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Abstract: Objective: This study aimed to explore the role of the transforming growth factor-β/mitogen activated
protein kinase (TGF-β/MAPK) signaling pathway in the effects of bone marrow mesenchymal stem cells (BMSCs)
on urinary control and interstitial cystitis in a rat model of urinary bladder transplantation. Methods: A urinary
bladder transplantation model was established using Sprague-Dawley rats. Rats were assigned to normal (blank
control), negative control (phosphate-buffered saline injection), BMSCs (BMSC injection), sp600125 (MAPK inhibitor injection), or protamine sulfate (protamine sulfate injection) groups. Immunohistochemistry, urodynamic testing,
hematoxylin-eosin staining, Western blotting, enzyme-linked immunosorbent assay, and MTT assay were used to assess BMSC growth, the kinetics of bladder urinary excretion, pathological changes in bladder tissue, bladder tissue
ultrastructure, the expression of TGF-β/MAPK signaling pathway-related proteins, levels of inflammatory cytokines,
and the effects of antiproliferative factor on cell proliferation. Results: Compared with normal, negative control,
BMSCs, and sp600125 groups, rats in the PS group exhibited decreased discharge volume, maximal micturition
volume, contraction interval, and bladder capacity but increased residual urine volume, bladder pressure, bladder
peak pressure, expression of TGF-β/MAPK signaling pathway-related proteins, levels of inflammatory cytokines, and
growth inhibition rate. Levels of inflammatory cytokines and the growth inhibition rate were positively correlated with
the expression of TGF-β/MAPK signaling pathway-related proteins. Conclusions: Our findings demonstrate that the
TGF-β/MAPK signaling pathway mediates the beneficial effects of BMSCs on urinary control and interstitial cystitis.
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Introduction
Interstitial cystitis (IC), also referred to as bladder pain syndrome or painful bladder syndrome,
is a debilitating chronic inflammatory bladder
disorder [1] that mainly affects women and is
characterized by symptoms such as frequency,
nocturia, urinary urgency, and pelvic and suprapubic pain [2]. IC symptoms are reportedly
widespread among women in the United States,
suggesting that IC may be underdiagnosed,
and are associated with considerable disability
[3]. One study reports that the overall prevalence of IC is 306/100,000 women, with the
highest prevalence (464/100,000) among
women aged 40-59 years old, and two-thirds of

