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Abstract
Fluoride is a persistent environmental pollutant, and its excessive intake causes skeletal and dental fluorosis. However, few 
studies focused on the effects of fluoride on osteocytes, making up over 95% of all bone cells. This study aimed to investigate 
the effect of fluoride on osteocytes in vitro, as well as explore the underlying mechanisms. CCK-8, LDH assay, fluorescent 
probes, flow cytometry, and western blotting were performed to examine cell viability, apoptosis, mitochondria changes, reac-
tive oxygen species (ROS) and mitochondrial ROS (mtROS), and protein expressions. Results showed that sodium fluoride 
(NaF) exposure (4, 8 mmol/L) for 24 h inhibited the cell viability of osteocytes MLO-Y4 and promoted G0/G1 phase arrest 
and increased cell apoptosis. NaF treatment remarkably caused mitochondria damage, loss of MMP, ATP decrease, Cyto c 
release, and Bax/Bcl-2 ratio increase and elevated the activity of caspase-9 and caspase-3. Furthermore, NaF significantly 
upregulated the expressions of LC-3II, PINK1, and Parkin and increased autophagy flux and the accumulation of acidic 
vacuoles, while the p62 level was downregulated. In addition, NaF exposure triggered the production of intracellular ROS 
and mtROS and increased malondialdehyde (MDA); but superoxide dismutase (SOD) activity and glutathione (GSH) content 
were decreased. The scavenger N-acetyl-L-cysteine (NAC) significantly reversed NaF-induced apoptosis and mitophagy, 
suggesting that ROS is responsible for the mitochondrial-mediated apoptosis and mitophagy induced by NaF exposure. These 
findings provide in vitro evidence that apoptosis and mitophagy are cellular mechanisms for the toxic effect of fluoride on 
osteocytes, thereby suggesting the potential role of osteocytes in skeletal and dental fluorosis.

Keywords Fluoride · Osteocytes · Mitochondria · Apoptosis · Mitophagy · ROS

Introduction

Fluorine, widely present as fluoride in the environment, is 
an important trace element that can be naturally found in 
soil, water, and several ailments and many products used 
in daily life. A suitable amount of fluoride has a beneficial 
effect on the growth of humans and animals [1, 2]. How-
ever, excessive fluoride accumulated in humans and animals 
has adverse effects on various organs and systems includ-
ing the kidney, liver, heart, reproductive system, nervous 
system, intestinal system, and endocrine system [1, 3–7]. 
Furthermore, excessive fluoride intake can disrupt bone 

homeostasis, which causes skeletal and dental fluorosis 
[8–10]. Patients with skeletal fluorosis display multiple 
bone lesions such as osteoporosis, osteosclerosis, calcifica-
tion of ligaments, and osteopenia [9, 10], which bring a lot 
of inconvenience to patients’ life and even affect their life 
span. Existing data have indicated that excessive fluoride can 
induce abnormal proliferation and activation of osteoblasts 
[11, 12], leading to bone turnover disorders that may cause 
bone lesions of skeletal and dental fluorosis. Meanwhile, 
excessive fluoride triggers cellular apoptosis of osteoblasts 
[13, 14], which is closely associated with osteosclerosis, 
osteoporosis, and osteomalacia. Moreover, excessive fluo-
ride intake promotes osteoclasts formation and bone loss 
[15], which increases the risk of postmenopausal osteopo-
rosis [16]. At present, the effects of fluoride on osteoblasts 
and osteoclasts are well studied, but little attention to the 
role of osteocytes, making up over 95% of the bone cells, in 
skeletal and dental fluorosis.
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Osteocytes, terminally differentiated cells embedded in the 
mineralized bone matrix, orchestrate bone remodeling by regu-
lating the activities of osteoblasts and osteoclasts located on the 
bone surface [17, 18]. It has been demonstrated that ablation of 
osteocytes induced osteoporosis with the deterioration of bone 
microstructure [18]. Notably, osteocytes death by apoptosis is 
implicated in several key pathological factors, such as estrogen 
deficiency, mechanical unloading, aging, excessive glucocorti-
coids, and periprosthetic osteolysis [19–23], which has a link 
to resorption-associated bone fragility and bone destruction 
[20, 23]. As for the relationship between fluoride and osteo-
cytes, Jiang et al. reported that excessive fluoride exposure sig-
nificantly promoted apoptosis of osteocyte-like IDG-SW3 cells 
[24], which both reduces osteoblastic bone formation through 
sclerostin upregulation and increases osteoclastic bone resorp-
tion through receptor activator of nuclear factor-κB ligand 
(RANKL) production, and ultimately leading to osteoporosis 
and osteoarthritis. More importantly, excessive fluoride intake 
also can decrease the activity of osteocytes in skeletal fluorosis 
of femur rats [25]. These observations suggest that osteocytes 
may be involved in regulating the occurrence and development 
of skeletal fluorosis. However, the detailed mechanism by which 
fluoride induces osteocytes death remains unknown.

