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Abstract

Non-vitamin K antagonist oral anticoagulants (NOACs) are well-established as
inhibitors of factor Xa (FXa) and thrombin in the treatment and prevention of
thrombosis. However, there is growing evidence that beneficial outcomes might be
based on additional pleiotropic effects beyond anticoagulation. FXa and thrombin
are also known to activate protease-activated receptors (PARs), which can mediate
pro-inflammatory and pro-fibrotic effects. Since PAR-1 and PAR-2 play an important
role in the development of atherosclerosis, the inhibition of this pathway represents
an interesting potential target for preventing the progression of atherosclerosis and
fibrosis. This review focuses on potential pleiotropic effects of FXa inhibition with
edoxaban seen in a variety of studies in different in vitro and in vivo test systems.
As common findings from these experiments, edoxaban was able to attenuate FXa-
and thrombin-induced pro-inflammatory and pro-fibrotic effects and decrease pro-
inflammatory cytokine expression. In some, but not all experiments edoxaban was
also shown to decrease the levels of PAR-1 and PAR-2 expression. Further studies
are required to clarify the clinical implications of the pleiotropic effects mediated by
NOAGs.
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Introduction

Factor Xa (FXa) inhibitors are well-estab-
lished in the treatment and prevention of
stroke and systemic embolism in patients
with atrial fibrillation (AF) and are recom-
mended as first-line anticoagulants for the
prophylaxis of thromboembolic events in
current guidelines [10, 14, 20, 39, 40]. AF
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induces hypercoagulability, formation of
thrombi within the left atrial appendage,
and prothrombotic endothelial changes,
leading to significantly increased morbid-
ity and mortality [4, 13, 15]. The activated
factor X is a key player in haemostasis,
is associated with activated factor V and
phospholipids, and activates factor Il (pro-
thrombin) to thrombin (Flla) (@ Fig. 1; [7]).
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Fig. 2 A The role of protease-activated receptors in atherosclerosis. Factor Xa and thrombin induce
activation of the protease-activated receptors PAR-1 and PAR-2 on endothelial cells, vascular smooth
muscle cells, and macrophages. Increased inflammation, proliferation, cell adhesion and migration
are the consequence, resulting in the development and progression of atherosclerosis

There is growing evidence for the non-
haemostatic effects of thrombin and FXa
which are mediated via activation of G-pro-
tein coupled protease-activated receptors
(PARs) [6, 28]. Four known isoforms of
protease-activated receptors, PAR-1-4, are
expressed in various cell types at differ-
ent expression levels. Thrombin activates
PAR-1 (as well as PAR-3 and PAR-4), which

is mainly expressed in smooth muscle cells,
cardiomyocytes, fibroblasts and endothe-
lial cells, but also in platelets and leuko-
cytes [2,9, 36]. FXais an activator of PAR-1
and PAR-2 and was detected in endothelial
cells, smooth muscle cells and myocytes,
whileits expression in fibroblasts is unclear
[2, 36]. Activation of PAR receptors exerts
pro-inflammatory and pro-fibrotic effects

in several cell types mediating atheroscle-
rosis, atrial remodeling, cardiac hypertro-
phy and chronic inflammatory pulmonary
disorders [6, 33, 36].

PAR-1 and PAR-2 are discussed as key
receptors involved in atherosclerosis [37].
PARs are activated via serine proteases such
as thrombin and FXa via cleavage of the
receptor’s N-terminus, with the N-terminal
cleavage product becoming a ligand of the
PAR itself [9, 19]. The cleavage position
depends on the protease and is crucial for
the signaling pathway. At low concentra-
tions, thrombin activates protein C, which
binds to the endothelial protein C receptor
(EPCR) and thereby activates co-localized
PAR-1. This mediates protective and anti-
inflammatory effects on the endothelium.
At high thrombin concentrations, PAR-1 is
activated directly by thrombin via N-ter-
minal cleavage and mediates pro-inflam-
matory effects (BFig.2). FXa can also
bind to EPCR, activate PAR-1 and PAR-2 via
N-terminal cleavage, and thereby initiate
pro-inflammatory signaling. In addition,
PAR-2 can be activated by tissue factor
(TF)-activated factor V (FVa) complex [19].

