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Purpose: Premature senescence of chondrocytes is a typical lesion of knee osteoarthritis (KOA). Abnormal cartilage stress can inhibit
the mechanosensitive Yes-associated protein (YAP) / transcription factor forkhead box D1 (FOXD1) pathway, which is related to
premature senescence of chondrocytes, thereby accelerating the progression of the lesion. This study aims to investigate whether
acupotomy intervention could inhibit the premature senescence of chondrocytes and protect the cartilage of KOA rabbits.
Methods: 18 male New Zealand rabbits were randomly divided into 3 groups (n = 6 each): control, KOA, and KOA + acupotomy
(KOA+Apo). KOA, KOA+Apo rabbits were modeled by modified Videman’s method for 6 weeks. After modeling, the KOA+Apo
groups were subjected to acupotomy once a week for 3 weeks on the muscles around the left hind knee. The modified Lequesne MG
score and passive range of motion (PROM) were used to evaluate the general condition and exercise ability of rabbits. Cartilage
degeneration was detected by safranin O-fast green staining and transmission electron microscope(TEM). Type II collagen (Col-1I) and
aggrecan by immunohistochemistry (IHC), IL-7 and MMP-13 by Enzyme-Linked Immunosorbent Assay (ELISA), and p53, Rbl, p -
YAP, YAP, FOXD1 by IHC, Western blot, or RT - PCR.

Results: Acupotomy effectively curbed cartilage degeneration and chondrocyte premature senescence in KOA rabbits. Mechanistically,
it cut IL - 7 and MMP-13 levels, easing the inflammatory milieu and extracellular matrix degradation. It also regulated p53 and Rbl,
controlling cell - cycle progression. Crucially, acupotomy upregulated the YAP/FOXD1 pathway, which, by affecting downstream genes,
modulated IL - 7, MMP-13, p53, and Rb1 levels, acting as a pivotal molecular link in its regulatory effects.

Conclusion: Acupotomy may protect KOA rabbits’ cartilage by inhibiting chondrocytes premature senescence via the YAP/FOXD1
pathway, offering a new theoretical basis for treating mechanically - induced KOA.

Keywords: acupotomy, knee osteoarthritis, chondrocytes, premature senescence, YAP/FOXD1 pathway

Introduction

KOA is characterized by progressive cartilage degeneration. Joint stiffness, pain, and pathological changes in the knee’s
histology, including cartilage inflammation, joint tissue remodeling, osteophyte formation, subchondral bone changes,
and joint space narrowing occurs in KOA as well.'* Biochemical factors, mechanical stress, and age are the main factors
that cause the abnormality of the synthesis and catabolism of the cartilage extracellular matrix (ECM), which mainly
includes type II collagen (Col-II) and aggrecan. Mechanical imbalance of the knee joint leads to abnormal cartilage
stress, inducing KOA.> Research indicates that the overloaded mechanical stress on the knee accelerates the initiation of
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articular cartilage damages and progression of cartilage degeneration, which causes the disturbed stress distribution in
cartilage, and leads to mechanical stress concentration. When a vicious circle forms between mechanical loadings and
cartilage structure, it promotes the procession of the KOA disease course.”*

During the progression of KOA, the abnormal mechanical load on the body exceeds its repair capacity, destroys
chondrocyte, downregulate CDK 2 and CDK 4/6 expression through the tumor suppressor p53-p21-Rb pathway and the
pl6™ 42Rb pathway, causing stress-induced premature senescence (SIPS), which refers to the cell cycle entering an
irreversible state of growth arrest.>® Cell cycle arrest is a cellular self-protective strategy in response to the external
injury, which inhibits cell proliferation.” However, instead of protecting cartilage from damage, premature chondrocytes
accelerate KOA progression. KOA chondrocytes exhibit changes such as hypertrophy and premature senescence,
resulting in articular cartilage loss and degradation.® Studies have shown that transplantation of premature senescent
chondrocytes into the knee joint cavity of wild-type mice leads to KOA-like changes.”'°
In normal situations, chondrocyte remains in a quiescent state, and physiological cyclical loading promotes cartilage

homeostasis.' "1

pl6 and p21 are known as key senescence biomarkers, their upregulation inhibits cell proliferation and
hinders cartilage regeneration in the process of KOA.'? Premature senescence chondrocytes promote cartilage degenera-
tion and KOA aggravation by secreting senescence-associated secretory phenotype (SASP).'* SASP mainly includes
proinflammatory factors (e.g., IL-7), reactive oxygen species and ECM metalloproteinases (MMPs, e.g., MMP-13),
which aggravates joint inflammation, degradates Col-II and aggrecan in the cartilage matrix,'” induces secondary
premature senescence in adjacent normal chondrocytes, and results in a vicious cycle that accelerates cartilage degen-
eration and KOA progression.'®

