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A B S T R A C T

Objective: Synovial fibrosis is a characteristic symptom of osteoarthritis (OA), which is closely associated with
joint pain and stiffness. Previous studies have reported that low-intensity pulsed ultrasound (LIPUS) can alleviate
cartilage degradation in OA. However, the functions and mechanisms of LIPUS in OA synovial fibrosis are still
unknown.
Methods: The destabilization of the medial meniscus (DMM) mouse model of OA was established in C57 male mice
and fibroblast-like synoviocytes (FLS) were isolated from synovial tissue of OA patients. The knee joint diameter,
Masson's trichrome (MT) and Hematoxylin-eosin (HE) staining were used to evaluate synovial fibrosis and hy-
perplasia. The Immunohistochemistry (IHC) staining was performed to detected the expression of synovial fibrosis
makers and the activation of Wnt/β-catenin signaling in vivo. FLS were treated with TGF-β1 to serve as an in vitro
model of synovial fibrosis, Wnt3a was used to activate the Wnt/β-catenin signaling in cells. Cell proliferation was
detected by using EdU assay, cell viability was performed by CCK8 assay. The protein levels of α-SMA, CTGF, Col
I, β-catenin, active β-catenin, c-Myc and cyclin D1 were examined by western blot and immunofluorescence
staining.
Results: Two weeks after the LIPUS treatment, the synovial fibrosis, synovial hyperplasia and synoviocyte pro-
liferation in the DMM model were significantly decreased. In vitro, LIPUS directly inhibited the TGF-β1-induced
fibrotic response and proliferation of FLS. Meanwhile, LIPUS suppressed Wnt/β-catenin signaling in the synovium
of DMM mice and cultured FLS. More importantly, we found that the synovial fibrosis makers, Wnt/β-catenin
pathway downstream proteins and FLS proliferation were significantly decreased in Wnt3a-stimulated FLS
following LIPUS treatment.
Conclusions: Our results present a novel role of LIPUS in OA-related synovial fibrosis, which is associated with its
ability to repress Wnt/β-catenin signaling in FLS.
The translational potential of this article: This study provides new insight into the clinical application of LIPUS as a
therapeutic option to manage synovial fibrosis in OA.
1. Introduction

Osteoarthritis (OA) is one of the most common joint diseases in the
middle-aged and elderly populations [1]. Previous studies have shown
that the pathological changes to the synovium play an essential role in
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OA progression, which is characterized by hyperplasia, inflammatory cell
infiltration, neovascularization, and fibrosis [1–4]. Synovial fibrosis is
one of the most important causes of joint pain and stiffness, which seri-
ously affects the exercise ability and quality of life of patients with OA [5,
6]. Clinically, it is estimated that more than half of patients with OA have
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synovial fibrosis [5]. Further studies have shown that fibroblast-like
synoviocytes (FLS) are the effector cells for synovial fibrosis [7]. In the
synovial tissue of OA patients, inflammation stimulates FLS to proliferate
and secrete collagen, which leads to synovial fibrosis [8,9]. Thus, tar-
geting FLS could lead to the development of novel therapies for synovial
fibrosis that could improve the quality of life of patients with OA.

Low-intensity pulsed ultrasound (LIPUS) is a non-invasive and safe
physical therapy that has been widely used in the clinical treatment of
fractures, soft tissue injuries, and other diseases [10,11]. Additionally,
previous studies have found that LIPUS can alleviate joint pain and
improve the quality of life in OA patients [12]. Our previous study
demonstrated that LIPUS improved OA cartilage degeneration by inhib-
iting the secretion of vascular endothelial growth factor (VEGF) [13].
Zhang et al. reported that LIPUS could inhibit OA synovial inflammation
by reducing the production of mature interleukin-1β (IL-1β) in synovial
macrophages [14]. Moreover, it has been reported that LIPUS could
attenuate joint stiffness in a joint immobilization model, and myocardial
interstitial fibrosis in obese diabetic mice [15,16]. However, the role and
mechanism of LIPUS in OA synovial fibrosis and FLS are still not
explicated.

