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A B S T R A C T

Introduction. Erectile dysfunction (ED) is frequently associated to hypertension and antihypertensive drugs;
however, the penile morphological aspects on these situations are poorly known.
Aim. Evaluate the penile morphology of untreated hypertensive rats and rats treated with enalapril or sildenafil
alone or in combination to verify the hypothesis that morphological alterations promoted by hypertension on corpus
cavernosum could be ameliorated by the use of angiotensin-converting enzyme inhibitors and/or phosphodiesterase
type 5 inhibitors.
Methods. Fifty male rats were assigned into five groups: normotensive rats, untreated spontaneously hypertensive
rats (SHRs), and SHR treated with enalapril or sildenafil alone or in combination. Blood pressure was measured
weekly. At the conclusion of the study, the rats were euthanized, and their penises were collected for
histomorphometrical analysis.
Main Outcome Measures. The cross-sectional areas of the penis, tunica albuginea, and corpus cavernosum were
measured. The density of the corpus cavernosum structures was quantified.
Results. Both groups of SHR rats treated with enalapril became normotensive. Untreated SHR showed no differ-
ence in penile and cavernosal cross-sectional area compared with normotensive rats; however, those rats treated with
enalapril or sildenafil alone demonstrated an increase in these parameters. Rats receiving combination therapy
showed no cross-sectional area differences compared with normotensive rats. Cavernosal connective tissue density
was increased, while the sinusoidal spaces were diminished in untreated SHR. All treatments were effective in
maintaining connective tissue density in comparison with normotensive animals. Cavernosal smooth muscle density
was similar in all groups, with the exception of the combination therapy group, which demonstrated a reduction in
smooth muscle.
Conclusions. Hypertension promoted structural alterations in the corpus cavernosum that may be related to ED.
Enalapril- and sildenafil-treated animals had preservation of normal corpus cavernosum structure and an increase in
penile and cavernosal cross-sectional area. The combination of these drugs showed less benefit than individual use.
Felix-Patrício B, Medeiros JL, Jr, De Souza DB, Costa WS, and Sampaio FJB. Penile histomorphometrical
evaluation in hypertensive rats treated with sildenafil or enalapril alone or in combination: A comparison
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Introduction

T he persistent inability to reach or maintain
penile rigidity enough for sexual intercourse,

known as erectile dysfunction (ED), is the most
common sexual complaint of men presenting to
their physicians, with a worldwide prevalence of
10–20% [1,2]. Systemic hypertension and ED are
closely intertwined diseases. Hypertension is the
most commonly reported comorbidity in patients
with ED. Also, ED affects as many as 68% of
hypertensive men [3]. In both diseases, endothelial
factors are involved, resulting in an increased
smooth muscle contraction, which leads to
increased vascular pressure, poor cavernosal per-
fusion, and inadequate intumescence [4].

In addition to this similar pathophysiology, the
use of antihypertensive agents has been thought to
impair normal penile erection [5]. However, evi-
dence suggests that only certain diuretics and beta-
blockers may adversely influence erectile function.
Angiotensin-converting enzyme (ACE) inhibitors,
angiotensin receptor blockers, and calcium
channel blockers have been reported to have no
negative effects and, on the contrary, may possibly
have positive effects on erectile function [6]. ACE
inhibitors have been shown to not impair erectile
function in rats [7] and may improve sexual func-
tion in humans [8].

Phosphodiesterase type 5 (PDE5) inhibitors are
widely used as first-line therapy for ED in normo-
tensive and hypertensive men. As PDE5 inhibitors
act by promoting smooth muscle relaxation, it has
been suggested that they could ameliorate elevated
arterial blood pressure by relaxing vascular smooth
muscle in a manner similar to their action on
corpus cavernosum smooth muscle. Some authors
have shown that daily usage of PDE5 inhibitors
may be beneficial in antihypertensive therapy
[9,10].

Although ED may be of multiple causes [11],
the structure of the corpus cavernosum is thought
to play a key role in the mechanism of erection
[12]. The parenchyma of the corpus cavernosum is
mainly composed by collagen fibers supporting
smooth muscle cells that surround the sinusoidal
spaces. These spaces are filled by blood leading to
penile elongation and rigidity during erection [13].
Normal proportions of these structures are
required for developing and maintaining erection,
and altered proportions may be related to ED [12].

