
Noncanonical Effects of Oral Thrombin and
Factor Xa Inhibitors in Platelet Activation and
Arterial Thrombosis
Amin Polzin1,� Lisa Dannenberg1,� Manuela Thienel2,3 Martin Orban2,3 Georg Wolff1

Thomas Hohlfeld4 Tobias Zeus1 Malte Kelm1 Tobias Petzold2,3

1Department of Cardiology, Pulmonology, and Vascular Medicine,
Cardiovascular Research Institute Düsseldorf, Medical Faculty of the
Heinrich Heine University Düsseldorf, Düsseldorf, Germany

2Department of Cardiology, LMU München, Munich, Germany
3DZHK (German Centre for Cardiovascular Research), Munich Heart
Alliance, Munich, Germany

4 Instituton of Pharmacology and Clinical Pharmacology, Heinrich
Heine University Düsseldorf, Düsseldorf, Germany

Thromb Haemost 2021;121:122–130.

Address for correspondence Tobias Petzold, MD, Medizinische Klinik
und Poliklinik I, Klinikum der Universität München, Marchioninistraße
15, D-81377 Munich, Germany
(e-mail: tobias.petzold@med.uni-muenchen.de).

Introduction

In patients with atrial fibrillation (AF), guidelines recommend
nonvitamin K oral anticoagulants (NOACs) over vitamin K
antagonists (VKAs) for prevention of thromboembolic com-
plications.1 Furthermore, NOAC has become the anticoagulant
ofchoice for the treatmentof venous thromboembolicevents.2

In particular, patients with AF are on high risk for athero-
thrombotic events due to the presence of coronary artery

diseases (CADs) and the optimal NOAC for each patient
remains a matter of debate. To date, inhibitors of factor Xa
(FXa) (rivaroxaban, apixaban, edoxaban) or FIIa (dabigatran)
are available. All of them were shown to have a superior net
clinical benefit as compared with VKA.3–8 However, land-
mark trials showed differences regarding the frequency of
atherothrombotic, ischemic events between NOACs. For the
oral thrombin inhibitor dabigatran, but also for ximelagatran
(active metabolite: melagatran), whose approval was with-
drawn due to hepatotoxicity, clinical randomized studies
revealed an increased risk of myocardial infarction (MI)
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Abstract Nonvitamin K oral anticoagulants (NOACs) or direct oral anticoagulants comprise
inhibitors of factor Xa (rivaroxaban, apixaban, edoxaban) or factor IIa (dabigatran).
Both classes efficiently interfere with the final or penultimate step of the coagulation
cascade and showed superior net clinical benefit compared with vitamin K antagonists
for prevention of thromboembolic events in patients with AF and for prevention and
therapy of deep vein thrombosis and pulmonary embolism. None the less, accumulat-
ing data suggested, that there may be differences regarding the frequency of
atherothrombotic cardiovascular events between NOACs. Thus, the optimal individu-
alized NOAC for each patient remains a matter of debate. Against this background,
some basic and translational analyses emphasized NOAC effects that impact on platelet
activity and arterial thrombus formation beyond inhibition of plasmatic coagulation. In
this review, we will provide an overview of the available clinical and translational
evidence for so-called noncanonical NOAC effects on platelet activation and arterial
thrombosis.
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(►Fig. 1) in patients.5,9,10 In contrast, FXa inhibition by
rivaroxaban and apixaban showed a numerical decrease in
MI rates (►Fig. 2) compared with VKA.3,4,6,11,12

This was surprising and unexpected. Additionally, it
seems counterintuitive given that all NOACs target either
the penultimate or final stepwithin the coagulation cascade.
In contrast to such canonical effects that ultimately interfere
with thrombin-induced platelet activation and coagulation-
related events, this review focuses on “noncanonical” NOAC
effects occurring during primary and secondary hemostasis,
but independently of catalytic active thrombin.

