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Abstract

Background
Stress urinary incontinence (SUI) results from urethral sphincter insufficiency. Urine-derived stem cells
(USCs) possess myogenic and neurotrophic potential, while platelet lysate (PL), enriched with PDGF,
VEGF, TGF-β1, and EGF, enhances stem cell proliferation and engraftment. This study comprehensively
evaluated the therapeutic efficacy of USCs alone, PL alone, and their combination in a pudendal nerve
injury (PNI)-induced rat model of SUI.

Methods
Thirty female Sprague–Dawley rats were assigned to five groups (n = 6): Ctrl, PNI, PNI+Cell, PNI + PL, and
PNI+Cell + PL. One week after surgical PNI induction, 1 × 10⁵ USCs in PBS, PBS with 10% PL, or USCs in
PBS with 10% PL were injected into the external urethral sphincter. Conscious urodynamic studies
assessed leak point pressure (LPP) and closing pressure (CP) at days 3, 7, and 14. Urethral sphincteric
tissues were analyzed by H&E, Masson's trichrome, immunohistochemistry (nAChRα1, α-SMA,
neurofilament), and quantitative PCR for myogenic (Pax7, MyoD, Myogenin, Mef2) and neuronal markers
(GFAP, β-tubulin III, Neurofilament, MAP2).

Results
PNI significantly reduced LPP and CP. The PNI+Cell + PL group demonstrated the greatest functional
recovery, with LPP approaching control levels at day 14. Combined treatment most effectively
upregulated myogenic and neuronal markers, normalized MyoD expression, preserved muscle
architecture, reduced fibrosis, and restored nAChRα1, α-SMA, and neurofilament expression compared
with either monotherapy.

Conclusions
USC and PL combination therapy synergistically restored urethral sphincter function and promoted
neuromuscular regeneration superior to either treatment alone, representing a promising regenerative
strategy for SUI.

Background
Stress urinary incontinence (SUI) is a highly prevalent condition characterized by the involuntary leakage
of urine during activities that increase intra-abdominal pressure, such as coughing, sneezing, or physical
exertion [1]. The etiology of SUI is multifactorial, primarily involving the anatomical weakening of the
pelvic floor musculature and the functional impairment of the external urethral sphincter (EUS). Current

Page 3/19



conservative and surgical modalities for SUI, including pelvic floor muscle training, bulking agents, and
mid-urethral sling procedures, predominantly aim to provide anatomical support or artificially increase
outlet resistance [2]. Despite the high prevalence and significant quality-of-life burden associated with
SUI, current treatment options remain limited. Conservative measures such as pelvic floor rehabilitation
offer partial benefit, while surgical approaches including mid-urethral slings carry risks of mesh-related
complications and do not address the underlying neuromuscular deficit [3]. These unmet clinical needs
have fueled growing interest in regenerative medicine strategies targeting the neuromuscular pathology
of sphincter dysfunction.

Mesenchymal stem cells (MSCs) derived from bone marrow, adipose tissue, amniotic fluid and muscle
have demonstrated promising potential in preclinical SUI models [4]. However, their clinical translation is
often hindered by invasive harvesting procedures, limited cellular yield, and age-dependent declines in
proliferation and multilineage differentiation capabilities. In this context, urine-derived stem cells (USCs)
have emerged as a highly attractive alternative [5]. USCs can be isolated non-invasively, continuously,
and at low cost. Furthermore, USCs possess robust proliferative capacity, high telomerase activity, and a
strong propensity to differentiate into myogenic, neurogenic, and endothelial lineages, making them
uniquely suited for urologic tissue engineering [6]. USCs have also been demonstrated to express
neurotrophin-related molecules including nerve growth factor (NGF) and brain-derived neurotrophic
factor (BDNF), conferring neuroprotective effects in the injured sphincter microenvironment [7]. However,
cell survival following transplantation into damaged tissue remains a critical barrier, as the hostile milieu
—characterized by oxidative stress, inflammation, and reduced growth factor availability—substantially
limits therapeutic efficacy [8].

