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though inhibiting inflammation and oxidative stress-in 
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Abstract: Background: We investigated whether extracorporeal shock wave (ECSW) therapy can attenuate cy-
clophosphamide (CYP)-induced acute interstitial cystitis (AIC) in rats. Methods and Results: Eighteen male-adult 
Sprague-Dawley rats were equally divided into group 1 (sham control), group 2 (AIC induced by 150 mg/kg CYP 
by intra-peritoneal injection) and group 3 (AIC + ECSW 200 impulses at 0.11 mJ/mm2 to the urinary bladder at 3 
and 24 h after CYP treatment). Smooth-muscle cells co-culture with menadione (25 µM) with and without ECSW 
treatment was performed. Western-blot results demonstrated that ECSW significant attenuated oxidative stress 
and inflammatory reactions in this in-vitro studies (all p < 0.001). 24-hour urine amount and microscopic findings 
of red-blood-cell count (i.e., hematuria) were higher in group 2 than in groups 1 and 3, and significantly higher in 
group 3 than in group 1 (all p < 0.001). The urine levels of albumin and interleukin-6 showed an identical pattern 
of hematuria among all three groups (all p < 0.001). The cellular and mRNA expressions of macrophage migration 
inhibitory factor (MIF)+, CD74+, CD68+, substance p+, and Cox-2+ cells in the bladder tissue exhibited an identi-
cal pattern of hematuria among all groups (all p < 0.0001). The integrity of epithelial layer and collagen-deposition 
area as stained by Sirius red displayed an opposite pattern of hematuria among the three groups (p < 0.0001). The 
protein expression of IL-12, iNOS, TNF-α, NF-κB, MMP-9, NOX-1, NOX-2, RANTES, and Oxyblot displayed an identical 
pattern of hematuria among all groups (all p < 0.01). Conclusion: ECSW therapy markedly attenuated CYP-induced 
AIC through inhibitions of the inflammation and oxidative stress. 

Keywords: Acute interstitial cystitis, cyclophosphamide treatment, extra-corporeal shock wave, inflammatory 
biomarkers

Introduction 

Interstitial cystitis (IC) is a syndrome of multi-
farious etiology that is characterized by pelvic 
and/or bladder pain associated with urinary 
urgency and frequency, nocturia and sterile 
urine [1-5]. Due to its symptom complex, IC has 
also been called painful bladder syndrome, 
leaky bladder syndrome, and irritative bladder 
syndrome [1-6]. IC is a chronic, noninfectious, 

probable inflammatory disorder of the urinary 
bladder that primarily affects women (approxi-
mately 90% of patients are female) [6, 7]. The 
pathology of IC does not usually correspond to 
any other disease/syndrome, including urinary 
tract infections, carcinoma, or cystitis induced 
by radiation or medication. 

It is believed that IC prevalence ranges from 1 
in 100,000 to 5.1 in 1,000 of the general popu-
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lation worldwide [6, 8, 9] depending upon meth-
odology used for the calculation, such as the 
index or scale used for the diagnosis. Studies 
have reported the incidence of IC to be as high 
as 52-67 per 100,000 cases in the United 
States [11] and a more recent report suggested 
that it may affect up to 2.7%-12.5% of the adult 
female population [11-13]. As IC progresses, 
pain usually increases in severity and becomes 
the most dominating and debilitating symptom, 
ultimately, significantly impacting the personal 
and professional lives of patients [1-13]. 

Since the etiology of IC is proposed to be multi-
factorial, multiple therapies have been pro-
posed to produce synergistic effects and better 
outcome [6, 7, 14]. However, not all therapies 
are effective in every individual. Additionally, 
complete remission is only attainable in some 
cases. Therefore, treatment of IC is a challenge 
for physicians and other health care providers 
who manage patients with this condition. 
Finding an effective therapeutic regimen for IC 
patients, especially those unresponsive to con-
ventional therapies, is of utmost importance.

Extra-corporeal shock wave (ECSW) therapy 
was originally used for treating kidney or ure-
thral stones. Recently, ECSW has been suc-
cessfully applied for the treatment of shoulder 
tendinitis, plantar fasciitis [15, 16], smooth 
muscle-cell proliferation [17] and chronic inju-
ries of soft tissues and delayed fracture healing 
and nonunion [18] with safe and promising 
results [19]. The mechanisms of ECSW therapy 
for these diseases have been suggested to be 
mainly through relieving painful sensations [15, 
16, 20], attenuating inflammatory responses 
[17] and inducing angiogenesis/vasculogene-
sis [21, 22]. Shock wave therapy employs a 
sequence of transient pressure disturbances 
characterized by high peak pressure (100 
MPa), fast pressure rise (< 10 ns), rapid propa-
gation, and short lifecycle (10 µs) produced by 
an appropriate generator and directed to a spe-
cific target area with an energy density in the 
range of 0.003-0.890 mJ/mm2 [17, 22-24]. 
Based on the reports of attenuation of inflam-
matory reactions and painful sensations by 
ECSW, we hypothesized that ECSW therapy 
might be a useful tool for the treatment of IC. 

