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Abstract: This study tested the hypothesis that extracorporeal shock wave (ECSW) treatment can effectively inhibit 
radiation-induced chronic cystitis (CC). Adult male Sprague-Dawley (SD) rats (n = 24) were randomly divided into 
group 1 (normal control), group 2 (CC induced by radiation with 300 cGy twice with a four-hour interval to the uri-
nary bladder), group 3 [CC with ECSW treatment (0.2 mJ/mm2/120 impulses/at days 1, 7, and 14 after radiation)]. 
Bladder specimens were harvested by day 28 after radiation. By day 28 after radiation, the degree of detrusor 
contraction impairment was significantly higher in group 2 than that in groups 1 and 3, and significantly higher in 
group 3 than that in group 1 (P<0.0001). The urine albumin concentration expressed an opposite pattern com-
pared to that of detrusor function among the three groups (P<0.0001). The bladder protein expressions of inflam-
matory (TLR-2/TLR-4/IL-6/IL-12/MMP-9/TNF-α/NF-κB/RANTES/iNOS) and oxidative-stress (NOX-1/NOX-2/oxidized 
protein) biomarkers exhibited a pattern identical to that of urine albumin in all groups (all P<0.0001). The cellular 
expressions of inflammatory (CD14+/CD68+/CD74+/COX-2/MIF+/substance P+) and cytokeratin (CK13+/HMW 
CK+/CK+17/CK+18/CK+19) biomarkers, and collagen-deposition/fibrotic areas as well as epithelial-damaged 
score displayed an identical pattern compared to that of urine albumin among the three groups (all P<0.0001). In 
conclusion, ECSW treatment effectively protected urinary bladder from radiation-induced CC.
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Introduction

In treating patients with malignancy, chemo-
therapy and radiotherapy are still popular op- 
tions for advanced disease [1] such as urogeni-
tal/gynecologic cancers. On the other hand, 
chemotherapeutic agents (e.g., cyclophospha-
mide) and radiotherapy frequently induce hem-

orrhagic cystitis and gross hematuria which not 
only impair the patient’s quality of life, but also 
induce obstructive uropathy and renal failure as 
well as increase the risk of mortality [2-7].

Since hemorrhagic cystitis is refractory to ther-
apeutic agents including transamin, pentosan, 
prostaglandins as well as treatment strategies 
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such as injection of botuli-
num toxin A in bladder wall, 
intravesical instillation of 
aluminum, selective embo-
lization or ligation of the 
internal iliac arteries, surgi-
cal or percutaneous neph-
rostomy with or without 
cystectomy, and hyperbaric 
oxygen therapy [8-19], tre- 
atment of chemotherapy/
radiotherapy-induced hem-
orrhagic cystitis and its 
complications remains a 
formidable challenge. A 
new, safe, and efficacious 
treatment alternative is still 
eagerly awaited.

Considering the pathophys-
iology of radiation cystitis 
that involves the activation 
of an inflammatory casca- 
de leading to tissue edema, 
mucosa damage and smo- 
oth muscle destruction, 
targeting the inflammatory 
reactions may be another 
therapeutic option for pa- 
tients with the disease 
refractory to conventional 
treatment.

Recent studies have shown 
that extracorporeal shock 
wave (ECSW) could supp- 
ress inflammation, upregu-
late endogenous nitric oxi- 
de production, and enhan- 
ce angiogenesis [20-22]. 
Additionally, our previous 
studies not only have es- 
tablished the safety of EC- 
SW treatment, but have 
also demonstrated the pro-
angiogenic, anti-ischemic, 
anti-oxidative, anti-inflam-
matory, and pain-alleviat-
ing effects of ECSW [20, 
22-28]. Accordingly, using 
an animal model, we tested 
whether ECSW therapy wo-
uld effectively ameliorate 
radiation-induced chronic 



ECSW against radiation-induced chronic cystitis

1038 Am J Transl Res 2018;10(3):1036-1052

Figure 1. Pilot study, albuminuria and inflammatory biomarkers in urine, and 
urodynamic test of bladder contraction by day 28 after CC induction. Upper 
panel: (A, B) For determining the suitable dosage of radiation energy, we initially 
utilized 600 cGy/twice with four h interval for each animal in CC (A) and CC + 
ECSW (B) groups (n = 3/each group). By day 28 after CC induction, the results 
showed that no detrusor contractility wave to be observed in either CC only or 

in CC + ECSW therapy animals. 
(C) Time courses of albumin 
concentration in 24-h urine: 
at day 1, *vs. other groups 
with different symbols (†, ‡), 
P<0.0001; at day 7, *vs. †, 
P<0.001; at day 14, *vs. other 
groups with different symbols 
(†, ‡), P<0.0001; at day 28, 
*vs. other groups with differ-
ent symbols (†, ‡), P<0.0001. 
(D) ELISA result of interleu-
kin (IL)-6 level in 24-h urine 
by day 28 after CC induction, 
*vs. other groups with differ-
ent symbols (†, ‡), P<0.001. 
(E) ELISA result of tumor ne-
crosis factor (TNF)-α level in 
24-h urine by day 28 after CC 
induction, *vs. other groups 
with different symbols (†, ‡), 
P<0.001. Lower panel: (A-C) Il-
lustrating the urodynamic pat-
terns of bladder contraction in 
NC (A), CC (B) and CC-ECSW 
(C), respectively. Significantly 
impaired detrusor contractil-
ity was identified in CC that 
was significantly reversed in 
animals with CC after receiving 
ECSW treatment. (D) Analytical 
result of detrusor contraction 
(mmHg) by day 28 after CC 
induction, *vs. other groups 
with different symbols (†, ‡), 
P<0.001. (E) Analytical result 
of mean time interval (second) 
of bladder contraction, *vs. †, 
P<0.001. All statistical analy-
ses were performed by one-
way ANOVA, followed by Bon-
ferroni multiple comparison 
post hoc test (n = 6 for each 
group). Symbols (*, †, ‡) indi-
cate significance at the 0.05 
level. NC = normal control; CC 
= chronic cystitis; ECSW = ex-
tracorporeal shock wave. 

cystitis (CC) in the present 
study.

