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Abstract. β-adrenergic receptors (β-ARs) and anti-β1-AR 
autoantibodies play important roles in heart failure. This study 
was designed to investigate the expression of β1- and β2-ARs 
in the lungs, and their relevance to the corresponding autoan-
tibodies in an aged rat model of heart failure. In addition, we 
investigated the association between anti-β-AR autoantibody 
and soluble Fas (sFas) and soluble Fas ligand (sFasL). Aged male 
Wistar rats were divided into the sham-operated control group 
and the heart failure group. At 0 and 9 weeks post-surgery, the 
protein levels of β1- and β2-ARs in the heart and lungs were 
measured by western blot analysis. The plasma concentrations 
of autoantibodies, sFas and sFasL were determined by enzyme-
linked immunosorbent assay (ELISA). The protein levels of 
pulmonary β1- and β2-ARs were decreased in the heart failure 
group when compared with the control group (P<0.01). Both the 
frequencies of the occurrence and the titers of autoantibodies 
against β2-AR increased at 9 weeks post-surgery (P<0.01). The 
levels of sFas and sFasL were also elevated, although there was 
no difference in the levels of sFas and sFasL between the groups, 
with positive and negative anti-β-AR autoantibody. These find-
ings suggested that during the development of heart failure, the 
densities of pulmonary β1- and β2-ARs decreased. The levels of 
anti-β2-AR autoantibody exhibited similar changes as those of 
anti-β1-AR autoantibody, and there was no definite association 
between anti-β-AR autoantibody and the levels of sFas/sFasL.

Introduction

The β-adrenergic receptor (β-AR) belongs to the family 
of G protein-coupled receptors and consists of 3 subtypes: 
β1-, β2- and β3-AR. The different subtypes are associated 
with different changes during the course of heart failure. the 
stimulation of β1- and β2-AR produces positive chronotropic 
and inotropic effects, while the activation of β3-AR decreases 
the contractility of the myocardium. In the failing ventricular 
myocardium, β1-AR is downregulated, whereas β2-AR exhibits 
little or no change. However, β3-AR is upregulated (1-4). 
Pulmonary edema is a main complication of heart failure. 
β-ARs also exist in the lungs, where the dominant subtype is 
β2-AR (5). There are currently few available articles on the 
changes in β-AR levels in the lungs during the course of heart 
failure. A recent study demonstrated that the β2-AR mRNA 
level was significantly decreased in a murine model of heart 
failure in pulmonary tissues (6). Our previous study demon-
strated a decrease in β3-AR mRNA and protein in the lungs of 
an aged rat model during heart failure (3). However, to the best 
of our knowledge, we have not found any article discussing the 
changes in the levels of pulmonary β1- and β2-ARs during the 
course of heart failure in aged rats. It is commonly observed 
that heart failure occurs mainly in aged subjects, and aged 
individuals have some physiological and pathological characters 
which differ from those of young individuals (7). Aging should 
be considered as an important factor when elucidating cardiac 
disease mechanisms (7).

The pathogenetic role of anti-β1-AR autoantibody has long 
been researched in experimental models (8,9), and anti-β1-AR 
autoantibody is closely associated with cardiac sympathetic 
nervous activity and reduced cardiac function in patients 
with heart failure (10). Anti-β1-AR autoanti body induces the 
apoptosis of adult rat cardiomyocytes (11). We hypothesized 
that since β2-AR also belongs to β-ARs (the G protein-coupled 
receptors characterized by 7 transmembrane domains of 
22-28 amino acids and having 3 intracellular and 3 extracel-
lular loops), its corresponding autoantibody would undergo 
similar changes during the course of heart failure.

Fas, a type I membrane protein, is a member of the tumor 
necrosis factor (TNF) gene superfamily, which is distributed 
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on the cytoplasmic membrane. Fas ligand (FasL), a cell surface 
molecule also belonging to the tumor necrosis (TNF) family, 
binds to its receptor Fas, thus activating the caspase system 
and inducing apoptosis (12). The Fas/FasL system suggests 
a pathophysiological role of cardiomyocyte apoptosis in 
patients with worsening heart failure. Circulating apoptotic 
mediators (sFas and sFasL) have been shown to be significantly 
higher in patients with chronic heart failure as compared to 
normal control subjects (13,14). Thus, in this study, we also 
investigated the association between anti-β-AR autoantibody 
and the apoptotic mediators, sFas and sFasL.

