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ABSTRACT

Bone marrow mesenchymal stem cells (BMSCs) are pluripotent and self-renewing, exerting a crucial role
in the domain of regenerative medicine. Nevertheless, BMSCs encounter challenges such as low cell
viability and inadequate homing during transplantation, thereby restricting their therapeutic efficacy.
Hence, current research is concentrated on identifying optimal retention approaches following BMSCs
transplantation to enhance its effectiveness. Low-intensity ultrasound (LIUS) has been verified as an
efficacious method to enhance the performance of BMSCs. We established a skin trauma model and
assessed the therapeutic effect of LIUS-preconditioned BMSCs. The results demonstrated that pretreat-
ment with LIUS could expedite wound healing and effectively diminish scar formation post-
transplantation by promoting proliferation capacity, reinforcing anti-apoptotic attributes, improving
homing ability, and significantly enhancing the transplantation effect of BMSCs. These discoveries imply
that LIUS might constitute a promising strategy for attaining optimal retention after stem cell trans-

plantation in regenerative medicine and wound repair therapy.
© 2025 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Bone marrow mesenchymal stem cells (BMSCs), being a type of
pluripotent stem cells, exhibit a high capacity for self-renewal and
the potential to differentiate into multiple lineages [1]. BMSCs have
been extensively explored as candidates for cell therapy [2—5],
finding wide utilization in bone defect healing [G], diabetes treat-
ment [7], and spinal cord injury management [8]. Nevertheless,
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during transplantation, the functional attributes of BMSCs might be
impaired, resulting in suboptimal outcomes such as a low cell
survival rate, insufficient cell homing, and limited stability [9].
Hence, there is an urgent requirement for a novel strategy to
enhance the retention of transplanted BMSCs within target treat-
ment areas in order to boost their therapeutic efficacy.

The LIUS is a specialized form of ultrasonic output that emits
pulse waves within the frequency range of 1-3 MHz and an in-
tensity below 1 W/cm? [10,11]. Recent studies have demonstrated
the significant impact of LIUS on the biological activity of BMSCs by
promoting their proliferation, differentiation, and migration
[12—15]. However, there have been no reports on whether LIUS
improves the optimal retention method of BMSCs in vivo.

Therefore, in order to validate the potential of LIUS in enhancing
the homing ability, activity, and stability of BMSCs in vivo, we have
designed the following experimental protocol: establishing a skin
trauma model and subsequently transplanting  LIUS-
preconditioning BMSCs into the wound site. This approach aims
to evaluate whether this intervention can enhance the efficacy of
stem cell transplantation and determine its potential as an optimal
method for stem cell retention.
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2. Materials and methods
2.1. In vitro experiments

2.1.1. Cell culture

The BMSCs of Sprague Dawley (SD) rats were obtained from
Saiye Biological Co., Ltd (Product number: RASMX-01001). The cells
were cultured in a humidity-saturated incubator at 37 °C with 5 %
CO, using low-glucose Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10 % fetal bovine serum and 1 %
penicillin-streptomycin.

The BMSCs, which had undergone three generations of passage,
were seeded into 96-well plates at a density of 4 x 10° cells per
well. Two groups were established: the LIUS group and the Control
group, each consisting of six replicate wells and blank wells. In the
LIUS group, BMSCs were exposed to LIUS for 20 min daily over a
period of seven days. The parameters used for LIUS treatment were
as follows: sound intensity of 30 mW/cm?, frequency of 0.3 MHz,
repetition rate of 1 kHz, and duty cycle of 20 % [16]. In the Control
group, BMSCs received no energy output during LIUS exposure.

2.1.2. Cell viability assay

After a 6-h interval following the termination of LIUS irradiation
on the 7th day, the Methyl Thiazolyl Tetrazolium (MTT) assay was
conducted using MTT powder (Solarbio Technology Co., Ltd, Bei-
jing) in accordance with the manufacturer's instructions. Subse-
quently, absorbance at 490 nm was measured utilizing an
automatic microplate reader (TECAN Co., Switzerland).

