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Abstract 

Diabetic bladder dysfunction (DBD) affects 80% of diabetic patients, especially women. Yet, the 
management of DBD remains inconclusive. Building on our previous findings in animal models, 
low-intensity extracorporeal shock wave therapy (Li-ESWT) seems to be a promising potential therapy 
for DBD. However, the molecular mechanisms underlying the therapeutic effect of Li-ESWT on DBD still 
need to be clarified. To elucidate the molecular pathways involved in the therapeutic effect of Li-ESWT 
on DBD, a diabetic rat model was established using a high-fat diet in combination with streptozotocin 
(STZ) induction. Female Sprague-Dawley rats were randomly assigned to three groups: control, diabetes 
mellitus (DM), and DM treated with Li-ESWT for four weeks. To induce diabetes, the rats received a 
high-fat diet followed by two intraperitoneal injections of STZ (30 mg/kg), administered one week apart. 
Li-ESWT was delivered once weekly for four weeks, using an energy flux density of 0.03 mJ/mm², 500 
shocks per session, at a frequency of 3 Hz. Our findings indicate that Li-ESWT significantly ameliorates 
pathological bladder changes, including muscle atrophy, apoptosis, and fibrosis, in diabetic rats. The 
expression of α-smooth muscle actin, a key component of the smooth muscle cytoskeleton, was 
markedly reduced in diabetic bladders but was partially restored following Li-ESWT treatment. 
Additionally, elevated levels of cleaved caspase-3, transforming growth factor-β1, and collagen I observed 
in diabetic bladders were attenuated by Li-ESWT. In summary, Li-ESWT exerts restorative effects on the 
detrusor smooth muscle, suggesting its potential to reverse structural and functional abnormalities in 
diabetic bladder dysfunction. 
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Introduction 
 Diabetes mellitus (DM) is a chronic metabolic 

disorder characterized by persistently elevated 
glucose levels in the bloodstream. It adversely 
impacts the lower urinary tract and causes diabetic 
bladder dysfunction (DBD) in over 80% of patients, 

with a higher prevalence in women [1-3]. DBD has 
been proposed predominantly through 
hyperglycemia-induced cellular oxidative stress and 
inflammation, which leads to several pathological 
changes, including neuronal damage, altered 
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urothelial function, and changes in smooth muscle 
structure [1,4-8]. These pathological changes cause 
diminished bladder filling sensation and poor 
contractility, and may consequently result in an 
increased post-void residual urine, predisposing to 
infections, lithiasis, or renal damage [1,4-8].  

Currently, the management of DBD remains 
inconclusive. In addition to current medications for 
the management of hyperglycemia, some 
guideline-recommended treatments of lower urinary 
tract dysfunction (LUTD), such as α1-adrenoceptor 
antagonists, 5α-reductase inhibitors, 
phosphodiesterase type 5 inhibitors, muscarinic 
receptor antagonists, and β3‑Adrenoceptor agonists, 
have been tested in diabetic patients and animals [8]. 
In most of these cases, the tested medications showed 
a certain degree of comparable efficacy in treating 
DBD [8]. Nevertheless, these classic medications still 
have some limitations and adverse effects [8].  

Low-intensity extracorporeal shock wave 
therapy (Li-ESWT) is a non-invasive treatment 
modality that employs low-intensity shock waves to 
stimulate cellular proliferation and repair in body 
tissues. It has been applied across a diverse range of 
medical conditions. Additionally, in the urological 
domain, research has explored its use for treating 
erectile dysfunction, penile curvature, prostatitis, and 
pelvic pain [9-11]. Pertaining to DBD, we have 
demonstrated that Li-ESWT significantly enhances 
urinary system function and alleviates lower urinary 
tract symptoms using diabetic rat models [12,13]. In 
our previous studies, conscious urodynamic 
examinations revealed marked improvements in 
urinary function in the Li-ESWT-treated diabetic rats, 
characterized by extended urination intervals and 
increased leak point pressure. These improvements 
were noted regardless of the presence of overactive 
bladder or detrusor underactivity in the subjects 
[12,13]. However, the underlying molecular basis of 
the treatment remains unclear.  

Several pathogenic mechanisms have been 
proposed for DBD, with the most frequently cited 
including oxidative stress within bladder tissues, 
apoptosis in bladder cells, fibrosis of bladder walls, 
and atrophy of bladder muscles [1,4-6,14-16]. The 
interactions among these factors are complex and 
often reciprocal, suggesting a multifactorial causative 
framework. In this study, we aimed to extend our 
previous studies and further explore the therapeutic 
mechanisms of Li-ESWT in DBD based on these 
potential factors. 

