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Abstract

Background. The research of extracellular matrix stent (ECM) has made some progress in the repair
of urethra and bladder defects.

Objectives. To observe the effects of highly bioactive ECM scaffold on the regeneration and repair of defects
inlong-segment ureteral replacement.

Material and methods. An animal model oflong-segment ureteral defect was established and four-layer
tubular highly bioactive ECM materials were prepared. After the ureteral defect was repaired through surgery,
the rabbits in the negative control group were administered a non-bioactive stent, and rabbits in the observa-
tion group were treated with an ECM stent.

Results. Comparison of macro-indicators: The negative control group had a higher infection rate, a lower
survival rate and more complications than the observation group (p < 0.05). The frequency of ureteral peri-
stalsis in the negative control group was lower than in the observation group. In addition, the rate of urinary
dysfunction was higher, and the ratio of ureteral diameter was lower in the negative control group than
in the observation group (all p < 0.05). Comparison of histopathology: Three months after the operation,
the vascular, smooth muscle and mucous membrane of the ureter in the observation group regenerated
to close to normal ureteral tissue. There was no significant difference between the ureter regeneration
in the repair area and the normal ureter tissue in the observation group 3 months after the operation. The num-
ber of regenerated muscle fibers in the observation group was significantly higher than that of the negative
control group. Compared with the negative control group, the fibrous capsule was thicker, the percentages
of (D31, (D3, (D68, (D804, and (D163+ were higher, the scope of new smooth muscle fiber was expanded,
fusion with the host muscle fibers was higher, and the neuromuscular junction (NMJ) structure was stronger
in the observation group (all p < 0.05).

Conclusions. A highly bioactive ECM stent can better regenerate the local anatomical structure and physi-
ological function.
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Introduction

There are many factors that can lead to the defect
of ureteral function and anatomical structure. At pres-
ent, for ureteral defects larger than 2 cm, the colon
or bladder muscle flap is mainly used as a substitute,
or even directly treated with the kidney transplantation.!
However, these treatment methods are always accom-
panied by many complications, so it is urgent to find
other repair techniques. The main purpose of tissue
engineering research is to repair and reconstruct dam-
aged or non-functional organs. At present, great progress
has been made in the reconstruction of urethras and
bladders with tissue engineering scaffold materials.??
With the development and maturity of bioengineering
technology, the extracellular matrix (ECM) has become
important in the repair of urethra and bladder defects.*
The higher physiological requirements of the ureter than
those of the bladder or urethra, a regenerated ureter
should be free of urine leakage, stone formation, anas-
tomotic stenosis, and inelasticity, and should be con-
sistent with the host’s ureteral peristalsis rhythm has
largely limited the research of ECM material in ureter
regeneration.

Although some studies have proposed that the ECM
plays an important role in the repair of ureteral de-
fects, research on how to make full use of its functions
to promote injury repair and clinical transformation
is still lacking. Our group has developed a highly bio-
active ECM stent which is able to retain at least 60%
of the bioactive components in the natural ECM, thus
improving the anti-infectivity and reducing the loss
of elasticity in the repair area.®> The ECM stent contains
a variety of bioactive factors and more than 90% type
I and type III collagen. After transplantation, it can be
effectively degraded to produce a large number of ac-
tive peptides, which increases its antibacterial ability.
Therefore, the present study further applies it to ani-
mal models, discusses the changes in histopathology
microscopically and the changes of ureteral dynamic
function macroscopically, and explores the influence
of highly bioactive ECM materials on ureteral regenera-
tion, striving for a breakthrough in the field of ureteral
regeneration.

Material and methods
Experimental animal subjects

A total of 48 male adult New Zealand rabbits, weighing
2.0-3.0 kg (average: 2.68 kg), were provided by the experi-
mental animal center of Zhejiang University, Shaoxing,
China. During the experiment, the animals were treated
according to the requirements of animal ethics.
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Establishment of long-segment ureteral
defect animal model

The rabbits were anesthetized using general pentobar-
bital sodium (30 mg/kg) through the ear vein. The re-
lated operation area was sterilized and paved with a sterile
sheet. Through the posterior peritoneum channel, a blunt
separation was carried out in the muscular space along
a left straight incision of the spine. The upper and middle
ureters were found and separated along the psoas major
muscle, and sections of ureters with a length of 1.0 cm
were excised.

