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Abstract: Objective: To investigate the role of low-intensity ultrasound stimulation (LIUS) in facilitating the differ-
entiation of bone marrow mononuclear cells (BMMNCs) into nucleus pulposus cells (NPCs) for matrix synthesis,
offering a possible new therapeutic approach for intervertebral disc degeneration. Methods: Human BMMNCs and
NPCs were cultured, and exosomes were extracted from NPCs using differential ultracentrifugation, followed by
characterization. LIUS was utilized to evaluate exosome uptake, induce cell differentiation, measure apoptosis, and
track DNA synthesis by EdU assays. Various experimental conditions were tested, including different LIUS intensi-
ties and differentiation durations. A range of detection techniques, such as RT-qPCR, western blotting, and cellular
staining, were employed to monitor relevant indicators. Results: Exosomes were successfully isolated from NPCs,
and their purity was confirmed using nanoparticle tracking analysis (NTA), transmission electron microscopy, and
western blot. PKH67-labeled exosomes were internalized by BMMNCs during co-incubation. LIUS treatment at dif-
ferent intensities revealed that the LIUS-100 group exhibited the most significant cell proliferation, as shown by
EdU assays. Flow cytometry revealed that the LIUS-100 and LIUS-150 groups demonstrated the most pronounced
inhibition of apoptosis. In NPC exosome-induced differentiation experiments, the expression of relevant marker
MRNA and protein levels increased over time under standard conditions, with even greater upregulation observed
under LIUS-100 stimulation. Moreover, LIUS-100 enhanced the intracellular accumulation of glycosaminoglycans
and proteoglycans, suggesting its role in promoting BMMNC differentiation into NPCs and matrix component syn-
thesis. Conclusion: NPC exosomes and LIUS are essential for guiding the differentiation of BMMNCs into NPCs,
representing a promising therapeutic strategy for intervertebral disc degeneration. However, further in vivo studies
are needed to refine LIUS technique, ensure safety, and evaluate long-term efficacy.
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Introduction

Low back pain is among the most prevalent
conditions worldwide, characterized by high
clinical incidence, disability rate, and economic
burden. It is also the leading non-cancerous
disease associated with opioid prescriptions
[1]. Over the coming decades, the disability and
expenses attributed to low back pain are antici-
pated to rise significantly, particularly in devel-
oping countries where healthcare systems may
be more vulnerable and less equipped to man-

age this escalating burden. Current clinical
treatments for low back pain, whether conser-
vative or surgical, primarily focus on symptom
relief [2]. However, surgical intervention can
disrupt the normal anatomy and biochemistry
of the intervertebral discs, failing to address
the primary cause of low back pain - interverte-
bral disc degeneration [3]. Given the limitations
of existing treatments and the evolving under-
standing of the pathophysiologic mechanisms
of intervertebral disc degeneration, such as cel-
lular apoptosis, inflammation, and imbalances
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in matrix synthesis and metabolism, research-
ers have been exploring biotherapeutic strate-
gies to repair or regenerate the degenerated
intervertebral disc tissues [4]. Among the-
se, cell therapy-based regenerative medicine
stands out as a promising approach.

In healthy intervertebral discs, nucleus pulpo-
sus cells (NPCs) maintain a balance between
the synthesis and degradation of the extracel-
lular matrix (ECM) by secreting a variety of
growth factors [5]. However, during interverte-
bral disc degeneration, NPCs lose their func-
tionality, leading to alterations in the biochemi-
cal milieu. This includes a reduction in the
expression of TGF-B, BMPs, and TIMPs, along-
side increased expression of MMPs, TNF-q,
IL-1B, IL-6, IL-8, prostaglandins, and nitric oxide
[6]. These cytokine imbalances and inflamma-
tory mediators further contribute to further
deterioration of the microenvironment by inhib-
iting cellular functions, resulting in a drop in pH
from the normal range of 7.0-7.2 to 6.8-6.2,
increased hypoxia (oxygen levels falling to 1%,
compared to the physiological range of 4-7%),
reduced glucose and nutrient levels, and
decreased osmotic pressure [7, 8]. The apopto-
sis and dysfunction of NPC, coupled with an
adverse microenvironment, create a vicious
cycle that accelerates intervertebral disc de-
generation [9]. Clinically, this is characterized
by discogenic low back pain, loss of disc height,
and the decreased high signal intensity on
T2-weighted MRI images. The reduction and
dysfunction of NPC are recognized as key initi-
ating factors in the degeneration process.
Consequently, the implantation of exogenous
cells with NPC functionality or potential to dif-
ferentiate into NPCs represents a promising
strategy for addressing intervertebral disc
degeneration, potentially resolving the funda-
mental issues that underlie low back pain at a
cellular level.

