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Sodium fluoride induces apoptosis through the downregulation of
hypoxia-inducible factor-1o in primary cultured rat chondrocytes
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Abstract. It has been reported that sodium fluoride (NaF)
suppresses the proliferation and induces apoptosis of chon-
drocytes. However, the cellular and molecular mechanisms of
the effect have not been elucidated. Therefore, the aim of this
study was to evaluate the mechanisms of the effects of NaF on
primary cultured rat chondrocytes in vitro. Chondrocytes were
treated with NaF at concentrations of 0, 1.5, 2.0, 2.5, 3.0, 3.5
and 4.0 mM. Cell viability decreased and the rate of apoptotic
cells increased significantly with the gradient concentration of
NaF in a time- and dose-dependent manner. Electron micros-
copy revealed cytoplasmic, organelle and nuclear alterations
in the ultrastructure of chondrocytes exposed to various NaF
concentrations. The cell cycle distribution was analyzed by flow
cytometry, and the results indicated that NaF induced G2 cell
cycle arrest. Western blotting was used to detect the apoptotic
pathways. Downregulation of the Bcl-2 protein and upregulation
of Bax, cleaved caspase-9, -12 and -3 proteins suggested that
NaF was capable of inducing apoptosis through the mitochon-
drial and endoplasmic reticulum pathways. The results also
showed that the levels of hypoxia-inducible factor 1o (HIF-1a),
sex determining region Y box gene 9 (Sox9) and the collagen II
(Col IT) protein of the NaF groups were lower compared to those
of the control groups. Thus, NaF may induce apoptosis through
the downregulation of HIF-1a and disrupt the synthesis of extra-
cellular matrix (ECM) through the downregulation of HIF-1a
via the Sox9 pathway in primary cultured rat chondrocytes.

Introduction

Fluoride is an essential trace element for human beings and
animals. Exposure to fluoride takes the form of food, drinking
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water and burning coal (1-5). Appropriate amount of fluoride
is beneficial to maintain bone strength and to protect against
dental decay (6,7). However, long-term excessive intake of
fluoride has deleterious effects on many organs and tissues
including teeth, bone, liver, kidney and brain (8-18).

Results of previous studies have shown that fluoride has a
higher and special affinity for calcium in bone tissue, which
could result in osteofluorosis (19,20). It has been reported
that osteofluorosis may increase the severity of osteoarthritis
(OA) characterized by progressive degeneration of articular
cartilage (21,22). Chondrocyte apoptosis may be involved
in the onset and development of osteoarthritic cartilage
degeneration (23). Previously, chondrocytes were found to be
responsible for the synthesis of cartilage extracellular matrix
(ECM) (24,25), while ECM is considered crucial to the
survival of chondrocytes (26,27). Subsequently, there is a close
correlation between chondrocyte apoptosis and the synthesis
of ECM. Additionally, fluoride may induce OA by promoting
chondrocytes apoptosis and disrupting the synthesis of ECM
in cartilage; however, the molecular mechanism involved
remains to be determined.

Hypoxia-inducible factor la (HIF-1a) is important in
the maintenance of the survival of chondrocytes. HIF-1a
may inhibit the apoptosis of chondrocytes and regulate the
synthesis of ECM (28-30). This synthesis may be mediated by
transactivation of sex determining region Y box gene 9 (Sox9),
a key transcription factor for chondrocyte-specific genes such
as collagen II (Col II) which encode the Col II protein (31,32).
Thus, we hypothesized that sodium fluoride (NaF) would
induce chondrocytes apoptosis through the downregulation of
HIF-1a and cause matrix disruption through the downregula-
tion of HIF-1a via the Sox9 pathway.

The purpose of this study was to demonstrate the molec-
ular mechanism of NaF on apoptosis in primary cultured rat
chondrocytes.

