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Effect of fucoidan on fibroblast growth factor-2-induced
angiogenesis in vitro

Sabine Matou, Dominique Helley *, Delphine Chabut, Andrée Bros, Anne-Marie Fischer

INSERM U428, Université Paris V, Paris, France

Abstract

Fucoidans are sulfated polysaccharides extracted from brown marine algae. A purified fucoidan fraction exhibits the same venous
antithrombotic activity as heparin in rabbits, but with a lower anticoagulant effect. Because of its heparin-like structure, we postulated that
fucoidan might modulate heparin-binding angiogenic growth factor activity. We thus studied its effect, at antithrombotic concentrations, on
fibroblast growth factor (FGF)-2-induced proliferation and differentiation of human umbilical vein endothelial cells. The fucoidan effect on
endothelial cell differentiation was evaluated by studying the expression of surface proteins (i.e. integrin, adhesion molecule) known to be
modulated by FGF-2 and involved in angiogenesis, and by quantifying closed areas delimited by vascular tubes formed on reconstituted
basement membrane. Fucoidan had no modulatory effect on the mitogenic activity of FGF-2, but significantly increased tubular structure
density induced by FGF-2. Fucoidan alone increased o, integrin subunit expression with only partially organized tubular structure. In the
presence of FGF-2, fucoidan enhanced o, 3; and PECAM-1 and inhibited o, 35 integrin expression. Heparin had no effect in these systems.
The most striking effect of fucoidan was observed on ag expression and tube formation was abolished by monoclonal anti-a¢ antibodies.
Fucoidan plus FGF-2 effect on o expression was markedly decreased by monoclonal anti-FGF-2 antibodies, indicating that fucoidan acts
mainly via FGF-2. These results show that, at antithrombotic concentrations, contrary to heparin, fucoidan can enhance vascular tube

formation induced by FGF-2 with a modulation of the expression of surface proteins (mainly o) involved in angiogenesis.
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1. Introduction

Fucoidans are sulfated polysaccharides extracted from
marine brown seaweed. We have previously shown that they
exhibit the same antithrombotic activity as heparin in rabbits
(evaluated in Wessler model), with lower anticoagulant
activity and a lesser hemorrhagic risk [1]. These experi-
ments were performed with standard heparin and a fucoidan
fraction of the same molecular weight [1]. Given its poly-

Abbreviations: FBS, fetal bovine serum; FGF-2, fibroblast growth
factor-2; HGF, hepatocyte growth factor; HUVEC, human umbilical vein
endothelial cell; mAb, monoclonal antibody; PECAM-1, platelet endothe-
lial cell adhesion molecule-1; u-PAR, urokinase-plasminogen activator
receptor; VEGF, vascular endothelial growth factor.
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anionic characteristics comparable to those of heparin,
fucoidan can interact with a large number of basic amino
acid-rich proteins such as blood coagulation inhibitors
(antithrombin, heparin cofactor 2, etc.) [2], explaining its
anticoagulant activity, and with heparin-binding growth
factors (fibroblast growth factor-1, fibroblast growth fac-
tor-2, etc.) involved in cell metabolism [3]. Fibroblast
growth factor-2 (FGF-2), which is ubiquitous, is thought
to play a major angiogenic role in vascular wound repair and
collateral vessel formation [4]. In vivo, FGF-2 is stored
bound to low-affinity sites provided by heparan sulfate
proteoglycans, namely perlecan, located in the extracellular
matrix, and syndecan, located on the cell surface [5]. Yayon
et al. [6] have shown that heparan sulfate proteoglycans are
low-affinity coreceptors for FGF-2 binding to their high-
affinity receptors, and constitute a trimolecular complex
which is more stable than the complex between FGF-2
and the receptor alone. FGF-2 is released from heparan
sulfate chains by heparanase or by competitive binding of



soluble heparin-like molecules [5,7]. At the cellular level,
the FGF-2 release pathway is unclear, as FGF-2 has no
signal peptide. It has been suggested that intracellular FGF-
2 may be released passively in response to mild cell damage
[8] and some stress conditions associated with tissue injury
[9]. In these conditions, released FGF-2 can stimulate
endothelial cells. FGF-2 induces many endothelial cell
modifications involved in angiogenesis (for a review, see
Ref. [10]), namely: (i) increased production of proteases (u-
PA, t-PA) and their receptors (u-PAR) involved in basement
membrane degradation, (ii) stimulation of proliferation and
migration (involving of3) during vessel elongation and
(iii) cell differentiation to form tubes expressing or over-
expressing cell surface proteins (integrins and adhesion
molecules). Angiogenesis also depends on interactions
between surface proteins and extracellular matrix proteins.
In vitro models of angiogenesis using Matrigel (a reconsti-
tuted basement membrane rich in laminin) or collagen gel
have allowed the identification of surface proteins involved
in tube formation, such as ag and (; integrin subunits [11]
and the PECAM-1 adhesion molecule [12]. Many heparan
sulfate proteoglycans such as perlecan or syndecan have a
potentiating effect on FGF-2 angiogenic activity [13,14].
Heparin has a more controversial effect on angiogenesis,
depending on the experimental conditions: it can stimulate
collateral circulation formation in ischemic conditions in the
presence of FGF-2 [4] and inhibit angiogenesis when
administered in combination with steroid compounds [15].
Fucoidan, like heparin, is also a potent antiproliferative
agent for rat arterial smooth muscle cells [16], and this
could be of interest for the prevention of restenosis. Com-
pounds with antithrombotic activity, weak anticoagulant
effects and inhibitory effects on smooth muscle cell pro-
liferation are candidate drugs against restenosis, especially if
they are able to promote angiogenesis and to restore the
endothelial monolayer. We thus studied the effect of fucoi-
dan on endothelial cell proliferation, surface protein expres-
sion and differentiation into vascular tubes in the presence
of FGF-2.

