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Abstract

 OBJECTIVE—Accumulating evidences suggests that obesity and metabolic syndrome (MetS) 

contribute towards lower urinary tract symptoms (LUTS) through alterations in the phenotype of 

bladder and prostate gland. Clinical studies indicate a link between MetS and LUTS. Nevertheless, 

there is lack of suitable animal model(s) which could illustrate an association linking obesity to 

LUTS. We examined the lower urinary tract function in an obesity-initiated MetS mouse model.

 METHODS—Male C57BL/6N wild-type and obese B6.V-Lepob/J maintained on regular diet 

for 28 weeks were subjected to the assessment of body weight (BW), body length (BL), waist 

circumference (WC), body mass index (BMI), blood glucose (BG), plasma insulin (INS), plasma 

leptin (LEP), total cholesterol (CHO), free fatty acid (FFA) and measurement of urinary functions. 

Whole animal peritoneal and subcutaneous adipose tissue measurements as well as prostate and 

bladder volumes were analyzed by MRI followed by histological evaluation. These parameters 

were used to draw correlations between MetS and LUTS.
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 RESULTS—Obesity parameters such as BW, WC, and BMI were significantly higher in B6.V-

Lepob/J mice compared to C57BL/6N mice (p<0.01). Higher levels of total CHO and FFA were 

noted in B6.V-Lepob/J mice than C57BL/6N mice (p<0.05). These results were concurrent with 

frequency, lower average urine volume and other urinary voiding dysfunctions in B6.V-Lepob/J 

mice. MRI assessments demonstrate marked increase in body fat and prostate volume in these 

mice. Compared to C57BL/6N mice, histological analysis of the prostate from B6.V-Lepob/J mice 

showed increased proliferation, gland crowding and infiltration of immune cells in the stroma; 

whereas the bladder urothelium was slightly thicker and appears more proliferative in these mice. 

The regression and correlation analysis indicate that peritoneal fat (R=0.853; p<0.02), CHO 

(R=0.729; p<0.001), BG (R=0.712; p<0.001) and prostate volume (R=0.706; p<0.023) strongly 

correlate with LUTS whereas BMI, WC, INS, and FFA moderately correlate with the prevalence 

of bladder dysfunction.

 CONCLUSION—Our results suggest that LUTS may be attributable in part to obesity and 

MetS. Validation of an in vivo model may lead to understand the underlying pathophysiological 

mechanisms of obesity-related LUTS in humans.
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 INTRODUCTION

Over the years, obesity has emerged as one of the most prevalent chronic disorder 

worldwide and the second most preventable cause of death in the developed countries [1–4]. 

Approximately, 30% adults in the Western countries are considered obese characterized by 

lipid accumulation in both adipose and non-adipose tissues and accompanying endocrine 

aberration including insulin resistance and hypertension referred to as metabolic syndrome 

(MetS). In fact, MetS was proposed as an umbrella term to include subjects affected by 

cardiovascular and metabolic risk factors, such as visceral obesity, hypertension, 

hyperglycemia, low high-density lipoprotein cholesterol (HDL-C) and hypertriglyceridemia, 

in the effort to identify a diagnostic category able to predict cardiovascular-metabolic 

complications. The prevalence of MetS affects around 34–39% of the adult population in the 

United States [5].

Obesity, body size and composition has long been hypothesized to be related to lower 

urinary tract symptoms (LUTS) and benign prostatic hyperplasia (BPH) [3, 4]. A cluster of 

published evidence demonstrate that body weight, body mass index (BMI), and central 

obesity measured by waist circumference may increase the risk of BPH and LUTS [6–8]. 

Recent clinical studies suggested that MetS might be linked to BPH, LUTS, overactive 

bladder (OAB) and erectile dysfunction (ED) [3–5, 9, 10]. Although the associations 

potentially linking BPH/LUTS and MetS are not completely identified. Some studies 

suggest a feasible association between MetS and LUTS related to BPH, highlighting new 

targets for prevention and treatment of these disorders [11–13]. However, research into the 

link between MetS and these clinical conditions has been going on for a shorter period of 

time and limited in regions. Another major challenge is the choice of the appropriate 
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experimental model—an animal model suitable for studying the underlying mechanisms 

between obesity/MetS and LUTS. Although obesity and diabetes research is mostly 

conducted in mice on a C57BL/6 background, which facilitates diet-induced obesity and 

obesity-associated comorbidities, including glucose intolerance and hepatic steatosis [14, 

15]; however, their susceptibility to diet-induced obesity and comorbid conditions always 

remains a major issue [16, 17].

