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Metabolic syndrome (MetS) is one of the most significant 
health epidemics in the United States and has many detrimental 
effects on health-related quality of life. One widely cited study 
noted a 22.9% prevalence of metabolic syndrome in the United 
States.3 Although much has been published on the cardiac ef-
fects of MetS, comparatively little has been published about the 
effects of MetS on the bladder. However, the bladder arguably 
presents much more commonly with MetS-related comorbidity 
than does the heart.9 MetS has been associated with significant 
Lower Urinary Tract Symptoms (LUTS) and decreased qual-
ity of life for people affected.32 The largest population-based 

study to address this, NHANES II, reported a significantly 
higher prevalence of incontinence (8.7% for those reporting type 
2 Diabetes (T2D) compared with 5.3% for those without), but 
incontinence is only one component of LUTS.10 According to 
one longitudinal population-based investigation, LUTS are seen 
in up to 93% of diabetic women.6 Rabbit bladder models, cur-
rently used for the study of MetS, have demonstrated increased 
fibrosis and low-grade inflammation that can be reversed by the 
administration of testosterone.22 Although the signaling mecha-
nisms responsible for these changes are poorly understood, the 
study demonstrates that, if detected early, the damage associ-
ated with MetS may be reversible.

Biomarkers for diabetic bladder dysfunction are unknown, 
and detection currently depends on the MetS patient complain-
ing of LUTS to the clinician, at which point the damage may 
already be permanent. Urinary biomarkers may aid in early 
detection. Diabetes mellitus (DM) is closely related to metabolic 
syndrome, and although the detrimental effects of DM on the 
human bladder are widely recognized, the reported clinical 
symptoms vary significantly, highlighting the need for a better 
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understanding of the pathogenesis of this condition. DM-as-
sociated LUTS, also known as diabetic cystopathy or diabetic 
bladder dysfunction (DBD), includes urinary incontinence,10 
impaired bladder sensation,22 and most notably, detrusor under-
activity, which can lead to urinary retention.5,18 The mechanism 
by which these changes occur remains unclear, but is likely mul-
tifactorial. Animal models have demonstrated that oxidative 
stress plays a major role and may lead to bladder fibrosis, as 
well as autonomic neuropathy.5,18 The focus of study has there-
fore been on the urothelium,15,16 and to a lesser degree, the de-
trusor muscle of the bladder,26 and more recently, suburothelial 
myofibroblasts.26

To our knowledge, the Ossabaw miniature pig (Sus scrofa 
domesticus, Ossabaw Island Hog) is the first large animal model 
for diet-induced bladder complications of MetS and may more 
closely model the human bladder dysfunction caused by MetS. 
Models for diabetic cystopathy consist mostly of small animals 
such as mice and rats, but these lack some advantages of large 
animal models. Large animal models for MetS more closely ap-
proximate human urinary physiology in terms of volume of 
urine voided and urinary frequency, as well as bladder pres-
sure and bladder wall thickness, but have not been as widely 
pursued due to cost and growth time.9 Human urodynamic 
equipment is not small enough to be used in mice and rats, so 
studies done on rats and mice are typically done with catheters 
sewn into the bladder directly, using a wide variety of pressure-
measuring equipment. Both factors diminish consistency across 
models and the need to pierce the bladder to insert a catheter 
likely alters its natural response. The human-sized bladder of 
swine allows the use of standard, clinical urodynamic equip-
ment, so pigs represent a more appropriate model for human 
bladder dysfunction such as fibrosis. Bladder fibrosis has been 
shown to be reversible if detected early in small animal models, 
but never in a longitudinal, progressive model.7,22

Metabolic syndrome (MetS) causes systemic oxidative stress 
and has detrimental effects on the bladder, including underac-
tivity of the detrusor muscle in the bladder, which is involved 
in urinary release and retention. The progression and mecha-
nism of this condition are incompletely understood. The Os-
sabaw model for diabetic bladder dysfunction was developed 
to explore the hypothesis that oxidative stress present in MetS 
is associated with bladder fibrosis, as well as detrusor under-
activity (DU). Some animal models have shown destruction of 
the urothelium layer in DM/MetS, as well as vasculopathy, but 
the correlation between actual fibrosis of detrusor smooth mus-
cle (DSM) in MetS in association with functional urodynamic 
changes has not been conclusively demonstrated.12,13 Identifying 
biomarkers for fibrosis and oxidative stress in the urine in this 
model as MetS progresses may lead to early detection of dia-
betic bladder dysfunction at a stage before permanent replace-
ment of the DSM with collagen.

