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Abstract

Stress urinary incontinence (SUI) currently lacks effective treatment options, and the restoration of neurological function
remains a major challenge, with unmet clinical needs. Research has indicated that adipose-derived stem cells (ADSCs) can
be induced to differentiate into neural-induced adipose-derived stem cells (NI-ADSCs) under specific inductive conditions,
exhibiting excellent neuroregenerative capabilities. ADSCs were obtained from female SD rats and induced into NI-ADSCs.
In vitro, NI-ADSCs were co-cultured with Schwann cells (SCs) to investigate their effects on SC proliferation and repair
phenotype transition and further explore its underlying mechanism. In vivo, a rat model of SUI was established using a
bilateral pudendal nerve transection method. NI-ADSCs were injected into the urethral sphincter to evaluate their effects
on urodynamics, muscle angiogenesis, and neural repair in SUI rats, while also exploring the mechanisms of neural repair.
This study used EGF, FGF, and B27 to induce ADSCs into NI-ADSCs expressing neural induction markers (MAP, Nestin,
and PAX6). In vitro experiments found no significant difference in the proliferation of L6 and RSC96 between NI-ADSCs
and ADSCs (p>0.05). However, when co-cultured with NI-ADSCs, SCs showed upregulated expression of repair-related
phenotypic markers (BDNF, GDNF, and GFAP). In this phenotypic transformation process, the expression of Notch-related
pathway proteins (Notch1, NICD, and Hes1) was increased, and the use of DAPT (a Notch pathway inhibitor) could suppress
the SC repair phenotype transformation. In vivo, experiments revealed that intraurethral injection of NI-ADSCs significantly
promoted the expression of neural marker (S100p) and demyelination markers (GFAP) and urodynamic recovery in SUI
rats, while DAPT inhibited its neural repair effect. In summary, our study demonstrates that NI-ADSCs can promote nerve
regeneration by promoting and maintaining the repair-related phenotype of SCs. The underlying mechanism may be related
to the activation of the Notch signaling pathway.

Keywords Adipose-derived stem cells - Stress urinary incontinence - Nerve induction - Nerve repair

Introduction

Stress urinary incontinence (SUI) is a common urinary sys-
tem disorder in women. The main symptom is involuntary
urine leakage, which seriously affects the patient’s quality
of life and health [1]. Currently, the clinical treatments for
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Stem cell therapy is a promising approach for replac-
ing, repairing, or enhancing the biological function of
damaged tissues or organs. Adipose-derived stem cells
(ADSCs) have been a research hotspot in the past decade.
Adipose stem cells have advantages such as easy acces-
sibility, strong proliferation, and differentiation capabili-
ties. Previous studies have confirmed that they have a sig-
nificant effect on improving SUI function, but the results
of related nerve repair have been unsatisfactory [3, 4].

Neural stem cells have been reported in related research
to repair peripheral nerve injuries. However, the difficulty
in obtaining neural stem cells and the risk of tumor for-
mation after transplantation have limited their clinical
application [5-7]. Although ADSCs are of mesodermal
origin and neural cells are of ectodermal origin, numer-
ous studies have reported that ADSCs can be induced
to differentiate into neuron-like cells through in vitro
trans-germ layer induction [8—10]. The neuron-like cells
induced from ADSCs in vitro can express a large number
of proteins related to nerve regeneration [11-13]. The
induction of ADSCs into neuron-like cells combines the
advantages of ADSCs and neural stem cells, providing
a new approach for tissue engineering and nerve repair.

Schwann cells (SCs) play a crucial role in the repair of
peripheral nerve injuries. When there is peripheral nerve
damage, SCs undergo a transformation from a myelinating
state to a repair phenotype. They upregulate the expres-
sion of immature SC markers such as glial fibrillary
acidic protein (GFAP). They also activate various tran-
scription factors (c-JUN, SOX2, and Notch) SCs secrete
a range of neurotrophic factors (FGF, NGF, BDNF, and
GDNF) to promote axon regeneration [14—16].

The Notch signaling pathway is an evolutionarily con-
served key signaling pathway that determines cell fate
and influences biological processes such as proliferation,
differentiation, and apoptosis in pluripotent stem cells. It
consists of Notch receptors, Notch ligands, DNA-binding
proteins, effector molecules, and regulatory molecules of
Notch [17]. The specific binding of Notch ligands from
adjacent cells to receptors leads to the release of the
Notch intracellular domain (NICD), which translocates
to the nucleus to form a transcription activation complex
that regulates Notch-dependent gene expression. Research
has shown that the activation of the Notch signaling path-
way plays an important role in neurogenesis.

