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Abstract
Basal release of nitric oxide from endothelial cells modulates contractile activity in the cor-

pus cavernosum via inhibition of the RhoA/Rho-kinase signaling pathway. We aimed to

investigate nitric oxide bioavailability, oxidative stress and the Rho-kinase pathway in the

relaxation of the corpus cavernosum of an obese and diabetic model of mice (db/db mice).

We hypothesized that in db/db mice impaired relaxation induced by Rho-kinase inhibitor is

accompanied by diminished NO bioavailability, increased oxidative stress and upregulation

of the RhoA/Rho-kinase signalling pathway. Cavernosal strips from male lean and non-dia-

betic db/+ and db/db mice were mounted in myographs and isometric force in response to

Rho-kinase inhibitor Y-27632 was recorded. Enzyme activity and protein expression of oxi-

dative stress markers and key molecules of the RhoA/Rho-kinase pathway were analyzed.

The Rho-kinase inhibitor Y-27632 concentration-dependently caused corpus cavernosum

relaxation and inhibited cavernosal contractions. Nonetheless, a rightward shift in the

curves obtained in corpus cavernosum of db/db mice was observed. Compared to db/+, this

strain presented increased active RhoA, higher MYPT-1 phosphorylation stimulated by

phenylephrine, and increased expression of ROKα and Rho-GEFs. Further, we observed

normal expression of endothelial and neuronal NOS in corpus cavernosum of db/db mice.

However, nitrate/nitrate (NOx) levels were diminished, suggesting decreased NO bioavail-

ability. We measured the oxidant status and observed increased lipid peroxidation, with

decreased SOD activity and expression. In conclusion, our data demonstrate that in db/db

mice, upregulation of the RhoA/Rho-kinase signalling pathway was accompanied by

decreased NO bioavailability and increased oxidative stress contributing to impaired relaxa-

tion of the corpus cavermosum of db/db mice.
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Introduction
Penile erection is achieved by cavernosal smooth muscle relaxation and nitric oxide (NO) has
been considered the main mediator of this relaxation.[1] Nerve- and endothelium- released
NO targets soluble guanylyl cyclase in the corpus cavernosum (CC), thus increasing cGMP lev-
els, which activate protein kinase G (PKG). Activated PKG decreases intracellular levels of cal-
cium causing smooth muscle relaxation. [1–4] The penis is kept in the flaccid state because of
adrenergic activation, and in the absence of an active NO/cGMP pathway, the cavernosal
smooth muscle remains in the contracted state. This is mediated by the effects of noradrenaline
released from sympathetic nerves and prostaglandin F2α and endothelin from the endothe-
lium, increasing intracellular calcium concentration. [1, 5, 6] In addition, the RhoA/Rho-kinase
pathway plays an important role in maintenance of penile flaccidity. Its upregulation has been
associated with erectile dysfunction. [7–9]

Erectile dysfunction is described as a persistent inability to achieve and/or maintain penile
erection for satisfactory sexual intercourse and it is also associated with several disorders such
as arterial hypertension, atherosclerosis, hypercholesterolemia, diabetes, obesity, metabolic
syndrome, sleep apnea, cigarette smoking and aging. [10–18] Also, these disorders often
diminish NO bioavailability. One of the main causes of reduced NO bioavailability is oxidative
stress. Oxidative stress increases the level of reactive oxygen species (ROS), which react with
NO and prevent the binding of NO to its target.

In the last decade, there have been a growing number of studies focused on oxidative stress
and cardiovascular disease. ROS are continuously formed as a product of cellular metabolism.
In the healthy state, there is a balance between ROS production and elimination, which is per-
formed by enzymatic and non-enzymatic antioxidants agents such as SOD, catalase, peroxi-
dase, and vitamins C and E. Oxidative stress occurs when the antioxidant capacity is
diminished and/or ROS production is increased, causing an imbalance between ROS produc-
tion and elimination in favour of their production. Beyond NO inactivation, ROS also binds to
lipids and proteins, causing cellular damage through lipid and protein oxidation. [12, 19] ROS
have been shown to be involved in several cardiovascular diseases, and is associated with
increased NADPH oxidase expression and activity. [20]

We have previously demonstrated that the basal release of endothelial NO plays an essential
role in the maintenance of erectile function, as its deficiency causes amplification of the RhoA/
Rho-kinase pathway. [21] Additionally, we have recently shown increased NADPH oxidase
and impaired NO-induced relaxation in db/db mice. [22] Thus, we hypothesized that RhoA/
Rho-kinase signalling pathway might be upregulated in db/db mice. Herein, we found impaired
relaxation induced by Rho-kinase inhibitor, which was accompanied by diminished NO bio-
availability, increased oxidative stress and increased expression/activity of the proteins related
to RhoA/Rho-kinase pathway.

Methods

Animals
All experimental procedures were conducted in accordance with institutional guidelines and
approved by the Georgia Regents University Institutional Animal Care and Use Committee.
Male C57BL/KsOlaHsd-leprdb/leprdb mice (db/db, mice with obesity and type II diabetes
caused by a leptin receptor mutation) and their lean, non-diabetic heterozygote (db/+) C57bl/
6kso littermates (14–16 weeks old, Harlan, Indianapolis, IN, USA) were used in all experi-
ments. Animals were housed in temperature-controlled facilities on a 12-hour light-dark cycle
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with ad libitum food and water access. Before sacrifice, arterial blood was collected from the
abdominal aorta to NOx and 8-isoprostane levels and SOD activity measurements.

Functional studies
The animals were stunned by inhalation of CO2, sacrificed by decapitation and exsanguinated.
The penises were surgically removed and placed in chilled physiological buffer of the following
composition (mmol/L): NaCl, 130; NaHCO3, 14.9; dextrose, 5.5; KCl, 4.7; KH2PO4, 1.18;
MgSO47H2O, 1.17 and CaCl22H2O, 1.6. Following removal of the glans penis and urethra, the
penile tissue was cleaned from connective and adventitial tissues and the fibrous septum sepa-
rating the corpora cavernosa was opened from its proximal extremity towards the penile shaft.
A slit was made in the tunica albuginea along the shaft to obtain two strips (11x1x1 mm) of
corpus cavernosum (CC) from each animal. Each strip was mounted in a myograph for isomet-
ric force recording (Danish Myograph Technology, Aarhus, Denmark) coupled to a PowerLab
8/SP™ data acquisition system (software Chart 5.0, ADInstruments, Colorado Springs, U.S.A.).
The bathing solution was maintained at 37°C and continuously aerated with 95% O2 and 5%
CO2. Tissues were allowed to equilibrate for 45 min under a resting tension of 2 mN. Repetitive
supramaximal transmural electrical field stimulation (EFS) of autonomic nerves was delivered
via platinum pin electrodes placed on either side of the cavernosal strips. Electrodes were
attached to a stimulus splitter unit (Stimu-Splitter II), which was connected to a Grass S88
stimulator (Astro-Med Industrial Park, U.S.A.).

