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Blockade of PAR- 1 Signaling Attenuates 
Cardiac Hypertrophy and Fibrosis in Renin- 
Overexpressing Hypertensive Mice
Yoshikazu Yokono, MD; Kenji Hanada, MD, PhD; Masato Narita, MD, PhD; Yota Tatara, PhD;  
Yousuke Kawamura, MD; Naotake Miura, MD; Kazutaka Kitayama, MD; Masamichi Nakata, MD;  
Masashi Nozaka, MD; Tomo Kato, MD; Natsumi Kudo, MD; Michiko Tsushima, MD; Yuichi Toyama, MD;  
Ken Itoh, MD, PhD; Hirofumi Tomita , MD, PhD

BACKGROUND: Although PAR- 1 (protease- activated receptor- 1) exerts important functions in the pathophysiology of the cardio-
vascular system, the role of PAR- 1 signaling in heart failure development remains largely unknown. We tested the hypothesis 
that PAR- 1 signaling inhibition has protective effects on the progression of cardiac remodeling induced by chronic renin– 
angiotensin system activation using renin- overexpressing hypertensive (Ren- Tg) mice.

METHODS AND RESULTS: We treated 12-  to 16- week- old male wild- type (WT) mice and Ren- Tg mice with continuous subcuta-
neous infusion of the PAR- 1 antagonist SCH79797 or vehicle for 4 weeks. The thicknesses of interventricular septum and the 
left ventricular posterior wall were greater in Ren- Tg mice than in WT mice, and SCH79797 treatment significantly decreased 
these thicknesses in Ren- Tg mice. The cardiac fibrosis area and monocyte/macrophage deposition were greater in Ren- Tg 
mice than in WT mice, and both conditions were attenuated by SCH79797 treatment. Cardiac mRNA expression levels of 
PAR- 1, TNF- α (tumor necrosis factor- α), TGF- β1 (transforming growth factor- β1), and COL3A1 (collagen type 3 α1 chain) and 
the ratio of β- myosin heavy chain (β- MHC) to α- MHC were all greater in Ren- Tg mice than in WT mice; SCH79797 treatment 
attenuated these increases in Ren- Tg mice. Prothrombin fragment 1+2 concentration and factor Xa in plasma were greater in 
Ren- Tg mice than in WT mice, and both conditions were unaffected by SCH79797 treatment. In isolated cardiac fibroblasts, 
both thrombin and factor Xa enhanced ERK1/2 (extracellular signal- regulated kinase 1/2) phosphorylation, and SCH79797 
pretreatment abolished this enhancement. Furthermore, gene expression of PAR- 1, TGF- β1, and COL3A1 were enhanced by 
factor Xa, and all were inhibited by SCH79797.

CONCLUSIONS: The results indicate that PAR- 1 signaling is involved in cardiac remodeling induced by renin–angiotensin system 
activation, which may provide a novel therapeutic target for heart failure.
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Heart failure (HF) is a major and increasing cause 
of hospitalization and one of the current serious 
health and economic issues across the world.1 

Despite the advances in medical therapy and devices 
for treatment, including defibrillator or cardiac resyn-
chronization therapy, the mortality of patients with HF 
remains significant, even among those who have HF 

with preserved ejection fraction.2,3 Therefore, there is 
an urgent need to identify a new target for the treatment 
of HF to improve clinical outcomes in patients. The 
risk factors involved in the development of HF include 
hypertension, diabetes mellitus, dyslipidemia, smok-
ing, and obesity. In addition to these classic factors, 
recent evidence demonstrates the involvement of the 
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coagulation cascade in the process of cardiovascular 
remodeling.4–7 Among the various signaling pathways 
affecting coagulation activity, the renin–angiotensin 
system (RAS) enhances coagulation and decreases 
fibrinolytic activity, which subsequently contribute to 
the atherosclerotic process and potentially affect the 
impact of hypertension on the occurrence of cardio-
vascular events.8,9

Thrombin is a principal protease of the coag-
ulation cascade that converts soluble fibrinogen 
into an insoluble clot, and factor Xa (FXa) is an up-
stream activator of thrombin.10 In addition to its im-
portant role in thrombosis, thrombin and FXa can 
induce multiple cellular responses through PAR- 1 

(protease- activated receptor- 1).11 PAR- 1 belongs 
to the G- protein- coupled receptor superfamily and 
is widely expressed in the vascular tissue and the 
heart, including cardiomyocytes and cardiac fibro-
blasts (CFs).11–13 Previous studies have demonstrated 
that PAR- 1 signaling plays important roles in the 
regulation of cardiac hypertrophy, ischemic cardiac 
remodeling,13,14 and cardiovascular physiology and 
pathophysiology.5,11,15 However, the relationship be-
tween PAR- 1 signaling and the development of HF 
has not yet been elucidated. In this study, we tested 
the hypothesis that inhibition of PAR- 1 signaling may 
exert a protective effect on the progression of car-
diac hypertrophy and fibrosis induced by continuous 
RAS activation using renin- overexpressing hyperten-
sive (Ren- Tg) mice.

METHODS
The data, analytic methods, and study materials will be 
available to other researchers for purposes of repro-
ducing results or replicating procedures, as described 
in this article, on reasonable request by contacting the 
corresponding author.

Animals and Study Protocols
We used wild- type (WT) mice and Ren- Tg mice that 
overexpress renin at a constantly high level, as de-
scribed previously.16 Briefly, a modified mouse renin 
transgene driven by a liver- specific albumin pro-
moter/enhancer was inserted into the genome as a 
single copy at the liver- specific locus of ApoA1 (apoli-
poprotein A1) and ApoC3.16,17 The resulting transgene 
expressed renin ectopically in the liver at constantly 
high levels and resulted in elevated plasma levels 
of active renin and angiotensin II. We and other in-
vestigators have reported that Ren- Tg mice exhibit 
elevated systolic blood pressure (BP) at an age as 
early as 12 weeks.16,18 Heterozygous (1 copy of the 
renin transgene) Ren- Tg mice were backcrossed with 
C57BL6/N mice for at least 15 generations before the 
experiments.

