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Purpose: Diabetes is a grave and progressive condition characterized by debilitating compli-

cations. Diabetic bladder dysfunction (DBD) is a very common complication with no specific 

treatments currently available. Unlike other tissues affected by this disease, the bladder is 

subjected to two independent insults; 1) polyuria, created by the osmotic effects of glucose 

in the urine, and 2) hyperglycemia itself. Based on our understanding of inflammation as a 

major contributor to the underlying organ damage in several other diabetic complications, its 

presence in the bladder during DBD and the contribution of polyuria and hyperglycemia to its 

development were assessed.

Methods: Awake, restrained cystometry was performed on wild type C57BL/6 mice and 

diabetic (Akita) mice on a C57BL/6 background at 15 weeks of age. A subgroup of the Akita 

mice were treated with phlorizin, an inhibitor of sodium-glucose linked transporter types 1 and 

2 that prevents glucose reabsorption in the kidney. All groups were assessed for serum glucose, 

4-hour voiding totals, and inflammation in the bladder (Evans blue assay).

Results: Akita mice develop cystometrically-defined DBD by 15 weeks of age, as evidenced 

by an increase in urinary frequency, a decrease in voiding volume, and an increase in post-

voiding residual volume. Phlorizin effectively normalized serum glucose in these animals while 

increasing the urine output. Inflammation in the bladder was present in the diabetic animals at 

this time point, but not detectable in animals receiving phlorizin.

Conclusion: Inflammation in the bladder of diabetic mice correlates with the development of 

DBD and is triggered by hyperglycemia, not polyuria.
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Introduction
The WHO has estimated that, in 2014, there were 422 million people worldwide 

living with diabetes.1 Among those afflicted, somewhere between 25% and 90% had 

diabetic uropathy, a complication more common than neuropathy or nephropathy,2,3 

and one that has been recognized since 1935.4 The wide range of this estimate is most 

likely due to the absence of a validated and standardized method for diagnosis and the 

selected referral of patients.5,6 Diabetic uropathy consists of diabetic bladder dysfunc-

tion (DBD), a more inclusive term than the previously en vogue diabetic cystopathy,7 

sexual or erectile dysfunction, and recurrent urinary tract infection. In recent years, 

DBD has come to be recognized as a progressive set of symptoms, characterized in 

the early stages by increased frequency, urgency, and even urge incontinence.8 These 

changes are also characteristic of the irritative symptoms associated with overactive 
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bladder (OAB).6 As diabetes develops, chronic DBD becomes 

characterized by an insensate, decompensated bladder that 

results in overflow incontinence and high post-void residual 

volumes.6,8 However, it must be stated that, clinically, not 

all patients will progress smoothly through these stages or 

present at the beginning of their disease.

In the early stages of diabetes, hyperglycemia overwhelms 

the capacity for renal reabsorption of glucose, leading to 

glucosuria and osmotic polyuria. Initially the bladder com-

pensates, leading to increased urinary frequency. Contempo-

raneously in the bladder, as in all insulin-independent tissues, 

hyperglycemia drives enhanced oxidative phosphorylation 

that causes significant oxidative stress. Oxidative stress is 

an imbalance between the production of reactive oxygen 

species (free radicals) and antioxidant defenses, resulting in 

excess radicals that react and damage all components of the 

cell including proteins, lipids, and DNA. Increased oxida-

tive stress has been implicated in a vast number of diseases 

including heart disease,9 cancer,10 and, critically, diabetes,11 

and DBD in particular.6,12 It is this oxidative stress that trig-

gers an inflammatory response in many target tissues.13–15 

While for many years there has been general evidence 

that inflammation plays an important role in the develop-

ment of several diabetic complications,16,17 there has been 

little evidence that it is occurring in the bladder. Suggestive 

indications were provided when Wang and Kuo18 recently 

found that mast cells in the urothelium and suburothelial 

layer were increased in diabetic patients. In this study, we 

have examined the presence of inflammation in the bladder 

of the Akita diabetic mice at a time where they demonstrate 

DBD symptoms. To assess the contribution of polyuria 

and hyperglycemia to the activation of inflammation, we 

have treated a group of these diabetic mice with phlorizin. 

