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Abstract
Background: Atrial fibrillation (AF) can lead to the loss of microvascular integrity 
thereby enhancing AF progression. Mechanistically, the pro- coagulant state that 
drives the risk of stroke in patients with AF may also play a causal role in microvascu-
lar loss. Direct oral anticoagulants (DOACs), the preferred anticoagulants for AF, can 
target factors upstream (factor Xa [FXa]) or downstream (thrombin) in the coagulation 
cascade and mediate differential vascular effects through interaction with protease- 
activated receptors (PARs).
Objective: To investigate the potential effect of different DOACs on vascular integrity.
Methods: To model the impact of DOACs on vascular integrity, we utilized platelet- free 
plasma in thrombin generation assays and endothelial barrier assays under identical 
experimental conditions. These multifactorial systems provide all coagulation factors 
and their respective natural inhibitors in physiological ratios in combination with the 
pro- coagulant endothelial surface on which coagulation is initiated. Furthermore, the 
system provides pro-  and anti- barrier factors and monitoring both assays simultane-
ously permits coupling of thrombin kinetics to endothelial barrier dynamics.
Results: We provide evidence that the anti- FXa DOAC rivaroxaban and the anti- 
thrombin DOAC dabigatran are efficient in blocking their target proteases. However, 
while rivaroxaban could preserve endothelial barrier function, dabigatran failed to 
protect endothelial integrity over time, which could be prevented in the presence of a 
custom- made peptide that blocks thrombin’s exosite- I.
Conclusions: Proteolytically inactive thrombin in complex with dabigatran evokes loss 
of barrier function that can be prevented by a protease- activated receptor- 1 mimick-
ing peptide blocking thrombin’s exosite- I.

www.wileyonlinelibrary.com/journal/jth
https://orcid.org/0000-0003-1130-3229
https://orcid.org/0000-0002-3858-334X
mailto:
https://orcid.org/0000-0002-2677-4640
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:h.c.deboer@lumc.nl
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjth.15642&domain=pdf&date_stamp=2022-02-02


    |  997DÓLLEMAN Et AL.

1  |  INTRODUC TION

Atrial fibrillation (AF) produces a hypercoagulable state, which may 
provoke pro- fibrotic, pro- hypertrophic, and pro- inflammatory re-
sponses.1 Currently, direct oral anticoagulants (DOACs) are the pre-
ferred choice of treatment for stroke prevention in AF.2,3 Based on the 
preference of the practitioner,4 DOACs either directed against factor 
Xa (FXa) or thrombin are prescribed. Anti- FXa DOACs such as rivar-
oxaban, apixaban, and edoxaban inhibit the coagulation system up-
stream in the coagulation cascade, thereby preventing the formation 
of thrombin. The direct thrombin inhibitor (DTI) dabigatran allows for 
the formation of FXa and thrombin, but inhibits thrombin activity as 
soon as it is formed.5 Both types of DOACs interact with the catalyti-
cally active site of their specific target protease in a reversible fashion,6 
while retaining all other coagulation proteases. Next to their effect in 
hemostasis, activated coagulation factors exert non- hemostatic func-
tions through interaction with protease- activated receptors (PARs) ex-
pressed by endothelial cells (ECs) and many other cell types.7

All PARs share a conserved mechanism of activation, in which 
protease cleavage events result in a neo- exposed amino acid se-
quence that acts as tethered ligand and reassociates with the re-
ceptor to trigger a structural rearrangement leading to receptor 
activation. With regard to thrombin, its catalytic site recognizes 
the protease- activated receptor- 1 (PAR- 1) sequence LDPR41- S42 
and a second interaction occurs between thrombin’s anion- binding 
exosite- I and an N- terminal region of PAR- 1, which contains an 
acidic, hirudin- like domain. This secondary interaction facilitates ef-
ficient cleavage of PAR- 1 at the R41- S42 peptide bond, exposing the 
tethered ligand domain SFLLRN that binds intramolecularly to the 
receptor and promotes transmembrane signaling.8

Vascular PAR signaling plays a key role in modulating diverse 
cellular activities. For instance, thrombin- induced PAR- 1 signaling 
exerts barrier- disruptive responses, while activated protein C (APC)- 
induced PAR- 1 signaling and FXa- induced PAR- 2 signaling can drive 
barrier protective responses on endothelial cells.7

These observations imply that targeting individual proteases 
with different DOACs may have pronounced, differential effects 
on non- hemostatic functions, despite comparable anticoagulant 
efficacies.

In the current study we set out to simultaneously study the co-
agulant potential and barrier integrity of ECs in vitro, an early step in 
endothelial destabilization and microvascular rarefaction. Tumor ne-
crosis factor alpha (TNF- α) was used to stimulate the ECs, because up-
regulation of plasma– TNF- α is linked to AF and AF progression.9 This 
experimental setup was combined with platelet- free plasma (PFP), 
which provides the system with both pro-  and anti- barrier and pro-  
and anti- coagulant factors at physiological concentrations, permitting 
linkage of endothelial barrier dynamics with thrombin kinetics.

We demonstrate that the DOACs rivaroxaban and dabigatran 
fulfilled their anti- coagulant profile. However, while rivaroxaban 
could support barrier function, dabigatran could not maintain en-
dothelial integrity. Dabigatran- bound thrombin was catalytically in-
active, but was still able to interact with PAR- 1 through exosite- I, 
leading to destabilization of the endothelial barrier.

