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Abstract: Background: Studies have shown that bone marrow mesenchymal stem cells (MSCs) can be induced to 
differentiate into urinary epithelial cells. The differentiated epithelial cells have been implanted into animals, but the 
use of the differentiated cells in tissue engineering has not been carried out. Objective: Epithelial cells were gener-
ated from mouse bone marrow MSCs through a cocktail of induction agents. In combination with a mouse extracel-
lular matrix, the MSC-derived epithelial cells were taken as graft sources and used to construct tissue-engineered 
grafts. Methods: Bone marrow MSCs were isolated from 8-week old male mice using density gradient centrifuga-
tion. The MSCs were differentiated into epithelial cells in a conditioned medium for two weeks. Subsequently, the 
differentiated cells were identified and planted in the extracellular matrix to construct tissue-engineered grafts to 
repair the bladders. In a control group, urinary epithelial cells isolated from mice were treated with the extracellular 
matrix to repair the bladders. Results: MSCs were successfully cultured and amplified in vitro. The expression of the 
stem cell marker CD44 was reduced after its induction with the conditioned medium and the expression of the dif-
ferentiated epithelial marker UP1a was increased, but not in the bone marrow MSCs. The tissue-engineered grafts 
constructed with differentiated cells formed stable and continuous epithelia two weeks after being transplanted 
into bladders, and the thicknesses of the cortexes were similar to those of the tissue-engineered grafts. Conclusion: 
Bone marrow MSCs can be differentiated into epithelial cells and serve as a new alternative to urothelial cells in 
urinary tissue engineering.
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Introduction

Congenital dysplasia, trauma, or diseases such 
as malignant tumors often cause damage to 
the urine storage function of the bladder, which 
requires bladder repair or bladder expansion 
for renovation. Clinically [1], the normal diges-
tive tract is the primary source of the repair 
material, but these treatments can cause 
digestive tract fistulas, obstruction, bleeding, 
infections, and a series of complications [2]. 
Due to the marked functional differences 
between the gastrointestinal epithelium and 
urothelial cells, the use of digestive tract mate-
rial may cause the increased absorption of 
urine, leading to an acid-base imbalance, elec-
trolyte disorders, stone formation, and second-
ary progression [3]. These problems can be 
avoided by constructing a tissue-engineered 

complex that is similar to bladder tissue struc-
ture for its repair [4]. 

The urethral cortex is a significant barrier  
that prevents the leakage of urine and performs 
a mucosal immune function in the bladder  
cavity [5]. The presence of the urethral cortex  
is the most crucial difference between the uri-
nary structure and other tissues. However, the 
urothelial cells are mature and difficult to pro-
duce in vitro [6]. Several studies have shown 
that bone marrow mesenchymal stem cells 
(MSCs) can differentiate into urinary epithelial 
cells in vitro [7-9]. In this study, we induced 
mouse bone marrow MSCs to differentiate into 
urinary epithelial cells, which were used in com-
bination with the bladder cell-free matrix to con-
struct bladder-like tissue for repairing the 
bladder.
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Materials and methods 

Materials

Collagenase Type I (Life Technology, Cat. No. 
17100017), fetal bovine serum (FBS) (GIBCO, 
Cat. No. 10100-147), 1% penicillin-streptomy-
cin-neomycin (GIBCO, Cat. No. 15640055),  
and Keratinocyte-Serum Free Media (GIBCO, 
K-SFM) were all purchased from Thermo Fisher 
Scientific. Kits for RNA reverse-transcription 
and PCR were purchased from TaKaRa, Trypsin 
(Cat. No. 40126ES60) was purchased from 
Shanghai Yeasen Biotechnology Co., Ltd., 3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT) was obtained from Sigma, 
an Annexin V-FITC/PI double staining kit was 
ordered from BD bioscience, and cell culture 
medium RPMI1640 and DMEM were purchased 
from Life Technology. A BCA Protein Assay Kit 
was purchased from the Beyotime Institute of 
Biotechnology, and the Uroplakin Ia (UP Ia) anti-
body (Cat. No. ab185970) was purchased from 
Abcam. The β-actin antibody (Cat. No. 3700s) 
was purchased from Cell Signaling Technology. 

