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Abstract. The β1-adrenergic receptor (AR) is the primary 
β-AR subtype in the heart and is the target of metoprolol 
(Met), which is commonly used to treat angina and hyperten-
sion. Previous studies have revealed a positive correlation 
between the methylation levels of the adrenoreceptor β1 
gene (Adrb1) promoter in the myocardium with the antihy-
pertensive activity of Met in spontaneously hypertensive 
rats (SHR), which affects β1-AR expression in H9C2 cells. 
The aim of the present study was to investigate the effects of 
myocardial β1-AR downregulation using short-hairpin RNA 
(shRNA) against Adrb1 on the antihypertensive activity of 
Met in SHR. Recombinant adeno-associated virus type 9 
(rAAV9) vectors carrying Adrb1 shRNA (rAAV9-Adrb1) 
or a negative control sequence (rAAV9-NC) were gener-
ated and used to infect rat hearts via the pericardial cavity. 
The results of reverse transcription-quantitative polymerase 
chain reaction, immunohistochemistry and western blotting 
analyses demonstrated that cardiac β1-AR expression in the 
rAAV9‑Adrb1 group was significantly downregulated when 
compared with the rAAV9-NC group (P<0.001, P<0.001 and 
P=0.032, respectively). In addition, a greater reduction in 
systolic blood pressure (SBP) was observed in the rAAV9-NC 

group compared with the rAAV9-Adrb1 group following Met 
treatment (P=0.035). Furthermore, downregulation of myocar-
dial β1‑AR was associated with a significant decrease in SBP 
(P<0.001). In conclusion, these data suggest that suppression 
of β1-AR expression in the myocardium reduces SBP and 
sensitivity to Met in SHR.

Introduction

Hypertension is a multifactorial disease that results from the 
combined effects of genetic, environmental and behavioral 
factors (1). Data obtained from the Chinese National Center 
for Cardiovascular Diseases (Ministry of Health, Beijing, 
China) indicate that approximately 18.8% of Chinese adults 
(aged ≥18 years) were diagnosed with hypertension in 
2015 (2). In addition, data obtained from a suburban town of 
Shanghai demonstrated that the prevalence, awareness, treat-
ment and control rates of hypertension in an elderly Chinese 
population (aged ≥60 years) from 2006 to 2008 were 59.4, 
72.5, 65.8 and 24.4%, respectively (3). In addition, the Global 
Burden of Disease Study 2010 revealed that blood pres-
sure is one of the leading risk factors for the global disease 
burden (4). In Africa, hypertension is the leading cause of 
heart failure (5). Globally, hypertension is responsible for 
>50% of mortalities due to stroke (5). Therefore, studies 
that aim to identify effective treatments for hypertension 
are important for the prevention of heart failure and stroke. 
β-blockers are commonly prescribed for the treatment of 
cardiovascular diseases, such as hypertension. The selective 
β-blocker, known as metoprolol (Met), is considered to be 
an effective therapy as it has been demonstrated to reduce 
mortality rates and adverse cardiac events among patients 
with coronary artery disease, heart failure and hyperten-
sion (6,7). However, only ~50% of patients with hypertension 
respond to β-blocker treatment (8).

In previous studies, polymorphisms in the adrenoreceptor 
β1 gene (Adrb1) and cytochrome P4502D6 (CYP2D6) genes 
are reportedly involved in the inter-individual differences in 
the response to Met treatment (9,10). Approximately 70-80% 
of Met is known to be metabolized by CYP2D6, and CYP2D6 
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polymorphisms have been demonstrated to affect the rate of 
Met metabolism (11). Previous studies investigating Adrb1 
polymorphisms have focused primarily on the Ser49Gly 
and Arg389Gly polymorphisms. For instance, Wu et al (12) 
demonstrated that Chinese patients with essential hyperten-
sion that were homozygous for a mutant Adrb1 genotype 
(Arg389), exhibited an increased sensitivity to Met treatment. 
By contrast, an additional study demonstrated that subjects 
with the same CYP2D6 and Adrb1 genotypes exhibited 
varying responses to Met, which suggests that additional 
mechanisms responsible for the inter-individual differences in 
Met responses may exist (13).

