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Abstract

BACKGROUND—Progressive aging- and inflammation-associated fibrosis effectively remodels 

the extracellular matrix (ECM) to increase prostate tissue stiffness and reduce urethral flexibility, 

resulting in urinary flow obstruction and lower urinary tract symptoms (LUTS). In the current 

study, we sought to test whether senescence-accelerated mouse prone (SAMP)6 mice, which were 

reported to develop prostatic fibrosis, would also develop LUTS, and whether these symptoms 

would be exacerbated by diet-induced obesity and concurrent Type 2 Diabetes Mellitus (T2DM).

METHODS—To accomplish this, SAMP6 and AKR/J background strain mice were fed regular 

mouse chow, low fat diet chow, or high fat diet chow for 8 months, then subjected to glucose 

tolerance tests, assessed for plasma insulin levels, evaluated for urinary voiding function, and 

assessed for lower urinary tract fibrosis.

RESULTS—The results of these studies show that SAMP6 mice and AKR/J background strain 

mice develop diet-induced obesity and T2DM concurrent with urinary voiding dysfunction. 

Moreover, urinary voiding dysfunction was more severe in SAMP6 than AKR/J mice and was 

associated with pronounced prostatic and urethral tissue fibrosis.

CONCLUSIONS—Taken together, these studies suggest that obesity, T2DM, lower urinary tract 

fibrosis, and urinary voiding dysfunction are inextricably and biologically linked. Prostate.
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INTRODUCTION

Benign prostatic hyperplasia (BPH) is one of the most common benign proliferative 

conditions associated with aging in men. BPH is a chronic, progressive disease of the 

prostate which conservatively affects 30–35% of men aged 60 or older and results in a 

significantly negative impact on quality of life [1–3]. This negative impact is due to various 

co-morbidities that develop concurrently with BPH that collectively produce lower urinary 

tract symptoms (LUTS) characteristic of lower urinary tract dysfunction, or LUTD. LUTD is 

itself a progressive disorder that is manifesting as urgency, nocturia, urinary frequency, weak 

urinary stream, and incomplete bladder emptying. Without effective treatment, LUTD can 

lead to bladder outlet obstruction (BOO) and subsequent bladder wall hypertrophy, increased 

bladder mass, and bladder dysfunction manifest as acute urinary retention, recurrent urinary 

tract infections, bladder stones, and, eventually, renal dysfunction [4]. Type 2 Diabetes 

Mellitus (T2DM), a chronic disorder of carbohydrate, fat, and protein metabolism, is an 

important cause of morbidity and mortality in the US. Like BPH/LUTD, T2DM is 

associated with older age, as well as with obesity, a family history of diabetes, a history of 

gestational diabetes, impaired glucose metabolism, physical inactivity, and race/ethnicity 

[5]. The National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) reports 

that T2DM currently affects 25.8 million people of all ages, or 8.3%, of the entire US 

population. In 2010, the most recent year for which there is data, 10.9 million (26.9%) of all 

US residents aged 65 years or older had T2DM, and 1.9 million people aged 20 years or 

older were newly diagnosed with T2DM [6].

There is growing evidence that LUTD and T2DM are linked etiologically and biologically. 

Diet-induced obesity has been identified as a risk factor for both T2DM and LUTS in men 

[7,8]. Conversely, reversion of obesity through weight loss is linked with reduction of 

symptoms associated with diabetes and LUTS [9]. Several epidemiologic studies that have 

examined the association between LUTS and diabetes also suggest that LUTS may occur 

more frequently among men with diabetes, with an estimated 25% to nearly twofold 

increased risk of LUTS in men with diabetes [10–13]. In addition, among 9,856 men with 

clinically diagnosed BPH, the presence of diabetes (13%) was associated with increased 

LUTS severity, affecting voiding more than storage function. Patients with BPH and 

diabetes had a significantly higher baseline International Prostate Symptoms Score (IPSS) 

and a significantly lower maximal urinary flow rate (Qmax) that those without diabetes (both 

P < 0.001) [12].

A possible explanation for an association between BPH and diabetes beyond that explained 

by comorbidity due to age is that the two disease states can cause at least partially similar 

urological symptoms. However, the underlying biological mechanisms producing these 

symptoms may be different. Dib et al. studies 50 consecutive diabetic patients, 23 (46%) of 

whom had concurrent BOO symptoms based on pressure/flow urodynamic measurements. 

