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Inhibition of MTORC1 in the rat condyle subchondral
bone aggravates osteoarthritis induced by the
overly forward extension of the mandible
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Abstract: The present study aimed to investigate the role of mammalian target of rapamycin complex 1 (mTORC1)
in the remodeling of the condyle subchondral bone in rats with temporomandibular joint osteoarthritis (TMJ OA) and
explore the mechanisms involved. In this study, we used rats fitted with appliances to overly extend the mandible
forward as an animal model of TMJ OA. Bone samples were collected 2, 4, and 8 weeks after appliance fixation.
Histological changes in the condyle subchondral bone were assessed by staining with hematoxylin and eosin, saf-
ranin O, and tartrate-resistant acid phosphatase. Real-time polymerase chain reaction and immunohistochemical
analyses were performed to evaluate the expression levels of osterix, runt-related transcription factor 2 (RUNX2),
osteocalcin (OCN), and mTORC1 in the condyle subchondral bone. The dissected condyles were analyzed using a
micro-CT scanner. We also investigated changes in the condyle subchondral bone after mMTORC1 pathway inhibition.
In the early stages of TMJ OA, preosteoblasts, osteoblasts, and osteoclasts of the condyle subchondral bone were
activated, which stimulated subchondral bone loss. MTORC1 was activated in subchondral bone preosteoblasts
in rats with TMJ OA. The mTORC1 pathway was inhibited by a local injection of rapamycin, and the number of os-
teoblasts and mRNA levels of osteogenic markers in the condyle subchondral bone decreased, but the number of
osteoclasts was basically unchanged. As a result, in the early stages of TMJ OA, subchondral bone loss and aggra-
vation of OA were observed. These findings suggest that the mTORC1 signaling pathway plays an important role in
subchondral bone remodeling during early stages of TMJ OA.

Keywords: Temporomandibular joint, osteoarthritis, mMTORC1, subchondral bone

Introduction The TMJ is one of the most common sites of OA,
which has a large impact on joint function. The
risk factors for TMJ OA are complex and related
to both mechanical injury to and inflammation
of the joint. Excessive mechanical stress on the
TMJ, such as severe malocclusion, is consid-
ered one of the main causes of TMJ OA [4-6].
Overloading the TMJ is usually thought to initi-
ate the destruction of the cartilage matrix, lead-
ing to OA [4]. Loss of posterior teeth, experi-
mental posterior teeth occlusal disorder, and
unilateral anterior crossbite prostheses have

Temporomandibular joint osteoarthritis (TMJ
OA) is a progressive, degenerative disease that
gradually affects the cartilage, synovial mem-
brane, and bony structures. Chondrocyte dea-
th, cartilage matrix degradation, early stage
subchondral bone resorption, and advanced-
stage subchondral bone sclerosis are frequent-
ly reported in TMJ OA [1]. Clinically, TMJ OA
mainly manifests as joint pain, murmur, friction,
or popping; restricted mouth opening; abnor-
mal jaw movement; maxillofacial deformity;

and partial opening and closing [2]. Therefore,
TMJ OA not only affects the health of the
patient’s oral and maxillofacial system, but may
also cause psychological impairment [3].

been shown to cause TMJ OA-like lesions or sig-
nificant TMJ degradation [7-9]. Similarly, exces-
sive mandibular protrusion may also cause
OA-like symptoms.
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The pathogenesis of TMJ OA is still unclear, yet
the involvement of subchondral bone tissue
during the development of OA is likely [10, 11].
In recent years, researchers have paid increa-
sed attention to the inflammation and remodel-
ing of subchondral bone in the early stages of
TMJ OA. Studies have shown that subchondral
bone undergoes resorption during early OA and
sclerosis during advanced OA [12-14]. Most
notably, structural changes in the subchondral
bone have an important impact on the degen-
eration of the articular cartilage [15-17].
Studies on the condyle subchondral bone may
clarify the pathological mechanism of TMJ OA.

