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Abstract

Purpose of Review Diabetes (DM) is a common cause of lower urinary tract symptoms (LUTS), known as diabetic bladder
dysfunction (DBD). The phenotype for DBD is described in the literature with considerable heterogeneity and includes
poor sensation, increased compliance, detrusor underactivity, urinary retention, weak stream, hesitancy, but also urgency
incontinence, and, for many, detrusor overactivity. Progress has been made in understanding DBD, yet a unified phenotype
or classification system for DBD remains elusive. Much remains unknown about the underlying mechanisms.

Recent Findings No classification scheme to phenotype DBD has been proposed. Evidence from recent literature suggests
four primary drivers: detrusor smooth muscle dysfunction, urothelial dysfunction, autonomic neurologic dysfunction, and
circulating and systemic factors such as inflammation, oxidative stress, and microvascular damage. It is likely that these
drivers have multi-factorial causes and inter-relate in complex ways. Recent findings in animal models lend new support to
detrusor smooth muscle dysfunction as well as inflammation. Reports utilizing next-generation sequencing have begun to
appear in the DBD literature and promise further insight.

Summary DBD currently lacks a unified classification scheme and a clear mechanism. The advent of new, more translat-
able large animal models and next-generation sequencing promises many exciting new tools and models that more closely
translate to human disease.
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premature death. Quality of life is severely impacted, and
lower urinary tract symptoms (LUTS) that can result have
been termed “diabetic cystopathy” or “diabetic bladder
dysfunction” (DBD). Prevalence studies have estimated
that DBD affects 80-93% of those with diabetes [2, 3ee].
Currently, the clinical phenotype is heterogenous and the
mechanism of DBD is poorly understood.

DBD was first described by Jordan et al. in 1935 and later
popularized in 1976 by Frimodt-Moller to describe later-
stage voiding dysfunction thought to be secondary to auto-
nomic neuropathy in diabetic patients [4, 5]. The proposed
natural history begins with impaired bladder sensation,
ultimately progressing to impaired contractility and urinary
retention [6]. Traditionally, DBD has been characterized as
“a triad of decreased bladder sensation, increased bladder
compliance and capacity, and impaired detrusor contractil-
ity” [7]. Currently, DBD can describe a wide range of LUTS,
including detrusor overactivity (DO), as well as impaired
bladder contractility, areflexic bladder, urinary retention,
overflow incontinence, and urge incontinence. It is associ-
ated with decreased sensation to filling and increased blad-
der capacity, making the phenotype quite heterogenous [7,
8]. The purpose of this review is to summarize the clinical
phenotypes of DBD as described in the literature and then
outline the most recent evidence supporting 4 main hypoth-
eses driving the clinically observed phenotypes.

Clinical Phenotype of Diabetic Bladder
Dysfunction

Urodynamic studies have been a key method used to study
DBD. Kaplan, Te, and Blaivas retrospectively examined 182
consecutive diabetic patients who underwent videourody-
namic studies and found that detrusor hyperreflexia occurred
in 55% which appears to contradict the dogma of poor sensa-
tion and detrusor underactivity (DU). In fact, they found that
only 23% exhibited detrusor underactivity (DU), suggesting
DBD is more likely to cause DO instead of DU [9]. Lee
et al. prospectively enrolled 86 consecutive women from a
diabetes care clinic and performed urodynamic studies. They
found that, unlike Kaplan et al., more women exhibited DU
than DO. Thirty-four percent of the DM2 women studied
exhibited DU while 14% exhibited DO. Thirty-eight percent
exhibited normal urodynamic findings [10e]. This heteroge-
neity of clinical phenotype is likely due to the progressive
nature of DBD, which is thought to worsen with time and
progression of DM, as noted by Lifford [11]. Moreover, it is
unlikely that duration and severity of DM at enrollment in
future clinical studies will ever be controllable. This makes
the preclinical animal model crucial to moving forward in
our understanding of DBD. The largest, prospective study
of diabetic women with urodynamic outcomes examined
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1640 consecutive women from Dujiangyan, China. All
carried a diagnosis of DM. Urodynamic studies were pro-
spectively performed after enrollment. Ninety-three percent
self-reported LUTS and 88% had abnormal findings on uro-
dynamic examination [3ee]. Fifty-six percent exhibited DO
and 48% exhibited DU by the authors’ definition. Eight per-
cent were found to have detrusor areflexia by the authors’
urodynamic criteria, with 29% of the impaired contractil-
ity patients having diminished renal function with bilateral
hydronephrosis [3ee]. This underscores the potentially life-
threatening consequences of DBD. All of the above clinical
reports of urodynamic findings in DBD have lacked a com-
parison group of nondiabetic subjects. Malik et al. recently
published a comparison of DM to non-DM women present-
ing to tertiary care centers for LUTS [12e] . The authors
identified 384 subjects, of whom 88 (26%) self-reported
DM, with no distinction between DM 1 and DM2. Although
there was no difference in the self-reported LUTS at pres-
entation between groups, the DM group exhibited more DU,
defined as not being able to achieve detrusor contraction >10
cm H20 from baseline and hold this for >10 s (30% vs. 18%,
p<0.05). DM women also reported impaired sensation to
filling and impaired desire to void more often than controls
(17% vs. 5%, p<0.005). There was no difference in PVR
(99 £ 46 for DM vs. 70 + 147, p= 0.224). Hgb Alc >7.5%
was associated with impaired sensation as well as impaired
desire to void, underscoring the role of severity of DM.
Duration of DM > 10 years was similarly associated with the
impaired desire to void, elevated post void residual, lower
detrusor pressures, and maximum urodynamic capacity.

