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Abstract 

Sphincter dysfunction often occurs at the end of tubule organs such as the urethra, anus, or gastroesophageal sphinc-
ters. It is the primary consequence of neuromuscular impairment caused by trauma, inflammation, and aging. Despite 
intensive efforts to recover sphincter function, pharmacological treatments have not achieved significant improve-
ment. Cell- or growth factor-based therapy is a promising approach for neuromuscular regeneration and the recovery 
of sphincter function. However, a decrease in cell retention and viability, or the short half-life and rapid degradation of 
growth factors after implantation, remain obstacles to the translation of these therapies to the clinic. Natural biomate-
rials provide unique tools for controlled growth factor delivery, which leads to better outcomes for sphincter function 
recovery in vivo when stem cells and growth factors are co-administrated, in comparison to the delivery of single 
therapies. In this review, we discuss the role of stem cells combined with the controlled release of growth factors, the 
methods used for delivery, their potential therapeutic role in neuromuscular repair, and the outcomes of preclinical 
studies using combination therapy, with the hope of providing new therapeutic strategies to treat incontinence or 
sphincter dysfunction of the urethra, anus, or gastroesophageal tissues, respectively.
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Introduction
Backgrounds of sphincter dysfunction
Sphincters are unique circular muscles that control the 
passage of fluids or semi-fluids from one tissue to another. 
The intersection of the two tissues where the sphincter 
resides is richly innervated with α-adrenergic receptors 

which are the primary mechanism of continence control. 
The action of the sphincters is primarily involuntary and 
controlled by the autonomic nervous system, although 
there is modest voluntary control through the somatic 
nervous system. Despite the presence of more than ten 
types of sphincters in the body, dysfunctions in three of 
them, located at the proximal urethra or the bladder neck 
(urinary sphincter), the anus (anal sphincter), and the 
gastroesophageal junction (lower esophageal sphincter, 
LES), result in the majority of sphincter-related patholo-
gies. The decrease or loss of sphincter muscle tone due 
to aging, trauma, or inflammation results in symptoms 
such as stress urinary incontinence (SUI), fecal inconti-
nence (FI), or food reflux (gastroesophageal reflux dis-
ease, GERD), which significantly affect the quality of life 
of millions of people worldwide (Fig.  1). It is reported 

*Correspondence:
Qingfeng Li
dr.liqingfeng@shsmu.edu.cn
Yuanyuan Zhang
yzhang@wakehealth.edu
1 Department of Plastic and Reconstructive Surgery, Shanghai Ninth 
People’s Hospital, Shanghai Jiao Tong University School of Medicine, 
Shanghai 200011, China
2 Wake Forest Institute for Regenerative Medicine, Wake Forest School 
of Medicine, Winston‑Salem, NC 27157, USA

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13578-023-01009-3&domain=pdf
http://orcid.org/0000-0002-5708-9718


Page 2 of 23Shan et al. Cell & Bioscience           (2023) 13:56 

that SUI affects about 50% of the female population 
over 45  years old and about 20% of men over 70  years 
old [1]. International population-based studies indi-
cated the prevalence of FI is 0.4 to 18% [2]. The burden 
of GERD continued to worsen with the prevalent cases 
increasing by 77.53% from 1990 to 2019 [3]. Despite the 

success of pharmacotherapy and surgical treatment, 
these approaches provide symptomatic relief only and fail 
over time since they do not address the underlying cause 
of the dysfunction- neuromuscular damage. Table  1 
summarizes the similarities and differences in dysfunc-
tion that occurs in the three types of sphincters. These 3 

Fig. 1  Schematic illustrations of three sphincter dysfunctions. Dysfunction in the urinary sphincter, the anal sphincter, and the lower esophageal 
sphincter

Table 1  Overview of similarity and difference in three sphincter dysfunctions

EMG electromyography, ENG electroneurography, LES lower esophageal sphincter, UPP urethral pressure profile, LPP leak point pressure, NMJ neuromuscular junction, 
PGP9.5 protein gene product 9.5, PPIs proton pump inhibitors, RUPP retrograde urethral perfusion pressure

Terminology Stress urinary incontinence Fecal
incontinence

Gastroesophageal
reflux disease

Incidence rate 50% (F, ≥ 45 yrs)
20% (M, ≥ 70 yrs)

11 to 15% 18 to 28%

Structure Urinary sphincter Anal sphincter LES

Location Between ladder and urethra Anorectum Gastroesophageal junction

Causes Vaginal childbirth
injury and aging in women; neuromus-
cular injury after radical prostatectomy 
in men

Obstetrical surgical injury Obesity

Mechanistic
Effect

Urethral sphincter impairment or weak-
ness due to pelvic floor muscles and 
nerve injure

Anal sphincter impairment or weakness Low LES pressure, transient LES relaxation

Function testing UPP, LPP, RUPP, EMG, ENG, bladder 
capacity, contractility test

EMG, anal pressure, contractility test LES pressure measurement,
pH monitoring

Histological evaluation H&E, Masson trichrome for college compound, picrosirius red for collagen networks, Hart elastin for elastin content, Gordon 
and Sweet staining for reticular (retic) fibers
Immunohistochemical stain: Muscle: desmin, myosin, α-SMA, myogenin, Myo D, Myf-5; Peripheral nerve: neurofilament, PGP9.5, 
βII-tubulin, S100; NMJ: neurofilament, α-Bungarotoxin, phalloidin

Symptoms Urine leakage when intra- abdominal 
pressure increases (e.g., coughing)

Stool leakage Frequent reflux of gastric contents into 
the esophagus causing heartburn, regur-
gitation, and esophageal chest pain

Complications Emotional and social distress,
skin irritation, and mixed urinary incon-
tinence

Emotional and social distress and skin 
irritation

Esophageal stricture,
Barrett’s esophagus, and
esophageal adenocarcinoma

Nonsurgical therapy
Surgical therapy

Pelvic floor exercises, behavioral modi-
fication

Pelvic floor exercises, biofeedback behavioral modifications, (e.g., lose 
weight), PPIs

SLING procedure or injectable bulking 
agents

Sphincteroplasty or
injectable bulking agents

Fundoplication surgery
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sphincter dysfunctions will be the primary focus of this 
review. 

The pathogenesis of sphincter dysfunction
Muscle weakness as a result of neuromuscular damage 
primarily originates from three sources: [1] Neuropa-
thy, or damage to the peripheral nerves, caused by dia-
betes, trauma, certain medications or toxins, alcoholism, 
inherited factors, etc.; [2] Myopathy, or dysfunction of 
muscle, caused by mitochondrial defects, certain medi-
cations or toxins, inflammation, infection, and metabolic 
or endocrine problems; and [3] Dysfunction of the neu-
romuscular junction (NMJ) at the interface of the nerve 
and muscle as a result of toxin exposures and inherited 
factors. The NMJ is a highly specialized chemical syn-
apse, capped by terminal Schwann cells and kranocytes, 
through which a motor neuron interacts with a muscle 

fiber. When an action potential reaches the synaptic cleft 
of the motor neuron, the neurotransmitter acetylcholine 
(ACh) is released from synaptic vesicles, which bind to 
and activate the ACh receptors on the muscle fiber. Bind-
ing of Ach to its receptor results in depolarization of the 
muscle fiber which triggers calcium release to induce 
contraction (Fig. 2) [4, 5]. A complex network of effectors 
and signaling pathways have been implicated in regulat-
ing NMJ development and maintenance [5–9]. Due to 
the essential role of NMJ in the excitation-contraction 
coupling of the neuromuscular response, the impairment 
of NMJ structure and function are hallmarks of various 
neuromuscular disorders including amyotrophic lateral 
sclerosis (ALS), muscular dystrophies (Duchenne’s mus-
cular dystrophy (DMD) and Becker’s muscular dystrophy 
(BMD)). Moreover, the NMJ is the site of action for vari-
ous intoxicating agents, such as botulism.

Fig. 2  Schematic representation of a biomaterials-based delivery system. The motor neuron, skeletal muscle, and neuromuscular junction (NMJ) 
contribute to a complete neuromuscular functional unit. The motor neuron axon branches as it comes into contact with the skeletal muscle to 
form a single NMJ with each individual muscle fiber. At the motor neuron terminal, Ach is released from the synaptic vesicles into the synaptic 
cleft where it binds to its receptors in the motor endplate to trigger muscle contraction. Injectable hydrogels with encapsulated stem cells and/or 
growth factors can be used to achieve controlled release into the area of tissue damage. ACh, acetylcholine; Mito, mitochondrion
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The pathophysiological process of muscle weakness 
in sphincter muscle is often multifactorial. For example, 
vaginal birth injury is the major cause of neuromuscular 
urinary continence in women leading to the pathogen-
esis of SUI. It has been demonstrated that vaginal birth 
injures the external urethral sphincter, the pudendal 
nerve which innervates the external urethral sphincter, 
and the intersecting NMJs [10–15]. In addition, several 
risk factors have been identified such as obesity, increas-
ing age, smoking, diabetes and hormonal changes [1, 
16]. For male SUI, surgical treatment of benign prostatic 
hyperplasia and prostate cancer that impair the inner-
vation or structural components of the internal and 
external urethral sphincters represent the most com-
mon scenarios [17]. At molecular level, many genes are 
involved in the pathogenesis of SUI which are associated 
with extracellular matrix metabolism, estrogen recep-
tors, oxidative stress, apoptosis, inflammation, neurode-
generative processes, and muscle cell differentiation and 
contractility [18]. Similarly, the most common cause of 
anal sphincter disruption is vaginal birth injury which 
involve the external anal sphincter, the internal anal 
sphincter, pudendal nerves, or a combination of these 
structures [19]. LES is the most important structure at 
the esophagogastric junction which creates a high-pres-
sure zone that prevents the reflux of gastric contents and 
bile into the esophagus. An abnormal LES pressure, fre-
quent transient LES relaxation and esophageal clearance 
impairment are generally thought to be key factors to the 
pathogenesis of GERD. Factors that decrease LES pres-
sure include hormones (e.g., progesterone in pregnancy), 
medications (e.g., calcium channel blockers) and specific 
food (e.g., fat, chocolate) [20, 21]. Taken together, effec-
tive restoration of the sphincter muscle and correspond-
ing nerves is essential to achieve a suitable unity of the 
structure and function of bladder, anus, and the gastroe-
sophageal junction.

The mechanism of neuromuscular regeneration 
after damage
Muscle tissue is divided into three basic types: smooth 
muscle, cardiac muscle and skeletal muscle. Skeletal and 
cardiac muscles are known as striated muscles [22]. For 
example, the urethral sphincter consists of the external 
urethral sphincter and the internal urethral sphincter. 
The internal urethral sphincter is made up of smooth 
muscle [23]. The external urethral sphincter is made up 
of skeletal muscle and is vulnerable to injury during vagi-
nal delivery [10–13, 23]. Skeletal muscle has the ability 
to regenerate after minor injury [24, 25]. The myogenic 
regeneration process relies on activation and prolifera-
tion of satellite cells, myoblast differentiation and fusion 
into multinucleated myotubes, and then myotubes 

hypertrophy and remodeling to generate mature muscle 
fibers [26]. Injured peripheral nerves also have the capac-
ity to spontaneously regenerate and reinnervate skel-
etal muscle. After injury, the distal stump of the nerve 
undergoes Wallerian degeneration. Macrophages are 
recruited into the injury site to clear the debris. Schwann 
cells actively proliferate, elongate and align in columns 
to create a nutrient-rich environment to guide and sup-
port the axonal regeneration towards the periphery with 
a velocity of about 1 mm/day [27–29]. However, the abil-
ity of skeletal muscle and peripheral nerve to regener-
ate is limited, especially when there is a large volume of 
muscle loss and a lack of guidance for axons across the 
gap lesion. In addition, the capacity for axonal regenera-
tion depends on the age of the patient, the type of injury 
and the proximity of the injury to the nerve cell body. 
In humans, axonal regeneration must occur over much 
longer distances than in rodents. During long periods 
without axon regeneration, the target tissues become 
chronically denervated, resulting in muscle atrophy, as 
evidenced by a reduced number of muscle fibres [30–32]. 
Despite significant advances in our understanding of 
peripheral nerve biology and the mechanisms of nerve 
regeneration, effective treatments for peripheral nerve 
injurie remain limited. This is due, in part, to the com-
plex structure of peripheral nerves and the challenges 
associated with promoting the regrowth and functional 
reconnection of nerve fibers across the site of injury. Sev-
eral approaches are being developed and tested to pro-
mote peripheral nerve regeneration, including the use 
of controlled release of neurogenic growth factors, stem 
cells, and nerve guidance channels [28, 31]. In addition, 
recent advances in biomaterials and tissue engineering 
offer new hope for the development of porous scaffolds 
coated with growth factors that may help promote nerve 
regeneration and functional recovery after injury [33, 34]. 
Much more research is needed to fully understand the 
complex process of peripheral nerve regeneration and to 
develop effective and reliable treatments for peripheral 
nerve injury.

At the molecular and biochemical level, the post-injury 
neuromuscular regeneration process is regulated by the 
coordinated activation of various intracellular signaling 
pathways, such as the Wnt, MAPK and PI3K-Akt-mTOR 
pathways, all of which are involved in the regulation of 
cell proliferation, cell differentiation, and protein synthe-
sis during skeletal muscle and peripheral nerve regen-
eration [35–44] (Fig.  3). In addition, Notch signaling is 
required to maintain quiescent state for satellite cells by 
the regulation of self-renewal and differentiation [45, 46] 
and required for perineurial migration and differentiation 
during nerve formation, but not regeneration [47]. The 
JAK-STAT pathway is activated to regulate the myoblasts 
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differentiation positively or negatively [48]. Hippo path-
way and YAP/TAZ are indicated to regulate Schwann 
cell proliferation and differentiation during peripheral 
nerve regeneration [49]. Thus, the precise orchestration 
of multiple cytokines and signaling cascades for repair of 
the different types of damaged tissue (muscle, nerve) is 
required to achieve full functional recovery of neuromus-
cular tissue.