Thus, the clinical impact of FXa and
thrombin inhibition with non-Vitamin K
antagonist oral anticoagulants (NOACs)
might go beyond their anticoagulatory
effects and involve pleiotropic effects me-
diated via PAR signaling pathways. Over
the past years, such potentially beneficial
effects have been described for all NOACs
[8, 16, 26, 32]; however, a comprehensive
summary of the findings with edoxaban
was not yet available. Therefore, this
review focuses on potential pleiotropic
effects of the FXa-inhibitor edoxaban.

Potential pleiotropic effects
of edoxaban in inflammation,
atherosclerosis, and stroke

Recently, pleiotropic effects of FXa inhibi-
tion via edoxaban have been experimen-
tally tested in various in vitro human cell
culture models as well as in vivo in different
murine and canine models (B Fig. 3).

@ Table 1 summarises the key findings
from selected studies investigating the ef-
fects of edoxaban on PAR signaling path-
ways and inflammation.
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The role of FXa inhibition with
edoxaban in atherosclerosis and
vascular remodeling

Vitamin K antagonists can expedite
atherosclerosis and plaque formation
due to vascular calcification [35]. In
contrast, recent studies in an apolipopro-
tein E-deficient (ApoE") atherosclerotic
mouse model suggest that NOACs do not
induce valvular and arterial calcification
processes [17, 30]. Interestingly, AF was
also seen to interfere with occurrence of
cardiac ischemia [11, 12]. The effect of
edoxaban in comparison to warfarin on
atherosclerosis, vascular remodeling and
fibrosis was also investigated in a ApoE~~
mouse model [24].  Hypercholestero-
laemia and atherosclerosis were induced
by feeding with a cholesterol-rich high-fat
diet. Animals received either edoxaban-
or control chow. Compared to control,
mice receiving edoxaban had significantly
reduced amounts of plaque tissue in the
aortic sinus and significantly reduced fi-
brosis. The reduction of fibrosis in Apo E~~
deficient mice was higher with edoxaban
compared with warfarin. The reduction in
plaque formation showed the same trend
for edoxaban. However, mRNA levels of
pro-inflammatory cytokines (interleukin 6
[IL-6], interleukin 1 [IL-1B], tumor necro-
sis factor alpha [TNFa], and monocyte
chemotactic protein 1 [MCP-1]) did not
show pro-inflammatory effects of warfarin

Colorectal carcinoma cells

- Blood-brain barrier

Aortic sinus tissue
Atrial tissue
Alveolar epithelial cells

Fig. 3 <« Poten-

tial targets for
pleiotropic effects
of edoxaban in vivo.
Translational view
from the in vitro and
animal experiments
described in this
review to the hu-
man organ systems
which might po-
tentially be affected
by the pleiotropic
effects of factor Xa
inhibition

or anti-inflammatory effects of edoxaban
in the ApoE”~ mouse model [24]. The
authors discuss that this atherosclerosis
model might not be sufficient to reveal
significant effects in vascular inflamma-
tion [24]. However, the positive effects of
edoxaban on fibrosis and plaque tissue
are supported by findings of vasculo-
protective effects of other NOACs [17, 22,
29, 30, 34].

