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Low-Intensity Pulsed Ultrasound
Promotes Autophagy-Mediated
Migration of Mesenchymal Stem Cells
and Cartilage Repair

Peng Xia1,*, Xinwei Wang1,*, Qi Wang1,*, Xiaoju Wang1,
Qiang Lin1, Kai Cheng1, and Xueping Li1

Abstract
Mesenchymal stem cell (MSC) migration is promoted by low-intensity pulsed ultrasound (LIPUS), but its mechanism is unclear.
Since autophagy is known to regulate cell migration, our study aimed to investigate if LIPUS promotes the migration of MSCs
via autophagy regulation. We also aimed to investigate the effects of intra-articular injection of MSCs following LIPUS sti-
mulation on osteoarthritis (OA) cartilage. For the in vitro study, rat bone marrow-derived MSCs were treated with an
autophagy inhibitor or agonist, and then they were stimulated by LIPUS. Migration of MSCs was detected by transwell
migration assays, and stromal cell-derived factor-1 (SDF-1) and C-X-C chemokine receptor type 4 (CXCR4) protein levels
were quantified. For the in vivo study, a rat knee OA model was generated and treated with LIPUS after an intra-articular
injection of MSCs with autophagy inhibitor added. The cartilage repair was assessed by histopathological analysis and
extracellular matrix protein expression. The in vitro results suggest that LIPUS increased the expression of SDF-1 and CXCR4,
and it promoted MSC migration. These effects were inhibited and enhanced by autophagy inhibitor and agonist, respectively.
The in vivo results demonstrate that LIPUS significantly enhanced the cartilage repair effects of MSCs on OA, but these effects
were blocked by autophagy inhibitor. Our results suggest that the migration of MSCs was enhanced by LIPUS through the
activation autophagy, and LIPUS improved the protective effect of MSCs on OA cartilage via autophagy regulation.
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Introduction

Osteoarthritis (OA) typically develops from cartilage injury

caused by sports trauma, aging, and joint degeneration. After

the injury, the ability of articular cartilage to self-repair is

very limited, and even a minor injury may induce the pro-

gressive destruction and degeneration of the joint1.

Mesenchymal stem cells (MSCs) have the ability to dif-

ferentiate into a variety of cell types, and they are useful for

tissue regeneration, including articular cartilage2. MSC

transplantation is a cell-based therapy that has the potential

to repair articular cartilage injury. The proliferation capacity

of MSCs is very strong, and they can differentiate into

chondrocytes3.

However, previous studies have found that the therapeutic

effect of MSCs was limited by problems. One problem was

that a large number of transplanted MSCs could not reach the

site of injury, and another problem was that a few of the

transplanted MSCs had fallen off from the site of transplan-

tation4-5. Therefore, measures will need to be taken to

enhance the migration capacity of MSCs to accelerate the

regeneration and repair of cartilage injury.

Autophagy is a degradation process that improves the

intracellular environment, and it provides energy and the

macromolecular building blocks that are necessary for
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cell survival and differentiation6. Several studies have

demonstrated that the differentiation and biological

effects of MSCs are influenced by autophagy, and

Beclin1 and LC3 are key genes in autophagosome forma-

tion7–9. However, the effects of autophagy on MSC

migration are still unknown.

Low-intensity pulsed ultrasound (LIPUS) is a form of

mechanical energy that is transmitted through and into tis-

sues as pulsed acoustic pressure waves, and it was confirmed

as an effective treatment for promoting cartilage repair10,11.

Additionally, LIPUS was shown to promote the chondro-

genic differentiation of MSCs12,13. Recently, reports have

found that LIPUS enhanced MSC migration via the stromal

cell-derived factor-1 (SDF-1)/CXC chemokine receptor 4

(CXCR4) signaling pathway from a parabiotic source at the

injury site14,15. SDF-1 and CXCR4 are chemokine receptors,

and they have been indicated to be associated with the

migration of MSCs during injury repair in many tissues16–18.

In this study, we aimed to explore the role of autophagy in

MSC migration using autophagy inhibitors and agonists, and

we investigated the direct influence of LIPUS on MSC

migration. In addition, we evaluated the therapeutic effects

of LIPUS stimulation after an intra-articular injection of

MSCs on OA cartilage. Our findings suggest that LIPUS

promoted MSC migration via autophagy activation, and we

confirmed that LIPUS enhanced the protective effect of

MSCs on OA cartilage via autophagy regulation.

