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Decreased autophagy induced by β1-
adrenoceptor autoantibodies contributes
to cardiomyocyte apoptosis
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Abstract
It has been recognized that myocardial apoptosis is one major factor in the development of heart dysfunction and
autophagy has been shown to influence the apoptosis. In previous studies, we reported that anti-β1-adrenergic
receptor autoantibodies (β1-AABs) decreased myocardial autophagy, but the role of decreased autophagy in
cardiomyocyte apoptosis remains unclear. In the present study, we used a β1-AAB-immunized rat model to investigate
the role of decreased autophagy in cardiomyocyte apoptosis. We reported that the level of autophagic flux increased
early and then decreased in an actively β1-AAB-immunized rat model. Rapamycin, an mTOR inhibitor, restored
myocardial apoptosis in the presence of β1-AABs. Further, we found that the early increase of autophagy was an
adaptive stress response that is possibly unrelated to β1-AR, and the activation of the β1-AR and PKA contributed to
late decreased autophagy. Then, after upregulating or inhibiting autophagy with rapamycin, Atg5 overexpression
adenovirus or 3-methyladenine in cultured primary neonatal rat cardiomyocytes, we found that autophagy decline
promoted myocardial apoptosis effectively through the mitochondrial apoptotic pathway. In conclusion, the reduction
of apoptosis through the proper regulation of autophagy may be important for treating patients with β1-AAB-positive
heart dysfunction.

Introduction
Cardiac dysfunction is one of the most common causes

of cardiovascular disease1, however, its pathogenesis has
not been fully elucidated. Apoptosis plays a pivotal role in
the occurrence and development of cardiac dysfunction;
both animal experiments and human studies have found
that cardiomyocyte apoptosis occurs in the deterioration
of cardiac function, and the inhibition of apoptosis could
effectively attenuate cardiac dysfunction2. Therefore, the
effective reduction of myocardial apoptosis is important
in the prevention and treatment of heart dysfunction.
There are indications that β1-adrenoceptor auto-

antibodies (β1-AABs) can be detected in the serum of
40–60% of patients with cardiac dysfunction3. Studies

have shown that β1-AABs could induce cardiomyocyte
apoptosis through the β1-adrenergic receptor (β1-AR)

4,
which is followed by the deterioration of cardiac function.
However, it is still unclear how β1-AABs cause apoptosis
of cardiac myocytes.
Autophagy, which is an important mechanism of

maintaining cellular homeostasis, has been shown to
influence the apoptosis5. Impaired organelles or incor-
rectly folded proteins are degraded by autophagy in order
to provide a critical means for cell self-renewal, energy
repletion, and substrate recycling6. In preliminary studies,
our group has shown that decreased autophagy induced
by β1-AABs contributed to cardiomyocyte death and
cardiac dysfunction7. In certain circumstances, autophagy,
as a stress response, can protect cells from death by
inhibiting apoptosis8, while the inhibition of autophagy by
3-methyladenine (3-MA) or the silencing of Atg5 or Atg7
could activate caspase-3 and subsequently apoptosis9.
Therefore, autophagy might be essential to the occurrence
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of apoptosis. However, whether autophagy influences
cardiomyocyte apoptosis induced by β1-AABs is still
unknown.
In the present study, an actively β1-AAB-immunized rat

model and cultured primary neonatal rat cardiomyocytes
were used to observe the possible mechanism of β1-AAB-
induced apoptosis from the autophagy perspective. The
purpose is to show whether the regulation of autophagy
may play a therapeutic role in β1-AAB-positive patients
with heart disease.

Results
β1-AABs caused apoptosis of myocardial tissues in actively
immunized rats
In this study, a caspase-3 activity assay and TUNEL

staining were used to detect the apoptosis level of myo-
cardial tissues in actively immunized rats. There was no
significant change of caspase-3 activity and the number of
TUNEL-positive cells at 1 day and 1 week after active
immunization, but they began to increase at 2 weeks and
remained at a high level until 4 weeks (Fig. 1). The above
results showed that β1-AABs could promote apoptosis in
myocardial tissues.

Myocardial autophagic flux increased early and then
decreased with the presence of β1-AABs
The expression of LC3 and Beclin1 was detected to

reflect the changes of autophagy in myocardial tissues of
actively immunized rats. The results revealed that the
mRNA and protein levels of LC3 and Beclin1 were

significantly increased at 1 day after active immunization;
they peaked at 1 week, and then began to decrease at
2 weeks compared with the control group (Fig. 2).
To reflect the variation of the autophagic flux, the

selective autophagy substrate p62 was detected. Our
results showed that the p62 level was significantly
decreased 1 day and 1 week after active immunization.
However, p62 accumulated after 2 weeks, and a further
p62 increase appeared after 4 weeks (Fig. 2). The results
above reminded us that active immunization led to an
earlier increase but a later decrease of myocardial
autophagy flux in rats.

Upregulation of autophagy by RAPA reduced
cardiomyocyte apoptosis in actively immunized rats
To investigate the effect of decreased myocardial

autophagy induced by β1-AABs on myocardial apoptosis,
RAPA (rapamyosin), an mTOR inhibitor, was used to
upregulate myocardial autophagy. The results showed
that increased autophagy could reduce caspase-3 activity
and the number of TUNEL-positive cardiomyocytes of
actively immunized rats, indicating that autophagy upre-
gulation could effectively reverse cardiomyocyte apoptosis
induced by β1-AABs (Fig. 3).

β1-AABs induced apoptosis in neonatal rat cardiomyocytes
It was found that caspase-3 activity in neonatal rat

cardiomyocytes was significantly increased 1 h after β1-
AABs treatment and it remained high for 12 h, and then
returned to normal at 24 h (Fig. 4a). The data of Annexin

Fig. 1 Increased β1-AAB-induced apoptosis in myocardial tissues after active immunization. a Caspase-3 activity at 0, 1 day, 1 week, 2 weeks,
and 4 weeks after active immunization. b Quantification of TUNEL-positive cells from (c). c Representative TUNEL staining of myocardial tissues. Scale
bar was 40 μm. Data are expressed as means ± SEM (n= 6 per group). *P < 0.05 vs. the control and **P < 0.01 vs. the control
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Fig. 3 Cardiomyocyte apoptosis in actively immunized rats was reduced by upregulating autophagy with rapamycin (RAPA). a Effect of
RAPA on caspase-3 activity in actively immunized rats 2 w after β1-AABs stimulation. b Quantification of TUNEL-positive cells from (c). c
Representative TUNEL staining showing that TUNEL-positive cardiomyocytes were decreased after RAPA stimulation. Scale bar was 40 μm. Data are
expressed as means ± SEM (n= 6 per group). *P < 0.05 vs. the control, **P < 0.01 vs. the control, and #P < 0.05 vs. the β1-AAB group