After equilibration, the ability of the preparations to develop contraction was assessed in
80 mmol/L K+-substituted physiological buffer. Next, endothelial function was assessed by
applying acetylcholine (ACh, 10 μmol/L) to strips contracted with phenylephrine (PE,
10 μmol/L). The relaxation induced by the Rho-kinase inhibitor Y-27632 (0.01–30 μmol/L)
was obtained by cumulative concentration-response curves in PE-precontracted CC (10 μmol/
L). In the other strip, EFS-induced contraction (16 Hz) was evaluated in the absence or in the
presence of increasing concentrations of Y-27632 (0.01–30 μmol/L). EFS-induced contractions
were calculated as a percentage of the maximal contraction induced by KCl (80 mmol/L) and
were made in the presence of the NOS inhibitor L-NAME (100 μmol/L) and in the presence of
the muscarinic receptor antagonist atropine (1 μmol/L). EFS (16 Hz) was applied in strips
placed between two platinum ring electrodes connected to a Grass S88 stimulator (Astro-Med
Industrial Park, RI, USA). EFS was conducted at 20 V, 1 ms pulse width and trains of stimuli
lasting 10 sec for each frequency.

Serum/Plasma, urine and tissue collection
Samples of urine and serum or plasma were collected and used for determination of NOx lev-
els, 8-isoprostane levels and SOD activity. Homogenates of corpus cavernosum were used to
measure 8-isoprostane levels and SOD activity.

Briefly, immediately after arterial blood collection (with or without EDTA as appropriate
for plasma or serum samples, respectively), samples were centrifuged (1,000g) for 10 min at
4°C. The top yellow serum layer was collected without disturbing the white buffy layer and fro-
zen at –80°C. Urine was collected through the insertion of a needle in the bladder and aspirated
using a syringe. Samples were promptly frozen at −80°C. After excising and cleaning the
penises as described in the section above, samples of corpus cavernosum were immediately fro-
zen at −80°C. On the day of the experiment, tissue homogenates were processed as described in
the instructions included in SOD and 8-iso-PGF2α assay kits. The assays were performed in
duplicates using different sample dilutions.
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SOD activity determination
Prior to SOD activity determination, serum was diluted (1:5) with sample buffer. Tissue
homogenate was obtained after maceration of the cleaned penis. Macerate was homogenized in
5–10 mL of cold HEPES buffer (20 mmol/L), containing EGTA (1 mmol/L), mannitol (210
mmol/L) and sucrose (70 mmol/L). After centrifugation (1,500 x g, five minutes, at 4°C), super-
natant was collected and kept on ice for assay.

SOD activity was measured using a SOD Assay Kit (Cayman Chemical, Ann Arbor, MI)
according to the manufacturer’s instructions. SOD activity is assessed by measuring the dismu-
tation of superoxide radicals generated by xanthine oxidase and hypoxanthine.

Determination of 8-isoprostane levels
Prior to determination of 8-isoprostane, macerate of corpus cavernosum was homogenized in
homogenization buffer (1 ml/100 mg tissue). After centrifugation (8,000 x g, 10 minutes),
supernatant was transferred to a clean tube. Determination of 8-isoprostane levels was made
after alkaline hydrolysis of plasma and tissue-extracted supernatant. 8-iso-PGF2α is the main
biologically active isoprostane produced by non-enzymatic peroxidation of arachidonic acid in
membrane phospholipids. It circulates in plasma in two distinct forms, esterified phospholipids
and as the free acid, in a ratio of approximately 2:1. Determination of 8-iso-PGF2α levels was
done using 8-isoprostrane EIA kit (Cayman Chemical, Ann Arbor, MI) according to the manu-
facturer’s instructions.

NOx levels determination
Prior to NOx levels determination, urine was diluted in assay buffer (1:10). Plasma samples
were ultrafiltered using a 10 kDa molecular weight cut-off filter. Nitrate and nitrate are the
final products of produced NO and measurement of total nitrate/nitrate is the best index of
total NO production. The Nitrate/Nitrite assay kit (Cayman Chem, Ann Arbor, MI) is per-
formed by a two step process, first converting nitrate to nitrite and second using the Griess
reagent that converts nitrite to a deep purple azo compound, which is measured colorimetri-
cally. NOx levels determination was done according to the manufacturer’s instructions.

Western blot analysis
The CC muscle strips were homogenized in a lysing buffer containing 40 mmol/L HEPES, 1%
Triton X-100, 10% glycerol, 1 mmol/L Na3VO4 and 1 mmol/L phenylmethylsulfonyl fluoride.
The tissue lysate was centrifuged at 10,000 g and the supernatant was collected. The protein
concentration was determined using a BCA protein assay kit. An aliquot of 40 μg protein from
each sample was loaded per lane and resolved by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) under reducing conditions. Proteins were subsequently transferred onto nitrocel-
lulose membranes (BioRad, Hercules, U.S.A.). Membranes were blocked by treatment with 5%
milk in Tris-buffered saline containing 0.05% tween 20, and probed with antibodies against the
protein of interest as follow: eNOS (1:1000), nNOS (1:4000), Cu/Zn SOD (1:1000), Mn SOD
(1:1000), RhoA (1:200), Rho-kinase α (1:500), Rho-kinase β (1:200), RhoGDI (1:2000),
PDZ-RhoGEF (1:500), p115RhoGEF (1:200), p190RhoGAP (1:200), LARG (1:200), MYPT-1
(1:1000) and pMYPT-1 (1:1000). Next, membrane was incubated with a horseradish peroxi-
dase-conjugated secondary antibody. Immunoreactivity was detected by enhanced chemilumi-
nescence autoradiography and the protein expression was normalized to β-actin content.
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Corpora cavernosa membrane protein isolation
Briefly, CC tissues were pulverized, homogenized in lysis extraction buffer (100 mmol/L
Tris−HCl, 1 mmol/L EDTA and 1 mmol/L EGTA containing phenylmethylsulfonyl fluoride
(PMSF), protease inhibitor and phosphatase inhibitors), and centrifuged at 100.000g for
20 min at 4°C. Supernatant was collected as cytosolic fraction, and pellet was suspended in
extraction buffer containing 1% Triton X-100 to obtain the membrane fraction. Protein was
estimated using a commercially available kit from Bio Rad (Hercules, CA), and equal
amounts of protein were loaded for Western blot, performed as described above.

