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Abstract: Drug repositioning has recently emerged as a strategy for developing new treatments at
low cost. In this study, we used a library of approved drugs to screen for compounds that suppress
cardiomyocyte hypertrophy. We identified the antiplatelet drug sarpogrelate, a selective serotonin-
2A (5-HT2A) receptor antagonist, and investigated the drug’s anti-hypertrophic effect in cultured
cardiomyocytes and its effect on heart failure in vivo. Primary cultured cardiomyocytes pretreated
with sarpogrelate were stimulated with angiotensin II, endothelin-1, or phenylephrine. Immunofluo-
rescence staining showed that sarpogrelate suppressed the cardiomyocyte hypertrophy induced by
each of the stimuli. Western blotting analysis revealed that 5-HT2A receptor level was not changed
by phenylephrine, and that sarpogrelate suppressed phenylephrine-induced phosphorylation of
ERK1/2 and GATA4. C57BL/6J male mice were subjected to transverse aortic constriction (TAC)
surgery followed by daily oral administration of sarpogrelate for 8 weeks. Echocardiography showed
that 5 mg/kg of sarpogrelate suppressed TAC-induced cardiac hypertrophy and systolic dysfunction.
Western blotting revealed that sarpogrelate suppressed TAC-induced phosphorylation of ERK1/2
and GATA4. These results indicate that sarpogrelate suppresses the development of heart failure and
that it does so at least in part by inhibiting the ERK1/2–GATA4 signaling pathway.

Keywords: sarpogrelate; 5-HT2A receptor; drug repositioning; ERK1/2–GATA4 pathway; heart failure

1. Introduction

Heart failure is a serious public health problem, with an estimated 64 million cases
under treatment globally each year [1,2]. As the number of people suffering from the
disease is expected to continue increasing over the coming decades, heart failure is one
of the most significant health problems worldwide [3,4]. Neurohormonal antagonists,
including β blockers, and renin-angiotensin system inhibitors are the established standards
for heart failure therapy, based on clinical studies demonstrating that these drugs suppress
cardiac remodeling and improve prognosis [5,6]. However, as prognosis remains poor
even with the use of these drugs, new heart failure therapies are urgently needed [5,6].

Drug discovery and development are high-risk ventures that are expensive, labor in-
tensive, and time consuming. The Pharmaceutical Research and Manufacturers of America
has reported that the development of a new drug takes an average of US $2.6 billion and
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from 10 to 15 years from project initiation to the United States Food and Drug Administra-
tion’s approval [7]. For this reason, more efficient drug discovery strategies are required.
One strategy that has recently been garnering attention is drug repositioning, in which
new treatments are developed at low cost and low health risk by investigating the efficacy
of previously approved drugs for additional diseases [8]. The major advantage of this
approach is that the pharmacokinetic and safety profiles of such drugs have already been
established [9]. It has been reported that drug repositioning accounts for approximately
30% of recent drug approvals [10,11].

Sarpogrelate is a selective serotonin-2A (5-HT2A) receptor antagonist that inhibits
5-HT-induced physiological effects, including platelet aggregation, vasoconstriction, and
the proliferation of vascular smooth muscle cells mediated by 5-HT2A receptors [12]. It
has been used as a treatment for peripheral arterial occlusive disease in Asia [13,14]. It has
also been reported to have therapeutic efficacy for thrombosis, coronary artery disease,
and atherosclerosis [15], and to have protective effects against damage to retinal neurons,
against endothelial and renal dysfunction, and against oxidative stress induced by high
glucose in diabetes model animals [15–18]. These findings suggest that sarpogrelate may
also be effective for the treatment of heart disease.

In this study, we focused on a drug repositioning strategy for heart failure therapy
using a library of approved drugs to screen for compounds that suppress phenylephrine
(PE)-induced hypertrophy in primary cultured cardiomyocytes. Sarpogrelate was identi-
fied as being capable of suppressing PE-induced cardiomyocyte hypertrophy. As it was
unclear whether sarpogrelate suppresses PE-induced cardiomyocyte hypertrophy in a
5-HT2A-dependent or -independent manner, we investigated the effect of sarpogrelate
both on cardiomyocyte hypertrophy and on the development of heart failure in mice. We
found that sarpogrelate suppressed PE-induced cardiomyocyte hypertrophy in a 5-HT2A
receptor-independent manner by inhibiting the ERK1/2–GATA4 signaling pathway and
by suppressing pressure overload-induced cardiac hypertrophy and systolic dysfunction
in vivo.