2. Materials and methods
2.1. Materials

Medium M 199 (containing Hank’s salts, L-glutamine and
25 mM HEPES), RPMI 1640 medium, antibiotics (penicil-
lin and streptomycin), L-glutamine, Hank’s balanced salt
solution with phenol red (HBSS), phosphate buffered saline
(PBS), HEPES, 0.05% trypsin/0.02% EDTA and versene
were from Gibco BRL (Cergy-Pontoise, France); HBSS
without phenol red was from Eurobio (Ulis, France); fetal
bovine serum (FBS) was from ATGC (Noisy-le-Grand,
France); collagenase A was from Boehringer (Mannheim,
Germany); and gelatin was from Sigma (St. Louis, MO,
USA). Growth factor-reduced Matrigel™ (without detect-

able FGF-2) was from Becton Dickinson Labware (Bedford,
MA, USA). Human recombinant angiogenic growth factor
FGF-2 was from Valbiotech (Paris, France) and murine anti-
human FGF-2 monoclonal antibody was from Sigma. Rat
anti-human o integrin subunit monoclonal antibodies
(NKI-GoH3) were from Chemicon International (Temecula,
CA, USA).

Fucoidan, extracted from the brown seaweed Ascophyl-
lum nodosum as previously described [17], is a homogenous
fraction with an average molecular weight of 16000 + 3000
g/mol, as determined by analytical high-performance liquid
steric exclusion chromatography. Its chemical composition
is 55.7% fucose, 6.3% uronic acid and 29% SO;Na, and its
anticoagulant activity, determined in the activated partial
thromboplastin time assay with heparin as standard, is 9.2
IU/mg. Unfractionated heparin (molecular weight:
15000 £+ 3000 g/mol; anticoagulant activity: 173 IU/mg)
was from Sanofi Center (Toulouse, France).

Mouse anti-human CD51/CD61 (a5 integrin) mono-
clonal antibody (mAb) 23C6 (IgG;), anti-human CD87 (u-
PAR) mAb A59 (IgG,) and rat anti-human CD49f (o
integrin subunit) mAb GoH3 (IgG,,) were from Pharmingen
(San Diego, CA, USA). Mouse anti-human CD29 (B,
integrin subunit) mAb 2A4 (IgG;) and anti-human CD31
(PECAM-1, -2) mAb MBC 78.2 (IgG;) were from Caltag
(San Francisco, CA, USA).

2.2. Cell culture

Endothelial cells were isolated from human umbilical
cords (HUVEC) by enzymatic digestion with 0.1% colla-
genase according to the method described by Jaffe et al. [18]
and modified by Giraux et al. [3]. The cells were grown in
equal volumes of M199 and RPMI 1640 medium supple-
mented with 20% fetal bovine serum, 2 mM L-glutamine, 80
units/ml penicillin and 80 pg/ml streptomycin. They were
seeded into T25 flasks precoated with 0.5% gelatin and
incubated in humidified 5% CO,—air at 37 °C. They were
fed every 2 days and passaged at a split ratio of 1:2 or 1:3 by
treatment with PBS without Ca®* and Mg® ", then detached
by digestion with 0.05% trypsin/0.02% EDTA. Endothelial
cells were identified by their typical cobblestone morphol-
ogy. Second-passage endothelial cells were used throughout
the study.

2.3. Human endothelial cell proliferation assay

After trypsinization, HUVEC were seeded in 96-well
plates at 1.1 x 10* cells/em? (3.6 x 10* cells/well). After 24
h, the culture medium was renewed, with or without sulfated
polysaccharides (0.1-50 pg/ml) supplemented with 5%
fetal bovine serum (FBS), and with or without FGF-2 (5
ng/ml). Endothelial cells were treated in triplicate, and the
medium (with or without polysaccharide and FGF-2) was
renewed after 2 days of treatment. After 72 h of incubation,
the cells were counted by colorimetric assay. Cell growth



was stopped by adding 1.1% glutaraldehyde for 15 min, and
cells were then rinsed with deionized water. The nuclei were
stained for 10 min with 0.1% crystal violet [19], and
absorbance was measured at 570 nm after 10 min with a
microplate reader.