Based on these considerations, in this study, we used aged 
Wistar rats to examine the expression levels of β1- and β2-ARs 
in the lungs and the changes in anti-β2-AR autoantibody in a rat 
model of heart failure. We also investigated apoptotic factors (sFas 
and sFasL) in a rat model of heart failure. The findings of this 
study suggested that the densities of pulmonary β1- and β2-ARs 
decreased, while the levels of anti-β2-AR autoantibody exhibited 
changes similar to those of anti-β1-AR autoantibody.

Materials and methods

Animal model. All the animal experiments were approved 
by the Institutional Animal Care and Use Committee of 
Capital Medical University (Beijing, China; 10-A-35). 
Male Wistar rats (20 months old; body weight, 400-450 g) 
were housed (3 animals/cage) in a room with a controlled 
temperature (22˚C) and a 12-h light/12-h dark cycle. The rats 
were randomly divided into 2 groups as follows: the heart 
failure group (n=50) and the sham-operated group (n=30). 
Endotracheal intubation was performed as previously 
described by Brown et al (15). The rat model of heart failure 
was established as follows: through a small incision at the 
second intercostal space, the transverse aorta was isolated. 
A stenosis of the ascending aorta was induced by a ligation 
of the aorta (steel wire area/ascending aorta area, 75%), as 
previously described (16). The sham-operated group under-
went the same surgical procedure, but without the occlusion 
of the aorta. At 24 h (0 week) or 9 weeks post-surgery, the 
animals (0 week, sham-operated group, n=11; heart failure 
group, n=12; 9 weeks, sham-operated group, n=16; heart 
failure group, n=18) were anesthetized by intraperitoneal 
injection of urethane (20%, 1 g/kg) and a cannula connected 
to a pressure transducer was inserted along the carotid 
artery into the left ventricle to measure the primary and 
derived variables, including heart rate (HR), left ventricular 
end-systolic pressure (LVESP), left ventricular end-diastolic 
pressure (LVEDP), maximum rate of rise of left ventricular 
pressure (+dp/dt max) and maximum rate of fall of left 
ventricular pressure (-dp/dt max). A pressure transducer 
connected to a polygraph recorder was used to measure the 
pressure. The left ventricles and lungs were rapidly excised, 
rinsed in ice-cold isotonic saline, and weighed and frozen in 
liquid nitrogen. During the course of the experiment, 2 ml 
of blood sample was obtained from the carotid artery from 
both groups. The sera were separated. The sera and the tissues 
were stored at -80˚C until further analysis.

Determination of anti-β-ARs autoantibody concentra-
tions by enzyme-linked immunosorbent assay (ELISA). 

Two peptides with cysteine at the terminal position, corre-
sponding to the sequence of the second extracellular loop 
of the rat β1-AR (residues 197-222, H-W-W-R-A-E-S-D-
E-A-R-R-C-Y-N-D-P-K-C-C-D-F-V-T-N-R-C) and β2-AR 
(residues 173-198, W-Y-R-A-T-H-K-Q-A-I-D-C-Y-A-K-E-T-
C-C-D-F-F-T-N-Q-A-C·), were synthesized by the Institute 
of Laboratory Animal Science, Chinese Academy of Medical 
Sciences (CAMS) and Peking Union Medical College (PUMC) 
(Beijing, China), using the solid phase method of Merrifield. 
The presence of the autoantibodies was detected by ELISA as 
previously described (8).

Determination of β-AR protein expression by western blot 
analysis. Cardiac and pulmonary tissues (n=8 for each group) 
were homogenized in ice-cold homogenization buffer sepa-
rately and then centrifuged at 12,000 x g 4˚C. Total protein was 
isolated from the tissues and the concentration was determined 
using the Bradford method. The protein sample (80 µg) was 
separated by 10% sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis and then transferred onto nitrocellulose 
membranes. The membranes were blocked for 1 h at room 
temperature in TBS-T, containing 5% non-fat milk and probed 
with 1:1,000 diluted primary antibodies against glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH; TA-08; made 
in USA, subpackaged by ZSGB-BIO, Beijing, China) and 
β1- and β2-ARs [β1-AR (V-19): sc-568, β2-AR (M-20): sc-570; 
Santa Cruz Biotechnology, Santa Cruz, CA, USA]. Goat anti-
mouse (ZB-2305; made in USA, subpackaged by ZSGB-BIO) 
or goat anti-rabbit (ZB-2301,made in USA, subpackaged 
by ZSGB-BIO) antibodies (1:3,000 dilution) were used as 
secondary antibodies to incubate the blots for 1 h. Bands on 
the blots were visualized using western blot kit (Promega, 
Madison, WI, USA) and semi-quantified using a computer 
image analysis system (Quantity One software v4.62; Bio-Rad, 
Hercules, CA, USA).

