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Erectile dysfunction (ED)1 is one of the many complications
caused by diabetes mellitus. About 52% of men between the
age of 40 and 70 years suffer from ED due to various causes,
such as pathophysiological changes in nerves, blood vesicles,
corporal smooth muscle tissue, and endothelial cells as well
as psychological problems (such as stress) (1–3). As most of
these risk factors for development of ED are inherent to diabetes mellitus, men with diabetes have a greater prevalence
of ED and early onset of the disease compared with men
without diabetes (4 – 6). The current estimates suggest that as
many as 75% of men with diabetes will develop some degree
of ED at an earlier age (7). In addition, men with diabetes
present with more severe dysfunction and are less responsive
to current pharmacological therapies for ED (8 –10). Although
ED is considered a disease impacting the “quality of life” of
patients, it is often associated with depression, low self-esteem, and lower overall quality of marital relations. The pathogenesis of ED in diabetes mellitus at the molecular level
remains poorly understood.
The most common predictors of erectile dysfunction in
patients or model animals with diabetes are hypogonadism
(11–13), neuropathy (14, 15), arterial insufficiency (16, 17),
progressive loss of both the endothelium and smooth muscle
tissue (1), and impaired regulation of smooth muscle tone (18).
Diabetes decreases the testosterone levels (androgen) in patients and in the streptozotocin (STZ)-induced diabetic rat
model (19 –21). Androgen deficiency in rats is associated with
down-regulation of the neuronal isoforms of nitric-oxide synthase (14, 20). In addition, fluctuating blood sugar levels can
modulate nitric oxide synthesis in endothelial cells (22, 23),
cause increased accumulation of advanced glycation end
products (24, 25), and up-regulate arginase, a competitor with
nitric-oxide synthase for its substrate, L-arginine (26). Nitric
oxide (NO)-mediated neurotransmission is impaired in smooth
muscle relaxation and decreases arterial inflow in the penile
circulation and corpora cavernosa (27, 28). Relaxation re1
The abbreviations used are: ED, erectile dysfunction; DM, diabetes mellitus; AMC, age-matched controls; STZ, streptozotocin; NGF,
nerve growth factor; 2D, two-dimensional; BVA, biological variation
analysis; DIA, differential in-gel analysis; ANOVA, analysis of variance;
PCA, principal component analysis; O-TOF, orthogonal TOF; ICP,
intracorporal pressure; BP, systemic blood pressure; HDAC1, histone
deacetylase 1; Hsp47, heat shock protein 47; CRP, cystatin-related
protein; A2U, ␣-2u-globulin; PEDF, pigment epithelium-derived factor; 2,3-BPG, 2,3-bisphosphoglycerate; MPZ, myelin protein zero.
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Protein expression profiles in rat corporal smooth muscle
tissue were compared between animal models of streptozotocin-induced diabetes mellitus (STZ-DM) and agematched controls (AMCs) at 1 week and 2 months after
induction of hyperglycemia with STZ treatment. At each
time point, protein samples from four STZ-DM and four
AMC rat corpora tissues were prepared independently
and analyzed together across multiple quantitative twodimensional gels using a pooled internal standard sample
to quantify expression changes with statistical confidence. A total of 170 spots were differential expressed
among the four experimental groups. A subsequent mass
spectrometry analysis of the 170 spots identified a total
of 57 unique proteins. Network analysis of these proteins using MetaCoreTM suggested altered activity of
transcriptional factors that are of too low abundance to
be detected by the two-dimensional gel method. The
proteins that were down-regulated with diabetes include
isoforms of collagen that are precursors to fibril-forming
collagen type 1; Hsp47, which assists and mediates the
proper folding of procollagen; and several proteins whose
abundance is controlled by sex hormones (e.g. CRP1 and
A2U). On the other hand, proteins seen or predicted to be
up-regulated include proteins involved in cell apoptosis
(e.g. p53, 14-3-3-␥, Serpinf1, Cct4, Cct5, and Sepina3n),
proteins that neutralize the biological activity of nerve
growth factor (e.g. anti-NGF 30), and proteins involved in
lipid metabolism (e.g. apoA-I and apoA-IV). Subsequent
Western blot validation analysis of p53, 14-3-3-␥, and
Hsp47 confirmed increased p53 and 14-3-3-␥ and decreased Hsp47 levels in separate samples. According to
the results from the Western blot analysis, Hsp47 protein
showed a ⬃3-fold decrease at 1 week and was virtually
undetectable at 2 months in diabetic versus control.
Taken together, our results identify novel candidate proteins playing a role in erectile dysfunction in diabetes
resulting from STZ treatment. Molecular & Cellular Proteomics 9:565–578, 2010.
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proteome. Thus, although proteomics methods may not have
broad coverage of the proteome (42– 44), the targets we identified are important members of cellular pathways involved in
a wide range of biological processes and functionally relevant
to the disease. To leverage the protein abundance changes,
they were used as inputs for bioinformatics analysis of pathways possibly involved in the disease process (43– 46). Thus,
we analyzed the targets provided by the 2D DIGE experiments
using MetaCoreTM pathway analysis tools (47, 48). These
analyses provided additional molecular targets of interest in
the disease, and some of these hypothesized targets along
with some targets detected directly by 2D DIGE were examined by Western blotting. With this integrated approach, we
identified a number of differentially expressed proteins that
could provide valuable mechanistic insight into the molecular
changes that are precursors for and/or associated with DMinduced ED.
MATERIALS AND METHODS