This study was designed to provide the full metabolic characterization of B6.V-Lepob/J 

mice. We further aim to examine if there are correlations between the components of MetS 

and the parameters of urinary function measurements. Overall, our data address the question 

whether B6.V-Lepob/J mice can serve as a suitable translational model to study the link 

between obesity/MetS and LUTS. For the first time, we demonstrate that B6.V-Lepob/J mice 

on a C57BL/6 background are prone to the development of voiding dysfunction and 

symptoms of LUTS.

 MATERIALS AND METHODS

 Animals

Male C57BL/6N mice (n=20) and leptin-deficient obese male B6.V-Lepob/J mice (n=20) of 

eight weeks of age were purchased from Jackson Laboratories (Jackson Labs, Bar Harbor, 

ME) and maintained at 22–24°C under a 12:12-h light–dark cycle (lights on from 7:00 am to 

19:00 pm). Individual mice were marked by ear punch for identification and ad libitum 
access to standard rodent chow and drinking water. All mice were maintained for 28 weeks 

and later euthanized. A series of parameter records were monitored during this period. Mice 

exhibiting higher blood glucose levels (≥400 mg/dl) were excluded from the study because 

they tend to lose weight with time and interfere in the study hypothesis considering the 

effects of obesity/MetS on LUTS, not diabetes. The bladder and prostate were harvested for 

histological examination. All experimental protocols were approved by the Case Western 

Reserve University Institutional Animal Care and Use Committee (IACUC #2012-0089).

 Obesity parameters

Body weights were measured once a week. Waist circumferences, body lengths (nose to 

anus) were measured every two weeks. The BMI was then calculated as the body weight (g)/

body lengths (cm)2. Food and water intake were recorded and measured monthly. Food 

intake was assessed by weighing the food in each cage dispenser, including the food that 

was spilled on the floor of the cage.

 Blood glucose and glucose tolerance test

Blood glucose (BG) and glucose tolerance test (GTT) was performed following 16 h 

overnight fasting (17:00–9:00). BG was measured from the tail vein with an Accucheck® 

Aviva glucose meter (Roche Diagnostics, Indianapolis, IN) every two weeks. GTT was 

measured every four weeks with a 1g/kg dose of D-glucose intraperitoneal injection and 

blood was obtained from the tail for glucose measurement at time points 0, 30, 60, 90, 120 

minutes. The area under the curve (AUC) for the GTT was calculated by the trapezoidal 

method [18].
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 Plasma insulin, leptin, cholesterol and fatty acid measurements

Plasma insulin levels (INS) and leptin were measured using a rat/mouse ELISA kit (Crystal 

Chem., Downers Grove, IL), and cholesterol levels were measured using an Amplex Red 

cholesterol assay kit (Molecular Probes, Invitrogen, Inc.); free fatty acids (FFA) were 

measured with a fatty acid quantitation kit (Sigma-Aldrich, Inc. MO, USA) following 

vendor’s instruction.

 Prostate volume measurements by MRI

MRI analysis was performed in 3–4 mice per group to evaluate the size of prostate 

enlargement at 14 weeks and 28 weeks of age. Anesthesia was induced on each mouse with 

3% isoflurane, and maintained in 1–2% isoflurane in oxygen throughout the MRI procedure. 

Each mouse was placed on prone position inside a 30-cm, horizontal bore, 7T Bruker 

Biospec MRI Scanner (Bruker Incorporated, Billerica, MA). The animal’s respiration rate 

(40–60 breaths/minute) and core body temperature (35+/− 2°C) were monitored and 

controlled continuously during the MRI scanning procedures using a small animal 

physiological monitoring system, supplied by Small Animal Instruments, Inc. (Stony Brook, 

NY). High resolution axial, fat-suppressed proton density-weighted MRI scans were 

acquired to obtain accurate delineation of the prostate from surrounding tissue (TR/TE = 

5000/15 ms, matrx = 256 × 256, FOV = 3 × 3 cm, slice thickness = 0.7 mm). Prostate 

volumes were measured by manually selecting the prostate region using the scanner’s host 

software.