Thrombin formation results from the sequential activation
of an ensemble of serine proteases. Depending on the nature of
coagulation trigger, the extrinsic or intrinsic coagulation path-
way is initiated. Both arefinally capable of activating FX to FXa.
Catalytic active FXa cleaves FII (prothrombin) to FIIa (thrombin)
which in turn processes FI cleavage (fibrinogen) and fibrin
formation. In thecontextofatherothrombosis, thrombin takesa
central role in mediating various effects which were recently
reviewed.13Being formedwithin seconds at sites of atheroscle-
rotic plaque rupture, thrombin is the keymultiplier of a locally
forming prothrombotic milieu. Its antithrombotic effects, for
example, by activation of protein C, are negligible in the acute
setting. Given the plethora of parallel occurring interwoven
thrombin-mediated effects at site of injury, two key functions
that mediate thrombin’s prothrombotic activity have to be
highlighted. First, as mentioned before, thrombin cleaves
fibrinogen into fibrin, thereby contributing to the stabilization
of the forming clot. Second, thrombinactsasapotent inducer of
platelet activation, aggregation, and reactivity,14,15 which is
associated with an increased risk of MI.16,17 Mechanistically,

thrombin triggers platelet activation either throughproteolytic
activation of protease-activated receptor (i.e., PAR-1, PAR-4) or
through binding to glycoprotein (GP) Ibα the most abundantly
expressed platelet thrombin receptor.18 Of note, the latter
mechanism is less potent compared with PAR-induced
signaling.

In addition to their serial occurring actions within the
coagulation cascade, thrombin and FXa exhibits various
pleiotropic effects19,20 which are reviewed elsewhere and
are beyond the scope of this review.

Given the high substrate specificity and binding affinity of
NOACs, it is tempting to speculate that the clinically observed
differences of ischemic events were due to so far unknown,
coagulation independent and thus noncanonical NOAC effects
onplatelet function and platelet-driven arterial thrombosis. At
sights of atherosclerotic plaque rupture, platelets become
immediately recruited as first responders and contribute by
different mechanism to deleterious thrombus formation.21

Against this background and the insufficiently understood
role of NOACs in the context of platelet activation and arterial
thrombosis, several in vitro and in vivo animal studies were
initiated.

Oral Thrombin Inhibitors

Since RE-LY, the oral thrombin inhibitor dabigatran (dabiga-
tran etexilate) is known to sufficiently prevent stroke in
patients with AF. However, a debate if it enhances risk of MI
emerged as the MI rate was higher in dabigatran-treated
patients as compared with VKA in RE-LY for both dose
regimens (110 and 150mg twice daily).5 A repeated analysis

Fig. 1 Meta-analysis of risk of myocardial infarction under oral factor IIa (FIIa) inhibition. Individual and summary odds ratios with 95%
confidence intervals for myocardial infarction in studies comparing FIIa inhibition to vitamin K antagonist (VKA) treatment in patients with atrial
fibrillation. M-H, Mantel–Haenszel estimate; I2 describes heterogeneity among studies; fixed, fixed-effects model.

Fig. 2 Meta-analysis of risk of myocardial infarction under oral factor Xa (FXa) inhibition. Individual and summary odds ratios with 95%
confidence intervals for myocardial infarction in studies comparing FXa inhibition to vitamin K antagonist (VKA) treatment in patients with atrial
fibrillation. M-H, Mantel–Haenszel estimate; I2 describes heterogeneity among studies; fixed, fixed-effects model.
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of RE-LY requested by the Food and Drug Administration
revealed four hitherto unreported MIs and added 28 silent
MI events.22,23 Adding these data, the difference in MI rate
was not statistically significant anymore. Moreover, a meta-
analysis of 11 randomized controlled trials (RCTs) comparing
dabigatran toVKA recently revealed a 41% higher riskofMI in
dabigatran-treated patients as compared with VKA.10