The β1 adrenergic receptor (β1-AR) is the primary β-AR 
subtype in the heart and is the target of Met (14). A previous study 
conducted by our group demonstrated a correlation between 
reduced Adrb1 promoter methylation levels in the myocar-
dium and enhanced Met-mediated antihypertensive activity in 
spontaneously hypertensive rats (SHR), and increased β1-AR 
expression in H9C2 cells (15). Thus, the authors hypothesized 
that the expression levels of myocardial β1-AR may affect the 
antihypertensive activity of Met, and may be responsible for 
the observed inter-individual variations in the response to Met 
treatment in patients with hypertension (16).

In the present study, a recombinant adeno-associated 
virus type 9 (rAAV9) vector containing a short-hairpin RNA 
(shRNA) sequence against Adrb1, was used to inhibit β1-AR 
expression in the myocardium, in order to investigate the effects 
of reduced cardiac β1-AR expression on the antihypertensive 
efficacy of Met in SHR. The data suggest a novel mechanism 
underlying the observed inter-individual differences in the 
response to Met treatment.

Materials and methods

Plasmids and cell culture. Plasmids containing shRNA 
sequences against rat β1-AR or non-targeting controls were 
purchased from Changsha Yingrun Biotechnology Co., Ltd. 
(Changsha, China). Adeno-associated virus (AAV) packaging 
mixtures were obtained from the Institute of Biomedicine and 
Biotechnology (Shenzhen Institutes of Advanced Technology, 
Chinese Academy of Sciences, Shenzhen, China). The HEK293 
human embryonic kidney cell line was obtained from Vector 
Gene Technology Company Ltd. (Beijing, China) and cultured 
in Dulbecco's modified Eagle's medium (DMEM) containing 
10% fetal bovine serum (FBS).

Preparation of rAAV9 vectors. rAAV9 vectors containing 
Adrb1 shRNA (rAAV9-Adrb1-shRNA-ZsGreen) or nega-
tive control (rAAV9-NC-ZsGreen) shRNA sequences were 
prepared in HEK293 cells as described previously (17,18). 
Briefly, polyethylenimine (1 µg/µl; Helixgen, Co., Ltd., 
Guangzhou, China) was added to the AAV Packaging 
Plasmid, target plasmid and Ad Helper (1.5 ml; 20 µg: 10 µg: 
30 µg), mixed and incubated at room temperature for 15 min 
to generate the transfection mixture. The transfection mixture 
was then added to HEK293 cells (9x106) and incubated for 
8-12 h. The medium was replaced with fresh 10% FBS-DMEM 
and incubated for 72 h, before cells and rAAV9 virus particles 
were harvested. The mixture was purified using chloroform, 
precipitated using polyethylene glycol/NaCl and extracted 

with chloroform as described previously (19). The purity of 
rAAV-ZsGreen was evaluated by gel electrophoresis using 
12% SDS-PAGE gels. To achieve this, the viral stock solution 
was mixed with loading buffer (2X; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) and incubated in boiling water for 
10 min. Samples (15 µl) were then loaded and run at 20 mA for 
2.5 h. The gel was stained with Coomassie Brilliant Blue R250 
(Amresco, LLC, Solon, OH, USA) for 1 h and destained, until 
clear bands with a low background were evident. The viral titer, 
expressed as viral genomes (v.g.)/ml, was determined using dot 
blot hybridization as described previously (20). The efficiency 
of infection was validated by infecting HEK293 cells. Briefly, 
10 µl purified virus was added to HEK293 cells (5x105) and 
incubated for 48 h at 37˚C. Fluorescence signals were then 
visualized using an Olympus IX71 fluorescence microscope 
(Olympus Corporation, Tokyo, Japan).

Experimental animals. A total of 36 male SHR (age, 
20 weeks; weight, ~300 g) were purchased from Vital River 
Laboratory Animal Technology Co., Ltd. (Beijing, China). 
Rats were acclimated to laboratory conditions for one week 
before experimental procedures were performed according to 
the Guidelines for the Care and Use of Laboratory Animals 
(National Institutes of Health, publication 86‑23, revised 1986) 
and the animal regulations of the Department of Science and 
Technology of Hunan Province (Changsha, China). Rats were 
maintained at the Animal Experiment Center of Central South 
University (Changsha, China), and housed in individual cages 
at 22±2˚C and 55±5% humidity with 12‑h environmental 
light/dark cycles with free access to standard laboratory chow 
and tap water during the experimental period.

