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Abstract

Detrusor underactivity, a condition in which the bladder muscle does not contract strongly or long enough
to empty the bladder completely or within the normal time frame, is a common cause of lower urinary tract
symptoms in older individuals of both sexes. Although aging is a known risk factor for detrusor underactiv-
ity, its pathophysiological mechanisms are not fully understood. Therefore, establishing animal models that
closely mimic the pathophysiology of detrusor underactivity in humans is necessary to elucidate these mech-
anisms. Metabolic syndrome is a cluster of several risk factors, including obesity, hyperlipidemia, hypergly-
cemia, and hypertension, which are associated with the development of diabetes, cardiovascular disease, and
lower urinary tract dysfunction in both sexes. Notably, bladder dysfunction resulting from detrusor underac-
tivity is observed at an earlier age in animal models with diabetes mellitus than in those without. Recently,
detrusor underactivity-like phenotypes have been observed at a relatively early age in animal models with
metabolic syndrome, involving obesity, hyperlipidemia, and hypertension, compared with those without.
Therefore, this review introduces the association of detrusor underactivity with aging and metabolic syn-
drome, as well as possible pathophysiological mechanisms for detrusor underactivity from reports of various
animal models. Notably, metabolic syndrome may accelerate the onset of age-related detrusor underactivity,
and further analysis of old animal models with metabolic syndrome may help elucidate the pathogenesis of

detrusor underactivity in humans.
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Introduction

Detrusor underactivity is a condition in which the bladder muscle does not contract strongly or long
enough to empty the bladder completely or within the normal time frame. It is diagnosed using urodynamic
tests that measure bladder pressure and urine flow. Detrusor underactivity is a common cause of lower urinary
tract symptoms in older adults of both sexes (1-6). Clinical studies have reported that the incidence of detru-
sor underactivity increases with age, from 9-28% in males aged <50 years to 48% in those aged >70 years and
from 12—45% in females (1-3). However, no effective treatment for detrusor underactivity remains available.
Although aging is a known risk factor for detrusor underactivity, its pathophysiological mechanisms are not
fully understood. Multiple factors, such as central or peripheral nerve damage, bladder outlet obstruction, and
diabetes mellitus, are possible causes of detrusor underactivity (3, 5, 6). Cystometric studies in animal models
of detrusor underactivity have revealed impaired bladder contractility, prolonged intercontraction intervals,
decreased voiding efficiency, and reduced bladder sensation. Detrusor underactivity, from various causes, has
been associated with histological features in the bladder, including increased bladder weight, bladder wall
thickening, inflammation, and fibrosis (5—9). Additionally, decreased blood flow to the bladder (severe isch-
emia) and increased oxidative stress in the bladder have been observed in various animal models of detrusor
underactivity, suggesting that these factors play important roles in the pathogenesis of detrusor underactivity
(5-9).

Metabolic syndrome, a cluster of multiple metabolic abnormalities and risk factors including obesity,
hyperlipidemia, hyperglycemia, and hypertension, is recognized as a metabolic dysfunction that is increas-
ing worldwide. These risk factors are associated with the development of diabetes, cardiovascular diseases,
and other diseases (10). Metabolic syndrome has also been associated with lower urinary tract dysfunction in
both males and females (11-13). Recently, several animal models of metabolic syndrome have been developed
based on the bladder dysfunctions observed in human patients with detrusor underactivity (14—29). Therefore,
this review discusses the association between metabolic syndrome and detrusor underactivity in old animal

models. These findings may be useful for understanding the pathophysiology of human detrusor underactivity.

Aging and Detrusor Underactivity

Age-related changes in the nervous system affect bladder function. Notably, nervous system control may
weaken and detrusor contractility may be impaired with age, potentially leading to detrusor underactivity (5,
6, 30-34). Aging is a risk factor for atherosclerosis and ischemia, which are associated with a phenotype simi-
lar to that of detrusor overactivity (which causes increased non-voiding contraction and urinary frequency and
decreased single voided volume) in the early stages of bladder dysfunction. Furthermore, detrusor underactiv-
ity may occur over time (5, 6, 30-34).

Mouse [22-26 (31) or 27-30 (32) months old C57BL/6 mice] and rat [24 months old F344 (33), and
Sprague—Dawley (34) rats] models of aging reproduce some of the characteristics of detrusor underactivity,

with age-related loss of bladder sensation manifested as prolonged intercontraction intervals (5, 6, 30-34).

