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Autophagy may protect MC3T3-E1 cells
from fluoride-induced apoptosis
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Abstract. Fluoride is an essential trace element for all
mammalian species; however, excess fluoride intake is known
to be toxic to cells in animals and humans. The toxicity of fluo-
ride is mainly exerted via induction of apoptosis. Autophagy
is induced by numerous cytotoxic stimuli; however, it is often
unclear whether, under specific conditions, autophagy has a
pro-survival or a pro-apoptotic role. To answer this critical
question, the present study assessed autophagy and apoptosis
simultaneously in single cells. It was demonstrated that fluo-
ride was able to inhibit cell proliferation and induce apoptosis
and autophagy, whereas autophagy appeared to be protec-
tive. Further analysis revealed that MAPK/JINK-dependent
autophagy may be protective in fluoride-induced apoptosis. It
is anticipated that the presented single-cell approach may be a
powerful tool for gaining a quantitative understanding of the
complex regulation of autophagy, its effect on cell fate and its
association with other cellular pathways.

Introduction

Fluoride is an essential trace element for all mammalian
species; however, in excess, it is known to be toxic to animals
and cultured cells (1). Excessive exposure to fluoride in
drinking water, or in combination with exposure to fluoride
from other sources, may give rise to a number of adverse
effects, including dental fluorosis, skeletal fluorosis and
vascular calcification (2-4). However, the cellular mechanisms
underlying fluoride-induced cytotoxicity in osteoblasts remain
to be fully elucidated. Apoptosis induced by fluoride has
been demonstrated; however, to the best of our knowledge,
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the occurrence of fluoride-induced autophagy has not been
studied. The objectives of the present study were to determine
the effects of fluoride treatment on the viability, apoptosis and
autophagy of the osteoblastic cell line MC3T3-El, the associa-
tion between them.

Autophagy is an evolutionarily conserved lysosomal
degradation process by which cells recycle damaged/obsolete
macromolecules and organelles (5). Autophagy primarily
fulfils a survival role during adaptation to unfavorable
growth conditions or following cellular stress (6). Previous
studies also demonstrated its involvement in general
processes, including differentiation, development, defense
against pathogens, ageing, apoptosis and cell death (7-10).
Specifically, the association between autophagy and apoptosis
is close and complex. Therefore, further studies to enhance
the understanding of the molecular processes contributing to
autophagy have provided insight into the association between
autophagy and apoptosis. Recently studies suggest that
autophagy serves a largely cytoprotective role under physi-
ologically relevant conditions (11,12). The cytoprotective
function of autophagy is mediated by the negative modula-
tion of apoptosis (13); however, the mechanisms mediating
the complex counter-regulation of apoptosis and autophagy
are have yet to be fully elucidated.

In the present study, it was demonstrated that fluoride
induces apoptosis as well as autophagy in MC3T3-El cells.
Fluoride-induced autophagy may protect MC3T3-E1 cells
against fluoride-induced apoptosis. It was also demonstrated
that the expression of phosphorylated c-Jun N-terminal kinase
(p-JNK) was upregulated by fluoride, which contributes to the
induction of autophagy. These results offer an inference that
drugs targeting autophagy may improve therapy for fluoride
damage.

Materials and methods

Reagents. a-Minimal essential medium (a-MEM), peni-
cillin-streptomycin (5,000 U/ml penicillin; 5,000 U/ml
streptomycin), fetal bovine serum (FBS), rapamycin (RAPA)
and 3-methyladenine (3-MA) were obtained from Invitrogen
(Carlsbad, CA, USA). MTT dimethylsulfoxide (DMSO) and
Triton X-100 were purchased from Sigma (St. Louis, MO,
USA). Fluoride was obtained from Xinhua Pure Chemical
Industries (Shenyang, China). All reagents used were trace
element analysis grade. All water used was glass distilled.
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Cell culture. Osteoblastic MC3T3-E1 cells (CRL-2593;
American Type Culture Collection, Manassas, VA, USA) were
cultured in regular growth medium (a-MEM with 10% FBS,
and 1% penicillin/streptomycin) at 37°C in a 5% CO, incubator.
They were subcultured every three days using 0.2% trypsin
plus 0.02% EDTA. For experiments, cells were cultured for
24 h to obtain monolayers containing 3 ml a-MEM with 10%
FBS. Following rinsing of the cells with phosphate-buffered
saline (PBS), the medium was exchanged with medium
containing either sodium fluoride (NaF) or other agents and
the cells were further cultured.

