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A B S T R A C T

Objective: To explore the role of Wnt/β-catenin signaling pathway in the pathogenesis and progression of
temporomandibular joint osteoarthritis (TMJ OA) caused by overloaded force.
Materials and methods: We generated a rat model of forward mandibular extension device to induce TMJ OA by
overloaded force. Condylar cartilage samples were collected at 2wk, 4wk, and 8wk after appliances were
installed. Changes of the condylar cartilage and subchondral bone were evaluated by hematoxylin and eosin (HE),
Safranin O and Fast Green staining (SO&FG), micro-CT, tartrate resistant acid phosphatase (TRAP) staining. The
expression levels of β-catenin, COL-2, MMP3 and sclerostin (SOST) were detected by immunohistochemistry (IHC)
and PCR.
Results: HE, SO&FG, micro-CT, OARSI and Mankin scores showed that the condyle cartilage layer was significantly
thinner and proteoglycan loss in the overloded group. TRAP staining exhibited that the number of positive os-
teoclasts increased and OPG level decreased in the overload group. IHC, PCR showed that the expression of COL2
and SOST decreased, while MMP3 and β-catenin increased in the overload group.
Conclusion: Wnt/β-catenin signaling pathway is activated in the progress of mandibular condylar cartilage
degeneration and subchondral bone loss induced by overloaded functional orthopedic force (OFOF)
1. Introduction

Among all malocclusions, class II malocclusion is a persistent chal-
lenge for orthodontists [1]. The functional appliance has become the first
choice for pre-adolescent children or adolescents with Class II maloc-
clusion due to it’s remodeling function at the glenoid fossa and
mandibular condyle, resulting in a repositioning of the condyle as well as
may cause mandibular autorotation [2]. Previous studies indicated that
long-time functional orthopedic treatment could induce pathological
changes of the condyle, and lead to temporomandibular joint diseases
(TMDs) [3, 4, 5]. TMD can progress to temporomandibular joint osteo-
arthritis (TMJ-OA), it will lead to severe dysfunction and pain. The
.
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progressive degeneration of mandibular condylar cartilage (MCC) is
commonly associated with synovial inflammation and subchondral bone
loss, which is the main characteristic of TMJ disease [6]. Animal models
have proofed different processes and degrees of mandibular condylar
cartilage degeneration through different overloading forces on TMJ of
animal models to build steady mouth opening [7], occlusal disorder [8],
or resistant food [9]. Besides, the steady mouth-opening model has been
applied in rats, mice, and rabbits with good operability and repeatability
[8, 9, 10, 11]. Early adaptive proliferation of cells in mandibular condylar
cartilage was found with this model, and the degeneration of cartilage
progressed with the extension of induction time [10, 11, 12]. But it is not
a suitable model to mimic the overloaded functional orthopedic force
s.
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(OFOF) to guide the mandible advancement. Thus, a new animal model
should be generated to explore the process of mandibular condylar
cartilage after guiding the mandible advancement.

The Wnt/β-catenin signaling pathway is a crucial role in regulating
cartilage metabolism and disease, and it regulates chondrocyte prolifera-
tion and function under physiological conditions [13]. In addition,
abnormal active of the Wnt/β-catenin pathway can induce chondrocyte
hypertrophy and lead to degeneration of the articular cartilage by
expressing the catabolic factors such as VEGF, MMP-13, COLX, and
ADAMTS-5 [14, 15]. Activation of Wnt/β-catenin signaling pathway pro-
motes hypertrophic differentiation of chondrocytes, thereby inducing
cartilage degradation and exacerbating OA progression [16]. Sclerostin
has been shown to be an endogenous Wnt/β-catenin inhibitor that main-
tains cartilage integrity in a mouse model of OA [10, 17]. Another study
also suggested that sclerostin plays a protective role by inhibitingWnt [6].

In previous studies, there were many studies on the regulation of
cartilage metabolism by WNT signaling pathway, but there were few
studies on the temporomandibular joint. In this study, we generated a rat
model with the mandible in the protruded position to mimic the TMJ OA
caused by overload functional orthopedic force (OFOF). Using this model,
we observed the changes in the condylar cartilage and subchondral bone of
the TMJ, explored the role of theWnt/β-catenin signaling pathway in TMJ
OA induced by overloaded functional orthopedic force.

