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Abstract
Little attention has been paid to the tolerance of osteoblasts to fluoride in distinct differentiation stages, and the role of TGF-β1 in
fluoride-treated osteoblast differentiation of progenitors and precursors was rarely mentioned in previous studies. The present
study aimed to clarify how fluoride affected different differentiation stages of osteoblasts, and to elucidate the role of TGF-β1 in
this process. We assessed cell migration, proliferation, DNA damage, and apoptosis of early-differentiated osteoblasts derived
from bone marrow stem cells (BMSCs) exposed to fluoride with or without TGF-β1. Subsequently, MC3T3-E1 cells cultured
with mineral induction medium were treated with fluoride to test fluoride’s effect on late-differentiated osteoblasts. The specific
fluoride concentrations and treatment times were chosen to evaluate the role of TGF-β1 in fluoride-induced osteoblastic differ-
entiation and function. Results showed early-differentiated osteoblasts treated with a low dose of fluoride grew and moved more
rapidly. TGF-β1 promoted cell proliferation and inhibited cell apoptosis in early-differentiated osteoblasts exposed to a low
fluoride dose, but enhanced apoptosis at higher fluoride conditions. In the late-differentiated osteoblasts, the fluorine dose range
with anabolic effects was narrowed, and the fluoride range with catabolic effects was widened. Treatment with a low fluoride
dose stimulated the alkaline phosphatase (ALP) expression. TGF-β1 treatment inhibited Runx2 expression but increased
RANKL expression in late-differentiated osteoblasts exposed to fluoride. Meanwhile, TGF-β1 treatments activated Smad3
phosphorylation but blocked Wnt10b expression in osteoblasts. We conclude that TGF-β1 plays an essential role in fluoride-
induced differentiation and osteoblast function via activation of Smad3 instead of Wnt10 signaling.
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Introduction

Decades of research have shown that fluoride has both bene-
ficial and harmful effects on bone health. Approximately 99%
of fluoride in the body is found in adult calcified tissues.
Fluoride concentrations in bone tend to increase with age
due to continuous fluoride uptake throughout life.
Consequently, excessive uptake of fluoride causes dental
and skeletal fluorosis in humans and animals. Skeletal fluoro-
sis is irreversible, and a clear understanding of the cellular
mechanisms underlying disease progression can contribute
to the development of interventions to prevent skeletal

fluorosis. Skeletal homeostasis is sustained through the life-
long process of bone turnover. The most abundant
transforming growth factor β (TGF-β) isoform, TGF-β1, is
secreted by almost every cell type. Recombinant human
TGF-β1 is a 25.0-kDa protein composed of two identical
112 amino acid polypeptide chains linked by a single disulfide
bond. TGF-β1 signals across the plasma membrane by spe-
cific type I and type II receptors and results in phosphorylation
of Smad2/3 proteins, which is known to be essential for oste-
oblast and osteoclast differentiation. Bone turnover is initiated
through osteoclast activation and subsequent release of signal-
ing molecules, like transforming growth factor β (TGF-β),
embedded in the matrix through the proteolytic degradation
of the extracellular matrix (ECM). Afterward, bone formation
occurs when Wnt/β-catenin, TGF-β, and BMP signaling in-
duce osteogenesis, through a process where bone marrow
stromal cells (BMSCs) differentiate into pre-osteoblasts and
mature into functional osteoblasts.

It was reported that fluoride overdose alters the balance
between bone formation and resorption, leading to bone turn-
over disorders [1, 2]. Researchers have observed that skeletal
fluorosis leads to diverse bone lesions, such as osteosclerosis,
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osteoporosis, and degenerative joint changes, and found bone
turnover as a pathologic characteristic of skeletal fluorosis [3,
4]. Fluoride can have deleterious effects at the cellular levels,
depending on concentration, duration of exposure, and cell
type [5, 6]. Our previous studies indicated that fluoride regu-
lates TGF-β1 signaling during the activation of bone turnover
and BMSC differentiation via the activin receptor-like kinase
5 (ALK5)-Smad3 signaling pathway [7, 8]. The present study
was designed to clarify how fluoride affected osteoblast dif-
ferentiation, and to elucidate the role of TGF-β1 in this pro-
cess. BMSCs were induced to early-differentiated osteoblasts
by culturing in mineral induction medium. We assessed cell
migration, proliferation, DNA damage, and apoptosis under
fluoride combinedwith TGF-β1 treatment. On the other hand,
MC3T3-E1 cells were differentiated into late-stage osteoblasts
and exposed to fluoride with or without TGF-β1. Then, cell
viability and critical proteins related to bone turnover and
TGF-β1 signaling were investigated. This study demonstrated
an essential role of TGF-β1 on fluoride-treated osteoblasts at
different differentiation stages and preliminarily clarified the
underlying signaling pathway.

