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Abstract. Fucoidan is a type of sulfated polysaccharide 
isolated from seaweed. The present study used ovariectomized 
Sprague‑Dawley rats, which were treated with fucoidan. The 
effects of fucoidan on bone metabolism, density and microar-
chitecture were assessed using micro‑computed tomography 
(CT), histomorphometric analysis, biochemical markers of 
bone metabolism (Serum procollagen type I N propeptide and 
C‑terminal telopeptide‑1) and tests of mechanical competence 
of the femur. In addition, the effects of low‑molecular weight 
fucoidan (LMWF) on in  vitro cultured osteoclasts were 
examined, in order to determine the mechanisms underlying 
LMWF‑induced osteoclastic inhibition. In ovariectomized 
rats, LMWF increased femoral bone density. Micro‑CT 
scan also revealed that LMWF prevented microarchitectural 
deterioration and histomorphometric analysis determined 
that LMWF increased trabecular bone number and reduced 
the surface of bone resorption. In addition, LMWF reduced 
the high bone turnover rate, and improved the mechanical 
properties of the femur in ovariectomized rats. In  vitro 
experiments revealed that LMWF inhibited the receptor 
activator of nuclear factor κB ligand (RANKL) and macro-
phage colony‑stimulating factor‑induced differentiation of 
RAW264.7  cells into tartrate‑resistant acid phosphatase 
(TRAP)‑positive osteoclasts, and reduced the bone resorption 
surface of the osteoclasts. Reverse transcription‑quantitative 
polymerase chain reaction demonstrated that LMWF inhib-
ited mRNA expression of TRAP, matrix metallopeptidase‑9, 
nuclear activator of activated T‑cells 1, and osteoclast‑associ-
ated immunoglobulin‑like receptor, which are components of 
the signaling pathway for osteoclast differentiation. LMWF 
had no effect on RANK mRNA expression. In conclusion, 
the present study confirmed that LMWF inhibited osteoclast 

differentiation and bone resorption, and may be a potential 
treatment for osteoporosis in ovariectomized rats.

Introduction

Osteoporosis is a bone disease that is characterized by reduced 
bone mass and microarchitectural deterioration, which may 
lead to an increased risk of bone fractures. It is estimated 
that ~20% of women over 50 years old develop osteoporosis 
globally (1). In addition, female bone density decreases rapidly 
during perimenopause and continues to gradually decrease 
in postmenopausal women (2). Osteoporosis decreases bone 
strength and increases the risk of fractures (3,4). Among aged 
individuals, hip fractures are associated with high mortality 
rates (5). Normal bone remodeling is achieved by a balance 
between bone resorption and bone formation (6); however, 
in postmenopausal osteoporosis, the rate of bone resorption 
by osteoclasts is greater compared with bone formation by 
osteoblasts (7). Receptor activator of nuclear factor (NF)‑κB 
ligand (RANKL) and macrophage colony‑stimulating factor 
(M‑CSF) are key for the maturation of osteoclasts (8). The 
binding of RANKL to receptor activator of nuclear factor κB 
(RANK) protein on the membrane of osteoclast precursor 
cells activates the NF‑κB pathway [NF‑κB is the key nuclear 
activator of nuclear activator of activated T‑cells 1 (NFATc1) 
expression], which may result in fusion of mononuclear osteo-
clasts (9). The main role of M‑CSF is to induce pre‑osteoclasts 
to express RANK, which is a receptor of RANKL (10).

At present, therapeutic strategies used to treat osteopo-
rosis involve interference with either the differentiation of 
osteoclasts or their function. However, many of these drugs 
exert unwanted side effects. For example, bisphosphonates 
and denosumab have been associated with osteonecrosis of 
the jaw and atypical femur fractures. In addition, bisphospho-
nates have been associated with atrial fibrillation and kidney 
damage (11,12). Therefore, the development of novel therapies 
for the treatment of osteoporosis is required.

