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ABSTRACT 

 

The effects of fucoxanthin and its regulatory mechanisms in 

osteoclast and osteoblast differentiation 

 

You-Jung Ha 

 

Department of Medicine  

The Graduate School, Yonsei University  

 

(Directed by Professor Yong-Beom Park) 

 

 

To maintain bone health, the balance between bone formation by 

osteoblasts and bone resorption by osteoclasts is crucial. Fucoxanthin 

(FX), a marine carotenoid abundant in edible brown seaweeds, exhibits 

several beneficial effects on health, including anti-inflammatory, 

anti-cancer, anti-obesity, and cerebro-protective effects. However, 

several studies focusing on the effect of FX on bone remodeling showed 

inconsistent results, and its target molecule during bone remodeling has 

not yet been clarified. Hence, the aim of this study was to investigate the 

effects of FX on osteoclast and osteoblast differentiation and its detailed 

regulatory mechanisms within these cell lines. Our results showed that 

FX significantly inhibited osteoclast differentiation and bone resorption 

ability in RAW264.7 cells induced by the soluble receptor activator of 

nuclear factor κB ligand (sRANKL) or mouse tumor necrosis factor-α 

(mTNF-α)/interleukin-6 (mIL-6). Intracellular signaling analysis revealed 

that FX specifically decreased the phosphorylation of ERK and p38 and 

increased nucleus translocation of phosphorylated Nrf2, leading to 

decreased production of matrix-metalloproteinase 9 (MMP-9) 

Additionally, FX promoted osteoblastic differentiation and 
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mineralization from MC3T3-E1 cells upon alkaline phosphatase (ALP) 

and Alizarin red S staining. FX upregulated the expression of 

osteoblastogenic markers, including ALP, Runx2, osteocalcin, and type I 

collagen, by activation of the Smad3 pathway on MC3T3-E1. According 

to these combined results, FX may be a valuable therapeutic agent that 

can treat and prevent diseases associated with bone loss.  

 

                                                            

Key words : fucoxanthin, osteoclast, osteoblast, differentiation  
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I. INTRODUCTION 

Osteoporosis is a common disease characterized by a systemic impairment of 

bone mass and microarchitecture, with a consequential increase in bone fragility 

and susceptibility to fracture.1 Bone mass is maintained by the bone remodeling 

process in which bone resorption by osteoclasts and bone formation by 

osteoblasts are coupled both spatially and temporally. An imbalance in the bone 

homeostasis leads to osteoporosis, and excess osteoclastic activity has also been 

observed in rheumatoid arthritis, multiple myeloma, and metastatic cancers.2,3 

For the treatment of osteoporosis, several medications, including hormone 

replacement therapy, bisphosphonate, recombinant parathyroid hormone, and 

the receptor activator of nuclear factor-κB ligand (RANKL) inhibitor 

(denosumab) are used in clinical practice. Recently, a humanized monoclonal 

antibody to sclerostin, romosozumab, was approved.4 However, these drugs 

exhibits many side effects, such as medication-related osteonecrosis of the jaw, 

atrial fibrillation, and esophageal cancer5-8. In addition, despite advances of 

these therapeutics, treatment rates are low, and prescription of bone protective 

medications decreased over the past decade even in high-risk individuals.1 The 

probable reasons for undertreatment of osteoporosis include fear of adverse 

effects, scarcity of awareness of osteoporosis both among healthcare 
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professionals and affected individuals, and poor coordination of healthcare 

systems involved in the care of people who sustained a fracture. The problem is 

compounded by poor adherence to therapy, which has been particularly well 

documented for oral bisphosphonates.9 Hence, a need still exists for 

anti-osteoporotic drugs that exhibit fewer side effects. 

Fucoxanthin (FX) is an oxygenated carotenoid produced specially by edible 

brown sea algae, such as kombu (Laminaria japotica), wakame (Undaria 

pinnatifida), and arame (Eisenia bicyclis).10 Previous studies demonstrated the 

beneficial effects of FX on human health, including anti-obesity, anti-diabetes, 

anti-inflammatory, anti-cancer, and hepatoprotective activities as well as 

cerebrovascular protective effects.11-19 In addition, even with an extremely high 

intake, FX has been shown to produce no side effects. However, the role of FX 

on bone health has been scarcely investigated to date. Das et al. reported that 

FX suppressed osteoclast differentiation by inducing apoptosis.20 In a 

periodontitis-induced rat model, FX reduced alveolar bone resorption in a 

limited manner.21 Other fruit carotenoids, such as lycopene and β-cryptoxanthin, 

exhibit inhibitory effects on osteoclastogenesis and stimulatory effects on 

osteoblast differentiation in vitro as well as prevention of bone loss in vivo.22-28 

Considering these findings, researchers speculated that FX also possesses 

osteoprotective effects by affecting osteoclast and osteoblast differentiation and 

activity. However, the exact effects of FX on bone remodeling and the 

underlying molecular regulatory mechanisms have been poorly evaluated.  