In addition to apoptosis contributing to the toxicity of skel-
etal health, some recent studies have shown that mitophagy 
often happens to damaged mitochondria following exposure 
to environmental pollutants including aluminum, Cr (VI), 
fluoride, and carbon black [26–29]. Mitophagy, the mito-
chondrial selective autophagy, targets damaged mitochondria 
for degradation through receptor-mediated mechanisms. Its 
occurrence is strictly regulated by PTEN-induced putative 
kinase 1 (PINK1) and Parkin, which accumulates on the outer 
membrane of damaged mitochondria and stabilizes mitochon-
drial depolarization [30, 31]. Sufficient investigations have 
indicated that several mitochondrial proteins ubiquitinated by 
Parkin can bind to the phagophore by either direct binding 
to the autophagic adaptor protein light chain 3-II (LC3-II) or 
through p62, which contains an LC3 interacting domain to 
bind to LC3 and then promote mitophagy [31]. Mitophagy is 
generally believed to play protective roles under normal and 
disease conditions. However, emerging evidence suggests that 
mitophagy can become detrimental, leading to cell death under 
certain conditions [32, 33]. For example, mitophagy is required 
for the development of bone metabolic disorders such as osteo-
porosis and apical periodontitis. In type 2 diabetes-related oste-
oporosis, activation of mitophagy can inhibit osteoblasts via-
bility through multiple components of the mitophagy pathway 
in vitro or in an animal model [32]. Also, Yang et al. reported 
that hypoxia could induce mitochondrial dysfunction of osteo-
blasts and stimulate mitophagy, resulting in bone loss in a rat 
model of apical periodontitis [33]. Furthermore, the level of 
mitophagy was increased by hypoxia in osteocytes MLO-Y4, 
which was alleviated by dexamethasone administration [34]. 

Nevertheless, whether the toxicity of fluoride to osteocytes is 
associated with mitophagy is still unclear.

Oxidative stress is the main pathogenic mechanism of 
abnormal bone metabolism and refers to the imbalance 
between reactive oxygen species (ROS) and antioxidant 
defense in the body or cells [26, 35]. ROS as “free radicals” 
are mainly produced in the mitochondria, which was the 
target organelle of ROS attack. The excessive accumula-
tion of ROS is an inevitable side effect of mitochondrial 
respiration that increases the permeability of the mitochon-
drial membrane, resulting in mitochondria damage, mito-
chondrial dysfunction, and cell death [36]. Especially, the 
damaged mitochondria can be specifically encapsulated 
by autophagosomes and fused with lysosomes [31], which 
leads to mitophagy activation. Currently, most research has 
shown that environmental pollutants like aluminum could 
cause different degrees of oxidative damage and excessive 
ROS production [26], which affects mitochondria function 
and stimulates mitophagy, thereby exerting an obvious toxic 
effect on osteoblasts and bone impairment. However, the 
relationship between oxidative stress and mitophagy and 
how their interaction affects fluoride-induced osteocytes 
death requires further clarification.

The purpose of the present study was to investigate the 
effects of fluoride on the cell viability of osteocytes MLO-
Y4, the generation of ROS and mitochondria ROS, cell 
cycle distribution, apoptosis, mitochondrial damage, and 
mitophagy. Our results demonstrate that fluoride exposure 
provokes mitochondria-mediated apoptosis and increased 
mitophagy in osteocytes MLO-Y4, which is mediated by 
increasing ROS production.

Materials and Methods

Culture of Osteocytes MLO‑Y4

The murine long bone-derived osteocyte-like MLO-Y4 cells 
were kindly provided by Dr. Lynda Bonewald (University 
of Missouri-Kansas City, MO, USA). Cells were cultured 
in α-MEM culture media supplemented with 2.5%FBS, 
2.5%CS, and 1% penicillin–streptomycin and incubated in 
a humidified incubator at 37 °C with 95% humidity and 5% 
 CO2, as we described previously [35, 37].

CCK‑8 Assay

The cell viability was examined using a CCK-8 kit accord-
ing to the manufacturer’s instructions. Briefly, MLO-Y4 cells 
(1 ×  104 cells/mL) were seeded into a 96-well culture plate and 
treated with NaF (0, 0.25, 0.5, 2, 4, 8, 10 mmol/L) for 24 h. 
After removing the supernatant, CCK-8 solution (10 µL) was 
added to each well of the plate. Then, cells were incubated at 
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37 °C for 1 h, and the OD values were measured at 450 nm 
using a 680 iMark microplate reader (Bio-Rad, USA).

Determination of Lactate Dehydrogenase (LDH) 
Release

LDH, an indicator of cell membrane permeability, measured 
the release of LDH using the LDH assay kit according to 
the manufacturer’s instruction. MLO-Y4 cells were treated 
with NaF (0, 4, 8 mmol/L) for 24 h. The supernatants were 
transferred into a new 96-well plate and incubated with LDH 
working reagent for 30 min. The OD values were detected at 
450 nm using a 680 iMark microplate reader (Bio-Rad, USA).

