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articular cartilage regeneration via inhibiting 
the TNF signaling pathway
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Abstract 

Background Mesenchymal stem cell (MSC) transplantation therapy is highly investigated for the regenerative repair 
of cartilage defects. Low-intensity pulsed ultrasound (LIPUS) has the potential to promote chondrogenic differentia-
tion of MSCs. However, its underlying mechanism remains unclear. Here, we investigated the promoting effects and 
mechanisms underlying LIPUS stimulation on the chondrogenic differentiation of human umbilical cord mesenchy-
mal stem cells (hUC-MSCs) and further evaluated its regenerative application value in articular cartilage defects in rats.

Methods LIPUS was applied to stimulate cultured hUC-MSCs and C28/I2 cells in vitro. Immunofluorescence stain-
ing, qPCR analysis, and transcriptome sequencing were used to detect mature cartilage-related markers of gene 
and protein expression for a comprehensive evaluation of differentiation. Injured articular cartilage rat models were 
established for further hUC-MSC transplantation and LIPUS stimulation in vivo. Histopathology and H&E staining were 
used to evaluate the repair effects of the injured articular cartilage with LIPUS stimulation.

Results The results showed that LIPUS stimulation with specific parameters effectively promoted the expression 
of mature cartilage-related genes and proteins, inhibited TNF-α gene expression in hUC-MSCs, and exhibited anti-
inflammation in C28/I2 cells. In addition, the articular cartilage defects of rats were significantly repaired after hUC-
MSC transplantation and LIPUS stimulation.

Conclusions Taken together, LIPUS stimulation could realize articular cartilage regeneration based on hUC-
MSC transplantation due to the inhibition of the TNF signaling pathway, which is of clinical value for the relief of 
osteoarthritis.
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Background
Articular cartilage, providing a smooth surface and 
decreasing friction for articulation, suffers great pres-
sure during the frequent daily joint movement and tends 
to gradually wear away or suddenly get injured [1]. This 
problem is exacerbated by the poor intrinsic healing 
and repair capacity of the cartilage, which results in an 
inability to heal on its own once damaged, thus com-
monly leading to osteoarthritis (OA) or even lifelong 
disability without effective treatment [2]. Various car-
tilage repair procedures have been reported, among 
which microfracture surgery and autologous osteochon-
dral transplantation are invasive and have limited repair 
promotion capabilities [3–6]. Autologous chondrocyte 
implantation (ACI) is a promising therapeutic strategy 
for cartilage defects that reduce immunologic rejection 
and minimize the likelihood of transmitting infectious 
diseases; however, it is limited by an insufficient number 
of chondrocytes [7–9]. Meanwhile, stem cell transplan-
tation provides a more readily accessible source of cells 
for the treatment and maintaining multipotency dur-
ing culture expansion [10], thus overcoming the lack of 
chondrocytes, and is a promising therapy for cartilage 
defect repair [11, 12]. Specifically, mesenchymal stem 
cells (MSCs) have the advantages of rich sources, strong 
proliferative and self-renewal ability, and multi-lineage 
differentiation ability including chondrogenic differen-
tiation [13–15], making them an ideal cell type for cell 
transplantation-based cartilage tissue repair. Studies 
have shown that MSCs are feasible and safe for use in the 
repair of cartilage defects [14, 16–19]. Notably, human 
umbilical cord mesenchymal stem cells (hUC-MSCs) 
have shown stronger proliferation and differentiation 
ability compared with human bone mesenchymal stem 
cells (hBMSCs) and human adipose-derived mesenchy-
mal stem cells (hAD-MSCs) [20].

Ultrasound, as a non-invasive and affordable tech-
nology, is widely used in both diagnostic and thera-
peutic medicine. Through thermal and non-thermal 
mechanisms, ultrasound can produce various biologi-
cal effects in vitro and in vivo [21], including mechani-
cal effect, tissue temperature rise, acoustic cavitation, 
and acoustic streaming. Low-intensity pulsed ultra-
sound (LIPUS) is a form of ultrasound delivered at an 
intensity lower than 3 W/cm2 and transmitted through 
and into tissues as pulsed acoustic pressure waves; it 
removes the thermal component at higher intensities 
and primarily provides mechanical stimulation. As an 
adjuvant physical therapy, LIPUS has been demon-
strated to promote the differentiation of stem cells [22, 
23], inhibit inflammatory responses [24], accelerate soft 
tissue regeneration [25, 26], modulate neuronal activity 

[27, 28], and improve bone healing [29, 30]. In par-
ticular, LIPUS has been extensively exploited in tissue 
engineering research, including cartilage regeneration 
[31–35].

Furthermore, LIPUS stimulation has been reported 
to promote the proliferation and self-renewal capacity 
of MSCs [36], facilitate the differentiation of MSCs into 
chondrocytes [31, 37–40], and promote the prolifera-
tion and matrix production of chondrocytes [41, 42]—
suggesting a potential to promote MSC-based cartilage 
regeneration. Regarding the underlying mechanisms of 
these bioeffects, previous studies have suggested vari-
ous possibilities, including upregulation of the expres-
sion of cyclin-D1 [40] and regulation of autophagy [38, 
43], the MAPK/ERK pathway [44–46], the integrin/
PI3K/Akt pathway [41], and the calcium pathway [46].

These findings strongly indicate the potential of 
LIPUS in regenerating damaged cartilage via MSCs. 
However, the mechanism underlying these biological 
effects along with the chondrogenic proliferation and 
differentiation by LIPUS stimulation has not been fully 
understood, which limits its further clinical application 
in repairing injured articular cartilage.

In this study, the effects of LIPUS stimulation on the 
chondrogenic differentiation of hUC-MSCs, as well 
as the proliferation and anti-inflammation of human 
chondrocyte C28/I2 cells, were explored. LIPUS stimu-
lation with various sound intensities ranging from 30 
to 250 mW/cm2 was applied. Flow cytometric analysis, 
Alcian blue staining, immunofluorescence staining, and 
qPCR analysis were used to detect the cell cycle phases 
and apoptosis of hUC-MSCs and C28/I2 cells, mature 
chondrocyte-related marker genes or protein expres-
sion, and inflammation-related gene expression. In 
addition, transcriptome sequencing was used to clarify 
the mechanism of the key signaling pathway of LIPUS 
stimulation-induced hUC-MSC chondrogenic differ-
entiation. Moreover, rat knee articular cartilage defect 
models were established to verify LIPUS- and hUC-
MSC-based cartilage regeneration in  vivo. Bright-field 
photography and histological staining with hematoxy-
lin–eosin (H&E) and Safranin O-fast green were used 
to identify the healing effect on defective cartilage. 
Although the concept of “LIPUS-stimulated and hUC-
MSC-mediated cartilage regeneration” has been pre-
viously reported, the present study validated in  vivo 
experiments in injured articular cartilage rat models 
and proposed a new possible regenerative mechanism 
related to LIPUS-induced TNF signaling pathway inhi-
bition. Therefore, our present study demonstrates solv-
able therapeutics of ultrasound-promoted articular 
cartilage repair based on hUC-MSC transplantation.
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Materials and methods
LIPUS stimulation
The LIPUS stimulation setup includes a self-developed 
function generator that simultaneously supports six-
channel output and 1 MHz ultrasound transducers with 
a diameter of 30 mm. The LIPUS used in the experiments 
was characterized as follows: frequency = 1  MHz, pulse 
duration = 600  ms, pulse repetition period = 3,000  ms, 
pulse repetition frequency = 0.33  Hz, duty cycle = 20%, 
and the spatial-peak temporal-average intensity  (ISPTA) 
ranged from 30 to 250 mW/cm2. The acoustic pressure 
was measured using a calibrated needle hydrophone 
(ONDA, Sunnyvale, CA, USA), and the effective acous-
tic pressure in the experiments ranged from 0.05 to 
0.14 MPa.

