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Abstract
Background: The mortality rate of patients with

of SMCs in the presence of adipocytes.

arteriosclerosis-related

is

Methods: This study examined the effect of the

extremely high. The central phenomenon that

Okinawa mozuku extract on the migratory ability

leads to the intimal thickening of arteries is the

of vascular SMCs in the presence of adipocytes.

migration of vascular smooth muscle cells

For this purpose, we first investigated the effect

(SMCs) from the media to the intima and the

of Okinawa mozuku extract on the lipid droplet

subsequent proliferation of SMCs in the intima.

content in adipocytes. The accumulation of lipids

Aims: The aim of this study to establish the effect

in the adipocytes was evaluated with Oil Red O

of

and

staining. The Boyden chamber method was used

ameliorating arteriosclerosis, it is necessary to

to evaluate the effect of adipocytes on migratory

first elucidate the effects of Okinawa mozuku on

ability of the SMCs. Briefly, the upper chamber

the transformation, proliferation, and migration

in which SMCs were seeded was inserted to the

of SMCs.

lower chamber in which adipocytes were

Study Design: This study was an in vitro

cultured.

experimentation, to evaluate the effect of the

SMC/adipocyte co-culture (SACC) using the

Okinawa mozuku extract on the migratory ability

Boyden chamber. Migrated cells that passed

Okinawa

mozuku

vascular

in

disease

preventing

Therefore,

we

performed
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through the membrane in the Boyden chamber
were quantified on 0, 2, 4, 6, and 8 days of
adipocyte differentiation. Moreover, in the
adipocytokine assay, the effect of the Okinawa
mozuku extract on the levels of active PAI-1 and
the levels of adiponectin in the SACC medium
were also measured.
Results: The results of this study demonstrated
that the Okinawa mozuku extract suppressed the
accumulation of lipid droplets in the mature
adipocytes. Furthermore, the Okinawa mozuku
extract suppressed the levels on active form of
plasminogen activator inhibitor-1 (PAI-1), and
increased the levels of the anti-inflammatory
adipocytokine, adiponectin. Furthermore, using
our original co-culture system (SACC), we
investigated the effect of adipocyte on smooth
muscle cell migration. The migratory ability of
vascular SMCs in the presence of adipocytes
increased

as

the

adipocytes

increasingly

differentiated. The Okinawa mozuku extract
decreased the levels on active form of PAI-1 in
SACC, suppressing the migration of vascular
SMCs.
Conclusion: Our study revealed that the Okinawa
mozuku extract is effective in suppressing the
progression of arteriosclerosis.
Key Words: the Okinawa mozuku, migration,
vascular smooth muscle cells, adipocytes
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INTRODUCTION

the effects of various humoral factors. Of these,

Metabolic syndrome is characterized by changes

the involvement of adipocytokines, produced by

in the forms and functions of vascular walls and

adipocytes, has received attention in recent years.

inflammatory cells. These changes are induced

Hypertrophic adipocytes secrete large quantities

by humoral factors secreted from various sources,

of harmful cytokines, including the primary

including the adipose tissue. The prevalence of

inhibitor of plasminogen activator (PA), PA

obesity, which is associated with metabolic

inhibitor-1 (PAI-1), and tumor necrosis factor-α

syndrome, has increased in recent years, and it is

(9-11). Adipocytes also secrete the protective

currently estimated that approximately 1.9 billion

adipocytokine adiponectin, which is an anti-

people are obese worldwide (1, 2). In addition,

inflammatory cytokine. Secretion of adiponectin

the mortality rate of patients with arteriosclerosis-

decreases with an increase in the quantity of

related cardiovascular diseases is extremely high.

accumulated lipid droplets in adipocytes (12).

In fact, these diseases are the leading cause of

Recent studies have demonstrated that the

death in developed countries, with 16.7 million

adipocytokines released from adipocytes have

deaths worldwide each year (3-5).

significant effects in maintaining homeostasis in

The walls of arteriosclerotic

arteries are

the living body. Numerous studies, including our

characterized by intimal thickening, remodeling,

previous report, have focused on identifying

and hardening due to the loss of elasticity

various ingredients in the diet that regulate the

resulting

the

production of adipocytokines (13). Of these,

endothelial cells, smooth muscle cells (SMCs),

brown seaweeds, including mozuku, exhibit

and inflammatory cells. This causes luminal

nutritional

and

narrowing and a decline in vascular function. The

including

antioxidative,

central phenomenon that leads to the intimal

antiangiogenic,

thickening of arteries is the migration of vascular

anticoagulant activities. These actions are

SMCs from the media to the intima and the

thought to be mediated by fucoidan and fucose,

subsequent proliferation of SMCs in the intima

which are the main components of mozuku.

(6).

Fucoidan is a sulfated polysaccharide with

Previous studies have reported that various types

heparin-like functions found in brown algae, and

of cells secrete a variety of pro-migratory and

occurs abundantly in brown seaweed. Some in

growth factors that partake in this phenomenon in

vitro studies have demonstrated that fucoidan

a sequential manner (7, 8). The factors that induce

isolated from brown algae suppresses thrombotic

inflammation in the walls of the arteries during

activity (14) and prolongs the activated partial

arteriosclerosis include direct physicochemical

thromboplastin

stress on the artery walls, metabolic stress, and

intravenous

from

interactions

between

Online publication ahead of print, AJMHS Vol 54, 2020

pharmacological

properties,

anti-inflammatory,

antihyperlipidemic,

time

(15).

administration

and

Furthermore,
of

sulfated
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galactofucan isolated from brown algae has been

suppressing the progression of arteriosclerosis,

shown to have antithrombotic activity in a rat

with the aim of elucidating its therapeutic

model of thrombosis, induced by ligation of the

potential in preventing thrombosis and related

inferior

diseases.

vena

cava

(16).