those with moderate to high risk for IC have
poor quality of life [4]. IC patients typically experience pain, pressure, or discomfort caused by
bladder filling and may present with urinary frequency and urgency, indicating poor urinary
control [5]. Despite advances in our understanding of pelvic anatomy and the refinement
of surgical techniques, loss of urinary control
after radical prostatectomy remains a significant source of patient morbidity and diminishes
quality of life [6], and effective treatments are
currently lacking. However, bone marrow mesenchymal stem cells (BMSCs), the differentiation of which requires suitable stimuli such as
transforming growth factor-β (TGF-β), can
improve remodeling and integration with the
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host surface zone and thereby help restore urinary bladder after transplantation [7].
As a multifunctional cytokine that regulates
embryogenesis and tissue homeostasis, TGF-β
controls the growth and differentiation of a
large variety of cells [8]. Members of the TGF-β
family, including TGF-β1, 2, and 3 that are
encoded by different genes, exhibit diverse tissue distribution patterns and perform different
biological activities in the body [9]. Tyagi et al.
report that TGF-β1 expression is elevated in tissue biopsies of IC patients and that TGF-β1 can
be utilized for the diagnosis and treatment of IC
[10]. TGF-β-related agents stimulate the mitogen activated protein kinase (MAPK) signal
transduction pathway, which is highly conserved across eukaryotic cells [10]. The MAPK
family of signal transduction proteins includes
extracellular signal-regulated kinases (ERKs),
c-Jun N-terminal kinases (JNKs), and p38,
which can convert extracellular signals [11].
Previous studies show that activation of MAPK
signaling promotes proliferation and inflammation-associated malignant transformation, and
MAPKs are regarded as promising targets for
treating diseases [12, 13]. Importantly, the
MAPK signaling pathway is sufficient to direct
differentiation of mouse BMSCs into hepatocytes, which could be beneficial for clinical
application [14]. Although activation of the
MAPK/TGF-β signaling pathway is associated
with hepatic fibrosis [15], few studies have
described its relationship with urinary control
or IC. Thus, the aim of our study was to investigate the role of the TGF-β/MAPK signaling pathway in the effect of BMSCs on urinary control
and IC.
Materials and methods
Ethics statement
All animal experimental designs were approved
by the animal ethics committee of our hospital,
and all studies strictly conformed to animal use
and protection guidelines issued by the
International Association for the Study of Pain
[16].
Study subjects and the extraction and identification of BMSCs
A total of 60 (30 males and 30 females)
4-month-old clean healthy Sprague-Dawley
(SD) rats (Shanghai SLAC Laboratory Animal
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Co., Ltd., Shanghai, China) between 200-250 g
were included in the study. The rats were maintained on a normal circadian rhythm with free
access to food and water in a quiet room with
good ventilation at 21-23°C and humidity of 60
± 5%. Two percent pentobarbital sodium
(Wuhan Boster Biological Engineering Co., Ltd,
Hubei, China) was used to anaesthetize the
rats. The skin was then disinfected, and the tibias were removed under aseptic conditions and
washed with phosphate-buffered saline (PBS).
The epiphysis was cut off to expose the marrow
cavity, and Dulbecco’s modiﬁed Eagle’s medium (GE Healthcare Life Sciences HyClone
Laboratories, Logan, UT, USA) containing 10%
fetal bovine serum (FBS, Gibco Company,
Grand Island, NY, USA), 0.1 U/L penicillin, and
0.1 μg/L streptomycin (GE Healthcare Life
Sciences HyClone Laboratories, Logan, UT,
USA) was used to wash out the bone marrow. A
single-cell suspension was made and centrifuged for 5 min at 1000 rpm. The cells were
re-suspended, inoculated into the culture bottle, and cultured at 37°C. The culture medium
was replaced after 48 h and again every 3 d.
Cells in a good growth state were obtained
after the third passage and digested with
0.25% trypsin (Gibco Company, Grand Island,
NY, USA) and centrifuged for 5 min at 1000 rpm
at 4°C. Cells were washed with PBS containing
1% bovine serum albumin (BSA) and counted.
Monoclonal antibodies CD34, CD44, CD45,
CD90, and CD105 (1:100, Abcam Inc., Cambridge, MA, USA) were added into the tube successively. The same type of negative control
was established for each sample, and the
tubes were incubated on ice for 45 min in the
dark. Cells were washed three times to remove
unconjugated antibody, and 500 μL PBS containing 1% BSA was added to re-suspend the
cells, which were detected and analyzed by flow
cytometry (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA). BMSCs (third passage) plus BrdU (final concentration: 10 μmol/L,
Beijing Zhongsheng Rutai Biotechnology Co.,
Ltd., Beijing, China) were cultured for 48 h, and
the concentration of BrdU-labeled BMSCs was
adjusted to 2 × 105/mL.
Experimental groups
Rats were randomly assigned into five groups
with 6 rats per group: normal (blank control),
negative control (NC; bladder transplantation +
PBS injection), BMSCs (bladder transplantation
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Table 1. Treatment regimens of rats in each group
Group
Normal
NC
PS
BMSCs
sp600125

Treatment regimen
Normal rats, no treatment
Bladder transplantation, 0.5 mL PBS perfusion
Bladder transplantation, 0.5 mL 30 mg/kg PS perfusion
Bladder transplantation, PS perfusion, intraperitoneal injection of BMSCs
Bladder transplantation, PS perfusion, intraperitoneal injection of 30 mg/kg sp600125 solution

Note: NC, negative control; PBS, phosphate-buffered saline; PS, protamine sulfate; BMSCs, bone marrow mesenchymal stem
cells.

