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Abstract

Purpose—Diabetes mellitus (DM) is a group of debilitating and costly diseases with multiple 

serious complications. Lower urinary tract complications or Diabetic Uropathy (DU) are among 

the most common complications of DM, surpassing the widely recognized complications such as 

neuropathy and nephropathy1. DU develops in both type 1 and type 2 diabetic humans and very 

little is known about the natural history of these common and troublesome complications. Animal 

models have the potential to reveal mechanisms and aid in the development of treatment 

strategies.

Methods—We present a review of available animal models of DM relative to their use in the 

study of DU.

Results—Both large animal and small animal models of DM are available. While large animals 

such as dogs and swine may closely mirror the human disease in size and phenotype, the length of 

time between onset and development of diabetic complications and associated husbandry 

expenditures can make the acquisition of data from statistically valid sample sizes prohibitively 

expensive. In contrast small animal models (rats and mice) have much lower expenditures for 

larger numbers of animals, compressed observation time due to shorter lifespan and mice are 

readily manipulated genetically to facilitate the isolation of the effect of single genes (transgenic 

and knockout mice). Type 1 DM can be induced chemically using streptozotocin which is 

selectively toxic to pancreatic beta cells. Type 2 DM models have been developed by selective 

breeding for hyperglycemia with or without associated obesity. There are several well 

characterized and predictable animal models of DM in which the presence of DU has been 

demonstrated.

Conclusions—Diabetic Uropathy, including diabetic bladder dysfunction have been more 

frequently studied among small animals of type I diabetes. Recent availability of transgenic 

models provides a new opportunity for further studies of DU among mice models of both types I 

and II DM.
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INTRODUCTION

Diabetes mellitus (DM) is a common and serious disease with increasing prevelance. 

According to the Centers for Disease Control about one of every 14 Americans, including 

almost one of every seven African-Americans and one of every five seniors (≥65 years old), 

has diabetes mellitus (DM), with roughly 30% of those undiagnosed2. Furthermore, type 1 

DM, characterized by immune destruction of the pancreatic β-cells, usually strikes children 

and young adults and accounts for 5% to 10% of all diagnosed cases. About one of every 

500 children and adolescents has Type 1 DM2. The more prevalent Type 2 DM is commonly 

associated with visceral obesity, increasing insulin insensitivity, and declining beta cell 

function. The incidence of Type 2 DM increased by 33% between 1990 and 1998 and by 

75% among those 30 to 39 years of age3. Continuation of this trend is expected due to the 

continuing rise in obesity, a major risk factor for type 2 DM.

Both Type 1 and Type 2 diabetics live decades with the disease and are susceptible to 

numerous burdensome and costly complications. According to leading experts, it is indeed 

the complications of DM that render it a debilitating and devastating disease4. The total 

medical and indirect costs (work loss, disability, etc.) of DM and its complications were 

estimated to be $132 billion in the U.S. in 2005, accounting for about 10% of total health 

care costs 2.

DIABETIC UROPATHY

Diabetic Uropathy (DU) is found in more than 80% of diabetic individuals, a higher rate 

than that of widely recognized complications such as neuropathy and nephropathy, which 

affect less than 60% and 50% of patients, respectively 1. DU includes diabetic cystopathy or 

diabetic bladder dysfunction (DBD); sexual or erectile dysfunction (ED) and urinary tract 

infection (UTI) 5. Lower urinary tract symptoms (LUTS) as seen in Benign Prostatic 

Hyperplasia (BPH) and DM have also been considered as a part of DU6. Although DU 

manifestations are not life threatening, they affect quality of life substantially. Yet, little is 

known about the natural history, clinical presentation or pathophysiology of DU, in 

comparison to other also common complications of DM such as diabetic retinopathy, 

nephropathy and cardiovascular complications. The NIH-NIDDK Bladder Research 

Progress Review Group's August 2002 report notes, “Because diabetes significantly alters 

the urinary tract, a large portion of people who have this disease will develop costly and 

debilitating urologic complications” and “Unfortunately, the mechanisms involved are 

poorly understood. The paucity of knowledge has been a barrier to developing the best 

methods of prevention and treatment of urologic complications” 5.

Extensive review of clinical and laboratory status of knowledge related to DU 

manifestations are discussed in other articles of this issue of the Journal of Urology. Herein 
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we focus our attention to discussion of available animal models that have and could be used 

for translational studies of DU.