The mammalian target of rapamycin (mMTOR),
which regulates cell growth, proliferation, and
metabolism, is a protein kinase found in mTOR
complex 1 (mTORC1) and mTOR complex 2
(MTORC?2) [18-20]. In mammals, mTOR mainly
regulates cellular functions via mTORCZ1, which
can be inhibited by rapamycin (Rapa) [21].
There is evidence that mTORC1 is essential for
maintaining the metabolic homeostasis of
chondrocytes, and its activation in articular
chondrocytes plays a crucial role in the devel-
opment of OA. Balanced mTORC1 activity is
critical for bone metabolism and development
by regulating the proliferation, differentiation,
and function of osteoblasts and osteoclasts.
However, the role of mTORC1 in condyle sub-
chondral bone remodeling and its underlying
mechanism during the pathogenesis of TMJ OA
have not yet been reported.

The present study aimed to investigate the role
of mTORC1 in condyle subchondral bone re-
modeling using a rat model of TMJ OA and
explore the mechanisms involved.

Materials and methods
Experimental animals

Sprague-Dawley rats (140-160 g; 6 weeks of
age) were provided by the animal center of
Qingdao University. Animals were cared for
according to the institutional guidelines set by
the University Ethics Committee. This study
also complied with Animal Research: Reporting
of In Vivo Experiments guidelines for preclinical
animal studies. Rats were randomly divided
into an experimental group (Exp) or a sham-
operated control group (Con). Each group was
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equally assigned to three (2, 4, or 8 weeks) sub-
groups by sample collection time point (n = 9).

Experimental procedure

The rats were anesthetized using an intraperi-
toneal injection of 40 mg/kg pentobarbital. The
experimental rats were fitted with appliances to
overly extend the mandible forward. The appli-
ances were carefully bonded with zinc phos-
phate cement (Shanghai Dental Instrument
Factory, Shanghai, China) and checked every
two days. The inclined guide plate was oriented
30°-40° to the occlusal plane. With the lower
arch incisors biting down on the guide plate,
the mandible was extended more than 3 mm
(Figure 1A and 1B). Thus, the mandible was
extended beyond its normal range. No appli-
ances became detached during the experi-
ment. For the control group, the rats underwent
a similar procedure but did not wear any func-
tional appliance.

Tissue preparation

Rats were sacrificed 2, 4, or 8 weeks after the
procedure. Since no differences in degradation
were observed between the left and right TMJ
in the Exp group, the left TMJ tissue blocks
from five rats were fixed, decalcified, and
embedded in paraffin. Fifteen center and near-
center 5-mm-thick sagittal sections of the TMJ
blocks were prepared by a professional techni-
cian. To exclude selection bias, sections were
randomly selected for staining with hematoxy-
lin and eosin (HE), safranin O, and tartrate-
resistant acid phosphatase (TRAP); immuno-
histochemial staining for osterix, runt-related
transcription factor 2 (RUNX2), osteocalcin
(OCN), and mTORC1 was also performed. The
right TMJs from four rats were used for micro-
CT analysis. For each group, the condyle sub-
chondral bone of the other nine TMJs (including
four left side and five right side TMJs) were
obtained and stored at -80°C. Three condyles
from five different rats were pooled to create a
single sample of subchondral bone for RNA
extraction.

Injections of drugs

For the control injection (Con+Rapa) and experi-
mental injection (Exp+Rapa) groups, Rapa (5
mg/kg/d) in dimethyl sulfoxide (DMSO) was
injected into the TMJ every day for 8 weeks,
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B Incisal guidance  Opposite Incisal guidance

A Frontal view Lateral view

Figure 1. The occlusal relationship of the anterior teeth. A. Representative frontal and lateral views of an experi-
mental rat after the procedure. B. Schematic diagrams of the normal incisal guidance in the control rat and the
opposite guidance in the experimental rat when the mandibles are overly extended forward in the sagittal direction
during incising. Arrows indicate the direction of the incisal guidance. The bilateral incisors in the control rats provide
normal incisal guidance, whereas those in the experimental rats provide incisal guidance in the opposite direction.
C. Arepresentative central sagittal HE section of the TMJ from a control rat. AD: articular disc; CC: condylar cartilage;

SCB: subchondral bone. Bar = 400 mm.

starting 1 d after model establishment. After
the induction of deep anesthesia, rats were
positioned on their sides. A custom-made
microinjector was inserted at a point just below
the zygomatic arch until the outer surface of
the mandibular ramus was reached. The orien-
tation of the needle was adjusted so that it
could pass along the bony wall and into the
TMJ. The drug solution was then injected into
the TMJ through the needle. For the control
(Con+DMSO) and experimental (Exp+DMSO)
groups, the same volume of DMSO was inject-
ed into the TMJ.