Edoxaban also enhanced human umbil-
ical vein endothelial cell (HUVEC) growth
in a dose-dependent manner. It did not
show any pro-migratory or angiogenic ef-
fects on HUVEC cells itself but was able to
counteract FXa-mediated migration of HU-
VEC cells in a wound healing assay and to
partially counteract FXa-induced anti-an-
giogenic activity in a tube formation assay.
These results suggest a stabilising effect of
edoxaban on human endothelial cells in
the presence of FXa. Functional adhesion
of platelets or peripheral blood mononu-
clear cells (PBMC) to a HUVEC monolayer
was tested in absence or presence of edox-
aban, FXa or their combination, as PBMC
adhesion is associated with atherogenesis
and vascular inflammation. Edoxaban in-
hibited FXa- and TNFa-induced adhesion
of platelets or PBMCs to a HUVEC mono-
layer and was able to reduce both PBMC
and platelet adhesion in a concentration-
dependent manner even under basal con-
ditions. When further exploring the un-
derlying pathway, mRNA analysis showed
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a FXa-induced upregulation of the expres-
sion of three cell adhesion molecules, inter-
cellular cell adhesion molecule 1 (ICAM-1),
vascular cell adhesion molecule 1 (VCAM-
1), and E-selectin (SELE). Edoxaban did not
alter these expression levels but counter-
acted FXa-induced upregulation. The up-
regulation of VCAM-1 and SELE seemed to
be mediated by PAR-1 and 2 (in case of
SELE only by PAR-2), while ICAM-1 did not
seem to be regulated via the two PAR re-
ceptors. For all three adhesion molecules
an involvement of NF-kB and PI3K acti-
vation was shown. The authors conclude
that if these findings are confirmed in anin
vivo setting, edoxaban might counteract
the effects of pro-inflammatory factors re-
leased in the vessel and to reduce platelet
adhesion and might therefore contribute
to a probable cardioprotective benefit [1].

Effects of FXa inhibition with
edoxaban on atrial fibrosis

Previously, FXa has been shown to be asso-
ciated with the activation of inflammatory
signaling in human atrial tissue, leading
to the development of atrial fibrotic re-
modeling [6]. The effect of edoxaban on
atrial fibrosis was studied in a canine model
for congestive heart failure [38]. AF was
induced in beagles implanted with pace-
makers. After implantation, animals re-
ceived either edoxaban, placebo, or no
medication for 19 days. In animals in the
edoxaban and placebo groups, but not
in sham animals, ventricular tachypacing
(VTP) was started 7 days after pacemaker
implantation and given for 14 days. Af-
ter 14 days of VTP, animals in the placebo
group showed significantly prolonged du-
ration of AF episodes compared to sham
beagles, whereas this effect was attenu-
ated by treatment with edoxaban versus
placebo. Inducibility of AF was compa-
rable between the three groups. While
VTP significantly increased the atrial fi-
brotic area in both the edoxaban and
the placebo group, the fibrotic response
was significantly attenuated with edoxa-
ban versus placebo. As myocardial fibro-
sis has been strongly associated with FXa
and PAR-2 signaling [2], the investigators
measured PAR-2 expression in the tissue
of the left atrial wall and found signifi-
cantly increased levels in placebo-treated
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Fig. 4 A a Total number of AF episodes and b total length of AF episodes after treatment of C57/B6J
wildtype mice with vehicle (0.5% methylcellulose; Ctr, n =8), angiotensin Il (1.5 ng/g/min for 2 weeks
via osmotic minipump; Angll, n=8), or angiotensin Il plus edoxaban (1.5 ng/g/min for 2 weeks via
osmotic minipump; edoxaban 0.25 mg/mouse/day in 0.5% methylcellulose orally; Angll +Edo,
n=10). An AF episode was defined as a series of repetitive atrial ectopic beats lasting for more than
1s.*p < 0.05. AF atrial fibrillation, Angll angiotensin I, Ctr control, Edo edoxaban

animals compared to sham, whereas there
was no increase in PAR-2 expression in the
atria of edoxaban-treated animals. Simi-
lar results were observed for expression
of fibronectin in atrial wall tissue. The
authors concluded that edoxaban can in-
hibit VTP-induced progression of AF and
reduce structural remodeling by suppres-
sion of PAR-2 and fibronectin upregulation
as well as atrial fibrosis [38].

A murine model of angiotensin I
(Angll) -induced AF was used to inves-
tigate whether inhibition of FXa with
edoxaban has anti-arrhythmic and anti-
fibrotic effects and can therefore oppose
the development or progression of AF
(Mollenhauer and Rudolph, first published
here). These data have not been published
elsewhere before; therefore, results are
described in more detail below. AF was
induced in mice by subcutaneous Angll
administration via osmotic minipumps.
After implantation of the minipumps,
mice received cereals impregnated with
edoxaban 0.25mg/animal/day in 0.5%
methylcellulose or vehicle solution (0.5%
methylcellulose). At 14 days after Angll,
electrophysiological atrial stimulation re-
sulted in an increased number and length
of AF episodes compared to vehicle-
treated animals (B Fig. 4a,b). Treatment
with edoxaban attenuated Angll-induced
vulnerability for AF episodes and re-
duced duration of AF episodes (p < 0.05
for Edo+Angll vs. Angll). In this study,
edoxaban did not reduce Angll-induced
atrial fibrosis or attenuate Angll-induced
atrial collagen | expression (B Fig. 5a,b).
Immunoblotting of isolated atria showed