Male Ren- Tg and WT mice aged 12 to 16  weeks 
were treated with continuous subcutaneous infusion 
of either the PAR- 1 antagonist SCH79797 (formula, 
C23H25N5.2HCl; molecular weight, 444.41; 25 μg/kg 
per day; Abcam)15,19 or dimethyl sulfoxide (DMSO) as 
vehicle for 4 weeks using the Alzet osmotic minipump 
(model 1004; Durect Corp). We dissolved SCH79797 
in DMSO at a final concentration of 0.55  mmol/L. 
Systolic BP was measured, and echocardiography 
was performed at baseline and after 2 and 4 weeks 
of the treatment. After the treatment period, mice 
were euthanized under anesthesia with a mixture of 
medetomidine (0.75  mg/kg), midazolam (4  mg/kg), 

CLINICAL PERSPECTIVE

What Is New?
• SCH79797, a PAR-1 (protease-activated recep-

tor-1) antagonist, attenuates cardiac hypertrophy, 
fibrosis, and inflammatory cell infiltration in renin-
overexpressing hypertensive (Ren-Tg) mice.

• SCH79797 inhibits PAR-1 expression and pro-
inflammatory and profibrotic cytokines in the 
heart of the Ren-Tg mice and in isolated cardiac 
fibroblasts.

• SCH79797 may have a protective effect against 
cardiac hypertrophy and fibrosis induced by en-
hanced renin–angiotensin system activity, partly 
through the inhibition of PAR-1 signaling.

What Are the Clinical Implications?
• The cardioprotective effects of PAR-1 antago-

nist shown in this study indicate that PAR-1 
signaling may play an important role in cardiac 
remodeling under the enhanced renin–angio-
tensin system condition. Our results may pro-
vide a novel therapeutic approach for cardiac 
remodeling and heart failure.
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and butorphanol tartrate (5 mg/kg) by intraperitoneal 
injection, and then subsequent experiments were 
conducted. All procedures were performed accord-
ing to the Guide for the Care and Use of Laboratory 
Animals of the US National Institutes of Health and 
were approved by the institutional animal care and use 
Committee of Hirosaki University Graduate School of 
Medicine, Hirosaki, Japan.

BP Measurement and Echocardiography
Ren- Tg and WT mice were maintained in a warm 
chamber set at 37°C for 10 minutes before measur-
ing their BP and pulse rate. Systolic BP and pulse 
rate were measured by the tail- cuff method using 
BP- 98A (Softron). After discarding the highest and 
lowest readings, at least 10 readings were averaged, 
as previously described.20 Echocardiography was 
performed using an echocardiography system (HD11 
XE with L15- 7io Broadband Compact Linear Array; 
Phillips), and M- mode tracing was recorded from 
the short- axis view at the papillary muscle level, as 
described earlier.18 Interventricular septum thickness 
and left ventricular (LV) posterior wall thickness in di-
astole, LV end- diastolic dimension, LV end- systolic 
dimension, and LV fractional shortening (calculated 
as the difference of LV end- diastolic dimension 
minus LV end- systolic dimension, divided by LV end- 
diastolic dimension) were measured, and measure-
ments obtained from at least 3 cardiac cycles were 
averaged.

Histological Analysis
Left ventricles were fixed in 10% formalin, embedded 
in paraffin, and stained with Masson’s trichrome to 
evaluate cardiac interstitial fibrosis. Immunostaining 
for CD68 was performed to evaluate the infiltration 
of monocytes or macrophages in the heart. Stained 
sections were visualized using BZ- X710 (Keyence), 
and the fibrotic or immunostaining- positive area was 
analyzed using the BZ- X analyzer (Keyence). The 
captured images were imported into the software, 
and the fibrotic or immunostaining- positive area was 
automatically extracted from the whole images and 
calculated.

Mass Spectrometry
Mouse plasma sample preparation was carried 
out using a solid- phase extraction kit (Impact; 
Phenomenex). Briefly, 400  μL of acetonitrile was 
dispensed to the upper 96- well plate, and 100 μL 
of plasma was added directly into the methanol in 
each well. The sample was vortexed for 2 minutes 
and stood for 25 minutes. The plate was placed on 
a collection plate and 5 psi nitrogen gas was applied 

using a positive- pressure manifold to filtrate precipi-
tated plasma proteins. The filtrate was dried with ni-
trogen gas before SCH79797 was extracted using 
0.1% formic acid in 50% acetonitrile (200  μL) into 
the lower 96- well plate for analysis. Quantification 
was carried out using external standards with con-
trol plasma and a calibration curve. The liquid chro-
matography–tandem mass spectrometry (LC- MS/
MS) system comprised a high- performance liquid 
chromatography system (ExionLC AD; AB Sciex) 
coupled to a QTRAP6500+ mass spectrometer (AB 
Sciex) in electrospray ionization mode. SCH79797 
was analyzed via LC- MS/MS in positive mode. Ten 
microliters of the sample extract were injected onto 
a high- performance liquid chromatography C18 col-
umn (Zorbax Eclipse XDB- C18 column, 3×100 mm, 
3.5 μm; Agilent) at 40°C using a 10- minute solvent 
gradient with 0.1% formic acid in water (solvent A) and 
0.1% formic acid in acetonitrile (solvent B). Additional 
liquid chromatography settings for LC- MS/MS are 
as follows: 50% to 100% B in 5 minutes; 100% B in 
0.5 minute; 100% to 50% B in 0.5 minute; 50% B in 
1 minute at a flow rate of 0.25 mL/min. MS settings 
for LC- MS/MS mode are as follows: curtain gas, 30; 
ion spray voltage, 4500 V; temperature, 400°C; ion 
source gas 1, 50 psi; ion source gas 2, 70 psi; col-
lision gas, 9  psi; declustering potential, 186  V; en-
trance potential, 10 V; collision energy, 49 V; collision 
cell exit potential, 18  V. SCH79797 was identified 
and quantified using multiple reaction monitoring 
with quartile 1 (Q1) and Q3 transition of 372.131 and 
356.1 m/z, respectively.