Histochemical staining and histomorphometry

HE staining was used to assess the histochemi-
cal changes in the condyle. Safranin O staining
was performed to determine changes in proteo-
glycans. Briefly, the stained sections were
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imaged using a Leica DFC490 system (Leica,
Wetzlar, Germany). TRAP staining was per-
formed to examine the osteoclast activity of the
condyle subchondral bone, following the manu-
facturer’'s instructions (Sigma-Aldrich 387-A,
St. Louis, MO, USA). TRAP+ osteoclasts were
counted in five randomly selected, high-power
(400 x) fields under a microscope (Leica DM
2500), and the average value was used as the
value for this section. The number of TRAP+
osteoclasts was averaged from three sections
per animal for statistical analyses (n = 5).

RNA extraction and real-time PCR

Total RNA was extracted using the TRIzol rea-
gent (Invitrogen, Carlsbad, CA, USA). The prim-
ers for the target genes are listed in Table 1.
Gene expression was analyzed using an Appli-
ed Biosystems 7500 Real-Time PCR machine

Am J Transl Res 2021;13(1):270-285
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Table 1. Gene primers

bone volume to total volume (BV/TV,

Genes Forward Primer

Reverse Primer

%) and bony surface area to bone

Osterix CTGTGGCAAGAGGTTCACCC TGATGTTTGCTCAAGTGGTCG
OCN ATCTATGGCACCACCGTTTA ~ CCTCATCTGGACTTTATTTTGG
RUNX2 ATGATGGTGTTGACGCTGAT = CAACTGGGGAGTGAATGAGA
TRAP  CACCCGCAACATCTATTACC  CAGCTTCTTCTTGTCAAACTCC

volume (BS/BV, %), trabecular num-
ber (Th.N), trabecular separation
(Tb.Sp), trabecular thickness (Tb.
Th), and bone mineral density (BMD)
were measured.

GAPDH TTCAACGGCACAGTCAAGG ~ CTCAGCACCAGCATCACC

(Applied Biosystems, Foster City, CA, USA) wi-
th glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as the internal control. The results
were calculated as the relative quantification
compared to the Con group, which was set to 1.
Data were collected from three independent
pooled samples (n = 3).

Immunohistochemistry (IHC) and immunofluo-
rescence (IF) staining

IHC and IF staining were performed according
to the manufacturer’s instructions. For IHC
staining, the primary antibodies were rabbit
anti-osterix (1:100 dilution; Abcam, ab22552),
mouse anti-osteocalcin (1:200 dilution; Abcam,
ab13418, Cambridge, UK), mouse anti-RUNX2
(1:200 dilution; Santa Cruz, sc-390351, Dallas,
TX, USA), and rabbit anti-p-S6 ribosomal pro-
tein (Ser235/236; 1:200 dilution; Cell Signaling
Technology, #2211, Danvers, MA, USA). For IF
staining, secondary antibodies conjugated with
fluorescent tags were used, and slides were
incubated at room temperature for 1 h in the
dark. DAPI was used to stain the nuclei. The
data were averaged from three slides per ani-
mal. Antibody reactivity was then observed
under laser-scanning confocal microscopy
(FV1000; Olympus, Shinjuku City, Tokyo, Japan).
The number of positive cells was averaged from
three sections per animal for statistical analy-
ses (n = 5).

Micro-CT analysis

The dissected mandibular condyles were ana-
lyzed using a high resolution micro-CT scanner
(Viva CT80; Scanco Medical AG, Bassersdorf,
Switzerland). Scanning was performed at 90 kV
and 100 pA with a resolution of 10 um/pixel.
The sagittal images of the condyles were used
to assess the thickness of the cartilage. In the
three-dimensional images, two cubic regions of
interest (0.5 x 0.5 x 0.5 mm) at the middle
points of the center and posterior condyles
were selected to examine the subchondral
bone, as previously described [8]. The ratios of
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Statistical analysis

All results are presented as the mean * stan-
dard deviation using GraphPad Prism, v. 6.00
(GraphPad Software, San Diego, CA, USA) and
analyzed using the Student’s t test or analysis
of variance. A P value less than 0.05 was con-
sidered a significant difference.

