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Long-term phosphodiesterase 5 inhibitor administration
reduces inflammatory markers and heat-shock proteins in
cavernous tissue of Zucker diabetic fatty rat (ZDF/fa/fa)
JE Toblli, G Cao, M Angerosa and M Rivero

Oxidative stress and nitrosative stress present in type 2 diabetes mellitus (T2DM) and metabolic syndrome (MS) induce
inflammatory response in diverse tissues including cavernous tissue (CT). Heat-shock proteins (HSPs) have an important role in
modulating and repairing tissue injury, although their participation in CT in T2DM is unclear. Beyond the specific action of
phosphodiesterase type 5 inhibitors (PDE5i) on erectile function, it has been proposed that chronic administration of these agents
improves endothelial function and ameliorates fibrotic changes. The aim of this study was to determine in CT of Zucker Diabetic
Fatty (ZDF) rat, an experimental model of T2DM and MS: (1) the degree of oxidative stress and nitrosative stress; (2) the magnitude
of inflammatory markers such as tumor necrosis factor-α (TNFα) and interleukin 6 (IL6); (3) immunoexpression of HSP70 and HSP27;
(4) how a long-term PDE5i administration may modify these variables. For 6 months, (1) untreated ZDF; (2) ZDF+Sildenafil (Sil) and
(3) control Lean Zucker Rat (LZR) received no treatment, were studied. Penises were processed for functional 'in vitro' studies,
oxidative and nitrosative stress evaluation and immunohistochemistry in CT using TNFα; IL6; nitrotyrosine, HSP70 and HSP27
antibodies. ZDF+Sil presented better relaxation in corporal strips versus untreated ZDF. Furthermore, ZDF+Sil presented less
lipoperoxidation in CT versus untreated ZDF. The activity of antioxidant enzymes CuZn superoxide dismutase (CuZnSOD) and
glutathione peroxidase (GPx) was also reduced in untreated ZDF in CT along with a decrease in glutathione versus untreated ZDF.
Nitrotyrosine expression was increased in untreated-ZDF rats versus ZDF+Sil and LZR. TNFα and IL6 were decreased in CT in ZDF+Sil
versus untreated ZDF. Additionally, the expression of HSP70 and HSP27 was reduced in CT in ZDF+Sil versus untreated ZDF. In
conclusion, this study provides substantial evidence supporting a protective role of a long-term therapy with Sil on CT in a
recognized animal model of T2DM and MS.
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INTRODUCTION
Patients with diabetes mellitus (DM) have an increased risk of
future cardiovascular events comparable to that of patients with
coronary artery disease.1–3 Thus, the risk of future cardiovascular
events is equivalent in DM and established coronary artery
disease.3 Endothelial dysfunction, defined as an abnormal
response leading to a reduction in the bioavailability of nitric
oxide (NO) and impaired vasodilatation, is thought to have a major
role in the development of atherosclerosis and acute coronary
syndromes, which are in turn frequent complications of DM.
Recently, it has been suggested that endothelial dysfunction is
often present in diabetic patients who do not have clinically
evident atherosclerotic diseases.4 In addition, type 2 DM, in both
humans and rats, is also associated with severe alterations in
vascular smooth muscle cells as well as in cavernous tissue
together with an increase in fibrosis and increased oxidative
stress.5–10 Consequently, oxidative stress and also nitrosative
stress, present in diverse tissues in DM, lead to an overproduction
of a variety of cytokine and inflammatory molecules such as IL6
and tumor necrosis factor-α (TNFα) and trigger the apoptotic
pathway.11–13

As a result, a number of mechanisms involved in modulating
and repairing this injury acquire a major role to re-establish the

normal structural and functional tissue behavior. In this sense,
heat-shock proteins (HSPs), also known as molecular chaperones,
comprise a group of highly conserved, abundantly expressed
proteins with diverse functions. HSPs have an important role in
protein–protein interactions, such as folding and assisting in the
establishment of proper protein conformation.14,15 These proteins
appear to have a significant function in the responses and
adaptation of the smooth muscle cell to stress, but the actual role
of HSPs in the modulation of cavernous tissue (CT) in the
metabolic syndrome (MS) scenario is unclear.
Sildenafil (Sil), the well-known first specific phosphodiesterase

type 5 inhibitor (PDE5i), facilitates penis erection by increasing NO
availability through the inhibition of cyclic-GMP (cGMP) break-
down in endothelial cells.16–18 Interestingly, as the PDE5 enzyme is
widely expressed in the vasculature,19 Sil enhances NO-mediated
responses in vascular beds other than the penis. It is worth
mentioning that the efficacy of PDE5i is lower in diabetic patients
with erectile dysfunction (ED) compared with those without DM.20

Chronic Sil administration may regulate the transduction
pathway leading to the activation of endothelial nitric oxide
synthase, with no effect on NO bioavailability or on the cGMP
pathway and without concerns for tachyphylaxis.21 Furthermore,
the chronic administration of PDE5i may improve endothelial
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function in the long term.22 Therefore, the chronic administration
of PDE5i should improve the responsiveness of the dysfunctional
endothelium in patients with lipid alterations, high blood pressure
and DM.
The Zucker Diabetic Fatty (ZDF) rat is a recognized animal

model of obesity, type 2 DM, arterial hypertension and hyper-
lipidemia.23–25 Thus, it is an attractive experimental model to
investigate deleterious vascular effects related to the human MS.
Considering this background, the aim of the present study was

to determine in CT of this representative animal model of MS: (1)
the degree of oxidative stress and nitrosative stress; (2) the
magnitude of inflammatory markers such as TNFα and IL6; (3)
immunoexpresion of HSPs 70 and 27; (4) how a long-term PDE5i
administration may modify these variables.

MATERIALS AND METHODS
All the experiments were performed in the laboratory of experimental
medicine of our hospital after being approved by the Ethics Committee
and the Teaching and Research Committee of our institution and in
accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Two groups of 10-week-old-male ZDF rats, group 1 ZDF no treatment

(n=12), group 2 ZDF+Sil (n=12) and one group of age-matched group 3
LZR no treatment (n=12) (Charles River Laboratories, Wilmington, MA,
USA) were housed in individual cages at room temperature (21 ± 2 °C) and
a 12-h light/darkness cycle (0700–1900 h).
During 6 months, sildenafil citrate (Sil) 10 mg kg−1 per day26 was

administered continuously in drinking water in the corresponding group,
while the groups without treatment received regular tap water throughout
the experiment.
At the end of the study, all the animals were killed by the administration

of a lethal dose of intraperitoneal sodium thiopental. A midline abdominal
incision was made, and the penises were excised in bulk from the crus to
the distal aspect.

