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Abstract

Objective. The present study explored whether low-intensity pulsed ultrasound (LIPUS) enhances the therapeutic efficacy
of mesenchymal stem cells (MSCs) in osteoarthritis (OA) cartilage repair by regulating autophagy-mediated exosome
release. Design. MSCs were isolated from the rat bone marrow and treated with rapamycin, 3-methyladenine, or LIPUS.
The mechanism of the LIPUS-stimulated exosome release by MSCs was analyzed by inhibiting autophagy. In addition,
the MSCs were co-cultured with OA chondrocytes and stimulated by LIPUS, with or without exosome release inhibitor
intervention. The exosome release was detected through transmission electron microscopy (TEM), nanoparticle tracking
analysis, and biomarker expression analysis. Autophagy was analyzed through TEM, autophagy-related gene expression
analysis, and immunofluorescence analysis in vitro. Furthermore, a rat knee OA model was constructed and treated with
MSCs, GW4869, and LIPUS. The cartilage repair was assessed through histopathological analysis and extracellular matrix
protein expression analysis. Results. The in vitro results indicated that LIPUS promoted MSC exosome release by activating
autophagy. The in vivo results demonstrated that LIPUS significantly enhanced the positive effects of MSCs on OA cartilage.
These effects were significantly blocked by GW4869, an inhibitor of exosome release. Conclusions. LIPUS can enhance the
therapeutic efficacy of MSCs in OA cartilage repair, and the underlying mechanism is related to the increase in autophagy-
mediated exosome release.
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Introduction and pain, whereas joint replacement is the only option to
improve the quality of life of patients with late-stage
OA.** Mesenchymal stem cell (MSC) therapy is the focus
in the field of cell transplantation and has a potential clini-
cal application value in OA. MSCs are isolated and
expanded from the bone marrow, umbilical cord blood,
fat, skin, tendons, muscles, and dental pulp, and these cells

Osteoarthritis (OA) is one of the most common clinical
chronic joint diseases, and its main symptoms are joint pain,
stiffness, and dysfunction. OA was listed as one of the three
major threats to human health, in addition to cardiovascular
disease and cancer, by the World Health Organization in
1999. In 2020, OA was reported to be the fourth leading
cause of disability worldwide.! With the combined effects
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have the potential for multilineage differentiation.® Studies
have demonstrated that MSCs can efficiently promote OA
cartilage repair.®’

The mechanism of OA cartilage repair by MSCs is
poorly understood. Some studies have suggested that the
main medium for MSCs to play a role in cartilage repair
may be exosomes.® Exosomes are subcellular bilayer mem-
branous vesicles, with a diameter of 40 to 100 nm, that are
secreted by cells and contain various active substances such
as mRNA, miRNA, DNA, and protein. Exosomes can spe-
cifically act on target cells, regulate the microenvironment
and inflammation, and promote the regeneration of injured
tissue.’ Studies have found that exosomes derived from
MSCs can increase the expression of extracellular matrix
protein (including type II collagen [COL2] and aggrecan
[AGG]) and promote cartilage regeneration in rats.'%!!

Increasing number of studies have shown that autophagy
can regulate the biogenesis and release of exosomes by cells.'?
Autophagy, also known as cell self-digestion, is a highly con-
served life phenomenon in eukaryotes. A study reported that
the autophagy activator rapamycin can promote exosome
release, suggesting that autophagy may play a key role in the
regulation of exosome release.'> Our previous studies have
demonstrated that autophagy is closely related to MSC homing
and chondrogenic differentiation; however, the role of autoph-
agy in MSC exosome release remains unclear.!*!®

Although MSCs have been proved to be suitable for OA
cartilage repair, the biological effects of MSCs and the release
of MSC exosomes are affected by the local microenviron-
ment, which limits the therapeutic effect of MSCs. Low-
intensity pulsed ultrasound (LIPUS) is a physiotherapeutic
factor and can lead to biochemical changes in MSCs. In our
previous study, we found that LIPUS could improve the chon-
drogenic differentiation of MSCs by regulating autophagy.'
In addition, in animal experiments, we found that LIPUS
could improve the cartilage repair effect of MSCs in OA.'

