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frequency, and Golgi size of condylar chondrocytes. 
Four-week-old mice receiving an 11-week series 
of intraperitoneal injections of rapamycin, a potent 
mTOR signaling inhibitor, were used for the histo-
logical evaluation of the condylar cartilage. The con-
dylar cartilage demonstrated an age-related reduction 
in cartilage area, including chondrocyte size, cell 
density, and cell size distribution. The Golgi size, 
primary cilia frequency, and mTOR signaling also 
decreased with age. Rapamycin injections resulted in 
both diminished cartilage area and cell size, resem-
bling the phenotypes observed in aged mice. Rapam-
ycin-injected mice also exhibited a smaller Golgi size 
and lower primary cilia frequency in condylar carti-
lage. We demonstrated that a loss of primary cilia due 
to a decline in mTOR signaling was correlated with 
age-related deteriorations in condylar cartilage. Our 
findings provide new insights into the tissue homeo-
stasis of condylar cartilage, contributing to under-
standing the etiology of age-related TMJ-OA.

Keywords  Chondrocyte · Primary cilia · mTOR · 
Aging · Condylar cartilage · Temporomandibular 
joint-osteoarthritis

Abbreviations 
TMJ	� Temporomandibular joint
OA	� Osteoarthritis
ECM	� Extracellular matrix
IFT	� Intraflagellar transport

Abstract  Age-related deterioration of condylar car-
tilage is an etiological factor in temporomandibular 
joint-osteoarthritis (TMJ-OA). However, its under-
lying mechanism remains unknown. Therefore, we 
examined age-related changes and the relationship 
between mTOR signaling and primary cilia in con-
dylar cartilage to determine the intrinsic mechanisms 
of age-related TMJ-OA. Age-related morphological 
changes were analyzed using micro-computed tomog-
raphy and safranin O-stained histological samples 
of the mandibular condyle of C57BL/6J mice (up to 
78  weeks old). Immunohistochemistry was used to 
assess the activity of mTOR signaling, primary cilia 
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mTOR	� Mechanistic/mammalian target of 
Rapamycin

pS6	� Phosphorylated ribosomal protein S6 kinase

Introduction

Osteoarthritis (OA) is a prevalent degenerative joint 
disorder characterized by the progressive breakdown 
of articular cartilage and subsequent changes in the 
underlying bone [1]. While OA can affect various 
joints in the body, its impact on the temporomandib-
ular joint (TMJ), a crucial component of the masti-
catory system, has gained increasing attention [2]. 
Patients with TMJ-OA commonly experience pain, 
joint noise, and limited jaw movement, which have 
serious impacts on their oral health and quality of life 
[3]. With age, the TMJ undergoes a series of morpho-
logical and functional alterations that may contribute 
to the development and progression of the TMJ-OA 
[4–6]. The intricate relationship between aging and 
TMJ-OA is multifaceted and influenced by a range 
of extrinsic and intrinsic factors. Extrinsic factors 
include mechanical stress, trauma, and functional 
habits, whereas intrinsic factors include genetic pre-
disposition, hormonal changes, and systemic condi-
tions [7–9]. However, it remains unclear how aging 
affects the development of TMJ-OA.

Proteoglycans are major components of the extra-
cellular matrix (ECM) and are essential for maintain-
ing the integrity and functionality of the condylar car-
tilage [10, 11]. The glycosaminoglycan chains within 
proteoglycans have a high affinity for water mole-
cules, creating a hydrated gel-like environment within 
the ECM [12]. However, proteoglycan production and 
cartilage thickness decrease in the condylar cartilage 
of aged mice [6, 13, 14] and senescence-accelerated 
mice [15, 16]. Further, alterations in proteoglycan 
content, structure, and metabolism result in decreased 
water retention capacity against elastic and shear 
pressures [17, 18]. Consequently, the condylar carti-
lage becomes more susceptible to mechanical stress 
with age, predisposing individuals to TMJ-OA. Thus, 
understanding the intricate mechanisms underlying 
age-related deterioration in the condylar cartilage is 
crucial for early diagnosis and identification of poten-
tial therapeutic targets for TMJ-OA.