 Fat distribution by MRI

During the same imaging session above, adipose tissue bio-distribution at 14 weeks and 28 

weeks of age was obtained using a previously described Relaxation Compensated Fat 

Fraction (RCFF) MRI technique [19]. The RCFF-MRI method uses multiple acquisitions to 

reliably separate fat and water tissue components in multiple coronal imaging slices over the 

entire mouse. The fat-only images are then used to calculate the total subcutaneous and 

peritoneal adipose tissue volumes for each animal.

 Assessment of fluid consumption and urinary pattern measurement

Twenty-four-hour urination behavior was performed in a real time of 12-hour light, 12-hour 

dark cycle using mouse micturition chambers (Med Associates Inc., St. Alban, VT) once a 

month as previously described [20]. Briefly, 24 h before micturition measurement, solid 

food was removed from mice cages and replaced with lactose-free milk. This strategy 

substantially reduces the frequency and weight of the feces generated during testing and 

thereby prevents skewing of the urine collection and aberrations of data analysis. After 24 h 

live recording of urination behavior, a known volume of milk remaining in the drinking 

bottle, was recorded. The urinary frequencies were counted, the volumes per void were 

measured, and the total voiding volume was calculated.

 Catheter implantation and conscious cystometrogram

Before euthanasia on 28 weeks, conscious cystometrogram (CMG) on a group of mice was 

performed to assess the voiding functions. Catheter implantation and CMG measurements 
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were performed as previously described [20]. Mice were anaesthetized with isofurane and a 

suprapubic bladder catheter was implanted. The bladder was exposed and a circular purse-

string suture of 8–0 silk was placed on the bladder wall. A small incision was made in the 

bladder wall and the catheter (polyethylene-10 tubing with a flared tip) was implanted. A 

purse-string suture was tightened around the catheter. The catheter was tunneled 

subcutaneously and externalized at the back of the neck. The distal end of the tubing was 

sealed and the incisions were closed. CMG was performed 3 days after catheter 

implantation. Before starting cystometry, bladder was emptied via the third port. Continuous 

cystometry was performed by infusing 0.9% PBS into the bladder at a rate of 1.0 ml/h while 

bladder pressure was recorded. Data on at least 5 continuous and representative micturition 

cycles were collected. The mean was calculated to analyze CMG parameters, including peak 

pressure and inter-contraction interval, resting pressure, threshold pressure, peak pressure 

and voiding volume. In addition, functional bladder capacity (inter-contraction interval 

multiplied by the infusion rate) was calculated.

 Histological examination

Bladder and prostate glands were fixed in 4% paraformaldehyde for routine histological 

examination. Paraffin-embedded prostate and bladder sections were cut and stained with 

hematoxylin and eosin.

 Histological characterization of inflammation

H&E-stained slides were scored for volume of inflammation based on counts of infiltrating 

inflammatory cell aggregates, predominantly polymorphonuclear leukocytes in the mouse 

prostates as previously assessed [21].

 Immunohistochemical analysis

Immunohistochemistry for proliferating cell nuclear antigen (PCNA) was performed on 

formalin-fixed, paraffin-embedded prostate and bladder tissue sections using a standard 

protocol as described previously using 3, 3′-diaminobenzidine and counterstaining with 

Mayer’s hematoxylin [22]. Sections were examined with an inverted Olympus BX51 

microscope and images were acquired with Olympus MicroSuite™ Five Software (Soft 

Imaging System, Lakewood, CO).

 Proliferation index

The proliferation index in the prostate and bladder of C57BL/6N and B6.V-Lepob/J mice 

were assessed in the proliferating region of the tissue using a standard protocol as described 

previously [23].

 Statistical analysis

Data were analyzed using the SPSS 19.0 software package. Numerical variables that were 

normally distributed were expressed as Mean ± SEM and analyzed by independent sample t 

test. Pearson correlation analysis was used to evaluate the correlation of the data. A logistic 

regression was employed to relate the risk factors to the occurrence of the event. The voiding 

event frequency was considered as a dependent variable whereas all other significant 
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potential parameters were taken as independent variables. Univariate analysis was performed 

to obtain the odds ratio, 95% confidence interval and p value. The factors which presented 

statistical significance were considered to be the risk factors and would be included in the 

multivariate analysis. All statistical tests of hypotheses are two-sided and p value less than 

0.05 were considered statistically significant.