a trend towards enhanced total and ac-
tivated PAR-2 expression upon treatment
with Angll, which could not be attenuated
by treatment with edoxaban (B Fig. 5¢,d).
However, Angll-mediated increases in
plasma cytokine levels of thrombopo-
etin, interleukin (IL)-17, IL-4, interferon
(INF) y, IL-5- and MCP-5 were significantly
attenuated with edoxaban (p<0.05 for
Angll+Edo vs. Angll) (BFig.6). These
findings suggest an important role of
anti-inflammatory processes contributing
to the positive effects of edoxaban in
AF development. Yet, the underlying
mechanism remains unclear.

Effects of NOACs on atrial
repolarizing potassium channels

Treatment with edoxaban has been asso-
ciated with a significant reduction in death
from cardiovascular causesin patients with
AF, supported by a tendency to also reduce
all-cause death in these patients [10]. In
experiments investigating direct effects of
edoxaban on potassium channels as po-
tential targets for antiarrhythmic therapy,
human genes encoding for cardiac potas-
sium channels Ky11.1, Ky1.5, Kv4.3, K;:2.1,
Kir2.2 and K;p2.1 were expressed in Xeno-
pus laevis oocytes [41]. Currents were
measured in the absence and presence of
NOACs using voltage clamp electrophysi-
ology. Edoxaban did not significantly af-
fect peak current amplitudes nor current-
voltage relationships of the investigated
channels. Similar results were seen for the
other NOACs. While direct interactions
between NOACs and cardiac potassium

channels are not likely to contribute to the
positive clinical outcomes, indirect effects
on cardiac potassium channels and their
potential signaling pathways still need to
be investigated further [41].

FXa as a mediator of pro-
inflammatory effects and
mitochondrial alterations via PAR
signaling in human alveolar cells

Potential anti-inflammatory effects of
edoxaban in the development of chronic
lung diseases were studied using a hu-
man type Il alveolar epithelial cell model
(A549). The investigators could show
that FXa activated extracellular signal-
regulated kinase (ERK1/2) and induced
increased expression of the pro-inflamma-
tory cytokines IL-8, ICAM-1, and MCP-1 [5].
Vorapaxar, a PAR-1 inhibitor, and edox-
aban were both effective in preventing
the induction of FXa-mediated activation
of ERK1/2 as well as of IL-8, ICAM-1, and
MCP-1. Of note, the PAR-2 inhibitor GB83
did not counteract FXa-mediated ERK1/2-
activation and even had an additional
stimulatory effect on the expression of
the three inflammatory molecules. As
the inflammatory gene expression partly
depends on mitochondrial function, the
effect of exogenous FXa on mitochon-
drial oxygen consumption in epithelial
cells was measured. FXa reduced mito-
chondrial oxygen consumption, which is
an indicator for restricted capability of
ATP generation in mitochondria. Again,
administration of edoxaban or vorapaxar
prevented the decrease in oxygen con-
sumption and therefore the impairment of
mitochondrial function. However, further
analysis of caspase3 activity and mRNA
expression of apoptosis markers showed
that treatment with FXa did not induce
apoptosis in two different human lung
epithelial cell lines (A549 and Calu3) and
did not affect metabolic cellular activity
in human epithelial cells [5]. Interest-
ingly, FXa induced intracellular signaling
resulting in apoptosis in epithelial tumor
cells. These differential findings might be
due to a dose-dependency of the cellular
effects of FXa [5].
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Anti-FXa-mediated effects on
ischaemic stroke severity and
blood-brain barrier inflammation