Materials and methods 

Ethics 

All animal experimental procedures were app- 
roved by the Institute of Animal Care and Use 

Committee at Chang Gung Memorial Hos- 
pital – Kaohsiung Medical Center (Affidavit of 
Approval of Animal Use Protocol No. 2008- 
121108) and performed in accordance with 
the Guide for the Care and Use of Laboratory 
Animals (NIH publication No. 85-23, National 
Academy Press, Washington, DC, USA, revised 
1996).

In vitro studies and experimental model of 
acute interstitial cystitis and rationale of ESCW 
energy dosage.

This study was designed to contain two parts of 
the experimental studies, including in vitro 
experimental study (i.e., Part I) and in vivo ani-
mal model study (i.e., Part II). 

Part I study: to elucidate the impact of ECSW 
therapy on attenuating the generations of reac-
tive oxygen species (ROS) and oxidative stress, 
the smooth muscle cell cline (A7R5) (1.4 x 105 
cells for each experimental study) which was 
pretreated by ECSW [200 shots (0.12 mJmm2)] 
was cultured in DMEM-high glucose (4500 
mg/L) 10% FBS culture medium for 3 hours, fol-
lowed by co-cultured with menadione (i.e., an 
oxidative stimulator) 25 µM for 30 min. The 
menadione was then washed out and the cells 
were continuously cultured in DMEM culture 
medium for six hour prior to be collected for 
Western blot analysis. Additionally, to deter-
mine the impact of ECSW on ameliorating the 
inflammatory reaction, the smooth muscle cell 
cline (A7R5) which was pretreated by ECSW 
[200 shots (0.12 mJmm2)] was cultured in 
DMEM-high glucose (4500 mg/L) 10% FBS cul-
ture medium for 3 hours, followed by co-cul-
tured with lipopolysaccharide LPS (500 ng/ml) 
(i.e., an inflammatory stimulation) for 3 hours. 
By the end of the six hours, the cells were col-
lected for Western blot analysis. 

In part II experimental study, pathogen-free, 
adult male Sprague-Dawley (SD) rats (n = 18) 
weighing 325-350 g (Charles River Technology, 
BioLASCO Taiwan, Taiwan) were randomized 
and equally divided into group 1 (sham control, 
intra-peritoneal injection of 2 cc normal saline), 
group 2 [acute interstitial cystitis (AIC) induced 
by intra-peritoneal injection of 150 mg/kg 
cyclophosphamide (CYP)], and group 3 (AIC + 
ECSW 200 impulses at 0.11 mJ/mm2). ECSW 
was applied to the skin surface above the uri-
nary bladder at 3 and 24 h after CYP treatment. 
All animals were anesthetized by inhalational of 
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2.0% isoflurane, and placed supine on a warm-
ing pad at 37°C for ECSW therapy. 

The application of ECSW energy dosage for the 
treatment of the AIC was based on our previous 
study with some modification [17]. 

Collection of 24 h urine for determining urine 
amount and the proteinuria at 72 h after AIC 
induction and sporadic urine for hematuria 

24 h urine was collected in all animals at 72 h 
(i.e., from 48 to 72 h) after AIC induction prior to 
animal sacrifice to determine color of urine, 
inflammatory biomarkers, daily urine volume 
and proteinuria and that was leaked from the 
enhanced permeability of the urine bladder. 
Additionally, sporadic urine was collected at 72 
h for analysis of hematuria among the three 
groups of animals. 

Immunohistochemical and immunofluorescent 
studies 

The procedures and protocols for immunohisto-
chemical (IHC) and immunofluorescent (IF) 
examinations were also as described previous-
ly [25]. Briefly, for IHC staining, rehydrated par-
affin sections were first treated with 3% H2O2 
for 30 minutes and incubated with Immuno-
Block reagent (BioSB; Santa Barbara, CA, USA) 
for 30 minutes at room temperature. Sections 
were then incubated with primary antibodies 
specifically against CD74 at 4°C overnight. 
Irrelevant antibodies and mouse control IgG 
were used as controls. IF staining was per-
formed for the examination of CD68, Cox-2, 
macrophage migration inhibitory factor (MIF) 
and substance P (SP) using appropriate prima-
ry antibodies; irrelevant antibodies were used 
as controls. Three sections of bladder speci-
mens were analyzed in each rat. For quantifica-
tion, three randomly selected high power fields 
(HPFs, 200× for IHC and IF studies) were ana-
lyzed in each section. The percentage of posi-
tively-stained cells per HPFs for each animal 
was then determined. For negative control 
experiments, the primary antibodies were omit-
ted. The sections were counterstained with 4’, 
6-Diamidino-2-phenylindole (DAPI) (dilution 
1/500) (Sigma-Alrich; St. Louis, Mo, USA) to 
identify cellular nuclei that reflected the cell 
number. 