The spontaneously hypertensive rat (SHR)
strain was obtained by inbreeding of Wistar Kyoto
rats with elevated blood pressure [14]. In these

rats, blood pressure continuously increases from
the fifth to the fifteenth week of life when it sta-
bilizes in values higher than 200 mm Hg. SHR
animals presents vascular alterations and thus have
been the main animal model used to study hyper-
tension and other cardiovascular-associated dis-
eases, including ED [15]. The penis of these
animals showed structural and ultrastructural
alterations, with sinusoidal collagen increase and
vascular wall modifications [16].

Although the morphology of the corpus
cavernosum was shown to be altered by hyperten-
sion in the SHR model, with impairment of erec-
tile function in these animals [16–18], it is not
known if these morphological alterations can be
prevented or reversed with the use of enalapril (an
ACE inhibitor), sildenafil (a PDE5 inhibitor), or a
combination of both medications. The hypothesis
of this study was that morphological alterations on
corpus cavernosum, promoted by hypertension,
could be ameliorated by the use of ACE inhibitors
and/or PDE5 inhibitors. Thus, the objective of
this study was to compare, in an animal model,
the penile morphology of normotensive rats,
untreated SHR, SHR treated with enalapril or
sildenafil alone, and SHR treated with these two
drugs in combination.

Material and Methods

Experimental Design
Fifty 120-day-old male rats (n = 40 SHR and
n = 10 Wistar Kyoto) were used in this experi-
ment. The rats were maintained in an animal facil-
ity room at a temperature of 21 ± 1°C, with a
controlled 12-hour light/dark cycle (artificial light,
7:00 am to 7:00 pm). The rats received commercial
food and water ad libitum. All procedures were
carried out in conformity with the conventional
guidelines on animal experimentation. The experi-
mental protocols were approved by the Institu-
tional animal experimentation ethics committee
(protocol no. CEUA/051/2012).

The rats were divided into five groups of 10
animals each: (i) WKY group, composed of nor-
motensive Wistar Kyoto rats; (ii) H group, com-
posed of SHR; (iii) HE group, composed of SHR
treated with enalapril; (iv) HS group, composed of
SHR animals treated with sildenafil; and (v) HES
group, composed of SHR treated with enalapril
and sildenafil.

All drugs were administered orally for 40 days.
Groups HE and HES received 30 mg/kg/day of
enalapril (Primordium, Rio de Janeiro, Brazil)
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[7,19], and groups HS and HES received 1 mg/kg/
day of sildenafil (Primordium) [20]. The drugs
were diluted so that each animal received 2 mL/
day by gavage. The animals of groups WKY and H
received 2 mL/day of saline by gavage during the
treatment period.

Blood Pressure Measurement
The blood pressure measurement was used to
confirm the hypertensive model and to measure
the effect of the drugs on this parameter. The
systolic arterial pressure was measured by tail-cuff
plethysmography (Insight, São Paulo, Brazil)
weekly, beginning at 90 days of age, so that by the
beginning of the experiment, at age 120 days, the
animals were adapted to the procedure. The mean
of three consecutive measurements was used for
calculation of each animal’s blood pressure.

Euthanasia and Histological Procedures
At age 160 days, the rats were euthanized with an
anesthetic overdose, and their penises were dis-
sected and fixed in 4% buffered formalin. Consid-
ering a distal bone present in the rat penis, the
midshaft of each organ was used for the morpho-
logical analyses. This tissue was processed for par-
affin embedding and prepared in 5-μm thick
sections, which were stained with picrosirius red or
Masson’s trichrome.

Immunolabeling was also performed with the
primary antibody antiproliferating cell nuclear
antigen (PCNA, product code 13–3900,
Invitrogen, Camarillo, CA, USA) diluted to 1:100.

Morphological analyses were carried out with
photomicrographs, captured with a digital camera
(DP70, Olympus, Tokyo, Japan) coupled to a
microscope (BX51, Olympus).

