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Abstract

Background and objective: Heart failure (HF) is a common complication of cardiovascular disease, which leads to functional cardiac
abnormalities. Beta-blockers are commonly used to reduce mortality in HF patients; however, they are associated with an increased risk
of erectile dysfunction (ED). Nebivolol is a third-generation beta-blocker with also having a Nitric oxide (NO) releasing effect. NO
plays a key role in penile erection. The aim of this study was to investigate the NO-mediated effects of nebivolol on ED in HF.Material
and methods: Twenty-four weeks old rats were divided into three groups: sham-operated control (SC), HF-induced control (HFC),
and nebivolol-treated (HFNEB). HF was induced by the ligation of the left anterior descending coronary artery. Eight weeks after the
ligation, functional, hemodynamic, biologic, and histologic studies were conducted to assess NO-mediated effects of nebivolol. Results:
HF rats displayed impaired erectile function represented by decreased intracavernosal/mean arterial pressure ratio (ICP/MAP). Increased
nitrosative damage/decreased antioxidant capacity was consistent with decreased endothelial NOS (eNOS) and increased inducible NOS
(iNOS) and neuronal NOS (nNOS) immunoreactivity in this group. Nebivolol treated animals were characterized by improved functional
capacity, increased antioxidant and decreased oxidant capacity. Prevention of eNOS and an increase in nNOS immunoreactivity was also
significant in this group. Conclusion: Our study showed the positive effects of nebivolol on erectile function in HF. NO-mediated
mechanisms behind this effect can be summarized as eNOS mediated dilation of the cavernous body and nNOS mediated smooth muscle
relaxation. To the best of our knowledge, this study is the first in the literature to discuss all three NOS isoforms in order to explain the
NO-mediated effects of nebivolol in ED.
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1. Introduction
Heart failure (HF) is a serious clinical condition in el-

derly, with high mortality, morbidity, and related costs. The
prevalence rises to almost 10% of those over 70 years of
age [1]. In addition to being one of the leading causes of
mortality in advanced ages, heart failure also significantly
impairs the patient’s quality of life with different mecha-
nisms. Erectile dysfunction, which occurs with a number
of mechanisms, such as neurohumoral changes, low flow
rate, depression, and medication, is one of the factors that
disrupt the quality of life [1].

The failure to produce or maintain a penile erection
during sexual intercourse is referred as erectile dysfunction
(ED) [2]. Epidemiological studies show that ED preva-
lence is high in heart failure (HF) [3]. In men affected by
this pathological condition ED is a serious problem since it
leads to low quality of life and depression. Several factors
may contribute to the development or worsening of ED in
menwith HF. Among these, psychological, social, lifestyle-
related, and therapeutic factors can be listed as the most im-
portant [3].

Beta-blockers are commonly used to reduce mortal-
ity in patients with HF or a history of myocardial infarc-

tion (MI) [3]. However, they are correlated with a higher
risk of ED [4]. Beta blockers differ in their mechanism
of action, particularly beta-adrenoceptor selectivity and va-
soactive effects [5]. While first-generation beta-blockers
(e.g., propranolol) are non-beta selective, second gener-
ation agents (e.g., metoprolol) are more beta-1 selective.
Third-generation agents have additional vasodilating prop-
erties in addition to their beta receptor-blocking effects [6].
Nebivolol is a third-generation agent which has nitric oxide
(NO) releasing effect via the stimulation of endothelium in
addition to its beta-blocking activity. The close functional
relationship between the vascular and nervous system of the
penis coordinates penile erection [7]. NO plays an impor-
tant role in this coordination through nitrergic fibers and
vascular endothelial cells [7]. Therefore, nebivolol may be
favorable to other beta-blockers in the treatment of ED in
HF. The beneficial effects of nebivolol were shown in pa-
tients with or at risk of developing ED in clinical studies
with a small sample size [8]. However, the exact mecha-
nism is still unknown.

In the recent guideline, according to the left ventricu-
lar (LV) systolic function HF is categorized as follows: (1)
HF with decreased EF (EF <40%); (2) HF with preserved
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HF (EF >50%) and (3) HF with mild range EF (EF: 40–
49%) [3]. The present study aims to investigate the effect of
nebivolol on erectile function in HF through NO-mediated
mechanisms.

2. Materials and methods
2.1 Study design

Thirty-six adult Sprague-Dawley rats (400–500 g;
24 weeks old) were randomly assigned to one of the
three groups (12 rats in each): Sham controlled control
(SC), Heart failure control (HFC), and Nebivolol treated
(HFNEB).

The nebivolol dose was chosen as 2 mg/kg, according
to our previous study results comparing the beta-blocker
effects of nebivolol to metoprolol on the animal myocar-
dial infarction (MI) model [9]. The dose was administered
by gastric gavage in 2 mL saline once daily. SC and HFC
groups were administered 2 mL of saline in the same route.
Animals were acclimatized with free access to water and
regular chow, and were kept on a 12 h light-dark period.
All experimental procedures were carried out in conjunc-
tion with the National Institution of Health’s Guide to Care
and Use of Laboratory Animals and approval was obtained
from the local Animal Ethic Committee.