Calcein‑AM Staining

MLO-Y4 cells were treated with NaF (0, 4, 8 mmol/L) for 
24 h. Afterward, cells were washed twice in PBS and incu-
bated with Calcein-AM (5 µmol/L) at 37 °C for 15 min in the 
dark. Cells were washed and visualized using a fluorescence 
microscope (Leica DM 3000, Wetzlar, Germany) at an exci-
tation/emission wavelength of 488/517 nm.

Hoechst 33,342 Staining

MLO-Y4 cells were treated with NaF (0, 4, 8 mmol/L) for 
24 h. Then, cells were washed twice in PBS, fixed with 4% 
paraformaldehyde for 10 min, and washed 3 times in PBS. 
Subsequently, the cells were stained with Hoechst 33,342 
(5 µg/mL) at room temperature for 10 min in the dark. Cells 
were washed in PBS and visualized using a light microscope 
(Leica 300, Wetzlar, Germany) with an excitation/emission 
wavelength of 351/461 nm.

Cell Cycle Analysis

MLO-Y4 cells were treated with NaF (0, 4, 8 mmol/L) for 
24 h, collected, and fixed in pre-cooled 75% ethanol. Then, 
cells were washed in PBS and stained with propidium iodide 
(PI, 50 µg/mL) for 5 min in the dark. The DNA content was 
detected by flow cytometry (BD Biosciences, Bedford, MA, 
USA) at 488 nm. The data were analyzed using CellQuest 
software (BD Biosciences, NJ, USA), and the percentage in 
the G0/G1 phase and the G2/M phase were calculated using 
the MODFIT software.

Detection of Cell Apoptosis

MLO-Y4 cells were treated with NaF (0, 4, 8 µmol/L) for 
24 h. Cells were collected and stained with Annexin V/PI 
(5 µg/mL) for 15 min in the dark. Then, cells in each tube 

were added 200 µL binding buffer and analyzed using a 
FACSCalibur (BD Biosciences, Bedford, MA, USA). At 
least 10,000 cells were analyzed in each sample, and the 
percentage of apoptosis was performed using CellQuest soft-
ware (Becton–Dickinson, USA).

Measurement of Caspase‑3 and Caspase‑9 Activities

MLO-Y4 cells were treated with NaF (0, 4, 8 mmol/L) for 
24 h and collected to detect the activity of caspase-3 and 
caspase-9 using the commercial kits, according to the manu-
facturer’s instructions.

Detection of Autophagosome Flux

Autophagy flux was detected using a Cyto-ID autophagy 
detection kit according to the manufacturer’s instructions. 
MLO-Y4 cells were treated with NaF (0, 4, 8 mmol/L) for 
24 h. Then, the treated cells were collected and stained with 
the diluted Cyto-ID solution at 250 µL at room temperature 
for 30 min in the dark. The green fluorescent Cyto-ID inten-
sity was analyzed using a FACSCalibur (BD Biosciences, 
Bedford, MA, USA) at 488 nm.

Lysosomes Detection with LysoTracker Red Staining

MLO-Y4 cells (1 ×  104 cells/mL) were treated with NaF (0, 
4, 8 mmol/L) for 24 h. The treated cells were incubated with 
LysoTracker Red, a lysosomotropic probe (50 nmol/L, Inv-
itrogen), for 30 min at 37 °C and photographed using a fluo-
rescence microscope (Leica DM3000, Wetzlar, Germany).

Detection of Intracellular Adenosine Triphosphate 
(ATP) Content

MLO-Y4 cells were treated with NaF (0, 4, 8 mmol/L) for 
24 h, and the concentrations of intracellular ATP were meas-
ured using an ATP assay kit following the manufacturer’s 
protocols.

Evaluation of Mitochondrial Membrane Potential 
(MMP)

The MMP level was measured with a JC-1, a lipophilic 
probe that potential-dependently accumulated in mitochon-
dria, and its fluorescence emission shifted from red (590 nm, 
J-aggregates) to green (525 nm, J-monomers) when MMP 
was decreasing. In brief, MLO-Y4 cells were treated with 
NaF (0, 4, 8 mmol/L) for 24 h, rinsed twice in PBS, and 
then stained with JC-1 (1 µmol/L) for 20 min at 37 °C in 
the dark. The fluorescence images of J-monomers (red) 
and J-aggregates (green) were obtained using a Leica 300 
fluorescent microscope (Wetzlar, Germany). In addition, the 
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NaF-treated MLO-Y4 cells were ingested and collected to 
quantitatively analyze the level of MMP using flow cytom-
etry (BD Biosciences, NJ, USA). For statistical significance, 
at least 10,000 cells were analyzed in each sample.