Measurement of serum sFas/sFasL levels. The serum concen-
trations of sFas and sFasL were measured using commercially 
available ELISA kits, according to the manufacturer's instruc-

Table I. Mortality of aged rats.

Time Sham-operated Heart failure
 group group
 (n=30) (n=50)

0 week (within 24 h) 3 (10%)   4 (8%)
1 week (24 h to 7 days) 0   3 (6%)
2 weeks 0   2 (4%)
3 weeks 0   1 (2%)
4 weeks 0   1 (2%)
5 weeks 0 0
6 weeks 0   1 (2%)
7 weeks 0 0
8 weeks 0   3 (6%) 
9 weeks 0   5 (10%)

Total 3 (10%) 20 (40%)
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tions. The kits were obtained from Shanghai Senxiong Biotech 
Industry Co., Ltd. (Shanghai, China). Each group consisted of 
8 rats.

Data analysis. Data are expressed as the means ± SD. The 
mean of antibody titers is represented by geometric means. A 
statistical comparison of group means was performed using 
the Student's t-test. A statistical comparison of the positive 
ratios of autoantibodies was performed using the Chi-square 
test. Data analysis was performed using SPSS 13.0 soft-
ware (SPSS, Inc., Chicago, IL, USA) on a personal computer. 
A value of P<0.05 was considered to indicate a statistically 
significant difference, and a value of P<0.01 was considered to 
indicate a highly statistically significant difference.

Results

Mortality rate of aged rats. The mortality rate in the heart 
failure group was significantly higher than that in the sham-

operated group (P<0.01, 40 vs. 10%) during the post-operative 
period (0-9 weeks). The major causes of death were over-
anesthesia in the sham-operated group and heart failure in the 
heart failure group (Table I).

Changes in cardiac function. The changes in cardiac function 
are presented in Table II. At 9 weeks post-surgery, the cardiac 
function parameters, LVESP and the maximum rate of rise or 
fall of left ventricular pressure absolute values, were significantly 
decreased in the rats in the heart failure group as compared 
to the control animals (P<0.01). LVEDP was significantly 
increased (P<0.01) in the heart failure group, which indicated 
the occurrence of heart failure.

The protein levels of β1- and β2-ARs. The protein levels 
of β1- and β2-ARs in the left ventricle of the rats from the 
control and heart failure groups were quantified by western 
blot analysis. As shown in Fig. 1, the density of β1-AR protein 
in the heart failure group decreased significantly as compared 

Table II. Changes in cardiac function.

 Time  HR LVESP LVEDP +dp/dtmax -dp/dtmax

Group (weeks) n (bpm) (mmHg) (mmHg) (mmHg/msec) (mmHg/msec)

Sham 0 11 327±16 127.7±5.9 1.07±0.10 9.84±0.72 -6.41±0.72
 9 16 325±13 129.7±5.8 1.15±0.14 9.46±0.54 -6.10±0.41

HF 0 12 332±18 131.2±4.8 1.13±0.13 9.56±0.49 -6.00±0.65
 9 18 291±16a 91.7±7.2a 10.53±0.60a 4.23±0.07a -2.61±0.25a

aP<0.01, HF group vs. sham-operated (Sham) group; HR, heart rate; LVESP, left ventricular end-systolic pressure; LVEDP, left ventricular 
end-diastolic pressure; +dp/dtmax, maximum rate of rise of left ventricular pressure; -dp/dtmax, maximum rate of fall of left ventricular pressure.