Biochemical procedures
After 14-h fasting, rat blood samples were collected from the tail vein in
capillary tubes at baseline, and from the inferior cava vein before the rats
being killed at the end of the experiment. Plasma glucose levels were
measured by the glucose oxidase method with an Automatic Analyzer
(Hitachi 911, Tokyo, Japan). Serum cholesterol and triglycerides were
assessed according to standard methods. Serum insulin was determined
by the sensitive rat insulin RIA kit (SRI-13, LINCO Research, St. Charles, MO,
USA). Serum samples were stored before testing.

Blood pressure measurement
Systolic blood pressure (SBP) was measured monthly from baseline to the
end of the experiment by tail cuff plethysmography. Measurements were
obtained with the rats restrained in a plastic chamber without anesthesia.
A pneumatic pulse transducer positioned on the ventral surface of the tail
distal to the occlusion cuff detected the return of the pulse following a
slow deflation of the cuff. Cuff pressure was determined by a Pneumatic
Pulse Transducer, using a Programmed electro-sphygmomanometer
PE-300 (Narco Bio-Systems, Austin, TX, USA), and pulses were recorded
on a Physiograph MK-IIIS (Narco Bio-Systems). A minimum of three such
determinations were taken at each session, and the SBP registered was the
average of the three readings.27,28

Tissue processing and examination. The penises were removed and a
portion of each one was destined for organ bath studies and the rest, fixed
in phosphate-buffered 10% formaldehyde (pH 7.2). The tissue samples
were embedded in paraffin. Three-micron sections were cut and stained
with hematoxylin-eosin (H&E) and Masson’s trichrome.

Organ bath studies. After being removed, the penises were immediately
dissected. The tunica albuginea was carefully opened from the proximal
extremity of the corpus cavernosum to the penile shaft and the erectile
tissue within the corpus cavernosum was microsurgically dissected free.
CSM strips (1–2mm × 0.5mm) were then transferred to ice-cold Krebs-
bicarbonate solution (in mmol l− 1: 128 NaCl; 4.6 KCl; 2.5 CaCl2; 1.2 KH2PO4;
1.2 MgSO4; 11.1 glucose; 25 NaHCO3; 0.1 ethylenediaminetetraacetic acid)

at pH 7.4 and continuously gassed with a mixture of 95% oxygen and 5%
carbon dioxide and the temperature maintained at 37 °C. The strips were
mounted in a vertical organ bath system (MyoBath-4, World Precision
Instrument, Sarasota, FL, USA) using chambers containing 5ml of Krebs-
bicarbonate solution. The tissues were connected to a force-displacement
transducer (FORT10; World Precision Instrument). A pre-tension of 200mg
(optimum tension defined in preliminary experiments for both ZDF and
LZR) was applied, and the strips were allowed to equilibrate for 45–60min
without additional mechanical manipulation. During the equilibration, the
organ bath solution was replaced every 15min. At the end of the
equilibration period, a concentration–response curve to phenylephrine
(Phe, 10− 8− 10− 4 mol l− 1) was performed for each sample. Next, a
concentration–response curve to acetylcholine (ACh, 10− 8− 10− 4 mol l− 1)
was conducted on Phe induced (10− 4 mol l− 1). The contractile responses
were expressed as the absolute change in maximal developed tension
(mg), normalized per mg tissue weight, and the relaxation, as the
percentage of changes in Phe-induced tone. The concentration inducing
50% of maximal effect was expressed as pD2.29

Oxidative stress parameters
Homogenates preparation. A fraction of the penile tissue was homo-
genized (1:3, weight:volume) in ice-cold 0.25mol l− 1 sucrose, then
glutathione levels were determined in the 10 000 g supernatant following
the methods previously described and the results were expressed as
micromoles per milligram of protein.30 Another fraction of the penile tissue
was homogenized (1:10, w-v) in 0.05 M sodium phosphate buffer, pH 7.4
and was directly used for the determination of malondialdehyde (MDA) or
centrifuged at 4 °C during 15min at 9500 g. The peroxidation index was
evaluated by the formation of MDA and determined as thiobarbituric
reactive species.31 Finally, another fraction of the penile tissue was
homogenized (1:3, weight:volume) in ice-cold sucrose (0.25 mol l− 1). The
supernatant obtained after centrifugation at 105 000 g for 90min was used
for measuring CuZn superoxide dismutase (CuZnSOD) and glutathione
peroxidase (GPx) activity.32–34 Protein concentration was determined by
the method of Lowry et al.35 Enzyme units (U) were defined as the amount
of enzyme producing 1 nmol of product or consuming 1 nmol of substrate
under the standard incubation conditions. Specific activity (Sp. Act.) was
expressed as Umg− 1 protein. One unit of CuZnSOD was defined as the
amount of CuZnSOD capable of inhibiting the rate of NADH oxidation
measured in the control by 50%.

Western blotting and densitometric analysis. Samples from penile tissue
were solubilized in 1% triton detergent and analyzed by western blotting
as described previously.36 For assessing nitrosative stress, polyvinyl
difluoride membranes with transferred proteins were probed with anti-
nitrotyrosine antibody at 1:2000 dilution (AB5411, Millipore, Billerica, MA,
USA). Inflammatory response was evaluated by probing for anti-TNFα
(AF-510-NA, R&D Systems, Minneapolis, MN, USA) at 1:1000 dilution and IL6
with an anti-IL6 antibody (sc1265, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) at a dilution of 1:1000. Repair response was assessed with anti-
heat shock protein 27 (HSP 27; sc-1048, Santa Cruz Biotechnology) and
with anti-HSP 70 (HSP 70, sc-1060, Santa Cruz Biotechnology), both at a
dilution of 1:1000. After washing, membranes were probed with a
horseradish peroxidase-conjugated goat anti-rabbit secondary antibody
at dilution 1:20 000 (sc-2004, Santa Cruz Biotechnology).
Specific bands were detected by enhanced chemiluminescence

(Amersham, Piscataway, NJ, USA). Autoradiographs were scanned and
band intensities were quantified by digital densitometry using Gel-Pro
Analyzer 4.0 software (Media Cybernetics, Silver Spring, MD, USA). The data
were recorded as mean optical density intensity.
Equal protein loading of samples was confirmed by stripping polyvinyl

difluoride membranes with a commercial re-blot solution (Chemicon,
Billerica, MA, USA) and then re-probing with anti-β-actin primary antibody
(A5316, Sigma-Aldrich, St. Louis, MO, USA) at 1:5000 dilution; and
horseradish peroxidase-conjugated goat anti-mouse secondary antibody
(1:20 000 dilution; cat. no. sc-2005, Santa Cruz Biotechnology) followed by
chemiluminescent detection and densitometric quantification as described
earlier.