Materials and methods

Culture of primary rat chondrocytes. Chondrocytes were
obtained from arthrodial cartilage of neonatal Wistar rats
(Department of Laboratory Animal Science, The First
Affiliated Hospital of Harbin Medical University, China).
Cartilage was washed three times and minced in PBS with
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100 IU/ml penicillin and 100 pg/ml streptomycin (Sigma,
St. Louis, MO, USA). After digestion in 2.5 mg/ml trypsin
for 40 min at 37°C, the cells were digested with 0.05 mg/
ml collagenase type II (Gibco-BRL, Carlsbad, CA, USA) in
DMEM/high glucose medium for 16 h at 37°C with 5% CO,
and passed through a 70-mm cell strainer to prepare a single-
cell suspension. Approximately 1.5x10° cells/ml were seeded in
25 cm? culture flask containing DMEM/high glucose medium
supplemented with 10% FBS, 100 IU/ml penicillin, and 100 g/
ml streptomycin and cultured at 37°C with 5% CO, and 2% O,.
After two days, cells adhering to the plate were passaged. The
third or fourth generation was used in subsequent experiments.

Identification of primary rat chondrocyte culture. Cells were
grown for 1 day on glass coverslips coated with polylysine in
DMEM/high glucose medium with 10% FBS in 6-well plates.
The cells were fixed in cold 4% paraformaldehyde for 15 min
at room temperature and made permeable with ice-cold 0.2%
Triton X-100 in PBS for 8 min. Subsequent to blocking for
20 min with goat serum, primary antibody to Col II (Abcam,
Cambridge, MA, USA) was applied at 1:50 overnight at 4°C.
The cells were incubated for 1 h in secondary anti-rabbit anti-
body (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA).
Diaminobenzidine (DAB) was then used to detect positive
staining (Zhongshan Biotechnology Co., Ltd., Beijing, China).

In order to observe the normal morphology of primary
cultured rat chondrocytes, cells untreated with NaF were dyed
with hematoxylin and eosin (H&E). Immunohistochemistry
was used to identify the primary cultured rat chondrocytes by
Col II protein.

Analysis of cell viability. Cell viability was evaluated by MTT
assay. A total of 3x10° cells/well were plated in 96-well plates,
and subsequent to overnight incubation, the cells were exposed
to NaF for 24-72 h and washed with PBS. Fresh complete
growth medium (1 ml) supplemented with 20 ul of MTT dye
(0.5 mg/ml) was added to each well, and the mixture was
incubated for 4 h at 37°C. Immediately after incubation, the
cells were thoroughly washed with PBS. Dimethyl sulfoxide
(DMSO) (0.5 ml/well) was added to stop the MTT reaction
and to dissolve the formazan crystals. After agitation for
10 min at room temperature, the optical density in each well
was detected at 490 nm with an ELISA reader (Bio-Rad,
Hercules, CA, USA). Untreated chondrocytes were consid-
ered as 100% viable cells. The results were calculated using
the formula: (OD treated well - OD blank)/(OD untreated
well - OD blank) x100%.

Flow cytometric analysis of cell apoptosis. Cells
(1x10° cells/well) were seeded in 6-well plates and cultured
overnight. Followin an increase in the concentration of NaF
treatment, the cells were digested with 2.5 mg/ml trypsin
and washed twice with PBS. The cells were suspended with
300 ul binding buffer, 2 1 Annexin V were added and the
mixture was carefully agitated. Then, 5 ul propidium iodine
(PI) (both from Baosai, Biotechnology, Beijing, China) was
added to the mixture. Following incubation for 5-15 min at
room temperature, the ratio of apoptosis was detected using
a FACSCalibur flow cytometer (Becton-Dickinson, San Jose,
CA, USA).
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Scanning electron microscopy. Cells were digested from the
flask, centrifuged at 1500 rpm for 3 min to collect the cells, and
fixed with 2.5% formaldehyde for 24 h at 4°C. Subsequently,
the samples were fixed with 1% osmic acid for 1 h, dehydrated
through a gradient ethanol series, embedded with epoxy resin
and cut into sections. The sections were stained with uranyl
acetate and lead citrate, observed and images were captured
with a 1,200 electron microscope (Toshiba, Tokyo, Japan).

Cell cycle analysis. Cells (2x10° cells/well) were seeded in
6-well plates and starved in serum-free medium at 37°C. After
12-h starvation, the cells were treated with NaF solution and
complete medium for 48 or 72 h. The cells were trypsinized and
washed with PBS. Subsequently, the cells were resuspended
with 500 #1 RNase A (1 mg/ml) and PI (100 pg/ml) (Beyotime,
Haimen, China) to stain the cell DNA. After 20-min incuba-
tion at room temperature in the dark, the DNA contents of
the cells were analyzed using a FACSCalibur flow cytometer
and the data were analyzed by ModFitLT V2.0 software (both
from Becton-Dickinson).