For in  vitro cell stimulation experiments, hUC-MSCs 
or C28/I2 cells were pre-cultured in six-well plates at a 
density of 2.5 ×  104 cells/mL. Six transducers were placed 
at the bottom of each well of the six-well plate to generate 
a 20-min LIPUS stimulation per day. The sham-treated 
control group (Ctrl group) was also processed as the 
LIPUS group but without LIPUS stimulation output.

For in vivo rat stimulation experiments, the rats in the 
LIPUS group were anesthetized with isoflurane, and the 
knee joint with shaved surface hair was placed on the 
transducer to receive a 20-min LIPUS stimulation per 
day. Ctrl group was also anesthetized and placed on the 
transducer as the LIPUS group but without LIPUS stimu-
lation output.

Culture of hUC‑MSCs
hUC-MSCs used in this experiment were purchased 
from Cyagen Biotechnology (Guangzhou, China). The 
cells were cultured with Dulbecco’s modified Eagle 
medium (DMEM)/F12 containing 5% fetal bovine serum 
(FBS) and 1% penicillin–streptomycin (P/S), placed in 
a cell incubator at a constant temperature of 37  °C, and 
continuously maintained at a concentration of 5%  CO2. 
All hUC-MSCs used in the experiments were P2–P4 
generations. The culture medium for hUC-MSC chon-
drogenic differentiation was purchased from Cyagen 
Biotechnology.

Culture of C28/I2
Human chondrocytes (C28/I2) used in this experiment 
were purchased from Procell Life Science & Technology 
(Wuhan, China). The cells were cultured in DMEM con-
taining 5% FBS and 1% P/S, placed in a cell incubator at 
a constant temperature of 37 °C, and continuously main-
tained at a concentration of 5%  CO2. The C28/I2 of the 
generation P0–P2 was used in this study.

Flow cytometric analysis of hUC‑MSC characteristics
To detect the surface markers of hUC-MSCs, the cells 
were seeded in a six-well culture dish at a density of 
2.5 ×  104 cells/mL and cultured for 24 h, and the detect 
kit was purchased from Cyagen Biotechnology (Guang-
zhou, China). The cells were digested with trypsin, cen-
trifuged at 300×g for 5 min, and resuspended in 100 µL 
PBS, and 2 µL primary antibodies (CD29, CD44, CD73, 
CD105, CD166, CD11b, CD14, CD34, CD45, and HLA-
DR) were added to each tube and incubated for 30 min 
at 4 °C in the dark. After centrifugation, the cells were 
washed twice with PBS and incubated with the corre-
sponding secondary antibody at 4 °C for 30 min without 
light according to the manufacturer’s instructions. In 
this experiment, the fluorescein isothiocyanate (FITC) 
goat secondary antibody was labeled with CD29, CD44, 
CD73, CD105, and CD166, and the phycoerythrin (PE) 
goat secondary antibody was labeled with CD11b, 
CD14, CD34, CD45, and HLA-DR. Finally, the samples 
were resuspended in 500 µL flow cytometer buffer and 
immediately analyzed using a flow cytometer (BD Bio-
science, Franklin Lakes, NJ, USA).

Flow cytometry analysis of apoptosis
To detect the apoptosis of hUC-MSCs and C28/I2 cells 
after LIPUS treatment, the cells were seeded in a six-
well culture dish at a density of 2.5 ×  104 cells/mL and 
cultured for 24–48  h. The cells were stimulated with 
LIPUS (at an  ISPTA of 0, 30, 50, 70, 100, 150, 200, and 
250 mW/cm2 in hUC-MSCs, an  ISPTA of 0, 30, 50, 70, 
100, and 150 mW/cm2 in C28/I2 cells) for 20 min before 
the cells were digested after another 2  h of culturing. 
After dissociating into single cells using trypsin and 
washing twice with PBS, the cells were fixed in binding 
buffer (500 μL) containing Annexin V-allophycocyanin 
(APC) (5 μL) and 7-aminoactinomycin D (7-AAD) (5 
μL) for 10 min, and cell apoptosis was detected using a 
flow cytometer.

Flow cytometry analysis of cell cycle
To detect the cell cycle phases of hUC-MSCs and C28/
I2 cells after LIPUS treatment, the cells were seeded in 
a six-well culture dish at a density of 2.5 ×  104 cells/mL 
and cultured for 24  h. The cells were then treated with 
LIPUS stimulation (at an  ISPTA of 0, 30, 50, 70, 100, 150, 
200, and 250 mW/cm2 in hUC-MSCs, an  ISPTA of 0, 30, 
50, 70, 100, and 150 mW/cm2 in C28/I2 cells) for 20 min 
per day. After 2  days, the treated cells were dissociated 
into single cells and placed in 70% ice-cold ethanol at 4 °C 
overnight. The cells were then centrifuged (300×g, 5 min) 
and resuspended in a mixture of 100 μL RNase A and 
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400 μL propidium iodide solution for 30 min, and the cell 
cycle phase was detected using a flow cytometer.

Alcian blue staining
The hUC-MSCs were seeded in a 24-well plate at a cell 
density of 2.5 ×  104 cells/mL and cultured for 24  h to 
achieve a cell fusion density of 70–80%. After treating the 
cells with 20  min/day LIPUS stimulation (at an  ISPTA of 
0, 30, 50, 70, 100, 150, 200, 250 mW/cm2, respectively) 
for 7  days, the samples were fixed with 4% paraformal-
dehyde (PFA) for 30  min, aspirated, washed twice with 
1 × PBS, and incubated with Alcian blue staining solu-
tion for 30  min. The staining solution was aspirated, 
and the samples were washed twice with 1 × PBS before 
being transferred to the culture plate to observe the effect 
of cartilage staining (by cell morphology and staining 
depth) under an Olympus microscope.

Establishment of C28/I2 inflammation model
C28/I2 cells were seeded in a six-well plate at a cell den-
sity of 5 ×  104 cells/mL. After culturing for 24 h to reach 
a cell fusion density of 70–80%, lipopolysaccharide (LPS) 
solution was added to each well at a concentration of 
5  μg/mL to establish the inflammatory model, and the 
stimulation time was 4 h according to our initial assess-
ment. After stimulation, the LPS solution was replaced 
with fresh C28/I2 culture medium for further analysis.

Total mRNA extraction, cDNA transcription, and qPCR 
analysis
To detect the expression of chondrogenic and inflam-
mation-related genes in cells, TRIzol (Takara, Japan) 
was used to extract total mRNA (500 ng) from the hUC-
MSCs and C28/I2 cells, reverse-transcribed into cDNA 
using PrimeScript RT Kit (Takara), and qPCR was per-
formed in 10 µL reaction volumes (5 µL TB Green, 0.2 
µL ROX Reference Dye, 0.2 µL forward/reverse primers, 
1 µL cDNA, 3.6 µL  H2O) using TB Green Premix Ex Taq 
(Takara). All qPCR primers used are listed in Additional 
file 1: Tables S1 and S2.