To overcome this limitation, biological adjuvants are required to optimize the local niche [9]. Platelet
lysate (PL), generated through the lysis of concentrated platelets, is a rich source of bioactive molecules,
including platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), transforming
growth factor-beta (TGF- ), and basic fibroblast growth factor (bFGF) [10]. These factors collectively
promote cell proliferation, angiogenesis, extracellular matrix remodeling, and neural repair, rendering PL
a highly versatile regenerative substrate [11]. Unlike platelet-rich plasma (PRP), PL undergoes complete
platelet lysis, yielding a standardized, reproducible growth factor preparation free of viable cells and
residual platelet membrane debris [12]. PL has been evaluated as a cell culture supplement capable of
enhancing USC expansion and viability, as well as a direct injectable therapeutic in musculoskeletal and
wound healing applications [13,14]. The potential of PL to create a pro-regenerative niche within injured
sphincter tissue—augmenting USC survival, paracrine activity, and neurotrophic signaling—provides
strong theoretical justification for combining USCs with PL in the treatment of pudendal nerve injury
(PNI)-associated sphincter dysfunction. However, the combined application of USC and PL has not
previously been evaluated in a PNI model.

We hypothesized that the co-administration of USCs and PL would exert a synergistic therapeutic effect,
overcoming the poor cell survival associated with isolated cell therapy while maximizing neuromuscular
regeneration. Therefore, the present study aims to evaluate the combined effects of human USCs and

β
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human PL on urethral sphincter regeneration, utilizing functional, histological, and molecular
assessments in a rat model of PNI-induced SUI.

Methods

Animal model
Thirty female Sprague–Dawley rats (6 weeks old; n = 6 per group) were purchased from Orient Bio
(Sungnam, Republic of Korea) and randomly assigned to five experimental groups (Ctrl, PNI, PNI+Cell,
PNI + PL, PNI+Cell + PL), and maintained in a pathogen-free, temperature- and humidity-controlled
environment (22 ± 2°C, 50–60% relative humidity) with a 12-h light/dark cycle and free access to
standard rodent chow and water, with appropriate bedding and environmental enrichment provided in
accordance with the Guide for the Care and Use of Laboratory Animals. All procedures were approved by
the Institutional Animal Care and Use Committee of Yeungnam University Medical Center (YUMC-
AEC2024-010). Under inhalation anesthesia with isoflurane (2–3% in oxygen), bilateral pudendal nerve
injury was surgically induced, a polyethylene catheter (PE-50; Becton Dickinson, USA) was implanted into
the bladder dome, and after a week, treatments were administered into two distinct sites of the external
urethral sphincter using a Hamilton microsyringe under aseptic conditions during the same surgical
session. Depending on the experimental group, animals received either 1 × 105 cells suspended in
phosphate-buffered saline (PBS), PBS supplemented with 10% platelet lysate (PL) without cells, or 1 ×
105 cells suspended in PBS supplemented with 10% platelet lysate (10 µL per site; total 20 µL per
animal). To minimize postoperative discomfort, buprenorphine (0.05 mg/kg, subcutaneously, every 12 h
for 48 h) was administered as a standard analgesic regimen, and the animals were monitored daily for
general health, surgical site condition, and signs of distress throughout the experimental period.
Conscious urodynamic studies (UDS) were conducted at 3, 7, and 14 days after the surgical and injection
procedures. At the 14-day endpoint, animals were euthanized by CO₂ inhalation followed by cervical
dislocation, and urethral sphincter tissues were harvested for histological and molecular analyses. All
animal experiments were conducted and reported in accordance with the ARRIVE guidelines 2.0.

