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Effect of Atenolol or Nebivolol Administration on Blood Pressure
Variability and its Impact on White Organ Damage in Spontaneously
Hypertensive Rats
Efecto de la administración de atenolol o nebivolol sobre la variabilidad de la presión arterial
y su impacto sobre el daño de órgano blanco en ratas espontáneamente hipertensas
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ABSTRACT
Background: Hypertension-related cardiovascular risk has been traditionally considered the result of sustained blood pressure elevation, leading to target organ injury. In recent years, other factors have been described, such as blood pressure and central blood
pressure variability, also directly affecting target organ injury.
Objective: The aim of this study was to assess the effects of chronic atenolol or nebivolol administration on short-term blood pressure variability and target organ injury at the left ventricular and aortic level.
Method: Spontaneously hypertensive rats (SHR) were treated for 8 weeks with a single daily dose of atenolol, nebivolol or vehicle.
Blood pressure and its short-term variability were measured and echocardiography was performed. The left ventricle and thoracic
aorta were removed to quantify the expression of transforming growth factor β and to perform histological studies.
Results: Chronic treatment with nebivolol reduced mean arterial pressure (MAP) and its variability to a greater extent than atenolol
(MAP: WKY: 118.6±8.0 mmHg, SHR: 174.6±2.1 mmHg a; SHR-atenolol: 155.2 ± 2.1 mmHg a, b, SHR-nebivolol: 122.3±2.3 mmHg
b, c , MAP variability: WKY: 3.8±0.2 mmHg; SHR: 6.2±0.3 mmHg a; SHR-atenolol: 5.2±0.3 mmHg a, b; SHR-nebivolol: 4.2±0.2
mmHg b, c; a p<0.05 vs. WKY rats; b p<0.05 vs. SHR; c p<0.05 vs. SHR-atenolol).
Conclusions: The analysis of target organ injury showed that nebivolol reduced the content of ventricular fibrosis, decreased aortic
media thickness and induced greater reduction of transforming growth factor β overexpression in both organs compared to SHR
treated with vehicle or atenolol. These findings suggest that a greater reduction in central blood pressure, together with a decrease
in blood pressure variability, would contribute to the better protection of target organ injury with nebivolol than with atenolol.
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RESUMEN
Introducción: Tradicionalmente se ha considerado que el riesgo cardiovascular asociado con la hipertensión es producto de la elevación sostenida de la presión arterial, que lleva al daño de órgano blanco. En los últimos años se ha descripto que otros factores,
como la variabilidad de la presión arterial y la presión arterial central, también afectan directamente el daño de órgano blanco.
Objetivo: Determinar los efectos de la administración crónica de atenolol o nebivolol sobre la variabilidad de la presión arterial a
corto plazo y el daño de órgano blanco a nivel del ventrículo izquierdo y de la aorta.
Material y métodos: Se incluyeron ratas espontáneamente hipertensas (REH) que fueron tratadas durante 8 semanas con una
única administración diaria de atenolol, nebivolol o vehículo. Se determinaron la presión arterial y su variabilidad a corto plazo y se
realizó ecocardiografía. Se extrajeron el ventrículo izquierdo y la aorta torácica para cuantificar la expresión del factor de crecimiento
transformante β y realizar estudios histológicos.
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Resultados: El tratamiento crónico con nebivolol redujo la presión arterial media (PAM) y su variabilidad en mayor medida que el
atenolol (PAM WKY: 118,6 ± 8,0 mm Hg; REH: 174,6 ± 2,1 mm Hg a; REH-atenolol: 155,2 ± 2,1 mm Hg a, b; REH-nebivolol: 122,3
± 2,3 mm Hg b, c; desviación estándar de la PAM WKY: 3,8 ± 0,2 mm Hg; REH: 6,2 ± 0,3 mm Hg a; REH-atenolol: 5,2 ± 0,3 mm Hg
a, b; REH-nebivolol: 4,2 ± 0,2 mm Hg b, c; a p < 0,05 vs. ratas WKY; b p < 0,05 vs. REH; c p < 0,05 vs. REH-atenolol).
Conclusiones: El análisis del daño de órgano blanco establece que el nebivolol reduce el contenido de fibrosis ventricular, disminuye
el espesor de la media aórtica e induce una mayor reducción de la sobreexpresión del factor de crecimiento transformante β en ambos
órganos en comparación con REH tratadas con vehículo o atenolol. Estos hallazgos sugieren que la mayor reducción de la presión
arterial central, junto con la disminución de la labilidad de la presión arterial, contribuiría en la superior protección del daño de
órgano blanco por el nebivolol respecto del atenolol.
Palabras clave: Nebivolol - Atenolol - Presión arterial - Ratas