+ BMSC injection), sp600125 (bladder transplantation + MAPK inhibitor injection), and protamine sulfate (PS; bladder transplantation + PS
injection). The treatments for rats in each group
are shown in Table 1. After rats were anesthetized with 2% pentobarbital sodium (Wuhan
Boster Biological Engineering Co., Ltd, Hubei,
China), the abdomen was disinfected, a midline
incision was made, and the omentum majus
was removed from the abdominal cavity. A full
bladder was immediately transplanted into the
omentum majus with distal reentry and stitched
with a 8-0 Prolene suture (Huatuo Medicines
Co., Ltd, Anhui, China). After fixation, the abdomen was closed with sutures, and rats were
treated with 30,000 units of penicillin (SigmaAldrich Chemical Company, St. Louis, MO, USA)
by intramuscular injection for preventing infection. One month after bladder transplantation,
3 mL/kg of 10% chloral hydrate was injected
into the abdominal cavity to anaesthetize and
disinfect the rats. For rats in the NC group, after
lubrication with sterile paraffin oil, PE-50 tubing
was introduced into the bladder through a catheter, and 0.5 mL PBS (30 mg/mL) was irrigated
into the bladder and preserved for 30 min after
draining out the bladder urine. For rats in the
PS group, 0.5 mL PS was used to irrigate the
bladder in the same manner. For rats in the
sp600125 group, 300 mg/kg sp600125 solution was injected into the abdominal cavity 2 h
before the irrigation of PS into the bladder. For
rats in the BMSCs group, the lower abdomen
was cut lengthwise with a 1-cm incision. BMSC
cell sap (10 μL) was extracted using a microinjector (Hamilton Company, Reno, NV, USA)
and injected into the tunica muscularis vesicae
urinariae. The incision was closed with sutures,
and rats were intramuscularly injected with
30,000 units of penicillin (Sigma-Aldrich
Chemical Company, St. Louis, MO, USA) for preventing infection. All rats were treated three
times a week for 4 weeks, and carbon dioxide
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was used to sacrifice rats 48 h after the last
treatment.
Immunohistochemistry (IHC)
IHC was used to identify dye-positive cells in
bladder tissue. Four weeks after cell transplantation, 10% chloral hydrate (3 mL/kg) was
injected into the abdominal cavity to anaesthetize and disinfect the rats, and bladder tissue
was removed. The wound was closed with
sutures, and rats were returned to the animal
colony after waking. Bladder tissue was fixed in
4% paraformaldehyde, dehydrated using graded ethanol, waxed and embedded, and cut into
slices (5 μm). Slices were hydrated with conventional dewaxing, soaked in 3% H2O2 in the dark
to remove endogenous catalase, and antigen
was used for repair. Slices were incubated in
0.5% Triton after washing with PBS-Tween,
incubated with 2 mol/L hydrochloric acid, and
1% BSA was added to remove heterogenetic
antigen. Slices were incubated with BrdU antibody (mouse monoclonal antibody, 1:100, Abcam Inc., Cambridge, MA, USA) for 2 h at 37°C.
Slices were then treated with kit 1 (Beijing
Zhongshan Jinqiao Biotechnology Co., Ltd., Beijing, China) for 20 min at 37°C and kit 2 (Beijing
Zhongshan Jinqiao Biotechnology Co., Ltd.,
Beijing, China) for 20 min. Diaminobenzidine
was added for coloration, and the slices were
lightly stained with hematoxylin for 30 s (Wuhan
Boster Biological Engineering Co., Ltd, Hubei,
China). An Olympus CX23 microscope was used
to observe the growth of transplanted cells.
Urodynamic testing
Urodynamic testing was performed using a
urine tester (Laborie, Mississauga, ON, Canada)
12 h after drinking when the bladder was
empty. Rats were anesthetized via hypodermic
injection with 2% pentobarbital sodium (Wuhan
Boster Biological Engineering Co., Ltd, Hubei,
Am J Transl Res 2017;9(3):1193-1202
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China) before urine testing. Free uroflowmetry
was first used to determine residual urine volume, followed by filling cystometry and pressure-flow experiments. Bladder perfusion was
conducted using a 3M micro-perfusion pump
that injected normal saline into the bladder a
rate of 50 mL/min through an epidural catheter. The detection indexes included discharge