To analyze the intact 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 sections were then washed twice 
with 0.5% acetic acid. The water was physically 
removed from the slides by vigorous shaking. 
After dehydration in 100% ethanol three times, 
the sections were cleaned with xylene and 
mounted in a resinous medium. Ten low power 
fields (10x) of each section were used to iden-
tify Sirius red-positive area on each section. 
Image-pro plus 6.1 software (Media Cyberne- 
tics, Bethesda, MD, USA) was used to calculate 
the total cross-sectional area of the bladder 
and the total area of Sirius red-positive stain-
ing. The mean area of clump of condensed col-
lagen deposition (an indicator of smooth mus-
cle damage of urinary bladder) (A) was obtained 
by summation of Sirius red-positive areas on 
each section divided by the total numbers of 
sections. In addition, the mean cross-sectional 
area (B) of the bladder was obtained by dividing 
the sum of all cross sectional areas with the 
total number of sections examined. Finally, the 
percentage change in clump of condensed col-
lagen deposition was obtained by dividing (A) by 
(B), followed by multiplication by 100.

Alcian Blue stain for distributive intensity of gly-
cosaminoglycan (GAG) over the epithelial layer 
of urinary bladder was according to manufac-
tory’s instructor. Additionally, histopathology 
scoring for the injury of epithelial layer based 
on the results of Alcian Blue stain was deter-
mined in urinary bladder specimen from all ani-
mals, sectioned at 4 mm under microscopic 
findings. The score reflected the grading of 
injured epithelial layer in 10 randomly chosen, 
non-overlapping fields (100x) for each animal 
as follows: 0 (none), 1 (≤ 10%), 2 (11-25%), 3 
(26-45%), 4 (46-75%), and 5 (≥ 76%).

Real-time quantitative PCR analysis

Real-time polymerase chain reaction (RT-PCR) 
was conducted using LightCycler TaqMan 
Master (Roche, Germany) in a single capillary 
tube according to the manufacturer’s guide-
lines for individual component concentrations 
as previously reported [26]. Forward and 
reverse primers were each designed based on 
individual exons of the target gene sequence to 
avoid amplifying genomic DNA.

During PCR, the probe was hybridized to its 
complementary single-strand DNA sequence 
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within the PCR target. As amplification occurred, 
the probe was degraded due to the exonucle-
ase activity of Taq DNA polymerase, thereby 
separating the quencher from reporter dye dur-
ing extension. During the entire amplification 
cycle, light emission increased exponentially. A 
positive result was determined by identifying 
the threshold cycle value at which reporter dye 
emission appeared above background.

Western blot analysis of bladder specimens 

Equal amounts (10-30 μg) of protein extracts 
from ischemic kidneys of the animals (n = 10 
for each group) were loaded and separated by 
SDS-PAGE using 7% or 12% acrylamide gradi-
ents. The membranes were incubated with 
monoclonal antibodies against matrix metallo-
proteinase (MMP)-9 (1:1000; Millipore, Biller- 
ica, MA, USA), and polyclonal antibodies against 
tumor necrosis factor (TNF)-α (1:1000; Cell 
Signaling, Danvers, MA, USA), nuclear factor 

(NF)-κB (1:600; Abcam, Cambridge, MA, USA), 
ADPH oxidase (NOX)-1 (1:1500; Sigma-Alrich, 
St. Louis, Mo, USA), NOX-2 (1:500; Sigma-Alrich, 
St. Louis, Mo, USA), interleukin (IL)-12 (1:500; 
Abcam, Cambridge, MA, USA), iNOS (1:250; 
Abcam Cambridge, MA, USA) and RANTES 
(1:1000, Cell signaling), MIF (1:1000; Abcam, 
Cambridge, MA, USA) and COX-2 (1:500; 
Abcam, Cambridge, MA, USA) were used. 
Signals were detected with horseradish peroxi-
dase (HRP)-conjugated goat anti-mouse, goat 
anti-rat, or goat anti-rabbit IgG.

