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Abstract: Ecklonia stolonifera Okamura extract (ESE) has been reported to have various bioactive
effects, but its effects on cardiovascular disease have not yet been investigated. First, primary neonatal
rat cultured cardiomyocytes were treated with ESE and stimulated with phenylephrine (PE) for 48 h.
ESE (1000 µg/mL) significantly suppressed PE-induced cardiomyocyte hypertrophy, hypertrophy-
related gene transcription, and the acetylation of histone H3K9. An in vitro p300-HAT assay indicated
that ESE directly inhibited p300-HAT activity. Next, one week after myocardial infarction (MI) surgery,
rats (left ventricular fractional shortening (LVFS) < 40%) were randomly assigned to three groups:
vehicle (saline, n = 9), ESE (0.3 g/kg, n = 10), or ESE (1 g/kg, n = 10). Daily oral administration was
carried out for 8 weeks. After treatment, LVFS was significantly higher in the ESE (1 g/kg) group
than in the vehicle group. The ESE treatments also significantly suppressed MI-induced increases in
myocardial cell diameter, perivascular fibrosis, hypertrophy- and fibrosis-related gene transcription,
and the acetylation of histone H3K9. These results suggest that ESE suppressed both hypertrophic
responses in cardiomyocytes and the development of heart failure in rats by inhibiting p300-HAT
activity. Thus, this dietary extract is a potential novel therapeutic strategy for heart failure in humans.

Keywords: Ecklonia stolonifera Okamura; heart failure; myocardial infarction; p300; HAT activity

1. Introduction

Heart failure (HF) is a clinical syndrome caused by a structural and/or functional
cardiac abnormality, resulting in reduced cardiac output and elevated intracardiac pressure
at rest or during stress [1]. The incidence of HF increases with age, and the number
of patients with HF is increasing rapidly along with the aging of the population [2], so
addressing this problem is of great social and clinical importance.

When the heart is stressed, the sympathetic nervous system and the renin-angiotensin
system are activated, and these factors act on the heart to cause hypertrophy in individual
cardiomyocytes [3,4]. These factors bind to receptors on the cell surface and, through
intracellular signaling pathways, eventually reach the cardiomyocyte nucleus. In the
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nucleus, the histone acetyltransferase (HAT) activity of the transcriptional coactivator
p300 is increased. This enhances the acetylation of the histone H3K9 and activates the
transcription of hypertrophy-related genes [5–7].

Drugs that have been used to treat HF include beta-adrenergic receptor blockers,
angiotensin II receptor blockers, and angiotensin-converting enzyme inhibitors, which act
upstream in the signaling pathway that has been enhanced by stress [1,8–11]. However,
even with the use of these drugs, the mortality rate of HF is still high, with approximately
50% of patients dying within 5 years of initial diagnosis [12,13]. There is a pressing need to
develop new drugs for the treatment and prevention of HF.

Many types of algae have been traditionally used as foods in Japan, a country com-
pletely surrounded by ocean. As algae are rich in minerals and dietary fiber, and they
are considered to be a healthy food. [14]. Ecklonia stolonifera Okamura (E. stolonifera), a
perennial brown alga, is a member of the family Laminariaceae, belonging to the order Lam-
inariales [15]. It grows mainly in the Sea of Japan [14]. E. stolonifera contains compounds
such as phlorotannins [15], fucoxanthin [16], and alginic acid [17]. Phlorotannins, the main
components of E. stolonifera, are a type of polyphenol. E. stolonifera contains the phlorotan-
nins eckol, diekcol, phlorofucofuroeckol A, and eckstolonol [15]. Various bioactive effects
of E. stolonifera have been reported, including antioxidant [18], anti-inflammatory [19], anti-
diabetic [14,20], hepatoprotective [21], anti-obesity [22], and anti-tyrosinase effects [18].

While E. stolonifera has been reported to have various bioactive effects, its effects
on cardiovascular disease have not yet been investigated. In this study, we investigate
whether E. stolonifera extract (ESE) suppresses both hypertrophic responses in primary
cultured neonatal rat cardiomyocytes and the development of HF in rats with myocardial
infarction (MI).

2. Materials and Methods
2.1. Materials

ESE was provided by UNIAL Co., Ltd. (Tokyo, Japan) and stored at 4 ◦C. ESE was
dissolved in distilled water, filtered, and then used in experiments.

2.2. Animal Experiments

Neonatal Sprague-Dawley (SD) rats were purchased from Japan SLC Inc. (Shizuoka,
Japan). 7- to 8-week-old male SD rats were purchased from Japan CLEA Japan, Inc. (Tokyo,
Japan). All animal experiments were performed according to the Guide for the Care and
Use of Laboratory Animals published by the University of Shizuoka and the Kyoto Medical
Center. This study was approved by the Ethics Committee of the University of Shizuoka
(US176278 for primary cultured cardiomyocytes, US176279 for animal experiments) and
the Kyoto Medical Center (KMC30-26-2 for animal experiments) in Japan.

2.3. Primary Cultured Neonatal Rat Cardiomyocytes

Primary cultured neonatal rat cardiomyocytes were isolated and seeded from 1- to
2-day-old SD rats as described previously [23,24]. Briefly, these cells were treated either
with 100, 300, or 1000 µg/mL of ESE, or with saline as a vehicle control, for 2 h, and then
stimulated with 30 µM phenylephrine (PE) for 48 h.

