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The limited amount of available epithelial tissue is considered a main cause of the high rate of urethral
reconstruction failures. The aim of this study was to investigate whether epithelial-differentiated rabbit adipose-
derived stem cells (Epith-rASCs) could play a role of epithelium in vivo functionally and be a potential
substitute of urothelium. Substitution urethroplasty was performed to repair an anterior urethral defect in male
New Zealand rabbits using Epith-rASCs seeded bladder acellular matrix grafts (BAMGs) after 5-bromo-2¢-
deoxyuridine (BrdU) labeling, based on the in vitro epithelial induction system we previously described.
Urethroplasty with cell-free BAMGs and with undifferentiated rASCs (Und-rASCs) seeded BAMGs were
performed as controls. After surgery, a notable amelioration of graft contracture and recovery of urethral
continuity were observed in the Epith-rASCs/BAMG group by retrograde urethrograms and macroscopic
inspection. Immunofluorescence revealed that the BrdU-labeled Epith-rASCs/Und-rASCs colocalized with
cytokeratin 13 or myosin. Consistent with the results of western blotting, at early postimplantation stage, the
continuous epithelial layer with local multilayered structure was observed in the Epith-rASCs/BAMG group,
whereas no significant growth and local monolayer growth profile of epithelial cells were observed in the
BAMG and Und-rASCs/BAMG group, respectively. The results showed that Epith-rASCs could serve as a
potential substitute of urothelium for urethral tissue engineering and be available to prevent lumen contracture
and subsequent complications including recurrent stricture.

Introduction

Urethral stricture caused by trauma, cancer, or in-
flammation is considered a challenging disease for

reconstructive urologists. At present, urethroplasty is gen-
erally considered the optimal choice for urethral repair
in most cases. But clinically, the limited amount of substi-
tution tissue is a main cause of the high rates of repair
failures.1,2

For solving the problem, studies have been performed to
find an ideal substitution material for urethroplasty using
tissue engineering technology.3–6 Composite materials see-
ded by autologous epithelium have been tried in preclinical
studies.7–9 But in vitro cellular senescence, however, pre-
vents their clinical use.

Mesenchymal stem cells have been regarded as a poten-
tial alternative for tissue repair and regeneration research
based on the characteristics of self-renewal and multipotent

differentiation capacity.10–13 Among which, adipose-derived
stem cells (ASCs) have the advantage of being harvested in
abundant quantity and causing less trauma to donor site, and
recent studies show that ASCs can differentiate toward ep-
ithelial lineage under the synergistic stimulation of con-
tributing factors.14,15 Furthermore, human adipose-derived
stem cells (hASCs) in direct coculture with uroepithelial
cells were observed to express urothelial-specific genes
uroplakin Ib and uroplakin II.16

In our earlier study, an in vitro three-dimensional (3D)
culture system was established to induce epithelial differ-
entiation of rabbit adipose-derived stem cells (rASCs). After
induction, rASCs were observed to display a stratified epi-
thelial-like morphology, with expression of early epithelial-
specific proteins.17 As a continuing research, the research
question of the current study is whether the Epith-rASCs
could serve in vivo as a potential substitute of urothelium for
urethral reconstruction.
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Herein, substitution urethroplasty in male New Zealand
rabbits was performed using epithelial-differentiated rASCs
(Epith-rASCs) seeded bladder acellular matrix grafts
(BAMGs) after 5-bromo-2¢-deoxyuridine (BrdU) labeling of
the implanted cells. Histological and functional evaluation
revealed that the Epith-rASCs could produce functional
effects of epithelium in a suitable in vivo microenvironment
and also be helpful to prevent the excessive contracture and
fibrosis on the lumen of urethral substitute.

