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Abstract

Coagulation factor Xa activates the protease-activated receptor 2 (PAR2) and causes tissue fibrosis; however, the effects of
Xa inhibitor edoxaban on atrial fibrosis and atrial fibrillation (AF) have not been investigated. We examined the effect of
edoxaban on the progression of atrial fibrosis in a canine congestive heart failure (CHF) model. Beagle dogs were assigned
to sham, placebo, and edoxaban groups (n = 6/group). Dogs of the placebo or edoxaban groups received 19 days of medica-
tion with daily oral placebo or edoxaban, respectively, followed by 14 days of ventricular tachypacing. Dogs of the sham
group had no medication or pacing. Ventricular tachypacing prolonged AF duration in dogs of the placebo group (159 +41 s,
p <0.01 vs. sham); however, this effect was suppressed by edoxaban treatment. Compared with the sham group, tachypacing
alone also significantly increased the atrial fibrotic area (2.9+0.1% vs. 7.8 +£0.4%, p <0.01), PAR2 expression (1.0 £0.1 vs.
1.8+0.3, p<0.05), and atrial fibronectin expression (1.0 +0.2 vs. 2.0 +0.2, p <0.01). These responses were suppressed by
edoxaban treatment (area 5.9 +0.4%, p <0.01; PAR2 1.1 +0.1, p <0.05; fibronectin 1.2 +0.2, p <0.05 vs. placebo). Edoxa-
ban showed suppressive effects on atrial remodeling, AF progression, and excessive expressions of PAR2 and fibronectin in
a canine CHF model. The suppression of the Xa/PAR2 pathway might be a potential pharmacological target of edoxaban.
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Introduction

Atrial fibrillation (AF) is the most common sustained
arrhythmia in clinical practice and is associated with seri-
ous complications and mortality [1, 2]. AF-induced cardiac
degradation leads to structural and electrical remodeling,
resulting in the progression of AF [3]. The strongest con-
tributing factor to AF progression is atrial fibrosis. Atrial
fibrosis is also caused by aging, heart failure, and ischemic
heart disease, resulting in heterogeneity of conduction and
facilitating reentry and AF occurrence [4-6].

Factor Xa is the upstream activator of thrombin. Throm-
bin, in turn, participates in hemostasis and thrombus for-
mation by converting fibrinogen to fibrin, thereby playing
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a central role in blood coagulation. In addition, factor Xa
is involved in the development of inflammatory reactions,
arteriosclerosis, and fibrosis in various tissues via protease-
activated receptors [7—12]. It has been suggested that Xa
inhibitors inhibit myocardial fibrosis by blocking the factor
Xa/PAR?2 signaling pathway [13—15], but the contributions
of factor Xa and PAR?2 to atrial fibrosis and AF chronicity
have not been adequately studied. Moreover, the potential
benefits of edoxaban, a factor Xa inhibitor, against atrial
fibrosis and AF chronicity have not been examined.

The purpose of this study was to examine possible sup-
pression of atrial fibrosis and AF chronicity by edoxaban in
a canine congestive heart failure (CHF) model.

Materials and methods
Experimental design

The CHF model was established with reference to experi-
ments conducted previously [4, 16, 17]. All procedures
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performed in studies involving animals were in accord-
ance with the Guide for the Care and Use of Labora-
tory Animals published by the US National Institutes of
Health (NIH publication No. 85-23, revised 1996) and
were approved by the Animal Research Ethics Commit-
tee of the University of Toyama. Eighteen beagles weigh-
ing 8.2-13.0 kg were assigned to the sham (n=6), pla-
cebo (n=06), and edoxaban (n=6) groups. All dogs were
implanted with pacemakers (detailed in the next section).
Two days after implantation, dogs of the placebo and
edoxaban groups started receiving a 19-day administration
of medication with daily oral placebo or edoxaban, respec-
tively. Seven days after implantation, both groups were
subjected to ventricular tachypacing (VTP) of 240 beats/
min for 14 days. Dogs of the sham group did not receive
medication or pacing. After a total intervention period
of 21 days, cardiac ultrasonography was performed and
electrophysiological examinations were conducted under
thoracotomy. Atrial tissues were then removed for histo-
logical and molecular biological evaluation.

