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Abstract: Background: This study tested the long-term effect of extracorporeal shock wave (ECSW) therapy on ame-
liorating radiotherapy-induced chronic cystitis (CC) in rat. Methods and results: Adult-female SD rats (n = 24) were 
equally categorized into group 1 (normal control), group 2 (CC induced by radiotherapy with 450 cGy twice with 
a four-hour interval to the urinary bladder), group 3 [CC with ECSW treatment (0.1 mJ/mm2/120 impulses once 
every 3 days after radiotherapy)]. Bladder specimens were harvested by day 60 after radiotherapy. By day 60, the 
degree of detrusor contraction was significantly reduced in group 2 than groups 1 and 3, and significantly reduced 
in group 3 than in group 1 (P < 0.0001). Number of WBC, occulted blood and bacteria were significantly higher in 
group 2 than in groups 1 and 3 (P < 0.01), but they showed no difference between the latter two groups (P > 0.3). 
The protein expressions of oxidative stress (NOX-1/NOX-2/oxidized protein), apoptosis (cleaved-caspase-3/cleaved-
PARP), DNA-damaged marker (γ-H2AX), fibrosis (TGF-β/Smad3) and inflammatory signaling (TLR-4/MYD88/Mal/
TRAF6/p-IκBα/p-NFκB/TNF-α/MMP-9/COX-2) were significantly higher in group 2 than in group 1, and were signifi-
cantly reduced in group 3 (all P < 0.001). The cellular expressions of inflammatory (CD14+/CD68+/MIF+/MMP-9), 
immunoreactive (CD4+/CD8+) and cytokeratin (CK17/CK18) biomarkers, and collagen-deposition/fibrotic areas as 
well as bladder-damaged score/disruption of the bladder mucosa displayed an identical pattern compared to that of 
oxidative stress among the three groups (all P < 0.0001). Conclusion: The long-term effect of ECSW treatment was 
reliable on protecting the urinary bladder from radiation-induced CC.
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Introduction

Despite state-of-the-art advances in chemo-
therapy, hormone therapy and target therapy 
as well as immunotherapy for advanced can-
cers, radiotherapy still plays an essential role 

on palliative therapy for advanced stage of 
some solid cancers such as brain tumor, lung 
cancers and urogenital/gynecologic cancers 
[1-5]. However, a fly in the ointment is that radio-
therapy has been found to commonly induce 
hemorrhagic cystitis (HC), gross hematuria and 
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late radiation-induced chronic cystitis (CC), 
which not merely hinder the patient’s quality  
of life and social activity but also induce psy- 
chiatric issues, urinary tract infection/sepsis, 
obstructive uropathy and renal failure as well 
as increase the risk of mortality [6-10].

During the last decades, plentiful modalities, 
including pharmacological agents, surgical in- 
terventions and even hyperbaric oxygen thera-
py, have been extensively applied for the HC 
[11-18]. However, their efficacies are contradic-
tory, highlighting that treatment of radiothera-
py-induced HC/CC and the associated compli-
cations remains a formidable challenge. Accor- 
dingly, a safe and efficacious treatment alter-
native is still eagerly awaited.

In view of pathophysiology of radiation cystitis 
that is mainly caused by activation of an in- 
flammatory cascade leading to tissue swelling, 
mucosa damage, necrosis, and smooth muscle 
destruction and finally fibrosis [19-22], era- 
dication of the inflammatory reactions may 
prove as an innovative therapeutic strategies 
for those of HC/CC patients refractory to con-
ventional treatment.

Previous studies have established that extra- 
corporeal shock wave (ECSW) therapy is able  
to inhibit the inflammatory reaction and oxi- 
dative stress, and augment the angiogenesis 
[23, 24]. Besides, our studies have displayed 
that ECSW therapy is not only safe, but has 
capacities of pro-angiogenesis, anti-ischemia, 
anti-fibrosis, anti-inflammation, and pain-allevi-
ating effects [25-29]. Based on these afore-
mentioned issues [19-29], we have recently 
performed a study with a period of 28 days to 
address the impact of ECSW on reducing the 
radiation-induced HC/CC in rodent [30]. Our 
results are attractive and promising. However, 
this study also has limitations, such as the opti-
mal dosage of radiation and long-term effect of 
ECSW therapy with appropriate energy on radi-
ation-induced HC were regrettably left unad-
dressed. Accordingly, this study was designed 
to answer the limitations of our recent study 
[30].

Materials and methods

Ethics and animal care

All animal procedures were approved by the 
Institute of Animal Care and Use Committee at 
Kaohsiung Chang Gung Memorial Hospital 
(Affidavit of Approval of Animal Use Protocol  

No. 2016012804) and performed in accor-
dance with the Guide for the Care and Use of 
Laboratory Animals.