To summarize, DBD lacks a standardized clinical defini-
tion and one can see the challenges of defining DBD based
on urodynamic findings alone. The previously described
series lack a consistent clinical phenotype. To help the
reader better understand the landscape of medical literature
with regard to DBD, Table 1 has been assembled. Table 1
lists key clinical studies having urodynamic outcomes,
including those already described.

One can see that DBD lacks a predictable pattern when
examining the published literature. Clinical research shows
that the nature and severity of LUTS differ between DM 1
and DM2, the duration of DM affects prevalence of LUTS,
as does Hgb Alc, and so does the presence of end-organ
damage such as neuropathy. Not surprisingly, the age of the
patient also has a significant independent effect and must be
controlled for in order to draw conclusions about the con-
tribution of DM on DBD. No clinical report integrates all
of these outcome measures (Table 1). Hypotheses can be
generated based on clinical literature, and animal models
can then be used to test them. Four key hypotheses will be
explored focusing on the target tissue that is affected. It is
thought that systemic factors such as inflammation, oxida-
tive stress, and hyperglycemia contribute to damage in these
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Table 1 Summary of key studies describing diabetic bladder dysfunction having urodynamic outcomes

Finding

Lead author

Participants

Detrusor overactivity (DO) in 55%

Detrusor underactivity (DU) in 23%
Detrusor areflexia in 10%

Normal urodynamic findings (normal) in 1%

Overall 11/29 had “voiding dysfunction”

If motor nerve conduction velocity (MCV) of the peroneal nerve
was Abnormal: “voiding dysfunction” in 11/16.

If normal 0 had “voiding dysfunction”

PVR > 100cc in 13.9% of DM vs. 1.8% of controls

Qmax 19.4cc/sec in DM vs. 25.9cc/sec in controls

Emptying efficiency (voided volume /PVR) worse in DM with
Peripheral neuropathy or duration of DM >10 and Age (34.6%
vs. 21% of women with diabetes vs. controls)

DO in 25% of males

DO in 31% of females

BOO in 25% of males

Urge incontinence in 12.5% of females

Stress incontinence in 12.5% of females

Males more likely to have DBD for age >64 years, DM duration
>9 years, HgbAlc >7.9%

Females more likely to have DBD for age >56 years, DM dura-
tion >8 years, HgbAlc >7

Neuropathy in 4%

DO in 42% of those with DO, 76.5% were noted on MRI to have
Multiple cerebral infarcts DU in 48%

Impaired sensation (first sensation >300cc) in 32%

PVR >30mL in 57%

DU in 34%
Normal in 38%

Impaired sensation (>250 mL): 23%

Increased capacity (>600 mL): 25% DU in 78%

DO in 38%

PVR>30% capacity in 65%

Bladder outlet obstruction (BOO, Abrams-Griffiths number >40)
in 28%

Neuropathy predicted urodynamic abnormality, increased further
if abnormal sensory plus nerve conduction velocity

