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Abstract Osteoporosis has been reported as a hid-
den death factor in aged people. So far, prevention and
treatment therapies for osteoporosis only slow down
the progress but do not treat the disease. Fucoidan has
been recognized its roles in anti-tumor, anti-inflam-
matory, anti-coagulant and antiviral activities. To
date, low molecular weight (LMW) fucoidan role in
bone loss disease has been not determined yet.
Therefore, this study aims to figure out potential
effects of LMW fucoidan in osteoporosis in vitro and
in vivo. LMW fucoidan was extracted from fresh
Sargassum hemiphyllum showing a significant
increase in 7F2 cell viability to 150.33 £+ 6.50 %
relative to normal fucoidan (130.12 £ 5.74 %). The
expression of level BMP-2, ALP, osteocalcin
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significantly increased with 2.28 + 0.06, 2.18 £
0.12 and 2.06 £ 0.07 fold, respectively. The RT-
PCR assay showed that LMW fucoidan increased
mRNA expression of BMP-2, ALP, osteocalcin, COL
I, BSP and osteonectin. Furthermore, the bone density
and bone ash weight were considerably boosted by the
oral administration of280 mg/kg LMW fucoidan and
100 mg/kg calcium carbonate in C57BL/6J female
aged mice. The present finding indicated that LMW
fucoidan triggered osteogenic differentiation in vitro,
and had an anabolic effect on bone mineralization
in vivo. Dietary intake of LMW fucoidan from S.
hemiphyllum suggested playing a role in the enhance-
ment of bone loss with increasing age.

Keywords Low molecular weight fucoidan -
Osteoblast - Aged mice - Bone - Mineralization

Introduction

The interactions between osteoblasts and osteoclasts,
ensure a proper balance between bone formation and
resorption. With the age increasing, a slight unbalance
between bone formation and resorption may cause
bone loss, and the excessive bone loss may lead to
mechanical failure, which can result in osteoporosis
(Frost 1992). Osteoporosis is a silent but serious
problem in old people, most osteoporotic fractures are
associated with higher health care costs, physical
disability, impaired quality of life and increased
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mortality, and there are many synthetic drugs that can
prevent and cure osteoporosis. These drugs are all
bone resorption inhibitors, which only can retard bone
loss passively, but cannot induce new bone formation.
Moreover, parts of these drugs bring side effects as
abdominal pain, fear (Segal et al. 2003) and increasing
risk of breast cancer (Genant et al. 1989). New bone
formation is the main function of osteoblasts. Agents
that regulate this function are important in reversing
osteoporosis. Previous studies showed that sulfated
polysaccharides, including fucoidan, heparin and
chitosan—chondroitin sulphate, are macromolecules
associated with osteogenesis (Park et al. 2011; Santo
etal. 2012; Takada et al. 2003). These polysaccharides
are associated with osteoblastic cell surface and
extracellular matrix, and show beneficial effects on
cell differentiation and bone regeneration.

Fucoidan is a class of sulfated, fucosylated polysac-
charides found in brown seaweed, it was identified by
Kylin (1913). The intensity of biological activities of
fucoidan varies with species, molecular weight, com-
position, structure and the route of extraction (Fitton
2011), and its non-animal origin brings particular
pharmacological activities (Senni et al. 2006). Fucoi-
dan has been well studied for its antitumor (Hsu et al.
2013), antiviral (Tengdelius et al. 2014), anti-inflam-
matory (Hwang et al. 2011), and anticoagulant
(Irhimeh et al. 2009) activities. These biological
activities are closely related to fucoidan’s molecular
weight (Yang et al. 2008) and sulfate content (Soeda
et al. 1992). Furthermore, low molecular weight
(LMW) fucoidan shows more potent bioactivities
compared with that of high molecular weight (HMW)
fucoidan (Park et al. 2010). In a recent study, it was
reported that LMW fucoidan, <30 kDa, showed
potential effects on bone biomaterial osteoconductive
properties (Changotade et al. 2008). However, there
are no studies that report on the effect of LMW
fucoidan (< 1 kDa) on osteogenic differentiation and
bone components. In this study, we extracted the
fucoidan from Sargassum hemiphyllum and hydro-
lyzed it with Glycolytic enzyme, which resulted in
LMW fucoidan (<1 kDa). Two experiments have
been carried out to clarify the role of LMW fucoidan
(<1 kDa) from S. hemiphyllum: 1) the effects on the
proliferation and differentiation were investigated
using 7F2 osteoblastic cell line in vitro; 2) the effects
on bone formation were examined in vivo with age-
related mice.
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Materials and methods