The aim of this study was to examine the effects of FX on the osteoclast and 

osteoblast differentiation in vitro and its regulatory mechanisms within these 

cell lines. 

 

II. MATERIALS AND METHODS 

 

1. Cell lines and reagents 



5 

RAW264.7, a murine macrophage cell line, and MC3T3-E1, a murine 

osteoblastic cell line, were bought from American Type Culture Collection 

(ATCC; Rockville, MD, USA). Dulbecco's modification of Eagle's medium 

(DMEM) and minimum essential medium Eagle-alpha modification (α-MEM) 

were purchased from Welgene (Daegu, Korea). Fetal bovine serum (FBS) was 

from Atlas Biologicals (Fort Collins, CO, USA), and penicillin-streptomycin 

was from Gibco (Carlsbad, CA, USA). Recombinant mouse tumor necrosis 

factor-α (mTNF-α), interleukin (IL)-6, and soluble RANKL (sRANKL) were 

purchased from Peprotech (Rocky Hill, NJ, USA).  

Antibodies to ERK, phospho-ERK, p38, phospho-p38, JNK, phospho-JNK, 

Smad2, phospho-Smad2, Smad3, phospho-Smad3, PCNA, and phospho-PI3K 

were purchased from Cell Signaling Technology (Danvers, MA, USA). 

Anti-β-actin antibody was from Enogene Biotech (NY, USA), and anti-NFATc1, 

anti-phospho-p65, anti-Nrf2, and phospho-Nrf2 antibodies were from ABcam 

(Cambridge, UK).  

ELISA kits for matrix metalloproteinase (MMP)-9 were obtained from R&D 

Systems (Minneapolis, MN, USA). Tartrate resistant acid phosphatase (TRAP) 

and the alkaline phosphatase (ALP) staining kit were from Takara (Shiga, 

Japan); moreover, the bone resorption assay kit was from Cosmo Bio (Tokyo, 

Japan). Ascorbic acid, β-glycerophosphate, Alizarin red S, cetylpyridinium 

chloride and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay kits were from Sigma Aldrich (St. Louis, MO, USA). 

 

2. Cell viability test using MTT assay 

As per manufacturer’s protocol, cell viability was determined using the MTT 

assay kit. Cells were seeded into 48-well tissue culture plates at a density of 2 × 

103 cells in growth medium. After 24 h, when cells were still in the log growth 

phase, they were incubated in growth medium with different concentrations of 

FX for 5 days. Next, MTT (5 mg/mL in PBS) was added to each cell. After 4 h, 
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dimethylsulfoxide was added to solubilize MTT for another 4 h after removal of 

the supernatant. After extraction with dimethylsulfoxide, the optical density 

(O.D.) was measured at 495 nm. Percent viability was calculated as (O.D. of the 

drug-treated sample / control O.D.) × 100. 

 

3. Culture and differentiation of cell lines 

After seeding in the 48-well plates (2 × 103 cells / well), RAW264.7 cells were 

cultured in α-MEM containing 10% FBS under the condition and with 1% 

penicillin/streptomycin. Cells were maintained at 37°C in 5% CO2–95% O2 in a 

humidified cell incubator. The culture medium was changed to fresh medium 

every 3 days. Osteoclast differentiation was induced by two ways: 1) 

stimulation with sRANKL (50 ng/mL) for 5 days and 2) co-stimulation with 

mTNF-α (50 ng/mL) and mIL-6 (50 ng/mL).  

To investigate osteoblast differentiation, we used MC3T3-E1 for the assays. 

Approximately 1 × 104 MC3T3-E1 cells were seeded in a 48-well plate and 

cultured in osteogenic medium (α-MEM + 10% FBS supplemented with 50 

μg/ml ascorbic acid [AA] and 10 mM β-glycerophosphate [β-GP]) in 5% CO2 

and 95% air for 1-2 weeks. The media was changed every 3 days and assayed as 

described below. 

 

4. Osteoclast differentiation from RAW264.7 cells and osteoclast activity 

assays 

To evaluate the direct effects of FX on osteoclast differentiation, RAW264.7 

cells were treated with FX at concentrations of 0, 1, 2.5, and 5 μM, and with 

sRANKL or mTNF/mIL-6. TRAP staining was performed after 4 days of 

stimulation and TRAP-positive multinucleated cells were counted under a light 

microscope. 