YAP is a downstream protein and effector of the Hippo-YAP signaling pathway, overexpression of YAP protects
articular cartilage from degradation during KOA pathogenesis'’ It also has been shown to be a mechanosensitive
transcription factor, which integrates the cartilage extracellular environment in response to stress, and activates with
increased mechanical stress, regulate cell proliferation and premature senescence.'® As a therapeutic target, it promotes
cartilage repair and prevents secondary osteoarthritis.'” YAP transcriptionally activates FOXD1 expression whereas YAP
deficiency results in down-regulation of FOXDI, which contributes to the early-onset of cellular aging, and FOXD1
blocks cellular senescence and apoptosis through the p21/CDK2/Rb signaling pathway.*® Within the range of repair, joint
damage can deactivate the Hippo pathway and activate YAP, allowing it to enter the nucleus and form a complex with
TEA domain transcription factor (TEAD), which can jointly activate the transcription of its downstream factor, FOXD1,
and YAP attenuates cartilage degradation during KOA progression and preserves cartilage integrity.”’ However, under
the pathological conditions of KOA, OA - associated cellular environmental alterations activate the Hippo pathway,
leading to YAP phosphorylation. Phospho-YAP (p-YAP) is retained in the cytoplasm and degraded by ubiquitination.**
Consequently, YAP and FOXD]1 regulation in the nucleus prompts the activation of the p53-p21-Rb and p16™**-Rb
axis, causing premature senescence of chondrocytes.”> The YAP/FOXDI pathway, which is well - recognized as
a regulator of the cellular stress response, is biologically relevant to KOA caused by trauma or mechanical imbalance.
Therefore, the YAP/FOXD]1 pathway is crucial for chondrocytes and is a significant target for KOA treatment.**

Currently, there is no single treatment that could completely cure KOA. Non-steroidal anti-inflammatory drugs
(NSAIDs) are commonly used, which bring various side effects, including gastrointestinal, cardiovascular, renal, and
liver diseases.”>**® Guidelines and consensus recommended acupuncture (including manual acupuncture and acupotomy)
as a non-pharmacological treatment for KOA, believing it effectively reduces pain.”’*® TCM diagnosis and treatment of
knee osteoarthritis also suggest acupuncture for all stages of KOA.?’ The onset of KOA is related to biomechanical
structure change, where long-term injury-repair cycle can lead to a decrease of the muscle-tendon function.*® Evidence
suggest that biomechanical therapies can promote the mechanical balance of the knee joint, achieve more sustained
effects than anti-inflammatory therapies.®’ Previous studies have shown that acupotomy, a medical device combining the
characteristics of acupuncture needles and surgical knives, plays a significant role in treating KOA caused by abnormal
mechanical forces. These abnormal forces, stemming from factors like trauma, poor postures, exercise habits, and aging,
can disrupt articular cartilage metabolism, cause synovitis, and lead to KOA. Acupotomy intervenes by improving soft
tissue mechanical properties, releasing the tense, contracted, and adhered soft tissues around the knee joint. This helps
adjust the mechanical balance of the knee joint, reducing abnormal intra - articular pressure and improving the uneven
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force distribution and limited joint mobility.**** Moreover, it stimulates local blood vessels and nerves, promoting blood
circulation, which provides more nutrients to tissues, removes metabolic waste and inflammatory mediators, reduces the
inflammatory response and alleviates pain. Additionally, it also helps improve joint function. Previous research by our
team has found that acupotomy can reduce the positive expression of HP1 in the chondrocytes of the affected knee joint
in KOA model rabbits, and downregulate the protein expression of pl16™“** and p21W*V/CiP! 19 This suggests that
acupotomy can delay the progression of KOA by inhibiting premature senescence of chondrocytes. How the mechanical
effects of acupotomy protect cartilage by alleviating abnormal cartilage stress, and through which mechanically sensitive
pathway it inhibits premature senescence of chondrocytes in KOA remain to be further investigated.