Preparation of fucoidan and low molecular weight
fucoidan (LMW fucoidan)

Fresh S. hemiphyllum was collected from the coast of
Penghu county, Taiwan during a period from Decem-
ber, 2012 to January, 2013. 100 g of dried S.
hemiphyllum was treated with 51 of distilled water
and boiled at 100 °C for 30 min. The hot water extract
was centrifuged and the supernatant was lyophilized
under the reduced pressure. One part of the lyophilized
hot water extract was added to four parts in volume of
95 % ethanol and then allowed to precipitate over-
night at 4 °C (Hwang et al. 2011). The precipitated
polysaccharides were collected by centrifugation and
lyophilized, resulting in the fucoidan sample. For the
hydrolysis of fucoidan, 5 g of fucoidan was suspended
in 125 ml of distilled water under controlled condition
(55 °C and 700 rpm stirring speed). Glycolytic
enzyme was added at a concentration of 1 mg/g
fucoidan dry weight to the mixture, and the mixture
was heated continuously for 6 hours during hydrolysis.
After hydrolysis, the hydrolysate was centrifuged at
10,000x g for 20 min at 4 °C to separate undigested
residues and solubilized compounds. After centrifu-
gation, the supernatants were collected and lyophi-
lized, resulting in LMW fucoidan sample.

Chemical analysis

Sulfate content was determined according to the
gelatin—barium method (Dodgson and Price 1962)
using sodium sulfate (1 mg/ml) as standard and after
acid hydrolysis of the polysaccharides (6 N HCI,
100 °C, 6 h). Monosaccharide fractions of the polysac-
charide extract hydrolysates were separated by HPAEC
(Diones BioLC, Taipei, Taiwan) with an anion-ex-
change column (Carbopac PA-10, 4.6 x 250 mm).
The analysis of monosaccharide was carried out at an
isocratic NaOH concentration of 18 mM at ambient
temperature (Lee et al. 2002).

Molecular weight distribution

Sample was passed through a 30 kDa molecular
weight cut-off membrane (ProStream™ PP, TangenX
Technology Co., Shrewsbury, MA, USA) and the
filtrate was passed through an additional 1 kDa
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molecular weight cut-off membrane. To determine the
molecular weight distribution, sample was injected
into a high performance size exclusion chromatogra-
phy (Waters, Milford, MA, USA) with Ultrahydrogel
120 and Ultrahydrogel 500 column (7.8 x 300 mm,
Waters). Elution was carried out at 35 °C with 0.1 M
NaNOj; at 0.6 ml/min, and the eluate was monitored
using a refractive index detector (Waters). The stan-
dard kit contains eight pullulan standards with molec-
ular weights in the range 35-200 kDa.

Cell culture and viability assay

7F2 cell, a murine preosteoblast was obtained from the
American Type Culture Collection, Manassas, VA,
USA. 7F2 cells were cultured in o-minimum essential
medium supplemented with 2 mM L-glutamine, | mM
sodium pyruvate and 10 % fetal bovine serum (FBS)
(Invitrogen Gibco BRL, Rand Island, NY, USA) at
37 °C in an atmosphere of 5 % CO,. The medium was
renewed every 2 days.

7TF2 cells were seeded into 96-well plates at a
density of 1 x 10° cells/well and cultured for 24 h.
Then, cells were treated with LWM fucoidan at
concentrations of 0.125, 0.25, 0.5, 1, 2 and 4 mg/ml
and without LWM fucoidan (Control) under normal
cell culture condition for 48 h. The cell viability of
cells was determined by MTT colorimetric assay
(Vittimberga Jr et al. 1999). Cells were reacted with
MTT (1 mg/ml) for 4 h, and absorbance was recorded
at 570 nm (Mosmann 1983). The cell viability (%)
was determined as (A1/A0) x 100 %, where AO and
A1l were the absorbances in the absence of extracts and
presence of extracts, respectively.