Patients with AF who already experienced
a previous ischaemic stroke are at in-
creased risk of cerebrovascular events
[31]. Edoxaban has proven to be as effec-
tive as warfarin in secondary prevention
of ischaemic stroke in patients with atrial
fibrillation, while significantly reducing
the risk of developing intracranial haem-
orrhage by approximately 50% compared
to warfarin [31]. Anti-inflammatory effects
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of edoxaban were also seen post-stroke
in a murine model [3]. FXa and activation
of thrombin could mediate inflammatory
processes via PAR-1, 2 and 4 [27]. PAR-1
and 4 mediated activation of macrophages
and induced pro-inflammatory cytokine
expression and dysfunction of the blood-
—brain barrier [23]. Potential effects of
FXa inhibition by edoxaban on inflamma-
tion and blood-brain barrier function in
acute stroke were studied in the model
of transient middle cerebral artery occlu-
sion in mice treated with edoxaban, the
vitamin K antagonist phenprocoumon, or
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vehicle only [3]. Edoxaban significantly
reduced the infarct volume compared
to phenprocoumon or vehicle. This was
accompanied by better neurological and
functional outcomes after stroke com-
pared to control. Furthermore, edoxaban
significantly reduced blood-brain barrier
leakage and ipsilateral formation of brain
edema. The cerebral expression of the
pro-inflammatory cytokines IL-6 and IL-13
was significantly reduced with edoxaban.
In addition, only treatment with edoxaban
but not vitamin K antagonists resulted in
asignificantreductioninmacrophagesand
microglia invading the brain parenchyma
through the blood-brain barrier. Exper-
imental data from this study suggest
that treatment with edoxaban has anti-
inflammatory and blood-brain barrier
protecting effects and might be beneficial
in attenuating ischaemic stroke pathology
[3].

The role of factor Xa and PAR2 in
diabetic nephropathy

The role of FXa and PAR-2 in diabetic
nephropathy has been investigated in
murine and podocyte models. [25]. To
model diabetic nephropathy, mice with
Akita mutation in the insulin 2 gene and
endothelial nitric oxide synthase (eNOS)
knockout were used. Diabetes melli-
tus (DM) increased renal expression of FX
mRNA and FXa activity in the murine urine
as well as an increase in FXa expression in
glomerular macrophages [25]. Inhibition
of FXa by administration of edoxaban
ameliorated diabetic nephropathy in the
eNOS~- DM mouse model and reduced
the expression of the profibrotic and pro-
inflammatory genes Pail, Col1, Col4, and
Tnfa as well as expression of Parl and
Par2. Par2 expression in the kidneys was
increased in eNOS”~ DM mice, and lack
of Par2 was shown to also ameliorate
diabetic nephropathy. Interestingly, in-
hibition of FXa with edoxaban and lack
of Par2 expression did not have additive
anti-inflammatory effects. The results
suggest that activation of FXa and PAR-2
worsens diabetic nephropathy through an
enhanced inflammatory response. Edox-
aban reduced the severity of diabetic
nephropathy, but could not fully reverse
it [25].
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Effects of FXa inhibition with
edoxaban on tumor growth

The suppression of the PAR-2 signaling
pathway via FXa inhibition was subject
to a study [21] investigating the effect
of NOACs on tumor growth in a col-
orectal cancer mouse model. Colorectal
carcinoma cells (Colon26 cell line) were
transplanted into mice by subcutaneous
inoculation.  Colon26-inoculated mice
treated with orally administered edoxa-
ban or other direct oral anticoagulants
developed significantly smaller tumors
compared to water-treated controls. With
edoxaban, tumor volume was reduced to
approximately 28% of the tumor volume
in control animals. Of note, the tumor
size observed in edoxaban-treated ani-
mals was also significantly lower than in
animals treated with two other NOACs.
Further investigations on the potential
underlying pathway found that edoxaban
significantly decreased plasma levels of
the pro-inflammatory factors IL-6 and
matrix metalloproteinase-2 (MMP-2) in
Colon26-inoculated mice compared to
water-treated controls, of the pro-tumori-
genicfactors TF and plasminogen activator
inhibitor-1 (PAI-1), several markers for tu-
mor growth, and PAR-1 levels (however,
not PAR-2 levels). While apoptosis was