Materials and Methods

Scratch-wound Healing Assay for BMSCs Exposed to
Fluoride

Bone marrow mesenchymal stem cells (BMSCs) were isolat-
ed from the femur of young ICR mice (4 weeks old) and
washed in phosphate-buffered saline (PBS, pH=7.4) at 4 °C.
BMSCs were collected by centrifugation for 10 min at 1200
rpm. Cells were then cultured in DMEM/F12 medium
(Hyclone Co, USA) and passaged to c third generation.
Positive expression of surface antigens CD34 and CD44
(BD Biosciences, USA) was to identify and purify BMSCs
[6]. After that, a wound gap was created by scratching a grow-
ing confluent culture of BMSCs induced into early-
differentiated osteoblasts by culturing with mineral induction
medium (0.05 g/L vitamin C, 40 ng/mL dexamethasone, and
10 mmol/L β-sodium glycerol phosphate). Cells were simul-
taneously treated with a medium containing fluoride ion
(sodium fluoride, Sigma-Aldrich, USA) at concentrations of
0.5 and 4 mg/L. The control group was cultured in mineral
induction medium. Healing of this gap by cell migration and
growth was monitored and quantified at different periods be-
tween 12 h and 1~7 days.

Analysis of Cell Proliferation, Apoptosis, and DNA
Damage in BMSCs Exposed to Fluoride and TGF-β1

BMSCs were seeded into a 6-well plates at a density of 5×105

cells per well and cultured in mineral induction medium for

inducing early-differentiated osteoblasts. When BMSCs
reached about 70% confluence, cells were treated with 0.5,
4, and 16 mg/L of fluoride with or without 10 ng/mL of
TGF-β1 (PEPROTECH, Cat# 100-21c, USA) for 4 days. At
the end of the period, cells were stained with fluorescent an-
tibodies, bromodeoxyuridine (BrdU), phosphorylated H2AX,
and cleaved poly [ADP-Ribose] polymerase (PARP). BrdU
served as a marker of cell proliferation. On the other hand,
caspase-3 cleaves PARP resulting in its inactivation and the
inability of cells to repair DNA damage. Thus, cleaved PARP
serves as a marker of cellular apoptosis. Phosphorylated
H2AX serves as a marker of DNA damage as it promotes
DNA repair maintaining genomic stability. This test is per-
formed according to the kit protocol (BD Pharmingen, Cat
#562253, USA).

Cell Viability of Osteoblasts Exposed to Fluoride

The MC3T3-E1 cell line is a model for studying in vitro os-
teoblast differentiation after growth in ascorbic acid and 3 to
4 mM inorganic phosphate. In this study, MC3T3-E1 cells
subclone 14 were kindly provided by Stem Cell Bank,
Chinese Academy of Sciences. MC3T3-E1 cells were seeded
into 96-well plates at a density of 5×103 cells per well, and
cultured in a medium containing mineralization induction
agents for late-stage osteoblast differentiation. When cells
reached about 60% confluence, they were simultaneously
treated with different fluoride concentrations from 0.001 to
32 mg/L of fluorine ion for 1, 2, 4, and 7 days. The 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Sigma-Aldrich, USA) assay was performed to detect
cell viability at the end of each treatment period. Cells were
treated with MTT reagent (5 mg/mL), then they were incubat-
ed for 4 h at 37 °C with 5% CO2. Following incubation,
dimethyl sulfoxide (DMSO, Sigma-Aldrich, USA) was added
for color development. Each well’s absorbance was measured
at 570 nm using the Multiskan FC spectrophotometer
(Thermo Fisher, USA).