Our hypothesis is that the Ossabaw miniature pig will de-
velop MetS by dietary modification alone, and MetS pigs will 

demonstrate urodynamic findings consistent with DU, as well 
as histologic evidence of DSM fibrosis, validating the model for 
the study of DU and diabetic bladder dysfunction. Biomarkers 
for oxidative stress and urinary tract fibrosis may be identified 
in the urine and in turn may provide clues to the etiology of the 
condition.

Materials and Methods
All experimental procedures involving animals were ap-

proved by the Institutional Animal Care and Use Committee 
(Protocol no.10523) at Indiana University School of Medicine, 
according to recommendations outlined by the National Re-
search Council and the American Veterinary Medical Associa-
tion Panel on Euthanasia.1,23 All animal care was compliant with 
AAALAC national standards, as established in the United States 
of America. Pigs were obtained from a closed, SPF breeding 
colony at Purdue University (West Lafayette, IN). This breeding 
colony has historically tested negative for Brucella spp., pseu-
dorabies, vesicular stomatitis virus serovars Indiana and New 
Jersey, Mycoplasma hyopneumoniae, porcine reproductive and 
respiratory syndrome virus, porcine parvovirus, swine influ-
enza virus serotypes H1N1 and H3N2, antibodies to transmis-
sible gastroenteritis virus, and Leptospira interrogans serovars 
(canicola, grippotyphosa, hardjo, icterohaemorrhagiae, pomona, and 
bratislava).

All animals were housed singly in pens grouped in the same 
room for community under a 12:12-h light:dark cycle. Tempera-
ture was maintained at 20 to 22 °C throughout the study, and 
humidity was not controlled. Blood glucose and body weight 
were measured weekly. Pigs are sling trained with food rewards 
from an early age to facilitate blood draws and the measure-
ment of body weight and blood pressure, minimizing stress to 
the animal and thus, any confounding effects it may have on the 

Table 1. Demographic parameters after 10 mo MetS inducing diet modification (n = 11 MetS, n = 5 Lean).

Metabolic syndrome Lean

Body Weight (kg) 105.6 ± 2.3 81.4 ± 8.5 P = <0.001
BP-Systolic (mm Hg) 163.6 ± 6.8 124.8 ± 4.4 P = 0.001

BP-Diastolic 93.0 ± 5.1 75.8 ± 2.5 P = 0.014

Fasting Blood Glucose (mg/dL) 81.4 ± 2.3 69.2 ± 2.3 P = 0.003

Total Cholesterol (mg/dL) 481.1 ± 68.5 73.6 ± 7.9 P = <0.001
Triglycerides (mg/dL) 49.2 ± 5.9 37.5 ± 9.2 P = 0.136

Figure 1. Urodynamic tracing of metabolic syndrome (MetS) Ossabaw 
pig (open squares) and Lean pig (closed squares) filled to capacity of 
1500 mL.
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study data.24,25 Lipids and other serum blood tests were mea-
sured at multiple times (Antech Diagnostics, Fishers, IN), but 
only the results taken at the time of the terminal surgery were 
compared. Water was provided without restriction.

MetS Conditioning. Ossabaw female miniature pigs under-
went dietary modification consisting of a hypercaloric, athero-
genic diet that contained of 43.1% calories from fat, 40.4% from 
carbohydrates, and 16.4% from protein (TestDiet Ossabaw High 
Fat and High Fructose Diet 5B4L, www.testdiet.com) for 10 mo 
to induce MetS. These animals were compared with a matched 
group of control pigs fed a lean diet consisting of 10.5% calories 
from fat, 71.0% from carbohydrates, and 18.5% from protein 
(LabDiet Minipig Grower HF 5L80, https://www.labdiet.com). 
Animals were fed once daily to encourage gorging behavior. 
This method also makes it more likely that the daily allotment 
of food is consumed completely.

