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Abstract

Transforming growth factor-beta 1 (TGF-f1) and type I collagen play crucial roles in the
pathogenesis of diabetic bladder disease (DBD). Moderate-intensity aerobic exercise
increases antioxidant activity to help manage DBD. The aim of this study was to evaluate
the effect of moderate-intensity aerobic exercise on the expression of TGF-f1 and type I
collagen in the detrusor and lamina propria of the bladder in a type 2 diabetes mellitus
(T2DM) rat model. A true experimental design with a post-test-only control group design
was conducted with white rats (Rattus norvegicus), divided into three groups: a T2DM
model group sacrificed after T2DM induction and diagnosed with T2D from a fasting
blood glucose (FBC) test (Group C), a T2DM model group that did not receive exercise
(Group NE), and a T2DM model group that received moderate-intensity aerobic exercise
(Group E). Moderate-intensity aerobic exercise was conducted over six weeks, with a
frequency of five days per week for 60 minutes per session. The findings revealed a
significant reduction in TGF-f1 expression in the lamina propria in Group E compared to
Group C (p=0.004) Additionally, both Group E (p=0.002) and Group NE (p=0.028)
showed a significant reduction in type I collagen expression in the lamina propria
compared to Group C. These findings provide a basis for further investigation regarding
the mechanism of non-pharmacologic DBD management by employing moderate-
intensity exercise.
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Introduction

Type 2 diabetes mellitus (T2DM) continues to increase in prevalence and incidence, as a leading

cause of global morbidity and death [1]. Diabetes has a substantial negative impact on quality of
life and functional ability [2]. There were 529 million individuals of all ages living with diabetes
in 2021, with an age-standardized prevalence of 6.1%. It was also estimated that 485 million
adults aged 20—79 years were living with diabetes in 2021 [3]. Global Burden Disease study report
from 1990 to 2021 showed a 20% increase in each age group between 65—95 years [3].

In the urinary tract, diabetes-associated bladder dysfunction (referred to as diabetic bladder
dysfunction, DBD) is a frequent urological problem. The prevalence of DBD among patients with
diabetes could reach as high as 80% [4]. The prevalence of DBD found in a study conducted in
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2014 revealed that 93% of women with diabetes mellitus reported symptoms related to lower
urinary tract symptoms, with 88% of them experiencing various abnormal urodynamic findings
[5]. The condition causes difficulties with urine storage, bladder emptying, and maintaining
proper bladder flexibility. Increased deposition of collagen fibers in the detrusor muscle is
associated with reduced bladder compliance [6]. One of the fibrogenic cytokines, transforming
growth factor-beta 1 (TGF-f1), is responsible for collagen formation in the bladder wall. TGF-f1
is a regulator of collagen synthesis and degradation, including type I collagen [7]. TGF-fB1-
stimulated formation and stimulation of type I collagen plays an important role in the onset of
bladder dysfunction in T2DM [8]. This condition eventually leads to decreased bladder function
[8]. Moreover, elevated TGF-f1 in the bladder contributes to increased fibrotic tissue production
in the bladder wall, where the condition can be reversed by inhibiting TGF-f1 [9].

In a previous study, exercise has been suggested to reduce oxidative stress by inhibiting the
formation of free radicals, which are elevated in patients with diabetes [10]. A study reported that
regular exercise reduces the incidence of various ROS-related diseases and helps the body adapt
to the oxidative processes arising from physical activity [11]. Moderate-intensity exercise from a
systematic review with human and animal subjects shows beneficial adaptive responses,
including increased antioxidant activity, balanced redox reactions, and improved cellular
function [12]. In a cross-sectional observational analytical study comparing male cyclists and
sedentary male individuals, lower levels of TGF-f1 in serum or plasma were found in male cyclists
[13]. Unfortunately, evidence on the molecular mechanisms involved in the improvement of
bladder functions by aerobic exercise has not been well established. Therefore, the aim of this
study was to investigate the impact of moderate-intensity aerobic exercise on DBD using a rat
model. The parameters evaluated include the expression of TGF-f1 and type I collagen as markers
of fibrotic changes, along with measurements of detrusor and lamina propria thickness to observe
the anatomical changes.