Quantitative Reverse Transcriptase 
Polymerase Chain Reaction
Hearts were rapidly excised, and the atrium was 
removed and stored in liquid nitrogen. Total RNA 
was extracted from left ventricles using the RNeasy 
Fibrous Tissue Mini Kit (Qiagen), according to the 
manufacturer’s protocol. The RNA was converted 
into cDNA using the Primescript II 1st standard cDNA 
synthesis kit (Takara Bio). Quantitative polymerase 
chain reaction was performed using CFX Connect 
(Applied Biosystems) with TaqMan Universal PCR 
Master Mix (Applied Biosystems). Specific prim-
ers were purchased from Applied Biosystems to 
detect PAR- 1 (assay ID, Mm00438851_g1), TNF- α 
(tumor necrosis factor- α; assay ID, Mm0043258_
m1), TGF- β1 (transforming growth factor- β1; assay 
ID: Mm01178820_m1), α- myosin heavy chain (α- 
MHC; assay ID, Mm00440346_g1), β- MHC (assay 
ID, Mm00600532_g1), COL3A1 (collagen type 3 α1; 
assay ID: Mm01254476_m1), and GAPDH; assay 
ID: Mm99999915_g1). The mRNA expression levels 
were normalized by GAPDH.
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Biochemical Measurements
After anesthesia with isoflurane, blood was collected 
from the orbital venous plexus and stored on ice. It 
was then centrifuged at 1000g for 15 minutes at 4°C, 
and the supernatant was collected. The concentra-
tion of prothrombin fragment 1+2 was measured 
using the mouse prothrombin fragment 1+2 ELISA 
kit (MybioSource), and FXa was measured using the 
mouse coagulation FXa ELISA kit (MybioSource). All 
procedures were conducted according to the manu-
facturer’s protocol.

Isolation of CFs
Male WT mice aged 12 to 16 weeks were anesthe-
tized by an intraperitoneal injection of a mixture of 
medetomidine (0.75  mg/kg), midazolam (4  mg/kg), 
and butorphanol tartrate (5  mg/kg) and then hep-
arinized. The heart was rapidly excised and per-
fused with a perfusion buffer (118  mmol/L NaCl, 
4.7  mmol/L KCl, 1.2  mmol/L MgSO4, 1.2  mmol/L 
KH2PO4, 5  mmol/L glucose, 25  mmol/L NaHCO3, 
and 10  mmol/L 2,3- butanedione 2- monoxime) 
through the Langendorff apparatus (Physio- tech) 
set at 37°C at a constant flow (3  mL/min). After 
3 minutes of perfusion, the buffer was replaced by 
a digestion buffer containing the perfusion buffer 
plus 2 μmol/L CaCl2 and 0.24 U/mL of Liberase TH 
Research Grade (Sigma- Aldrich) and then perfused 
for another 20 minutes. Next, the heart was removed 
from the system, and the left ventricle was minced 
into small pieces. The minced left ventricle was fur-
ther digested in the digestion buffer for an additional 
10 minutes at 37°C with gentle agitation and filtered 
through Nitex nylon mesh (Genesee, San Diego, CA, 
USA) with 100- μm pore size. The mixture was cen-
trifuged at 25g for 3 minutes to remove cardiomyo-
cytes, and the supernatant was further centrifuged 
at 500g for 4 minutes to collect CFs. The CFs were 
grown in DMEM supplemented with 10% fetal bo-
vine serum, penicillin (10  U/mL), and streptomycin 
(100 μg/mL) on a collagen- coated dish. For 1 experi-
ment, 1 heart was used for isolation of CFs, and CFs 
at passage 2 were used.

Western Blot Analysis
The CFs were plated onto 6- well dishes at a con-
fluence of 70% to 80% and serum- starved for 
4  hours. After pretreatment with the PAR- 1 an-
tagonist SCH79797 (1 μmol/L) or DMSO (final con-
centration was 0.1%, v/v) as vehicle for 2.5  hours, 
the CFs were stimulated with thrombin (1  U/mL) 
for 10  minutes or FXa (20  nmol/L) for 30  minutes. 
After stimulation, the CFs were immediately lysed 
with RIPA lysis buffer (Santa Cruz Biotechnology) 
and centrifuged at 21  600g for 10  minutes. RIPA 

lysis buffer contains phenylmethylsulfonyl fluoride, 
protease inhibitor cocktail, and sodium orthovana-
date as protease and phosphatase inhibitors, and 
they were added before use. Protein concentrations 
were determined by the protein quantification assay 
(Macherey- Nagel). The proteins were separated by 
SDS- PAGE and then electrophoretically transferred 
to polyvinylidene fluoride membranes (Bio- Rad). 
After blocking with Blocking One- P (Nacalai Tesque) 
for phosphorylated ERK1/2 (extracellular signal- 
regulated kinases 1 and 2) or 2% skim milk for total 
ERK, the membranes were incubated overnight with 
primary antibodies for phosphorylated ERK (1:1000; 
Cell Signaling) or total ERK (1:2000; Merck Millipore) 
at 4°C. On the next day, the membranes were in-
cubated with the horseradish peroxidase conju-
gated secondary antibody goat anti-rabbit IgG H&L 
(1:75 000; Abcam) for 1 hour at room temperature. 
The protein bands were visualized using Amersham 
ECL Prime Western Blotting Detection Reagents (GE 
Healthcare), and densitometric analyses were per-
formed with ChemiDoc XRS+ using Image Lab soft-
ware (Bio- Rad).