The Oxyblot Oxidized Protein Detection Kit was 
purchased from Chemicon (S7150). Derivati- 
zation with 2,4-dinitrophenylhydrazine (DNPH) 
was carried out on 6 μg of protein for 15 min-
utes according to the manufacturer’s instruc-
tions. One-dimensional electrophoresis was 
carried out on 12% SDS/polyacrylamide gel 
after DNPH derivatization. Proteins were trans-
ferred to nitrocellulose membranes which were 

Figure 1. Protein expressions of inflammatory markers of smooth muscle cells under LPS stimulation and ECSW 
therapy (n = 6). A. The protein expression of matrix metalloproteinase (MMP)-9. *vs. other group with different 
symbols, p < 0.001. B. The protein expression of nuclear factor (NF)-κB. *vs. other group with different symbols, 
p < 0.001. C. The protein expression of tumor necrosis factor (TNF)-α. *vs. other group with different symbols, p < 
0.001. D. The protein expression of interleukin (IL)-1β. *vs. other group with different symbols, p < 0.001. E. The 
protein expression of IL-6. *vs. other group with different symbols, p < 0.001. All statistical analyses using one-way 
ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*, †, ‡) indicate significance (at 0.05 
level). SW = shock wave; LPS = lipopolysaccharide. 
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then incubated in the primary antibody solution 
(anti-DNP 1:150) for two hours, followed by 
incubation with the second antibody solution 
(1:300) for one hour at room temperature. The 
washing procedure was repeated eight times 
within 40 minutes. 

Immunoreactive bands were visualized by 
enhanced chemiluminescence (ECL; Amersham 
Biosciences), which was then exposed to Bio- 
max L film (Fuji). For quantification, ECL signals 
were digitized using Labwork software (UVP; 

Waltham, MA, USA). For oxyblot protein analy-
sis, a standard control was loaded on each gel.

Statistical analysis

Quantitative data are expressed as means ± 
SD. Statistical analyses were performed using 
SAS statistical software for Windows version 
8.2 (SAS Institute, Cary, NC) to conduct ANOVA 
followed by Bonferroni multiple-comparison 
post hoc test. A probability value of less than 
0.05 was considered statistically significant.

Figure 2. Protein expressions of reactive oxygen species and oxidative stress of smooth muscle cells under mena-
dione stimulation and ECSW therapy (n = 6). A. Protein expression of oxidative index (protein carbonyls). *vs. other 
group 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). DNP = 1-3 dinitrophenylhy-
drazone. B. The protein expression of NOX-1. *vs. other group with different symbols, p < 0.001. C. The protein ex-
pression of NOX-2. *vs. other group with different symbols, p < 0.001. All statistical analyses using one-way ANOVA, 
followed by Bonferroni multiple comparison post hoc test. Symbols (*, †, ‡) indicate significance (at 0.05 level). SW 
= shock wave; LPS = lipopolysaccharide. 



Shock wave therapy and acute interstitial cystitis

636 Am J Transl Res 2014;6(6):631-648

Figure 3. Urine appearance and 24 h urine amount and proteinuria (n = 6). A. Urine was noted more turbid in the 
acute interstitial cystitis (AIC) group than in the sham control (SC) and AIC-ECSW (extracorporeal shock wave) groups 
at 72 h after cyclophosphamide (CYP)-induced AIC. B. The 24 h urine volume by the end of 72 h among the three 
groups. *vs. other group with different symbols, p < 0.0001. C. The illustration of coomassie blue staining for iden-
tification of urine albumin. D. The statistically analytical results of 24 h proteinuria among the three groups. *vs. 
other group with different symbols, p < 0.0001. All statistical analyses using one-way ANOVA, followed by Bonferroni 
multiple comparison post hoc test. Symbols (*, †, ‡) indicate significance (at 0.05 level). SC = sham control; AIC = 
acute interstitial cystitis; ECSW = extracorporeal shock wave. 
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Results

The effect of ECSW on inhibiting inflamma-
tory reaction and the generations of reactive 
oxygen species and oxidative stress in smooth 
muscle cells (Figures 1 and 2) 

As expected, the results of in vitro studies dem-
onstrated that the protein expressions of 
MMP-9 (Figure 1A), TNF-α (Figure 1B), NF-κB 
(Figure 1C), IL-1β (Figure 1D), and IL-6 (Figure 
1E), four indicators of inflammatory biomarkers 
did not differ between control group and con-
trol + ECSW-treated group. These findings sug-
gest that ECSW therapy did not elicit the inflam-
matory reaction. However, these four biomar- 
kers were significantly higher in LPS-treated 
group than the controls that were significantly 
reversed after ECSW therapy. These findings 
exhibited that ECSW had ability of anti-infla- 
mmation. 

