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Fluoride Stimulates the Proliferation of Osteoclasts
in vitro by Upregulating MCM3
Shengbin Bai1, Hongxiang Chen2, Tian Li1, Wen Qin1,
Libin Liao1, Shumei Feng1, Jinjie Zhong1,*
1

Department of Histology and Embryology
Xinjiang Medical University
393 Xinyi Road, Urumqi, Xinjiang, China
E-mail: bsbxx@126.com, 292629092@qq.com, 18699100201@163.com
hunanzero@126.com, fengshm@sina.com, zhongjinjie@sina.com
2

Department of Gynecology
People’s Hospital of Xinjiang Uygur Autonomous Region
91 Tianchi Road, Urumqi, Xinjiang, China
E-mail: bsbxx@qq.com
*

Corresponding author

Received: July 01, 2015

Accepted: February 15, 2016
Published: June 30, 2016

Abstract: We have previously shown that the expression of the minichromosome
maintenance protein 3 (MCM3) gene was upregulated in lymphocytes of patients with
skeletal fluorosis. We speculated that increased MCM3 expression may be contribute to
osteopathy in patients with skeletal fluorosis. Here, we investigated the effect of fluoride on
the proliferation of osteoclasts derived from RAW264.7 cells and the involvement of MCM3.
Our MTT assays showed that 0.25 mM NaF markedly stimulated the proliferation of
RAW264.7 cells. The RT-PCR and immunoblotting assays revealed that 0.25 mM NaF
upregulated MCM3 expression in RAW264.7 cells. The MTT assays additionally
demonstrated that stimulation with MCM3 potentiated the effect of fluorine on the
proliferation of RAW264.7 cells. These results demonstrated that fluoride at clinical relevant
concentration upregulates MCM3 expression in osteoclasts in vitro. We are currently
conducting a series of experiments to examine whether increased MCM3 in osteoclasts
indeed contributes to osteopathy in skeletal fluorosis.
Keywords: Fluoride, Osteoclasts, Proliferation, Minichromosome maintenance protein 3,
Expression.

Introduction
Fluoride is essential in the development and maintenance of teeth and bone [9]. Low doses of
fluoride increase the trabecular bone mass [16] as well as spinal bone density [14]. Long-term
exposure to excessive fluoride, on the other hand, may result in detrimental effects,
e.g., skeletal and dental fluorosis [2, 7]. As estimated by the World Health Organization
(WHO), there are approximate 40 million dental fluorosis victims in China; this is compared
with a total of 70 million patients with the same disease all over the world. Endemic skeletal
fluorosis, which is characterized by immobilization of joints of the axial skeleton and of the
major joints of the extremities, is a chronic metabolic bone and joint disease caused by
ingestion of large amounts of fluoride either through water or rarely from foods of endemic
areas. The bone lesions in skeletal fluorosis are manifested by osteosclerosis, osteomalacia
and osteoporosis to various extents. Endemic fluorosis is widely distributed, particularly in
the northwest of China. Recent data from the Ministry of Health of China show that there are

183

INT. J. BIOAUTOMATION, 2016, 20(2), 183-192

around 2.8 million patients with skeletal fluorosis in China, indicating that the prevalent
situation of the disease in China is as serious as that in Bengal and India.
Previous studies have established that fluoride at concentrations that are relevant to endemic
skeletal fluorosis could stimulate the proliferation of osteoclasts, which are involved in bone
resorption [8]. Furthermore, fluoride overdose activates osteocytes and accelerates bone
turnover involving active bone formation and absorption, which leads to various pathological
skeletal impairments including osteosclerosis, osteoporosis and osteomalacia [18]. The effects
of fluoride on the cells have been used to stimulate bone formation in several animal models
[13]. Animal studies demonstrated that fluoride given by water intake can lead to increased
bone mass by enhancing ossification in skeletal fluorosis [3]. Besides ossification, bone
absorption is also enhanced during fluorosis as characterized by the increased number of cells
with positive tartrate-resistant acid phosphatase, a biomarker for activated osteoclasts, and
osteoporosis.
The protein minichromosome maintenance 3 (MCM3), which is an important member of the
MCMs family, is closely associated with DNA replication [17] and, as a participant in cell
division cycle, protein MCM3 is a sensitive biomarker for the cellular proliferation [12].
MCM3 is positively correlated to the proliferation and growth ability of cells and MCM3 level
is low in the G0 phase and terminally differentiated cells, suggesting that the MCM3 level
could represent the cellular proliferation status. We have shown earlier that the expression of
the MCM3 gene was increased in lymphocytes in patients with skeletal fluorosis [14]. In the
current study, we have tested the effect of fluoride on the proliferation of osteoclasts which
derived from RAW264.7 cells. Furthermore we have examined the potential role of MCM3 in
the proliferative action of pathological concentration of fluoride on osteoclasts.