Apoptosis and Cell Viability Assay
HEK293 cells were cultured in DMEM supplemented 
with 10% fetal bovine serum, penicillin (10  U/mL), 
and streptomycin (100 μg/mL), and treated with 0.3 
or 1 μmol/L of SCH79797 or 0.1% of DMSO (v/v) as 
vehicle for 3, 6, or 24 hours. After this period, cells 
were lysed with RIPA lysis buffer, and the ratio of 
cleaved Casp3 (caspase- 3; 1:1000; Cell Signaling) 
to Casp3 (1:1000; Cell Signaling) was evaluated by 
western blot analysis. As a positive control, we ad-
ministrated staurosporine 1 μmol/L (Abcam) to cells 
to induce apoptosis and collected cells 4 hours later. 
In a cell- viability assay, HEK293 cells were cultured in 
DMEM supplemented with 10% fetal bovine serum, 
penicillin (10  U/mL), and streptomycin (100 μg/mL), 
and treated with 0.1, 0.3, or 1 μmol/L of SCH79797 or 
0.1% of DMSO (v/v) as vehicle for 3 or 24 hours. After 
this period, cells were detached from the culture dish 
using Trypsin- EDTA (Wako), and then trypan blue so-
lution (Wako) was added. The number of whole cells 
and stained cells were counted with a TC20 auto-
mated cell counter (Bio- Rad), and the survival rate 
was calculated.

Statistical Analysis
All data were represented as mean±SD. Data were 
compared using 1-  or 2- way ANOVA, followed by the 
Tukey post hoc test using JMP 12.1.1 software (SAS 
Institute). Repeated- measures ANOVA was performed 
in the serial analysis of systolic BP, interventricular 
septum thickness, and LV posterior wall thickness 
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evaluated by echocardiography. P<0.05 was consid-
ered statistically significant.

RESULTS
PAR- 1 Antagonist SCH79797 Decreases 
Systolic BP
Our previous study and another report demon-
strated that Ren- Tg mice display elevated systolic 
BP at an age as early as 12  weeks concomitantly 
with cardiac hypertrophy and fibrosis.17,18 Similar 
to these observations, systolic BP was found to 
be significantly higher in Ren- Tg mice than in WT 
mice at baseline (119±8 versus 99±5 mm Hg) and at 
2 weeks (118±6 versus 102±5 mm Hg) and 4 weeks 
(127±7 versus 105±4  mm  Hg) after treatment with 
vehicle (all P<0.01; Figure 1). Systolic BP measure-
ments at 2  weeks (108±11  mm  Hg) and 4  weeks 
(116±13  mm  Hg) after treatment with SCH79797 
were significantly lower than the measurements ob-
tained after treatment with vehicle in Ren- Tg mice 
(both P<0.05). In contrast, SCH79797 treatment had 
no effect on pulse rate in both Ren- Tg and WT mice 
(Table S1).

SCH79797 Attenuates Cardiac 
Hypertrophy and Fibrosis
The interventricular septum thickness at baseline 
was significantly greater in Ren- Tg mice than in WT 
mice (1.12±0.03 versus 0.92±0.02 mm), and similar 
trends were observed at 2  weeks (1.17±0.03 ver-
sus 0.90±0.03  mm) and 4  weeks (1.22±0.03 ver-
sus 0.93±0.01  mm) after treatment with vehicle 
(all P<0.01; Figure 2A). The interventricular septum 

thickness at 2 weeks (1.08±0.06 mm) and 4 weeks 
(1.10±0.04 mm) after treatment with SCH79797 was 
significantly lower than that measured after treat-
ment with vehicle in Ren- Tg mice (P<0.05 at 2 weeks 
and P<0.01 at 4 weeks). Similarly, the LV posterior 
wall thickness at baseline was significantly greater 
in Ren- Tg mice than in WT mice (1.15±0.07 versus 
0.97±0.07  mm), and similar trends were observed 
at 2  weeks (1.20±0.06 versus 0.94±0.05  mm) and 
4  weeks (1.24±0.03 versus 0.92±0.01  mm) after 
treatment with vehicle (all P<0.01; Figure  2B). The 
LV posterior wall thickness measured at 4  weeks 
after treatment with SCH79797 (1.15±0.03  mm) 
was significantly lower than that measured after 
treatment with vehicle in Ren- Tg mice (P<0.01). In 
contrast, SCH79797 treatment had no effect on LV 
end- diastolic dimension, LV end- systolic dimension, 
or LV fractional shortening in both Ren- Tg and WT 
mice. Representative images by echocardiography 
were shown in Figure 2C. Consistent with these ob-
servations, the ratio of heart weight to body weight 
was greater in Ren- Tg mice than in WT mice treated 
with vehicle (6.14±0.42 versus 4.96±0.19  mg/g, 
P<0.01), and SCH79797 treatment attenuated the 
increase to 5.29±0.84 mg/g in Ren- Tg mice (P<0.05) 
(Figure 2D).
The representative sections of left ventricle stained 
with Masson’s trichrome in Ren- Tg and WT mice 
after treatment with SCH79797 or vehicle at 4 weeks 
are shown in Figure  3A. The area of cardiac inter-
stitial fibrosis was significantly greater in Ren- Tg 
mice than in WT mice (2.5±0.1% versus 1.2±0.2%, 
P<0.01), and SCH79797 treatment attenuated this 
area to 1.6±0.5% in Ren- Tg mice (P<0.01; Figure 3B). 
Altogether, treatment with the PAR- 1 antagonist 

Figure 1. Systolic blood pressure in renin- overexpressing hypertensive (Ren- Tg) mice and wild- 
type (WT) mice at baseline and at 2 and 4 weeks after treatment with vehicle or PAR- 1 (protease- 
activated receptor- 1) antagonist SCH79797 (25 μg/kg per day).
*P<0.01 vs WT mice treated with vehicle at the same time point. **P<0.05 vs Ren- Tg mice treated with 
vehicle at the same time point.
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SCH79797 inhibited the progression of cardiac hy-
pertrophy and fibrosis induced by the continuous ac-
tivation of RAS.