The rats were randomly divided into the following 
three groups of 12: i) Sham‑operated; ii) rAAV9‑NC; and 
iii) rAAV9-Adrb1. Rats in the rAAV9-NC and rAAV9-Adrb-
1groups were injected with a single dose of 1x1012 v.g./kg 
rAAV9-NC or rAAV9-Adrb1 into the myocardium via the peri-
cardial cavity using the methods described previously (21,22). 
Briefly, SHR were anesthetized with 10% chloral hydrate 
(300 mg/kg), and each rat was placed in a supine position before 
connecting to an endotracheal tube. The tidal volume was set 
at 10 ml, and the ventilator rate was set at 75-breaths/min. A 
2-cm skin incision was made over the fourth intercostal space, 
which separated the subcutaneous tissue and the underlying 
muscle, thereby permitting entrance to the thorax via the 
fourth intercostal space. The pericardial cavity was injected 
with 200 µl vector using an insulin syringe. The muscle and 
the skin were closed following injection. The rats received 
penicillin for three days via intramuscular injections to prevent 
infection. 50% of rats in each group received saline (10 ml/kg), 
while the remaining rats received Met (50 mg/kg/day) via oral 
gavage twice a day for 4 weeks. The systolic blood pressure 
(SBP) of the rats was monitored weekly using a tail blood 
pressure meter. The rats were sacrificed by intraperitoneal 
injection of 10% chloral hydrate (300 mg/kg; Hunan Xiangya 
Medicine Co., Ltd., Changsha, China) 4 weeks after the initial 
treatment.

Transfection efficiency of rAVV9 vectors. The transfection 
efficiency of rAAV9‑shRNA‑Adrb1‑ZsGreen was determined 
at 4 weeks following rAAV9 injection, at which point the 
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hearts were harvested and myocardial tissue (150 mg) was 
collected. The heart tissue was washed with ice-cold saline, 
immersed in 4% paraformaldehyde overnight, dehydrated in 
consecutive 15% and 30% sucrose solutions and dried with 
filter paper. Tissue sections were then embedded in paraffin 
at room temperature, and divided into 10-µm frozen sections. 
Cell nuclei were visualized by staining tissue sections with 
DAPI, and blue and green fluorescence signals were visualized 
using an Olympus IX‑71 fluorescence microscope (Olympus 
Corporation).

Evaluation of β1‑AR mRNA expression using reverse 
transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Following excision of the heart from rats in 
each experimental group, a portion of the heart was used 
to measureβ1-AR mRNA expression levels by RT-qPCR. 
Briefly, total RNA was extracted from each heart using the 
RNA-Solv Reagent (Omega Bio-Tek, Inc., Norcross, GA, 
USA) according to the manufacturer's instructions. Total 
RNA (1 µg) was then reverse transcribed to generate cDNA 
using the to Revert Aid First Strand cDNA Synthesis kit 
(Thermo Fisher Scientific, Inc.). qPCR reaction mixtures 
(10 µl) consisted of 5 µl SYBR Green (Omega Bio-Tek, Inc.), 
0.8 µl cDNA and 0.2 µl each primer. The following primers 
were used: Adrb1 (Rattus norvegicus) forward, 5'-CGC TGC 
CCT TTC GCT ACC AG-3' and reverse, 5'-CCG CCA CCA GTG 
CTG AGG AT‑3'; β-actin forward, 5'-CGT AAA GAC CTC TAT 
GCC AA-3', and reverse, 5'-GGT GTA AAA CGC AGC TCA 
GT-3' (Nanjing GenScript Biotechnology Co., Ltd., Nanjing, 
China). The thermal cycling parameters were as follows: 
95˚C for 15 min, followed by 40 cycles of 95˚C for 15 sec, 
60˚C for 30 sec and 72˚C for 30 sec. Target gene expression 
levels were quantified relative to β-actin expression using the 
2-ΔΔCq method (23).

