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Abstract

Introduction—The combination of independent risk factors for erectile dysfunction, obesity,
hypertension, and diabetes are collectively manifested in a condition known as metabolic
syndrome X (MSX). However, the regulatory mechanisms responsible for the erectile dysfunction
(ED) are not fully understood. Clinical studies suggest that a pleiotropic effect of statin’s ability to
enhance vascular relaxation might be through an impact on nitric oxide signaling or through a
regulation of RhoA activation.

Aim—We hypothesized that regulatory aspects of short-term statin therapy involve the alteration
of the RhoA/Rho-kinase signaling cascade and will reverse the ED seen in a rat model of MSX.

Main Outcome Measures—The magnitude and sensitivity of the voltage-dependent
maintenance of intracavernosal blood pressure and mean arterial blood pressure. These responses
were correlated with tissue protein and mRNA expression levels of RhoA and Rho kinases.

Methods—Erectile function was evaluated by assessing voltage-dependent stimulation of the
cavernosal nerve in 16—20 weeks old lean and obese-diabetic Zucker rats treated with 5 mg/kg/day
of rosuvastatin intraperitoneally for 3 days. Cavernosal tissue RhoA and Rho-kinases expression
levels were evaluated by real-time reverse transcriptase-polymerase chain reaction, Western blot.

Results—The voltage-dependent erectile responses were suppressed by >30% in the obese-
diabetic Zucker rat. The 3-day treatment with rosuvastatin partially restored the erectile response.
The Rho-kinase inhibitor, H-1152, dose dependently increased the erectile responses and shifted
the voltage sensitivity with statin treatment. Analysis of protein expression levels suggested
elevation of RhoA and Rho kinases in obese-diabetics and statin treatment lowering Rho-kinase II.
The RhoA and Rho-kinase 1l mRNA levels were significantly reduced in the rosuvastatin-treated
obese-diabetic animals.

Conclusions—These results support a hypothesis that short-term statin therapy may lower
RhoA/Rho-kinase expression levels and improve cavernosal blood pressure response to Rho-
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kinase inhibition and voltage-stimulation, and reversing an augmented vasoconstricted state
associated with diabetes and/or hypertension in MSX.
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Introduction

Diabetes and the prediabetic state are estimated to affect more than 28 million Americans.
The incidence of type Il diabetes mellitus (DM) has increased by more than 70% in the last
decade and has become increasingly common among children [1]. This situation is rapidly
becoming a highly relevant public health issue. In the urology field, it has been recognized
that a strong independent link between DM or hypertension and erectile dysfunction (ED)
exists. The effects of the diabetic state can be exacerbated when combined with hypertension
and obesity in a condition often referred to as metabolic syndrome X (MSX) [2,3]. These
risk factors are also known to act as independent risk factors for ED [4-9]. Recent reviews
have emphasized the impact of a cohort of independent risk factors in the treatment of ED
[10-15], or for ED as a predictor of MSX [16-18].

The use of statins to influence cholesterol metabolism has been a therapeutic approach for
treatment of several cardiovascular disorders including hypertension and diabetes [19,20].
However, recent evidence suggests that the pleiotropic effects of statins at doses or durations
insufficient to lower plasma lipid levels may include effects regulating critical processes
relevant to the control of the erectile response. These would include RhoA/Rho-kinase
modulation of vasoconstriction, as well as increased nitric oxide (NO) signaling. One of the
more accepted pleiotropic effects include improved expression and/or activity of elements of
the endothelial NO signaling process [21-23], whereas an alternative effect includes the
regulation of posttranslational modification of proteins associated with the RhoA/Rho-
kinase signaling pathway [24,25].