Cell preparation (urine-derived stem cell)
For USC preparation, approximately 100 mL of freshly voided urine was obtained from a healthy male
volunteer under sterile conditions after informed consent. The collected sample was immediately
transported to the laboratory and centrifuged at 400 × g for 10 minutes at room temperature. The
resulting cell pellet was carefully washed twice with PBS supplemented with 5% penicillin/streptomycin
(P/S; Sigma-Aldrich, St. Louis, MO, USA) to minimize microbial contamination. After the final wash, the
cells were resuspended and seeded into 12-well culture plates at a density of approximately 1,000 cells
per well. Cells were cultured in a mixed medium consisting of keratinocyte serum-free medium and
progenitor cell medium (Gibco, Carlsbad, CA, USA) at a 1:1 ratio, supplemented with growth factors
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according to the manufacturer’s recommendations. The plates were maintained at 37°C in a humidified
atmosphere with 5% CO₂, and the medium was changed every 2–3 days until colonies appeared.

Platelet lysate preparation
Expired platelet units were obtained from the biobank of Kyungpook National University Hospital (Daegu,
Korea) with prior approval from the institutional review board (KNUH 2019-08-008-002). Upon receipt, the
samples were immediately stored at − 80°C until processing. For the 27 frozen units, thawing was
performed by placing the vials in a 37°C water bath for 2 minutes with gentle agitation (30 rpm).
Subsequently, 1.5 mL of each thawed sample was centrifuged at 13,000 rpm for 30 minutes at 4°C, and
the resulting supernatant was filtered through a 0.22 µm low-protein binding filter (BD Falcon, Franklin
Lakes, NJ, USA). The remaining thawed fractions were pooled, dispensed, and further centrifuged at
3,500 × g for 30 minutes at 4°C. The supernatant obtained from this step was clarified using a 40 µm cell
strainer (BD Falcon) to remove residual particulates. All aliquots were stored at − 80°C until further use.
Each preparation was carried out in triplicate, and all experiments were repeated three times.

Quantitative PCR
Urethra tissue samples were snap-frozen at − 80°C until further processing. Total RNA was isolated
using the Maxwell® RSC SimplyRNA Cell Kit in Maxwell™ 16 instrument (Promega, Madison, WI, USA).
RNA concentrations were quantified, and 1 µg of each sample was reverse-transcribed into
complementary DNA (cDNA) with GoScript™ Reverse Transcriptase (Promega, Madison, WI, USA).
Quantitative real-time PCR was then conducted on a StepOnePlus™ Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA). The primer sequences employed for amplification are summarized in
Table 1.
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Table 1
Primer sequences

Gene Forward primer (5′ → 3′) Reverse primer (5′ → 3′)

β-tubulin TGG AGA ACA CGG ATG AGA CC GAA TCG AAG GGA GGT GGT GA

GAPDH AAG ATG GTG AAG GTC GGT GT TGA CTG TGC CGT TGA ACT TG

GFAP TAA GCT AGC CCT GGA CAT CG TAC AGG AAT GGT GAT GAG GT

MAP2 TCT CAG TTC AGT GCC AGA GG TTT CCT GAG GTG CTT CGG AT

Mef2 TCA GTT GGG AGC TTG CAC TA TGG TGG TAC GGT CTC TAG GA

MyoD GGG AAG GGA AGA GCA GAA GT CTG GCC ACT CAA AGA TCA GC

Myogenin CCA GTG AAT GCA ACT CCC AC GCG AGC AAA TGA TCT CCT GG

Neurofilament GCT AAA GAG AAG AAG GCG GC CAC CTC CTC CTT CTT CGG TT

Pax7 TGG GTT ACG AAT TCC AGC CT CCT ACC CTC TTG CTT CCC AA

Histological analysis
For histological evaluation, urethra specimens were fixed in 4% neutral-buffered formalin. Following
fixation, tissues were paraffin-embedded to generate blocks and subsequently sectioned into 5-µm slices
for hematoxylin and eosin (H&E), Masson’s trichrome, and immunohistochemical (IHC) staining. Antigen
retrieval was performed by heating the sections in citrate buffer, after which nonspecific binding was
blocked using 5% BSA. Primary antibodies (diluted 1:100) were incubated overnight at 4°C, and the
appropriate secondary antibodies (Alexa Fluor 594–conjugated goat anti-rabbit IgG, 1:1000 dilution;
Abcam, Cambridge, MA, USA) were applied for 1 h at room temperature. Finally, slides were mounted
with a DAPI-containing medium (Vectashield; Vector Laboratories, Burlingame, CA, USA) and examined
under both bright-field and fluorescence microscopy.

