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Abstract Chronic excessive fluoride intake may cause fluo-
rosis, which chiefly manifests as bone damage (or skeletal
fluorosis). However, the molecular mechanism of skeletal
fluorosis has not been clarified up to the present. The objective
of this study was to analyze the effects of fluoride treatment on
two of bone morphogenetic protein family member (BMP-2
and BMP-3) expression and cell viability using human oste-
osarcomaMG-63 cells as a model. Sodium fluoride (NaF) had
pro-proliferation effects at relatively moderate concentration,
with 5×103μmol/L having the best effects. At 2×104μmol/L,
NaF inhibits cell proliferation. BMP-2 and BMP-3 expression
was significantly induced by 5×103 μmol/L NaF and, to
lesser extent, by 2×104 μmol/L NaF. Correspondingly,
mothers against decapentaplegic homolog 1 (Smad-1) in-
creased at both doses of NaF, which indicated the BMP
signaling pathway was activated. Notable increases in secret-
ed alkaline phosphatase (ALP) were observed when cells were
treated with 5×103 μmol/L NaF. A BMP specific inhibitor
LDN193189 suppressed cell proliferation induced by 5×
103 μmol/L NaF. Also, 2×104 μmol/L NaF induced apoptosis
but likely through a mechanism unrelated to the BMP path-
way. Collectively, data show that NaF had dose-dependent
effects on cell proliferation as well as BMP-2 and BMP-3
expression in MG-63 cells and suggested that cell prolifera-
tion enhanced by NaF-induced BMP members may be a
molecular mechanism underlying skeletal fluorosis.
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Introduction

The halogen family element fluorine (F) is the most electro-
negative and reactive of all the elements. Fluorine is also a
common element in the earth’s crust. Elemental fluorine does
not exist in nature due to its extreme reactivity, therefore
always forms inorganic and organic compounds called fluo-
rides, which represent about 0.06–0.09 % of the earth’s crust’s
weight in the form of constituents of soil, rocks, and water [1].
For humans, fluorine is an essential trace element, preventing
tooth caries at low doses [2]. Chronic excessive fluoride intake
often leads to fluorosis, a toxicity which manifests as dental
mottling and bone damage [3–6]. Fluorosis is recognized to be
a serious global disease, occurring on all continents and af-
fecting millions of people [7]. In China, the prevalence of
endemic fluorosis affects more than 100 million people, and
2.9 million people are estimated to suffer from skeletal fluo-
rosis [8], the most common and severe manifestation of fluo-
ride toxicity which features osteosclerosis, ligament calcifica-
tions, and often osteoporosis, osteomalacia, or osteopenia [9,
10]. The molecular mechanism of skeletal fluorosis has not
been clarified until now.

Bone morphogenetic proteins (BMPs) are members of the
transformation growth factor beta (TGF-beta) superfamily of
secreted signaling molecules involved in many biological
processes, such as cell proliferation, differentiation, and apo-
ptosis [11]. BMP molecules can induce ectopic cartilage and
bone formation, a process that mimics embryonic endo-
chondral bone genesis [12, 13]. Extensive studies sug-
gest that BMPs are important in the regulation of chon-
drogenesis and skeletogenesis during normal embryonic
development [14, 15].
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BMPs constitute a family of more than 20 members, in-
cluding BMP-2 and BMP-3. Previously, we found that both
BMP-2 and BMP-3 were increased in the serum of rats with
fluorosis [16]. These observations, although suggestive, do
not rule out whether these increases in BMPs are directly
related to excessive fluoride uptake [16]. Here, we investigat-
ed the relationship between NaF and BMP-2 and BMP-3
expression using a human osteosarcoma cell line, MG-63, as
a model. Data indicate that NaF has dose-dependent effects on
BMP expression and cell proliferation. At relatively moderate
doses, NaF promotes cell proliferation and BMP expression,
but at higher doses inhibits cell proliferation and less potently
induces BMP expression. A BMP-specific inhibitor can sup-
press cell proliferation induced by NaF, suggesting that in-
creased BMPs may be responsible for this proliferative. High
doses of NaF can induce cell apoptosis, but this may be
independent of the BMP pathway.