2.4. Endothelial cell treatment and preparation for
Matrigel™ and flow cytometric analysis

HUVEC were seeded in 6-well plates precoated with
0.5% gelatin at a density of 3 x 10° cells/well. After 24 h,

the culture medium was replaced by medium containing the
sulfated polysaccharide (0, 0.1, 1 and 10 pg/ml) supple-
mented with 5% FBS, with or without FGF-2 (5 ng/ml);
this latter medium was renewed in the same way 48 h later.
After 72 h, HUVEC were detached with versene and
versene—0.01% collagenase, and digestion was stopped
with buffered Hanks-2% FBS (4 °C) supplemented with
sodium bicarbonate. HUVEC were centrifuged at 200 X g
for 8 min at 4 °C, and were then washed with buffered
Hank’s-2% FBS before centrifugation at 200 X g for 8 min
at 4 °C. After a second washing step, HUVEC were used
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Fig. 1. Effect of fucoidan and heparin on FGF-2-induced tube formation on Matrigel. After 3 days of treatment with FGF-2 (5 ng/ml) combined with fucoidan
(0.1—10 pg/ml) or heparin (0.1-10 pg/ml), HUVEC were seeded (3 X 10* cells/well) in 48-well plates coated with Matrigel. After 18 h of culture, HUVEC
treated with FGF-2 alone and FGF-2 plus fucoidan or heparin were fixed with glutaraldehyde and stained with Giemsa. Photographs present vascular tube
formation from HUVEC previously treated with (A) FGF-2 alone, (B) FGF-2 plus fucoidan at 1 pg/ml or (C) heparin at 1 pg/ml. (D) For different
concentrations of fucoidan (white bars) and heparin (hatched bars), in the whole surface of each well, the total enclosed area delimited by the tubes was
measured with the Biocom image analysis system. Values are expressed in percentages, 100% corresponding to HUVEC treated with FGF-2 alone. Results are
means + SE of six determinations for fucoidan and four for heparin. (¥) and (**) significantly (p <0.05 and p<0.01) different from FGF-2 alone.



for flow cytometric analysis and for tube formation assay
(see below).

2.5. Matrigel tube formation assay

Growth factor-reduced Matrigel plates (48-well) were
prepared by adding 150 pl/well of thawed Matrigel (10
mg/ml) to a refrigerated plate. The gel was allowed to
solidify for 1 h at 37 °C. Previously untreated HUVEC
and HUVEC treated for 72 h &+ FGF-2 + polysaccharide
were suspended in medium containing only 5% FBS (with-
out FGF-2 or polysaccharide) and seeded on Matrigel
(3 x 10* cells/well). In some experiments, rat anti-human
o integrin subunit monoclonal antibodies were added at 10
png/ml before seeding of untreated or treated HUVEC on
Matrigel. Cell culture was carried out at 37 °C in humidified
air supplemented with 5% CO, for 18 h. The cells were then
fixed with 1.1% glutaraldehyde for 15 min. The Matrigel
was dehydrated with 75% ethanol at —20 °C for 1 h, then
with 96% ethanol for 3 min at room temperature. The cells
were stained with Giemsa for 3 min. Tube formation was
examined by phase-contrast microscopy. The total closed
area delimited by the tubes was examined and quantified in
the whole surface of each well by using a microscope (40 X
objective) equipped with a monochrome CCD camera con-
nected to a computer equipped with the Biocom image
analysis system.

2.6. Flow cytometry

After the second washing step, untreated HUVEC or
HUVEC treated for 72 h + FGF-2 * polysaccharide were
suspended in Hank’s-2% FBS at 5 x 10° cells/ml, and 10°
cells were incubated for 30 min with the different anti-
human endothelial cell surface protein mAbs, conjugated to
fluorescein or phycoerythrin. Then, HUVEC were analyzed
in a FACSCalibur flow cytometer (Becton Dickinson)
equipped with a 5-W argon laser and operated at 200-mW
power at a wavelength of 488 nm. Fluorescein fluorescence
was detected using a 530/30 band pass filter, and phycoer-
ythrin fluorescence was detected with a 585/42 filter.

2.7. Kinetics of o4 integrin subunit expression

HUVEC (3 x 10° cells/well) were seeded in six-well
plates in medium supplemented with 5% FBS and fucoidan
(1 pg/ml) in the presence or absence of FGF-2 (5 ng/ml).
The control was untreated HUVEC (cultured in the medium
supplemented only with 5% FBS). Treatment was stopped
after 6-, 12-, 24-, 48- and 72-h incubation, and HUVEC
were then prepared as described above for flow cytometry.

2.8. Neutralization of the FGF-2 effect on a4 expression

To neutralize the FGF-2 effect on «ag expression, a
murine anti-human-FGF-2 monoclonal antibody (20 pg/

ml) was added at the endothelial cell treatment step in
culture medium for 30 min before adding exogenous
FGF-2 (5 ng/ml) and/or fucoidan (1 pg/ml) for 72 h;
controls lacked both FGF-2 and fucoidan. Flow cytometry
was performed as described above.

