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Abstract Bone remodeling is a vital physiological process of
healthy bone tissue in humans. Imbalances in this vital process
lead to pathological conditions, including periodontal dis-
eases. In this study, we characterized the effects of micromolar
levels of NaF on the proliferation and osteogenic differentia-
tion of MC3T3-E1 osteoblastic cells. NaF significantly en-
hanced the proliferation, alkaline phosphatase (ALP) activity,
and mineralization of MC3T3-E1 cells. Quantitative real-time
PCR analysis revealed that the expression of mRNAs
encoding runt-related transcription factor 2 (Runx2), Osterix,
Osteopontin and Osteocalcin was up-regulated in NaF-treated
MC3T3-E1 cells compared with untreated controls. Western
blot analysis demonstrated that Runx2 and Osterix were
inhibited by Runx2 siRNA but were re-activated by treatment
with NaF. Furthermore, in vivo evidence indicated that NaF
protects against Porphyromonas gingivalis-induced periodon-
tal inflammation and alveolar bone loss in a P. gingivalis-chal-
lenged experimental periodontitis animal model. These data
suggest that NaF promotes the osteoblastic differentiation of
MC3T3-El cells through the Runx2/Osterix pathway and
may be effective for the treatment of bone-related disorders.
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Introduction

Massive bone defects and severe periodontitis cannot heal
spontaneously and require some form of biological augmen-
tation for reconstruction. Delays in treating aggressive peri-
odontitis can result in the loss of soft connective tissues and
bone that surround the teeth and is a major cause of tooth loss
in adults [1]. The identification of factors that regulate osteo-
genic differentiation is an area of intensive investigation with
the potential to identify novel targets that could enhance bone
formation and repair bone diseases. Novel factors exhibiting
two critical properties would prove to be assets towards a
therapeutic anti-inflammatory benefit, yet preserving the
bone. First, they should enhance the expression of osteoblast
differentiation markers. A significant induction of alkaline
phosphatase (ALP) activity leads to the osteogenic differenti-
ation of osteoblasts. Second, they should have an anti-
inflammatory potential. In the inflammation process, inflamma-
tory and immune cells circulate in the blood and sequentially
infiltrate infected sites via extravasation. Polymorphonuclear leu-
kocytes (PMNGs) are the first responders that migrate to an infect-
ed area.

Fluoride (e.g., NaF) is considered a multifunctional growth
factor that has diversified actions and effects on the differen-
tiation of osteoblasts. NaF is unique among inorganic ions in
that it stimulates bone formation in vivo [2] and in vitro [3, 4].
In osteoblasts, NaF causes proliferation and differentiation,
inhibits phosphotyrosil acid phosphatase, and modulates the
activity of growth factors. Fluorine is an essential trace ele-
ment for all mammalian species, but an excess of fluorine is
toxic both to animals and to cells in culture [5]. We previously
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reported the effects of micromolar levels of NaF, an active
compound that selectively inhibits RANKL-induced osteo-
clastogenesis by reducing the induction of NFATcl [6]. As
such, NaF is able to efficiently interfere with the suppressed
expression of cathepsin K and matrix metalloprotease 9
(MMP9). Those effects were extended with in vivo studies
showing that NaF markedly inhibited Porphyromonas
gingivalis-induced osteoclastogenesis in an experimental rat
periodontitis model [6]. NaF has also demonstrated a thera-
peutic benefit in other rat models of chronic inflammation,
including experimental diabetes [7]. While being a potent in-
ducer in the healing of destructive periodontal tissue, we dem-
onstrate in this study that NaF increases osteoblast differenti-
ation via its effects on the transcription factor Runx2.