Combination therapy of stem cells and growth factors
Stem cells possess the potential for self-renewal and mul-
tilineage differentiation (potency) [50]. Under specific 
conditions stem cells can be differentiated into multiple 
types of functional cells and can be used to compensate 
for lost cells in damaged tissue, including skeletal and 
smooth muscle, and peripheral nerve tissue repair in the 
urethral sphincter. Therefore, stem cell transplantation 
provides a novel and promising therapeutic strategy for 

neuromuscular tissue regeneration. Most studies have 
focused on the use of autologous muscle derived stem 
cells (MDC) to improve urethral sphincter function. Sèbe 
et al. conducted a prospective study to evaluate the safety 
and efficacy of intrasphincteric injections of MDC in 12 
female SUI patients. The results showed that 3 patients 
were dry at the 12-month follow-up, 7 others had an 
improvement in their condition, and 2 patients had a 
slight worsening of their condition. No serious adverse 
effects were observed [51]. Another prospective study 
by Carr et  al. found that intrasphincteric injections of 
MDC improved SUI symptoms at the 12-month follow-
up, with better clinical outcomes observed in patients 
receiving higher doses [52]. Stangel-Wojcikiewicz et  al. 
published a 2-year follow-up study of MDC for SUI. The 
results showed a 75% success rate, with 50% of subjects 
cured and 25% of subjects achieving partial improvement 
[53]. Although encouraging results have been achieved 

Fig. 3  Schematic of the Wnt, MAPK, and PI3K-AKT-mTOR signaling pathways. The Wnt pathway is activated when Wnt proteins bind to Frizzled-LRP 
receptor complex composed of Frizzled and LRP resulting in translocation of β-catenin to the nucleus, ultimately targeting cell differentiation. 
The MAPK and PI3K-AKT pathways are initiated by the binding of various small proteins (growth factors, cytokines and insulin) to their respective 
receptor tyrosine kinase (RTK). The MAPK cascade results in translocation of the Erk1/2 complex to the nucleus and targets cell proliferation 
pathways, whereas the PI3K-AKT pathway results in mTOR activation and the regulation of protein synthesis. Green arrows indicate positive 
regulators, whereas red arrows indicate negative regulators
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in early clinical trials, wide variations in MDC isolation 
techniques, the route of administration and cell dosage 
prevent adequate comparison with MDC transplanta-
tion for sphincter dysfunction. Several limitations to 
the use of stem cells alone include poor cell retention 
and engraftment in the tissue after transplantation [54]. 
Implantation of growth factors combined with stem cells 
has shown potential for remarkably improving stem cell 
viability, differentiation potential, and function [55–61]. 
Thus, a combination therapy of stem cells and growth 
factors may provide optimal therapeutic impact in 
sphincter tissue regeneration and functional restoration.

Bioactive growth factors are soluble secreted proteins 
that participate in stem-cell-based tissue repair and 
regeneration and enhance stem cell therapeutic efficacy 
by interacting with cellular specific receptors to initi-
ate extracellular and intracellular signaling cascades 
responsible for cell physiological function. Concerning 
stem cell transplantation, many of these growth factors 
modify the microenvironment of the recipient tissue to 
support donor cell survival, proliferation, and differen-
tiation. However, the therapeutic use of growth factors is 
largely limited due to their inherent instability, short half-
life, and rapid deactivation in vivo [62, 63]. To achieve a 

sufficient therapeutic effect, direct injection of a supra-
physiological dose of growth factors may be required, 
which can lead to adverse effects, such as tissue edema, 
system hypertension, and an increased risk of cancer 
[64, 65]. An efficient control release system could bypass 
many of these limitations and result in improved growth 
factor therapy (Fig. 4).

Advanced delivery system for dual therapy
To overcome the shortcomings discussed above, genetic 
approaches and biomaterial-based strategies have been 
developed to optimize tissue regeneration in response to 
these therapies. Genetic modifications of cells to overex-
press the growth factor of interest prior to implantation 
has been used to sustain secretion of growth factors into 
injured tissue post-transplantation [54]. In addition, the 
use of different biomaterials, conjugated with growth fac-
tors, have been shown to support a microenvironment 
that mimics the ideal native extracellular matrix for a 
particular cell type.

Injectable hydrogels are good materials for the con-
trolled release of growth factors, as well as a stem cell 
delivery system, by offering protection against growth 
factor degradation, a reduction of growth factor dose 

Fig. 4  The working model of stem cell-growth factor therapy. A combination therapy of stem cells and controlled release of growth factors 
enhances cell viability and differentiation potential, stimulates endogenous stem cells and provides an optimal microenvironment for sphincter 
tissue repair and regeneration
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leading to decreased adverse side effects, and enhanced 
retention and survival of the encapsulated cells [63, 66, 
67] (Fig. 2). Biomaterials can generally be classified into 
two major types according to their origin: natural materi-
als and synthetic materials. Natural materials are derived 
from naturally occurring polymers and include proteins 
(e.g., collagen, gelatin, silk and fibrin), polysaccharides 
(e.g., alginate, starch, chitosan, hyaluronan, and chon-
droitin sulphate) and tissue extracellular matrix (e.g., 
small intestinal submucosa). Synthetic materials, or 
materials synthesized in a lab, include polyacrylic acid 
(PAA), poly lactic-co-glycolic acid (PLGA), polycaprolac-
tone (PCL) and polyethyleneglycol (PEG) [68, 69].

Natural materials are highly biocompatibility and eas-
ily degrade over time after transplantation. Hydrogels, 
one of the more commonly used natural materials, swell 
to form 3D structures that provide an ideal environment 
to support cell adhesion and tissue formation [70]. How-
ever, natural materials, especially hydrogels, have rela-
tively poor mechanical properties and controlling their 
physicochemical properties is difficult. Synthetic mate-
rials have the ability for photopolymerization, they have 
adjustable mechanical properties, and thus, easily modi-
fied architectural and chemical properties; but bioactivity 
is lacking. To take advantage of the bioactivity of natural 
scaffolds and the modifying properties of synthetic mate-
rials, natural-synthetic polymer hybrids are being studied 
for tissue engineering purposes [71, 72].

Stem cell therapy
Mechanisms of stem cell therapy
The most common types of stem cells that have been 
used and evaluated in preclinical and clinical studies for 
neuromuscular tissue repair and regeneration include: [1] 
pluripotent stem cells (PSC), including embryonic stem 
cells (ESC) and induced pluripotent stem cells (iPSC); 
[2] mesenchymal stem cells (MSC), including bone mar-
row-derived mesenchymal stem cells (BMSC), adipose-
derived mesenchymal stem cells (ASC), human umbilical 
cord mesenchymal stem cells (HUMSC), endometrial 
mesenchymal stem cells (EMSC), and dental-derived 
mesenchymal stem cells (DMSC); and [3] adult stem cells 
including MDC and urine derived stem cells (USC).

Stem cells remain quiescent in normal healthy tissue. 
After injury, stem cells become activated in response to 
cytokines and other bioactive molecules secreted by the 
tissue and immune cells at the site of injury at which 
point they begin dividing and differentiating to replace 
the damaged tissue. In animal models of neuromuscu-
lar tissue injury, stem cells have been demonstrated to 
enhance functional recovery after transplantation via 
a couple of different mechanisms. In addition to differ-
entiation and integration into host tissue, transplanted 

stem cells can interact with the host tissue without dif-
ferentiation through intercellular interactions with host 
cells and microenvironment, and the secretion of par-
acrine factors including neurotrophic support, immune 
regulation, and modulation of metabolic signaling [73, 
74].

Although studies have shown that stem cell transplan-
tation promotes regeneration of striated and smooth 
muscle layers, as well as nerve fibres in the sphincter [75–
80], the mechanisms of stem cell function differ in each 
cell type. The regenerative abilities of MSC are mainly 
mediated by paracrine activity of trophic factors, transfer 
of mitochondria by tunneling nanotubes, and transfer of 
molecules from exosomes or microvesicles [81–84]. Of 
note, the directed differentiation of MSC into damaged 
tissue after transplantation remains controversial. Some 
studies have shown that a small number of transplanted 
MSC differentiate into striated and smooth muscle cells 
[76, 85]. However, other studies have confirmed that cell 
fusion rather than MSC transdifferentiation appears to 
be responsible for tissue regeneration [86]. The regen-
erative abilities of MDC and USC are mainly attributed 
to their multilineage differentiation capabilities, which 
can differentiate not only into myogenic lineage but also 
into neurogenic lineage [87–93]. In addition, the parac-
rine effects of USC have been demonstrated, suggesting 
an immunomodulatory property similar to that of MSC 
[94, 95]. PSC are theoretically capable of differentiating 
into any cell type, providing an unlimited source for the 
generation of myogenic and neural precursors. The iPSC 
are adult cells reprogrammed by the introduction of spe-
cific pluripotency factors. They share many of the char-
acteristics of ESC, while offering many advantages over 
ESC, including simplified ethical concerns and reduced 
risk of immune rejection. In addition, they would allow 
the generation of autologous patient-specific stem cells 
[96]. Studies have shown that transplantation of human 
ESC-derived and iPSC-derived smooth muscle progeni-
tor cells facilitates the restoration of smooth muscle tis-
sue and urethral sphincter function [97–99]. Although 
iPSC and ESC can differentiate into each cell type of the 
sphincter tissue, including smooth muscle, skeletal mus-
cle cells, peripheral never cells, neuromuscular junc-
tion, and endothelial cells [100–105], studies combining 
all of these cells together to form the sphincter have not 
been reported yet. This is an exciting area of research 
with great potential for therapeutic applications using 
iPSC derived from the patient’s somatic cells, but there 
are still many technical and scientific challenges that 
need to be overcome in order to fully realize the poten-
tial of iPSC and ESC to regenerate functional sphincter 
tissue. The main concerns are the safety of the use of 
iPSC/ESC and the precise connection of the implanted 
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tissue-engineered sphincter tissue to the host tissue via 
vessel to vessel, nerve to nerve, or muscle to muscle, 
respectively.

Pre‑clinical data in sphincter dysfunction
In preclinical animal models of sphincter dysfunction, 
stem cell transplantation has been tested with variable 
degrees of success. Improved sphincter function includ-
ing increased leak point pressure, bladder capacity and 
anal pressure were observed after stem cell application 
(Table 2). However, most of these studies were focused on 
the urinary and anal sphincter, partly due to the difficulty 
of administering stem cells into the LES. In one study, 
endoscopic injection of skeletal muscle-derived cells into 
the LES of a canine model reported a significant increase 
in LES pressure. The transplanted cells were shown to 
differentiate into mature skeletal muscle in the sphincter 
[106]. In another study, the investigators observed that 
transplanted bone marrow-derived cells induced epithe-
lial regeneration in the gastrointestinal tract. Although 
LES function was not assessed in these experiments, 
this study provided a proof-of-concept that systematic 
application of stem cells for the treatment of esophageal 
ulcers which are mostly caused by GERD [107, 108]. In 
the selection of stem cell sources, MDC, BMSC, and 
ASC were the most commonly used in these studies due 
primarily to their relative ease of harvest. From the per-
spective of clinical practice, an ideal cell source should 
be ethically acceptable, non-invasive and inexpensive to 
collect. As a by-product of human metabolic waste, USC 
are easily obtained from urine. USC have a high prolif-
erative capacity due to their higher telomerase activity 
than BMSC. A USC clone can expand to generate a large 
number of cells, which is a great advantage for cell-based 
therapy in tissue repair and regeneration [87, 109]. USC 
have been shown to have the capacity for multipotent dif-
ferentiation and immunomodulation with strong parac-
rine effects [87, 94, 110]. It has been reported that USC 
were able to differentiate into neuronal lineage cells after 
transplantation into the rat brain [111]. When implanted 
subcutaneously in nude mice, myogenic differentiated 
USC can form multiple layers of smooth muscle cells 
[87]. In a rat model of SUI, USC exosomes were effective 
in improving the urodynamic parameters and repairing 
damaged muscle [112]. These encouraging results from 
animal studies provided a solid basis for further develop-
ment of USC-based therapy in neuromuscular regenera-
tion. However, the lack of standard procedures for USC 
isolation and quality control hinders the progress of USC 
into clinical applications [94]. How to obtain clinical-
grade USC, optimal cell dosage and delivery method 
should be the focus of future research.

Isolation and purification processes of MSC from the 
tissues are complex and critical endeavor. To confirm the 
stemness, isolated cells are usually tested for osteogenic 
and adipogenic capacity with Alizarin Red S and Oil Red 
O staining after appropriate cultivation; flow cytometry 
analysis is performed to examine the expression of mes-
enchymal makers (CD44, CD73, CD90, CD105, CD106) 
[113–116]. In addition, MSC are a heterogeneous mix-
ture of cells, and their relatively low purity limits further 
clinical applications. A more homogeneous population of 
MSC would be more likely to exhibit consistent proper-
ties and behaviors, making it easier to control the differ-
entiation process and generate a population of target cells 
with the desired properties and functions. In contrast, if 
the MSC are highly heterogeneous, it may be more dif-
ficult to control the differentiation process and achieve a 
consistent population of target cells. In addition, it may 
be more difficult to identify the subset of MSC with the 
best characteristics for differentiation into the desired 
target cells, which could negatively impact the efficiency 
and effectiveness of the differentiation process. There-
fore, reducing the heterogeneity of MSC through selec-
tion or manipulation may be a useful strategy to enhance 
the ability of the stem cells to differentiate into specific 
target cells, which may be beneficial for tissue regenera-
tion and other applications. Several methods have been 
proposed to purify MSC and improve transplantation 
efficiency. The membrane filtration method showed that 
the primary cell solution was permeated through mem-
branes, and then the culture medium was permeated to 
detach the ASC into the culture medium. The isolated 
ASC showed a superior capacity for osteogenic differenti-
ation [117]. The membrane migration method combined 
the membrane filtration method and the culture method. 
The primary cell solution was permeated through mem-
branes, and the membranes were incubated in cell cul-
ture medium, and then the ASC migrated out of the 
membranes which showed high purity and pluripotency 
[118, 119]. Magnetically activated cell sorting isolated 
MSC depending on their surface antigens, such as CD90, 
CD146 and CD271 [120–122]. In addition, a thermore-
sponsive cationic block copolymer brush-grafted bead-
packed column was developed to achieve ASC separation 
by altering the temperature without cell surface modifi-
cation and cellular activity reduction [123, 124]. With the 
development of single-cell RNA sequencing, MSC sub-
populations have been identified, indicating their respec-
tive distinct functions [125, 126]. Future research will aim 
to improve the purification of MSC to provide more spe-
cific stem cells at the cell subset level for the cell-based 
therapy. Immunohistochemical staining of specific mak-
ers of muscle, nerve and NMJ (Table 1) was performed to 
evaluate the effectiveness of stem cell therapy [76, 114]. 
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However, the dynamic changes in differentiation of stem 
cell after transplantation in the recipient area have not 
been well controlled. Although green fluorescence pro-
tein (GFP) or PKH26 were used to label or track the fate 
of stem cell in recipient tissues, the physiology functional 
change of stem cell with time needs more investigations 
in the future.