Figure 1. Protein expression of β-adrenergic receptors (β1- and β2-AR) examined by western blot analysis in the left ventricle. (A) Immunoblot of β1-AR 
protein and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in representative animals. Sham0: week 0, sham-operated (sham) group; HF0: week 0, heart 
failure (HF) group; Sham9: week 9, sham group; HF9: week 9, HF group. (B) Bar plot represent the data from myocardial tissues of all animals in each group. 
β1-AR protein revealed a decrease with the deterioration of heart function. (*P<0.05 vs. sham group, 9 weeks post-surgery). (C) Immunoblot of β2-AR protein 
in representative animals. (D) Bar plot showed the data from myocardial tissues of all animals in each group. The density of β2-AR protein didn't show any 
significant change in heart failure group compared with the control (P>0.05).
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to the control (P<0.01). The density of β2-AR protein however, 
did not exhibit any significant change in the heart failure 
group, as compared to the control (P>0.05). The protein levels 
of β1- and β2-ARs in the lungs of rats from the control and 
heart failure groups were quantified by western blot analysis. 
As shown in Fig. 2, at 9 weeks post-surgery, the density of 
β1- and β2-AR protein in the heart failure group decreased 
significantly as compared to the control (P<0.01).

Changes in the frequencies of the occurrence and titres 
of autoantibodies. At 9 weeks post-surgery, when cardiac 
function exhibited significant changes, the positive ratios 
of the anti-β1- and -β2-AR autoantibodies were increased 
from 25 and 31.3 to 66.7 and 72.2%, respectively (P<0.05; Fig. 3). 
The anti-β1- and -β2-AR antibody titers were increased from 
1:(39.8±1.6) and 1:(45.7±1.8) to 1:(117.5±1.8) (P<0.05) and 
1:(112.2±2.0) (P<0.05), respectively (Fig. 4).

Figure 2. Protein expression of β-adrenergic receptors (β1- and β2-AR) examined by western blot analysis in lungs. (A) Immunoblot of β1-AR protein in repre-
sentative animals. Sham0: week 0, sham-operated (sham) group; HF0: week 0, heart failure (HF) group; Sham9: week 9, sham group; HF9: week 9, HF group. 
(B) Bar plot represents the data from pulmonary tissues of all animals in each group. β1-AR protein revealed a decrease with the deterioration of heart function. 
(**P<0.01 vs. sham group, 9 weeks post-surgery). (C) Immunoblot of β2-AR protein in representative animals. (D) Bar plot represents the data from pulmonary 
tissues of all animals in each group. β2-AR protein revealed a decrease with the deterioration of heart function (**P<0.01 vs. sham group, 9 weeks post-surgery).

Figure 3. Changes in the frequencies of (A) anti-β-adrenergic receptor (β1-AR) autoantibody and (B) anti-β2-AR autoantibody. Frequencies of anti-β1- and -β2-
ARs were significantly higher in the heart failure (HF) group than in the sham-operated (sham) group with the deterioration of heart function (*P<0.05 vs. sham 
group, 9 weeks post-surgery).

Figure 4. Changes in the titers of (A) anti-β-adrenergic receptor (β1-AR) autoantibody and (B) anti-β2-AR autoantibody. Geometric mean titers of anti-
β1- and -β2-ARs were significantly higher in the hear failure (HF) group than in the sham-opreated (sham) group with the deterioration of heart function (*P<0.05 
and **P<0.01 vs. sham group, 9 weeks post-surgery).
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Serum levels of sFas/sFasL. The levels of sFas/sFasL in serum 
from the rats in the control and heart failure groups were 
measured by ELISA. As shown in Fig. 5, at 9 weeks post-
surgery the levels of sFas/sFasL in the heart failure group were 
significantly increased as compared to the control (P<0.01).

Levels of sFas/sFasL at 9 weeks post-surgery in the heart 
failure group. There were 18 animals at 9 weeks post-surgery in 
the heart failure group. We defined the 12 animals with positive 
anti-β1-AR autoantibody as the group with positive anti-β1-AR 
autoantibody, and the 6 animals with negative anti-β1-AR auto-
antibody as the group with negative anti-β1-AR autoantibody. 
We defined the 13 animals with positive anti-β2-AR autoanti-
body as the group with positive anti-β2-AR autoantibody, and 
the 5 animals with negative anti-β2-AR autoantibody as the 
group with negative anti-β2-AR autoantibody. There were no 
differences observed in the levels of sFas or sFasL between the 
groups with positive and negative anti-β1-AR autoantibody. In 
addition, there were no differences observed in the levels of 
sFas or sFasL between the groups with positive and negative 
anti-β2-AR autoantibody (Fig. 6).