Western blot analysis. Cells were collected and total cell
lysates were prepared using lysis buffer (Beyotime). Protein
concentration was measured using the Bradford method
with bovine serum albumin as the standard. Equal amounts
(20-40 mg) of whole cell lysates were loaded into 8-12%
SDS-polyacrylamide gels for electrophoresis at 80 V constant
voltage and transferred to PVDF membranes (Millipore,
Bedford, MA, USA) at 200 mA constant current for 3 h. The
membrane was incubated in blocking buffer (5% skim milk in
TBS-T) at room temperature for 2 h. The blocked membrane
was then incubated with anti-HIF-1a (1:500), anti-Sox9 (1:500)
(Abcam, Cambridge, UK), anti-Col II (1:250), anti-Bax (1:500),
anti-Bcl-2 (1:500), anti-caspase-9 (1:500), anti-caspase-3
(1:500), (Santa Cruz Biotechnology, Inc.) and anti-caspase-12
(Biovision Inc., Mountain View, CA, USA) primary antibody
at 4°C overnight and washed with TBS-T three times every
10 min, followed by incubation with a secondary antibody
(1:1,000) (Santa Cruz Biotechnology, Inc.) at room temperature
for 1 h. After washing in TBS-T, the immunoreactive bands
were visualized using enhanced chemiluminescence Kkits
(Pierce Biotechnology Inc., Rockford, IL, USA). Blots were
stained with anti-B-actin or -GAPDH antibody (Santa Cruz
Biotechnology, Inc.) as an internal control for the amounts of
target proteins.

Statistical analysis. Experiments were carried out three times.
Data were presented as means + SD. Differences among means
were analyzed using the two-sided Student's t-test or one-way
ANOVA. P<0.05 was considered statistically significant.

Results

Morphology and identification of primary cultured rat
chondrocytes. In order to observe the normal morphology of
primary cultured rat chondrocytes, cells untreated with NaF
were dyed with H&E. As is shown in Fig. la, the primary
chondrocytes are polygonal, with a number of protrusions,
and connect to each other. Some secretory granules are also
evident in the cytoplasm.
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Figure 1. Chondrocytes were identified by collagen II (Col II) protein. (a) Hematoxylin and eosin (H&E) staining was used to detect the normal morphology
of the primary cultured rat chondrocytes. Primary chondrocytes are polygonal, with a number of protrusions. (b) Immunohistochemistry was used to identify
the primary cultured rat chondrocytes by Col II protein expressed in the cytoplasm.
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Figure 2. Sodium fluoride (NaF) inhibited cell viability of primary cultured
rat chondrocytes. The effect of NaF on cell viability was measured by MTT
assay. Cell viability of chondrocytes treated with gradient doses of NaF for
24,48 and 72 h were decreased compared with that of the control groups, and
were inhibited in a dose- and time-dependent manner. "P<0.05 vs. control.

Col II is the chondrocyte-specific protein. Immuno-
histochemistry was used to identify rat chondrocytes by Col II
protein (Fig. 1b). The results showed that the primary cultured
chondrocytes expressed Col II protein in the cytoplasm, which
is consistent with the characteristics of chondrocytes.

Fluoride inhibits cell viability and causes changes in cell
morphology in chondrocytes. To evaluate the effect of NaF on
chondrocytes, MTT assay was used to measure cell viability.
Cells were treated with NaF at concentrations of 0, 1.5, 2.0,
2.5,3.0,3.5 and 4.0 mM for 24, 48 and 72 h. The viability
of chondrocyte-exposed gradient doses of NaF (0, 1.5, 2.0,
2.5, 3.0, 3.5 and 4.0 mM) for 24, 48 and 72 h was (1000,
94.90+1.92, 77.10£2.55, 62.36+3.16, 52.21+£2.10, 47.81+2.17
and 34.72+2.86%); (100.00+0, 87.27+2.97, 70.95+1.94,
52.18+1.90, 30.11+1.41, 17.70+2.06 and 12.47+1.37%);
(100.00+0, 77.92+2.52, 66.39+2.36, 40.22+1.41, 15.35+1.06,
11.51+0.82 and 6.70+0.52%) respectively. The cell viability of
the NaF groups was significantly decreased compared with

that of the control groups (Fig. 2). NaF significantly inhibited
the viability of chondrocytes in a time- and dose-dependent
manner.

