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Fucoidan attenuates atherosclerosis in LDLR”- mice
through inhibition of inflammation and oxidative stress
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Abstract: Background and purpose: Fucoidan is a major bioactive polysaccharide which contains substantial percent-
ages of L-fucose and sulfate ester groups, mainly isolated from brown seaweed. For the past decade fucoidans have
been extensively studied due to their varied biological activities, including anti-inflammatory, blood lipids reducing,
antioxidant and anticomplementary properties. However, it is not known whether fucoidan can prevent experimental
atherosclerosis. The present study was designed to investigate the protective effects of fucoidan on atherosclerosis
and its molecular mechanisms of action. Methods: Low Density Lipoprotein Receptor-deficient (LDLR”") mice, fed
an atherogenic diet, were dosed daily with Fucoidan (50, 100 mg/kg day) by oral gavage. In vitro studies were car-
ried out in oxidized LDL (oxLDL)-stimulated RAW264.7 cells treated with or without Fucoidan. Results: Fucoidan
significantly attenuated atherosclerotic plaque formation and enhanced plaque stability in LDLR”" mice by decreas-
ing the serum lipids and inhibiting the macrophage infiltration, as well as inhibiting reactive oxygen species (ROS)
generation. Fucoidan treatment significantly decreased the expression of LOX-1 and the levels of pro-inflammatory
mediators in vivo. In vitro, fucoidan decreased oxLDL-induced LOX-1, pro-inflammatory mediators as well as adhe-
sion molecules (ICAM-1 and VCAM-1). Furthermore, fucoidan inhibited NADPH oxidase subunit 4 (NOX4)-mediated
ROS generation. Conclusion: Fucoidan was shown to have anti-atherosclerotic activity, which was mediated through
inhibition of the inflammation and oxidative stress. This suggests that Fucoidan is a vasculoprotective drug that has

potential therapeutic value for the clinical treatment of atherosclerotic cardiovascular diseases.
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Introduction

Atherosclerotic cardiovascular disease, driven
and regulated by lipid retention (in the artery
wall), lipid oxidation, persistent inflammation
and immune response disturbances, is the le-
ading cause of premature death in developed
and developing countries [1, 2]. One critical
event in the initiation of atherosclerosis is the
adhesion of leukocytes to activated endotheli-
um and their subsequent migration into the
vessel wall. These cellular processes are medi-
ated by the up-regulation of adhesion mole-
cules in endothelial cells (ECs) and an increased
expression of leukocyte chemotactic factors
in the vascular wall [3]. One major determinant
of this alteration could be oxidative stress.
Modified LDL, in particular oxidized LDL (oxLDL;
the pathological form of oxidatively modified
LDL), exerts several pro-atherogenic effects to

facilitate atherosclerosis [4]. The plasma oxLDL
level is transiently increased before the devel-
opment of atherosclerotic lesions in apolipopro-
tein E-deficient (LDLR”") mice [5], suggesting
that oxLDL may play a crucial role in the early
stages in the formation of atherosclerotic
lesions. Previous studies have shown that lec-
tin-like oxLDL receptor-1 (LOX-1), a primary sca-
venger receptor expressed in ECs [6], is up-reg-
ulated in atherosclerotic plaques of experimen-
tal animals and humans [7]. LOX-1 facilitates
the uptake of oxLDL by ECs and macrophages,
thus mediating several of its biological effects
[8-11]: oxLDL induces (i) apoptosis of ECs and
phagocytosis of aged and apoptotic cells; (ii)
the adhesion of monocytes to activated endo-
thelium; and (iii) macrophage-derived foam cell
formation. More recently, it has been demon-
strated that LOX-1 is the main culprit that trans-
duces the signal of the adverse effects of dys-
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Table 1. Effects of fucoidan on serum blood lipids in LDLR”- mice

Group TG (mg/dl) TC (mg/dl) LDL-C(mg/dl) HDL-C (mg/dl)
Control 127.24+20.76 403.76+£41.09 292.98+36.70 11.78+2.13
Fucoidan (50 mg/kg) 107.13+13.20% 354.61+31.67 206.34+26.47* 19.36+3.17*

Fucoidan (100 mg/kg) 86.32+11.09**

256.71+21.37**

168.00+£20.31** 26.08+2.84**

TG: triglyceride, TC: total cholesterol, LDL-C: low-density lipoprotein cholesterol, HDL-C: high-density lipoprotein cholesterol.