 According to the manufacturer’s recommendation, osteoclast activity was 

assayed by measuring the area of resorption pits using a calcium 
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phosphate-coated 48-well plate. After washing once with α-MEM containing 

10% FBS, the RAW264.7 cells were seeded on the plate (2 × 103 cells / well). 

On the next day, the cells were treated with FX and sRANKL or mTNF/mIL-6 

in α-MEM containing 10% FBS. On day 5, to evaluate the pit area, the walls 

were added using 5% sodium hydrochlorite to remove RAW264.7 cells and 

then washed with water. After air-drying, microscopic photographs of all fields 

were taken, and the resorbed pit area per well was measured by using ImageJ 

software (NIH, Bethesda, MD, USA). 

 

5. Osteoblast differentiation from MC3T3-E1 cells and determination via 

ALP staining and mineralization 

MC3T3-E1 cells were seeded into 48-well plates at a density of 1 × 104 cells 

in the growth medium. The next day, the cells were treated with different 

concentrations of FX and 50 μg/ml of AA and 10 mM of β-GP for 7 days. Next, 

the cells were washed with PBS and treated with a fixation solution for 5 min. 

Cells were washed with sterile distilled water two times and treated with a 

substrate solution for alkaline phosphatase for 40 min at 37℃. Then, they were 

washed with sterile distilled water three times. Stained cells were treated with 

DMSO for 30 min on an orbital shaker. After extraction with dimethylsulfoxide, 

the O.D. was measured at 480 nm. 

To measure the extracellular matrix calcium (Ca) deposits for bone nodule 

formation, the cellular matrix was stained using Alizarin red S dye, which 

combines with Ca on the matrix. At differentiation days of 10 and 17, the cells 

were washed with PBS twice and then fixed with 4.0% formaldehyde. The cells 

were stained with 2% Alizarin red S solution at pH 4.4 for 40 min at room 

temperature and rinsed with deionized water twice. The images of the stained 

cells were captured using a phase contrast microscope with a digital camera. 

 

6. Immunoblotting 
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To explore the expression of intracellular proteins, immunoblots were 

performed using the antibodies described above. In the case of NFATc1 and 

Nrf2 expression, RAW264.7 cells were seeded on a 6-well plate (2.0 × 104 cells 

/ well). On the next day, the cells were cultured in α-MEM containing 10% FBS 

with FX (0, 1, 2.5, and 5 μM) and sRANKL or mTNF-α/IL-6 for 4 days. In the 

case of MAPK, p65, and PI3K expression, RAW264.7 cells were seeded on a 

6-well plate (2.0 × 104 cells / well). On the next day, the cells were cultured in 

α-MEM containing 10% FBS with FX (0, 1, 2.5, and 5 μM) for 4 days. The 

cells were incubated with sRANKL or mTNF-α/IL-6 in serum free media for 30 

min. 

The total cell lysates were obtained by using cold RIPA buffer (25 mM 

Tris-HCl at pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 

0.1% SDS). Next, the total cell lysates were separated via 10% sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 

polyvinylidene difluoride membranes. Signals were developed by using an 

enhanced chemiluminescence system (Amersham Biosciences, Little Chalfont, 

UK). According to the manufacturer’s instruction, nuclear extracts were 

prepared with a NE-PER Nuclear Cytoplasmic Extraction Reagent kit (Pierce, 

Rockford, IL, USA). 

Regarding the MC3T3-E1 cells, the total cell lysates were obtained on day 2. 

β-actin was used as an internal control in the experiments of total cell lysates 

and cytoplasmic lysates, and PCNA was used in the experiments of nuclear 

extracts. The relative expression of each protein was determined by 

densitometric analysis using ImageJ software. 

 

7. Reverse transcription polymerase chain reaction (RT-PCR) and 

real-time PCR 

To detect the expression levels of osteoclast- or osteoblast-related genes, 

RT-PCR was performed using specific primers. The expression of target mRNA 
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was analyzed by using SYBR green dye. cDNA and target specific primers 

were added to power SYBR green PCR master mix (Applied Biosystems, 

Foster City, CA, USA), and PCR amplification was performed (one cycle at 

50°C for 2 min, one cycle at 95°C for 10 min, and 40 cycles at 95°C for 15 s 

and 60°C for 1 min). Using ribosomal protein S18 as the reference gene, the 

fold changes of the gene of interest were calculated via the ΔΔCt method. The 

specific murine primers are summarized in the below table (Table 1). 

