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Abstract Stress urinary incontinence (SUI) is highly preva-
lent and associated with a reduced quality of life. An intact
rhabdosphincter at the mid-urethra is mandatory to maintain
urinary continence. Adult stem cell injection therapy for the
regenerative repair of an impaired sphincter is currently at the
forefront of incontinence research. The implanted cells will
fuse with muscle and release trophic factors promoting nerve
and muscle integration. Hereby, we review the use of
mesenchymal stem cell therapy for SUI and the experience
with the development of muscle-derived stem cells.
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Introduction

There are 17 million people in the USA and more than 200
million people worldwide who live with urinary incontinence
[44, 51]. Incontinence occurs frequently from middle age

onwards and is associated with a reduced quality of life [12].
Stress urinary incontinence (SUI) is the most common type
of urinary incontinence. SUI happens when intra-abdominal
forces suddenly increase, which makes bladder pressure
exceed the urethral pressure. The risk factors for SUI include
increased age, high parity, and obesity [22, 49, 61]. SUI
could be further categorized into three conditions, including
intrinsic sphincter deficiency (ISD), urethral hypermobility,
or a combination of both [48]. ISD is characterized by failure
of urethral closure. Urethral hypermobility occurs when the
bladder neck muscle support is weak and the intra-abdominal
pressure is unable to transmit to the proximal urethral. These
mechanisms represent two extremes of the spectrum of SUI.
However, the majority of these patients have both disorders
in varying degrees [36].

Treatments for SUI include nonsurgical or surgical
options. Pelvic floor muscle training usually serves as
first-line therapy but promising results could only be
achieved in carefully selected patients [25]. Pharmaceu-
tical therapy has a limited role in SUI treatment.
Duloxetine, a selective serotonin/norepinephrine reuptake
inhibitor, is the only approved SUI medication in Europe,
but it is not available in the USA [67]. Several surgical
procedures are available for SUI treatment. Injection of
bulking agents near the bladder neck can increase
coaptation along the urethral and improve outlet resistance
and urinary incontinence [24]. The use of carbon beads,
silicon particles, polytetrafluoroethylene, autologous
chondrocytes, and bovine collagen as bulking agents
yields short-term success in treating SUI [4, 11, 24, 47,
60]. However, long-term efficacy is poor and complica-
tions such as chronic inflammatory reactions, particle
migration, periurethral abscess, erosion of the urinary
bladder or urethral, or obstruction with urinary retention
are not uncommon [53, 54, 66]. Sling procedures or
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bladder neck suspensions are more efficacious but there
are certain levels of morbidity [58, 64].

Recent advances in tissue engineering provide new
therapeutic options in the field of SUI. Using the principles
of cell transplantation, materials science, and biomedical
engineering, we can develop biological substitutes to
restore and maintain the normal function of damaged or
lost tissue and organs [1]. The potential of stem cell (SC)
therapy for the regenerative repair of the damaged
rhabdosphincter is currently at the forefront of incontinence
research [42, 71]. In the future, SUI treatment procedures
may contain two clinic visits (Fig. 1). In the first visit, the
patient will receive a small skeletal muscle biopsy using a
small-caliber needle. The muscle sample will be sent to the
approval facility or laboratory for stem cell preparation.
Several weeks later, the patient will come back for a second
visit to receive a stem cells injection into the his or her
urethral sphincter under local anesthesia.

Neurophysiology and pathophysiology of continence
control

The connective and musculature tissues surrounding the
urethral contribute to passive and active resting tone,
keeping the urethral from urine leakage. These two
mechanisms, passive and active, accommodate by keeping
the walls of the urethra apposed in response to increasing
intra-abdominal pressure during coughing, weightlifting,

sneezing, etc. In response to increasing intra-abdominal
pressure, the vagina was lifted toward the pubic symphysis
by pelvic muscles and it compressed the walls of the
urethral against the pubis [16]. Bladder neck position in
relation to other pelvic structures will also affect proper
pressure transmission and continence.