Materials and Methods 
Reagents and antibodies 

Streptozotocin (Catalog no. S0130), neutral 
buffered 10% formalin solution (Catalog no. 
HT501320), and Masson’s Trichrome staining kit 
(Catalog no. HT15-1KT) were purchased from 
Sigma-Aldrich Inc. (St. Louis, MO, USA). Isoflurane 
was bought from Panion & BF Biotech Inc. (Animal 
drug no. 08547; Taipei City, Taiwan). Rat insulin 
ELISA kits (Catalog no. ERINS), RIPA Lysis and 
Extraction Buffer (Catalog no. 89901), and Pierce™ 
BCA Protein Assay kits (Catalog no. 23227) were 
purchased from Thermo Fisher Scientific Inc. 
(Waltham, MA, USA). Dako REALTM EnVision 
Detection System (Peroxidase/DAB, Rabbit/Mouse, 
Catalog no. K5007) was bought from Agilent (Santa 
Clara, CA, USA). In situ BrdU-Red DNA 
Fragmentation (TUNEL) assay kit (Catalog no. 
ab66110) was bought from Abcam Limited 
(Cambridge, UK). Green fluorescence secondary 
antibody (CF® 488A Goat Anti-Rabbit IgG (H+L), 
Catalog no. 20012) was purchased from Biotium Inc. 
(Fremont, CA, USA). The cOmplete™ Protease 
Inhibitor Cocktail (Catalog no. 11697498001) was 
bought from Roche Applied Science (Rotkreuz, 
Switzerland). The primary antibodies, including 
TGF-β, Collagen I, 4-HNE, MYH2, MAFbx (Catalog 
no. ab215715, ab260043, ab46545, ab124937, ab168372, 
respectively) were purchased from Abcam. 
Alpha-SMA (#19245s), BCL2 (#15071s), and 
Caspase-3 (#9662s) antibodies were bought from Cell 
Signaling Technology, Inc. (Danvers, MA, USA). 
MyoD (Catalog no. Sc377460) and Bax (Catalog no. 
Sc7480) antibodies were bought from Santa Cruz 
Biotechnology, Inc. (Dallas, Texas, USA). MDA 
(Catalog no. MAB16488) primary antibody was 
purchased from Abnova (Taipei City, Taiwan). 
Collagen III (Catalog no. GB111629) primary antibody 
was purchased from Servicebio (Wuhan, China). 

Animals and experimental design 
According to previous research that applied 

STZ-induced DM rat models, post-diabetes 
development in rats is associated with symptoms 
indicative of an overactive bladder (OAB) or reduced 
detrusor function; in some cases, there is a complete 
loss of bladder contractility [6,12,13,17]. Thus, the 
STZ-induced DM animal model is an ideal method for 
exploring DBD therapeutic strategies. 

A total of 18 eight-week-old female 
Sprague-Dawley (SD) rats (175-200 g) were purchased 
from BioLASCO Taiwan Co., Ltd. (Charles River 
Taiwan Ltd., Taipei City, Taiwan). The rats were 
maintained in an air-conditioned room at 22 ± 2°C and 
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50-70% humidity on a 12-hour light/dark cycle with 
unlimited access to food and water, and they were 
housed at the Center for Laboratory Animals in 
Kaohsiung Medical University. All animal 
experiments followed the guidelines of the 
Institutional Animal Care and Use Committee 
(IACUC) of Kaohsiung Medical University (approval 
number: IACUC-107191). The animal facility is 
accredited by the Association for Assessment and 
Accreditation of Laboratory Animal Care 
International (AAALAC International). 

The rats were randomly divided into a chow-diet 
group (Con; n=6), a diabetic group (DM; n=6), and a 
diabetic treated with Li-ESWT group (DM+LE; n=6). 
In the control group, the rats were fed a regular chow 
diet (CD) consisting of 11% fat, 65% carbohydrate, 
and 24% protein (Maintenance diet 1320, Altromin 
Spezialfutter GmbH & Co. KG, Germany). The rats in 
both the DM group and the DM+LE group were fed a 
high-fat diet (HFD) consisting of 45% fat, 35% 
carbohydrate, and 20% protein (catalog no. D12451, 
Research Diets, Inc., New Brunswick, NJ, USA.). After 
being fed with the high-fat diet for four weeks, the 
rats in the DM and DM+LE groups were induced to 
develop diabetes, followed by two intraperitoneal 
injections of low-dose streptozotocin (STZ) at 30 
mg/kg separated by one week. Body weight, water 
consumption, and blood glucose levels were 
monitored weekly. The blood glucose from the rat tail 
tip was detected by an ACCU-CHEK blood glucose 
meter (Roche Diagnostics, Rotkreuz, Switzerland).  

