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Implantation of adipose-derived 
mesenchymal stem cell sheets promotes axonal 
regeneration and restores bladder function 
after spinal cord injury
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Abstract 

Background: Cell-based therapy using adipose-derived mesenchymal stem cells (ADSCs) is a promising treatment 
strategy for neurogenic bladder (NB) associated with spinal cord injury (SCI). However, therapeutic efficacy is low 
because of inefficient cell delivery. Cell sheets improve the efficacy of cell transplantation. Therefore, this study was 
conducted to investigate the therapeutic efficacy of transplanting ADSC sheets into an SCI rat model and focused on 
the function and pathological changes of the bladder.

Methods: ADSC sheets were prepared from adipose tissue of Sprague–Dawley (SD) rats using temperature-respon-
sive cell culture dishes. Adult female SD rats were subjected to SCI by transection at the T10 level and administered 
ADSC sheets or gelatin sponge (the control group). Four and 8 weeks later, in vivo cystometrograms were obtained 
for voiding function assessment. Rats were sacrificed and the expression of various markers was analyzed in spinal 
and bladder tissues.

Results: The number of β-tubulin III-positive axons in the ADSC sheet transplantation group was higher than that 
in the control group. Conversely, expression of glial fibrillary acidic protein in the ADSC sheet transplantation group 
was lower than that in the control group. Cystometry showed impairment of the voiding function after SCI, which 
was improved after ADSC sheet transplantation with increased high-frequency oscillation activity. Furthermore, ADSC 
sheet transplantation prevented disruption of the bladder urothelium in SCI rats, thereby maintaining the intact 
barrier. Compared with fibrosis of the bladder wall in the control group, the ADSC sheet transplantation group had 
normal morphology of the bladder wall and reduced tissue fibrosis as shown by downregulation of type 1 collagen. 
ADSC sheet transplantation also resulted in strong upregulation of contractile smooth muscle cell (SMC) markers 
(α-smooth muscle actin and smoothelin) and downregulation of synthetic SMC markers (MYH10 and RBP1).

Conclusion: ADSC sheet transplantation significantly improved voiding function recovery in rats after SCI. ADSC 
sheet transplantation is a promising cell delivery and treatment option for NB related to SCI.
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Introduction
Spinal cord injury (SCI) is a common disorder. The prev-
alence of traumatic SCI worldwide is estimated to be 
236–1298 individuals per million with an annual inci-
dence ranging from 8 to 246 individuals per million [1]. 
SCI is a devastating injury that results in partial or com-
plete loss of motor, sensory, and autonomic functions [2]. 
Neurogenic bladder (NB) as a common complication of 
SCI reduces quality of life [3]. Such patients might pre-
sent with detrusor underactivity, detrusor overactivity, 
or detrusor sphincter dyssynergia, resulting in voiding 
dysfunction, bladder deformity, and renal failure, which 
cause severe financial and psychological burdens to 
patients and society [4, 5]. Surgical restabilization of the 
vertebral column and rehabilitation are currently the pri-
mary treatments for patients with SCI [6]. However, the 
therapeutic efficacy of these treatments remains unsat-
isfactory, and the development of effective treatment 
methods should be considered further.

Stem cell transplantation is a promising approach to 
promote recovery of injuries or degenerative changes 
after SCI. Over the past two decades, several clinical and 
preclinical studies have reported that adipose-derived 

mesenchymal stem cells (ADSCs) have tremendous neu-
roprotective and regenerative potentials after SCI when 
delivered directly to the lesioned cavity that forms after 
injury [7, 8]. Presently, ADSC injection and ADSC seed-
ing in scaffold materials are the two most commonly 
used methods with the drawbacks of transplanted cell 
loss and death, and inflammatory reactions of the scaf-
folds, which limit their application in SCI repair [9, 10]. 
ADSC sheets have been fabricated using cell sheet tech-
nology, which avoids enzymatic digestion and preserves 
cell-to-cell interactions and extracellular matrix (ECM) 
proteins [11]. This enables cell viability to be maintained 
and the ECM has been proven to be favorable for spinal 
cord tissue repair [12]. Cell sheets are widely applied to 
other diseases, but only a few studies have reported the 
use of stem cell sheets for SCI treatment.

Most SCI studies of stem cell transplantation have 
mainly focused on functional recovery, including limb 
and sensory functions. Presently, very few reports have 
investigated the recovery of NB associated with SCI. 
Previous studies have shown that the loss of supraspinal 
neuronal connections to the bladder after SCI remodels 
the structure of the bladder wall, including regeneration 

Keywords: Adipose-derived mesenchymal stem cells (ADSCs), Spinal cord injury (SCI), Cell sheets, Cell-based therapy, 
Neurogenic bladder (NB)

Fig. 1 Schematic diagram of the fabrication process of an ADSC sheet and transplantation of the ADSC sheet into the injury site of an SCI rat. The 
light blue lines represent peripheral efferent nerves, the deep blue lines represent peripheral afferent nerves, the red lines represent supraspinal 
afferent pathways and the purple lines represent supraspinal efferent pathways
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of urothelium and muscle [13, 14]. In this study, as shown 
in Fig. 1, ADSC sheets were transplanted into the injury 
site of SCI model rats to investigate the therapeutic effi-
cacy of transplanting ADSC sheets for NB associated 
with SCI, focusing on the bladder function and histologi-
cal assessment of the bladder wall.