Another landmark study investigated dabigatran in a popu-
lation with pre-existing CAD and thus an enhanced MI risk.
RE-DUAL investigated dabigatran (110 or 150mg) and
P2Y12-inhibition in comparison to triple therapy with
VKA, aspirin, and P2Y12-inhibition in AF patients who
undergo percutaneous coronary interventions (PCIs).9 As
expected, patients receiving dual therapy with dabigatran
(110 and 150mg) had fewer bleeding events. However, again
a numerical increase toward higher MI rate was observed.
Especially in patients treated with 110mg twice daily. This
was interesting, as sample sizewas substantially smaller (RE-
DUAL PCI: 2,725 patients, RE-LY: 18,113 patients). Addition-
ally, Gaubert et al recently investigated the occurrence of
ischemic endpoints in acute coronary syndrome (ACS)
patients with dabigatran versus VKA medication. In this
real-world data as well, it could be shown that dabigatran
was associatedwith an increased thrombotic risk shown by a
higher incidence of major adverse cardiovascular events.24

However, a recent network analysis did not reveal differ-
ences in ischemic outcome of major adverse cardiovascular
events comparing different regimenwith oral anticoagulants
and antiplatelet therapy.25 Furthermore, a recent observa-
tional study26 and a meta-analysis merging observational
studies and RCTs did not find a difference in risk of MI.27

However, limitations of observational studies such as patient
selection, confounders, unknown internationalized normal-
ized ratios in VKA patients, socioeconomic and health care
access differences, etc. may have biased the results. More-
over, in the study that merged observational studies and
RCTs,27 differences between observational studies and RCTs
were striking.

A second line of evidence comes from translational and
experimental studies (►Table 1) that aimed to dissect the
underlying mechanism of an increased rate of ischemic
events under dabigatran. Olivier et al investigated platelet
reactivity in patients on chronic dabigatran treatment. The
authors revealed that dabigatran therapy was associated
with an increased thrombin receptor-activating peptides
(TRAPs)-induced platelet aggregation in a dose-dependent
manner.28 Interestingly, this effect was not present in
patients with additional antiplatelet therapy as shown in a
follow-up study of the same group.29 Moreover, we recently
conducted flow chamber experiments and revealed en-
hanced platelet adhesion and thrombus formation on human
atherosclerotic plaque material in dabigatran-treated
patients and could confirm an increased reactivity.30 This
effect depended on augmentedGPIbα signaling, downstream
of von Willebrand factor (vWF) binding. Using site-specific
blocking antibody or mice deficient in the extracellular
domain of GPIbα, we could show that an altered thrombin
GPIbα interaction is responsible for the prothrombotic ef-

fect.30 In contrast, a recent analysis conducted by Trabold
et al did not observe increased vWF/ristocetin-induced
platelet aggregation.31 To discuss potential reasons of the
discrepant results, it is crucial to appreciate the different
experimental setups used in either study. Trabold et al
investigated platelets and platelet-rich plasma from healthy
volunteers spikedwith dabigatran and other divalent throm-
bin inhibitors, while our group used whole blood from
patients under chronic therapy. In the chronic setting, we
observed increased level of catalytic inactive thrombin that
may favor the formation of thrombin dabigatran complexes.
Beyond this noncanonical chronic effect, we and others also
observed alteration of platelet function after single-dose
treatment. By conducting time series analysis in AF patients
with new-onset dabigatran medication, we found an in-
crease in platelet reactivity upon TRAP treatment following
a single-dose treatment. There was no influence on aggre-
gation induced by other agonists like adenosine diphosphate
(ADP), collagen, or arachidonic acid, respectively.32

Thrombin mediates cleavage of its receptor, platelet PAR,
from the platelet surface.33 Chen et al revealed in first in vitro
analyses that dabigatran attenuates thrombin-induced
PAR-1 activation, internalization, and cleavage dose-depen-
dently.34 In accordance, PAR-1 surface expression increased
again by prolonged incubation with inactivated thrombin.34

In addition, we could show that in vivo inhibition of throm-
bin by dabigatran led to increased surface expression of PAR-
1 and PAR-4 onplateletsmeasured byflowcytometry.32 In an
animalmodel of diabetes, it could furthermore be shown that
long-term dabigatran treatment enhances PAR-4 expres-
sion.35 Moreover, atherosclerosis-related mechanisms and
occurrence of coronary lipid deposits could be revealed as
further nondirect effects of dabigatran thatmight explain the
enhanced risk for MI as well.35