Morphological changes of chondrocytes following treat-
ment with NaF at 2.0 and 3.0 mM for 24 and 48 h are shown
in Fig. 3. Compared with NaF-untreated chondrocytes, chon-
drocytes treated with NaF (2.0 and 3.0 mM) became smaller,
spindle-shaped and floated. These morphology changes
demonstrated cell damage following NaF treatment.

Analysis of cell apoptosis by Annexin V/PI staining. The rate
of early apoptotic, late apoptotic or dead cells was analyzed
with Annexin V/PI staining and flow cytometry. The apop-
totic rate of chondrocytes treated with doses of NaF (2.0 and
3.0 mM) for 24 and 48 h was (17.28+2.27 and 24.53+1.36%)
and (36.59+0.90 and 43.10+2.23%), respectively. The rates
were significantly higher than those of the control groups
(12.67+0.67%). As is shown in Fig. 4a and Table I, the rate of
apoptotic cells increased significantly with increasing concen-
trations of NaF in a time- and dose-dependent manner.

Ultrastructure observation. Chondrocytes were treated with
NaF at 0, 2.0 and 3.0 mM for 48 h. The morphology of the
control group was normal. Microvillis, irregular karyotype
and evenly distributed chromatin were evident on the cell
surface. Compared with the normal structure of the control
group, the microvillis of the cell surface in the NaF groups
were decreased, and the perinuclear cisterna was widened.
Chromatin was condensed into large clumps, surrounding the
nuclear membrane. Mitochondrias became swollen, degener-
ated and pale. The endoplasmic reticulum appeared pale, and
the apoptotic cells appeared in NaF groups (Fig. 5).

NaF induces cell cycle arrest in chondrocytes. Cell cycle
distribution of chondrocytes was analyzed by flow cytometry,
aiming to determine whether the inhibitory effect was due to
the cell cycle arrest. Chondrocytes were exposed to NaF at
2.0 and 3.0 mM for 24 and 48 h. Chondrocytes exposed to NaF
showed G2 arrest by decreasing the fraction of G1 phase and
increasing the fraction of G2 phase, as compared with that of
the untreated cells (Fig. 6a and b). These results revealed that
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Table I. Percentage of quadrant distribution (QD) in Annexin V/PI staining apoptosis assay.

24 h 48 h
Variables Control 2.0 NaF 3.0 NaF Control 2.0 NaF 3.0 NaF
Necrosis 0.20+0.17 0.25+0.26 0.13+0.06 0.50+0.17 0.55+0.38 1.87+0.25°
Early apoptosis 2.07+0.64 3.10+0.17 4.13+£0.61* 1.63+0.21 4.62+1.11° 7.70+1.06°
Late apoptosis 10.60+1.01 14.18+2.12 20.40+1.85* 11.20+1.42 31.97+0.24° 3540+2.87°
Normal 87.13+0.93 82.51+2.54 75.37+1.36° 86.63+1.38 62.82+1.05° 55.37+1.50°
P<0.05,°P<0.01 vs. control.
Ctrl 2.0mM 3.0mM
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Figure 3. Sodium fluoride (NaF) caused a morphology change of chondrocytes. Phase-contrast images of chondrocytes before and after treatment with NaF
at0,2.0 and 3.0 mM for 0, 24 and 48 h.
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Figure 4. Flow cytometric analysis of Annexin V/PI was used to quantify sodium fluoride (NaF)-induced apoptosis in chondrocytes. Dot plots of chondrocytes