Methods
Animal preparation
All experimental procedures were approved by the ani-
mal care and use committee of Shanghai Sixth People’s 
Hospital, and they were in line with international guide-
lines. A total of 30 adult female Sprague–Dawley (SD) 
rats, which initially weighed 250–300 g, were used in all 
experiments. Animals had free access to standard rodent 
chow and water, and were kept in a controlled environ-
ment (50% humidity, 25 °C, and 12-h light–dark cycle).

Isolation and culture of ADSCs
Adipose tissue was obtained from the inguinal region 
of SD rats according to the method described previ-
ously [15]. Briefly, fresh adipose tissue was washed three 
times in phosphate-buffered saline (PBS) and then cut 
into small pieces. Digestion was performed with 0.1% 
collagenase I (Sigma) for 1  h at 37  °C with continu-
ous shaking. The digested tissue was filtered through a 
150-μm cell strainer. The cell suspension was then cen-
trifuged at 1500  rpm for 5  min. Primary ADSCs were 
collected and grown in basal Dulbecco’s modified Eagle’s 
medium (DMEM) containing 10% FBS and 1% penicil-
lin/streptomycin (Gibco). The characterization of ADSCs 
was determined by cell surface markers as previously 
reported [16]. In order to confirm the differentiation 
capacity of ADSCs, ADSCs were treated with adipo-
genic differentiation medium (Cyagen Biosciences) or 
osteogenic differentiation medium (Cyagen Biosciences). 
Adipogenic differentiation was analyzed by Oil Red stain-
ing after 14 days of culturing. Osteogenic differentiation 
was analyzed with Alizarin Red staining after 21 days of 
culturing.

Preparation and analysis of ADSC sheets
To prepare cell sheets, an ADSC suspension was seeded 
on a 60-mm temperature-responsive cell culture surface 
at 1 ×  105 cells/cm2. At 90–100% confluence, vitamin C 
(50 μg/mL) was added to basal DMEM to promote ECM 
production. The medium was changed every 2 days. After 
2 weeks of incubation at 37  °C in 5%  CO2, intact ADSC 
sheets were obtained by reducing the incubation temper-
ature to 20 °C for 30 min. Structures of the ADSC sheet 
were observed by optical microscopy, scanning electron 
microscopy (SEM), and transmission electron micros-
copy (TEM). Collagen distribution in adipose stem cell 

sheets was observed using two-photon excited fluores-
cence (TPEF) as described previously [16].

Establishment of spinal cord injury and ADSC sheet 
implantation
ADSC sheets were harvested on the day of surgery and 
maintained in standard culture medium until transplan-
tation. Under pentobarbital (1.2 g/kg, i.p.)-induced anes-
thesia, SCI was produced in 24 rats by transection at the 
T10 level. The spinal cord was transected to form a gap 
of 2.0 ± 0.5 mm. The groups involved in this study were 
designated as the sham group (n = 6), SCI group (n = 12), 
and ADSC group (n = 12). For the sham group, the rats 
received laminectomy but no spinal cord transection. 
The rats were treated with only gelatin sponge for com-
plete hemostasis after complete spinal cord transection 
in the SCI group (the control group). Regarding ADSC 
group, the rats were treated with ADSC sheets after com-
plete spinal cord transection. ADSC sheets (1.4 ×  106 
cells) were implanted into the gap of the lesion site, and 
they could bridge two transected stumps through the 
fibronectin secreted from the extracellular matrix of the 
ADSC sheets. Then, penicillin (5  mg/kg) was adminis-
tered daily for 7  days to prevent infection. The bladder 
was emptied manually twice a day until restoration of 
reflexive bladder control.

Assessment of voiding function
Voiding function was evaluated by cystometry at 4 and 
8  weeks after surgery. Rats were anesthetized with ure-
thane (1.3 gm/kg, subcutaneously; Sigma). A sterile pol-
yethylene-90 catheter with a flared end was implanted 
in the bladder through an abdominal midline incision 
into the dome and a suture was tightened around it. The 
catheter was connected to a pressure transducer (AD 
Instruments, Castle Hill, Australia) to record intravesical 
pressure and a WZ-50CZ microinfusion pump (Zhejiang 
University Medical Instrument, Hangzhou, China) to 
infuse saline into the bladder via a 3-way stopcock. After 
the bladder was emptied, cystometry was performed by 
infusing 0.15 and 1.00  ml per minute for spinally intact 
and SCI rats, respectively. The intravesical pressure and 
micturition volume were monitored using a PowerLab® 
data acquisition and analysis system. Cystometric param-
eters were determined in our previous study [17].

Tissue preparation
Immediately after cystometry, rats were transcardially 
perfused with PBS and 4% paraformaldehyde under deep 
anesthesia. Then, spinal cord and bladder tissues were 
harvested. A 2-cm length of the spinal cord was dissected 
from the region that spanned the injury site. The samples 
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were fixed in 4% paraformaldehyde, and sectioned for 
histological analysis.