The primary cilium is an antenna-like organelle 
that coordinates multiple signaling pathways to the 

cells and plays a crucial role in tissue development 
and homeostasis [19–21]. Disruption of primary cilia 
via mutations in the genes encoding the ciliary pro-
teins, involving cilia assembly or function, results in 
a wide spectrum of pathophysiological conditions 
termed as “ciliopathies” [21, 22]. Failure of primary 
cilia affects various cellular processes, including 
chondrocyte differentiation [23] and ECM production 
[20, 24, 25]. Deletion or mutation of ciliary genes, 
such as intraflagellar transport (Ift) 80 [26] and 
Tg737/Ift88,[27], have been reported to reduce pro-
teoglycan production and type X collagen expression 
in the articular cartilage. Moreover, we have recently 
reported that condylar cartilage-specific deletion of 
primary cilia using Ift20fl/fl: NG2-CreER mice results 
in decreased proteoglycan production and thinning of 
the mandibular condylar cartilage [28], indicating the 
essential roles of primary cilia in maintaining condy-
lar cartilage tissue.

The mechanistic/mammalian target of rapamy-
cin (mTOR) is a serine/threonine kinase that plays 
a crucial role in cellular processes such as protein 
synthesis, autophagy, and cell growth [29]. Previous 
studies have shown that mTOR plays a crucial role 
in primary cilia [30], maintaining its length [31–33] 
and frequency [34]. Moreover, mTOR has been 
shown to participate in chondrocyte hypertrophy and 
proliferation [35]. Therefore, we hypothesized that 
the age-related deterioration of condylar cartilage is 
caused by the loss of primary cilia due to the reduc-
tion in mTOR signaling. The present study aimed 
to elucidate the potential intrinsic regulation of age-
related deterioration in condylar cartilage by investi-
gating age-related changes and their correlation with 
mTOR signaling and primary cilia in mouse condylar 
cartilage.

Materials and methods

Animals

The animal experimental protocols were approved by 
the Animal Care and Experimentation Committee of 
Niigata University (SA00959). C57BL/6J male mice 
(4, 5, 15, 26, 52, and 78  weeks old) were obtained 
from Charles River Laboratories Japan (Yokohama, 
Japan). Mice were housed in air-conditioned rooms 
at an ambient temperature of 23 ± 2 °C and a relative 
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humidity of 55–65%. They were exposed to an artifi-
cial light–dark cycle of 12:12 h. At each week of age, 
five mice were used for histological analysis. Sample 
size was determined using resource equation methods 
[36]. Samples were fixed with 4% paraformaldehyde 
for 24 h.

Micro‑computed tomography analysis

Micro-computed tomography (μCT) images were 
scanned with a CT system (CosmoScanGX; Rigaku 
Corporation, Tokyo, Japan) at 90 kV energy and 88 
μA intensity. The slices were reconstructed to pro-
duce 2D and 3D images. From the 3D images, only 
the mandibular condylar head was extracted for bone 
mineral density measurement. Bone mineral density 
was measured using Analyze12.0 (AnalyzeDirect 
Inc., Overland Park, KS, USA).

Histological analysis and immunofluorescence 
staining

Mandibular condyle samples were dissected and 
decalcified with 10% ethylenediaminetetraacetic 
acid for four weeks at 4  °C and embedded in paraf-
fin or Tissue-Tek O.C.T. compound (Sakura Finetek, 
Tokyo, Japan). Frontal sections of condylar cartilage 
were prepared for histological analysis. The orienta-
tion of histologic specimens was standardized by the 
anatomic location of the mandibular condyle and the 
gonial angle on the same section [28].

Paraffin sections were stained with safranin O and 
Fast Green. The cartilage area was defined as the area 
enclosed by the surfaces of the mandibular condylar 
cartilage and the subchondral bone of the condyle. 
Safranin O-positive areas within this defined car-
tilage area were measured using ImageJ software. 
The number of chondrocytes was counted within the 
defined cartilage area, and the cell density was cal-
culated by dividing the number of chondrocytes per 
μm2 of cartilage area. Cell size distribution was cal-
culated by measuring the area of each chondrocyte 
within the cartilage area using ImageJ software and 
expressed as a percentage of the cell size range. Cryo-
sections were used for immunofluorescence staining. 
The primary antibodies used were as follows: Acety-
lated tubulin (1:400, T6793; Sigma-Aldrich, St Louis, 
MO, USA), Gamma-tubulin (1:400, T5326; Sigma-
Aldrich), GM130 (1:200, 610,822; BD Biosciences, 

Franklin Lakes, NJ, USA), and Phospho-S6 (1:400, 
5364; Cell Signaling Technology, Danvers, MA, 
USA). The slides were analyzed with an Olympus 
FluoView FV1200 laser scanning confocal micro-
scope (Olympus, Tokyo, Japan) using an FV10-ASW 
Viewer. The pS6-positive cell ratio was calculated as 
the number of pS6-positive chondrocytes to the total 
chondrocytes in the cartilage area. The primary cilia 
frequency was calculated as the number of acetylated 
tubulin-positive cells to the total chondrocytes in the 
cartilage area. Golgi size was determined by measur-
ing the GM130-positive area of all chondrocytes in 
the cartilage area using ImageJ software.