Cell cytotoxicity detection
For cell toxicity detection, hUC-MSCs and C28/I2 cells 
were seeded in a six-well plate at a cell density of 1 ×  105 
cells/well, cultured for 24 h to reach a cell fusion density 
of 70–80%, and treated with 20  min of LIPUS stimula-
tion (at an  ISPTA of 0, 30, 50, 70, 100, 150, 200, 250 mW/
cm2, respectively) for 7  days. Thereafter, the cells were 
collected by trypsinization and centrifugation (300×g, 
5  min) and washed thoroughly with assay buffer 2–3 
times, before adding 400 μL assay buffer to each sam-
ple, followed by the addition of 200 μL staining working 
solution for 15 min with incubation at 37 °C. The live and 

dead viability analysis was conducted using a Calcein 
AM-PI kit purchased from KeyGen. Using an Olympus 
fluorescence microscope, the live cells (green fluores-
cence) were detected at 488  nm and the dead cells (red 
fluorescence) were detected at 594 nm.

Western blot
For immunostaining of chondrogenic-related proteins, 
a Western blot analysis was conducted. The hUC-MSCs 
were counted as 1 ×  105 cells/mL in six-well plates and 
stimulated with different parameters of LIPUS for 7 days. 
The cells were collected, and total protein was collected 
by RIPA lysis; the protein count was determined by a 
BCA protein quantification kit (KeyGen, Nanjing). The 
proteins were subject to SDS–PAGE at the same content 
and transferred into a PVDF membrane. Bovine serum 
albumin (BSA, 5%) was used to block non-specific bind-
ing for 1 h incubation, and the membrane was incubated 
with primary antibodies of collagen-II, ACAN, SOX-9, 
and β-actin at 4 °C overnight. After washing thrice with 
TBST, the membranes were incubated with respon-
sive secondary donkey anti-rabbit of mouse antibodies 
(1:3000). Finally, the membranes were washed to remove 
redundant antibodies and exposed using a chemilumi-
nescence imaging system. The specific primary antibod-
ies were listed as follows: collagen-II (Abcam, 1:1,000), 
ACAN (CST, 1:1,000), SOX-9 (Abcam, 1:1,000), and 
β-actin (Abcam, 1:3,000).

Immunofluorescence staining
hUC-MSCs were seeded in a 24-well plate at a cell den-
sity of 5 ×  104 cells/mL and cultured for 24 h to achieve 
a cell fusion density of 70%. Then, the basic culture 
medium was changed into cartilage differentiation cul-
ture medium and the cells were treated for 7  days with 
20  min/day LIPUS stimulation (at an  ISPTA of 0, 30, 50, 
70, 100, and 150 mW/cm2, respectively). The cells were 
fixed with 4% PFA for 30 min, permeabilized for 10 min, 
and then incubated with primary antibody overnight at 
4  °C, corresponding secondary antibody for 45  min the 
next day, and with either actin green (1:100) for 20 min, 
and 4′,6-diamidino-2-phenylindole (DAPI) (1:3,000) for 
15  min. The SOX-9 and ACAN antibodies used in this 
study were purchased from Abcam (Cambridge, UK). 
Immunofluorescence was observed using a Zeiss confo-
cal microscope (Oberkochen, Germany).

For the mechanistic study, hUC-MSCs were seeded 
in a 24-well plate at a cell density of 5 ×  104 cells/mL 
and cultured for 24 h to achieve a cell fusion density of 
70%. The cells were divided into Ctrl, TNF-α, LIPUS, and 
TNF-α & LIPUS groups. The cells in TNF-α and TNF-α 
& LIPUS groups were pretreated with 10 μg/mL TNF-α 
for 24  h and then replaced with fresh chondrogenic 
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differentiation medium. LIPUS and TNF-α & LIPUS 
groups were treated with an  ISPTA of 70 mW/cm2 for 
20  min for continuous stimulation for 7  days. The cells 
were fixed with 4% PFA at 25  °C for 30 min, permeabi-
lized for 10  min, and incubated with the primary anti-
body overnight at 4  °C. Then, the cells were incubated 
with the corresponding secondary antibodies for 45 min, 
washed three times with PBS, and incubated with DAPI 
for 15 min. The following antibodies were used: TNF-α, 
SOX-9, and COL-II which were purchased from Abcam. 
Goat anti-rabbit and goat anti-mouse secondary antibod-
ies were purchased from Millipore (Billerica, MA, USA).

RNA sequencing analysis
For the transcriptome study, the cells were divided into 
three groups: Ctrl, US-70, and US-100 stimulated with an 
 ISPTA of 0, 70, or 100 mW/cm2 LIPUS for 20  min daily. 
RNA samples were collected by TRIzol after 7  days of 
treatment and then stored in liquid nitrogen before being 
sent to the Beijing Genomics Institute for RNA sequenc-
ing analysis. After obtaining the sequencing data, the 
data were quantitatively analyzed using principal compo-
nent analysis, differentially expressed gene (DEG) screen-
ing, GO function significant enrichment analysis, and 
pathway significant enrichment analysis.

Animal surgery
Sprague–Dawley (SD) rats were purchased from Tongji 
University; all procedures of animal usage were approved 
by the Ethical Committee of Tongji Hospital affiliated 
to Tongji University (ID: [2019] GXB-01). In this study, 
24 male SD rats (10  weeks old) were randomly divided 
into the following groups: Ctrl, LIPUS, hUC-MSCs, and 
LIPUS & hUC-MSCs. In the surgical preparation, the 
same classical rat knee cartilage defect model [47–50] 
was constructed for each group. The instruments were 
sterilized before the operation, and all animal-related 
operations were performed on a sterile professional sur-
gical operating table. The SD rats were anesthetized, and 
the skin was removed to expose the knee joints of the 
lower limbs of the rat. The skin and muscle layers were 
incised on the inner side of the knee joint of rats. After 
exposing the knee joint, a full-thickness cylindrical car-
tilage defect with a diameter of 2  mm and a depth of 
1.5  mm was drilled using a micro bone drill. After the 
defect was prepared successfully, the surgical wound was 
rinsed with sterile saline. For the Ctrl and LIPUS groups, 
the externally dislocated patella was repositioned and 
double sutured, while the joint capsule and wound were 
interrupted with 5.0 silk sutures, respectively. For the 
hUC-MSCs and LIPUS & hUC-MSCs groups, in vivo cell 
transplantation was performed prior to being sutured. 
A total of 1 ×  106 hUC-MSCs/rat were counted and 

placed in a 20-μL chondrogenic medium; the cells were 
slowly injected into the articular cavities in the two side 
knees using a microinjector, 10 μL, respectively, and the 
defect area was sutured after resting 5 min later for cell 
stabilization. Then, the externally dislocated patella was 
repositioned and double sutured, while the joint cap-
sule and wound were interrupted with 5.0 silk sutures, 
respectively.

The rats were anesthetized with 1.5% isoflurane and 
then placed in a suitable restraint board with head immo-
bilized. The base of the skull was grasped firmly with one 
hand, while the other hand was used to apply a sharp and 
quick force to the neck, dislocating the cervical vertebrae 
and severing the spinal cord. The rats were closely moni-
tored for cessation of breathing and heartbeat to ensure 
that they were euthanized effectively and humanely. The 
personnel performing the cervical dislocation method 
were trained and experienced, and we ensured that the 
procedure was carried out with the utmost care and com-
passion for the animals.

