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Induction of hepatocyte growth factor by fucoidan and
fucoidan-derived oligosaccharides

Kazuhiro Fukuta and Toshikazu Nakamura

Abstract

Fucoidan, which is extracted from brown seaweed, is a complex sulphated polysaccharide that is
mostly composed of t-fucose and sulphated ester groups. The structural and anionic characteristics
of fucoidan are similar to those of heparin. Heparin stimulates production of hepatocyte growth
factor (HGF), which has key roles in tissue regeneration. We have shown that fucoidan and
fucoidan-derived oligosaccharides have similar ability to stimulate production of HGF as heparin
and heparin-derived oligosaccharides. This induction of HGF by heparin or fucoidan and their oli-
gosaccharide derivates occurs primarily at the level of translation, probably via the same mecha-
nism. Fucoidan may thus be useful to protect tissues and organs from various injuries and diseases,
via mechanisms involving HGF.

Introduction

Fucoidan is a complex sulphated polysaccharide derived from brown seaweed, the jelly coat
of sea urchin eggs and the body wall of sea cucumbers (Berteau & Mulloy 2003). Fucoidan
is mostly composed of L-fucose and sulphated ester groups, and its structural and anionic
characteristics resemble those of heparin. Fucoidan possesses biological activities similar to
those of heparin, including anti-coagulant (Colliec etal 1991), anti-inflammatory (Shimaoka
etal 1996; Tissot & Daniel 2003), anti-tumour (Itoh etal 1993) and anti-viral activities
(Baba etal 1998).

Heparin and heparin-derived oligosaccharides induce production of hepatocyte growth
factor (HGF) (Matsumoto etal 1993; Sakiyama etal 2007). HGF, originally identified and
cloned as a potent mitogen for mature hepatocytes (Nakamura etal 1984; 1989; Miyazawa
etal 1989), exerts multiple biological activities on a variety of cells through activation of the
Met receptor tyrosine kinase, and plays critical roles in development and tissue regeneration
(Matsumoto & Nakamura 1997; Birchmeier & Gherardi 1998).

Administration of recombinant HGF to experimental animals has remarkable thera-
peutic effects on various injuries and diseases (Matsumoto & Nakamura 2001; Funakoshi &
Nakamura 2003; Mizuno & Nakamura 2007). Heparin or heparin-derived oligosaccha-
rides may facilitate tissue regeneration by inducing production of HGF. Given the sim-
ilarities between fucoidan and heparin, this study compared the HGF-inducing
activities of fucoidan and fucoidan-derived oligosaccharides with those of heparin and
heparin-derived oligosaccharides.

Materials and Methods

Materials

Fucoidan from brown seaweed, Fucus vesiculosus, was obtained from Sigma-Aldrich
(St Louis, MO, USA). A low-molecular-weight (LMW) fucoidan solution (commercially
available as ‘Power Fucoidan’) was a generous gift from Shibata Pharmaceutical Co. (Otsu,
Japan). The LMW fucoidan was prepared by abalone glycosidase digestion of high-molecular-
weight fucoidan isolated from the brown seaweed Limu Moui (Cladosiphon novae-caledoniae
kylin) from the Kingdom of Tonga (Ye etal 2005). Porcine mucosal heparin was obtained
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from Scientific Protein Laboratories, Inc. (Waunakee, WI,
USA). The heparin disaccharide AUA-GIcNS was purchased
from Seikagaku Co. (Tokyo, Japan). (AUA denotes a A*>
unsaturated hexuronic acid; GIcNS indicates N-sulfated glu-
cosamine.) Actinomycin D, cycloheximide and interleukin
(IL)-1ar were purchased from Calbiochem (San Diego, CA,
USA), Nacalai Tesque (Kyoto, Japan) and R&D Systems
(Minneapolis, MN, USA), respectively.

Separation of fucoidan- and heparin-derived
oligosaccharides by gel filtration

LMW fucoidan (10 mg) was applied to a Bio-Gel P10 column
(1x48cm) (BioRad, Hercules, CA, USA) equilibrated with
0.2m NH4HCOj; and eluted with the same solution at room
temperature at a flow rate of 6 ml h™!. Fractions (0.5mL)
were collected.

Fucoidan (10 mg) from F. vesiculosus was depolymerized
by mild acid hydrolysis in 1 mL 10 mm HCI. The solution was
incubated at 60°C for 6h, after which the reaction was
stopped by neutralizing the solution with 0.1 mL 1 M Tris-HCl
buffer (pH 7.5) on ice. The products of the acid hydrolysis
were separated on a Bio-Gel P10 column. LMW fucoidan and
the size-fractionated oligosaccharides were quantified using
the phenol-H,SO, method (Dubois etal 1956); absorbance
was measured at 490 nm; fucoidan from F. vesiculosus was
used as the standard.

