Osteoarthritis and Cartilage 28 (2020) 831e841

Factors secreted from dental pulp stem cells show multifaceted
beneﬁts for treating experimental temporomandibular
joint osteoarthritis
N. Ogasawara y z, F. Kano y, N. Hashimoto y, H. Mori x, Y. Liu y z, L. Xia y z, T. Sakamaki z,
H. Hibi k, T. Iwamoto x, E. Tanaka z, A. Yamamoto y *
y Department of Tissue Regeneration, Institute of Biomedical Sciences, Tokushima University Graduate School, 3-18-15 Kuramoto-cho, Tokushima, 7708504, Japan
z Department of Orthodontics and Dentofacial Orthopedics, Institute of Biomedical Sciences, Tokushima University Graduate School, 3-18-15 Kuramoto-cho,
Tokushima, 770-8504, Japan
x Department of Pediatric Dentistry, Institute of Biomedical Sciences, Tokushima University Graduate School, 3-18-15 Kuramoto-cho, Tokushima, 770-8504,
Japan
k Department of Oral and Maxillofacial Surgery, Nagoya University Graduate School of Medicine, 65 Tsurumai-cho, Showa-ku, Nagoya, 466-8550, Japan

a r t i c l e i n f o

s u m m a r y

Article history:
Received 3 September 2019
Accepted 19 March 2020

Objective: Temporomandibular joint osteoarthritis (TMJOA) is a degenerative disease characterized by
progressive cartilage degeneration, abnormal bone remodeling, and chronic pain. In this study, we aimed
to investigate effective therapies to reverse or suppress TMJOA progression.
Design: To this end, we performed intravenous administration of serum free conditioned media from
human exfoliated deciduous teeth stem cells (SHED-CM) into a mechanical-stress induced murine
TMJOA model.
Results: SHED-CM administration markedly suppressed temporal muscle inﬂammation, and improved
bone integrity and surface smoothness of the destroyed condylar cartilage. Moreover, SHED-CM treatment decreased the number of IL-1b, iNOS, and MMP-13 expressing chondrocytes, whereas it speciﬁcally
increased PCNA-positive cells in the multipotent polymorphic cell layer. Notably, the numbers of TdTmediated dUTP nick end labeling (TUNEL)-positive apoptotic chondrocytes in the SHED-CM treated
condyles were signiﬁcantly lower than in those treated with DMEM, whereas the proteoglycan positive
area was restored to a level similar to that of the sham treated group, demonstrating that SHED-CM
treatment regenerated the mechanical-stress injured condylar cartilage and subchondral bone. Secretome analysis revealed that SHED-CM contained multiple therapeutic factors that act in osteochondral
regeneration.
Conclusions: Our data demonstrated that SHED-CM treatment promoted the regeneration and repair of
mechanical-stress induced mouse TMJOA. Our observations suggest that SHED-CM has potential to be a
potent tissue-regenerating therapeutic agent for patients with severe TMJOA.
© 2020 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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The temporomandibular joint (TMJ) is a load-bearing articulation with a wide range of motion consisting of both rotation and
translation. The articular cartilage in general synovial joints is a thin
layer of hyaline cartilage that covers the entire articulating surface
of each bone. The mandibular condylar cartilage however, uniquely
consists of four layers: 1) a superﬁcial ﬁbrous layer covering the
articular, 2) a proliferating polymorphic cell layer having multilineage differentiation potency toward osteoblasts, chondrocytes,
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and adipocytes, 3) a mature hyaline-like cartilage layer producing
cartilage matrix, and 4) a hypertrophic cell layer initiating endochondral ossiﬁcation1. This heterogeneous architecture plays an
important role in maintaining condylar structure and function in
the face of mechanical stress.
TMJ osteoarthritis (TMJOA) is a degenerative joint disease,
characterized by progressive cartilage degeneration, abnormal
bone remodeling, and chronic pain2. The etiology of TMJOA is
complex and multifactorial. However, it has been suggested that
excessive malocclusion-induced mechanical stress affects TMJOA
progression2. It has also been shown that injury-activated chondrocytes play important roles in the pathophysiology of early stage
TMJOA. Activated chondrocytes increase production of cartilagedegrading catabolic enzymes, proinﬂammatory cytokines, oxidative stress-inducers, and osteoclast-activators, such as matrix
metalloproteinase-13 (MMP-13), interleukin-1b (IL-1b), inducible
nitric oxide synthesis (iNOS), and receptor activator of nuclear
factor (NF)-kB ligand (RANKL), respectively. During the progression
phase, these tissue-degenerative TMJOA microenvironments promote degradation of cartilage matrix, chondrocyte apoptosis and
necrosis, and abnormal resorption of subchondral bone, leading to
irreversible articular damage and functional impairment3,4. As the
self-repair capability of the articular cartilage is limited, development of effective therapies to reverse or suppress TMJOA progression are currently under investigation.
Stem cell therapy holds great promise for the development and
establishment of effective treatments for TMJOA and osteoarthritis
(OA). It has been shown that transplantation of undifferentiated
adult mesenchymal stem cells (MSCs) isolated from adipose tissue
or bone marrow improved the OA-phenotype in clinical studies of
animal TMJOA and Knee-OA models5,6. However, most of these
studies reported poor cell graft survival, suggesting that recovery of
articular damage was primarily accomplished through paracrine
trophic mechanisms. Stem cells secrete a broad repertoire of trophic and immunomodulatory factors, which can be collected as a
serum-free conditioned medium (CM). Conditioned media from
various stem cell types have been shown to exhibit considerable
potential in treating a myriad of intractable diseases7.
Human adult dental pulp stem cells (DPSCs) and stem cells from
human exfoliated deciduous teeth (SHED) are self-renewing MSCs
residing within the perivascular niche of the dental pulp. These
cells are thought to originate from the cranial neural crest, which
expresses early markers for both MSCs and neuroectodermal stem
cells8. Implantation of DPSCs, pre-differentiated toward chondrocytes, resulted in signiﬁcant cartilage regeneration in a rabbit
model of knee cartilage damage9. The study demonstrated the
therapeutic potential of local delivery of ex vivo culture-expanded
DPSCs for treating OA. However, the beneﬁts of these DPSCsecreted factors in the treatment of TMJOA, have not been examined. Notably, systemic administration of SHED serum free conditioned medium (SHED-CM) promoted functional recovery in
various acute and chronic intractable disease models10, such as
ischemic brain injury11, Alzheimer's disease12, spinal cord injury13,
fulminant liver failure14, liver ﬁbrosis15, bleomycin-induced ﬁbrotic
lung injury16, autoimmune encephalomyelitis17, type I diabetes18,
rheumatoid arthritis19, and cardiac injury20. In the present study,
we investigated the therapeutic effects of SHED-CM administration
in a mouse mechanical stress-induced TMJOA experimental model.
Methods
Preparation of SHED-CM
Human SHEDs were isolated and cultured as previously
described8. In brief, deciduous teeth from six- to twelve-year-old

