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Abstract
Introduction Articular cartilage is the major affected tissue during the development of osteoarthritis (OA) in temporoman-
dibular joint (TMJ). The core circadian rhythm molecule Bmal1 regulates chondrocyte proliferation, differentiation and 
apoptosis; however, its roles in condylar cartilage function and in TMJ OA have not been fully elucidated.
Materials and methods TMJ OA mouse model was induced by unilateral anterior crossbite (UAC) and Bmal1 protein 
expression in condylar cartilage were examined by western blot analysis. To determine the role of Bmal1 in TMJ OA, we 
generated cartilage-specific Bmal1 conditional knockout (cKO) mice (Bmal1Agc1CreER mice) and hematoxylin and eosin stain-
ing, toluidine blue and Safranin O/fast green, immunohistochemistry, TUNEL assay, real-time PCR analysis and Western 
blot assay were followed.
Results Bmal1 expression was reduced in condylar cartilage in a TMJ OA mouse model induced by UAC. The Bmal1 cKO 
mice displayed decreased cartilage matrix synthesis, reduced chondrocyte proliferation, increased chondrocyte hypertrophy 
and apoptosis as well as the upregulation of YAP expression in TMJ condylar cartilage.
Conclusions We demonstrated that Bmal1 was essential for TMJ tissue homeostasis and loss-of-function of Bmal1 in chon-
drocytes leads to the development of TMJ OA.
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Introduction

Osteoarthritis (OA) is the most common form of arthritis 
and the temporomandibular joint (TMJ) is one of the most 
common sites of OA, often leading to severe pain in the 
orofacial region. The main tissue affected in OA is articu-
lar cartilage. Several factors, including age, endocrine fac-
tors, psychosocial factors (such as anxiety and depression), 
malocclusion, and some behaviors have been found might 
induce TMJ OA [1]. However, it remains unclear about the 
etiology, pathogenic processes and underlying molecular 
mechanisms involved in TMJ OA development. Among 
those animal models established to mimic the development 
of TMJ OA, unilateral anterior crossbite (UAC) stimulation 
is one of the most widely used animal model to study the 
etiology and pathogenic of TMJ OA [2, 3].

In recent years, many important physiological activities 
in body exhibit obvious circadian rhythm, and accumulative 
evidence has shown linkage of abnormal circadian clock 
system with OA [4]. Brain and muscle Arnt-like protein-1 
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(Bmal1) is the core circadian clock component and controls 
important physiological processes. The circadian clock 
maintains and regulates the circadian rhythm through a feed-
back loop: Bmal1 binds Clock to form heterodimers and 
initiates the transcription of target genes, resulting in sup-
pression of transcriptional activity of Bmal1 and Clock [5].

There is considerable evidence that Bmal1 expres-
sion was in a lower level in knee joint OA chondrocytes 
[4, 6–10]. However, little is known about the effect of 
Bmal1 on TMJ OA cartilage. So far, only two publica-
tions reported the relation of Bmal1 to TMJ OA. One 
study reported that sleep rhythm disturbance downregu-
lated Bmal1 in TMJ condylar cartilage and might induce 
the global circadian rhythm disruption, implicating that 
disrupted circadian rhythm was a risk factor for TMJ OA 
[11]. The other study reported that the stimulation of low-
intensity pulsed ultrasound caused a reduction of Bmal1 
level in a rat TMJ OA model [12]. Therefore, in this study, 
we crossed Aggrecan-CreER transgenic mice with Bmal-
1flox/flox mice to create a tamoxifen-inducible, cartilage-
specific Bmal1 conditional knockout (cKO) mouse model 
(Bmal1Agc1CreER mice), to determine the regulatory roles 

of Bmal1 in the condylar cartilage during the TMJ OA 
initiation and progression.