Animal preparation

Under general anesthesia (isoflurane 2 vol%), a pacing lead
(Cap Sure Fix 5068, Medtronic, Minneapolis, MN, USA)
was inserted through the right internal jugular vein into the
apex of the right ventricle, and a generator (SIP501, Star
Medical, Tokyo, Japan) was implanted subcutaneously in
the right neck.

After confirming that there were no hemorrhagic
complications, oral placebo (placebo dogs) or edoxaban
(edoxaban dogs) was administered daily from 2 days after
implantation and continued for 19 days. From 7 days after
implantation, the pacemaker was activated at 240 beats/
min in dogs of the placebo and edoxaban groups, but not
in those of the sham group; tachypacing was continued
for 14 days. The dosage of edoxaban was 2.0 mg/kg/day
as determined previously [18].

Echocardiographic measurements

Transthoracic echocardiography (SSA-260A; Toshiba,
Tokyo, Japan) was performed in each dog just before elec-
trophysiological study. All measurements were performed
under sinus rhythm with the pacemaker deactivated. Left
ventricular end-diastolic diameter (LVEDD) and left ventric-
ular end-systolic diameter (LVESD) were measured in the
parasternal long-axis view; left ventricular ejection fraction
(LVEF) was calculated according to the Teichholz method.
The left atrium (LA) area was measured in the two-chamber
apical view at end systole.
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Electrophysiological study

The ventricular pacemaker was deactivated before the
electrophysiological study. After opening the chest under
anesthesia, stimulation and recording were performed
using an external stimulator (SEC-2102, Nihon Koh-
den, Tokyo, Japan), and unipolar electrode placed in the
epicardium of the LA appendage coupled to a recording
device (RMT-1000, Nihon Kohden, Tokyo, Japan). Dur-
ing examination, we evaluated atrial effective refractory
period (AERP), AF inducibility, and duration of AF.
AERPs (ms) were measured at the LA appendage (LAA)
using a train of ten basic stimuli (S1) followed by a prema-
ture stimulus (S2) at twice the stimulation threshold. The
basic cycle length (BCL) was 360, 300, 250, and 200 ms.
AERP was measured at intervals of 5 ms. As an index
of atrial conduction time, the width of P wave (ms) was
measured at the time of sinus rhythm after stopping pac-
ing and the average of three beats was taken. Inducibility
(%) was defined as the percentage of AF events during ten
inductions. For evaluating the induction rate, we delivered
20 burst pacing stimuli to the LAA with the shortest cycle
length captured at 1:1 at a voltage four times the stimula-
tion threshold. The reported duration of AF is the average
of ten induced episodes. When AF lasted for more than
1200 s, electrical defibrillation was performed and the
duration was counted as 1200 s.

Hemodynamic and bodyweight measurements

Hemodynamics were measured using a pressure line after
the electrophysiological study, and the aortic, left ventric-
ular, and left atrial pressures were measured. Bodyweight
was measured at the end of the experiment.

Histological analysis

Atrial tissue was harvested from the LA free wall, fixed
with 10% formalin, and embedded in paraffin. Sections
(thickness 5-um) were prepared, and collagen fibers were
stained using Sirius Red. Observation was performed by a
magnification of 400X using optical microscope (OLYM-
PUS, Tokyo, Japan). Microscopy images were recorded
in the computer and quantitatively analyzed using the VH
Analyzer software (Keyence, Osaka, Japan). The area of
the connective tissue region was measured by color tone
discrimination, and the target region was quantitatively
evaluated as a percentage of the total area.
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Western blotting Statistical analysis