Alkaline phosphatase (ALP) activity assay

7E2 cells (1 x 10%) were inoculated with medium and
treated with 10 pl of different concentrations [0
(control), 0.25, 0.5, 1 and 2 mg/ml] of LMW fucoidan
for 48 h. After incubation, the cells were washed three
times with phosphate buffered saline (PBS) and
homogenized in 25 mM carbonate buffer containing
0.1 % Triton X-100 (pH 10.3). The cellular ALP
activity was measured by incubating for 1 h at 37 °C
in 250 mM carbonate buffer containing 1.5 mM
MgCl, and 15 mM p-nitrophenyl phosphate. The
reaction was stopped by adding 1 M NaOH before
measuring absorbance at 405 nm. The ALP activity

was determined from the absorbance at 405 nm using
a spectrophotometer (Ryu et al. 2009).

Osteocalcin secretion assay

7E2 cells (1 x 10°) were inoculated with medium and
treated with 10 pl different concentrations (0 (con-
trol), 0.25, 0.5, 1 and 2 mg/ml) of LMW fucoidan for
48 h. The cell culture supernatants were collected and
measured for osteocalcin by BTI Mouse Osteocalcin
(Stoughton, Massachusetts, USA) according to man-
ufacturers’ instruction.

Mineralization assay

7E2 cells (1 x 10°) were inoculated with medium and
treated with 10 pl different concentrations (0 (control),
0.25,0.5, 1 and 2 mg/ml) of LMW fucoidan for 7 days.
Next, the cells were washed three times with PBS, fixed
with cold 70 % ethanol for 1 h and then were stained
with 40 mM Alizarin Red S (pH 4.2) for 1 h at room
temperature. After removing Alizarin Red S, cells were
washed with PBS. The cells were subsequently
destained for 15 min with 10 % cetylpyridium chloride
in 10 mM of sodium phosphate buffer (pH 7.0). The
mineralization was determined by measuring the
absorbance at 562 nm (Gregory et al. 2004).

Reverse transcriptase-polymerase chain reaction
(RT-PCR)

7F2 cells (1 x 10%) were inoculated with medium and
treated with 10 pl different concentrations (0 (control),
0.25, 0.5, 1 and 2 mg/ml) of LMW fucoidan for 48 h.
Total RNA was isolated by RNAzol B (Amersham
Pharmacia Biotech, Uppsala, Sweden), and the concen-
tration of total RNA was detected by spectrophotometer
(Hitachi, Tokyo, Japan). The synthesis of cDNA was
performed using Improm-II TM Reverse Transcriptase
(Promega, Madison, WI, USA) according to the manu-
facturer’s instructions. PCR was performed on the
reverse transcribed cDNA product to determine the
expression of bone morphorogenic protein (BMP)-2,
BMP-4, collagen type (COL) I, COL II, ALP, bone
sialoprotein (BSP), osteocalcin, osteonectin and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) (as an
internal control) using a thermal cycler (biometra, UNO-
Thermoblock, Wisbech, UK). Primer sequences used to
amplify the desired cDNA were as Table 1. The reactions
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Table 1 Oligonucleotide

Gene name Oligonucleotide sequences Product size (bp)
sequences of osteoblastic
differentiation makers BMP-2 F*: GACGGACTGCGGTCTCCTAAAG 472
R": TCTGCAGATGTGAGAAACTCGTCA
BMP-4 F: CGCCGTCATTCCGGATTACAT 574
R: GGCCCAATCTCCACTCCCTT
COL 1 F: GAGGCATAAAGGGTCATCGTGG 716
R: CATTAGGCGCAGGAAGGTCAGC
COL 11 F: ACACTGGTAAGTGGGGCAAGACC 172
R: GGATTGTGTTGTTTCAGGGTTCGGG
ALP F: ACTCAGGGCAATGAGGTCAC 506
R: GAGAGCGAAGGGTCAGTCAG
BSP F: AAGTAAAAGTTGGCCTTAGCGACC 516
R: GCTGAAACCCGTTCAGA
Osteocalcin F: GGGGAAGGG ACA ACACATGA 412
R: TCCTGGACATGGGGATTGA
Osteonectin F: GAATTTGAGGACGGTGCA 419
# Forward primer for R: TTCTGCTTCTCAGTGAGGA
:eq“ence _ GAPDH F: TGGTGTCTTCACCACCA 515
Reverse primer for R: TGGTGTCTTCACCACCA

