
Hypertension Research (2021) 44:1261–1273
https://doi.org/10.1038/s41440-021-00700-7

ARTICLE

Rivaroxaban attenuates cardiac hypertrophy by inhibiting
protease-activated receptor-2 signaling in renin-overexpressing
hypertensive mice

Masato Narita1 ● Kenji Hanada1 ● Yosuke Kawamura1 ● Hiroaki Ichikawa1 ● Shuntaro Sakai1 ● Yoshikazu Yokono1
●

Maiko Senoo1
● Noritomo Narita1 ● Michiko Shimada1 ● Tomohiro Osanai2 ● Ken Okumura3 ● Hirofumi Tomita1

Received: 3 August 2020 / Revised: 7 March 2021 / Accepted: 28 March 2021 / Published online: 20 July 2021
© The Japanese Society of Hypertension 2021

Abstract
Rivaroxaban (Riv), a direct factor Xa (FXa) inhibitor, exerts anti-inflammatory effects in addition to anticoagulation.
However, its role in cardiovascular remodeling is largely unknown. We tested the hypothesis that Riv attenuates the
progression of cardiac hypertrophy and fibrosis induced by continuous activation of the renin–angiotensin system (RAS) in
renin-overexpressing hypertensive transgenic (Ren-Tg) mice. We treated 12-week-old male Ren-Tg and wild-type (WT)
mice with a diet containing Riv (12 mg/kg/day) or a regular diet for 4 weeks. After this, FXa in plasma significantly
increased in Ren-Tg mice compared with WT mice, and Riv inhibited this increase. Left ventricular wall thickness (LVWT)
and the area of cardiac fibrosis evaluated by Masson’s trichrome staining were greater in Ren-Tg mice than in WT mice, and
Riv decreased them. Cardiac expression levels of the protease-activated receptor (PAR)-2, tumor necrosis factor-α,
transforming growth factor (TGF)-β1, and collagen type 3 α1 (COL3A1) genes were all greater in Ren-Tg mice than in WT
mice, and Riv attenuated these increases. To investigate the possible involvement of PAR-2, we treated Ren-Tg mice with a
continuous subcutaneous infusion of 10 μg/kg/day of the PAR-2 antagonist FSLLRY for 4 weeks. FSLLRY significantly
decreased LVWT and cardiac expression of PAR-2, TGF-β1, and COL3A1. In isolated cardiac fibroblasts (CFs), Riv or
FSLLRY pretreatment inhibited the FXa-induced increase in the phosphorylation of extracellular signal-regulated kinases. In
addition, Riv or FSLLRY inhibited FXa-stimulated wound closure in CFs. Riv exerts a protective effect against cardiac
hypertrophy and fibrosis development induced by continuous activation of the RAS, partly by inhibiting PAR-2.
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Introduction

Heart failure (HF) is a serious health and economic issue
worldwide and a major reason for hospitalization [1]. HF
is caused by various types of heart diseases, such as
hypertensive heart disease, cardiomyopathy, myocardial

infarction (MI), valvular heart diseases, and congenital
heart diseases [1]. The prognosis of HF patients is poor,
even in those with a preserved ejection fraction (HFpEF)
characterized by diastolic cardiac dysfunction [2, 3]. Con-
tinuous activation of the renin–angiotensin system (RAS)
induces hypertensive organ damage, including cardiac
hypertrophy, through enhanced afterload [4]. In addition,
angiotensin (Ang) II, a main RAS effector, directly causes
inflammation, endothelial dysfunction, and the generation
of reactive oxygen species in the heart, independent of
blood pressure, leading to HF [5]. Although RAS inhibition
by angiotensin-converting enzyme inhibitors or Ang II
receptor blockers is the most effective HF treatment [1],
many HF patients suffer from repeated hospitalization and
progressive symptoms and may be at risk of sudden cardiac
death. More importantly, no treatment has been established
for HFpEF [1].
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Accumulating evidence indicates the involvement of the
coagulation pathway in RAS-induced cardiovascular
remodeling [6–8]. For example, Ang II upregulates tissue
factor (TF) expression in the plasma during hypertension,
which leads to systemic activation of the coagulation cas-
cade [6]. In addition, TF expression is upregulated in
atherosclerotic plaques, and plaque rupture releases a large
amount of TF [7, 8]. Factor Xa (FXa), an active form of
factor X and one of the important components of the coa-
gulation cascade, converts prothrombin into thrombin and
accelerates thrombus formation [9]. In addition, FXa acti-
vates protease-activated receptor (PAR) and promotes
inflammation by producing proinflammatory and profibrotic
cytokines [10, 11]. PAR is distributed in many types of cells
in the heart, including vascular endothelial cells, smooth
muscle cells, cardiomyocytes, and cardiac fibroblasts
(CFs) [10, 12], and is potentially associated with HF
development [13, 14].

Direct oral anticoagulants are commonly used to prevent
thromboembolic events, mainly those due to atrial fibrilla-
tion (AF) [15]. Rivaroxaban (Riv), a direct FXa inhibitor,
acts as an anticoagulant by inhibiting FXa [16]. Although
Riv exerts anti-inflammatory and anticoagulation effects
[17, 18], the underlying mechanism is still unclear. In this
study, we tested the hypothesis that Riv has a protective
effect against HF progression induced by chronic RAS
activation and evaluated the possible involvement of PAR-2
signaling in renin-overexpressing hypertensive transgenic
(Ren-Tg) mice.