Phlorizin is a dihydrochalcone (a bicyclic flavonoid) that 

functions as a competitive inhibitor of the sodium-glucose 

linked transporter types 1 and 2 (SGLT1 and SGLT2) in the 

kidney and gut. Treatment with phlorizin prevents glucose 

reabsorption and results in increased glucose in the urine.19,20 

Thus, phlorizin results in significantly lower blood glucose 

coupled with an enhanced polyuria (due to osmotic effects of 

glucosuria) allowing for discrimination between the effects 

of polyuria vs hyperglycemia on the formation of an inflam-

matory response. Similar SGLT1 and 2 inhibitors have been 

developed for human use and are marketed under the trade 

names Invokana® and Farxiga®,21 and, while phlorizin has 

been used in many studies for lowering blood glucose,19,22 it 

has not been used previously to distinguish the contribution 

of polyuria and hyperglycemia to DBD.19,22

Methods
animals
The Akita mouse strain contains a spontaneous mutation 

in the insulin 2 (Ins2) gene, which causes it to fold incor-

rectly, leading to an inactive protein as well as producing 

toxicity in pancreatic β cells.23 Mice heterozygous for the 

Ins2 mutation are viable and fertile and begin developing 

diabetes around the time of weaning (4 weeks). Akita mice 

on a C57BL/6 background (C57BL/6-Ins2Akita/J, stock 

number: 003548), and the wild type C57BL/6J strain (stock 

number: 000664) were purchased from Jackson labs and 

bred in the mouse breeding core at Duke University Medi-

cal Center. Wild type and heterozygote (ie, diabetic) female 

mice were provided to the lab upon weening (≈ 4 weeks of 

age). Mice were housed socially, as required by the Guide 

for the Care and Use of Laboratory Animals published by 

the US Public Health Service. Animals were housed 2–5 

per cage, depending on how they were transferred from the 

breeding core. Individual cages were not necessarily com-

posed of one genotype or experimental group or targeted for 

one endpoint. The exception to social housing were with the 

animals implanted with a suprapubic tube for urodynamics. 

These animals were housed individually to prevent them 

from chewing one another’s tubes. Within 3 days of arrival 

one group of mice were anesthetized (80 mg/kg ketamine/5 

mg/kg xylazine, ip), treated prophylactically with carpro-

fen (5 mg/kg, sc) and enrofloxacin (0.5 mL/kg of a 2.27% 

solution), and implanted with osmotic mini-pumps (Alzet, 

Cupertino, CA; cat# 2004; release rate 0.25 µL/h for 4 weeks) 

containing phlorizin (40% w/v in propylene glycol).24 The 

effective dose was 120 mg/kg/day. Bupivacaine (0.25%) was 

applied topically to the sutures after the procedure. Pumps 

were replaced every 4 weeks. Prior to any surgery mice were 

given preemptive analgesic (carprofen, 5 mg/kg). All animals 

were maintained on a normal light:dark cycle (12 hours on, 

12 hours off) until 15 weeks of age, when they were used 

for various studies. Animal protocols were reviewed and 

approved by the Institutional Animal Care and Use Commit-

tee at Duke University Medical Center and conformed to the 

Guide for the Care and Use of Laboratory Animals published 

by the US Public Health Service.

cystometry
For cystometry, week 14 mice were anesthetized (80 mg/kg 

ketamine; 5 mg/kg xylazine), treated prophylactically with 

carprofen (5 mg/kg, sc) and enrofloxacin (0.5 mL/kg of a 

2.27% solution), and had a suprapubic catheter (PE-10 tubing 

with a flared end) implanted in the dome of the  bladder and 
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secured with a purse string suture (6-0 silk). The tubing was 

tunneled to the back of the neck and secured to interscapular 

tissue (6-0 silk). The end was hermetically sealed and allowed 

to extend 2–3 cm out of the body. The abdominal wall and 

skin were closed separately (6-0 PGA) and bupivacaine 

(0.25%) was applied once topically to the incision. One week 

later, after appropriate training, the mouse was placed in a 

Ballman-type restrainer (Natsume Seisakusho Co., Tokyo, 

Japan), which was put inside of a Small Animal Cystometry 

Lab Station (Med Associates, St. Albans, VT) and situated 

above an analytical balance used to measure voided volume. 