In the present study, we explored the role of autophagy
in MSC exosome release and investigated the direct influ-
ence of LIPUS on MSC exosome release regulated by
autophagy. In addition, we demonstrated that the cartilage
repair effects of MSCs on OA are augmented by LIPUS
through the exosome release pathway.

Materials and Methods

The experimental protocol related to rats was in accordance
with the US National Institutes of Health’s Guidelines of
Laboratory Animal Use and approved by the Ethics
Committee of Nanjing First Hospital.

Isolation and Culture of MSCs

Bone marrow—derived MSCs (BMSCs) were obtained from
the bone marrow of 49 eight-week-old male Sprague-Dawley
(SD) rats (45 rats in vitro experiment and 4 rats in vivo

experiment), which were acquired from the Qinglongshan
Experimental Animal Center of Jiangsu Province, China. The
MSCs were identified based on their surface phenotypes and
multipotency, as described previously.'*!> After the SD rats
were euthanized, the bone marrow from the femur was
washed out in a Petri dish with low-glucose Dulbecco’s mod-
ified Eagle’s medium (DMEM; KeyGEN, Nanjing, Jiangsu,
China), containing 10% fetal bovine serum (FBS; KeyGEN),
without exosomes. Then, the cells were cultured in culture
dishes with 5% CO,/95% air at 37°C. After 72 hours, the
medium was changed, and the cells were resuspended with
0.25% trypsin until the cells reached 80% to 90% confluence.
Thereafter, the cells were re-seeded at the density of approxi-
mately 2X10° cells per dish. The follow-up experiment was
performed using passage 3.

Activation and Inhibition of Autophagy

To determine the role of autophagy in MSC exosome
release, the cells were treated with the autophagy inhibitor
3-methyladenine (3-MA; Selleck, Houston, TX, USA) (10
puM) or the agonist rapamycin (Selleck) (10 uM) for 24 h.
The cells of the control group were treated only with the
solvent dimethylsulfoxide (DMSO).

Analysis of Autophagy in MSCs

Transmission electron microscopy (TEM) (JEM-1011,
JEOL, Akishima, Tokyo, Japan) was used to observe the
autophagosomes of MSCs, as described previously.'* The
morphological characteristics of autophagosomes include
a crescent or cup-shaped bilayer or multilayer membrane,
with a tendency to enclose cytoplasmic components.
Immunofluorescence analysis was performed to detect a
specific autophagy marker LC3, as described previously.'*
Briefly, the cells were washed with phosphate-buffered
saline (PBS) (KeyGEN) and fixed with 4% paraformalde-
hyde. Then, the cells were again washed with PBS and
incubated with 0.5% Triton X-100 (KeyGEN).
Subsequently, the cells were incubated with a blocking
solution (10% goat serum in PBS) and then treated with the
anti-LC3B antibody (Novus Biological, Littleton, CO,
USA) overnight at 4 °C. Finally, the cells were incubated
with secondary antibodies after washing with the blocking
solution. The MSCs were stained with diamidine phenylin-
dole (DAPI) (Molecular Probes, Waltham, MA, USA) and
observed under a confocal microscope (Dmi 6000-B,
Leica, Brunswick, Germany). Western blot analysis was
used to detect the autophagy makers Beclinl and LC3, as
described previously.'*

Isolation and Analysis of Exosomes

The culture medium of MSCs was collected and centrifuged
in a 50-mL centrifuge tube at 4 °C for 10 minutes, and the
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dead cell precipitate was removed. The supernatant was
collected and placed in another 50-mL centrifugation tube.
The cell debris and macromolecular proteins were further
removed through centrifugation at 4 °C and 2,000 Xg for
20 minutes. The supernatant was collected again in a 50-mL
centrifuge tube and then centrifuged at 4 °C and 10,000 X g
for 30 minutes; the supernatant was collected again and
passed through the 0.22-um cell filter. The supernatant was
collected in an ultracentrifugation tube with a diameter
greater than 0.22 um and then subjected to ultracentrifuga-
tion for 70 minutes at 4 °C and 12,000 Xg. The supernatant
was discarded, and the precipitate was resuspended with
PBS and centrifuged again at 4 °C and 12,000 Xg for 70
minutes. Finally, the exosome precipitate was obtained,
resuspended with 50 uL PBS, and stored at —80 °C. The
exosome morphology was observed through TEM, and
then, the exosomes were quantified through nanoparticle
tracking analysis (NTA) (NanoSight NS300, Malvern
Instruments Ltd, UK). Proteins were extracted from MSCs
and exosomes by using a total protein extraction kit
(KeyGEN), and the exosome surface marker proteins,
namely CD63, ALIX, and TSG101, were analyzed through
western blotting.