Fucoidan is a type of sulfated polysaccharide isolated from 
seaweed (13). It predominantly consists of fucose, and small 
amounts of alduronic acid, galactose and xylose. A previous 
study reported that fucoidan may exhibit antitumorigenic, 
antiviral, anticoagulative and antioxidative properties (14). 
Furthermore, it has been reported that low‑molecular weight 
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fucoidan (LMWF) promotes the expression of alkaline 
phosphatase and type I collagen (15). However, the effects of 
LMWF on osteoclasts and osteoporosis in ovariectomized rats 
remain to be elucidated. A previous study reported that apop-
tosis induced by fucoidan was attenuated by caspase inhibitors, 
indicating that fucoidan‑induced apoptosis was dependent 
on the activation of caspases (16). Fucoidan contains ≥25% 
organic sulfate and 60% polysaccharide.

A previous study compared the biological activity of 
LMWF and regular fucoidan, and the results indicated that 
LMWF had a higher activity compared with fucoidan (17). To 
the best of our knowledge, the effects of LMWF on osteopo-
rosis have not been previously assessed.

The present study aimed to determine the effects and 
mechanisms of action of LMWF on osteoporosis, using an 
ovariectomized female rat model. Furthermore, the effects 
of LMWF on RANKL and M‑CSF‑induced RAW264.7 cell 
differentiation into osteoclasts were investigated in vitro.

Materials and methods

Preparation of LMWF. Fucoidan (Sigma‑Aldrich; Merck 
Millipore, Darmstadt, Germany) was digested consecu-
tively with glucoamylase, pectinase and cellulose complex 
(Sigma‑Aldrich; Merck Millipore), into three different LMWF 
solutions as previously described (18). Fucoidan was dissolved 
in dimethyl sulfoxide (10 mg/ml), filtered using a 0.2 mm filter 
and stored at ‑20˚C. The effect of these LMWF solutions on 
the growth and viability of osteoclasts was evaluated using 
MTT assay as previously described (19), in order to select 
the strongest inhibitory concentration as preparation for the 
subsequent experiments. The concentrations of the three 
LMWF solutions tested were 50, 10, 5, 1, 0.5 and 0.1 µg/ml. 
It was determined that 5 µg/ml of the LMWF generated by 
pectinase digestion exhibited the strongest inhibitory effect 
on osteoclasts (Fig. 1A). Based on these results, subsequent 
experiments were performed using 5 µg/ml of the LMWF 
generated by pectinase digestion.

Cell culture, induction and analysis. The RAW264.7 murine 
macrophage‑like cell line was purchased from the Chinese 
National Platform of Experimental Cell Resources for 
Sci‑Tech, Institute of Basic Medicine, Chinese Academy of 
Medical Sciences (Peking Union Medical College, Beijing, 
China). RAW264.7 cells were grown in high glucose 
Dulbecco's modified Eagle's medium (DMEM; ME100202P1; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with 10% heat‑inactivated fetal bovine serum 
(12676011; Gibco; Thermo Fisher Scientific, Inc.) and 1% 
penicillin‑streptomycin, at 37˚C in a humidified atmosphere of 
95% air and 5% CO2. The cells were cultured on sterile cover-
slips or osteologic slides, which were placed into 6‑well culture 
dishes. Cells were inoculated at a density of 2x104/ml. The 
medium was changed to high‑glucose DMEM (ME100202P1; 
Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% 
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 
with 100 ng/ml RANKL (Murine sRANK‑Ligand; 31501; 
PeproTech, Inc., Rocky Hill, NJ, USA) and 30 ng/ml M‑CSF 
(Murine M‑CSF, 31502; PeproTech, Inc.) to induce differentia-
tion 4 h after cell attachment. Cells were incubated at 37˚C, 

in a 5% CO2 incubator with high humidity. The medium was 
changed every 2 days. After 6 days, cells were stained for 
tartrate‑resistant acid phosphatase (TRAP) using the TRAP 
staining kit (Sigma‑Aldrich; Merck Millipore) and the experi-
ment was conducted according to the manufacturer's protocol. 
A light microscope (Olympus Corporation, Tokyo, Japan) was 
used to observe the number of TRAP‑positive multinucleated 
cells (≥3 nuclei). To visualize bone resorption pits, osteologic 
slides were fixed in 2.5% glutaraldehyde, washed by sonication 
in phosphate‑buffered saline (PBS), dehydrated in a graded, 
ascending series of ethanol, sputter‑coated with gold and 
palladium. Images were captured using a scanning electron 
microscope.