Materials and Methods

Animals and Study Design

Eighteen clean grade New Zealand rabbits, weighing 2.1-2.6 kg, 6 months old, were purchased from Fulong Tengfei
Experimental Animal Research Institute Ltd., Beijing, China, (Certificate No: SYXK2018-0041). Animals were provided
food and water ad libitum and maintained on a 12/12 h light/dark cycle at 20-25°C with 50-60% humidity. Study
protocol was approved and reviewed by the Animal Ethics Committee at Beijing University of Chinese Medicine
(Beijing, China, Certificate No: BUCM-4-2022010101-1097). Rabbits were randomly divided into 3 groups (n = 6):
Control group (Control), KOA group (KOA), KOA + acupotomy group (KOA+Apo). General condition and exercise
capacity were evaluated using the modified Lequesne MG score and PROM. Cartilage degeneration was assessed by
safranin O-fast green staining and TEM, the expression of cartilage Col-1I and aggrecan by IHC, IL-7 and MMP-13 level
in synovial fluid by ELISA, and the expression of senescence-related factors pS3 and Rbl in chondrocytes by Western
blot, to evaluate the intervention effect of acupotomy on premature senescence of chondrocytes. The protein and gene
expression levels of p-YAP, YAP and FOXD1 were detected by Western blot and RT-PCR.

KOA Modeling

Rabbits were anesthetized with 3% pentobarbital sodium (30 mg/kg), placed in a supine position on the operating table,
with their left hind legs fully extended. The area from groin to the toe was fixed with a resin bandage. Wound polymer
plasters were applied to strengthen the fixation and covered with an anti-bite bandage. During immobilization, the blood
supply of the left hind limb was monitored by the swelling and color of the toe, and adjustments to the immobilization
mold were made as needed. The control group underwent regular handling without KOA modeling or any intervention.
The mold was removed after 6 weeks of fixation.

Acupotomy Interventions

After modeling, rabbits in the KOA+Apo group received acupotomy interventions. After routine skin preparation and
disinfection, points on the tendons of the vastus medialis, vastus lateralis, cartilage, biceps femoris, and anserine bursa
around the knee were selected. Disposable acupotomy needles (¢ 0.4x40 mm, Hanzhang acupotome, Beijing Excellence
Huayou Medical Instruments Co., Ltd., Beijing, China) were used. The blade tip of the acupotomy needle was kept
parallel to the leg and muscle fiber. The needle was inserted perpendicularly to a depth of 4—5 mm and released the tissue
1-2 times, the needle was then taken out, followed by pressure applied for a moment to prevent bleeding. The
intervention was administered once a week for 3 weeks.

Behavioral Test

After modeling and after acupotomy intervention, respectively, the modified Lequesne MG grade (knee pain (0-3 points),
gait (0-3 points), joint activity (0-3 points), joint swelling (0—2 points)) was used to evaluate the KOA model. In
addition, the PROM of the left hind limb of the rabbits was measured with a manual goniometer (SL1610A0051,
Sanliang Instrument Co., Ltd., Shanghai, China) by two independent researchers (Longfei Xing and Weiwei Ma), they
were unaware of the grouping. PROM = Maximum extension angle - maximum flexion angle. The average score was

used for analysis.**
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Safranin O-Fast Green Staining

The cartilage-subchondral bone complex was fixed with 4% paraformaldehyde (Servicebio, Wuhan, China) for 72 hours,
then decalcified in EDTA decalcification solution. The solution was changed every 4 days for a total of 8 weeks until the
syringe needle could easily penetrate the tissue. Subsequently, the tissue was dehydrated, transparentized, waxed, and
embedded in paraffin. Paraffin sections with a thickness of 4 pum were prepared from the sagittal plane using a Leica
paraffin microtome (Leica, Wetzlar, Hesse, Germany). The cartilage sections were stained using the modified Safranin
O-Fast Green FCF cartilage staining kit (Solarbio, Wuhan, China). Two researchers, blinded to the group assignments,
evaluated the stained sections according to the Mankin’s score.

