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Abstract

Objective: To investigate the treatment effects of human umbilical cord mesenchymal stem cells exosomes (hUCMSCs-exos) on 
temporomandibular joint osteoarthritis of rats.

Methods: The hUCMSCs-exos were extracted by ultracentrifugation, and the morphological characteristics and vesicle particle 
size of hUCMSCs-exos were analyzed by projection electron microscopy and particle size analyzer. The mandibular condylar 
chondrocytes (MCCs) of rats were cultured in vitro, and the in vitro uptake capacity of hUCMSCs-exos by MCCs was analyzed by 
immunofluorescence staining. The in vitro temporomandibular joint osteoarthritis (TMJOA) model was constructed, and the rats 
MCCs were divided into three groups, namely, the blank control group, the TMJOA group, and the Exos group, and the effects of 
hUCMSCs-exos on the proliferation and migration of rats MCCs under the induction of interleukin-1β (IL-1β) were explored by the 
Cell Counting Kit-8 (CCK8) assay and the scratch assay. The rat TMJOA model was constructed and divided into blank control group, 
TMJOA group, and Exos group. The intra-articular inflammatory changes and articular cartilage repair in the joints were evaluated 
in each group by hematoxylin-eosin (HE) staining. The statistical analysis was conducted using the one-way analysis of variance to 
compare differences among multiple data groups, adhering to a significance level of P<0.05 for determining statistical significance.

Results: Transmission electron microscopy revealed the teapot-like morphology of HUCMSCs-exos, with a predominant particle 
size distribution centered around 162nm. The extracted samples were consistent with exosome characterization. HUCMSCs-exos 
were taken up by rats MCCs, surrounding the nucleus. The scratch assay showed that the wound area of the Exos group decreased 
significantly compared to the TMJOA group (P<0.05). The CCK8 assays showed that the proliferation capacity of chondrocytes in the 
Exos group significantly increased compared to the TMJOA group at 48h (P<0.05). The results of in vivo experiments showed that 
compared with the blank control group, HE staining showed inflammatory manifestations in the condylar cartilage of the TMJOA 
group, with irregular cartilage surfaces and areas of cellular necrosis. The Exos group showed that the surface of the TMJ condylar 
cartilage was more continuous, and obvious cellular necrosis was not found.

Conclusion: HUCMSCs-exos improved the migration and proliferation of MCCs under IL-1β induction. HUCMSCs-exos can 
repair cartilage destruction caused by TMJOA,and keep the continuity of cartilage.
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Introduction
The temporomandibular joint (TMJ) is closely related to nor-

mal physiological activities and is involved in physiological activi-
ties such as chewing, swallowing, breathing, and speak. Temporo-
mandibular joint osteoarthritis (TMJOA) can cause joint pain, joint 
deformity, and dysfunction, which can negatively affect the phys-
iological function of TMJ and the quality of daily life of patients. 
According to epidemiological studies, the prevalence of TMJOA in 
China is 2%~23% [1]. Typical pathological changes of TMJOA are 
progressive cartilage degradation, loss, and abnormal remodeling 
of subchondral bone [2]. Currently, the main treatment modali-
ties for TMJOA are symptomatic therapies to control pain and in-
flammation, including non-surgical conservative treatments, and 
surgical treatments with condylar resection as the mainstay [3]. 
Although these treatments can reduce the symptoms and slow the 
progression of the disease, they cannot completely repair cartilage 
and subchondral defects. Stem cell therapy has become a novel 
treatment for TMJOA and other clinical diseases. Human umbilical 
cord mesenchymal stem cells (hUCMSCs) are more readily available 
than other stem cells and have no donor site morbidity, are young, 
abundant in tissues, have high expansion potential and low immu-
nogenicity, and a high paracrine potential to accelerate the tissue 
repair process [4]. Exosomes (exos) are vesicles with diameters 
of 50-200nm secreted by cells, which are important regulators of 
intercellular communication, mediate intercellular communication 
by delivering biologically active molecules, and participate in a va-
riety of pathological processes [5,6]. Due to their small size, good 
targeting, stability, ability to cross barriers and deliver drugs into 
the cytoplasm.