At present, the most widely investigated
approach for cellular regeneration in interver-
tebral disc degeneration is cell therapy using
mesenchymal stem cells (MSCs) [10, 11].
However, to enhance the therapeutic efficacy
of MSCs in clinical setting, higher cell doses
are often required. Yet, the injection of large
cell volumes can lead to nutrient competition,
which paradoxically results in the death of the
implanted cells. Moreover, acquiring the large
quantities of MSCs necessary for clinical appli-
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cation requires ex vivo expansion in Good Ma-
nufacturing Practice (GMP) - compliant facili-
ties, which introduces costs and contamination
risks, limiting the clinical translation of this
approach. To address these limitations, recent
attention has shifted towards bone marrow-
derived mononuclear cells (BMMNCs). Prior
research indicates that BMMNCs exhibit chon-
drogenic and osteogenic differentiation capa-
bilities similar to those of MSCs expanded ex
vivo [12]. Additionally, BMMNCs offer the ben-
efits of rapid collection and transplantation pro-
cedures that can be performed within the oper-
ating room. The absence of a need for ex vivo
cell culture in GMP facilities also reduces both
costs and contamination risks. However, stud-
ies have shown that the harsh microenviron-
ment of degenerated intervertebral discs,
marked by hypoxia, decreased osmotic pres-
sure, low glucose, high acidity, and abundant
inflammatory mediators, significantly impairs
the survival, phenotype, and function of inject-
ed cells [13]. There are also reports of cells
dying rapidly post-implantation and becoming
undetectable [14]. Consequently, we assume
that BMMNCs may be unable to survive the
destructive effects of the adverse microenvi-
ronment in degenerated intervertebral discs.

Low-intensity ultrasound stimulation (LIUS), a
form of acoustic pressure wave that delivers
localized mechanical stimulation to cells, has
been approved by the FDA for clinical use in
promoting bone fracture healing [15]. LIUS is
thought to operate through the creation of
a “deformation-induced microenvironment”
along its path of propagation path, eliciting
feedback effects at both genetic and cellular
levels [16]. The oscillation of bubbles driven by
LIUS alters microfluid dynamics and local shear
stress, generating heat that subsequently af-
fects cellular metabolism [17]. LIUS has been
shown to significantly enhance the expressi-
on of chondrocyte-specific markers such as
Col11ll, Aggrecan, and COMP mRNA [18, 19].
Through interaction with integrins on chondro-
cytes and membrane-associated receptors,
LIUS induces conformational changes in colla-
gen, laminin, and fibronectin fibers, thereby
activating both anabolic and catabolic intracel-
lular pathways.

In this study, we investigated the effect of a six-
channel ultrasound stimulation system employ-
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ing low-intensity pulsed ultrasound on the dif-
ferentiation of BMMNCs into NPCs in vitro.

Materials and methods
Cell culture

Human BMMNCs and NPCs, obtained from
Saiye Biotechnology Co., Ltd., were cultivated in
a complete medium consisting of DMEM/F-12
basal medium (Thermo Scientific, USA), supple-
mented with 10% fetal bovine serum (Sigma-
Aldrich, USA) and 1% penicillin-streptomycin
(Gibco, USA). The cells were maintained in an
incubator set at 37°C with 5% CO, and 95%
relative humidity. The culture medium was
changed every three days, and cells were moni-
tored under a microscope. When the cell conflu-
ence reached approximately 80%, the cells
were sub-cultured at a 1:3 dilution ratio.

Isolation of NPC-derived exosomes

Exosomes from NPCs were isolated using a dif-
ferential ultracentrifugation method. Once the
NPCs reached 80% confluence in the third pas-
sage, the culture medium was replaced with
serum-free DMEM/F-12 medium optimized for
exosome collection. After a 48-hour incubation
period, the supernatant was harvested and
subjected to a series of centrifugation steps at
4°C to purify the exosomes. The first centrifu-
gation was performed at 300 g for 10 minutes
to pellet remaining cells, followed by a centrifu-
gation at 2,000 g for 10 minutes to remove
dead cells. A subsequent centrifugation at
10,000 g for 30 minutes eliminated cellular de-
bris. The supernatant was then filtered through
a 0.22 um filter to clarify the solution and fur-
ther centrifuged at 100,000 g for 70 minutes.
The pellet was washed once with Phosphate-
Buffered Saline (PBS, Thermo Scientific, USA),
and the ultracentrifugation was repeated at
100,000 g for 70 minutes to ensure purity. The
final pellet, containing the NPC-derived exo-
somes, was resuspended in 30-100 pl of PBS.
Protein concentration was measured using the
BCA assay, and the exosome samples were
stored at -80°C for subsequent use.

