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ABSTRACT

Vascular calcification (VC) is induced by a decrease in sirtuin 3 (SIRT3) and superoxide dismutase (SOD)2 and
increases mitochondrial reactive oxygen species (mtROS), eventually leading to mitochondrial dysfunction and
phenotype alterations in vascular smooth muscle cells (VSMCs) into osteoblast-like cells in hypertension. Ecklonia
cava extract (ECE) is known to increase peroxisome proliferator-activated receptor-gamma coactivator-1 alpha
(PGC-1a) and SOD2. In this study, we evaluated the effect of ECE on decreasing VC by increasing PGC-1a which
increased SOD2 activity and decreased mtROS in an in vitro VSMC model of treating serums from Wistar Kyoto
(WKY), spontaneous hypertensive rats (SHRs), and ECE-treated SHRs. Furthermore, the decreasing effect of ECE
on VC was evaluated with an in vivo SHR model. PGC-1a expression, SIRT3 expression, and SOD2 activity were
decreased by the serum from the SHRs and increased by the serum from the ECE-treated SHRs in the VSMCs.
PGC-1a silencing eliminated those increases. mtROS generation and mitochondrial DNA (mtDNA) damage
increased in the SHRs but decreased with ECE. Mitochondrial fission increased in the SHRs but decreased by ECE.
Mitochondrial fusion, mitophagy, and mitochondrial biogenesis were decreased in the SHRs but increased by
ECE. Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and calcium deposition in the medial layer
of the aorta increased in the SHRs but decreased with ECE. Therefore, ECE decreases VC via the upregulation of
PGC-1a and SIRT3, which increases SOD2 activity. Activated SOD2 decreases mtDNA damage and mtROS
generation, which sequentially decreases NADPH oxidase activity and changes the mitochondrial dynamics,
thereby decreasing VC.

1. Introduction

inflammatory cells [2]. Intimal calcification is usually accompanied by
obstructive arterial disease, including coronary artery disease. However,

Vascular calcification (VC) is a mineral deposition that generally
takes the form of calcium phosphate complexes in the vascular system
[1]. VC is frequently accompanied by diabetes, hypertension, and
chronic kidney disease and is also involved in the progression of these
diseases [1]. VC is not only associated with pathological conditions but
also with normal aging [1].

VC calcification can be classified into two types, depending on the
site of the mineral deposition in the blood vessels: intimal and medial.
Intimal calcification exhibits mineral depositions that are mainly in the
intimal layer and is more related to lipid deposits and the infiltration of
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medial calcification is more related to the transformation of vascular
smooth muscle cells (VSMC) into osteoblast-like cells. Medial calcifica-
tion tends to manifest more in hypertension or diabetes and causes
arterial stiffness rather than obstruction [2].

Arterial stiffness is positively associated with cardiovascular mor-
tality [3]. Various factors are involved in the pathophysiology of VC,
such as inflammatory cytokines, changes in lipid metabolism, and
excessive oxidative stress [4]. Oxidative stress, which originates from an
imbalance between antioxidants and reactive oxygen species (ROS),
promotes VSMC phenotype changes that result in them transforming
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into osteoblast-like cells and that trigger apoptosis [5-7]. Osteoblast-like
cells lead to increased mineral deposition due to the increased expres-
sion of bone morphogenetic protein 2 (BMP2), runt-related transcription
factor 2 (RUNX2), Msh Homeobox 2, and osterix [8-11].

Hypertension might be involved in the development of VC since any
fluctuations in blood pressure (BP) lead to changes in adenosine
triphosphate (ATP) production, the promotion of ROS generation, and
mitochondrial dysfunction in VSMCs. BP fluctuations also lead to
mitochondrial reorganization by altering mitochondrial fission and
fusion proteins, such as mitofusins (MFNs), mitochondrial optic atrophy
protein 1 (OPAl), and dynamin-related protein 1 (DRP1) [12]. The
mitochondrial fission and fusion alternations that are induced by
increased oxidative stress are also related to VC [13]. Moreover, mito-
chondrial dysfunction results in the impairment of adequate ATP gen-
eration, decreased cellular viability, decreased mitochondrial protein
synthesis, and mitophagy alterations. Mitochondrial dysfunction is also
caused by increased mitochondrial ROS (mtROS) generation and mito-
chondrial DNA (mtDNA) damage [14].

Manganese superoxide dismutase 2 (SOD2), a main antioxidant
enzyme in mitochondria, eliminates free radicals and protects cells from
oxidative stress [15,16]. SOD2 activity decreases due to acetylation [17,
18]. Mitochondrial sirtuin 3 (SIRT3), which is a nicotinamide adenine
dinucleotide-dependent mitochondrial protein deacetylase, leads to
SOD2 deacetylation at lysine 68 and increases SOD2 activity [17,19].
SOD2 that has been upregulated due to SIRT3 modulation leads to
decreased mtROS and attenuated VSMC calcification [20]. However,
SIRT3 inhibition results in increased VSMC calcification [20].

Peroxisome proliferator-activated receptor-gamma coactivator-1
alpha (PGC-1a) is a key endogenous activator of SIRT3 and is involved
in decreasing VC by increasing SOD2 [20]. The overexpression of
PGC-1a leads to SOD2 upregulation and decreased mtROS generation
and thus inhibits VSMC migration and decreased neointima formation
[21]. PGC-1a is a transcriptional coactivator of nuclear factor erythroid
2-related factor2 (NRF2) and estrogen receptor-related receptor alpha
(ERRw) [22-25]. In addition, PGC-1a interacts with NFR2 and binds to
the promoter of SIRT3, which consequently increases SIRT3 transcrip-
tion [26].

Ecklonia cava is an edible brown alga that mainly grows in Korea and
Japan [27]. Ecklonia cava extract (ECE), which is enriched in various
polyphenols, primarily phlorotannins, shows many biological activities
[28,29]. The polyphenols in ECE decrease oxidative stress by increasing
NRF2 and SOD2 and decrease obesity-induced renal inflammation by
increasing renal SIRT1, PGC-la, and adenosine monophosphate
(AMP)-activated protein kinase (AMPK) expression [30].

Although studies have shown that ECE has antioxidant effects via
NRF2, SOD2, and PGC-1a modulation, whether ECE attenuates VC by
modulating PGC-1a/NFR2/SIRT3, which leads to increasing SOD2 ac-
tivity and mitochondrial function in hypertension, is unclear. We eval-
uated the effect of ECE on increasing PGC-la/NFR2/SIRT3 and
decreasing mitochondrial dysfunction by reducing mtROS generation
and mtDNA damage and thus decreasing the osteoblast-like phenotype
changes in VSMCs and medial calcification in the aortas of spontaneous
hypertensive rats (SHRs).

2. Materials and methods
2.1. Preparation of ECE

Ecklonia cava was obtained from Aqua Green Technology Co., Ltd.
(Jeju, Korea). For extraction, Ecklonia cava was washed and air-dried at
room temperature for 48 h. It was then ground, and 50% ethanol was
added, followed by incubation at 85 °C for 12 h. The Ecklonia cava
extract (ECE) was filtered, concentrated, sterilized via heating it at
temperatures above 85 °C for 40-60 min, and then spray dried [31].
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2.2. Experiment models

2.2.1. in vitro model

Mouse vascular aortic smooth muscle cells (MOVAS; American Type
Culture Collection, Manassas, VA, USA) were cultured in Dulbecco’s
Modified Eagle’s Medium containing 10% fetal bovine serum and 1%
penicillin/streptomycin. For establishing an in vitro MOVAS model, the
cells were treated with 0.4 mL of serum from water-treated WKY, water-
treated SHR, 150 mg/kg/day ECE-treated SHR for 48 hr at 37 °C in a 5%
CO4 atmosphere incubator.