Scoring of TRAP‑positive cells and analysis of bone resorp‑
tion surface. To assess the effects of LMWF on osteoclast 
differentiation, RAW264.7 cells (2x104/ml) were cultured 
in two groups; A control group and an experimental, 
LMWF‑treated group. Differentiation was induced as afore-
mentioned, with the exception that the experimental group 
was cultured in the presence of 5 µg/ml LMWF in addition 
to RANKL and M‑CSF. Cells were stained for TRAP and the 
number of TRAP‑positive multinucleated cells (≥3 nuclei) was 
scored after 6 days. Scoring was performed at a magnifica-
tion x100 and 10 fields were randomly selected and scored, 
with the average calculated. Only cells that appeared pink or 
rose‑red and contained ≥3 nuclei were counted, as previously 
described  (19). The experiment was repeated three times. 
For the bone resorption pit assay, cells were cultured in as 
aforementioned, with the exception that they were cultured 
on bovine cortical bone slices made in‑house. Cells were 
cultured on 10 bone slices in each group. Within each bone 
slice, 10 non‑overlapping areas were randomly selected and 
analyzed using Image-Pro Plus version 6.0 image analysis 
software (Media Cybernetics, Inc., Rockville, MD, USA) to 
evaluate bone resorption areas.

Effects of LMWF on osteoclast proliferation. Two groups 
of cells, as aforementioned, were cultured for 6  days. 
Subsequently, the cells (1x106/ml) were collected, washed 
with PBS, and fixed with 75% ethanol for 5 min at room 
temperature. Fixed cells were resuspended in 1 ml propidium 
iodide/Triton X‑100 staining solution (Sigma‑Aldrich; Merck 
Millipore) containing 0.2 mg RNase A and were incubated at 
37˚C for 15 min. Stained cells were subjected to flow cytom-
etry using a Guava Flow Cytometer (model, EPICS&reg; 
Merck Millipore) and Expo 32 software (Beckman Coulter, 
Inc., Brea, CA, USA) to calculate proliferation index (PI). 
PI = (S+G2/M)/(G0/G1+S+G2/M).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR) for gene expression detection. After 6 days 
of induction, cells were harvested for RNA extraction. Total 
RNA was isolated using TRIzol reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) The quality of RNA was assessed by 
agarose gel electrophoretic analysis. RANK, TRAP, matrix 
metallopeptidase‑9 (MMP‑9), NFATc1 and osteoclast‑asso-
ciated immunoglobulin‑like receptor (OSCAR) expression 
levels were detected by qPCR using the Absolute™ Fast 
qPCR Master Mixes kit (Guangzhou Funeng Gene Co., Ltd., 
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Guangzhou, China). The thermocycler conditions used were as 
follows: 96˚C pre‑denaturation for ~5 min; 94˚C denaturation 
for ~1 min; 58˚C annealing for ~45 sec; 72˚C extension for 
~2 min, for a total of 35 cycles. cDNA was reverse‑transcribed 
using the All‑in‑One™ First‑Strand cDNA Synthesis kit 
(GeneCopoeia, Inc., Rockville, MD, USA) from the isolated 
RNA and GAPDH expression was used as an internal control. 
Primers were designed by Fulengen Co., Ltd. (Guangzhou, 
China). The primer sequences were as follows: GAPDH, 
forward (F) 5'‑CGG​AGT​CAA​CGG​ATT​TGG​TCG​TAT‑3', 
reverse (R) 5'‑AGC​CTT​CTC​CAT​GGT​GGT​GAA​GAC‑3', frag-
ment amplified, 96 bp; NFATc1, F 5'‑TCC​AAA​GTC​ATT​TTC​
GTG​GA‑3', R 5'‑CTT​TGC​TTC​CAT​CTC​CCA​GA‑3'; MMP‑9, 
F 5'‑ACG​ACA​TAG​ACG​GCA​TCC​A‑3', R 5'‑GCT​GTG​GTT​
CAG​TTG​TGG​TG‑3'; TRAP, F 5'‑AAA​TCA​CTC​TTT​AAG​
ACC​AG‑3', R 5'‑TTA​TTG​AAT​AGC​AGT​GAC​AG‑3'; RANK, 
F 5'‑CCA​GGG​GAC​AAC​GGA​ATC​A‑3', R 5'‑GGC​CGG​
TCC​GTG​TAC​TCA​TC‑3'; and OSCAR, F 5'‑TGA​TTG​GCA​
CAG​CAG​GAG‑3' and R 5'‑AAG​GCA​CAG​GAA​GGA​AAT​
AGA​G‑3'. RT and qPCR were performed per manufacturer's 
protocol. Amplification and melting curves were evaluated 
for each qPCR analysis. Gene expression levels were based 
on levels of the initial template, and were calculated using the 
2‑∆∆Cq method (20).

