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Abstract

Objective—To review studies on diabetic bladder dysfunction (DBD), a common and
bothersome complication of diabetes mellitus.

Data sources—We performed a search of the English literature through PubMed. The key
words used were "diabetes" and "bladder dysfunction" or "cystopathy". Our own data and
perspective are included in the discussion.

Study selection—Studies containing data relevant to DBD were selected. Because of the
limited length of this article, we also referenced reviews that contain comprehensive
amalgamations of relevant literature.

Results—The classic symptoms of DBD are decreased bladder sensation, increased bladder
capacity, and impaired bladder emptying with resultant elevated post-void residual urine.
However, recent clinical and experimental evidence indicate a strong presence of storage problems
such as urge incontinence in diabetes. Recent studies of DBD in animal models of type 1 diabetes
have revealed temporal effects of diabetes, causing an early phase of compensatory bladder
function and a later phase of decompensated bladder function. The pathophysiology of DBD is
multifactorial, including disturbances of the detrusor, urothelium, autonomic nerves, and urethra .
Polyuria and hyperglycemia play important but distinctive roles in induction of bladder
dysfunction in type 1 diabetes. Polyuria causes significant bladder hypertrophy in the early stage
of diabetes, whereas oxidative stress in the bladder caused by chronic hyperglycemia may play an
important role in the late stage failure of bladder function.

Conclusions—DBD includes time-dependent and mixed manifestations. The pathological
alterations include muscle, nerve, and urothelium. Polyuria and hyperglycemia independently
contribute to the pathogenesis of DBD. Treatments for DBD are limited. Future clinical studies on
DBD in type 1 and type 2 DM should be investigated separately. Animal studies of DBD in type 2
diabetes are needed, from the natural history to mechanisms. Further understanding of the
molecular mechanisms of DBD will provide multiple potential targets for therapeutic intervention.
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INTRODUCTION

The U.S. Centers for Disease Control and Prevention estimated in 2010 that diabetes affects
25.8 million people in the U.S., 8.3% of the population, including 7.0 million diabetic
individuals who were undiagnosed.> Among U.S. residents aged 65 years and older, the
percentage with diabetes was estimated to be 26.9% (10.9 million people). Type 1 diabetes
accounts for 5-10% of all diagnosed cases, whereas type 2 diabetes accounts for 90-95% of
cases.! The total medical and indirect (work loss, disability, etc.) costs of diabetes and its
complications were estimated to be $174 billion in the U.S. in 2007.1 Continuation of this
trend is expected due to the continuing rise in obesity, a major risk factor for type 2 diabetes.
Diabetics live decades with the disease and are susceptible to numerous burdensome and
costly complications. Urologic complications, including diabetic bladder dysfunction
(DBD), sexual dysfunction, and urinary tract infections, are plausibly the most common,
collectively affecting well over 50% of diabetic individuals.2 Among those, the most
common urologic complication of diabetes is DBD34 or diabetic cystopathy.>2

The term diabetic cystopathy was first used by Frimodt-Moller in 1976%7:10 to describe
increased bladder capacity and post voiding residual volumes in diabetic patients,
accompanied by decreased bladder sensation and contraction, which are generally symptoms
of later stage bladder dysfunction in DM attributed to diabetic neuropathy.11-13:8:14:15 pgp
currently refers to an umbrella description for a group of clinical symptoms that encompass
storage problems such as overactive bladder (OAB) and urge incontinence, voiding
problems such as poor emptying or overflow incontinence, and other less clinically defined
phenotypes such as decreased sensation and increased capacity.3-916-18 The diverse
symptoms of DBD include bladder overactivity, impaired bladder contractility, and areflexic
bladder. Its prevalence among diabetic individuals has been estimated as being between 43
and 879%.19:20 Although DBD is not life threatening, it affects quality of life substantially.