However, no significant differences in IPSS or prostate volume were apparent between 

diabetic patients with BOO compared to those without obstructive symptoms. These data 

suggest little, if any, association between BOO in diabetic patients with prostate enlargement 

and LUTS [14]. Similarly, a multiethnic community-based study demonstrated positive 

associations between diabetes and irritative LUTS and nocturia, but not between diabetes 

Gharaee-Kermani et al. Page 2

Prostate. Author manuscript; available in PMC 2017 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



across measures more specific to BPH (i.e., prostate volume, PSA, and peak urinary flow 

rate) [15]. Taken together, these studies suggest that the presence of diabetes may be less 

related to prostate growth and more related to the dynamic components of lower urinary 

tract function.

We have previously reported that progressive aging- and inflammation-associated fibrosis 

effectively remodels the extracellular matrix (ECM) to increase prostate tissue stiffness and 

reduce urethral flexibility, resulting in urinary flow obstruction and LUTS [16]. These 

observations suggest that tissue fibrosis adversely changes the dynamic of lower urinary 

tract function. In the current study, we sought to test these associations in a mouse model of 

accelerated aging subjected to diet-induced obesity and T2DM. Specifically, the studies 

reported here were designed to test whether senescence-accelerated mouse prone (SAMP)6 

mice, which were reported to develop prostatic fibrosis [17–20], would also develop LUTS, 

and whether these symptoms would be exacerbated by diet-induced obesity and concurrent 

T2DM. The results of these studies show that SAMP6 mice and AKR/J background strain 

mice develop diet-induced obesity and T2DM concurrent with urinary voiding dysfunction. 

Moreover, urinary voiding dysfunction is more severe in SAMP6 mice and is associated with 

pronounced prostatic and urethral fibrosis. Taken together, these studies suggest that obesity, 

T2DM, lower urinary tract fibrosis, and urinary voiding dysfunction are inextricably and 

biologically linked.

MATERIALS AND METHODS

Mouse Strains and Maintenance

Two related mouse strains were used in these studies: SAMP6 and the AKR/J background 

strain. Colonies were established from eight females and four males per strain purchased at 6 

weeks of age (Harlan Laboratories, Indianapolis, IN). At 6–8 weeks of age, 25 mice each 

SAMP6 and AKR/J were fed the following diets: high fat diet (HFD) containing 60% 

calories from fat, 20% protein, and 20% carbohydrates (58Y1, Test Diet, Richmond, IN); 

low fat diet (LFD) containing 10.2% calories from fat, 18.3% protein, and 71.5% 

carbohydrates (58Y2, Test Diet, Richmond, IN), or regular diet (RD) grain-based mouse 

chow containing 13.50% calories from fat, 28.50% protein, and 58% carbohydrates (#5001, 

Lab Diet, St. Louis, MO). The mice were fed daily with fresh high, low fat or regular chow 

(5 g/day) for 8 months. Mice were housed in the Unit for Animal Laboratory Medicine 

(ULAM) facility at the University of Michigan under enriched conditions at a constant 

temperature (22–23°C) with a 12/12 hr light/dark cycle and optimal humidity and free 

access to tap water and food ad libitum. The body weights of all mice were measured once 

during the first week of the month for eight consecutive months. All animal procedures were 

performed using protocols approved by the University Committee on Use and Care of 

Animals (UCUCA).

Oral Glucose Tolerance Test

Oral glucose tolerance tests (OGTTs) were carried out just prior to the termination of the 

study. OGTTs were measured in 10 mice each fed HFD or LFD from each mouse strain (a 

total of 40 mice). The OGTTs were performed in semi-fasted mice, for example, on the day 
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preceding the test, mice fasted for 5 hr, starting at 8:30 am. Glucose 50% was given around 

1:30 pm via oral gavage at 2.0 g/kg. Blood samples were collected prior to and after the 

gavage at the time of 0, 15, 30, 60, and 120 min after via tail vein bleeding. The oral glucose 

load was given by gavage via a gastric tube connected to a syringe to ensure accurate dosing. 

