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Introduction

Bladder cancer is the second most common urologic can-
cer worldwide.1 Muscle-invasive bladder cancer accounts 
for 30% of cases in newly diagnosed patients.2 Most of 
these patients are treated with radical cystectomy and 
intestinal urinary diversion. Orthotopic neobladder has 
been established as the most common type of urinary 
diversion in pioneering urologic oncology centers.3

Gastrointestinal segments remain the primary source of 
material for urinary tract reconstruction. However, the trans-
posed intestine segments maintain their absorption and 
secretion functions after replacing the urinary tract, which 
will lead to adverse consequences.4 Firstly, long-term expo-
sure of the intestinal mucosa to urine may lead to metabolic 
acidosis, which has been noted in 70% of patients in the early 
postoperative period.5 Secondly, there has been increasing 
evidence that mucus production by the transposed intestinal 
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segments does not decrease over time in the majority of 
patients,4,6 which may lead to a series of complications, such 
as recurrent urinary tract infection, stone formation, gradual 
renal dysfunction, pouch obstruction, urinary retention, and 
resultant neobladder perforation.7 Several attempts have 
been made to address these problems. A randomized con-
trolled trial compared the efficacy of N-acetylcysteine, aspi-
rin, and ranitidine in reducing mucus secretion after bladder 
reconstruction and found there was no benefit of these drugs 
over the placebo.6 In animal studies, attempts have been 
made to reduce mucus secretion by stripping off the intesti-
nal mucosa and using seromuscular segments of the intes-
tine.8,9 However, severe fibrosis and retraction of the 
seromuscular segment were reported, which made this sur-
gery not suitable for orthotopic neobladder reconstruction.

Bladder tissue engineering is considered to be the most 
promising alternative to solve these problems. Two major 
strategies of tissue engineering include the use of acellular 
and cellular scaffolds. Despite many encouraging reports 
about experimental tissue-engineered bladder reconstruc-
tion, it is still in its infancy and faces many challenges, 
such as the source of cells, their proliferation in vitro, the 
immunogenicity of synthetic grafts, biomaterials-associ-
ated mechanical properties, and fibrotic reaction.10 It will 
take a long time to complete the translation of synthetic 
biomaterials into clinical settings. Autologous tissue grafts 
are the gold standard for comparison with other implanta-
ble biomaterials because these grafts have the properties 
necessary for new tissue regeneration and structural recon-
struction. Additionally, the antigenicity of autologous 
grafts is not observed after transplantation.11

In summary, our autologous tissue-engineering approach, 
where the peritoneal ileal seromuscular graft was used to 
reconstruct the neobladder, presents a promising new strat-
egy to reduce the complications related to urinary diversion.

Materials and methods

Study design and animal care

The present study was conducted in accordance with the 
Guide for the Care and Use of Animals for Research 
Purposes and was approved by the First Hospital of 
Tsinghua University animal ethics committee (number: 
RECLA18-02).

We used eight female domestic minipigs weighing 
between 25 and 30 kg. The pigs were divided into two 
groups. The experimental group received an autologous 
peritoneal ileal seromuscular graft-based neobladder, and 
the control group received a normal U-shaped ileal neo-
bladder. Before the operation, all pigs have fasted for 12 h, 
and then they were given free access to water.

All operations were performed under general anesthesia 
and mechanical ventilation. First, ketamine (20 mg/kg) and 
atropine (0.05 mg/kg) were injected intramuscularly. Then 

intravenous access was established through the marginal ear 
vein. Anesthesia was maintained with perfusion of 1 mg/kg 
propofol and 5 mg atracurium per hour. To prevent infec-
tion, preoperative antibiotic cefuroxime 50 mg/kg i.m. was 
administered. The surgical procedures were successfully 
performed in all eight porcine models without complica-
tions. After the operation, the pigs only received water dur-
ing the first day. They were given regular food the second 
day. Antibiotic cefuroxime (50 mg/kg, twice a day for 
7 days) was administered with food to prevent infection. 
The reconstructed neobladders were washed every 6 h 
through the urethral catheter. The ureteral stents, the silicone 
balloon, and the urethral catheter were removed 10 days 
after surgery. Only one pig in the experimental group had an 
infection and was euthanized 16 days after the operation. 
Necropsy demonstrated separation of the transplanted peri-
toneum from the seromuscular layer and pyonephrosis. The 
rest of the animals survived to the study endpoint of 3 months 
with no complications or adverse events.