CLINICAL INVESTIGATION OF BLADDER DYSFUNCTION IN DIABETES

Varied symptoms of DBD in diabetic patients

The most common urodynamic findings in diabetic patients are impairment of bladder
sensation, increased post-void residual urine volume, and decreased detrusor contractility. In
a case of DBD in a non-obese adolescent girl with type 1 diabetes for 10 years,
ultrasonography of the urinary tract showed a distended bladder with normal kidneys, and a
urodynamic study indicated impaired bladder sensation, increased cystometric capacity, and
detrusor areflexia.?! However, inconsistencies with those “classic” findings have been found
in recent clinical studies. Ueda et al. studied asymptomatic diabetic patients and found
increased bladder volume at first sensation to void and a decrease in detrusor contractility,
with resultant increased post void residual volume, but they also found a 25% incidence of
detrusor overactivity.22 A review by Kaplan and coworkers of urodynamic findings in 182
diabetic patients revealed 55% with detrusor overactivity and only 23% with impaired
contractility, with 10% of patients areflexic and 11% “indeterminate”.23 The mixed clinical
picture of DBD has also been revealed in recent large-scale studies of urinary incontinence,
in which diabetes was associated with a 30-70% increased risk of overall incontinence24-26
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and a 50% increased risk of urge incontinence in women.27:28 Thus, it is now clear that
DBD manifestations are a combination of storage and voiding bladder problems.

The varied symptoms of DBD may be related to gender, age, concurrent bladder outlet
obstruction, and duration of diabetes.2? In a recent clinical study, several independent
associations were found: female gender was associated with increased bladder capacity,
male gender with both decreased bladder compliance and bladder outlet obstruction, old age
with both low flow rate and outlet obstruction, detrusor instability with shorter duration of
diabetes, and peripheral somatic neuropathy with low flow rate.2® Recent evidence suggests
that lower urinary tract (LUT) symptoms may occur more frequently among men with
diabetes, with an increased risk estimated at 25% to nearly twofold in different studies.30-32
In a study of type 2 diabetic men and women, age, duration of diabetes, poor metabolic
control, post-void residual volume =100 ml, parasympathetic autonomic neuropathies
(cardiac, esophageal, and gastric), retinopathy, and microalbuminuria all correlated with
urodynamic findings of DBD.17

DBD is related to diabetes-induced peripheral polyneuropathy

Lee et al investigated the urodynamic characteristics and bladder sensory function in 86
consecutive women with type 2 diabetes who had not sought treatment for DBD.16 From the
urodynamic studies 34.9% of those women were classified with detrusor underactivity,
14.0% with detrusor overactivity, 12.8% with bladder outlet obstruction, and 38.4% with
normal detrusor function. The detrusor underactivity group had impaired bladder emptying
in cystometry and decreased sensation in intravesical current perception threshold testing.
The detrusor overactivity group exhibited impaired storage and emptying function, but had
similar current perception threshold values as the women with normal detrusor function.
Those data indicate an association between poor emptying function and impaired bladder
afferent pathways in diabetic women with detrusor underactivity. Peripheral neuropathy may
also be involved in diabetes-related detrusor overactivity with impaired contractility. Ho et
al reviewed urodynamic findings from 94 female type 2 diabetic patients, among whom 34
had been diagnosed as having overactive bladder (OAB).33 Patients in the OAB group had
significantly higher storage symptom scores and marginally higher voiding symptom scores
than the patients without OAB, and on cystometry, significantly higher percentages of
increased bladder sensation and detrusor overactivity were found in the OAB group. That
study showed that the most frequent urodynamic finding in female diabetic patients with
symptoms of OAB is increased bladder sensation, followed by detrusor overactivity.33 In a
study of men with diabetes and LUT symptoms who underwent urodynamic studies and
neurological testing, both sensory deficits (high volume at first sensation) and motor deficits
(detrusor underactivity and high post-void residual volume correlated significantly with both
sensory and motor nerve conduction deficits, and high bladder capacity correlated with
abnormal sympathetic skin responses as well.34 An association of DBD with impaired
sympathetic skin responses in diabetic patients was also reported in an earlier study.3°

Limitations of clinical studies

First, the clinical studies discussed above have presented broadly varied estimates of the
prevalence of LUT symptoms or bladder dysfunction in diabetic patients, reflecting the lack