Methods

Animals and study protocols

We used Ren-Tg mice that overexpressed renin at a constant
high level [19]. Briefly, a modified mouse renin transgene
driven by a liver-specific albumin promoter/enhancer was
inserted into the genome as a single copy at the liver-specific
ApoA1/ApoC3 locus. The resulting transgene expressed renin
ectopically at a constant high level in the liver, and high levels
of active renin and Ang II in the plasma were observed. Ren-
Tg mice display elevated systolic blood pressure (SBP) as
early as 12 weeks old compared to wild-type (WT) mice
[5, 19].

In this study, we used 12-week-old male heterozygous
Ren-Tg and WT (C57BL6/N) mice. Ren-Tg mice were
backcrossed with WT mice for >10 generations. Riv was
supplied by Bayer Pharma AG (Berlin, Germany). We
treated Ren-Tg and WT mice with either a diet containing
Riv (12 mg/kg/day) or a regular diet for 4 weeks. SBP
and pulse rate were measured and echocardiography
was performed after this period. Then, the mice were

anesthetized with one-time intraperitoneal injection of a
mixture of 0.75 mg/kg medetomidine, 4 mg/kg midazolam,
and 5 mg/kg butorphanol tartrate and were euthanized by
cervical dislocation.

In the other experiments, we treated Ren-Tg mice with a
continuous subcutaneous infusion of 10 μg/kg/day of the
PAR-2 antagonist FSLLRY (Funakoshi, Tokyo, Japan) or
saline (control) using an osmotic minipump (ALZET, Palo
Alto, CA, USA) for 4 weeks. The procedure was performed
under anesthesia as described above.

All procedures were performed in accordance with the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health (NIH) and were approved
by the Institutional Animal Care and Use Committee of
Hirosaki University Graduate School of Medicine, Japan
(approved number M14030).

FXa and active renin concentration in the plasma

FXa in the plasma was measured using a coagulation FXa
ELISA Kit (MyBioSource, San Diego, CA, USA) accord-
ing to the manufacturer’s instructions. Briefly, after anes-
thesia with 3% isoflurane, blood was collected from the
orbital venous plexus and stored on ice. Then, it was cen-
trifuged at 1000 × g for 15 min at 4 °C, and the supernatant
was collected as the plasma. Next, 100 μL of the plasma
was added to each well of the coagulation FXa ELISA Kit,
and 50 μL of conjugates was added and mixed. The kit was
covered and incubated for 60 min at 37 °C, and analysis
was done using Multiskan FC (Thermo Fisher Scientific,
Waltham, MA, USA). The active renin concentration in
the plasma was also measured by FRET-based assay
kits (SensoLyte 520 Mouse Renin Assay kit; AnaSpec,
Fremont, CA, USA). The effect of Riv on the active renin
concentration was evaluated by adding a dose of 500 nM or
1 μM Riv to the assay.

Blood pressure and pulse rate measurements

Ren-Tg and WT mice were put in a warm chamber set at
37 °C for 10 min before measuring their SBP and pulse rate.
SBP and pulse rate were measured by the tail-cuff method
using BP-98A (Softron, Tokyo, Japan). After discarding the
highest and lowest readings, at least 10 readings were
averaged, as previously described [20].

Echocardiography

Echocardiography was performed using the HD11 XE with
an L15-7io Broadband Compact Linear Array echocardio-
graphy system (Philips, Eindhoven, the Netherlands), and
M-mode tracings were recorded from a short-axis view at
the papillary muscle level, as previously described [5]. We
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measured the left ventricular wall thickness (LVWT), cal-
culated as interventricular septum thickness+ posterior wall
thickness, in diastole after treatment with or without Riv for
4 weeks. The values obtained from at least three cardiac
cycles were averaged.

Quantitative polymerase chain reaction (PCR)

After euthanasia as described above, the hearts and aorta were
rapidly excised, and the atria were removed and kept in liquid
nitrogen. Small sections of the liver were also collected. Total
RNA was isolated from the ventricles, aorta, and liver using the
RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Quantitative
polymerase chain reaction (PCR) was performed using the
CFX ConnectTM Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA) with TaqMan Universal PCR Master Mix
(Applied Biosystems, Foster City, CA, USA). Specific probes
were obtained from Applied Biosystems to detect PAR-2
(Mm00433160_m1), tumor necrosis factor-alpha (TNF-α)
(Mm0043258_m1), transforming growth factor-beta 1 (TGF-
β1) (Mm01178820_m1), β-myosin heavy chain (β-MHC)
(Mm00600532_g1), collagen type 3 α1 (COL3A1) (Mm01254
476_m1), interleukin (IL)-1β (Mm00434228_m1), IL-6
(Mm0046190_m1), and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (Mm99999915_g1). Renin expression in
the liver was examined as previously described [21]. The
expression of each RNA was normalized to GAPDH.

Histological analysis

Ventricles were fixed in 10% formalin, embedded in par-
affin, and stained with hematoxylin and eosin (H&E) or
Masson’s trichrome. Stained sections were visualized using
a BZ-X710 fluorescence microscope (Keyence, Osaka,
Japan) and analyzed using the BZ-X analyzer (Keyence).