The majority of chemicals in this study were obtained from GE
Healthcare (formerly Amersham Biosciences), Thermo Fisher Scientific (formerly Pierce), and Invitrogen and used without further purification unless otherwise stated. Mouse monoclonal anti-heat shock
protein 47 (Hsp47), anti-14-3-3-␥, anti-MPZ, anti-histone deacetylase
1 (HDAC1), anti-␤-actin, loading control (Abcam), and anti-p53 (Santa
Cruz Biotechnology) antibodies specific for human, rat, and mouse
were purchased from the indicated vendors.
Animal Preparation—Diabetes was induced in male Fischer 344
rat (Taconic Farms, Germantown, NY; 8 –10 weeks old and weighing 200 –240 g) with a single intraperitoneal injection of STZ (35
mg/kg) dissolved in citrate buffer (0.6 M citric acid, 0.08 M Na2HPO4,
pH 4.6) as described previously (33, 42, 49). The age-matched
control (AMC) rats received an injection of vehicle only. All procedures were approved by the Animal Institute Care and Use Committee at Albert Einstein College of Medicine. Initiation of the diabetic state was confirmed by the presence of high blood glucose
levels for the STZ-treated animals, and maintenance of diabetes was
reconfirmed at animal sacrifice (control, 132 ⫾ 14 mg/dl glucose;
STZ-treated rats at 1 week, 537 ⫾ 22 mg/dl; and STZ-treated rats at
2 months, 562 ⫾ 18 mg/dl).
Measurement of Intracorporal Pressure/Systemic Blood Pressure
(ICP/BP)—One week or 2 months following confirmation of STZinduced diabetes, the rats were anesthetized with pentobarbital sodium (35 mg/kg intraperitoneally), and erectile function was determined by measuring the ICP/BP ratio following electrical stimulation
of the cavernous nerve as described previously (33, 49). Briefly, an
incision was made in the perineum, and a window was made in
the ischiocavernosus muscle to expose the corpus cavernosum. The
cavernous nerves were identified adjacent to the prostate gland. The
cavernous nerve was directly electrostimulated with a delicate stainless steel bipolar hook electrode attached to a multijointed clamp.
Each probe was 0.2 mm in diameter, and the two poles were separated by 1 mm. Monophasic rectangular pulses were delivered by a
signal generator that was custom-made with a built-in constant current amplifier. Stimulation parameters were as follows: frequency, 20
Hz; pulse width, 0.22 ms; duration, 1 min; and current, 0.75 and 4 mA.
Changes in ICP and BP were recorded at each intensity of stimulation. In each group, a minimum of five animals were used to determine
ICP/BP. Significant differences between treatment groups were determined by Student’s t test. Once the ICP/BP was measured, the
animals were sacrificed. The corpus cavernosum, consisting predom-
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sponses of the smooth muscle could also be altered through
changes in the Ca2⫹ sensitization pathways (18). Blood
vessels can also become narrowed or hardened (atherosclerosis) by conditions that often accompany diabetes,
such as cardiovascular disease (29 –31). When atherosclerosis occurs in arteries that supply blood in the penis or
pelvic area, sexual function may be disrupted. Thus, it is clear
that diabetes has the potential to impact all components of
the erectile response.
There have been major advances in the identification of
genes and signaling pathways involved in erectile dysfunction (17, 32–34); however, to our knowledge, there are no
studies that have been conducted to characterize the protein
changes at the proteome level. As there is a modest correlation between transcription and protein expression levels,
there are obvious opportunities to advance our molecular
understanding of the disease by direct measurements of protein changes. Moreover, diabetes-associated ED has progressive features, yet there are no reports of systematic -omic
level studies that have focused on the initiation, development,
and progression of the ED in diabetic patients or model animals. The present study was undertaken as a first step to
elucidate the effect of diabetes at the protein level in corporal
tissue, thereby providing a more integrative understanding of
erectile physiology and/or dysfunction. Differential protein
analysis was carried out using two-dimensional (2D) DIGE
coupled with mass spectrometry to compare and identify
proteins that are changing at 1 week and at 2 months after
the induction of hyperglycemia in an STZ-DM rat model
compared with age-matched controls. Although animal
models, in general, may recapitulate only some aspects of
human disease, this model system is of particular interest to
our studies as it appears to mimic many relevant aspects of
human ED (32, 35, 36). Another advantage of the animal
model is that it is also possible to examine potential proteome
profile shifts in the erectile tissue at selected time points, even
prior to any overt presentation of clinical symptoms in the
disease progression.
Our experimental design included four experimental groups
(1-week STZ-induced diabetic, 1-week age-matched control,
2-month STZ-induced diabetic, and 2-month age-matched
control). For each experimental group, four independent biological replicate samples were prepared and analyzed across
multiple 2D DIGE gels using a pooled internal standard sample that ensured precise quantification of expression changes
and their detailed statistical analysis (37– 42). Also, quantitative measurements of the intracorporal pressure/systemic
blood pressure ratio following electrical stimulation of the
cavernous nerve were made to confirm the functional deficits
of the treated rats.
Although this study design and the attendant statistical
analysis provide precise and accurate readouts of protein
abundance changes, a potential disadvantage of the method
is that it fails to capture a substantial fraction of the total
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TABLE I
Experimental design for 2D DIGE proteome profiling
Four biological replicate samples for each group (C_1W, control sacrificed at 1 week after vehicle injection; D_1W, 1 week after the
confirmation of STZ-induced diabetes; C_2M, 2 months after vehicle injection; and D_2M, 2 months after the confirmation of STZ-induced
diabetes) were used and labeled with Cy3 or Cy5. Each gel contained the pooled standard (mixture of equal aliquots of each sample in all
experimental groups) and two other subject samples. Thus, the 16 samples were analyzed in triplicate by running eight gels. (For detailed
descriptions, refer to “Materials and Methods.”)
Gel

Cy3

Cy5

1
2
3
4
5
6
7
8

C1_1W
D2_1W
C3_1w
D4_1W
C1_2M
D2_2M
C3_2M
D4_2M

D1_1W
C2_1W
D3_1W
C4_1W
D1_2M
C2_2M
D3_2M
C4_2M

Cy2
Pooled
Pooled
Pooled
Pooled
Pooled
Pooled
Pooled
Pooled

internal
internal
internal
internal
internal
internal
internal
internal

sample
sample
sample
sample
sample
sample
sample
sample

(C1–4_1W
(C1–4_1W
(C1–4_1W
(C1–4_1W
(C1–4_1W
(C1–4_1W
(C1–4_1W
(C1–4_1W

⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹

D1–4_1W
D1–4_1W
D1–4_1W
D1–4_1W
D1–4_1W
D1–4_1W
D1–4_1W
D1–4_1W

⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹

C1–4_2
C1–4_2
C1–4_2
C1–4_2
C1–4_2
C1–4_2
C1–4_2
C1–4_2

M
M
M
M
M
M
M
M

⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹

D1–4_2M)
D1–4_2M)
D1–4_2M)
D1–4_2M)
D1–4_2M)
D1–4_2M)
D1–4_2M)
D1–4_2M)

