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Abstract

Objective. Osteoarthritis (OA) is a prevalent chronic multifactorial degenerative disease characterized by joint tissue
inflammation, osteophyte formation, subchondral bone sclerosis, and articular cartilage degradation. Low-intensity pulsed
ultrasound (LIPUS), a noninvasive ultrasound technique, is widely used to attenuate diseases. The aim of this study was
to investigate whether LIPUS can ameliorate OA, and to explore its underlying molecular mechanism. Design. The OA
model was established in a C57BL/6 mouse by the anterior cruciate ligament transaction method. OA was assessed
using arthritis scoring and weightbearing parameters. Chondrocyte proliferation was detected by a CCK-8 assay. The
levels of interleukin-6 (IL-6), IL-8 and tumor necrosis factor-o. (TNF-a) in synovial fluid of the mice were measured by
enzyme-linked immunosorbent assay. Results. In OA mice, the arthritis score and weightbearing abilities were dramatically
improved by LIPUS treatment. LIPUS also remarkably declined the levels of inflammatory cytokines IL-6, IL-8, and TNF-a
in synovial fluid of OA mice. Moreover, LIPUS promoted chondrocyte proliferation and differentiation by activating focal
adhesion kinase (FAK) signaling. Inhibition of FAK significantly blocked LIPUS-mediated cell proliferation and differentiation
in vitro, as well as inflammation condition in OA mice. Conclusion. LIPUS alleviates OA through promoting chondrocytes
proliferation and differentiation by activating FAK, which could act as an intervening target for OA treatment.
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stimulating callus remodeling, and vascular formation.'
Moreover, LIPUS stimulation was reported to augment
mesenchymal stem cells (MSCs) toward the site of fracture
and thereby contributes to fracture healing.'’

Focal adhesion kinase (FAK), a nonreceptor tyrosine
kinase, is reported to be activated by growth factor receptors

Introduction

Osteoarthritis (OA) is a prevalent and chronic multifactor-
related joint degenerative disease, which clinically presents
with joint tissue inflammation, osteophyte formation, sub-
chondral bone sclerosis, and articular cartilage degradation.’
The incidence rate of OA increases with age and can shorten
the time an adult spends working due to pain and disability.?

Signaling pathways are involved in the pathogenesis of OA,
including Mmp13, HIF-2a, syndecan-4, hedgehog signal
pathway, and Wnt/B-catenin.>® Accordingly, strategies
aimed at relieving synovial inflammation and proteolytic
degradation of cartilage for OA treatment have been devel-
oped. However, novel and more effective therapeutic
approaches for the delay or treatment of OA are needed.
Low-intensity pulsed ultrasound (LIPUS) is a noninva-
sive ultrasound technique characterized by low intensity,>'*
As a safe and effective therapy for healing fracture, LIPUS
is authorized by the Food and Drug Administration in 1994.
The effective impaction of LIPUS on fracture healing is
also endorsed by lots of studies.!"""* It is reported that
LIPUS is benefited to facilitate fracture healing via
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and integrins.'® Mitogen-activated protein kinase (MAPK)
is the downstream signaling effector of FAK. Additionally,
mitogen-activated protein kinase 38 (p38) is an important
component of MAPK, which mediates bone cartilage
degeneration.!” FAK signaling plays a vital role in cell pro-
liferation, apoptosis, and differentiation. The IGF-1 recep-
tor, which is activated and stabilized by FAK, takes part in
the proliferation of leukemic cells.'® Interestingly, LIPUS
effectively aids in avoiding cartilage damage through the
activation of integrin/FAK/MAPK pathway in early-stage
OA." The aim of this study was to investigate whether
LIPUS can attenuate OA condition and explored the role of
chondrocytes and FAK in this process.

Methods

Animal Experiments

Male C57BL/6 wild-type mice (8-10 weeks old) that were
healthy and pathogen-free were obtained from the Laboratory
Animal Center of Shanghai. The study was approved by the
Animal Ethics Committee of our hospital. To generate an OA
model, an intraperitoneal injection of 2% (w/v) pentobarbital
(40 mg/kg) was used to anesthetize the mice, and the anterior
cruciate ligament transaction operation was performed as pre-
viously described.?*?' Briefly, mice were placed on the test
bench and hair was removed from the hind legs. Then, 5 pL of
100 mg/mL iodoacetate was injected through the skin around
the joint. An arthrotomy was performed and the patella was
dislocated laterally and the knee placed in full flexion. The
anterior cruciate ligament was visualized and transected with
a blade. The joint was irrigated with sterile saline and closed.
A sham group included mice who had undertaken the same
surgery of arthrotomy with no process performed to the
medial ligament in the right knee joint.