Materials and Methods

Isolation and culture of rASCs in vitro

All the experimental protocols were approved by the
Animal Care and Use Committee in our institution. The
adipose tissues were obtained from the dorsocervical sub-
cutaneous region of male New Zealand rabbits. The isola-
tion and culture of rASCs were performed, as previously
described.18,19 After rinsing in 0.25% chloromycetin and
phosphate-buffered saline (PBS), the fresh adipose tissues
were cut into small pieces and then treated with 0.10%
collagenase I (Worthington Biochemical Corp.) under
shaking at 37�C for 60 min. After digestion, the collagenase
I was neutralized with low-glucose Dulbecco’s modified
Eagle’s medium (LG-DMEM; Gibco) supplemented with
10% fetal bovine serum (FBS; Gibco), and the suspension
was filtered through a 200-mm nylon mesh to remove the
undigested tissue and then centrifuged at 1200 g for 10 min.
The pellet was resuspended in LG-DMEM supplemented
with 10% FBS. The cells were cultivated at a density of
4 · 104 cells/cm2, and the media was changed every 3 days.
The cells were passaged at 70–80% confluence. The rASCs
of passage 3 were used for the study. The characterization of
isolated cells was determined by their CD marker profile in
our previous study.17

Epithelial differentiation of rASCs in a 3D culture
system and characterization of the Epith-rASCs

A 3D culture system was established to imitate the in vivo
epithelial-specific microenvironment for epithelial differ-
entiation of rASCs. Details of the system were previously
described.17 Briefly, in the system, rASCs were seeded on
the upper side of the membrane of a Millicell insert (1.0-mm
pore size; Millpore Co.) coated with 0.10% collagen type IV
(Sigma-Aldrich). To create an air–liquid interface (ALI)
culture condition, the inducing medium (described below) in
basolateral compartment was raised to reach the level of the
membrane, and then, the cells were exposed to the air with
5% CO2 with 95% relative humidity while fed from the
medium underneath.

Based on the in vitro results, we chose the optimal in-
duction method for further study. Under the ALI culture
condition, resuspended rASCs (passage 3) were cultured at a
seeding density of 3 · 104 cells/cm2 in LG-DMEM supple-
mented with 2% FBS, 2.5 mM all-trans retinoic acid (Sigma-
Aldrich), 20 ng/mL epidermal growth factor (Peprotech),
10 ng/mL hepatocyte growth factor (Peprotech), 10 ng/mL
keratinocyte growth factor (Peprotech), and 0.5 mg/mL hy-
drocortisone (Sigma-Aldrich). After 12 days from the initial
inducing, the Epith-rASCs were prepared for the in vivo
study.

After induction, proteinic and genetic analysis of the epi-
thelial phenotypes and alpha-smooth muscle actin (a-SMA),
and detections of the growth pattern and viability of cells
have been performed for a full-scale assessment. rASCs
displayed a stratified epithelial-like morphology, with ex-
pression of cytokeratin 19 (an early epithelial marker) and
weak cytokeratin 13 (an epithelial marker mainly expressed
in mucosal epithelium). The expression of a-SMA decreased,
but almost no expression of involucrin (a terminal epithelial
marker) was detected. Moreover, no significant decrease in
cell proliferation and viability was observed after induction.17

BrdU labeling of the Epith-rASCs

The Epith-rASCs were labeled with BrdU (Sigma-
Aldrich), for investigating the differentiation and prolifera-
tion profiles of implanted cells. After induction, the cells
were collected and resuspended in the keratocyte serum-free
medium (KSFM; Gibco) under the ALI culture condition
and then incubated with 15 mM BrdU when 70% confluence
was reached. The undifferentiated rASCs (Und-rASCs) were
labeled with BrdU as a control group.

After 48 h incubation, cells were assessed for BrdU in-
corporation and cell viability by immunofluorescent staining
and Hoechst 33258 assay, respectively.

BAMG preparation and evaluation

The bladders of male New Zealand rabbits were asepti-
cally obtained and then BAMGs were prepared as previ-
ously described.9,20 After washing with double distilled
water for 24 h, the isolated matrices were treated using 1%
Triton X-100 (Sigma) and 0.1% ammonium hydroxide with
continuous shaking for 14 days to induce cell lysis. The
solution was refreshed every 3 days. The resultant BAMGs
were washed with PBS for three times and stored in 0.25%
chloramphenicol solution at 4�C before use.

The characterization of BAMGs, including hematoxylin
and eosin staining, Masson staining, and scanning electron
microscopy, was performed as previously described (data
not shown)9,21,22 to study the texture and ultrastructure of
the matrices and to identify whether the cellular components
were removed.

Rabbit urethroplasty with rASCs seeded BAMGs

BAMGs were irradiated by ultraviolet light for 12 h after
three washes before use. After labeling with BrdU, the
Epith-rASCs were seeded onto 2.0 · 0.8 cm2 BAMGs at
5 · 106 cells/cm2. The compound grafts were cultured at air–
liquid level in the KSFM for 7 days, with the culture me-
dium refreshed every 2 days. The Und-rASCs were seeded
onto BAMGs as a control. After culture, the grafts were
assessed by transmission electron microscopy.

