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Abstract: Objective: To explore the regulatory effects of sodium fluoride (NaF) exposure on apoptosis, oxidative
stress, and matrix degradation in condylar chondrocytes and subchondral osteoblasts using in vitro and in vivo
experiments. Methods: Condylar chondrocytes and subchondral osteoblasts were treated with 5 mg/L and 50 mg/L
NaF, respectively, and cell viability was detected. Chondrocyte apoptosis was detected by flow cytometry and west-
ern blotting. Oxidative stress, inflammatory factor secretion, and cell matrix degradation were detected using spe-
cific kits. RT-gPCR was used to detect the expression of osteoblast phenotype genes. A rat model of fluorosis was
established to study the effects of fluoride exposure on condylar cartilage and subchondral bone in vivo. Results:
Low concentration of NaF enhanced the activity of chondrocytes and osteoblasts, but high concentration of NaF
inhibited cell activity. Fluoride exposure induced chondrocyte apoptosis, oxidative stress, inflammatory response,
and matrix degradation. It also decreased the expression of osteoblast phenotype gene osteoprotegerin (OPG) and
increased the expression of osteoclast phenotype gene receptor activator of nuclear factor kB ligand (RANKL). In
fluorosis rats, urinary and bone fluoride levels were increased, cartilage damage was aggravated, and the number
of osteoclasts in subchondral bone was increased. Conclusion: Fluoride exposure induces pathologic changes in
condylar cartilage and subchondral bone in rats, possibly by upregulation of matrix metalloproteinase-13 (MMP-13)
and RANKL.
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Introduction

Fluorine, which is widely distributed in nature,
is one of the trace elements necessary for
human metabolism [1]. It is primarily absorbed
through water, food and air, and is predomi-
nantly stored in bones and teeth. A moderate
amount of fluorine can strengthen bones
and prevent tooth decay [2]. However, environ-
mental deterioration has led to a significant
increase in fluorine levels in water, food, and
air. Eventually, excessive fluoride accumulates
in the body and triggers many chronic diseases
[3]. When the onset of these diseases is con-
fined to specific places, it is called endemic flu-
orosis. Underground water is considered a
major source of endemic fluorosis [4]. Despite
global efforts to reduce fluoride levels in water,
endemic fluorosis remains prevalent in 40

countries worldwide, including China [5]. Th-
erefore, endemic fluorosis has become an
urgent public concern that needs solutions [6].

Injuries due to fluorosis are categorized into
dental, skeletal, and non-skeletal injuries [7].
Dental fluorosis is the earliest and most com-
mon manifestation of the condition. Excessive
fluoride absorption into the enamel inhibits
ameloblast proliferation, impairing enamel min-
eralization. This leads to the formation of enam-
el plaques, which can range from chalky white
to brown, and may result in defects in newly
erupted teeth [8, 9]. The disease not only
affects appearance but also imposes a psycho-
logical burden.

Fluorine-induced bone damage, also known as
skeletal fluorosis, is a chronic and aggressive
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disease that affects bones, cartilage, and
joints. It is characterized by pathologic changes
such as osteosclerosis, osteochondrosis, 0s-
teoporosis, and heterotopic ossification. In the
early stages, symptoms such as persistent
pain, joint stiffness, and limited movement in
the joints, spine, and extremities are common.
As the disease progresses, these conditions
worsen, eventually leading to physical deformi-
ties and, in severe cases, paralysis [10].

The temporomandibular joint (TMJ) consists of
condylar processes of the jaws, articular sur-
faces of the temporal bone, articular disc, the
surrounding joint capsule, and articular liga-
ments. As the only movable joint in the maxil-
lofacial region, the TMJ plays a key role in open-
ing and closing the mouth and in mastication.
Damage to the TMJ structure and initiation of
pathological changes can lead to temporoman-
dibular disorder (TMD), which manifests as
pain, clicking and even movement dysfunction
[14]. It was reported that patients with skeletal
fluorosis also showed symptoms of temporo-
mandibular joint disorder, resembling TMD
[12]. As the main bone structure of the tem-
poromandibular joint, the condylar process is
involved in the growth and development of the
mandible through endochondral ossification.
Fibrocartilage covers its surface, serving as the
functional area of the joint, and this region is
often the first to be affected by joint diseases.
As secondary cartilage, it has a remarkable
capacity for growth and regeneration when
affected by external factors. Degeneration of
articular cartilage of the condyles and resorp-
tion of subchondral bone frequently occur in
patients with TMD. This raises the question of
whether fluoride, which induces bone damage,
can also affect the condylar cartilage and bone,
contributing to the progression of TMD or
whether its regulatory mechanism differs from
that seen in skeletal fluorosis.