Urodynamic study
To evaluate bladder function under conscious conditions, six rats from each group underwent
cystometric analysis at 3, 7, and 14 days following implantation of the polyethylene-50 catheter. Prior to
measurements, the animals were practiced to the testing room to minimize stress and were then gently
restrained without the use of anesthesia to preserve physiological voiding reflexes. The externalized
polyethylene-50 tube was connected to a calibrated pressure transducer, and sterile saline maintained at
room temperature was infused at a constant rate of 200 µL/min via a syringe pump. Intravesical
pressure responses were continuously monitored and recorded using the PowerLab® data acquisition
system (AD Instruments Pty., Ltd., Bella Vista, NSW, Australia), which allowed real-time pressure tracing
and subsequent quantitative analysis of bladder activity.
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Statistical analysis
Data are expressed as mean ± standard deviation (SD). Statistically significant differences were
assessed using a t-test and one-way analysis of variance with Tukey’s post hoc test. A P-value < 0.05
was considered statistically significant.

Results

Expression patterns of myogenic and neurogenic markers
We analyzed the expression changes of muscle regeneration-related markers, including Pax7, MyoD,
Myogenin, and Mef2 (Fig. 1A). In the PNI group, Pax7 and Myogenin were significantly decreased,
whereas treatment with Cell + PL showed the greatest recovery among all treatment groups. Pax7
expression was increased in the PNI+Cell and PNI + PL groups, but the increase was more pronounced in
the PNI+Cell + PL group, suggesting an enhanced regenerative effect of the combined treatment.
Similarly, Myogenin expression gradually recovered following treatment and was highest in the PNI+Cell 
+ PL group, indicating improved myogenic differentiation and maturation. Although Mef2 expression was
decreased in the PNI group compared with the control, treatment with PL alone or in combination with
cells increased its expression, with the highest level observed in the PNI+Cell + PL group. While some
comparisons did not reach statistical significance, the consistent trend toward increased expression
suggests that combined Cell + PL treatment may exert superior regenerative effects compared with
either treatment alone. In contrast, MyoD, a marker reflecting satellite cell activation and early
differentiation, was significantly increased in the PNI group, likely due to denervation-induced
regenerative activation. Following treatment, MyoD expression decreased toward control levels, with the
PNI+Cell + PL group showing the most normalized expression pattern, suggesting improved stabilization
of the regenerative process. These findings suggest that combined Cell + PL treatment more effectively
modulates satellite cell activation and differentiation after nerve injury, thereby promoting muscle
regeneration and stabilization.

We analyzed the expressions of neural regeneration-related markers, including GFAP, Neurofilament, β-
Tubulin III, and MAP2 (Fig. 1B). GFAP and Neurofilament were significantly decreased in the PNI group
but recovered following treatment, with the greatest increase observed in the PNI+Cell + PL group. β-
Tubulin III also decreased in the PNI group and subsequently increased after treatment, particularly in
the combined Cell + PL group, indicating enhanced neural recovery. MAP2 expression was reduced in the
PNI group and progressively increased in the treatment groups, with the highest expression again
observed in the PNI+Cell + PL group. Although several comparisons between the treatment groups were
not statistically significant, the overall expression patterns consistently demonstrated superior recovery
in the combined treatment group compared with the Cell-only or PL-only groups. These findings suggest
that Cell + PL combination therapy may synergistically promote the recovery of glial cells and neural
fibers after nerve injury.
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Assessment of leak point pressure (LPP) and closing
pressure (CP) measurements
To evaluate urethral sphincter function, LPP and CP were measured using UDS at days 3, 7, and 14 after
treatment. In the PNI group, both LPP and CP were markedly decreased compared with the control group
throughout the experimental period, indicating impaired urethral sphincter function following pudendal
nerve injury. In contrast, treatment groups showed progressive functional recovery over time. Among the
treatment groups, the PNI+Cell + PL group demonstrated the greatest improvement in both LPP and CP
values, particularly at day 14, suggesting superior restoration of urethral sphincter function by the
combined therapy. Although the PNI+Cell + PL group consistently showed the highest functional
recovery among the treatment groups, no statistically significant differences were observed compared
with the PNI + PL group. The PNI+Cell and PNI + PL groups also exhibited increased LPP and CP values
compared with the PNI group, indicating partial functional recovery. Although some comparisons
between the treatment groups did not reach statistical significance, the combined Cell + PL treatment
consistently showed higher functional values than either Cell or PL treatment alone. These findings
suggest that Cell + PL combination therapy more effectively alleviates sphincter dysfunction caused by
nerve injury and promotes restoration of bladder outlet resistance. The exact values and statistical
significance are presented in Table 2.

