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Diabetes mellitus is well known to cause bladder dysfunc-
tion; however, the molecular mechanisms governing this
process and the effects on individual tissue elements
within the bladder are poorly understood, particularly in
type 2 diabetes. A shotgun proteomics approach was
applied to identify proteins differentially expressed be-
tween type 2 diabetic (TallyHo) and control (SWR/J) mice
in the bladder smooth muscle and urothelium, separately.
We were able to identify 1760 nonredundant proteins from
the detrusor smooth muscle and 3169 nonredundant pro-
teins from urothelium. Pathway and network analysis of
significantly dysregulated proteins was conducted to in-
vestigate the molecular processes associated with diabe-
tes. This pinpointed ERK1/2 signaling as a key regulatory
node in the diabetes-induced pathophysiology for both
tissue types. The detrusor muscle samples showed dia-
betes-induced increased tissue remodeling-type events
such as Actin Cytoskeleton Signaling and Signaling by
Rho Family GTPases. The diabetic urothelium samples
exhibited oxidative stress responses, as seen in the sup-
pression of protein expression for key players in the
NRF2-Mediated Oxidative Stress Response pathway.
These results suggest that diabetes induced elevated in-
flammatory responses, oxidative stress, and tissue re-
modeling are involved in the development of tissue spe-
cific diabetic bladder dysfunctions. Validation of signaling
dysregulation as a function of diabetes was performed
using Western blotting. These data illustrated changes in
ERK1/2 phosphorylation as a function of diabetes, with
significant decreases in diabetes-associated phosphory-
lation in urothelium, but the opposite effect in detrusor
muscle. These data highlight the importance of under-
standing tissue specific effects of disease process in un-

derstanding pathophysiology in complex disease and
pave the way for future studies to better understand
important molecular targets in reversing bladder
dysfunction. Molecular & Cellular Proteomics 14: 10.1074/
mcp.M114.041863, 635–645, 2015.

Diabetes mellitus is reaching epidemic proportions world-
wide because of several factors, most notably obesity, which
is attributed to increased sedentary lifestyles and decreased
physical activity. This presents both economic and healthcare
challenges; the U.S., China, and India have the highest dis-
ease prevalences and therefore are facing the greatest chal-
lenges (1). According to the Centers for Disease Control and
Prevention, as of 2010, 25.8 million Americans have diabetes,
and it is the seventh leading cause of death in the United
States. Approximately 30% of U.S. adults 20 years or older
and 50% of adults 75 years or older are afflicted with this
debilitating disease (2). Based on current trends, it is ex-
pected that the number of patients diagnosed with diabetes
will continue to climb at an alarming rate.

Some complications of diabetes include heart disease and
stroke, hypertension, blindness and eye problems, kidney
disease, and nervous system disease. Recently, diabetic uro-
logical complications such as nephropathy, bladder dysfunc-
tion (3) and infection, incontinence, erectile dysfunction (4),
and prostate hyperplasia have been receiving increasing at-
tention, because they affect both type 1 and type 2 diabetic
patients. Diabetic uropathy, which includes diabetic bladder
dysfunction (DBD)1, sexual or erectile dysfunction, and urinary
tract infection (5), has been found in more than 80% of pa-
tients with diabetes, a higher rate of incidence than either
neuropathy or nephropathy, which affect 60 and 50% ofFrom the ‡Center for Proteomics and Bioinformatics, §Urology
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diabetic patients, respectively (6). DBD specifically afflicts
over 50% of patients diagnosed with diabetes (7), making it
one of the most common and vexing complications of diabe-
tes. DBD represents an umbrella description for a group of
clinical symptoms that encompass storage problems such as
overactive bladder and urge incontinence, voiding problems
such as poor emptying or overflow incontinence, and other
less clinically defined phenotypes such as decreased sensa-
tion and increased capacity (8).

We have studied bladder dysfunction in type 1 diabetic
rodents systematically, investigating alterations in morphom-
etry (9), functionality (10, 11), contractility (11, 12), and nerves
and vasculature (12, 13) of the bladder in response to strep-
tozotocin (STZ)-induced type 1 diabetes compared with os-
motically induced polyuria. We have revealed temporal effects
of diabetes, causing an early phase of compensatory bladder
function and a later phase of decompensated bladder func-
tion. The pathophysiology of DBD is multifactorial, including
disturbances of the detrusor smooth muscle, urothelium, au-
tonomic nerves, and urethra (8, 14). Polyuria and hyperglyce-
mia play important but distinctive roles in induction of bladder
dysfunction in type 1 diabetes. Two previous studies have
used proteomic and microarray analyses of bladder detrusor
muscle in STZ-induced type 1 diabetic rats (3, 15), in which
the urothelium was not analyzed separately. Considering that
most diabetic patients have type 2 diabetes, with its distinct,
complex pathophysiology compared with type 1 diabetes, it is
important to determine the molecular changes of the bladder
in type 2 diabetes, which may suggest different interventions
from those for type 1 diabetes. The TallyHo mouse is a well-
established, polygenic type 2 diabetes mouse model (16–18).
In this study, we identified molecular changes of the detrusor
and urothelium separately in TallyHo mice compared with
their control strain, SWR/J mice, which share 86.8% genotype
homology with TallyHo (19).

