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Low-intensity pulsed ultrasound inhibits chondrocyte
senescence by inhibiting PISK/AKT/mTOR signaling
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Abstract

Cellular senescence is an important cause of age-related degenerative diseases, including osteoarthritis (OA). Chondrocyte
senescence is crucial in OA onset and progression. As a non-invasive, safe, and widely used physical rehabilitation factor, the
effect and mechanism of low intensity pulsed ultrasound (LIPUS) on chondrocyte senescence remain unclear. This study
evaluated the inhibitory effect of LIPUS on OA chondrocyte senescence in vitro and in vivo. The effect of LIPUS on chondrocyte
senescence was examined by RT-qPCR, enzyme-linked immunosorbent assay (ELISA), and western blotting. Changes in
levels of reactive oxygen species (ROS) and y-h2ax foci in senescent chondrocytes were detected using fluorescent staining.
Chondrocyte senescence was evaluated by senescence-associated B-galactosidase (SA-B-gal) staining. The PI3K inhibitor
LY294002 and the PI3K agonist 740Y-P were used to investigate whether PISK/AKT/mTOR signalling was involved in the effect
of LIPUS in senescent chondrocytes. Chondrocyte senescence and cartilage degeneration were analyzed in a destabilization of
the medial meniscal (DMM) mouse model by immunohistochemistry, hematoxylin and eosin staining, and safranin-O/fast green
staining. LIPUS inhibited the expression of the senescence-associated secretory phenotype (SASP) factors CCL4 and CCL2
and the senescence phenotype in doxorubicin-treated chondrocytes by inhibiting the PISK/AKT/mTOR pathway. LIPUS
alleviated chondrocyte senescence and attenuated OA progression in the DMM mice. These results demonstrated a novel role
for LIPUS in inhibiting chondrocyte senescence and the SASP by modulating PISBK/AKT/mTOR signalling. Our findings
expanded the clinical application of LIPUS and provide a new, non-invasive, and safe treatment approach to prevent and treat
age-related degenerative joint disorders.
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Introduction

Cellular senescence is a stress response that triggers  OA (5). Senescent chondrocytes might contribute to

a permanent cell cycle arrest and causes significant
phenotypic alterations, such as the release of damaging
pro-inflammatory chemicals into the surrounding micro-
environment, which is termed senescence-associated
secretory phenotype (SASP) (1). Stimuli such as oxidative
stress, chronic inflammation, and aberrant mechanical
stress all contribute to chondrocyte senescence (2). The
cellular senescence program is initiated by the p16™K43/
Rb and/or p53/p21CIP1 tumor suppressor pathways (3).
Cell senescence not only leads to aging, but also causes
many age-related diseases.

Lingering senescent cells drive age-related diseases
such as osteoarthritis (OA). OA is the most prevalent
chronic joint disease and is characterized by gradual
deterioration of articular cartilage (4). Senescence is
considered an integral driver of cartilage degeneration in

cartilage degeneration by releasing pro-inflammatory
mediators, which include cytokines, chemokines, and
matrix-degrading molecules known as SASP (6). Several
studies have reported that PISK/AKT/mTOR signaling is
crucial to maintaining cartilage homeostasis. Recent
studies reported that drugs prevent OA chondrocyte
senescence by inhibiting the PISBK/AKT/mTOR signaling
pathway (7). Another study revealed that chondrocyte
clearance attenuated post-traumatic OA development and
promoted cartilage homeostasis (8). Accordingly, targeting
chondrocyte senescence might present a novel approach
to prevent cartilage degeneration and attenuate OA
progression.

As a non-invasive and safe physical therapy, low
intensity pulsed ultrasound (LIPUS) has been proven to
have anti-inflammatory, pro-repair, and neuromodulatory
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characteristics (9). Furthermore, recent research shows
that LIPUS exhibits some efficacy in inhibiting senes-
cence. LIPUS attenuates human testicular Leydig cell
senescence in culture (10). Moreover, LIPUS delayed
chronic kidney disease progression in vivo by regulating
senescent markers (11).

Previous studies have shown that LIPUS might affect
various pathophysiological processes by regulating PI3K/
AKT/mTOR signaling. A study conducted by Zhou et al.
(12) suggests that LIPUS may promote autophagy and
inhibit apoptosis by inhibiting PI3K/AKT/mTOR signaling
to alleviate premature ovarian failure (POF). Another
interesting study demonstrates that LIPUS induced the
modulation of autophagy in lung cancer cells through the
activation or inactivation of AKT/mTOR signaling, conse-
quently influencing the release of exosomes in lung
cancer cells (13). Nevertheless, the effect and mechanism
of LIPUS on chondrocyte senescence in OA remain
unclear.