Isolation of cardiac fibroblasts

We anesthetized 8–12-week-old WT mice with one-time
intraperitoneal injection of a mixture of 0.75 mg/kg mede-
tomidine, 4 mg/kg midazolam, and 5 mg/kg butorphanol
tartrate and heparinized them by one-time intraperitoneal
injection of heparin (200 U). The hearts were immediately
excised, and the aortas were cannulated to the needle. The
hearts were perfused with perfusion buffer containing
118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM
KH2PO4, 25 mM NaHCO3, 5.5 mM glucose, and 9.9 mM
2,3-butanedione 2-monoxime through a Langendorff appa-
ratus (Physio-tech, Tokyo, Japan) set at 37 °C and a con-
stant flow of 3 mL/min. After 3 min of perfusion, the buffer
was changed to digestion buffer containing perfusion buffer
plus 2 μM CaCl2 and 0.24 U/mL Liberase TH Research

grade (Sigma Aldrich, St. Louis, MO, USA), and perfusion
continued for another 20 min. Then, the hearts were
removed from the system, and the left ventricles were
minced into small pieces. The mince was further digested in
digestion buffer for an additional 10 min at 37 °C with
gentle agitation and was filtered through a NITEX NYLON
MESH with a 100 μm pore size (Genesee, San Diego, CA,
USA). The mixture was centrifuged at 25 × g for 3 min to
remove cardiomyocytes, and the supernatant was further
centrifuged at 500 × g for 4 min to collect CFs. The CFs
were grown in Dulbecco’s modified Eagle medium sup-
plemented with 10% fetal bovine serum (FBS), 10 U/mL
penicillin, and 100 μg/mL streptomycin, and CFs at passage
2 were used for subsequent experiments.

Western blotting

CFs were plated on six-well dishes until reaching a con-
fluence of 70–80%, serum-starved for 4 h, and pretreated
with 0.3 μM Riv, 10 μM FSLLRY, or saline (control) for
30 min. Then, the CFs were stimulated with 20 nM FXa
(Thermo Fisher Scientific, Waltham, MA, USA) for 30 min.
After stimulation, the CFs were immediately lysed with
RIPA lysis buffer (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and centrifuged at 21,600 × g for 10 min. Protein
concentrations were determined with the Protein Quantifi-
cation Assay (MACHEREY-NAGEL GmbH & Co. KG,
Duren, Germany). Proteins were separated by sodium
dodecyl sulfide–polyacrylamide gel electrophoresis and
electrophoretically transferred to polyvinylidene fluoride
membranes (Bio-Rad, Hercules, CA, USA). After blocking
with Blocking One-P (Nacalai Tesque, Kyoto, Japan) for
phosphorylated extracellular signal-regulated kinase 1 and 2
(pERK) or 2% skim milk for total ERK (tERK), the
membranes were incubated with primary antibody for
pERK (Cell Signaling, Danvers, MA, USA) or tERK
(Merck Millipore, MA, USA) overnight at 4 °C and then
incubated with horseradish peroxidase goat anti–rabbit
immunoglobulin G H&L secondary antibody (Abcam,
Cambridge, UK) for 1 h at room temperature. Protein
bands were visualized using Amersham ECL Prime
Western Blotting Detection Reagents (GE Healthcare,
Chicago, IL, USA), and densitometric analyses were
performed in a ChemiDocTM XRS+ with Image LabTM

Software (Bio-Rad).

Wound-healing assay

CFs were plated on six-well dishes at a confluence of
90–95% and kept in 0.1% FBS for 4 h. After pretreatment
with 0.3 μM Riv, 10 μM FSLLRY, or saline (control) for
2.5 h, CFs were scraped off using a 200 µL sterile pipette tip
(Labcon, Petaluma, CA, USA) and incubated with 20 nM
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FXa for 48 h. The distance between one side of the wound
and the other was measured at baseline and 48 h after the
scratch. Digital photographs of each wound were taken
using a Coolpix 950 camera (Nikon, Tokyo, Japan) and
analyzed in ImageJ software (NIH). The wound closure
percentage was calculated as (100− [distance at initial
scratch− distance at 48 h after scratch]/distance at initial
scratch) × 100.

Statistical analysis

All data are expressed as mean ± standard deviation.
Statistical significance was determined using the t test or
one- or two-way analysis of variance (ANOVA) with
Tukey’s post hoc test in GraphPad Prism 8 software
(GraphPad Software, San Diego, CA, USA). P < 0.05 was
considered statistically significant.

Results

Riv inhibits increased FXa in Ren-Tg mice

To determine whether continuous RAS activation affects
FXa and to evaluate the effect of Riv on FXa, we measured
FXa in the plasma of Ren-Tg and WT mice with or without
Riv. FXa in the plasma was significantly increased in Ren-
Tg mice compared to WT mice (23.4 ± 2.6 vs. 13.3 ±
4.6 ng/mL; P= 0.01), and Riv significantly inhibited this
increase to 11.4 ± 4.0 ng/mL in Ren-Tg mice (P= 0.006)
(Fig. 1).

Blood pressure and pulse rate after 4 weeks of
treatment

After 4 weeks of treatment, SBP was found to be sig-
nificantly higher in Ren-Tg mice than in WT mice (130 ± 3

vs. 101 ± 4 mmHg, P < 0.0001), and Riv significantly
decreased SBP to 119 ± 9 mmHg in Ren-Tg mice (P=
0.01). The pulse rate was found to be significantly higher in
Ren-Tg mice than in WT mice (683 ± 21 vs. 600 ± 41 bpm,
P= 0.003), and Riv had no effect on the pulse rate in Ren-
Tg mice (696 ± 31 bpm, P= 0.91) (Table 1).

