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Abstract

Introduction. Most anticoagulants stimulate fibrinolysis in vitro through mechanisms dependent on and
independent of thrombin activatable fibrinolysis inhibitor (TAFI). We evaluated the effect of dabigatran,
rivaroxaban and apixaban treatment on plasma fibrinolysis in patients with non-valvular atrial fibrillation.
Methods and Results. Patients treated with dabigatran etexilate (n = 22), rivaroxaban (n = 24) or apixaban (n =
22) were studied. Plasma was obtained before (trough) and 2 hours after drug intake (peak). Fibrinolytic
resistance of clots exposed to exogenous tissue plasminogen activator was significantly lower in peak than in
trough samples and correlated with drug concentration only in dabigatran group. Moreover, fibrinolytic
resistance at peak was lower in dabigatran than in rivaroxaban and apixaban groups. This difference
disappeared if the TAFI pathway was inhibited. Thrombin generation and TAFI activation were markedly lower
in peak than in trough samples in all three groups. However, TAFla levels in trough and peak samples were
significantly lower in dabigatran group than in rivaroxaban and apixaban groups. Circulating levels of
prothrombin fragment F1+2 (reflecting in vivo thrombin generation) and plasmin-antiplasmin complex
(reflecting plasmin generation) were not or barely influenced by drug levels in all groups.

Conclusions. Our data suggest that dabigatran, contrary to rivaroxaban and apixaban, reduces fibrinolytic
resistance by virtue of its greater impact on TAFI activation. The profibrinolytic effect of dabigatran may play a
role locally, at sites of fibrin formation, by making the nascent thrombus more susceptible to plasminogen-

dependent degradation.
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Introduction

Dabigatran, rivaroxaban and apixaban are target-specific direct oral anticoagulants (DOACs). Dabigatran is a
reversible inhibitor of thrombin, which is formed in vivo after intake of the prodrug, dabigatran etexilate [1].
Rivaroxaban and apixaban are highly specific reversible inhibitors of factor Xa [2,3]. Several large clinical trials
have documented the efficacy and safety of DOACs in diverse thromboembolic diseases [4], and the drugs are
now licensed for the prevention of venous thromboembolism after knee and hip replacement, the prevention
of stroke and systemic embolism in patients with non-valvular atrial fibrillation and for the treatment of acute
venous thromboembolism.

In vitro, most anticoagulants, including dabigatran [5] and rivaroxaban [6], have been shown to decrease
fibrinolytic resistance of plasma and/or blood clots through the blockade of the antifibrinolytic effects brought
about by thrombin, suggesting that the hastening of fibrin removal might contribute to the antithrombotic
activity of the drugs [7]. Thrombin, besides its role in platelet activation and fibrin formation, is a key player in
the protection of the haemostatic plug against premature lysis. In fact, thrombin is able to delay or even halt
the fibrinolytic process through multiple mechanisms, which include: 1) a direct effect on fibrin structure,
whereby the higher the thrombin concentration the more tightly packed and lysis-resistant the clot [8]; 2) the
activation of factor Xlll, which is essential for fibrin cross-linking and for the covalent binding of a2-antiplasmin
to fibrin, which is one of the most powerful anti-fibrinolytic mechanisms [9,10]; 3) the activation of thrombin
activatable fibrinolysis inhibitor (TAFI), a plasma procarboxypeptidase (also known as plasma
procarboxypeptidase U or B) that, once activated (TAFla), removes the C-terminal lysines from partially
degraded fibrin, thereby reducing the binding of tissue-type plasminogen activator (t-PA) and plasminogen to
the clot and, therefore, plasmin formation [11]. Whether DOACs decrease fibrinolytic resistance in clinical
setting is unknown and hard to anticipate because patients under anticoagulation are generally old and
frequently affected by several diseases, and thus may present with a compromised fibrinolytic system [12,13].
Moreover, the expression of thrombomodulin (TM) by vascular endothelial cells might interfere with the
activity of direct thrombin inhibitors, as suggested by in vitro studies. It has indeed been reported that
dabigatran and other thrombin inhibitors make the clots more resistant to fibrinolysis if TM is present in the
clot lysis model [5,14,15]. Moreover, direct thrombin inhibitors have been shown to enhance thrombin
generation in plasma containing TM [16,17] and in some animal models [17,18],raising concerns about a
possible prothrombotic risk associated with dabigatran treatment. We performed a study in patients with non-
valvular atrial fibrillation treated with dabigatran, rivaroxaban or apixaban to investigate 1) the effect of DOACs

on fibrinolytic resistance; 2) the possible influence of TM; 3) the in vivo changes of fibrinolysis markers.



Materials and Methods

Patients and sample collection

Sixty-eight patients with non-valvular atrial fibrillation (NVAF) were enrolled at the Haemostasis and
Thrombosis Center of Azienda Ospedaliera “Istituti Ospitalieri”, Cremona, Italy. Patients received dabigatran
etexilate (Pradaxa®, n = 22), rivaroxaban (Xarelto®, n = 24), or apixaban (Eliquis®, n = 22) according to AIFA
(Agenzia ltaliana del Farmaco) prescription criteria for the prevention of stroke and systemic embolism in
NVAF. Venous blood was collected into 0.109 M citrate using Becton Dickinson coagulation tubes (BD, USA).
Two samples were collected in the same morning, one just before drug intake (trough sample) and one 2 h
after drug intake (peak sample). Blood was immediately centrifuged at 1200 g for 15 min at room temperature,
and the resulting plasma was collected, snap frozen and stored at -80°C until analysis.