2. Materials and methods

2.1. Animals and experimental protocol

All experiments were carried out under the guidelines of the Animal
Experiment Committee of Qingdao University. 40 five-week old male SD
rats (SPF grade), weighing 160 � 20 g, were raised by the Animal Experi-
ment. The breeding environment temperature is 20–22 �C, and the envi-
ronmental humidity is 40–60%. The light day/night cycle is 12 h/d per day.
All rats were randomly assigned to four groups (n ¼ 10/group): control,
2wk (MA for 2 weeks), 4wk (MA for 4 weeks), and 8wk (MA for 8 weeks).
During the adaptation period, the rats received food and water ad libitum,
but during the experiment, to prevent the appliance from being removed,
the rats only ate during the dark period. MA (Figure 1A) was performed by
an appliance designed by Yang J et al. [13] In brief, the device consists of
three parts: an upper-incision crown, an inclined guide plate, and an
extraoral auxiliary retention device. Every time the rat closed itsmouth, the
mandible moved forward along the inclined plane, which was consistent
with the principle of functional orthopedics. The rats wore a baffle with a
border to prevent appliances from being removed (Figure 1B). Schematic
diagram of rat mandibular advanced has been shown in Figure 1C.

2.2. Tissue preparation

The rats were sacrificed on Ctrl, 2wk, 4wk, and 8wk with the appli-
ance (Table 1). The rats were killed by carbon dioxide gas (Aligal 2, Air
Liquid, Sydney, Australia). The left condyle was anatomically separated
from the surrounding structures immediately after death, and the excess
tissue around the condyle was removed. Rinse with PBS for twice, fix in
paraformaldehyde for 24 h, decalcify with 10% EDTA for 30 days, and
embed the specimen after dehydration. 5um serial sections were pre-
pared along the mid-sagittal plane of the condyle for histological and
immunohistochemical staining. The right condyle was fixed in 4%
paraformaldehyde, then was analyzed by micro-CT. For each group, the
condylar of the 6 TMJ from 3 rats were separated for RNA extraction and
store the sample at -80 �C. The condyle subchondral bone 3mm below the
cartilage-bone junction was transected and RNA extractionwas collected.

2.3. Histological staining and scoring

Hematoxylin and eosin staining (HE) and Safranin O and Fast Green
staining (SO&FG)staining were used to assess the condylar histological
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changes. The surface of the condylar cartilage is evenly distributed be-
tween the anterior, middle, and posterior third of the distal joint of the
condyle and between the anterior and posterior joints. Three squares
(300 μm � 300 μm) of central two-thirds of the condylar cartilage
covering all hypertrophic layers was applied. Cartilage thickness was
measured in the central third. Condylar cartilage were scored by the
OARSI and Mankin scoring system [15, 16].

2.4. Immunohistochemistry and TRAP assay

Expression of COL-2, MMP3, SOST, β-catenin on condylar was
measured and described by immunohistochemical analysis. Sections
were dewaxed, washed and rehydrated with standard xylene ethanol,
and sealed with phosphate buffered saline (PBS) and FBS. After blocking,
sections were incubated with SOST specific primary antibody overnight
(1:100 dilution, Abcam), β-catenin (1:100 dilution, Cell Signaling Tech-
nology), MMP-3 (1:100 dilution, Abcam) and COL2A1 (1:100 dilution,
Abcam). Prepared negative control with PBS instead of primary antibody.
Incubated with secondary enzyme-conjugated anti-rabbit IgG (cell
signaling technology, Boston, USA), and stained with 3,3 0-dia-
minobenzidine tetramine hydrochloride and hematoxylin reverse stain-
ing. The stained sections were analyzed under a Leica DM 2500
microscope. TRAP staining was performed on each slide in each group to
assess osteoclast activity (Sigma, USA) [6]. TRAP staining was used to
explore the osteoclast activity of the subchondral bone of the condyle.
Five field TRAPþ osteoclasts under high power (400�) microscope were
randomly selected, and the average value was taken.