volume (total amount of urination/micturition
frequency), residual urine volume (amount of
perfusion-total amount of urination), maximal
micturition volume (longest filling time × perfusion rate), bladder pressure, bladder peak pressure, contraction interval, and bladder
capacity.
Hematoxylin-eosin (HE) staining
HE staining was used to observe mucosal epithelial defects in bladder tissue and the infiltration condition of bladder interstitial inflammation. Tissue was fixed with 4% paraformaldehyde, dehydrated using graded ethanol, embedded in paraffin (Thermo Fisher Scientific Inc.,
Waltham, MA, USA), and cut into slices (5 μm).
Slices underwent conventional dewaxing and
were stained by HE (Wuhan Boster Biological
Engineering Co., Ltd, Hubei, China) for 10 min.
After washing in running water for 15 min, 1%
alcohol solution was used for differentiation.
Slices were washed, dehydrated using graded
ethanol, and then hematoxylin was added to redye for 2 min. After dehydration, transparency,
and sealing with resinene (Wuhan Boster
Biological Engineering Co., Ltd, Hubei, China),
an Olympus CX31 microscope was used to
observe pathological changes in the tissue.
Western blotting
After bladder tissue was prepared, total protein
was extracted from cells using the Trizol method (Invitrogen Inc., Carlsbad, CA, USA), and a
bicinchoninic acid kit (Beyotime Biotechnology
Co., Shanghai, China) was used to determine
protein concentration. Protein samples were
boiled at 100°C for 10 min after the addition of
sample buffer and then added to each well (30
μg). A total of 10% polyacrylamide gel (Wuhan
Boster Biological Engineering Co., Ltd, Hubei,
China) was added for electrophoresis, and the
protein was separated in spacer gel at 60 V for
45 min and in separation gel at 120 V for 1 h.
Samples were wet-transferred onto a polyvinylidene fluoride membrane at 250 mA for 2 h with
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constant current and incubated in 5% BSA for 1
h at room temperature. Samples were incubated with primary antibodies TGF-β (ab31013),
Smad2/3 (ab207447), p-Smad2/3 (ab63399),
connective tissue growth factor (CTGF; ab6992), JNK (ab208035), p-JNK (ab124956), c-jun
(ab32137), p-c-jun (ab32385), ERK1/2 (ab17942), p-ERK1/2 (ab200807), p38 (ab31828),
p-p38 (ab47363), or β-actin (ab8226) (all 1:
1000, Abcam Inc., Cambridge, MA, USA) overnight at 4°C. After washing with TRIS buffer
solution-Tween (TBS-T) for 5 min three times,
corresponding secondary antibodies were
added for 1 h at room temperature. Samples
were washed again with TBS-T for 5 min three
times. Finally, Roche ECL chemiluminescence
reagent was used for development, and Image
J software was used for gray value analysis.
Enzyme-linked immunosorbent assay (ELISA)
An ELISA kit (eBioscience, Inc. San Diego, CA,
USA) was placed at room temperature for 20
min to prepare the cleaning solution. After dissolving, 100 μL of standard solution was added
to the reaction plate to create a standard curve.
A total of 100 μL test sample was added to the
reaction well and incubated for 90 min at 37°C.
After washing, 100 μL biotin antibody working
fluid was added and incubated for another 60
min at 37°C. Samples were washed again,
treated with 100 μL working fluid with enzyme
binding reagent in the dark and incubated for
30 min at 37°C. After washing the plate three
times, 100 μL substrate was added and incubated in the dark for 15 min at 37°C, and stop
solution was quickly added to terminate the
reaction. Universal enzyme marker (Synergy 2,
Omega Bio-tek Inc, Norcross, GA, USA) was
used to measure optical density (OD) values at
a wavelength of 450 nm within 3 min.
Expression of inflammatory factors including
interleukin (IL)-2, IL-4, IL-10, tumor necrosis
factor-α (TNF-α), and interferon-γ (INF-γ) in tail
vein serum were analyzed.
Methyl thiazolyl tetrazolium (MTT) assay
Human bladder epithelium cells were obtained
from patients with ureteral calculus without history of bladder disease. Cells were cold-digested and cultured with rat urine, and the inhibitory effect of anti-proliferation factor (APF) on cell
proliferation was analyzed using MTT assay.
Cells were inoculated into 96-well plates (5 ×
Am J Transl Res 2017;9(3):1193-1202