Dabigatran concentration in patients’ plasma was measured by diluted thrombin time (STA-thrombin,
Diagnostica Stago, Asnieres, France) on a magneto-mechanical coagulation analyzer (STA-R, Diagnostica Stago)
as described [19]. Rivaroxaban and apixaban concentrations were measured by a chromogenic anti-Xa assay
(STA®-Liquid Anti-Xa, Diagnostica Stago). The study conformed to the Declaration of Helsinki and informed
written consent was obtained from each patient. The study protocol was approved by the institutional Ethic

Committee (42-2014-0SS_FARM-CR27).

Proteins and reagents

Single-chain recombinant t-PA was from Boehringer Ingelheim (Florence, Italy); human thromboplastin
(Recombiplastin) was from Instrumentation Laboratory (Milan, Italy); bovine fibrinogen and potato tuber
carboxypeptidase inhibitor (PTCI) were from Sigma (Milan, Italy). Rabbit thrombomodulin (TM) and reptilase ST

were from American Diagnostica (Pfungstadt, Germany).

Plasma clot lysis assay

The lysis of tissue factor-induced plasma clots exposed to exogenous t-PA was studied with a turbidimetric
assay as described [5], with minor modifications. One hundred pL plasma, 10 pL thromboplastin (1:1000, final
dilution, corresponding to approximately 6 pM tissue factor), 10 uL t-PA (30 ng/mL, final concentration, f.c.),
and 20 pL Tris-NaCl buffer, were added to microplate wells, after which the clotting reaction was started with
100 uL CaCl, (8.3 mM, f.c.). The plate was incubated at 37°C, and the changes in optical density at 405 nm were
measured every minute in a microplate reader (Multiskan FC; Thermo Fisher Scientific, Waltham, MA, USA).
Clot lysis time was defined as the interval between the midpoint of the clear to maximum turbidity transition

and the midpoint of the maximum turbidity to clear transition. Where indicated, experiments were performed
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in the presence of the specific TAFla inhibitor PTCI (25 pug/mL, f.c.), or upon addition of the TAFI activation
cofactor TM (4 nM, f.c.). In some experiments, clotting was induced by the thrombin-like enzyme reptilase [5]

to avoid thrombin generation and TAFI activation.

TAFla generation

Thrombin-mediated TAFla generation was assessed in plasma by a two-stage functional assay as previously
described [20], with minor modifications. Plasma was defibrinated by reptilase (1:50) for 1 hour at 37°C. Then,
a mixture similar to that used for clot lysis assay, except for the absence of t-PA, was prepared in a test tube
and incubated at 37°C. After 10 min, unless otherwise specified, an aliquot was withdrawn, mixed with hirudin
(200 U/mL, f.c.; Abbott GmbH, Ludwigshafen, Germany,) to stop TAFI activation, and kept on melting ice until
tested. TAFla activity was evaluated as the ability to prolong the lysis time of purified fibrin clots. Thirty-five uL
of sample were added to a microplate well along with 25 pL bovine fibrinogen (830 pg/mL, f.c.), 10 uL t-PA (30
ng/mL, f.c.) and 40 pL Tris-buffer, after which clot formation was induced by 10 pL reptilase (1:50, final
dilution). The plate was read every minute at 405 nm at room temperature (to reduce the temperature-
dependent TAFla decay) and lysis times were calculated as described above. PTCl served as a reference for the
absence of TAFI activity and results were expressed as prolongation of lysis time over the PTCl-containing
sample. Experiments on pooled normal plasma containing increasing amounts of TAFla showed a linear

correlation between PTCl-sensitive lysis time prolongation and TAFla concentration (r = 0.994).

Thrombin generation

Thrombin generation was evaluated by the calibrated automated thrombinography (CAT) method developed
by Hemker et al [21]. Where indicated, experiments were performed in the presence of 4 nM TM. Because
dabigatran inhibited thrombin bound to a2-macroglobulin [22], neither the sample-specific calibrator (test
plasma spiked with a2-macroglobulin-thrombin) nor the Thrombinoscope software could be used in
dabigatran-containing plasma samples. Therefore, we manually calculated the thrombin generation curve
based on the velocity of fluorescence increase (first derivative), and measured the time to thrombin increase
(lag time), peak signal and area under the curve (endogenous thrombin potential, ETP). Due to the lack of
calibrators, the latter two parameters were expressed in arbitrary units (AU). Manual calculations could not be
used for rivaroxaban and apixaban samples because of the bias caused by the cleavage of the fluorogenic
substrate by thrombin-a2-macroglobulin complex. Therefore, CAT parameters in these samples were

calculated by the Thrombinoscope software.



ELISA assays

The following biomarkers were measured in patients’ plasma by commercially available ELISAs according to the
manufacturers’ instructions: activated TAFI (Asserachrom TAFla/ai, Diagnostica Stago); prothrombin F1+2
(Enzygnost F1+2, micro, Siemens Healthcare Diagnostics Products, Marburg, Germany); and plasmin/a2-

antiplasmin complex (Technozyme PAP, Technoclone GmbH, Vienna, Austria).

Statistical analysis

Data are presented as mean * SD or median and interquartile range depending on distribution, as assessed by
D'Agostino-Pearson test. Differences between trough and peak samples were analyzed by the Wilcoxon test for
paired samples. Differences among groups by Kruskal-Wallis test followed by pairwise comparison according to
Conover or by one-way ANOVA and Student-Newman-Keuls as post-hoc test. Correlations between variables
were assessed by the Spearman rank correlation test. Statistical analyses were carried out using the MedCalc
software (version 14.8.1). Concerning the study power, we calculated that 20 patients per group were needed
to detect a 15% paired difference in lysis time between peak and trough samples (B = 0.8; a = 0.05), assuming a

standard deviation of the difference equal to 150% of the difference.