Materials and Methods

Materials

Human osteosarcoma MG-63 cells were purchased from
American Type Culture Collection (ATCC; USA). Sodium
fluoride (NaF, purity ≥99.99 %, CAS No. 7681-49-4, Product
No. S1504) and deoxyribonucleic I (DNase I, Product No.
D5025) were obtained from Sigma Chemical Company
(USA). Culture medium α-MEM and trypsin were purchased
from Gibco (USA). Fetal calf serum (FCS) was from Hang-
zhou Sijiqing Co. Ltd. (China). TRIzol was obtained from
Invitrogen (USA). RevertAid™ H Minus First Strand cDNA
Synthesis Kit (Product No. k1632), RiboLock™ Ribonucle-
ase Inhibitor (Product No. EO 0381) were purchased from
Fermentas (Canada) and SYBR GreenPCR Master Mix
(Product No. 4472908) was from Applied Biosystems
(USA). An alkaline phosphatase activity colorimetric assay
kit (Product No. K412-500) was from BioVision Inc. (USA).
Rabbit anti-BMP-2 polyclonal antibody, rabbit anti-BMP-3
polyclonal antibody, and mouse anti-glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) antibody was obtained from
Proteintech™ Group Inc. (USA), Abcam PLC (UK), and
Santa Cruz Biotechnology Inc. (USA), respectively. Rabbit
anti-p-Smad1was purchased fromAbcam. The BMP pathway
inhibitor LDN193189 was from Selleckchem, USA (CAS
1062368-24-4).

Cell Culture

MG-63 cells were cultured in α-MEM medium, supplement-
ed with 10 % FBS, 20 mM HEPES, penicillin (100 U/mL),
streptomycin (100μg/mL), and 50μg/mL ascorbic acid. Cells
were grown at 37 °C in a humidity field atmosphere of 5 %

CO2/95 % air and were detached using 0.25 % trypsin/0.01 %
EDTA.

MTTAssay

MG-63 cells were subcultured in 96-multi-well microtiter
plates (1×104cells/mL). After overnight incubation, they were
treated with 0, 10−2, 10−1, 1, 10, 102, 5×102, 103, 5×103, 104,
2×104, and 4×104 μmol/L NaF for 48 h. MTT dye at a final
concentration of 5 mg/L was added to each well. Cells were
incubated withMTTat 37 °C for 4 h, then media was carefully
removed, and 150 μL DMSO was added to the cells to stop
the reaction. Finally, the optical density in each well was
measured with an ELISA reader at a wavelength of 590 nm.
The effect of each NaF concentration on cell viability was
evaluated using averages of three wells, and untreated MG-63
cells were considered 100 % viable. MTT assay revealed that
102, 5×103, and 2×104 μmol/L were suitable doses for sub-
sequent experiments.

Alkaline Phosphatase Activity Colorimetric Assay

Alkaline Phosphatase (ALP) quantification was performed
with an ALP assay kit according to the manufacturer’s in-
structions (No. K412-500, BioVision, USA).

Cell Cycle Analysis

The effects of NaF on cell cycle analysis were assessed by
flow cytometry using propidium iodide. Briefly, MG-63
cells were plated in 6-well plates overnight and then treated
with 0, 102, 5×103, 2×104 μmol/L NaF for 48 h. Cells were
harvested using trypsin/EDTA and washed twice in cold
phosphate-buffered saline (PBS) containing 0.1 % BSA. After
fixing with 70 % ethanol at 4 °C overnight, cells were incu-
bated with 100 μL propidium iodide and 100 μL RNase A
(10 mg/mL) at 37 °C in the dark for 30 min. The percentage of
cells in different cell cycle phases were measured with a
FACSort Flow Cytometer at 488 nm, and data were analyzed
with ModFit software. A proliferation index (PI) was
calculated with the following equation: PI=(S+G2/M)/
(S+G2/M+G0/G1). The effects of each treatment on the cell
cycle were measured in a minimum of three replicates.