Results

Preosteoblasts, osteoblasts, and osteoclasts
accumulate in the condyle subchondral bone
during early TMJ OA

Samples were taken at 2, 4, and 8 weeks for
staining. HE staining showed that the cells in
the condylar cartilage of the Con group were
arranged in a regular, ordered fashion (Figure
2A). Two weeks after the model was estab-
lished, the cartilage matrix became disordered,
which gradually worsened over time. The
amount of cartilage matrix proteoglycan
decreased, chondrocytes appeared clustered
and hypertrophic, and the condyle subchondral
bone arrangement became disordered and
gradually worsened with time (Figure 2A and
2B). The condylar joints of the Exp group
showed mild degeneration at 2 weeks and obvi-
ous joint degeneration at 4 and 8 weeks.

Interestingly, the number of osterix+ cells,
OCN+ cells, RUNX2+ cells and TRAP+ cells, and
the expression of mRNAs in the condyle sub-
chondral bone increased at 4 weeks (Figure
2C-N), but resorption of the subchondral con-
dyle was first observed at 2 weeks and peaked
at 8 weeks. Results of micro-CT scans further
confirmed that BMD, Tb.Th, and BV/TV of the
condyle subchondral bone decreased gradually
after 2 weeks (Figure 20-S), Th.N began to
decrease at 4 weeks (Figure 2Q), and BS/BV
and Th.Sp increased 2 weeks after the model
was established (Figure 2T and 2U). The mor-
phology of the condylar bone in the Exp group
showed a decrease in trabecular bone density,
Tb.Th, Tb.N and BMD. In the early stages of TMJ
OA, preosteoblasts, osteoblasts, and osteo-
clasts of the condyle subchondral bone were

Am J Transl Res 2021;13(1):270-285
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Figure 2. Enhanced osteoclast and osteoblast activities and subchondral bone loss in mandibular condyles. (A and B) Representative HE and safranin O staining,
respectively, of sagittal sections of the condyle articular cartilage and subchondral bone in rats with TMJ OA. Scale bars, 200 pm. (C-E) Representative immunohisto-
chemical images (C) and quantitative analyses of osterix+ preosteoblasts (D) and mRNA expression levels of osterix (E) in the condyle subchondral bone at 2, 4, and
8 weeks after the procedure compared with that of the control (Con) group. Scale bars, 50 um. (F-H) Representative immunohistochemical images (F) and quantita-
tive analyses of OCN+ osteoblasts (G) and mMRNA expression levels of OCN (E) in the condyle subchondral bone at 2, 4, and 8 weeks after the procedure compared
with that of the control (Con) group. Scale bars, 50 um. (I-K) Representative immunohistochemical images (l) and quantitative analyses of RUNX2+ osteoblasts (J)
and mRNA expression levels of RUNX2 (K) in the condyle subchondral bone at 2, 4, and 8 weeks after the procedure compared with that of the control (Con) group.
Scale bars, 50 uym. (L-N) TRAP staining (L) and quantitative analyses of osteoclasts (M) and mRNA expression levels of TRAP (N) in the condyle subchondral bone at
2, 4, and 8 weeks after the procedure compared with that of the Con group. Scale bars, 50 ym. (O) Micro-CT images of sagittal sections and quantitative analysis
of the condyle subchondral bone at 2, 4, and 8 weeks after the procedure compared with that of the Con group. (P-U) Quantitative analyses of bone mass in the
subchondral bone. (P) BMD (g/cc), bone mineral density; (Q) Th.N (1/mm), trabecular cell number; (R) Th.Th (mm), trabecular thickness; (S) BV/TV (%), bone volume
fraction; (T) BS/BV (1/mm), bone surface volume fraction; (U) Th.Sp (mm), trabecular separation. *P < 0.05. **P < 0.01.
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activated, which stimulated subchondral bone
loss.