Briefly, data analysis was carried out using a total of 24 gel images
consisting of four biological replicate images from 1-week control,
four replicates from 1-week treated, four replicates from 2-month
control, four from the 2-month treated, and eight from the internal
standards, which were pooled mixtures of equal aliquots of each
experimental sample. The pick gel image was also processed with the
rest of the gel images as a pick gel image but not included in the
analysis. To compare protein spots across the eight gels, image
analyses were conducted into two steps using DeCyder v6.5 2D
differential analysis software (GE Healthcare). In the first step, the set
of three images from a single gel were loaded into the differential
in-gel analysis (DIA) algorithm within the DeCyder software. Intragel
spot detection and quantification were performed using the DeCyder
2D software DIA module. For the subsequent intergel differential
analysis, the DIA work spaces for all the gels were saved and loaded
into the biological variation analysis (BVA) module. In the BVA module, the image with the largest number of protein spots was assigned
as the master image. Sample (Cy3- or Cy5-labeled) spot maps were
assigned into four groups (group 1, AMC 1 week; group 2, STZinduced diabetic 1 week; group 3, AMC 2 months; and group 4,
STZ-induced diabetic 2 months), and all internal standard and pick
spot maps were assigned into standard and pick folders, respectively,
in the experimental design view of the BVA modules. Once the spots
from the common standards were matched across the eight gel images
and with the pick gel image, the standardized volume ratio for each
standard image from the different gels was set to the value 1.0 to
compare ratios between matched protein spots in the different gels
(groups). Thus, the ratios of the log-standardized protein spot abundances (differences in expression) between the groups were computed.
To test for significant differences in expression of proteins between
the experimental groups, one-way analysis of variance (ANOVA) was
performed at a significance level of 0.05; thus, for every 100 spots
tested, five false positives would be expected. In addition, two-way
ANOVA treatment, two-way ANOVA time, and two-way ANOVA interaction were computed to assign statistically significant changes in
spot intensity due to the treatment alone, time alone, and both treatment and time. The data were filtered using the average volume ratios
of 1.5 and above or ⫺1.5 and below -fold differences in expression
and with a one-way ANOVA p value of 0.05 or less and assigned to a
spot of interest. For the spots that displayed significant differences in
expression among the groups, a pick list with pick location and
coordinates was generated. The pick list along with the poststained
pick gel was transferred to the automated Ettan spot picker, and
excised gel plugs were placed into a 96-well plate for the subsequent
in-gel digestion and mass spectrometry analysis of the peptide for
protein identification.
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inantly of smooth muscle tissue, was excised from each animal, flash
frozen in liquid nitrogen, and stored at ⫺80 °C until used for the
downstream protein analyses.
Protein Extraction and Fluorescent Dye Labeling—The experiments
were designed to monitor changes in protein abundance as a function
of disease progression, to generate statistically significant results,
and to minimize in-gel and gel-to-gel systematic variations. Thus, the
corpora tissue samples examined consisted of AMC Fisher 344 rats
sacrificed 1 week (n ⫽ 4) and 2 months (n ⫽ 4) following vehicle
injection and STZ-induced diabetic Fisher 344 rats sacrificed 1 week
(n ⫽ 4) and 2 months (n ⫽ 4) following STZ-induced diabetes. Overall,
this study design was expected to provide a power of 0.8 to detect
50% or greater change in protein expression in at least 75% of the
detected spot entities using the DIGE method (see “Results” below).
Sample preparation was conducted as described previously (42).
Briefly, the frozen tissue samples were disrupted by grinding in liquid
nitrogen with a mortar and pestle. The tissue powder was then
homogenized in lysis buffer (7 M urea, 2 M thiourea, 4% (w/v) CHAPS,
30 mM Tris) with five cycles of freeze, thaw, and sonication. After the
supernatant was collected and cleaned, the concentration was determined, and the supernatant was further diluted with lysis buffer to
give stock solutions with final protein concentrations of 5 mg/ml.
Sixteen aliquots, each with 25 g of protein, were collected from the
control and STZ-induced diabetic samples and pooled to prepare
internal standard samples. Thus, samples from either control or STZinduced diabetic corpora tissue were labeled with Cy3 or Cy5 cyanine
dyes and the internal standard sample was labeled with Cy2 dye by
the addition of 400 pmol of CyDye in 1 l of anhydrous N,N-dimethylformamide/50 g of protein. A dye-swapping scheme, as shown in
Table I, was used such that the four samples for any condition were
variously labeled with Cy3 or Cy5 to control for any dye-specific
labeling artifacts. Labeling was performed for 30 min on ice in the
dark; the reaction was then quenched with 10 mM lysine and additionally incubated for 10 min.
Gel Electrophoresis—The quenched Cy3- and Cy5-labeled samples, to be partitioned in the same gel according to the experimental
design in Table I, were then combined and mixed with an aliquot of
Cy2-labeled standard and an equal volume of 2⫻ sample buffer (8 M
urea, 4% (w/v) CHAPS, 2% (w/v) DTT, 2% (v/v) Pharmalytes pH 3–10
non-linear) was added. Prior to IEF, an additional 350 g of unlabeled
protein was added (for later spot picking), and the mixtures were
brought up to 450 l with 1⫻ rehydration buffer. The mixed samples
were then partitioned according to their pI and then molecular weight
in two-dimensional gels as described previously (42).
Image Acquisition and Spot Quantification—Gel image acquisition
and spot quantification were carried out as described previously (42).