Histological analysis
Knee joint specimens were collected after 2, 4, and 
6 weeks. The samples were fixed with 4% PFA on a refrig-
erator shaker at 4 °C for 48 h, and the liquid was changed 
halfway. Each sample was decalcified with ethylenedi-
aminetetraacetic acid (EDTA) decalcification solution 
(replaced every 3–5  days) and the decalcification effect 
was identified once a month until the knee joint speci-
men could be easily pierced by a needle. After decalci-
fication was completed, the processes of grade ethanol 
dehydration, xylene permeation, and paraffin embedding 
were performed. The section thickness was 5  mm and 
stained with Safranin O-fast green and H&E staining.

Immunochemistry staining
The sections of the knee joint were conducted with 
immunochemistry staining of COL-II, TNF-α, and 
CD44. The sections were incubated with pepsin antigen 
repair solution (0.4%) after dewaxing and hydration in 
xylene and gradient ethanol solution, permeabilized and 
blocked with blocking buffer (0.1% Triton X-100, 0.05% 
Tween-20, and 10% normal goat serum in PBS) for 1  h 
at room temperature before primary antibody incuba-
tion. The following primary antibodies were used: COL-
II (Abcam), TNF-α (Abcam), and CD44 (CST). The 
sections were stained with responsive secondary anti-
bodies, counterstained with DAB, and mounted with 
Fluoromount-G anti-fade mounting medium (Southern 
Biotechnology). Tissue sections were imaged using an 
Olympus microscope.
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Statistical analysis
One-way or two-way analysis of variance (ANOVA) was 
applied using GraphPad Prism software (v7.0) for all sta-
tistical analyses. The statistical analysis in this study was 
performed with at least three independent repetitions. 
Data are reported as means with standard deviation; 
*p < 0.05, **p < 0.01, and ***p < 0.001 were considered statis-
tically significant.

Results
Identification of hUC‑MSCs and the effect of LIPUS 
on the proliferation of hUC‑MSCs
The six-channel ultrasound stimulation system and 
the process of in  vitro LIPUS stimulation are shown in 
Fig. 1a, where the transducers were placed on the porous 
foam cardboard to absorb the back-radiated ultrasound 
waves. The parameters of in  vitro LIPUS stimulation 
are listed in Materials and Methods, with  ISPTA ranging 
from 30 to 250 mW/cm2 (Fig.  1b). For hUC-MSCs, we 
first identified specific markers on the cell surface, where 
CD29, CD44, CD73, CD105, and CD166 were positive 
markers and CD11b, CD14, CD34, CD45, and HLA-DR 
were negative markers (Fig. 1d). The hUC-MSCs formed 
a slender fusiform shape under the microscope and were 
successfully induced to differentiate in three directions: 
adipogenesis, chondrogenesis, and osteogenesis (Fig. 1c). 
To select suitable conditions for LIPUS stimulation, we 
set up eight different groups: Ctrl, US-30, US-50, US-70, 
US-100, US-150, US-200, and US-250, with respective 
 ISPTA of 0, 30, 50, 70, 100, 150, 200, and 250 mW/cm2. 
Compared with Ctrl group, the apoptosis rate of hUC-
MSCs did not change significantly with LIPUS stimula-
tion, except for the apoptotic rates of US-200 and US-250 
groups which increased slightly at 9.5% and 11.3%, 
respectively (Fig.  1e, 1h). In addition, the results of the 
cell cycle showed that as the sound intensity of LIPUS 
increased, the G2 phase of the cell cycle also increased, 
while the corresponding S phase decreased. The most 
obvious changes were observed in US-200 and US-250 
groups (Fig. 1f, 1i). The results of live–dead cell staining 
(Fig.  1g) also showed that the number of live cells was 
significantly decreased in US-200 and US-250 groups 
compared with Ctrl group.

LIPUS promotes the chondrogenic differentiation 
of hUC‑MSCs
To further identify the effects of LIPUS stimulation on 
chondrogenic differentiation of hUC-MSCs, we set up six 
groups based on the above-mentioned cell proliferation 
results: Ctrl, US-30, US-50, US-70, US-100, and US-150, 
excluding the higher sound intensity groups, US-200 
and US-250, which showed negative effects on cell pro-
liferation based on the above-mentioned results. After 7 

continuous days of 20 min/day LIPUS stimulation, Alcian 
blue staining of hUC-MSCs in each LIPUS stimulation 
group was more positive than that of Ctrl group (Fig. 2a). 
The quantitative data showed a trend of increasing pro-
teoglycan production with increasing sound intensity; 
further, the proteoglycan production was significantly 
higher under LIPUS stimulation with the sound intensity 
 ISPTA of 70–150 mW/cm2 than the Ctrl group (Fig.  2b). 
This was also confirmed via immunofluorescence stain-
ing of cytoskeleton dye actin and the two marker genes of 
chondrogenic differentiation, SOX-9 and ACAN. Stain-
ing of the cytoskeleton revealed that the actin of US-70 
and US-100 groups had the highest brightness, and the 
cell morphology was also significantly broadened, which 
gradually differentiated into mature chondrocyte mor-
phology (Fig.  2c). Meanwhile, the expression levels of 
SOX-9 and ACAN significantly increased in US-70 and 
US-100 groups (Fig. 2d–e). In addition, qPCR detection 
and analysis showed that the hUC-MSCs treated with 
LIPUS stimulation could significantly up-regulate the 
expression of marker genes in the process of cartilage 
formation, such as SOX-9, COL-II, COL-X, ACAN, and 
COMP, of which US-70 group had the highest upregula-
tion level (Fig. 2f ). Compared with Ctrl group, the relative 
fold-change expression of SOX-9, COL-II, COL-X, ACAN, 
and COMP in US-70 group was 1.628, 2.357, 1.843, 2.292, 
and 1.689, respectively.

LIPUS promotes anti‑inflammation in C28/I2 cells
To explore the effect of LIPUS stimulation on the pro-
liferation and activity of human mature chondrocytes, 
we set up six groups as aforementioned: Ctrl, US-30, 
US-50, US-70, US-100, and US-150. After two continu-
ous days of 20 min/day LIPUS stimulation, the effect of 
LIPUS on cell cycle phases and apoptosis of C28/I2 cells 
was detected using flow cytometry. The results showed 
that there was no significant difference in the apoptotic 
rate (Fig. 3a–b) and cell cycle phase (Fig. 3c–d) for each 
LIPUS stimulation group compared with Ctrl group. The 
results of live–dead cell staining (Fig.  3e) also showed 
that the number of live cells showed little difference 
between the six groups.