*p<0.05, **p<0.0.1.

functional high-density lipoprotein (HDL; such
as oxidized HDL and HDL from patients with
coronary artery disease) [12]. In vitro, LOX-1
expression is up-regulated by various pro-ath-
erogenic stimuli, including oxLDL, TNF-«, angio-
tensin Il, shear stress, homocysteine and high
glucose [11]. Therefore, LOX-1 has recently
been suggested as an attractive therapeutic
target for atherosclerosis [11].

The brown seaweed, Laminaria japonica, is
common seafood in China and many other
countries, and documented as a drug in tradi-
tional Chinese medicine for over a 1000 years.
Fucoidan is a complex sulfated polysaccharide,
derived from marine brown seaweed. Fucoidan
has been reported to possess diverse biologi-
cal activity of potential medicinal value, such as
antioxidant, anticoagulant, antitumor, antiviral
and anti-inflammatory activity [13, 14]. Notably,
its anti-inflammatory has drawn much attention
in recent years [15, 16]. However, there is
no report on the potential anti-atherosclerotic
effects of fucoidan in vivo.

Therefore, in the present study, we investigated
the potential effects of fucoidan on atheroscle-
rotic plague development in LDLR” mice kept
on a high cholesterol diet (HCD). Additionally,
we examined the modulation of LOX-1 expres-
sion by CTS in HUVECs stimulated with oxLDL.

Materials and methods
Materials

The test compound, fucoidan, was prepared
from L. japonica cultured in Yantai, China and
was identified by Prof. Benming Xu, School of
Pharmacy, Yantai University. A voucher speci-
men was deposited in the herbarium of the
school of pharmacy, Yantai University. Fucoidan
was isolated as described previously [17].

Animal experiment

Experimental protocols were approved by
the Animal Care and Use Committee of Jilin
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University (Jilin, China). All animal experimental
procedures were performed in accordance with
the Guide for the Care and Use of Laboratory
Animals. All studies involving animals are re-
ported in accordance with the ARRIVE guide-
lines for reporting experiments involving ani-
mals [18, 19]. Male LDLR” mice on C57BL/6)J
background were purchased from Peking Uni-
versity Experimental Animal Center (Beijing,
China). The mice were housed under a 12-h
light/dark cycle in specific pathogen-free facili-
ty at Institutional Experimental Animal Center.
Starting from 6 weeks, the mice were fed with a
HCD (10% fat, 1.25% cholesterol, 0% cholic
acid) for 16 weeks. All LDLR”" mice were dosed
daily via intragastric gavage with 50 or 100
mg/kg Fucoidan dissolved in 0.5% carboxy-
methyl-cellulose sodium (CMC-Na) or adminis-
tered 0.5% CMC-Na alone (control) (n = 5 per
group). All animals received food and water ad
libitum. Body weight and food intake were mon-
itored during the study.

Detection of serum lipid profile

For measurement of the lipids, blood samples
were collected at baseline (6 week) and the end
of the diet treatment period (22 week), by retro-
orbital venous plexus bleeding, from animals
that had been fasted overnight. Serum total
cholesterol, HDL cholesterol, LDL cholesterol
and triglycerides were measured by colorimet-
ric assays as previously described [20].