Surgical procedure

For the control group, the ileal neobladder was constructed 
as described in Koie et al.12 Briefly, a 40 cm ileal segment 
was selected and then detubularized. The bowel loops 
were folded into a U configuration, and the two medial 
borders were then oversewn. The uretero-enteric anasto-
mosis was performed by the Le Duc technique.

For the experimental group, to engineer an autologous 
graft with a suitable surface epithelium and an underlay 
muscle layer with sufficient elasticity and mechanical 
strength, we combined the peritoneal sheet from the ante-
rior abdominal wall and the seromuscular layer from the 
ileum. We chose these tissues for the following reasons: 
(1) peritoneal tissue on the abdominal wall is abundant and 
closeby. (2) the ileum loop has long been used for ureteral 
and bladder reconstruction in clinical medicine,13 the sero-
muscular layer of the ileum consists mostly of smooth 
muscle, which is easy to adapt to the desired width and 
provides sufficient elasticity and mechanical strength.

We prepared the peritoneal sheet from the abdominal 
wall as follows: a lower midline abdominal incision was 
made extending from the umbilicus to the pubic symphy-
sis. The anterior rectus fascia and the transversalis fascia 
were incised. A 12 cm portion of peritoneum was incised in 
the line of the abdominal incision, and then an 8 cm portion 
of peritoneum was incised laterally (Figure 1(a)). Then, 
the peritoneal sheet was laid on top of a seromuscular layer 
made from the ileum.

To prepare the seromuscular layer from the ileum, a 
40 cm segment of ileum, 15 cm from the ileocecal valve 
was chosen (Figure 1(b)). A one-centimetre incision was 
made in the middle of the ileum. The seromuscular layer 
was peeled from the submucosa on both sides of the ileum 
laterally, as far as the mesenteric border with forceps. Blood 
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vessels at the mesenteric root were sealed (Figure 1(c)). 
The remaining ileum was joined together by anastomosis.

The seromuscular layer was folded into a U-shaped 
suture, and the opposite inner borders were sewn together 
with 3–0 absorbable sutures to assemble the peritoneal-
seromuscular graft. After the anastomosis was completed, 
the area of the seromuscular layer was approximately 
8 × 12 cm2. The peritoneum piece was transferred onto the 
seromuscular layer. The peritoneum edge was approxi-
mated to the edge of the seromuscular layer with a 5–0 
absorbable suture, ensuring that both tissues were incorpo-
rated with each other (Figure 1(d)).

Afterwards, we removed the entire bladder and replaced 
it with the neobladder made from the peritoneal graft. The 
peritoneal graft prepared above was sutured with the ureter 
using the submucosal tunnelling technique and then 
sutured with the urethra, which is commonly practised in 
bladder reconstruction surgeries (Figure 1(e)). A 4.7 Fr 
ureteral catheter was placed in each ureter and fixed 
through the wall of the neobladder. We placed a silicone 

balloon containing 100 mL sterile saline solution in the 
neobladder. The silicone balloon can support the neoblad-
der and pressure the peritoneal graft to prevent the detach-
ment of the mesothelial sheet from the seromuscular layer. 
We also placed a 14 Fr urethral catheter in the urethral. The 
ureteral stents and the silicone balloon were tied to the ure-
thral catheter (Figure 1(f)). So, they could be taken out 
together 10 days after the surgery.

Imaging, physiology, blood and urine tests

All animals received intravenous urogram (IVU), cysto-
grams, and cystometrograms under light general anaesthe-
sia 3 months after surgery. The bladder capacity and 
function of the neobladder were examined. Blood bio-
chemistry, including creatinine, blood urea nitrogen 
(BUN), chloride, sodium, and potassium levels, were ana-
lysed before surgery and at the sacrifice. Venous gas analy-
sis and urine samples were also obtained at the same time 
points and analysed.