Western Blot Analysis for Bone Turnover-Related
Proteins and TGF-β1 Signaling

MC3T3-E1 cells were seeded in 6-well plates at a density of 3
× 104 cells per well and cultured with mineral induction me-
dium for late-stage osteoblast differentiation. When cells
reached about 60% confluence, they were simultaneously
treated with 0.5 and 4 mg/L of fluoride with or without 10
ng/mL of TGF-β1 for 7 days. At the end of the treatment
period, proteins were collected with RIPA solution
(Beyotime, China). Samples of total soluble protein (20 μg)
were electrophoretically separated on 10% SDS-PAGE gels.
Separated protein bands were transferred onto PVDF mem-
branes (Pall, USA), which were then blocked with 5% milk-
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TBST (20 smmol/L Tris-HCl (pH 8.0), 8 g/L NaCl, and 0.1%
Tween20) for 1 h at room temperature. After blocking, mem-
branes were incubated with primary antibodies. Primary anti-
bodies used in this experiment were as follows: 1:800 anti-
alkaline phosphatase (ALP) (Thermo Fisher, USA); 1:100
anti-Runx2 (Santa Cruz Biotech, USA); 1:600 anti-receptor
activator of nuclear factor-κB ligand (RANKL) (Abcam,
USA); 1:800 anti-Wnt10b (Abcam, USA); 1:3000 anti-
Smad3 (Abcam, USA); 1:2500 anti-p-Smad3 (Abcam,
USA); and 1:5000 β-Actin (Proteintech, China). Secondary
antibodies used were as follows: 1:5000 goat anti-rabbit IgG-
HRP (Abbkine, USA); 1:3000 goat anti-mouse IgG-HRP
(Abbkine, USA). Immunopositive protein bands were visual-
ized using ECL chemiluminescence and DNR MicroChemi
(DNR, Israel). Relative protein expression was calculated,
using β-actin as an internal control. Integrated optical density
(IOD) of protein bands was quantified by Gel Pro Analyzer
software.

Statistical Analysis

All data were analyzed using IBM SPSS Statistics version
20.0 software package; values were expressed as mean ± stan-
dard error (SEM). Differences between the two groups were
analyzed using LSD and Duncan’s test; P-values < 0.05 were
considered statistically significant.

Results

Effect of Fluoride on BMSC Migration

Cell migration was analyzed to observe growth trends of
early-differentiated osteoblasts under different fluoride expo-
sures. As shown in Fig. 1, the scratch was significantly
narrower in cells exposed to 0.5 and 4 mg/L of fluoride

compared to controls from 12 h of fluoride exposure to 7 days.
The scratch became markedly thinner, along with the exten-
sion of cell growth periods. The scratch of cells exposed to 4
mg/L of fluoride group was significantly thinner than the 0.5
mg/L group from 2 to 7 days. These data suggested early-
differentiated osteoblasts treated with 0.5 and 4 mg/L of fluo-
ride grew more rapidly.

Action of TGF-β1 on Cell Proliferation, Apoptosis, and
DNA Damage in BMSCs Exposed to Fluoride

Proliferation, DNA damage, and apoptosis were analyzed via
multicolor flow cytometry in individual cells. As shown in
Fig. 2, cellular BrdU levels significantly increased in early-
differentiated osteoblasts treated with 4 mg/L of fluoride and
TGF-β1, compared to the control group. Except for the 16
mg/L of fluoride treatment groups, the other fluoride plus
TGF-β1 treatments significantly increased BrdU levels com-
pared to those of the same dose of fluoride treatment alone.
Treatment of 0.5 mg/L of fluoride plus TGF-β1 significantly
reduced the PARP level of early-differentiated osteoblasts
compared to the same dose of fluoride treatment alone. On
the contrary, 16 mg/L of fluoride combined with TGF-β1
treatment significantly enhanced PARP levels compared to
the same dose of fluoride treatment alone. For DNA damage
in Fig. 3, the 4 and 16 mg/L of fluoride combined with
TGF-β1 treatments significantly increased H2AX levels of
early-differentiated osteoblasts compared to TGF-β1 treat-
ment alone. On the other hand, significant changes were hard-
ly showed in every experimental group compared to the con-
trol group. These data implied that TGF-β1 prompted cell
proliferation of early-differentiated osteoblasts when exposed
to a low dose of fluoride. On the contrary, TGF-β1 inhibited
cell apoptosis of early-differentiated osteoblasts exposed to
low fluoride amounts but enhanced apoptosis under higher
fluoride conditions.