Chin Med J (Engl). Author manuscript; available in PMC 2015 May 11.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liu and Daneshgari

Page 4

of a validated set of clinically significant measures for diagnosing DBD.3¢ Second, most
previous studies on DBD did not differentiate between type 1 and type 2 diabetes, or adjust
for other established risk factors such as aging and parity. Third, concurrent pathological
conditions such as benign prostatic hyperplasia in men, neurological disorders, obesity,
hypertension, and metabolic syndrome make it difficult to distinguish how diabetes per se
contributes to the incidence or severity of DBD.

ANIMAL STUDIES OF BLADDER DYSFUNCTION IN DIABETES

Temporal changes of bladder function in type 1 diabetes rodent models

The demonstration of both storage and voiding problems among the clinical manifestations
of DBD raised the question of whether those represent potentially concurrent pathologies, or
if DBD follows a natural progression from storage problems to voiding problems. We
demonstrated that the bladder in small rodent models of type 1 diabetes undergoes a
temporal progression from an initial compensatory hypertrophic phase to a later
decompensated or atonic phase.37:38 Bladder function was observed in male C57BL/6 mice
up to 20 weeks after induction of diabetes by streptozotocin (STZ), which destroys the
pancreatic B-cells. Conscious cystometrograms showed increased peak voiding pressure
(PVP) initially in both diabetic and diuretic mice compared with controls. However, in
diabetic mice, PVP dropped by 12 weeks, and the emptying ability of the bladder had
declined further at 20 weeks. Long-term insulin replacement effectively reversed most of the
changes in bladder function.3® We observed a similar temporal change from a compensatory
to a decompensated bladder in STZ-diabetic Sprague Dawley rats.3’

Multifactorial temporal changes in the bladder in diabetes

The traditional view recognized autonomic neuropathy as the sole pathophysiological cause
of DBD.5-9 That view considered decreased sensation of the bladder, with patients being
unaware of bladder filling and lacking a desire to empty, to be the primary event resulting in
high post-void residual volume and overflow incontinence, and presumed that it resulted
from autonomic neuropathy. However, details of how loss of sensation could lead to the
mixed clinical manifestations of DBD are unknown. That view has evolved to the belief
currently held by most contemporary investigators that the pathophysiology of DBD is
multifactorial, including disturbances of the bladder detrusor, autonomic nerves, and perhaps
the urothelium,%14:18:39 55 we and others have observed in diabetic animals.4:37-52

Myogenic changes in diabetes—In vitro experimental studies on detrusor smooth
muscle (DSM) from animal models of diabetes have provided evidence for functional
myogenic changes. Early studies showed decreased,>® unchanged,>* or increased 53:55
contractility of DSM strips from diabetic rats compared with controls. Our time course study
showed that the contractility changes are time-dependent. Elevated contractile responses of
DSM strips from STZ-diabetic rats to carbachol chloride, potassium chloride (KCI),
adenosine 5’- triphosphate (ATP), and electric field stimulation peaked at 6-9 weeks, but at
12-20 weeks generally reverted towards those of controls.3” Another group showed
decreases in KCI- and carbachol-stimulated contractility of DSM strips from alloxan-
induced diabetic rabbits in association with both the duration and level of hyperglycemia.>®

Chin Med J (Engl). Author manuscript; available in PMC 2015 May 11.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liu and Daneshgari

Page 5

An increase in muscarinic receptor density was found at both 2 and 8 weeks of STZ-induced
diabetes.>”:58 An increase in 1-receptor-mediated relaxation responses was found in
isolated DSM strips from 8- to 10-week STZ- diabetic rats.>® Another group found that pre-
incubation of DSM strips with an a-1a- or a-1d-adrenergic receptor antagonist before
electrical field stimulation decreased the contractile responses of strips from 8-week STZ-
diabetic rats compared with DSM strips from control rats, although the mRNA levels of
a-1a- and a-1d-adrenergic receptors were lower in the diabetic rats.6? Those results
suggested the possibility of alterations in presynaptic and autonomic receptor sensitivity.50
The increased contractility of STZ-diabetic rat DSM may relate to increased
neurotransmitter release, increased calcium channel activity, or enhanced calcium
sensitivity.>® Other studies showed that the activities of ion pumps such as the Na*/K*-
ATPase and CaZ*-ATPase pumps, important modulators of bladder smooth muscle tone, are
impaired in STZ-diabetic rats.6!