Blood glucose concentration was measured at all-time points using a glucometer (Acucheck, 

Roche).

Plasma Insulin Measurement

Blood samples were collected in tubes containing EDTA to avoid clotting and placed on ice 

until they were centrifuged at 3,000 rpm and frozen at −80°C until plasma content 

measurements were conducted. Plasma levels of insulin were determined using millipore rat/

mouse insulin using a commercially available insulin ELISA kit [12]. Animals were 

restrained repeatedly for less than a minute each time while blood samples were collected.

Determination of Urinary Voiding Function

The urinary voiding function of all of mice were measured once during the first week of the 

month for eight consecutive months. The urinary voiding function was determined using a 

filter paper assay, as previously described with some modification [21]. For these studies, all 

mice in a single cage (4–5 mice) were placed into a urine monitoring cage. The bottom of 

this cage was fitted with a wire mesh beneath which was What man Grade 3 filter paper. The 

mice were left in the monitoring cage for 5 hr, after which the filter paper was collected. 

Urine which had soaked into the filter paper was strongly fluorescent under UV light and 

was easily visualized under those conditions. The pattern of urine spots was independently 

determined by two different observers (M. G.-K. and J. R.-N.) using a modification of 

previously described methods [21]. Each voiding pattern was given a grade of 1–5 

depending upon the size and number of urine spots such that a score of 1 indicated the 

observation of single, large urine spots (no voiding dysfunction) and a score of 5 indicated 

the observation of many small, scattered urine spots (obstructive voiding dysfunction). The 

data from the two independent observers was averaged and statistically analyzed.

Tissue Processing and Histological Evaluation

Mouse lower urinary tracts were harvested at 10 months of age (after 8 months of feeding 

with RD, HFD, or LFD). Male mice were euthanized by CO2 asphyxiation in accordance 

with institutional guidelines. Lower urinary tracts consisting of bladder, prostatic and pelvic 

urethra, prostate and seminal vesicles were ressected en bloc and placed in ice cold saline. 

Peripheral adipose tissue was removed and distal prostate lobe aspects were teased apart to 

liberate each from its attachments to other prostate lobes, seminal vesicle, and urethra. To 

preserve proximodistal orientation of seminal vesicle and prostate ducts, lower urinary tract 

tissues were fixed intact by orienting them on their lateral surfaces, sandwiching them 

between histology sponges and fixing them overnight at 4°C in 10% neutral buffered 

formalin. Histology sponges were removed and tissues were dehydrated through an ethanol 

series, cleared in xylene and infiltrated with paraffin. Tissue sections were subjected to 

hematoxylin/eosin (H/E) staining and assessed for histopathology or subjected to Masson’s 

Trichrome staining to assess collagen content. Prostate wet weight was not measured 

because of inherent variability in prostate morphology in the different strains.
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Collagen Content

Collagen content was determined using the methodology described previously [16,22]. 

Briefly, Masson’s Trichrome stained tissue sections were digitally imaged using a PathScan 

Enabler IV and color segmented using a subprogram within MATLAB (R2010a; 

MathWorks, Natick, MA) that separates and quantifies color elements from trichrome 

images, permitting quantitation of blue-stained areas corresponding to extracellular collagen. 

Using the area of a single tissue section as the denominator, this approach provides a means 

to calculate the portion of this area that is made up by mature extracellular collagen I (the 

numerator), hence, the percentage of extracellular collagen type I (numerator/denominator × 

100) in that tissue section. By extension, this method also permits calculation of the 

percentage of the entire piece of tissue that is made up of mature extracellular collagen I.

Statistical Analysis

Averages and standard deviations were calculated and compared using two-tailed Students’ 

t-tests. In all tests, P < 0.05 was considered statistically significant.

RESULTS

High Fat Diet-Fed Mice Develop Obesity-Induced Type 2 Diabetes Mellitus

Both SAMP6 (Fig. 1A,C) and AKR/J (Fig. 1B,D) mice demonstrated cumulative weight 

gains of 1–2 g and 5–7 g when fed a RD or LFD over an 8-month period, respectively. In 

contrast, SAMP6 (Fig. 1A,C) and AKR/J (Fig. 1B,D) mice almost doubled in body weight, 

from ~30 g at the initiation of a HFD to a total body weight of 50–60 g (cumulative weight 

gain of 20–30 g), when fed a HFD over an 8-month period.