2.5. Micro-CT

Scan the rat condyle heads by a micro-CT system (Latheta LCT 200,
Hitachi, Japan). In the position of the middle and posterior part of the
subchondral bone of the condyle, select two cubes with a size of 0.25 �
0.25 � 0.25 mm, and use Mimics software to reconstruct them, and
calculate the relevant bone parameters of these two areas such as: bone
volume to total volume (BV/TV), trabecular bone thickness (Tb. Th),
trabecular bone number (Tb. N), trabecular bone space (Tb. Sp), and then
the data for trabecular microstructural between different experimental
groups was analysis.

2.6. Detection of mRNA levels

Total RNA was extracted using Trizol (Thermo, MA, USA). Detected
gene expression by the real-time PCR machine (7500; Thermo, USA).
Calculated the expression level of target gene relative to lyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The calculated result (n ¼ 3) is the
relative quantification of the target gene relative to the control group, set
as 1 [18]. Table2 listed the primers for the target genes.

2.7. Statistical analysis

The experimental data are presented as the mean � standard devia-
tion (SD) of at least three independent experiments. Results were eval-
uated by one-way analysis of variance. Statistical significance was
defined as* represents P< 0.05, ** represents P< 0.01, *** represents P
< 0.001.

3. Results

3.1. Overloaded functional orthopedic force induced the condylar cartilage
degeneration process

To examine the condylar cartilage degeneration process after applied
overloaded functional orthopedic force in rats for different durations.
The condylar cartilage were divided into four layers: ① Fibrous layer:
composed of several layers of fibrous cells, with complete surface and less



Figure 1. Thickness of the condyle cartilage in the control and overloading groups at 2w, 4w, and 8w. A, B: Intraoral views of the mandible advanced appliance
model. C: Schematic diagram. D: Schematic diagram of the histological layer of the condyle head (Fibro fibrous layer; Prolif proliferative layer; Hypertrophic layer,
Endochondral ossification bone layer, Subchondral bone layer). The sagittal section of the central condyle was stained with hematoxylin and eosin (� 200). E: All
layers of condylar cartilage in the overload group were thinner than those in the control group, especially the hypertrophic layer. F, G: Comparison of the total
cartilage thickness and thickened layer thickness among all groups. The layers of condylar cartilage, especially the thickened layer, were thinner in the loading group
than in the control group. (*P < 0.05, **P < 0.01, ***P < 0.001).
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cell components; ② Proliferative layer: located below the fibrous layer,
the cells were small, round or oval, and arranged closely;③Hypertrophic
layer: composed of mature chondrocytes and extracellular matrix. The
cell volume is larger than the proliferative layer, and it is oval. The
volume of cells located in the deep part of the hypertrophic layer is
further increased, and the extracellular matrix is uniform;④ The artilage
3

calcification layer: this layer is the junction of cartilage and subchondral
bone, where ossified chondrocytes can be seen (Figure 1D). H&E staining
showed that the condylar cartilage surface was intact and smooth in the
control group. However, in the group of overloaded, all the condylar
cartilage layers became significantly thinner, especially the hypertrophic
layer, and it was especially evident in the 4wk group (Fig. 1E, F, G). In the



Table 1. Allocation of rats into the four groups.

Study Criteria Weeks into Experiment Before
Sacrifice

Number of Experimental
Rats

Mandible
Advancement

Control group 10

2wk group 10

4wk group 10

8wk group 10
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4wk group, we observed the vacuolation and degeneration. While in the
8wk group, the cartilage of the condyle showed a gradually increase in
the thickness of each histological layer, compared to the 4wk group when
the overloading time was prolonged. But each layer of cartilage after 8
weeks of overloading remained reduced compared to the control group
(Fig. 1E, F, G).

