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loaded with mechanical stretch-stimulated bone
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Pelvic floor dysfunction (PFD) has a severe impact on the quality of life of middle-aged and elderly women

and is closely related to the damage of pelvic support tissues, especially ligaments. The incidence of PFD is

high in elderly populations. Conventional treatments are associated with high complication and relapse

rates. Bone marrow mesenchymal stem cells (BMSCs) are bone marrow-derived pluripotent stem cells

that can differentiate into many types of cells. We have found that when cultured with mechanical

stretch-stimulated pelvic ligament fibroblasts, rat BMSCs were induced to differentiate into pelvic

ligament fibroblasts. Human acellular amniotic membranes (HAAMs) demonstrate a good

biocompatibility and can promote BMSC proliferation and BMSC differentiation into ligament fibroblasts.

In this study, BMSCs cultured with mechanical stretch-stimulated pelvic ligament fibroblasts were

inoculated into and cultured onto HAAMs, which were then implanted into rats with PFD to improve PFD

symptoms. These results indicated their potential use as a cell-based therapy for PFD.
Introduction

Pelvic oor dysfunction (PFD) refers mainly to pelvic organ
prolapse (POP) and stress urinary incontinence (SUI). PFD,
which is a common condition in middle-aged and elderly
women, has a severe impact on the health and quality of life of
those women and has an incidence of approximately 40%.1,2

Although not life-threatening, PFD-related urinary inconti-
nence, difficulty urinating, and abdominal dragging sensations
affect the physical health and well-being of affected women, and
have a severe impact on health and quality of life. PFD is
a complex, multifactorial condition that is closely related to the
structural and functional integrity of pelvic support tissues
(ligaments, muscles, fascia), especially the pelvic uterosacral
ligament–uterine cardinal ligament complex.2,3 Currently, PFD
treatments include non-surgical treatment for mild cases and
surgical treatment for severe cases. During surgery, however,
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normal tissues are oen used to repair tissue defects, which
results in a poor outcome, high complication and relapse rates,
and problems such as a high risk of infection, high cost, and
high incidence of erosion, leakage, and rejection.4–6

With the rise in popularity of tissue engineering and its
successful application in different clinical areas, new treatments
for PFD are emerging. Tissue engineering is very promising for
PFD caused by tissue and organ dysfunction and defects. As seed
cells for tissue engineering, bone marrow mesenchymal stem
cells (BMSCs) are derived from the mesoderm, and thus, they
have potent self-replication and multipotent differentiation
potentials. BMSCs are involved in the induction and regulation of
the development of bone marrow hematopoietic stem cells and
stromal cells and promote the orderly arrangement of extracel-
lular matrix molecules. In cases of tissue and cell damage, both
endogenous and exogenous BMSCs migrate to the lesion, where
they play a role in repair.7 Our pilot study rst showed that when
cultured with mechanical stretch-stimulated pelvic ligament
broblasts, rat BMSCs were induced to differentiate into pelvic
ligament broblasts,8 which could repair PFD caused by damage
to support tissues, such as pelvic oor ligaments, fascia, and
muscles. Human acellular amniotic membrane (HAAM) has been
used as a biological material in basic research and clinical
practice for many years. HAAM is an ideal bio-scaffold that
promotes BMSC adhesion, growth, and proliferation, and thus, it
contributes to tissue repair. Some researchers have used stem
This journal is © The Royal Society of Chemistry 2017
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cell-loaded acellular amniotic membrane to repair skin tissue
defects.9,10 This indicates that BMSC-loaded HAAM may be
a viable and good option for the treatment of PFD.

In this study, we cultured rat BMSCs with mechanical
stretch-stimulated pelvic ligament broblasts to induce BMSC
differentiation into pelvic ligament broblasts within a specic
in vitro mechanical microenvironment. Once BMSC differenti-
ation was conrmed based on the levels of collagen, elastin,
lysyl oxidase (LOX), and bulin-5, HAAM was inoculated with
well-differentiated BMSCs, which were then cultured on HAAM.
Finally, BMSC-loaded HAAM was implanted into rats with PFD
in order to observe its effect on PFD symptoms.
Materials and methods
Isolation, culture, and identication of BMSCs