The possibility of exos application for the treatment of osteoar-
thritis has been demonstrated, but most of the major studies have 
been conducted on knee osteoarthritis [7,8], and slightly fewer 
studies have been conducted on TMJOA. Exos come from various 
sources [9-14], and exos from different cellular sources may pos-
sess different functions. In this experiment, we used hUCMSCs-exos 
for the first time to explore its therapeutic effects on TMJOA in vivo 
and in vitro. Most of the previous studies have evaluated the effects 
of exos on the proliferation and migration of rat condylar chondro-
cytes (MCCs) in normal cellular state. This experiment was the first 
to investigate the effect of hUCMSCs-exos on the proliferation and 
migration of rat MCCs induced by interleukin (IL)-1β, which better 
simulated the repairing effect of hUCMSCs-exos on MCCs under in-
flammatory environment.

In this study, hUCMSCs were isolated and cultured, and hUCM-
SCs-exos was extracted. MCCs were isolated and cultured in vitro, 
and rat MCCs were induced using IL-1β to establish an in vitro TM-
JOA model, to investigate the effects of hUCMSCs-exos on the pro-
liferation and migration ability of rat MCCs. In this study, we also 
used complete Freund’s adjuvant (CFA) to establish an in vivo TM-
JOA model and injected hUCMSCs-exos into the cystic cavity of TMJ, 
and evaluated the in vivo treatment of hUCMSCs-exos for TMJOA by 
hematoxylin-eosin (HE) staining of the sections. effect of TMJOA. 
The aim of this study was to preliminarily investigate the reparative  

 
effect of hUCMSCs-exos on cartilage regeneration in rat TMJOA, and 
to explore the repairing ability of hUCMSCs-exos on cartilage regen-
eration in rat TMJOA, which will provide a basis for future clinical 
application.

Material & Methods
Materials

4W SD male rats, All the rats were kept in an SPF grade room 
in one cage of four rats using a timed light device for 12h of light 
and 12h of dark day and night. Rats had free access to adequate 
food and water.The experiment followed the 3R principle. MEMα 
(Bio-Channel, China); FBS (CellMAX, Australia); Penicillin/strepto-
mycin(Gibco, America); APC Mouse Anti-Human CD45, PE Mouse 
Anti-Human CD73, FITC Mouse anti-Human CD105 (BD Pharmin-
gen, America); CFA (Solaibao, China); IL-1β (Abbkine, China); Tolu-
idine blue staining (sangon biotech, China); CCK8 (Yuanye, China).

Culture of Human Umbilical Cord Mesenchymal Stem Cells

The hUCMSCs were added to complete medium (89% MEMα + 
10% FBS + 1% penicillin/streptomycin) and placed in a cell culture 
incubator at 37°C and 5% CO2.

Extraction and Identification of the Exosomes

The P5 hUCMSCs were taken and cultured in serum-free me-
dium (99% MEMα+1% penicillin/streptomycin) for 48h when the 
cells proliferated to 70%~80% density, and the supernatant was 
collected and centrifuged successively at 300g and 2 000g at 4°C for 
15 min; after each centrifugation, the supernatant was transferred 
to a new centrifuge tube and filtered through a filter with a diame-
ter of 0.22μm in order to remove microbubbles. The filtered liquid 
was then centrifuged by ultracentrifuge at 100000g at 4°C for 1.5h, 
and the resulting precipitate was hUCMSCs-exos. hUCMSCs-exos 
was identified by observing the morphology of hUCMSCs-exos us-
ing transmission electron microscopy and detecting the range of 
the particle size of hUCMSCs-exos using NTA.

Extraction and Identification of Rat MCCs

Four 4W SD male rats were taken, euthanized, and then the car-
tilage of rat condyle was peeled off, rinsed several times with ster-
ile PBS containing 10% penicillin/streptomycin. Then the cartilage 
tissue was cut into pieces of about 1mm3; the pieces of tissue were 
spread flatly in T25 cell culture flasks that had been coated with 
gelatin. The pieces of tissue were also added to complete medium 
(89% MEMα + 10% FBS + 1% penicillin/streptomycin) and placed 
in a cell culture incubator at 37°C and 5% CO2. The rat MCCs of P2 
were stained with toluidine blue to detect their morphology and 
structure.

