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The effective and translational strategy to regenerate knee meniscal fibrocartilage remained challenging. 
Herein, we first identified vascular smooth muscle cells (VSMCs) transdifferentiated into fibrochondrocytes 
and participated in spontaneous meniscal regeneration using smooth muscle cell lineage tracing transgenic 
mice meniscal defect model. Then, we identified low-intensity pulsed ultrasound (LIPUS) acoustic 
stimulus enhanced fibrochondrogenic transdifferentiation of VSMCs in vitro and in vivo. Mechanistically, 
LIPUS stimulus could up-regulate mechanosensitive ion channel Piezo1 expression and then activate 
the transforming growth factor β1 (TGFβ1) signal, following repression of the Notch signal, consequently 
enhancing fibrochondrogenic transdifferentiation of VSMCs. Finally, we demonstrated that the regular 
LIPUS stimulus enhanced anisotropic native-like meniscal fibrocartilage tissue regeneration in a beagle 
canine subtotal meniscectomy model at 6 months postoperatively. The single-cell RNA sequencing analysis 
confirmed the role of VSMC fibrochondrogenic transdifferentiation in meniscal regeneration.

Introduction

   �e meniscus was located between femur and tibia cartilage, 
which provided the function of shock absorption, lubrication, 
and joint stability [  1 ]. Meniscal defect or injury could disrupt 
the balance of joint mechanics. �is would lead to secondary 
cartilage degeneration or even osteoarthritis, which a�ected knee 
joint motion and life quality [  2 ]. Currently, the 3-dimensional 
(3D) printing technique was applied extensively in the �eld of 
regenerative medicine due to its advantage of precise manufac-
turing [  3 –  5 ]. �e studies implanting 3D-printed porous scaf-
fold and stimulating factors to facilitate meniscal regeneration 
were increased dramatically, which obtained meniscus-like 
tissue and alleviated cartilage degeneration in some degree 
[  6 ,  7 ]. Within the regenerated meniscus-like tissue, there existed 
not only �brocartilaginous and �brous tissue but also abundant 
vascular tissue [  8 ]. �e vascularization could bring nutrients 
and oxygen and accelerate exchange of metabolites intrinsically, 
which was bene�cial to meniscal regeneration. However, the 
role of cellular component of blood vessels in meniscal regen-
eration was not clari�ed to our knowledge. Previous studies 
have indicated that vascular smooth muscle cells (VSMCs) were 
not terminally di�erentiated and maintained phenotypic plas-
ticity in response to various environmental conditions [  9 ]. In 

atherosclerosis, VSMCs were demonstrated to transdi�erenti-
ate into chondrocyte-like cells and secrete cartilaginous matrix 
[  10 ,  11 ]. We hypothesized that VSMCs could transdi�erentiate 
into chondrocyte-like cells and contribute to meniscal �brocar-
tilage regeneration. In the present study, we clari�ed VSMCs 
transdi�erentiated into �brochondrocytes (FCs) within the 
spontaneously regenerated meniscal tissue using mice menis-
cal defect model.

   �e biochemical stimulus was critical for inducing or main-
taining �brochondrogenic phenotype of regenerative cells 
during meniscal regeneration. Most of the studies regarding 
meniscal repair or regeneration applied exogenous growth fac-
tors, such as transforming growth factor β (TGFβ) family mem-
bers, connective tissue growth factor (CTGF), and so on, or 
small molecules, such as kartogenin (KGN) [ 1 ,  12 ]. However, 
the dosage, administration frequency, release model, metabo-
lism, pharmacokinetics, and immunogenicity in vivo could not 
be de�ned, which a�ected its translation in clinic. Recent studies 
have attempted to apply biophysical stimulus as an alternate 
for biochemical stimulus, such as low-intensity pulsed ultra-
sound (LIPUS) [  13 ]. LIPUS could provide pulsed acoustic 
mechanical stimulus and has been approved by the U.S. Food 
and Drug Administration (FDA) for the treatment of fresh bone 
fractures and non-unions [  14 ]. LIPUS has been demonstrated 
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to up-regulate the expression of genes related to fracture healing, 
including osteopontin and growth factors, which promoted chon-
drogenesis and angiogenesis [  15 ]. �e mechanotransductive 
e�ects exerted by LIPUS increased the expression of anabolic 
factors of chondrocytes, including aggrecan and type II col-
lagen (COL II), and promoted chondrogenic di�erentiation of 
mesenchymal stem cells (MSCs) [  16 ,  17 ]. Moreover, Kamatsuki 
et al. [  18 ] demonstrated that LIPUS stimulus enhanced the gene 
expression of SOX9, aggrecan, and COL II of native meniscus 
cells. Regarding its e�ect on chondrogenesis, we hypothesized 
that LIPUS could promote the chondrogenic transdi�erentia-
tion of VSMCs. In the present study, we clari�ed that LIPUS 
could up-regulate �brochondrogenic markers and down-regulate 
smooth muscle contractile markers of VSMCs in vitro. Moreover, 
LIPUS stimulus promoted meniscal �brocartilage regeneration 
in a subtotal meniscectomy model of beagle canine.

   Single-cell RNA sequencing (scRNA-Seq) is a well-established 
and powerful way to study transcriptomic cell-to-cell variation, 
which could identify cell types and provide meaningful clues dur-
ing tissue physiological, pathological, and regenerative processes 
[  19 ]. In the present study, the scRNA-Seq was used to clarify the 
cell populations and gene expression during the regenerative 
process of meniscus. �e pseudo-time trajectory analysis clari�ed 
that VSMCs existed at the pseudo-space trajectory start and trans-
di�erentiated into FCs. �e abbreviations used in the present 
study were summarized in Table S1.   

Materials and Methods

The manufacturing of PU_PCL scaffold
   In the present study, the composite PU_PCL material was used 
for sca�old manufacturing. A previous study demonstrated that 
a combination of thermoplastic medical-grade polyurethane 
(PU) (Carbothane PC-3575A, Lubrizol, USA) and poly-ε-
caprolactone (PCL) (19561-500G, molecular weight 43,000 to 
50,000; Polysciences Inc., USA), referred to as PU_PCL, at a 
weight ratio of PU/PCL = 60/40 resembled the native meniscal 
tissue in mechanical properties [  20 ]. �is would avoid second-
ary cartilage degeneration caused by pure PCL-based sca�old 
implant, which was sti�er than native meniscus and cartilage 
[  21 ]. Herein, trichloromethane was used to dissolve PU and 
PCL particles. A�er stirring overnight in the fume hood, PU 
and PCL could be mixed thoroughly. In order to accelerate the 
evaporation of trichloromethane, the mixed solution was put 
in the drying oven at 60 °C for 2 d. �en, the PU_PCL block 
was cut into small pieces of 2 × 2 × 2 mm using scalpel. �e 
PU_PCL composite material was used for sca�old printing.

   �e PU_PCL meniscal sca�old printing was completed 
according to a previous study [  22 ]. Brie�y, the 2D images of 
meniscus from mature beagle canine (age: 12 months; weight: 
20 kg) were acquired by micro-computed tomography (CT) 
scanning (GE Healthcare, USA). �e 3D model was con-
structed. In the present study, the nozzle of 400 μm was used 
for extrusion. �e printing path within the meniscus model 
contains circumferential and radial orientations, resembling 
the native arrangement of collagen �bers in native meniscus. 
�en, the meniscus sca�old was fabricated in a layer-by-layer 
stacking manner.   

VSMC isolation and expansion
   A�er institutional review board approval, VSMCs were har-
vested from aorta. �e thoracic and abdominal aorta were 

harvested. �e aorta was rinsed with cold sterile PBS solution 
to remove blood clot. �e peripheral so� tissue was removed 
using scissors. �e media vascular smooth muscle layer could 
be separated a�er removal of adventitia and intima using 
scalpel. �en, the media layer was cut into approximately 
0.1-mm pieces and then digested with 0.2% type I collagenase 
(Gibco, USA) for 2 h at 37 °C. �e single-cell suspension was 
prepared. A�er expansion and passage, the VSMCs at passage 
2 (P2) were used for subsequent experiments.   

Flow cytometry
   Preparation of cells: a�er cell processing and counting, centri-
fuge at 1,000 rpm for 5 min, discard the supernatant, and wash 
the cells once with cell wash solution [PBS containing 2% 
bovine serum albumin (BSA)]; cell �xation: �x cells with 4% 
paraformaldehyde at a ratio of 1 ml of 4% paraformaldehyde 
per 2 × 106 cells, and �x at room temperature for 15 min; cell 
cleaning: add cell cleaning solution, centrifuge at 1,000 rpm for 
5 min, discard the supernatant, and repeat the cleaning process; 
cell membrane breaking: resuspend cells with a membrane 
breaking agent (00-8333-56, eBioscience, �ermo Fisher 
Scienti�c Inc., USA) and add cells to a 1.5-ml Eppendorf 
tube, 1 × 106 cells/tube, with a volume of 100 μl/tube; control 
settings: the blank tube and only secondary antibody incuba-
tion tube were included and regarded as control tubes, and the 
primary and secondary antibody incubation tube was regarded 
as test tube; primary antibody incubation: the primary antibody 
was added to the test tube. Mix thoroughly and incubate at 
room temperature for 30 min. Shake the reaction tubes every 
10 min during incubation to allow the cells and antibodies 
to fully react. �e PBS solution with same volume was added 
to the control tubes; cell cleaning: add an appropriate amount 
of transmembrane penetrating agent, centrifuge at 1,000 rpm 
for 5 min, discard the supernatant, and repeat washing cells 
twice; secondary antibody incubation: add an appropriate 
amount of �uorescence-labeled secondary antibodies to the 
test tube and only secondary antibody incubation control tube, 
mix well, and incubate at room temperature in the dark for 
30 min. Shake the reaction tube every 10 min during incuba-
tion. �e PBS solution with the same volume was added to the 
blank tube; cell cleaning: add an appropriate amount of trans-
membrane penetrating agent, centrifuge at 1,000 rpm for 5 min, 
discard the supernatant, and repeat washing cells twice; �ow 
cytometry analysis: resuspend cells with 100 μl of PBS solution 
and �rst analyze the control tubes and then the test tube. In the 
present study, the smooth muscle 22α (SM22α) marker was 
used to analyze the purity of isolated rat VSMCs. �e secondary 
antibody was conjugated with Alexa Fluor 647 �uorescence 
(excitation: 652 nm, emission: 668 nm).   

Cell treatment
   To evaluate the e�ect of LIPUS stimulus on rat VSMC pheno-
types in vitro, the ultrasonic therapy instrument was used 
(UT1021, Nu-Tek, China). �e LIPUS waves with 0.1 W/cm2

intensity were transmitted through the bottom of 6-well culture 
dish with coupling agent. �e rat VSMCs were stimulated at 
on–o� ratio of 20% and frequency of 3 MHz for 10 min once 
a day for 14 d. �e nonstimulated rat VSMCs seeded on the 
same culture plate were used as controls. During the whole 
treatment period, the rat VSMCs were cultured with serum-free 
and TGFβ1-free culture medium (α-minimum essential medium). 
�e protein and mRNA were collected at 14 d.
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   �e rat VSMCs were treated with YODA1 (50 μM, HY-18723, 
MCE) for 24 h to activate Piezo1. �e rat VSMCs were treated 
with GsMTx-4 (2 μM, HY-P1410, MCE) for 24 h to suppress 
Piezo1. To identify the role of TGFβ1 in chondrogenic transdif-
ferentiation of rat VSMCs in vitro, the rat VSMCs were cultured 
with chondrogenic induction medium for 2 weeks containing 
growth medium supplemented with TGFβ1 (10 ng/ml, 100-21, 
PeproTech, USA), dexamethasone (10 nM, Sigma-Aldrich, USA), 
ascorbate-2-phosphate (50 μg/ml, Sigma-Aldrich, USA), and 
insulin–transferrin–selenium (6.25 μg/ml, ITS, Gibco, USA). To 
identify whether GsMTx-4 treatment could block the e�ects of 
LIPUS on rat VSMC transdi�erentiation in vitro, the control 
group, the LIPUS treatment group, and the LIPUS treatment + 
GsMTx-4 (2 μM, HY-P1410, MCE) group were involved. �e 
LIPUS treatment parameters, time, and period were identical to 
the aforementioned. �e culture medium in 3 groups was serum 
and cytokine free.   

Mice model
   All animal studies were approved by Peking University Ethics 
Committee. All applicable institutional and/or national guide-
lines for the care and use of animals were followed. In the pres-
ent study, the Myh11-CreERT2; Rosa26-LSL-Tdtomato transgenic 
mice were used to trace VSMCs. �e Myh1l-positive cells expressed 
tdtomato protein. Four transgenic mice (male, 2 months) were 
included. A standard dose of 100 μl of tamoxifen/corn oil solu-
tion (20 mg/ml) was administered by intraperitoneal injection 
once a day for a total of 5 consecutive days. �e total menis-
cectomy of medial meniscus was performed in bilateral knees 
at 11 d from the initiation of tamoxifen induction. Knee joints 
were harvested a�er 4 weeks.   