Clinical trial data and challenges
In order to bypass graft rejection, the use of autologous 
cells from the patient is the ideal treatment scenario for 
functional restoration of the damaged sphincter muscle. 
Clinicals studies using stem cell therapy for sphincter 
dysfunctions have been previously summarized as part 
of several recent reviews [127–129]. Garcia-Arranz et al. 
evaluated the safety and feasibility of ADSC for the treat-
ment of male or female SUI. Urinary incontinence was 
significantly improved in 3 out of 8 men and 5 out of 10 
women, with no adverse effects reported in any patient. 
Clinical improvement was maintained for more than 12 
to 15  months of follow-up [130]. A recent randomized 
clinical trial compared the effects of autologous adult 
mucosa stem cell therapy with the mini-sling procedure 
for female SUI. Results at 6 and 26 months of follow-up 
showed that periurethral injection of autologous adult 
mucosa stem cells was not inferior to the mini-sling 
procedure, while the stem cell group had a shorter pro-
cedure time and hospital stay, as well as fewer complica-
tions [131]. In another randomized clinical trial, Boyer 
et al. reported on the efficacy and safety of MDC injec-
tion for the treatment of FI. The results showed a greater 
than 30% reduction in the Cleveland Clinic Incontinence 
(CCI) score in 58% of patients in the MDC group com-
pared to 8% in the placebo group at 12  months post-
treatment, with excellent tolerability and safety [132]. A 
systematic review including 11 clinical studies found that 
stem cell therapy for SUI and FI was a safe procedure with 
few mild adverse side effects [133]. However, the num-
ber of patients was limited. The outcome measures and 
time points were very heterogeneous. Larger targeted 
studies with control arms needed to be performed to 
give clear evidence for the beneficial impact of stem cell 
therapy. Another systematic review analyzed published 
data on the clinical therapeutic benefit and safety of ure-
thral injections of autologous stem cells for the treatment 
of SUI [134]. These clinical studies showed encourag-
ing results with minimal side-effects and complications. 
However, long term safety and efficacy data still needed 
to be investigated because the mean follow-up was less 
than 12  months in the available studies. Another chal-
lenge identified in this study was the relatively short life 
span of stem cells after transplantation. Indeed, the low 
survival rate of cells transplanted into the damaged area 

has long been a major challenge in the translation of stem 
cell therapy.

Improving the survival rate of cell transplantation is a 
key challenge in the field of regenerative medicine and 
cell therapy. The success of cell transplantation depends 
on several factors, including the type of cells used, the 
method of transplantation, and the environment in 
which the cells are transplanted. Here are some of the 
strategies that have been used or proposed to improve 
the survival rate of cell transplantation: i), Cell selec-
tion: Selecting the right type of cells for transplanta-
tion is critical for success. Stem cells, for example, have 
a greater potential for survival and differentiation than 
fully differentiated cells. However, stem cells cultured 
in vitro for long periods of time generally show low sur-
vival and tissue engraftment, reduced paracrine effects, 
and poor homing and differentiation rates [58]. This may 
be partly due to over expansion of cells during in  vitro 
culture, which leads to senescence and loss of potency; 
ii), Transplantation method: The method of transplan-
tation can affect the survival rate of cells. Transplanting 
cells in a hydrogel or scaffold can provide a supportive 
environment that increases cell survival and promotes 
tissue regeneration [135, 136]; iii), Microenvironment: 
The microenvironment of the transplanted cells is impor-
tant for their survival. Cells need to be in an environ-
ment that is conducive to their growth and survival, with 
adequate oxygen and nutrients. When cells are isolated 
from the tissue, they lose their original microenviron-
ment resulting in decreased viability and DNA instability 
after long-term culture [137, 138]; iv), Delivery of growth 
factors: Supplementing the transplantation with growth 
factors or other biological molecules can help improve 
cell survival. Growth factors can help promote cell sur-
vival, growth, and differentiation [139–141]; v), Immune 
response: The immune response can also affect the sur-
vival of transplanted cells [142]. Strategies to reduce the 
immune response and prevent cell rejection include the 
use of immune-suppressive drugs, the use of cells derived 
from the same individual as the transplant recipient, and 
encapsulation of cells in hydrogels or other materials 
[143, 144]. Further research is needed to fully understand 
the complex mechanisms involved in cell survival and to 
develop new and more effective strategies to improve the 
survival rate of cell transplantation in the treatment of 
sphincter dysfunction.

Growth factor therapy
Growth factors in sphincter dysfunction
Growth factors are signaling molecules that play a critical 
role in regulating cellular processes such as proliferation, 
differentiation, and survival. In the context of sphincter 
dysfunction, growth factors have been investigated as a 
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potential therapy to improve sphincter function and pro-
mote tissue regeneration. Several growth factors have 
been studied for their potential role in sphincter dysfunc-
tion, including:

Platelet‑derived growth factor (PDGF)
PDGF is a potent mitogenic and angiogenic factor that 
promotes cell proliferation and survival. It has been 
shown to regulate the proliferation, migration, and dif-
ferentiation of mesenchymal cells and to promote muscle 
and nerve regeneration [145–149], making it a potential 
therapeutic option for sphincter dysfunction.

Transforming growth factor‑β (TGF‑β)
TGF-β is a growth factor that regulates cell prolifera-
tion, differentiation, and extracellular matrix produc-
tion. It has been shown to promote the differentiation 
of mesenchymal stem cells into smooth muscle cells and 
to stimulate smooth muscle cell proliferation [150–154], 
making it a potential therapeutic option for sphincter 
dysfunction.

Fibroblast growth factor (FGF)
FGFs are a family of growth factors that play a role in 
cellular proliferation, differentiation, and angiogenesis. 
They have been shown to enhance satellite cell prolifera-
tion in vitro [155, 156] and to promote peripheral nerve 
regeneration after injury [157–159], making them a 
potential therapeutic option for sphincter dysfunction.

Vascular endothelial growth factor 
(VEGF): VEGF is a known promoter of angiogenesis 
[160]. The vasculature serves as a conduit for nutrients 
and oxygen and performs perfusion-independent func-
tions as an essential component of the stem cell niche for 
many adult stem cells [161, 162]. Therefore, the applica-
tion of VEGF to the stem cell niche may rejuvenate the 
microenvironment resulting in modulation of stem cell 
behavior during tissue regeneration [163, 164]. VEGF 
has also been shown to stimulate the proliferation and 
survival of smooth muscle cells [165, 166], and to exert 
provide neurotrophic and neuroprotective effects in the 
peripheral nervous system [167]. This makes it a poten-
tial therapeutic option for sphincter dysfunction.

Neurotrophic Factors (NF)
 The most well studied neurotrophic family members 
include brain-derived neurotrophic factor (BDNF), nerve 
growth factor (NGF), neurotrophin-3 (NT-3), and neu-
rotrophin-4/5 (NT-4/5) [168]. Increasing evidence sug-
gests that NF not only support neuronal survival, growth, 
and damage repair but are also involved in the develop-
ment and differentiation of myoblasts and muscle fibers 

[169–173]. These studies highlight the therapeutic poten-
tial of NF for sphincter dysfunction.

Insulin‑Like Growth Factor 1
(IGF-1): IGF-1 is a growth factor that is similar in struc-
ture to insulin. As an important anabolic growth factor 
expressed in muscle and nerve tissue, IGF-1 has been 
shown to promote neuronal survival, axon growth, and 
muscle growth [174–177], making it a potential thera-
peutic option for sphincter dysfunction.

It’s important to note that these growth factors are still 
being studied for their potential role in sphincter dys-
function, and more research is needed to determine the 
optimal combination, dosage, duration, and frequency of 
growth factors for therapeutic use. In addition, the use 
of growth factors for sphincter dysfunction is still in the 
early stages of development, and more studies are needed 
to determine the safety and efficacy of this approach.

Overall, the mechanisms of growth factor therapy can 
be summarized as follows. First, growth factors directly 
participate in tissue repair and regeneration by activat-
ing intrinsic growth programs of damaged neuromus-
cular tissues through the regulation of intracellular 
transcription factors. Second, growth factors enhance the 
therapeutic efficacy of stem cells. They interact with cell-
specific receptors to initiate extracellular and intracellu-
lar signaling cascades responsible for the physiological 
function of stem cells. Third, application of growth fac-
tors to the stem cell niche may rejuvenate the microen-
vironment, resulting in modulation of stem cell behavior 
during tissue regeneration. Therefore, focusing on how 
to maximize the benefits of growth factors and how to 
maintain the bioactivity of growth factors may guide us 
in the search for a promising therapeutic strategy for the 
treatment of sphincter dysfunction.

Methods of controlled release
Genetic modification
Gene therapy is the transfer or modification of genetic 
material to a patient to treat a disease [178]. In addition 
to correcting an existing abnormality to elicit a thera-
peutic effect, gene therapy can also be a tool to deliver a 
gene of interest into cells in order to restore or increase 
expression of a protein [179]. Various non-viral and viral 
vectors have been used for gene delivery in order to 
modify the genome of the target cell. Non-viral systems 
generally utilize physical and chemical systems. Physi-
cal methods of delivering the desired gene of interest 
include the use of naked DNA, the gene gun, electropo-
ration, hydrodynamic or ultrasound transfection, and 
magnetofection, and chemical methods include the use 
of cationic liposomes and cationic polymers [180, 181]. 
The benefits of the non-viral methods include safety, 
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cost-effectiveness, low host immunogenicity, and an 
unlimited transgene size. However, the efficiency of these 
methods is limited.

Viral methods of gene delivery, by contrast, is a very 
efficient method of introducing exogenous DNA into 
cells. Viral vectors that have been used for this purpose 
include retrovirus, adenovirus, adeno-associated virus 
(AAV), herpes simplex virus (HSV), lentivirus, and pox-
virus [178, 180]. In our previous work, we genetically 
modified stem cells to express growth factors such as 
VEGF [56], FGF2 [182] or pigment epithelium-derived 
factor (PEDF) [183] via lentiviral transduction for in vivo 
tissue repair in the urinary tract system. The exogenous 
growth factors were continually secreted from the trans-
fected stem cells over 30 days [56]. In a rat model of erec-
tile dysfunction, the application of genetically modified 
ASC/USC significantly improved erectile function, com-
pared to stem cell implantation alone [56, 182, 183].

All viral vector genomes have been modified so that 
they are reproduction incompetent to ensure their safety. 
However, issues associated with viral use such as compli-
cated processes of vector production, limitations in the 
size of transgenic DNA, potential deleterious immune 
responses, and in rare cases, loss of life remain [178–180, 
184]. Better genome editing techniques (i.e., CRISPR/
Cas9 system) have been developing at a rapid pace, 
which enables targeted genome modifications in cells 
and reduces the risks of genotoxicity in viral vector-based 
gene therapy. However, the off-target activity and the 
induction of DNA modifications at unintended sites cur-
rently limits their utility in gene therapy [185, 186].

Biomaterial‑based delivery systems
In recent years, biomaterial-based delivery systems have 
become an increasingly popular method for use with 
cell transplantations. Multiple properties of biomateri-
als, including crystallinity, glass transition temperature, 
solubility, molecular weight, dispersity, surface charge, 
degradation rates, diffusion rates, and dissolution rates 
are crucial factors that can influence the successful deliv-
ery of growth factors [187]. To achieve acceptable growth 
factor release kinetics, the biomaterials used should have 
good biocompatibility, loading efficiency, molding prop-
erties, the ability to protect growth factors from decom-
position, and the ability for continuous growth factor 
release [68, 70].

Various structures, including microspheres, nanopar-
ticles, liposomes, extracellular vesicles, etc., have been 
studied as carriers in delivery systems. Among these 
delivery devices, alginate hydrogel microspheres, often 
used with microbeads, is widely studied for its biocom-
patibility, biodegradability, tunability in mechanical 
property, and sustained release ability [188–191]. In our 

previous work, we developed injectable alginate micro-
beads encapsulating three growth factors (i.e., VEGF, IGF 
and FGF-1). To control the release of growth factors from 
the microbeads, a semi-permeable membrane of poly-L-
ornithine (PLO) was used to decrease the porosity of the 
alginate microbeads from 600 kDa to about 70–80 kDa. 
The release kinetics of VEGF, IGF, and FGF-1 from the 
alginate microbeads showed as a stable and continuous 
curve for 30 days in vitro. The bioactivity of growth fac-
tors was preserved as evidenced by the angiogenic dif-
ferentiation of USC in the presence of VEGF embedded 
microbeads [55]. To enhance the retention of microbeads 
at a local site, we developed microbeads coated with mul-
tiple layers of hydrogel. We used gelatin as the outer layer 
of the microbeads, as the hydrophilicity of gelatin aids 
in the binding of microspheres to the host tissue [192]. 
The results showed better retention of alginate-PLO-gel-
atin (A-PLO-G) microbeads around urethral tissue after 
periurethral injection, and A-PLO-G microbeads loaded 
with IGF-1 significantly promoted skeletal regeneration 
and angiogenesis in the SUI rat model [193].

As growth factors are usually unable to efficiently bind 
to biomaterials, a bridge for covalent crosslinking is 
required. Heparin, a highly sulfated anionic glycosami-
noglycan, contains a growth factor binding domain that 
allows it to bind growth factors with high affinity and 
control the release while protecting them from thermal 
denaturation and enzymatic degradation. This interac-
tion occurs partly due to shape recognition, but mainly 
due to the electrostatic attraction between N- and O-sul-
fated residues of heparin and the lysine/arginine resi-
dues of growth factors [194–196]. Zhao et al. developed 
tissue-engineered nerves based on a VEGF-heparin sus-
tained controlled release system to promote peripheral 
nerve defect regeneration and repair in rats [197]. The 
results showed early vascularization and restored blood 
supply in the nerve graft area. Our previous work showed 
that in vivo delivery of growth factors from a hyaluronic-
heparin hydrogel maintained the bioactivity of growth 
factors, as well as increased the resulting myogenic and 
angiogenic responses over 28  days, through long-term 
localized release [58].

Tissue-specific ECM, which provides an in vitro micro-
environment that is similar to the in vivo environment, is 
able to promote cell growth and retention of cellular phe-
notypes [198]. However, growth factors in the ECM are 
rapidly degraded or washed-out during culture in  vitro. 
To achieve controlled release of bioactive growth fac-
tors from ECM, heparin linked with hydrogel was used. 
Our studies demonstrated that tissue-specific ECM com-
bined with heparin conjugated hyaluronic acid hydro-
gel was capable of binding growth factors for sustained 
release and maintenance of a constant level of growth 
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factor-cell signaling in the local environment [199, 200]. 
This resulted in better outcomes in cell viability, prolif-
eration, and differentiation than hydrogel or ECM appli-
cation alone.

Pre‑clinical data in sphincter dysfunction
Multiple preclinical studies have investigated the use 
of growth factors to improve sphincter dysfunction 
(Table  3). These investigations indicated that the use of 
growth factors, either on their own or in conjunction 
with controlled release methods, have the potential to 
improve sphincter function. Although evidence from 
preclinical studies supported that growth factor therapy 
serve in multiple capacities of neuromuscular repair and 
regeneration, there remains a big gap between injury 
models and clinical scenarios. The use of growth factors 
in delivery system still presents major challenges due to 
their unstable bioactivity and uncertain safety. Up till 
now, few clinical data about growth factor therapy alone 
for sphincter dysfunctions has been published. VM202 
(Engensis®), developed by Helixmith, is a plasmid DNA 
product designed to produce two isoforms of hepatocyte 
growth factor (HGF). VM202 has been studied in experi-
mental models and clinical trials for therapeutic ben-
efit in several diseases, including critical limb ischemia, 
myocardial infarction, amyotrophic lateral sclerosis, and 
painful diabetic peripheral neuropathy [201–209]. The 
mechanism of action may be attributed to the restora-
tion of damaged nerves and blood vessels via the neuro-
trophic and angiogenic activities of HGF [210–212]. This 
provides a glimpse into the potential of growth factor 
therapy in neuromuscular repair and regeneration.