TEM Observation of Rabbits Chondrocyte Ultrastructural Morphology

The TEM fixative (Servicebio, Wuhan, China) was added to the tube and let the precipitation re-suspended in the
fixative, and then fixed at 4°C for preservation and transportation. A volume of Imm X Imm X lmm cartilage was
removed from the sacrificed rabbit knee with a sharp knife and then fixed at 4°C in TEM fixative for 2—4 hours. After
pre-embedding, post-fixation, dehydration, polymerization, ultrathin section and staining, the cartilage was observed
under transmission electron microscope (HITACHI, Tokyo, Japan).

IHC Analysis

The cartilage-subchondral bone complex samples were fixed in 4% paraformaldehyde and decalcified in neutral 10%
EDTA at room temperature for 4 weeks. After dehydration in ethanol and immersion in paraffin, the samples were
sectioned at a thickness of 5 um from the sagittal plane. To observe the expression of Col-II and aggrecan in cartilage
tissue, IHC staining was performed using an IHC kit (ZSGB-BIO Co., Ltd., Beijing, China) according to the instructions.
The sections were deparaffinized, rehydrated, and subjected to antigen retrieval. Subsequently, they were treated with 3%
H,0, for 25 min and blocked with 10% normal goat serum (Servicebio, Wuhan, China) for 10 min. The sections were
then incubated overnight at 4°C with anti-Col-II (1:200, Proteintech, Chicago, IL, USA) and anti-aggrecan (1:200,
Novus, CO, USA). After washing with PBS, the sections were incubated with HRP-conjugated secondary antibody
(HRP-conjugated goat anti-mouse IgG, 1:200, Servicebio, Wuhan, China) for 50 min. The DAB IHC staining kit was
applied as chromogen, followed by counterstaining with hematoxylin, alcohol gradient dehydration, and mounting with
neutral resin. High-quality images were captured in six regions of each sample under microscope (Olympus, Tokyo,
Japan), and analyzed with Image-Pro Plus 6.0. Statistical analysis for Col-II and aggrecan was conducted on the ratio of
integral optical density to area (IOD/area).

ELISA Analysis

The inflammation cytokine interleukin (IL-7) and matrix metalloproteinase (MMP-13) in the synovial fluid were
measured by ELISA assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). At the time of sacrifice,
the synovial fluid was collected and stored at —80°C until assay. The frozen synovial fluid was thawed and centrifuged to
obtain supernatant. All analyses were performed according to the manufacturer’s instructions.

Western Blot Analysis

Fresh cartilage from the left knee of rabbits was dissected with bone cutters, ground in a mortar with liquid nitrogen, and
collected into centrifuge tubes. RIPA lysis buffer (Servicebio, Wuhan, China) and PMSF (Servicebio, Wuhan, China)
were added to the tubes in a 10:1 volume ratio to extract total proteins. Total protein was quantified using the BCA assay
kit (Solarbio, Wuhan, China). A 12% SDS-PAGE (Nanjing Aoqing Bioengineering Institute, Nanjing, China) was used to
load 3 pL of marker and 10 pL of protein samples at 160 V for 30 min. Proteins were then transferred to a 0.22 pm
polyvinylidene difluoride (PVDF) membrane (Millipore, Boston, Mass, USA) at 400 mA for 25 minutes. The PVDF
membrane was placed in a rapid blocking solution (Solarbio, Wuhan, China) at room temperature for 20 minutes,
followed by overnight incubation at 4°C with primary antibodies against anti-P-YAP (1:1000, Ser127, Affbiotech,
Cincinnati, OH, USA), YAP (1:1000, Bioss, Beijing, China), FOXD1 (1:2000, Bioss, Beijing, China), Rb1 (1:2000,
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Bioss, Beijing, China), p53 (1:1000, Proteintech, Chicago, United States) and GAPDH (1:10,000, Abcam, Cambridge,
UK). The membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies at room
temperature for 1 hour, and finally, the ECL chemiluminescence detection system (Servicebio, Wuhan, China) was
scanned and analyzed via an image analysis system (Image Lab (TM) Touch Software, version 2.4.0.03, Bio-Rad, CA,
US). The blots were quantified by densitometry using the Image J software (Rockville, MD, USA). The detailed
experimental procedures are described in Appendix A. Instructions S6.