At the end of 8 months, SAMP6 and AKR/J mice fed continuously either the LFD or HFD 

were subjected to 2 hr OGTTs. The results of the OGTTs showed that SAMP6 HFD-fed 

mice demonstrated the highest blood glucose levels, which peaked at 420 mg/dl at 40 min, 

followed by SAMP6 LFD-fed mice (300 mg/dl glucose), AKR/J HFD-fed mice (220 mg/dl) 

and AKR/J LFD-fed mice (200 mg/dl) (Fig. 2A). The average areas under the curve (AUCs) 

demonstrated significantly higher blood glucose levels for SAMP6 HFD-fed compared to 

LFD-fed mice (P < 0.0003), and AKR/J HFD-fed compared to LFD-fed mice (P < 0.03) 

(Fig. 2B). The AUCs also showed that blood glucose levels were significantly higher for 

SAMP6 HFD-fed compared to AKR/J HFD-fed (P < 0.001) and for SAMP6 LFD-fed 

compared to AKR/J LFD-fed (P < 0.04) mice. Plasma insulin levels were determined 

concurrent with the blood glucose levels. The results of these studies showed that plasma 

insulin levels were significantly higher for SAMP6 compared to AKR/J HFD-fed mice (P < 

0.001), for SAMP6 HFD-fed compared to LFD-fed mice (P < 0.001) and for AKR/J HFD-

fed compared to LFD-fed mice (P < 0.002) (Fig. 2C,D).

Taken together, these data suggest that both SAMP6 and AKR/J HFD-fed mice developed 

hyperglycemia and insulin resistance (hyperinsulinemia) consistent with T2DM concurrent 

with diet-induced obesity.
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High Fat Diet-Fed Mice Develop Urinary Voiding Dysfunction

Several epidemiologic studies have linked LUTS with T2DM [9–12]. Therefore, we 

examined both HFD-fed and LFD-fed mice for urinary voiding function. For these studies, 

all mice in a single cage (4–5 mice) were placed into a urine monitoring cage for 5 hr and 

the pattern of urine spots on the filter paper visualized under UV light. The pattern of urine 

spots was assessed using a modification of previously described methods by two different 

observers and the results averaged and statistically analyzed. As shown in Figure 3A, the 

urinary voiding pattern was graded on a scale of 1–5 depending upon the size and number of 

urine spots such that a score of 1 indicated the observation of single, large urine spots (no 

voiding dysfunction) and a score of 5 indicated the observation of many small, scattered 

urine spots (obstructive voiding dysfunction). Urine voiding patterns were assessed for 

SAMP6 and AKR/J mice after 7 and 8 months of continuous feeding on RD, LFD, or HFD. 

Both SAMP6 and AKR/J mice demonstrated normal urinary voiding patterns after 7 or 8 

months continuous RD-feeding. SAMP6 and AKR/J mice demonstrated similar though 

slightly abnormal urinary voiding patterns suggestive of mild obstruction at 7 and 8 months 

continuous LFD-feeding. Both SAMP6 and AKR/J mice demonstrated abnormal urinary 

voiding patterns suggestive of moderate obstruction for AKR/J mice and moderate/severe 

obstruction for SAMP6 mice at 7 and 8 months continuous HFD-feeding. The urine voiding 

scores for both SAMP6 and AKR/J HFD-fed mice were significantly worse than for LFD-

fed (P < 0.008) and RD-fed mice (P < 0.001). Further, SAMP6 urinary voiding dysfunction 

was significantly worse (P < 0.001) than that of AKR/J mice at both 7 and 8 months 

continuous HFD-feeding (Fig. 3B). In addition to dermatitis, both SAMP6 and AKR/J HFD-

fed mice exhibited acute urinary retention and were unable to void urine, requiring 

euthanasia (Fig. 4A,B). The results of these studies demonstrate that continuous feeding on a 

HFD was associated with the acquisition of urinary voiding dysfunction for both SAMP6 

and AKR/J mice, but the level of dysfunction was most severe for SAMP6 HFD-fed mice.