Additionally, the in vitro study showed that the 
oxidized protein (Figure 2A), an indicator of oxi-
dative stress and protein expressions of NOX-1 
(Figure 2B) and NOX-2 (Figure 2C), two indices 
of ROS and were similar between control group 
and control + ECSW-treated group. These find-
ings once again proved that ECSW therapy did 
not augment the generation of ROS and oxida-

tive stress. Conversely, these three parameters 
were significantly higher in menadione-treated 
group than the controls that were significantly 
reversed after ECSW therapy. These findings 
displayed that ECSW had property of attenuat-
ing the generation of ROS and oxidative stress. 

Urine appearance, urine amount and protein-
uria (Figure 3)

Urine was more turbid in the AIC group than in 
the SC and AIC-ECSW groups at 72 h after AIC 
induction (Figure 3A). Additionally, the 24 h 
urine volume was significantly higher in the AIC 
group than the other groups, and significantly 
higher in the AIC-ECSW group than the SC group 
(Figure 3B). Moreover, the 24 h proteinuria 
showed a similar pattern of urine volume 
among the three groups (Figure 3C and 3D). 
These findings suggest that ECSW therapy may 
effectively attenuate proteinuria and abnormal-
ly increased urine amount resulting in urinary 
urgency and frequency, and nocturia. 

Number of red blood cells in urine and the 
urine level of interleukin-6 (Figure 4)

The number of red blood cells/ml was signifi-
cantly higher in the AIC group than in the other 
groups, and significantly higher in the AIC-

Figure 4. Number of red blood bells in sporadic urine and the urine Level of interleukin-6 by 72 h after cyclophos-
phamide (CYP)-induced AIC (n = 6). A. The number of red blood cells/ml among three groups. *vs. other group with 
different symbols, p < 0.0001. B. Urine level of interleukin (IL)-6 among three groups. *vs. other group with different 
symbols, p < 0.001. All statistical analyses using one-way ANOVA, followed by Bonferroni multiple comparison post 
hoc test. Symbols (*, †, ‡) indicate significance (at 0.05 level). SC = sham control; AIC = acute interstitial cystitis; 
ECSW = extracorporeal shock wave. 
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Figure 5. Immunohistochemical (IHC) for identification of CD74+ cells and immunofluorescent (IF) staining for iden-
tification of CD68+ cells in urinary bladder at 72 h after AIC induction (n = 6). A to C. Microscopic (200x) finding 
of IHC staining for number of CD74+ cells (black arrows) infiltrated in bladder among three groups. D. Analytical 
results: *vs. other group with different symbols, p < 0.0001. Scale bars in right lower corner represent 50 µm. E to 
G. Microscopic (200x) finding of IF staining for number of CD68+ cells infiltrated in bladder among three groups. H. 
Analytical results: *vs. other group with different symbols, p < 0.0001. Scale bars in right lower corner represent 
50 µm. All statistical analyses using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. 
Symbols (*, †, ‡) indicate significance (at 0.05 level). SC = sham control; AIC = acute interstitial cystitis; ECSW = 
extracorporeal shock wave.

ECSW group than in the SC group (Figure 4A). 
Additionally, the urine level of IL-6, an indicator 
of inflammation, exhibited an identical pattern 
to the number of red blood cells (Figure 4B). 
These findings suggest that ECSW therapy can 
inhibit hematuria and inflammatory reaction. 

Microscopic findings of IHC and IF staining at 
72 h after AIC induction (Figures 5-7)

The results of IHC staining showed that the 
number of CD74+ cells infiltrated in bladder, a 
biomarker of inflammation, was significantly 
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higher in the AIC group than in the other two 
groups, and significantly higher in AIC-ECSW 
group than in the SC group (Figure 5A to 5D). 
Consistently, the results of IF staining revealed 

that the expression of CD68+ cells in the blad-
der, a typical acute inflammatory cell, was simi-
lar to the expression of CD74+ cells in the blad-
der among the three groups (Figure 5E to 5H). 

Figure 6. Immunofluorescent (IF) staining for identification of MIF+ and Cox-2+ cells in urinary bladder at 72 h after 
AIC induction (n = 6). A to C. Microscopic (200x) finding of IF staining for number of macrophage inhibitor factor 
(MIF)+ cells infiltrated in bladder among three groups. D. Analytical results: *vs. other group with different symbols, 
p < 0.0001. Scale bars in right lower corner represent 50 µm. E to G. Microscopic (200x) finding of IF staining for 
number of Cox-2+ cells infiltrated in bladder among three groups. H. Analytical results: *vs. other group with differ-
ent symbols, p < 0.0001. Scale bars in right lower corner represent 50 µm. I to K. Microscopic (200x) finding of IF 
staining for number of substance P+ cells infiltrated in bladder among three groups. L. Analytical results: *vs. other 
group with different symbols, p < 0.0001. Scale bars in right lower corner represent 50 µm. All statistical analyses 
using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*, †, ‡) indicate signifi-
cance (at 0.05 level). SC = sham control; AIC = acute interstitial cystitis; ECSW = extracorporeal shock wave. 
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The results of IF microscopic findings showed a 
significantly higher number of infiltrated MIF+ 
cells, an indicator of inflammation, in the AIC 
group than in the other two groups, and a sig-
nificantly higher number of infiltrated MIF+ cells 