Figure 1.  Ileal neobladder construction using the peritoneal ileal seromuscular graft: (a) preparation of the peritoneum, (b) 
selecting the ileal segment, (c) separating the seromuscular layer, (d) making the peritoneal ileal seromuscular graft, (e) uretero-
peritoneal ileal seromuscular graft anastomosis, and (f) completing the construction of the ileal neobladder.
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Histology and immunohistochemistry

After physiology test, blood and urine sample collection, 
pigs were euthanized, and their neobladders were har-
vested for histological analysis. The harvested neoblad-
der tissues were fixed in 10% formalin for 1 week, then 
embedded with paraffin and sliced into 5 μm sections. 
Haematoxylin and eosin (H&E) stains were performed 
according to standard procedures. Immunohistochemical 
(IHC) analysis was performed using the mouse monoclo-
nal antibody against cytokeratin 7 (CK7) (1:100, ab9021, 
Abcam), Uroplakin III (UPK3) (1:20, ab78196, Abcam) 
and alpha smooth muscle actin (α-SMA) (1:200, A5228, 
Sigma-Aldrich). The staining was performed according 
to the manufacturer of the mouse and rabbit specific 
HRP/DAB detection IHC kit (ab64264, Abcam). Images 
were obtained using the Pannoramic Scanner system (3D 
HISTECH, Ltd., Budapest, Hungary).

Transcriptomic analysis

Three months after surgery, normal peritoneum (NP), 
the mucosa of the normal bladder (MNB), the mucosa 
of neobladder from the experimental group (MN-Exp), 
and mucosa of neobladder from the control group 
(MN-Ctrl) were collected separately. Total RNA was 
extracted from the fresh tissues with the RNeasy Plus 
Mini Kit (Qiagen) according to the manufacturer’s 
instructions and treated with RNase-free DNase. RNA-
seq libraries were prepared using Smart-seq214 as the 
manufacturer’s instructions, and the cDNAs were sub-
ject to library preparation with TruePrep DNA Library 
Prep Kit V2 for Illumina (Vazyme, TD502-01). The 
sequencing was performed by Hiseq X Ten (Illumina). 
Reads were trimmed with the trim_galore software with 
the default parameter. Then, the reads were mapped to 
Sscrofa11.1 whole genome using hisat2 with parameter 
-p 16. We counted for each gene how many reads 
mapped to it using htseq-count version 0.11.1 with 
parameters -r pos -a 10 -t exon -s no -i gene_id -m 
union. And the differentially expressed genes were 
identified by DESeq2 software with several criteria 
(|log2fc| ⩾ 1 and false discovery rate [FDR] ⩽0.05). GO 
term enrichment was analyzed using ClusterProfiler.15 
RNA-seq data was submitted to the National Center for 
Biotechnology Information under accession number 
GSE145751.

Statistical analysis

The data were presented as the mean ± standard deviation 
(M ± SD). Statistical analysis was performed using 
GraphPad Prism 7.0 software (GraphPad Software, San 
Diego, CA, USA). Unpaired two-tailed t-test was used to 
compare two groups. p-value (p) < 0.05 was considered 
statistically significant.

Results

Neobladders made from peritoneal-graft have 
similar bladder function to that of the ileum-
based neobladder

All the animals survived the surgery. The control group and 
the experimental group have similar body weight before and 
after the surgery (Figure 2(a)). The operation time was about 
1 h longer for the experimental group than the control group 
(325 ± 13.2 min vs 248 ± 13.8 min, p = 0.007) (Figure 2(b)), 
as the new method required extra time to construct the perito-
neal-ileal seromuscular graft. Ten days after the surgery, the 
catheters and the silicone balloon were removed together. 
Then the animals began to urinate normally. We measured 
renal function (Figure 2(c) and (d)), serum electrolytes 
(Figure 2(g)–(i)), and the urine white blood cells (Figure 
2(m)) before and 3 months post-operation and found there 
was no significant difference. However, the serum pH levels 
became slightly more acidic, mean = 7.32 in the control group 
versus 7.39 in the experimental group (p = 0.016), 3 months 
after the surgery (Figure 2(e)). This result implied that ani-
mals in the control group had a higher risk of acidosis. In 
addition, urine samples collected 1 week and 3 months after 
the surgery showed that the transposed intestinal segments 
secreted mucus continuously in the control group 
(Supplemental Figure 1). Three months after surgery, the 
mean capacity of neobladders in the experimental group 
(529.8 ± 34.5 mL) was slightly lower than that of the control 
group (580.3 ± 17.7 mL), but no statistical significance 
(p = 0.241) (Figure 2(j)). No statistically significant differ-
ences in pressure (Figure 2(k)) and compliance (Figure 2(l)) 
were found between groups.