2.9. Statistical analysis

The effects of fucoidan and heparin were assessed by
ANOVA and Fisher’s protected least significant difference
test.

3. Results

3.1. Effect of fucoidan and heparin on FGF-2-induced
endothelial cell proliferation

After 72 h culture, FGF-2 at 5 ng/ml doubled
HUVEC growth compared to FGF-2-untreated controls
(7.49 x 10* £ 0.6 cells/cm® vs. 3.25 x10*+ 0.6 cells/
cm?®). When fucoidan or heparin were added to FGF-2,
no significant change was observed, whatever the sul-
fated polysaccharide concentration used.

3.2. Effect of fucoidan and heparin on FGF-2-induced tube
formation on Matrigel

Untreated HUVEC and HUVEC previously treated
with heparin in the absence of FGF-2 did not form tubes
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Fig. 2. Effect of fucoidan in the absence of FGF-2 on HUVEC surface
protein expression. HUVEC were treated with fucoidan in culture medium.
After 72 h of culture, HUVEC were analyzed by flow cytometry to quantify
the following surface proteins: og, {3; integrin subunits, PECAM-1 and
a,P3 integrin. Mean fluorescence intensities for each protein are expressed
in percentages, 100% corresponding to control (c), i.e. untreated HUVEC.
Results are means * SE of four determinations. (*) significantly (p <0.05)
different from the control (c) value (in the absence of fucoidan).



after 18 h on Matrigel. When HUVEC were previously
treated with fucoidan, some cells migrated, aligned and
formed short tubes on Matrigel, but only at the highest
fucoidan concentration (10 pg/ml). However, these tubes
were not organized in a closed quantifiable area (not
shown).

When HUVEC were previously treated with FGF-2
alone (Fig. 1A), vascular tubes were formed in a partially
organized capillary-like network. When HUVEC were pre-
viously treated with fucoidan plus FGF-2, fucoidan modu-

lated, in a concentration-dependent manner, the density of
the capillary-like network induced by FGF-2 (Fig. 1D). Ata
low concentration (0.1 pg/ml), fucoidan led to a slight but
nonsignificant increase in the area delimited by the tubes. In
the presence of fucoidan (1 and 10 pg/ml) (Fig. 1B for 1 pg/
ml; Fig. 1D), the closed surface delimited by the tubes was
increased 2.5- to 3.5-fold (p<0.05 and p<0.01) compared
to FGF-2 alone (Fig. 1D). In contrast to fucoidan, heparin
did not affect tube formation induced by FGF-2 (Fig. 1D;
Fig. 1C for 1 pg/ml).
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Fig. 3. Effect of fucoidan and heparin on FGF-2-induced HUVEC surface protein expression. HUVEC were treated with (A) fucoidan or (B) heparin combined
with FGF-2 (5 ng/ml) in culture medium. After 72 h of culture, HUVEC were analyzed by flow cytometry to quantify a, B integrin subunit, PECAM-1, o, ;3
integrin and u-PAR expression. Mean fluorescence intensities for each protein are expressed in percentages, 100% corresponding to the value obtained with
FGF-2 alone; columns c¢ correspond to the control values obtained without polysaccharide and FGF-2, as in Fig. 2. Results are means = SE of six
determinations. (*) and (**) significantly (p<0.05 and p<0.01) different from FGF-2 alone.
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Fig. 4. Kinetics of the fucoidan effect on FGF-2-induced o4 subunit
expression. Cultures without FGF-2 and fucoidan (o), without FGF-2, with
1 pg/ml fucoidan (e), with 5 ng/ml FGF-2 (O), or with both fucoidan and
FGF-2 (m). At 6, 12, 24, 48 and 72 h, HUVEC were analyzed by flow
cytometry to quantify oy subunit expression in terms of the mean
fluorescence intensity. Values are expressed in percentages, 100%
corresponding to untreated HUVEC (without FGF-2 and fucoidan) after 6
h. Results are means £ SD of three determinations. (*), (**) and (***)
significantly (p<0.05, p<0.01 and p<0.001) different from the control.

3.3. Effect of fucoidan and heparin on surface protein
expression by HUVEC, in the absence of FGF-2

In the absence of FGF-2, fucoidan increased o subunit
expression in a concentration-dependent manner (Fig. 2). At
10 pg/ml fucoidan, this increase reached 198.7 + 24.1% of

the fucoidan-free control value (19.3 arbitrary units & 2.2
vs. 10.1 £1.6; p<0.01). At the same concentration, fucoi-
dan induced a slight but nonsignificant increase in PECAM-
1 expression. Fucoidan had no effect on 3; subunit or o, 3
integrin expression. In the same conditions, heparin had no
effect, even on og expression. Neither polysaccharide
induced u-PAR expression (data not shown).