Fig. 2 Change in autophagic flux induced by β1-AABs in myocardial tissues of actively immunized rats. a, b Real-time PCR was used to
measure LC3 and Beclin1 mRNA expression in cardiomyocytes. c Representative Western blot showing the protein expression of LC3, Beclin1, and
p62 at 0, 1 day, 1 week, 2 weeks, and 4 weeks after active immunization. d–f Quantification of Western blot data from (c). g Schematic representation
of time course of autophagy level in myocardial tissue of the actively β1-AAB-immunized rat model. Data are expressed as means ± SEM (n= 6 per
group). *P < 0.05 vs. the control and **P < 0.01 vs. the control
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V-APC/7-AAD double staining flow cytometry were
consistent with the results mentioned above, in which
after 6 h of β1-AABs stimulation, Annexin V-positive/7-
AAD-negative staining cells and both Annexin V and 7-
AAD-positive staining cells were all increased, indicating
that β1-AABs could induce apoptosis in neonatal rat
cardiomyocytes (Fig. 4b).
Further, Hoechst 33258 was used to stain neonatal rat

myocardial cells. The results showed that without β1-
AABs, blue staining of the nucleus was hypochromic. At
6 h after β1-AABs stimulation, bright blue nuclei appeared
and the fluorescence intensity was significantly higher
than in the control group, and at 24 h after β1-AABs sti-
mulation, the fluorescence intensity had recovered
(Fig. 4c). The above results showed that neonatal rat
cardiomyocyte apoptosis increased with the presence of
β1-AABs.

Autophagic flux induced by β1-AABs increased early and
then decreased in primary neonatal rat cardiomyocytes
The results showed that the protein levels of LC3 and

Beclin1 in primary neonatal rat cardiomyocytes were
significantly lower than in the control group at 1, 3, 6, and
24 h after β1-AABs stimulation, whereas p62 accumulated
and was much higher than in the control group (Fig. 5a,
c), suggesting that the myocardial autophagic flux was

significantly decreased. To determine if the autophagy
level induced by β1-AABs in primary neonatal rat cardi-
omyocytes would increase in an earlier stage, we stimu-
lated the primary neonatal rat cardiomyocytes with β1-
AABs at 1, 3, 5, and 30min. The data indicated that the
protein levels of LC3 and Beclin1 were significantly higher
than in the control group and the p62 protein level
decreased significantly in the primary neonatal rat cardi-
omyocytes at 1 and 3min after β1-AABs stimulation. In
contrast, the protein levels of Beclin1 and p62 had no
significant difference compared with the control group at
5 min after β1-AABs stimulation. The protein levels of
LC3 and Beclin1 decreased markedly at 30 min after β1-
AABs stimulation, and the p62 protein level was increased
(Fig. 5b, d). The above results showed that autophagic flux
induced by β1-AABs ascended early and then declined in
primary neonatal rat cardiomyocytes (Fig. 5e).

The early increase of autophagy was an adaptive stress
response, and the activation of β1-AR-PKA contributed to
late decreased autophagy induced by β1-AABs
To further confirm how the β1-AABs affect autophagy,

atenolol, a selective β1-AR antagonist, was used to observe
the role of β1-AR in autophagy induced by β1-AABs. In
the present study, we found that autophagy was sig-
nificantly increased at 1 min, and the autophagic flux was

Fig. 4 Change of β1-AAB-induced apoptosis in neonatal rat cardiomyocytes. a Activity of caspase-3 in neonatal rat cardiomyocytes after β1-
AABs stimulation at 0, 1, 6, 12, and 24 h. b Data of Annexin V/7-AAD double staining flow cytometry. The percentage for each panel indicates the
percentage of apoptotic cells. c Hoechst 33258 staining after β1-AABs stimulation at 6 and 24 h. Normal cells manifest as lighter blue-stained nuclei,
while apoptotic nuclei produce dense, bright blue fluorescence. Scale bar was 100 μm. Data are presented as means ± SEM (n= 6 per group). *P <
0.05 vs. the control and **P < 0.01 vs. the control

Wang et al. Cell Death and Disease  (2018) 9:406 Page 4 of 13

Official journal of the Cell Death Differentiation Association



declined significantly at 30 min after β1-AABs interven-
tion, so we chose 1 and 30min to observe the possible
mechanism of autophagic changes in the primary neo-
natal rat cardiomyocytes. The results showed that atenolol
pretreatment had no significant effect on the increase of
autophagy induced by β1-AABs at 1 min (Fig. 6a); how-
ever, pretreatment with atenolol could reverse decreased
autophagy significantly at 30 min (Fig. 6c), indicating that
the early increase of autophagy was an adaptive stress
response that is possibly unrelated to β1-AR, and the
activation of β1-AR contributed to late decreased autop-
hagy. To further confirm these findings, protein kinase A
(PKA), as an important signaling protein after β1-AR
activation, was detected and the results showed that p-
PKA had no change at 1 min and increased at 30 min after
β1-AABs intervention (Fig. 6b). In an effort to elucidate
the role of PKA in autophagy, we used the PKA inhibitor
H-89 to treat the primary neonatal rat cardiomyocytes.
Our data demonstrated that H-89 did not affect the level
of autophagy at 1 min but recovered the decline of

autophagy significantly at 30 min after β1-AABs stimula-
tion (Fig. 6a, c), suggesting that PKA participated in the
β1-AAB-induced reduction of autophagy. The above
results showed that the early induction of autophagy by
β1-AABs was an adaptive stress response, and the later
declined autophagy induced by β1-AABs was due to β1-
AR-PKA activation.