standard
standard
standard
standard
standard
standard
standard
standard
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trum data were acquired using alternating full MS scan and MS/MS
scans. Survey data were acquired from m/z 400 –1600, and the precursors were interrogated by MS/MS per switch. The switch into
MS/MS was based on precursor intensity, and three scans were
acquired for every precursor interrogated. The tandem mass spectra
were annotated, and peak list files were generated, commonly referred to as .DTA files, by running SEQUEST extract_msn algorithm in
Bioworks version 3.2 (Thermo Electron Corp.). The mass range m/z
400 –3500 from full scan data with an absolute threshold of 100, a
minimum ion count of 12, and a precursor ion tolerance of 1.4 Da was
used to generate the .DTA file. Prior to searching, non-redundant
databases of 3,893,302 sequences (release July 4, 2006) were downloaded in FASTA format via file transfer protocol from the web site of
the NCBInr. These databases were stored locally, and a subset of the
database for rat species was created and indexed to produce faster
search times. The resulting peak list (.DTA) files were then used to
interrogate sequences present in an indexed rat subset database
(36,274 sequences stored locally) by running the SEQUEST SEARCH
algorithm of Bioworks software version 3.2. SEQUEST searches were
performed with maximum peptide and fragment ion mass tolerances
of 2.5 and 1.0 Da, respectively, with partial methionine oxidation,
complete carbamidomethylation of cysteine, and two missed cleavage sites allowed in the search parameters. The criteria for each
protein identification were as follows: a minimum of two peptides with
a significant peptide expectation (p ⬍ 0.001); peptide Xcorr values of
1.9, 2.7, and 3.5 for the charge states 1⫹, 2⫹, and 3⫹, respectively;
and a minimum ⌬CN (delta correlation) of 0.1. In addition, all the
MS/MS spectra identified by SEQUEST were manually verified for
spectral quality and matching y and b ion series (all the data are
presented in supplemental Table 3).
Network Analysis—The data set with a list of regulated proteins
identified by 2D DIGE/MS was analyzed further by pathway analysis
using the network building tool MetaCore (GeneGo, St. Joseph, MI).
MetaCore consists of curated protein interaction networks on the
basis of manually annotated and regularly updated databases. The
databases consist of millions of relationships between proteins that
are derived from literature publications on proteins and small molecules. The relationships include direct protein interaction, transcriptional regulation, binding, and enzyme-substrate and other structural
or functional relationships. The networks can be visualized graphically
as nodes (proteins) and edges (the relationship between proteins)
alongside the empirical expression pattern. The data set from our
study consisting of the proteins with statistically significant -fold
changes identified by 2D DIGE/MS and gene name as a tab-delimited
file was imported into MetaCore. Hypothetical networks of proteins
from our experiment and proteins from the MetaCore database were
then built using the shortest paths algorithm, one of the several
algorithms integrated within MetaCore.
Immunoblotting Analysis—The corpora tissue lysates (10 g of
protein/lane) were prepared from two biological replicates of STZinduced diabetic and age-matched control. Equal amounts of protein (10 g/lane) were loaded and separated by electrophoresis on
denatured and reduced 4 –20% polyacrylamide gels (Invitrogen). The
proteins were then transferred onto nitrocellulose membranes. The
membranes were blocked with 5% skim milk for 1 h at room temperature with gentle shaking, washed, and incubated overnight with
primary antibody at 1 g/l (at 1:2000 dilution). The membrane was
washed and then incubated for 1 h at room temperature with the
secondary antibody at 2 g/l (1:10,000 dilution) horseradish peroxidase-conjugated rabbit polyclonal anti-mouse IgG or horseradish
peroxidase-conjugated goat anti-rabbit IgG. After three washing
steps, the blot was incubated for 5 min in chemiluminescence-developing substrates prepared according to the manufacturer’s instructions (Pierce). The membrane was removed from the substrates and
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Multivariate analyses were performed on the expression data derived from the BVA using the DeCyder extended data analysis software. The gel images were grouped such that the four biological
replicates for each experimental condition formed a group. This resulted in four groups each representing the experimental condition.
Once the BVA was imported into the extended data analysis software,
the data were filtered so that only 170 spot features exhibiting statistically significant (ANOVA p ⬍ 0.05) changes and present in more
than 80% of the spot maps were considered. The global relationships
among spot maps were visualized by performing a principal component analysis (PCA) on these spot features.
In-gel Digestion and Protein Identification—The proteins in the gel
plugs were digested with trypsin (Promega) using a modified protocol
adapted from Shevchenko et al. (50). Tryptic digests were extracted
from the gel matrix and concentrated by SpeedVac, avoiding complete drying. For mass spectrometric analysis using MALDI, aliquots
of the concentrated peptides were treated and eluted off of the ZipTip
(Millipore, Billerica, MA) according to the instruction manual and
directly deposited onto a MALDI target plate with a matrix solution (at
a concentration of 5 mg/ml in 50% ACN, 0.1% TFA). Mass spectra
were acquired on a prOTOF 2000TM MALDI O-TOF mass spectrometer (PerkinElmer Life Sciences) in the positive ion mode using TOFworksTM, an integrated work flow-based software platform. The peptide ion masses (M ⫹ H) were accurate to within 10 ppm after external
calibration using an external calibration mixture, pepmix 1, ProXpression MALDI standard kit (PerkinElmer Life Sciences). Monoisotopic
peptides peak lists were generated in the mass range m/z 500 –5000
with a signal to noise ratio threshold of 3.0 and peak resolution
threshold of 10,000 using the M/z peak picking algorithm (Genomic
Solutions, Ann Arbor, MI) of the TOFworks software version 1.0.1.798.
Trypsin autolysis fragment peaks and peaks from the matrix were not
excluded unless otherwise stated. The resulting peptide mass lists
were used to search the sequences present in an indexed rat subset
database (36,274 sequences), created from the National Center for
Biotechnology Information non-redundant (NCBInr) database
(3,893,302 sequences; release July 4, 2006) and stored locally, by
running ProFoundTM search engine version 2003.6.2.1 (Genomic Solutions). Search parameters used in this study were: 1) protein molecular mass search window, 10 –300 kDa; 2) protein expectation, p ⬍
0.001; 3) minimum sequence coverage, 10%; 4) peptide mass tolerance limits, 30 ppm; and 5) complete cysteine modification by iodoacetamide (57 Da), partial methionine oxidation (16 Da), and two
missed cleavage sites allowed. A positive identification was accepted
when a minimum of six peptide monoisotopic masses matched a
particular protein with a mass error tolerance of ⱕ30 ppm, sequence
coverage ⱖ10%, and low expectation value (p ⬍ 0.001) (all the data
are presented in supplemental Table 2 and supplemental Fig. 1, a– g).
In cases where peptide mass fingerprinting did not result in positive
identification, we performed LC-MS/MS experiments. Thus, tandem
mass spectra for the rest of the gel plugs were acquired using a
Fourier transform LTQ mass spectrometer (Thermo Electron Corp.,
Bremen, Germany). Separation of peptides via capillary liquid chromatography was performed using a Dionex Ultimate 3000 capillary
LC system. Mobile phase A (aqueous) contained 0.1% formic acid in
5% acetonitrile, and mobile phase B (organic) contained 0.1% formic
acid in 85% acetonitrile. The protein digests were trapped onto a
precolumn (C18, PepMap100, 300 m ⫻ 5 mm, 5-m particle size,
100 Å, Dionex) and desalted on line in mobile phase A at 10 l/min for
10 min. The sample was subsequently loaded onto a Dionex C18
PepMap 75-m ⫻ 15-cm reversed phase column with 5% mobile
phase B. Separation was obtained with a linear gradient of 2%/min,
starting with 100% mobile phase A. Subsequently, the peptides were
infused at a flow rate of 300 nl/min via a PicoTip emitter (New
Objective Inc., Woburn, MA) and at a voltage of 1.8 kV. Mass spec-
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placed in plastic sheet protectors, and the chemiluminescence was
visualized by exposure of the blot on Kodak X-Omat film. The blot was
scanned, and the protein bands were quantified using ImageQuant-TL v2005 software (GE Healthcare). Equal loading of the protein samples was illustrated by reprobing the blots for ␤-actin (see
Figs. 5 and 6).
RESULTS

Glucose Level—Blood glucose was significantly higher in
diabetic rats relative to AMCs. In AMCs (1 week and 2
months), the average blood glucose levels were 132 ⫾ 14
mg/dl, and in STZ-treated diabetic rats, the average blood
glucose levels at 1 week were 537 ⫾ 22 mg/dl and at 2
months were 562 ⫾ 18 mg/dl. These levels were maintained
throughout the course of the study.
ICP Responses to Nerve Stimulation—Electrical stimulation
of the cavernous nerve resulted in a stimulus-dependent increase in ICP (Fig. 1). The ICP/BP ratio is useful in determining
erectile function. The mean ICP/BP (from five biological replicates) was lower at all applied currents in the 2-month diabetic group compared with AMCs and 1-week diabetic animals (statistically significant at 0.75 and 4 mA, p ⬍ 0.05). All of
the 2-month diabetic group animals failed to demonstrate a
visible erection even at the highest level of stimulation. This
confirmed the presence of diabetes-associated ED in the
2-month STZ-treated animals, and the observed reductions in
ICP/BP are consistent with previously reported values of ICP
responses in Fischer 344 diabetic rats (32, 35).
Protein Spot Quantification and Statistical Analysis—The
experiment was designed to minimize both false-positive and
false-negative results for expressed proteins while defining a
minimal detectable difference (the smallest difference between the treatments that we wished to be able to detect).
Four full replicates (with respect to model animal preparation,
protein isolation, sample preparation, and 2D DIGE) were
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FIG. 1. Decreased erectile function in diabetic animals in response to cavernous nerve stimulation. The mean change in
ICP/BP (*, p ⬍ 0.05 compared with non-diabetic) is shown. The error
bars represent the standard deviation from the mean.

