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Abstract. Bisoprolol is a drug that acts via the mechanism of 
specifically and selectively inhibiting the β1‑adrenoreceptor in 
cardiac myocytes, and provides a pure reduction of heart rate 
without changing other cardiac parameters. It has long been 
clinically used to treat cerebrovascular and cardiovascular 
illnesses. However, there is little information available on 
whether the role of bisoprolol in the attenuation of ventricular 
remodeling is dependent upon the achievement of a target dose, 
and whether it must be used as a preferred option. The aim of 
the present study was to clarify the underlying benefits of biso-
prolol in the attenuation of pressure overload‑induced cardiac 
hypertrophy and fibrosis at different doses. C57BL/6J male 
mice, aged 6‑8 weeks, were treated with saline or one of three 
different doses of bisoprolol (Biso: 2.5, 5 or 10 mg/kg/day) for 
8 weeks from day 1 after aortic banding (AB). A number of 
mice underwent sham surgery and were treated with saline or 
bisoprolol. The mice were randomly assigned into the sham 
(n=24) and AB (n=62) groups. The results revealed that biso-
prolol had a protective role against the cardiac hypertrophy, 
fibrosis and dysfunction caused by AB. This was determined 
on the basis of heart/body and lung/body weight ratios and 
heart weight/tibia length ratios, as well as echocardiographic 
and hemodynamic parameters, histological analysis, and the 
gene expression levels of hypertrophic and fibrotic markers. 
The present study revealed that administration of bisoprolol 
for a long time period may enhance its role in the prevention of 
cardiac hypertrophy and fibrosis induced by AB, whereas no 
statistically significant difference was observed between the 
middle‑ and high‑doses. These observations indicated that the 
function of bisoprolol in protecting against cardiac hypertrophy, 

fibrosis and dysfunction is time‑dependent. Furthermore, it 
is proposed that a middle dose of bisoprolol may be a better 
option for patients with cardiovascular illnesses, particularly 
those undertaking coronary artery bypass graft and cardiac 
pacemaker surgeries. These promising results require further 
clinical investigation.

Introduction

Heart failure (HF) is a syndrome in which the quantity of 
blood being pumped by the heart is insufficient to meet the 
requirements of the body. A failing heart usually results in 
progressive functional decline, irrespective of the cause of its 
failure. HF has high prevalence, mortality and morbidity rates, 
as well as significant healthcare costs, and so is an important 
health problem worldwide. Atherothrombotic illnesses, which 
often lead to HF, are predicted to increase in prevalence and 
become the primary cause of mortality worldwide by 2020, 
thus contributing to an increase in the prevalence of HF (1).

Elevated sympathetic nervous system activity in patients 
with HF is associated with a poor survival rate (2). Although HF 
improves the contractility of the heart, sustained activation of 
β‑adrenergic receptors (β‑ARs), particularly of the β1 subtype, 
causes contractile dysfunction, arrhythmias of the ventricle, 
cell loss, cardiac chamber remodeling and congestive heart 
failure (2). The resultant cardiac histology is characterized by 
hypertrophy of cardiomyocytes, in addition to perivascular 
and concomitant interstitial fibrosis (2). Certain β‑adrenergic 
blockers, when given as long‑term treatment, have shown the 
ability to attenuate ventricular remodeling (3). Bisoprolol is a 
selective and specific blocker of β1‑ARs in cardiac myocytes, 
and selectively reduces the heart rate without changing any 
other cardiac parameters, such as conduction. Furthermore, 
bisoprolol has no direct effect on other hemodynamic param-
eters (3). Previous studies have demonstrated that bisoprolol 
has several pharmacological functions, including anti‑anginal, 
anti‑arrhythmic and anti‑ischemic functions, and it is clinically 
used for the treatment of cerebrovascular and cardiovascular 
illnesses (4).

The up‑titration of β‑blockers is often suboptimal in clin-
ical practice (5). It is commonly observed that patients not only 
do not take the target dose as stated in the guidelines but also 
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cease to take the pills due to a fear of the side effects. From a 
doctor's perspective, the administration of a medium dose of a 
β blocker to patients with cardiovascular disease, particularly 
those who are due to undergo coronary bypass graft or cardiac 
pacemaker surgeries, may be safer than up‑titration. However, 
there is little information available with regard to whether 
the role of bisoprolol in attenuating ventricular remodeling is 
dependent on the achievement of a target dose, and whether 
this should be the preferred option. The aim of the present 
study was to clarify the underlying benefits of bisoprolol in the 
attenuation of pressure overload‑induced cardiac hypertrophy 
and fibrosis among different doses of the drug in mice.