Proteins were extracted from LA free wall tissue using  All values are expressed as the mean + SEM. The statistical
T-PER (Thermo Scientific Pierce Protein Research Prod-  significance of a multiple-group comparison was analyzed
ucts, Rockford, IL, USA) supplemented with a protease  using a one-way analysis of variance with post hoc Bon-
inhibitor cocktail kit (Thermo Scientific Pierce Protein  ferroni-adjusted pair-wise comparisons. A p value of <0.05
Research Products). The protein concentration was meas-  was considered statistically significant.

ured using the Bio-RAD protein assay (BIO-RAD Labo-

ratories, Inc., Hercules, CA, USA). Equal amounts of the

proteins were separated by SDS-PAGE and transferred to ~ Results

polyvinylidene difluoride membranes using iBlot 2 Gel

Transfer Device (Life Technologies, Carlsbad, CA, USA).  Echocardiographic characteristics

Blocking solution was tris-buffered saline containing 2%  following tachypacing and effects of edoxaban
bovine serum albumin for PAR2 and 5% skim milk for

fibronectin. Mouse anti-PAR2 monoclonal IgG (dilution = After 14 days of VTP, dogs of the edoxaban and placebo
1:100, Santa Cruz Biotechnology Inc., Texas, USA), rabbit  groups showed signs of left ventricular dysfunction. Specifi-
fibronectin polyclonal IgG (dilution 1:500, Abcam Plc.,  cally, LVEDD, and LVESD increased and LVEF decreased
Cambridge, United Kingdom), and goat anti-glyceralde-  in these groups than in the sham group (p <0.05). There
hyde-3-phosphate dehydrogenase (GAPDH) polyclonal  were no significant differences in LVEDD, LVESD, and
IgG (dilution 1:4000, Lifespan Biosciences Inc., Seattle, = LVEF (Fig. 1) between dogs of the edoxaban and placebo
USA) were used as primary antibodies. In addition, anti-  groups. These data indicate the completion of the canine
mouse polyclonal IgG (dilution 1:7500, Abcam Plc.), anti- ~ CHF model. The extent of LA area expansion was observed
rabbit polyclonal IgG (dilution 1:5000, Abcam Plc.), and  in the placebo group (p <0.05 vs. sham); however, it was
anti-goat polyclonal IgG (dilution 1:22,500, Abcam Plc.)  suppressed in the edoxaban group. As a result, there was
were used as secondary antibodies. Detection and quan-  no significant difference in the level of LA area between
tification of proteins were performed using Odyssey (LI-  the edoxaban and sham groups (Fig. 2). It should be noted
COR, Lincoln, NE, USA) and Image Studio™ Lite Ver 5.2  that LA area was evaluated by five samples of each group,
(LI-COR), respectively. Semi-quantitative determination  because we could not obtain images that can be evaluated
of target protein concentration was performed based on the  with each group. The other data of this paper were measured
band density, and GAPDH was used for loading control. in six samples in each group.

Fig.1 Changes in left ven-
tricular diameter and ejection
fraction. Left ventricular (LV)
echocardiographic characteris-
tics after 19 days of medication
and 14 days of tachypacing.
Representative parasternal view
echocardiographic images in

M mode from dogs in the sham
(a), placebo (b), and edoxaban
(c) groups. LVEDD (d), LVESD
(e), and LVEF (f). Data are
presented as mean+SEM (n=6

per group). **p <0.01 versus sk kg
sham. There were no significant T
differences between dogs in the o) 30 ’é‘ 30 = 60
placebo and edoxaban groups. g £ X
LVEDD LV end-diastolic diam- a 20- = 204 = 40
eter, LVESD LV end-systolic a 2 E sk Kk
diameter, Sh sham dogs, Pl pla- 5 10 4 > 104 - 20 4
cebo dogs, Ed edoxaban dogs =
0+ 0 0 T
Sh Pl Ed Sh Pl Ed Sh Pl Ed
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Fig.2 Changes in left atrial area. Echocardiographic characteristics
of the left atrium (LA) after 19 days of medication and 14 days of
tachypacing. Representative images of the apical view echocardio-
gram in dogs in the sham (a), placebo (b), and edoxaban (c) groups.