Evaluation of β1‑AR protein expression by western blot 
analysis. Heart tissue (50 mg) was lysed in lysis buffer 
consisting of phenylmethylsulfonyl fluoride and radioimmuno-
precipitation assay buffer (1:100; Applygen Technologies Inc., 
Beijing, China) and centrifuged at 16.2 x g for 40 min at 4˚C, 
before total protein was quantified using a bicinchoninic acid 
assay kit (Beijing Kawin Biotech Co., Ltd., Beijing, China). For 
the western blot analysis, 80 µl sample (~50 µg protein) was 
separated by 8% SDS-PAGE, and proteins were transferred 
to polyvinylidene difluoride membranes. After blocking with 
5% non-fat milk in phosphate-buffered saline for 5 h at room 
temperature, membranes were incubated with polyclonal rabbit 
antibodies against Adrb1 (dilution, 1:1,000; cat. no. ab3442; 
Abcam, Cambridge, MA, USA) or GAPDH (dilution, 1:3,000; 
cat. no. 10494‑1‑AP, ProteinTech Group, Inc., Chicago, IL, 
USA) overnight at 4˚C. Membranes were then incubated with 
horseradish peroxidase-conjugated goat anti-rabbit secondary 
antibody (dilution, 1:8,000; cat. no. 10285‑1‑AP; ProteinTech 
Group, Inc.) for 1 h at room temperature. Chemiluminescence 
was detected using the ECL Western Blotting Substrate kit 
(Abnova Corporation, Taipei, Taiwan), and the relative inten-
sity of the bands of interest were analyzed using ImageJ image 
analysis software (version, 1.44p; National Institutes of Health, 
Bethesda, MD, USA). The expression of β1-AR was calculated 
relative to GAPDH.

Evaluation of β1‑AR protein expression by immunohisto‑
chemical analysis. Following excision of rat hearts, they were 
fixed in 4% paraformaldehyde and embedded in paraffin. 
Heart tissue sections were blocked using 5 ml horse serum 
(ZSGB-Bio, Beijing, China) at room temperature for 1 h. β1-AR 
expression was detected by staining with a polyclonal rabbit 
anti-β1‑AR antibody (dilution, 1:100; cat. no. 10285‑1‑AP; 
ProteinTech Group Inc.) overnight at 4˚C, followed by staining 
with hematoxylin. The integrated optical density of the posi-
tive expression area of the myocardial tissue sections was 
calculated using Image‑Pro Plus software (version, 6.0; Media 
Cybernetics, Inc., Rockville, MD, USA).

Measurement of heart rate and SBP. The heart rate and 
SBP in conscious, resting rats was measured weekly using a 
tail-cuff method with an electrosphygmomanometer attached 
to a computerized recorder (Shanghai Alcott Biotech Co., Ltd., 
Shanghai, China) from 14:30‑17:30 p.m. by the same investi-
gator (Miss Xiao‑Li Liu, The Second Affiliated Hospital of 
Hunan University of Traditional Chinese Medicine, Changsha, 
China). Each rat was held in a silent, dark and sizeable 
cylinder. Blood pressure measurements were performed in a 
blind manner, and the mean of three repeated measurements 
for each rat during each session was recorded.

Statistical analysis. Data are expressed as mean ± standard 
deviation. Levene's test was used to assess the equality of vari-
ances. One‑way analysis of variance with the least significant 
difference test was used to compare the differences among 
the experimental and control groups. Data analyses were 
performed using the SPSS software program (version, 17.0; 
SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Validating the purity and titer of rAAV9 vectors and the 
transfection efficiency in HEK293 cells. The purity of 
rAVV9-shRNA-Adrb1-ZsGreen plasmid vectors was assessed 
using SDS-PAGE followed by Coomassie brilliant blue (CBB) 
staining. Three characteristic protein bands for viral protein 
(VP) 1, VP2 and VP3, with molecular weights of 87, 73 and 
62 KDa, respectively, were observed, indicating the purity of 
the rAAV9 vector (Fig. 1A). Dot blot results demonstrated that 
the vector titer was 1.5x1012 v.g./ml (Fig. 1B). Transfection effi-
ciency was assessed by infecting HEK293 cells and visualizing 
green fluorescence signals with a fluorescence microscope. As 
shown in Fig. 1C, approximately 90% of the cells exhibited 
green fluorescence.

Determination of rAAV9‑Adrb1‑shRNA‑ZsGreen expres‑
sion in vivo. In order to investigate the efficiency of 
rAAV9-Adrb1-shRNA-ZsGreen delivery in vivo, the expres-
sion of ZsGreen in heart tissue sections of rats from the 
sham-operated, rAAV9-Adrb1 and rAAV9-NC groups at 
4 weeks following injection of rAAV9‑Adrb1‑shRNA‑ZsGreen 
and rAAV9-NC-ZsGreen vectors into the myocardium was 
examined by fluorescence microscopy. As shown in Fig. 2B 
and C, green fluorescence was observed in heart tissues 
of rAAV9-NC and rAAV9-Adrb1 groups. By contrast, no 
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ZsGreen expression was detected in the heart tissues from the 
sham group (Fig. 2A).