individuals were collected at Nagoya University and Tokushima
University Hospital. This study was approved by the Institutional
Ethical Committee of Nagoya University and Tokushima University
Hospital and performed according to the principles of the Declaration of Helsinki (Permit No H-73 and No: 3,268 for Nagoya and
Tokushima University, respectively). The pulp was gently removed
and digested for 1 h at 37  C in a solution containing collagenase
type I (3 mg/ml) and dispase (4 mg/ml). Single-cell suspensions
were plated on culture dishes in Dulbecco's Modiﬁed Eagle Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS),
then incubated at 37  C in 5 % CO2. The human skin ﬁbroblast line,
derived from a 36-year-old individual, was obtained at passage 12
from the Health Science Research Resources Bank (Osaka, Japan).
SHED (passage 9) and ﬁbroblasts (passage 13) for CM preparation
were seeded at 1  105 cells per dish. Cells at 70e80 % conﬂuence
were washed with phosphate-buffered saline (PBS) and serum-free
DMEM twice, followed by culture media replacement with serumfree DMEM. Media were incubated for 48 h at 37  C in a humidiﬁed
atmosphere of 5 % CO2, then collected and centrifuged for 3 min at
440 g and 4  C8,13. Supernatants were then used as SHED-CM in
TMJOA treatment protocols. We adjusted the protein concentration
of each CM to 3 mg/ml with serum-free DMEM.