Osteoblast differentiation is a key process in bone forma-
tion that is controlled by a complex signaling network with
interactions between many proteins and signaling molecules,
but the mechanisms underlying those interactions are poorly
understood [8]. Active mature osteoblasts on the bone surface
can be distinguished by their morphological properties as well
as by their temporal expression of several non-collagenous
proteins such as Osteocalcin and Osteopontin, which act as
markers of mature osteoblasts [9]. Osteocalcin increases bone
formation and enhances the appearance of active osteoblasts
and bone healing around hydroxyapatite/collagen composites.
In bone, Osteopontin is secreted by osteoblastic cells and is
deposited into the extracellular matrix. In osteogenesis,
Osteopontin messenger RNA (mRNA) is expressed during
carly stages of matrix formation [10]. The transcription factor
Runx2 is the master regulator of this process with many part-
ners that act downstream and/or upstream. Runx2 plays a
pivotal role in the regulation of osteogenic differentiation.
Osterix, a zinc finger-containing transcription factor, is re-
quired for osteoblastic differentiation and acts as a down-
stream factor of Runx2 [11-13]. Given that work on the phys-
ical interaction between NaF and Runx2 has been limited [14]
and that only protein kinase (PKR)-like ER kinase (PERK)
has been investigated to date as a Runx2-target gene affected
by NaF [15], we revisited this issue and characterized the
interaction between NaF and Runx2 during the induction of
osteoblast differentiation in cultures of MC3T3-E1 osteoblas-
tic cells.

The objectives of this study were (1) to determine the effect
of micromolar levels of NaF on the differentiation of osteoblas-
tic cells and (2) to investigate whether treatment with NaF sup-
pressed inflammation and promoted bone healing in a
P gingivalis-challenged experimental rat periodontitis model.
Our findings suggest that micromolar levels of NaF function as
an osteogenesis-enhancing molecule, activating osteoblastic
differentiation in addition to its functions on proliferation.
Moreover, if delivered into massive bony defects, NaF might
enhance bone regeneration and promote the healing of those
defects.
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Materials and Methods
Cell Culture

MC3T3-E1 Subclone 14 osteoblastic cells (CRL-2594) were
purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). They were cultured in sterile
cell culture plates containing alpha minimal essential medium
(-MEM) with 10% heat-inactivated fetal bovine serum
(FBS) (Biowest, Riverside, MO, USA), 2 mM L-glutamine,
and 10 U/ml penicillin/streptomycin (Gibco, Grand Island,
NY, USA), in a humidified 95% air/5% CO, incubator at
37 °C. When the cells reached sub-confluence, they were har-
vested and sub-cultured.

Cell Proliferation Assay

The cell proliferation assay was performed as previously de-
scribed [16]. In brief, MC3T3-E1 cells were harvested from
80% confluent monolayer cultures by a brief trypsinization
with 0.1% trypsin and 0.1% EDTA. The cells were then seed-
ed at a density of 1 x 10* cells per well in 96-well tissue
culture plates and were cultured for 24 h in the regular medi-
um with 10% FBS. The medium was replaced with serum-free
medium for 24 h, and cells were then treated with medium
supplemented with NaF at final concentrations of 50 or
500 uM. The concentrations have been adapted from our pre-
vious studies [6, 7, 16, 17]. Cell proliferation was assessed
using the MTS assay at 24 and 48 h after treatment.
CellTiter 96® AQueous One Solution Reagent (Promega,
Madison, WI, USA) was added directly to each well, incubat-
ed for 2 h, and the absorbance at 490 nm was measured using a
microplate reader.

ALP Assay

5 x 10* MC3T3-El cells per milliliter in x-MEM was seeded
in 6-well plates overnight. The medium in each well was re-
moved the next day and replaced with osteoblast
differentiation-inducing medium (OIM) (MK430, Takara
Bio Inc., Tokyo, Japan) and then incubated at 37 °C for
14 days in a 5% CO, incubator. Day 0 is the date the OIM
medium was added. ALP activity was determined using an
ALP assay kit (ab83369, Abcam, Cambridge, MA, USA) fol-
lowing the manufacturer’s instructions. In brief, untreated
control and NaF-treated MC3T3-E1 cells were homogenized
in assay buffer after washing with cold PBS. For each sample,
the supernatants were added in triplicate in 96-well plates and
each well was brought to a total volume of 80 pl with assay
buffer, followed by the addition of 20 ul stop solution for a
background control. Standard curves were generated as de-
tailed in the manufacturer’s manual. The ALP activity of each
sample was calculated based on a comparison between the
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standard curve and the sample curve and is reported as units
per milliliter (U/ml).

