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Abstract 

Background Osteoarthritis (OA) is a degenerative disease characterized by chronic inflammation of the joint. As 
the disease progresses, patients will gradually develop symptoms such as pain, physical limitations and even disability. 
The risk factors for OA include genetics, gender, trauma, obesity, and age. Unfortunately, due to limited understand-
ing of its pathological mechanism, there are currently no effective drugs or treatments to suspend the progression 
of osteoarthritis. In recent years, some studies found that low-intensity pulsed ultrasound (LIPUS) may have a positive 
effect on osteoarthritis. Nonetheless, the exact mechanism by which LIPUS affects osteoarthritis remains unknown. It 
is valuable to explore the specific mechanism of LIPUS in the treatment of OA.

Methods In this study, we validated the potential therapeutic effect of LIPUS on osteoarthritis by regulating 
the YAP–RIPK1–NF-κB axis at both cellular and animal levels. To verify the effect of YAP on OA, the expression of YAP 
was knocked down or overexpressed by siRNA and plasmid in chondrocytes and adeno-associated virus was injected 
into the knee joint of rats. The effect of LIPUS was investigated in inflammation chondrocytes induced by IL-1β 
and in the post-traumatic OA model.

Results In this study, we observed that YAP plays an important role in the development of osteoarthritis and knock-
ing down of YAP significantly inhibited the inflammation and alleviated cartilage degeneration. We also demon-
strated that the expression of YAP was increased in osteoarthritis chondrocytes and YAP could interact with RIPK1, 
thereby regulating the NF-κB signal pathway and influencing inflammation. Moreover, we also discovered that LIPUS 
decreased the expression of YAP by restoring the impaired autophagy capacity and inhibiting the binding 
between YAP and RIPK1, thereby delaying the progression of osteoarthritis. Animal experiment showed that LIPUS 
could inhibit cartilage degeneration and alleviate the progression of OA.

†Chunran Pan and Fan Lu contributed equally to this work.

*Correspondence:
Fengjing Guo
guofjdoc@163.com
Tao Xu
xutao@tjh.tjmu.edu.cn
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-024-05086-x&domain=pdf


Page 2 of 20Pan et al. Journal of Translational Medicine          (2024) 22:286 

Conclusions These results showed that LIPUS is effective in inhibiting inflammation and cartilage degeneration 
and alleviate the progression of OA. As a result, our results provide new insight of mechanism by which LIPUS delays 
the development of osteoarthritis, offering a novel therapeutic regimen for osteoarthritis.

Keywords Osteoarthritis, Chondrocyte, Autophagy, YAP, LIPUS

Introduction
Osteoarthritis is one of the most common degenerative 
diseases characterized by chronic pain and destruction of 
articular cartilage [1]. As reported, OA primarily affects 
individuals over 50 years old and significantly impacts the 
quality of life for elderly patients to varying degrees [2]. 
Globally, more than 500 million people worldwide are 
influenced by OA, resulting in a substantial enormous 
economic burden on society and families [3]. At pre-
sent, the treatment of OA mainly includes symptomatic 
treatment such as drugs and joint replacement surgery 
[4]. Unfortunately, the clinical diagnosis of OA is usu-
ally established later in the disease process, and drugs are 
often unable to provide more help [5]. To date, there is 
no effective methods to reverse the progression of OA 
[6]. Therefore, it is essential to explore novel therapeutic 
approaches for OA.

Autophagy, a normal cellular metabolism process, plays 
a vital role in energy regulation and the removal of dam-
aged macromolecules and organelles [7, 8]. As reported, 
autophagy is the primary mechanism of articular chon-
drocytes to maintain normal function and cell survival. 
Dysregulation of autophagy can accelerate articular car-
tilage degeneration, while activation of autophagy delay 
the progression of OA [9, 10]. Meanwhile, we noticed a 
particular molecule. Yes-associated protein (YAP), a tran-
scriptional coactivator, is involved in controlling cellular 
behavior and processes such as proliferation, differen-
tiation, and migration [11, 12]. As reported, recent stud-
ies revealed the interaction between autophagy and the 
Hippo–YAP signaling pathways [13]. When autophagy is 
at a relatively low level, the activation of YAP is higher 
[14]. In addition, YAP plays a significant role in the pro-
gression of OA by responding to variable mechanical 
stress and is associated with the nuclear factor Kappa B 
(NF-κB) signaling pathway [15].

Ultrasound is an oscillating longitudinal pressure wave 
[16]. When cells are exposed to ultrasound, they experi-
ence mechanical stress. A recent study has shown that 
low-intensity pulsed ultrasound (LIPUS), a special type 
of ultrasound can promote cartilage repair after dam-
age and slow down cartilage degeneration [17]. Further-
more, LIPUS converts acoustic signals into mechanical 
signals, which then trigger a series of cellular responses 
[18, 19]. For example, LIPUS has been reported to treat 
periodontitis and neurological diseases owing to its 

anti-inflammatory effect [20–23]. Notably, the effect of 
LIPUS in inhibiting apoptosis is remarkable, and LIPUS 
has shown positive effects on myocardial necrosis and 
nervous system diseases by inhibiting apoptosis of car-
diomyocytes and neuronal cells [24, 25]. In addition, 
LIPUS also promote stem cell migration and proliferation 
and enhance cartilage repair by activating autophagy [26, 
27]. What excited is that many studies have confirmed 
the effectiveness of nanomaterials in the treatment of 
diseases, and LIPUS has also shown new potential in the 
adjuvant treatment of nanomaterials in recent years, sug-
gesting that LIPUS has great potential in the treatment 
of many diseases [28–31]. Furthermore, research has 
indicated that LIPUS can regulate the expression level of 
YAP under certain conditions [32, 33]. Nevertheless, the 
exact mechanism by which LIPUS acts in osteoarthritis 
through Hippo–YAP signaling pathway remains a puzzle. 
Therefore, it is of great significance to explore the specific 
mechanism of LIPUS on inflammatory chondrocytes for 
the clinical application of LIPUS in the treatment of OA.

In our study, we investigated the role of YAP and the 
function of LIPUS in inflammatory chondrocytes and 
post-traumatic OA rats. Additionally, we also examined 
whether LIPUS could inhibit the development of OA 
through regulating the YAP–RIPK1–NF-κB axis and 
autophagy.