Materials and methods
Cell culture
RAW264.7 cells were purchased from ATCC (Manassas, VA) and osteoclasts were obtained
by treating RAW264.7 cells with sRANKL as previously reported [4, 11, 15]. Briefly,
RAW264.7 cells were maintained at 37°C in a humidified incubator with 5% CO2 and 95%
air and cultured in Dulbecco’s modified Eagle’s Medium (DMEM, high glucose type) cell
culture medium (H-DMEM) supplemented with 20% fetal bovine serum (FBS).
Sub-confluent cells were treated with 100 ng/mL sRANKL (Sigma, St. Louis, MO) for 10 d.

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
reduction assays
Cell proliferation was assessed by the tetrazolium-based semi-automated colorimetric
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay.
Logarithmically growing osteoclasts were plated in 96-well plates at a density 1×105
cells/well and after an overnight growth were incubated with NaF at 0.05 or 0.25 mM in
triplicates for three times independently. After 24-h incubation, 20 μL MTT (5 mg/mL) was
added to the medium and MTT assays were carried out as instructed by the manufacturer
(Promega, Madison, WI). Absorbance was read at 490 nm.

RT-PCR assays
Total cellular RNA was extracted using the TRIzol Reagent (Invitrogen, Carlsbad, CA).
First-strand cDNA synthesis was carried out using reverse transcriptase (Invitrogen) by
incubation at 25 °C for 10 min, 37 °C for 60 min and 95 °C for 5 min. Primers for MCM3 and
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GAPDH were designed using Premier 5.0 software (PREMIER Biosoft International,
Palo Alto, CA), and are listed in Supplemental Table 1.
Table 1. Primer sequences for RT-PCR
Name

Gene bank
Fragment
accession number size, (pb)

MCM3

NM_008563.2

275

GAPDH

NM_008084.2

289

Sequence
Fw 5'-TCTGACCTCACCACCCTA-3'
Rv 5'-TAGCAGCCCTTCTTCCCT-3'
Fw 5'-CGGTGCTGAGTATGTCGT-3'
Rv 5'-CTTCTGGGTGGCAGTGAT-3'

Tm,
(°C)
58
58

Western blotting studies
Cell lysates were prepared using a lysis buffer containing: 50 mmol/L Tris-HCl (pH 7.4),
150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1% NP-40, 0.1% sodium dodecyl
sulfate (SDS), 10% glycerol, 1 mmol/L phenylmethylsulfonyl fluoride (PMSF), 1 μg/mL
aprotinin, 1 μg/mL leupeptin and 1 μg/mL pepstatin A. After incubation on ice for 30 min, the
samples were centrifuged at 15,493 × g for 10 min at 4 °C. The supernatant was re-suspended
in 2 × loading buffer containing 187.5 mol/L Tris (pH 6.8), 6% SDS, 50% glycerol,
150 mmol/L DTT and 0.03% bromophenol blue. The samples were heated for 5 min at 95 °C
prior to electrophoretic separation by 12% SDS-PAGE. Immunoblotting procedure was
performed as previously depicted [13]. Briefly, proteins were then electroblotted onto
nitrocellulose membranes. Polyclonal antibodies against MCM3 and GAPDH (Cell Signaling
Technology, Danvers, MA) were used and incubated with the membranes for 8 h at 4 °C.
Thereafter, the membranes were washed in Tris borate saline containing 1% Tween
20 (TBST), and further incubated with a peroxidase-conjugated antibody (Boster, Wuhan,
China). Proteins were visualized by the substrate chemical luminescence method. The bands
were semi-quantitatively evaluated by densitometric analysis (America Bio-Red Gel Doc
2000 Quantity One Gel Image Analysis System). Protein expression levels of MCM3 were
normalized against GAPDH.