Materials and Methods

The experimental protocol relating to rats was in accordance

with the US National Institutes of Health’s Guidelines of

Laboratory Animal Use and approved by the Nanjing Med-

ical University Ethics Committee of Nanjing Hospital

(20150829).

The Isolation and Culture of MSCs

The MSCs derived from bone marrow were obtained from

60 male Sprague-Dawley (SD) rats (aged 8 weeks), and they

were identified based on their surface phenotypes and multi-

potency, as previously described13,19. The bone marrow in

the rat femur was flushed with low-glucose Dulbecco’s mod-

ified Eagle’s medium (DMEM; KeyGEN, Nanjing, Jiangsu,

China) containing 10% fetal bovine serum (FBS; KeyGEN).

The bone marrow fluid was put into 10 ml centrifuge tubes,

and 3 ml phosphate-buffered saline (PBS; KeyGEN) was

added. Then, it was centrifuged for 10 min at 1000 r/min.

The supernatant was abandoned, and the remaining cells

were washed twice with PBS and spun at 1000 r/min for

10 min. After washing, 5 ml DMEM was added to the cell

suspension, and then the cells were cultured in culture dishes

with 5% carbon dioxide (CO2)/95% air at 37 �C. When the

cells reached 80% to 90% confluence, they were resus-

pended by trypsin. The subculture was plated at about

2 � 106 cells per dish. MSCs from passages 3 to 4 were

used for all experiments.

Autophagy Agonist and Inhibitor Treatment

To explore the role of autophagy in MSC migration, MSCs

(1 � 105 cells/ml) were seeded on the inner chamber of the

transwell plate (Greiner Bio One, Frickenhausen, Germany).

Then, they were treated with an autophagy inhibitor

3-Methyladenine (3-MA; Selleck, Houston, TX, USA)

(1 mM, 5 mM, and 10 mM) or an autophagy agonist rapamy-

cin (Selleck) (1 mM, 5 mM, and 10 mM) for 24 h. The 3-MA

or rapamycin was dissolved with dimethylsulfoxide

(DMSO).

MSCs Intra-Articular Injection

In vivo study, the third generation of 1 � 106 MSCs was

resuspended with 50 mL normal saline20. 3-MA (10 mM) was

added to the MSC suspension in order to inhibit autophagy

of MSCs. The MSC suspension was injected through the

patellar ligament into the right knee joint after anterior cruci-

ate ligament transection (ACLT) operation for 4 weeks.

LIPUS Stimulation

In vitro, the LIPUS transducer (HT2009 -1, Ito Corporation,

Tokyo, Japan) was placed under the transwell plate and

coated with a coupling agent. Then, 4 intensities

(20 mW/cm2, 30 mW/cm2, 40 mW/cm2, or 50 mW/cm2)

of LIPUS (on-off ratio of 20%, frequency of 3 MHz) waves

were transferred through the bottom of the plate, as previ-

ously described15. The sham LIPUS stimulation with no

ultrasound irradiation was the control group. The cells were

stimulated for 20 min once a day for 10 days in 5% CO2/95%
air at 37 �C. To demonstrate the impact of autophagy in

MSCs stimulated by LIPUS, the MSCs were incubated with

3-MA or rapamycin before the LIPUS irradiation.

In vivo, the knee joint of rats was exposed to LIPUS after

MSCs suspension intra-articular injection (once every

10 days for 4 times). The LIPUS parameters were the same

as the in vitro study: 20 min/day for 40 days.

Transmission Electron Microscopy

To demonstrate the existence of autophagy, transmission

electron microscopy was utilized to observe the cells at the

ultrastructural level. MSCs were collected and washed with

cold PBS. Then, they were fixed with 2% glutaraldehyde

(Sigma-Aldrich, St. Louis, MO, USA) and washed twice

with PBS. The cells were fixed with 1% osmium tetroxide

(Sigma-Aldrich) and dehydrated. They were incubated with

propylene oxide (Sigma-Aldrich) and embedded in epoxy

resin (Sigma-Aldrich). Cells were sliced and stained with

lead citrate (Sigma-Aldrich), and they were imaged with

transmission electron microscopy (JEM-1011, JEOL,

Akishima, Tokyo, Japan).
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Immunofluorescence