Combination therapy of stem cells and controlled 
released of growth factors
Neuromuscular regeneration using dual therapy
In a controlled release system, stem cells, growth factors, 
and biomaterial carriers come together to form a geo-
metric unit. Growth factors released from biodegradable 
microbeads or gels can be locally applied to improve cell 
retention, viability, differentiation, and paracrine signal-
ing of the grafted stem cells. In addition, they can stimu-
late and recruit endogenous stem cells to facilitate tissue 
injury repair and regeneration. Stem cell therapy com-
bined with a controlled release of growth factors has the 
potential to result in increased neuromuscular regenera-
tion by increasing tissue and graft angiogenesis, myogen-
esis, and innervation, compared to treatment alone.

Pre‑clinical data in sphincter dysfunction
To date, there are few combination therapies for anal 
sphincter and LES dysfunction, and few pre-clinical 
studies that have shown only modest progress in the 

treatment of urethral sphincter dysfunction [55, 57–59]. 
The standard treatment of SUI, for example, requires res-
toration of a functional urethral sphincter which requires 
a vascularized urethral submucosal layer, striated and 
smooth muscle components, and effective innervation to 
maintain urinary continence [213]. Zhao et  al. reported 
that periurethral injection of autologous ASC with con-
trolled-release nerve growth factor (NGF) enhanced the 
therapeutic efficacy of ASC in a rat model of SUI [59]. 
In this study, NGFs encapsulated in PLGA microspheres 
were demonstrated to improve ASC viability in vitro and 
in vivo. The combination of ASC and PLGA loaded with 
NGF significantly improved bladder capacities as evi-
denced by enhanced abdominal leak point pressure and 
retrograde urethral perfusion pressure. Histologic evalu-
ation of the urethra showed increased muscle and neu-
ronal density after ASC and PLGA-NGF treatment.

In our previous work, we studied the combination ther-
apy of un-differentiated USC with controlled release of 
growth factors from a heparin-hyaluronic acid (hp-HA) 
gel via subcutaneous injection in mice [58]. The growth 
factor cocktail released from the hp-HA gel contain-
ing IGF1, HGF, PDGF, NGF, FGF and VEGF increased 
USC retention at the site of injection and enhanced 
the recruitment of resident cells into the graft. Addi-
tionally, the myogenic differentiation potential of USC 
was increased in the combination therapy group, as 
evidenced by increased expression of early myogenic 
markers (Desmin, Myf-5 and Myo-D) in the graft. More-
over, increased vasculature (marked by CD31, vWF) 
and nerves (marked by neurofilament) in the graft were 
detected in the combination group as compared to the 
growth factor alone treated group. Lastly, the combined 
use of growth factors and cells required 1/3 the dose than 
that of the growth factor alone. The use of decreased 
doses of growth factors may reduce the risk of side effects 
due to supra-physiological doses when used alone [58]. 
In another study, we used USCs combined with growth 
factors embedded in alginate microspheres. The growth 
factors included IGF1, HGF, PDGF, NGF, FGF and VEGF. 
After subcutaneous injection into mice, the histologic 
analysis showed enhanced myogenesis, angiogenesis, and 
peripheral nerve formation in the graft [55].

Clinical trial data
Although there are currently no clinical trials of combi-
nation therapy for sphincter dysfunction, the combina-
tion therapy has shown positive results in the treatment 
of other diseases. NurOwn®, developed by BrainStorm 
Cell Therapeutics, is a therapy that combines the admin-
istration of MSC and NF to treat patients with ALS. 
Autologous MSC are harvested from the bone marrow 
and then induced to secrete NF. These MSC-NF cells 
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have the potential to protect motor neuron survival and 
promote neuromuscular junction reinnervation. Clinical 
results suggest that the MSC-NF cells transplantation is 
safe and well tolerated, with improvements in ALS Func-
tional Rating Scale-Revised score and forced vital capac-
ity [214–216]. A randomized controlled clinical trial was 
conducted to evaluate the efficacy of MSC cultured on 
beta-tricalcium phosphate in combination with recombi-
nant human PDGF-BB in the treatment of human infra-
bony defects. The results showed that clinical parameters 
such as pocket depth, clinical attachment level, and radi-
ographic bone volume tended to improve after com-
bination therapy at 6-month follow-up [217]. Another 
clinical trial showed that combination therapy with stem 
cells and activated platelet-rich plasma growth factor 
concentrate was promising for cartilage regeneration, 
as evidenced by improved MRI data in 45 of 48 patients 
with avascular necrosis of the femoral head [218]. The 
information gained from these combination studies is 
expected to lead to the development of new neuromus-
cular regeneration therapies.

Animal models of sphincter dysfunction
As shown in Table  2 and Table  3, various animal mod-
els of sphincter disorders can be useful for studying cell 
therapy or growth factor therapy for these conditions, 
but they also have advantages and disadvantages. Advan-
tages include: (i), Relevance: animal models can provide 
a relevant and physiologically accurate representation of 
the human condition, making them useful for testing cell 
therapy or growth factor therapy for sphincter disorders; 
(ii), Control: in animal models, it is possible to control 
various environmental and experimental factors, such as 
diet, hormonal status, and disease state, which may be 
difficult to control in human studies. This can provide a 
more controlled and standardized experimental setting 
for studying the efficacy of cell therapy or growth factor 
therapy for sphincter disorders; (iii), Cost: animal mod-
els can often be less expensive than human studies, espe-
cially if they involve complex procedures or expensive 
drugs or devices. Disadvantages include: (i), Species dif-
ferences: there may be differences between humans and 
the animal models used, such as differences in anatomy, 
physiology, or disease mechanisms, which may limit the 
generalizability of the results to humans; (ii), Ethical con-
siderations: the use of animal models for research may 
raise ethical concerns, particularly when the animals are 
subjected to procedures that cause pain or distress; (iii), 
Limited representation: animal models may not accu-
rately represent all aspects of the human condition, espe-
cially if the sphincter disorder being studied is rare or 
has complex underlying mechanisms; (iv), Interpretation 
of results: interpreting the results of animal studies can 

be challenging, especially if the results are not directly 
comparable to human studies. This may limit the ability 
to draw meaningful conclusions about the potential effi-
cacy of cell therapy or growth factor therapy in humans; 
(v), Limited cell transplantation methods: The methods 
available for cell transplantation in animal models may be 
limited and may not accurately reflect the methods that 
would be used in humans.

In the preclinical studies, several animal models have 
been developed to injure different aspects of the sphinc-
ter function. For example, SUI animal models can be 
induced by vaginal dilation (VD), pudendal nerve injury 
or dual injury, which simulates the vaginal birth trauma 
[219, 220]. However, these animal models have several 
unavoidable limitations. First, sphincter dysfunction is a 
complex and usually multifactorial process, sometimes 
involving a combination of denervation, muscle degen-
eration, atrophy and fibrosis [221]. It is almost impossible 
for an in vivo model to integrate all the pathophysiologi-
cal factors that fully simulate the human situation. Sec-
ond, some models are unique in their reversibility feature. 
This means that the sphincter dysfunction resolves spon-
taneously, making it difficult to observe the long-term 
effects of cell-based therapy. For example, the VD model 
has a limited duration of the sphincter functional and 
structural sphincter defects, with a recovery of leak point 
pressure within 10  days, and up to 6  weeks [221–223]. 
Third, the assessment of sphincter dysfunction relies 
heavily on subjective symptoms reported by patients via 
questionnaires, such as urine leakage on cough in SUI 
patients and frequency of heartburn in GERD patients. 
This in not possible in animal models. Surrogate outcome 
measures in animal models may not accurately reflect the 
effect of therapy.

Overall, animal models of sphincter disorders can be 
valuable tools for studying cell therapy or growth factor 
therapy for these conditions. However, it is important to 
carefully consider the advantages and disadvantages of 
these models when designing and interpreting research 
studies, and to validate the results in human studies 
before moving to clinical applications.

Conclusion and future prospects
Sphincter dysfunction is a consequence of neuromus-
cular impairment that occurs with aging, trauma and 
inflammation in various lumen tissues. Undoubtedly, 
stem cell-based therapies aimed at restoration of neu-
romuscular function have emerged as an attractive 
approach in regenerative medicine. Compared to the 
use of stem cells alone, combination therapy of stem 
cells with controlled release of growth factors signifi-
cantly enhances cell viability of the implanted cells by 
increasing paracrine effect and recruiting the host stem 
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cells to participate to the internal tissue regeneration. 
Preclinical studies displayed that combination thera-
pies are promising and safe in short-term experiments. 
However, its long-term efficacy and safety remain 
unknown that needs to be further investigated. If it is 
successful, stem cell therapy with consistently delivered 
growth factors can be used in the other sphincter dis-
orders (i.e. vesicoureteral reflux and sphincter of oddi 
dysfunction) and muscular dystrophy.

The biomaterial-based delivery system provides an 
effective controlled-release vehicle for multiple growth 
factors to improve stem cell survival and function. It 
should also be noted that stem cell adhesion and dif-
ferentiation can be influenced by the stiffness of the 
hydrogel used [224–226] suggesting that the effects 
of the mechanical properties of the hydrogel on stem 
cells needs to be considered. The fate of cells grown on 
various hydrogels needs to be investigated while tak-
ing into consideration the biophysical cues from the 
dual microenvironment of the hydrogel and the native 
environment of the recipient after transplantation. 
Additionally, neuromuscular regeneration is a dynamic 
process that is regulated by numerous growth factors 
that coordinate with each other to regulate this process 
[141].

To achieve ideal functional repair of damaged muscles 
and nerves that mimic the body’s physiological process, 
the delivery of multiple growth factors using various car-
rier biomaterials in specific spatial and temporal ways 
needs to be considered. Recently, extracellular vesicles 
have emerged as promising drug carriers. Advantages 
of exosomes as carriers include high biocompatibility, 
enhanced stability, and limited immunogenicity [227, 
228]. Wang et al. loaded recombinant human NGF pro-
tein and mRNA into exosomes. The engineered exosome 
showed long-term stability, effectively delivered NGF into 
the ischemic region and reduced ischemic injury in mice 
[229]. In another study by Li et  al., delivery of VEGFC, 
via engineered exosomes in a sodium alginate hydrogel, 
improved lymphedema in mice [230]. Therefore, a vesi-
cle-based delivery strategy may also hold promise as an 
advanced platform for assisting stem cell therapy.

Acknowledgements
Not applicable.

Author contributions
YZ and QL contributed to the study conception and design. SS wrote the first 
draft of the manuscript. YZ, TC and AA revised the manuscript. All authors 
have read and agreed the submission of the manuscript. All authors read and 
approved the final manuscript.

Funding
The authors are grateful for research fundings from the National Institute 
of Diabetes and Digestive and Kidney Diseases R56 DK100669 (PI: YZ), and 
Allergy and Infectious Diseases, National Institutes of Health, R21 AI152832 
and R03 AI165170 (PI: YZ).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that the research was conducted in the absence of any 
commercial or financial relationships that could be construed as a potential 
conflict of interest.

Received: 3 November 2022   Accepted: 6 March 2023

References
	 1.	 Schmid FA, Williams JK, Kessler TM, Stenzl A, Aicher WK, Andersson KE, 

et al. Treatment of stress urinary incontinence with muscle stem cells 
and stem cell components: chances, challenges and future prospects. 
Int J Mol Sci. 2021. https://​doi.​org/​10.​3390/​ijms2​20839​81.

	 2.	 Saldana Ruiz N, Kaiser AM. Fecal incontinence - Challenges and solu-
tions. World J Gastroenterol. 2017;23(1):11–24.

	 3.	 Zhang D, Liu S, Li Z, Wang R. Global, regional and national burden of 
gastroesophageal reflux disease, 1990–2019: update from the GBD 
2019 study. Ann Med. 2022;54(1):1372–84.

	 4.	 Li L, Xiong WC, Mei L. Neuromuscular Junction Formation, Aging, and 
Disorders. Annu Rev Physiol. 2018;80:159–88.

	 5.	 Nishimune H, Shigemoto K. Practical anatomy of the neuromuscular 
junction in health and disease. Neurol Clin. 2018;36(2):231–40.

	 6.	 Luttrell SM, Smith AST, Mack DL. Creating stem cell-derived neuromus-
cular junctions in vitro. Muscle Nerve. 2021;64(4):388–403.

	 7.	 Castets P, Ham DJ, Ruegg MA. The TOR pathway at the neuromus-
cular junction: more than a metabolic player? Front Mol Neurosci. 
2020;13:162.

	 8.	 Tintignac LA, Brenner HR, Ruegg MA. Mechanisms regulating neuro-
muscular junction development and function and causes of muscle 
wasting. Physiol Rev. 2015;95(3):809–52.

	 9.	 Wu H, Xiong WC, Mei L. To build a synapse: signaling pathways in 
neuromuscular junction assembly. Development. 2010;137(7):1017–33.

	 10.	 Snooks SJ, Swash M, Mathers SE, Henry MM. Effect of vaginal delivery 
on the pelvic floor: a 5-year follow-up. Br J Surg. 1990;77(12):1358–60.

	 11.	 Song QX, Balog BM, Kerns J, Lin DL, Sun Y, Damaser MS, et al. Long-term 
effects of simulated childbirth injury on function and innervation of the 
urethra. Neurourol Urodyn. 2015;34(4):381–6.

	 12.	 Gill BC, Balog BM, Dissaranan C, Jiang HH, Steward JB, Lin DL, et al. Neu-
rotrophin therapy improves recovery of the neuromuscular continence 
mechanism following simulated birth injury in rats. Neurourol Urodyn. 
2013;32(1):82–7.

	 13.	 Phull HS, Pan HQ, Butler RS, Hansel DE, Damaser MS. Vulnerability of 
continence structures to injury by simulated childbirth. Am J Physiol 
Renal Physiol. 2011;301(3):F641–9.

	 14.	 Smith AR, Hosker GL, Warrell DW. The role of pudendal nerve damage 
in the aetiology of genuine stress incontinence in women. Br J Obstet 
Gynaecol. 1989;96(1):29–32.

	 15.	 Allen RE, Hosker GL, Smith AR, Warrell DW. Pelvic floor damage 
and childbirth: a neurophysiological study. Br J Obstet Gynaecol. 
1990;97(9):770–9.

	 16.	 Danforth KN, Townsend MK, Lifford K, Curhan GC, Resnick NM, 
Grodstein F. Risk factors for urinary incontinence among middle-aged 
women. Am J Obstet Gynecol. 2006;194(2):339–45.

	 17.	 Koch GE, Kaufman MR. Male Stress Urinary Incontinence. Urol Clin 
North Am. 2022;49(3):403–18.

https://doi.org/10.3390/ijms22083981


Page 18 of 23Shan et al. Cell & Bioscience           (2023) 13:56 

	 18.	 Post WM, Widomska J, Grens H, Coenen MJH, Martens FMJ, Jans-
sen DAW, et al. Molecular processes in stress urinary incontinence: a 
systematic review of human and animal studies. Int J Mol Sci. 2022. 
https://​doi.​org/​10.​3390/​ijms2​30634​01.

	 19.	 Rao SS. Pathophysiology of adult fecal incontinence. Gastroenterology. 
2004;126(1 Suppl 1):S14-22.

	 20.	 Zheng Z, Shang Y, Wang N, Liu X, Xin C, Yan X, et al. Current advance-
ment on the dynamic mechanism of gastroesophageal reflux disease. 
Int J Biol Sci. 2021;17(15):4154–64.