Materials and methods

Unilateral anterior crossbite (UAC)‑induced TMJ OA 
model

Six-week-old C57BL/6 J female mice were provided by 
the Animal Center of Xi’an Jiaotong University in China 
(N = 6). In the UAC groups, UAC was applied to mice 
as we previously described [2] (Fig. 1a). In the control 
groups, the mice underwent similar procedure but no metal 
tubes were bonded (Fig. 1a). All mice were killed 3 weeks 
after performing UAC, referencing to previous published 
reference [2]. All the animal experiments involved in this 
study were approved by the Animal Experiment Admin-
istration Committee of Xi’an Jiaotong University, China 
(2020-387).

Fig. 1  The reduction of Bmal1 correlated with TMJ OA-like lesion 
of mouse unilateral anterior crossbite (UAC). (a) The frontal and 
lateral view of anterior teeth occlusal relationship in the control (a, 
b) and UAC (c, d) mice at six weeks old. (b) Representative sagit-
tal TMJ sections of HE, toluidine blue and Safranin O/fast green 
staining three weeks after UAC stimulation. Scale bars = 50 μm. (c) 
The severity of OA-like phenotype was graded by modified OARSI 
scoring system by the same observers blinded to the treatment cat-
egory. The results demonstrated that three weeks UAC treatment 

induced significant TMJ OA-like defects versus the control group. 
**p < 0.01. (d) Representative histopathological of IHC staining of 
Bmal1 in TMJ condylar cartilage of UAC mice and control mice. 
Scale bars = 50  μm. (e) Quantification of IHC staining in Fig.  1d. 
*p < 0.05. (f) Western blot analysis of Bmal1 expression in TMJ con-
dylar cartilage of UAC mice and control mice. GAPDH was used as 
loading control. Data shown were representative of three individual 
experiments. (g) Quantification of Western blot analysis of Bmal1 in 
Fig. 1f. **p < 0.01
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The generation of Bmal1Agc1CreER cKO mice

Bmal1-floxed mice were presented as gifts from professor 
Weimin Tong at the Institute of Basic Medical Sciences, 
Chinese Academy of Medical Sciences. Agc1-CreER 
transgenic mice were obtained from Professor Di Chen 
at Shenzhen Institute of Advanced Technology, Chinese 
Academy of Sciences. To generate Bmal1Agc1CreER cKO 
mice, Bmal1flox/flox mice were crossbred with Agc1-CreER 
transgenic mice. To create cartilage-specific Baml1 gene 
deletion after birth, the mice were intraperitoneally 
injected with tamoxifen at 5, 7, 9 and 11 days after birth. 
The mice were sacrificed 9, 13 or 17 weeks after birth 
for histologic analysis, referencing to the time points 3, 
7, 11 weeks after UAC stimulation [2, 13]. Cre-negative 
littermates (Bmal1flox/flox) were used as controls (N = 6).

Histology and immunohistochemistry (IHC) 
and immunofluorescence (IF) staining

Skulls were dissected from Bmal1Agc1CreER mice, Cre 
negative control mice, UAC and C57BL/6 J control mice, 
respectively (N = 6). Samples were collected as previous 
[14] and 3 μm mid-sagittal sections at 3 different levels 
(50 μm apart) were cut from the lateral part of TMJ and 
then stained with hematoxylin and eosin (HE), toluidine 
blue and Safranin O/fast green and IHC staining. For 
IHC staining, tissue sections were incubated with pri-
mary antibodies against Bmal1 (Abcam, ab230822), YAP 
(Cell signaling, 14074S), Aggrecan (Abcam, ab216965), 
MMP13 (Abcam, ab39012), PCNA (Abcam, ab18197) at 
4 °C overnight. 3 slides per mouse, 6 mice in each group 
were analyzed. For IF staining, tissue sections were incu-
bated with primary antibodies against YAP (Cell signal-
ing, 14074S), CY3 Conjugated AffiniPure Goat Anti rabbit 
IgG secondary antibody was used (1:100, 2 h) at 37 °C and 
sections were mounted with DAPI before imaging.