Wnt/β-catenin signaling is closely associated with fibrosis related
diseases [17]. Previous studies have shown that the canonical Wnt
signaling pathways is activated in both articular cartilage and synovium
during the pathological process of OA [18,19]. In addition, inhibition of
Wnt/β-catenin signaling remarkedly alleviate synovial fibrosis in mouse
model of OA [19]. On the other hand, it was reported that LIPUS in-
creases the expression of β-catenin in Schwann cells, but have no effect on
β-catenin expression in osteosarcoma cells [20,21]. However, the regu-
lation of Wnt/β-catenin signaling in OA FLS by LIPUS remains unclear.

In the present study, we investigated the effect of LIPUS on OA sy-
novial fibrosis in a murine destabilization of the medial meniscus (DMM)
model as well as in cultured FLS isolated from the synovial tissue of OA
Fig. 1. The presentation of LIPUS treatment (A) Low-intensity pulsed ultrasound
intraperitoneal injection of pentobarbital, right knee joint of each mice was put on the
and the LIPUS probe was fixed on the bottom of the 3.5-cm-diameter dishes evenly
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patients, and further explored the mechanism of Wnt/β-catenin signaling
in this process.

2. Materials and methods

2.1. Mouse model of OA

The animal protocols in this experiment were approved by the Ethics
Committee of the First Affiliated Hospital of Chongqing Medical Uni-
versity (no.2019-285). 6–8 weeks old C57BL/6 male mice were pur-
chased (HuaFukang Biotechnology, Beijing, China). The DMM surgery
was performed on the right knee joints, as described in our previous
study [13]. 20 mice were then randomly divided into two groups,
including the DMM group and the DMM þ LIPUS group (n ¼ 10, each
group). Additionally, we used the left knee joint (healthy knee joint) as
the control group. To avoid wound infection, we began treatment with
LIPUS (30 mW/cm2, 20 min/d) (Smith & Nephew Exogen 4000, USA) 3
days after DMM surgery (Fig. 1A-C). On days 7 and 14 post-DMM sur-
gery, the diameters of the knee joint of mice in each group were
measured, and the horizontal distance between the highest point on both
sides of the knee joint was measured with a vernier caliper when bent at
90�. Measurements were recorded 3 times and the average value was
calculated [7].
2.2. Histological analysis

The whole knee joint was harvested and fixed in 4 % para-
formaldehyde (PFA) for 24 h. Then, samples were decalcified in 15 %
EDTA for 14 days and embedded in paraffin. Whole knee joint sagittal
sections were obtained at 5-μm sections. Mouse joint sections were
stained with Masson's trichrome (MT) to assess the grade of synovial
fibrosis. Scoring was performed by two blinded observers (Mengtong
(LIPUS) (Smith & Nephew Exogen 4000, USA) (B and C) After anesthetized by
probe of LIPUS with suitable gels (D) FLS was seeded in 3.5-cm-diameter dishes
covered with a coupling gel.
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Guan and Gailan Wang). Three sections per mouse were scored. The
score for each mouse was calculated to evaluate the degree of synovial
fibrosis. There was a high level of agreement between the two blinded
observers. The scoring was as follows: 0, absent. If present: 1, mild; 2,
diffuse [22,23]. Hematoxylin-eosin (HE) staining was used to evaluate
synovial thickness, the thickest part of the synovium from ten serial
sections of each specimen were selected, and the thickness was measured
using Image J software.

2.3. Immunohistochemistry (IHC)

The knee joint sections were dewaxed with xylene and subjected to
heat-mediated antigen retrieval before the sections were sealed with goat
serum. After incubation with the primary antibody overnight, the sec-
ondary antibody and horseradish peroxidase-labeled streptavidin biotin
were added. Then, sections were dyed with methyl green. Primary an-
tibodies: alpha-smooth muscle actin (α-SMA) (1:200 dilution; ab32575,
Abcam, USA), connective tissue growth factor (CTGF) (1:200 dilution;
23936, Proteintech, China), collagen I (Col I) (1:200 dilution; ab34710,
Abcam, USA), β-catenin (1:100 dilution; 9562S, CST, USA).

2.4. Clinical samples and cell culture

Synovial tissue was randomly obtained from OA patients during joint
replacement surgery in the Department of Orthopedics, The First Affili-
ated Hospital of Chongqing Medical University. This study was approved
by the Ethics Committee of The First Affiliated Hospital of Chongqing
Medical University (no.2019-285), and informed consent was obtained
from all study participants.