Drugs and solutions
Acetylcholine, atropine, Nω-Nitro-L-arginine methyl ester hydrochloride (L-NAME), PE and
Y-27632 were purchased from Sigma Chemical Co. (St. Louis, U.S.A.). The antibodies against
RhoA, Rho-kinase α and β isoforms, MYPT1 and p-MYPT1 were obtained from BD Biosci-
ences (San Diego, CA, U.S.A.). The antibodies against RhoGAP, RhoGDI, RhoGEFs, were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.). The antibodies against
sGC α and β, PDE5, nNOS, CuZn SOD, Mn SOD and HuR were obtained fromMillipore (Bil-
lerica, MA, U.S.A.). All other reagents used were of analytical grade. Stock solutions were pre-
pared in deionized water and stored in aliquots at -20°C; dilutions were made up immediately
before use.

Data analysis
Relaxation responses are expressed as percentage of PE-induced maximum contraction. Curves
were fitted to all the data using non-linear regression and half-maximum response (pEC50) to
each drug expressed as–log molar (mol/L) was used to compare potency. All data were
expressed as means ± S.E.M. of n experiments. The statistical significance of all differences
between mean values was calculated using one-way ANOVA followed by Bonferroni’s post hoc
test. (GraphPAD Software, version 6.00, San Diego, U.S.A.) Pearson correlation analysis was
used to establish the relationship between the Rho-kinase signaling pathway and oxidative sta-
tus while Forward Stepwise Regression was applied to predict the relationship between SOD
expression in CC and predictor variables (IBM SPSS Statistics for Windows (version 20.0);
IBM Corp., IBM Analytics, U.S.A). To reject the null hypothesis a level of p�0.05 was consid-
ered to be statistically significant.

Results

RhoA/Rho-kinase pathway in the relaxation of the corpus cavernosum of
diabetic mice
Concentration-response curves for the Rho-kinase inhibitor Y-27632 (0.01–30 μM; n = 6) were
obtained in CC strips of lean and diabetic mice. The potency (pEC50) of the relaxation induced
by Y-27632 was significantly decreased in diabetic mice (pEC50: 5.51 ± 0.05) compared to lean
mice (pEC50: 5.99 ± 0.02). No significant differences were seen in maximal responses (Fig 1A).
In addition, EFS (16 Hz, in the presence of L-NAME and atropine) caused contraction of the
CC which in basal conditions (represented on the graph by B in the x axis), was similar between
the strains. Addition of cumulative concentrations of Y-27632 reduced (in a concentration-
dependent manner) the magnitude of EFS-induced contraction. However, the magnitude of
the inhibition produced by Y-27632 was reduced in db/db mice (pEC50: 5.59 ± 0.04) in com-
parison to db/+ mice (pEC50: 5.98 ± 0.05; Fig 1B).
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Fig 1. A) Relaxation response induced by the Rho-kinase inhibitor, Y-27632, in cavernosal tissue of db/+ and db/db mice pre-
contracted with phenylephrine (PE 10 μmol/l); B) Inhibition of the electrical field stimulation-induced contraction in the absence
(B) or in the presence of increasing concentrations of Y-27632 (EFS 16 Hz; Y-27632 0.01–30 μmol/l). C) Protein expression of
RhoA in the corpora cavernosa of db/+ and db/db mice. Increased levels of active RhoA (membrane fraction) were observed
in db/db compared db/+ mice. Densitometry values were normalized to β-actin and expressed as the fold increase of control
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Therefore, we evaluated membrane/cytosolic expression ratio of RhoA in the corpora caver-
nosa, which is an index of its activity. An increase in the membrane fraction of RhoA of db/db
mice was observed, as shown in Fig 1C. Further, we measured the levels of phosphorylated
MYPT-1, which is the target of Rho-kinase. MYPT-1 phosporylation was induced by the addi-
tion of phenylephrine (10 μmol/L) to the corpus cavernosum. Phenylephrine caused an
increase in the levels of pMYPT-1 in both strains. However, this increase was significantly
higher in the corpus cavernosum of db/db mice. Addition of the Rho-kinase inhibitor Y-27632
totally prevented the phosporylation of MYPT-1 in db/+ mice, while it was only partially
diminished in the corpus cavernosum of db/db mice (Fig 1D).

Further, we measured the expression of proteins and enzymes of the Rho-kinase pathway in
the corpus cavernosum of db/+ and db/db mice. No differences were seen in the expression of
RhoA, RhoGDI, ROKβ and p190Rho-GEF between the strains (data not shown). However,
increased expression of ROKα, p115Rho-GEF, PDZ-RhoGEF and LARG was observed in the
corpus cavernosum of db/db mice (Fig 2).

NO/sGC/cGMP pathway in the relaxation of the corpus cavernosum of
diabetic rats
KCl (80 mmol/L)-induced contractions were not significantly different in CC between strains
(db/+: 2.5 ± 0.2 mN, db/db: 2.0 ± 0.3 mN, n = 6 per group). Isolated cavernosal segments were
contracted with PE (10 μmol/L), which achieved 70–80% of KCl-induced maximum contrac-
tion. There was no significant difference in PE-induced contraction between strains (data not
shown).

Endothelium integrity was assessed by a single concentration of acetylcholine (10 μmol/L).
A lower relaxation induced by 10 μmol/L of acetylcholine was observed in db/db mice (data
not shown).

The expression of either neuronal or endothelial nitric oxide synthase was not different
between the groups (Fig 3A and 3B). Nevertheless, NOx levels were significantly diminished in
plasma and urine of diabetic mice (Fig 3C). Additionally, the expression of both subunits of
sGC (Fig 4A and 4B), HuR and PDE5 (Fig 4C and 4D) was similar between the strains.

Lipid peroxidation evaluation
Next, we evaluated lipid peroxidation by measuring 8-isoprostane levels. In db/db mice,
increased levels of 8-isoprostane were observed in corpus cavernosum (db/+: 59 ± 4; db/db:
73 ± 4 pg/mg; Fig 5A), plasma (db/+:33 ± 11; db/db: 91 ± 6 pg/ml; Fig 5B) and urine (db/+:133
± 9; db/db: 258 ± 11 pg/ml; Fig 5C).