Materials and methods

Ethics and animal studies

All animal experimental 
protocols and procedures 
were approved by the insti-
tutional Animal Care and 
Use Committee at Kaohs- 
iung Chang Gung Memorial 
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Hospital (Affidavit of Approval of Animal Use 
Protocol No. 2016012804) and executed in 
accordance with the Guide for the Care and 
Use of Laboratory Animals [The Eighth Edition 
of the Guide for the Care and Use of Laboratory 
Animals (NRC 2011)].

Animal model of chronic cystitis, animal group-
ing, and treatment

Pathogen-free, adult male Sprague-Dawley 
(SD) rats (n = 24) weighing 325-350 g (Charles 
River Technology, BioLASCO Taiwan, Taiwan) 
were randomized and equally divided into nor-
mal control (NC) group, chronic cystitis (CC) 
group [induced by radiation to simulate brachy-
therapy (300 cGy twice) to the bladder surface 
over the skin at a time interval of 4 h], and CC + 
ECSW [(energy dosage of 0.2 mJ/mm2/120 
impulses/at days 1, 7 and 14 after radiation 
exposure)]. ECSW was applied to the skin sur-
face above the urinary bladder at different time 
points of treatment. During the procedures, all 
animals were anesthetized by inhalation of 
2.0% isoflurane, and placed in a supine posi-
tion on a warming pad at 37°C for radiation/
ECSW.

The rationale of ECSW energy dosage and ra-
diation dosage

The ECSW energy chosen for the present study 
was based on our previous report [20] with 
some modifications. Initially, we utilized 600 
cGy twice at four-hour interval for each animal 
in CC and CC + ECSW groups. However, urody-
namic study by day 28 after CC induction 
showed no detrusor contraction activity in 
either CC only or in CC + ECSW therapy animals 
(Figure 1A and 1B). On the other hand, when 
the radiotherapy dosage was reduced to 300 
cGy twice at four-hour interval, detrusor con-
tractility was significantly preserved after ECSW 
treatment (Figure 2). Accordingly, we modified 
the radiation energy to 300 cGy twice at four-
hour interval for each animal in CC and CC + 
ECSW groups.

Collection of 24-hour urine for quantification of 
urine albumin, and sporadic urine for hematu-
ria, urine protein, RBC/WBC counts at day 7, 
14 and 28 after CC induction

The procedure and protocol have been descr- 
ibed in our previous reports [20, 29]. In details, 

24-hour urine was collected in all animals at 
days 1, 7, 14 and 28 after CC induction to 
determine occulted blood, red blood cell count, 
white blood cell count, urine levels of albumin 
and protein and inflammation biomarkers.

For the collection of 24-hr urine for individual 
study, each animal was put in a metabolic cage 
[DXL-D, space: 190×290×550, Suzhou Fengshi 
Laboratory Animal Equipment Co. Ltd., 
Mainland China] for 24 hours with free access 
to food and water.

Immunohistochemical and immunofluorescent 
studies

The procedures and protocols for immunohisto-
chemistry (IHC) and immunofluorescence (IF) 
examinations were as previously described [20, 
22, 24, 28-30]. In details, for IHC staining, rehy-
drated paraffin sections were first treated with 
3% H2O2 for 30 minutes and incubated with 
Immuno-Block reagent (BioSB) for 30 minutes 
at room temperature. Sections were then incu-
bated with primary antibodies specifically 
against cytokeratin (CK)13, (1:400, Bioss, 
U.S.A.), CK17 (1:200, Abcam), CK18 (1:200, 
Abcam) and CK19 (1:200, Santa Cruz 
Biotechnology, U.S.A.) at 4°C overnight. 
Irrelevant antibodies and mouse control IgG 
were used as controls. IF staining was per-
formed for the examination of CD14 (1:100, 
Santa Cruz Biotechnology, U.S.A.), CD68 (1:100 
Abcam), COX-2 (1:100, Abcam), macrophage 
migration inhibitory factor (MIF) (1:100, Abcam) 
and substance P (1:500, Abcam) using appro-
priate primary antibodies; irrelevant antibodies 
were used as controls. Three sections of blad-
der specimens were analyzed in each rat.