The external urethral sphincter (EUS), also known as
rhabdosphincter, is composed of striated muscle fiber types
I and II located in the mid-urethra [62]. In addition, smooth
muscle fibers are also deposited in circular and longitudinal
layers. The urethral muscles are controlled by three sets of
peripheral nerves: somatic (pudendal nerves), sympathetic
(hypogastric nerves), and parasympathetic (sacral pelvic
nerves) (Fig. 2). The sympathetic pathways emerge from
the thoracolumbar spinal cord, pass through the sympathet-
ic chain ganglia, the inferior splanchnic nerves, the inferior
mesenteric ganglia, and the hypogastric nerves to the pelvic
plexus innervating urogenital organs. The parasympathetic
preganglionic pathways originate in the sacral spinal cord
and pass through the pelvic nerves to synapse on the distal
ganglia in the target organs. The sacral somatic pathways
are contained in the pudendal nerves, which provide
innervation to the EUS. These three sets of nerves contain
afferent axons arising from the lumbosacral dorsal root
ganglia [15].

EUS can be activated voluntarily or by spinal reflux
mechanism elicited by bladder distension [8]. Onuf’s
nucleus in the sacral spinal cord receives central nervous
system impulses, which in turn release serotonin and
norepinephrine in the synapses with the pudendal nerves
to control EUS [8, 30]. The nerve-mediated active
continence mechanisms during abdominal pressure eleva-
tion can be divided into two control areas. The first one is a

Fig. 1 Diagram showing autologous stem cell injection therapy for
stress urinary incontinence. Autologous stem cells are obtained with a
biopsy of tissue, the cells are dissociated and expanded in culture, and
the expanded cells are implanted into the same host. Used with
permission from Wiley, Neurourol Urodyn 2007; 26(7):967

Fig. 2 Diagram showing the sympathetic, parasympathetic, and
somatic innervation of the urogenital tract. IMG inferior mesenteric
ganglia, SCG sympathetic chain ganglia, DRG dorsal root ganglia, ISN
inferior splanchnic nerves, EUS external urethral sphincter. Used with
permission from Wiley, Neurourol Urodyn 2007; 26(7):967
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central nervous system-controlled pathway through Onuf’s
nucleus [33, 34], and the second one is the bladder-to-
urethra spinal reflex in response to laughing, sneezing, or
exercise [14, 32]. The reflex ark and the involvement of
pelvic afferent pathways were investigated in a series of
experiments by Kamo et al. [14, 32–34]. In the experiment
with rat SUI model, an increase in the mid-urethral pressure
is mediated by passive mechanisms as well as the active
contractions of EUS and pelvic muscles when sneezing. In
contrast, an increase in the proximal and distal urethral
pressure during sneezing depends on the rising intra-
abdominal and bladder pressure. The authors also demon-
strated that the mid-urethral sneeze-induced continence
reflex is impaired in the rat model of birth trauma created
by vaginal distension.

Cell source for injection therapy

The ideal cells for tissue engineering and cell therapy should
be easily procured from minimally invasive procedures,
proliferate quickly in a well-controlled manner, provide
sufficient quantities of cells, exhibit capabilities of differenti-
ation to regenerate multiple tissues, and be able to be
transplanted into an autologous host [2]. Multipotent SCs
are the most common cell sources for cell therapy and tissue
engineering. Two types of SCs are potentially useful for
therapeutic purposes: embryonic SCs and adult SCs.
Although both of these SCs own the remarkable properties
of being able to differentiate into a large number of specific
cell types and to self-renew [5], the usage of embryonic SCs
are limited by problems of ethic consideration, potential for
tumorigenicity, and government regulations [19, 46]. Mes-
enchymal stem cell (MSC) is a kind of adult SCs without
significant ethical issues related to their usage. MSCs derived
from embryonic mesoderm can be easily isolated from
several adult tissues such as adipose tissue, bone marrow,
muscle, amniotic fluid, placenta, umbilical cord, or liver
[45]. MSCs are able to be cultured and expand in vitro
easily, differentiate into cells derived from any germ layers,
and release paracrine factors to affect the surrounding tissues
[70]. Currently, bone marrow-derived stem cells (BMSCs),
adipose-derived stem cells (ADSCs), and muscle-derived
stem cells (MDSCs) are the stem cell sources applied in SUI
therapy.