performed for each experimental condition. To estimate the
number of samples providing enough power to detect differences in the protein level among experimental groups, sample
size and power analysis was performed for several proteomics data sets that we already had in the center. The withingroup median variances for the spots that are present in all
gels, about 75% of the total spots detected in the gel, were
calculated on the data sets from similar types of tissue used
in this study. The power curves per hypothesis of the twosided t test were then generated as a function of sample size
required to detect 1.3-. 1.5-, 2-, and 4-fold changes of protein
spots at the 0.05 level of significance (for details, see Ref 44).
From the power curve, the minimum numbers of samples
required to detect a particular -fold change were estimated.
Thus, the sample size estimated to detect difference in means
of 50% or more with 80% power was four per experimental
group.
Thus, spots with 1.5 and above or ⫺1.5 and below -fold
changes and that exhibited statistically significance (one-way
ANOVA p value ⬍0.05) were retained in this study. Once the
spots were detected to be significant, the spots were carefully
checked for correct matching throughout all the gels. Of a
total of 1180 spots that were matched in more than 80% of
spot maps, the mean intensities of 170 spots were considered
to be significantly different among the experimental groups
and were further investigated as spots of interest. For these
170 spots whose overall expression profile yielded a significant one-way ANOVA p value, a Tukey procedure was used to
determine for which two groups the ratio of the expression
changes was significant; these are indicated in boldface in
supplemental Table 1. In addition, to evaluate the statistical
significance of effects either of STZ-induced diabetes or duration of diabetes on protein spot expression and also to
determine whether there was an interaction effect between
the STZ-induced diabetes and time, the data were further
filtered by two-way ANOVA treatment, two-way ANOVA duration, and/or two-way ANOVA interaction (p ⱕ 0.05). Of the
total 170 spots that were differentially expressed among the
four experimental groups, both STZ-induced diabetes and
duration had a significant effect on the expression of 100
spots. For an additional 51 spots, STZ-induced diabetes resulted in significant changes in expression, whereas time had
no effect. On the other hand, time had a significant effect on
the expression of the remaining 19 spots, but STZ-induced
diabetes did not. STZ-induced diabetes and time had a synergistic effect on the expression of 21 of the 100 spots. In this
way, we were able to distinguish the spots that were changing
due to time but not treatment, due to treatment but not time,
and due to both in concert.
A total of 170 spots were excised from the preparative gel
that was loaded with 500 g of total protein, and these spots
were in-gel digested for the subsequent MALDI-TOF and/or
LTQ MS/MS analyses. Of this list, 162 spots were successfully sequenced, whereas the digest for the remaining eight
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FIG. 2. 2D map of deep purple-labeled corpora tissue proteins indicating pick location of subset of proteins
that changed in response to STZ-induced diabetes. Orientation of the pH
gradients is indicated on the horizontal
axes from 3 (left) to 10 pH unit (right), and
approximate apparent molecular mass
ranges are indicated along the vertical
axes from 10 (bottom) to 200 kDa (top).
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ponents of variation. The first principal component for each
spot map is the weighted linear combination of intensity values that shows maximum variation, whereas the second principal component is a weighted linear combination orthogonal
to the first component that has maximum variance. For the
170 spots, the first principal component distinguished 71.1%
of the variance with 9.7% additional variation distinguished by
the second principal component. The PCA demonstrated that
the 15 biological samples generally segregated into four
groups, indicating that both diabetes and duration of diabetes
are the primary factors affecting the differential expression of
the proteins (supplemental Table 1). It is also clear that, within
the diabetes group at both early (1 week) and late time points
(2 months), the variance contributed by the inherent differences between the rats is larger compared with that of the
control group, suggesting that there may be phenotype differences in the response to diabetes. One would not expect
the individual samples to cluster in a way our experimental
groups are clustered (shown in Fig. 3) if the -fold changes for
the individual proteins reported in supplemental Table 1 arose
by chance. In this way, the PCA further demonstrated the
statistical significant of the -fold changes for the proteins
reported in supplemental Table 1.
Differentially Expressed Proteins—The changes we report
as significant (boldface font, supplemental Table 1) are for the
proteins that have a ⱖ1.5- or ⱕ⫺1.5-fold change in expression in the diabetic compared with the AMC. A total of 57
unique proteins are in this category. Eleven of these exhibited
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spots did not reveal any peptides. A total of 90 spots were
isoforms for 21 proteins due to either post-translational modification or proteolysis. As the overall expression patterns of
the observed isoforms were similar, duplicates were omitted
from the list in supplemental Table 1. Moreover, for 36 spots,
more than one protein per spot passed our stringent filtering
criteria, and the results for these spots were excluded from
the list (supplemental Table 1) because the average ratio
observed corresponds to the combination of all the proteins
present for a particular spot, and individual changes are not
conclusive to date. Thus, we report a total of 57 unique
proteins along with the -fold changes that are summarized in
supplemental Table 1 and detailed identification information in
supplemental Tables 2 and 3 and supplemental Fig. 1, a– g.
A 2D map of a representative deep purple-stained gel is
shown in Fig. 2. On this map, the pick locations of proteins
whose expression is significantly different based on the variance of the mean change among the group (p ⱕ 0.05) are
shown. In some cases, the same protein was identified in
different spots across the 2D gel, suggesting the occurrence
of post-translational modifications.
Principal Component Analysis—Global relationships among
samples were visualized by performing a principal component
analysis on the expression data (Fig. 3). Before dimensional
reduction, each spot map existed in multidimensional space
(one dimension for each of the expression values for a spot).
The spot map comparisons were plotted in two-dimensional
space, corresponding to the first and second principal com-
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temporally significant changes 1 week after but not 2 months
after STZ-induced diabetes and no change during the progression of the disease. In addition, 17 proteins showed significant changes starting 1 week after the induction of STZ
diabetes and remained significant at 2 months. Although the
directions of the -fold changes for these proteins at both 1
week and 2 months after STZ-induced diabetes are similar,
the magnitudes for most of the proteins showed an ongoing
increase from the 1-week to 2-month time point, emphasizing
the progressive effects of the disease. Thus, these proteins
represent potential early markers of diabetic complications.
Significant changes for the remaining 25 proteins occurred
only after 2 months of STZ treatment and the attendant hyperglycemia. The remaining four proteins showed age- but
not diabetes-mediated significant -fold changes.
To understand the relationship of these proteins and their
significance in the context of diabetes-associated organ dysfunction, to identify common transcriptional regulators, and to
ascertain their interactions with other proteins in known networks, the identified proteins were analyzed using MetaCore
analysis tools (47, 48). Of the total 57 proteins imported into
the MetaCore, 53 were successfully mapped to the MetaCore
database. A network of these proteins was generated using a
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FIG. 3. PCA of proteins mediated by STZ-induced diabetes. The
protein expression profiles of experimental groups were visualized in
two-dimensional Euclidian space by using the extended data analysis
module of DeCyder software as described under “Materials and
Methods.” The PCA distinctly clustered the 15 individual samples into
four experimental groups (C-1W, 1-week control; D-1W, 1-week diabetes; C-2M, 2-month control; and D-2M, 2-month diabetes).