Fig. 1 Effect of different fluoride concentrations on bone marrow
mesenchymal stem cell (BMSC) migration. BMSCs were seeded in 6-
well plates and cultured with mineral induction medium to differentiate
them into pre-osteoblasts. A thin scratch was made in the growing con-
fluent culture of BMSCs before they were treated with 0.5 and 4 mg/L of
fluoride. The scratch width was monitored and quantified after different

treatment periods. Results are expressed as mean ± SEM (n = 3).
Significant changes are indicated as follows: *P < 0.05, compared to
control group; **P < 0.01, compared to control group. a, P < 0.05,
between two experimental groups; aa, P < 0.01, between two experimen-
tal groups
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Effect of Different Conditions of Fluoride Exposure on
Osteoblast Cell Viability

MC3T3-E1 cells, as a pre-osteoblast differentiation model,
were induced into late-differentiated osteoblasts through
mineralmedium culture. In this study,MC3T3-E1 cellswere
exposed to distinct fluoride concentrations, i.e., ultra-low
(0.001, 0.01, and 0.05 mg/L), low (0.1, 0.5, 1, and 2 mg/L),

medium (4 and 8 mg/L), and high (16 and 32 mg/L) doses,
and periods (1~7 days). As shown in Fig. 4, cell viabilitywas
mildly higher in 0.5 mg/L of fluoride treatment compared to
controls after 2 days. The concentration range that slightly
increased cell viability was widened from 0.5 to 8 mg/L of
fluoride, and 32 mg/L significantly inhibited it compared to
controls in a period of 4 days. After extending fluoride expo-
sure to 7 days, 0.5 mg/L of fluoride still significantly

Fig. 2 Cell proliferation and apoptosis of BMSCs exposed to fluoride
with or without TGF-β1. BMSCs were seeded in 6-well plates and cul-
tured with mineral induction medium to differentiate them into pre-oste-
oblasts. BMSCs were treated with 0.5, 4, and 16 mg/L of fluoride with or
without 10 ng/mL of TGF-β1 for 4 days. At the end of the treatment
period, BMSCs were stained with BrdU and with fluorescent antibodies
against cleaved PARP (Asp214). BrdU and cleaved PARP were used to
measure the levels of cell proliferation and apoptosis, respectively. A

Imaging flow cytometry of cells double-labelled with BrdU and cleaved
PARP. B and C Quantification of data showed in A. Results are
expressed as mean ± SEM (n = 3). Significant changes are indicated as
follows: *P < 0.05, compared to control group; **P < 0.01, compared to
control group. #P < 0.05, compared to 10 ng/mL TGF-β1 group; ##P <
0.01, compared to 10 ng/mL TGF-β1 group. a, P < 0.05, between two
experimental groups; aa, P < 0.01, between two experimental groups
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enhanced cell viability. Even the concentration rangeof fluo-
ride (4 to 32 mg/L) that significantly inhibited osteoblast
viability was widened. These data showed that the early-
differentiated osteoblasts were not as sensitive to fluoride
concentration changes as late-differentiated osteoblasts.
With the gradual differentiation of osteoblasts, low-dose
fluoride stimulated osteoblast viability, while high-dose
fluoride inhibited osteoblast viability; however, the stimula-
tion range of fluoride gradually narrowed, while the inhibi-
tion range widened with the extension of fluoride exposure,
which implied cumulative toxicity of fluoride.