We

previously

demonstrated that administration of Okinawa
mozuku extract suppresses thrombus formation
in rats (17). Our results indicated that the
anticoagulant effects of polysaccharides isolated
from brown algae may help in preventing

Commercially available mozuku (Cladosiphon
okamuranus) was purchased for this study (Iki
mozuku; Itosan Co. Ltd., Okinawa, Japan).

thrombosis.
Conversely, it has been reported that the
fibrinolytic tissue-type PA (t-PA) and urokinasetype PA (u-PA), both of which are target enzymes
of PAI-1 in vascular SMCs, are expressed in
atherosclerotic lesions in human subjects (18-20).
PAs are serine proteases that convert the inactive
proenzyme plasminogen to its active form,
plasmin. Since PAs is expressed in the lesions of
atherosclerosis, it is inferred that it plays an
important

MATERIALS AND METHODS
Preparation of Okinawa mozuku extract

role

in

the

progression

of

arteriosclerosis.
We hypothesized that Okinawa mozuku extract
affects adipocytes, regulates adipocyte-derived
PAI-1, adiponectin, and PAs, and suppresses the
progression of arteriosclerosis. To establish the
effect of Okinawa mozuku in preventing and
ameliorating arteriosclerosis, it is necessary to
first elucidate the effects of Okinawa mozuku on
the transformation, proliferation, and migration
of SMCs. In this study, we elucidated the effect
of the Okinawa mozuku extract on the migratory
ability of vascular SMCs in the presence of
adipocytes. We also investigated the benefits of
treatment with the Okinawa mozuku extract in

Mozuku and an equal weight of distilled water
were mixed. The mixture was then centrifuged at
1,200 × g for 10 min, and the supernatant
containing the Okinawa mozuku extract was
collected. The supernatant was sterilized with a
0.2 µm pore filter (Millipore, MA, USA), and
stored at -20°C until further experimentation.
Reagents
Oil Red O was purchased from Wako Pure
Chemical Industries (Osaka, Japan). Antibodies
against extracellular signal-regulated kinase
(ERK)1/2 (K-23), phosphorylated (p-)ERK 1/2
(sc-16982), and β-actin were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Horseradish peroxidase conjugated antimouse IgG antibody was purchased from
Southern Biotech (Birmingham, AL, USA).
Bovine fibrinogen, containing trace amount of
plasminogen, was purchased from Organon
(Organon Teknika, Dublin, Ireland), and bovine
thrombin was purchased from Mochida (Tokyo,
Japan). A murine PAI-1 activity assay kit was
purchased from Molecular Innovation (Novi, MI,
USA; lot no. MPAIKT-910) and was used
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according to the manufacturer’s instructions. A

water was used as the vehicle, which was added

mouse

was

to the control culture. The 3T3-L1 adipocytes

purchased from R&D Systems (Minneapolis,

were subjected to further experimentation 2–8

MN, USA; lot no. 278969) and was used

days after the induction of differentiation. Briefly,

according to the manufacturer’s instructions. All

3T3-L1 adipocytes were fixed with lipid fixative

other reagents and chemicals were of the highest

solution, stained with Oil Red O, and washed

commercial grade.

with distilled water. The intracellular lipids were

Cell culture

extracted with isopropanol. The extracted lipids

Fibroblasts (3T3-L1 cells) were obtained from

were quantified at 492 nm on a microplate reader

the Health Science Research Resources Bank

(357-00045T,

(Osaka, Japan) and cultured in high-glucose

Waltham, MA). SMCs obtained from the thoracic

Dulbecco’s modified Eagle’s medium (DMEM;

aorta of the mice were prepared as previously

Nissui, Tokyo, Japan) supplemented with 10%

described (21, 22), and cultured at 37°C in a

fetal bovine serum (FBS; Hyclone, Logan, UT,

humidified atmosphere of 5% CO₂.

USA; lot no. ATA31357), 200 mM glutamine,

Adipocytokine assay

100 U/mL penicillin, 100 µg/mL streptomycin

To examine the effect of the Okinawa mozuku

sulfate, and 100 mM pyruvic acid, at 37°C in a

extract on the production of PAI-1 and

humidified atmosphere of 5% CO2. Two days

adiponectin in adipocytes, we employed 3T3-L1

after reaching confluence, the cells were induced

mature adipocytes cultured for 8 days after the

to differentiate into adipocytes by culturing in

induction of the differentiation of preadipocytes,

high-glucose DMEM supplemented with 10%

as described above. The effect of the Okinawa

FBS,

adiponectin/Acrp30

10

µg/mL

assay

Thermo

Fisher

Scientific,

0.5

mM

mozuku extract on the levels of active PAI-1 and

2.5

µM

the levels of adiponectin in the adipocyte

dexamethasone for 2 days. After the stimulation,

monocultures medium were investigated using

the 3T3-L1 cells were further cultured in high-

PAI-1 and adiponectin assay kits, respectively.

glucose DMEM supplemented with 10% FBS

PA assay

and 10 µg/mL insulin for 8 days to induce the

The activity of PA in the culture medium was

differentiation of the fibroblasts completely into

measured by electrophoretic zymography as

adipocytes; during this period the culture medium

previously described (23). Briefly, protein

was replaced every 48 h with fresh high-glucose

samples were separated by 10% polyacrylamide

DMEM supplemented with 10% FBS and 10

gel

µg/mL insulin, with or without 1% Okinawa

supplemented fibrinogen and 10 NIH U/mL

mozuku extract, 1% fucoidan (10 mg/mL, F5631,

thrombin, after electrophoresis, soaked in 2.5%

Sigma-Aldrich, St. Louis, MO, USA). Distilled

Triton X-100 solution for 60 min, and then

isobutylmethylxanthine,

insulin,

kit

and
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incubated in reaction buffer (0.1 mol/L glycine-

evaluate the effect of adipocytes on migratory

HCl, pH 8.4) at 37˚C for 18 h. After that, the gel

ability of the SMCs. Briefly, the upper chamber

was stained with 0.1% Coomassie Brilliant Blue

in which SMCs were seeded was inserted to the

G-250

lower chamber in which adipocytes were

(FUJIFILM

Wako

Pure

Chemical

Corporation, Osaka, Japan) for 30min, and

cultured.

