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1 | INTRODUCTION

Abstract

Tumour lymphangiogenesis plays an important role in promoting the growth and
lymphatic metastasis of tumours. The process is associated with cell proliferation,
migration and tube-like structure formation in lymphatic endothelial cells (LEC), but
no antilymphangiogenic agent is currently used in clinical practice. Fucoxanthin is a
material found in brown algae that holds promise in the context of drug development.
Fucoxanthin is a carotenoid with variety of pharmacological functions, including an-
titumour and anti-inflammatory effects. The ability of fucoxanthin to inhibit lym-
phangiogenesis remains unclear. The results of experiments performed as part of this
study show that fucoxanthin, extracted from Undaria pinnatifida (Wakame), inhibits
proliferation, migration and formation of tube-like structures in human LEC (HLEC).
In this study, fucoxanthin also suppressed the malignant phenotype in human breast
cancer MDA-MB-231 cells and decreased tumour-induced lymphangiogenesis when
used in combination with a conditional medium culture system. Fucoxanthin signifi-
cantly decreased levels of vascular endothelial growth factor (VEGF)-C, VEGF recep-
tor-3, nuclear factor kappa B, phospho-Akt and phospho-PI3K in HLEC. Fucoxanthin
also decreased micro-lymphatic vascular density (micro-LVD) in a MDA-MB-231
nude mouse model of breast cancer. These findings suggest that fucoxanthin inhibits
tumour-induced lymphangiogenesis in vitro and in vivo, highlighting its potential use
as an antilymphangiogenic agent for antitumour metastatic comprehensive therapy

in patients with breast cancer.
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exert important biological effects, including antitumour, antioxidant

and antidiabetic activity 2, Previous studies in human umbilical vein

Fucoxanthin is an orange, non-pro-vitamin A carotenoid found in
brown algae such as Undaria pinnatifida (Wakame) and Eisenia bicyclis
(Arame) 1. The structures of fucoxanthin (3'-acetoxy-5,6-epoxy-3,5'-
dihydroxy-6',7'-didehyro-5,6,7,8,5',6’-hexahydro-f,p-carotene-8-

one) is shown in Figure 1A. Fucoxanthin has recently been shown to

endothelial cells (HUVEC) have shown that fucoxanthin exerts an
antiangiogenic effect that contributes to the prevention of cancer®.
Fucoxanthin prevents the proliferation of tumour cells through clas-
sical pathways involved in metastasis and the cell cycle, including the
PI3K/Akt and nuclear factor kappa B (NF-kB) pathways”. Although
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fucoxanthin has been found to play an important role in human

health, specific effects on tumour lymphatic metastasis remain to be

elucidated. Here, we explore the effects of fucoxanthin on lymphan-
giogenesis induced by MDA-MB-231 breast cancer cells.

Lymphatic metastasis, a process in which tumour cells migrate

from primary tumours to lymph nodes via lymphatic vessels, facili-

tates metastasis of malignant tumours. Lymphatic vessel formation

is observed in diverse types of tumour tissue, including tumour

vessels, tumour cells, tumour-associated fibroblasts and inflam-

matory cells. Lymphangiogenesis involves the proliferation and

migration of lymphatic endothelial cells (LEC) in lymphatic vessels

surrounding the tumour; this process is promoted by the secretion
of lymphangiogenic factors from inflammatory and tumour cells.
Lymphangiogenic factors such as vascular endothelial growth fac-
tor (VEGF)-C, which binds to VEGF receptor-3 (VEGFR-3), increase

the ability of lymphatic vessels to invade tumours . Expression of

VEGF-C was found to correlate with metastasis in human cancer 7,
In animal models, inhibition of lymphangiogenesis through blockade
of VEGF-C or VEGFR-3 has been shown to prevent lymphatic me-
tastasis. Ongoing studies are investigating the role of VEGFR-3 and

VEGF-C/-D in tumour lymphangiogenesis, using soluble VEGFR-3 or

antibodies to VEGFR-3 to inhibit tumour metastasis and lymphan-
giogenesis °.