Rabbit model
   First, to investigate the role of VSMCs in meniscus repair of 
rabbit, focal meniscus defect was prepared in the medial menis-
cus. Four adult rabbits (female, 6 months) were included. �e 
full-thickness meniscal defects of 2.0 mm diameter were pre-
pared according to the previous study [  23 ]. �e samples were 
harvested at 12 weeks a�er surgery for subsequent histological 
analysis.

   Second, to study the e�ect of VSMC transplantation on 
facilitating meniscal repair in rabbit, the allogenic VSMC 
transplantation was performed. Four rabbits (8 knees) were 
used as the VSMC transplantation group. �e VSMCs of 1 × 
105 were encapsulated with gel-MA (5%) and then injected 
into the defect site. �e blue light was used to cure gel-MA. 
In the present study, to trace the fate of transplanted cells, 
VSMCs from male rabbits (6 months) were transplanted into 
female rabbits. �e male VSMCs contained male-speci�c SRY 
gene and could be distinguished from intrinsic female cells 
using in situ hybridization (ISH). Another 4 rabbits (8 knees) 
were used as the blank group. Only gel-MA hydrogel was 
implanted to meniscal defect. All samples were harvested at 
12 weeks a�er surgery. Meniscal repair scoring system [  24 ] 
was used to evaluate meniscal healing degree. �e repair 
scoring system was described in Table S2.

   �ird, to evaluate the role of LIPUS in ectopic chondrogenic 
transdi�erentiation of VSMCs in vivo, male rabbit VSMCs were 
seeded in semilunar porous sca�old and then transplanted 
subcutaneously in the back of female rabbits. Identically, the 
transplanted male VSMCs could be distinguished from host 

cells by ISH. Nine female rabbits (6 months) were used. �e 
blank sca�old, sca�old + VSMCs + TGFβ1, and sca�old + 
VSMCs + TGFβ1 + LIPUS groups were included. Each group 
contained 3 rabbits (6 samples). For the blank sca�old group, 
only the porous PU_PCL sca�old was implanted subcutaneously 
in the back. For the sca�old + VSMCs + TGFβ1 group, the 
porous sca�old was �rst placed in the matched mold, then a 
total of 1 × 106 VSMCs encapsulated with 5% gel-MA [con-
taining 1% phenyl (2,4,6-trimethylbenzoyl) phosphinic acid 
lithium salt (LAP) photoinitiator and 10 ng/ml TGFβ1] solution 
were injected into the porous sca�old followed by crosslinking 
using blue light irradiation for 20 s. �e porous sca�old contain-
ing VSMCs was implanted subcutaneously in the back. For the 
sca�old + VSMCs + TGFβ1 + LIPUS group, on the basis of the 
sca�old + VSMCs + TGFβ1 group, LIPUS stimulus (frequency 
of 3 MHz, intensity of 0.1 W/cm2, on–o� ratio of 20%) was per-
formed for 10 min once every 2 d. All samples were harvested 
for histological analysis at 12 weeks a�er surgery.   

Rat model
   To evaluate the e�ect of LIPUS stimulus on facilitating VSMC 
migration, the porous PU_PCL sca�old was implanted subcu-
taneously in the back of rat. Six rats (male, 2 months) were used. 
�e LIPUS stimulus group and the non-LIPUS blank group 
were included. Each group contained 3 rats (6 samples). Two 
3D-printed semilunar porous PU_PCL sca�olds were implanted 
subcutaneously in the back of each rat. In the LIPUS stimulus 
group, LIPUS (frequency of 3 MHz, intensity of 0.1 W/cm2, on–
o� ratio of 20%) was performed for 10 min once every 2 d. All 
samples were harvested at 12 weeks a�er surgery. �e immunos-
taining for SM22α was used to identify VSMCs.   

Beagle canine model
   �e present study included 16 adult beagle canines (male, 1 year, 
20 ± 5 kg). �e detailed arrangement for each sample was 
described in Table S3. �e meniscectomy (blank), PU_PCL scaf-
fold (sca�old), PU_PCL sca�old supplemented LIPUS stimulus 
(sca�old + LIPUS), and sham groups were involved. �e stan-
dard anesthesia, skin preparation, disinfection, and surgical 
approach were prepared according to previous studies [  25 ,  26 ]. 
�e subtotal meniscectomy model of medial meniscus was com-
pleted according to a previous study [ 22 ]. In the sca�old + LIPUS 
group, the porous meniscal sca�old was transplanted anatomi-
cally and �xed with the residual meniscal tissue using 2-0 
Ethibond sutures. �e incision was closed layer-by-layer using 
sutures. �e LIPUS stimulus (frequency of 3 MHz, intensity of 
0.1 W/cm2, on–o� ratio of 20%) was performed in the medial 
side of knee for 10 min once every 2 d. In the meniscectomy 
(blank) group, only subtotal meniscectomy was performed. In 
the PU_PCL sca�old (sca�old) group, the porous meniscal scaf-
fold was transplanted anatomically a�er subtotal meniscectomy 
in medial meniscus. �e meniscus remained intact in the sham 
group, while the remaining procedures were identical to other 
groups. A�er operation, beagle canines were �rst limited in small 
cages (1.2 × 1.2 × 1.2 m) to avoid excessive motion. �e beagle 
canines were administered with nonsteroidal anti-in�ammatory 
drugs and penicillin for 2 weeks. �en, the beagle canines were 
permitted to move freely. �e samples were collected a�er 6 months. 
Histology and immunostaining were used to evaluate the chemical 
components of the regenerated meniscal tissue. �e mechanical 
properties of regenerated tissue were evaluated using nanoinden-
tation test. scRNA-Seq was used to deeply study the repair 
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process. �e osteoarthritis cartilage histopathology assessment 
system [osteoarthritis cartilage histopathology assessment sys-
tem (OARSI)] scoring [  27 ] was used to evaluate cartilage status 
of medial femoral condyle (MFC) and medial tibial plateau (MTP).   

Costaining of SOX9 immunofluorescence and  
biotin-labeled ISH for SRY gene
   �e probe for SRY gene was designed according to a previous 
study [ 23 ]. �e probe sequence was as follows: SRY probe (5′ 
and 3′ biotin) TGCAAGCAGCAAACTGTCGCT (Qiagen, 
Germany). All solutions used for ISH were free of ribonuclease. 
�e para�n-embedded sections were immersed into xylene 
and ethanol to depara�nize and regain water. �e sections were 
permeabilized by 20 μg/ml proteinase K solution at 37 °C for 
15 min and then washed with PBS. �e heat-induced antigen 
retrieval was completed using pH 6.0 citric acid for 20 min. 
�en, the slices were treated with prehybridization bu�er for 
1 h at 37 °C. �e tissue section was incubated with hybridiza-
tion mix (hybridization bu�er with SRY probe, 80 nM) for 1 h 
at 54 °C. A�er hybridization, rigorous wash was completed with 
graded sodium citrate bu�er (SSC) and PBS. Nonspeci�c pro-
tein binding was blocked by 1% BSA at room temperature for 
15 min. �en, the slices were incubated with �uorescein iso-
thiocyanate (FITC)-labeled anti-biotin and SOX9 antibody 
for 1 h at room temperature. �en, the slices were incubated 
with secondary antibody and 4′,6-diamidino-2-phenylindole 
(DAPI) for 30 min. A�er thorough washing with phosphate-
bu�ered saline with Tween 20 (PBST), the slices were sealed 
with anti-�uorescence quenching agent. �e confocal micro-
scope (TCS-SP8, Leica) was used to capture the images.   

Nanoindentation test
   �e nanoindentation test was completed according to a previous 
study [ 25 ]. First, the sample was glued to a glass slide with sur-
face perpendicular to the indentation direction. �e rubber ring 
was then glued to the glass slide to enclose the sample tissue. 
�e PBS solution was added to the rubber ring to keep the 
samples hydrated. �e samples should be avoided to be drying 
or dehydrated in the entire process. A Tribo-Indenter (Hysitron) 
with a 400-μm-radius curvature, conospherical, diamond probe 
tip was used. Random 6 points through each sample were mea-
sured. �e trapezoidal load function with load (10 s), hold (2 s), 
and unload (10 s) was performed. �e displacement control 
model with maximal 500-nm depth was used. Finally, the elastic 
modulus and hardness were calculated.   

RNA sequencing of rat VSMCs
   �e RNA-sequencing analyses of rat VSMCs a�er LIPUS treat-
ment were performed using the Dr.TOM Platform ( https://
biosys.bgi.com ). Total RNA was extracted using TRIzol reagent. 
cDNA libraries were constructed for each pooled RNA sample 
using MGIEasy RNA Directional kit Total RNA-seq. Bowtie2 
(v2.2.5) was used to align the clean reads to the gene set. �e 
gene expression level was calculated by RSEM (v1.3.1). �e 
gene expression was determined by the TPM (transcripts per 
million reads) method. �e di�erentially expressed genes were 
identi�ed by DESeq2 (v1.4.5) algorithm. Signi�cant analysis 
was completed using the P value and false discovery rate (FDR) 
analyses. �e genes with fold change > 2 or fold change < 0.5, 
FDR < 0.05 were considered to be di�erentially expressed. To 
take insight to the change of phenotype, Gene Ontology (GO) 

( http://www.geneontology.org/ ) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) ( https://www.kegg.jp/ ) enrichment 
analysis of annotated di�erent expression gene was performed 
by Phyper ( https://en.wikipedia.org/wiki/Hypergeometric_
distribution ) based on hypergeometric test. �e signi�cantly 
a�ected GO categories and pathways were identi�ed by Fisher’s 
exact test. �e P value was used to de�ne the threshold of 
signi�cance.   

scRNA-Seq of regenerated and native beagle  
canine meniscal tissue
   �e enzyme solution containing 2% type I collagenase and 2% 
type II collagenase was prepared using centrifuge tubes and 
preheated at 37 °C in water bath. �e meniscal tissue was cut 
into small pieces (1 × 1 × 1 mm) using scalpel. �e tissue block 
was transferred into a centrifuge tube containing enzymatic 
hydrolysate and placed in the constant temperature shaker at 
37 °C for digestion. �e enzymatic solution was shaken gently. 
�e tissue digestion was examined via trypan blue staining until 
no obvious tissue block existed, and then the digestion could 
be paused. �e cell suspension was �ltered using 40-μm cell 
strainer. �e residual cells were cleaned using 2 to 3 ml of pre-
cooled complete medium, in which the cleaning solution was 
�ltered and collected in a centrifuge tube. �e cell suspension 
was centrifuged at 300g and 4 °C for 5 min. �e supernatant 
was discarded. Cell status was observed via trypan blue stain-
ing. �e dead cells and debris were removed using Dead Cell 
Removal Kit. PBS–BSA (0.04%) was used to wash cells. 
Centrifuge at 300g and 4 °C for 5 min and discard the super-
natant. An appropriate amount of PBS–BSA (0.04%) was used 
to resuspend the precipitation followed by counting the cells 
using a hemacytometer.

   �e single-cell suspension, oil, and beads were added into 
C4 scRNA slide and instrument in order. Cell lysis and mag-
netic bead capture mRNA were performed in droplets. All 
reagents were prepared in advance for emulsion breakage. �e 
vacuum pump was used for emulsion breakage. �e reaction 
system was con�gured. A�er reacting at the suitable tem-
perature for a �xed period of time, reverse transcription was 
conducted. �en, cDNA second strand was synthesized a�er 
reacting at the suitable temperature for a �xed period of time. 
A�er reacting at the suitable temperature for a �xed period of 
time, cDNA and oligo products were ampli�ed. �e puri�ca-
tion process was performed separately. �e cDNA and oligo 
products were subjected to quality detection of their concentra-
tion and the size distribution of the fragments. A�erward, oligo 
products were subjected to ampli�cation, index ligation, and 
puri�cation for further circularization. �e cDNAs were sub-
jected to fragmentation, end repair, and addition of “A” base at 
the 3’-end of each strand followed by puri�cation. �e cDNAs 
were subjected to adaptor ligation followed by puri�cation. �e 
PCR system was con�gured. A�er reacting at the suitable tem-
perature for a �xed period of time, ampli�cation was processed 
via PCR followed by puri�cation. �e corresponding library 
quality control was completed. cDNA and oligo products were 
respectively denatured into single strand. �e reaction system 
and program for circularization were respectively con�gured 
and set up. Single-stranded cyclized products were produced, 
while uncyclized linear DNA molecules were digested. 
Single-stranded circle DNA molecules were replicated via roll-
ing cycle ampli�cation, and a DNA nanoball (DNB) that con-
tained multiple copies of DNA was generated. Su�cient quality 
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DNBs were then loaded into patterned nanoarrays using high-
intensity DNA nanochip technique and sequenced through 
combinatorial probe-anchor synthesis (cPAS).