2. Results
2.1. Sarpogrelate Suppressed Cardiomyocyte Hypertrophy Induced by Various
Hypertrophic Stimuli

First, to investigate the effect of sarpogrelate on cardiomyocyte hypertrophy induced
by various types of hypertrophic stimuli, primary cultured cardiomyocytes were pretreated
with 1 µM sarpogrelate, and then cell hypertrophy was induced separately with the hyper-
trophic stimuli PE, angiotensin II (Ang II), and endothelin1 (ET-1) for 48 h. Surprisingly,
1 µM sarpogrelate suppressed the cardiomyocyte hypertrophy induced by each stimulant
(Figure 1a,b). Next, to investigate the effect of sarpogrelate on the PE-induced promoter
activity of hypertrophic response genes in cultured cardiomyocytes, a luciferase reporter
assay using the atrial natriuretic factor (ANF)-luc and ET-1-luc reporter genes was per-
formed. The results showed that sarpogrelate suppressed PE-induced ANF- (Figure 1c) and
ET-1-luciferase (Figure 1d) expression. Quantitative PCR analysis showed that sarpogrelate
suppressed the PE-induced hypertrophy-related gene transcription of ANF and brain
natriuretic peptide (BNP) (Figure 1e,f). These results suggest that sarpogrelate directly
suppressed hypertrophic response in cultured cardiomyocytes.
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Figure 1. Sarpogrelate suppressed cardiomyocyte hypertrophy induced by a variety of hypertrophic stimuli. Primary cul-
tured cardiomyocytes were treated with 0.3 or 1 µM sarpogrelate (SA) and then stimulated with 30 µM phenylephrine 
(PE), 0.1 µM angiotensin II (Ang II), or 0.1 µM endothelin 1 (ET-1) for 48 h. (a) Immunofluorescence staining was per-
formed using anti-MHC antibodies and Alexa Fluor 555-conjugated anti-mouse IgG. Scale bar: 20 µm. (b) Cell surface area 
was measured using NHI ImageJ software. All data are presented as the mean ± SEM of four individual experiments. (c,d) 
Cardiomyocytes were harvested 48 h after stimuli and a luciferase reporter assay was performed for ANF (c) and ET-1 (d) 
promoters. Data are presented as the mean ± SEM of five individual experiments. (e,f) The mRNA levels of hypertrophy-
related gene transcriptions of ANF (e) and BNP (f) at 48 h after stimulation were examined by quantitative PCR. Data are 
presented as the mean ± SEM of three individual experiments. 

Figure 1. Sarpogrelate suppressed cardiomyocyte hypertrophy induced by a variety of hypertrophic stimuli. Primary
cultured cardiomyocytes were treated with 0.3 or 1 µM sarpogrelate (SA) and then stimulated with 30 µM phenylephrine
(PE), 0.1 µM angiotensin II (Ang II), or 0.1 µM endothelin 1 (ET-1) for 48 h. (a) Immunofluorescence staining was performed
using anti-MHC antibodies and Alexa Fluor 555-conjugated anti-mouse IgG. Scale bar: 20 µm. (b) Cell surface area
was measured using NHI ImageJ software. All data are presented as the mean ± SEM of four individual experiments.
(c,d) Cardiomyocytes were harvested 48 h after stimuli and a luciferase reporter assay was performed for ANF (c) and
ET-1 (d) promoters. Data are presented as the mean ± SEM of five individual experiments. (e,f) The mRNA levels of
hypertrophy-related gene transcriptions of ANF (e) and BNP (f) at 48 h after stimulation were examined by quantitative
PCR. Data are presented as the mean ± SEM of three individual experiments.
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2.2. Sarpogrelate Inhibited the ERK1/2–GATA4 Signaling Pathway in Cardiomyocytes

Next, we investigated how sarpogrelate suppresses PE-induced cardiomyocyte hy-
pertrophy. As it is possible both that PE induces increases in 5-HT2A receptor expression
and/or 5-HT levels and that sarpogrelate suppresses cardiomyocyte hypertrophy by in-
hibiting the 5-HT2A receptor, we tested whether PE induces changes both in the expression
of the receptor and in 5-HT synthesis. First, to investigate whether phenylephrine increases
the expression level of the 5-HT2A receptor, we examined the mRNA and protein levels of
the receptor. Quantitative PCR analysis and Western blotting demonstrated that PE did
not change the mRNA (Figure 2a) or protein expression (Figure 2b,c) of the receptor. Next,
as it has been reported that 5-HT is synthesized in the heart by the enzymes tryptophan
hydroxylase-1 (TPH1) and -2 (TPH2) [19], we investigated the mRNA levels of these en-
zymes. The results of quantitative PCR analysis showed that these mRNA levels were not
changed by PE (Figure 2d,e), indicating that 5-HT synthesis was not affected by PE. We also
confirmed both that PE induced cardiomyocyte hypertrophy under conditions of 5-HT2A
receptor knockdown, and that the suppressive effect of sarpogrelate on PE-induced car-
diomyocyte hypertrophy was not affected by this knockdown (Supplementary Figure S1).
These findings suggest that sarpogrelate suppresses cardiomyocyte hypertrophy without
increasing 5-HT2A receptor expression or 5-HT levels.