A small piece of cardboard was bent to form a tent-like 

shape and affixed to the pan on the scale and covered with 

absorbent material. This had the effect of deflecting stool, 

while absorbing urine, although any stool not deflected 

was easily discernable from a void based on weight. Sterile 

saline was infused at 15 µL/min and intravesicular pressure 

was measured with an in-line transducer. Infusion continued 

for 60–120 minutes, and all data recorded with Med-CMG 

software (Med Associates, St. Albans, VT). At the end of 

the experiment, and immediately after a void, infusion was 

stopped and the post-void residual volume was measured by 

attaching the catheter to a 3 mL syringe and withdrawing the 

plunger for 10–15 seconds. The volume recovered was then 

measured gravimetrically.

Analysis of urodynamics data was performed using CMG 

Analysis software (version 1.06) provided by Med Associ-

ates (St. Albans, VT). One micturition cycle was defined 

as the time it took for intravesicular pressure to return to 

baseline after a previous void until it returned to baseline 

following the next void. Typically, three successive cycles 

were quantitated. During each cycle, voiding pressure was 

recorded as the peak intravesicular pressure, void volume as 

the amount of change on the scale, and frequency calculated 

as the number of voids per hour.

Blood glucose
Blood was obtained from the submandibular vein in the early 

afternoon and assessed immediately using the AimStrip Plus 

Blood Glucose Testing system (Germaine Laboratories, San 

Antonio, TX).

Four hour voiding assay
Fifteen week-old mice were placed into a Cystometry 

Animal Holder for Mouse (Med Associates, St. Albans, 

VT), which is essentially a small acrylic cage with a screen 

bottom. The screen was treated with NeverWet superhydro-

phobic water-resistant coatings (NeverWet LLC, Leola, PA) 

to minimize urine retention. The cage was fitted with a water 

bottle and situated inside of a Small Animal Cystometry 

Lab Station (Med Associates, St. Albans, VT) and above 

an analytical balance with the aforementioned tent-like 

stool-deflecting apparatus. Readings from the balance were 

recorded for 4 hours, and the volume of all voids added for 

a cumulative volume. Any stool that was not deflected was 

easily discernable from a void, based on weight. Because 

voiding can vary dramatically over the course of a 24-hour 

period,25 all experiments were initiated in the morning 

before 11:30.

evans blue extravasation
Fifteen week-old mice were given Evans blue in saline 

(10 mg/Kg) intravenously. One hour later, animals were sac-

rificed and bladders weighed and placed in 1 mL formamide 

overnight at 56°C. Absorbance (620 nM) was measured and 

the amount of dye in solution calculated from a standard 

curve and normalized to bladder weight.

statistics
All assays and parameters were assessed by either a two-tailed 

Students t-test (Figure 1) or a one-way ANOVA followed by 

a Tukey’s post-hoc analysis using GraphPad InStat software 

(La Jolla, CA). Statistical significance was defined as P<0.05. 

No correction for multiple comparisons was performed.

Results
Diabetic akita mice develop DBD by 
week 15
As shown in Figure 1, Akita mice at 15 weeks of age show a 

pronounced increase in urinary frequency (Figure 1A) and a 

decrease in voided volume (Figure 1B). There was no change 

in voiding pressure between the groups (Figure 1C), but there 

was a significant increase in post-void residual volume in the 

diabetic mouse compared to wild type (Figure 1D).