Porcine mucosal heparin (10 mg) was digested with hepa-
rinase as described previously (Sakiyama etal 2007). The
digest was separated on a Bio-Gel P10 column in the same
manner as fucoidan. Fractions were monitored by measuring
absorbance at 232 nm. The size-fractionated heparin oligosac-
charides were quantified using the carbazole method (Bitter
& Muir 1962) with heparin as the standard.

Measurement of HGF-inducing activity

The HGF-inducing activity of fucoidan, heparin and the
corresponding oligosaccharides was determined using MRC-9
human embryonic lung fibroblasts (CCL-212, obtained from
the American Type Culture Collection) as described previ-
ously (Sakiyama etal 2007). MRC-9 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum (FCS). Cells were seeded
on 96-well plates at a density of 15000 cells per well and cul-
tured for 24 h. After replacing the medium with fresh medium
supplemented with 1% FCS, the test solutions were added
and the cells cultured for 24 h. The amount of HGF in the
medium was then determined by ELISA using rabbit polyclo-
nal antibody raised against human HGF, as described previ-
ously (Matsumoto etal 1992b).

To assess the effects of actinomycin D and cycloheximide
on HGF-inducing activity, MRC-9 cells were preincubated in
DMEM supplemented with actinomycin D or cycloheximide
(both 5 ,ugmL_l) and 1% FCS. After 30 min’ preincubation,
the medium was replaced with fresh medium containing
fucoidan (1 ugmL_l), heparin (1 ugmL_l), fucoidan- or
heparin-derived oligosaccharides (both 50 ygmL™), or IL-1a
(10ngmL™") in the presence of actinomycin D or cyclohex-
imide (both 5 ugmLfl), and 1% FCS. The cells were cultured

for 12h and the amount of HGF in the medium was deter-
mined by ELISA.

Statistical analysis

Results are expressed as meanzxs.d. of four experiments.
Statistical analysis was performed using SPSS software
(Chicago, IL, USA). Differences between treatments and
controls were evaluated using one-way analysis of variance,
followed by Dunnett’s test for pairwise comparison. In all
cases, P<0.05 was considered significant.

Results and Discussion

First, the HGF-inducing activity of fucoidan isolated from F.
vesiculosus was measured in cultured MRC-9 human embry-
onic lung fibroblasts (Figure 1). Neither heparin nor fucoidan
affected proliferation of the cells. Induction of HGF was eval-
uated by measuring the concentration of HGF in the condi-
tioned medium. Fucoidan stimulated HGF production in a
dose-dependent manner. Activity was maximum at fucoidan
concentrations of 0.5 g mL~! and above. HGF production in
response to fucoidan was comparable to that induced by
heparin. When heparin and fucoidan were added to the cells
as a mixture (0.05 or 0.1 pg mL~! of each), the concentration
of HGF in the medium was higher than with the addition of
either compound alone. However, addition of the two
together did not increase the maximum production of HGF.
Next, we investigated the effect of the size of the
fucoidan- and heparin-derived oligosaccharides on induc-
tion of HGF production. For this comparison, commercially
available LMW fucoidan (Ye etal 2005), which was prepared
by enzymatic digestion of high-molecular-weight fucoidan
from C. novae-caledoniae kylin, was fractionated on a Bio-
Gel P10 column, yielding fucoidan-derived oligosaccharides.
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Figure 1 Production of hepatocyte growth factor (HGF) in MRC-9
cells stimulated by fucoidan and heparin. Cells were cultured with test
samples for 24 h and the HGF concentration in the medium measured.
Data represent mean = s.d. of four experiments. **P <0.01 vs control.



The elution profile of LMW fucoidan was shifted to lower
molecular weights (Figure 2B) compared with that of high-
molecular-weight fucoidan (Figure 2A). The fractions were
divided into four groups, designated F-I, F-II, F-III and F-
IV. Heparin was digested with heparinase and the digest
separated using a Bio-Gel P10 column (Figure 2C). The di-,
tri-, tetra-, hexa-, octa- and deca-saccharide fractions of the
heparin digest were designated hp2, hp4, hp6, hp8 and
hp10, respectively. F-IV of LMW fucoidan was the same
size as hp6, and no peaks appeared after F-IV, indicating
that there were no oligosaccharides smaller than hexasac-
charides in LMW fucoidan. This may have been because the
enzyme used to produce LMW fucoidan was unable to pro-
duce fragments smaller than hexasaccharides. To obtain
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Figure 2 Elution profiles of fucoidan from Fucus vesiculosus (A),
LMW fucoidan (B), heparin fragments (C) and acid-hydrolysed
fucoidan (D) on a Bio-Gel P10 column. Fucoidan or fucoidan-derived
oligosaccharides in the fractions were quantified using the phenol—
H,SO, method. Fractions of heparin-derived oligosaccharides were
monitored at 232 nm.
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smaller oligosaccharides, fucoidan from F. vesiculosus was
chemically depolymerized by mild acid hydrolysis. When
the reaction products were separated using a Bio-Gel P10
column, a peak (designated F-V) corresponding to disaccha-
rides appeared (Figure 2D).

