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Alpha-adrenergic agonists is known to be protective in cardiac myocytes from apoptosis induced by beta-
adrenergic stimulation. Although there has been a recent focus on the role of cardiac autophagy in heart
failure, its role in heart failure with adrenergic overload has not yet been elucidated. In the present study,
we investigated the contribution of autophagy to cardiac failure during adrenergic overload both in vitro
and in vivo. Neonatal rat cardiac myocytes overexpressing GFP-tagged LC3 were prepared and stimulated
with the alphal-adrenergic agonist, phenylephrine (PE), the beta-adrenergic agonist, isoproterenol (ISO),
or norepinephrine (NE) in order to track changes in the formation of autophagosomes in vitro. All adren-
ergic stimulators increased cardiac autophagy by stimulating autophagic flux. Blocking autophagy by the
knockdown of autophagy-related 5 (ATG5) exacerbated 1SO-induced apoptosis and negated the anti-
apoptotic effects of PE, which indicated the cardioprotective role of autophagy during adrenergic over-
load. PE-induced cardiac autophagy was mediated by the PI3-kinase/Akt pathway, but not by MEK/
ERK, whereas both pathways mediated the anti-apoptotic effects of PE. Knock down of Akt1 was the most
essential among the three Akt family members examined for the induction of cardiac autophagy. The
four-week administration of PE kept the high level of cardiac autophagy without heart failure in vivo,
whereas autophagy levels in a myocardium impaired by four-week persistent administration of ISO or
NE were the same with the control state. These present study indicated that cardiac autophagy played
a protective role during adrenergic overload and also that the Akt pathway could mediate cardiac autoph-
agy for the anti-apoptotic effects of the alpha-adrenergic pathway.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction critical for normal cardiac function. We previously reported that

activation of the alpha-adrenergic pathway protected cardiac myo-

Heart failure has been one of the leading causes of mortality
worldwide in spite of recent advances in medical science. A num-
ber of neurohormonal factors are activated in congestive heart fail-
ure and positively or negatively contribute to progression of the
disease state. Norepinephrine is a major neurotransmitter in the
sympathetic nervous system and acts on the heart by binding to
the cardiac cell surface adrenergic family of G-protein-coupled
receptors, alpha- and beta-adrenergic receptors [1]. Elevations in
norepinephrine in plasma have been correlated with the severity
and poor prognosis of congestive heart failure [1]. Since adult car-
diac muscle cells are terminally differentiated and have almost lost
their proliferative capacity, the maintenance of cardiac cell fate is
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cytes from apoptosis induced by beta-adrenergic activation [2].
Clinically, therapeutic interventions by beta-adrenergic receptor
blockers, but not alpha- adrenergic receptor blockers, were shown
to favorably alter the natural history of heart failure [3], which is
consistent with our findings and supports cardiac cell fate being
a good target as a therapeutic strategy for congestive heart failure.

Autophagy, a highly conserved cellular mechanism for homeo-
stasis from yeast to plants and animals, is an intracellular process
involving the bulk degradation and recycling of cytosolic, long-
lived proteins and organelles. Autophagy can be rapidly increased
in response to the lack of any type of essential nutrient as a cyto-
protective mechanism [4,5]. Class 1 phosphoinositide 3-kinase
(PI3K), the mammalian target of rapamycin (mTOR), has been
shown to regulate these nutrient signals, and inhibitors of mTOR
are known to universally induce autophagy in yeast and animals
[4]. During this process, targeted cytoplasmic constituents are
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isolated within a double-membrane vesicle known as an auto-
phagosome, which fuses with lysosomes to form acidic single-
membrane autolysosomes, in which lysosomal proteases degrade
the inner autophagosomal membrane and cargo [5].