To date, there has been no investigation into the mechanism by which statins resolve the ED
in a rat model of metabolic syndrome. We hypothesized that the regulatory mechanisms of
short-term statin therapy involve alteration of the RhoA/Rho-kinase signaling cascade and
would reverse the ED seen in a rat model of MSX. In this report, we established that
rosuvastatin ameliorated the ED seen in the obese-diabetic Zucker rat. This was manifested
as an improved voltage-dependent erectile response following dose-dependent Rho-kinase
inhibition. Furthermore, we suggested that statin treatment may reduce the mRNA and
protein expression level of either RhoA or Rho-kinase in the cavernosal tissue, thus
identifying a potential mechanism by which statins might ameliorate ED associated with
metabolic syndrome.
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Comparison of Voltage-Dependent Erectile Response of Lean and Obese-Diabetic Zucker

Rats

Adult male lean and obese-diabetic Zucker (ZDF/fa/fa) rats 16-20 weeks of age (Charles
River Laboratories, Wilmington, MA) were used in these studies. Stimulation of the major
pelvic ganglion and cavernosal nerve in the anesthetized rat resulted in voltage-dependent
increases in erectile response for both lean and obese-diabetic animals (Figure 1). The
erectile response was calculated from the ratio of the average intracavernosal blood pressure
(ICP) divided by the average mean arterial blood pressure (MAP) during the duration of the
particular level of stimulation. However, the erectile response was significantly depressed
(by an average of 32.9 + 3.6%) at stimulation voltages greater than 2 V in the obese-diabetic
animals. The erectile response of the lean animals was not significantly different from the
reported voltage-dependent erectile response measured in other rat strains [26,29].

Effect of the Rosuvastatin Treatment on the Voltage-Dependent Erectile Response in Lean
and Obese-Diabetic Zucker Rats

Three days of 5 mg/kg rosuvastatin (a gift from Astra-Zeneca Corporation) by
intraperitoneal administration resulted in a slight but nonsignificant reduction in the voltage-
dependent erectile response of lean animals as compared with their control. The statin
treatment improved the ICP/MAP ratio at 5- and 6-V stimulations in the obese-diabetic
animals from the obese-diabetic control but still remained below that of the lean control
(Figure 1).

In Vivo Dose-Dependence of the Voltage-Dependent Erectile Response by Rho-Kinase

Inhibition

Inhibition of Rho-kinase by 1-100-uM H1152 (Sigma Aldrich, St. Louis, MO, USA)
resulted in a dose-dependent elevation in the voltage-dependent erectile response in all
treatment groups (Figures 2 and 3). The increase in the ICP/MAP ratio with 100 uM H1152
was greater in the obese (35%) than in the lean (5%) (see Figures 2A and 3A). The increase
in maximal response was also associated with a leftward shift in the calculated EVsq (the
voltage require to achieve 50% of the maximal response) reflecting increased sensitivity to
the voltage stimulation as reported in Table 1. The treatment with rosuvastatin still resulted
in dose-dependent improvements in the voltage-dependent erectile response. However, the
magnitude of improvement was smaller in the obese (16%) and was reflected in the overall
improvement in the ICP/MAP ratio seen in the obese-diabetic animals following the
rosuvastatin treatment (Figure 3B).

Expression of RhoA, Rho-Kinase in Lean and Obese-Diabetic Cavernosal Tissues

As Rho-kinase is presumed to have a significant role in the maintenance of the
vasoconstricted state of the rat penile vasculature [26,27,30], we looked to see if any
alteration in the expression of the RhoA or Rho-kinase isoforms were seen in the tissues
from the obese-diabetic animals. As shown in Figure 4, RhoA protein expression showed a
small nonsignificant elevation in obese-diabetic as compared with the leans, and the
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rosuvastatin treatment was without effect in the obese-diabetic tissue (Figure 4A). However,
the protein expression levels for Rho-kinase isoforms showed a doubling of values in obese-
diabetic tissues relative to leans and the rosuvastatin treatment resulted in nearly a 50%
lowering of their elevated expression of ROCK Il in the obese-diabetic tissues from their
controls (Figure 4C, E). Statin treatment in leans animal showed an elevation of expression
for RhoA ROCK I and Il but did not achieve statistical significance.