Materials and methods

Animal models. All animal procedures were performed in 
accordance with the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health 
(NIH Publication No. 85‑23, revised 1996) and approved by 
the Institutional Animal Care and Use Committee at Renmin 
Hospital of Wuhan University (Wuhan, China). All surgeries 
and subsequent analyses were performed in a blinded 
manner. Experiments were conducted using 6‑8‑week‑old 
male C57BL/6J mice (11400700047102; Beijing Vital River 
Laboratory Animal Technology Co., Ltd., Beijing, China) 
weighing between 20‑25 g (n=62) were used in these experi-
ments. The mice were kept in a quiet, clean and dim feeding 
specific pathogen free system with a 12‑hour light:dark 
cycle at a constant temperature of 22˚C, and they had free 
access to clean water from an inverted plastic bottle. The 
mice also had access to rodent chow and to fresh air that 
was ventilated using a small VFA‑23‑BV animal ventilator 
(Kent Scientific, Connecticut, USA). Aortic banding (AB) 
was performed as previously described (6). The mice were 
randomly assigned into the following six groups: Biso-
prolol (10 mg/kg/day)+ sham (n=12), saline + sham (n=12), 
AB + saline (n=14), AB + low‑dose bisoprolol (2.5 mg/kg/day; 
n=16), AB + middle‑dose bisoprolol (5 mg/kg/day; n=16) and 
AB + high‑dose bisoprolol (10 mg/kg/day; n=16). Bisoprolol 
and inert saline were administered orally via gastric gavage 
for 8 weeks starting on day 1 following surgery.

The mice were fasted during the night prior to surgery. A 
topical depilatory agent was applied to the neck and chest area 
to remove fur at and around the area of the incision. One dose 
of penicillin (10 mg/kg, 0.1 ml) was administered by an intra-
peritoneal (i.p.) injection prior to the beginning of surgery. 
Next, the mice were placed supine and the body temperature 
was maintained at 37˚C using a heating pad. The mice were 
then anesthetized with sodium pentobarbital (80 mg/kg, i.p.; 
Sigma‑Aldrich, St. Louis, MO, USA) and xylazine (10 mg/kg). 
Following endotracheal intubation, mechanical ventilation 
was initiated. The skin was cleaned with Germex and Betadine 
(both from Winguide Huangpu Pharmaceutical Co., Ltd., 
Shanghai, China). A horizontal skin incision of 1 cm in length 
was made at the level of 2‑3  intercostal spaces, once the 
animal reached a surgical plane of anesthesia (lack of reflex 
or response to toe‑pinching). A 6‑0 silk suture was snared and 
pulled back around the aorta to produce a 65‑70% constriction 
following removal of the needle. A bent 27‑gauge needle (for 
23.5‑25.5 g) was then placed next to the aortic arch and the 

suture was tightly tied around the needle and aorta between 
the left carotid artery and the brachiocephalic trunk. Doppler 
analysis was performed to ensure that a physiological constric-
tion of the aorta was induced. Following ligation, the needle 
was quickly removed allowing the suture to constrict the aorta. 
The incision was closed in layers and the mice were allowed 
to recover on a warming pad until they were fully awake. The 
adequacy of anesthesia was monitored during the surgical 
procedure using the pedal withdrawal reflex, slow constant 
breathing and the lack of a response to surgical manipulation. 
The sham animals underwent the same procedure without AB. 

Immediately after the surgery, mice received one dose of 
buprenorphine (0.1 mg/kg, subcutaneously) for the first 24 h, 
and were allowed to have food and water when they were fully 
awake. On day 1 after the surgery, the administration of biso-
prolol was initiated.

Drugs and reagents. Bisoprolol was purchased from Merck 
KGaA (Frankfurt, Germany). The following antibodies were 
used: Anti‑glyceraldehyde 3‑phosphate dehydrogenase (2118; 
anti‑GAPDH; Cell Signaling Technology, Inc., Danvers, MA, 
USA), anti‑atrial natriuretic peptide (sc20158; ANP), anti‑brain 
natriuretic peptide (18817; BNP), anti‑β‑myosin heavy chain 
(sc53090; MHC) (all from Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA), and anti‑connective tissue growth factor 
(23936; CTGF), anti‑transforming growth factor (TGF)‑β1 
(3709) and anti‑collagen  1a (ab90395) (all from Abcam, 
Cambridge, UK).

Echocardiographic imaging. After 4 and 8 weeks, mice that 
had been subjected to chronic pressure overload generated by 
AB or to sham surgery, the latter serving as a control group, 
were subjected to echocardiographic imaging. Transthoracic 
M‑mode and Doppler echocardiographic examination was 
performed using a MyLab 30 CV ultrasound instrument 
(Esaote SpA, Genoa, Italy) with a 10 MHz linear array ultra-
sound transducer, as previously described, in order to assess 
the internal diameter and wall thickness of the left ventricle 
(LV) (7,8). Mice were placed on a heating pad and a nose cone 
with 0.75‑1% isoflurane in 100% oxygen was applied. The 
temperature was maintained at 36.5‑37.5˚C and ultrasound 
gel was spread on the chest of the anesthetized mouse. The 
ultrasound probe was placed in contact with the ultrasound 
gel and scanning was performed over a period of 30 min. The 
heart rate, temperature and blood pressure were constantly 
monitored during the scan, and M‑mode images were obtained 
for measurements of the LV wall thickness, LV end‑diastolic 
diameter (LVEDD), LV end‑systolic diameter (LVESD), left 
ventricular septum diastolic (IVSD), left ventricular posterior 
wall diameter (LVPWD), fractional shortening (FS) and ejec-
tion fraction (EF). The data were stored on a hard drive and a 
230 MB optical disk for image processing.