Transmission electron microscopy analysis

The NPC-derived exosomes were diluted in PBS
to a concentration of 200 pl/ml based on total
protein content. 20 uL of this exosome suspen-
sion were then applied to a copper grid for sam-
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ple preparation. After allowing the suspension
to settle at room temperature for 1 minute, any
excess liquid was gently absorbed with filter
paper. Next, 10-30 pl of a 2% phosphotungstic
acid solution (adjusted to pH 6.8) was added to
the grid and incubated at room temperature for
1 minute to allow staining. The excess staining
solution was carefully removed with filter paper,
and the grid was air-dried under white light for
10 minutes. The morphology of the exosomes
was subsequently examined and photographed
using a transmission electron microscope.

Nanopatrticle tracking analysis (NTA)

Cryopreserved exosome samples were thawed
in a water bath at 25°C. After thawing, the sam-
ples were kept on ice during handling. The
exosome samples were then diluted with PBS
solution and used directly for NTA analysis.
Detection and analysis were conducted using
the ZetaVIEW S/N 17-310 nanoparticle track-
ing analyzer (PARTICLE METRIX GmbH).

Low-intensity ultrasound stimulation (LIUS)

The LIUS setup comprises a custom-designed
function generator capable of handling six-
channel outputs, coupled with 1 MHz ultra-
sound transducers, each with a diameter of 30
mm.

The LIUS parameters for our experiments were
as follows: Frequency: 1 MHz; Pulse duration:
600 ms; Pulse repetition period: 3,000 ms;
Pulse repetition frequency: 0.33 Hz; Duty cycle:
20%; Spatial-peak temporal-average intensity
(ISPTA): 30-250 mW/cm?.

Acoustic pressure was verified using a calibrat-
ed needle hydrophone (ONDA, Sunnyvale, CA,
USA), with effective acoustic pressures in our
experiments ranging from 0.05 to 0.14 MPa.

For in vitro cell stimulation studies, cells were
initially cultured in six-well plates at a concen-
tration of 2.5x10* cells/mL. Six transducers
were positioned at the bottom of each well
within the six-well plate to deliver 20-minute
LIUS stimulation daily. A sham-treated control
group was included, which underwent the same
processing as the LIUS group, but without actu-
al LIUS stimulation output.
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Exosome uptake experiment

NPC-derived exosomes were labeled using the
PKH67 fluorescent dye kit following the manu-
facturer’s protocol (Sigma-Aldrich, USA). Under
protected light conditions, 250 ug of NPC exo-
somes were resuspended in 1 mL of Solution C.
Then, a 1x103 M stock solution of PKHG67 was
diluted to a working concentration of 2x10¢ M
with 1 mL of Solution C. The NPC exosomes
were thoroughly mixed with the PKHG7 working
solution, incubated for 5 minutes while protect-
ed from light. To neutralize any excess PKHG7
dye, 2 mL of 5% BSA/PBS was added, and the
mixture was centrifuged at 100,000 g for 70
minutes. The pellet was resuspended in 50 uL
of PBS.

BMMNCs were prepared on slides. The PKHG7-
labeled NPC exosomes were introduced to the
cell slides at a concentration of 50 ng/mL and
incubated in the dark for different time points
(0.5 h, 2 h, 4 h) to explore the relationship
between exosome uptake and incubation du-
ration.

At each time point, a control group was estab-
lished with BMMNCs without the addition of
NPC exosomes. At the end of the incubation
period for each time point, the cell slides were
retrieved, gently washed three times with PBS,
fixed with pre-chilled 4% paraformaldehyde for
20 minutes, and washed again three times with
PBS. The nuclei were stained with DAPI, and
the slides were mounted on glass slides with
glycerin for sealing. The cells were observed
and imaged under a laser confocal microscope,
and the images were analyzed using the LAS AF
Lite software.

At 0.5 h, the PKHG67-labeled NPC exosomes
were taken up by BMMNCs to a limited extent,
with only a few scattered punctate green fluo-
rescence spots in the cytoplasm and no fluo-
rescence on the cell membrane. After 2 h of
incubation, the uptake increased but did not
reach a stable state. At 4 h, the green fluores-
cence intensity and distribution within the cyto-
plasm of BMMNCs became stable, indicating
that the exosome uptake had plateaued and
met the requirements for subsequent experi-
ments. Based on these observations, we deter-
mined 4 h as the appropriate exosome uptake
time in our experiments.