Bone marrow-derived stem cells

Bone marrow is the first source reported to contain MSCs.
BMSCs have been widely studied and found to be capable of
differentiating into adipogenic, osteogenic, myogenic, and
chondrogenic cells [17, 20, 56]. Drost et al. used 5-
azacytidine-exposed first vitro passage human BMSCs as

cell source to culture and expanded for six passages. These
myogenic differentiated cells expressed smooth and striated
muscle antigens [18]. Corcos et al. injected autologous
BMSCs into the injured urethral sphincter of Sprague–
Dawley rats [13]. They also demonstrated that the rat
BMSCs have the ability to differentiate their phenotype
towards smooth and striated muscle with desmin expression
and alpha-smooth muscle actin (SMA) up-regulation. The
periurethral injection of BMSCs in a SUI animal model
significantly improved Valsalva leak point pressure and
restored the injured rhabdosphincter. Similar experiments
and results were also demonstrated by Kim et al. [38]and
Kinebuchi et al. [39]. However, for clinical use, bone
marrow may be detrimental due to the highly invasive and
painful procedures required for procurement, decline in
differentiation potential and MSC number with increased
age, and low yield of MSCs upon processing [37, 56]. In
contrast, large numbers of MDSCs and ADSCs can be easily
obtained using simple procedures [28, 77].

Muscle-derived stem cells

In the recent past, myoblast transfer therapy is hindered by the
poor survival of muscle-derived cells upon injection. It was
found that, while using traditional methods to obtain muscle
precursor cells, less than 3% of cells are still present 1 h after
being injected into a muscle [3]. New pre-plating techniques
improved cell survival rates after transplant. Selection of a
specific-muscle-derived cell population can be used as an
approach to improve cell survival after myoblast-mediated ex
vivo gene transfer approach and myoblast transplantation
[57]. Such studies allow extensive investigations into the
properties, differentiation capacity, interrelationship::, and
functional heterogeneity of skeletal muscle progenitor cells
[28, 63]. In comparison with the commonly recognized
striated muscle precursor ‘myoblast’ cells, MDSCs display
superiority in survival and engraftment of cells, restoration in
impaired function, and resistance to oxidative apoptosis [52].

MDSC possess three qualities which make their usage
more advantageous than that of other injectable bulking
agents. First, since autologous cell transplantation will not
induce an immunological reaction, the cells may persist
longer than implanted foreign materials such as collagen
[43, 73]. Furthermore, MDSCs also uniquely differ from
fibroblasts or muscle cells since MDSCs will fuse to form
post-mitotic multinucleated myotubes [21]. This limits the
expansion of injected cells and reduces the risk of urinary
tract obstruction that was observed with other sources such
as fibroblasts [41]. Finally, MDSCS form myotubes and
myofibers that could become innervated with the host
muscle (Fig. 3). Instead of serving as a bulking agent only,
MDSCs are physiologically capable of improving urethral
sphincter function [9, 68, 72].
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The feasibility and application of this concept was
successfully conducted in rodent models of SUI [6, 10]. In
these experiments, Chermansky et al. demonstrated the
integration of MDSCs with damaged striated muscle in rat
urethral. One week prior to MDSCs injection, intrinsic
sphincter deficiency was created by cauterizing tissues lateral
to the mid-urethral. At 4 weeks, incorporation of MDSCs
was identified in the experimental group. LacZ staining
confirmed that MDSCs had integrated with the striated
muscle layer of the damaged urethral (Fig. 4). More
importantly, the MDSC injection significantly improved the
leak point pressure (LPP) without affecting bladder function.
At 2, 4, and 6 weeks time points, the LPP was persistently
elevated for the duration of the trial and comparable with that
of uncauterized control rats (Fig. 5). This demonstrated the
potential of the MDSC to take part in healing and restoring
the function of the damaged sphincter [10].

Kwon et al. compared the outcomes of injectingMDSCs or
fibroblast or a mixture of both for the treatment of SUI in a
previously established rat model [41]. Although the short-
term LPP increment was similar in all treatment groups,
urethral muscle contractility was significantly improved in
the MDSC group only. Furthermore, a high-dose fibroblast

injection will induce urinary retention but not with MDSC
injection. These results suggested that a fibroblast injection
can increase LPP by bulking effect but simultaneously make
tissues less compliant.