These results indicate that cellular function should be consid-
ered when evaluating safety and efficacy of anticoagulants. When 
translated to the clinical arena, DOACs specifically directed against 
FXa activity may well be preferred to the DTI dabigatran as they 
may spare microvascular integrity, prevent atrial remodelling, and 
dampen the vicious circle of coagulation induced AF– substrate 
formation.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

Human umbilical vein endothelial cells (HUVECs) were isolated 
and cultured in T75- flask (precoated with 1% gelatin) and main-
tained in EGM2 medium (Promocell). The cells were incubated at 
37°C in a humidified incubator under 5% CO2. The medium was 
changed every 2 or 3 days until the cells reached 80% confluence. 
Cells were then trypsinized and re- seeded for further experiments. 
Only cells that underwent two to three passages were used for the 
experiments.

2.2  |  Reagents

Recombinant TNF- α was purchased from Life Technologies. 
Rivaroxaban and dabigatran (Alsachim) were weighed and dissolved 

K E Y W O R D S
anticoagulant drugs, atrial fibrillation, coagulation, direct thrombin inhibitors, endothelium

Essentials

• The effect of different direct oral anticoagulants on the 
endothelial component in atrial fibrillation is unknown.

• Endothelial integrity was monitored in a plasma milieu 
permitting linkage of thrombin kinetics and barrier 
dynamics.

• Dabigatran, in contrast to rivaroxaban, exerts an ad-
verse non- hemostatic effect on vascular integrity.

• Exosite- I, still accessible in dabigatran- bound thrombin, 
may destabilize the endothelial barrier.
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in DMSO; aliquots were stored at −20°C. Recombinant hirudin 
was dissolved in H2O and stored at −20°C (LabNed). PPACK was 
obtained from Calbiochem (Merck Biosciences). Plasma- derived  
α- thrombin and corn trypsin inhibitor (CTI; final concentration 
70 µg/ml) were obtained from Haematologic Technologies.

2.3  |  Plasma preparation

Venous blood from healthy consenting volunteers not taking any 
medication was obtained from the biobank of the Leiden University 
Medical Center. All healthy volunteers signed a written informed 
consent. The Medical Ethics Committee of the Leiden University 
Medical Center approved the study protocol.

Blood was collected into Vacutainer® tubes containing ACD 
(Becton Dickinson). Whole blood was centrifuged at 200 g for 
20 min at room temperature to prepare platelet- rich plasma (PRP). 
PFP was prepared by centrifuging PRP twice at 1200 g for 15 min 
at room temperature and the depletion of platelets was confirmed 
by automated cell counter (Sysmex). All functional assays were per-
formed in freshly prepared PRP and PFP.

Additional methods are available in the supporting information 
Appendix S1.

3  |  RESULTS

3.1  |  Activated endothelial cells as source of active 
tissue factor

Inflammatory biomarkers such as TNF- α are found to be signifi-
cantly increased in patients with AF, supporting a direct associa-
tion between inflammation and AF.10 To mimic this inflammatory 
condition, HUVECs were incubated with increasing concentra-
tions of TNF- α and the expression of full- length tissue factor (TF) 
was measured. Under basal conditions, TF mRNA or surface ex-
pression of TF protein (antibody 10H10) was undetectable, while 
HUVECs exposed to TNF- α (1– 10 ng/ml, 5 h) induced TF mRNA 
(Figure 1A) and protein expression in a dose- dependent fashion 
as measured by flow cytometry (Figure 1D). TF protein expression 
and localization was confirmed by immunohistochemical staining 
of permeabilized HUVECs (Figure 1C). Interestingly, those ECs 
maximally responsive to TNF- α expressed large amounts of TF- 
protein, which coincided with the release of von Willebrand fac-
tor (VWF) from their Weibel Palade bodies, a known additional 
prothrombotic effect of TNF- α stimulation.11

The functional activity of TF was studied by incubating 
HUVEC monolayers with purified FX and factor VIIa (FVIIa) 
and FXa generation was monitored. Incubation of the HUVECs 
with TNF- α resulted in a dose- dependent activation of factor 
X (FX; Figure 1B). These results confirm that under these pro- 
inflammatory conditions, the vascular endothelium is a source of 
procoagulant TF.

To investigate other phenotypic changes upon TNF- α stimula-
tion, surface expression of tissue factor pathway inhibitor (TFPI), 
thrombomodulin (TM), and endothelial protein C receptor (EPCR) 
was measured by fluorescence- activated cell sorting (FACS) on dis-
sociated ECs and expressed as fold change of an isotype control 
(IT; Figure 1D,E and Figure S1 in supporting information for histo-
graphs). Data of one HUVEC donor are shown, but other EC isola-
tions gave similar results. TNF- α stimulation resulted in a decrease 
of the protein C (PC)- related receptors TM and EPCR and a slight 
increase in TFPI.

3.2  |  Thrombin generation on endothelial cells

Next, to assess the procoagulant state of the TNF- α– conditioned 
ECs, thrombin generation in PFP was measured on a monolayer of 
HUVECs. PFP rather than isolated coagulation factors was used to 
administer all coagulation factors and their respective inhibitors in 
normal ratios. In this way, the interplay of endogenous pro-  and anti- 
coagulation mediators such as antithrombin and components of the 
PC pathway is maximally preserved. Thus, this experimental setup 
ensures thrombin formation in a physiologically relevant environ-
ment. PFP incubated on TNF- α– activated ECs showed a significantly 
increased thrombin peak and shortened lag time over non- activated 
ECs (Figure 1F, TNF).