Alizarin Red S Staining and Quantification

After 14 days of culture in OIM, the cells in 6-well plates were
washed twice with Hanks balanced salt solution (HBSS)
(Gibco 14025, Thermo Fisher Scientific, Waltham, MA,
USA), fixed with 4% paraformaldehyde for 15 min, washed
twice with deionized water, and then incubated with 1%
Alizarin Red S for 3 min at 37 °C. The samples were then
washed three times with deionized water to stop the reaction.
The stained samples were observed using a microscope and
were photographed. Calcium deposition was quantified by
destaining with 10% cetylpyridinium chloride (Sigma-
Aldrich, Saint Louis, MO, USA) for 15 min, and the absor-
bance at 562 nm was measured using a microplate reader.

Enzyme-Linked Immunosorbent Assay

After osteogenic induction for 14 days, Osteocalcin in the
supernatants was directly measured using an ELISA kit
(USCN Life Science, Wu Han, China) according to the man-
ufacturer’s instructions and a microplate reader at 450 nm.
The assays were performed in triplicate.

Quantitative RT-PCR Analysis

At day 14 after incubation with OIM, total RNAs were isolated
using an RNeasy Mini Kit (Qiagen, Hilden, Germany). First-
strand complementary DNAs (cDNAs) were synthesized from
1 ug of each total RNA using SuperScript VILO Master Mix
(Life Technologies, Carlsbad, CA, USA). Two microliters of
each cDNA was subjected to real-time RT-PCR using TagMan
Gene Expression Assays (Applied Biosystems, Foster City, CA,
USA) for Runx2 (Mm00501584 m1), Osterix
(MmO04209856_m1), Osteopontin (Mm00436767 ml), and
Osteocalcin (Mm03413826 ml) and Pre-Developed TagMan
Assay Reagents (Applied Biosystems) for (3-actin
(Mm02619580_g1) as an internal control. Two-step PCR cycling
was carried out as follows: 50 °C 2 min for 1 cycle, 95 °C 10 min
for 1 cycle, and 95 °C 15 s and 60 °C 1 min for 40 cycles. Two
independent measurements were averaged, and relative mRNA
expression levels were calculated as a ratio to (3-actin expression
of each sample.

Western Blotting

Cells cultured for 14 days were lysed in RIPA lysis buffer
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). Protein
concentrations were determined using a BCA Protein Assay
Kit (Pierce Biotechnology, Rockford, IL, USA). SDS-PAGE
was calibrated with molecular weight markers (Bio-Rad,

Hercules, CA, USA) for 15 min, and the samples were rinsed
with Tris-buffered saline with 0.1% Tween 20 (TBS-T).
Antibodies to Runx2 (1:500; Abcam), Osterix (1:500;
Abcam), and 3-actin (1:100; Cell Signaling Technology,
Inc., Danvers, MA, USA) were used as primary antibodies.
Anti-mouse and anti-rabbit secondary antibodies (Cell
Signaling Technology) were each used at a dilution of
1:2000. Bound antibodies were visualized by chemilumines-
cence using an ECL Plus Western Blotting Detection System
(Amersham, Uppsala, Sweden), and images were analyzed
using a Luminescent Image Analyzer (LAS-3000; Fuji Film
Inc., Kashiwa, Japan).

Short Interference RNA

The duplexes of each short interference RNA (siRNA)
targeting Runx2 and negative controls (non-silencing siRNA
or scramble siRNA) were synthesized by Qiagen. For siRNA
transfection, MC3T3-E1 cells were seeded at 5 x 10* cells in
35-mm dishes. After 24 h, the siRNAs were transfected into
the cells using RNAIMAX (Invitrogen, Carlsbad, CA, USA).
The cells were incubated for 48 h and were then subjected to
western blot analyses.