Animals. A total of 60  healthy 6‑month‑old female 
Sprague‑Dawley (SD) rats weighing 220‑240 g were provided 
by Tianjin Hospital Center for Experimental Animals (Tianjin, 
China; approval no. SCXK 2007004). All experimental proce-
dures were approved by the Institutional Animal Care and Use 
Committee at the Tianjin Hospital Ethics Committee of China 
(Tianjin, China). The methods were carried out in accordance 
with the approved guidelines. Animals were housed at a room 
temperature of 21‑24˚C, in a lighted room between 7:00 a. m. 
and 7:00 p.m.; animals were allowed to engage in physical 
activity and received ad libitum access to food and water.

Animal experiments. A total of 60  female SD rats were 
randomly assigned to the following treatment groups 
(n=20/group): i)  Ovariectomized group (OVX); ii)  sham 
surgery group (SHAM); and iii) LMWF group (LMWF dose: 
5 mg/kg). SHAM group rats were subjected to a sham surgery 
(only an incision in the back was made) without ovary removal. 
The other two groups were subjected to bilateral ovary‑removal 
surgery through an incision in the back following anesthesia 
with 10% chloral hydrate (0.3 ml/100 g). Saline (for the OVX 
and SHAM groups) or LMWF (for the LMWF group) was 
administered by intraperitoneal injection 5 days after surgery. 
Rats were euthanized with 10% chloral hydrate (1 ml/100 g) at 
4 or 8 weeks following administration of treatment. A total of 
10 rats from each group were euthanized at each time-point.

The bone mineral density (BMD) of the right femur of 
the rats (n=5 per group at each time-point) was measured 
using LUNAR DPXIQ bone densitometer (GE Healthcare 
Bio‑Sciences, Pittsburgh, PA, USA). Bones were then subjected 
to a micro‑computed tomography (CT) scan (Bruker microCT, 
Antwerp, Belgium). Scanning was performed at a setting of 
21‑µm resolution, 360˚ rotation with an incremental rotation of 
0.4 ,̊ voltage of 80 kV, current of 80 A and 2.960 msec exposure 
time. Images were captured at an average gain of 4, pixel 1x1. 

For image normalization, the images were scanned in black 
and white and the grids were standardized. Trabecular bone 
volume fraction (BV/TV, %), trabecular thickness (Tb.Th.) and 
trabecular number (Tb.N.) of the distal end of the femur were 
determined for evaluation.

For the 4‑week and 8‑week time-points, rats were 
injected with an intramuscular injection of tetracycline 
(25  mg/kg) at 10  days or 3  days prior to euthanasia, as 
previously described  (21). Following euthanasia, the right 
femurs were collected and fixed in ethanol for 1 week. The 
distal 1/3 of each femur (n=5 per group at each time-point) 
was dehydrated and embedded in semi‑butyl methacrylate 
polymerization/methyl ester. Using a heavy‑duty microtome, 
7  µm undecalcified bone sections were cut. The sections 
were washed in distilled water and treated with 3% sodium 
thiosulphate for 5 min, and then washed in water. von Kossa 
and Giemsa staining were performed for 5 min, respectively, 
and sections were the mounted. Images were captured using a 
light microscope and analyzed using Image-Pro Plus version 
6.0 software.