Cell culture and immunocytochemistry

The mouse chondroprogenitor cell line ATDC5 cells 
(RIKEN Cell Bank, Tsukuba, Japan) were cultured 
in Dulbecco’s modified eagle medium (DMEM)/F-12 
(11,765–054; Gibco, Thermo Fisher Scientific, 
Waltham, MA, USA) containing 5% fetal bovine 
serum (FBS; 10,270–098; Gibco), antibiotic–antimy-
cotic 100 × (15,240,062; Thermo Fisher Scientific), 
and 1% insulin-transferrin-selenium (51,300–044; 
Gibco) at 37  °C in a humidified atmosphere of 5% 
CO2. The medium was changed every other day.

For the stimulation of mTOR signaling, ATDC5 
cells were cultured at a density of 1.0 × 104 cells/cm2 
in 6-well plates for 48 h. MHY1485 (Tokyo Chemi-
cal Industry, Tokyo, Japan) was reconstituted in 
dimethyl sulfoxide (DMSO) (FUJIFILM Wako Pure 
Chemical Co., Osaka, Japan). ATDC5 cells were 
starved in DMEM/F-12 medium containing 0.5% 
FBS for 24 h to induce ciliogenesis and then treated 
with 10  µM MHY1485 in culture medium or 0.1% 
DMSO as a control [37]. For the inhibition of mTOR 
signaling, ATDC5 cells were cultured at a density of 
5.0 × 104 cells/cm2 in 6-well plates for 48 h. Rapamy-
cin (R-5000; LC Laboratories, Woburn, MA, USA) 
was reconstituted in absolute ethanol at 20  mg/mL 
and diluted in a culture medium. ATDC5 cells were 
starved in DMEM/F-12 medium containing 0.5% 
FBS for 24 h to induce ciliogenesis and then treated 
with 0.1 μM rapamycin in culture medium or 0.01% 
ethanol as a vehicle [38].

After 48  h of the treatment, cells were fixed in 
4% paraformaldehyde for 10  min and analyzed via 
immunocytochemistry. The primary antibodies 
used were as follows: acetylated tubulin (1:1,000), 
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gamma-tubulin (1:1,000), and phospho-S6 (1:1,000). 
Samples were analyzed using an Olympus FluoView 
FV1200 laser scanning confocal microscope with 
an FV10-ASW Viewer. To determine the cell num-
ber, three fields of view per sample (n = 3) were ran-
domly selected, and all cells within these fields were 
counted. The pS6-positive cell ratio was calculated as 
the number of pS6-positive chondrocytes divided by 
the total cells in the field. The primary cilia frequency 
was calculated as the number of acetylated tubulin-
positive cells divided by the total number of cells in 
the field.

In vivo administration of an mTOR inhibitor

Twenty-four mice were randomly assigned to one of 
four groups. Six mice received intraperitoneal injec-
tions of rapamycin (8  mg/kg) every other day for 
either one or 11 weeks, starting at four weeks of age 
[39, 40]. The control group included six mice injected 
intraperitoneally with vehicle solution [phosphate 
buffered saline, 5% Tween 80 (Sigma-Aldrich), 5% 
polyethylene glycol-400 (FUJIFILM Wako Pure 
Chemical Co.)] following the same schedule as the 
rapamycin injection.

Statistical analysis

Data are expressed as mean ± SD. Statistical differ-
ences between groups were determined using Tukey’s 
test after analysis of variance or a two-tailed Student’s 
t-test. A p-value of less than 0.05 was considered sta-
tistically significant.