This study aims to investigate the effects of NI-ADSCs
injected transurethrally on nerve repair in a rat model
of bilateral pudendal nerve transection-induced SUI, as
well as its potential mechanisms of action. This research
provides a new theoretical basis for stem cell therapy for
SUL

Materials and Methods
Isolation and Cultivation of ADSCs

Two-week-old female SD (Sprague—Dawley) rats were
euthanized using cervical dislocation. The abdominal
hair of the rats was shaved, and the skin was aseptically
disinfected. A 2 cm incision was made on both sides of
the groin, and a subcutaneous fat tissue block of approxi-
mately 0.5 cm X 0.5 cm X 1 cm was extracted, ensuring the
removal of fascial tissue and blood vessels from the sur-
face of the fat. The fat tissue was washed three times with
a 0.25% chloramphenicol solution for 1 min each time,
followed by rinsing with PBS (phosphate-buffered saline)
for 1 min, three times. The washed fat tissue was minced
into fragments of approximately 0.1 cmx 0.1 cmx 0.1 cm,
and the minced fat tissue fragments were transferred to a
50-ml centrifuge tube. 0.1% type I collagenase, at a vol-
ume approximately twice the volume of the fat tissue, was
added to the tube. The digestion was carried out under
37 °C conditions with shaking at 150 rpm/min for 1 h.
After digestion, an equal volume of cell culture medium
was added, and the mixture was filtered through a 100-
mesh cell strainer. The filtrate was centrifuged for 5 min
at 1500 rpm/min to remove the supernatant, leaving the
precipitate. The precipitate was resuspended in 10 ml of
low-glucose DMEM (Dulbecco’s Modified Eagle Medium)
culture medium containing 10% FBS (fetal bovine serum).
The cell suspension was seeded in a 100 mm culture dish
and incubated in a cell culture incubator (37 °C, 5% CO,
concentration, 95% humidity) without agitation. The
medium was changed after 2 days of incubation.

Identification of Adipogenic and Osteogenic
Differentiation Potential of ADSCs

Take the third passage of ADSCs and wait for the cells to
reach over 90% confluence. Digest the cells, centrifuge,
resuspend, and seed them in a 6-well plate with coverslips
at a seeding density of approximately 4 x 103 cells/cm?.
When the ADSCs reach 80% confluence on the coverslips,
remove the culture medium from the wells, gently wash
with PBS three times for 1 min each, and add about 2 ml
of osteogenic induction medium or adipogenic induction
medium to each well. Incubate the cells in a 37 °C, 5% CO,
humidified incubator. Change the medium every 2 days
and induce for approximately 3 weeks. After 3 weeks,
remove the osteogenic or adipogenic induction medium,
and wash the cells on the cover slips with PBS three times
for 5 min each. Fix the cells with 4% paraformaldehyde for
about 15 min. Wash away the paraformaldehyde with PBS
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three times for 5 min each. Proceed with Oil Red O stain-
ing and Alizarin Red staining. For Oil Red O staining, add
Oil Red O dye (T210421D501, Cyagen) and incubate for
15 min. Rinse with 60% isopropanol for 1 min to remove
excess dye. For Alizarin Red staining, add Alizarin Red
solution (T210422D501, Cyagen) and incubate for 30 min.
Wash with double-distilled water three times, for about
10 s each. Wash with Alizarin Red differentiation solution
for one time, approximately 15 s. Finally, wash with PBS
three times for 5 min each. Observe and capture images
under a microscope.

Flow Cytometry

Take the third passage of ADSCs and wait for the cells to
reach over 90% confluence. Digest the cells, centrifuge,
resuspend, adjust the cell suspension to a concentration of
approximately 1 107 cells/ml, and prepare the cell suspen-
sion for the examination of stem cell-related antigens CD29
(12-0299-42, Thermo Fisher Scientific), CD44 (12-0441-
81, Thermo Fisher Scientific), CD45 (MA5-28679, Thermo
Fisher Scientific), and CD90 (11-0900-81, Thermo Fisher
Scientific). Take five flow cytometry tubes, add 100 ul of
cell suspension to each tube, and add 2 pl of PE-conjugated
anti-CD29 antibody, 2 ul of PE-conjugated anti-CD44 anti-
body, 2 ul of FITC-conjugated anti-CD45 antibody, and 2 ul
of FITC-conjugated anti-CD90 antibody to each tube. Mix
well, incubate in the dark at room temperature for approxi-
mately 30 min, wash with PBS three times for 5 min each,
remove the supernatant after centrifugation, resuspend the
pellet in 500 ul of PBS, and analyze using a flow cytometer.
Analyze 1x 10 cells in each flow cytometry tube, record the
percentage of cells positive for fluorescent antibody staining,
and analyze the data using CellQuest software.

Neural Induction of ADSCs

Select the third passage of ADSCs, and seed them in the
neural induction medium. Prepare the neural induction
medium by supplementing DMEM/F12 (1:1) medium with
20 ng/l of epidermal growth factor (EGF), 20 ng/l of basic
fibroblast growth factor (bFGF), and 1% B27 [18-20].
Change the medium every 2 days and observe the cellular
morphology under a light microscope.

Cell Co-culture System

We divided the system into a control group, an ADSC group,
and an NI-ADSC group. RSC96 or L6 cells were placed in
DMEM F12 containing 10% FBS and seeded in the upper
chamber of the cell co-culture system. According to the
experimental group classification, ADSCs or NI-ADSCs
were placed in DMEM F12 without FBS and seeded in the
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lower chamber, while the control group’s lower chamber
contained only a serum-free culture medium. The cells
were cultured in a 37 °C, 5% CO, incubator, with medium
changes every 72 h.

For investigating the mechanism of action, we also uti-
lized a cell co-culture system, setting up a control group,
NI-ADSC group, and DAPT group. RSC96 cells were placed
in DMEM F12 containing 10% FBS and seeded in the upper
chamber of a cell co-culture system. NI-ADSCs were seeded
in the lower chamber of each experimental group, with the
addition of DAPT in the DAPT inhibitor group, while the
control group only had RSC96 cells seeded in the upper
chamber. The cultural conditions were the same as before.