2.2.2. PGC-1a shRNA transfection to the MOVAS

MOVAS were transfected into PGC-1a shRNA (Cat. SC-38885-SH,
Santa cruz bioltechnology, CA, USA) using Lipofectamine 3000 re-
agent (Cat. L3000001, Invitrogen, CA, USA) following the manufac-
turer’s protocols. Briefly, MOVAS were seeded in 60 mm culture dishes
for 24 hr before transfection. Then, the seeded cells were treated with
PGC-1a shRNA (1 pg) with lipofectamine for 10 hr. After transfection,
the 0.4 mL of serum from water-treated WKY, water-treated SHR, 150
mg/kg/day ECE-treated SHR mice were applied to the cells for 48 hr at
37 °C in a 5% CO; atmosphere incubator.

2.2.3. PGC-1a overexpression to the MOVAS using ZLN0OO5 (PGC-1a
activator)

MOVAS were treated with ZLNOO5 (Cat. SML0802, Sigma-Aldrich,
St. Louis, MO, USA) for PGC-1a overexpression. MOVAS were seeded
in 60 mm culture dishes for 24 hr before overexpression. Then, the
seeded cells were treated with ZLNOO5 (20 pM) for 36 hr. After over-
expression, the 0.4 mL of serum from water-treated WKY, water-treated
SHR, 150 mg/kg/day ECE-treated SHR mice were applied to the cells for
48 hr at 37 °C in a 5% CO5, condition.

2.2.4. in vivo model

Male SHRs (aged 8 weeks, n = 25) and WKY rats (aged 8 weeks, n =
5) were obtained from Orient Bio (Seongnam, Republic of Korea) and
housed at a constant temperature of ~23 °C, relative humidity of 50%,
and in 12/12 hr dark/light cycle. After 1 week for acclimatization, the
SHRs were randomly categorized into four groups. For 4 weeks, all rats
were administered drinking water (WKY/water, SHR/water; n = 5 each)
orally, and the SHRs were orally administered ECE (50 mg/kg/day,
SHR/ECES50, n = 5; 100 mg/kg/day, SHR/ECE100, n = 5; 150 mg/kg/
day, or SHR/ECE150, n = 5). After 4 weeks, the aortas and serum from
all rats were harvested for this study. All experiments were repeated
thrice per rat. All experiments were performed according to the ethical
principles of the Institutional Animal Care and Use Committee of
Gachon University (approval no. LCDI-2019-0121).

2.3. Sample preparation

2.3.1. RNA extraction

RNA extraction was performed according to the manufacturer’s in-
structions. Briefly the cells were homogenized by adding 1 mL of RNAiso
(Cat. 9108, Takara, Tokyo, Japan) to ice using a disposable pestle, and
the homogenates were kept at room temperature for 5 min. Addition-
ally, 0.2 mL of chloroform was added to the samples, which were mixed
via vortexing and then kept at room temperature for 5 min before being
centrifuged at 12,000 x g for 15 min at 4 °C, and once in the aqueous
phase the samples were transferred to new tubes. The aqueous phase
was mixed with 0.5 mL of isopropanol, kept for 10 min at room tem-
perature, and centrifuged at 12,000 x g for 10 min at 4 °C. Then, the
isopropanol was discarded, leaving only the RNA pellet. A 0.5 mL
amount of 70% ethanol was added to the pellet, and it was centrifuged at
7000 x g for 5 min at 4 °C. Then, the supernatant was discarded, air-
dried, and dissolved in 50 pL of diethyl pyrocarbonate-treated water.
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2.3.2. Complementary DNA (cDNA) synthesis

cDNA synthesis (Cat. 6210 A, Takara, Tokyo, Japan) was performed
according to the manufacturer’s instructions. Briefly, the RNA was
quantified by Nanodrop (Thermo scientific, USA). Additionally, 1 pg of
RNA, 1 L of Oligo dT Primer, 1 uL of dNTP Mixture were added to
RNase Free dH50 to make a total volume of 10 uL. The mixture was
incubated for 5 min at 65 °C and cooled down on ice, and 4 pL of 5X
PrimeScript Buffer, 0.5 pL of RNase Inhibitor, 1 pL of PrimeScript RTase,
and 4.5 pL of RNase Free dH,0 were added to make a total volume of 20
pL. The mixture was mixed, incubated for 45 min at 42 °C and then for 5
min at 95 °C, and it was then cooled down on ice.

2.3.3. Protein isolation

The cells and skin tissue were lysed with EzRIPA buffer containing
protease and phosphatase inhibitors (ATTO Corporation, Tokyo, Japan)
and homogenized at 6.0 m/s for 10 cycles (running 40 s, interrupt 60 s)
with a bead homogenizer (BIOPREP-24R, Allsheng Instrument Co., Ltd,
Hangzhou, China). Then, the homogenized samples were sonicated and
centrifuged at 14,000 x g for 20 min at 4 °C. Then, the supernatants
were transferred to a new tube, and the protein was quantified using a
bicinchoninic acid assay kit (BCA kit; Thermo Fisher Scientific, Wal-
tham, MA, USA).

2.3.4. Paraffin-embedded tissue

The aorta tissues were fixed in cold 4% paraformaldehyde (Sigma-
Aldrich, St. Louis, MO, USA) and dissolved in PBS for 24 h. After
washing the fixed aortas in tap water for 30 min, it was dehydrated and
wax infiltrated using a tissue processor (Tissue-Tek VIP® 5 Jr, SAKURA
Finetek, Tokyo, Japan), and then the aortas were embedded using an
embedding machine (Tissue-Tek® TEC™ 6, SAKURA Finetek).

2.4. Quantitative real-time polymerase chain reaction (qQRT-PCR)

gRT-PCR was performed on the cDNA using the CFX384 TouchTM
Real-Time PCR detection system. Briefly, 200 ng of cDNA, 5 pL of SYBR
premix (Cat. RR420A, Takrara, Tokyo, Japan), 0.4 uM forward and
reverse primers (Table S1) were mixed, and the threshold cycle numbers
were determined using CFX ManagerTM software (Bio-rad laboratories,
Hercules, CA, USA).

2.5. Engyme-linked immunosorbent assay (ELISA)

2.5.1. Sandwich ELISA

To measure the PGC-1o-NRF2 binding in the cells and aortas, 96-
well microplates were coated with anti-PGC-1a (Table S2) antibodies
diluted in 100 nM carbonate and bicarbonate-mixed buffer, adjusted to
pH 9.6, and incubated overnight at 4 °C. The microplates were then
washed with phosphate-buffered saline (PBS) containing 0.1% Triton X-
100 (TPBS). The remaining protein-binding sites were blocked using 5%
skim milk for 6 hr at room temperature. After washing with PBS, 30 ug
protein samples were distributed into each well and incubated overnight
at 4 °C. Each well was rinsed with TPBS and then incubated with anti-
NRF2 (Table S2) and diluted in PBS overnight at 4 °C. After washing,
a peroxidase-conjugated secondary antibody (Table S2, Vector Labora-
tories, Burlingame, CA, USA) was loaded for 4 hr at room temperature.
Tetramethylbenzidine solution was added, followed by incubation for
15-20 min at room temperature. The stop solution that was used 2 N
sulfuric acid. Optical density was measured at a wavelength of 450 nm
using a microplate reader (Spectra Max Plus; Molecular Devices, San
Jose, CA, USA).