2.2 Induction of heart failure
Animals were anesthetized with a combination of

ketamine-xylazine (50/10 µg/g) and mechanically ven-
tilated with an endotracheal intubation respirator (Topo
Small Animal Ventilator, Kent Scientific, Torrington, CT,
USA). MI was induced by the ligation of the left anterior
descending coronary artery (LAD). A left thoracotomy was
performed, the pericardium was opened and the heart was
externalized. LAD was ligated 2–3 mm from its origin
with 6–0 prolene suture for 30 minutes. Regional cyanosis,
ST elevation on electrocardiogram, and plasma troponin T
level elevation were used to confirm MI. Thirty minutes
after the ligation, the heart was returned to its usual posi-
tion, lungs were completely infiltrated with positive end-
expiratory pressure and the chest was closed in layers. Ex-
cept for the ligation, the same procedure was followed in the
SC group of rats. After the surgery, an analgesic (buprenor-
phine, 0.05 mg/kg; sc) was administered and animals were
housed in the animal care facility for eight weeks before
the data was collected. HF was evaluated according to left
ventricular (LV) systolic function in accordance with ESC
guideline [3].

2.3 Evaluation of cardiac function and ventricular
pressures

Cardiac function was evaluated echocardiographi-
cally. Transthoracic echocardiography was performed un-
der light anesthesia eight weeks after ligation and/or sham
surgery with an echocardiographic system (General Elec-
tric, System Five, Horten, Norway) equipped with a 10

MHz sector probe. LV inner and wall diameters were
measured from 2D-dimensional guided M-mode images,
recorded from the parasternal short axis view. Trans-
mitral inflow Doppler spectra were recorded in an apical
4-chamber view. Ejection fraction (EF) were calculated by
modified Simpson method. End-diastolic and end-systolic
volumes were assessed on four- and two-chamber apical
views. The end-diastolic volume (EDV) was determined
by tracing the end-diastolic endocardial borders at the peak
of R wave in ECG. End-systolic volume (ESV) was deter-
mined by tracing the end-systolic endocardial borders just
after opening the mitral valve at the same cycle. EF and
cardiac output (CO) were calculated using the measured pa-
rameters with the following formulas [10]:

EF (%) = (EDV–ESV)/EDV × 100

CO = (LV diastolic volume-LV systolic volume) ×
heart rate

The LV pressures weremeasured according to our pre-
vious study [9]. Right carotid artery was dissected in anes-
thetized animals and a polyethylene catheter filledwith hep-
arinized saline was inserted and advanced to the LV. The
catheter was attached to a pressure transducer (MLT 0699,
PowerLab, ADI Instruments, Oxford, UK) and LV-systolic
(LVSP) and end-diastolic (LVEDP) pressures were mea-
sured using physiological recorder (10T Hardware System,
PowerLab, ADI Instruments, Oxford, UK).

2.4 Cardiac morphological analysis

Rats were weighed and euthanized by intracardiac
injection of potassium chloride. Following bilateral
thoracotomy, hearts were removed, weighed, fixed in
paraformaldehyde (4% in phosphate buffer solution) at 4
◦C overnight and embedded in paraffin. The serially cut
sections (10-µm thick, from apex to the base at 1-mm inter-
vals) were deparaffinized, stained with hematoxylin-eosin
(HE) and Masson’s trichrome (MS) and evaluated under an
optic microscope. MI size was calculated using the follow-
ing formula [9]:

MI (%) = (infarct length/LV circumference) × 100.

2.5 Evaluation of erectile function

Erectile function was assessed by electrical stimula-
tion of the cavernosal branch of the pelvic nerve (10 V, 8
ms, 16 Hz for 30 s) [11]. The animals were lightly anes-
thetized with a mixture of ketamine and xylazine. Intracav-
ernosal pressure (ICP) and mean arterial pressure (MAP)
were measured using a transducer (PowerLab, AD In-
struments, Oxford, UK) connected 23-gauge polyethylene
catheter positioned in the corpus cavernosum and femoral
artery respectively. Simultaneous recordings were obtained
using a physiological recorder (10 T Hardware System,
PowerLab, ADI Instruments, Oxford, UK).
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2.6 Immunohistochemical evaluation of NOS expression in
penile tissue

Cross sections of penile tissue were fixed in 4%
paraformaldehyde (for overnight at 4 ◦C) and embedded
in paraffin. 4-µm-thick sections were cut from the paraf-
fin blocks, deparaffinized and autoclaved in citrate buffer
(10 mM, pH: 6). Samples were incubated with 0.3% hy-
drogen peroxide for blocking endogenous peroxidase activ-
ity. Nonspecific binding was prevented with a nonspecific-
blocking reagent (Ultra-V-Block Lab Vision Co., Westing-
house, CA, USA) was used to prevent nonspecific bindings.
Samples were incubated with eNOS Ab-1 (dilution 1 : 200)
and iNOSAb1 (dilution 1 : 200) antibodies (Labvision, Fre-
mont, CA, USA) for 2 h at room temperature and nNOS
(dilution 1 : 100) (Zymed, 61-7700 South San Francisco,
CA, USA) for overnight at 4 ◦C according to the manufac-
turer instructions. Counterstain was done using HE. Adja-
cent sections were processed following the same steps with
the exception of the primary antibodies for the negative con-
trol. Sections were examined with optic microscope and
scored as 1+ (weak), 2+ (medium), or 3+ (strong) staining
by evaluating the intensity of a total of 100 cells in a blinded
manner.