2.1.3. Fluorescence staining

After 7 days of irradiation, the BMSCs in both the LIUS group and
Control group were fluorescently labeled with PI/DAPI and JC-1 to
observe apoptosis and changes in mitochondrial membrane po-
tential. Subsequently, the results were observed under a fluores-
cence microscope (Olympus Co., Canada).

2.14. Flow cytometry detection

After 7 days of irradiation, the suspended cells were obtained
through routine trypsin digestion and centrifugation (Hyclone Co.,
USA). Subsequently, the cells were washed with Phosphate Buff-
ered Saline (PBS, Hyclone Co., USA). The apoptosis rate of BMSCs
was assessed using Annexin V/PI double staining, while the calcium
ion concentration was measured by Fluo-3 fluorescent labeling.
Both assessments were conducted using flow cytometry (Beckman
Co., USA), following the manufacturer's instructions.

2.1.5. RNA-seq and bioinformatic data analysis

After 7 days of irradiation, BMSCs from the LIUS group and
Control group were collected for subsequent RNA sample pro-
cessing and RNA-seq analysis conducted by Shenzhen BGI Co., Ltd.
DESeq2 software was employed to analyze gene differences, with
log2 (Fold Change) >1 and P < 0.05 serving as the criteria to identify
differentially expressed genes (DEGs).

2.2. In vivo experiment

2.2.1. Animals

The SD rats, all female and aged 8—10 weeks, were sourced from
the Experimental Animal Center of Chongqing Medical University.
All rats were maintained under controlled conditions with a tem-
perature of 25 °C, humidity of 45 %, and a light cycle of 12 h per day.
The project strictly adhered to the ethical standards set by the
Experimental Animal Ethics Committee of Chongqing Medical
University. Experiments were conducted in compliance with na-
tional and institutional guidelines for animal care and use,
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authorized by Chongging Medical University's ethics board
(approval number: 2022099).

2.2.2. Wound healing model building

The SD rats were anesthetized by intraperitoneal injection of
10 % pentobarbital sodium (35 mg/kg body weight). Subsequently,
the dorsal skin was depilated and disinfected with 75 % alcohol
(Chengdu Kelong Chemical Reagent factory, Sichuan, China) three
times. Utilizing sterile ophthalmic scissors, the epidermis and
dermis of the dorsal skin were excised to create a circular model of
total skin injury with a diameter of 2 cm [7]. Upon completion of
the modeling process, the rats were housed in individually venti-
lated cages.

2.2.3. Group and treatment
The successfully modeled SD rats were divided into five groups
(n = 30) as follows.

- LIUS group: Apply ultrasound coupling agent around the skin
lesion on the back of the rat, placing the probe on the skin
coated with the coupling agent (avoiding irradiation of the
lesion area). The parameters of LIUS used were as follows: sound
intensity of 200 mW/cm?, frequency of 0.3 MHz, repetition
frequency of 1 KHz, duty cycle of 20 %, once a day for a duration
of 20 min over a period of 7 days. Additionally, 1 ml of physio-
logical saline was injected 0.5 cm around the incision.
BMSCs group: Rats received an equal amount of 1 ml BMSCs
suspension (1 x 10%/mL) around the incision site and no energy
output from the probe was applied to irradiate the skin lesion.
LIUS + BMSCs group: Similar to the BMSCs group, rats received
an injection of BMSCs suspension and also underwent LIUS
irradiation as described in the LIUS group.
LIUS + PC-BMSCs group: In this group, BMSCs were precondi-
tioned with LIUS using parameters such as sound intensity at
30 mW/cm?, frequency at 0.3 MHz, repetition frequency at
1 KHz, and duty cycle at 20 %. This preconditioning was per-
formed once a day for a duration of 20 min over a period of
seven days. Subsequently, rats received an injection of pre-
conditioned BMSCs suspension (1 x 108/mL) around the skin
lesion.
- Control group: Rats in this group received an same volume of
1 ml physiological saline injection around the skin lesion, and
sham irradiation was performed at the same time.