OA Chondrocyte Isolation and Culture

The OA chondrocytes were isolated from the OA rat model.
The rat OA model was generated through anterior cruciate
ligament transection (ACLT), as described previously.'®
The cartilage was obtained from the femoral condyle of 15
OA rats right knee joint and placed in a Petri dish filled with
PBS. The cartilage was cut into small fragments and
digested with 2 mL of 0.25% trypsin for half an hour, fol-
lowed by incubation with 0.2% type II collagenase at 37 °C
for 4 hours. After the cartilage pieces were digested, they
were washed with DMEM and collected through centrifu-
gation at 1,000 rpm for 10 minutes. The isolated chondro-
cytes were cultured in culture dishes with complete DMEM
in 5% CO,/95% air at 37 °C. When the chondrocytes
reached 80% to 90% confluence, they were split and cul-
tured to approximately 2 X 10° cells per culture dish.

OA Chondrocyte Co-Culture With MSCs

The OA chondrocyte and MSC co-culture was established
in a 0.4-pum diameter co-culture chamber (Millipore,
Massachusetts, USA), as shown in Figure 4A. In the co-
culture chamber, MSCs (1 X 10° cells/well) were placed
into the apical chamber, whereas OA chondrocytes (1 X
10 cells/well) were placed into the basolateral chamber,
and the co-culture chamber was placed in a 6-well plate.!”
The culture medium was changed every 4 days, and the
morphological changes in the cells were observed under a
microscope.

Immunocytochemistry

COL2 expression in the OA chondrocytes was detected
through immunocytochemistry, as described in our previ-
ous study.!® The OA chondrocytes in the transwell co-cul-
ture system were fixed with 4% paraformaldehyde for 30
minutes, washed with PBS, and incubated with a 3% H,0,~
methanol solution at room temperature for 10 minutes.
Subsequently, the chondrocytes were washed thrice with
PBS and blocked and incubated with goat serum (50-100
pL) at room temperature for 20 minutes. The cells were
then incubated with COL2 antibodies (Abcam, Cambridge,
UK) at 37 °C for 2 hours and washed thrice with PBS.
Thereafter, 50 puL of an intensifier was added, and the cells
were incubated at room temperature for 30 minutes. Then,
the cells were washed with PBS and incubated with horse-
radish peroxidase (HRP)-conjugated anti-rabbit-(Fab),
antibodies (Santa Cruz, Dallas, TX, USA) at 37 °C for 30
minutes. Finally, the cells were washed with PBS again and
subjected to diaminobenzidine (DAB) staining for color
development. COL2 expression was observed under a
microscope, and the images were captured.

Toluidine Blue Staining

To observe the proteoglycan side chains in mature AGG,
the OA chondrocytes in the transwell co-culture system
were washed with PBS and fixed with 4% paraformalde-
hyde at room temperature for 20 minutes. Then, the cells
were again washed with PBS and stained with toluidine
blue for 30 minutes. Finally, the cells were observed under
a microscope, and the images were photographed.

GW4869 Treatment

In vitro study: to inhibit exosome release by MSCs, the
secretory-specific inhibitor of exosomes, GW4869 (Selleck,
Houston, TX, USA) (10 uM), was added to the co-culture
system in the transwell chamber. The cells of the control
group were treated with only the solvent DMSO.

In vivo study: GW4869 (10 uM) was added to the MSCs
suspension and injected into the right knee joint of the OA rat.