Animal Models are a critical translational tool in the research hierarchy—The 

nature of DU in humans does not allow for easy access to the affected organs and tissues for 

experimental investigation and a creditable animal model is sorely needed. Availability of 

animal models in which the essential phenotypical characterization of the disease can be 

replicated is of outmost value. Dietary, environmental, genetic, and surgical manipulation of 

animals permits isolation of the many biological influences on the development and course 

of DM and DU. For example polyuria can be induced to study specific influence of 

increased urine volume without hyperglycemia and the resulting protein glycosylation and 

tissue damage. The natural history of the disease is also greatly compressed in time in short 

lived animals compared to the development of complications over decades in humans. While 

several species have been used in the past, the laboratory mouse is becoming a preferred 

model because of lower cost and the ready availability of strains precisely modified to 

investigate the influence of specific genes

CHALLENGES FOR PHENOTYPIC CHARACTERIZATION OF ANIMAL 

MODELS OF DU

The challenge in selection of an animal model for any type of human disease relates to how 

closely the model represents the human phenotype, and therefore the clinical applicability of 

the findings. Ideally, animal models of diabetes should follow the clinical situation in both 

the mechanisms by which diabetes is created (pathogenesis) and the resulting organ specific 

complications, such as DU.

The primary challenge for phenotypic characterization of animal models of DU stems from a 

lack of clarity on the `human phenotype' or details of manifestations of various components 

of DU in humans. For example, DBD has been described traditionally as a triad of decreased 

sensation, increased capacity and poor emptying7, but many inconsistencies with those 

“classic” findings have been found. In most of the asymptomatic diabetic patients they 

studied, Ueda et al. found increased bladder volume at first sensation to void and a decrease 

in detrusor contractility, with resultant increased post void residual urine volume, but they 

also found a 25% incidence of detrusor overactivity8. A review by Kaplan and coworkers of 

urodynamic findings in 182 diabetic patients revealed 55% with detrusor overactivity but 

only 23% with impaired contractility, with 10% of patients areflexic and 11% 

“indeterminate”9. The mixed clinical picture of DBD has also been revealed in recent large-

scale studies, in which DM was associated with a 40–80% increased risk of urge 

incontinence (storage dysfunction) and a 30–80% increased risk for overflow incontinence 

(voiding dysfunction) in controlled multivariate analyses10. So, it is now clear that DBD 

manifestations are a combination of storage and voiding bladder problems. Emergence of 

recent experimental data allows us to contemplate the role of the following issues in 

phenotypic characterization of DU and DBD:
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Polyuria/Diuresis—Given the plausible differences in mechanisms of pathogenesis of DU 

between Type I DM (T1D), and Type II DM (T2D), it is critically important to address some 

of those key mechanistic differences, prior to discussion of types of animal models. For 

example, the experimental data have shown the important role of diuresis or polyuria in 

initiation and progression of bladder remodeling in T1D11,12. Whereas, the presence and 

role of polyuria as a key mechanistic element during the early phase of bladder remodeling 

in T2D is unknown, as the onset and progression of polyuria in patients with T2D is 

unknown. The review of the published literature on clinical manifestations of T2D DBD 

reveals that the patients with T2D have predominantly bladder storage problems including 

increased frequency of urination and nocturia, bladder over activity in up to 61%, and that 

the establishment of T2D DBD is at least 8–9 years after the diagnosis of T2D13. In an 

intriguing combined clinical and experimental report, Spira et al14 explored the association 

between polyuria and hyperglycemia in human subjects and two experimental groups of 

Sprague Dawley rats. Their report was triggered by admission of a 69 year old man with 

non-insulin dependent DM who despite having a high serum glucose of 880 mg/DL, did not 

have any polyuria. In a review of 29 other diabetic patients and in animal experiments the 

authors' concluded that the polyuria is the result of interaction between serum and urine 

osmolality, and the kidney's excretory abilities, and hence in polyuria caused by 

hyperglycemia/diabetes urine glucose should be 300–400 mmol/L with normal renal 

function. The BB rat model of autoimmune type 1 diabetes was used15 (described below) 

and high glucose concentration was infused to normal and BB rats while the serum and urine 

osmolality were measured, the authors' concluded that the polyuria is the result of 

interaction between serum and urine osmolality, and the kidney's excretory abilities, and 

hence in polyuria caused by hyperglycemia/diabetes urine glucose should be 300–400 

mmol/L with normal renal function. Therefore, it is plausible that the wide variability in 

serum glucose levels, kidney function and variation in insulin levels of patients with T2D 

may make the role of polyuria different from that of T1D-BD.