Mouse bone marrow-MSC (BM-MSC) isolation 
and culture 

The mice were sacrificed using cervical disloca-
tion, and the whole body was soaked in 75% 
ethanol for 5 min. The tibia and femur were 
taken under aseptic conditions. The metaphy-
seal ends of the bones were excised, and the 
medullary cavity was exposed. A complete 
medium containing low glucose DMEM (volume 
fraction 10% FBS) was thoroughly flushed into 
the medullary cavity, then we collected the sus-
pension and carefully lay on 5 ml Ficoll® Paque 
Plus (relative density at 1.073, GE), then we 
centrifuged them at 1500 rpm for 20 min with-
out stopping. After the centrifugation, the cells 
were divided into three layers, and the cloudy-
like cell suspension between the first and sec-
ond layers was collected in 5 ml of fresh com-
plete medium and washed once to discard any 
residual Ficoll. After counting the cells, we 
adjusted the cell concentration to 106 cells/ml, 
transferred the cells to a culture flask, and 
placed them in a 37°C, volume fraction 5% CO2 
incubator. After 72 h, the cell culture medium 
was partially replaced with a complete medium. 
The bone marrow MSCs were passed to the 5th 
generation and cultured in a conditioned medi-
um. The urinary epithelial cells were differenti-
ated from the mouse MSCs and cultured, as 

reported previously [11]. The supernatant was 
collected, centrifuged for 5 min at 2000 r/min, 
filtered with 0.22 μm membranes, and mixed 
with DMEM at a 1:4 proportion to generate a 
conditioned medium. FBS was added to make a 
final concentration of 2%, and it was main-
tained at 4°C. The MSCs were exposed to the 
conditioned medium for two weeks. The post-
induction cells were tested with RT-PCR and 
immunofluorescence to determine the expres-
sions of the MSCs and the epithelial cells 
markers.

RT-PCR

The total RNA was extracted using TRIzol 
according to the manufacturer’s instructions. 
Then the total RNA was reverse-transcribed 
into cDNA using a ReverTraAce® qPCR RT kit. 
The PCR reaction was performed using the 
above cDNA as the template, and the PCR con-
ditions were set as follows: 35 cycles, dena-
tured for 30 s at 95°C, annealed for 30 s at 
56°C, and extended for 10 min at 72°C. The 
primers were designed and synthesized by 
Sangon Biotech Co. Ltd. (Shanghai, China). The 
primer sequences used were as follows (5’→3’), 
β-actin forward: CCT GGC ACC CAG CAC AAT; 
reverse: GCT GAT CCA CAT CTG CTG GAA. UP1a 
forward: GGG CAA CAT TAT TTT GCT GT; reverse: 
CGT GAG GAT CAT GTA CCG ACG. CD44 forward: 
TCG ATT TGA ATG TAA CCT GCC G; reverse: CAG 
TCC GGG AGA TAC TGT AGC. The PCR products 
were electrophoresed in a 1.5% agarose gel, 
stained for about 20 min with 1 × TAE solution 
that contained 0.5 mg/L of EB, and then rinsed 
with water for 10 min. β-actin was used as an 
internal reference gene. 

Immunofluorescence 

The cells grew on PLL-treated coverslips and 
were fixed for 30 min with 10% paraformalde-
hyde, and then they were washed 3 times with 
PBS, 5 min each time. Then, 100 μL working 
solution (PBS containing 0.25% Triton X-100) 
was added to permeate the cell membranes, 
and the cells were then incubated at room tem-
perature for 10 min, washed 3 times with PBS, 
5 min each time. UP1a antibody diluted by 1:50 
proportion was added, incubated overnight at 
4°C. The slides were washed with PBS 3 times, 
5 min each time. The PBS was removed and we 
added the fluorescent secondary antibodies at 
a dilution of, then we incubated for the cells for 
50 min at room temperature. We the rewashed 



Reconstituting mice bladders from BM-MSCs

8342 Int J Clin Exp Med 2020;13(11):8340-8348

the cells with PBS 3 times, and then one drop 
of DAPI dye solution was added to the cells in 
the dark, and we incubated the cells for 10 min 
at room temperature. We washed the slides 
with PBS three times. The coverslips were air-
dried and sealed for analysis under a fluores-
cence microscope. 

