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Fucoidan extracted from the marine brown alga Undaria pinnatifida, significantly induced osteoblastic cell
differentiation. Our results indicated that a non-toxic sulphated polysaccharide, fucoidan, can increase
activity of alkaline phosphatase (ALP) and level of osteocalcin (OC) as phenotypic markers for early-stage
osteoblastic differentiation and terminally osteoblastic differentiation, respectively. Furthermore, the

results showed positive effects of fucoidan on bone morphogenic protein-2 (BMP-2) as an important fac-
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tor for bone formation, remodeling and mineralization. The present study may provide new insights in
the osteoblastic differentiation of fucoidan and possibility for its application in bone health supplement.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Osteoporosis is a reduction in skeletal mass due to an imbalance
between bone resorption and bone formation, whereas bone
homeostasis requires balanced interactions between osteoblasts
and osteoclasts (Ducy, Schinke, & Karsenty, 2000; Teitelbaum,
2000). Current drugs and functional foods for bone health include
bisphosphonates, calcitonin, estrogen, vitamin D analogues, iprif-
lavone and isoflavone. These are all bone resorption inhibitors,
which maintain bone mass by inhibiting the function of osteoclasts
(Rodan & Martin, 2000). It is desirable, therefore, to have satisfac-
tory bone-building (anabolic) agent that would stimulate new
bone formation and correct the imbalance of trabecular microar-
chitecture which is characteristic of established osteoporosis (Berg,
Neumeyer, & Kirkpatrick, 2003; Ducy et al., 2000). Since new bone
formation is primarily a function of the osteoblasts, agents which
regulate bone formation act by either increasing the proliferation
of cells of the osteoblastic lineage or inducing differentiation of
the osteoblasts (Ducy et al., 2000). The recent studies have shown
beneficial effects of sulphated monosaccharide (SGlc) and polysac-
charide (anionic PEC) on osteoblastic cell differentiation and bone
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regeneration, respectively (Kim, Eresha, Niranjan, & Kim, 2007;
Nagahata, Nakaoka, Teramoto, Abe, & Tsuchiya, 2005).

Brown seaweeds are known to produce different polysaccha-
rides, namely alginates, laminarans and fucoidans (Painter, 1983;
Percival, 1967). Among these polysaccharides, fucoidan has been
mainly extracted from Undaria pinnatifida and L. japonica used as
commercial seafoods in the East Asian countries like Korea, China,
Japan, etc. Fucoidan, a sulphated polysaccharide, contains large
proportions of L-fucose and sulphate, together with minor
amounts of other sugars like xylose, galactose, mannose and glucu-
ronic acid (Duarte, Cardoso, Noseda, & Cerezo, 2001; Percival,
1967). Recently, its biological activities such as antioxidative, anti-
coagulant, anti-thrombotic, anti-inflammatory, anti-tumoral and
anti-viral have been reported (Chevolot, Mulloy, Ratiskol, Foucault,
& Colliec-Jouault, 2001; Cumashi et al., 2007; Mourao, 2004; Mar-
uyama, Tamauchi, lizuka, & Nakano, 2006; Thompson & Dragar,
2004). However, to the best of our knowledge, there are no reports
on beneficial effects of fucoidan on bone health or formation.
Therefore, in this study, we examined the effects of fucoidan on
osteoblastic MG-63 cell differentiation. Fucoidan extracted from
U. pinnatifida may increase activity of alkaline phosphatase (ALP)
and level of osteoclacin (OC), phenotypic markers for early stage
and terminally differentiation, respectively. Furthermore, positive
effects of fucoidan on bone morphogenic protein-2 (BMP-2) as an
important factor for bone formation, remodeling and mineraliza-
tion was investigated. The results may provide new insights in
the osteoblastic differentiation of fucoidan and possibility for its
application in bone health supplement.
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2. Materials and methods
2.1. Chemicals and reagents

Fucoidan (total polysaccharide: 62.12% and sulphate: 34.20%)
extracted from a brown seaweed U. pinnatifida, was purchased
from HAEWON BIOTECH Inc. (Seoul, Korea). Fetal bovine serum
(FBS), minimal essential medium (MEM), penicillin G, and strepto-
mycin were purchased from GIBCO-BRL (Gaithersburg, MD, USA).
BMP-2 ELISA kit was obtained from R&D Systems (Minneapolis,
MN, USA). Osteocalcin ELISA kit was purchased from Takara (To-
kyo, Japan), and p-nitrophenyl phosphate and 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium  bromide  (MTT)  were
purchased from Sigma (St. Louis, MO, USA). RT-PCR reagents were
purchased from Promega (Madison, WI, USA).