   �e raw gene expression matrix was generated by processing 
raw sequencing data for each sample using DNBelab_C4scRNA 
(v1.0.1) [  28 ]. Downstream analysis was completed using the R 
package Seurat (v 3.2.0) [  29 ]. �e quality control was performed 
based on the number of detected genes and proportion of mito-
chondrial reads per cell. Speci�cally, cells with less than 200 
detected genes or cells with >90% of the maximum genes were 
�ltered out. For the mitochondrial metric, cells were sorted in 
descending order according to the mitochondrial read ratio. �e 
top 15% of cells were �ltered out. Potential doublets were identi-
�ed and removed by DoubletDetection ( https://rdrr.io/github/
scfurl/m3addon/man/doubletdetection.html ). �e cell cycle analy-
sis was performed using the CellCycleScoring function in Seurat 
program. �e gene expression dataset was normalized followed 
by principal components analysis (n = 15) using the 2,000 highly 
variable genes in the dataset. Uniform Manifold Approximation 
and Projection (UMAP) was then used for 2D visualization of 
the resulting clusters. For each cluster, the marker genes were 
identi�ed using the FindAllMarkers function as implemented in 
the Seurat package (logfc. threshold > 0.25, minPct > 0.1, and 
P adj ≤ 0.05). �en, clusters were remarked to known cell types by 
the single-cell sequence atlas (SCSA) method [  30 ]. Di�erentially 
expressed genes across di�erent samples were identi�ed using 
the FindMarkers function in Seurat with parameters “logfc. 
threshold > 0.25, minPct > 0.1, and P adj ≤ 0.05”.

   GO (associated 3 integrated databases: UniProt:  http://�p.
ebi.ac.uk/pub/databases/GO/goa/UNIPROT/goa_uniprot_all.
gaf.gz , National Center for Biotechnology Information’s (NCBI) 
gene2GO:  �p://�p.ncbi.nih.gov/gene/DATA/gene2go.gz , 
GO’s o�cial website:  �p://�p.pir.georgetown.edu/databases/
idmapping/idmapping.tb.gz ) analysis and KEGG (V93.0) 
pathway analysis were performed using phyper, a function of 
R. Only GO terms or KEGG pathways with FDR ≤ 0.05 were 
considered to be signi�cantly enriched. Monocle2 [  31 ] applied 
reversed graph embedding to describe multiple fate decisions 
in a fully unsupervised manner. We used Monocle2 to do 
pseudo-time analysis.   

Statistical analysis
   �e data were demonstrated with mean values ± SD. �e 
Shapiro–Wilk test was used to evaluate data distribution. �e 
equal variance of data was checked before analysis. �e unpaired 
2-tailed Student’s t test was performed for the comparison of 
2 groups. �e ordinary one-way analysis of variance (ANOVA) 
or 2-way ANOVA with Bonferroni multiple comparison test 
was performed for the comparison of multiple groups. �e 
statistical signi�cance was considered when P < 0.05. �e 
statistical analysis was performed using GraphPad Prism so�-
ware (version 8.0.1, USA). �e reagents or resources in the 
present study were described in Table S4.    

Results
VSMCs transdifferentiated into chondrocyte-like  
cells during meniscal regeneration in mice  
and rabbit
   Small-animal models, like mice or rabbit, had relatively robust 
intrinsic healing capacity compared to large animals and 
human beings. �ereby, small animals would be appropriate 

to investigate the role of VSMCs during the meniscal regenera-
tive process. Recently, myosin heavy chain 11 (Myh11) has 
been identi�ed as a speci�c marker of smooth muscle cells 
[  32 ], which was typically expressed in male. In the present 
study, the Myh11-CreERT2; Rosa26-LSL-Tdtomato transgenic 
mice were used to label VSMCs. �e Myh11-positive cells 
expressed tdtomato protein [a kind of red �uorescence protein 
(RFP)]. �e total meniscectomy of medial meniscus was per-
formed at 11 d from the start of tamoxifen induction. �e knee 
joints were collected a�er 4 weeks (Fig.  1 A). �e validation of 
using Myh11-CreERT2; Rosa26-LSL-Tdtomato transgenic mice 
to trace smooth muscle cell lineage was con�rmed. In the trans-
genic mice tail tissue, the RFP signals were restricted within 
the blood vessels (Fig.  1 B). �e meniscus-like tissue sprouted 
between femur and tibia cartilage. �e robust expression of 
chondrogenic markers (SOX9 and COL II) was presented in 
the RFP-positive cells, further con�rming the transdi�erentia-
tion of VSMCs into chondrocyte-like cells (Fig.  1 C). In native 
healthy meniscus of lineage tracing transgenic mice, some RFP-
positive cells also colocalized with SOX9 signals (Fig. S1). 
SM22α is another identi�ed marker of VSMCs [  33 ], which was 
expressed in male and female. Additionally, the focal full-
thickness meniscal defect model was prepared in the avascular 
zone of medial meniscus anterior horn of female rabbit (Fig. 
 1 D). �e robust costaining of α-smooth muscle actin (α-SMA), 
SM22α, and SOX9 was observed in the repaired tissue section 
of rabbit meniscus. �e robust costaining of α-SMA, SM22α, 
and COL II was also observed in the regenerated tissue (Fig.  1 E), 
demonstrating that VSMCs transdi�erentiated into chondrocyte-
like cells and contributed to meniscal healing in the rabbit 
meniscus defect model. �e tissue slices incubated with only 
secondary antibodies (donkey anti-goat IgG H&L–Alexa Fluor 
488, donkey anti-mouse IgG H&L–Alexa Fluor 594, donkey 
anti-rabbit IgG H&L–Alexa Fluor 647) were used as negative 
controls (Fig. S2).           

VSMC transplantation facilitated meniscal repair in 
a rabbit meniscus focal defect model
   In order to investigate the e�cacy of VSMC transplantation 
on meniscal repair, the VSMCs were encapsulated with gel-MA 
hydrogel and then transplanted to meniscal focal defect of the 
rabbit model (Fig. S3A). Moreover, in order to trace the fate 
of transplanted cells, the VSMCs from male rabbits were trans-
planted to female rabbits. �en, the ISH of male-speci�c sex-
determining region Y-linked (SRY) gene could be used to 
distinguish transplanted VSMCs. At 12 weeks a�er implanta-
tion, meniscus tissue was harvested and meniscal repair was 
assessed. In the VSMC transplant group, the repaired tissue 
contained more cell clusters with FC-like cell morphology. �e 
extracellular matrix (ECM) in repaired tissue demonstrated 
robust deposition of glycosaminoglycans (GAGs) re�ected 
by safranin O staining, COL I, and COL II. Moreover, the 
repaired tissue demonstrated superior integration with periph-
eral native meniscus tissue. However, in the blank gel-MA 
hydrogel group, inferior integration and matrix deposition was 
demonstrated. �e VSMC transplant group demonstrated 
higher meniscal repair scores (Fig. S3B and C). Subsequently, 
the immuno�uorescent costaining of ISH for the SRY gene 
and chondrogenic marker (SOX9) con�rmed the transdi�er-
entiation of transplanted VSMCs into chondrocyte-like cells 
(Fig. S3D).   
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LIPUS enhanced transdifferentiation of rat and 
rabbit VSMCs into chondrocyte-like cells
   �is part mainly demonstrated that LIPUS could enhance trans-
di�erentiation of VSMCs into chondrocyte-like cells. First, 
the �ow cytometry analysis of isolated rat VSMCs based on the 
SM22α marker demonstrated a purity of 99.39% (Fig. S4). �e 
rat VSMCs were treated with LIPUS in vitro (Fig.  2 A). �e �bro-
chondrogenic, hypertrophic, and smooth muscle contractile 
markers were evaluated by qPCR and Western blot. A�er LIPUS 
treatment, the mRNA levels of �brochondrogenic markers, 

including COL2A1, COL1A1, aggrecan, and RUNX1, were up-
regulated signi�cantly. However, the chondrogenic marker of 
SOX9 was not observed to up-regulate in the mRNA level. 
During chondrogenic transdi�erentiation of VSMCs, the mRNA 
level of hypertrophy, COL10A1 was not up-regulated. However, 
the smooth muscle contractile markers, including Myh11, 
SM22α, and α-SMA, were down-regulated signi�cantly in the 
mRNA level a�er LIPUS treatment. No signi�cant change of the 
mRNA level was observed in another smooth muscle contractile 
marker, myocardin (Fig.  2 B). As demonstrated by Western blot, 

Fig. 1. Vascular smooth muscle cells (VSMCs) transdifferentiate into chondrocyte-like cells during spontaneous meniscal regeneration in mice and rabbit meniscus defect 
model. (A) Time axis of operations in Myh11-CreERT2; Rosa26-LSL-Tdtomato smooth muscle lineage tracing transgenic mice. Four transgenic mice (male, 2 months) were 
included. The total meniscectomy of medial meniscus was performed in bilateral knees at 11 d from the initiation of tamoxifen induction. The knee joints were harvested at 
4 weeks after surgery. (B) Validation of using Myh11-CreERT2; Rosa26-LSL-Tdtomato transgenic mice to trace smooth muscle cell lineage. In transgenic mice tail tissue, the 
RFP signals are restricted in the blood vessels. The white arrows indicate blood vessels. Scale bar, 50 μm. (C) Immunofluorescent costaining of RFP/SOX9 (left) and RFP/COL 
II (right) in transgenic mice spontaneously healed meniscal tissue after total meniscectomy. Scale bar, 50 μm. (D) Schematic diagram of meniscal focal defect preparation in 
rabbit. Four adult rabbits (female, 6 months) were included. The full-thickness defects of 2.0 mm diameter were prepared in the medial menisci of bilateral knees. The samples 
were harvested at 12 weeks after surgery. (E) Immunofluorescent costaining of α-SMA/SM22α/SOX9 (top) and α-SMA/SM22α/COL II (bottom) in rabbit spontaneously healed 
meniscal tissue. Scale bar, 50 μm.
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the protein levels of �brochondrogenic markers (COL2A1, 
aggrecan, COL1A1, SOX9, and RUNX1) were up-regulated 
signi�cantly a�er LIPUS treatment, while the protein levels 

of smooth muscle contractile markers (SM22α, α-SMA, and 
Myh11) were down-regulated signi�cantly (Fig.  2 C). Second, 
we identi�ed that LIPUS treatment facilitated chondrogenic 

Fig. 2. LIPUS initiates the transdifferentiation of VSMCs into chondrocyte-like cells. (A) Schematic diagram of LIPUS stimulus on rat VSMCs in vitro. (B) mRNA levels of the 
fibrochondrogenic marker, the hypertrophic marker, and the smooth muscle contractile marker in rat VSMCs after LIPUS treatment. n = 4, unpaired t test. (C) Protein levels 
of the fibrochondrogenic marker and the smooth muscle contractile marker in rat VSMCs after LIPUS treatment. (D) Schematic diagram demonstrated the transplantation of 
male rabbit VSMCs into porous scaffold and implanted subcutaneously in the back of female rabbit, followed by LIPUS stimulus. Nine female rabbits (6 months) were used. 
The blank scaffold, scaffold + VSMCs + TGFβ1, and scaffold + VSMCs + TGFβ1 + LIPUS groups were included. Each group contained 3 rabbits (6 samples). All samples were 
harvested for histological analysis at 12 weeks after surgery. (E) Histological and immunohistochemical analyses of ectopic fibrocartilage tissue formation after subcutaneous 
implantation of male rabbit VSMCs. Scale bar of general, 2 mm; scale bar of amplified, 0.5 mm. n = 6, one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 
0.001. (F) Evaluation of transdifferentiation of transplanted male rabbit VSMCs into chondrocyte-like cells after TGFβ1 or supplemented with LIPUS treatment, which was 
demonstrated by the costaining of ISH for SRY gene and SOX9 immunofluorescence. Scale bar, 50 μm. n = 6, unpaired t test, ***P < 0.005.
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transdi�erentiation of rabbit VSMCs and consequent ectopic 
�brocartilage tissue formation in vivo. For the VSMC + 
TGFβ1 + LIPUS group, the 3D-printed porous meniscal scaf-
fold was put in the matched mold. �e rabbit VSMCs were 
suspended in gel-MA hydrogel containing 10 ng/ml TGFβ1 
and then injected into the porous sca�old, followed by cross-
linking with blue light. �e porous sca�old was implanted 
subcutaneously in the back of rabbit followed by LIPUS 
treatment for 12 weeks (Fig.  2 D). For the VSMC + TGFβ1 
group, the LIPUS treatment was absent. For the blank group, 
the blank porous sca�old was implanted subcutaneously. At 
12 weeks, the samples were harvested and analyzed histologi-
cally. �e VSMC + TGFβ1 + LIPUS group demonstrated the 
highest content of �brocartilage matrix, including GAG, 
COL I, and COL II, compared to the VSMC + TGFβ1 group 
and the blank group (Fig.  2 E). In order to distinguish the 
implanted cells, the VSMCs from male rabbits were trans-
planted to female rabbits. Identically, using ISH for SRY 
gene could identify transplanted VSMCs. We performed the 
immuno�uorescent costaining of ISH for SRY gene and 
SOX9 in the formed tissue, further con�rming the chondro-
genic transdi�erentiation of VSMCs. Moreover, more robust 
SOX9 expression was observed in the VSMC + TGFβ1 + 
LIPUS group (Fig.  2 F). �ird, we identi�ed that LIPUS could 
enhance VSMC migration in vivo. �e 3D-printed porous 
sca�old was implanted subcutaneously in the back of rat. 
For the experimental group, LIPUS treatment was performed 
for 12 weeks (Fig. S5A). �en, the sca�old was harvested 
and analyzed histologically. Hematoxylin and eosin (H&E) 
staining demonstrated more cell adhesion in the sca�old. 
Moreover, more robust expression of SM22α, the marker of 
VSMCs, was observed within the sca�old of the LIPUS treat-
ment group. Interestingly, in the blank group, SM22α was 
restricted in the blood vessels, while the SM22α signal was 
dispersed in the intravascular and extravascular regions in 
the LIPUS treatment group. �is phenomenon demonstrated 
that LIPUS could enhance emigration of smooth muscle cells 
out of blood vessels (Fig. S5B1 and B2). Moreover, in the 
blank group, the SM22α signal was restricted in the blood 
vessels, which validated the use of SM22α as the VSMC 
marker (Fig. S5C).           