2.5.2. Indirect ELISA

To measure the compound 8-hydroxy-2'-deoxyguanosine (8-OHdAG;
Table S2) in the cells and aortas, 96-well microplates were coated in 100
nM carbonate and bicarbonate-mixed buffer, adjusted to pH 9.6, and
incubated overnight at 4 °C. The microplates were then washed with
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PBS containing 0.1% Triton X-100 (TPBS). The remaining protein-
binding sites were blocked using 5% skim milk for 6 hr at room tem-
perature. After washing with PBS, 30 pg of protein samples was
distributed into each well and incubated overnight at 4 °C. Each well
was rinsed with TPBS and then incubated with anti-8-OHdG diluted in
PBS overnight at 4 °C. After washing, a peroxidase-conjugated second-
ary antibody (Table S2, Vector Laboratories, Burlingame, CA, USA) was
loaded for 4 h at room temperature. Tetramethylbenzidine solution was
added, followed by incubation for 15-20 min at room temperature. The
stop solution that was used was 2 N sulfuric acid. Optical density was
measured at a wavelength of 450 nm using a microplate reader (Spectra
Max Plus; Molecular Devices, San Jose, CA, USA).

NADPH oxidase activity in the aorta was determined for each group
using the appropriate kit (Cat. ab65349, abcam, Cambridge, UK) ac-
cording to the manufacturer’s instructions. Briefly, 30 mg of aorta
sample was homogenized with 0.5 mL of extraction buffer, moved to
new tube, and spun for 5 min, and the supernatant was then moved into
new tube. An amount of 100 pL of sample and 100 pL of background
reaction mix were transferred into new wells. Then, 10 pL of NADPH
developer was added to the samples and incubated for 1 hr. Absorbance
was detected at 450 nm on a microplate reader.

Calcium quantification was performed using a commercial kit (Cat.
ab102505, abcam, Cambridge, UK). Briefly, 10 mg of aorta sample was
washed in PBS, 500 pL of calcium assay buffer was added, the tissue was
homogenized with a homogenizer, centrifuged for 5 min, and moved to
a new tube. An amount of 10 uL was transferred into new wells. Then,
90 pL of chromogenic reagent and 60 pL of calcium assay buffer were
added into each well and incubated for 5 min. Absorbance was detected
at 575 nm on a microplate reader.

2.6. Western blotting

A total of 30 pg of the isolated proteins was separated on 8-12%
polyacrylamide gels and transferred to polyvinylidene fluoride mem-
branes (Millipore, Burlington, MA, USA) using a power station (ATTO,
Osaka, Japan). The membranes were blocked using 5% skim milk and
washed with Tris-buffered saline with 0.1% Tween 20 (TTBS), and the
membranes were incubated with primary antibodies (Table S2) for 12 h
at 4 °C. After, the membranes were washed with TTBS and then incu-
bated with a peroxidase-conjugated secondary antibody (Table S2,
Vector Laboratories, Burlingame, CA, USA) and washed with TTBS.
Then, a chemiluminescence detection reagent (GE Healthcare, Chicago,
IL, USA) was used on the membranes to visualize the immunoreactive
proteins.

2.7. Immunohistochemistry (3,3-diaminobenzidine [DAB])

The aorta tissue blocks were cut into sections that were 7 pm thick,
placed on coated slides, and dried for 24 hr at 45 °C. The slides were
deparaffinized and incubated in normal animal serum to block antibody-
nonspecific binding were and then incubated with primary antibodies
(Table S2) at 4 °C overnight and were rinsed thrice with PBS. The slides
were then treated with biotinylated secondary antibodies (Table S2,
Vector Laboratories, Burlingame, CA, USA) for 1 hr at room temperature
and were then rinsed thrice with PBS. Then, the slides were incubated
with an ABC reagent (Vector Laboratories, Burlingame, CA, USA) for 30
min and rinsed thrice with PBS. Next, the slides were left to react with
DARB substrate for up to 2-5 min and were then mounted on a cover slip
and distyrene—plasticizer—xylene mounting solution (Sigma-Aldrich, St.
Louis, MO, USA). Images were obtained using a light microscope
(Olympus, Tokyo, Japan), and the intensity of the brown color that was
visible on the slides was quantified using Image J software (NIH,
Bethesda, MD, USA) [32].
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2.8. Determination of mitochondrial ROS

A MitoSOX™ Red fluorescent probe (Cat. M36008, Molecular
Probes, Inc., Eugene, OR, USA) was used to visualize mitochondrial
superoxide production according to the manufacturer’s protocols.
Briefly, MOVAS grown on glass that was 12 mm thick were washed twice
with PBS and incubated with 2.5 pM MitoSOX-Red reagent in the dark at
37 °C. Cells were washed gently three times with warm PBS. To confirm
the mitochondrial localization of MitoSOX-Red, the cells were loaded
with 300 nM MitoTracker-Green (Cat. M7514, Molecular Probes, Inc.,
Eugene, OR, USA) for 30 min and imaged immediately after using
fluorescence microscopy (LSM-700) at Core-facility for Cell to In-vivo
imaging (Incheon, Korea). The mean fluorescence intensities of
MitoSOX-Red and MitoTracker-Green were divided by the number of
cells in each image and quantified using Image J software.

2.9. Damaged mitochondrial DNA assay

Mitochondrial DNA damage was assessed using a mouse DNA
Damage Analysis Kit (Cat. DD2M, Detroit R&D, Detroit MI, USA) ac-
cording to manufacturer’s instructions. Briefly, the aortas and cells were
lysed in lysis buffer (5 M sodium chloride, 1 M tris, 0.5 M EDTA, 10%
SDS and 0.3 mg/mL proteinase K) at 56 °C for 24 hr and then inactivated
to proteinase K at 95 °C for 10 mins. The lysates were diluted in
nuclease-free water. Samples (5 ng/uL. DNA) were subjected to PCR
reaction, after which the 10X diluted PCR reaction product was sub-
jected to real-time PCR. The final concentrations of the damaged mito-
chondrial DNA were calculated from the 8.2 kb standard curve plotted
using the 8.2 kb real-time standard supplied with the kit.

2.10. Mitochondrial DNA copy number assay

Mitochondrial DNA copy number was assessed by qRT-PCR using a
mouse mitochondrial DNA Copy Number Assay Kit (Cat. MCN3, Detroit
R&D, Detroit MI, USA) according to manufacturer’s instructions.

2.11. Alizarin red S staining

To validate the amount of calcium in the aorta tissue, Alizarine Red S
staining was conducted. The deparaffinized slides were washed twice
with distilled water and then incubated with 0.2% Alizarine Red S,
incubated for 5 min, and dehydrated in acetone. The stained slides were
stained with hematoxylin for nuclei counting, cleared with xylene, and
mounted using DPX mounting medium (Sigma-Aldrich).

2.12. Statistical analysis

Statistical significance was determined via the Kruskal-Wallis test
for comparisons between each group followed by a post hoc Mann-
Whitney U test. All the results are presented as the means + standard
deviations, and all statistical analyses were performed by using SPSS
version 22 (IBM Corporation; Armonk, NY, USA).