MTORC1 is activated in subchondral mandibu-
lar condylar preosteoblasts in rats with TMJ OA

Studies have shown that the pharmacological
inhibition or genetic deletion of mTOR in chon-
drocytes decreases the severity of OA in animal
models. When mTORC1 is activated in the sub-
chondral bone at the tibial joint, aberrant sub-
chondral bone formation and secretion of
Cxcl12 are induced, accelerating disease pro-
gression following surgical destabilization of
the joint [22]. However, whether mTORC1 is
activated in the condyle subchondral bone and
its role in TMJ OA have not been reported.
Staining of p-S6 (5235/236, a target and mark-
er of mTORC1 activation) revealed a dramatic
increase in the number of p-S6+ cells in the
condyle subchondral bones of rats in the Exp
group as early as 2 weeks after the procedure
(Figure 3A and 3B). Moreover, most p-S6+ cells
were located on the condylar surface in rats
with TMJ OA. Osterix and p-S6 double-staining
confirmed that p-S6 was detected mainly in
osterix+ preosteoblasts in the condyle sub-
chondral bones of rats with TMJ OA (Figure 3C
and 3D). These results indicate that mTORC1 is
activated in condyle subchondral bones, spe-
cifically in osteoblastic cells in rats with early
TMJ OA.

Inhibition of the mTORC1 pathway in the con-
dyle subchondral bone aggravates subchon-
dral bone loss and the development of OA

To further study the role of mMTORC1 activation
in TMJ OA, we injected Rapa into the articular
cavity to inhibit mTORC1 activation. The condy-
lar tissue was sampled at 2, 4, and 8 weeks. At
each time point, the condylar cartilage of the
Con+DMSO and Con+Rapa groups presented
as a continuous and complete arc, and the cells
in each layer of cartilage were well-organized
(Figure 4A). The condylar cartilage of the
Exp+DMSO and Exp+Rapa groups also pre-
sented as a continuous and complete arc, but
the arrangement of the cartilage layers was dis-
ordered, the proliferative layer lacked typical
proliferative cells, and the hypertrophic layer
was not obvious. Safranin O staining showed
that the amount of proteoglycans in the condy-
lar cartilage of the Exp+Rapa group was severe-
ly decreased compared to the Exp+DMSO
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group (Figure 4B). The density of the condyle
subchondral bone in the Exp+Rapa group was
significantly lower than that of the Exp+DMSO
group during the same period.

The immunohistochemical staining of p-S6
showed that the number of p-S6+ cells
increased in the condyle subchondral bone of
the Exp+DMSO group at each time point com-
pared to the Con+DMSO group. The number of
p-S6+ cells in the condyle subchondral bone of
the Expt+Rapa group decreased after an injec-
tion of Rapa. These results suggest that Rapa
can inhibit mMTORC1 expression in subchondral
bone (Figure 4C and 4D).

Immunohistochemical staining and TRAP stain-
ing showed that the number of osterix+, OCN+,
Runx2+, and TRAP+ cells in the Exp+DMSO
group increased significantly compared with
the Con+DMSO group, whereas the number of
osterix+, OCN+, and RUNX2+ cells in the
Exp+Rapa group decreased significantly after
an injection of Rapa (Figure 5A-L). The osterix,
OCN, RUNX2, and TRAP mRNA levels in the con-
dyle subchondral bone displayed the same
trend.

These results show that inhibition of mTORC1
signaling pathway decreases the proliferation
of subchondral osteoblasts and reduces the
osteogenic capacity of the condyle subchon-
dral bone but has little effect on osteoclasts.
Micro-CT results confirmed these findings
(Figure BM-S). After inhibiting the mTORC1
pathway in the condyle subchondral bone, Th.
Th, Th.N, and BV/TV decreased; BS/BV and
Tb.Sp increased; the BMD of the subchondral
bone decreased; and resorption of the sub-
chondral bone became more severe.

Discussion

Current methods for inducing TMJ OA include
surgical, spontaneous, and mechanical proce-
dures [8, 9, 23, 24]. Although these approach-
es can all cause TMJ OA, they also have disad-
vantages. For example, the genetic mutation
model of TMJ OA may cause OA but does not
represent a common induction pathway in
humans [24]. In addition, inactivated genes
may interfere with the normal development of
healthy cartilage. For surgical models, contami-
nation of the joint postoperatively and the use
of analgesics may interfere with the natural

Am J Transl Res 2021;13(1):270-285
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Figure 3. MTORC1 is activated in subchondral mandibular condylar preosteoblasts in rats with TMJ OA. A and B. Representative quantitative analysis and immu-
nostaining, respectively, of p-S6+ cells in the condyle subchondral bones of rats with TMJ OA. Scale bars, 50 um. C and D. Representative quantitative analysis and
immunostaining, respectively, of p-S6 in osterix+ preosteoblasts in the condyle subchondral bones of rats with TMJ OA. The boxed areas in the top left corners are
maghnified. Scale bars, 200 um. CC, condylar cartilage; SCB, subchondral bone. *P < 0.05. **P < 0.01.