TUNEL assay

For TMJ condylar cartilage histological tissue sections, 
cell apoptosis was analyzed with Cell Death Detection 
Kit (Roche Diagnostics, Germany; Cat.No.11684 817910) 
according to the manufacturer’s instructions. Briefly, the 
samples were permeated with TUNEL reaction mixture 
and stained by DAB to distinguish the positive cells 
(N = 6). The apoptotic rate was calculated by proportion 
of the positive cells in total cells of TMJ condylar carti-
lage. The observer are blinded to grouping and treatment.

Real‑time PCR analysis

Bmal1Agc1CreER mice and their Cre-negative control mice 
were euthanized and TMJ condylar cartilages were col-
lected at age of 9 weeks (N = 3). The process of RT-PCR 
was performed as we previous published [14]. Bmal1 and 
GAPDH genes were designed as follows: Bmal1: forward, 
TCT CCG AGT CTG TCT TCA , reverse, AGT CTT GGC ATC 
AAT GAG T; GAPDH: forward, TGG CCT TCC GTG TTC 
CTA C, reverse, GAG TTG CTG TTG AAG TCG CA.

Western blot

The sample from TMJ condylar cartilage (N = 6) were dis-
rupted by RIPA buffer (Abcam, ab288006). The following 
processes were performed as we previous published [15]. 
The primary antibodies were the same to those used in IHC 
staining. The bands were quantitated by Image J.

Statistical analysis

Data are presented as the mean ± SD for three individual 
experiments for each group. Two-tailed Student’s t test was 
performed to compare data of two groups. P values less than 
0.05 were considered statistically significant.

Results

The expression of Bmal1 was reduced in TMJ 
condylar cartilage in the unilateral anterior 
crossbite (UAC)‑induced TMJ OA mouse model

UAC was performed as displayed in Fig. 1a. A representa-
tive picture of normal TMJ condylar cartilage is shown in 
Supplementary Fig. 1a. The results from hematoxylin and 
eosin (HE), toluidine blue and Safranin O staining dem-
onstrated that the decrease in the thickness (black arrow, 
Supplementary Fig. 1b), the reduce of cartilage matrix, and 
the appearance of cell-free area (yellow arrow), which were 
typical OA-like lesion, were observed in the mouse TMJ 
cartilage layer after 3 weeks UAC induction, compared with 
the Cre-negative mice (Fig. 1b). UAC model was validated 
as a higher score than the control evaluated in TMJ condylar 
cartilage by modified OARSI (Fig. 1c). To examine changes 
in Bmal1 expression TMJ chondrocytes of the mice, IHC 
staining and Western blot were performed at this time points. 
IHC staining demonstrated that, in the TMJ condylar carti-
lage of control mice, Bmal1-positive cells were distributed 
throughout the entire cartilage zone, and brown-stained par-
ticles are deep and numerous in the proliferative zone and 
pre-hypertrophic cartilage zone. While in the UAC group, 
the number of Bmal1-positive cells significantly decreased 



 Journal of Bone and Mineral Metabolism

in the fibrous zone of TMJ condylar cartilage, proliferative 
layer, and there were only a few positive cells in the hyper-
trophic layer (Figs. 1d, 1e). Consistently, the result of West-
ern blot analysis demonstrated that Bmal1 protein levels in 
TMJ condylar cartilage were obviously reduced in the UAC 
mice versus the control mice (Fig. 1f, 1g).

Deletion of Bmal1 in chondrocyte postnatally 
induced TMJ OA‑like lesion

To validate the specificity of Bmal1 gene deletion in chon-
drocyte of Bmal1 cKO mice, PCR assay, IHC staining and 
Western blot analysis were performed. Bmal1 mRNA and 
protein levels were significantly decreased in Bmal1 cKO 
mice at ages of 9 weeks by RT-PCR (Fig. 2a) and Western 
blot analysis (Fig. 2b and Supplementary Fig. 1c). Mean-
while, IHC staining showed that Bmal1-positive signals 
were reduced in TMJ condylar cartilage of Bmal1 cKO 
mice at 9 weeks of age (Fig. 2c, 2d). The toluidine blue 
staining displayed decreased content of cartilage matrix 
(Fig. 2e) and thickness of condylar cartilage (Fig. 2f). Col-
lectively, all those data demonstrated that ablation of Bmal1 

in chondrocyte at post-natal stage induced TMJ OA-like 
lesions.