Animals were housed in an Association for 
Assessment and Accreditation of Laboratory 
Animal Care International (AAALAC; Frederick, 
MD, USA)-approved animal facility in our hospi-
tal with controlled temperature and light cycles 
(24°C and 12/12 light cycle).

Rationale of ECSW energy utilized in the pres-
ent study

The purpose of this study was to evaluate the 
long-term effect of ECSW on protecting the uri-
nary bladder against the radiotherapy. Thus, 
the study period was designed as a duration of 
60 days after radiotherapy. Another evaluation 
was that ECSW application should resemble 
the clinical setting of “regularly intermittent 
administration” of the medicine for a chronic 
disease. Along this line of thinking, regularly 
intermittent application of ECSW to the urinary 
bladder was performed for the animals. Based 
on these considerations, the safety of ECSW 
had to be considered, especially when regular 
and consistent application of ECSW was uti-
lized in the present study. According to our pre-
vious in vitro [31] and in vivo [23, 25-30] stud-
ies, we found that the safest and lowest energy 
of ECSW with promising efficacy was 0.1 mJ/
mm2/120 impulses. This was the reason why 
we utilized the “0.1 mJ/mm2/120 impulses 
once every 3 days after radiation” (i.e., a total 
of 20 times in the present study).

Rationale of radiotherapy dosage (refer to 
Figure 1) and duration of study period

Practically, for achieving greatest efficacy, the 
dosage of radiotherapy for solid cancers of uro-
genital/gynecologic origin is always quite high 
in order to kill the cancer cells that could explain 
why a lot of side effects are frequently encoun-
tered in those urogenital/gynecologic patients 
after receiving this therapy [19-22]. On the 
other hand, for safety, the dosage of radiother-
apy in our previous animal model study [30] 
was designed as low dosage (i.e., 300 cGy). 
This, therefore, raises the question that the 
results of our animal model of study [30] might 
not truthfully reflect the daily clinical practice. 
Accordingly, in the present study, except the 
low dose of our previous study (i.e., 300 cGy 
twice with a four-hour interval to the urinary 
bladder of one animal), we performed a pilot 
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Figure 1. Pilot study, urodynamic study of bladder contraction, urine amount and ratio of urine protein to urine creatinine at day 60 after radiotherapy. (A-F) Escala-
tion of dosage of radiation energy (i.e., stepwise increase of the radiotherapy dosage) in the pilot study with consistent ECSW application (i.e., 0.1 mJ/mm2/120 
impulses/once every 3 days after radiation). We utilized 300 cGy (A, B), 450 cGy (C, D) and 600 cGy (E, F)/twice with 4-h interval for each animal in CC (A, C, E) and 
CC + ECSW (B, D, F) groups (n = 2/each group). By day 60 after CC induction, the results showed that no detrusor contractility wave was observed in either CC only or 
in CC + ECSW animals in 600 cGy, only CC + ECSW animals had notable detrusor contractility wave in 450 cGy and 300 cGy. Thus, radiotherapy for induction of CC by 
450 cGy twice with 4-h interval was utilized for this study. (G-I) Illustrating the anatomical structure of urinary bladder in three groups. As compared with NC (G), the 
wall of urinary bladder was notably thinner and the lumen of urinary bladder was more increased in CC animals (H), suggesting that the elastic property of urinary 
bladder was diminished in CC animals. However, these phenomena were reversed in CC animals after receiving ECSW treatment (I). (J-L) Illustrating the graphics of 
urinary bladder contractility. (M) Analytical result of detrusor contraction, * vs. other groups with different symbols (†, ‡), P < 0.0001. (N) Interval of bladder contrac-
tion, * vs. other groups with different symbols (†, ‡), P < 0.0001. (O) Urine amount (ml) at day 60, * vs. other groups with different symbols (†, ‡), P < 0.001. (P) Ratio 
of urine protein to creatinine, * vs. †, 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.



Extracorporeal shock wave therapy on radiation-induced chronic cystis

1003	 Am J Transl Res 2020;12(3):999-1015

study to test the safety of two different doses, 
i.e., (1) moderate dose of radiation (450 cGy 
twice with a four-hour interval) and (2) high 
dose of radiation (600 cGy twice with a four-
hour interval), suggesting that this was a scien-
tific escalation of radiotherapy dosage. Our 
results showed that the urodynamic study  
by day 60 after CC induction showed no detru-
sor contraction activity in with and without 
ECSW therapy on highest dose of radiotherapy 
(i.e., 600 cGy) (ref. to Figure 1). However,  
the detrusor contraction of HC animals was sig-
nificantly preserved in with than in without 
ECSW therapy in moderate dose of radiothera-
py (i.e., 450 cGy) (ref. to Figure 1). Thus, this 
dose of radiotherapy was utilized in the present 
study.