To examine the contribution of contact activation under these 
conditions the FXIIa inhibitor CTI (70 µg/ml) was added to the sys-
tem, which resulted in a significantly reduced thrombin peak com-
pared to the untreated condition (Figure 1F, CTI). These results 
show that addition of CTI to PFP to inhibit the intrinsic pathway of 
coagulation is essential to examine the TF- dependent activation of 
coagulation (extrinsic pathway) and therefore CTI was added in all 
following experiments.

To confirm the principal role of TF under these circumstances, 
a function- neutralizing monoclonal antibody (Mab) of TF (5G9) was 
added to PFP. Addition of 5G9 markedly prolonged the lag time of 
thrombin generation on TNF- α– activated ECs and a significantly de-
creased thrombin peak compared to the IgG control (Figure 1F, TF). 
Activation of PFP in the absence of ECs showed a very low thrombin 
activity and substantial prolongation of the lag time, confirming the 
contribution of ECs as a source of TF (Figure 1F, EC).

Next, we studied the potential contribution of TFPI. TFPI is 
expressed by the endothelium and secreted following thrombin 
formation,12 upon which it serves as a FXa- dependent inhibi-
tor of the TF- FVIIa complex on the EC surface.13 The function 
blocking antibody ADG4903 was used, which neutralizes TFPI 
by interfering with the binding of FXa. Blocking TFPI signifi-
cantly increased thrombin activity but did not affect the lag 
time (Figure 1F, TFPI). To investigate the contribution of APC in 
thrombin generation, antibody HPC4 was added to the plasma, 
which blocks PC activation mediated by the thrombin– TM com-
plex.14,15 This antibody did not affect thrombin peak nor lag time 
(Figure 1F, APC).
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3.3  |  Rivaroxaban and dabigatran effectively block 
thrombin generation on endothelial cells

To determine the concentrations required to completely block FXa 
activity and thrombin generation in PFP, increasing concentrations 
of the DOACs rivaroxaban and dabigatran were added. Rivaroxaban 
significantly reduced the thrombin peak by 88% at a concentration  
of 1 μM and completely blocked thrombin generation at 10 μM  

(Figure S2A- B in supporting information). In addition, a dose- 
dependent and significant prolongation in lag time was observed for 
reactions with increasing concentrations of rivaroxaban, with the lag 
time exceeding 120 min at 10 μM (Figure S2C). Dabigatran signifi-
cantly reduced the thrombin peak by 95% at a concentration of 3 μM 
and completely blocked thrombin activity at 10 μM (Figure S2D- E). 
Furthermore, increasing concentrations of dabigatran significantly 
prolonged the lag time to more than 120 min at 10 μM (Figure S2F).

F I G U R E  1  Tissue factor (TF)- mediated thrombin generation in PFP incubated on ECs. A, HUVECs stimulated with TNF- α (0– 10 ng/ml, 
5 h) show enhanced TF- mRNA expression. (B, HUVECs stimulated with TNF- α (0– 10 ng/ml, 5 h) generate FXa due to expression of active 
TF on their surface. Data represent two independent experiments; means were compared using one- way analysis of variance with Tukey’s 
multiple comparisons test. *P < .05, **P < .01; ***P < .001. C, Immunofluorescence images of permeabilized HUVECs stimulated with TNF- α 
(5 ng/ml for 5 h) show TF- protein expression stained with 10H10 and VWF– protein secretion. D- E, HUVECs stimulated with TNF- α  
(0– 10 ng/mL, 5 hrs) show an enhanced surface expression of (D) TF and TFPI and a decreased expression of (E) EPCR and TM as measured 
by flow cytometry. F, Thrombin generation assays were performed on monolayers of confluent HUVECs, expressed as thrombin peak 
(nM) or lag time (min) measured in separate experiments: ± TNF- α (1 µg/ml, 5 h); ± CTI to inhibit the intrinsic pathway component FXIIa; ± 
function- blocking antibody directed against TF (5G9, 50 μg/ml) or an IgG control (50 μg/mL); ± ECs as source of TF and phospholipids; ± 
function- blocking antibody against TFPI (ADG4903, 5 µg/ml) or an IgG- control (5 µg/ml); ± antibody HPC4 (100 μg/ml) to inhibit activation 
of PC or an IgG control (100 μg/ml). Individual experiments were performed with different HUVEC batches and PFP donors in which the 
reference condition EC + TNF- α + PFP is depicted with gray bars and the varied condition with white bars. Mean ± SD per conditions (at 
least three independent experiments) was compared using a 2- tailed Student’s t- test. *P < .05, **P < .01, ***P < .001. CTI, corn trypsin 
inhibitor; ECs, endothelial cells; EPCR, endothelial protein C receptor; FACS, fluorescence- activated cell sorting; HUVECs, human umbilical 
vein endothelial cells; PC, protein C; PFP, platelet free plasma; TFPI, tissue factor pathway inhibitor; TM, thrombomodulin; TNF- α; tumor 
necrosis factor alpha; VWF, von Willebrand factor
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Estimation of the IC50 revealed that this value for dabigatran 
was approximately 4- fold higher (IC50 2 µM) relative to rivaroxaban 
(IC50 0.5 μM). These results imply that the coagulation cascade is 
more efficiently inhibited at the level of FXa by rivaroxaban, thereby 
preventing the formation of thrombin, than by direct thrombin inhi-
bition by dabigatran. In following experiments, 10 μM DOACs were 
used to ensure the absence of proteolytically active thrombin in the 
system.