 

Table 1. Oligonucleotide primers used for PCR 

Target gene GenBank 

accession number 

 Primer sequences 

18S ribosomal 

RNA 

NR_003278 Forward 5`-GCA ATT ATT CCC CAT GAA CG-3` 

 Reverse 5`-GGC CTC ACT AAA CCA TCC AA-3` 

DC-STAMP NM_029422 Forward 5`-TGCCAGGGCTGGAAGTTCAC-3` 

  Reverse 5`-AAGGAGCTTCGCATGCAGGT-3` 

ALP NM_007431 Forward 5`-GGA ATA CGA ACT GGA TGA GAA GGC C-3` 

  Reverse 5`-CAG TTC AGT GCG GTT CCA GAC ATA G-3` 

Runx2 NM_001146038 Forward 5`-AAA TGC CTC CGC TGT TAT GAA-3` 

  Reverse 5`-GCT CCG GCC CAC AAA TCT-3` 

OCN NM_007541 Forward 5`-ACC ATC TTT CTG CTC ACT CTG-3` 

  Reverse 5`-GCT TGG ACA TGA AGG CTT TG-3` 

Col1 NM_007742 Forward 5`-CTG GCT TTG CCG GCC-3` 

  Reverse 5`-ACC TTT AAC ACC AGT ATC ACC AGG T-3` 

 

8. Enzyme-linked immunosorbent assay (ELISA) 

RAW264.7 cells were seeded on a 6-well plate (2.0 × 104 cells / well). On the 

next day, the cells were cultured in α-MEM containing 10% FBS with FX (0, 1, 

2.5, and 5 μM) and sRANKL or mTNF/IL-6 for 4 days. ELISA for MMP-9 was 

performed using commercial ELISA kits (R&D Systems, Minneapolis, MN, 

USA), according to the manufacturer’s instructions. 
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9. Statistical analysis 

All experiments were performed at least three times, and the data are presented 

as the means ± standard errors of the means (SEMs). Semiquantitative 

densitometry analysis was performed using ImageJ software (National Institutes 

of Health, USA). Continuous variables were compared using the Mann-Whitney 

U test. Also, the non-parametric Jonckheere-Terpstra test was applied where 

appropriate. All data were analyzed using STATA®  SE, version 15.0 

(StataCorp LLC, College Station, TX, USA). A p-value of < 0.05 was 

considered statistically significant.  

 

III. RESULTS 

 

1. The effect of fucoxanthin on the viability of RAW264.7 cells 

The cytotoxicity of FX on RAW264.7 cells was determined by MTT assay 

(Fig. 1). At a concentration of ≤ 5 μM, FX did not show a detrimental effect on 

the survival of cells. However, 10 μM of FX caused a significant decrease in the 

number of viable cells compared to no treatment. According to the MTT assay 

results, we used concentrations of ≤ 5 μM FX in subsequent experiments. 

   

Figure 1. Effect of fucoxanthin on the viability of RAW264.7 cells. Cells were 

treated with various concentrations of FX and their viabilities were evaluated by 

MTT assay. The data are representative of three independent experiments and 

are shown as the means ± SEMs (n = 6 culture dishes); *, p < 0.05 versus 
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FX-untreated cells (0 μM). 

 

2. Inhibitory effects of fucoxanthin on osteoclastogenesis 

The treatment of sRANKL (50 ng/mL) or co-stimulation with mTNF-α (50 

ng/mL) and mIL-6 (50 ng/mL) in RAW264.7 cells increased the number of 

TRAP-positive and multinucleated cells compared with control cells. Under 

these conditions, FX treatment caused a dose-dependent decrease in the number 

of osteoclast-like cells at a concentration of ≥ 1 μM (Fig. 2), suggesting that FX 

inhibited the differentiation of RAW264.7 cells to osteoclast-like cells. 

 

Figure 2. Differentiation of RAW264.7 cells into osteoclast-like cells by 

sRANKL or mTNF-α/IL-6. (A) Representative microscope images of 

tartrate-resistant acid phosphatase (TRAP) staining. (B) The number of 

TRAP-positive multinucleate cells were dose-dependently decreased by 

treatment of FX. The data are representative of three independent experiments 

and expressed as means ± SEMs; *, p < 0.05 versus the values of 

osteoclast-differentiated cells not treated with FX; †, p < 0.05 by 

Jonckheere–Terpstra test. FX, fucoxanthin. 
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 To determine the osteoclast activity, a resorption pit assay was employed. 

RAW264.7 cells were cultured under similar conditions. As shown in Fig. 3, the 

resorption pit area was significantly decreased by FX in a dose-dependent 

manner (Fig. 3). 