Methods

Animal model

Male Wistar rats (Rattus norvegicus) aged six weeks old (n=30; 160—180 g), were obtained from
Biochemistry Laboratories, Faculty of Medicine, Universitas Airlangga, Surabaya, Indonesia. The
rats were divided into three groups. The sample size was calculated using G*Power software [14]
based on the following formula: n; = 2((Zi—q/2 + Zi-8)/d)?, where Z values correspond to a 5%
research error (a), 5% statistical power (B), and an effect size of 2 (strong effect). This calculation
yielded a minimum of eight rats per group. To account for a 20% dropout risk, the final sample
size was adjusted to 10 rats per group [15].

The rats were maintained in cages with a size of 12.5 x 20 x 30 cm, with two rats per cage,
maintained at a temperature between 21°C and 25°C, under a 12-hour light-dark cycle. During
the first seven days of the acclimation period, the rats were given a standard diet and subsequently
given high-fat diets containing 18% kcal from protein, 61% kcal from fats, and 19% kcal from
carbohydrates. The rats selected for this study were healthy, evidenced by smooth fur, bright and
clear eyes, and being active, with no prior involvement in other studies. The final number of rats
used in this study was 30, which were randomly distributed into three different groups.

Study design and group assignment

The aim of this study was to assess the effect of moderate-intensity aerobic exercise on TGF-f1
and type I collagen in the detrusor and lamina propria. This study employed a true experimental
design with a post-test-only control group. The rats were divided into three groups. The first
group (n=10) was a T2DM model group terminated after diabetes induction with streptozotocin
(STZ) as a control (Group C). The second group (n=10) was a T2DM model group that did not
receive moderate-intensity aerobic exercise (Group NE) and was observed for six weeks. The third
group (n=10) was a T2DM model group that received moderate-intensity aerobic exercise for six
weeks (Group E). A diagram illustrating the study design framework of this research is presented
in Figure 1.
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Randomization and blinding

The study employed simple randomization, where all animals or samples were randomly assigned
to the predetermined groups simultaneously without considering any other variables. Blinding in
histological and immunohistochemical examination and measurement of lamina propria and
detrusor thickness was conducted during outcome assessment.

High Fat STZ Diabetes Mellitus Termination Immunohistochemical examination
Diet Injection Type 2 Diagnosis of collagen and TGF-B1. and
after 1 week measurement of detrusor and lamina
propria thickness

High Fat STZ Diabetes Mellitus No Exercise Treatment Immunohistochemical examination

Diet Injection Type 2 Diagnosis 6 weeks of eollagen and TGF-B1. and
after 1 week measurement of detrusor and lamina
propria thickness

High Fat STZ Diabetes Mellitus Moderate-intensity Termination Immunohistochemical examination
Diet Injection Type 2 Diagnosis Aerobic Exercise of collagen and TGF-p1. and
4 weeks after 1 week 6 weeks measurement of detrusor and lamina
propria thickness

Figure 1. Illustration of the study design. C: control group; E: exercise group; NE: non-exercise
group.

Type 2 diabetes mellitus rat model

The induction of T2DM in rats followed the recommendations from previous studies [16,17]. The
rats were fed a custom purified rodent diet containing 60% of calories from fat (Diet DN 112252,
Dyets, Inc., Bethlehem, PA, USA) for 28 consecutive days. Subsequently, a single injection of STZ
in citrate buffer (pH 4.5) was administered intraperitoneally to the rats at a dose of 35 mg/kg BW
to create the T2DM model. Seven days after the STZ injection, blood was collected from the tail
tips of rats to determine the fasting blood glucose (FBG) levels. Rats were diagnosed with T2DM
if FBG>150 mg/dL, as suggested by a published report [18].

Moderate-intensity aerobic exercise

Moderate-intensity aerobic exercise was performed by swimming in a container with a diameter
of 75 cm and a height of 65 cm. Each exercise session lasted for 60 minutes, scheduled five days
a week for six weeks during the light cycle [19]. FBG levels were examined at 2 and 4 weeks after
the first exercise.