For quantification, three randomly selected 
high-power fields (HPFs, 200× for IHC and IF 
studies) were analyzed in each section. The 
percentage of positively-stained cells per HPF 
for each animal was then determined. To ana-
lyze the integrity of collagen synthesis and 
deposition, three bladder paraffin sections (4 
µm) were stained with picro-Sirius red (1% 
Sirius red in saturated picric acid solution) for 
one hour at room temperature using standard 
methods. The integrated area (µm2) of fibrosis 
in each section was calculated using Image 
Tool 3 (IT3) image analysis software (University 
of Texas, Health Science Center, San Antonio, 
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UTHSCSA; Image Tool for 
Windows, Version 3.0, 
USA). Three selected sec-
tions were quantified for 
each animal. Three rand- 
omly selected HPFs (100×) 
were analyzed in each sec-
tion. After determining the 
number of pixels in each 
fibrotic area per HPF, the 
numbers of pixels obtained 
from the three HPFs were 
summed. The procedure 
was repeated in two other 
sections for each animal. 
The mean pixel number per 
HPF for each animal was 
then determined by sum-
ming all pixel numbers and 
divided by 9. The mean 
integrated area (µm2) of 
fibrosis in quadriceps per 
HPF was obtained using a 
conversion factor of 19.24 
(1 µm2 corresponded to 
19.24 pixels).

Histopathology scoring for 
the injury of epithelial layer 
in urinary bladder speci-
mens from all animals was 
determined microscopical-
ly based on the results of 
Alcian Blue staining [i.e.,  
for distributive intensity of 
glycosaminoglycan (GAG)] 
over the epithelial layer of 
urinary bladder was acco- 
rding to manufacturer’s 
instruction. Additionally, h 
of 4 µm sections. The grad-
ing of epithelial injury and 

Figure 2. Histopathological findings of urinary bladder at day 28 after CC induc-
tion. (A-C) H and E stain (400×) for identification of injury of epithelial layer. The 
integrity of epithelial layer in CC was destroyed (B) (green arrows) as compared 
with NC (A) that was preserved in CC after receiving ECSW therapy (C). (D) Ana-
lytical result of the injury score of epithelial layer by day 28 after CC induction, 
*vs. other groups with different symbols (†, ‡), P<0.001. (E-G) immunohisto-
chemical staining (400×) demonstrating intensive expression of glycosamino-
glycan (GAG) in epithelial layer of urinary bladder (pink color). (H) Quantitative 
analysis of GAG expression, *vs. other groups with different symbols (†, ‡), 
P<0.0001. (I) Quantification of vacuole formation (yellow arrows) in epithelial 
layer by day 28 after CC induction, solid square was the manifestation of dot-
line square for identification of vacuole formation (yellow arrows), *vs. other 

groups with different symbols 
(†, ‡), P<0.0001. Scale bars 
in right lower corner represent 
20 µm. All statistical analyses 
were performed by one-way 
ANOVA, followed by Bonferroni 
multiple comparison post hoc 
test (n = 6 for each group). 
Symbols (*, †, ‡) indicate sig-
nificance at the 0.05 level. NC 
= normal control; CC = chronic 
cystitis; ECSW = extracorpo-
real shock wave. 
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Table 1. Semi-quantitative results of sporadic urine-routine examina-
tions at days 1, 7, 14 and 28 among the three groups
Variables SC CC CC + ECSW p-value*
Occulted blood negative negative negative -
Proteinuria negative negative negative -
Glucose negative negative negative -
Nitrate positive positive positive -
Red blood cell 0-1 0-1 0-1 -
White blood cell 0-1 6-10 0-1 <0.0001
Cast formation none none none -
Data are expressed as mean + SD. SC = sham control; CC = chronic cystitis; ECSW = 
extracorporeal shock wave. *indicate n = 6 for each group per each time interval.

the formation of vacuoles 
(i.e., perinuclear cytoplas-
mic vacuolization) as well 
as for cytokeratin formation 
in the epithelial layer in 10 
randomly chosen, non-over- 
lapping fields (100×) for 
each animal was as follows: 
0 (none), 1 (≤10%), 2 (11-
25%), 3 (26-45%), 4 (46-
75%), and 5 (≥76%).

Western blot analysis

The procedure and protocol 
for Western blot analysis 
were based on our previous 
reports [20, 22, 24, 28-30]. 
Briefly, equal amounts (50 
μg) of protein extracts were 
loaded and separated by 
SDS-PAGE using acrylami- 
de gradients. After electro-
phoresis, the separated 
proteins were transferred 
electrophoretically to a po- 
lyvinylidene difluoride (PV- 
DF) membrane (Amersham 
Biosciences). Nonspecific 
sites were blocked by incu-

Figure 3. CD14+ and CD68+ cell expression in urinary bladder at day 28 af-
ter CC induction. A-C. Illustrating immunofluorescent (IF) microscopic find-

ing (400×) for identification 
of CD14+ cells (green color) 
in urinary bladder tissue by 
day 28 after CC induction. D. 
Analytical result of number of 
CD14+ cells by day 28 after CC 
induction, *vs. other groups 
with different symbols (†, ‡), 
P<0.0001. E-G. Illustrating IF 
microscopic finding (400×) for 
identification of CD68+ cells 
(green color) in urinary blad-
der tissue by day 28 after CC 
induction. H. Analytical result 
of number of CD68+ cells by 
day 28 after CC induction, 
*vs. other groups with differ-
ent symbols (†, ‡), P<0.0001. 
All statistical analyses were 
performed by one-way ANOVA, 
followed by Bonferroni multiple 
comparison post hoc test (n = 
6 for each group). Symbols (*, 
†, ‡) indicate significance at 
the 0.05 level. NC = normal 
control; CC = chronic cystitis; 
ECSW = extracorporeal shock 
wave. 
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bation of the membrane in blocking buffer [5% 
nonfat dry milk in T-TBS (TBS containing 0.05% 
Tween 20)] overnight. The membranes were 
incubated with the indicated primary antibod-