 

Figure 3. The effect of fucoxanthin on osteoclastic activity. (A) After treatment 

with FX, the resorption pit was examined by light microscopy, and 

representative images are shown. (B) The statistical differences in the resorption 

pit area and trends tests are presented in the histograms. All experiments were 

carried out three times and the data are expressed as means ± SEMs. *, p < 0.05 

when compared to FX of 0 μM; †, p < 0.05 by Jonckheere–Terpstra test. FX, 

fucoxanthin. 

 

3. The effects of fucoxanthin on the regulation of osteoclast-specific 

markers and transcriptional factors in RAW264.7 cells  

NFATc1 is the master regulator of osteoclastogenesis.29 We found that FX 

down-regulated the expression of NFATc1 compared to that of the 

FX-untreated condition in sRANKL- or mTNF/IL-6-stimulated RAW264.7 

cells, and its expression showed a decreasing trend with FX concentration (Fig. 

4A). Dendritic cell-specific transmembrane protein (DC-STAMP), another 
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essential mediator in osteoclastogenesis, is known to be induced rapidly by 

osteoclastogenic stimulation and directly induces the expression of 

osteoclast-specific markers, such as TRAP.30 FX treatment demonstrated 

significantly decreased DC-STAMP mRNA levels in a dose-dependent manner 

(Fig. 4B). 

 

Figure 4. The effects of fucoxanthin on crucial transcription factors during 

osteoclastogensis. (A) The expression of the NFATc1 protein was 

dose-dependently suppressed by FX. (B) FX treatment showed a significant 

dose-dependent reduction in DC-STAMP mRNA. All experiments were carried 

out three times, and the data are expressed as means ± SEMs. *, p < 0.05 versus 

FX 0 μM; †, p < 0.05 by Jonckheere–Terpstra test.  

 

 To further understand the mechanism of FX in suppressing osteoclast 
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differentiation from RAW264.7 cells, we performed immunoblot analysis of 

several molecules known to be critically involved in the osteoclast signaling 

pathway, including MAPKs (ERK, JNK, and p38), NF-κB, and PI3K.31 When 

the RAW264.7 cells were treated with FX, phosphorylation of ERK and p38 

was significantly suppressed by FX, showing decreasing trends with 

concentrations, whereas JNK, NF-κB and PI3K phosphorylation was not altered 

by FX (Fig. 5). 
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Figure 5. The effects of fucoxanthin on signaling pathways during 

osteoclastogensis. A representative immunoblot (A) and densitometric analysis 

(B) showed that FX inhibited the activation of ERK and p38, but not JNK, PI3K, 

or NF-κB. All experiments were carried out three times, and the data are 

expressed as means ± SEMs. *, p < 0.05 versus FX of 0 μM; †, p < 0.05 by 

Jonckheere– Terpstra test. 

 

Previous studies reported that Nrf2 deficiency augments RANKL-induced 

osteoclast differentiation and local induction of nuclear Nrf2 weakens 

RANKL-mediated osteoclastogenesis.32-34 Thus, we assessed the levels of 

phosphorylated Nrf2 and Nrf2 proteins in the total cell extracts and nuclear and 

cytosolic fractions of cell lysates by western blotting (Fig. 6). In the total lysate, 

the levels of phosphor-Nrf2 tended to increase with FX treatment but were 
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statistically insignificant. Nuclear Nrf2 and phospho-Nrf2 protein expression 

increased by FX dose-dependently, whereas Nrf2 protein in the cytoplasm 

decreased accordingly, suggesting FX induced dose-dependent phosphorylation 

and nuclear translocation of Nrf2 in RAW264.7 cells. 
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Figure 6. The effects of fucoxanthin on the phosphorylated level and nuclear 

localization of Nrf2 during osteoclast differentiation. The total cellular proteins 

were isolated from the cells and the expression levels of p-Nrf2 and Nrf2 were 

assessed by western blotting. The cell lysates were fractionated into nuclear and 

cytosolic extracts, and the same experiments were performed. The 

representative immunoblot (A) and densitometric analysis (B) of three 

independent experiments are shown. The data are expressed as means ± SEMs. 

*, p < 0.05 versus FX of 0 μM; †, p < 0.05 by Jonckheere–Terpstra test. 

 

4. The effects of fucoxanthin on the production of MMP-9 

MMP-9 has been convincingly recognized as one of the most potent 

proteolytic effectors of osteoclast-mediated bone resorption. To test whether FX 

affects the production of MMP-9 from differentiated osteoclast-like cells, levels 

of MMP-9 in the culture supernatants were measured by ELISA. As shown in 

Fig. 7, FX tended to decrease MMP-9 production, and FX at a concentration of 

5 μM induced a significant decrease in the release of MMP-9.  