However, other studies did not find increased platelet
reactivity by dabigatran. Zemer-Wassercug et al measured
platelet aggregation by multiple electrode aggregometry
(MEA) in 17 patients and did not show a significant increase
of platelet reactivity by dabigatran.36 However, most
patients were on additional antiplatelet medication poten-
tially repealing prothrombotic effects.30 This goes in line
with results of Franchi et al and data from our group. Franchi
et al investigated platelet reactivity in presence of dabigatran
and dual antiplatelet medication. No alterations of platelet
reactivity measured by light transmission aggregometry
(LTA) and MEA were detected either.37 In vitro data from
our studies also found, that addition of aspirin abrogated
augmented platelet adhesion and thrombus formation under
flow conditions in blood from dabigatran-treated patients.30

Taken together, dabigatranwas shown to increase the rate
of MI in RCTs as well as in real-world data. Mechanistically,
dabigatran shows some prothrombotic effect by enhancing
PAR expression and augmenting GPIbα signaling predomi-
nantly under flow conditions. These translational findings
might contribute to the increased rate of MI in dabigatran-
treated patients. In this context, the influence of antiplatelet
medication remains to be insufficiently understood and
requires further investigation.
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Factor Xa Inhibitors

In contrast to FIIa inhibition, no increasedMI rateswere seen
in clinical studies investigating FXa inhibitors. Rivaroxaban
and apixaban showed a trend toward a reduced incidence of
MI in their first landmark trials.3,4 In AF patients post-PCI
(PIONEER/AUGUSTUS), again a numerical reduction of MI
was found11,12 compared with triple therapy with VKA.
However, so far it remains unclear whether this trend holds
true for all FXa inhibitors in the presence or absence of
antiplatelet therapy, or whether substance-specific effects
exist. In edoxaban-treated patients, full dose edoxaban
medication in ENAGE-AF was associated with a small reduc-
tion of MI.6 In contrast, ENTRUST enrolled patients undergo-
ing PCI with concomitant antiplatelet therapy; however,
edoxaban-treated patients did not show a reduced rate of
MI as compared with VKA therapy.38 Of note, while discus-
sing these nonsignificant numerical differences of MI fre-
quencies, it has to be considered that none of the NOAC-PCI
trials was sufficiently powered to detect differences in
ischemic events. Hence, large-scale clinical trials are urgent-
ly needed, given the increasing portion of patients treated
with NOAC-based dual antithrombotic regimes.

Beside stroke prevention in AF patients and treatment of
deep vein thrombosis/pulmonary embolism, a novel concept
of low-dose anticoagulation on top of antiplatelet therapy
entered the field of antithrombotic regimes. Vascular dose
FXa inhibition with rivaroxaban (2.5mg twice daily) was
initially investigated in a high-risk cohort of patients pre-
senting with ACSwithout AF. ATLAS ACS-2-TIMI 51 revealed
a reduction of MI and stroke by vascular dose rivaroxaban on
top of dual antiplatelet therapy with aspirin and clopidog-
rel.39 Moreover, the COMPASS trial showed that vascular
dose rivaroxaban on top to aspirin improved cardiovascular
outcome in patients with stable CAD and peripheral artery
disease patients.40,41

The use of vascular dose rivaroxaban might also be an
alternative to established antiplatelet regimes given the
varying pharmacodynamic responses toward antiplatelet
medication between individuals.42–45 However, a balanced
clinical decision making is required before initiation of such
antithrombotic regime, considering the increased risk for
major bleedings.