The study period of our previous study [30]  
was only 28 days, which raises the question 
whether the long-term impact of ECSW on 
reducing the HC/CC caused by radiation wo- 
uld be also effective. Accordingly, the study 
period of this study, specifically designed to 
respond to this question, was extended to 60 
days.

Animal model of chronic cystitis, animal group-
ing, and energy of ECSW

The procedure and protocol have been des- 
cribed in our resent report [30]. In detail, the 
pathogen-free, adult male Sprague-Dawley (SD) 
rats (n = 24) weighing 300-325 g (Charles River 
Technology, BioLASCO Taiwan, Taiwan) were 
randomized and equally divided into normal 
control (NC) group, chronic cystitis (CC) group 
[induced by radiation to simulate brachythera-
py (450 cGy twice) to the bladder surface over 
the skin at a time interval of 4 h], and CC + 
ECSW group (0.1 mJ/mm2/120 impulses/one 
time/per 3-day time-interval after radiothera-
py). ECSW was applied to the skin surface 
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.

Eight animals in each group were utilized for 
urodynamic study. On the other hand, six ani-
mals in each group were used for molecular-
cellular studies.

Procedure and protocol of urodynamic test 
(bladder pressure assessment)

The procedure of intravesical pressure mea-
surement was in accordance to the previous 
report [30]. After being anesthetized with 2.0% 
inhalational isoflurane, the rat was placed  
in supine position on a heating pad maintained 
at 37°C. A polyethylene catheter (PE50, Clay 
Adams, NJ, USA), which was inserted through 
the urethra into the urinary bladder, was con-
nected to a pressure transducer (BP Transdu- 
cer Model MLT0380, Ad Instruments, NSW, 
Australia) and syringe pump (Microinjection 
pump Model KDS100, KD Scientific Inc., MA, 
USA) that delivered normal saline to the urinary 
bladder at a rate of 0.05 mL/min. Intravesical 
pressure signals, recorded continuously for 90 
minutes, were converted real-time into electri-
cal signals (PowerLab 16/35 Model PL3516, 
Ad Instruments, NSW, Australia) and amplified 
(Bridge Amp Model FE221, and Animal Bio Amp 
Model: FE136, Ad Instruments, NSW, Australia) 
before being stored in a computer for later an- 
alysis (PowerLab 16/35 Model PL3516, Ad 
Instruments, NSW, Australia).

24-h urine collection for amount and the ratio 
of urine protein to urine creatinine by day 60, 
and sporadic urine collection for examination 
at days 0, 28 and 60 after CC induction

The procedure and protocol have been des- 
cribed in our previous reports [23, 30]. In detail, 
sporadic urine was collected in all animals at 
days 0, 28 and 60 after CC induction to deter-
mine relevant pathological parameters.

For the collection of 24-hr urine to assess urine 
amount and the ratio of urine protein to urine 
creatinine, each animal was put in a metabolic 
cage (DXL-D, space: 190 × 290 × 550 mm3, 
Suzhou Fengshi Laboratory Animal Equipment 
Co. Ltd., 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  
(24, 26-33). In detail, for IHC staining, rehydrat-
ed paraffin sections were first treated with  
3% H2O2 for 30 minutes and incubated with 
Immuno-Block reagent (BioSB) for 30 minutes 
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Table 1. Semi-quantitative results of sporadic urine-routine 
examinations at days 0, 28 and 60 among the three groups
Variables  SC CC CC + ECSW p-value*
At day 0
    Occulted blood negative negative negative -
    Proteinuria negative negative negative -
    Urine glucose negative negative negative -
    Nitrite negative negative negative -
    Leukocyte negative negative negative -
    Red blood cell 0-1 0-1 0-1 -
    White blood cell 0-1 0-1 0-1 -
    Bacteria none none none -
    Cast formation none none none -
At day 28 
    Occulted blood negative + to ++ negative <0.05
    Proteinuria negative + negative >0.1
    Urine glucose negative negative negative -
    Nitrite negative positive positive <0.05
    Leukocyte negative 2+ negative <0.001
    Red blood cell 0-1 0-2 0-1 -
    White blood cell 0-1 2-5 0-1 <0.001
    Bacteria none 3+ 2+ <0.001
    Cast formation none none none -
At day 60 
    Occulted blood negative trace trace -
    Proteinuria negative + negative >0.1
    Urine glucose negative negative negative -
    Nitrite negative positive negative <0.05
    Leukocyte negative + negative <0.05
    Red blood cell 0-1 0-1 0-1 -
    White blood cell 0-1 2-5 0-1 <0.001
    Bacteria none 3+ 1+ <0.001
    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.