The mRNA expression levels for RhoA, ROCK I, and ROCK Il in obese-diabetic corporal
tissues when compared with the leans were not significantly different. The mRNA
expression levels for RhoA and Rho kinase 11 were decreased by more than 50% in obese-
diabetic corpus cavernosum when animals were treated for 3 days with rosuvastatin (Figure
4B, F). The expression of the other isoform of Rho kinase | was also reduced but was not
statistically significant from the obese-diabetic nontreated condition (Figure 4D). The
expression patterns in mMRNA seen in the lean animals following the rosuvastatin treatment
were without significant changes in RhoA and Rho kinase 11, and a slight elevation in Rho
kinase I.

Discussion

Our observations are the first to show that the voltage-dependent erectile response in the
Zucker rat, a model of MSX, may be ameliorated by a short duration-statin therapy. Our
data, although low in statistical power, support conclusions drawn from clinical and animal
studies that show a positive effect of statin therapy on resolving ED. We report a depressed
erectile response to voltage-dependent stimulation of the cavernosal nerve in the obese-
diabetic ZDF rat that was improved following a 3-day, 5 mg/kg rosuvastatin treatment. The
intracavernosal administration of the Rho-kinase inhibitor H-1152 provided an additional
augmentation of voltage-dependent erectile response that was greater in the obese-diabetes
after statin treatment than for the leans. We have previously shown that the obese-diabetic
condition had increased expression of RhoA, and the Rho kinase and now report that 3 days
of rosuvastatin may be capable of lowering Rho-kinase expression in the obese diabetics
corpora cavernosum. The depressed erectile response seen in this obese-diabetic model may
be associated with RhoA/Rho-kinase pathway increasing the vaso-constricted state, as well
as the reduction in NO generation and the pleiotropic effects of statin treatment may
influence the Rho signaling pathway to aid in resolving the ED.

Vascular Dynamics of Erectile Function

Penile erection occurs as a result of a change in the contractile state of the smooth muscle
cells lining the cavernosal sinuses and arterioles that allow blood to enter the erectile tissue
and becomes trapped. A variety of signaling agents have been implicated in the regulation of
the cavernosal and arteriolar smooth muscle tone, and perturbation in either vasoconstriction
or relaxation mechanisms can result in altered erectile responses [31]. Receptor-ligand based
signaling is known to activate several pro-constrictor pathways that can regulate the Ca2*-
sensitivity of smooth muscle contraction [32,33]. The regulation of the RhoA/Rho-kinase
pathway, integral to Ca2*-sensitivity, also appears to rely on the actions of guanosine
triphosphatase proteins and the associated post-translational modification by farnesyl or
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geranyl transferases [34]. The relevance of this may be born out in an apparent synergist
effect of the Rho-kinase inhibition and statin treatment on the voltage-dependent erectile
responses seen in the obese-diabetic animals and not in the leans (Table 1). The
intracavernosal injection of 100-uM H1152 further lowered the calculated EVsg in the statin
treated obese-diabetics but not in the statin treated leans. This response occurred when there
was a modest reduction in the mRNA expression of Rho and ROCKS and reduction in
ROCK Il protein expression in obese-diabetics. These data would support a hypothesis that
statins may contribute to improvement of the erectile response through a lowering of the
vasoconstrictive actions of the RhoA/Rho kinase pathway.

The ZDF Rat as Model of Metabolic Syndrome for the Study of Erectile Function

MSX is a combination of disorders linking exacerbated non-insulin-dependent diabetes with
obesity and hypertension [3,6]. A potential animal model for this syndrome is the Zucker
obese-diabetic rat. The characteristics of this model are caused by a deficiency in the leptin
receptor gene that in animals fed ad libitum, elevates food intake, leading to the development
of obesity, type Il diabetes mellitus, and hypertension [35]. Vascular complications are
recognized in the Zucker rat model of MSX [27,36,37]. The erectile response in the penis is
dependent on the reactive state of the smooth muscle of the cavernosal sinuses and of the
arteries supplying blood to those sinuses. Recent work on understanding the signaling
mechanism of vasoconstrictors in penile circulation and cavernosal smooth muscle have
identified an important role for the RhoA/Rho-kinase signaling pathway, a pathway
associated with Ca2*-sensitization [27,38,39] and is discussed in recent reviews [31,40-42].