Action of TGF-β1 on Bone Turnover-Related Protein
Expression in Osteoblast Exposed to Fluoride

Proteins related to bone turnover were investigated. ALP is
one of the markers of osteoblast differentiation. As shown in
Fig. 5B, 0.5 and 4 mg/L of fluoride treatment markedly stim-
ulated the expression of ALP protein compared to the control
group. TGF-β1 treatment alone or combined with 4 mg/L of
fluoride also significantly increased the expression of ALP
protein compared to the control group. Runx2 acts as the
critical regulator of bone formation by regulating early-

Fig. 3 DNA damage of BMSCs exposed to fluoride with or without
TGF-β1. BMSCs were seeded in the 6-well plates and cultured with
mineral induction medium to differentiate them into pre-osteoblasts.
BMSCs were treated with 0.5, 4, and 16 mg/L of fluoride with or without
10 ng/mL of TGF-β1 for 4 days. At the end of the treatment period,
BMSCs were stained with fluorescent antibodies against H2AX (P139).

Phosphorylated H2AX was used as a measure the level of DNA damage.
A Imaging flow cytometry of phosphorylated H2AX.BQuantification of
data showed in A. Results are expressed as mean ± SEM (n = 3).
Significant changes are indicated as follows: #P < 0.05, compared to 10
ng/mL TGF-β1 group; ##P < 0.01, compared to 10 ng/mL TGF-β1
group
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differentiated osteoblasts. Figure 5C shows the results that
TGF-β1 treatment alone or combined with fluoride signifi-
cantly reduced the expression of Runx2 protein compared to
the controls. Moreover, 0.5 and 4 mg/L of fluoride treatment
combined with TGF-β1 markedly reduced its expression
compared to the same dose of fluoride treatment alone.
RANKL is generated by osteoblasts and acts as a crucial factor
for osteoclast development. As shown in Fig. 5D, TGF-β1
treatment alone or combined with 4 mg/L of fluoride signifi-
cantly enhanced RANKL expression compared to controls,
and 4 mg/L of fluoride treatment combined with TGF-β1
markedly promoted RANKL expression compared to the
same dose of fluoride treatment alone. These data suggested
that a certain amount of fluoride treatment stimulated differ-
entiation of osteoblasts, and that TGF-β1 treatment alone or a
certain amount of fluoride combined with TGF-β1 treatment
increased RANKL expression, but inhibited Runx2
expression.

Action of TGF-β1 on the Expression of Proteins That
Are Downstream of Its Signaling Pathway in
Osteoblast Exposed to Fluoride

Smad3/p-Smad3, as a prominent TGF-β1 downstream signal-
ing pathways, was investigated. As shown in Fig. 6, fluoride
treatment alone or combined with TGF-β1 promoted

phosphorylated Smad3 (p-Smad3) expression to different de-
grees, and 4 mg/L of fluoride combined with TGF-β1 showed
a significant difference compared to the control group.
Similarly, TGF-β1 combined with 4 mg/L of fluoride signif-
icantly enhanced Smad3 expression compared to controls and
TGF-β1 treatment alone. Moreover, 4 mg/L of fluoride treat-
ment combined with TGF-β1 markedly increased Smad3 ex-
pression compared to the same dose of fluoride treatment
alone. Wnt10b is regulated by Runx2 in osteoblast and acts
as a crucial factor for osteoblast differentiation. Results
showed a significant decrease of Wnt10 expression in 0.5
mg/L of fluoride, and TGF-β1 alone or combined with fluo-
ride also significantly reduced its protein level compared to
the controls. These data showed that fluoride tended to stim-
ulate intracellular Smad3 signaling, and that treatments with
medium dose of fluoride combinedwith TGF-β1 significantly
stimulated Smad3 signaling, and yet TGF-β1 treatment
blocked Wnt10b expression in osteoblasts.