930

Induction of BMMNCs to differentiate into
nucleus pulposus-like cells by NPC exosomes

BMMNCs were seeded at a density of 2x10°
cells per well in a 6-well culture plate. The cells
were divided into four groups based on the dif-
ferentiation induction duration: 3 days, 7 days,
11 days, and a control group of untreated
BMMNCs. NPC exosomes were diluted in com-
plete growth medium to a final concentration of
50 pg/ml, forming the exosome working solu-
tion. Each experimental group received 1.5 ml
of the NPC exosome working solution. At the
end of the designated induction periods, the
stimulation was terminated, and the morpho-
logical changes in the BMMNCs were observed.
The cells were then subjected to Alcian Blue
and Type Il Collagen immunohistochemical
staining to assess the synthesis of glycosami-
noglycans and Type Il Collagen in the BMMNCs
before and after induction. Concurrently, the
expression levels of mMRNA and proteins for
nucleus pulposus markers were examined.

Cell apoptosis assay

Cells were plated at a density of 2.5x10* cells/
mL in six-well culture plates and incubated for
24 to 48 hours to allow for attachment and
growth. Following this, the cells were subjected
to LIPUS stimulation for 20 minutes and then
returned to the incubator for an additional 2
hours. The cells were harvested using trypsin to
dissociate them into single cells. After being
rinsed twice with PBS to remove remaining
trypsin, the cells were resuspended in a binding
buffer solution (500 pL) containing Annexin
V-allophycocyanin (APC) (5 uL) and 7-aminoacti-
nomycin D (7-AAD) (5 uL). This mixture was
incubated for 10 minutes to allow the binding
of the fluorescent probes to the cells, which
were then analyzed for apoptosis using a flow
cytometer.

EdU assay

The EdU incorporation assay was employed to
quantify DNA synthesis, serving as an indicator
of cell proliferation. The assay was conducted
using the Click-iT EdU Imaging Kit (Thermo
Fisher Scientific, Carlsbad, CA, USA) following
the manufacturer’s protocol as previously de-
tailed. This method allowed for the precise
measurement of cell proliferation rate under
various experimental conditions.
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RT-gPCR

RNA was carefully extracted using the ES-
science RNA-Quick Purification Kit, ensuring
high purity and integrity for downstream appli-
cations. Complementary DNA (cDNA) was syn-
thesized from the purified RNA using the
HiScript Il Q RT SuperMix, optimized for qPCR.
The expression levels of target RNA transcripts
were quantified using SYBR Green on the Bio-
Rad QX100 Droplet Digital PCR platform, a sen-
sitive and reliable method for detecting and
quantifying nucleic acids. Relative RNA expres-
sion levels were calculated using the 224t
method, a widely used approach for normaliz-
ing gene expression data while accounting for
variations in sample input and reverse tran-
scription efficiency. The expression levels were
normalized to the endogenous control gene
glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), which served as a reference to en-
sure the accuracy and consistency of the
results across different samples and experi-
mental conditions.

Western blotting

Protein extraction from cells was performed
using cold RIPA buffer (Beyotime), supplement-
ed with protease and phosphatase inhibitors
(Thermo Scientific, USA) to prevent degrada-
tion. Protein concentrations were measured
using the BCA Protein Assay Kit (Thermo
Scientific, USA).

For western blotting, equal amounts of protein
samples (20-30 ug per lane, depending on the
protein abundance and the resolution required)
were separated by 4-12% SDS-PAGE and trans-
ferred onto 0.45 ym PVDF membranes (Milli-
pore, USA).

The membranes were blocked with 5% skim
milk in TBST for 60 minutes at room tempera-
ture to reduce non-specific binding. Subse-
quently, the membranes were incubated with
primary antibodies overnight at 4°C. The pri-
mary antibodies used, and their dilutions were
as follows: Anti-Aggrecan antibody (ab313636,
Abcam, UK), 1:1,000; Anti-Collagen Il antibody
(@b34712, Abcam, UK), 1:2,000; Anti-Sox-9
antibody (ab185966, Abcam, UK), 1:2,500;
Anti-KRT19 antibody (ab52625, Abcam, UK),
1:50,000; Anti-B-actin antibody (ab5694, Ab-
cam, UK), 1:1,000 (loading control).
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After incubation with primary antibodies, the
membranes were washed three times with
TBST for 10 minutes each to remove unbound
primary antibodies. Then, the membranes we-
re incubated with HRP-conjugated secondary
antibodies (ab150077, Abcam, UK) diluted
1:1,000, for 60 minutes at room temperature.

Finally, bands were detected using a Bio-Rad
imaging system with an ECL detection kit
(Servicebio, Wuhan, China). Band intensity was
quantified using ImageJ software, and the rela-
tive expression levels of the target proteins
were calculated relative to the loading control
(B-actin).