All the rats were sacrificed after four weeks of 
Li-ESWT treatment. They were anesthetized by 
inhalation of 5% isoflurane in oxygen, and then their 
blood was collected from the hearts at the time of 
sacrifice. The blood samples were centrifuged at 3,000 
rpm for 15 minutes, and the supernatant plasma was 
stored in a -20°C freezer. Plasma insulin levels were 
measured using the Rat Insulin ELISA kit. A Roche 
Cobas Integra 400 Chemistry Analyzer (Roche 
Diagnostics, Rotkreuz, Switzerland) was used to 
measure plasma glucose levels. One portion of the 
bladder tissues was collected and then stored in a -80 
°C freezer for protein expression analysis using 
western blotting. The other portions of the bladder 
tissues were fixed in 10% formalin for observing 
morphology and immunohistochemistry staining.  
 

Low-intensity extracorporeal shockwave 
therapy (Li-ESWT) 

 Instrumentation used in this study was the 
DUOLITH SD1 T-TOP focused shock wave system 
(Storz Medical AG, Thurgau, Switzerland). The 
treatment for the DM+LE group was initiated one 

week after the second STZ injection, and maintained 
for four weeks with the following energy parameters: 
energy flux density (EFD) of 0.03 mJ/mm2, 500 shocks 
at 3Hz frequency, once a week. The rats were 
anesthetized with 3-5% isoflurane in oxygen for 
induction and 1.5-2.5% isoflurane with 0.5-1.5 ml/min 
oxygen for maintenance, placed in a supine position, 
and the lower abdomen was shaved. Ultrasound gel 
was applied to ensure contact between the Li-ESWT 
probe and the skin. Following the completion of 
Li-ESWT, all rats were sacrificed, and blood and 
bladder samples were collected.  

Observation of bladder morphology and 
collagens 

The morphological changes in the bladders were 
observed using Hematoxylin and Eosin (H&E) 
staining. The formalin-fixed bladder tissues were 
sliced into 5 µm tissue sections for H&E staining that 
was performed by Bio-Check Laboratories Ltd. (New 
Taipei City, Taiwan). For measuring tissue fibrosis, 
the rehydrated formalin-fixed bladder tissue sections 
were stained using Masson’s Trichrome staining kit. 
Immunohistochemistry (IHC) staining was applied to 
detect collagen I and collagen III expressions. After 
the formalin-fixed bladder tissue sections were 
rehydrated and blocked, the collagen I (1:150 dilution) 
or collagen III (1:250 dilution) primary antibody was 
added to cover the tissue sections and incubated at 4 
°C overnight. After washing out the primary 
antibody, the REALTM EnVision Detection System 
(Peroxidase/DAB, Rabbit/Mouse) was applied for 
chromogenic detection. These staining results were 
observed under the EVOS M5000 Imaging System 
fluorescence microscope (Thermo Fisher Scientific 
Inc.) and quantified using ImageJ software (a 
public-domain Java image processing and analysis 
program developed at the National Institutes of 
Health, USA; https://imagej.nih.gov/ij/). 

TUNEL assay and immunofluorescent staining 
Terminal deoxynucleotidyl transferase dUTP 

nick end labeling (TUNEL) assay was used to detect 
apoptosis, and alpha-smooth muscle actin (αSMA) 
immunofluorescent (IF) staining was used to locate 
detrusor smooth muscles in the bladders. After the 
formalin-fixed bladder tissue sections were 
rehydrated and blocked, the tissues were incubated in 
the α-SMA first antibody solution with an antibody 
dilution of 1:250 at room temperature for 1 hour. After 
washing out the first antibody, the tissue sections 
were incubated with the green 
fluorescence-conjugated secondary antibody (CF® 
488A Goat Anti-Rabbit IgG (H+L)) at room 
temperature for 10 minutes. Then, the DNA 
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fragmentation in apoptotic cells was stained in red 
using the in situ BrdU-Red DNA Fragmentation 
(TUNEL) assay kit following the protocol of the 
supplier. The images were observed under the EVOS 
M5000 Imaging System fluorescence microscope and 
quantified using ImageJ software. 

Protein extraction and western blotting 
 To evaluate the protein expression in the 

bladder, the bladder was homogenized and lysed in 
the RIPA Lysis and Extraction Buffer supplemented 
with cOmplete™ Protease Inhibitor Cocktail. The 
protein concentrations were measured using a 
Pierce™ BCA Protein Assay kit. Tissue lysates were 
loaded and separated on 7.5% or 10% sodium dodecyl 
sulfate (SDS)-polyacrylamide gels and transferred 
onto polyvinylidene difluoride (PVDF) membranes. 
After being transferred to the PVFD membranes, 
proteins of interest were detected by their primary 
antibodies. Finally, the blot images were quantified 
using ImageJ software. 