Hemodynamic analysis. The in  vivo cardiac performance 
was measured by both load‑dependent and load‑independent 
parameters derived from pressure‑volume (P‑V) loops. The 
invasive hemodynamic measurements were performed by the 
same operator who was blinded to the experimental groups 
following the echocardiographic examination in each mouse. 
The mice were anesthetized with 1.5% isoflurane using cardiac 
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catheterization. A SPR‑839 microtip catheter transducer 
(Millar Instruments, Houston, TX, USA) was inserted into the 
right carotid artery and moved into the LV. Following stabiliza-
tion for a period of 15 min, the pressure signals and heart rate 
were continuously recorded with an ARIA pressure‑volume 
conductance system (MVPS‑400, Millar,  Inc.,  TX, USA) 
coupled with a Powerlab/4SP  A/D converter (ATC1000; 
World Precision Instruments Inc., Hilton, Australia) and then 
stored and displayed on a personal computer as previously 
described (7,8).

The mice were sacrificed by cervical dislocation 8 weeks 
post‑operatively after anesthetizing with 1.5% isoflurane 
(Lunan Pharmaceutical Group Co., Ltd., Shandong, China) 
or sodium pentobarbital (80 mg/kg; i.p; Sigma‑Aldrich). The 
hearts, lungs and tibiae of the mice were dissected and weighed 
or measured to compare the heart weight (HW)/body weight 
(BW) in mg/g, HW/tibial length (TL) in mg/mm, and lung 
weight (LW)/BW in mg/g ratios amongst the different groups.

Histological and morphometric analysis. All morphometric 
and histological measurements were obtained from the hearts 
arrested in diastole (intracardiac 40 mM KCl), rinsed with 
saline solution and placed in 10% formalin. The sections 
were deparaffinized in xylene and rehydrated in ethanol. 
The hearts were transversely sectioned close to the apex in 
order to visualize the left and right ventricles. Numerous 
sections (4‑5  µm thick) were prepared and stained with 
hematoxylin and eosin (H&E) for histopathology or with 
picrosirius red (PSR) for interstitial and perivascular collagen 
volume fraction quantification. The stained sections were 
visualized by light microscopy at magnification, x400, and 
cross‑sectional images of the cardiac myocytes were digitized 
using an Eclipse 80i digital microscope (Nikon Corporation, 
Tokyo, Japan). An quantitative digital image analysis system 
(Image‑Pro Plus  6.0, Media Cybernetics, Inc., Rockville, 
MD, USA) was used to measure single myocytes, with 
~100‑200 myocytes in the LV being outlined in each group. 
The fraction of collagen was calculated as a ratio of the sum of 
the total area of interstitial or perivascular fibrosis to the sum 
of the total connective tissue area plus the myocyte area in 
the entire visual field of a section. For myocyte cross‑sectional 
area, the sections were stained for membranes with fluorescein 
(FITC)‑conjugated wheat germ agglutinin (WGA; Invitrogen, 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) and for 
nuclei with 4',6‑diamidino‑2‑phenylindole according to stan-
dard protocols (9).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. RT‑qPCR was used to detect the RNA 
expression levels of fibrotic and hypertrophic markers. The 
total RNA was extracted from flash‑frozen, pulverized mouse 
cardiac tissue using the TRIzol (Roche Diagnostics, Basel, 
Switzerland) extraction protocol. A SmartSpec plus spectro-
photometer (Bio‑Rad Laboratories, Inc., Hercules, CA, USA) 
was used to estimate the yield and purity using the A260/A280 
and A230/260 ratios. The RNA (2 µg of each sample) was 
reverse transcribed into cDNA using oligo (dT) primers and 
RTase (04897030001; Roche Diagnostics GmbH, Mannheim, 
Germany) and the Transcriptor First Strand cDNA Synthesis 
kit (04896866001; Roche Diagnostics). PCR amplifications 

were quantified using SYBR Premix Ex Taq II (Tli RNaseH 
Plus; RR820A; Takara Biotechnology Co., Ltd., Dalian, China). 
Reactions were performed in a total volume of 20 µl, starting 
with an initial denaturation step at 95˚C for 5 sec, followed by 
40 cycles of denaturation at 95˚C for 30 sec, annealing at 60˚C 
for 34 sec and an extension step at 72˚C for 3 min, followed by 
a 7‑min terminal extension at 72˚C. GAPDH gene expression 
was used as a reference in order to normalize the results using 
the ΔΔCq method (10). The following primers were used: 
GAPDH forward: 5'‑TCA​TCA​ACG​GGA​AGC​CCATC‑3' 
and reverse: 5'‑CTC​GTG​GTT​CAC​ACC​CATCA‑3'; ANP 
forward: 5'‑ACC​TGC​TAG​ACC​ACC​TGGAG‑3' and reverse: 
5'‑CCT​TGG​CTG​TTA​TCT​TCG​GTA​CCGG‑3'; BNP forward: 
5'‑GAG​GTC​ACT​CCT​ATC​CTC​TGG‑3' and reverse: 5'‑GCC​
ATT​TCC​TCC​GAC​TTT​TCTC‑3'; β‑MHC forward: 5'‑CCG​
AGT​CCC​AGG​TCA​ACAA‑3' and reverse: 5'‑CTT​CAC​GGG​
CAC​CCT​TGGA‑3'; CTGF forward: 5'‑TGT​GTG​ATG​AGC​
CCA​AGG​AC‑3' and reverse: 5'‑AGT​TGG​CTC​GCA​TCA​
TAG​TTG‑3'; collagen 1a forward: 5'‑TGG​TAC​ATC​AGC​CCG​
AAC‑3' and reverse: 5'‑GTC​AGC​TGG​ATA​GCG​ACA‑3'; and 
TGF‑β1 forward: 5'‑ATC​CTG​TCC​AAA​CTA​AGG​CTCG‑3' 
and reverse: 5'‑ACC​TCT​TTA​GCA​ AGT​AGT​CCGC‑3'.