HFD-Fed Mice Exhibit Lower Urinary Tract Fibrosis

Previous studies from our group showed that the peri-urethral prostate tissues from men with 

LUTS were significantly stiffer (P = 0.0016, r = 0.82) and demonstrated significantly higher 

collagen content (P = 0.0038, r = 0.60) and lower glandularity than those from men without 

LUTS [16]. These observations suggested that ECM deposition and fibrosis contribute to 

urinary obstructive symptoms and LUTS. Therefore, we examined the lower urinary tract 

tissues of LFD-fed and HFD-fed mice for histopathological evidence of fibrosis. Masson’s 

Trichrome stained tissue sections of fixed and embedded mouse lower urinary tracts (Fig. 

5A) were digitally imaged and color segmented using a subprogram within MATLAB that 

separates and quantifies color elements from images of stained tissues, permitting 

quantitation of blue-stained areas corresponding to extracellular collagen [16,23]. Because 

previous studies had suggested that SAMP6 mice exhibited fibrosis of the dorsal lobe [19] 

we specifically focused on analyzing the collagen content of the dorsal lobe. Although the 

urethral region presented as a saggital, rather than the desired coronal, cross-sectional area in 

these particular preparations of the lower urinary tract, these were also analyzed for collagen 

content. As shown in Figure 5B, the prostatic dorsal lobes of SAMP6 (P < 0.001) and 

AKR/J (P < 0.01) HFD-fed mice demonstrated 2–4 × higher collagen content than those of 

LFD-fed mice (P < 0.001). Similarly, the urethral regions of SAMP6 (P < 0.001) and AKR/J 
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(P < 0.001) HFD-fed mice (P < 0.003) demonstrated 2–4 × higher collagen levels than those 

of LFD-fed mice.

Histopathological analysis of serial H/E stained sections to those analyzed for collagen 

content demonstrated peri-glandular prostatic fibrosis in SAMP6 HFD-fed mice (Fig. 5C, i 

and ii) and milder focal fibroplasia in SAMP6 LFD-fed mice (Fig. 5C, iii and iv). These 

differences in peri-glandular fibrosis were more evident in SAMP6 HFD-fed than LFD-fed 

mice, and these differences trended towards, but did not reach, statistical significance (P = 

0.10) (Table I). Epithelial hyperplasia was more evident in AKR/J HFD-fed and LFD-fed 

mice than SAMP6 mice, but the observed differences between diets (for either strain) were 

not significant (Table I). The anterior prostates appeared normal in both HFD-fed and LFD-

fed SAMP6 and AKR/J mice, as did the seminal vesicles though some mild epithelial 

hyperplasia was observed for AKR/J (not shown). Notably, significantly higher levels of 

brown adipose tissue (BAT) than white adipose tissue (WAT) was evident in SAMP6 LFD-

fed compared to HFD-fed mice (P = 0.005) (Table I) (Fig. 5D). A similar trend was noted 

for AKR/J LFD-fed compared to HFD-fed mice but these differences did not reach 

significance (Table I).

DISCUSSION

Previous studies from our research group showed that lower urinary tract fibrosis is 

associated with moderate/severe LUTS in American men [16]. The studies reported here 

now show that SAMP6 mice and AKR/J background strain mice develop diet-induced 

obesity and T2DM concurrent with urinary voiding dysfunction and pronounced lower 

urinary tract fibrosis. Taken together, these studies suggest that obesity, T2DM, lower 

urinary tract fibrosis, and urinary voiding dysfunction are inextricably and biologically 

linked.

Both the human and mouse studies point to inflammation as a common biological link 

between lower urinary tract fibrosis, LUTD, obesity, and T2DM. Several studies have shown 

that male LUTD is associated with inflammation of the prostate, evident as prostatic 

inflammatory infiltrate and/or prostatitis. Immunohistochemical studies examining the 

histopathology of BPH have reported the presence of pervasive inflammatory infiltrate 

comprising leukocytes associated with acute inflammation, chronic inflammation, or both. 