Human FLS were isolated with 1 mg/mL collagenase type I (2144866,
Gibco Life Technologies, USA). Following enzymatic digestion, cells were
grown in high glucose DMEM (SH30022.01, HyClone, USA). The FLS
were used throughout passages 3–6. The cells were cultured at 37 �C
under 5 % CO2, supplemented with 10 % FBS (04-001-1, Biological In-
dustries, Israel) and 1 % penicillin-streptomycin solution (SV30010,
HyClone, USA).

2.5. TGF-β1, Wnt3a, and LIPUS treatment

The clinical LIPUS therapeutic system (Smith & Nephew Exogen
4000, USA) was performed. The LIPUS parameters were 30 mW/cm2,
1.5 MHz and 20 % duty cycle, which were consistent with the previous
studies [13,14]. FLS were treated with TGF-β1 (10804, Sino Biological,
China) at 10 ng/mL for 24 h to induce a fibrotic response [24–26]. In
addition, Wnt3a (5036-WN-010, R.D, USA) at 200 ng/mL for 24 h was
used to activate the Wnt/β-catenin signaling pathway in FLS. The cells
were treated with LIPUS for 20 min (Fig. 1D) and then the lysates were
harvested.

2.6. Cell proliferation assay

We used the Cell-Light EdU Apollo567 kit (C10310, Ribobio, China)
to evaluate cell proliferation. According to the manufacturer's protocol,
the cells were seeded in 3.5-cm-diameter dishes. When Cells were grown
to 50 % confluency and starved with 1 % FBS medium overnight. Then,
replaced the complete culture medium (10 % FBS) and treated with TGF-
β1 and Wnt3a. After LIPUS treatment, a 50 μM EdU culture medium was
prepared by diluting EdU solution 1000:1; each 3.5-cm-diameter dish
was supplemented with 1 mL for 2 h, and then fixed with 4 % PFA for
20 min. After washing with PBS three times, the cells were stained with
APOLLO. Next, the samples were incubated with DAPI for 15 min at
37 �C. Finally, three randomly selected fields were captured using a
fluorescence microscope (Olympus, Japan). In vivo, mice were intraper-
itoneally injected with 5 mg/kg EdU solution 4 h before harvest. Then,
the joint tissue was decalcified in 15 % EDTA for 2 weeks. After that, all
samples were embedded in frozen section medium and sectioned with a
43
freezing microtome. The staining and imaging methods were the same as
those used for the in vitro study.

2.7. Cell viability assay

We performed the cell counting kit-8 (CCK-8) (C6005, UE, China) to
evaluate cell viability. FLS were seeded in 96-well plates. Then, treated
with TGF-β1 andWnt3a. After LIPUS treatment, 10 μl CCK-8 solution was
added into each well of 96-well plates, followed by further incubation of
2 h at 37 �C according to the manufacturer's instruction. The cell viability
was calculated after the absorbance was measured at 450 nm.

2.8. Western blotting

FLS were collected with RIPA lysis buffer (P0013B, Beyotime, China)
containing protease inhibitors for protein extraction. Protein concentra-
tion was measured using the bicinchoninic acid (BCA) assay kit (P0012,
Beyotime, China). Proteins were separated by 12 % SDS-PAGE and
transferred to a PVDF membrane. After blocking with 5 % nonfat milk in
TBST buffer for 1 h, the membrane was incubated with specific primary
antibodies at 4 �C overnight. The membranes were washed three times
with TBST, and incubated with secondary antibodies at 37 �C for 1.5 h.
The membranes were washed three times with TBST, before immuno-
reactivity was detected by chemiluminescence. The primary antibodies
included α-SMA (1:1000 dilution; ab32575, Abcam, USA), CTGF (1:1000
dilution; 23936, Proteintech, China), Col I (1:1000 dilution; ab34710,
Abcam, USA), β-catenin (1:1000 dilution; 9562S, CST, USA), active
β-catenin (1:1000 dilution; 8814S, CST, USA), cyclin D1 (1:1000 dilu-
tion; 55506T, CST, USA), and c-Myc (1:1000 dilution; H2911, Santa Cruz
Biotechnology, USA).