LIPUS Stimulation

In vitro study: the LIPUS transducer (HT2009-1, Ito
Corporation, Tokyo, Japan) was placed under a Petri dish
and coated with a coupling agent. Then, the LIPUS (50
mW/cm?, on-off ratio of 20%, frequency of 3 MHz) waves
were transferred through the bottom of the Petri dish, as
described previously.'* The control group was subjected to
sham LIPUS stimulation with no ultrasound irradiation.
The cells were stimulated for 20 minutes once a day for 0
(as control), 3, 7, and 10 days in 5% CO,/95% air at 37 °C.
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In vivo study: the knee joint of the rats was exposed to
LIPUS after MSCs intra-articular injection. According to
the results in vitro experiments, we applied LIPUS stimula-
tion for 7 days after MSCs intra-articular injection as a
course of treatment. Based on our previous study, 4 times
intra-articular injections of MSCs have therapeutic effects
on OA cartilage.'* Therefore, the MSCs were also injected
for 4 times (once every 7 days) in this study, and the LIPUS
stimulation were performed 20 minutes/day for 28 days (4
weeks). The LIPUS parameters were similar to those in the
in vitro study.

Western Blotting

The extracted total protein was subjected to 10% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene fluoride
(PVDF) membranes. Primary anti-Beclinl and anti-B-actin
antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA); anti-LC3 and anti-AGG antibodies
were purchased from Novus Biological; anti-CD63, ALIX,
and TSG101 antibodies were purchased from Santa Cruz;
anti-COL2 antibody was purchased from Abcam. Following
treatment with the goat anti-mouse secondary antibody
(Santa Cruz), blot signals were observed using the electro-
chemiluminescence (ECL) western blotting substrate
(KeyGEN).

Animal Experiments

A total of 30 eight-week-old male SD rats (weighing 250—
300 g) were used to establish OA models, and the OA rats
were divided into the following 5 groups (6 rats in each
group): control group, MSCs group, MSCs + GW4869
group, MSCs + LIPUS group, and MSCs + GW4869 +
LIPUS group. The OA rat model was generated through
ACLT, as described in our previous study.'® The control
group OA rats received vehicle injections of 0.9% normal
saline and a sham LIPUS stimulation, whereas the MSCs
group OA rats were administered an intra-articular injection
of MSCs (1Xx10° MSCs were resuspended with 50 pL nor-
mal saline) through their right knee joint and a sham LIPUS
stimulation. In the MSCs + GW4869 group, the OA rats
received an intra-articular injection of MSCs, with addition
of GW4869 and a sham LIPUS stimulation. In the MSCs +
LIPUS group, the OA rats received LIPUS stimulation after
an intra-articular injection of MSCs. In the MSCs +
GW4869 + LIPUS group, the OA rats received an intra-
articular injection of MSCs, with addition of GW4869 and
LIPUS stimulation.

All the rats were euthanized 4 weeks after treatment and
then subjected to histopathological examination for obser-
vation of the femoral condylar cartilage. Safranin-O/fast
green staining was used to detect pathological changes in

the cartilage, including surface irregularities and crack for-
mation. In addition, we used the Mankin scores to evaluate
the extent of fibrosis, matrix distribution, cartilage loss, and
chondrocyte colonization (Table 1). Finally, we extracted
the protein from the tibial plateau articular cartilage and
determined the expression levels of COL2 and AGG
through western blotting.

Statistical Analysis

All the experiments were performed in triplicate, and all
data are reported as the mean * standard deviation (SD)
and analyzed using SPSS 23.0 software (IBM, Armonk,
NY, USA). Statistical comparisons between the groups
were performed using single-factor analysis of variance.
The Mankin scores were analyzed using the Wilcoxon
signed rank test. A P value < .05 was considered to indicate
statistical significance.

Results

Autophagy Regulates Exosome Release by MSCs

The autophagy-related genes such as Beclinl and LC3 are
essential for autophagosome formation in the MSCs.
During autophagy, LC3I was gradually transformed into
LC3II. Rapamycin is the specific activator, and 3-MA is
the specific inhibitor in autophagy. Figure 1A shows the
morphology of MSCs. Immunofluorescence staining
indicated that LC3-positive cells were significantly
increased (P < .05) in the rapamycin group and signifi-
cantly decreased (P < .05) in the 3-MA group compared
with those in the control group (Fig. 1B). We used west-
ern blotting to detect protein expression of the autophagy
markers Beclinl and LC3 after rapamycin or 3-MA treat-
ment. The expression of Beclinl and the ratio of LC3II/
LC3I in MSCs were significantly increased (P < .05)
after rapamycin treatment and significantly decreased (P
< .05) after 3-MA treatment compared with those in the
control (Fig. 1C and 1D). Autophagosome formation was
observed through TEM, which showed that the number of
autophagosomes was increased after rapamycin treatment
and decreased after 3-MA treatment compared with that
in the control (Fig. 1E).