Histological and immunofluorescence analysis
Spinal cord and bladder tissues were embedded in opti-
mum cutting temperature compound. Sections were pre-
pared at 5 μm thicknesses and stained with HE for spinal 
cord tissues and HE and Mason’s trichrome for bladder 
tissues. Anti-β-tubulin III (Abcam, Cambridge, UK) and 
anti-GFAP (Abcam) antibodies were used for the immu-
nofluorescence staining of the repaired spinal cords. The 
positive staining areas of β-tubulin III and GFAP were 
analyzed using the Image-Pro Plus 6.0 software (Media 
Cybernetics, Rockville, MD, USA). Three slides of each 
animal were counted in each group. Immunofluores-
cence staining with antibodies against p63, krt5, krt20, 
collagen I, α-smooth muscle actin (α-SMA, Abcam), and 
Upk (Santa Cruz Biotechnology, Dallas, TX, USA) was 
performed to examine remodeling of the urothelium, 
smooth muscle cells, and collagen in the bladder wall.

Quantitative real‑time PCR analysis
Total RNA was isolated from the bladder using Trizol 
reagent (Invitrogen). RNA was subjected to reverse tran-
scription using Superscript III transcriptase (Invitrogen). 
Expression of contractile smooth muscle cell (SMC) 
markers, including α-SMA and smoothelin, and synthetic 
SMC markers, including MYH10 and RBP1, was quan-
tified using a Bio-Rad CFX96 system with SYBR green. 
Relative gene expression was normalized to GAPDH 
expression. The primer sequences used are listed in Addi-
tional file 1: Table S1.

Statistical analysis
All quantitative data are shown as the mean ± standard 
deviation. Statistical analysis was performed by SPSS 16.0 
software using Student’s t test or one-way analysis of var-
iance. p < 0.05 was considered statistically significant.

Results
ADSCs to construct cell sheets
The isolated ADSCs exhibited stellate or spindle cell mor-
phology after 3 days of culture and reached 60–70% con-
fluence (Fig.  2a). Using appropriate induction medium, 
ADSCs differentiated into adipogenic and osteogenic 
directions in  vitro. After 2  weeks of adipogenic induc-
tion, lipid droplet aggregation was observed by Oil Red 
staining, confirming adipogenic differentiation (Fig. 2b). 
Osteogenic differentiation was confirmed by deposi-
tion of calcium by Alizarin Red staining (Fig.  2c). After 
14 days of induction with vitamin C-containing medium, 
ADSCs formed dense cell membrane sheets (Fig.  2d). 
Phase contrast microscopy showed that ADSCs within 

the cell sheet were in a confluent state (Fig.  2e). SEM 
showed that the cell sheet was composed of multiple cell 
layers (Fig. 2f ). TEM revealed tight junctions of ADSCs 
in cell sheets (Fig. 2g) with abundant ECM between cells 
(Fig.  2h). TPEF images showed a fascicular distribu-
tion of collagen in the extracellular matrix of the ADSC 
sheet (Fig. 2i).

ADSC sheet transplantation connects the lesion site 
with less cavity formation and reduces glial scar formation
Adult female SD rats were employed to evaluate the 
therapeutic effects of ADSC sheets on SCI. As shown in 
Fig.  3, HE staining revealed morphological changes in 
spinal cord tissues. A normal spinal cord was observed 
in the sham group. At 4  weeks after surgery, the SCI 
group showed significant atrophy and numerous cavities 
in transected regions. After 8  weeks, cavities were still 
observed in the SCI group, but there was tissue continu-
ity across the transection site. However, the ADSC group 
did not present noticeable atrophy and new tissues had 
gradually increased around damaged tissues. β-Tubulin 
III is thought to be one of the earliest biomarkers of stem 
cell differentiation to neurons [10]. At 4 weeks after sur-
gery, β-tubulin III expression in the SCI group was lower 
than that in the ADSC group. At 8  weeks, β-tubulin III 
expression in the SCI group showed a slight increase, 
but remained lower than that in the ADSC group. Glial 
fibrillary acidic protein (GFAP) is one of the best bio-
markers for the formation of glial scars following injury 
in the central nervous system [18]. At 4 and 8 weeks after 
surgery, GFAP expression was more abundant in the SCI 
group than in the ADSC group, indicating more pro-
nounced glial scar formation.

ADSC sheet transplantation improves voiding function 
in NB associated with SCI rats
Typical cystometrograms (CMGs) of a micturition 
cycle in normal and SCI rats have been described in 
our previous study [19]. The voiding function is pre-
sented in Fig. 4. Several CMG parameters, such as mic-
turition volume (MV), residual volume (RV), bladder 
capacity (BC), voiding efficiency (VE), peak bladder 
pressure (PBP), and number of small high-frequency 
oscillations (HFOs), were measured. Compared with 
the sham group, MV did not significantly change in the 
SCI group (Fig.  4a). However, RV, BC, and PBP were 
significantly increased, resulting in a dramatic decrease 
in VE (Fig.  4b–e, &p < 0.05 vs. Sham). At 4  weeks in 
the ADSC group, MV was higher than that in the SCI 
group with lower RV, BC, and PBP (Fig. 4a–d, *p < 0.05 
vs. SCI 4  W). Thus, VE was significantly increased 
(Fig. 4e, *p < 0.05 vs. SCI 4 W). At 8 weeks, the voiding 
function had improved more significantly (Fig.  4a–e, 
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Δp < 0.05 vs. SCI 8  W, #p < 0.05 vs. SCI + ADSC 4  W). 
Consistently, HFOs of the SCI group were significantly 
decreased compared with the sham group (Fig.  4f, 
&p < 0.05 vs. Sham). After ADSC sheet transplantation, 
HFOs were significantly increased compared with the 
SCI group (Fig.  4f, *p < 0.05 vs. SCI 4  W, Δp < 0.05 vs. 
SCI 8 W, #p < 0.05 vs. SCI + ADSC 4 W).