Thirty-six rabbits were divided into three groups of 12
each. The BAMG group (control group 1) underwent sub-
stitution urethroplasty using cell-free BAMGs; the Und-
rASCs/BAMG group (control group 2) with Und-rASCs
seeded BAMGs; the Epith-rASCs/BAMG group (study
group) with Epith-rASCs seeded BAMGs (Fig. 1). The
rabbits were anesthetized with pentobarbital, and an 8F
urethral catheter was placed. The urethra was mobilized
through the ventral midline incision of the penile shaft.
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A urethral defect with a mean length of 2.0 cm and width of
0.8 cm was created in the rabbits’ ventral anterior urethra,
about 2.5 cm from the external urethral meatus. The com-
pound graft was placed over the defect using 6-0 vicryl
sutures. The catheter remained for 14 days to provide
bladder drainage after the surgery.

Three animals in each group were euthanized at 2 weeks,
1 month, 2 months, and 6 months postimplantation. The
entire urethra was extirpated for the examinations.

Cell proliferation assay

Cell proliferation of Epith-rASCs/Und-rASCs was assayed
before and after BrdU labeling. The cells at different time
points were crushed for full lysis with proteinase K (Sigma-
Aldrich) at 56�C overnight. The resultant mixture was sub-
jected to centrifugation, and then, aliquots of the supernatants
were mixed with Hoechst 33258 dye solution (Sigma-
Aldrich). DNA content was quantified spectrofluorometrically
using a Varioskan multimode detection reader (Thermo
Electron). The DNA standard curve was generated by lysing
serial dilutions of a known concentration of rASCs.

Analysis of transmission electron microscopy

Transmission electron microscopy (CM 120; Philips) ex-
amination was performed for the evaluation of the grafts after
cell seeding. The samples were fixed with 2% glutaraldehyde,
postfixed with 1% osmium tetraoxide, stained with 0.5%
uranyl acetate, and dehydrated with acetone. After being em-
bedded in resin, the grafts were cut in cross section to observe
the cellular growth profile after 7 days of in vitro culture.

Retrograde urethrography and macroscopic inspection

Retrograde urethrograms were performed for the assess-
ment of urethral caliber before animals were euthanized.

The appearance of retrieved urethra was evaluated by
macroscopic inspection.

Multicolor immunofluorescent evaluation

Immunofluorescent staining of retrieved urethra was
performed to evaluate the development of implanted grafts
at each time point postimplantation. Animals were eutha-
nized, and the fresh implanted grafts were harvested. After
frozen in OCT compound by liquid nitrogen, 6- to 8-mm-
thick cryosections were cut. Sections were dried for 30 min
and then washed with PBS for three times. After permea-
bilization with 0.5% Triton X-100 for 20 min at room
temperature, the specimens were incubated with 2 M HCl
for 30 min at 37�C for BrdU detection and incubated with
the horse serum blocking solution (2% horse serum, 1%
bovine serum albumin) for 30 min to reduce the nonspecific
binding. Subsequently, the sections were incubated with first
primary antibody (anti-cytokeratin 13, anti-myosin) for
60 min at 37�C, washed three times, and incubated with first
secondary antibody (Alexa Fluor 488 goat anti-mouse IgG)
for 30 min at 37�C, then incubated with second primary
antibody (anti-BrdU) for 60 min and second secondary an-
tibody (Alexa Fluor 568 goat anti-rat IgG) for 30 min at
37�C after three washes each. Cell nucleus was stained with
Hoechst 33258.

The specimens were examined using the fluorescence
microscopy (Nikon 80i; Nikon) and confocal microscopy
(LSM 710; Zeiss). A blank control was used to eliminate
potential cross-reactivity with the rabbit proteins.

Primary antibodies: anti-BrdU (rat monoclonal IgG,
ab6326; Abcam), anti-cytokeratin 13 (mouse monoclonal
IgG, sc-57003; Santa Cruz), anti-myosin (mouse monoclo-
nal IgG, ab680; Abcam); secondary antibodies: Alexa Fluor
488 goat anti-mouse IgG (Invitrogen), Alexa Fluor 568 goat
anti-rat IgG (Invitrogen).