The HGF-inducing activity of each fraction was measured
in MRC-9 cells (Figure 3). Of the heparin-derived oligosac-
charides, both hp6 and hp4 stimulated production of HGF;
the activity of hp6 was weaker than that of undigested
heparin, and the activity of hp4 was less than that of hp6. The
heparin disaccharide AUA-GIcNS also stimulated production
of HGF. Similarly, fucoidan-derived oligosaccharide frac-
tions F-I to F-V stimulated HGF production, although the
activity of fraction F-V, which corresponds to the disaccha-
ride hp2, was significantly reduced compared with undigested
fucoidan. The weak activity of fraction F-V might be due to
desulphation during acid hydrolysis. Overall, stimulation of
HGF production was comparable between heparin- and
fucoidan-derived oligosaccharides.

The detailed mechanism by which heparin stimulates HGF
production remains to be clarified. However, it is known that
heparin stimulates HGF production without any change in
HGF mRNA levels. Pulse-labeling with [33S]methionine has
shown that stimulation of HGF production is due to a net
increase in HGF protein synthesis (Matsumoto etal 1993).
Thus, heparin stimulates HGF production at the level of
translation.

To determine whether the HGF-inducing activity of
fucoidan also occurs at the level of translation rather than
transcription, we tested the effects of actinomycin D (a tran-
scription inhibitor) and cycloheximide (a protein synthesis inhib-
itor) on HGF-inducing activity (Figure 4). IL-1« (10ng mLfl),
which is known to stimulate HGF production by regulating
transcription of the HGF gene (Matsumoto etal 1992a;
Tamura etal 1993), enhanced HGF production two-fold in the
absence of actinomycin D, whereas it had no effect in the
presence of actinomycin D. The production of HGF stimu-
lated by heparin, fucoidan and the related oligosaccharides
was only partly reduced by actinomycin D, suggesting that
transcriptional regulation plays only a minor role in the HGF-
inducing activities of these oligosaccharides.

Cycloheximide largely prevented induction of HGF pro-
duction in response to heparin, fucoidan and the correspond-
ing oligosaccharides, suggesting that stimulation of HGF
production occurs primarily at the level of translation. Fur-
thermore, co-treatment with heparin and fucoidan did not
have an additive effect to increase the maximum level of
HGF production, indicating that the two compounds are
likely to stimulate production of HGF via the same mecha-
nism. Identification of the mechanism of HGF induction may
guide synthesis of oligosaccharides that possess greater HGF-
inducing activity.

HGF plays critical roles in tissue regeneration, and HGF
has been shown to have therapeutic effects in various disease
models (Matsumoto & Nakamura 2001; Funakoshi &
Nakamura 2003; Mizuno & Nakamura 2007). Ingestion of
fucoidan may protect tissues or organs from injury and
disease by stimulating production of HGF. Currently,
fucoidan and LMW fucoidan are attracting attention because
of their remarkable ability to maintain health, although the
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Figure 3 Production of hepatocyte growth factor (HGF) in MRC-9 cells stimulated by fucoidan- and heparin-derived oligosaccharides. Cells were
cultured with test samples for 24 h and the HGF concentration in the medium measured. SUA-GIcNS is a heparin disaccharide. Data represent

mean * s.d. of four experiments. *P <0.05; **P <0.01 vs control.
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Figure 4 Effects of actinomycin D (5 ugmL™") and cycloheximide
(5 pgmL™") on the production of hepatocyte growth factor (HGF) stimu-
lated by fucoidan (1 ugmL™"), heparin (1 jgmL™") and the corresponding
oligosaccharides (F-IV and hp4/6, respectively, both 50 ugmL™") in MRC-
9 cells. The cells were cultured with test samples for 12 h and the amount
of HGF in the medium measured. Interleukin (IL)-1« (10 ng mL™!) stimu-
lates production of HGF by regulating transcription of the HGF gene.
AUA-GIcNS is a heparin disaccharide. Data represent mean+s.d. of four
experiments. *P <0.05; **P <0.01 compared with relevant control.

mechanism of this effect is not fully understood. The ability
of fucoidan and LMW fucoidan to stimulate production of
HGF suggests that these compounds may be useful as natural
medicines.

Conclusions

Fucoidan and fucoidan-derived oligosaccharides have been
shown to stimulate production of HGF, with activities compara-
ble to those of heparin and heparin-derived oligosaccharides.
Both heparin and fucoidan stimulated HGF production primarily
at the level of translation, probably via the same mechanism.
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