The femur and tibia were removed from eight-week-old male rats,
and DMEM low-glucose medium was used to ush the bone
marrow into a Petri dish. This study was performed in strict
accordance with the NIH guidelines for the care and use of
laboratory animals (NIH Publication No. 85-23 Rev. 1985) and was
approved by the Institutional Animal Care and Use Committee of
Zhengzhou University (Zhengzhou, China). Next, complete
medium (also known as basal medium containing DMEM low-
glucose medium with 10% fetal bovine serum (FBS) and 1%
penicillin and streptomycin) was added; aer the bone marrow
was cultured at 37 �C in an atmosphere of 5% CO2 and saturated
humidity for 3 days, non-adherent cells were removed, and the
remaining cells were cultured and passaged three times (P3).
Then, ow cytometry was used to detect cell surface markers, and
multipotent differentiation potential was conrmed. To induce
osteogenic differentiation, BMSCs were seeded into cell culture
plates at a density of 1 � 104 cells per cm2, and osteogenic
induction solution was added. In the control group, complete
mediumwas added in place of osteogenic induction solution. The
cells were cultured for 21 days and then stained with alizarin red.
To induce chondrogenic differentiation, BMSCs were prepared as
a cell suspension (1 � 107 cells per mL), and then a drop (10 mL)
was added to each well of 12-well plates. The cells were main-
tained in an incubator for 2 hours to allow the cells to adhere, and
then chondrogenic induction solution was slowly added. In the
control group, complete medium was added in place of chon-
drogenic induction solution. The cells were cultured for 28 days
and then stained with toluidine blue. To induce adipogenic
differentiation, BMSCs were seeded into cell culture plates at
a density of 1 � 104 cells per cm2. In the induction and differ-
entiation group, adipogenic induction solution was added, and
the cells were induced for 2 days. Next, adipogenic induction
maintenance solution was added, and the cells were further
induced for 1 day. The cells were cultured for 14 days and then
stained with oil red O. In the control group, complete medium
was added in place of adipogenic solution.
Western blotting

PMSF-containing RIPA lysis buffer was used to lyse cells on ice
for 30 minutes, followed by centrifugation at 4 �C at
This journal is © The Royal Society of Chemistry 2017
12 000 rpm for 10 minutes to collect the supernatant. The
protein samples collected were separated via 10% SDS gel
electrophoresis. Aer electrophoresis, the proteins were
transferred to a PVDF membrane, blocked in 5% BSA, incu-
bated with the primary antibody at 4 �C overnight, incubated
with an HRP-labeled secondary antibody, and then detected
with ECL reagents. The primary antibodies used were as
follows:
Real-time uorescence quantitative polymerase chain
reaction (PCR)

The total RNA of the cells was isolated using TRIzol reagent
(Invitrogen) according to the manufacturer's instructions.
Aer the reverse transcription reaction, real-time PCR was
performed in an ABI 7900HT system using SYBR Premix
(Takara, Dalian, China) according to the manufacturer's
instructions. The conditions of the real-time PCR were as
follows: denaturation at 95 �C for 10 s, 40 cycles at 95 �C for
10 s and 60 �C for 30 s. A dissociation stage was added to the
end of the amplication procedure. No nonspecic ampli-
cation was observed, as determined by the dissociation curve.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as an internal control. The data were analyzed using the
comparison Ct (2

�DDCt) method and were expressed as the fold
change relative to the respective control. Each sample was
analyzed in triplicate. The primer sequences used in this
study were as follows:
Immunohistochemistry

BMSCs cultured in a dish were xed in 4% PFA in PBS for
20 min at room temperature. Aer washing in PBS, the samples
were permeabilized with 0.5% Triton X-100 for 5 min and
blocked with 5% BSA for 60 min. Incubation with primary anti-
collagen I and anti-collagen III antibodies (Abcam) was per-
formed overnight at 4 �C. The primary antibodies were detected
using HRP-conjugated anti-rabbit or mouse IgG secondary
antibodies and DAB.
CCK-8 assay to determine viability of BMSCs