2.4. Immunofluorescence Staining

Immunofluorescence staining was performed as described previously [25]. Briefly,
cardiomyocytes were fixed by 3.7% paraformaldehyde for 10 min and incubated with mouse
anti-α-actinin antibody (Sigma-Aldrich, Saint Louis, MO, USA) for 1 h. After washing,
these cells were incubated with Alexa Fluor 555-conjugated goat anti-mouse IgG secondary
antibody (Thermo Fisher Scientific, Carlsbad, CA, USA) and Hoechst 33,258 (Dojindo,
Kumamoto, Japan) for 1 h. After further washing, 300 α-actinin-positive cardiomyocyte
surface areas were automatically measured by ArrayScanTM (Thermo Fisher Scientific,
Carlsbad, CA, USA).
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2.5. Quantitative Reverse Transcription PCR

Quantitative reverse transcription PCR (RT-PCR) was performed as described pre-
viously [23,24]. In brief, the extraction of total RNA from cardiomyocytes and the left
ventricles (LV) of rats was performed using TRIzol reagent (Invitrogen, Waltham, MA,
USA). The synthesis of cDNA was performed using ReverTra Ace® qPCR RT Master Mix
(Toyobo, Osaka, Japan). Quantitative RT-PCR was performed with a LightCycler 96 Real-
Time PCR System (Roche, Rotkreuz, Switzerland) using KOD SYBR qPCR Master Mix
(Toyobo). The relative values of target genes were calculated using the ∆∆CT method and
normalized using rat HPRT1 genes as an internal control. Primers used for quantitative
RT-PCR are shown in Supplemental Table S1.

2.6. Western Blotting

Histone fractions were isolated from primary cultured neonatal rats and SD rats as
described previously [23,26]. The fractions were subjected to SDS-PAGE followed by West-
ern blotting. Anti-acetyl-histone H3K9 (#9649, Cell Signaling Technology, Danvers, MA,
USA) and anti-histone H3 (#4499, Cell Signaling Technology, USA) antibodies were used for
Western blotting. Chemiluminescent signals were visualized using an Amersham Imager
680 (GE Healthcare Life Science, São Paulo, SP, Brazil) and quantified with Image J (1.52v).

2.7. In Vitro p300-HAT Assay

In Vitro p300-HAT assays were performed using purified p300-HAT recombinant
domain (residues 1284–1674) as described previously [27]. Then, 5 µg of histone from
calf thymus (Worthington, Columbus, OH, USA) was incubated in HAT buffer with a
p300-HAT recombinant domain in the presence or absence of ESE at room temperature for
30 min, followed by the addition of 1 µL acetyl-CoA for 1 h in a 20 µL reaction mixture.
To the mixture was added to 6.6 µL 4× SDS-PAGE sample buffer, then the mixture was
boiled for 10 min, and then subjected to Western blotting using anti-histone H3K9 and
anti-histone H3 antibodies. The 50% inhibitory concentration (IC50) was calculated from
the concentration–response curve.

2.8. MI Surgery

Eight-week-old male SD rats (250–300 g) were anaesthetized with 10% chloral hydrate,
and their limbs were fixed to a plate. MI was created in these rats by ligating the proximal
left anterior descending (LAD) coronary artery through a left thoracotomy, as described
previously [28]. The same surgical procedure was performed in sham-surgery rats in which
the LAD coronary artery was not ligated. At 1 week after surgery, the cardiac function of
all surviving rats was noninvasively evaluated by echocardiography using a 10–12 MHz
phased-array transducer (model 21380A) with an HP Sonos 5500 imaging system (Agilent
Technologies, Santa Clara, CA, USA), as described previously [29]. The left ventricular
internal diameter at end-diastole (LVIDd), the posterior wall diameter (PWD), and the LV
fractional shortening (LVFS) were measured with M-mode tracings from the short-axis
view of the LV at the papillary muscle level. All measurements were performed in a
blinded fashion according to the guidelines of the American Society for Echocardiology and
averaged over three consecutive cardiac cycles. Pulse rate (PR), diastolic blood pressure
(DBP), and systolic blood pressure (SBP) were measured in all surviving rats with the
tail-cuff method (BP-98A, Softron, Tokyo, Japan).

2.9. Treatment

At 1 week after MI surgery, MI rats with FS <40% were randomly assigned to four
groups: Group I (n = 6) comprised sham-surgery rats with vehicle treatment (1% gum
arabic) as a control. Groups II–IV comprised MI rats with vehicle (n = 9), ESE (0.3 g/kg/day,
n = 10), and ESE (1 g/kg/day, n = 10). Daily oral administration using a sonde was carried
out for 8 weeks. ESE was suspended in 1% gum arabic solution. We administrated about
250 mg ESE in 2 mL 1% gum arabic solution to rats with a body weight (BW) of 250 g.
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Although ESE was not completely dissolved in the 1% gum arabic solution, administrating
it to rats using a sonde proceeded smoothly.