To further study the effect of LIPUS stimulation on 
human chondrocytes in an inflammatory state, we set 
up a total of 12 groups with six groups as mentioned 
above: Ctrl, US-30, US-50, US-70, US-100, and US-150, 
whereas the other six groups were pretreated with 
5 μg/mL lipopolysaccharide (LPS) to induce inflamma-
tion in chondrocytes; these groups were: LPS and LPS 
with either US-30, US-50, US-70, US-100, or US-150. 
After two days of 20  min/day LIPUS stimulation, the 
expression of signature genes associated with C28/
I2 inflammation was detected via qPCR (Fig.  3f ). The 
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Fig. 1 Identification of hUC-MSCs and the effect of LIPUS on the proliferation of hUC-MSCs. a The six-channel ultrasound stimulation system used 
for in vitro LIPUS stimulation. b LIPUS parameters. c The tri-lineage differentiation capability identification of hUC-MSCs; scale bar: 200 μm. d Flow 
cytometric identification of specific surface markers of hUC-MSCs. e Flow cytometry analysis for cell apoptosis of hUC-MSCs stimulated with LIPUS. 
f Flow cytometry analysis for cell cycle distribution of hUC-MSCs stimulated with LIPUS. g Representative live-dead staining images of hUC-MSCs 
stimulated with LIPUS; scale bar: 200 μm. h Quantification data for apoptosis rate of hUC-MSCs stimulated with LIPUS. i Quantification data for the 
cell cycle of hUC-MSCs stimulated with LIPUS
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results of LPS and Ctrl groups showed that the expres-
sion of inflammation-related genes, including TNF-α, 
IL-1β, and IL-6, significantly increased after LPS treat-
ment, with fold-changes of 3.492, 9.034, and 24.85, 

respectively. However, the results of LIPUS and LPS 
& LIPUS groups showed that the expression of these 
inflammatory marker genes was generally lower com-
pared with those in Ctrl and LPS groups, respectively. 

Fig. 2 Effects of LIPUS on the chondrogenic differentiation of hUC-MSCs. The hUC-MSCs were stimulated by 20 min/day LIPUS stimulation for 
7 days before analyses. a Representative Alcian blue staining images showing the differentiation level of hUC-MSCs into chondrocytes; scale bar: 
200 μm. b Quantification data of the proteoglycan production for the Alcian blue staining results. c–e Representative immunofluorescence images 
showing the expression of cytoskeleton actin (c), and two marker genes of chondrogenic differentiation, SOX-9 (d) and ACAN (e); scale bar: 100 μm. 
f qPCR analysis of the expression of SOX-9, COL-II, COL-X, ACAN, and COMP. *p < 0.05, **p < 0.01, ***p < 0.001 (n = 3)
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Particularly, the expression of TNF-α was significantly 
down-regulated in all LIPUS treatment groups, includ-
ing US-70 group with an obvious promotion effect on 
the chondrogenic differentiation of hUC-MSCs, whose 
relative expression level dropped from 3.492 to 0.8572. 
This indicated that LIPUS stimulation resulted in the 
anti-inflammatory effect in C28/I2 cells.

TNF signaling plays an important role in LIPUS 
stimulation‑induced hUC‑MSC chondrogenic 
differentiation
Our study showed that LIPUS with an  ISPTA of either 
70 or 100 mW/cm2 could promote chondrogenic dif-
ferentiation of hUC-MSCs. To further explore the 
potential molecular mechanism of LIPUS-induced 

Fig. 3 Effects of LIPUS stimulation on the proliferation and inflammation of C28/I2 cells. a Flow cytometry analysis for cell apoptosis of C28/I2 cells 
stimulated with LIPUS. b Quantification data for apoptosis rate of C28/I2 cells. c Flow cytometry analysis for cell cycle distribution of C28/I2 cells. d 
Quantification data for the cell cycle of C28/I2 cells. e Representative live-dead staining images of C28/I2 stimulated with LIPUS; scale bar: 200 μm. 
f qPCR analysis of the expression of TNF-α, IL-1β, and IL-6 in C28/I2 cells, after LPS treatment (to produce inflammation) and LIPUS stimulation. 
*p < 0.05, **p < 0.01, ***p < 0.001 (n = 3)
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chondrogenesis of hUC-MSCs, RNA sequencing was 
performed. The heatmap of the mRNA expression pro-
file showed that the overall gene expression pattern of 
US-70 group was significantly different from that of 
the other two groups (Fig.  4a). Analysis of the differen-
tially expressed genes (DEGs) between Ctrl and US-70 
groups revealed that 1,673 genes were up-regulated and 
476 genes were down-regulated (Fig. 4b). For all the up- 
and down-regulated DEGs, we performed Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway term 
and Gene Ontology (GO) enrichment analyses. For the 
KEGG pathway term analysis, most genes were related to 
the organismal systems and human diseases (Fig. 4c). The 
KEGG analysis results revealed that most of the genes 
were involved in rheumatoid arthritis and TNF signal-
ing pathways (Fig. 4d). Through GO enrichment analysis, 
we found that nuclear receptor activity, cytokine activity, 
and growth factor activity were captured by the related 
genes (Fig.  4e). To explore the molecular mechanism 

underlying LIPUS-induced MSC differentiation into 
cartilage from a more systematic perspective, we used a 
protein–protein interaction (PPI) network to analyze all 
related genes and found that the core regulatory genes in 
LIPUS that promote the cartilage differentiation of hUC-
MSCs were TNF-α, IL-6, CXCL8, and IL-1β (Fig. 4f ). In 
addition, by combining the results of the KEGG path-
way term, KEGG, GO enrichment, and PPI analyses, we 
found that the TNF signaling pathway plays a leading role 
in the process of LIPUS-induced chondrogenic differen-
tiation of hUC-MSCs.

Further research was performed to analyze the role of 
the TNF signaling pathway in LIPUS stimulation-induced 
hUC-MSC chondrogenic differentiation. Notably, the 
reduction in TNF-α levels after LIPUS stimulation 
plays a key role in the differentiation of hUC-MSCs into 
chondrocytes. First, we used three sequenced samples 
to detect the expression levels of the three inflamma-
tory factor genes, TNF-α, IL-1β, and CXCL8. The results 

Fig. 4 Transcriptome sequencing analysis. a Cluster heat map of mRNA expression of Ctrl, US-70, and US-100 samples. b A volcano plot 
comparing the DEGs between the US-70 and Ctrl groups (Down-regulated genes showed in green and up-regulated genes showed in red; cutoff: 
p-value < 0.05 and |log2 FC|> 1). c–e KEGG pathway term analysis (c), KEGG pathway analysis (d), and GO pathway analysis of the DEGs (e) between 
the US-70 and Ctrl groups. f PPI network analysis of the core regulatory genes of the DEGs between the US-70 and Ctrl groups
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showed that the expression levels of these inflammatory 
factors in US-70 group with the best chondrogenic dif-
ferentiation effect were significantly decreased (Fig.  5a). 
Compared with Ctrl group, the relative expression of 
TNF-α, IL-1β, and CXCL8 in US-70 group decreased to 
0.1977, 0.7126, and 0.1197, respectively. Subsequently, 

to verify that LIPUS stimulation with an  ISPTA of 70 
mW/cm2 can reduce the level of TNF-α, we set up four 
groups: Ctrl, LIPUS, TNF-α, and TNF-α & LIPUS, 
where the latter two groups were pretreated with 10 μg/
mL TNF-α to induce inflammation in hUC-MSCs. The 
immunofluorescence staining results showed that the 