2.2. Cell culture

The human osteosarcoma cell line, MG-63 (CRL-1427), was ob-
tained from American Tissue Culture Collection (ATCC). MG-63
cells were cultured in minimal essential medium (MEM) (GIBCO-
BRL, Gaithersburg, MD, USA) supplemented with 10% fetal bovine
serum (FBS) and antibiotics (100IU/ml of penicillin G and
100 pg/ml of streptomycin).

2.3. Cell viability assay

MTT was used as an indicator of cell viability as determined by
mitochondrial-dependent reduction to formazan. In brief, the cells
were seeded and then treated with various reagents for the indi-
cated time periods. After various treatments, the medium was re-
moved and the cells were incubated with a solution of 0.5 mg/ml
MTT. After incubation for 3 h at 37 °C and 5% CO,, the supernatant
was removed and the formation of formazan was observed by
monitoring the signal at 540 nm using a microplate reader.

2.4. Alkaline phosphatase (ALP) activity

Cells were seeded into 96-well plates at a density of 5 x 103
cells/well and cultured for 24 h. The agent to be tested was added
to the wells, and incubation continued for 2 days. The cells were
then washed three times with physiological saline, and cellular
protein concentration was determined by incubation in B (bicinch-
oninic acid) protein assay reagent containing 0.1% Triton X-100 for
1 h at 37 °C. The reaction was stopped by adding 1 M NaOH, and
the absorbance measured at 560 nm. Alkaline phosphatase activity
in the cells was assayed after appropriate treatment periods by
washing the cells three times with physiological saline, then mea-
suring cellular activity by incubation for 1 h at 37 °Cin 0.1 M NaH-
C0O3-Na,COs5 buffer, pH 10, containing 0.1% Triton X-100, 1.5 mM
MgCl, and 15 mM p-nitrophenyl phosphate. The reaction was
stopped by adding 1M NaOH before measuring absorbance at
405 nm. A unit of phosphatase activity is defined as the amount
of enzyme activity that will liberate 1 um of p-nitrophenol per
hour (Eichner, Brock, Heldin, & Souchelnytskyi, 2002).

2.5. Analysis of mineralization

The degree of mineralization was determined in the 24-well
plates using Alizarin Red (Sigma Chemical, St. Louis, MO, USA)
staining after 7 days treatment. Briefly, cells were fixed with 70%
(v/v) ethanol for 1 h and were then stained with 40 mM Alizarin
Red S in deionized water (pH =4.2) for 15 min at room tempera-
ture. After removing Alizarin Red S solution by aspiration, cells
were incubated in PBS for 15 min at room temperature on an orbi-
tal rotator. Then the cells were rinsed once with fresh PBS, and sub-

sequently destained for 15 min with 10% (w/v) cetylpyridinium
chloride in 10 mM sodium phosphate (pH =7.0). The extracted
stain was then transferred to a 96-well plate, and the absorbance
at 562 nm was measured using a microplate reader.

2.6. Assaying the levels of osteocalcin and BMP-2

Osteocalcin and BMP-2 ELISA kits were used to detect osteocalcin
and BMP-2 levels, respectively. Briefly, cells were treated with vari-
ous concentrations of fucoidan. The culture medium was collected
and measured for osteocalcin and BMP-2, respectively. These sam-
ples were placed in 96-well microtiter plates coated with monoclo-
nal detective antibodies and incubated for 2 h at room temperature.
After removing unbound material with washing buffer (50 mM Tris,
200 mM NacCl, and 0.2% Tween 20), horseradish peroxidase conju-
gated streptavidin was added to bind to the antibodies. Horseradish
peroxidase catalyzed the conversion of a chromogenic substrate
(tetramethylbenzidine) to a coloured solution, with colour intensity
proportional to the amount of protein present in the sample. The
absorbance of each well was measured at 450 nm. Results were pre-
sented as the percentage of change of the activity compared to the
untreated control (Kuo, Hsu, Chang, & Chang, 2005).