in the AIC-ECSW group than in SC group (Figure 
6A to 6D). Additionally, the IF microscopic find-
ings showed that the expression of Cox-2+ cells 
(Figure 6E to 6H) and substance P+ cells 
(Figure 7A to 7D) in the bladder, another two 

Figure 7. IF microscopic finding of substance p and mRNA expression of inflammatory biomarkers in urinary blad-
der at 72 h after AIC induction (n = 6). A to C. Microscopic (200x) finding of IF staining for number of substance P+ 
cells infiltrated in bladder among three groups. D. Analytical results: *vs. other group with different symbols, p < 
0.0001. Scale bars in right lower corner represent 50 µm. E. The mRNA expression of CD74 in bladder among three 
groups. *vs. other group with different symbols, p < 0.001. F. The mRNA expression of CD68 in bladder among three 
groups. *vs. other group with different symbols, p < 0.001. G. The mRNA expression of Cox-2 in bladder among 
three groups. *vs. other group with different symbols, p < 0.0001. H. The mRNA expression of macrophage inhibi-
tor factor (MIF) in bladder among three groups. *vs. other group with different symbols, p < 0.0001. All statistical 
analyses using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*, †, ‡) indicate 
significance (at 0.05 level). SC = sham control; AIC = acute interstitial cystitis; ECSW = extracorporeal shock wave. 
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inflammatory mediators, were identical to the 
expression of MIF+ cells in the bladder among 
the three groups. These findings suggest that 
ECSW inhibited the infiltration of inflammatory 
cells in the bladder. 

mRNA expression of inflammatory biomarkers 
at 72 h after AIC induction (Figure 7)

To determine the transcription level of inflam-
mation at 72 h after AIC induction with and 

Figure 8. Protein expressions of inflammatory biomarkers in urinary bladder at 72 tissues of after AIC induction 
(n = 6). A. The protein expression of matrix metalloproteinase (MMP)-9. *vs. other group with different symbols, 
p < 0.001. B. The protein expression of interleukin (IL)-12. *vs. other group with different symbols, p < 0.001. C) 
The protein expression of tumor necrosis factor (TNF)-α. *vs. other group with different symbols, p < 0.001. D) 
The protein expression of nuclear factor (NF)-κB. *vs. other group with different symbols, p < 0.001. All statistical 
analyses using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*, †, ‡) indicate 
significance (at 0.05 level). SC = sham control; AIC = acute interstitial cystitis; ECSW = extracorporeal shock wave. 
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without ECSW therapy, RT-PCR of bladder spec-
imens was performed. Consistent with the 
expression of cellular level of inflammation, 
mRNA expression of CD74 (Figure 7E), CD68 

(Figure 7F), Cox-2 (Figure 7G) and MIF (Figure 
7H), four inflammatory biomarkers, were signifi-
cantly higher in AIC only than other two groups 
and significantly higher in the AIC-ECSW group 

Figure 9. Protein expressions of inflammatory and reactive oxygen species biomarkers in urinary bladder at 72 h 
after AIC induction (n = 6). A. Protein expression of RANTES. *vs. other group with different symbols, p < 0.001. B. 
Protein expression of inducible nitric oxide synthase (iNOS). *vs. other group with different symbols, p < 0.0001. C. 
Protein expression of NOX-1. *vs. other group with different symbols, p < 0.001. D. Protein expression of NOX-2. *vs. 
other group with different symbols, p < 0.001. All statistical analyses using one-way ANOVA, followed by Bonferroni 
multiple comparison post hoc test. Symbols (*, †, ‡) indicate significance (at 0.05 level). SC = sham control; AIC = 
acute interstitial cystitis; ECSW = extracorporeal shock wave.
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than in the SC group. These findings suggest 
that ECSW can reduce the inflammatory pro-
cess after AIC induction. 