Adipose-derived stem cell

Multipotent MSCs were identified within the stromal vascular
fraction of human adipose tissue. These cells, also termed as
ADSCs, are abundant in the human body and possess similar
molecular signature markers and biological properties with
BMSCs [55]. Clonal studies of ADSCs demonstrated that
these cells exhibit multilineage differentiation into adipo-
genic, myogenic, chondrogenic, osteogenic, and neurogenic
cells in the presence of specific induction factors [76, 77].
Rodriguez et al. cultured processed lipoaspirate cells in a
smooth muscle differentiation medium and these smooth
muscle-differentiated cells, but not their precursors, have the
functional ability to contract and relax in the presence of
pharmacological agents. These functional smooth muscle
cells also express smooth muscle markers such as SMA,
SM22, smoothelin, myosin heavy chain, and caldesmon [59].
Another study from the same research group revealed that

Fig. 3 Hematoxylin–eosin stain-
ing revealed a atrophic proximal
urethral sphincter in saline group
(S) at 4 weeks compared with (b)
normal, uninjured urethra. c, d
MDCs (1×106) injected into
denervated sphincter led to
increased dorsolateral striated
muscle masses with variable
fiber orientation at the injection
sites. e, f Fibroblasts (1×106)
injected into denervated sphincter
led to increased dorsolateral
connective tissue masses at the
injection sites. Images taken with
×10 (a–c and e) and ×20 (d, f)
objectives. Used with permission
from Elsevier, Urology 2006;
68(2):449
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ADSCs injected periurethrally exhibit in vivo survival and
differentiation into smooth muscle cells. These ADSCs were
tagged with fluorescent markers and were seen to be
incorporated into host smooth muscle for up to 12 weeks
after injection [27]. The feasibility of ADSC use was
suggested through other study reports on improvement in
LPP and retrograde urethral perfusion pressures (RUPP) in a
rat model of SUI when animals were injected with ADSCs
and biodegradable microbeads as carriers [74].

Zhao et al. designed a stem cell transplantation system,
which contain ADSCs and release-controlled nerve growth
factor (NGF), to enhance the therapeutic efficacy of ADSCs
through periurethral injection in SUI rats [75]. NGF was
encapsulated with poly(lactic-co-glycolic acid—PLGA)
microspheres (PLGA/NGF) to control its release. Their results

revealed that NGF could improve ADSC’s viability in vitro
and in vivo for short-term observation. The ADSC injection
with PLGA/NGF had induced a significant improvement in
the amount of muscle and ganglia as well as in abdominal
LPP and RUPP compared with other groups. This study
suggested that the periurethral injection of autologous ADSCs
with release-controlled NGF might be a potential treatment
option for SUI.

Current human clinical experience

The first clinical series in the medical literature is with the use
of muscle-derived cellular therapy from Canada. Carr et al. [7]
from the University of Toronto performed the first North
American clinical MDSC therapy trials. Eight patients

Fig. 4 Histologic findings of
cauterized mid-urethra 4 weeks
after Hanks’ balanced salt solu-
tion (HBSS) or MDC injection.
a Hematoxylin–eosin stain of
cauterized mid-urethra injected
with HBSS. Reduced from
×400. Arrow points to disrupted
striated muscle layer. b Hema-
toxylin–eosin stain of cauterized
mid-urethra injected with
MDCs. Reduced from ×400.
Arrow points to intact striated
muscle layer. c LacZ stain of
cauterized mid-urethra injected
with MDCs. Reduced from
×400. Arrows point to beta-
galactosidase expressing MDCs,
situated within the striated mus-
cle layer of mid-urethra. Used
with permission from Elsevier,
Urology 2004; 63(4):782

Fig. 5 Compared with cauterized rats injected with Hanks’ balanced
salt solution (H) and matched respective to time, the increased leak
point pressures (LPP) seen in each MDSC-injected groups (M) were
significantly higher. Compared with control rats (C) and matched

respective to time, LPPs seen in MDSC-injected groups at 4 and
6 weeks after MDSC injection were not statistically different. Used
with permission from Elsevier, Urology 2004; 63(4):782
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received injection therapy of pure MDSCs obtained from
muscle biopsies of the lateral thigh. The muscle tissue was
further processed and expanded to the target dose. After the
desired cell number has been achieved, quality tests were
performed to assure that the cells met the criteria for cell
viability, contaminants, and sterility. There were 18–22×106

MDSCs injected in an outpatient clinic at 3–5 weeks after
muscle biopsy. Mean and median follow-up was 16.5 and
17 months, respectively. Three of these eight patients
withdrew from the trial after 1 month of follow-up. The
remaining five subjects got some improvement during follow-
up, while one subject achieved total continence. The
improvement in these subjects occurred between 3 and
8 months after the first injection. During follow-up, no serious
adverse events were reported. Two of eight patients subse-
quently received midurethral tape placement. The previous
MDSC injection did not negatively impact on the degree of
tape placement difficulty and outcome of this procedure.