Currently, there is limited research on the
effects of fluoride on the TMJ and condylar pro-
cess. In this study, we targeted the condylar
process to investigate the effects of fluorine at
different concentrations on condylar cartilage
and bones using both in vivo and in vitro experi-
ments. Meanwhile, we used molecular biologic
techniques to explore the underlying mecha-
nism and identify target genes. The goal is to
provide experimental references for clarifying
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the correlation between fluorine exposure and
the development of TMD, offering insight into
the etiology of TMD and potential avenues for
treatment.

Materials and methods
Modeling rats with fluorosis

Fifteen 3-week-old specific pathogen-free (SPF)
male Sprague Dawley (SD) rats weighing 60 +
10 g were randomly selected for this study.
The rats were housed at the Experimental
Animal Center of Beijing Stomatological Hos-
pital, School of Stomatology, Capital Medical
University. After one week of acclimatization,
the rats were randomly divided into a low-fluo-
ride (LF) group, a high-fluoride (HF) group and a
control group, with 5 rats in each group. Rats in
the control group, LF group and HF group were
given deionized water, sodium fluoride (NaF,
Sigma-Aldrich) solution (5 mg/L) and NaF solu-
tion (50 mg/L), respectively. Three months
later, varying degrees of dental fluorosis were
observed in rats from the LF and HF groups.
The rats were euthanized by cervical disloca-
tion, and bilateral condylar processes were col-
lected for morphologic observation. All animal
procedures conformed to the laboratory animal
guidelines, and the study was approved by the
Ethics Committee for Animal Experiments of
Beijing Stomatological Hospital, School of
Stomatology, Capital Medical University.

Hematoxylin (H&E) staining

The condylar processes were fixed in 4% para-
formaldehyde solution for 24 hours, followed by
decalcification in JYBI-I decalcification solution.
After 24-36 h, the condylar processes were
dehydrated with gradient alcohol, embedded
with paraffin, sliced and stained with HE
(Sigma-Aldrich, St. Louis, Missouri). For quanti-
tative analysis, images of the H&E-stained sec-
tions were captured using a light microscope
(Olympus IX71; Tokyo, Japan) equipped with a
digital camera at x200 magnification. A mini-
mum of five non-overlapping fields per slide
from three independent animals were ran-
domly selected from each experimental group
to minimize sampling bias. Image analysis was
conducted using Imagel, an open-source im-
age processing program. Additionally, positive-
stained areas were segmented based on pre-
defined thresholds, and the percentage of posi-
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tively stained tissue relative to the total tissue
area was calculated.

Tartrate-resistant acid phosphatase (TRAP)
staining

After dewaxing, the slices were washed 3 times
with water and distilled water followed with
incubation in TRAP staining solution at 37°C for
20 minutes. Then, the dyes were discarded,
and the slices were washed with water and
counterstained with HE. Afterward, the slices
were dehydrated and sealed. For quantitative
analysis of TRAP-positive cells, images were
captured using a light microscope (Zeiss,
Germany) equipped with a digital camera at
x200 magnification. A minimum of five random
non-overlapping fields per slide from three
independent experiments were analyzed to
ensure representativeness. TRAP-positive mul-
tinucleated cells containing more than three
nuclei were counted as osteoclasts.

Primary chondrocyte culture and identification

The bilateral condylar articular cartilage of
healthy 3-week-old SD rats was obtained under
sterile conditions for chondrocytes isolation
and culture. The tissue was cut into 1 mm?
pieces and digested with 0.25% trypsin at
37°C for 10 min. After removing the trypsin,
0.2% type Il collagenase was added, and the
tissues were incubated at 37°C for 2 h. The
supernatant was collected every 1 h. Then,
DMEM F-12 (Gibco, New York, USA) was added
to terminate digestion. Afterward, the tissues
were centrifuged (1000 rounds per min) for 5
min. The resulting cell pellet was collected and
resuspended. The cells were inoculated in a
culture bottle (25 cm?) at a density of 2x10°
cells per well under the condition of 5% carbon
dioxide (CO,) at 37°C. The fluid was replaced
every 2 days (d). The cells were passaged at a
ratio of 1:2 when they reached 85%-90% con-
fluence. The second-generation cells were col-
lected and characterized by immunofluores-
cence for type Il collagen and toluidine blue
staining to confirm chondrocyte identity.