sequence

were carried out in a volume of 25 pl containing 1 unit of
Tag DNA polymerase (Dong-Sheng Biotech Co. Yan-
ling Road, Tianhe District, GZ 510507, China), 0.2 mM
dNTP, x 10 reaction buffers and 100 pmol of sense and
antisense primers. After the initial 1 min of 95 °C
denaturation, the amplification sequence protocol of
BMP-2 was 1.0 min of 55 °C annealing and 1.0 min of
72 °C extension; that of BMP-4 was 1.0 min of 60 °C
annealing and 1.5 min of 72 °C extension; that of COL I
was 1.0 min of 56 °C annealing and 1.5 min of 72 °C
extension; that of COL IT was 1.5 min of 60 °C annealing
and 2.5 min of 72 °C extension; that of ALP was 1.0 min
of 56 °C annealing and 1.5 min of 72 °C extension; that
of BSP and osteocalcin were 1.5 min of 49 °C annealing
and 1.0 min of 72 °C extension; that of osteonectin was
1.0 min of 65 °C annealing and 1.5 min of 72 °C
extension; and that of GAPDH was 1.0 min of 60 °C
annealing and 1.0 min of 72 °C extension, 30 cycles. The
sense, antisense PCR primers, and amplification
sequence protocol were summarized in Table 1. Above
primers were purchased from Mission Biotech Co., Ltd.
(Taipei, Taiwan). The PCR products were separated by
electrophoresis on 1.2 % agarose gels and visualized by
ethidium bromide staining under UV irradiation (Kim
et al. 2007). The image of resulting gel was captured and
analyzed by ImageMaster VDS and ImageMaster 1D
Elite software (Amersham Pharmacia Biotech).

@ Springer

Animal and LWM fucoidan treatment

The influence of LMW fucoidan on bone formation of
aged mice was investigated using 36 weeks old
C57BL/6J female mice. These mice were purchased
from the National Taiwan University, College of
Medicine, Laboratory Animal Center (Taipei,
Taiwan).

All animals aged 40 weeks at the start of the
experiment and were housed in a normal, environ-
mentally controlled animal room with free access to
pathogen-free feed and water ad libitum. Mice were
divided into five groups with 5 mice of each. Mice in
different groups were treated with saline solution
(control), 100 mg/kg calcium carbonate body weight
(BW) (Positive control), 70 mg/kg BW LMW fucoi-
dan and 100 mg/kg BW calcium carbonate (low
dose + Ca), 140 mg/kg BW LMW fucoidan and
100 mg/lkg BW  calcium  carbonate  (middle
dose + Ca) or 280 mg/kg BW LMW fucoidan and
100 mg/kg BW calcium carbonate (high dose 4 Ca).
Calcium carbonate or LMW fucoidan was dissolved
into redistilled water to its desired concentration, then
mixed and given by gavage to mice every other day for
four consecutive weeks. 24 h after the last supple-
mentation, mice were anaesthetized and rapidly sac-
rificed. After sacrifice, femurs were dissected free and
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were kept in —20 °C freezer until analysis. All
procedures were approved by Institutional Animal
Care and Use National Taiwan University College of
Medicine.

Bone density measurement

Bone densities of femurs were measured as described by
Martin and Gutman (1978). Briefly, femurs were placed
in an 85 °C water bath for 1 week, in order to remove
excess flesh, dehydrated and defatted in graded alcohols,
50 % alcohol/50 % ether, 100 % ether, 50 % ether/
50 % acetone and 100 % acetone, and finally dried in a
vacuum oven. Using a Roller-Smith torsion balance,
bones were weighted in air (1), weighted submerged in
water (lLs), and the bone density = p x pH,O/p — L,
and the pH,O is the density of water.

Bone ash weight measurement

Femora were ashed in a Thermolyne Furnace at
800 °C for 24 h and weighted while hot.

Statistical analysis

All data obtained from the experiments were analyzed
to determine the significance of different treatment by
one-way ANOVA. Significant differences were
reported at p value <0.05.

Results and discussion

Molecular weight distribution of LMW fucoidan
from S. hemiphyllum

After hydrolysis of fucoidan from S. hemiphyllum
using glycolytic enzyme, the hydrolyte was separated
by 30 and 1 kDa molecular weight cut-off membrane.

Two fractions were obtained after filtration: 1-30 and
<1 kDa, and the yields of two fractions were 8.7 and
91.3 % (dry weight). Two major peaks demonstrated
molecular weights of 12 and 760 Da by high perfor-
mance size exclusion chromatography. It was shown
that LMW fucoidan primarily consisted of 760 Da
oligosaccharide and fucoidan primarily consisted of
270 kDa polysaccharide. The sulfate and fucose
content of LMW fucoidan and fucoidan were similar,
which demonstrated that the hydrolysis process was
mild and did not damage the major components in
fucoidan (Table 2).