Results

Patients’ characteristics

The main characteristics of patients are summarized in Table 1. The three groups were matched for age and
gender, BMI, CHADS, score, and comorbidities. Only previous acute myocardial infarction was less frequent in
dabigatran group, though not statistically significant. Drug concentrations were markedly higher at peak than

at trough, the difference in median values ranging from 2 (apixaban) to 7-fold (rivaroxaban).

Table 1. Main characteristics of patients

Dabigatran Rivaroxaban Apixaban P
n=22 n=24 n=22
Age (yr) 73.4%7.5 75.7+7.4 76.1+6.5 0.43
Weight (Kg) 75.5+14.0 71.0£20.5 75.5+18.2 0.12
BMI 25.8+6.8 25.2+5.3 27.9+55 0.28
Gender (M/F) 14/8 13/11 10/12 0.48
CHADS, score 1.64+1.09 2.1+1.26 22+131 0.24
Daily dose of drug (n) 2*110 mg (12) 15 mg (3) 2*2.5 mg (4) NA
2*150 mg (10) 20 mg (21) 2*5 mg (18)
Previous stroke or TIA (%) 18.2 16.6 18.2 0.98
Previous AMI (%) 45 29.2 22.7 0.09
Diabetes mellitus (%) 9.1 12.5 18.2 0.66
Hypertension (%) 68.2 70.8 81.8 0.55
Drug concentration at trough (ng/mL) 60.5 [39-130] 30.0 [20.5-50.5] 119 [67-161] NA
Drug concentration at peak (ng/mL) 152 [92-308]* 212 [148-303]* 234 [168-292]* NA

Differences among groups were tested by one-way ANOVA or Kruskal-Wallis test, as appropriate. NA, not applicable;
* P <0.0001 versus trough by Wilcoxon test for paired samples.

Fibrinolytic resistance of plasma clots

Fibrinolytic resistance was significantly lower (shorter lysis time) in peak than in trough samples in dabigatran
but not in rivaroxaban and apixaban groups (Fig. 1A). Moreover, clot lysis time was significantly and inversely
correlated only with the plasma levels of dabigatran, indicating that fibrinolytic resistance decreased as the
dabigatran concentration increased (Table 2). Intergroup comparison revealed that clot lysis time at peak in
dabigatran group was significantly shorter than the corresponding values in rivaroxaban and apixaban groups

(Fig. 1A).



Table 2. Correlations between biomarkers and drug concentration

Dabigatran Rivaroxaban Apixaban
rho P rho P rho P
Ex vivo assays
Lysis time -0.409 0.005 -0.107 0.47 0.192 0.21
TM lysis ratio 0.852 <0.0001 -0.190 0.23 -0.187 0.25
CAT parameters
ETP -0.700 <0.0001 -0.613 <0.0001 -0.386 0.010
Peak thrombin -0.542 0.0001 -0.88 <0.0001 -0.654 <0.0001
Lag time 0.334 0.029 0.815 <0.0001 0.686 <0.0001
TAFI activation -0.471 0.001 -0.623 <0.0001 -0.380 0.011
In vivo markers
F1+2 0.134 0.38 -0.148 0.32 -0.310 0.041
PAP 0.281 0.065 -0.119 0.89 0.271 0.075
TAFla/ai 0.131 0.39 -0.098 0.51 -0.134 0.31

TM lysis ratio, lysis time prolongation induced by thrombomodulin; CAT, calibrated automated thrombinography; ETP, endogenous
thrombin potential; TAFI activation, TAFla activity detected 10 minutes after clotting activation by 6 pM tissue factor; F1+2,
prothrombin fragment 1+2; PAP, plasmin-antiplasmin complex; TAFla/ai, activated TAFI (TAFIa) plus its inactive derivative TAFlai.
Correlations were assessed by the Spearman rank correlation test.

In dabigatran group, the difference in lysis time between peak and trough samples became much smaller upon
addition of the TAFla inhibitor PTCI, even though it remained statistically significant due to the paired
comparison (Fig. 1B). Under this condition, a small difference in clot lysis time was also observed in rivaroxaban
group.

To quantify the contribution of TAFI to fibrinolysis, we calculated the PTCI ratio (PTCI-R), which is given by the
ratio between lysis times in the absence and in the presence of PTCI. In dabigatran group, PTCI-R was
significantly lower in peak than in trough samples, indicating a lesser activation of TAFI in the former (Fig. 1C).
On the contrary, PTCI-R at peak was similar or slightly higher than PTCI-R at trough in apixaban and rivaroxaban
groups, respectively. PTCI-R values at peak and trough were significantly lower in dabigatran as compared to
either rivaroxaban or apixaban group.