 RESULTS

The physical and metabolic characteristics of the B6.V-Lepob/J and C57BL/6N control mice 

of 28 weeks is shown in Table 1. Compared to control group, B6.V-Lepob/J mice showed 

statistically significant increase in BW (P<0.001), WC (P<0.001) and BMI (p<0.001) at 

each time point (Figure 1A–C). The B6.V-Lepob/J mice exhibited a marked increase in body 

weight compared to C57BL/6N at the end of 28 weeks (62.57 ± 3.96 g versus 30.92 ± 2.18 

g; p<0.001). The increase in body weight gain in B6.V-Lepob/J mice correlated with 

increase in food intake, whereas no significant change was observed in fluid consumption 

compared to C57BL/6N mice (Supplemental Figure 1A & B). No significant differences 

were noted in the body length between B6.V-Lepob/J and C57BL/6N mice (data not show).

Next we measured the markers of MetS in these mice. As shown in figure 2A, fasting blood 

glucose (BG) level in B6.V-Lepob/J mice was almost ~200% of that noted in C57BL/6N 

between 8 to 12 weeks. The area under curve (AUC) of GTT showed that exacerbated 

glucose intolerance existed and a markedly blunted response to insulin stimulation at each 

time point (Figure 2B and Supplemental Figure 1C). We also confirmed the levels of insulin 

(INS), total cholesterol (CHO), free fatty acid (FFA) which were significantly elevated 

throughout the time period in B6.V-Lepob/J mice compared to the control mice (Figure 2C–

E). The leptin levels measured at 28 weeks of age were significantly lower, as expected, in 

B6.V-Lepob/J mice compared to the C57BL/6N mice (Figure 2F). These results confirm that 

B6.V-Lepob/J mice exhibit components of MetS, including obesity, increased WC and BMI, 

higher fasting BG and INS levels, impaired glucose tolerance, hypocholesteremia (high-

density cholesterol) and hyperlipidemia.

Next we use MRI to assess subcutaneous and peritoneal fat in B6.V-Lepob/J and C57BL/6N 

mice. An image acquisition followed by semiautomatic image segmentation algorithm was 

engaged to measure volumes of subcutaneous and peritoneal adipose tissue as previously 

described (Figure 3A) [19]. Both subcutaneous fat and peritoneal fat volume identified was 

significantly higher in B6.V-Lepob/J than C57BL/6N mice (p<0.001) (Figure 3B).

We next compared the voiding function in B6.V-Lepob/J and C57BL/6N mice by recording 

24 h urination behavior and cystometrogram (CMG) measurement (Figure 4A–C). As shown 

in figure 4A, B6.V-Lepob/J mice exhibited a significantly increased voiding frequency 

compared to C57BL/6N control mice, whereas the average urine volume each void markedly 

decreased in B6.V-Lepob/J mice. Similar to 24 h urination behavior measurement, 

representative of CMG of 28 weeks in B6.V-Lepob/J mice before sacrifice demonstrate 

decrease in bladder capacity, voiding volume and inter-contraction interval time, compared 

to C57BL/6N mice (Table 1). However, the average resting pressure, threshold pressure, and 

peak micturition pressure increased in these mice (Table 1). These results suggest that the 
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B6.V-Lepob/J mice display symptoms of overactive bladder. Histopathological examination 

of the bladder urothelium from B6.V-Lepob/J mice appeared slightly thicker with scattered 

urothelial cells containing pigment granules, most likely lecithin, a product of cellular 

degradation, compared to C57BL/6N mice (Figure 4D-a). Furthermore, the urothelium of 

B6.V-Lepob/J mice compared to C57BL/6N mice exhibited higher proliferative index [19.77 

± 6.81 versus 18.27 ± 5.32; p<0.02] as evidenced by nuclear staining with PCNA (Figure 4-

b), a 36-kDa auxiliary protein which plays an essential role in nucleic acid metabolism and 

is a component of replication and repair machinery [24].

Next we determined the prostate volume by MRI in B6.V-Lepob/J and C57BL/6N mice. The 

prostate volume was significantly higher in B6.V-Lepob/J mice compared to C57BL/6N 

mice imaged by MRI at 14 weeks and 28 weeks of age (Figure 5A & B). The prostate 

volume in C57BL/6N mice increased with time and varied from 21.0 ± 3.97 to 35.9 ± 13.8 

mm3 (Figure 5A-a-c & B); whereas a marked increase in prostate volume was noted in 

B6.V-Lepob/J mice which varied from 27.0 ± 6.74 to 67.5 ± 8.12 mm3 (p<0.001) (Figure 

5A-b-d & B). Histological examination of the prostate tissue of the B6.V-Lepob/J mouse, as 

compared to that of a C57BL/6N mouse, shows pronounced glandular cell enlargement. 