Riv does not affect plasma active renin
concentration or renin expression in the liver

To elucidate the underlying mechanism of the blood pressure-
lowering effect of Riv in Ren-Tg mice, we measured the
active renin concentration in the plasma. The active renin
concentration was 1.54 ± 0.32-fold higher in Ren-Tg mice
than in WT mice without Riv (P= 0.04, n= 6). Riv slightly
lowered it by 0.75 ± 0.22-fold compared with its level in Ren-
Tg mice without Riv, but this was not a significant difference
(P= 0.16, n= 6). Pretreatment with 500 nM or 1 μM Riv had
no effect on the active renin concentration in the plasma
obtained from the Ren-Tg mice (1.00 ± 0.02-fold compared
without Riv, P= 0.98 or 0.97 ± 0.05-fold, P= 0.24, respec-
tively, n= 5–6).

Renin gene expression in the liver was detected in Ren-Tg
mice, but not in WT mice. Riv did not affect its expression in
the liver of Ren-Tg mice (0.89 ± 1.31-fold compared with
Ren-Tg mice without Riv, P= 0.85, n= 6).

Riv attenuates cardiac hypertrophy and fibrosis in
Ren-Tg mice

Our previous study and another report showed that Ren-Tg
mice display cardiac hypertrophy and fibrosis as early as
12 weeks old, unlike WT mice [5, 22]. To determine
whether Riv treatment attenuates cardiac hypertrophy and
fibrosis, we fed Ren-Tg and WT mice a diet with or without
Riv and evaluated its effects. Figure 2A shows representa-
tive cross-sections of ventricles stained with H&E in Ren-
Tg and WT mice fed a diet with or without Riv for 4 weeks.
LVWT was significantly higher in Ren-Tg mice than in
WT mice (2.2 ± 0.1 vs. 1.8 ± 0.1 mm; P < 0.0001), and Riv

Ren-Tg

p=0.006

0

1 0

2 0

3 0

Riv (+)(-)(-) (+)

WT

a
msalp eht ni aXF

(ng/mL) p=0.01

n=6 n=5 n=3 n=4

Fig. 1 Plasma FXa in Ren-Tg and WT mice after 4 weeks of treatment
with or without Riv (n = 3–6). Comparisons were made by two-way
ANOVA followed by Tukey’s post hoc test. FXa indicates factor Xa,
Ren-Tg renin-overexpressing hypertensive transgenic, WT wild-type,
Riv rivaroxaban

Table 1 Systolic blood pressure and pulse rate in WT and Ren-Tg
mice after 4 weeks of treatment

WT mice Ren-Tg mice

Riv − + − +

SBP (mmHg) 101 ± 4 99 ± 3 130 ± 3* 119 ± 9†

Pulse rate (bpm) 600 ± 41 648 ± 45 683 ± 21** 696 ± 31

n= 6 in each group

WT wild type, Ren-Tg renin-overexpressing hypertensive, Riv
rivaroxaban, SBP systolic blood pressure

*p < 0.0001 vs. WT without Riv, **p= 0.003 vs. WT without Riv,
†p = 0.01 vs. Ren-Tg without Riv
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significantly attenuated the increase to 2.0 ± 0.2 mm in Ren-
Tg mice (P= 0.01) (Fig. 2B).

Morphological analysis showed that the heart weight
(HW):body weight (BW) ratio was higher in Ren-Tg mice
than in WT mice (5.8 ± 0.6 vs. 4.5 ± 0.2 mg/g; P < 0.0001),
and Riv attenuated the increase to 5.1 ± 0.4 mg/g in Ren-Tg
mice (P= 0.01) (Fig. 2C). Representative sections of ven-
tricles stained with Masson’s trichrome from Ren-Tg and
WT mice treated with or without Riv for 4 weeks are shown
in Fig. 3A. The area of cardiac interstitial fibrosis was
significantly greater in Ren-Tg mice than in WT mice
(4.2 ± 0.7 vs. 1.1 ± 0.6%; P < 0.0001), and Riv reduced the
area to 2.2 ± 1.1% in Ren-Tg mice (P= 0.0005) (Fig. 3B).
These findings indicate that continuous RAS activation
causes cardiac hypertrophy and fibrosis and that Riv
attenuates these effects.

Riv attenuates the increase in proinflammatory and
profibrotic cytokines

To investigate the mechanism underlying the protective effects
of Riv against cardiac hypertrophy and fibrosis, we measured
cardiac gene expression related to proinflammatory and profi-
brotic processes in the heart. PAR-2, TNF-α, TGF-β1, β-MHC,
and COL3A1 expression in Ren-Tg mice was higher than that
in WT mice (P= 0.03, P= 0.03, P= 0.02, P < 0.0001,

and P= 0.049, respectively). Riv significantly inhibited the
increases in PAR-2 (P= 0.04), TNF-α (P= 0.003), TGF-β1
(P= 0.004), β-MHC (P= 0.01), and COL3A1 (P= 0.03)
expression in Ren-Tg mice (Fig. 4A–E). These results indicate
that continuous RAS activation causes upregulation of PAR-2
and production of proinflammatory and profibrotic cytokines
and thereby contributes to cardiac hypertrophy and fibrosis
development. Riv inhibits cardiac hypertrophy and fibrosis, and
attenuates the production of these cytokines.