3.4. Effect of FGF-2 on surface protein expression by
HUVEC, in the absence of polysaccharide

Compared to untreated HUVEC, HUVEC treated with
FGF-2 (5 ng/ml) exhibited a near 400% increase in mean
fluorescence intensity for o (41.0 & 3.3 arbitrary units vs.
11.0+1.1; p<0.0001) and a 64% increase for P
(37.9 £ 2.5 arbitrary units vs. 24.1 £1.2; p<0.001),
whereas no increase was observed for a,p; or PECAM-1.
FGF-2 induced u-PAR expression at the cell surface (Fig. 3).

3.5. Effect of fucoidan and heparin on surface protein
expression by HUVEC, in the presence of FGF-2

When HUVEC were treated with both FGF-2 and fucoi-
dan (Fig. 3A), a subunit expression was increased by about
70% (p <0.01) at fucoidan concentrations of 1 and 10 pg/ml
compared to FGF-2 alone. 3;, PECAM-1 and o3 expres-
sion was modified by FGF-2 plus fucoidan. 3; expression
increased by 22.5+6.7% (p<0.01) at 1 pg/ml fucoidan
relative to FGF-2 alone (p<0.01). PECAM-1 expression
also increased by about 60% at 1 and 10 pug/ml fucoidan
relative to FGF-2 alone. At 10 pg/ml, fucoidan induced a
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Fig. 5. Neutralization of FGF-2 effect on o subunit expression in the presence of fucoidan. HUVEC were treated with or without fucoidan (1 pg/ml), anti-FGF-
2 monoclonal antibody (20 pg/ml) and FGF-2 (5 ng/ml). When used, FGF-2 and FGF-2 plus fucoidan were added 30 min after anti-FGF-2. Results are
means + SE of six determinations and are expressed as percentages, 100% corresponding to control (untreated HUVEC: without FGF-2, fucoidan and

antibody).



16% decrease in o, B3 expression (p <0.05) relative to FGF-
2 alone. Heparin had no significant effect on the surface
protein expression induced by FGF-2 (Fig. 3B).

3.6. Effect of ag integrin inhibition on tube formation

Since ag is the surface protein on which expression
fucoidan had the most striking effect, we tested the effect
of a monoclonal anti-as antibody. In these conditions, no
tube was observed from HUVEC even previously treated
with FGF-2 plus fucoidan (data not shown).

3.7. Kinetics of the ficoidan effect on FGF-2-induced o
subunit expression

In the absence of FGF-2 and fucoidan, a slight fall in oy
expression was observed after 48 h of culture (Fig. 4). In the
presence of fucoidan (1 pg/ml), no change was observed in
the time course of ag expression. FGF-2 significantly
increased o expression after 24 h, a plateau being reached
after 48 h. The potentiating effect of fucoidan on FGF-2-
induced o expression was observed after 24 h of incuba-
tion; however, the difference between cells treated with
FGF-2 alone and those treated with FGF-2 plus fucoidan
became significant after 48 h (p=0.018) and further
increased after 72 h (p=0.005), at which time the effect
was almost twice that observed with FGF-2 alone (Fig. 4).

3.8. Neutralization of the FGF-2 effect on a4 expression in
the presence of fucoidan

To confirm that fucoidan acts, at least principally, on oy
expression via FGF-2, we performed flow cytometric assays
after 72 h of incubation in the presence of a murine anti-
human-FGF-2 monoclonal antibody (20 pg/ml) (Fig. 5). In
the absence of FGF-2, no effect was observed when the
antibody was used alone or in combination with fucoidan. In
the absence of fucoidan, FGF-2-induced expression of o
was abolished by the antibody (p<0.0001). When the
antibody was used in the presence of fucoidan plus FGF-
2, the ag expression induced by FGF-2 was markedly
reduced (p<0.01) but remained above the levels obtained
with untreated and fucoidan-treated cells (p<0.05 and
p<0.08, respectively).

4. Discussion

We compared the ability of fucoidan and heparin to
modulate angiogenesis in the presence of FGF-2. For this
purpose, we studied the effect of the two polysaccharides on
several endothelial cell properties related to in vitro angio-
genesis, namely proliferation, the ability to form capillary-
like tubes and surface protein expression. The fucoidan
fraction used throughout this study has been previously
shown to have efficient venous antithrombotic activity in

rabbits, with lower anticoagulant activity than heparin [1].
The present study was performed with fucoidan concen-
trations of 1 and 10 pg/ml corresponding to ex vivo
fucoidan antithrombotic concentrations. Heparin, the most
widely used antithrombotic agent, was tested at the same
concentrations.