Effect of LMW fucoidan and fucoidan on cell
viability

Fucoidan’s polyanionic structure is expected to allow
it to bind to various proteins, thus exerting its
biological activities. However, it is different to use
fucoidan because of its high molecular weight causing
the bioavailability to be lower (Shimizu et al. 2005).
Therefore, reducing the molecular weight of fucoidan
has been a topic of research (Colliec et al. 1991). In
order to determine whether the difference in the
molecular weight of fucoidan affects the cell viability
in osteoblast cell, 7F2 cells treated with LMW
fucoidan and fucoidan. Both LMW fucoidan and
fucoidan could increase cell viability to as high as
150.33 £ 6.50 % and 130.12 &+ 5.74 %, respec-
tively, when cells were treated with 2 mg/ml. More-
over, the cell viability was significantly greater in the
LMW fucoidan group than in the fucoidan group at
0.25-2 mg/ml concentration (Fig. 1). This results
agrees with that obtained for LMW fucoidan extracted
from pheophicae cell wall increasing cell proliferation
of osteoblast cells and improving bioavailability
(Changotade et al. 2008). Zhang et al. (2011) also
demonstrated that enzymatically hydrolyzed 500 Da

Table 2 Sulfate, fucose and molecular weight distribution of fucoidan and LMW fucoidan

Sulfate % (w/w) Fucose (umol/g)

Fraction (kDa)

% (wlw, dry weight) Molecular weight (Da)

394 £ 2.1
40.8 £ 0.4

211.23 + 1.57
207.91 £ 0.72

Fucoidan
LMW fucoidan

100 270 k
8.7 12 k
91.3 760

@ Springer
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Fig. 1 Effects of LMW fucoidan on the viability of 7F2 cells
for 48 h (n = 3). Cells were treated with different concentra-
tions (0.125, 0.25, 0.5, 1, 2 and 4 mg/ml) and cell viabilities
were detected by MTT assay. *p < 0.05 when compared with
the control group

fucoidan is expected to facilitate rapid absorption into
blood vessels (Zhang et al. 2011). So, it was suggested
that LMW fucoidan may have contributed to the
change in chemical composition and the structure of
fucoidan, which may lead to the different activities of
fucoidan according to their molecular weight.

Effect of LMW fucoidan on ALP activity,
osteocalcin secretion and mineralization

Osteoblast differentiation can be characterized in three
stages, first stage: cell proliferation; second stage:
matrix maturation; third stage: matrix mineralization.
During the first stage, several extracellular matrix
proteins, such as: procollagen I, transforming growth
factor beta (TGF)-B, and fibronectin can be detected.
The second stage is characterized by maximal expres-
sion of ALP. And during the third stage, genes of
proteins such as osteocalcin, bone sialoprotein, and
osteopontin are expressed and once mineralization is
completed (Kasperk et al. 1995). Previous data reported
that LMW fucoidan increased the cell proliferation of
TEF2 cells, in order to assess whether LMW fucoidan is
able to enhance osteoblast differentiation, we measured
ALP and osteocalcin as the phenotype marker of the
second and third stage, respectively.

ALP is an important component in bone formation,
it acts both to increase the local concentration of
inorganic phosphate, a mineralization promoter, and
to decrease the concentration of extracellular
pyrophosphate, an inhibitor of mineral formation
(Golub and Boesze-Battaglia 2007). The increase in
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Fig. 2 Effects of LMW fucoidan on ALP activity of 7F2 cells
for 48 h (n = 3). Cells were treated with different concentra-
tions (0.25, 0.5, 1 and 2 mg/ml) and ALP activities were
detected by generated p-nitrophenol. *p < 0.05 when compared
with control group
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Fig. 3 Effects of LMW fucoidan on osteocalcin secretion by
7TF2 cells for 48 h (n = 3). Cells were treated with different
concentrations (0.25, 0.5, 1 and 2 mg/ml) and osteocalcin
secretions were detected by EIA kit. *p < 0.05 when compared
with control group