Decreased autophagy participated in apoptosis of
cardiomyocytes induced by β1-AABs
In our study, 3-MA and RAPA were used to restrain and

improve autophagy in neonatal rat cardiomyocytes,
respectively. The results showed that further increased
caspase-3 activity was detected at 6 h after β1-AABs
administration with 3-MA-pretreated cardiomyocytes,
compared with the β1-AABs group, suggesting that inhi-
biting autophagy could upregulate apoptosis in myo-
cardial cells. In addition, RAPA pretreatment reversed the
effect of β1-AABs on caspase-3 activity at 6 h in the car-
diomyocytes, indicating that upregulating autophagy

Fig. 5 β1-AAB-induced autophagic flux increased early and then decreased in primary neonatal rat cardiomyocytes. a The protein
expression of LC3, Beclin1, and p62 at 0, 1, 3, 6, and 24 h after β1-AABs stimulation. b Representative Western blot showing the protein expression of
LC3, Beclin1, and p62 at 0, 1, 3, 5, and 30 min after β1-AABs stimulation. c Quantification of Western blot data from (a). d Quantification of Western
blot data from (b). e Schematic representation of time course of autophagy level in primary neonatal rat cardiomyocytes after β1-AABs stimulation.
Data are expressed as means ± SEM (n= 6 per group). *P < 0.05 vs. the control and **P < 0.01 vs. the control
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could lead to the decline of apoptosis in myocardial cells
(Fig. 7a). Similar results were found by Annexin V-APC/
7-AAD staining, that is, the proportion of the right upper
and lower quadrant cells was increased in the 3-MA-
pretreated cardiomyocytes and recovered with RAPA-
pretreated cells compared with those only treated with β1-
AABs (Fig. 7b, c). Hoechst staining was conducted to
prove the results and we found a stronger blue fluores-
cence in the 3-MA-pretreated myocardial cells compared
with those only treated with β1-AABs, suggesting that 3-
MA pretreatment could upregulate myocardial apoptosis
(Fig. 7d, e). In contrast, blue fluorescence in RAPA-
pretreated myocardial cells was weaker than in those only
treated with β1-AABs, indicating that RAPA pretreatment
may decrease myocardial apoptosis. To further confirm
this idea, we added the Atg5 overexpression adenovirus
expressing green fluorescent protein-infected neonatal rat
cardiomyocytes to increase the level of autophagy. Atg5 as
an autophagy-related protein is essential for autophago-
some formation. The data showed that Atg5

overexpression could increase the level of autophagy
(Supplementary Fig. S1) and reverse the effect of β1-AABs
on apoptosis at 6 h in the cardiomyocytes (Fig. 7). All of
the data showed that decreased autophagy participated in
the apoptosis of cardiomyocytes induced by β1-AABs.

Decreased autophagy promoted the β1-AAB-induced
mitochondrial apoptosis pathway in cardiomyocytes
Studies have shown that the variation of caspase-9

activity and the red/green fluorescence ratio of JC-1
staining were closely related to the mitochondrial apopto-
tic pathway10. In this experiment, we observed that the
caspase-9 activity in the primary rat neonatal cardiomyo-
cytes increased significantly 6 h after β1-AABs stimulation
(Fig. 8a). JC-1 staining indicated that the ratio of red/green
fluorescence was decreased, suggesting that the mito-
chondrial membrane potential declined with the presence
of β1-AABs (Fig. 8b, c). Then, 3-MA pretreatment led to
increased caspase-9 activity and a decline in the red/green
fluorescence ratio, indicating a further decrease in the

Fig. 6 Effect of β1-AR and PKA on the changes of autophagy induced by β1-AABs. a Quantification by Western blotting and representative
Western blots showing the protein expression of LC3 and p62 at 1 min after β1-AABs stimulation. b Quantification and representative Western blots
showing the protein expression of p-PKA at 1 min and 30min after β1-AABs stimulation. c Quantification by Western blotting and representative
Western blots showing the protein expression of LC3 and p62 at 30 min after β1-AABs intervention. Data are expressed as means ± SEM (n= 6 per
group). *P < 0.05 vs. the control, **P < 0.01 vs. the control, #P < 0.05 vs. the β1-AAB group
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mitochondrial membrane potential (Fig. 8). In contrast,
RAPA pretreatment restored the decreased mitochondrial
membrane potential and inhibited caspase-9 activity
(Fig. 8). In conclusion, decreased autophagy contributes to
the promotion of the β1-AAB-induced mitochondrial
apoptosis pathway in cardiomyocytes.

Discussion
In the present study, we observed that β1-AABs sig-

nificantly increased apoptosis in the myocardial tissue of
actively immunized rats and in cultured primary neonatal
rat cardiomyocytes. We also found that the level of
autophagic flux increased early and then decreased in the
presence of β1-AABs. Additionally, autophagy decline
promoted myocardial apoptosis effectively through the
mitochondrial apoptotic pathway.
A large amount of clinical evidence has shown that

high-titer β1-AABs can be detected in the serum of
40–60% of patients with cardiac dysfunction3. β1-AABs
are autoantibodies against the second extracellular loop of
β1-AR (β1-AR ECII) and accordingly perform agonist-like
effects. One study indicated that β1-AABs could lead to an
increased beating rate of cultured neonatal rat myocardial
cells11. Left ventricular systolic and diastolic dysfunction
could be observed in rats after 18 months of active

immunization with β1-AR ECII12. In addition, the removal
of β1-AABs in the blood of patients with cardiac dys-
function using an immunosorbent technique could
markedly improve their cardiac function13.
Myocardial apoptosis is one of the major causes of

cardiac dysfunction14. As a main pathway for cell death,
apoptosis provides a relatively stable internal environment
by eliminating redundant and damaged cells15. However,
excessive apoptosis can cause tissue injury and functional
defects16. It has been demonstrated that cardiomyocyte
apoptosis aggravated cardiac insufficiency by participating
in the remodeling of the left ventricle17. Studies have
confirmed that β1-AABs led to the activation of the
cAMP-dependent protein kinase signaling pathway,
thereby increasing caspase-3 activity, resulting in cardio-
myocyte apoptosis18. Therefore, cardiomyocyte apoptosis
induced by β1-AABs is one of the major factors leading to
cardiac dysfunction19. In this study, caspase-3 activity and
the number of TUNEL-positive cells increased at 2 weeks
and 4 weeks, suggesting that β1-AABs could increase
myocardial apoptosis in actively immunized rats. How-
ever, it remains unclear how β1-AABs induce cardio-
myocyte apoptosis.
Studies have shown that autophagy is involved in the

occurrence of apoptosis20. Autophagy functions by

Fig. 7 Effect of decreased autophagy on β1-AAB-induced cardiomyocyte apoptosis. a Caspase-3 activity in each group. b Representative flow
cytometric assessment of apoptosis via Annexin V-APC and 7-AAD staining. c Flow cytometric quantification. d Representative images of neonatal rat
cardiomyocytes stained with Hoechst 33258. Scale bar was 100 μm. e Quantification of Hoechst 33258 staining from (d). Data are presented as
means ± SEM (n= 6 per group). *P < 0.05 vs. the control, **P < 0.01 vs. the control, #P < 0.05 vs. the β1-AAB group
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degrading cytoplasmic components and recycling cellular
materials via lysosomal pathways21, which is important for
maintaining the homeostasis of the intracellular envir-
onment22. Thus far, some scholars believe that both of
them are biological cell death processes that may be
activated by a number of co-regulatory factors23. Autop-
hagy is upstream of the apoptosis signaling pathway
because it can inhibit apoptosis by degrading damaged
proteins or DNA5. β1-AABs that interacted with β1-AR
had an agonist-like effect24, and β1-AR could significantly
affect autophagy25. Our preliminary studies found that the
levels of autophagy in the myocardium were decreased
markedly both in actively and passively immunized rats,
and the autophagy decline was involved in cardiac dys-
function induced by β1-AABs