3.4  |  Rivaroxaban maintains endothelial cell 
integrity, while dabigatran does not

An electric cell- substrate impedance sensor (ECIS) assay was used to 
determine the effect of PFP on EC barrier function (Figure 2A). The 
experimental conditions for the ECIS assay were identical to those of 
the thrombin generation assay, to ensure that EC integrity measure-
ments overlap with those of the thrombin generation. In short, ECs 
activated with TNF- α (1 ng/ml) for TF expression were washed and 
incubated with PFP and EC resistance was measured. In general, the 
EC washing procedure temporarily led to a loss in barrier function, 
but over time, the resistance curve showed a recovery (Figure 2A). 
This barrier- recovery capacity is a marker of EC integrity and is ex-
pressed as percentage of maximal recovery measured before the 
washing procedure (barrier- reference).

Barrier function was assessed with PFP either with or not sup-
plemented with 10 μM rivaroxaban or dabigatran. PFP without 
coagulation inhibitors did not rescue barrier function (Figure 2B), 
which coincided with the generation of high thrombin levels 
(Figure 2E- F). Strikingly, assessment of EC barrier function by PFP 
supplemented with 10 μM rivaroxaban revealed a biphasic rescue 
(Figure 2B). The period from 0– 40 min was defined as recovery 
phase and from 40– 120 min as maintenance phase and these 
periods were quantified by calculating average values at 40 min 
(recovery, Figure 2C) and 120 min (maintenance, Figure 2D). 
Interestingly, dabigatran- anticoagulated plasma did support the 
recovery phase to the same extent as rivaroxaban (Figure 2C), 
but barrier function in the maintenance phase declined signifi-
cantly over time (Figure 2D), while thrombin was maximally in-
hibited (Figure 2E- G; mean ± standard deviation [SD] of triplicate 
wells). These results indicate that prevention of thrombin genera-
tion by rivaroxaban protects the EC barrier more efficiently than 
dabigatran- inhibited thrombin.

Figure 2B is an example of a technical replicate obtained from 
one donor in triplicate wells per condition and shows average val-
ues ± SD in dotted lines, illustrating the robustness of the ECIS mea-
surements within one experiment. However, between- donor (n = 3) 
differences were observed in barrier function (Figure S3A- C in sup-
porting information) and thrombin generation (Figure S3D- F), show-
ing biological variations in PFP donors in combination with different 
EC isolations. Thus, in each experiment a dabigatran- associated 
significant decline in barrier function could be observed in the 

maintenance phase, but these experiments could not be combined 
to generate a biological replicate.

Despite these biological variations, we observed correspond-
ing dynamics between endothelial barrier function and thrombin  
kinetics as illustrated by the shaded areas in Supplementary  
(Figure S3A- F, reviewed in detail in the discussion) indicating that 
these processes are interrelated.

To confirm the role of TF- mediated coagulation on barrier 
function, TF function- blocking Mab 5G9 was added to PFP and 
compared to PFP supplemented with an IT. The ECs showed bar-
rier recovery and a stable maintenance phase when TF activity was 
blocked (Figure 3A- C). To evaluate the contribution of the APC 
pathway in barrier function, PC activation was inhibited with the 
blocking antibody HPC4 (αPC) and compared to an IT. Interestingly, 
while again thrombin generation and lag time were not affected in 
PFP (Figure 3J- L), a slight but significant decrease in barrier func-
tion was observed both in the recovery-  and the maintenance phase 
(Figure 3D- F). In the presence of dabigatran, however, blocking acti-
vation of PC had no effect on barrier function (Figure 3G- I).

3.5  |  The thrombin inhibitors hirudin and 
PPACK are barrier protective

To gain a mechanistic understanding on the pharmacodynamic ef-
fects of thrombin inhibition on TNF- α– stimulated EC barrier func-
tion, we next assessed the effect of the thrombin inhibitors hirudin 
and PPACK.

While dabigatran is a reversible, univalent, non- peptidic DTI 
that interacts with thrombin’s active site, hirudin is an irrevers-
ible bivalent DTI that interferes with both the active site and 
exosite- I and PPACK is an irreversible, peptide- derived DTI that 
only binds to the active site (Figure 4A). Hirudin (1 μM) and PPACK 
(100 μM) effectively blocked thrombin activity to the same ex-
tent as dabigatran (Figure 2K), resulting in similar thrombin peak 
values (Figure 2L, mean ± SD of triplicate wells) and lag times 
(Figure 2M). Hirudin-  and PPACK- anticoagulated PFP supported 
the barrier function in the recovery phase in a similar manner 
to dabigatran (Figure 2H- I). In addition, in the presence of hiru-
din and PPACK, EC barrier function was sustained in the main-
tenance phase, while again with dabigatran the barrier function 
deteriorated significantly over time (Figure 2H,J). Please note that 
Figure 2H- M are examples obtained from one donor, but these re-
sults were confirmed with a second donor (Figure S4 in supporting 
information). These results show a difference in effect on barrier 
function of the non- peptidic, reversible DTI dabigatran compared 
to the peptidic, irreversible DTI PPACK, while both maintain the 
accessibility of thrombin’s exosite- I and show complete inhibition 
of catalytic activity of thrombin.