DO in 56%
DU in 48% mean PVR 323 mL
Detrusor areflexia in 8%

Stress urinary incontinence in 48%
DO in 23%

DUin 11%

Normal in 16%

3 categories of DM severity:
Group 1 (no DR, no DN) n =25
DO in 20%

DHIC in 24%

DU in 28%

BCI 106 + 31

PVR7+92

Group 2 (only DR, no DN) n = 18
DO in 0%

DHIC in 44%

DU in 38%

BCI 74 + 27

PVR 147 + 151

Group 3 (both DR + DN) n=14
DO in 0%

DHIC in 28%

DU in 57%

BCI 68 + 31

PVR 150 + 195

Kaplan 1995 [9]

Mitsui 1999 [51]

Lee 2004 [17]

Kebapci 2007 [6]

Yamaguchi 2007 [50]

Lee 2009 [10e]

Bansal 2011 [15]

Changxiao 2014 [3®°]

Karoli 2014 [64]

Majima 2019 [65]

n=182 retrospective urodynamic study, male and female, all dia-
betic, mixture of DM1 and DM2

N=29 males and females with DM. voiding dysfunction was defined
as elevated first sensation to void >300mL, PVR < 50mL, and
maximum bladder capacity >500mL

n=194 females with DM1 or DM2 vs. n=162 control females

n=>54 males and females with DM2.

N=84 males and females with peripheral neuropathy retrospectively
identified

n= 86 females with DM2

n=>52 males, 51.9% demonstrated neuropathy based on sensory and
nerve conduction velocity

n=1640 consecutive females with DM

N=46 women with DM2

n=57 men with DM2 categorized has having diabetic retinopathy
(DR) and/or diabetic nephropathy (DN). Bladder contractility
index (BCI) was also calculated
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Table 1 (continued)

Finding

Lead author

Participants

DU in 30% vs 18%

DO 23% vs 22%

Impaired sensation 17% vs 5%

Capacity 493 vs 409 p=0.005

PVR 99 vs 70, p=0.224

Duration of DM > 10 y impaired desire to void, elevated post
void residual, lower detrusor pressures, and higher maximum
urodynamic capacity

A1C>17.5 conferred poor sensation, duration

Malik 2020 [12¢]

Comparison of n=88 DM and n=296 non-DM women with urody-
namic study results from multiple US institutions

target tissues and cause symptoms themselves independent
of the target tissue. The evidence supporting these hypoth-
eses will be explored.

Differences Between DM1 and DM2

There are differences between type 1 diabetes (DM1) and
type 2 (DM2) with regard to DBD. DBD is seen in 43—-87%
of DM1 and 25% of those with DM2 [3ee_13]. The major-
ity of reports in the literature are retrospective prevalence
studies, with little insight as to mechanism, and most do not
follow patients over time. Clinical retrospective studies have
failed to consistently show the pattern expected by Frimodt-
Moller [14, 15].

Incontinence has been primarily associated with DM2
rather than DM1. Analysis from the Nurse’s Health
Study and Nurse’s Health Study II provides large-scale
evidence of the differences in DBD. These are longitu-
dinal prospective observational studies examining the
health of 71,650 nurses ages 37-79 from 1976 to 2000.
Nurses Health Study began in 1976 when 121,700 mar-
ried female registered nurses aged 30-55 who lived in 11
US states completed a mailed questionnaire. Follow-up
questionnaires are sent every 2 years, and the accuracy
of the self-reported data has been validated by multiple
independent studies. A wide range of medical conditions
is queried, including DM1, DM2, and urinary inconti-
nence. Danforth et al. performed pooled multiple logistic
regression analysis and revealed a 20% increased preva-
lence of urinary incontinence affecting women with DM2.
The investigators attempted to control for factors that also
contribute to incontinence (OR 1.2, 95% CI 1-1.3) [16].
Incontinence was defined as 1+ leakage episodes in a
1-week period. Supporting the clinical results of Danforth
et al., Lifford et al. also analyzed 81,845 women from the
Nurses Health Study data set and appreciated a 50-200%
increase in prevalence for urinary incontinence in women
with DM2, compared to those reporting no DM2. DM1,
gestational diabetes, and unconfirmed reports of DM were
excluded from the analysis. Additionally, they noted that a
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longer duration of DM2 and the presence of microvascu-
lar disease increased the risk of incontinence [11, 17]. Not
surprisingly, DM1 has also been associated with inconti-
nence. The Epidemiology of Diabetes Interventions and
Complications (EDIC) is another longitudinal prospective
observational trial designed to provide insight into the
complications of diabetes, specifically DM1. This project
examined subjects from the diabetes control and compli-
cations trial (DCCT, 1983-1993) who were then enrolled
in a follow-up longitudinal prospective observational
study (EDIC, 1994—present). All subjects were women
with DM1 who completed a urology-specific question-
naire after 10 years of involvement (2003) and after 17
years (2010). Investigators noted an increase in the odds
ratio of 1.41 for every 1% Hgb Alc increase (95% CI
1.07-1.89) through the study period [18ee]. Another pro-
spective diabetes registry in Hong Kong noted a 19.7%
incidence of chronic kidney disease over a median fol-
low-up period of 7.2 years [19]. There is a link between
DBD and other end-organ damage, such as peripheral
neuropathy [20, 21]. Although a predictable pattern has
not emerged, it is clear DM is associated with significant
urologic complications [19-22].