Preparation of Bacteria and the Model for Experimental
Periodontitis

Cultures of P. gingivalis bacteria and a P. gingivalis-chal-
lenged experimental rat periodontitis model were established
as previously described [6]. In brief, P. gingivalis ATCC
33277 was grown in a brain heart infusion broth supplemented
with 5 mg/ml yeast extract, 5 pg/ml hemin, and 0.2 pg/ml
vitamin K. Bacterial cells were grown under anaerobic con-
ditions (85% N, 10% H,,s and 5% CO,) at 37 °C for 24 h.
Eighteen 5-week-old male Sprague Dawley rats (CLEA
Japan, Inc., Tokyo, Japan) were given sulfamethoxazole
(1 mg/ml) and trimethoprim (200 pg/ml) in their drinking
water for 4 days to reduce any original oral microorganisms,
followed by a 3-day antibiotic-free period before starting the
oral challenges with bacteria. Rats were divided into the fol-
lowing three groups of six rats each. Group A received only
5% carboxymethyl cellulose (CMC) (control group). Group B
was orally challenged with P. gingivalis ATCC 33277 (P. g.
group). Each rat infected with P. gingivalis received 0.5 ml
(1.0 x 108 cells/ml) of the bacterial suspension in 5% CMC by
oral gavage at 8, 10, and 12 days. Group C was treated with
500 uM fluoride in their drinking water (P. g. and NaF group)
after the three P. gingivalis treatments. All rats were sacrificed
30 days after the final infection, and horizontal alveolar bone
loss was measured using a morphometric method. The exper-
imental procedures of this study were reviewed and approved
by the Committee of Ethics on Animal Experiments of
Kanagawa Dental University.
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Histological Analysis

The tissues were fixed in 4% paraformaldehyde at 4 °C for
48 h and were then decalcified in 10% EDTA (pH 7.0) for
4 weeks. Paraffin-embedded tissue sections were prepared at a
thickness of 4 um. The sections were stained with hematoxy-
lin and eosin (H-E) or Azan, and histopathological observa-
tions were performed using light microscopy.

Immunohistochemistry

Immunohistochemical staining was performed on 4% formal-
dehyde-fixed, paraffin-embedded rat maxilla specimens.
Sections were initially immersed in citrate buffer pH 6.0
(Abcam) at 97 °C for 12 min, and subsequent steps were per-
formed according to the manufacturer’s instructions. Mouse
monoclonal anti-Runx2 antibody (1:200; Abcam) and rabbit
polyclonal anti-PMN antibody (1:100; Accurate, Westbury,
NY, USA) were used as primary antibodies to detect immu-
noreactivity in rat tissues. After overnight incubation with 3%
hydrogen peroxide—methanol at 4 °C to block endogenous
peroxidase activity, the specimens were rinsed with PBS and
were incubated at room temperature for 1 h with the appropri-
ate secondary antibody Histofine Simple Stain Rat MAX PO
(Multi) (Nichirei Biosciences, Tokyo, Japan). After rinsing
with PBS, all specimens were color-developed with diamino-
benzidine (DAB) solution (DAKO, Carpinteria, CA, USA)
and were counterstained with hematoxylin.

Statistical Analysis

Statistical analyses were performed using one-way ANOVA
and Student’s 7 test. A P value of less than 0.05 is considered
statistically significant.

Results
Effects of NaF on MC3T3-E1 Cell Proliferation

Optimal NaF concentrations for MC3T3-E1 cell proliferation
were determined using the MTS assay. MC3T3-El cells
(1 x 10*cells/well) in «-MEM medium were seeded in 6-
well plates and were treated with or without various concen-
trations of NaF for 24 and for 48 h. The results of the MTS
assay indicated that NaF actually stimulated the proliferation
of MC3T3-El cells at concentrations of 50 or 500 uM at 24
and at 48 h (Fig. 1a). No significant morphological changes
occurred at 500 uM NaF that could be observed under a light
microscope (data not shown).
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NaF Enhances ALP Activity, Extracellular Matrix
Mineralization, and Osteocalcin Production in MC3T3-E1
Cells