Therefore,

we

performed

destained with multiple changes of destain

SMC/adipocyte co-culture (SACC) using the

solution (44% methanol, 11% acetic acid) until

Boyden chamber. The membrane of the insert

lysis bands appeared. The activity of PA was

well had a pore size of 8 μm. The preadipocytes

determined by measuring the lytic area on the gel

were seeded at a density of 4.5 × 103 cells/well in

with a densitometer. The intensity of the band was

the lower chamber. The medium was changed

quantified using Image Gauge Version 3.2

every 2 days to a medium containing 1%

software.

Okinawa mozuku extract or vehicle (Fig. 1A).

Boyden chamber assay for assessing the

The preadipocytes were induced to differentiate

migratory ability of SMCs

for 0, 2, 4, 6, and 8 days. The SMCs were seeded

The Boyden chamber method was used to

in the upper chamber at a density of 3 × 104
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Figure 1. (A) Schematic illustration of the SACC assay using a Boyden chamber for evaluating the migratory capacity
of SMCs. Pre-adipocytes were seeded at 4.5 × 103 cells per well in the lower chamber and induced to differentiate
for 0, 2, 4, 6, and 8 days. SMCs were seeded in the upper chamber at 3.0 ×104 cells per well. Cells that migrated
through the membrane were quantified. (B) Schematic illustration of the experimental time–course in the SACC.
The migratory ability of SMCs in the SACC was evaluated after co-cultivation for 4 h by inserting the upper chamber
into adipocytes with or without the Okinawa mozuku extract; medium was exchanged every 2 days. The migrating
cell numbers of the adipocytes were measured for each specified differentiation day (0, 2, 4, 6, and 8 days) after
4 h co-cultivation.

cells/well. The migratory ability of the SMCs in

Japan). The average number of migrating SMCs

SACC was evaluated after 4 h of co-cultivation

along the migrating side of the surface was

by inserting the upper chamber into the wells. On

counted from five randomly selected high-power

the indicated days, the non-migrated SMCs were

fields using a 100× objective under a light

wiped with cotton to remove the SMCs in the

microscope in three independent experiments

non-migrating side of the upper chamber,

(Fig. 1B). As shown in the adipocytokine assay,

subsequently the migrated SMCs were fixed and

the effect of the Okinawa mozuku extract on the

stained in the migrating side of the upper chamber

levels of active PAI-1 and the levels of

using the Diff Quick Kit 2 (Sysmex, Kobe,

adiponectin in the SACC medium were also
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measured.

mM Na3VO4, and 1 mM dithiothreitol. After

ERK signaling in SMCs

incubating for 20 min, the cellular debris was

Two days after reaching confluence, the

removed by centrifugation at 14,000 × g for 10

preadipocytes were induced to differentiate into

min, and the supernatant was collected. The

adipocytes by culturing in high-glucose DMEM

supernatant was used as a sample for analyzing

supplemented with 10% FBS, 10 µg/mL insulin,

phosphorylated ERK. The protein concentration

0.5 mM isobutylmethylxanthine, and 2.5 µM

was subsequently determined, and 20 μg of

dexamethasone for 2 days. After the stimulation,

protein was mixed with an equal volume of 2×

the 3T3-L1 cells were further cultured in high-

sample loading buffer and boiled for 5 min,

glucose DMEM supplemented with 10% FBS

following which the mixture was cooled on ice

and 10 µg/mL insulin for 8 days to induce the

for 5 min. The total protein was separated on a

differentiation of the fibroblasts completely into

12% sodium dodecyl sulfate-polyacrylamide gel

adipocytes; during this period the culture medium

by electrophoresis and electro-transferred onto

was replaced every 48 h with fresh high-glucose

polyvinylidene

DMEM supplemented with 10% FBS and 10

membranes were blocked with 5% skim milk in

µg/mL insulin, with or without 1% Okinawa

1× Tris-buffered saline with Tween 20 (TBST),

mozuku extract.

comprising 0.01 M Tris (pH 7.6), 0.1 M NaCl,

Namely, culturing was performed every 2 days

and 0.1% Tween-20 for 1 h at 25°C with shaking,

for 8 days in a differentiation-maintaining

followed by incubation with anti-ERK and anti-

medium containing 1% mozuku extract.

p-ERK antibodies in TBST for 1 h. The

After changing the medium in a differentiation

membranes were then incubated with horseradish

maintenance medium containing 1% mozuku

peroxidase-conjugated secondary antibody in

extract on the 8th day of differentiation, the cells

TBST for 1 h. The immunoreactivity was

were further cultured for 4 h. The culture medium

visualized with an enhanced chemiluminescence

and SMCs were seeded on the other plate. After

system (Amersham Bioscience, Little Chalfont,

the SMC was stimulated with the culture medium

UK). The density of the protein bands was

for 30 min, the medium was removed and the

quantified with Image Gauge Version 3.2

SMC was lysed in the cell lysis buffer.

software (Fujifilm, Tokyo, Japan).

The incubated SMCs were subsequently lysed for

Statistical analyses

20 min in 100 μL lysis buffer comprising 50 mM

All experiments were performed in three

Tris–HCl (pH 7.5), 250 mM NaCl, 2 mM EDTA,

independent

10% glycerol, 0.1% Nonidet P-40, 0.5 mM

independent experiments). The data are presented

phenylmethylsulfonyl

µg/mL

as the mean ± SEM and were analyzed by the

aprotinin, 10 µg/mL leupeptin, 1 mM NaF, 0.1

Student’s t-test, one-way analysis of variance,

fluoride,

10

difluoride

replicates

(n

membranes.