Materials and methods
Reagents and materials
The list of regents was obtained commercially: Recom-
binant Rat interleukin 1 beta (IL-1β) (501-RL-010) was 
acquired from R&D Systems (Minneapolis, MN, USA). 
Rapamycin (Rapa) (S1039) was acquired from Sell-
eck (Houston, USA) and diluted in DMSO. Antibod-
ies against COX2 (12882; 1:1000), YAP (14074; 1:1000), 
P-P65 (3033; 1:1000), P-YAP (13008; 1:1000) and P65 
(8242; 1:1000) were gained from Cell Signaling Tech-
nology Inc. (Beverly, USA). Antibodies against MMP13 
(18165-1-AP; 1:1000), COL2A1 (28459-1-AP; 1:800), 
GAPDH (10494-1-AP; 1:5000), P-RIPK1 (66854-1-Ig; 
1:2000) and β-actin (CL594-66009; 1:5000) were acquired 
from Proteintech Group (Wuhan, China). Antibodies 
against iNOS (A0312; 1:1000) and aggrecan (A11691; 
1:1000) were acquired from Abclonal (Wuhan, China). 
Antibodies against P62 (GB11531-100; 1:1000) was 
acquired from Servicebio (Wuhan, China). Antibodies 
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against MMP3 (BM4074; 1:500), FITC-conjugate goat 
anti-mouse and anti-rabbit secondary antibodies, type 
II collagenase and trypsin were purchased from Boster 
(Wuhan, China). IP lysis buffer (p0013) was provided by 
Beyotime (Shanghai, China).

Chondrocytes isolation and culture
Isolated the primary chondrocytes from the knee joint of 
5-day-old rats. All animals were acquired from the Labo-
ratory Animal Center of Tongji Hospital and permitted 
by the institution of Animal Care and Use Committee of 
Tongji. The articular cartilages were excised under a ster-
ile operating environment, and cartilage was sliced and 
then digested with 0.25% trypsin for 30 min at 37 °C. Sub-
sequently, the cartilage was treated by type II collagenase 
for 5  h at 37  °C. The primary chondrocytes were har-
vested and cultured in TC flask T25 with dulbecco modi-
fied Eagle’s Culture Medium F12 (DMEM/F12) (Hyclone, 
Logan, UT, USA) consisting of 10% fetal bovine serum 
(Biological Industries, Israel). The medium was changed 
every 2 days until the chondrocytes were cultured to the 
second generation and used in the experiments.

Small interfering RNA (siRNA), plasmids, and transfection
The negative control siRNA and siRNA of YAP were 
synthesized by RiboBio (Guangzhou, China). The three 
sequences are shown below: si-YAP #1: GCC ATG AAC 
CAG AGG ATC A; si-YAP #2: GGC TGC GAT TGA AAC 
AGC A; si-YAP #3: CCA GAC GCT GAT GAA CTC T. 
Chondrocytes were transfected with the Lipofectamine 
3,000 transfection reagent according to the protocol 
(Thermo Fisher Scientific, Waltham, MA, USA) when 
the cell density reached 60–70%. The negative control 
plasmid and YAP overexpression plasmid was provided 
by GeneChem (Co. Ltd., Shanghai, China). Transfected 
the cells using Lipofectamine 3000 and P3000 when 
the fusion degree reached 60–70%, chondrocytes were 
washed and cultured in fresh medium after 24 h later.

LIPUS stimulation
LIPUS exposure apparatus was purchased from ITO Cor-
poration Ltd (Tokyo, Japan OSTEOTRONIV). Firstly, 
chondrocytes were transferred into a six-well plate and 
then exposed to LIPUS at an ultrasound frequency of 
1.5  MHz and the pulse frequency of 1000  Hz, and the 
intensity was 30 mW/cm2, 45 mW/cm2 and 60 mW/cm2. 
The duration of the intervention was 10 min, 20 min and 
30 min. Before intervention, a 2 mm thick coupler (Subi-
jie, Chongqing, China) was applied between the bottom 
of the plate and the ultrasound probe. After exposed to 
LIPUS, chondrocytes were harvested immediately. In 
the meantime, the control group was put in the identical 
environment but except LIPUS stimulation.

Western blot analysis
In briefly, disintegrated the treated chondrocytes with 
RIPA (Boster, China, AR0102) and sonicate the collec-
tions for 3 times on the ice. Then centrifuged the samples 
at 12,000×g and 4 °C for 30 min. Quantified supernatant 
by bicinchoninic acid method and next heated with suit-
able loading buffer at 95 °C for 10 min. Sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 
were filled with 25  mg of total protein per hole. The 
wet transmembrane was applied to transfer the protein 
to the polyvinylidene difluoride (PVDF) membrane at 
an electric current of 275 mA for 120 min. After mem-
branes were blocked at room temperature for 1  h with 
tris-buffered saline (TBS) (Boster, AR0144) containing 
5% skim milk powder and then incubated with the pri-
mary antibodies at 4 °C overnight. After that, membranes 
were incubated with corresponding secondary antibody 
at room temperature for 1 h. After wash the membranes, 
filmed the membranes with chemiluminescence (Boster, 
China). A Bio-Rad scanner was applied to detect the sig-
nal strength of the membranes.

Quantitative RT‑PCR
Using the centrifugal column-type ultrapure extract total 
RNA kit in line with the protocol (Omega Biotek, R6834-
01) to extract the total RNA. And then synthesized the 
complementary DNA by a Hifair® III 1st Strand cDNA 
Synthesis SuperMix (Yeasen, 11141ES60). Then ampli-
fied the cDNA using the SYBR Green Master Mix (Yeasen, 
11203ES03). The sequences of the primers were synthe-
sized from Tsingke Biotechnology. GAPDH was served as 
a reference to normalize the relative expression. Primer 
sequence utilized in the study: Yap (F) 5′-TTT GCC ATG 
AAC CAG AGG AT-3′, (R) 5′-TAT CTG CTG CTG CTG 
GTT TG-3′. Adamts5 (F) 5′-TCC TCT TGG TGG CTG 
ACT CTTCC-3′, (R) 5′-TGG TTC TCG ATG CTT GCA 
TGA CTG -3′. Mmp3 (F) 5′-CAG TCC TGC TGT GGC 
TGT GTAC-3′, (R) 5′-AAC CTC CAT GCC AGC ATC TTC 
TTC -3′. MMP13 (F)5′-ACC ATC CTG TGA CTC TTG 
CG-3′, (R) 5′-TTC ACC CAC ATC AGG CAC TC-3′. Gapdh 
(F) 5′-ACA GCA ACA GGG TGG TGG AC-3′, (R) 5′-TTT 
GAG GGT ACA GCG AAC TT-3′. Each test was repeated in 
triplicate.

Co‑immunoprecipitation (Co‑IP) assay
The primary chondrocytes were cultured and treated 
with IL-1β for 24  h in 10  cm dishes. Afterwards, cells 
were lysed in 0.5  mL of IP lysis buffer with appropri-
ate protease inhibitors. Centrifugate the collections at 
4 °C for 15 min after lysed it in the ice for 10 min. Then, 
added Protein A+G magnetic beads into the cell lysates 
and shaking for 1 h to remove non-specific binding. After 
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that, washed the magnetic beads for four times with lysis 
buffer. Anti-YAP antibody was put into the mixture and 
shaking overnight at 4 °C in order to form immune com-
plexes with the protein of YAP. Finally, some lysis buffer 
and suitable 5X loading buffer were added. After boiling 
the mixture for 10 min at 97 °C, the supernatant was con-
verged for western blot analysis.