Results

Histological changes in mouse condylar cartilage 
with age

Micro-CT analysis of the mouse mandibular condyle 
revealed age-related changes in surface morphology 
changes (Fig. 1A). At five weeks of age, the condylar 
head exhibited a rough bone surface, which gradu-
ally became smoother. However, at 78 weeks of age, 
the condylar surface appeared irregular. Furthermore, 
the bone mineral density of the mandibular condyle 
increased with age, peaking at 26  weeks (Fig.  1B). 
Safranin O-stained histological samples (Fig.  1C) 

exhibited an age-dependent decline in cartilage area 
(Fig. 1D) and safranin O-positive area (Fig. 1E), indi-
cating the abundance of proteoglycans. In addition, the 
cell density (Fig. 1F) and size (Fig. 1G) of the condy-
lar cartilage decreased with age. Cells larger than 200 
μm2 in size accounted for approximately 35% of the 
total chondrocytes at five weeks, but this proportion 
gradually decreased with age. At 52 and 78 weeks, cells 
smaller than 40 μm2 in size accounted for more than 
50% of the total chondrocytes. These observations are 
consistent with previous studies reporting age-related 
deterioration changes in mouse condylar cartilage [6, 
13, 14, 16].

Age‑related alterations in primary cilia frequency and 
mTOR signaling in mouse condylar cartilage

As the age-related deterioration of mouse condylar 
cartilage was confirmed by histological observations, 
we subsequently analyzed the size of the Golgi appa-
ratus, which reflects the activity of ECM production in 
the cells [41]. The GM130-positive area, representing 
the area of cis-Golgi, was well-developed in the hyper-
trophic layer of the condylar cartilage at five weeks 
(Fig.  2A). In accordance with the cell size (Fig.  1G), 
the GM130-positive area decreased with age (Fig. 2B). 
We also analyzed the age-related change of primary 
cilia frequency in the condylar cartilage (Fig. 2C, D). 
The proportion of ciliated chondrocytes was 38.9% at 
five weeks and decreased to 27.9% and 2.4% at 15 and 
26 weeks, respectively.

Because mTOR signaling is involved in ciliogen-
esis [30–34] and chondrocyte hypertrophy [35], we 
analyzed the age-related change of mTOR signaling 
in condylar cartilage by assessing the expression of 
phosphorylated S6 kinase (pS6), a downstream target 
of mTOR signaling (Fig. 2E, F). Cells positive for pS6 
were observed throughout the condylar cartilage at five 
weeks, whereas the ratio of pS6-positive cells decreased 
significantly at 26  weeks and further decreased with 
age. Our results demonstrate that age-related decreases 
in primary cilia frequency and mTOR signaling were 
observed concurrently in the condylar cartilage.

Manipulation of mTOR signaling affects primary 
cilia frequency in chondrocytes

To investigate the significance of mTOR sign-
aling in the maintenance of primary cilia, we 
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manipulated mTOR signaling and analyzed its 
effect on cilia frequency using a chondroprogeni-
tor cell line (ATDC5). Treatment of ATDC5 cells 
with MHY1485, an activator of mTOR signaling, 
did not significantly affect cell number, confirming 
that the MHY1485 did not exhibit cytotoxicity at 
the concentration used (Fig.  3A, B). Activation of 
mTOR signaling by treatment with MHY1485 was 
confirmed by the significant increase in pS6-posi-
tive cells (Fig. 3A, C). Furthermore, treatment with 

MHY1485 significantly increased the frequency of 
primary cilia from 9.1% to 73.9% (Fig. 3 A, D).

Next, we treated ATDC5 cells with rapamycin, a 
potent mTOR signaling inhibitor. Notably, the num-
ber of cells was not affected by rapamycin at the 
concentration used (Fig. 3E, F). While the pS6-pos-
itive signal was observed in approximately 60% of 
control cells, the ratio of pS6-positive cells signifi-
cantly decreased with rapamycin treatment (Fig. 3E, 
G). In addition, rapamycin significantly decreased 
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the primary cilia frequency from 67.3% to 37.1% 
(Fig. 3E, H). Collectively, our data clearly demon-
strate that mTOR signaling positively regulates cilia 
frequency in ATDC5 cells.

Inhibition of mTOR signaling affects primary cilia 
frequency in condylar cartilage

To analyze the effect of rapamycin on condylar 
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cartilage in  vivo, rapamycin was intraperitoneally 
administered every other day, for one week, to 
four-week-old mice. While pS6-positive cells were 
robustly present in the chondrocytes of vehicle-
injected mice, they were rarely detected in the chon-
drocytes of rapamycin-injected mice (Fig.  4A, B). 
Rapamycin treatment significantly reduced the pri-
mary cilia frequency from 42.2% to 9.3% in the con-
dylar cartilage (Fig. 4A, C).