Next, to explore the mechanism by which sarpogrelate suppresses cardiomyocyte hy-
pertrophy, we focused on the ERK1/2–GATA4 signaling pathway, which is one of the main
signaling pathways involved in cardiomyocyte hypertrophy. The results of Western blot-
ting showed that sarpogrelate suppressed PE-induced ERK1/2 phosphorylation (Figure
2f,g). Similarly, sarpogrelate suppressed GATA4 phosphorylation (Figure 2h,i). The total
expression of ERK1/2 and GATA4 was not changed by PE or sarpogrelate (Figure 2f,h). To
further investigate the downstream effects of sarpogrelate on this signaling pathway, we
investigated the amount of GATA4 binding to the ANF promoter, one of the main target
promoters of GATA4. The results of a chromatin immunoprecipitation (ChIP) assay using
anti-GATA4 antibody revealed that sarpogrelate suppressed the PE-induced enrichment
of GATA4 in the ANF promoter region (Figure 2j). These results suggest that sarpogre-
late suppresses cardiomyocyte hypertrophy by inhibiting the ERK1/2–GATA4 signaling
pathway in a 5-HT2A receptor-independent manner.

2.3. Sarpogrelate Suppressed Transverse Aortic Constriction (TAC)-Induced Cardiac Hypertrophy
and Systolic Dysfunction

To examine whether sarpogrelate suppresses the development of heart failure, C57BL/6J
male mice were subjected to TAC surgery, and then these mice were randomly assigned to
daily oral administration of 1 or 5 mg/kg sarpogrelate. The results of echocardiography at
eight weeks after surgery revealed that 5 mg/kg sarpogrelate suppressed TAC-induced
increases in left ventricular posterior wall dimensions (LVPWd) and LV mass index, the
standard parameters of cardiac hypertrophy (Figure 3 and Table 1). Five mg/kg sarpogre-
late also suppressed TAC-induced decreases in fractional shortening (FS), the standard
parameters of cardiac function (Figure 3 and Table 1). After the assessment of cardiac
function by echocardiography, the hearts were isolated, and the ratio of heart weight to
tibia length (HW/TL) was calculated for all of the mice. The results showed that HW/TL
ratio was increased by TAC surgery, and that this change was suppressed by 5 mg/kg
sarpogrelate (Table 1).
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Figure 2. Sarpogrelate inhibited the ERK1/2–GATA4 signaling pathway in cardiomyocytes. (a) The mRNA levels of the 5-
HT2A receptor were examined at 48 h after PE stimulation. Quantitative PCR data are presented as the mean ± SEM of 
three individual experiments. (b,c) WCL was extracted from cardiomyocytes at 48 h after PE stimulation. Representative 
Western blotting image (b) and quantified 5-HT2A receptor levels (c). Quantification is presented as the mean ± SEM of 
three individual experiments; n.s., no significance. (d,e) Quantitative PCR was performed for TPH1 (d), TPH2 (e), and 18S. 
Data are presented as the mean ± SEM of three individual experiments; n.s., no significance. (f) WCL was extracted from 
cardiomyocytes at 10 min after PE stimulation and then subjected to Western blotting using anti-phospho-p44/42 MAPK 
(ERK1/2) (Thr202/Tyr204) antibody and anti-p44/42 MAPK (ERK1/2) antibody. (g) Levels of phosphorylated ERK1/2 and 
total ERK1/2 were quantified. Data are presented as the mean ± SEM of three individual experiments. (h) The NE fraction 
was isolated from the cells at 1 h after PE stimulation and then subjected to Western blotting using anti-GATA4 (phospho 
S105) antibody and GATA4 antibody. (i) Levels of phosphorylated GATA4 and total GATA4 were quantified. Data are 
presented as the mean ± SEM of three individual experiments. (j) A ChIP assay was performed using anti-GATA4 anti-
body, and quantitative PCR was performed for ANF and 18S. Data are presented as the mean ± SEM of three individual 
experiments. 

Figure 2. Sarpogrelate inhibited the ERK1/2–GATA4 signaling pathway in cardiomyocytes. (a) The mRNA levels of the
5-HT2A receptor were examined at 48 h after PE stimulation. Quantitative PCR data are presented as the mean ± SEM of
three individual experiments. (b,c) WCL was extracted from cardiomyocytes at 48 h after PE stimulation. Representative
Western blotting image (b) and quantified 5-HT2A receptor levels (c). Quantification is presented as the mean ± SEM of
three individual experiments; n.s., no significance. (d,e) Quantitative PCR was performed for TPH1 (d), TPH2 (e), and 18S.
Data are presented as the mean ± SEM of three individual experiments; n.s., no significance. (f) WCL was extracted from
cardiomyocytes at 10 min after PE stimulation and then subjected to Western blotting using anti-phospho-p44/42 MAPK
(ERK1/2) (Thr202/Tyr204) antibody and anti-p44/42 MAPK (ERK1/2) antibody. (g) Levels of phosphorylated ERK1/2
and total ERK1/2 were quantified. Data are presented as the mean ± SEM of three individual experiments. (h) The NE
fraction was isolated from the cells at 1 h after PE stimulation and then subjected to Western blotting using anti-GATA4
(phospho S105) antibody and GATA4 antibody. (i) Levels of phosphorylated GATA4 and total GATA4 were quantified.
Data are presented as the mean ± SEM of three individual experiments. (j) A ChIP assay was performed using anti-
GATA4 antibody, and quantitative PCR was performed for ANF and 18S. Data are presented as the mean ± SEM of three
individual experiments.
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Figure 3. Sarpogrelate suppressed TAC-induced cardiac hypertrophy and systolic dysfunction
in vivo. Eight weeks after TAC surgery, cardiac hypertrophy and cardiac function were assessed
by echocardiography. Representative images of echocardiography from sarpogrelate- and vehicle-
treated TAC and sham are shown.