Observation of Mitochondrial Structure

MLO-Y4 cells were treated with NaF (0, 4, 8 mmol/L) 
for 24 h. Afterward, cells were washed in PBS twice and 
incubated with MitoTracker Green (1 µmol/L) for 15 min 
in the dark. The fluorescence images of mitochondria were 
obtained under a Leica 300 fluorescent microscope (Wetzlar, 
Germany).

Measurement of Intracellular ROS and mtROS

The level of intracellular and mtROS was examined by the 
uptake of dichlorodihydrofluorescein diacetate (DCFH-DA) 
Green and MitoSOX Red, according to our previous report 
[35, 37]. Briefly, MLO-Y4 cells were treated with NaF (0, 
4, 8 mmol/L) for 6 h. Thereafter, cells were incubated with 
DCFH-DA (10 µmol/L) and MitoSOX (5 µmol/L), respec-
tively, at 37 °C for 30 min in the dark, and washed twice in 
PBS. Images were acquired using a Leica DM 3000 fluores-
cent microscope (Leica, Wetzlar, Germany). To quantitate 
the levels of ROS and mtROS, the green and red fluores-
cences were detected by a FACSCalibur (Beckman Coulter, 
Brea, CA, USA).

Evaluation of Malondialdehyde (MDA) Content, 
Glutathione (GSH) Level, and Superoxide Dismutase 
(SOD) Activity

MLO-Y4 cells were treated with NaF (0, 4, 8 mmol/L) for 
24 h. After removing the supernatants, MDA content, GSH 
level, and SOD activity were examined using commercial 
detection kits according to the manufacturer’s instructions.

Preparation of Protein Exacts and Western Blot 
Analysis

MLO-Y4 cells were treated with NaF (0, 4, 8 mmol/L) for 
24 h. The cells were collected and lysed in ice-cold RIPA 
buffer containing PMSF and phosphatase inhibitors. Then, 
the samples were separated by 12% SDS-PAGE and trans-
ferred electrophoretically onto a PVDF membrane. The 
membrane was blocked in TBST with 5% BSA for 2 h and 
incubated with the primary antibodies against cyclin D1, 
proliferating cell nuclear antigen (PCNA), cytochrome c 
(Cyto-c), Bcl-2, Bax, microtubule-associated protein light 
chain  3 (LC-3) II, p62, PTEN-induced putative kinase 
(PINK)1, Parkin, and β-actin at 4 °C overnight. After being 
washed in TBST, the membrane was incubated with HRP 

conjugated goat anti-rabbit-IgG secondary antibody at 37 °C 
for 2 h. After washing in TBST again, the protein bands 
were detected using the ECL chemiluminescence detection 
system. Densitometric analysis was analyzed using Quality 
One 4.50 (Bio-Rad, USA).

Statistical Analysis

All statistical analyses were performed using the Graph-
Pad Prism 7 (GraphPad Software, Inc., La Jolla, CA, 
USA). Quantitative data were expressed as means ± SD 
and represented the results of at least three independent 
experiments. Statistical significance was determined using 
the unpaired Student’s t-test between the two groups. For 
comparison among multiple groups, the one-way analysis 
of variance (ANOVA) was used. P < 0.05 was considered 
significant.

Results

NaF Exposure Caused Cell Death of Osteocytes 
MLO‑Y4

To observe the cytotoxic effect of NaF exposure on MLO-
Y4 cells, CCK-8, LDH release, and Calcein-AM staining 
were performed. As shown in Fig. 1, MLO-Y4 cells showed 
no obvious cytotoxicity when exposed to low doses of NaF 
(< 2 mmol/L) for 24 h (Fig. 1A). However, when the con-
centrations of NaF increased to 2–10 mmol/L, NaF exposure 
caused a remarkable cytotoxic effect and elevated release of 
LDH (Fig. 1B), resulting in evident morphological altera-
tions characterized by cellular shrinkage, reduction of cell 
volume, and density (Fig. 1C). Furthermore, the adverse 
effect was in a dose-dependent manner. In addition, we 
determined that the  IC50 value of NaF was almost 8 mmol/L 
for 24 h in MLO-Y4 cells. Therefore, we chose the test dose 
of NaF (4 mmol/L, 8 mmol/L) based on the  IC50 value in our 
following mechanism experiments.