MTT assay. Cell proliferation by treatment with various
concentrations of NaF during 24-72 h was detected by MTT
assay. Briefly, MC3T3-El cells were seeded into 96-well
plates (6x10° cells/well) and maintained in growth media for
24 h under 5% CO, at 37°C. At 60% confluence, the cells were
treated with (0-10 mmol/l) NaF for 24, 48 and 72 h, respec-
tively. Thereafter, 10 ul of MTT solution (5 mg/ml) was added
to each well and the cells were incubated for another 4 h at
37°C. Following the formation of formazan crystals, MTT
medium was then replaced with 150 1 of DMSO for dissolving
the formazan crystals and the plates were agitated for 5 min.
The absorbance of each well was recorded with a microplate
spectrophotometer at 570 nm. Relative cellular growth was
determined from the ratio of the average absorbance in treated
cells versus the average absorbance in control cells. The cell
viability was calculated as the ratio of optical densities.

Analysis of apoptosis. MC3T3-E1l cells were cultured at
4x10° cells/ml and seeded in six-well plates. Cells were
harvested by trypsinization, then washed twice with cold
PBS and centrifuged at 110 x g. Cells (1x103-1x10°) were then
resuspended in 300 pl of 1X binding buffer, centrifuged again
at 110 x g for 5 min and then the supernatant was removed.
Cells were resuspended in 300 pl of 1X binding buffer and
transferred to a sterile flow cytometry glass tube. 10 ul of
Annexin V-fluorescein isothiocyanate (FITC) was added and
cells were incubated in the dark for 30 min at room tempera-
ture. Then cells were incubated in the dark with 5 ul propidium
iodide (PI) and analyzed using a flow cytometer (FACSCalibur,
Becton-Dickinson, Franklin Lakes, NJ, USA). Cellular apop-
tosis was determined using the Annexin V-FITC Apoptosis
Detection kit I (Clontech Laboratories Inc, Mountain View,
CA, USA).

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) method. Following incubation with 1%
paraformaldehyde for 5 min, cells were fixed in 2:1 v/v ethanol
- acetic acid for 10 min at room temperature. Following three
washes with PBS, cells were incubated with 100 U/ml terminal
deoxyuridine transferase, 0.5 pg/ml biotinylated uridine in
1 M potassium cacodylate and 125 mM Tris-HCI, 2.5 mM
cobalt chloride (Boeringher, Mannheim, Germany), at pH 6.6
for 1 h at 37°C in a humidified chamber. Following washes,
a 1:40 solution of fluoresceinated streptavidin (Boeringher)
was incubated for 30 min at room temperature. Slides were
counter-stained with 0.3 pg/ml of PI (Sigma) in PBS for 1 min
at room temperature. An epifluorescent microscope (Ernst
Leitz, Inc., Rockleigh, NJ, USA) was used to detect apoptotic
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cells, which were quantified by counting the number of
fluorescein-positive cells relative to the total number of cells
in at least 10 microscopic fields. For each experiment 200 cells
were counted.