In all groups, no difference in fibrinolytic resistance between peak and trough samples was observed when

clots were generated by the thrombin-like enzyme reptilase (not shown).
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Fig. 1. Fibrinolytic resistance of plasma clots of patients treated with dabigatran (Dab), rivaroxaban (Riv) or apixaban (Api).
Fibrinolytic resistance (expressed as lysis time) of TF-induced plasma clots to exogenous t-PA was assessed by a turbidimetric
assay in samples taken at trough (grey boxes) and peak drug concentrations (black boxes). A, global fibrinolytic resistance; B,
fibrinolytic resistance in the presence of the TAFla inhibitor PTCI; C, contribution of TAFI to fibrinolysis calculated as PTCI ratio
(ratio of lysis times in the absence and in the presence of PTCI). **, P =0.0001 and *, P < 0.005 versus trough (Wilcoxon test); T, P
< 0.05 versus corresponding samples of rivaroxaban and apixaban groups (Kruskal-Wallis test followed by pairwise comparison
according to Conover).

Thrombin and TAFla generation

ETP and maximum thrombin activity were reduced and lagtime prolonged in peak as compared to trough
samples in all groups (Fig. 2). The most marked differences in thrombin generation were observed in
rivaroxaban group. All CAT parameters were significantly correlated with drug concentration in all groups
(Table 2). Intergroup comparison could not be carried out because of the different method used to calculate

CAT parameters in dabigatran group.
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Fig. 2. Thrombin generation in plasma of patients treated with dabigatran (Dab), rivaroxaban (Riv) or apixaban (Api). Thrombin
generation was evaluated by the calibrated automated thrombinography (CAT) in samples taken at trough (grey boxes) and peak
drug concentrations (black boxes). Endogenous thrombin potential (ETP), maximum thrombin concentration (Peak) and Lag time
are illustrated in panels A, B, and C, respectively. For dabigatran samples, ETP and peak are expressed in arbitrary units because of
the unavailability of sample-specific calibrators (see methods for details). For rivaroxaban and apixaban groups, ETP and peak are
expressed as nM*min and nM, respectively. **, P <0.0001 and *, P <0.001 versus trough (Wilcoxon test).



The extent of TAFI activation under conditions similar to clot lysis assay (except for t-PA addition) was
evaluated by a fibrinolysis-based assay. The amount of TAFla generated at 10 min after clotting activation was
lower in peak than in trough samples in all groups (Fig. 3A) and significantly correlated with drug concentration
(Table 2). However, in dabigatran group, TAFla levels were significantly lower than in rivaroxaban and apixaban
groups at both peak and trough drug concentrations. In some samples we also evaluated TAFla generation over
time to better appreciate the differences among groups. At trough (Fig. 3B), the highest concentration of TAFla
was reached at 10 min in all groups, but the levels of TAFla measured in dabigatran samples were dramatically
lower than those found in rivaroxaban and apixaban samples at all time points. The same was true for peak
samples (Fig. 3C), except that the time to reach the maximum concentration of TAFla was delayed in anti-Xa
groups, meaning that the difference in TAFla generation between the latter and dabigatran group was greater

than that illustrated in Fig. 3A, which shows the TAFla levels at 10 min.
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Fig. 3. TAFla generation in plasma of patients treated with dabigatran (Dab), rivaroxaban (Riv) or apixaban (Api). Defibrinated
plasma was challenged with low TF and TAFla generation was assessed by a fibrinolytic assay (see methods for details). TAFla
activity generated in trough (grey boxes) and peak samples (black boxes) 10 min after clotting activation is illustrated in panel A.
TAFla generation curves in patients’ samples taken at trough and peak are illustrated in panels B and C, respectively. Each point
represents the geometric mean of six samples. The dotted line denotes pooled normal plasma. Mean concentrations of drugs in
patient plasma samples showed in B and C were as follows: dabigatran, 62.4 and 178 ng/mL; rivaroxaban, 33.1 and 277 ng/mL,
apixaban, 86.4 and 215 ng/mL. Results are expressed as PTCl-sensitive prolongation of lysis time. **, P < 0.0001 versus trough
(Wilcoxon test); T, P < 0.05 versus corresponding samples of rivaroxaban and apixaban groups (Kruskal-Wallis test followed by
pairwise comparison according to Conover).

Influence of thrombomodulin

Because direct thrombin inhibitors (DTIs) have been shown to inhibit fibrinolysis and enhance thrombin
generation in vitro if relatively high concentrations of soluble TM were included in the assay system [5,14,15],
we tested patients’ samples in the presence of 4 nM TM. Under this condition, clot lysis time in dabigatran
group was appreciably longer than in the other two groups both at peak and trough drug concentrations (Fig.
4A). The difference among groups became even greater when the antifibrinolytic activity of TM was calculated

as TM-induced prolongation of lysis time (TM lysis ratio, Fig. 4B). Of note, there was a strong positive
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correlation between dabigatran concentration and TM lysis ratio (Table 2), suggesting that dabigatran

increased rather than decrease the fibrinolytic resistance. Moreover, TM lysis ratio was significantly higher in

peak than in trough dabigatran samples. On the contrary, in rivaroxaban and apixaban groups, drug

concentration did not influence TM lysis ratio. In the CAT assay, the addition of thrombomodulin to dabigatran

samples reduced neither ETP nor peak thrombin levels (Fig. 5), suggesting that the drug made the plasma

resistant to the anticoagulant activity of TM. On the contrary, TM addition to plasma from rivaroxaban and

apixaban groups resulted in a marked reduction of both ETP and peak thrombin activity (Fig. 5).
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Fig. 4. Influence of thrombomodulin (TM) on fibrinolytic resistance
of plasma of patients treated with dabigatran (Dab), rivaroxaban
(Riv) or apixaban (Api). A, lysis times in the presence of 4 nM TM in
trough (grey boxes) and peak samples (black boxes). B, lysis time
prolongation induced by TM, calculated as TM lysis ratio (ratio of
lysis times in the presence and in the absence of TM). *, P = 0.002
versus trough (Wilcoxon test); ¥, P < 0.05 versus corresponding
samples of rivaroxaban and apixaban groups (Kruskal-Wallis test
followed by pairwise comparison according to Conover).