Although beyond the focus of this review, some rather
unexpected results came from a clinical study investigating
the optimal antithrombotic regimen in patients with trans-
catheter aortic valve implantation (TAVI). The Galileo trial
recently investigated FXa inhibition by rivaroxaban, in a
reduced dose of 10mg once daily, on top of aspirin in TAVI
patients without AF.46 Surprisingly the risk of death or
thromboembolic complications was higher compared with
the standard antiplatelet-based therapy with clopidogrel,
leading to a premature termination of this trial.46 Interest-
ingly, subclinical leaflet-motion, as potential surrogate
marker for thrombotic valve alteration, was reduced under
rivaroxaban as shown in an accompanying imaging study.47

Similar findings were made in an earlier animal study that
suggested that rivaroxaban might be superior to standard

therapy after mechanical valve surgery in terms of valve
thrombus and platelet deposition.48 Unexpected results
came also from the Re-Align study, that aimed to investigate
dabigatran in patients after mechanical heart valve surgery.
Increased rates of thromboembolic and bleeding complica-
tions compared with VKA regimenwere observed.49 Further
studies like ATLANTIS and ENVISAGE-AF trials are ongoing,
investigating apixaban and edoxaban in patients with AF and
TAVI.50 Thus, the type of NOAC and dose regimen seems to be
crucial.51 None the less in patients with bioprosthetic valves
and AF, a full-dose NOAC treatment seems to be as efficient
and safe as VKA.52

Summarizing the clinical available data, it is suggested
that FXa inhibition reduces ischemic events in the different
scenarios of atherothrombosis. Triggered by these clinical
observations, several in vitro studies investigated the effects
of FXa inhibition on platelet activation and coagulation.
Perzborn et al were able to show that rivaroxaban reduced
tissue factor-induced thrombin formation and platelet ag-
gregation.53 Another group observed the same inhibitory
effect on thrombin generation and subsequent platelet ag-
gregation for dabigatran and rivaroxaban underscoring the
conventional—canonical—efficiency of NOACs to inhibit co-
agulation and thrombin-driven platelet activation.54

As shown before for dabigatran, some experimental and
translational studies revealed noncanonical effects on plate-
let function by FXa inhibitors (►Table 1). Nehaj et al demon-
strated that PAR-1-mediated platelet aggregation was
reduced in AF patients 2 hours after FXa intake.55 Given
that TRAP-6 activates platelets though PAR-1 independently
of thrombin generation, this data suggested a noncanonical
effect. Along this line, we recently described a novel anti-
platelet effect of rivaroxaban56 by performing time series as
well as a cross-sectional analysis in patients treatedwith FXa
inhibitors for stroke prevention under AF.56 Rivaroxaban
reduced ADP, collagen, TRAP, and plaque material-induced
platelet aggregation in whole blood and platelet-rich plasma
independently from thrombin. However, these antiplatelet
effects required the presence of plasma components56 to
enable FXa de novo formation and subsequently FXa inhibi-
tion by rivaroxaban. Furthermore, rivaroxaban treatment
attenuated thrombus formation under arterial flow condi-
tions and altered thrombus composition with reduced fi-
brinogen content on human atherosclerotic plaque material.
As underlying mechanism, we could reveal that FXa acts as
direct platelet agonist by activating PAR-1 signaling, trigger-
ing phospholipase C and PI3K activation as key signaling
events during platelet activation. As suggested by other
studies before, we found a similar effect for apixaban sug-
gesting a FXa group antiplatelet effect.56

Additional evidence for noncanonical FXa effects comes
from an earlier study by Al-Tamimi et al. They showed that
FXa inhibitors attenuate platelet collagen receptor GPVI
shedding, thereby reducing soluble GPVI concentrations.57

GPVI knownas plateletmain collagen receptor,58,59mediates
platelet activation at the site of atherosclerotic plaque rup-
ture that come along with the exposure of highly thrombo-
genic subendothelial matrix proteins. At sites of thrombus
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formation, GPVI signaling capacity is regulated by receptor
shedding to prevent excessive platelet activation and throm-
bus formation.60While severalmetalloproteinasewere iden-
tified to cleave GPVI and generate a soluble ectodomain, a
coagulation-induced FXa-driven, thrombin-independent
shedding mechanism was described.57 Against this back-
ground, Pignatelli et al61 found reduced, soluble GPVI levels,
as marker for reduced platelet activation in patients under
FXa inhibition. Whether this mechanism will indeed reduce
platelet activation in vivo needs to be proven. Further evi-
dence for noncanonical FXa effects, comes from a recent
study using in silico dockingmodeling. This study proposed a
direct interaction of rivaroxaban with GPVI. Thereby rivar-
oxaban inhibits thromboxane biosynthesis and oxidative
stress generation by Nox-2 following GPVI activation by
convulxin.63 Importantly, in all three scenarios FXa-mediat-
ed antiplatelet effects were independent from catalytic
active thrombin.