The flow chart depicting these experimental procedures is
shown in Fig. 1.

2.2.4. Immunofluorescence

To assess the in vivo viability of BMSCs, immunofluorescence
was performed to detect the expression of CD90 protein on BMSCs.
Skin samples collected at 1d and 3d were processed for paraffin
sectioning (section thickness: 3.5 um). The sections were then
routinely dewaxed, dehydrated, antigen-repaired, and blocked
before being incubated with primary antibody against CD90
(DF4804, Affinity, Jiangsu, China), followed by secondary antibodies
(S0008, Goat Anti-Rabbit 1gG (H + L) FITC-conjugated, Affinity,
Jiangsu, China) and DAPI staining (D1306 Invitrogen USA). Finally,
the sections were observed under a Nikon inverted fluorescence
microscope (Model TE-2000U; Nikon Tokyo Japan).

2.2.5. Wound healing rate

The wound condition and complete healing time were recorded
for each group of rats on days 0, 3, 7, 14, and 28. Subsequently, the
data was analyzed using Image ] (NIH, Bethesda, MD). The wound
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Fig. 1. The flow chart of the in vivo experiment.

healing rate was calculated as [(initial wound area - current wound
area)/initial wound area] x 100 %.

2.2.6. Hematoxylin and eosin (H&E) staining

The skin lesion tissue slices from each group were dewaxed for
H&E staining, followed by visualization using an optical microscope
(BX51, Olympus, Tokyo, Japan) and analysis using Image J.

2.3. Masson staining

The skin samples collected on day 28 were subjected to Masson
staining using a Masson staining kit (Solebao Technology Co., Ltd,
Beijing, China). Subsequently, the collagen fibers in each group
were evaluated using an optical microscope and Image ] software.

2.3.1. TUNEL assay

Apoptosis in the lesion area was detected using the TUNEL
apoptosis assay kit (Beyotime Biotechnology Co., Ltd, Shanghai,
China) in accordance with the manufacturer's instructions and
observed under a fluorescence microscope.

2.3.2. Immunohistochemistry

To assess the status of macrophages, endothelial cells, and
apoptosis-related proteins, immunohistochemical analysis was
performed to detect the expression levels of Bax (AF0120, Affinity,
Jiangsu, China), Bcl2 (AF6139, Affinity, Jiangsu, China), and Caspase-
3 (AF6311,Affinity, Jiangsu,China) with a dilution ratio of
1:50—1:200. Five random visual fields were selected under an op-
tical microscope for analysis using Image J.

2.3.3. Quantitative real-time PCR (qRT-PCR)

To assess the expression of Bax and Bcl-2 related mRNA during
the proliferative phase of wound healing, total RNA was extracted
from the tissue of skin lesions at 7d and subsequently reverse
transcribed into cDNA. The experiment was conducted using a
fluorescence quantitative PCR instrument (Bio-rad Co, US), and data
analysis was performed using the 2-24 CT method. The primer is
as follows:

Bax-F: GGCGATGAACTGGACAACAACA.

Bax-R: GCTGCCACACGGAAGAAGAC.

Bcl-2-F: TCTTCAGAGACAGCCAGGAGAA.

Bcl-2-R: GTGTGGAGAGCGTCAACAGG.

2.3.4. Toluidine blue staining

The slides were subjected to dewaxing, hydration, and toluidine
blue staining in order to investigate mast cell changes during
wound inflammation. Subsequent observations were made under
an optical microscope.

2.3.5. Enzyme-linked immunosorbent assay (ELISA)

The levels of platelet-derived growth factor (PDGF), tumor ne-
crosis factor-o. (TNF-a.), and stromal cell-derived factor-1 (SDF-1) in
skin tissue were quantified using ELISA kits provided by Jingmei
Biotechnology Co., Ltd. located in Jiangsu, China.