Mouse mechanical stress-induced TMJOA model and treatment with
SHED-CM
Institute of Cancer Research (ICR) male mice, aged 11 weeks,
were purchased from Japan SLC Inc (Shizuoka, Japan), kept individually in plastic cages, and maintained at ambient temperature
(22e24  C) in a 12 h light/dark cycle. Mice were fed a standard solid
diet with water ad libitum throughout the experiment and were
randomly divided into one control and three experimental groups
(n ¼ ﬁve for each group). An overview of the experimental design
and workﬂow is presented in Supplemental Fig. 1.
In the experimental groups, mechanical stress was applied to
both TMJs by forced mouth opening for 3 h/day for ﬁve or 10
consecutive days by using a custom-made spring. This device kept
the mandible in a maximal mouth opening position of 14 mm, and
delivered a force of 2 N on each TMJ Fig. 1(A)21. For the mouth
opening experiments, mice were anaesthetized with a mixture of
medetomidine (Domitor, Orion Corporation, Espoo, Finland), midazolam (Midazolam, Meiji Seika Pharma, Tokyo, Japan) and butorphanol (Vetorphale, Meiji Seika Pharma, Tokyo, Japan) at doses of
0.75, 4.0 and 5.0 mg/kg, respectively.
In one experimental group, both TMJs received only mechanical
stress for 5 days only (pre-treatment group), while those in the
other experimental groups received mechanical stress for 10
consecutive days and were injected daily with either 0.5 ml SHEDCM (SHED-CM group) or 0.5 ml DMEM (DMEM group) into the tail
vein, from day six to day 10 [Fig. 1 (B)]. For immunohistological
analysis (except Proliferating Cell Nuclear Antigen, PCNA), mechanical stress followed by SHED-CM or DMEM treatment was
carried out for three consecutive days [Fig. 1 (C)]. For PCNA evaluation, mechanical stress was carried out for 6 days and mice
received SHED-CM or DMEM on the last day [Fig. 1 (D)]. When the
animals were sacriﬁced, blood plasma was isolated and sent to SRL,
Inc (Tokyo, Japan) where the level of C-reactive protein (CRP) was
determined. Although no mechanical stress was applied to the TMJs
of mice in the control group, the same anesthesia schedule was
maintained. The weight of each mouse was measured immediately
before the experiment (day 0), at the initial day of injection (day 6),
and at the end of the experiment (day 10). All procedures performed in this study were approved by the Tokushima University
Animal Care and Use Committee (Permit No: T30-95) and carried
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out according to the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.
Pain behavioral measurement
Mechanical hyper-nociception was assessed using the von Frey
microﬁlament procedure under blind conditions22. A series of
calibrated von Frey ﬁlaments (Aesthesio, Damnic global, CA, USA)
were applied to the TMJ region. The head withdrawal threshold is
deﬁned as the lowest force applied by the ﬁlaments that produced a
withdrawal response at least three times. Assessment of mechanical hyper-nociception were performed every day and the head
withdrawal threshold was calculated as the mean value per joint of
ﬁve mice per group.
Micro-computed tomography (Micro-CT) analysis

Fig. 1

SHED-CM restores TMJ subchondral bone volume and
architecture in OA. (A) Mice
were subjected to jaw-opening devices applied to the
interincisal teeth to hold the
mandible in the maximal
opened
position.
(BeD)
Experimental designs. Mechanical overloading was
applied to both TMJs by
forced mouth opening for 3 h/
day. Gray and black arrows
represent mechanical stress
and treatment with DMEM or
SHED-CM, respectively. CT,
HE and TB staining, Tunel and
TRAP analysis were carried
out by protocol. (B) Immunohistological
analysis
of
MMP13, iNOS and IL-1b, and
of PCNA were carried out by
(C) and (D), respectively. (E)
Mice TMJs were harvested for
micro-CT analysis at 12 days.
Based on a 3D reconstruction
section of mandibular condyles from TMJs, representative sagittal views from microCT scans of the condyles are
shown. (F) Ratios of bone
volume (BV/TV), trabecular
thickness (Tb/Th) and trabecular separation (Tb/Sp). Data
represent mean ± s.e.m.
(n ¼ 5/group). **p < 0.01.