Autophagy is also crucial for maintaining baseline heart func-
tion by removing abnormal proteins and organelles, especially
mitochondria [6]. The conditional deletion of autophagy-related
genes 5 (Atg5) in the adult heart was reported to lead to the accu-
mulation of damaged mitochondria and progression of heart fail-
ure [7]. We recently reported that the impaired autophagic
degradation of damaged mitochondria by cytosolic p53 reduced
the cardiac functional reserve in aged hearts [8]. Furthermore,
autophagy has been implicated in several cardiac pathologies
including ischemia, ischemia-reperfusion, pressure overload, and
congestive heart failure [9-12]. Apoptosis, necrosis, and autophagy
have simultaneously been observed in the failing human heart
[13]. Dying cardiomyocytes in animal models of dilated cardiomy-
opathy were found to contain several autophagic vacuoles includ-
ing degraded mitochondria and myelin-like figures, a typical
characteristic of autophagy [11]. Cardiac apoptosis is regarded as
a key mechanism that contributes to the transition from compen-
sated hypertrophy to a failing heart under persistent hemody-
namic stress [14]. Some of the common cardiac pro-apoptotic
stressors in heart failure, such as reactive oxygen species and
increases in cytosolic-free Ca+, have also been shown to stimulate
cardiac autophagy [13]. Signaling pathways associated with
Beclin1 and the Bcl-2 family or Atg5 constitute a point of cross-talk
between apoptosis and autophagy [15]. However, the functional
relationship between apoptosis and autophagy in the failing heart
remains controversial [16,17]. In addition, although most recent
studies suggested that autophagy may be a cardioprotective
response, the pathological role of cardiac autophagy remains
unclear [12].

In the present study, we demonstrated that cardiac autophagy
increased in the persistent adrenergic stress and acted as a protec-
tive response against apoptosis in cardiac myocytes. We also
showed that the Akt pathway mediated cardiac autophagy during
anti-apoptotic alpha-adrenergic overload.

2. Material and methods
2.1. Assessment of autophagy

Primary ventricular cardiac myocytes were prepared and trans-
fected with GFP-LC3 as previously described [2]. The cDNA of GFP-
LC3 was kindly provided by Dr. T. Yoshimori (Osaka University,
Osaka, Japan). The autophagosomes were quantified via fluores-
cence imaging of GFP-LC3 puncta in cells or tissues using Z-stack
images under FV1000 fluorescence microscope (Olympus, Tokyo).
To quantify the autophagic flux, cells were treated in the absence
or presence of the lysosomotropic alkalinizing agent Cq as previ-
ously described [18]. Ultrathin cardiac specimens were examined
using transmission EM (Hitachi H-7000, Tokyo) [8]. Proteins were
extracted from cultured cardiac myocytes using RIPA buffer sup-
plemented with Protease Inhibitor Cocktail (Santa Cruz, CA), which
was subjected to western blotting. The blots were visualized by
chemiluminescence, and the signals were analyzed using com-
puter-assisted planimetry with NIH Image ].

2.2. In situ nick end-labeling

Terminal deoxynucleotidyl transferase mediated nick-end
labeling of fragmented nuclei (TUNEL assay) for the detection of
apoptosis was performed according to the manufacturer’s instruc-

tions (Roche, Basel). The apoptotic index was calculated as previ-
ously described [2].

2.3. RNA interference

siRNAs were transiently transfected using Lipofectamine RNAi-
MAX (Invitrogen, CA) according to the product protocol. Gene
silencing via RNA interference were purchased from Invitrogen.
siRNAs were transiently transfected into myocytes using Lipofect-
amine RNAIMAX (Invitrogen) according to the product protocol.
Sequences of siRNAs were described in Supplemental information.

2.4. Mice experiments in vivo

GFP-LC3 transgenic mice (strain GFP-LC3 No. 53, C57BL/6] back-
ground) were obtained from the RIKEN BioResource Center. An
osmotic minipump (2004 model, Alzet, CA) was implanted subcu-
taneously into mice, which delivered chronic infusions of PE
(15 mg/kg/day), ISO (15 mg/kg/day), or saline for 4 weeks. Hemo-
dynamic assessments were performed using transthoracic echo-
cardiography and cardiac tissue was harvested for histological
and western blotting examinations. All animal studies were
approved by the Bioethics Committee of Kyoto Prefectural Univer-
sity of Medicine.