These glandular structures were markedly crowded and proliferative, virtually filled the 

central lumen of the gland, resulting in overall enlargement of the gland (Figure 5C-a). 

Staining with PCNA demonstrated increased proliferative index of the glandular epithelium 

of the B6.V-Lepob/J mice, compared to C57BL/6N mice [23.26 ± 7.43 versus 19.58 ± 5.52; 

p<0.05], which might also contribute in increased prostate size (Figure 5C-b). Features of 

malignancy, such as increased mitotic activity, nuclear overlapping, apoptosis, necrosis, or 

stromal invasion, were not identified up to 28 weeks in B6.V-Lepob/J mice. In the soft 

tissues adjacent to the prostatic glands, there is a prominent cellular infiltrate, composed of 

chronic inflammatory cells, most likely lymphocytes, plasma cells and macrophages. The 

volume of inflamed foci, qualitatively categorized as aggregates of infiltrating immune cells, 

were markedly higher in the prostates of B6.V-Lepob/J mouse as compared to that of a 

C57BL/6N mouse [11.16 ± 7.4 versus 3.66 ± 0.7; p<0.001], examined at ×100 

magnification.

To understand the correlation of observed symptoms of MetS components towards increased 

voiding events during monitoring of urination behavior, we performed univariate and 

multivariate Pearson correlation analysis between the parameters identified in B6.V-Lepob/J 

and C57BL/6N mice. Voiding frequency has a positive moderate correlation with BW 

(R=0.483; P<0.009), BMI (R=0.638; P<0.001), WC (R=0.469; P<0.012), INS (R=0.628; 

P<0.001), FFA (R=0.467; P<0.012) and an association with peritoneal fat (R=0.853; 

P<0.02), total cholesterol (R=0.729; P<0.001), blood glucose (R=0.712; P<0.001), and 

prostate volume (R=0.706; P<0.023) respectively (Figure 6 and Supplemental Table 1). Four 

factors were found to be associated with increased voiding events in univariate analysis from 

B6.V-Lepob/J mice: BMI (p=0.034), BG (p=0.001), plasma insulin (p=0.000), cholesterol 

(p=0.015) (Table 2), whereas prostate volume and peritoneal fat were excluded as the 

limitation of sample size. Age (p=0.069), WC (p=0.167) and free fatty acid (p=0.190) were 

not significant prognostic indicators of increased voiding events in B6.V-Lepob/J mice 

(Table 2). Mathematically, BMI, blood glucose and total cholesterol fit into the final model 

to avoid multi-collinearity problem, and the result showed that only blood glucose (OR: 
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21.61; 95% CI: 1.84–253.30; p=0.014) was independently associated with voiding events 

(Table 2).

 DISCUSSION

Obesity plays a key role in the pathogenesis of MetS and is strongly suggested to link with 

urinary voiding dysfunctions. Many studies indicate a close link between obesity and an 

increased risk of voiding dysfunctions, either BPH or LUTS [10, 25–27]. Similarly, several 

studies suggested that insulin resistance with secondary hyperinsulinemia is associated with 

prostatic enlargement [4, 28, 29]. Hyperinsulinemia is in turn associated with an increased 

sympathetic nervous system activity and may contribute to increase smooth muscle tone of 

the prostate, resulting in more severe LUTS independent of prostatic enlargement. Whereas 

not all studies support existence of positive association between MetS and voiding 

dysfunction, but we noticed that the available data with or without association between MetS 

and voiding dysfunctions derive from observational studies often geographically limited to a 

specific area or population. Thus, it’s optimistic to explicitly evaluate these comparisons in 

an animal model, which are useful for gaining insight into pathophysiological mechanisms, 

for evaluating therapeutic interventions, and for screening novel therapeutic compounds and 

approaches in the management of LUTS. Due to controversy gap and limited literature on 

the animal research, we reasoned that it would be meaningful to conduct animal studies to 

define the relationship between MetS and voiding dysfunction.