Morphometric Analyses
The penis of each animal was examined visually
through ×20 images of cross sections stained with
picrosirius red. In these bright field captured
images, the areas of the penis, corpus cavernosum
including its tunica albuginea, and the corpus
cavernosum without the tunica albuginea were
measured in square millimeters using the Image J
software (version 1.45s, National Institutes of
Health, Bethesda, MD, USA) with the “Free
Hand” tool after calibration with a micrometric
ruler. The area of the tunica albuginea was
estimated by the difference in the areas of the
corpus cavernosum with and without the tunica
albuginea.

The surface densities (Sv) of the connective
tissue, sinusoidal space, and smooth muscle of the
corpus cavernosum were measured by examining
cross sections stained with Masson’s trichrome.
For each animal, 25 photomicrographs of the
corpus cavernosum were obtained under ×200
magnification. The density of each of these struc-
tures was expressed as a percentage, obtained by
the point-counting method [21]. Briefly, a 100-
point grid was superimposed over the images using
the “grid” tool of Image J software, and each struc-
ture touched by one point was counted as connec-
tive tissue, sinusoidal space, smooth muscle, or
other structure. The “cell counter” tool of Image J
software was used for counting separately each
structure.

The cell proliferation rate of each corpus
cavernosum was quantified by the number of cells
in proliferation per square decimeters. For this,
slides that had been immunolabeled with the anti-
PCNA antibody were used. The images were cap-
tured at ×600 magnification, and the number of
immunolabeled nuclei was counted with the aid of
the “cell counter” tool of the Image J software.
The area of the analyzed field was measured with
the “measure” tool, after calibration of the soft-
ware with a micrometric ruler photomicrography.

Statistical Analyses
For each parameter, the means of H, HE, HS, and
HES were compared with WKY, and the means of
HE, HS, and HES were compared to H. The
results were first analyzed by the Kolmogorov–
Smirnov normality test. Parametric data were then
compared by one-way anova with Bonferroni’s
post-test, while nonparametric data were com-
pared by the Kruskal–Wallis test and Dunn’s post-
test. For all analysis, two-tailed tests were used. All
analyses were performed with the GraphPad
Prism 4.0 software (GraphPad Software, San
Diego, CA, USA). Mean differences were consid-
ered significant when P < 0.05. All results are pre-
sented as mean ± standard deviation.

Results

Blood Pressure
At the initiation of the experiment, all animals of
the SHR strain (H, HE, HS, and HES groups) had
blood pressures >204 mm Hg, which was statisti-
cally higher than in the Wistar Kyoto animals
(155.7 ± 20.0; P < 0.0001), thereby confirming the
validity of the experimental model.
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At the conclusion of the study, the rats that
received enalapril (HE and HES groups) had
blood pressures similar to that of the WKY group.
The animals of the H and HS groups remained
hypertensive. The blood pressure data are
reported in Table 1.

Penile Cross-Sectional Area
There was no difference in the penis cross-
sectional diameter in the hypertensive (H) animals
in comparison with the normotensive animals
(WKY). However, the animals treated with
enalapril (HE) and with sildenafil (HS) had
increases in the cross-sectional area of 9% and
17%, respectively, while rats receiving the combi-
nation of these drugs (HES) demonstrated no
change in penile cross-sectional area.

Corpus Cavernosum Cross-Sectional Area With and
Without the Tunica Albuginea
The cross-sectional area of the corpus
cavernosum with and without the tunica albu-
ginea was similar in the WKY and H groups. The
area of the corpus cavernosum without the tunica
albuginea was 13% larger in the rats that received
enalapril (HE group) when compared with the
WKY group. The corpus cavernosum with and
without the tunica albuginea in the sildenafil-
treated group (HS group) increased by 12% and
10%, respectively, in comparison with the WKY
group. The combination therapy group (HES
group) showed no change in the cross-sectional
area of the corpus cavernosum with and without
the tunica albuginea in comparison with the nor-
motensive WKY group.

Tunica Albuginea Cross-Sectional Area
The cross-sectional area of the tunica albuginea
was similar in the H group and the WKY groups.
The rats in the HE, HS, and HES groups did not
show any significant changes in the cross-sectional
area of the tunica albuginea in comparison with
the WKY group. However, the HS group showed

a 21% increase in the tunica albuginea cross-
sectional area when compared with the H group.

Connective Tissue Density of the Corpus Cavernosum
When analyzing the connective tissue by point-
counting planimetry, we observed a 13% increase
in connective tissue density in the H group in
comparison with WKY group. The HE, HS, and
HES groups showed connective tissue density
values similar to that of the WKY group
(Figure 1).