Preparation of the highly bioactive
ECM tubular stent

Fresh pig jejunum (warm ischemia time <10 min) was
rinsed in phosphate-buffered saline (PBS) and added
to a Hanks solution at 4°C. The serous layer, mucosal
layer and muscular layer of jejunum were removed using
mechanical force, and the residual cell components were
washed using double-distilled water to obtain the porcine
small intestinal submucosa (P-SIS). Then, the P-SIS was
stirred in 0.5% pancreatin + 0.5% EDTA for 10 h, washed
with PBS and double-distilled water to remove the pan-
creatin, immersed in phenol chloroform and methanol
(volume ratio: 1:3), and immersed in the fume hood for
12 h (the liquid was changed every 3 h). Finally, PBS and
double-distilled water were used to clean the residual
reagent.

The P-SIS was immersed in 2.5% SDS for 16 h, then
rinsed with PBS and double-distilled water to remove
the SDS. After that, the P-SIS was added to 10% ethanol
containing 0.8% peracetic acid (PAA), and it was rinsed
with PBS and double-distilled water to remove the PAA.

An FR 3.0 double-J tube (Huasheng Medical Materials
Co.,, Ltd., Jiangsu, China) was used as an inner support,
and P-SIS was made into a tubular material with a spe-
cific diameter, which was overlapped with 4 layers using
the vacuum lamination method. It was then dried com-
pletely at -120°C in a freeze-drying machine, and sterilized
with ethylene oxide in sterilized paper plastic bags.®

Experimental grouping

A total of 48 rabbits were randomly divided into a nega-
tive control group and an observation group (24 rabbits
in each group). In the negative control group, the 2.0-mm
diameter silica gel double-]J tube was used as a stent with
one end placed in the renal pelvis and the other end placed
inside the bladder. Transplantation was conducted with
the same length of a non-bioactive stent. The upper and
lower ends of the ureter were anastomosed with the non-
bioactive stent using 9-0 absorbable sutures under mi-
croscope. In the observation group, the 2.0 mm diameter
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Fig. 1. Process of the operation: (A) establishment of the ureteral injury animal model; (B) implantation of the inactive stent; (C) implantation of the highly

bioactive stent

silica gel double-] tube was used as a stent with one end
placed in the renal pelvis and the other end placed inside
the bladder. Transplantation was conducted with the same
length of tubular highly bioactive ECM stent. The up-
per and lower ends of the ureter were anastomosed with
the ECM stent using 5-0 absorbable sutures under micro-
scope. Four or 5 stitches were sutured at each end, and
the subcutaneous tissue and skin were sutured intermit-
tently with 3-0 silk thread. An intramuscular injection
of 1.6 million units of penicillin was administered intra-
operatively in order to prevent infection during the opera-
tion (Fig. 1).

Observation index
Macro indicators

The infection and survival rates were recorded at 2 weeks
and 1, 2, 3, 4, and 6 months postoperatively. The incidence
of hydronephrosis, renal function damage, ureteral stric-
ture, and urinary leakage were studied using pyelography
after removal of the double-] tube. The peristalsis and mic-
turition functions of the ureter were also observed. The dy-
namic function of the ureter was evaluated by the diameter
ratio of the 2 ureters at the same stage.

Histopathological index

The hematoxylin & eosin (H&E) staining results were
checked at 2 weeks and 1, 2, 3, 4, and 6 months postopera-
tively, and the number and structure of ureteral regener-
ated muscle fibers were observed under electron micro-
scope. Immunofluorescence staining was used to detect
the cell-material response, including surrounding tissue
wrapping (thickness of the fibrous capsule), the percent-
age of vascularization (CD31), infiltrating cells (CD3 and
CD68), and monocyte macrophages (CD80* and CD163").
The material remodeling and regeneration of intima and
smooth muscle innervation were detected. Each group had
4 animal subjects at each time point.

Detection methods
Intravenous pyelography

The double-] tube was removed and intravenous py-
elography was conducted. After the anesthesia took ef-
fect, the rabbits were fixed on the X-ray examination ta-
ble to establish the venous access. An injection of 20 mL
of 60% meglumine diatrizoate was made intravenously
and an abdominal flat film was taken 5 min, 10 min and
20 min later. The incidence of hydronephrosis, renal func-
tion damage (serum creatinine level at least 2 times higher
than the baseline value), ureteral stenosis, and urinary
leakage was examined. The peristalsis and micturition
functions of the ureter were observed, and the dynamic
function of the ureter was evaluated by the ratio of the di-
ameter of the 2 ureters at the same stage.

Examination of ureteral dynamic function

The whole ureter of both sides was excised, the distal
side was ligated and the proximal one was connected with
the infusion tube perfusion system. The ureter was per-
fused with 60 cm H,O pressure, and the ratio of the diam-
eters of the 2 ureters at the same stage was used as the ob-
servation index. The results were automatically read out
using the own software of the system (Urodynamic Ana-
lyzer; MMS, Enschede, the Netherlands).