NaF Exposure Promoted G2/M Phase Arrest 
and Apoptosis in MLO‑Y4 Cells

To investigate whether NaF exposure affected the progres-
sion of the cell cycle, MLO-Y4 cells were treated with NaF 
(0, 4, 8 mmol/L) for 24 h, and cell cycle distribution was 
evaluated using flow cytometry to analyze cellular DNA 
content. As shown in Fig. 2A, NaF exposure remarkably 
blocked the cell cycle progression in the G2/M phase and 
increased the percentage of cells in the G2/M phase, with the 
proportion in G2/M phase cells rising from 10.48 (control) 
to 11.53% (0.5 mmol/L) or 21.57% (2 mmol/L) (Fig. 2A and 
B). Moreover, NaF exposure decreased the levels of cell 
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cycle-associated proteins cyclin D1 and PCNA (Fig. 2C), 
and NaF (8 mmol/L) suppressed protein expressions of cyc-
lin D1 and PCNA more obviously, and they were reduced to 
37.72% and 57.48% of control, respectively (Fig. 2D and E). 
In addition, chromatin condensation assays with PI staining 

demonstrated NaF-induced nuclear apoptosis. Untreated 
cells were uniformly stained with round nuclei, while the 
NaF-treated MLO-Y4 cells showed typical apoptotic changes 
such as nuclear enrichment, nuclear brightening, and frag-
mentation (Fig.  3A). Flow cytometric analysis further 

Fig. 1  NaF exposure caused 
cell death of MLO-Y4 cells. 
MLO-Y4 cells were treated 
with various concentrations 
of NaF (0, 0.25, 0.5, 1, 2, 4, 8, 
10 mmol/L) for 24 h, and the 
cell viability was examined by 
A CCK-8, B LDH release assay, 
and C Calcein-AM staining. 
Quantitative data are presented 
as mean ± SD of four independ-
ent experiments. The unpaired 
Student’s t-test was conducted. 
*P < 0.05 and **P < 0.01 com-
pared with the control group

Fig. 2  NaF exposure pro-
moted cell cycle G2/M arrest 
in MLO-Y4 cells. MLO-Y4 
cells were treated with NaF 
(0, 4, 8 mmol/L) for 24 h, and 
A and B the distribution of 
the cell cycle was determined 
by flow cytometry; C protein 
levels of cyclin D1 and PCNA 
were examined using western 
blotting; D and E densitomet-
ric data were quantified using 
Quality One 4.50. Quantitative 
data are presented as mean ± SD 
of four independent experi-
ments. The unpaired Student’s 
t-test was conducted. *P < 0.05 
and **P < 0.01 compared with 
the control group
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revealed that NaF indeed increased apoptosis of MLO-Y4 
cells (Fig. 3B and C), and the numbers of apoptosis were 
increased from 3.90 (control) to 10.63% (4 mmol/L) and 
23.28% (8 mmol/L). Then, NaF exposure induces apoptotic 
cell death in MLO-Y4 cells.

NaF Exposure Caused Mitochondria Damage 
and Triggered Mitochondria‑Dependent Apoptosis 
in MLO‑Y4 Cells

Mitochondria play a vital major role in apoptosis trig-
gered by many stimuli including fluoride [38]. To ascertain 
whether mitochondrial alterations occurred in the process 
of NaF-induced apoptotic cell death of MLO-Y4 cells, 
we examined the level of MMP and ATP production and 

mitochondrial morphological alterations in MLO-Y4 cells. 
As shown in Fig. 4, NaF exposure dose-dependently caused 
loss of MMP, with an increase in green fluorescence and 
a decline in red fluorescence. In the NaF-treated groups, 
the green fluorescence intensities were increased to 78.82% 
(4 mmol/L) and 42.56% (8 mmol/L) of control, respectively 
(Fig. 4A and B). Moreover, NaF exposure reduced the pro-
duction of intracellular ATP (Fig. 4D) in MLO-Y4 cells 
and disrupted the mitochondrial structure, converting the 
mitochondrial tubular shape to punctate dot-like fragments 
(Fig. 4B). Western blotting data showed that NaF treatment 
significantly upregulated Bax/Bcl-2 ratio and Cyto c release 
and increased the activities of caspase-3 and caspase-9 
(Fig. 4E–I). These observations suggest that NaF exposure 
induces the release of cytochrome c from the mitochondria 

Fig. 3  NaF exposure increased cellular apoptosis in MLO-Y4 cells. 
MLO-Y4 cells were treated with NaF (0, 4, 8 mmol/L) for 24 h, A 
labeled with Hoechst 33,342, and observed using a Nikon 300 light 
microscope; B and C cells were stained with Annexin-V/PI double 

staining and subjected to cytometric analysis for apoptosis. Quanti-
tative data are presented as mean ± SD of three independent experi-
ments. The unpaired Student’s t-test was conducted. **P < 0.01 com-
pared with the control group
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to the cytosol and confirms the occurrence of mitochondria-
dependent intrinsic apoptosis in MLO-Y4 cells.