To investigate a possible contribution of exosite- 1 exposure of 
the thrombin– dabigatran complex in the loss of barrier function, a 
PAR- 1– mimicking peptide was synthesized.
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3.6  |  PAR- 1 peptide D50- S64 inhibits thrombin- 
dependent platelet aggregation

Thrombin is an important mediator of platelet aggregation and acts 
initially through binding of exosite- I to PAR- 1 expressed by the 
platelets and subsequently by cleaving PAR- 1 through its proteolytic 
active site.16 To specifically study the role of thrombin exosite- I in 
PAR- 1 activation, a synthetic peptide mimicking the PAR- 1 sequence 
that interacts with exosite- I (D50- S64)8 was designed (Figure 4A) 
and synthesized (Figure S5 in supporting information).

To assess the functional impact of the PAR- 1– mimicking 
peptide D50- S64 on thrombin activity, we measured thrombin- 
dependent aggregation of washed platelets. A non- saturating 
concentration of thrombin (0.1 U/ml) was used that resulted in 
80% of the maximal platelet aggregation response (Figure 4B). 
Next, thrombin- induced platelet aggregation in the presence of 
increasing concentrations of the peptide D50- S64 (0.1– 100 µM) 
resulted in a dose- dependent inhibition of platelet aggregation to 
a residual 10% at the highest dose (Figure 4C). We concluded that 
the inhibitory effect of peptide D50- S64 on thrombin- mediated 

platelet aggregation strongly supports binding of the peptide to 
the exosite- I of purified thrombin, thereby preventing thrombin- 
induced platelet activation by PAR- 1.

3.7  |  The PAR- 1 peptide D50- S64 
does not affect thrombin generation in the absence or 
presence of ECs

To assess whether the PAR- 1 peptide also affects the generation/ac-
tivity of thrombin, the standardized calibrated automated thrombo-
gram (CAT) assay was used,17 in which purified phospholipids and TF 
are added to plasma. The activity of the thrombin formed in solution 
is measured in real time using a fluorogenic substrate. In this assay, 
addition of peptide D50- S64 (1– 100 µM) to the plasma did not affect 
the thrombin peak values (Figure 4D; duplicate donors) nor the lag 
time (Figure 4E) calculated from the thrombin generation assay with 
pooled plasma. These results indicate that blockage of exosite- I by 
peptide D50- S64 does not affect TF- induced thrombin generation in 
the absence of PAR- 1– expressing ECs.

F I G U R E  2  Rivaroxaban maintains EC integrity, while dabigatran does not. A, Schematic of ECIS experimental setup. The barrier- recovery 
capacity was expressed as percentage of maximal recovery measured before the washing procedure (barrier reference). B and H, Examples 
of ECIS barrier recovery curves over time on TNF- α– stimulated HUVECs from one PFP donor and an EC donor (mean ± SD values of 
triplicate wells in dotted lines) measured from −20 to 120 min of PFP, PFP + dabigatran (Dabi), PFP + rivaroxaban (Riva), PFP + hirudin 
(Hirudin), and PFP + PPACK (PPACK). Recovery phase = 0– 40/60 min; maintenance phase = 40/60– 120 min, varying per experiment. C 
and I, Barrier resistance values of the recovery phase (three wells per condition at 40/60 min) and (D and J) maintenance phase (at 120 min). 
E and K, Examples of thrombin generation curves over time from the same plasma-  and EC donors used in (B) and (H), respectively. 
Quantification of thrombin generation expressed as (F and L) thrombin peak (mean ± SD in nM) and (G and M) lag time (mean ± SD in min). 
Means were compared using one- way analysis of variance with Tukey’s multiple comparisons test. *P < .05, **P < .01, ***P < .001. ECs, 
endothelial cells; ECIS, electric cell- substrate impedance sensor; HUVECs, human umbilical vein endothelial cells; PFP, platelet- free plasma; 
SD, standard deviation; TNF- α; tumor necrosis factor alpha
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Next, we established the effect of peptide D50- S64 in thrombin 
generation on ECs stimulated with TNF- α (Figure 5A; example of one 
donor). Increasing concentrations of peptide D50- S64 (1– 1000 µM) 

added to PFP in the absence or presence of 10 µM dabigatran 
had no effect on thrombin activity as measured by thrombin peak 
(Figure 5B; mean ± SD of triplicate wells) or lag time (Figure 5C). 

F I G U R E  3  Role of TF and APC on EC barrier function. A, Representation of ECIS barrier recovery curves over time on TNF- α– 
stimulated HUVECs with PFP in the absence or presence of function- blocking TF antibody (5G9, 50 µg/ml) or an isotype IgG (IT 50 µg/ml). 
B, Quantification of the barrier resistance at the recovery phase (at 40 min) and C, maintenance phase (at 120 min) shows that blockage 
of TF supports barrier recovery significantly (two- tailed Student’s t- test, P < .001). D, Barrier recovery curves with the quantification for 
the (E) recovery phase at 50 min and the (F) maintenance phase at 120 min showed that inhibition of PC activation with antibody HPC4 
(αPC, 100 μg/ml) reduced the barrier in the recovery and maintenance phase in the absence of dabigatran compared to isotype IgG (IT, 
100 μg/ml). In the presence of dabigatran, HPC4 had no effect on the (E) recovery phase nor the (F) maintenance phase compared to IT. G, 
Thrombin generation curves with quantification expressed as (H) thrombin peak (nM) and (I) lag time (min) showed no effect of HPC4 versus 
IT in PFP and no effect of HPC4 versus IT in PFP + dabigatran. Means were compared using one- way analysis of variance with Tukey’s 
multiple comparisons test. *P < .05, **P < .01, ***P < .001. αPC = HPC4 antibody (100 μg/ml); APC, activated protein C; Da, dabigatran; EC, 
endothelial cell; ECIS, electric cell- substrate impedance sensor; H, hirudin; HUVECs, human umbilical vein endothelial cells; IT, IgG isotype 
control (100 μg/ml); PC, protein C; PFP, platelet- free plasma; SD, standard deviation; TF, tissue factor; TNF- α; tumor necrosis factor alpha
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Thus, also in the presence of TF-  and PAR- 1– expressing ECs, PAR- 1 
peptide D50- S64 did not affect thrombin generation/activity.