	 21.	 Kahrilas PJ. GERD pathogenesis, pathophysiology, and clinical manifes-
tations. Cleve Clin J Med. 2003;70(Suppl 5):S4-19.

	 22.	 Sweeney HL, Hammers DW. Muscle Contraction. Cold Spring Harb 
Perspect Biol. 2018. https://​doi.​org/​10.​1101/​cshpe​rspect.​a0232​00.

	 23.	 Jung J, Ahn HK, Huh Y. Clinical and functional anatomy of the urethral 
sphincter. Int Neurourol J. 2012;16(3):102–6.

	 24.	 Relaix F, Zammit PS. Satellite cells are essential for skeletal muscle 
regeneration: the cell on the edge returns centre stage. Development. 
2012;139(16):2845–56.

	 25.	 Brack Andrew S, Rando TA. Tissue-specific stem cells: lessons from the 
skeletal muscle satellite cell. Cell Stem Cell. 2012;10(5):504–14.

	 26.	 He S, Fu T, Yu Y, Liang Q, Li L, Liu J, et al. IRE1alpha regulates skeletal 
muscle regeneration through Myostatin mRNA decay. J Clin Investig. 
2021. https://​doi.​org/​10.​1172/​JCI14​3737.

	 27.	 Klimovich P, Rubina K, Sysoeva V, Semina E. New Frontiers in Periph-
eral Nerve Regeneration: Concerns and Remedies. Int J Mol Sci. 2021. 
https://​doi.​org/​10.​3390/​ijms2​22413​380.

	 28.	 Gordon T. Peripheral Nerve Regeneration and Muscle Reinnervation. Int 
J Mol Sci. 2020. https://​doi.​org/​10.​3390/​ijms2​12286​52.

	 29.	 Bamba R, Riley DC, Kelm ND, Does MD, Dortch RD, Thayer WP. A novel 
technique using hydrophilic polymers to promote axonal fusion. Neural 
Regen Res. 2016;11(4):525–8.

	 30.	 Anzil AP, Wernig A. Muscle fibre loss and reinnervation after long-term 
denervation. J Neurocytol. 1989;18(6):833–45.

	 31.	 Faroni A, Mobasseri SA, Kingham PJ, Reid AJ. Peripheral nerve regenera-
tion: experimental strategies and future perspectives. Adv Drug Deliv 
Rev. 2015;82–83:160–7.

	 32.	 Scheib J, Hoke A. Advances in peripheral nerve regeneration. Nat Rev 
Neurol. 2013;9(12):668–76.

	 33.	 Gu X, Ding F, Williams DF. Neural tissue engineering options for periph-
eral nerve regeneration. Biomaterials. 2014;35(24):6143–56.

	 34.	 Jiang Y, Tang X, Li T, Ling J, Yang Y. The success of biomaterial-based 
tissue engineering strategies for peripheral nerve regeneration. Front 
Bioeng Biotechnol. 2022;10:1039777.

	 35.	 Girardi F, Le Grand F. Wnt Signaling in Skeletal Muscle development and 
regeneration. Prog Mol Biol Transl Sci. 2018;153:157–79.

	 36.	 van Vliet AC, Lee J, van der Poel M, Mason MRJ, Noordermeer JN, Frad-
kin LG, et al. Coordinated changes in the expression of Wnt pathway 
genes following human and rat peripheral nerve injury. PLoS ONE. 
2021;16(4): e0249748.

	 37.	 Komiya Y, Habas R. Wnt signal transduction pathways. Organogenesis. 
2008;4(2):68–75.

	 38.	 Wen X, Jiao L, Tan H. MAPK/ERK Pathway as a Central Regulator in Verte-
brate Organ Regeneration. Int J Mol Sci. 2022. https://​doi.​org/​10.​3390/​
ijms2​30314​64.

	 39.	 Konagaya Y, Takakura K, Sogabe M, Bisaria A, Liu C, Meyer T, et al. Intra-
vital imaging reveals cell cycle-dependent myogenic cell migration 
during muscle regeneration. Cell Cycle. 2020;19(22):3167–81.

	 40.	 Vainshtein A, Sandri M. Signaling pathways that control muscle mass. 
Int J Mol Sci. 2020. https://​doi.​org/​10.​3390/​ijms2​11347​59.

	 41.	 Zanou N, Gailly P. Skeletal muscle hypertrophy and regeneration: inter-
play between the myogenic regulatory factors (MRFs) and insulin-like 
growth factors (IGFs) pathways. Cell Mol Life Sci. 2013;70(21):4117–30.

	 42.	 Segalés J, Perdiguero E, Muñoz-Cánoves P. Regulation of muscle stem 
cell functions: a focus on the p38 MAPK Signaling Pathway. Front Cell 
Dev Biol. 2016. https://​doi.​org/​10.​3389/​fcell.​2016.​00091.

	 43.	 Sartori R, Romanello V, Sandri M. Mechanisms of muscle atrophy 
and hypertrophy: implications in health and disease. Nat Commun. 
2021;12(1):330.

	 44.	 Kato N, Matsumoto M, Kogawa M, Atkins GJ, Findlay DM, Fujikawa T, 
et al. Critical role of p38 MAPK for regeneration of the sciatic nerve fol-
lowing crush injury in vivo. J Neuroinflammation. 2013;10:1.

	 45.	 Bjornson CR, Cheung TH, Liu L, Tripathi PV, Steeper KM, Rando TA. Notch 
signaling is necessary to maintain quiescence in adult muscle stem 
cells. Stem cells. 2012;30(2):232–42.

	 46.	 Zhang H, Shang R, Bi P. Feedback regulation of Notch signaling and 
myogenesis connected by MyoD-Dll1 axis. PLoS Genet. 2021;17(8): 
e1009729.

	 47.	 Binari LA, Lewis GM, Kucenas S. Perineurial glia require Notch signaling 
during motor nerve development but not regeneration. The J Neurosci: 
Off J Soc Neurosci. 2013;33(10):4241–52.

	 48.	 Jang YN, Baik EJ. JAK-STAT pathway and myogenic differentiation. 
JAKSTAT. 2013;2(2): e23282.

	 49.	 Jeanette H, Marziali LN, Bhatia U, Hellman A, Herron J, Kopec AM, et al. 
YAP and TAZ regulate Schwann cell proliferation and differentiation 
during peripheral nerve regeneration. Glia. 2021;69(4):1061–74.

	 50.	 Li L, Xie T. Stem cell niche: structure and function. Annu Rev Cell Dev 
Biol. 2005;21:605–31.

	 51.	 Sèbe P, Doucet C, Cornu J-N, Ciofu C, Costa P, de Medina SGD, et al. 
Intrasphincteric injections of autologous muscular cells in women with 
refractory stress urinary incontinence: a prospective study. Int Urogy-
necol J. 2010;22(2):183–9.

	 52.	 Carr LK, Robert M, Kultgen PL, Herschorn S, Birch C, Murphy M, et al. 
Autologous muscle derived cell therapy for stress urinary incontinence: 
a prospective, dose ranging study. J Urol. 2013;189(2):595–601.

	 53.	 Stangel-Wojcikiewicz K, Jarocha D, Piwowar M, Jach R, Uhl T, Basta A, 
et al. Autologous muscle-derived cells for the treatment of female 
stress urinary incontinence: a 2-year follow-up of a Polish investigation. 
Neurourol Urodyn. 2014;33(3):324–30.

	 54.	 Li L, Zhang D, Li P, Damaser M, Zhang Y. Virus integration and genome 
influence in approaches to stem cell based therapy for andro-urology. 
Adv Drug Deliv Rev. 2015;82–83:12–21.

	 55.	 Liu G, Pareta RA, Wu R, Shi Y, Zhou X, Liu H, et al. Skeletal myogenic dif-
ferentiation of urine-derived stem cells and angiogenesis using micro-
beads loaded with growth factors. Biomaterials. 2013;34(4):1311–26.

	 56.	 Liu G, Sun X, Bian J, Wu R, Guan X, Ouyang B, et al. Correction of diabetic 
erectile dysfunction with adipose derived stem cells modified with the 
vascular endothelial growth factor gene in a rodent diabetic model. 
PLoS ONE. 2013;8(8): e72790.

	 57.	 Liu G, Wang X, Sun X, Deng C, Atala A, Zhang Y. The effect of urine-
derived stem cells expressing VEGF loaded in collagen hydrogels on 
myogenesis and innervation following after subcutaneous implanta-
tion in nude mice. Biomaterials. 2013;34(34):8617–29.

	 58.	 Liu G, Wu R, Yang B, Shi Y, Deng C, Atala A, et al. A cocktail of growth 
factors released from a heparin hyaluronic-acid hydrogel promotes the 
myogenic potential of human urine-derived stem cells in vivo. Acta 
Biomater. 2020;107:50–64.

	 59.	 Zhao W, Zhang C, Jin C, Zhang Z, Kong D, Xu W, et al. Periurethral injec-
tion of autologous adipose-derived stem cells with controlled-release 
nerve growth factor for the treatment of stress urinary incontinence in 
a rat model. Eur Urol. 2011;59(1):155–63.

	 60.	 Lin M, Liu X, Zheng H, Huang X, Wu Y, Huang A, et al. IGF-1 enhances 
BMSC viability, migration, and anti-apoptosis in myocardial infarction 
via secreted frizzled-related protein 2 pathway. Stem Cell Res Ther. 
2020;11(1):22.

	 61.	 Fang J, Peng T, Liu J, Liu H, Liu T, Zhang Z, et al. Muscle-derived stem 
cells combined with nerve growth factor transplantation in the treat-
ment of stress urinary incontinence. Urology. 2022;166:126–32.

	 62.	 Safari B, Davaran S, Aghanejad A. Osteogenic potential of the growth 
factors and bioactive molecules in bone regeneration. Int J Biol Macro-
mol. 2021;175:544–57.

	 63.	 Wang Z, Wang Z, Lu WW, Zhen W, Yang D, Peng S. Novel biomaterial 
strategies for controlled growth factor delivery for biomedical applica-
tions. NPG Asia Mater. 2017;9(10):e435.

	 64.	 Carragee EJ, Chu G, Rohatgi R, Hurwitz EL, Weiner BK, Yoon ST, et al. 
Cancer risk after use of recombinant bone morphogenetic protein-2 for 
spinal arthrodesis. J Bone Joint Surg Am. 2013;95(17):1537–45.

	 65.	 Simons M, Ware JA. Therapeutic angiogenesis in cardiovascular disease. 
Nat Rev Drug Discov. 2003;2(11):863–71.

	 66.	 Smagul S, Kim Y, Smagulova A, Raziyeva K, Nurkesh A, Saparov A. 
Biomaterials loaded with growth factors/cytokines and stem cells for 
cardiac tissue regeneration. Int J Mol Sci. 2020. https://​doi.​org/​10.​3390/​
ijms2​11759​52.

https://doi.org/10.3390/ijms23063401
https://doi.org/10.1101/cshperspect.a023200
https://doi.org/10.1172/JCI143737
https://doi.org/10.3390/ijms222413380
https://doi.org/10.3390/ijms21228652
https://doi.org/10.3390/ijms23031464
https://doi.org/10.3390/ijms23031464
https://doi.org/10.3390/ijms21134759
https://doi.org/10.3389/fcell.2016.00091
https://doi.org/10.3390/ijms21175952
https://doi.org/10.3390/ijms21175952


Page 19 of 23Shan et al. Cell & Bioscience           (2023) 13:56 	

	 67.	 Van Damme L, Blondeel P, Van Vlierberghe S. Injectable biomaterials as 
minimal invasive strategy towards soft tissue regeneration—an over-
view. J Phys: Mater. 2021. https://​doi.​org/​10.​1088/​2515-​7639/​abd4f3.

	 68.	 Liu L, Zhou X, Xu Y, Zhang W, Liu CH, Wang X. Controlled release 
of growth factors for regenerative medicine. Curr Pharm Des. 
2015;21(12):1627–32.

	 69.	 Malafaya PB, Silva GA, Reis RL. Natural-origin polymers as carriers and 
scaffolds for biomolecules and cell delivery in tissue engineering appli-
cations. Adv Drug Deliv Rev. 2007;59(4–5):207–33.

	 70.	 Subbiah R, Guldberg RE. Materials science and design principles of 
growth factor delivery systems in tissue engineering and regenerative 
medicine. Adv Healthc Mater. 2019;8(1): e1801000.

	 71.	 Zhu J. Bioactive modification of poly(ethylene glycol) hydrogels for 
tissue engineering. Biomaterials. 2010;31(17):4639–56.

	 72.	 Allen AB, Priddy LB, Li MT, Guldberg RE. Functional augmentation of 
naturally-derived materials for tissue regeneration. Ann Biomed Eng. 
2015;43(3):555–67.

	 73.	 Smith JA, Nicaise AM, Ionescu RB, Hamel R, Peruzzotti-Jametti L, 
Pluchino S. Stem cell therapies for progressive multiple sclerosis. Front 
Cell Dev Biol. 2021;9: 696434.

	 74.	 Ji XL, Ma L, Zhou WH, Xiong M. Narrative review of stem cell therapy for 
ischemic brain injury. Transl Pediatr. 2021;10(2):435–45.

	 75.	 Janssen K, Lin DL, Hanzlicek B, Deng K, Balog BM, van der Vaart CH, 
et al. Multiple doses of stem cells maintain urethral function in a model 
of neuromuscular injury resulting in stress urinary incontinence. Am J 
Physiol Renal Physiol. 2019;317(4):F1047–57.

	 76.	 Kinebuchi Y, Aizawa N, Imamura T, Ishizuka O, Igawa Y, Nishizawa O. 
Autologous bone-marrow-derived mesenchymal stem cell transplanta-
tion into injured rat urethral sphincter. Int J Urol. 2010;17(4):359–68.

	 77.	 Li GY, Zhou F, Gong YQ, Cui WS, Yuan YM, Song WD, et al. Activation of 
VEGF and ERK1/2 and improvement of urethral function by adipose-
derived stem cells in a rat stress urinary incontinence model. Urology. 
2012;80(4):953 e1.

	 78.	 Aghaee-Afshar M, Rezazadehkermani M, Asadi A, Malekpour-Afshar R, 
Shahesmaeili A, Nematollahi-mahani SN. Potential of human umbilical 
cord matrix and rabbit bone marrow-derived mesenchymal stem cells 
in repair of surgically incised rabbit external anal sphincter. Dis Colon 
Rectum. 2009;52(10):1753–61.

	 79.	 Kang SB, Lee HN, Lee JY, Park JS, Lee HS, Lee JY. Sphincter contractility 
after muscle-derived stem cells autograft into the cryoinjured anal 
sphincters of rats. Dis Colon Rectum. 2008;51(9):1367–73.

	 80.	 Sarveazad A, Babahajian A, Yari A, Rayner CK, Mokhtare M, Babaei-
Ghazani A, et al. Combination of laser and human adipose-derived 
stem cells in repair of rabbit anal sphincter injury: a new therapeutic 
approach. Stem Cell Res Ther. 2019;10(1):367.