Anesthesia, Urodynamic Measurement, Tissue Harvest, Eu-
thanasia. Urodynamic studies were performed to determine 
the degree of any differences between the groups after 10 mo 
of dietary treatment. MetS was confirmed by assessing body 
weight, blood pressure, serum glucose, total cholesterol, and tri-
glycerides (Antech Diagnostics, Fishers, IN). Anesthesia/eutha-
nasia was induced by administering an IM injection of 2.2 mg/
kg xylazine and 5.5 mg/kg tiletamine/zolazepam (Fort Dodge 
Animal Health, Fort Dodge, IA). IV lines were placed, including 
a central line that was used for a cardiac related protocol. Pigs 
were then intubated, allowing the administration of 5% isoflu-
rane in 100% oxygen; anesthesia was maintained on 2% to 4% 
isoflurane in 100% oxygen. The unconscious pig was then trans-
ferred to the operating room table and placed in supine position, 
prepped, and draped in the standard fashion for terminal sur-
gery. Urodynamic bladder pressures at capacity were compared 
between the MetS group and the lean (control) group of pigs 
while under anesthesia at the time of terminal surgery (Laborie 
Medical Technologies, Ontario, Canada). Urodynamic findings 
were compared between lean (control) and MetS (experimental) 
groups at the end of the study period. At the conclusion of sur-
gery, pigs were euthanized via cardiectomy.

Detrusor Muscle Processing and Analysis. Bladder muscle 
specimens were taken from the dome of the bladder immedi-
ately after euthanasia. Specimens were then snap frozen in liq-
uid nitrogen. They were processed and stained with Masson 
Trichrome and photographed at 10× power using an automated 
scanning microscope with a motorized stage powered by Bio-
Quant image analysis software (Bioquant.com, Nashville, TN). 
A technician who was blind to the treatment of the pigs created 
all masks to demarcate the border between bladder mucosa, 
submucosa, and muscularis. The software was programmed 
to count the spectrum consistent with collagen stained with 
Masson Trichrome for each zone and compare with the non-
collagenous tissue.

Urinary Biomarker Processing and Analysis. A separate cohort 
of 8 identically treated MetS diet pigs that did not undergo uro-
dynamics had their urine sampled regularly. During the initial 
24 wk of dietary treatment, urine samples were taken monthly 
and flash frozen. At the end of the study period, assays for 

TBARS and IL17a were performed. A final measurement was 
taken at 56 wk, together with serum analysis and the measure-
ment of vital signs. MetS related parameters were assessed us-
ing body weight, fasting serum glucose, blood pressure, total 
cholesterol, and triglycerides.

Thiobarbituric acid reactive substances (TBARS -lipid per-
oxidation byproducts) were measured in the urine because they 
are stable and can be detected even after most reactive oxygen 
species have disappeared, allowing samples to be frozen and 
analyzed at one time, with the same batch of reagent.28 The 
technique for measuring TBARS consisted of a colorimetric as-
say using the TBARS Parameter Assay Kit (KGE 013, R and D 
Systems, Minneapolis, MN). IL17a was measured in the urine 
using the Porcine IL17A ELISA kit (RAB0870 Sigma–Aldrich, 
St Louis, MO).

Statistics. Statistical analysis was performed using Graph-
pad prism 5.0 (GraphPad, San Diego, CA). A 2-tailed student 
t test was used for continuous parametric variables and the 
Mann–Whitney test was used for discrete variables. Data are 
represented as mean ± SEM. P value < 0.05 was considered sta-
tistically significant.

Results
Eleven female Ossabaw pigs completed the MetS protocol 

and were assessed over 10 mo of dietary treatment. These ani-
mals were compared with 5 lean female control pigs. MetS was 
confirmed by assessing body weight, blood pressure, fasting 
blood glucose, total cholesterol, and triglycerides at the end of 
the 10 mo study period (Table 1). To correlate changes in blad-
der function with the development of MetS, bladder pressures 
were measured at the end of the 10 mo treatment period. Empty 
bladder pressure was 0.3 ± 0.3 cm H2O. Full bladder pressure at 
a mean capacity of 998 ± 252 cc was 22.3 ± 5.3 cm H2O. Compli-
ance was noted to be 51.2 ± 19.2 mL/cm H2O. A representative 
urodynamic tracing of a MetS pig and a lean pig is shown in 
Figure 1. Bladder pressures of MetS and LEAN pigs were com-
pared, with results shown in Table 2. The 2 groups showed a 
statistically significant difference in bladder pressure at capac-
ity (22.3 ± 5.3 compared with 45.6 ± 6.1, P = 0.04). Histologic 
analysis of a cohort of lean and MetS pigs revealed significantly 
more collagen in the muscularis layer but not in the submucosa 
or mucosa layer (22.8% compared with 14.1%, P ≤ 0.01, Table 
3, Figure 2) of the bladders of the pigs fed the MetS diet. The 
groups showed no significant difference in the thickness of the 
muscularis layer or in the total area analyzed (Table 4). Origi-
nal hematoxylin and eosin (HE) and Masson Trichrome (TX) 