2.10. Histological Analysis

The rats were euthanized, and their hearts were isolated and cut into two transverse
slices at the mid-level of the papillary muscles. The heart tissues were fixed in 10% forma-
lin, embedded in paraffin, sliced into 5 µm thick sections, and stained with hematoxylin
eosin (HE) and picrosirius red (PSR) as described previously [23]. The sections were de-
paraffinized and incubated with PSR (1.2% picric acid (FUJIFILM Wako Pure Chemicals
Corporation, Osaka, Japan)), 0.1% Direct Red 80 Plus (Sigma-Aldrich, Saint Louis, MO,
USA), and 0.1% Fast Green FCF (Sigma-Aldrich, Saint Louis, MO, USA)) for 60 min while
being protected from light. Quantitative assessments of cross-sectional myocardial cell
diameter and perivascular fibrosis area were carried out as previously described [23]. HE-
stained and PSR-stained sections were photographed using an Eclipse 80i microscope
(Nikon, Tokyo, Japan). At least 50 myocardial cells with a nucleus were evaluated, and
their diameter was measured using ImageJ software. Areas of perivascular fibrosis were
measured using ImageJ software, and the resulting value divided by the area of the in-
tramyocardial coronary artery was regarded as the relative vascularized fibrosis area. The
scale of the measured intramyocardial coronary artery was more than 50 µm in each rat.

2.11. Statistical Analysis

Results are presented as the mean ± SE. Statistical comparisons were performed
using one-way ANOVA with the Tukey–Kramer test for post hoc multiple comparison
(Stat View 5.0 software, SAS Institute Inc., Cary, NC, USA). p < 0.05 was considered
statistically significant.

3. Results
3.1. ESE Suppressed PE-Induced Hypertrophic Responses in Cardiomyocytes

To investigate whether ESE suppresses PE-induced cardiomyocyte hypertrophy, pri-
mary cultured cardiomyocytes were treated with 100, 300, or 1000 µg/mL of ESE for 2 h and
then stimulated with 30 µM PE for 48 h. As shown in Figure 1A,B, ESE dose-dependently
inhibited PE-induced cardiomyocyte hypertrophy. The results of quantitative RT-PCR
revealed that ESE significantly suppressed PE-induced increases in the transcription of
ANF and BNP (Figure 1C,D). Western blotting showed that ESE also suppressed a PE-
induced increase in acetylation of histone H3K9 (Figure 1E,F). These results indicate that
ESE suppressed PE-induced hypertrophic responses in cardiomyocytes at least in part by
inhibiting p300-HAT activity.

3.2. ESE Inhibited p300-HAT Activity In Vitro

To determine whether ESE directly inhibits p300-HAT activity, we performed an
in vitro p300-HAT assay using a recombinant p300-HAT domain (1284–1674) in addition
to ESE. The results of this assay, shown in (Figure 2A), indicated that the acetylation of
histone H3K9 was significantly inhibited by ESE. The IC50 value of ESE was calculated from
sigmoid dose–response curves with variable slopes (Figure 2B), resulting in an estimated
value of 505 µg/mL. These results suggest that ESE directly inhibited p300-HAT activity.

3.3. ESE Improved MI-Induced Systolic Disfunction in Rats

A rat MI model was used to determine whether ESE suppresses the development
of heart failure in vivo. One week after MI surgery, surviving rats with moderate MI
(FS < 40%) were subjected to echocardiographic and hemodynamic parameter measure-
ments and then divided into three groups: ESE (0.3 g/kg/day), ESE (1 g/kg/day), and
vehicle (1% gum arabic) as a control (Table 1). MI surgery decreased LVFS and enlarged
LVIDd compared to sham surgery. There were no differences in LVIDd, PWD, LVFS, SBP,
DBP, HR, or BW among the three MI groups before administration. Daily oral administra-



Nutrients 2022, 14, 580 5 of 13

tion was carried out for 8 weeks. Representative echocardiography images are shown in
Figure 3A, and echocardiographic and hemodynamic parameters in Table 2. At 8 weeks
after treatment, the vehicle group had significantly decreased LVFS and increased PWD.
These changes were improved by ESE treatment. The vehicle group also showed significant
increases in calculated LV mass index and heart weight to tibia length (HW/TL) ratio,
and these increases were also reduced by ESE treatment (Figure 3B,C). Representative
images of PSR-stained sections of LV myocardium are shown in Figure 3D. There was no
difference among the three groups in infarct size (15.2%–16.1%, Table 2). These results
indicate that ESE treatment significantly suppressed cardiac hypertrophy and preserved
systolic function in rats after MI.
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Figure 1. PE-induced hypertrophic responses were suppressed by ESE treatment in cardiomyocytes.
Primary cultured cardiomyocytes were treated with 100, 300, or 1000 µg/mL ESE and stimulated
with 30 µM PE. (A) Immunofluorescence staining was performed using anti-α-actinin antibodies
and Alexa Fluor 555-labeled anti-mouse IgG. Scale bar: 20 µm. (B) Cardiomyocyte surface area
measurements. All data are presented as the mean ± SEM of three individual experiments. (C,D)
Total RNA was extracted from the cells, and quantitative RT-PCR was performed for (C) ANF, (D)
BNP, and HPRT1. Data are presented as the mean ± SEM of three individual experiments. (E) Histone
fractions isolated from the cells were subjected to Western blotting using anti-acetyl-histone H3K9
antibodies and anti-histone H3 antibodies. (F) Quantified levels of acetylated histone H3K9 and total
histone H3. Data are presented as the mean ± SEM of three individual experiments.
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Figure 2. The effect of ESE on p300-HAT activity in vitro. (A) Samples were subjected to Western
blotting with anti-acetyl-histone H3K9 antibodies and anti-histone H3 antibodies. Shown are quanti-
fied levels of acetylated histone H3K9 and total histone H3. Data are presented as the mean ± SEM of
three individual experiments. (B) Concentration–response curve obtained by plotting acetyl-histone
H3K9/histone H3 vs. common logarithm (concentrations). The IC50 value of ESE was 505 µg/mL.
Quantified values of ESE are presented as the mean ± SEM of three individual experiments.