Preparation of the bladder acellular matrix 
graft (BAMG)

The mouse bladders were removed and stir-
soaked overnight in a PBS solution that con-
tained 0.1% sodium azide. The next day, the 
tissue was continuously stirred with a 0.5 
mmol/L EDTA solution containing 0.5% trypsin 
at 37°C for 5 h. The tissue was protected from 
cross-linking for 10 min by the protective fluid 
(volume fraction 1% formaldehyde+volume 
fraction 0.2% glutaraldehyde protection fluid). 
After washing it with PBS, the tissue was stirred 
for 6-8 h with 1 mol/L NaCl solution containing 
40 × 103 U/L DNase at 37°C. The specimens 
were rinsed for 5-6 h with 4% deoxycholic acid 
sodium and 0.1% sodium azide solution, then 
washed with PBS, and then this was repeated 
one time. The prepared bladder stroma was 
soaked and disinfected for 30 min with 75% 
ethanol, and then we put it into a PBS solution 
containing streptomycin and stored it at 4°C. 

Preparation of the tissue engineering complex 

The animal experiments were carried out  
from March 2017 to March 2018 at the Animal 
Lab Center of the School of Medicine of Ning- 
bo University. The study was approved by  
the school’s Animal Ethics Committee. 
Differentiated bone marrow MSCs or urinary 
tract epithelial cells were resuspended in a cul-
ture medium at 5 × 107/mL. The cells dropped 
on the bladder stroma (1.5 cm × 1.5 cm) and 
were continuously cultivated for up to 5-7 d. 
Groups of animals: 24 mice were randomly 
divided into the experimental group and the 
control group. The two groups of animals were 
anesthetized with 1/2 bladder in aseptic condi-
tions, and the bladder triangle was retained to 
construct the bladder defect model. Bladder 
repair: tissue-engineered compounds con-
structed by differentiated bone marrow MSCs 
and urothelial cells were introduced into the 
experimental and control groups to repair the 
bladders. The compounds were 1.5 cm × 1.5 
cm. 8 Fr airbag catheters were retained after 
the surgery. Each of the mice in both groups 

were administered conventional 2.5 × 104 U 
penicillin. Histological observation after the 
repair: the animals were sacrificed at 1, 2, and 
4 weeks after the repairs, respectively. Their 
tissues were fixed and stained with hematoxy-
lin-eosin. The expressions of the tight junction 
protein 1 were determined using immunohisto-
chemistry. The epithelial coverages in both 
groups were compared. 