Table 1. Echocardiographic parameters of sham and TAC mice.

Sham TAC

Vehicle Vehicle SA 1 mg/kg SA 5 mg/kg

LVPWd (mm) 1.50 ± 0.07 2.05 ± 0.09 ** 1.83 ± 0.14 1.55 ± 0.08 ††

LVIDd (mm) 2.67 ± 0.12 2.94 ± 0.16 2.75 ± 0.12 2.79 ± 0.13
FS (%) 57.4 ± 2.2 37.7 ± 2.4 ** 41.9 ± 3.7 ** 50.7 ± 0.8 ††

R-R int (sec) 0.101 ± 0.001 0.103 ± 0.001 0.101 ± 0.001 0.102 ± 0.002
LVMI (mg/mm) 7.0 ± 0.2 13.0 ± 0.8 ** 10.8 ± 1.0 ** 9.5 ± 1.2 †

HW (mg) 118.3 ± 2.2 192.1 ± 12.7 ** 166.6 ± 2.0 ** 151.0 ± 3.6 †

TL (mm) 22.5 ± 0.6 22.5 ± 0.4 22.1 ± 0.7 23.2 ± 0.6
HW/TL (mg/mm) 5.3 ± 0.2 8.6 ± 0.6 ** 7.6 ± 0.2 ** 6.5 ± 0.2 †

** p < 0.01 vs. Sham + vehicle group. † p < 0.05, †† p < 0.01 vs. TAC + vehicle group. The values shown are the mean ± SEM for 5–8 mice
from each of the sham and TAC groups. Abbreviations: LVPWd, left ventricle posterior wall dimensions; LVIDd, left ventricular internal
diameter end-diastole; FS, fractional shortening; R-R int: R-R interval; LVMI, left ventricular mass index; HW: heart weight; TL: tibia length;
HW/TL: heart weight to tibia length ratio.

2.4. Sarpogrelate Suppressed TAC-Induced Cardiac Hypertrophy and Fibrosis

To characterize the effect of sarpogrelate on heart failure, we quantified heart cross-
sectional area and perivascular fibrosis area by staining the tissue with wheat germ agglu-
tinin (WGA) and Masson trichrome (MT) staining, respectively. WGA staining showed
that sarpogrelate suppressed a TAC-induced increase in the cross-sectional area of the left
ventricle (LV) (Figure 4b,c), and MT staining showed that sarpogrelate also suppressed
TAC-induced perivascular fibrosis (Figure 4d,e). Subsequently, the mRNA levels of ANF
and BNP in the LV were investigated by quantitative PCR analysis. The results showed
that TAC-induced increases in the mRNA expression levels of ANF (Figure 4f) and BNP
(Figure 4g) were suppressed by sarpogrelate.
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MT-stained perivascular fibrosis area of the LV myocardium of sham and TAC mice. Magnification: ×200. Scale bar: 50 
µm. (e) The area of perivascular fibrosis in the LV was measured for at least three intramyocardial coronary arteries in 
each animal. Data are presented as the mean ± SEM of five to six individual experiments. (f,g) Quantitative PCR analyses 
were performed for ANF (f) and BNP (g). Data are presented as the mean ± SEM of five individual experiments. 

  

Figure 4. Sarpogrelate suppressed TAC-induced cardiac hypertrophy and fibrosis. (a) Representative image of isolated heart
from sham and TAC mice at 8 weeks after surgery. Scale bar: 5 mm. (b) Representative images of WGA-stained sections
of LV myocardium from sham and TAC mice. Magnification: ×400. Scale bar: 20 µm. (c) Cardiomyocyte cross-sectional
area was measured for 50 cells from five to seven mice from each group. (d) Representative photographs of the MT-stained
perivascular fibrosis area of the LV myocardium of sham and TAC mice. Magnification: ×200. Scale bar: 50 µm. (e) The area
of perivascular fibrosis in the LV was measured for at least three intramyocardial coronary arteries in each animal. Data are
presented as the mean ± SEM of five to six individual experiments. (f,g) Quantitative PCR analyses were performed for
ANF (f) and BNP (g). Data are presented as the mean ± SEM of five individual experiments.
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2.5. Sarpogrelate Suppressed TAC-Induced Phosphorylation of ERK1/2 and GATA4

To investigate the potential role of sarpogrelate in the development of heart failure, its
effect on TAC-induced activation of the ERK1/2–GATA4 signaling pathway was assessed
with Western blotting. The results showed that the phosphorylation level of ERK1/2 was
increased by TAC surgery, and also that sarpogrelate suppressed this increase (Figure 5a,b).
Sarpogrelate also suppressed TAC-induced GATA4 phosphorylation (Figure 5c,d). The
total expression of ERK1/2 and GATA4 was not changed by TAC surgery or sarpogrelate
(Figure 5a,c). These results suggest that the protective effect of sarpogrelate against the
development of heart failure is dependent on, at least in part, the inhibition of the ERK1/2–
GATA4 signaling pathway.
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Figure 5. Sarpogrelate suppressed TAC-induced phosphorylation of ERK and GATA4. (a,b) WCL from mouse heart was
subjected to Western blotting to assess the levels of phosphorylated ERK1/2 and total ERK. Representative Western blotting
images are shown in (a) and quantified levels of phosphorylated and total ERK1/2 in (b). (c,d) NE fractions from mouse
heart were subjected to Western blotting to assess phosphorylated GATA4 and total GATA4. Representative images of
Western blotting are shown in (c) and quantified phosphorylated and total GATA4 levels in (d). All data are presented as
the mean ± SEM of four individual experiments.