Phlorizin lowers serum glucose and 
increases 4-hour voided volumes in akita 
mice
In order to differentiate the effect of hyperglycemia and 

polyuria, animals were treated with phlorizin (via osmotic 

mini-pump) during the course of DBD development (week 

4 to week 15 of life). As shown in Figure 2, serum glucose 

was increased in the diabetic mouse. Phlorizin, however, 

reduced blood glucose to levels not significantly different 

from wild type mice, clearly indicating the dosing regime was 
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effective in reducing hyperglycemia. Conversely, as shown 

in Figure 3, phlorizin induced an increase in polyuria (total 

volume voided over 4 hours) compared to the diabetic mice, 

which themselves were elevated over wild type.

Phlorizin limits evans blue extravasation 
in diabetic mouse bladders
To determine if DBD may be associated with inflammation, 

we utilized the Evans blue dye extravasation assay, a well vali-

dated assay that we have employed in several studies of bladder 

inflammation.26,27 As shown in Figure 4, there was a highly sig-

nificant increase in Evan’s blue dye in the bladder tissue of the 

diabetic mouse at 15 weeks of age. Importantly, extravasation 

of this dye was completely blocked with phlorizin treatment.

Discussion
The early stages of DBD recapitulate the classic symptoms of 

OAB such as urgency, frequency, and urge incontinence,6,8,28 

Figure 1 The results of urodynamics at 15 weeks of age in wild type and akita diabetic (Diab) mice. animals were implanted with a suprapubic catheter 1 week prior to 
analysis. Results shown are the mean of the (A) voiding volume, (B) frequency of voiding, and (C) voiding pressure. (D) The post-void residual volume is the volume of urine 
remaining in the bladder immediately after the last void, as described in the methods section. 
Notes: Results are presented as the mean±seM. n=8 and 4, respectively. * P<0.05, *** P<0.005 by a student’s two-tailed t-test.
Abbreviation: seM, standard error of the mean.
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commonly documented in rodent models as an increase in 

urinary frequency and a decrease in voiding volume. Later 

stages of DBD demonstrate insensate bladders with increases 

in micturition volume, residual volume, and bladder capac-

ity.8 Interestingly, some commonly used models, such as the 

streptozotocin-induced model, appear to bypass the early 

stages altogether.29–33 Since we sought to explore a possible 

role for diabetic inflammation in the bladder, and inflamma-

tion typically causes irritative volume symptoms identical 

to those that define OAB, we sought a model with a clearly-

defined OAB-like early stage of DBD.

The Akita diabetic mouse model, which has a spontane-

ous mutation in the Ins2 gene, has been used previously in 

studies of DBD,34 although at the age those mice were used 

(20 weeks) the urodynamic changes appear to reflect the 

latter stages of this complication. In an attempt to identify 

an earlier stage we performed cystometry at several different 

time points (data not shown), and discovered that OAB-like 

changes are reliably produced at 15 weeks of age (Figure 1). 

Thus, this model appears to be quite suitable to study DBD, 

because it progresses through the temporal changes of early 

and late stages. It should be noted that there was a significant 

increase in post-void residual volume in the 15-week diabetic 

Akita mouse, which is typically a hallmark of later stages of 

DBD. Thus, mice at 15 weeks may already be progressing past 

the early stage. Since we did not identify a time point with 

clear and reproducible OAB-like symptoms, but no increase 

in post-void residual volumes (data not shown), completely 

separating early and late stages may not be feasible as the 

stages overlap and merge into one another. This may explain 

the failure of other studies to find clearly defined early DBD 

Figure 2 serum glucose levels at 15 weeks of age in wild type, akita diabetic mice 
(Diab) and akita diabetic mice treated with phlorizin (Diab+Phlor), as described in 
the Methods section.
Notes: Results are presented as the mean±seM. *** P<0.005 by anOVa followed 
by Tukey’s post-hoc test. n=18, 20, and 10, respectively.
Abbreviation: seM, standard error of the mean.
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symptoms, and may, ultimately, be responsible for the mixed 

clinical picture of this complication.