Western blot analysis

Western blot analysis was performed to measure the
relative expression level of cytokeratin 19 and cytokeratin
13 of retrieved urethra. The urethra sample of 0.5 ·
0.5 · 0.1 cm3 each was added into 300 mL lysis buffer
(50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1.0 mM
phenylmethanesulfonyl fluoride) for extracting proteins af-
ter being cut into small pieces, and then, proteins were size
fractionated using sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and transferred to nitrocellulose mem-
branes (Bio-Rad) (each protein sample from three animals
was extracted at each time point in various groups, respec-
tively). After blocking with TBST (Tris-buffered saline with
0.1% Tween-20) containing 5% nonfat dry milk and 2%
bovine serum albumin for 1 h at room temperature, the
membranes were incubated with primary antibodies at 4�C
overnight and subsequently with IRDye 800-conjugated
secondary antibody (goat anti-mouse; Rockland) for 1 h at
room temperature. Proteins were visualized by the Odyssey
Infrared Imaging System (LI-COR Biosciences). Anti-
GAPDH antibody was used as a protein loading control.

Primary antibodies: anti-cytokeratin 19 (mouse mono-
clonal IgG, ab77983; Abcam), anti-cytokeratin 13 (mouse
monoclonal IgG, sc-57003; Santa Cruz).

FIG. 1. The rabbits in the Epith-rASCs/BAMG group
underwent substitution urethroplasty using Epith-rASCs
seeded BAMGs. After a urethral defect with a mean length
of 2.0 cm and width of 0.8 cm was created in the rabbits’
ventral anterior urethra, the compound graft was placed over
the defect using 6-0 vicryl sutures. Epith-rASCs, epithelial-
differentiated rabbit adipose-derived stem cells; BAMG,
bladder acellular matrix graft. Color images available online
at www.liebertpub.com/tea
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Image analysis and statistical analysis

After immunofluorescent staining of retrieved urethra was
performed, five fields (20 · objective view) per slide at each
time point in various groups were taken under microscopy.
The positive areas of cytokeratin 13 staining were measured
by KS400 Image Analysis System (Carl Zeiss, German).
The relative positive area per field was used for coverage
assessment of epithelial cells on the surface of lumen.

Data were presented as mean – standard deviation from
three or more experiments. Independent-samples T-tests
assuming equal variance were performed using SPSS 11.0
software (SPSS, Inc.) for statistical analysis. A p-value of
less than 0.05 was considered statistically significant.

Results

Identification of BrdU-labeled cell in vitro

BrdU incorporation of the cells was assessed after 48 h
incubation. Immunofluorescence revealed that both Epith-
rASCs and Und-rASCs (labeled with cytokeratin 19) colo-
calized with BrdU expression (Fig. 2A). Ten different fields
(10 · objective view) in each group were taken under mi-
croscopy for the counting of BrdU + rASCs. Data were
presented as mean – standard deviation. The percentage of
BrdU + cells was 94.17% – 2.26% in the Epith-rASCs group

and 94.68% – 1.74% in the Und-rASCs group. After being
passaged two times, BrdU incorporation assessment was re-
peated and a similar outcome was observed (data not shown).

Hoechst 33258 assay was performed for the evaluation of
cell proliferation and viability. As shown in Figure 2B, after
48 h incubation with BrdU, no significant decrease in cell
proliferation rate was observed. The cell numbers of labeled
Epith-rASCs/Und-rASCs were observed to keep on in-
creasing after seeding, reached a peak at day 7 or 6, re-
spectively, which were similar to the cells growth in
unlabeled state.

Assessment of the compound grafts

Under transmission electron microscopy, a stratified cel-
lular growth pattern was observed in both compound grafts
(Fig. 3A). Epith-rASCs in some areas were found to infil-
trate into the underlayer of the BAMGs after 7 days of
in vitro culture (Fig. 3B), which was also observed in Und-
rASCs seeded BAMGs (data not shown).