Much more published data is available from animal mod-
els of DBD compared to human clinical data. The disease
can be manipulated; animals can undergo invasive proce-
dures not possible in humans and can be sacrificed for tis-
sue analysis. Mouse models have a compressed lifespan and
lower cost, allowing the efficient study of disease processes
that can take years to develop in humans [23]. Animal mod-
els have been used to test hypotheses generated during clini-
cal observation, with most investigators describing small
animal bladder models for both DM1 and DM2, such as
mice, rats, and rabbits. Large animal models of DBD are
rare. One advantage to large animal models is that they may
be better approximations to human urinary physiology in
terms of the size of kidneys, ureter, and bladder which helps
for device development, quantity of tissue available, and vol-
ume of urine voided. Urodynamic equipment and techniques
developed for humans can be used on large animals instead
of creating non-physiologic surgically implanted suprapubic
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catheter-style urodynamic apparatuses. The Ossabaw min-
iature pig (Sus scrofa domesticus, Ossabaw Island Hog)
was developed for this purpose, as a large animal model
for diet-induced bladder complications of MetS and may
more closely model the human bladder dysfunction caused
by MetS not only in size but also because it can develop
MetS through diet alone as humans do [24e].

Four Main Hypotheses Driving Diabetic
Bladder Dysfunction

Smooth Muscle Dysfunction Hypothesis

Although the pathogenesis of DBD is likely multifactorial,
it is critical to understand the key drivers and how they con-
tribute. The earliest theories have hypothesized that neuropa-
thy is the primary driver for DBD; however, recent evidence
presents a strong case for smooth muscle dysfunction which
carries important therapeutic implications.

The problem of heterogenous DBD phenotypes

Preclinical rodent models have revealed an early hyper-
contractile bladder phenotype followed by a late, hypo-con-
tractile phenotype [25¢]. This “temporal hypothesis” has
been widely accepted but has not yet been demonstrated in
humans [26]. It would explain why the clinical investiga-
tion of DBD has failed to produce a reproducible pheno-
type, as described above. Detrusor smooth muscle (DSM)
Ca’* transporters drive contractility and some have pro-
posed alterations in Ca** transport underly the contractile
phenotypes. There are significant parallels between detru-
sor smooth muscle (DSM) and coronary smooth muscle
(CSM). With this in mind, Sturek and colleagues have dem-
onstrated a similar biphasic phenotype in CSM using a pre-
clinical Ossabaw pig metabolic syndrome/diabetes (MetS/D)
model that is driven by alterations in Ca>* influx through
plasmalemmal Ca’* channels and the size (Ca>* content)
of the sarcoplasmic reticulum (SR) Ca** store. Moreover,
altered activity of the sarcoplasmic reticulum Ca>* ATPase
(SERCA) drives these changes [27].

Just as seen in DM1 rats, there is an early hypercontrac-
tility that progresses to late hypocontractility as DM pro-
gresses in CSM. This mirrors the temporal alterations in
contractility noted in DSM by Daneshgari and colleagues
[25e, 27, 28]. McKenney-Drake, Sturek, and colleagues
demonstrated this in CSM using Ossabaw metabolic pigs.
First, a larger “compensated” sarcoplasmic reticulum Ca**
store size drives the “early” phenotype, while after time,
decompensation leads to a smaller sarcoplasmic reticulum
Ca?* store size which drives the “late” phenotype. The

second major driver is that differential activity in SERCA
is a major regulator of the size of the sarcoplasmic reticu-
lum Ca?* store. The third major driver is that the decreased
sarcoplasmic reticulum Ca?* store drives DSM apoptosis
in the “late” DM phenotype. Work in the diabetic Ossabaw
pig model has shown detrusor underactivity associated with
increased fibrosis in the DSM during the “late” DM pheno-
type. This has begun to establish the Ossabaw pig as a novel
large animal model for DBD [24e].