Immunolabeling and light microscopy. Immunolabeling of specimens was
performed through a modified avidin-biotin-peroxidase complex techni-
que. Following deparaffinization and rehydration, the sections were
washed in phosphate-buffered saline (PBS) for 5 min. The quenching of
endogenous peroxidase activity was achieved by incubating the sections

PDE5i and cavernous tissue in Zucker diabetic fatty
JE Toblli et al

183

© 2015 Macmillan Publishers Limited International Journal of Impotence Research (2015), 182 – 190



in 1% hydrogen peroxide in methanol for 30min. After being washed in
PBS, pH 7.2, for 20 min, the sections were incubated with blocking serum
for 20min. Thereafter, the sections were incubated with the primary
antibody overnight, rinsed in PBS, and incubated with biotinylated
universal antibody for 30min. After being washed in PBS, the sections
were incubated with Vectastain

®

Elite ABC reagent (Vector Laboratories,
Birlingame, CA, USA) for 40min and exposed to 0.1% diaminobenzidine
(Polyscience, Warrington, PA, USA) and 0.2% hydrogen peroxide in 50mM

Tris buffer, pH 8, for 5 min.
With the aim of detecting inflammatory as well as repair tissue markers

in CT, the following antibodies were used: (1) antibody against rat TNFα
(AF-510-NA, R&D Systems) at a dilution of 1:50; (2) antibody against
interleukin 6 (IL6) (sc1265, Santa Cruz Biotechnology) at a dilution of 1:100;
(3) anti-heat shock protein 27 (HSP27; sc-1048, Santa Cruz Biotechnology)
and (4) anti-HSP 70 (HSP70, sc-1060, Santa Cruz Biotechnology), both at a
dilution of 1:100. Nitrosative stress in tissue was evaluated using a rabbit
polyclonal antibody anti-nitrotyrosine (AB5411, Millipore) at a dilution
of 1:100.

Morphometric analysis. Between six and eight transverse histology sections
from the penis of each animal were studied by an image analyzer (Image-Pro

®

Plus, version 4, Media Cybernetics). To compare similar segments of the corpus
of all rats, sections were taken from the proximal middle portion of the penis
of each animal. The morphological analyses were performed with the observer
blinded to the animal group, and the data were averaged. The CT was
delineated by the tunica albuginea, and then a quantification of the extent of
immunostaining was performed. In every sample, positive immunostaining for
TNFα, IL6, HSP70, HSP27 and Nitrotyrosine was assessed and the data were
expressed as percentage per area. Control sections used for the determination
of antibody specificity were also qualitatively evaluated by the presence of
positive or negative staining. All data were averaged in the final result.

Statistical analysis
Values were expressed as the mean± s.d. All the statistical analyses were
performed using absolute values and processed through GraphPad Prism,
version 2.0 (GraphPad Software, San Diego, CA, USA). For parameters with
non-Gaussian distribution, such as histology data, comparisons were made
by the nonparametric analysis of variance and Dunn’s multiple comparison
test. A value of Po0.05 was considered as significant.

RESULTS
At baseline, body weight, SBP, glycemia, serum triglycerides and
cholesterol were all significantly increased in both ZDF groups
together with fasting serum insulin level, without differences
between them in comparison with control LZR, as described in
Table 1a. At the end of the experiment (6 months), ZDF groups
presented significant hyperglycemia compared with control LZR,
but with a low fasting insulin level. Furthermore, body weight,
SBP, serum triglycerides and cholesterol were equally increased in
both ZDF groups with respect to the baseline level and also
consequently higher versus LZR, as shown in Table 1b. All these
variables suggest the progression of the diabetic disease as it
frequently observed in human beings in clinical practice.

'In vitro' functional studies
Developed tensions to Phe (10− 8–10− 4 mol l− 1) in corporal strips
were not different between groups (ZDF = 760 ± 34mgmg− 1 ww;
ZDF+Sil = 758 ± 32mgmg− 1 ww and LZR = 759 ± 39mgmg− 1 ww
at Phe 10− 4 mol l− 1) as represented in Figure 1a. The mean pD2

value calculated for Phe presented no difference between
groups (ZDF = 5.8 ± 0.1; ZDF+Sil = 5.8 ± 0.2; and LZR = 5.7 ± 0.2).

Table 1. Blood pressure recording and biochemical parameters

Mean± s.d. ZDF (n=12) ZDF+Sil
(n= 12)

LZR (n= 12)

a. Baseline data
Body weight (g) 405± 22 401± 24 231± 16*
SBP (mmHg) 154.1± 2.7 150.9± 3.5 118.2± 2.2*
Glycemia (mmol l− 1) 14.7± 1.3 14.9± 1.4 4.9± 0.3*
Insulin (ngml− 1) 45.9± 6.0 46.4± 5.8 5.0± 1.1*
Cholesterol (mmol l− 1) 5.2± 1.0 5.2± 1.1 1.5± 0.3*
Triglycerides
(mmol l− 1)

7.7± 1.2 7.8± 1.0 0.5± 0.1*

b. At the end of the experiment (6 months)
Body weight (g) 612± 15 599± 18 339± 12*
SBP (mmHg) 156.8± 3.4 152.9± 3.8 119.8± 3.0*
Glycemia (mmol l− 1) 29.1± 5.9 28.3± 6.2 5.6± 0.5*
Insulin (ngml− 1) 4.8± 0.8 5.1± 0.7 5.2± 0.6
Cholesterol (mmol l− 1) 7.3± 0.5 7.1± 0.6 1.6± 0.2*
Tryglicerides
(mmol l− 1)

7.8± 1.7 7.3± 2.0 0.6± 0.2*

Abbreviations: LZR, Lean Zucker Rat; SBP, systolic blood pressure; ZDF,
Zucker Diabetic Fatty. *Po0.01 versus all groups.