SO&FG staining showed the same trend. Red staining showed more
obvious changes in the number of chondrocytes and matrix expression in
deep layer. In addition, Safranin-O staining was used to visualized the
situation of proteoglycan loss (Figure 2A). At 2wk, 4wk and 8wk, OA
scores were significantly elevated (OARSI and Mankin scores), suggest-
ing that the temporomandibular joint showed a degenerative phenotype
at different time points, accompanied by overload (Figure 2B). The score
of the 4wk group was higher than that of the other groups. The trend of
OARSI score was consistent to the Mankin score.

3.2. Overloaded functional orthopedic force aggravated the loss of the
extracellular matrix in condylar

COL-2 was mainly distributed in prehypertrophic and hypertrophic
layers (Figure 3A). The express of COL-2 was significantly reduced by
overloaded orthopedic force in condylar cartilage. While we found that
the significant decreased was in the 4wk group compared with the con-
trol group, 2wk and 8wk group (Figure 3B, P < 0.001 and P < 0.01
respectively). Moreover, compared with the control group, COL-2
expression decreased significantly in the 8wk group (Figure 3B, P <

0.01). But after 4 weeks of overloading, COL-2 expression became
significantly increase. 8wk group was significantly increasing more than
4wk group (Figure 3B, P < 0.01).

The expression of MMP-3 in the loading group was significantly
increasing than that in the control group, further the change was themost
significantly in the 4wk group (Figure. 3A,C). Moreover, compared with
the 4wk group, the MMP-3 expression was decreased in the 8wk groups
(P < 0:01) (Figure 3C).

3.3. Effects of overloaded functional orthopedic force on subchondral
condylar bone

Micro-CT images (sagittal plane, horizontal plane) showed that the
subchondral bone of the condyle had obvious bone resorption in the
overloaded group compared with the control group. The size of the
condyle head of the overloaded group was significantly smaller than that
of the control group, especially the width of the condyle head. Images of
micro-CT showed progressive destruction and severe subchondral bone
loss with prolonged induction (Figure 4A). The subchondral bone
showed significant differences in BV/TV, Tb.Th, Tb.N, and Tb.Sp
Table 2. Sequences of primers of target genes used for real-time PCR.

Target gene Forward primer

RANKL 50-GGCTTACCTGCCCAGTCTCATC-30

OPG 50-TTACCTGGAGATCGAATTCTGCTT

β-catanin 50-TCACGCAAGAGCAAGTAG-30

SOST 50-TGATGCCACAGAAATCATCC-30

Gapdh 50-TTCAACGGCACAGTCAAGG-30
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(Figure 4B). A significant decrease in BV/TV, Tb.Th and Tb.N was
observed in the 4wk group. Compared with 4wk group, while increased
in the 8wk group. Tb.Sp increased gradually, the highest Tb.Sp values
were observed in the 4wk group.

3.4. Effects of overloaded functional orthopedic force on osteoclast activity
in condyle subchondral bone

To figure out the role of osteoclasts in the onset phase of TMJ OA, in
vivo condition, we use TRAP staining to explore the influence of over-
loaded force to osteoclastogenic activity (Figure 5A). The activity of os-
teoclasts was quantified by the number of TRAP-positive osteoclasts in
the condylar subchondral bone. TRAP-positive cells were mainly
distributed on the inferior surface of cartilage and near bone marrow
were observed mainly in bone marrow, adjacent to the subchondral
surface (Figure 5A). For the samples analyzed from overloaded group, the
number of TRAP-positive osteoclasts increased, while the significant in-
crease was the most in the 4wk group (Figure 5B, P< 0.001 and P< 0.01
respectively), thereby indicating that osteoclast activity was significantly
aggravated after overloaded force. But after 4 weeks of overloading, the
number of TRAP-positive osteoclasts began to significantly decrease. The
decreasing level of 8wk group was more obvious than 4wk group, but it
was still in a significantly high level compared with the control group
(Figure 5B). Consistent with TRAP staining results, Real-time PCR anal-
ysis further showed that the expression of osteoclast marker RANKL was
elevated. The RANKL mRNA levels of 2wk, 4wk and 8wk group were
significantly increased compared to the control group, the significant
increase was found in the 4wk group. Meanwhile, the levels of OPG were
reduced. In the overloading groups, mRNA levels of RANKL expression
were significantly increased, while OPG in cartilage or subchondral bone
were reduced, resulting the RANKL/OPG ratio increased in cartilage and
subchondral bone compared with the control group (Figure 5C). Taken
together, these results suggested that overloaded functional orthopedic
force is able to effectively increase osteoclast activity.