Fig. 6 < Dot blot ar-
ray intensity analy-
sis of pooled plasma
from Ctr, Angll or
Angll + Edo- treated
mice (n=6forall
groups), normalised
to cytokine levels

of Ctr (100%, left
panel). Yellow as-
terisks: Angll + Edo
vs. Ctr; grey aster-
isks: Angll+ Edo

vs. Angll; *p < 0.05,
**p<0.01,**p < 0.001.
Angll angiotensin I,
Ctrcontrol, Edoedox-
aban

increased in the tumor tissue of water-
treated Colon26-inoculated mice, edoxa-
ban increased the number of apoptotic
cells, as well as the expression level of p53
protein, a transcription factor regulating
cell proliferation and apoptosis. The au-
thors hypothesize that inhibition of the
PAR-2 pathway with edoxaban results in
an upregulation of p53 and therefore in
increased apoptosis in tumor tissue. The
authors point out that there have been
contradictory findings on the effect of
NOACs on tumor growth, so there may
be differences between different types
of tumors, types of cancer models, and
NOACs used [21].

Perspective

To the authors’ knowledge, this is the first
in-depth review of pleiotropic effects of
edoxaban investigated in vitro and in ex-
perimental animal models. Several well-
characterised models of pathophysiologi-
cal settings were applied to explore edox-
aban’s effects beyond its anticoagulatory
properties.

Throughout the different models and
cell types, edoxaban attenuated FXa- and
thrombin induced pro-inflammatory and
pro-fibrotic effects. Key findings were the
reduction of FXa and thrombin-induced

increases in pro-inflammatory cytokine ex-
pression ([1, 3, 21, 25]; Mollenhauer and
Rudolph, first published here). Reductions
of PAR-1 and PAR-2 levels were found by
some, but not all studies. This might be
due to different experimental models, cell
types and setups used, but also to possible
differences in the underlying mechanisms
of edoxaban—PAR interaction in different
cell types and tissues. It is still unknown
to what extent atrial fibrosis is induced by
PAR-2 compared to other potential path-
ways; however, the findings suggest that
edoxaban is a promising target for inhibi-
tion of the PAR-2 pathway [38].

Similar non-haemostatic pleiotropic ef-
fects have been described for rivaroxaban,
apixaban, and dabigatran previously, con-
firming the anti-inflammatory and anti-
proliferative effects seen in the experi-
mentsincludedinthis review[8, 16, 26, 32].
The findings with edoxaban are adding fur-
ther evidence to the hypothesis that inhi-
bition of FXa and thrombin with NOACs
may be beneficial in preventing the pro-
gression of atherosclerosis, fibrosis, and
other inflammatory conditions.

The test systems used are of broad va-
riety and included in vitro (human ep-
ithelial cell culture, human alveolar cell
lines, Xenopus Laevis oocytes) and ani-
mal in vivo experiments (knockout mouse
systems, pharmacologically or electrically
induced mouse and canine systems, can-
cer cell-inoculated mouse system). For
animal models, also the method of edox-
aban application varied between studies
(gavage, oral via impregnated food) and
one study used vitamin K1 as food supple-
ment for the vitamin K antagonist control
group to keep mice healthy. This might
also explain differences between the trials
regarding the ability of edoxaban to atten-
uate FXa-induced regulation of cytokines
and inflammatory processes. The concen-
trations of edoxaban used in the different
models vary between the studies and dif-
fer from the dosages used in AF treatment.
PAR receptors vary between different tis-
sues as well as species [19]. Therefore,
it is unclear to which extent results seen
in in vitro, mouse or canine models can
be translated into a therapeutic human
setting.

The results of these experimental stud-
ies may also translate to clinical findings
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seen with edoxaban in randomized clinical
trials and real-world data on the treatment
and prevention of stroke and systemic em-
bolic events: the significant reduction in
cardiovascular death [10] and recurrent is-
chaemic stroke [31] compared to warfarin,
or low rates of renal worsening seen with
edoxaban after 2 years of treatment [18].
NOACs have also been shown to reduce
the risk of stroke and systemic embolic
embolism irrespective of the absence or
presence of coronary artery disease [42].
Additional in vivo and clinical data will
be needed to shed further light into the
pleiotropic effects of edoxaban and other
NOAGCs and their potential targets.
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