Nuclear factor kappa B is another molecule that plays an import-
ant role in lymphangiogenesis. Nuclear factor kappa B is a transcrip-
tion element located in the cytoplasm. Before release is triggered
by a stimulus, NF-xkB remains bound in an inert NF-kappa-B inhib-
itor (IkB) complex. On stimulation, a nuclear localization signal reg-
ulates transport of the activated NF-xB complex into the nucleus
to induce related gene expression, in particular, VEGF-C, Cyclin D1,

matrix metalloproteinase-2 (MMP-2) and matrix metalloprotein-
ase-9 (MMP-9). Nuclear factor kappa B may be activated by numer-
ous growth factors, cytokines and receptor families associated with
tumour necrosis factor. Nuclear factor kappa B is also triggered by
other signalling pathways, such as PI3K/Akt and Ras/MAPK, to in-
duce antiapoptotic effects 1°. PI3K/Akt signalling contributes sig-
nificantly to tumour angiogenesis and carcinogenesis **. Excitation
of the PI3K/Akt/NF-kB signalling pathway may promote tumour-in-
duced lymphangiogenesis, which is involved in cell proliferation and
migration in LEC.

Inhibition of lymphangiogenesis represents a novel strategy for
the treatment of breast cancer. Inhibition of lymphangiogenesis is
expected to help control primary tumours and pre-metastatic, tu-
mour-conditioned regional lymph nodes. Growth of MDA-MB-231
cells and tumour-conditioned lymph nodes was mechanistically de-
layed by VEGFR2/3 and NRP1/2 complex formation in the presence
of VEGF-A/C 2. During the process of tumour metastasis, cellular
basement membrane was prominently degraded by malignant cells,
and cells spread to distant organs, resulting in the formation of sec-
ondary tumours. Various proteases, including matrix metallopro-
teinases (MMPs), degrade extracellular matrix (ECM) and basement
membrane. Matrix metalloproteinase-2, MMP-9 and tissue inhibitor
of metalloproteinase-1 (TIMP-1), the endogenous inhibitor of MMP,
are highly associated with local tissue invasion, which is clearly aided
by the degradation of ECM 3.

We hypothesized that ECM degradation might be of special con-
cern because of the important role fucoxanthin plays in preventing
tumour metastasis and lymphangiogenesis. So, in this study, we
analyse fucoxanthin-mediated inhibition of lymphangiogenesis and
metastasis through experiments in human LEC (HLEC) and a nude
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FIGURE 1 Effect of fucoxanthin on viability and cell cycle distribution in human lymphatic endothelial cells. A, Chemical structure of
fucoxanthin. B, Cell viability after 12, 24 or 48 h in culture. C, Flow cytometry histograms and (D) cell cycle distribution as assessed via flow
cytometry. After 24 h, fucoxanthin treatment arrested cells in the S phase and significantly decreased length of the GO/G1 phase. Values are
mean + SD. *P < 0.05 and **P < 0.01 vs untreated control (one-way ANOVA)



WANG ET AL.

WILEY--2

mouse model of breast cancer. The fucoxanthin used was extracted
from U pinnatifida. These experiments were designed to elucidate
the mechanism underlying lymphangiogenesis to specific cellular

targets.

2 | MATERIALS AND METHODS

2.1 | Preparation of fucoxanthin

Fucoxanthin was isolated from U pinnatifida and the preparation
method as previously reported®.

2.2 | Cell culture

Human LEC were obtained from Sciencell Research Laboratories
(Carlsbad, CA; http://sciencellonline.com/). Cells were cultured in
Roswell Park Memorial Institute (RPMI) 1640 medium with 15% foe-
tal bovine serum (FBS). Human breast cancer cell line MDA-MB-231
was obtained from American Type Culture Collection (ATCC), where
the cell lines were authenticated by short tandem repeat profiling
before distribution. Cells were cultured in RPMI 1640 medium con-
taining 10% FBS, 100 U/mL penicillin and streptomycin at 37°Cin a
humidified atmosphere of 5% CO,. Only cells at passage 3-8 were
used for experiments.