EXPERIMENTAL PROCEDURES

Animals and Bladder Harvest—Eight male TallyHo mice (Stock
number 005314) and eight age-matched male SWR/J control mice
(Stock number 000689, Jackson Laboratory, Bar Harbor, ME), aged
21–26 weeks, were used in this study. This age range was chosen
because TallyHo nonfasting blood glucose levels increased starting at
6 weeks and reached 500–600 mg/dl by 12 weeks. Bladder weights
of TallyHo and SWRJ mice increased gradually and were similar to
each other through 12 weeks of age, at which time TallyHo bladders
grew rapidly, reaching twice the average weight of SWRJ bladders by
18 weeks, and then plateauing (data not shown). Four mice from each
group were used for proteomics analysis, and four from each group
were used for validation by Western blotting. The mice were anes-
thetized using a mixture of ketamine (64 mg/kg) and xylazine (6
mg/kg). The abdomen was opened and the bladder was harvested,
immediately transferred to ice-cold PBS solution (Fisher Scientific,
Fair Lawn, NJ), and weighed. The anesthetized mice were then eu-
thanized by cervical dislocation. Urothelium and detrusor smooth
muscle were immediately dissected in ice-cold PBS using a previ-
ously published protocol (20). The bladder was cut open longitudinally
and pinned to a silicon-coated plate, the urothelium was removed

with the aid of fine forceps and a dissecting microscope, and urothe-
lium and detrusor smooth muscle were snap-frozen on dry ice and
transferred to �80 °C for later protein extraction. All experimental
protocols were approved by the Case Western Reserve University
Institutional Animal Care and Use Committee (IACUC #2009–0123).

Urothelium and Smooth Muscle Sample Preparation—Urothelium
and detrusor muscle specimens from four TallyHo and four SWR/J
mice were lysed independently in a 100 mM ammonium bicarbonate
buffer containing 5% SDS and one Roche Complete Protease Inhib-
itor Mixture tablet (Roche, Indianapolis, IN) per 10 ml; all samples
were prepared and analyzed at the same time. 200 �l of lysis buffer
was added to smooth muscle samples and 100 �l of lysis buffer was
added to urothelium samples, which were approximately half the
weight of the smooth muscle samples. After lysis, samples were
cleaned up using a previously published filter-aided sample prepara-
tion protocol with a 3 kDa molecular weight cutoff filter (Millipore,
Billerica, MA) that buffer exchanges the 5% SDS for 8 M urea (21). The
samples were reduced with 10 mM dithiothreitol (Acros, Morris Plains,
NJ) for 1 h and alkylated with 25 mM iodoacetamide (Acros, Morris
Plains, NJ) for 30 min in the dark; both were done on the filter and then
the sample was concentrated to a final volume of 40 �l. Next, protein
concentration was measured using a Bradford assay (Bio-Rad Protein
Assay, Bio-Rad, Hercules, CA) and 20 �g of total protein was used for
enzymatic digestion. Initially, the urea concentration was adjusted to
4 M using 50 mM Tris, pH 8, and proteins were digested with Lysyl
Endopeptidase, Mass Spectrometry Grade (Wako, Richmond, VA) at
an enzyme/substrate ratio of 1:20 for 2 h at 37 °C. Next, the urea
concentration was adjusted to 2 M using 50 mM Tris, pH 8, and lysyl
peptides were digested with sequencing grade trypsin (Promega,
Madison, WI) at an enzyme:substrate ratio of 1:20 overnight at 37 °C.
Samples were not quenched, but rather immediately diluted to pre-
pare them for LC-MS/MS analysis, and retention times and mass
accuracy were tracked using 400 fmol of Pierce® Retention Time
Calibration Mixture (Thermo Scientific, Rockford, IL). Both detrusor
muscle and urothelium samples were run together as one large batch
and nine peptides from the spiked retention time mixture were
tracked in all samples. These nine peptides showed less than a 5 min
retention time drift and less than 4 ppm mass drift, as well as con-
sistent peak widths and area under the curve.

Proteomics Analysis—
(a) Reverse Phase LC-MS/MS Analysis—
Urothelium—Urothelium and smooth muscle samples were ana-

lyzed in random order. LC-MS/MS data for �600 nanograms of
urothelium in a 7 �l injection were acquired on a LTQ Orbitrap Velos
mass spectrometer (Thermo Electron, San Jose, CA) equipped with
Waters nanoACQUITY LC system (Waters, Taunton, MA). There was
no common reference sample and samples were not pooled. Tech-
nical replicates were not performed as the pipelines and instrument
methods of the Center for Proteomics and Bioinformatics have high
reproducibility and the spike-in peptides were monitored regularly to
continuously assess retention time and intensity drift of the instru-
ment. Peptides were desalted in a trap column (180 �m � 20 mm,
packed with C18 Symmetry, 5 �m, 100 Å [Waters, Taunton, MA]) and
subsequently resolved in a reversed phase column (75 �m � 250 mm
nano column, packed with C18 BEH130, 1.7 �m, 130 Å [Waters,
Taunton, MA]) using a 4 h gradient of 2 to 37% mobile phase B (0.1%
formic acid in acetonitrile [ACN]). Liquid chromatography was carried
out at ambient temperature at a flow rate of 300 nl/min using a
gradient mixture of mobile phase A (0.1% formic acid in water) and
mobile phase B. Peptides eluting from the capillary tip were intro-
duced into the LTQ source in nano-electrospray mode with a capillary
voltage of 2.4 kV and temperature of 250 °C. A full scan was obtained
for eluted peptides in the range of 380–1800 m/z with 60,000 reso-
lution and a fill time of 500 msec, followed by 20 data-dependent
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MS/MS scans performed in the ion trap with dynamic exclusion
enabled and a fill time of 100 msec. The ions selected for fragmen-
tation were based on their intensities in the first scan. MS/MS spectra
were generated by collision-induced dissociation of the peptide ions
at normalized collision energy of 35% to generate a series of b- and
y-ions as major fragments. Dynamic exclusion parameters were set
as follows: repeat count of two, repeat duration of 45 s, exclusion list
size of 500 and exclusion list duration of 60 s. A 1 h wash was
included between each sample, where the gradient started at 8 to
78% ACN; this wash was inspected to verify there was no carryover.
Additionally, total ion current was monitored and was not seen to drift
beyond expected values.