Figure 1. (a) Concentration–response curve to Phenylephrine (Phe, 10− 8
–10− 4 mol l − 1) in corporal strips from all groups. Results are

expressed as the maximal developed tension values induced by Phe normalized by the wet weight (ww) of the strip. (b) Concentration–
response curve to acetylcholine (ACh, 10− 8

–10− 4 mol l− 1) in corporal strips from all groups. Results are expressed as a percentage of
relaxation from the initial developed tension obtained with Phenylephrine (10− 5 mol l− 1). *ZDF versus all groups Po0.01: # LZR versus ZDF
+Sil Po0.01. LZR, Lean Zucker Rat; Sil, Sildenafil; ZDF, Zucker Diabetic Fatty.
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Concentration-response relaxation curves were evoked by cumu-
lative addition of ACh (10−8–10−4 mol l− 1) on corporal strips pre-
contracted with Phe (10− 4 mol l− 1), and untreated ZDF showed
the lower value. During Phe-induced contraction, endothelium-
dependent relaxation to ACh was impaired significantly (Po0.01)
in untreated ZDF corporal strips versus the other groups (ZDF=
31.0 ± 6.2%; ZDF+Sil = 54.2 ± 7.5% and LZR = 67.0 ± 5.9%), as
shown in Figure 1b. Although ZDF+Sil presented better relaxation
response to Ach versus untreated ZDF, this group showed
significant differences compared with LZR (Figure 1b). The mean
pD2 value calculated for ACh presented no difference between
groups (ZDF= 6.4 ± 0.1; ZDF+Sil = 6.3 ± 0.2 and LZR = 6.3 ± 0.2).

Oxidative stress and nitrosative stress evaluation in CT
A remarkable high level of lipoperoxidation in CT was observed in
untreated ZDF rats when compared with ZDF+Sil and control LZR,
which presented no differences between them, as the significant
increase in MDA indicates (Table 2). Additionally, the activity
of the antioxidant enzymes, CuZnSOD and GPx, was reduced in
untreated ZDF in CT along with a substantial decrease in
glutathione content, as shown in Table 2. On the other hand,
ZDF+Sil showed no differences between LZR relative to CuZnSOD
and GPx activity as well as to the glutathione content (Table 2).
Nitrotyrosine expression, the well-known marker of nitrosative

stress, was significantly (Po0.01) increased in untreated ZDF rats
in comparison with ZDF+Sil and LZR, which presented no
differences between them, as represented in Table 3 and Figure 2.

Evaluation of molecules linked to the inflammatory process and
repair in CT
TNFα as well as IL6 were similarly increased (Po0.01) in CT in
untreated ZDF with respect to ZDF+Sil and LZR, which presented
no differences between them, as displayed in Table 3 and
illustrated in Figures 3 and 4. In line with this finding, the
expression of HSP70 and HSP27, both molecular markers of the
repair mechanism in CT, was similar increased in untreated ZDF
when compared with LZR. On the contrary, ZDF+Sil presented
remarkably lower (Po0.01) immunoexpression of these two
molecular chaperones and showed no differences versus LZR, as
indicated in Table 3 and Figures 5 and 6.

DISCUSSION
In the present study, ZDF rats showed severe alterations
in metabolic parameters such as overweight, hyperglycemia,
hypertriglyceridemia, hypercholesterolemia, as well as moderate
high blood pressure. Furthermore, functional evaluations in
strips of CT revealed impaired relaxation in ZDF rats. Inflam-
matory markers as TNFα and IL6, and molecules involved in repair
(HSP70 and HSP27) were dramatically increased in ZDF rats. All
these alterations were associated with a superlative degree in
nitrosative and oxidative stress. In contrast to these results, a long-
term treatment with Sil for 6 months was able to improve
significantly functional and morphological variables studied in
ZDF rats despite the fact that they presented no modifications in
metabolic parameters and blood pressure with respect to
untreated ZDF rats.
Among the various mechanisms responsible for the patho-

genesis of ED, hyperglycemia has been recognized as an
important risk factor. Hyperglycemia induces the overproduction
of superoxide anion, which can potentially cause the inactivation
of Akt and the activation of poly (ADP-ribose) polymerase
pathways, thereby contributing to diabetic complications by
inducing apoptosis or cell death.37–40 Moreover, increased
oxidative stress, which is induced by several hyperglycemia-
activated pathways, is considered as a major etiologic factor in the
pathogenesis of diabetic complications.41 In normal conditions,
there is a balance between the production of oxidative stress by
pro-oxidants and the scavenging by antioxidants of excess
reactive oxygen species (ROS). However, in pathological circum-
stances as occurring during permanent hyperglycemia, this
balance is broken and oxidative stress occurs. ROS generated
during regular oxygen molecule metabolism primarily in
the vascular endothelium, include, H2O2 and peroxynitrite
(ONOO−). The increased production of ONOO− reduces the
available NO concentration in CT, this leading to hindering the
normal relaxation of cavernous muscle and contributing to
developing ED.
ONOO− is a strong oxidant and nitrating agent that may be

generated by a variety of cells, including activated macrophages,
neutrophils and endothelial cells.42,43 Furthermore, ONOO− has
been shown to have multiple pathways of reactivity, oxidize
sulfhydryl and induce lipid peroxidation.44 The formation of the
specific product 3-nitrotyrosine through the nitration of tyrosyl
residues has been taken as an accurate biomarker of ONOO−

production. In the present experiment, both nitrotyrosine expres-
sion, a representative marker of nitrosative stress, as well as the
MDA surrogated marker of lipid peroxidation, were significantly
(Po0.01) increased in CT of ZDF rats when compared with control
LZR, this indicating a substantial increase in ONOO− and lipid
peroxidation in erectile tissue. Furthermore, the antioxidant
enzymes CuZnSOD and GPx were also dramatically increased
(Po0.01) in the CT of ZDF rats together with a significant
reduction (Po0.01) in the glutathione content in this group
relative to control LZR. In concordance with all these findings, the
endothelium-dependent relaxation to ACh was impaired signifi-
cantly in strips of CT in ZDF rats.