We further analyzed the long-term effect of rapa-
mycin on condylar cartilage, wherein rapamycin was 
intraperitoneally administered for 11  weeks. The 
pS6-positive cell ratio and primary cilia frequency 
were significantly reduced in the condylar cartilage 

of rapamycin-injected mice (Fig. 4D-F). These results 
indicate that the suppression of mTOR signaling by 
rapamycin and its effect on cilia frequency was sus-
tained for a long time with continuous intraperitoneal 
administration. Consistent with the observations in 
ATDC5 cells, these results demonstrate that the inhi-
bition of mTOR signaling by rapamycin significantly 
decreased cilia frequency in the condylar cartilage.

Next, we histologically analyzed the effect of 
mTOR signaling inhibition by rapamycin on the 
condylar cartilage. Rapamycin injection for 11 con-
secutive weeks significantly decreased the cartilage 
area and safranin O-positive area in the condylar 
cartilage (Fig.  5A-C). Although rapamycin did 
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not significantly affect the cell density (Fig.  5D), 
the proportion of small cells tended to increase 
(Fig. 5E). The size of the Golgi apparatus was sig-
nificantly decreased in the condylar cartilage of 
rapamycin-injected mice compared to that of the 
vehicle-injected mice (Fig.  5F, G). These results 
indicate that the inhibition of mTOR signaling 
induced the deterioration of condylar cartilage, 
resembling the phenotype observed in aged mice.

Discussion

Age-related changes in the condylar cartilage are 
critical etiological factors in TMJ-OA [4–6]; how-
ever, the mechanisms underlying the development 
of TMJ-OA remain unknown. Therefore, the pre-
sent study investigated age-related changes and their 
possible association with mTOR signaling and pri-
mary cilia in the condylar cartilage. We observed an 
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age-related decline in mTOR signaling and primary 
cilia frequency, associated with tissue deterioration in 
the condylar cartilage. With age, decreased cell pro-
liferation [16], density [13, 14], and size [14] have 
been reported in condylar chondrocytes. Decreased 
proteoglycan production in condylar cartilage is 
a common histological observation in aged mice, 
as confirmed by safranin O staining [6, 13, 16] and 
aggrecan (Acan) immunohistochemistry [14]. Moreo-
ver, gene ontology enrichment analysis revealed that 
genes associated with ECM organization, includ-
ing Col1a1, Col1a2, Col2a1, and Acan, were the 
most differentially expressed genes in the condylar 
cartilage of 50-week-old mice compared to that of 
10-week-old mice [14]. The histological observa-
tions in the present study are consistent with previous 
studies reporting age-related deterioration changes 
in the condylar cartilage. Furthermore, we demon-
strated that the manipulation of mTOR signaling with 
rapamycin resulted in tissue deterioration in the con-
dylar cartilage, which was phenotypically similar to 

that observed in aged mice (Fig. 4, 5). These results 
strongly indicate that age-related deterioration 
changes in the condylar cartilage are attributed to a 
reduction in mTOR signaling.

In the present study, we observed a reduction in 
cilia frequency in the condylar cartilage in both aged 
and rapamycin-injected mice. This result suggests 
the involvement of primary cilia in the age-related 
deterioration of the condylar cartilage. We have pre-
viously reported that condylar cartilage-specific dele-
tion of primary cilia in Ift20fl/fl;NG2-CreER mice 
results in condylar cartilage deterioration, including 
suppressed chondrocyte hypertrophy, decreased pro-
teoglycan production, and reduced cartilage thick-
ness [28]. Similarly, the cartilage-specific deletion 
of primary cilia in Kif3afl/fl;Col2a1-Cre mice also 
exhibited a deterioration in the condylar cartilage 
[42]. Therefore, given that dysfunction of primary 
cilia causes deterioration of condylar cartilage [28, 
42], our results suggest that age-related attenuation of 
mTOR signaling decreases primary cilia, contributing 

0

2

4

6

8

Cont RAP

B C E
Cartilage 

area
Safranin-O (+) 

area

RAPCont

Cont RAP

Cell density
C

el
l n

um
be

r/1
03

µ
m

2

Size of GolgiCell size

0%

20%

40%

60%

80%

100%

Cont RAP

ー
ー
ー
ー
ー
ー
ー

(μm2)

µ
m

2

A

D

0

50

100

150

200

Cont RAP
0

40

80

120

160

Cont RAP

RAPCont

D
AP

I G
M

13
0

10
3
µ
m

2

F

G

10
3
µ
m

2

Fig. 5   Inhibition of mTOR signaling induces aging-like tissue deterioration in the condylar cartilage



6004	 GeroScience (2024) 46:5995–6007

1 3
Vol:. (1234567890)

to the deterioration of the condyle cartilage (Fig. 6). 
Although further validations are required, this study 
suggested a possible intrinsic mechanism that could 
illustrate the etiology of age-related deterioration of 
the condylar cartilage.