Sinusoidal Space Density of the Corpus Cavernosum
The analysis of the density of sinusoidal space
showed a 33% reduction in group H in compari-
son with the WKY group, while the density of the
treated groups (HE, HS and HES) was equal to
that of the WKY group (Figure 1).

Smooth Muscle Density of the Corpus Cavernosum
The density of smooth muscle in the corpus
cavernosum was 23% less in the HES group in
comparison with the WKY group. Groups H, HE,
and HS showed densities similar to the WKY
group.

Cell Proliferation
PCNA immunohistochemical staining showed a
50% greater positive cells in the H group, while
values in the HE, HS, and HES groups were
similar in comparison with the WKY group. All
morphological results are presented in Table 2.

Discussion

Arterial hypertension is a worldwide public health
condition that affects more than one-quarter of
the adult population [22]. Several diseases have
been associated with hypertension, including ED.
In both of these diseases, endothelial dysfunction
plays an important role, impairing adequate
smooth muscle relaxation for the control of arte-
rial blood pressure or for the promotion of cavern-
ous intumescence [4].

Table 1 Blood pressure measurements at 120 days (initiation of treatment) and 160 days of age (conclusion of
treatment)

WKY H HE HS HES P value

Initial blood pressure (mm Hg) 155.7 ± 20.0 239.2 ± 33.1* 237.7 ± 12.5* 254.1 ± 37.0* 234.4 ± 12.0* <0.0001
Final blood pressure (mm Hg) 153.4 ± 24.4 205.1 ± 24.8* 153.9 ± 21.0† 212.1 ± 6.5* 156.2 ± 11.5† <0.0001

Data are presented as mean ± standard deviation. For each parameter, *represents statistical difference from WKY; †represents statistical difference from H. Data
from normotensive rats (WKY), untreated hypertensive rats (H), and hypertensive rats receiving enalapril (HE), sildenafil (HS), or a combination of enalapril and
sildenafil (HES)
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SHRs are an animal model commonly used for
studies of hypertension, including studies focusing
on ED [23–25]. In the SHR model, it has been
shown that hypertension induces morphological
alterations in the corpus cavernosum with increases
in both collagen and smooth muscle [18,26].
Although, an increase in smooth muscle was not

observed in our study, trabecular connective tissue,
composed primarily of collagen, was increased in
the hypertensive rats.

An increased amount of cavernosal connective
tissue is highly associated with penile fibrosis and
is commonly observed in patients with ED [27].
Penile fibrosis has also been related to aging,

Figure 1 Photomicrographs of (A)
normotensive rat penile corpus
cavernosum (WKY), (B) untreated
hypertensive rats (H), (C) enalapril-
treated hypertensive rats (HE), (D)
sildenafil-treated hypertensive rats
(HS), and (E) enalapril- and sildenafil-
treated hypertensive rats (HES).
Photomicrographs demonstrate a
reduction of sinusoidal spaces and an
increase in connective tissue in H rats in
comparison with other groups (WKY,
HE, HS, and HES). Masson’s trichrome,
X200. Scale bars represent 100 μm.

Table 2 Penile morphometrical data from WKY, H, HE, HS, or HES

WKY H HE HS HES P value

Penile cross-sectional area (mm2) 7.71 ± 0.8 7.63 ± 0.6 8.42 ± 0.6*† 9.08 ± 0.5*† 7.92 ± 0.8 <0.0001
Corpora cavernosa area with tunica (mm2) 5.19 ± 0.3 5.23 ± 0.5 5.54 ± 0.5 5.83 ± 0.4*† 5.21 ± 0.6 0.0012
Corpora cavernosa area without tunica (mm2) 2.71 ± 0.3 2.80 ± 0.2 3.08 ± 0.2*† 3.00 ± 0.2* 2.70 ± 0.3 <0.0001
Area of the tunica albuginea (mm2) 2.57 ± 0.1 2.40 ± 0.2 2.38 ± 0.2 2.9 ± 0.3† 2.478 ± 0.3 0.0124
Sv of the sinusoidal space (%) 25.86 ± 2.0 17.15 ± 3.3* 22.36 ± 3.7† 22.34 ± 4.5† 25.79 ± 4.5† <0.0001
Sv of connective tissue (%) 59.40 ± 3.3 67.55 ± 2.7* 59.26 ± 6.4† 61.36 ± 7.0 62.69 ± 4.9 0.0013
Sv of smooth muscle tissue (%) 13.70 ± 2.2 14.19 ± 2.1 14.86 ± 1.7 12.87 ± 1.2 10.52 ± 1.2*† 0.0002
PCNA (cells/dm2) 18.03 ± 3.1 27.94 ± 3.2* 19.51 ± 4.5† 23.44 ± 2.3 17.63 ± 1.5† 0.0009