Detrusor Smooth Muscle—Samples were analyzed in a random
fashion using the same instrument as for urothelium samples with
minor changes as noted. As was the case with the urothelium sam-
ples, there was no common reference sample and the samples were
not run with technical replicates or pooled. A 430 ng of sample was
loaded on a column in a 10 �l injection. Peptides were separated
using a 4 h gradient from 2 to 45% ACN using the mass spectrometry
parameters described above. A 1 h wash was included between each
sample where the gradient started at 50 to 78% ACN. Less smooth
muscle sample than urothelium was loaded onto the column and the
gradient was adjusted to improve peak shape, clustering, and quan-
tification. The wash between these samples was adjusted to a high
organic type wash to prevent any potential for carry over, and blanks
were inspected to verify no carryover. Additionally, total ion current
was monitored and was not seen to drift beyond expected values.

(b) Qualitative Data Processing—For protein identification in the
Elucidator system, peak list files (.mgf) were created for tandem
MS/MS spectra using the Daemon/extract msn algorithm. Prior to
searching the raw data files, the International Protein Index (IPI)
Mouse database of 56,957 sequences (v. 3.72, release date 06/2010)
was downloaded in FASTA format via file transfer protocol from the
website of UniProt into the local server (http://promas/mascot). The
resulting peak list (.dta) files were then used to interrogate the se-
quences (56,957 entries) in the IPI Mouse database by running the
Mascot algorithm (Matrix Science, London, UK, version 2.3.2). Mas-
cot searches were performed with specificity of Trypsin set to cleav-
age after Lys or Arg and specificity of LysC was set for cleavage after
Lys with one missed cleavage allowed and a fragment ion mass
tolerance of 10 ppm and 0.8 Da, respectively, with variable methio-
nine oxidation and fixed cysteine carbamidomethylation modifica-
tions. No species restriction was selected, as the database was
already species specific. Peptide identification criteria were a mass
accuracy of �10 ppm, an expectation value of p � 0.05, and an
estimated False Discovery Rate (FDR) of less than 5%. Proteins with
at least two peptides meeting the criteria were considered true as-
signments. We manually checked that the identification of proteins
was based on a Teller algorithm (protein/peptide filtering criterion of
0.01) and on at least two peptides present in all eight biological
replicate samples.

(c) Quantitative Data Processing—The search results were im-
ported back into Elucidator to validate identifications, using the pep-
tide/protein Teller algorithm. Area under the curve was used for
quantification. The search result data were then filtered at 0.85 min-
imum probability and predicted error of 0.01; with these stringent
criteria 1760 proteins were accepted as correct identification for the
TallyHo smooth muscle and 3169 proteins were accepted as correct
identification for the TallyHo urothelium.

For functional classification analyses, proteins were selected that
met the above criteria, as well as the following criteria for dissimilarity
between TallyHo diabetic and SWR/J control samples: (1) two or
more peptides of a protein showing a Student’s t test p value of less

than 0.05 and (2) at least one of those peptides having a fold change
of 1.5 or greater between the two groups.

(d) Proteome Functional Classification Analyses—To classify pro-
teins by gene ontology molecular function processes, cellular com-
ponent, and pathway terms, both the PANTHER (Protein Analysis
through Evolutionary Relationships) protein classification database
(www.pantherdb.org) and the IPA Tool (Ingenuity Pathway Analysis,
Ingenuity® Systems, Redwood City, CA) were used. The complete
dataset of peptides meeting the criteria described above was up-
loaded into the applications. IPA networks were constructed using a
combination of existing protein interaction databases and the litera-
ture. Interactions are represented as edges (relationship between
molecules) and nodes (molecules). PANTHER uses binomial statis-
tics, whereas IPA utilizes Fischer’s exact test to calculate a p value
that determines the probability that each biological function assigned
to the data set is because of chance alone.

(e) Validation by Western Blot—Upstream regulators of pertinent
dysregulated proteins (chosen from examination of dysregulated net-
works), including the Janus kinase (JAK)/signal transducers and ac-
tivators of transcription (STAT) and the mitogen-activated protein
kinase (MAPK) subfamilies extracellular signal-regulated kinase (ERK)
and p38, were selected for validation. Western blot analysis was
performed on urothelium and detrusor muscle from additional groups
of four TallyHo mice and four SWR/J mice. Briefly, frozen tissue was
manually pulverized with a hammer and then suspended in ice-cold
RIPA buffer (Millipore) containing phosphatase and protease inhibi-
tors. The crushed tissue was homogenized by vortexing with beads
using a Bullet Blender homogenizer (Next Advance, Inc., Averill Park,
NY). After centrifuging at 10,000 � g for 20 min, the concentration of
soluble protein was determined by BCA assay (ThermoScientific), and
50 �g of total protein was used directly for Western immunoblotting.
Proteins were denatured in SDS loading buffer at 95 °C for 5 min.
Samples were separated via electrophoresis using 4–20% polyacryl-
amide gradient gels (BioRad), and then transferred to nitrocellulose
membranes (Whatman). Membranes were blocked with 5% nonfat
milk in TBS-T at room temperature for 1 h and then probed separately
with each target antibody at 4 °C overnight. The membranes were
washed with TBS-T and 5% nonfat milk three times for 5 min each,
and then incubated with goat anti-rabbit or goat anti-mouse IgG
conjugated to horseradish peroxidase (Millipore) for 1 h at room
temperature. After washing with TBS-T and 5% nonfat milk, the blots
were developed with HyGLO Quick Spray (Denville Scientific, Inc.)
according to the manufacturer’s instructions, and protein bands were
quantified by densitometry using Image J software. Quantification of
bands was performed by comparing the densities of target antibody
and endogenous control �-actin on the same blot to eliminate differ-
ences in protein loading. The following primary antibodies were used:
total and phospho-STAT3 (Tyr705) (Cell Signaling Technology, Dan-
vers, MA, Catalog # 4904 and 9145, respectively), total and phospho-
p38 (Cell Signaling Technology, Danvers, MA, Catalog # 8690 and
4511, respectively), total and phospho-ERK1/2 (p44/p42 MAP ki-
nases, Cell Signaling Technology, Danvers, MA, Catalog # 4695 and
4370, respectively), and �-actin (Sigma-Aldrich, St. Louis, MO, Cat-
alog # A1978). The data are presented as the mean � standard
deviation for each group. All comparisons between the control and
diabetic groups were performed by the Student’s t test using Prism 6
(GraphPad Software, La Jolla, CA). Welch’s correction was applied to
comparisons where the variances were significantly different.