The MSC exosomes observed through TEM are shown
in Figure 1F. The size distribution and amount of exosomes
were detected by NTA. The NTA showed that the rapamy-
cin and 3-MA treatments had no effect on the size distribu-
tion of MSC exosomes (Fig. 1G). However, the amount of
exosomes was significantly increased (P < .05) after
rapamycin treatment and significantly decreased (P < .05)
after 3-MA treatment compared with that in the control
(Fig. 1H). The specific markers of exosomes include CD63,
ALIX, and TSG101, and they mainly involved in the
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Table I. Mankin Scoring Scale.

Subgroup I: fibrillation

I. Even surface

2. Uneven surface

3. Fibrillated and fissured within superficial zone only

4. Fissures and erosions extending below the surface zone, without extending beyond the radial zone

5. Fissures and erosions extending into the deeper zone
Subgroup 2: matrix distribution

I. Normal staining

2. Moderate loss in staining

3. Severe loss in staining

4. No staining

Subgroup 3: chondrocyte loss

I. Loss extending into superficial zone

2. Loss extending into midzone

3. Loss extending into radial zone

Subgroup 4: chondrocyte cloning

I. No clusters

2. Chondrocyte clusters in superficial zone

3. Chondrocyte clusters in superficial to midzone(less than 4 cells)

4. Chondrocyte clusters of more than 4 cells located in superficial to midzone, or chondrocyte clusters in deeper zone

Grading was performed for the femoral condyle. The minimum total score was 4, and the maximum total score is |6.

formation and secretion of exosomes. The western blot
results showed that the protein expression of CD63, ALIX,
and TSG101 were significantly increased (P < .05) in the
exosomes isolated from MSCs culture medium after
rapamycin treatment and significantly decreased (P < .05)
after 3-MA treatment compared with those in the control.
Simultaneously, concomitant significant decrease and
increase (both P < .05) in CD63, ALIX, and TSG101
expression were observed in MSCs after treatments with
rapamycin and 3-MA, respectively, compared with those in
the control (Fig. 11 and 1J).

LIPUS Promotes MSC Exosome Release

The MSCs were stimulated by LIPUS, as shown in Figure
2A. The NTA showed that LIPUS has no effect on the size
distribution of MSC exosomes after 3, 7, and 10 days of
stimulation (Fig. 2B). The amount of exosomes was signifi-
cantly increased (P < .05) after LIPUS stimulation for 7
and 10 days compared with that after stimulation for 3 days;
however, no significant difference (P > .05) was observed
in the amount of exosomes between 7- and 10-day stimula-
tion (Fig. 2C). Western blot analysis showed that the pro-
tein expression of CD63, ALIX, and TSGI101 was
significantly increased (P < .05) in the exosomes isolated
from MSCs culture medium after LIPUS stimulation for 7
and 10 days compared with those after stimulation for 3
days. Simultaneously, a concomitant significant decrease (P
< .05) in CD63, ALIX, and TSG101 expression was noted
in MSCs after LIPUS treatment for 7 and 10 days compared
with those after stimulation for 3 days (Fig. 2D and 2E).

Autophagy Inhibition Decreases the Promoting
Effect of LIPUS on MSC Exosome Release

To determine whether the effect of LIPUS on MSC exo-
some release was regulated by autophagy, we used 3-MA
to inhibit autophagy. According to the aforementioned
results, autophagy was significantly increased (P < .05)
after LIPUS stimulation and significantly decreased (P <
.05) after 3-MA treatment compared with that in the
unstimulated MSCs. In addition, compared with the
LIPUS-stimulated MSCs, the 3-MA-treated MSCs exhib-
ited a significant decrease (P < .05) in autophagy after
LIPUS stimulation. However, LIPUS stimulation signifi-
cantly increased (P < .05) autophagy in the 3-MA-treated
MSCs compared with that in the unstimulated MSCs in
the presence of 3-MA (Fig. 3A-3D).