Effect of Bmal1 deletion on TMJ condylar 
chondrocyte proliferation, terminal differentiation 
and apoptosis of 9‑week‑old Bmal1 cKO mice

The number of PCNA-positive cells was significantly 
decreased in the proliferative zone of TMJ condylar car-
tilage in Bmal1 cKO mice versus the Cre negative mice 
(Fig. 3a). In TMJ condylar cartilage of Cre negative mice, 
PCNA-positive signals were almost distributed throughout 
the entire condylar cartilage region, with a large number 
of brown-stained positive particles in the nucleus present 
in the proliferative and pre-hypertrophic chondrocyte zone, 
whereas only a few PCNA-positive cells were detected in 
the hypertrophic cartilage region; In contrast, in Bmal1 cKO 
mice, the number of PCNA-positive cells in the proliferative 
and pre-hypertrophic chondrocyte zone were significantly 
decreased, whereas PCNA-positive signals were almost 
undetectable in hypertrophic chondrocyte zone. The calcu-
lation of the percentage of PCNA-positive cells confirmed 

Fig. 2  Cartilage specific Bmal1 cKO mice showed TMJ OA-like 
lesion. (a) The relative expression of Bmal1 mRNA was detected 
by PCR. Independent experiments were repeated three times. 
**p < 0.01. (b) Western blot analysis of Bmal1 expression in TMJ 
condylar cartilage of Bmal1Agc1CreER mice and Cre negative mice. 
GAPDH was used as loading control. Data shown were representative 
of three individual experiments. (c)  IHC staining of Bmal1 in TMJ 

condylar cartilage of Bmal1Agc1CreER mice and Cre negative mice. 
Scale bars = 50  μm. (d) Quantification of IHC staining in Fig.  2c. 
***p < 0.001. (e)  Representative sagittal TMJ sections of toluidine 
blue staining in TMJ condylar cartilage of Bmal1Agc1CreER mice and 
Cre negative mice at ages of 9, 13, 17 weeks. Scale bars = 100 μm. 
(f) Quantification of thickness of TMJ condylar cartilage in Fig. 2e. 
*p < 0.05, ***p < 0.001
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that after Bmal1 deletion the protein expression of PCNA in 
TMJ condylar cartilage was significantly reduced, indicat-
ing a decrease in the proliferative ability of chondrocytes 
(Fig. 3b). Consistently, Western blot analysis demonstrated 
that PCNA protein levels in the TMJ condylar cartilage was 
obviously reduced in Bmal1 cKO mice versus Cre-negative 
mice (Fig. 3c and Supplementary Fig. 1d).

MMP13 is the marker for chondrocyte terminal differ-
entiation. IHC results showed that MMP13 was specifically 
distributed in hypertrophic zone within the TMJ condy-
lar cartilage (Fig. 3d). In Cre negative control mice, the 
brown stained area of MMP13-positive signal was limited 
and lighter in TMJ condylar cartilage. Whereas in Bmal-
1cKO mice, MMP13-positive signal was almost distributed 
throughout entire cartilage of TMJ condyle, and large areas 
of brown staining could be seen around chondrocyte and in 
the extracellular matrix (Fig. 3d). The results of IHC stain-
ing and western blot analysis demonstrated that MMP13 
protein level in the TMJ condylar cartilage was significantly 

increased in Bmal1cKO mice versus control mice (Fig. 3d-f 
and Supplementary Fig. 1e).

In the process of endochondral ossification, chondro-
cytes undergo proliferation, differentiation and apoptosis, 
and eventually transfer from cartilage tissue to bone tissue. 
The same process was also thought occurred in the pathol-
ogy of TMJ OA.