at room temperature. Sections were then in- 
cubated with primary antibodies specifically 
against CK17 (1:50, Abcam), CK18 (1:100, 
Abcam), CD4 (1:400, Gene Tex), CD8 (1:200, 
Bio-Rad), glycosaminoglycan (GAG) (ScyTek) 
and matrix metalloproteinase (MMP)-9 at 4°C 
overnight. Irrelevant antibodies and mouse 
control IgG were used as controls. IF staining 
was performed for the examination of CD14 
(1:200, Proteintech), CD68 (1:100 Abcam) and 
macrophage migration inhibitory factor (MIF) 
(1:100, Abcam) using appropriate primary anti-
bodies; irrelevant antibodies were used as con-

Histopathology scoring for the injury of epi- 
thelial layer in urinary bladder specimens from 
all animals was determined microscopically 
based on the results of Alcian Blue staining 
[i.e., for distributive intensity of glycosaminogly-
can (GAG)] over the epithelial layer of urinary 
bladder according to manufacturer’s instruc-
tion. The grading of epithelial injury and the for-
mation of vacuoles (i.e., perinuclear cytoplas-
mic vacuolization) as well as cytokeratin forma-
tion in the epithelial layer in 10 randomly cho-
sen, non-overlapping fields (100 ×) for each 
animal was as follows: 0 (none), 1 (≤ 10%), 2 

trols. Three sections of bladder 
specimens were analyzed in each 
rat. For quantification, three ran-
domly selected high-power fields 
(HPFs, 200 × for IHC and IF studies) 
were analyzed in each section. The 
percentage of positively-stained 
cells per high-power field (HPF) for 
each animal was then determined. 
To analyze 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 meth-
ods. The integrated area (µm2) of 
fibrosis in each section was calcu-
lated using Image Tool 3 (IT3) image 
analysis software (Health Science 
Center, University of Texas, San 
Antonio, USA). Three selected sec-
tions were quantified for each ani-
mal. Three randomly selected HPFs 
(100 ×) were analyzed in each sec-
tion. After determining the number 
of pixel 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 
summing all pixel numbers and 
divided by 9. The mean integrated 
area (µm2) of fibrosis in quadriceps 
per HPF was obtained using a con-
version factor of 19.24 (1 µm2 cor-
responded to 19.24 pixels).
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(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 
(24, 26-33). Briefly, equal amounts (50 mg) of 
protein extracts were loaded and separated by 
SDS-PAGE using acrylamide gradients. After 
electrophoresis, the separated proteins were 
transferred electrophoretically to a polyvinyli-
dene difluoride (PVDF) membrane (Amersham 
Biosciences). Nonspecific sites were blocked by 
incubation of the membrane in blocking  

ed chemiluminescence (ECL; Amersham Bio- 
sciences) and exposed to Biomax L film (Ko- 
dak). For the purpose of quantification, ECL sig-
nals were digitized using Labwork software 
(UVP).

Statistical analysis

Quantitative data are expressed as mean ± SD. 
Statistical analysis was adequately performed 
by ANOVA followed by Bonferroni multiple-com-
parison post hoc test. SAS statistical software 
for Windows version 8.2 (SAS institute, Cary, 
NC, USA) was utilized. A probability value < 0.05 
was considered statistically significant.

buffer [5% nonfat dry milk in 
T-TBS (TBS containing 0.05% 
Tween 20)] overnight. The 
membranes were incubated 
with the indicated primary an- 
tibodies [matrix metallopro-
teinase (MMP)-9 (1:1000, 
Abcam), tumor necrosis fac- 
tor (TNF)-α (1:1000, Cell Si- 
gnaling), phosphorylated (p)-
nuclear factor (NF)-κB (1: 
600, Abcam), NOX-1 (1:1500, 
Sigma), NOX-2 (1:750, Sig- 
ma), TLR-4 (1:1000, Abcam), 
myeloid differentiation prima-
ry response 88 (MYD88) 
(1:1000, Abcam), Mal (1: 
1000, Abcam), tumor necro-
sis factor receptor associated 
factor (TRAF) (1:1000, Ab- 
cam), p-IκBα (1:1000, Cell 
Signaling), cleaved caspase 3 
(1:1000, Cell Signaling), cle- 
aved poly (ADP-ribose) poly-
merase (c-PARP) (1:1000,  
Cell Signaling), transforming 
growth factor (TGF)-β (1:500, 
Abcam), p-Smad3 (1:1000, 
Cell Signaling) and actin 
(1:10000, Chemicon)] for 1 
hour at room temperature. 
Horseradish peroxidase-con-
jugated anti-rabbit immuno-
globulin IgG (1:2000, Cell 
Signaling) was used as a sec-
ondary antibody for one-hour 
incubation at room tempera-
ture. Immunoreactive bands 
were visualized by enhanc- 