Morphologically, STZ-induced diabetes causes significant DSM hypertrophy in rats, as
early as 1-2 weeks after STZ injection.#? We showed that diuresis, which accompanies
development of type 1 diabetes, independently induced DSM hypertrophy to the same extent
as STZ when induced by addition of 5% sucrose to the drinking water.#1:43 The levels of the
catalytic and regulatory subunits of calcineurin in DSM were increased in both diabetic and
diuretic rats compared with controls, whereas the levels of total and phosphorylated Akt
were unchanged, suggesting involvement of calcineurin in the development of the bladder
hypertrophy.43

Urothelial changes in diabetes—The bladder urothelium is important for the regulation
of permeability, transport, and endocytosis across the bladder wall. It has become
increasingly clear that the urothelium is not only a passive barrier against urea and ion
diffusion, but it can also function as a sensor controlling bladder function.2:62 Studies from
us and others showed increased urothelium mass in STZ-induced diabetic rats, with
accompanying changes in both urothelial cell receptor expression and release of signaling
molecules such as neurotransmitters.1:46:63 Those changes may contribute to DBD by
altering the normal two-way communication between urothelial cells and the underlying
DSM cells and nerve endings.? In a recent study of urothelial morphology and gene
expression in female rats 3, 9, and 20 weeks following STZ induction of diabetes compared
with age-matched controls, electron microscopy revealed desquamation of superficial
(umbrella) cells at 9 weeks of diabetes, indicating a possible breach in barrier function,
followed by superficial urothelium repopulation by 20 weeks of diabetes.*® mRNAs for the
polyol pathway enzyme aldose reductase, nerve growth factor, and sonic hedgehog were
upregulated in diabetic urothelium at all three time points, while significant upregulation of
receptors associated with urothelium mechanosensation (transient receptor potential
vanilloid subfamily member 1) and urothelium autocrine/paracrine signaling (acetylcholine
receptors M2 and M3, purinergic receptors P2X2 and P2X3) were found at 20 weeks of
diabetes. Those results suggest that compromised barrier function and alterations in
urothelium mechanosensitivity and cell signaling in DM could contribute to bladder
instability, hyperactivity, and altered bladder sensation by modulating activity of afferent
nerve endings abutting the urothelium.*
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Neuronal changes in diabetes—The neuronal control of bladder function involves
sophisticated and complex interactions among the autonomic and somatic afferent and
efferent pathways. Many studies have shown an association or causal link between diabetes-
induced peripheral neuropathy and bladder dysfunction.64:65 Steers et al showed significant
abnormalities in afferent pathways innervating the bladder in STZ-induced diabetic rats.56 A
study in Goto-Kakizaki rats indicated that type 2 diabetes induces bladder sensory
dysfunction, manifesting as slower bladder afferent conduction velocity, larger bladder
capacity and greater hypocontractility to acetylcholine.5* Normal rats treated with capsaicin,
a C-fiber afferent neurotoxin, exhibit a number of similarities to diabetic rats.6” Since
capsaicin is known to affect predominately small myelinated and unmyelinated afferents, it
is temping to speculate that diabetes affects a similar afferent neuron population. On the
other hand, it has also been suggested that DBD is initiated by neuropathy in the efferent
limb of the micturition reflex.5% We used immunofluorescence staining of the nerve-specific
marker neurofilament 200in bladder cross sections of rats to show that STZ-induced
diabetes caused a significant reduction in nerve density in the muscle at 9 and 20 weeks, and
in the mucosa/submucosa at 20 weeks.*2 Growth and survival of peripheral neurons can be
supported by neurotrophic factors from target tissues. In rats 12 weeks after induction of
diabetes with STZ, significantly decreased levels of nerve growth factor were observed in
the bladder and in L6 to S1 dorsal root ganglia, which contain bladder afferent neurons.®8
This study suggested that loss of neurotrophic support to peripheral nerves may be related to
neurodegeneration in the bladder in DM.