The highlight of the current study, to our knowledge, is that we first used leptin-deficient 

B6.V-Lepob/J background strain mice to profile metabolic features such as weight gain, 

larger WC, body-mass accumulation, hyperinsulinemia, mild hyperglycemia, 

hypocholesteremia, hyperlipidemia, and define the characteristics of MetS-induced voiding 

dysfunctions. In addition, we conducted the correlation between obesity/MetS parameters 

and voiding dysfunction to further analyze critical risk factors. The pathogenesis of obesity-

initiated metabolic syndrome-induced urinary voiding dysfunction are complicated. Previous 

studies have shown some evidence between MetS and voiding events in high-fat diet (HFD)-

induced obese models [34–37]. Rabbits fed with HFD exhibited metabolic syndrome, as 

evidenced by hyperglycemia, glucose intolerance, increased serum triglycerides and 

cholesterol levels, increased mean arterial pressure and visceral fat tissue. These animals 

also developed bladder alterations and reduced bladder compliance [38, 39]. Another study 

showed that HFD-fed SAMP6 and AKR/J mice developed diet-induced obesity and type 2 

diabetes concurrently with increased visceral adipose tissue, prostatic inflammation, 

prostatic and urethral tissue fibrosis, and urinary voiding dysfunction [40]. Our previous 

studies have shown that HFD intake increases oxidative stress and chronic inflammation in 

the prostate via activation of Stat-3 and NF-κB/p65 [41]. These observational studies 

demonstrate an association between MetS and increased risk of voiding dysfunctions that 

may be secondary to inflammation [11, 38–40]. In our study histopathological examination 

and MRI scan demonstrated increased prostate volume and inflammation which existed in 

B6.V-Lepob/J mouse prostate. The most striking histological changes in B6.V-Lepob/J 

mouse prostates at 28 weeks of age were stromal hyperplasia, gland crowding and their 

proliferation virtually filling the central lumen of the gland, resulting in overall enlargement 
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of the prostate. Whether high-caloric diet has greater propensity to generate prostate 

inflammation of HFD-induced MetS animal models need further investigation.

Different from the animal models consuming HFD, B6.V-Lepob/J mice could be much 

easier to mimic the obesity-induced metabolic syndrome phenotype, but also have a positive 

response on voiding dysfunctions via both 24 h urination behavior measurement and CMG, 

which represented increased voiding events, decreased inter-contraction interval and bladder 

capacity, and increased peak pressure with higher voiding events. In addition, histologic 

analysis of urothelium in bladder of B6.V-Lepob/J mice was slightly thicker and appears 

more proliferative along with scattered urothelial cells containing pigment granules, most 

likely lecithin (a product of cellular degradation) or less likely, hemosiderin (a product of red 

cell breakdown in the vicinity of the urothelial cells), an observation that requires further 

analysis. However, the harvested bladder at 28 weeks from B6.V-Lepob/J mice did not 

indicate any marked difference in their weights compared to C57BL/6N mice.

Studies have shown that the components of MetS can induce voiding dysfunction 

independent of their association [42]. The urinary dysfunction phenotype observed in leptin-

deficient B6.V-Lepob/J mice may be a confounding effect of the components of MetS. For 

example, a study showed that that morbid obesity generate a higher cholinergic effect 

impairing regular breathing pattern through M2 muscarinic receptor expressed higher in 

cortex, midbrain, and cerebellum in B6.V-Lepob/J mice than C57BL/6N mice [43]. This 

indicated that cholinergic effect could be deregulated in B6.V-Lepob/J mice affecting normal 

physiological functions. Another study showed that rats fed with fructose present overactive 

bladder, along with up-regulation of M(2)- and M(3)-muscarinic receptors, may contribute 

to overactive bladder symptoms [44]. Clinical studies are awaited demonstrating whether 

these factors affect increased smooth muscle tone of the urinary tract and bladder over-

activity.

As to the association between MetS components and voiding dysfunctions, clinical studies 

suggested that there is a close link exists. Previous research has demonstrated BMI [8, 27], 

body weight [40], and waist circumference [7] were positively associated with prostate 

volume and voiding dysfunctions. We use B6.V-Lepob/J mice to explore the effect of MetS 

components towards increased voiding frequency. We observed that BMI, BG, INS and 

CHO were identified to be the risk factors for voiding dysfunctions and only BG was 

independent in the final multivariate analysis. The founding accords with other clinical 

studies whereas BG was the only independent factor could be explained by the limitation of 

sample size. Moreover, subcutaneous and peritoneal fat assessed from MRI images were 

also excluded for the same reason. It might be possible that these factors may be significant 

and independent predictors of voiding functions with increase in sample size.