Tissue section and pathological analysis

The normal ureteral tissue and ureteral tissue repaired
using ECM were made into paraffin sections. For H&E
staining, the sections were washed with distilled water,
stained with hematoxylin solution for several minutes, de-
colorized with acid water and ammonia water, dehydrated
with an alcohol gradient, stained with eosin, sealed with
xylene, and observed under a microscope. For immuno-
fluorescence staining, the sections were washed in PBS
and incubated in Tris-buffered saline (TBS) containing
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0.1% Triton X-100 + 0.1% calf serum protein for 20 min.
The antigen repair buffer (100 mM of Tris and 5% urea;
pH: 9.5) was added and heated at 95°C for 10 min, then
washed with PBS. The cells were incubated with PBS with
Tween® 20 (PBST) containing 1% bovine serum albumin
(BSA) and 22.52 mg/mL of glycine for 30 min to block
the antibody; then, they were washed with PBS. After being
incubated with monoclonal antibody against CD31, CD3,
CD68, CD80*, CD163*, and muscle fiber (Sigma-Aldrich,
St. Louis, USA), the cells were washed with PBS and in-
cubated with corresponding fluorescence labeled second-
ary antibodies (Sigma-Aldrich). Four slices were studied
in each animal and 4 animals were randomly selected from
each group. Four visual fields were taken from each slice
and observed under laser confocal microscope. The results
were calculated as average values.

Statistical analysis

The IBM SPSS v. 20.0 statistical software (IBM Corp.,
Armonk, USA) was used for the statistical analysis.
The measurement data is expressed as means * standard
deviation (SD). The t-test of independent samples was used
for intergroup comparisons. The numerical data is ex-
pressed using number of cases (percentage), and a x? test
was used for comparison between groups. P-values <0.05
indicated statistically significant differences.

Results

Comparison of infection and survival rate
between the 2 groups

With the prolongation of the observation time, the in-
fection rate increased and the survival rate decreased

Table 1. Comparison of infection and survival rate between the 2 groups

in the negative control group; there was a significant dif-
ference compared with the observation group (p < 0.05)
(Table 1).

Comparison of ureteral function
between the 2 groups

The incidence of hydronephrosis, renal function dam-
age, ureteral stricture, and urinary leakage in the negative
control group increased and was significantly higher than
in the observation group (p < 0.05). The frequency of ureteral
peristalsis and the ratio of ureteral diameter in the negative
control group were lower than in the observation group;
the incidence of urinary dysfunction was higher than
in the observation group (p < 0.05). (Table 2 and Fig. 2,3).

Hematoxylin & eosin staining

The histopathological examination revealed that, com-
pared with the negative control group, the repair area
of the ureter in the observation group covered the epithelium.
Additionally, with the passage of time, the ureteral blood ves-
sels, smooth muscle and mucosa regenerated more and were
arranged more regularly (Fig. 4). The thickness of the epi-
thelium was increased and the number of blood vessels was
higher at each time point than in the negative control group.

Regenerated muscle fiber
and cell-material reaction of the ureter

Compared with the negative control group, the number
of regenerated muscle fibers of ureters in the observation
group increased noticeably as observed under electron
microscope, the fibrous capsule was thicker, the percent-
ages of CD31, CD3, CD68, CD80* and CD163* were higher,
the scope of synovium fiber was greater, fusion with host

Observation group

Negative control group ‘

(n=24)
Six-month infection rate 6 (25.0%)
Six-month survival rate 17 (70.8%)

(n=24)
1 (4.2%) 5.400 0.020
22 (91.7%) 4547 0.033

Table 2. Comparison of ureteral function between the 2 groups

Negative control group (n = 24)

Observation group (n = 24)

Hydronephrosis 1
Renal function damage 3
Ureteral stricture 3
Urinary leakage 2
Total incidence 9 (37.5%)
Ureteral peristalsis frequency [times/h] 1.2+03
Urethral dysfunction 7 (29.2%)
Ureter diameter ratio 06£03

1 0.000 1.000
1 0.000 1.000
1 0.000 1.000
0 0.000 1.000
3(12.5%) 4.448 0.007
1.6 £04 3452 0.003
1 (4.2%) 5.365 0.015
0.8+0.3 3.265 0.006
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Fig. 2. Comparison of ureteral function
between the 2 groups through
gross observation of the kidney

and ureter. (A) Negative control
group: the ureter of the affected side
adheres to the surrounding tissue,
and the materials in the repair area
are systematized. (B) Observation
group: there was no difference

in the appearance of the kidneys

on the 2 sides; the arrow indicates
the repair area

muscle fibers was higher, and the number of neuromus-
cular junction (NM]J) structure increased (all p < 0.05)
(Table 3 and Fig. 5).