Inflammatory cells comprising neutrophillic or lymphocytic infiltrates were identified in 

90% of transurethral resections of the prostate (TURP) specimens from 80 patients 

diagnosed with BPH/LUTS but no history of prostatitis or prostatic infection [24]. Chronic 

inflammatory infiltrate was also detected in 30–60% of 1,197 randomly selected men with 

BPH/ LUTS as part of the Medical Therapy of Prostatic Symptoms (MTOPS) study. Patients 

with chronic inflammatory infiltrate had larger prostate volumes and demonstrated 

significantly more clinical progression and acute urinary retention than those with no 

evidence of inflammation [25,26]. A study that prospectively analyzed 167 autopsied 

prostates identified 93 glands harboring BPH/LUTS, and 75% of these demonstrated 

inflammatory infiltrate (predominantly chronic inflammation) compared to 50% of those 

without BPH/LUTS and 55% of those with evidence of cancer [27]. As originally reported 

by Theyer et al. [28] and Steiner et al. [29] and recently summarized by Kramer et al. [30], 
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inflammatory infiltrates are very commonly observed in BPH/LUTS specimens and 

comprise 70% T-lymphocytes, 15% B cells, and 15% macrophages, as well as mast cells. 

These studies also showed that resident T-lymphocyte populations in prostate tissues actively 

secrete a diverse array of chemokines into the surrounding microenvironment, including 

those known to strongly induce myofibroblast differentiation and therefore potentiate 

fibrosis.

Studies from our own laboratory have shown that the aging human prostate is characterized 

by an inflammatory tissue microenvironment. CXCL8 (IL-8) and a closely related CXC-type 

chemokine, CXCL5 (ENA-78), are secreted at significantly higher levels by stromal 

fibroblasts cultured from the prostates of older compared to younger men [31–33]. 

Moreover, these and additional chemokines (CXCL1, CXCL6, CXCL12) secreted by aging 

prostate stroma induced proliferative responses from both epithelial and stromal prostate 

cells in vitro [32,34,35]. Studies published by the Rowley laboratory have shown that 

myofibroblast-rich “reactive stroma” characterizes hyperplastic, dysplastic, and neoplastic-

associated prostatic stroma [36,37], that BPH nodules exhibited elevated epithelial CXCL8 

immunoreactivity associated with reactive stroma [37], that CXCL8 was sufficient for 

induction of a fibroblast to myofibroblast transition [37], and that over-expression of KC, the 

mouse homologue of CXCL8, in mouse prostatic epithelium was sufficient to produce 

hyperplastic prostate epithelial acini associated with a periacinar reactive stroma [38].

In addition to low-level, but persistent, chronic inflammation and aging-associated 

inflammatory changes in the tissue microenvironment, obesity likely contributes 

significantly to inflammatory changes in adjacent tissues. Obesity-mediated inflammatory 

changes in the tissue microenvironment, or “metainflammation,” [39] include those 

produced by adipocytes and resident macrophages in WAT. In addition to triglyceride and 

lipid storage, WAT adipocytes secrete a medley of endocrine and paracrine factors, 

collectively termed adipokines, which include inflammatory mediators such as interleukins, 

CC- and CXC-type chemokines, and TGF-β [40,41]. As reported here, significantly higher 

levels of WAT were evident for HFD-fed compared to LFD-fed mice in association with 

lower urinary tract fibrosis and urinary voiding dysfunction.

The level and composition of inflammatory adipokines is altered in obesity-associated WAT 

[41], and some of these are known to activate the IKKβ/NF-κB pathway in adipocytes, 

hepatocytes, and associated macrophages. NF-κB is a powerful transcription factor that 

mediates the expression of multiple genes encoding inflammatory mediators, including 

several interleukins, CC- and CXC-type chemokines, and TGF-β [42,43]. TGF-β is a well-

known pro-fibrotic protein that promotes myofibroblast phenoconversion and tissue fibrosis 

[44,45]. A recent study reported that adipose tissue from obese subjects contained increased 

areas of fibrosis, which correlated inversely with insulin and positively with macrophage 

number, compared to adipose tissue from lean subjects. Although macrophages in crownlike 

structures (CLS) were more abundant in obese adipose tissue, the majority of macrophages 

were associated with fibrosis and were not organized in CLS. Macrophages in CLS were 

predominantly M1, but most other macrophages, particularly those in fibrotic areas, were 

M2. Moreover, TGF-β was more abundant in M2 macrophages and was further increased by 

coculture with adipocytes. Downstream effectors of TGF-β, such as plasminogen activator 
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in-hibitor-1, collagen VI, and phosphorylated Smad, were increased in macrophages and 

adipocytes. Thus, adipose tissue of insulin-resistant humans demonstrated increased fibrosis, 

M2 macrophage abundance, and TGF-β activity [46]. Recent studies from our research 

group show that several CXC-type chemokines, notably CXCL5, CXCL8, and CXCL12, can 

mediate myofibroblast phenoconversion and accumulation in the absence of TGF-β [47]. 