Protein expression of inflammatory and ROS 
biomarkers, and oxidative stress at 72 h after 
aic induction (Figures 8-10)

To elucidate the translation levels of inflamma-
tion, ROS and oxidative stress at 72 h after AIC 
induction with and without ECSW therapy, the 
western blot of bladder tissue was performed. 
Mirroring the gene level expression profiles, the 
protein expression of MMP-9 (Figure 8A), IL-12 
(Figure 8B), TNF-α (Figure 8C) and NF-κB 
(Figure 8D), four inflammatory biomarkers, 
were significantly higher in the AIC group than 
in the other two groups, and significantly higher 
in the AIC-ECSW group than in the SC group. 
Furthermore, the protein expression of RANTES 
(Figure 9A) and iNOS (Figure 9B), another two 
inflammatory biomarkers, and NOX-1 (Figure 
9C) and NOX-2 (Figure 9D), two ROS biomark-
ers, showed identical expression patterns to 

the four inflammatory biomarkers above among 
the three groups. The expression of oxidized 
protein, an oxidative-stress index, also exhibit-
ed a pattern identical to that of ROS among the 
three groups (Figure 10). These findings, once 
again suggested that ECSW therapy ameliorat-
ed the generation of inflammation, ROS and 
oxidative stress in the AIC setting.  

Impact of ECSW on preserving collagen ex-
pression in the smooth muscle layer of the uri-
nary bladder and glycosaminoglycan expres-
sion in the epithelial layer, and on reducing the 
injury of epithelial layer (Figure 11)

To investigate whether ECSW therapy pre-
served collagen expression in the smooth mus-
cle layer of the urinary bladder, Sirius red stain 
was performed for each group of animals 
(Figure 11A to 11D). As expected, the integrity 
of collagen deposition area was substantially 
lower in the AIC group than in the other two 
groups, and significantly lower in AIC-ECSW 
group than in the SC group (Figure 11E to 11H). 

Figure 10. Protein expression of oxidative-stress biomarker in urinary bladder at 72 h after AIC induction (n = 6). Oxi-
dative stress (i.e., oxidized protein) in urinary bladder at 72 h after AIC induction. DNP = 1-3 dinitrophenylhydrazone; 
M.W. = molecular weight (Note: Right lane and left lane shown on upper panel represent control oxidized molecular 
protein standard and protein molecular weight marker, respectively). *vs. other groups with different symbols, p 
< 0.001. All statistical analyses using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. 
Symbols (*, †, ‡) indicate significance (at 0.05 level). SC = sham control; AIC = acute interstitial cystitis; ECSW = 
extracorporeal shock wave.
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Figure 11. Collagen expression in the smooth muscle layer of the urinary bladder and the injury of epithelial layer (n 
= 6). A to C. Microscopic findings (100 x) Sirius red stain for identification of collagen deposition in urinary bladder. 
The area of condensed collagen deposition in urinary bladder (white color) was notably higher in AIC groups than in 
other two groups. D. Analytic results: *vs. other groups with different symbols, p < 0.0001. Scale bars in right lower 
corner represent 100 µm. E to G. Microscopic findings (200 x) of IHC stain for identification of intensive expression 
of GAG in the epithelial layer of the bladder (pink color) and the results showed no differ among the three groups. 
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On the other hand, IHC stain demonstrated that 
the intensive expression of GAG in the epitheli-
al layer of the bladder did not differ among the 
three groups. However, the injury score of epi-
thelial layer was significantly higher in the AIC 
group than in the other two groups, and signifi-
cantly higher in AIC-ECSW group than in the SC 
group. 

(Figure 11E to 11H). These findings suggest 
that treatment with ECSW significantly pre-
served collagen deposition in the bladder and 
the integrity of the epithelial layer of bladder. 

Discussion

The present study, which investigated the 
potential impact of ECSW on reducing AIC in 
rat, provided several valuable implications. 
First, the in vitro results showed that ECSW 
therapy remarkably inhibiting inflammatory 
reaction and the productions of ROS and oxida-

tive stress. Second, ECSW treatment was sub-
stantially reduced the hematuria and the urine 
levels of proteinuria and IL-6. Third, the inflam-
matory response at the cellular, gene and pro-
tein levels were markedly reduced in the blad-
der after ECSW therapy. Finally, the generation 
of ROS and oxidative stress in bladder were 
suppressed, whereas the integrity of urinary 
bladder (i.e., including epithelial and smooth 
muscle layers) was preserved after ECSW 
therapy. 

Treating IC is still a formidable challenge for cli-
nicians. Several management strategies have 
been tried, including oral or intravesical pento-
san polysulphate (PPS) [27, 28], Cystoprotek 
therapy [29], intravesical hyaluronic acid 
administration [30], cyclosporine A therapy [31] 
and agents for inhibiting acute or chronic subu-
rothelial inflammation [33-35]. However, these 
therapies remain problematic due to limited 
effectiveness and/or serious side effects. One 

H. The analytical results of the injury score of epithelial layer: *vs. other groups with different symbols, p < 0.0001. 
Scale bars in right lower corner represent 50 µm. All statistical analyses using one-way ANOVA, followed by Bonfer-
roni multiple comparison post hoc test. Symbols (*, †, ‡) indicate significance (at 0.05 level). SC = sham control; AIC 
= acute interstitial cystitis; ECSW = extracorporeal shock wave.