Figure 2. The protein levels of oxidative-stress biomarkers in urinary bladder 
by day 60 after CC induction. A. Protein expressions of NOX-1, * vs. other 
groups with different symbols (†, ‡), P < 0.001. B. Protein expression of NOX-
2, * vs. other groups with different symbols (†, ‡), P < 0.0001. C. Oxidized 
protein expression in urinary bladder by day 60 after CC induction, * vs. oth-
er groups with different symbols (†, ‡), P < 0.0001. (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 dinitrophenylhydrazone. All statistical analyses were per-
formed 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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Results

Urodynamic study of bladder contraction, urine 
amount and ratio of urine protein to urine cre-
atinine at day 60 after radiotherapy (Figure 1)

By day 60, i.e., the end of study period, t�������he uro-
dynamic patterns showed that as compared 
with NC, significantly impaired detrusor con-
tractility was identified in CC that was substan-
tially reversed in CC animals after receiving 
ECSW treatment.

By the end of study period, the urine amount 
was significantly increased in CC than in NC 
and CC-ECSW, and significantly increased in 
CC-ECSW than in NC. However, the ratio of 
urine protein to urine creatinine was significant-

ly reduced in CC and CC-ECSW than in NC, but 
it did not differ between the CC and CC-ECSW, 
suggesting that the urine bladder function was 
impaired by brachytherapy.

Time courses of sporadic urine-routine exami-
nation (Table 1)

Urine routine results showed that the occult- 
ed blood, proteinuria, glucose, nitrate, red 
blood cell, white blood cell, leukocyte, bacteria 
and cast formation in sporadic urine sample 
were found to be within the normal range 
among the three groups at day 0 prior to CC 
induction.

However, by day 28 after CC induction, the 
occulted blood, leukocyte, nitrite, white blo- 

Figure 3. Protein expressions of apoptosis, fibrosis and DNA-damaged marker in urinary bladder by day 60 after CC 
induction. A. Protein expressions of cleaved caspase 3 (c-Csp3), * vs. other groups with different symbols (†, ‡), P 
< 0.0001. B. Protein expression of cleaved poly (ADP-ribose) polymerase (c-PARP), * vs. other groups with different 
symbols (†, ‡), P < 0.0001. C. Protein expression of transforming growth factor (TGF)-β, * vs. other groups with dif-
ferent symbols (†, ‡), P = 0.002. D. Protein expression of phosphorylated (p)-Smad3, * vs. other groups with differ-
ent symbols (†, ‡), P < 0.0001. E. Protein expression of γ-H2AX, * 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.
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Figure 4. Protein expressions of up- and down-stream inflammatory signaling in urinary bladder by day 60 after CC induction. A. Protein expression of toll-like recep-
tor (TLR)-4, * vs. other groups with different symbols (†, ‡), P < 0.0001. B. Protein expression of myeloid differentiation primary response 88 (MYD88), * vs. other 
groups with different symbols (†, ‡), P < 0.0001. C. Protein expression of Mal, * vs. other groups with different symbols (†, ‡), P < 0.0001. D. Protein expression of 
tumor necrosis factor (TNF) receptor associated factor (TRAF), * vs. other groups with different symbols (†, ‡), P < 0.001. E. Protein expression of phosphorylated 
(p)-IκBα, * vs. other groups with different symbols (†, ‡), P < 0.0001. F. Protein expression of p-NF-κB, * vs. other groups with different symbols (†, ‡), P < 0.0001. 
G. Protein expression of TNF-α, * vs. other groups with different symbols (†, ‡), P < 0.0001. H. Protein expression of matrix metalloproteinase (MMP)-9, * vs. other 
groups with different symbols (†, ‡), P < 0.0001. I. Protein expression of COX-2, * 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.
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od cell count and bacteria were significantly 
higher in CC than in NC and CC-ECSW, whereas 
only white blood cell count, nitrite and bacteria 
were significantly higher in CC-ECSW than in 
NC.