ADSC sheet transplantation prevents disruption 
of the bladder urothelium in SCI rats
The mature urothelium consists of a variable number of 
cell strata depending on the species, but generally com-
prises three distinct cell types: terminally differentiated 
umbrella cells, intermediate cells, and basal cells. Urothe-
lial cells from different layers can be distinguished by a 

Fig. 2 Preparation of ADSC sheets. a ADSCs were observed by light microscopy. b Oil Red staining revealed lipid droplet aggregation in the 
cytoplasm of ADSCs. c Alizarin Red staining revealed calcium deposition in ADSCs. d ADSC sheet formation after 14 days of culture. e Light 
microscopic view of ADSC sheet morphology. f SEM of an ADSC sheet. g TEM showing tight junctions in the ADSC sheet. h TEM showing the ECM 
in the ADSC sheet. i TPEF images showing collagen bundles in the ADSC sheet. Scale bars: 100 μm (a, b, c, e); 50 μm (f); 20 nm (g, h); 20 μm (i)

(See figure on next page.)
Fig. 3 HE and Immunofluorescence staining of spinal cord tissues in various groups. a Biomarkers for differentiation of stem cells to neurons 
(β-tubulin III, red) and the formation of glial scars (GFAP, green) were detected in regenerated spinal cord tissue. Scale bar: 1 mm (HE staining); 
100 μm (immunofluorescence staining). b The quantitative analysis of cavity and β-tubulin III, GFAP-positive staining areas in spinal cord tissues. 
&p < 0.05 versus Sham, *p < 0.05 versus SCI 4 W, Δp < 0.05 versus SCI 8 W, #p < 0.05 versus SCI + ADSC 4 W
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Fig. 3 (See legend on previous page.)
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combination of markers. Umbrella cells express uroplak-
ins (Upk) and krt20, but lack expression of p63 and krt5. 
Intermediate cells underlie umbrella cells and express 
p63 and Upk, but do not express krt20 and krt5. Basal 
cells positioned along the basement membrane can be 
identified by krt5 and p63 coupled with the absence of 
Upk and krt20 [20]. Therefore, we performed krt5, Upk, 
p63, and krt20 immunolabeling of bladder specimens to 
discriminate urothelial subpopulations.

As shown in Fig.  5, HE and immunohistochemical 
staining showed morphological changes in the bladder 
urothelium. A normal urothelium was observed in the 
sham group. At 4 weeks in the SCI group, the urothelium 
exhibited numerous regions that lacked umbrella and 
intermediate cells. After 8 weeks, regions of urothelium 
devoid of umbrella cells were replaced with small super-
ficial cells that expressed Upk, but lacked krt20. In the 
ADSC group, the distribution of umbrella and intermedi-
ate cells had gradually returned to normal over time. In 
the mouse urothelium, p63 and krt5 expression was more 
homogeneous and intense in all basal cells [20]. How-
ever, not all basal cells expressed p63 and krt5 in the rat 
urothelium. Compared with the sham group, p63 + and 
krt5 + basal cells had decreased at 4  weeks in the SCI 
group. However, at 8  weeks, p63 + and krt5 + basal 
cells had increased dramatically. In the ADSC group, 
p63 + and krt5 + basal cells were similar to those in the 

sham group. Consistent with the immunohistochemical 
staining results, PCR results demonstrated significant 
downregulation of krt20, Upk, and krt5 mRNA expres-
sion at 4 weeks in the SCI group compared with that in 
the sham group, while Upk and krt5 expression dramati-
cally increased at 8  weeks (Fig.  5b, &p < 0.05 vs. Sham). 
In the ADSC group, the changes in krt20, Upk, and krt5 
mRNA levels in the SCI group were gradually reversed 
(Fig. 5b, *p < 0.05 vs. SCI 4 W).

ADSC sheet transplantation reduces bladder muscle 
remodeling in SCI rats
In bladder muscle, changes in detrusor myocytes and 
extracellular matrix are presumably responsible for the 
loss of intrinsic contractility. As shown in Fig.  6a, Mas-
son’s trichrome staining revealed large amounts of col-
lagen in SCI animals. Compared with the SCI group, 
the ADSC group showed normal morphology of the 
bladder wall and regular arrangement of collagen fib-
ers, which were close to the sham group. Immunofluo-
rescence staining showed that collagen deposition had 
increased markedly in the SCI group compared with the 
sham group. After ADSC transplantation, these changes 
were reversed. PCR revealed marked downregulation 
of α-SMA and smoothelin mRNA expression in the SCI 
group compared with that in the sham group, while 
MYH10 and RBP1 expression was increased (Fig.  6b, 

Fig. 4 Analyses of CMG parameters in various groups. Changes in MV (a), RV (b), BC (c), PBP (d), VE (e), and HFOs (f). &p < 0.05 versus Sham, *p < 0.05 
versus SCI 4 W, Δp < 0.05 versus SCI 8 W, #p < 0.05 versus SCI + ADSC 4 W
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&p < 0.05 vs. Sham). In the ADSC group, the changes in 
α-SMA, smoothelin, MYH10, and RBP1 mRNA levels 
were significantly reversed (Fig. 6b, *p < 0.05 vs. SCI 4 W, 
Δp < 0.05 vs. SCI 8 W).