RESULTS

General Characteristics of the Mice—The TallyHo mouse
displays moderate hyperinsulinemia and non-insulin-depen-
dent type 2 diabetes mellitus (16). Diabetes was clearly evi-

Dysregulated Protein Subnetworks in Type 2 Diabetic Bladders

Molecular & Cellular Proteomics 14.3 637

http://promas/mascot
http://www.pantherdb.org


dent in the TallyHo mice as shown by mean elevated blood
glucose levels of 456.4 � 96.3 mg/dl, compared with 121.9 �

12.7 mg/dl in the control SWR/J mice (n � 8 per group, p �

0.0001), and elevated HbA1C levels of 9.3 � 0.9% in the
TallyHo mice compared with 4.9 � 0.3% in the SWR/J mice
(p � 0.0001). Mean body weight and bladder weight were also
significantly higher in TallyHo mice compared with SWR/J
mice (body weight: 45.2 � 13.7 versus 31.7 � 3.8, p � 0.028;
bladder weight: 65.9 � 20.3 versus 44.6 � 15.3, p � 0.033).

Label-Free Protein Expression—A label-free proteomics
approach was applied to detect differences in the soluble
proteomes of urothelium and detrusor muscle of diabetic
TallyHo mice compared with their age-matched controls
(SWR/J). The chromatograms for a specific tissue type look
quite similar to each other with reproducible retention times
and intensities for the main features, whereas modest
changes as a function of diabetes are observed (Fig. 1).
Potential variations between the tissue types can be seen in
the series of broad peaks in the region of 99–120 min and a

series of low intensity broad peaks at 140–180 min charac-
teristic of the detrusor muscle in both control and diabetic
mice (black boxes in Fig. 1). The area under the curve for
peptides was quantified for each condition in each tissue and
average areas were calculated. We performed principal com-
ponent analysis of the overall expression data and, in supple-
mental Fig. S1A and S1B, we compare diabetic and nondia-
betic for each tissue individually. The extremely good
separation confirms that the modest differences in the high
level qualitative comparisons are substantial in this high level
quantitative analysis. This confirms the qualitative differences
observed on the chromatograms, provides a clear visualiza-
tion to assess the separation between our control and dia-
betic animals, and provides assurance that major differences
are associated with disease.

The major differences in tissue based chromatograms was
confirmed as 1760 proteins were identified in the detrusor
muscle and 3169 proteins in the urothelium overall. Next, we
compared the intensities and significance of expression for
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FIG. 1. A label-free proteomics approach was applied to monitor changes in the soluble proteomes of urothelium and detrusor
muscle of diabetic mice (TallyHo) compared with their age-matched controls (SWR/J). Four biological replicates for each tissue type and
each condition, control versus diabetic, were prepared and analyzed simultaneously. The detrusor muscle and urothelium samples were
separated on a reverse phase column using a 4 h gradient. Within each tissue type, the chromatograms for the diabetic and control conditions
look similar to each other. However, a clear distinction is evident in comparison of the chromatographic separations of the urothelium
samples with those of the detrusor muscle. The most dramatic differences between the tissue types are shown by the black boxes in the
bottom chromatogram, showing broad peaks in the region of 94–118 min and a series of low intensity broad peaks at 134–180 min in the
diabetic and control detrusor muscle chromatograms, compared with sharper and higher intensity peaks in those regions in the urothelium
chromatograms.

Dysregulated Protein Subnetworks in Type 2 Diabetic Bladders

638 Molecular & Cellular Proteomics 14.3

http://www.mcponline.org/cgi/content/full/M114.041863/DC1
http://www.mcponline.org/cgi/content/full/M114.041863/DC1


the diabetic samples peptide area to its control for each
tissue. Proteins that were detected: (1) in all eight biological
replicates, (2) with two or more peptides showing a t test p
value of less than 0.05, and (3) with at least one peptide of the
protein having a fold change of 1.5 or greater, were selected
for further analysis. Based on these thresholds, the detrusor
muscle samples had 197 nonredundant proteins varying (sup-
plemental Table S1) and the urothelium samples had 231
nonredundant proteins that varied with diabetes (supplemen-
tal Table S2). Among those, 39 proteins were dysregulated as
a result of diabetes in both detrusor muscle and urothelium,
although two of those proteins, L-lactate dehydrogenase B
chain (LDHB) and lumican (LUM), were down-regulated in the
smooth muscle and up-regulated in the urothelium. Another
96 proteins were dysregulated in detrusor muscle and ex-
pressed, but not significantly dysregulated, in urothelium.
Meanwhile, 45 proteins were dysregulated in urothelium and
expressed, but not significantly dysregulated, in detrusor
muscle. The remaining 62 dysregulated detrusor proteins and
147 dysregulated urothelial proteins were detected tissue
specifically.