The detection of autophagic flux
The mRFP-GFP-LC3 adenovirus was gained from Hanbio 
Biotechnology (HB-AP210 0001). Firstly, inoculated the 
chondrocytes into 35 mm glass bottom confocal culture 
dish. Transfect the cells with mRFP-GFP-LC3 adenovirus 
for 6 h followed by medium change. After cultured with 
fresh medium for 24  h, the chondrocytes were treated 
with IL-1β and then fixed with 4% paraformaldehyde 
(PFA) (Boster, China). Subsequently, captured the images 
by FV3000 confocal microscope (Olympus, Japan). In the 
pictures, the red highlights represent the autophagolys-
osomes and the yellow highlights (overlapped by green 
and red fluorescence) represent the autophagosomes.

Immunofluorescence (IF) assay and confocal microscopy
Chondrocytes were seeded into 35 mm glass bottom con-
focal culture dish and treated as mentioned in this article. 
Subsequently, fixed the samples by 4% PFA for 10  min 
and used with 0.5% Triton X-100 (Boster, China) to per-
meabilization the cell membrane. After that, blocked 
the chondrocytes with goat serum for 1  h. Next, incu-
bated chondrocytes with primary antibodies of MMP13 
(1:200), COL2A1 (1:200), YAP (1:200), P65 (1:500), 
P-RIPK1 (1:200) and P62 (1:500), as well as the corre-
sponding second antibodies. After incubation, stained 
the nucleus with DAPI for 5  min. Finally, the images 
were captured by a laser scanning confocal microscope 
(FV3000, Olympus, Japan). The mean fluorescence inten-
sity was calculated by ImageJ 1.46 r software (Java 1.6.0-
20; Media Cybernetics, Rockville, MD, USA).

Animals
Four-weeks-old male Sprague–Dawley (SD) rats were 
applied to animal experimental and acquired from the 
Laboratory Animal Center of Tongji Hospital. All animal 
experiments were permitted by the institution of Animal 
Care and Use Committee of Tongji (TJH-202208009, 
Wuhan, China) and conformed to the stipulations in the 
World Medical Association Helsinki Declaration. All 
rats were bred in pathogen-free cages, allowed to move 
freely and provided autoclaved food and water. Besides, 
rats were housed in a 12-h dark–light cycle at controlled 
temperature of (22 ± 1) °C and humidity (55 ± 10%). 
After 1  week of acclimatization, forty-eight rats were 
randomly divided into six groups: Sham group, DMM 

group, DMM + KD-NC group, DMM + KD-YAP group, 
DMM + OE-NC group, DMM + OE-YAP group, with 8 
rats in each group. Destabilization of medial meniscus 
(DMM) surgery was managed on the right knee joint to 
established the model of post-traumatic OA. The Sham 
group underwent sham operation of the medial joint 
capsule incision as a control. Four weeks before surgery, 
rats except Sham group and DMM group were injected 
with adeno-associated virus (AAV) (1 ×  1011 v.g) into the 
joint cavity. In addition, to evaluate the effect of LIPUS 
on the expression level of YAP and the development of 
OA. Forty-eight rats were indiscriminately separated into 
6 groups averagely. Sham group, Sham + LIPUS group, 
DMM group, DMM + LIPUS group, DMM + OE-YAP 
group and DMM + OE-YAP + LIPUS group were estab-
lished as described previously. One week after DMM 
surgery, the rats in Sham + LIPUS group, DMM + LIPUS 
group and DMM + OE-YAP + LIPUS group were treated 
with LIPUS (30 mW/cm2, 1.5 MHz, 1000 Hz, 20 min/day, 
5  days/week, 6  weeks). At the same time, recorded the 
body weight of each rat once a week. At the end of the 
intervention, the operated joints were taken for micro-
CT, histological staining and immunohistochemistry.

Pain assessment
Nociception to heat was tested using the Hargreaves 
plantar test (IITC Life Science, CA, USA). The rats were 
put on plastic box placed on a glass panel, focus radia-
tion heat sources below the damage site at 20-s intervals 
to prevent potential thermal damage. The incubation 
period was averaged over the three tests, 5  min apart. 
The withdrawal thresholds for mechanical stimulation 
were measured by an electronically controlled von Frey 
filament system (IITC Life Science). The device consists 
of a recording device, a handle and a rigid plas tic dispos-
able tip with a diameter of 0.8 mm. A positive response 
was manifested as a rapid withdrawal or licking of the 
hind paw of the rat, followed by the recording of chrono 
intensity values. Experimental measurements were per-
formed every 2 weeks. All the rats were stimulated after 
20–30 min of acclimatization in the plastic box.

Enzyme‑linked immunosorbent assay (ELISA)
Firstly, collected and stored the serum of each rat. Then, 
IL-1β (MM-0047R1, MEIMIAN, China) and tumor 
necrosis factor α (TNF-α) (RA20035, Bioswamp) level 
from the serum were detected according to the ELISA kit 
instructions.

Micro‑computed tomography (micro‑CT) analysis
In brief, collect the right knee joint and fix it with 4% 
paraformaldehyde for 3 days. Then, scan and detect the 
knee by micro-CT with a micro-CT 50 scanner (Scanco 
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Medical, Switzerland). The scanning parameter was 70 kv 
and 230  ms with the thickness of 19  μm. The recon-
structed three-dimensional (3D) images were obtained 
by Scanco Medical software. The abrasion of the tibial 
plateau was evaluated.

Histological staining and immunohistochemistry
Firstly, fixed the tissue samples with 4% PFA for 3 days, 
decalcified it for 60 days with 10% EDTA solution. Sub-
sequently, cut it into 4-μm thick sagittal sections after 
embedded the samples in paraffin. Then, staining the 
specimens with Safranin O/Fast green and Hematoxylin–
eosin (H&E). The Osteoarthritis Research Society Inter-
national (OARSI) histopathology scoring system was 
used to assess the cartilage degeneration. After depar-
affinized and rehydrated the samples, using the BSA 
involved in 0.1% Triton X-100 to block the samples for 
1 h. Next, incubate the samples with anti-COL2A1, anti-
P-P65, anti-P-YAP, anti-P62, anti-P-RIPK1, anti-MMP13 
or anti-YAP antibodies, then incubate the corresponding 
secondary antibody and colored with DAB. Lastly, apply 
the hematoxylin to counterstained the specimens. Catch 
the images with a general microscope (BX53, Olympus 
Corporation, Japan). Each section was assessed by two 
blinded researchers.

Statistical analysis
Dates were analyzed by GraphPad Prism 8.0.2 program 
(GraphPad Software, San Diego, CA, USA) and pre-
sented as mean ± SD. Experiments were repeated based 
on cells isolated from at least three animals and indepen-
dently repeated three times. One-way analysis of variance 
(ANOVA) was applied for multiple experimental groups. 
P < 0.05 was defined as significant, * means P < 0.05, ** 
means P < 0.01, *** means P < 0.001 while NS represents 
not significant.