Preparation of proteins in the mitochondrial and cytosolic
fractions and western blot analysis. The methods for prepara-
tion of proteins in the mitochondrial and cytosolic fractions
and western blot analysis have been described previously (14).
The cells were washed twice in ice-cold PBS and resuspended
in five volumes of ice-cold extraction buffer (20 mM western
blotting Hepes-KOH, 1.5 mM MgCl,, | mM EDTA, 1 mM
ethylene glycol tetraacetic acid, I mM dithiothreitol and
0.1 mM phenylmethanesulfonyl fluoride, pH 7.5. The resus-
pended cells were homogenized with ten strokes of a Teflon
homogenizer. The homogenates were centrifuged twice at
750 x g for 10 min at 4°C. The supernatants were centrifuged
at 10,000 x g for 15 min at 4°C to obtain the mitochondrial
pellets. Cytosolic fractions were obtained following further
centrifugation at 100,000 x g for 1 h at 4°C. The protein
concentrations of the resulting supernatants and mitochon-
drial fractions were measured. The samples (10 ug protein)
were separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis with 10 and 8% polyacrylamide gel.
The following primary antibodies were used: anti-B-cell
lymphoma 2-associated x (Bax), anti-apoptosis-inducing
factor (AIF), anti-cytochrome-C, anti-p-actin (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA), anti-caspase 3,
anti-microtubule-associated protein 1 light chain 3a (LC3)
and anti-Beclin 1 (Cell Signaling Technology, Inc., Danvers,
MA, USA). These separated proteins in SDS-PAGE were elec-
trotransferred onto a Hybond-polyvinylidene fluoride (PVDF)
membrane. The individual SDS gels were distinguished by
placing the protein molecular weight markers (Invitrogen
Life Technologies, Carlsbad, CA, USA) in a different but
consistent position. The PVDF membrane was then soaked in
a blocking solution (5% nonfat milk in TBST buffer; 20 mM
Tris-HCI, pH 7.5, 0.5 M NaCl, 0.1% Tween 20) for 2 h at room
temperature. The soaked PVDF membrane was then incubated
in Tris-buffered saline/Tween 20 (TBST) containing primary
antibodies overnight at 4°C, washed with TBST buffer three
times for 5 min each and incubated at room temperature for 2 h
in TBST containing horseradish peroxidase (HRP)-conjugated
goat anti-mouse and goat anti-rabbit immunoglobulin G (IgG)
(Santa Cruz Biotechnology, Inc.). The membrane was washed
with TBST buffer three times for 10 min each. The membranes
were incubated with enhanced chemoluminescence reagent
(Pierce Biotechnology, Inc., Rockford, IL, USA) for HRP
(30 sec) and exposed to autoradiography films for visualiza-
tion of the bands. The relative amounts of various proteins
were analyzed. The results were quantified by Quantity One
Software.

Fluorescence microscopy. MC3T3-El cells were seeded into
six-well plates and incubated for 24 h. Then cells were washed
once with ice-cold PBS and fixed with 4% paraformaldehyde
for 30 min at 4°C. Following washing with PBS three times,
the cells were incubated with 1% Triton X-100 for 10 min.
The cells were blocked at nonspecific antibody binding
sites by incubating with 10% goat serum in PBS containing
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0.3% Triton X-100 and 0.5% bovine serum albumin for 30 min
at room temperature, followed by incubation with a mouse
monoclonal antibody against Beclin 1 (1:400 in PBS, Cell
Signaling Technology) overnight. Cells were incubated with
FITC-conjugated goat anti-mouse IgG (1:100 in PBS) for 0.5 h
at room temperature. Heochst 33342 was added to the cells for
15 min. Following washing three times with PBS, cells were
visualized using fluorescence microscopy.