3. Discussion

This study demonstrates that the antiplatelet drug sarpogrelate, a selective 5-HT2A
receptor antagonist, suppresses cardiomyocyte hypertrophy induced by various hyper-
trophic stimuli such as PE, Ang II and ET-1. It also suggests that sarpogrelate suppresses
PE-induced cardiomyocyte hypertrophy not by mediating 5-HT/5-HT2A receptors but
by inhibiting the ERK1/2–GATA4 signaling pathway. It also reveals that sarpogrelate
suppresses the development of heart failure via inhibition of the ERK1/2–GATA4 pathway
in a heart failure mouse model. These results suggest that sarpogrelate may be effective not
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only as an antiplatelet drug but also as a treatment for heart failure due to its suppression
of cardiomyocyte hypertrophy.

This study suggests that sarpogrelate suppresses PE-induced cardiomyocyte hyper-
trophy without mediation through the 5-HT2A receptor. The monoamine neurotransmitter
5-HT regulates a wide range of physiological functions [20]. Although it is well established
that 5-HT is synthesized by the enzyme TPH in enterochromaffin cells in the gastrointesti-
nal tract and then released into the blood [21], TPH expression has also been reported to
occur in hamster heart [19]. This indicates the possibility that 5-HT acts on the heart in
both autocrine and paracrine fashion. Moreover, in cultured cardiomyocytes, it has been
reported that 5-HT induced cardiomyocyte hypertrophy via the 5-HT2A receptor [22,23].
In the present study, the expression levels of TPH1 and TPH2 were not changed by PE or
sarpogrelate. This indicates that 5-HT synthesis was not affected by PE, and that 5-HT is
not involved in PE-induced cardiomyocyte hypertrophy. We have also demonstrated that
5-HT2A receptor expression was not changed by PE or sarpogrelate, and that knockdown
of the 5-HT2A receptor did not affect the anti-hypertrophy effect of sarpogrelate on PE-
induced cardiomyocyte hypertrophy. These results suggest that sarpogrelate suppresses
cardiomyocyte hypertrophy without the mediation of the 5-HT/5-HT2A receptor.

Over 200 kinds of GPCRs have been found in the heart. Among them, the signaling
pathways activated by Gq/11 protein play a particularly important role in cardiac hyper-
trophy [24,25]. The mitogen-activated protein kinase (MAPK) signaling pathway, which
is downstream from the Gq/11 protein activated by PE, Ang II, and ET-1, is an important
pathway in cardiomyocyte hypertrophy and the development of heart failure [26,27]. The
MAPK pathway consists of at least three cascades in mammalian cells, namely ERK1/2,
p38, and c-Jun N-terminal kinases (JNKs). Each cascade typically consists of at least
three types of sequential protein kinases, including MAP kinase (MAPK), MAPK kinase
(MAPKK), and MAPK kinase kinase (MAPKKK) [28,29]. Among the MAPKs, ERK1/2 in
particular has been reported to be an important factor in the transcription of hypertrophic
response genes [30,31]. In the present study, we found that sarpogrelate suppressed the
phosphorylation of both ERK1/2 and GATA4 induced by PE in cultured cardiomyocytes.
It has been reported that ERK1/2 phosphorylation is induced by the stimulation of Ang II
and ET-1 as well as PE [32,33]. This suggests that sarpogrelate also suppresses Ang II- and
ET-1-induced phosphorylation of ERK1/2. Proteins that regulate ERK1/2 phosphorylation
include MAPKK MEK1 and phosphatases such as protein phosphatase 2A (PP2A) and the
largest family of MAPK-selective phosphatases known as dual-specificity phosphatases
(DUSPs) [31,34]. The overexpression of these MAPK-selective phosphatases suppresses
cardiac hypertrophy by negatively modulating MAPKs mediated by dephosphorylation
activity [34]. It is possible that sarpogrelate suppresses ERK1/2 phosphorylation by in-
creasing the expression levels of these phosphatases.

Nuclear factor of activated T-cells (NFATc) is a representative transcriptional factor
which acts together with GATA4 in cardiomyocyte hypertrophy. It has been reported that
transcriptional cross-talk between the MEK1-ERK1/2 and calcineurin-NFATc signaling
pathways is required for cardiac hypertrophy [35]. It also has been reported that over-
expression both of NFATc and GATA4 in cardiomyocytes causes synergistic activation
of the BNP gene promoter [36,37]. Thus, it is possible that sarpogrelate suppresses the
PE-induced transcriptional activation of NFATc.