18 

 

 

Figure 7. The effect of fucoxanthin on the MMP-9 levels in the cell 

supernatants from osteoclast-differentiated RAW264.7 cells. FX significantly 

decreased the levels of MMP-9 at a concentration of 5 μM. The values plotted 

are the means ± SEMs from three experiments; *, p < 0.05 versus FX of 0 μM; 

†, p < 0.05 by Jonckheere–Terpstra test. 

 

5. Effects of fucoxanthin on the cell viability in osteoblast precursor 

MC3T3-E1 cells 

To test whether FX exhibits a bone anabolic effect, we used mouse MC3T3-E1 

cells, which was used to test osteoblast differentiation. Cell viability was 

investigated using MTT assays. MC3T3-E1 cells were cultured in the presence 

of FX (0, 0.5, 1, 5, and 10 μM concentrations), and cytotoxicity was measured 

afterwards. Next, we observed that the proliferation of MC3T3-E1 cells was not 

significantly diminished at a concentration of ≤ 5 μM FX (Fig. 8). Subsequent 

experiments on the MC3T3-E1 cells were performed at FX concentrations of ≤ 

5 μM. 
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Figure 8. The effect of fucoxanthin on the cell viability in MC3T3-E1 cells. The 

cells were treated and incubated with FX (0, 0.5, 1, 5, and 10 μM 

concentrations), and cell viability was measured via MTT assay. All 

experiments were carried out three times, and the data are expressed as means ± 

SEMs. *, p < 0.05 versus FX of 0 μM. 

 

6. Effects of fucoxanthin on osteoblast differentiation and mineralization 

in MC3T3-E1 cells 

ALP is considered the most relevant biochemical marker in osteoblast 

differentiation and maturation. To evaluate the effect of FX on osteoblast 

differentiation in MC3T3-E1 cells, ALP staining was performed and measured 

on day 7 of FX treatment. MC3T3-E1 cells treated with FX exhibited 

dose-dependent promotion of ALP-positive staining in comparison to those 

without FX (Fig. 9A).  

To examine the effects of FX on mineralization in MC3T3-E1 cells, the cells 

were incubated with FX in osteogenic medium and Alizarin red S staining was 

carried out on days 10 and 17. As shown in Fig. 9B, FX increased the calcium 

deposits in MC3T3-E1 cells. 
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Figure 9. Fucoxanthin enhances osteoblast differentiation and mineralization in 

MC3T3-E1 cells. (A) MC3T3-E1 cells were treated with various concentrations 

of FX in osteogenic medium for 7 days. Cells were fixed and stained with ALP 

and representative magnified images (×40) are shown. (B) Mineralization was 

assessed by Alizarin red S staining in the cells fixed on days 10 and 17 of 

culture, and representative magnified images (×100) of the mineralized nodules 

are shown. 

 

7. The effects of fucoxanthin on the expression of osteogenesis-related 

genes 

During osteogenesis, many transcriptional and growth factors are actively 

expressed and produced to facilitate bone formation. Runx2, an important 

transcriptional factor for osteoblast differentiation, directly interacts with the 

promoter regions of key osteoblast-specific genes, including ALP, osteocalcin 

(OCN), and collagen type 1 (Col1).35 To validate the role of FX in promoting 

osteogenesis at the molecular level, we compared the relative mRNA expression 

of these factors in MC3T3-E1 cells with or without FX treatment. All factors 

exhibited a significant upregulation in their expression, usually on day 3 or 7 of 
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FX treatment (Fig. 10). 

 

 

Figure 10. Fucoxanthin-induced upregulation of osteogenic factors in 

MC3T3-E1 osteoblastic cells. Expressions of the indicated factors were 

measured by quantitative real-time PCR. Values plotted are means ± SEMs 

from three independent experiments; *, p < 0.05 versus FX of 0 μM. ALP, 

alkaline phosphatase; Ocn, osteocalcin; Col1, type I collagen.  

 

8. Effects of fucoxanthin on Smad2/Smad3 activation in MC3T3-E1 

cells.  

Smad proteins are known to be involved in BMP-2- and TGF-β-mediated 

osteoblast proliferation and differentiation.35 Furthermore, FX attenuated 

fibrosis in TGF-β-stimulated nasal polyp-derived fibroblasts through 

modulation of Smad 2/3. Thus, we investigated whether FX modulates the 

activation of Smad 2/3 signaling in the osteoblast, and MC3T3-E1 cells were 

treated with FX at various concentrations. Activated Smad2 was not detected by 
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immunoblots, but FX tended to increase the phosphorylation of Smad 3 (Fig. 