Rabbit models have also demonstrated diminished
smooth muscle strength. Response to KCI bath as well
as bethanechol (both expected to elicit DSM contraction)
was diminished in the rabbit model of DM1 in the work of
Changolkar et al. supporting the hypothesis of smooth mus-
cle dysfunction driving DBD [29]. Using KCl and bethane-
chol stimulation eliminated the contribution of potentially
defective autonomic innervation. This was also associated
with significant oxidative stress. Klee examined the tempo-
ral hypothesis further in high fat diet, streptozocin-treated
DMI rats using urothelium-denuded smooth muscle strips
and stimulating them at 3 months (compensated, early DM1)
and 6 months (decompensated, late DM1). Electrical field
stimulation (EFS) was applied, effectively bypassing any
contribution from neuropathy, and then EFS in the presence
of atropine was used to determine the muscarinic component
of detrusor contractility, which was not noted to be different
in compensated nor decompensated state in DM 1. Detrusor
smooth muscle was also stimulated with ATP and carbachol
with increased force at the early, compensated stage but lost
the increased force to carbachol at the late stage compared
to non-DM1 controls. This relative decrease in cholinergic-
mediated contraction in the late, decompensated state sup-
ports the temporal hypothesis for increasing, then decreasing
bladder contractility. Unlike urothelium, which will be dis-
cussed in the next section, muscarinic M3 receptors were not
more prevalent in the early DM1 smooth muscle but were
increased in the late (decompensated) smooth muscle [30].

Hypocontractility is not the only driver for smooth muscle
DBD. It has been demonstrated that loss of functioning det-
rusor smooth muscle mass by apoptosis plays a contributory
role. Wang et. al demonstrated that endoplasmic reticulum
(ER) stress has been directly linked to detrusor smooth mus-
cle apoptosis in a DM1 rat model employing streptozocin
(STZ)-treated rats [31]. The Ossabaw pig model supported
this finding by Wang et. al but in metabolic syndrome, not
DM 1, by noting an increased percentage of collagen found
in the muscularis layer and no difference in thickness of the
layers between lean and metabolic syndrome groups [24e].
Apoptosis causing loss of smooth muscle mass is a well-
documented driver for smooth muscle dysfunction in car-
diovascular disease related to diabetes, but its role in DBD
is less well studied [31, 32]. DSM contractility can also be
modulated directly by hyperglycemia as noted by Xue and
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colleagues. They noted increased apoptosis as well as oxida-
tive stress (superoxide dismutase) and decreased o - smooth
muscle actin (contractility marker) when rat detrusor smooth
muscle cells were cultured in high glucose solution [33].

In summary, decreased contractility due to Ca** signal-
ing, apoptosis due to ER stress, and high glucose environ-
ment all contribute to DSM driving DBD.

Role of Interstitial Cells in Humans

The abovementioned differential expression of matrix metal-
loproteases relates to an evolving understanding of the role
interstitial cells play in the regulation of smooth muscle cell
contraction. There is new evidence that interstitial cells situ-
ated among detrusor smooth muscle may become dysfunc-
tional in DM. Canda and colleagues have noted a decrease in
the quantity of C-kit positive interstitial cells in comparing
10 bladders of diabetic men vs. 11 non-diabetic male blad-
ders removed for bladder cancer [35]. This is important in
that C-kit positive interstitial cells have been shown to affect
muscarinic receptor-induced phasic bladder contractions in
the diabetic rat [36].

In summary, significant evidence in the basic sciences
points to smooth muscle dysfunction/damage as a key driver
in DBD. It is important to note that the role of urothelium as
an active sensory organ has become widely recognized, lead-
ing to its recognition as a second hypothesis driving DBD.