Cell Proliferation Assay

The Cell Counting Kit-8 (CCK-8) assay was used to measure
cell proliferation. RSC96 or L6 cells were plated at a density
of 2x 10 cells per well in 96-well plates. Each well was
subsequently incubated at 37 °C for 4 h following an initial
incubation for 1, 2, 3, and 4 days. Microplate readers were
used to determine the absorbance of each well at 450 nm.

Western Blotting

Western blotting was performed using the standard methods.
Total protein was extracted using the Radio Immunoprecipi-
tation Assay (RIPA) Lysis Buffer (Servicebio Technology,
China). An equal amount of protein was separated on 7.5%,
10%, and 15% Bis-Tris gels (Thermo Fisher Scientific) and
transferred onto a nitrocellulose membrane by electroblot-
ting. The membrane was incubated overnight at 4 °C with
the primary antibody, rinsed three times with tris-buffered
saline with Tween 20 (TBST), and incubated with a second
antibody for 1 h at room temperature the next day. The mem-
branes were then subjected to a developer for imaging using
a luminous solution (Affinity Biosciences, Cincinnati, OH,
USA). The primary antibodies are presented in Supplemen-
tary Table S1. The western blot experiments in each group
were repeated at least three times.

Quantitative Real-Time Polymerase Chain Reaction

According to the manufacturer’s instructions, RNA was
isolated using a TRIzol reagent (Tiangen Biotech, China).
The RNA was then reverse transcribed by PrimeScript RT
enzyme mix and RT Primer Mix (Accurate Biology, China).
Quantitative real-time polymerase chain reaction (QRT-PCR)
was applied to quantitative analysis using TB Green Premix
Ex Taq II, PCR Primer, and ROX Reference Dye (QIAGEN,
Hilden, Germany) on an Automated Thermal Cycler instru-
ment (Thermo Fisher Scientific, Waltham, MA, USA). Rat
GAPDH served as the internal control. All qRT-PCR data
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were analyzed using the AACt method. The qRT-PCR prim-
ers are presented in Supplementary Table S2. The qRT-PCR
experiments were repeated using six biological replicates.

Immunofluorescence Staining of Cell

Immunofluorescence staining was performed to analyze
the expression of BDNF (brain-derived neurotrophic fac-
tor), GDNF (glial-cell-line-derived neurotrophic factor),
and GFAP (glial fibrillary acidic protein) (the antibodies
are presented in Supplementary Table S1). Seed the cells
in a 24-well plate and culture them in a 37 °C, 5% CO,
incubator for 2 days. The cells were fixed in 4% paraform-
aldehyde at room temperature and washed three times with
PBS. After 15 min, the cells were permeabilized with 0.5%
Triton X-100 (Solarbio Life Sciences, China) for 20 min and
washed three times with PBS. After blocking with 5% bovine
serum albumin (BSA; Biotopped Life Sciences, China) for
2 h, add the corresponding primary antibody to each well.
The cells were then incubated overnight at 4 °C in a wet box.
Subsequently, after being rinsed with PBS, the cells were
incubated with goat anti-rabbit secondary antibody for 1 h.
After washing three times with PBS, stain the cell nuclei
with DAPI (4',6-diamidino-2-phenylindole) staining solution
for 15 min. After washing three times with PBS, fluores-
cent labeling was observed under a fluorescent microscope
(ECHO, USA). The immunofluorescence staining experi-
ments in each group were repeated at least three times. The
same protocol was applied to neural differentiation.

The Construction and Grouping of SUI Rat Models

The animal experiments were approved by the Yuhuangding
Hospital Animal Care and Use Committee in Yantai.

Female SD rats were anesthetized by intraperitoneal
injection of 1% pentobarbital (0.3 ml/100 g). A midline
incision was made on the back, and muscles were dissected
to locate the lumbosacral trunk. The lumbosacral trunk was
dissected upwards, revealing the pudendal artery and vein
along with the pudendal nerve. The pudendal nerve was then
cut with scissors on both sides [21-24]. The incision was
sutured, and the rats were returned to the animal facility for
further care. SUI rats and sham-operated rats were main-
tained for an additional 2 weeks before undergoing urody-
namic and histological assessments.

Forty 4-week-old female SD rats were randomly divided
into four groups: sham surgery group, SUI4+PBS injection
group, SUI+ADSCs injection group, and SUI+NI-ADSCs
injection group. Except for the sham surgery group, all other
groups underwent bilateral pudendal nerve transection (PNT).
After anesthesia, the rats were laparotomized, the bladder was
exposed, and the urethra was separated to reveal the junction
of the bladder neck and urethra. The sham operation group

did not receive any injection, while the remaining groups
were injected with 25 pl of PBS solution, 25 ul of ADSCs
solution, or 25 pl of NI-ADSCs solution, respectively, at four
points (3, 6, 9, and 12 o’clock positions) on the urethra (0.5 cm
away from the junction of the bladder neck and urethra). After
8 weeks of continuous feeding under the same conditions, uro-
dynamic testing was performed on each group, and urethral
tissue samples were collected for histological examination.