Colorimetric analysis demonstrated that the addition of NaF
increased ALP activity in MC3T3-E1 cells cultured in the
OIM medium in a concentration-dependent manner
(Fig. 1b). Fifty or 500 uM NaF increased ALP activity in a
concentration-dependent manner compared to the untreated
control (P < 0.05). The addition of 50 or 500 uM NaF in-
creased Osteocalcin protein secretion at day 14 (P < 0.05
(Fig. 1c). On day 14, the formation of dense and intensive
Alizarin red-positive mineralized nodules was greater in the
NaF-treated culture than in the untreated culture (Fig. 1d, left).
The total calcium content in the day 14 culture was higher in
the NaF-treated culture than in the untreated control (Fig. 1d,
right). These results indicate that NaF increased ALP activity
and mineralization during the early stages of osteoblast differ-
entiation in MC3T3-E1 cells.

NaF Up-Regulates Bone-Related mRNA Expression
in Osteoblastic Culture

The expression of bone matrix-related mRNAs, including
Runx2, Osterix, Osteopontin, and Osteocalcin, in osteoblastic
cells cultured in the OIM medium, was enhanced by the ad-
dition of 50 or 500 uM NaF compared to the untreated control
at day 14. The expression levels of bone matrix mRNAs in
MC3T3-E1 cells treated with NaF were markedly higher than
in untreated controls at day 7 (data not shown). Throughout
the culture period, mRNA expression levels in cells treated
with 500 uM NaF reached and stabilized at levels comparable
to those seen in cells cultured in OIM at day 14. Runx2
mRNA expression after treatment with 50 or 500 uM NaF
was accelerated and boosted in contrast to the untreated cells
(Fig. 2a). Osterix expression following treatment with 50 or
500 uM NaF increased to a level greater than in cells not
treated with NaF at day 14 (Fig. 2a). Likewise, Osteopontin
and Osteocalcin mRNA expression levels were markedly en-
hanced by the addition of 50 or 500 uM NaF compared to
untreated cells, showing a similar profile to expression to
Runx2 (Fig. 2a).

Involvement of Runx2 in NaF-Induced Osteogenesis

To determine whether Runx2 plays an important role in NaF-
induced osteogenesis in MC3T3-E1 cells, we used a specific
siRNA targeting Runx2 to examine the effects of the siRNA
on Runx2 and Osterix expression in MC3T3-E1 cells in o-
MEM medium. As shown in Fig. 2b, NaF induced Runx2 and
Osterix protein expression in the control samples.
Transfection with Runx2 siRNA for 48 h significantly
knocked down the NaF-stimulated Runx2 and Osterix protein
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Fig. 1 a Effect of NaF on MC3T3-E1 cell proliferation. Cell growth was
assessed using the MTS assay at 24 and 48 h after treatment with 50 or
500 uM NaF. Exposure of MC3T3-E1 cells to 50 or 500 M NaF for 24
or 48 h resulted in a significant increase in the number of living cells
compared with non-treated cells (P < 0.05). b Effect of NaF on ALP
activity of MC3T3-E1 cells. MC3T3-E1 cells were cultured with OIM
and various concentrations of NaF for 7 days. Data are expressed as units
per milliliter. ¢ NaF promotes osteogenesis in MC3T3-E1 cells.

expression and had no effect on the housekeeping actin ex-
pression. These results suggest that Runx2/Osterix plays an
important role in the NaF-induced osteogenesis in MC3T3-E1
cells.

Histological Examination of P. gingivalis-Challenged
Experimental Rat Periodontitis Tissues

There was little inflammation in the absence of P. gingivalis,
while treatment with P. gingivalis induced a moderate level of
inflammation as observed by microscopy at x100 magnifica-
tion (Fig. 3, upper panels). Rats in the P. g.- and NaF-treated
group showed a reduction in bone loss compared to the
P. gingivalis-only group (Fig. 3, lower panels).