Cell Apoptosis

Cell apoptosis was measured using the Annexin V-FITC & PI
Apoptosis Detection Kit (ADL, A0001a) according to the
manufacturer’s instructions. Briefly, 105–106 cells were la-
beled with 5 μL Annexin V-FITC in a 100 μL reaction
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system. Apoptosis of the MG-63 cells (%) was analyzed by
flow cytometry using a BD FACSAria flow cytometer.

qRT-PCR Analysis for BMP-2 and BMP-3 mRNA

MG-63 cells were plated in 6-wells plates, and after overnight
incubation at 37 °C, cells were treated with 0, 102, 5×103, and
2×104 μmol/L NaF for 48 h. Total RNA of treated cells was
extracted using TRIzol regent. Briefly, 0.8 mL TRIzol was
added into each well and incubated at room temperature for
10 min. Lysate was transferred into a 1.5 mL EP tube and
0.2 mL chloroform was added. The mixture was shaken
vigorously and centrifuged at 12,000×g at 4 °C for 15 min.
Upper aqueous phase was transferred into another clean tube.
RNAwas precipitated from the aqueous phase by mixing with
0.5 mL isopropyl alcohol. Samples were incubated at room
temperature for 10 min and centrifuged at 12,000×g at 4 °C
for 15 min. Supernatant was removed, and RNA pellets were
washed once with 1 mL 75 % ethanol. After air-drying for
10 min, RNA was dissolved in RNase-free water. Genomic
DNAwas removed from the sample by DNase treatment (1 U/
μL DNase I in DNase I buffer at 37 °C for 30 min). RNA
concentration and purity were measured by spectrophotome-
try and an OD260/OD280 ratio exceeding 1.8 was considered
acceptable. RNA quality was confirmed by electrophoresis on
a 1 % agarose gel followed by visual confirmation of ribo-
somal RNA (28, 18, and 5S).

First-strand cDNA was synthesized using RevertAid™ H
Minus First Strand cDNA Synthesis Kit. Relative quantifica-
tion of BMP-2 and BMP-3 gene transcripts was carried out by
fluorescence-based real-time quantitative PCR on an ABI
PRISM 7900 sequence detection system (Applied
Biosystems, USA) using SYBR GreenPCR Master Mix.
Primers (Table 1) for quantitative PCR (qPCR) were designed
based on available human sequences in GenBank for BMP-2,
BMP-3, and GAPDH using Primer Premier 5.0 software.
Primer specificity was first tested by conventional reverse
transcription polymerase chain reaction (RT-PCR). The hu-
man housekeeping gene GAPDH was used as an internal
control. PCR reaction conditions were as follows: 94 °C
(20 s), 59 °C (20 s), and 72 °C (20 s) for 40 cycles. All qPCR
analyses were repeated at least three times.

Western Blot Analysis

MG-63 cells were plated in 6-well plates, and after overnight
incubation at 37 °C, cells were treated with 0, 102, 5×103, and
2×104 μmol/L NaF for 48 h. Cells were lysed with Triton
lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCL, 1 %
Triton X-100, 0.02% sodium azide, 10mMEDTA, 10μg/mL
aprotinin, and 1 μg/mL aminoethylbenzene sulfonyl fluoride).
Protein concentrations were measured using the Bradford
assay. Then, 100 μg proteins from each well was loaded onto
a 10 % polyacrylamide gel. After electrophoresis, SDS-
PAGE-separated proteins were transferred to a PVDF mem-
brane. Then, the membrane was blocked with 5 % skim milk
for 1 h followed by a PBS containing 0.1 % Tween (PBST )
wash. The membrane was incubated with anti-BMP-2, anti-
BMP-3, and anti-GAPDH antibody at 1:400, 1:400, and 1:800
dilutions, respectively, for 2 h at room temperature. After
washing with PBST, the membrane was incubated with
1:10,000 diluted HRP-conjugated secondary antibodies for
1 h at room temperature. Immunoreactive bands were visual-
ized using luminal reagents and Hyper ECL film (Amersham
Biosciences) according to the manufacturer’s instructions.
The integrated optical density (IOD) of each band was mea-
sured with Gel-Pro Analyzer 4.0 software (Media Cybernet-
ics, USA).