Result
OA was characterized by altered expression of YAP
To investigate the relationship between YAP and the 
development of OA, we performed DMM surgery on 
SD rats to establish a post-traumatic OA model. Immu-
nohistochemistry results revealed a significant increase 
in YAP-positive chondrocytes in the cartilage of DMM 
surgery rats (Fig.  1A, B). Furthermore, we isolated pri-
mary rat chondrocytes and evaluated the expression 
level of YAP in  vitro. Notably, Pro-inflammatory fac-
tors are known to play a crucial role in the occurrence 
and progression of OA [34]. To verify the expression of 
YAP in inflammatory chondrocytes, we applied IL-1β 
to establish the inflammatory-degenerative cell model. 
Consistent with above, the IF staining confirmed a dis-
tinct increase in YAP expression in the chondrocytes 

treated with IL-1β (Fig.  1C). Moreover, western blot 
results revealed that as the duration of IL-1β interven-
tion increased, the expression of anabolic related fac-
tors, including collagen type II α 1 chain (COL2A1), 
SOX9 and aggrecan (ACAN) decreased. On the other 
hand, the expression of catabolism protein such as matrix 
metallopeptidase 13 (MMP13) and inflammatory mark-
ers including inducible nitric oxide synthase (iNOS) 
exhibited an opposite trend (Fig. 1D, E). In addition, the 
expression of P-YAP and YAP also increased especially at 
the duration of 24 h (Fig. 1F, G). Furthermore, as the con-
centration of IL-1β increased, the expression of anabolic 
related factors such as COL2A1 decreased, whereas the 
expression of catabolism protein such as MMP13 gradu-
ally increased. Notably, when the concentration of IL-1β 
was 5 ng/mL, the expression of P-YAP was higher com-
pared to other groups, meaning that the concentration 
of 5 ng/mL and the duration of 24 h of IL-1β treatment 
establishes inflammatory state in chondrocytes success-
fully (Fig. 1H, I). Collectively, these results indicated the 
expression of YAP is increased in the articular cartilage 
of post-traumatic OA rats and is further enhanced in 
response to IL-1β intervention, which demonstrated a 
positive correlation between YAP and the progression of 
OA.

Autophagy mediates protective role in IL‑1β‑induced 
detrimental events
Previous studies have shown that autophagy is impaired 
during the development of OA. Besides, in our study, we 
observed an increase in the expression of YAP and P-YAP 
in inflammatory chondrocytes. Based on these findings, 
we hypothesize that the accumulation of YAP in chon-
drocytes is due to the impaired autophagy. To investigate 
the relationship between YAP and autophagy, we exam-
ined the expression of P62 (an autophagy-related gene) 
in cartilages of rats underwent DMM surgery. Immu-
nohistochemistry results showed higher expression of 
P62 in the cartilage of DMM surgery rats compared to 
Sham rats (Fig. 2A, B). Besides, western blot analysis also 
revealed an increase in the rate of microtubule-associated 
protein 1 light chain 3β (LC3), a marker of autophagy, as 
the duration of IL-1β intervention increased (Fig.  2C). 
To further explore the connection between autophagy 
impairment, inflammation and YAP accumulation, we 
treated chondrocytes with Rapamycin, which is the acti-
vator of autophagy. The western blot results revealed 
that IL-1β not only promoted the degradation of carti-
lage extracellular matrix (ECM) and the inflammatory 
process (Fig.  2D), but also upregulated the expression 
of P62 and downregulated the ratio of LC3II/I as well as 
accelerated the accumulation of YAP (Fig.  2E, F). These 
results indicated that the autophagy of chondrocytes 
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was impaired after IL-1β intervention, which resulted 
in the decrease of the ability of cells to digest YAP and 
the increase of intracellular accumulation of YAP. Fur-
thermore, to investigate the occurrence of autophagic 

influx, we used tandem fluorescence-tagged LC3 adeno-
virus (RFP-GFP-LC3) to infect chondrocytes and found 
an increase in yellow puncta in chondrocytes treated 
with IL-1β compared to the control group (Fig.  2G, H). 

Fig. 1 The expression of YAP in OA. A, B Immunohistochemistry images and quantitative analysis of YAP-positive cells in knee joint cartilage of rats 
(Sham group: n = 8; DMM group: n = 8, scale bar: 100 μm). C Immunofluorescence image of fluorescence intensity to show the relative expression 
of YAP in chondrocytes treated with IL-1β for 24 h (scale bar: 50 μm). D, E Western blot of the indicated protein level to demonstrate that IL-1β treat 
the chondrocytes for 0, 1, 6, 12, 24 and 48 h could cause inflammation of chondrocytes. F, G Western blot and quantitative analysis of P-YAP and YAP 
band density. H, I Western blot and quantitative analysis of COL2A1, MMP13 and P-YAP band density. Data are shown as mean ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001
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These findings demonstrated that IL-1β impairs the 
macroautophagy/autophagic flux and promotes the 
transformation of autophagosomes into autolysosomes. 
Interestingly, inflammatory chondrocytes treated with 
Rapamycin reversed these negative effects. In addition, 
to further confirm the direct association between YAP 
and autophagy and its influence on inflammatory chon-
drocytes, we conducted a Co-IP assay. The data revealed 
that YAP could bind to P62 (Fig. 2I). Consistently, the IF 
colocalization assay demonstrated the increased colocali-
zation of YAP with P62 in inflammatory chondrocytes, 
which was reduced by Rapamycin (Fig. 2J). In summary, 
the impaired autophagy capacity in inflammatory chon-
drocytes leads to the accumulation of YAP and inflam-
matory response in chondrocytes.

YAP contributed OA‑like phenotype of chondrocytes
To further validate the role of YAP in the development 
of OA, we investigated the effects of knocking down 
and overexpressing of YAP on inflammatory chondro-
cytes. Firstly, we confirmed the efficiency of YAP knock-
ing down using siRNA by qPCR (Additional file  1: Fig. 
S1A). Chondrocytes play a crucial role in maintaining 
ECM homeostasis in the bone and joint. Therefore, we 
examined changes in ECM metabolism after changing 
the expression of YAP. The results showed that chon-
drocytes exhibited ECM degradation after treated with 
IL-1β. However, when chondrocytes were treated with 
IL-1β and si-YAP, the ECM degradation was signifi-
cantly reversed and inflammation was attenuated. First, 
qPCR analysis revealed that the mRNA levels of Mmp3, 
Mmp13 and Adamts5 were decreased compared to the 
IL-1β group (Fig.  3A), indicating that YAP deficiency 
significantly downregulated the expression of catabo-
lism related genes in inflammatory chondrocytes at 
the gene level. Furthermore, western blot results rev-
eled that when chondrocytes were treated with IL-1β 
and si-YAP, the expression of anabolic marker such as 
COL2A1 was increased, while the expression of cata-
bolic proteins such as metalloproteinase 3 (MMP3), 
MMP13 and a disintegrin and metalloproteinase with 
thrombospondin motifs 5 (ADAMTS5) were decreased 
(Fig.  3B), suggesting that YAP deficiency restored ECM 