Statistical analysis 
 Data are presented as the mean ± standard error 

of measurement (SEM). To detect significant 
differences among the three groups, statistical 
analyses on unpaired data using one-way analysis of 
variance (ANOVA) followed by Tukey’s multiple 
comparisons test were performed. A p-value of 0.05 or 
less was considered statistically significant. All 
statistical analyses were conducted using GraphPad 
Prism 10 (GraphPad Software Inc., San Diego, CA, 
USA). 

Results 
Body weight and biochemistry data 

Figure 1A shows the scheme of the animal 
experiment. At the beginning of the study, after the 
4-week CD or HFD feeding, and to the endpoint of the 
experiment, there were no significant differences in 
the body weights of rats across the three groups (Fig. 
1B, 1C). After the two dosages of STZ injection, the 
rats developed significant diabetes, and the tail-tip 
blood glucose reached and maintained around 500 to 
600 mg/dL (Fig. 1D, 1E) for the rest experimental 
period. Due to the high blood glucose, mortality was 
noted with two rats from the DM group (remaining 
n=4) and one from the DM+LE group (remaining 
n=5). At the endpoint, the plasma glucose levels were 
significantly increased, but the plasma insulin levels 
were decreased in DM and DM+LE groups (Fig. 1F, 
1G). Li-ESWT did not show any influence on body 
weight, glucose, and insulin levels (Fig. 1C, 1F, 1G). 
These results consistently demonstrate the successful 

induction of a type 2 diabetes model, reflecting similar 
pathophysiological mechanisms in humans. 

Li-ESWT prevents detrusor smooth muscle 
atrophy induced by diabetes 

Upon necropsy of the rats from the three groups, 
noticeable bladder enlargement was observed in the 
DM rats, suggesting that initial bladder lesions were 
caused by high blood glucose (Fig. 2A). Conversely, 
the bladders of rats in the DM+LE group 
demonstrated a lessened degree of enlargement (Fig. 
2A). Histological examination via H&E staining 
revealed that the mucosal surface of the control group 
was covered by urothelial epithelium, approximately 
one to two cell layers thick, with many prominent 
folds (Fig. 2B). Connective tissue was confined to the 
core of the mucosal folds. In diabetic bladders, 
however, there was an enlargement in the diameter of 
the submucosal lumen, reduced and smoother 
mucosal folds, and no significant change in the 
thickness of the urothelial epithelium (Fig. 2B). 
Additionally, there was noticeable atrophy of the 
bladder detrusor smooth muscles (Fig. 2B, 2C). 
Compared to the diabetic bladders of the DM group, 
the bladders of the DM+LE group displayed many 
prominent folds, and the detrusor smooth muscle 
mass was akin to that of the control group (Fig. 2B, 
2C).  

 To understand why the detrusor smooth muscle 
atrophy occurred under the diabetic condition, we 
observed the expression of cytoskeleton and muscle 
atrophy proteins. As shown in Figures 2D and 2E, the 
protein level of αSMA was decreased in the DM 
bladder, but the decrease was reversed by Li-ESWT. 
The protein level of myogenic differentiation marker 
MyoD was not influenced in the DM group, but it was 
increased in the DM+LE group. Muscle atrophy F-box 
(MAFbx/atrogin-1) protein levels were significantly 
upregulated in both the DM and DM+LE groups, but 
the upregulation was remarkably higher in the 
DM+LE group (Fig. 2D, 2E). 

Li-ESWT diminished detrusor smooth muscle 
apoptosis induced by diabetes 

We further investigated how the bladder muscle 
underwent atrophy in the diabetic condition. We first 
used smooth muscle cell cytoskeleton protein αSMA 
to identify the detrusor smooth muscle regions in the 
bladder tissues. We found that not only the area of 
muscle but also the quantity of αSMA in muscle fibers 
was decreased in the DM group (Fig. 3A, 3B). The 
decreases in smooth muscle area and αSMA were 
partially prevented by Li-ESWT (Fig. 3A, 3B). The loss 
of detrusor smooth muscle in the diabetic bladder 
may be caused by the high-glucose-induced 
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programmed cell death, since we observed significant 
apoptotic cells in the bladder of the DM group. 
Li-ESWT significantly lessened cell apoptosis in the 
bladder of diabetic rats (Fig. 3A, 3C). 