Rats were anesthetized with 10% chloral hydrate 
(0.3 ml/100 g) and serum samples (1 ml) were collected by 
cardiac puncture 8 weeks after the administration of LMWF or 
saline control. Samples were centrifuged at 300 x g for 10 min 
at room temperature. Serum procollagen type I N propeptide 
(PINP) and C‑terminal telopeptide‑1 (CTX‑1) levels were 
determined using corresponding ELISA kits (Ra PINP kit; cat. 
no. 20131010 and Ra CTX‑1 kit; cat. no. 20130311; Cusabio 
Biotech Co., Ltd., Baltimore, MD, USA).

Assessment of femoral mechanical properties. The mechanical 
strength of the shaft and neck of the left femur (n=10/group) 
was determined as previously described by Ma and Fu (22). 
All testing was performed on a Bose ElectroForce3200 elec-
tromagnetic test instrument (Bose Corporation, Framingham, 
MA, USA). The midshaft femoral strength was tested using 
a three‑point bending test and the femoral neck strength was 
tested by a compression test (n=10).

Statistical analysis. Data are presented as the mean ± standard 
deviation. Statistical analysis was conducted using SPSS 16.0 
software (SPSS, Inc., Chicago, IL, USA). All experimental 
data were analyzed using an one way analysis of variance and 
multiple comparisons were performed using Duncan's test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Number of TRAP‑positive cells and analysis of the bone 
resorption surface. As presented in Fig.  1B, 6  days after 
RANKL induction of RAW264.7 cells, the number of cells 
that stained positive for TRAP in the LMWF group was 
significantly lower compared with the control group (P<0.05), 
indicating that more osteoclasts were generated when LMWF 
was absent. In addition, TRAP‑positive cells from the LMWF 
group had fewer nuclei in general (P<0.05; data not shown). 
The bone resorption assay revealed that there were significantly 
more bone resorption pits in the control group compared with 
the LMWF group (P<0.05; Fig. 1C).
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Effects of LMWF on osteoclast proliferation. FACS analysis 
revealed that the PI of cells from the LMWF group was 
significantly lower compared with cells from the control 
group (26.2±3.62 vs. 37.56±3.08, respectively; P<0.05; data 
not shown), thus suggesting that LMWF inhibited osteoclast 
proliferation.

Effects of LMWF on expression of genes involved in osteo‑
clast differentiation. RT‑qPCR was performed to assess 
expression levels of the genes encoding TRAP, RANK, 
NFATc1, OSCAR and MMP‑9. As presented in Fig. 2, LMWF 
significantly inhibited the expression levels of osteoclast 
marker genes TRAP (P<0.05), NFATc1 (P<0.01) and OSCAR 
(P<0.05) when compared with the control group. However, 
LMWF had no effect on RANK gene expression (P>0.05). 
LMWF also exhibited an inhibitory effect on MMP‑9 expres-
sion (P<0.05).

BMD and micro‑CT analysis in OVX rats. As presented in 
Fig. 3A, 4 weeks after the ovariectomy the distal femur of the 
OVX group exhibited trabecular bone loss, which progres-
sively worsened 8 weeks after surgery when compared with the 
SHAM group. As presented in Fig. 3B, the BMD of rats from 

the OVX group was significantly lower for both time‑points 
investigated compared with that of rats from the SHAM group 
(P<0.05), thus suggesting that ovariectomy may lead to bone 
loss. The ovariectomized rats receiving LMWF had a signifi-
cantly higher BMD compared with the OVX group (P<0.05; 
Fig. 3B), indicating that LMWF may minimize bone loss. 
In addition, the BMD increase at the 8‑week time-point was 
higher than that at the 4‑week time‑point; however, still lower 
when compared with the SHAM group.

Quantification of micro‑CT scan results are presented in 
Fig. 3C‑E. Compared with the OVX group, the LMWF group 
demonstrated a significantly higher BV/TV, Tb.Th. and Tb.N 
at 8  weeks (P<0.05 for all measurements), whereas these 
measurement were lower compared with in the SHAM group. 
In addition, the rats of the LMWF group demonstrated greater 
Tb.N in the distal femur compared with the OVX group.