NaF Exposure Increased Mitophagy in MLO‑Y4 Cells

PINK1, Parkin, LC3, and p62 are central autophagy-related 
proteins involved in mitophagy [27–29, 32]. We identi-
fied that NaF exposure significantly induced activation 
of mitophagy and upregulated the expression of LC3-II, 

PINK1, and Parkin (Fig. 5A–D), compared with control 
group; while the level of p62 was reduced in NaF-treated 
cells (Fig.  5A  and E). To monitor autophagy flux and 
autophagic acidic compartments, the Cyto-ID autophagy 
detection kit and the LysoTracker Red probe were per-
formed. The flow cytometric data indicated that NaF expo-
sure increased autophagy flux, and the Cyto-ID green fluo-
rescent intensities were increased from 19.05 (control) to 
24.01% (4 mmol/L), to 34.39% (8 mmol/L) (Fig. 5F and G). 

Fig. 4  NaF exposure caused mitochondrial damage and triggered 
mitochondrial-dependent apoptosis in MLO-Y4 cells. MLO-Y4 cells 
were treated with NaF (0, 4, 8 mmol/L) for 24 h, and A and C the 
level of MMP was detected by a Nikon 300 light microscope and 
flow cytometry using JC-1 staining; B mitochondrial morphological 
changes were observed by MitoTracker Green staining; D ATP con-
tent was examined by a luminometer; E and G protein expressions of 

Bcl-2, Bax, and cytochrome C were examined by western blotting; F 
the ratio of Bax/Bcl-2 was quantified using Quality One 4.50. H and 
I the activities of caspase-3 and caspase-9 were examined by ELISA. 
Quantitative data are presented as mean ± SD of four independent 
experiments. The unpaired Student’s t-test was conducted. *P < 0.05 
and **P < 0.01 compared with the control group
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Fluorescent staining showed that NaF significantly acceler-
ated the accumulation of acidic vacuoles and increased the 
percentages of cells with red-stained lysosomes (Fig. 5H), 
which was similar to those results of flow cytometric analysis 
and immunoblotting (Fig. 5A–G). These results suggest that 
NaF exposure caused cell damage or even death of MLO-Y4 
cells, closely associated with increasing mitophagy.

NaF Exposure Promoted ROS Production 
and Induced Oxidative Stress in MLO‑Y4 
Cells

ROS are produced in mitochondria, and excessive ROS 
generated leads to apoptosis and mitophagy [26]. To bet-
ter understand the role of ROS in regulating NaF-induced 
apoptosis and mitophagy in MLO-Y4 cells, we examined the 
levels of intracellular ROS and mtROS after NaF treatment 
for 6 h. Fluorescence data and flow cytometric analysis dem-
onstrated that NaF exposure dose-dependently triggered the 
production of intracellular ROS and mtROS (Fig. 6A–D). 
Moreover, NaF treatment significantly increased MDA con-
tent (Fig. 6E), while it reduced SOD activity and GSH level 
(Fig. 6F and G). Thus, NaF exposure triggers ROS genera-
tion and induces oxidative stress, which may increase cell 
apoptosis and mitophagy in MLO-Y4 cells.

ROS Contributed to Cell Apoptosis 
and Mitophagy Caused by NaF in MLO‑Y4 
Cells

As expected, the ROS scavenger N-acetylcysteine (NAC) 
remarkably reversed mitochondrial damage and cell apop-
tosis caused by NaF exposure (Fig. 7A and B). Moreo-
ver, NAC significantly inhibited NaF-induced mitophagy, 
shown by lower expressions of LC-3II, PINK1, and Parkin 
(Fig. 7C–F), and obvious reductions in autophagy flux and 
the accumulation of acidic vacuoles (Fig. 7G and H). These 
data strongly confirm that the excess ROS induced by NaF 
exposure can trigger cell apoptosis and mitophagy in MLO-
Y4 cells.

Discussion

Fluorine, an active element, is essential for the proper devel-
opment of bones and teeth [1, 8, 9]. Nevertheless, excessive 
fluoride intake may disturb bone turnover, which causes 
skeletal and dental fluorosis as it induces aberrant activa-
tion of osteoblasts in the early stage [10–12]. Furthermore, 

higher levels of fluoride cause cellular apoptosis of osteo-
blasts and promote osteoclastic bone loss [13–15]; this ulti-
mately results in abnormity metabolism of bone in mice with 
skeletal fluorosis. In comparison to studies on the relation-
ship between fluoride and osteoblasts and osteoclasts, little 
data is available on how it affects osteocytes comprising 
more than 95% of the bone cells [17, 18]. Here, we reported 
that NaF exposure increased the generation of intracellular 
ROS and mtROS, provoked mitochondria-mediated apopto-
sis, and increased mitophagy in MLO-Y4 cells; pretreatment 
with the ROS scavenger NAC significantly prevented NaF-
induced apoptosis and mitophagy. Our results first reveal 
that ROS-mediated apoptosis and mitophagy are the cel-
lular mechanisms for the toxic effect of NaF on osteocytes, 
thereby helping our understanding of the potential role of 
osteocytes in skeletal and dental fluorosis.