Western blot analysis. For western blot analysis, cardiac 
tissues were lysed in radioimmunoprecipitation assay lysis 
buffer. The amount of protein from each sample was calcu-
lated using a bicinchoninic acid assay kit (23227; Thermo 
Fisher Scientific, Inc.). Furthermore, the concentrations of 
the proteins were normalized prior to running any western 
blot experiments. Cardiac extracts were subjected to 10% 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis, 
transferred to polyvinylidene difluoride (PVDF) membrane 
(Amersham; GE Healthcare Life Sciences, Chalfont, UK), 
and blocked in 7% milk. The membrane was washed with 
Tris‑buffered saline Tween‑20 for 15 min and then incubated 
overnight at 4˚C with the indicated primary antibodies. 
These were the following: GAPDH (1:1,000), ANP (1:200), 
BNP (1:200), β‑MHC (1:200), CTGF (1:200), Collagen1α 
(1:200) and TGF‑β1 (1:1,000). Following incubation with the 
secondary immunoglobulin G antibodies (1:1,000; alkaline 
phosphatase) for 1 h at room temperature in 3% milk. These 
were the following antibodies: rabbit antibody (IRDye800CW, 
926‑32211, LI‑COR Biosciences, NE, USA) for GAPDH, 
ANP, CTGF and TGF‑β1; mouse antibody (IRDye800CW, 
926‑32210, LI‑COR Biosciences, NE, USA) for β‑MHC 
and collagen1α; goat antibody for BNP (IRDye800CW, 
926‑32232, LI‑COR Biosciences, NE, USA). Quantification 
of western blots was performed using an Odyssey infrared 
imaging system (Li‑Cor Biosciences, Lincoln, NE, USA). 
The GAPDH protein was used to normalize specific protein 
expression levels for the total cardiac lysate proteins on the 
same PVDF membranes.

Statistical analysis. Graphs were generated with GraphPad 
Prism 6 (GraphPad Software Inc., La Jolla, CA, USA), and 
the data in the figures are expressed as the mean ± standard 
error of the mean. The significance of differences between 
experimental and control groups was evaluated using one‑way 
analysis of variance with Student Newman‑Keuls test. 
Comparison of survival was performed using Kaplan‑Meier 
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analysis. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Long‑term administration of bisoprolol reveals substantial 
benefits. Initially, the potential existence of a time‑response 
association for various doses of bisoprolol in the enhancement 
of cardiac functions was investigated. Echocardiographic 
parameters, including LVEDD, LVESD, IVSD, LVPWD, FS 
and EF, which have commonly been used in the clinic for 
estimating cardiac functions, were measured at 4 and 8 weeks 
after sham or AB surgery. There was no clear phenotypic 
difference among all of the groups at baseline, as assessed by 

echocardiography (Table I), or at 4 weeks (Fig. 1). The latter 
observation may be attributed to the compensatory role of 
the heart. The long‑term administration of bisoprolol to mice 
until 8 weeks after surgery (Table II) revealed statistically 
significant differences among the groups, in contrast with 
administration for 4 weeks (Fig. 1). Altogether, these data 
indicate that the role of bisoprolol in the attenuation of cardiac 
function is dependent upon the time period for which it is used, 
with long‑term administration of bisoprolol demonstrating a 
greater benefit than short‑term use.

Diversities between middle‑ and high‑dose bisoprolol are not 
remarkable in the attenuation of cardiac hypertrophy induced 
by pressure overload. To investigate whether there is some 

Table I. Echocardiograhic parameters of C57BL/6 mice at baseline.

	 Sham	 AB
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Parameter	 Saline	 Biso	 Saline	 L‑Biso	 M‑Biso	 H‑Bsio

Number	 12	 12	 14	 16	 16	 16
BW (g)	 24.97±0.24	 24.87±0.17	 24.91±0.18	 25.16±0.13	 25.50±0.20	 25.10±0.24
HR (bpm)	 495.50±4.80	 502.45±4.24	 508.00±5.43	 508.94±6.20	 505.44±6.94	 506.81±5.56
LVESD (mm)	 2.84±0.09	 3.05±0.11	 2.78±0.12	 2.81±0.06	 2.91±0.07	 2.99±0.07
LVEDD (mm)	 4.07±0.10	 4.34±0.11	 4.30±0.11	 4.14±0.06	 4.17±0.08	 4.30±0.10
IVSD (mm)	 0.46±0.02	 0.48±0.01	 0.49±0.01	 0.49±0.01	 0.47±0.02	 0.50±0.02
LVPWD (mm)	 0.70±0.02	 0.69±0.02	 0.71±0.02	 0.70±0.01	 0.73±0.01	 0.70±0.02
FS (%)	 30.40±0.83	 29.73±0.91	 30.62±0.80	 31.13±0.76	 30.00±0.78	 30.56±0.86
EF (%)	 64.60±1.26	 63.45±1.38	 64.54±1.04	 63.50±0.93	 64.25±1.21	 64.31±0.83