2.9. α-SMA immunofluorescence staining in OA-FLS

The FLS were stimulated by TGF-β1 and treated with LIPUS, then
fixed with 4 % PFA for 20 min. After washing three times with PBS, cells
were permeabilized with 0.01 % Triton X-100 in PBS for 20 min, and
then blocked for 1 h with blocking buffer (P0260, Beyotime). Cells were
incubated with α-SMA primary antibody (1:200 dilution; ab32575,
Abcam, USA) overnight at 4 �C. Cells were washed three times with PBS
before incubation with Alexa Fluor 488 secondary antibody for 1 h at
37 �C. Finally, cells were incubated with DAPI for 15 min at 37 �C.

2.10. Statistical analysis

We used GraphPad Prism 7 software for statistical analysis. The re-
sults are represented as mean � SD. One-way analysis of variance
(ANOVA) followed by Tukey's post hoc test was used for comparison
among three or four groups. p < 0.05 was regarded as statistically sig-
nificant; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

3. Results

3.1. LIPUS attenuated synovial fibrosis in DMM mice

To explore whether LIPUS alleviated synovial fibrosis in DMMmice, a
DMMmodel was established andmice were then treated with LIPUS for 2
weeks (Fig. 2A). In addition, the knee joint diameter, Masson's trichrome
staining, and IHC staining were performed to evaluate synovial fibrosis
[7,27]. On days 7 and 14, the diameter of the knee joint in mice in the
DMMand DMMþ LIPUS groups was significantly larger than that in mice
in the control group, and the diameter of the knee joint in mice in the
DMM þ LIPUS group was significantly less than that in mice in the DMM
group (p< 0.05) (Fig. 2B and C). Greater amounts of collagen fibers were
observed in mice in the DMM group compared to mice in the
DMMþ LIPUS group (Fig. 2D). The degree of synovial fibrosis was scored
as described previously [23]. Mice in the LIPUS-treated group had a



Fig. 2. LIPUS attenuated synovial
fibrosis in DMM mice (A) The DMM-
induced OA mice were treated with
LIPUS (30 mW/cm2, 20 min/d) as the
indicated pattern in schematic diagram
(B and C) The joint diameter of mice in
each group (n ¼ 7 per group) was
calculated by vernier caliper on day 7
and 14 post-DMM surgery (D) The knee
joints were harvested on day 14 after
DMM surgery and Masson's trichrome
staining was performed. The represen-
tative images from indicated groups of
mice were listed. Scale bar: 200 μm (E)
Synovial fibrosis score was performed
by two blinded observers in each three
sections per mouse (n ¼ 5 per group)
(0, absent. If present: 1, mild; 2, diffuse)
(F) Immunohistochemical detection of
α-SMA, CTGF and Col I was performed
in synovium of indicated groups of
mice. Scale bar: 100 μm or 50 μm. (G–I)
Percentage of α-SMA-positive, CTGF-
positive and Col I-positive rates in the
synovium of each group were quanti-
fied (n ¼ 5 per group). Statistical
analysis was performed by one-way
ANOVA, and multiple comparisons
were performed using Tukey's test. Data
are expressed as mean � SD. *p < 0.05,
**p < 0.01, ***p < 0.001, and
****p < 0.0001.
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significantly lower synovial fibrosis score than mice in the DMM group
on day 14 post-surgery (Fig. 2E). Moreover, α-SMA, CTGF, and Col I,
which are considered markers of synovial fibrosis, were evaluated by IHC
[5,25,28]. The IHC results revealed a small amount of α-SMA, CTGF, and
Col I positive regions in mice in the control group. In contrast, α-SMA,
CTGF, and Col I positive regions, mainly located in the synovial mem-
brane, were increased in mice in the DMM group. Compared to mice in
the DMM group, LIPUS attenuated the expression of α-SMA, CTGF, and
Col I (Fig. 2F–I). Collectively, these results suggested that LIPUS allevi-
ated synovial fibrosis in DMM mice.