This study investigated the effects of LIPUS in OA
chondrocyte senescence in vitro and in vivo. A doxoru-
bicin (DOX)-induced senescent chondrocyte model and a
destabilization of the medial meniscal (DMM) mouse
model were constructed. Chondrocyte senescence, intra-
cellular reactive oxygen species (ROS) levels, SASP
factor expression, and PI3K/AKT/mTOR signaling were
assessed in vitro. Additionally, the effect of LIPUS on
inhibiting the OA chondrocyte senescence was evaluated
in vivo.

Material and Methods

Reagents

Doxorubicin hydrochloride (98%) was purchased from
Aladdin (China). Streptomycin-penicillin solution, collage-
nase type Il and pancreatin, F12/DMEM medium, and fetal
bovine serum (FBS) were provided by Gibco (USA). PI3K
inhibitor LY294002 and PI3K agonist 740 YP were
acquired from MCE (USA). The senescence B-galactosi-
dase staining kit, bicinchoninic acid assay (BCA) kit, RIPA
lysis buffer, Hoechst staining kit, and a ROS assay kit
were provided by Beyotime Biotechnology (China). Rat/
mouse cxcl-1 ELISA kit and mouse ccl4 ELISA kit were
provided by Enzyme-linked Biotechnology (China). Mouse
CCL4 ELISA kit was obtained from Elabscience Biotech-
nology (China). Mouse/Rat CCL2 ELISA kit and Rat MMP-
13 ELISA kit were purchased from Elabscience Biotech-
nology. Accurate Biotechnology (China) provided the kits
for the qPCR reactions. The antibodies for p21, yh2ax,
collagen Il, MMP-13, and B-actin were provided by Abcam
(UK). The antibodies for PI3K/pPI3K, AKT/pAKT, and
mTOR/PmTOR were provided by Cell Signaling Technol-
ogy (USA). Anti-p16ink4a antibodies were provided by
Santa Cruz Biotechnology (USA) and the antibodies for
p53 and Lamin B1 were from Proteintech Biotechnology
(China).
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Harvest and culture of chondrocytes

Rat chondrosarcoma (RCS) cells are stable differen-
tiated chondrocytes, and were donated by the State Key
Laboratory of Trauma, Burns and Combined Injury,
Daping Hospital, Army Medical University (China). Pri-
mary chondrocytes were harvested from the articular
cartilage of both knees of five-day-old C57BL/6 mice. After
the knee joint was separated, it was digested with 0.25%
trypsin for 15 min, and then the cartilage particles were
separated under a stereomicroscope (PXS-D, Shanghai
Optical Instrument Factory No. 6, China). Cartilage
particles were digested in an incubator with 0.1%
collagenase |l at 37°C and 5% carbon dioxide for 6 h to
obtain chondrocytes. The chondrocytes were then rou-
tinely cultured by DMEM/F12 medium supplemented with
FBS and placed in a 37°C and 5% carbon dioxide
incubator.

Senescent chondrocytes and LIPUS treatment

To induce chondrocyte senescence, we treated
chondrocytes with 100 nM DOX for 5 days. For the
activation and inhibition of signaling pathways, chondro-
cytes were pre-treated by 30 puM 740Y-P or 50 puM
LY294002 for 2 h. Each LIPUS (Smith & Nephew Exogen
4000, USA) treatment of chondrocytes lasted 20 min,
followed by the collection of cell samples. LIPUS treat-
ment of chondrocytes was performed under sterile and
room temperature conditions. The LIPUS probe was
placed under a 3.5-cm dish or six-well plate, and a
bubble-free medical coupling agent (OME-250G, Guang-
zhou Rainhome Pharm & Tech, China) was used to
connect the two planes to ensure optimal ultrasound
exposure. In our preliminary study, we compared the
therapeutic effects of 30, 40, and 50 mW/cm? LIPUS on
DOX-induced senescent chondrocytes. However, no
statistically significant differences were observed among
the different intensities (Supplementary Figure S1). There-
fore, based on the preliminary foundation of our research
group and the support of previous literature, we selected
the classic FDA-certified treatment parameters of an
intensity of 30 mW/cm?, a frequency of 1.5 MHz, a
repetition rate of 1 kHz, and a duty cycle of 20% for the
subsequent research (14—16).