The mechanisms of LIPUS stimulus on facilitating 
chondrogenic transdifferentiation of rat VSMCs
   �is part mainly demonstrated that LIPUS stimulus could up-
regulate mechanosensitive ion channel Piezo1 expression, then 
activating the TGFβ1 signal. Upon TGFβ1 signal activation, 
the Notch signal was inhibited, consequently leading to chon-
drogenic transdi�erentiation of rat VSMCs. First, to identify 
the underlying changes of gene expression pattern and signal 
pathway, we performed RNA-sequencing analyses in rat VSMCs 
a�er LIPUS treatment in vitro. �e genes were di�erentially 
expressed a�er LIPUS treatment (Fig.  3 A). Moreover, the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway analy-
ses revealed that calcium signaling pathway, TGFβ signaling 
pathway, and Notch signaling pathway were involved (Fig.  3 B). 
Second, we identi�ed that LIPUS stimulus could up-regulate 
Piezo1 expression, then inhibiting the Notch signal, conse-
quently initiating chondrogenic transdi�erentiation of VSMCs. 
LIPUS could provide acoustic mechanical stimulation, which 
inspired us to focus on mechanics-sensing molecules as 

downstream e�ectors. �e mechanosensitive ion channel Piezo1 
was the best characterized biological force-sensing system [  34 ]. 
Previous studies demonstrated that Piezo1 mediated the trans-
formation of ultrasound acoustic mechanical stimulus into 
biochemical e�ect [ 13 ]. �e mRNA and protein levels of Piezo1 
were up-regulated signi�cantly in rat VSMCs a�er treatment 
with LIPUS (Fig.  3 C and D). �e KEGG pathway enrichment 
analysis demonstrated that the Notch signaling pathway was 
involved during chondrogenic transdi�erentiation of VSMCs. 
�e activation of Notch signaling played a critical role in main-
taining contractile phenotype of VSMCs, while the chondro-
genic transdi�erentiation would be initiated upon repression 
of the Notch signal [ 11 ]. A�er LIPUS treatment, the mRNA 
level of Notch ligand (Jag1) was down-regulated signi�cantly. 
�e mRNA level of Notch receptor (Notch1) was up-regulated 
signi�cantly, while the mRNA level of Notch receptor (Notch3) 
was down-regulated signi�cantly. �e downstream target e�ec-
tor of the Notch signal (Hey1) was down-regulated signi�cantly, 
demonstrating repression of the Notch signal. �e protein levels 
of Notch1 and Hey1 were consistent with the mRNA level, dem-
onstrating Notch1 up-regulation and Hey1 down-regulation 
(Fig.  3 C and D). However, the protein level of Jag1 was up-
regulated signi�cantly a�er LIPUS treatment, which may be 
attributed to di�erent chondrogenic transdi�erentiation stages 
[  35 ]. �e up-regulation of the Jag1 and Notch1 protein level 
was contradictory to the down-regulation of Hey1, which may 
be attributed to the complexity of the Jag/Notch signal. �e Jag/
Notch signal contained 5 kinds of ligands (Jag1, Jag2, Dll1, Dll3, 
and Dll4) and 4 kinds of receptors (Notch1, Notch2, Notch3, 
and Notch4) [  36 ]. However, the downstream target e�ector 
Hey1 could re�ect the activation degree of the Notch signal. 
Until now, we have identi�ed that LIPUS could up-regulate 
Piezo1 expression and repressed the Notch signal. In order to 
further elucidate the relation between the Piezo1 and Notch 
signal, the Piezo1 agonist (YODA1) and antagonist (GsMTx-4) 
were applied. A�er YODA1 treatment, the typical �brochon-
drogenic marker (COL1A1 and COL2A1) was up-regulated 
signi�cantly in the protein level, although the chondrogenic 
transcriptional factor (SOX9 and RUNX1) was not up-regulated, 
while the addition of GsMTx-4 repressed the e�ect of YODA1 
on chondrogenic transdi�erentiation, demonstrating down-
regulation of COL2A1. Especially, the YODA1 treatment 
repressed the Notch signal, demonstrating down-regulation of 
Jag1, Notch1, and Hey1, while the addition of GsMTx-4 
reversed the e�ect of YODA1 on the Notch signal in some 
degree, demonstrated by up-regulation of Hey1 (Fig.  3 E and 
F). Additionally, in order to con�rm the direct evidence that 
LIPUS promoted VSMC transdi�erentiation into chondrocyte-
like cells through Piezo1, GsMTx-4 was added during LIPUS 
treatment. �e immuno�uorescent results demonstrated that 
LIPUS treatment promoted VSMC transdi�erentiation into 
chondrocyte-like cells, demonstrating down-regulation of 
α-SMA and SM22α and up-regulation of SOX9 and COL II, 
while GsMTx-4 blocked LIPUS e�ects (Fig. S6). �erefore, 
LIPUS stimulus up-regulated Piezo1 expression, then repress-
ing the Notch signal, consequently initiating chondrogenic 
transdi�erentiation of VSMCs. �ird, we identi�ed that 
LIPUS activated the TGFβ1 signal, then inhibiting the Notch 
signal, consequently initiating chondrogenic transdi�erentia-
tion of VSMCs. As aforementioned, the KEGG enrichment 
analysis revealed that the TGFβ signaling pathway was involved 
a�er LIPUS treatment. Previous studies demonstrated that 
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Fig. 3. LIPUS facilitates chondrogenic transdifferentiation of rat VSMCs by up-regulating Piezo1 and inhibiting Notch pathway. (A) Volcano plot of differentially expressed 
genes in rat VSMCs between the control and LIPUS treatment group. (B) KEGG pathway enrichment in rat VSMCs after LIPUS treatment. (C) mRNA levels of Piezo1 and Notch 
pathway-related genes of rat VSMCs after LIPUS treatment. n = 4, unpaired t test, *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001. (D) Relative protein levels of Piezo1 
and Notch pathway-related markers of rat VSMCs after LIPUS treatment. (E) mRNA levels of rat VSMCs after YODA1 or GsMTx-4 treatment. n = 4, one-way ANOVA, *P < 0.05, 
**P < 0.01, ***P < 0.005, ****P < 0.001. (F) Protein levels of rat VSMCs after YODA1 or GsMTx-4 treatment.
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the elevated activation of TGFβ signaling was a critical modula-
tor driving the chondrogenic transdi�erentiation of VSMCs [  37 ]. 
A�er LIPUS treatment, the mRNA levels of TGFβ1, smad2, and 
smad3 were up-regulated signi�cantly (Fig.  4 A). Moreover, the 
protein levels of activated TGFβ1, smad2/3, and phosphorylated 
smad2/3 (pSmad2/3) were up-regulated (Fig.  4 B). However, the 
protein level of non-activated TGFβ1 decreased signi�cantly, 
which could be explained by the intrinsic feedback regulation of 
the TGFβ signal [  38 ]. A�er treatment with chondrogenic 
medium containing TGFβ1 (10 ng/ml), the Jag/Notch signal was 
repressed signi�cantly, demonstrating down-regulation of Jag1, 
Notch3, and downstream target e�ectors (Hey1, Hey2, and 
Hes1). �e �brochondrogenic markers, including COL1A1, 

COL2A1, aggrecan, SOX9, and RUNX1, were up-regulated sig-
ni�cantly (Fig.  4 C and D). �erefore, we con�rmed that LIPUS 
activated the TGFβ1 signal, then repressing the Notch signal, 
consequently enhancing chondrogenic transdi�erentiation of 
VSMCs. Lastly, to identify the relation between the Piezo1 and 
TGFβ1 signal, the Piezo1 agonist (YODA1) and antagonist 
(GsMTx-4) were applied. �e YODA1 treatment activated the 
TGFβ1 signal, while GsMTx-4 reversed the e�ect (Fig.  4 E and 
F). �erefore, Piezo1 was the upstream of the TGFβ1 signal. 
�us, we identi�ed that LIPUS stimulus up-regulated Piezo1 
expression, then activating the TGFβ1 signal. Upon TGFβ1 sig-
nal activation, the Notch signal was repressed, consequently 
initiating chondrogenic transdi�erentiation of VSMCs (Fig.  4 G).                   

Fig. 4. LIPUS facilitates chondrogenic transdifferentiation of rat VSMCs through Piezo1/TGFβ1/Notch axis. (A) mRNA levels of TGFβ1 signaling of rat VSMCs after LIPUS 
treatment. n = 4, unpaired t test, ***P < 0.005, ****P < 0.001. (B) Protein levels of TGFβ1 signaling of rat VSMCs after LIPUS treatment. (C) mRNA levels of fibrochondrogenic 
and Notch pathway-related markers of rat VSMCs after TGFβ1 treatment. n = 4, unpaired t test, *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001. (D) Protein levels of 
fibrochondrogenic and Notch pathway-related markers of rat VSMCs after TGFβ1 treatment. (E) mRNA levels of TGFβ1 signaling of rat VSMCs after YODA1 or GsMTx-4 treatment. 
n = 4, one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001, ns represents no significance. (F) Protein levels of TGFβ1 signaling of rat VSMCs after YODA1 or 
GsMTx-4 treatment. (G) Schematic diagram of molecular mechanisms of LIPUS stimulus on facilitating chondrogenic transdifferentiation of VSMCs.
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3D printing porous scaffold combining LIPUS 
stimulus facilitated meniscal fibrocartilage 
regeneration in a beagle canine subtotal 
meniscectomy model
   �e subtotal meniscectomy model of medial meniscus was 
prepared in the beagle canine. �en, the 3D printing porous 
PU_PCL sca�old was implanted (Fig.  5 A). From macroscopic 
view, for the blank group, only some �brous tissues adhered to 
the peripheral residual meniscal tissue. Apparent synovitis was 
observed in the whole knee joint. Obvious cartilage erosion, 
defect, and osteophytes could be observed, especially in MFC 
and MTP (Fig.  5 B). For the sca�old group, the morphology 
of newly formed tissue resembled that of native meniscus. 
Most part of the sca�old was covered with mixed �brous and 

�brocartilage-like white tissue. �e degree of joint synovitis 
was milder than that of the blank group. However, moderate 
cartilage erosion and some osteophytes were observed in 
MTP (Fig.  5 C). For the sca�old + LIPUS group, the regener-
ated tissue was more like native meniscus. �e sca�old was 
enwrapped with �brocartilage-like tissue. No visible synovi-
tis could be observed. �e mild abrasion was observed in 
MTP cartilage (Fig.  5 D). �e sample was divided into ante-
rior horn, body, and posterior horn for subsequent histologi-
cal analyses. More over, the tissue section was classi�ed as 
inner, middle, and outer zone from the inner edge to the 
peripheral outer edge (Fig.  5 E). In the sca�old + LIPUS 
group, the histological assessment demonstrated the forma-
tion of �brocartilaginous tissue, showing abundant collagen 
and proteoglycan matrix deposition. �e regenerated tissue 