Postoperative intravenous urogram (IVU) revealed that 
the urinary tracts were patent, and there was no hydrone-
phrosis and dilated ureter in pigs (Figure 3(a) and (d)). 
Cystograms revealed that all the neobladders had a spheri-
cal shape, and there was no evidence of contrast extravasa-
tion (Figure 3(b) and (e)). The above results strongly 
suggested that all the neobladder functioned normally.

Gross examination revealed better 
morphological characteristics of neobladder in 
the experimental group

Three months after the surgery, a visual examination found 
that the neobladder wall in all survived pigs healed com-
pletely (Figure 4). No stricture was noted at the uretero-
enteric anastomosis. In the control group, the luminal 
surface of the neobladder was similar to that of normal 
ileum with many folds, and one pig developed a large stone 
(1.0 cm × 1.0 cm) in the neobladder made from the ileum 
alone (Figure 4(a)). Surprisingly, the neobladder made from 
the peritoneal graft (the experimental group) showed a 
smooth luminal surface, no stones were found (Figure 4(b)), 
and it appeared similar to that of the normal bladder  
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(Figure 4(c)), suggesting that the mesothelium in the graft 
has formed a proper barrier on top of the seromuscular layer 
from the ileum. There were no signs of visible leakage and 
infection in any of the survived pigs’ peritoneal cavity.

The mesothelium on the peritoneal graft 
transformed into urothelium-like cells in the 
neobladder

Figure 5A and B show the staining of the peritoneal sheet 
and the intact ileal seromuscular layer, respectively. We 

performed histological analysis of the neobladder from the 
control and the experimental group. Strikingly, HE staining 
of the sections from the peritoneal graft neobladder was 
very similar to the normal bladder tissues (Figure 5C(a)). A 
thick layer of urothelium-like cells lined on the neoblad-
der’s luminal surface (Figure 5C(d)) in the experimental 
group. Immunohistochemistry (IHC) staining revealed that 
urothelium-like cells in the experimental group expressed 
urothelial cell-typical marker proteins, UPK3 and CK7 
(Figure 5C(b), (c), (e) and (f)). In contrast, no positive 
staining was detected in the control group’s epithelial layer 

Figure 2.  The summary of perioperative results. Differences in body weight (a) between the two groups were not statistically 
significant, (b) The average operation time was significantly higher in the experimental group. Blood biochemical examination 
showed normal renal function (c and d) and electrolytes (g–i) in both groups. (e and f) Venous gas analysis revealed the pH level in 
controls was significantly lower than that in the experimental group. There were no statistically significant differences in neobladder 
capacity (j), pressure (k), and compliance (l) between the two groups. Urine analysis (m) showed no signs of urinary tract infection 
in both groups. (*p < 0.05, **p < 0.01).
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Figure 3.  Postoperative intravenous urography (IVU) 5 min following the instillation of 50 mL of intravenous iohexol, which 
demonstrated no obstruction in both groups (a and d). Postoperative cystograms showed the spherical neobladder and no evidence 
of contrast extravasation was noted in both groups (b and e). Kidney, ureter and neobladder were included simultaneously in the 
KUB image (c and f).
K: kidney; white arrow: ureter; NB: neobladder.

Figure 4.  Gross examination revealed complete healing of the neobladder wall in surviving pigs: (a) the luminal surface of the 
neobladder was similar to that of normal ileum with many folds (black arrow) and one pig developed neobladder stone (white 
arrow) and (b) the luminal surface of the neobladder was smooth, no stones were found, and it was similar to that of the normal 
bladder (c).
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Figure 5.  A. HE staining of the peritoneal sheet. Black arrow: mesothelial cells. B. HE staining of the intact ileal seromuscular layer. 
M: muscle layer; S: serosa layer. C. Histopathological assessment of the neobladder constructed by both methods. Similar to what 
was observed in the MNB (a), HE staining revealed a thick layer of urothelium-like cells lying on the luminal surface of MN-Exp (d) 
(black arrow). Immunohistochemical analysis showed UPK3 and CK7 were highly expressed in the MNB (b and c) and MN-Exp (e 
and f) (black arrow), while no such changes were observed in the MN-Ctrl (h and i) and MNI (k and l). Compared with the MNI 
(j), the villi marked by the black arrow in the MN-Ctrl (g) were not atrophied 3 months after surgery. UPK3 (n) and CK7 (o) were 
negative on the NP (m). MNB, mucosa of the normal bladder; MNExp, mucosa of the neobladder in the experimental group; MN-
Ctrl, mucosa of the neobladder in controls; MNI, mucosa of the normal ileum; NP, normal peritoneum; UPK3, uroplakin III; CK7, 
cytokeratin 7.
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(Figure 5C(h), (i), (k) and (l)). Moreover, HE staining 
revealed that even after 3 months, the ileum villi in the con-
trol neobladder (Figure 5C(g)) have not atrophied and was 
similar to the villi on the mucosa of normal ileum (Figure 
5C(j)). An enlarged view of the HE stained neobladder of 
the two groups is shown in Supplemental Figure 2. IHC 
showed that muscle cells in both groups were positive for 
α-SMA (Supplemental Figure 3). The muscle distribution 
of the neobladder in the experimental group was similar to 
that of the normal bladder.