2.7 Penile tissue oxidative status and antioxidant capacity
Superoxide dismutase (SOD) and glutathione (GSH)

for the antioxidant capacity, and malondialdehyde (MDA)
for the lipid oxidation capacity were measured in tissue ho-
mogenates prepared in ice-cold 10% trichloroacetic acid.
MDA concentration was spectrophotometrically assessed
by examining the presence of thiobarbituric acid reactive
substances [12]. SOD enzyme activity was measured on
the basis of H2O2 production, from xanthine-by-xanthine
oxidase and the reduction of nitro blue tetrazolium as pre-
viously described [12]. Tissue GSH levels were measured
by colorimetric assay using ready-to-use kit according to
the manufacturer’s instructions (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA).

2.8 Penile tissue oxidative stress index
Penile tissue total antioxidant capacity (TAC) and to-

tal oxidant capacity (TOC) measurements were achieved
by using commercially available colorimetric assay kits
(Abcam, Cambridge, UK). The results were expressed
as nanomole Trolox equivalent/mg protein for TAC and
nanomole H2O2 equivalent/mg protein for TOC.

The TOC/TAC percentage level was accepted as the
oxidative stress index (OSI) and was calculated as the
(nanomole H2O2 equivalent/milligram protein)/(nanomole
Trolox equivalent/mg protein) [13].

2.9 Penile tissue nitric oxide (NO), peroxynitrite (ONO2
−)

and cyclic guanylate cyclase (cGMP) levels
NO was measured as nitrite/nitrate (NOx) concen-

tration in the tissue supernatants via spectrophotometry

(Roche, USA). ONO2
− and cGMP levels were measured

by ELISA using commercially available kits as directed by
the manufacturer (HBT, Hycult Biotech Inc., Wayne, PA,
USA, Zymed Laboratories Inc., San Francisco, CA, USA).
Tissue protein levels were calculated following the method-
ology suggested by Folin-Lowry [14].

2.10 Statistical analysis

Data are presented as mean± SD. Data were analyzed
by ANOVA, Man-Whitney U tests were used as appropri-
ate. The significance level was set at p < 0.05.

3. Results

3.1 Animal characteristics

In this study, the study cohort included a total of thirty-
six animals. The general characteristics of the groups are
shown in Table 1. Compared to the SC, HF group of
rats were characterized by increased left ventricular weight
(LVW), heart weight (HW) along with decreased body
weight (BW) which resulted in an increased LVW/HW and
HW/BW ratios (p < 0.05). In HFNEB group, the increase
in both two ratios was prevented compared to HF rats (p <
0.05). There was no death in the SC group. In HF groups,
mortality was 17% and 12% for HFC and HFNEB groups,
respectively.

Table 1. General characteristics of the groups.
Parameter SC HFC HFNEB

(n = 6) (n = 6) (n = 6)

LVW (g) 0.69 ± 0.52 0.93 ± 0.61 0.81 ± 0.34
HW (g) 1.63 ± 0.08 1.75 ± 0.05∗ 1.68 ± 0.10&

BW (kg) 0.508 ± 0.040.436 ± 0.02∗ 0.485 ± 0.01∗,&

LVW/HW 0.42 ± 0.06 0.53 ± 0.06∗ 0.48 ± 0.04∗,&

HW/BW (g/kg) 3.21 ± 0.18 4.07 ± 0.06∗ 3.44 ± 0.22∗,&

Infarct size (%) - 49.2 ± 4.34 46.9 ± 5.02&

p < 0.05 ∗compared to SC, &compared to HFC.
BW, Body weigth; HW, Heart weight; LVW, left ventricular
weight.

3.2 Cardiac morphology

Histologic slices of the heart of the HF group of ani-
mals revealed anterolateral LV infarction. In these groups,
MI sizes were between 41–51%, with an average of 48%.
HE stained slices of the heart confirmed the congestion, fo-
cal necrosis with inflammatory cell infiltration of the HF.
Collagen accumulation was also significant in the vascu-
lar structure, together with cardiomyocytes (Fig. 1). Infarct
sizes were similar in HFC and HFNEB groups.
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Fig. 1. Representative heart images and histological features of the heart in HF groups (200×). (a) The infarct area was located in
the anterolateral region of the left ventricular anterior wall and was extended from the subendocardial region to the endocardium (black
arrow); (b) Congestion, focal necrosis with inflammatory cell infiltration in HE stained slices (blue arrow); (c) Necrosis characterized by
contraction bands linked by muscle fiber bridges and haemorrhage between them in MS-stained slices (black arrow).

3.3 Cardiac function and ventricular pressures

HF rats were characterized by LV dilatation, LVED
pressure and compensatory LV hypertrophy compared to
SC group of rats. Fig. 2 displays representative echocardio-
grams and LV hypertrophy. LV structural changes (char-
acterized by increased LVEDd and LVEDv) were signifi-
cant in HF rats compared to SC (p < 0.05). LVEDP were
also significantly increased in the HFC group compared
to SC. Although there was a significant decrease in EF in
HFC group of rats compared to the SC, the mean EF value
was still within normal limits according to the heart failure
guideline. In the HFNEB group, in addition to the LV dias-
tolic pressures, LV volumes and EF were also significantly
preserved compared to the HFC group (Table 2).

3.4 Erectile function

Compared to the SC group, HFC rats were character-
ized by decreased ICP in response to increased frequency.
However, the MAP was similar in all the groups (Ta-
ble 3). The decreased ICP/MAP ratio suggests ED in HF
rats. Nebivolol treatment prevented the impairment in ICP
(Fig. 3).