TGF-β/MAPK pathway improves IC and urinary control

Figure 1. Characterization of third-passage BMSCs by flow cytometry. Note: BMSCs, bone marrow mesenchymal
stem cells.

Figure 2. Cell growth as assessed by immunohistochemistry (200 × magnification). Note: BMSCs, bone marrow
mesenchymal stem cells; NC, negative control; PS, protamine sulfate.

103/mL/well). After 24 h of culture, 20 μL MTT
solution (5 mg/mL; Sigma-Aldrich Chemical
Company, St. Louis, MO, USA) was added to
each well and incubated for 4 h at 37°C. The
culture medium was aspirated, and cells were
treated with 150 μL dimethyl sulfoxide (SigmaAldrich Chemical Company, St. Louis, MO, USA).
Four duplicated wells were set up for each
group, and electrophoresis was used to measure OD values at a wavelength of 490 nm. Cell
growth inhibition rate (%) was calculated as
(1-mean OD valuetreatment group/mean OD valuecon) × 100%.
trol group
Statistical analysis
Statistical analysis was conducted using SPSS
version 21.0 (SPSS Inc., Chicago, IL, USA). Data
are reported as mean ± standard error of the
mean. Pairwise comparisons were performed
using t tests, and multiple group comparisons
were performed using one-way analysis of variance (ANOVA). Frequency data were analyzed
using Chi-square tests and presented as count
(percentage). Pearson correlation coefficients
were calculated to assess relationships between the expression of TGF-β/MAPK pathwayrelated proteins and mast cell number, levels of
inflammatory cytokines, and inhibition rate of
cell growth. P-values < 0.05 were considered
statistically significant.
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Results
BMSCs characterized by flow cytometry
Flow cytometry was used to characterize thirdpassage BMSCs. We found that 95.24%,
98.17%, and 99.05% of BMSCs expressed
CD44, CD90, and CD105, respectively. Only
3.45% and 1.53% of BMCs expressed CD34
and CD45, respectively (Figure 1).
Cell growth assessed by IHC
IHC was used to assess BrdU-labeled BMSCs in
the rat bladder, with positive cells stained
brown or yellow. We found brown-labeled cells
on the muscle layer of the bladder in the BMSCs
group, suggesting that transplanted cells grew
well in the bladder. By contrast, no positive
cells were detected in the normal, NC, PS, or
sp600125 groups, which were not transplanted with BMSCs (Figure 2).
Bladder urinary excretion kinetics assessed by
urodynamic testing
When compared with the normal group, no
obvious changes in bladder urinary excretion
kinetics were observed in the NC, BMSC, or
sp600125 groups (all P > 0.05). However, the
PS group exhibited decreased discharge volume, maximal micturition volume, contraction
interval, and bladder capacity but increased
residual urine volume, bladder pressure, and
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Table 2. Kinetics of bladder urinary excretion as assessed by urodynamic testing
Normal group
Discharge volume (mL)
0.35 ± 0.03
Residual urine volume (mL)
0.26 ± 0.03
Maximal micturition volume (mL) 0.56 ± 0.07
Bladder pressure (cm H2O)
2.42 ± 0.25
Bladder peak pressure (cm H2O) 52.36 ± 5.74
Contraction interval (s)
162.8 ± 14.3
Bladder capacity (mL)
1.21 ± 0.13