the activity was significant at a LMW fucoidan
concentration of 0.25-2 mg/ml, and the activity
increased to 135.35 £ 291 % at 2 mg/ml when
compared with control group (Fig. 2). In addition,
we examined whether LMW fucoidan has a positive
effect on stimulating osteocalcin secretion. Osteocal-
cin has been known to be a key mineral component of
bone and regulated bone crystal growth, which binds
with high affinity to hydroxyapatite crystals (Boskey
et al. 1998). As shown in Fig. 3, 7F2 cells cultured
with LMW fucoidan show enhanced osteocalcin
secretion at concentration from 0.5 to 2 mg/ml.
LMW fucoidan biological activities are concentra-
tion-dependent. Next, to confirm the beneficial effect
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Fig. 4 Effects of LMW fucoidan on mineralization of 7F2 cells
for 7 days (n = 3). Cells were treated with different concentra-
tions (0.25, 0.5, 1 and 2 mg/ml) and mineralizations were
detected by Alizarin Red staining. *p < 0.05 when compared
with control group

of LMW fucoidan, we used Alizarine Red-S staining
assay in 7F2 cells. LMW fucoidan (0.25-2 mg/ml)
significantly increased the amounts of hydroxyapatite
in the cells. The amount of the mineralization level of
extracellular matrix was higher in a concentration-
dependent manner (Fig. 4). Fucoidan extracted from
Undaria pinnatifida also can increase the ALP activ-
ity, osteocalcin secretion and mineralization level
(Cho et al. 2009). Furthermore, >30 kDa fucoidan was
reported to stimulate osteogenic differentiation of
human adipose-derived stem cell (Park et al. 2011),
and <30 kDa fucoidan promoted human osteoblast
proliferation, ALP activity, osteocalcin secretion and
mineral deposition (Changotade et al. 2008).

The smaller molecular weight fucoidan, 4.5 kDa,
also can enhance the osteogenic capacity of human
adipose-derived stromal cells (Pereira et al. 2013). Our
data demonstrated that LMW fucoidan from S.
hemiphyllum increased ALP activity, osteocalcin
secretion, cell proliferation, and matrix mineralization
in the process of osteogenic differentiation.

Effect of LMW fucoidan on various gene
expression levels of osteoblastic differentiation
markers

Osteogenesis is a complex process that involves the
differentiation of osteoblast and leads to synthesis and
deposition of bone matrix protein (Lian et al. 2004).
To determine the mechanism underlying the

promotion of mineralization by LMW fucoidan, the
gene expression of markers of osteoblastic differen-
tiation was studied using cultured 7F2 cells in the
absence or presence of LMW fucoidan for 48 h. BMPs
are a group of growth factors also known as cytokines
and as metabologens, which stimulate osteoblast cell
differentiation mainly by increased expression of ALP
and osteocalcin (Xiao et al. 2004). Our data showed
that the expression of BMP-2 significantly increased
2.28 £ 0.06 fold upon treatment with LMW fucoidan
at 2 mg/ml (Fig. 5a), but did not increase BMP-4
mRNA level (data not shown). Furthermore, LMW
fucoidan significantly increased the mRNA level of
ALP and osteocalcin for 2.18 £ 0.12 and 2.06 £ 0.07
fold upon treatment with LMW fucoidan at 2 mg/ml
(Fig. 5b, c). BMP-2 and BMP-4 are highly homolo-
gous, they interact with BMP receptors with compa-
rable affinities (Sebald et al. 2004), and loss of both
BMP-2 and BMP-4 results in a severe impairment of
osteogenesis (Bandyopadhyay et al. 2006). Thus, it
was demonstrated that LMW fucoidan played an
enhancing role specifically on BMP-2, and then BMP-
2 increased of ALP and osteocalcin gene expression.

The bone extracellular matrix is composed of
collagens, mostly COL I, which constitutes 90 % of
the total organic extracellular matrix in mature bone
(Boskey et al. 1999) and noncollagenous proteins,
such as BSP (Bianco et al. 1991). The addition of
LMW fucoidan at 0.25-2 mg/ml resulted in a signif-
icant increase in COL I mRNA level (Fig. 5d), but not
in COL II (data not shown), and also stimulated BSP
mRNA expression in the 7F2 cells at 1-2 mg/ml
(Fig. 5e). Similar effects were also observed by Cho
et al. (2009), Changotade et al. (2008) and Park et al.
(2011) that fucoidan can increase COL I levels in
osteoblast. Osteonectin is a glycoprotein in the bone
that binds calcium, hydroxyapatite and COL 1. It is
secreted by osteoblasts during bone formation, initi-
ating mineralization and promoting mineral crystal
formation (Bellahcene and Castronovo 1995). The
expression of the mRNA level of osteonectin signif-
icantly increased 1.74 + 0.23 fold upon treatment
with LMW fucoidan at 2 mg/ml (Fig. 5f).