2.3 | Cellviability

An 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bro-
mide, Thiazolyl Blue Tetrazolium Bromide (MTT) assay kit (Sigma-
Aldrich, St. Louis, MO, USA) was used to measure the effects
of fucoxanthin on cell viability in vitro. Human LEC and MDA-
MB-231 cells were cultured in 96-well plates (1.0 x 10* cells/well,
in 100 pL medium) for 4 hours, then treated with fucoxanthin (25,
50, 100 pmol/L; final volume, 200 pL) for 12, 24 or 48 hours. MTT
(5 mg/mL) was added to cell preparations, and plates were incubated
for an additional 4 hours. Dimethyl sulfoxide (150 pL/well) was
added to dissolve formazan crystals. Absorbance (A) was measured
at 492 nm with a microplate spectrophotometer (Thermo Fisher
Scientific, Carlsbad, CA). Cell viability was calculated according to
the following equation:

(Atreated _Ablank)

Cell viability (%)= x 100%

control ~ blank

2.4 | Flow cytometry

Human LEC (1 x 10° cells/mL) were incubated for 24 hours at 37°C,
then suspended in 500 pL 75% ice-cold ethanol for >2 hours at 4°C.
The resulting cell pellet was collected via centrifugation at 107 g
for 5 minutes. Prior to incubation, 100 uL RNase A was added. Cell
preparations were incubated for 30 minutes at 37°C. DNA staining
was performed with propidium iodide (400 uL). Progression through
the cell cycle was analysed with a FACSCalibur flow cytometer (BD

Biosciences, San Jose, CA).

2.5 | Migration assay

Transwells (6.5-mm diameter; 8-pm pore size) were used to meas-
ure the antimigration effect of fucoxanthin on HLEC and MDA-
MB-231 cells. Cells (5 x 10* cells/well) were plated on the upper
Transwell chamber and treated with various concentrations of
fucoxanthin in serum-free medium; the lower chamber contained
fresh medium without fucoxanthin. After 24 hours in culture, cot-
ton swabs were used to remove non-migrating cells on the upper
surface of the filter. Cells on the lower surface that had passed
through the membrane were fixed with 70% ethanol, then stained
with 0.1% crystal violet for 8 minutes. Images of five fields were
obtained with a microscope (Olympus, Tokyo, Japan). The num-
ber of migrated cells in each image was counted. Values averaged

across five fields were recorded.

2.6 | Cellinvasion

MDA-MB-231 cells treated with fucoxanthin (25, 50, 100 pmol/L)
for 24 hours were incubated in serum-free medium. For invasion
assays, 1 x 10° cells were plated to the top chambers of Transwell
inserts coated with Matrigel (Sigma-Aldrich). Then, 500 mL medium
containing 10% FBS was added as a chemoattractant to the lower
chambers. After incubation for 24 hours at 37°C, cells on the upper
surface of the insert were removed by swabbing. Cells that had mi-
grated were fixed with 70% ethanol for 10 minutes and stained with
0.1% crystal violet for 8 minutes. Microscopic images were used to
count the number of cells that had migrated. Counts for five ran-

domly selected fields were averaged.

2.7 | Tube formation

A Matrigel-based assay was used to measure tube formation, in order
to analyse the effect of fucoxanthin on formation of lymphatic-like
structures in vitro. Briefly, HLEC (1 x 10* cells/well) were plated in 96-
well plates that had been pre-incubated with Matrigel at 37°C. Various
concentrations of fucoxanthin were added before cells had attached
to the Matrigel. Cell preparations were then incubated for 24 hours.
An inverse microscope (NOVEL, Nanjing, China) was used to obtain
images 23 fields per well. The rate of tube formation was calculated

as follows:

Tube quantit
Formation rate (%)= M
Tube quantltYControl

2.8 | Enzyme-linked Immunosorbent Assay

MDA-MB-231 cells were incubated with fucoxanthin (25, 50,
100 pmol/L) for 24. The supernatant collected was analysed by
ELISA. Each 96-well plate was coated with polyclonal anti-VEGF-C
(1:1500). Staining was measured at 450 nm on a Multiskan Ascent
photometer (Thermo Fisher Scientific). Relative amounts of phos-
pho-Flk-1/Flt-4 were determined with a phospho-Flk-1/FIt-4 cell-
based colorimetric ELISA kit (ImmunoWay Biotech, Plano, TX).
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2.9 | Immunohistochemistry

To stain the cytoskeleton, cells were fixed in 3.7% methy-
laldehyde for 10 minutes, washed with PBS containing 0.1%
TritonX-100 for 5 minutes, and then stained for 20 minutes at
room temperature with green-fluorescent phalloidin (KeyGEN
Biotech, Nanjing, China). Cell nuclei were identified by counter-
staining with 4’,6-diamidino-2-phenylindole. After three washes,
cells were examined under a fluorescent microscope (Leica,

Solms, Germany).