7, 26. In the present study, we
found that the level of autophagy increased significantly at
1 day and 1 week after active immunization with β1-AR-
ECII. Thereafter, the autophagic flux of myocardial tissues
started to decrease after 2 weeks of active immunization,
and it appeared as the protein levels of LC3 and Beclin1
were significantly decreased. The p62 protein level had
accumulated to high levels because it could not be
degraded, and the decline of autophagic flux persisted for
4 weeks after active immunization. The above results
suggested that the level of myocardial autophagy
increased early but decreased later with the long-term

presence of β1-AABs. In addition, we compared the time
course between myocardial autophagy and apoptosis, and
we discovered an interesting phenomenon that the level
of autophagy increased significantly at 1 day and 1 week
after being actively immunized by β1-AR-ECII. However,
there were no significant changes in myocardial apoptosis
during the same time period. At 2 and 4 weeks after being
actively immunized by β1-AR-ECII, the autophagy level
declined markedly, and at this point, the level of myo-
cardial apoptosis increased significantly. These results
suggested that the decrease of autophagy induced by β1-
AABs may play an important role in cardiomyocyte
apoptosis. In order to verify these problems, we used the
mTOR inhibitor RAPA to upregulate the autophagy level,
and we found that the upregulation of autophagy could
attenuate the apoptosis effectively induced by β1-AABs. It
was further proven that the autophagy decrease might be
an important mechanism of β1-AAB-induced cardio-
myocyte apoptosis.
In order to confirm the role of autophagy changes in β1-

AAB-induced cardiomyocyte apoptosis, we purified IgG
antibodies from the serum of actively immunized β1-
AAB-positive rats to obtain β1-AABs that could directly
act on cells. Rat neonatal cardiomyocytes were isolated
and cultured. Specific markers of cardiomyocytes cTnI
(red fluorescence) and α-actin (green fluorescence) were

Fig. 8 Effect of decreased autophagy on the β1-AAB-induced mitochondrial apoptosis pathway in cardiomyocytes. a Caspase-9 activity in
primary rat neonatal cardiomyocytes in different groups. b Representative JC-1 staining of cardiomyocytes after β1-AAB stimulation in different
groups. Scale bar was 100 μm. c Quantification of red/green fluorescence ratio from (b). Data are expressed as means ± SEM (n= 6 per group). *P <
0.05 vs. the control, **P < 0.01 vs. the control, #P < 0.05 vs. the β1-AAB group, and ##P < 0.01 vs. the β1-AAB group
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identified by immunofluorescence staining27. The results
showed that the isolated cells were cardiomyocytes and
suitable for further experimental studies (Supplementary
Fig. S2). It was found that the β1-AABs could increase the
beating frequency in primary neonatal rat cardiomyocytes,
suggesting that purified β1-AABs possessed biologically
active, that is, they had agonist-like effects (Supplemen-
tary Fig. S3). The CCK-8 assay showed that the survival
rate of the primary neonatal rat cardiomyocytes decreased
significantly after the administration of β1-AABs for 1 h,
and the decline in survival rate lasted 48 h (Supplemen-
tary Fig. S4), suggesting that purified β1-AABs could lead
to death of cardiomyocytes.
Next, we further examined the effect of β1-AABs on the

apoptosis and autophagy levels in the primary neonatal rat
cardiomyocytes. The results showed that the apoptosis
increased significantly at 1 h after being stimulated by β1-
AABs in the primary neonatal rat cardiomyocytes. Then,
we found that autophagy was significantly increased at 1
min, and then it quickly decreased to normal at 5 min
after β1-AABs intervention. Subsequently, the autophagic
flux declined significantly at 30 min. To further explore
the mechanisms of how the β1-AABs affect autophagy via
the activation of β1-AR, a selective β1-AR antagonist
atenolol was used to observe the role of β1-AR in
autophagy induced by β1-AABs. In addition, protein
kinase A (PKA) is an important signaling protein after β1-
AR activation28 and it has been reported that PKA could
inhibit autophagy by phosphorylating the Ser12 site of the
autophagy-related protein LC329. Phosphorylation of PKA
converts the enzyme from an inactive to an active state30,
so p-PKA was detected and PKA inhibitor H-89 was used
to treat the primary neonatal rat cardiomyocytes. We
chose 1 min (autophagy increased) and 30min (autophagy
declined) to observe the possible mechanism of autop-
hagic changes in the primary neonatal rat cardiomyocytes.
The results showed that atenolol or H-89 pretreatment
had no significant effect on the increase of autophagy
induced by β1-AABs at 1 min; however, pretreatment with
atenolol or H-89 could reverse the decreased autophagy
significantly at 30 min, indicating that the early increase of
autophagy was an adaptive stress response that is possibly
unrelated to β1-AR-PKA, and the activation of the β1-AR-
PKA contributed to the late decreased autophagy. In
addition, studies have shown that β1-AR activation could
also induce an exchange protein directly activated by
cAMP (Epac)31. Epac could promote cardiac autophagy
during cardiomyocyte hypertrophy25 or inhibit autophagy
induced by the toxin32. Therefore, Epac may also play a
role in the change of autophagy induced by β1-AABs, but
whether Epac inhibits autophagy or promotes autophagy
to antagonize PKA needs further confirmation. In sum-
mary, we believed that the early induction of autophagy by
β1-AABs was an adaptive stress response to protect

cardiomyocytes and the later declined autophagy induced
by β1-AABs was due to β1-AR-PKA activation. In fact, we
have confirmed that both selective β1-AR antagonist
atenolol and β2-AR blocker ICI118551 could significantly
reverse the decline of autophagy induced by β1-AABs in
cardiomyocytes (Supplementary Fig. S5). However, our
recent results showed that β1-AABs did not bind to β2-AR
directly19. Therefore, we hypothesized that β1-AABs could
influence autophagy by affecting the interaction between
β1-AR and β2-AR.
By comparing the time course of the changes in apop-

tosis and autophagy induced by β1-AABs in the primary
neonatal rat cardiomyocytes, we also found that the
apoptosis level was increased significantly at 1 h after β1-
AABs intervention, and the autophagy levels decreased
markedly at the same time, suggesting that the occurrence
of apoptosis may be related to autophagy decline. To
further confirm the effect of decreased autophagy induced
by β1-AABs on cardiomyocyte apoptosis, we used the
mTOR inhibitor RAPA or Atg5 overexpression adeno-
virus to upregulate autophagy, and we found that myo-
cardial cell apoptosis had recovered significantly. While
using 3-MA to inhibit autophagy, the level of myocardial
cell apoptosis was increased significantly. We confirmed
that the autophagy decline was involved in the β1-AAB-
induced apoptosis in neonatal rat cardiomyocytes. How-
ever, it is unclear how autophagy affects apoptosis in
myocardial cells.
Apoptosis is mediated mainly by the mitochondrial