Table 2
LPP and CP measurements (cm H₂O)

Group Day 3 Day 7 Day 14

LPP CP LPP CP LPP CP

Ctrl 67.75 ± 
5.63

48.74 ± 
9.48

65.70 ± 
11.28

41.94 ± 
9.90

65.15 ± 0.91 54.43 ± 
4.46

PNI 33.89 ± 
8.74 ###

25.12 ± 
8.52 ##

42.87 ± 
4.36 #

14.03 ± 
0.56 ##

41.10 ± 8.08
##

32.98 ± 
4.73 ###

PNI+Cell 43.80 ± 
14.58

27.02 ± 
4.98

47.91 ± 
16.00

28.69 ± 
20.01

56.23 ± 6.08
*

28.07 ± 
14.40

PNI + PL 47.11 ± 
10.20 *

31.89 ± 
12.03

51.48 ± 
13.31

33.16 ± 
4.42 **

57.83 ± 
17.90

33.76 ± 
6.19

PNI+Cell + 
PL

58.95 ± 
9.08 ***

37.86 ± 
6.72 *, §

60.82 ± 
10.32 *

29.45 ± 
7.55 *

72.53 ± 6.14
**, §§

41.02 ± 
11.67

Values are presented as mean ± SD. #p < 0.05, ##p < 0.01, ###p < 0.001 vs Ctrl; *p < 0.05, **p < 0.01, ***p < 

0.001 vs PNI; §p < 0.05, §§p < 0.01, §§§p < 0.001 vs PNI+Cell.

Histological assessment of urethral sphincter
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After confirming the functional recovery of the urethral sphincter, H&E staining was performed to
evaluate histological changes, including muscle fiber organization, inflammatory cell infiltration, and
tissue architecture (Fig. 2A). The PNI group exhibited disrupted tissue structure, inflammatory cell
infiltration, and degenerative changes compared with the control group. In contrast, the treatment groups
showed partial restoration of tissue architecture and reduced inflammatory changes. Among the
treatment groups, the PNI+Cell + PL group demonstrated the most preserved tissue morphology and the
greatest reduction in inflammatory cell infiltration, suggesting enhanced tissue recovery following
combined treatment. Although the PNI+Cell and PNI + PL groups also showed histological improvement
compared with the PNI group, the combined Cell + PL group consistently exhibited more normalized
histological features.

In addition, Masson’s trichrome (MT) staining was conducted to assess collagen deposition and fibrosis
(Fig. 2B). The PNI group showed increased collagen accumulation and fibrotic changes compared with
the control group. In contrast, collagen deposition was reduced in the treatment groups, particularly in
the PNI+Cell + PL group, which exhibited the lowest degree of fibrosis among the injured groups.
Although the differences between the PNI + PL and PNI+Cell + PL groups were not clearly distinguishable
histologically, the overall staining patterns suggested that combined Cell + PL treatment may provide
greater anti-fibrotic and tissue-protective effects than either treatment alone. These findings suggest
that Cell + PL combination therapy promotes structural recovery and attenuates fibrosis following
pudendal nerve injury.