Table 2. Oxidative stress parameters in cavernous tissue

Mean± s.d. ZDF (n= 12) ZDF+Sil (n= 12) LZR (n=12)

MDA (nmol mg− 1 protein) 6.7± 1.1* 2.3± 0.8 2.1± 0.6
Glutathione (μmolmg− 1 protein) 137.6± 10.7* 179.8± 12.5 186.4± 15.1
CuZnSOD (Umg− 1 protein) 52.3± 6.0* 90.1± 7.7 96.7± 10.5
GPx (Umg− 1 protein) 9.8± 0.5* 13.9± 0.7 14.8± 0.4

Abbreviations: CuZnSOD, CuZn superoxide dismutase; GPx, glutathione peroxidase; LZR, Lean Zucker Rat; MDA, malondialdehyde; ZDF, Zucker Diabetic Fatty.
*Po0.01 versus all groups.

Table 3. Immunohistochemistry in cavernous tissue

Mean± s.d. ZDF (n= 12) ZDF+Sil (n=12) LZR (n= 12)

Nitrotyrosinea 8.4± 1.6* 1.1± 0.3 0.9± 0.5
Tumor necrosis factor-αa 12.2± 3.9* 1.2± 0.4 1.0± 0.3
Interleukin 6a 11.7± 2.5* 1.1± 0.2 1.0± 0.2
Heat-shock protein 70a 9.9± 1.7* 1.3± 0.2 1.1± 0.3
Heat-shock protein 27a 8.5± 1.9* 1.2± 0.3 1.0± 0.3

Abbreviations: LZR, Lean Zucker Rat; Sil, Sildenafil; ZDF, Zucker Diabetic
Fatty. *Po0.01 versus all groups. aExpresses as percentage of positive
immunostaining per area.
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Notably, in a rabbit model of high fat diet induces MS, reduced
responsiveness to acetylcholine in penis, and therefore, alteration
in the erectile function was associated with steatohepatitis,45 this
currently considered as the hepatic hallmark of MS.46

In agreement with these findings, previous studies from our
group in obese Zucker rats have indicated liver inflammation with
steatohepatitis.47

Some evidence indicates that diabetes, MS and increased
insulin resistance are associated with increased levels of proin-
flammatory proteins such as IL6 and TNFα.48 The activation of
inflammatory signaling by TNFα has been also suggested to
contribute to the development of cardiovascular diseases49 and
have a detrimental role in erectile function.50,51 In line with this, a
high immunoexpression of TNFα in the aorta and corpus
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Figure 2. Evaluation of nitrosative stress in cavernous tissue (CT). (a) Representative immunoblot photographs for nitrotyrosine. (b)
Densitometric analysis of the protein studied. (c) Localization of nitrotyrosine (arrows) in CT. ZDF showed a marked increase in nitrosative
stress in CT as expressed by increased in abundance of Nitrotyrosine. On the other hand, ZDF+Sil and LZR present no significant difference
between them. LZR, Lean Zucker Rat; Sil, Sildenafil; ZDF, Zucker Diabetic Fatty.
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Figure 3. Evaluation of inflammatory response by tumor necrosis factor α (TNFα) in cavernous tissue (CT). (a) Representative immunoblot
photographs for TNFα. (b) Densitometric analysis of the protein studied. (c) Localization of TNFα (arrows) in CT. Note a significant increase in
TNFα in ZDF with respect to ZDF+Sil and LZR, which present similar expression of TNFα. LZR, Lean Zucker Rat; Sil, Sildenafil; ZDF, Zucker
Diabetic Fatty.
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cavernosum has been reported in streptozotocin induced diabetic
(type I diabetes) rats.52 Nevertheless, in a high fat diet-induced
animal model of MS, Vignozzi et al.45 have recently reported a
significant increase in circulating levels of TNFα. Moreover, these
investigators have also highlighted that circulating levels of TNFα
were significantly related to TNFα mRNA expression level within
the liver, but not with expression in other tissues. Interestingly,
although computer-assisted quantitative immunohistochemistry
for TNFα protein indicated that the relative levels were increased
by at least five-fold in these animals in penile sections (both
endothelial and smooth muscle cells of the vascular bed and
cavernous spaces), the TNFα mRNA penile expression was not
affected in that model of MS. These data suggesting that in such
particular metabolic scenario, the penis is a target of inflammation
but it is not the origin.
TNFα upregulates PDE5 expression in cavernosal vascular

smooth muscle cells through an a priori upregulation of NADPH
oxidase and formation of O2

−. On the other hand, the treatment
with Sil has demonstrated to reverse this effect by inhibiting O2

−

formation and normalizing PDE5 in cavernosal vascular smooth
muscle cells.53 In agreement with this, in the current study, ZDF
rats treated with Sil reduced the immunoexpression of TNFα and
IL6 in CT compared with untreated ZDF. This observation suggests
a positive modulation of inflammatory response by Sil in penile
structures in a diabetic scenario.
Sil as well as other PDE5is are agents that inhibit PDE5, thereby

diminishing the degradation of cGMP and improving erectile
function. Sil is known to be effective via the NO-cGMP pathway
and is widely used in the treatment of diabetic ED.
Although the antioxidative stress pathway of PDE5is in diabetic

ED is not well defined, data from experiments with tadalafil in STZ-
induced diabetic rats indicate a local antioxidant mechanism.54 In
agreement with this information, in the current experiment, a
long-term treatment with Sil was able to modulate favorably
nitrosative and oxidative stress in ZDF rats. Moreover, Sil
substantially improved endothelium-dependent relaxation to
ACh in strips of CT in ZDF rats. Our findings are in concordance
with those of Behr-Roussel et al,21 who suggested that a chronic

treatment with Sil potentiates ACh-induced endothelium-depen-
dent cavernosal responses and enhances erectile responses in
normal rats.
A reduction in endothelial nitric oxide synthase activity together

with an increase in superoxide anion, which results in a decrease
in NO bioavailability, has been proposed as the main mechanism
by which penile vascular dysfunction occurs. PDE5i therapy
successfully may restore erectile responses by diminishing super-
oxide anion, increasing penile endothelial nitric oxide synthase
activity and restoring endothelial-derived NO in the penis, as
demonstrated in mice.55 Therefore, in the present study, it is not
surprising that ZDF rats showed severe functional abnormalities in
penile structures associated with a clear pattern of superlative
oxidative and nitrosative stress in CT, and that the ZDF rats treated
with Sil displayed a significant better outcome regarding these
variables. These data are in line with two important recent studies
which clearly demonstrated in prostate tissue, not only in a high
fat diet-induced animal model of MS but also in human beings,
anti-inflammatory and anti-fibrotic capacity of other PDE5is such
as tadalafil and vardenafil.56,57 Importantly, PDE5 inhibition
showed significantly blunted prostate inflammation (increased
CD45 immunopositivity), fibrosis (reduced muscle/fiber ratio) and
hypo-oxygenation, thus suggesting a potential curative effect of
PDE5 inhibition on MS-related prostate alterations.56 These studies
have demonstrated that PDE5 inhibition either by tadalafil or by
vardenafil ameliorates inflammatory response induced by meta-
bolic, as well as inflammatory stimuli, likely via the activation of
cGMP/PKG signaling. These data together give a new insight into
the comprehension of the mechanism of action of PDE5is in male
genital structures.56,57