	 81.	 Spees JL, Lee RH, Gregory CA. Mechanisms of mesenchymal stem/
stromal cell function. Stem Cell Res Ther. 2016;7(1):125.

	 82.	 Prockop DJ, Oh JY. Medical therapies with adult stem/progenitor cells 
(MSCs): a backward journey from dramatic results in vivo to the cellular 
and molecular explanations. J Cell Biochem. 2012;113(5):1460–9.

	 83.	 Paliwal S, Chaudhuri R, Agrawal A, Mohanty S. Regenerative abilities of 
mesenchymal stem cells through mitochondrial transfer. J Biomed Sci. 
2018;25(1):31.

	 84.	 Tsiapalis D, O’Driscoll L. Mesenchymal Stem Cell Derived Extracellular 
Vesicles for Tissue Engineering and Regenerative Medicine Applica-
tions. Cells. 2020. https://​doi.​org/​10.​3390/​cells​90409​91.

	 85.	 Chen W, He Z, Li S, Wu Z, Tan J, Yang W, et al. The effect of mesenchy-
mal stem cells, adipose tissue derived stem cells, and cellular stromal 
vascular fraction on the repair of acute anal Sphincter Injury in Rats. 
Bioengineering (Basel). 2022. https://​doi.​org/​10.​3390/​bioen​ginee​ring9​
070318.

	 86.	 Gruh I, Martin U. Transdifferentiation of stem cells: a critical view. Adv 
Biochem Eng Biotechnol. 2009;114:73–106.

	 87.	 Bharadwaj S, Liu G, Shi Y, Wu R, Yang B, He T, et al. Multipotential differ-
entiation of human urine-derived stem cells: potential for therapeutic 
applications in urology. Stem cells. 2013;31(9):1840–56.

	 88.	 Chen W, Xie M, Yang B, Bharadwaj S, Song L, Liu G, et al. Skeletal 
myogenic differentiation of human urine-derived cells as a potential 
source for skeletal muscle regeneration. J Tissue Eng Regen Med. 
2017;11(2):334–41.

	 89.	 Huard J, Yokoyama T, Pruchnic R, Qu Z, Li Y, Lee JY, et al. Muscle-derived 
cell-mediated ex vivo gene therapy for urological dysfunction. Gene 
Ther. 2002;9(23):1617–26.

	 90.	 Nolazco G, Kovanecz I, Vernet D, Gelfand RA, Tsao J, Ferrini MG, et al. 
Effect of muscle-derived stem cells on the restoration of corpora 
cavernosa smooth muscle and erectile function in the aged rat. BJU Int. 
2008;101(9):1156–64.

	 91.	 Tamaki T, Uchiyama Y, Okada Y, Ishikawa T, Sato M, Akatsuka A, et al. 
Functional recovery of damaged skeletal muscle through synchronized 
vasculogenesis, myogenesis, and neurogenesis by muscle-derived 
stem cells. Circulation. 2005;112(18):2857–66.

	 92.	 Usas A, Huard J. Muscle-derived stem cells for tissue engineering and 
regenerative therapy. Biomaterials. 2007;28(36):5401–6.

	 93.	 Wu X, Wang S, Chen B, An X. Muscle-derived stem cells: isolation, char-
acterization, differentiation, and application in cell and gene therapy. 
Cell Tissue Res. 2010;340(3):549–67.

	 94.	 Huang YZ, He T, Cui J, Jiang YL, Zeng JF, Zhang WQ, et al. Urine-derived 
stem cells for regenerative medicine: basic biology, applications, and 
challenges. Tissue Eng Part B Rev. 2022;28(5):978–94.

	 95.	 Wu R, Soland M, Liu G, Shi Y, Zhang C, Tang Y, et al. Functional character-
ization of the immunomodulatory properties of human urine-derived 
stem cells. Transl Androl Urol. 2021;10(9):3566–78.

	 96.	 Salani S, Donadoni C, Rizzo F, Bresolin N, Comi GP, Corti S. Generation 
of skeletal muscle cells from embryonic and induced pluripotent stem 
cells as an in vitro model and for therapy of muscular dystrophies. J Cell 
Mol Med. 2012;16(7):1353–64.

	 97.	 Li Y, Green M, Wen Y, Wei Y, Wani P, Wang Z, et al. efficacy and safety of 
immuno-magnetically sorted smooth muscle progenitor cells derived 
from human-induced pluripotent stem cells for restoring urethral 
sphincter function. Stem Cells Transl Med. 2017;6(4):1158–67.

	 98.	 Li Y, Wen Y, Wang Z, Wei Y, Wani P, Green M, et al. Smooth muscle 
progenitor cells derived from human pluripotent stem cells induce 
histologic changes in injured urethral sphincter. Stem Cells Transl Med. 
2016;5(12):1719–29.

	 99.	 Wang Z, Wen Y, Li YH, Wei Y, Green M, Wani P, et al. Smooth muscle pre-
cursor cells derived from human pluripotent stem cells for treatment of 
stress urinary incontinence. Stem Cells Dev. 2016;25(6):453–61.

	100.	 Patsch C, Challet-Meylan L, Thoma EC, Urich E, Heckel T, O’Sullivan JF, 
et al. Generation of vascular endothelial and smooth muscle cells from 
human pluripotent stem cells. Nat Cell Biol. 2015;17(8):994–1003.

	101.	 Pantelic MN, Larkin LM. Stem Cells for Skeletal Muscle Tissue Engineer-
ing. Tissue Eng Part B Rev. 2018;24(5):373–91.

	102.	 Gao X, Ma S, Xing X, Yang J, Xu X, Liang C, et al. Microvessels derived 
from hiPSCs are a novel source for angiogenesis and tissue regenera-
tion. J Tissue Eng. 2022;13:20417314221143240.

	103.	 Wang Y, Pan J, Wang D, Liu J. The use of stem cells in neural regen-
eration: a review of current opinion. Curr Stem Cell Res Ther. 
2018;13(7):608–17.

	104.	 Yi S, Zhang Y, Gu X, Huang L, Zhang K, Qian T, et al. Application of stem 
cells in peripheral nerve regeneration. Burns Trauma. 2020;8:2.

	105.	 Fralish Z, Lotz EM, Chavez T, Khodabukus A, Bursac N. Neuromuscular 
development and disease: learning from in vitro and in vivo models. 
Front Cell Dev Biol. 2021;9: 764732.

	106.	 Pasricha PJ, Ahmed I, Jankowski RJ, Micci MA. Endoscopic injection of 
skeletal muscle-derived cells augments gut smooth muscle sphincter 
function: implications for a novel therapeutic approach. Gastrointest 
Endosc. 2009;70(6):1231–7.

	107.	 Okamoto R, Yajima T, Yamazaki M, Kanai T, Mukai M, Okamoto S, et al. 
Damaged epithelia regenerated by bone marrow-derived cells in the 
human gastrointestinal tract. Nat Med. 2002;8(9):1011–7.

	108.	 Rantanen TK, Sihvo EI, Rasanen JV, Hynninen M, Salo JA. Esophageal 
ulcer as a cause of death: a population-C Mortality of Esophageal Ulcer 
Disease. Digestion. 2015;91(4):272–6.

	109.	 Qin D, Long T, Deng J, Zhang Y. Urine-derived stem cells for potential 
use in bladder repair. Stem Cell Res Ther. 2014;5(3):69.

	110.	 Zhang Y, McNeill E, Tian H, Soker S, Andersson KE, Yoo JJ, et al. Urine 
derived cells are a potential source for urological tissue reconstruction. 
J Urol. 2008;180(5):2226–33.

	111.	 Guan JJ, Niu X, Gong FX, Hu B, Guo SC, Lou YL, et al. Biological char-
acteristics of human-urine-derived stem cells: potential for cell-based 
therapy in neurology. Tissue Eng Part A. 2014;20(13–14):1794–806.

https://doi.org/10.1088/2515-7639/abd4f3
https://doi.org/10.3390/cells9040991
https://doi.org/10.3390/bioengineering9070318
https://doi.org/10.3390/bioengineering9070318


Page 20 of 23Shan et al. Cell & Bioscience           (2023) 13:56 

	112.	 Wu R, Huang C, Wu Q, Jia X, Liu M, Xue Z, et al. Exosomes secreted 
by urine-derived stem cells improve stress urinary incontinence by 
promoting repair of pubococcygeus muscle injury in rats. Stem Cell Res 
Ther. 2019;10(1):80.

	113.	 Burdzinska A, Dybowski B, Zarychta-Wiśniewska W, Kulesza A, Butrym 
M, Zagozdzon R, et al. Intraurethral co-transplantation of bone mar-
row mesenchymal stem cells and muscle-derived cells improves the 
urethral closure. Stem Cell Res Ther. 2018. https://​doi.​org/​10.​1186/​
s13287-​018-​0990-2.

	114.	 Corcos J, Loutochin O, Campeau L, Eliopoulos N, Bouchentouf M, Blok B, 
et al. Bone marrow mesenchymal stromal cell therapy for external ure-
thral sphincter restoration in a rat model of stress urinary incontinence. 
Neurourol Urodyn. 2011;30(3):447–55.

	115.	 Mazzanti B, Lorenzi B, Borghini A, Boieri M, Ballerini L, Saccardi R, et al. 
Local injection of bone marrow progenitor cells for the treatment of 
anal sphincter injury: in-vitro expanded versus minimally-manipulated 
cells. Stem Cell Res Ther. 2016;7(1):85.

	116.	 Mazzanti B, Lorenzi B, Lorenzoni P, Borghini A, Boieri M, Lorenzi M, et al. 
Treatment of experimental esophagogastric myotomy with bone mar-
row mesenchymal stem cells in a rat model. Neurogastroenterol Motil. 
2013;25(10):e669–79.

	117.	 Wu CH, Lee FK, Suresh Kumar S, Ling QD, Chang Y, Chang Y, et al. The 
isolation and differentiation of human adipose-derived stem cells using 
membrane filtration. Biomaterials. 2012;33(33):8228–39.

	118.	 Lin HR, Heish CW, Liu CH, Muduli S, Li HF, Higuchi A, et al. Purification 
and differentiation of human adipose-derived stem cells by membrane 
filtration and membrane migration methods. Sci Rep. 2017;7:40069.

	119.	 Higuchi A, Wang CT, Ling QD, Lee HH, Kumar SS, Chang Y, et al. A 
hybrid-membrane migration method to isolate high-purity adipose-
derived stem cells from fat tissues. Sci Rep. 2015;5:10217.

	120.	 Jia Z, Liang Y, Xu X, Li X, Liu Q, Ou Y, et al. Isolation and characteriza-
tion of human mesenchymal stem cells derived from synovial fluid by 
magnetic-activated cell sorting (MACS). Cell Biol Int. 2018;42(3):262–71.

	121.	 Smith RJP, Faroni A, Barrow JR, Soul J, Reid AJ. The angiogenic potential 
of CD271+ human adipose tissue-derived mesenchymal stem cells. 
Stem Cell Res Ther. 2021;12(1):160.

	122.	 Toyota A, Shinagawa R, Mano M, Tokioka K, Suda N. Regeneration in 
experimental alveolar bone defect using human umbilical cord mesen-
chymal stem cells. Cell Transplant. 2021;30:963689720975391.

	123.	 Nagase K, Edatsune G, Nagata Y, Matsuda J, Ichikawa D, Yamada S, et al. 
Thermally-modulated cell separation columns using a thermorespon-
sive block copolymer brush as a packing material for the purification of 
mesenchymal stem cells. Biomater Sci. 2021;9(21):7054–64.

	124.	 Nagase K, Okada A, Matsuda J, Ichikawa D, Hattori Y, Kanazawa H. A 
thermoresponsive cationic block copolymer brush-grafted silica bead 
interface for temperature-modulated separation of adipose-derived 
stem cells. Colloids Surf B Biointerfaces. 2022;220: 112928.

	125.	 Xie Z, Yu W, Ye G, Li J, Zheng G, Liu W, et al. Single-cell RNA sequenc-
ing analysis of human bone-marrow-derived mesenchymal stem 
cells and functional subpopulation identification. Exp Mol Med. 
2022;54(4):483–92.

	126.	 Zhang C, Han X, Liu J, Chen L, Lei Y, Chen K, et al. Single-cell transcrip-
tomic analysis reveals the cellular heterogeneity of mesenchymal stem 
cells. Genomics Proteomics Bioinformatics. 2022. https://​doi.​org/​10.​
1016/j.​gpb.​2022.​01.​005.

	127.	 Cheng J, Zhao ZW, Wen JR, Wang L, Huang LW, Yang YL, et al. Status, 
challenges, and future prospects of stem cell therapy in pelvic floor 
disorders. World J Clin Cases. 2020;8(8):1400–13.

	128.	 Sima Y, Chen Y. MSC-based therapy in female pelvic floor disorders. Cell 
Biosci. 2020;10:104.

	129.	 Balaphas A, Meyer J, Meier RPH, Liot E, Buchs NC, Roche B, et al. Cell 
therapy for anal Sphincter incontinence: where do we stand? Cells. 
2021. https://​doi.​org/​10.​3390/​cells​10082​086.

	130.	 Garcia-Arranz M, Alonso-Gregorio S, Fontana-Portella P, Bravo E, Diez 
Sebastian J, Fernandez-Santos ME, et al. Two phase I/II clinical trials for 
the treatment of urinary incontinence with autologous mesenchymal 
stem cells. Stem Cells Transl Med. 2020;9(12):1500–8.

	131.	 Mahboubeh M, Hamid P, Azar D, Mohammadali B, Alireza F, Mohsen 
B. Short and Medium-term results of the autologous adult mucosa 
stem cell therapy compared with mini-sling surgery in the treatment 
of women’s stress urinary incontinence; a randomized clinical trial. Curr 

Stem Cell Res Ther. 2022. https://​doi.​org/​10.​2174/​15748​88X17​66622​
03300​10453.

	132.	 Boyer O, Bridoux V, Giverne C, Bisson A, Koning E, Leroi A-M, et al. 
Autologous myoblasts for the treatment of fecal incontinence. Ann 
Surg. 2018;267(3):443–50.

	133.	 Manodoro S, Frigerio M, Barba M, Bosio S, de Vitis LA, Marconi AM. Stem 
cells in clinical trials for pelvic floor disorders: a systematic literature 
review. Reprod Sci. 2021. https://​doi.​org/​10.​1007/​s43032-​021-​00745-6.

	134.	 Barakat B, Franke K, Schakaki S, Hijazi S, Hasselhof V, Vogeli TA. Stem 
cell applications in regenerative medicine for stress urinary inconti-
nence: a review of effectiveness based on clinical trials. Arab J Urol. 
2020;18(3):194–205.

	135.	 Farhat W, Hasan A, Lucia L, Becquart F, Ayoub A, Kobeissy F. Hydro-
gels for advanced stem cell therapies: a biomimetic materials 
approach for enhancing natural tissue function. IEEE Rev Biomed Eng. 
2019;12:333–51.

	136.	 Alvarado-Velez M, Pai SB, Bellamkonda RV. Hydrogels as carriers for stem 
cell transplantation. IEEE Trans Biomed Eng. 2014;61(5):1474–81.