Morphometric analysis of atherosclerotic
lesions

The en face and aortic sinus cryosection tech-
niques [20] were used to quantify atherosclero-
sis development throughout the aorta as well
as at the vessel origin. Oil Red O (ORO) staining
was used to measure lesion area in en face
aorta and aortic sinus. For quantitative analysis
of the total lesion area in aortic sinus, eight
separate cryosections (spacing 50 uym apart)
from each mouse were manually analysed with
the Leica Qwin PLUS Software (Leica Micro-
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Figure 1. Fucoidan re-
duces atherosclerotic
plaque development in
LDLR”" mice. A: Repre-
sentative photographs
of en face preparations
of aortas stained with
Oil Red O (*P<0.05,
compared with control;
**P<0.01, compared
with control) (n = 5).
B-E: Quantitative data.
F: Representative aor-
tic valve cross-sections
stained with Oil Red O.
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Figure 2. Fucoidan reduces Mac-2 and SM-22 expression in aorta atherosclerosis plague of LDLR”- mice. Immuno-
histochemistry result of Mac-2 and SM-22 in aorta atherosclerosis plaque of different groups.

systems, Heidelberg, Germany). For plaque
area in whole aorta, the percentage of ORO-
positive stained area in relation to total luminal
surface area was quantified using computeras-
sisted morphometry with NIH ImageJ software
(http://imagej.nih.gov). Lesion size in the aortic
sinus and en face arterial tree was measur-
ed by two observers blinded to experimental
groups.

Histology and immunohistochemistry analysis

Aortic sinus morphometric and immunohisto-
chemical analysis was performed as described
previously in detail [20]. Sections of 8 ym thick-
ness were used for immunohistochemical
staining with Mac-2 (Boster, Wuhan, China) and
SM-22 antibodies (Abcam, Cambridge, MA,
USA). Colour reaction was developed with dia-
minobenzidine (Sigma-Aldrich, St. Louis, MO,
USA). The remainders of the sections were uti-
lized for hematoxylineosin (H&E) staining to
examine basic lesion morphology.
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Reactive oxygen species (ROS) production in
situ

The production of ROS in aortic root cryosec-
tions was assessed in situ by fluorescence
microscopy of dihydroethidium (DHE)-stained
sections as described, in detail, previously [20].
The fluorescence was quantified using NIH
ImageJ software.

Cell culture

RAW264.7 murine macrophage cells (American
Type Culture Collection, Rockville, MD, USA)
were cultured in DMEM supplemented with
10% FBS and 1% penicillin and streptomycin at
37°C in the presence of 5% COQ. RAW 264.7
cells were treated with 100 ng/mL LPS with or
without different concentrations of fucoidan
(50 and 100 pg/mL) for 24 h. Cells treated with
LPS alone were utilised as the control. After 24
h of treatment, the cell culture supernatants
were collected for cytokine and nitrite assays.

Int J Clin Exp Pathol 2016;9(7):6896-6904
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Figure 3. Fucoidan abolished the ROS and mRNA expression of ROS related
protein in AS aorta of LDLR”" mice. A. Micrographs and quantitative data of
sequential sections of aorta from AS mice were obtained after staining with
dihydroethidium (DHE). B. Relative mRNA level of ROS-generation related
protein was measured by realtime PCR. (*P<0.05, compared with control;
**P<0.01, compared with control; #P<0.05, compared with fucoidan 50

mg/kg) (n = 5).

The cell lysates were collected for reverse tran-
scriptase-polymerase chain reaction (RT-PCR)
assays.

Realtime PCR

Real-time PCR was conducted as previously
described [20]. Sequences for the oligonucle-
otide primers used were designed with Primer
5.0 software (Premier Biosoft, Palo Alto, CA,
USA) and were custom synthesized by Invi-
trogen. mRNA levels of PAI1, NOX-2, p67, LOX-1,
IL-1b, IL-6, TNF-«, intracellular adhesion mole-
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The level of superoxide pro-
duction was determinedby
staining with dichlorodihydro-
fluorescein diacetate (DCFH),
according to the manufactur-
er’s protocol. Briefly, following
treatment as mentioned in
the section “Anoxia/reoxygen-
ation injury model”, above,
the cells were then washed
once with phenolred-free me-
dium, and incubated in 200
mL of a working solution of
DCFH-DA (10 mmol/L) at
37°C for 30 min. The cells
were observed under a fluo-
rescence microscope (Olym-
pus, Japan). The fluorescence
of DCFH was monitored at the
excitation and emission wave-
lengths of 485 nm and 530
nm.
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Statistical analysis