11). 

 

 

Figure 11. Effect of fucoxanthin-stimulated MC3T3-E1 cells on the activation 

of Smad proteins. A representative immunoblot (A) and densitometric analysis 

(B) showing that phosphorylation of Smad 3 was increased in MC3T3-E1 cells 

treated with FX. Data are expressed as the means ± SEMs of three independent 

experiments. *, p < 0.05 versus FX of 0 μM; †, p < 0.05 by Jonckheer–Terpstra 

test. 

 

IV. DISCUSSION 

This study shows that FX inhibits osteoclast differentiation through the 

activation of ERK and p38 and enhancement of nucleus translocation of 

phospho-Nrf2, leading to suppression of MMP-9 production in RAW264.7 cells. 

Additionally, FX promotes osteoblast differentiation, mineral deposition, and 

the expression of osteogenic markers, including ALP, OCN, Runx2 and Col1 

possibly through Smad3 activation, thus contributing to the bone anabolic 

effect.  

 Osteoporosis, a progressive disorder of aging bones, is widely recognized as a 

major health issue, resulting in large socio-economic costs.1 Bone is a dynamic 

tissue, which is mediated by the balance between osteoclastic bone resorption 
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and osteoblastic bone formation. Thus, therapeutic agents that suppress 

osteoclasts and enhance osteoblasts together would be ideal to treat osteoporosis. 

The currently available pharmacologic agents for osteoporosis are 

anti-resorptive or anabolic drugs1. Due to the fewer associated side-effects, 

marine carotenoids have been receiving increasing attention, and researchers 

tried to identify more effective therapeutics that demonstrate both 

anti-resorptive and anabolic effects. Among them, FX attracted increasing 

attention, because it demonstrated numerous positive biological activities, such 

as anti-inflammatory, anti-obesity, and anti-cancer actions.11,12,17 A few 

fragmented studies exist, suggesting its potential effects that inhibit bone 

resorption.20,21 Das et al. reported that FX suppresses osteoclastogenesis and 

induces apoptosis in osteoclast-like cells,20 and it provides a partial reduction in 

alveolar bone resorption in rats with periodontitis.21 However, the detailed 

regulatory mechanism of FX during osteoclastogenesis is poorly defined. 

Additionally, studies on the anabolic effect of FX showed inconsistent results. 

A recent study by Walsh et al. failed to show strong pro-osteogenic effects in in 

vitro experiments using a human fetal osteoblast cell line and primary human 

bone marrow stromal cells.36 Thus, the effects of FX on RAW264.7 cells and 

MC3T3-E1 cells were comprehensively evaluated in this study.  

 In this study, FX significantly suppressed osteoclastogenesis by inhibiting the 

phosphorylation of ERK and p38, but not JNK or PI3K, in sRANKL- or 

mTNF/IL-6-stimulated RAW264.7 cells. Researchers reported that activation of 

MAPKs, NF-κB, and NFATc1 by RANKL is associated with regulation of 

osteoclast differentiation activation,37,38 but our results suggest that FX affects 

the activation of ERK, p38, and NFATc1, but not activation of p65. Moreover, 

Nrf2 is involved in regulation of osteoclast formation and activity. 

Overexpression of Nrf2 suppresses RANKL-induced osteoclast differentiation 

by enhancing antioxidant enzymes, and local induction of nuclear Nrf2 by 

protein transduction attenuates osteoglastogenesis.32-34 Thus, we also assessed 
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the effects of FX on activation and nuclear translocation and activation of Nrf2. 

In this study, we noted that FX affects phosphorylation of Nrf2 and the nuclear 

translocation of Nrf2 (Fig. 6). Osteoclastogenesis is accompanied by expression 

of osteoclast-specific genes and various transcription factors,39 and induction of 

the NFATc1 protein and secretion of MMP-9 from osteoclast-differentiated 

cells was found to be increased by FX in this study. Our findings are in line 

with previous findings that increased activity of p38 MAP kinase, and NFATc1 

induction, but not the NF-B pathway, is responsible for the process of 

Nrf2-deficient osteoclastogenesis in a Nrf2-/- mice model.33  

The results of this study confirmed that FX promotes osteoblast differentiation 

and mineralization from preosteoblastic MC3T3‑E1 cells. Runx2 is a 

well-known transcription factor that is essential for osteoblast differentiation, 