In vivo markers
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Fig. 5. Influence of thrombomodulin (TM) on thrombin generation
in plasma of patients treated with dabigatran (Dab), rivaroxaban
(Riv) or apixaban (Api). Thrombin generation was measured in
trough (grey boxes) and peak samples (black boxes) by CAT. ETP (A)
and peak thrombin (B) in the presence of TM (4 nM) is reported as
percent of values in the absence of TM. **, P < 0.0001 and *, P <
0.05 versus trough (Wilcoxon test); T, P < 0.05 versus corresponding
samples of rivaroxaban and apixaban groups (Kruskal-Wallis test
followed by pairwise comparison according to Conover).

Circulating levels of plasmin-antiplasmin complex were slightly but significantly higher in peak than in trough

samples in all groups (Fig. 6B). On the contrary, prothrombin fragment 1+2 and TAFla/ai did not differ between

peak and trough samples in any group (Fig. 3A and C). Intergroup analysis revealed that PAP levels were higher

in apixaban group whereas TAFla/ai levels were lower in dabigatran group. None of the biomarkers showed a

statistically significant correlation with drug levels with the exception of F1+2, which resulted significantly

correlated with apixaban levels (Table 2).
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Fig. 6. Fibrinolysis and coagulation markers in plasma of patients treated with dabigatran (Dab), rivaroxaban (Riv) or
apixaban (Api). A, prothrombin fragment F1+2; B, PAP complex; C, activated TAFI plus its inactive derivative (TAFla/ai).
Biomarkers were measured at trough (grey boxes) and peak (black boxes) by specific ELISAs. *, P < 0.001 versus trough; T, P <
0.05 versus corresponding samples of the other two groups (Kruskal-Wallis test followed by pairwise comparison according to
Conover).

Discussion

Our study shows that dabigatran treatment reduces the fibrinolytic resistance of plasma clots whereas neither
rivaroxaban nor apixaban influenced the fibrinolytic response to any noticeable extent. To investigate the
impact of direct oral anticoagulants on fibrinolysis, we tested plasma samples at peak and trough drug levels,
using an in vitro clot lysis model considered of pathophysiological relevance [23]. Two observations indicate
that dabigatran administration reduces fibrinolytic resistance: 1) lysis time at peak was appreciably and
significantly shorter than at trough; 2) lysis time was strongly and inversely correlated with dabigatran level,
suggesting a concentration-dependent profibrinolytic effect of the drug. On the contrary, in patients treated
with rivaroxaban or apixaban, the lysis time of plasma clots was similar in peak and trough samples and
unrelated to drug level. The lack of effect on fibrinolysis is particularly surprising in rivaroxaban-treated
patients, in whom the difference in drug concentration between peak and trough samples was greater than 7-
fold. Another important observation supporting the profibrinolytic effect of dabigatran is that the lysis time of
peak samples from dabigatran-treated patients was significantly shorter than the corresponding lysis time
recorded in the other 2 groups.

The variable effect on fibrinolytic resistance is likely due to the different ability of anticoagulants to inhibit
thrombin-mediated TAFI activation. Firstly, TAFla activity generated after clotting activation was markedly

lower in dabigatran than in rivaroxaban and apixaban samples at both trough and peak. Secondly, upon
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neutralization of TAFla by PTCI, the difference in lysis time between the 3 groups disappeared. Thirdly, the
contribution of TAFI activation to fibrinolysis, measured as PTCl ratio, was significantly lower in dabigatran
group, even when the trough samples were compared. Based on these findings and considering that TAFla
inhibits fibrinolysis with a threshold mechanism [14], it is plausible to hypothesize that in dabigatran samples
the levels of TAFla descend below the threshold concentration needed to halt the fibrinolytic process, whereas
in rivaroxaban and apixaban groups they remain mostly above the threshold both at trough and peak drug
concentrations (Fig. 7). In fact, looking at the TAFla generation curves, it can be realized that the reduction in
maximum TAFla level seen in peak samples of rivaroxaban and apixaban groups is offset by a more sustained
activation of TAFI. Unfortunately, we could not establish if the greater effect of dabigatran on TAFI activation
was due to a greater inhibition of thrombin generation because the CAT parameters in dabigatran samples
were calculated manually and expressed in arbitrary units due to the interference of the drug with the internal

calibrator [22].
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Fig. 7. Hypothesis on the differential effect of anticoagulants on TAFI-mediated inhibition of fibrinolysis. A, in the absence of
anticoagulants, thrombin generation is high and sustained, leading to the generation of enough TAFla to overcome the threshold
level needed to halt fibrinolysis (through the conversion of fibrin from a lysis sensitive to a lysis resistant form). B, dabigatran
administration markedly reduces thrombin-mediated TAFI activation so that the concentration of TAFla is kept below the critical
threshold level, resulting in faster fibrinolysis. C, rivaroxaban or apixaban treatment has a weaker effect on thrombin-dependent
TAFI activation so that the levels of TAFla remain mostly above the threshold level, resulting in fibrinolysis inhibition.

Anticoagulants have been reported to stimulate fibrinolysis through TAFI-dependent and TAFl-independent
mechanisms [7,8]. In our clot lysis model, the effect of dabigatran was largely TAFI-mediated as suggested by
the fact that the difference in lysis time between peak and trough samples became much smaller in the
presence of PTCI. Actually, under this condition a small shortening of lysis time at peak was also observed with
rivaroxaban, suggesting a weak TAFl-independent profibrinolytic effect.