Table 2. Cardiac function and ventricular pressures.
Parameter SC HFC HFNEB

(n = 18) (n = 18) (n = 18)

LVEDd (cm) 0.69 ± 0.05 0.76 ± 0.12∗ 0.63 ± 0.03&

LVEDv (mL) 0.70 ± 0.09 0.83 ± 0.04∗ 0.72 ± 0.09&

EF (%) 71.04 ± 6.2355.6 ± 7.13∗ 66.23 ± 3.24∗,&

CO (mL/min) 742 ± 124 727 ± 136∗ 735 ± 212∗,&

LVSP (mmHg) 134 ± 3.65 118 ± 5.48∗ 123 ± 4.67∗

LVEDP (mmHg) 2.52 ± 0.34 34.1 ± 2.73∗ 19.3 ± 3.41∗,&

p < 0.05 ∗compared to SC, &compared to HFC.
LVEDd, left ventricular end-diastolic diameter; EF, left ven-
tricular ejection fraction;
LVEDv, left ventricular end-diastolic volume; CO, cardiac out-
put;
LVSP, left ventricular systolic pressure; LVEDP, left ventricu-
lar end-diastolic pressure.

3.5 Penile tissue oxidative status and antioxidant capacity

Compared to the SC group, HF rats were character-
ized by suppressed SOD and GSH activity and up-regulated
MDA levels (Table 4). Parallel to the increased oxidative
status, the OSI in HF rats was high, characterized by the
increased TOC/TAC ratio (Fig. 4). Nebivolol reduced the
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Fig. 2. Representative echocardiograms. (a) Normal anterior and posterior wall motion amplitudes in the SC group; (b) Anterior wall
akinesia in the HFC group; (c) Anterior wall dyskinesia in the HFNEB group; (d) Restrictive diastolic dysfunction characterized by
increased mitral E wave and decreased mitral E wave flow velocity on pulsed doppler measurement in the HFC group.

Fig. 3. Erectile functions characterized by ICP/MAP. Compared to SC group, HFC rats were characterized by decreased ICP/MAP
ratio. Nebivolol treatment prevent this decrease (p < 0.05 *compared to SC, &compared to HFC).

MDA levels and enhanced SOD andGSH activity (Table 4).
In this group, OSI was also lower than the HFC group (p<
0.05 for all comparisons) (Fig. 4).

3.6 Penile tissue NO, ONO2
− and cGMP levels

When compared to the SC, NO and ONO2
− levels

increased and cGMP levels decreased significantly in the
HFC group (p< 0.05). On the contrary, nebivolol treatment
reduced the tissue NO, ONO2

− levels and prevented the re-

duction in cGMP levels significantly (p < 0.05) (Fig. 5).

3.7 Histological assessment of penile tissue and evaluation
of NOS isoforms

Histologic slices of the penis in the SC groupwere nor-
mal morphology with consisting of three cylindrical vascu-
larized erectile tissue masses: corpus spongiosum that sur-
rounds the penile urethra and two lateral corpora cavernosa
which are bordered by a layer of dense collagenous. More-

5

https://www.imrpress.com


Fig. 4. Oxidative stress status of the groups (OSI). HFC group was characterized by increased OSI. Nebivolol treatment prevented the
increase in OSI (p < 0.05 *compared to SC, &compared to HFC).

Fig. 5. Tissue NO, ONO2
− and cGMP levels. Compared to SC group, HFC group of animals were characterized increased NO and

ONO2
− levels together with decreased cGMP. On the contrary, nebivolol treatment reduced the tissue NO, ONO2

− levels and prevented
the reduction in cGMP levels (p < 0.05 *compared to SC, &compared to HFC).

over, the corpora are composed of irregular cavernous si-
nuses lined with endothelial cells and collagenous, elastic
smooth muscle fibers, as well as nerves in the trabeculae.
Unlike in the SC group, corpus cavernosum was character-
ized bymild degeneration of endothelial and smoothmuscle
cells and infiltration of inflammatory cells in the HF group.
In the slices taken from the nebivolol treated group, corpus

cavernosum was in almost normal morphology. Immuno-
histochemistry of penile tissue of the SC group showed
strong eNOS staining in the endothelium of the cavernosal
space, and slight nNOS positive stains along penile caver-
nosal and dorsal nerves. Slight iNOS immunoreactivitywas
seen throughout the erectile tissue (Fig. 6). Compared to the
SC, the HFC group of rats was characterized by decreased
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Fig. 6. NOS immunoreactivity of the groups (200x). Red colouring indicates positive immunostaining (black arrows). The individual
panels represent penis sections from SC (A, B, C); from HFC (D, E, F) and from HFNEB (G, H, I) group of animals.

Table 3. Erectile functions.
Parameter SC HFC HFNEB

(n = 6) (n = 6) (n = 6)

MAP (mmHg) 109 ± 2.66 112 ± 3.38∗ 107 ± 1.36&

ICP (mmHg) 92 ± 2.16 74 ± 3.14∗ 87 ± 2.40∗,&

p < 0.05 ∗compared to SC, &compared to HFC.
ICP, Intracavernosal pressure; MAP,Mean arterial pressure.

