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Introduction

Stress urinary incontinence (SUI) is the symptom of 
urinary leakage during moments of physical activity that 
increases abdominal pressure. SUI occurs when there are 
impairments in the structure and function of the urethral 
sphincter and pelvic floor muscles, resulting in leakage 
of urine during sneezing, coughing, or physical exertion. 
SUI is a major problem in urogynecology. The worldwide 

incidence of SUI was projected to affect 167 million people 
(a prevalence of 3.3%) by 2018 (1).

The growing awareness of complications related to mesh 
and urethral sling procedures has generated interest in 
the use of regenerative medicine techniques to restore the 
structure and function of the urethral sphincter and pelvic 
floor (2). Stem cell therapy and tissue engineering with 
stem cells currently dominate the research field for SUI and 
pelvic floor prolapse (POP) respectively (3-5). While there 
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is increasing interest in using stem cell products and tissue-
resident stem/progenitor cells to improve the regenerative 
process for SUI, stem cell therapy still requires significant 
investigation before it can be implemented clinically. 
Previous studies have shown promising results, and further 
research is needed to fully understand the potential benefits 
and risks of this approach (6).

To study the pathophysiology of SUI and potential 
therapeutic options, various animal models have been 
developed and tested in the past three decades. Animal 
models used include rodents, rabbits, dogs, rhesus monkeys, 
and transgenic obese rats. The methods of creating the 
models range from urethral dilation, vaginal distension, 
local electrocautery, pudendal nerve crush or transection 
to urethrolysis, urethral sphincterotomy and pubourethral 
ligament transection (7).

In 1998, Lin and associates reported a rat model of SUI 
by vaginal balloon distension (VBD) for 4 hours to mimic 
injury to the urethra and pelvic floor from prolonged 
2nd stage labor during childbirth. This method has been 
modified and used by other researchers as a reversible, 
short-term model of stress urinary. Researchers also 
developed a highly reproducible, long-term, irreversible 
animal model of SUI with a combination of VBD and lysyl 
oxidase inhibition resulting in disorganized collagen, elastin, 
and muscle fibers.

Many researchers have conducted extensive studies to 
better understand the reversible and irreversible changes in 
the urethra and pelvic floor in these animal models. These 
examinations include the microarchitecture and molecular 
biological changes of the mucosa, submucosal vascular 
spaces, smooth muscle, striated muscles, collagen, and 
elastic fibers, as well as neural innervation and blood supply 
(8-12). They also identified the distribution of tissue-
resident stem/progenitor cells after VBD injury and lysyl 
oxidase inhibition (8-12).

In 2010, researchers began to examine the feasibility 
of stem cell therapy in regenerating urethral tissue and 
improving sphincter function. After several years, they 
noticed several main shortcomings of adipose-derived 
stem cells (ADSCs) injection: the injected ADSCs did not 
differentiate and integrate into host tissue; they also moved 
to lungs, spleen, and bone marrow after a few days (13). 
The beneficial effects seem to derive from the paracrine 
effects of the injected ADSCs (14,15). To explore better 
alternatives, some researchers began to use low-intensity 
extracorporeal shock waves (Li-ESWT) to activate tissue-
resident stem cells in the urethra and pelvic floor (Figure 1). 
The objective of this review is to summarize the potential 
mechanisms associated with microenergy shockwave 
therapies for SUI, including Li-ESWT and microenergy 
acoustic pulses (MAP).

Low intensity extracorporeal shockwave therapy 
and microenergy acoustic pulse therapy for 
stress urinary incontinence

In 2010, Vardi et al. (16) reported a pilot study of 
applying Li-ESWT to improve erectile function in men 
with vasculogenic erectile dysfunction. To obtain better 
tissue distribution of shock wave energy, a non-focused 
hydroelectric device was used to conduct early exploratory 
animal experiments. When the concept of extracorporeal 
resident stem cell activation was developed, the researchers 
decided to use a non-focused electromagnetic device that has 
more consistent waveforms and better energy distribution. 
The technology was named MAP to differentiate 
it from waveforms produced by other devices (17).  
The mechanobiological effects of MAP on the bladder, 
urethra, anal sphincter, and pelvic floor muscles in animal 
models were examined (18).