Discussion

This study analyzed how a specific dose of fluoride affected
osteoblast progenitor and precursor differentiation and inves-
tigated the roles of TGF-β1 in the mechanism underlying
fluoride-modulated osteoblast differentiation. The ingestion

Fig. 4 Effect of different fluoride concentrations on osteoblast cell
viability. MC3T3-E1 cells were cultured with mineral induction medium
to differentiate them into osteoblasts. MC3T3-E1 cells were treated with
different fluoride concentrations ranging from 0.001 to 32 mg/L for dif-
ferent periods. At the end, cell viability was measured with the MTT

method.A 1-day period;B 2-day period;C 4-day period;D 7-day period.
Results are expressed as mean ± SEM (n = 8). Significant changes are
indicated as follows: *P < 0.05, compared to control group; **P < 0.01,
compared to control group
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of excessive fluoride causes dental and skeletal fluorosis in
human beings and animals. It is essential to clarify the signal-
ing molecules in a specific osteoblast phase or cell phenotype
in skeletal fluorosis. Yang et al. [9] found that a low dose of
fluoride increased cell viability, but a high dose inhibited it.
Co-exposure to TGF-β1 inhibitor and fluoride significantly
influenced cell viability. The current study exerted 0.5 and 4
mg/L of fluoride on BMSCs and found two fluoride condi-
tions that stimulated growth and migration of cells, which
implied that the higher the fluoride concentration, the faster
the migration. BMSC migration is an essential step of bone
formation, and studies focused on BMSC migration are im-
portant to develop novel strategies to develop effective thera-
peutics against bone disease [10]. Stimulation of fluoride on
BMSC migration revealed that low doses of fluoride have an
anabolic effect on bone formation.

This study found cell proliferation trends, apoptosis, and
DNA damage in early differentiation of BMSCs under co-
exposure of fluoride and TGF-β1. Results showed that co-
treatment with a low dose of fluoride and TGF-β1 significant-
ly prompted cell proliferation, more than during early

differentiation of BMSCs. TGF-β signaling stimulates prolif-
eration, early differentiation, and commitment to the osteo-
blastic lineage through the selective MAPKs and Smad2/3
pathways [11]. Administration of TGF-β1 increased PARP
levels of BMSCs, which suggested that TGF-β1 plays an
essential role in regulating cell apoptosis induced by fluoride.
Grafe et al. [12] summarized multiple roles of TGF-β in os-
teoblast differentiation. Linked with our results, a specific low
dose of fluoride treatment slightly influenced cell proliferation
and apoptosis, and the presence of TGF-β1 altered the effect
of fluoride on early osteoblast differentiation.

In addition, the present study showed that the fluoride
concentration range that increased cell viability of late-
differentiated osteoblasts was widened with exposure to
4 days, which was similar to the viability observed for
the early-differentiated osteoblasts. Conversely, the fluo-
ride concentration range that promoted cell viability
narrowed, while the fluoride concentration range that re-
duced cell viability widened during the 7-day period.
These changes suggest that the more differentiated osteo-
blasts become, the lower their tolerance to fluoride. Most

Fig. 5 Expression of bone turnover related-proteins in osteoblasts ex-
posed to fluoride with or without TGF-β1. MC3T3-E1 cells were cul-
tured with mineral induction medium to differentiate them into osteo-
blasts. Osteoblasts were treated with 0.5 and 4 mg/L of fluoride with or
without 10 ng/mL TGF-β1 for 7 days. At the end of the treatment period,
protein levels of ALP, Runx2, and RANKL were analyzed by Western

blotting. Relative protein expression was calculated, with β-actin acting
as an internal control.A Immunoblots for ALP, Runx2, and RANKL. B–
D Quantification of protein bands showed in A. Results are expressed as
mean ± SEM (n = 3). Significant changes are indicated as follows: *P <
0.05, compared to control group;P < 0.01, compared to control group. aa,
P < 0.01, between two experimental groups
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experiments demonstrated that fluoride exerted a dual ef-
fect on bone cells that was dependent on the exposure
concentration [13, 14]. This study suggested the extent
of differentiation influenced the tolerance of osteoblasts
to fluoride concentrations, which was rarely mentioned
in previous studies.