Immunohistochemical expression of neural and muscle
markers
Although only modest changes were observed in conventional histological staining,
immunofluorescence staining was performed to further evaluate the expression and localization of
muscle- and nerve-related proteins, including nAChRα1, α-SMA, and neurofilament (Fig. 3). For nAChRα1
(Fig. 3A), the control group showed relatively localized positive signals, whereas the PNI group exhibited
altered and reduced staining patterns, suggesting disruption of neuromuscular junction-associated
protein expression after pudendal nerve injury. In the treatment groups, nAChRα1-positive signals were
partially restored, with the PNI+Cell + PL group showing more prominent and organized staining than the
Cell- or PL-only groups, indicating improved recovery of neuromuscular junction-related features
following combined treatment.

α-SMA staining was performed to assess smooth muscle and sphincter-associated muscle integrity
(Fig. 3B). Compared with the control group, the PNI group showed reduced and disorganized α-SMA
expression, reflecting muscle injury and impaired sphincter structure. In contrast, α-SMA expression was
increased in the treatment groups, particularly in the PNI+Cell + PL group, which showed stronger and
more organized α-SMA-positive areas compared with the PNI+Cell and PNI + PL groups. These findings
suggest that combined Cell + PL treatment may more effectively promote structural recovery of urethral
sphincter muscle after nerve injury.
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Neurofilament staining was used to evaluate neural fiber preservation and regeneration (Fig. 3C). The
PNI group showed decreased neurofilament-positive signals compared with the control group, indicating
nerve fiber damage following pudendal nerve injury. Treatment with Cell or PL alone partially restored
neurofilament expression; however, the PNI+Cell + PL group exhibited more evident neurofilament-
positive staining, suggesting enhanced neural recovery by the combined therapy. Collectively, these
findings indicate that Cell + PL combination therapy may promote both muscular and neural restoration
after pudendal nerve injury, with greater recovery patterns than either Cell or PL treatment alone.

Discussion
The present study demonstrates that the combined periurethral injection of USCs and PL significantly
enhances structural and functional recovery in a rat model of PNI-induced SUI. While monotherapy with
either USCs or PL provided partial therapeutic benefits, the combined treatment group (PNI+Cell + PL)
exhibited superior outcomes across all measured parameters, including urodynamic pressure profiles,
histological tissue architecture, mitigation of fibrosis, and the molecular restoration of both myogenic
and neurogenic markers. Our findings are organized around three principal observations: (1) PNI
significantly suppressed myogenic regulatory factors (Pax7, myogenin, Mef2) and neural integrity
markers (GFAP, neurofilament, β-tubulin III, MAP2) while acutely upregulating the early myogenic
activation marker MyoD; (2) Cell + PL combination therapy most effectively restored these molecular
markers, reduced fibrotic collagen deposition, and recovered α-SMA and nAChRα1 expression; and (3)
urethral sphincter function, as measured by LPP and CP, was most substantially improved in the Cell + PL
group, achieving statistically significant recovery relative to both the PNI and PNI+Cell groups,
particularly at day 14. Collectively, these results support the concept that combining viable stem cells
with a growth factor–enriched acellular biologic creates a therapeutic synergism capable of addressing
the multidimensional pathology of PNI-induced sphincter dysfunction.