Evaluation of the implanted grafts
after urethroplasty in vivo

Retrograde urethrograms were performed for the assess-
ment of urethral caliber and identification of postoperative

FIG. 2. BrdU incorporation and cell viability assessment of Und-rASCs and Epith-rASCs after 48 h incubation with BrdU.
(A) Immunofluorescent staining of the Und-rASCs and Epith-rASCs after labeling with BrdU. The Und-rASCs and Epith-
rASCs (labeled with cytokeratin 19) colocalized with BrdU expression. Cytokeratin 19: green; nuclei of all the cells stained
with Hoechst 33258: blue; nuclei of BrdU-labeled cells: red. Scale bars: 50mm. (B) Proliferation of rASCs before and after
labeling with BrdU, determined by DNA assay using Hoechst 33258. BrdU, 5-bromo-2¢-deoxyuridine; Und-rASCs, Und-
rASCs before labeling with BrdU; BrdU + Und-rASCs, Und-rASCs after labeling with BrdU; Epith-rASCs, Epith-rASCs
before labeling with BrdU; BrdU + Epith-rASCs, Epith-rASCs after labeling with BrdU; Und-rASCs, undifferentiated
rASCs. Color images available online at www.liebertpub.com/tea
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complications, including fistula and diverticula (Fig. 4).
Remarkable urethral strictures were observed in both the
BAMG and Und-rASCs/BAMG groups at 2 weeks and 1
month postimplantation (urethrocutaneous fistula developed
in one Und-rASCs/BAMG group rabbit), which ameliorated
but were still visible at 6 months postimplantation. In the
Epith-rASCs/BAMG group, a mild stricture of urethra was
observed at 2 weeks postimplantation, and at 1 month
postimplantation, the stricture was significantly improved
and the urethral caliber was close to normal. No recurrent
strictures or other complications were observed at 2 and 6
months postimplantation.

Excessive contracture and fibrosis of the urethral lumen
was observed in both control groups soon after the surgery
(Fig. 5). Slight improvement was seen in the Und-rASCs/
BAMG group at 2 and 6 months postimplantation, although
the urethral continuity was still not recovered. In the Epith-
rASCs/BAMG group, a mild urethral contracture was ob-
served at 2 weeks postimplantation, which was markedly
improved after several months, and amelioration in urethral
continuity was shown at 6 months postimplantation.

Immunofluorescence of urethral tissue revealed no sig-
nificant growth of epithelial cells (labeled with cytokeratin
13) in the BAMG group at early postimplantation stage,
whereas in the Und-rASCs/BAMG group, BrdU-labeled
Und-rASCs were observed to colocalize with cytokeratin
13, and the newly differentiated epithelial cells were ob-
served to form a monolayer structure on the surface of local
lumen at 1 and 2 months postimplantation (Fig. 6). In the
Epith-rASCs/BAMG group, the urethral surface was cov-
ered with continuous epithelial layer at 2 weeks post-
implantation, which also colocalized with BrdU-labeled
Epith-rASCs. At 1 and 2 months postimplantation, com-
pared with the occasional or discontinuous growth profile of

epithelium in control groups, local multilayered epithelial
cells were formed when the Epith-rASCs were chosen. A
reduction in the number of BrdU-labeled cells was observed
after 1 month of chase compared with that of 2 weeks, and at
6 months postimplantation, no BrdU labeling could be de-
tected, but by single-parameter analysis of cytokeratin 13
expression, although not like the regular stratified epithelial
layers of native urethra, multilayered structure of epithelial
cells was significantly formed in the Epith-rASCs/BAMG
group, which was distinct from the controls. Furthermore,
by confocal orthogonal slices, colocalization of BrdU with
cytokeratin 13 in the Epith-rASCs/BAMG group could be
observed from x-y cross section, and the orthogonal pro-
jection of x-z and y-z cross-sectional cuts of neourethral
lumen (Fig. 7A). Also, a direct-viewing structure of epi-
thelial layers colocalized with BrdU labeling could be ob-
tained from the 3D image of urethral tissue (Fig. 7B).

The image analysis of epithelial areas in cytokeratin 13
staining was shown in Figure 8. From the result, relative
positive areas in the two rASCs implantation groups were
significantly enhanced, compared with the baseline expression
in the BAMG group in the early stage (2 weeks post-
implantation in the BAMG, Und-rASCs/BAMG, and Epith-
rASCs/BAMG group, respectively: 121.214 – 21.459mm2,
1079.186 – 169.634mm2, 2726.494 – 479.153mm2; 1 month
postimplantation: 283.143–34.638mm2, 1735.474–266.721mm2,
3780.357 – 316.832 mm2). At 6 months postimplantation,
the epithelial area in the Epith-rASCs/BAMG group in-
creased to 4.45-fold compared with that in the BAMG group
(BAMG group: 1763.757 – 233.539mm2, Epith-rASCs/BAMG
group: 7847.140 – 893.774mm2, p < 0.05).