2.4. Statistical analysis

The experiments were repeated a minimum of three times to
ensure the study's reliability. Data analysis was performed using
GraphPad Prism Version 8 software (GraphPad Software Inc., San
Diego, CA) and presented as means + standard deviation. Each
experiment was conducted in triplicate. Statistical differences were
assessed using T-test, one-way ANOVA, or two-way ANOVA. A
significance level of P < 0.05 indicated statistical significance, while

P < 0.01 denoted high significance (*P < 0.05, **P < 0.01).

3. Results

3.1. The efficacy of stem cell transplantation has been enhanced and
its therapeutic potential has been optimized

As shown in Fig. 2A and B, transplantation of LIUS-
preconditioned BMSCs significantly enhanced wound healing
compared to the untreated group. The wound healing rate in the
LIUS + PC-BMSCs group was notably higher than that in other
groups on both the 3rd and 14th day, resulting in a significant
reduction in healing time (P < 0.05). Remarkably, we observed that
the LIUS + PC-BMSCs group exhibited the smallest scar area after
LIUS preconditioning (Fig. 2C). These findings suggest that LIUS
preconditioning improves BMSC proliferation and homing ability,
leading to remarkable efficacy in promoting wound healing and
reducing scarring.

The histopathological examination of the skin sections disclosed
a considerable presence of inflammatory cells, neovascularization,
and fibroblasts in all experimental groups on day 3. Additionally,
H&E staining manifested the gradual establishment of granulation
tissue. By day 7, the granulation tissues in all groups demonstrated
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Fig. 2. A. The healing of skin wounds in each group of rats. B. The days of skin wound healing in each group. C. Scar area after skin wound healing in each group. D. The H&E staining
of skin lesions in inflammatory and proliferative phases in each group (x 100, x200). E. Comparison of the amount of neovascularization in inflammatory and proliferative phases of
skin lesions in each group. F. The H&E staining of skin lesions in the remodeling phase in each group (x 100, x200). G. Comparison of epidermal thickness index in remodeling phase
of skin lesions in each group. H. The Masson staining of skin lesions in the remodeling phase in each group (x100, x400). I. Comparison of percentage of collagen volume in the

remodeling stage of skin lesions in each group. *P < 0.05; **P < 0.01.

augmented growth and maturation, along with an increase in
neovascularization. Notably, the LIUS + PC-BMSCs group exhibited
a significantly higher quantity of new blood vessels (P < 0.05) in
comparison to other groups (Fig. 2D and E). On day 28, there was a
reduction in the composition of granulation tissue across all
groups; however, the LIUS + PC-BMSCs group presented the most
remarkable degree of differentiation with a notable increment in
hair follicles (Fig. 2F). The analysis of the epidermal thickness index
(epidermal thickness index=[average epidermal thickness within
lesion area/average normal skin thickness]) indicated that the ratio
for the LIUS + PC-BMSCs group was closest to 1, suggesting that its
epidermis closely resembled normal skin tissue (Fig. 2G).
Additionally, Masson staining revealed that by day 28, the skin
wounds in each group had essentially healed and collagen depo-
sition had commenced. In the control group, some areas exhibited
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loose and thin collagen fibers, whereas the majority of collagen
fibers in the LIUS + PC-BMSCs group appeared dense and robust
(Fig. 2H). The percentage of collagen volume was significantly
higher in the LIUS + PC-BMSCs group compared to the Control
group (P < 0.01), and there was a statistically significant difference
in collagen deposition between the LIUS + PC-BMSCs group and
BMSCs group (P < 0.05) (Fig. 2I). These findings demonstrate that
the LIUS + PC-BMSCs group exhibited superior skin repair quality.

3.2. The efficacy of stem cell transplantation has been enhanced
and its retention technique has been optimized

In vitro experiments revealed that LIUS preconditioning of
BMSCs enhanced their proliferative activity and reduced the rate of
apoptosis (Fig. 3A and B). Compared to the control group, LIUS
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preconditioning of BMSCs significantly decreased the number of
late apoptotic cells (P < 0.05) (Fig. 3C). The decline in mitochondrial
membrane potential is a key indicator of early apoptosis. Fluores-
cence microscopy demonstrated that the LIUS + PC-BMSCs group
exhibited the least decrease in mitochondrial membrane potential
(Fig. 3D and E). Cell apoptosis and proliferation are closely associ-
ated with intracellular calcium concentration. Fluo-3f fluorescence
staining indicated that LIUS preconditioning increased intracellular
calcium concentration in BMSCs (P < 0.05) (Fig. 3F). These findings
suggest that LIUS preconditioning can effectively reduce early
apoptosis in BMSCs.