Taken together, these studies suggest that inflammatory changes in the tissue 

microenvironment brought about through low level but chronic infiltration by the innate 

immune system, aging, and/or obesity may be sufficient to promote myofibroblast 

phenoconversion, accumulation, and fibrosis in affected tissues, including those of the lower 

urinary tract.

The studies reported here utilized the SAMP mouse model, which was developed through 

inbreeding of AKR/J mice as a model of spontaneous senescence in mice. The aging pattern 

in this model is considered to be due to an accelerated senescence rather than to premature 

aging or senescence [19,48]. An early study noted that the most striking histological changes 

in SAMP6 mouse prostates were stromal hyperplasia and inflammation in the dorsal prostate 

at age 15 months [19]. Moreover, regular mouse chow-fed SAMP6 mice exhibit higher 

levels of plasma glucose, triglyceride, insulin, and leptin levels and hepatic lipid levels, but 

lower levels of plasma glucagon and adiponectin, than age-matched AKR/J mice [20]. These 

observations suggest that SAMP6 mice may be predisposed to developing hyperglycemia 

and insulin resistance consistent with T2DM. Indeed, the results of the studies reported here 

support this conclusion and show that HFD-fed SAMP6 mice exhibited higher levels of 

hyperglycemia and insulin resistance concurrent with worse lower urinary tract fibrosis and 

dysfunction compared to HFD-fed AKR/J mice.

In summary, the studies reported here demonstrate the acquisition of urinary voiding 

dysfunction concurrent with obesity-induced T2DM and lower urinary tract fibrosis in a 

mouse model. This model recapitulates several epidemiological studies of human 

populations that associate obesity, metabolic syndrome, and T2DM with urinary voiding 

dysfunction. Therefore, further studies using these mouse models may provide the means to 

delineate the cellular mechanisms that biologically couple lower urinary tract fibrosis and 

urinary voiding dysfunction with obesity-induced T2DM.
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Fig. 1. 
High fat diet-induced obesity in SAMP6 and AKR/J Mice. The graphs depict the cumulative 

weight gain of SAMP6 (A) and AKR/J (B) mice fed regular mouse chow diet (RD), low fat 

diet (LFD) or high fat diet (HFD) for 8 months. Mice from both strains fed RD or LFD 

gained 1–5 g over the 8-month period whereas those fed HFD virtually doubled in weight 

and gained 20–30 g over the same period. Photographs depict representative SAMP6 (C) 

and AKR/J(D) mice after 8 months on LFD or HFD diets as indicated.
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Fig. 2. 
SAMP6 and AKR/J mice HFD-fed mice develop hyperglycemia and insulin resistance 

consistent with T2DM. A: At the end of 8 months, SAMP6 and AKR/J mice fed 

continuously either the LFD or HFD were subjected to 2 hr oral glucose tolerance tests 

(OGTTs). SAMP6 HFD-fed mice demonstrated the highest blood glucose levels, which 

peaked at 420 mg/dl at 40 min, followed by SAMP6 LFD-fed mice (300 mg/dl glucose), 

AKR/J HFD-fed mice (220 mg/dl), and AKR/J LFD-fed mice (200 mg/dl). B: The average 

areas under the curve (AUCs) demonstrated significantly higher blood glucose levels for 

SAMP6 HFD-fed compared to LFD-fed mice (P < 0.0003), and AKR/JHFD-fed compared 

to LFD-fed mice (P < 0.03). The AUCs also showed that blood glucose levels were 

significantly higher for SAMP6 HFD-fed compared to AKR/J HFD-fed (P < 0.001) and for 