gqRT-PCR

Total RNA was isolated from chondrocytes utilizing the
RNA extraction kit (Accurate Biotechnology) based on the
spin column method, and enzyme-free consumables were
used throughout the extraction process. The extracted
RNA was dissolved in enzyme-free water and placed on
ice. Subsequently, RNA concentration and purity were
measured utilizing NanoDrop-1000 spectrophotometer
(Thermo Scientific, USA). According to instructions
(Accurate Biotechnology), gDNA was removed and cDNA
was synthesized by reverse transcription (20 pL reaction
system, 1 ug RNA in total). The gPCR reaction was
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carried out according to the instructions of SybrGreen
gPCR mix Kit (Accurate Biotechnology) and the following
reaction system (5 uL SybrGreen + 0.2 uL pre-primer +
0.2 pL post-primer + 3.6 pL enzyme-free water + 1 puL
cDNA) on the MX3000P System (Agilent, USA) was used
for the two-step amplification. The details of the primers
are presented in Table 1.

ELISA

The chondrocyte culture supernatant was harvested
and centrifuged (800 g, 4°C, for 10 min) to remove
impurities such as cell debris. Following the instructions in
the ELISA kit, a standard curve was constructed from
gradient standard protein samples. A microplate reader
(EL-450, USA) was used to detect the absorbance of
the sample at a wavelength of 450 nm, and then the
expression level of specific proteins was calculated in the
sample based on the standard curve.

Western blotting

The treated chondrocytes were lysed by RIPA lysis
buffer, which included protease inhibitors under ice-cold
conditions for 25 min. The protein lysate was then
harvested using a cell scraper, and cell debris was
eliminated through centrifugation at 10,000 g for 15 min
at 4°C. Protein levels were quantified by bicinchoninic acid
(BCA) acid assay kit. The loading buffer (Beyotime, China)
was added to the protein lysis solution, mixed, and then
denatured in a water bath at 95°C for 10 min to obtain a
protein sample. Protein samples in equal quantities were
applied to a 4-20% SDS-PAGE gel and blotted onto a
PVDF membrane (Bio-Red, USA). The membrane was
blocked with 5% skim milk at 37°C for 120 min. After
washing in TBST buffer, the membrane was incubated
with the selected primary antibody overnight at 4°C.
Following four washes of the membrane with TBST, the
secondary antibody was incubated at 37°C for 1 h. After
washing again with TBST, the immunoreactivity was
evaluated by chemiluminescence method and photo-
graphed for recording. FusionCapt Advance Solo 4
16.08a (VIBER, France) system was used for gray value
quantification of protein immunoblots. Subsequently, the

Table 1. Primer sequences for RT-PCR.
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expression level of the target protein was normalized by
the internal reference.

Intracellular ROS detection

ROS assay kits (Beyotime) were used to detect
intracellular ROS. DCFH-DA served as a fluorescent
probe that could pass freely through the cell membrane to
indicate ROS. According to the instructions of the Kkit,
chondrocytes were incubated with 0.1% DCFH-DA at
37°C for 20 min. After washing with cell culture medium, the
green fluorescence was visualized using a fluorescence
microscope (Axio Observer A1/D1/Z1, Zeiss, Germany).

p-galactosidase staining

Senescence B-galactosidase staining kits (Beyotime
Biotechnology) were used to stain chondrocytes. After
four washes with PBS, the chondrocytes were fixed in
the fixative solution at 37°C for 15 min. The staining
solution was prepared according to the kit instructions.
Finally, the fixed chondrocytes were incubated overnight
at 37°C in a non-carbon dioxide incubator. The next day,
the ratio of positive cells was observed and recorded
under an inverted microscope (Axio Observer A1/D1/Z1,
Zeiss, Germany).

Cell immunofluorescence

Chondrocytes were inoculated onto confocal petri
dishes for culture. After treatment, chondrocytes were
carefully washed three times with PBS buffer and
subsequently fixed in 4% paraformaldehyde at 37°C
for 15 min. Subsequently, the chondrocytes were per-
meabilized with 0.1% TritonX-100 for 10 min at 37°C.
After blocking with blocking solution (P0102, Beyotime
Biotechnology) at 37°C for 0.5 h, the chondrocytes were
incubated with primary antibodies at 4°C for 18 h.
Chondrocytes were washed gently with PBS three times
and then incubated with secondary antibodies in the dark
at room temperature for one hour. Finally, the nuclei
were stained with Hoechst 33342 (C1029, Beyotime)
at 37°C for 10 min, and then observed and recorded by
laser confocal scanning microscope (LSM900, Zeiss,
Germany).