3. Results

3.1. ECE increases PGC-1a—-NRF2 binding, SIRT3 expression, and SOD2
activity in the MOVAS and the aortas of SHRs

First, we evaluated whether ECE increased the expression of SIRT3
and SOD2 activity via PGC-1a. MOVAS were treated with serums ob-
tained from WKY/water, SHR/water, and SHR/ECE (150 mg/kg) ani-
mals. The mRNA expression of PGC-1a in the SHR/water serum-treated
MOVAS was lower than that found in the WKY/water serum-treated
MOVAS. However, the mRNA expression of PGC-1a was significantly
increased by treating serum from the SHR/ECE group compared to in the
MOVAS treated with serum from the SHR/water group. In the PGC-1a
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silencing MOVAS, PGC-1a expression was not changed by the treating
serum from either the SHR/water or SHR/ECE groups compared to the
treating serum from the WKY/water group (Fig. 1A). Upon over-
expression of PGC-1a by ZLN005, mRNA expression of PGC-1a in all
three MOVAS groups was increased. mRNA expression of PGC-1a was
increased in response to ZLNOO5, even after administration of SHR/
water serum (Fig. S1A).

The mRNA expression of NRF2 in the SHR/water serum-treated
MOVAS was lower than that found in the WKY/water se-rum-treated
MOVAS. However, the mRNA expression of NRF2 was significantly
increased by treating serum from the SHR/ECE group compared to in the
MOVAS treated with serum from the SHR/water group. The decreasing
expression of NRF2 which induced by treating SHR/water serum to
MOVAS was disappeared when PGC-1a overexpression was induced by
ZLNOO5 (Fig. S1B).

The PGC-1a-NRF2 binding ratio evaluated with sandwich ELISA in
the SHR/water serum-treated MOVAS was significantly lower than the
MOVAS that treated with the serum from the WKY/water group. It was
significantly increased by the serum from the SHR/ECE group compared
to MOVAS that treated with the serum from the SHR/water group.
However, the PGC-1o-NRF2 binding ratio in the PGC-lua silencing
MOVAS was not decreased by the treating serum from the SHR/water
group compared to that from the WKY/water group. The PGC-1a-NRF2
binding ratio in the PGC-1la silencing MOVAS was not increased by
treating serum from the SHR/ECE group compared to that from the
SHR/water group (Fig. 1B).

The SIRT3 expression evaluated by western blotting in the MOVAS-
treated serum from the SHR/water group was significantly lower than
the MOVAS that treated with serum from the WKY/water group. SIRT3
expression was significantly increased by the treating serum from the
SHR/ECE group compared to the MOVAS that treated with the serum
from the SHR/water group. Those changes were disappeared by PGC-1a
silencing (Fig. 1C and S1C). Upon overexpression of PGC-1a by ZLN0O5,
mRNA expression of SIRT3 in all three MOVAS groups was increased.
mRNA expression of SIRT3 was increased in response to ZLN0O5, even
after administration of SHR/water serum (Fig. S1D).

The ratio of acetylated SOD2 (Ac-SOD2) and SOD2 was higher in the
serum from the SHR/water-treated MOVAS than it was in the serum
from the WKY/water-treated MOVAS. It was decreased by the treating
serum from SHR/ECE group compared to the MOVAS treating serum
from the SHR/water group. Since SOD2 activity is increased by deace-
tylation, the fact that Ac-SOD2/SOD2 was decreased by ECE suggested
that SOD2 activity was increased by ECE. These changes were elimi-
nated by PGC-1a silencing (Fig. 1C and S1E).

PGC-la expression was significantly lower in the aortas from the
SHRs than it was in the aortas of the WKY rats but increased after the
administration of 100 and 150 mg/kg of ECE (Fig. 1D and S1F). The
increasing effect was the highest at 150 mg/kg of ECE.

The PGC-10-NRF2 binding ratio was significantly lower in the aortas
of SHRs than it was in the aortas of the WKY rats, but it increased dose-
dependently after ECE treatment (Fig. 1E).

We evaluated the expression of SIRT3 and Ac-SOD2 by staining since
we only wanted to evaluate their expression in the smooth muscle cells
of the aortic medial layer separately from their expression in the intima
(Fig. 1F). The SIRT3 expression in the medial layer of the aorta was
significantly lower in SHRs than it was in the WKY rats but increased
after ECE treatment. The most prominent increase effect was shown with
150 mg/kg of ECE (Fig. 1F and S1G). The Ac-SOD2 expression in the
medial layer of the aorta was significantly higher in the SHRs than it was
in the WKY rats but decreased dose-dependently after ECE treatment
(Fig. 1F and S1H).

3.2. ECE decreases mtDNA damage and mtROS generation

Mitochondrial superoxide (MitoSOX) Red, as a novel fluorescent dye,
selectively detects superoxide in the mitochondria of living cells [33].
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Fig. 1. Regulation of PGC-1a, NRF2, and SIRT3 expression and SOD2 hyperacetylation by ECE treatment. (A-C) After PGC-1a silencing in the MOVAS (or not), PGC-
1o mRNA expression was analyzed via real time PCR (A). The PGC-1a-NRF2 binding ratio in the MOVAS was analyzed by sandwich ELISA (B). SIRT3, SOD2, and Ac-
SOD2 expression in the MOVAS were analyzed by western blotting (C). (D) The PGC-1a expression in the aortas of WKY, SHR, and SHR/ECEs was analyzed by
immunohistochemistry (scale bar = 100 pm). The yellow arrows represent positive signals. (E) PGC-1o—NRF2 binding ratio in the animal aortas was determined by
sandwich ELISA. (F) SIRT3 and Ac-SOD2 expression in the aortas of the WKY, SHR, and SHR/ECEs groups were analyzed in the aorta by immunohistochemistry (scale

bar = 100 um). The yellow arrows represent positive signals. Data are presented

as mean-+tstandard deviation. * *, p < 0.01 SHR/water-serum vs. WKY/water-serum;

$$, p < 0.01 SHR/ECE-serum vs. SHR/water-serum; {f, p < 0.01 SHR/water vs. WKY/water; §§, p < 0.01 SHR/ECEs vs. SHR/water; ##, p < 0.01 SHR/ECEs vs.

SHR/ECE100 (Mann-Whitney U test). Ac, acetyl; ECE, Ecklonia cava extract;
immunosorbent assay; NRF2, nuclear factor erythroid 2-related factor 2; PGC-

ECE-serum, Serum from Ecklonia cava extract treated rat; ELISA, enzyme-linked
la, peroxisome proliferator-activated receptor gamma coactivator-1 alpha; SIRT3,

sirtuin 3; SHR, spontaneous hypertensive rat; si, silencing; SOD2, superoxide dismutase 2; water-serum, Serum from water treated rat; WKY, Wistar Kyoto.

To evaluate ECE’s effect on decreasing mtROS generation, we performed
MitoSOX Red staining in the MOVAS-treating animal serums. To eval-
uate the ROS in the mitochondria, we performed MitoSOX Red
co-staining with mitotracker, which is a mitochondria marker. The in-
tensity of the co-stained MitoSOX Red and mitotracker was higher in the
SHR/water serum-treated MOVAS than it was in the WKY/water
serum-treated MOVAS. It was significantly lower in the SHR/ECE
serum-treated MOVAS than it was in the SHR/water serum-treated
MOVAS. These changes were eliminated by PGC-1a silencing (Fig. 2A
and 2B).