Transcriptomic analyses revealed a similarity 
between the mucosa of the peritoneal graft 
and the mucosa of the normal bladder

To find out whether the peritoneal graft has indeed devel-
oped urothelium-like cells, we performed transcriptome 
profiling of the mucosa of the neobladder in the experi-
mental group (MN-Exp), the mucosa of the neobladder in 
the control group (MN-Ctrl), the mucosa of the normal 
bladder (MNB) and normal peritoneum (NP). Scatter plots 
comparing gene expression levels between MN-Exp, 
MN-Ctrl, MNB, and NP cells revealed that MN-Exp and 
MNB cells were the most similar pair with the highest 
coefficient of determination (R2). They were highly diver-
gent from MN-Ctrl or NP cells (Figure 6(a)). In line with 
these results, hierarchical cluster analysis also showed a 
high degree of similarity between MN-Exp and MNB cells 
but significant differences between them and the NP or 
MN-Ctrl group (Figure 6(b)). We also performed addi-
tional clustering analysis comparing the transcriptome of 
MN-Ctrl, NP, MN-Exp, and MNB (Supplemental Figure 
4). Consistent with the hierarchical cluster analysis, 
mucosa cells from MN-Exp and MNB were the most 
closely clustered, then with mucosa cells from NP, but not 
similar to cells from the MN-Ctrl, essentially the ileum 
epithelium (Supplemental Figure 4). The gene list of each 
cluster was provided in Supplemental Table 1. We selected 
cluster 2 genes highly expressed in both MN-Exp and 
MNB, and did GO analysis. Cluster 2 contained many 
genes associated with epithelial development and bladder 
function, such as morphogenesis of a branching epithe-
lium, cell-cell junction organization, regulation of 
NF-kappa B signaling, urogenital system development and 
regulation of nucleobase-containing compound metabolic 
process (Figure 6(c)). A full list of cluster 2 GO terms is 
provided in Supplemental Table 2. These results indicate 
that MN-Exp cells had a molecular signature of bladder 
epithelium-like cells and adopted corresponding metabo-
lism and proliferation characteristics. We next checked the 
expression levels of marker genes of the bladder mucosa, 
UPK1a, UPK1b, UPK2, UPK3a,16–18 and KRT family 
genes, which highly expressed in normal MNB to form the 
epithelial cytoskeleton.19 The result showed that the 
expression levels of these marker genes in the MN-Exp 

group were comparable to those of MNB, but not the other 
two groups (Figure 6(d)). We also analyzed the gene 
expression differences between MN-Exp and NP, and the 
result showed that they expressed many different genes 
(Figure 6(e)). Gene Set Enrichment Analysis (GSEA) 
revealed that genes significantly upregulated in the 
MN-Exp were enriched for keratinization/epithelial cell 
differentiation terms (FDR < 0.05), water homeostasis, 
and nucleobase containing compounds transporter activity 
(Figure 6(f)), which is in agreement with the property and 
function of urothelium cells, but not peritoneum cells. 
Sum above, our transcriptomic analysis strongly suggests 
that the peritoneal graft has developed urothelium-like 
cells.

Discussion

In this study, we describe a novel autologous tissue engi-
neering strategy to avoid the complications caused by 
transposed intestinal segments. Surprisingly, the neoblad-
der’s epithelial layer made from the peritoneal graft 
appeared highly similar to that of a normal bladder. The 
histopathological analysis demonstrated that the peritoneal 
graft contained an epithelial layer highly similar to the 
urothelium. We also compared the transcriptome of the 
mucosa layer from the peritoneal graft neobladder to that 
from several control groups. The results are consistent 
with the morphology change. To our knowledge, this is the 
first transcriptome study to analyze the change in tissue 
identity after autologous tissue transplantation in the 
bladder.