Furthermore, by day 60 after CC induction, 
nitrite, leukocyte, white blood cell count and 
bacteria were significantly higher in CC than in 
NC and CC-ECSW, but they showed no differ-
ence between the latter two groups.

Figure 5. CD14 and CD68 inflammatory cell infiltrations in urinary bladder by day 60 after CC induction. A-C. Illus-
trating the immunofluorescent (IF) microscopic finding (400 ×) of CD14+ cells (green color). D. Analytical results 
of number of CD14+ cells, * vs. other groups with different symbols (†, ‡), P < 0.0001. E-G. Illustrating the IF mi-
croscopic finding (400x) of CD68+ cells (green color). H. Analytical results of number of CD68+ cells, * vs. other 
groups with different symbols (†, ‡), P < 0.0001. Scale bars in the 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.

Figure 6. MIF and MMP-9 inflammatory cell infiltrations in urinary bladder by day 60 after CC induction. A-C. Illustrat-
ing the immunofluorescent microscopic finding (400 ×) for identification of macrophage migration inhibitory factor 
(MIF)+ cells (red color). D. Analytical result of number of MIF+ cells, * vs. other groups with different symbols (†, ‡), 
P < 0.0001. Scale bars in the right lower corner represent 20 µm. E-G. Illustrating the microscopic finding (200x) of 
immunohistochemical stain for identification of matrix metalloproteinase (MMP)-9 expression (gray color) in urinary 
bladder. H. Analytical results of MMP-9 expression, * vs. other groups with different symbols (†, ‡), P < 0.0001. 
Scale bars in the right lower corner represent 50 µm. All statistical analyses were performed by one-way ANOVA, fol-
lowed 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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The protein level of oxidative-stress biomarkers 
in urinary bladder by day 60 after CC induction 
(Figure 2 and Supplementary Figure 1)

The protein expressions of NOX-1, NOX-2 and 
oxidized protein, three indicators of oxidative 
stress, were significantly increased in CC than 
in NC and CC-ECSW, and significantly increased 
in CC-ECSW than in NC.

The protein expressions of apoptosis, fibrosis 
and DNA-damaged marker in urinary bladder 
by day 60 after CC induction (Figure 3 and 
Supplementary Figure 2)

The protein expressions of cleaved caspase 3 
and cleaved PARP, two indicators of apoptosis, 
and protein expressions of TGF-β and Smad3, 
two indicators of fibrosis, were significantly hi- 
gher in CC than in NC and CC-ECSW, and signifi-
cantly higher in CC-ECSW than in NC. Additi- 
onally, the protein expression of γ-H2AX, an in- 
dicator of DNA-damaged marker, displayed an 
identical pattern of apoptosis among the three 
groups.

The protein expressions of up- and down-
stream inflammatory signaling in urinary blad-
der by day 60 after CC induction (Figure 4 and 
Supplementary Figure 3)

The protein expressions of TLR-4, MYD88, Mal, 
TRAF6, p-IκBα, p-NF-κB, TNF-α, MMP-9, and 

COX-2, eight inflammatory up- and down-stream 
inflammatory signaling biomarkers, were sig- 
nificantly upregulated in CC than in NC and 
CC-ECSW and significantly upregulated in 
CC-ECSW than in NC. 

Inflammatory cell infiltrations and histopatho-
logical findings of urinary bladder by day 60 
after CC induction (Figures 5-7)

The cellular expressions of CD14 and CD68, 
two indices of inflammation, were significantly 
higher in CC than in NC and CC-ECSW, and sig-
nificantly higher in CC-ECSW than in NC (Figure 
5).

Additionally, the cellular expressions of MIF and 
MMP-9, another two indices of inflammation, 
exhibited identical pattern of CD14 among the 
three groups (Figure 6).

Furthermore, the H.E. stain displayed that the 
injury score of epithelial layer was significantly 
increased in the CC than that in NC and 
CC-ECSW, and significantly increased in the 
CC-ECSW group than that in NC group. 
Moreover, IHC staining exhibited that the 
expression of GAG in the epithelial layer of the 
bladder, an indicator of disruption of the blad-
der mucosa surface layer, displayed a similar 
pattern compared to that of injury score of epi-
thelial layer among the three groups. Besides, 

Figure 7. Histopathological findings of urinary bladder at day 60 after CC induction. (A-C) Illustrating the microscopic 
finding (200 ×) of H.E. stain for identification of injury of epithelial layer. The integrity of epithelial layer in CC was 
destroyed (B) (red arrows) as compared with NC (A). On the contrary, the integrity was notably preserved in CC after 
receiving ECSW therapy (C). (D) Analytical result of the injury score of epithelial layer by day 60 after CC induction, 
* vs. other groups with different symbols (†, ‡), P < 0.0001. (E-G) Illustrating the microscopic finding (200 ×) of im-
munohistochemical staining for identification of intensive expression of glycosaminoglycan (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 60 after CC induc-
tion, solid square was the manifestation of dot-line square for identification of vacuole formation (red arrows), * vs. 
other groups with different symbols (†, ‡), P < 0.0001. Scale bars in right lower corner represent 50 µm. All statisti-
cal 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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the formation of vacuoles in epithelial layer 
also showed a pattern identical to that of injury 
score of epithelial layer among the three groups 
(Figure 7).