Histological and Morphological Analysis

The SD rat tissue samples were fixed overnight in 4% para-
formaldehyde (PFA), followed by dehydration in a gradient
of ethanol and embedding in paraffin. Longitudinal and trans-
verse Sects. (5 um) were dewaxed and hydrated after paraffin
embedding. The tissue sections were stained with hematoxy-
lin—eosin (H&E) and Masson staining as per the manufac-
turer’s instructions. Finally, the slides were fixed with neutral
resin and coverslipped. Images of the stained sections were
captured using a light microscope.

Tissue Immunofluorescence Staining

The urethral sections were fixed at room temperature with 4%
paraformaldehyde (PFA) for 10 min. After permeabilization
with 1% Triton X-100 for 15 min, non-specific binding was
blocked with 3% BSA for 2 h at 37 °C. Then, samples were
incubated with primary antibodies (anti-a-SMA, anti-CD31,
anti-S100p, and anti-GFAP antibody) at the appropriate dilu-
tion at 4 °C overnight. FITC secondary antibody was used for
1 hat 37 °C after washing with PBS. The specimens were then
counterstained for 5 min with the nuclear dye 4',6-diamidino-
2'-phenylindole (DAPI), washed with PBS, and covered with
a coverslip, before being examined and imaged using an auto-
matic fluorescence microscope (Axio Observer 7, USA). For
determining the mean intensity of a-SMA, CD31, anti-S100p,
and GFAP immunofluorescence, five random sections per ani-
mal were observed and analyzed using ImageJ software (NIH,
USA).

Statistical Analysis
All statistical analyses were conducted using GraphPad Prism
8.0 software (GraphPad Software, San Diego, CA, UA),

and a p-value <0.05 was considered statistically significant
(*p<0.05; ¥*¥p <0.01; ***p <0.001).
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Result

The Morphology, Differentiation Capacity,
and Phenotypic Identification of Adipose-Derived
Stem Cells

We obtained inguinal fat tissue from female SD rats and
successfully cultured ADSCs using an enzymatic digestion
method (Fig. 1A). Initially, the cells exhibited irregular
shapes, appearing as short spindle-shaped or polygonal
cells (Fig. 1B, C). After the first passage, they were able
to reach confluence again within 3 days. We selected
P3-ADSCs and induced them with specific adipogenic
and osteogenic differentiation media for adipogenic and
osteogenic differentiation. Oil Red O staining revealed the
presence of red-stained lipid droplets in the cytoplasm of
ADSC s, indicating adipogenic differentiation (Fig. 1D).
Alizarin Red staining showed orange-red stained cal-
cium deposits outside the cells, indicating osteogenic
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Fig. 1 Identification of ADSCs. A Abridged general view of obtain-
ing ADSC from the inguinal fat of a female SD rat. B, C Observe the
morphology of ADSCs under a light microscope, scale bar=1000 pm
or 400 um. D Appearance of red-stained lipid droplets in the cyto-
plasm using Oil Red O staining. Scale bar=50 um. E Deposition of
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differentiation (Fig. 1E). This demonstrates that the pri-
mary cultured ADSCs possess the multipotent differ-
entiation ability of stem cells. We also selected the 3rd
passage of ADSCs and used flow cytometry to detect the
expression of stem cell surface markers (CD29, CD44, and
CD90) and blood cell surface marker (CD45). The results
showed that the positivity rates for CD29, CD44, CD45,
and CD90 were 99.96%, 99.41%, 0.15%, and 96.37%,
respectively (Fig. 1F). Therefore, the primary cultured
ADSCs expressed stem cell markers and did not express
blood cell markers, which is consistent with the phenotype
of ADSCs.

Inducing ADSCs to Differentiate into NI-ADSCs

We employed a classical and efficient method to induce
ADSCs into NI-ADSCs with neuroregenerative capabili-
ties (Fig. 2A). The P3-ADSCs were selected (Fig. 2B), and
the culture medium was switched to a serum-free induction
medium (DMEM/F12, EGF, bFGF 20 mg/ml supplemented

Enzyme digestion ta
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orange-red calcium salts outside the cells observed through Alizarin
Red staining. Scale bar=50 pm. F The flow cytometry analysis to
analyze the cell surface markers CD29, CD44, CD45, and CD90 on
ADSCs. Figure 1A was generated using Figdraw (www.figdraw.com)
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Fig.2 Induction and characterization of ADSCs for neural differ-
entiation. A Abridged general view of neural induction of ADSC
into NI-ADSC. B Observe the morphology of ADSCs under a light
microscope, scale bar=1000 um. C-E Observe the morphological
changes of NI-ADSCs on 2, 4, and 6 days under a light microscope,
scale bar=1000 um. F The protein levels of factors associated with
neural induction (MAP, Nestin, and PAX6) were detected by west-
ern blot in each group. G Quantification of MAP, Nestin, and PAX6

with N2, B27). Under the microscope, ADSCs adhered to
the culture dish in a spindle shape, and they gradually aggre-
gated into spherical structures (Fig. 2C-E). We performed
PCR and western blot analysis to detect the expression lev-
els of neuroinduction-related markers in ADSCs and NI-
ADSC:s. The results showed that NI-ADSCs exhibited high
expression of MAP, Nestin, and PAX6. We then further
conducted immunofluorescence staining on NI-ADSCs.
Immunofluorescence staining was conducted on NI-ADSCs,
revealing that NI-ADSCs exhibited high expression of the