HAAM was cut into small pieces, which were then placed in the
wells of 96-well plates. HAAM was inoculated with BMSCs at
a density of 1 � 104 cells per well. Next, 10 mL of CCK-8 assay
solution was added to each well. Aer the cells were incubated
at 37 �C for 1 hour, the medium was aspirated, and the OD450

was measured in a microplate reader.
Labeling of BMSCs with CM-DiI

BMSCs were prepared as a cell suspension in PBS (1.0 � 107

cells per mL). Next, 40 mL of CM-DiI (1 mg mL�1) was added per
1 mL of cell suspension (nal concentration of CM-DiI: 40 mM).
The cell suspension was placed at 37 �C for 3 minutes and then
in an ice bath for 15 minutes. Labeled BMSCs were used in
subsequent experiments and were tracked under a uorescence
microscope.
RSC Adv., 2017, 7, 37086–37094 | 37087
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Rat PFD model

Post-partum SD rats were anesthetized via an intraperitoneal
injection of isobarbital. Next, the rats were secured in a prone
position; aer the bladder was emptied with a catheter, a double-
lumen Foley catheter was placed into the vagina. The balloon was
inated with sterile sodium chloride solution until the pubic
symphysis abutted the edge of the table. The catheter dropped
freely, and a force of 0.15 kg was applied for 4 hours. Next, the
catheter was removed, and the rats were returned to their cage.
One month later, bilateral oophorectomy was performed with
aseptic technique, and the rats were returned to their cage aer
the surgery. Penicillin was given via intraperitoneal injection, qd,
for 5 days. The rats were further housed for 1 month.
Function of PFD rats

Aer anesthesia was induced by an intramuscular injection of
ketamine, the rats were secured in a supine position for uro-
dynamic testing. The bladder was emptied, and then 0.9%
sodium chloride solution with methylene blue (50% of the
Fig. 1 Identification of BMSCs. (A) The expression of BMSC markers C
leukocyte surface marker CD45 on BMSCs. (B) BMSCs were cultured with
days and stained with oil red O. (C) BMSCs were cultured with osteogen
then stained with alizarin red. (D) BMSCs were cultured with chondrogen
then stained with toluidine blue.

37088 | RSC Adv., 2017, 7, 37086–37094
measured bladder capacity) was injected via a micro-pump. The
rats were carefully monitored for blue solution owing from the
urethra during sneezing. The result was considered positive in
rats with urine ow and negative otherwise; the positive rate
was then calculated.

Statistical analysis

The data are presented as the mean � S.D. (n is the number of
tissue preparations, cells or experimental replicates). A two-
tailed Student's t-test was used to compare groups of data. A
value of P <0.05 was considered statistically signicant.

Results and discussion
Isolation and identication of BMSCs

BMSCs are bone marrow-derived pluripotent stem cells with
multipotent differentiation potential. Under certain conditions,
BMSCs can be induced to differentiate into adipocytes, osteo-
blasts, and chondrocytes. To investigate how well BMSCs may
differentiate into ligament broblasts, we rst identied
D44, CD73, and CD105; endothelial cell surface marker CD31; and
adipogenic medium (or complete medium in the control group) for 14
ic medium (or complete medium in the control group) for 21 days and
ic medium (or complete medium in the control group) for 28 days and

This journal is © The Royal Society of Chemistry 2017
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isolated BMSCs. Flow cytometry showed that the BMSCmarkers
CD44, CD73, and CD105 were highly expressed on isolated
BMSCs, with little expression of the endothelial cell marker
CD31 and the leukocyte surface marker CD45 (Fig. 1A).
Furthermore, we tested the multipotent differentiation poten-
tial of isolated BMSCs and showed that isolated BMSCs were
capable of differentiating into adipocytes, osteoblasts, and
chondrocytes (Fig. 1B–D). These results indicated a high purity
level of isolated BMSCs. PFD is a complex, multifactorial, and
multi-stage condition. The mechanism of PFD is unknown, but
researchers believe that PFD is closely related to damage of the
structural and functional integrity of pelvic support tissues,
including multiple layers of muscles, ligaments, and fascia that
close the pelvic outlet.11,12 With the rapid development of tissue
engineering and stem cell therapy and their successful appli-
cations in clinical practice, new PFD treatments are emerging.
BMSCs are cells withmultipotent differentiation potential. They
are easy to isolate and culture, have good allogeneic immune
responses, and can readily proliferate in vitro. As a result, they
Fig. 2 Cultured with mechanical stretch-stimulated pelvic ligament fib
base medium. (A) Western blotting analysis of elastin, LOX and fibulin-5 e
(C) Real-time PCR detection of elastin, LOX and fibulin-5 expression in BM
collagen (E) on BMSCs. *P < 0.05, **P < 0.01.