278 Am J Transl Res 2021;13(1):270-285



MTORC1 inhibition promotes osteoarthritis in rat mandible

A Con+DMSO Exp+DMSO Con+Rapa

3 Con+DMSO [ Exp+DMSO
= Con+Rapa Ea Exp+Rapa

*k I 1
| g |

8 weeks

2 weeks

Safranin O
4 weeks

8 weeks

-
E;
0
o~
k&
ST
kk
&’ x |
E § ~
q‘ I-.L
2 weeks 4 weeks

8 weeks

279 Am J Transl Res 2021;13(1):270-285



MTORC1 inhibition promotes osteoarthritis in rat mandible

p-56
4 weeks

8 weeks

Figure 4. Rapamycin inhibits mMTORC1 expression in condyle subchondral bones in rats with TMJ OA. A and B. Representative HE and safranin O staining, respec-
tively, of sagittal sections of condylar cartilage and subchondral bone at 2, 4, and 8 weeks after the procedure in four groups. Scale bars, 200 um. C and D. Repre-
sentative immunohistochemically stained images and quantitative analysis, respectively, of p-S6+ cells in the condyle subchondral bone at 2, 4, and 8 weeks after
the procedure. Scale bars, 50 ym. *P < 0.05. **P < 0.01.
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Figure 5. Inhibition of the mTORC1 pathway in the condyle subchondral bone, aggravated subchondral bone loss, and development of TMJ OA. (A-C) Representa-
tive quantitative analyses of osterix+ preosteoblasts (A) and mMRNA expression levels of osterix (B), and immunohistochemically stained images (C) in the condyle
subchondral bone 8 weeks after the procedure in four groups. Scale bars, 50 um. (D-F) Representative quantitative analyses of OCN+ osteoblasts (D) and mRNA
expression levels of OCN (E), and immunohistochemically stained images (F) in the condyle subchondral bone 8 weeks after the procedure in four groups. Scale
bars, 50 um. (G-I) Representative quantitative analyses of RUNX2+ osteoblasts (G) and mRNA expression levels of RUNX2 (H), and immunohistochemically stained
images (l) in the condyle subchondral bone 8 weeks after the procedure in four groups. Scale bars, 50 um. (J-L) Representative quantitative analyses of osteoclasts
(J) and mRNA expression levels of TRAP (K), and immunohistochemically stained images (L) in the condyle subchondral bone 8 weeks after the procedure in four
groups. Scale bars, 50 um. (M) Micro-CT images of sagittal sections and quantitative analysis of the condyle subchondral bone 8 weeks after the procedure in four
groups. (N-S) Quantitative analyses of bone mass in the subchondral bone. (N) BMD (g/cc), bone mineral density; (O) Th.N (1/mm), trabecular cell number; (P) Tb.Th
(mm), trabecular thickness; (Q) BV/TV (%), bone volume fraction; (R) BS/BV (1/mm), bone surface volume fraction; (S) Tb.Sp (mm), trabecular separation. *P <
0.05. **P < 0.01.
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progression of OA. In addition, current surgical
models cannot simulate the natural occurrence
and development of human diseases. We have
established a rat malocclusion model to make
the occurrence of TMJ OA more authentic,
thereby better simulating the development of
human disease. In our study, only rats between
2 and 8 weeks after the procedure were ana-
lyzed. At this time, the Exp group showed
decreased cartilage matrix proteoglycan levels,
chondrocyte aggregation and hypertrophy, and
resorption of the condyle subchondral bone
(Figure 2A and 2B). These factors are typical of
early TMJ OA [25]. These results above sug-
gested that TMJ OA was successfully estab-
lished in rats by the overly forward extension of
the mandible and that the TMJ was in the early
stages of OA.