Statistical analysis. Statistical analysis was performed using
SPSS (Version 17.0; SPSS, Inc., Chicago, IL, USA). The
experiments were repeated at least three times. Data are
expressed as the mean + standard deviation. Differences in
the results for the two groups were evaluated by the Student's
t-test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Fluoride induces MC3T3-EI cell apoptosis via a mitochon-
drial-mediated pathway. The effects of fluoride on osteoblastic
MC3T3-El cells and the mechanism(s) by which fluoride
affected MC3T3-El cell apoptosis were assessed at different
concentrations. Osteoblastic MC3T3-El cells were treated
with fluoride at concentrations ranging from 0 to 10 mM
for 24, 48 or 72 h, respectively. Cell viability assays demon-
strated that fluoride inhibited cell growth in a dose- and
time-dependent manner (Fig. 1A). The ICy,-values of fluo-
ride at 24, 48 and 72 h were 3.51, 5.02 and 6.36 mM. Cells
were treated with 5.0 mM fluoride for 0, 12 and 24 h and
apoptosis was determined by flow cytometry followed by
Annexin V/PI double staining. Flow cytometry assays demon-
strated a substantial increase in the apoptotic population
among cells treated with fluoride at 12 and 24 h (Fig. 1B).
From the results of the TUNEL assay, it was demonstrated
that apoptosis was induced following incubation of MC3T3-El
cells with fluoride. To further confirm that apoptosis was
induced by fluoride, western blot analysis was performed to
detect the expression of AIF (in cytosol), cytochrome-C (in
cytosol) and Bax (in the mitochondria) as well as caspase 3.
As displayed in Fig. 1D, the expression of Bax in mitochondria
was significantly increased in the fluoride groups compared
with the control group (P<0.01), suggesting that the trans-
location of Bax into the mitochondria was involved in cell
death induced by fluoride. Mitochondria-mediated apoptosis
comprises caspase-dependent and caspase-independent
processes, while AIF is involved in the caspase-independent
response. As displayed in Fig. 1D, the expression of AIF and
cytochrome-C in the cytosol were significantly increased in
the fluoride groups compared with the control group (P<0.01)
while the expression of Bax (in the mitochondria) was upregu-
lated in the fluoride group. These results demonstrate that
the release of AIF from the mitochondria into the cytosol
was involved in cell death. Similarly, caspase-3 was exam-
ined by western blot analysis. Levels of cleaved caspase 3 in
fluoride groups were upregulated compared with the control
group (Fig. 1F). These data indicated that fluoride-induced
apoptosis in MC3T3-El cells proceeded via a mitochondrial
pathway involving the caspase-dependent (caspase 3) and the
caspase-independent (AIF) pathways.
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Fluoride induces MC3T3-EI cell autophagy. To determine
whether mitochondrial damage was a cause or consequence
of autophagy, cells were treated with 5.0 mM of fluoride for
0,4,8,12, 16 and 24 h and the expression of Beclin 1 and
Lc3-2/1 were detected by western blot analysis. The occur-
rence of autophagy following exposure of cells to fluoride was
assessed. As shown in Fig. 2A and B, the levels of Lc3-2/1
began to increase after 8 h, peaked at 12 h, remained at this
level until 16 h and decreased after 16 h of incubation. Similar
changes were observed in regard to the expression of Beclin 1,
suggesting that fluoride not only induced apoptosis but also
induced autophagy in MC3T3-E1 cells. Cultured with fluo-
ride, autophagy was quickly activated along with apoptosis.
From the results of fluorescence microscopy, fluoride led to
enhanced levels of Beclin 1, with induction being sustained
upon fluoride stimulation compared with the control (Fig. 2C).
The fluorescence intensity in the 12 h group was greater than
that in the 24 h group. These findings indicated that fluoride
did not block autophagic flux, but induced autophagic activity.

Fluoride treatment activates JNK to induce autophagy.
Studies have shown that JNK activation promotes autophagy
in different cell lines (15,16). To investigate the role of JNK
in fluoride-induced autophagy, MC3T3-El cells were treated
with 5.0 mM fluoride for 0-24 h and the JNK level was detected
using western blotting. As displayed in Fig. 3A, incubation
with fluoride increased the phosphorylation of JNK from 8
to 16 h. However, the co-treatment with 1 kM SP600125 (an
inhibitor of the MAPK/INK pathway; concentration from
reference 17), effectively inhibited JNK phosphorylation and
suppressed fluoride-induced LC3-2 protein (Fig. 3C). These
results suggest that the MAPK/JINK pathway is involved in
to the autophagy of MC3T3-El cells induced by fluoride.
Fluoride-induced autophagy is mediated by JNK activation.