Previously we have demonstrated in the obese-diabetic Zucker rat that there was depressed
erectile response associated with a slight increase in responsiveness to both endothelin-1 and
phenylephrine, as well as increased expression of proteins associated with the RhoA/Rho-
kinase pathway [27]. In these studies we demonstrated that the isolated tissue responses to
agonist-mediated constriction were exaggerated in the obese-diabetic whereas the relaxation
by Rho-kinase inhibition was attenuated. We suggested that the model of metabolic
syndrome in the Zucker rat had an impaired erectile response that was mediated in part
through Rho/Rho-kinase signaling possibly linked to Ca2* senitization of the corporal
smooth muscle. Our data presented here are in agreement with our previous findings
regarding the protein expression of RhoA and Rho kinase in cavernosal tissues [27]. Our
data appear to show that in corpus cavernosum from the obese-diabetic animals there were
small elevations in mRNA and protein expression level of the isoforms of Rho kinase as well
as a tendency towards an increased expression level of RhoA in the obese-diabetic tissues.
Our data might then allow one to suggest that short-term statin therapy may lower the
MRNA and protein expression levels for Rho signaling in the corpus cavernosum of the
obese-diabetic animals. If these changes prove robust they would favor the tumescent state
and may underlie the improved erectile response we measured during the voltage stimulation
following the statin administration.

Pleiotropic Effect of Statins

The literature contains numerous reports of the effectiveness of statin therapy for treating
lipid disorders, and the subsequent or associated improvement in vascular response also
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observed. With in those reports are those that demonstrate the beneficial effects of a statin
therapy on erectile function. Yet little is know about the underlying mechanism by which
statin is providing this effect.

The 3-hydroxyl-3-methylglutayl (HMG-CoA) reductase inhibitors, also referred to as
statins, are strong inhibitors of cholesterol synthesis. The beneficial effects of statins on
vascular biology include mechanisms beyond the effect on serum cholesterol levels. These
effects include: (i) an improved endothelial cell function via up regulation of eNOS
expression and activity; (ii) a reduction in isoprenelation of RhoA leading to an
accumulation of its inactive form in the cytoplasm; and (iii) a decreased ROS production via
reduction in nicotinamide adenine dinucleotide phosphate (NADPH) oxidase subunit
assembly. Recent studies have identified an additional mechanism that include the inhibition
of L-mevalonate synthesis, thus preventing the formation of geranylgeranylation and
farnesol pyrophosphates. These products are both important elements in the posttranslation
modification (lipidation) of the Rho-associated proteins as well as regulation of NOS
enzymes [43-47].

The recent work by Fibbi et al. provides some critical insight as to how some of the actions
of statin mentioned earlier might be acting when treating depressed erectile response in
animal model by influencing Rho signaling in the cavernosal smooth muscle [48]. In their
study, a 2-week treatment with atorvastatin improved the voltage-dependent erectile
response of the spontaneously hypertensive rat when used in conjunction with sildenafil. The
statin treatment lowered the mMRNA expression of the RhoA and Rho kinase Il in the rat
tissue. Furthermore, their work on isolated human penile smooth muscle cells showed that
atorvastatin treatment would prevent the membrane association of RhoA, an essential step in
its activation. Based on the conclusion of their work and our findings presented here, in a
different model of ED and statin, it is suggested that the statin affect maybe through
lowering MRNA and protein expression of elements of Rho signaling. These results are in
agreement with reports in the literature regarding the action of statins [43-45].