The early pathological features of TMJ OA are
loss of the cartilage matrix and cartilage fibro-
sis. The late pathological features are cartilage
fissures and detachment, with the condyle sub-
chondral bone exhibiting osteosclerosis and
osteophyte hyperplasia [26]. Studies on condy-
lar cartilage and subchondral bone show the
existence of a close relationship between the
articular cartilage and subchondral bone [9,
10]. The basic function of the condyle subchon-
dral bone is to absorb stress and maintain the
shape of the joint. In addition, the subchondral
bone contains a large number of blood vessels
and nerves, and many of their branches enter
the calcified cartilage layer to provide nutrition
[27]. Compared with the articular cartilage, the
subchondral bone is more sensitive to trauma
and exhibits more active remodeling. Sub-
chondral bone exhibits an important buffering
effect during the process of absorbing abnor-
mal stress [28]. Therefore, when the condyle is
subjected to mechanical stress, corresponding
changes will occur, such as morphological
changes, which will cause subchondral bone
remodeling; thus, the shape, arrangement, and
density of the subchondral bone trabeculae will
also change [29, 30]. In recent years, many
researchers have found that the number of
bone trabeculae is reduced in the early stages
of OA and that the bone density is increased in
later stages of OA, which reduces the mechani-
cal properties of the subchondral bone [12]. A
separate studied reported that abnormal
stresses placed on the condyle could cause
microfractures of the subchondral bone, fol-
lowed by abnormal subchondral bone loss and
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remodeling, which in turn could lead to sub-
chondral bone sclerosis, cartilage degenera-
tion, and matrix loss [31]. This study confirmed
that appliances that overly extend the mandible
forward can induce early TMJ OA, with reduced
trabecular bone density and number of trabec-
ular bone cells and reduced subchondral bone
density.

MTORC1 plays important regulatory roles in
cancer, aging, autophagy, and metabolism [32,
33]. A previous study confirmed that mTORC1 is
highly expressed in articular cartilage during
the progression of OA, which can be affected by
the regulation of MTORC1 activation [34]. This
process may result from the increased autoph-
agy of chondrocytes or the increased release of
inflammatory factors such as TNF-a and IL-1
that are activated by the mTORC1 signaling
pathway. The activation of mTORC1 in tibial
bone preosteoblasts promotes OA by stimulat-
ing bone sclerosis and secretion of CXCL12,
but the role of MTORCL1 in the reconstruction of
subchondral bone during TMJ OA is not clear
[22]. This study confirmed that mTORC1 is also
highly expressed in the condyle subchondral
bone. We observed that changes in the
mechanical load on the condyle increase the
activity of the mTORC1 signaling pathway. By
inhibiting the activation of mTORC1 in osterix+
cells, we inhibited the proliferation of osteo-
blasts and accelerated subchondral bone loss.
These results fully confirm the important regu-
latory role of mTORC1 in TMJ OA. Although
mTORC1 is clearly involved in the differentia-
tion of osteoblasts, it is unclear which down-
stream effector(s) mediate the function of
mTORC1. It will be interesting to determine the
downstream mediators of mTORC1 in osteo-
blast differentiation.

Taken together, the results of this study sug-
gest the regulatory effect of mTORC1 on the
condyle subchondral bone during early TMJ OA.
We show that mTORC1 produced by preosteo-
blasts during TMJ OA plays a key role in sub-
chondral bone reconstruction. Abnormal me-
chanical loading activates mTORC1 in subchon-
dral mandibular condylar preosteoblasts, and
inhibition of mMTORC1 activation can aggravate
subchondral bone loss and accelerate condylar
degeneration in the early stages of TMJ OA.
Similarly, because of subchondral bone sclero-
sis in advanced OA, the inhibition of mTORC1
activation may alleviate subchondral bone scle-
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rosis and reduce OA progression in advanced
OA. Due to the differences between the early
and advanced manifestations of OA, staged
interference of MTORC1 signaling is an obvious
future clinical approach to the treatment of OA.
Future studies are warranted to clarify the
mechanisms by which the mTORC1 signaling
pathway is involved in the regulation of osteo-
blasts during TMJ OA and the role of the
mMTORC1 signaling pathway in advanced stages
of OA.
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