SCH79797 Decreases Monocyte and 
Macrophage Deposition in the Heart
Figure  4A shows the representative sections of the 
left ventricle immunostained with CD68. Infiltration of 
monocyte/macrophage was more frequent in Ren- Tg 
mice than in WT mice, and SCH79797 treatment re-
duced the infiltration of monocytes and macrophages. 
The area of CD68 infiltration was significantly greater 
in Ren- Tg than WT mice (1.7±0.3% versus 0.04±0.1%, 
P<0.01), and SCH79797 treatment attenuated this area 
to 0.8±0.6% in Ren- Tg mice (P<0.05; Figure 4B).

SCH79797 Attenuates Enhancement of 
Expression Levels of Proinflammatory and 
Profibrotic Cytokines in the Heart
To investigate the mechanism underlying the protec-
tive effects of the PAR- 1 antagonist SCH79797 on 

cardiac hypertrophy and fibrosis, we measured the 
mRNA expression levels related to proinflammatory 
and profibrotic processes in the heart. The expression 
of PAR- 1 was found to be greater in Ren- Tg than WT 
mice (P<0.01), and treatment with SCH79797 signifi-
cantly inhibited this increase in Ren- Tg mice (P<0.05; 
Figure 5A). The expression levels of TNF- α and TGF- 
β1, well- known cytokines to promote inflammatory 
and fibrotic processes, were greater in Ren- Tg than 
WT mice (P<0.01), and SCH79797 treatment inhibited 
these increases in Ren- Tg mice (P<0.05; Figure 5B and 
5C). The ratio of the expression of β- MHC/α- MHC was 
greater in Ren- Tg than WT mice (P<0.01), and treat-
ment with SCH79797 inhibited this increase in Ren- Tg 
mice (P<0.01; Figure 5D). The expression of COL3A1 
was greater in Ren- Tg than WT mice (P<0.05), and 
SCH79797 treatment inhibited this increase in Ren- Tg 
mice (P<0.05; Figure 5E). These findings indicate that 
continuous RAS activation causes the upregulation of 
PAR- 1 expression in the heart and enhances the pro-
duction of proinflammatory and profibrotic cytokines, 
which contribute to the development of cardiac hyper-
trophy and fibrosis. The PAR- 1 antagonist SCH79797 

Figure  2. PAR- 1 (protease- activated receptor- 1) antagonist SCH79797 attenuates cardiac hypertrophy in renin- 
overexpressing hypertensive (Ren- Tg) mice. 
A, Interventricular septum thickness and (B) left ventricular posterior wall thickness at baseline and at 2 and 4 weeks after treatment 
with vehicle or PAR- 1 antagonist SCH79797. C, Representative images by echocardiography at 4 weeks after treatment. D, The ratio 
of heart weight to body weight. *P<0.01 vs wild- type (WT) mice treated with vehicle at the same time point. **P<0.05 vs Ren- Tg mice 
treated with vehicle at the same time point. ***P<0.01 vs Ren- Tg mice treated with vehicle at the same time point. †P<0.01 vs baseline 
in Ren- Tg mice. ††P<0.05 vs baseline in Ren- Tg mice.
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inhibited cardiac hypertrophy and fibrosis, presumably 
by attenuating the production of these cytokines.

Prothrombin Fragment 1+2 and FXa in 
Plasma Are Enhanced in Ren- Tg Mice
Because PAR- 1 is primarily activated by thrombin 
or FXa, we measured the concentrations of throm-
bin and FXa in the plasma of Ren- Tg and WT mice 
after 4  weeks of treatment with SCH79797 or vehi-
cle. Because fragment 1+2, an activation peptide re-
leased from prothrombin during thrombin formation, 
positively correlates with the concentration of throm-
bin in plasma,21 we measured fragment 1+2 instead 
of thrombin. The plasma concentration of fragment 
1+2 was found to be higher in Ren- Tg mice than in 
WT mice (10.3±3.2 versus 4.7±0.6  ng/mL, P<0.01), 
and treatment with SCH79797 did not affect this con-
centration in both Ren- Tg and WT mice (Figure 6A). 
Similarly, the FXa in the plasma was greater in Ren- Tg 
mice than in WT mice (18.0±3.6 versus 9.9±4.8   
ng/mL, P<0.01), and SCH79797 treatment had no 
effect on this concentration in both Ren- Tg and WT 
mice (Figure 6B).

Plasma Concentration of SCH79797
We measured plasma concentration of SCH79797 by 
LC- MS/MS. The concentration of SCH79797 in plasma 

was 1.42±0.98 nmol/L (n=3) in SCH79797- treated mice 
but was not detected in DMSO- treated mice (n=5).

SCH79797 Inhibits ERK Phosphorylation 
Induced by Thrombin or FXa in Isolated 
CFs
CFs play a vital role in the production of extracellular 
matrix and the development of interstitial fibrosis in the 
heart.22 To further evaluate the inhibitory effect of the 
PAR- 1 antagonist SCH79797 on cardiac hypertrophy 
and fibrosis, we examined MAP (mitogen- activated 
protein) kinase signaling in response to thrombin or FXa 
in isolated CFs. We observed that ERK phosphoryla-
tion was significantly enhanced in response to thrombin 
(P<0.01), which was significantly inhibited by pretreat-
ment with SCH79797 (P<0.01; Figure 7A). Similarly, ERK 
phosphorylation was significantly enhanced in response 
to FXa (P<0.01), which was significantly inhibited by pre-
treatment with SCH79797 (P<0.05; Figure 7B).