apoptosis pathway, the death receptor pathway, and the
endoplasmic reticulum stress pathway33. Previous studies
have shown that the activation of hypoxia-induced
autophagy could eliminate damaged mitochondria, pre-
vent the release of cytochrome c and the activation of
caspase-9 and other factors, and inhibit apoptosis, thereby
reducing cell death8, this suggests that autophagy could
regulate apoptosis via the mitochondrial pathway. Our
previous studies have shown that the mitochondrial
membrane potential declined26, and the mitochondrial
structure was abnormal with the long-term presence of
β1-AABs

12. However, whether decreased β1-AAB-induced
cardiomyocyte autophagy leads to apoptosis via the
mitochondrial pathway has yet to be determined. In the
present study, we found that caspase-9 activity increased,
and the mitochondrial membrane potential decreased
markedly in the neonatal rat cardiomyocytes stimulated
by β1-AABs. Then, inhibiting myocardial autophagy by 3-
MA resulted in the enhancement of caspase-9 activity,
and the mitochondrial membrane potential decreased
further. In contrast, upregulating autophagy by RAPA
reversed the activity of caspase-9 effectively, and the
mitochondrial membrane potential was partially restored.
Therefore, it can be concluded that autophagy may be
involved in cardiomyocyte apoptosis induced by β1-AABs
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via the mitochondrial apoptotic pathway, which affects
the death of cardiomyocytes and changes in heart
function.
In conclusion, decreased cardiomyocyte autophagy

induced by β1-AABs is crucial in the occurrence of car-
diomyocyte apoptosis. We hypothesize that the reduction
of apoptosis through the proper regulation of autophagy
could decrease the loss of cardiomyocytes and improve
heart function. This study offers new insights for the
treatment of β1-AAB-positive patients with cardiac
dysfunction.

Perspective
Previous studies have shown that apoptosis is involved

in the pathogenesis of various cardiovascular diseases;
however, there are still have some problems with reg-
ulation of cell death by apoptosis inhibitors. Research
have shown that defects in apoptosis underpinned both
tumorigenesis and drug resistance34. Therefore, under-
standing how to regulate apoptosis properly could be the
important step to treat these diseases. As studies have
demonstrated, apoptosis could be affected by autop-
hagy35. If the β-blockers are not suitable for some β1-
AAB-positive patients with cardiac dysfunction36, then
the regulation of apoptosis through autophagy would be a
better way to reduce myocardial damage.

Materials and methods
Animals used in the study
Healthy male 8-week-old Wistar rats (140–160 g) were

obtained from the Animal Center of Shanxi Medical
University. The use and planning of the laboratory ani-
mals was approved by the Ethics Committee of Shanxi
Medical University and we followed the People’s Republic
of China’s Guidelines for the Care and Use of Laboratory
Animals.

Active immunization and rapamycin treatment
Animals were randomly divided into two groups: the β1-

AR-ECII peptide immunized group and the control group.
The β1-AR-ECII peptides were dissolved in Na2CO3

solution (100 mM, pH 11.0) to a final concentration of 1
mg/ml and then they were diluted in normal saline. The
antigen solution, together with Freund’s complete adju-
vant by an equal proportion, was emulsified and multiply-
injected subcutaneously into the back of the rats (0.4 μg/
g) during the first immunization. Booster immunizations
were repeated every 2 weeks by a single subcutaneous
injection, and the antigen was emulsified in Freund’s
incomplete adjuvant. In the control group, the antigen
solution was replaced with Na2CO3 solution. Rapamycin
(RAPA) stock solution was prepared by dissolving rapa-
mycin in DMSO (25mg/ml) and storing it until it was
diluted with PBS for intraperitoneal injection. Since the

decrease of myocardial autophagy and the increase of
myocardial apoptosis induced by β1-AABs occurs at
2 weeks after the active immunization, RAPA adminis-
tration started 3 days before this decrease (day 12),
beginning at 0.5 mg/kg/day in the first 3 days, and then it
was adjusted to 0.25 mg/kg/day until the end of this study
(4 weeks).

Positive or negative serum IgGs were purified by affinity
chromatography
The chromatographic column was placed at room

temperature for 30min. We mixed 0.5 ml serum with 0.5
ml binding buffer and then put the mixture in the affinity
column. We washed the IgGs with 5 ml elution buffer
(0.5 ml/min) and then we collected them in centrifuge
tubes previously equipped with neutralizing buffer. The
protein was quantified with a BCA kit (Thermo Scientific,
23228).

Measurement of caspase-3 activity
In this study, a caspase-3 Activity Colorimetric Assay

Kit (Nanjing Biobox Biotech. Co., Ltd., BA30100, Nanjing,
China) was used to detect the caspase-3 activity to reflect
the degree of apoptosis. First, 100 μl lysis buffer was added
to lyse myocardial tissues and neonatal rat cardiac myo-
cytes, then protein was measured with a BCA kit. Using a
pipette, we placed 100 μg protein/50 μl volume in the
administration group (using a pipette, we placed 50 μl
lysate in the control group), and then 50 μl 2× reaction
solution (we added 0.5 μl DTT/50 μl before using) and 5
μl Ac-DEVD-pNA was successively added into the
administration and control groups, and incubated at 37 °C
overnight. Finally, assay sample absorbances were mea-
sured at 450 nm. Caspase-3 activity was determined as
follows: corrected fluorescence value=OD induced
group/OD negative control group. The activity of the
control group was defined as 1 to calculate the relative
activity of caspase-3 of the other groups.

TUNEL assay
An In Situ Cell Death Detection Kit, POD (peroxidase)

(Roche Diagnostics) was used to detect the fragmentation
of nuclear DNA in the early stages of apoptosis in the
myocardial tissues. First, myocardial tissues were fixed
with 4% paraformaldehyde, embedded in paraffin, and
sliced. They were then dipped in xylene 2 times (5 min
each time), and hydrated with an ethanol gradient (100,
90, 80, and 70% ethanol) each for 3 min. The tissues were
treated with proteinase K for 15–30min and washed twice
with PBS. The TUNEL (terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling) reaction mixture was
prepared, added to each slice, and washed thrice with PBS.
Then, 50 μl Converter-POD was added onto each speci-
men for 30min and they were washed thrice with PBS.
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DAB (50–100 μl) was added onto the tissues and allowed
to react for 15min, and then the tissues were washed
thrice with PBS, dyed by hematoxylin, and rinsed with tap
water for a few seconds. Then, gradient alcohol dehy-
dration and xylene transparent were performed. The
apoptotic cells were observed under light microscope and
photographed. Samples generated an insoluble brown
substrate at the site of DNA fragmentation, while the
normal nuclei were stained blue by hematoxylin.