Autophagy induced by fluoride protects MC3T3-EI cells
from undergoing apoptosis. To investigate the effect of
autophagy on apoptosis, 3-methyladenine (3-MA), a potent
pharmacological inhibitor of autophagy, was used to
suppress fluoride-induced autophagy. It was demonstrated
that pretreatment with 5 mM 3-MA (the concentration
of 3-MA from reference 18 was used) was able to block
autophagy in MC3T3-El cells without significant cytotox-
icity. 3-MA itself scarcely induced apoptosis and cell death;
however it significantly increased apoptosis at 12 h following
fluoride exposure (fluoride group: 17.5%; fluoride plus 3-MA:
23.8%) (Fig. 4A). These results suggested that suppression of
autophagy by 3-MA was able to increase fluoride-induced
injury in MC3T3-El cells. By contrast, fluoride-induced
apoptosis decreased following co-treatment with 2 yM of the
autophagy-inducer RAPA (the concentration of RAPA from
reference 19 was used) relative to cells treated with fluoride
alone (Fig. 4A) (fluoride group: 17.5%; fluoride plus RAPA:
13.2%). Treatment of normal MC3T3-El cells with RAPA
or 3-MA alone did not affect cell viability (Fig. 4A). The
western blot analysis offered further evidence. The inhibitory
effect of 3-MA the inductive effect of RAPA on autophagy
in fluoride-induced apoptosis were also evaluated by western
blot analysis. The upregulation of the expression of the
apoptotic protein AIF (in the cytosol), cytochrome-C (in the
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Figure 1. Effects of fluoride on the apoptosis of MC3T3-El cells. (A) MC3T3-El cells were treated with various doses of fluoride (0-10 mM) for 24, 48 or
72 h and the cell viability was analyzed by an MTT assay. Values represent the mean + standard deviation of three independent experiments. (B) Cells were
treated with 5.0 mM fluoride for 0, 12 and 24 h and apoptosis was determined by flow cytometry followed by Annexin V-PI double staining. (C) Cells were
treated as described and apoptosis was assessed by using terminal deoxynucleotidyl transferase dUTP nick end labeling analysis. Results are a representative
of three experiments. (D) Cells were treated as described and the expression of cyto-C (in the cytosol), Bax (in the mitochondria) and AIF (in the cytosol) was
detected by western blotting. (E) The results are representative of three independent experiments. B-actin was used as a loading control ("P<0.01 vs. control).
(F) Cells were treated as described and the expression of caspase 3 was detected by western blotting. (G) The results were representative of three independent
experiments. B-actin was used as a loading control (“P<0.01 vs. control). AIF, apoptosis inducing factor; NaF, sodium fluoride; cyto-C, cytochrome C; PI,

propidium iodide; Bax, B-cell lymphoma 2 associated X.

cytosol), Bax (in the mitochondria) and cleaved caspase 3
were more apparent when cells were co-treated with 3-MA
but were attenuated by co-treatment with RAPA, as shown
in Fig. 4B-E. These results indicate that autophagy induced
by fluoride served a protective function and blockage of
autophagy enhanced the apoptotic effect of fluoride in
MC3T3-El cells.

Discussion

Fluoride is an essential trace element, which has been demon-
strated to increase bone formation and promote cell proliferation
in low concentrations for all mammalian species (20). Previous
studies demonstrated that fluoride leads to the proliferation
of osteoblasts, promotes their differentiation and modulates
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Figure 2. Effects of fluoride on the autophagy of MC3T3-El cells. (A-B) Cells were treated with 5.0 mM fluoride for 0-24 h and the expression of Beclin 1
and Lc3-2/1 were detected by western blot analysis. The results were representative of three independent experiments. 3-actin was used as a loading control.