Differentially Expressed Proteins in Detrusor Smooth Mus-
cle—To provide a pathway and network level analyses of the
data, the proteins that were considered to be dysregulated
based on the above thresholds were input to Ingenuity Path-
way Analysis (IPA). As stated above, 197 detrusor muscle
proteins were significantly dysregulated (either increased or
decreased) in diabetic TallyHo mice compared with control

SWR/J mice and all were annotated in the IPA database. The
top 10 most significant canonical pathways reported by IPA
are shown in Fig. 2. Pathway dysregulation themes included
second messenger signaling, including Signaling by Rho
Family GTPases and Rho GDP dissociation inhibitor (RhoGDI)
Signaling. Related actin cytoskeleton signaling was signifi-
cant, whereas the acute phase response indicates stress
pathway dysregulation in detrusor muscle.

Relevant to Rho-related pathways, ROCK2 was seen to be
1.5-fold up-regulated in diabetic smooth muscle (p value of
0.02). This was a key protein for both Rho- and actin-related
pathways. Desmin, a protein known to be related to ROCK2,
was also found to be up-regulated in diabetic mice compared
with age-matched controls, although it just missed the thresh-
old for inclusion in the pathway analysis (fold change of 1.49,
p value of 0.006). In addition, isoform 2B of voltage-depen-
dent calcium channel subunit alpha-2/delta-1, which is a cal-
cium influx channel inducing detrusor muscle contraction, is
decreased in diabetic mice (CACNA2D1, fold change of
�1.98, p value of 0.011).

ERK1/2 is an upstream regulator of many of these canonical
pathways such as: Signaling by Rho Family GTPases and
Actin Cytoskeleton Signaling. Network analysis can identify
potential pathway crosstalk, thus we used the network gen-
eration tools of IPA to identify potentially dysregulated net-
works. Fig. 3 shows an ERK-based network highly populated
with targets that were dysregulated in this study, including
Rho, actin-related targets, and other proteins of the cytoskel-

FIG. 2. The top 10 most significant canonical pathways in detrusor muscle. Blue bars represent the �log(p value) for a given pathway,
the larger the bar, the more significant the pathway. The moving orange line with squares is representative of the ratio of the number of proteins
identified in the dataset as being significant divided by the total number of proteins in the pathway. Finally, the solid orange line at 1.3 is
representative of a threshold p value of 0.05.
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eton. Thus, we speculated that ERK may be dysregulated in
the detrusor muscle samples through its network relation-
ships with other dysregulated targets, even though it was not
directly detected in the experiment.

To assess ERK and related downstream signaling dysregu-
lation in detrusor muscle, we performed Western blotting of
total and phosphorylated mitogen-activated protein kinase
(MAPK) subfamilies ERK1/2 and p38, as well as signal trans-
ducer and activator of transcription 3 (STAT3) (Fig. 4 and
summarized in Table I). Phosphorylated STAT3, total p38 and
phosphorylated p38 were modestly but not significantly de-
creased compared with control detrusor muscle (fold changes
of �1.07, �1.22, and �1.13, respectively). However, total
STAT3 expression was found to be very significantly reduced
(1.39-fold) in diabetic relative to control detrusor muscle (p
value of 0.003). Additionally, total ERK1/2 expression was
found to be significantly lower in diabetic relative to control
detrusor muscle (fold change of �1.29, p value of 0.02). On
the other hand, phosphorylated ERK1/2 was more than three-
fold higher in diabetic detrusor muscle (Table I), although the
p value was below the significance cutoff (p value 0.13).
Phosphorylated ERK1/2 is known to increase expression of
ROCK proteins and, as mentioned above, ROCK2 was ele-
vated 1.5-fold in our diabetic detrusor muscle samples.

Differentially Expressed Proteins in Urothelium—The 231
proteins that met our fold change and significance thresholds
were input to IPA for pathway analysis. Inspection of the 10

most significant canonical pathways for the urothelium re-
vealed some that were identical to those seen for detrusor
muscle, such as Actin Cytoskeleton Signaling and Caveolar-
mediated Endocytosis Signaling (Fig. 5). Notably absent were
the pathways related to Rho that were prevalent in the detru-
sor muscle. The NRF2-mediated Oxidative Stress Response
pathway was significant for urothelium, but not in detrusor
muscle. Proteins of interest in the data (p value of � 0.05)
included suppressive effects (fold change of �1.5 or greater)
of diabetes on three of the phase I/II drug metabolizing en-
zymes: glutathione S-transferase mu 4 isoform 1 (GSTM4),
glutathione S-transferase omega 1 (GSTO1), and glutamate-
cysteine ligase (GCLM).