NC group
0.31 ± 0.02#
0.23 ± 0.03#
0.52 ± 0.04#
2.53 ± 0.27#
53.37 ± 5.62#
158.4 ± 12.5#
1.18 ± 0.19#

PS group
0.17 ± 0.02*
0.48 ± 0.05*
0.18 ± 0.02*
4.25 ± 0.43*
68.79 ± 7.32*
78.6 ± 7.35*
0.87 ± 0.09*

BMSCs group sp600125 group
0.33 ± 0.03#
0.36 ± 0.04#
#
0.24 ± 0.02
0.27 ± 0.03#
0.54 ± 0.06#
0.58 ± 0.06#
#
2.39 ± 0.22
2.48 ± 0.21#
#
57.48 ± 5.45 59.27 ± 5.31#
156 ± 13.2#
167.2 ± 15.1#
#
1.17 ± 0.20
1.23 ± 0.11#

Note: NC, negative control; PS, protamine sulfate; BMSCs, bone marrow mesenchymal stem cells, *P < 0.05 vs. normal group;
#
P < 0.05 vs. PS group.

Figure 3. Pathological changes in bladder tissue as detected by HE staining (200 × magnification). Note: HE, hematoxylin-eosin; BMSCs, bone marrow mesenchymal stem cells; NC, negative control; PS, protamine sulfate.

Figure 4. Expression of TGF-β/MAPK signaling pathway-related proteins as assessed by Western blotting. A: Quantification of TGF-β/MAPK signaling pathway-related protein expression. B: Western blotting images. Note: BMSCs,
bone marrow mesenchymal stem cells; NC, negative control; PS, protamine sulfate; *P < 0.05 vs. normal group; #P
< 0.05 vs. PS group.

bladder peak pressure compared with the normal group (all P < 0.05). Compared with the PS
group, discharge volume, maximal micturition
volume, contraction interval, and bladder
capacity were increased whereas residual urine
volume, bladder pressure, and bladder peak
pressure were decreased in the BMSCs and
sp600125 groups (all P < 0.05) (Table 2).
1198

Pathological changes in bladder tissue detected by HE staining
HE staining showed that the mucosa of bladder
tissue was intact with few signs of inflammation in the normal and NC groups. In the PS
group, rats showed severe epithelial injury, with
a large amount of inflammatory cell infiltration
Am J Transl Res 2017;9(3):1193-1202
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Figure 5. Serum inflammatory cytokine levels as assessed by ELISA.
A: IL-2. B: IL-4. C: IL-10. D: TNF-α. E:
IFN-γ. Note: BMSCs, bone marrow
mesenchymal stem cells; NC, negative control; PS, protamine sulfate;
ELISA, enzyme-linked immunosorbent assay; *P < 0.05 vs. normal
group; #P < 0.05 vs. PS group.

0.05). The expression of TGF-β, p-/Smad2/3,
CTGF, p-/JNK, p-/c-jun, p-/ERK1/2, and p-/p38
was up-regulated in bladder tissue of the PS
group compared with that of the normal group
(all P < 0.05). Compared with the PS group, the
expression of TGF-β, p-/Smad2/3, CTGF, p-/
JNK, p-/c-jun, p-/ERK1/2, and p-/p38 were
down-regulated in the NC, BMSCs, and
sp600125 groups, indicating the inhibition of
the TGF-β/MAPK signaling pathway (all P <
0.05) (Figure 4).