Free peritoneal grafts or patches used for urological 
tissue reconstruction have been documented in several 
studies. Shaul et al.20 reported their successful experience 
with tubularized peritoneal free grafts for urethroplasty 
in rabbits. Histological analysis demonstrated that a 
multi-layered epithelium similar to the urothelium 
replaced the peritoneal mesothelium 2 weeks after graft-
ing. Yifeng et  al.21 created ureteral mucosa substitutes 
using free tubularized peritoneal grafts in a dog model. 
After 10 weeks, histological examination showed that the 
constructed ureteral lumens were lined with transitional 
epithelium. Brandao et  al.22 performed robotic ureteral 
reconstruction with a tubularized peritoneal flap in six 
pigs and reported focal urothelial lining of the neoureter. 
In our study, we removed the entire bladder and replaced 
it with a neobladder assembled from the peritoneal sheet 
and the seromuscular layer of the ileum. Three months 
later, we observed urothelium-like cells on the luminal 
surface of the neobladder in the experimental group, and 
the RNA-seq data showed the mucosa from the experi-
mental group (MN-Exp) has a similar transcriptomic sig-
nature with the mucosa of the normal bladder (MNB) 
(Figure 6). However, the exact mechanism of this phe-
nomenon remains unknown.
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Figure 6.  Global gene expression profiles of MN-Exp, MNB, NP, MN-Ctrl: (a) pairwise scatter plot analysis of the global gene 
expression profiles of MN-Exp, MNB, NP, MN-Ctrl cells. The transcriptome of each cell type was profiled by RNA-seq analysis. 
Gene reads count levels are depicted in log10 scale. Pearson’s correlation coefficients (r) are indicated, (b) heat map of the 
z-transformed gene expression values in MN-Exp, MNB, NP, MN-Ctrl. MN-Exp, MNB cells are classified into the same hierarchical 
cluster, (c) GO enrichment of genes highly expressed in both MNB and MN-Exp compared to MN-Ctrl and NP, (d) expression of 
MNB cell marker genes UPK family and KRT family genes. Data are presented as mean ± SD (n = 2), (e) volcano plot (significance 
vs. fold change) of significantly altered genes (fold change ⩾2 and p-value < 0.05) between NP and MN-Exp cells, and (f) Gene 
Set Enrichment Analysis (GSEA) showed significant enrichment of epithelial related gene sets, water homeostasis and nucleobase 
containing compounds transporter activity in MN-Exp compared to NP. The normalized enrichment scores (NES) and tests of 
statistical significance (FDR) are shown.
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The peritoneum is a semi-permeable membrane cover-
ing the abdominal wall and most abdominal organs. It 
comprises a single layer of mesothelial cells (MCs) and the 
underlying submesothelial connective tissue.23 Mesothelial 
cells have been shown to induce tissue repair.24 Some stud-
ies have reported that MCs can differentiate into myofibro-
blasts, smooth muscle cells, adipocytes, and osteoblasts 
under specific in vitro conditions.25 For example, Liu 
et al.26 found that, after treatment with fibroblast-associ-
ated growth factor or exposure to injury, MCs have under-
gone epithelial-mesenchymal transition. Accumulating 
evidence supports the concept that adult MCs retain the 
ability of embryonic mesoderm multi-lineage differentia-
tion and can represent the population of primitive meso-
derm stem cells.27 This plasticity of MCs has generated 
considerable interest among investigators in the field of 
cell therapy and tissue engineering. The submesothelial 
connective tissue mainly contains fibroblasts, adipocytes, 
blood, and lymphatic vessels. Several studies have discov-
ered progenitor cells similar to mesenchymal stem cells in 
the submesothelium.25,28 These progenitor cells have also 
been used for bone tissue engineering.28 Furthermore, an 
epigenetic study established that dramatic changes in the 
environment may initiate in vivo reprogramming of dif-
ferentiated cells.29 Based on the evidence above, we pro-
pose two possible hypotheses. First, peritoneal mesothelial 
cells may transdifferentiate into urothelium-like cells in 
the urine environment. Second, peritoneal progenitor cells 
may directionally differentiate into urothelium-like cells 
by paracrine signals. This complex mechanism needs to be 
further confirmed in vitro experiments using 3D cell cul-
ture models.