In the present study, we first demonstrated that NaF (4, 
8 mmol/L) treatment for 24 h dose-dependently decreased 
cell viability and elevated LDH level and morphological 
alterations, implying that NaF exposure can cause cell mem-
brane damage, increase LDH release, and eventually lead 
to cell death in MLO-Y4 cells. The cytotoxic effects were 
similar to the effect of NaF on osteoblast and osteoclast pre-
cursor RAW 264.7 macrophages [13–15], whereas the mini-
mum concentrations of NaF required for inducing cell death 
of MLO-Y4 cells were higher than that of NaF on the above 
cells [13–15]. These investigations suggest that osteocytes 
may be less sensitive to cytotoxicity induced by NaF than 
osteoblasts and osteoclast precursors [13–15]. Moreover, 
NaF exposure induced G0/G1 phase arrest and increased 
the percentage of apoptosis in MLO-Y4 cells, which can 
release multiple osteoclastogenic factors including TNF-α 
and IL-6 to recruit osteoclasts and accelerate bone loss [23, 
39]. These pro-apoptotic effects were consistent with a pre-
vious finding observed in another osteocyte-like line, IDG-
SW3 after NaF treatment [24]. But the experimental concen-
trations of fluoride-induced apoptosis of MLO-Y4 cells were 
much higher than those of fluoride (16 mg/L, approximately 
0.4 mmol/L) on IDG-SW3 cells [24]; what causes these dif-
ferences still needs further investigation in the future. Based 
on this information, we speculate that NaF exposure can 
cause cell apoptosis of MLO-Y4 cells. However, the exact 
death mechanisms are still not investigated.

It is well known that the intrinsic apoptosis pathways 
are mitochondria-initiated events and involve a diverse 
array of non-receptor-mediated stimuli including fluoride, 
free radicals, and hypoxia [25, 38, 40]. These stimuli target 
the inner mitochondrial membrane and lead to the opening 
of the mitochondrial permeability transition pores, loss of 
the MMP, ATP synthesis reduction, and the translocation 
of Bax into mitochondria, thereby causing the release of 
Cyt c from the mitochondria into the cytosol [25, 41, 42]. 
Once released into the cytoplasm, Cyt c can bind other 
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Fig. 5  NaF exposure induced mitophagy in MLO-Y4 cells. MLO-
Y4 cells were treated with NaF (0, 4, 8 mmol/L) for 24 h. A Protein 
expressions of LC-3II, p62, PINK1, and Parkin were examined by 
western blotting; B, C, D, and E densitometric data were quanti-
fied using Quality One 4.50; G autophagy flux was detected by flow 
cytometry using the Cyto-ID autophagy detection kit, and F Cyto-

ID fluorescence intensity was represented; H the accumulation of 
acidic vesicles was observed using LysoTracker Red staining. Quan-
titative data are presented as mean ± SD of five independent experi-
ments. The unpaired Student’s t-test was conducted.  *P < 0.05 and 
**P < 0.01 compared with the control group
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molecules, form an apoptotic body to activate caspase-3 
and caspase-9, and trigger apoptosis [42]. Most studies 
have revealed that either directly or indirectly fluoride 
exposure damages mitochondrial membrane integrity 
[43], reduces the overall activity of the mitochondria, 
inhibits cellular respiration, and triggers leakage of free 
radicals and cytochrome c, ultimately inducing oxidative 
damage [44]. In addition, fluoride reduces intracellular 
ATP synthesis and triggers the c-Jun N-terminal kinase 
(JNK)-mediated apoptosis, which may lead to impairment 
of ameloblast function and dental fluorosis [45]. In the 
present study, we found that NaF exposure also caused 
mitochondrial damage, as observed by loss of MMP, intra-
cellular ATP reduction, and a large number of mitochon-
drial fragments. Moreover, exposure to NaF upregulated 
the Bax/Bcl-2 ratio and promoted Cyt c released, which 
increased the enzymatic activity of caspase-9 and cas-
pase-3, thereby initiating the mitochondria-mediated apop-
tosis pathway [25, 38–42]. Taken together, this evidence 

demonstrates that NaF exposure promotes cell apoptosis 
through the mitochondria-mediated signaling pathway.

Recently, several studies have demonstrated that 
mitophagy is responsible for the toxicity of environ-
mental pollutants to skeletal health, especially on bone 
cells [26–29]. Mitophagy can regulate the proliferation, 
differentiation, and function of osteoblasts under type 2 
diabetes, hypoxia, and aluminum-overload stress [26, 32, 
33]; Increasing mitophagy level leads to low bone mass, 
osteoporosis, and apical periodontitis [32, 33]. Moreo-
ver, a previous in vitro study reported that mitophagy 
in osteocytes was remarkably increased by hypoxia, 
which led to osteoclastogenesis and bone loss in dexa-
methasone-induced osteonecrosis of the femoral head 
[34]. In agreement with these results, NaF exposure also 
increased the levels of mitophagy-associated proteins 
like LC3II, PINK1, and Parkin, together with a declined 
expression of p62, which interacts with LC3II, and is 
degraded in autophagolysosomes [26, 27]. Furthermore, 