Target gene Forward primer

Reverse primer

GAPDH GACATGCCGCCTGGAGAAAC
CCL2 CTCACCTGCTGCTACTCATTCACTG
CCL4 TCTGCGTGTCTGCCTTCTCTCTC
CXCL1 GCAGACAGTGGCAGGGATTCAC
CDKN1a TCCTGGTGATGTCCGACCTGTTC
CDKN2a GAGGGCTTCCTAGACACTCTGGTAG

IL-6 ACTTCCAGCCAGTTGCCTTCTTG
TGCCTGATGCTGTTGCTGCTAC

IL-17

AGCCCAGGATGCCCTTTAGT
CTTCTTTGGGACACCTGCTGCTG
AAGTGGGAGGGTCAGAGCCTATTG
TGAGTGTGGCTATGACTTCGGTTTG
GGCTCAACTGCTCACTGTCCAC
AGATACCGCAAATACCGCACGAC
TGGTCTGTTGTGGGTGGTATCCTC
GCGTTTGGACACACTGAACTTTGAG
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Animal experiments

For animal experiments, the LIPUS treatment param-
eters were as follows: intensity of 30 mW/cm?, frequency
of 1.5 MHz, repetition rate of 1 kHz, and duty cycle of 20%
(14-16). All animal experimental procedures were
approved by the Ethics Committee of the First Affiliated
Hospital of Chongqing Medical University (No. 2022-
K173). Eight-week-old C57BL/6 male mice were obtained
from the Chongqing Medical University (China). Firstly,
mice were randomly and equally allocated into DMM and
DMM + LIPUS group. As in our prior study, we performed
the DMM surgery on the right knee of mice and a sham
operation on the left knee as a control. To avoid wound
infection, the LIPUS treatment (20 min/day) was sched-
uled on the third day following the DMM procedure. After
anesthetizing the mice, the hair on the knee joint was
shaved off and a coupling agent was applied. Subse-
quently, the mouse was placed in the prone position with
its knee joint centered at the LIPUS probe, and bubble-
free medical coupling agent was used to fully connect the
knee joint and the probe. The mice in the DMM group
were submitted to the treatment setup, but the LIPUS
switch was not turned on. LIPUS treatment continued until
week 4, after which the mice were euthanized.

Tissue sample preparation

Four weeks after DMM surgery, mice were sacrificed by
carbon dioxide inhalation. The knee joint was harvested
and fixed overnight in 4% paraformaldehyde at 4°C, then
decalcified in 12.5% EDTA for two weeks, with regular
solution changes every three days. The samples were then
embedded in paraffin, and sagittal sections of the entire
knee joint were cut at a thickness of 5 um.

Histology

Sections were deparaffinized in xylene and dehy-
drated through graded ethanol (100, 95, 70%). Then, the
sections were stained with fast green/safranin O (Beyo-
time) or hematoxylin/eosin staining solution (Beyotime) for
3-5 min. Next, the sections were washed with alcohol to
remove excess dye and dehydrated again. Xylene was
used to clear the sections, and finally the sections were
mounted with optical resin and observed under an
inverted microscope. Cartilage thickness and subchondral
bone changes were assessed in accordance with the
Osteoarthritis Research Society International (OARSI)
guidelines. Scoring was performed by two independent
researchers, both blinded to the treatment groups, to
minimize bias (17). Cartilage score was used to evaluate
the extent of cartilage erosion, with scores assigned on a
scale from 0 (normal) to 6 (severe erosion), reflecting
increasing severity of damage.

Immunohistochemistry (IHC)

Sections were dewaxed in xylene, and heat-induced
antigen retrieval was performed in a citrate buffer (pH 6.0)
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at 95°C for 20 min. Sections were then blocked with 10%
goat serum for 1 h at room temperature and incubated
with the primary antibody overnight at 4°C. The antibodies
used included [p21, Abcam, ab188224, 1:1000; p16ink4a,
Santa Cruz, SC-1661, 1:100; p53, Abcam, ab32049, 1:50;
Lamin B1, Affinity, AF5161, 1:100; Collagen Il, Affinity,
AF0135,1:100; MMP-13, Affinity, AF5355, 1:100], which
have been validated for use in IHC. Afterward, biotinylated
secondary antibody [Goat Anti-Rabbit/Mouse 1gG HRP,
Abcam, ab6721/ab205719, 1:1000], and horseradish
peroxidase-conjugated streptavidin were applied for 1 h
at room temperature. Sections were counterstained with
hematoxylin, dehydrated, and cleared before mounting for
microscopy.