Table 2. Urodynamic measurements of bladder tone in MetS diet pig at 10 mo (n = 11 female) compared with lean diet pig (n = 5 female)

Pves empty Pves full Compliance Age (mo)

After 10 mo MetS diet 0.3 ± 0.3 cmH2O 22.3 ± 5.3 cmH2O 51.2 ± 19.2 cmH2O 36.2 ± 0.03
Lean diet 7.6 ± 2.2 cmH2O 45.6 ± 6.1 cmH2O 28.3 ± 3.1 cmH2O 59.1 ± 19.4

P = 0.05 P = 0.04 P = 0.20 P = 0.41

Table 3. Percent collagen by tissue layer, analyzed by colorimetric 
software (Masson Trichrome, ± SEM, 2 tail T-test).

MetS Pigs n = 5 Lean Pigs n = 5
Muscularis 22.8 ± 1.7 14.1 ± 1.8 P ≤ 0.01
SubMucosa 35.6 ± 3.6 21.6 ± 10.3 P = 0.24

Mucosa 19.4 ± 4.1 14.0 ± 8.0 P = 0.57
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stained photomicrographs have been assembled as an electronic 
supplement to this for the interested reader Figure S1 through 
Figure S4.

A separate cohort of 8 MetS animals exhibited a 1.4 fold in-
crease in the relative levels of urinary TBARS, from a value of 
3.9 µmoles/L to 5.5 µmoles/L over a 56 wk observation period 
(Figure 3, P = 0.04). The level of IL17a also increased from 37 
pg/mL to 77 pg/mL (relative increase of 2.1 fold) during the 
study period (Figure 3, P = 0.008).

Discussion
This study is the first in which a large animal has been used to 

demonstrate in vivo DU associated with MetS. Studies in small 
animals have been performed previously using detrusor muscle 
strips in-vitro or in mice and rats with catheters sewn into the 
bladder. This manipulation alters bladder anatomy, affecting 

function and reducing the translatability of research data. All 
pigs were female, avoiding gender-based variability seen in 
LUTS and MetS.

Differences in bladder muscle mRNA expression have been 
reported previously in the swine model, supporting significant 
change after 10 mo.21 Our results indicate that 10 mo is an ade-
quate period to develop MetS, which appears to be progressive, 
as prior work with up to 13 mo treatment found a significant 
difference between the pigs treated for as little as 10 mo.29 The 
Ossabaw pig model has a bladder capacity comparable to that 
of humans, allowing the same urodynamic equipment to be 
used, cystoscopy to be employed for in vivo muscle biopsy if 
desired, and the implantation of novel implanted devices, such 
as the UPLINK wireless bladder pressure monitor.11,17 Much of 
the prior work related to MetS and diabetic bladder compli-
cations has been done in mice and rats, and some investiga-
tors have found increased compliance and altered purinergic 

Figure 2. Increased fibrosis / collagen (C, blue) in detrusor smooth muscle (DSM) layer in (A) Metabolic Syndrome (MetS) compared with (B) 
Lean pigs. U = urothelium, M= muscularis (Masson Trichrome).

Table 4. Detail on bladder thickness by tissue layer in MetS compared with Lean pigs. Full thickness from mucosa to serosa, including all 
muscle but not perivesical fat.