We detected a specific autophagy marker for LC3-positive

MSCs using immunofluorescence staining. MSCs were

washed twice with PBS. Then, they were fixed with 4%
paraformaldehyde in PBS for 30 min, and they were permea-

bilized with methanol. The MSCs were treated with 3%
hydrogen peroxide in methanol for 15 min and washed with

tap water for 15 min. The cells were incubated with 0.5%
Triton X-100 (KeyGEN) for 5 min, and then, they were

washed and incubated with blocking solution (10% goat

serum in PBS) for 30 min. Next, they were treated with

anti-LC3B antibody (1:200 dilution; Novus Biological, Lit-

tleton, CO, USA) overnight at 4 �C. After washing with

blocking solution 3 times, the cells were incubated with

secondary antibodies. The cells were stained with diamidine

phenylindole (DAPI) (Molecular Probes, Waltham, MA,

USA), and they were imaged using a confocal microscope

(Dmi 6000-B, Leica, Brunswick, Germany).

Western Blot Analysis

A total protein extraction kit (KeyGEN) was used for protein

extraction. The extracted proteins (20 to 25 mg/well) were

separated by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis, and the gel-separated proteins were electro-

blotted onto nitrocellulose membranes. Next, the membranes

were blocked with 3% bovine serum albumin for 2 h. Then,

they were incubated with anti-Beclin1 (1:1000; Cell Signal-

ing Technology, Danvers, MA, USA), anti-LC3 (1:1500;

Novus Biological), anti-SDF-1 (1:1000; Cell Signaling

Technology), anti-CXCR4 (1:5000; Novus Biological),

anti-collagen II (COL2) (1:5000; Abcam, Cambridge, USA),

anti-aggrecan (AGG) (1:1000; Novus Biological), and anti-

b-actin (1:1000; Cell Signaling Technology) antibodies at

4 �C overnight. After being washed, the blots were treated

with a goat antimouse secondary antibody (1:5000; Santa

Cruz, Dallas, TX, USA) at room temperature for

2 h. Following 3 washes, the blots were developed with an

enhanced chemiluminescence substrate (ECL kit; KeyGEN).

Transwell Migration Assay

The migration assay was performed in a 6-well transwell

using 8-mm pore polycarbonate membranes (Greiner Bio

One). MSCs were seeded at 1 � 105 cells/ml in the upper

chamber of the transwell assembly. Either the autophagy

agonist or inhibitor was added into the lower chamber, which

contained 1 ml medium. After incubation under hypoxia (1%
O2, 5% CO2) for 10 h, we gently scraped off the upper

surface of the membrane. Nonmigrating cells were removed

and rinsed with PBS. The membrane was then fixed with 4%
paraformaldehyde for 15 min, and it was stained with 0.5%
crystal violet for 10 min. The number of migrating cells was

determined by counting 5 random fields per well.

Animal Experiments

Forty-eight (250 to 300 g) 8-week-old male SD rats were

obtained from the Qinglongshan Experimental Animal Cen-

ter of Jiangsu Province, China. All experimental protocols

were approved by the Ethics Committee of Nanjing Medical

University Nanjing Hospital. All rats were divided into the

following 6 groups: the control group, the OA model group,

the OA þMSCs group, the OAþMSCs þ 3-MA group, the

OA þMSCs þ LIPUS group, and the OA þMSCs þ 3-MA

þ LIPUS group. Rats receiving a sham operation served as

the control. The rat OA model was produced by ACLT, as

described previously21–23. In OA model groups, the rats

received vehicle injections of 0.9% normal saline and a sham

LIPUS stimulation. In the OAþMSCs group, the OA model

rats were treated with an intra-articular injection of MSCs

suspension and a sham LIPUS stimulation. In the OA þ
MSCs þ 3-MA group, the OA model rats were treated with

an intra-articular injection of MSCs suspension with the

addition of 3-MA and a sham LIPUS stimulation. In the

OA þ MSCs þ LIPUS group, the OA model rats were

treated with LIPUS stimulation after an intra-articular injec-

tion of MSCs suspension. In the OA þ MSCs þ 3-MA þ
LIPUS group, the OA model rats were treated with an intra-

articular injection of MSCs suspension with the addition of

3-MA and LIPUS stimulation.