This journal is © The Royal Society of Chemistry 2017
have attracted a large amount of attention; in particular,
numerous studies have investigated the potential of BMSCs in
the eld of tissue and organ repair.13–15 In this study, we used
a cell adhesion method to isolate rat BMSCs.
Co-cultured with mechanical stretch-stimulated pelvic
ligament broblasts promote rat BMSCs differentiated into
pelvic ligament broblasts

Our pilot study showed that mechanical stretch could alter the
morphology of pelvic ligament broblasts.8 This study further
showed that when cultured with mechanical stretch-stimulated
pelvic ligament broblasts, rat BMSCs expressed a high level of
elastin, LOX, and bulin-5 (Fig. 2A–C), while immunohisto-
chemical staining showed that these rat BMSCs expressed
a high level of type I collagen (Fig. 2D) and type III collagen
(Fig. 2E). These results indicated that when cultured with
mechanical stretch-stimulated pelvic ligament broblasts, rat
BMSCs were induced to differentiate into pelvic ligament
roblasts, rat BMSCs differentiated into pelvic ligament fibroblasts with
xpression in BMSCs. (B) Gray-scale analysis of western blotting results.
SCs. Immunohistochemistry staining for type I collagen (D) and type III

RSC Adv., 2017, 7, 37086–37094 | 37089
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broblasts. Numerous studies have shown that during repair,
BMSCs are found in the local area of ligament damage. Some
researchers injected BMSCs from transgenic rats into the area
of ligament damage of wild-type rats; 28 days later, live BMSCs
were detected in the healed ligament of wild-type rats, and the
morphology of these BMSCs was similar to that of the
surrounding ligament broblasts. These results suggested that
the injection of BMSCs in the area of ligament damage could
signicantly improve the repair ability of the ligament without
alterations in the microstructure of the tissue. Thus, BMSCs are
considered an effective cellular carrier that can be used to
deliver a therapeutic effect to a damaged ligament while
improving the speed and quality of repair.16 Some researchers
have used 5-Aza to induce BMSCs to differentiate into bro-
blasts, which provides a source of seed cells for injection of
female patients with PFD. Some researchers injected BMSCs
into SUI rats; during the study, undifferentiated or differenti-
ated BMSCs were injected into the mucosa, muscle of the
bladder inlet, or the posterior urethra of SUI rats. They found
that, aer injection, the maximum bladder capacity was
signicantly increased and that the positive rate of the sneeze
test and maximum detrusor pressure were signicantly
decreased compared with before the injection.17 This study
showed that co-culture of mechanical stretch-induced pelvic
ligament broblasts with BMSCs promoted the differentiation
of BMSCs into ligament broblasts, but further research is
required to investigate the physiological mechanism.
Fig. 3 HAAM promoted the proliferation of BMSCs. (A) CCK-8 assay of
effect of HAAM on BMSC apoptosis. (C) Calcein staining of the effect of H
the spread of BMSCs on HAAM. Phalloidin (red), blue (Hoechst 3342) *P

37090 | RSC Adv., 2017, 7, 37086–37094
HAAM promoted the proliferation of BMSCs

More and more researchers are investigating the use of HAAM
as a cell scaffold. In this study, we rst inoculated HAAM with
BMSCs and then analyzed the effect of HAAM on the prolif-
eration of BMSCs aer 1, 3, and 7 days. A CCK-8 assay showed
that HAAM promoted the proliferation of BMSCs (Fig. 3A) but
had no effect on BMSC apoptosis (Fig. 3B). Laser confocal
microscopy showed that the number of BMSCs on HAAM
increased over time (Fig. 3C) and that BMSCs were well
distributed over HAAM (Fig. 3D). Due to its special structure
and components, amniotic membrane induces the growth of
certain cells and is thus oen used as the vehicle for cell
growth and proliferation. In recent years, many researchers
have cultured amniotic membrane with cells.10,18,19 Some
studies showed that 8 days aer they were seeded on HAAM,
BMSCs showed a radial, swirling, or parallel growth pattern.
The cell body was hypertrophic with an irregular, long
polygonal, at shape and contained a large number of
projections, some of which were woven into a network. The
cells were also securely adhered to the surface of the amniotic
membrane matrix. Once loaded with an appropriate density
of BMSCs, the HAAM–BMSC complex becomes a dermal
substitute that is suitable for implantation.20 In this study, we
seeded HAAM with BMSCs and found that HAAM promoted
the proliferation of BMSCs and that BMSCs adhered well to
HAAM.
the effect of HAAM on BMSC proliferation. (B) Flow cytometry of the
AAM on the proliferation of BMSCs. (D) Laser confocal microscopy of
< 0.05, **P < 0.01.