Real-Time Quantitative Polymerase Chain Reaction (RT-PCR) Analysis

The cartilage of the tibia and femur was quickly collected, frozen in liquid nitrogen, and stored in a —80°C refrigerator.
The total RNA of the cartilage of each rabbit was isolated with TRIZOL (Servicebio, Wuhan, China), and reverse-
transcribed into cDNA using a RT First Strand cDNA Synthesis Kit. YAP and FOXD1 gene expression levels in cartilage
were further quantified by SYBR Green RT-PCR Master Mix (2 X) (Servicebio, Wuhan, China). The relative expression

_AACt

of the target gene was normalized into the expression of GAPDH using the method. The primer sequences are

presented in Table 1.

Statistical Analysis

All data were statistically analyzed using SPSS software (version 20.0, SPSS, Inc., Chicago, USA). When conform to
a normal distribution, the data were presented as mean + SD, and variance analyses of the main effect and interaction
effect were implemented using a general lincar model. Multiple comparisons of differences between groups were
achieved using the least significant difference (LSD) test, and among multiple groups by performing one-way analysis
of variance (ANOVA). When data do not conform to a normal distribution and variance is not homogeneous,
a nonparametric test (Mann—Whitney) was used, and data were expressed as median (interquartile range)/M (QR).
A value of P < 0.05 was considered statistically significant, and higher significance levels were established at P < 0.01.

Results

General Condition and Behavior

Before modeling, there were no significant differences observed among the rabbits in terms of general behavior (eye and
body movements), luster, feces, and feeding. Following the induction of KOA, the KOA group exhibited varying degrees
of lethargy and reduced activity, which intensified over time. In contrast, no significant changes in the general condition
of rabbits in the control group were observed throughout the study. After acupotomy intervention, rabbits in the KOA
+Apo group showed varying degrees of improvement in their general condition. These findings suggest that acupotomy
intervention can effectively ameliorate systemic and behavioral symptoms in the KOA model rabbits.

Acupotomy Improved Lequesne MG and PROM Scores

Stiffness in the knee joint is a characteristic clinical manifestations of KOA. Studies have suggested that acupotomy has the
potential to improve joint mobility, gait changes, and pain. This study evaluated the modified Lequesne MG and PROM scores
of KOA rabbits to assess the severity of KOA and the mobility of the knee joint. Lower Lequesne MG score and greater
PROM indicated better behavior and joint motion. After 6 weeks’ immobilizing the left hindlimb with modified Videman’s

Table | Primers Used in This Study

Gene | Primers Sequences (5'-3")

YAP Forward: AGAACCGTTTCCCAGACTACCTT
Reverse: GCAGACTTGGCATCAACTCCTC
FOXDI | Forward: GCTATGTGGATGCACTCTGGT
Reverse: GGTTTGGCATCTTCCCCACT
GAPDH | Forward: TGAAGGTCGGAGTGAACGGAT
Reverse: CGTTCTCAGCCTTGACCGTG
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method, the KOA rabbits displayed diminished activity, gait changes, muscle atrophy, and palpable fibrous bands in the
affected limb. After acupotomy intervention, compared with the KOA group, the KOA+Apo group demonstrated a significant
decrease in the Lequesne MG score (P <0.01; Figure 1A) and a substantial elevation in the PROM score (P <0.01; Figure 1B).
This indicated that by releasing constrained substances within the soft tissues surrounding the knee, acupotomy intervention
may alleviate joint stiffness and pain, and improve functional impairment in the KOA rabbit model. The detailed experimental

data are available in Supplementary Appendix A. Figure S1A and S1B.

Acupotomy Alleviates Cartilage Degeneration and Mitigates the Degradation of ECM
(Col-ll, Aggrecan) in KOA Rabbits

To observe the effect of acupotomy on cartilage degeneration, this study stained the cartilage with Safranin O-Fast Green
staining (Figure 2A), and scored the degree with Mankin’s score (Figure 2B). In comparison to the control group, the
KOA group displayed a decrease in cartilage thickness, surface defects, reduced chondrocyte necrosis, and a deficiency
in Safranin O-Fast Green staining on the cartilage surface. When compared to the KOA group, the KOA+Apo group
exhibited less prominent cartilage defects and reduced loss of Safranin O-Fast Green staining. Compared to the control
group, the score of KOA group increased significantly (P < 0.01), while KOA+Apo group significantly decreased
compared to the KOA group (P < 0.01).These results indicated that acupotomy reduced the cartilage degeneration in
KOA rabbits. The detailed experimental data are available in Supplementary Appendix A. Figure S2B.
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Figure 3 Acupotomy mitigates the degradation of extracellular matrix in cartilage (Col-Il, aggrecan). (A) IHC staining of Col-Il and aggrecan, Bars: 50 pm, magnification: 400 x.
(B) The mean optical density values of Col-Il and aggrecan. *P < 0.01 vs the control group. **P < 0.01 vs the KOA group.