Osteocalcin levels in the supernatant were measured after a 14-day
induction as described in the “Materials and Methods” section. Asterisk
denotes significant difference between OIM and NaF-treated cells
(P < 0.05). d Effect of NaF on mineralization in MC3T3-El cells.
Quantitation of mineralization using Alizarin Red staining as described
in the “Materials and Methods™ section. Values are expressed as means +
SD (n = 3). *, significant difference between OIM and NaF-treated cells
(P<0.05)

Effects of NaF in a P. gingivalis-Challenged Experimental
Periodontitis Animal Model

To investigate the effects of NaF in the P. gingivalis-chal-
lenged experimental periodontitis model, rats challenged
with P. gingivalis were given NaF (500 pM) in their
drinking water. After P. gingivalis infection for 4 weeks,
the number of PMNs was increased 3.9-fold in rats
(P < 0.05) (Fig. 4a). Treatment with NaF significantly
reduced the PMN infiltration in the P. gingivalis and
NaF group (P < 0.05). Immunohistochemical analysis
showed an increased expression of Runx2 in the
P gingivalis and NaF rats, while Runx2 expression was
decreased in P. gingivalis-treated tissues (Fig. 4b).
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Fig.2 a Up-regulation of bone-related mRNA expression in osteoblastic
culture. The expression of Runx2, Osterix, Osteopontin (OPN), and
Osteocalcin (OCN) mRNAs was analyzed by quantitative RT-PCR in
MC3T3-El cells in OIM media with or without 50 or 500 uM NaF at
day 14. The relative mRNA expression levels were calculated as a ratio to
{3-actin expression of each sample. Values represent means + SE (bars)
from three independent experiments. *P < 0.05, as determined using the ¢

Discussion

The osteogenic differentiation of osteoblasts is characterized
by cell proliferation, differentiation, and mineralization. An
increase in total protein content was achieved by treatment
with a micromolar level of NaF in the osteogenic differentia-
tion media. This is in agreement with our previous reports
demonstrating that NaF affected the proliferation of epithelial
cells [16, 17]. Our results showed that NaF promotes the pro-
liferation of osteoblasts in a dose-dependent manner,

ining

H-E sta

ining

Azan sta

Fig. 3 Hematoxylin and eosin (H-E) and Azan staining of P. gingivalis-
challenged experimental rat periodontitis tissues. Maxillae were fixed,
decalcified, and stained for H-E and Azan staining. There was little
inflammation in the absence of P. gingivalis, while treatment with
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test. b Runx2 is required for NaF-induced osteogenesis. MC3T3-El cells
were transfected with a scramble siRNA or with Runx2 siRNA. At 48 h
post-transfection, proteins were solubilized and subjected to western blot
analysis for Runx2, Osterix, and (3-actin. One representative sample from
at least three independent experiments with similar results is shown.
Values represent means + SE (bars) from three independent
experiments. *P < 0.05, as determined using the ¢ test

suggesting that NaF can induce the osteogenic differentiation
of osteoblasts at a micromolar level.

The functional role of osteogenic-enhancing factors rests
on at least two distinct elements, osteoinduction, and the mod-
ulation of osteoblastic differentiation leading to bone matrix
synthesis and mineralization. This study was an effort to es-
tablish the molecular mechanism of the NaF-induced bone
gain and to provide insights into the potential contribution of
NaF to the regulation of osteoblast differentiation and bone
formation. In this study, we examined the stimulatory effect of

P. gingivalis induced a moderate level of inflammation observed by
microscopy at x100 magnification. Rats in the P. g.- and NaF-treated
group showed a reduction in bone loss compared to the P. gingivalis
group. Scale bars = 100 um
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Fig. 4 a NaF decreases the number of PMNSs of P, gingivalis-challenged
rats. The number of PMNs infiltrating the gingival epithelium was
measured. Each value is the mean of all rats in the group = SEM.
Asterisk denotes significant difference between P. gingivalis and control
rats (P < 0.05). Plus symbol, significant difference between P. gingivalis
and P. gingivalis and NaF rats (P < 0.05). Scale bars = 100 pm. b