2.10 | Western blot

To examine protein expression levels in HLEC after treatment with fu-
coxanthin, cells were treated with fucoxanthin for 24 hours, then lysed
in RIPA lysis buffer (Thermo scientific, Waltham, MA, USA). Equivalent
amounts of protein (40 pg) were measured using the Bradford method
and resolved by 12% SDS-PAGE gels, which were electrotransferred
onto nitrocellulose membranes. Membranes were incubated over-
night at 4°C with relevant primary and peroxidase-conjugated sec-
ondary antibodies. Protein bands were detected with an ECL system
(Bio-Rad Laboratories, Hercules, CA). The following primary antibod-
ies were used: human anti-p-PI3K, p-Akt, NF-xB, VEGF-C, VEGFR-3,
MMP-2, MMP-9, TIMP-1(1:500) and anti-GAPDH (the latter as inter-
nal control).

2.11 | Quantitative real-time PCR (Real-time gPCR)

Cells treated with fucoxanthin were cultured for 24 hours. TRIzol
reagent (Invitrogen, Carlsbad, CA) was used to extract total
RNA. Reverse-transcription used an oligo(dT) primer and Murine
Leukemia Virus reverse transcriptase (Takara, Dalian, China) to ob-
tained ¢cDNA GAPDH was used as internal control. The following
primers were used: GAPDH, 5-TGGCACCCAGCACAATGAA-3' and 5-
CTAAGTCATAGTCCGCCTAGAAG CA-3; VEGF-C, 5-ATTAGACGTTC
CCTGCCAGC-3' and 5-TCCAGCTCCTTGTTTGGTCC-3" VEGFR-3, 5-
ATTCCCCATGACCCCAACGA-3'and5-GTAAAACACCTGGCCTCCTCG-3".
Real-time gPCR was performed in triplicate for every sample in a parallel
design, using the SYBR® Premix ExTaq" (Takara) and the Takara detec-
tion system TaKaRa TP800 (Dalian, China), according to the manufactur-
er's protocol. Subsequently, the genes expression data were analysed by
Thermal Cycler Dice Real Time system software (Takara), and quantified
by the comparative cycle threshold (Ct) method (2724 method), based
on the Ct values for among VEGFC, VEGFR3 and GAPDH to calculate
the relative fold increase.

2.12 | Conditional culture

Briefly, MDA-MB-231 cells were treated with fucoxanthin (25, 50,
100 pmol/L) for 24 hours and cultured with serum-free medium
for 24 hours. Supernatant was centrifuged and collected. Human
LEC were cultured with 40% conditional medium for assays of tube

formation.

2.13 | Lymphangiogenesis in vivo

The protocol was approved by the Animal Care and Ethics Committee of
Dalian Medical University. Balb/c nu/nu mice (female mice, 5-6 weeks
old, approximately 18 g) were purchased from Dalian Medical University
Experimental Animal Center. Animals were housed under specific path-
ogen-free conditions. The tumour model was established in 18 mice
through inoculation with MDA-MB-231 cells (1 x 107 cells, 100 ul),
which were injected subcutaneously into the right armpit. After 5 days,
mice were randomly divided into control and experimental groups.
Experimental groups were treated with fucoxanthin; normal saline (NS)
was used for control treatment. Fucoxanthin (100, 500 pmol/L; 100 pL
per mouse) or NS (100 pL) was injected at the tumour periphery every
day, for 26 days. Tumour length and width were measured with cali-
pers every 4 days. All mice were euthanized on day 26, at which point
tumours were isolated and weighed. Tumour volumes were calculated
as V = ab®/2 (a, tumour length; b, tumour width). Tumours were fixed
in 10% neutral formaldehyde, embedded in paraffin and sectioned.
Lymphatic vascular density in tumour tissue was quantified by immu-
nofluorescence. Animal studies were performed according to the ap-
propriate ethical criteria and approved by the Committee for the Care

and Use of Animal Subjects at Dalin Medical University.