Cardiac remodeling accompanied by morphological and structural changes occurs in
the process of heart failure induced by chronic stresses such as hypertension [38]. At the
beginning of this process, neurohormonal factors (noradrenaline, Ang II, ET-1, etc.) are se-
creted and activate the G protein-coupled receptors (GPCRs) found on cell membranes [39].
Consequently, various signaling pathways are activated, eventually activating the expres-
sion of hypertrophic response gene transcription [40]. In the present study, sarpogrelate
suppressed cultured cardiomyocyte hypertrophy induced by all of the stimulants that are
recognized as representative neurohormonal factors related to heart failure. We have also
demonstrated that sarpogrelate suppressed TAC-induced cardiac hypertrophy and systolic
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dysfunction. Thus, it is highly likely that sarpogrelate effectively suppresses pathological
cardiac hypertrophy by directly suppressing the cardiomyocyte hypertrophy induced by
various neurohormonal factors in mice.

There are several reports on the contribution of 5-HT and its receptor to the onset
and progression of heart failure. In chronic heart failure patients, blood levels of 5-HT are
correlated with the progression of the disease [41]. It has been reported that the selective
5-HT2A receptor antagonist M100907 suppresses pressure overload-induced cardiac hy-
pertrophy by inhibiting the CaMKII/HDAC4 pathway [42]. As described above, 5-HT
expression is increased in heart failure, and 5-HT directly induces cardiomyocyte hypertro-
phy via the 5-HT2A receptor [22,23,41]. These findings indicate that M100907 suppresses
the CaMKII/HDAC4 pathway, which is most likely downstream of the 5-HT2A receptor,
resulting in the prevention of cardiac hypertrophy in mice. In addition to elucidating
the mechanism by which sarpogrelate suppresses cardiomyocyte hypertrophy induced
by PE, Ang II, and ET-1 in a 5-HT2A receptor-independent manner, these findings also
suggest that sarpogrelate suppresses 5-HT-induced cardiomyocyte hypertrophy via 5-HT2A
receptor blockade, in which case the mechanism may also be involved in the suppression
of the CaMKII/HDAC4 pathway. Therefore, the present study suggests that sarpogrelate
suppresses TAC-induced cardiac hypertrophy through both 5-HT2A receptor-independent
and dependent mechanisms. Moreover, while mRNA and protein expression of the 5-HT2A
receptor were not changed by PE stimulation in the present study, it has been reported
that protein expression of the 5-HT2A receptor was increased in TAC mice at 1 month after
surgery [42]. It has also been reported that 5-HT2A receptor expression is increased by
5-HT stimulation in H9c2 cells and fetal myoblasts [23,43]. As the heart is made up of
fibroblasts, myoblasts, and endothelial cells in addition to cardiomyocytes [44], it is likely
that increased 5-HT expression in heart failure also induces the upregulation of the 5-HT2A
receptors in these cells, thereby increasing 5-HT2A receptor expression in TAC mice. This
suggests that 5-HT2A receptor expression is not affected by PE because 5-HT synthesis is
not facilitated by PE in cultured cardiomyocytes.

The present study also demonstrates that sarpogrelate suppressed TAC-induced
phosphorylation of ERK1/2 and GATA4 in mice. There are several reports that describe the
role of MEK-ERK1/2 as a main MAPK pathway in cardiac hypertrophy and heart failure.
Many studies have reported that a variety of compounds, including the MEK inhibitor
PD98059, both inhibit ERK1/2 phosphorylation and suppress cardiac hypertrophy [31,45].
However, it has also been reported that the deletion of cardiac-specific ERK1/2 causes
eccentric hypertrophy and subsequently reduced cardiac function 2 weeks after Ang II/PE
infusion in mice [46]. In contrast, the overexpression of MEK1, which is an upstream kinase
of ERK1/2, also induced cardiac hypertrophy through the phosphorylation of ERK1/2 in
mice [47]. These findings make it clear that ERK1/2 plays a complex role in the progress
of cardiac hypertrophy and suggest that the complete abolishment of ERK1/2 induces
the development of cardiac hypertrophy. In the present study, sarpogrelate suppressed
TAC-induced phosphorylation of ERK1/2, but it did not completely suppress eccentric
hypertrophy, suggesting the possibility that sarpogrelate does not inhibit the activation of
MEK1 in cardiac hypertrophy. Further study is needed to determine whether the inhibition
of ERK1/2, including the inhibition caused by sarpogrelate, may be effective for heart
failure therapy.

Many studies have shown increased platelet activation in heart failure [48]. Indeed, the
Antithrombotic Therapy Trialists’ Collaboration meta-analysis reported that anti-platelet
agents are effective for patients at risk of ischemic events [48]. Sarpogrelate is used as a
treatment for peripheral vascular disease by suppressing 5-HT-induced platelet aggregation
and vasoconstriction [49]. It has been reported that sarpogrelate suppressed systolic dys-
function by attenuating the remodeling of subcellular organelles such as the sarcoplasmic
reticulum and myofibrils, and by exerting vasodilatory effects in a rat model of congestive
heart failure in post-myocardial infarction [50]. This indicates that sarpogrelate effectively
suppressed cardiac hypertrophy not only by direct suppression of cardiomyocyte hyper-
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trophy, but also through its cardio-protective effect as an anti-platelet agent. While we
have not studied the effect of sarpogrelate on hearts that already have decreased systolic
function, it has been reported that 6 months of sarpogrelate-based triple antiplatelet therapy
in patients undergoing primary percutaneous coronary intervention for ST-elevation my-
ocardial infarction improved LV systolic dysfunction more effectively than dual antiplatelet
therapy without sarpogrelate [51]. These findings suggest that sarpogrelate may also be
effective in hearts with reduced cardiac function.