Endpoint

After the three groups of rats completed a 1-week acclimatization phase, T2DM was induced with
a high-fat diet for four weeks, followed by STZ injection. At this stage, rats diagnosed with T2DM
in group C were terminated. Treatment with moderate-intensity aerobic exercise was
administered for six weeks to group E, while group NE was monitored for six weeks without any
treatment. Body weight was measured at the start of the study and before termination. The
overdose of anesthetic drugs administered in this study followed the protocol approved by the
American Veterinary Medical Association (AVMA) guidelines on euthanasia [20], using a
combination of intraperitoneal injection of ketamine (300 mg/kg BW) and xylazine (30 mg/kg
BW). The cervical dislocation was performed on sedated rats weighing less than 200 grams, and
decapitation was carried out using a guillotine on the sedated animals.

Immunohistochemical examination

After being collected from the euthanized rats, bladder tissues were fixed in formalin and
embedded in paraffin blocks. Sections of 5 um thickness were mounted on slides and stained with
the following antibodies: anti-collagen-1 monoclonal antibody (#BSM-33400M, Bioss) and anti-
TGF-f1(6B9) monoclonal antibody (#BSM-33345M, Bioss). TGF-f1 and type I collagen
expression were observed under a light microscope at 400x magnification.

Scoring for TGF-f1 and type I collagen expression was performed using the H-score method
that combines staining intensity (i) and the percentage of cells stained at each intensity level (Pi),
following the recommendation of a published report [21]. The intensity was graded as o (no
staining), 1 (weak staining), 2 (moderate staining), or 3 (strong staining). Pi values ranged from
0% to 100%. The H-score was calculated using the following formula: H-score = (0 x P0) + (1 x
P1) + (2 x P2) + (3 x P3). The total score ranges from 0 to 300.
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Measurement of detrusor and lamina propria thickness

The thickness of the detrusor and lamina propria was measured after the bladder tissues were
fixed in 10% formaldehyde for 24 hours. The tissues were then stained with Hematoxylin and
Eosin (HE). An anatomical pathologist examined the bladder tissue thickness using a light
microscope with an eyepiece graticule and measured in micrometers (um).

Statistical analysis

The normality of the data distribution was tested using the Shapiro-Wilk test. Data with a normal
distribution were presented as mean + standard deviation (SD), while those with abnormal
distribution were presented as median (interquartile range, IQR). The one-way ANOVA test
followed by least significant difference (LSD) post-hoc tests were performed for normally
distributed data, whereas the Kruskal-Wallis test followed by Mann-Whitney post-hoc tests were
used for non-normally distributed data. Software SPSS Version 27 (IBM, New York, USA) and a
significance level of p<0.05 was used for all statistical tests.

Results

Body weight and fasting blood glucose level profiles

The body weight and FBG level profiles of the animals are presented in Figure 2. FBG levels in
the three groups showed average values of >150 mg/dL. Body weights increased in Group NE
(p=0.001) and Group E (p=0.001), which underwent six weeks of treatment and were examined
at the time before termination. In this experiment, two rats in Group C and one rat in Group NE
died less than one week after STZ injection, suspected to be caused by STZ acute toxicity. One rat
in the NE group died in the second week of treatment caused by infection after STZ injection.
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Figure 2. Initial body weight and final body weight of each group (A). Fasting blood glucose (FBG)
in the timeline from the left to the right (B): initial, 2 weeks of treatment, 4 weeks of treatments,
and final FBG before termination. *Significantly different at p<0.05. C: control group; E: exercise
group; NE: non-exercise group.

TGF-f31 expression
Photographed images of immunohistochemical staining for TGF-f1 expression in the detrusor
and lamina propria are presented in Figure 2. The H-scores for TGF-f1 expression observed in
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detrusor and lamina propria are presented in Figures 3A and 3B. The expression of TGF-f1 in
detrusor among the three groups was not statistically different (p=0.095). Meanwhile, the TGF-
p1 expression in lamina propria was found to be significantly lower in Group E than in Group C
(p=0.004).