“shortest paths algorithm.” Protein-protein interaction networks among the proteins identified by 2D DIGE/MS and
proteins from the MetaCore database are shown in Fig. 4. The
proteins that were unconnected in the network were omitted.
On this network, nodes (proteins) with the additional overlaid
red and blue circles are proteins identified with 2D DIGE/MS
in this study. The red and the blue colors of the circles
represent the direction of the changes in the protein expression, up (red) and down (blue), with STZ-induced diabetes.
The edges with arrowheads describe the nature and direction
of the interaction. The colored hexagons on the edge describe
the mechanism and the effect of interaction between proteins
on the network: green for activation, red for inhibition, and
black for unspecified.
For instance, according to this network (Fig. 4), STZ-induced diabetes increases abundance of a number of proteins
that are regulated by common transcriptional factors such as
p53 and c-Myc. Although none of these transcriptional factors
were specifically detected with 2D DIGE/MS experiments, the
nodes around these transcriptional factors were identified by
2D DIGE/MS and showed a consistent up- and down-regulation in agreement with the predicted interactions on the network. Thus, the networks pointed toward these core transcriptional factors and binding proteins that hypothetically
could be involved in diabetes-mediated erectile dysfunction
but might have been unnoticed based solely on the list of
proteins identified by 2D DIGE/MS (supplemental Table 1).
To understand the biological relevance of the differentially
expressed proteins and their -fold change implications in the
context of diabetes-associated erectile dysfunction, the list of
proteins with their expression data was visualized on MetaCore pre-existing pathway maps. The result of this mapping
revealed the involvements of a number of proteins in the
IL-6-mediated inflammation pathway map.
Validation by Immunoblotting—To further evaluate the nature and importance of the observed changes in protein expression listed in supplemental Table 1, some of the critical
transcriptional factors that were identified by network analysis
were selected for semiquantitative immunoblotting. This list of
targets includes p53 and HDAC1. The relative -fold changes
for these proteins were computed using ImageQuant-TL
v2005 software and are summarized in Table II. At both the
1-week and 2-month time periods, the relative abundance of
p53 increased by about 1.5-fold in STZ-induced diabetic
compared with AMCs (Fig. 5), whereas the relative abundance
of HDAC1 exhibited no significant change. As the immunoblot
results for p53 are consistent with the network analysis prediction, this suggests that diabetes-mediated induction of
Serpina3n and laminA could be regulated through hyperglycemia-mediated induction of p53.
To validate both the direction and the -fold changes identified by the 2D DIGE, representative proteins were selected
on the basis of availability of high quality antibodies. These
include Hsp47, 14-3-3-␥, and MPZ. Western blots, shown in
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TABLE II
Relative -fold changes for selected proteins that were identified by 2D
DIGE/MS and/or by network analysis as determined by confirmational
immunoblot analysis
Proteins
Hsp47
p53b
14-3-3-␥
HDAC1b
MPZ
␤-Actin

STZ-induced diabetic/
controla
1 week

2 months

⫺2.8 ⫾ 0.0013
1.20 ⫾ 0.04
1.68 ⫾ 0.0017
1.29 ⫾ 0.08
1.08 ⫾ 0.11
1.01 ⫾ 0.0124

⫺⬁ ⫾ 0.0197
1.50 ⫾ 0.013
1.57 ⫾ 0.0027
1.16 ⫾ 0.031
1.17 ⫾ 0.14
1.08 ⫾ 0.0373

a
Average of immunoblots from two independent biological replicates of STZ-induced diabetic rat model or age-matched control.
b
Selected proteins that were identified by the network analysis.
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Fig. 6, verified that both the direction and -fold changes for
Hsp47 and 14-3-3-␥ are consistent with the 2D DIGE results. For MPZ, even though 2D DIGE analysis showed
diabetes-mediated -fold changes at both 1 week and 2
months after the induction of the diabetes, no change was
confirmed with Western blot analysis. The fact that MPZ
was identified in the acidic region on the gel relative to its pI
(9.8) strongly suggests a diabetes-mediated post-translational modification for this protein, particularly those modifications that involve addition or loss of one or more charges
to the amino acid chains. If this supposition is correct, the
total amount of MPZ is not necessarily changing, consistent
with the Western blot. Despite this discrepancy for MPZ,
immunoblotting confirmed the quantitative results for rep-
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FIG. 4. Protein networks associated with proteins differentially expressed in response to STZ-induced diabetes. The network was
generated by the shortest paths algorithm of MetaCore (GeneGo) software using the list of differentially expressed proteins identified by 2D
DIGE/MS analysis. Individual proteins are represented as nodes, and the different shapes of the nodes represent the functional class of the
proteins. The edges define the relationships of the nodes: the arrowheads indicate the direction of the interaction. P indicates phosphorylation,
T indicates transformation, B indicates binding, C indicates cleavage, and TR indicates transcriptional regulation. The color of the hexagons
on edges between nodes describes activation (green), inhibition (red), and unspecified (black) interactions. PKC, protein kinase C; Apeh,
acyl-peptide hydrolase; apoE, apolipoprotein E precursor; Apcs, serum amyloid P component; Pzp, pregnancy-zone protein; HSCO/ETHE1,
ethylmalonic encephalopathy 1; LIPC, hepatic triglyceride lipase; c-Jun, jun oncogene; c-Fos, FBJ osteosarcoma oncogene; c-Myc, myelocytomatosis oncogene; Hadha, mitochondrial trifunctional protein, alpha subunit; Hbb, hemoglobin subunit beta-1; Hp, haptoglobin.
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FIG. 5. Confirmational immunoblots for selected proteins that
were hypothetically identified by network analysis. Each lane was
loaded with a sample from an independent biological replicate (n ⫽
2/experimental group). The blots were probed with antibodies to the
proteins indicated at the left. C-1W, 1-week control; D-1W, 1-week
diabetes; C-2M, 2-month control; and D-2M, 2-month diabetes.

resentative proteins that were detected by the 2D DIGE
as well as obtained by theoretical prediction by network
analysis.
DISCUSSION

Diabetes mellitus causes changes in the physiology and
morphology of the erectile apparatus. To understand the possible causes of these changes at the proteome level during
the initiation and progression of the disease, we identified
changes in expression for multiple proteins at two time points
after initiation of diabetes by treating an animal with STZ. The
1-week time point represents a period of hyperglycemia without significant effects on erectile function, whereas the
2-month time point represents a period of hyperglycemia that
results in significant erectile dysfunction. Although STZ has
toxic side effects that involve DNA alkylation (51) besides its
effect on insulin production causing hyperglycemia, the results here are consistent with our previous findings (42) that
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FIG. 6. Confirmational immunoblots for selected proteins that
were identified as differentially expressed by 2D DIGE. An equal
amount of total protein was loaded in each lane, and the resulting
blots were probed with anti-Hsp47, anti-14-3-3-␥, and anti-MPZ.
Relative -fold changes for these proteins in STZ-induced diabetic rats
compared with the age-matched controls are given in Table II. C-1W,
1-week control; D-1W, 1-week diabetes; C-2M, 2-month control; and
D-2M, 2-month diabetes.