Diabetes Mellitus and Detrusor Underactivity

Diabetes mellitus causes lower urinary tract dysfunction in humans through peripheral neuropathy and

muscle injury (5, 6, 21, 22). This is characterized by impaired bladder sensation and emptying, increased
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bladder capacity and postvoiding residual urine volume, decreased detrusor contractility, and a detrusor un-
deractivity-like urodynamic phenotype (5, 6, 21, 22). The pathophysiology of diabetic bladder dysfunction
is multifactorial and includes detrusor muscle and urothelial dysfunction, as well as neuronal damage (5, 6,
21, 22). Altered glucose metabolism, oxidative stress, and autonomic neuropathy have been implicated in the
development of diabetes mellitus associated with bladder dysfunctions such as detrusor underactivity (5, 6,
14, 15, 21). Animal models of types 1 and 2 diabetes mellitus exhibit detrusor underactivity. These features in
animal models correspond to some in human patients with detrusor underactivity who have reduced bladder
sensation and increased postvoiding residual urine volume (5, 6, 14-22). These models also show increased
bladder weight, inflammatory cell infiltration, and collagen deposition in the bladder (5, 6, 14-22).

The early and late phases of diabetes mellitus result in compensated (such as detrusor overactivity) and
decompensated (such as detrusor underactivity) bladder functions, respectively (5, 6, 14-22). The timing of
the onset of detrusor underactivity and abnormalities in urinary parameters varies among different diabetic
models. However, most diabetic models develop detrusor underactivity at an earlier age than normal rodent
models (5, 6, 14-22). A systemic injection of streptozotocin was used to induce type 1 diabetes mellitus in
rats and mice, as revealed based on the increased blood glucose levels and urine output (6, 14, 15, 17). Other
reports have shown detrusor underactivity-like phenotypes occurring at 4 or 12 weeks in Sprague—Dawley
rats (6, 14, 17) and at 3 or 20 weeks in C57BL/6 mice following streptozotocin injection (15). A 20-week-old
male Akita mouse model, a model of type 1 diabetes mellitus, exhibited lower urinary tract dysfunction with
increased micturition volume, residual urine volume, bladder capacity, and contraction duration (18). Female
Akita mice with mildly elevated blood glucose levels showed signs of bladder overactivity at 15 weeks of age,
progressing to an underactivity/decompensated state at 30 weeks (19-21). Another mouse model that harbors
hepatic-specific insulin receptor substrate 1 and 2 deletions (double knockout) developed type 2 diabetes mel-
litus (16). Furthermore, clear signs of detrusor overactivity were observed in younger (6- or 12-week-old)
double-knockout mice, whereas detrusor underactivity was observed in older (20-week-old) double-knockout

animals (16).

Hyperlipidemia and Detrusor Underactivity

Old myocardial infarction-prone watanabe heritable hyperlipidemic rabbits are considered appropriate
animal models for studying hyperlipidemia, atherosclerosis, and related ischemic diseases (23, 24). In a cys-
tometric study, young (6—12 months old) and old (20-24 months old) myocardial infarction-prone watanabe
heritable hyperlipidemic rabbits showed decreased micturition intervals compared with controls. However, un-
like the young rabbits, the old myocardial infarction-prone watanabe heritable hyperlipidemic rabbits showed
decreased voiding pressure and contractile responses to carbachol and electric field stimulation. Therefore,
old myocardial infarction-prone watanabe heritable hyperlipidemic rabbits have detrusor hyperactivity with

impaired contractions (24).

Obesity and Detrusor Underactivity

Twenty-four-week-old obese-prone rats fed a high-fat diet showed increased body weight, triglyceride
level, and serum insulin level and decreased serum high-density lipoprotein level compared with obese-resis-
tant rats. Obese-prone rats exhibited an increased volume threshold and decreased peak micturition pressure

compared with obese-resistant rats, indicating urinary retention and detrusor underactivity (25).
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Metabolic Syndrome and Detrusor Underactivity

Female Ossabaw miniature pigs fed with a metabolic syndrome diet for 10 months (metabolic syndrome
pigs) exhibited increased body weight, blood pressure, fasting blood glucose, and total cholesterol compared
with lean-fed pigs (lean pigs) (26). Pigs with metabolic syndrome showed lower full bladder pressure than lean
pigs, suggesting the presence of detrusor underactivity. Additionally, they had significantly more collagen in
the muscularis layer. In another study, 56-week-old metabolic syndrome pigs showed an increase in the relative
levels of urinary thiobarbituric acid reactive substances (TBARS-lipid peroxidation byproducts) and interleu-
kin-17a (IL17a-profibrotic activity). Moreover, the Ossabaw pig model of diet-induced metabolic syndrome was
associated with oxidative stress and profibrotic activity in the bladder, leading to detrusor underactivity (26).