Several in vitro and animal studies indicate that direct thrombin inhibitors, unlike anti-Xa inhibitors, enhance
thrombin generation and make clots more resistant to fibrinolysis when tested in the presence of TM
[5,14,16,17]. Given the potential implications of these findings, we evaluated if similar prothrombotic effects

could be seen in clinical samples. TM addition to patients’ plasma prolonged the lysis time of dabigatran
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samples markedly more than in rivaroxaban and apixaban samples. In addition, TM-induced lysis time
prolongation was greater in peak than in trough samples from dabigatran group and positively correlated with
drug level, indicating that the higher the dabigatran concentration the more pronounced the antifibrinolytic
effect of TM. In contrast, neither rivaroxaban nor apixaban treatment influenced TM-induced prolongation as
indicated by the lack of difference in lysis time between trough and peak samples and by the lack of correlation
between lysis time and drug level. Concerning thrombin generation, we found that TM addition had little or no
effect on ETP and peak thrombin in dabigatran samples, whereas it appreciably reduced both CAT parameters
in rivaroxaban and apixaban samples, indicating that dabigatran treatment induces a strong resistance to the
anticoagulant effect of TM. As to the mechanisms behind these paradoxical effects of dabigatran, several
studies suggest that the enhancement of thrombin generation is due to the blockade of protein C activation
resulting from the inhibition of thrombin-TM by DTIs [16,17], whereas the inhibition of fibrinolysis was recently
shown by our group to be protein C-independent [15]. If similar paradoxical effects would occur in vivo,
dabigatran treatment might expose the patients to an enhanced risk of thromboembolic events, as suggested
by some investigators to explain the increased incidence of myocardial infarction in patients under dabigatran
[24]. However, the circulating levels of prothrombin F1+2 and PAP complex detected in our patients do not
support the concept that dabigatran treatment increases thrombin generation or decreases plasmin formation.
In fact, F1+2 levels in dabigatran-treated patients were in the same low range as in patients receiving the anti-
Xa drugs. Moreover, PAP levels were similar in dabigatran and rivaroxaban groups and only slightly higher in
apixaban group. Probably, the influence of TM on dabigatran activity in vivo is different from that seen in vitro
because of the localization of TM on the vascular endothelial surface and the dynamic flow conditions (as
opposed to soluble TM and static conditions in vitro). Nevertheless, considering that circulating F1+2 and PAP
complex reflect thrombin and plasmin generation at systemic level under resting conditions, we cannot exclude
that dabigatran administration might exert paradoxical prothrombotic effects locally upon clotting challenge. If
so, the unwanted effects of the drug should likely be limited to small vessels, where the concentration of TM is
high enough to affect the activity of direct thrombin inhibitors. Indeed, based on the estimated number of TM
molecules per surface area [25], it was calculated that a TM concentration > 1 nM (i.e. the concentration
needed to unmask the paradoxical prothrombotic effects of dabigatran) can be found in vessels with a
diameter < 0.5 mm [5]. PAP levels were significantly higher at peak than at trough drug concentration in all
three groups. However, the difference was small (mean increase < 10%) and PAP levels did not correlate with
drug concentration in any groups, making it difficult to draw any conclusion about the influence of drugs on in
vivo plasmin generation under resting conditions. As a matter of fact, also F1+2 levels were not or were poorly
influenced by drugs. Previous studies showed that the levels of clotting markers during treatment with direct

oral anticoagulants were reduced when compared to the levels measured prior to starting the anticoagulant
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treatment [26-29]. However, consistent with our results, no difference in F1+2 levels was seen between
samples collected at different intervals from rivaroxaban intake [30], suggesting that the low grade clotting
activation under anticoagulant treatment is poorly sensitive to diurnal changes in drug concentration.
Concerning in vivo TAFI activation, we did not find any difference in circulating TAFla/ai between peak and
trough samples of all groups. However, we did observe significantly lower levels of plasma TAFla/ai in
dabigatran group as compared to anti-Xa groups, maybe because dabigatran concentrations at trough and
peak were able to inhibit TAFI activation by the low amount of circulating thrombin.

Thrombosis is a localized phenomenon, taking place in medium-large vessels, triggered by the aberrant
expression of procoagulant factors (mainly tissue factor), which leads to the formation of enough thrombin to
overwhelm the natural anticoagulants and cause fibrin formation [31]. Moreover, thrombin activates a number
of mechanisms, among which TAFI activation, that make the nascent thrombus resistant to fibrinolysis [7,8].
Anticoagulant treatment is intended to prevent thrombus formation through the reduction of thrombin
generation/activity. However, whether a reduced coagulability will lead to the formations of thrombi that are
more susceptible to lysis depends on the intensity and duration of thrombin inhibition. This aspect is
particularly relevant for TAFI-dependent inhibition of fibrinolysis because the reduction in TAFI activation
resulting from less thrombin formation may be uninfluential if the TAFla levels are still above the threshold
concentration that inhibits the fibrinolytic process [14]. Our clot lysis model mimics to some extent the
conditions encountered at site of thrombus formation such as the “expression” of TF and the “release” of t-PA.
Therefore, based on our findings, it can be suggested that, at site of clotting challenge, dabigatran might offer
an advantage over rivaroxaban and apixaban, being more efficient in down-regulating the TAFI-mediated

inhibition of fibrinolysis.