Electrophysiological characteristics and AF
promotion

Mean AERPs tended to be prolonged in dogs of the placebo
group compared with those in the sham group (BCL 360 ms
p=ns; BCL 300 ms p=0.055; BCL 250 ms p=0.096;
BCL 200 ms p=0.065 vs. sham); however, mean AERPs
in edoxaban group had no significant differences compared
with both the sham and placebo groups (Fig. 3a). Similarly,
the width of P wave tended to extend in dogs of the placebo
group (p=0.08 vs. sham), but not in those of the edoxa-
ban group (p =0.34 vs. sham) (Fig. 3b). Alternatively, there
were no significant differences in AF inducibility among the
three groups (Fig. 4). The average and maximum durations
of AF were significantly prolonged in dogs of the placebo
groups than in those of the sham group (p <0.01), but this
prolongation in the duration of AF was completely sup-
pressed in dogs of the edoxaban group than in those of the
placebo group (p <0.01). Indeed, duration of AF in dogs of
the edoxaban group did not differ from that in dogs of the
sham group (Fig. 4).

Hemodynamic measurement and bodyweight

End-systolic mean left atrial pressure was higher in dogs of
the placebo group than those of the sham group. However,

d
600 o
£
£ 400
3
s 200
<
|

0

Sh Pl Ed

d End-systolic LA area. Data are presented as mean+SEM (n=5 per
group). **p<0.01 versus sham. There was no significant difference
between dogs in the placebo and edoxaban groups. Sh sham dogs, Pl
placebo dogs, Ed edoxaban dogs

there were no significant differences in hemodynamic
indices between dogs of the placebo and edoxaban groups
(Table 1). Further, body weight did not differ among the
groups at the end of the experiment.

Histological remodeling

Representative histological findings are shown in Fig. 5.
Atrial interstitial fibrosis was significantly greater in dogs of
the placebo group than that in dogs of the sham group. This
fibrotic response to tachypacing was significantly reduced by
edoxaban (p <0.01 vs. placebo), although it remained higher
than in the sham group (p <0.01 vs. sham), indicating only
partial mitigation.

Changes in PAR2 and fibronectin expression

Compared with dogs of the sham group, PAR2 expression
significantly enhanced in the placebo group (p <0.05) but
not in the edoxaban group (vs. placebo, p <0.05. vs. sham,
p=ns) (Fig. 6a). In addition, fibronectin expression was
significantly enhanced in the placebo group (p <0.01) but
not in the edoxaban group (vs. placebo, p <0.05. vs. sham,
p=ns) (Fig. 6b).

Fig.3 Changes in the atrial a 20, 3 _ B b p=0.077

effective refractory period and p=ns p=0.055 p=0.096 p=0.065 50 1 [
. A [ [ [ (| Py

P wave width. Atrial effec- 160 | E 45 |

tive refractory period (AERP) g g

(a) and P wave width during - 120 g 40 ~

sinus rhythm (b) after 19 days & T 35

of medication and 14 days of = 80 4

tachypacing. Data are presented 2

as mean + SEM (n=6 per 40 A 25 A

group). Sh sham dogs, P! pla-

cebo dogs, Ed edoxaban dogs O ~ShPlEd ShPlEd ShPlEd ShPlEd 20 5 bl Ed

[BCL360ms| [BCL300ms] [BCL250ms] [BCL250 ms]
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Table 1 Body weight and hemodynamics on day 21
Sham Placebo Edoxaban
Body weight (kg) 10.2+0.9 10.4+0.4 9.9+0.7
Pressure (mmHg)
Aortic systolic 80.8+7.4 73.0+2.4 69.0+8.7
Aortic diastolic 60.2+5.9 47.7+1.8 46.5+5.6
Aortic mean 67.2+6.4 56.5+1.2 54.0+6.7
Left ventricular end- 4.8+1.0 11.8+2.7 8.7+£2.2
diastolic
Left atrial mean 6.0+0.7 11.5+1.0% 9.3+2.0