Quantification of immunolabeled cells

Quantification of immunolabeled cells was performed
using ImageJ software (NIH, USA). The number of
positive cells was counted in three random fields of view
per section, and results are reported as the average
number of labeled cells per field. Statistical analysis was
conducted to compare differences between groups.

Statistical analyses

Image-pro plus 6.0 (Media Cybernetics, USA) was
adopted to calculate the number of positive cells in the
resulting images of P-galactosidase staining, cellular
immunofluorescence, and immunohistochemistry. Data
were analyzed using GraphPad Prism version 9.4.1
(GraphPad Inc., USA). All data are reported as mean
+SE. The average difference between the 2 groups
was analyzed by Student’s t-test, and the statistical
significance of multiple group comparisons was calculated
by one-way analysis of variance (ANOVA). A P value
<0.05 was considered statistically significant.

Results

LIPUS directly inhibited DOX-induced chondrocyte
senescence

The DOX-treated senescent RCS cells exhibited a
high positive rate of SA-B-gal, which LIPUS significantly
reduced (Figure 1A and B). Compared with the control
group, the DOX-induced senescent chondrocytes had
significantly increased expression of the senescence
marker proteins p53, p21, and p16™K42 and decreased
type Il collagen and senescence marker protein lamin B1
expression, and increased MMP-13 expression. Treat-
ment with LIPUS inhibited DOX-induced p53, p21,
p16™NK4a and MMP-13 expression, and increased type |I
collagen and lamin B1 expression (Figure 1C and D). The
changes of p21 and DNA damage protein yh2ax in
chondrocytes were detected using immunofluorescence.
Consistent with previous results, LIPUS suppressed the
DOX-induced expression of p21 and reduced yh2ax foci
(Figure 2A and B). Oxidative stress and excessive ROS
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Figure 1. Low intensity pulsed ultrasound (LIPUS) directly inhibited the doxorubicin (DOX) induced chondrocyte senescence. A and B,
SA-B-gal staining in chondrocytes, n=3. C and D, Protein expressions of p21, p16'™¥43 |laminB1, p53, collagen Il, and MMP-13 in
chondrocytes shown by western blotting. Data are reported as mean and SE. *P <0.05, **P <0.01, ***P <0.001, ns: non-significant

(ANOVA).

levels play negative roles in OA pathogenesis. DOX-
mediated cellular senescence is driven by oxidative
stress, which is also evidenced by elevated ROS levels
(18). LIPUS directly reduced the production of ROS
induced by DOX (Figure 2C and D). The results
suggested that LIPUS attenuated DOX-induced chondro-
cyte senescence.

LIPUS inhibited SASP factors expression in DOX-
induced senescent chondrocytes

SASP factors expression is increased in senescent
chondrocytes. Elevated production of proinflammatory
mediators, (interleukin (IL)-17, IL-6, CCL4, CCL2, CXCL1,
and MMP-13) is the main feature of SASP, which is closely
related to OA onset and progression (19). The results
showed that LIPUS decreased the mRNA expression of
two senescence markers, CDKN1a and CDKN2a (Figure
3A). We also found that LIPUS significantly reduced
the DOX-induced IL-17, IL-6, CCL4, CCL2, and CXCL1
mRNA expression (Figure 3A). Furthermore, ELISA
results showed that LIPUS also significantly inhibited
CCL2, CXCL1, CCL4, and MMP-13 protein expression
(Figure 3B). These findings demonstrated that LIPUS
directly inhibited SASP factor secretion in DOX-induced
senescent chondrocytes. To increase the reliability of the
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in vitro experimental results, we also extracted primary
chondrocytes from ¢57 mice to verify the impact of LIPUS
on chondrocyte senescence, and obtained consistent
results (Figure 4).