Figure 12. Proposed mechanisms underlying the effects of extracorporeal therapy on protecting the urinary bladder 
from cyclophosphamide injury in a rat AIC model based on the findings of the present study. ECSW = extracorporeal 
shock wave; NOX = NADPH oxidase; MMP-9 = matrix metalloproteinases-9; IL-12 = interleukin 12; TNF-α = tumor 
necrosis factor-α; NF-κB = nuclear factor kappa-light-chain-enhancer of activated B cells; iNOS = inducible nitric 
oxide synthase; MIF = macrophage migration inhibitory factor; SP = substance P. 
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important finding in the present study was that 
the urine amount was increased in AIC animals 
in comparison with SC animals and this symp-
tom was remarkably reduced in AIC animals 
after receiving ECSW therapy. Additionally, not 
only the urine amount, but also hematuria and 
proteinuria and number of red blood cells in the 
urine were increased in AIC animals without 
treatment and these symptoms were signifi-
cantly reduced in AIC animals after application 
of ECSW therapy. Furthermore, the inflamma-
tory cytokine IL-6 level in urine was increased in 
AIC and significantly reduced after ECSW thera-
py. Urinary urgency and frequency associated 
with increase of urine amount and pathological 
findings of sub-urothelial inflammation, hema-
turia and proteinuria are common symptoms/
signs in IC patients [1-14, 28-39]. ECSW thera-
py significantly reduced these pathological pro-
cesses in rat urinary bladder. Therefore, our 
findings extend the findings reported in previ-
ous studies [1-14, 27-39]. 

Although the exact mechanisms of IC is not fully 
understood, both inflammation [6, 7, 38, 39] 
and immune response [35-37, 39] have been 
proposed to have key roles in disease patho-
genesis. In this study inflammatory biomarkers, 
not only in gene level, but also at the protein 
and cellular levels were enhanced in AIC ani-
mals as compared with SC animals. Our find-
ings, therefore, support the findings of clinical 
observational studies [6, 7, 35-39]. Of particu-
lar importance is that ESCW substantially sup-
pressed the expressions of these inflammatory 
biomarkers in the urinary bladder. These find-
ings, in addition to extending the findings of the 
previous studies, highlight the possibility of the 
clinical application of ECSW in IC patients who 
have a poor response to conventional therapy. 

It is well recognized that ROS and oxidative 
stress, manifested as the production of free 
radicals, mitochondrial damage, organ dam-
age, smooth muscle cell proliferation, cellular 
apoptosis and program of cell death frequently 
participate in many pathologies [17, 25, 26, 
40]. Two essential findings in the present study 
are that as compared with SC, ROS and oxida-
tive stress were substantially higher in AIC ani-
mals. These results may, at least in part, explain 
why integrity of collagen deposition in the uri-
nary bladder and the epithelial layer of urinary 
bladder were significantly reduced in AIC ani-
mals. Intriguingly, these parameters were nota-

bly preserved after ECSW therapy further sup-
porting the benefits of ECSW in the AIC set- 
ting. 

The principal finding in the in vitro study was 
that the ECSW therapy substantially ameliorat-
ed the inflammatory reaction and the genera-
tions of ROS and oxidative stress. Our findings 
not only delineated the mechanistic basis of 
ECSW therapy but also powerfully supported 
for why ECSW therapy was effective for AIC in 
rat. 

Study limitations 

The present study has several limitations. First, 
this study only investigated the effect of ECSW 
on an experimental model of AIC. Therefore, the 
long-term effect of ECSW on chronic IC is still 
unclear. Second, this study did not measure the 
bladder pressure or perform any urodynamic 
test. Thus, we cannot provide any urodynamic 
parameters such as the bladder function or 
urodynamic stress incontinency. Third, although 
the results are promising, the mechanisms 
underlying the benefit of ECSW therapy other 
than anti-inflammation and anti-oxidative 
stress on AIC remain unclear. The proposed 
mechanisms by which application of ECSW on 
improve the outcome of AIC are summarized in 
Figure 12. 

In conclusion, ECSW therapy markedly improved 
rat AIC mainly through inhibition of inflamma-
tion, collagen deposition and fibrosis, as well as 
inhibition of the generation of ROS and oxida-
tive stress in the urinary bladder which reduced 
hemturia, proteinuria and urine-rich potass- 
ium. 
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