Limitations of animal studies

Most animal studies on DBD have used the STZ-induced type 1 diabetes model, yet 90-95%
of diabetic individuals have type 2 diabetes. There are several differences between type 1
and type 2 diabetes that may lead to different phenotypes of DBD in the two diseases: a)
Insulin is depleted in type 1 diabetes, whereas type 2 diabetics have different combinations
of insulin resistance and lower insulin levels, with depletion of insulin generally occurring
only at the late stage. b) Untreated hyperglycemia is more severe in type 1 than in type 2
diabetes. ¢) A large proportion of type 2 diabetes patients (30-80%) have metabolic
syndrome,9-72 including obesity (particularly central adiposity), elevated triglyceride
levels, low high-density lipoprotein cholesterol levels, and hypertension, some or all of
which may affect bladder function independently. Thus, more studies of DBD in type 2
diabetes and other animal models are needed.

THE PATHOGENESIS OF DBD

Unlike other organs, the bladder faces not only hyperglycemia in diabetes, but also an
increased volume of urine. We believe that both polyuria and hyperglycemia contribute to
DBD.

Polyuria and DBD

The addition of 5% sucrose to animals’ drinking water results in significant increases in
fluid consumption and volume of urine output, without changes in body weight or serum
glucose concentration.#%73 In both rats and rabbits, sucrose-induced diuresis causes rapid
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and substantial bladder hypertrophy and increased bladder contractility, capacity, and
compliance, similar to the initial changes observed after induction of diabetes in rats.”3
Those similarities suggest that bladder hypertrophy in diabetic animals may reflect a
physical adaptation to increased urine production and may be a significant factor in the early
compensated bladder function in diabetes. We observed that both STZ-induced diabetes and
5% sucrose-induced diuresis in rats were characterized by rapid, marked remodeling of the
bladder wall, including hypertrophy, lumen dilation, and reorganization of the relative
structural relationships among the detrusor muscle, urothelium, and collagen.?! In mice, we
also have shown that, after the initial similarities in bladder hypertrophy and remodeling in
STZ-induced diabetes and 5% sucrose-induced diuresis , a transition to a decreased
micturition pressure and increased residual volume occurs at a later stage in diabetic mice.38
In the diuretic mice, the micturition pressure did not change, but the residual volume
increased. Therefore, polyuria itself can induce altered bladder structure and function.38

Prolonged hyperglycemia, oxidative stress, and DBD

Hyperglycemia induces a number of metabolic changes within cells that cannot reduce
glucose transport efficiently,”* among which oxidative stress (OS) is prominent.”® OS arises
in cells with excessive glucose through increased oxidation of glucose in the tricarboxylic
acid cycle, resulting in excessive production of electrons that are donated to molecular
oxygen to generate the reactive oxygen species (ROS) superoxide.’4-76 Dr. Brownlee has
proposed a unifying mechanism that links increased superoxide and other ROS generated
from it with activation of four damaging pathways in diabetes, namely increased production
of advanced glycation end products, activation of protein kinase C signaling, and increased
flux through the hexosamine and polyol pathways.’ The excess ROS cause, in turn, DNA
strand breaks, activation of poly (ADP-ribose) polymerase, and inhibition of
glyceraldehyde-3 phosphate dehydrogenase, culminating in activation of the four damaging
pathways, which result in detrimental changes in gene expression and further exacerbation
of 0S.7