LIPUS inhibited chondrocyte senescence and
secretion of SASP factors CCL4 and CCL2 by
regulating the PI3BK/AKT/mTOR signaling pathway
PI3K/AKT/mTOR signaling is involved in the regulation
of cellular senescence in various diseases (20). A
previous study showed that inhibition of the PISK/AKT/
mTOR signaling pathway could attenuate chondrocyte
senescence (21). The effect of LIPUS on PI3K/AKT/
mTOR signaling in DOX-induced chondrocytes was
detected by western blotting. We found that DOX
increased p-PI3K, p-AKT, and p-mTOR expression com-
pared with the control. Moreover, LIPUS significantly
attenuated DOX-upregulated p-PI3K, p-AKT, and p-mTOR
levels (Figure 5A). We examined whether LIPUS inhibits
chondrocyte senescence by regulating the PI3K/AKT/
mTOR signaling pathway by pre-treating chondrocytes
with a PI3K inhibitor (LY294002) and agonist (740Y-P),
and detected senescence-related proteins levels and
SASP factors CCL4 and CCL2 secretion in chondrocytes
by western blot and ELISA, respectively. Both LY294002
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and LIPUS decreased the expression of DOX-induced
senescence markers p53, p16'™K43 and p21 and SASP
factors CCL4 and CCL2, and also increased the expres-
sion of lamin B1. There was no statistical difference
between the groups. 740Y-P further increased senes-
cence markers p53, p16'™K43 and p21and SASP factors
CCL4 and CCL2 expression, and also further reduced the
expression of lamin B1. Moreover, the therapeutic effect of
LIPUS was counteracted by 740Y-P (Figure 5B and C). In
addition, we performed B-galactosidase staining to detect
the senescent phenotype of chondrocytes and obtained
consistent changes (Figure 5D). These findings sug-
gested that LIPUS may exert its therapeutic effects
through the inhibition of the PI3K/AKT/mTOR pathway.
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LIPUS attenuated chondrocyte senescence and
cartilage degeneration in DMM mice

The effect of LIPUS on OA cartilage was studied via
the DMM mouse model (Figure 6A). Cartilage degenera-
tion was evaluated using a specific staining and scoring
system (22). Compared with the DMM group, LIPUS-
treated mice had less cartilage loss and significantly lower
OARSI scores (Figure 6B and D). Additionally, the
expression of cartilage degeneration marker MMP-13,
the senescence markers p53, p21, p16™K*2 lamin B1,
and type Il collagen were evaluated with IHC. Compared
with the control group, the DMM cartilage had p53, p21,
p16™K42 and MMP-13 positive regions, and fewer type Il
collagen and lamin B1 positive regions. Compared to the
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Figure 3. Low intensity pulsed ultrasound (LIPUS) directly inhibited the doxorubicin (DOX)-induced chondrocyte senescence-
associated secretory phenotype. A, The mRNA expressions of CDKN1a, CDKN2a, interleukin (IL)-6, IL-17, CCL2, CCL4, and CXCL1
were detected by RT-qPCR. B, The levels of CCL2, MMP-13, CCL4, and CXCL1 in the cell supernatants were assayed by ELISA. Data
are reported as mean and SE. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001, ns: non-significant (ANOVA).

DMM mice, LIPUS treatment decreased p53, p21,
p16™K42 and MMP-13 expression, and increased type |I
collagen and lamin B1 expression in mouse cartilage
(Figure 6B and C). Cartilage extracellular matrix (ECM)
instability plays an important role in the pathogenesis of
OA, and MMP-13 is an important regulatory factor (23).
LIPUS treatment significantly reduced the MMP-13-
positive region in articular cartilage of DMM mice, while
also increasing type Il collagen expression and reversing
the subsequent degradation of articular cartilage matrix.
The results suggested that LIPUS treatment alleviated
chondrocyte senescence and cartilage deterioration in
DMM-induced OA mice.

Discussion

Cellular senescence has always been an important
cause of age-related diseases, and inhibiting senescence
is a perpetual human pursuit (24). A growing number of
studies have proven that chondrocyte senescence plays a
crucial role in OA onset and progression (6). Moreover,
clearing senescent chondrocytes attenuated OA progres-
sion and promoted cartilage homeostasis (25). In this
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study, we determined the role of LIPUS in attenuating
chondrocyte senescence in OA.

Stimuli such as oxidative stress, chronic inflammation,
and abnormal mechanical stress all contribute to chon-
drocyte senescence (26). Chondrocyte senescence
affects cartilage homeostasis and normal cellular function
(27). Senescent chondrocytes commonly exhibit elevated
SA-B-gal levels, loss of lamin B1, and accumulated DNA
damage (28). LIPUS significantly reduced the proportion
of SA-B-gal-positive cells. In addition, both western
blotting and immunohistochemistry results proved that
LIPUS increased lamin B1 levels. Kirsch et al. (18) found
that ROS levels significantly increased in DOX-induced
senescent chondrocytes, which was related to oxidative
stress. Our results have shown that LIPUS significantly
reduced ROS production. Previous studies have con-
firmed that increased ROS level impairs the repair process
of damaged DNA in chondrocytes (29). As shown by
immunofluorescence analysis, LIPUS reduced the num-
ber of y-h2ax foci present at DNA double-strand break
sites in senescent chondrocytes.