The procedure and protocol for assessing the 
protein expression of oxidative stress have 
been described in details in our previous 
reports [20, 22, 24, 28-30]. The Oxyblot 

Figure 4. COX-2+ and MIF+ cell infiltration in urinary bladder at day 28 after CC 
induction. A-C. Illustrating immunofluorescent (IF) microscopic finding (400×) 
for identification of COX-2+ cells (green color) in urinary bladder by day 28 after 
CC induction. D. Analytical result of number of COX-2+ cells by day 28 after CC 
induction, *vs. other groups with different symbols (†, ‡), P<0.0001. E-G. Illus-
trating IF microscopic finding (400×) for identification of macrophage migration 
inhibitor factor (MIF)+ cells (green color) in urinary bladder by day 28 after CC 
induction. H. Analytical result of number of MIF+ cells by day 28 after CC induc-
tion, *vs. other groups with different symbols (†, ‡), P<0.0001. All statistical 
analyses were performed by one-way ANOVA, followed by Bonferroni multiple 
comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡) indicate 
significance at the 0.05 level. NC = normal control; CC = chronic cystitis; ECSW 
= extracorporeal shock wave.

ies [matrix metalloprotein-
ase (MMP)-9 (1:1000, Ab- 
cam), tumor necrosis factor 
(TNF)-α (1:1000, Cell Sig- 
naling), nu-clear factor 
(NF)-κB (1:600, Abcam), 
NOX-1 (1:1500, Sigma), 
NOX-2 (1:750, Sigma), inter-
leukin (IL)-6 (1:1000, Ab- 
cam), IL-12 (1:1000, Ab- 
cam), RANTES (1:1000, 
Cell Signaling), inducible 
nitric oxide synthase (iNOS) 
(1:1000, Abcam), toll-like 
receptor (TLR)-2 (1:1000, 
Abcam), TLR-4 (1:1000, 
Abcam), mitochondrial Bax 
(1:1000, Abcam), cleaved 
caspase 3 (1:1000, Cell Si- 
gnaling), cleaved poly (ADP-
ribose) polymerase (c-PA- 
RP) (1:1000, Cell Signaling), 
transforming growth factor 
(TGF)-ß (1:500, Abcam), 
phosphorylated (p)-Smad3 
(1:1000, Cell Signaling), 
p-Smad1/5 (1:1000, Cell 
Signaling), bone morphoge-
netic protein (BMP)-2 (1: 
500, Abcam) and actin (1: 
10000, Chemicon)] for 1 ho- 
ur at room temperature.  
Horseradish peroxidase- 
conjugated anti-rabbit im- 
munoglobulin IgG (1:2000,  
Cell Signaling) was used as  
a secondary antibody for 
one-hour incubation at ro- 
om temperature. Immuno- 
reactive bands were visual-
ized by enhanced chemi- 
luminescence (ECL; Amer- 
sham Biosciences) and ex- 
posed to Biomax L film 
(Kodak). For the purpose of 
quantification, ECL signals 
were digitized using Lab- 
work software (UVP).

Assessment of oxidative 
stress
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Oxidized Protein Detection Kit was purchased 
from Chemicon (S7150). DNPH derivatization 

sure analog signals, which were recorded con-
tinuously for 90 minutes, were converted real-

Figure 5. Expressions of cytokeratin (CK)13+ and CK17+ cells in urinary blad-
der at day 28 after CC induction. A-C. Illustrating microscopic finding (400×) 
of immunohistochemical (IHC) staining for assessing the expression of CK13+ 
cells infiltrated in bladder (brown color) in urinary bladder by day 28 after CC 
induction. D. Analytical results of number of CK13+ cells by day 28 after CC 
induction, *vs. other groups with different symbols (†, ‡), P<0.0001. E-G. Mi-
croscopic finding (400×) of IHC staining for identification of the expression of 
CK17+ cells infiltrated in bladder (brown color) in urinary bladder by day 28 
after CC induction. H. Analytical results of number of CK17+ cells by day 28 
after CC induction, *vs. other groups with different symbols (†, ‡), P<0.0001. 
Scale bars in right lower corner represent 20 µm. All statistical analyses were 
performed by one-way ANOVA, followed by Bonferroni multiple comparison post 
hoc test (n = 6 for each group). Symbols (*, †, ‡) indicate significance at the 
0.05 level. NC = normal control; CC = chronic cystitis; ECSW = extracorporeal 
shock wave.

was carried out on 6 μg of 
protein for 15 minutes 
according to the manufac-
turer’s instructions. One-
dimensional electrophore-
sis was carried out on 12% 
SDS/polyacrylamide gel af- 
ter DNPH derivatization. 
Immunoreactive bands we- 
re visualized by enhanced 
chemiluminescence (ECL; 
Amersham Biosciences) 
which was then exposed to 
Biomax L film (Kodak). For 
quantification, ECL signals 
were digitized using Lab- 
work software (UVP). For 
oxyblot protein analysis, a 
standard control was load-
ed on each gel.