=

number

The

of

Online publication ahead of print, AJMHS Vol 54, 2020
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and Dunnett’s post-hoc test. P values < 0.05 were

evaluated with Oil Red O staining. Treatment

considered statistically significant.

with the Okinawa mozuku extract and fucoidan
significantly reduced the lipid droplet content in

RESULTS

adipocytes that had been induced to differentiate

The Okinawa mozuku extract and fucoidan

for 8 days, compared to that of the untreated

inhibited the differentiation of adipocytes

control cells. (Fig. 2).

In order to investigate the effects of the Okinawa

The Okinawa mozuku extract suppressed the

mozuku extract on adipocyte differentiation,

active

3T3-L1 cells were induced to differentiate in the

secretion by adipocytes

presence or absence of the extract for 8 days. The

We examined the levels of adipocytokines by the

accumulation of lipids in the adipocytes was

adipocytes in monoculture and found that the

PAI-1

and

stimulated

adiponectin

Figure 2. Effect of the Okinawa mozuku extract and fucoidan on lipid accumulation in 3T3-L1 adipocytes. Lipid
content was assessed by Oil Red O staining, by measuring the absorbance of Oil Red O dissolved in isopropanol, at
492 nm. Cells were stained with Oil Red O at 8 days and examined microscopically (left, ×100). Differentiation was
calculated as the percentage of cells with Oil Red O positivity relative to the control (right). Data are presented as
the mean ± SEM of at least three independent experiments. ** P < 0.01 vs. 8 days of control.
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Table 1. Active PAI-1 and adiponectin levels in adipocytes treated with the Okinawa mozuku extract after 8 days of
adipocyte differentiation. Data are presented as the mean ± SEM of at least three independent experiments. # P <
0.05 vs. control.

Okinawa

mozuku

extract

significantly

untreated cells (Table 1).

suppressed active PAI-1 and increased the levels

Effect of the Okinawa mozuku extract on

of secreted adiponectin, compared to those in the

fibrinolytic factors

Figure 3. Effects of the Okinawa mozuku extract on tissue-type plasminogen activator and urokinase-type
plasminogen activator in adipocytes after 8 days of adipocyte differentiation. The intensities of each lytic area were
quantified as the percentage of the control mean in arbitrary units. Data are presented as the mean ± SEM of at
least three independent experiments. * P < 0.05 vs. control.
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The effect of the Okinawa mozuku extract on t-

Addition of the Okinawa mozuku extract to the

PA and u-PA activity in adipocytes was

co-cultures inhibited migration of the SMCs in a

investigated after 8 days of differentiation. The

concentration-dependent

activity of t-PA and u-PA secreted from the

significant reduction after 2, 4, 6, and 8 days of

adipocytes was significantly higher following the

differentiation (Fig. 5).

addition of the Okinawa mozuku extract,

Effect of treatment with the Okinawa mozuku

compared to that from the control cells (Fig. 3).

extract on active PAI-1 and adiponectin levels in

The

the SACC

Okinawa

mozuku

extract

inhibited

We

Analysis of the migratory ability of SMCs in the

adiponectin levels in the SACC following

SACC revealed that the number of migrating

treatment with Okinawa mozuku extract. Active

SMCs that differentiated in the presence of

PAI-1 levels had significantly decreased and

adipocytes

differentiation-

adiponectin levels had increased in the SACC

dependent manner, with statistically significant

after 8 days of differentiation under treatment

differences observed at 4, 6, and 8 days (Fig. 4).

with Okinawa mozuku extract compared to the

in

a

examined

active

PAI-1

with

migration of SMCs in the SACC

increased

further

manner,

and

Figure 4. SMC migration induced by adipocyte differentiation. Migrated cells that passed through the membrane
in the Boyden chamber were quantified on 0, 2, 4, 6, and 8 days of adipocyte differentiation. Data are presented
as the mean ± SEM of at least three independent experiments. * P < 0.05, ** P < 0.01 vs. day 0 of differentiation.

Online publication ahead of print, AJMHS Vol 54, 2020

Yuui et al. Mozuku inhibits the migration of SMCs

12

Figure 5. SMC migration in the presence of adipocytes stimulated with the Okinawa mozuku extract. Migrated
cells that passed through the membrane in the Boyden chamber were quantified on 0, 2, 4, 6, and 8 days of
adipocyte differentiation. Data are presented as the mean ± SEM of at least three independent experiments. * P
< 0.05, ** P < 0.01 vs. control.

levels in the control medium (Table 2).
Table 2. Active PAI-1 and adiponectin levels in the SACC treated with the Okinawa mozuku extract after 8 days of
adipocyte differentiation. Data are presented as the mean ± SEM of at least three independent experiments.
#
P < 0.05 vs. control.

Effect of the Okinawa mozuku extract on ERK

on SMC migration, we further investigated the

signaling in SMCs

effect of the extract on ERK phosphorylation. For

To elucidate the molecular basis underlying the

this, SMCs were stimulated for 4 h with the

inhibitory effect of the Okinawa mozuku extract

medium in which the adipocytes pretreated with
Online publication ahead of print, AJMHS Vol 54, 2020
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Figure 6. Effect of the Okinawa mozuku extract on ERK signaling in SMCs. SMCs were stimulated for 4 h with the
medium in which the adipocytes pretreated with the Okinawa mozuku extract had been differentiating for 8 days.
The expression of p-ERK in SMCs was evaluated by western blotting. The intensities of each bands were quantified
as the percentage of the control mean in arbitrary units. Data are presented as the mean ± SEM of at least three
independent experiments.

the

Okinawa

mozuku

extract

had

been

adipocytes. The results of this study demonstrated

differentiating for 8 days. Results demonstrated

that the Okinawa mozuku extract suppressed the

that ERK phosphorylation in the SMCs was not

accumulation of lipid droplets in the mature

affected by treatment with the Okinawa mozuku

adipocytes. Previous studies have demonstrated

extract, compared to the control cells (Fig. 6).

that oral administration of fucoidan, the main
component of mozuku, caused weight loss in a