2.7. RT-PCR analysis

Expression levels of BMP-2 mRNA were examined using RT-
PCR. We also performed RT-PCR for GAPDH independently as an
internal control. RNA was isolated with TRIzol reagent. Aliquots
(2 pg) of total RNA were reverse transcribed to cDNA using AMV
reverse transcriptase. The oligonucleotides used for PCR were: 5'-
CCACGTCTTCACATTTGGTG-3'(forward primer) and 5-AGACTGCG-
CCTAGTAGTTGT-3' (reverse primer) for human ALP mRNA and 5'-
ATGTTCGCCTGAAACAGAGACCCA-3' (forward primer) and 5-CTTA-
CAGCTGGACTTAAGGCGTTTC-3’ (reverse primer) for human BMP-2
mRNA, 5-ACCACAGTCCATGCCATCAC-3' (forward primer) and 5'-
TCCACCACCCTGTTGCTTGTA-3' (reverse primers) for human GAP-
DH, 5-CCCAAAGGCTTCTTGTTG-3' and 5'-CTGGTAGTTGTTGTGAG-
CAT-3’, and 5-ATGAGAGCCCTCACACTCCTC-3' (forward primers)
and 5'GCCGTAGAAGCGCCGATAGGC (reverse primers) for osteocal-
cin (Drissi, Hott, Marie, & Lasmoles, 1997). The PCR products were
detected by 1.5% agarose gel electrophoresis and photographed.

2.8. Intracellular calcium imaging

MG-63 Cells were loaded by incubation with 2 uM of Fura-2-AM
(Molecular Probes Co., Eugene, OR, USA) in culture medium without
serum for 30 min at RT in loading solution: 115 mM Nacl, 5.4 mM
KCl, 1 mM MgCl,, 2 mM CaCl,, 20 mM Hepes, and 10 mM glucose,
pH 7.42. After washed continuously with nominally divalent cat-
ion-free buffer, Fura-2 fluorescent images were analyzed using a
Zeiss LSM 510 laser scanning confocal device (Zeiss, Switzerland).
The fluorescence emission at 510 nm with alternate excitation
wavelengths of 345 and 380 nm was measured from individual cells.

2.9. Statistical analysis

Data were expressed as means * SD (n = 3). Statistical compari-
sons of the results ere made using analysis of variance (ANOVA).
Significant differences (P < 0.05) between the means of the control
and test groups were analyzed by Dunnett’s test.

3. Results and discussion

Fucoidan is one of the representative sulphated polysaccharides
derived from marine brown algae. Sulphated polysaccharides such
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as glucosamine sulphate, chitosan sulphate, heparin, and heparan
sulphate are known to be macromolecules associated with the cell
surface and the extracellular matrix (Nagahata et al., 2005; Xiao,
Haase, Young, & Bartold, 2004), and have been shown to interact
directly with a number of growth factors, including BMPs, via
highly negatively charged polysaccharide chains. Indeed, heparin-
affinity chromatography was used to purify the BMP activity from
extracts prepared by employing demineralized bone matrix (Wang
et al., 1990).

In the present study, to identify beneficial effects of fucoidan on
bone health and mineralization, we examined whether fucoidan
extracted from U. pinnatifida can increase activity of alkaline phos-
phatase (ALP) and level of osteoclacin (OC), phenotypic markers for
early stage and terminally differentiation, respectively. We also
investigated positive effects of fucoidan on production of bone
morphogenic protein-2 (BMP-2) and hydroxyapatite particle as
an important factor for bone formation and mineralization.

We first determined the effect of various concentrations of fuco-
idan on the cell proliferation of MG-63 by MTT assay. Our results
showed that fucoidan did not exhibit significant effects on cell pro-
liferation at the concentrations used (10-250 pg/ml) after 24 h of
treatment in cell line (Fig. 1). In addition, treatment of 100 pg/ml
of fucoidan did not exhibit significant effects on cell viability for
72 h (Fig. 2).

The effect of fucoidan on the maturation of osteoblasts was
studied by determining alkaline phosphatase activity in MG-63
cell. The results showed that fucoidan increased alkaline phospha-
tase activity and mRNA expression in a dose-dependent manner
after 48 h of treatment in both cell lines (Fig. 3).

The effect of fucoidan on terminal differentiation of osteoblast-
like cell was also studied by determining the osteocalcin concen-
trations in the culture medium. Osteocalcin is a specific cell marker
protein for the terminal cell differentiation of osteoblast which is
selected into cell culture medium by the osteoblast. MG-63 treated
with fucoidan for 48 h experienced significant increases in osteo-
calcin synthesis. Furthermore fucoidan stimulated osteocalcin syn-
thesis in a concentration-dependent manner (Fig. 4).