Pre-clinical studies of non-focused Li-ESWT in animal 
models of SUI

The effects of early Li-ESWT in vaginal balloon 
distension-induced rat model of SUI
In 2016, the study investigated the effects of Li-ESWT on 
SUI using the VBD rat model. The rats were grouped into 
three, including the normal control, VBD, and VBD with 
a non-focused electrohydraulic Li-ESWT, while the Li-
ESWT was applied twice per week for 3 weeks immediately 
following the VBD. The results of leak-point pressure (LPP) 
showed that rats treated with Li-ESWT following VBD 
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Figure 1 Simplified lateral view of female urethra and other pelvic 
floor structures.
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had significantly higher LPP compared to those receiving 
VBD only. Histological examinations demonstrated 
increased urethral sphincter regeneration and vascularity in 
the Li-ESWT group. Furthermore, Li-ESWT-treated rats 
showed a significant increase in EdU+ label-retaining cells 
(LRCs). This preclinical study indicates that Li-ESWT 
ameliorated SUI by enhancing angiogenesis, progenitor cell 
recruitment, and urethral sphincter regeneration (19).

The effects of Li-ESWT in an irreversible, long-term 
rat model of SUI
One of the major drawbacks of the VBD model is the 
reversible nature of SUI especially in younger rats 
that underwent VBD for less than 4 hours in duration. 
Extracellular fibers including elastic and collagen fibers are 
essential elements in the maintenance of sphincter structure 
and function. To produce a long-term model of SUI, a lysyl 
oxidase inhibitor, β-aminopropionitrile (BAPN) was added, 
after VBD to block restoration of collagen, elastin and 
muscles and thus makes the SUI irreversible (20).

The rats were also assigned into 3 groups: sham, 
VBD + BAPN, and VBD + BAPN + Li-ESWT group.  
Six weeks after VBD, Li-ESWT therapy was administered 
twice a week for two weeks. Following a one-week 
washout period in the treatment group, functional and 
histological studies were conducted on all 24 rats. The 
results of the functional analysis with LPP measurement 
showed that the VBD + BAPN + Li-ESWT group had 
significantly higher LPPs compared to the VBD + BAPN 
group. Notably, the VBD + BAPN + Li-ESWT group 
demonstrated an increase in urethral and vaginal smooth 
and striated muscle content, as well as an increase in the 
thickness of the vaginal wall. Additionally, the VBD + 
BAPN group showed an increase in tyrosine hydroxylase 
(TH)/neuronal nitric oxide (nNOS)-positive nerves in 
the smooth muscle layers of the urethra, while the VBD 
+ BAPN + Li-ESWT group had fewer TH+ nerves and 
more nNOS+ nerves. Moreover, there was a significant 
increase in EdU-LRCs in the VBD + BAPN + Li-ESWT 
group as well, indicating that Li-ESWT could potentially 
activate local stem/progenitor cells in the urethral wall of 
long-term SUI animals. In summary, these results suggest 
that Li-ESWT treatment can increase smooth muscle 
content in the urethra and vagina, improve striated muscle 
content and neuromuscular junctions, restore the integrity 
of the urothelium, and increase the number of EdU-
retaining progenitor cells in the urethral wall of long-term 
SUI animals (10).

The effects of MAP therapy for obesity-associated 
stress urinary incontinence
Starting in 2015, researchers began to use a non-focused 
electromagnetic non-focused device that has more 
consistent wave forms and better energy distribution. The 
therapeutic effect of this technology on SUI was verified 
in another animal model for SUI, the obesity-associated 
stress urinary incontinence (OA-SUI). The impact of 
MAP therapy on the structure and function of the urethra 
and pelvic floor in female ZUC-Leprfa 186 (ZL) and fatty 
ZUC-Leprfa 185 (ZF) have been investigated. A total 
of 48 rats were randomly divided into four groups: ZL, 
ZL+MAP, ZF, and ZF+MAP. The MAP treatment was 
applied twice a week for four weeks. The results showed 
that ZF rats had lower LPP compared to ZL rats and 
MAP treatment significantly improved the LPP in the ZF 
rats. Furthermore, impaired muscle contractile activity 
(MCA) was observed in the ZF rats in the organ bath study, 
which was significantly increased by MAP treatment. The 
thickness of the striated muscle layer and the number of 
neuromuscular junctions (NMJ) were also increased with 
MAP therapy. This preclinical study revealed that obesity 
impairs the function of both the urethral sphincter and the 
pelvic floor, leading to atrophy and distortion of the striated 
muscle fibers, which contributes to OA-SUI. MAP therapy 
improved urethral structure and sphincter function from 
activation of muscle satellite stem cells as well as inducing 
neural regeneration (17).