DISCUSSION

rodent model of obesity (24, 25). It has been

In this study, we demonstrated that the Okinawa

reported that these effects resulted from the

mozuku

of

characteristic effects of the Okinawa mozuku

adipocytokines from adipocytes and suppresses

extract on the development and progression of

the migration of SMCs, which consequently

obesity and diabetes. The present in vitro study on

suppresses arteriosclerosis at the initial stage of

3T3-L1 cells induced to differentiate into an

development.

adipocyte-like phenotype, suggests that the

The risk of developing arteriosclerosis and

Okinawa mozuku extract may have delayed the

diabetes increases with the expansion of mature

process of preadipocyte differentiation into

extract

regulates

the

levels

Online publication ahead of print, AJMHS Vol 54, 2020
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enlarged, mature adipocytes.

extract could have decreased the levels of the

Secretion of the adipocytokine PAI-1 increases

active form of PAI-1 in adipocytes and prevented

with the enlargement of mature adipocytes, which

the binding of PA to PAI-1, resulting in enhanced

accelerates lipid accumulation in these cells. It

activities of t-PA and u-PA. Second, the Okinawa

has been additionally reported that plasma levels

mozuku extract separately played a role in

of PAI-1 are high if insulin resistance is present

decreasing the levels of the active form of PAI-1

along with obesity (26). A previous study

and increasing the activities of t-PA and u-PA.

demonstrated

mice

However, the exact role of PA, plasminogen and

suppressed weight gain (27). It has also been

plasmin in intimal thickening and atherosclerosis

demonstrated that several PAI-1 inhibitors

remain unknown. PA is involved in other

improved high fat diet-induced obesity in a

physiological and pathological processes, as well

murine pharmacological model (28, 29). The

as tumor cell invasion and metastasis [31-34]. In

results of our study demonstrated that the

any case, the Okinawa mozuku extract increased

Okinawa mozuku extract suppressed the active

PA activity and may have converted plasminogen

form of PAI-1, and increased the levels of the

to plasmin by increasing PA levels. Accordingly,

anti-inflammatory adipocytokine, adiponectin.

this finding may also imply that the Okinawa

This study demonstrated that the Okinawa

mozuku extract dissolves fibrin, the main

mozuku extract reduced the accumulation of lipid

component of a thrombus, during thrombosis,

droplets in the adipocytes and suppressed the

which follows the progression of arteriosclerosis.

active form of PAI-1, indicating that it suppresses

In this study, we examined the migratory ability

adipogenesis.

of SMCs, which are components of early

There are two forms of the fibrinolytic factor PA,

arteriosclerotic lesions. The migratory ability of

namely t-PA and u-PA. Both PA and PAI-1 are

SMCs is affected by various active substances

expressed in several organs in vivo. In particular,

secreted by the adipocytes. Using the SACC

u-PA is recognized as a possible differentiation

system,

marker of 3T3-L1 cells and has been reported to

adipocytokines on the migratory ability of SMCs.

play an important role in enhancing adipose

Particularly, we exposed SMCs to various

tissue development during the induction of

adipocyte-derived adipocytokines released at

obesity [30]. Here, the Okinawa mozuku extract

different stages of adipocyte differentiation. The

increased the activities of adipocyte-derived t-PA

migratory ability of vascular SMCs in the

and

presence

that

PAI-1

u-PA. Although

the

knockout

significance

of

we

of

investigated

adipocytes

the

effect

increased

as

of

the

production of these fibrinolytic factors in adipose

adipocytes increasingly differentiated. To our

tissues remains to be determined, we hypothesize

knowledge, this is the first demonstrated that

two reasons for this. First, the Okinawa mozuku

migration of SMCs changes in the presence of
Online publication ahead of print, AJMHS Vol 54, 2020
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adipocytes. The results of our experiment

not known and that the active components are yet

revealed that changes in cellular chemotaxis

to be identified. As the Okinawa mozuku extract

depend on the differentiation of adipocytes and

is highly viscous, it is thought to be rich in

the migratory ability of SMCs, suggesting that

fucoidan and alginic acid, which are the main

regulation of adipocyte-derived adipocytokines is

viscous polysaccharides present in Okinawa

indispensable.

mozuku extract. In this study, we observed that

PAI-1 promotes or inhibits the migration of cells

fucoidan, an adhesive sulfated polysaccharide

in vitro (35-46). However, the mechanisms

covering the surface of seaweeds and abundantly

underlying its activity remain to be elucidated

found

(47). Our data suggest that PAI-1 causes cells to

accumulation

migrate; the anti-adhesive effect of PAI-1 is

fucoidan is a polymer, further examination is

ascribed to its ability to compete for PA receptor

warranted, taking into consideration the rate of

and integrin binding to vitronectin. Moreover, the

absorption of fucoidan into cells. It is also

Okinawa mozuku extract decreased the active

necessary to examine the effect of the extract on

form of PAI-1 in SACC, suppressing the

the migratory ability of the SMCs in the

migration

extracellular matrix, as well as the adhesion

of

vascular

SMCs.

Further

investigations are required to confirm these

in

brown
in

algae,

suppressed

adipocytes.

lipid

However,

as

factors in the presence of adipocytes.

findings.
Adiponectin

suppresses

insulin

resistance,

CONCLUSIONS

phosphorylation of intracellular ERK induced by

In conclusion, our study revealed that the

insulin-like growth factor-1, and migration of

secretion of adipocytokines alters the migratory

SMCs (12, 48-52). However, in this study, we

ability of vascular SMCs. Furthermore, the

observed that the Okinawa mozuku extract had

Okinawa

no effect on the levels of adiponectin in the SACC

suppressing the progression of arteriosclerosis.

and did not affect ERK phosphorylation.

The results of this study suggest that the Okinawa

However, in this study, we observed that the

mozuku

Okinawa mozuku extract had no effect ERK

preventing thrombosis and related diseases.

mozuku

extract

extract

has

is

effective

in

beneficial effects in

phosphorylation, despite the increased on the
levels of adiponectin in the SACC.