Fig. 5 Effects of TNF signaling pathway in LIPUS stimulation-induced hUC-MSC chondrogenic differentiation. a qPCR analysis of the expression of 
inflammatory factor genes TNF-α, IL-1β, and CXCL8. *p < 0.05, **p < 0.01, ***p < 0.001 (n = 3). b Representative immunofluorescence images showing 
the expression level of inflammatory factor TNF-α; scale bars: 50 μm and 100 μm, respectively. c Quantification data of the proteoglycan production 
for the Alcian blue staining results. d Representative Alcian blue staining images showing the differentiation level of hUC-MSCs into chondrocytes; 
scale bar: 200 μm. e–f Representative immunofluorescence images showing the expression of the chondrogenic differentiation markers SOX-9 (e) 
and COL-II (f); scale bar: 100 μm
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level of TNF-α was significantly lower in TNF-α & LIPUS 
group than in TNF-α group (Fig. 5b). The same was true 
when comparing LIPUS and Ctrl groups which did not 
have TNF-α-induced inflammation. Alcian blue staining 
results showed that the differentiation of hUC-MSCs into 
chondrocytes was inhibited following TNF-α upregula-
tion (Fig.  5d). The quantitative statistical analysis of the 
proteoglycan production for the Alcian blue staining 
showed that, compared with the Ctrl group, TNF-α sig-
nificantly reduced proteoglycan production, while LIPUS 
stimulation significantly increased proteoglycan produc-
tion (Fig.  5c). To determine whether LIPUS stimulation 
with an  ISPTA of 70 mW/cm2 inhibited the expression of 
TNF-α and promoted the chondrogenic differentiation 
of hUC-MSCs, the cartilage marker genes SOX-9 and 
COL-II were fluorescently labeled for immunofluores-
cence confocal imaging. The TNF-α & LIPUS group had 
better chondrogenic differentiation performance than 
TNF-α group, especially with a significantly increased 
brightness of SOX-9 and COL-II (Fig. 5e–f). In addition, 
these two marker genes of chondrogenic differentiation 
were weaker in TNF-α group than in Ctrl and LIPUS 
groups, which did not stimulate inflammation by TNF-α. 
These results indicated that LIPUS stimulation with an 
 ISPTA of 70 mW/cm2 could reduce the level of TNF-α in 
hUC-MSCs and promote hUC-MSC differentiation into 
chondrocytes.

Validation of LIPUS‑ and hUC‑MSC‑based cartilage 
regeneration in vivo
To verify the LIPUS- and hUC-MSC-based cartilage 
regeneration in  vivo, rat knee articular cartilage defect 
models were established and divided into four groups: 
Ctrl (defect), hUC-MSCs, LIPUS, and LIPUS & hUC-
MSCs. The in  vivo LIPUS stimulation experimental 
setup is shown in Fig. 6a, where the rat was anesthetized, 
and the knee joint with a shaven surface was placed on 
the transducer. To estimate the ultrasonic attenuation 
through biological tissues, we simplified the complex 
propagation path from the ultrasound transducer to the 
cartilage defect which was divided into two layers of 
soft tissue and bone, each with a thickness of 3 mm. As 
the ultrasonic attenuation coefficients through soft tis-
sue and bone are 1  dB/MHz/cm and 10  dB/MHz/cm, 
respectively [51], a total ultrasonic attenuation of approx-
imately 3.3  dB was estimated, of which 0.3  dB is attrib-
uted to soft tissue and 3  dB to bone. Thus, the  ISPTA of 
LIPUS stimulation for in vivo experiments was set to 150 
mW/cm2 with other LIPUS parameters the same as those 
used in in  vitro stimulation. After continuous 20  min/
day LIPUS stimulation for 2, 4, and 6  weeks, the knee 
joint samples were subjected to bright-field photography 
and histological staining with H&E and Safranin O-fast 

green to identify the healing effect of the treatment on 
the defective cartilage. The defective area of each group 
was observed, and no significant inflammation or syno-
vitis was found on the slides. There were obvious signs 
of tissue regeneration at the defected area after 2 weeks 
in LIPUS & hUC-MSCs group, 6  weeks in hUC-MSCs 
and LIPUS groups with shallower defect depths, and 
almost no regenerative tissue in Ctrl group (Fig.  6b). 
The H&E and Safranin O staining of the defected model 
area (Fig. 6c) showed a small amount of regenerated tis-
sue in Ctrl group, whereas more regenerated tissue was 
observed in the other three groups, especially LIPUS & 
hUC-MSCs group which showed the best recovery of the 
defected structure. In Ctrl and LIPUS groups, the new 
tissue stained with Safranin O was negative and did not 
well integrate with the surrounding healthy tissue, sug-
gesting that the regenerated tissue was either not a car-
tilage tissue or still an immature tissue. In hUC-MSCs 
group, Safranin O staining was weakly positive in new 
tissues after 2  weeks, indicating that the regenerated 
tissue was an immature cartilage tissue, and the bound-
ary between the injured and healthy areas was loosely 
defined. The new tissues in LIPUS & hUC-MSCs group 
were tightly connected to the surrounding healthy tis-
sues, and Safranin O staining was positive after both 2 
and 6 weeks, with almost no difference in the surround-
ing healthy tissues after 6  weeks. These results showed 
that the knee cartilage defect was significantly repaired 
in LIPUS & hUC-MSCs group compared with Ctrl group, 
and the repair cycle was shorter than that in hUC-MSCs 
and LIPUS groups. The in  vivo immunohistochemis-
try results (Fig. 6d) of joint tissues at 6 weeks including 
collagen-II, TNF-α, and CD44 showed that cell trans-
plantation (hUC-MSCs), ultrasound stimulation (LIPUS), 
and combined treatment (LIPUS & hUC-MSCs) groups 
could promote the expression of Collagen-II at 6 weeks, 
postoperatively compared to the Ctrl group; a significant 
number of CD44-positive cells were present in the hUC-
MSCs and LIPUS & hUC-MSCs groups, while no such 
positive cells were present in the other groups, indicat-
ing that much MSCs were still alive 6  weeks after cell 
transplantation. Besides, after 6  weeks of postoperative 
treatment, both the Ctrl and hUC-MSCs groups elicited 
higher levels of TNF-α expression compared to the lower 
TNF-α expression levels in the Normal group, whereas 
the LIPUS and LIPUS & hUC-MSCs groups showed rela-
tively lower TNF-α expression than Ctrl and hUC-MSCs 
groups. In addition, after 6  weeks of LIPUS treatment, 
the main organs (heart, liver, spleen, lung, and kidney) 
of the Sprague–Dawley (SD) rats in the different groups 
were stained with H&E. No noticeable tissue damage 
or pathological lesions were found in the organs of each 
group, which suggested the biosafety of LIPUS in  vivo 
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Fig. 6 Validation of LIPUS and hUC-MSC-based cartilage regeneration in vivo. a Top—the ultrasound stimulation system for in vivo LIPUS 
stimulation on the rat knee joint. Bottom—partially enlarged photograph of the experiment setup. b Bright-field photography showing the 
appearance of rat knee joint samples after LIPUS stimulation for 2, 4, and 6 weeks; scale bar: 1 mm. In each group, left—overall view of the knee 
joint, right—partially enlarged photograph of the defect area. c Respective H&E staining and Safranin O-fast green staining of the paraffin sections 
of the knee joint defect showing the healing effect of LIPUS stimulation; scale bars: 500 μm for H&E staining and 200 μm for Safranin O-fast green 
staining, respectively. d Representative immunohistochemistry images of COL-II, TNF-α, and CD44 of the knee joint defect in rats after 6 weeks of 
LIPUS stimulation; scale bar: 500 μm. e Representative H&E staining images of major organs in rats after 6 weeks of LIPUS stimulation; scale bar: 
500 μm
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(Fig. 6e). Taken together, LIPUS stimulation could reduce 
the level of TNF-α in hUC-MSCs, promote hUC-MSC 
differentiation into chondrocytes, and thus realize articu-
lar cartilage regeneration (Fig. 7).