All data are presented as mean+ SEM, *p <0.05 versus sham

Fig.5 Histological analysis. Sirius Red-stained light micrograph
images (original magnificationx400) of the left atrial tissue from
representative dogs in the sham (a), placebo (b), and edoxaban (c)
groups. d Proportion of interstitial fibrotic tissue. Scale bar=100 pm.

(AF duration 3 s)

Discussion
Major findings

The main findings of this study are that edoxaban suppressed
atrial PAR?2 and fibronectin upregulations, atrial interstitial
fibrosis, and AF progression induced by ventricular tachy-
pacing in a canine CHF model.
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Data are presented as mean+SEM (n=6 per group). **p <0.01 ver-
sus sham. "7p <0.01 versus placebo. Sh sham dogs, PI placebo dogs,
Ed edoxaban dogs
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Fig.6 Western blotting analy- b

sis. Left atrial expression levels 250 kDa Fibronectin

of PAR2 (a) and fibronectin 150 kD (285 kDa)

(b). Data are presented as a

mean+ SEM (n=6 per group). 75 kDa

*p<0.95; **p <0.01 versus 50 kDa

sham.:"p <0.05 versus placebo. 37 kDa

PAR? protease-activated recep- 25 kDa gl;lliDDI:)

tor 2, GAPDH glyceraldehyde-

3-phosphate dehydrogenase (gel

loading control), Sh sham dogs, ! e

Pl placebo dogs, Ed edoxaban

dogs 3 - 3 A
E 2.5 S 2.5
z 2 EE 21

(5] Q
CLs - T EE15 -
2 1 Z0 1 -
£05 - =05 A
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Potential mechanisms underlying the effects
of edoxaban on atrial structural remodeling

In the CHF model, VTP reduces left ventricular contractility,
leading to heart failure and the progression of atrial fibrosis.
VTP increases the levels of angiotensin II and transform-
ing growth factor-p (TGF-P) in the atrium. As a result, it
promotes the expression of connective tissue growth fac-
tor (CTGF), matrix metalloproteinase-2 (MMP-2), tissue
inhibitor of metalloproteinase-1 (TIMP-1), and extracellular
matrix proteins such as collagen and fibronectin [17, 19, 20].
In addition, VTP increases tumor necrosis factor (TNF-a)
and extracellular signal-regulated kinase (ERK1/2), c-Jun
N-terminal kinase, and p38 in the atrium [17, 21]. However,
after 2 weeks, VTP does not increase the levels of fibrotic
mediators and does not promote fibrosis in the left ventricle
[17,20].