Histomorphometric analysis. Fig. 4 presents the quantitative 
histomorphometric analyses of the undecalcified histological 
sections stained with (A) von Kossa and (B) Giemsa. The 
OVX group exhibited higher tetracycline labeling (Fig. 4C), 
thicker osteoid seams, and a higher rate of mineralization on 
osteoblast surfaces and osteoclast surfaces when compared 

Figure 1. (A) MTT assay quantification. (B) Quantification of the TRAP‑positive cells. (C) Analysis of bone resorption surface. *P<0.05 vs. control. OD, optical 
density; TRAP, tartrate‑resistant acid phosphatase.
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with the SHAM group (Fig. 4D; P<0.05), which was consistent 
with the high bone turnover usually observed in osteoporosis. 
LMWF administration reduced bone turnover rate in OVX 
rats; however, the surface area for bone formation and the 
mineralization time was increased compared with the OVX 
group (Fig. 4D; P<0.05).

Mechanical testing. As presented in Fig. 5A, the maximal 
strength of the femur as assessed by the three‑point bending 
test and compression test was significantly lower in the OVX 
group when compared with the SHAM group rats (P<0.05). 
The maximum load of femoral neck in the OVX group was 
significantly reduced 8 weeks after surgery when compared 
with 4 weeks after surgery (P<0.05). Mechanical strength 
of femoral neck and mid‑shaft femoral in OVX rats was 
lower compared with the SHAM group (P<0.05; Fig. 5A). 
The LMWF group demonstrated higher femoral mechanical 
strength of femoral neck and mid‑shaft femoral in rats 4 and 
8 weeks after ovariectomy when compared with the OVX 
group (P<0.05; Fig. 5A).

Serum analysis. The OVX group had significantly increased 
levels of CTX‑1 and PINP in serum compared with the SHAM 
group rats at 4 and 8 weeks after the operation. As presented in 
Fig. 5B LMWF treatment significantly decreased the levels of 
serum PINP (P<0.01 for both time-points) and CTX‑1 (P<0.01 

at 4 weeks and P<0.05 at 8 weeks) compared with the OVX 
group rats.

Discussion

The present study determined that LMWF inhibits the induc-
tion of RAW264.7 cells into mature osteoclasts by RANKL 
and M‑CSF in  vitro. The in  vivo experiments using an 
osteoporosis animal model confirmed that LMWF inhibited 
bone loss and prevented microarchitectural deterioration, and 
increased femoral mechanical strength following ovariectomy. 
To the best of our knowledge, the present study is the first to 
determine the potential use of LMWF for the treatment of 
osteoporosis.

M‑CSF and RANKL are considered the key signaling 
factors in the process of osteoclast differentiation (9). RANKL 
is essential for osteoclastogenesis and the subsequent bone 
resorption  (8), whereas M‑CSF may stimulate the move-
ment and expansion of osteoclasts, inhibit their apoptosis 
and enhance RANKL‑induced osteoclast formation (7,23). 
TRAP staining is a commonly used method to identify 
osteoclasts (24) and the present study revealed that following 
RANKL and M‑CSF administration, TRAP‑positive osteo-
clast‑like cells were observed 2 days after the induction, and 
a greater number was observed 6 days after the induction. 
Examination of TRAP‑stained slides and thin osteologic 

Figure 2. Reverse transcription‑quantitative polymerase chain reaction analysis of osteoclast‑specific transcripts to assess the effect of LMWF on osteoclast differ-
entiation. *P<0.05, **P<0.01 vs. control. LMWF, low‑molecular weight fucoidan; TRAP, tartrate‑resistant acid phosphatase; RANK, receptor activator of nuclear 
factor κB; Nfatc1, nuclear activator of activated T‑cells 1; OSCAR, osteoclast‑associated immunoglobulin‑like receptor; MMP‑9, matrix metallopeptidase‑9.
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slides for bone resorption assay revealed that the presence of 
LMWF in addition to RANKL and M‑CSF resulted in fewer 
mature osteoclasts and reduced bone resorption pits compared 
with the untreated control group.