very few proteins are significantly changed in abundance 1
week after the administration of STZ compared with the
2-month time point. This suggests that the effect of STZ
toxicity on protein expression is limited compared with the
effects of an extended period of hyperglycemia.
Down-regulated Proteins—We have recently shown a significant suppression of the different forms of collagen in diabetes bladder compared with age-matched controls (42). In
this report, we show that both Hsp47 and the different forms
of collagen are down-regulated by diabetes in corpora tissue.
Our results are consistent with recent reports by both Sullivan
et al. (32) and Hipp et al. (33) revealing that gene transcripts
encoding components of collagen types 1, 2, 5, 6, and 11
in bladder and corpora smooth muscles are down-regulated
in diabetic animal models when compared with controls. In
agreement with these previous findings, different isoforms of
collagen such as Col1a1 and Col1a2, both of which encode
fibril-forming collagen type 1, which provides tissue both stiffness and tensile strength, were significantly down-regulated
in corporal tissue at both 1 week and 2 months after the
induction of diabetes. Although the possible mechanism by
which collagen mediates erectile function has yet to be elucidated, the suppression of collagen in this diabetes model
animals could contribute to the structural changes that have
been demonstrated in both impotent patients and diabetic
rats (52, 53). The 2D DIGE analysis results (supplemental
Table 1) also demonstrated both a treatment- and a time-dependent down-regulation for Hsp47. In agreement with the 2D
DIGE, a validation analysis by Western blot for this protein
(shown in Fig. 6) showed both a treatment- and time-mediated down-regulation for this protein in the rat model. There is
strong evidence demonstrating the importance of Hsp47 in
collagen biosynthesis: Hsp47-null mice die before birth, and
the embryos display ruptured blood vessels and a marked
reduction in the amount of mature type 1 collagen (54). The
exact mechanism by which Hsp47 contributes to the production of procollagen is unclear. However, several possible roles
have been proposed, including acting as a molecular chaperone
facilitating the folding and assembly of procollagen molecules,
retaining unfolded molecules within the endoplasmic reticulum,
and assisting the transport of correctly folded molecules from
the endoplasmic reticulum to the Golgi apparatus (55). Changes
in Hsp47 transcript levels often change in parallel with changes
in collagen-specific gene expression, potentially implying that
unknown co-regulation mechanisms exist (56). The synchronized down-regulation of the different forms of collagen (listed in
supplemental Table 1) and Hsp47 certainly suggests that alterations in collagen biosynthesis and/or composition could contribute to the development of ED in the animal model. This
overall down-regulation is opposite to observations in the diabetic kidney (57–59) in which it has been shown that for both
type 1 and 2 diabetes there are increases in the different forms
of collagen and Hsp47. The molecular basis for a diabetesmediated tissue-specific down-regulation of both Hsp47 and
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apoptosis in STZ- and/or glucosamine-treated ␤-cell and/or
human umbilical vein endothelial cells (72, 73). Increases in
apoptosis have been linked to a spectrum of diabetic complications (74 –76). Consistent with this report, the parallel
induction of Cct4 and Cct5 as well as p53 in STZ-treated
diabetic rat could be directly associated with the significant
decreases seen in the numbers of smooth muscle cells in
diabetic corpora tissue (77). Moreover, 14-3-3-␥, which is
known to activate the DNA binding affinity of p53 upon stress
by binding to a C-terminal domain containing a phosphorylated serine, is also up-regulated with diabetes. Both the
phosphorylation status at serine and 14-3-3-␥ binding were
shown to be critical events for human p53 to be functional
(78). These results support the notion that hyperglycemia with
diabetes promotes cell apoptosis mediated by both induction
and activation of p53.
In addition, the growth regulatory function of p53 through
stress-dependent cellular export of growth-inhibitory stimuli
from damaged cells to neighboring tissue with ␥ irradiation or
chemotherapeutic treatment has been reported (79). On the
list of the growth-inhibitory stimuli reported, the various serine
protease inhibitors are included. The induction of p53 and the
different forms of serine protease inhibitors such as Serpina1
and Serpina3n in this diabetic animal model could indicate
smooth muscle cell damage progression mediated by hyperglycemia. Thus, the progressive loss of normal cavernosal
endothelium and smooth muscle cells from corpus cavernosum as disease progresses (1, 80) could also be mediated
through p53-dependent secretion of growth inhibitors that
may affect proliferating cells and lead to a gradual decrease in
the overall proliferative capacity of corporal tissue. Parallel
with the induction of p53, ␣2-antiplasmin (Serpinf1) also
known as PEDF is up-regulated with diabetes. Serpinf1 is a
potent angiogenic inhibitor, and increased serum levels of
Serpinf1 in both type 1 and type 2 diabetic patients have been
reported (81, 82). Recently Ho et al. (73) demonstrated sequential expression of peroxisome proliferator-activated receptor ␥ and p53 with PEDF using immunoblotting and immunofluorescence assays in human umbilical vein endothelial
cells. Although peroxisome proliferator-activated receptor ␥
was not identified in our study, we observed up-regulation of
PEDF in parallel with p53. Overall, a parallel induction of p53
and proteins that are associated with the induction of p53
substantiates the idea that smooth muscle cells undergo apoptosis by a process dependent on the p53 tumor suppressor
protein. This programmed cell death could be involved in the
pathogenesis of poor diabetic corpora tissue responses to
inflammation and ischemia and eventually contribute to target
organ damage and dysfunction.
Proteins that are involved in lipid metabolism and also have
been demonstrated to have anti-inflammatory responses,
such as apoA-I and apoA-IV, showed significant increases
starting from 1 week after the STZ-induced diabetes and
remained increased at the 2-month time point of the disease
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the different isoforms of collagens at both the transcriptional
(32, 33) and translational levels (Ref. 42 and this study) has yet
to be determined. In addition, future studies are required to
determine whether the association between suppression of
both Hsp47 and different forms of collagen and diabetesmediated erectile dysfunction is causal.
Aside from these results on collagen, androgen-regulated
proteins, including cystatin-related protein 1 (CRP1) and ␣-2uglobulin (A2U), are down-regulated in this rat model. CRP, originally described as androgen-regulated 20- or 22-kDa glycoprotein (60, 61), has been called CRP because of its marked
sequence homology to cystatin (62, 63). The function of CRP is
still unknown, and no protease inhibitory activity has yet been
demonstrated. CRP1 is expressed and androgen-regulated in
organs that contain relatively higher levels of androgen receptors (64, 65). Similarly, an early study by Roy and co-workers
(66, 67) has shown that the synthesis of A2U in the hepatic
parenchymal cells is induced in vivo by androgen, glucocorticoid growth hormone, and insulin and inhibited by estrogen. In
contrast, constitutive expression for ␣-2u-globulin has been
demonstrated in the salivary and lachrymal glands (68). Thus,
expression of A2U mRNA is regulated under different developmental and hormonal levels in different tissues (68). ␣-2u-globulin, a close homologue of mouse major urinary protein, accounts for about half of the total excreted protein in adult male