In this experiment, the proteins of Col-II and aggrecan in cartilage ECM were stained brown (Figure 3A). Using Image
Pro Plus 6.0 for quantification, the target area was circled, extending from the superficial surface of cartilage to part of the
radiate layer, and the IOD value was measured. AOD (IOD/Area) was compared between groups, indicating the relative
expression levels of Col-II and aggrecan in each group (Figure 3B). The results showed that the relative expression of Col-I1
and aggrecan in the KOA group was significantly reduced (P < 0.01), consistent with previous study, and further confirmed
that changes in the morphology and microstructure of subchondral bone can seriously affect the homeostasis of cartilage and
accelerate the degradation of ECM. After treatment, the relative expression of Col-II and aggrecan was significantly
increased in the KOA+Apo group compared with the KOA group (P < 0.01). These results showed that the acupotomy
significantly increased the relative expression of Col-II and aggrecan in KOA rabbit cartilage, promoted the repair of Col-II
and aggrecan in the cartilage ECM. The detailed experimental data are available in Supplementary Appendix A. Figure S3B.

Acupotomy Inhibits Premature Senescence of Chondrocytes
TEM observation have shown that senescent cells tend to be enlarged and flattened, with irregular shapes, and nucleoli
may become more prominent.>> Cytoskeletal reorganization may also lead to distinct changes in cell morphology. In this

experiment, the KOA group had the most serious cell damage, with suspected senescent cells, fewer processes around
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Figure 4 Acupotomy inhibits premature senescence of chondrocytes. (A) TEM observation of rabbits chondrocyte ultrastructural morphology, nucleus (N), nucleoli (Nu),
crude surface endoplasmic reticulum (RER), mitochondria (The green arrow), lysosome (The red arrow), autolysosome (The blue arrow). Bars: 5 um in the first row; | pm
in the second row, magnification: 2500 %, 8000 x. (B) IL-7 and MMP-13 content in the synovial fluid of the rabbit joint cavity in each group. (C) Western blots for each group.
(D) Protein level comparison of p53 and Rbl between groups. **P < 0.01 vs the Control group. **P < 0.01 vs the KOA group.

cells, reduced cytoplasmic density, organelle swelling and cavitation, and visible lysosomes. The damage in the KOA
+Apo group was mild, with partial protrusion around the cell, uniform cytoplasm, and slightly swollen mitochondria. The
control group had the least injury, with protrusion beside the cell membrane, evenly distributed cytoplasm, and
acceptable mitochondria and endoplasmic reticulum structures (Figure 4A).

In this study, the content of IL-7 and MMP-13 in synovial fluid was detected by ELISA, which showed that the
expression of IL-7 and MMP-13 was significantly increased in the KOA group (P < 0.01) compared with the control
group, and it was significantly decreased (P < 0.01) in the KOA+Apo group compared with KOA group (Figure 4B).
These results suggested that acupotomy inhibited the increased levels of IL-7 and MMP-13 in synovial fluid in KOA
rabbits, improving the environment of chondrocytes in KOA rabbits by reducing the expression of IL-7 and MMP-13, the
premature senescence related factors. Western blot was used to detect the protein expression of p53 and Rbl in the
cartilage tissue of rabbit knee joints (Figure 4C). The analysis of the results showed that compared with the control
group, p53 and Rbl were significantly increased in the KOA group (P < 0.01). Compared with the KOA group,
chondrocytes expressing p53 and Rbl were significantly reduced in the KOA+Apo group (P < 0.01, Figure 4D). These
results suggest that acupotomy can release the muscles and tendons around the knee joint of KOA rabbits, improve the
mechanical environment of articular cartilage, regulate the normal cycle of cells, and delay the degeneration of cartilage.
The detailed experimental data are available in Supplementary Appendix A. Figure S1A and S1B.