Urothelial Dysfunction Hypothesis

Urothelial dysfunction has recently been suggested as a con-
tributing factor in DBD. The urothelium functions as both
a passive barrier that regulates permeability, transport, and
endocytosis across the bladder wall as well as a sensor that
modulates bladder function [8]. It is widely accepted that M3
receptors play the most significant role in urothelial sensory
function. With this in mind, Tong noted an increase in M3
receptor protein and mRNA expression for both urothelium
and detrusor smooth muscle (DSM) in fructose-fed rats. M2
and M3 receptors were also noted to be upregulated in DM 1
rats induced with streptozosin [37]. This supports a role for
urothelial dysfunction in DBD. Lee et. al provided evidence
of altered urothelial function and not just protein expression
in rats fed a high fructose diet, noting increased contractil-
ity on cystometry as well as decreased protein expression
of TRPV1, P2Xj;, and iNOS in the urothelium compared to
normal diet rats [38]. The work of Santoso demonstrates that
ATP as well as urothelium both have an inhibitory effect on
the strength of detrusor muscle contraction. Their elegant
work was done using rats, where strips of detrusor smooth
muscle were stimulated to contract with carbachol in the
presence of ATP, which decreased the strength of contrac-
tion, with and without urothelium intact. The urothelium
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further decreased the strength of contraction, demonstrat-
ing an important modulatory function of urothelium [39].
Urothelium in DM1 rats was less responsive to bradykinin
than controls, and although thicker in the diabetic rats, con-
tained less prostaglandin by weight than controls, suggesting
that, similar to Lee above, P2X receptor subtypes in urothe-
lium suffer diminished activity in DM1 [40].

Just as urothelium appears to have an inhibitory influence
on detrusor function in the mouse, human urothelium in DM
has also demonstrated increased M3 receptor expression on
Western blot compared to controls and, in this regard, is
similar to OAB [41].

Infection is also a chief concern for diabetics. The
urothelium is also the chief adhesion and entry point for
uropathogenic Escherichia coli. It is known that urinary
tract infections are more prevalent in diabetic patients,
and this has been often attributed to glucosuria as well
as presumed urinary retention. Recent evidence by Ho
and colleagues has demonstrated a plausible mechanism
by which glucose might promote E. coli bladder infec-
tion. Increased glucose in the environment was noted to
enhance the toll-like receptor (TLR) response, but only
with bacteria present. Increased intracellular pathogenic E.
coli bacterial loads were noted in glucose-treated urothelial
cell cultures, and the intracellular load increased with glu-
cose concentration. TLR-4 was increasingly transcribed as
well, as was JAK/ STAT-1, further supporting the hypoth-
esis that glucose enhances the inflammatory cascade via
the TLR-4 pathway and facilitates intracellular infection.
STAT-1 inhibitor fludarabine reduced intracellular E. coli
load, regardless of glucose treatment [42].

In summary, urothelium has not only sensory and inhibi-
tory roles but also plays an important role in preventing
infection in DBD. This leads to the third hypothesis that
drives DBD, neuropathy.

Diabetic Neuropathy Hypothesis

Neuropathy remains a primary driver for DBD, and there
is significant evidence to support this. Animal models for
DBD demonstrate metabolic derangement of Schwann
cells leading to segmental demyelination and decreased
nerve conduction velocity, which was also confirmed in
human biopsy specimens by assessing acetylcholinesterase
activity (decreased) and S100 stain positivity (increased
Schwann cell myelin synthesis) suggesting that Schwann
cells growth is compensating for impaired axonal transmis-
sion in DBD [43-45].

Nerve growth factor (NGF) has been noted as a urinary
marker for an overactive bladder associated with urinary
incontinence [46]. NGF levels are increased in rats with
early-stage DM, while late-stage DM sees a decrease in
bladder NGF levels [47]. Furthermore, supplementing rats
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deficient in NGF using gene therapy has improved bladder
emptying in a streptozocin-induced DM1 model of DBD
[47].

In humans, NGF levels decrease after onabotulinumtoxin
A treatment as well as sacral neuromodulation [48, 49].
Decreasing levels of NGF in diabetics may explain detrusor
underactivity and impaired sensation but does not address
the recently appreciated phenomenon of DO in DBD. This
might be explained by biphasic smooth muscle dysfunction
(see above “smooth muscle dysfunction hypothesis”) and
could also be explained by supra-pontine neurologic injury,
such as from cerebral infarction. Some have noted a remark-
able 76% rate of multiple cerebral infarctions in diabetics
exhibiting DO, based on MRI, as an alternative cause for the
hypercontractile phenotype, yet this does not explain why
animal models progress to underactivity after a period of
hyperactivity [50].