Discussion
Numerous clinical and preclinical studies of SCI have 
involved ADSC-based cell therapy because of their rela-
tive ease of acquisition and safety [2]. Several studies 
have demonstrated some functional recovery, including 
limb and sensory functions, but very few studies have 
shown bladder recovery [10, 21]. Successful delivery 
of transplanted cells and maintenance of cell viability 
after transplantation are the main challenges of ADSC-
based cell therapy in SCI. Presently, ADSC injection is 

commonly used, which can be introduced into the defect 
site through intramedullary or intravenous injection, but 
the therapeutic effect has been unsatisfactory [10]. Here, 
we specifically addressed the challenge of ADSC delivery 
for SCI treatment through cell sheet transplantation.

In the present study, ADSCs readily formed cell sheets 
under appropriate culture conditions. An intact and con-
tiguous ADSC sheet, which preserves cell-to-cell inter-
actions and ECM proteins, can be obtained without 
enzymatic digestion. Cell sheets rich in ECM provide 
biomechanical strength and serve as a three-dimensional 
network to preserve stem cells in the lesion site. Addi-
tionally, several cytokines and growth factors within the 
ECM play an important role in tissue regeneration [16, 
22]. Previous studies have demonstrated that ADSCs 

Fig. 5 Histological and immunofluorescence analysis of the bladder urothelium in various groups. a The expression of markers krt20 (red), Upk 
(green), p63 (red), and krt5 (green) showed the distribution of umbrella, intermediate, and basal cells in the bladder urothelium. Scale bar: 100 μm. 
b mRNA expression levels of krt20, Upk, krt5, and p63 in the bladder wall. &p < 0.05 versus Sham; *p < 0.05 versus SCI 4 W; #p < 0.05 versus SCI + ADSC 
4 W



Page 9 of 12Chen et al. Stem Cell Research & Therapy          (2022) 13:503  

contribute to cell survival and tissue repair by increasing 
the expression of β-tubulin III, one of the earliest bio-
markers of stem cell differentiation to neurons [23, 24]. 
Accordingly, our results showed that transplanting ADSC 
sheets into a spinal cord defect increased expression of 
β-tubulin III. ADSC sheet transplantation can also sup-
press glial scar formation. Recent evidence suggests that 
inhibition of axonal regeneration is mainly due to the for-
mation of a glial scar formed by GFAP-positive astrocytes 
[25–27].

In this study, there was significant improvement of the 
voiding efficiency after ADSC sheet transplantation in 
SCI rats in the same manner observed for the non-sheet 
form of ADSCs [10, 28]. Importantly, treatment with 
ADSC sheets enhanced HFOs, which reflect external 
urethral sphincter (EUS) bursting activity, because HFOs 
and EUS electromyography have similar patterns. It is 
generally accepted that EUS bursting activity represents 
alternate contractions and relaxations of the urethral out-
let similar to a pump to promote urine flow [19, 29]. EUS 

Fig. 6 Histological evaluation of bladder smooth muscle tissue in various groups. a Masson’s trichrome and immunofluorescence staining of a 
contractile SMC marker (α-SMA) and collagen marker (collagen I) showed remolding of smooth muscle and collagen in the bladder wall. Scale 
bar: 100 μm. b mRNA expression levels of contractile SMC markers (α-SMA and smoothelin) and synthetic SMC markers (MYH10 and RBP1) in the 
bladder wall. &p < 0.05 versus Sham, *p < 0.05 versus SCI 4 W, Δp < 0.05 versus SCI 8 W, #p < 0.05 versus SCI + ADSC 4 W
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is innervated by somatic nerves that originate from the 
pontine center and project to Onuf ’s nuclei in the lum-
bosacral spinal cord [30]. Spinal cord injury interrupts 
axons from both ascending and descending tracts, induc-
ing loss of innervation of the detrusor and sphincter. 
Therefore, axonal regeneration by ADSC sheet transplan-
tation to correct micturition dysfunction is a promising 
strategy.

The bladder urothelium is a multilayered epithelium 
that serves as a barrier that restricts permeability to 
water, solutes, and toxins. Directly facing the luminal 
surface are umbrella cells, which are principally respon-
sible for the barrier function of the urothelium [20]. 
Consistent with a previous report, we observed that 
SCI caused loss of krt20 + umbrella cells in the bladder 
urothelium [13]. However, ADSC sheet transplantation 
prevented the disruption of the bladder urothelium in 
SCI rats, maintaining the intact barrier. Without a com-
plete barrier, urine may penetrate into the submucosa, 
which induces detrusor fibrosis to affect micturition. Fate 
mapping has demonstrated that p63 + and krt5 + basal 
cells are stem/progenitor cells in the adult regenerating 
urothelium [31–33]. In this study, we found decreases 
in p63 + and krt5 + basal cells at 4  weeks after SCI. 
However, at 8  weeks, p63 + and krt5 + basal cells had 
increased dramatically. These results revealed that stem/
progenitor cells play an important role in regeneration of 
the bladder urothelium after SCI, but the mechanism of 
this effect remains to be explored.