Proteoglycan and glycosaminoglycan staining

BMMNCs were seeded at a density of 2x10°
cells per well in a 6-well plate and were sub-
jected to the treatment groups as previously
described. On the seventh day, the cell culture
medium was removed, and the cells were
rinsed twice with PBS solution. Following this,
1 mL of 4% paraformaldehyde fixative was
added for a 30-minute fixation period. After the
fixative was discarded, the cells were rinsed
twice with PBS solution again. For staining, 1
mL of Safranin O staining solution was applied
for 30 minutes to visualize proteoglycans, or 1
mL of Alcian Blue staining solution was used for
a 1-hour incubation to stain glycosaminogly-
cans. The cells were then examined using an
inverted microscope to observe and document
the staining of the extracellular matrix com-
ponents.

Statistical analysis

Statistical analyses were conducted using
GraphPad Prism software (version 7.0), employ-
ing one-way or two-way analysis of variance
(ANOVA) as appropriate. All experiments were
conducted in triplicate to ensure reproducibility
and robustness of the findings. The results
were presented as mean * standard deviation.
Significance levels were set at *P<0.05, **P<
0.01, and ***P<0.001.

Results

Isolation and identification of exosomes from
NPC

Exosomes secreted by NPCs were purified
using differential ultracentrifugation. NTA anal-
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Figure 1. Isolation and identification of exosomes from NPCs. A: After isolating and purifying NPC exosomes using
differential ultracentrifugation, their size distribution was analyzed with NTA. B: The dimensions and morphology
of the harvested NPC exosomes were examined using transmission electron microscopy. C: The presence of exo-
somal marker proteins CD63 and Tsg101, along with the endoplasmic reticulum marker Calnexin, was assessed by
western-blot analysis. D: Exosomes were labeled with the lipophilic fluorescent dye PKH67 and then co-incubated
with BMMNCs. The subsequent uptake of NPC exosomes by these cells was visualized under a laser confocal mi-
croscope. Magnification: x400. Data: Mean + SEM. n=3. BMMNCs, bone marrow mononuclear cells; NPCs, nucleus
pulposus cells.

ysis confirmed that the exosome size were an electron microscope at magnifications of
between 50 nm and 150 nm (Figure 1A). The 80,000-120,000 times, exhibited round or
extracted vesicles from the NPC matrix, stain- oval shapes with distinct boundaries, aligning
ed with phosphotungstic acid and viewed under with the characteristics of standard exosomes
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(Figure 1B). Western-blot analysis (Figure 1C)
indicated high expression levels of exosomal
marker proteins CD63 and Tsg101 in the NPC
exosomes. Notably, there was an absence of
Calnexin, a marker for the endoplasmic reticu-
lum typically associated with cell debris from
lysis, was absent, confirming the purity of NPC
exosomes with minimal contamination from
disrupted cellular organelles. Moreover, follow-
ing a 4-hour incubation of PKH67-labeled NPC
exosomes with BMMNCs, confocal microscope
showed dispersed punctate green fluorescence
within the cytoplasm of BMMNCs, but no fluo-
rescence on the cell membrane, indicating
internalization of NPC exosomes by BMMNCs,
likely through phagocytosis (Figure 1D).

LIUS enhanced BMMNC proliferation and in-
hibited apoptosis

In subsequent experiments, we applied LIUS
at varying intensities using a six-channel ultra-
sound stimulation system to BMMNCs. The
intensities, expressed as spatial peak temporal
average (ISPTA), were set at O, 30, 50, 70, 100,
150, 200, and 250 mW/cm?. EdU assays were
then conducted to evaluate the proliferative
response of BMMNCs to these LIUS intensities,
revealing that the LIUS-100 group exhibited
the highest proliferation rate (Figure 2A). Addi-
tionally, flow cytometry analysis revealed that
the LIUS-100 and LIUS-150 groups exhibited
the most significant inhibition of apoptosis
(Figure 2B). Consequently, we selected LIUS-
100 as the optimal intensity for further in-
vestigation.

LIUS stimulation enhanced the differentiation
of BMMNCs into NPCs induced by NPC exo-
somes

BMMNCs were treated with exosomes derived
from NPCs under either standard culture condi-
tions or with LIUS-100 stimulation for durations
of 3, 7, and 14 days to induce their differentia-
tion into NPCs. RT-gPCR analysis was employ-
ed to assess the transcriptional and protein
expression of NPC differentiation markers
and extracellular matrix synthesis markers in
BMMNC s, including Aggrecan, Collagen Il, Sox-
9, and KRT19. The findings indicated that, with
NPC exosome treatment under standard cul-
ture conditions, the mRNA and protein levels
of Aggrecan, Collagen Il, Sox-9, and KRT19 in
BMMNCs were significantly upregulated over
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time (Figures 3, 4), demonstrating that the
NPC exosomes can drive the differentiation
of BMMNCs into NPCs. Strikingly, under LIUS-
100 stimulation, the upregulation of Aggrecan,
Collagen II, Sox-9, and KRT19 was even more
pronounced, suggesting that LIUS-100 stimula-
tion can expedite the differentiation process
of BMMNCs into NPC facilitated by NPC
exosomes.