Western blotting
The protein expression levels of p62, LC3, and Beclin1

were determined by Western blot analysis. Myocardial
tissues were removed at 0 day, 1 day, 1 week, 2 weeks, and
4 weeks after immunization and neonatal rat myocardial
cells were harvested at different time points after stimu-
lation with 1 µM β1-AABs, then the tissues and cells were
immediately lysed (Beyotime, P0013). After standing on
ice for 1 h, they were centrifugated, the supernatant pro-
tein was extracted, and prepared for quantitative analysis
of protein with a BCA kit. The supernatant was analyzed
by SDS-PAGE assay (the sample volume was 50 µg). After
electrophoresis and transfer, the PVDF membranes
(Whatman, 10485289) were blocked with 5% non-fat milk
powder in TBST buffer, then incubated with anti-Beclin1
monoclonal antibodies (1:1000; Cell Signaling Tech,
3495), anti-LC3B monoclonal antibodies (1:1000; Sigma,
L7543), anti-SQSTM1/p62 polyclonal antibodies (1:1000;
Cell Signaling Tech, 5114), anti-phospho-PKA catalytic
subunit (Thr-197), monoclonal antibodies (1:500; Cell
Signaling Tech, 4781), and anti-β-actin monoclonal anti-
bodies (1:1000; ZSGB-BIO; TA-09) at 4 °C overnight. The
membranes were incubated with the corresponding sec-
ondary antibodies. Super ECL Plus (Applygen Technolo-
gies Inc., P1030) was added onto the membranes, which
can be read by a camera’s automatic exposure system.
Finally, the grayscale values of the straps were analyzed by
Image J software, and the relative expression of the pro-
teins was normalized on β-actin.

Real-time PCR
The expression of LC3 and Beclin1 mRNA was mea-

sured by real-time PCR in myocardial tissues. First,
approximately 0.5 μg of total RNA, which was isolated
from myocardial tissues using RNAiso plus (TaKaRa, 500
μl per well), was reverse-transcribed into cDNA using the
Prime Script RT Master Mix (TaKaRa). Then, we used
SYBR Premix Ex TaqTM II (TaKaRa) to test the LC3 and
Beclin1 mRNA expression. The primer sequences were as
follows: LC3 (GenBank accession number, NM022867.2),
sense: 5′-AGCTCTGAAGGCAACAGCAACA-3′ and
antisense: 5′-GCTCCATGCAGGTAGCAGGAA-3′;
Beclin1 (GenBank accession number, NM001034117.1),
sense: 5′-TTGGCCAATAAGATGGGTCTGAA-3′ and

antisense: 5′-TGTCAGGGACTCCAGATACGAGTG-3′;
and GAPDH (Gen-Bank accession number,
NM_017008.3), sense: 5′-GGCACAGTCAAGGCTGA-
GAATG-3′ and antisense: 5′-ATGGTGGTGAA-
GACGCCAGTA-3′. The expression of LC3 and Beclin1
mRNA was standardized to GAPDH and data were
quantified by the relative quantitative 2−ΔΔCt method.

Isolation, culture, and administration of neonatal rat
cardiac myocytes
After disinfecting the area and administering anesthesia

to the Wistar neonatal rats, we cut the sternums and
removed the hearts, then put them into the cold PBS,
rinsing 3–4 times. The ventricular tissue was cut into a 1
mm3 tissue block. We used mixed enzyme solution (0.25%
trypsin+ 0.0625% collagenase II) to digest the tissue block
repeatedly. After filtration and centrifugation, the cells
were seeded in 6-well plates for purification and then
trypan blue stain was applied for 3 min. Cells were
observed under a microscope and counted. At 36–48 h,
the medium was changed for the first time, and after that,
it was replaced every 2 days, with cardiac-specific markers
α-actin and cardiac troponin I (cTnI) immuno-
fluorescence staining performed to identify the cells
5 days later. As for the grouping and treatment of cells:
the control group was treated with 1 μM negative IgG; we
added 1 μM β1-AABs to the β1-AAB group; we added 10
mM 3-MA to the 3-MA pretreated group about 30 min
before dosing with 1 μM β1-AABs; for the RAPA pre-
treated group, we needed to add 100 nM RAPA for 1 h
and then we added 1 μM β1-AABs; for the group with
ATG5 overexpression adenovirus infection, the primary
neonatal rat cardiac myocytes were infected with adeno-
virus (HanBio, Shanghai, China) at a multiplicities of
infection (MOI) of 60 for 4 h and the overexpression of
ATG5 and LC3 were observed 24 h after infection.

Annexin V-APC/7-AAD staining for apoptosis
Since Atg5 overexpression adenovirus (HanBio,

Shanghai, China) was expressing green fluorescent pro-
tein, we selected APC Annexin V Apoptosis Detection Kit
with 7-AAD to reflect the cell apoptosis. We used
Annexin-V/7-AAD staining to distinguish the cells at
different stages of apoptosis via flow cytometry. Neonatal
rat cardiomyocytes were cultured in 6-well plates in
DMEM medium with 10% FBS, then the medium was
changed every 2 days. The cells were washed twice with
cold PBS and resuspended at a concentration of 1 × 106

cells/ml, then 5 μl Annexin V-APC and 5 μl 7-amino-
actinomycin (7-AAD) were added to 500 μl of cell sus-
pension (which was taken out from each sample), fol-
lowed by incubation for 20 min at 37 °C in the dark.
Finally, the cells were analyzed by flow cytometry for a cell
count of 1 × 104. Annexin V positive and 7-AAD negative
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is regarded as an indicator of early apoptotic cells and
both Annexin V and 7-AAD positive as late stage apop-
totic cells and necrotic cells. Our statistics are based on
the proportion of cells in the right upper and lower
quadrants of the graphs, accounting for the total number
of cells to reflect the cell apoptosis.