The TUNEL staining technique was employed to further validate
in vivo that LIUS preconditioning of BMSCs resulted in a reduction in
the apoptosis rate of cells associated with skin lesions. On day 7, the
apoptosis index of the LIUS + PC-BMSCs group exhibited a signifi-
cantly lower value compared to other groups (Fig. 4A and B). To
explore the mechanism by which BMSCs regulated apoptosis in the
proliferative phase after LIUS preconditioning, we performed
immunohistochemical staining for Caspase-3, Bax and Bcl-2 in tissue
sections of the skin lesions at 7 days in each group.These findings
demonstrated that Bcl-2 protein was strongly positive, Bax protein
and Caspase-3 protein were weakly positive in LIUS + PC-BMSCs
group, which was just opposite in the Control group (Fig. 4C—H). This
suggests that LIUS preconditioning of BMSCs can mitigate apoptosis
during the proliferative stage of skin lesions through modulation of
the Bcl-2 apoptotic pathway. Similar results were obtained using
qPCR analysis. Compared to the control group, mRNA expression
related to Bax was down-regulated and mRNA expression related to
Bcl-2 was up-regulated in all other groups; however, these changes
were most significant in the LIUS + PC-BMSCs group (P < 0.05)
(Fig. 41 and J). ELISA measurements revealed serum levels of PDGF
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and TNF-c.. The results indicated that LIUS preconditioning of BMSCs
could enhance secretion levels of PDGF and TNF-a during both in-
flammatory and proliferative phases. Throughout wound healing,
there was an initial increase followed by a subsequent decrease in
TNF-o and PDGF contents (P < 0.05) (Fig. 4K-L). Collectively, these
findings suggest that the antiapoptotic capability conferred by LIUS
preconditioning on BMSCs may be attributed to its ability to atten-
uate inflammatory responses.

CD90 is a crucial marker protein for the homing of BMSCs. The
results demonstrated that the expression rate of CD90 positivity in
skin sections of SD rats was highest in the LIUS + PC-BMSCs group
(Fig. 5A and B). Furthermore, the homing ability of the LIUS + PC-
BMSCs group was significantly superior to that of other groups. It
has been reported that SDF-1 plays a pivotal role in cell activation
during BMSCs homing [17]. ELISA analysis revealed that LIUS pre-
conditioning could enhance SDF-1 secretion during both inflam-
matory and proliferative stages (P < 0.05) (Fig. 5C).

Long-term in vitro culture of BMSCs may induce heterogeneity,
potentially compromising the stability of these cells. On the 7th day
of in vitro culture, both the control group and LIUS group exhibited
spindle-shaped or triangular BMSCs that were uniform, dense, and
displayed robust growth (Fig. 5D). These findings suggest that LIUS
preconditioning does not alter the morphology of BMSCs.
Furthermore, histological analysis using H&E staining (Fig. 2D)
revealed distinct tissue boundaries with increased presence of in-
flammatory cells, neovascularization, fibroblasts, and progressive
formation of granulation tissue without any evidence of tumor
infiltration or abnormal cellular changes. Collectively, these results
demonstrate that transplantation of LIUS preconditioned BMSCs
can effectively promote skin repair in vivo while maintaining their
inherent stability.
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3.3. The impact of LIUS preconditioning on the gene expression of
BMSCs