Figure 2. TGF-B1 staining in the detrusor (A-D) and lamina propria (E-H). From the left to the
right panel, the stain intensity increases: negative (N), weak (W), moderate (M), and strong (S).
Red arrow: TGF-f1 staining.

Type I collagen expression

Photographed images of immunohistochemical staining for type I collagen expression in the
detrusor and lamina propria are presented in Figure 4. The expression of type I collagen
expression was calculated based on the H-score, where the results are presented in Figures 3C
and 3D. The expressions of type I collagen in the detrusor were not statistically significant among
the tested group (p=0.685). However, significantly lower expressions of type I collagen were
observed in lamina propria among Groups NE (p=0.028) and E (p=0.002), as compared to Group
C. There was no significant difference in type I collagen expressions in the lamina propria between
Groups E and NE (p=0.360).
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Figure 3. Expressions of TGF-f1 in the detrusor (A) and lamina propria (B). Expressions of type
I collagen in the detrusor (C) and lamina propria (D). Data are presented as mean+SD or median
(IQR). "Significantly different at p<0.05. C: control group (n=8); E: exercise group (n=8); NE:
non-exercise group (n=10).
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Figure 4. Type I collagen staining in the detrusor (A-D) and lamina propria (E-H). From the left
to the right panel, the stain intensity increases: negative (N), weak (W), moderate (M), and strong
(S). Red arrow: type I collagen staining.

Detrusor and lamina propria thickness

The photographed histological image of the thickness measurement is presented in Figure 5.
Detrusor and lamina propria thickness observed in Groups E and NE are presented in Figure 6.
There was no significant difference in the detrusor thickness among Groups C, NE, and E
(p=0.176). Similarly, the lamina propria thickness across all groups was not significantly different
(p=0.354).

[\ i AR ﬁm
Figure 5. Thickness measurement of the detrusor (D) and lamina propria (LP).
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Figure 6. Thickness of the detrusor and lamina propria. Data are presented as mean+SD or
median (IQR). C: control group (n=8); E: exercise group (n=8); NE: non-exercise group (n=10).

Discussion
Findings from the present study suggested that moderate-intensity aerobic exercise significantly

reduced TGF-f1 expression in the lamina propria compared to the control group. However, lower
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expressions of the type I collagen, compared to the control group, were not associated with
moderate-intensity aerobic exercise. Detrusor and lamina propria thickness were not affected by
moderate-intensity aerobic exercise. This present study, utilizing a 6-week swimming
intervention, is among the first to investigate these markers. Previously, a study conducted in
South Korea in 2013 on women aged 69 to 72 showed that long-term physical exercise can be an
effective method for significantly improving overactive bladder (OAB) [22]. In another study,
physical exercise also improved bladder function in diabetic mice by enhancing urodynamic
parameters, including reducing urination frequency and decreasing post-micturition residual
urine volume [23].

The change in TGF-f1 levels can be caused by various factors, including acids, bases, reactive
oxygen species (ROS), proteases, and integrin-independent activation [24]. Regular physical
exercise stimulates the activity of antioxidant enzymes, including superoxide dismutase (SOD),
glutathione peroxidase (GPX), and catalase (CAT). This condition neutralizes free radicals and
minimizes ROS production [11]. Routine exercise reduces the incidence of diseases associated
with ROS and helps the body adapt to oxidative processes induced by physical activity [11].
Molecular adaptation results in improved physiological functions and increased resistance to
oxidative stress [11]. Low ROS levels suppress the activation of TGF-f1, as evidenced by lower
TGF-p1 levels in serum/plasma [13]. In contrast, physically inactive individuals experience
impaired physiological functions, reduced resistance to oxidative stress, and increased oxidative
stress-related disease incidence [11].