homeostasis in inflammatory chondrocytes. Addition-
ally, YAP deficiency also showed a reduction in IL-1β-
induced inflammatory response, as evidenced by the 
decreased levels of cyclooxygenase-2 (COX2) and iNOS 
(Fig.  3C). Notably, YAP deficiency was able to improve 
the impairment of autophagy induced by IL-1β, as 
showed by a decrease in P62 expression and an increase 
in the ratio of LC3II/I expression (Fig.  3D), indicating 
that YAP deficiency markedly inhibited the progression 
of inflammation and impaired autophagy in inflamma-
tory chondrocytes. A resembling trend was observed in 
the immunofluorescence assay, revealing the negative 
effect of YAP in chondrocytes. when chondrocytes were 
treated with IL-1β and si-YAP, the fluorescence inten-
sity of MMP13 was reduced compared to chondrocytes 
treated with IL-1β only, whereas COL2A1 shown the 
opposite trend (Fig. 3E, F). Moreover, in order to further 
observe the changes of autophagic flow in inflammatory 
chondrocytes tread with si-YAP, we infected chondro-
cytes with mRFP-GFP-LC3 adenovirus and found that 
IL-1β increased the number of yellow puncta, whereas 
chondrocytes treated with IL-1β and si-YAP resulted in 
fewer yellow puncta (Fig.  3G, H), suggesting YAP defi-
ciency incompletely blocked the transformation from 
autophagosome to autophagolysosomes and restricted 
the macroautophagy/autophagy flux. Subsequently, we 
investigated the relevance of YAP overexpression in 
chondrocytes to further validate the above data. West-
ern blot results suggested a significant increase in YAP 
expression in chondrocytes with YAP-plasmid transfec-
tion (Additional file 1: Fig. S1B, C). Contrary to the above 
data, in comparison to that treated with IL-1β only, YAP 
overexpression significantly reduced the expression of 
COL2A1 but increased the expression of MMP13, MMP3 
and ADAMTS5 (Fig.  3I), as well as COX2 and iNOS 
(Fig.  3J), indicating that YAP overexpression consider-
ably accelerated the imbalance of ECM homeostasis and 
inflammatory progression. Simultaneously, YAP overex-
pression further inhibited autophagy capacity, as shown 
by higher expression of P62 and downregulated levels 
of Beclin-1 (Fig.  3K), which revealed that YAP over-
expression significantly aggravated the impairment of 
autophagy. Furthermore, the immunofluorescence assay 

Fig. 2 Autophagy is associated with OA. A, B Immunohistochemistry images and quantitative analysis of P62-positive cells in knee joint cartilage 
of rats (sham group: n = 8; DMM group: n = 8, scale bar: 100 μm). C Western blot and quantitative analysis of LC3 expression level after IL-1β 
treatment the chondrocytes for 0, 1, 6, 12, 24 and 48 h. D Western blot and quantitative analysis of COL2A1, MMP13, COX2 and iNOS expression 
level. E Western blot and quantitative analysis of P62 and LC3 expression level. F Western blot and quantitative analysis of P-YAP and YAP 
expression level. G, H Chondrocytes were transfected with mRFP-GFP-LC3 adenovirus following IL-1β treatment for 24 h. The representative images 
of fluorescence and quantitative analysis of red dots (autolysosomes) and yellow dots (autophagosomes) were shown (scale bar: 10 μm). I Co-IP 
experiment of the binding between YAP and P62 was shown. J YAP and P62 colocalization in chondrocytes were detected by IF (scale bar: 10 μm). 
Data are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001

(See figure on next page.)
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also showed a similar trend, as showed by YAP overex-
pression increased the fluorescence intensity of MMP13, 
whereas COL2A1 shown the opposite trend (Fig. 2L–O). 
In conclusion, these results suggested that it was YAP 
contributes to the OA-like phenotype of chondrocytes 
and inhibits the capacity of autophagy.

YAP overexpression exacerbated cartilage degeneration 
in post‑traumatic OA rat
To further investigate the relationship between YAP and 
OA development, we established an experimental OA 
model. YAP knockdown or overexpression was achieved 
by injecting adeno-associated virus into the articular cav-
ity of rats. Four weeks after the initial injection of AAV, 
rats underwent either a Sham surgery or a DMM surgery 
(Fig.  4A). There were no significant differences in body 
weight among the different groups (Fig. 4B). The results 
revealed that AAV injection significantly increased or 
decreased the expression of YAP in cartilage compared 
to the control group (Fig.  4C). Furthermore, compared 
to the Sham group, obvious subchondral bone damage 
was observed in the DMM group. Notably, the subchon-
dral bone damage in rats treated with AAV9-YAP was 
more severe than that of the DMM group. Conversely, 
YAP knocking down alleviated these damage (Fig.  4D). 
Consistent with the above, we observed the identical 
trend in histological staining results. As expected, H&E 
and Safranin O/Fast green staining indicated significant 
cartilage degeneration in DMM group, as evidenced by 
the loss of proteoglycan and higher OARSI scores com-
pared to the Sham group. Notably, YAP overexpression 
was more likely to promote DMM-induced degeneration, 
as indicated by higher OARSI scores compared to the 
OE-NC group. In contrast, YAP knocking down showed 
milder cartilage degeneration (Fig.  4E). Moreover, we 
further determined whether YAP overexpression affects 
the ECM metabolic markers and autophagy capacity. 
The results showed that the expression of MMP13 and 
P62 in the cartilage of the DMM group was significantly 
increased, which was higher after YAP overexpression, 
whereas COL2A1 shown the opposite trend. However, 
YAP knocking down inhibited the expression of MMP13 

and P62 but promote the expression of COL2A1 (Fig. 4F). 
Collectively, these results suggest that YAP overexpres-
sion exacerbates the cartilage degeneration in post-trau-
matic OA rat.