Table 4. Tissue oxidative status and antioxidant capacity.
Parameter SC HFC HFNEB

(n = 6) (n = 6) (n = 6)

SOD (U/gr tissue) 5.18 ± 0.311.95 ± 0.52∗ 4.86 ± 0.38∗,&

GSH (µmole/gr tissue) 2.48 ± 0.17 1.36± 0.26∗ 2.19± 0.21∗,&

MDA (pmole/gr tissue)0.42 ± 0.350.78 ± 0.27∗ 0.50 ± 0.20 &

p < 0.05 ∗compared to SC, &compared to HFC.
GSH, Glutathione; MDA, Malondialdehyde; SOD, Superoxide
dismutase.

eNOS and increased iNOS and nNOS immunoreactivity.
Prevention of eNOS, together with an increase in nNOS
immunoreactivity was significant in the HFNEB group (Ta-
ble 5).

4. Discussion
4.1 MI caused heart failure with preserved ejection
fraction

HF is caused by cardiovascular disorders such as MI
and consists primarily of LV dysfunction, which is char-
acterized by decreased myocardial contractility, increased
LVED and decreased CO [15]. LAD ligation causes MI
with ventricular tissue loss. The heart starts to collapse if
the residual myocardium does not compensate for the loss
of contractile tissue [15]. Coronary artery ligation, a widely
used small animal HF model [16], is a reliable model to in-
duce tissue damage and HF [17]. Significant HF signs 2–6
weeks after LAD ligation causing MI in more than 40% of
the ventricular area have been shown in animal studies [18].
Consistent with these studies, the infraction area was about
49% of the LV in our study.

In rats with HF, a decrease in BW was seen. A loss of
more than 7.5% of the normal body weight was shown to be
a major indicator of decreased survival in HF [19]. Differ-
ent causes of weight loss in HF, including reduction in food
intake, immune, and neurohormonal activation were previ-
ously studied [20]. However, in the present study, we did
not investigate the responsible mechanism. In the present
study, this group of animals was also characterized by in-
creased LVW/BW which is a sign of pulmonary conges-
tion commonly associated with HF [3]. Moreover, in this
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Table 5. Immunolabelling intensities.

Parameter/Time Staining and localization
Labelling intensity

SC HFC HFNEB

eNOS Cytoplasmic staining in the endothelium of the cavernosal space 3+ 2+ 3+
nNOS Cytoplasmic and nuclear staining along penile cavernosal and dorsal nerves 1+ 2+ 3+
iNOS Cytoplasmic staining throughout the erectile tissue 1+ 2+ 2+
Labelling intensities: 1+: weak 2+: moderate 3+: strong.

group, anatomical changes, such as increased fibrosis and
interstitial proliferation in the histologic slices of the heart
were consistent with the functional alterations in echocar-
diography. In the presented study, significant increase in
LVEDP together with protected LV systolic function (char-
acterized with mild reduction in EF) is in line with heart
failure with preserved EF [3]. Although we observed a sig-
nificant decrease in MBP after MI, this decrease is within
physiological limits and does not reflect a significant hy-
potension [21].

4.2 NO played a key role on ED in HF

Close relationship between ED and HF is well known
[3]. In-vivo studies have shown decreased ICP/MAP ra-
tio in HF rats [15]. Similar to these studies, in the present
study, the HF group of animals developed ED characterized
by decreased ICM/MAP. Different mechanisms including
hypoperfusion, endothelial dysfunction, increased level of
vasoconstrictor substances, medication was studied to con-
tribute to ED in HF [3]. However, more than one mecha-
nism is likely to play a role in this pathology.

Corpora cavernosa, which consists of sinusoidal
spaces with trabecular meshwork lined by endothelium are
the two corporal bodies of penile erectile tissue [22]. Penile
erection develops through two consecutive steps which are
coordinated by neurogenic, vascular, and humoral events
[7]: (1) the expansion of cavernosal sinusoids with the in-
flow of the blood results in the enlargement and rigidity of
the penis, and (2) the cavernosal veno-occlusion avoids the
leakage of blood from the veins until the sexual act is com-
pleted. In the first step, as blood flows through the caver-
nosal arteries into the sinusoids, the corporal sinusoids ex-
pand to provide a space for the pooling blood. In the second
step, the rise in intracorporal pressure by pooling the blood
into enlarged sinusoids shuts the venous channels and re-
duces the outflow to prevent blood leaking out of the vein.
The increase in the inflow of the blood via cavernosal arter-
ies into the corporal bodies and expansion of the sinusoids
depends on the relaxation of smooth muscles of both the
arterial system and the sinusoids [23].

NO, which is expressed in both nitrergic fibers and en-
dothelial cells, is essential in this coordination [24]. NO,
which is formed by nNOS in the terminal axons of the
nerve, diffuses into the smooth muscle cells, causing the re-
laxation of smooth muscles through the activation of cGMP