Cytokeratin 19 expression was detected in the Epith-rASCs/
BAMG group at 1 month postimplantation by western blot
analysis, whereas almost no expression of cytokeratin 19 in

FIG. 3. The compound grafts
were evaluated by transmission
electron microscopy after 7 days
of in vitro culture. (A) A stratified
cellular structure was observed in
both Und-rASCs seeded and Epith-
rASCs seeded BAMGs. The Und-
rASCs grew in a loosely organized
fashion in the intercellular space,
whereas the Epith-rASCs grew in a
relatively compact fashion. The
enlarged images of black rectangle
box shown in the right side of the
original figure. Arrow indicates the
intercellular space. (B) The Epith-
rASCs in some areas were detected
to infiltrate into the underlayer of
the BAMGs. Scale bars: 5 mm.
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both the BAMG and Und-rASCs/BAMG groups at the same
time point (Fig. 9). At 6 months postimplantation in the two
rASCs implantation groups, especially with Epith-rASCs
implantation, a remarkable increase in cytokeratin 19 ex-
pression was detected compared with the BAMG group. In
contrast to cytokeratin 19, a similar relative expression level
of cytokeratin 13 was detected in the Epith-rASCs/BAMG
group at 1 and 6 months postimplantation, whereas the ex-
pression of cytokeratin 13 in the two control groups kept in a
low level.

In addition, as shown in Figure 6, BrdU-labeled im-
planted cells could be observed throughout the urethral
surface and stroma in both rASCs implantation groups.
Thus, for the purpose of investigating whether smooth
muscle cell (SMC) differentiation potential of rASCs would
contribute to the reformation of muscle bundles of the
neourethra in vivo microenvironment, detection of myosin
expression (a late marker of SMC differentiation) was per-
formed. In the Epith-rASCs/BAMG group, BrdU labeling
was observed to colocalize with local expression of myosin
in the urethral stroma (Fig. 10A, B). At 6 months post-
implantation, more extensive expression of myosin was

observed in both rASCs implantation groups than that in the
BAMG group (Fig. 10C–E). But compared with native
urethra, the muscular layers in both rASCs implantation
groups were formed in a random and irregular fashion
(Fig. 10C, D, F).

Discussion

Based on previous studies and our experience, epithelial
layers can restrain the local infiltration of inflammatory cells
and fibroblasts of urethral lumen, indicating that a lack of
sufficient epithelial tissue might contribute to the develop-
ment of stricture after urethral reconstruction.9,23 In today’s
clinical procedures, multiple autologous flaps or mucosa
grafts are used for substitution urethroplasty. But the limited
amount of autologous tissue and trauma at donor sites re-
strict the application of the surgical option.

In previous studies, acellular matrix grafts have been
applied for the repair of urethral stricture and fistula.24,25

But in the cases reported by Hauser et al., recurrent stric-
ture developed in 4 of 5 patients when it came to a longer
urethral stricture (range 3.5–10 cm).26 The preclinical7–9 and

FIG. 4. Retrograde urethrograms
were performed for the assessment
of urethral caliber at 2 weeks, 1
month, 2 months, and 6 months
postimplantation. Urethral stric-
tures were observed in both the
BAMG and Und-rASCs/BAMG
groups at 2 weeks and 1 month
postimplantation (urethrocutaneous
fistula developed in one animal in
the Und-rASCs/BAMG group); at
2 months postimplantation, the
stricture of the urethra was slightly
improved compared with the for-
mers. In the Epith-rASCs/BAMG
group, a mild stricture of the ure-
thra was observed at 2 weeks
postimplantation, and 1 month after
the surgery, the stricture was
significantly improved. Arrow in-
dicates the replaced part of urethra.
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clinical27 trials involving autologous epithelium as seed
cells proved that tissue-engineered epithelial graft is a
suitable substitution material for urethral reconstruction. But
according to the literature28 and our earlier work, consid-
ering the cellular senescence and subsequent difficulty in
amplification of epithelium in vitro, it might be hard to
obtain sufficient cells to meet clinical demands and the
decrease in cell proliferation and viability after being pas-
saged would have an adverse impact on the repair in the
cases with complex and long-segment urethral strictures.
Also in reconstruction with oral keratinocyte, buccal com-
plications including oral ulcer and scar contracture might be
caused, and a history of oral disease would also restrict the
application of the cells.