Fig. 6  NaF exposure promoted ROS generation and caused oxidative 
stress in MLO-Y4 cells. MLO-Y4 cells were treated with NaF (0, 4, 
8 mmol/L) for 6 h, and A and B the levels of intracellular ROS were 
examined by DCFH-DA fluorescence staining using a Nikon 300 
light microscope and flow cytometry; C and D the levels of mtROS 
were examined by MitoSOX fluorescence staining using a Nikon 300 

light microscope and flow cytometry; E, F, and G the MDA content, 
SOD activity, and GSH level were determined by chemical color-
imetry. Quantitative data are presented as mean ± SD of three inde-
pendent experiments. The unpaired Student’s t-test was conducted. 
**P < 0.01 compared with the control group



4004 Y. Zhang et al.

1 3

Fig. 7  Effect of NAC on NaF-induced apoptosis and mitophagy in 
MLO-Y4 cells. MLO-Y4 cells were pretreated with NAC (2 mmol/L) 
for 2  h and then incubated with NaF (0, 4, 8  mmol/L) for 24  h. A 
Mitochondrial morphological changes were observed by MitoTracker 
Green staining. B Cell apoptosis was determined by Annexin-V/
PI double staining using flow cytometry; C the protein expressions 
of LC-3II, PINK1, and Parkin were detected by western blotting; D, 
E, and F densitometric analysis was analyzed by Quality One 4.50; 

G autophagy flux was detected by flow cytometry using the Cyto-ID 
autophagy detection kit; H the accumulation of acidic vesicles was 
observed using LysoTracker Red staining. Quantitative data are pre-
sented as mean ± SD of three independent experiments. The unpaired 
Student’s t-test or one-way ANOVA was conducted. **P < 0.01 
compared with the control group; ##P < 0.01 compared with NaF 
(8 mmol/L)-treated group
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NaF promoted the elevation of the autophagy flux and the 
accumulation of acidic vacuole, implying that autophago-
somes fuse with lysosomes to form autolysosomes. These 
results indicate that excessive fluoride induces autophagy 
in the form of mitophagy. The acidic vacuole releases its 
contents through autophagic flux into the microenviron-
ment of osteocytes, and it may induce matrix proteolysis 
and demineralization of bone around osteocytes that over 
time may lead to localized bone destruction. Hence, we 
speculate that, in addition to apoptosis, mitophagy may 
be another novel pathway mediating fluoride-induced cell 
death of osteocytes.

ROS have been considered to be a driving force for 
apoptosis and mitophagy as they induce the permeability 
of the mitochondrial membrane, damage the respiratory 
chain, and ultimately trigger the apoptotic and mitophagic 
signal pathways [25–27, 44]. Current literature described 
that the induction of massive ROS directly related to the 
mitochondria-dependent apoptosis and activation of the 
PINK1/Parkin pathway, which exerted obvious toxicity 
to osteoblasts and led to abnormal bone metabolism [46, 
47]. Meanwhile, Li et al. reported that fluoride exposure 
triggered the generation of ROS and increased oxidative 
stress, associated with fluoride toxicity on bone [48]. 
Similar to these observations, this study showed that NaF 
exposure increased the production and accumulation of 
intracellular ROS and mtROS and elevated the levels of 
MDA together with the reductions in SOD activity and 
GSH content, which promotes oxidative stress response. 
This oxidative damage, in turn, can stimulate the produc-
tion of ROS and mtROS [36, 45] and then accelerate cell 
death of MLO-Y4 cells. More importantly, inhibition of 
ROS generation with the ROS scavenger NAC remark-
ably decreased the number of apoptosis and mitochon-
dria damage caused by fluoride exposure, suggesting that 
NAC is protected against fluoride-induced mitochondria-
mediated apoptosis. With further investigation, we found 
that NAC pretreatment has also been shown to attenuate 
fluoride-induced mitophagy response, shown by lower 
expressions of LC-3II, PINK1, and Parkin and the recov-
ery of mitochondrial function. Thus, NaF can induce the 
generation of ROS, which triggers the mitochondria-
mediated apoptosis mitophagy caused by fluoride expo-
sure in MLO-Y4 cells.

Conclusion

The present study suggests that NaF directly promoted the 
production of intracellular ROS and mtROS, triggered G2/M 
phase arrest, and ultimately led to mitochondria-mediated 
apoptosis and mitophagy in MLO-Y4 cells. These cytotoxic 
effects were reversed by the ROS scavenger NAC, implying 

that NaF exposure induces apoptosis and mitophagy via 
increasing ROS production. This study first provides in vitro 
evidence that apoptosis and mitophagy are cellular mech-
anisms for the toxic effect of NaF on osteocytes, thereby 
advancing our understanding of the potential role of osteo-
cytes in skeletal and dental fluorosis.
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