Therefore, we next examined whether deletion of Bmal1 
affected chondrocyte apoptosis. As shown in Fig. 3g,  3h, 
Bmal1 ablation induced more TUNEL-positive chondrocytes 
in TMJ condyle of Bmal1 cKO mice than that in Cre-nega-
tive mice at 9 weeks of age. In Cre-negative mice, TUNEL-
positive signals were distributed mainly in hypertrophic 
cartilage zone, whereas a large number of TUNEL-positive 
cells throughout the entire condylar cartilage were present 
in Bmal1cKO mice, especially in hypertrophic zone. It was 
concluded that after Bmal1 deletion, apoptosis of hyper-
trophic chondrocytes enhanced, and apoptotic chondrocytes 
also extended to proliferative and pre-hypertrophic zone.

Fig. 3  Loss of Bmal1 inhibited the proliferation, but promotes the 
apoptosis and differentiation of TMJ chondrocytes. (a) Representa-
tive histopathological of IHC staining of PCNA in TMJ condy-
lar cartilage of Bmal1Agc1CreER mice and Cre-negative mice. Scale 
bars = 50 μm. (b) Quantification of IHC staining of PCNA in Fig. 3a. 
***p < 0.001. (c) Western blot analysis of PCNA expression in TMJ 
condylar cartilage of Bmal1Agc1CreER mice and Cre negative mice. 
GAPDH was used as loading control. Data shown were representative 
of three individual experiments. (d) IHC staining of MMP13 in TMJ 
condylar cartilage of Bmal1Agc1CreER mice and Cre negative mice. 

Scale bars = 50 μm. (e) Quantification of IHC staining of MMP13 in 
Fig. 3d. **p < 0.01. (f) Western blot analysis of MMP13 expression 
in TMJ condylar cartilage of Bmal1Agc1CreER mice and Cre negative 
mice. GAPDH was used as loading control. Data shown were repre-
sentative of three individual experiments. (g) TUNEL assay in TMJ 
condylar cartilage of Bmal1Agc1CreER mice and Cre negative mice. 
GAPDH was used as loading control. Data shown were representa-
tive of three individual experiments. Quantification of TUNEL assay 
in Fig. 3 g. **p < 0.01
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The protein levels of mechanical signaling molecule 
YAP were increased in TMJ condylar cartilage 
of 9‑week‑old Bmal1 cKO mice

Western blot analysis demonstrated YAP protein level was 
increased in Bmal1cKO mice versus Cre negative mice 
(Figs. 4a, 4b). IHC staining showed that, in Cre-negative 
control mice, YAP-positive signals were mainly distributed 
in pre-hypertrophic zone; however, in Bmal1 cKO mice, 
YAP-positive chondrocytes in hypertrophic zone were obvi-
ously enhanced, especially in the osteochondral junction 
area where a large amount of YAP-positive signals were 
detected (Fig. 4c). The results of quantitative analysis of 
IHC staining showed increased YAP expression in Bmal1 
cKO mice versus Cre-negative control mice (Fig. 4d). And 

the immunofluorescence showed more positive chondrocyte 
localized in the nucleus in Bmal1 cKO mice versus Cre-
negative mice (Fig. 4e).

Discussion

TMJ is a load-bearing joint. Aberrant Prolonged or overload-
ing biomechanics from abnormal dental occlusion plays a 
vital effect on TMJ OA development. In the current study, 
the result from UAC induced TMJ OA mice showed that 
Bmal1 was significantly reduced in condylar cartilage. This 
finding suggested that Bmal1 deficiency might be related 
to initiation or progress of TMJ OA. Therefore, we then 
generated cartilage-specific Bmal1 cKO mice, which was 