Strasser et al. initially presented autologous myoblasts and
fibroblasts injection under transurethral ultrasound guidance
into the rhabdosphincter, while fibroblast/collage suspension
was injected into the submucosa to promote a sealing effect.
The result was published in The Lancet in June 2007.
However, an ethics issue was aroused due to an inspection
which found that this study was not conducted according to
Austrian law and to the standards of the International
Conference on Harmonisation of Good Clinical Practice.
The editors of The Lancet subsequently decided to retract the
article because “the inspectors raise doubts as to whether a
trial as described in The Lancet ever existed.” [40] Another
SUI human trial study published in World Journal of
Urology from the same group [65] was also retracted due
to the same reason.

In Canada, Carr and associates conducted a randomized,
blinded study of MDSC therapy in 29 female SUI patients
[23]. In this trial, autologous MDSC transplantation was
conducted through cystoscopic-assisted transurethral injec-
tion at different cell concentrations. A second injection was
carried out 3 months after the first injection. In the patients
who received two injections, half of them reported no
leakage at 1 year of follow-up.

Surgery and cellular therapy discussion

The transvaginal tape (TVT) is the standard surgical
option for SUI treatment at present. The objective cure
rate of this procedure has been reported as from 85% to
89% at 3 or 5 years [29, 50]. However, Ward et al. [69]
compared the objective and subjective outcomes after
TVT insertion or abdominal colposuspension in the largest
randomized, controlled study. Only 63% of the TVT group
and 51% of the colposuspension group were cured at

2 years objectively. Moreover, the subjective cure rates
were even lower at 43% and 37%, respectively. While
suburethral sling procedures only provide mechanical
support to the weakened pelvic floor muscles or fascias,
MDSCs transplantation into the mid-urethra may not only
serve as a bulking agent but also restore the contractile
function of the EUS in the treatment of SUI. Further
experiments on animal models may answer the questions
if concurrent MDSCs injection and sling procedures could
achieve better continence control than either single
procedure. Furthermore, MDSC may be used in restoring
continence in men receiving radical prostatectomy or who
have other diseases which led to impaired sphincter
function. Hoshi et al. [26] demonstrated promising results
of treating post-prostatectomy incontinence using MDSC
urethra injection in a rat model. Another trial involving
autologous MDSC for the treatment of urinary inconti-
nence in classic bladder extrophy children has shown
promising results [31]. The efficacy of using MDSC in the
treatment of fecal incontinence was investigated by Kang
et al. [35]. A small number (3×106) of autologous MDSCs
was injected into the cryoinjured anal sphincter in a rat
model. Although there was no statistical difference in
sphincter contractility in the treated or control groups, the
MDSC-injected group demonstrated improved contractil-
ity in response to acetylcholine and KCL stimulations.
Regeneration of smooth and striated myofibers at the sites
of labeled MDSCs injections was also identified. Further
experiments on a large number of MDSCs injections and a
longer follow-up period may determine if MDSC trans-
plantation could restore impaired anal sphincter function
and be the treatment option for fecal incontinence.

Conclusion

According to the promising preclinical and clinical studies,
the use of stem cells for SUI treatment may be a major step
forward with clinical efficacy and minimal risks. However,
several points have yet to be clarified. More preclinical
studies should be conducted to improve cell survival and to
maximize the function restoration in the target tissues. The
costs and benefits of cellular therapy should be considered
when comparing with the current standard of treatment, and
the long-term efficacy and safety of new therapy should be
further demonstrated. Furthermore, the current clinical trials
came from a few research groups with a small case number.
The proper cell number and injection locations and
techniques should be further evaluated through randomized
blinded studies. Our hope is that autologous cellular
transplantation for sphincter regeneration and continence
restoration will be the safe and preferred procedure for the
treatment of SUI.
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