Data are presented as mean ± standard deviation. For each parameter, *represents statistical difference from WKY; †represents statistical difference from H
H = untreated hypertensive rats; HE = hypertensive rats receiving enalapril; HES = combination of enalapril and sildenafil; HS = sildenafil; PCNA = proliferating cell
nuclear antigen; Sv = surface density; WKY = normotensive rats
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diabetes mellitus, cavernous nerve damage,
chronic stress, and androgen deprivation [21,27].

Previous studies reporting increased smooth
muscle content analyzed the long-term effects of
hypertension on SHR corpora cavernosa [18,26].
In distinction from our study, in which the animals
were killed at 5 months of age, these studies evalu-
ated the penile histology of 8-month-old rats.
Thus, it may be the case that increases in smooth
muscle content develop more slowly than
increases in other connective tissue components.

Hypertension has been showed to produce
important alteration in cavernosal vasculature.
Previous studies pointed that the vascular smooth
muscle of corpora cavernosa is augmented in
response to hypertension [16]. Also, hypertension
leads to endothelial abnormalities by shear stress
which culminates in an altered production of vaso-
active substances, enhanced endothelial prolifera-
tion, and intimal permeability. These alterations
can be a cause of cavernosal hypoxia which has
been pointed as a cause of ED.

A low cavernosal oxygen tension is known to
stimulate the expression of transforming growth
factor-β1 (TGF-β1) and inhibits the prostaglandin
E synthesis [28]. In cell culture studies, TGF-β1
was shown to increase by two to four folds the
synthesis of collagen. Also, prostaglandin E seems
to be responsible to suppress the TGF-β1-induced
collagen synthesis [29]. Thus, the penile fibrosis
seen on hypertensive rats in previous and in the
present study could be a consequence of PGFβ1
increase resulting from the hypoxia.

Most importantly, these alterations was pre-
vented or reversed by the therapies proposed.
Antihypertensive therapy was shown to reverse or
prevent the hypertensive vascular alterations as
they maintain blood pressure in normal range
[30]. Also, PDE5 inhibitors are thought to
increase penile oxygen tension by acting in
smooth muscle relaxation, also augmenting the
penile blood flow [31]. These could be possible
explanations for the good results found on
treated groups of our study.

The amount of PCNA-positive cells in the
corpora cavernosa of hypertensive animals was
much higher than that seen in controls. Although
these proliferating cells were not classified, one can
suppose that fibroblasts, the most common cells in
the rat corpora cavernosa, are involved in this
process [32]. This would be consistent with the
fibrosis observed in these animals. Most impor-
tantly, this parameter was not elevated in the treat-
ment groups.

As reported by previous groups, cavernosal mor-
phology and function are closely related, and any
structural alteration may lead to, or be a conse-
quence of, ED [12,13,21]. In the SHR model,
hypertension has been related to impaired penile
erection, as measured by intracavernosal pressure
[17]. This finding confirms that an important rela-
tionship exists between penile morphology and
function in the SHR model, as well as in other ED
models. Therefore, cavernosal morphological
studies in the SHR model are thought to be of
interest for understanding erectile function in
hypertension.

In the present study, the reduction in sinusoidal
space density found in hypertensive animals may be
a consequence of decreased intracavernosal pres-
sure, as previously reported in SHR [17]. In this
case, the sinusoids may be unable to compress the
deep circumflex veins against the tunica albuginea,
resulting in venous leak and low intracavernosal
pressure [33].