Fig. 5. The macroscopic and histological analyses of regenerated tissue in beagle canine at 6 months. (A) Preparation of subtotal meniscectomy (left) and PU_PCL porous scaffold 
implantation (right) in beagle canine. Scale bar, 1 cm. (B) Macroscopic appearance of the blank group (1, the macroscopic appearance in tibia, black arrowhead represents medial 
side; 2, the regenerated tissue after subtotal meniscectomy; 3, cartilage status in MTP, black arrowhead represents medial side; 4, cartilage status in MFC, black arrowhead 
represents medial side; 5, cartilage status in trochlea; 6, cartilage status in patella). (C) Macroscopic appearance of the scaffold group. (D) Macroscopic appearance of the 
scaffold + LIPUS group. (E) Schematic diagram of division of meniscus. (F) Histological analyses of regenerated tissue and native meniscus in beagle canine at 6 months. 
Scale bar of general, 2 mm; scale bar of amplified, 100 μm. (G) Semiquantitative analysis of GAG within regenerated tissue and native meniscus. n = 9, one-way ANOVA, **P < 
0.01, ****P < 0.001. (H) Histological analysis and OARSI scoring of cartilage degeneration. Scale bar, 1 mm. n = 6, one-way ANOVA, *P < 0.05, **P < 0.01, ****P < 0.001.
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was rich in oval to round chondrocyte-like cells. �e safranin 
O staining demonstrated that the regenerated tissue was rich 
in GAG, mainly in the inner and middle zone like native 
meniscus. In contrast, for the blank group, the histological 
analysis demonstrated �brous tissue. Almost no GAG content 
was deposited, demonstrating very light safranin O staining. 
In the sca�old group, the regenerated tissue demonstrated 
mixed �brous and �brocartilaginous tissue. �e safranin O 
staining demonstrated some degree of GAG deposition. �e 
regenerated tissue demonstrated poor integration with resid-
ual native meniscus tissue (Fig.  5 F). �e GAG content analy-
sis demonstrated that the sca�old + LIPUS group possessed 
the richest GAG deposition compared to that of the blank 
and sca�old group, and was closer to native meniscus (Fig. 
 5 G). �e cartilage histology demonstrated that the sca�old + 
LIPUS group showed less cartilage abrasion, GAG depletion, 
and lower OARSI cartilage degeneration scores compared to 
the blank and sca�old group. However, in the blank group, 
severe cartilage erosion or defect and GAG loss could be 
observed, especially in MTP. �e blank group possessed the 
highest OARSI scores. In the sca�old group, moderate carti-
lage abrasion and GAG depletion was observed (Fig.  5 H).        

   �e repaired tissue was rich in COL I and COL II content in 
the sca�old + LIPUS group. �e COL II content within regener-
ated tissue was mainly in the inner and middle zone. �e whole 
regenerated tissue was abundant in COL I, but was mainly in 
the outer zone. However, less COL I and COL II deposition was 
observed in the blank and sca�old group (Figs. S7 to S10). �e 
semiquantitative analysis demonstrated that the sca�old + 
LIPUS group possessed the highest content of COL I and COL 
II compared with that of the blank and sca�old group, and was 
closer to native meniscus (Fig. S11). Next, the aggrecan matrix 
deposition was evaluated. �e regenerated tissue in the sca�old + 
LIPUS group contained abundant aggrecan matrix, which was 
mainly in the inner and middle zone like native meniscus. 
However, very little aggrecan matrix was observed in the blank 
and sca�old group, compared to that of the sca�old + LIPUS 
group and native menisci (Figs. S12 to S15). �e semiquantita-
tive analysis demonstrated that the sca�old + LIPUS group 
possessed the highest content of aggrecan compared to that of 
the blank and sca�old group, and was closer to native menisci 
(Fig. S16). Previous studies have demonstrated that pericellular 
matrix (perlecan and type 6 collagen, COL VI) was critical to 
meniscal FCs, such as the mechanobiology [  39 ]. �en, the peri-
cellular matrix of regenerated tissue was characterized. �e 
immuno�uorescent costaining of perlecan and COL VI dem-
onstrated that the regenerative cells in the sca�old + LIPUS 
group contained abundant pericellular matrix, while very less 
pericellular matrix was observed in the blank and sca�old group 
(Fig. S17A and B). �e semiquantitative analysis demonstrated 
that the sca�old + LIPUS group possessed the highest content 
of perlecan and COL VI compared to the blank and sca�old 
group (Fig. S17C and D). A previous study demonstrated that 
lysyl oxidase (LOX) was the main enzyme, which catalyzed col-
lagen crosslink [  40 ]. �e collagen �ber crosslink density a�ected 
the mechanical strength of menisci [  41 ]. �e sca�old + LIPUS 
group demonstrated the highest content of LOX compared to 
that of the blank and sca�old group (Fig. S18). �e second har-
monic generation (SHG) signals generated by collagen �bers 
under 2-photon microscopy were associated with collagen 
matrix. �e content of collagen matrix in the sca�old + LIPUS 
group was the highest compared with that of the blank and 

sca�old group, and resembled that of native meniscus (Fig. S19). 
In addition, the elastic modulus and hardness were evaluated 
by nanoindentation test (Fig. S20A). �e elastic modulus of the 
sca�old + LIPUS group (17.96 ± 8.40 MPa) was superior to that 
of the blank group (0.18 ± 0.04 MPa) and the sca�old group 
(0.73 ± 0.14 MPa), but was still inferior to that of native menis-
cus (56.26 ± 17.78 MPa) signi�cantly (Fig. S20B). �e hardness 
of the sca�old + LIPUS group (1.52 ± 0.20 MPa) was superior 
to that of the blank group (0.06 ± 0.02 MPa) and the sca�old 
group (0.60 ± 0.22 MPa), but was still inferior to that of native 
meniscus (2.80 ± 0.82 MPa) signi�cantly (Fig. S20C). We then 
evaluated the expression of Piezo1, TGFβ1, Jag1, Notch1, and 
Hey1 in the regenerated tissue of beagle canine. LIPUS stimulus 
enhanced the expression of Piezo1 and TGFβ1 signi�cantly dur-
ing meniscal regeneration in vivo (Figs. S21 and S22). For the 
Notch pathway-related markers, a�er LIPUS treatment, Jag1 
expression was signi�cantly decreased (Fig. S23) and Notch1 
expression was signi�cantly increased (Fig. S24). However, the 
downstream target e�ector of the Notch pathway (Hey1) was 
decreased signi�cantly (Fig. S25), which represented Notch 
pathway depression. Moreover, the �brochondrogenic trans-
di�erentiation of VSMCs was identi�ed in the regenerated 
meniscus tissue of the sca�old + LIPUS group, demonstrating 
colocalization of the VSMC marker (SM22α and Myh11) and 
the �brochondrogenic marker (SOX9, COL I, and COL II) (Figs. 
S26 and S27).   

The scRNA-Seq analyses of regenerated meniscal 
tissue in the beagle canine
   To identify the cellular composition and di�erences between 
the regenerated meniscal tissue in the sca�old + LIPUS group 
and the native beagle canine meniscal tissue, the transcriptomes 
of individual live cells were isolated and sequenced using 
scRNA-Seq. A total of 11,523 and 10,891 cells were isolated in 
the native and regenerated meniscal tissue, respectively (Table 
S5). �e cell quality met the requirement for subsequent single-
cell sequencing (Fig. S28). We identi�ed 5 major cell popu-
lations in the native meniscal tissue and 6 major cell populations 
in the regenerated meniscal tissue. Concretely, the 5 major cell 
populations in the native meniscal tissue were as follows: 
(a) FCs (expressing COL1A1, COL2A1, COL3A1, COL6A1, and 
PRG4) [  42 ,  43 ], (b) regulatory chondrocytes (RegCs; express-
ing BMP2, FOSL1, and HMGA1) [  44 ], (c) VSMCs (expressing 
Myh11, ACTA2, TAGLN, and ACTG2) [  45 ,  46 ], (d) endothelial 
cells (ECs; expressing CD93, CDH5, PLVAP, and PECAM1) 
[  47 ,  48 ], and (e) one unidenti�ed cell cluster (Others) (Fig.  6 A 
and B). �e 6 major cell populations in the regenerated 
meniscal tissue a�er LIPUS treatment were as follows: (a) FCs 
(expressing COL1A1, COL2A1, COL3A1, COL6A1, and PRG4), 
(b) prehypertrophic chondrocytes (PreHTCs; expressing MMP1 
and TNFAIP6) [  49 ], (c) cartilage progenitor cells (CPCs; 
expressing CDK1 and BIRC5) [ 42 ], (d) VSMCs (expressing 
Myh11, ACTA2, TAGLN, and ACTG2), (e) ECs (expressing 
CD93, CDH5, PLVAP, and PECAM1), and (f) M1 macro-
phage (expressing CD68 and CD86) [  50 ] (Fig.  6 C and D). 
No matter in the native meniscal tissue or the regenerated 
meniscal tissue, the FCs were the main cell type. �e propor-
tion of VSMC and EC in the regenerated meniscal tissue increased 
compared to that of the native meniscal tissue. Moreover, 
the CPC, PreHTC, and M1 macrophage emerged in the 
regenerated meniscal tissue, but were absent in native meniscus 
(Fig.  6 E to G).        
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   Subsequently, we investigated the di�erentiation trajectory 
among cell clusters in the regenerated meniscal tissue of the 
sca�old + LIPUS group. �e trajectory contained 2 termini, 
which corresponded to 2 cell fates. �e root of the trajectory 
was mainly composed of VSMC and EC. �e 2 termini were 
populated with FC in cell fate 1 and FC and PreHTC in cell fate 
2 (Fig.  7 A). Combining the results of trajectory analyses and 
the aforementioned in vitro and in vivo results, VSMCs were 
identi�ed to transdi�erentiate into FCs within the regenerated 
meniscal tissue. Next, the VSMC and FC were selected to form 
a new trajectory to study gene expression changes during trans-
di�erentiation (Fig.  7 B and C). �e expression of the smooth 
muscle contractile marker (TAGLN, also known as SM22α) 
decreased. �e expression of progenitor index (MCAM, also 
known as CD146) [  51 ] in VSMC down-regulated during trans-
di�erentiation. �e expression of CCN2 (also known as CTGF) 
was up-regulated in VSMC during trandi�erentiation. CCN2 
played an important role in the synthesis of ECM, especially in 
musculoskeletal tissue such as meniscus, cartilage, and inter-
vertebral disc [  52 ]. Moreover, the expression of ACAN (aggrecan, 
a proteoglycan rich in native meniscus tissue) was up-regulated. 
�e expression of the collagen crosslinking enzyme LOX was up-
regulated during �brochondrogenic transdi�erentiation (Fig. 
 7 D). Next, the top 6 signi�cantly di�erentially expressed genes 
during transdi�erentiation were identi�ed, including CCN2, 

SOD2 (superoxide dismutase 2), OMD (osteomodulin), MT2A 
(metallothionein 2A), MT1E (metallothionein 1E), and LOC-
100686073. All the 6 genes were up-regulated (Fig.  7 E). �e 
GO analysis demonstrated that response to stimulus, devel-
opmental process, reproduction, reproductive process, and 
growth were involved in the regenerative process of the menis-
cal tissue (Fig.  7 F). �e KEGG pathway enrichment analysis 
demonstrated that cell growth and death, replication and repair, 
glycan biosynthesis and metabolism, and development and 
regeneration were involved in the regenerative process of 
meniscus (Fig.  7 G). Moreover, within the context of the scRNA-
Seq data of the regenerated meniscal tissue of beagle canine 
a�er LIPUS treatment, the expression patterns of the Notch 
signaling pathway (Notch1, Notch3, Jag1, and Hey1) were 
down-regulated from VSMC to FC (Fig. S29).            

