of the
feedback activation. Of note, in the presence of TM, Cy.x
and ETP reached basal levels only at the highest DTI
concentration tested, indicating that higher concentrations
are necessary to inhibit TG effectively in the presence of
TM. In contrast, in the presence of a FXa inhibitor there

remains enough active TM—thrombin complex for the reg-
ulation of TG. It is noteworthy that, in the presence of
TM, the ICsq value for ETP inhibition by rivaroxaban
was 12-fold lower compared with the ICs in the absence
of TM; this can be explained by the reduction in TG in
the presence of TM. Recently, it was suggested that the
addition of TM to a TG assay might reflect more closely
a physiological situation and, furthermore, this assay
might be used to detect thrombophilic phenotypes [21,22].

The increase in TG may be responsible for the increased
hypercoagulation observed with low doses of melagatran in
vivo. It remains to be investigated whether there is a link
between hypercoagulability and the interaction with the
thrombin-TM/activated protein C system observed in pre-
clinical studies and the reported higher risk of ACS (than
the comparators) in some clinical studies of dabigatran and
melagatran. The precise mechanisms are not known, but
potential explanations have been discussed. It was sug-
gested recently that, owing to the massive release of FV
when platelets are involved and the subsequent formation
of the prothrombinase complex, there may be too much
thrombin produced to be inhibited by a thrombin inhibitor.
In contrast, a direct FXa inhibitor inhibits prothrombinase
activity and thereby reduces the amount of thrombin [23].
Furthermore, a recent analysis of markers of inflammation
using blood samples from a phase II study of the first oral
DTI ximelagatran (Efficacy and Safety of the oral
Thrombin inhibitor ximelagatran in combination with
aspirin, in patiEnts with rEcent Myocardial damage
[ESTEEM]) showed that long-term treatment with ximelaga-
tran increased the levels of several markers of inflammation
[24]. In contrast, rivaroxaban was shown to suppress throm-
bin-induced proinflammatory gene expression in human
umbilical vein endothelial cells; in contrast, in the same
study, low-dose dabigatran exerted a proinflammatory effect
[25]. Given the role of inflammation in the pathogenesis of
ACS, further insights may be provided by clinical studies
investigating the effect of long-term treatment with the direct
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FXa inhibitors and the DTIs on the thrombin—TM/activated
protein C system, inflammation and endothelial function.

Our studies have some limitations. The ‘low concentra-
tions’ used in the in vitro studies are close to the reported
Cirough and Cp,y levels after therapeutic doses of dabiga-
tran and ximelagatran [26,27]; however, data obtained
under in vitro experimental conditions may not directly
mirror ex vivo drug levels in patients.

In the in vitro study, we used rhs-TM, but TM is physio-
logically active as a transmembrane thrombin receptor and
this may affect the binding of the thrombin inhibitor to the
TM-thrombin complex. Furthermore, the EPCR augments
thrombin—-TM-dependent protein C activation in vivo [28].
Thus, the presence of endothelial cells might affect the
results, and similar investigations in the presence of endo-
thelial cells are warranted to confirm these findings. The
data from our in vivo study cannot be compared directly
with the underlying pathophysiology of atherothrombosis.
Therefore, these results generate a hypothesis for a biochem-
ical mechanism; biomarkers from clinical studies that dem-
onstrate an increase in thrombin activation or a reduction of
activated protein C are necessary to support the hypothesis.

In conclusion, the present study indicates a paradoxical
activation of coagulation at low plasma concentrations of
melagatran and dabigatran, which may be caused by sup-
pression of the thrombin—TM/activated protein C feedback
system. In contrast, rivaroxaban did not exhibit such an
effect, suggesting that direct FXa inhibition may not be
associated with a paradoxically increased prothrombotic
state. However, the clinical relevance remains to be evalu-
ated in clinical studies measuring prothrombotic markers.
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