SCH79797 Inhibits FXa- Induced 
Upregulation of PAR- 1, TGF- β1, and 
COL3A1 in Isolated CFs
To further evaluate the cardioprotective effects of 
SCH79797, we examined the effect of FXa in isolated 
CFs. FXa significantly enhanced gene expression of 
PAR- 1, TGF- β1, and COL3A1 compared with control 

Figure 3. PAR- 1 (protease- activated receptor- 1) antagonist SCH79797 attenuates cardiac interstitial fibrosis.
A, Representative sections of left ventricle stained with Masson’s trichrome in renin- overexpressing hypertensive (Ren- Tg) mice or 
wild- type (WT) mice treated with SCH79797 or vehicle for 4 weeks. B, The area of cardiac interstitial fibrosis was evaluated.
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(P<0.01, P<0.05, and P<0.05, respectively), and pre-
treatment with SCH79797 abolished these enhance-
ments (all P<0.05; Figure  8A, 8C, and 8D). A similar 
trend was found in TNF- α gene expression, albeit not 
statistically significant (Figure 8B).

SCH79797 Is Not Associated With Either 
Apoptosis or Cell Death
Although SCH79797 at various doses (30  nmol/L 
to 10  μmol/L) was shown to inhibit PAR- 1 signal-
ing,23,24 there may be concern regarding the toxicity of 
SCH79797, even at a low concentration (150 nmol/L).25 
To examine the possibility of toxicity of SCH79797, we 
performed apoptosis and a cell- viability assay. The 
ratio of cleaved Casp3/Casp3 was not altered in either 
0.3 or 1 μmol/L of SCH79797 or DMSO as vehicle at 
any time points in HEK293 cells (Figure 9A). The sur-
vival rates of HEK293 cells incubated with 0.1, 0.3, or 
1 μmol/L of SCH79797 for 3 or 24 hours were similar to 
cells incubated with DMSO (Figure 9B and 9C). These 
results indicate that SCH79797, even at 1 μmol/L, is 
not associated with either apoptosis or cell death.

DISCUSSION
In this study, we examined the effects of the PAR- 1 
antagonist SCH79797 on cardiac hypertrophy and 

fibrosis induced by the continuous enhancement of 
RAS activity. We observed that SCH79797 attenu-
ates cardiac hypertrophy and fibrosis by reducing the 
expression levels of proinflammatory and profibrotic 
cytokines and monocyte/macrophage deposition 
in the heart. Moreover, continuous enhancement of 
RAS activity increased thrombin generation and FXa 
in plasma; both act as agonists for PAR- 1. In isolated 
CFs, SCH79797 inhibited ERK phosphorylation in re-
sponse to thrombin or FXa. Furthermore, SCH79797 
inhibited PAR- 1 expression and proinflammatory and 
profibrotic cytokines induced by FXa in isolated CFs. 
These findings indicate that the PAR- 1 antagonist 
SCH79797 may have a protective effect against car-
diac hypertrophy and fibrosis induced by RAS activity 
partly through the inhibition of PAR- 1 signaling.

Recent studies demonstrate the involvement of 
the coagulation cascade in pathologic cardiac re-
modeling and the relationship between RAS and 
coagulation activities.6,8 In fact, plasma renin activity 
was found to have a positive correlation with concen-
trations of fibrinogen, D- dimer, and plasminogen ac-
tivator inhibitor-1 (PAI-1) in hypertensive patients,9 and 
fragment 1+2 concentration was found to be higher in 
hypertensive patients than in normotensive controls 
and positively correlated with BP.8 Furthermore, our 
recent study demonstrated that FXa in plasma was 
enhanced in Ren- Tg mice compared with WT mice.20 

Figure  4. PAR- 1 (protease- activated receptor- 1) antagonist SCH79797 attenuates cardiac deposition of monocytes or 
macrophages stained with CD68.
A, Representative sections of left ventricle stained with CD68 in renin- overexpressing hypertensive (Ren- Tg) mice or wild- type (WT) 
mice treated with SCH79797 or vehicle for 4 weeks. B, The CD68- positive area was evaluated.
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In recent years, thrombin and FXa have been viewed 
as important mediators of the inflammatory process 
and cardiac remodeling because of the widespread 
use of direct oral anticoagulants. These medications 
are commonly used worldwide for patients with atrial 
fibrillation or venous thrombosis to prevent thrombo-
embolic events, and their cardioprotective effect has 

been appreciated. Studies have also reported that 
the direct thrombin inhibitor dabigatran attenuated 
cardiac fibrosis induced by pressure overload26 or 
myocardial infarction27 and improved cardiac sys-
tolic dysfunction in a dilated cardiomyopathy mouse 
model.7,28 Furthermore, the direct FXa inhibitor ri-
varoxaban was found to attenuate cardiac fibrosis 

Figure 5. PAR- 1 (protease- activated receptor- 1) antagonist SCH79797 attenuates the increase in cardiac mRNA expression 
levels related to proinflammatory and profibrotic processes. 
Expressions of PAR- 1 (A), TNF- α (tumor necrosis factor- α) (B), and TGF- β1 (transforming growth factor- β1) (C). The ratio of β- myosin 
heavy chain (β- MHC) to α- MHC (D). Expression of COL3A1 (collagen type 3 α1 chain) (E).
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Figure 6. Concentrations of prothrombin fragment 1+2 (A) and factor Xa (B) in plasma. Ren- Tg 
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induced by pressure overload29 and the progression 
of cardiac systolic dysfunction in a myocardial infarc-
tion model.30 These results indicate that thrombin 
and FXa are involved in the pathogenesis of car-
diac remodeling, and their inhibition appears to be 
protective.