Acknowledgements: None declared.

Our results suggested that adiponectin may have

Conflict of Interest Disclosure: The authors

a low contribution to the suppression of SMC

declare that they have no conflict of interest.

migration by the Okinawa mozuku extract.
The limitations of this study are that the
components of the Okinawa mozuku extract are
Online publication ahead of print, AJMHS Vol 54, 2020

16

Yuui et al. Mozuku inhibits the migration of SMCs

REFERENCES

Induced Inflammation: Molecular Mechanisms

1. I. K. Kwaifa, H. Bahari, Y. K. Yong, S. M.

and Clinical Implications, Biomolecules 2020;

Noor, Endothelial Dysfunction in Obesity-

10: 291.

Induced Inflammation: Molecular Mechanisms

9. R. R. Banerjee, S. M. Rangwala, J. S. Shapiro,

and Clinical Implications, Biomolecules 2020;

A. S. Rich, B. Rhoades, Y. Qi, J. Wang, M. W.

10: 291.

Rajala, A. Pocai, P. E. Scherer, C. M. Steppan, R.

2. A. R. Saltiel, J. M. Olefsky, Inflammatory

S. Ahima, S. Obici, L. Rossetti, M. A. Lazar,

mechanisms linking obesity and metabolic

Regulation of fasted blood glucose by resistin,

disease, J Clin Investig 2017; 127: 1–4.

Science 2004; 303: 1195–1198.

3.

Diverse

roles

in

10. Adipose expression of tumor necrosis factor-

atherosclerosis: from inflammatory biology to

alpha: direct role in obesity-linked insulin

biomarker discovery, Mediators of Inflammation

resistance, Science 1993; 259: 87–91.

2014; ID 693083: 14.

11. Tissue distribution and regulation of

4. B. Dahlof, Cardiovascular disease risk factors:

plasminogen activator inhibitor-1 in obese mice,

epidemiology and risk assessment, American

Mol Med 1996; 2: 568–582.

Journal of Cardiology 2010; 105 (1): 3A–9A.

12. Y. Arita, S. Kihara, N. Ouchi, M. Takahashi,

5. D. M. Lloyd-Jones, Cardiovascular risk

K. Maeda, J. Miyagawa, K. Hotta, I. Shimomura,

prediction: basic concepts, current status, and

T. Nakamura, K. Miyaoka, H. Kuriyama, M.

future directions, Circulation 2010; 121 (15):

Nishida, S. Yamashita, K. Okubo, K. Matsubara,

1768–1777.

M. Muraguchi, Y. Ohmoto, T. Funahashi, Y.

6. K. Yokote, A.Take, C. Nakaseko, K.

Matsuzawa, Paradoxical decrease of an adipose-

Kobayashi, M. Fujimoto, H. Kawamura, Y.

specific protein, adiponectin, in obesity, Biochem

Maezawa, M. Nishimura, S. Mori, Y. Saito, Bone

Biophys Res Commun 1999; 257: 79-83.

marrow-derived vascular cells in response to

13. T. Tsuda, Y. Ueno, T. Yoshikawa, H. Kojo,

injury, J Atherosclerosis Thromb 2003; 10: 205-

T.

210.

expression in human adipocytes in response to

7. E. M. Redmond, J. P. Cullen, P. A. Cahill, J.

anthocyanins, Biochem Pharmacol 2006; 71:

V. Sitzmann, S. Stefansson, D. A. Lawrence, S.

1184-1197.

S. Okada, Endothelial cells inhibit flow-induced

14. A. Cumashi, N. A. Ushakova, M. E.

smooth

of

Preobrazhenskaya, A. D'Incecco, A. Piccoli, L.

plasminogen activator inhibitor-1, Circulation

Totani, N. Tinari, G. E. Morozevich, A. E.

2001; 103: 597-603.

Berman, M. I. Bilan, A. I. Usov, N. E.

8. I. K. Kwaifa, H. Bahari, Y. K. Yong, S. M.

Ustyuzhanina, A. A. Grachev, C. J. Sanderson, .

Noor, Endothelial Dysfunction in Obesity-

Kelly, G. A. Rabinovich, S. Iacobelli, N. E.

muscle

cell

of

macrophages

migration:

role

Osawa,

Microarray

profiling

of

gene

Online publication ahead of print, AJMHS Vol 54, 2020

17

Yuui et al. Mozuku inhibits the migration of SMCs

Nifantiev, A comparative study of the anti-

fibrinolytic-related genes rhythmic expressions in

inflammatory, anticoagulant, antiangiogenic, and

human plaque-derived vascular smooth muscle

antiadhesive activities of nine different fucoidans

cells, Lipids Health Dis 2017; 16: 135.

from brown seaweeds, Glycobiology 2007; 17:

20. P. N. Raghunath, J. E. Tomaszewski, S. T.

541–552.

Brady, R. J. Caron,S. S. Okada, E. S. Barnathan,

15. N. E. Ustyuzhanina, N. A. Ushakova, K. A.

Plasminogen activator system in human coronary

Zyuzina, M. I. Bilan, A. L. Elizarova, O. V.

atherosclerosis, Arterioscler Thromb Vasc Biol

Somonova, A. V. Madzhuga, V. B. Krylov, M. E.

1995; 15 (9): 1432-43.

Preobrazhenskaya, A. I. Usov,

21. Y.Z. Hou, J. Yang, G.R. Zhao, Y.J. Yuan,

M. V. Kiselevskiy, N. E. Nifantiev, Influence of

Ferulic acid inhibits vascular smooth muscle cell

fucoidans on hemostatic system, Mar. Drugs

proliferation induced by angiotensin II, Eur J

2013; 11: 2444–2458.

Pharmacol 2004; 499: 85-90.