None the less, some other studies did not find any effect of
FXa treatment on platelet aggregation in either whole blood
or platelet-rich plasma. Zemer-Wassercug et al investigated
rivaroxaban–antiplatelet effects but could not reveal any
antiplatelet effects as measured by MEA, P-selectin expres-
sion, platelet deposition, and RANTES levels.36 However, the
interpretation of this study is limited as a significant per-
centage of patients was on concomitant aspirin therapy.
Furthermore, Steppich et al conducted a time series analysis
in 38 apixaban- or rivaroxaban-treated patients. Thrombin
generation, aggregationmeasured byMEA, and expression of
thrombospondin, β-thromboglobulin, and soluble P-selectin
were investigated. Whole blood aggregation did not change
during the time course. However, thrombin generation as
well as expression of thrombospondin were reduced.62

Bánovčin et al evaluated platelet aggregation measured by
LTA in 9 rivaroxaban- and 12 apixaban-treated AF patients in
a time series analysis to compare responses at baseline peak

Fig. 3 Noncanonical mechanisms of nonvitamin K oral anticoagulants (NOACs) on platelet function. Factor Xa (FXa) inhibitors trigger
antiplatelet effects by reducing FXa-mediated platelet activation of protease-activated receptor-1 (PAR-1). PAR-1 cleavage by FXa activates
platelets via the phospholipase C (PLC) and phosphoinositide 3-kinase (PI3K) pathways. In the presence of plasma, platelet activation (e.g.,
during aggregation) by various agonists induces FXa de novo formation by augmenting tissue factor (tf) exposure, finally triggering cleavage of
FX. Another mechanism suggests that FXa inhibitors can directly interact with platelet glycoprotein (GP) VI thereby reducing NOX-2-mediated
reactive oxygen species (ROS) production and platelet activation. Furthermore, FXa was shown to proteolytically cleave GPVI, yielding a soluble
GPVI ectodomain (sGPVI). Reduced plasma levels of sGPVI in the presence of FXa inhibitors reflect reduced systemic platelet activation. Oral
thrombin inhibitor treatment induces prothrombotic effects on platelet function by reducing cleavage of surface expressed PAR receptors,
yielding augmented PAR receptors surface expression level. Moreover, dabigatran leads to an altered thrombin-GPIbα interaction, triggering
increased platelet reactivity and thrombus formation downstream of von Willebrand factor (vWF) binding.
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Table 1 Summary of experimental study results and main outcome variables

Ref. Mode Dose Study object Duration Assay Outcome

Human 28 tsþ cs DABI 75, 110 or 150mg 2�/d;
RIVA 10, 15 or 20mg 1�/d

Patients (AF) Chronic MEA (TRAP) Increased aggregation under
DABI (dose-dependent)

32 ts DABI 110 or 150mg Patients (AF) Single
dose

LTA (TRAP, ADP, collagen, AA) Increase in platelet reactivity
only upon TRAP

36 ts DABI 110 or 150mg 2�/d or
RIVA 15 or 20mg 1�/d

Patients (AF) Chronic MEA (þImpact-R shear-induced
platelet deposition, P-selectin,
plasma RANTES levels)

No increase in platelet reactiv-
ity under DABI

37 ts DABI 150 mg 2�/d Patients
(CAD)

Chronic LTAþMEA No change in platelet reactivity
under DABIþDAPT

30 cs DABI 150 mg 2�/d or blood
from DABI (150mg 2�/d)
patients spiked with 1 mM ASA