The myogenic response to PNI observed in the present study follows a well-characterized pattern of
denervation-induced muscle remodeling. The acute upregulation of MyoD in the PNI group is consistent
with the known role of this myogenic regulatory factor as an early marker of satellite cell activation in
response to denervation, reflecting an attempt at compensatory myogenic repair [15]. However, the
concurrent downregulation of Pax7, myogenin, and Mef2 indicates that this regenerative response
remains incomplete. Pax7 is essential for the self-renewal and maintenance of the satellite cell pool; its
reduction implies progressive depletion of the muscle progenitor reserve following chronic denervation
[16]. Myogenin and Mef2 govern the late stages of myogenic differentiation—myoblast fusion and
maturation into contractile myotubes—and their suppression therefore represents a failure to execute
terminal myogenic commitment [17]. The PNI+Cell + PL group showed the greatest normalization of this
myogenic cascade, with Pax7 and myogenin recovering toward control levels. This pattern suggests that
PL-derived growth factors—particularly IGF-1 and HGF—may activate the Pax7–myogenin axis in resident
satellite cells and transplanted USCs, while USCs themselves provide paracrine support that sustains
satellite cell commitment through secretion of cytokines such as IL-6 and leukemia inhibitory factor (LIF)
[18,19]. The concomitant normalization of MyoD toward control levels in the Cell + PL group suggests
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that improved downstream differentiation reduces the demand for continued early progenitor activation,
consistent with a model of restored myogenic homeostasis.

The recovery of neural markers in the Cell + PL group provides compelling evidence for a neuroprotective
and neuroregenerative component of the combined therapy. GFAP upregulation, which was most
prominent in the Cell + PL group, reflects activation and proliferation of Schwann cells and other glial
supportive elements essential for peripheral nerve regeneration [20]. Schwann cell–mediated
remyelination and axonal guidance are critical determinants of functional recovery following peripheral
nerve injury, and their activation by PL-derived PDGF and VEGF has been documented in peripheral nerve
repair models [21]. Neurofilament and β-tubulin III—structural components of axonal cytoskeleton—were
progressively restored across the treatment groups, with the highest recovery in the Cell + PL group,
indicating regeneration and/or preservation of intra-sphincteric nerve fibers. MAP2, a marker of dendritic
integrity and mature neural differentiation, similarly recovered in the Cell + PL group, suggesting
restoration of the synaptic organization necessary for coordinated sphincter neuromuscular control [22].
These effects are mechanistically supported by the known neurotrophin-like properties of PL growth
factors—including NGF and BDNF—which promote neuronal survival and axonal elongation—as well as
by the documented capacity of USCs to secrete GDNF, NGF, and BDNF in vivo, creating a local
neurotrophic gradient that sustains neural recovery [7,23]. Immunofluorescence data further confirmed
that neurofilament-positive staining was most prominent in the Cell + PL group, providing spatial
confirmation of neural fiber preservation in the sphincter tissue.

The restoration of α-SMA expression and the attenuation of collagen deposition in the treatment groups
—most pronounced in the Cell + PL group—reflect recovery of smooth muscle contractile phenotype and
anti-fibrotic remodeling. Denervation-induced phenotypic switching of smooth muscle cells from a
contractile to a synthetic state, associated with downregulation of α-SMA and upregulation of collagen
synthesis, is a central pathological mechanism in chronic sphincter dysfunction [24]. PL-derived TGF-β1
exerts context-dependent effects on smooth muscle: while it can promote fibrosis at high
concentrations, at physiological levels it supports smooth muscle differentiation in combination with
appropriate myogenic stimuli [25]. The Cell + PL group's enhanced α-SMA recovery may therefore reflect
a balanced interaction in which PL provides myogenic differentiation cues while USCs counteract
fibrogenic signaling through secretion of anti-fibrotic mediators such as prostaglandin E2 and
hepatocyte growth factor [26, 27]. The immunofluorescence data for nAChRα1 further support structural
recovery of the neuromuscular junction in the Cell + PL group, with stronger and more organized
nAChRα1-positive staining compared with monotherapy groups. Restoration of nAChRα1 at the
neuromuscular junction is functionally significant, as its re-expression and correct localization are
required for effective acetylcholine-mediated neuromuscular transmission and sphincter contraction
[28].