Furthermore, exosome release was analyzed through
NTA and western blotting. The NTA showed that no dif-
ference was observed on the size distribution of MSC
exosomes in 4 groups (Fig. 3E). The results also showed
that the exosome release was significantly increased (P
< .05) in LIPUS-stimulated MSCs and significantly
decreased (P < .05) in 3-MA-treated MSCs compared
with that in the unstimulated MSCs. In addition, 3-MA
treatment significantly decreased exosome release in the
LIPUS-stimulated MSCs (P < .05), whereas LIPUS
stimulation significantly increased (P < .05) exosome
release in the 3-MA-treated MSCs compared with that in
the unstimulated MSCs in the presence of 3-MA (Fig.
3F-3H).
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Figure |. Autophagy regulates exosome release by MSCs. (A) BMSCs cultured in medium; scale bars = 100 um. (B)
Immunofluorescence staining depicting LC3+ cells (green) and quantitative analysis of intensity; scale bars = 20 um. (C, D) Western
blot analysis of Beclinl, LC3I, LC3lII, and -actin expressions in BMSCs. (E) TEM depicting autophagosomes (arrows); scale bars =

| um. (F) TEM observation of exosomes from BMSC:s; scale bars = 200 nm. (G, H) NTA of the size distribution and amount of
exosomes from BMSC:s. (I, J) Western blot analysis of CD63, ALIX and TSG10I expressions in BMSCs and exosomes. MSCs =
mesenchymal stem cells; BMSCs = bone marrow-derived MSCs; TEM = transmission electron microscopy; NTA = nanoparticle
tracking analysis; DAPI: diamidine phenylindole; 3-MA = 3-methyladenine. The values are the mean = SD; n = 3, *P < .05.

LIPUS Enhances the Anti-Degeneration Effects
of MSCs on OA Chondrocytes by Promoting
Exosome Release

The OA chondrocytes and MSCs co-culture system was
stimulated by LIPUS, as depicted in Figure 4A.
Immunohistochemical staining of COL2 and toluidine blue
staining in OA chondrocytes treated with MSCs and LIPUS

were much stronger than those in the control, MSCs, MSCs
+ GW4869, and MSCs + GW4689 + LIPUS groups.
Staining in the MSCs + GW4869 and MSCs + GW4689 +
LIPUS groups was weaker than that in the MSCs and MSCs
+ LIPUS groups (Fig. 4B).

The western blot analysis showed that the protein expres-
sion of COL2 and AGG was significantly increased (P <
.05) in the MSCs + LIPUS group compared with those in
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the control, MSCs, MSCs + GW4869, and MSCs +
GW4689 + LIPUS groups, and the expression of COL2
and AGG was significantly decreased (P < .05) in the
MSCs + GW4869 and MSCs + GW4689 + LIPUS groups
compared with that in the MSCs and MSCs + LIPUS
groups (Fig. 4C and 4D).

LIPUS Enhances the Repair Effects of MSCs
on OA Cartilage through the Exosome Release
Pathway

We examined the role of exosome release in LIPUS in promot-
ing the effect of MSCs on OA cartilage repair. The femoral
condylar cartilage was observed and assessed through safra-
nin-O/fast green staining, which showed that in the control
group, the cartilage was surface defected and thinned, with
increased fibrosis of the surface and irregular distribution of
the chondrocytes. Compared with the control group, the MSCs
group and the MSCs + GW4869 + LIPUS group exhibited
thicker cartilage and regular chondrocyte distribution. In

addition, the surface of cartilage was more smooth and regular
in the MSCs + LIPUS group than in the MSC group and the
MSCs + GW4869 + LIPUS group. No difference was
observed in terms of cartilage morphology and chondrocyte
distribution between the control group and the MSCs +
GW4869 group (Fig. 5A).