3.8  |  PAR- 1 peptide D50- S64 in combination with 
dabigatran rescues EC barrier function

To assess the effect of the peptide D50- S64 on EC barrier function, 
increasing concentration (1– 1000 µM) was added to PFP and an ECIS 
assay was performed. Addition of peptide D50- S64 had no effect on 
the recovery nor on the maintenance phase (Figure 5D- F; example 
of 1 donor in triplicate wells).

Interestingly, when adding peptide D50- S64 (1– 1000 µM) in 
combination with dabigatran (10 µM) the recovery phase was not 
affected, but the loss of barrier function in the maintenance phase 
was prevented (Figure 5G- I). To be able to repeat the experiment 
with three other PFP donors with the available amount of peptide, 
the condition with peptide concentration 1000 µM was omitted 
and hirudin was added (Figure S6 in supporting information). At 
the concentration of 100 µM peptide D50- S64 in combination 
with dabigatran, barrier function was rescued to the same level 
as hirudin in all three donors (Figure S6J,K,L), although resistance 

profiles varied between different donors as observed previously. 
These data demonstrate that exosite- I exposed in dabigatran- 
bound thrombin is involved in the PAR- 1– mediated deterioration 
of barrier function, while thrombin’s catalytic activity was com-
pletely blocked.

4  |  DISCUSSION

Atrial fibrillation- induced I/R episodes promote loss of microvas-
cular integrity, leading to microvascular leakage, which is a key 
component in the development of fibrosis,18,19 the substrate for 
AF progression.20 To date DOACs are the preferred choice of anti-
coagulant treatment for stroke prevention in AF. However, DOACs 
can exhibit non- hemostatic vascular effects via PARs and thereby 
may affect the vascular component of AF progression in addi-
tion to their anti- thrombotic action.21– 23 To investigate the non- 
hemostatic effects of DOACs, an in vitro barrier function assay 
(ECIS) was used as proof- of- concept for the role of DOACs on vas-
cular integrity.

Simultaneous performance of ECIS and thrombin generation 
using ECs and PFP, providing both pro-  and anti- coagulant and 

F I G U R E  4  Thrombin binding capacity of peptide D50- S64. A, Schematic illustration of free thrombin with its active site and exosite- I 
and - II and in complex with different direct thrombin inhibitors. Dabigatran is a non- peptidic, reversible inhibitor interacting with thrombin’s 
active site only, leaving exosite- I and - II available. Hirudin binding is irreversible and will interact with both the active site and exosite- I. 
PPACK is a peptide derivative, which forms an irreversible interaction with the active site, leaving exosite- I available. Peptide D50- S64 was 
designed, which mimics the PAR- 1 sequence that will interact with exosite- I of thrombin. Incubation of thrombin with both peptide and 
dabigatran will reflect the situation of hirudin- blocked thrombin. B, Light transmission aggregometry was performed with purified platelets 
(200.106/ml) incubated with thrombin (0– 1 U/ml). C, Thrombin- induced (0.1 U/ml) platelet aggregation was dose- dependently inhibited 
with peptide D50- S64 (0– 100 µM). Individual points of three separate experiments with three different platelet donors are shown. A 
standardized CAT assay was performed using pooled PFP, to which purified TF and phospholipids were added. A representative thrombin 
generation curve of PFP ± a dose response of peptide D50- S64 (0– 100 μM) is shown. The peptide did not affect (D) peak height (nM) or (E) 
lag time (min) of thrombin generation. Mean ± standard deviation were compared using one- way analysis of variance with Tukey’s multiple 
comparisons test. *P < .05, **P < .01, ***P < .001. CAT, calibrated automated thrombogram; PAR- 1, protease- activated receptor- 1 ; PFP, 
platelet- free plasma; TF, tissue factor
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pro-  and anti- barrier factors, permitted linking thrombin kinetics 
with endothelial barrier dynamics.

The pro- inflammatory nature present in AF was mimicked by 
TNF- α stimulation of ECs, as an upregulation of plasma TNF- α is 
linked to AF and AF progression.9,10 Characterization of the deter-
minants of thrombin generation showed that the TNF- α– stimulated 
ECs provided TF by de novo synthesis (Figure 1), albeit at a low con-
centration. This was concluded from the fact that CTI, an inhibitor 
of the intrinsic pathway of coagulation, lowered the formation of 
thrombin, which is reported to only occur at low TF concentration 
(<1 pM).17 Therefore, CTI was added in all experiments to ensure 
that our data were only dependent on the TF- mediated extrinsic 

pathway. The contribution of ECs as source of TF has been debated, 
but its expression has been confirmed in the cardiac microvascula-
ture of patients suffering from chronic ischemic heart disease such 
as AF.24 The ECs also provided TFPI (Figure 1D), the endogenous in-
hibitor of the FVIIa– TF complex and one of the strongest thrombin- 
generating determinants at low TF,25 as blocking TFPI increased 
thrombin generation by approximately 50% (Figure 1F, TFPI).