Thickness (µm)
MetS pigs n = 6 Lean pigs n = 5

Muscularis 533 ± 69.6 947 ± 550.4 P = 0.22

SubMucosa 77 ± 14.6 251 ± 158.8 P = 0.15

Mucosa 86 ± 14.2 161 ± 81.4 P = 0.20

Total area of tissue analyzed by layer MetS compared lean pigs
Total area (pixels)
Muscularis 4.9E + 05 ± 5.8E +04 3.9E + 06 ± 3.52E + 06 P = 0.31

SubMucosa 8.3E + 04 ± 1.3E +04 1.1E + 06 ± 9.77E + 05 P = 0.35

Mucosa 7.1E + 04 ± 1.3E +04 3.5E + 05 ± 2.94E + 05 P = 0.37

Total area analyzed was included for comparison (Masson Trichrome, ± SEM, 2 tail T-test). Tissue was analyzed at 10 ×.
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Figure 3. Levels of urinary thiobarbituric acid reactive substances 
(TBARS) and interleukin-17a (IL17a) as a marker for oxidative stress 
and urinary tract fibrosis, respectively (n = 8 MetS pigs). Units are µm. 
Error bars are ± SEM (SEM).

contraction in streptozotocin-induced models for Type 1 DM.20,30 
Impaired contractility of detrusor muscle strips have been noted 
in rat and rabbit models.19,31 The decreased bladder pressures 
noted in Ossabaw pigs fed a MetS diet are consistent with those 
findings. The pig model also resulted in a relative increase in 
collagen compared with detrusor smooth muscle, which would 
impair contraction.

Clinical work has largely been based on outcomes gained in 
retrospective prevalence studies using validated questionnaires, 
and the results are heterogeneous.14,32 Studies of diabetic blad-
der complications using urodynamic outcomes are rare, often 
retrospective in nature, with conflicting findings and significant 
variability in the stage of disease affecting the subjects.2,6,27 This 
novel animal model for MetS and diabetic bladder complica-
tions allows investigators to standardize the degree of sever-
ity of the experimental diabetic bladder complications that are 
induced. Controlling for the stage and severity of DM may be 
critical, as others have found that the bladder appears to have 
a hyper-contractile compensatory response early in DM, and a 
hypo-contractile response as DM progresses.8 The mechanism 
of this change likely involves oxidative stress, as reflected by 
urinary TBARS levels. Loss of contractility due to fibrosis also 
observed and warrants further investigation.

Some weaknesses to this study should be mentioned. The 
urinary markers were measured in a separate cohort of pigs un-
der a different protocol. However, all the animals we used were 
from the same breeding colony and received the same MetS diet 
and treatment. Not all MetS pigs underwent urodynamic test-
ing due to equipment availability, and the urodynamic testing 
was done under general anesthesia using isoflurane gas. Isoflu-
rane decreases the frequency of uninhibited contractions and is 
thought to be less irritating than urethane in the rat model, but 
was used in both lean and MetS pigs, normalizing the control 
and MetS groups to the same anesthetic.4

Conclusion
The Ossabaw pig is a novel and more directly analogous 

model for human DBD/MetS. Our data have demonstrated 
that MetS causes fibrosis of the DSM in the muscularis layer, 
with concurrent urodynamic changes suggestive of DU in this 
model of MetS / diabetic bladder dysfunction. The presence of 
markers for oxidative stress and fibrosis in the urine suggest the 
etiology of disease and provide a possible early biomarker to 
guide clinical intervention before permanent fibrosis can occur. 
This model has the potential to advance functional and mecha-
nistic understanding of MetS and diabetes beyond current small 
animal models and represents an advance in animal modeling 
of diabetic bladder disease.

Supplementary Materials
Figure S1.  Lean detrusor muscle stained with Hemotoxylin 

and Eosin photomicrographs at 10× power, (A) through (E). 
Lean pig detrusor muscle stained with Masson Trichrome stain-
ing photomicrographs at 10× power, (F) though (J).

Figure S2. Metabolic syndrome affected detrusor muscle from 
pigs treated with hypercaloric, atherogenic diet that contained 
of 43.1% calories from fat, 40.4% from carbohydrates, and 16.4% 
from protein stained with Hematoxylin and Eosin photomicro-
graphs at 10× power, (A) through (F). 

Figure S3. Metabolic syndrome affected detrusor muscle from 
pigs treated with hypercaloric, atherogenic diet that contained 
of 43.1% calories from fat, 40.4% from carbohydrates, and 16.4% 
from protein stained with Masson Trichrome photographs at  
10× power, (A) through (F). There is a relative increase in thick-
ness of the collagen layer of the muscularis compared to the lean 
group of pigs.
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