The 8-Hydroxy-2'-deoxyguanosine (8-OHdG) is frequently used as an
indicator of mtDNA damage [34]. It was significantly higher in the
SHR/water serum-treated MOVAS than it was in the WKY/water
serum-treated MOVAS. It was decreased in the SHR/ECE serum-treated
MOVAS than it was in the SHR/water serum-treated MOVAS. These
changes were eliminated by PGC-1a silencing (Fig. 2C).

Damaged mtDNA were also evaluated using the mitochondrial DNA
damage assay. The amount of damaged mtDNA was significantly higher
in the SHR/water serum-treated MOVAS than it was in the WKY/water
serum-treated MOVAS. It was lower in the SHR/ECE serum-treated
MOVAS than it was in the SHR/water serum-treated MOVAS. These
changes were eliminated by PGC-1a silencing (Fig. 2D).

The expression of 8-OHdG in the medial layer of the aortas of the
SHRs was significantly higher than it was in the aortas of the WKYs. It
was decreased dose-dependently by ECE (Figs. 2E and 2F).

The amount of damaged mtDNA in the medial layer of the aortas of
the SHRs was significantly higher than that observed in the aortas of the

WKYs. It was decreased dose-dependently by ECE (Fig. 2G).

3.3. ECE modulates mitochondrial function

DRP1 and fission 1 (FIS1) expression (mitochondrial fission markers)
in the SHR/water serum-treated MOVAS was significantly higher than
they were in the WKY/water serum-treated MOVAS. Their expression
was lower in the SHR/ECE serum-treated MOVAS than they were in the
SHR/water serum-treated MOVAS. However, these changes were elim-
inated by PGC-la silencing (Fig. 3A, S2A, and S2B). Upon over-
expression of PGC-1a by ZLN005, mRNA expression of FIS and DRP1 in
all three MOVAS groups was decreased. mRNA expression of FIS and
DRP1 was decreased in response to ZLN0O5, even after administration of
SHR/water serum (Fig. S2C and S2D).

Mitofusin 2 (MFN2) and OPAl expression (mitochondrial fusion
markers) in the SHR/water serum-treated MOVAS were significantly
lower than they were in the WKY/water serum-treated MOVAS. Their
expression was higher in the SHR/ECE serum-treated MOVAS than they
were in the SHR/water serum-treated MOVAS. However, these changes
were eliminated by PGC-1a silencing (Fig. 3A, S2E, and S2F). Moreover,
MFN2 and OPA1 expression was not decreased by treating serum from
SHR/water compared to MOVAS treated with WKY/water, when PGC-
la overexpression was induced by ZLNOO5 (Fig. S2G and S2H).

BCL2 Interacting Protein 3 (BNIP3) and autophagy related 12
(ATG12) expression were evaluated as mitophagy markers [35,36].
BNIP3 and ATG12 expression in the SHR/water serum-treated MOVAS
were significantly lower than they were in the WKY/water
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Fig. 2. Regulation of mtROS and mtDNA expressions by ECE treatment. (A and B) After PGC-1a silencing in the MOVAS (or not), MitoSOX Red expression with
mitotracker was analyzed by fluorescence microscopy (scale bar = 50 um; A). The intensity of MitoSOX Red staining increased in the SHR/water serum-treated
MOVAS and decreased in the SHR/ECE serum-treated MOVAS (B). (C) The expression of 8-OHdG in the MOVAS was analyzed by indirect ELISA. After PGC-1a
silencing in the MOVAS (or not), the expression of 8-OHdG increased in the SHR/water serum-treated MOVAS and decreased in the SHR/ECE serum-treated MOVAS.
(D) The damaged mtDNA in the MOVAS was analyzed by qRT-PCR. After PGC-1« silencing in the MOVAS (or not),the damaged mtDNA increased in the SHR/water
serum-treated MOVAS and decreased in the SHR/ECE serum-treated MOVAS. (E and F) The expression of 8-OHdG in the aortas of WKY, SHR, and SHR/ECEs was
determined by immunohistochemistry. The yellow arrows represent positive signals (scale bar = 100 ym; A) and indirect ELISA (B). The expression of 8-OHdG
increased in the SHR/water group and decreased after ECE treatment. (G) The damaged mtDNA in the aortas of WKY, SHR, and SHR/ECEs was analyzed by
qRT-PCR. The damaged mtDNA increased in the SHR/water group and decreased after ECE treatment. Data are presented as mean =+ standard deviation. * *,
p < 0.01 SHR/water-serum vs. WKY/water-serum; $$, p < 0.01 SHR/ECE-serum vs. SHR/water-serum; 1f, p < 0.01 SHR/water vs. WKY/water; §§, p < 0.01 SHR/
ECEs vs. SHR/water; ##, p < 0.01 SHR/ECEs vs. SHR/ECE100 (Mann-Whitney U test). 8-OHdG, 8-hydroxy-2'-deoxyguanosine; ECE, Ecklonia cava extract; ECE-
serum, Serum from Ecklonia cava extract treated rat; ELISA, enzyme-linked immunosorbent assay; MitoSOX, mitochondrial superoxide; mtDNA, mitochondrial
deoxyribonucleic acid; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator-1 alpha; QRT-PCR, Quantitative real-time polymerase chain reaction;
SHR, spontaneous hypertensive rat; si, silencing; water-serum, Serum from water treated rat; WKY, Wistar Kyoto.
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Fig. 3. Regulation of mitochondrial function by ECE treatment in the MOVAS. (A) After PGC-1a silencing in the MOVAS (or not), the DRP1, FIS1, OPA1 and MFN2
expression in the MOVAS were analyzed by western blotting. DRP1 and FIS1 were used as the mitochondrial fission marker. OPA1 and MFN2 were used as the
mitochondrial fusion marker. (B) BNIP3, ATG12, LC3, COX1, p62, and SDHA expression in the MOVAS was analyzed by western blotting. BNIP3, ATG12, LC3, and
p62 were used as mitophagy markers. COX1 and SDHA were used as mitochondrial biogenesis markers. (C) mtDNA copy number quantification were validated by
qRT-PCR using genomic DNA. Data are presented as mean =+ standard deviation. * *, p < 0.01 SHR/water-serum vs. WKY/water-serum; $$, p < 0.01 SHR/ECE-
serum vs. SHR/water-serum (Mann-Whitney U test). ATG12, autophagy-related 12; BNIP3, BCL2 interacting protein 3; COX1, cytochrome c oxidase 1, DRP1,
dynamin-related protein 1; ECE, Ecklonia cava extract; ECE-serum, Serum from Ecklonia cava extract treated rat; LC3, Microtubule-associated protein 1 A/1B-light
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subunit A; SHR, spontaneous hypertensive rat; si, silencing; water-serum, Serum from water treated rat; WKY, Wistar Kyoto.

serum-treated MOVAS. Their expressions were higher in the SHR/ECE
serum-treated MOVAS than they were in the SHR/water serum-treated
MOVAS. However, these changes were eliminated by PGC-1a silencing
(Fig. 3B, S2I, and S2J). Moreover, BNIP3 and ATG12 expression was not
decreased by treating serum from SHR/water compared to WKY/water,
when PGC-la overexpression was induced by ZLNOO5 (Fig. S2K and
S2L).