Fifteen LDLR” mice were randomly allocated to
groups and equal group sizes were obtained (n
= 5 per group). Data are presented as mean *
SEM unless specified otherwise. Images shown
are representative of five or more independent
experiments. Statistical significance of differ-
ences was calculated using one-way ANOVA
with Bonferroni post hoc for multiple group
comparison or Student’s unpaired t-test for
two-group comparison where appropriate. The
analyses were performed using GraphPad
Prism Software version 5.02 (GraphPad Inc., La
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Figure 4. Fucoidan reduces the LOX-1 and pro-inflam-
matory mediators expression in AS aorta of LDLR”
mice. The mRNA level of LOX-1, IL-1b, IL-6, TNF-q,
ICAM-1 and VCAM-1 in AS aorta of LDLR”" mice were
measured by RT-PCR (*P<0.05, compared with con-
trol; **P<0.01, compared with control; #P<0.05,
compared with fucoidan 50 mg/kg) (n = 5).

Jolla, CA, USA). A P value<0.05 was considered
to be statistically significant.

Results

Fucoidan decreases the serum lipid level in
LDLR”- mice

Similar to previous study, fucoidan notably
reduced the concentration of serum total cho-
lesterol (TC), triglyceride (TG), and low-density
lipoprotein cholesterol (LDL-C) of hyperlipid-
emic mice and increased the concentration of
high-density lipoprotein cholesterol (HDL-C)
(Table 1) [22].

Fucoidan reduces atherosclerotic plaque de-
velopment in LDLR”- mice

The efficacy of fucoidan in diet-induced athero-
sclerosis in LDLR”" mice was examined. Notably,
compared with vehicle control group, fucoidan
treatment (50 mg/kg, 100 mg/kg) significantly
attenuated atherosclerotic lesion formation in
the en face and prepared aorta and cross-sec-
tions aortic valve (Figure 1A, 1F) of LDLR” mice
fed a HCD for 16 weeks. These data suggest
that fucoidan has potent anti-atherosclerotic
effects in experimental atherosclerosis.

Fucoidan reduces macrophage infiltration and
smooth muscle cell proliferation in atheroscle-
rotic plaque development in LDLR”" mice

Macrophage infiltration and smooth muscle
cell proliferation are the key initiating and pri-
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mary process in atherosclerosis. Macrophage
infiltration and smooth muscle cells prolifera-
tion in atherosclerosis plaque of different gro-
ups were measured by immunohistochemistry
of Mac-2 and SM-22 (Figure 2). Compared with
control group, fucoidan reduces both the mac-
rophage infiltration and smooth muscle cell
proliferation.

Fucoidan inhibits ROS generation in LDLR”
mice aorta

ROS in the plaque could modify LDL, react with
endothelial-derived nitric oxide subsequently
forming peroxynitrite, and amplify the expres-
sion of various genes important for leukocyte
recruitment within the arterial wall and leading
to oxidant injury [23]. As compared to vehicle
control, treatment with fucoidan abolished
superoxide production as detected by dihydro-
ethidium (DHE) fluorescence (Figure 3A). The
following realtime PCR results of related pro-
teins (PAI1, NOX-2, NOX-4, eNOS, SOD1, p67)
revealed that 100 mg/kg fucoidan could inhibit
the expression of ROS-generation related pro-
tein significantly.

Fucoidan inhibits LOX-1 expression and pro-
inflammatory mediators expression in LDLR
7~ mice

To investigate the impact of fucoidan on LOX-1
expression and pro-inflammatory mediators
expression, the mRNA level of LOX-1, IL-1b, IL-6,
TNF-a, ICAM-1 and VCAM-1 were measured
by RT-PCR (Figure 4). The results showed
that 100 mg/kg fucoidan could reduce LOX-1
and pro-inflammatory mediators expression in
LDLR” significantly.