In the present study, we showed that continuous 
RAS activation results in the enhancement of thrombin 
generation and FXa in plasma, both of which function 
as agonists for PAR- 1. Several studies have demon-
strated that PAR- 1 activates multiple intracellular sig-
naling pathways and exerts important functions in 
regulating the cardiovascular physiology and patho-
physiology5,11,13,15; a possible involvement of PAR- 1 sig-
naling in cardiac remodeling has also been reported. 
Other research has demonstrated that knocking out 
PAR- 1 or using the PAR- 1 antagonist SCH79797 atten-
uated the progression of cardiac systolic dysfunction 
and fibrosis induced by ischemia/reperfusion injury15 
and cardiomyocyte- specific PAR- 1 overexpression 
induced LV enlargement and systolic dysfunction.14 
However, the detailed mechanism and the effects of 
PAR- 1 inhibition on cardiac hypertrophy and fibrosis 
induced by RAS activation remain largely unknown.

In the present study, PAR- 1 expression in the 
heart was enhanced in Ren- Tg mice compared with 
WT mice, and SCH79797 attenuated the increase. 

Expression of PAR- 1 and PAR- 2 was shown to be 
increased in an ischemic heart,31 and cardiac PAR- 2 
expression was increased by pressure overload.29 
Furthermore, our previous study showed that PAR- 2 
expression was enhanced in the kidneys of Ren- Tg 
mice.20 Previous reports also showed the involve-
ment of inflammatory cytokines in regulation of PAR 
expression. TNF and IL- 1β (interleukin- 1β) upregu-
late PAR2 and PAR- 4 expression in human endo-
thelial cells,32 and TNF induces PAR- 2 upregulation 
in human lung fibroblasts.33 Furthermore, IL- 1β has 
been shown to upregulate PAR- 2 expression in 
human airway smooth muscle cells.34 In the pres-
ent study, TNF- α expression in the heart was en-
hanced in Ren- Tg mice and was downregulated by 
SCH79797. In addition, PAR- 1 expression in isolated 
CFs was enhanced by FXa and was suppressed by 
SCH79797 pretreatment. These findings indicate 
that enhancement of inflammatory cytokines includ-
ing TNF- α upregulate PAR- 1 expression in the heart, 
and SCH79797 inhibits expression of inflammatory 
cytokines and, consequently, may decrease PAR- 1 
expression.

A hypertrophied myocardium provides multiple 
stimuli for monocyte recruitment to the heart, which 
is further amplified by the presence of tissue hypoxia 
and ischemia. Excessive monocyte and macrophage 

Figure 7. PAR- 1 (protease- activated receptor- 1) antagonist SCH79797 (1 μmol/L) inhibits ERK1/2 
(extracellular signal- regulated kinase 1/2) phosphorylation in response to thrombin (1 U/mL) (A) 
or factor Xa (FXa; 20 nmol/L) (B) in isolated cardiac fibroblasts by western blot analysis. pERK 
indicates phosphorylated ERK1/2; tERK, total ERK1/2.
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recruitment leads to enhanced inflammation of the 
heart, resulting in myocardial damage and remod-
eling.35 In fact, TNF- α released from monocytes and 
macrophages triggers production of the inducible type 
of nitric oxide synthase, uncontrolled oxidative stress, 
apoptosis, and tissue necrosis.36 Cardiac fibrosis 
seems to be a consequence of an activated monocyte 
or macrophage cascade of HF.37 In the present study, 
monocyte or macrophage deposition in the heart was 
increased in Ren- Tg mice, and SCH79797 inhibited this 
increase. Thus, PAR- 1 inhibition may attenuate cardiac 
hypertrophy and fibrosis, partly through inhibition of 
monocyte or macrophage infiltration in the heart.

To further evaluate the mechanism underlying the 
protective effects of the PAR- 1 antagonist SCH79797 
on cardiac hypertrophy and fibrosis induced by chronic 
RAS activation, we examined the role of CFs. CFs rep-
resent the largest population of interstitial cells in the 
heart and are responsible for producing the extracel-
lular matrix.22 Furthermore, CFs function as a regulator 
of cardiac hypertrophy and contractility.38,39 Notably, 
thrombin and FXa induce MAP kinase activation and 
the conversion into myofibroblasts and subsequently 
enhance TGF- β expression and collagen production 
in CFs.15,40,41 These findings indicate that thrombin 

and FXa contribute to the development of interstitial 
fibrosis in the heart. In the present study, either throm-
bin or FXa significantly enhanced ERK phosphoryla-
tion in CFs, and treatment with SCH79797 inhibited 
this enhancement. Furthermore, SCH79797 inhibited 
enhancement of TGF- β1 and COL3A1 expressions 
induced by FXa in CFs. Because ERK activation has 
been shown to be closely associated with extracellular 
matrix production and tissue fibrosis,42,43 our results in-
dicate that enhanced thrombin generation and FXa via 
chronic RAS activation contribute to cardiac fibrosis 
through PAR- 1 signaling.