Table 1. Echocardiographic and hemodynamic parameters at 1 week after MI surgery.

Sham MI

Vehicle Vehicle ESE 0.3 g/kg ESE 1 g/kg

LIVIDd (mm) 6.11 ± 0.21 8.26 ± 0.25 ** 7.90 ± 0.24 ** 7.75 ± 0.17 **

PWD (mm) 2.80 ± 0.10 2.78 ± 0.06 2.75 ± 0.11 2.82 ± 0.09

LVFS (%) 63.3 ± 3.9 25.3 ± 1.6 ** 26.1 ± 1.1 ** 25.9 ± 1.1 **

SBP (mmHg) 96 ± 6 99 ± 3 97 ± 4 98 ± 3

DBP (mmHg) 78 ± 2 74 ± 4 62 ± 6 72 ± 3

HR (bpm) 458 ± 15 445 ± 14 451 ± 10 466 ± 12

BW (g) 368 ± 11 372 ± 5 368 ± 8 347 ± 5
** p < 0.01 versus sham + vehicle. LVIDd, left ventricular internal diameter end-diastole; PWD, posterior
wall diameter; FS, fractional shortening; SBP, systolic blood pressure; DBP, diastolic BP; HR, heart rate; BW,
body weight.
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Figure 3. MI-induced systolic dysfunction was improved by ESE treatment in vivo. Cardiac func-
tion was measured by echocardiography at 8 weeks after treatment. (A) Representative images
of echocardiography. (B) MI-induced increase in LV mass index was significantly suppressed by
1 g/kg of ESE. Data are presented as the mean ± SEM. (C) MI-induced increase in HW/TL was
significantly suppressed by 1 g/kg of ESE. (D) Representative photographs of PSR-stained sections
of LV myocardium from sham and MI rats. Scale bar: 2 mm.

Table 2. Echocardiographic and hemodynamic parameters at 9 weeks after MI surgery.

Sham MI

Vehicle Vehicle ESE 0.3 g/kg ESE 1 g/kg

LIVIDd (mm) 6.62 ± 0.12 9.64 ± 0.40 ** 8.96 ± 0.38 ** 8.77 ± 0.24 **

PWD (mm) 2.32 ± 0.13 3.18 ± 0.07 ** 2.90 ± 0.11 * 2.56 ± 0.09 ##

LVFS (%) 58.2 ± 1.8 16.6 ± 1.3 ** 18.1 ± 1.8 ** 23.3 ± 0.7 **##

SBP (mmHg) 102 ± 4 104 ± 3 107 ± 3 108 ± 3

DBP (mmHg) 84 ± 16 75 ± 3 75 ± 5 87 ± 2

HR (bpm) 449 ± 14 460 ± 10 442 ± 10 431 ± 13

BW (g) 628 ± 15 614 ± 13 581 ± 11 562 ± 9 *##

Infarct size (%) - 16.1 ± 1.3 15.5 ± 1.1 15.2 ± 3.6
* p < 0.05, ** p < 0.01 versus sham + vehicle, ## p < 0.01 versus MI + vehicle.
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3.4. ESE Suppressed MI-Induced Cardiac Hypertrophy in Rats

To investigate whether ESE suppresses MI-induced cardiac hypertrophy in rats, HE
staining was performed using sections of LV myocardium. Representative images of HE-
stained cardiomyocytes are shown in Figure 4A. The results of cross-sectional myocardial
cell diameter measurement showed that ESE treatment significantly but not completely sup-
pressed MI-induced cardiomyocyte hypertrophy (Figure 4B). Next, to investigate whether
ESE suppresses MI-induced hypertrophy-related gene transcription in rats, quantitative
RT-PCR was performed. The results indicated that ESE treatment significantly suppressed
the transcription of the hypertrophy-related genes ANF and BNP (Figure 4C,D). These
findings indicate that ESE suppressed MI-induced cardiac hypertrophic responses in rats.Figure. 4
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Figure 4. Cardiac hypertrophy was suppressed by ESE treatment in rats with MI. (A) Representative
images of HE-stained sections of cardiomyocytes from sham and MI rats. Magnification: ×400. Scale
bar: 20 µm. (B) Myocardial cell diameter was measured for at least 50 cells in each rat. Data are
presented as the mean ± SEM. (C,D) Quantitative RT-PCR data for (C) ANF, (D) BNP, and HPRT1.
Data are presented as the mean ± SEM.