This journal is © The Royal Society of Chemistry 2017
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HAAM promoted the differentiation of BMSCs into pelvic
ligament broblasts

HAAM is highly compatible with BMSCs. To date, no studies have
been conducted to investigate the effect of HAAM on the differ-
entiation of BMSCs into ligament broblasts. In this study, aer
HAAM was inoculated with BMSCs and cultured with them for 0,
3, 7, or 14 days, cell samples were collected and analyzed.
Western blotting showed that the expression of elastin, LOX, and
bulin-5 in BMSCs increased over time (Fig. 4A). Real-time PCR
revealed that the mRNA levels of elastin, LOX, and bulin-5 in
BMSCs were also increased over time (Fig. 4B and C). As in our
earlier studies,8 the expression of elastin, LOX and bulin-5 did
not change signicantly when BMSCs were cultured in vitro for
a long time individually, no negative control experiment was
done for this present work. These results suggested that culture
on HAAM effectively promoted the differentiation of BMSCs into
ligament broblasts.
HAAM loaded with BMSCs cultured with mechanical stretch-
stimulated pelvic ligament broblasts promoted the
production of ligament brous tissue in rats

Currently, available PFD treatments are associated with a poor
outcome as well as high complication and relapse rates.
Therefore, it is important to develop new treatments. With the
rise in popularity of tissue engineering and its successful
Fig. 4 HAAM promoted the differentiation of BMSCs into pelvic ligamen
with them for 0, 3, 7, or 14 days, western blotting was performed to analyz
was inoculated with BMSCs and cultured with them for 0, 3, 7, or 14 da
results (the expression of elastin, LOX, and fibulin-5 in BMSCs). (C) After BM
real-time PCR was performed to detect the expression of elastin, LOX, a

This journal is © The Royal Society of Chemistry 2017
application in different clinical areas, new PFD treatments are
emerging. Tissue engineering is very promising for PFD caused
by tissue and organ dysfunction and defects. In this study, we
cultured BMSCs with mechanical stretch-stimulated pelvic
ligament broblasts and then seeded BMSCs on HAAM for
implantation into PFD rats. Specically, we isolated and puri-
ed BMSCs, cultured BMSCs with mechanical stretch-
stimulated pelvic ligament broblasts, labeled BMSCs with
CM-DiI, and then inoculated HAAM with BMSCs. Then, BMSC-
loaded HAAM was implanted around the urethra of PFD rats. In
this study, PFD rats were randomly divided into three groups,
each containing 6 rats. In the control group, HAAM was
implanted around the urethra; in the 2 experimental groups,
HAAM loaded with undifferentiated or differentiated BMSCs
was implanted. BMSCs were rst labeled with CM-DiI and then
passaged in vitro; a uorescence microscope was used to
observe the uorescence intensity of the dye in BMSCs. The
results showed that BMSCs were well labeled with high uo-
rescence intensity even aer several passages (Fig. 5A). HAAM
loaded with CM-DiI-labeled BMSCs was implanted into PFD
rats. Three weeks later, the HAAM was removed, and uores-
cence microscopy revealed a large number of live BMSCs on the
HAMM (Fig. 5B). Moreover, HAAM loaded with BMSCs cultured
with mechanical-stretch-induced pelvic ligament broblasts
was implanted in PFD rats. Three weeks later, the HAAM was
removed, andMasson staining showed a large amount of matrix
t fibroblasts. (A) After HAAM was inoculated with BMSCs and cultured
e the expression of elastin, LOX, and fibulin-5 in BMSCs. (B) After HAAM
ys, gray-scale analysis was performed to analyze the western blotting
SCswere inoculated onto and cultured onHAAM for 0, 3, 7, or 14 days,
nd fibulin-5 in BMSCs. *P < 0.05, **P < 0.01.