Another determinant present in our system is the APC pathway, 
as the endothelium is a potential source of TM and EPCR, which in 
concert with PC and protein S will provide a negative feedback loop 
by inactivating FVa and FVIIIa. However, TNF- α stimulation attenu-
ated surface expression of TM and EPCR already at 1 ng/ml TNF- α 

F I G U R E  5  The effect of peptide D50- S64 on thrombin generation and barrier function. A, Representation from one plasma- donor and 
an endothelial cell donor of thrombin generation (nM) over time in platelet- free plasma (PFP), PFP supplemented with dabigatran (D or dabi), 
peptide D50- S64 (1– 1000 µM), or dabigatran plus peptide D50- S64 (1– 1000 µM) incubated on tumor necrosis factor- - stimulated human 
umbilical vein endothelial cells as source of tissue factor and phospholipids. B, Quantification of thrombin peak values (mean ± standard 
deviation [SD] in nM) and (C) lag time (min) showed no effect of peptide D50- S64 compared to PFP alone and no extra effect in combination 
with dabigatran. D, An example of electric cell- substrate impedance sensor (ECIS) recovery curves over time (mean values of triplicate wells 
with SD in dotted lines) in the absence and (G) presence of dabigatran (PFP + dabi) in combination with increasing dose of peptide D50- S64 
(1– 1000 µM). E, Quantification for the recovery phase (at 50 min) and (F) the maintenance phase (at 120 min) showed no effect of peptide 
D50- S64 on barrier recovery in the absence of dabigatran. H, In the presence of dabigatran, peptide D50- S64 had no effect on the recovery 
phase of the barrier, but (I) in the maintenance phase addition of peptide D50- S64 showed a dose- dependent rescue of the barrier function. 
Data represent mean ± SD from triplicate wells; means were compared using one- way analysis of variance. *P < .05, **P < .01, ***P < .001
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(Figure 1E), which is consistent with the literature,26 thus potentially 
suppressing this pathway, which has been confirmed in patients with 
AF.27 When assessing the contribution of APC to thrombin genera-
tion, inhibition of activation of PC using antibody HPC4 showed no 
detectable effect.

Collectively, the actual TF- mediated thrombin activity measured 
in the system is the net result of the interplay between pro-  and 
counteracting pathways present under physiological circumstances.

Interestingly, comparing thrombin generation and ECIS, cor-
responding dynamics were visible over time reflecting the differ-
ent stages in thrombin generation (Figure S3D- F, Figures S4C- D 
and S6D- F) on endothelial barrier recovery (Figure S3A- C, Figures 
S4A- B and S6A- C).

During the initiation phase of thrombin generation (defined 
as the phase in which 0- 1/6th of the total amount of thrombin is 
formed25), FXa and low amounts of thrombin (approximately 50 pM) 
activate PAR- 228 and PAR- 1,29 respectively, circumstances which 
both have been shown to support barrier function. This can explain 
the initial recovery of the barrier (phase 2 in Figure S3). During the 
propagation phase of thrombin activation (phase 5), FXa activates 
FV30 and thrombin activates FV and FVIII thereby leading to an 
explosive burst of thrombin, which subsequently disappears in the 
termination phase (phase 6) when thrombin is mainly inhibited by 
antithrombin.25 The increasing amounts of proteolytically active 
thrombin generated during phases 5 and 6 will interact with PAR- 1 
on the EC surface leading to cleavage of the receptor with subse-
quent intracellular signaling resulting in a barrier plateau in phase 3, 
probably due to competitive action between pro-  and anti- barrier 
effects.

In our system, inhibition of the PC pathway had no detectable 
effect on the thrombin activity, but showed a slightly decreased bar-
rier function in both the recovery and maintenance phase, indicating 
that APC- mediated barrier protection was active (Figure 3D- F).

In phase 7 all active thrombin is catalytically inhibited, while 
thrombin generation is halted due to exhaustion of the system. In 
this phase the barrier function deteriorates and the balance may 
shift toward leakage (phase 4), which may indicate that it takes some 
time for the ECs to react to the thrombin- induced cleavage of PAR- 1.

In the presence of rivaroxaban no thrombin was formed, 
which coincided with fast recovery of barrier function and a fully 
sustained maintenance phase (Figure 2B and Figure S3). In the 
presence of dabigatran (10 μM), FXa will facilitate a thrombin 
propagation phase through activation of FV,30 yielding cumula-
tive formation of thrombin– dabigatran complexes over time. The 
EC barrier started to leak in the maintenance phase. Furthermore, 
under these circumstances, blocking PC activation with HPC4 had 
no effect on barrier function (Figure 3G- I), indicating that APC 
was not involved in the deterioration of the barrier in the pres-
ence of dabigatran.