Fig.4  Loss of Bmal1 increased 
the expression of YAP in 
chondrocytes. (a) Western blot 
analysis of YAP expression 
in TMJ condylar cartilage of 
Bmal1Agc1CreER mice and Cre 
negative mice. GAPDH was 
used as loading control. Data 
shown were representative of 
three individual experiments. 
(b) Quantification of Western 
blot analysis of YAP expression 
in Fig. 4a. *p < 0.05. (c) IHC 
staining of YAP in TMJ condy-
lar cartilage of Bmal1Agc1CreER 
mice and Cre negative mice. 
Scale bars = 50 μm. (d) Quanti-
fication of IHC staining of YAP 
in Fig. 4c. ***p < 0.001. (e) 
Immunofluorescence staining of 
YAP in TMJ condylar cartilage 
of Bmal1Agc1CreER mice and Cre 
negative mice at 9 weeks old. 
The white arrow indicated the 
merged positive signals (purple 
signals). Scale bars = 50 μm
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abbreviated as Bmal1Agc1CreER mice in this paper, to further 
shed light on the mechanisms through which Bmal1 regu-
lates the condylar cartilage during TMJ OA progress.

Bmal1 has been confirmed to regulate chondrocyte pro-
liferation, hypertrophy and apoptosis. In cartilage-specific 
Bmal1 cKO mice (Bmal1Col2CreER mice), both in growth plate 
as well as in articular cartilage of knee joint, the amount 
of proliferative chondrocytes was less while the number of 
apoptotic cells was more than that of the controls [6, 15], 
indicating that Bmal1 deletion reduced chondrocyte prolif-
eration and promotes chondrocyte apoptosis. However, some 
different findings about cell proliferation were found when 
studying the effect of Bmal1 knockdown by culturing pri-
mary chondrocytes. One study reported a small increase in 
cell proliferation following knockdown of Bmal1 in cultured 
human cartilage chondrocytes [7] whereas another study 
showed no effect on cell proliferation by Bmal1 knockdown 
in human chondrocytes [8], due to a lack of information 
about Bmal1 knockdown efficiency in the second study. 
Two reasons may be attributed to the differences observed 
between the two studies. One is the different sensitivity of 
assays applied and the source of primary chondrocytes [4]. 
The other reason is that both studies are only a transient 
Bmal1 knockdown and it is unknown whether a prolonged 
Bmal1 reduction has more significant effects on chondro-
cyte proliferation [4]. Consistent with the above studied in 
growth plate and articular cartilage using Bmal1Col2CreER 
mice, in the current study, the anti-proliferative and pro-
apoptotic effects were found in TMJ condylar cartilage of 
Bmal1Agc1CreER mice versus the controls. About the role of 
Bmal1 in chondrocyte hypertrophy, there are also some con-
tradictory reports. It was also reported that Bmal1 expres-
sion level was lower in proliferative zone than in pre-hyper-
trophic or hypertrophic zone of growth plate cartilage by 
immunohistochemistry, implicating a dual function of bmal1 
in proliferating compared with differentiating chondrocytes 
[16]. Consistently, we found Bmal1-positive signals in pre-
hypertrophic and hypertrophic zone were more intense than 
those in proliferative zone. In growth plate cartilage, Col10 
expression decreased in Bmal1 cKO mice, indicating that 
loss of Bmal1 suppressed chondrocyte hypertrophy [17]. 
Transient knockdown of Bmal1 in human cultured chondro-
cytes caused an increase of MMP13 expression in one study 
[7] but had no effect reported by another research involving 
chondrocytes isolated from patients without OA [8]. In our 
study, MMP13 expression was increased in TMJ condylar 
cartilage in Bmal1 cKO mice, suggesting that Bmal1 pro-
moted chondrocyte terminal differentiation.

YAP is a transcriptional coactivator and keeps its activ-
ity in dephosphorylation state. Once phosphorylated, YAP1/
TAZ translocate to cytoplasm from the nucleus and retained 
in the cytoplasm, where they are ubiquitylated by E3-ubiq-
uitin ligase BTRC and subjected to proteasome-mediated 