2.14 | Statistical analysis

Data are expressed as mean = SD. Significant differences were
evaluated by one-way ANOVA using spss and Prism 5 (Version 5.04,
GraphPad Software, Inc, La Jolla, CA). Statistical significance was
defined as P < 0.05 and P < 0.01. All experiments were performed at
least three times for quantitative comparison.

3 | RESULTS

3.1 | Fucoxanthin inhibits the growth and
proliferation of HLEC

The effect of fucoxanthin (25, 50, 100 pmol/L) on viability and prolifera-
tion of HLEC over time (12, 24, 48 hours) was evaluated by MTT assay.
Our data, as shown in Figure 1B, demonstrated that 24- or 48-hour treat-
ment with fucoxanthin inhibited cell viability. The results of flow cytome-
try showed that treatment of HLEC with fucoxanthin (25, 50, 100 pmol/L)
for 24 hours arrested the cell cycle during S phase (Figures 1C,D).

3.2 | Fucoxanthin inhibits tube formation in HLEC

Tube formation of HLEC was assessed to investigate the antilymphang-
iogenic effect of fucoxanthin. Tube formation capacity was inhibited in
HLEC treated with fucoxanthin for 24 hours (Figure 2A,B). mRNA and
protein levels of VEGF-C and its receptor (VEGFR-3) decreased. The re-
sults indicated an inverse correlation between mRNA and protein levels
of VEGF-C and VEGFR-3 and fucoxanthin concentration (Figure 2,D).
Treatment with fucoxanthin decreased levels of phospho-VEGFRS in a

concentration-dependent manner (Figure 2E).
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3.3 | Fucoxanthin inhibits HLEC migration

To evaluate the effects of fucoxanthin on HLEC migration, we per-
formed Transwell assays as well as cytoskeletal and nuclear staining.
Cells treated with fucoxanthin for 24 hours migrated significantly
less than control cells. This effect was concentration dependent
(Figure 3A,C). Increasing concentrations of fucoxanthin affected
the distribution of microfilaments within the cell, with effects on
cell morphology and cell polarity (Figure 3B). These results indicate
that fucoxanthin regulates the rearrangement of microfilaments to
inhibit cell motility.

3.4 | Fucoxanthin suppresses PISK/Akt/NF-
kB signalling

In order to elucidate the mechanism underlying the inhibitory ef-
fect of fucoxanthin on lymphangiogenesis in HLEC, PI3K/Akt/NF-
kB signalling was measured by Western blot. The results indicated
treatment with fucoxanthin decreased expression of phopho-PI3K,
phospho-AKT and NF-xB. This effect was concentration dependent
(Figure 3D).

3.5 | Fucoxanthin affects malignant phenotypes of
MDA-MB-231 cells in vitro

Lymphatic metastasis requires proliferation, migration and invasion
of tumour cells as well as secretion of VEGF-C. To confirm the anti-

metastatic activity of fucoxanthin, we further observed the effects
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of fucoxanthin on malignant phenotypes (ie migration, invasion, se-
cretion of VEGF-C) in MDA-MB-231 cells with MTT and Transwell
assays. As shown in Figure 4, MDA-MB-231 cells treated with fu-
coxanthin (25, 50, 100 pmol/L) for 12, 24 or 48 hours showed de-
creased cell viability, migration and invasion. Western blot analysis
and ELISA were performed to measure expression and secretion of
invasion-associated proteins MMP-2, MMP-9 and TIMP-1. The re-
sults indicated that fucoxanthin decreased the expression and secre-
tion of MMP-2 and MMP-9 but increased expression and secretion
of TIMP-1(Figure 4D).

To evaluate the effect of fucoxanthin on VEGF-C secretion,
ELISA and Real-time gPCR assays were used to measure VEGF-C
expression and secretion in MDA-MB-231 cells. The results showed
that mRNA expression and secretion were down-regulated in the

presence of fucoxanthin (Figure 4B).