3.5. ESE Suppressed MI-Induced Cardiac Fibrosis in Rats

To investigate whether ESE suppresses MI-induced cardiac fibrosis in rats, PSR staining
was performed using sections of LV myocardium. Representative images of PSR-stained
perivascular fibrosis area are shown in Figure 5A. Fibrosis area measurements showed
that ESE treatment significantly suppressed MI-induced perivascular fibrosis (Figure 5B).
Next, to investigate whether ESE suppresses MI-induced fibrotic gene transcription in rats,
quantitative RT-PCR was performed. The results indicated that ESE treatment significantly
suppressed an MI-induced increase in the transcription of the fibrosis-related genes α-SMA
and collagen 1A1 (Figure 5C,D). These results suggest that ESE suppressed MI-induced
cardiac fibrosis in rats.
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Figure 5. Cardiac perivascular fibrosis was suppressed by ESE treatment in rats with MI. (A) Rep-
resentative images of PSR-stained perivascular fibrosis area of LV myocardium from sham and MI
rats. Magnification: ×400. Scale bar: 50 µm. (B) Areas of perivascular fibrosis in the left ventricle
were measured for at least three intramyocardial coronary arteries with a lumen size > 50µm. Data
are presented as the mean ± SEM. (C,D) Quantitative RT-PCR data for (C) α-SMA, (D) Col 1A1, and
HPRT1. Data are presented as the mean ± SEM.

3.6. ESE Suppressed MI-Induced Acetylation of Histone H3K9 in Rats

To investigate whether ESE suppresses the MI-induced acetylation of histone H3K9
in rats, Western blotting was performed using histone fractions from the rat hearts. The
results indicated that ESE treatment significantly suppressed the MI-induced acetylation of
histone H3K9 (Figure 6A,B).
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histone H3. Data are presented as the mean ± SEM.
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4. Discussion

This study found that ESE suppressed both PE-induced cardiomyocyte hypertrophic
response in primary cultured cardiomyocytes as well as cardiac hypertrophy and left
ventricular systolic dysfunction in MI rats. This finding is in line with our previous
reports that natural compounds such as curcumin and metformin inhibit cardiomyocyte
hypertrophic response and the development of heart failure.

In the present study, the findings of our in vitro p300-HAT, cultured cardiomyocyte,
and MI rat model experiments suggest that ESE inhibits p300-HAT activity. We previously
reported that curcumin and metformin specifically inhibit p300 HAT activity [7,25]. In
that study, an in vitro p300-HAT assay showed that the IC50 of curcumin was 9.4 µM
(3.4 µg/mL) [30]. In the present study, the in vitro p300-HAT assay showed that ESE
inhibited the HAT activity of p300 in a concentration-dependent manner, with an IC50 of
505 µg/mL.

In addition, our previous studies found that curcumin inhibits the PE- and MI-
induced acetylation of histone H3K9, which in turn inhibits the transcriptional activity
of hypertrophy-related genes, cardiomyocyte hypertrophy, and the progression of heart
failure [23]. In the present study, ESE also inhibited the PE- and MI-induced acetylation
of histone H3K9 and suppressed cardiomyocyte hypertrophy and left ventricular systolic
dysfunction, suggesting that ESE, like curcumin, may be a novel preventive and therapeutic
agent for heart failure. However, as the IC50 of ESE for the inhibition of p300-HAT activity
is much higher than that of curcumin, ESE requires administration in larger doses than the
other compounds. This is because ESE is an extract containing a variety of compounds. A
dose of 1 g/kg/day inhibited the progression of heart failure in MI rats; however, using
this dose in clinical practice would require a 60 kg adult to consume 60 g of ESE per day, a
dose that is far too high for practical use. Therefore, further research is needed to identify
and extract the active components of ESE that inhibit p300-HAT activity and to improve
the formulation of ESE in order to reduce the required dose.

Inflammation is known to be involved in the progression of heart failure. The release
of inflammatory cytokines such as TNF-α, IL-1β, IL-6, and IL-8, and the production of
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), can lead to cardiac
hypertrophy and impaired cardiac function [31–34]. Oxidative stress is also involved in the
progression of heart failure, with excessive production of reactive oxygen species leading
to cardiomyocyte hypertrophy and mitochondrial dysfunction [35–37]. E. stolonifera is
rich in phlorotannins, which have been reported to have antioxidant effects that inhibit the
production of reactive oxygen species [18,38]. Among the phlorotannins, florofucofuroecol-
A has been shown to have not only antioxidant effects, but also anti-inflammatory effects via
the suppression of iNOS and COX-2 expression [19]. Fucoxanthin, a carotenoid, has been
reported to have both anti-inflammatory effects via the suppression of iNOS expression and
antioxidant effects via the inhibition of reactive oxygen species generation [39,40]. These
findings suggest that, in addition to inhibiting p300-HAT activity, ESE may inhibit the
progression of heart failure by exerting anti-inflammatory and antioxidant effects.