Conclusions

Our data suggest that in patients with atrial fibrillation dabigatran treatment makes clots more susceptible to
fibrinolysis mainly through the attenuation of thrombin-mediated activation of TAFI. Rather surprisingly,
neither rivaroxaban nor apixaban treatment influenced the fibrinolytic capacity of plasma, contradicting in vitro
data that rivaroxaban, at clinically relevant concentrations, did reduce the fibrinolytic resistance of blood and
plasma clots [6]. Whether the profibrinolytic effect of dabigatran translates in a greater antithrombotic efficacy
as compared to anti-Xa inhibitors remains to be established. Up to now, no head to head trials directly
comparing the drugs against each other have been performed. Nevertheless, indirect comparison by network
meta-analysis, based on the major clinical trials on direct oral anticoagulants, showed that dabigatran 150 mg

bid was associated with significantly lower stroke and systemic embolism as compared to rivaroxaban [32,33].
15



Funding. This work was supported by a grant from the University of Bari “Aldo Moro” (MC).

Acknowledgments. The authors thank Prof. Nicola Semeraro (University of Bari) for helpful comments. The
ELISA kits for TAFla/ai assay were kindly provided by Diagnostica Stago, Asnieres, France (courtesy of Dr. Barry
Woodhams).

Conflict of interest. MC reports grants from Boehringer Ingelheim outside the submitted work; the other

authors have no conflict of interest to declare.

References

1. Hankey GJ, Eikelboom JW. Dabigatran etexilate: a new oral thrombin inhibitor. Circulation 2011;123:1436-
1450. doi: 10.1161/CIRCULATIONAHA.110.004424.

2. Perzborn E, Roehrig S, Straub A, Kubitza D, Mueck W, Laux V. Rivaroxaban: a new oral factor Xa inhibitor.
Arterioscler Thromb Vasc Biol 2010;30:376—-381. doi: 10.1161/ATVBAHA.110.202978.

3. Wong PC, Pinto DJ, Zhang D. Preclinical discovery of apixaban, a direct and orally bioavailable factor Xa
inhibitor. J Thromb Thrombolysis 2011;231:478-492. doi: 10.1007/s11239-011-0551-3.

4. Schulman S. New oral anticoagulant agents - general features and outcomes in subsets of patients. Thromb
Haemost 2014;111:575-582. doi: 10.1160/TH13-09-0803.

5. Ammollo CT, Semeraro F, Incampo F, Semeraro N, Colucci M. Dabigatran enhances clot susceptibility to
fibrinolysis by mechanisms dependent on and independent of thrombin-activatable fibrinolysis inhibitor. J
Thromb Haemost 2010;8:790-798. doi: 10.1111/j.1538-7836.2010.03739.x.

6. Varin R, Mirshahi S, Mirshahi P, Klein C, Jamshedov J, Chidiac J, Perzborn E, Mirshahi M, Soria C, Soria J.
Whole blood clots are more resistant to lysis than plasma clots--greater efficacy of rivaroxaban. Thromb
Res 2013;131:e100-109. doi: 10.1016/j.thromres.2012.11.029.

7. Colucci M, Semeraro N. Thrombin activatable fibrinolysis inhibitor: at the nexus of fibrinolysis and
inflammation. Thromb Res 2012;129:314-319. doi: 10.1016/j.thromres.2011.10.031.

8. Undas A, Ariens RA. Fibrin clot structure and function: a role in the pathophysiology of arterial and venous
thromboembolic diseases. Arterioscler Thromb Vasc Biol 2011;31:e88-99. doi:
10.1161/ATVBAHA.111.230631.

9. Sakata Y, Aoki N. Significance of cross-linking of alpha 2-plasmin inhibitor to fibrin in inhibition of fibrinolysis

and in hemostasis. J Clin Invest 1982;69:536-542. doi: 10.1172/JCI110479.

16



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Fraser SR, Booth NA, Mutch NJ. The antifibrinolytic function of factor Xlll is exclusively expressed through
alpha(2)-antiplasmin cross-linking. Blood 2011;117:6371-6374. doi: 10.1182/blood-2011-02-333203.
Foley JH, Kim PY, Mutch NJ, Gils A. Insights into thrombin activatable fibrinolysis inhibitor function and
regulation. ) Thromb Haemost 2013;11:306-315. doi: 10.1111/jth.12216.

Lisman T, de Groot PG, Meijers JC, Rosendaal FR. Reduced plasma fibrinolytic potential is a risk factor for
venous thrombosis. Blood 2005;105:1102-1105. doi: 10.1182/blood-2004-08-3253.

Alzahrani SH, Ajjan RA. Coagulation and fibrinolysis in diabetes. Diab Vasc Dis Res 2010;7:260-273. doi:
10.1177/1479164110383723.

Leurs J, Nerme V, Sim Y, Hendriks D. Carboxypeptidase U (TAFla) prevents lysis from proceeding into the
propagation phase through a threshold-dependent mechanism. J Thromb Haemost 2004;2:416-423. doi:
10.1111/j.1538-7836.2004.00605.x.

Incampo F, Carrieri C, Semeraro N, Colucci M. The paradoxical antifibrinolytic effect of dabigatran and
argatroban in the presence of soluble thrombomodaulin is unrelated to protein C-dependent increase of
thrombin generation. Thromb Res 2014;134:1110-1116. doi: 10.1016/j.thromres.2014.08.010.
Furugohri T, Sugiyama N, Morishima Y, Shibano T. Antithrombin-independent thrombin inhibitors, but not
direct factor Xa inhibitors, enhance thrombin generation in plasma through inhibition of thrombin-
thrombomodulin-protein C system. Thromb Haemost 2011;106:1076—-1083. doi: 10.1160/TH11-06-0382.
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. ] Thromb
Haemost 2014;12:1054-1065. doi: 10.1111/jth.12591.