Acupotomy Up-Regulated the Expression of YAP-FOXD| Pathway

The YAP/FOXD1 pathway plays a vital role in premature senescence. This study detected the effect of acupotomy in the
process of premature senescence through YAP/FOXD1 pathway and the expression of YAP and FOXD1 (Figure 5).
Western blot (Figure 5A) showed that compared with the control group, the expression of YAP and FOXDI in KOA
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Figure 5 Acupotomy up-regulated the expression of YAP-FOXD| pathway. (A) Western blots for each group. (B) Protein level comparison of p-YAP and FOXD| between
groups. (C) mRNA expression levels comparison of p-YAP and FOXD | between groups. **P < 0.01 vs the control group. #P < 0.05 vs the KOA group, *P < 0.01 vs the KOA
group.

group was significantly up-regulated (P < 0.01). Compared with KOA group, the expression of YAP and FOXD1 in KOA
+Apo group was significantly down-regulated (P < 0.01) (Figure 5B).

Similar results were shown in RT-PCR when detecting the mRNA expression of YAP, FOXDI1 in cartilage
(Figure 5C). Compared with the control group, the mRNA expression of YAP and FOXDI in KOA group was up-
regulated (P < 0.05, P < 0.01). Compared with KOA group, the mRNA expression of YAP and FOXD1 in KOA+Apo
group was significantly down-regulated (P < 0.01). The results suggested that acupotomy may help regulate premature
senescence through the YAP-FOXD1 pathway. The detailed experimental data are available in Supplementary Appendix

Figure SSA-S5C.

Discussion

According to this study, after 6 weeks of modeling by the modified Videman’s method, factors associated with the YAP/
FOXDI1 pathway as well as premature in chondrocytes were inhibited, the ECM was damaged, the mitochondria were
accumulated, and the distribution of Col-II and aggrecan in cartilage was reduced. Acupotomy improved mitochondrial
morphology, and enhanced the distribution of Col-II and aggrecan in cartilage, and these effects were may be mediated
through the activation of the YAP/FOXDI1 pathway.

Acupotomy is a treatment method combining acupoint-stimulation of TCM acupuncture and soft tissue releasing of
scalp, which is effective in restoring the biomechanical characteristics of joints in KOA.*>*® Joint immobilization is one
of the commonly used methods for the preparation of KOA experimental models, which can diminished activity of the
knee joint and its surrounding muscles, lead to abnormal morphology, muscle function and varying degrees of joint
stiffness and swelling, muscle atrophy, adhesion, cartilage degeneration, all of which can result in abnormal mechanical
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stress in KOA.?” Acupotomy can improve the state of abnormal structure and function of the tendons, the key to cause or
aggravate pain and other symptoms. In this study, modeling KOA using a modified Videman’s method was found to be
more suitable for exploring the relevant mechanisms of acupotomy treatment for KOA. The modified Lequesne MG
score of KOA rabbits decreased, pain relieved, knee dysfunction improved and the range of motion of the rabbit’s knee
joint increased, which indicated that by releasing the muscles and tendons around the rabbit knee joint, acupotomy
intervention corrected the abnormal mechanical environment of articular cartilage, promoted the repair of the knee joint
microcirculation, and reduced cartilage degeneration, thereby restored the biomechanical characteristics of the joint.

Cartilage is mainly composed of chondrocytes and ECM. Chondrocytes are the only cell type, representing about 5%
of cartilage volume, while the ECM constitutes about 95%, including Col-II and aggrecan. The biomechanical properties
of ECM and its effects on cell homeostasis have been identified as drivers of premature senescence. They provide tensile
and compressive strength to cartilage and confer biomechanical properties to articular cartilage.*® It is recognized that the
main pathological change in KOA is articular cartilage degeneration, with an imbalance in the production and degrada-
tion of ECM being a key factor in the occurrence and development of articular cartilage degeneration.>® The loss of
balance between synthesis and degradation of the cartilage matrix shifts to catabolism, promoting pathological tissue
remodeling and eventually leading to cartilage degradation.*® Pathological results after model creation showed obvious
defects on the cartilage surface, significant loss of Col-II and aggrecan staining, and a significant reduction in Col-II
distribution and content, consistent with our previous model creation effects. This suggests that the established model of
KOA is similar to clinical practice. Mankin’s score indicated that compare with the KOA group, the surface defects of the
cartilage were significantly reduced, and the contents of Col-II and aggrecan were increased in the ECM, indicating that
the acupotomy can inhibit the degradation of cartilage ECM, slow down the progression of KOA, and effectively protect
the cartilage.