The quantitative analysis of cartilage pathological
changes performed on the basis of Mankin scores showed
that the scores were significantly decreased (P < .05) in the
MSCs group, MSCs + GW4689 + LIPUS group, and
MSCs + LIPUS group, particularly in the MSCs + LIPUS
group, compared with those in the control group. Moreover,
the scores were significantly increased (P < .05) in the
MSCs+ GW4869+ LIPUS group compared with those in
the MSCs+LIPUS group. No significant difference (P >
.05) was found in the scores between the control group and
the MSCs + GW4869 group (Fig. 5SB).

Protein expression of COL2 and AGG determined
through western blot analysis showed that the COL2 and
AGG expression were significantly increased (P < .05) in
the MSCs group, MSCs + GW4689 + LIPUS group, and
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OA chondrocyte and BMSC co-culture system was stimulated by LIPUS. (B) Immunohistochemical staining (ICC) and toluidine blue
staining in OA chondrocytes. (C, D) Western blotting analysis of COL2, AGG, and B-actin expressions in OA chondrocytes. LIPUS =
low-intensity pulsed ultrasound; MSCs = mesenchymal stem cells; OA = osteoarthritis; BMSC = bone marrow-derived MSC; COL2

= type |l collagen; AGG = aggrecan. The values are the mean = SD; n = 3, *P < .05.

MSCs + LIPUS group, particularly in the MSCs + LIPUS
group, compared with those in the control group. Moreover,
compared with the MSCs + LIPUS group, the MSCs +
GW4869 + LIPUS group demonstrated significantly
decreased COL2 and AGG expression (P < .05). No sig-
nificant difference (P > .05) was found in the COL2 and
AGG expression between the control group and the MSCs
+ GW4869 group (Fig. 5C).

Discussion

In this study, we attempted to investigate the role of autoph-
agy in MSC exosome release and explored whether LIPUS
promotes the therapeutic effects of MSCs on OA cartilage
through autophagy-regulated exosome release. We found
that autophagy promotes MSC exosome release, and LIPUS
promotes MSC exosome release by activating autophagy. In
addition, our in vitro and in vivo experiments suggested that
LIPUS enhances the repair effects of MSCs on OA cartilage
through the exosome release pathway.

OA is one of the most common chronic joint diseases in
clinic; however, its pathogenesis is still unclear. The articu-
lar cartilage defect is the most obvious pathologic change in

OA, which is caused by extracellular matrix degeneration. "
Current OA treatment strategies, such as drug therapy,
physical therapy and joint replacement, are aimed at reliev-
ing pain and improving the joint function, although these
strategies cannot repair the damaged cartilage and restore
the characteristics of cartilage.>*%°

Cell therapy based on tissue engineering has become a
research hotspot in the field of OA treatment in recent years.
Cartilage stem/progenitor cells (CSPCs) are cells with self-
renewal and multi-directional differentiation ability that
exist on the surface of articular cartilage.?! Studies have
shown that CSPCs have chondrogenic differentiation capac-
ity and cartilage repair effect.>?* However, because CSPCs
need to be extracted from cartilage tissue, there are limita-
tions such as large trauma, high cost, few cell sources, and
insufficient quantity.

MSCs mainly exist in the connective tissue and organ
stroma of the whole body, and most of these cells are pres-
ent in the bone marrow. These cells have strong prolifera-
tion ability and can differentiate into chondrocytes under
certain conditions.* Some studies have shown that MSCs
migrate into cartilage tissues and first become osteochon-
dral cell populations, and then differentiate into CSPCs.?
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CSPCs are regulated by some cytokines and then differenti-
ated into chondrocytes and secreted COL2 to form normal
cartilage.?® Accumulating preclinical studies have sug-
gested that the use of MSCs might be a novel therapeutic
strategy to protect the articular cartilage.*?’?® Some clinical
studies and our meta-analysis also confirmed that intra-
articular injection of MSCs produces a strong therapeutic
effect on OA.>%32

Although MSCs have been confirmed to be useful in the
treatment of OA, their mechanism of action remains unclear.
The traditional view is that MSCs can differentiate into spe-
cific cells to replace damaged tissues to produce repair
effects.’ However, the current point of view suggests that