Figure 6. Inhibitory effect of APF on cell growth as
assessed by MTT assay. Note: BMSCs, bone marrow
mesenchymal stem cells; NC, negative control; PS,
protamine sulfate; APF, anti-proliferation factor; HBE,
human bladder epithelium; MTT, methyl thiazolyl tetrazolium; *P < 0.05 vs. normal group; #P < 0.05 vs.
PS group.

and obvious edema in the mucosa and laminae
propria. The integrity of epithelial tissue was
largely maintained in the BMSCs and sp600125
groups, and inflammatory cell infiltration and
edema were less pronounced than in the PS
group (Figure 3).
Expression of TGF-β/MAPK pathway-related
proteins assessed by western blotting
Western blotting showed that the expression of
TGF-β/MAPK signaling pathway-related proteins was similar between the NC, BMSCs, and
sp600125 groups and the normal group (all P >
1199

Inflammatory cytokine levels assessed by
ELISA
No significant differences were found in the levels of inflammatory cytokines (IL-2, IL-4, IL-10,
TNF-α, and IFN-γ) in the NC, BMSCs, and sp600125 groups compared with the normal group
(all P > 0.05). The PS group showed increased
levels of IL-2, IL-4, IL-10, TNF-α, and IFN-γ compared with the normal group (all P < 0.05). The
NC, BMSCs, and sp600125 groups showed
decreased levels of IL-2, IL-4, IL-10, TNF-α, and
IFN-γ than the PS group (all P < 0.05) (Figure 5).
Inhibitory effect of APF on cell growth assessed by MTT assay
MTT assay was used to analyze the inhibitory
effect of APF on cell proliferation. The rate of
inhibition of cell growth was similar between
the NC, BMSCs, and sp600125 groups and the
normal group (all P > 0.05). The inhibition rate
was increased in the PS group compared with

Am J Transl Res 2017;9(3):1193-1202

TGF-β/MAPK pathway improves IC and urinary control
Table 3. Correlations between the expression of TGF-β/MAPK signaling pathway-related proteins and
mast cell number, levels of inflammatory cytokines, and inhibition of cell growth
TGFβ
CTGF
p-/Smad2/3
p-/JNK
p-/c-jun
p-/ERK1/2
p-/p38

Mast cell number
0.991*
0.940*
0.949*
0.966*
0.991*
0.980*
0.877*

IL-2
0.994*
0.964*
0.918*
0.976*
0.981*
0.989*
0.925*

IL-4
0.970*
0.916*
0.922*
0.954*
0.965*
0.968*
0.890*

IL-10
0.975*
0.913*
0.922*
0.956*
0.969*
0.969*
0.886*

TNF-α
0.935*
0.950*
0.806*
0.930*
0.915*
0.949*
0.934*

IFN-γ
0.978*
0.959*
0.882*
0.968*
0.958*
0.979*
0.938*

Inhibition rate
0.991*
0.940*
0.949*
0.966*
0.991*
0.980*
0.877*

Note: IL, interleukin; TNF-α, tumor necrosis factor-α; IFN-γ, interferon-γ; TGF-β, transforming growth factor-β; CTGF, connective
tissue growth factor; JNK, c-Jun N-terminal kinase; ERK, extracellular signal-regulated kinase; *P < 0.05.

the normal group (all P < 0.05). The inhibition
rate was decreased in the NC, BMSCs, and
sp600125 groups compared with the PS group
(all P < 0.05) (Figure 6).
Correlations between the expression of TGF-β/
MAPK pathway-related proteins and mast cell
number, levels of inflammatory cytokines, and
inhibition of cell growth
We found significant positive correlations
between the number of mast cells, levels of
inflammatory cytokines, and inhibition rate of
cell growth and the expression of TGF-β, CTGF,
p-/Smad2/3, p-/JNK, p-/c-jun, p-/ERK1/2, and
p-/p38 (all r > 0.80, P < 0.05) (Table 3).
Discussion
We examined the role of the TGF-β/MAPK signaling pathway in the effects of BMSC transplantation on urinary control and IC. We found
that the TGF-β/MAPK signaling pathway mediates the beneficial effects of BMSCs on urinary
control and IC, suggesting that this pathway
can be targeted for treating IC.
The expression of TGF-β/MAPK signaling pathway-related proteins was positively correlated
with mast cell number and levels of inflammatory cytokines. As a pleiotropic cytokine, TGF-β
regulates a large variety of cellular actions and
pathophysiological processes with spatiotemporal precision [17]. The MAPK signaling pathway is composed of a four-kinase cascade
module (i.e., MAPK, MAP2K, MAP3K, and
MAP4K) that can negatively or positively control
the expression of various functional genes
through different transcription factors [18]. The
MAPK signaling pathway is connected with
many cellular processes including differentia1200