protein levels in each group. The data are expressed as mean=+SD
(n=3). H The relative mRNA expression of MAP, Nestin, and PAX6
was detected through qRT-PCR. I Immunofluorescence staining
reveals the expression of Nestin and PAX6 in suspended NI-ADSCs.
J Immunofluorescence staining reveals the expression of Nestin and
PAX6 in adherent NI-ADSCs, bar=100 um. Figure 2A was gener-
ated using Figdraw (www.figdraw.com)

neural stem cell markers MAP, Nestin, and PAX6. In con-
clusion, we successfully induced ADSCs into NI-ADSCs
through cross-lineage induction.

In Vitro Experiments to Validate the Effects of ADSCs
and NI-ADSCs on Muscle Regeneration and Neural
Repair

To elucidate the effects of ADSCs and NI-ADSCs on
muscle regeneration and neural repair, we seeded skeletal
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muscle cell line L6 or Schwann cell line RSC96 in the upper
chamber of a transwell system and cultured them with a
regular culture medium. In the lower chamber, we added
PBS, ADSCs, and NI-ADSCs, dividing them into the con-
trol group, ADSC group, and NI-ADSC group (Fig. 3A).
We conducted in vitro proliferation experiments using
CCK-8 assay. The results showed that both ADSCs and NI-
ADSC:s significantly enhanced the proliferation activity of
L6 and RSC96 cells compared to the blank control group
(Fig. 3B, C). However, there was no significant difference
in the enhancement of proliferation activity between the
two groups for L6 and RSC96 cells (p > 0.05). We collected
RSC96 cells from the control group, ADSC group, and NI-
ADSC group for western blotting, qRT-PCR, and immuno-
fluorescence staining. We found that compared to the control
group and ADSC group, the NI-ADSC group significantly
promoted the expression of phenotype-related markers
(GDNF, BDNF, and GFAP) in RSC96 cells (Fig. 3D-G).

NI-ADSCs Promote Schwann Cell Phenotype
Transformation Towards a Repair Phenotype
by Activating the Notching Pathway

To investigate the mechanism by which NI-ADSCs promote
the transformation of RSC96 towards a neural repair pheno-
type, we divided the cells into control, ADSC, or NI-ADSC
group. After co-culturing the cells, we performed western
blot analysis on the two groups of RSC96 cells (Fig. 4A,
B). We found that NI-ADSCs, compared to the control
and ADSC groups, significantly promoted the expression
of Notch pathway-related markers (Notchl, NICD, and
Hes1) in Schwann cells. To further validate whether the
transformation of the repair phenotype is achieved through
the activation of the Notch pathway, we added the Notch
pathway inhibitor DAPT to the groups previously men-
tioned (Fig. 4C). After co-culturing the cells, we obtained
RSC96 cells from each group for western blot, qRT-PCR,
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Fig.3 NI-ADSCs induce repair phenotypic transformation for SCs.
A Abridged general view of co-culture system SCs, ADSCs, and
NI-ADSCs. B The effects of ADSC or NI-ADSC on the prolifera-
tion ability of RSC96 were analyzed via the CCK-8. C The effects
of ADSC or NI-ADSC on the proliferation ability of L6 were ana-
lyzed via the CCK-8. D The protein levels of factors associated
with Schwann cell repair phenotype (BDNF, GDNF, and GFAP)
were detected by western blot in each group. E Quantification of
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repair of phenotypic-related protein levels in each group. The data
are expressed as mean+SD (n=3). F The relative mRNA expres-
sion of BDNF, GDNF, and GFAP was detected through gRT-
PCR. G Immunofluorescence staining was performed to reveal the
expression of BDNF, GDNF, and GFAP in the SCs of each group,
bar=50 um. Figure 3A was generated using Figdraw (www.figdraw.
com)


https://www.figdraw.com
https://www.figdraw.com

Molecular Neurobiology (2025) 62:7330-7344 7337
<
A & o O C
N P s
i~ \a A control SC DAPT NI-ADSC
— ADSC
PR ——— 4- e
MNotera § aos NI-ADSC
g 34 e —
NICD — - — g -
<
Z 2+
4
Hesl - £
¢ 1 OO || 000 oo || oo oo
5
B-actin — — — & 0 r r r
Notch1 NICD Hes1
D control DAPT ni-apsc  E F
g 5 Control e 5+ xx Control
= DAPT ° - DAPT
BDNF [ ﬁ 34_ NI-ADSC §4_ bex NI-ADSC
S . s
g or g . o
- - ul:) 3- b L @ 3" e
o | =
2 21 % 2+
a £
GFAP | —— | g s, ]
s s
= T &0 T T T @ 0 T T T
B-actin | SEECE—— BDNF GDNF GFAP BONF GDNF GFAP
G DAPI DAPI GDNF Merge DAPI GFAP Merge

BDNF Merle

NI-ADSC DAPT Control

Fig.4 The Notch signaling pathway is a crucial pathway that pro-
motes the phenotypic transition of SCs related to repair. A Western
blot analysis to assess the expression levels of Notch pathway-related
markers (Notch1l, NICD, and Hesl1) in SCs from each group. B Quan-
tification of Notch pathway-related protein levels in each group. The
data are expressed as mean=+ SD (n=3). C Abridged general view of
co-culture system SCs, DAPT, and NI-ADSCs. D Western blot anal-
ysis to assess the expression levels of Notch pathway-related mark-
ers (Notchl, NICD, and Hesl) in SCs from each group. The protein

and immunofluorescence staining analysis. We found that
the addition of DAPT to the culture medium of NI-ADSCs
resulted in a decrease in the enhancement of the expression
of neural repair-related markers (Fig. 4D-G). Therefore,
we speculate that the Notch signaling pathway may play
an important role in the transformation of Schwann cells
towards a repair phenotype (Fig. 5).