LIUS stimulation enhanced the accumulation
of glycosaminoglycans and proteoglycans in-
duced by NPC exosomes in BMMNCs

Following a 7-day induction period, BMMNCs
were stained for intracellular glycosaminogly-
cans and proteoglycans using Alcian Blue and
Safranin O. The findings demonstrated that
under standard culture conditions, treatment
with NPC exosomes resulted in an increased
staining intensity for both glycosaminoglycans
and proteoglycans within BMMNCs (Figure 5A).
This enhancement was further amplified under
LIUS-100 stimulation (Figure 5B), suggesting
that LIUS-100 stimulation indeed accelerates
the differentiation of BMMNCs into NPCs in-
duced by NPC exosomes.

The elevated staining intensity observed under
both conditions reflects a greater accumula-
tion of glycosaminoglycans and proteoglycans,
which are essential components of the extra-
cellular matrix and play key roles in cellular sig-
naling and tissue hydration. The pronounced
enhancement under LIUS-100 stimulation indi-
cates that the mechanical effects of ultrasound
may foster a more conducive microenviron-
ment for differentiation. This observation high-
lights the benefit of combining LIUS with NPC
exosome treatment as a strategy to augment
the regenerative potential of BMMNCs in thera-
peutic contexts.

Discussion

Intervertebral disc degeneration-induced back
pain presents a substantial global health chal-
lenge. Existing treatment approaches often
focus on alleviating symptoms rather than tack-
ling the underlying degenerative processes.
Cell-based therapies, including those utilizing
MSCs and BMMNCs, have shown promising
potential but also encounter significant hur-
dles. MSCs necessitate extensive cell numbers
and ex vivo expansion, raising concerns about
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Figure 2. LIUS enhanced BMMNC proliferation and inhibited apoptosis. A: The proliferation of BMMNCs was assessed using EdU assays following exposure to a
range of ISPTA levels (0, 30, 50, 70, 100, 150, 200, and 250 mW/cm?). Magnification: x50. B: Flow cytometry analysis was conducted to evaluate the apoptotic
response of BMMNCs to the same spectrum of ISPTA levels (0, 30, 50, 70, 100, 150, 200, and 250 mW/cm?). Data: Mean + SEM. n=3. **P<0.01, ***P<0.001
vs Control group. BMMNCs, bone marrow mononuclear cells; NPCs, nucleus pulposus cells.
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Figure 3. LIUS stimulation enhanced the differentiation of BMMNCs into NPCs induced by NPC exosomes. A: RT-gPCR analysis was conducted to evaluate the
transcriptional levels of markers indicative of NPC differentiation and extracellular matrix synthesis in BMMNCs, encompassing Aggrecan, Collagen Il, Sox-9, and
KRT19. B: RT-gPCR analysis was performed to determine the mRNA levels of these NPC differentiation and extracellular matrix synthesis markers in BMMNCs, which
included Aggrecan, Collagen Il, Sox-9, and KRT19, exposure to LIUS. Data: Mean + SEM. n=3. *P<0.05, **P<0.01, ***P<0.001 vs Control group. BMMNCs, bone
marrow mononuclear cells; NPCs, nucleus pulposus cells.
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Figure 4. LIUS stimulation enhanced the differentiation of BMMNCs into NPCs induced by NPC exosomes. A: Western blotting analysis was conducted to evaluate the
protein levels of markers indicative of NPC differentiation and extracellular matrix synthesis in BMMNCs, encompassing Aggrecan, Collagen Il, Sox-9, and KRT19. B:
Western blotting analysis was performed to determine the protein levels of these NPC differentiation and extracellular matrix synthesis markers in BMMNCs, which
included Aggrecan, Collagen Il, Sox-9, and KRT19, exposure to LIUS. Data: Mean + SEM. n=3. *P<0.05, **P<0.01, ***P<0.001 vs. Control group. BMMNCs, bone
marrow mononuclear cells; NPCs, nucleus pulposus cells.
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Safranine O

Figure 5. LIUS stimulation enhanced the accumulation of glycosaminoglycans and proteoglycans induced by NPC
exosomes in BMMNCs. A: Glycosaminoglycans in bone marrow mononuclear cells across all groups were stained
using Alcian Blue. Magnification: x100. B: Proteoglycans in bone marrow mononuclear cells across all groups were
stained using Safranin O. Magnification: x400. Data: Mean £+ SEM. n=3. BMMNCs, bone marrow mononuclear cells;

NPCs, nucleus pulposus cells.

cost and contamination risks. On the other
hand, while BMMNCs can be collected and
transplanted more rapidly, their survival and
efficacy within the hostile microenvironment of
degenerated discs are often limited. Our re-
search endeavors to surmount these limita-
tions by investigating an innovative method
that integrates the biological effects of NPC
exosomes with the mechanical stimulation pro-
vided by LIUS.