We performed network analysis for the urothelium targets
similar to that performed for the detrusor muscle. ERK1/2
was implicated in the top ranked network (Fig. 6); the interacting
protein RAB11 family interacting protein 1 (class I) (RAB11FIP1)
(22), which induces ERK1/2 phosphorylation, was down-regu-
lated. As for the smooth muscle, we conducted Western blot-
ting to interrogate ERK and related signaling protein dysregula-

FIG. 3. Novel network showing the importance of ERK1/2 reg-
ulation in smooth muscle. Red/pink nodes are proteins that are
up-regulated in diabetes, whereas dark/light green nodes are mole-
cules that are down-regulated. Enzymes are represented by dia-
monds, complexes by circles (or concentric circles), and transporters
by trapezoids. Solid lines with no arrows are representative of inter-
actions, whereas solid lines with arrows represent activation/expres-
sion. Dashed lines with arrows are indicative of indirect activation/
expression. Data shown is based on peptide quantitation with a p
value of �0.05.

FIG. 4. Validated targets in detrusor muscle by Western
blotting.

TABLE I
Expression of validated targets in detrusor muscle (n � 4). The protein
bands in Fig. 4 were quantified by densitometry. Each value in the
table indicates the mean plus or minus standard deviation of the ratio
of the target signal density to that of the endogenous control �-actin
in the same lane on the same blot. All comparisons between the
control and diabetic groups were performed by the Student’s t-test.

Values of p � 0.05 were considered statistically significant

Control Diabetic p value

Total-STAT3 4.26 � 0.41 3.06 � 0.29 0.003
Phospho-STAT3 0.14 � 0.13 0.14 � 0.15 0.99
Total-ERK1/2 3.52 � 0.46 2.72 � 0.15 0.02
Phospho-ERK1/2 0.46 � 0.15 1.43 � 0.93 0.13
Total-p38 2.62 � 0.22 2.14 � 0.60 0.19
Phospho-p38 1.12 � 0.29 0.99 � 0.61 0.72
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tion (Fig. 7). Consistent with the RAB11 family member
decrease, phospho-ERK1,2 was very significantly down-regu-
lated in diabetic urothelium (2.4-fold, p value 0.01), whereas
total ERK was not significantly changed. We found small, but

insignificant decreases in expression of total STAT3 and its
tyrosine phosphorylated form (fold changes �1.26 and �2.0,
respectively). Total p38 was slightly, though significantly de-
creased in diabetic urothelium (fold change �1.24, p value 0.02
after Welch’s correction), whereas phosphorylation of p38 was
found to be not significantly different between the two groups
(fold change �1.53, p value 0.145) (Table II).

DISCUSSION

The pathophysiology of DBD is multifactorial, including dis-
turbances of the detrusor, urothelium, autonomic nerves, and

FIG. 5. The top 10 most significant canonical pathways in urothelium. Blue bars represent the �log(p value) for a given pathway, the
larger the bar, the more significant the pathway. The moving orange line with squares is representative of the ratio of the number of proteins
identified in the dataset as being significant divided by the total number of proteins in the pathway. Finally, the solid orange line at 1.3 is
representative of a threshold p value of 0.05.

FIG. 6. Novel network showing importance of ERK1/2 regula-
tion in the urothelium. Red/pink nodes are proteins that are up-
regulated in diabetes, whereas dark/light green nodes are molecules
that are down-regulated. Enzymes are represented by diamonds,
complexes by circles (or concentric circles), kinases by inverted tri-
angles, transcription regulators by ovals, and translation regulators by
hexagons. Solid lines with no arrows are representative of interac-
tions, whereas solid lines with arrows represent activation/expres-
sion. Dashed lines with arrows are indicative of indirect activation/
expression. Data shown is based on peptide quantitation with a p
value of � 0.05.

FIG. 7. Validated targets in urothelium by Western blotting.
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urethra (8, 14, 23). Unlike other organs, the bladder in diabe-
tes faces not only hyperglycemia, but also an increased vol-
ume of urine. We have shown that both polyuria and hyper-
glycemia play important but distinctive roles in the induction
of bladder dysfunction in type 1 diabetes (20). Polyuria causes
significant bladder hypertrophy in the early stage of diabetes,
whereas oxidative stress and inflammation in the bladder
caused by chronic hyperglycemia may play important roles in
the late stage failure of bladder function (20). Yohannes et al.
(3) recently described the proteomic changes in the detrusor
muscle of diabetic rats after 1 week and 8 weeks of STZ
induced type 1 diabetes using 2D-DIGE. Their results indi-
cated that diabetes induced down-regulation of structural and
extracellular matrix proteins that are essential for muscle con-
traction and relaxation and up-regulation of proteins involved
in cell proliferation and inflammation.

The pathophysiology in type 2 diabetes is more complex
than in type 1 diabetes. A large proportion of type 2 diabetes
patients (30–80%) have metabolic syndrome (24–27), includ-
ing obesity (particularly central adiposity), elevated triglycer-
ide levels, low levels of high-density lipoprotein, cholesterol,
and hypertension, some or all of which may affect bladder
function. Our knowledge of the mechanistic changes that
occur during DBD, particularly in type 2 diabetes, is incom-
plete. Multiple molecular alterations may occur at different
levels (DNA, mRNA, and protein) during the process of DBD.
To better understand DBD with a systems biology perspec-
tive, we sought to characterize and integrate all of the molec-
ular components involved in the disease.

Effect of Diabetes on Detrusor Smooth Muscle in TallyHo
Mice—Our data on detrusor muscle suggest that diabetes
can induce changes of contraction-related elements in detru-
sor muscle, as seen in both Canonical Pathway and Network
Analyses. Three of the top ten most significant canonical
pathways for the smooth muscle samples were involved in
these processes: Signaling by Rho Family GTPases, Rho GDP
Dissociation Inhibitor Signaling, and Actin Cytoskeleton Sig-
naling, which are interconnected.