Microtubule-associated proteins 1 A/1B light chain 3 (LC3) and p62
is involve in mitophagy process by forming autophagosome component
[37,38]. The expression ratio of LC3II/LC3I in the SHR/water
serum-treated MOVAS were significantly lower than it was in the
WKY/water serum-treated MOVAS. The expression ratio of LC3II/LC3I
was higher in the SHR/ECE serum-treated MOVAS than it was in the
SHR/water serum-treated MOVAS. However, the increasement was
eliminated by PGC-la silencing (Fig. 3B and S2M). Moreover, LC3
mRNA expression was not increased by treating serum from SHR/ECE
compared to SHR/water, when PGC-1a overexpression was induced by
ZLNOO5 (Fig. S20). P62 expression in the SHR/water serum-treated
MOVAS was significantly higher than it was in the WKY/water
serum-treated MOVAS. Their expression was lower in the SHR/ECE
serum-treated MOVAS than it was in the SHR/water serum-treated
MOVAS. However, the decrement was eliminated by PGC-1a silencing
(Fig. 3B and S2N). Upon overexpression of PGC-1a by ZLN005, mRNA
expression of FIS and DRP1 in all three MOVAS groups was decreased.

mRNA expression of P62 was decreased in response to ZLN0O5, even
after administration of SHR/water serum (Fig. S2C and S2P).

Cytochrome c oxidase (COX)1 and succinate dehydrogenase complex
flavoprotein subunit A (SDHA), mitochondrial biogenesis markers [39],
were determined. The COX1 and SDHA expression in the SHR/water
serum treated MOVAS were significantly lower than they were in the
WKY/water serum-treated MOVAS. Their expression was higher in the
SHR/ECE serum-treated MOVAS than they were in the SHR/water
serum-treated MOVAS. However, these changes were eliminated by
PGC-1a silencing (Fig. 3B, S2Q, and S2R). Moreover, COX1 and SDHA
expression was not decreased by treating serum from SHR/water
compared to WKY/water, when PGC-1a overexpression was induced by
ZLNOO5 (Fig. S2S and S2T).

The mtDNA copy number which is also a well-known marker of
mitochondrial biogenesis was determined [40]. The mtDNA copy
number in the SHR/water serum treated MOVAS were significantly
lower than they were in the WKY/water serum-treated MOVAS. The
mtDNA copy number was higher in the SHR/ECE serum-treated MOVAS
than it was in the SHR/water serum-treated MOVAS. However, these
changes were eliminated by PGC-1la silencing (Fig. 3C). Moreover,
mtDNA copy number was not decreased by treating serum from
SHR/water compared to WKY/water, when PGC-1a overexpression was
induced by ZLNOO5 (Fig. S2U).

The DRP1 and FIS1 expressions in medial layer of the aortas in SHRs
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were significantly higher than they were in the WKY rats but signifi-
cantly decreased dose-dependently after ECE treatment (Fig. 4A, S3A,
and S3B).

MFN2 and OPA1 expressions were significantly lower in the aortic
medial layer of the SHRs than they were in the WKY rats but dose-
dependently increased after ECE treatment (Fig. 4B, S3C, and S3D).

BNIP3 expression were significantly lower in the aortic medial layer
of the SHRs than they were in the WKY rats but increased dose-
dependently after ECE treatment. ATG12 expression was significantly
lower in the aortic medial layer of the SHRs than they were in the WKY

Biomedicine & Pharmacotherapy 153 (2022) 113283

rats but was increased by ECE. There was no significant difference be-
tween 100 mg/kg ECE and 150 mg/kg ECE (Fig. 4C, S3E, and S3F).
COX1 and SDHA expressions were significantly lower in the aortic
medial layer of the SHRs than they were in the WKY rats and increased
dose-dependently after ECE treatment (Fig. 4D, S3G, and S3H).

3.4. ECE decreases NADPH oxidase activity, the PI3K/AKT pathway,
and NF-«kB

The NADPH oxidase activity in the aortas of the SHRs was
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Fig. 4. Regulation of mitochondrial function by ECE treatment in the rat. (A) DRP1 and FIS1 expression in the aortas of WKY, SHR, and SHR/ECEs were analyzed by
immunohistochemistry. (B) OPA1 and MFN2 expression in the aortas of WKY, SHR, and SHR/ECEs were analyzed by immunohistochemistry. (C) BNIP3 and ATG12
expression in the aortas of WKY, SHR, and SHR/ECEs were analyzed by immunohistochemistry. (D) COX1 and SDHA expression in the aortas of WKY, SHR, and SHR/
ECEs was analyzed by immunohistochemistry. The yellow arrows represent positive signals (scale bar = 100 pm). ATG12, autophagy-related 12; BNIP3, BCL2
interacting protein 3; COX1, cytochrome c oxidase 1, DRP1, dynamin-related protein 1; ECE, Ecklonia cava extract; ECE-serum, Serum from Ecklonia cava extract
treated rat; LC3, Microtubule-associated protein 1 A/1B-light chain 3; MFN2, mitofusin 2; OPA1, optic atrophy protein 1; PGC-1a, peroxisome proliferator-activated
receptor gamma coactivator-1 alpha; qRT-PCR, real-time quantitative reverse transcription polymerase chain reaction; SDHA, succinate dehydrogenase complex
flavoprotein subunit A; SHR, spontaneous hypertensive rat; water-serum, Serum from water treated rat; WKY, Wistar Kyoto.
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significantly higher than it was in the WKY rats but decreased signifi-
cantly after ECE treatment (Fig. 5A). The decreasing effect at the ECE
concentrations of 100 and 150 mg/kg of ECE was not significantly
different.

The pAKT/AKT expression ratio was significantly higher in the
aortas of the SHRs than it was in the WKY rats but showed a significant
dose-dependent decrease after ECE treatment (Figs. 5B and 5E).

The PI3K expression was significantly higher in the aortas of the
SHRs than it was in the WKY rats but showed a significant dose-
dependent decrease after ECE treatment (Fig. 5C and 5E).

The number of cell nuclei that were positively stained by NF-«B in
the SHRs was significantly higher than it was in the WKY rats but
showed a significant dose-dependent decrease after ECE treatment
(Figs. 5D and 5E).

3.5. ECE decreases osteoblast-like VSMC changes and medial
calcification

RUNX2 and osteocalcin (OCN) are typical osteoblast genes [41,42].
The RUNX2 and OCN expression in the aortas of the SHRs was signifi-
cantly higher than it was in the WKY rats but showed a significant
dose-dependent decrease after ECE treatment (Fig. 6A and S4).

Alizarin Red S staining showed that there were more calcium-
containing cells in the aorta in SHRs than in there were WKY rats, but
this showed a dose-dependent decrease after ECE treatment (Figs. 6B
and 6C).

The amount of calcium, which was evaluated using a calcium assay
kit, was significantly higher in the aortas of the SHRs but decreased
dose-dependently after ECE treatment (Fig. 6D).

4. Discussion

Excessive mtROS generation promotes mitochondrial dysfunction,
impaired mitochondrial ATP generation, increased VSMC apoptosis, and
VC in aged mice [43]. In hypertension, angiotensin II leads to increased
mtROS generation by decreasing SIRT3/SOD2 activity [44]. Further-
more, excessive ROS generation is also involved in development of VC.
Excessive ROS generation caused by HyO» treatment leads to increased
NADPH oxidase activity and increased RUNX2 expression via the
upregulation of the PI3K/AKT pathway [45,46]. Increased oxidative
stress or mtROS generation leads to increased NF-kB activity, which
sequentially increases RUNX2 expression [47].