SOD activity and expression evaluation
SOD activity was measured in either corpus cavernosum or serum while protein expression of
the Cu/Zn SOD and Mn SOD was measured only in the corpora cavernosa. In db/db mice, it
was observed decreased activity of total SOD (panel 6A and 6B) and expression of both sub-
units (Fig 6C and 6D).

db/+ mice. D) Phenylephrine (PE; 10 μmol/L) induced phosphorylation of MYPT-1. It was observed a higher magnitude of
phosphorylation in db/db mice, compared to the db/+ mice. In the presence of Y-27632, MYPT-1 phosporylation was quite
inhibited in db/+ mice and only partially inhibited in db/db mice. All data represents the mean ± S.E.M. of 4–6 experiments per
group. *P<0.05 and **P<0.01, compared to db/+ mice; aP< 0.05 compared to the respective control; aa P< 0.01 compared to
the respective control; bP< 0.05, compared to PE only.

doi:10.1371/journal.pone.0156030.g001
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Fig 2. Increased protein expression of Rho-kinase α and RhoGEFs subunits p115RhoGEF, PDZ-RhoGEF and LARG in the corpora
cavernosa of db/dbmice.Data represents the mean ± S.E.M. of 4–6 experiments per group. *P<0.05 and **P<0.01, compared to db/+
mice.

doi:10.1371/journal.pone.0156030.g002
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Correlation between oxidative status and Rho-kinase pathway
Pearson correlation and forward stepwise Regression were performed in order to evaluate the
interaction between oxidative status and Rho-kinase pathway. It was observed several associa-
tions among variables of the study, suggesting a cross-talk between these pathways. There was
a marked negative correlation between ROCKα and SOD activity on serum (S1 Fig). Further,

Fig 3. Protein expression of eNOS (Panel A) and nNOS (panel B) were similar in the CC of db/+ and db/dbmice. Panel C shows
decreased plasma and urine levels of nitrite/nitrate (NOx) in db/db mice compared to db/+. Data represents the mean ± S.E.M. of 4–6
experiments. *P<0.05 and **P<0.01, compared to the db/+ mice.

doi:10.1371/journal.pone.0156030.g003
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Fig 4. Protein expression of sGCα (Panel A), sGCβ (panel B), HuR (Panel C) and PDE5 (Panel D) were similar in the CC of db/
+ and db/dbmice.Data represents the mean ± S.E.M. of 4–6 experiments.

doi:10.1371/journal.pone.0156030.g004
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Fig 5. Increased lipid peroxidation, measured by formation of 8-isoprostane, in CC (Panel A), plasma
(Panel B) and urine (Panel C) of db/dbmice compared to db/+.Data represents the mean ± S.E.M. of 4–6
experiments *P<0.05 and **P<0.01, compared to db/+ mice.

doi:10.1371/journal.pone.0156030.g005
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regression test showed that the db/db strain is the determinant factor of the diminished expres-
sion of SOD in the CC (S2 Fig). These data and statistical analysis were shown in supporting
information file.

Discussion
In this study, we tested the hypothesis that impaired corpus cavernosum reactivity induced by
the Rho-kinase inhibitor might be accompanied by upregulation of the Rho-kinase signalling

Fig 6. Decreased activity of the antioxidant enzyme SOD in the corpus cavernosum (Panel A) and serum (Panel B) of db/dbmice
compared to db/+ mice. Protein expression of CuZn (Panel C) and Mn SOD (Panel D) measured by western blot were diminished in the
CC of db/db mice. Data represents the mean ± S.E.M. of 4–6 experiments. *P<0.05 and **P<0.01, compared to db/+ mice.

doi:10.1371/journal.pone.0156030.g006
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pathway, decreased NO bioavailability and increased oxidative stress in db/db mice. First, we
evaluated the relaxation induced by the Rho-kinase inhibitor, Y-27632. In corpus cavernosum
of db/db mice, we observed decreased potency in the relaxing response to Y-27632. Similarly,
the inhibition produced by Y-27632 on the EFS-induced contraction was right-shifted in this
strain, which is suggestive of an upregulation of the expression and/or activity of Rho-kinase
and its regulatory proteins. Thus, we further evaluated the activity and expression of proteins
involved in the RhoA/Rho-kinase signalling pathway. Activation of RhoA begins with activa-
tion by a contractile stimulus via G-protein coupled receptors. Inactive RhoA is bound to
RhoGDI (Rho-guanine dissociation inhibitor) in the cytosol. RhoA activation is catalyzed by
guanine nucleotide exchange factors (Rho-GEFs) and induces the dissociation of RhoA from
RhoGDI. Next, RhoA translocates from the cytosol to the membrane, which, in turn, activates
the Rho-kinase. Rho-kinase inhibits myosin light chain phosphatase activity by phosphorylat-
ing the regulatory subunit MYPT-1, and it enhances the contractile response. [23, 24] There-
fore, we measured the expression of membrane and cytosolic fractions of RhoA, as an index of
its activity, as previously described. [25–27] Membrane fraction of RhoA was increased in db/
db mice, indicating that RhoA is more active in this strain. This finding corroborates the
increased RhoA translocation to the membrane in streptozotocin-induced diabetic mice. [27]
We further measured MYPT-1 phosphorylation induced by adrenergic stimulation. Erectile
dysfunction associated to age, streptozotocin-induced diabetes and heart failure were shown to
exhibit increased basal levels of phosphorylated MYPT-1. [25, 27, 28] Unexpectedly, herein we
found similar basal levels of pMYPT-1 between the strains. It is possible that the phosphatase
which dephosphorylates MYPT-1 might be more active as a compensatory mechanism, keep-
ing unchanged the basal levels of pMYPT-1. On the other hand, phenylephrine induced
MYPT-1 phosphorylation in both strains, however, the magnitude of phosphorylation was
higher in db/db mice, corroborating the idea of increased activity of Rho-kinase in this strain.
In addition, the Rho-kinase inhibitor, Y-27632, was less effective to prevent MYPT-1 phos-
phorylation in db/db mice. It suggests that both RhoA and Rho-kinase are more active in db/
db mice. Further, expression of Rho-kinase α and RhoGEFs subunits (p115RhoGEF, pdzRho-
GEF and LARG) were increased in db/db mice. Together, these data demonstrate the upregula-
tion of the RhoA/Rho-kinase pathway in db/db mice. These results are in agreement with
others showing that this pathway is increased in several vascular disorders including erectile
dysfunction. [8, 29]