In the presence of FGF-2 (5 ng/ml), fucoidan, like
heparin, had no effect on HUVEC proliferation. This is
not surprising, as previous studies [3] have shown that
HUVEC proliferation reaches a plateau at 5 ng/ml FGF-2.
Thus, at the concentration currently used for in vitro angio-
genesis studies [20], no effect on proliferation is observed.
However, if a plateau is reached for FGF-2-induced cell
proliferation, this does not imply that, at the same concen-
tration, a plateau is reached for FGF-2-induced cell differ-
entiation. Indeed, some authors have shown, using FGF-2
mutants, an uncoupling of the effects of FGF-2 on cell
proliferation and differentiation [21]. In order to investigate
a fucoidan effect on endothelial cell differentiation, we
studied, on the same batch of HUVEC, surface protein
expression by flow cytometry and tube formation on Matri-
gel. In our conditions, Matrigel seems to be an interesting
experimental system for studying FGF-2-dependent angio-
genesis in vitro. Indeed, no endothelial cell reorganization
was observed in the absence of FGF-2, whereas a partially
formed network was obtained with FGF-2-treated HUVEC.
In the presence of both fucoidan and FGF-2, we observed a
noteworthy concentration-dependent increase in tube for-
mation. Heparin had no effect in the same conditions.
Jackson et al. [22] have shown that sulfated polysaccharides
such as heparin, heparan sulfate, pentosan polysulfate,
dextran sulfate and chondroitin sulfate stimulate vascular
tube formation, whereas the nonsulfated polysaccharides
xylan and dextran have no effect. However, these authors
used a model of collagen-induced tube formation which
does not require the presence of direct angiogenic agents
such as FGF-2. In contrast to our results, Soeda et al.
[23,24], using both models of angiogenesis (Matrigel and
collagen gel), found that an oversulfated fucoidan inhibited
tube formation. Surprisingly, this effect was observed in the
absence of FGF-2 in the Matrigel experiment and in the
presence of FGF-2 in the collagen gel experiment. These
authors reported that native fucoidan had no effect. How-
ever, the fucoidans used in these experiments had very high
molecular weights (100—130 kDa) [23] relative to our
compound. In vitro studies have demonstrated that high
molecular weight hyaluronan (a nonsulfated polysaccharide)
is antiangiogenic, whereas hyaluronan oligosaccharides
stimulate endothelial cell proliferation and tube formation
[25]. Desgranges et al. [26] have shown that chemically
derived dextrans also enhance the angiogenic effect of FGF-
2, whereas synthetic nonsulfated polyanionic compounds
[27] and chemically modified sulfated oligosaccharides
inhibit FGF-2-induced endothelial cell proliferation and
angiogenesis. Thus, the effects of polysaccharides on tube
formation seem to be related to their chemical structure and



molecular weight. Moreover, the results may also depend on
the model used for the assays.

The cell surface proteins explored—u-PAR, o f; integ-
rin, o and By integrin subunits and PECAM-1—are known
to be modulated by FGF-2 and involved in tube formation
[11,12,28,29]. In the absence of FGF-2, heparin had no
effect on surface protein expression, whereas fucoidan
significantly increased oy integrin expression only at 10
pg/ml. However, this latter increase was smaller than that
observed with FGF-2 alone. Indeed, a significant increase in
a6 and B expression is observed in the presence of FGF-2
alone, and u-PAR expression is then detectable, as reported
by other authors [28,29]. We did not observe an increase of
PECAM-1 expression or a decrease of o,P; induced by
FGF-2, as observed by Klein et al. [28], however, with a
higher FGF-2 concentration; but in the presence of FGF-2
plus fucoidan, we observed these effects on PECAM-1 and
o, P3. The effects of FGF-2 on o,P; expression are con-
troversial [30,31]. Nevertheless, interestingly, fucoidan
seems to act mainly on ag expression to promote vascular
tube formation. Indeed, in the presence of FGF-2 and
fucoidan, at concentrations at which tube formation was
observed, the polysaccharide had a potentiating effect on the
expression of proteins modulated by FGF-2 (ag,  and
PECAM-1), with the most striking effect on g integrin
subunit. Moreover, anti-ag monoclonal antibodies inhibited
tube formation from HUVEC previously treated with fucoi-
dan alone or fucoidan plus FGF-2. These data suggest that
fucoidan, with or without FGF-2, promotes tube formation
by ag overexpression. The kinetics of ag integrin subunit
expression in the presence of FGF-2 alone and of FGF-2
plus fucoidan ran parallel, fucoidan always enhancing the
effect of FGF-2. These data suggest that fucoidan acts on o
expression mainly via FGF-2. Furthermore, monoclonal
antibodies against FGF-2 strongly inhibited the effect of
fucoidan plus FGF-2 on a4 expression. The residual effect
observed could be due to a change in the affinity of the
FGF-2—fucoidan complex for its receptor in the presence of
the anti-FGF-2 antibody. Indeed, the observation that a
higher antibody concentration did not modify the results
rules out competitive binding for FGF-2 between fucoidan
and the antibody (not shown).

Heparin, which did not promote tube formation, had no
effect on protein expression in the presence of FGF-2.
Okada et al. [32] have reported that serum collected after
heparin administration to patients had more pronounced
vascular tube-inducing effects on endothelial cells than
serum collected before treatment. This increased activity
was completely inhibited by neutralization of HGF, whereas
neutralization of FGF-2 and VEGF had no effect. HGF may
thus play a significant role in heparin-induced angiogenesis,
in the same way as FGF-2 in fucoidan-induced angiogene-
sis.