YAP interacts with RIPK1 to promote chondrocyte damage 
via the NF‑κB signaling pathway
In addition to examine the OA-like phenotype indica-
tors, we also investigated the NF-κB signaling pathway. 
The western blot results showed that knockdown of YAP 
reduced the phosphorylation of P65, IKKα/β and IκBα 
compared to the IL-1β group (Fig.  5A, B). Conversely, 
YAP overexpression exacerbated the phosphorylation 
of YAP and P65, indicating that YAP indeed affected 
the NF-κB signaling pathway (Fig. 5C, D). Furthermore, 
the immunofluorescence results confirmed that knock-
ing down of YAP reduced the translocation of P65 to 
the nucleus (Fig. 5E, F). P65 is a nuclear factor that reg-
ulates transcription by translocating to the nucleus and 
phosphorylating to stimulate the expression of down-
stream genes [35], which is consistent with our finding 
that knocking down of YAP reduced the translocation 
of P65 to the nucleus, thereby decreasing the inflamma-
tion level of chondrocytes. Furthermore, we conducted 
a Co-IP experiment and discovered that YAP could bind 
to RIPK1, and IL-1β treatment increased the binding 
(Fig. 5G). The IF colocalization images also demonstrated 
that YAP could bind to RIPK1 and IL-1β treatment 
caused more binding (Fig.  5H). These results indicate 
that YAP can bind to and interact with RIPK1, which is 
an upstream molecule of the NF-κB signaling pathway, 
thereby regulating the NF-κB signaling pathway to aggra-
vate chondrocyte degeneration and inflammation.

LIPUS alleviates the development of OA
To investigate the effect of LIPUS on inflammatory 
chondrocytes, we conducted a screening process to 
determine the optimal intervention conditions in terms 
of intensity and duration. Firstly, chondrocytes were 
exposed to intensities of 30  mW/cm2, 45  mW/cm2, 
and 60  mW/cm2 for a duration of 20  min. The results 
indicated that the intensity of 30  mW/cm2 was most 

(See figure on next page.)
Fig. 3 YAP exacerbated chondrocyte damage induced by IL-1β. Chondrocytes transfected with si-NC or YAP siRNA following IL-1β induction 
for 24 h. A qPCR of MMP3, MMP13 and ADAMTS5 relative expression level. B Western blot and quantitative analysis of COL2A1, MMP3, ADAMTS5 
and MMP13 expression level. C, D Western blot and quantitative analysis of COX2, iNOS, P62 and LC3 expression level. E, F Immunofluorescence 
staining and fluorescence intensity analysis of COL2A1 and MMP13 relative expression level. G, H Chondrocytes were transfected with si-NC 
or si-YAP and then transfected with mRFP-GFP-LC3 adenovirus following IL-1β treatment for 24 h. The representative images of fluorescence 
and quantitative analysis of red dots and yellow dots were shown (scale bar: 10 μm). Subsequently, Chondrocytes transfected with oe-NC or oe-YAP 
following IL-1β induction for 24 h. I Western blot and quantitative analysis of COL2A1, MMP3, ADAMTS5 and MMP13 expression level. J, K Western 
blot and quantitative analysis of COX2, iNOS, Beclin-1 and P62 expression level. L–O Immunofluorescence staining and fluorescence intensity 
analysis of COL2A1 and MMP13 relative expression level. Data are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 4 YAP overexpression exaggerates cartilage degeneration in post-traumatic OA rats. A Schematic diagram of animal experiment. B The body 
weight of rats. C IHC staining to show the YAP-positive cell in cartilage (scale bar: 100 μm). D The CT three-dimensional reconstruction images 
of rats (scale bar: 1 mm). E H&E staining and Safranin O/Fast green of the six groups (scale bar: 500 μm). F, G Immunohistochemistry staining 
to show the COL2A1-positive cell, MMP13-positive cell and P62-positive cell in cartilage of the six groups (scale bar: 100 μm). Data are shown 
as mean ± SD. *P < 0.05, **P < 0.01, *** P < 0.001
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effective in reducing the expression of catabolism pro-
teins (MMP13 and ADAMTS5) and inflammatory pro-
tein (COX2) (Fig. 6A, B). Furthermore, the intensity of 
30mW/cm2 also induced autophagy in inflammatory 
chondrocytes, as evidenced by decreased expression 
of P62 and increased expression of autophagy-related 
gene 5 (ATG5) and LC3II/I (Fig.  6C, D). These results 
suggested that the intensity of 30  mW/cm2 signifi-
cantly restored ECM homeostasis and inhibited the 
progression of inflammation and impaired autophagy 
in inflammatory chondrocytes. Subsequently, chon-
drocytes were treated with LIPUS for 10  min, 20  min 

and 30 min at an intensity of 30 mW/cm2 and we found 
that 20 min of treatment was most effective in upregu-
lating the expression of anabolism proteins (ACAN, 
COL2A1 and SOX9), indicating the chondrogenic 
effect of LIPUS on chondrocytes (Fig. 6E, F). Addition-
ally, 20 min of treatment also increased the expression 
of ATG5 (Fig. 6G). These results suggested that 20 min 
of treatment considerably restored ECM homeostasis 
and inhibited the impaired autophagy in inflammatory 
chondrocytes. Therefore, we selected the intensity of 
30 mW/cm2 and the duration of 20 min as the interven-
tion condition for subsequent experiments. In addition, 

Fig. 5 YAP regulates NF-κB signaling pathway. A, B Western blot and quantitative analysis of P-P65, P-IKKα/β and P-IκB relative protein expression 
with si-NC or si-YAP following IL-1β induction. C, D Western blot and quantitative analysis of P-YAP, YAP, P-P65 and P65 relative protein expression 
with oe-NC or oe-YAP following IL-1β induction. E, F Images of IF staining and statistical analysis for P65 relative expression and the distribution 
in chondrocytes transfected with si-NC or si-YAP following IL-1β induction for 15 min (scale bar: 35 μm). G Co-IP experiment of the binding 
between YAP and RIPK1 was shown. H YAP and P-RIPK1 colocalization in chondrocytes were detected by IF (scale bar: 10 μm). Data are shown 
as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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the results of qPCR confirmed the positive effect of 
LIPUS in inflammatory chondrocytes (Fig. 6H).

Subsequently, LIPUS was applied to further elucidate 
the therapeutic effect of on OA through regulating YAP. 
Westen blot results suggested that compared to chon-
drocytes treated with oe-YAP or IL-1β alone, treatment 
combination with oe-YAP and IL-1β further reduced the 
expression of COL2A1, ACAN and SOX9 but increased 
the expression of MMP3, COX2 and iNOS. However, 

LIPUS was able to reverse these adverse outcomes 
(Fig.  7A, B). These results indicated that LIPUS consid-
erably reversed the imbalance of ECM homeostasis and 
inflammatory progression that accelerated by YAP over-
expression. Moreover, Western blot results also showed 
that YAP overexpression increase the phosphorylation 
of YAP and P65 compared to the IL-1β group, while 
LIPUS demonstrated therapeutic effect (Fig.  7C), indi-
cating that LIPUS regulated the phosphorylation of YAP 

Fig. 6 LIPUS inhibits the progression of OA. A, B Western blot and quantitative analysis of MMP13, ADAMTS5 and COX2 expression level with LIPUS 
application for 20 min. C, D Western blot and quantitative analysis of P62, ATG5 and LC3 expression level with LIPUS application for 20 min. E, F 
Western blot and quantitative analysis of ACAN, COL2A1, SOX9 and COX2 expression level with 30 mW/cm2 LIPUS application. G Western blot 
and quantitative analysis of ATG5 expression level with 30 mW/cm2 LIPUS application. H qPCR of MMP3, ADAMTS5 and MMP13 relative expression 
level. Data are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001