Previous studies have demonstrated that SCI induces 
bladder remodeling associated with tissue fibrosis, which 
may adversely affect smooth muscle function and the 
bladder capacity to micturition properly, resulting in 
a low voiding efficiency and reduced compliance [34, 
35]. In this study, compared with fibrosis of the bladder 
wall in the SCI group, the ADSC group showed nor-
mal morphology of the bladder wall and reduced tissue 
fibrosis as demonstrated by downregulation of type 1 col-
lagen. ADSC sheet transplantation also resulted in strong 
upregulation of contractile SMC markers and downregu-
lation of synthetic SMC markers. Similar to other smooth 
muscle cells, bladder SMCs also switch between a con-
tractile and synthetic phenotype [36, 37]. SCI may induce 
a change in the bladder SMC phenotype from contractile 
to synthetic, resulting in a decrease in contractile capac-
ity. Therefore, the effect of ADSC sheet transplantation 
on micturition was partly attributed to reversal of the 
muscle phenotype.

A limitation of the present study is that the thera-
peutic effect of ADSC sheet transplantation was not 
compared with ADSC injections or ADSCs seeded in 
scaffold materials. Previous studies have shown that the 
therapeutic effect of ADSC injection was unsatisfactory 

because of the loss of ADSCs at the injection site [38]. 
Additionally, scaffold materials have a potential risk of 
uncontrollable degradation and immune rejection [10]. 
To date, most clinical trials of SCI have involved ADSC 
injections and shown limited bladder recovery [21]. 
Thus, further studies are needed before clinical trials 
of ADSC sheets can be conducted, such as experiments 
using non-human primates.

Conclusion
The present study indicates the potential therapeu-
tic effects of ADSC sheets for NB associated with SCI. 
ADSC sheet transplantation improved voiding func-
tion recovery in rats after SCI by efficiently promoting 
nerve fiber regeneration and inhibiting glial scar forma-
tion. Remarkably, treatment by ADSC sheet implanta-
tion protected bladder tissue from neurogenic injury 
after SCI. Thus, these results suggest that ADSC sheet 
transplantation is a promising cell delivery and treat-
ment option for SCI, especially to ameliorate bladder 
dysfunction.

Abbreviations
ADSCs: Adipose-derived mesenchymal stem cells; NB: Neurogenic bladder; 
SCI: Spinal cord injury; SD: Sprague–Dawley; GFAP: Glial fibrillary acidic protein; 
SMC: Smooth muscle cell; ECM: Extracellular matrix; PBS: Phosphate-buffered 
saline; SEM: Scanning electron microscopy; TEM: Transmission electron 
microscopy; TPEF: Two-photon excited fluorescence; CMG: Cystometrograms; 
MV: Micturition volume; RV: Residual volume; BC: Bladder capacity; VE: Voiding 
efficiency; PBP: Peak bladder pressure; HFO: High-frequency oscillation; EUS: 
External urethral sphincter.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13287- 022- 03188-1.

Additional file 1: Table S1. Primers used for PCR analysis.

Acknowledgements
Not applicable.

Author contributions
YW and QF designed the research and supervised the work. JSC and ML 
performed the cell research. JSC and LW performed the animal research and 
drafted the manuscript. GG and WXZ analyzed data and provided feedback. 
All the authors read and revised the final manuscript.

Funding
This research was supported by the National Natural Science Foundation 
of China (Nos. 82100714 and 82170694), the Natural Science Foundation of 
Shanghai (No. 20ZR1442100), the Shanghai “Science and Technology Innova-
tion Action Plan” Medical Innovation Research Project (No. 22Y11905000), the 
Doctorate Innovation Fund of Shanghai Jiao Tong University School of 
Medicine (No. BXJ201943), the Interdisciplinary Program of Shanghai Jiao 
Tong University (Nos. YG2021QN102 and YG2022ZD020), and the Program of 
Shanghai Sixth People’s Hospital (No. ynts202004).

https://doi.org/10.1186/s13287-022-03188-1
https://doi.org/10.1186/s13287-022-03188-1


Page 11 of 12Chen et al. Stem Cell Research & Therapy          (2022) 13:503  

Availability of data and materials
The supporting materials can be obtained upon request via email to the cor-
responding authors.

Declarations

Ethics approval and consent to participate
All experimental procedures were approved by the animal care and use 
committee of Shanghai Sixth People’s Hospital, and they were in line with 
international guidelines.

Consent for publication
Not applicable.

Competing interests
All authors declare that they have no competing interests.

Author details
1 Department of Urology, Shanghai Sixth People’s Hospital Affiliated to Shang-
hai Jiao Tong University School of Medicine, Shanghai Eastern Institute of Uro-
logic Reconstruction, Shanghai Jiao Tong University, Shanghai, China. 2 Key 
Laboratory for Thin Film and Micro Fabrication of the Ministry of Education, 
School of Sensing Science and Engineering, School of Electronic Information 
and Electrical Engineering, Shanghai Jiao Tong University, Shanghai, China. 
3 Wake Forest Institute for Regenerative Medicine, Winston Salem, NC, USA. 

Received: 10 April 2022   Accepted: 30 September 2022

References
 1. Tashiro S, Nakamura M, Okano H. Regenerative rehabilitation and stem 

cell therapy targeting chronic spinal cord injury: a review of preclinical 
studies. Cells. 2022;11:685.