After metabolic stress, HSPs are expressed at high levels in all
tissues and cells, and some of them such as HSP70 and HSP27
directly protect cells against damage-induced entry into death
pathways. The elevation of HSP levels during the metabolic stress
response was shown to inhibit stress-mediated cell killing and
recent experiments indicate a highly versatile role for these
proteins as inhibitors of programmed cell death.58

ZDF

ZDF+Sil

LZR

IL6

LZR ZDF ZDF + Sil

0

*

β-actin

2000

1500

1000

500A
rb

it
ra

ry
 u

n
it

s

LZD ZDF ZDF + Sil

* p < 0.05 versus all groups

Figure 4. Evaluation of inflammatory response by interleukin 6 (IL6) in cavernous tissue (CT). (a) Representative immunoblot photographs for
IL6. (b) Densitometric analysis of the protein studied. (c) Localization of IL6 (arrows) in CT. Note a significant increase in IL6 in ZDF with respect
to ZDF+Sil and LZR, which present similar expression of IL6. LZR, Lean Zucker Rat; Sil, Sildenafil; ZDF, Zucker Diabetic Fatty.
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Studies in HeLa cells by Hall and Martinus59 demonstrated that
hyperglycaemic conditions and oxidative stress can lead to the
induction of HSPs expression, suggesting that the increased levels
of these molecular stress proteins observed in T2DM patients
could also be due to uncontrolled hyperglycemia and oxidative
stress. In addition, they observed a significant and concomitant

increase in the intracellular levels of ROS generated during the
exposure of the HeLa cells to the stressors being investigated, this
suggesting that the induction of HSPs was related to ROS-
mediated processes. In concordance with this background, in the
present study, untreated ZDF rats presented a significant
increased expression of HSP70 and HSP27 in CT when compared
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Figure 6. Assessment of repair response by heat-shock protein 27 (HSP27) in cavernous tissue (CT). (a) Representative immunoblot
photographs for HSP27. (b) Densitometric analysis of the protein studied. (c) Localization of HSP27 (arrows) in CT. Note a significant increase in
HSP27 in ZDF with respect to ZDF+Sil and LΖR which present similar expression of HSP27. LZR, Lean Zucker Rat; Sil, Sildenafil; ZDF, Zucker
Diabetic Fatty.
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Figure 5. Assessment of repair response by heat-shock protein 70 (HSP70) in cavernous tissue (CT). (a) Representative immunoblot
photographs for HSP70. (b) Densitometric analysis of the protein studied. (c) Localization of HSP70 (arrows) in CT. Note a significant increase in
HSP70 in ZDF with respect to ZDF+Sil and LZR, which present similar expression of HSP70. LZR, Lean Zucker Rat; Sil, Sildenafil; ZDF, Zucker
Diabetic Fatty.
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with control LZR. Furthermore, the magnitude of this increase was
in line with the proportion of the increase in the inflammatory
proteins such as TNFα and IL6. These findings suggest some
correspondence between the injury and repair process in CT in
ZDF rats. Interestingly, the treatment with Sil was able to modify
this process favorably. The most suitable approach to justify this
outcome is the recognized positive modulation of PDE5i therapy
on inflammatory response, which may support the attenuation of
metabolic injury in CT, this leading to less tissue expression of
HSPs, as observed in the ZDF rats in the current study.
In conclusion, this study provides substantial evidence support-

ing the protective role in CT of a long-term therapy with Sil in a
recognized genetic animal model of MS and diabetes mellitus
type 2.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ACKNOWLEDGMENTS
JET is a career investigator from Consejo Nacional de Investigaciones Cientıficas y
Tecnologicas of Argentina (CONICET) and received grant support from the University
of Buenos Aires (UBA). We would like to thank to Ana Uceda and Mariana Feldman for
their valuable technical support in the experiments, and Ms Jaquelina Mastantuono,
who gently reviewed the style of this manuscript. This study was partially supported
by the SLAMS grant for basic research.

REFERENCES
1 Kannel WB, McGee DL. Diabetes and cardiovascular disease: the

Framingham study. J Am Med Assoc 1979; 241: 2035–2038.
2 Haffner SM, Lehto S, Ronnemaa T, Pyorala K, Laakso M. Mortality from coronary

heart disease in subjects with type 2 diabetes and in non-diabetic subjects with
and without prior myocardial infarction. N Engl J Med 1998; 339: 229–234.

3 Grundy SM, Benjamin IJ, Burke GL, Chait A, Eckel RH, Howard BV et al. Diabetes
and cardiovascular disease: a statement for health professionals from the Amer-
ican Heart Association. Circulation 1999; 100: 1134–1146.

4 Schachinger V, Britten MB, Zeiher AM. Prognostic impact of coronary vasodilator
dysfunction on adverse long-term outcome of coronary heart disease. Circulation
2000; 101: 1899–06.

5 Yasmin, O’Shaughnessy KM. Genetics of arterial structure and function: towards
new biomarkers for aortic stiffness? Clin Sci (Lond) 2008; 114: 661–677.

6 Cernes R, Zimlichman R, Shargorodsky M. Arterial elasticity in cardiovascular
disease: focus on hypertension, metabolic syndrome and diabetes. Adv Cardiol
2008; 45: 65–81.

7 Busija DW, Miller AW, Katakam P, Erdös B. Insulin resistance and associated
dysfunction of resistance vessels and arterial hypertension. Minerva Med 2005; 96:
223–232.

8 Hayden MR, Sowers JR, Tyagi SC. The central role of vascular extracellular matrix
and basement membrane remodeling in metabolic syndrome and type 2 dia-
betes: the matrix preloaded. Cardiovasc Diabetol 2005; 4: 9.