Inhibitory effects of rAAV9‑Adrb1‑shRNA‑ZsGreen on 
β1‑AR expression. In order to assess the inhibitory effects 
of the injection of rAAV9-Adrb1-shRNA-ZsGreen vectors 
on β1-AR expression in the myocardium, the β1-AR mRNA 
expression levels in all experimental groups were examined. 
Compared with the rAAV9-NC group, cardiomyocytes in the 
rAAV9‑Adrb1 group exhibited a significant decrease in β1-AR 
mRNA expression (0.42±0.06 vs. 1.3±0.08; P<0.001), whereas 
no significant difference in β1-AR mRNA expression was 
observed between the sham and rAAV9-NC groups (1.3±0.08 
vs. 1.3±0.06; P>0.05; Fig. 3A). Immunohistochemical and 
western blot analyses revealed that cardiomyocytes in the 
rAAV9-Adrb1 group displayed a significant reduction in 
β1-AR protein expression levels when compared with the 
rAAV9‑NC group (immunohistochemistry, 50.02±4.4 vs. 
80.05±3.7, P<0.001; western blot, 0.52±0.12 vs. 0.83±0.17, 
P=0.032; Fig. 3B-E). Western blot analysis demonstrated 
no significant difference between β1-AR protein expression 
levels between the rAAV9-NC and sham groups (80.05±3.7 vs. 
79.30±2.8; P>0.05; Fig. 3D and E). These data indicated that 
β1-AR expression in the myocardium of SHR was downregu-
lated upon infection with rAAV9-Adrb1-shRNA-ZsGreen but 
not rAAV9-NC.

Downregulating β1‑AR expression in the myocardium 
results decreased sensitivity to Met. In order to investigate 

the effects of β1-AR downregulation on the response to Met 
treatment in SHR, the SBP of rats in the sham, rAAV9-NC 
and rAAV9-Adrb1 groups was examined using a tail blood 
pressure meter. As shown in Fig. 4, no significant difference 
in blood pressure was observed among all three experimental 
groups prior to Met treatment (P>0.05). Following 4 weeks of 
Met treatment, a decrease in SBP was observed in all experi-
mental groups (Fig. 4). In addition, a significantly greater 
reduction in SBP was observed in the sham and rAAV9-NC 
groups when compared with the rAAV9-Adrb1 group (ΔSBP, 
22.84±1.7, 28.78±2.7 and 30.16±5.7 mmHg for rAAV9‑Adrb1, 
rAAV9‑NC and sham groups, respectively; P=0.035; Fig. 4). 
As shown in Table I, no significant differences in heart rate 
among the three experimental groups was observed before or 
after 4 weeks of Met treatment (P>0.05). However, the heart 
rate of rats in all groups significantly decreased following 
4 weeks of Met treatment (P<0.001; Table I).

Downregulation of β1‑AR in the myocardium reduces blood 
pressure. In addition to the assessment of Met treatment 
responses, the authors observed an unexpected phenomenon 
regarding the effects of cardiac β1-AR downregulation on 
blood pressure in SHR. As shown in Fig. 5, SBP of SHR in the 
rAAV9‑Adrb1 group was significantly lower than that of the 
rAAV9‑NC group at 4 weeks following injection (178.1±6.3 
vs. 199.4±3.1 mmHg; P<0.001). By contrast, no significant 
difference in SBP was observed between the rAAV9-NC and 
sham groups (199.4±3.1 vs. 198.3±4.5 mmHg; P>0.05; Fig. 5). 
As shown in Table II, no significant differences in heart rate 