All values are the mean ±  standard error of the mean. AB, aortic banding; Biso, bisoprolol; L, low‑dose; M, middle‑dose; H, high‑dose; 
BW, body weight; HR, heart rate; LVESD, left ventricular end‑systolic diameter; LVEDD, left ventricular end‑diastolic diameter; IVSD, left 
ventricular septum diastolic; LVPWD, left ventricular posterior wall diameter; FS, fractional shortening; EF, ejection fraction. The echocardio-
graphic parameters of all groups exhibited no statistically significant differences at baseline.
 

Table II. Echocardiographic parameters of C57BL/6 mice at 8 weeks after sham or AB surgery.

	 Sham	 AB
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Parameter	 Saline	 Biso	 Saline	 L‑Biso	 M‑Biso	 H‑Bsio

Number	 5	 6	 4	 6	 6	 6
BW (g)	 31.10±0.68	 27.11±0.47	 26.56±0.68a	 27.53±0.64	 28.28±0.59	 26.77±1.15
HR (bpm)	 550.80±21.31	 537.67±21.80	 482±21.00	 548.83±17.51	 544.17±21.72	 533.00±24.89
LVESD (mm)	 3.02±0.17	 2.98±0.11	 4.80±0.07a	 3.52±0.17b	 4.32±0.17	 4.55±0.15
LVEDD (mm)	 4.32±0.14	 4.28±0.08	 6.13±0.13a	 4.87±0.28b	 5.52±0.19	 5.83±0.14
IVSD (mm)	  0.52±0.03	 0.47±0.02	 0.70±0.01a	 0.65±0.03b	 0.55±0.03	 0.54±0.03
LVPWD (mm)	 0.69±0.03	 0.65±0.03	 0.83±0.02a	 0.76±0.03	 0.71±0.04	 0.68±0.03
FS (%)	 30.60±0.60	 30.17±1.11	 22.50±0.96a	 30.00±0.77	 26.00±1.15c	 22.00±1.03d

EF (%)	 64.40±1.89	 63.00±2.14	 48.25±1.60a	 62.67±1.94	 56.17±2.27c	 50.17±1.89d

All values are the mean ±  standard error of the mean. AB, aortic banding; Biso, bisoprolol; L, low‑dose; M, middle‑dose; H, high‑dose; 
BW, body weight; HR, heart rate; LVESD, left ventricular end‑systolic diameter; LVEDD, left ventricular end‑diastolic diameter; IVSD, left 
ventricular septum diastolic; LVPWD, left ventricular posterior wall diameter; FS, fractional shortening; EF, ejection fraction. aP<0.05 vs. all 
other groups; bP<0.05 vs. M‑Biso AB and H‑Biso AB; cP<0.05 vs. H‑Biso AB; dP<0.05 vs. L‑Biso and M‑Biso AB.
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diversity among the different doses of bisoprolol in attenuating 
the cardiac hypertrophy induced by pressure overload, the AB 
model was used to induce hypertrophy. The degree to which 
hypertrophy was affected by different doses of bisoprolol 
was assessed by echocardiographic, histomorphological and 
molecular analysis. After 8 weeks, echocardiographic and 
P‑V loop analyses were performed in order to observe the 
chamber diameter, wall thickness and function of the left 
ventricle. Results demonstrated that there were no signifi-
cant changes in the two groups mice that underwent sham 
surgery, whereas there were marked diversities among the 
four groups that underwent AB surgery. However, there was 
no statistically significant difference between the middle‑ and 
high‑dose bisoprolol groups (Fig. 2A). In the AB groups, mice 
that received intragastric administration of saline or low‑dose 
bisoprolol exhibited deteriorated cardiac hypertrophy and 
dysfunction compared with the mice that were treated with 
middle‑ or high‑dose bisoprolol, as measured by echocar-
diographic parameters such as LVEDD, LVESD, LVPWD, 

FS and EF% after 8 weeks of AB (Fig. 2B). A more detailed 
examination of cardiac function was performed using inva-
sive pressure‑volume analysis. At 8 weeks after AB, distinct 
phenotypes were observed among the groups in terms of the 
progression of cardiac dysfunction measured by end‑systolic 
and end‑diastolic pressure, dp/dt max and dp/dt min (Fig. 2C). 
The mice intragastrically treated with saline following AB 
demonstrated an increase in heart size and dilatation of 
ventricular chambers as compared with the sham group and 
other AB groups (Fig. 3A). Furthermore, not only were the 
whole hearts much smaller after bisoprolol treatment compared 
with those of saline‑treated AB mice but also the HW/BW, 
LW/BW, and HW/TL ratios were significantly decreased. 
However, the diversities between middle‑ and high‑dose were 
not remarkable at 8 weeks after surgery (Fig. 3B). Observation 
of the hearts, and the H&E and WGA‑FITC staining results 
were consistent with the echocardiographic results (Fig. 3A).