To investigate the impact of LIUS on gene expression in
BMSCs, we conducted a transcriptome RNA-seq analysis. After
screening 83 differentially expressed genes (DEGs), we identified
31 up-regulated DEGs and 52 down-regulated DEGs. Notably,
Rfxap, RELN, LILRB3A, BDKRB2, CACNA1l, ATP13A4, Ston2, ID1,
SACS and Katnall exhibited the most significant up-regulation
while Tsr2, Alpl, Npr3, Cpz, Pln, Agtr2, Adamts9, Lmcd1, Cxcl13
and Nrxn2 showed the most significant down-regulation. Anal-
ysis of the volcano plot of DEGs (Fig. 6A) and clustering heat map
of DEGs (Fig. 6B) revealed that these genes primarily influenced
cell proliferation; development of extracellular matrix (ECM)
tissue; differentiation of neurons and skeletal muscle cells; ag-
gregation of cartilage; intracellular calcium ion concentration; as
well as activity of multiple growth factors and their receptors.
The GO enrichment analysis (Fig. 6C) and KEGG enrichment
analysis (Fig. 6D) of differential genes revealed that the differ-
entially expressed genes primarily impacted three key pathways:
the calcium signaling pathway (upregulation of Bdkb2, Cacnali,
and Itpr3 genes; downregulation of PIn, Adrb3, Tbxa2r, F2R, and
Avprla genes), signaling pathways controlling stem cell plurip-
otency (upregulation of Id1, Id2, and Id3 genes; downregulation
of Fzd4 and Pik3r3 genes), and Hippo signaling pathway (upre-
gulation of Id1 and Id2 genes; downregulating Tgfb2, Fzd4, and
Ccn2 genes).
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4. Discussion

BMSCs hold immense promise in regenerative medicine; how-
ever, their therapeutic potential is frequently constrained by sub-
optimal retention approaches in cell therapy. In this study, we
employed LIUS to precondition BMSCs with the objective of aug-
menting their biological activity. Our findings indicated that LIUS
preconditioning conspicuously enhanced the proliferative capacity,
anti-apoptotic characteristics, stability, and chemotactic homing
capabilities of BMSCs. Significantly, LIUS-preconditioned BMSCs
expedited wound healing and mitigated scar formation after
transplantation, thereby considerably enhancing the efficacy of
BMSC transplantation.

The transition of BMSCs from a stable and controlled in vitro
environment to a variable and challenging in vivo setting may
compromise their survival rates, homing characteristics, and
overall stability, factors that contribute to reduced transplantation
efficiency [18].

The previous studies have demonstrated that exogenous BMSCs
utilized for tissue regeneration often encounter the challenge of a
high apoptosis rate following transplantation [19]. Therefore, it is
crucial to investigate an optimal retention method for BMSCs in order
to enhance their transplantation outcomes. Our findings revealed
that LIUS preconditioning not only augmented cellular activity but
also significantly fortified the anti-apoptotic capacity of these cells.

Our investigation revealed that compared to the control group,
the LIUS group also demonstrated enhanced wound healing.



H. Xu, Y. Tang, W. Mao et al.

Control8
LIUSE
BMSCs#
LIUS+BMSCs@
LIUS+PC-BMSCs#
B s00m T Controlgroup == LiUSgroup == BMSCsgrot
< == LIUS+BMSCs group m— LIUS+PC-BMSCs grou
] sase
S 300
2 200 ———tete
g sses
& ssss
E 100~
o -
o -

Regenerative Therapy 29 (2025) 484—492

2500= =3 Control group =3 LIUS group B BMSCs group
I 11US+BMSCs group B 11US+PC-BMSCs group
20004 —m— a8
’E\ — ———
—tty —_——
o 15004 7 == 1
&
& 1000+
(=]
v
500
o-

0od

3d 7d 14d 28d

Fig. 5. A. Fluorescent CD90 labelling of BMSCs and distribution in skin tissues in each group. B. Green fluorescence density of CD90 in each group. C. Comparison of serum SDF-1
levels in each group. D. The morphology of BMSCs after LIUS irradiation was observed under optical microscope (x40). *P < 0.05; **P < 0.01; ****P < 0.0001.