Elevated PVR (surrogate for emptying efficiency) is
related to peripheral neuropathy in women with diabetes
when compared to age-matched, parity-matched, and BMI-
matched women without diabetes. Lee et al. examined 194
diabetic women compared to 162 women without diabetes.
PVR and uroflow were the primary outcome measures. PVR
> 100cc was noted in 13.9% of diabetic patients and only
1.8% of controls. The mean uroflow maximum flow rate was
19.4cc/s for diabetic women compared to 25.9cc/s in con-
trols (p<0.001). Age also affected PVR [17]. These findings
support the traditional triad of decreased bladder sensation,
increased bladder compliance and capacity, and impaired
detrusor contractility described in the introduction.

Although PVR and flow are easy to measure, it is difficult
to measure sensation. This is often done by filling and asking
the patient for a self-report, which is not standardized and
suffers from subjectivity. A novel electrical stimulation tech-
nique was used by Lee et al. to assess poor bladder sensation.
Eighty-six women with DM2 at a diabetes treatment clinic in
Taiwan were stimulated during urodynamics to assess cur-
rent perception. A frequency of 250 Hz was intended to rep-
resent a sensory response in A delta fibers, and a frequency
of 5 Hz was intended to elicit a sensory response in C fib-
ers. While 38.4% demonstrated normal urodynamic studies,
34.9% demonstrated detrusor underactivity. Impaired cur-
rent perception thresholds were noted in both A delta and
C fibers, and those with impaired sensation also exhibited
average lower voided volume, voided velocity, and higher
PVR. This is important because it is the first study to link
impaired A delta and C fiber sensory function in the bladder
with urodynamically proven detrusor underactivity [10e].

Motor nerve conduction velocity (sural nerve, peroneal
nerve), similarly, was associated with urodynamic-proven
voiding dysfunction in DBD, but patients did not report
increased LUTS [51]. The authors concluded that impaired
nerve conduction velocity is highly correlated with the

delayed first desire to void and elevated bladder capacity
in DBD, but LUTS were not [51]. There might be a role for
motor nerve conduction velocity to screen for DBD before
clinical symptoms are apparent. Impaired temperature sensa-
tion, as a surrogate for DBD, does not appear to be linked to
urodynamic findings and LUTS in DBD [52].

Peripheral neuropathy can also predict DBD. Kebapci
et al. investigated 54 Turkish men and women with DM2
and noted peripheral neuropathy increased odds of DBD.
They also found that age, duration of diabetes since diagno-
sis, and Hgb Alc were correlated with diabetic cystopathy.
Men and women had different thresholds for exposure [6].
Yamaguchi et al. reported only 4% of subjects in a large
urodynamic database had evidence of diabetic neuropathy.
Initially identified by neurologic exam (84/2300), 71% of
the neuropathic patients reported poor flow, 59% reported
hesitancy, and 38% with the sensation of residual urine. Uro-
dynamics revealed DU in 48%, impaired sensation in 32%
(the first sensation occurred at 300cc), and PVR > 100 in
32%. Unfortunately, this was confounded by 21/84 (25%)
patients who were determined to have suffered cerebral
infarction. Diabetic neuropathy was also described in 26%
of 182 consecutive diabetics undergoing urodynamic stud-
ies by Kaplan, Blaivas, and colleagues [9]. As described
previously, this series noted that 42% had DO while 48%
reported urinary urgency [50]. Although the Kaplan and
Yamaguchi investigations both involve diabetics, the rate
of diabetic neuropathy was very different (4% vs 26%) and
neuropathy was defined differently. Differing definitions of
key independent and dependent variables as well as vary-
ing stages of diabetes severity at the time of analysis make
finding common elements in DBD challenging. To summa-
rize, evidence for neuropathy in DBD includes decreased
Ach activity, increased nerve synthesis, increased NGF
levels in those complaining of overactive bladder, impaired
sensation including impaired current threshold for A delta
and C fibers, and peripheral neuropathy. Thus far, smooth
muscle dysfunction, urothelial dysfunction, and neuropathy
have considerable evidence of contributing to DBD. The
final contributor, circulating and systemic factors, is likely
a causative factor in the three abovementioned hypotheses
in addition to being a primary driver itself.