Additionally, endothelial NOS plays an important role in the erectile process [49,50] and
statins have been shown to improve eNOS activity in other vascular beds [51]. Thus, the use
of statins in the treatment of ED associated with MSX may have multiple benefits, by
interfering with vaso-constrictor signaling while also improving NO signaling. The work of
Nangle reported that rosuvastatin could reverse a large portion of the depressed nerve-
mediated relaxation of cavernosal strips from a diabetic mouse model through an NO
mechanism [52]. However, Fibbi did examine the NOS isoform mRNA expression in the
corpora cavernosal from the SHR and WKY rat, and reported no difference between control
WKY animals, SHR, or SHR treated with atrovastatin suggesting that the statin may be
having a stronger effect on expression of Rho signaling elements rather than NOS [48]. The
effect of short-duration statin therapy on the NOS signaling in the model of metabolic
syndrome remains to be thoroughly investigated. Our choice concentration duration of day
treatment was based on the positive effects reported in several articles utilizing a 3- to 7-day
duration statin treatment in vivo in protecting cardiac, brain, and liver from perfusion
injuries [53-55]. Although our study reports only a single dosage and brief duration of
treatment, it revealed moderate beneficial effects. Because statin therapy is often longer
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duration the potential impact of longer treatments might strengthen the effects reported here
and is the subject of ongoing experiments. Based on our current and previous work [27] and
the work of Fibbi [48] and Nagle [52], we believe that the restoration in the erectile response
seen in the obese-diabetic treated with statin was likely associated with changes in the
RhoA/Rho-kinase signaling cascade.

Other mechanisms of action of statins still remain to be fully investigated in their ability to
preserving or restoring erectile response in disease models. One alternative explanation for
the effect of rosuvastatin can be one that is mediated through inhibition of the NADPH
oxidase [44,45,56,57]. Although we observed an improved voltage-dependent erectile
response these data suggest NO is still present and the statin treatment may be improving
ROS levels and reducing NO scavenging [58-60]. Any improved NO production might then
secondarily reduce RhoA expression through cyclic guanosine monophosphate-mediated
signaling and contribute to an improvement in the erectile response [61] as also seen in the
hypertensive animals with the addition of the phosphodiesterase type 5 inhibitor [48]. This is
an interesting potential mechanism for the statin effect and one that has not yet been
explored in MSX model.

Conclusions

This work in the Zucker rat is the first to investigate the pleiotropic action of rosuvastatin in
a model of metabolic syndrome examining the voltage-dependent erectile response; it
provides unique evidence that parallels clinical/epidemiological and animal model evidence
for the beneficial effects of statins. Our data suggest that short-term statin therapy can
reverse some of the pro-vasoconstriction conditions contributing to impaired voltage-
dependent erectile responses in the rat model of MSX. The mechanisms by which statins
may accomplish this include alterations in the expression of RhoA/Rho kinase and improved
cavernosal relaxation with Rho-kinase inhibitors. These results support a hypothesis that
statin therapy may be beneficial for preventing the augmented vasoconstricted state
associated with diabetes and/or hypertension in MSX.
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Figure 1.
Mean voltage-dependent erectile responses (intracavernosal pressure/mean arterial pressure

[ICP/ MAP]) of lean and obese-diabetic Zucker rats with or without rosuvasta-tin treatment.
Treatment was 5 mg/kg/day rosuvastatin or saline, as control, for 3 days prior to the
assessment of voltage-dependent erectile response. Erectile function was assessed and
cavernosal tissue was removed as described previously [26-28]. TStatistical difference from
the lean control; *statistical difference from obese-control response, A< 0.05. Reported are
means + standard error of the mean for four to six animals in each group.
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Dose-dependent effect of Rho-kinase inhibition on voltage-dependent erectile responses of
lean Zucker rats following rosuvastatin treatment. Panel A represents the mean voltage-

dependent erectile response in untreated lean Zuckers to increasing dosages of H1152