Patients
(AF)þ healthy

Chronic Flow chamberþMEA Enhanced platelet adhesion
under DABI, which can be ab-
rogated by ASA

55 ts RIVA 15 mg 1�/d or APIXA 2, 5,
or 5 mg 2�/d

Patients (AF) Chronic LTA (TRAP) Reduced aggregation 2 h after
RIVA or APIXA intake

61 cs APIXA 10mg/d or RIVA
20mg/d

Patients (AF) Chronic Enzyme immunoassay Reduced soluble GPVI levels
under FXa inhibition

62 ts APIXA (5 mg 2�/d) or RIVA
(20mg 1�/d)

Patients (AF) Chronic Thrombin generation, MEA, ex-
pression of thrombospondin, P-
selectin

No effect on platelet reactivity
under RIVA or APIXA

63 ts APIXA or RIVA Patients (AF) Chronic LTA (ADP, epinephrine, collagen) No change in aggregation in-
dependent of plasma levels

56 tsþ cs RIVA 20mg Patients
(AF)þ healthy

Chronicþ
single
dose

LTA, MEA, flow chamber on human
atherosclerotic plaque

RIVA reduces arterial throm-
bosis by inhibition of FXa-driv-
en platelet activation

29 ts DABI 75, 110, or 150mg 2�/d,
RIVA 10, 15, or 20 mg 1�/d;
þ/� ASA or clopidogrel

Patients
(AFþ VTE)

Chronic MEA (ADP and AA) No impact of NOACs on anti-
platelet effects of
ASAþ clopidogrel

64 cs RIVA (dosing unknown) Patients
(VTEþ AF)

Chronic sCD40L, PFA4, TXA2 Similar levels of
sCD40Lþ PFA4, but increased
peak TXA2 levels in RIVA
patients

65 ts RIVA 20mg 1�/d Patients
(VTE)

Chronic LTAþ P-selectin No intraindividual effects on
platelet reactivity of RIVA at
peak and trough plasma level

31 Ex vivo Plateletsþ PRP spiked with
DABI (500 nM) or lepirudin
(200 µg/mL)

Healthy Single
dose

LTA (ristocetin) No increase in aggregation un-
der DABI or lepirudin

53 Ex vivo PRP spiked with RIVA (15 or
30 ng/mL), ticagrelor (1 or 3
µg/mL), or both

Healthy Single
dose

LTA (TF) RIVA reduced platelet
aggregation

54 Ex vivo Citrated blood spiked with
DABI (25–800 nM/L) or RIVA
(25–800 nM/L)

Healthy Single
dose

SINNOWA, endogenous thrombin
potential

RIVAþDABI reduce thrombin
generationþ platelet
aggregation

57 Ex vivo PRP spiked with RIVA 1 µg/mL Healthy Single
dose

Coagulation-induced sGPVI gener-
ation measured by ELISA

FXa inhibitors attenuate GPVI
shedding and reduce soluble
GPVI concentrations

68 Ex vivo Platelets spiked with RIVA
15–60 ng/mL

Healthy Single
dose

Docking simulation analysis Direct interaction of RIVA with
GPVI

66 ts RIVA 10mg Healthy Single
dose

MEA (AA, TRAP, ristocetin, ADP) No influence of Xa inhibition on
platelet aggregation

34 Ex vivo Thrombin preincubated with
DABI (0–30 nM)

Human
thrombin

Single
dose

PAR-1 cleavage analysis; FACS DABI attenuates thrombin-in-
duced PAR-1 activation stabi-
lizing PAR-1 surface expression

Animal 30 cs DABI 37.5 mg/kg bw Mouse Single
dose

Wire injury model Prothromogenic, increased
thrombus stability under DABI

35 cs DABI 1 or 0.3 mg/g bw Rat Chronic Immunohistochemistry Enhanced PAR-4 expression
under DABI