Hematoxylin eosin staining and immunohisto-
chemistry

The tissues were fixed for 24 h using 10% (vol-
ume fraction) neutral formaldehyde and then 
sliced, dehydrated, and dewaxed after being 
paraffin-embedded. The tissues were hema-
toxylin stained for 5 min, washed with running 
water, placed in a 1% hydrochloric acid and 
ethanol solution for 1-3 s, then again washed 
using water, the ammonia turned back to blue, 
then we used 0.5% eosin staining for 1-3 min, 
washed them using running water again, then 
gradient ethanol dehydration was done, and 
then we sealed the slides after we dewaxed 
them with xylene. The sections were placed in a 
repair box filled with EDTA antigen (pH 8.0), and 
the antigen repair was performed in a micro-
wave oven. After cooling naturally, each section 
was washed with PBS (pH 7.4) three times, 5 
min each time. The slides were put into a 3% 
(volume fraction) hydrogen peroxide solution, 
incubated for 25 min at room temperature in 
the dark, then they were washed with PBS (pH 
7.4) 3 times, 5 min each time. After the slicing 
and drying, a tissue pen was used to circle the 
tissue, and then we dropped 3% (volume frac-
tion) of the fetal bovine serum evenly onto each 
slide and blocked it for 30 min at room tem-
perature. We discarded the fetal bovine serum, 
and we dropped a tight junction protein anti-
body onto the slides, diluted with 3% (volume 
fraction) of fetal bovine serum for a 1:100 pro-
portion. The slices were incubated overnight in 
a wet box at 4°C. We then washed the slides 3 
times with PBS (pH 7.4), 5 min each time. We 
dropped the second antibody marked by HRP in 
the inner circle after shake-drying the slices, 
then we incubated them for 50 min at room 
temperature. We washed the sections three 
times with PBS (pH 7.4), 5 min each time. We 
dropped the fresh DAB color-substrate solution 
in the inner circle, and the time was controlled 
under the microscope. The positive color was 
brownish yellow, and the staining was terminat-
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Figure 1. Morphology of the MSCs and bladder epithelial cells. Mouse MSCs and bladder epithelial cells were 
isolated and amplified using the methods described in the Materials and Methods section. The MSCs were further 
induced to differentiate using a cocktail of induction agents. The cell morphology was captured with a microscope. 
A. MSCs. B. Differentiated MSCs. C. Fully differentiated bladder epithelial cells magnification: 100 ×.

ed by washing with water, then we redyed the 
slices with hematoxylin for 3 min, washed them 
with water, differentiated them using 1% (vol-
ume fraction) hydrochloric hydrochloride for 
several seconds, washed them with water 
again, the ammonia water turned blue, and we 
rinsed them with running water. We then put 
the slices into the gradient ethanol and xylene 
successively, and the slices were removed from 
the xylene to dry, and we sealed them using 
neutral gum. Under the microscope, the images 
were observed and collected. Main observation 
indexes: differentiation change of the mouse 
bone marrow mesenchymal stem cells and the 
formation of the tissue-engineered grafts. 

Statistical analysis

All the measurement data are expressed as the 
mean ± standard deviation. GraphPad Prism 8 
was used for the statistical analysis and map-
ping, and the one-way analysis of variance 
(ANOVA) method was used to analyze whether 
there were differences between the groups. We 
used t tests to analyze the differences between 
the two groups. P<0.05 was considered statis-
tically significant.

Results

MSCs were cultured and induced into urothe-
lial cells 

The MSCs, urothelial cells, and differentiated 
cells were observed under a lighted microscope 

(Figure 1). The primary cultured bone marrow 
MSCs were long and fusiform, flat, and showed 
eddy growth. The primary cultured urethral epi-
thelial cells were circular and were relatively 
small in the form of a typical “paving stone”. 
Most of the induced cells appeared fusiform. 
The cell bodies were slightly shorter and fatter. 
The number of floating cells was increased. The 
cells grew slowly and were induced within 1 
week, and the cell proliferation ability gradually 
resumed within two weeks. 

Characteristics of the induced bladder cells 
and the MSC cells

The urothelial cell marker UP1a was express- 
ed in the differentiated bone marrow MSCs. 
The immunological fluorescence observation 
showed that the undifferentiated bone marrow 
MSCs did not express UP1a (Figure 2A). The 
differentiated bone marrow MSCs expressed 
the specific markers of the urothelial cells, 
UP1a, but they retained a morphology similar to 
that of the MSCs (Figure 2B). The primary cul-
tured urothelial cells were small, and the UP1a 
expression was high (Figure 2C). 

After the bone marrow MSCs induced the dif-
ferentiation of the urethral epithelial cells, the 
mRNA expression of UP1a was measured. The 
results are shown in Figure 3A. There was a sig-
nificant difference in the expressions of UP1a 
between the urethral epithelial cells in group 1 
and the bone marrow group (group 2, P<0.01), 
which indicated that UP1a mRNA was express- 
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ed in the bone marrow MSCs. In group 3, the 
expression of UP1a also appeared in the ure-
thral epithelial cells induced by the MSCs, and 
the difference was statistically significant com-
pared with the negative control (P<0.05). The 
mRNA expression of CD44 was subsequently 
determined, and it was found that in the MSCs 
group, its expression level was significantly 

higher than it was in the normal urethral epithe-
lial cells, of which the expression intensity was 
low and the difference was statistically signifi-
cant (P<0.01), but in the induced urethral epi-
thelial cells the CD44 expression was signifi-
cantly weakened, and compared with the nega-
tive control, the difference was statistically sig-
nificant (P<0.05). The bone marrow MSCs 