Apoptosis is a programmed cell death regulated 
by the Bcl-2 family and caspase family of proteins 
[18,19]. The expression of pro-apoptotic protein Bax 
was significantly elevated in the bladder tissue of the 
DM group compared to that of the control group rats, 
while the protein level of Bax in the DM+LE group 
was remarkably lower than those in the control and 
DM groups (Fig. 3D, 3E). Nevertheless, the levels of 

anti-apoptotic protein Bcl-2 were no different between 
the control and the DM groups (Fig. 3D, 3E). 
Following the treatment of Li-ESWT, the protein level 
of Bcl-2 was significantly reduced compared to those 
in the control and the DM groups (Fig. 3D, 3E). 
Caspase-3 is one of the executioner caspases in the 
process of apoptosis and is activated via cleavage of 
the pro-protein [19]. We observed that caspase-3 and 
cleaved caspase-3 protein levels were significantly 
increased in the diabetic bladders, but the high levels 
of caspase-3 and cleaved caspase-3 proteins were 
reversed by Li-ESWT (Fig. 3D, 3E). 

 

 
Figure 1. Changes in body weight, blood glucose, and insulin. (A) Scheme of the diabetic bladder dysfunction animal model; (B) Weekly body weight; (C) Endpoint body weight; 
(D) Endpoint blood glucose from tail-tips; (E) Weekly blood glucose from tail-tips; (F) Endpoint plasma glucose from hearts; (G) Endpoint plasma insulin from hearts. Con: control 
group (n=6); DM: HFD+STZ induced diabetic group (n=4); DM+LE: DM with Li-ESWT (n=5). Data are mean ± SE; a: p<0.05; c: p<0.001.  
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Figure 2. Effects of Li-ESWT on the morphology and muscle-related protein expression in the rat bladders. (A) Bladders of the rats. (B) The representative images of bladder 
hematoxylin and eosin (H&E) staining of the rats. Scale bar = 300 µm; black arrow: transitional epithelium; green arrow: submucosa; DSM: detrusor smooth muscle. (C) The 
representative images of detrusor smooth muscle H&E staining of the rat bladders. Scale bar = 150 µm. (D, E) The representative immunoblotting images and the quantified 
results of αSMA, MyoD, Atrogin-1, and GAPDH protein expression. Con: control group (n=6); DM: HFD+STZ induced diabetic group (n=4); DM+LE: DM with Li-ESWT (n=5); 
G: GAPDH. Data are mean ± SE; b: p<0.01; c: p<0.001. 

 
Li-ESWT decreased the bladder oxidative 
stress induced by diabetes 

Excessive oxidative stress that can induce 
apoptosis is one underlying cause of diabetic bladder 
dysfunction [5,20]. As shown in Figure 5, diabetes 
exacerbates oxidative stress within the bladder. In the 
DM group, the levels of oxidative stress markers, 
4-hydroxynonenal (4-HNE) and malondialdehyde 
(MDA), were significantly higher compared to those 
in the control group (Fig. 4). Following the treatment 
of Li-ESWT, these markers showed a substantial 
reduction in the diabetic bladder, with both indicators 

achieving significant decreases (Fig. 4). 

Li-ESWT mitigated fibrosis and collagen 
deposition in the bladders of diabetic rats 

Increased bladder wall fibrosis is related to DBD 
[16,21]. Our results of Masson’s Trichrome staining 
revealed a substantial quantity of collagen fibers that 
filled the interstitial spaces in the bladder smooth 
muscle of the DM group. Compared to the control 
group, the diabetic bladders exhibited a significant 
increase in the amount of fibrotic area surrounding 
the muscle layer (Fig. 5A, 5B). After four weeks of 
Li-ESWT, the fibrotic area surrounding the muscle 
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layer in the bladder of the DM+LE group was 
markedly reduced compared to that of the DM group 
(Fig. 5A, 5B).  

Transforming growth factor-beta 1 (TGF-β1) is a 
master regulator of fibrosis resulting from the 
deposition of extracellular matrix proteins such as 
collagens [22]. As shown in Figures 5C and 5D, the 
protein expressions of TGF-β1 and collagen I were 
significantly elevated in the bladder of the diabetic 

rats. Conversely, in the rats treated with Li-ESWT, the 
expressions of TGF-β1 and collagen I in the bladder 
were significantly reduced compared to those of the 
untreated diabetic rats (Fig. 5C, 5D). Even though 
there was an increased trend in the DM group, the 
levels of collagen III protein did not demonstrate 
significant differences among the control, DM, and 
DM+LE groups.  