Additionally, we have previously shown that basal release of endothelial nitric oxide is nec-
essary to maintain the basal tonus of the corpus cavernosum, since in eNOS-/- mice there is an
overexpression of the Rho-kinase-associated proteins, favouring the flaccid state of the penis
and contributing to erectile dysfunction. [21] Further, we have recently shown a significant
reduction in the relaxation induced by ACh and EFS (but not the NO donor sodium nitroprus-
side—SNP) in db/db mice compared to the db/+ strain, showing that the NO/sGC/cGMP
pathway is impaired in db/db. [22] Other previous studies have shown similar results in db/db
mice and type-1 model of diabetes. [13, 30] To assess the NO/sGC/cGMP pathway herein, we
measured the protein expression of endothelial and neuronal NO synthase, sGC (α and β sub-
units), HuR (the sGC mRNA-stabilizing protein) and PDE5. Expression of the sGC, HuR and
PDE5 proteins were similar in both strains, suggesting that the downstream signalling pathway
of NO is preserved in db/db mice. It corroborates our recent study showing that BAY 41-2272-
(sGC stimulator) and SNP- induced relaxation was similar in db/+ and db/db mice. [22] In
addition, in the present study, both eNOS and nNOS expression were demonstrated to be simi-
lar between the strains. Nonetheless, NOx levels in plasma and urine were shown to be reduced
in db/db mice, suggesting decreased NO bioavailability in this strain.
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In our previous study, we showed impaired relaxation stimulated by ACh and EFS in db/db
mice, which corroborates the reduced levels of NOx. [22] Other previous study showed
reduced relaxation induced by ACh and EFS but not by SNP in high fat diet obese mice. [31]
Taken together, the expression of eNOS, nNOS, sGC, HuR and PDE5 as well as the NOx levels
suggest that although protein expression was not changed, NO bioavailability was reduced and
might be responsible via Rho-kinase pathway upregulation. A previous study reported erectile
dysfunction in obese Zucker rats compared to lean Zucker rats with no differences in the
expression of nNOS in the penile arteries in either strains. However, erectile dysfunction was
associated with nNOS uncoupling due to increased oxidative stress. [17] In non-obese type II
diabetic rats ED was not associated to nNOS expression changes. Nevertheless, in opposition
to our findings, this study reported that erectile dysfunction was associated with decreased
eNOS expression and phosphorylation at Ser1177. [32] In addition, it is well known that db/db
mice is highly insulin resistant and insulin seems to have a modulatory effect on the NOS activ-
ity. A recent study showed that in a model of insulin resistant rats, expression and activity of
NOS as well as NOx levels in paraventricular nucleus were significantly reduced. [33] On the
other hand, another study showed that in young spontaneously hypertensive rats, treatment
with insulin sensitizer pioglitazone does not change NOS expression and activity but improves
SOD activity. [34] Together, these data suggests that insulin resistance might be responsible by
decreased NO bioavailability, by either changing NOS or ROS. In Zucker rats with type 2 dia-
betes mellitus, treatment with low dose of pioglitazone prevents erectile dysfunction prior to
changes in the glucose levels, which suggests that the effects of PPAR-γ activation might be
beyond of insulin resistance improvement. [35]. On the other hand, in mice fed with high fat
diet, treatment with metformin restored insulin resistance and prevented erectile dysfunction.
[36] However, more studies are necessary to elucidate the role of insulin resistance in erectile
dysfunction.

Several studies have reported the relationship between ROS and ED in disorders such as
arterial hypertension, atherosclerosis, hypercholesterolemia, diabetes, sleep apnea, aging and
cigarette. [10–18] Herein, although NOS expression was not altered in db/db mice, decreased
NOx levels suggest diminished NO bioavailability and it might be caused by increased oxida-
tive stress. We have previously shown increased formation of superoxide anion, which was
accompanied by increased expression of NADPH oxidase subunits and decreased total antioxi-
dant status in db/db strain [22]. Here, we found diminished expression and activity of the anti-
oxidant enzyme SOD in db/db mice, which corroborates to the idea of increased superoxide
anion formation. Excess of superoxide anion production might be responsible by scavenge NO
to form peroxynitrite (ONOO-) [37] which may cause eNOS uncoupling [38] or lipid peroxi-
dation of cell membrane [39]. Indeed, we found increased levels of 8-isoprostane in tissue and
fluids of db/db mice. Measurement of 8-isoprostane was taken as an index of lipid peroxida-
tion, since 8-isoprostane is produced by non-enzymatic peroxidation of arachidonic acid in
membrane phospholipids. These findings are in agreement with previous studies showing
decreased SOD activity and increased lipid peroxidation in the CC of diabetic rats as well as in
hypertensive rats. [40, 41] When risk factors for cardiovascular disease are present, the
enhanced oxidative stress, demonstrated by higher expression of NADPH oxidase, increased
superoxide anion formation and eNOS uncoupling, might be the leading cause of erectile dys-
function. [42, 43] Altogether, these data support the idea that even with normal expression of
NOS in the corpus cavernosum of db/db mice, the lower levels and activity of the antioxidant
enzymes SOD contributes to increase superoxide anion levels, which decreases NO bioavail-
ability, increasing peroxynitrite levels, causing eNOS uncoupling and tissue damage by lipid
peroxidation which impairs corpus cavernosum relaxation and lead to erectile dysfunction.
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In addition, the association test suggested a cross-talk among variables in the RhoA/ROCK
signaling pathway and oxidative status. There was a marked negative correlation between
ROCKα expression and SOD activity on serum. The experimental model (db/db) seems to be
the determinant factor of the reduced expression of SOD in the CC. In summary, our data sug-
gest that db/db mice strain leads to decreased SOD expressed in the CC, which is correlated to
increased lipid peroxidation, decreased NOx levels and SOD activity on serum. This last one is
strongly correlated to the enhanced ROCKα expression in CC and consequently, amplification
of the Rho-kinase signaling pathway. These data corroborate the previous finding that in rat
aorta ROS activates the RhoA/Rho-kinase pathway. [26]

In conclusion, our data demonstrate that in db/db mice, upregulation of the RhoA/Rho-
kinase signalling pathway was accompanied by decreased NO bioavailability and increased oxi-
dative stress which might be responsible by impaired relaxation of the corpus cavermosum of
db/db mice.