and initiating the penile erection [25]. Erection requires a
balance between inflow and the outflow of blood within the
sinusoids therefore NO produced by eNOS plays a role both
in the initiation and the continuation of the erection [26].
NO produced by eNOS in endothelial cells diffuses into the
smooth cells and causes relaxation similar with the nNOS.
iNOSmediated NO is also produced in smooth muscle cells
and acts on mitochondria. However, its effects are quite
different [27]. Although iNOS is generally considered to
be expressed in an inflammatory condition and responsible
for the nitrosative damage, protecting effect of iNOS either
by prevention of apoptosis induced by the oxidative stress
or by inhibition of the breakdown of cGMP in the corpus
cavernosum has recently been shown [28,29]. Therefore,
the role of NO produced by iNOS might be due to the ox-
idative status of the corpus cavernosum. In our study, while
the SC group of animals were characterized by strong eNOS
together with weak nNOS and iNOS immunoreactivity, HF
induced animals were characterized by decreased eNOS to-
gether with increased iNOS and nNOS immunoreactivity.
In the HF induced animals, decreased eNOS levels could
be the predictor of endothelial injury. Increased ICP/MAP
ratio supports this argument. However, NO produced by the
nitrergic nerve endings could act as a compensatory mech-
anism and helps to the smooth muscle relaxation in the cor-
pus cavernosum via activation of cGMP in the HF induced
rats. Increased cGMP levels, together with the high NO in
the HFC group, support this argument. Furthermore, NO
produced by iNOS was the key molecule responsible for
the nitrosative damage in the ED induced by HF. Increased
ONOO− and NO levels along with decreased antioxidant
capacity (as characterized by decreased SOD and GSH lev-
els) in the HFC group support this argument.

4.3 Nebivolol showed positive effects via NO-mediated
mechanisms on ED in HF

Beta-blockers are commonly prescribed to reduce
mortality in patients with HF or a history of MI [3]. How-
ever, they are associated with the ED. “The Cross-National
Survey on Men’s Health Issues” showed that up to 20%
of men under the treatment of beta-blocker therapy experi-
ence ED [30]. Beta-blockers differ according to their beta-1
receptor selectivity and their additional vasoactive effects.
Nebivolol is a third-generation selective beta-1 blocker with
additional NO-mediated effects. In our previous studies,
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we have shown NO mediated effects of nebivolol in dif-
ferent pathologies, especially in MI [9,12]. Positive ef-
fects of nebivolol on ED by enhancing eNOS, reducing ox-
idative stress at the endothelial level of the corpus caver-
nosumwere shown in animal studies [31]. In line with these
preclinical studies, the positive effects of nebivolol were
shown in patients with or at risk of developing ED in small
sample clinical studies [8]. Conversely, a cross-sectional
observational study classifying ED (no ED, mild-moderate-
severe ED) in hypertensive patients treated with different
beta blockers (atenolol, carvedilol, bisoprolol, metopro-
lol, and nebivolol) showed that though ED was less com-
mon with nebivolol, moderate ED was more common with
nebivolol, bisoprolol, and atenolol [32]. Therefore, the
NO-mediated effects of nebivolol on ED and the suggested
mechanism is controversial. We argue that the main rea-
son for these controversial results is the use of different ex-
perimental setups, especially in preclinical studies. In the
present study, the MAP levels in nebivolol treated animals
were similar to those in the SC group. This may result from
the use nebivolol at a minimum beta-blocker dose in this
study. Conserved eNOS and ICP/MAP levels in animals
treated with nebivolol indicated that the eNOS-mediated ef-
fect of nebivolol is the dilatation of the cavernous body in
addition to the increasing vasodilation-mediated intracav-
ernosal blood flow. Preserved cGMP levels in this group
of animals also support this argument. When compared to
the SC and HFC groups, the most prominent increase in the
nebivolol-treated group was observed in nNOS immunore-
activity. As discussed earlier, NO produced by nNOS in the
terminal axons of the nerve innervating the corporal smooth
muscle diffuses into the smooth muscle cells and causes the
relaxation of smoothmuscles [25]. Therefore, it can be con-
cluded that the positive effect of nebivolol on ED devel-
oped after HF is largely accompanied by NO-releasing ef-
fect of nebivolol from the nitrogenic nerve endings. Unlike
nNOS levels, iNOS levels in the nebivolol treated group
were the same as HFC and higher than the SC group. In this
group, although the antioxidant levels (SOD, GSH) were
higher and the oxidant status (MDA, OSI) were lower than
the HFC, these parameters were still significantly different
from those of the SC group. Therefore, unlike similar stud-
ies [33] in our study, the positive effect of nebivolol was
not a result of the reduction in nitrosative/oxidative stress
in the corpus cavernosum.

Although molecular techniques (i.e., Western blot
analysis) are superior to immunohistochemistry as they al-
low for quantitative analysis, identifying the distinct cellu-
lar localization of protein alterations is the advantage of the
immunohistochemical methods. Therefore, since this study
aimed to determine the mechanism, immunohistochemistry
was preferred.

5. Conclusions

Our study shows that nebivolol has positive effects on
ED developed in HF. The NO-mediated mechanisms un-
derlying this effect can be summarized as eNOS mediated
dilation of the cavernous body and nNOS mediated smooth
muscle relaxation. While NO produced by nNOS in the
terminal axons of nitrergic nerves causes the relaxation of
smooth muscle cells of the corpus cavernosum and initiates
the erection, eNOSmediated dilation of the cavernous body
helps to maintain the erection. To the best of our knowl-
edge, this study is the first in the literature to discuss all
three NOS isoforms in order to explain the NO-mediated
effects of nebivolol in ED.

In conclusion, in addition to the favorable hemody-
namic profile, unlike other beta-blockers, NO-mediated ef-
fects of nebivolol can help to minimize ED, which is a typ-
ical co-morbidity of HF.