Statistical Analysis

Results are expressed as means ± standard deviation. One-way
analysis variance (ANOVA) was used to analyze differences
among various groups. Further multiple comparisons were
analyzed using the Student-Newman-Keuls (SNK) method. P
values less than 0.05 were judged to be statistically significant.

Results

Dose-Dependent Effects of NaF Treatment on MG-63 Cell
Viability

The effects of various concentrations of NaF and treatment
intervals on MG-63 cell viability were analyzed by MTT

Table 1 Primer sequences with
corresponding PCR size and
accession

Primer Sequence (5′→3′) Product (bp) GenBank accession no.

BMP-2-F ACTCGAAATTCCCCGTGACC 144 NM001200
BMP-2-R CCACTTCCACCACGAATCCA

BMP-3-F TCCTGGGGCAGAATACCAGT 148 NM_001201.1
BMP-3-R AAATTGGAGCGTCTGGCTCT

GAPDH-F CAATGACCCCTTCATTGACC 106 NM_002046.4
GAPDH-F GACAAGCTTCCCGTTCTCAG
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assay, which was shown in Fig. 1. Treatments at 24, 48, and
72 h NaF treatment had similar trends, with 48 h promoting
the greatest cell viability. So, NaF treatment at 48 h was used
in subsequent experiments. At very low doses, NaF had
negligible effects on cell viability, but cell viability increased
up to 102 μmol/L NaF. Positive NaF effects on cell viability
peaked at 5×103 μmol/L NaF and further increases in NaF
diminished promotion of cell viability. At 2×104 μmol/L NaF,
cell viability was inhibited. Thus, 102, 5×103, and 2×
104 μmol/L (low, medium, and high-dose NaF) were studied
in subsequent experiments.

Dose-Dependent Effects of NaF on Cell Cycle Phases
of MG-63 Cells

MTT assay measures not only proliferating cells but also
metabolically active cells. To confirm that NaF affects cell
proliferation, flow cytometry was used to measure the effects
of NaF on the cell cycle. Cell cycle data by flow cytometry is
depicted in Fig. 2. MG-63 cell treatment with 102 μmol/L NaF
for 48 h did not change the PI or the cell cycle phases
compared to control. Among the three tested concentrations,
5×103 μmol/L NaF caused the highest PI and the greatest
number of cells in the G2M and S phases as well as the fewest
cells in G0G1 and subG0 phases, demonstrating a pro-
proliferation effect. In contrast, 2×104 μmol/L NaF had the
lowest PI and the fewest cells in the G2M and S phases and the
most cells in the G0G1 and subG0 phases, indicating an anti-
proliferation effect. These data indicate that NaF has dose-
dependent effects on cell proliferation.

High-Dose NaF Induces Apoptosis in MG-63 Cells

Since high-dose NaF can suppress cell proliferation and de-
crease viable cells, it may induce apoptosis. Cell apoptosis
induced by three NaF concentrations were measured with

flow cytometry using an Annexin V-FITC method.
Figure 3a is the representative data analyzed by flow cytom-
etry, and the lower right quadrant showed the apoptosis cells;
high-dose NaF induced the highest percentage of apoptosis
cells (Fig. 3b). We can also get the information of necrotic
cells corresponding to the upper right quadrant by this meth-
od. The one which had the most percentage of necrotic cells
was 2×104 μmol/L NaF also.