degradation [18]. Therefore, YAP exerts its transcriptional 
activity in dephosphorylation state. Multiple references 
reported YAP could regulate cell proliferation, differentia-
tion and apoptosis [19–24]. However, among these refer-
ences, reports on YAP regulation of proliferation and dif-
ferentiation are controversial in vitro and in vivo. Therefore, 
the symphony of YAP is still not fully understood. Research 
has also confirmed that there is a certain connection between 
YAP and OA. YAP was overexpressed in OA tissues from 
a mouse OA model [24]. Overexpression of YAP obvi-
ously inhibited ATDC5 chondrogenic cell proliferation and 
reduced the gene expression related to differentiation, with 
these effects being reversed by YAP knockdown [24]. Con-
sistently, in our study, anti-proliferative and pro-apoptotic 
effects were found in TMJ condylar cartilage of Bmal1 cKO 
mice versus the controls. Meanwhile, YAP expression was 
upregulated in condylar cartilage and the YAP positive 
cells were increased in hypertrophic zone, especially in the 
osteochondral junction area. Thus may also be related to the 
mechanical signaling characteristic of YAP [21]. Periodic 
cyclic mechanical stress can activate YAP in growth plate 
[25]. Matrix stiffness could induce nuclear translocation of 
YAP to mediate mechanics-induced fibroblast activation 
[26]. In hard matrix, YAP aggregated within the nucleus, 
promoting osteogenesis. In contrast, in the soft matrix, YAP 
accumulated in the cytoplasm, promoting lipid formation 
[27]. Moreover, our previous finding showed that complex 
modulus was increased in the osteochondral interface in the 
UAC group versus the controls [3]. This reflected the stiff-
ness of TMJ condylar osteochondral interface was enhanced 
after UAC stimulation. Maybe this is why YAP positive sig-
nals were obviously increased in the osteochondral junction 
area in this study. It is possible that, after Bmal1 knock-
out, decreased extracellular matrix of condylar cartilage 
(Fig. 2e) enhanced the stiffness of the cartilage matrix and 
thus altered the mechanical signal stimulation transmit-
ted to cells, leading to the increased expression of YAP. 
About the role of YAP in chondrocyte apoptosis in knee 
joint bone and cartilage, there are also some inconsistences. 
For example, in cultured prechondrocytic cell line ATDC5 
in vitro, it was shown that overexpression of YAP induced 
chondrocyte apoptosis [24]. In contrast, it was demonstrated 
that, double knockouts of Yap/Taz did not affect apoptosis 
in vitro [23]. These inconsistences might attribute to differ-
ent models used as well as different developmental stage 
targeted (endochondral ossification during development or 
regeneration after damage, or cartilage homeostasis). So far, 
only one study reported the effect of YAP in regulation of 
TMJ cartilage, which demonstrated that excessive activation 
of YAP promoted process of TMJ OA [28].

A recent study reported that Bmal1 induced BMSCs 
osteogenesis through inhibition of YAP expression [29]. In 
that research, Chip-Seq and RNA-Seq demonstrated Bmal1 
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was the upstream of YAP. Consistently, in this study, knock-
down Bmal1 in cartilage led to upregulated YAP expression. 
Given these, our results suggested that Bmal1/YAP pathway 
played key role in chondrocytes proliferation, differentiation 
and apoptosis and lack of Bmal1 induced TMJ OA. There-
fore, Bmal1/YAP may be a potential target to interfere TMJ 
OA.

In conclusion, in the present study, we found that UAC 
stimulation induced TMJ OA-like changes and decreased 
the expression of Bmal1. We further investigated that carti-
lage Bmal1 cKO mice exhibited inhibited proliferation and 
increased condylar chondrocyte hypertrophy and apoptosis 
as well as upregulated expression of YAP. These findings 
suggested that Bmal1 is essential for condylar cartilage 
homeostasis and its deficiency leads to phenotype of TMJ 
OA; Bmal1/YAP pathway may be involved in the initiation 
and progress of TMJ OA, but further studies are needed 
to verify the potential regulative effect of Bmal1 on YAP 
signaling by ex-vivo condylar chondrocyte experiments. 
Moreover, it is necessary to mention that this study has some 
limitations. Bmal1 compensatory experiments are needed to 
further clarify the essential role of Bmal1 to condylar car-
tilage homeostasis, and some detail molecular mechanisms 
studies and treatment strategies will be conducted.
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