Murine mandibles from mice of all groups were resected, and
the condyles were carefully separated from the soft surrounding
tissues and ﬁxed overnight in 70 % ethanol. Condyles were then
analyzed using high-resolution micro-CT (SkyScan 1,176 scanner
and associated analysis software; Buruker, Billerica, MA, USA).
Image acquisition was performed at 50 kV and 200 mA. During
image acquisition, samples were tightly covered with plastic wrap
to prevent movement and dehydration. To segment the bone image
from background noise, thresholding was applied. The posterior
region of the mandibular condyle in the midsagittal section was the
region of interest (ROI). The resolution of the captured micro-CT
images was 9 mm/pixel. For each ROI, microstructural parameters
including the bone volume to trabecular volume ratio (BV/TV),
trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp)
were analyzed.
Histology and immunohistochemical analysis
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Following micro-CT examination, ﬁxed TMJ specimens were
decalciﬁed in 30 % ethylene diamine tetra acetic acid (EDTA) for 2
weeks prior to histology processing. Samples were dehydrated and
embedded in parafﬁn for microtomy processing according to
standard procedures. Tissue segments were isolated from three
mice per experimental group, and subsequently, 5 mm sagittal
sections were generated. Sections were deparafﬁnized and hydrated through immersion in a series of xylene and graded alcohol
solutions. Sections were stained with hematoxylin and eosin (HE)
for histological assessment and with toluidine blue (TB) for visualizing proteoglycans. Tartrate-resistant acid phosphatase (TRAP)
staining identifying active bone-absorbing osteoclasts was carried
out using a TRAP/AP staining kit (Wako, Osaka, Japan) according to
the manufacturer's instructions. Apoptotic cell death was analyzed
using the TdT-mediated dUTP nick end labeling (TUNEL) assay (In
situ Cell Death Detection Kit, Roche Life Science, Geneva,
Switzerland) according to the manufacturer's instruction.
For immunohistochemical analysis, sections were blocked with
5 % (v/v) bovine serum albumin for 30 min, and incubated
overnight with the following primary antibodies: rabbit antiMMP13 IgG (1:100, ab75606, Abcam, Cambridge, UK), rabbit antiiNOS IgG (1:500, ab3523, Abcam), rabbit anti-IL-1b IgG (1 mg/ml,
ab9722, Abcam), and rabbit anti-PCNA IgG (1:250, ab92552,
Abcam). As secondary antibody, the anti-rabbit IgG (VECTASTAIN
Elite ABC, Vector Laboratories) was used and processed by diaminobenzidine (DAB) staining using the ABC reaction protocol
(Vector Laboratories). After counterstaining with Mayer Haematoxylin (Sakura Finetek Japan Co, Tokyo, Japan), tissue images
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were captured using a universal ﬂuorescence microscope
(BZ9000; Keyence, Osaka, Japan). Time schedules of immunohistostaining for MMP13, iNOS, IL-1b and PCNA evaluation are presented in Fig. 1(B) and (C), respectively. Cells were counted in at
least ﬁve images captured from three individual specimens in
parallel experiments.

Fig. 2

LC-MS/MS analysis
Secretome analysis of CM was performed according to a previously reported protocol23. In brief, SHED-CM and ﬁbroblast-CM
(Fibro-CM) were concentrated using Amicon Ultra 3K ﬁlter (Millipore, Burlington, MA, US). For protein puriﬁcation, methanol/
chloroform precipitation was performed. Resulting pellets were