Immunofluorescence studies
For immunofluorescence staining, previously prepared 4% PF was fixed for more than 15 min
and rinsed twice in phosphate buffered saline, each for 3-5 min. The plate was then added
with 500 μL 0.3% of triton and let stand for one h to block the antigens. Primary antibodies
were added and incubated at room temperature for 5-6 h and then placed at 4 °C overnight.
The product was then rinsed for three times in phosphate buffered saline, each for 3-5 min.
Secondary antibodies were then added followed by incubation at room temperature for 2 h.
Then, it was rinsed in phosphate buffered saline for three additional times, each for 3-5 min,
and fluorescent antibodies were added and kept in the dark. The products were then rinsed in
phosphate buffered saline for three more times, each for 3-5 min, placed at 4 °C for 30 min
before it was sealed and photographed under a confocal microscope (90i C1Si Nikon, Japan).

Statistical analysis
Data were expressed as mean ± S.E.M. Statistical analysis was carried out using analysis of
variance (ANOVA), followed by Dunnett’s test for post-hoc pairwise comparisons, with the
Statistical Package for Social Science (SPSS11.5). A value of p < 0.05 was considered
statistically significant.
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Results and discussion
Fluoride exerts a dose-dependent effect on the growth of RAW264.7 cells
We induced the formation of osteoclasts by treating RAW264.7 cells with sRANKL.
TRAP staining of undifferentiated and differentiated osteoclasts derived from sRANKLstimulated RAW264.7 cells showed formation of TRAP-positive mature osteoclasts (Fig. 1A
and 1B). We then examined the effect of NaF exposure on the proliferation of osteoclasts.
Our MTT assays showed that exposure to 0.25 mM NaF markedly increased the proliferation
of RAW264.7 cells (p < 0.05 vs. controls) (Fig. 1C) while increase to the concentration of
NaF to 1.25 resulted in a significant decline in the viabilities of RAW264.7 cells (p < 0.05 vs.
controls), suggesting a dose-dependent effect of NaF on the growth of RAW264.7 cells.

Fig. 1 RAW264.7 cells were treated with sRANKL as described in Methods
to induce the formation of mature osteoclasts.
TRAP staining of undifferentiated (A) and differentiated (B) osteoclasts
derived from sRANKL-stimulated RAW264.7 cells. Magnification of the cell is 400×.
(C) Vertical coordinate is OD value, Horizontal coordinate is time.

Fluoride upregulates MCM3 expression in the nuclei of RAW264.7 cells
We then examined the effect of fluoride on the expression of MCM3 in RAW264.7 cells.
Our RT-PCR assays revealed that treatment of RAW264.7 cells with 0.25 NaF for 5 d
upregulated the expression of MCM3 (Fig. 2A). Furthermore, our immunoblotting studies
showed that treatment of RAW264.7 cells with 0.25 NaF for 5 d also resulted in the
upregulation of the protein levels of MCM3 (Fig. 2B). These findings indicated that NaF
could upregulate the expression of MCM3 both the translational and transcriptional level.
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p < 0.05 compared with controls. p = 0.003

p < 0.05 compared with controls. p = 0.04
Fig. 2 Fluoride upregulates the expression of MCM3: (A) RAW264.7 cells were treated
with 0, 0.05 or 0.25 mM NaF (line 1 to 3, respectively) and RT-PCR was performed at d 5 of
NaF treatment GAPDH was sued served as a loading control. (B) RAW264.7 cells were
treated as in (A) and Western blotting assays were performed using lysates of RAW264.7
cells at d 5 of NaF treatment GAPDH was used as a loading control.
We further examined the localization of MCM3 following NaF treatment in RAW264.7 cells.
Our immunofluorescent staining showed that MCM3 was located in the nucleus (Fig. 3A to
3C). Treatment of RAW264.7 cells with 0.25 mM NaF showed apparent increase in the
expression of MCM3 in the nuclei.