Four weeks after the operation, all rats were sacrificed

and the femoral condylar cartilages were used for histo-

pathological analysis and molecular analyses. The

femoral condylar cartilages from 24 rats (4 rats in each

group) were fixed in neutral formalin and decalcified in

ethylenediaminetetraacetic acid (EDTA) for 3 weeks.

It was embedded in paraffin and divided into 4-mm thick

sections using a microtome. The pathological changes in

cartilage, including surface irregularities and the forma-

tion of cracks, were detected using safranin-O/fast green

staining. Fibrosis, matrix distribution, cartilage loss, and

chondrocyte colonization were assessed using the Mankin

scoring system by 2 independent experts24,25 (Table 1).

Moreover, we selected 3 pathological sections from each

sample and 5 visual fields in each section for cartilage

thickness analysis. In this process, we used Image Pro

Plus 6.0 software to measure the thickness of total articu-

lar cartilage (TAC) (cartilaginous surface to the bonding

line) according to the bone histological metrology

method, and the average value was taken26. Finally, we

extracted the protein from the femoral condylar articular

cartilage of another 24 rats (4 rats in each group). Briefly,

the rats were euthanized by overdose injections of anes-

thetic. Under sterile conditions, the femoral condyle

articular cartilage in the knee was pulverized into powder

in liquid nitrogen, then the lysis buffer in the protein

extraction kit was added, and samples were centrifuged

at 16,000�g and 4 �C for 10 min. And then, we detected

the expression of COL2 and AGG using Western blot

analysis.
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Statistical Analysis

The data conformance to the normal distribution is described

by mean + SD and analyzed by SPSS 23.0 software (IBM

Corp, Armonk, NY, USA). The single-factor analysis of

variance (ANOVA) or the Kruskal-Wallis test was used to

compare multiple groups. Bonferroni correction was applied

to all multiple comparisons. P-values <0.05 were considered

statistically significant.

Results

Autophagy Promotes MSC Migration

The morphometric ultrastructural analyses indicated that

autophagosomes (double or multiple layered-autophagic

vacuoles [arrows]) were increased following rapamycin (1,

5, 10 mM) treatment, but they were decreased following

3-MA (1, 5, 10 mM) treatment in MSCs (Fig. 1A). Immuno-

fluorescence staining showed that LC3-positive cells were

enhanced following rapamycin treatment, but they were

decreased following 3-MA treatment in MSCs (Fig. 1B). The

autophagy-specific proteins Beclin1 and LC3II were ana-

lyzed by Western blot. The expression of Beclin1 and the

ratio of LC3II/LC3I were significantly increased in MSCs

after rapamycin treatment, especially at the highest concen-

tration of 10 mM. Conversely, the expression of Beclin1 and

the ratio of LC3II/LC3I were significantly decreased in

MSCs after 3-MA treatment, especially at the highest con-

centration of 10 mM (Fig. 1C). The migration assay and

Western blot analysis indicated that the number of migrating

MSCs and the expression of migrating related proteins, SDF-

1 and CXCR4, were significantly increased after rapamycin

treatment, especially at the highest concentration of 10 mM

rapamycin (Fig. 2). In contrast, the number of migrating

MSCs and the expression of SDF-1 and CXCR4 were

decreased after 3-MA treatment, especially at the highest

concentration of 10 mM 3-MA. These results imply that

autophagy promotes the migration of MSCs (Fig. 2).

LIPUS Activates Autophagy and Promotes MSC
Migration

The MSCs were exposed to 4 intensities of LIPUS to demon-

strate the effects of LIPUS on MSC autophagy and migra-

tion. The transmission electron microscopy indicated an

increase in autophagosomes in MSCs after LIPUS stimula-

tion (Fig. 3A). The immunofluorescence staining showed

that the LC3-positive cells in MSCs were enhanced after

LIPUS stimulation (Fig. 3B). The Western blot analysis

revealed that Beclin1 expression and the ratio of LC3II/LC3I

were significantly increased in MSCs after LIPUS stimula-

tion, especially at the highest intensity of 50 mW/cm2 (Fig.