3.5. Overloaded functional orthopedic force activated Wnt/β-catenin
signaling pathway by upregulating the expression of β-catenin in
aggravating cartilage degeneration

We examined the expression of sclerostin and β-catenin in cartilage by
immunohistochemistry to investigate whether overloaded functional
orthopedic force intensifies cartilage degeneration by activating β-cat-
enin (Figure 6). The results showed that positive staining of sclerostin
decreased at 2wk, 4wk and 8wk group, while the significant increase of
β-catenin was found in the 4wk group compared with the control group,
2wk and 8wk group (Fig. 6A,C). Moreover, the expression patterns of
sclerostin and β-catenin were negatively correlated, the positive staining
of β-catenin was significantly increased after overloading, the significant
increase was found in the 4wk group when compared with control group,
the 2wk and 8wk group (Fig. 6B,C).

To determine the expression level of sclerostin and β-catenin during
the progression of TMJ OA induced by overloaded force, we compared
their expression level with qRT-PCR analysis. The expression of sclerostin
(SOST) was significantly decreased at 2wk, 4wk and 8wk group, as
compared with the control group (Figure 6D). In addition, the levels of
β-catenin mRNA in TMJ OA cartilage were higher in overloaded group
Reverse primer

50-AAGCATCATTGACCCAATTCCAC-30

G-30 50-GTGCTTTCGATGAAGTCTCACCTG-30

50-CTGGACATTAGTGGGATGAG-30

50-ACGTCTTTGGTGTCATAAGG-30

50-CTCAGCACCAGCATCACC-30



Figure 2. Degenerative changes was exhibited in temporomandibular condylar in the control and overloading groups in the 2wk、4wk、8wk group. A: Safranin-O
and fast green staining (� 200). Gradual but significant loss of proteoglycan is observed in the 2wk、4wk、8wk group. In addition, chondrocytes were irregularly
arranged and fibrillation were observed at different time points of rat condyles. B: Comparison of the OA score (including OARSI and Mankin score) between the
groups. The OARSI and Mankin score are significantly higher in the overloading groups than in control groups from 2wk onwards (*P < 0.05; **P < 0.01; ***P
< 0.001).

Figure 3. COL-2 and MMP-3 Immunohistochemical staining and percentage comparison of condyle cartilage of COL-2 and MMP-3 positive chondrocytes between
different groups. A: Immunohistochemical staining and the COL-2 and MMP-3 analysis of quantitative in the condylar cartilage. B: Corresponding to the microscopic
images, COL-2 expression was significantly decreased in the overloaded groups. The decrease was most significant in the 4wk group. Moreover, compare to the 4wk
group, the COL-2 expression was increased in the 8wk groups. C: The MMP-3 expression increased to various degrees in the overloaded groups, The change in the 4wk
group was most significant. Again, compare to the 4wk group, MMP-3 expression was decreased in the 8wk groups. The data are recorded as the mean � SD. (*P <

0:05; **P < 0:01. **P < 0:001.
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Figure 4. In vivo micro–computed tomography (CT) images and analysis of the subchondral bone resorption at the mandibular condyle induced by overloaded
functional orthopedic force. A: Sagittal micro-CT image of condyle. B: micro-CT measurements for the indicated parameters in the subchondral bone. Bone volume
fraction (BV/TV), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and trabecular number (Tb.N) were calculated from subchondral cubes. The data were
expressed as mean � SD and *P < 0.05, **P < 0.01, and ***P < 0.001.