with NaF treatment at 0, 2.0 and 3.0 mM for 24 or 48 h show an increase in the rate of apoptotic cells with increasing concentrations of NaF.
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Figure 5. Ultrastructural changes of chondrocytes with sodium fluoride (NaF) treatment. Chondrocytes were treated with NaF at concentrations of 0, 2.0 and
3.0 mM for 48 h. Phase-contrast images of chondrocytes before and after treatment with NaF for 48 h showing that chromatin condensed into large clumps,
while mitochondria and endoplasmic reticulum appear pale.
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Figure 6. Cell cycle distribution of chondrocytes was analyzed by flow cytometry. (a) Arrest of cell cycle at G2 in chondrocytes in response to sodium
fluoride (NaF) treatment. (b) The distribution of the cell cycle of chondrocytes was assessed by flow cytometry after staining with propidium iodide (PI). NaF
significantly inhibited the proliferation of chondrocytes through cell cycle arrest at the G2 phase in a time- and dose-dependent manner. ““P<0.01 vs. control.

NaF arrested chondrocyte proliferation via cell cycle arrest at ~ HIF-1a, Sox9 and Col II, Bcl-2, Bax, caspase-9, -12 and -3
the G2 phase. were assessed using western blotting (Fig. 7). Downregulation

of Bcl-2 and upregulation of Bax, cleavaged caspase-9, -12
Mechanisms of apoptosis after NaF treatment.To investigate  and -3 indicated that NaF induced apoptosis through the
the mechanisms of NaF causing apoptosis, the expression of = mitochondrial and endoplasmic reticulum pathways. The
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Figure. 7. Effect of sodium fluoride (NaF) on hypoxia-inducible
factor la (HIF-1a), sex determining region Y box gene 9 (Sox9), col-
lagen II (Col II), Bcl-2, Bax, caspase-3, -9 and -12, $-actin and GAPDH
protein expression in chondrocytes. Chondrocytes were exposed to NaF at
concentrations of 0, 2.0 and 3.0 mM for 48 h. The expression of proteins was
detected by western blotting. The relative amount of proteins expressed in
chondrocytes was analysed.

results also showed that the levels of HIF-1a, Sox9 and Col 11
protein of the NaF-treated groups were lower than those of
control groups. Thus, NaF may induce apoptosis through the
downregulation of HIF-1a and disrupt the synthesis of ECM
through the downregulation of HIF-1a via Sox9 pathway in
primary cultured rat chondrocytes.

Discussion

OA, a degenerative joint disease, is the most common form of
arthritis. The mainly affected peripheral joints are knees, hips
and hands (33,34). The later clinic symptoms of OA include
joint space stenosis, joint pains and the dysfunction of joint
movement. Aging and mechanical overload have been consid-
ered as risk factors of OA, while excessive fluoride could
increase the severity of OA (35,36). To the best of our knowl-
edge, the effects of NaF on the degeneration of chondrocytes
in OA have yet to be elucidated. In this study, NaF at concen-
trations of 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 mM was administered
to primary cultured rat chondrocytes. The effects of NaF on
the proliferation, apoptosis and synthesis of ECM in primary
cultured rat chondrocytes were observed.

Ren et al have shown that primary cultured mouse
osteoblasts treated with lower concentrations of NaF
(10-1 mM) resulted in higher cell activities compared with
control cells. However, the cell activities were significantly
decreased at higher concentrations of NaF (5-10 mM) (37).
In this study, the MTT assay indicated that NaF inhibited
the cell activities of primary cultured rat chondrocytes with
increasing concentration of NaF (1.5, 2.0, 2.5, 3.0, 3.5 and
4.0 mM) in a time- and dose-dependent manner. However,
the effects of NaF on primary cultured mouse osteoblasts
at lower concentrations of NaF (<1 mM) had no effects on
primary cultured rat chondrocytes. This result may be due
to cultivation conditions, incubation time and different cell
lines. Results of the present study also showed the cell cycle
distribution of chondrocytes in the subsequent experiments.
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According to the result of the MTT assay, chondrocytes were
treated with NaF at concentrations of 2.0 and 3.0 mM in
subsequent experiments. Our data showed a reduced number
of chondrocytes in G1 and S phase and an increased number
of chondrocytes in G2 phase in the NaF groups compared
with the control groups. Additionally, the number of G2
phase cells gradually increased with the increasing in dose of
NaF and treatment time. These results suggest that excessive
NaF inhibited the proliferation of chondrocytes by inducing
cell cycle arrest at G2 phase in a dose- and time-dependent
manner. The result is concordant with a study by Wang et
al (38). He and Chen (18) demonstrated that the number of
rat oral mucosal cells and hepatocytes in G2/M phase was
lower in NaF groups than that in control groups, however,
there were no obvious changes in GO/G1 and S phase. The
difference may be due to NaF having a different effect on the
cell cycle in different types of cells.