 

 
Figure 3. Effects of Li-ESWT on cell apoptosis and αSMA and apoptosis-related protein expressions in the rat bladders. (A) The representative images of the detrusor smooth 
muscle identified by αSMA and apoptotic cells detected by TUNEL assay in the bladders. Scale bar = 150 µm; green fluorescence: αSMA; red fluorescence: apoptotic cells; blue 
fluorescence: cell nuclei stained with DAPI. (B) The quantified data of αSMA. (C) The quantified data for apoptotic cells. (D, E) The representative immunoblotting images and the 
quantified data of Bax, Bcl-2, caspase-3, cleaved-caspase-3, and GAPDH protein expression. Con: control group (n=6); DM: HFD+STZ induced diabetic group (n=4); DM+LE: DM 
with Li-ESWT (n=5); G: GAPDH. Data are mean ± SE; a: p<0.05; b: p<0.01; c: p<0.001. 
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Figure 4. Effects of Li-ESWT on oxidative stress in the rat bladders. (A, B) The representative immunoblotting images and the quantified data of two oxidative stress biomarkers, 
4HNE and MDA. Con: control group (n=6); DM: HFD+STZ induced diabetic group (n=4); DM+LE: DM with Li-ESWT (n=5); G: GAPDH. Data are mean ± SE; c: p<0.001. 

 

 
Figure 5. Effects of Li-ESWT on fibrosis and fibrotic-related protein expression in the rat bladders. (A) The representative images of Masson’s Trichrome staining. Scale bar = 
300 µm. (B) The representative images of Masson’s Trichrome staining in the detrusor smooth muscle. Scale bar = 150 µm; blue color indicates fibrosis area. (C) The quantified 
data of the fibrotic area. (D, E) The representative immunoblotting images and the quantified data of TGFβ1, collagen I, collagen III, and GAPDH protein expression. Con: control 
group (n=6); DM: HFD+STZ induced diabetic group (n=4); DM+LE: DM with Li-ESWT (n=5); G: GAPDH. Data are mean ± SE; b: p<0.01; c: p<0.001. 
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Figure 6. Effects of Li-ESWT on collagen I and collagen III in the rat bladders. (A) The representative images of immunohistochemistry for collagen I. (B) The representative 
images of immunohistochemistry for collagen III. Scale bar = 50 µm; black arrow: transitional epithelium; blue arrow: lamina propria; red arrow: submucosa; DSM: detrusor 
smooth muscle; brown color indicates positive staining of collagen I or collagen III; Con: control group; DM: HFD+STZ induced diabetic group; DM+LE: DM with Li-ESWT.  

 
Abnormal deposition or arrangement of type III 

collagen fibers was reported to have an impact on 
normal bladder function [23]. Thus, we used IHC to 
observe type I and type III collagen fibers. As shown 
in Figure 6A, only a very small quantity of collagen I 
was present in the transitional epithelium, lamina 
propria, submucosa, and detrusor smooth muscle 
layer of the bladder in the control group. In contrast, 

collagen I-positive staining was substantially 
increased in the transitional epithelium, lamina 
propria, submucosa, and interstitial spaces 
surrounding the detrusor smooth muscle bundles of 
the bladder in the DM group, but the increase was 
remarkably diminished in the DM+LE group (Fig. 
6A). 
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Figure 7. Summary of the effects of Li-ESWT on treating diabetic bladder dysfunction. (Created in BioRender. Hsieh, T-J). 

 
Type III collagen fibers demonstrated a very 

different pattern than type I collagen fibers in the 
bladder wall (Fig. 6B). Collagen III-positive staining 
was not present in the transitional epithelium, but it 
was present in the lamina propria, submucosa, and 
interstitial spaces surrounding the detrusor smooth 
muscle bundles of the bladder. The quantity of 
collagen III fibers was not significantly different in the 
lamina propria and submucosa areas among the three 
groups. However, we observed a substantial amount 
of type III collagen fibers in the interstitial spaces 
surrounding the atrophic detrusor smooth muscle 
bundles in the diabetic bladder, but the increased type 
III collagen fibers were diminished by Li-ESWT (Fig. 
6B). 

Discussion 
Persistent hyperglycemia, known as diabetes, is 

one of the most prevalent metabolic disorders 
globally. Clinical studies have indicated that 
long-term diabetes can result in DBD. This condition 
encompasses a range of complications such as 
impaired bladder sensory function, reduced 
contractility of the bladder micturition muscle, 
increased bladder capacity, and elevated residual 
urine volume post-urination [1-5]. These alterations 
significantly deteriorate the patient's quality of life. 
However, DBD currently lacks a unified classification 
scheme and a clear mechanism, which increases the 
difficulty of clinical treatment and limits the 
development of pathophysiology-based strategies for 
DBD [1,8].  