Discussion
   3D printing technology has been widely applied in meniscus 
tissue engineering due to its precise manufacturing of sca�old 
morphology and inner structures. �e repair strategies for 
meniscus repair and regeneration using 3D printing innovated 
gradually in several aspects. �e �rst aspect was sca�old manu-
facturing methods. In the early phase, the porous meniscus scaf-
fold was mainly prepared using layer-by-layer extrusion-based 

Fig. 6. The single-cell atlas of beagle canine native and regenerated meniscal tissue. (A) UMAP demonstrates a total of 5 cell clusters identified in native beagle canine 
meniscus, which contain 11,523 cells. (B) Heatmap of differentially expressed genes in the 5 cell clusters. (C) UMAP demonstrates a total of 6 cell clusters identified in 
regenerated beagle canine meniscus after LIPUS treatment, which contain 10,891 cells. (D) Heatmap of differentially expressed genes in the 6 cell clusters. (E) Proportion 
of each cell cluster in native meniscus. (F) Proportion of each cell cluster in regenerated meniscus. (G) Combined proportion of each cell cluster in native and regenerated 
meniscal tissue.
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Fig. 7. The pseudotime trajectory analysis of cell clusters and GO and KEGG pathway enrichment analysis in beagle canine regenerated meniscal tissue. (A) Monocle pseudotime 
trajectory showing the progression of VSMC, EC, M1 macrophage, FC, CPC, and PreHTC. (B) Monocle pseudotime trajectory of VSMC and FC. (C) Pseudotime between VSMC 
and FC. (D) Heatmap of top 50 significant genes in pseudotime trajectory of VSMC and FC. (E) Top 6 significant differentially expressed genes in pseudotime trajectory of 
VSMC and FC. (F) GO analysis of all cells within regenerated tissue. (G) KEGG pathway enrichment analysis of all cells within regenerated tissue.
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3D printing [ 7 , 8 , 22 ,  53 ]. As the development of 3D printing tech-
nology, the DLP (digital light processing) printing technology 
was applied gradually to manufacture meniscus sca�old [  54 ]. 
�e second aspect was the development of new materials for 
3D printing meniscus sca�old. PCL was the most predominant 
material for meniscus sca�old manufacture in the early phase 
[ 7 , 8 , 22 ]. However, the rigid property of PCL material hindered 
its clinical translation for meniscus repair in the future. �us, 
new materials have been developed, which were friendly to 
articular cartilage. For example, one previous study developed 
a PU-based elastomer–hydrogel composite meniscal sca�old 
with biomimetic gradient structure and robust interface to 
repair meniscus and prevent cartilage degeneration [  55 ]. �e 
third aspect was the addition to the 3D-printed meniscus scaf-
fold. Previous studies have added growth factors to the menis-
cus sca�old, such as TGFβ and CTGF [ 8 ], which were expected 
to drive chondrogenesis of stem cells. Later, the small molecule, 
such as KGN, was added into the sca�old to facilitate chondro-
genic matrix production [ 54 , 55 ]. �e bioink from decellular-
ized natural meniscus matrix was also applied to the meniscus 
sca�old to facilitate meniscal repair [  56 ]. Finally, the repair 
cells varied greatly. Previous studies have encapsulated exog-
enous MSCs into the 3D-printed sca�old to repair meniscus 
[ 7 ]. However, how to facilitate the repair capacity of endogenous 
repairable cells during meniscus regeneration lacked studies. 
Herein, we demonstrated the critical role of migrated VSMCs 
in meniscal �brocartilage regeneration and the e�ect of LIPUS 
stimulus on chondrogenic transdi�erentiation of VSMCs.

   First, we identi�ed VSMCs transdi�erentiated into chondrocyte-
like cells and participated in meniscal regeneration. VSMCs are 
highly specialized and di�erentiated in adults. �e primary role 
of VSMCs is to contract, which controls vessel tone and diameter. 
Normally, VSMCs proliferate at a low rate and demonstrate low 
activity of synthesis. However, mature VSMCs are not terminally 
di�erentiated and maintains remarkable phenotypic plasticity. 
�e phenotypic switching of VSMCs is likely initiated by varia-
tions of environmental cues or extracellular signals. Moreover, 
during embryogenesis and blood vessel remodeling, the phe-
notypic plasticity of VSMCs is also required for blood vessel 
formation and maturation [  57 ,  58 ]. Recently, VSMC phenotypic 
switching has been clari�ed to participate in the pathogenesis of 
atherosclerosis. A previous study using the VSMC lineage tracing 
model demonstrated the evidence that VSMCs transdi�erenti-
ated into osteochondrogenic precursors and chondrocyte-like 
cells in the calci�ed vessels of matrix Gla protein-de�cient 
(MGP−/−) mice [  59 ]. �e enhanced activation of the TGFβ signal 
has been shown to be a critical modulator initiating the chon-
drogenic transdi�erentiation of VSMCs [ 37 ,  60 ]. TGFβ cytokine 
has been shown to be secreted by synovium and cartilage and 
replenished into the synovial �uid continuously [  61 ]. Moreover, 
the mature TGFβ peptide could be activated by mechanical 
shearing stimulus exerted by the joint motion [  62 ]. �us, it was 
reasonable to hypothesize that VSMCs transdi�erentiated into 
chondrocyte-like cells and contributed to meniscal cartilage 
regeneration. In the present study, the meniscectomy model of 
VSMC lineage tracing transgenic mice con�rmed the transdif-
ferentiation of VSMCs into chondrocyte-like cells during the 
intrinsic meniscal regeneration process. Furthermore, within 
the regenerated tissue of meniscus defect in rabbit, the VSMCs 
demonstrated robust expression of SOX9 and COL II, the 
typical chondrogenic marker. �ereby, enhancing the trans-
differentiation of VSMCs into chondrocyte-like cells to secrete 

cartilaginous matrix could be a novel way to facilitate meniscal 
cartilage regeneration.

   Second, we demonstrated that LIPUS stimulus enhanced 
the transdi�erentiation of VSMCs into chondrocyte-like cells 
and facilitated meniscal �brocartilage regeneration in vivo. 
LIPUS is a form of low-intensity acoustic radiation identi�ed 
by the pulsed-wave form. �e pulse period of LIPUS was com-
posed of ON and OFF signal periods, which were termed as 
the duty cycle (Fig. S30). �e intensity of LIPUS was deter-
mined by the amplitude of the ON signal period, which ranged 
from 0.02 to 1 W/cm2 at frequencies of 1 to 3 MHz [ 14 ]. No 
physiologic stress could be induced by LIPUS treatment, with 
only 0.5 °C increase in temperature a�er LIPUS treatment for 
10 min [  63 ]. LIPUS has been approved by the U.S. FDA for 
the treatment of fresh bone fractures and non-unions [ 14 ]. 
Recently, the chondrogenic e�ect of LIPUS has been demon-
strated by many previous studies. Nishida et al. [ 15 ] demon-
strated that LIPUS treatment with 60 mW/cm2 at 3.0-MHz 
frequency for single 20-min session activated phosphoryla-
tion of p38 mitogen-activated protein kinase (MAPK) and 
extracellular signal-regulated kinase 1/2 (ERK1/2) in human 
chondrocytic cell line-2/8 (HCS-2/8), following up-regulated 
expression of COL2A1 and aggrecan. Uddin et al. [ 17 ] con-
cluded that LIPUS increased the synthesis of proteoglycans 
in human cartilage explants and suppressed interleukin-1β 
(IL-1β)-induced proteoglycans loss. In addition to the ana-
bolic e�ect of LIPUS on chondrocytes and cartilage explants, 
LIPUS signi�cantly facilitated MSC chondrogenesis. Xia et al. 
[  64 ] demonstrated that LIPUS enhanced the chondrogenesis 
of bone marrow-derived MSCs of rat through the integrin–
mammalian target of rapamycin (mTOR) signaling path-
way. Wang et al. [ 16 ] concluded that LIPUS promoted rat 
MSC chondrogenesis by inhibiting autophagy, demonstrat-
ing up-regulated expression of COL2A1, aggrecan, and 
SOX9. Regarding the remarkable e�ect of LIPUS on chon-
drogenesis, it was hypothesized that LIPUS could promote 
the chondrogenic phenotypes of VSMCs. In the present study, 
we con�rmed that LIPUS stimulus up-regulated chondro-
genic markers of rat VSMCs but down-regulated smooth 
muscle contractile markers in vitro. We also demonstrated 
LIPUS stimulus facilitated the chondrogenic transdi�erentia-
tion of rabbit VSMCs when implanted subcutaneously and 
enhanced the formation of ectopic meniscus-like �brocarti-
lage tissue. Especially, the present study con�rmed that LIPUS 
facilitated the migration of VSMCs onto blank sca�old in vivo 
when implanted subcutaneously in rat, which was consistent 
with previous studies demonstrating the promoting e�ect of 
LIPUS on angiogenesis [  65 ,  66 ]. More importantly, using the 
subtotal meniscectomy model of beagle canine, more �bro-
cartilage tissue wrapped the implanted sca�old a�er regular 
LIPUS stimulus. �e regenerated tissue was mainly populated 
by oval to round-shaped chondrocyte-like cells. More chon-
drogenic matrix, including GAG, COL II, and aggrecan, could 
be observed in the regenerated tissue, especially in the inner 
and middle zone, demonstrating anisotropic distribution like 
native menisci. In addition to chondrogenic matrix, the 
regenerated tissue a�er LIPUS stimulus demonstrated supe-
rior pericellular matrix deposition (perlecan and collagen VI), 
which was critical for mechanobiology of FCs [  67 ], and col-
lagen crosslink enzyme (LOX) production, which was critical 
for collagen crosslinking and collagen strength [  68 ]. Moreover, 
superior mechanical properties enabled the regenerated tissue 
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to withstand more mechanical shock exerted by joint, thus 
maintaining mechanical homeostasis and protecting cartilage 
from degeneration. Specially, the immuno�uorescent costain-
ing of VSMC markers and �brochondrogenic markers con-
�rmed the transdi�erentiation of VSMCs into FCs within the 
regenerated meniscal tissue. In the present study, the strategy 
of using 3D-printed porous sca�old implantation combining 
LIPUS stimulus, which facilitated �brochondrogenic transdif-
ferentiation of VSMCs, was e�ective in promoting meniscal 
�brocartilage regeneration and was more translational com-
pared to the traditional meniscal tissue engineering strategy 
using exogenous cells and biochemical factors [ 7 ].

   Moreover, the molecular mechanisms of LIPUS stimulus 
on facilitating chondrogenic transdi�erentiation of VSMCs 
were elucidated. Although previous studies demonstrated that 
LIPUS stimulus promoted anabolism of chondrocytes by acti-
vating the MAPK and ERK1/2 signal [ 15 ], or enhanced MSC 
chondrogenesis by activating the integrin–mTOR signal [ 64 ], 
no previous study elucidated the mechanisms of LIPUS on 
facilitating chondrogenic transdi�erentiation of VSMCs to our 
knowledge. LIPUS provided acoustic mechanical stimulus, 
inspiring us to concentrate on mechanics-sensing molecules as 
downstream e�ectors. We con�rmed that the mechanosensitive 
Piezo1 molecule in rat VSMCs was up-regulated signi�cantly 
a�er LIPUS treatment. �is was consistent with previous studies 
demonstrating that Piezo1 transformed acoustic mechanical 
stimulus into the biochemical signal [ 13 ,  69 ]. A previous study 
demonstrated that continuous Notch signaling activation was 
essential to maintain the contractile phenotype of VSMCs 
and prevent reprogramming of VSMCs. However, in the 
absence of Notch signaling, VSMCs experienced the chon-
drogenic transdi�erentiation [ 11 ]. Beazley et al. [ 37 ] con-
cluded that elevated activation of TGFβ signaling repressed 
the Notch signal and induced chondrogenic transformation 
of VSMCs. Consistent with the previous study, we con�rmed 
that the activation of TGFβ1 signaling a�er LIPUS stimulus 
suppressed the Notch signal and then enhanced chondrogenic 
transformation of VSMCs. We also identi�ed that Piezo1 was 
the upstream of the TGFβ1 signal. Herein, we concluded that 
LIPUS stimulus up-regulated Piezo1 expression, then acti-
vated the TGFβ1 signal, following repression of the Notch 
signal, consequently leading to chondrogenic transdi�eren-
tiation of VSMCs.