Thus, fucoidan, a drug with a potent antithrombotic
effect in rabbits, combined with minimal anticoagulant
and hemorrhagic effects, can promote, mainly via FGF-2,

vascular tube formation on a reconstituted basement mem-
brane with a major role of o integrin subunit. Although
these results need to be confirmed with in vivo angiogenesis
assays, our data, together with those showing inhibition of
smooth muscle cell proliferation [16], suggest a potential
preventive effect of this polysaccharide on restenosis.

Acknowledgements

The authors are indebted to the nursing services of St.
Vincent de Paul, Port Royal and Boucicaut Hospitals (Paris)
for providing umbilical cords. We thank Professor G.
Godeau (département d’ Anatomie pathologique, Faculté de
Chirurgie Dentaire, Université René Descartes, Paris) for
allowing us to use his image analysis system, and Dr A. M.
Dosne (INSERM 143, Kremlin-Bicétre) for her support. We
also thank the members of the Laboratoire de Biochimie et
des Molécules Marines (IFREMER, Nantes) and the
Laboratoire de Recherches sur les Macromolécules (UMR
CNRS 70-40, Villetaneuse) for preparing the fucoidan
fraction used in this study.

References

[1] Mauray S, Sternberg C, Theveniaux J, Millet J, Sinquin C, Tapon-
Bretaudiere J, et al. Venous antithrombotic and anticoagulant activities
of a fucoidan fraction. Thromb Haemost 1995;74:1280-5.

[2] Pereira MS, Mulloy B, Mourdo PAS. Structure and anticoagulant
activity of sulfated fucans. J Biol Chem 1999;274:7656—67.

[3] Giraux JL, Matou S, Bros A, Tapon-Bretaudiére J, Letourneur D,
Fischer AM. Modulation of human endothelial cell proliferation and
migration by fucoidan and heparin. Eur J Cell Biol 1998;77:352-9.

[4] Watanabe E, Smith DM, Sun J, Smart FW, Delcarpio JB, Roberts TB,
et al. Effect of basic fibroblast growth factor on angiogenesis in the
infarcted porcine heart. Basic Res Cardiol 1998;93:3—7.

[5] Vlodavsky I, Bar-Shavit R, Ishai-Michaeli R, Bashkin P, Fuks Z.
Extracellular sequestration and release of fibroblast growth factor: a
regulatory mechanism? Trends Biochem Sci 1991;16:268—-71.

[6] Yayon A, Klagsbrun M, Esko JD, Leder P, Ornitz DM. Cell surface,
heparin-like molecules are required for binding of basic fibroblast
growth factor to its high affinity receptor. Cell 1991;64:841-8.

[7] Ishai-Michaeli R, Svahn CM, Weber M, Chajek-Shaul T, Korner G,
Ekre HP, et al. Importance of size and sulfation of heparin in release of
basic fibroblast growth factor from the vascular endothelium and ex-
tracellular matrix. Biochemistry 1992;31:2080—8.

[8] Mc Neil PL, Muthukrishnan L, Warder E, D’Amore PA. Growth
factors are released by chemically wounded endothelial cells. J Cell
Biol 1989;109:811-22.

[9] Rhoads DN, Eskin SG, Mclntire LV. Fluid flow releases fibroblast
growth factor-2 from human aortic smooth muscle cells. Arterioscler
Thromb Vasc Biol 2000;20:416—-21.

[10] Bikfalvi A, Klein S, Pintucci G, Rifkin DB. Biological roles of fibro-
blast growth factor-2. Endocr Rev 1997;18:26—45.

[11] Davis GE, Camarillo CW. Regulation of endothelial cell morphogen-
esis by integrins, mechanical forces, matrix guidance pathways. Exp
Cell Res 1995;216:113-23.

[12] DeLisser HM, Christofidou-Solomidou M, Strieter RM, Burdick MD,
Robinson CS, Wexler RS, et al. Involvement of endothelial PECAM-
1/CD31 in angiogenesis. Am J Pathol 1997;151:671-7.

[13] Aviezer D, Hecht D, Safran M, Eisinger M, David G, Yayon A.



Perlecan, basal lamina proteoglycan, promotes basic fibroblast growth
factor-receptor binding, mitogenesis, and angiogenesis. Cell 1994;79:
1005-13.

[14] Volk R, Schwartz JJ, Li J, Rosenberg RD, Simons M. The role of
syndecan cytoplasmic domain in basic fibroblast growth factor-de-
pendent signal transduction. J Biol Chem 1999;274:24417-24.

[15] Folkman J, Langer R, Linhardt RJ, Haudenschild C, Taylor S. Angio-
genesis inhibition and tumour regression caused by heparin or a hep-
arin fragment in the presence of cortisone. Science 1985;221:719-25.

[16] Logeart D, Prigeant-Richard S, Jozefonvicz J, Letourneur D. Fucan, a

sulfated polysaccharide extracted from brown seaweeds, inhibits vas-

cular SMC proliferation: Part I. Comparison with heparin for the
antiproliferative activity, binding and internalization. Eur J Cell Biol
1997;74:385-90.