MSCs can secrete biologic active substances including
cytokines and extracellular vesicles (EVs) to regulate the
injured tissue environment and the regeneration processes,
such as cell migration, proliferation, differentiation, and
matrix synthesis.* Exosomes are the main EVs secreted by
MSCs, and they support the regeneration ability of MSCs in
tissue repair.3*3

Exosomes were first discovered in 1987 by Johnstone
et al.’’ in sheep reticulocytes; they are a special form of
extracellular vesicles, with a diameter of 40 to 100 nm, and
contain various proteins, nucleic acids, lipids, and other
substances. Studies have indicated that the exosomes
released by MSCs can maintain chondrocyte homeostasis
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and inhibit chondrocyte apoptosis, thereby mediating carti-
lage tissue regeneration and repair.'®!"3¥ Although these
lines of evidence indicate that exosomes are the main thera-
peutic factor for cartilage repair by MSCs, the release of
exosomes is affected by many factors and the mechanism is
still unknown.

Studies have found that mammalian target of rapamycin
(mTOR), an autophagy inhibitory signal, is involved in the
regulation of exosome release. The mTOR inhibitor
rapamycin (which is also an autophagy activator) can pro-
mote exosome release, suggesting that autophagy plays a
role in the regulation of exosome release.!**° Autophagy is
a form of cell death that maintains cell metabolism and
energy balance through degradation and recycling of intra-
cellular proteins and organelles. In our previous studies, we
found that autophagy regulates the chondrogenesis and
migration of MSCs.'*!> The results of the present study
suggested that autophagy also participates in the exosome
release by MSCs. Activation of autophagy increased the
exosome release from MSCs, whereas the effect was
reversed upon autophagy inhibition.

The current research focuses on improving the therapeu-
tic effect of MSCs in OA. LIPUS is a physical therapy fac-
tor, and the mechanical stimulation produced by LIPUS can
alter the biological effects of MSCs. /n vivo experiments in
a study indicated that LIPUS can promote BMSC homing to
the fracture site to accelerate fracture healing.*® In vitro
experiments have also proved that LIPUS can affect the
multilineage differentiation ability of BMSCs, which can
promote transforming growth factor (TGF)-1p-induced
chondrogenic differentiation.*'*> Our previous studies
found that LIPUS can promote chondrogenic differentiation
and migration of MSCs by regulating autophagy and thus
enhance the therapeutic effect of MSCs on OA catilage.'®!3
In the present study, we found that although LIPUS has no
effect on the shape and size of exosomes, stimulation for 7
and 10 days can increase the number of exosomes released
by MSCs. Moreover, we found that LIPUS can activate
autophagy and promote exosome release by MSCs, and the
inhibition of autophagy with 3-MA reduced the effect of
LIPUS on the exosome release by MSCs.

Although studies have shown that MSCs have a certain
effect on OA cartilage regeneration,”*?’?%% and our previ-
ous study also demonstrated that LIPUS can enhance the
therapeutic effect of MSCs in OA cartilage repair,'* it is
unknown whether exosomes play a role in the MSC-
mediated repair process. The present in vitro and in vivo
studies confirmed that MSCs can increase the synthesis of
extracellular matrix proteins of OA chondrocytes and pro-
tect cartilage. LIPUS was found to significantly enhance the
therapeutic effect of MSCs in OA cartilage repair; however,
inhibition of the release of exosomes blocked the therapeu-
tic effect of MSCs and decreased the enhancement effect of
LIPUS. These results indicated that MSCs mediate the

repair effect on OA cartilage mainly through exosome
release, and LIPUS enhances the therapeutic effect of MSCs
on OA cartilage by promoting exosome release.

In conclusion, autophagy participates in exosome
release by MSCs. Activation of autophagy promoted exo-
some release by MSCs, and inhibition of autophagy dis-
played the opposite effects. In addition, the study
demonstrated that LIPUS promotes exosome release by
activating autophagy and enhances the therapeutic effect
of MSCs on OA cartilage through the exosome release
pathway. Our results revealed the effects of LIPUS on
MSC exosome release, as well as the mechanism of the
effect of LIPUS on MSCs in OA cartilage repair. These
findings will provide a theoretical basis for the combined
application of LIPUS and MSCs.
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