The small GTPase RhoA is a member of the Rho subfamily
of the Ras superfamily of monomeric GTPases. RhoA is in-
volved in the regulation of stress fiber and focal adhesion
formation, cell morphology, cell aggregation, cadherin-medi-
ated cell–cell adhesion, cell motility, cytokinesis, membrane
ruffling, neurite retraction, microvilli formation, and smooth
muscle contraction (28–30). When cells are stimulated with
some agonists, GDP-Rho is converted to GTP-Rho, which
can interact with its specific effectors (31). Several proteins
have been identified as effectors of Rho, including protein
kinase N [PKN (PRK1)], Rho-associated protein kinases 1 and
2 (ROCK1 and ROCK2), the myosin-binding subunit of myosin
phosphatase, rhophilin, rhotekin, citron, p140 mDia, and cit-
ron kinase (28–30). Studies have shown that Rho-kinase par-
ticipates in smooth muscle contraction through agonist-in-
duced Ca2�-sensitization, and is thought to act by inhibiting
myosin phosphatase activity and phosphorylating myosin
light chain directly (32). In our study, ROCK2 was found to be
1.6-fold up-regulated in diabetic smooth muscle. ROCK2 has
been shown to be increased in the bladder in mice with
hepatic-specific deletions of insulin receptor substrates 1 and
2 (a double knockout type 2 diabetes model), and may play
important role in enhanced contractility in the early stage of
diabetes (33). Proteins further downstream of ROCK were
also found to be up-regulated in diabetic mice compared with
age-matched controls, including desmin, a protein involved in
regulation of intermediate filaments, maintaining cell shape
and integrity of the cytoplasm, and stabilizing cytoskeletal
interactions (34, 35). Desmin may be involved in the compen-
sated response of detrusor muscle to the increased urine
load.

Additionally, in the Actin Cytoskeleton Signaling pathway,
further downstream of ROCK, we found down-regulation of
talin-2 (TLN2) in the diabetic mice (fold change �1.69, p value
0.001). Talin-2 is involved in focal adhesion assembly, a pro-
cess important for creating a structural link between the ex-
tracellular matrix (ECM) and the cytoskeleton, along with bi-
directional signaling between cells and the ECM. These large
macromolecular complexes help transmit mechanical force
and regulatory signals, and serve as mechanical linkages to
the ECM through integrin binding and clustering.

The enhanced levels and activities of contraction-related
elements we identified in TallyHo detrusor muscle may com-
pensate for the increased urine load in diabetes, but may also
cause the characteristic overactive bladder dysfunction. On
the other hand, voltage-dependent calcium channel subunit
alpha-2/delta-1 is decreased in diabetic mice, which suggests
that calcium influx efficiency in response to stimulation may
be suppressed in diabetes.

The sixth most significant canonical pathway for smooth
muscle was the Acute Phase Response Canonical Pathway.
Several proteins in that pathway were found to be significantly
up-regulated, including apolipoproteins A1 and A2, both of
which are negative acute phase reactants known to be ele-

TABLE II
Expression of validated targets in urothelium (n � 4). The protein
bands in Fig. 7 were quantified by densitometry. Each value in the
table indicates the mean plus or minus standard deviation of the ratio
of the target signal density to that of the endogenous control �-actin
in the same lane on the same blot. All comparisons between the
control and diabetic groups were performed by the Student’s t-test.

Values of p � 0.05 were considered statistically significant

Control Diabetic p value

Total-STAT3 3.37 � 0.48 2.68 � 0.36 0.06
Phospho-STAT3 0.16 � 0.10 0.08 � 0.14 0.45
Total-ERK1/2 1.97 � 0.34 1.69 � 0.47 0.46
Phospho-ERK1/2 2.10 � 0.55 0.88 � 0.38 0.01
Total-p38 2.22 � 0.20 1.79 � 0.04 0.02a

Phospho-p38 1.55 � 0.19 1.01 � 0.50 0.15
a Welch’s correction was performed due to significantly different

variances.
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vated in diabetes. Meanwhile, positive acute phase reactants
C3, FN1, HPX, SERPINA1B, SERPINA1D, and SERPINA1E
were found to be elevated in the detrusor smooth muscle of
diabetic animals. During the acute phase of an immune re-
sponse, a host’s immune system is activated to help neutral-
ize some of the toxicity. Yohannes et al. (3) described the
proteomic changes in the bladder smooth muscle of type1
diabetic rats after 1 week and 8 weeks of STZ injection using
2D-DIGE. Their results indicated that diabetes induced up-
regulation of proteins involved in inflammation. The consis-
tency of their results and those found here suggest that such
inflammatory dysregulation is a hallmark of both early and late
phase responses to diabetes in the bladder.