MMP‑9 is secreted by osteoclasts, and in addition to degra-
dation of the matrix, aids in osteoclast movement (25,26). The 
present study determined that LMWF reduced the expression 
levels of TRAP and MMP‑9. NFATc1 is an important tran-
scription factor for osteoclastogenesis, and is involved in the 
regulation of the expression of numerous osteoclast‑specific 

genes; therefore, it has an impact on osteoclast cell formation 
and function (27,28). Cytoplasmic NF‑κB is activated during 
osteoclast differentiation following RANKL stimulation and 
may result in activation of intracellular signaling cascades. The 
activated NF‑κB is subsequently translocated to the nucleus 
with NFATc2, to activate expression and auto‑amplification 
of NFATc1 (29,30). The present study revealed that LMWF 
may significantly inhibit NFATc1 expression in osteoclasts. 
RANK is a type I membrane receptor protein on osteoclasts 
and their precursor cells; the binding of RANK and RANKL 

Figure 3. (A) Representative samples of 3D architecture of trabecular bone within the distal femoral metaphyseal region from the different treatment groups. 
(B) BMD quantification using dual energy X‑ray absorptiometry. Effects of low‑weight molecular fucoidan on the (C) BV/TV, (D) Tb.n and (E) Tb.Th of the 
distal femoral metaphysic in OVX rats by micro‑computed tomography analysis. Data are presented as the mean ± standard deviation, n=5. *P<0.05, **P<0.01 
vs. OVX group. OVX, ovariectomized; BMD, bone mineral density; BV/TV, bone volume/total volume; Tb.n, trabecular number; Tb.Th, trabecular thickness; 
4 W, 4 weeks; 8 W, 8 weeks.
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subsequently activates the signal transduction pathway in 
precursor cells, resulting in osteoclast maturation. In mature 
osteoclasts, this activated pathway serves to maintain bone 
resorption activity and survival of osteoclasts  (31). In the 
present study, LMWF had no effect on RANK mRNA 
expression. Therefore, it is also possible that it does not affect 
osteoclast cell membrane RANK receptors. OSCAR is an 
osteoclast‑specific receptor that was recently identified (32) 
and is a type of leukocyte receptor that may be an important 
factor in inducing osteoclastogenesis (32,33). The present study 
determined that LMWF inhibited OSCAR mRNA expression; 
therefore, it may also inhibit RANKL‑ and M‑CSF‑induced 
differentiation of RAW264.7 cells to osteoclasts, thus reducing 
the number of osteoclasts and the rate of bone resorption.

RANKL‑induced activation of the NF‑κB pathway is 
a key factor in osteoclast differentiation  (34). NFATc1 is 

likely to be the key factor regulating RANKL‑induced 
osteoclast differentiation, cell fusion and activation  (28). 
NF‑κB induction of NFATc1 is important and may occur 
via NF‑κB binding to the promoter region of NFATc1, 
leading to increased NFATc1 expression and subsequently, 
RANKL‑induced osteoclast differentiation (35). The present 
study revealed that LMWF inhibited RANKL‑induced 
osteoclast formation.

In the present study, the in  vivo consequences of the 
in vitro observations were investigated in an ovariectomized 
rat osteoporosis model. The effects of LMWF on BMD, bone 
microarchitecture, remodeling and mechanical competence 
were investigated. The results demonstrated that 4 weeks 
after treatment with LMWF, BMD was higher in the LMWF 
group when compared with the OVX group, and 8 weeks after 
surgery BMD increased further.