FSLLRY attenuates cardiac hypertrophy and the
increase in proinflammatory and profibrotic
cytokines

FXa activates PAR-2 and promotes inflammatory and
fibrotic processes [23, 24]. To investigate the involvement
of PAR-2 signaling in RAS-induced cardiac remodeling, we
treated Ren-Tg mice with a continuous subcutaneous
injection of the PAR-2 antagonist FSLLRY for 4 weeks and
evaluated its effects. The LVWT in the FSLLRY group was
significantly lower than that in the controls (2.0 ± 0.2 vs.
2.4 ± 0.2 mm; P= 0.04) (Fig. 5A). In addition, 4 weeks of
FSLLRY treatment significantly decreased the HW–BW
ratio compared to the control (6.5 ± 0.2 vs. 6.0 ± 0.4 mg/g;
P= 0.03) (Fig. 5B). SBP was significantly lower in Ren-Tg
mice after FSLLRY treatment for 4 weeks than in those

LV wall thickness (septum+posterior) Heart weight / Body weight

Riv (+)(-)(-) (+)

1 mm

WT Ren-Tg

Riv (-) Riv (+) Riv (-) Riv (+)

(A)

(B)

WT Ren-Tg

(mg/g)

(C)
p<0.0001 p=0.01

n=7 n=5 n=15 n=11

(mm)

Riv (+)(-)(-) (+)

WT Ren-Tg

n=6 n=6 n=6 n=6

p<0.0001 p=0.01

0

1

2

3

0

2

4

6

8

Fig. 2 Effects of Riv on cardiac
hypertrophy and heart weight in
Ren-Tg and WT mice. A
Representative images (×25) of
hearts stained with hematoxylin
and eosin in Ren-Tg and WT
mice after 4 weeks of treatment
with or without Riv. B The LV
wall thickness (interventricular
septum+ posterior wall
thickness) in Ren-Tg and WT
mice treated with or without
Riv, evaluated by
echocardiography (n= 6).
Comparisons were made by two-
way ANOVA followed by
Tukey’s post hoc test. C Heart
weight:body weight ratio in
Ren-Tg and WT mice after
4 weeks of treatment with or
without Riv (n= 5–15).
Comparisons were made by two-
way ANOVA followed by
Tukey’s post hoc test. Ren-Tg
indicates renin-overexpressing
hypertensive transgenic, WT
wild-type, Riv rivaroxaban, LV
left ventricular
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without it (115 ± 2 vs. 134 ± 3 mmHg, P < 0.0001, n= 4 in
each group).

PAR-2 gene expression in the hearts of Ren-Tg mice
was lower in the FSLLRY group than in the controls

(P= 0.004) (Fig. 6A). Similarly, TGF-β1, β-MHC, and
COL3A1 gene expression was significantly lower in the
FSLLRY group than in the controls (P= 0.04, P= 0.02,
and P= 0.04, respectively) (Fig. 6C–E). A similar trend

Fig. 3 Assessment of cardiac
interstitial fibrosis after 4 weeks
of treatment with or without Riv
in Ren-Tg and WT mice. A
Representative images (×100) of
hearts stained with Masson’s
trichrome. B Evaluation of the
interstitial fibrosis area (n=
5–7). Comparisons were made
by two-way ANOVA followed
by Tukey’s post hoc test.
Ren-Tg indicates renin-
overexpressing hypertensive
transgenic, WT wild-type, Riv
rivaroxaban

p=0.04p=0.03

Riv (+)(-)(-) (+)

WT Ren-Tg

PAR-2 / GAPDH(A)

(D)

(C)(B)

(E)

TNF-α / GAPDH TGF-β1 / GAPDH

β-MHC / GAPDH COL3A1 / GAPDH

Riv (+)(-)(-) (+)

WT Ren-Tg

Riv (+)(-)(-) (+)

WT Ren-Tg

p=0.03 p=0.003 p=0.004p=0.02

p<0.0001 p=0.01

Riv (+)(-)(-) (+)

WT Ren-Tg

Riv (+)(-)(-) (+)

WT Ren-Tg

p=0.03p=0.049

n=4 n=6 n=4 n=5 n=4 n=6 n=5 n=4 n=6 n=5 n=4 n=6

n=5 n=6 n=4 n=6 n=5 n=5 n=4 n=6

0

1

2

0

1

2

0

1

2

0

5

10

15

0

1

2

Fig. 4 Effects of Riv on the gene expression of PAR-2 and proin-
flammatory and profibrotic cytokines in the heart. Gene expression of
PAR-2 (A), TNF-α (B), TGF-β1 (C), β-MHC (D), and COL3A1 (E) in
Ren-Tg and WT mice (n= 4–6). Comparisons were made by two-way
ANOVA followed by Tukey’s post hoc test. Ren-Tg indicates renin-

overexpressing hypertensive transgenic, WT wild-type, Riv rivarox-
aban, PAR-2 protease-activated receptor-2, TNF-α tumor necrosis
factor-α, TGF-β1 transforming growth factor-β1, β-MHC β-myosin
heavy chain, COL3A1 collagen type 3 α1, GAPDH glyceraldehyde-3-
phosphate dehydrogenase
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Fig. 5 Effects of the PAR-2 antagonist FSLLRY on cardiac
hypertrophy and heart weight in Ren-Tg mice. A LV wall thickness
(interventricular septum+ posterior wall thickness) in Ren-Tg mice
treated with or without FSLLRY, evaluated by echocardiography (n=
3–4). Comparisons were made by unpaired Student’s t test. B Heart

weight:body weight ratio in Ren-Tg mice after 4 weeks of treatment
with or without FSLLRY (n= 3–5). Comparisons were made by
unpaired Student’s t test. Ren-Tg indicates renin-overexpressing
hypertensive transgenic, PAR-2 protease-activated receptor-2, LV left
ventricular