3.6 | Fucoxanthin inhibits tumour-induced
lymphangiogenesis in vitro

Cell growth, migration and tube formation were investigated using
a 24-hour conditional culture system in order to further analyse
whether fucoxanthin inhibited tumour-induced lymphangiogenesis.
Cell viability, migration and tube formation were significantly in-
creased in the conditional culture, compared with negative controls
(NC) (P < 0.05). Treatment with fucoxanthin effectively decreased
cell migration and tube formation in conditionally cultured HLEC.
This effect was concentration dependent (Figure 5A,B,D). Treatment
of conditionally cultured HLEC with fucoxanthin also decreased
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FIGURE 2 Fucoxanthin inhibits lymphatic tube formation in human lymphatic endothelial cells (HLEC). Cells were incubated for 24 h in
medium with or without fucoxanthin (25, 50, 100 pM). A, Photomicrographs of HLEC tube formation (scale bar =50 pm). Complete tubular
structures are marked with asterisks. B, Quantitative analysis of the rate of tube formation. C, Expression of vascular endothelial growth
factor (VEGF)-C and VEGF receptor-3 (VEGFR-3), as determined by Western blot. D, mRNA levels of VEGF-C and VEGFR-3, as determined by
Real-time gPCR. E, p-VEGFR3 levels in fucoxanthin-treated HLEC and controls. *P < 0.05 and **P < 0.01, compared with controls (one-way

ANOVA)
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FIGURE 3 Fucoxanthin inhibits
human lymphatic endothelial cells (HLEC)
migration in vitro. Human lymphatic
endothelial cells were incubated in
medium for 24 h with or without
fucoxanthin (25, 50, 100 umol/L). A,
Microscopic images (scale bar = 50 um)
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FIGURE 4 Effect of fucoxanthin on malignant phenotypes in MDA-MB-231 cells. Cells were treated with fucoxanthin (25, 50,

100 pmol/L) for 12-48 h. A, Decreased cell viability in cells treated with fucoxanthin for 12-48 h. B, Decreased mRNA and protein levels
of vascular endothelial growth factor-C after fucoxanthin treatment, as determined with real-time qPCR and ELISA. C, Microscopic images
of migration and (D) invasion in MDA-MB-231 cells (scale bar = 50 pm). Averages were calculated from five fields. Data are presented

as mean = SD; **P < 0.01 vs controls (one-way ANOVA). The protein expression levels of matrix metalloproteinase-2 (MMP-2), matrix
metalloproteinase-9 (MMP-9) and tissue inhibitor of metalloproteinase-1 were measured by western blot analysis. The secretion levels of
MMP-2 and MMP-9 were measured by ELISA.
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levels of phospho-VEGFR3 (Figure 5C). These results indicate de-
creased levels of VEGF-C in MDA-MB-231 cells.

3.7 | Inhibition of tumour growth and
lymphangiogenesis in a mouse model

Fucoxanthin-mediated inhibition of tumour growth and lym-
phangiogenesis were investigated in a MDA-MB-231 breast cancer
xenograft model using Balb/c nude mice. The results showed that
fucoxanthin significantly decreased tumour volume (Figure 6A,B)
and weight (Figure 6C).

Tumour lymphangiogenesis was analysed using immunofluo-
rescent staining with VEGFR-3 and lymphatic vessel endothelial
hyaluronan receptor 1 (LYVE-1) antibodies. After treatment with
fucoxanthin (100, 500 pmol/L), micro-lymphatic vascular density
(LVD) in tumour tissue significantly decreased from 14.0 + 2.94 to
6.0 +£0.81 and 3.66 + 1.25 respectively (Figure 7). The results of
analysis suggest that fucoxanthin inhibits tumour growth and lymph-

angiogenesis in a xenograft model of breast cancer.

4 | DISCUSSION

Metastasis is a feature used for tumour classification as well as a com-
mon cause of cancer-related death. Metastasis via lymphatic vessels

is an important initial event. Tumour-induced lymphangiogenesis in
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regional lymph nodes or local tumours has been associated with for-
mation of various types of tumours, including breast cancers 5 n
addition to inducing lymphangiogenesis, tumour cells at the primary
site invaded existing lymphatic vessels and travelled to adjacent
lymph nodes °. Previous studies have indicated that tumour cell ex-
pression and secretion of VEGF-C correlates with lymphangiogen-
esis and poor prognosis among patients with breast cancer®.