16. H. A. Rocha, F. A. Moraes, E. S. Trindade, C.

22. S. Ueshima, H. Fukao, K. Okada, O. Matsuo,

R. Franco, R. J. Torquato, S. S. Veiga, A. P.

Growth inhibition of vascular smooth muscle

Valente, P. A. Mourao, E. L. Leite, H. B. Nader,

cells derived from urokinase receptor (u-PAR)-

C. P. Dietrich, Structural and hemostatic

deficient mice in the presence of carcinoma cells,

activities of a sulfated galactofucan from the

Thrombosis research 2004; 113: 41-49.

brown alga Spatoglossum schroederi. An ideal

23. O. Matsuo, T. Sakai, H. Bando, K. Okada, S.

antithrombotic agent?, J Biol Chem 2005; 280:

Nakajima, O. Takagi, S. Izaki, Plasminogen

41278–41288.

activator in bronchoalveolar fluid, Haemostasis

17. T. Yasuzawa, A. Mima, S. Ueshima,

1986; 16: 43-50.

Antithrombotic Effect of Oral Administration of

24. M. Hosokawa, T. Miyashita, S. Nishikawa, S.

Mozuku (Cladosiphon okamuranus,

Emi, T. Tsukui, F. Beppu, T. Okada,

Brown

Seaweed) Extract in Rat, J Nutr Sci Vitaminol

K.

2019; 65: 171–176.

adipocytokine mRNA expression in white

18. M. Falkenberg, J. Tjärnström, P. Ortenwall,

adipose tissue of diabetic/obese KK-Ay mice,

M. Olausson, B. Risberg, Localization of

Arch Biochem Biophys 2010; 504: 17-25.

fibrinolytic activators and inhibitors in normal

25. M. J. Kim, J. Jeon, J. S. Lee, Fucoidan

and atherosclerotic vessels, Thromb Haemost

prevents high-fat diet-induced obesity in animals

1996; 75 (6): 933-8.

by suppression of fat accumulation, Phytother

19. C. Lin, X. Tang, L. Xu, R. Qian, Z. Shi, L.

Res 2014; 28: 137–143.

Wang, T. Cai, D. Yan, W. Fu, D. Guo,

26. I. Juhan-Vague, M. C. Alessi, P. Vague,

Intracellular high cholesterol content disorders

Increased plasma plasminogen activator inhibitor

the clock genes, apoptosis-related genes and

1 levels. A possible link between insulin

Online publication ahead of print, AJMHS Vol 54, 2020

Miyashita,

Fucoxanthin

regulates

18

Yuui et al. Mozuku inhibits the migration of SMCs

resistance and atherothrombosis, Diabetologia

32. Reuning, U., Magdolen, V., Wilhelm, O.,

1991; 34: 457–462.

Fischer, K., Lutz, V., Graeff, H., Schmitt, M.

27. L. J. Ma, S. L. Mao, K. L. Taylor, T.

Multifunctional potential of the plasminogen

Kanjanabuch, Y. Guan, Y. Zhang, N. J. Brown,

activation system in tumor invasion and

L. L. Swift, O. P. McGuinness, D. H. Wasserman,

metastasis. Int J Oncol 1998; 13(5): 893-906.

D. E. Vaughan, A. B. Fogo, Prevention of obesity

33. Mohanam, S., Go, Y., Sawaya, R., Venkaiah,

and

lacking

B., Mohan, P. M., Kouraklis, G. P., Gokaslan, Z.

plasminogen activator inhibitor 1, Diabetes 2004;

L., Lagos, G. K., Rao, J. S. Elevated levels of

53: 336–346.

urokinase-type plasminogen activator and its

28. L. Piao, I. Jung, J. Y. Huh, T. Miyata, H. Ha,

receptor during tumor growth in vivo. Int J Oncol

A novel plasminogen activator inhibitor-1

1999; 14(1): 169-74.

inhibitor, TM5441, protects against high-fat diet-

34. Dano, K., Romer, J., Nielsen, B. S., Bjorn, S.,

induced obesity and adipocyte injury in mice, Br

Pyke, C., Rygaard, J., Lund, L. R. Cancer

J Pharmacol 2016; 173: 2622–2632.

invasion and tissue remodeling--cooperation of

29. D. L. Crandall, E. M. Quinet, S. El Ayachi, A.

protease systems and cell types. APMIS 1999;

L. Hreha, C. E. Leik, D. A. Savio, I. Juhan-

107(1): 120-7.

Vague, M. C. Alessi, Modulation of adipose

35. K. Bajou, V. Masson, R. D. Gerard, P. M.

tissue

pharmacological

Schmitt, V. Albert, M. Praus, L. R. Lund, T. L.

inhibition of PAI-1, Arterioscler Thromb Vasc

Frandsen, N. Brunner, K. Dano, N. E. Fusenig, U.

Biol, 2006; 26: 2209–2215.

Weidle, G.Carmeliet, D. Loskutoff, D. Collen, P.

30. T. Seki, T. Miyasu, T. Noguchi, A. Hamasaki,

Carmeliet,

R. Sasaki, Y. Ozawa, K. Okukita,P. J. Declerck,

plasminogen activator inhibitor PAI-1 controls in

T. Ariga, Reciprocal regulation of tissue-type and

vivo tumor vascularization by interaction with

urokinase-type plasminogen activators in the

proteases, not vitronectin. Implications for

differentiation of murine preadipocyte line 3T3-

antiangiogenic strategies, J Cell Biol 2001; 152

L1 and the hormonal regulation of fibrinolytic

(4): 777-784.

factors in the mature adipocytes, J Cell Physiol

36. J. B. McCarthy, A. P. Qi, Z. Skubitz, X. Y.

2001; 189: 72–78.