Fig. 6 Effects of the PAR-2 antagonist FSLLRY on cardiac gene
expression in Ren-Tg mice. Gene expression of PAR-2 (A), TNF-α
(B), TGF-β1 (C), β-MHC (D), and COL3A1 (E) in Ren-Tg mice (n=
3–7). Comparisons were made by unpaired student’s t test. PAR-2

indicates protease-activated receptor-2, Ren-Tg renin-overexpressing
hypertensive transgenic, TGF-β1 transforming growth factor-β1,
β-MHC β-myosin heavy chain, COL3A1 collagen type 3 α1, GAPDH
glyceraldehyde-3-phosphate dehydrogenase
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was found in TNF-α gene expression, although the dif-
ference was not statistically significant (P= 0.07)
(Fig. 6B). These results indicate that FSLLRY attenuates
cardiac hypertrophy and contributes to inhibiting the
production of proinflammatory and profibrotic cytokines
in the heart.

Riv or FSLLRY inhibits ERK1/2 phosphorylation and
wound healing in CFs

CFs play a central role in the production of the extra-
cellular matrix (ECM) and interstitial fibrosis in the heart
[25]. To further evaluate the inhibitory effect of Riv and
FSLLRY on cardiac hypertrophy and fibrosis, we exam-
ined mitogen-activated protein kinase (MAPK) signaling
in isolated CFs. ERK phosphorylation was significantly
increased in response to FXa (P= 0.0007 vs. controls),
and Riv or FSLLRY pretreatment significantly inhibited
ERK phosphorylation (P= 0.03 and P= 0.04 vs. con-
trols, respectively) (Fig. 7A). Next, we evaluated the
effects of Riv or FSLLRY on CF migration and pro-
liferation using a wound-healing assay. Riv or FSLLRY
significantly inhibited wound closure in response to FXa
(P= 0.007 and P= 0.04 vs. controls, respectively)
(Fig. 7B), indicating that Riv and FSLLRY inhibit CF
migration and proliferation. These results indicate that
FXa induces MAPK activation and CF migration and

proliferation, presumably via PAR-2 signaling, potentially
leading to cardiac interstitial fibrosis.

Riv inhibits the increase in IL-1β and TNF-α
expression in the aorta

We next evaluated vascular inflammation induced by con-
tinuous activation of the RAS. The levels of IL-1β and
TNF-α in the aorta were significantly increased in Ren-Tg
mice compared with WT mice (P= 0.048 and P= 0.03,
respectively), and Riv attenuated the increase in IL-1β (P=
0.03) and TNF-α gene expression (P= 0.047) (Fig. 8A, B).
Although a similar trend was found in IL-6 expression, it
was not significant (Fig. 8C). These results indicate that Riv
inhibits vascular inflammation, which may ameliorate the
progression of vascular remodeling and may be one of the
mechanisms of the blood pressure-lowering effect of Riv.

Discussion

The major findings of the present study are as follows: (1)
FXa in the plasma was increased in Ren-Tg mice compared
to WT mice and was inhibited by Riv, (2) Riv attenuated
cardiac hypertrophy and fibrosis progression by inhibiting
proinflammatory and profibrotic cytokine production
in Ren-Tg mice, (3) the PAR-2 antagonist FSLLRY

Fig. 7 A Ratio of pERK to tERK after stimulation by 20 nM FXa for
30 min in isolated CFs treated with either 0.3 μM Riv or 10 μM of the
PAR-2 antagonist FSLLRY (n= 4). Representative images of western
blotting are shown. Comparisons were made by two-way ANOVA
followed by Tukey’s post hoc test. B Wound-healing assay in isolated
CFs treated with either 0.3 μM Riv or 10 μM FSLLRY (n= 5).

Comparisons were made by one-way ANOVA followed by Tukey’s
post hoc test. pERK indicates phosphorylated extracellular signal-
regulated kinase 1 and 2, tERK total extracellular signal-regulated
kinase 1 and 2, FXa factor Xa, Riv rivaroxaban, CFs cardiac fibro-
blasts, PAR-2 protease-activated receptor-2
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attenuated cardiac hypertrophy and proinflammatory and
profibrotic cytokine production in Ren-Tg mice, and (4)
Riv or FSLLRY inhibited ERK phosphorylation and CF
proliferation and migration in response to FXa. These
findings indicate that Riv might have protective effects
against cardiac hypertrophy and fibrosis development
caused by chronic activation of RAS, partly through inhi-
bition of PAR-2 signaling.