Figure 2. UP1a was expressed in the MSC-differentiated cells. MSCs with or without differentiation were stained 
with an antibody against UP1a. DAPI was used for the staining of DNA. A. DAPI staining of the undifferentiated bone 
marrow MSCs. B. DAPI/UP1a staining of MSCs. C. DAPI/UP1a staining of MSC-differentiated cells magnification: 
200 ×.

Figure 3. A differential gene expression analysis of the MSCs and urothelial cells. Total RNAs were isolated from 1, 
urothelial cells; 2, MSCs; 3, MSC-differentiated cells; and 4, Negative control. RT-PCR or real-time qPCR analysis 
was used for determining the UP1a, CD44, and beta-actin (control) levels. A. UP1a and CD44 expressions with a 
RT-PCR analysis; B. Relative expression of UP1a with a qPCR analysis; C. Relative expression of CD44 with a qPCR 
analysis; an asterisk indicates a significant difference between the sample pair. *, P<0.05; **, P<0.01. Error bars 
represent s.e.m.
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Figure 4. A histological analysis of the bladder repair using a tissue-engineered complex constructed using differen-
tiated bone marrow MSCs. H&E staining of the bladder margins and the middle sections (paraffin sections). 

highly expressed the stem cell marker CD44, 
the expression of which was followed by the dif-
ferentiated cells. 

The tissue-engineered complex constructed 
using differentiated bone marrow MSCs effec-
tively repairs bladders

The mice that underwent the bladder repair in 
both groups survived and were used for the fol-
low up analyses. The hematoxylin-eosin stain-
ing demonstrated that the epithelia covering 
the surfaces of the transplants after the repairs 
were similar in both groups. At week 1, although 
the epithelium coverage was continuous, the 
structure was loose, and the cells appeared 
undivided. At week 2, the epithelial cells prolif-
erated further, and the cell layers increased. 
The tissue structure was close (Figure 4). The 
immunohistochemical staining also showed 
that the expression of the intercellular connect-
ing protein 1 increased over time (Figure 5). A 

Western blot analysis showed that UP1a 
expression in the urothelial cells was signifi-
cantly higher than it was in the other groups 
(P<0.05, Figure 6), but the differentiated uro-
thelial cells also had a more significant expres-
sion of UP1a than the MSCs, and the difference 
was statistically significant (P<0.05).

Discussion

The urinary cortex plays a vital role in the uri-
nary system; it prevents harmful substances in 
the urine from leakage and protects the muco-
sal tissue. It is also an essential part of the 
body’s immune defense system against patho-
gens causing retrograde infections and acti-
vates mucosal immunity. Urothelial cells are 
mature cells and are extremely difficult to cul-
ture in vitro [10]. The cultivation system is 
mixed with highly proliferative fibroblasts 
around the mucosal tissues. Fibroblasts quick-
ly become the dominant cells under the stimu-
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pletely, it is difficult to obtain puri-
fied urothelial cells [11]. After 
decades of exploration, there have 
been studies on improving the cul-
ture conditions, and a set of cul-
ture protocols has been released 
for human urinary epithelial cell 
isolation from urine [12], from nor-
mal human bladders [13, 14], and 
with these solutions, a urinary epi-
thelial cell culture system was 
established [15, 16]. Nevertheless, 
the culture of urothelial cells still 
cannot meet the requirements of 
large-scale expansion in vitro. The 
culturing of human urothelial cells 
in vitro can be expanded up to 10 
generations, and rat urothelial 
cells can be expanded up to 18 
generations, but the urothelial 
cells of large animals such as dogs 
and pigs can only be expanded to 
3-5 generations [16]. It is too early 
to apply them therapeutically. 
Therefore, it is urgent to find sub-
stitutes for urothelial cells in blad-
der repair. 