Primary osteoblast culture and identification

The bilateral subchondral bones of condyles
from healthy 3-week-old SD rats were obtained
under sterile conditions for osteoblast isolation
and culture. The tissues were washed 3 times
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with PBS containing 1% dual antibody. Then,
they were cut into 1 mm? pieces and placed in
a culture bottle (25 cm?) coated with serum.
Then, the bottle was inverted in an incubator at
37°C with 5% CO, for 2 h. L-DMEM (3 mL) was
subsequently added, and the bottle was set
upright for continued incubation. The medium
was replaced every 2 d. When the cells reached
85%-90% confluence, they were passaged at
a 1:2 ratio. Purification of osteoblasts was
achieved using differential attachment. The
second-generation cells were collected and
characterized by alizarin red staining for miner-
alization and alkaline phosphatase (ALP) stain-
ing for osteoblast differentiation.

Cell Counting Kit-8 (CCK-8) assay

Chondrocytes and osteoblasts were seeded at
1x10* cells/well in 96-well plates. Cell viability
was assessed at 24, 48, and 72 h after trans-
fection using CCK-8 assay (Dojindo, Kumamoto,
Japan). To measure cell viability, the culture
supernatant was discarded, and 100 puL of
CCK-8 solution was added to each well. The
cells were incubated in a 37°C incubator for 4
h, and the absorbance at 450 nm was mea-
sured using a microplate reader.

Flow cytometry

Cells were collected and rinsed 3 times with
PBS to remove residual medium. A cell suspen-
sion (1x106° cells/mL) was prepared and trans-
ferred to a culture tube. Annexin V-FITC (Lianke
Biotechnology, Hangzhou, China) and propidi-
um iodide were added to the culture tube and
incubated in the dark for 20 min. After incuba-
tion, binding buffer was added to the tube, and
apoptosis was detected using flow cytometry
(BD Biosciences, USA).

Western blotting

Total protein was extracted from cells using
RIPA lysis buffer. The proteins were transferr-
ed to polyvinylidene fluoride (PVDF, Bio-Rad,
Hercules, CA, USA) membranes and blocked for
2 h at room temperature. The membranes were
incubated with primary antibodies (Abcam, UK)
overnight at 4°C. The primary antibodies includ-
edglyceraldehyde-3-Phosphate Dehydrogenase
(GAPDH, 1:1000, ab8245, Abcam), cleaved
caspase3 (1:1000, ab2302, Abcam) and B-cell
Lymphoma 2 (Bcl-2, 1:1500, ab32124, Abcam).
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Figure 1. Effect of fluoride exposure on the cell viability of chondrocytes and osteoblasts. A. a. Cellular culture of
chondrocytes at O d; b. Cellular culture of chondrocytes at 5 d; c. Type Il collagen immunofluorescence staining of
chondrocytes; d. Toluidine blue staining of chondrocytes. B. a. Cellular culture of osteoblasts at 3 d; b. Cellular cul-
ture of osteoblasts at 5 d; c. Alizarin red staining of osteoblasts; d. Alkaline phosphatase staining of osteoblasts. C.
Cell viability of chondrocytes. D. Cell viability of osteoblasts. N=3. ****pP<0.01.

Then, the membranes were incubated with
secondary antibodies (goat anti-rabbit IgG,
1:3000, ab6721, Abcam) for 1 h at room tem-
perature. The protein bands were visualized
using enhanced chemiluminescence reagents,
and densitometric analysis was performed
using Imagel) software (National Institutes of
Health, Bethesda, MD, USA).

Enzyme-Linked Immunosorbent Assay (ELISA)

The secretion levels of interleukin-6 (IL-6),
tumor necrosis factor-a (TNF-a), and cyclooxy-
genase-2 (COX-2) in cell culture supernatants
were detected using ELISA kits (Sigma). Addi-
tionally, the secretion levels of matrix metallo-
proteinase-9 (MMP9), MMP13, Collagen Il, and
A disintegrin and metalloproteinase with throm-
bospondin motifs 5 (ADAMTS5) were detected
using corresponding detection kits (Sigma, St.
Louis, MO, USA) according to the manufactur-
er’s instructions.