In the present study, we showed that mTOR sign-
aling positively regulates primary cilia in condylar 
chondrocytes. However, in general, the impact of 
mTOR signaling on primary cilia is cell type- and 
context-dependent [30]. Consistent with the result 
of our study, mTOR signaling has been reported to 
maintain cilia length and frequency in mouse embry-
onic fibroblasts [31, 32, 34] and zebrafish [33]. In 
contrast, conflicting results have also been reported, 
with the inhibition of mTOR signaling by rapamycin 
resulting in cilia elongation in epithelial cells [43, 
44]. Although mTOR signaling is thought to regu-
late ciliogenesis via autophagy, its effect on ciliogen-
esis depends on the cell type and environment [45]. 
Therefore, further studies are required to comprehen-
sively understand the roles of mTOR signaling on pri-
mary cilia in a context-dependent manner.

The mTOR signaling is essential for tissue devel-
opment and growth as it promotes cell proliferation 
and differentiation; however, with advancing age, 
excessive cellular activities, such as vigorous pro-
tein secretion, may accelerate age-related disease 
progressions[46]. Therefore, the administration of 
mTOR inhibitors, such as rapamycin, has received 

considerable attention for its anti-aging properties 
[47]. Rapamycin exhibits a protective effect against 
injury-induced ECM damage and cell death in carti-
lage explants [48] and ameliorates cartilage degrada-
tion in experimental OA [49]. In contrast, in the pre-
sent study, we demonstrated that the administration 
of rapamycin resulted in the deterioration of condy-
lar cartilage. This discrepancy, characterized by the 
acceleration of aging-like tissue deterioration accom-
panied by a protective effect on damaged tissues, may 
be attributed to the unique tissue maintenance prop-
erties of articular cartilage, where continuous ECM 
secretion is required to maintain tissue integrity. 
Notably, the impact of mTOR signaling on chondro-
cytes depends on their differentiation status, as the 
activity of mTOR signaling changes dynamically dur-
ing chondrocyte differentiation [35]. Therefore, rapa-
mycin has dual functions in articular cartilage, induc-
ing aging-like tissue deterioration under physiological 
conditions while ameliorating tissue degradation in 
OA. Therefore, it is important to elucidate whether 
the dual function of rapamycin is unique to articular 
cartilage or a common characteristic of cartilage in 
general.

Rapamycin is widely used to prevent rejection in 
transplantation and as a treatment for autoimmune 
diseases owing to its immunosuppressive effects 
[50]. Rapamycin inhibits mTOR signaling, suppress-
ing the immune response by preventing cell cycle 
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Cartilage 
deterioration

mTOR
Chondrocyte 
hypertrophy

Rapamycin

Maintenance of 
primary cilia

Reduced 
ECM production

mTOR

mTOR

Young Impaired 
hypertrophy

Loss of 
primary cilia

Deletion of 
primary cilia (Kitami et al., 2019)

Fig. 6   A loss of primary cilia due to a reduction in mTOR signaling correlates with age-related deteriorations in the condylar carti-
lage
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progression in T cells [51]; however, this inhibitor 
effect differs depending on the type of T cells [50]. 
In this study, we observed that rapamycin induced 
a notable reduction in mTOR signaling in ATDC5 
cells, without affecting cell proliferation. This obser-
vation indicates that the deteriorative changes in con-
dylar cartilage induced by rapamycin are likely not 
mediated through the modulation of cell proliferation, 
but rather through the regulation of cilia assembly. 
However, the assembly and disassembly of primary 
cilia depend on and impact cell cycle progression, 
although the exact mechanism remains unknown 
[52]. Overall, these results warrant further investi-
gations into the relationship between the regulation 
of cilia assembly by mTOR signaling and cell cycle 
regulation.

In summary, a loss of primary cilia due to a decline 
in mTOR signaling correlated with age-related dete-
riorations in condylar cartilage. In addition, this study 
is the first to show the significance of mTOR signal-
ing on ciliogenesis in condylar cartilage. Although 
inhibition of mTOR signaling has been considered to 
be effective for age-related tissue deterioration, our 
study showed an essential role of mTOR signaling in 
the tissue maintenance of the condylar cartilage. Our 
findings provide new insights into the tissue homeo-
stasis and regeneration of condylar cartilage, which 
contributes to understanding the etiology of age-
related TMJ-OA and the development of therapeutic 
strategies.
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