3.2. LIPUS inhibits synoviocyte proliferation and synovial hyperplasia in
DMM mice

In the pathological process of OA, excessive synoviocyte proliferation
is one of the most important causes of synovial fibrosis [9,29]. To
investigate whether synoviocyte proliferation was hindered by LIPUS, we
performed an EdU incorporation assay and found that the number of
EdU-positive cells in the synovium of mice in the DMM þ LIPUS group
Fig. 3. LIPUS inhibits synoviocyte proliferation and synovial hyperplasia (A) T
after DMM surgery. S represents synovium. The dotted lines indicate the boundary of
red. Scale bar: 100 μm and 50 μm (B) Quantification of EdU-positive cells (n ¼ 3 per
from indicated groups of mice. Scale bar ¼ 200 μm (D) Synovial hyperplasia was mea
by one-way ANOVA, and multiple comparisons were performed using Tukey's test. D
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was significantly decreased in contrast to that of mice in the DMM group
at 14 days post-surgery (Fig. 3A and B). In addition, we performed a
synovial hyperplasia evaluation by HE staining [30]. The synovial
thickness of mice in the DMM and DMM þ LIPUS groups was signifi-
cantly higher than that of mice in the control group. Additionally,
compared to mice in the DMM group, the synovial thickness was
significantly reduced in mice in the DMMþ LIPUS group (Fig. 3C and D).
The above results indicated that LIPUS attenuated the synoviocyte pro-
liferation and synovial hyperplasia in DMM mice.

3.3. LIPUS directly inhibits the TGF-β1-induced fibrotic response and
proliferation of FLS

TGF-β plays an important role in the occurrence and development of
fibrotic diseases. Previous studies have demonstrated that TGF-β induces
synovial fibrotic changes characterized by cell proliferation, Col I accu-
mulation, and promoting the differentiation of FLS into a myofibroblast-
like phenotype [9,25]. Therefore, we stimulated FLS with TGF-β1 to
serve as an in vitro model of synovial fibrosis. In addition, we applied
he mice were subjected to EdU assay and knee joints were harvested on day 14
the synovium. Nuclei were stained by DAPI (blue) and EdU-positive cells appear
group) (C) Representative hematoxylin and eosin-stained images of knee joints
sured by synovial thickness (n ¼ 5 per group). Statistical analysis was performed
ata are expressed as mean � SD. **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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LIPUS after TGF-β1 exposure in FLS and detected the expression levels of
fibrosis-related proteins by western blotting. In FLS treated with TGF-β1,
we found that TGF-β1 significantly increased the expression of α-SMA,
CTGF, and Col I compared to the control group. LIPUS attenuated
TGF-β1-induced α-SMA, CTGF, and Col I expression in FLS (Fig. 4A–D). In
Fig. 4. LIPUS directly inhibits the TGF-β1-induced fibrotic response and prolif
without LIPUS for 20 min (A–D) The protein levels of α-SMA, CTGF and Col I were
taken to measure the expression of α-SMA in FLS. Scale bar:50 μm (F) Quantification o
detect the proliferation of FLS. Nuclei were stained with DAPI (blue) and EdU-positiv
three randomly selected microscope fields. EdU Positive rate was calculated as tota
performed to examine the FLS viability. Statistical analysis was performed by one-way
expressed as mean � SD. ns, not significant, **p < 0.01, ***p < 0.001, and ****p <
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addition, we performed immunofluorescence staining to evaluate the
expression of α-SMA in FLS. The results showed that LIPUS significantly
reduced the expression of α-SMA induced by TGF-β1, thereby inhibiting
FLS differentiation into myofibroblast-like phenotype (Fig. 4E and F).
Furthermore, LIPUS treatment remarkedly inhibited TGF-β1-induced FLS
eration of FLS. FLS were stimulated with TGF-β1 for 24 h and treated with or
measured by western blot (n ¼ 3 per group) (E) Immunofluorescence assay was
f α-SMA fluorescence intensity (n ¼ 5 per group) (G) The EdU assay was taken to
e cells appear red. Scale bar: 100 μm (H) Quantification of EdU-positive cells in
l number cells divided by positive cells (n ¼ 3 per group) (I) CCK8 assay was
ANOVA, and multiple comparisons were performed using Tukey's test. Data are
0.0001.
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proliferation and viability (Fig. 4G–I). The above results indicated that
LIPUS directly alleviated the fibrotic response and proliferation induced
by TGF-β1.