All of the treated groups demonstrated normal
sinusoidal space density, indicating that blood
pressure control or improved smooth muscle
relaxation, promoted by sildenafil, allowed the
maintenance of adequate intracavernosal pressure.
Treatment also appears to have prevented changes
in trabecular connective tissues. The group that
received only enalapril (HE) showed no evidence
of penile fibrosis, while the groups receiving
sildenafil (HS and HES) demonstrated results that
can be considered as intermediate to that of the
normotensive and untreated hypertensive rats as
no statistical differences were found in these com-
parisons. With regard to smooth muscle content,
the group that received both drugs (HES) had
poor results in comparison with the other groups.
In this case, it seems that the drugs may have had
antagonistic effects. It has been previously shown
that sildenafil and vardenafil prevent fibrosis and
maintain normal smooth muscle content in two
different rat models of ED [34,35]. Further inves-
tigations as to why sildenafil, alone or in combina-
tion with enalapril, was not as effective in SHR rats
as compared with results in other models are nec-
essary. Nevertheless, the groups that received the
PDE5 inhibitor (HS and HES) demonstrated
more closely normal cavernosal morphology than
hypertensive animals without medication.

We observed that both penile and cavernosal
cross-sectional areas were increased in both the
enalapril (HE)- and sildenafil (HS)-treated groups.
This is thought to be a positive effect of
these drugs. Improved perfusion of the corpora
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cavernosa in these groups, as demonstrated by the
increased sinusoidal space density, may be the basis
of this increase. Interestingly, the group that
received combination therapy did not show this
benefit, possibly again reflecting an antagonistic
effect of these drugs. Further studies investigating
the action of these drugs used in combination
would be of interest. It is important to remember
that sildenafil was used daily in our study. The
on-demand use of sildenafil, alone or in combina-
tion with enalapril, may not have the same effects
as seen in our study.

Overall, it appears that hypertension pro-
motes morphological alterations in the corpus
cavernosum as has been reported previously [16–
18,26,36]. Enalapril, by reducing blood pressure,
was able to prevent these alterations. Based on our
findings, enalapril, or other ACE inhibitors, may be
desirable options for treating hypertensive patients
with some degree of ED that would not need PDE5
inhibitors. This is also in accordance to the litera-
ture that points ACE inhibitors as good options for
the patients with ED in whom PDE5 inhibitor
therapy is not indicated [5].

The use of PDE5 inhibitors to treat hyperten-
sive patients is not recommended. However, the
use of sildenafil in otherwise untreated hyperten-
sive patients justifies interest in this group [37,38].
In our study, sildenafil maintained the morphology
of the corpora cavernosa in SHR despite the per-
sistence of high blood pressure.

Some limitation of the study should be pointed.
As the penises of rats and humans are structurally
different, the use of an animal model in this study
may be considered a limitation. However, both
species have the same structural components, and it
appears that these components respond in a similar
way when exposed to different experimental condi-
tions [21,32]. Additionally, ED is commonly
multifactorial, involving conditions besides hyper-
tension, such as age, obesity, and hypogonadism
[5,39]. In the SHR model, hypertension was a
primary and isolated disease that does not corre-
spond to the typical clinical setting.

Further investigation explaining the mecha-
nisms by how the hypertension is linked to the
penile alterations would be of interest. This could
be an important step for specific pathway blockers,
with potential new drugs development. As both
ACE and PDE5 inhibitors showed beneficial
effects, it is possible that there are different solu-
tions for the same problem.

In conclusion, in our experimental model,
hypertension promoted structural alterations in the

corpora cavernosa that may be related to ED. Based
on our morphological findings, enalapril would
represent a desirable option for the treatment of
hypertension in patients in whom erectile function
is a concern. Sildenafil in continuous use main-
tained normal corpus cavernosum structure and
prevented those changes observed in untreated
hypertensive rats. The use of these drugs individu-
ally resulted in an improvement in penile morphol-
ogy. However, the combination of these drugs was
not as beneficial as was individual usage.

Take-Home Messages
Hypertension causes cavernosal morphologic
modifications that may be one important link of
this disease with ED. When treating hypertensive
patients with ED, the use of ACE inhibitors
would be a good choice. The over-the-count
continuous use of sildenafil by untreated hyper-
tensive individuals may be beneficial against the
cavernosal modifications. Continuous use of
sildenafil by enalapril-treated individuals may be
as not benefic as its single usage when looking at
penile morphology.
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