Figure 1. The purity, titer and transfection efficiency of rAAV9‑shRNA‑Adrb1‑ZsGreen vectors in HEK293 cells. (A) The purity of rAAV9‑shRNA‑Adrb1‑ZsGreen 
vectors as determined by SDS-PAGE followed by Coomassie Brilliant Blue staining. The left lane indicates the protein maker (1), and the right lane indicates 
the purified vector sample (2). (B) The titer of the purified vectors. Spots 1‑8 indicate 50, 25, 12.5, 6.25, 3.125, 1.56, 0.78, and 0.39x109 v.g./ml purified vector, 
respectively (a, 2‑fold dilution of purified vectors; b, purified vectors). (C) Fluorescence (left) and light (right) microscope images of the transfection effi-
ciency of rAAV9‑shRNA‑Adrb1‑ZsGreen vectors in HEK293 cells (magnification, x200). rAAV9, recombinant adeno‑associated virus type 9 vector; shRNA, 
short‑hairpin RNA; Adrb1, adrenergic receptor β1; v.g., viral genomes.
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of SHR among all treatment groups were observed at 0 or 
4 weeks following injection of saline or the rAAV9 vectors 
(P>0.05). In addition, no significant difference in the SBP 
of SHR in the rAAV9-Adrb1 group was observed following 
treatment with Met or saline at 4 weeks following injection 
of rAAV9‑shRNA‑Adrb1‑ZsGreen vectors (174.8±3.9 vs. 
178.1±6.3 mmHg; P>0.05; Fig. 6).

Discussion

Met is commonly prescribed for the treatment of hypertension. 
Although its efficacy is extremely variable among patients, the 
presence of CYP2D6 and Adrb1 polymorphisms only provide 
a partial explanation for this variability (10-12). A previous 
study investigating Adrb1 promoter methylation suggested 
that the level of Adrb1 promoter methylation influences the 
efficacy of Met via the regulation of β1-AR expression (14). 
In addition, β1-AR is the target of Met and its expression 
has been demonstrated to vary among individuals (23,24). 
Therefore, the authors of the present study hypothesized that 
the expression of myocardial β1-AR may present a novel 

mechanism underlying the inter-individual differences in 
response to Met treatment (15). In order to test this notion, 
the effect of downregulated cardiac β1-AR expression in the 
response to Met treatment in SHR was investigated in the 
present study. The results indicated that SHR injected with 
rAAV9-Adrb1 vectors into the myocardium, exhibited a lower 
reduction in SBP following Met treatment when compared 
with negative controls. Naya et al (24) demonstrated that 
patients with idiopathic dilated cardiomyopathy and decreased 
myocardial β-AR expression exhibited a greater sensitivity to 
the antiadrenergic drug carvedilol in clinical trails. Together, 
these findings suggest that alterations in myocardial β-AR 
expression levels are associated with differential responses to 
β-blockers.

A number of factors, including age, drugs and comor-
bidities are known to influence β1-AR expression (25,26). 
Oliver et al (27) revealed that β1-AR expression levels were 
increased in the circulating lymphocytes of hypertensive 
patients. Lymphocytes are considered to be a practical surro-
gate for myocardial or vascular cells. Patients with heart failure 
exhibit a downregulation and desensitization of β1-AR, which 

Figure 2. Determination of the efficiency of viral vector delivery in vivo. Fluorescence microscope images (magnification, x200) of ZsGreen expression (left 
panel) and DAPI staining (right panel) in frozen heart tissues sections derived from rats in the (A) sham-operated (B) rAAV9-NC and (C) rAAV9-Adrb1 
groups at 4 weeks following injection with saline, rAAV9‑NC‑ZsGreen and rAAV9‑shRNA‑Adrb1‑ZsGreen vectors, respectively. rAAV9, recombinant 
adeno‑associated virus type 9 vector; NC, negative control; Adrb1, adrenergic receptor β1; shRNA, short‑hairpin RNA.
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leads to a markedly diminished β1-AR-mediated contractile 
response (28). In this way, β1-AR expression is altered under 
different physiological conditions, and may potentially be used 
as a marker of response to different treatments. Therefore, if 
the hypothesis presented by the authors (15) is accepted by 
future clinical trials, β1-AR expression may be considered as 
a potential biomarker when establishing a quantitative phar-
macological model of patient response to Met for individual 
therapy.