administrated intracavernously. Panel B represents the mean voltage-dependent erectile
response in rosuvastatin-treated lean Zuckers to increasing dosages of H1152 administered
intracavernously. Animals were administered saline (untreated) or 5 mg/kg rosuvastatin
daily for 3 days by intra-peritoneal injection. The Rho-kinase inhibitor H1152 was delivered
intracavernously 2 minutes prior to the testing of the voltage-dependent erectile response.
Erectile function was assessed and cavernosal tissue was removed as described previously
[26-28]. Reported are means + standard error of the mean for four to six animals in each

group. Lines and EVsg represent Hill fits to the means data. EVgg = voltage require to

achieve 50% of the maximal response; ICP/MAP = intracavernosal blood pressure/mean

arterial blood pressure.
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Figure 3.
Dose-dependent effect of Rho-kinase inhibition on voltage-dependent erectile responses of

obese-diabetic Zucker rats following rosuvastatin treatment. Panel A represents the mean
voltage-dependent erectile response in untreated obese-diabetic Zuckers to increasing
dosages of H1152 administrated intracavernously. Panel B represents the mean voltage-
dependent erectile response in rosuvastatin treated obese-diabetic Zuckers to increasing
dosages of H1152 administered intracavernously. Animals were administered saline
(untreated) or 5 mg/kg rosuvastatin daily for 3 days by intraperitoneal injection. The Rho-
kinase inhibitor H1152 was delivered intracavernously 2 minutes prior to the testing of the
voltage-dependent erectile response. Erectile function was assessed and cavernosal tissue
was removed as described previously [26—28]. Reported are means + standard error of the
mean for four to six animals in each group. Lines and EVsq represent Hill fits to the means
data. EV5q = voltage require to achieve 50% of the maximal response; ICP/MAP =
intracavernosal blood pressure/mean arterial blood pressure.
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Figure 4.
Protein and mRNA expression levels of RhoA ROCK I, and ROCK I1 in lean and obese-

diabetic corpus cavernosal tissues following rosuvastatin or saline treatment. Representative
protein blots and mean expression levels of RhoA (A), ROCK I (C), and ROCK Il (E) in
lean and obese-diabetic penile tissue as detected by western blot. Frozen corpus cavernosal
tissue was homogenized in lysis buffer supplemented with protease and phosphatase
inhibitor cocktails. Proteins were resolved by polyacrylamide gel electrophoresis and
transferred onto nitrocellulose membranes. The membranes were blocked with Tris-buffered
saline containing 0.1% Tween 20 and 4% BSA. Incubation with specific primary antibodies
(ROCK I and Il from BD Transduction Labs [Franklin Lakes, NJ, USA], and RhoA from
Cell Signaling Technology [Beverly, MA, USA]) and then incubated with horseradish
peroxidase-conjugated anti-mouse immunoglobulin G. Immunoreactive bands were
visualized using ECL Plus and image acquisition was performed on a Typhoon 9410
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workstation (Amersham Bioscience, Piscataway, NJ, USA) and analyzed using UN-SCAN-
IT™ gel version 5.1. Reported are means * standard error of the mean (SEM) for three
animals in each group. Mean mRNA expression of RhoA (B), Rho-kinase I (D), and 11 (F) as
detected by real-time reverse transcriptase-polymerase chain reaction (RT-PCR) in lean and
obese-diabetic corpus cavernosal tissues following rosuvastatin treatment. Total RNA was
extracted from harvested cavernosal tissue using TriReagent (Sigma-Aldrich) and cDNA
was generated using the High Capacity cDNA kit from Applied Biosystems (Foster City,
CA, USA). Real-time RT-PCR was performed using TagMan primers and probes mixes
using glyceraldehyde-3-phosphate dehydrogenase as the reference gene on an iCycler iQ
(Bio-Rad Laboratories, Hercules, CA, USA). Reported are means + SEM for four to six
animals in each group. Statistical difference from control within group *£< 0.05 or ***P<
0.001. L C =lean control; L S = lean statin; O C = obese control; O S = obese statin.
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