Low-Intensity Pulsed Ultrasound Therapy

The mice in OA/LIPUS group and sham/LIPUS groups
were treated with LIPUS (Ito Corporation, Tokyo, Japan)
with the following parameters: on-off ratio of 20%, free
mode, 20 minutes 3 MHz irradiation, 40 mW/cm? irradia-
tion intensity, once per day for 8 consecutive weeks. All
parameters were the same for the OA/LIPUS group and
sham/LIPUS group, but without ultrasound output for the
sham group. For FAK inhibitor treatment, mice were treated
with 30 mg/kg TAE226 by oral administration combined
with LIPUS treatment for 8 weeks.

OA Status Evaluation

The macroscopic changes in joint morphology were
observed on the operated knee joint of all mice to apply the
in vivo arthritis scoring system. An arthritis score was
recorded weekly on the knee joints, and the average scores

were calculated.”> The weightbearing tolerance of mice
was measured with an incapacitance tester (Linton
Instrumentation, Norfolk, UK).

Cell Culture and LIPUS Treatment

Chondrocytes, including C28/12 cells and CHON-001 cells
(American Type Culture Collection, ATCC), were seeded
and cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum at
37°C with 5% CO, in a humidified atmosphere environ-
ment. For FAK inhibition, chondrocytes were maintained in
DMEM containing TAE226 (Sigma-Aldrich, St Louis, MO,
USA) for 10 minutes. Then, chondrocytes were plated in
6-well plates for 24 hours prior to LIPUS treatment (1.5
MHz and a pulsed-wave mode intensity of 50 or 100 mW/
cm?) applied via a sterilized transducer (Osteotron D2; Ito
Co., Tokyo, Japan), and placed on the surface of culture
medium so that the distance between the transducer and the
cells was approximately 3 to 4 mm. The control cells were
cultured in the same medium without LIPUS treatment.

Cell Proliferation

Cell proliferation was detected by a Cell Counting Kit-8
(CCK-8) assay. Briefly, chondrocytes were seeded in 96-well
plates at a density of 5 X 10*mL for 24 hours. Then, chon-
drocytes were treated with LIPUS and/or TAE226. After
treatment of 24, 48, 72, and 96 hours, cells were incubated in
10 uL CCK-8 (Sangon Biotech, Shanghai, China), and the
optical density values at 450 nm were assessed via a plate
reader (Thermo Fisher Scientific Oy, Vantaa, Finland).

Western Blot Analysis

RIPA protein extraction reagent was used to lyse chondro-
cytes on ice, followed by the BCA Protein Assay Kit
(Beyotime, Shanghai, China) to measure protein concentra-
tions. Protein fractions were separated on a 10% SDS/
PAGE gel and then transferred onto a polyvinylidene fluo-
ride membrane (Millipore, Bedford, MA, USA). The mem-
brane was blocked with 5% non-fat milk, and then incubated
with primary antibodies against OPN, BMP2, Coll 11, FAK,
p-FAK, p38, p-p38, and ACTIN (Abcam, Cambridge, UK)
at 4°C for 24 hours. Afterward, the membrane was washed
and maintained with a secondary antibody (peroxidase-
linked IgG) for 1 hour at room temperature. An ECL detec-
tion system (Amersham Biosciences, Freiburg, Germany)
was used to visualize the protein bands.

The Measurement of IL-6, IL-8, and TNF-o.

The levels of interleukin-6 (IL-6), IL-8, and tumor necrosis
factor-a (TNF-a) in the serum and synovial fluid were mea-
sured by the enzyme-linked immunosorbent assay (ELISA)
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Figure |. Low-intensity pulsed ultrasound (LIPUS) alleviates osteoarthritis (OA) in mice. (a) The arthritis score of the mice in the
sham group, sham/LIPUS group, OA group, and OA/LIPUS group were evaluated. (b) The weightbearing tolerance of mice in the sham
group, sham/LIPUS group, OA group, and OA/LIPUS group was measured with an incapacitance tester. Compared with OA group, *P

< 0.05.

kits (R&D Systems, Minneapolis, MN, USA) in accordance
with the manufacturers’ instructions. The 450nm absor-
bance was measured on a microplate reader (Bio-Rad,
Hercules, CA, USA).

Statistical Analysis

The total data of the results were expressed as the mean =
SD. SPSS 20.0 (IBM Corp, Armonk, NY, USA) was
employed to carry out statistical analysis. Differences
between groups were evaluated with the Student ¢ test or
one-way analysis of variance analysis. P < 0.05 was con-
sidered statistically significant.