Bilateral Pudendal Nerve Transection Method
for Constructing the SUI Rat Model

We established a bilateral pudendal nerve transection SUI
animal model in SD rats using the classical method of

levels of factors associated with the Schwann cell repair phenotype
(BDNF, GDNF, and GFAP) were detected by western blot in each
group. E Quantification of repair of phenotypic-related protein levels
in each group. The data are expressed as mean+SD (n=3). F The
relative mRNA expression of BDNF, GDNF, and GFAP was detected
through qRT-PCR. G Immunofluorescence staining was performed to
reveal the expression of BDNF, GDNF, and GFAP in the SCs of each
group, bar=50 um. Figure 4C was generated using Figdraw (www.
figdraw.com).

dorsal incision (Fig. 6A). Two weeks later, histological
and urodynamic tests were conducted on the SUI group
and the normal group. H&E staining and Masson staining
revealed that compared to the normal group, the SUI group
exhibited muscle fiber atrophy, disordered arrangement,
widened gaps, and enlarged urethral lumen (Fig. 6B).
Leak point pressure (LPP) measurements indicated that
the average leak point pressure in the SUI group was 22
cmH,0, while in the normal group, it was 38 cmH,O,
demonstrating a significant difference between the two
groups (p <0.05) (Fig. 6G). Immunofluorescence stain-
ing showed decreased expression levels of a-SMA (marker
of muscle regeneration) CD31 (angiogenesis marker), and
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Fig.5 Schematic diagram of NI-ADSCs activating the Notch pathway to promote nerve regeneration by inducing and maintaining the reparative
phenotype of Schwann cells. Figure 5 was generated using Figdraw (www.figdraw.com)

S100p (neural marker) in the SUI group compared to the
normal group (Fig. 6C-F). The bilateral pudendal nerve
transection urinary incontinence animal model was suc-
cessfully established.

In Vivo Experiments Investigating the Effects
of ADSCs and NI-ADSCs on the SUI Model

We divided the rats into the sham group, SUI group,
ADSC group, NI-ADSC, and DAPT group and injected
PBS, ADSCs, NI-ADSCs, and NI-ADSCs + DAPT into the
urethral sphincter muscle, respectively (Fig. 6A). Eight
weeks later, leak point pressure measurements were con-
ducted in each group. We found that the LPP in the ADSC
group and the NI-ADSC group was higher than that in the
SUI animal model group, approaching levels similar to the
sham group, with statistical significance (Fig. 7E). H&E
staining and Masson staining showed that after injection
of ADSCs and NI-ADSCs, the muscle fibers in SUI rats
were arranged neatly, with reduced gaps and a smaller
urethral lumen (Fig. 7A). Immunofluorescence staining
revealed significantly improved expressions of a-SMA,
CD31, GFAP (demyelination marker), and S100p in the
ADSC and NI-ADSC groups compared to the SUI group
(Figs. 7B-D and 8A-D). Notably, the NI-ADSC group
exhibited higher GFAP and S100p expression than the
ADSC group (Fig. 8A-D). After the addition of Notch
pathway inhibitors, the LPP and the expression of neural
and neural repair-related markers in the SUI rats in the
NI-ADSCs group were reduced (Fig. 8A-D). NI-ADSCs
may promote neural repair in SUI rats by activating the
Notch pathway.

@ Springer

Discussion

Stress urinary incontinence (SUI) is a common urinary sys-
tem disease in women that seriously threatens the physical
and mental health of women worldwide. Epidemiological
studies have shown that about 200 million women world-
wide suffer from urinary incontinence, half of whom has
SUI [25, 26]. SUI is the result of the comprehensive effects
of factors such as vascular, neurological, and muscular dam-
age. Currently, the main treatment method for SUI is mid-
urethral sling surgery [27]. However, the traditional treat-
ment methods for SUI only focus on the reconstruction of
the urethral structure, ignoring the repair of nerves, blood
vessels, and muscles.