Clinical trials of focused electromagnetic Li-ESWT for SUI

In 2021, Lin et al. conducted a multicenter, single-blind, 
randomized controlled clinical trial after a smaller pilot 
study (ClinicalTrials.gov., NCT04059133) (21). The 
SUI patients were treated with focused Li-ESWT once a 
week for 4 weeks (W4) or 8 weeks (W8), or a sham device 
without energy output. The clinical efficacy of Li-ESWT 
was evaluated primarily by measuring the change in urine 
leakage using the pad weight test and validated standardized 
questionnaires, while the secondary endpoint was the 
changes in a 3-day urinary diary at baseline (W0), W4, and 
W8 of Li-ESWT, as well as 1-month (F1), 3-month (F3), 
and 6-month (F6) follow-up after Li-ESWT. The results 
indicated a significant reduction in urine leakage following 
4 weeks of Li-ESWT compared to the sham group, as 
evidenced by the pad test and validated standardized 
questionnaire scores. Moreover, 8 weeks of Li-ESWT 
led to a significant decrease in urine leakage, an increase 
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Figure 2 Potential mechanisms of Li-ESWT and MAP therapy. Li-ESWT, low-intensity extracorporeal shock waves; MAP, microenergy 
acoustic pulses.

in urine volume, and a reduction in urgency symptoms. 
Furthermore, validated standardized questionnaire scores 
significantly improved at W8, F1, F3, and F6 compared to 
the baseline (W0) (21,22).

Molecular mechanisms of Li-ESWT and MAP 
therapy for SUI

The mechanisms of Li-ESWT and MAP therapy have been 
postulated to involve 4 stages of action: propagation, physic 
effect, mechanotransduction, and biological effects (Figure 2).

Activation of tissue-resident stem cells

Human bodies are made up of many different cells, 
including stem cells, progenitor cells and terminally 
differentiated cells. Self-renewing tissue-resident stem cells 
(TRSCs) and rapidly proliferating stem cell-generated 
progenitors are essential for maintaining tissue homeostasis 
by balancing proliferation and differentiation. The extent of 
cellular turnover required for homeostasis varies depending 
on the tissue type. For instance, in an adult human 
body, approximately 1011 cells die every day (23). While 
cellular replacement is constant in the blood, epidermis, 
and intestine, it is episodic in hair follicles and lactating 
mammary glands, and limited in the brain and muscle (24). 
However, the homeostatic requirements are also dependent 
on the context. Even quiescent stem cells, such as those in 
muscle, can be activated in response to tissue injury (25).

To explore whether quiescent muscle stem cells can be 
activated with mechanical stimuli without tissue injury, 
Kang and associates [2019] applied a previously determined 
safe dosage of MAP to animal models of obesity-associated 
SUI as described above (9,17). The female Zucker Lean and 

Zucker Fatty rats were randomly allocated into four groups: 
ZL, ZL + MAP, ZF, and ZF + MAP. The rats received 
MAP therapy, following which the urethra and pelvic floor 
muscles were harvested for cell isolation and flow cytometry 
assay. The freshly isolated cells were evaluated for Pax7, 
Int-7α, H3P, and EdU expression by flow cytometry. Pelvic 
floor muscle-derived stem cells (MDSCs) were collected 
through magnetic-activated cell sorting (MACS), and 
MAP therapy was administered to the MDSCs to explore 
the mechanisms associated with stem cell activation. The 
study results revealed that obesity reduced the number of 
EdU-LRC and satellite cells in the pelvic floor muscle and 
urethra. However, MAP therapy significantly enhanced cell 
proliferation and differentiation, leading to the regeneration 
of striated muscle cells in the pelvic floor and urethral 
sphincter, without causing cell death or tissue injury. We 
also demonstrated that MAP therapy activates the focal 
adhesion kinase (FAK)/AMP-activated protein kinase 
(AMPK)/Wnt/β-catenin signaling pathways, which is a 
potential mechanism for stem cell activation (9,26,27).