Hoechst staining
Hoechst 33258 is a blue fluorescence dye that can

penetrate the cell membrane and exert low toxicity to
cells so it can be used to determine cell apoptosis. Under a
fluorescence microscope, normal cells showed with
lighter blue nuclei, while apoptotic nuclei produced dense
dyeing and bright blue fluorescence that can directly
reflect the cell apoptosis. We determined the degree of
apoptosis according to the fluorescence intensity analysis
using the method that follows:37 myocardial cells of
neonatal rats were inoculated in 6-well plates, and the
medium was changed every 2 days. The cells were treated
with 1 ml Hoechst dye after being washed twice with PBS,
and then incubated for 30 min at 37 °C in a humidified, 5%
CO2 environment. We then removed the cells, discarded
the dye, washed the cells twice with PBS, and treated them
with 1ml PBS. Finally, we observed and took photos with
an inverted fluorescence microscope (Olympus, IX51).

Detection of caspase-9 activity
In our experiment, the mitochondrial pathway of

apoptosis was reflected by the caspase-9 activity, which
was detected by a caspase-9 assay kit (KeyGen Biotech Co.
Ltd., GA402F). The experimental groups (30 μl of 100 μg
protein) and the control group (30 μl PBS) were instilled
with 50 μl 2× reaction buffer (pre-instilled with 0.5 μl
DTT/50 μl), 10 μl ddH2O, and 10 μl caspase-9 substrate
reaction solution for 1.5 h at 37 °C. Then, the fluorescence
intensity in the different groups was determined by a
fluorescence microplate reader (exciting wavelength=
485 nm, emission wavelength= 535 nm). To calculate the
caspase-9 activity, the corrected fluorescence value= RFU
(relative fluorescence unit) induced group/RFU negative
contrast; the fluorescence value of the experimental
groups was calculated based on the control group, which
had a fluorescence value of 1.

JC-1 staining
Mitochondrial membrane potential (ΔΨm) was mon-

itored by JC-1, a lipophilic cationic dye that selectively
enters the mitochondria. In healthy cells with normal
ΔΨm, JC-1 spontaneously forms complexes known as J-
aggregates with intense red fluorescence. In the case of
mitochondrial membrane depolarization, the dye remains
in its monomeric form with green fluorescence. The JC-1
red: green ratio has been used as a tool to estimate the
changes in the ΔΨm. The detailed method follows: After

removing the culture medium, the cells were rinsed twice
with PBS and loaded with 1ml of fresh medium and 1ml
of JC-1 staining for 20min at 37 °C with 5% CO2, and the
supernatant was removed. The cells were then washed
twice with JC-1 staining (1×) and we added 2ml of culture
medium. We then observed and photographed the cells
using laser scanning confocal microscopy.

Statistical analysis
Data are expressed as means ± SEM. Statistical analysis

was performed with SPSS software (version 16.0, SPSS
Inc., Chicago, IL, USA). Two independent sample t tests
were used to compare the means of two independent
samples and one-way ANOVA was applied after a Bon-
ferroni post hoc test for more than two samples. Sig-
nificance was set at P < 0.05.

Acknowledgements
This work was supported by the National Natural Sciences Foundation of China
(Grant No. 31401006), the Applied Basic Research Project of Shanxi Province
(Grant No. 201601D021146), the Doctoral Startup Research Fund of Shanxi
Medical University (Grant No. 03201407), and grants from Beijing Key
Laboratory of Metabolic Disorder Related Cardiovascular Disease. We thank
LetPub (www.letpub.com) for its linguistic assistance during the preparation of
this manuscript.

Author details
1Department of Pathology, Shanxi Medical University, 030001 Taiyuan, China.
2Department of Physiology, Shanxi Medical University, 030001 Taiyuan, China.
3Department of Physiology and Pathophysiology, School of Basic Medical
Sciences, Capital Medical University, 100069 Beijing, China

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at https://doi.org/
10.1038/s41419-018-0445-9.

Received: 22 November 2017 Revised: 12 February 2018 Accepted: 26
February 2018

References
1. Sun, G. W., Qiu, Z. D., Wang, W. N., Sui, X. & Sui, D. J. Flavonoids extraction from

propolis attenuates pathological cardiac hypertrophy through PI3K/AKT sig-
naling pathway. Evid. Based Complement. Altern. Med. 2016, 6281376 (2016).

2. Andreka, P. et al. Possible therapeutic targets in cardiac myocyte apoptosis.
Curr. Pharm. Des. 10, 2445–2461 (2004).

3. Holthoff, H. P. et al. Detection of anti-beta1-AR autoantibodies in heart failure
by a cell-based competition ELISA. Circ. Res. 111, 675–684 (2012).

4. Gao, Y., Liu, H. R., Zhao, R. R. & Zhi, J. M. Autoantibody against cardiac beta1-
adrenoceptor induces apoptosis in cultured neonatal rat cardiomyocytes. Acta
Biochim. Biophys. Sin. 38, 443–449 (2006).

5. Espert, L. et al. Autophagy is involved in T cell death after binding of HIV-1
envelope proteins to CXCR4. J. Clin. Invest. 116, 2161–2172 (2006).

6. Cao, D. J., Gillette, T. G. & Hill, J. A. Cardiomyocyte autophagy: remodeling,
repairing, and reconstructing the heart. Curr. Hypertens. Rep. 11, 406–411
(2009).

Wang et al. Cell Death and Disease  (2018) 9:406 Page 12 of 13

Official journal of the Cell Death Differentiation Association

http://www.letpub.com
https://doi.org/10.1038/s41419-018-0445-9
https://doi.org/10.1038/s41419-018-0445-9


7. Wang, L. et al. Decreased autophagy: a major factor for cardiomyocyte death
induced by beta1-adrenoceptor autoantibodies. Cell Death Dis. 6, e1862
(2015).

8. Maiuri, M. C., Zalckvar, E., Kimchi, A. & Kroemer, G. Self-eating and self-killing:
crosstalk between autophagy and apoptosis. Nat. Rev. Mol. Cell. Biol. 8,
741–752 (2007).

9. Grishchuk, Y., Ginet, V., Truttmann, A. C., Clarke, P. G. & Puyal, J. Beclin 1-
independent autophagy contributes to apoptosis in cortical neurons. Autop-
hagy 7, 1115–1131 (2011).

10. Chen, X. et al. Dracorhodin perchlorate induces the apoptosis of glioma cells.
Oncol. Rep. 35, 2364–2372 (2016).

11. Magnusson, Y., Wallukat, G., Waagstein, F., Hjalmarson, A. & Hoebeke, J.
Autoimmunity in idiopathic dilated cardiomyopathy. Characterization of
antibodies against the beta 1-adrenoceptor with positive chronotropic effect.
Circulation 89, 2760–2767 (1994).

12. Zuo, L. et al. Long-term active immunization with a synthetic peptide corre-
sponding to the second extracellular loop of beta1-adrenoceptor induces
both morphological and functional cardiomyopathic changes in rats. Int. J.
Cardiol. 149, 89–94 (2011).