Procedure and protocol of 
urodynamic test (bladder 
pressure assessment)

The procedure of intravesi-
cal pressure measurement 
was in accordance with 
that previously reported 
[31]. After being anesthe-
tized with 2.0% inhalatio- 
nal isoflurane, the rat was 
placed in supine position 
on a heating pad main-
tained at 37°C. A polyethyl-
ene catheter (PE50, Clay 
Adams, NJ, USA), which 
was inserted through the 
urethra into the urinary 
bladder, was connected to 
a pressure transducer (BP 
Transducer Model MLT03- 
80, Ad Instruments, Bella 
Vista, NSW, Australia) and 
syringe pump (Microinjec- 
tion pump Model KDS100, 
KD Scientific Inc.84 Octo- 
ber Hill Road Holliston, MA 
01756 USA) that delivered 
normal saline to the urinary 
bladder at a rate of 0.05 
mL/min. Intravesical pres-
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time into electrical signals (PowerLab 16/35 
Model PL3516, Ad Instruments, Bella Vista, 

of radiotherapy was conducted in the present 
study.  

Figure 6. Expressions of cytokeratin (CK)18+ and CK19+ cells in urinary blad-
der at day 28 after CC induction. A-C. Illustrating microscopic finding (400×) 
of immunohistochemical (IHC) staining for assessing the expression of CK18+ 
cells infiltrated in bladder (brown color) in urinary bladder by day 28 after CC 
induction. D. Analytical results of number of CK18+ cells by day 28 after CC 
induction, *vs. other groups with different symbols (†, ‡), P<0.0001. E-G. Mi-
croscopic finding (400×) of IHC staining for identification of the expression of 
CK19+ cells infiltrated in bladder (brown color) in urinary bladder by day 28 
after CC induction. H. Analytical results of number of CK19+ cells by day 28 
after CC induction, *vs. other groups with different symbols (†, ‡), P<0.0001. 
Scale bars in right lower corner represent 20 µm. All statistical analyses were 
performed by one-way ANOVA, followed by Bonferroni multiple comparison post 
hoc test (n = 6 for each group). Symbols (*, †, ‡) indicate significance at the 
0.05 level. NC = normal control; CC = chronic cystitis; ECSW = extracorporeal 
shock wave.

NSW, Australia) and ampli-
fied (Bridge Amp Model 
FE221, and Animal Bio 
Amp Model: FE136, Ad 
Instruments, Bella Vista, 
NSW, Australia) before 
being stored in a compu- 
ter for later analysis (Pow- 
erLab 16/35 Model PL35- 
16, Ad Instruments, Bella 
Vista, NSW, Australia). 

Statistical analysis

Quantitative data are ex- 
pressed as means ± SD. 
Statistical analysis was 
adequately performed by 
ANOVA followed by Bonfe- 
rroni multiple-comparison 
post hoc test. SAS statisti-
cal software for Windows 
version 8.2 (SAS institute, 
Cary, NC) was utilized. A 
probability value <0.05 was 
considered statistically sig- 
nificant.

Results

Pilot study of 600 cGy/
twice with four h interval 
for assessment the sever-
ity of detrusor functional 
impairment and urody-
namic study of bladder 
contraction at day-28 after 
radiotherapy (Figure 1)

The results (n = 3 in each 
group) demonstrated that 
no any contractile signaling 
was identified in either CC 
group or CC + ECSW group 
at the day 28 after radio-
therapy (Upper panel: Fig- 
ure 1A, 1B), suggesting 
that the radiotherapy with 
600 cGy/twice with four h 
interval was too much high 
that was not suitable for 
our study purpose, there-
fore, the modified dosage 
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The urodynamic patterns showed that as com-
pared with NC, significantly impaired detrusor 
contractility was identified in CC that was sig-
nificantly reversed in animals with CC after 

therapy damaged the mucosa of urinary blad-
der, resulted in progressively increased the 
leakage of albumin from the urinary bladder 
into the urine.

Figure 7. Cellular expressions of DNA-damaged and inflammatory biomarkers 
in urinary bladder at day 28 after CC induction. A-C. Illustrating microscopic 
finding (400×) of immunofluorescent staining for assessing the expression of 
γ-H2AX+ cells infiltrated in bladder (pink color) in urinary bladder by day 28 
after CC induction. D. Analytical results of number of γ-H2AX+ cells by day 28 
after CC induction, *vs. other groups with different symbols (†, ‡), P<0.0001. 
E-G. Microscopic finding (400×) of Giemsa staining for identification of the ex-
pression of mast cells infiltrated in bladder (deep-blue color) by day 28 after 
CC induction. H. Analytical results of number of mast cells by day 28 after CC 
induction, *vs. other groups with different symbols (†, ‡), P<0.0001. Scale bars 
in right lower corner represent 20 µm. All statistical analyses were performed 
by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n 
= 6 for each group). Symbols (*, †, ‡) indicate significance at the 0.05 level. 
NC = normal control; CC = chronic cystitis; ECSW = extracorporeal shock wave.

receiving ECSW treatment 
(Lower panel: Figure 1A-E).

Time courses of sporadic 
urine-routine examination 
and 24-h urine for deter-
mining the proinflammato-
ry biomarkers and albumin 
level at the end of study 
period (Table 1 and upper 
panel of Figure 1)

Urine routine results sh- 
owed that the occulted 
blood, proteinuria, glucose, 
nitrate, red blood cell count 
and cast formation in spo-
radic urine sample were 
found to be within the nor-
mal range at the time 
points of days 1, 7, 14 and 
28 (Table 1). However, the 
white blood cell count in 
these time points were sig-
nificantly higher in CC than 
in normal control (NC) and 
CC-ECSW but it showed  
no difference between the 
later two groups (Table 1).