Supporting Information
S1 Fig. Schematic representation of the correlation between RhoA/ROCK signaling path-
way and oxidative status in db/db mice. Values are described below and only comparison
exhibiting significant correlation are shown. Pearson Correlation: #p� 0.05 = significance;
�p� 0.01 = significance.�RhoA and ROCKα p = 0.00, r = 0.881; #RhoA and Rockβ p = 0.02,
r = 0.784); �ROCKα and p115GEF p = 0.00, r = 0.857; �ROCKα and pdzGEF p = 0.00,
r = 0.850; �ROCKα and SOD serum p = 0.00, r = −0.853; #SOD serum and SODCC p = 0.01,
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predictor of the reduced amount of SOD expressed in the corpus cavernosum.
(DOCX)

Acknowledgments
Dr. Cleber E. Teixeira helped design, perform and interpret the experiments presented in this
manuscript. Unfortunately, Dr. Teixeira passed away before the publication of this manuscript,
to which he was an essential contributor.

Author Contributions
Conceived and designed the experiments: FBMP HAFT KPN CET RCW. Performed the exper-
iments: FBMP HAFT CET. Analyzed the data: FBMP HAFT CET DGP KPN RCW. Contrib-
uted reagents/materials/analysis tools: FBMP HAFT CET DGP RCW. Wrote the paper: FBMP
DGP RCW. Revision of the manuscript: FBMP HAFT KPN RCWDGP.

References
1. Andersson KE. Pharmacology of penile erection. Pharmacological reviews. 2001; 53(3):417–50.

PMID: 11546836

2. Andersson KE. Mechanisms of penile erection and basis for pharmacological treatment of erectile dys-
function. Pharmacological reviews. 2011; 63(4):811–59. doi: 10.1124/pr.111.004515 PMID: 21880989

Rho-Kinase Up-Regulation in Penis of Db/Db Mice

PLOS ONE | DOI:10.1371/journal.pone.0156030 May 26, 2016 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156030.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156030.s002
http://www.ncbi.nlm.nih.gov/pubmed/11546836
http://dx.doi.org/10.1124/pr.111.004515
http://www.ncbi.nlm.nih.gov/pubmed/21880989


3. Dean RC, Lue TF. Physiology of penile erection and pathophysiology of erectile dysfunction. The Uro-
logic clinics of North America. 2005; 32(4):379–95, v. PMID: 16291031

4. Priviero FB, Leite R, Webb RC, Teixeira CE. Neurophysiological basis of penile erection. Acta pharma-
cologica Sinica. 2007; 28(6):751–5. PMID: 17506932

5. Cellek S. Nitrergic-noradrenergic interaction in penile erection: a new insight into erectile dysfunction.
Drugs of today. 2000; 36(2–3):135–46. PMID: 12879111

6. Martinez-Salamanca JI, Martinez-Ballesteros C, Portillo L, Gabancho S, Moncada I, Carballido J. Phys-
iology of erection. Archivos espanoles de urologia. 2010; 63(8):581–8. PMID: 20978289

7. Gratzke C, Strong TD, Gebska MA, Champion HC, Stief CG, Burnett AL, et al. Activated RhoA/Rho
kinase impairs erectile function after cavernous nerve injury in rats. The Journal of urology. 2010; 184
(5):2197–204. doi: 10.1016/j.juro.2010.06.094 PMID: 20851436

8. Hannan JL, Albersen M, Kutlu O, Gratzke C, Stief CG, Burnett AL, et al. Inhibition of Rho-kinase
improves erectile function, increases nitric oxide signaling and decreases penile apoptosis in a rat
model of cavernous nerve injury. The Journal of urology. 2013; 189(3):1155–61. doi: 10.1016/j.juro.
2012.09.104 PMID: 23021998

9. Saito M, Ohmasa F, Dimitriadis F, Tsounapi P, Sejima T, Shimizu S, et al. Hydroxyfasudil ameliorates
penile dysfunction in the male spontaneously hypertensive rat. Pharmacological research: the official
journal of the Italian Pharmacological Society. 2012; 66(4):325–31.

10. Kolodny RC, Kahn CB, Goldstein HH, Barnett DM. Sexual dysfunction in diabetic men. Diabetes. 1974;
23(4):306–9. PMID: 4823910

11. Nangle MR, Cotter MA, Cameron NE. Effects of rosuvastatin on nitric oxide-dependent function in aorta
and corpus cavernosum of diabetic mice: relationship to cholesterol biosynthesis pathway inhibition
and lipid lowering. Diabetes. 2003; 52(9):2396–402. PMID: 12941781

12. Tostes RC, Carneiro FS, Lee AJ, Giachini FR, Leite R, Osawa Y, et al. Cigarette smoking and erectile
dysfunction: focus on NO bioavailability and ROS generation. The journal of sexual medicine. 2008; 5
(6):1284–95. doi: 10.1111/j.1743-6109.2008.00804.x PMID: 18331273

13. Claudino MA, Delbin MA, Franco-Penteado CF, Priviero FB, De Nucci G, Antunes E, et al. Exercise
training ameliorates the impairment of endothelial and nitrergic corpus cavernosum responses in dia-
betic rats. Life sciences. 2011; 88(5–6):272–7. doi: 10.1016/j.lfs.2010.11.018 PMID: 21112341

14. Claudino MA, Franco-Penteado CF, Priviero FB, Camargo EA, Teixeira SA, Muscara MN, et al. Upre-
gulation of gp91phox subunit of NAD(P)H oxidase contributes to erectile dysfunction caused by long-
term nitric oxide inhibition in rats: reversion by regular physical training. Urology. 2010; 75(4):961–7.
doi: 10.1016/j.urology.2009.05.098 PMID: 19962729

15. Vicari E, La Vignera S, Condorelli R, Calogero AE. Endothelial antioxidant administration ameliorates
the erectile response to PDE5 regardless of the extension of the atherosclerotic process. The journal of
sexual medicine. 2010; 7(3):1247–53. doi: 10.1111/j.1743-6109.2009.01420.x PMID: 19674252

16. Liu K, Liu XS, Xiao L, Shang J, Li MC, Xu YJ, et al. NADPH oxidase activation: a mechanism of erectile
dysfunction in a rat model of sleep apnea. Journal of andrology. 2012; 33(6):1186–98. doi: 10.2164/
jandrol.112.016642 PMID: 22653964

17. Sanchez A, Contreras C, Martinez MP, Climent B, Benedito S, Garcia-Sacristan A, et al. Role of neural
NO synthase (nNOS) uncoupling in the dysfunctional nitrergic vasorelaxation of penile arteries from
insulin-resistant obese Zucker rats. PloS one. 2012; 7(4):e36027. doi: 10.1371/journal.pone.0036027
PMID: 22540017