(See figure on next page.)
Fig. 7 LIPUS inhibits the progression of OA via YAP/RIPK1 axis. A Western blot and quantitative analysis of ACAN COL2A1, SOX9 and MMP3 
expression level. B Western blot and quantitative analysis of COX2 and iNOS expression level. C Western blot of P-YAP and P-P65 expression level. 
D, E Immunofluorescence staining and fluorescence intensity analysis of COL2A1 and MMP13 relative expression level. F Chondrocytes were 
transfected with mRFP-GFP-LC3 adenovirus following IL-1β treatment for 24 h. The representative images of fluorescence and quantitative analysis 
of red dots and yellow dots were revealed (scale bar: 10 μm). G Western blot of P-YAP, YAP, P-P65, P65, P-IκB, IκB, P-RIPK1 and RIPK1 relative protein 
expression. H Images of IF staining for P65 relative expression and the distribution in chondrocytes with IL-1β induction for 15 min (scale bar: 
25 μm). I Co-IP experiment of the binding between YAP and RIPK1 after LIPUS intervention. J YAP and RIPK1 colocalization in chondrocytes were 
detected by IF after LIPUS intervention (scale bar: 10 μm). K, L Immunohistochemistry staining to show the P-YAP-positive cell, P-RIPK1-positive cell 
and P-P65-positive cell in cartilage of the six groups (scale bar: 100 μm). Data are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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and P65. Subsequently, we performed an IF assay, which 
indicated that the proliferation in COL2A1 fluorescence 
intensity increased after LIPUS intervention compared to 
the IL-1β group, whereas MMP13 showed the opposite 
trend (Fig. 7D, E). After that, we examined the effect of 
LIPUS on chondrocyte autophagic influx. The IF results 
revealed that LIPUS could partially restore the impaired 
autophagy capacity caused by IL-1β (Fig.  7F). In addi-
tion to the synthetic, catabolic and inflammation mark-
ers, we also examined NF-κB pathway related indicators 
and results shown that IL-1β administration increased 
the expression of P-YAP, P-P65, P-IκBα and P-RIPK1, 
while the application of LIPUS noticeably reduced the 
phosphorylation of YAP, P65, IκBα and RIPK1 (Fig. 7G). 
Notably, compared to the control group, the results of 
IF showed that treating the chondrocytes with IL-1β 
resulted in more transfer of P65 into the nucleus, which 
was decreased after exposed to LIPUS (Fig.  7H), indi-
cating that LIPUS inhibited the nuclear translocation 
of P65. Furthermore, we found an important result, the 
Co-IP and IF colocalization results showed that LIPUS 
reduce the binding between YAP and RIPK1 compared 
to the IL-1β group (Fig.  7I, J), thereby regulating the 
NF-κB pathway and the progression of OA. Addition-
ally, the IHC results revealed that compared with the 
DMM group, AAV9-YAP further increased the expres-
sion level of P-YAP, P-P65 and P-RIPK1 in the cartilage. 
However, there were fewer P-YAP, P-P65 and P-RIPK1 
positive chondrocytes observed in the cartilage of DMM 
rats treated with LIPUS, indicating the inhibitory effect 
of LIPUS on the phosphorylation of YAP, P65 and RIPK1 
(Fig.  7K, L). Together, these results demonstrated that 
LIPUS had significant therapeutic effects on inflamma-
tory chondrocytes by regulating YAP and NF-κB signal-
ing pathway.

LIPUS protects rat against DMM‑induced cartilage 
degeneration
Considering the findings that LIPUS could relieve pain 
and promote cartilage repair, the effect of LIPUS on 
OA was investigated in vivo [17, 36]. Firstly, AAV9-YAP 
was intra-articular injected into rats to up-regulate the 
expression of YAP. Four weeks after injection, rats under-
went either Sham or DMM surgery to establish the OA 
model. Subsequently, LIPUS was applied 1  week after 

surgery and continued for 6  weeks (Fig.  8A). The body 
weight among the groups showed no statistically signifi-
cant difference (Fig. 8B). As expected, H&E and Safranin 
O/Fast green staining revealed that LIPUS administra-
tion significantly attenuated cartilage degeneration, as 
indicated by a lower OARSI score compared to the DMM 
group and the DMM + OE-YAP group (Fig.  8C). Con-
sistent with above, the immunohistochemistry results 
showed that the highly expressed MMP13 and P62 in 
the cartilage of DMM rats were significantly aggravated 
in AAV-YAP-treated mice, which were markedly sup-
pressed by LIPUS treatment. However, the expression of 
COL2A1exhibited the opposite trend. (Fig. 8D). Further-
more, the micro-CT image of the tibial plateau demon-
strated that DMM surgery induced severe subchondral 
bone loss compared to Sham group, which was further 
exaggerated by YAP-AAV, but ameliorated by LIPUS 
treatment (Fig. 8E). Interestingly, the mechanical thresh-
old of rats suffered DMM surgery decreased compared to 
the Sham group, but it was considerably increased after 
application of LIPUS. Notably, this therapeutic effect of 
LIPUS was observed only in the 8th and 10th week in 
the assessment of the nociception to heat (Fig. 8F), indi-
cating that LIPUS effectively relieved pain in OA rats. 
Furthermore, we also examined the levels of inflamma-
tory factors and found that DMM surgery and YAP over-
expression increased the inflammatory factors (IL-1β 
and TNF-α) in the sera, while LIPUS reduced the level 
of inflammatory factors (Fig.  8G). In conclusion, these 
findings demonstrated that administration of LIPUS to 
the OA model attenuated cartilage degeneration, restore 
autophagy capacity and decrease inflammation in post-
traumatic OA rats.

Discussion
As reported, the Hippo/YAP signal transduction may 
be involved in regulating the physiological process of 
cartilage and is related to the pathogenesis of OA [37, 
38]. However, the specific mechanism of its role in the 
occurrence and progression of OA is not yet clear. In 
this study, we found that the autophagy capacity of 
inflammatory chondrocytes was impaired, which lead-
ing to the accumulation of YAP and the expression of 
P-YAP in chondrocytes were increased. Subsequently, 
the increased intracellular YAP could bind and activate 

Fig. 8 LIPUS inhibits cartilage degeneration in post-traumatic OA of rats. A Schematic diagram of animal experiment. B The body weight of rats. 
C H&E staining and Safranin O/Fast green of the six groups (scale bar: 500 μm). D Immunohistochemistry staining to show the COL2A1-positive 
cell, MMP13-positive cell and P62 -positive cell in cartilage of the six groups (scale bar: 100 μm). E The CT 3D reconstruction images of rats (scale 
bar: 1 mm). F Quantification of the estimation about mechanical and heat pain. G Serum concentration quantification of IL-1β and TNF-α. Data are 
shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001

(See figure on next page.)
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RIPK1, triggering the NF-κB signaling pathway and 
exacerbating chondrocyte inflammation and degrada-
tion of the ECM, ultimately leading to cartilage degra-
dation. Interestingly, LIPUS suppressed the progression 
of OA by restoring autophagy capacity and reduc-
ing the binding between YAP and RIPK1. Therefore, 
enhancing autophagy capacity and inhibiting the YAP–
RIPK1–NF-κB axis through LIPUS may provide a new 
therapeutic approach for OA (Fig. 9).