Statistical analyses

All statistical analyses were performed using
SPSS software (version 20.0; SPSS, Chicago,
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IL, USA). Quantitative data derived from three
independent experiments were expressed as
mean + standard deviation (Mean + SD). The
normality of the data was assessed using the
Shapiro-Wilk test, and homogeneity of variance
was verified with Levene’s test. Comparisons
between multiple groups were conducted using
ANOVA with a Least-Significant Difference (LSD)
test. P<0.05 indicated statistical significance.

Results

Fluoride exposure inhibits the viability of chon-
drocytes and osteoblasts

Primary chondrocytes were round with strong
refractive properties (Figure 1A-a). After 5 days
of culture, the chondrocytes formed triangles or
polygons, while the nuclei were round or oval
(Figure 1A-b). Immunofluorescence staining for
type Il collagen confirmed the identification of
chondrocytes, with the cell membrane and
cytoplasm staining green, and the nucleus blue
(Figure 1A-c). Toluidine blue staining showed
blue cytoplasm and indigo blue nucleus (Figure
1A-d). For osteoblasts, initial cultures on day 3
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Figure 2. Effect of fluoride exposure on chondrocyte apoptosis. Chondrocytes were exposed to NaF solution (5 mg/L
and 50 mg/L). A, B. Cell apoptosis (flow cytometry). C-E. Protein expression of Cleaved caspase 3 and B-cell Lym-

phoma 2 (Bcl-2) (western blotting). N=3. ****pP<(0.01.

showed some cell adhesion and spindle-
shaped or polygonal osteoblasts (Figure 1B-a).
By day 7, the cells fused and spread to the
bottom of the culture dish, exhibiting a charac-
teristic “running water” pattern (Figure 1B-b).
Alizarin red staining revealed some red mineral-
ized nodules of varying sizes (Figure 1B-c), and
alkaline phosphatase staining showed positive
staining in particles within the cell membrane
and cytoplasm (Figure 1B-d). CCK-8 assay
showed that low concentrations of fluoride
enhanced the viability of both chondrocytes
(Figure 1C) and osteoblasts (Figure 1D) after
48 and 72 h exposure. However, the viability of
cells exposed to high concentrations of fluoride
was significantly reduced compared to the low-
concentration group.

Fluoride exposure promoted chondrocyte
apoptosis

Chondrocytes exposed to NaF solution at con-
centrations of 5 mg/L and 50 mg/L showed an
increase in apoptosis. The number of apoptotic
cells was significantly higher in the high-con-
centration NaF group compared to the low-con-
centration group (Figure 2A, 2B). Western blot
analysis revealed that exposure to NaF led to
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increased expression of cleaved caspase-3, a
marker of apoptosis (Figure 2C, 2D), while the
anti-apoptotic protein Bcl-2 was downregulated
(Figure 2C, 2E). These results suggest that fluo-
ride exposure induces chondrocyte apoptosis
in a dose-dependent manner.

Fluoride exposure promoted oxidative stress
and inflammatory response in chondrocytes

As shown in Figure 3A, compared to the control
group, the malondialdehyde (MDA) content in
the fluoride-exposed chondrocytes elevated
significantly, with higher MDA levels observed
as the fluoride dose increased. This indicates
that excessive fluoride exposure induces lipid
peroxidation of chondrocytes (Figure 3A). In
terms of antioxidant activity, the levels of total
antioxidant capacity (T-AOC) (Figure 3B), the
activities of total superoxide dismutase (T-SOD)
(Figure 3C), and glutathione peroxidase (GSH-
PX) (Figure 3D) in chondrocytes of fluoride-
exposure groups were significantly lower than
those of the control group. The decrease in
these antioxidant markers was dose-depen-
dent, suggesting that fluoride exposure reduced
the antioxidant capacity of chondrocytes. In
addition, compared to the control group, both
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Figure 3. Effects of fluoride exposure on oxidative stress and inflammatory response of chondrocytes. Chondrocytes were exposed to NaF solution (5 mg/L and
50 mg/L). A. Malondialdehyde (MDA) content. B. The levels of total antioxidant capacity (T-AOC). C, D. Activity of total superoxide dismutase (T-SOD) and glutathi-
one peroxidase (GSH-PX). E-G. Secretion levels of inflammatory factors interleukin-6 (IL-6), tumor necrosis factor-a (TNF-«), and cyclooxygenase-2 (COX-2). N=3.
*%%*P<0.01.
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Figure 4. Effects of fluoride exposure on chondrocyte matrix degradation and osteoblast phenotype gene expres-
sion. Chondrocytes and osteoblasts were exposed to NaF solution (5 mg/L and 50 mg/L) for 48 h. A. Matrix me-
talloproteinase-9 (MMP9) content in chondrocytes. B. MMP13 content in chondrocytes. C. Collagen Il content in
chondrocytes. D. A disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS5) content in chondro-
cytes. E, F. mRNA expression of receptor activator of nuclear factor kB ligand (RANKL) and osteoprotegerin (OPG) in

osteoblasts (RT-qPCR). N=3. ****P<0.01.