18. Silva FH, Monica FZ, Bau FR, Brugnerotto AF, Priviero FB, Toque HA, et al. Superoxide anion produc-
tion by NADPH oxidase plays a major role in erectile dysfunction in middle-aged rats: prevention by
antioxidant therapy. The journal of sexual medicine. 2013; 10(4):960–71. doi: 10.1111/jsm.12063
PMID: 23347406

19. Hutcheson R, Rocic P. The metabolic syndrome, oxidative stress, environment, and cardiovascular dis-
ease: the great exploration. Experimental diabetes research. 2012; 2012:271028. doi: 10.1155/2012/
271028 PMID: 22829804

20. Brieger K, Schiavone S, Miller FJ Jr., Krause KH. Reactive oxygen species: from health to disease.
Swiss medical weekly. 2012; 142:w13659. doi: 10.4414/smw.2012.13659 PMID: 22903797

21. Priviero FB, Jin LM, Ying Z, Teixeira CE, Webb RC. Up-regulation of the RhoA/Rho-kinase signaling
pathway in corpus cavernosum from endothelial nitric-oxide synthase (NOS), but not neuronal NOS,
null mice. The Journal of pharmacology and experimental therapeutics. 2010; 333(1):184–92. doi: 10.
1124/jpet.109.160606 PMID: 20093396

22. Nunes KP, Teixeira CE, Priviero FB, Toque HA, Webb RC. Beneficial effect of the soluble guanylyl
cyclase stimulator BAY 41–2272 on impaired penile erection in db/db-/- type II diabetic and obese

Rho-Kinase Up-Regulation in Penis of Db/Db Mice

PLOS ONE | DOI:10.1371/journal.pone.0156030 May 26, 2016 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/16291031
http://www.ncbi.nlm.nih.gov/pubmed/17506932
http://www.ncbi.nlm.nih.gov/pubmed/12879111
http://www.ncbi.nlm.nih.gov/pubmed/20978289
http://dx.doi.org/10.1016/j.juro.2010.06.094
http://www.ncbi.nlm.nih.gov/pubmed/20851436
http://dx.doi.org/10.1016/j.juro.2012.09.104
http://dx.doi.org/10.1016/j.juro.2012.09.104
http://www.ncbi.nlm.nih.gov/pubmed/23021998
http://www.ncbi.nlm.nih.gov/pubmed/4823910
http://www.ncbi.nlm.nih.gov/pubmed/12941781
http://dx.doi.org/10.1111/j.1743-6109.2008.00804.x
http://www.ncbi.nlm.nih.gov/pubmed/18331273
http://dx.doi.org/10.1016/j.lfs.2010.11.018
http://www.ncbi.nlm.nih.gov/pubmed/21112341
http://dx.doi.org/10.1016/j.urology.2009.05.098
http://www.ncbi.nlm.nih.gov/pubmed/19962729
http://dx.doi.org/10.1111/j.1743-6109.2009.01420.x
http://www.ncbi.nlm.nih.gov/pubmed/19674252
http://dx.doi.org/10.2164/jandrol.112.016642
http://dx.doi.org/10.2164/jandrol.112.016642
http://www.ncbi.nlm.nih.gov/pubmed/22653964
http://dx.doi.org/10.1371/journal.pone.0036027
http://www.ncbi.nlm.nih.gov/pubmed/22540017
http://dx.doi.org/10.1111/jsm.12063
http://www.ncbi.nlm.nih.gov/pubmed/23347406
http://dx.doi.org/10.1155/2012/271028
http://dx.doi.org/10.1155/2012/271028
http://www.ncbi.nlm.nih.gov/pubmed/22829804
http://dx.doi.org/10.4414/smw.2012.13659
http://www.ncbi.nlm.nih.gov/pubmed/22903797
http://dx.doi.org/10.1124/jpet.109.160606
http://dx.doi.org/10.1124/jpet.109.160606
http://www.ncbi.nlm.nih.gov/pubmed/20093396


mice. The Journal of pharmacology and experimental therapeutics. 2015; 353(2):330–9. doi: 10.1124/
jpet.114.220970 PMID: 25740897

23. Webb RC. Smooth muscle contraction and relaxation. Advances in physiology education. 2003; 27(1–
4):201–6. PMID: 14627618

24. Hilgers RH, Webb RC. Molecular aspects of arterial smooth muscle contraction: focus on Rho. Experi-
mental biology and medicine. 2005; 230(11):829–35. PMID: 16339747

25. Jin L, Liu T, Lagoda GA, Champion HC, Bivalacqua TJ, Burnett AL. Elevated RhoA/Rho-kinase activity
in the aged rat penis: mechanism for age-associated erectile dysfunction. FASEB J. 2006; 20(3):536–
8. PMID: 16396994

26. Jin L, Ying Z, Webb RC. Activation of Rho/Rho kinase signaling pathway by reactive oxygen species in
rat aorta. Am J Physiol Heart Circ Physiol. 2004; 287(4):H1495–500. PMID: 15371261

27. Toque HA, Nunes KP, Yao L, Liao JK, Webb RC, Caldwell RB, et al. Activated Rho kinase mediates
diabetes-induced elevation of vascular arginase activation and contributes to impaired corpora caver-
nosa relaxation: possible involvement of p38 MAPK activation. J Sex Med. 2013; 10(6):1502–15. doi:
10.1111/jsm.12134 PMID: 23566117

28. Rodrigues FL, Lopes RA, Fais RS, de Oliveira L, Prado CM, Tostes RC, et al. Erectile dysfunction in
heart failure rats is associated with increased neurogenic contractions in cavernous tissue and internal
pudendal artery. Life Sci. 2015.

29. Nunes KP, Rigsby CS, Webb RC. RhoA/Rho-kinase and vascular diseases: what is the link? Cellular
and molecular life sciences: CMLS. 2010; 67(22):3823–36. doi: 10.1007/s00018-010-0460-1 PMID:
20668910

30. Luttrell IP, Swee M, Starcher B, Parks WC, Chitaley K. Erectile dysfunction in the type II diabetic db/db
mouse: impaired venoocclusion with altered cavernosal vasoreactivity and matrix. American journal of
physiology Heart and circulatory physiology. 2008; 294(5):H2204–11. doi: 10.1152/ajpheart.00027.
2008 PMID: 18326798

31. Toque HA, da Silva FH, Calixto MC, Lintomen L, Schenka AA, Saad MJ, et al. High-fat diet associated
with obesity induces impairment of mouse corpus cavernosum responses. BJU international. 2011;
107(10):1628–34. doi: 10.1111/j.1464-410X.2010.09704.x PMID: 20942830