On the other hand, the 
albumin concentration in 
24-h urine was significantly 
higher in CC-ECSW than in 
NC and CC, but it showed 
no difference between NC 
and CC at day 1, signific- 
antly higher in CC and 
CC-ECSW than in NC, but it 
showed no difference bet- 
ween CC and CC-ECSW at 
day 7, significantly higher in 
CC than in NC and CC-ECSW 
and significantly higher in 
CC-ECSW than in NC at 
days 14 and 28 after ra- 
diotherapy (Upper panel: 
Figure 1C). These findings 
suggest that ECSW tempo-
rally increased urinary blad-
der permeability, and radio-
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Furthermore, by day 28 after radiotherapy, the 
enzyme-linked immunosorbent assay (ELISA) 
results showed that the urine levels of interleu-

the NC and in the CC-ECSW group, and signifi-
cantly higher in the CC-ECSW animals than that 
in NC. Consistently, IF staining demonstrated 

Figure 8. Condensed collagen-deposition and fibrotic areas in urinary bladder 
at day 28 after CC Induction. A-C. Illustrating the microscopic finding (400×) of 
Sirius stain for identification of condensed collagen-deposition area in urinary 
bladder (pink color) in urinary bladder by day 28 after CC induction. D. Analyti-
cal result of microscopic finding by day 28 after CC induction, *vs. other groups 
with different symbols (†, ‡), P<0.0001. E-G. Showing the microscopic finding 
(400×) of Masson’s trichrome stain for identification of fibrotic area in urinary 
bladder (blue color) in urinary bladder by day 28 after CC induction. H. Analytical 
result of microscopic finding by day 28 after CC induction, *vs. other groups with 
different symbols (†, ‡), P<0.0001. Scale bars in right lower corner represent 
20 µm. All statistical analyses were performed by one-way ANOVA, followed by 
Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, 
†, ‡) indicate significance at the 0.05 level. NC = normal control; CC = chronic 
cystitis; ECSW = extracorporeal shock wave.

kin (IL)-6 and tumor necro-
sis factor (TNF)-α, two indi-
cators of inflammation, 
were significantly higher in 
CC than in NC and 
CC-ECSW and significantly 
higher in CC-ECSW than in 
NC (Upper panel: Figure 
1D, 1E).

Histopathological find-
ings of urinary bladder at 
day 28 after CC induction 
(Figure 2)

The H&E stain demonstrat-
ed that the injury score of 
epithelial layer was signifi-
cantly increased in the CC 
group than that in NC 
group and in the CC-ECSW 
group, and significantly 
increased in the CC-ECSW 
group than that in NC 
group. In addition, IHC 
staining showed that the 
expression of GAG in the 
epithelial layer of the blad-
der, an indicator of disrup-
tion of the bladder mucosa 
surface layer, displayed an 
identical pattern compared 
to that of c injury score of 
epithelial layer among the 
three groups. Furthermore, 
the formation of vacuoles 
in epithelial layer also 
showed a pattern identical 
to that of injury score of 
epithelial layer among the 
three groups.

Inflammatory cell infiltra-
tion in urinary bladder at 
day 28 after CC induction 
(Figures 3 and 4)

IHC staining demonstrated 
that the numbers of CD68+ 
and CD14+ cells (Figure 3), 
two cellular biomarkers of 
inflammation, were signifi-
cantly higher in the untreat-
ed CC group than that in 
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that the expressions of macrophage migration 
inhibitory factor (MIF)+ and cyclooxygenase 
(COX)-2+ (Figure 4) cells in the bladder, another 
two typical markers of acute inflammatory cells, 
were similar to those of CD68+ and CD14+ 
cells in the urinary bladder among the three 
groups.

Expressions of cytokeratin (CK)13+, CK+17, 
CK+18 and CK+19 cells and collagen-deposi-
tion/fibrotic area in urinary bladder at day 28 
after CC Induction (Figures 5-8)

IHC staining showed that the expressions of 
CK13+ (Figure 5) and CK17+ cell (Figure 5), 
two indicators of keratin-phenotype epithelial 
cells, were significantly higher in the untreated 
CC animals than those in the NC and in the 
CC-ECSW group, and significantly higher in the 
CC-ECSW group than those in the NC.

Additionally, IHC staining revealed that the pat-
tern of expressions of CK18+ (Figure 6), and 
CK19+ (Figure 6) cells, another two indicators 
of keratin-phenotype epithelial cells, were iden-
tical to that of the expression of CK13+ cells 
among the three groups. Furthermore, the cel-
lular expression of γ-H2AX (Figure 7), an indica-
tor of DNA damage and mast cell (Figure 7), an 
indicator of inflammation, showed an identical 
pattern compared to that of CK13+ cells among 
the three groups. Moreover, Masson’s tri-
chrome staining showed that the fibrotic area 
(Figure 8) and Sirius stain showed that the con-
densed collagen-deposition area (Figure 8) 
exhibited an identical pattern compared to that 
of γ-H2AX+ cells among all groups.

Protein expressions of inflammatory biomark-
ers at day 28 after CC induction (Figure 9)

The protein expressions of IL-6, IL-12, matrix 
metalloproteinase (MMP)-9, TNF-α, nuclear 
factor (NF)-κB, RANTES and inducible nitric 
oxide synthase (iNOS), seven indicators of 
inflammation, were significantly higher in the 
CC group than those in NC and in the CC-ECSW 
group, and significantly higher in the CC-ECSW 
group than those in the NC.