Discussion

The data from the present study provided three important obser-
vations: i) a decrease in the pulmonary β1- and β2-AR protein 
levels during the development of heart failure; ii) at 9 weeks 
post-surgery, both the frequency of the occurrence and the 
titres of anti-β2-AR autoantibody were significantly increased 
as compared to those of the control; and iii) at 9 weeks post-
surgery, the levels of sFas/sFasL in the heart failure group 
decreased significantly as compared to those of the control. 
From these results, we can draw some important conclusions.

Changes in the densities of pulmonary β1- and β2-ARs the 
rat model of heart failure. Studies carried out on adult rats 
have demonstrated that in the failing ventricular myocardium, 
β1-AR is downregulated, whereas β2-AR exhibits little or 
no change (1,2). Similar results were observed in aged rats. 
Pulmonary edema is the main threatening complication of 
heart failure. Since β-ARs also exist in the lungs, we wished 
to determine whether pulmonary β1- and β2-ARs experience 
any changes in a rat model of heart failure. Fewer studies have 
related the changes in the levels of pulmonary β-ARs during 
the course of heart failure. In 1999, Borst et al studied the 
changes in the total AR density in a rat model of heart failure 
and concluded that the density was significantly decreased (17). 
However, due to the presence of 3 subtypes of β-ARs, studies 
on the changes of different subtypes are mandatory. Our study 
demonstrated that in an aged rat model of heart failure, the 
levels of both pulmonary β1- and β2-ARs were significantly 
decreased, and the changes in these levels differed from those in 
the heart. The respiratory system is characterized by the preva-
lence of β2-AR. β2-AR plays a key role in both the regulation 
of airway smooth muscle tone and lung fluid clearance, which 
influences gas diffusion (18,19). β1-AR is also present in the 
lungs, and accounts for 10 and 30% of the ARs on submucosal 
glands and alveolar walls, respectively (20). Some studies have 
indciated that both β1- and β2-AR agonists increase alveolar 
fluid clearance in experimental models (21,22). The decrease 
in the levels of pulmonary β1- and β2-ARs during the course 
of heart failure may increase the airway smooth muscle tone 
and reduce lung fluid clearance. This change may aggravate 
pulmonary edema to a certain extent.

Changes in the levels of anti-β2-AR autoantibody during the 
course of heart failure. We chose to use aged 20-month-old 
Wistar rats as experiment animals and established a model of 

Figure 5. Serum levels of (A) soluble Fas (sFas) and (B) soluble Fas ligand (sFasL). The levels of sFas/sFasL in the heart failure (HF) group increased significantly 
compared with the control [sham-operated (sham) group] (**P<0.01 vs. sham group, 9 weeks post-surgery).

Figure 6. Levels of soluble Fas (sFas) and Fas ligand (sFasL) in heart 
failure group with positive or negative autoantibody. (A) There was no dif-
ference in the levels of sFas or sFasL between the groups with positive and 
negative anti-β1-AR autoantibody. (B) There was no difference in the levels 
of sFas or sFasL between the groups with positive and negative anti-β-
adrenergic receptor (β-AR) autoantibody.
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heart failure by aortic binding. We found that both the frequency 
of the occurrence and the titre of anti-β1-AR autoantibody were 
significantly increased as compared to the control. More impor-
tantly, it was observed that anti-β2-AR autoantibody exhibited a 
similar change to that of anti-β1-AR autoantibody. Thus, it was 
opined that anti-β1-AR autoantibody was closely associated 
with cardiac sympathetic nervous activity and cardiac event in 
patients with chronic heart failure (10,23,24). Heart failure can 
trigger anti-β1-AR autoantibody and conversely, anti-β1-AR 
autoantibody can aggravate heart failure. Carvedilol (β-AR 
blocker) has been shown to be effective in improving cardiac 
dysfunction and reversing remodeling in patients positive for 
anti-β-AR autoantibody (25). Stavrakis et al (26) demonstrated 
that the co-existence of anti-β2-AR autoantibody partially 
suppressed the effect of the anti-β1-AR autoantibody, although 
the study was carried out on patients with cardiomyopathy and 
not on patients with heart failure. Our study demonstrated that 
heart failure can also trigger anti-β2-AR autoantibody. Since 
anti-β1-AR autoantibody can aggravate heart failure and the 
co-existence of anti-β2-AR autoantibody can partially suppress 
the effect of the anti-β1-AR autoantibody, we opined that anti-
β2-AR autoantibody can alleviate heart failure to a certain 
extent during the course of heart failure. The rate of autoanti-
bodies against two types of β-ARs was 24.6%, which indicated 
a multiplicity of autoimmune response in heart failure.