tion, homeostasis, proliferation, and cellular
survival [19]. TGF-β can induce rapid phosphorylation of MAPKs and subfamilies such as
ERKs, JNKs, and p38, suggesting that TGF-β is
positively related to p-/ERKs, p-/JNKs, and p-/
p38 [11]. Mast cells are considered to be
involved in allergic reactions via the release of
chemokines, cytokines, proteases, and bioactive polyamines, and the activation of mast
cells can lead to their distribution and inflammatory reactions, which are characteristics of
IC [20, 21]. Cytokines, including IL-2, IL-4, IL-10,
IFN-γ, and TNF-α, are soluble proteins synthesized by diverse cells within the immune system [22]. On one hand, activated mast cells
can increase cytokine expression and production of TGF-β, and MAPK can contribute to cytokine expression, suggesting positive relationships among TGF-β/MAPK proteins, mast cells,
cytokines, and TGF-β. On the other hand, the
pathogenesis of IC may be closely correlated
with the production of inflammatory cytokines,
thus activation of the TGF-β/MAPK signaling
pathway may be related to IC pathogenesis via
the expression of cytokines [23, 24]. A previous
study shows that intense pulsed light may promote skin rejuvenation via the MAPK-mediated
secretion of TGF-β1 [25]. The TGF-β/MAPK signaling pathway is activated in IC, and IC patients
have larger numbers of mast cells, providing
further evidence of a positive association
between expression of TGF-β/MAPK signaling
pathway-related proteins and mast cells [21].
Furthermore, Corcoran et al. proposed that
cytokines and chemokines such as IL-2, IL-6,
IL-8, and TNF-α are up-regulated in urine and/
or bladder tissue from IC patients [24], which
indirectly supports our finding that activation of
the TGF-β/MAPK signaling pathway is associated with higher levels of cytokines. Taken together, the present and previous studies suggest
Am J Transl Res 2017;9(3):1193-1202
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that the TGF-β/MAPK signaling pathway is positively correlated with mast cell numbers and
levels of inflammatory cytokines.
Our observations of the kinetics of bladder urinary excretion suggest that BMSC intervention
therapy could improve the urinary control of
rats after tissue transplantation. BMSCs possess the ability to self-renew and differentiate
into multiple cell types, which can provide an
alternative cell source for tissue engineering
and cell-based therapies [26]. As a hollow
organ, the bladder is composed of tissues from
the mesoderm (also called smooth muscle cells
(SMCs)) and endoderm (also called urothelium),
and the interaction between SMCs and urothelium is critical for the development and maintenance of bladder structural integrity and contractile function. The application of BMSCs to
urological cell-based tissue engineering can
help reconstruct bladder function by inducing
stem cell differentiation into both urothelium
and SMCs, suggesting that BMSCs may promote urinary control by maintaining urothelium
structure and bladder contractile function [27].
Previous studies show that stem cell transplantation is an effective option for treating bladder
dysfunction, as rat MSCs are capable of differentiating into both striated and smooth muscles, and the periurethral injection of MSCs in
an animal model of stress urinary incontinence
can help restore the damaged external urethral
sphincter and thereby improve the urinary control of rats after tissue transplantation [28, 29].
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