NaF on the osteogenic differentiation of MC3T3-E1 cells in
the presence of OIM medium containing ascorbic acid 2-phos-
phate, b-glycerophosphate, and dexamethasone, compounds
known to favor the expression of the osteoblastic phenotype
in several bone cell systems [18]. MC3T3-E1 cells and human
mesenchymal stem cells are commonly used in studies of
osteogenic differentiation, and they have a similar mineraliza-
tion process. The addition of NaF to MC3T3-E1 cells resulted
in the marked enhancement of ALP activity and matrix min-
eralization in a dose-dependent manner. NaF accelerated and
enhanced the expression of representative bone matrix pro-
teins such as Runx2, Osterix, Osteopontin, and Osteocalcin
in the osteoblastic culture. Up-regulation of those markers was
already observed during the initial phase of the culture period
(day 7; data not shown) and remained consistent through day
14. In addition, NaF enhanced Osteocalcin production in

Treatment with NaF induced Runx2 expression in P. gingivalis-
challenged rats. Immunohistochemical analysis showed an increased
expression of Runx2 in the P. gingivalis and NaF rats, while Runx2
expression was decreased in P. gingivalis-treated tissues. Scale
bars =20 pm

MC3T3-El cells. Our findings clearly demonstrate that NaF
invokes osteoinduction and progressively modulates osteo-
blastic differentiation, leading to bone matrix synthesis and
mineralization through the enhanced expression of Runx2
and Osterix.

Endogenous Runx2 is expressed in pre-osteoblasts, imma-
ture osteoblasts, early mature osteoblasts, and pre-
odontoblasts and serves as a master regulator in osteoblastic
differentiation and bone formation [19]. Runx2 and Osterix
are two major transcription factors that play an essential role in
the formation of adult bones and the expression of osteoblast
genes [20, 21]. Runx2 is an upstream controller of Osterix [22,
23], a zinc finger-containing transcription factor. A number of
bone matrix protein genes, such as Osteopontin and
Osteocalcin, are regulated by Runx2 [22]. The conditional
deletion of Osterix postnatally severely disrupts the
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maturation, morphology, and function of osteocytes [24]. The
manipulation of Runx2 in various mesenchymal cell culture
models strongly impacts the expression of osteoblast marker
genes and related phenotypes such as ALP activity [25, 26].
We found that NaF increases Osteopontin and Osteocalcin
mRNA levels and significantly up-regulates the levels of
Runx2 and Osterix mRNA/protein, thereby up-regulating
downstream gene expression and restoring ALP activity.
ALP is thought to be a defined marker for osteoblastogenesis
[27, 28] and is a key regulator that promotes the mineraliza-
tion of the bone matrix [27, 29]. As expected, NaF also
strengthened mineralized nodule formation, a marker for a
later stage of osteogenic differentiation [30]. These data sug-
gest that the bone-protective effects of NaF are mediated
through the regulation of Runx2 and Osterix expression.

The maintenance of anti-inflammatory effects by NaF is of
particular importance, since non-hematopoietic cells, such as
fibroblasts, also contribute to the inflammatory process in
periodontitis and facilitate bone erosion. In the present study,
NaF was found to be effective in attenuating P. gingivalis-
induced alveolar bone loss in vivo and facilitating bone for-
mation in vitro, as evidenced through its restoration of calcium
deposition and its regulation of bone differentiation and
mature-associated proteins in osteoblasts. These results indi-
cate that NaF exerts protective effects against bone diseases.

The major limitation of our study is that we tested only a
few specific markers of bone remodeling, but it is likely that
other proteins could be involved in the mechanism of bone
differentiation, including markers of wound healing.
Therefore, further research is needed to better clarify the ef-
fects of NaF on hard and soft tissues.

In conclusion, this study demonstrated that NaF stimulates
the osteogenesis of osteoblasts at least in part, by increasing
the expression levels of Runx2 and Osterix. More importantly,
NaF protects against the P. gingivalis-induced inhibition of
osteoblast differentiation in an experimental rat periodontitis
model. These results suggest that NaF may be useful for
treating bone-related disorders. Notably, our findings not only
enrich the understanding of NaF regulation of bone develop-
ment and osteogenic differentiation but also enable new op-
portunities for bone tissue engineering, and especially the pre-
vention and treatment of periodontitis and other bone
metabolism-related diseases.
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