To further verify the MAP-induced activation of urethral 
and pelvic floor tissue-resident stem cells, another animal 
model of SUI was used. The rats were also randomly 
assigned into 4 groups: sham, VBDO, VBDO + BAPN, 
and VBDO + BAPN + MAP. MAP therapy was applied 
twice a week for four weeks, followed by a one-week 
washout period. After this, all 24 rats underwent functional 
and histological evaluations. The urethral vascular plexus 
was examined by using immunofluorescence staining. 
Furthermore, the urethral smooth muscle stem/progenitor 
cells (uSMPCs) were isolated and studied both in vivo and  
in vitro. The findings revealed that MAP treatment 
enhanced the regeneration of both urethral and vaginal 
smooth muscle. In vivo, MAP increased the number of 
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uSMPCs, whereas in vitro, MAP induced uSMPCs to 
differentiate into smooth muscle and neuron-like cells, 
demonstrating their “stemness” (12).

Regeneration of musculature in the urethra and pelvic 
floor

In 2017, it was reported that Li-ESWT promoted skeletal 
muscle regeneration (28). In this study, the authors observed 
that Li-ESWT treated muscles had significantly higher 
levels of pax7-positive satellite cells, mitotically active H3P+ 
cells, and cells expressing the myogenic regulatory factors 
myoD and myogenin, indicating increased rates of satellite 
cell proliferation and differentiation. Meanwhile, Zhang 
and colleagues [2022] investigated the effects of MAP 
therapy on a mouse model of unilateral hindlimb ischemia-
reperfusion injury (29). The findings indicated that MAP 
therapy led to a significant increase in muscle weight and 
centrally nucleated regenerating muscle fiber size, and also 
showed a trend towards activation of satellite cells. In vitro 
experiments demonstrated that MAP promoted myoblast 
proliferation and differentiation as well as endothelial cell 
migration.

To investigate the potential of using MAP therapy to 
promote myogenesis of the external urethral sphincter 
and explore the associated signaling pathways, the urethral 
muscle-derived stem cells (uMDSCs) were harvested 
from Zucker Lean rats and exposed to MAP therapy and 
GSK2656157. The results showed that uMDSCs were 
capable of forming myotubes in culture, and MAP therapy 
significantly enhanced myotube formation. Moreover, MAP 
activated the protein kinase RNA-like ER kinase (PERK) 
pathway by increasing the phosphorylation levels of PERK 
and eukaryotic initiation factor 2a (eIF2α), and upregulating 
activating transcription factor 4 (ATF4). Inhibition of the 
PERK pathway using GSK2656157 effectively decreased 
myotube formation in L6 rat myoblast cells and attenuated 
the myotube formation induced by MAP (27).

The regenerative effect of MAP on the external urinary 
sphincter was also studied in the obesity-associated stress 
urinary incontinence (OA-SUI) rat model. The regenerative 
potential of MAP on the external urinary sphincter was 
investigated in an OA-SUI rat model. Organ-bath studies 
showed impaired MCA in Zucker fatty rats, but MAP 
treatment significantly improved MCA and increased the 
thickness of the striated muscle layer and the number of 
neuromuscular junctions (17). In the long-term irreversible 
BAPN-treated models of SUI, disrupted and attenuated 

elastic and collagen fibers as well as disorganized striated 
and smooth muscle fibers were the prominent features. 
MAP therapy effectively ameliorated the deterioration of 
elastic fibers, smooth and striated muscles in the urethra 
and vagina, as well as the submucosal vascular plexus in the 
urethra (12).