3C). The migration assay and Western blot analysis indi-

cated that the number of migrating MSCs and the expression

of SDF-1 and CXCR4 were significantly increased after

LIPUS stimulation, especially at the highest intensity of

50 mW/cm2 (Fig. 4). These results suggest that LIPUS acti-

vated autophagy in MSCs and promoted MSC migration.

LIPUS Promotes the Migration of MSCs by Activating
Autophagy

LIPUS significantly increased autophagy in MSCs compared

with the untreated cells, but this effect was blocked by 3-MA

incubation. Compared with cells treated with 3-MA, the

Table 1. Mankin Scoring Scale.

Subgroup 1: fibrillation
1. 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
1. Normal staining
2. Moderate loss in staining
3. Severe loss in staining
4. No staining
Subgroup 3: chondrocyte loss
1. Loss extending into superficial zone
2. Loss extending into midzone
3. Loss extending into radial zone
Subgroup 4: chondrocyte cloning
1. 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 separately for the medial femoral condyle, lateral femoral condyle, medial tibial plateau, and lateral tibial plateau. The minimum total
score was 4, and the maximum total score is 16.
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autophagy was significantly increased in cells treated with rapa-

mycin, even after LIPUS stimulation (Fig. 5). Moreover, com-

pared with the unstimulated state, LIPUS stimulation has no

effect on the number of migrating cells and the expression of

migration-related markers (SDF-1 and CXCR4) in MSCs in the

presence of 3-MA. Moreover, the migration stimulated by

LIPUS was more noticeable following rapamycin treatment

compared with the 3-MA treatment (Fig. 6). Taken together,

these results indicate that LIPUS enhances MSC migration by

activating autophagy.

LIPUS Enhances the Ability of MSCs to Repair Cartilage
in OA via Autophagy Regulation

We evaluated the effects of LIPUS stimulation on the ther-

apeutic effects of MSCs during OA cartilage repair.

Figure 1. Effects of 3-MA and rapamycin on MSC autophagy. (A) Electron microscopy depicting autophagosomes (arrows); scale bars¼ 0.5
mm. (B) Immunofluorescence staining depicting LC3þ cells (green); scale bars ¼ 50 mm. (C) Western blot analysis of Beclin1, LC3I, LC3II,
and b-actin expression in MSCs. The values are the mean + SD; n ¼ 4, *P < 0.05. 3-MA: 3-methyladenine; MSC: mesenchymal stem cell.
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Pathological staining showed that the surface of the OA

group was slightly uneven and irregular, and the cartilage

fibrosis was slight. The staining was slight to moderately

lost, and the chondrocytes were disordered. Also, the number

of chondrocytes was lower than the control group. Compared

with the OA group, a slightly uneven cartilage surface and an

increase in chondrocytes were observed in the OA þ MSCs

group. Moreover, in the OA þ MSCs þ LIPUS group, the

cartilage surface was more regular and even than in the OA

þ MSCs group. No difference in the cartilage tissue was

observed among the OA group, the OA þ MSCs þ 3-MA

group, and the OA þ MSCs þ 3-MA þ LIPUS group

(Fig 7A).

The Mankin scores of the OA group were much higher

than the control group. Compared with the OA group, there

was a significant decrease in the scores for the OA þ MSCs

group and the OA þ MSCs þ LIPUS group, particularly in

the OA þ MSCs þ LIPUS group. There was no significant

Figure 2. Effects of 3-MA and rapamycin on MSC migration. (A) Western blot analysis of SDF-1, CXCR4, and b-actin expression in MSCs.
(B) The transwell migration capacity of MSCs stained with crystal violet, and the bar graph comparing the counts of migrated cells; scale bars
¼ 50mm. The values are the mean + SD; n ¼ 4, *P < 0.05. 3-MA: 3-methyladenine; CXCR4: C-X-C chemokine receptor type 4; MSC:
mesenchymal stem cell; SDF-1: stromal cell-derived factor-1.
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difference in the scores among the OA group, the OA þ
MSCs þ 3-MA group, and the OA þ MSCs þ 3-MA þ
LIPUS group (Fig. 7B).

The TAC thickness of the OA group was much lower than

the control group. Compared with the OA group, there was a

significant increase in the thickness for the OA þ MSCs

group and the OA þ MSCs þ LIPUS group, particularly

in the OAþMSCsþ LIPUS group. There was no significant

difference in the thickness among the OA group, the OA þ
MSCs þ 3-MA group, and the OA þ MSCs þ 3-MA þ
LIPUS group (Fig. 7C).