In addition to the original study objective, the results of the 
present study demonstrated an unexpected effect of suppressed 
β1-AR expression on blood pressure in SHR. shRNA-mediated 
reduction of cardiac β1-AR expression was associated with 
a significant decrease in SBP of SHR when compared with 

negative and sham-treated controls. In addition, this effect 
on SBP was comparable to Met-treated rAAV9-Adrb1 rats. 
Several studies have demonstrated that β1-AR expression 
serves a role in the development of cardiovascular diseases, 
such as hypertension (29-31). The intravenous injection of 
β1-AR antisense-oligodeoxy nucleotides delivered in cationic 
liposomes in an animal model of hypertension, demonstrated 
a significant reduction in cardiac β1-AR density of ~30-50% 
for 18 days, and a reduction in the blood pressure of SHR 
for 20 days, with a maximum decrease of 38 mmHg (30). 
Arnold et al (29) developed a small interfering RNA targeted 
to β1‑AR that significantly reduced β1-AR mRNA levels to 
33.3% of control levels, and lowered diastolic blood pressure 
in SHR by a maximum of 30 mmHg for >12 days. Using 

Figure 3. β1‑AR mRNA and protein expression levels in the myocardium of SHR from sham, rAAV9‑NC and rAAV9‑Adrb1 groups at 4 weeks following injec-
tion with saline, rAAV9-NC-ZsGreen or rAAV9-shRNA-Adrb1-ZsGreen vectors, respectively. (A) β1-AR mRNA levels as determined by RT-qPCR. (B) The 
integrated optical density of β1‑AR protein levels as determined by immunohistochemical analysis. (C) Representative microscope images (magnification, 
x400) of β1-AR protein levels as determined by immunohistochemical analysis. The black arrows indicate positive protein particles. (D) Relative β1-AR protein 
levels as determined by western blot analysis. (E) Representative western blot image of β1-AR protein levels. GAPDH was used as a loading control. *P<0.05 
vs. sham group; #P<0.05 vs. rAAV9-NC group. β1-AR, β1‑adrenergic receptor; SHR, spontaneously hypertensive rats; rAAV9, recombinant adeno‑associated 
virus type 9 vector; NC, negative control; Adrb1, adrenergic receptor β1; shRNA, short‑hairpin RNA; RT‑qPCR, reverse transcription‑quantitative polymerase 
chain reaction.
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gene knockout technology, the 24 h mean artery pressure 
was decreased by 10% (102.02±1.81 vs. 92.11±2.62 mmHg) 

in β1/β2-AR-/- compared with wild-type mice (31). Consistent 
with these results, a decrease in cardiac β1-AR expression was 
associated with a reduction in SBP in the present study.

Since β1-AR is a member of the autonomic nervous 
system, the effect of cardiac β1-AR expression on blood pres-
sure regulation may be comprehensible. The β1-AR subtype 
is often classified as the ʻcardiacʼ β-AR subtype, due to the 
observation that the in vivo stimulation of this receptor by its 
agonists increases heart rate and contractility. It is known that 
stimulation of β1-AR induces robust chronotropic and inotropic 
effects via the Gs-protein adenylate cyclase-cyclic adenosine 
monophosphate-protein kinase A signaling pathway (32). 
Following stimulation of β1-AR, protein kinase A is activated 
and L-type Ca2+ channels in ventricular myocytes are phos-
phorylated, which leads to increased myocardial contractility 
through increased Ca2+ influx and the release of Ca2+ from the 
sarcoplasmic reticulum. Zhang et al (30) observed a marked 
attenuation of the β1-AR-mediated positive inotropic response 
in isolated perfused hearts in vitro and in conscious SHR 

Figure 5. Effect of cardiac β1-AR downregulation on the SBP in 
SHR from sham+saline, rAAV9-NC and rAAV9-Adrb1 groups up 
to 4 weeks following injection with saline, rAAV9‑NC‑ZsGreen and 
rAAV9-shRNA-Adrb1-ZsGreen vectors, respectively. *P<0.05 vs. rAAV9-NC 
group; #P<0.05 vs. sham+saline group. β1-AR, β1‑adrenergic receptor; SBP, 
systolic blood pressure; SHR, spontaneously hypertensive rats; rAAV9, 
recombinant adeno‑associated virus type 9 vector; NC, negative control; 
Adrb1, adrenergic receptor β1; shRNA, short‑hairpin RNA.

Figure 6. Effect of cardiac β1-AR gene knockdown on SBP in SHR 
from the rAAV9‑Adrb1 group up to 4 weeks following injection with the 
rAAV9-shRNA-Adrb1-ZsGreen vector and following saline or Met treat-
ment. β1-AR, β1‑adrenergic receptor; SBP, systolic blood pressure; SHR, 
spontaneously hypertensive rats; rAAV9, recombinant adeno‑associated 
virus type 9 vector; Adrb1, adrenergic receptor β1; shRNA, short‑hairpin 
RNA; Met, metoprolol.