Stimulation with MCM3 antigen potentiates the proliferation
of RAW264.7 cells by fluoride
We further investigated the effect of MCM3 on the proliferation of RAW264.7 cells.
We stimulated RAW264.7 cells with MCM3 antigen or the blocking antibody, anti-MCM3
antibody. We found that treatment with 0.25 mM fluoride or stimulation with MCM3 antigen
markedly increased the proliferation of RAW264.7 cells at 24 h post treatment (p < 0.05)
(Table 2). Furthermore, combination treatment with fluoride and MCM3 antigen increased the
proliferation of RAW264.7 cells to a greater extent compared with fluoride or MCM3 alone.
On the other hand, treatment with anti-MCM3 antibodies caused a marked suppression of the
proliferation of RAW264.7 cells compared with controls (p < 0.05).
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Fig. 3 RAW264.7 cells were treated with NaF at the doses indicated for 5 d
and immunofluorescent staining with anti-MCM3 antibody was carried out
and the cells were examined under a fluorescent microscope.
The nuclei were counter stained with DAPI. Bar =10 µm.
Table 2. Viability of RAW264.7 cells after exposure to fluoride, MCM3 antigen and antiMCM3 antibody determined by MTT assays (mean ± s.d.)
Group#

24 h
Control*
0.778 ± 0.131
Fluoride + 0.25 mM NaF#
0.898 ± 0.056
#
Fluoride + MCM3*
0.960 ± 0.018
MCM3#
0.923 ± 0.053
Anti-MCM3 antibody
0.689 ± 0.006
#
p < 0.05 compared with anti-MCM3 antibody group; *p < 0.05 compared with controls.
#

Discussion
Fluoride can induce diverse orthopedic pathologies, involving various cells that participate in
bone turnover simultaneously, including osteoclasts, which are crucial to the development of
skeletal fluorosis. We induced the formation of osteoclasts by treating RAW264.7 cells with
sRANKL. TRAP is “tartrate resistant acid phosphatase” staining of undifferentiated and
differentiated osteoclasts derived from sRANKL-stimulated RAW264.7 cells showed
formation of TRAP-positive mature osteoclasts. We and others have demonstrated that
sodium fluoride can promote the growth of osteoclasts in vivo at certain concentrations,
suggesting that fluoride could change the original growing status of the cell. This change may
be associated with the regulation of the cellular growth related genes.
MCM3 is closely associated with DNA replication. There are 7 members in MCMs family.
MCM is formed as an intranuclear hexamer, which is a key component of the pre-replication
complex and is closely associated with the formation of replicating fork [5] and the
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recruitment of other replication-related and DNA repair-related proteins [6, 10, 17].
MCM binds to and separates from the chromatin respectively at G1/S phase and S phase and
is regulated according to the cell cycle [1]. The MCM3 level could represent the cellular
proliferation status with low MCM3 levels in the G0 phase and terminally differentiated cells.
We have previously shown that MCM3 was upregulated in the lymphocytes of patients with
skeletal fluorosis. In this study, we further demonstrated that the protein and mRNA of
MCM3 were upregulated in osteoclasts exposed to 0.25 mM of sodium fluoride and the
protein was mainly distributed in the nucleus. Previous studies revealed that MCM3 were
mainly distributed in the cytoplasm and nucleoplasm in a relatively stable manner except a
small portion binding to the chromatin at late M and S phases [2]. Although these findings
were different from ours, our study also showed that increased aggregation of MCM3 in the
nuclei of osteoclasts after exposure to fluoride may represent the enhancement of MCM3
expression as a result of fluoride treatment.
The semi-quantitative determination showed that 0.25 mM sodium fluoride increased the
mRNA transcript levels of MCM3. Our previous gene array evaluation also showed that
MCM3 was expressed at higher levels in patients with severe fluorosis than healthy volunteers
[14]. The findings from both studies indicated that sodium fluoride could function to activate
and promote the proliferation of osteoclasts. This may be because that fluoride can induce a
persistent expression of MCM3, leading to sustained DNA replication in osteoclasts, which
would subsequently proliferate and be activated. Meanwhile, it can be concluded that the dose
of t fluoride is related to the expression level of MCM3, that is, while short-term high dose of
fluoride cannot upregulate MCM3 expression, long-term exposure to low doses of fluoride
can achieve this, resulting in diverse orthopedic pathologies such as osteoporosis by
facilitating the proliferation and activation of osteoclasts. Moreover, an intervention using
MCM3 antigen and antibody to osteoclasts showed that MCM3 antigen could promote the
proliferation of these cells while the anti-MCM3 antibody aborted the increase in the
proliferation of these cells, suggesting that highly expressed MCM3 may play a role in
inducing the proliferation of osteoclasts during fluorosis.
Currently, it remains unclear what exact roles MCM3 play in skeletal fluorosis, and the length
of fluoride exposure and the number of doses of fluoride that can affect MCM3 expression in
osteoclasts also need further research. In future studies, we will further define the localization
of MCM3 in the nucleus and cytoplasm of osteoclasts and the possible means of transport by
NMR and MS analysis so as to provide some experimental basis of the development of
skeletal fluorosis.