SAMP6 LFD-fed compared to AKR/J LFD-fed (P < 0.0 4) mice. C: Plasma insulin levels 

were determined concurrent with the blood glucose levels. D: Plasma insulin levels were 
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significantly higher for SAMP6 compared to AKR/J HFD-fed mice (P < 0.001), for SAMP6 

HFD-fed compared to LFD-fed mice (P < 0.001) and for AKR/JHFD-fed compared to LFD-

fed mice (P < 0.0 02).
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Fig. 3. 
High fat diet-fed mice develop urinary voiding dysfunction. A: The urinary voiding pattern 

was graded on a scale of 1–5 depending upon the size and number of urine spots such that a 

score of 1 indicated the observation of single, large urine spots (no voiding dysfunction) and 

a score of 5 indicated the observation of many small, scattered urine spots (obstructive 

voiding dysfunction). B: Graph depicts 95% confidence intervals for urine voiding patterns 

for SAMP6 (black) and AKR/J (grapy) mice after 7 (diamond) or 8 (square) months of 

continuous feeding on RD, LFD, or HFD diets. Both SAMP6 and AKR/J mice demonstrated 

normal urinary voiding patterns after 7 or 8 months continuous RD-feeding. SAMP6 and 

AKR/J mice demonstrated similar though slightly abnormal urinary voiding patterns 

suggestive of mild obstruction at 7 and 8 months continuous LFD-feeding. Both SAMP6 and 

AKR/J mice demonstrated abnormal urinary voiding patterns suggestive of moderate 

obstruction for AKR/J mice and moderate/severe obstruction for SAMP6 mice at 7 and 8 

months continuous HFD-feeding that was significantly worse than LFD-fed (P < 0.008) and 

RD-fed mice (P < 0.001). Further, SAMP6 urinary voiding dysfunction was significantly 

worse (P < 0.001) than that of AKR/J mice at both 7 and 8 months continuous HFD-feeding.
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Fig. 4. 
High fat diet-fed mice develop urinary retention and dermatitis. The majority of SAMP6 and 

AKR/J HFD-fed mice develop urinary retention (A) evident as inflated bladders (B, arrow, 

HFD mouse) concurrent with urinary voiding dysfunction. A smaller number of HFD-fed 

mice also developed chronic dermatitis (A). Epididymal fat pads are notably enlarged in 

SAMP6 HFD-fed mice (B, asterisks).
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Fig. 5. 
HFD-fed mice exhibit lower urinary tract fibrosis. A: Masson’s Trichrome stained tissue 

sections of fixed and embedded mouse lower urinary tracts were digitally imaged and color 

segmented using a subprogram within MATLAB that separates and quantifies color 

elements from images of Masson’s Trichrome stained tissues, permitting quantitation of 

blue-stained areas corresponding to extracellular collagen [16,23]. B: The percent collagen 

content of the prostatic dorsal lobes of SAMP6 (P < 0.001) and AKR/J (P < 0.01) HFD-fed 

mice demonstrated 2–4× higher collagen levels than those of LFD-fed mice (P < 0.001). 

Similarly, the urethral regions of SAMP6 (P < 0.001) and AKR/J (P < 0.001) HFD-fed mice 

(P < 0.003) demonstrated 2–4× higher collagen levels than those of LFD-fed mice. C: 

Photomicrographs (20×, i, iii; 40×, ii, iv) of serial hematoxylin/eosin stained sections to 

those analyzed for collagen content demonstrated peri-glandular prostatic fibrosis (red 

arrows) in SAMP6 HFD-fed mouse #68 (i, ii) and milder focal fibroplasia/stromal expansion 

(yellow arrows) in SAMP6 LFD-fed mouse #80 (iii, iv). These differences in peri-glandular 

fibrosis were more evident in SAMP6 HFD-fed than LFD-fed mice but did not reach, 

statistical significance (P = 0.10). D: Photomicrographs (4×, i, iii; 20×, ii, iv) of SAMP6 

LFD-fed mice (i, ii) mice demonstrate significantly higher levels of brown adipose tissue 

(BAT) than white adipose tissue (WAT) compared to HFD-fed mice (iii, iv) (P = 0.005). 
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Insets in ii and iv are at 40×. Tissues are shown from SAMP6 LFD-fed mouse #68 and HFD-

fed mouse #80.
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