Figure 4. Effect of cardiac β1-AR downregulation on the SBP in SHR from 
sham, rAAV9‑NC and rAAV9‑Adrb1 groups up to 4 weeks following injec-
tion with saline, rAAV9-NC-ZsGreen and rAAV9-shRNA-Adrb1-ZsGreen 
vectors, respectively, and treatment with Met. *P<0.05 vs. rAAV9-NC+Met 
group; #P<0.05 vs. the sham+Met group. β1-AR, β1‑adrenergic receptor; 
SBP, systolic blood pressure; rAAV9, recombinant adeno‑associated virus 
type 9 vector; NC, negative control; Adrb1, adrenergic receptor β1; shRNA, 
short‑hairpin RNA; Met, metoprolol.

Table I. Effect of Met on the heart rate of SHR following 
downregulation of cardiac β1-AR expression.

  Heart rate Heart rate
  prior to Met following Met
 No. of intervention intervention
Group samples (bmp) (bmp)

Sham+Met 4 461.7±3.7 435.7±3.3a

rAAV9‑NC+Met  6 459.9±6.0 434.1±2.6a

rAAV9‑Adrb1+Met  6 459.0±3.0 437.2±2.3a

aP<0.001 vs. each group prior to Met intervention. Met, metoprolol; 
SHR, spontaneously hypertensive rats; β1-AR, β1‑adrenergic receptor; 
rAAV9, recombinant adeno‑associated virus type 9 vector; NC, nega-
tive control; Adrb1, adrenergic receptor β1; bmp, beats per minute.

Table II. Effect of cardiac β1-AR suppression on heart rate in 
SHR.

  Heart rate Heart rate
  prior to following
  β1-AR β1-AR
 No. of suppression  suppression
Groups samples (bmp) (bmp)

Sham+saline 4 461.7±3.7 460.4±3.3
rAAV9‑NC 5 459.9±6.0 455.1±2.6
rAAV9‑Adrb1  6 459.0±3.0 456.5±2.3

β1-AR, β1‑adrenergic receptor; SHR, spontaneously hypertensive rats; 
rAAV9, recombinant adeno‑associated virus type 9 vector; NC, nega-
tive control; Adrb1, adrenergic receptor β1; bmp, beats per minute.
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following myocardial β1-AR downregulation. Through the 
targeted deletion of β1-AR, mice lacking β1-AR were demon-
strated to exhibit increased heart rate variability and decreased 
resting heart rate (33). Therefore, myocardial β1-AR expres-
sion may influence blood pressure regulation by affecting 
heart rate and cardiac output through altering cardiac inotropy 
and chronotropy.

In the present study, decreasing β1-AR expression in the 
myocardium decreased blood pressure but had no signifi-
cant effect on heart rate in SHR. Which is consistent with 
several previous studies (29-30). It is therefore possible that 
β2-AR may serve a more important role in regulating heart 
rate compared with β1-AR (29). However, a previous study 
revealed that β1-AR may also function to control heart 
rate (33). Ecker et al (33) demonstrated that resting heart 
rate (in beats/min) was decreased in β1-knockout (KO) and 
β1/β2-double KO mice when compared with wild-type mice. 
The possible reasons underlying these contradictory results 
require further investigation in future studies.

The present study was limited by the small sample size and 
β1-AR was downregulated only in the myocardium by injec-
tion of lentiviral shRNA vectors directly into the pericardial 
cavity (34). The results demonstrated that β1-AR expression in 
the myocardium affects the efficacy of Met in SHR. In addi-
tion, cardiac β1-AR expression may be associated with blood 
pressure regulation, however, the effect of β1-AR expression 
on cardiac physiology was not investigated in the present study. 
Therefore, the clinical applications or mechanisms involved in 
β1-AR-mediated regulation of blood pressure and response to 
Met treatment warrant attention in future studies. The rAAV9 
vector, used to deliver shRNA to the myocardium in vivo in 
the present study, is a valuable, safe and efficacious means of 
cardiac gene transfer (18). However, its potential effects on 
cardiac function and the immune system were not examined. 
This will be an important aim in future studies.
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