Fibrotic and collagen-deposition areas in 
urinary bladder by day 60 after CC induction 
(Figure 8)

The Masson’s trichrome stain demonstrated 
that the fibrotic area was significantly increased 
in CC than in NC and CC-ECSW, and significant-
ly increased in CC-ECSW than in NC. Additionally, 
the Sirius red stain showed that the collagen-
deposition area expressed a similar pattern of 
fibrosis among the three groups.

T-cell expressions in urinary bladder by day 60 
after CC induction (Figure 9)

The cellular expressions of CD4 and CD8,  
two indicators of immune cells, were sig- 
nificantly higher in CC than in NC and CC- 
ECSW, and significantly higher in CC-ESCW 
than in NC.

Expressions of cytokeratin (CK) in urinary blad-
der by day 60 after CC induction (Figure 10)

The IHC staining showed that the expressions 
of CK17+ and CK-18+ cells, two indicators of 

keratin-phenotype epithelial cells, were sig- 
nificantly higher in the CC than in NC and 
CC-ECSW, and significantly higher in CC-ECSW 
than in NC.

Discussion

This study which investigated the optimal dos-
age and long-term effect of ECSW therapy on 
protecting the urinary bladder against the radi-
ation-induced CC yielded several striking pre-
clinical implications. First, the optimal dose of 
radiation was 450 cGy twice at a time interval 
of 4 h in rodent CC model. Second, the long-
term effect of ECSW on CC was promising. 
Third, the results of this study demonstrated 
that inflammatory signaling pathway played an 
essential role on radiation-induced CC that was 
effectively supressed by regularly intermittent 
applications of ECSW therapy.

Currently, despite an array of feasible modali-
ties for the treatment of radiation-induced CC 
[11-18], there is still lacking an effective meth-
od for this disease entity, highlighting that the 
treatment of radiation-induced CC in patients 
with advanced urogenital organ malignancy 
remains a formidable challenge. Based on the 
results of our recent study [31], we modified 
the time points of ECSW application (i.e., once 

Figure 8. Fibrotic and collagen-deposition areas in urinary bladder by day 60 after CC induction. A-C. Illustrating 
the microscopic finding (400 ×) of Masson’s trichrome stain for identification of fibrosis (blue color). D. Analytical 
result of fibrotic area, * vs. other groups with different symbols (†, ‡), P < 0.0001. E-G. Illustrating the microscopic 
finding (400 ×) of Sirius red stain for identification of collagen deposition expression (pink color). H. Analytical result 
of collagen-deposition area, * 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 = nor-
mal control; CC = chronic cystitis; ECSW = extracorporeal shock wave.
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every 3 days, named “regularly intermittent ad- 
ministration”) for those radiotherapy-induced 
CC animals in the present study to determine 
the long-term impact of this innovative the- 
rapy. The most important finding in the present 

study was that the urodynamic study showed, 
as compared with the CC animals, the detrusor 
contractility was significantly preserved in 
CC-ECSW animals. Additionally, the urine analy-
ses demonstrated that white blood cell count, 

Figure 10. Expressions of cytokeratin (CK)17+ and CK18+ cells in urinary bladder at day 60 after CC induction. A-C. 
Illustrating microscopic finding (400 ×) of immunohistochemical (IHC) staining for identification of the expression of 
CK17 (gray color) in urinary bladder by day 60 after CC induction. D. Analytical result of CK17 expression by day 60 
after CC induction, * vs. other groups with different symbols (†, ‡), P < 0.0001. E-G. Illustrating IHC microscopic find-
ing (400 ×) for identification of the expression of CK18 (brown color) in urinary bladder by day 60 after CC induction. 
H. Analytical result of CK18 expression by day 60 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.