Co-culture of hUCMSCs-exos with Rats MCCs

HUCMSCs-exos were labeled with 200-fold diluted Dil for 
15min, and then centrifuge according to method 2.3 to obtain flu-
orescently labeled hUCMSCs-exos. hUCMSCs-exos labeled at a con-
centration of 6μg/ml was co-cultivated with rat MCCs at a densi-
ty of 105/well for 10h in 24-well plates, and the original medium 
was removed, and the well plates were washed three times using 
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PBS. The well plates were rinsed with PBS for 3 times, fixed with 
4% paraformaldehyde for 15min, and rinsed with PBS. The MCCs 
were stained with 0.1% TritonX-100 permeabilized for 10min, and 
then the cytoskeleton was stained with ghost pen cyclic peptide 
for 30min. The nuclei were stained with diamidino-amidino-phe-
nyl-indole (DAPI) for 12min, and the excess staining solution was 
rinsed with PBS for three times before and after each staining. Anti-
fluorescence quencher was added, and the rat MCCs were observed 
for red fluorescence expression under fluorescence microscope.

Effect of hUCMSCs-exos on IL-1β Induced Rat MCCs Healing 
Ability by Scratch Assay

P3 rat MCCs were seeded in 6-well plates at 5×105/well den-
sity, and rat MCCs were divided into three groups as blank control 
group, TMJOA group, and Exos group. After rat MCCs were cultured 
for 24h, 200μl pipette gun heads were uesed to make the scratch 
to the bottom of the 6-well plate and all the groups replaced with 
the FBS-free medium. Besides, the blank control group, 10ng/ml 
IL-1β was added in the inflammation group, and 10 ng/ml IL-1β 
and 10μg/ml hUCMSCs-exos were added in the Exos group. Then 
pictures were taken at 0h and 24h to check the scratch closure of 
each group.

Effect of hUCMSCs-exos on the Proliferative Capacity of IL-1β 
Induced Rat MCCs

Rat MCCs were seeded in 96-well plates at 104/well density, 
grouped at 2.6 and processed accordingly, at 0h, 24h, 48h, all the 
wells added 10μl CCK-8 solution, and after 2h of incubation, the ab-

sorbance values at 450nm were assessed using a spectrophotom-
eter.

The Repairation of hUCMSCs-exos to Cartilage of TMJOA Rats 

Nine 4W SD male rats were also randomly divided into blank 
control group, TMJOA group and Exos group (n=3). The blank con-
trol group was injected 50μl PBS in the joint, and the TMJOA group 
and the Exos group were first injected 50μl CFA for inducing TM-
JOA in vivo. After 4w injection, the blank control and TMJOA groups 
were injected 50μl PBS into the rat joint cavity, and the Exos group 
was injected 50μl PBS containing 500μg hUCMSCs-exos. Rrats were 
killed after 2w injection intra-articular inflammatory changes and 
articular cartilage repair in each group were assessed by HE stain-
ing.

Statistical Analysis

Analysis of the data was performed using the GraphPad Prism 
9.0 software. Measurement data were expressed using ±s and data 
differences between two groups were compared by t-test, and for 
multiple groups, one-way ANOVA was used. The difference in data 
was considered statistically significant if P<0.05.

Results
Characterization of hUCMSCs-exos

The morphology of hUCMSCs-exos was observed by transmis-
sion electron microscopy as a typical concave bilayer vesicle (Fig-
ure 1A), and the results of the NTA showed that the particle size 
of hUCMSCs-exos was mainly concentrated at 162nm (Figure 1B).

Figure 1: Characterization of hUCMSCs-exos (A)Transmission electron micrograph of hUCMSCs-exos (scale:100μm); (B)The NTA result of 
hUCMSCs-exos.