SHRs are frequently used as a primary or essential hypertension
animal model [48]. SHRs are wuseful in studies focusing
hypertension-related stroke, vascular disease, renal dysfunction, and the
genetics of primary hypertension [48]. It is well known that SHRs show
higher levels of oxidative stress and angiotensin II than WKY rats [49,
50]. Thus, we thought that SHRs would be a good animal model that
could be wused to evaluate whether ECE could decrease
hypertension-related VC.

ECE contains various phlorotannins, such as dieckol [31]. Dieckol is
known to decrease adipogenesis by increasing AMPK activation,
resulting in the possible upregulation of SIRT1 or PGC-1a [31,51]. Thus,
we evaluated whether ECE decreased VC by the upregulation of
PGC-1a/NFR2/SIRT3 and by increasing SOD2 activity to eventually
decrease the mitochondrial dysfunction observed in hypertension. The
serum obtained from WKY, SHRs, and ECE-treated SHRs were admin-
istered to MOVAS. This experiment showed that PGC-1a expression was
decreased by SHR serum, and it was increased by serum from
ECE-treated SHR. The PGC-1a expression in the aortic medial layer of
SHRs was significantly lower than it was in the WKY rats, and it
increased with ECE treatment.

Next, we analyzed PGC-10-NRF2 binding to evaluate the effects of
ECE on increasing SIRT3 activity. PGC-1o—NRF2 binding was lower in
the SHR serum-treated MOVAS; however, it was increased by the SHR/
ECE-serum treated MOVAS. Upon PGC-1a silencing, treatment with SHR

Biomedicine & Pharmacotherapy 153 (2022) 113283

serum was unable to decrease PGC-1o-NRF2 binding, and SHR/ECE
serum could not increase PGC-10—NRF2 binding. SIRT3 expression was
decreased by the treating SHR serum, and it was increased when the
SHR/ECE serum was used to treat MOVAS. Upon PGC-la silencing,
those changes were eliminated. Moreover, SHR serum could not
decreased expression of SIRT3 when overexpression of PGC-la was
induced by ZNL0O5. This suggests that PGC-1a is involved in increasing
SIRT3 expression. Ac-SOD2/SOD2, which is reversely associated with
SOD2 activity, was increased by the SHR serum, and it was decreased by
the SHR/ECE serum. This suggests that ECE upregulated SOD2 activity.
ECE’s ability to upregulate SOD2 activity was eliminated by PGC-1a
silencing. This suggests that was PGC-1a involved in increased SOD2
activity by increasing the deacetylation of SOD2 via SIRT3.

PGC-1a-NRF2 binding decreased more in the SHRs than it did in the
WHKY rats and was restored after ECE treatment. SIRT3 expression in the
aortic medial layer of the SHRs was lower than it was in the WKY rats,
but it increased after ECE treatment. Ac-SOD2 expression increased in
the SHRs but decreased after ECE treatment. These changes were dose
dependent.

SOD2 is a key factor in decreasing mtROS generation [52]. The
mtROS, which was evaluated by the MitoSOX that was co-stained with
mitotracker in the SHR serum-treated MOVAS, was increased, and it was
decreased by ECE. The mtDNA damage was evaluated by conducting an
ELISA to determine the amount of 8-OHdG present and via an mtDNA
assay. Damaged mtDNA was increased by the SHR serum treating, and it
was increased by serum from ECE treated SHR. However, Neither the
mtROS nor the damaged mtDNA were decreased by ECE upon PGC-1a
silencing. These results suggest that PGC-1a that is upregulated by ECE
leads to decreased mtROS formation and mtDNA damage.

We analyzed 8-OHdG expression in the aortas of SHRs via staining
and evaluated mtDNA damage using the mtDNA damage assay. The
expression of 8-OHdG in the aortic medial layer of the SHRs was higher
than it was in the WKY rats but decreased after ECE treatment. The
amount of damaged mtDNA in the aortas of the SHRs higher than it was
in the WKY rats, and it was decreased by ECE.

Mitochondria, which are dynamic organelles, constantly renew
functional organelles and fix dysfunctional and damaged ones by fission,
fusion, and mitophagy [53].

Excessive ROS generation induces changes in mitochondrial dy-
namics [54]. Mitochondrial fission is a division process through a
mitochondrion separates into two separate mitochondria, and this pro-
cess is crucial for cell division [55-57]. Moreover, mitochondrial fission
is necessary for the removal of damaged mitochondria via mitophagy
[54-57].

Mitochondrial fusion is the process of tethering two mitochondria
that allows for the renewal of damaged mtDNA and that enables intra-
cellular energy distribution [58,59]. During mitochondrial fission, DRP1
is translocated to the outer mitochondrial membrane (OMM) from the
cytosol, where it binds to other OMM proteins, such as FIS1 [54-57].

Mitochondrial fusion is mediated by OMM fusion guanosine
triphosphate (GTPase) proteins, such as MFN1 and MFN2 [58,59]. After
OMM fusion, the inner mitochondrial membrane (IMM) fusion GTPase
proteins, such as OPA1, fuse the IMMs and share mitochondrial matrix
material, thereby forming a single elongated mitochondrion [60,61].

OPA1 is also involved in mitophagy through the AMPK/OPAl
pathway [62,63]. Mitophagy is kind of autophagy that takes place in
mitochondria for the purposes of the selective removal of damaged
mitochondria. Mitophagy plays an essential role in the protection of
mitochondrial homeostasis against excessive ROS generation and
mtDNA damage [64,65]. In lactate-induced calcified VSMCs, mito-
chondrial dysfunction is accompanied by downregulated mitophagy
[66]. During VSMC calcification, lactate induced decreased LC3II
expression and BNIP3 which suggested abnormality in mitophagy [66].
However, increased mitophagy that is mediated by BNIP3 leads to
decreased mitochondrial dysfunction and reduced the VSMC phenotype
changes into an osteoblastic phenotype [66].
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Fig. 5. Regulation of NADPH and PI3K/AKT and NF-kB expression by ECE treatment. (A) NADPH oxidase activity in the aortas of WKY, SHR, and SHR/ECEs was
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test). AKT, protein kinase B; ECE, Ecklonia cava extract; NADPH, reduced nicotinamide adenine dinucleotide phosphate; NF-xB, nuclear factor kappa B; pAKT,
phosphorylated AKT; PI3K, phosphoinositide 3-kinase; SHR, spontaneous hypertensive rat; WKY, Wistar Kyoto.
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Fig. 6. Regulation of osteoblast-like VSMC changes and medial calcification by ECE treatment. (A) RUNX2 and OCN expression in the aortas of WKY, SHR, and SHR/
ECEs were analyzed by immunohistochemistry. The yellow arrows represent positive signals (scale bar = 100 pm). (B) Amount of calcium deposition in the aortas of
WKY, SHR, and SHR/ECEs was analyzed by indirect ELISA. The calcium deposition was increased in the SHR/water group and decreased after ECE treatment. (C and
D) Calcium deposition in the aortas of WKY, SHR, and SHR/ECEs was determined by Alizarin Red S (scale bar = 100 um). Alizarin Red S was positive in medial layer,
with the high amount being observed in the SHR/water group and decreased after ECE treatment. (E) Figure shows the summary of this study. Data are presented as
mean + standard deviation. {f, p < 0.01, {11, p < 0.001 SHR/water vs. WKY/water; §§, p < 0.01 SHR/ECEs vs. SHR/water; ##, p < 0.01 SHR/ECEs vs. SHR/ECE100
(Mann-Whitney U test). Ac, acetyl; AKT, protein kinase B; ECE, Ecklonia cava extract; ELISA, enzyme-linked immunosorbent assay; mtDNA, mitochondrial deoxy-
ribonucleic acid; NADPH, reduced nicotinamide adenine dinucleotide phosphate; NF-kB, nuclear factor kappa B; NRF2, nuclear factor erythroid 2-related factor 2;
PGC-1a, peroxisome proliferator-activated receptor gamma coactivator-1 alpha; PI3K, phosphoinositide 3-kinase; OCN, osteocalcin; RUNX2, runt-related tran-
scription factor 2; SHR, spontaneous hypertensive rat; SIRT3, sirtuin 3; SOD2, superoxide dismutase 2; WKY, Wistar Kyoto.