Figure 9. Immune cell expressions in urinary bladder by day 60 after CC induction. A-C. Illustrating microscopic 
finding (200 ×) of immunohistochemical (IHC) stain for identification of cellular expression of CD4 (gray color). D. 
Analytical result of CD4 expression, * vs. other groups with different symbols (†, ‡), P < 0.0001. E-G. Illustrating IHC 
microscopic finding (200 ×) for identification of cellular expression of CD8 (gray color). H. Analytical result of CD8 
expression, * vs. other groups with different symbols (†, ‡), P < 0.0001. Scale bars in right lower corner represent 
50 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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bacteria and occult blood were significantly 
increased in CC group than in NC group, and 
remarkably reversed in CC animals after re- 
ceiving regularly intermittent ECSW therapy 
(Table 1). Our findings, in addition to extending 
the findings of our recent study [30], high- 
light that this innovative therapy should be  
considered for those of CC patients, especially 
when they are refractory to conventional 
therapy.

The underlying mechanisms of radiotherapy-
induced CC in cellular-molecular levels have not 
often been reported [19, 30], leaving an urgent 

significantly preserved the architectural integ-
rity and the function of urinary bladder in set-
ting of CC that was soundly proved mainly 
through effectively ameliorating these molecu-
lar-cellular perturbations.

Preponderance of evidence has displayed that 
the generations of oxidative stress, cellular 
apoptosis and DNA damage are commonly 
found in all causal etiologies of organ damage 
[23, 25-29, 32]. These pathological parameters 
were also identified in our previous study of CC 
animals [30]. The essential finding in the pres-
ent study was that the oxidative-stress, apop-

Figure 11. Schematically proposed mechanism of radiation-induced urinary 
bladder chronic cystitis based on the results of the present study. MMP = 
macrophage; MIF macrophage migratory inhibitor; TGF-β = transforming 
growth factor; ECSW = extracorporeal shock wave; TLR = toll-like receptor; 
MYD88 = myeloid differentiation primary response 88; TRAF = tumor necro-
sis factor (TNF) receptor associated factor; GAG = glycosaminoglycan.

need of thorough investiga-
tion in this area. A principal 
finding in the present study 
was that the up- and down-
stream inflammatory signal-
ing pathways were clearly 
identified to participate in the 
radiotherapy-induced CC (re- 
fer to Figure 11). Additionally, 
not only the protein levels but 
also the cellular levels of 
inflammatory biomarkers and 
immune cells were identified 
to substantially infiltrate into 
the urinary bladder of CC ani-
mals. Furthermore, the mus-
cular damage score (i.e., indi-
cator of tissue necrosis) dem-
onstrated through H.E. stain 
and the fibrosis/collagen de- 
position identified by IHC 
statin were remarkably incre- 
ased in those of CC animals. 
Intriguingly, a strong associa-
tion between inflammatory 
reaction and tissue necrosis/
fibrosis and organ damage 
has been well recognized in 
the previous studies [23, 
25-30, 32]. Our findings, in 
addition to strengthening the 
findings of previous studies 
[23, 25-30, 32], clearly delin-
eate the strong correlation 
among the inflammation, tis-
sue/organ damage and radio-
therapy. Of particular impor-
tant finding in the present 
study was that regularly inter-
mittent application of ECSW 
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totic and DNA-damaged and cytokeratin (i.e., 
CK17, CK18) biomarkers were extremely higher 
in CC animals. Our findings were consistent 
with the findings of previous studies [23, 25-30, 
32]. Of distinctive finding was that these param-
eters were markedly reduced in CC animals 
treated by ECSW, once again explained why the 
architecture and function of urinary bladder 
were preserved in CC animals after receiving 
ECSW.

Study limitation

This study has limitations. Frist, this study did 
not test the energy dose of ECSW in stepwise 
manner. Accordingly, we did not provide the 
optimal dose of ECSW as a reference for clini- 
cal application of this therapy for CC patients. 
Second, based on the previous reports [19, 
30], an investigation of underlying mechanisms 
in setting of radiation-induced CC in rat focused 
more on the inflammatory signaling pathway in 
the present study (Figure 11). This may raise 
the concern of bias due to incomplete investi-
gation. In fact, the signaling mechanism of radi-
ation-induced CC may be more complex and 
comprises multiple signaling pathways.

In conclusion, regularly intermittent application 
of low-energy ECSW therapy effectively pro-
tects the architectural and functional integri-
ties of urinary bladder in CC rats.
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Supplementary Figure 1. Illustrating the raw materials of Western blot for identification of the expression of oxida-
tive stress biomarkers.

Supplementary Figure 2. Illustrating the raw materials of Western blot for identification of the expression of apop-
totic, fibrotic and DNA-damaged biomarkers.
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Supplementary Figure 3. Illustrating the raw material of Western blot for identification of the expression of inflam-
matory signaling pathway.