Collective literature has suggested that the 
primary drivers of DBD include detrusor smooth 
muscle dysfunction, urothelial dysfunction, 
autonomic neurologic dysfunction, and circulating 
and systemic factors such as inflammation, oxidative 
stress, and microvascular damage [1,5,8,14,15,20]. In 
the clinical setting, the management of diabetes and 
guideline-recommended medications for non-diabetic 
LUTD are the primary considerations for treating 
DBD [8]. Recently, several emerging treatments that 
target LUTD pathophysiological changes in diabetes 
and nonpharmacological interventions have also been 
proposed in human and animal studies [8,12,13]. Our 
previous pre-clinical findings have demonstrated that 
Li-ESWT effectively mitigated DBD via restoration of 
the nerve expression of the urethra, and the muscle 
content and vascularization of the bladder [12,13]. 
Li-ESWT offers significant benefits due to its low side 
effects and non-invasive nature. Various mechanisms 
have been proposed to underlie the therapeutic effects 
of Li-ESWT, including angiogenesis, tissue 
regeneration, nerve regeneration, stem cell activation, 
and anti-inflammatory actions [24-26]. Despite these 
findings, the specific mechanisms by which Li-ESWT 
benefits DBD remain elusive. Thus, further 
investigation into the underlying principles of this 
promising treatment is crucial.  

In the experimental setup, while numerous 
researchers have developed various animal models to 
simulate type 2 diabetes, models that rely solely on a 
single high-dose induction method may not 
adequately reflect the human condition. In this 
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context, a modified rat model that combines an HFD 
with multiple low-dose injections of STZ has been 
shown to mimic the natural history and metabolic 
characteristics of human type 2 diabetes closely 
[27,28]. Leveraging our prior experience, we 
successfully induced type 2 diabetes in rats using this 
approach, setting the stage for subsequent 
experiments involving Li-ESWT. Through this 
approach, our previous results demonstrated that all 
the DM rats presented abnormal voiding function 
measured by conscious cystometry. In these DM rats, 
60% of them had overactive bladders, 20% had 
underactive bladders, and 20% had acontractile 
bladders [12]. Nitric oxide (NO) that is produced by 
neuronal nitric oxide synthases (nNOS) can induce 
relaxation of the urethral longitudinal smooth muscle 
and control urinary continence [29,30]. In the urethra 
of DM rats, we revealed that the expression of nNOS 
was significantly decreased and presynaptic 
sympathetic innervation in the longitudinal smooth 
muscle was significantly increased, which might 
result in the imbalance of muscle coordination in the 
lower urinary tract and cause DBD and urinary 
incontinence in the DM rats [12]. By contrast, the DM 
rats treated with Li-ESWT showed significant 
increases in the percentage of these rats with normal 
voiding patterns, longer micturition intervals, and 
larger leak point pressure, indicating that Li-ESWT 
ameliorated diabetes-induced LUTD and urinary 
incontinence [12]. In the current study, we found that 
considerable atrophy of detrusor smooth muscles was 
present in the diabetic bladder, and the expression of 
cytoskeleton protein αSMA was decreased. The 
change in the properties of the detrusor myocytes has 
been suggested as a necessary prerequisite causing 
unstable pressure in bladders [30,31]. αSMA is a key 
actin isoform in the bladder smooth muscle and is 
essential for functional contractility of the bladder 
wall, which has been demonstrated by the αSMA-null 
mouse model [30,32]. Thus, decreased expression of 
αSMA has been linked to hindering the contractile 
function of bladders [30,32]. In addition, αSMA was 
indicated to involve cell differentiation and turnover 
in the development of detrusor smooth muscles [33]. 
MyoD, a member of the myogenic regulatory factor 
(MRF) family of myogenic regulators, regulates 
myoblast differentiation and has been used as a 
marker of smooth muscle differentiation in bladder 
regeneration models [33,34]. Even though the 
ubiquitin E3 ligase atrogin-1 is well-known to mediate 
skeletal muscle atrophy [36,37], a few studies showed 
that atrogin-1 can promote myotube formation and 
increase smooth muscle contractility by degrading 
myocardin [37,38]. Myocardin, a co-transcriptional 
activator, works together with the serum response 

factor to stimulate the expression of contractile genes 
of smooth muscle [37]. Our results demonstrate that 
Li-ESWT partially recovered the loss of αSMA and 
increased the expression of MyoD and atrogin-1 in the 
diabetic bladder muscle, which may aid in 
maintaining functional contractility and muscle mass 
of the bladder wall. However, the detailed 
mechanisms remain to be investigated. 