   �e scRNA-Seq analyses showed a similar cellular composi-
tion between the regenerated meniscal tissue and native menis-
cus of beagle canine. �e FCs were the most prevailing cell 
population in the regenerated meniscal tissue, which was iden-
tical to native meniscus. �e proportion of VSMCs and EC in 
the regenerated meniscal tissue increased compared to that of 
native meniscus, demonstrating abundant angiogenesis during 
meniscal regeneration, which was like native fetal meniscus 
[  70 ]. Combining the results of trajectory analyses and in vitro 
and in vivo studies, the �brochondrogenic transdi�erentiation 
of VSMC was con�rmed during meniscal regeneration. �e 
smooth muscle contractile-related gene expression decreased, 
while the FC-related gene expression was up-regulated. �e 
GO and KEGG analyses of scRNA-Seq demonstrated that the 
developmental and regenerative molecules and pathways were 
enriched during meniscal regeneration. Interestingly, we found 
that EC was also located in the root of trajectory. A previous 
study isolated a population of EC (CD93+/MCAM+) from 
native human meniscus. �ey concluded that this population 

possessed progenitor properties, demonstrating colony-forming 
and various cell lineage di�erentiation capacity [  71 ]. It was 
speculated that EC may be another origin of FC during menis-
cal regeneration, like VSMCs. Further studies were needed to 
study the role of EC in meniscal regeneration. �e CPC cell 
population was observed in the regenerated meniscal tissue, 
which was characterized by multilineage di�erentiation capac-
ity, colony-forming ability, and migration ability [  72 ]. Moreover, 
the CPC was distributed in the 2 branches of trajectory line 
accompanying FC (Fig.  7 A), indicating its role in meniscal regen-
eration. However, further studies were warranted to investigate 
the relation between CPC and VSMC, FC. Additionally, we 
found that M1 macrophage emerged in the regenerated menis-
cal tissue. �is phenomenon may be caused by the degraded 
PCL sca�old microparticles. �e M1 macrophage possessed 
more robust phagocytic activity of microplastic particles than 
M2 macrophage [  73 ]. M1 macrophage secreted proin�amma-
tory cytokines [such as IL-6, IL-1β, and tumor necrosis factor-α 
(TNF-α)] and degradation enzymes [such as matrix metallo-
proteinase (MMP)], which was adverse for tissue repair, while 
M2 macrophage secreted anti-in�ammatory cytokines, which 
were bene�cial to tissue regeneration [  74 ]. �us, better menis-
cal regeneration may be obtained by modulating the M1/M2 
macrophage balance in future studies. �e scRNA-Seq analyses 
demonstrated a multiple cellular composition within the regen-
erated meniscal tissue. �e derivation of these cells warranted 
further investigation, which could provide therapeutic clues 
for meniscal repair and regeneration. Previous studies have 
demonstrated that synovial tissue participated in meniscal 
repair and regeneration [ 23 ,  75 ,  76 ]. Synovial tissue contained 
multiple types of cells, such as �broblasts, MSCs, and so on [  77 ]. 
Moreover, abundant blood vessels were present in the synovium 
[ 77 ]. �e vascularization within the regenerated meniscal tissue 
was speculated to be derived from the synovium. If so, enhanc-
ing synovial tissue migration to the injured or defect region of 

Fig. 8. The schematics diagram showing that the combination of PU_PCL scaffold 
implantation and regular LIPUS stimulus facilitates meniscal fibrocartilage regeneration 
in a beagle canine subtotal meniscectomy model. (A) Flow diagram of beagle canine 
meniscal scaffold 3D printing and implantation. (B) Schematic diagram of regular LIPUS 
stimulus on facilitating VSMC chondrogenic transdifferentiation and consequent 
meniscal regeneration.
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meniscus could be bene�cial for meniscal repair and regenera-
tion, which necessitated further study.   

Conclusion
   In conclusion, we �rst identi�ed that VSMCs transdi�erentiated 
into FCs and participated in meniscal regeneration. We identi-
�ed that LIPUS stimulus enhanced �brochondrogenic transdif-
ferentiation of VSMCs in vitro and in vivo. Mechanistically, 
LIPUS stimulus could up-regulate Piezo1 expression, then acti-
vate the TGFβ1 signal, following repression of the Notch signal, 
consequently enhancing �brochondrogenic transdi�erentiation 
of VSMCs. Finally, the anisotropic native-like meniscal �bro-
cartilage tissue was acquired by combining PU_PCL sca�old 
implantation and regular LIPUS stimulus in a beagle canine 
subtotal meniscectomy model (Fig.  8 ).           

Ethical Approval
   All institutional and national guidelines for the care and use of 
laboratory animals were followed.   

Acknowledgments
   We thank X. Duan, X. Fu, and J. Zhang in the Institute of Sports 
Medicine of Peking University for technical support.
Funding: �is work was supported by the National Natural 
Science Foundation of China (no. 82172420), China Post-
doctoral Science Foundation (2022M710260), and Peking 
University Medicine Sailing Program for Young Scholars’ 
Scienti�c & Technological Innovation (BMU2023YFJHMX008 
and BMU2023YFJHPY023).
Author contributions: W.Y. conducted the majority of the 
experiments, data collection, data analyses, and manuscript 
preparation. J.C., H. Wu, Z.G., Z.L., C.C., Q.M., Y.W., S.R., 
F.Z., and H. Wang conducted some of the surgery, data col-
lection and analysis, and manuscript preparation. J.C., H. Wang, 
Z.L., and C.C. conducted some cell-related experiments, tissue 
histological analysis, and 3D printing. P.L., J.W., X.H., and Y.A. 
designed and supervised the whole project and reviewed the 
manuscript.
Competing interests:  �e authors declare that they have no 
competing interests.   

Data Availability
   All data needed to evaluate the conclusions in the paper are 
present in the paper and/or the Supplementary Materials.   

Supplementary Materials
     Materials and Methods  
   Figs. S1 to S30
   Tables S1 to S6  

References

1. Makris EA, Hadidi P, Athanasiou KA. �e knee meniscus: 
Structure-function, pathophysiology, current repair 
techniques, and prospects for regeneration. Biomaterials. 
2011;32(30):7411–7431.

 2. Seitz AM, Lubomierski A, Friemert B, Ignatius A, Dürselen L. 
E�ect of partial meniscectomy at the medial posterior horn on 

tibiofemoral contact mechanics and meniscal hoop strains in 
human knees. J Orthop Res. 2012;30(6):934–942.

 3. Zhang Y, He F, Zhang Q, Lu H, Yan S, Shi X. 3D-printed �at-
bone-mimetic bioceramic sca�olds for cranial restoration. 
Research. 2023;6:0255.

 4. Wang X, Yang C, Yu Y, Zhao Y. In situ 3D bioprinting living 
photosynthetic sca�olds for autotrophic wound healing. 
Research. 2022;2022:9794745.

 5. Yan S, Zhang F, Luo L, Wang L, Liu Y, Leng J. Shape memory 
polymer composites: 4D printing, smart structures, and 
applications. Research. 2023;6:0234.

 6. Kwon H, Brown WE, Lee CA, Wang D, Paschos N, Hu JC, 
Athanasiou KA. Surgical and tissue engineering strategies for 
articular cartilage and meniscus repair. Nat Rev Rheumatol. 
2019;15:550–570.

 7. Zhang ZZ, Chen YR, Wang SJ, Zhao F, Wang XG, Yang F,  
Shi JJ, Ge ZG, Ding WY, Yang YC. Orchestrated 
biomechanical, structural, and biochemical stimuli 
for engineering anisotropic meniscus. Sci Transl Med. 
2019;11(487):eaao0750.

 8. Lee CH, Rodeo SA, Fortier LA, Lu C, Erisken C, Mao JJ. 
Protein-releasing polymeric sca�olds induce �brochondrocytic 
di�erentiation of endogenous cells for knee meniscus 
regeneration in sheep. Sci Transl Med. 2014;6(266):266ra171.

 9. Miano JM, Fisher EA, Majesky MW. Fate and state of 
vascular smooth muscle cells in atherosclerosis. Circulation. 
2021;143(21):2110–2116.

 10. Woo SH, Kyung D, Lee SH, Park KS, Kim M, Kim K, 
Kwon HJ, Won YS, Choi I, Park YJ. TXNIP suppresses the 
osteochondrogenic switch of vascular smooth muscle cells in 
atherosclerosis. Circ Res. 2023;132(1):52–71.

 11. Briot A, Jaroszewicz A, Warren CM, Lu J, Touma M, Rudat C, 
Hofmann JJ, Airik R, Weinmaster G, Lyons K. Repression of 
Sox9 by Jag1 is continuously required to suppress the default 
chondrogenic fate of vascular smooth muscle cells. Dev Cell. 
2014;31(6):707–721.

 12. Hao L, Tianyuan Z, Zhen Y, Fuyang C, Jiang W, Zineng Y,  
Zhengang D, Shuyun L, Chunxiang H, Zhiguo Y. 
Biofabrication of cell-free dual drug-releasing biomimetic 
sca�olds for meniscal regeneration. Biofabrication. 
2021;14(1):015001.

 13. Zhu J, Xian Q, Hou X, Wong KF, Zhu T, Chen Z, He D, Kala S,  
Murugappan S, Jing J. �e mechanosensitive ion channel 
Piezo1 contributes to ultrasound neuromodulation. Proc Natl 
Acad Sci USA. 2023;120(18):Article e2300291120.

 14. Uddin SMZ, Komatsu DE. �erapeutic potential low-intensity 
pulsed ultrasound for osteoarthritis: Pre-clinical and clinical 
perspectives. Ultrasound Med Biol. 2020;46(4):909–920.

 15. Nishida T, Kubota S, Aoyama E, Yamanaka N, Lyons KM, 
Takigawa M. Low-intensity pulsed ultrasound (LIPUS) 
treatment of cultured chondrocytes stimulates production 
of CCN family protein 2 (CCN2), a protein involved in the 
regeneration of articular cartilage: Mechanism underlying this 
stimulation. Osteoarthr Cartil. 2017;25(5):759–769.

 16. Wang X, Lin Q, Zhang T, Wang X, Cheng K, Gao M, Xia P,  
Li X. Low-intensity pulsed ultrasound promotes 
chondrogenesis of mesenchymal stem cells via regulation of 
autophagy. Stem Cell Res �er. 2019;10(1):41.

 17. Uddin SM, Richbourgh B, Ding Y, Hettinghouse A, 
Komatsu DE, Qin YX, Liu CJ. Chondro-protective e�ects 
of low intensity pulsed ultrasound. Osteoarthr Cartil. 
2016;24(11):1989–1998.

https://doi.org/10.34133/research.0555


Yan et al. 2024 | https://doi.org/10.34133/research.0555 18

18. Kamatsuki Y, Aoyama E, Furumatsu T, Miyazawa S,  
Maehara A, Yamanaka N, Nishida T, Kubota S, Ozaki T, 
Takigawa M. Possible reparative e�ect of low-intensity pulsed 
ultrasound (LIPUS) on injured meniscus. J Cell Commun 
Signal. 2019;13(2):193–207.

 19. Svensson V, Natarajan KN, Ly LH, Miragaia RJ, Labalette C,  
Macaulay IC, Cvejic A, Teichmann SA. Power analysis of 
single-cell RNA-sequencing experiments. Nat Methods. 
2017;14:381–387.

20. Chae S, Lee SS, Choi YJ, Hong DH, Gao G, Wang JH, Cho DW. 
3D cell-printing of biocompatible and functional meniscus 
constructs using meniscus-derived bioink. Biomaterials. 
2021;267:Article 120466.

 21. Bahcecioglu G, Bilgen B, Hasirci N, Hasirci V. Anatomical 
meniscus construct with zone speci�c biochemical 
composition and structural organization. Biomaterials. 
2019;218:Article 119361.

 22. Yan W, Maimaitimin M, Wu Y, Fan Y, Ren S, Zhao F, Cao C, 
Hu X, Cheng J, Ao Y. Meniscal �brocartilage regeneration 
inspired by meniscal maturational and regenerative process. 
Sci Adv. 2023;9(45):eadg8138.

 23. Yan W, Maimaitimin M, Zhao F, Fan Y, Yang S, Li Y, Cao C,  
Shao Z, Liu Z, Hu X. �e transplantation of particulated 
juvenile allogra� cartilage and synovium for the repair 
of meniscal defect in a lapine model. J Orthop Translat. 
2022;33:72–89.

 24. Zellner J, Hierl K, Mueller M, Pfeifer C, Berner A, 
Dienstknecht T, Krutsch W, Geis S, Gehmert S, Kujat R. Stem 
cell-based tissue-engineering for treatment of meniscal tears 
in the avascular zone. J Biomed Mater Res B Appl Biomater. 
2013;101(7):1133–1142.

 25. Yan W, Xu X, Xu Q, Sun Z, Lv Z, Wu R, Yan W, Jiang Q,  
Shi D. An injectable hydrogel sca�old with kartogenin-
encapsulated nanoparticles for porcine cartilage regeneration:  
A 12-month follow-up study. Am J Sports Med. 
2020;48(13):3233–3244.

 26. Yan W, Xu X, Xu Q, Sun Z, Jiang Q, Shi D. Platelet-rich plasma 
combined with injectable hyaluronic acid hydrogel for porcine 
cartilage regeneration: A 6-month follow-up. Regen Biomater. 
2020;7(1):77–90.

 27. Yan W, Xu X, Xu Q, Sun Z, Lv Z, Wu R, Yan W, Jiang Q,  
Shi D. Chondral defects cause kissing lesions in a porcine 
model. Cartilage. 2021;13(Suppl 2):692S–702S.

 28. Liu C, Wu T, Fan F, Liu Y, Wu L, Junkin M, Wang Z, Yu Y, 
Wang W. A portable and cost-e�ective micro�uidic system for 
massively parallel single-cell transcriptome pro�ling. bioRxiv. 
2019. https://doi.org/10.1101/818450.

 29. Butler A, Ho�man P, Smibert P, Papalexi E, Satija R. 
Integrating single-cell transcriptomic data across di�erent 
conditions, technologies, and species. Nat Biotechnol. 
2018;36(5):411–420.

 30. Cao Y, Wang X, Peng G. SCSA: A cell type annotation tool for 
single-cell RNA-seq data. Front Genet. 2020;11:490.

 31. Qiu X, Hill A, Packer J, Lin D, Ma YA, Trapnell C. Single-cell 
mRNA quanti�cation and di�erential analysis with Census. 
Nat Methods. 2017;14(3):309–315.