Furugohri T, Shiozaki Y, Muramatsu S, Honda Y, Matsumoto C, Isobe K, Sugiyama N. Different
antithrombotic properties of factor Xa inhibitor and thrombin inhibitor in rat thrombosis models. Eur J
Pharmacol 2005;514:35-42. doi:10.1016/j.ejphar.2005.03.009.

van Ryn J, Stangier J, Haertter S, Liesenfeld KH, Wienen W, Feuring M, Clemens A. Dabigatran etexilate - a
novel, reversible, oral direct thrombin inhibitor: Interpretation of coagulation assays and reversal of
anticoagulant activity. Thromb Haemost 2010;103:1116-1127. doi: 10.1160/TH09-11-0758.

Semeraro F, Ammollo CT, Gils A, Declerck PJ, Colucci M. Monoclonal antibodies targeting the antifibrinolytic
activity of activated thrombin-activatable fibrinolysis inhibitor but not the anti-inflammatory activity on
osteopontin and C5a. J Thromb Haemost 2013;11:2137-2147. doi: 10.1111/jth.12431.

Hemker HC, Al Dieri R, De Smedt E, Béguin S. Thrombin generation, a function test of the haemostatic-

thrombotic system. Thromb Haemost 2006;96:553-561. doi:10.1160/THO06—07—0408.

17



22.

23.

24,

25.
26.

27.

28.

29.

30.

31.
32.

van Ryn J, Grottke O, Spronk H. Measurement of Dabigatran in Standardly Used Clinical Assays, Whole
Blood Viscoelastic Coagulation, and Thrombin Generation Assays. Clin Lab Med 2014;34:479-501. doi:
10.1016/j.cll.2014.06.008.

Lisman T, Leebeek FW, Mosnier LO, Bouma BN, Meijers JC, Janssen HL, Nieuwenhuis HK, De Groot PG.
Thrombin-activatable fibrinolysis inhibitor deficiency in cirrhosis is not associated with increased plasma
fibrinolysis. Gastroenterology 2001;121:131-139. doi:10.1053/gast.2001.25481.

Douxfils J, Buckinx F, Mullier F, Minet V, Rabenda V, Reginster JY, Hainaut P, Bruyére O, Dogné JM.
Dabigatran etexilate and risk of myocardial infarction, other cardiovascular events, major bleeding, and all-
cause mortality: a systematic review and meta-analysis of randomized controlled trials. J Am Heart Assoc
2014;3:e000515. doi: 10.1161/JAHA.113.000515.

Esmon CT. The protein C pathway. Chest 2003;124:26s-32s. do0i:10.1378/chest.124.3_suppl.26S.

Becker RC, Alexander JH, Newby LK, Yang H, Barrett Y, Mohan P, Wang J, Harrington RA, Wallentin LC.
Effect of apixaban, an oral and direct factor Xa inhibitor, on coagulation activity biomarkers following acute
coronary syndrome. Thromb Haemost 2010;104:976-983. doi: 10.1160/TH10-04-0247.

Barrett YC, Wang J, Knabb R, Mohan P. Apixaban decreases coagulation activity in patients with acute deep-
vein thrombosis. Thromb Haemost 2011;105:181-189. doi: 10.1160/TH10-06-0393.

Amini S, Gholami K, Bakhshandeh H, Fariborz Farsad B. Effect of Oral Anticoagulant Therapy on Coagulation
Activity and Inflammatory Markers in Patients with Atrial Fibrillation Undergoing Ablation: A Randomized
Comparison between Dabigatran and Warfarin. Iran J Pharm Res 2013;12:945-953.

Oswald E, Velik-Salchner C, Innerhofer P, Tauber H, Auckenthaler T, Ulmer H, Streif W. Results of rotational
thromboelastometry, coagulation activation markers and thrombin generation assays in orthopedic
patients during thromboprophylaxis with rivaroxaban and enoxaparin: a prospective cohort study. Blood
Coagul Fibrinolysis 2015;26:136-144. doi: 10.1097/MBC.0000000000000203.

Tajiri K, Sato A, Harunari T, Shimojo N, Yamaguchi |, Aonuma K. Impact of rivaroxaban compared with
warfarin on the coagulation status in Japanese patients with non-valvular atrial fibrillation: a preliminary
analysis of the prothrombin fragment 1+2 levels. J Cardiol 2015;65:191-196. doi:
10.1016/j.jjcc.2014.08.006.

Semeraro N, Colucci M. Tissue factor in health and disease. Thromb Haemost 1997;78:759-764.

Lip GY, Larsen TB, Skjgth F, Rasmussen LH. Indirect comparisons of new oral anticoagulant drugs for efficacy
and safety when used for stroke prevention in atrial fibrillation. J Am Coll Cardiol 2012;60:738-746. doi:
10.1016/j.jacc.2012.03.019.

18



33. FuW, Guo H, Guo J, Lin K, Wang H, Zhang Y, Wang Y, Shan Z. Relative efficacy and safety of direct oral
anticoagulants in patients with atrial fibrillation by network meta-analysis. J Cardiovasc Med 2014;15:873-

879. doi: 10.2459/JCM.0000000000000206.

19