Changes exhibited by β-ARs and their corresponding auto-
antibodies during the development of heart failure. Few 
studies have examined the changes in β-ARs and the changes 
in autoantibodies simultaneously (3,27). In this study, we 
investigated β-ARs and autoantibodies simultaneously and 
found that, although the two types of β-ARs exhibited different 
changes during the development of heart failure, their corre-
sponding autoantibodies exhibited similar changes. Genetic 
and pharmacological approaches have demonstrated that the 
β1-AR constitutes approximately 70-80% of the cardiac β-AR 
complement and plays a predominant role in mediating cardiac 
inotropic and chronotropic responses to catecholamines (28). In 
the failing ventricular myocardium and lungs, β1-AR is down-
regulated. Therefore, the change in the levels of anti-β1-AR 
autoantibody was found to be related with the change in the 
levels of β1-AR in the heart and lungs. β2-AR is the main β-AR 
subtype in the lungs (6). In the failing ventricular myocardium, 
the β2-AR protein level was unaltered. Pulmonary β-receptor 
density was significantly decreased in a rat model of heart 
failure (29). Thus, the change in anti-β2-AR autoantibody was 
mainly associated with the changes in β2-AR in the lungs. Since 
it was established that the co-existence of anti-β2-AR autoanti-
body partially suppressed the effect of anti-β1-AR autoantibody 
and affected the constriction of the heart, we speculated that 
anti-β2-AR autoantibody may act on β2-AR in the lungs and 
affect the regulation of airway smooth muscle tone and lung 
fluid clearance. Thus, anti-β2-AR autoantibody may affect 
the course of heart failure, not only through the heart, but also 
through the lungs. We only proved the existence of anti-β2-AR 
autoantibody in a model of heart failure; further studies are 
required to investigate anti-β2-AR autoantibody in more detail.

Association between anti-β-AR autoantibody and the levels of 
sFas/sFasL during the course of heart failure. With the increase 

in the frequencies and titres of autoantibodies, the sFas and sFasL 
levels were also elevated. These exert differential effects on the 
course of apoptosis. Human sFasL induces apoptosis in vitro 
and in vivo (30), but sFas inhibits the apoptosis of muscle cells in 
cell culture (31), and improves the survival of animals with heart 
failure (32). Norepinephrine stimulates apoptosis via β1-AR and 
inhibits apoptosis via β2-AR. β1-AR plays a predominant role 
in the adult rat cardiac myocyte system, and the net effect of 
norepinephrine results in an increase in the frequency of apop-
tosis (33). Anti-β1-AR autoantibody induces the apoptosis of 
adult rat cardiomyocytes via the protein kinase A cascade (11) 
and mediates dilated cardiomyopathy agonistically by inducing 
cardiomyocyte apoptosis (34). Although anti-β1-AR autoanti-
body induces apoptosis, we did not determine any difference 
in sFas or sFasL between the groups with positive and negative 
anti-β1-AR autoantibody. We were not able to find any differ-
ence in sFas or sFasL between the groups with positive and 
negative anti-β2-AR autoantibodies.

In conclusion, the findings of our study suggested that 
during the development of heart failure, the densities of 
pulmonary β1- and β2-ARs decreased and the changes were 
different from those occurring in the heart. The levels of 
anti-β2-AR autoantibody exhibited similar changes to those 
of anti-β1-AR autoantibody during the course of heart failure. 
When the frequencies and titres of autoantibodies increased, 
the levels of sFas and sFasL were also elevated; however, there 
was no definite association between anti-β-AR autoantibody 
and the levels of sFas/sFasL.
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