ASCs have shown a high proliferative potential and
multidifferentiation potential into epithelial lineage14,15,29

besides myogenic,30,31 osteogenic,18,32, and chondrogenic
lineages.33,34 And the harvesting of ASCs would cause less
trauma to donor site compared with autologous epithelium.
In our pilot study, rASCs were demonstrated to differentiate
into epithelial lineage, with characteristic stratified polygo-
nal morphology and expression of cytokeratin 19 and weak
cytokeratin 13.17 The aim of this study was to investigate
whether the Epith-rASCs could be a potential source of seed
cells for urethral reconstruction.

From the result of transmission electron microscopy and
our experience,9 BAMG was proved to be available for

urethral tissue engineering after cells seeding. In the ex-
periment, Epith-rASCs seeded BAMGs were applied for the
repair of anterior urethra defect in rabbit models. As shown
in urethrograms and macroscopic inspection, a notable
amelioration of graft contracture was observed in the Epith-
rASCs/BAMG group, in contrast to the two controls. Also with
Epith-rASCs seeded grafts, the urethral continuity was almost
recovered at 6 months postimplantation, which showed the
feasibility of application of epithelial-differentiated ASCs as a
substitute of urothelium.

Histologically, implanted cells expressing cytokeratin 13
incorporated BrdU after the surgery in the two rASCs im-
plantation groups (Fig. 6), suggesting that rASCs could
differentiate toward epithelium in an epithelial-specific mi-
croenvironment in vivo. Furthermore, consistent with the
relative expression level of cytokeratins detected by western
blot analysis, the data showed compared with the discon-
tinuous growth profile of epithelium in the Und-rASCs/
BAMG group, the continuous epithelial layer with local
multilayered structure was observed at 1 month post-
implantation in the Epith-rASCs/BAMG group. Thus, con-
sidering the ideal result of urethrograms and macroscopy in
study group, we speculated that epithelial structure origi-
nating from the Epith-rASCs plays a critical role in pre-
venting fibrosis of the lumen. Also, from the image analysis
of epithelial areas, staying in a lower rate of epithelium
proliferation in the early stage (within 1 month

FIG. 5. Macroscopic in-
spection of retrieved urethra
at 2 weeks, 1 month, 2
months, and 6 months post-
implantation. Excessive
scarring and contracture of
the urethral lumen at opera-
tive site was observed in the
BAMG group at 2 weeks
postimplantation, followed
by progressive fibrosis in the
next several months. Similar
contracture and fibrosis was
observed in the Und-rASCs/
BAMG group soon after the
surgery, which improved
slightly by 2 months post-
implantation. In the Epith-
rASCs/BAMG group, a mild
contracture of the urethral
lumen was observed at 2
weeks postimplantation,
which was markedly im-
proved at 2 and 6 months
postimplantation. Arrow in-
dicates the replaced part
of urethra. Color images
available online at www
.liebertpub.com/tea
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FIG. 6. Immunofluorescent evaluation of retrieved urethra at 2 weeks, 1 month, 2 months, and 6 months postimplantation.
Normal urethra served for the comparison. In the BAMG group, almost no epithelial cells (labeled with cytokeratin 13) were
observed on the urethral surface at 2 weeks postimplantation. Local discontinuous growth of epithelial cells was observed at 1
and 2 months postimplantation. In the Und-rASCs/BAMG group, occasional epithelial cell growth was observed at 2 weeks
postimplantation. At 1 and 2 months postimplantation, a monolayer of epithelial cells was observed on the surface of local
lumen, which colocalized with BrdU-labeled Und-rASCs. In the Epith-rASCs/BAMG group, the urethral surface was covered
with continuous epithelial layer at 2 weeks postimplantation, which also colocalized with BrdU-labeled Epith-rASCs. At 1 and
2 months postimplantation, a local multilayered epithelial cells could be observed, and the multilayered structure of cells was
more significant at 6 months postimplantation compared with the control groups (at 6 months postimplantation, no BrdU
labeling could be detected by immunofluorescent staining). CK13: cytokeratin 13, green; nuclei of BrdU-labeled cells: red;
nuclei of all the cells stained with Hoechst 33258: blue. Scale bars: 50mm for original figures; 12.5mm for insets. Color images
available online at www.liebertpub.com/tea