According to the Alizarine Red-S staining data (Fig. 5a), fucoidan
(100 pg/ml) increased the amounts of hydroxyapatite in the cell.
The amount of mineral intercellular level was higher in a concen-
tration-dependent manner. To clearly understand the influence of
fucoidan on mineralization, another important process in differen-
tiation, calcium deposition was analyzed using confocal micros-
copy. Previously known as Furaptra, Fura-2 is a Ca®" indicator
used for intracellular measurements of these two divalent (Hofer,
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Fig. 1. Effects of fucoidan on viability of MG-63 cell in dose-dependant manner.
Cells were treated with various concentration of fucoidan for 24 h.
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Fig. 2. Effects of fucoidan (100 pg/ml) on viability of MG-63 cell in time-dependant
manner.
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Fig. 3. Alkaline phosphatase assay. The MG-63 cells were treated with various
concentrations of fucoidan for 48 h. Alkaline phosphatase activity was assessed by
the conversion of p-nitrophenyl phosphate in 0.1 M NaHCO3-Na,COs3 buffer, pH 10,
containing 1.5 mM MgCl, and 0.1% Triton.

Fasolato, & Pozzan, 1998). Fucoidan (100 pg/ml) showed signifi-
cantly stimulatory effect on mineralization by the increase of intra-
cellular calcium (Fig. 5b).

The expression of the BMP-2 gene using RT-PCR and of bone
morphogenetic proteins synthesis in the presence or absence of
fucoidan using BMP-2 ELISA kits was also examined. The results
indicated that fucoidan could cause a significant increase in
BMP-2 mRNA and protein synthesis in MG-63 cells. After 24 h of
fucoidan treatment, production of BMP-2 was significantly in-
creased in a dose-dependent manner (Fig. 6).

Bone morphogenetic proteins (BMPs) play an important role in
the process of bone formation and remodeling (Sykaras & Opper-
man, 2003). It has been well documented that stimulation of osteo-
blast cell differentiation is characterized mainly by increased
expression of alkaline phosphatase, and osteocalcin (Xiao et al.,
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Fig. 4. Effects of fucoidan on the osteocalcin secretion of MG-63 cell. Cells were
treated with various concentrations in the presence of FBS for 2 days.
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Fig. 5. Effects of fucoidan on the increase of hydoxyapaptite and calcium in MG-63
cell (a) Alizarine Red-S staining 7 days after cultures: Photograph of representative
stained cell culture. The production of mineralization was increased by fucoidan in
a dose-dependent manner. (b) Fucoidan (100 pg/ml) showed a significant effect on
the increase of intracellular calcium.

2004). Especially, recombinant human bone morphogenetic pro-
tein (rhBMP)-2 plays an important role in bone formation and
has been shown to enhance fracture healing. In fracture healing,
there is increased BMP receptor expression in osteogenic cells near
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Fig. 6. Effects of fucoidan on the mRNA expression and production of BMP-2 in a
does-dependent manner.

the fracture, in fibroblast-like spindle cells, and infibroblasts in-
volved in endochondral ossification (Onishi et al., 1998). Interest-
ingly, the promotion of bone-healing benefits by BMP-2 is
believed to be due to their ability to stimulate the proliferation
and differentiation of mesenchymal and osteoprogenitor cells,
and both are angiogenic. Bone morphogenetic proteins (BMPs)
are members of the TFG-B superfamily, which regulate embryonic
development and also induce ectopic bone formation in developed
issues (Hogan, 1996; Urist, 1965). In cells of the osteoblast lineage,
BMPs 2, 4, and 7 induce expression of alkaline phosphatase, type |
collagen, and other non-collagenous bone proteins found in oste-
oid; a phenotype consistent with differentiated osteoblasts (Chei-
fetz, Li, McCulloch, Sampath, & Sodek, 1996; Cheng, Shao,
Charlton-Kachigian, Loewy, & Towler, 2003; Li, Cheifetz, McCul-
loch, Sampath, & Sodek, 1996).

4. Conclusions

Our investigation indicates that the presence of fucoidan causes
significantly induced osteoblastic cell differentiation. Fucoidan
could increase the levels of alkaline phosphatase, osteocalcin, and
BMP-2 associated with the bone mineralization in the osteoblastic
cell. From the results, the present study provides the proofs on the
positive effects of fucoidan for the osteoblastic cell differentiation.
To evaluate possibility for its application in bone health supple-
ment, its bioavailability will be examined by further in vivo study.
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