Findings of previous studies have shown that excessive
NaF can trigger apoptosis in different types of cells including
osteoblasts, epithelial lung cells, sperm cells, leukocytes and
ameloblasts (38-42). In the present study, the rate of apoptosis
was assessed by Annexin V/PI staining and flow cytometric
analysis. The results showed the rate of apoptosis in NaF
groups was significantly increased compared with that of
the control groups, and that it gradually increased with the
increasing NaF concentrations and treatment time. This
suggests that NaF induced chondrocyte apoptosis in a dose-
and time-dependent manner. Furthermore, the ultrastructure
of chondrocytes was detected by transmission electron
microscopy. The results revealed that the control groups
possessed integrated cell membrane, abundant cytoplasm,
evenly distributed chromatin, a large number of abnormal
mitochondrias and well-developed endoplasmic reticulum.
However, the NaF groups had various degenerative biological
characteristics including swelling of mitochondria, dilation
of endoplasmic reticulum, reduced electron dense mate-
rial, chromatin condensation and gathered chromatin at the
nuclear periphery.

The ultrastructural changes suggest that NaF has adverse
effects on chondrocytes through the mitochondrial and endo-
plasmic reticulum pathways. In order to demonstrate whether
NaF was actually capable of inducing apoptosis through
the mitochondrial and endoplasmic reticulum pathways in
primary rat chondrocytes, apoptotic markers, including Bax,
Bcl-2, caspase-9, -12 and -3 were detected by western blotting.
In this study, the level of Bcl-2 protein in the NaF groups was
significantly lower than that of the control groups, while the
levels of Bax, cleavaged caspase-9, -12 and -3 proteins were
significantly higher than those of the control groups. These
data confirmed that NaF was capable of inducing the apoptosis
of chondrocytes through the mitochondrial and endoplasmic
reticulum pathways, although the mechanism of NaF on apop-
tosis in chondrocytes remains to be clarified.

HIF-1a is known to play a key role in the development
and progression of articular cartilage degeneration in OA.
It can maintain the cartilage homeostasis by regulating the
downstream genes involved in the proliferation, apoptosis and
synthesis of ECM components in chondrocytes (28-30). This
synthesis may, at least partly, be mediated by the transactivation
of Sox9, a key transcription factor for cartilage-specific marker
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genes such as Col II and aggrecan (31,32). Yudoh er al (43)
reported that HIF-la-deficient chondrocytes showed signifi-
cantly increased levels of apoptosis compared with the control
groups. This observation suggests that a decreased expres-
sion of HIF-1a may have the ability to promote chondrocyte
apoptosis. In the present study, the level of HIF-1a protein was
significantly decreased with increasing concentrations of NaF.
In other words, NaF may induce cell apoptosis by inhibiting
the expression of HIF-la protein in primary cultured rat
chondrocytes. Moreover, in order to investigate the possible
molecular mechanisms of NaF-induced matrix disruption in
chondrocytes, the expression of Sox9 and Col II proteins were
assessed in vitro. The level of Col II protein was significantly
decreased along with the decreasing Sox9 protein. Thus,
NaF may inhibit the synthesis of Col II protein through the
downregulation of HIF-1a via the Sox9 pathway in primary
cultured rat chondrocytes. It appears that there is a stong
correlation between the NaF-induced apoptosis and synthesis
of ECM in chondrocytes. Chondrocyte apoptosis may disrupt
matrix synthesis. Conversely, matrix disruption also affects
the survival of chondrocytes.

Taken together, results of the present study suggest that
NaF inhibits the synthesis of Col II protein through downregu-
lation of HIF-1a via Sox9 pathway and induces cell apoptosis
through the downregulation of HIF-1a expression in primary
cultured chondrocytes. The apoptotic pathway included
endoplasmic reticulum intrinsic and mitochondrial intrinsic
pathways. However, future studies should be conducted to
clarify the exact mechanisms involved.
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