Conclusion
These results demonstrated that fluoride at clinical relevant concentration upregulates MCM3
expression in osteoclasts in vitro. We are currently conducting a series of experiments to
examine whether increased MCM3 in osteoclasts indeed contributes to osteopathy in skeletal
fluorosis.

Acknowledgements
This study was funded by National Natural Science Foundation of China (81360409,
81160331). The authors thank Wu XQ and Zhang DH for the technical assistance
(Department of Anatomy & Neurobiology, Xiangya School of Medicine, Central South
University, China).

189

INT. J. BIOAUTOMATION, 2016, 20(2), 183-192

References
1. Abe E., K. Kuwahara, M. Yoshida, M. Suzuki, H. Terasaki, Y. Matsuo, E. I. Takahashi,
N. Sakaguchi (2000). Structure, Expression, and Chromosomal Localization of the Human
Gene Encoding a Germinal Center-associated Nuclear Protein (GANP) that Associates
with MCM3 Involved in the Initiation of DNA Replication, Gene, 255, 219-227.
2. Azar H. A., C. K. Nucho, S. I. Bayyuk, W. B. Bayyuk (1961). Skeletal Sclersis Due to
Chronic Fluoride Intoxication, Ann Intern Med, 55, 193-200.
3. Chachra D., A. P. Vieira, M. D. Grynpas (2008). Fluoride and Mineralized Tissues,
Crit Rev Biomed Eng, 36(2-3), 183-223.
4. Collin-Osdoby P., X. Yu, H. Zheng, P. Osdoby (2003). RANKL-mediated Osteoclast
Formation from Murine RAW 264.7 Cells, Bone Research Protocols, Methods Mol Med,
80, 153-166.
5. Cuetara B. L. V., T. N. Crotti, A. J. O’Donoghue, K. P. McHugh (2006). Cloning and
Characterization of Osteoclast Precureors from the RAW264.7 Cell Line, In Vitro Cell
Dev Biol Anim, 42, 182-188.
6. Cui B., S. P. Johnson, N. Bullock, F. Ali-Osman, D. D. Bigner, H. S. Friedman (2010).
Decoupling of DNA Damage Response Signaling from DNA Damages Underlies
Temozolomide Resistance in Glioblastoma Cells, J Biomedical Res, 24, 424-435.
7. Dean H. T., E. Elvove (1936). Some Epidemiological Aspects of Chronic Endemic Dental
Fluorosis, AM J Pubic Health Nations Health, 26, 567-575.
8. Fan Z., K. Hua, Z. Zhao, G. Li (2003). Effect of Fluoride on Resorption Pit of Osteoclast
in vitro, Chin J Osteoporns, 9(4), 308-310.
9. Foulkes R. G. (2002). Thirty-five Years of Fluoride, Fluoride, 35, 213-227.
10. Huang Y., B. Gu, R. Wu, J. Zhang, Y. Li, M. Zhang (2007). Development of a Rabbit
Monoclonal Antibody Group against Smads and Immunocytochemical Study of Human
and Mouse Embryonic Stem Cells, Hybridoma (Larchmt), 26, 387-391.
11. Nakagawa N., M. Kinosaki, K. Yamaguchi, N. Shima, H. Yasuda, K. Yano, T. Morinaga,
K. Higashio (1998). RANK is the Essential Signaling Receptor for Osteoclast
Differentiation Factor in Osteoclastogenesis, Biochem Biophys Res Commun, 253(2),