Abbreviations
BP

Blood Pressure

SD

Standard Deviation

BPV

Blood Pressure Variability

SHR

Spontaneously hypertensive rats

ICF

Interstitial collagen fraction

TA

Thoracic artery

LV

Left Ventricle

TGF-β Transforming growth factor β

MAP

Mean Arterial Pressure

WKY Wistar Kyoto

SBP

Systolic Blood Pressure

INTRODUCTION

Cardiovascular risk associated to hypertension has
been traditionally considered as the product of sustained blood pressure (BP) elevation leading to target
organ damage. In recent years other factors, such as
blood pressure variability (BPV) and central blood
pressure (BP), have also been described to directly affect target organ injury. (1-6) Different clinical studies have established that a 24 hour-increase in BPV,
day-to-day and between medical visits is associated
with an increased risk of cardiovascular events. (7)
Today, it is postulated that the reduction of BPV may
be considered as a possible new therapeutic goal for
the treatment of hypertension, which is why antihypertensive drugs should not only be able to decrease
BP but also to control its variability. (7)
Central BP represents the direct pressure exerted on the brain, heart and kidneys and has shown
to have closer correlation with target organ damage
and the incidence of cardiovascular events compared
with brachial artery BP. (3, 4) A retrospective analysis
showed that atenolol therapy, while reducing brachial
artery BP, is capable of elevating central BP, generating a false sense of hypertension and cardiovascular
risk control. (8, 9)
β-blockers are no longer recommended for initial
treatment in uncomplicated hypertensive subjects
due to their lower protection against stroke and the
increased risk of metabolic disorders. (8) The lower
cardioprotection provided by β-blockers compared to
other first-line antihypertensive agents has been attributed to its limited effect on central BP and BPV
(8, 10) However, the clinical evidence associating the
use of β-blockers with lower protection of the hypertensive patient is largely based on clinical studies
evaluating atenolol, a relatively low cardioselective
β-blocker with no vasodilator action. (7, 8)

In the last decades, third-generation β-blockers,
among them carvedilol and nebivolol, have been developed with pharmacological properties superior to
atenolol, including the ability to reduce central BP
and a neutral metabolic profile. (8, 11) However, the
superiority of third generation β-blockers over atenolol in terms of BPV reduction and protection of target
organ damage has not been previously evaluated in
clinical studies.
Considering this background, the aim of the present study was to study the effects of chronic oral
administration of atenolol or nebivolol on short-term
BPV and to evaluate its action on target organ injury markers at the left ventricular (LV) and thoracic
aorta (TA) level.
METHODS