Results
LIPUS Alleviates OA Condition

After the OA mice model was established, the arthritis score
and weightbearing ability of each mouse in four groups were
assessed every week. Figure 1a and b shows that the arthritis
score was higher and the weightbearing was markedly lower in
OA group mice than that in the sham group mice. Additionally,
the arthritis score was significantly decreased and the weight-
bearing ability was remarkably increased, following LIPUS
treatment compared with the untreated OA group mice.
Moreover, LIPUS treatment had minimal effects on joint func-
tion in untreated mice. These data demonstrate that LIPUS
treatment significantly alleviates OA in mice.

LIPUS Induces Chondrocyte Proliferation and
Differentiation

To assess the effect of LIPUS on chondrocytes in vitro, cell
proliferation and differentiation assays were performed on

C28/12 cells and CHON-001 cells. Cells were treated by
LIPUS with either a lower dose of 50 mW/cm? or a higher
dose of 100 mW/cm? for 10 minutes. The cell number of
chondrocytes (both C28/12 cells and CHON-001 cells) was
increased after LIPUS treatment when compared with the
control cells (Fig. 2a and b). Then, we analyzed whether
LIPUS treatment affects cell differentiation. As is shown in
Figure 2¢ and d, the expression levels of OPN, BMP2, and
Coll II protein in C28/12 cells and CHON-001 were signifi-
cantly increased following LIPUS treatment.

LIPUS Promotes Chondrocyte Proliferation and
Differentiation by Activating FAK

Previous research showed that FAK activation was involved
in cell differentiation.?® The molecular mechanism of chon-
drocyte proliferation and differentiation induced by LIPUS
was investigated. LIPUS induction significantly activated
FAK signaling leading to its downstream activation of p38
in C28/12 and CHON-001 cells, shown by the increased
expression levels of p-FAK and p-p38 (Fig. 3a and b). The
data demonstrates that LIPUS promotes chondrocyte prolif-
eration and differentiation by activating FAK signaling.

Inhibition of FAK Reverses LIPUS-Induced Cell
Proliferation and Differentiation

Next, cells were treated with a FAK inhibitor, TAE226, and
then treated by LIPUS. Compared with LIPUS-treated C28/
12 cells, cell proliferation was significantly inhibited in
untreated C28/12 and CHON-001 cells (Fig. 4a and b). In
addition, cell differentiation was remarkably reduced by
TAE226 treatment, showed by the decreased expression lev-
els of p-FAK, p-p38, and Coll II (Fig. 4c and d). The findings
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Figure 2. Low-intensity pulsed ultrasound (LIPUS) induces chondrocytes proliferation and differentiation. (a, b) The cell proliferation
of C28/12 and CHON-001 cells after different dose of LIPUS treatment was detected by a CCK-8 assay. (c, d) The cell differentiation-
related proteins were assessed by Western blot analysis in C28/12 and CHON-001 cells after different dose of LIPUS treatment.

Compared with control, *P < 0.05, **P < 0.01, **P < 0.001.

demonstrate that inhibition of FAK reversed LIPUS-induced
chondrocyte proliferation and differentiation.

Inhibition of FAK Reverses LIPUS-Mediated
Improvements of OA

To identify the effects of TAE226 on OA condition in vivo,
the OA mice were administrated with TAE226 and followed
by LIPUS treatment. Compared with OA, LIPUS treatment
significantly alleviated OA symptoms by reducing arthritis
score (Fig. 5a) and increasing weightbearing ability (Fig.
5b). However, the arthritis score and weightbearing ability
of the mice in OA group was significantly reduced and
increased after TAE226 treatment, respectively (Fig. Sb).
Hence, inhibition of FAK reversed LIPUS-mediated
improvements of OA.

Inhibition of FAK Reverses LIPUS-Mediated
Inflammation Condition in OA Mice
We next detected the effects of FAK inhibition on LIPUS-

mediated inflammatory response in OA. As is shown in
Figure 6, the levels of IL-6, IL-8, and TNF-o were

significantly increased in synovial fluid of OA mice.
Meanwhile, LIPUS remarkably declined the inflammatory
response by reducing the levels of IL-6, IL-8, and TNF-a..
In addition, inhibition of FAK by TAE226 reversed the
LIPUS-induced reduction of inflammation in OA mice
(Fig. 6a-c). Taken together, the results indicate that FAK
plays pivotal role in LIPUS-mediated inflammatory
response in OA mice.