	137.	 Edalat F, Bae H, Manoucheri S, Cha JM, Khademhosseini A. Engineer-
ing approaches toward deconstructing and controlling the stem cell 
environment. Ann Biomed Eng. 2012;40(6):1301–15.

	138.	 Fuchs E, Blau HM. Tissue stem cells: architects of their niches. Cell Stem 
Cell. 2020;27(4):532–56.

	139.	 Rodrigues M, Griffith LG, Wells A. Growth factor regulation of prolifera-
tion and survival of multipotential stromal cells. Stem Cell Res Ther. 
2010;1(4):32.

	140.	 Caldwell MA, He X, Wilkie N, Pollack S, Marshall G, Wafford KA, et al. 
Growth factors regulate the survival and fate of cells derived from 
human neurospheres. Nat Biotechnol. 2001;19(5):475–9.

	141.	 Li R, Li DH, Zhang HY, Wang J, Li XK, Xiao J. Growth factors-based thera-
peutic strategies and their underlying signaling mechanisms for periph-
eral nerve regeneration. Acta Pharmacol Sin. 2020;41(10):1289–300.

	142.	 Boyd AS, Higashi Y, Wood KJ. Transplanting stem cells: potential 
targets for immune attack. Modulating the immune response 
against embryonic stem cell transplantation. Adv Drug Deliv Rev. 
2005;57(13):1944–69.

	143.	 Alvarado-Velez M, Enam SF, Mehta N, Lyon JG, LaPlaca MC, Bellamkonda 
RV. Immuno-suppressive hydrogels enhance allogeneic MSC survival 
after transplantation in the injured brain. Biomaterials. 2021;266: 
120419.

	144.	 Demarquay C, Moussa L, Rethore G, Milliat F, Weiss P, Mathieu N. 
Embedding MSCs in Si-HPMC hydrogel decreased MSC-directed host 
immune response and increased the regenerative potential of mac-
rophages. Regen Biomater. 2022;9:rbac022.

	145.	 Battegay EJ, Rupp J, Iruela-Arispe L, Sage EH, Pech M. PDGF-BB 
modulates endothelial proliferation and angiogenesis in vitro via PDGF 
beta-receptors. J Cell Biol. 1994;125(4):917–28.

	146.	 Pinol-Jurado P, Gallardo E, de Luna N, Suarez-Calvet X, Sanchez-Riera C, 
Fernandez-Simon E, et al. Platelet-derived growth factor BB influences 
muscle regeneration in duchenne muscle dystrophy. Am J Pathol. 
2017;187(8):1814–27.

	147.	 Funa K, Sasahara M. The roles of PDGF in development and during neu-
rogenesis in the normal and diseased nervous system. J Neuroimmune 
Pharmacol. 2014;9(2):168–81.

	148.	 Ma J, Tang W, Gu R, Hu F, Zhang L, Wu J, et al. SHP-2-induced activation 
of c-Myc is involved in PDGF-B-regulated cell proliferation and angio-
genesis in RMECs. Front Physiol. 2020;11: 555006.

	149.	 Li J, Wei Y, Liu K, Yuan C, Tang Y, Quan Q, et al. Synergistic effects of 
FGF-2 and PDGF-BB on angiogenesis and muscle regeneration in rabbit 
hindlimb ischemia model. Microvasc Res. 2010;80(1):10–7.

	150.	 Kollias HD, McDermott JC. Transforming growth factor-beta 
and myostatin signaling in skeletal muscle. J Appl Physiol. 
2008;104(3):579–87.

	151.	 Calvier L, Chouvarine P, Legchenko E, Hoffmann N, Geldner J, Borchert 
P, et al. PPARgamma links BMP2 and TGFbeta1 pathways in vascular 
smooth muscle cells, regulating cell proliferation and glucose metabo-
lism. Cell Metab. 2017;25(5):1118–34.

	152.	 Fang P, Deng WJ, Fan N, Shi J, Shi HY, Ou L, et al. AMOTL2 restrains trans-
forming growth factor-beta1-induced proliferation and extracellular 
matrix deposition of airway smooth muscle cells via the down-regula-
tion of YAP1 activation. Environ Toxicol. 2021;36(11):2225–35.

https://doi.org/10.1186/s13287-018-0990-2
https://doi.org/10.1186/s13287-018-0990-2
https://doi.org/10.1016/j.gpb.2022.01.005
https://doi.org/10.1016/j.gpb.2022.01.005
https://doi.org/10.3390/cells10082086
https://doi.org/10.2174/1574888X17666220330010453
https://doi.org/10.2174/1574888X17666220330010453
https://doi.org/10.1007/s43032-021-00745-6


Page 21 of 23Shan et al. Cell & Bioscience           (2023) 13:56 	

	153.	 Ardila DC, Tamimi E, Danford FL, Haskett DG, Kellar RS, Doetschman T, 
et al. TGFbeta2 differentially modulates smooth muscle cell prolifera-
tion and migration in electrospun gelatin-fibrinogen constructs. 
Biomaterials. 2015;37:164–73.

	154.	 Kurpinski K, Lam H, Chu J, Wang A, Kim A, Tsay E, et al. Transforming 
growth factor-beta and notch signaling mediate stem cell differentia-
tion into smooth muscle cells. Stem cells. 2010;28(4):734–42.

	155.	 Kastner S, Elias MC, Rivera AJ, Yablonka-Reuveni Z. Gene expres-
sion patterns of the fibroblast growth factors and their receptors 
during myogenesis of rat satellite cells. J Histochem Cytochem. 
2000;48(8):1079–96.

	156.	 Sheehan SM, Allen RE. Skeletal muscle satellite cell proliferation in 
response to members of the fibroblast growth factor family and 
hepatocyte growth factor. J Cell Physiol. 1999;181(3):499–506.

	157.	 Allodi I, Mecollari V, Gonzalez-Perez F, Eggers R, Hoyng S, Verhaagen 
J, et al. Schwann cells transduced with a lentiviral vector encoding 
Fgf-2 promote motor neuron regeneration following sciatic nerve 
injury. Glia. 2014;62(10):1736–46.

	158.	 Grothe C, Haastert K, Jungnickel J. Physiological function and puta-
tive therapeutic impact of the FGF-2 system in peripheral nerve 
regeneration–lessons from in vivo studies in mice and rats. Brain Res 
Rev. 2006;51(2):293–9.

	159.	 Lu Y, Li R, Zhu J, Wu Y, Li D, Dong L, et al. Fibroblast growth factor 
21 facilitates peripheral nerve regeneration through suppress-
ing oxidative damage and autophagic cell death. J Cell Mol Med. 
2019;23(1):497–511.

	160.	 Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its receptors. 
Nat Med. 2003;9(6):669–76.

	161.	 Verma M, Asakura Y, Murakonda BSR, Pengo T, Latroche C, Chazaud 
B, et al. Muscle satellite cell cross-talk with a vascular niche maintains 
quiescence via VEGF and notch signaling. Cell stem cell. 2018;23(4):530-
49 e9.

	162.	 Bautch VL. Stem cells and the vasculature. Nat Med. 
2011;17(11):1437–43.

	163.	 Licht T, Rothe G, Kreisel T, Wolf B, Benny O, Rooney AG, et al. VEGF pre-
conditioning leads to stem cell remodeling and attenuates age-related 
decay of adult hippocampal neurogenesis. Proc Natl Acad Sci U S A. 
2016;113(48):E7828–36.

	164.	 Fang S, Chen S, Nurmi H, Leppanen VM, Jeltsch M, Scadden D, et al. 
VEGF-C protects the integrity of the bone marrow perivascular niche in 
mice. Blood. 2020;136(16):1871–83.

	165.	 Cucina A, Borrelli V, Randone B, Coluccia P, Sapienza P, Cavallaro A. Vas-
cular endothelial growth factor increases the migration and prolifera-
tion of smooth muscle cells through the mediation of growth factors 
released by endothelial cells. J Surg Res. 2003;109(1):16–23.

	166.	 Liu X, Lin CS, Graziottin T, Resplande J, Lue TF. Vascular endothelial 
growth factor promotes proliferation and migration of cavernous 
smooth muscle cells. J Urol. 2001;166(1):354–60.

	167.	 Theis V, Theiss C. VEGF - a stimulus for neuronal development 
and regeneration in the CNS and PNS. Curr Protein Pept Sci. 
2018;19(6):589–97.

	168.	 Huang EJ, Reichardt LF. Neurotrophins: roles in neuronal development 
and function. Annu Rev Neurosci. 2001;24:677–736.

	169.	 Sakuma K, Yamaguchi A. The recent understanding of the neuro-
trophin’s role in skeletal muscle adaptation. J Biomed Biotechnol. 
2011;2011: 201696.

	170.	 Clow C, Jasmin BJ. Brain-derived neurotrophic factor regulates satel-
lite cell differentiation and skeltal muscle regeneration. Mol Biol Cell. 
2010;21(13):2182–90.

	171.	 Capsoni S, Ruberti F, Di Daniel E, Cattaneo A. Muscular dystrophy in 
adult and aged anti-NGF transgenic mice resembles an inclusion body 
myopathy. J Neurosci Res. 2000;59(4):553–60.

	172.	 Ernfors P, Lee KF, Kucera J, Jaenisch R. Lack of neurotrophin-3 leads to 
deficiencies in the peripheral nervous system and loss of limb proprio-
ceptive afferents. Cell. 1994;77(4):503–12.

	173.	 Carrasco DI, English AW. Neurotrophin 4/5 is required for the normal 
development of the slow muscle fiber phenotype in the rat soleus. J 
Exp Biol. 2003;206(Pt 13):2191–200.

	174.	 Ascenzi F, Barberi L, Dobrowolny G, Villa Nova Bacurau A, Nicoletti C, 
Rizzuto E, et al. Effects of IGF-1 isoforms on muscle growth and sarco-
penia. Aging Cell. 2019;18(3):e12954.

	175.	 Nieto-Estevez V, Defterali C, Vicario-Abejon C. IGF-I: a key growth factor 
that regulates neurogenesis and synaptogenesis from embryonic to 
adult stages of the brain. Front Neurosci. 2016;10:52.

	176.	 Sullivan KA, Kim B, Feldman EL. Insulin-like growth factors in the periph-
eral nervous system. Endocrinology. 2008;149(12):5963–71.

	177.	 Wei W, Howard PS, Macarak EJ. Recombinant insulin-like growth fac-
tor-1 activates satellite cells in the mouse urethral rhabdosphincter. 
BMC Urol. 2013;13:62.

	178.	 Anguela XM, High KA. Entering the modern era of gene therapy. Annu 
Rev Med. 2019;70:273–88.

	179.	 Gardlik R, Palffy R, Hodosy J, Lukacs J, Turna J, Celec P. Vectors and deliv-
ery systems in gene therapy. Med Sci Monit. 2005;11(4):110–21.

	180.	 Nayerossadat N, Maedeh T, Ali PA. Viral and nonviral delivery systems for 
gene delivery. Adv Biomed Res. 2012;1:27.

	181.	 Sung YK, Kim SW. Recent advances in the development of gene 
delivery systems. Biomater Res. 2019. https://​doi.​org/​10.​1186/​
s40824-​019-​0156-z.

	182.	 Ouyang B, Sun X, Han D, Chen S, Yao B, Gao Y, et al. Human urine-
derived stem cells alone or genetically-modified with FGF2 Improve 
type 2 diabetic erectile dysfunction in a rat model. PLoS ONE. 2014;9(3): 
e92825.

	183.	 Yang Q, Chen X, Zheng T, Han D, Zhang H, Shi Y, et al. Transplantation of 
human urine-derived stem cells transfected with pigment epithelium-
derived factor to protect erectile function in a rat model of cavernous 
nerve injury. Cell Transplant. 2016;25(11):1987–2001.

	184.	 Raper SE, Chirmule N, Lee FS, Wivel NA, Bagg A, Gao GP, et al. Fatal 
systemic inflammatory response syndrome in a ornithine transcarba-
mylase deficient patient following adenoviral gene transfer. Mol Genet 
Metab. 2003;80(1–2):148–58.

	185.	 Fu Y, Foden JA, Khayter C, Maeder ML, Reyon D, Joung JK, et al. High-
frequency off-target mutagenesis induced by CRISPR-Cas nucleases in 
human cells. Nat Biotechnol. 2013;31(9):822–6.

	186.	 Koo T, Lee J, Kim JS. Measuring and reducing off-target activi-
ties of programmable nucleases including CRISPR-Cas9. Mol Cells. 
2015;38(6):475–81.

	187.	 Kamaly N, Yameen B, Wu J, Farokhzad OC. Degradable controlled-
release polymers and polymeric nanoparticles: mechanisms of control-
ling drug release. Chem Rev. 2016;116(4):2602–63.

	188.	 Zhang R, Xie L, Wu H, Yang T, Zhang Q, Tian Y, et al. Alginate/laponite 
hydrogel microspheres co-encapsulating dental pulp stem cells and 
VEGF for endodontic regeneration. Acta Biomater. 2020;113:305–16.

	189.	 Bahadoran M, Shamloo A, Nokoorani YD. Development of a polyvinyl 
alcohol/sodium alginate hydrogel-based scaffold incorporating bFGF-
encapsulated microspheres for accelerated wound healing. Sci Rep. 
2020;10(1):7342.

	190.	 Dhamecha D, Movsas R, Sano U, Menon JU. Applications of alginate 
microspheres in therapeutics delivery and cell culture: past, present 
and future. Int J Pharm. 2019;569: 118627.

	191.	 Uyen NTT, Hamid ZAA, Tram NXT, Ahmad N. Fabrication of algi-
nate microspheres for drug delivery: a review. Int J Biol Macromol. 
2020;153:1035–46.

	192.	 Pinkas O, Goder D, Noyvirt R, Peleg S, Kahlon M, Zilberman M. Structur-
ing of composite hydrogel bioadhesives and its effect on properties 
and bonding mechanism. Acta Biomater. 2017;51:125–37.

	193.	 Yan H, Zhong L, Jiang Y, Yang J, Deng J, Wei S, et al. Controlled release 
of insulin-like growth factor 1 enhances urethral sphincter function and 
histological structure in the treatment of female stress urinary inconti-
nence in a rat model. BJU Int. 2018;121(2):301–12.

	194.	 Pike DB, Cai S, Pomraning KR, Firpo MA, Fisher RJ, Shu XZ, et al. Heparin-
regulated release of growth factors in vitro and angiogenic response 
in vivo to implanted hyaluronan hydrogels containing VEGF and bFGF. 
Biomaterials. 2006;27(30):5242–51.

	195.	 Wissink MJ, Beernink R, Pieper JS, Poot AA, Engbers GH, Beugeling T, 
et al. Binding and release of basic fibroblast growth factor from hep-
arinized collagen matrices. Biomaterials. 2001;22(16):2291–9.

	196.	 Wissink MJ, Beernink R, Poot AA, Engbers GH, Beugeling T, van Aken 
WG, et al. Improved endothelialization of vascular grafts by local release 
of growth factor from heparinized collagen matrices. J Control Release. 
2000;64(1–3):103–14.