 CONCLUSIONS

In summary, for the first time we demonstrate an effective animal model that mimic the 

features of MetS and urinary voiding dysfunction. The model recapitulates several 

epidemiologic and case-control studies of human populations that associate obesity/MetS 

with urinary voiding dysfunction. Further investigations are needed to confirm these findings 
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and to determine various molecular mechanism(s) which leads to physiologic changes in 

voiding behavior. Better understanding of urologic complications in animal models may 

further lead to test for pharmacological interventions important in the treatment of MetS or 

in the prevention of lower urinary tract abnormalities.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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 Abbreviations

LUTS lower urinary tract symptoms

BPH benign prostate hyperplasia

MetS metabolic syndrome

OAB overactive bladder

UI urinary incontinence

BW body weight

BL body length

WC waist circumference

BMI body mass index

BG blood glucose

INS plasma insulin

LEP plasma leptin

CHO total cholesterol

FFA free fatty acid

HDL-C low high-density lipoprotein cholesterol

ED erectile dysfunction

GTT glucose tolerance test

RCFF relaxation compensated fat fraction

MRI magnetic resonance imaging

CMG conscious cystometrogram
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HFD high-fat diet
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Figure 1. 
Primary obesity parameters in C57BL/6N and B6.V-Lepob/J mice between 8–28 weeks. A, 

body weight, B, waist circumference, and C, body mass index. A significant change has 

been observed in these parameters between the groups in time-dependent manner. Values 

represent Mean ± SEM, *p<0.05, **p<0.001, compared to C57BL/6 mice. Details are 

described in ‘materials and methods’ section.
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Figure 2. 
Assessment of parameters of metabolic syndrome in C57BL/6N and B6.V-Lepob/J mice 

between 8–28 weeks. A, blood glucose, B, glucose tolerance test (GTT), C, plasma insulin 

levels, D, total cholesterol levels, E, free fatty acid levels, and F, leptin levels. A significant 

alteration in these parameters were noted between the groups in time-dependent manner. 

Values represent Mean ± SEM, *p<0.05, **p<0.001, compared to C57BL/6 mice. Details 

are described in ‘materials and methods’ section.
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Figure 3. 
Fat distribution assessment by MRI. A, whole body raw MRI image, water and fat images in 

C57BL/6N and B6.V-Lepob/J mice was performed at 14 and 28 weeks. The RCFF technique 

was used for image segmentations and reconstruction for water and fat separation. The 

semiautomatic ratio image analysis program delineated the visceral adipose tissue (dark 

gray), subcutaneous adipose tissue (white), air (black), and other tissues. B, adipose tissue 

volume assessment in mice. B, quantification of fat. Values represent Mean ± SEM, 

*p<0.05, **p<0.001, compared to C57BL/6 mice. Details are described in ‘materials and 

methods’ section.
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Figure 4. 
Micturition, conscious cystometry monitoring and bladder histology and proliferation in 

C57BL/6N and B6.V-Lepob/J mice between 12–28 weeks. A, typical voiding events at 24 h, 

B, representative conscious cystometrogram, and C, number of voiding events in 24 h. D-a, 

representative image of H&E staining of the whole bladder at 28 weeks. D-b, representative 

image of IHC staining of PCNA in the bladder urothelium at 28 weeks. A significant 

difference in micturition and voiding events were noted between the groups. Bladder of 

B6.V-Lepob/J mice, compared to C57BL/6N mice is slightly thicker and appears more 

proliferative along with scattered urothelial cells containing pigment granules, most likely 

lecithin (dark brown in color), as shown by arrows. Values represent Mean ± SEM, *p<0.05, 

**p<0.001, compared to C57BL/6 mice. Representative H&E and IHC staining 

photomicrograph of the mouse bladder (×100, and ×400 magnification). Details are 

described in ‘materials and methods’ section.
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Figure 5. 
Assessment of prostate volume by MRI, histology and proliferation in C57BL/6N and B6.V-

Lepob/J mice at 14 and 28 weeks. A, representative T1-weighted axial 2D gradient images 

of the mouse prostates a-c in C57BL/6N mice and b-d in B6.V-Lepob/J mice at 14 and 28 

weeks. B, prostate volume quantification. C-a, representative image of H&E staining of the 

prostate gland at 28 weeks. C-b, representative image of IHC staining of PCNA in the 

prostate at 28 weeks. A significant increase in the prostate volume was noted in B6.V-

Lepob/J mice. Prostate of B6.V-Lepob/J mouse, as compared to that of a C57BL/6N mouse, 

shows pronounced glandular cell enlargement, markedly crowded and proliferative, virtually 

filled the central lumen of the gland, resulting in overall enlargement of the gland. Increase 

nuclear PCNA staining is noted in the prostate of B6.V-Lepob/J, compared to C57BL/6N 

mice. Values represent Mean ± SEM, *p<0.05, **p<0.001, compared to C57BL/6 mice. 