Yi, D. J. Mickelson, D. J. Klein, L. T. Furcht,

31. Liu, Y. X., Peng, X. R., Ny, T. Tissue-specific

RGD-independent cell adhesion to the carboxy-

and time-coordinated hormone regulation of

terminal heparin-binding fragment of fibronectin

plasminogen-activator-inhibitor type I and tissue-

involves heparin-dependent and -independent

type plasminogen activator in the rat ovary during

activities, J Cell Biol 1990; 110 (3): 777–784.

gonadotropin-induced ovulation. Eur J Biochem

37. S. Stefansson, D. A. Lawrence, The serpin

1991; 195(2): 549-55.

PAI-1 inhibits cell migration by blocking integrin

insulin

resistance

development

in

by

mice

J.

M.Foidart,

A.

Noel,

The

Online publication ahead of print, AJMHS Vol 54, 2020

19

Yuui et al. Mozuku inhibits the migration of SMCs

alpha V beta 3 binding to vitronectin, Nature

somatomedin B domain of vitronectin. J Cell

1996; 383: 441–3.

Physiol 2001; 189: 23-33.

38. D. Palmieri, J. W. Lee, R. L. Juliano, F. C.

45. Shinji Tanaka , Hidenori Koyama , Takuya

Church, Plasminogen activator inhibitor-1 and -3

Ichii , Atsushi Shioi , Masayuki Hosoi , Elaine W.

increase cell adhesion and motility of MDA-MB-

Raines, Yoshiki Nishizawa, Fibrillar collagen

435 breast cancer cells, J Biol Chem 2002; 277:

regulation of plasminogen activator inhibitor-1 is

40950-7.

involved in altered smooth muscle cell migration,

39. C. Isogai, W. E. Laug, H. Shimada, P. J.

Arterioscler Thromb Vasc Biol 2002; 22: 1573-8.

Declerck, M. F. Stins, D. L. Durden, A. Erdreich-

46. Ralf-Peter Czekay, Kathleen Aertgeerts, Scott

Epstein, Y. A. DeClerck, Plasminogen activator

A. Curriden, David J. Loskutoff, Plasminogen

inhibitor-1 promotes angiogenesis by stimulating

activator

endothelial cell migration toward fibronectin,

extracellular matrices by inactivating integrins, J

Cancer Res 2001; 61: 5587-94.

Cell Biol 2003; 160: 781-91.

40. A. Stahl, B. M. Mueller, Melanoma cell

47. N. GARG, N. GOYAL, T. L. STRAWN, J.

migration

by

WU, K. M. MANN, D. A. LAWRENCE and W.

components of the plasminogen activation

P . FAY, Plasminogen activator inhibitor-1 and

system, Int J Cancer 1997; 71: 116-22.

vitronectin expression level and stoichiometry

41. D. J. Loskutoff, S. A. Curriden, G. Hu, G.

regulate vascular smooth muscle cell migration

Deng, Regulation of cell adhesion by PAI-1,

through physiological collagen matrices, J

APMIS 1999; 107: 54-61.

Thromb Haemost 2010; 8: 1847-1854.

42. Y. Sugiura, L. Ma, B. Sun, H. Shimada, W. E.

48. M. Matsuda, I. Shimomura, M. Sata, Y. Arita,

Laug, R. C. Seeger, Y. A. DeClerck, The

M. Nishida, N. Maeda, M. Kumada, Y. Okamoto,

plasminogen-plasminogen activator (PA) system

H. Nagaretani, H. Nishizawa, K. Kishida, R.

in neuroblastoma: role of PA inhibitor-1 in

Komuro, N. Ouchi, S. Kihara, R. Nagai, T.

metastasis, Cancer Res 1999; 59: 1327-36.

Funahashi, Y. Matsuzawa, Role of adiponectin in

43. K. D. Wohn, T. Schmidt, S. M. Kanse, B.

preventing vascular stenosis, The missing link of

Yutzy, M. Germer, E. Morgenstern, K. T.

adipo-vascular axis, J Biol Chem 2002; 277:

Preissner, The role of plasminogen activator

37487-37491.

inhibitor-1

and

49. Y. Motobayashi, Y. Izawa-Ishizawa, K.

megakaryoblastic cell adhesion, Br J Haematol

Ishizawa, S. Orino, K. Yamaguchi, K. Kawazoe,

1999; 104: 901-8.

S. Hamano, K. Tsuchiya, S. Tomita, T. Tamaki,

44. G. Deng, S. A. Curriden, G. Hu, R. P. Czekay,

Adiponectin inhibits insulin-like growth factor-1-

D. J. Loskutoff, Plasminogen activator inhibitor-

induced cell migration by the suppression of

1 regulates cell adhesion by binding to the

extracellular

on

as

vitronectin:

inhibitor

regulation

of

platelet

Online publication ahead of print, AJMHS Vol 54, 2020

inhibitor-1

detaches

signal-regulated

cells

kinase

from

1/2

20

Yuui et al. Mozuku inhibits the migration of SMCs

activation, but not Akt in vascular smooth muscle
cells, Hypertens Res 2009; 32: 188-193.
50. S.K. Moon, B.Y. Cha, C.H. Kim, ERK1/2
mediates

TNF-alpha-induced

metalloproteinase-9

expression

matrix
in

human

vascular smooth muscle cells via the regulation of
NF-kappaB and AP-1: Involvement of the ras
dependent pathway, J Cell Physiol 2004; 198:
417-427.
51. K.E. Porter, J. Naik, N.A. Turner, T.
Dickinson, M.M. Thompson, N.J.M. London,
Simvastatin inhibits human saphenous vein
neointima formation via inhibition of smooth
muscle cell proliferation and migration, Journal
of Vascular Surgery 2002; 36: 150-157.
52. N. Kubota, Y. Terauchi, T. Yamauchi, T.
Kubota, M. Moroi, J. Matsui, K. Eto, T.
Yamashita, J. Kamon, H. Satoh, W. Yano, P.
Froguel, R. Nagai, S. Kimura, T. Kadowaki, T.
Noda, Disruption of adiponectin causes insulin
resistance and neointimal formation, J Biol Chem
2002; 277: 25863-25866.

Online publication ahead of print, AJMHS Vol 54, 2020