The RT-PCR assay showed that LMW fucoidan
increased mRNA expression of BMP-2, ALP, osteo-
calcin, COL I, BSP and osteonectin, but did not
increase BMP-4 and COL II mRNA levels (Data not
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«Fig. 5 Effects of LMW fucoidan at different concentrations [0
(control), 0.25, 0.5, 1 and 2 mg/ml] on gene expression of
markers of osteoblastic differentiation as BSP-2 (a), ALP (b),
Osteocalcin (¢), COL I (d), BSP (e) and steonectin (f) in 7F2
cells for 48 h (n = 3). mRNA expression fold = mRNA
expression of the given gene/mRNA expression of GAPDH
expression

shown). It was suggested that BMP-2 was originally
identified as a molecule that promotes the differenti-
ation of osteoblasts followed by induction of the
osteoblastic makers, such as ALP (Lo et al. 2010). In
addition, an increased ALP level by the addition of
fucoidan in osteoblasts is an important process for
bone tissue formation in vivo (Cho et al. 2009).

Effect of administration of LMW fucoidan on bone
component in aged female rats

We showed that LMW fucoidan promoted the in vitro
osteogenic differentiation of 7F2 cell, inducing an
increase in cell proliferation, ALP activity, mineral-
ization of the extracellular matrix, and expression of
osteoblastic lineage-specific genes. To assess the
effect of LMW fucoidan in vivo, LMW fucoidan
and/or calcium carbonate were orally administered to
aged female mice for 4 weeks. The body weight of
aged mice was not significantly altered by the oral
administration of LMW fucoidan and/or calcium
carbonate. Bone density and bone ash weight were
also not significantly altered by the oral administration
of 100 mg/kg BW calcium carbonate alone (Table 3).
Absorption of calcium fell with age after about

60 years and people over 80 years have significant
malabsorption (Bullamore et al. 1970) that may be
caused by the decline in the active calcium transport
(Armbrecht et al. 1979). Thus, daily supplement with
calcium may not be able to improve bone formation in
the elderly. However, bone density and bone ash
weight were significantly increased by oral adminis-
tration of 280 mg/kg BW LMW fucoidan and 100 mg/
kg BW calcium carbonate (Table 3). Sargassum
horneri extract has been shown to stimulate bone
formation in vitro (Uchiyama and Yamaguchi 2002b)
and in vivo (Uchiyama and Yamaguchi 2003), and it
exhibits an anabolic effect on bone components of
young and aged rats (Uchiyama and Yamaguchi
2002a). Furthermore, seaweed given alone with Ca
can increase intestinal calcium absorption and bone
mineral density in rats (Fujita et al. 2000). This
observation suggested that LMW fucoidan stimulated
osteoblastic bone formation in bone density and bone
ash weight of aged mice.

Conclusions

In conclusion, it has been demonstrated that LMW
fucoidan stimulated osteogenic differentiation in vitro,
and had an anabolic effect on bone mineralization
in vivo. It was suggested that dietary intake of LMW
fucoidan from S. hemiphyllum may have a role in the
improvement of bone loss with increasing age.

Conflict of interest Authors declare no conflict of interest in
this manuscript.

Table 3 Body weights, bone densities and bone ash weight of C57BL/6] mice following 4 weeks of LMW fucoidan treatment

Group Dosage Body Bone density Bone ash
weight (g) (g/ce) weight (mg)

Control 182 £03 0.92 £ 0.01 50.01 £ 3.13

Positive control 100 mg/kg BW calcium carbonate 179 £ 0.2 0.91 + 0.08 51.61 £ 2.58

Low dose 70 mg/kg BW LMW fucoidan + 100 mg/kg 18.0 £0.2 0.95 £ 0.14 51.39 £ 0.75
BW calcium carbonate

Middle dose 140 mg/kg BW LMW fucoidan + 100 mg/kg 18.1 £0.3 1.12 £ 0.23 54.44 £ 0.67*
BW calcium carbonate

High dose 280 mg/kg BW LMW fucoidan + 100 mg/kg 179 £ 03 1.25 £ 0.17* 54.06 £+ 1.60*

BW calcium carbonate

Values are expressed as mean + SD. Means with asterisk were significantly different from control (p < 0.05)
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