Discussion
Low-intensity pulsed ultrasound (LIPUS), a form of ultra-
sound delivers at a low intensity and outputs in the mode 
of pulsed waves, has been demonstrated as adjuvant 
physical therapy, including promoting the differentiation 
of stem cells [22, 23], inhibiting inflammatory responses 
[24], accelerating soft tissue regeneration [25, 26], modu-
lating neuronal activity [27, 28], improving bone healing 
[29, 30], and cartilage regeneration [31–35]. In this study, 
we investigated the promoting effects and mechanisms 
underlying LIPUS stimulation on the chondrogenic dif-
ferentiation of human umbilical cord mesenchymal stem 
cells (hUC-MSCs) and further evaluated its regenerative 
application value in articular cartilage defects in rats.

Initially, we showed that LIPUS stimulation promotes 
hUC-MSC chondrogenic differentiation. The limited 
intrinsic healing ability of the cartilage hinders its abil-
ity to repair itself once damaged, requiring effective 
external treatment, whereas currently reported cartilage 
repair procedures are either invasive or have a limited 
repair-promoting ability [3–6]. Stem cell transplantation 

is a promising therapy for cartilage defect repair [11, 
12], especially the rich sources, and chondrogenic differ-
entiation ability of MSCs makes them an ideal cell type 
for cell transplantation-based cartilage tissue repair [14, 
16–18]. Our initial in  vitro analysis showed that LIPUS 
stimulation of hUC-MSCs up-regulated the expression 
of mature chondrocytes (Fig.  2a, Additional file  2: Fig. 
S1) and related marker genes such as SOX-9 and ACAN 
(Fig. 2d–e, Additional file 2: Fig. S2), which indicated that 
LIPUS stimulation promotes the chondrogenic differenti-
ation of hUC-MSCs and has the potential to facilitate the 
regeneration of damaged articular cartilage. In particular, 
LIPUS with an  ISPTA of 70 mW/cm2 showed the most sig-
nificant promotion effect.

Secondly, our results suggested that TNF signaling 
pathway inhibition is a key factor in LIPUS-induced 
hUC-MSC chondrogenic differentiation. To date, numer-
ous studies have suggested various possible mecha-
nisms by which LIPUS promotes MSC chondrogenesis, 
including regulation of autophagy [43] and upregulat-
ing the expression of cyclin-D1 [40]. Previous research 
has reported that biophysical stimulation can activate 
the MARK and PI3K-Akt signaling pathways and pro-
mote cell proliferation and differentiation [52]. However, 
its specific mechanism remains unclear. In this study, 
RNA sequencing was performed to further explore the 

Fig. 7 Schematic representation of LIPUS stimulation and hUC-MSC transplantation-based articular cartilage regeneration. Created with BioRender.
com
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potential molecular mechanism of LIPUS-induced chon-
drogenesis of hUC-MSCs, with the TNF signaling path-
way gene expression found to have significant changes 
after LIPUS stimulation with an  ISPTA of 70 mW/cm2 
(Fig.  4d). We further verified that LIPUS stimulation 
with an  ISPTA of 70 mW/cm2 can significantly down-
regulate the expression levels of TNF-α (Fig. 5a), reduce 
inflammation of hUC-MSCs induced by TNF-α (Fig. 5b), 
improve the level of chondrogenic differentiation of 
hUC-MSCs (decreased by TNF-α) (Fig. 5d), and up-reg-
ulate the expression of the cartilage marker genes SOX-9 
and COL-II (down-regulated by TNF-α) (Fig. 5e–f). The 
results indicated that the inhibition of TNF signaling 
pathway, especially TNF-α gene expression downregula-
tion, plays a key role in LIPUS-induced hUC-MSC chon-
drogenic differentiation.

Thirdly, we demonstrated that LIPUS provided a 
favorable anti-inflammatory microenvironment for 
newly differentiated chondrocytes and exhibited an anti-
inflammatory effect in mature chondrocytes. The car-
tilage remodeling process is mediated by chondrocytes, 
whereas TNF-α has been reported to drive the inflam-
matory process in chondrocytes [53]. Besides, previous 
studies have reported that the levels of pro-inflammatory 
cytokines, including TNF-α and IL-1β, were markedly 
increased in patients with OA compared to healthy pop-
ulations, which could lead to the damage of the articular 
cartilage [54]. High concentrations of IL-1β could up-reg-
ulate the expression of MMP-1, MMP-3, and MMP-13 in 
chondrocytes, inhibit the expression of ACAN and COL-
II with cartilage properties, and promote the production 
of COL-I with fibroblast characteristics, thereby destroy-
ing cartilage stability [55].

Effective reduction in the concentration of IL-1β in 
the cartilage tissue by antagonizing IL-1β treatment can 
simultaneously reduce the expression of TNF-α and IL-8, 
which could slow down cartilage damage and OA devel-
opment. Nakao et  al. found that LIPUS inhibits LPS-
induced inflammatory chemokine mRNA expression in 
osteoblasts, including that of CXCL1 and CXCL10 [24]. In 
this study, mature chondrocytes, C28/I2 cells, were pre-
treated with LPS to induce inflammation and simulate an 
inflammatory state. The results showed that the expres-
sion of TNF-α, IL-1β, and IL-6 significantly increased 
after LPS treatment, yet decreased after LIPUS stimula-
tion (Fig. 3f ), indicating that LIPUS stimulation exhibited 
an anti-inflammatory effect in mature chondrocytes. In 
addition, LIPUS stimulation significantly down-regulated 
the expression levels of inflammatory factors including 
TNF-α, IL-1β, and CXCL8 in hUC-MSCs (Fig. 5a), show-
ing that LIPUS stimulation provided a favorable anti-
inflammatory microenvironment for newly differentiated 
chondrocytes. Thus, the anti-inflammatory effect of 

LIPUS can help to promote hUC-MSC transplantation-
based articular cartilage regeneration or can be further 
used for OA treatment.

Lastly, we established a rat knee articular cartilage 
defect model to verify LIPUS- and hUC-MSC-based 
cartilage regeneration in  vivo. The bright-field photog-
raphy (Fig. 6b) and histological staining results (Fig. 6c) 
indicated that the knee cartilage defect was significantly 
repaired in LIPUS & hUC-MSCs group compared with 
Ctrl group, and the repair cycle was shorter than that in 
the respective hUC-MSCs and LIPUS groups. Our results 
suggest that LIPUS stimulation not only has therapeu-
tic potential in treating articular cartilage injury but can 
also promote hUC-MSCs transplantation-based cartilage 
regeneration treatment.

Notably, LIPUS group and hUC-MSCs group had simi-
lar cartilage repair effects, both having shallower defect 
depths at week 6 compared to the Ctrl group, which 
indicated that LIPUS stimulation (without hUC-MSC 
transplantation) contributes to articular cartilage regen-
eration. In addition, the immunostaining results (Fig. 6d) 
showed that the LIPUS and LIPUS & hUC-MSCs groups 
showed relatively lower TNF-α expression than the Ctrl 
and hUC-MSCs groups, which indicated that ultrasound 
stimulation can regulate the expression of TNF-α and 
thus function in cartilage regeneration. Therefore, we 
suggest that the repair effect of LIPUS stimulation itself 
may be associated with the anti-inflammatory effect of 
LIPUS on chondrocytes.