Spontaneously hypertensive male rats (SHR) (200-220 g),
were orally treated during 8 weeks with nebivolol 30 mg/kg/
day (n=6), atenolol 90 mg/kg/day (n=6) or vehicle, using a
trocar. A fourth group of WKY rats treated with vehicle was
employed as control. During the last 2 weeks of treatment,
systolic blood pressure (SBP) was assessed by the indirect
tail-cuff method, estimating mean SBP, intraday variation
and inter-day fluctuation. (12)
In the last week of treatment, echocardiographic measurements were performed with an Acuson Sequoia, model
C512 ultrasound system equipped with a 7-14 MHz transducer in rats anesthetized with ketamine/xylazine. After
2 months of treatment, the carotid artery was cannulated
and connected 24 hours later to a Spectramed P23XL pressure transducer (Spectramed, Oxnard, CA, USA) coupled to
a Grass 79D polygraph (Grass Instruments, Quincy, MA ,
USA) and a digital converter (Polyview, PVA 1, Grass-Astro
Med, West Warwick, RI USA). Blood pressure recordings
were obtained during 2 hours and analyzed using Polyview
2.3 software (Astro-Med, West Warwick, RI, USA). Mean arterial pressure (MAP), which for its sampling site represents
central BP, was estimated and short term BPV was calculated from 3-minute recordings. (13)
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Once the hemodynamic parameters were measured, the
animals were sacrificed by guillotine decapitation removing
the TA and the LV to assess target organ damage. As a morphological marker of injury at the cardiac level, the left ventricular weight/body weight ratio was evaluated using a precision weigh scale. (14) The histopathological evaluation of the
LV and the TA was performed on 5 μm thick tissue sections.
The aortas were stained with hematoxylin-eosin (H&E) while
the LVs with Sirius Red stain in which the collagen fibers are
stained pink. Microscopic sections were photographed using
a microscope (Olympus CX31microscope, Japan) attached to
a digital camera (U-CMA D3 Olympus, Japan). At the ventricular level, the interstitial collagen fraction (ICF) was determined, while at the aortic level the aortic media thickness
and the aortic media thickness/lumen diameter ratio were
evaluated using image analyzer software (Image Pro-Plus 3.0,
Media Cybernetics, Silver Spring, MD, USA for the LV and
ImageJ 1.49 V Wayne Rasband, National Institute of Health,
USA for the aortas). (15, 16) Finally, the transforming growth
factor-β (TGF-β) expression in the LV and TA homogenates
was assessed by Western Blot analysis as biochemical marker
of target organ damage. Homogenates (20 μg) were run on
SDS polyacrylamide gel (12%). The transfer was performed
on PVDF membranes which, after blockage, were incubated
overnight with: Mouse anti-TGF-β (MW:13 kDa) and rabbit
anti-GAPDH (MW:37 kDa) as loading control. Proteins were
detected by chemiluminescence using a photographic film and
then quantified with the ImageJ program. (17)
Statistical analysis

Normal distribution of study data and variables was confirmed using the Kolmogorov Smirnov test. Data were expressed as mean±standard error of the mean. Statistical
comparison between treatment groups was performed using one-way ANOVA followed by Tukey’s post-hoc test using GraphPad Prism version 6.0 (GraphPad Software, San
Diego, California, USA). Statistical significance was defined
for a p value <0.05.
Ethical considerations

Animal experiments were performed according to the
“Principles of Care and Use of Laboratory Animals” (NIH

Table 1. Hemodynamic parameters
of WKY rats and SHR chronically
treated with atenolol, nebivolol
or vehicle.

Hemodynamic parameter

Publication No. 85-3, Revision 1985) and were approved
by the Ethics Committee of the School of Pharmacy and
Biochemistry of Universidad de Buenos Aires (EXP-UBA
N° 0062949/2015).
RESULTS