	197.	 Bin Z, Zhihu Z, Jianxiong M, Xinlong M. Repairing peripheral nerve 
defects with revascularized tissue-engineered nerve based on a 

https://doi.org/10.1186/s40824-019-0156-z
https://doi.org/10.1186/s40824-019-0156-z


Page 22 of 23Shan et al. Cell & Bioscience           (2023) 13:56 

vascular endothelial growth factor-heparin sustained release system. J 
Tissue Eng Regen Med. 2020;14(6):819–28.

	198.	 Zhang Y, He Y, Bharadwaj S, Hammam N, Carnagey K, Myers R, et al. 
Tissue-specific extracellular matrix coatings for the promotion of 
cell proliferation and maintenance of cell phenotype. Biomaterials. 
2009;30(23–24):4021–8.

	199.	 Zhang D, Zhang Y, Zhang Y, Yi H, Wang Z, Wu R, et al. Tissue-specific 
extracellular matrix enhances skeletal muscle precursor cell expansion 
and differentiation for potential application in cell therapy. Tissue Eng 
Part A. 2017;23(15–16):784–94.

	200.	 Skardal A, Smith L, Bharadwaj S, Atala A, Soker S, Zhang Y. Tissue specific 
synthetic ECM hydrogels for 3-D in vitro maintenance of hepatocyte 
function. Biomaterials. 2012;33(18):4565–75.

	201.	 Kessler JA, Shaibani A, Sang CN, Christiansen M, Kudrow D, Vinik A, 
et al. Gene therapy for diabetic peripheral neuropathy: a randomized, 
placebo-controlled phase III study of VM202, a plasmid DNA encoding 
human hepatocyte growth factor. Clin Transl Sci. 2021;14(3):1176–84.

	202.	 Ajroud-Driss S, Christiansen M, Allen JA, Kessler JA. Phase 1/2 open-
label dose-escalation study of plasmid DNA expressing two isoforms of 
hepatocyte growth factor in patients with painful diabetic peripheral 
neuropathy. Mol Ther. 2013;21(6):1279–86.

	203.	 Henry TD, Hirsch AT, Goldman J, Wang YL, Lips DL, McMillan WD, et al. 
Safety of a non-viral plasmid-encoding dual isoforms of hepatocyte 
growth factor in critical limb ischemia patients: a phase I study. Gene 
Ther. 2011;18(8):788–94.

	204.	 Nho B, Lee J, Lee J, Ko KR, Lee SJ, Kim S. Effective control of neuro-
pathic pain by transient expression of hepatocyte growth factor in a 
mouse chronic constriction injury model. FASEB J: official Publication 
of the Federation of American Societies for Experimental Biology. 
2018;32(9):5119–31.

	205.	 Perin EC, Silva GV, Vela DC, Zheng Y, Baimbridge F, Gahremanpour 
A, et al. Human hepatocyte growth factor (VM202) gene therapy 
via transendocardial injection in a pig model of chronic myocardial 
ischemia. J Card Fail. 2011;17(7):601–11.

	206.	 Saeed M, Martin A, Ursell P, Do L, Bucknor M, Higgins CB, et al. MR 
assessment of myocardial perfusion, viability, and function after 
intramyocardial transfer of VM202, a new plasmid human hepato-
cyte growth factor in ischemic swine myocardium. Radiology. 
2008;249(1):107–18.

	207.	 Sufit RL, Ajroud-Driss S, Casey P, Kessler JA. Open label study to assess 
the safety of VM202 in subjects with amyotrophic lateral sclerosis. 
Amyotroph Lateral Scler Frontotemporal Degener. 2017;18(3–4):269–78.

	208.	 Carlsson M, Osman NF, Ursell PC, Martin AJ, Saeed M. Quantitative MR 
measurements of regional and global left ventricular function and 
strain after intramyocardial transfer of VM202 into infarcted swine 
myocardium. Am J Physiol Heart Circ Physiol. 2008;295(2):H522–32.

	209.	 Kim JS, Hwang HY, Cho KR, Park EA, Lee W, Paeng JC, et al. Intramyocar-
dial transfer of hepatocyte growth factor as an adjunct to CABG: phase I 
clinical study. Gene Ther. 2013;20(7):717–22.

	210.	 Desole C, Gallo S, Vitacolonna A, Montarolo F, Bertolotto A, Vivien D, 
et al. HGF and MET: from brain development to neurological disorders. 
Front Cell Dev Biol. 2021;9: 683609.

	211.	 Nakamura T, Mizuno S. The discovery of hepatocyte growth factor 
(HGF) and its significance for cell biology, life sciences and clinical 
medicine. Proc Jpn Acad Ser B Phys Biol Sci. 2010;86(6):588–610.

	212.	 Maina F, Klein R. Hepatocyte growth factor, a versatile signal for devel-
oping neurons. Nat Neurosci. 1999;2(3):213–7.

	213.	 Hillary CJ, Roman S, MacNeil S, Aicher WK, Stenzl A, Chapple CR. Regen-
erative medicine and injection therapies in stress urinary incontinence. 
Nat Rev Urol. 2020;17(3):151–61.

	214.	 Petrou P, Gothelf Y, Argov Z, Gotkine M, Levy YS, Kassis I, et al. Safety and 
clinical effects of mesenchymal stem cells secreting neurotrophic factor 
transplantation in patients with amyotrophic lateral sclerosis: results of 
phase 1/2 and 2a clinical trials. JAMA Neurol. 2016;73(3):337–44.

	215.	 Berry JD, Cudkowicz ME, Windebank AJ, Staff NP, Owegi M, 
Nicholson K, et al. NurOwn, phase 2, randomized, clinical trial in 
patients with ALS: safety, clinical, and biomarker results. Neurology. 
2019;93(24):e2294–305.

	216.	 Mead RJ, Shan N, Reiser HJ, Marshall F, Shaw PJ. Amyotrophic 
lateral sclerosis: a neurodegenerative disorder poised for successful 

therapeutic translation. Nat Rev Drug Discov. 2022. https://​doi.​org/​10.​
1038/​s41573-​022-​00612-2.

	217.	 Dhote R, Charde P, Bhongade M, Rao J. Stem Cells Cultured on Beta 
Tricalcium Phosphate (beta-TCP) in Combination with Recombinant 
Human Platelet-Derived Growth Factor - BB (rh-PDGF-BB) for the Treat-
ment of Human Infrabony Defects. J Stem Cells. 2015;10(4):243–54.

	218.	 Nandeesh NH, Janardhan K, Subramanian V, Ashtekar AB, Srikruthi N, 
Koka PS, et al. Treatment of AVN Using Autologous BM Stem Cells and 
Activated Platelet-Derived Growth Factor Concentrates. J Stem Cells. 
2016;11(3):135–48.

	219.	 Hijaz A, Daneshgari F, Sievert KD, Damaser MS. Animal models of female 
stress urinary incontinence. J Urol. 2008;179(6):2103–10.

	220.	 Jiang HH, Damaser MS. Animal models of stress urinary incontinence. 
Handb Exp Pharmacol. 2011;202:45–67.

	221.	 Herrera-Imbroda B, Lara MF, Izeta A, Sievert KD, Hart ML. Stress urinary 
incontinence animal models as a tool to study cell-based regenera-
tive therapies targeting the urethral sphincter. Adv Drug Deliv Rev. 
2015;82–83:106–16.

	222.	 Pan HQ, Kerns JM, Lin DL, Liu S, Esparza N, Damaser MS. Increased dura-
tion of simulated childbirth injuries results in increased time to recov-
ery. Am J Physiol Regul Integr Comp Physiol. 2007;292(4):R1738–44.

	223.	 Woo LL, Hijaz A, Pan HQ, Kuang M, Rackley RR, Damaser MS. Simu-
lated childbirth injuries in an inbred rat strain. Neurourol Urodyn. 
2009;28(4):356–61.

	224.	 Puckert C, Tomaskovic-Crook E, Gambhir S, Wallace GG, Crook JM, Hig-
gins MJ. Molecular interactions and forces of adhesion between single 
human neural stem cells and gelatin methacrylate hydrogels of varying 
stiffness. Acta Biomater. 2020;106:156–69.

	225.	 Lin CH, Su JJ, Lee SY, Lin YM. Stiffness modification of photopolymeriz-
able gelatin-methacrylate hydrogels influences endothelial differen-
tiation of human mesenchymal stem cells. J Tissue Eng Regen Med. 
2018;12(10):2099–111.

	226.	 Guo Y, Du S, Quan S, Jiang F, Yang C, Li J. Effects of biophysical cues of 
3D hydrogels on mesenchymal stem cells differentiation. J Cell Physiol. 
2021;236(4):2268–75.

	227.	 Chen H, Wang L, Zeng X, Schwarz H, Nanda HS, Peng X, et al. Exosomes, 
a new star for targeted delivery. Front Cell Dev Biol. 2021;9: 751079.

	228.	 Meng W, He C, Hao Y, Wang L, Li L, Zhu G. Prospects and challenges 
of extracellular vesicle-based drug delivery system: considering cell 
source. Drug Deliv. 2020;27(1):585–98.

	229.	 Yang J, Wu S, Hou L, Zhu D, Yin S, Yang G, et al. Therapeutic effects 
of simultaneous delivery of nerve growth factor mRNA and pro-
tein via exosomes on cerebral Ischemia. Mol Ther Nucleic Acids. 
2020;21:512–22.

	230.	 Li B, Yang J, Wang R, Li J, Li X, Zhou X, et al. Delivery of vascular 
endothelial growth factor (VEGFC) via engineered exosomes improves 
lymphedema. Ann Transl Med. 2020;8(22):1498.

	231.	 Chermansky CJ, Tarin T, Kwon DD, Jankowski RJ, Cannon TW, de Groat 
WC, et al. Intraurethral muscle-derived cell injections increase leak 
point pressure in a rat model of intrinsic sphincter deficiency. Urology. 
2004;63(4):780–5.

	232.	 Lin G, Wang G, Banie L, Ning H, Shindel AW, Fandel TM, et al. Treatment 
of stress urinary incontinence with adipose tissue-derived stem cells. 
Cytotherapy. 2010;12(1):88–95.

	233.	 Lorenzi B, Pessina F, Lorenzoni P, Urbani S, Vernillo R, Sgaragli G, et al. 
Treatment of experimental injury of anal sphincters with primary surgi-
cal repair and injection of bone marrow-derived mesenchymal stem 
cells. Dis Colon Rectum. 2008;51(4):411–20.

	234.	 White AB, Keller PW, Acevedo JF, Word RA, Wai CY. Effect of myogenic 
stem cells on contractile properties of the repaired and unrepaired 
transected external anal sphincter in an animal model. Obstet Gynecol. 
2010;115(4):815–23.

	235.	 Pathi SD, Acevedo JF, Keller PW, Kishore AH, Miller RT, Wai CY, et al. 
Recovery of the injured external anal sphincter after injection of 
local or intravenous mesenchymal stem cells. Obstet Gynecol. 
2012;119(1):134–44.

	236.	 Lane FL, Jacobs SA, Craig JB, Nistor G, Markle D, Noblett KL, et al. 
In vivo recovery of the injured anal sphincter after repair and injection 
of myogenic stem cells: an experimental model. Dis Colon Rectum. 
2013;56(11):1290–7.

https://doi.org/10.1038/s41573-022-00612-2
https://doi.org/10.1038/s41573-022-00612-2


Page 23 of 23Shan et al. Cell & Bioscience           (2023) 13:56 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	237.	 Salcedo L, Mayorga M, Damaser M, Balog B, Butler R, Penn M, et al. Mes-
enchymal stem cells can improve anal pressures after anal sphincter 
injury. Stem Cell Res. 2013;10(1):95–102.

	238.	 Fitzwater JL, Grande KB, Sailors JL, Acevedo JF, Word RA, Wai CY. Effect of 
myogenic stem cells on the integrity and histomorphology of repaired 
transected external anal sphincter. Int Urogynecol J. 2015;26(2):251–6.

	239.	 Montoya TI, Acevedo JF, Smith B, Keller PW, Sailors JL, Tang L, et al. 
Myogenic stem cell-laden hydrogel scaffold in wound healing of the 
disrupted external anal sphincter. Int Urogynecol J. 2015;26(6):893–904.

	240.	 Takahashi S, Chen Q, Ogushi T, Fujimura T, Kumagai J, Matsumoto S, 
et al. Periurethral injection of sustained release basic fibroblast growth 
factor improves sphincteric contractility of the rat urethra denervated 
by botulinum-a toxin. J Urol. 2006;176(2):819–23.

	241.	 Kim IG, Oh SH, Lee JY, Lee JY, Lee JH. Bioactive porous beads as an 
injectable urethral bulking agent: in vivo animal study for the treatment 
of urinary incontinence. Tissue Eng Part A. 2011;17(11–12):1527–35.

	242.	 Oh SH, Bae JW, Kang JG, Kim IG, Son JY, Lee JY, et al. Dual growth factor-
loaded in situ gel-forming bulking agent: passive and bioactive effects 
for the treatment of urinary incontinence. J Mater Sci Mater Med. 
2015;26(1):5365.

	243.	 Gu X, Fan L, Ke R, Chen Y. rHGF interacts with rIGF-1 to activate the 
satellite cells in the striated urethral sphincter in rats: a promis-
ing treatment for urinary incontinence? Arch Gynecol Obstet. 
2018;298(6):1149–57.

	244.	 Kerns JM, Shott S, Brubaker L, Sakamoto K, Benson JT, Fleischer AE, et al. 
Effects of IGF-I gene therapy on the injured rat pudendal nerve. Int 
Urogynecol J Pelvic Floor Dysfunct. 2003;14(1):2–7.

	245.	 Miyasaka EA, Raghavan S, Gilmont RR, Mittal K, Somara S, Bitar KN, et al. 
In vivo growth of a bioengineered internal anal sphincter: comparison 
of growth factors for optimization of growth and survival. Pediatr Surg 
Int. 2011;27(2):137–43.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Stem cell therapy combined with controlled release of growth factors for the treatment of sphincter dysfunction
	Abstract 
	Introduction
	Backgrounds of sphincter dysfunction
	The pathogenesis of sphincter dysfunction
	The mechanism of neuromuscular regeneration after damage
	Combination therapy of stem cells and growth factors
	Advanced delivery system for dual therapy

	Stem cell therapy
	Mechanisms of stem cell therapy
	Pre-clinical data in sphincter dysfunction
	Clinical trial data and challenges

	Growth factor therapy
	Growth factors in sphincter dysfunction
	Platelet-derived growth factor (PDGF)
	Transforming growth factor-β (TGF-β)
	Fibroblast growth factor (FGF)
	Vascular endothelial growth factor 
	Neurotrophic Factors (NF)
	Insulin-Like Growth Factor 1

	Methods of controlled release
	Genetic modification
	Biomaterial-based delivery systems

	Pre-clinical data in sphincter dysfunction

	Combination therapy of stem cells and controlled released of growth factors
	Neuromuscular regeneration using dual therapy
	Pre-clinical data in sphincter dysfunction
	Clinical trial data
	Animal models of sphincter dysfunction

	Conclusion and future prospects
	Acknowledgements
	References