Colliec S, Fischer AM, Tapon-Bretaudi¢re J, Boisson C, Durand P,

Jozefonvicz J. Anticoagulant properties of a fucoidan fraction.

Thromb Res 1991;64:143—-54.

[18] Jaffe EA, Nachman EL, Becker CG, Minick CR. Culture of human
endothelial cells derived from umbilical veins. Identification by mor-
phologic and immunologic criteria. J Clin Invest 1973;52:2745-56.

[19] Gillies RJ, Didier N, Denton M. Determination of cell number in
monolayer cultures. Anal Biochem 1986;159:109—13.

[20] Kanda S, Tomasini-Johansson B, Klint P, Dixelius J, Rubin K, Claes-

son-Welsh L. Signaling via fibroblast growth factor-1 is dependent on

extracellular matrix in capillary endothelial cell differentiation. Exp

Cell Res 1999;248:203—13.

Bailly K, Soulet F, Leroy D, Amalric F, Bouche G. Uncoupling of cell

proliferation and differentiation activities of basic fibroblast growth

factor. FASEB J 2000;14:333—44.

Jackson CJ, Giles I, Knop A, Nethery A, Schrieber L. Sulfated poly-

saccharides are required for collagen-induced vascular tube formation.

Exp Cell Res 1994;215:294—-302.

Soeda S, Shibata Y, Shimeno H. Inhibitory effect of oversulfated

fucoidan on tube formation by human vascular endothelial cells. Biol

Pharm Bull 1997;20:1131-5.

[17

—

[21

—

[22

—

[23

—

[24] Soeda S, Kosako T, Iwata K, Shimeno H. Oversulfated of fucoidan
inhibits the basic fibroblast growth factor-induced tube formation by
human umbilical vein endothelial cells: its possible mechanism of
action. Biochim Biophys Acta 2000;1497:127-34.

[25] Rahmanian M, Pertoft H, Kanda S, Christofferson R, Claesson-Welsh
L, Heldin P. Hyaluronan oligosaccharides induce tube formation of a
brain endothelial cell line in vitro. Exp Cell Res 1997;237:223-30.

[26] Desgranges P, Barritault D, Caruelle JP, Tardieu M. Transmural endo-
thelialization of vascular prostheses is regulated in vitro by fibroblast
growth factor 2 and heparan-like molecule. Int J Artif Organs 1997,
20:589-98.

[27] Miao H, Ornitz DM, Aingorn E, Ben-Sasson SA, Vlodavsky 1. Mod-
ulation of fibroblast growth factor-2 receptor binding, dimerization,
signaling, and angiogenic activity by a synthetic heparin-mimicking
polyanionic compound. J Clin Invest 1997;99:1565-75.

[28] Klein S, Giancotti F, Presta M, Albelda SM, Buck CA, Rifkin DB.
Basic fibroblast growth factor modulates integrin expression in micro-
vascular endothelial cells. Mol Biol Cell 1993;4:973-82.

[29] Mignatti P, Mazzieri R, Rifkin DB. Expression of urokinase receptor
in vascular endothelial cells is stimulated by basic fibroblast growth
factor. J Cell Biol 1991;113:1193-201.

[30] Enaida H, Ito T, Oshima Y, Sakamoto T, Yago K, Kato K, et al. Effect

of growth factors on expression of integrin subtypes in microvascular

endothelial cells isolated from bovine retinas. Fukushima J Med Sci
1998;44:43-52.

Kronenwett R, Graef T, Weber M, Nebdal W, Moehler T, Haas R.

Inhibition of angiogenesis in vitro using antisense oligonucleotides

directed against the integrin o, ;. Blood 2000;96 [Abstract 3923]:

58b.

Okada M, Matsumori A, Ono K, Miyamoto T, Takahashi M, Sasayama

S. Hepatocyte growth factor is a major mediator in heparin-induced

angiogenesis. Biochem. Biophys Res Commun 1999;255:80—7.

[31

—

[32

—



	Introduction
	Materials and methods
	Materials
	Cell culture
	Human endothelial cell proliferation assay
	Endothelial cell treatment and preparation for Matrigel and flow cytometric analysis
	Matrigel tube formation assay
	Flow cytometry
	Kinetics of alpha6 integrin subunit expression
	Neutralization of the FGF-2 effect on alpha6 expression
	Statistical analysis

	Results
	Effect of fucoidan and heparin on FGF-2-induced endothelial cell proliferation
	Effect of fucoidan and heparin on FGF-2-induced tube formation on Matrigel
	Effect of fucoidan and heparin on surface protein expression by HUVEC, in the absence of FGF-2
	Effect of FGF-2 on surface protein expression by HUVEC, in the absence of polysaccharide
	Effect of fucoidan and heparin on surface protein expression by HUVEC, in the presence of FGF-2
	Effect of alpha6 integrin inhibition on tube formation
	Kinetics of the fucoidan effect on FGF-2-induced alpha6 subunit expression
	Neutralization of the FGF-2 effect on alpha6 expression in the presence of fucoidan

	Discussion
	Acknowledgements
	References