Figure 5. The number of subchondral osteoclasts in mandibular condyle in control group and experimental group. A: TRAP staining in the mandibular condylar
subchondral bone was performed and multinucleated osteoclasts are indicated. B: TRAP-positive osteoclasts of the analysis of quantitative. C: Increased mRNA
expressing levels of RANK and decreased mRNA expressing of OPG in condylar subchondral bone. The data were expressed as mean � SD and *P < 0.05, **P < 0.01,
and ***P < 0.001.
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than in normal cartilage (Figure 6 D). Changes in sclerostin and β-catenin
levels may be related to degeneration of chondrocytes. Wnt/β-catenin
signaling pathway is activated in the progress of mandibular condylar
cartilage degeneration and subchondral bone loss induced by overloaded
functional orthopedic force (OFOF).
6

4. Discussion

Many mandible advancement (MA) appliances have been used in
patients for treatment of mandibular retrognathia. The mechanism of
orthodontic treatment of class II malocclusion plays an important role in



Figure 6. A: Decreased expression of sclerostin (SOST), and increased expression of β-catenin at the mandibular condyles in the control and overloading groups. A-C:
Immunohistochemistry for SOST and β-catenin in sagittal sections of condyles. Scale bar ¼ 50 μm. D: The results of RT-PCR analysis and the relative expression of
SOST and β-catenin. *P < 0.05; **P < 0.01; ***P < 0.001.
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stimulating condyle growth [19]. In this experimental study, mandible
advancement (MA) appliances were used to mandibular advancement
among SD rats over 8 weeks period. This study chose rat model due to it is
similar to human in the morphological, anatomical and structural of
condyles.

Previous studies [20] indicated that mandible advancement (MA)
appliances could transfer functional orthopedic force to the mandibular
condyle, and modulate cartilage growth and bone formation. But the
main pathologic change in TMJ-OA is overloading stress induced
condylar cartilage degeneration [16]. Therefore, the effect of over-
loading on articular cartilage and subchondral bone caused by TMJ OA
raises our concern.
7

In this study, we made a mandibular advancement appliance to
establish OFOF model in rats and TMJ-OA model was successfully
induced by OFOF. There are many studies that using different methods to
make mandibular forward models, in Rabie's research, the appliances
that were fitted to the upper incisors of animals [21], unlike their ap-
pliances, ours was fixed to the rat's maxilla by elastic traction, and neck
fixation device was used to assist the fixation to avoiding fall off; In the
Crossman's study, the collagen induced arthritis (CIA) juvenile rat model
was used, and the articular condyle cartilage of the CIA group underwent
degenerative changes, this method adopted injection, which was simple
and feasible [22]. In contrast, our model adopted physical means to force
the mandible of rats to extend forward, simulating the process of
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mechanical force overload of joints. Studies have shown that the fibrous
layer of normal condyle is continuous and smooth, and chondrocytes are
oriented in an orderly manner; whereas chondrocytes in pathological
condition are disordered and the number of chondrocytes are signifi-
cantly reduced even eliminated [23]. Similar pathological changes also
occurred in the OFOF rat model in this study.

To further explore how overloaded functional orthopedic force in-
duces pathological changes of condylar cartilage, we investigated the
expression level of COL-2 and MMP-3. In the normal conditions, abun-
dant collagen and proteoglycans compose the cartilage matrix [24].
COL-2 accounts for more than 90% of total collagen, which can maintain
the organic morphology of cartilage tissue and also become the micro-
environment for chondrocyte metabolism [25]. The metabolic activity
and health of cartilage can be visualized by COL-2 [26]. In this study, the
expression level of COL-2 was significantly reduced in the orthotic force
overloaded rat model. MMPs is a proteolytic enzyme widely existing in
connective tissue, which plays an important regulatory role in physio-
logical reconstruction and pathological destruction [27]. MMP-3 is an
important hydrolase which can activate multifarious MMP precursors,
gelatinases and collagenases, with the ability to degrade cartilage and
bone extracellular matrix [28]. It's level was consistent with cartilage
damage [29, 30]. In this study, overloading effectively increased the
expression level of MMP-3 in damaged condylar cartilage. In addition,
the expression of COL-2 was negatively correlated with MMP-3, indi-
cating that the degradation of COL-2 was related to MMP-3 closely.
However, how overload affects MMP-3 expression remains unclear.