Histopathological evaluation of TMJ repair by SHED-CM administration. (A) HE stained sections of temporal
muscle (TM) and synovial membrane (SM). Scale bar: 50 mm. (B) Time-dependent nociceptive responses
after treatment with SHED-CM. Head withdraw threshold of Sham, DMEM and SHED-CM group were
measured. Data represent mean ± s.e.m. (n ¼ 5/group). *p < 0.05 compared to DMEM group (C). HE and
toluidine blue (TB) staining of TMJ. Note, that SHED-CM treatment restored the cartilage layer thickness
and chondrocyte alignment regularities. Scale bar: 100 mm. (D) Depicted scores are modiﬁed Mankin
morphological scores. (E) The area (mm2) stained for TB in the mandibular condylar cartilage tissues obtained from four experimental groups of TMJOA mice is illustrated. Data represent the mean ± s.e.m. (n ¼ 5/
group). **p < 0.01.
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resolved by MS buffer (8 M urea and 50 mM TriseHCl pH 8.0),
followed by reduction in 5 mM DTT (WAKO, Osaka, Japan) and
alkylation in 27.5 mM iodoacetamide (WAKO, Osaka, Japan) for
30 min in the dark at room temperature. After being diluted 8 times
in 50 mM TriseHCl pH 8.0, proteins were digested with 50 ng Lys-C
(WAKO, Osaka, Japan) and trypsin (Promega, Madison, WI, US) at
37  C overnight. Peptides were puriﬁed by GL-Tips SDB (GL science,
Tokyo, Japan) according to the manufacturer's protocol. The concentration of peptides was measured using the Pierce™ Quantitative Colorimetric Peptide Assay Kit (Thermo, Waltham, MA, USA).
Subsequently, peptides (268 ng each) were injected to an EASYnLC™ connected to a Q-Exactive PLUSTM (Thermo) mass spectrometry system. Protein identiﬁcation and label-free quantiﬁcation were performed by Proteome Discoverer 2.2™ (Thermo).
Statistical analysis
The SPSS software package, version 22.0 (IBM, New York, USA)
was used for statistical analysis. All data are expressed as the
mean ± standard error of the mean (SEM). Differences between
groups were compared using the Student's t test or ManneWhitney
U test, according to the data type. To analyze three or more independent groups, we used repeated-measures analysis of variance
(ANOVA) with Tukey's post hoc test. A p value < 0.05 was considered to be statistically signiﬁcant.
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Regarding the mandibular condyles, both pre-treatment and
DMEM groups showed obvious OA-like lesions, such as a decrease
in the condylar cartilage layer thickness and hyalinization of the
cartilaginous matrix, and an increase in chondrocyte alignment
irregularities. In contrast, the condylar cartilage of the SHED-CM
group was similar to that of the sham control group, displaying
obviously distinguished cell layers [Fig. 2 (C)]. Toluidine blue
stained sections demonstrated that the proteoglycan positive area
was signiﬁcantly (p < 0.01) decreased in the pre-treatment and
DMEM groups, accompanied with marked morphological changes.
Meanwhile, condyles in the SHED-CM group were simmilar to
those in the sham control [Fig. 2 (C) and (E)]. Modiﬁed Mankin
morphological scores were signiﬁcantly lower (p < 0.01) in the
mandibular condylar cartilage samples from the SHED-CM group
compared to those from the pre-treatment and DMEM groups
[Fig. 2 (D)].
To evaluate the adverse side-effects of CM-treatment, we
examined plasma CRP levels. We found that there were no significant differences between the CRP levels of the sham operated, pretreatment, DMEM-treated, and SHED-CM-treated groups [Supplemental Table 1].

Results
SHED-CM restored bone integrity and surface properties of condyles
in mice with TMJOA
Micro-CT images revealed a rougher condylar cartilage surface
with severe subchondral trabecular bone loss in the pre-treatment
and DMEM groups, whereas that of the SHED-CM group had a
smoother surface and decreased subchondral trabecular bone
resorption [Fig. 1 (E)]. We also measured BV/TV, Tb.Th, and Tb. Sp in
several areas of the condylar subchondral bone. Notably, BV/TV was
signiﬁcantly (p < 0.01) higher in the SHED-CM group (0.42 ± 0.05 %)
relative to the pre-treatment (0.25 ± 0.07 %) and DMEM groups
(0.27 ± 0.06 %). The SHED-CM group also had a higher Tb.Th value
(0.16 ± 0.08 mm) compared to the pre-treatment (0.09 ± 0.02 mm)
and DMEM groups (0.11 ± 0.03 mm), with a signiﬁcant difference
(p < 0.05) noted between the SHED-CM and DMEM groups.
Concurrently, Tb. Sp was signiﬁcantly (p < 0.05) smaller in the
SHED-CM group (0.21 ± 0.11 mm) relative to the pre-treatment
(0.39 ± 0.25 mm) and DMEM groups (0.32 ± 0.17 mm) [Fig. 1 (F)].
SHED-CM suppressed masticatory muscle inﬂammation and pain
and restored cellular alignment and matrix deposition of articular
cartilage after TMJOA
Hematoxylin staining showed a massive inﬁltration of mononuclear immune cells into the damaged temporal muscle (TM) in
the DMEM group, whereas the SHED-CM treated group exhibited
markedly decreased inﬁltration. Of note, the inﬂammatory
response in the synovial membrane (SM) in both the DMEM and
SHED-CM groups was weak, suggesting the non-inﬂammatory
nature of our mechanical stress-induced TMJOA model compared
to the strong inﬂammatory nature of rheumatoid arthritis and synovitis [Fig. 2 (A)]. We further examined the effects of SHED-CM for
TMJOA-induced mechanical hyper-nociception using the von Frey
microﬁlament procedure. We found that SHED-CM treatment
signiﬁcantly suppressed TMJOA-induced hypersensitivity as indicated by reduced pain following SHED-CM treatment [Fig. 2 (B)].