In order to explore whether the different doses of biso-
prolol correspond with changes in the protein levels and 

Figure 1. Echocardiographic parameters at different time‑points. (A) Left ventricular end‑diastolic diameter (LVEDD), (B) left ventricular end‑systolic 
diameter (LVESD), (C) left ventricular septum diastolic (IVSD), (D) left ventricular posterior wall diameter (LVPWD), (E) fractional shortening (FS) and 
(F) ejection fraction (EF). Data are presented as mean ± standard error of the mean (n=12‑16 in each group) and were analyzed with 2‑way repeated‑measures 
analysis of variance. Bonferroni correction was applied for multiple comparisons. (A‑F) P<0.01 for H‑Biso and M‑Biso vs. the other four groups at 8 weeks 
(56 days), but no significant difference between the M‑Biso and H‑Biso groups. AB, aortic banding; Biso, bisoprolol; L, low‑dose; M, middle‑dose; H, 
high‑dose.
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mRNA expression of markers of cardiac hypertrophy, western 
blot analysis and qPCR analysis of fetal genes, including ANP, 
BNP and β‑MHC were performed. The results demonstrated 
a significant reduction of the mRNA expression and protein 
levels of ANP, BNP and β‑MHC from those in the saline‑treated 

AB group when the animals were treated with bisoprolol 
(Fig. 3C and D). In addition, the results indicated that the 
middle‑ and high‑dose of bisoprolol inhibited the protein and 
mRNA expression levels of the cardiac hypertrophy markers 
ANP, BNP, and β‑MHC the most notably; however, there 

Figure 2. Bisoprolol increases adverse pressure overload‑induced ventricular remodeling. (A) Representative serial M‑mode echocardiography in conscious 
mice from the six experimental groups at 8 weeks after sham or AB surgery. (B) Quantitative analysis of echocardiographic parameters. (C) Summary of 
hemodynamic data on systolic function and diastolic function. All values are the mean ± standard error of the mean (n=4‑6 per group). *P<0.05 vs. all other 
groups, **P<0.05 vs. M‑Biso AB and H‑Biso AB, ***P<0.05 vs. H‑Biso AB, ξP<0.05 vs. L‑Biso AB and M‑Biso AB. AB, aortic banding; Biso, bisoprolol; L, 
low‑dose; M, middle‑dose; H, high‑dose; LVEDD, left ventricular end‑diastolic diameter; LVESD, left‑ventricular end‑systolic diameter; IVSD, left ventricular 
septum diastolic; LVPWD, left ventricular posterior wall diameter; FS, fractional shortening; EF, ejection fraction; dp/dt, left ventricular contractility. 
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Figure 3. Bisoprolol attenuated cardiac hypertrophy induced by pressure overload. (A) Histological changes. Upper images, gross observation of hearts; middle 
images, representative images of hematoxylin and eosin staining of whole hearts (magnification, x1) and sections (magnification, x40); lower images, wheat germ 
agglutinin‑fluorescein isothiocyanate staining (magnification, x40) at 8 weeks post‑aortic banding (AB) surgery. (B) Graphical results of HW/BW ratio, LW/BW 
ratio, HW/TL ratio, and myocyte cross‑sectional areas (n=100 cells per group) at 8 weeks post‑AB surgery (n=6). *P<0.05 vs. the other five groups, **P<0.05 
vs. M‑Biso AB and H‑Biso AB groups. Biso, bisoprolol; L, low‑dose; M, middle‑dose; H, high‑dose; HW, heart weight; BW, body weight; TL, tibial length.
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were no statistically significant differences between these two 
groups (Fig. 3C and D). Altogether, the aforementioned data 
clearly indicate that there is no noteworthy difference between 
the high‑dose, i.e., the target‑dose, and middle‑dose bisoprolol 
in the attenuation of cardiac hypertrophy induced by pressure 
overload.

Amelioration of the degree of cardiac fibrosis is not evidently 
different between middle‑ and high‑dose bisoprolol. Patho-
logical cardiac hypertrophy correlates with increased fibrosis 
in the myocardium (11). Fibrosis is a typical feature of patho-
logical cardiac hypertrophy, characterized by the accumulation 
of collagen. To investigate the extent by which different doses 
of bisoprolol inhibit cardiac fibrosis, paraffin‑embedded slides 
were stained with PSR at 8 weeks after AB surgery, and the 
staining was quantitatively analyzed from interstitial and 
perivascular regions of the left ventricles. Also, the extent of 
fibrosis was investigated by assessing the protein and mRNA 
expression levels of fibrotic genes, including Tgf‑β1 (encoding 
TGF‑β1), Col1a (encoding collagen 1a) and Ctgf (encoding 
CTGF) (12,13). The results revealed that long‑term treatment 
of mice with bisoprolol following AB surgery reduced inter-
stitial and perivascular cardiac fibrosis (Fig. 4A). Furthermore, 
a marked attenuating effect of middle‑ and high‑doses of 
bisoprolol on cardiac fibrosis was identified by quantitative 
analysis of collagen volume in the interstitial and perivascular 