As reported, changes in autophagy-related genes 
that interact with the Hippo-YAP signaling pathway 
are essential for maintaining the physiological bal-
ance of the body [39, 40]. Meanwhile, excessive apop-
tosis of chondrocytes and a deficiency in protective 
autophagy capacity may be the pathogenesis of OA [41, 
42]. Besides, when autophagy is relatively inactive, the 
activity of YAP increases [43]. Our study found that 
after treating chondrocytes with IL-1β, the autophagy 
capacity of chondrocytes declined while the expression 
of YAP increased. Additionally, we confirmed the inter-
action between P62 and YAP, indicating that YAP is 
directly related to autophagy in chondrocytes, and the 

accumulation of YAP is caused by impaired autophagy 
capacity.

Interestingly, the expression of YAP in OA shows dif-
ferent and even opposite changes in different studies 
[15, 44]. Considering the role of YAP in inflammatory-
related diseases, elucidating of the mechanisms of YAP 
in osteoarthritis is important for more precisely target-
ing this molecule. Our results suggest that the expres-
sion of YAP increases in inflammatory chondrocytes 
and post-traumatic OA rats. Besides, IL-1β promoted 
the phosphorylation of YAP. To further confirm the 
connection between YAP and OA, the expression level 
of YAP was changed both in  vivo and in  vitro experi-
ments. We observed that YAP overexpression acceler-
ated the progression of OA, while knockdown of YAP 
expression reversed this change, indicating that YAP 
is closely connected to the occurrence and progres-
sion of OA. Nevertheless, the potential mechanism 
remains unclear. Deng et  al. demonstrated that YAP 
block the activation of IKKα/β, thereby inhibiting the 
NF-κB signaling pathway [15]. In this study, we have 
confirmed for the first time that YAP can interact with 

Fig. 9 Schematic diagram of LIPUS inhibits the progression of OA by regulating the YAP–RIPK1–NF-κB axis
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RIPK1 to activate downstream NF-κB signaling path-
ways, thereby accelerating the progression of OA.

Recently, it has been found that LIPUS can miti-
gate the progression of some inflammatory diseases 
including OA. For example, Zhang et  al. found that 
LIPUS improves synovial inflammation and painful 
gait patterns in DMM mice. Mechanistically, LIPUS 
up-regulates the level of macroautophagy/autophagy, 
accelerates the formation of SQSTM1-PKM complex 
and down-regulates the level of PKM2 in LPS-ATP-
treated macrophages, thereby inhibiting IL-1β produc-
tion [45]. Mitophagy is an important regulatory mode 
for cells to maintain normal function. A recent study 
showed that focused LIPUS can activate mitophagy, 
promote PGAM5 expression and dephosphorylation 
of FUNDC1 at Ser13, thereby improving the inflam-
matory response, anabolism and catabolism of OA 
chondrocytes induced by IL-1β [46]. In this study, we 
selected the optimal conditions for treating chondro-
cytes with LIPUS and found that when the intensity 
was 30  mW/cm2 and the duration was 20  min, LIPUS 
most significantly inhibited inflammation of chondro-
cytes. Furthermore, it also promoted ECM homeo-
stasis and restored the decreased level of autophagy 
caused by IL-1β, which is consistent with the findings 
of previous studies. However, we selected the most 
effective conditions of intervention and focused on 
the new mechanisms behind, especially the transfor-
mation of mechanical mechanics. As reported, YAP 
is the substrate of autophagy, and mechanical signals 
can regulate the efficiency of autophagy by adjusting 
YAP signaling pathway, which promotes the fusion of 
autophagy vesicles and lysosomes [14, 40]. In addi-
tion, YAP is a mechanotransducer, which can sense the 
external mechanical stimulation to cells and convert it 
into cell-specific transcriptional program [47, 48]. Base 
on this background, we found that LIPUS inhibited 
the phosphorylation of YAP by regulating the effect of 
mechanical stress on cells. Furthermore, we also found 
that LIPUS reduced the interaction between YAP and 
RIPK1, thereby preventing the activation of the NF-κB 
signaling pathway, thus reducing the damage caused 
by the inflammatory mediators, restoring impaired 
autophagy capacity and promoting the degradation of 
YAP. As we all known, the present treatments includ-
ing symptomatic treatment and joint replacement 
cannot reverse the progression of OA, it is necessary 
to research novel treatment methods, especially non-
invasive treatment. Notably, more and more basic and 
clinical studies including our study confirmed the effec-
tiveness of LIPUS in the treatment of osteoarthritis in 
the last decade, providing more evidence that LIPUS 

become a new option for the non-invasive treatment of 
OA [46, 49–52].

However, there are some limitations in this study. 
Firstly, although we have confirmed for the first time 
that YAP can bind to RIPK1, the specific binding region 
needs further elucidation, which will be the focus of our 
future research. Secondly, although many studies have 
confirmed the effectiveness of LIPUS, most of them are 
still in the stage of cell and animal experiments, which 
as same as our study [53]. There are few clinical exper-
imental data on LIPUS in the treatment of OA and the 
intensity and effects are different [54, 55]. Therefore, it 
is important to note that there is no unified standard for 
the intensity and duration of LIPUS on the treatment of 
OA, and the specific regulatory parameters still need to 
be further optimized by preclinical studies, which is the 
future direction of us.

Conclusions
In conclusion, this study investigated the specific mech-
anism of how YAP contributes to the occurrence and 
development of OA. Our findings demonstrate that the 
impaired autophagy leads to the accumulation of YAP, 
which in turn causes further injury of chondrocyte 
via the YAP–RIPK1–NF-κB axis. In addition, we have 
selected the most effective intensity and duration of the 
application of LIPUS and confirmed that LIPUS regu-
lated the phosphorylation of YAP and reduced the bind-
ing of YAP and P-RIPK1, thereby significantly inhibiting 
IL-1β-induced chondrocyte inflammation and autophagy 
damage. Furthermore, we also demonstrated that LIPUS 
could significantly inhibit cartilage degeneration in post-
traumatic OA rats. These findings further confirm the 
potential of LIPUS in the treatment of osteoarthritis and 
provide data on the selection of therapeutic parameters, 
which will provide new directions for the clinical applica-
tion and scientific research of LIPUS.
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