The Western blot analysis results indicated that the protein

expression of COL2 and AGG were significantly decreased in

the OA group compared with the control group. Compared

with the OA group, the protein expression of COL2 and AGG

were significantly increased in the OAþMSCs group and the

Figure 3. Effects of LIPUS on autophagy in MSCs. (A) Electron microscopy depicting autophagosomes (arrows); scale bars ¼ 0.5 mm. (B)
Immunofluorescence staining depicting LC3þ cells (green); scale bars¼ 50 mm. (C) Western blot analysis of Beclin1, LC3I, LC3II, and b-actin
expression in MSCs stimulated with 4 intensities of LIPUS. The values are the mean + SD; n ¼ 4, *P < 0.05. 3-MA: 3-methyladenine; LIPUS:
low-intensity pulsed ultrasound; MSC: mesenchymal stem cell.
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OAþMSCsþ LIPUS group, particularly in the OAþMSCs

þ LIPUS group. There was no significant difference in the

protein expression of COL2 and AGG among the OA group,

the OAþMSCsþ 3-MA group, and the OAþMSCsþ 3-MA

þ LIPUS group (Fig. 7D). These results suggest that MSCs

have a protective effect on OA cartilage, and this effect can be

enhanced by LIPUS. These effects were significantly blocked

by autophagy inhibitor 3-MA.

Discussion

Our study aimed to investigate the impact of autophagy on

MSC migration, and it aimed to determine if LIPUS pro-

motes MSC migration by regulating autophagy. In addi-

tion, we attempted to confirm the effects of MSCs on OA

cartilage repair after LIPUS stimulation. We propose that

the activation of autophagy promoted MSC migration, and

LIPUS promoted MSC migration by activating autophagy.

Moreover, we demonstrated that LIPUS enhanced the car-

tilage repair effects of MSCs on OA via autophagy

regulation.

OA is a chronic degenerative disease characterized by

cartilage degeneration and by sclerosis and hyperplasia of

the subchondral bone, which leads to stenosis of the

articular space27. The MSC-based cell therapy is a poten-

tial and ideal treatment for OA28. MSCs are widely used

in research for OA because of their capacity in target

homing, multipotent differentiation, self-renewal, and

paracrine productions29–31. A key process for OA treat-

ment is the migration of MSCs to damaged cartilage. Due

to the low migration rate of MSCs, the drawbacks of

intra-articular injection of MSCs include cell dispersion,

a lack of convergence of the injected contents into an

injury site, and an insufficient number of seeded cells for

Figure 4. Effects of LIPUS on the migration of MSCs. (A) Western blot analysis of SDF-1, CXCR4, and b-actin expression in MSCs. (B) The
transwell migration capacity of MSCs stained with crystal violet and the bar graph comparing the counts of migrated cells; scale bars ¼ 50
mm. The values are the mean + SD; n ¼ 4, *P < 0.05. CXCR4: C-X-C chemokine receptor type 4; LIPUS: low-intensity pulsed ultrasound;
MSC: mesenchymal stem cell; SDF-1: stromal cell-derived factor-1.
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regeneration32,33. Therefore, improving the migration

capacity of MSCs will promote cartilage injury repair.

The migration of MSCs is affected by many factors.

It appears that chemokine receptors are critical for the migra-

tion of MSCs. There is growing evidence that the enhanced

expression of SDF-1 and CXCR4 could lead to increased

MSC migration. SDF-1/CXCR4 has been found to direct the

stem cell migration associated with injury repair in a variety

of tissues16,17,34. Autophagy plays a key role in maintaining

cell function, resisting hunger, controlling growth, and elim-

inating abnormal cellular components accumulated during

cell senescence35. The mechanism of autophagy was demon-

strated to have an essential function in the migration of

cancer cells36, pulmonary arterial smooth muscle cells, and

Figure 5. Effects of LIPUS on autophagy in MSCs treated with 3-MA or rapamycin. (A) Electron microscopy depicting autophagosomes
(arrows); scale bars¼ 0.5 mm. (B) Immunofluorescence staining depicting LC3þ cells (green); scale bars¼ 50 mm. (C) Western blot analysis
of Beclin1, LC3I, LC3II, and b-actin expression in MSCs stimulated with 4 intensities of LIPUS. Values are the mean + SD; n¼ 4, *P < 0.05. 3-
MA: 3-methyladenine; LIPUS: low-intensity pulsed ultrasound; MSC: mesenchymal stem cell.
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macrophages37,38. Yang et al. also indicated that autophagy

is involved in SDF-1-mediated dental pulp stem cell (DPSC)

migration39. In our previous study, we also demonstrated

that autophagy regulates the chondrogenesis of MSCs40.