TGF-P1 increases tissue inhibitor of metalloproteinases-1 (TIMP-1) mRNA expression while
reducing mRNA expression of MMP-1 and MMP-3. The disproportion between TIMP-1 and
MMP-1 promotes the accumulation of extracellular matrix components, leading to bladder
fibrosis in chronic diabetic rats. Matrix metalloproteinases (MMPs) can degrade extracellular
matrix elements, including elastin, gelatin, collagen, proteoglycan, and matrix glycoproteins, and
increased TGF-f1 leads to a reduction in MMP-1, preventing the degradation of type I collagen,
which subsequently accumulates [8]. A study on men aged 19—35 years showed that high
resistance training led to an increase in MMP-1, MMP-2, MMP-3, and MMP-4, with this increase
persisting even after eight weeks of training. This response appears to differ from that observed
in calisthenic training, which showed a decrease in the response of the MMP [25].

In the present study, the reduction of type I collagen in both exercise and non-exercise
groups is rather spontaneous due to the acute effect of STZ. Furthermore, we found that changes
in type I collagen and TGF-f1 in the lamina propria were more sensitive compared to those in the
detrusor. The greater sensitivity of the lamina propria to changes is due to its structure, which
contains a high amount of extracellular matrix (ECM), which is significantly affected by chronic
inflammation, inflammatory cytokine and protease release [26,27]. Additionally, collagen in the
bladder is primarily located in the lamina propria and between muscle bundles [28]. Type I
collagen levels are associated with TGF-f1 levels, which trigger fibrotic changes in the bladder
[8]. Studies on the bladders of diabetic rats and those given diuretics showed that mRNA
expression of type I collagen and TGF-f1 was lower than in controls at weeks 2, 4, and 8 [29]. The
decrease in collagen in the bladder of animals with diabetes mellitus is suspected to be caused by
a reduction or cessation of collagen synthesis activity, rather than by maintaining or increasing
collagen production in response to bladder hypertrophy [29].

Loss of collagen deposits leads to bladder hypertrophy, causing an imbalance in the muscle-
to-collagen ratio, which alters bladder compliance in diabetic rats [29]. Rats that were recently
induced with diabetes, had increased elastin synthesis, as well as decreased collagen synthesis,
contributing to increased bladder compliance [29]. In the later phase, a significant increase in the
protein expression of collagen I was found compared to control rats after 44 weeks of treatment
[8]. Noncompliant bladders contain more collagen compared to normal control rats [30].
Functional decompensation of the bladder is associated with detrusor hypertrophy and an
increase in bladder weight [31]. The increase in bladder weight also indicates the thickening of
the detrusor muscle [32]. Glucosuria and osmotic diuresis lead to increased bladder stretch and
intravesical pressure, resulting in bladder hypertrophy, which at the decompensation stage can
lead to increased residual urine volume [33]. The bladder is changing from a compensated to a
decompensated condition, characterized by a decrease in peak detrusor leak pressure and an
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increase in resting pressure from the nine weeks after diabetes induction [34]. A study on
histological examination after 16 weeks of intervention has found that T2DM rat bladders
resulted in significant thickening of the detrusor muscle layer [35]. Another study with 16 weeks
of treatment shows that diabetic rat bladders are larger and heavier compared to controls [36].
The non-significant results in detrusor and lamina propria thickness might be due to the shorter
treatment duration compared to previous studies that lasted for 16 weeks [35,36], while the
intervention in this study only lasted for six weeks.

The limitation of this study is the use of an animal model to replicate T2DM conditions in
humans. Using only one strain or species could limit the ability to observe different physiological
effects. The DBD model employed in the study may lack robustness. Future studies could use
more quantitative methods to measure TGF-f1 and type I collagen. Additionally, the exercise
regimen was limited to swimming, and other types of exercise should be explored. In future
research, a longer intervention period or a different exercise frequency is needed to observe TGF-
p1 and type I collagen change in the bladder of rats.
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Conclusion

Moderate-intensity aerobic exercise significantly decreases the expression of TGF-f1 in the
lamina propria. Future research is needed for specific mechanisms and effects of aerobic exercise
on the structural and molecular expression in T2DM model rats and their implications for
developing exercise therapies for patients with type 2 diabetes.
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