Wakabayashi et al. revealed that low-frequency ultrasound facili-
tates wound repair, correlating with early-stage neovascularization
and later-phase increases in collagen matrix production and
epithelialization [20]. While our experimental results indicate that
the group with LIUS + PC-BMSCs group showed the best effects in
accelerating wound healing and reducing scar formation after
transplantation. LIUS treatment effectively enhanced the prolifer-
ation of BMSCs, which is consistent with previous experimental
findings reported by Yang et al. [21] and Xie et al. [22]. CD90 serves
as a crucial marker for evaluating the homing ability of BMSCs [23].
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Through immunofluorescence analysis, we observed that the
LIUS + PC-BMSC group exhibited the highest rate of positive CD90
expression following LIUS preconditioning. Additionally, SDF-1
plays a crucial role in activating cells during the homing process
of BMSCs [17]. Previous studies have indicated that LIUS can
enhance migration through autophagy-regulated signaling path-
ways involving SDF-1 [24]. Our research further demonstrates that
transplantation of LIUS preconditioned BMSCs leads to significantly
increased secretion levels of SDF-1 during both inflammatory and
proliferative phases. This suggests that LIUS preconditioning may
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Fig. 6. A. The volcano map of DEGs. B. The clustering heat map of DEGs. C. The GO enrichment analysis (biological process) of DEGs. D. The KEGG enrichment analysis of the DEGs.

optimize the homing capability of BMSCs by modulating the
secretion levels of SDF-1.

It is worth noting that while the combination of self-renewal
capabilities and continuous proliferation endows BMSCs with sig-
nificant therapeutic potential [25], they may also exhibit growth
patterns resembling tumor cells, particularly in long-term cultured
stem cells [26]. This could result in heterogeneity issues affecting
stability and directed migratory abilities, thereby impacting both
transplantation efficiency and tissue regeneration outcomes. How-
ever, morphological assessments indicated no structural alterations
in BMSCs resulting from LIUS pretreatment. Furthermore, histolog-
ical examination using H&E staining revealed the presence of
numerous inflammatory cells alongside neovascularization and fi-
broblasts across all groups' skin sections. Granulation tissue forma-
tion was observed without any signs indicative of tumor infiltration
or abnormal cellularity. These findings suggest that transplantations
involving LIUS preconditioning of BMSCs promote effective skin
repair processes without the risk of malignant transformation, thus
affirmatively highlighting the beneficial role played by such treat-
ments in maintaining stability within transplanted populations.

To further elucidate the mechanisms underlying the enhance-
ment of outcomes associated with BMSCs transplants by LIUS, we
employed RNA sequencing technology. This revealed an upregula-
tion of Id1 expression and a suppression of Tsr2 expression
following treatment application. Previous literature suggests that
increased expressions of Id1 and Id2 genes are positively correlated
with enhanced cellular anti-apoptotic functionalities [27—29]. In
this study, the up-regulation of Id1 expression after ultrasonic

491

preconditioning may be one mechanism through which LIUS en-
hances the anti-apoptotic activity of BMSCs.

The influence of LIUS on the viability, proliferation, differentia-
tion, and migration aspects of BMSCs functionality through me-
chanical stimulation has been substantiated by existing
investigations, different LIUS parameters have different effects on
BMSCs [30—33]. However, further studies are needed to explore the
effect of LIUS preconditioning on the differentiation ability of
BMSCs. Additionally, considering the inherent heterogeneities
among individual derived sources and their distinct attributes tied
directly back into respective tissues, personalized approaches
tailored accordingly will be necessary to ensure efficient implan-
tation. These multifaceted considerations call for future explora-
tions aimed at validation.

5. Conclusion

In conclusion, LIUS preconditioning emerges as a novel and
promising therapeutic strategy to enhance the retention and effi-
cacy of BMSCs in regenerative medicine and wound repair. This
approach not only stimulates proliferation and augments anti-
apoptotic properties of BMSCs but also enhances their homing ca-
pacity and maintains their stability, thereby substantially
improving the outcomes of BMSCs transplantation. While our
findings are promising, it is important to note that further studies
are needed to fully elucidate LIUS preconditioning enhances the
mechanisms associated with optimal retention in BMSCs
transplantation.
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