Fucoxanthin has potential for pharmaceutical use as an antitu-
mour agent. Previous studies have indicated that fucoxanthin may
inhibit proliferation in human cancer cells. Treatment with fucox-
anthin is associated with significantly decreased expression of an-
giogenic factors, including VEGF Y. Low doses of fucoxanthin were
shown to be effective in decreasing proliferation of MDA-MB-231
breast cancer cells, through inhibition of the NF-xB pathway in
a time-dependent manner 1819, Although fucoxanthin acts on nu-
merous molecular targets, studies of its effects on tumour-induced
lymphangiogenesis have failed to provide conclusive evidence for
effects on HLEC.

Human LEC proliferation is closely related to the formation of
a lymphatic network. The results presented above suggest that fu-
coxanthin inhibits HLEC proliferation by blocking the S phase of the
cell cycle.

Cell migration, motility and tubulogenesis are closely related to
actin-tethered adhesion and dynamics of actin filament complexes,
which comprise junctional molecules linked to the actin cytoskel-

eton in LEC 2%?1, We found that fucoxanthin clearly inhibited cell
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FIGURE 5 Fucoxanthin inhibits tumour-induced lymphangiogenesis in vitro. Human lymphatic endothelial cells (HLEC) were incubated
in conditional medium with or without fucoxanthin (25, 50, 100 umol/L) for 24 h. A, Cell viability, (B) migration and (D) tube formation are
decreased in HLEC. C, Results of ELISA showing fucoxanthin decreases phosphorylation of vascular endothelial growth factor receptor-3.
NC, negative control. Data are shown as mean + SD; *P < 0.05 vs NC; *P < 0.05, **P < 0.01 vs controls (one-way ANOVA)
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FIGURE 6 Fucoxanthin inhibited tumour growth in the MDA-MB-231 xenograft model of breast cancer. Female nu/nu mice were
inoculated subcutaneously with MDA-MB-231 cells. Five days after inoculation, NS or fucoxanthin (100, 500 umol/L; 100 uL/per

mouse) was injected at the tumour's edge every day for 26 days. Tumour length and width were measured individually every 4 days. A,
Representative images obtained on day 26 of tumours implanted subcutaneously. B, Tumour growth curves and (C) tumour weight. Data are
presented as mean = SD. *P < 0.05, **P < 0.01 vs controls (one-way ANOVA)

migration and tube formation. Treatment with fucoxanthin trans-
formed the morphology of the HLEC cytoskeleton, supporting pre-
vious reports that fucoxanthin decreases pseudopod formation®®.

Based on our data, we have identified the characterizing and their
impact on survival, migration and invasion in MDA-MB-231 breast can-
cer cells within fucoxanthin treatment setting, along with significantly
inhibitory effect accompanied by a concentration-dependent manner.
Through analysis of the literature, it appeared that expression of VEGF
secreted by breast cancer cells was altered in a pro-angiogenesis di-
rection in breast cancers 8. As family of vascular endothelial growth
factor, VEGF-C has already been facilitated by cancer cells. Our data
suggest that fucoxanthin significantly inhibited production of VEGF-C
secreted by ELISA and expression of VEGF-C mRNA in MDA-MB-231
cells. MMPs are regarded as primary vital molecules that assist tumour
cells during invasion or metastasis, and TIMPs modulate MMPs ac-
tivation, even decreased the degradation of ECM 22 We evaluated
that inhibition of relative protein and secretion of MMP-2 and MMP-9,
and increase TIMP-1 protein expression in MDA-MB-231 cells treated
with fucoxanthin. Simultaneously, the results also prominently play
an important role for the inhibitory action of breast cancer-induced
lymphangiogenesis treated with fucoxanthin to lay the foundation for
the inhibition of lymph node metastasis of breast cancers.