Chronic treatment with nebivolol, while not significantly reducing SBP, decreased intraday and between
days fluctuation compared with hypertensive animals
treated with vehicle or atenolol (Table 1). Central BP
assessment showed that nebivolol reduced MAP and
its short-term variability to a greater extent than atenolol, restoring the values of the normotensive control
group (Table 1).
Echocardiographic findings revealed a significant
increase of the posterior wall diameter during diastole
in SHR compared with normotensive animals, which
was reduced to a greater extent by nebivolol compared
with atenolol (-29% vs. -8%, p<0.05). Chronic nebivolol administration reduced left ventricular mass index
expressed as LV weight/body weight ratio (Table 1).
The histopathological evaluation established the existence of an increase in LV interstitial collagen deposition of SHR compared with normotensive animals,
evidenced by 62% increase in the ICF. Although atenolol partially reduced the interstitial collagen content,
nebivolol completely reversed this cardiac structure
alteration, reducing the LV fibrosis content in SHR.
The analysis of TA histological sections showed an increase in both the aortic media thickness and aortic
media thickness/lumen diameter in SHR compared
with WKY rats. Both morphometry parameters were
reduced only after chronic treatment with nebivolol
(Table 2). Finally, the biochemical evaluation of target organ damage showed that nebivolol induces a
greater reduction of TGF-β overexpression compared
with atenolol, both at the ventricular and aortic levels
(Figure 1A).

WKY
(n=6)

SHR
(n=6)

SHR
Atenolol
(n=6)

SHR
Nebivolol
(n=6)

134±2

184±6a

169±2a,b

170±4a

3.38±0.52

9.21±0.59a

6.42±0.35a,b

3.76±0.40b,c

3.04±0.75

10.42±0.80a

13.90±2.08a

7.30±0.84b,c

118.6±8.0

174.6±2.1a

155.2±2.1a,b

122.3±2.3b,c

3.8±0.2

6.2±0.3a

5.2±0.3a,b

4.2±0.2b,c

1.31±0.08

2.40±0.03a

2.20±0.01a

1.70±0.04a,b

2.17±0.10

3.51±0.18a

3.52±0.02a

2.98±0.06a,b,c

Indirect pressure (tail cuff)
SBP, mmHg
Intraday SD, mmHg
Interday SD, mmHg

Central blood pressure in the carotid artery
MAP, mmHg
SD, mmHg
Echocardiography
Diastolic posterior wall diameter, mm
Left ventricular mass index mg/g

The data are expressed as mean±standard error of the mean. .a p<0.05 vs. WKY, b p<0.05 vs. SHR, c p<0.05
vs. SHR Atenolol. WKY: Wistar Kyoto. SHR: Spontaneously hypertensive rats. SBP: Systolic blood pressure. SD:
Standard deviation. MAP: Mean arterial pressure
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DISCUSSION

In the present study, chronic oral treatment with the
third-generation β-blocker vasodilator nebivolol markedly attenuates short-term BPV in the SHR model.
The analysis of direct and indirect BP measurements
establishes that nebivolol at a daily dose of 30 mg/kg
is able to significantly reduce the SD of the BP registry, a recognized parameter of short-term variability. At an indirect level, although nebivolol does not
generate a reduction in SBP, it reduces the short and
mid-term fluctuation parameters of BP. The different
efficacy of some drugs in terms of decreased central
BP compared with peripheral BP may be one of the
causes why agents that produce similar reductions in
peripheral blood pressure do not achieve equal protection against cardiovascular adverse events. (13) Nebivolol is more effective in reducing central BP and
its variability than atenolol, suggesting that β-blocker
vasodilators provide a greater hemodynamic benefit
compared to second-generation β-blockers.
Currently, the effect of nebivolol on BPV has been
scarcely reported in preclinical studies. In previous
works, we have demonstrated that the acute intravenous administration of nebivolol in SHR, in L-NAME
induced hypertensive rats, and in normotensive rats
but with increased fluctuation of BP by means of sinus
aortic denervation, substantially reduces short-term
BPV. (13, 18, 19) At the clinical level, Gapon et al. have
shown that, although both atenolol and nebivolol exhibit similar antihypertensive properties, treatment
with nebivolol prevents the increase in morning BP
and its variability to a greater extent than atenolol
over 24 hours in patients with second degree hypertension. (20)
A second objective of the present study was to
compare the effect of chronic treatment with nebivolol or atenolol on target organ damage at the LV
and TA levels in SHR, by morphological, echocardiographic, histological, and biochemical determinations. Only the third-generation β-blocker was able to
decrease TGF-β overexpression, a cytokine involved
in fibrotic processes implicated in cardiac and vascular remodeling during hypertension. (21, 22) Ac-