The chondrocyte senescence process is triggered by
increased expression of p16™K*3/Rb and p53/p21CIP1
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Figure 4. Low intensity pulsed ultrasound (LIPUS) inhibited doxorubicin (DOX)-induced senescence and expression of senescence-
associated secretory phenotype factors CCL4 and CXCL1 in primary mouse chondrocytes. A, SA-B-gal staining in primary mouse
chondrocytes; scale bar=50 um. B and C, The protein expressions of p21, p16™*2 |aminB1, and p53 in primary mouse chondrocytes
shown in western blotting. D, The levels of CXCL1 and CCL4 in the primary mouse chondrocytes supernatants were assayed by ELISA.
Data are reported as mean and SE. *P <0.05, **P <0.01, ***P <0.001, ns: non-significant (ANOVA).

signaling, under various stresses (30). According to our
results, LIPUS significantly downregulated the levels of
senescence marker proteins p21, p16™%4@ and p53 in
chondrocytes in vivo and in vitro. SASP significantly
contributes to OA progression.

SASP factors such as IL-17, IL-6, CCL4, CCL2,
CXCL1, and MMP-13 released by senescent chondrocytes
promote the development of OA by promoting an inflam-
matory environment within the joint, accelerating cartilage
matrix degradation (8). In this study, we demonstrated
for the first time that LIPUS inhibited the senescence
phenotype of chondrocytes both in vivo and in vitro.
What is more noteworthy is that LIPUS also down-
regulated the expression of SASP factors (IL-17, IL-6,
CCL4, CCL2, CXCL1, and MMP-13) in senescent
chondrocytes. Interestingly, CCL2 was found to recruit
monocytes and macrophages to spread inflammation
and tissue damage in OA (31). Another recent study
demonstrated that M1 macrophage-derived IL-18 induces
articular chondrocyte senescence (32). This suggests that
LIPUS may affect macrophages through chondrocytes,
which deserves further study.

DMM surgery reduced the intensity of safranin-O
staining on the articular cartilage surface and increased
the OARSI score. HE staining also indicated the
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roughening of the cartilage surface as well as the
reduction and disordered arrangement of chondrocytes.
We found that LIPUS reversed and alleviated these
histological changes. ECM instability is crucial in OA
pathogenesis, with MMP-13 serving as a key regulatory
element in this process (23). LIPUS treatment significantly
reduced MMP-13 levels in articular cartilage of DMM mice,
while also increasing the type Il collagen levels and
reversing the subsequent degradation of articular cartilage
matrix. In addition, the proportion of p16™%*@, p21, and
p53-positive chondrocytes in the LIPUS-treated mice
decreased, and the proportion of lamin B1-positive cells
increased. These data were consistent with in vitro results
showing that LIPUS inhibited the chondrocyte senes-
cence phenotype.

The PIBK/AKT/mTOR pathway is the main regulator of
cell survival, proliferation, and metabolism (33). Previous
studies reported that abnormal activation of the PISK/AKT/
mTOR pathway aggravates the inflammatory response of
chondrocytes and promotes the degradation of cartilage
extracellular matrix, which is directly related to cartilage
degeneration (7). It is worth noting that abnormal activa-
tion of the PI3K/AKT/mTOR pathway is a critical factor in
chondrocyte senescence (34). The sustained activation
of PI3K/AKT/mTOR signaling inhibits the autophagy
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Figure 5. Low intensity pulsed ultrasound (LIPUS) inhibited chondrocyte senescence and the secretion of senescence-associated
secretory phenotype factors CCL4 and CCL2 by regulating the PI3BK/AKT/mTOR signaling pathway. A, Activation of phosphorylated
PI3K/AKT/mTOR examined by western blot. B, The protein expressions of p21, p16™ 42 |laminB1 and p53 in chondrocytes pre-treated

with LY294002 (50 uM) or 740Y-P (30 uM) shown in western blotting.