Obesity—Another key mechanistic difference between T1D and T2D is the presence of 

obesity among patients with T2D. The association between obesity and DU and particularly 

urinary incontinence has recently received notable attention. Obesity, quantified as high 

body mass index (BMI) or weight, was a positive and statistically significant correlate of 

urinary incontinence (UI) in eight of 12 studies examining the relationship in a MEDLINE 

survey of the 1980–2002 English language literature on UI prevalence worldwide. More 

recent studies16–20 have further validated this relationship. Of particular interest are 

demonstration of a cross-sectional relationship in identical twins, among whom women with 

BMI > 30 had a UI odds ratio (OR) of 3.1 (95% CI 1.50–6.56, p=0.02) relative to women 

with BMI < 2521, and substantial reductions in incontinence symptoms over 3–6 months in a 

small clinical trial of a liquid diet weight reduction intervention22.

Separate from the association between obesity and UI, obesity is an integral part of T2D and 

metabolic syndrome in humans, and thus its combined or independent role on T2DDBD 

needs further clarification. Thankfully, a number of investigators interested in creation of 

animal models of T2D have distinguished between the tendencies of the animal models for 

`adiposity' vs. `diabesity' phenotypes23–25.
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Temporal Effects of DM- another factor in consideration of phenotype of DU 

manifestations in animal models of DM relates to the time course of alterations in the DU 

manifestations (DBD, ED or UTI), as several investigators have observed that 

morphological and functional manifestations of DU at least in streptozotocin (STZ)-induced 

DM are time-dependent. We have observed that bladder hypertrophy and remodeling, 

increased contractility and associated neurogenic changes (expressed as bladder storage 

problems) occur soon after the onset of DM12,26, while bladder voiding problems, associated 

with a marked drop in the cystometric measure of peak voiding pressure, develop only at a 

later stage of DM11,27. Some of the early changes, but not the later changes, were observed 

after diuresis alone. Those time-dependent manifestations of DBD served as the basis for the 

`temporal hypothesis of DBD'27 (Figure 1) in which we have proposed that DM causes the 

bladder to undergo two phases of alterations via two main mechanisms: In the early phase, 

hyperglycemia-induced osmotic polyuria is the main mechanistic factor that causes 

compensatory bladder hypertrophy and associated myogenic and neurogenic alterations, 

which manifest as storage problems. In the later phase, accumulation of oxidative stress 

products during prolonged hyperglycemia causes decompensation of the bladder tissues and 

function, which manifest as bladder emptying problems. In DBD, the temporal hypothesis of 

the pathophysiology of DBD provides a potentially unifying theory under which the 

complex interaction between seemingly confusing bladder storage and voiding problems can 

be explained. Further, it provides a scientific road map under which the timing and specific 

roles of various components such as detrusor, urothelium, autonomic nerves and urethra can 

be explored. Presence or importance of temporal effects of DM on other DU manifestations 

has to be addressed in phenotype characterization of animal models of DM, and most 

importantly in translation of laboratory to clinical understanding of DU.

Animal Models of Types 1–2 DM

A number of animal models of DM have been used. These models could be divided to small 

(rodent) or large (rabbit, swine, monkeys); spontaneously occurring DM, or induced DM 

with STZ or alloxan induction28. While large animals may closely mirror the human disease 

in size and phenotype, the length of time between onset and development of diabetic 

complications and associated husbandry expenditures can make the acquisition of data from 

statistically valid sample sizes prohibitively expensive. The most reported use of large 

animals such as swine has been in experimental therapeutic areas including islet 

transplantation29. Using a rabbit model of alloxan-induced diabetes, investigators have 

reported evidence of DU including decrease in the contractility of the detrusor smooth 

muscle (DSM)30.