With the rapid development of organizational engineer-
ing technology, stem cell therapy has shown certain poten-
tial in the treatment of SUI [28]. Research has found that
stem cells can significantly improve vascular and muscle
damage in SUI, but the treatment effect on SUI nerve dam-
age is limited [29-32]. Studies have found that NSCs can
effectively promote the repair of damaged nerves [35, 6, 33].
However, NSCs are difficult to obtain, and there is a risk of
tumor formation after transplantation, making it difficult to
apply them in the treatment of SUI [7]. ADSCs have advan-
tages such as easy acquisition, minimal trauma, abundant
cell numbers, and fewer ethical conflicts, and the method is
relatively mature [34]. Research has reported that ADSCs
can be induced into NI-ADSCs, which have neural stem
cell-related characteristics and can secrete neurotrophic fac-
tors to promote nerve regeneration. Currently, there are vari-
ous methods for inducing stem cells into neurosphere-like
cells, most of which have been validated multiple times as
reliable induction methods. ADSCs respond well to neuronal
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sues in the sham group and the SUI group using H&E and Masson
staining, bar=100 um. C Immunofluorescence staining to detect the
expression of SMA-oo CD31 and S100p in the urethral tissues of rats

induction methods and can exhibit a high differentiation rate
in a relatively short period of time. Ahmadi and others com-
pared two neural induction methods for ADSCs and found
that the differentiation of ADSCs into NI-ADSCs was rapid
and transient under the chemical induction scheme, while the
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in the sham group and the SUI group, bar=50 pm. D Bar graphs
showing the mean immunofluorescence intensity of a-SMA in each
group (n=5). E Bar graphs showing the mean immunofluorescence
intensity of CD31 in each group (n=5). F Bar graphs showing the
mean immunofluorescence intensity of S100p in each group (n=5).
G The LPP of each group (n=5). Figure 6A was generated using Fig-
draw (www.figdraw.com)

formation of neurospheres resulted in stable NI-ADSCs [10].
We isolated ADSCs from the inguinal fat tissue of female
SD rats and identified their stem cell characteristics through
flow cytometry and osteogenic and adipogenic differentia-
tion, confirming that we did obtain ADSCs. Subsequently,
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sion of a-SMA and CD31 in the urethral tissues of rats in each group,

we successfully induced ADSCs into NI-ADSCs using the
classic ADSC neural induction scheme and confirmed their
morphological and molecular characteristics through mor-
phology, qRT-PCR, WB, and immunofluorescence.

To further verify the role of NI-ADSCs in nerve repair,
we reviewed previous research literature on peripheral nerve
injury and found that most in vitro experiments were based
on Schwann cells (SCs) [13, 35-37]. SCs are the key glial
cells in the peripheral nervous system and play an impor-
tant role in the repair of peripheral nerve injuries. When
the peripheral nerve is injured, Wallerian degeneration and
axonal disintegration occur, and the myelinating or Remak
Schwann cells undergo a transition to a repair phenotype.
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o

bar=50 um. C Bar graphs showing the mean immunofluorescence
intensity of a-SMA in each group (n=5). D Bar graphs showing the
mean immunofluorescence intensity of CD31 in each group (n=5). E
The LPP of each group (n=5)

The repair phenotype Schwann cells undergo autophagy
to clear the myelin and highly express immature Schwann
cell markers such as GFAP, p7SNTR, and NCAM, which
are suppressed during myelination. They also activate vari-
ous transcription factors (c-JUN, SOX2, Notch, etc.) and
cytokines (TNFa, LIF, IL-1a, IL-1p, LIF, and MCP-1) and
secrete a series of neurotrophic factors (FGF, NGF, BDNF,
GDNEF, p75NTR, VEGEF, and NT3) to promote myelin deg-
radation, axonal regeneration, and structural reconstruc-
tion [13-16]. Therefore, we selected the rat Schwann cell
line RSC96 as the target cell. We co-cultured RSC96 with
ADSCs and NI-ADSCs, respectively, and used the CCK-8
assay to detect the ability of ADSCs and NI-ADSCs to
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rats in each group, scale bar=50 um. B Bar graphs showing the
mean immunofluorescence intensity of GFAP in each group (n=5).

promote SC proliferation, and the results showed no signifi-
cant difference between the two. We used qRT-PCR, WB,
and immunofluorescence staining to detect the expression
levels of related repair phenotype markers in each group of
RSC96. We found that, compared with the control group and
the ADSC group, the expression levels of repair phenotype-
related genes BDNF, GDNF, and GFAP were significantly
increased. This suggests that NI-ADSCs promoted the tran-
sition of SCs to the repair phenotype. However, the mecha-
nism by which NI-ADSCs promote the transition of SCs to
the repair phenotype is still unclear.

In reviewing the literature on nerve repair and SC phe-
notype transformation, we found that many pathways affect
the transformation of SC phenotypes [13, 38—-40]. Notch
signaling plays a key role in various biological processes
such as the maintenance, proliferation, differentiation, and
apoptosis of neural stem cells [17, 41-43]. Notch is a trans-
membrane protein receptor that is activated through interac-
tion with ligands. Activated Notch is cleaved multiple times
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C Immunofluorescence staining to detect the expression of S100p in
the urethral tissues of rats in each group, bar=50 um. D Bar graphs
showing the mean immunofluorescence intensity of S100p in each
group (n=5)

by y-secretase, releasing its intracellular domain (NICD),
which then translocates to the cell nucleus and forms a tran-
scription factor that stimulates the transcription of Hes and
Hey, thereby regulating downstream target genes. Increas-
ing evidence suggests that the Notch pathway is of great
importance in nerve repair. Notchl is a negative regulator
of myelination, promoting or maintaining an immature or
dedifferentiated cell state [44, 45]. After nerve injury, Notch
expression in the nerve is upregulated, accelerating Schwann
cell dedifferentiation, downregulating myelination-related
factors, and upregulating axonal regeneration-related factors,
thereby promoting nerve repair.