9 Izzard AS, Rizzoni D, Agabiti-Rosei E, Heagerty AM. Small artery structure and
hypertension: adaptive changes and target organ damage. J Hypertens 2005; 23:
247–250.

10 Kovanecz I, Nolazco G, Ferrini MG, Toblli JE, Heydarkhan S, Vernet D et al. Early
onset of fibrosis within the arterial media in a rat model of type 2 diabetes
mellitus with erectile dysfunction. BJU Int 2009; 103: 1396–1404.

11 Burnett AL, Strong TD, Trock BJ, Jin L, Bivalacqua TJ, Musicki B. Serum biomarker
measurements of endothelial function and oxidative stress after daily dosing of
sildenafil in type 2 diabetic men with erectile dysfunction. J Urol 2009; 181:
245–251.

12 Muñoz MC, Giani JF, Dominici FP, Turyn D, Toblli JE. Long-term treatment with an
angiotensin II receptor blocker decreases adipocyte size and improves insulin
signaling in obese Zucker rats. J Hypertens 2009; 27: 2409–2420.

13 Ferrini MG, Rivera S, Moon J, Vernet D, Rajfer J, Gonzalez-Cadavid NF. The genetic
inactivation of inducible nitric oxide synthase (iNOS) intensifies fibrosis and oxi-
dative stress in the penile corpora cavernosa in type 1 diabetes. J Sex Med 2010; 7:
3033–3044.

14 Michel T, Vanhoutte PM. Cellular signaling and NO production. Pflugers Arch 2010;
459: 807–816.

15 Burut DF, Borai A, Livingstone C, Ferns G. Serum heat shock protein 27 antigen
and antibody levels appear to be related to the macrovascular complications

associated with insulin resistance: a pilot study. Cell Stress Chaperones 2010; 15:
379–386.

16 Goldstein I, Lue TF, Padma-Nathan H, Rosen RC, Steers WD, Wicker PA. Oral
sildenafil in the treatment of erectile dysfunction. N Engl J Med 1998; 338:
1397–1404.

17 Ballard SA, Gingell CJ, Tang K, Turner LA, Price ME, Naylor AM. Effects of sildenafil
on the relaxation of human corpus cavernosum tissue in vitro and on the activ-
ities of cyclic nucleotide phosphodiesterase isozymes. J Urol 1998; 159:
2164–2171.

18 Boolell M, Allen MJ, Ballard SA, Gepi-Attee S, Muirhead GJ, Naylor AM et al. Sil-
denafil. an orally active type 5 cyclic GMP-specific phosphodiesterase inhibitor for
the treatment of penile erectile dysfunction. Int J Impot Res 1996; 8: 47–52.

19 Beavo JA. Cyclic nucleotide phosphodiesterases: functional implications of
multiple isoforms. Physiol Rev 1995; 75: 725–748.

20 Aversa A, Bruzziches R, Pili M, Spera G. Phosphodiesterases type 5 inhibitor drugs
in the treatment of erectile dysfunction. Curr Pharm Des 2006; 12: 3467–3484.

21 Behr-Roussel D, Gorny D, Mevel K, Caisey S, Bernabe J, Burgess G et al. Chronic
sildenafil improves erectile function and endothelium dependent cavernosal
relaxations in rats: lack of tachyphylaxis. Eur Urol 2005; 47: 87–91.

22 Rosano GM, Aversa A, Vitale C, Fabbri A, Fini M, Spera G. Chronic treatment with
tadalafil improves endothelial function in men with increased cardiovascular risk.
Eur Urol 2005; 47: 214–222.

23 Bray GA. The Zucker-fatty rat: a review. Fed Proc 1977; 36: 148–153.
24 Kava R, Greenwood MR, Johnson PR. Zucker (fa/fa) rats. ILAR News 1990; 32: 4–8.
25 Kurtz TW, Morris RC, Pershadsingh HA. The Zucker fatty rat as a genetic model of

obesity and hypertension. Hypertension 1989; 13: 896–901.
26 Toblli JE, Cao G, Lombraña A, Rivero M. Functional and morphological improve-

ment in erectile tissue of hypertensive rats by long-term combined therapy with
phosphodiesterase type 5 inhibitor and losartan. J Sex Med 2007; 4: 1291–1303.

27 Toblli JE, Cao G, Casabé AR, Bechara AJ. Effects of ACE inhibition and beta-
blockade on female genital structures in spontaneously hypertensive rats. J Sex
Med 2007; 4: 1593–1603.

28 Toblli JE, Stella I, Mazza ON, Ferder L, Inserra F. The effect of different anti-
hypertensive drugs on cavernous tissue in experimental chronic renal insuffi-
ciency. J Nephrol 2006; 19: 419–428.

29 Toblli JE, Cao G, Casas G, Mazza ON. In vivo and in vitro effects of nebivolol on
penile structures in hypertensive rats. Am J Hypertens 2006; 19: 1226–1232.

30 Ryu JK, Lee T, Kim DJ, Park IS, Yoon SM, Lee HS et al. Free radical-scavenging
activity of Korean red ginseng for erectile dysfunction in non-insulin-dependent
diabetes mellitus rats. Urology 2005; 65: 611–615.

31 Niehaus W, Samuelson B. Formation of malondialdehyde from phospholipids
arachidonate during microsomal lipid peroxidation. Eur J Biochem 1968; 6:
126–130.

32 Paoletti F, Aldinucci D, Mocall A, Caparrini A. A sensitive spectrophotometric
method for the determination of superoxide dismutase activity in tissue extracts.
Anal Biochem 1986; 154: 536–541.

33 Toblli J, Cao G, Rivas C, Munoz M, Giani J, Dominici F et al. Cardiovascular
protective effects of nebivolol in Zucker diabetic fatty rats. J Hypertens 2010; 28:
1007–1019.

34 Chance B, Maehly A. Assay of catalase and peroxidase. In: Colowick SP,
Kaplan NO (eds). Methods in Enzymology Vol. 2. New York: Academic Press; 1955,
pp. 764–768.

35 Lowry O, Rosebrough N, Farr A, Randall R. Protein measurement with the
Folin-phenol reagent. J Biol Chem 1954; 193: 265–275.