Discussion

The development and progression of OA is a complex
process involving multiple factors that influence chon-
drocyte homoeostasis. LIPUS influences multiple signal-
ing pathways and their physiological and biological
influence on numerous human diseases. To explore the
therapeutic effects of LIPUS on OA disease, we studied
its in vivo efficacy using an OA mouse model, and further
demonstrated its potential therapeutic mechanisms. The
biomarkers of arthritis score and weight-bearing ability in
the OA mouse model revealed that LIPUS dramatically
moderates the status of OA and has strong protective
effects against OA.
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Figure 3. Low-intensity pulsed ultrasound (LIPUS) promotes chondrocyte proliferation and differentiation by focal adhesion kinase
(FAK) signaling. (a, b) The protein levels of FAK and the downstream p38 pathway were assessed by Western blot in C28/I2 and
CHON-001 cells after different dose of LIPUS treatment. Compared with control, *P < 0.05, **P < 0.01, ***P < 0.001.

LIPUS is widely used as a therapeutic method in clinical
treatments. For example, LIPUS could promote angiogen-
esis, callus formation and remodeling, as well as accelerate
bone fractures healing.?* The influences of LIPUS on physi-
ological process, including proliferation and differentiation,
are significantly visible in different cell types. It was
reported that LIPUS suppresses the proliferation of preadi-
pocytes in rat visceral organs.'? LIPUS exposure was dem-
onstrated to improve the proliferation of human umbilical
cord-derived MSCs and amnion-derived MSCs.?>? The
living cells are receptive to the acoustic pressure wave pro-
duced by LIPUS, leading to a series of biochemical reaction
at the cellular level.?”-?® Likewise, according to our study,
LIPUS has remarkable effects on improving proliferation
and differentiation of chondrocytes in OA mice. In addition,

LIPUS shows an anti-inflammatory effect on arthritic knee
joints.?” Similarly, our present study found that LIPUS alle-
viated OA inflammatory response by decreasing the level of
inflammatory cytokines IL-6, IL-8, and TNF-a.

It has been reported that LIPUS enhances the prolifera-
tion of hAD-MSCs by activation of ERK1/2 and PI3K-
Akt signaling pathways.?® Moreover, the proliferation and
migration of HaCaT cells were promoted by LIPUS via
JNK and PI3K/AKT signaling.>® Recently, it has been
demonstrated that LIPUS could balance osteoblast differ-
entiation and is consistent with our study as LIPUS
remarkably promoted chondrocyte cell proliferation and
differentiation via modulating the expression of collagen
II. Additionally, the FAK/p38 signaling pathway was
activated by LIPUS, indicating that LIPUS promoted
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Figure 4. Inhibition of focal adhesion kinase (FAK) reverses low-intensity pulsed ultrasound (LIPUS)-induced cell proliferation and
differentiation. (a, b) The cell proliferation of C28/12 and CHON-001 cells after different dose of LIPUS treatment in the presence
or absence of TAE226 was detected by CCK-8 assay. (c, d) The cell differentiation-related proteins were assessed by Western blot
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Figure 5. The effect of focal adhesion kinase (FAK) inhibitor and low-intensity pulsed ultrasound (LIPUS) on osteoarthritis (OA)
in mice. (a) The arthritis score of the mice in the OA group, OA/LIPUS group, and OA/LIPUS/TAE226 group were evaluated. (b)
The weightbearing tolerance of mice in the OA group, OA/LIPUS group, and OA/LIPUS/TAE226 group was measured with an
incapacitance tester. Compared with OA group, *P < 0.05, ***P < 0.001.

chondrocytes proliferation by activating FAK/p38 signal-
ing pathway. In particular, synovial fluid and serum levels
of TNF-a and IL-6 have been linked to OA severity, knee
cartilage loss, and the narrowing of joint space.’' In the

present study, LIPUS remarkably alleviated inflammatory
response by decreasing the levels of IL-6, IL-8, and TNF-
o in serum and synovial fluid trough activation of FAK
signaling pathway in OA mice.
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Figure 6. The effect of low-intensity pulsed ultrasound (LIPUS) on inflammation condition in osteoarthritic (OA) mice. The levels
of interleukin-6 (IL-6) (a), interleukin-8 (IL-8) (b), and tumor necrosis factor-o. (TNF-a) (c) in the synovial fluid of the mice were
measured by enzyme-linked immunosorbent assay kits. Compared with the indicated group, *P < 0.05, **P < 0.01.

In conclusion, LIPUS alleviates OA by promoting
weightbearing ability. In addition, LIPUS treatment signifi-
cantly promotes chondrocytes proliferation and differentia-
tion by activating FAK/p38 signaling pathway. Meanwhile,
inhibition of FAK reverses the effects of LIPUS on chon-
drocytes in vitro and in mice. The results indicate that the
therapeutic effects of LIPUS on OA are mediated through
FAK-mediated chondrocyte proliferation and differentia-
tion and inflammatory response.
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