RAS activation causes vasoconstriction and enhanced
sodium reabsorption in renal tubules, resulting in SBP
elevation and fluid retention [4, 5, 26]. Regulation of RAS
activity plays an important role in maintaining systemic
hemodynamics; however, chronic activation of RAS
directly and indirectly causes damage to organs, including
the heart [27]. In this study, we used Ren-Tg mice to focus
on the role of the RAS in HF development, because RAS
activation is commonly observed in HF patients [28] and
RAS inhibition is a standard pharmacological treatment [1].
Riv attenuated cardiac hypertrophy and fibrosis induced by
chronic RAS activation by inhibiting the production of
proinflammatory and profibrotic cytokines. Riv functions as
an anticoagulant by inhibiting FXa, so we measured FXa in
the plasma. We found that continuous activation of RAS
upregulated FXa, and Riv inhibited the increase in plasma
FXa in Ren-Tg mice. Recently, Hara et al. reported that
plasma FXa level is positively correlated with the severity
of coronary artery disease [29]. In addition, we recently
showed that Riv-induced FXa inhibition attenuates hyper-
tensive renal damage [20]. Therefore, FXa may be a key
molecule to promote cardiovascular remodeling induced by
chronic RAS activation, and our findings may provide
important clinical implications to improve our under-
standing of HF pathogenesis in patients who have hyper-
tension as a coexisting condition. A possible mechanism for
the inhibitory effect of Riv on plasma FXa concentration is
of interest. The expression of TF is upregulated by Ang II in

endothelial cells and vascular smooth muscle cells [30, 31].
TF is also upregulated in hypertensive rats throughout the
endothelium and media of blood vessels, and blocking the
Ang II type 1 receptor (AT1R) inhibits the upregulation of
TF expression [32]. Although we did not measure TF
expression in the present study, the increase in TF
expression by RAS activation seems to yield an increase
in FXa and thereby activate PAR-2 signaling. Impor-
tantly, PAR-2 signaling, not PAR-1, activates TF signal-
ing via phosphorylation of the TF cytoplasmic domain
[33] and further accelerates the coagulation cascade.
Taken together, the evidence suggests Riv might reduce
the activity of the TF-mediated coagulation cascade,
including FXa, partly by inhibiting PAR-2 signaling and
consequently decrease the plasma FXa concentration in
Ren-Tg mice. In fact, administration of a PAR-1 antago-
nist did not reduce the plasma FXa concentration in Ren-
Tg mice in our previous study [34].

FXa activates PAR-2 and initiates proinflammatory and
profibrotic processes, including MAPK signaling [10].
PAR-2 is expressed in a variety of cells in the heart,
including vascular endothelial cells, smooth muscle cells,
cardiomyocytes, and fibroblasts [11, 12, 35], and plays an
important role in cardiac remodeling induced by various
stimuli [36–38]. Specifically, FXa-induced ERK phos-
phorylation, proliferation, and differentiation into myofi-
broblasts are mediated through PAR-2 signaling in
fibroblasts [39]. Ang II-induced ECM and proinflammatory
and profibrotic cytokine production are inhibited by
FSLLRY in adventitial fibroblasts [38]. In addition, Riv
protects against cardiac dysfunction development in an MI
model, which is diminished by PAR-2 knockout [13]. All
these findings indicate that PAR-2 signaling promotes
inflammatory and fibrotic processes and contributes to HF
development. In this study, we focused on PAR-2 signaling
as a target of FXa and its potential role in HF development
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induced by chronic RAS activation. We found that PAR-2
expression in the heart was increased in Ren-Tg mice
compared to WT mice, and Riv or FSLLRY inhibited this
increase. In addition, FSLLRY attenuated the progression of
cardiac hypertrophy and proinflammatory and profibrotic
cytokine production in Ren-Tg mice. These results indicate
that upregulation of FXa by chronic RAS activation causes
cardiac hypertrophy and fibrosis partly through PAR-2
signaling.

Downregulation in response to continuous excessive
agonist stimulation in the heart is a well-known response
of β-adrenergic receptor (β-AR) and AT1R, which comes
about by translocation of the receptors from the cell
membrane into the cytosol followed by degradation of the
receptor in lysosomes [40]. In contrast, PAR-1 and PAR-2
expression is reported to be increased in the ischemic
heart [41], and PAR-2 expression is increased in the
pressure-overloaded heart [42]. Moreover, our previous
studies demonstrated that PAR-2 expression is enhanced
in the kidney [20] and that PAR-1 expression is also
enhanced in the heart concomitantly with increased TNF-
α and TGF-β1 expression in Ren-Tg mice [34]. Impor-
tantly, the PAR-1 antagonist SCH79797 decreases PAR-1
expression in the heart and in isolated CFs concomitantly
with attenuated TNF-α and TGF-β1 upregulation. These
results indicate that PAR expression seems to be regulated
by different mechanisms than β-AR or AT1R. Previous
reports demonstrated that PAR expression is positively
regulated by inflammatory cytokines such as TNF-α and
IL-1β in various types of cells [43–45]. These findings
and our results may indicate that enhancement of
inflammatory cytokines upregulates PAR-2 expression in
the heart, and Riv or FSLLRY inhibits the expression of
the inflammatory cytokines, resulting in decreased PAR-2
expression.