 2. Kim GU, Sung SE, Kang KK, Choi JH, Lee S, Sung M, et al. Therapeutic 
potential of mesenchymal stem cells (MSCs) and MSC-derived extra-
cellular vesicles for the treatment of spinal cord injury. Int J Mol Sci. 
2021;22:13672.

 3. Esclarin De Ruz A, Garcia Leoni E, Herruzo Cabrera R. Epidemiology and 
risk factors for urinary tract infection in patients with spinal cord injury. J 
Urol. 2000;164(4):1285–9.

 4. Liu S, Zhang H, Wang H, Huang J, Yang Y, Li G, et al. A comparative study 
of different stem cell transplantation for spinal cord injury: a systematic 
review and network meta-analysis. World Neurosurg. 2022;159:e232–43.

 5. Wu SY, Jiang YH, Jhang JF, Hsu YH, Ho HC, Kuo HC. Inflammation and bar-
rier function deficits in the bladder urothelium of patients with chronic 
spinal cord injury and recurrent urinary tract infections. Biomedicines. 
2022;10:220.

 6. Karsy M, Hawryluk G. Modern medical management of spinal cord injury. 
Curr Neurol Neurosci Rep. 2019;19(9):65.

 7. Chen CC, Yang SF, Wang IK, Hsieh SY, Yu JX, Wu TL, et al. The long-term 
efficacy study of multiple allogeneic canine adipose tissue-derived 
mesenchymal stem cells transplantations combined with surgery 
in four dogs with lumbosacral spinal cord injury. Cell Transplant. 
2022;31:9636897221081488.

 8. Liau LL, Looi QH, Chia WC, Subramaniam T, Ng MH, Law JX. Treatment of 
spinal cord injury with mesenchymal stem cells. Cell Biosci. 2020;10:112.

 9. Amer MH, Rose F, Shakesheff KM, Modo M, White LJ. Translational consid-
erations in injectable cell-based therapeutics for neurological applica-
tions: concepts, progress and challenges. NPJ Regen Med. 2017;2:23.

 10. Fan Z, Liao X, Tian Y, Xuzhuzi X, Nie Y. A prevascularized nerve conduit 
based on a stem cell sheet effectively promotes the repair of transected 
spinal cord injury. Acta Biomater. 2020;101:304–13.

 11. Kato Y, Iwata T, Morikawa S, Yamato M, Okano T, Uchigata Y. Allogeneic 
transplantation of an adipose-derived stem cell sheet combined with 
artificial skin accelerates wound healing in a rat wound model of type 2 
diabetes and obesity. Diabetes. 2015;64:2723–34.

 12. Khaing ZZ, Milman BD, Vanscoy JE, Seidlits SK, Grill RJ, Schmidt CE. High 
molecular weight hyaluronic acid limits astrocyte activation and scar 
formation after spinal cord injury. J Neural Eng. 2011;8: 046033.

 13. Kullmann FA, Clayton DR, Ruiz WG, Wolf-Johnston A, Gauthier C, Kanai A, 
et al. Urothelial proliferation and regeneration after spinal cord injury. Am 
J Physiol Renal Physiol. 2017;313:F85–102.

 14. Tuttle TG, Lujan HL, Tykocki NR, DiCarlo SE, Roccabianca S. Remodeling 
of extracellular matrix in the urinary bladder of paraplegic rats results 
in increased compliance and delayed fiber recruitment 16 weeks after 
spinal cord injury. Acta Biomater. 2022;141:280–9.

 15. Wang Y, Wang W, Wang X, Wang Y, Wang J, Fu Q, et al. Tissue-engi-
neered sling with adipose-derived stem cells under static mechanical 
strain. Exp Ther Med. 2017;14:1337–42.

 16. Wang Y, Duan M, Rahman M, Yang M, Zhao W, Zhou S, et al. Use of 
bioactive extracellular matrix fragments as a urethral bulking agent to 
treat stress urinary incontinence. Acta Biomater. 2020;117:156–66.

 17. Cao N, Ni J, Wang X, Tu H, Gu B, Si J, et al. Chronic spinal cord injury 
causes upregulation of serotonin (5-HT)2A and 5-HT2C receptors in 
lumbosacral cord motoneurons. BJU Int. 2018;121:145–54.

 18. Zhang S, Wu M, Peng C, Zhao G, Gu R. GFAP expression in injured 
astrocytes in rats. Exp Ther Med. 2017;14:1905–8.

 19. Chen J, Gu B, Wu G, Tu H, Si J, Xu Y, et al. The effect of the 5-HT2A/2C 
receptor agonist DOI on micturition in rats with chronic spinal cord 
injury. J Urol. 2013;189:1982–8.

 20. Dalghi MG, Montalbetti N, Carattino MD, Apodaca G. The urothelium: 
life in a liquid environment. Physiol Rev. 2020;100:1621–705.

 21. Kim JH, Shim SR, Doo SW, Yang WJ, Yoo BW, Kim JM, et al. Bladder 
recovery by stem cell based cell therapy in the bladder dysfunction 
induced by spinal cord injury: systematic review and meta-analysis. 
PLoS ONE. 2015;10: e0113491.