Characterization of Rats MCCs

Compared with unstained rats MCCs (Figure 2A) toluidine blue 
staining showed that rat MCCs were polygonal with bluish-purple 
nuclei containing a large number of heterostained granules (Figure 
2B).

Rat MCCs Uptaken of Exosomes

By co-culturing exosomes with rat MCCs for 10h, it was seen 
that hUCMSCs-exos labeled with red could be taken up into the cells 

by rat MCCs and aggregated around the nuclei of the cells (Figure 
3).

HUCMSCs-exos Enhances the Migratory Ability of Rat MCCs In-
duced by IL-1β

As seen by the cell migration assay, the cell scratch area was 
significantly reduced and more cells migrated toward the middle 
of the scratch in the exosome-treated group compared with the in-
flammation group (P<0.001) (Figure 4A). hUCMSCs-exos improved 
the migration ability of rat MCCs induced by IL-1β (Figure 4B).
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Figure 2: Characterization of rats MCCs (A) Rats MCCs without toluidine blue staining ; (B) Rats MCCs after toluidine blue staining. (Scale: 
200μm). 

Figure 3: Rat MCCs uptaken of exosomes hUCMSCs-exos were co-cultured with rat MCCs for 10h and observed under fluorescence 
microscope, (A) Ghost pen cyclic peptide green labeled cytoskeleton; (B) DAPI blue labeled nucleus; (C) Dil red labeled exosome; (D) 
Exosomes can be uptaken by the cells and aggregated around the nucleus (scale: 100μm).

Figure 4: Results of rat MCCs scratch experiment under hUCMSCs-exos intervention (A-B)The scratch healing was observed under an 
inverted microscope at 0h and 24h, and the scratch healing area was analyzed in each group.

Note*: ***P<0.001 ****P<0.0001(scale: 200μm)

HUCMSCs-Exos Increased the Proliferation Ability of Rat MCCs 
Induced by IL-1β

The results of CCK8 showed that the cell proliferation capaci-
ty of the three groups was unchanged at 0h and 24h. At 48h, com-
pared with the blank control group, the cell proliferation capacity 

of the TMJOA group was significantly decreased (P<0.05), and the 
Exos group was significantly higher than TMJOA group (P<0.01), 
and there was no difference from the blank control group. HUCM-
SCs-Exos increased the proliferation capacity of rat MCCs induced 
by IL-1β (Figure 5).
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Figure 5: Effect of hUCMSCs-exos on the proliferation capacity of rat MCCs induced by IL-1β Relative absorbance of different experimental 
groups at different time points at OD 450nm.

Note*: *P<0.05 **P<0.01.

HUCMSCs-exos has A protective Effect on Condylar Cartilage 
Under TMJOA in Rats

The main pathological changes of TMJOA are progressive car-
tilage degradation, loss, and abnormal remodeling of subchondral 
bone. By HE staining, concave defects, roughness, deformation, re-
duction of chondrocytes, disorganization of hierarchical arrange-

ment, and loss of subchondral bone tissue could be seen on the 
surface of the condyle in the TMJOA group compared with the blank 
control group (Figure 6B). In contrast, the condylar surface of the 
Exos group injected with hUCMSCs-exos in vivo was more continu-
ous, with no obvious defects, more neatly arranged chondrocytes, 
and less inflammatory changes (Figure 6C).

Figure 6: Histological morphological appearance of HE staining of the condyles in each group (A) Blank control group (×40); (B) TMJOA 
group (×40); (C) Exos group (×40).

Discussion
The main pathological manifestation of TMJOA is the destruc-

tion of articular cartilage, and the main functional cells of articular 
cartilage are MCCs [15]. Existing studies have shown that MCCs are 
one of the main mediators of the pathological changes that occur in 
TMJOA, and under the action of multiple adverse stimuli, MCCs pro-
duce a variety of cytokines and proteases, which result in the degra-
dation of the cells and the matrix [16,17]. Exos, which is secreted by 
cellular secreted vesicles with diameters ranging from 50~200nm, 

which are important regulators of intercellular communication, can 
mediate intercellular communication by delivering bioactive mole-
cules, and are involved in a variety of pathological processes [18]. 
Due to their small size, good targeting, stability, ability to cross bar-
riers and deliver drugs into the cytoplasm.