RSC Adv., 2017, 7, 37086–37094 | 37091
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Fig. 5 HAAM loaded with BMSCs cultured with mechanical stretch-stimulated pelvic ligament fibroblasts promoted the production of ligament
fibrous tissue in rats. (A) CM-DiI was used to label P3 BMSCs; P3, P4, P5, and P6 BMSCs were observed under a fluorescencemicroscope. (B) CM-
DiI-labeled BMSCs were seeded on HAAM and then implanted into PFD rats. Three weeks later, a fluorescence microscope was used to observe
the survival of BMSCs on HAAM. (C) BMSC-loaded HAAM was then implanted in PFD rats. Three weeks later, HAAM was removed for Masson
staining and immunohistochemistry to analyze the expression of LOX and fibulin-5.
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collagen in BMSCs at a signicantly higher level than that in the
control group (implantation of unloaded HAAM) and the other
experimental group (implantation of HAAM loaded with
undifferentiated BMSCs) (Fig. 5C). HAAM has a good biocom-
patibility for BMSCs, and could promote the proliferation of
BMSCs. The implantation of HAAM loading with BMSCs is
benecial to the growth of BMSCs. The proliferation of BMSCs
37092 | RSC Adv., 2017, 7, 37086–37094
provides a cell basis for the production of collagen. On the other
hand HAAM itself could promote the expression of LOX and
bulin-5 in BMSCs, thus promoting the synthesis of collagen.
Immunohistochemical staining showed high expression of LOX
and bulin-5 in the experimental group with implantation of
HAAM loaded with BMSCs cultured with mechanical-stretch-
induced pelvic ligament broblasts. These results suggested
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 HAAM loaded with BMSCs cultured with mechanical stretch-stimulated pelvic ligament fibroblasts improved the function of PFD rats. (A)
Maximum bladder capacity after treatment with BMSC-loaded HAAM. (B) Leak point pressure after treatment with BMSC-loaded HAAM. (C) The
positive rate of the sneeze test after treatment with BMSC-loaded HAAM. *P < 0.05, **P < 0.01.
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that HAAM loaded with BMSCs cultured with mechanical-
stretch-induced pelvic ligament broblasts promoted the
production of ligament brous tissue in rats.
HAAM loaded with BMSCs cultured with mechanical stretch-
stimulated pelvic ligament broblasts improved the function
of PFD rats

HAAM loaded with BMSCs cultured with mechanical stretch-
stimulated pelvic ligament broblasts was implanted in PFD
rats. Three weeks later, maximum bladder capacity and leak
point pressure were signicantly increased, and the positive
rate of the sneeze test was decreased, which suggested that
HAAM loaded with BMSCs cultured with mechanical stretch-
stimulated pelvic ligament broblasts improved the function
of PFD rats. Some researchers used BMSCs as seed cells,
which were autologous BMSCs that proliferated in vitro, that
were loaded onto HAAM (scaffold); the HAAM was then
implanted to repair cartilage, where a good healing outcome
was observed. In this study, we seeded human BMSCs
onto HAAM and found that HAAM promoted the differentia-
tion of BMSCs into ligament broblasts. Moreover, the
implantation of HAMM, which was loaded with BMSCs
cultured with mechanical stretch-induced pelvic ligament
broblasts, into PFD rats effectively increased the maximum
bladder capacity and leak point pressure and decreased the
positive rate of the sneeze test, thereby improving the func-
tion of PFD rats (Fig. 6A–C).
Conclusion

This study showed that when cultured with mechanical stretch-
induced pelvic ligament broblasts, rat BMSCs were induced to
This journal is © The Royal Society of Chemistry 2017
differentiate into pelvic ligament broblasts. Thus, tissue
engineering may provide a new treatment for PFD. BMSCs
cultured with mechanical stretch-induced pelvic ligament
broblasts are ideal seed cells, whereas HAAM is an ideal bio-
scaffold that promotes BMSC proliferation and differentiation
into ligament broblasts. Moreover, the implantation of
HAMM, which was loaded with BMSCs cultured with mechan-
ical stretch-induced pelvic ligament broblasts, into PFD rats
effectively improved the function of PFD rats.
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