It was previously reported that 
cells could meet the requirements 
of tissue engineering if a highly 
proliferative activity, which is 

Figure 5. Immunohistochemical staining of the proliferation marker UP1a in the sagittal sections of normal bladder 
tissues and bladder repair using a tissue-engineered complex constructed using differentiated bone marrow MSCs. 
A. Normal bladder tissues; B. Differentiated tissues after one week; C. Differentiated tissues after two weeks. Scale 
bar = 50 μm. 

lus of serum and start to proliferate, so the 
growth of the urinary epithelial cells is 
restrained. Since the fibroblasts and other mis-
cellaneous cells cannot be eradicated com-

judged by continuous growth for at least five 
generations [4, 17], is reached. Tissue samples 
obtained by biopsy should be primarily cultured 
to five generations, and the number of cells 

Figure 6. Western blot analysis of UP1a in MSCs and urothelial cells. A. 
Whole-cell extracts were isolated from MSC-differentiated cells, bladder 
tissues, and parental MSCs. B. The histogram obtained after the gray 
quantization of the Western blot results in 6a. 40 μg of proteins were 
used for the western blot analysis. β-actin serves as a loading control. 
*, P<0.05; **, P<0.01. Error bars represent s.e.m.
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should be about 1.6 × 108, according to the 
planting density of 5 × 107/cm3 calculation and 
should, at least barely, meet the requirements 
of the three-dimensional scaffold material cell, 
which is an area of 5 cm × 6 cm with 1 mm 
thickness. Therefore, the exploration of effi-
ciently amplifying seed cells that can differenti-
ate into urothelial cells becomes an urgent 
need in urinary tract tissue engineering. Zhang 
et al. [18] reported that cells induced from adi-
pose stem cells express UP1b, the UP2 specific 
antigen of the urothelium, but not UP3. Tian et 
al. [19] successfully induced human bone mar-
row MSCs to differentiate into urothelial cells 
by using conditioned culture and co-culture 
methods. The authors used the easy amplifica-
tion characteristic of bone marrow MSCs in 
vitro to obtain a large amount of bone marrow 
MSCs and then cultured the cells in a condi-
tioned medium and induced the stem cells to 
differentiate. Differentiated cells can express 
the specific markers UP1a, CK7, CK13, AE1/
AE3 of urothelial cells and can have the charac-
teristics of urothelial cells. Importantly, the 
authors successfully applied the differentiated 
cells to build a bladder tissue-engineered com-
plex for animal bladder repair experiments. The 
differentiated cells survived and further pro-
gressed to urothelial cells after implantation 
into animals and formed compact epithelial 
structures. The results suggest that bone mar-
row MSCs are well-justified sources for urinary 
epithelial cells.

In order to ensure the stability of the experi-
mental results, we used more omentum and 
extraperitoneal fat grafts after the transplanta-
tion, which promoted the rapid vascularization 
of the graft. Routine antibiotics were used after 
the operations, and the grafts survived in the 
animals. We found no urinary fistulas or infec-
tions. In subsequent experiments, smooth 
muscle cells were added, and the structure was 
closer to the original bladder tissue complex. 
Also, as the bone marrow MSCs could also be 
differentiated into smooth muscle cells [20], in 
the future, a new strategy in which urinary tract 
epithelial cells and smooth muscle cells are 
induced simultaneously from bone marrow 
MSCs could be tested. A combination of these 
two kinds of differentiated cells can be used in 
urinary tissue engineering. It can not only 
acquire sufficient seed cells at one time but 
can also solve the safety problem of self-blad-
der tissue biopsy in patients with bladder can-

cer, which deserves further study. Of course, in 
the future, we can also consider some drug or 
genetic interventions to stimulate the activa-
tion of the endogenous stem cells and progeni-
tor cells, which will help support the natural 
healing process of mildly damaged bladder tis-
sue and change the bladder microenvironment 
[21].
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