To further understand the potential molecular mechanism
by which NI-ADSCs promote the transition of SCs to the
repair phenotype, we evaluated the involvement of the Notch
signaling pathway. In our study, after co-culturing RSC96
with NI-ADSCs, we used WB to analyze the expression of
Notch 1, NICD, and Hesl1 at the protein level. The results
showed that, compared to the RSC96 cultured alone and
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the ADSC group, the expression levels of Notchl, NICD,
and Hesl were significantly increased in the RSC96 group
co-cultured with NI-ADSCs. This suggests that the mecha-
nism by which NI-ADSCs promote the transition of SCs
to the repair phenotype may involve the activation of the
Notch pathway. DAPT is an y-secretase inhibitor that can
inhibit Notch cleavage and is commonly used as a Notch
signal inhibitor [46]. We added DAPT to the co-culture of
RSC96 and NI-ADSCs. After inhibiting the Notch signal
with DAPT, we re-detected the expression levels of SC
repair phenotype-related markers and found that at both the
mRNA and protein levels, the expression levels in the DAPT
group were significantly lower than in the NI-ADSC group.
These findings suggest that DAPT can block the Notch sign-
aling pathway, thereby reversing the role of NI-ADSCs in
promoting the transition of SCs towards a reparative pheno-
type. Therefore, it can be seen that the role of NI-ADSCs in
promoting the transition of SCs to the repair phenotype is
mediated through the activation of the Notch pathway.

The successful establishment of SUI models is funda-
mental to conducting in vivo studies. At present, there are
two main methods to establish SUI rat models: denerva-
tion and simulated birth injury. Denervation is dominated
by bilateral pudendal nerve severance [21]. It directly cuts
the nerve, resulting in neuropathic atrophy of the urethral
sphincter [47, 48]. This method is highly specific and has a
long maintenance time. Simulated birth injuries are domi-
nated by vaginal dilation (VD), which mimics vaginal deliv-
ery, resulting in damage to the urethral neuromuscular and
pelvic floor support structures [49]. This method is simple
to operate, but there are large individual differences, and
the model maintenance time is short. To reduce the adverse
effect of the modeling method on the experimental results,
we established the SUI rat model using the classical bilateral
pudendal neurotomy method. The primary measure for eval-
uating models of stress urinary incontinence is urodynamics.
Currently, leak point pressure (LPP) is considered a reliable
method for assessing urethral resistance in SUI models [49].
LPP is bladder pressure with urinary leakage that occurs
with increased abdominal pressure, reflects the contractile
capacity of the urethral sphincter, has good repeatability,
and can be used to evaluate the success of the establishment
of animal models of SUI. The results showed that the LPP
of SUI rats was significantly lower than that of the sham
group after bilateral pudendal nerve cuts, indicating that
our SUI rat model was successfully established. To evalu-
ate the efficacy of ADSCs and NI-ADSCs in the treatment
of SUI, we divided the rats into five groups: the sham group,
the SUI group, the ADSC group, the NI-ADSC group, and
the DAPT group, which were injected with PBS, PBS,
ADSCs, NI-ADSCs, and NI-ADSCs + DAPT, respectively.
After injection for some time, we performed immunofluo-
rescence staining on SUI rats to detect relevant biomarkers
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of angiogenesis, muscle regeneration, and nerve repair. We
found no significant differences in vascularization and mus-
cle regeneration between the ADSC and NI-ADSC groups.
Notably, the expression of nerve repair proteins was higher
in the NI-ADSC group than in the ADSC group. This sug-
gests that NI-ADSCs may be more repairable than ADSCs
in terms of nerve repair. After the addition of Notch pathway
inhibitors, the LPP and the expression of neural and neu-
ral repair-related markers in the SUI rats in the NI-ADSCs
group were reduced. NI-ADSCs may promote neural repair
in SUI rats by activating the Notch pathway. This further
validates the results of the in vitro experiments.

This study has several limitations. First, stem cell therapy
has risks, and direct application of stem cells may have risks
such as tumor formation. Current research shows that the
main way stem cells exert therapeutic effects is through the
secretion of extracellular vesicles that act on target cells. The
use of extracellular vesicles derived from NI-ADSCs may
maintain the therapeutic effect of cell therapy while reduc-
ing the risks associated with cell therapy. Secondly, when
conducting in vitro experiments using the transwell system,
DAPT may also have potential effects on NI-ADSCs. At pre-
sent, we are extracting exosomes from NI-ADSCs and con-
ducting an in-depth exploration of the potential nerve repair
factors secreted by NI-ADSCs, as well as their mechanism of
activating the Notch pathway. Finally, this study is only an
animal experiment, and further in vivo experiments are still
needed to verify its therapeutic efficacy and safety in clinical
settings. We look forward to providing new directions and
a more theoretical basis for the clinical treatment of SUI.

Conclusion

In this study, we isolated ADSCs from female SD rats,
induced them into NI-ADSCs, and determined the benefi-
cial effects of NI-ADSCs on SC repair-related phenotypes by
activating the Notch1 signaling pathway. We hope this study
can provide a valuable therapeutic strategy for the neurore-
generation and repair of SUIL
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