Small animal models of DM

Small rodent models (mouse and rat) present a convenient and yet scientifically valid 

hierarchical step in experimental studies of DM. The advantages of small rodent models 

include relatively lower husbandry costs, compression of time requirements due to 

comparatively short lifespans and age of onset, and the ease of genetic manipulation 

(transgenic and knockout mice)
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T1D models—Following the generally accepted pathogenesis of pancreatic β-cell 

destruction leading to hyperglycemia in T1D, several methods of chemically inducing 

damage to the β-cells have been used successfully to create mouse models of T1D, with the 

toxins streptozotocin (STZ) and alloxan being the most commonly used inducers. STZ is an 

alkylating agent with anti-neoplastic activity that has been shown to interfere with glucose 

transport and, at high doses, induce multiple DNA strand breaks31. However, injection of 

multiple small doses of STZ in male mice gives the advantage of causing hypoinsulinemia 

primarily by direct destruction of the pancreatic β-cells. Creation of T1D by injection of 

STZ has been widely used and accepted as a valid model for T1D complications, as it causes 

within days a reproducible and sustainable hyperglycemia.

The three most well known genetic models of T1D are the Non Obese Diabetic (NOD) 

mouse and the Akita mouse and the diabetes-prone BioBreeding rat (BB-DP) another 

spontaneously developing autoimmune T1D model15. NOD mice develop severe, 

autoimmune T1D. However, the onset of DM is variable, typically between 12 and 30 weeks 

of age, and it develops in only about 60% of males32. A mouse model of insulin dependent 

diabetes without autoimmunity is provided by mice carrying a dominant mutation in the 

insulin Z gene (so-called “Akita” mice). Akita mice contain an inactivating missense 

mutation in the insulin 2 gene that results in reduced pancreatic β-cell mass and function.

T2D models—A variety of rodent models of T2D and obesity are available, involving 

unspecified polygenic causes of DM and either polygenic or monogenic obesity23,25,33,34. In 

the monogenic models, obesity results from homozygous deficiency of either leptin (ob/ob 

mice) or its receptor (db/db mice and Zucker diabetic fatty (ZDF) rats)23. Those animals 

develop obesity and thereafter follow a variable course in development of hyperglycemia 

and severity of other metabolic aspects of T2D, depending on genetic background. In 

general, either the ob/ob or db/db mutation in C57BLKS, FVB/NJ and C57BL/6 mice results 

in severe DM, moderate DM, or transient hyperglycemia, respectively.

ZDF rats35 are homozygous for an inactivating leptin receptor mutation and exhibit a 

physiological and metabolic profile similar to what is seen in human T2D36,37. However, 

unlike ob/ob and db/db mice, ZDF rats do not exhibit obesity due to a severe defect in 

glucose utilization38. Peterson has recently created a polygenic model of T2D (ZDSD) with 

obesity by cross breeding homozygous lean (leptin receptor +/+) ZDF rats with diet-induced 

obese rats39.

Several investigators have been working to create improved models of T2D in mice by 

breeding polygenic models that could mimic the likely polygenic pathogenesis of T2D in 

humans. The polygenic models are thought to be more representative of the human 

condition of T2D in both pathogenic pathways and clinical/metabolic manifestations. The 

most promising of these new mouse models is one of obesity-induced diabetes generated 

recently by combining independent diabetes risk-conferring quantitative trait loci from two 

unrelated parental strains of New Zealand Obese (NZO/HILt) and Non Obese Non Diabetic 

(NON/Lt) mice33. Among the various recombinant congenic strains, one, NONcNZO10/LtJ, 

contains the greatest number of “diabesity” contributions from both parental backgrounds 

wherein male mice develop a maturity-onset obesity and hyperglycemia, with more than 
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90% of the mice exhibiting a T2D phenotype by 12 – 16 weeks of age when fed a diet with 

11% fat. Another congenic strain, NONcNZO5/LtJ, develops non-diabetogenic obesity, 

providing an ideal control model for distinguishing non-diabetogenic from diabetogenic 

obesity 24,33. However, problems in breeding the latter strain preclude distribution in large 

numbers. Hence, the parental NON/LtJ male fed a low fat diet is currently suggested as a 

control. Table 1 summarizes the available polygenic and monogenic mouse models of T2D 

according to route of induction (with or without diet), presence or absence of adiposity 

phenotype, onset of hyperglycemia or polyuria, status of Beta cells and animals lifespan. 

These selection criteria are used in order to identify the natural history of T2D in these mice.

Conclusions

There are a number of large and small animal models of diabetes mellitus. Diabetic 

Uropathy, including diabetic bladder dysfunction have been more frequently studied among 

small animals including mice and rat models of type I diabetes. Recent availability of 

transgenic models provides a new opportunity for further studies of diabetic uropathy among 

mice models of both types I and II DM.
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Figure 1. 
Temporal hypothesis of DBD.
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