cordingly, chronic antihypertensive treatment with
nebivolol was able to protect against the ventricular
and aortic remodeling characteristic of hypertensive
disease. In this context, nebivolol reduced the interstitial collagen content, the ventricular hypertrophy
index and the posterior diastolic wall thickness found
in hypertensive animals treated with vehicle or atenolol. Recently, Varagic et al. revealed that nebivolol attenuates remodeling and cardiac dysfunction in
salt-sensitive SHR through an independent effect of
its antihypertensive action. (23) At the vascular level,
chronic treatment with nebivolol was able to reverse
aortic remodeling evidenced by a reduction in the media layer thickness and the media thickness/lumen
diameter ratio. These results are in agreement with
the findings of Guerrero et al. showing that chronic
treatment with nebivolol reduces the fibrotic content
and improves vascular structure. (24)
CONCLUSIONS

Essentially, chronic administration of nebivolol presents greater hemodynamic effects than atenolol,
evidenced by a higher reduction of central BP and
short-term BPV. Nebivolol is capable of attenuating ventricular and vascular injury associated with
experimental hypertension to a greater extent than
atenolol. These results suggest that the lower cardiovascular protection of atenolol compared with other
antihypertensive agents found in clinical trials should
not be extrapolated to third-generation β-blockers
such as nebivololI.
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WKY
(n=6)

SHR
(n=6)

SHR
Atenolol
(n=6)

SHR
Nebivolol
(n=6)

3.41±0.11

5.53±0.17a

4.50±0.13a,b

3.14±0.34b,c

Aortic media thickness, µm

103.0±4.9

151.2±3.0a

145.4±2.1a

106.2±2.1b,c

Aortic media thickness /lumen

58.6±3.5

91.6±2.7a

94.3±2.2a

74.2±3.6a,b,c

Left ventricle (Sirius Red)
ICF, %
Thoracic aorta (H&E)

diameter, µm/mm
The data are expressed as mean±standard error of the mean. .ap<0.05 vs. WKY, bp<0.05 vs. SHR, cp<0.05 vs.
SHR Atenolol. WKY: Wistar Kyoto. SHR: Spontaneously hypertensive rats. SBP: Systolic blood pressure. ICF:
Interstitial collagen fraction. H&E: Hematoxylin-eosin.

Table 2. Histological left ventricular
and thoracic aorta results of WKY
and SHR rats chronically treated
with atenolol, nebivolol or vehicle.
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A

a

250

Relative Optical Density
(arbitrary units)

Fig. 1. Beta transforming factor
(TGF-β) expression (A) and its representative images (B) of Western
blot analysis in the left ventricle
and thoracic aorta of Wistar Kyoto
(WKY) rats and spontaneously hypertensive rats (SHR) chronically
treated with atenolol, nebivolol
or vehicle. Data are expressed as
optical density relative to WKY
control animals. At: Atenolol. Neb:
Nebivolol. (GAPDH): glyceraldehyde 3-phosphate dehydrogenase.
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a

200

a
b,c

150

a
b,c
WKY Vehicle
SHR Vehicle
SHR Atenolol
SHR Nevibolol

100
50
0

Left ventricle

Thoracic aorta

p < 0.05 vs. WKY, bp < 0.05 vs. SHR, cp < 0.05 vs. SHR Atenolol.

a

B
Left ventricle
T

GF- (13 kDa)
GAPDH (37 kDa)

WKY

SHR

SHR At SHR Neb

WKY

SHR

SHR At SHR Neb

Thoracic aorta
T

GF- (13 kDa)
GAPDH (37 kDa)
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