Discussion

In this study, a rabbit model of long-segment ureteral
defect was established and 4 layers of tubular highly bio-
active ECM materials were prepared. The results showed
that the ECM material group had a lower infection rate,
a higher survival rate, a lower incidence of hydronephro-
sis, renal function damage, ureteral stricture and urinary
leakage, a higher frequency of ureteral peristalsis, a de-
creased incidence of ureteral dysfunction, and improved
ureteral dynamic function. These results indicate that
it is feasible to repair a ureteral defect with ECM material.
The mechanism of action may be related to the following

Fig. 3. General view of bilateral kidneys and ureters 3 months after aspects:
operation

Table 3. Comparative study on the cell-material reaction of ureteral regenerated muscle fibers (per high-power field)

Groups Negative control group Observation group
Cases 4 4 = =
Number of regenerated muscle fibers 26+09 35+1.1 3625 0.02
Thickness of fibrous capsule [um] 10.8 5.4 123456 3.321 0.024
CD31 [%] 26.7 £84 356494 15.632 0
CD3 [%] 246 £7.9 324 £86 10.254 0
CD68 [%] 369 %135 412123 14.528 0
CD80* [%] 235£11.3 29.8 £10.2 9.635 0
CD163* [%] 245%12.2 30.6 £9.5 8.524 0
Number of newborn smooth muscle fibers 2508 3209 3.065 0.031
Number of neuromuscular junctions 2.1+0.7 26+0.8 2.968 0.035
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Fig. 4. H&E staining (x100); (A-D) epithelial regeneration was seen in the observation group 1, 2, 3, and 6 months after operation; (E-H) epithelial
regeneration was seen in the control group 1, 2, 3, and 6 months after the operation

R ted New le fiber CD31 cp3

muscle fiber

Observation
group B

Control
group

cD68 CD80+ CD163+

Thickness of NV
fibrous capsule

Fig. 5. Immunofluorescence detection of cell-material reaction in each group. Muscle fibers, CD31- and NMJ-positive shown in green; CD3-, CD68-, CD80*-,
and CD163*-positive shown in red. The fluorescence intensity of the above index in the observation group was higher than that of the negative control group

1. The ECM does not contain high-antigenicity cell com-
ponents obtained through special decellularization, and
only retains low antigenic substances such as collagen,
proteoglycan, glycoprotein, etc., which tend not to lead
to rejection after transplantation.

2. This operation retains a complete three-dimensional
space for cell survival and a full range of bioactive ingredi-
ents, which are conducive to cell nutrition, gas exchange
and waste discharge.t~12

3. In addition, ECM can ensure enough biomechanical
strength to meet the needs of tissue repair and recon-
struction, can attract and regulate the growth and differ-
entiation of host cells in the scaffold, and can form new
self-tissue to complete the specific repair and functional
recovery from defects.!317

The transplanted stent needs not only to reduce the ab-
normal immune rejection and tissue proliferation, but also
to promote a normal connection between an ECM stent

and the surrounding normal ureteral tissue cells, and to in-
crease vascularization.'®-20 The percentages of surround-
ing tissue wrapping, vascularization, infiltrating cells, and
monocyte macrophages are commonly used to reflect
the intensity of cell-material reaction between the stent
and surrounding normal ureteral tissue. Our histopatho-
logical observation showed that there was no significant
difference between the ureter regeneration in the repair
area and the normal ureter tissue in the observation group
after 3 months of treatment. Under the electron micro-
scope, we found that the number of regenerated muscle
fibers in the ureters had increased significantly, the thick-
ness of the fibrous capsules had increased, the percentage
of CD31, CD3, CD68, CD80*, and CD163* had increased,
the scope of new smooth muscle fibers had expanded,
and the NMJ structure had increased (p < 0.05). Then,
the stent was replaced by ureteral tissue 6 months after
operation. Histological observation showed the growth
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of a transitional epithelium and ureteral myometrium,
alarge number of blood vessels, and no inflammatory cells.
These results are generally consistent with those of other
studies.?! They also show that the highly bioactive ECM
scaffolds prepared by us are compatible with the surround-
ing tissues.

Conclusions

In conclusion, a highly bioactive ECM stent can be used
to repair a ureteral defect effectively by regenerating local
anatomical structure and physiological function, as an ide-
al material for ureteral reconstruction. However, we have
not verified whether the highly bioactive ECM scaffold
decomposes after replantation in vivo, and whether it also
has certain promoting activity in local cells in vivo.
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