In this study, ESE inhibited perivascular fibrosis and the transcription of fibrosis-
related genes in MI rats, suggesting that it inhibits fibrotic response after MI. Previous
reports have shown that myocardial infarction causes reparative fibrosis, in which car-
diomyocytes in the infarcted area become necrotic and are eventually replaced by fibroblasts
and collagen fibers. This increase in the extracellular matrix in response to fibrosis causes
a decrease in the diastolic and contractile capacities of the heart, thereby contributing to
the transition to heart failure [41–43]. On the other hand, chronic stress-induced cardiac
hypertrophy continuously activates fibroblasts, resulting in reactive fibrosis of the intersti-
tium without cardiomyocyte shedding [44,45]. ESE may suppress this reactive fibrosis by
inhibiting cardiomyocyte hypertrophy. In addition, inflammatory factors that are activated
during the progression of heart failure are also involved in fibrosis [46]. This suggests
that ESE may suppress fibrosis due to its suppression of inflammatory factors activated by
stress due to myocardial infarction. It has also been reported that fucoxanthin inhibits a
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fibrotic response induced by TGF-β1 stimulation in nasal polyp-derived fibroblasts [47],
suggesting that the anti-fibrotic effect of fucoxanthin may have contributed to the fibrotic
response after MI in the present study. Further studies using cultured cardiac fibroblasts
are needed to clarify whether or not ESE has an anti-fibrotic effect.

This study did not find any adverse effects of ESE. Daily oral administration of l g/kg
of ESE for 8 weeks to MI rats did not cause any adverse effects or any difference in liver or
kidney weight compared to the control. In addition, a repeated-dose toxicity study and
a micronucleus study of ESE at a dose of 2 g/kg confirmed its safety. Furthermore, we
believe that the hurdle for the clinical application of ESE is low due to the fact that it is
used as a food.

In conclusion, this study found that ESE suppressed both cardiomyocyte hypertrophic
response and the progression of heart failure after myocardial infarction in a rat model
of MI. Further detailed studies may lead to the use of ESE as a novel preventive and
therapeutic agent for heart failure.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu14030580/s1, Table S1: Primers used for quantitative RT-PCR.

Author Contributions: Conceptualization, Y.S. and T.M. (Tatsuya Morimoto); methodology, Y.S.;
writing—original draft preparation, T.K. and T.M. (Tatsuya Maekawa); writing—review and editing,
Y.S. and T.M. (Tatsuya Morimoto); writing—language editing, P.H.; investigation, T.K., Y.S., T.M.
(Tatsuya Maekawa), M.F., S.S. and K.S.; visualization, T.K. and T.M. (Tatsuya Maekawa); formal
analysis, T.K. and T.M. (Tatsuya Maekawa); data curation, T.K. and Y.K.; resources, H.H., M.K., K.M.
and K.H.; supervision, K.M., K.H. and T.M. (Tatsuya Morimoto); project administration, T.M. (Tatsuya
Morimoto). All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Japan Science and Technology Agency (Y.S., 24890191;
K.H., 15K09108; and T.M. (Tatsuya Morimoto), 26460071), Takeda Science Foundation (Y.S.), the
Cardiovascular Research Fund (Y.S.), and Japan Heart Foundation Research Grant (Y.S.).

Institutional Review Board Statement: All animal experiments were approved and carried out
according to the Guide for the Care and Use of Laboratory Animals by the Institute of Labora-
tory Animal Care and Use Committee, University of Shizuoka (US176278 for primary cultured
cardiomyocytes, US176279 for animal experiments) and Kyoto Medical Center (KMC30-26-2 for
animal experiments) in Japan.

Informed Consent Statement: No applicable.

Data Availability Statement: The data in this study are available on request from the corresponding authors.

Acknowledgments: We thank Hiroko Mochizuki for her excellent technical assistance.

Conflicts of Interest: H.H. is an employee of UNIAL Co. Ltd. Although he provided the extract from
Ecklonia stolonifera for this experiment, he was not involved in the design, execution, or interpretation
of the results of the study. The other authors declare no conflict of interest.

References
1. Ponikowski, P.; Voors, A.A.; Anker, S.D.; Bueno, H.; Cleland, J.G.; Coats, A.J. 2016 ESC Guidelines for the diagnosis and treatment

of acute and chronic heart failure: The Task Force for the diagnosis and treatment of acute and chronic heart fail-ure of the
European Society of Cardiology (ESC). Developed with the special contribution of the Heart Failure Association (HFA) of the
ESC. Eur. J. Heart Fail. 2016, 18, 891–975.

2. Okumura, T.; Sawamura, A.; Murohara, T. Palliative and end-of-life care for heart failure patients in an aging society. Korean J.
Intern. Med. 2018, 33, 1039–1049. [CrossRef]

3. Post, S.R.; Hammond, H.K.; Insel, P.A. Beta-adrenergic receptors and receptor signaling in heart failure. Annu. Rev. Pharmacol. Toxicol.
1999, 39, 343–360. [CrossRef]

4. Curtiss, C.; Cohn, J.N.; Vrobel, T.; Franciosa, J.A. Role of the renin-angiotensin system in the systemic vasoconstriction of chronic
congestive heart failure. Circulation 1978, 58, 763–770. [CrossRef]

5. Ogryzko, V.; Schiltz, R.; Russanova, V.; Howard, B.H.; Nakatani, Y. The Transcriptional Coactivators p300 and CBP Are Histone
Acetyltransferases. Cell 1996, 87, 953–959. [CrossRef]