Chondrodegeneration and destruction of subchondral bone can be
caused by abnormal death of chondrocytes. The cartilage is tightly
attached to the subchondral bone to form a functional unit which called
the osteochondral junction, and the osteochondral junction includes the
area between the deeper articular cartilage and the underlying sub-
chondral bone and, changing any of these tissues alters the rest of the
complex; during joint load bear process, cartilage and subchondral bone
play complementary roles [31]. Subchondral bone supports cartilage,
which can transfer increased load to the upper cartilage, leading to sec-
ondary cartilage damage and degenerative changes [5]. After cartilage
injury, the load transferred to the subchondral bone also increases [32].
The performance of cartilage and subchondral bone in TMJOA rats in this
study also conforms to this theory. Abnormal remodeling of subchondral
bone is one of the earliest pathological features of TMJ osteoarthritis. In
the early stage of TMJ osteoarthritis, subchondral bone is mainly charac-
terized by bone loss, followed by slow repair activity that increases sub-
chondral bonemass. Manymolecular signaling pathways in endochondral
ossification are involved in temporomandibular joint osteoarthritis.

The classic Wnt/β-catenin signaling pathway not only plays an
important role in the regulation of bone metabolic balance, but also is the
key to regulating the pathogenesis of arthritis. Activation of the Wnt/
β-catenin signaling pathway is thought to be responsible for excessive
remodeling and the degradation of cartilage matrix in pathology [33]. As
described in detail previously [34, 35], overexpression of β-catenin has
been shown to induce an OA-like phenotype and significantly affect the
expression of chondrocyte marker genes such as MMPs, ADAMTs,
aggrecan and type II collagen. Molecular or pharmacological agents that
inhibit the Wnt/β-catenin signaling pathway in chondrocytes reduce
expression of stromal regulatory enzymes, including MMPs, which may
help slow disease progression of OA. Besides, increased Wnt signaling
inhibits chondrogenesis [36]. Sclerostin, an inhibitor of the Wnt/β-ca-
tenin signaling pathway, is expressed in chondrocytes and regulates
chondrogenic differentiation [37]. In this study, mechanical load acti-
vates the Wnt/β-catenin signaling pathway through downregulation of
sclerostin in temporomandibular joint OA progression induced by over-
loaded force. Wnt/β-catenin signaling pathway is activated in the prog-
ress of mandibular condylar cartilage degeneration and subchondral
bone loss induced by OFOF.

Studies have shown that cartilage homeostasis requires a delicate
balance of WNT activity because both inhibition [38] and constructive
8

activation [39] of the β-catenin pathway lead to cartilage breakdown.
Similarly, excessive WNT activation following loss of WNT inhibitor
function leads to increased susceptibility to OA in humans [40], but
excessive WNT inhibition due to tumor necrosis factor-dependent DKK1
expression in inflammatory arthritis leads to cartilage and bone
destruction. How this balance is achieved within the joint is unclear.
Chen's study showed the evidence that the Wnt signaling components
were involved in the development of the condylar cartilage. Further-
more, the expression of the Wnt components was predominant at the
developmental stages, compared to adult period, indicating the impor-
tance of Wnt signaling for chondrogenesis and morphogenesis of
condylar cartilage [41]. Martijn H's data show that canonical Wnts,
which overexpressed in the synovium during experimental OA, may
conduce to OA pathology [42]. Therefore regulation of Wnt and Wnt
antagonists have emerged as a potential strategy to influence tissue
remodelling and regeneration in degenerative joint diseases such as OA.

5. Conclusion

The results indicated that Wnt/β-cantenin signaling pathway may
have a certain effect on TMJ OA. In short, Wnt signal transduction has
been proven to bone involved in bone formation and bone resorption,
and also plays an important role in bone metabolism. Since the Wnt/
β-cantenin signaling pathway participating in the subchondral bone of
the condyle, the development of biological products related to the Wnt/
β-cantenin signaling pathway inhibitor to reduce the occurrence of TMJ
OA is undoubtedly a beneficial treatment attempt. Therefore, these re-
sults suggested that Wnt/β-catenin signaling pathway is activated in the
progress of mandibular condylar cartilage degeneration and subchondral
bone loss induced by overloaded functional orthopedic force (OFOF).
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