Long-term diabetes has been reported to induce 
fibrosis and apoptosis in bladders [21]. We also 
observed remarkable apoptotic cells in the muscle 
layers of the diabetic bladder, which may result from 
a significant activation of the apoptotic signaling, 
evidenced by increasing protein levels of Bax and 
cleaved-caspase-3. One pathway of apoptosis is 
regulated by the Bcl-2 family, such as anti-apoptotic 
proteins (Bcl-2 and Bcl-xL) and pro-apoptotic proteins 
(Bax and Bak) [39]. Activation of pro-apoptotic 
proteins leads to a release of mitochondrial 
cytochrome c that further forms an apoptosome and 
ultimately results in cleavage of caspase-3, a late-stage 
marker of apoptosis [39]. In this study, we observed a 
considerable decrease in the apoptotic cells presented 
in the diabetic bladder muscle following Li-ESWT, 
which attenuated the overexpression of Bax and 
cleavage of caspase-3 without increasing the 
anti-apoptotic protein Bcl-2.  

The apoptotic pathway can be exacerbated by 
cellular oxidative stress, which induces the release of 
cytochrome c from mitochondria and triggers 
apoptosis [40]. Metabolic disturbances associated with 
diabetes lead to an overproduction of reactive oxygen 
species (ROS), which can impair cellular function and 
accelerate various pathological changes [41]. One of 
the primary consequences of oxidative stress is lipid 
peroxidation (LPO), a significant source of cellular 
damage induced by free radicals. This process 
generates secondary aldehydes such as 
4-hydroxynonenal (4-HNE) and malondialdehyde 
(MDA) [42]. In our study, we observed a significant 
increase in the levels of 4-HNE and MDA in the 
bladder tissues of diabetic rats. Notably, these levels 
approached those of the control group following 
treatment with Li-ESWT, suggesting considerable 
mitigation of diabetes-induced oxidative stress in 
bladder tissue. Previous studies have examined 
pharmaceutical interventions for overactive bladder 
[43], yet these interventions did not affect the plasma 
concentrations of 4-HNE and MDA following 
symptomatic improvement. These observations 
underscore the limitations of drug treatments, which 
may alleviate symptoms without addressing the 
underlying oxidative stress. 

Our results from Masson’s trichrome and 
immunohistochemical staining revealed that bladder 
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muscle atrophy in diabetic rats was associated with 
increased infiltration of collagen I and collagen III in 
the detrusor smooth muscle bundles. Notably, 
post-treatment with Li-ESWT, the diabetic bladder 
demonstrated significant reductions in muscle 
atrophy and collagen I and collagen III accumulation. 
TGF-β induces fibrosis by facilitating the 
transformation of fibroblasts into myofibroblasts, 
stimulating myofibroblast proliferation, and 
enhancing the synthesis of extracellular matrix 
proteins, while simultaneously inhibiting matrix 
breakdown [22]. Overproduction of TGF-β1 can have 
a potent fibrotic effect in various organs [44]. 
TGF-β1-associated excessive accumulation of 
collagens was found to adversely impact the bladder’s 
elasticity and contractility, leading to dysfunction 
[45,46]. Consistent with these findings, our study 
observed that TGF-β1 expression in the bladder of 
diabetic rats was significantly increased compared to 
that of the control rats. In contrast, in the diabetic rats 
treated with Li-ESWT, the protein levels of TGF-β1, 
collagen I, and collagen III were significantly reduced. 
In addition to fibrosis, TGF-β1 has displayed many 
biological responses, including cell proliferation, 
apoptosis, differentiation, autophagy, and immune 
responses [22]. It remains unclear whether TGF-β1 
plays a critical role in the pathology of DBD. The 
limitation of our study is a lack of a deeper 
exploration into the diverse and complicated 
molecular pathways underlying the pathology of 
DBD and how the treatment of Li-ESWT can improve 
DBD. Further investigation using next-generation 
sequencing may help to reveal the critical route for 
DBD therapy. Another limitation of this study is that 
the effects of Li-ESWT were evaluated over a 
relatively short duration of four weeks. Previous work 
by Izumi et al. demonstrated time-dependent 
alterations in bladder activity in STZ-induced diabetic 
female SD rats [47], suggesting that bladder 
dysfunction evolves dynamically over time. 
Therefore, future studies should assess the 
therapeutic effects of Li-ESWT across multiple time 
points to better delineate the temporal profile and 
durability of its treatment effects. 

Conclusion 
In our DBD rat model, Li-ESWT has been shown 

to ameliorate DBD via inhibiting apoptosis and 
fibrosis and maintaining bladder muscle mass, which 
suggests its potential as a non-invasive treatment 
modality that can restore normal bladder physiology 
(Fig. 7). Hence, Li-ESWT shows significant promise 
for DBD management. However, further investigation 
is needed to fully understand the roles of critical 
genes and proteins in the pathogenesis of DBD. 

Elucidating their specific mechanisms and therapeutic 
targets will be crucial for advancing the treatment of 
urinary complications associated with diabetes. 
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