Dose-Dependent Effects of NaF on BMP-2 and BMP-3
Expression

After documenting dose-dependent effects of NaF on prolif-
eration and apoptosis in MG-63 cells, we investigated the
underlying molecular mechanism. Because BMP-2 and
BMP-3 were increased in serum of rats with fluorosis and
there is a critical role of BMP in osteogenesis, NaF’s effect on
BMP-2 and BMP-3 was investigated. Relative messenger
RNA (mRNA) of BMP-2 and BMP-3 was measured by
qRT-PCR (See Fig. 4a, b). Cells treated with 5×103 μmol/L
NaF had the highest BMP-2 and BMP-3 mRNA among all
groups (P<0.05). Also, 2×104 μmol/L NaF was less effective
for inducing BMP-2 and BMP-3 mRNA than 5×103 μmol/L
NaF, but still better than 102 μmol/L NaF and the empty
control.

To determine whether changes in mRNA changed protein,
we measured relative protein of BMP-2 and BMP-3 by West-
ern blot. As shown in Fig. 4c, d, in agreement with mRNA
results, 5×103 μmol/L was the most potent concentration of
NaF for inducing BMP-2 and BMP-3 proteins, and 2×
104 μmol/L NaF was less potent but still better than
102 μmol/L NaF and the empty control (see Fig. 4e).

Thus, our data indicate that dose-dependent effects of NaF
on BMP-2/3 expression correlate well with its effects on cell
proliferation, suggesting that BMP-2/3 and the BMP signaling
pathway may be, at least, a molecular mechanism behind this
event.

Elevated BMPs Activate BMP Signaling Pathway to Promote
Cell Proliferation

To test whether increased BMP-2/3 can activate the BMP
signaling pathway in MG-63 cells, we measured phos-
phorylation of mothers against decapentaplegic homolog
1 (p-Smad1), a common indicator of BMP pathway
activation. Indeed, p-Smad1 was significantly increased
by 5×103 or 2×104 μmol/L NaF, indicating that the
BMP pathway was activated by these two doses
(Fig. 5a). Also, 102 μmol/L NaF had little effect on p-
Smad1, and this was consistent with its modest effect
on BMP-2/3 expression.

Dose-dependent activation of the BMP pathway by NaF
correlates well with its dose-dependent effects on cell
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Fig. 1 Effects of NaF on relative viability of MG-63 cells measured by
MTT assay. Cells were treated with 0, 10−2, 10−1, 1, 10, 102, 5×102, 103,
5×103, 104, 2×104, or 4×104 μmol/L NaF for 24, 48, or 72 h, respec-
tively. Viability of untreated cells was defined as 100 %
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proliferation, suggesting a model wherein NaF induces BMP-
2/3 expression to activate the BMP pathway, promoting cell
proliferation. To confirm this model, a BMP specific inhibitor,
LDN193189, which can completely suppress Smad1 phos-
phorylation induced by BMP-4 at ∼40 nmol/L [17], was used
to block BMP pathway activation. We observed that 40 nM
LDN193189 suppressed cell proliferation induced by 5×
103 μmol/L NaF, supporting a BMP pathway-mediated model
of NaF-induced cell proliferation (Fig. 5b).

Because activation of the BMP pathway induces bone and
cartilage formation [12, 13], we investigated whether NaF
could induce expression of ALP which plays an important
role in the mineralization of bone. Notable increases in secret-
ed ALP were observed when cells were treated with 5×
103 μmol/L NaF for 48 h (Fig. 5c).