regions; however, no statistically significant difference was 
observed between these two groups (Fig. 4B and C). Reduced 
fibrosis in the mice treated with middle‑ and high‑dose 
bisoprolol may represent decreased collagen synthesis or 
increased collagen degradation in response to tissue damage. 
Therefore, the synthesis of collagen was assessed by exam-
ining the protein and mRNA expression levels of fibrotic 
markers CTGF, collagen 1a, and TGF‑β1, all of which have 
a function in the proliferation of cardiac fibroblasts and the 
biosynthesis of extracellular matrix (ECM) proteins. The 
data revealed that the mRNA and protein expression levels of 
CTGF, Collagen 1a, and TGF‑β1 were significantly lower in 
the middle‑ and high‑dose bisoprolol‑treated mice than in the 
saline and low‑dose bisoprolol‑treated mice at 8 weeks after 
AB surgery. However, there were no statistically significant 
differences between the middle‑ and high‑dose bisoprolol 
groups (Fig. 4D and E). These data demonstrate that middle‑ 
and high‑dose bisoprolol have comparable effects in the 
attenuation of cardiac fibrosis induced by pressure overload.

Survival following AB. Treatment with middle‑ or high‑dose 
bisoprolol therapy was associated with a significantly 
improved survival rate at 8 weeks after AB compared with 
saline therapy (P<0.05 vs. saline). However, no statistically 
significant difference in survival was observed between the 
middle‑ and high‑dose bisoprolol groups (Fig. 5).

Figure 3. Continued. (C) Representative western blots of atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP) and β‑major histocompatibility 
complex (MHC) at 8 weeks post‑sham and aortic banding (AB) surgery. (D) Quantitative polymerase chain reaction analysis of ANP, BNP and β‑MHC at 
8 weeks post‑sham and AB surgery (n=3 per group). Values represent the mean ± standard error of the mean. *P<0.05 vs. all other groups. **P<0.05 vs. M‑Biso 
AB and H‑Biso AB. Biso, bisoprolol; L, low‑dose; M, middle‑dose; H, high‑dose; GAPDH, glyceraldehyde 3‑phosphate dehydrogenase.
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Figure 4. Bisoprolol attenuates cardiac fibrosis in response to pressure overload in vivo. (A) Picrosirius red staining of interstitial (top) and perivascular (bottom) 
regions of left ventricles of C57BL/6J mice following treatment of saline or bisoprolol at 8 weeks after sham or aortic banding (AB) surgery. Quantification of 
collagen volume fraction from (B) interstitial and (C) perivascular regions (n=4‑6 per group). (D) Representative western blots of connective tissue growth factor 
(CTGF), tissue growth factor (TGF)‑β1 and collagen 1a at 8 weeks after sham or AB surgery. (E) Quantitative mRNA expression levels of CTGF, TGF‑β1 and 
collagen 1a in the groups (n=3 per group). Values represent the mean ± standard error of the mean. *P<0.05 vs. all other groups. **P<0.05 vs. M‑Biso and H‑Biso 
AB groups; ***P<0.05 vs. H‑Biso AB groups. Biso, bisoprolol; L, low‑dose; M, middle‑dose; H, high‑dose; GAPDH, glyceraldehyde 3‑phosphate dehydrogenase.
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Discussion

Hemodynamic overload and ischemic or oxidative stress 
promote adverse cardiac remodeling, which is a leading 
cause of worsening heart failure (14). The pathophysiological 
conditions of heart failure are associated with adrenergic stim-
ulation and catecholamine release, resulting in adrenoceptor 
(AR) activation on different cell types within the myocardium. 
Among these, β1‑ARs are classically considered to mediate 
short‑term positive effects on all aspects of myocardial 
contractility; however, long‑term stimulation produces adverse 
effects on myocardial remodeling (15). The aim of the present 
study was to clarify the underlying benefits of bisoprolol in the 
attenuation of the ventricular remodeling induced by pressure 
overload with the use of different doses in mice.

When the heart undergoes pressure or volume overload, 
myocardial hypertrophy begins as an adaptive response. This 
is often observed in valve disease, arterial hypertension or 
following myocardial infarction. When cardiomyocyte hyper-
trophy occurs, an increase in cell size and protein content 
is observed, as well as a repeated expression of a fetal gene 
programme that includes ANP, BNP and β‑MHC. Furthermore, 
the expression of immediate early genes is also observed (16). 
When overload is prolonged, the initially compensatory hyper-
trophic response may become maladaptive, which may result 
in chronic heart failure (17,18).

Previous studies have revealed that the β1‑AR subtype 
is not only the major mediator of pathological hypertrophy, 
but also is associated with a notable increase in interstitial 
fibrosis and heart failure (19,20). This is also supported by the 
beneficial effect of β1‑AR blockade in clinical heart failure. 
β‑blockers are thought to function by reducing the sympathetic 
activity and the workload of the heart, and by exerting benefi-
cial effects on the ventricular remodeling process  (21,22). 
According to European and American guidelines, the use 
of β‑blockers in symptomatic patients with heart failure has 
a class  1A recommendation  (23,24). Nonetheless, uptake 
of therapy in clinical practice remains suboptimum, with 
patients who are at greatest risk of mortality being the least 
likely to receive evidence‑based therapy (25). There have also 

been concerns with regard to the treatment efficacy in several 
groups, notably patients with atrial fibrillation, coronary artery 
bypass graft (26,27) and cardiac pacemaker surgeries (28), 
women, and elderly individuals (29).