(C) Cells were treated with 5.0 mM fluoride for 0, 12 and 24 h and the Beclin 1 protein was stained and observed under a fluorescence microscope. NaF, sodium
fluoride; LC3, microtubule-associated protein 1 light chain 3a.
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was used as a loading control. (B) Quantification of A (“P<0.01 vs.control). (C) MC3T3-El1 cells were pretreated with 10 mM of SP600125 for 1 h, followed
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Beclin 1 and anti-LC3. The results were representative of three independent experiments. $-actin was used as a loading control (D) Quantification of C
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Figure 4. Autophagy had a protective function in MC3T3-El1 cells. (A) Cells were treated with 5.0 mM of fluoride or 5 mM of 3-MA, as well as 2 M of RAPA
for 12 h or a combined treatment of 5.0 mM fluoride and 5 mM of 3-MA or 5.0 mM fluoride and 2 xM RAPA for 12 h. Apoptosis was determined by flow
cytometry followed by Annexin V-propidium iodide double staining. (B) Cells were treated as described and the expression of cyto-C (in the cytosol), Bax (in
the mitochondria) and AIF (in the cytosol) was detected by western blot analysis. (C) The results were representative of three independent experiments. 3-actin
was used as a loading control. (“P<0.01 vs. control; "P<0.05 vs. control; #P<0.05 vs. NaF group). (D) Cells were treated as described and the expression of
caspase 3 was detected by western blot analysis. (E) The results were representative of three independent experiments. 3-actin was used as a loading control.
("P<0.01 vs. control; "P<0.05 vs. control; “P<0.05 vs. NaF group). 3-MA, 3-methyladenine; RAPA, rapamycin; AIF, apoptosis inducing-factor; NaF, sodium

fluoride; cyto-C, cytochrome C; Bax, B-cel lymphoma 2-associated X.

the activity of growth factors, including insulin-like growth
factor (20). Fluoride also increases alkaline phosphatase-specific
activity and promotes bone formation in rats in vivo (21).
However, excess fluoride may give rise to a number of adverse
effects. Studies have demonstrated that excess fluoride is able to
downregulate the expression of the collagen I gene and induce

apoptosis in newborn rat osteoblasts (22). The expression of
insulin-like growth factor-I was also decreased when cultured
with high concentrations of fluoride in mouse osteoblasts (23).
Fluoride was able to induce osteoblast cell apoptosis; however,
the mechanism of apoptosis was not clear. The expression of
Bax is closely associated with mitochondrial apoptosis, which
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is important in the regulation of cell apoptosis (24). The present
study demonstrated that fluoride increased the expression of
Bax. Thus, this type of apoptosis is a mitochondria-mediated
apoptosis. Mitochondria-mediated apoptosis comprises
caspase-dependent and caspase-independent processes.
Cytochrome-C is linked to caspase-dependent apoptotic
signaling, whereas AIF is involved in the caspase-independent
response (25). The present study demonstrated that the levels
of the two proteins significantly increased in MC3T3-El1 cells
induced by fluoride. Therefore, it is hypothesized that apop-
tosis caused by fluoride appears to proceed via mitochondrial
dysfunction linked to caspase-dependent/-independent path-
ways.

The link between apoptosis and autophagy is complex
and difficult to elucidate. The process of apoptosis is often
accompanied by the occurrence of autophagy (26). The
present study demonstrated that fluoride not only induced
apoptosis but also induced autophagy in MC3T3-El cells. As
displayed in Fig. 2, the autophagy proteins, including Beclin 1
and LC3, were upregulated by fluoride. Furthermore, in
accordance with previous studies, the present study revealed
that fluoride activated autophagy by initiation of the JNK
signaling pathway (27). Autophagy is generally considered
to be a survival mechanism of cells (28). It was demonstrated
that the suppression of autophagy by 3-MA was able to
increase fluoride-induced injury in MC3T3-E1 cells. By
contrast, fluoride-induced apoptosis was decreased following
co-treatment with the autophagy-inducer RAPA. The results
suggest that autophagy is a pro-survival mechanism for
fluoride-treated MC3T3-El cells and reduces the incidence
of apoptosis, facilitating the survival of the cells. Several
mechanisms for autophagy-limiting apoptosis have been
discussed. For example, the release of B-cell lymphoma 2
and FLICE-like inhibitory protein (FLIP: A member of the
tumour necrosis factor signaling pathway and a regulator of
apoptosis) from autophagocytosis-associated protein Atg3
protein complexes may inhibit the pathways of apoptosis (29).
Hypoxia-inducible factor and autophagy are closely corre-
lated and may be important in anti-apoptotic signaling (30).
However, the precise mechanism for autophagy-mediated
anti-apoptosis remains to be elucidated and is under investi-
gation in our laboratory.
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