Use of a conditional medium culture system allowed us to ob-
serve the interaction between two types of cells. We detected
that fucoxanthin significantly inhibited cell viability, migration and
tube-like formation capacity on HLEC in conditioned medium cul-
ture system. Moreover, HLEC treated with conditioned medium

also presented stronger ability of cell viability, migration and lumen
structure formation. Accordingly, we verified that fucoxanthin
inhibited tumour-induced lymphangiogenesis in vitro. Vascular
endothelial growth factor-C exerts its function with binding to
VEGFR-3, causing an increase ability in proliferation and migration
of HLEC and initiating the downstream signal pathways. Besides,
silencing of VEGF-C significantly inhibits lymphangiogenesis,
which mostly suggested that lymphangiogenesis greatly associated
with regulation of VEGF-C. To a large extent, VEGF-C secreted by
MDA-MB-231 cells may promote lymphangiogenesis correlated
with lymph node metastasis 23. Our results suggest that expres-
sion of VEGF-C and VEGFRS3 signalling axis was down-regulated
markedly in the protein and molecular level by high concentrations
of fucoxanthin, which additionally consistent with its antilymphan-
giogenesis activity. We suppose that it may also laid the molecular
foundation on inhibition the ability of tumour cells invading to lym-
phatic vessels.

Nuclear factor kappa B inhibitor could be degraded by upstream
phosphorylation of Akt, allowing NF-kB released from the cytoplasm
to translocate to the nucleus and act on target genes, which all con-
sidered as the important regulatory pathways in tumour prolifera-
tion and metastasis. PISK/Akt signalling mediates processes such
as tumour angiogenesis and degradation of the ECM, as well as cell
migration and adhesion 24, We studied the effects of fucoxanthin on
downstream signalling by NF-kB, p-PI3K and p-Akt to further ex-
plore the compound's ability to inhibit lymphangiogenesis. The re-
sults obtained showed that fucoxanthin inhibited phosphorylation
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FIGURE 7 Fucoxanthin inhibits lymphangiogenesis in vivo. Top: Immunofluorescent images of tumour lymphatic vessels stained with
antibodies to vascular endothelial growth factor receptor-3 (green) and lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1) (red),
from mice inoculated with MDA-MB-231 cells. Bottom: Quantitative assessment of tumour lymphatic vascular density. Data are presented

as mean = SD. **P < 0.01 vs controls (one-way ANOVA)

of Akt and PI3K, which in turn led to the degradation of NF-xB and
decreased HLEC activation. These results indicate that fucoxanthin
inhibits lymphangiogenesis by blocking NF-kB/PI3K/Akt signalling.

Although fucoxanthin inhibited tumour-induced lymphan-
giogenesis in vitro, it remained to be established whether this
trend held true in vivo. We established a nude mice tumour
model, breast cancer MDA-MB-231 cells were inoculated in
nude mice, and evaluated the potential of tumour growth and
lymph tube density in tumor tissue. Lymphatic vessel density
is an effective indicator of response and detection of lymphan-
giogenesis. It is widely accepted that LYVE-1, VEGF-C and its
receptor VEGFR-3 are the prerequisites for the promotion of
tumour lymphangiogenesis, 2526 LYVE-1 and hyaluronic acid re-
ceptor homologous to CD44 (HA), which may be transported by

the peripheral lymph and hyaluronic acid to induce tumour cell

metastasis through lymphatic function?”28. The results showed
that the content of LVD in tumour tissues was positively cor-
related with the expression of LYVE-1/VEGFR-3 and VEGF-C?’.
In this study, LVD was significantly lower in nude mice treated
with fucoxanthin, compared to those treated with saline. The
lymphatic vessels observed were also smaller and less func-
tional. These results suggest that fucoxanthin can effectively
inhibit tumour lymphangiogenesis on breast cancer cell in vivo
and in vitro.

In conclusion, it may be largely demonstrated that fucoxanthin
subdued the progression of lymphangiogenesis and exerted a nega-
tive role on tumour-induced lymphangiogenesis. Fucoxanthin inhib-
ited dramatically proliferation and migration and tube-like structure
formation of HLEC. And, activity, migration and invasion on MDA-
MB-231 cells could be inhibited by fucoxanthin. Fucoxanthin
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depresses tumour-induced lymphangiogenesis by down-regulating
secretion and mRNA level of VEGF-C on MDA-MB-231cells and ex-
pression of VEGF-C and VEGFR-3 on HLEC, including NF-xB degra-
dation after inhibition of Akt and PI3K phosphorylation. Fucoxanthin
is a naturally derived compound that holds promise for use as an

anticancer agent.
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