FIG. 7. Confocal microscopy of cytokeratin 13 expression in implanted cells in the Epith-rASCs/BAMG group. (A) The
image of confocal orthogonal slices showed the colocalization of BrdU with cytokeratin 13 from x-y cross section, and the
orthogonal projection of both x-z and y-z cross-sectional cuts (white arrow) at 1 month postimplantation. (B) The colo-
calization of BrdU with cytokeratin 13 was also shown from the 3D view of urethral tissue. CK13: cytokeratin 13, green;
nuclei of BrdU labeled cells: red; nuclei of all the cells stained with Hoechst 33258: blue. Scale bars: 20 mm for original
figure; 5 mm for inset. Color images available online at www.liebertpub.com/tea
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postimplantation) was supposed to be a main cause of the
contracture of implanted grafts in the BAMG group.

Based on the observations from BrdU labeling, the Epith-
rASCs were detected to differentiate into epithelium with the
increased expression of cytokeratin 13 due to the contribution
of urethral microenvironment in vivo, although terminal dif-
ferentiation was not achieved after in vitro induction. In the
Und-rASCs/BAMG group, the contracture of grafts was not
efficiently ameliorated, although epithelial differentiation of
the implanted cells occurred, which we suggested might be
due to that the relatively slow differentiation progress of
rASCs in undifferentiated state could not prevent inflamma-
tory cell infiltration and fibrosis of lumen.

Moreover, ASCs have been shown to be available for the
treatment of stress urinary incontinence, where injection of
the cells is proposed to lead to SMC differentiation
in vivo.35,36 In our study, BrdU labeling colocalized with
myosin expression within the bundles of smooth muscle
after rASCs implantation (Fig. 10A–D). Compared with
cell-free BAMG implantation (Fig. 10E), increased expres-
sion of myosin was observed in Epith-rASCs/Und-rASCs
seeded BAMG, suggesting that SMC differentiation of
rASCs could contribute to the reconstruction of organized
muscle bundles in the neourethra.

This study is an initial trial of ASCs as a substitute of
urothelium in urethral reconstruction after in vitro epithelial

induction. Histological and functional evaluation showed
that ASCs might be a potential candidate for urethral tissue
engineering purposes. But considering in the clinic most
patients with urethral stricture combined with local scar
contracture and some patients undergo tubularized ure-
throplasty, these influencing factors may raise the risk of
surgery and result in a higher failure rate of repair.

As a major limitation, the complicated design of in vitro
induction needs to be optimized to reach the mature epi-
thelial differentiation of ASCs. Also, despite the high ho-
mology of rASCs and human ASCs, distinction between the
original phenotype of two cells may play an important role
in cellular differentiation, and as a small animal model,
rabbit is less informative for the explanation of the clinical
problem, which should gain considerable attention in future
investigation. Besides, in long-segment urethral repair
( > 2 cm in the rabbits), we believe that the regeneration of
the organized muscle layer is necessary for preventing di-
verticula and fistula, and ASCs may be a suitable option
based on the literature30,37 and the evidence of our study.

Conclusion

The Epith-rASCs have been shown to differentiate into
urothelium due to the contribution of urethral microenvi-
ronment and be available to prevent lumen contracture and

FIG. 8. Epithelial positive areas of cyto-
keratin 13 staining at each time point in
various groups. *p < 0.05 compared with the
BAMG group; #p < 0.05 compared with the
Und-rASCs/BAMG group. n = 5.

FIG. 9. Expression of epithelial-specific
markers (cytokeratin 19, cytokeratin 13) at 1
and 6 months postimplantation determined
by western blot analysis. GAPDH served as
the control.
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subsequent complications, including recurrent stricture
postimplantation. These results suggest that ASCs could
serve as a potential substitute of urothelium in urethral re-
construction and regeneration studies. Literature showed in
male that the urethral epithelium transited into a pseudos-
tratified columnar or stratified columnar epithelium from the
neck of the urinary bladder to the distal end.38,39 For the
further investigation of functional effects of implanted cells
in vivo, the detection of ASCs’ barrier gene expression at the
ultrastructural level postimplantation would be performed in
the next phase of study.
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