4. Materials and Methods
4.1. Materials

Sarpogrelate hydrochloride was provided by Mitsubishi Tanabe Pharma Corporation
(Osaka, Japan). PE and ET-1 were purchased from Fujifilm Wako Pure Chemical Industries
(Osaka, Japan), and Ang II was purchased from Bachem (Torrance, CA, USA). These
compounds were dissolved in Milli-Q water and stored at −20 ◦C.

4.2. Plasmid Constructs

The pANF-luc and pET-1-luc plasmids consisted of firefly luciferase cDNA driven by
a 170 bp ANF promoter sequence from −135 to +35 and a 213 bp ET-1 promoter sequence
from −213 to −1. Both promoter sequences contained a single GATA element.

4.3. Animal Experiments

Male Sprague-Dawley rats were purchased from Japan SLC Inc. (Shizuoka, Japan).
C57BL/6j male mice were purchased from CREA Japan Inc. (Tokyo, Japan). All animal
experiments complied with the guidelines on animal experiments of the University of
Shizuoka (Shizuoka, Japan) and Kyoto Medical Center (Kyoto, Japan) and were performed
in accordance with protocols approved by the ethics committees of the two institutions
(approval numbers 156161 and 27-26-2, respectively).

4.4. Cell Culture

Neonatal rat ventricular myocytes were isolated from 1-2-day-old Sprague-Dawley
rats as described previously [52,53]. The cells were pretreated with 1 µM sarpogrelate for
two hours and then treated separately with each stimulus (PE, 30 µM; Ang II, 0.1 µM; ET-1,
0.1 µM). To assess hypertrophy, cells were incubated with the stimuli for 48 h.

4.5. Sample Preparation

Whole cell lysate (WCL) and nuclear extract (NE) were isolated as described previ-
ously [54,55]. In brief, the cells were harvested, and WCL was prepared on ice with cell
lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 2% Nonidet P40, 0.2 mM ethylene-
diaminetetraacetic acid) for 5 min. NE was extracted from the cells using the Dignam
method [56]. The samples were subsequently resolved by Western blotting.

4.6. Immunofluorescence Staining

Immunofluorescence staining was performed as described previously [57,58]. Forty-
eight hours after stimulation with PE, Ang II and ET-1, the cardiomyocyte cytoplasm
was stained with anti-myosin heavy chain (MHC) antibody (Leica Biosystems, Nussloch,
Germany) and Alexa Fluor 555-conjugated anti-mouse IgG (Invitrogen, Carlsbad, CA,
USA), and the nuclei were stained with Hoechst 33258 (Dojinjo, Kumamoto, Japan). Fifty
cardiomyocytes were randomly selected from each group, and the surface area of these
cells was measured with NIH ImageJ software (version 1.52a).

4.7. Luciferase Reporter Activity

Forty-eight hours after plating cardiomyocytes in 6-well plate, culture medium was
replaced with serum-free Dulbecco’s modified Eagle’s medium (DMEM). Then 1.4 µg
pANF-luc or pET-1-luc plasmids were co-transfected with 14 ng pRL-SV40, which contains
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sea pansy Luc cDNA driven by a simian virus 40 promoter using Lipofectamin LTX and
PLUS Reagent (Invitrogen). After a 2-h incubation with DNA-Lipofectamine complex, the
cells were washed twice with serum-free DMEM and then treated with 1 µM sarpogrelate.
Two hours after the treatment, the cells were stimulated with phenylephrine and further
incubated for 48 h. Cell lysate preparation and promoter activity measurement were carried
out as described previously [59,60].

4.8. Western Blotting

Total protein and nuclear fraction were extracted from cardiomyocytes and heart tissue
and Western blotting was performed as previously described [52,55]. Ten µg of each fraction
were resolved by SDS-PAGE. For Western blotting, anti-phospho-ERK1/2 (T202/Y204)
antibody (Cell Signaling Technology, Danvers, MA, USA), anti-ERK1/2 antibody (Cell
Signaling Technology), anti-phospho-GATA4 (S105) antibody (Abcam, Cambridge, United
Kingdom), and anti-GATA4 antibody (Cell Signaling Technology) were used as primary
antibodies, and anti-mouse antibody (MBL, Aichi, Japan) and anti-rabbit antibody (MBL)
were used as secondary antibodies. Western blotting signals were visualized with an
Amersham Imager 680 blot imager (GE Healthcare, Chicago, IL, USA) and quantified with
NHI ImageJ software (version 1.52a).