Representative H&E and IHC staining photomicrograph of the mouse prostate (×100, and 

×400 magnification). Details are described in ‘materials and methods’ section.
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Figure 6. 
Correlations of voiding events at 24 h to risk parameters: blood glucose, cholesterol, 

peritoneal fat, and prostate volume. Correlation coefficient (R) and p values are presented in 

each histogram.
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Table 1

General information on bladder function, physical and metabolic parameters in 28 week old C57BL/6 and 

B6.V-Lepob/J mice.

C57BL/6N mice B6.V-Lepob/J mice

Obesity parameters

 Body weight (g) 30.92 ± 2.18(20) 62.57 ± 3.96 (14)**

 Waist circumference (cm) 8.05 ± 0.52(20) 10.94 ± 1.05 (14)*

 Body length (cm) 10.06 ± 0.21 (20) 10.05 ± 0.17 (14)

 Body mass index (g/cm2) 0.31 ± 0.02 (20) 0.62 ± 0.04 (14)**

 Water intake (ml/24h) 6.30 ± 0.31 (8) 8.10 ± 0.99 (8)*

Plasma analysis

 Blood glucose (mg/dl) 87.47 ± 11.54 (20) 109.42 ± 22.21 (14)*

 Plasma insulin (ng/ml) 4.94 ± 0.04 (6) 67.47 ± 23.39 (6)**

 Cholesterol (mg/dl) 60.51 ± 7.00 (9) 69.8 ± 2.53 (5)*

 Leptin (ng/ml) 1.51 ± 0.37 (6) 0.23 ± 0.14 (6)**

 Fatty acid (mmol/L) 0.36 ± 0.18 (9) 0.51 ± 0.24 (5)*

Twenty-four-hour Urination behavior

 Voiding events (times/24h) 40.75 ± 9.67 (6) 58.50 ± 12.61 (6)**

 Volume per void (ml/time) 0.60 ± 0.15 (6) 0.47 ± 0.10 (6)**

 Total voiding volume (ml/24h) 24.31 ± 3.82 (6) 28.41±5.57 (6)*

Conscious Cystometry

 Average resting pressure (cmH2O) 5.35 ± 0.49 (3) 11.12 ± 4.36 (3)*

 Threshold pressure (cmH2O) 7.75 ± 1.11(3 20.72 ± 1.81 (3)**

 Peak micturition pressure (cmH2O) 17.95 ± 1.18 (3) 28.59 ± 6.55 (3)*

 Bladder capacity (ml) 0.53 ± 0.17 (3) 0.34 ± 0.06 (3)*

 Voiding volume (ml) 0.36 ± 0.02 (3) 0.20 ± 0.02 (3)*

 Residual volume (ml) 0.12 ± 0.02 (3) 0.14 ± 0.07 (3)

 Inter-contraction interval (sec) 300.50 ± 17.50 (3) 216.50 ± 97.64 (3)*

Data represents the Mean ± SEM for 4–20 mice;

*
p<0.05,

**
p<0.01 vs C57BL/6N mice
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Table 2

Risk factors for increasing voiding events in 28 week-old B6.VLepob/J mice

Risk factors Univariate Multivariate

Odds Ratio(95%CI) p value Odds Ratio p value

Age(weeks)   4.40(0.89–21.78) 0.069 — —

BMI(g/cm2)   6.00(1.15—31.23) 0.034 2.68 (0.35–28.04) 0.305

WC(cm)   3.00(0.61—14.86) 0.167 — —

Blood glucose (mg/dl) 33.00(3.18—342.26) 0.001 21.61 (1.84–253.30) 0.014

Plasma insulin (ng/ml) 35.00(4.20—291.98) 0.000 — —

Cholesterol (mg/dl)   8.67(1.53—49.22) 0.015 3.14 (0.301–23.79) 0.378

Free fatty acid (mmol/L)   5.00(0.443—55.63) 0.190 — —
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