36 Giani JF1, Gironacci MM, Muñoz MC, Peña C, Turyn D, Dominici FP. Angiotensin-
(1 7) stimulates the phosphorylation of JAK2, IRS-1 and Akt in rat heart in vivo:
role of the AT1 and Mas receptors. Am J Physiol Heart Circ Physiol 2007; 293:
H1154–H1163.

37 Allen DA, Yaqoob MM, Harwood SM. Mechanisms of high glucose-induced
apoptosis and its relationship to diabetic complications. J Nutr Biochem 2005; 16:
705–713.

38 Maiese K, Chong ZZ, Shang YC. Mechanistic insights into diabetes mellitus and
oxidative stress. Curr Med Chem 2007; 14: 1729–1738.

39 Pacher P, Szabo C. Role of poly (ADP-ribose) polymerase-1 activation in the
pathogenesis of diabetic complications: Endothelial dysfunction, as a common
underlying theme. Antioxid Redox Signal 2005; 7: 1568–1580.

40 Du X, Matsumura T, Edelstein D, Rossetti L, Zsengeller Z, Szabo C et al. Inhibition
of GAPDH activity by poly (ADP-ribose) polymerase activates three major path-
ways of hyperglycemic damage in endothelial cells. J Clin Invest 2003; 112:
1049–1057.

41 Mokini Z, Marcovecchio ML, Chiarelli F. Molecular pathology of oxidative stress
in diabetic angiopathy: Role of mitochondrial and cellular pathways. Diabetes Res
Clin Pract 2010; 87: 313–321.

42 Ischiropoulos H, Zhu L, Beckman JS. Peroxynitrite formation from macrophage-
derived nitric oxide. Arch Biochem Biophys 1992; 298: 446–451.

PDE5i and cavernous tissue in Zucker diabetic fatty
JE Toblli et al

189

© 2015 Macmillan Publishers Limited International Journal of Impotence Research (2015), 182 – 190



43 Kooy NW, Royall JA. Agonist-induced peroxynitrite production from endothelial
cells. Arch Biochem Biophys 1994; 310: 352–359.

44 Heeba G, Moselhy ME, Hassan M, Khalifa M, Gryglewski R, Malinski T.
Anti-atherogenic effect of statins: role of nitric oxide, peroxynitrite and haem
oxygenase-1. Br J Pharmacol 2009; 156: 1256–1266.

45 Vignozzi L, Filippi S, Comeglio P, Cellai I, Sarchielli E, Morelli A et al. Nonalcoholic
steatohepatitis as a novel player in metabolic syndrome-induced erectile dys-
function: an experimental study in the rabbit. Mol Cell Endocrinol 2014; 384:
143–154.

46 Marchesini G, Bugianesi E, Forlani G, Cerrelli F, Lenzi M, Manini R et al. Nonalco-
holic fatty liver, steatohepatitis, and the metabolic syndrome. Hepatology 2003;
37: 917–923.

47 Toblli JE, Muñoz MC, Cao G, Mella J, Pereyra L, Mastai R. ACE inhibition and AT1
receptor blockade prevent fatty liver and fibrosis in obese Zucker rats. Obesity
(Silver Spring) 2008; 16: 770–776.

48 Marques-Vidal P, Bastardot F, von Känel R, Paccaud F, Preisig M, Waeber G et al.
Association between circulating cytokine levels, diabetes and insulin resistance
in a population-based sample (CoLaus study). Clin Endocrinol (Oxf) 2013; 78:
232–241.

49 Taube A, Schlich R, Sell H, Eckardt K, Eckel J. Inflammation and metabolic
dysfunction: links to cardiovascular diseases. Am J Physiol Heart Circ Physiol 2012;
302: H2148–H2165.

50 Carneiro FS, Webb RC, Tostes RC. Emerging role for TNF-α in erectile dysfunction.
J Sex Med 2010; 7: 3823–3834.

51 Carneiro FS, Zemse S, Giachini FR, Carneiro ZN, Lima VV, Webb RC et al. TNF-alpha
infusion impairs corpora cavernosa reactivity. J Sex Med 2009; 6: 311–319.

52 Elçioğlu HK, Kabasakal L, Özkan N, Çelikel Ç, Ayanoğlu-Dülger G. A study com-
paring the effects of rosiglitazone and/or insulin treatments on streptozotocin
induced diabetic (type I diabetes) rat aorta and cavernous tissues. Eur J Pharmacol
2011; 660: 476–484.

53 Hotston MR, Jeremy JY, Bloor J, Koupparis A, Persad R, Shukla N. Sildenafil inhibits
the up-regulation of phosphodiesterase type 5 elicited with nicotine and tumour
necrosis factor-alpha in cavernosal vascular smooth muscle cells: mediation by
superoxide. BJU Int 2007; 99: 612–618.

54 Chen Y, Li XX, Lin HC, Qiu XF, Gao J, Dai YT et al. The effects of long-term
administration of tadalafil on STZ-induced diabetic rats with erectile dysfunction
via a local antioxidative mechanism. Asian J Androl 2012; 14: 616–620.

55 Bivalacqua TJ, Sussan TE, Gebska MA, Strong TD, Berkowitz DE et al. Sildenafil
inhibits superoxide formation and prevents endothelial dysfunction in a mouse
model of secondhand smoke induced erectile dysfunction. J Urol 2009; 181:
899–906.

56 Morelli A, Comeglio P, Filippi S, Sarchielli E, Vignozzi L, Maneschi E et al.
Mechanism of action of phosphodiesterase type 5 inhibition in metabolic
syndrome-associated prostate alterations: an experimental study in the rabbit.
Prostate 2013; 73: 428–441.

57 Vignozzi L, Gacci M, Cellai I, Morelli A, Maneschi E et al. PDE5 inhibitors blunt
inflammation in human BPH: a potential mechanism of action for PDE5 inhibitors
in LUTS. Prostate 2013; 73: 1391–1402.

58 Calderwood SK, Murshid A, Prince T. The shock of aging: molecular chaperones
and the heat shock response in longevity and aging--a mini-review. Gerontology
2009; 55: 550–558.

59 Hall L, Martinus RD. Hyperglycaemia and oxidative stress upregulate HSP60 &
HSP70 expression in HeLa cells. Springerplus 2013; 2: 431.

PDE5i and cavernous tissue in Zucker diabetic fatty
JE Toblli et al

190

International Journal of Impotence Research (2015), 182 – 190 © 2015 Macmillan Publishers Limited