6. Yanazume, T.; Hasegawa, K.; Morimoto, T.; Kawamura, T.; Wada, H.; Matsumori, A.; Kawase, Y.; Hirai, M.; Kita, T. Cardiac p300
Is Involved in Myocyte Growth with Decompensated Heart Failure. Mol. Cell. Biol. 2003, 23, 3593–3606. [CrossRef]

https://www.mdpi.com/article/10.3390/nu14030580/s1
https://www.mdpi.com/article/10.3390/nu14030580/s1
http://doi.org/10.3904/kjim.2018.106
http://doi.org/10.1146/annurev.pharmtox.39.1.343
http://doi.org/10.1161/01.CIR.58.5.763
http://doi.org/10.1016/S0092-8674(00)82001-2
http://doi.org/10.1128/MCB.23.10.3593-3606.2003


Nutrients 2022, 14, 580 12 of 13

7. Miyamoto, S.; Kawamura, T.; Morimoto, T.; Ono, K.; Wada, H.; Kawase, Y. Histone acetyltransferase activity of p300 is re-quired
for the promotion of left ventricular remodeling after myocardial infarction in adult mice in vivo. Circulation 2006, 13, 679–690.
[CrossRef]

8. Waagstein, F.; Hjalmarson, A.; Varnauskas, E.; Wallentin, I. Effect of chronic beta-adrenergic receptor blockade in congestive
cardiomyopathy. Heart 1975, 37, 1022–1036. [CrossRef]

9. Packer, M.; Coats, A.S.; Fowler, M.B.; Katus, H.A.; Krum, H.; Mohacsi, P.; Rouleau, J.L.; Tendera, M.; Castaigne, A.; Roecker, E.B.;
et al. Effect of Carvedilol on Survival in Severe Chronic Heart Failure. N. Engl. J. Med. 2001, 344, 1651–1658. [CrossRef]

10. Young, J.B. Angiotensin-converting enzyme inhibitors in heart failure: New strategies justified by recent clinical trials.
Int. J. Cardiol. 1994, 43, 151–163. [CrossRef]

11. Pitt, B. Therapy of left ventricular dysfunction: Implications of recent therapeutic trials and future directions for therapy.
Schweiz. Med. Wochenschr. 1993, 123, 342–348.

12. Riehle, C.; Bauersachs, J. Small animal models of heart failure. Cardiovasc. Res. 2019, 115, 1838–1849. [CrossRef]
13. Levy, D.; Kenchaiah, S.; Larson, M.G.; Benjamin, E.J.; Kupka, M.J.; Ho, K.K. Long-term trends in the incidence of and survival

with heart failure. N. Engl. J. Med. 2002, 347, 1397–1402. [CrossRef]
14. Iwai, K. Antidiabetic and antioxidant effects of polyphenols in brown alga Ecklonia stolonifera in genetically diabetic KK-A(y)

mice. Plant Foods Hum. Nutr. 2008, 63, 163–169. [CrossRef]
15. Kang, H.S.; Chung, H.Y.; Jung, J.H.; Son, B.W.; Choi, J.S. A New Phlorotannin from the Brown Alga Ecklonia stolonifera. Chem.

Pharm. Bull. 2003, 51, 1012–1014. [CrossRef]
16. Jung, H.A.; Ali, M.Y.; Choi, R.J.; Jeong, H.O.; Chung, H.Y.; Choi, J.S. Kinetics and molecular docking studies of fucosterol and

fucoxanthin, BACE1 inhibitors from brown algae Undaria pinnatifida and Ecklonia stolonifera. Food Chem. Toxicol. 2016, 89, 104–111.
[CrossRef]

17. Odagiri, S.; Kato, Y. Seasonal Changes in Carbohydrate, Amino Acid and Polyphenol Contents of Tsuruarame (Ecklonia sto-lonifera).
Nippon Shokuhin Kagaku Kogaku Kaishi 2014, 61, 268–277. [CrossRef]

18. Manandhar, B.; Wagle, A.; Seong, S.H.; Paudel, P.; Kim, H.-R.; Jung, H.A.; Choi, J.S. Phlorotannins with Potential Anti-tyrosinase
and Antioxidant Activity Isolated from the Marine Seaweed Ecklonia stolonifera. Antioxidants 2019, 8, 240. [CrossRef]

19. Kim, A.-R.; Shin, T.-S.; Lee, M.-S.; Park, J.-Y.; Park, K.-E.; Yoon, N.-Y.; Kim, J.-S.; Choi, J.-S.; Jang, B.-C.; Byun, D.-S.; et al.
Isolation and Identification of Phlorotannins from Ecklonia stolonifera with Antioxidant and Anti-inflammatory Properties.
J. Agric. Food Chem. 2009, 57, 3483–3489. [CrossRef]

20. Hara, T.; Yagi, Y.; Sensui, N. Effect of Seametaherbline on Blood Glucose Levels in Sucrose-loaded Rats. Food Funct. 2007, 3, 85–90.
21. Lee, M.-S.; Shin, T.; Utsuki, T.; Choi, J.-S.; Byun, D.-S.; Kim, H.-R. Isolation and Identification of Phlorotannins from Ecklonia

stolonifera with Antioxidant and Hepatoprotective Properties in Tacrine-Treated HepG2 Cells. J. Agric. Food Chem. 2012, 60,
5340–5349. [CrossRef]