Fig. 3

SHED-CM suppresses chondrocyte apoptosis and osteoclast activity. Representative
TMJ images of TUNELstained (A) and TRAP-stained
(B) cells. Scale bar: 100 mm.
Quantitative
analysis
of
TUNEL positive (C) and TRAP
positive cells (D). Data represent the mean ± S.E.M. (n ¼ 5).
*p < 0.05.
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SHED-CM suppressed osteoclastogenic activity in the subchondral
bone layers of condyles
TRAP-positive osteoclasts were observed in the mineralized
subchondral bone layers of mandibular condyles [Fig. 3 (B)]. The
subchondral bone samples from the DMEM group (13.20 ± 4.36)
exhibited signiﬁcantly higher numbers of TRAP-positive cells
(p < 0.01) relative to those from the SHED-CM (3.40 ± 2.06) and
control groups (3.67 ± 1.70) [Fig. 3 (D)]. Taken together, this indicates that SHED-CM administration might downregulate osteoclastogenesis, leading to a decrease in bone resorption.
SHED-CM inhibited chondrocyte apoptosis in the subchondral bone
of condyles
TUNEL assays were performed to determine whether apoptosis
of abnormal chondrocytes was preferentially induced in degraded
cartilage [Fig. 3 (A)]. An obvious increase in the number of TUNEL
positive cells was observed in the DMEM group (76.97 ± 11.18 %)
compared to the SHED-CM group (34.26 ± 6.97 %) [Fig. 3 (C)]. SHEDCM injection led to a decrease in TUNEL positive cells, thus
providing a protective effect against cartilage degradation.
SHED-CM suppressed the expression of cartilage degradationassociated factors and promoted the proliferation of multipotent
polymorphic cells
Immunohistological analysis showed that expression of the proinﬂammatory factor IL-1b (95.56 ± 2.02 %) and cartilage matrix
degradation factors MMP-13 (44.43 ± 7.90 %) and iNOS (48.8 ± 3.96
%) were elevated in the DMEM group when compared to the sham
treated control (IL-1b; 79.96 ± 4.81 %, MMP-13; 26.69 ± 1.52 %,
iNOS; 38.96 ± 1.63 %) [Fig. 4(A) and (B), (D), (E), (H), (I) and (N)]. The
number of cells found positive for these factors increased in both
multipotent polymorphic cells and the mature chondrocyte layer.
In contrast, signal intensities of those exacerbating factors were
reduced (IL-1b; 80.60 ± 4.95 %, MMP-13; 32.15 ± 5.78 %, iNOS;
38.72 ± 2.52 %) in the SHED-CM group [Fig. 4 (C), (F), (J) and (N)].
Furthermore, the majority of multipotent polymorphic cells were
negative for these factors. Importantly, we found that PCNA-positive proliferating polymorphic cells were markedly increased in the
SHED-CM treated group (sham group; 11.92 ± 3.40 %, DMEM group;
5.95 ± 2.70 %, SHED-CM group; 45.13 ± 4.56 %) [Fig. 4(K)e(N)].
These ﬁndings suggest that SHED-CM administration can protect
against cartilage destruction and enhance cartilage formation in
patients with TMJOA.
Secretome analysis of conditioned medium
Secretome analysis of SHED-CM resulted in the identiﬁcation of
1,426 proteins. According to Gene Ontology cellular component
classiﬁcation, the number of cell surface, extracellular, or membrane proteins was 894. SHED-CM contained 51 of these proteins at
levels at least 10 times greater than detected in Fibro-CM [Fig. 5 and
Supplemental Fig. 2]. These molecules are known to be involved in
the processes of anti-ﬁbrosis, anti-apoptosis, anti-inﬂammation,
proliferation, differentiation, and migration of chondrocytes.
Discussion
We previously reported on the therapeutic effects of systemically administrated SHED-CM against anti-collagen type II antibody-induced arthritis (CAIA)19. However, no study to date has
examined the effect of SHED-CM administration against TMJOA. To
the best of our knowledge, this is the ﬁrst study reporting on the