In addition, the origin of the newly formed chondro-
cytes in the defect region must be determined and may 
involve the differentiation of exogenous (transplanted 
hUC-MSCs) or endogenous stem cells [56, 57]. How-
ever, cartilage tissue lacks endogenous stem cells and 
blood vessels for self-repair [2]. In this study, consider-
ing the correlation between transplanted hUC-MSCs 
and newly formed cartilage tissue, immunohisto-
chemical staining for human anti-CD44 antibody was 
performed on the samples to effectively label the trans-
planted human MSCs [58]. Only human MSCs would 
be labeled by the anti-CD44 antibody, which were not 
present in the original rat model. The results showed 
that the CD44-positive cell markers were present in 
the cell transplantation involving groups including the 
hUC-MSC and LIPUS & hUC-MSC groups, at 6 weeks 
postoperatively (Fig.  6d), whereas such positive cells 
were not present in the other groups, indicating that 
CD44 effectively labeled hUC-MSCs that transplanted 
into the defect region. In addition, immunohistochemi-
cal staining results for the inflammatory marker TNF-α 
(Fig. 6d) showed that after 6 weeks treatment, the ultra-
sound stimulation involving groups including the LIPUS 
and LIPUS & hUC-MSCs groups exhibited relatively 
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lower TNF-α expression, i.e., relatively lower levels of 
inflammation, compared with the Ctrl and hUC-MSCs 
groups, indicating that LIPUS stimulation had some 
anti-inflammatory effect. Moreover, the actual cartilage 
repair effect was evaluated via bright-field photogra-
phy (Fig.  6b) and histological staining results (Fig.  6c), 
and the LIPUS & hUC-MSCs groups showed signifi-
cant repair of the knee cartilage defects compared to 
the other three groups. In conclusion, treatment of the 
LIPUS & hUC-MSC groups enabled better survival of 
the transplanted cells in the inflammatory microen-
vironment to resist inflammatory stimuli in the defect 
region, thus effectively differentiating into cartilage and 
promoting tissue regeneration and repair.

Furthermore, we verified the safety of LIPUS stimu-
lation and hUC-MSC transplantation-based cartilage 
repairing procedure. LIPUS non-invasively delivers 
mechanical stimulation to biological tissues without 
thermal activity and has been extensively exploited as a 
therapeutic tool in tissue engineering research, includ-
ing cartilage regeneration [31–35]. However, it remains 
vital to determine and validate the LIPUS parameters 
for its safe and effective use. Previous studies that 
showed effective LIPUS stimulation on cartilage regen-
eration [59], bone healing [60], and dentofacial tissue 
engineering [61, 62] commonly used a duty cycle of 
20%, 20  min/day stimulation, center frequency from 1 
to 3  MHz, and  ISPTA from 30 to 300 mW/cm2. In this 
study, the parameters of LIPUS stimulation were as fol-
lows: center frequency = 1  MHz, pulse repetition fre-
quency = 0.33  Hz, duty cycle = 20%, and  ISPTA ranging 
from 30 to 250 mW/cm2. The LIPUS parameters used 
in our study were first tested in  vitro to ensure the 
security for the subsequent in vivo analysis. We investi-
gated the cell cycle phases and apoptosis (to reflect the 
vitality of cells and therefore LIPUS safety) and found 
that these parameters were significantly changed under 
LIPUS stimulation with an  ISPTA of 200 and 250 mW/
cm2 (Fig. 1e–g), indicating that LIPUS stimulation with 
an  ISPTA of over 200 mW/cm2 is not conducive to cell 
growth. Therefore, we conducted further research in 
the range of 30–150 mW/cm2.

We performed tissue biosafety evaluation using H&E 
staining of major organs, including the heart, liver, 
spleen, lung, and kidney, from the rats after 6  weeks of 
treatment (Fig.  6e), where no noticeable tissue damage 
or pathological lesions were found in any of the groups, 
indicating the safe application of the LIPUS stimulation. 
Thus, the safety and effectiveness of LIPUS stimulation 
parameters were verified both in vitro and in vivo in this 
study. In addition, previous research has suggested that 
hUC-MSCs exhibit lower immunogenicity compared 
with other types of MSCs [63–65]. Hence, we verified the 

safety of LIPUS stimulation and hUC-MSC transplanta-
tion-based cartilage repairing.

LIPUS has been extensively studies in tissue engi-
neering research, including cartilage regeneration. For 
example, Xia et  al. found that LIPUS stimulation pro-
moted TGF-β1-induced chondrogenesis of bone marrow 
mesenchymal stem cells (BMSCs) through the integrin-
mTOR signaling pathway [66], while Wang et  al. found 
that chondrogenesis of BMSCs could be promoted by 
LIPUS via regulation of autophagy [43]. Ling et al. found 
that LIPUS pre-treatment can improve the effect of hAD-
MSC transplantation by downregulating the expression 
of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) 
and reducing ovarian inflammation induced by chemo-
therapy [22]. Furthermore, Liu et  al. found that LIPUS 
stimulation inhibited the expression of inflammatory 
factors (IL-6, IL-8) and promoted the osteogenic differ-
entiation capacity of human periodontal ligament cells 
(hPDLCs) by inhibiting the NF-κB signaling pathway 
[67]. Xia et al. constructed a rat knee osteoarthritis (OA) 
model and demonstrated that LIPUS can enhance the 
therapeutic efficacy of BMSCs in OA cartilage repair, and 
the underlying mechanism is associated with the increase 
in autophagy-mediated exosome release [68]. In the cur-
rent study, LIPUS stimulation with specific parameters 
promoted chondrogenic differentiation and down-regu-
lated the expression levels of inflammatory factors TNF-
α, IL-1β, and CXCL8 in hUC-MSCs, which are associated 
with the TNF signaling pathway inhibition. Although the 
concept of “LIPUS-stimulated and hUC-MSC-mediated 
cartilage regeneration” has been reported in several stud-
ies, the present study validated the promoting effect of 
LIPUS on the chondrogenic differentiation of hUC-MSCs 
in injured articular cartilage rat models in  vivo, with a 
new possible regenerative mechanism related to LIPUS-
induced TNF signaling pathway inhibition. This study 
elucidates the possible mechanistic basis for LIPUS-stim-
ulated and hUC-MSC-mediated cartilage regeneration, 
offering a practical and bio-safe procedure for articular 
cartilage repair and regeneration for clinical applications.

Nevertheless, this study has some limitations. First, the 
ultrasound transducers we used convey plane waves but 
not focused waves that could focus ultrasound energy 
on the target cartilage defect area, which may limit the 
stimulation efficiency. Second, the impact of other LIPUS 
parameters including central frequency and duty cycle 
was not studied. Third, only the TNF signal pathway 
was studied, among differential gene pathways following 
LIPUS stimulation, which may also be associated with 
the mechanism underlying LIPUS-induced hUC-MSC 
chondrogenic differentiation. In future research, we will 
use focused ultrasound transducers to further study the 
impact of LIPUS on other differential gene pathways and 
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try to verify the hybrid repairing procedure using animals 
with cartilages closer to the human articular cartilage.

Conclusion
Our data show that LIPUS stimulation with specific 
parameters can promote chondrogenic differentiation of 
hUC-MSCs by inhibiting the TNF signaling pathway and 
provide a favorable anti-inflammatory microenvironment 
for the newly differentiated chondrocytes, thus promot-
ing hUC-MSC transplantation-based articular cartilage 
regeneration in  vivo. The present study elucidates the 
mechanistic basis for cartilage regeneration based on 
hUC-MSC transplantation and LIPUS stimulation, thus 
offering an effective and bio-safe procedure for articular 
cartilage repair and regeneration for clinical applications.
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