Improvement in biomechanical property of pelvic floor 
muscles

In addition to improvement of micro-architecture, 
recent studies also demonstrated that MAP promoted the 
biomechanical properties of the pelvic floor muscles (11). 
In this study, rats were randomly divided into four groups: 
sham, VBDO, VBDO + BAPN, and VBDO + BAPN + 
MAP also. The viscoelastic properties of the pelvic floor 
muscles, including iliococcygeus (IC) and pubococcygeus 
(PC), were examined using a biomechanical assay. The 
structure of the pelvic floor muscles was also assessed using 
immunofluorescence and Masson’s trichrome staining. 
The results showed that in the sham group, the muscular 
stiffness of IC muscle was higher than that of PC muscle, 
while the pelvic floor muscle rebound activity of PC muscle 
was stronger than that of IC muscle. There was a decrease 
in muscle rebound activity and an increase in muscular 
stiffness in both IC and PC muscles in VBDO and BAPN 
groups. The histologic examination revealed increased 
fibrous tissue and degeneration of muscle fibers while MAP 
therapy decreased the collagen content and improved the 
architecture of muscle fibers. The data suggest that the 
improvement in the structure and function of pelvic floor 
muscles is likely due to MAP-induced muscle regeneration 
and improved biomechanical properties.

Modulation of cellular signaling pathways associated with 
Li-ESWT and MAP therapies of SUI

Extensive research demonstrated that the mechanisms 
involve neovascularization, tissue regeneration, and 
inflammation reduction. These effects are believed to result 
from an increase in the expression of vascular endothelial 
growth factor, endothelial nitric oxide synthase, and 
proliferating cell nuclear antigen. Recent studies also found 
that the following signaling pathways are regulated by 
MAP therapy: FAK, Extracellular-signal-regulated kinase 
(ERK), Notch, PI3K/AKT, Wnt/beta-catenin, PERK/
ATF, vascular endothelial growth factor (VEGF) and brain-
derived neurotrophic factor (BDNF) (30).
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The regeneration of striated muscle relies on the 
activation of tissue-resident muscle stem cells (Satellite 
cells). The activation of these cells is partly mediated by 
the induced expression of MYOD and myogenic factor 5 
(MYF5). These differentiated myoblasts then fuse with 
each other and remaining myofibers to repair the damaged 
muscle. Satellite cells that are activated but do not commit 
to differentiation undergo self-renewing proliferation, 
which replenishes the muscle satellite cell pool (31). In 
addition, after muscle injury, quiescent satellite cells are 
exposed to extrinsic, pro-myogenic stimuli and these stimuli 
activate intrinsic pathways that stimulate proliferation. The 
activation of satellite cells involves the p38α/β-MAPK, 
as well as the symmetric cell division activator, Wnt7a 
signaling (31).

The striated urethral sphincter muscle is different 
from other striated muscles in its circular orientation, 
smaller and shorter fiber size, constrictive function and 
no skeletal attachment. Therefore, more in-depth studies 

to define its stem cells and regenerative mechanisms are 
warranted. Cui and associates identified uSMSCs from 
female rats with 3 stem cell markers: Pax7, Sox2, and Lin28 
by immunofluorescence examination in female rats. They 
also isolated and purified the uSMSCs. In cell culture, 
myotube formation by these cells were enhanced by MAP  
therapy (27). In another study with flowcytometry, Wang 
et al. [2018] reported that multiple stem cell markers 
were expressed alone or in combination in the uSMSCs. 
Additionally, it has been reported that the formation of 
myotubes in L6 myoblasts, induced by Li-ESWT, may be 
attributed to PERK signaling (26) (Figure 3).

Perspectives

Female stress urinary incontinence is a result of failed 
closure of the urethral sphincter and inadequate support 
of the adjacent pelvic floor muscles. The urethral closure 
mechanism involves striated and smooth muscles, 
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innervating nerves, submucosal vascular plexus, and intact 
mucosa. Microenergy therapy with Li-ESWT and MAP 
has shown promising results in limited preclinical and 
clinical studies. Nevertheless, the studies cited in this brief 
summary only scratch the surface of a very promising 
non-invasive regenerative therapy. Further studies on the 
mechano-biologic effects of the microenergy therapies 
on all components of the urinary sphincter mechanism 
including activation of various tissue-resident stem cells are 
urgently needed.
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