promising potential of SHED-CM administration as an effective
treatment of TMJOA. In this study, we used a mechanical-stress
induced TMJOA model consisting of ﬁve consecutive days of TMJ
damage followed by treatment with DMEM or CM for the next ﬁve
days of TMJ damage. The initial TMJ damage induced pain and
reduced condylar cartilage thickness and matrix deposition. Subsequent DMEM treatment worsened the pathophysiology of
TMJOA. In contrast, SHED-CM treatment reduced pain and repaired
osteoarthritic TMJ through the inhibition of the pro-inﬂammatory
response, apoptosis, and matrix degradation while enhancing
proliferation and matrix deposition of the cartilage layer. Our study
revealed the remarkable articular cartilage regeneration activity of
SHED-CM, which restored homeostasis in the mechanically
destroyed TMJ.
Similar to previous studies, the TMJOA experimental model in
the present study was established by applying mechanical stress to
the mandibular condyle21,24e29. This model was characterized by
OA-like degenerated lesions, chondrocyte alignment irregularities
in the condylar cartilage layers, subchondral bone loss, and marked
depletion of proteoglycans. Furthermore, these results were
consistent with results previously reported for early TMJOA
generated by surgical manipulation of the joint30,31, local application of chemicals32,33, and genetic modiﬁcation34,35. Unlike rheumatoid arthritis and synovitis, TMJOA has a primarily noninﬂammatory origin36,37. The pathological process in TMJOA is
characterized by deterioration and abrasion of the articular cartilage and local thickening and remodeling of the underlying bone36.
These changes are frequently accompanied by the superimposition
of secondary inﬂammatory reactions. Surgical, genetic, or chemical
methods cannot successfully mimic the real conditions encountered in patients with TMJOA, because of the high inﬂammatory
arthritic conditions present in these induced animal models.
Excessive mechanical stress is characterized as a key factor
inducing mandibular condylar cartilage degradation in the TMJ.
Therefore, our mechanical stress protocol of forced mouth opening
is a useful tool for generating an experimental TMJOA model that
can be used to evaluate the initiation and advancement of TMJOA.
Our data show that systemic intravenous administration of
SHED-CM effectively repaired the lesions induced by TMJOA. Local
injection allows for lower drug dosages and elicits fewer side effects, both systemic and local, when compared to conventional
systemic intravenous injection. However, the needle pricks for local
intra-articular injection can cause substantial tissue damages in
TMJ. Our data show that the level of CRP in the SHED-CM treated
group was similar to that of the sham-operated group, indicating
there were little to no adverse side-effects after CM-treatment.
Moreover, a small volume of systemic CM injection effectively
restored injured TMJ. Taken together, systemic CM injection may
avoid the iatrogenic disorders caused by needle pricks and provide
considerable advantages in a clinical setting.
We characterized the soluble factors in SHED-CM by performing
a LC-MS/MS analysis and found that SHED-CM contained 51 of the
array proteins at levels more than 10-fold higher than those
detected in Fibro-CM. A cluster analysis of these proteins identiﬁed
12 proteins known to provide beneﬁcial effects in treating TMJOA
and OA (Fig. 5). For instance, the identiﬁed insulin-like growth
factor (IGF) and hepatocyte growth factor (HGF) are multifunctional
proteins that protect cells from apoptosis and suppress inﬂammatory reactions. In cartilage repair, IGF promotes proliferation and
maturation of chondrocytes, and the synthesis of their extracellular
matrix. In bone remodeling, IGF enhances osteoblastogenesis,
matrix deposition, and mineralization38,39. Although the circulating
half-life of the free form of IGF is reported to be around 10 min, IGF
binding protein 5 (IGFBP-5) may form a complex with IGF in SHEDCM and extend its half-life40. HGF enhances cellular motility,
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Fig. 4

SHED-CM suppresses inﬂammation and promotes cellular proliferation during TMJ repair. Representative
images for quantitative analysis of cells stained for (A) MMP13 (B) iNOS (C) IL-1b at 3 days and (D) PCNA at
7 days in TMJ condylar cartilage. Scale bar: 100 mm. The number of cells stained positive for MMP13, iNOS,
IL-1b and PCNA were counted at 200 magniﬁcation and expressed as percentages of positively stained
cells. Data represent mean ± S.E.M. (n ¼ 5/group). *p < 0.05.

proliferation, and proteoglycan synthesis of chondrocytes and activates osteoblast for bone regeneration41. Transforming growth
factor b (TGF-b) promotes the differentiation of chondrocytes and
the synthesis of collagen and proteoglycans, thereby maintaining
cartilage homeostasis42,43. R-Spondin 2 (SPON2), an activator of
Wnt/b-catenin signaling, promotes endochondral ossiﬁcation
through induction of chondrogenic differentiation44. Secreted
frizzled related protein 1 (SFRP1), a Wnt signaling antagonist, is
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required for the maintenance of immature proliferating chondrocyte precursors45. Syndecan (SDC), a cell surface heparan sulphate proteoglycan, promotes chondrocyte proliferation and
maintains cartilage matrix homeostasis46. Platelet derived growth
factor (PDGF), is a potent mitogenic and chemotactic factor for all
mesenchymal originating cells, including chondrocytes and
MSCs38, while pleiotrophin (PTN) and midkine (MDK) are involved
in the mitotic activation of chondrocytes47,48. It has been reported
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Fig. 5
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LC-MS/MS analysis of SHED-CM and Fibro-CM. In SHED-CM, a total of 1,426 proteins were identiﬁed.
From these, 51 proteins were more than 10 times higher in SHED-CM compared to the Fibro-CM.