In terms of vascular physiology, studies have reported 
that PAR- 1 agonist induces rapid and transient hypoten-
sion followed by sustained hypertension,44 and PAR- 1 
 agonist–induced relaxation was completely abolished 
and contraction was observed in its place in coronary ar-
teries without intimal endothelium or with severe athero-
sclerotic lesions.45,46 These results indicate that the PAR- 1 
agonist–induced vasodilation depends on the existence 
of a healthy endothelium, and vasoconstriction is caused 
in the arteries with dysfunctional endothelium. In the 
present study, continuous infusion of the PAR- 1 antag-
onist SCH79797 decreased systolic BP in Ren- Tg mice. 
Endothelial dysfunction has been commonly observed 

Figure 8. PAR- 1 (protease- activated receptor- 1) antagonist SCH79797 (1 μmol/L) attenuates the 
increase in proinflammatory and fibrotic- related gene expression in response to factor Xa (FXa; 
20 nmol/L) in isolated cardiac fibroblasts. 
Expressions of PAR- 1 (A), TNF- α (tumor necrosis factor- α) (B), TGF- β1 (transforming growth factor- β1) (C), 
and COL3A1 (collagen type 3 α1 chain) (D).
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in the arteries of hypertensive animals47 and humans48; 
therefore, in our hypertensive mouse model, PAR- 1 inhi-
bition may cause vasodilation and decrease systolic BP. 
An earlier study examined the effect of PAR- 1 knockout 
on cardiac remodeling induced by continuous angioten-
sin II infusion and demonstrated that the progression of 
cardiac systolic dysfunction and perivascular fibrosis was 
attenuated by PAR- 1 knockout, whereas no effect was 
observed on cardiac hypertrophy.49 It should be noted 
that angiotensin II infusion for 4 weeks had no effect on 
BP and cardiac hypertrophy in that study. The differences 
observed in our results may be explained by the differ-
ences in angiotensin II stimulation or the mouse model 
used in our study. Furthermore, the arteries of Ren- Tg 
mice were continuously exposed by excessive angioten-
sin II soon after birth, possibly resulting in more endothe-
lial dysfunction compared with the model of angiotensin II 
infusion for 4 weeks. Further studies are clearly required.

In contrast, no obvious change in baseline BP was 
observed in PAR- 1- deficient mice,50 and SCH79797 
treatment did not affect systolic BP in WT mice in the 
present study, suggesting that PAR- 1 is not necessary 
for the maintenance of the normal vascular tone. A 
possibility exists that decreased systolic BP reduced 
the afterload, which potentially affected the progres-
sion of cardiac hypertrophy and fibrosis in the present 

study. However, our previous study and another report 
demonstrated that RAS- induced cardiac hypertrophy 
was not attenuated by lowering BP.18,49 In addition, 
treatment with the PAR- 1 antagonist did not affect the 
thrombin concentration or the FXa in plasma, both of 
which enhanced the phosphorylation of ERK in CFs 
in the present study. A recent report showed that FXa 
led to neonatal cardiomyocyte hypertrophy and that 
SCH79797 abolished it. Furthermore, SCH79797 inhib-
ited migration and proliferation of neonatal CFs induced 
by FXa.51 These findings indicate that the inhibition of 
PAR- 1 signaling contributes to protective effects on 
the development of cardiac hypertrophy and fibrosis, 
at least in part through a BP- independent mechanism. 
Further experimental studies are required to elucidate 
the mechanism underlying the BP- lowering effect of 
SCH79797. Although we used SCH79797 (25 μg/kg 
per day) according to the previous reports,15,19 its mean 
plasma concentration was 1.42 nmol/L in SCH79797- 
treated mice, which was quite lower than expected.52 
Because we and other researchers have reported sig-
nificant effects of SCH79797 on animal studies,15,19 
further pharmacokinetic studies may be needed to 
 resolve this important issue.

Recent studies have appreciated the relationship 
between coagulation activity and cardiovascular 

Figure 9. SCH79797 is not associated with either apoptosis or cell death. 
A, The ratio of cleaved Casp3 (caspase- 3) to Casp3 was examined in either 0.3 or 1 μmol/L of SCH79797 
or dimethyl sulfoxide (DMSO) as vehicle at 3, 6, and 24 hours in HEK293 cells. B and C, The survival rate 
of HEK293 cells incubated with 0.1, 0.3, or 1 μmol/L of SCH79797 for 3 or 24 hours assessed by trypan 
blue staining.
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events in humans.7,8 In fact, rivaroxaban was found to 
reduce cardiovascular death in patients with a recent 
acute coronary syndrome,53,54 and addition of rivar-
oxaban to aspirin was found to possibly improve the 
outcome in patients with coronary artery disease.55 
Strikingly, PAR- 1 expression was enhanced in the 
hearts of patients with ischemic or idiopathic dilated 
cardiomyopathy, and treatment with the PAR1 inhib-
itor vorapaxar reduced ischemic events in patients 
with cardiovascular disease.56,57 These results clearly 
indicate the clinical significance of PAR- 1 signaling 
in the pathogenesis of cardiovascular diseases. 
Furthermore, cardiac hypertrophy and fibrosis in-
crease the stiffness of the left ventricle, leading to 
the development of HF with preserved ejection frac-
tion characterized by cardiac diastolic dysfunction. 
PAR- 1- dependent profibrotic responses result in in-
creased cardiac stiffness and subsequent diastolic 
dysfunction of the heart. Thus, our results indicate 
that PAR- 1 antagonist might be a potential candi-
date for the treatment of HF with preserved ejection 
fraction.

In conclusion, treatment with the PAR- 1 antagonist 
attenuates cardiac hypertrophy and fibrosis induced 
by chronic RAS activation. Inhibition of PAR- 1 signaling 
might be a novel strategy for treating HF induced by 
chronic RAS activation.
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SUPPLEMENTAL MATERIAL 
 

 

 

 

  



Table S1. Pulse rate in WT and Ren-Tg mice at baseline, 2 weeks, and 4 weeks after 

treatment with vehicle or PAR-1 antagonist SCH79797. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genotype WT Ren-Tg 

SCH79797 - + - + 
 

     

Pulse rate (beats/min)     

 baseline 640±11 661±66 620±12 639±30 

 2 weeks 678±29 713±30 688±20 686±40 

 4 weeks 664±28 684±32 671±28 679±30 
 

     