Effect of Diabetes on Urothelium in TallyHo Mice—The ca-
nonical pathway analysis of our data suggested that diabetes-
induced oxidative stress in the urothelium of the diabetic
TallyHo mouse is concentrated in the Nuclear factor-erythroid
2 (NRF2)-mediated Oxidative Stress Response. Oxidative
stress is a well-known consequence of diabetes, owing pri-
marily to overloading of the tricarboxylic acid (TCA) cycle by
excessive glucose. The resulting increased production of
electron donors NADH and FADH2, which deliver electrons
into the mitochondrial electron transport chain (ETC), leads to
excess production of reactive oxygen species (ROS). Mito-
chondria are the primary cellular oxygen consumers and thus
contain a variety of redox carriers capable of single electron
transfer to oxygen, which results in the generation of a super-
oxide. These cellular powerhouses are also equipped with an
array of antioxidant defense systems to detoxify ROS: cata-
lase, the ascorbate/glutathione system, the thioredoxin/thi-
oredoxin reductase system, and the glutathione peroxidase
system (36). Many of these cytoprotective enzymes are in-
duced at the transcriptional level by NRF2 through its inter-
action with cis-acting antioxidant response elements (ARE) in
the gene promoters of those enzymes. A recent study showed
that binding of NRF2 to ARE4 is decreased in diabetes, prob-
ably because of epigenetic modifications of NRF2-mediated
transcription (37). Our data showed significant dysregulation
of several proteins involved in complexes I, III, and IV of the
ETC. Diabetes had a suppressive effect on expression of
many of the phase I/II drug metabolizing enzymes: glutathione
S-transferase mu-4 isoform 1 (GSTM4), glutathione S-trans-
ferase omega-1 (GSTO1), glutamate-cysteine ligase regula-
tory subunit (GCLM), and carbonyl reductase 1 (CBR1). The
excess input to the ETC in diabetes is believed to generate
excess ROS, and the suppression of enzymes responsible for
its neutralization promotes a buildup of ROS. The GST family
is an evolutionally conserved class of enzymes responsible for
cellular responses to oxidative stress threats (38–40). Gluta-
mate-cysteine ligase includes a catalytic subunit (GCLC) and
a regulatory subunit (GCLM) that is required for its full activity.
It catalyzes the first and rate-limiting step in the synthesis of
glutathione, an abundant cellular thiol, whose major respon-
sibility is cellular defense against ROS by scavenging both

singlet oxygen and hydroxyl radicals (41, 42). CBR1 is an
important component of reactive lipid aldehyde detoxification
(43) and provides membrane protection against lipid peroxi-
dation (44). Pancreatic �-cells with siRNA-mediated depletion
of CBR1 showed increased oxidative stress (45).

In addition, we found dysregulation of two enzymes down-
stream of NRF2-ARE transcription that are involved in reduc-
tion of oxidative damage: peroxiredoxin 6 (PRDX6, decreased
1.5-fold) and catalase (CAT, increased 2.2-fold). When excess
ROS are generated through the ETC, mitochondrial manga-
nese superoxide dismutase converts the O2

� into H2O2,
which is then further neutralized to water by glutathione, the
thioredoxin-dependent peroxiredoxin system, or catalase.
The thioredoxin-dependent peroxiredoxin pathway detoxifies
ROS through peroxiredoxin converting H2O2 to water. Thiore-
doxin keeps peroxiredoxin in a reduced state while thiore-
doxin reductase catalyzes reduction of oxidized thioredoxin. It
has been shown previously in animal models that knocking
out the gene for NRF2 results in decreased levels of PRDX1
(46), CAT (47), and GSR (48). NRF2 regulation of these mol-
ecules appears to be a complex effect, consistent with our
observation of a dichotomous split in expression of down-
stream proteins.

Validation of Predicted Signaling States—To further explore
and validate our findings, we selected upstream regulators of
dysregulated proteins we detected in canonical pathways in
cell growth, proliferation and development processes, and in
the actin cytoskeleton rearrangement and muscle contraction
processes that are governed by these master regulators. The
JAK/STAT pathway and the MAPK family, which includes ERK
and p38, were especially interesting as they are regulators of
many pathways and processes relevant to the dysregulated
proteins detected in this study. Members of the STAT protein
family can be activated by phosphorylation in response to
cytokines, growth factors or agonists, and regulate diverse
cellular processes including growth and survival (49). In addi-
tion unphosphorylated STAT family members can mediate
significant changes in transcription. STAT3 has been shown
to play important roles in pulmonary artery hypertension (49)
and vascular complications in diabetes (50). MAPKs, of which
p38 and ERK are important members, are important media-
tors of a variety of cell signaling pathways (22). p38 is acti-
vated by phosphorylation in response to stress signals,
growth factors, and inflammatory cytokines (51), whereas
ERK is a key transducer of proliferation signals involved in cell
growth, survival, and differentiation (52). Our data showed
phosphorylated ERK1/2 was increased threefold (but not sig-
nificantly, as the p value was 0.13) in diabetic detrusor mus-
cle. These data were entirely oppositive to the effects seen in
urothelium, where ERK1/2 phosphorylation was very signifi-
cantly reduced 2.4-fold in diabetes. ERK phosphorylation (ac-
tive state) levels are higher in aorta smooth muscle cells, and
play an important role in enhancements of endothelin 1-in-
duced contraction in type 2 diabetic Otsuka Long-Evans
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Tokushima fatty rats (53). These data show ERK1/2 levels in
response to diabetes have quite varied responses in different
tissues, which is highly relevant to understanding the disease
pathophysiology and in thinking about likely intervention
strategies.

CONCLUSIONS

Diabetes induces extensive changes in the proteomes of
both detrusor muscle and urothelium. In the detrusor muscle,
diabetes mainly affect pathways associated with muscle con-
traction, such as actin cytoskeleton and Rho family GTPase
signaling pathways, which may contribute to the compensa-
tory response of the bladder to the increased urine load. Also
the Acute Phase Response and NRF-2-mediated Oxidative
Stress Response pathways were dysregulated in detrusor
muscle and urothelium, respectively, presumably contributing
to the increased oxidative stress and inflammation and im-
paired immune response characteristic of diabetes, which
may contribute to the impaired bladder function and in-
creased urinary tract infection. Our results also showed sig-
nificantly different changes in master regulators such as
ERK1/2 phosphorylation as a function of diabetes, with sig-
nificant decreases in diabetes-associated phosphorylation in
urothelium, but the opposite effect in detrusor muscle. This
highlights the importance of understanding tissue specific
effects of disease process in understanding pathophysiology
in complex disease.
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