 32. Hess DL, Kelly-Goss MR, Cherepanova OA, Nguyen AT,  
Baylis RA, Tkachenko S, Annex BH, Peirce SM, Owens GK.  
Perivascular cell-speci�c knockout of the stem cell pluripotency 
gene Oct4 inhibits angiogenesis. Nat Commun. 2019;10(1):967.

 33. Solway J, Seltzer J, Samaha FF, Kim S, Alger LE, Niu Q, 
Morrisey EE, Ip HS, Parmacek MS. Structure and expression 

of a smooth muscle cell-speci�c gene, SM22α. J Biol Chem. 
1995;270(22):13460–13469.

 34. Parpaite T, Coste B. Piezo channels. Curr Biol. 
2017;27(7):R250–R252.

 35. Oldershaw RA, Tew SR, Russell AM, Meade K, Hawkins R, 
McKay TR, Brennan KR, Hardingham TE. Notch signaling 
through Jagged-1 is necessary to initiate chondrogenesis in 
human bone marrow stromal cells but must be switched o� to 
complete chondrogenesis. Stem Cells. 2008;26(3):666–674.

 36. Kopan R, Ilagan MX. �e canonical Notch signaling pathway: 
Unfolding the activation mechanism. Cell. 2009;137(2): 
216–233.

 37. Beazley KE, Nurminsky D, Lima F, Gandhi C,  
Nurminskaya MV. Wnt16 attenuates TGFβ-induced 
chondrogenic transformation in vascular smooth muscle. 
Arterioscler �romb Vasc Biol. 2015;35(3):573–579.

 38. Yan X, Xiong X, Chen YG. Feedback regulation of TGF-β 
signaling. Acta Biochim Biophys Sin. 2018;50(1):37–50.

 39. Wilusz RE, Sanchez-Adams J, Guilak F. �e structure and 
function of the pericellular matrix of articular cartilage. Matrix 
Biol. 2014;39:25–32.

 40. Arono� MR, Hiebert P, Hentzen NB, Werner S, Wennemers H.  
Imaging and targeting LOX-mediated tissue remodeling 
with a reactive collagen peptide. Nat Chem Biol. 
2021;17(8):865–871.

 41. Bates ME, Troop L, Brown ME, Puetzer JL. Temporal 
application of lysyl oxidase during hierarchical collagen 
�ber formation di�erentially e�ects tissue mechanics. Acta 
Biomater. 2023;160:98–111.

 42. Ji Q, Zheng Y, Zhang G, Hu Y, Fan X, Hou Y, Wen L, Li L, 
Xu Y, Wang Y, et al. Single-cell RNA-seq analysis reveals 
the progression of human osteoarthritis. Ann Rheum Dis. 
2019;78(1):100–110.

 43. Gunja NJ, Athanasiou KA. Passage and reversal e�ects on gene 
expression of bovine meniscal �brochondrocytes. Arthritis Res 
�er. 2007;9(5):R93.

 44. Dunn SL, Soul J, Anand S, Schwartz JM, Boot-Handford RP,  
Hardingham TE. Gene expression changes in damaged 
osteoarthritic cartilage identify a signature of non-
chondrogenic and mechanical responses. Osteoarthr Cartil. 
2016;24(8):1431–1440.

 45. Pan H, Xue C, Auerbach BJ, Fan J, Bashore AC, Cui J,  
Yang DY, Trignano SB, Liu W, Shi J, et al. Single-cell 
genomics reveals a novel cell state during smooth muscle 
cell phenotypic switching and potential therapeutic targets 
for atherosclerosis in mouse and human. Circulation. 
2020;142(21):2060–2075.

 46. Halim D, Wilson MP, Oliver D, Brosens E, Verheij JB, Han Y, 
Nanda V, Lyu Q, Doukas M, Stoop H, et al. Loss of LMOD1 
impairs smooth muscle cytocontractility and causes megacystis 
microcolon intestinal hypoperistalsis syndrome in humans and 
mice. Proc Natl Acad Sci USA. 2017;114(13):E2739–E2747.

 47. Kalucka J, de Rooij L, Goveia J, Rohlenova K, Dumas SJ, 
Meta E, Conchinha NV, Taverna F, Teuwen LA, Veys K, et al. 
Single-cell transcriptome atlas of murine endothelial cells. Cell. 
2020;180(4):764–779.

 48. Tong W, Wang G, Zhu L, Bai Y, Liu Z, Yang L, Wu H, Cui T, 
Zhang Y. Pan-cancer analysis identi�ed CD93 as a valuable 
biomarker for predicting patient prognosis and immunotherapy 
response. Front Mol Biosci. 2021;8:Article 793445.

 49. Baker J, Falconer AMD, Wilkinson DJ, Europe-Finner GN, 
Litherland GJ, Rowan AD. Protein kinase D3 modulates 

https://doi.org/10.34133/research.0555
https://doi.org/10.1101/818450


Yan et al. 2024 | https://doi.org/10.34133/research.0555 19

MMP1 and MMP13 expression in human chondrocytes.  
PLOS ONE. 2018;13(4):Article e0195864.

 50. Borowsky J, Haruki K, Lau MC, Dias Costa A, Väyrynen JP,  
Ugai T, Arima K, da Silva A, Felt KD, Zhao M, et al. 
Association of Fusobacterium nucleatum with speci�c T-cell 
subsets in the colorectal carcinoma microenvironment. Clin 
Cancer Res. 2021;27(10):2816–2826.

 51. Puram SV, Tirosh I, Parikh AS, Patel AP, Yizhak K, Gillespie S,  
Rodman C, Luo CL, Mroz EA, Emerick KS, et al. Single-cell 
transcriptomic analysis of primary and metastatic tumor 
ecosystems in head and neck cancer. Cell. 2017;171(7): 
1611–1624.e24.

 52. Tran CM, Shapiro IM, Risbud MV. Molecular regulation of 
CCN2 in the intervertebral disc: Lessons learned from other 
connective tissues. Matrix Biol. 2013;32(6):298–306.

 53. Tian F, Yan W, Zhang M, Zhao L, Gao Z, Hu X, Cheng J, Xu S, 
Tang L, Ao Y, et al. Meniscal sca�olds based on self-healable 
elastomer-hydrogel composites with biomimetic structure and 
tribological properties for repairing meniscal injuries. Chem 
Eng J. 2024;500:Article 156591.

 54. Ding G, Li X, Sun M, He Y, Zhao F, Wu T, Wang J, Ren S,  
Shi W, Xu L, et al. Meniscal transplantation and regeneration 
using functionalized polyurethane bionic sca�old and digital 
light processing 3D printing. Chem Eng J. 2022;431: 
Article 133861.

 55. Yan W, He Y, Zhang M, Zhao L, Tian F, Hu X, Cheng J, Huang W,  
Ao Y, Yu R. 3D printed elastomer-hydrogel composite meniscal 
sca�olds with biomimetic gradient structure and robust 
interface for preventing osteoarthritis and repairing meniscal 
injuries. Adv Funct Mater. 2024;34(30):2315580.

 56. Li Z, Yan W, Zhao F, Wang H, Cheng J, Duan X, Fu X, 
Zhang J, Hu X, Ao Y. Regional speci�c tunable meniscus 
decellularized extracellular matrix (MdECM) reinforced 
bioink promotes anistropic meniscus regeneration. Chem Eng 
J. 2023;473:Article 145209.

 57. Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. 
Nat Med. 2000;6(4):389–395.

 58. Hungerford JE, Little CD. Developmental biology of the 
vascular smooth muscle cell: Building a multilayered vessel 
wall. J Vasc Res. 1999;36(1):2–27.

 59. Speer MY, Yang HY, Brabb T, Leaf E, Look A, Lin WL,  
Frutkin A, Dichek D, Giachelli CM. Smooth muscle cells give 
rise to osteochondrogenic precursors and chondrocytes in 
calcifying arteries. Circ Res. 2009;104(6):733–741.

 60. Chiang HY, Chu PH, Chen SC, Lee TH. MFG-E8 promotes 
osteogenic transdi�erentiation of smooth muscle cells and 
vascular calci�cation by regulating TGF-β1 signaling. Commun 
Biol. 2022;5(1):364.

 61. Albro MB, Nims RJ, Cigan AD, Yeroushalmi KJ, Alliston T, 
Hung CT, Ateshian GA. Accumulation of exogenous activated 
TGF-β in the super�cial zone of articular cartilage. Biophys J. 
2013;104(8):1794–1804.

 62. Albro MB, Cigan AD, Nims RJ, Yeroushalmi KJ, Oungoulian SR, 
Hung CT, Ateshian GA. Shearing of synovial �uid activates latent 
TGF-β. Osteoarthr Cartil. 2012;20(11):1374–1382.

 63. Zhang S, Cheng J, Qin YX. Mechanobiological modulation 
of cytoskeleton and calcium in�ux in osteoblastic cells by 

short-term focused acoustic radiation force. PLOS ONE. 
2012;7(1):Article e38343.

 64. Xia P, Wang X, Qu Y, Lin Q, Cheng K, Gao M, Ren S, Zhang T,  
Li X. TGF-β1-induced chondrogenesis of bone marrow 
mesenchymal stem cells is promoted by low-intensity pulsed 
ultrasound through the integrin-mTOR signaling pathway. 
Stem Cell Res �er. 2017;8:281.

 65. Toyama Y, Sasaki K, Tachibana K, Ueno T, Kajimoto H,  
Yokoyama S, Ohtsuka M, Koiwaya H, Nakayoshi T, 
Mitsutake Y, et al. Ultrasound stimulation restores impaired 
neovascularization-related capacities of human circulating 
angiogenic cells. Cardiovasc Res. 2012;95(4):448–459.

 66. Kang PL, Huang HH, Chen T, Ju KC, Kuo SM. Angiogenesis-
promoting e�ect of LIPUS on hADSCs and HUVECs cultured 
on collagen/hyaluronan sca�olds. Mater Sci Eng C Mater Biol 
Appl. 2019;102:22–33.

 67. Gao G, Chen S, Pei YA, Pei M. Impact of perlecan, a core 
component of basement membrane, on regeneration of 
cartilaginous tissues. Acta Biomater. 2021;135:13–26.

 68. Passini FS, Jaeger PK, Saab AS, Hanlon S, Chittim NA, Arlt MJ, 
Ferrari KD, Haenni D, Caprara S, Bollhalder M, et al. Shear-
stress sensing by PIEZO1 regulates tendon sti�ness in rodents 
and in�uences jumping performance in humans. Nat Biomed 
Eng. 2021;5:1457–1471.

 69. Qiu Z, Guo J, Kala S, Zhu J, Xian Q, Qiu W, Li G, Zhu T, 
Meng L, Zhang R, et al. �e mechanosensitive ion channel 
Piezo1 signi�cantly mediates in vitro ultrasonic stimulation of 
neurons. iScience. 2019;21:448–457.

 70. Yan W, Dai W, Cheng J, Fan Y, Wu T, Zhao F, Zhang J, Hu X,  
Ao Y. Advances in the mechanisms a�ecting meniscal 
avascular zone repair and therapies. Front Cell Dev Biol. 
2021;9:Article 758217.

 71. Sun H, Wen X, Li H, Wu P, Gu M, Zhao X, Zhang Z, Hu S, 
Mao G, Ma R, et al. Single-cell RNA-seq analysis identi�es 
meniscus progenitors and reveals the progression of meniscus 
degeneration. Osteoarthritis. 2020;79:408–417.

 72. Xu W, Wang W, Liu D, Liao D. Roles of cartilage-resident stem/
progenitor cells in cartilage physiology, development, repair 
and osteoarthritis. Cells. 2022;11(15):2305.

 73. Jasinski J, Völkl M, Hahn J, Jérôme V, Freitag R, Scheibel T.  
Polystyrene microparticle distribution a�er ingestion by 
murine macrophages. J Hazard Mater. 2023;457: 
Article 131796.

 74. Murray PJ, Wynn TA. Protective and pathogenic functions of 
macrophage subsets. Nat Rev Immunol. 2011;11:723–737.

 75. Kim W, Onodera T, Kondo E, Terkawi MA, Homan K, 
Hishimura R, Iwasaki N. Which contributes to meniscal 
repair, the synovium or the meniscus? An in vivo rabbit 
model study with the freeze-thaw method. Am J Sports Med. 
2020;48(6):1406–1415.

 76. Nakagawa Y, Muneta T, Kondo S, Mizuno M, Takakuda K, 
Ichinose S, Tabuchi T, Koga H, Tsuji K, Sekiya I. Synovial 
mesenchymal stem cells promote healing a�er meniscal 
repair in microminipigs. Osteoarthr Cartil. 2015;23(6): 
1007–1017.

 77. Shanaj S, Donlin LT. Synovial tissue: Cellular and molecular 
phenotyping. Curr Rheumatol Rep. 2019;21:52.

https://doi.org/10.34133/research.0555