4.9. ChIP Assay

A ChIP assay was performed as described previously [52,57]. In brief, cardiomyocytes
were treated with formaldehyde to crosslink the DNA-protein complex. Nuclear fractions
were extracted from the cells with nuclear lysis buffer (50 mM Tris-HCl, 140 mM NaCl,
10 mM EDTA, 1% SDS, 1% Triton X100) and sonicated to generate DNA fragmentation.
After that, the target DNA-protein complex was immunoprecipitated with anti-GATA4
antibody (Santa Cruz Biotechnology, Dallas, TX, USA), and the immunocomplexes were
captured by adding protein G beads (Santa Cruz Biotechnology). DNA was purified
with a phenol-chloroform extraction and precipitated with ethanol. After the ChIP assay,
quantitative real-time PCR was performed. Goat IgG (Santa Cruz Biotechnology) was used
as a negative control for the assay.

4.10. Transverse Aortic Constriction and Drug Treatment

TAC surgery was performed as described previously [54,57]. In brief, C57BL/6J
male mice (8 weeks old) were anesthetized with 1.0–1.5% isoflurane. The pleura was
incised to the second rib, and the aortic arch was ligated using a 7-0 nylon suture ligature
with a 27-gauge needle. One day after the surgery, the mice were randomly assigned to
three groups: vehicle (Milli-Q water), 1 mg/kg sarpogrelate, and 5 mg/kg sarpogrelate.
Sarpogrelate was dissolved with Milli-Q water and administrated orally by gastric gavage
once a day for 8 weeks.

4.11. Echocardiography

Echocardiography was performed at 8 weeks after surgery as described previously [61,62].
In short, mice were anesthetized with 1.0–1.5% isoflurane, and two-dimensional (2D) im-
ages of the left ventricle and cardiac function were obtained with a 10–12 MHz probe and a
Sonos 5500 Ultrasound System (Philips, Amsterdam, The Netherlands). Interventricular
septum thickness at end-diastole (IVSd), left ventricular internal diameter end-diastole
(LVIDd), left ventricular internal diameter end-systole (LVIDs), and left ventricular poste-
rior wall thickness (LVPWT) were obtained from M-mode recordings. FS and LV mass were
calculated as (LVIDd − LVIDs)/LVIDd × 100 (%) and 1.055 [(IVSd + LVIDd + LVPWT)3 −
(LVIDd)3], respectively. LVMI is represented as the ratio of LV mass to tibia length.

4.12. Histological Analysis

FITC-conjugated WGA and MT staining were performed as described previously [57,62].
WGA-stained slices were photographed with a fluorescence microscope (LSM 510 META,
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Zeiss, Oberkochen, Germany), and the surface areas of 50 cardiomyocytes were measured
with NIH ImageJ software (version 1.52a). The blood vessels in the MT-stained slices
were photographed and perivascular fibrosis area was quantified using Adobe Photoshop
Elements 2018 and NIH ImageJ software (version 1.52a).

4.13. Real-Time PCR

Real-time PCR was performed as previously described [57,63]. Rat ANF (forward, 5′-
ATCACCAAGGGCTTCTTCCT -3′; reverse, 5′- CCTCATCTTCTACCGGCATC -3′) and rat
BNP (forward, 5′-TTCCGGATCCAGGAGAGACTT-3′; reverse, 5′-CCTAAAACAACCTC-
AGCCCGT-3′) were used as primers of the hypertrophic response genes. The DNA levels
of 5-HT2A receptor and TPH1 and TPH2were quantified using the following primers: rat 5-
HT2A receptor (forward, 5′-AACGGTCCATCCACAGAG-3′; reverse, 5′-AACAGGAAGAA-
CACGATGC-3′), rat TPH1 (forward, 5′-AGCATAACCAGCGCCATGAA-3′; reverse, 5′-
GGCATCATTGACGACATCGAG-3′), and rat TPH2 (forward, 5′-GCCATGACACAGAAA-
GTTGTTG-3′; reverse, 5′- -3′). As internal controls, rat 18S (forward, 5′-CTTAGAGGGACA-
AGGGCG-3′; reverse, 5′-GGACATCTAAGGGCATCACA-3′) and rat GAPDH (forward,
5′-TTGCCATCAACGACCCCTTC-3′; reverse, 5′-TTGTCATGGATGACCTTGGG-3′) were
used. The ANF, BNP, and 18S primers have sequence homologies between rat and mice.

4.14. Statistics

Parameters are shown as mean± SEM. One-way analysis of variance (1-way ANOVA)
and a Tukey–Kramer test were applied to determine the significance of the results. In
addition, a Student independent t-test was conducted to compare results between two
groups (control vs PE). A p value of < 0.05 was considered statistically significant.

5. Conclusions

This study suggests that sarpogrelate suppresses cardiomyocyte hypertrophy by
inhibiting the ERK1/2–GATA4 signaling pathway, and that, in a mouse model of heart
failure, sarpogrelate prevents the development of heart failure in both a 5-HT2A receptor-
dependent and independent manner.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph14121268/s1, Figure S1: Knockdown of the 5-HT2A receptor did not affect the anti-
hypertrophy effect of sarpogrelate on PE-induced cardiomyocyte hypertrophy.
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