Mitochondrial fusion is also involved in the pathophysiology of VC
[67,68]. Oxidized low-density lipoproteins are involved in OPAl
downregulation, which leads to the impairment of mitochondrial fusion
and thus results in the development of atherosclerosis [69].

The increased mitochondrial fission by DRP1 leads to VC. DRP1
expression increases the calcification in the human carotid artery [70].
However, DRP1 deletion attenuates calcification in human valve inter-
stitial cells and decreases VSMC migration. Pharmacological inhibition
by the inhibitor of DRP1 leads to decreased calcification in HoO5-treated
VSMCs [70]. Quercetin, an antioxidant, restores ROS-induced mito-
chondrial dysfunction and thus attenuates VC by decreasing mitochon-
drial fission via DRP1 inhibition [13].

Decreased mitochondrial biogenesis also leads to VC. Metformin
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attenuates the impairment of mitochondrial biogenesis by increasing
AMPK activation and consequently decreases VC [71]. Mitochondrial
biogenesis-related proteins, such as nuclear factor erythroid 2-related
factor-1 (NRF-1) and PGC-1la, can also be upregulated by metformin
treatment [71].

Our study showed that the expression of DRP1 and FIS1 (markers of
mitochondrial fission) were increased in the SHR serum-treated MOVAS,
and the expressions of both were decreased by ECE. However, the ECE’s
decreasing effect was not observed in the PGC-1a silencing MOVAS.
OPA1l and MFN2 expressions were decreased by SHR serum and were
increased by ECE. ECE’s increasing effect was not observed in the PGC-
la silencing MOVAS. BNIP3 and ATG12 expression were decreased by
the SHR serum and were increased by ECE. However, the increasing
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effect was not observed in the PGC-1a silencing MOVAS. Expression of
LC3II/LC3I was decreased by SHR serum and were increased by ECE.
The increasing effect was eliminated by PGC-1a silencing. Expression of
p62 was increased by SHR serum and were decreased by ECE. The
increasing effect was eliminated by PGC-1a silencing. COX1 and SDHA
expression were decreased by the SHR serum and were increased by
ECE. However, those increasing effects were not observed in the PGC-1a
silencing MOVAS. We also evaluated whether PGC-1a involved in effect
of ECE on modulation of mitochondrial fission, fusion, mitophagy, and
biogenesis through overexpression of PGC-1a. When overexpression of
PGC-1a was induced, the SHR serum could not increase expression of
DRP1, FIS1, P62 When overexpression of PGC-1a was induced, the SHR
serum could not decrease expression of OPA1, MFN2, BNIP3, ATG12,
LC3, COX1, SDHA, and mtDNA copy numbers. These results suggest that
ECE decreases mitochondrial fission and increases mitochondrial fusion,
mitophagy, and biogenesis via PGC-1a.

Furthermore, DRP1 and FIS1 expression in the aortic medial layer of
SHR were increased and decreased dose-dependently due to ECE. OPA1
and MFN2 expression were decreased in the SHRs and increased by ECE.
BNIP3, AGT2, COX1, and SDHA expression were decreased in the SHRs
and were increased by ECE.

It is well known that mtROS accelerate the opening of the mito-
chondrial permeability transition pore (mPTP) and lead to release of
mtROS into the cytosol, eventually activating the NADPH oxidase and
inducing the formation of more cytosolic ROS [72,73].

Increased oxidative stress induced VSMC calcification via the PI3K/
AKT/RUNX2 pathway [45]. Increased oxidative stress also leads to the
upregulation of NF-kB/RUNX2 pathway and enhance vascular calcifi-
cation [74].

In our study, NADPH oxidase activity was higher in the aortas of the
SHRs than it was in the WKY rats but decreased after ECE treatment. In
addition, PI3K, pAKT, and NF-kB expression were higher in the aortas of
the SHRs than they were in the WKY rats and decreased by ECE.
Osteoblast-like cell-type changes (evaluated with RUNX2 and OCN
expression) as well as calcium deposition in the medial layer increased
in the SHRs but decreased after ECE treatment.

Therefore, our study showed that ECE lead to decrease VC via the
upregulation of PGC-1a and SIRT3, which increases SOD2 activity and
decreases mtDNA damage and mtROS generation. However, our study
had several limitations. Even though we evaluated various mitochon-
drial dysfunction markers by western blotting and tissue staining, we did
not evaluate mitochondria morphology or number by Transmission
electron microscopy which could provide most direct evidence of
mitochondrial dysfunction. We performed silencing and overexpression
of PGC-1a only in the in vitro model to evaluate whether ECE decreased
VC via PGC-1a. To get more decisive evidence whether PGC-1a is main
cell signaling pathway on decreasing VC by ECE, PGC-1a knock out
animal model or overexpression animal model of PGC-1a should be
used.

VC is associated with decreasing the elasticity and increasing the
stiffness of the artery wall, and these changes lead to increased pulse
wave velocity and the widening of the pulse pressure, which conse-
quently contribute to the development of hypertension [75-77]. Severe
arterial calcification frequently manifests in patients with resistant hy-
pertension [78]. Moreover, VC manifests in 80% of patients with
vascular injury and in 90% of patients with coronary artery disease. VC
is a predictive factor for poor clinical outcomes in coronary athero-
sclerotic diseases [79]. Even though VC is related to increased mortality
in cardiovascular diseases, effective therapies for VC have not been
developed. Since the pathophysiology of VC is multifactorial, it is hard
to find therapies for VC that could effectively inhibit the development of
the VC pathway. The main pathophysiology of VC has been the result of
increased ROS and mitochondrial dysfunction, which trigger the
inflammation pathway. Thus, various natural or non-natural anti-
oxidative compounds were tested to decrease VC [80].

ECE has been used as a food supplement and has been shown to be
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safe [81]. In our study, ECE modulated various signal pathways that are
known to enhance VC by increasing mtROS, mt DNA damage, and
mitochondrial dysfunction. Thus, it seems that ECE could be a potential
therapy for VC which could be safely used.

In conclusion, ECE decreases VC by increasing the PGC-1a/NRF2/
SIRT3 pathway and SIRT3 expression, which leads to increased SOD2
deacetylation. Activated SOD2 decreases mtDNA damage and mtROS
generation, which sequentially decreases NADPH oxidase activity and
changes in mitochondrial dynamics, thereby decreasing phenotype
change of VSMCs to osteoblast-like cells and calcium deposition on the
medial layer of the aorta.
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