Abbreviations

BW, body weight; CO, cardiac output; cGMP, cyclic
guanylate cyclase; ED, erectile dysfunction; EF, ejection
fraction; eNOS, endothelial nitric oxide synthase; GSH,
glutathione; HF, heart failure; HE, hematoxylin eosin;
HW, heart weight; ICP, intracavernosal pressure; iNOS, in-
ducible nitric oxide synthase; LAD, left anterior descend-
ing coronary artery; LV, left ventricle; LVEDd, left ven-
tricular end diastolic dimension; LVEDV, left ventricular
end diastolic volume; LVSP, left ventricular systolic pres-
sure; LVEDP, left ventricular end diastolic pressure; MAP,
mean arterial pressure; MDA, malondialdehyde; MI, my-
ocardial infarction; MS, massons’ trichrome; NO, nitric ox-
ide; nNOS, neuronal nitric oxide synthase; SOD, superox-
ide dismutase; OSI, oxidative stress index; ONO2

−, perox-
ynitrite; TAC, total antioxidant capacity; TOC, total oxidant
capacity.

Author contributions

GM and CM designed the research study. GM and
CM performed the research. GG provided help and ad-
vice on the histological and immunohistological experi-
ments. GH analyzed the data. GM, GG and CM wrote
the manuscript. All authors contributed to editorial changes
in the manuscript. All authors read and approved the final
manuscript.

Ethics approval and consent to participate

The study was conducted in accordance with the Dec-
laration of Helsinki, and the protocol was approved by the
Ethics Committee of Istanbul Medipol University Animal
Experiments Local Ethics Committee (approval number:
95).

9

https://www.imrpress.com


Acknowledgment
Authors wish to thank Fehmi Mercanoglu (Istanbul

University, Istanbul Medical Faculty, Department of Cardi-
ology, Istanbul-Turkey) for his valuable help in the echocar-
diography evaluations and critical review of themanuscript.

Funding
This research received no external funding.

Conflict of interest
The authors declare no conflict of interest.

References
[1] Mosterd A, Hoes AW. Clinical epidemiology of heart failure.

Heart. 2007; 93: 1137–1146.
[2] Irwin GM. Erectile dysfunction. Primary Care: Clinics in Office

Practice. 2019; 46: 249–255.
[3] Ponikowski P, Voors AA, Anker SD. 2016 ESC guidelines for

the diagnosis and treatment of acute and chronic heart fail-
ure: the task force for the diagnosis and treatment of acute and
chronic heart failure of the European society of cardiology de-
veloped with the special contribution of the heart failure associ-
ation of the ESC. European Heart Journal. 2016; 37:2129–2200.

[4] Manolis A, Doumas M, Ferri C, Mancia G. Erectile dysfunction
and adherence to antihypertensive therapy: focus on β-blockers.
European Journal of Internal Medicine. 2020; 81: 1–6.

[5] Fogari R, Preti P, Zoppi A, Corradi L, Pasotti C, Rinaldi A, et
al. Effect of valsartan and atenolol on sexual behavior in hyper-
tensive postmenopausal women. American Journal of Hyperten-
sion. 2004; 17: 77–81.

[6] Fongemie J, Felix GE. A review of nebviolol pharmacology and
clinical evidence. Drugs. 2015; 75: 1349–1371.

[7] Matsui H, Sopko NA, Hannan JL, Bivalacqua TJ. Pathophysi-
ology of erectile dysfunction. Current Drug Targets. 2015; 16:
411–419.

[8] Sharp RP, Gales BJ. Nebivolol versus other beta blockers in pa-
tients with hypertension and erectile dysfunction. Therapeutic
Advances in Urology. 2017; 9: 59–63.

[9] Mercanoglu G, Safran N, Gungor M, Pamukcu B, Uzun H, Sez-
gin C, et al. The effects of nebivolol on cardiomyocyte apoptosis
after myocardial infarction in rats. Circulation Journal. 2008; 72:
660–670.

[10] Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Er-
nande L, et al. Recommendations for cardiac chamber quantifi-
cation by echocardiography in adults: an update from the Amer-
ican society of echocardiography and the European association
of cardiovascular imaging. Journal of the American Society of
Echocardiography. 2015; 28: 1–39.e14.

[11] Azadzoi KM,Master TA, SirokyMB. Effect of chronic ischemia
on constitutive and inducible nitric oxide synthase expression in
erectile tissue. Journal of Andrology. 2004; 25: 382–388.

[12] Mercanoglu G, Semen O. Nitric oxide mediated the effects of
nebivolol in cardiorenal syndrome. Iranian Journal of Basic
Medical Sciences. 2019; 22: 1314–1324.

[13] Macit C, Ustundag UV, Dagdeviren OC, Mercanoglu G, Sener
G. The effects of calorie restriction and exercise on age-related
alterations in corpus cavernosum. Front Physiol. 2020; 11: 45.

[14] Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein mea-
surement with the folin phenol reagent. Journal of Biological
Chemistry. 1951; 193: 265–275.

[15] Rodrigues FL, Lopes RAM, Fais RS, de Oliveira L, Prado CM,
Tostes RC, et al. Erectile dysfunction in heart failure rats is asso-
ciated with increased neurogenic contractions in cavernous tis-

sue and internal pudendal artery. Life Sciences. 2016; 145: 9–
18.

[16] Fraccarollo D, Galuppo P, Bauersachs J. Novel therapeutic
approaches to post-infarction remodelling. Cardiovascular Re-
search. 2012; 94: 293–303.

[17] Riehle C, Bauersachs J. Small animal models of heart failure.
Cardiovascular Research. 2019; 115: 1838–1849.