low concentration and high concentration of
NaF promoted the secretion levels of inflamma-
tory factors IL-6 (Figure 3E), TNF-« (Figure 3F)
and COX-2 (Figure 3G), with the higher concen-
tration showing more pronounced effects.

Fluoride exposure promoted chondrocyte ma-
trix degradation and inhibited osteoblast phe-
notype gene expression

After 48 h exposure to different concentrations
of NaF, compared to the control group, the
secretion levels of MMP9 (Figure 4A) and
Collagen Il (Figure 4C) in chondrocytes of the
NaF exposure group were decreased, while the
secretion levels of MMP13 (Figure 4B) and
ADAMTS5 (Figure 4D) were increased, and
these changes were dose-dependent. Additio-
nally, the expression of RANKL in osteoblasts in
the low concentration group was significantly
decreased; however, the expression of RANKL
in osteoblasts in the high concentration group
was significantly increased (Figure 4E). Com-
pared to the control group, the expression of
OPG in osteoblasts of low- and high-concentra-
tion groups was significantly decreased, with a
dose-dependent decline observed (Figure 4F).
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Fluorosis accelerated cartilage injury in rats

In the control group, we observed that the lower
incisors of rats were brownish-yellow, with
translucent enamel and a glossy surface. In the
low fluoride group, the rats’ teeth showed yel-
low and white discoloration, with chalky stripes
of varying degrees, but still retained some lus-
ter. In the high fluoride group, the teeth
appeared dull, with chalky white markings, and
some teeth had small grooves, cracks, or even
defects (Figure 5A). Fluoride exposure signifi-
cantly increased the levels of both urinary fluo-
ride (Figure 5B) and bone fluoride (Figure 5C).
H&E staining results showed notable changes
in cartilage tissue. In the control group, the
cartilage layer was thicker, with small cells
arranged in a single layer at the periphery and
larger, columnar cells toward the center, with a
clear boundary separating the cartilage from
the bone. In contrast, in the fluoride-exposed
groups, the cartilage layer became thinner, with
fewer chondrocytes and disorganized cellular
arrangement (Figure 5D, 5E). TRAP staining
showed the presence of osteoclasts in the car-
tilage tissue of both low and high fluoride expo-
sure groups. These osteoclasts exhibited abun-
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dant cytoplasm, multinucleation, and irregular
morphology. A significantly higher number of
osteoclasts was observed in the high fluoride
group compared to the low fluoride group
(Figure 5F, 5G). In addition, WB results showed
that compared with the control, the expression
of cleaved caspase 3 protein increased, and
Bcl-2 protein decreased in cartilage tissue from
fluoride groups, both of which were dose-
dependent (Figure 5H, 5I).

Discussion

Fluorine is widely distributed in nature as fluo-
ride. Long-term intake of fluorine through water,
food and air leads to excessive aggregation of
fluorine in the human body, potentially causing
fluorosis [13]. It is estimated that approximate-
ly 100 million people worldwide suffer from
dental and bone damage due to the consump-
tion of fluoride-rich groundwater [14]. Fluorine-
induced damage affects bones and cartilage,
with current studies research primarily focusing
on extremities and the spine. As the incidence
of temporomandibular disorder (TMD) syn-
drome continues to rise in patients with dental
fluorosis, research focused on the effects of
fluorine on the temporomandibular joint (TMJ).
The condylar process, an important bony struc-
ture involved in the TMJ movement, is also vul-
nerable to fluoride. This study initially explored
the effects of fluoride on condylar cartilage and
subchondral bone.