To further elucidate the mechanism underlying cardiac
hypertrophy and fibrosis development induced by chronic
RAS activation and the possible involvement of PAR-2
signaling, we next examined the role of CFs. CFs are the
largest population of interstitial cells in the heart and are
responsible for producing the ECM [25]. Recent studies
using novel tissue-specific conditional knockout technology
have demonstrated that CFs function as regulators of not
only ECM production but also cardiac hypertrophy and
systolic function [46]. In this study, FXa significantly
enhanced ERK phosphorylation in CFs, and Riv or
FSLLRY blocked it. In addition, Riv or FSLLRY inhibited
wound healing stimulated by FXa. As ERK activation is
closely associated with ECM production and tissue fibrosis
[47, 48], our results indicate that FXa upregulation by
chronic RAS activation induces MAPK activation and CF
migration and proliferation, resulting in cardiac fibrosis
partly via PAR-2 signaling.

In terms of vascular physiology, intravenous adminis-
tration of FXa or PAR-2 agonist elicits a dose-dependent
relaxation of the artery and decreases SBP via a nitric oxide
(NO)-dependent mechanism [49, 50]. PAR-2-induced
vasodilation is preserved in metabolic syndrome or dia-
betic models even though NO-mediated vasodilation is
attenuated [51, 52]. In our study, SBP was not affected by
Riv in WT mice, indicating that FXa is not part of the
regulation of SBP under normal conditions. In contrast, Riv
and FSLLRY modestly but significantly decreased SBP in
Ren-Tg mice. To elucidate the underlying mechanisms of
the blood pressure-lowering effect of Riv, we studied vas-
cular inflammation in Ren-Tg mice and the effects of Riv on
it. We found that the gene expression of inflammatory
cytokines such as IL-1β and TNF-α in the aorta of Ren-Tg
mice was enhanced and that Riv attenuated these increases.
A recent study showed that Riv attenuates atherosclerotic
plaque progression in apolipoprotein E (apoE)-deficient
mice [53] and endothelial dysfunction in a diabetic model
[54]. Furthermore, FXa inhibition limits the development of
aortic aneurysm and the progression of atherosclerosis in
Ang II-infused apoE-deficient mice [55]. More strikingly,
PAR-2 deficiency attenuates the progression of athero-
sclerosis in apoE-deficient mice while reducing the
expression of inflammatory cytokines such as TNF-α [56].
It should be noted that Riv did not affect renin expression
in the liver or plasma active renin concentration in Ren-Tg
mice in the present study. This is supported by a previous
report showing that Riv is highly selective for FXa, more
than 10,000-fold higher than for other serine proteases,
such as factor VIIa, factor IXa, factor XIa, thrombin,
activated protein C, plasmin, urokinase, and trypsin [16].
These findings and our results indicate that Riv inhibits
vascular inflammation caused by RAS, which may
attenuate the increase in vascular resistance and may
consequently lower SBP in Ren-Tg mice.

It is of interest to determine whether inhibition of cardiac
hypertrophy in Ren-Tg mice by Riv and FSLLRY is caused
by PAR-2 inhibition or SBP-lowering effects. Ang II acts as
a strong vasoconstrictor and promotes hypertrophic and
fibrotic responses in the heart by enhancing afterload. In
addition, Ang II directly affects the heart via AT1R and
enhances the inflammatory process, which accelerates car-
diac remodeling independent of blood pressure [57]. In fact,
cardiac remodeling induced by Ang II infusion is markedly
exacerbated in mice overexpressing C-reactive protein
partly through upregulation of TNF-α and TGF-β1 without
affecting blood pressure [58]. Other reports also support the
direct effect of Ang II on the heart, independent of increased
afterload [42, 59]. Furthermore, our previous study
demonstrated that lowering blood pressure by hydralazine
does not attenuate cardiac hypertrophy and fibrosis in Ren-
Tg mice [5], indicating that cardiac hypertrophy in Ren-Tg
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mice cannot be inhibited by only lowering blood pressure.
In the present study, the expression of TNF-α and TGF-β1
in the heart was enhanced in Ren-Tg mice, and Riv treat-
ment attenuated these increases. Furthermore, Riv or
FSLLRY inhibited FXa-induced ERK phosphorylation and
wound closure in isolated CFs. Although it may be difficult
to completely separate the cardiac effect of Ang II from its
hemodynamic action, our results indicate that Riv may
inhibit the progression of cardiac hypertrophy and fibrosis
at least in part by inhibiting PAR-2 signaling.

In the clinical setting, FXa inhibitors, including Riv, have
been widely used for the prevention of stroke or systemic
thromboembolism in patients with nonvalvular AF (NVAF).
In the ROCKET AF (An Efficacy and Safety Study of
Rivaroxaban With Warfarin for the Prevention of Stroke and
Non–Central Nervous System Systemic Embolism in
Patients With Nonvalvular Atrial Fibrillation) study, Riv
was shown to be noninferior to warfarin in preventing stroke
or systemic thromboembolism [15]. Notably, 90% of the
patients in that clinical trial had hypertension as a coexisting
condition [15]. Since hypertension is known to be one of the
most important risk factors for the incidence of HFpEF [60],
our results raise the possibility that Riv may be useful for the
prevention of HFpEF and its treatment in patients with
NVAF. Further clinical studies are clearly required.

In conclusion, Riv attenuates cardiac hypertrophy and
fibrosis induced by chronic RAS activation, partly by
inhibiting PAR-2 signaling. Riv-induced FXa inhibition
might be a new therapeutic strategy for HF induced by
chronic RAS activation.
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