Protein expressions of oxidative stress, tall-
like receptor (TLR), apoptotic, fibrotic and 
anti-apoptotic biomarkers at day 28 after CC 
Induction (Figure 10)

The protein expressions of NOX-1, NOX-2 and 
oxidized protein, three indices of oxidative 
stress, were significantly higher in the untreat-
ed CC animals than those in NC and in the 

CC-ECSW group, and significantly higher in the 
CC-ECSW group than those in NC. Additionally, 
TLR-2 and TLR-4, two indicators of innate 
inflammatory reaction displayed an identical 
pattern to those of oxidative stress among the 
three groups.

The protein expression of mitochondrial Bax, 
cleaved caspase 3 and cleaved PARP, thee indi-
ces of apoptosis, were significantly higher in 
the untreated CC animals than those in NC and 
in the CC-ECSW group, and significantly higher 
in the CC-ECSW group than those in NC. 
Additionally, protein expression of TGF-β and 
Smad3, two indicators of fibrosis, exhibited an 
identical pattern of apoptosis whereas the 
Smad1/5 and BMP-2) two indicators of anti-
fibrosis, displayed an opposite pattern of apop-
tosis among the three groups. The proposed 
mechanisms for positive therapeutic effects of 
ECSW on preserving of bladder function from 
radiothery-induced chronic cystitis and the  
raw materials of Western blot (Supplementary 
Figures 1 and 2). 

Discussion

Previous clinical observation studies have 
shown that radiotherapy frequently induce 
gross hematuria and hemorrhagic cystitis as 
well as CC which not only limited the patient’s 
quality of life, but also induce obstructive urop-
athy and renal failure, resulted in an increase 
the risk of morbidity and mortality [2-7]. One 
important finding in the present study is that, 
as compared with the control animals, detrusor 
contractility (i.e., functional integrity of urinary 
bladder) was substantially impaired, whereas 
albuminuria was remarkably aggravated in 
untreated CC animals, suggesting the success-
ful creation of a useful animal model not only 
for the present study but also for future investi-
gation. Our experimental findings were consis-
tent with those of previous clinical observation-
al studies [2-7].

The treatment of chemotherapy/radiotherapy-
induced hemorrhagic cystitis and CC remain a 
formidable challenge because many of the 
reported therapeutic strategies [8-19] are still 
partially effective with unacceptably high fail-
ure rates. The most important finding in the 
present study is that impaired detrusor func-
tion and albuminuria were notably improved in 
CC animals after ECSW treatment. Our findings, 
in addition to extending those of previous stud-
ies [8-19], raise the need for a possible pro-
spective clinical trial to evaluate the therapeu-

http://www.ajtr.org/files/ajtr0072964supplfig2.docx
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tic potential of ECSW in patients experiencing 
hemorrhagic cystitis and CC refractory to con-
ventional therapy.

Associations among increase in inflammatory 
reaction, generation of oxidative stress, and tis-
sue/organ damage have been keenly investi-

Figure 9. Protein and cellular expressions of inflammatory biomarkers in urinary bladder at day 28 after CC Induc-
tion. A. Protein expression of interleukin (IL)-6 in urinary bladder by day 28 after CC induction, *vs. other groups with 
different symbols (†, ‡), P<0.001. B. Protein expression of IL-12 in urinary bladder by day 28 after CC induction, *vs. 
other groups with different symbols (†, ‡), P<0.001. C. Protein expression of matrix metalloproteinase (MMP)-9 in 
urinary bladder by day 28 after CC induction, *vs. other groups with different symbols (†, ‡), P<0.001. D. Protein 
expression of tumor necrosis factor (TNF)-α in urinary bladder by day 28 after CC induction, *vs. other groups with 
different symbols (†, ‡), P<0.001. E. Protein expression of nuclear factor (NF)-κB in urinary bladder by day 28 after 
CC induction, *vs. other groups with different symbols (†, ‡), P<0.001. F. Protein expression of RANTES in urinary 
bladder by day 28 after CC induction, *vs. other groups with different symbols (†, ‡), P<0.0001. G. Protein expres-
sion of inducible nitric oxide synthase (iNOS) in urinary bladder by day 28 after CC induction, *vs. other groups with 
different symbols (†, ‡), P<0.001. H-J. Illustrating IF microscopic finding (400x) for identification of substance P 
(SP)+ cells (green color) in urinary bladder by day 28 after CC induction. K. Analytical result of number of substance 
P+ cells by day 28 after CC induction, *vs. other groups with different symbols (†, ‡), P<0.0001. Scale bars in right 
lower corner represent 20 µm. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni 
multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡) indicate significance at the 0.05 level. 
NC = normal control; CC = chronic cystitis; ECSW = extracorporeal shock wave.
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gated in previous studies [14, 20-22, 25, 27]. 
An essential finding in the present study is that 
inflammatory reactions (i.e., in tissue and urine 
level) were significantly enhanced in the un- 
treated CC group compared to those in the NC 
at both cellular and molecular levels. Moreover, 
the generation of oxidative stress as well as the 
expressions of DNA and mitochondrial damage 
markers were remarkably upregulated in the 
CC group as compared with those in the NC. At 
histological level, the integrity of epithelial layer 
and architecture of smooth muscle layer were 
markedly destroyed and keratin-phenotype  
epithelial cells were substantially increased in 
untreated CC animals compared with that in 
the NC. Our findings, therefore, corroborated 
those of previous studies [14, 20-22, 25, 27]. 