SIPS of chondrocytes is a major factor leading to the imbalance of cartilage homeostasis and functional degradation,
and is a critical link in the pathogenesis of KOA.'> Abnormal stress can induce premature decay of chondrocytes and
accelerate cartilage degeneration, further accelerating KOA progression.” When cells enter a premature senescence state
their protein expression profile changes significantly, with secreting numerous cytokines and chemokines. They also
present senescence-associated secretory phenotype (SASP) which can induce a senescence phenotype in cells around,
causing premature senescence of other cellular components and establishing a pro-senescence cycle.*'*** In the patho-
logical development process of KOA, the accumulation of SASP (such as the inflammatory cytokines IL-7) leads to an
increase in intracellular MMPs, which damages the ECM and causes tissue senescence, and then causing joint structural
damage.*** MMP13, a key enzyme in cartilage pathology, is regulated by growth factors, hormones, cytokines and
transcription factors. Significantly elevated levels of MMP-13 expression can lead to OA cartilage matrix degradation
and disease progression.*>*® In summary, the pathological development process of premature senescence is driven by an
inflammatory microenvironment and cellular damage.*” The inflammatory environment induced by SASP factors is
associated with cartilage degradation and subchondral bone remodeling, ultimately leading to cartilage loss and KOA
progression.*® Inhibiting chondrocyte premature senescence is particularly important to delay KOA progression. Our
study chose the senescence-associated secretory phenotypes IL-7 and MMP-13, and the cellular senescence-related
factors p53 and Rbl, to suggest premature senescence of chondrocytes. In this study, IHC and Western blot showed that
in the KOA group, the secretion of the above premature senescence factors increased, and the expression decreased after
acupotomy, suggesting an improvement of the inflammatory microenvironment. The increased expression of Rbl and
p53 after KOA modeling, indicating premature senescence of KOA chondrocytes (Figure 4). Acupotomy intervention
can decrease the level of Rb1 and p53 and inhibit premature chondrocytes, which may explain the promotion of Col-II
and aggrecan production and metabolism in the ECM. In general, it can inhibit premature senescence of chondrocytes by
suppressing the paracrine of SASP.

YAP/FOXD1 pathway is a key to initiating premature senescence of chondrocytes and is an important target for the
treatment of KOA. Slowing the premature senescence of local osteoarticular cells mediated by YAP or FOXD1 helps
create a pro-chondrogenic environment and alleviate disease symptoms. Studies have shown that intra-articular injection
of lentivirus expressing YAP or reduces the number of senescent cells, suppresses joint inflammation and cartilage
erosion, and ameliorates pathological symptoms.”? Up-regulating the YAP/FOXDI pathway can inhibit the premature
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senescence of chondrocytes and effectively protect cartilage. This study observed the YAP was significantly down-
regulated in KOA cartilage, and lower YAP expression indicated more severe articular cartilage degeneration.*” When
the mechanical stress on the knee joint is increased, YAP is activated in chondrocytes, which then phosphorylates YAP
and activates downstream FOXD1. Therefore, up-regulation of YAP and FOXDI1 expression and restoring the normal
function of this pathway are key to inhibiting the premature senescence of chondrocytes. Additionally, proper mechanical
stress can activate the YAP/FOXDI1 pathway.’® In this study, acupotomy may contribute to upregulating repressed YAP
and FOXDI1 in KOA model rabbit chondrocytes.

Conclusions

In conclusion, this study suggests that acupotomy intervention may inhibit premature senescence of chondrocytes in
rabbit KOA models by reducing chondrocyte matrix degradation and paracrine secretion of SASP related to premature
senescence. The mechanism might involve inhibiting the YAP/FOXD1 pathway, thus alleviating cartilage degeneration
and protecting cartilage. These findings could provide a new theoretical basis for acupotomy’s potential in delaying
mechanical KOA progression.
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