Circulating and Systemic Factors hypothesis:
Oxidative stress, Acute Glycation End Products,
Inflammation, and Microvascular Damage

The prior three sections have outlined significant evidence
supporting end-organ damage, such as smooth muscle,
urothelial, and neurologic changes in DBD. Systemic and
circulating factors likely cause the damage in these tissues
and also contribute directly to symptoms. Polyuria from
increased osmotic load [23, 53], oxidative stress to nerve
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and muscle tissue [29, 54], and microvascular damage [55]
all contribute to DBD. Urinary indicators of oxidative stress,
such as thiobarbituric acid reactive substances (TBARS), are
elevated in pigs exhibiting metabolic syndrome vs. controls
[24e]. Mitochondria also play a role and are a prime source
of reactive oxygen species, implicated in tissue damage
due to hyperglycemia [56]. Advanced glycation end prod-
ucts (AGEs) have been widely studied in animal models for
DBD but recently were noted in human subjects with various
LUTS, with an increase in serum AGEs being associated
with higher IPSS (international prostatic symptoms score)
as well as OAB-q (overactive bladder questionnaire) scores
[57]. Obesity is associated with oxidative stress, is well cor-
related with DM2 but not DM1, and has been associated
with urinary incontinence in multiple studies [58—60].

In addition to the abovementioned systemic drivers con-
tributing to DBD, systemic inflammation has recently been
shown to play a key role in the development of overactive
bladder in DBD. It has also been implicated in progression
to underactive bladder. In fact, DBD may not be possible
without inflammation. Hughes, Purves, and colleagues
demonstrated that knocking out NLRP3, a gene associated
with inflammation isolated to the urothelium, prevented
the progression to the underactive bladder in “late” DM 1
[61]. The investigators previously demonstrated bladder
hypertrophy and overactive bladder in the Akita mouse
genetically modified to exhibit DM1 [62]. The Akita DM1
mouse was cross-bred with a knockout mouse model lack-
ing NLRP3. Investigators noted that while the Akita DM1
mouse progressed to OAB at 15 weeks and then underac-
tive bladder at 30 weeks, this progression failed to occur
in the mouse lacking NLRP3.

On a genetic level, DM1 can cause inhibition of gene
expression, promoting inflammation and preventing nerve
growth and repair. Hindi and colleagues used RNA micro-
array analysis of DM1 rat detrusor vs. controls as well as
vs. sucrose-fed rats and appreciated 1461 gene transcripts
that were differentially expressed when compared to con-
trols (including sucrose-fed controls). Further analysis
focused on the most pronounced differences and identified
7 pathways in which DM1 rats differed from both controls
and sucrose-fed rats. These pathways included inhibition
of matrix metalloproteases and axonal guidance signal-
ing pathways supporting the case for extracellular matrix
dysregulation as well as neuropathy in DBD [34].

Next-generation sequencing promises to advance this
further than what is possible with microarray analysis.
Identification and sampling of single cells for whole-
genome sequencing allows for analysis of extremely small
samples of cells with precision. To demonstrate the util-
ity of next-generation single-cell sequencing, Abedeni
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and colleagues have successfully identified and sequenced
small numbers of sloughed cells from the kidney as well
as bladder urothelial cells from voided urine as a part of
the TRIDENT diabetic nephropathy research project using
single-cell RNA sequencing [63]. Although not directly
related to the bladder, one can see future applications of
this technology in investigating sloughed urothelial cells.
The authors characterized gene expression in 5 patients
with diabetic kidney disease and created a reference gene
expression library using pooled urine from healthy con-
trols. This new application of an emerging technique
promises new and less invasive ways to study the differen-
tial expression of genes to further elucidate the mechanism
of DBD. Investigators in that work appreciated differential
expression of genes associated with nephrotic syndrome in
podocytes as well as genes found in collecting duct cells
associated with kidney stones.

Clearly, systemic factors contribute to abnormalities in
the end organ, such as detrusor smooth muscle, urothe-
lium, and nerves, but also appear to independently contrib-
ute to the DBD phenotype. The DBD phenotype appears
dependent on the duration of DM and severity of DM, with
a still-evolving understanding.

Conclusion

The etiology of DBD is clearly multifactorial, but recent evi-
dence suggests smooth muscle dysfunction is a strong driver.
Animal models are helpful in testing clinically observed
hypotheses, as well as isolating complex inter-relationships
between contributing factors. These include neuropathy,
polyuria, smooth muscle dysfunction, urothelial-nerve-
muscle interactions, inflammation, oxidative stress, AGEs,
and microvascular compromise. These factors change with
the duration and severity of DM. Well-designed, prospective
human observational studies are needed.
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