Exos uptake cytosis by target cells is the basis of exos regulation 
of target cells and function [19]. In this study, the uptake of hUCM-
SCs-exos by rat MCCs was examined, and the results showed that 
hUCMSCs-exos co-cultured with rat MCCs for 10h was seen to be 
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Dil-stained into rat MCCs and surrounded the nucleus. The uptake 
assay indicated that hUCMSCs-exos could be cytosolized and taken 
up by rat MCCs, laying the foundation for its regulation of the bio-
logical activities of rat MCCs.

Studies have shown that IL-1β is closely related to the devel-
opment of TMJOA, which can promote the secretion of a variety of 
inflammatory factors, increase the level of collagenase, promote 
the degradation of cartilage matrix, and facilitate the inflammato-
ry response, leading to the death of MCCs, which exacerbates the 
development of TMJOA [20-22]. Because human condylar cartilage 
tissue is difficult to obtain clinically, this study used IL-1β to induce 
rat MCCs and simulate the inflammatory internal environment of 
MCCs in vitro.

The persistent inflammatory internal environment caused by 
TMJOA can lead to massive death of MCCs and also inhibit the mi-
gration of MCCs, thus the ability of MCCs to migrate to the defect site 
has an important impact on the treatment of TMJOA. In this study, 
a scratch assay was used to examine the effect of hUCMSCs-exos 
on the migration ability of MCCs in rats induced by IL-1β. The ex-
perimental results showed that the Exos group had a significantly 
smaller area in the middle of the scratch compared with the TM-
JOA group and more MCCs migrated to the inner part of the scratch, 
which indicated that hUCMSCs-exos could promote the migration of 
MCCs in the rat under the induction of IL-1β. hUCMSCs-exos has the 
potential to promote the migration of MCCs to the injury site and 
may have the ability to promote TMJOA cartilage repair.

The inflammatory state also affects the proliferative capacity 
of MCCs, leading to a lack of self-renewal to ensure tissue repair. 
In this study, CCK8 was used to detect the effect of hUCMSCs-exos 
on the proliferative capacity of rat MCCs induced by IL-1β. The ex-
perimental results showed that at 24h after the addition of IL-1β 
induction, there was no significant difference in cell proliferation 
ability among the three groups, and at 48h after the addition of IL-
1β induction, compared with the control group and the exosome 
treatment group, there was a significant decrease in cell prolifera-
tion ability in the inflammation group, and there was no difference 
in cell proliferation ability between the exosome treatment group 
and the control group. It indicates that hUCMSCs-exos can promote 
the proliferative ability of rat MCCs under IL-1β induction and pro-
mote tissue repair.

The main pathological changes of TMJOA are progressive car-
tilage degradation, loss, and abnormal remodeling of subchondral 
bone [23-25]. In this study, CFA injection was chosen as a method 
for modeling TMJOA in vivo. In the in vivo experiments, by HE stain-
ing, we found that compared with the blank control group, the con-
dylar surface of the TMJOA group showed typical TMJOA patholog-
ical changes such as defects, deformations, chondrocytes becoming 
fewer and disorganized, and loss of subchondral bone. The condy-
lar surface of the Exos group injected with hUCMSCs-exos was more 
continuous, with no obvious defects, and the chondrocytes were 
more neatly arranged, indicating that the in vivo injection of hUCM-
SCs-exos could reduce the destruction of condylar cartilage in the 

state of inflammation, maintain a relatively stable state, and repair 
the damage of the cartilage caused by inflammation.

Conclusions
In summary, in this study, we demonstrated that hUCMSCs-exos 

can improve the migration ability and cell proliferation ability of 
rat MCCs induced by IL-1β, and in vivo, it can protect and repair 
the condylar cartilage damaged by inflammatory state in rats. 
This study preliminarily investigated the repairing effect of hUCM-
SCs-exos on the regeneration of condylar cartilage in rat TMJOA, 
which is expected to provide a basis for the future clinical applica-
tion of hUCMSCs-exos in TMJOA.
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