Fucoidan inhibits pro-inflammatory mediators
expression and ROS generation in RAW264.7
cells

We further examined the anti-ROS generation
and anti-inflammation effects of fucoidan on
RAW264.7 cells, to confirm the in-vivo findings.
The results indicated that fucoidan could abol-
ish the expression of LOX-1 and pro-inflamma-
tory mediators significantly. DCFH staining and
realtime PCR showed that fucoidan could
reduce ROS generation as well as the expres-
sion of ROS-generation related protein (Figure
5).

Int J Clin Exp Pathol 2016;9(7):6896-6904
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Figure 5. Fucoidan inhibit LOX-1, pro-inflammatory mediators, ROS and ROS-generation related protein expression
in vitro. (A) Fucoidan inhibit the mRNA level of LOX-1, IL-1b, IL-6, TNF-c, ICAM-1 and VCAM-1 on RAW264.7 cells. (B)
Fluorescence microscopy image of RAW264.7 stained with DCFH after treated with fucoidan at different concentra-
tion. Fucoidan inhibit the mRNA level of eNOS (C), SOD1 (D) and NOX-4 (E) on RAW264.7 cells.

Discussion

Previous study has indicated fucoidan may
reduce the concentration of serum total choles-
terol (TC), triglyceride (TG), and low-density lipo-
protein cholesterol (LDL-C) of heperlipidemic
rats and increase the concentration of high-
density lipoprotein cholesterol (HDL-C) [22].
Our study reproduced similar results in HCD-
fed LDLR”" mice. Previous studies also found
that fucoidan could inhibit the proliferation of
arterial smooth muscle cells (SMC) both in ani-
mal models and in vitro. Hyperlipidemia and the
proliferation of arterial SMC are both major risk
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factors for the development of atherosclerosis.
The regulation effects of fucoidan on lipid level
and arterial SMC indicated that fucoidan may
be atheroportective.

So we investigated the effect of fucoidan on
the development of atherosclerosis in HCD-fed
LDLR” mice, a well established model for study-
ing atherosclerosis. Our data suggested that
high dose of fucoidan (100 mg/kg) resulted in
a significant reduction in atherosclerosis pla-
que area. Meanwhile the expression of MAC-2
in plaque lesion was suppressed in the high
dose fucoidan group, indicating that fucoidan

Int J Clin Exp Pathol 2016;9(7):6896-6904
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could reduce the local inflammation. Further-
more, we found that the expression of SM-22, a
SMC marker, was significantly attenuated by
fucoidan, suggesting that the anti-atheroscle-
rosis effects of fucoidan may associated with
the reduction of SMC proliferation. Moreover,
the inhibitory effects of fucoidan on atheroscle-
rosis may be involved in with its antioxidant
activity [24], reflected by the decrease of ROS
level in the aorta of high dose fucoidan group.
Previous studies have demonstrated the pleio-
tropic effects of fucoidan on cardiovascular dis-
ease. Our results showed that the benefits
effects of fucoidan on cardiovascular disease
may be a combined results of various action.

To gain further insight into the molecular mech-
anism by which fucoidan inhibits atherosclero-
sis progress, we examined the expression of
LOX-1, pro-inflammatory mediators (IL-1(, IL-6,
TNF-«, ICAM-1, VACM-1) in LDLR”" mice. LOX-1,
a versatile scavenger receptor that is ubiqui-
tously expressed in vascular cells is critical for
the initiation and progression of atherosclero-
sis [25]. Our study, for the first time, showed
that fucoidan could attenuate the expression of
LOX-1 with in plaque lesions. Further in-vitro
experiment confirmed our in-vivo finding. Fu-
coidan reduces the mRNA expression level of
LOX-1 and pro-inflammatory mediators on
RAW264.7 cells. Simultaneously, fucoidan abo-
lished the ROS generation as well as the ROS-
generation related protein expression.

Taken together, our present results have inden-
tified a novel atheroprotective effect of fucoid-
an. Fucoidan was shown to suppress the ROS
related pathway and reduce the expression of
LOX-1 and the diminishing the inflammation
response. These observation indicate that fu-
coidan could be exploited as an innovative car-
diovascular drug to prevent or retard the pa-
thogenesis of atherosclerotic cardiovascular
diseases.
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