22. Jin, H.; Lee, K.; Chei, S.; Oh, H.J.; Lee, K.P.; Lee, B.Y. Ecklonia stolonifera Extract Suppresses Lipid Accumulation by Pro-moting
Lipolysis and Adipose Browning in High-Fat Diet-Induced Obese Male Mice. Cells 2020, 9, 871. [CrossRef]

23. Morimoto, T.; Sunagawa, Y.; Kawamura, T.; Takaya, T.; Wada, H.; Nagasawa, A.; Komeda, M.; Fujita, M.; Shimatsu, A.; Kita,
T.; et al. The dietary compound curcumin inhibits p300 histone acetyltransferase activity and prevents heart failure in rats.
J. Clin. Investig. 2008, 118, 868–878. [CrossRef]

24. Suzuki, H.; Katanasaka, Y.; Sunagawa, Y.; Miyazaki, Y.; Funamoto, M.; Wada, H. Tyrosine phosphorylation of RACK1 trig-gers
cardiomyocyte hypertrophy by regulating the interaction between p300 and GATA4. Biochim. Biophys. Acta 2016, 1862, 1544–1557.
[CrossRef]

25. Sunagawa, Y.; Shimizu, K.; Katayama, A.; Funamoto, M.; Shimizu, K.; Sari, N. Metformin suppresses phenylephrine-induced
hypertrophic responses by inhibiting p300-HAT activity in cardiomyocytes. J. Pharmacol. Sci. 2021, 147, 169–175. [CrossRef]

26. Sunagawa, Y.; Morimoto, T.; Takaya, T.; Kaichi, S.; Wada, H.; Kawamura, T. Cyclin-dependent kinase-9 is a component of the
p300/GATA4 complex required for phenylephrine-induced hypertrophy in cardiomyocytes. J. Biol. Chem. 2010, 285, 9556–9568.
[CrossRef]

27. Sunagawa, Y.; Funamoto, M.; Sono, S.; Shimizu, K.; Shimizu, S.; Genpei, M.; Miyazaki, Y.; Katanasaka, Y.; Morimoto, E.; Ueno, M.;
et al. Curcumin and its demethoxy derivatives possess p300 HAT inhibitory activity and suppress hypertrophic responses in
cardiomyocytes. J. Pharmacol. Sci. 2018, 136, 212–217. [CrossRef]

28. Tambara, K.; Sakakibara, Y.; Sakaguchi, G.; Lu, F.; Premaratne, G.U.; Lin, X. Transplanted skeletal myoblasts can fully re-place the
infarcted myocardium when they survive in the host in large numbers. Circulation 2003, 108, 259–263. [CrossRef]

29. Takaya, T.; Wada, H.; Morimoto, T.; Sunagawa, Y.; Kawamura, T.; Takanabe-Mori, R. Left ventricular expression of lec-tin-like
oxidized low-density lipoprotein receptor-1 in failing rat hearts. Circ. J. 2010, 74, 723–729. [CrossRef]

30. Shimizu, K.; Sunagawa, Y.; Funamoto, M.; Wakabayashi, H.; Genpei, M.; Miyazaki, Y.; Katanasaka, Y.; Sari, N.; Shimizu,
S.; Katayama, A.; et al. The Synthetic Curcumin Analogue GO-Y030 Effectively Suppresses the Development of Pressure
Overload-induced Heart Failure in Mice. Sci. Rep. 2020, 10, 7172. [CrossRef]

31. Van Tassell, B.W.; Arena, R.A.; Toldo, S.; Mezzaroma, E.; Azam, T.; Seropian, I.M. Enhanced interleukisn-1 activity contrib-utes to
exercise intolerance in patients with systolic heart failure. PLoS ONE 2012, 7, e33438. [CrossRef]

32. Levine, B.; Kalman, J.; Mayer, L.; Fillit, H.M.; Packer, M. Elevated Circulating Levels of Tumor Necrosis Factor in Severe Chronic
Heart Failure. N. Engl. J. Med. 1990, 323, 236–241. [CrossRef]

http://doi.org/10.1161/CIRCULATIONAHA.105.585182
http://doi.org/10.1136/hrt.37.10.1022
http://doi.org/10.1056/NEJM200105313442201
http://doi.org/10.1016/0167-5273(94)90004-3
http://doi.org/10.1093/cvr/cvz161
http://doi.org/10.1056/NEJMoa020265
http://doi.org/10.1007/s11130-008-0098-4
http://doi.org/10.1248/cpb.51.1012
http://doi.org/10.1016/j.fct.2016.01.014
http://doi.org/10.3136/nskkk.61.268
http://doi.org/10.3390/antiox8080240
http://doi.org/10.1021/jf900820x
http://doi.org/10.1021/jf300157w
http://doi.org/10.3390/cells9040871
http://doi.org/10.1172/JCI33160
http://doi.org/10.1016/j.bbadis.2016.05.006
http://doi.org/10.1016/j.jphs.2021.07.001
http://doi.org/10.1074/jbc.M109.070458
http://doi.org/10.1016/j.jphs.2017.12.013
http://doi.org/10.1161/01.cir.0000087430.17543.b8
http://doi.org/10.1253/circj.CJ-09-0488
http://doi.org/10.1038/s41598-020-64207-w
http://doi.org/10.1371/journal.pone.0033438
http://doi.org/10.1056/NEJM199007263230405


Nutrients 2022, 14, 580 13 of 13
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