rat urine but is absent from the urine of females. There is indirect
evidence that ␣-2u-globulin functions in pheromone transport
(69), but its exact physiological role has yet to be illustrated. This
is consistent with its observed binding properties, its close
similarity with major urinary protein, and the known properties
of male rat urine. Down-regulation of these proteins in diabetic corpora is consistent with previous findings where androgen deficiency has been shown to suppress the expression of these proteins (66, 67). Our results suggest that in
diabetic erectile tissue of model animals and/or patients suppression of these proteins could be mediated through circulating androgen levels. It is generally accepted that androgens
are critical for development, growth, and maintenance of penile erectile tissue. In addition, androgen deficiency impairs
NO-dependent relaxation of the penile tissue (14, 70, 71). This
reduced vascular reactivity appears to be due to deficiency of
androgenic action that is exerted at the genomic level, modulating the expression of the neuronal form of the nitric-oxide
synthase gene (20, 70, 71).
Up-regulated Proteins—As described under “Results,” a
network of differentially expressed proteins was generated
using the MetaCore network analysis tool to help identify
common transcriptional regulators. It is shown (Fig. 4) that a
significant number of proteins that were up-regulated in response to an STZ-induced hyperglycemia are co-regulated by
the major transcriptional regulators p53 and c-Myc. Parallel
induction of c-Myc-regulated targets, including Cct4, Cct5,
and pigment epithelium-derived factor (PEDF), along with p53
has recently been associated with the induction of ␤-cell
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contribute, at least in part, to the development of ED frequently
seen in older age. However, induction of anti-NGF with diabetes
in erectile tissue has not been revealed before. A decrease in the
tissue level of NGF could be associated with the induction and
neutralizing effect of anti-NGF with diabetes. Therefore, the
induction of anti-NGF could counteract the biological activity of
NGF in these diabetic model animals.
In summary, our results broaden the list of candidate proteins
that have their expression changed in corporal tissue in response to diabetes. The changes in expression of these proteins could account for the functional deficits known to occur in
erectile dysfunction or be a compensatory response to try to
restore erectile function. Our results suggest that diabetesmediated erectile dysfunction in this model involves down-regulation of proteins that provide tensile strength and stiffness of
the corpora tissue and proteins associated with transport of sex
hormones. There was up-regulation of proteins that are involved
in p53-mediated smooth muscle cell apoptosis, which could be
associated with cell damage and therefore contribute to erectile
dysfunction. The candidate proteins that we identified in this
study provide novel insights into diabetes-induced erectile
dysfunction that can be explored in future studies and can
possibly be used to identify diagnostic or drug targets. Expression analysis using the 2D DIGE/MS platform gave us
statistically significant quantitative information from four biological replicate samples per experimental group on well over
57 proteins. However, there are certain limitations associated
with both the corpora tissue and the 2D DIGE methodology
that are worth discussion. Erectile tissues are relatively enriched with smooth muscle cells, but there are clearly mixtures of cell types in the harvested corpora samples. As a
result, differential expressions for certain proteins that are
especially common to both the corpora tissue and the circulating blood are contributed from different cell types. In addition, proteins outside the molecular range, hydrophobic proteins difficult to resolve using 2D gel techniques, and low
abundance proteins could not be surveyed in this study.
Nonetheless, this work demonstrates the importance of using
2D DIGE techniques to analyze proteome expression in well
characterized tissues. In particular, the information provided
on the effect of duration of diabetes on protein expression in
the corpora may be valuable in identifying biomarkers that will
predict disease progression in patients and targeting interventions to the correct patient subpopulation.
* This work was supported, in whole or in part, by National Institutes of Health Grants R21 DK-070229 and P01-DK060037 from the
NIDDK.
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compared with the age-matched controls (83, 84). These
increases in apoA-I and apoA-IV with a decrease in apoE are
consistent with the previous reports in diabetic whole plasma
(85, 86). The decreases in the level of apoE in STZ-induced
diabetes may imply that apoE is probably attributable to the
decreased lipid and/or lipoprotein metabolism associated
with a decrease in the level of circulatory insulin in these
diabetic model animals. On the other hand, apoA-I participates in the reverse transport of cholesterol from tissues to
the liver for excretion by promoting cholesterol efflux from
tissues and by acting as a cofactor for lecithin-cholesterol
acyltransferase (87). In this way, the induction of apoA-I and
apoA-IV in these diabetes model animals could be to restore
lipid homeostasis by minimizing the rise in the level of lipids
and lipoproteins in the circulating blood due to diabetesinduced suppression of apoE in the very low density lipoprotein particle (85). Therefore, the result from our study suggests
the presence of major compositional changes in circulating
lipoproteins that may contribute to defective triglyceride
clearance from the circulation in these diabetes model animals. These are the types of changes that are expected if
narrowing or hardening (atherogenesis) of the blood vessel
occurs that could contribute to an interrupted blood supply to
the penis or pelvic area and hence to organ dysfunction.
In humans, bisphosphoglycerate mutase is mainly present
in the erythrocytes and plays a pivotal role in the dissociation
of oxygen from Hb via 2,3-BPG. Bisphosphoglycerate mutase
is one of the enzymes that undergoes glycation as a result of
contact with high levels of blood glucose. A study by Fujita
et al. (88) has shown a decreased specific activity of bisphosphoglycerate mutase in erythrocytes of diabetic patients compared with normal controls. They also demonstrated that the
loss of enzymatic activity apparently is because of glycation
of the enzyme at several lysine residues. The induction of this
protein in the STZ diabetic rat model may therefore be a
compensatory mechanism to restore the loss of the enzyme
through glycation or to generate more 2,3-BPG, which might
then stabilize the low oxygen affinity state of hemoglobin and
make it harder for oxygen to bind hemoglobin and more likely
to be released to adjacent tissues. Thus, as the 2,3-BPG is
part of a feedback loop, its induction as well as the induction
of Gpx3 can help prevent tissue hypoxia that is most likely to
occur in diabetes.
Of the proteins that were up-regulated in this study, we report
the induction of IgC (anti-NGF). However, decreases in the NGF
level in both bladder and lumbosacral dorsal root ganglia
(L6DRG) and also a direct correlation between deprivation of
NGF and progression of diabetic cystopathy have been reported (89). This group has also demonstrated the reversal of
the NGF level back to normal by injecting HSV-1 encoding NGF
gene. In a different experiment, it was shown that less NGF is
expressed in the penile tissue of older rats compared with
younger rats (90). This implies that endogenous penile/cavernosal nerve repair may be reduced in older organisms and may
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