However, the impact of autophagy on regulating MSC

migration is unclear. In the current study, we found that the

autophagy agonist rapamycin significantly increased the

migration of cells and the expression of SDF-1 and CXCR4

in MSCs. However, treatment with 3-MA decreased migra-

tion. This suggests a role as an activator of autophagy in

MSC migration.

Mechanical stress is an important regulatory factor during

MSCs activities41–43. LIPUS is mechanical stress, and it is

currently used as a clinical application to promote cartilage

repair10,11,44,45. In recent years, studies have confirmed that

LIPUS affects cell migration. Takao et al. investigated the

effects of LIPUS on the migration of osteoblast-like cells

(MC3T3-E1 cells) using a wound healing assay. They found

that LIPUS significantly increased MC3T3-E1 osteoblastic

cell migration46. Additionally, Wei et al. found that LIPUS

increased the SDF-1/CXCR4 signaling pathway, promoted

MSC migration to the injury site, and promoted fracture

healing15.

In our previous study, we found that LIPUS inhibited

autophagy and promoted chondrogenesis of MSCs. But in

this study, our results indicated that LIPUS activated autop-

hagy, augmented the SDF-1/CXCR4 signaling pathway, and

promoted the migration of MSCs. These effects can be sup-

pressed by inhibiting autophagy in vitro. The effects of

LIPUS on MSCs autophagy is opposite in our 2 studies may

Figure 6. Effects of LIPUS on the migration of MSCs treated with 3-MA or rapamycin. (A) Western blot analysis of SDF-1, CXCR4, and b-
actin expression in MSCs. (B) The transwell migration capacity of MSCs stained with crystal violet and the bar graph comparing the counts of
migrated cells; scale bars ¼ 50 mm. The values are the mean + SD; n ¼ 4, *P < 0.05. 3-MA, 3-methyladenine; CXCR4: C-X-C chemokine
receptor type 4; LIPUS: low-intensity pulsed ultrasound; MSC: mesenchymal stem cell; SDF-1: stromal cell-derived factor-1.
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be due to the use of the chondrogenic medium in the previ-

ous study. We also found that intra-articular injection of

MSCs decreased the Mankin scores, and it increased the

expression of COL2 and AGG in OA. Additionally, we

found that LIPUS stimulation after treatment with MSCs

significantly enhanced these effects in vivo, but these effects

were blocked by inhibiting autophagy. These results indicate

that LIPUS promoted MSC migration by activating

Figure 7. Effects of LIPUS stimulation after intra-articular injection of MSCs on OA cartilage. (A) Morphological changes of cartilage
revealed by safranin-O/fast green staining and observed under a microscope; scale bars ¼ 1000 mm, 200 mm. (B) Bar graph comparing the
Mankin scores. (C) Bar graph comparing the TAC thickness (mm). (D) Western blot analysis of COL2, AGG, and b-actin expression in
cartilage. The values are the mean + SD; n ¼ 4, *P < 0.05. LIPUS: low-intensity pulsed ultrasound; MSC: mesenchymal stem cell; OA:
osteoarthritis; TAC: total articular cartilage.

Xia et al 11



autophagy, and LIPUS enhanced the therapeutic effects of

MSCs on OA cartilage via autophagy regulation.

In summary, we propose that autophagy plays a key role

in MSC migration. Autophagy activation promoted MSC

migration, and autophagy inhibition demonstrated the oppo-

site effects. Moreover, we propose that MSC migration is

promoted by LIPUS by activating autophagy, and LIPUS

enhances the cartilage repair effects of MSCs on OA via

autophagy regulation. Our results further reveal the mechan-

ism of the effects of LIPUS on MSC migration and provide

evidence for using MSCs and LIPUS for cartilage injury

repair in the future.
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