13. Baba, A. et al. Complete elimination of cardiodepressant IgG3 autoantibodies
by immunoadsorption in patients with severe heart failure. Circ. J. 74,
1372–1378 (2010).

14. Suarez, G. & Meyerrose, G. Heart failure and galectin 3. Ann. Transl. Med. 2, 86
(2014).

15. Okamoto, T. et al. Regulation of apoptosis during flavivirus infection. Viruses 9,
243 (2017).

16. Perez-Garijo, A. & Steller, H. Spreading the word: non-autonomous effects of
apoptosis during development, regeneration and disease. Development 142,
3253–3262 (2015).

17. Teringova, E. & Tousek, P. Apoptosis in ischemic heart disease. J. Transl. Med.
15, 87 (2017).

18. Reina, S., Ganzinelli, S., Sterin-Borda, L. & Borda, E. Pro-apoptotic effect of anti-
beta1-adrenergic receptor antibodies in periodontitis patients. Int. Immuno-
pharmacol. 14, 710–721 (2012).

19. Lv, T. et al. Proliferation in cardiac fibroblasts induced by beta1-adrenoceptor
autoantibody and the underlying mechanisms. Sci. Rep. 6, 32430 (2016).

20. Gao, H. H., Li, J. T., Liu, J. J., Yang, Q. A. & Zhang, J. M. Autophagy inhibition of
immature oocytes during vitrification-warming and in vitro mature activates
apoptosis via caspase-9 and -12 pathway. Eur. J. Obstet. Gynecol. Reprod. Biol.
217, 89–93 (2017).

21. Eskelinen, E. L. & Saftig, P. Autophagy: a lysosomal degradation pathway with a
central role in health and disease. Biochim. Biophys. Acta 1793, 664–673 (2009).

22. He, C. & Klionsky, D. J. Regulation mechanisms and signaling pathways of
autophagy. Annu. Rev. Genet. 43, 67–93 (2009).

23. Thorburn, A. Apoptosis and autophagy: regulatory connections between two
supposedly different processes. Apoptosis 13, 1–9 (2008).

24. Tutor, A. S., Penela, P. & Mayor, F. Jr. Anti-beta1-adrenergic receptor auto-
antibodies are potent stimulators of the ERK1/2 pathway in cardiac cells.
Cardiovasc. Res. 76, 51–60 (2007).

25. Laurent, A. C. et al. Exchange protein directly activated by cAMP 1 promotes
autophagy during cardiomyocyte hypertrophy. Cardiovasc. Res. 105, 55–64
(2015).

26. Wang, L. et al. Decreased autophagy in rat heart induced by anti-beta1-
adrenergic receptor autoantibodies contributes to the decline in mitochon-
drial membrane potential. PLoS ONE 8, e81296 (2013).

27. Zhang, J. et al. Differentiation induction of cardiac c-kit positive cells from rat
heart into sinus node-like cells by 5-azacytidine. Tissue Cell. 43, 67–74 (2011).

28. Fu, Q. et al. A long lasting beta1 adrenergic receptor stimulation of cAMP/
protein kinase A (PKA) signal in cardiac myocytes. J. Biol. Chem. 289,
14771–14781 (2014).

29. Cherra, S. J. 3rd et al. Regulation of the autophagy protein LC3 by phos-
phorylation. J. Cell. Biol. 190, 533–539 (2010).

30. Steichen, J. M. et al. Global consequences of activation loop phosphorylation
on protein kinase A. J. Biol. Chem. 285, 3825–3832 (2010).

31. Ferrero, J. J. et al. beta-Adrenergic receptors activate exchange protein directly
activated by cAMP (Epac), translocate Munc13-1, and enhance the Rab3A-
RIM1alpha interaction to potentiate glutamate release at cerebrocortical nerve
terminals. J. Biol. Chem. 288, 31370–31385 (2013).

32. Mestre, M. B. & Colombo, M. I. cAMP and EPAC are key players in the reg-
ulation of the signal transduction pathway involved in the alpha-hemolysin
autophagic response. PLoS Pathog. 8, e1002664 (2012).

33. Redza-Dutordoir, M. & Averill-Bates, D. A. Activation of apoptosis signalling
pathways by reactive oxygen species. Biochim. Biophys. Acta 1863, 2977–2992
(2016).

34. Johnstone, R. W., Ruefli, A. A. & Lowe, S. W. Apoptosis: a link between cancer
genetics and chemotherapy. Cell 108, 153–164 (2002).

35. Nishida, K., Yamaguchi, O. & Otsu, K. Crosstalk between autophagy and
apoptosis in heart disease. Circ. Res. 103, 343–351 (2008).

36. Dobre, D. et al. Heart rate: a prognostic factor and therapeutic target in
chronic heart failure. The distinct roles of drugs with heart rate-lowering
properties. Eur. J. Heart Fail. 16, 76–85 (2014).

37. Tan, S. S., Han, X., Sivakumaran, P., Lim, S. Y. & Morrison, W. A. Melatonin
protects human adipose-derived stem cells from oxidative stress and cell
death. Arch. Plast. Surg. 43, 237–241 (2016).

Wang et al. Cell Death and Disease  (2018) 9:406 Page 13 of 13

Official journal of the Cell Death Differentiation Association


	Decreased autophagy induced by β1-adrenoceptor autoantibodies contributes to cardiomyocyte apoptosis
	Introduction
	Results
	β1-AABs caused apoptosis of myocardial tissues in actively immunized rats
	Myocardial autophagic flux increased early and then decreased with the presence of β1-AABs
	Upregulation of autophagy by RAPA reduced cardiomyocyte apoptosis in actively immunized rats
	β1-AABs induced apoptosis in neonatal rat cardiomyocytes
	Autophagic flux induced by β1-AABs increased early and then decreased in primary neonatal rat cardiomyocytes
	The early increase of autophagy was an adaptive stress response, and the activation of β1-AR-PKA contributed to late decreased autophagy induced by β1-AABs
	Decreased autophagy participated in apoptosis of cardiomyocytes induced by β1-AABs
	Decreased autophagy promoted the β1-AAB-induced mitochondrial apoptosis pathway in cardiomyocytes

	Discussion
	Perspective

	Materials and methods
	Animals used in the study
	Active immunization and rapamycin treatment
	Positive or negative serum IgGs were purified by affinity chromatography
	Measurement of caspase-3 activity
	TUNEL assay
	Western blotting
	Real-time PCR
	Isolation, culture, and administration of neonatal rat cardiac myocytes
	Annexin V-APC/7-AAD staining for apoptosis
	Hoechst staining
	Detection of caspase-9 activity
	JC-1 staining
	Statistical analysis

	ACKNOWLEDGMENTS