NPC exosomes played a central role in our
investigation. Their isolation and characteriza-
tion were meticulously conducted to confirm
their purity and functionality. These exosomes
were confirmed to fall within the expected size
range of 50-150 nm, presenting with the char-
acteristic round or oval morphology and well-
defined edges. Western-blot analysis affirmed
the presence of canonical exosomal marker
proteins, CD63 and Tsg101, while the absence
of Calnexin suggested minimal contamination
from cellular organelles. Upon co-incubation
with BMMNCs, the NPC exosomes were inter-
nalized, presumably via phagocytosis, enabling
the transfer of biomolecular messages from
the exosomes to the target cells. Rich in growth
factors, cytokines, and miRNAs, NPC exosomes
can modulate the behavior of recipient cells. In
our study, NPC exosomes were demonstrated
to stimulate the differentiation of BMMNCs into

937

NPCs under standard culture conditions. The
progressive upregulation of mMRNA and protein
levels for NPC differentiation markers such as
Aggrecan, Collagen Il, Sox-9, and KRT19 over
time underscored the potency of exosomes in
driving cellular differentiation. This aligns with
existing literature on the role of exosomes in
cellular communication and tissue regene-
ration.

BMMNCs, found in the bone marrow, are imma-
ture mononuclear cells considered as precur-
sors to osteoclasts. Isolated from bone marrow
aspirates by density gradient centrifugation,
these cells exhibit stem cell-like characteristics
[20, 21]. After completing their final mitotic
phase, BMMNCs remain in the bone marrow for
about 38 hours before swiftly entering the cir-
culation to replenish lost cells. During differen-
tiation, BMMNCs can give rise to various bone
cell types, encompassing osteoblasts, chon-
drocytes, and osteoclasts [12, 22, 23]. Studies
have indicated that specific inducers like mac-
rophage colony-stimulating factor and nuclear
factor kB receptor activator ligand, can foster
the differentiation of BMMNCs into osteoclasts
in vitro [24]. Moreover, single-cell transcrip-
tome sequencing has unveiled the heterogene-
ity and differentiation potential of NPCs. For
example, CD90-positive nucleus pulposus cells
exhibit robust growth and differentiation capa-
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bilities, giving rise to various cellular lineages,
including osteoblasts and adipocytes [25].
These insights offer novel insights into the dif-
ferentiation mechanisms of nucleus pulposus
cells and broaden the horizon for applications
in regenerative medicine and tissue enginee-
ring.

LIUS significantly affected BMMNCs in this
study. The application of LIUS at varying intensi-
ties demonstrated that the LIUS-100 group
exhibited the most robust proliferation, as
determined by EdU assays. This suggests that
a specific LIUS intensity can effectively stimu-
late BMMNC growth. Additionally, flow cytome-
try analysis revealed that both the LIUS-100
and LIUS-150 groups showed the greatest inhi-
bition of apoptosis, highlighting LIUS’s potential
to improve cell survival and functionality in vivo.
The influence of LIUS on the differentiation of
BMMNCs into NPCs primarily operates through
the activation of intracellular signaling path-
ways, which promote both cell proliferation, dif-
ferentiation, and extracellular matrix formation.
Kobayashi et al. [26] found that LIUS could
upregulate the expression of several matrix-
related genes, including those associated with
growth factors, thereby enhancing the prolifera-
tion of human nucleus pulposus cells and the
production of proteoglycans. Furthermore, low-
intensity ultrasound can stimulate intracellular
calcium ion fluctuations, aiding osteoblast dif-
ferentiation [27]. These findings indicate that
LIUS not only promotes BMMNC differentiation
into NPCs, potentially by regulating intracellular
signaling pathways and calcium ion concentra-
tions. Consequently, LIPUS, as an emerging
and effective adjuvant therapy, holds signifi-
cant promise for skeletal repair and regenera-
tion. Its effects may involve the creation of
a “deformation-induced microenvironment”,
where the oscillation of bubbles driven by LIUS
alters microfluid dynamics and local shear
stress, influencing cellular metabolism. This
intricate mechanism may also interact with the
biological effects of NPC exosomes, further
enhancing the differentiation of BMMNCs into
NPCs.