Since functional restoration of the EUS is the ultimate goal of regenerative therapy for SUI, the
urodynamic data are the most direct measure of functional recovery in the present study. Both LPP and
CP were markedly reduced in the PNI group throughout the observation period, confirming successful
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surgical induction of sphincter incompetence. The PNI+Cell + PL group demonstrated statistically
significant improvement in LPP compared with the PNI group at all time points and surpassed the
PNI+Cell group at days 3 and 14, achieving LPP values that were not statistically different from control
by day 14. This pattern of functional recovery is consistent with the molecular and histological data, and
supports the interpretation that Cell + PL combination therapy addresses both the neural and muscular
components of sphincter dysfunction with a degree of efficacy not achievable by either treatment in
isolation. The observation that the PNI + PL group showed numerically comparable LPP improvement to
the PNI+Cell + PL group at day 14—without reaching statistical significance between the two groups—
raises the possibility that PL alone provides substantial early trophic support, and that the additional
benefit of USCs may be most apparent under conditions of more severe or chronic injury [29]. This
temporal complementarity between rapid PL-mediated trophic effects and sustained USC-mediated
regeneration warrants further investigation. Notably, the lack of statistical significance in CP
comparisons between some groups may reflect the greater variability inherent in measuring passive
urethral closure properties compared with LPP, and larger sample sizes may be needed to detect
differences in this parameter.

Despite these highly promising results, several limitations must be acknowledged. First, the 14-day
evaluation period captures the subacute phase of regeneration. While this timeframe is appropriate for
evaluating molecular and early functional changes, long-term studies (e.g., 8 to 12 weeks) are required to
confirm the durability of the functional recovery and the long-term survival and fate of the engrafted
USCs. Second, while we utilized a standardized PL preparation, the exact concentration of individual
cytokines and their distinct mechanistic contributions to USC differentiation were not quantified. Third,
the mechanisms underlying USC–PL synergism were not directly interrogated at the molecular level;
future studies incorporating USC-conditioned medium proteomics, co-culture assays, and pathway
inhibitor experiments would clarify the relative contributions of paracrine, direct cellular, and growth
factor–mediated mechanisms.

From a translational perspective, the Cell + PL strategy evaluated in the present study possesses several
attributes that favor clinical development. USCs can be obtained non-invasively from a patient's own
voided urine, eliminating the procedural risks and ethical concerns associated with bone marrow
aspiration or adipose tissue harvest for autologous cell therapy [5, 30]. Platelet lysate derived from
expired platelet concentrates represents a scalable, economical, and ethically acceptable growth factor
source with an established safety record in clinical transfusion medicine and an emerging role as a GMP-
compliant cell culture supplement [12]. The periurethral injection route employed in the present study is
already in clinical use for bulking agent delivery in SUI, providing an accessible delivery platform for
combined USC + PL therapy [31]. Taken together, these considerations position the USC + PL
combination as a clinically feasible and scientifically compelling approach to the regenerative treatment
of PNI-associated urinary incontinence, pending optimization in large-animal models and formal
safety/efficacy evaluation in human trials.

Conclusions
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This study demonstrates that the combined application of USCs and PL synergistically promotes the
structural and functional regeneration of the EUS in a rat model of PNI. The co-administration
significantly improved urodynamic parameters (LPP and CP), restored the morphological integrity of the
neuromuscular junction, and up-regulated key molecular markers of both myogenesis and neurogenesis
while effectively suppressing denervation-induced fibrosis. By utilizing PL to optimize the hostile host
microenvironment, this combinatory approach maximizes the regenerative potential of USCs, offering a
highly accessible, minimally invasive, and promising therapeutic strategy for the clinical management of
SUI.
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Figures

Figure 1

Gene expression changes of (A) myogenic and (B) neuronal markers. Data are presented as the mean ±
SD from three independent experiments. Statistical significance: p < 0.05, ##p < 0.01, ###p < 0.001; Ctrl
vs. PNI; *p < 0.05, **p < 0.01, ***p < 0.001; PNI vs. PNI+Cell.
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Figure 2

Hematoxylin and eosin staining (A) and Masson’s trichrome staining (B) of the urethral sphincter.
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Figure 3

Immunohistochemical (IHC) staining of nicotinic acetylcholine receptor α1 (A), α-SMA (B), and
neurofilament (C).
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