In this study, 3-week-old SD rats were selected
for modeling. Male rats were selected because
sex hormones can influence early bone micro-
structural changes during fluoride exposure,
and significant differences in damage occur at
high fluoride concentrations. Over time, all rats
from the experimental group developed differ-
ent degrees of dental fluorosis after 3 months
of fluoride exposure, indicating that fluoride
accumulation had reached levels sufficient to
induce toxicity. Our results align with previous
studies. For example, Feltrin et al. found that
rats exposed to fluoride or fluoride combined
with amoxicillin developed dental fluorosis,
while exposure to amoxicillin alone did not
cause enamel defects [15]. Another study
showed that the severity of dental fluorosis in
rats exposed to fluoride for 1 and 3 months was
significantly correlated with oxidative stress
marker MDA [16].
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Osteoclasts play an important role in bone
resorption and remodeling. These multinucle-
ated giant cells are formed by the fusion of
mononuclear macrophages. H&E staining re-
vealed the presence of osteoclasts in condylar
subchondral bones of the LF and HF groups.
TRAP further showed that compared to the
LF group, the number of osteoclasts significant-
ly increased in the HF group, indicating that
high-concentration fluoride may promote bone
resorption in condylar subchondral bones.

To further investigate the mechanism of fluo-
ride’s action on the condylar process, we cul-
tured condylar chondrocytes and subchondral
osteoblasts in vitro. CCK-8 assays demonstrat-
ed that high fluoride concentrations decreased
the cellular viability of chondrocytes and osteo-
blasts. Longer exposure to fluorine resulted in
more significant inhibition of cellular prolifera-
tion. However, low-concentration fluoride pro-
moted cellular proliferation, indicating that fluo-
rine could either upregulate or downregulate
proliferation depending on concentration.

Analysis of MMP9 and MMP13 expression
revealed that fluorine at different concentra-
tions downregulated MMP9 expression, while
high-concentration fluorine enhanced MMP13
expression. In studies on bone-related genes in
osteofluorosis, MMP9 and MMP13 have been
identified as key regulators in fluorine-induced
inflammation and apoptosis of osteoclasts and
chondrocytes [17]. Both MMP9 and MMP13
belong to the matrix metalloproteinase family,
with MMP9 involved in degrading and remodel-
ing the extracellular matrix, and MMP13 play-
ing a critical role in the destruction of articular
cartilage by cleaving type Il collagen [18, 19].
These findings suggest that fluoride disrupts
the dynamic balance of the extracellular matrix
and accelerates chondrocyte aging, degenera-
tion, and inflammatory lesions.

RANKL is vital in regulating osteoclast activa-
tion, differentiation, and maturation during
bone remodeling. OPG inhibits osteoclast dif-
ferentiation and bone resorption. RANKL and
OPG can synergistically trigger osteoclast
apoptosis, with its onset and degree depending
on the ratio of RANKL to OPG. In our experi-
ments, low-concentration fluorine inhibited
RANKL and OPG expression, while high-con-
centration fluorine promoted RANKL expres-
sion. In the case of low-concentration fluorine,
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osteoblasts inhibited osteoclast bone absorp-
tion, while in the case of high-concentration
fluorine, the RANKL/OPG ratio was increased
by upregulating RANKL, thus stimulating osteo-
clastogenesis and causing bone resorption. It
was reported that in fluoride-exposed ovariec-
tomized rats, the levels of bone alkaline phos-
phatase and tartrate resistant acid phospha-
tase increased, and the number of osteoclasts
rose due to activation of the RANKL/RANK/
OPG signaling pathway [20]. Another study
showed that parathyroid hormone enhanced
the effect of fluoride on the osteoclastogene-
sis-related molecules, with significant increas-
es in the gene expression levels of TRAP
and RANK in osteoclast precursors co-cultured
with osteocyte-like cells exposed to fluoride
[24]. All these findings show that fluoride expo-
sure increases osteoclasts and leads to bone
resorption. However, because MMP, OPG, and
RANKL expression are regulated by various sig-
naling factors, the specific mechanism of their
effects needs investigation in future studies.

Conclusion

Fluorine induces pathologic changes in condy-
lar processes and exerts bidirectional modulat-
ing effects on condylar cartilage and subchon-
dral bones. By influencing the expression of
MMP, RANKL, and OPG, fluorine regulates os-
teoclast differentiation and maturation, there-
by altering the direction of bone remodeling.
While this study sheds light on the effect of flu-
oride on bone remodeling, several limitations
remain. The sample size of experimental ani-
mals is small, and the fluoride concentration
groups are relatively simple. Future studies will
expand the sample size, include a broader
range of fluoride concentrations, and explore
additional signaling pathways through which
fluoride affects cartilage and subchondral
bone.
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