Although β‑blockers have been widely used in the treatment 
of endoscopic sinus surgery (30), hypertension, coronary artery 
disease, dilated cardiomyopathy and heart failure (27,31), the 
clinical efficacy among different β‑blockers does not appear 
to be equivalent  (32). In the present study, different doses 
of a highly selective β1‑AR‑blocking antagonist, bisoprolol, 
not metoprolol (which induces fibrosis and cardiac dysfunc-
tion) (33) was used in order to improve cardiac function in 
the AB model. The assessment of echocardiographic results 
in the present study demonstrated a greater improvement in 
cardiac function after 8 weeks of treatment with bisoprolol 
compared with that in mice treated with bisoprolol after 
AB or sham surgery at 4 weeks. No statistically significant 
difference was observed between the middle‑ and high‑dose 
bisoprolol treatment groups (Fig. 1). These outcomes high-
light that the attenuating effect of bisoprolol on ventricular 
cardiac hypertrophy induced by pressure overload occurs in 
a time‑dependent manner. In subsequent experiments, the aim 
was to further elucidate this phenomenon in mice treated with 
different doses of bisoprolol following AB or sham surgery by 
investigating changes of the hearts using echocardiographic 
imaging (Fig. 2A and B), hemodynamic analysis (Fig. 2C) and 
histomorphology (Fig. 3A and B) after 8 weeks. The experi-
mental results confirmed that the middle‑ and high‑doses 
were important in enhancing cardiac function following AB 
surgery; however, no statistically significant difference was 
observed between them. The aforementioned outcomes were 
also confirmed by exploring the protein and mRNA expression 
levels of markers of cardiac hypertrophy, namely ANP, BNP 
and β‑MHC (Fig. 3C and D). Altogether, these data clearly 
indicate that there is a time‑dependent effect of high‑ and 
middle‑dose bisoprolol treatment in the attenuation of cardiac 
hypertrophy induced by pressure overload, but no notable 
difference between these two doses.

Cardiac fibrosis is an important hallmark of maladap-
tive hypertrophy. Increased fibrosis decreases myocardial 
compliance, impairs diastolic relaxation and causes cardiac 
dysfunction  (34,35). In the present study, the anti‑fibrotic 
properties of bisoprolol in the heart were analyzed. Initially 
the anti‑fibrotic role of bisoprolol was examined through PSR 
staining of sections from interstitial and perivascular regions 
of the left ventricles (Fig. 4A‑C). In agreement with the results 
from pathological images and quantification, middle‑ and 
high‑dose bisoprolol‑treated mice demonstrated increased 
collagen degradation or decreased collagen synthesis in 
response to tissue damage. However, no statistically signifi-
cant difference was observed between them. TGF‑β1 has been 
reported to be one of the main mediators of cardiac fibroblast 
activation (36) and is considered as a profibrogenic cytokine 
that contributes to various types of fibrosis, including cardiac 
fibrosis associated with heart failure  (37,38). Studies have 
demonstrated that the expression of TGF‑β1 is increased in 
patients with cardiomyopathic conditions and animal models of 
cardiac fibrosis (39,40). This was firmly verified in the present 
study by analyzing the protein and mRNA expression levels of 
the fibrotic markers CTGF, collagen 1a and TGF‑β1, that are 

Figure 5. Kaplan‑Meier survival curves for mice after aortic banding (AB) 
with different treatments. Survival rates for mice after AB or sham surgery 
and treatment with saline, low‑dose, middle‑dose and high‑dose bisoprolol at 
different time‑points are shown. Percentages of surviving mice are plotted. 
Biso, bisoprolol; L, low‑dose; M, middle‑dose; H, high‑dose.
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known to be important in the biosynthesis of ECM proteins 
and the proliferation of cardiac fibroblasts (Fig. 4D and E). 
These results are also consistent with a previous study by 
Fukui et al (41).

The current study demonstrates that the effects of bisoprolol 
in the attenuation of ventricular remodeling induced by hyper-
trophic stimuli are time‑dependent. Thus, achieving a target 
dose of bisoprolol for attenuating ventricular remodeling may 
not be a preferred option in some cases (42,43). Future studies 
should focus on determining whether the results obtained in 
mice are also observed among patients from different regions, 
and with different professions and states of disease (44,45). 
The translation of this knowledge into clinical use should be 
challenging and exciting.

Furthermore, the results of the present study must be 
evaluated in light of several study limitations. Firstly, the 
clinical efficacy of different β‑blockers does not appear to be 
equivalent (29). A previous study suggests that nebivolol, a 
β1‑selective AR blocker improves LV dysfunction and survival 
early after myocardial infarction and possibly beyond the 
effects provided by conventional β1‑receptor blockade (46). 
Secondly, the sample size was small. Finally, the present study 
did not assess the findings through the levels of cardiac elec-
trophysiology. Nevertheless, the observations reported in the 
present study may have clinical significance for the pharma-
cological modulation of catecholamine‑mediated myocardial 
remodeling in the stressed heart, for example giving the right 
person the correct medication and dose, and knowing the 
correct duration of use of the medication.
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