and overexpression of Runx2 induces osteoblast phenotypic markers, including 

OCN, Col1, or ALP35,40. The expression of Runx2, Ocn, Alp, and Col1 in 

MC3T3-E1 cells was up-regulated by FX in our study. To further understand 

the effect of FX on MC3T3-E1 cell differentiation, the signaling pathways 

responsible for cell differentiation were investigated. TGF‑β and BMPs are the 

most important cytokines affecting the proliferation, differentiation and function 

of osteoblasts, and BMP-2- and TGF-β-mediated osteoblast proliferation and 

differentiation are mediated by Smad proteins.35 Because researchers reported 

that FX reduced the TGF-β-induced myofibroblast differentiation in nasal 

polyp-derived fibroblasts via modulation of Smad 2/3,41 we checked the change 

in Smad 2/3 activation in MC3T3-E1 cells. MC3T3-E1 cells treated with FX 

caused no changes in Smad 2 activity but showed a significant increment in 

phosphorylated Smad 3. These observations suggested that the mechanism by 

which FX stimulates osteoblast differentiation may be mediated by promoting 

Smad 3 activation.  

 This study has still not fully explained how FX exhibits dual specificity on 

bone remodeling. Furthermore, to apply FX to treat metabolic bone diseases 
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actually, additional in vivo experiments are required. Nonetheless, in this study, 

we are the first to provide detailed regulatory mechanisms by which FX inhibits 

osteoclastogenesis and promotes osteoblasts differentiation. FX has been 

confirmed to demonstrate no side effects and can be easily extracted from 

marine macro/microalgae in previous studies;42 thus, it would be a safe and 

inexpensive candidate drug that would exhibit dual actions for the treatment of 

diseases associated with bone loss.  

 

V. CONCLUSION 

 In conclusion, FX modulates bone remodeling by suppressing 

osteoclastogenesis and enhancing osteoblast differentiation. FX inhibited 

osteoclast differentiation by activation of ERK and p38, nucleus translocation of 

phosphorylated Nrf2, and subsequent down-regulation of NFATc1, leading to 

decreased MMP-9 production. Also, it stimulated osteoblast differentiation and 

mineralization via the Smad 3 signaling pathway. These findings suggest that 

FX may be used as a novel dual-action agent for treating osteoporosis and other 

diseases that are related to bone resorption and formation.  
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ABSTRACT(IN KOREAN) 

 

푸코잔틴이 파골세포 및 조골세포 분화에 미치는 영향과 그 

조절 기전 

 

<지도교수 박 용 범> 

 

연세대학교 대학원 의학과 

 

하 유 정 

 

골건강을 유지하기 위해선 조골세포에 의한 골형성 및 

파골세포에 의한 골흡수의 적절한 균형이 중요하다. 푸코잔틴은 

식용가능한 갈조류에 풍부한 해양 카로이티노이드로 항염증, 

항종양, 항비만, 뇌보호 효과 등 건강에 여러 긍정적한 효과를 

나타낸다. 하지만 골 재형성 과정에 푸코잔틴이 미치는 영향에 

대한 연구 결과들은 일관적이지 않고, 아직 푸코잔틴이 

작용하는 부위는 밝혀지지 않았다. 이에, 본 연구의 목적은 

푸코잔틴이 조골세포 및 파골세포 분과에 미치는 영향과 그 

자세한 조절 기전을 밝히고자 하였다. RAW264.7 세포를 수용성 

RANK 리간드 (RANKL) 또는 항종양괴사인자-α/인터류킨-6로 

자극하여 파골세포로 분화시켰을 때, 푸코잔틴 치료는 

파골세포로의 분화를 억제하고 골 흡수능을 억제하는 것을 

확인하였다. 세포내 신호전달 경로에 대한 분석에서 푸코잔틴은 
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ERK와 P38의 인산화를 억제하고 Nrf2의 인산화 및 핵내 이동을 

촉진하여, 결과적으로 기질 금속단백분해효소 (MMP)-9의 

생산을 감소시켰다. 또한 MC3T3-E1 세포를 이용한 조골세포 

실험에서 푸코잔틴이 조골세포로의 분화 및 미네랄화 작용을 

항진시킴을 알칼리성 인산분해효소(ALP) 및 alizarin red S 염색을 

통해 확인하였다. 푸코잔틴은 ALP, Runx2, osteocalcin, 제 1형 

콜라겐 같은 조골관련 유전자들의 발현을 증가시켰으며, 

Smad3의 활성화에 영향을 미침을 확인하였다. 결과를 종합하면, 

푸코잔틴은 골소실을 동반하는 여러 골대사 질환을 치료하고 

예방하는 유용한 치료제가 될 수 있을 것이다.  

 

핵심되는 말: 푸코잔틴, 파골세포, 조골세포, 분화 

 