This study analyzed bone turnover-related protein expres-
sion in late-differentiated osteoblasts. Multiple studies have
demonstrated that TGF-β1 plays a crucial role in coupling
bone formation and resorption [15]. In this study, fluoride
treatments significantly increased ALP expression. TGF-β1
treatment alone or combined with 4 mg/L of fluoride also
significantly increased ALP expression. Conversely,
TGF-β1 treatment reduced Runx2 expression, and yet fluo-
ride treatment showed little effect on it. TGF-β can activate a
negative feedback loop to inhibit its signaling via Runx2 to
reduce TGF-β responsiveness [16]. Suzuki et al. [17] demon-
strated that TGF-β1 could be an inducer or an inhibitor of
osteoblastic differentiation of MC3T3-E1 cells depending on
the phosphorylation state of Akt. Taken together, these results
are consistent with the multiple roles of TGF-β1 on osteoblast
differentiation.

In the present study, fluoride treatment also showed a slight
effect on RANKL expression, but TGF-β1 treatment in-
creased its expression. A previous study reported that
TGF-β enhanced osteoblast-lineage RANKL expression,
and recruited osteoclast precursor [18]. Morikawa et al. [19]
proposed that TGF-β1 differentially affects certain stages of
osteoblast differentiation. Here, TGF-β1 induces proliferation
of osteoblasts and increased ALP and RANKL expression,
but inhibited Runx2 expression in late-differentiated osteo-
blasts exposed to fluoride. This study precisely indicated that
TGF-β acted as a critical modulator of the process in which
fluoride affects osteoblast and osteoclast differentiation.

This study probed into Smad2/3 and Wnt10b signaling in
osteoblasts exposed to fluoride. Results showed that fluoride
mildly increased phosphorylation of Smad3, and that a com-
bination of fluoride and TGF-β1 significantly stimulated
Smad3/p-Smad3 expression. The increasing trend of p-
Smad3 expression in this study implied the cumulative effect
of TGF-β1 on fluoride-induced osteoblast differentiation. It
has been demonstrated that TGF-β increases ALP expression
and reduces Runx2 expression via the upregulation of Smad3
expression [12]. Wnt10b is regulated by Runx2 in osteoblasts

Fig. 6 Protein expression of TGF-β1 signaling pathway downstream
factors in osteoblasts exposed to fluoride with or without TGF-β1.
MC3T3-E1 cells were cultured with mineral induction medium to differ-
entiate them into osteoblasts. Osteoblasts were treated with 0.5 and 4 mg/
L fluoride with or without 10 ng/mL TGF-β1 for 7 days, respectively. At
the end of the treatment period, protein levels of p-Smad3, Smad3, and
Wnt10b were analyzed by Western blotting. Relative protein expression

was calculated, with β-actin acting as an internal control.A Immunoblots
for p-Smad3, Smad3, and Wnt10b. B–D Quantification of protein bands
showed in A. Results are expressed as mean ± SEM (n = 3). Significant
changes are indicated as follows: *P < 0.05, compared to control group;P
< 0.01, compared to control group. ##P < 0.01, compared to 10 ng/mL
TGF-β1 group. a, P < 0.05, between two experimental groups; aa, P <
0.01, between two experimental groups
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and acts as a crucial factor for osteoblast differentiation. On
the other hand, TGF-β stimulates sclerostin expression, which
inhibits Wnt signaling in bone [20]. This study showed that
fluoride treatment substantially reduced Wnt10b expression,
and that TGF-β1 alone or combined with fluoride significant-
ly inhibited it. These results implied that TGF-β probably
modulates late-stage osteoblast differentiation under fluoride
treatment via activation of Smad3 and inhibition of the
Wnt10b pathway.

In conclusion, low fluoride doses stimulated growth and
migration of early differentiated osteoblast. There was a dis-
parity of fluoride tolerance in distinct osteoblast differentia-
tion stages, and the early-differentiated cells were more resis-
tant to fluoride. TGF-β1 influenced cell proliferation and ap-
optosis in early-differentiated osteoblasts exposed to fluoride.
In late-differentiated osteoblasts, TGF-β1 played an essential
role in stimulating osteoblast and osteoclast differentiation
under fluoride treatment. The activation of Smad3 was in-
volved in the mechanism underlying TGF-β1 modulation of
fluoride-treated osteoblast differentiation and function.
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