that MDK, a heparin-binding growth factor, promotes the proliferation of articular chondrocytes in vivo when administrated subcutaneously in normal mice48, suggesting that systemically
administrated MDK may reach the joint. Despite the relatively low
concentrations of chondrogenic factors (1e10 ng/ml) measured in
SHED-CM, the combinatorial effects of theses multiple factors may
provide prominent therapeutic beneﬁts in treating TMJOA. To
clarify the detail mechanisms of SHED-CM-mediated articular
cartilage regeneration, in future it is necessary to examine the
accessibility of therapeutic factor in SHED-CM toward injured TMJ.

Osteoarthritis
andCartilage

Recent reports have revealed that MSCs-derived extracellular
vesicles (EVs) play important roles in the trophic effects exhibited
in MSCs-transplantation therapy. Importantly, several studies have
demonstrated a cartilage regenerating activity of MSCs-derived
exosomes, a type of EVs released from cells through fusion of
endosomal multivesicular bodies with the plasma membrane49.
Exosomes carry multiple heterogeneous proteins, micro-RNAs and
lipids, which are involved in many diverse biochemical and cellular
processes, such as communication, structure and mechanics,
inﬂammation, exosome biogenesis, tissue repair and regeneration,
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and metabolism. Exosomes express endosome-related proteins,
such as Alix, tumor susceptibility 101 (TSG101), integrin a chains,
and tetraspanins (TSPANs, CD9, CD63, CD81), which are members
of a protein superfamily characterized by the presence of four
transmembrane and two extracellular domains50. In the list obtained from our SHED-CM proteome analysis, we identiﬁed many
exosome markers, such as TSPAN 4, CD9, and Integrin a 3 (ITGA3),
suggesting that SHED cells may produce a larger number of exosomes than previously thought. In the future, it would be necessary
to clarify the roles of exosomes and trophic factors in SHED-CMmediated cartilage and bone regeneration of the mandibular
condylar.
As previously described, TMJOA is characterized by mandibular condylar cartilage degradation due to mechanical stress2.
Mechanical stress of the mandibular condylar cartilage induces
the expression of IL-1b, an inﬂammatory cytokine closely related
to the progression of TMJOA3. Since the ﬁbrocartilage covering
both the mandibular condyle and articular eminence is avascular,
these ﬁbrocartilage cells have limited ability for self-repair,
similar to the hyaline cartilage in other synovial joints51. Therefore, once the breakdown in the joint starts, TMJOA can be
crippling, leading to a variety of morphological and functional
deformities. This highlights the importance of suppressing
cartilage degradation during the early stages of TMJOA. However,
so far no treatment remedy has been developed for the management of severe TMJOA. Furthermore, despite the fact that
many studies have demonstrated the potential of using embryonic stem (ES) cells for cartilage regeneration, many concerns
raised by the use of ES cells, such as possible tumorigenesis,
ethical issues regarding the use of embryos and potential allogeneic immune rejection, make this approach problematic. The
use of induced pluripotent stem (iPS) cells may overcome most of
these issues. However, this technology is still in its infancy and
includes many unknown parameters. In the present study, we
used SHED-CM for the treatment of TMJOA through cartilage
regeneration and our results suggested that SHED-CM administration can attenuate cartilage degeneration, promote cartilage
regeneration, and protect against the progression of TMJOA
induced by mechanical stress. Therefore, SHED-CM administration may represent an effective treatment strategy for patients
with mechanical stress-induced TMJOA.
In conclusion, we showed that SHED-CM contained multiple
therapeutic factors with the potential for treating TMJOA. Importantly, we did not observe any adverse side-effects during the
experimental treatment period. Our ﬁndings suggest that SHEDCM not only inhibited the articular degradation cascade but also
regenerated the injured articular by promoting proliferation of the
multipotent polymorphic cell layer and production of cartilage
matrix in mice with TMJOA. Thus, SHED-CM may provide a novel
articular regenerative therapy for patients with severe TMJOA.
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