 22. Wang Y, Zhou S, Yang R, Zou Q, Zhang K, Tian Q, et al. Bioengineered 
bladder patches constructed from multilayered adipose-derived stem 
cell sheets for bladder regeneration. Acta Biomater. 2019;85:131–41.

 23. Aras Y, Sabanci PA, Kabatas S, Duruksu G, Subasi C, Erguven M, et al. The 
effects of adipose tissue-derived mesenchymal stem cell transplan-
tation during the acute and subacute phases following spinal cord 
injury. Turk Neurosurg. 2016;26:127–39.

 24. Lee R, Kim IS, Han N, Yun S, Park KI, Yoo KH. Real-time discrimination 
between proliferation and neuronal and astroglial differentiation of 
human neural stem cells. Sci Rep. 2014;4:6319.

 25. Zhang LX, Yin YM, Zhang ZQ, Deng LX. Grafted bone marrow stromal 
cells: a contributor to glial repair after spinal cord injury. Neuroscientist. 
2015;21:277–89.

 26. Williams RR, Henao M, Pearse DD, Bunge MB. Permissive Schwann cell 
graft/spinal cord interfaces for axon regeneration. Cell Transplant. 
2015;24:115–31.

 27. Okuda A, Horii-Hayashi N, Sasagawa T, Shimizu T, Shigematsu H, 
Iwata E, et al. Bone marrow stromal cell sheets may promote axonal 
regeneration and functional recovery with suppression of glial scar 
formation after spinal cord transection injury in rats. J Neurosurg Spine. 
2017;26:388–95.

 28. Zhang Y, Li L, Mu J, Chen J, Feng S, Gao J. Implantation of a functional 
TEMPO-hydrogel induces recovery from rat spinal cord transection 
through promoting nerve regeneration and protecting bladder tissue. 
Biomater Sci. 2020;8:1695–701.

 29. Ni J, Cao N, Wang X, Zhan C, Si J, Gu B, et al. The serotonin (5-hydroxy-
tryptamine) 5-HT7 receptor is up-regulated in Onuf’s nucleus in rats 
with chronic spinal cord injury. BJU Int. 2019;123:718–25.

 30. de Groat WC. Integrative control of the lower urinary tract: preclinical 
perspective. Br J Pharmacol. 2006;147:S25-40.

 31. Shin K, Lee J, Guo N, Kim J, Lim A, Qu L, et al. Hedgehog/Wnt feedback 
supports regenerative proliferation of epithelial stem cells in bladder. 
Nature. 2011;472:110–4.

 32. Paraskevopoulou V, Bonis V, Dionellis VS, Paschalidis N, Melissa P, Chav-
doula E, et al. Notch controls urothelial integrity in the mouse bladder. 
JCI Insight. 2020;5: e133232.

 33. Papafotiou G, Paraskevopoulou V, Vasilaki E, Kanaki Z, Paschalidis 
N, Klinakis A. KRT14 marks a subpopulation of bladder basal cells 
with pivotal role in regeneration and tumorigenesis. Nat Commun. 
2016;7:11914.



Page 12 of 12Chen et al. Stem Cell Research & Therapy          (2022) 13:503 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 34. Lee HJ, An J, Doo SW, Kim JH, Choi SS, Lee SR, et al. Improvement in 
spinal cord injury-induced bladder fibrosis using mesenchymal stem cell 
transplantation into the bladder wall. Cell Transplant. 2015;24:1253–63.

 35. Gotoh D, Shimizu N, Wada N, Kadekawa K, Saito T, Mizoguchi S, et al. 
Effects of a new beta3-adrenoceptor agonist, vibegron, on neurogenic 
bladder dysfunction and remodeling in mice with spinal cord injury. 
Neurourol Urodyn. 2020;39:2120–7.

 36. Allahverdian S, Chaabane C, Boukais K, Francis GA, Bochaton-Piallat ML. 
Smooth muscle cell fate and plasticity in atherosclerosis. Cardiovasc Res. 
2018;114:540–50.

 37. Weyne E, Dewulf K, Deruyer Y, Rietjens R, Everaerts W, Bivalacqua TJ, et al. 
Characterization of voiding function and structural bladder changes in a 
rat model of neurogenic underactive bladder disease. Neurourol Urodyn. 
2018;37:1594–604.

 38. Haraguchi Y, Shimizu T, Sasagawa T, Sekine H, Sakaguchi K, Kikuchi T, 
et al. Fabrication of functional three-dimensional tissues by stacking cell 
sheets in vitro. Nat Protoc. 2012;7:850–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Implantation of adipose-derived mesenchymal stem cell sheets promotes axonal regeneration and restores bladder function after spinal cord injury
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Animal preparation
	Isolation and culture of ADSCs
	Preparation and analysis of ADSC sheets
	Establishment of spinal cord injury and ADSC sheet implantation
	Assessment of voiding function
	Tissue preparation
	Histological and immunofluorescence analysis
	Quantitative real-time PCR analysis
	Statistical analysis

	Results
	ADSCs to construct cell sheets
	ADSC sheet transplantation connects the lesion site with less cavity formation and reduces glial scar formation
	ADSC sheet transplantation improves voiding function in NB associated with SCI rats
	ADSC sheet transplantation prevents disruption of the bladder urothelium in SCI rats
	ADSC sheet transplantation reduces bladder muscle remodeling in SCI rats

	Discussion
	Conclusion
	Acknowledgements
	References