In addition to numerous studies on the role of OS in the pathogenesis of diabetic
complications in the eye, nervous system, kidney, and cardiovascular system,’> several
investigators have reported OS increases in bladder tissues in diabetes.%6:77-79 Recently, we
performed urinary diversion surgery to divert urine from the ureter to the vagina in rats, in
order to identify the pathogenic roles of hyperglycemia without polyuria in the bladder after
induction of diabetes.#> We found significantly increased levels of nitrotyrosine and
manganese superoxide dismutase in the bladder in rats with UD and diabetes, but not in rats
with UD alone or 5% sucrose-induced diuresis without UD, compared with untreated control
rats. Another study showed that the decrease in contractility of the detrusor smooth muscle
in alloxan-induced diabetic rabbits is associated with increased lipid peroxidation products
and overexpression of aldose reductase, the main enzyme of the polyol pathway.>6
Oxidative damage to smooth muscle cells can induce apoptosis, which may contribute to
diabetic cystopathy.””:78 Increased OS may also interrupt neurotrophins necessary for
neuron survival,8% such as nerve growth factor, thereby accelerating neurodegeneration in
the bladder.
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Role of urethral dysfunction in DBD

Storage and release of urine requires coordination between the urinary bladder and the
external urethral sphincter. During urine storage, the bladder is quiescent and the sphincter is
active, whereas during voiding, the bladder is active and the sphincter is inhibited.81 The
most notable change in urethral function with DM is increased outlet resistance .82-85
Diabetes can cause external urethral sphincter dysfunction, impaired urethral smooth muscle
relaxation and nitric oxide responsiveness, and increased urethral smooth muscle
responsiveness to alpha(1)-adrenergic agonists.8® Detrusor-sphincter dyssynergia was found
in approximately 30% of diabetic rats, but never in controls.85 Those changes can increase
outlet resistance, leading to bladder remodeling and accommodation of larger post-void
residual volume, thereby exacerbating the impact of impaired bladder contractility in
DBD.8

TREATMENTS OF DBD

Little research has been published to guide practice in DBD management. Controlling the
blood glucose level is the first step in the management of diabetes. However, controlling
blood glucose does not necessarily prevent DBD, as the prevalence of DBD in patients on
oral hypoglycemic treatment is 25%.19 The treatment for DBD is basically conservative,
aiming to eliminate symptoms.18:86 |f the major symptom is urine retention, treatment may
involve a drug such as a cholinergic agent to promote better bladder emptying, scheduling
voiding at regular intervals, and/or massaging the lower abdomen to help fully empty the
bladder. Catheterization to drain the urine is sometimes required. If the most bothersome
symptom is urine leakage, current treatments include medications such as anticholinergics,
scheduled voiding, Kegel exercises to strengthen pelvic floor muscles, and surgical
procedures such as pelvic sling or bladder neck suspension.18

No new therapies for either prevention or treatment of DBD have been approved, and only a
few animal studies have been performed. Antioxidants can decrease the level of OS in the
bladder and improve the bladder function in diabetic rats.”%:87 Cell-based therapies for DBD
have shown promising results.88:89 Transplantation of ex vivo-cultured healthy smooth
muscle cells into the bladders of diabetic rats resulted in increased bladder contractile
responses and decreased residual urine.88 Stem cells have also been proposed to treat DBD
due to their ability to reduce inflammation, prevent fibrosis, promote angiogenesis, recruit
endogenous progenitor cells, and differentiate to replace damaged cells.8% Adipose tissue-
derived stem cells ameliorated DBD in rats fed a high-fat diet and treated with low-dose
STZ to induce type 2 diabetes.9% Although some stem cells differentiated into smooth
muscle cells, a paracrine pathway was proposed to play the main role in this process.

CONCLUSIONS

Diabetes affects the nature and function of the bladder in a temporal fashion. The
pathological alterations include muscle, nerve, and urothelium. Polyuria and hyperglycemia
independently contribute to the pathogenesis of DBD in type 1 diabetes; comprehensive
studies of the natural history and mechanisms of DBD in type 2 diabetes are needed. Future
clinical studies on DBD in type 1 and type 2 DM should be investigated separately. The
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ailable treatments for DBD are limited and inadequate. Further understanding of the

molecular mechanisms of DBD will provide multiple potential targets for therapeutic
intervention.
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