48 cs RIVA 2 mg/kg 2�/d Pig Chronic Model of mechanical aortic valve
prosthesis

RIVA was more effective than
enoxaparin for short-term
thromboprophylaxis

Abbreviations: AA, arachidonic acid; ADP, adenosine diphosphate; AF, atrial fibrillation; APIXA, apixaban; ASA, acetylsalicylic acid; bw, body weight;
CAD, coronary artery disease; cs, cross-sectional; DABI, dabigatran; ELISA, enzyme-linked immunosorbent assay; FACS, fluorescence-activated cell
sorting; LTA, light transmission aggregometry; MEA,multiple electrode aggregometry; PAR-1, protease-activated receptor-1; PFA4, platelet factor 4;
PRP, platelet-rich plasma; RIVA, rivaroxaban; sCD40L, soluble CD40 ligand; sGPVI, soluble glycoprotein VI; TF, tissue factor; TRAP, thrombin receptor
activating protein; ts, time series; TXA2, thromboxane A2; VTE, venous thromboembolism.
Note: Chronic> 7 days and single dose< 7 days.
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and trough plasma level but did not show a significant
alteration of platelet responses.63

In the context of recurrent venous thromboembolism
(VTE), a different disease entity requiring long-term anti-
coagulation, a small study (total 8 patients: 7 recurrent VTE,
1 AF) analyzed the impact of rivaroxaban on platelet activa-
tionmarkers. While soluble CD40 ligand and platelet factor 4
did not differ compared with healthy controls, peak throm-
boxane A2 levels in patients with rivaroxaban medication64

were increased. Though the underlying molecular mecha-
nism remains elusive, the authors postulate a prothrombo-
genic effect of rivaroxaban. Another recent study performed
time series analysis of platelet function in VTE patients on
rivaroxaban and after cessation of anticoagulation. Schultz
et al did not find any significant intraindividual effects on
platelet reactivity (i.e., LTA aggregation and P-selectin) of
rivaroxaban peak and trough plasma level. However, the
authors revealed a trend toward a reduced P-selectin expres-
sion under rivaroxaban treatment.65 A study by Schoer-
genhofer et al analyzed diurnal variation in platelet
reactivity by MEA following 3 days of intermediate dose
(10mg) rivaroxaban treatment, but did not find any impact
on platelet reactivity.66

Limitations

While reviewing the current knowledge we found partially
contradicting reports regarding the effects of FIIa and FXa
inhibitors on platelet function in the context of atherothrom-
bosis. Although the origin of these discrepancies remained in
parts elusive, some aspects have to be considered while
interpreting the data. An important potential confounder
is given by comparing data generated from patients’ samples
with samples isolated fromhealthy controls that were spiked
with active NOAC in vitro. In particular, as NOAC effects
might be more prominent in patient samples what might
exhibit altered platelet baseline activation due to disease-
specific effects. Patient samples isolated from anticoagulated
AF patients show alterations of the coagulation system and
platelet parameters.67 On the other hand, patient samples
often show a broad variability, due to various known and
unknown interindividual confounders, that are difficult to
compensate for in small-scale translational studies. Thus,
time series analysis should be preferred over cross-sectional
analysis. Next, considering the (expected) rather mild effects
of NOAC on platelet function it seems crucial to use the same
experimental setup and conditions (i.e., anticoagulants used,
sample transport time, centrifugation steps, platelet concen-
tration, etc.). Hence, standardized, multicenter translational
studies may help to improve the reproducibility and gener-
alizability of data.

Conclusion

In this review, we focused on noncanonical effects of oral
thrombin and FXa inhibitors in platelet activation and arte-
rial thrombosis (►Fig. 3). Translational studies identified
different prothrombogenic noncanonical effects under FIIa

inhibitor treatment, yielding increased platelet reactivity. In
contrast, different noncanonical mechanisms resulting in
reduced platelet reactivity and thrombus formation in
patients treated with FXa inhibitors were described. Still,
these noncanonical effects are complex and not completely
understood and it seems likely that additional so far un-
known mechanisms exist. Hence, an optimal individualized
NOAC therapy requires further standardized translational
analysis and a careful definition of secondary and safety
endpoints in large-scale clinical trials.
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