In the present study, the progression of atrial fibrosis
and upregulation of PAR2 and fibronectin were found to be
induced by ventricular tachypacing for 2 weeks, but edoxa-
ban partially inhibited these changes. The addition of factor
Xa to the human atrial tissue has been reported to increase
the expression of ERK1/2, whereas PAR2 antagonist inhibits
this enhancement [22]. In addition, increased fibrosis and the
increased gene expression of TGF-f, CTGF, TIMP1, and
MMP2 have been reported in mice overexpressing a-MHC
PAR?2 [11]. These data suggest that the Xa/PAR?2 signal is
involved in myocardial fibrosis, and hypertrophy. It has been
reported that coagulation activity is enhanced in individu-
als with CHF accompanied by left ventricular dysfunction
because of stagnation of blood flow caused by low cardiac
output and enhancement of sympathetic activity [23-25].
Therefore, there is a possibility that factor Xa increased in
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this model, thus increasing the level of PAR2. However, we
could not evaluate Xa activity in the present study because
of technical limitations. Another possibility is that there is
a pathway via PAR2 for remodeling of heart failure. The Xa
inhibitor, rivaroxaban, has been reported to suppress the cell
proliferation and upregulation of expression of TIMP1 and
TNF-a in mouse cardiac fibroblasts stimulated by angio-
tensin II [26]. Additionally, Xa inhibitor, rivaroxaban, and
PAR?2 antagonist, FSLLRY, have been reported to suppress
overexpression of protein levels of PAR2, phosphorylate
ERK1/2, and phosphorylate smad3 in cardiac microvascu-
lar endothelial cells induced by intermittent hypoxia [15].
Ritchie et al. [27] reported that the overexpression of PAR2
is induced by TNF-a in human endothelial cell experiment.
Therefore, it is suggested that the levels of angiotensin II,
cytokines, and hypoxia, which increase during heart fail-
ure, are involved in the hyper proliferation of PAR2, and it
is possible that Xa inhibitor partially suppresses the PAR2
signal by inhibiting factor Xa. Therefore, we hypothesized
that upregulation of PAR2 signaling was suppressed by
edoxaban, ultimately inhibiting atrial fibrosis in the LA and
AF progression.

Effects of edoxaban on atrial electrical remodeling

It is known that shortening of AERP facilitates easier suste-
nance of AF [28-31]. In our CHF model, it is experimentally
proven that the (1) the downregulation of atrial transient out-
ward (/,,), slow delayed rectifier (/,,), and L-type Ca’*; (2)
the upregulation of Na*—Ca** exchange current; (3) increase
in Cx43 dephorylation and Cx43 redistribution toward trans-
verse cell boundaries are observed by tachypacing, changes
that would prolong the AERP [4]. These biophysical changes
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were rapidly reversed when ventricular tachypacing was
stopped; therefore, the main pathomechanism underlying
persistent AF in the CHF model is thought to be structural
remodeling [31, 32]. In the present study as well, tachypac-
ing tended to prolong AERP and extend width of P wave
in the placebo group, an effect that was not observed in the
edoxaban group. However, because myocardial ion channels
are not considered adequately in the present study, further
investigation is necessary.

Study limitations

The present experiment suggested that the overexpression
of PAR2 caused atrial fibrosis; however, in this experiment,
it was not possible to evaluate Xa activity and the mediators
downstream of PAR2. Essentially, the quantitative upregula-
tion of PAR2 was observed. We suggest that edoxaban may
suppress upregulation of PAR2, although it is unclear as
to what extent PAR2 affects atrial fibrosis compared with
other pathways. Thus, further studies are required to confirm
this and eliminate other possible mechanisms. Second, it is
unknown whether edoxaban can suppress atrial remodeling
in an atrial tachypacing model of AF without CHF because
patients with AF and without CHF are expected to have
lower coagulation activity and reduced levels of angiotensin
IT and cytokines than individuals with heart failure. Lastly,
similar to any animal study, relevance to human pathology
is unknown. The mechanism of edoxaban inhibition against
atrial fibrosis is thought to be mediated via PAR2, and the
mechanism differs from angiotensin II receptor blocker and
statin which have shown an inhibitory effect on AF in animal
experiments but failed to exhibit so-called upstream therapy
in clinical studies in the past [33, 34]. Similar to other drugs,
it is unknown whether edoxaban would exhibit similar clini-
cal effects. In particular, the dose used in this experiment
is higher than the usual clinical dose, and high doses may
cause serious bleeding. Therefore, further study is needed
to determine whether edoxaban is a viable remedy for pro-
gression of AF.

Conclusions

Edoxaban can inhibit atrial structural remodeling and pro-
gression of AF in a canine CHF model induced by ventricu-
lar tachypacing. These findings suggested that the suppres-
sion of the Xa/PAR2 pathway is a potential pharmacological
target of edoxaban.
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