Discussions

The MTT assay is a classical approach for assessing cell
viability, so this was used to measure effects of NaF on MG-
63 cell viability. Data indicate a dual effect of NaF on MG-63
cell viability: low concentrations of NaF promoted MG-63
cell viability and higher concentrations reduced cell viability.
To confirm that NaF affected cell proliferation in a dose-
dependent manner, the cell cycle was analyzed by flow cy-
tometry. The results were corresponding with that of MTT
assay, which indicated that low concentrations of NaF (5×
103 μmol/L) promote cell proliferation, and high concentra-
tion (2×104 μmol/L) reduces MG-63 cell proliferation. Pre-
vious work indicates that treatment with 10−5 mol/L NaF
increased proliferation and ALP activity of primary bone cells
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in vitro [18]. However, NaF greater than 10−4 mol/L inhibited
proliferation and increased apoptosis of primary osteoblast
in vitro [19, 20]. In rat osteosarcoma UMR-106 cells,
10−6 mol/L NaF promoted both proliferation and ALP activ-
ity, while 10−4 mol/L NaF suppressed both [21]. Testing
murine osteoblasts such as MC3T3-E1 cells with the MTT
assay revealed that NaF did not enhance cell viability. These
data agree with the previous work [22]. Collectively, the effect
of NaF on cell proliferation is concentration and cell type
dependent.

Although the dose-dependent effects of NaF on MG-63
cell proliferation are evident, the underlying molecular mech-
anism is unclear. Previously, we found that two BMP actors,
BMP-2 and BMP-3, were increased in the serum of rats with
fluorosis. BMPs are morphogens essential for skeletal devel-
opment and can induce both osteoblast and chondrocyte

differentiation of mesenchymal cells [23, 24]. BMPs bind to
two different types of serine-threonine kinase receptors, types
I and II, to activate intracellular signals mediated by Smad
proteins [25]. Activated Smad1, Smad5, and likely MADH6
form heteromeric complexes with Smad4 and then translocate
into the nucleus where they can activate transcription of
various genes [25]. Members of the BMP family have distinct
spatiotemporal expression patterns, and their biological activ-
ities are not identical. BMP-2 and BMP-3 both strongly in-
duce bone formation [25]. In light of the critical role of BMPs
in bone formation and elevated BMP-2/3 in sera of rats with
fluorosis, possibly, NaF induces expression of BMP-2 and
BMP-3 to promote cell proliferation, and we provided evi-
dence to support this model. First, we showed that NaF can
induce expression of BMP-2 and BMP-3 in a dose-dependent
manner. Next, 5×103 μmol/L NaF was the best concentration
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for inducing BMP-2 and BMP-3 expression, and 2×
104 μmol/L NaF, albeit less effective than 5×103 μmol/L
NaF, could induce BMP-2 and BMP-3 expression. Second,
increased BMP-2/3 led to activation of the BMP pathway, as
indicated by elevated phosphorylation of Smad1. Finally, the
BMP pathway inhibitor LDN193189 abolished NaF-induced
cell proliferation, confirming this model.

NaF has been reported to enhance BMP protein activity
when it was mixed with BMP and implanted under the abdom-
inal skin of Wistar rats [26]. Thus NaF may activate the BMP
pathway through dual mechanisms, i.e., on one hand, it in-
creases BMP expression and, on the other hand, it enhances
BMP activity. Still, this model cannot explain cell apoptosis
induced by high concentrations of NaF. Although 2×104μmol/
L NaF can induce BMP expression, it triggered apoptosis.
High-dose NaF can activate other signaling pathways to elicit
apoptosis [1]; therefore, the mechanism underlying NaF-
induced apoptosis may not be related to the BMP pathway.

In summary, NaF regulates BMP-2/3 expression in a dose-
dependent manner to affect cell proliferation at relatively low
concentrations. High NaF concentrations, although still able
to induce BMPs, may activate other signaling pathways to
stimulate apoptosis. NaF induction of BMPs to activate the
BMP signaling pathway to stimulate cell proliferation may be
a molecular mechanism underlying skeletal fluorosis.
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