C, The CCL4 and CCL2 levels in supernatants of chondrocytes

pre-treated with LY294002 (50 puM) or 740Y-P (30 uM) were measured by ELISA. D, SA-B-gal staining in chondrocytes pre-treated with
LY294002 (50 puM) or 740Y-P (30 uM), n=3; scale bar=50 pm. Data are reported as mean and SE. *P <0.05, **P <0.01, ***P <0.001,

****P <0.0001, ns: non-significant (ANOVA).

process, and aggravates the accumulation of damaged
molecules in chondrocytes, thereby accelerating the
senescence and degenerative changes of chondrocytes
(35). In addition, activation of mTOR signaling is asso-
ciated with increased oxidative stress and DNA damage,
which will further exacerbate the senescent process of
chondrocytes (36). In this study, we found that LIPUS
significantly inhibited the abnormal activation of the PI3K/
AKT/mTOR signaling pathway in DOX-induced senescent
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chondrocytes. In addition, inhibiting and activating the
PIBK/AKT/mTOR signaling pathway can reverse and
enhance the expression of key protein molecules in
chondrocyte senescence. However, the PI3K agonist
740Y-P reversed the inhibitory effect of LIPUS on
chondrocyte senescence by activating PISK/AKT/mTOR.
Our findings suggested that LIPUS attenuated chondro-
cyte senescence by inhibiting PISK/AKT/mTOR signaling
to maintain cartilage homeostasis during OA progression.


https://doi.org/10.1590/1414-431X2025e14408

LIPUS inhibits chondrocytes senescence

10/12

A
DMM LIPUS treatment Har\{ested
surgery 20min/day specimens o
knee joint
day1 Rest 2days day3~day28 day28
B Sham DMM LIPUS C

p21 ginkéa

p1

ﬁﬁ

©

3
®
2

2
P
<

positive rates(%)

3 &8 3
positive rates(%)
8 38

S S
& °‘Nw”‘?\) o™ 0«“«\,\?
o o

p53 LaminB1

50 504 XE
a‘é‘-‘ll) %40-
. T30 ® 30
safranin-o 22 £ 204
§' 10 E’, 10
= o*““, R e 0**\&' o
o o
p21 coL2 MMP-13
* %
_ 60 kK __ 60
inkda e\‘: ‘\“’
p16 . T
2 e
3 = 2
= 20 =20
3 -
p53 4 L
5“,\\‘ 0‘5\5« \)?09 5“,« °‘N\N‘ \)?os
; X W
LaminB1 ®
OARSI
b D 3 *
collagenIl -
: %,
i &
]
MMP-13 | g

°

e \)‘,\\s
W
o

Figure 6. A, Animal experiment flow chart. Osteoarthritis was induced in mice by destabilization of the medial meniscal (DMM) surgery
and were treated with low intensity pulsed ultrasound (LIPUS) (30 mW/cm?) according to the process shown in the figure. B and C,
Hematoxylin and eosin staining, safranin-O/fast green staining, and immunohistochemical staining for p21, p16™K42, p53, laminB1,
collagen Il, and MMP-13 of the cartilage. D, Osteoarthritis Research Society International (OASRI) score. Data are reported as
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Cellular senescence has been extensively explored in
recent years. The emerging therapeutic strategies targeting
senescent cells are senolytic and senomorphic (1). Senolytic
therapy refers to drugs that specifically kill senescent cells,
and senomorphic therapy refers to drugs that neutralize
SASP and counteract its effects (37). UBX0101 selectively
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cleared senescent cells in the joints of post-traumatic OA
mice and alleviated OA progression (8). Navitoclax (ABT-
263) induced the apoptosis of senescent cells and
attenuated articular cartilage degeneration in rats (38).
Nevertheless, ABT-263 injection led to the worrisome
adverse effect of severe thrombocytopenia (39). The delivery
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Figure 7. Schematic diagram. Low intensity pulsed ultrasound
(LIPUS) inhibited chondrocyte senescence and senescence-
associated secretory phenotype by regulating the PI3K/AKT/
mTOR signaling pathway.

of rapamycin by PLGA microparticles significantly
decreased SASP factors and alleviated the OA severity in
DMM mice (40). The safety of these drugs, however,
requires further study. It is worth noting that LIPUS is a
non-invasive, safe, and widely used physical rehabilitation
therapy. Our study is the first to systematically explore the
role of LIPUS in inhibiting chondrocyte senescence. This
finding expands our understanding of non-pharmacological
interventions in joint diseases, particularly in addressing
cellular senescence. Through our research on LIPUS, we
offer new perspectives on potential non-invasive therapeutic
approaches for chondrocyte senescence.
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