3.4. LIPUS suppresses Wnt/β-catenin signaling in the synovium of DMM
mice and cultured FLS

The Wnt/β-catenin pathway is tightly associated with cell prolifera-
tion, fibrosis, embryonic skeletal formation, tissue repair, and joint ho-
meostasis [17,31]. A previous study reported that Wnt/β-catenin
signaling was activated in the FLS of DMM mice and OA patients, and
pharmacological inhibition of Wnt/β-catenin signaling attenuated the
proliferation of FLS [19]. Thus, we further determined the activation of
Wnt/β-catenin signaling in the synovium of mice by IHC. The results
revealed that β-catenin- positive cells were increased in synovium of the
DMM group compared with control group. In addition, the number of
β-catenin-positive cells in DMM mice treated with LIPUS was decreased,
indicating that LIPUS inhibited Wnt/β-catenin signaling in the synovium
of DMM mice (Fig. 5A and B). To Further investigate the effect of LIPUS
on Wnt/β-catenin signaling in vitro, we detected the expression of
β-catenin, activate β-catenin and the downstream proliferation-related
proteins (c-Myc and cyclin D1) in FLS treated with TGF-β1 by western
blotting. The results showed that TGF-β1 increased the expression of
β-catenin, activate β-catenin, c-Myc and cyclin D1 compared with the
control. In addition, the protein level of β-catenin, activate β-catenin,
c-Myc and cyclin D1 was significantly downregulated by LIPUS in
Fig. 5. LIPUS suppresses Wnt/β-catenin signaling in vivo and in vitro (A and B
indicated groups of mice (n ¼ 5 per group). Scale bar:100 μm and 50 μm (C–G) FL
20 min, and then the protein levels of β-catenin, active β-catenin, c-Myc and cyclin
performed by one-way ANOVA, and multiple comparisons were performed using T
**p < 0.01 and ****p < 0.0001.
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TGF-β1-treated FLS (Fig. 5C–G). These data proved that LIPUS suppresses
Wnt/β-catenin signaling in TGF-β1-treated FLS.

3.5. LIPUS inhibits FLS proliferation and fibrotic response by regulating
Wnt/β-catenin signaling

To identify whether LIPUS modulates FLS proliferation and fibrotic
response by regulating the Wnt/β-catenin pathway, FLS were stimulated
withWnt3a recombinant protein to stimulate theWnt/β-catenin pathway
in the absence or presence of LIPUS. The results showed that LIPUS
inhibited the activation of Wnt/β-catenin signaling and the expression of
fibrosis markers (α-SMA, CTGF and Col I) in FLS (Fig. 6A–G). In addition,
we found that the FLS proliferation level and cell viability were signifi-
cantly increased in Wnt3a-stimulated FLS, after LIPUS treatment, the FLS
proliferation level and cell viability were significantly decreased
(Fig. 6H–J). These data suggested that LIPUS inhibited the proliferation
and fibrotic response of FLS by suppressing the Wnt/β-catenin signaling
pathway.

4. Discussion

The synovial membrane is an essential part of the synovial joint, and
synovial fibrosis results in joint pain and loss of normal joint function in
patients with OA [5]. Various factors influence synovial fibrosis, and
studies have shown that synovial macrophages mediate osteophytes,
synovial fibrosis, and other pathological processes of OA [29]. Zhang
) Immunohistochemical detection of β-catenin was performed in synovium of
S were stimulated with TGF-β1 for 24 h and treated with or without LIPUS for
D1 were measured by western blot (n ¼ 3 per group). Statistical analysis was
ukey's test. Data are expressed as mean � SD. ns, not significant, *p < 0.05,