Figure 4. Undecalcified histological sections, stained with (A) von Kossa and (B) Giemsa, of the sagittal plane through the distal of femur. Magnification, 
x100. (C) Undecalcified sections observed under a fluorescence microscope showing tetracycline fluorescence. Magnification, x200. (D) Quantification using 
Image‑Pro Plus version 6.0. Data are presented as the mean ± standard deviation. *P<0.05, **P<0.01 vs. OVX group. OVX, ovariectomized; 4 W, 4 weeks; 8 W, 
8 weeks.
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BMD has been identified as an important factor for the 
evaluation of osteoporosis‑related fractures; a previous study 
revealed that in accordance with BMD criteria, only 10‑53% of 
patients are diagnosed with osteoporosis following an osteo-
porotic fracture  (36). Micro‑CT voxel‑based test unit may 
be used for the early detection of lesions and bone structure 
deterioration (37,38). The micro‑CT scans performed in the 
present study revealed that the trabecular microarchitecture 
in the distal femur of ovariectomized rats was deteriorated 
4 weeks after surgery, whereas the SHAM group exhibited 
no significant changes. However, the parameters of trabecular 
microarchitecture were all improved in the LMWF group 
compared with the OVX group. When the treatment time was 
extended to 8 weeks following surgery, BV/TV and Tb.N. 
exhibited further improvement. This may suggest that LMWF 
prevented bone loss due to ovariectomy and may also promote 
bone regeneration, and that bone microarchitectural recovery 
may be directly associated with treatment duration. The 3D 
reconstituted distal femur revealed that in the OVX group, the 
quantity of trabecular bone and connectivity were decreased 
and trabecular bone separation increased when compared 
with the SHAM group. In the LMWF group, the quantity of 
trabecular bone increased, spacing narrowed and connectivity 
recovered. Histophotometry was used in order to evaluate 
bone structure further.

LMWF it inhibited high bone turnover rate, which is 
usually the result of an ovariectomy, increased the osteoid and 
bone formation surface areas (osteoblast perimeter), decreased 
the surface for bone resorption (osteoclast perimeter), inhib-
ited mineralization, and increased mineralization time after 

ovariectomy. Collectively, these results suggested that LMWF 
inhibited the high bone turnover rate and bone loss associated 
with ovariectomy.

Consistent with the histomorphometry results, it was 
demonstrated that the OVX group had increased bone turn-
over, since the levels of PINP and CTX‑1 were increased, this 
was also in line with a previous study (39). LMWF attenuated 
the increase in PINP and CTX‑1 serum levels, thus suggesting 
that LMWF exerts its effects on bone metabolism by inhib-
iting bone turnover.

The three‑point bending test and the femoral neck compres-
sion test were used to evaluate the effects of LMWF on the 
mechanical strength of the femoral shaft and femoral neck. 
The present study determined that 4 weeks after ovariectomy, 
the mechanical strength of femurs in the OVX group was 
significantly reduced. The mechanical strength in the OVX 
group at the 8‑week time-point was lower than that at 4 weeks, 
which may be a result of weight gain 8 weeks after surgery, 
this phenomenon is itself likely a self‑protective mechanism 
in which bone mass is augmented  (40). The mechanical 
strength of the bones from the LMWF group was significantly 
increased 4 weeks after the surgery when compared with the 
OVX group. The 8‑week time-point had a further increase in 
mechanical strength. Therefore, it is evident that LMWF may 
increase the mechanical strength of the femoral shaft and neck 
of ovariectomized rats.

In conclusion, LMWF may inhibit osteoclast precursor 
differentiation, osteoclast maturation and bone resorption, 
ameliorate loss of BMD and trabecular deterioration, and 
prevent loss of mechanical competence. These findings 

Figure 5. (A) Effect of low‑weight molecular fucoidan on the mechanical strength of the mid‑shaft femur and femoral neck of OVX rats (n=5), with data 
expressed in Newtons. (B) Serum analysis of PINP and CTX‑1, n=8 samples/group. Data are presented as the mean ± standard deviation. *P<0.05, **P<0.01 
vs. OVX group; #P<0.05. OVX, ovariectomized; PINP, procollagen type I N propeptide; CTX‑1, C‑terminal telopeptide‑1; 4 W, 4 weeks; 8 W, 8 weeks.
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suggested that LMWF may be a novel therapeutic agent for 
the treatment of postmenopausal osteoporosis. Additional 
research is required to determine the optimal dosage, length 
of treatment and expected duration of effect for each dose 
administered.
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