32. Carneiro FS, Giachini FR, Carneiro ZN, Lima VV, Ergul A, Webb RC, et al. Erectile dysfunction in
young non-obese type II diabetic Goto-Kakizaki rats is associated with decreased eNOS phosphoryla-
tion at Ser1177. The journal of sexual medicine. 2010; 7(11):3620–34. doi: 10.1111/j.1743-6109.2010.
02000.x PMID: 20807325

33. Lu QB, Feng XM, Tong N, Sun HJ, Ding L, Wang YJ, et al. Neuronal and Endothelial Nitric Oxide
Synthases in the Paraventricular Nucleus Modulate Sympathetic Overdrive in Insulin-Resistant Rats.
PLoS One. 2015; 10(10):e0140762. doi: 10.1371/journal.pone.0140762 PMID: 26485682

34. Dovinova I, Barancik M, Majzunova M, Zorad S, Gajdosechova L, Gresova L, et al. Effects of PPAR
gamma Agonist Pioglitazone on Redox-Sensitive Cellular Signaling in Young Spontaneously Hyperten-
sive Rats. PPAR Res. 2013; 2013:541871. doi: 10.1155/2013/541871 PMID: 24454335

35. Kovanecz I, Ferrini MG, Vernet D, Nolazco G, Rajfer J, Gonzalez-Cadavid NF. Pioglitazone prevents
corporal veno-occlusive dysfunction in a rat model of type 2 diabetes mellitus. BJU Int. 2006; 98
(1):116–24. PMID: 16831155

36. Silva FH, Alexandre EC, Calmasini FB, Calixto MC, Antunes E. Treatment With Metformin Improves
Erectile Dysfunction in a Murine Model of Obesity AssociatedWith Insulin Resistance. Urology. 2015;
86(2):423 e1–6.

37. Saran M, Michel C, Bors W. Reaction of NO with O2-. implications for the action of endothelium-derived
relaxing factor (EDRF). Free Radic Res Commun. 1990; 10(4–5):221–6. PMID: 1963161

38. Zou MH, Shi C, Cohen RA. Oxidation of the zinc-thiolate complex and uncoupling of endothelial nitric
oxide synthase by peroxynitrite. J Clin Invest. 2002; 109(6):817–26. PMID: 11901190

39. Radi R, Beckman JS, Bush KM, Freeman BA. Peroxynitrite-induced membrane lipid peroxidation: the
cytotoxic potential of superoxide and nitric oxide. Arch Biochem Biophys. 1991; 288(2):481–7. PMID:
1654835

40. UshiyamaM, Morita T, Kuramochi T, Yagi S, Katayama S. Erectile dysfunction in hypertensive rats
results from impairment of the relaxation evoked by neurogenic carbon monoxide and nitric oxide.
Hypertension research: official journal of the Japanese Society of Hypertension. 2004; 27(4):253–61.

41. ZhangW, Wang Y, Yang Z, Qiu J, Ma J, Zhao Z, et al. Antioxidant treatment with quercetin ameliorates
erectile dysfunction in streptozotocin-induced diabetic rats. Journal of bioscience and bioengineering.
2011; 112(3):215–8. doi: 10.1016/j.jbiosc.2011.05.013 PMID: 21664865

Rho-Kinase Up-Regulation in Penis of Db/Db Mice

PLOS ONE | DOI:10.1371/journal.pone.0156030 May 26, 2016 17 / 18

http://dx.doi.org/10.1124/jpet.114.220970
http://dx.doi.org/10.1124/jpet.114.220970
http://www.ncbi.nlm.nih.gov/pubmed/25740897
http://www.ncbi.nlm.nih.gov/pubmed/14627618
http://www.ncbi.nlm.nih.gov/pubmed/16339747
http://www.ncbi.nlm.nih.gov/pubmed/16396994
http://www.ncbi.nlm.nih.gov/pubmed/15371261
http://dx.doi.org/10.1111/jsm.12134
http://www.ncbi.nlm.nih.gov/pubmed/23566117
http://dx.doi.org/10.1007/s00018-010-0460-1
http://www.ncbi.nlm.nih.gov/pubmed/20668910
http://dx.doi.org/10.1152/ajpheart.00027.2008
http://dx.doi.org/10.1152/ajpheart.00027.2008
http://www.ncbi.nlm.nih.gov/pubmed/18326798
http://dx.doi.org/10.1111/j.1464-410X.2010.09704.x
http://www.ncbi.nlm.nih.gov/pubmed/20942830
http://dx.doi.org/10.1111/j.1743-6109.2010.02000.x
http://dx.doi.org/10.1111/j.1743-6109.2010.02000.x
http://www.ncbi.nlm.nih.gov/pubmed/20807325
http://dx.doi.org/10.1371/journal.pone.0140762
http://www.ncbi.nlm.nih.gov/pubmed/26485682
http://dx.doi.org/10.1155/2013/541871
http://www.ncbi.nlm.nih.gov/pubmed/24454335
http://www.ncbi.nlm.nih.gov/pubmed/16831155
http://www.ncbi.nlm.nih.gov/pubmed/1963161
http://www.ncbi.nlm.nih.gov/pubmed/11901190
http://www.ncbi.nlm.nih.gov/pubmed/1654835
http://dx.doi.org/10.1016/j.jbiosc.2011.05.013
http://www.ncbi.nlm.nih.gov/pubmed/21664865


42. Shukla N, Jones R, Persad R, Angelini GD, Jeremy JY. Effect of sildenafil citrate and a nitric oxide
donating sildenafil derivative, NCX 911, on cavernosal relaxation and superoxide formation in hyperch-
olesterolaemic rabbits. European journal of pharmacology. 2005; 517(3):224–31. PMID: 15963496

43. Musicki B, Liu T, Lagoda GA, Strong TD, Sezen SF, Johnson JM, et al. Hypercholesterolemia-induced
erectile dysfunction: endothelial nitric oxide synthase (eNOS) uncoupling in the mouse penis by NAD
(P)H oxidase. The journal of sexual medicine. 2010; 7(9):3023–32. doi: 10.1111/j.1743-6109.2010.
01880.x PMID: 20626609

Rho-Kinase Up-Regulation in Penis of Db/Db Mice

PLOS ONE | DOI:10.1371/journal.pone.0156030 May 26, 2016 18 / 18

http://www.ncbi.nlm.nih.gov/pubmed/15963496
http://dx.doi.org/10.1111/j.1743-6109.2010.01880.x
http://dx.doi.org/10.1111/j.1743-6109.2010.01880.x
http://www.ncbi.nlm.nih.gov/pubmed/20626609