395-400.
12. Nowak M., J. A. Madej, P. Dziegiel (2009). Correlation between MCM3 Protein
Expression and Grade of Malignancy in Mammary Adenocarinomas and Soft Tissue
Fibrosarcomas in Dogs, In Vivo, 23(1), 49-53.
13. Ohta T., J. E. Wergedal, T. Matsuyama, D. J. Baylink, K. H. Lau (1995). Phenytoin and
Fluoride Act in Concert to Stimulate Bone Formation and to Increase Bone Volume in
Adult Male Rats, Calcif Tissue Int, 56(5), 390-397.
14. Pak C. Y. C., K. Sakhaee, B. Adams-Huet, V. Piziak, R. D. Peterson, J. R. Poindexter
(1995). Treatment of Postmenopausal Osteoporosis with Slow-release Sodium Fluoride,
Ann Intern Med, 123, 401-408.
15. Patnaik P. R. (2015). Microbioreactors for Cell Cultures: Analysis, Modeling, Control,
Applications and Beyond, Int. J. Bioautomation, 19(1), Suppl. 1, S1-S42.
16. Rich C., J. Ensinck, P. Ivanovich (1961). Effect of Sodium Fluoride on Calcium
Metabolism of Human Beings, Nature Lond, 191, 184-185.
17. Snyder M., X.-Y. Huang, J. J. Zhang (2009). The Minichromosome Maintenance Proteins
2-7 (MCM2-7) Are Necessary for RNA Polymerase II (Pol II)-mediated Transcription,
J Biol Chem, 284, 13466-13472.
18. Yamaguchi M. (2007). Fluoride and Bone Metabolism, Clin Calcium, 17(2), 217-223.

190

INT. J. BIOAUTOMATION, 2016, 20(2), 183-192

Assoc. Prof. Shengbin Bai
E-mail: bsbxx@126.com

Shengbin Bai is an Associate Professor at Xinjiang Medical
University, China. His major scientific interests are in the fields of
Histology and Embryology.

Hongxiang Chen
E-mail: bsbxx@qq.com

Hongxiang Chen is an lecturer at The People Hospital of Xinjiang
Autonomous Region, China. Her major scientific interests are in the
fields of Gynecology.

Tian Li
E-mail: 292629092@qq.com

Tian Li is a lecturer at Xinjiang Medical University, China.
Her major scientific interests are in the fields of Histology and
Embryology.

Assoc. Prof. Wen Qin
E-mail: 18699100201@163.com

Wen Qin is an Associate Professor at Xinjiang Medical University,
China. Her major scientific interests are in the fields of Histology and
Embryology.

191

INT. J. BIOAUTOMATION, 2016, 20(2), 183-192

Libin Liao
E-mail: hunanzero@126.com

Libin Liao is an lecturer at Xinjiang Medical University, China.
His major scientific interests are in the fields of Histology and
Embryology.

Assoc. Prof. Shumei Feng
E-mail: fengshm@sina.com

Shumei Feng is an Associate Professor at Xinjiang Medical
University, China. Her major scientific interests are in the fields of
Histology and Embryology.

Prof. Jinjie Zhong
E-mail: zhongjinjie@sina.com

Jinjie Zhong is a Professor at Xinjiang Medical University, China.
His major scientific interests are in the fields of Histology and
Embryology.

192