The combination of LIUS and NPC exosomes
showed a synergistic effect on the differentia-
tion of BMMNCs into NPCs. Under LIUS-100
stimulation, the enhancement of mRNA and
protein levels for Aggrecan, Collagen Il, Sox-9,
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and KRT19 was even more pronounced com-
pared to treatment with NPC exosomes alone.
This suggests that LIUS can enhance the bio-
logical effects of the exosomes, possiblyby
optimizing the microenvironment for cell differ-
entiation. Additionally, the enhanced accumula-
tion of glycosaminoglycans and proteoglycans
under LIUS-100 stimulation further supports
this synergistic effect. These molecules are
important components of the extracellular
matrix, and their increased accumulation indi-
cates a more favorable environment for cell
differentiation and tissue regeneration. The
mechanical effects of LIUS may work in concert
with the biological signals carried by the exo-
somes to promote the differentiation process.
This combination approach may offer a more
effective strategy for treating intervertebral
disc degeneration compared to using either
LIUS or NPC exosomes alone. Furthermore, our
experimental data suggest that LIUS stimula-
tion likely influences the interaction between
NPC-exosomes and BMMNCs, affecting the
intracellular accumulation of glycosaminogly-
cans and proteoglycans. This effect may stem
from LIUS’s ability to modify the cellular micro-
environment, potentially through mechanical
vibrations and thermal effects, which could
influence exosome uptake, release, and the
activity of their biomolecules. In the presence
of NPC-exosomes, LIUS may enhance exo-
some-cell binding and expedite the internaliza-
tion of exosomal biomolecules, thereby impact-
ing cellular metabolic processes and leading to
increased accumulation of glycosaminoglycans
and proteoglycans. In contrast, in control cell
groups lacking NPC-exosomes, LIUS might not
exert its effects through the same mecha-
nisms. These findings underscore the critical
and unique role of LIUS in facilitating BMMNC
differentiation when combined with NPC-exo-
somes, shedding light on the potential of this
combined approach for tissue regeneration.

The findings of this study have several implica-
tions for clinical application. First, the ability of
LIUS to enhance the survival and functionality
of BMMNC s in vitro suggests that it may have
similar beneficial effect in vivo, potentially
improving the outcomes of cell-based thera-
pies for intervertebral disc degeneration. Se-
cond, the combination of LIUS and NPC exo-
somes may offer a more effective treatment
option compared to current cell-based thera-
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pies. By optimizing the microenvironment for
cell differentiation and enhancing the biological
effects of the exosomes, this approach may
address some of the limitations associated
with MSCs and BMMNCs. However, several
challenges need to be addressed before clini-
cal translation. The in vitro results need to be
validated in appropriate animal models. Addi-
tionally, the optimal parameters for LIUS appli-
cation, such as intensity, frequency, and dura-
tion of stimulation, require further investiga-
tion. Additionally, the safety and long-term effi-
cacy of this combination approach need to be
further evaluated. Despite these challenges,
the results of this study provide a promising
foundation for future research in the field of
intervertebral disc degeneration treatment.

Future research should focus on several
aspects to further develop this approach. First,
in vivo studies using animal models are essen-
tial to validate the in vitro findings. These stud-
ies should investigate the effects of LIUS and
NPC exosomes on intervertebral disc degener-
ation, including changes in disc height, pain
relief, and histological improvements. Second,
a more precise determination of the optimal
parameters for LIUS application is needed. This
may involve exploring varying intensities, fre-
quencies, and durations of stimulation to iden-
tify the most effective combination. Third, the
mechanisms underlying the synergistic effects
of LIUS and NPC exosomes need to be further
elucidated. Understanding these mechanisms
will help to optimize the treatment approach
and develop more targeted therapies. In addi-
tion, research should also explore the potential
of other cell sources and exosomes in combina-
tion with LIUS for intervertebral disc degenera-
tion treatment. Different cell types may offer
unique properties that could lead to better
treatment outcome. The development of more
efficient exosome isolation and purification
could enhance the quality and reproducibility
of the treatment. Finally, the long-term safety
and efficacy of this combination approach need
to be continuously monitored and evaluated to
ensure its suitability for clinical application.

In conclusion, this study has provided valuable
insight into the possibility of combining LIUS
and NPC exosomes for the treatment of inter-
vertebral disc degeneration. The results sug-
gest a synergistic effect that can enhance
the differentiation of BMMNCs into NPC and
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improve the regenerative potential of these
cells. While there are still challenges to be
addressed before clinical translation, this stu-
dy paves the way for future research in this
exciting field.
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