Interestingly, our previous study has also shown 
that ECSW treatment significantly protected 
against cyclophosphamide-induced acute inter-
stitial cystitis in rats [20]. The principal finding 
in the present study is that these molecular-
cellular perturbations were markedly attenuat-
ed and the architectural integrity of urinary 
bladder was notably preserved in CC animals 
after ECSW treatment. In this way, our findings, 
in addition to strengthening those of our previ-
ous study [20], highlight the potential clinical 
application of ECSW in patients with hemor-
rhagic cystitis and CC refractory to convention-
al treatment strategies. 

The mechanisms underlying the therapeutic 
effects of ECSW against various diseases that 
have been extensively investigated, including 
(1) removal of free radicals and acting as an 
anti-oxidant, (2) suppression of oxidative stress 
and inflammation as well as upregulation of 
endogenous nitric oxide production, (3) en- 
hancement of angiogenesis, and (4) pain-allevi-
ation [20, 22-28]. In the present study, although 
extensive work has been done to elucidate  
the therapeutic effect of ECSW in the setting  
of radiation-induced CC, the exact underlying 
mechanisms remain unclear. The proposed 
mechanisms underlying the observed protec-
tive effects of Mel-Ex4 treatment against radia-
tion-induced chronic cystitis based on our find-
ings have been summarized in Supplementary 
Figure 1.

Study limitations

This study has limitations. First, the study peri-
od of merely 28 days was not enough for long-
term follow-up to determine whether hematuria 
(i.e., hemorrhagic cystitis) was present in both 
untreated and ECSW-treated CC rats. Second, 
without comparison with other therapeutic 
agents, it remains unclear whether ECSW treat-
ment is superior to conventional medications or 
vice versa. 

In conclusion, ECSW treatment markedly atten-
uated radiation-induced CC in a rodent model, 

Figure 10. Protein expressions of oxidative stress, tall-like receptor and apoptotic, fibrotic and anti-apoptotic bio-
markers in urinary bladder at day 28 after CC Induction. Upper panel: A. Protein expression of NOX-1 in urinary blad-
der by day 28 after CC induction, *vs. other groups with different symbols (†, ‡), P<0.0001. B. Protein expression 
of NOX-2 in urinary bladder by day 28 after CC induction, *vs. other groups with different symbols (†, ‡), P<0.001. 
C. Oxidized protein expression in urinary bladder by day 28 after CC induction, * vs. other groups with different 
symbols (†, ‡), P<0.001. (Note: left and right lanes shown on the upper panel represent protein molecular weight 
marker and control oxidized molecular protein standard, respectively). M.W = molecular weight; DNP = 1-3 dinitro-
phenylhydrazone. D. Protein expression of tall-like receptor (TLR)-2 in urinary bladder by day 28 after CC induction, 
*vs. other groups with different symbols (†, ‡), P<0.001. E. Protein expression of TLR-4 in urinary bladder by day 28 
after CC induction, * vs. other groups with different symbols (†, ‡), P<0.001. All statistical analyses were performed 
by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, 
‡) indicate significance at the 0.05 level. NC = normal control; CC = chronic cystitis; ECSW = extracorporeal shock 
wave. Lower panel: A. Protein expression of mitochondrial Bax (mit-Bax) in urinary bladder by day 28 after CC induc-
tion, *vs. other groups with different symbols (†, ‡), P<0.001. B. Protein expression of cleaved caspase 3 (c-Casp 3) 
in urinary bladder by day 28 after CC induction, *vs. other groups with different symbols (†, ‡), P<0.001. C. Protein 
expression of cleaved poly (ADP-ribose) polymerase (c-PARP) in urinary bladder by day 28 after CC induction, *vs. 
other groups with different symbols (†, ‡), P<0.001. D. Protein expression of transforming growth factor (TGF)-ß in 
urinary bladder by day 28 after CC induction, * vs. other groups with different symbols (†, ‡, §), P<0.001. E. Protein 
expression of phosphorylated (p)-Smad3 in urinary bladder by day 28 after CC induction, *vs. other groups with 
different symbols (†, ‡), P<0.001. F. Protein expression of p-Smad1/5 in urinary bladder by day 28 after CC induc-
tion, *vs. other groups with different symbols (†, ‡), P<0.001. G. Protein expression of bone morphogenesis protein 
(BMP)-2 in urinary bladder by day 28 after CC induction, *vs. other groups with different symbols (†, ‡), P<0.001. 
All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test 
(n = 6 for each group). Symbols (*, †, ‡) indicate significance at the 0.05 level. NC = normal control; CC = chronic 
cystitis; ECSW = extracorporeal shock wave.
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including alleviation of hematuria and protein-
uria as well as preservation of histological 
integrity of the urinary bladder, through sup-
pression of inflammation, oxidative stress, and 
epithelial damage.
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Supplementary Figure 1. Proposed mechanisms underlying the positive therapeutic effects of ECSW on reversing 
the deterioration of bladder function from radiothery-induced chronic cystitis. ECSW = extracorporeal shock wave; 
LEVF = left ventricular ejection fraction; TNF-α = tumor necrosis factor alpha; NF-κB = nuclear factor-κB; MMP-9 = 
matrix metalloproteinase 9; iNOS = inducible nitric oxide synthase; HO-1 = heme oxygenase 1; TGF-β = transforming 
growth factor beta; c-PARP = cleaved Poly (ADP-ribose) polymerase.