Fig. 6. LIPUS inhibits FLS proliferation and fibrosis by regulating Wnt/β-catenin signaling. FLS were stimulated with Wnt3a for 24 h and treated with or
without LIPUS for 20 min (A–G) The protein levels of α-SMA, CTGF, Col I, active β-catenin, c-Myc and cyclin D1 were measured by western blot (n ¼ 3 per group) (H)
The EdU assay was taken to detect the proliferation of FLS. Nuclei were stained with DAPI (blue) and EdU-positive cells appear red. Scale bar: 100 μm (I) Quanti-
fication of EdU-positive cells in three randomly selected microscope fields. EdU-positive rate was calculated as total number cells divided by positive cells (n ¼ 3 per
group) (J) CCK8 assay was performed to examine the FLS viability. Statistical analysis was performed by one-way ANOVA, and multiple comparisons were performed
using Tukey's test. Data are expressed as mean � SD. ns, not significant, *p < 0.05 and **p < 0.01.
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et al. reported that inhibited synovial macrophage pyroptosis could
alleviate synovial fibrosis in OA [27]. Furthermore, another study found
that cartilage-specific ablation of mTOR could significantly reduce sy-
novial fibrosis [32]. It has further been reported that LIPUS could regu-
late the function of synovial macrophages and chondrocytes in OA [13,
14,33], demonstrating that the inhibition of synovial fibrosis by LIPUS
may be a comprehensive effect. In OA synovial membranes, synovial
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macrophages produce tumor necrosis factor and IL-1β to promote the
inflammatory and destructive response of FLS, as well as stimulate the
proliferation of the synovium [34]. These results suggest that LIPUS may
indirectly inhibit the proliferation of FLS through synovial macrophages.
In the present study, our data showed that LIPUS can directly inhibit the
activation of FLS.

To date, LIPUS has been widely used in the treatment of fractures, soft



Fig. 7. Schematic diagram. LIPUS alleviates synovial fibrosis in OA by inhibiting the fibrotic response and proliferation of FLS, and this effect is mainly exerted
through the inhibition of Wnt/β-catenin signaling.
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tissue injuries, and inflammation diseases [11,14,35]. However, previous
studies have shown that the effects of LIPUS on cell proliferation are not
constant. Xu et al. reported that LIPUS suppressed rat visceral pre-
adipocyte proliferation and promoted apoptosis [36]. In contrast, some
studies found that LIPUS could promote the proliferation of human
amnion-derived mesenchymal stem cells [37] and chondrocytes [33].
However, it has also been reported that LIPUS has little effect on
epithelial cell proliferation [38]. In our study, we found that LIPUS
reduced the proliferation of FLS in vivo and in vitro. In addition, the role of
LIPUS varies among fibroblasts in different tissues. In skin tissue, LIPUS
promotes wound healing by increasing the migration of skin fibroblasts
to the wound site [39]. In periodontal ligament fibroblasts, LIPUS sup-
presses LPS-PG, IL-1β, and TNF-α induced an inflammatory response by
phosphorylation of Rho-associated kinase 1 [40]. Therefore, LIPUS may
play a different role in different tissues and cells, and it is necessary to
investigate the cell-specific effect of LIPUS in different diseases.

Numerous studies have shown that TGF-β enhances OA progression.
In the synovial membrane, TGF-β signaling induces the proliferation of
FLS and the accumulation of type I and III collagen, leading to synovial
fibrosis [8,24]. Our study demonstrated that LIPUS directly inhibits the
TGF-β1-induced fibrotic response in FLS.

Furthermore, previous studies have shown that the canonical Wnt
pathway is highly expressed in osteoarthritis, which leads to the increase
of FLS proliferation level and exacerbates synovial fibrosis [19]. Inhibi-
tion of Wnt/β-catenin signaling can effectively alleviate the process of
synovial fibrosis and reduce the proliferation of FLS [19]. In this study,
we found that LIPUS significantly inhibited the Wnt/β-catenin signaling
activation, FLS proliferation and fibrotic response in the DMM model as
well as in cultured FLS isolated from the synovial tissue of OA patients.
Previous studies have found that LIPUS has different effects on
Wnt/β-catenin signaling in different cells [20,21]; our results provide
evidence that LIPUS attenuated FLS proliferation and fibrotic response by
inhibiting of Wnt/β-catenin signaling, although additional studies are
needed to clarify the precise molecular mechanisms.

5. Conclusions

In brief, our study is the first to demonstrate that LIPUS could inhibit
the proliferation and fibrotic response of FLS through the Wnt/β-catenin
pathway, thereby alleviating synovial fibrosis in OA (Fig. 7). This study
provides new insight into the clinical application of LIPUS as a thera-
peutic option to manage synovial fibrosis in OA. In future, we will further
49
study the optimal parameters of LIPUS in the treatment of synovial
fibrosis and the deeper molecular mechanism.
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