Rhesus macaques are well-suited for translational research studies associated with aging and age-related
diseases because they exhibit approximately 95% genetic similarities and share a closely related evolutionary
lineage with humans (27). Older rhesus macaques (20.0-31.8 years of age) exhibited detrusor underactivity
with increased bladder capacity and compliance compared with adult rhesus macaques (3.9-14.9 years). Fur-
thermore, older rhesus macaques exhibited increased body weight, triglyceride, lactate dehydrogenase, alanine
aminotransferase, and high-sensitivity C-reactive protein levels. Moreover, the analysis data showed a strong
correlation between detrusor underactivity and metabolic syndrome markers in older primates with detrusor

underactivity rather than in those without (27).

Hypertension and Detrusor Underactivity

Hypertension causes bladder dysfunction and atherosclerosis in bladder blood flow (35-39). Spontane-
ously hypertensive rats, a model of essential hypertension, exhibit bladder dysfunction or frequent urination,
with an increased number of voids and decreased bladder blood flow (35-39). Moreover, our previous studies
showed that aging (54 or 72-week-old) caused detrusor underactivity (increased postvoiding residual urine
volume, elevated intercontraction interval, and decreased voiding efficiency), higher blood pressure, lower
bladder blood flow, bladder hypertrophy, and bladder wall thickening in old spontaneously hypertensive rats
than in young spontaneously hypertensive rats. However, this phenomenon was not observed in Wistar—Kyoto
rats, which are normotensive control rats (28, 29). Therefore, age-related severe hypertension causes detrusor
underactivity by decreasing bladder blood flow (28, 29).

After high-salt loading for 6 weeks, Dahl salt-sensitive rats exhibited increased blood pressure, urine
output, water intake, intercontraction interval, and micturition volume compared with normal diet-treated
rats. Additionally, collagen content was higher in the lamina propria of the high-salt-loaded group (40). These
results suggest that hypertension accelerates the onset of age-related detrusor underactivity. Although no clear
reports exist on an association between hypertension and detrusor underactivity in humans, this evidence from

basic research may help understand the pathophysiology of detrusor underactivity in humans.

Discussion

Detrusor underactivity was observed at an earlier age in metabolic syndrome models than in the non-
metabolic syndrome models (Fig. 1). Metabolic syndrome conditions may be associated with aging, with a
shift from detrusor overactivity to detrusor underactivity (14-29).

Previous reports show that moderate ischemia, oxidative stress, and inflammation in the bladder can
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Fig. 1. Metabolic syndrome may accelerate the onset of age-related detrusor underactivity.
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Fig. 2. Possible mechanisms by which metabolic syndrome causes a shift from detrusor
overactivity to detrusor underactivity with aging. This bladder drawing was repro-
duced from Shimizu et al. (37).

sensitize the bladder afferent pathway and increase detrusor smooth muscle contraction, leading to detrusor
overactivity (41-44). Moreover, prolonged severe ischemia impairs bladder contractile activity and provokes
degenerative changes in smooth muscle cells and nerve fibers (41-44). Severe or age-related long-term isch-
emia, increased oxidative stress, inflammation, fibrosis, and bladder wall thickening were observed in meta-
bolic syndrome models with detrusor underactivity phenotypes (5-9, 14-29). Age is also an independent risk
factor for metabolic syndrome (45). Therefore, age and metabolic syndrome-related prolonged severe ischemia,
oxidative stress, and fibrosis in the lower urinary tract can cause bladder afferent and efferent nerve dysfunc-
tion, as well as impaired detrusor contractility, leading to detrusor underactivity (Fig. 2). Consequently, fur-
ther analysis involving older animal models with metabolic syndrome may help elucidate the pathogenesis of

detrusor underactivity in humans.
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This review shows that metabolic syndrome may accelerate the onset of age-related detrusor underactiv-

ity.

Conclusion
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