However, this phenomenon could be prevented by blocking 
exosite- I of dabigatran- inhibited thrombin with the PAR- 1– derived 
peptide D50- S64 and was comparable to the action of hirudin, 
which blocks thrombin’s active site and exosite- I. For complete 

recovery of barrier function to the level of hirudin, a rather high con-
centration (100 µM, Figure S6J- L) of peptide D50- S64 was required, 
which may be explained by the fact that the peptide may also be ab-
sorbed by prothrombin as has been shown for a very similar peptide 
(N49- N62).31

Interestingly, when thrombin was inhibited with PPACK, which is 
a peptidic, irreversible inhibitor of thrombin that also keeps exosite- I 
available (Figure 4A), barrier function was consolidated in the main-
tenance phase to the level of hirudin (Figure 2J and Figure S4G- H). 
Explanation for these differences between PPACK and dabigatran 
must be based on either the (ir)reversibility or the intrinsic struc-
ture of these two monovalent DTIs. We consider reversibility of 
dabigatran inhibition unlikely as explanation, because experiments 
were performed with saturating concentrations (10 μM, Figure S2).  
Furthermore, if the loss of barrier function in the maintenance 
phase were mediated by thrombin released from the thrombin– 
dabigatran complex, this proteolytically active thrombin would also 
be able to cleave the fluorogenic substrate and this was not the case 
(Figure 2K- M).

From a structural point of view, PPACK and the non- peptide in-
hibitor N- alpha- (2- naphthylsulfonylglycyl)- 4- amidinophenylalanine 
piperidide (NAPAP), from which dabigatran is developed, show large 
differences in docking geometry;32 also, PPACK ultimately forms a 
covalent bond with the active site Ser of thrombin. This difference in 
interaction may evoke different allosteric changes in exosite- I, which 
has also been shown when comparing two non- peptidic inhibitors 
such as dabigatran and argatroban. These DTIs have different syn-
thetic structures, yet engage the same subsites in the active site of 
thrombin, but evoke distinct responses in exosite- I– dependent in-
teraction with the substrate γAγA- fibrin, showing a decreased bind-
ing of the thrombin– dabigatran complex, and an increased binding of 
the thrombin– argatroban complex.33 These data show that different 
active site– directed thrombin inhibitors can elicit unique responses 
mediated by allosteric changes in exosite- I. Hence, we propose that 
the effects of dabigatran- bound thrombin on the loss of endothelial 
barrier function may be due to the specific structural conformation 
of the dabigatran molecule leading to specific allosteric modulation 
of exosite- I.

Interestingly, Chen et al.34 reported that dabigatran- bound, cat-
alytically inactive thrombin incubated on ECs resulted in enhanced 
surface expression of PAR- 1, which was then susceptible to cleavage 
by thrombin or to activation by the thrombin- receptor activating 
peptide (TRAP) TFLLRNPNDK.

Furthermore, a similar finding has been reported for platelets: 
AF patients taking a clinically defined dose of dabigatran (median 
plasma concentration 0.17/IQR 0.21 µM) showed enhanced TRAP- 
induced platelet aggregation,35 which coincided with enhanced 
PAR- 1 receptor density on the platelets.35,36 This dabigatran- 
mediated effect was not observed with other platelet agonists 
such as collagen, ADP, or arachidonic acid.36 Moreover, this phe-
nomenon was specific for dabigatran, as patients on rivaroxaban 
(mean plasma concentration 0.48 ± 0.25 µM) did not exhibit en-
hanced platelet aggregation.35
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Our results indicate that the potential enhanced expression of 
PAR- 1 on the endothelial surface mediated by dabigatran– thrombin 
complex occurred in PFP conditions with natural (anti)- coagulation 
factors present and within 1 h, but without extra addition of a 
thrombin- like PAR- 1 agonist.

Our multifactorial experimental setup undoubtedly not only 
activates the extrinsic pathway of coagulation but may also trigger 
fibrinolysis and/or complement, thus potentially generating other 
agonists that may cleave the putative surface- stabilized PAR- 1 re-
ceptor in our system. Vascular ECs are a source of tissue plasmin-
ogen activator (tPA) and maintain a high plasminogen activation 
potential on their surface.37,38 Although plasmin can target PAR- 1 
at several cleavage sites, when plasmin is present in excess of ac-
tive thrombin (which is the case when dabigatran is present), it can 
cleave at Arg41- Ser42 and activate PAR- 1 on platelets.39 Also, the 
complement system, potentially active in our system, may produce 
C4a, which has been shown to activate PAR- 1.40 However, decipher-
ing candidate agonists that potentially activate surface- stabilized 
PAR- 1 by dabigatran- complexed thrombin is beyond the scope of 
this article. We realize that we are using supra- therapeutic concen-
trations of dabigatran and rivaroxaban in our assays (10 µm), which 
is about 10 times higher as measured in the circulation of patients.35 
However, these concentrations were dictated by the necessity to 
completely inhibit the target proteases. We speculate that the pro-
longed exposure in vivo with normo- therapeutic concentrations of 
DOACs versus the short exposure (<1 h) with supra- therapeutic 
concentrations as in our experiments may yield comparable effects.

Collectively, our experimental setup is uniquely suited to monitor 
both thrombin generation and endothelial barrier function simulta-
neously and our results imply that cellular function should be taken 
into account when evaluating safety and efficacy of anticoagulants.

Our results indicate that while thrombin is catalytically fully 
inhibited by dabigatran, it may still be able to interact with PAR- 1, 
potentially leading to enhanced expression of the receptor on the 
endothelial surface, where it may be subject to activation by other 
proteases then thrombin, leading to subsequent loss of barrier func-
tion. Because rivaroxaban prevents the formation of thrombin and 
can maintain EC integrity, treatment with rivaroxaban and not dab-
igatran may be the preferred anticoagulant therapy of choice for AF 
patients.
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