The urothelium is a stratified epithelium that changes in 
appearance according to the degree of distension of the 
bladder. The cells in the urothelium are composed of at 
least three layers.30 The stratified urothelium provides a 
strong permeability barrier throughout the urinary tract. 
This barrier function limits the transfer of irons and solutes 
across the urothelium and protects the subjacent tissue 
against damage from toxic urine components.31 Expression 
and assembly of crystalline protein uroplakins into heter-
odimers, which form hexagonal plaques at the apical cell 
surface, is critical for maintaining the integrity and func-
tion of the urothelial permeability barrier.32 Our histo-
pathological analysis revealed that MN-Exp could 
transform into urothelial like tissues. Besides, transcrip-
tomic analyses indicated that MN-Exp highly expressed 
the uroplakin family genes, and the expression level was 
similar to that of MNB, confirming that the differentiated 
cells on the MN-Exp had the ability to form plaques and 
then involved in maintaining the barrier function.

Several different types of stem cells, including urine-
derived stem cells (USCs),31 adipose tissue-derived stem 
cells (ADSCs),33 bone marrow mesenchymal stem cells 
(BMSCs),34 embryonic stem cells (ESCs) and induced 

pluripotent stem cells (iPSCs),18 have been investigated 
for urothelial cell differentiation. The physiological pro-
cess of urothelial cell differentiation is complex and may 
involve signaling pathways, various structural elements, 
the cellular environment, and trophic factors.35 For exam-
ple, peroxisome proliferator-activated receptor-γ (PPARG) 
could modulate mitochondrial gene expression and pro-
mote bladder epithelial cell differentiation.36 Retinoid 
acid, a potent signaling molecule, could regulate specifica-
tion and regeneration of the urothelium in progenitors.37 In 
addition, hedgehog/Wnt signaling, acting across the epi-
thelial-stromal boundary, supports regenerative prolifera-
tion of bladder epithelial cells.38 There is also evidence 
that microRNA miR-205 may contribute to regulating 
urothelial differentiation by modulating the expression of 
tight junction-related proteins.39 Growth factors, such as 
vascular endothelial growth factor (VEGF) and epidermal 
growth factor (EGF), have also been reported to promote 
urothelial differentiation.40,41

Keratins are generally regarded as epithelial cell mark-
ers. However, it has recently been shown that Krt23, one of 
the peroxisome proliferator-activated receptor-α (PPARA) 
target genes, also play a significant role in inducing cellu-
lar signalling pathways.42 One study demonstrated that 
Krt80 was closely linked to the differentiation process and 
helped to maintain the stability of the plasma membrane of 
differentiated cells.43 In our study, Krt23 and Krt80 were 
highly expressed in the experimental group, which indi-
cated both of these proteins might be involved in the 
urothelial differentiation.

To our knowledge, this investigation is the first to use 
autologous peritoneal grafts to reengineer and regenerate 
the bladder. Despite the promising outcome, this study 
leaves several things to be desired. For example, only a 
relatively small number of animals were used. Despite 
that, we believe using large animal models, such as pigs, 
for tissue engineering research is of special importance. 
Additionally, the neobladder’s innervation remains a chal-
lenging problem today. It is difficult to explain why pigs 
can urinate spontaneously after the catheter is removed. 
We think the pigs are likely able to control urination by 
adjusting the abdominal pressure. Better animal models 
are needed for urodynamic assessment because anesthesia 
can impair the lower urinary tract function and affect the 
outcome.44 Furthermore, this procedure requires approxi-
mately one more hour to create the peritoneal ileal sero-
muscular graft. Nevertheless, we believe that mucus-free 
urine and the reduction in metabolic complications are 
substantial long-term benefits that outweigh the extra 
operating time.

Conclusion

In summary, the use of tissue-engineered peritoneal grafts 
for bladder reconstruction is shown to be technically 
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feasible and reproducible in a porcine model. Autologous 
peritoneum can serve as a source of autologous cells or 
materials for tissue engineering of the internal organs. 
Further studies are required to assess this novel procedure’s 
long-term functional outcomes and explore the exact mech-
anism of urothelium-like cells appeared in the neobladder.
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