As noted, inflammation during diabetes has been 

described in many different tissues that are associated with 

specific complications, including the retina, kidney, heart, 

blood vessels, and neurons, where it has been proposed to 

underlie the diabetic injury found in these tissues.16,17,35 How-

ever, little attention has been focused on the bladder, with only 

a single recent study drawing a correlation between inflam-

mation, urothelial dysfunction, and diabetes in patients.18 

To our knowledge, this is the first study to directly address 

bladder inflammation in an animal model of diabetes, and 

we found direct evidence that the bladder is indeed inflamed.

The bladder is unique among organs affected by dia-

betes, in that it is subjected to enhanced activity simply 

due to the osmotic effects of the sugar in urine prevent-

ing water reuptake, resulting in polyuria and an increase 

in urinary frequency. The result, of course, is an organ 

that is working harder than normal. In addition, the blad-

der urothelium is insulin-independent, so this tissue will 

experience hyperglycemic conditions, a second harmful 

stimulus that acts independently from polyuria. Numerous 

studies have sought to differentiate the effects of polyuria 

from hyperglycemia on various endpoints associated with 

DBD. In this study, we have addressed this topic by treating 

one group of diabetic mice with phlorizin, a competitive 

inhibitor of the SGLT1 and SGLT2 glucose transporters in 

the kidney and gut. Blocking glucose reabsorption in the 

kidney prevents reuptake of glucose, resulting in lowering 

blood sugar levels, but also increases osmotic urine output 

and enhances the overwork of the bladder. The effect of 

this inhibitor is strongly seen on blood glucose, which was 

significantly enhanced in the diabetic mouse but completely 

normal in the diabetic mouse treated with phlorizin. While a 

group of wild type mice with phlorizin would help identify 

the effects of the SGLT inhibitor, we believed that it would 

also cause lethal hypoglycemia in these mice and that we 

could already appreciate the effects in the diabetic mice 

with phlorizin. When examining total urine output, there 

was an expected increase in diabetes compared to wild 

type, although the variability of the assay prevented it from 

reaching significance. However, treatment with phlorizin 

did significantly increase total urine output over wild type, 

creating the desired phenotype of a mouse with polyuria but 

normal blood glucose levels. Excitingly, while inflammation 

was strongly present in the diabetic bladder, phlorizin com-

pletely blocked its appearance, clearly demonstrating that 

hyperglycemia is responsible for inducing diabetic bladder 

inflammation, with polyuria playing little or no role at the 

time point under investigation.

These results are consistent with previous studies that 

attempt to parcel out diuresis and hyperglycemia, while not 

excluding important roles for polyuria. Previously, Xiao 

et al29 concluded that polyuria controlled bladder hypertrophy, 

and that hyperglycemia was responsible for substantial oxi-

dative stress in the bladder. Oxidative stress is an imbalance 

between the production of ROS (free radicals) and antioxidant 

defenses, resulting in excess radicals that react and damage 

all components of the cell including proteins, lipids, and 

DNA. Increased oxidative stress has been implicated in a 

vast number of diseases, including heart disease,9  cancer,10 

and diabetes,11 and DBD in particular.6,12 Moreover, they 

hypothesized that oxidative stress may have pathological 

roles in late stage DBD. We would further hypothesize that 

such a pathological role is brought about by the induction of 

inflammation. Indeed, enhanced oxidative stress is known in 

other tissues to initiate an inflammatory response by engaging 

the NLRP3 inflammasome to trigger a proinflammatory cas-

cade. Recent studies have shown the presence of NLRP3 in 

the urothelia36 and its importance in the pathology associated 

with diseases of sterile inflammation such as bladder outlet 

obstruction.26 Moreover, in those studies NLRP3 activation 

directly leads to denervation,37 an important change that 

may contribute to the late stage DBD where the bladder is 

insensate and decompensated, unable to adequately empty.38 

Further studies will explore the role of NLRP3 and NLRP3-

mediated denervation in the development of DBD.
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