[18] Pfeffer MA, Pfeffer JM, Fishbein MC, Fletcher PJ, Spadaro J,
Kloner RA, et al. Myocardial infarct size and ventricular func-
tion in rats. Circulation Research. 1979; 44: 503–512.

[19] Anker SD, Chua TP, Ponikowski P, Harrington D, Swan JW,
Kox WJ, et al. Hormonal changes and catabolic/anabolic im-
balance in chronic heart failure and their importance for cardiac
cachexia. Circulation. 1997; 96: 526–534.

[20] von Haehling S, Lainscak M, Springer J, Anker SD. Cardiac
cachexia: a systematic overview. Pharmacology & Therapeu-
tics. 2009; 121: 227–252.

[21] Molcan L, Vesela A, ZemanM. Radiotelemetry measurement of
heart rate, blood pressure and locomotory activity of rats in phys-
iological experiment. Slovak Journal of Animal Science 2009;
42: 63–66.

[22] Agarwal A, Nandipati KC, Sharma RK, Zippe CD, Raina R.
Role of oxidative stress in the pathophysiological mechanism of
erectile dysfunction. Journal of Andrology. 2006; 27: 335–347.

[23] Dean RC, Lue TF. Physiology of penile erection and pathophys-
iology of erectile dysfunction. Urologic Clinics of North Amer-
ica. 2005; 32: 379–395.

[24] Silva FH, Veiga FJR,Mora AG,Heck RS, DeOliveira CC, Gam-
bero A, et al. A novel experimental model of erectile dysfunc-
tion in rats with heart failure using volüme overlod. PLoS ONE.
2017; 12: e0187083.

[25] Burnett AL, Lowenstein CJ, Bredt DS, Chang TS, Snyder SH.
Nitric oxide: a physiologic mediator of penile erection. Science.
1992; 257: 401–403.

[26] Hannan JL, Blaser MC, Oldfield L, Pang JJ, Adams SM, Pang
SC, et al. Morphological and functional evidence for the contri-
bution of the pudendal artery in aging-induced erectile dysfunc-
tion. Journal of Sexual Medicine. 2010; 7: 3373–3384.

[27] Zhao S, Liu L, Kang R, Li F, Li E, Zhang T, et al. Shengjing
capsule improves erectile function through regulation of nitric
oxide-induced relaxation in corpus cavernosum smooth muscle
in a castrated rat model. Urology. 2016; 91: 243.e7–243.e12.

[28] Ferrini MG, Kovanecz I, Sanchez S, Vernet D, Davila HH, Ra-
jfer J, et al. Long-term continuous treatment with sildenafil ame-
liorates aging- related erectile dysfunction and the underlying
corporal fibrosis in the rat. Biology of Reproduction. 2007; 76:
915–923.

[29] Gonzalez-Cadavid NF, Rajfer J. Molecular pathophysiology and
gene therapy of aging-related erectile dysfunction. Experimental
Gerontology. 2004; 39: 1705–1712.

[30] Shabsigh R, Perelman MA, Lockhart DC, Lue TF, Broderick
GA. Health issues of men: prevalence and correlates of erectile
dysfunction. Journal of Urology. 2005; 174: 662–667.

[31] Giagulli VA, Moghetti P, Kaufman JM, Guastamacchia E, Ia-
coviello M, Triggiani V. Managing erectile dysfunction in heart
failure. Endocrine, Metabolic & Immune Disorders Drug Tar-
gets. 2013; 13: 125–134.

[32] Cordero A, Bertomeu-Martínez V, Mazón P, Fácila L,
Bertomeu-González V, Conthe P, et al. Erectile dysfunction
in high-risk hypertensive patients treated with beta-blockade
agents. Cardiovascular Therapeutics. 2010; 28: 15–22.

[33] Baumhäkel M, Schlimmer N, Büyükafşar K, Arikan O, Böhm
M. Nebivolol, but not metoprolol, improves endothelial function
of the corpus cavernosum in apolipoprotein e-knockout mice.
Journal of Pharmacology and Experimental Therapeutics. 2008;
325: 818–823.

10

https://www.imrpress.com

	1. Introduction 
	2. Materials and methods
	2.1 Study design
	2.2 Induction of heart failure
	2.3 Evaluation of cardiac function and ventricular pressures
	2.4 Cardiac morphological analysis
	2.5 Evaluation of erectile function
	2.6 Immunohistochemical evaluation of NOS expression in penile tissue
	2.7 Penile tissue oxidative status and antioxidant capacity 
	2.8 Penile tissue oxidative stress index
	2.9 Penile tissue nitric oxide (NO), peroxynitrite (ONO2-) and cyclic guanylate cyclase (cGMP) levels 
	2.10 Statistical analysis

	3. Results 
	3.1 Animal characteristics
	3.2 Cardiac morphology
	3.3 Cardiac function and ventricular pressures
	3.4 Erectile function
	3.5 Penile tissue oxidative status and antioxidant capacity
	3.6 Penile tissue NO, ONO2- and cGMP levels 
	3.7 Histological assessment of penile tissue and evaluation of NOS isoforms

	4. Discussion
	4.1 MI caused heart failure with preserved ejection fraction
	4.2 NO played a key role on ED in HF
	4.3 Nebivolol showed positive effects via NO-mediated mechanisms on ED in HF

	5. Conclusions 
	Abbreviations
	Author contributions
	Ethics approval and consent to participate
	Acknowledgment
	Funding
	Conflict of interest