2.5. Statistical analysis

Values shown are means + SD. The significance of differences
between groups was evaluated by ANOVA followed by Tukey’s
multiple comparison test. Values of p<0.05 were considered
significant.

3. Results
3.1. Adrenergic overload induced autophagy in cardiac myocytes

We prepared cultured neonatal cardiac myocytes transfected
with GFP-LC3. Since the 16-kDa processed isoform of LC3 was
recruited from the cytoplasm to autophagosomal membranes,
punctate GFP-LC3-labeled structures represented autophagosomes
[18]. The transfection efficiency achieved was at least 40-60%,
which was confirmed by control transfection with the plasmid
expressing pEGFP-C1 (data not shown). Twenty-four hours of stim-
ulation with NE, the alphal-adrenergic agonist, PE, and the beta-
adrenergic agonist, ISO, markedly increased the number of punc-
tate GFP-LC3-labeled autophagosomes in cardiac myocytes
(Fig. 1A).

These increases in autophagosomes were enhanced by the
treatment with chloroquine, an inhibitor of lysosome-autophago-
some fusion, and negated by the administration of the Class III
PIK inhibitor, 3-methyladenine (3-MA), which indicated that auto-
phagic flux was stimulated in these cardiac myocytes (Fig. 1B).
Electron microscopy also showed that both PE and ISO induced
the accumulation of vacuoles containing some high density struc-
tures, a typical feature of autophagosomes, in cardiac myocytes
(Fig. 1C). These results clearly indicated that adrenergic overload
induced cardiac autophagy in vitro.

3.2. Autophagy preceded apoptosis in cardiac myocytes treated with
the beta-adrenergic agonist, isoproterenol

To investigate the contribution of autophagy to apoptosis during
adrenergic overload, we contrasted the time course of the number of
GFP-LC3-positive cells with that of TUNEL-positive cells in cardiac
myocytes stimulated with ISO. The number of GFP-LC3-positive
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Fig. 1. Adrenergic overload induced autophagy in cardiac myocytes. (A) Fluorescent microscopy for GFP-LC3. Cultured neonatal cardiac myocytes overexpressing LC3-GFP
were stimulated with the indicated adrenergic agonists for 2 h. (B) Autophagic flux was evaluated by Cq and 3MA in the indicated order. Results are means + SD of 6
independent experiments. (C) Electron microscopy assessment of cardiac myocytes treated with the indicated adrenergic agonists for 2 h. The arrow head indicates the
typical morphology of autophagosomes. Scale bar; 1 um. (D) Autophagy preceded apoptosis in cardiac myocytes treated with the beta-AR agonist, isoproterenol. Top;
representative photographs of cardiac myocytes overexpressing GFP-LC3. Bottom; representative photographs of TUNEL staining. A quantitative analysis of the % TUNEL-
positive cells or % cells with GFP-LC3 vacuoles in cardiac myocytes stimulated with ISO for the indicated times. Results are means + SD of 6 independent experiments.

*p <0.01, *p <0.01 vs control.

cardiac myocytes was increased from 2 h after the stimulation and
its withdrawal started after 24 h, whereas the number of TUNEL-
positive cardiac myocytes increased at least 24 h after the stimula-
tion. Quantitative analysis also revealed that autophagy preceded
apoptosis in cardiac myocytes stimulated with ISO (Fig. 1D).

3.3. Autophagy acted as cardioprotection during adrenergic stress

We previously reported that an alpha-adrenergic agonist pro-
tected cardiac myocytes from apoptosis [2]. TUNEL staining
revealed that a 24-h stimulation with PE significantly inhibited
increases in the number of red fluorescent-positive cells induced
by ISO in cardiac myocytes (Fig. 2A). PE and ISO had diametrically
opposite actions against cardiac apoptosis, whereas both agonists
increased cardiac autophagy from the early phase of adrenergic
overload (Fig. 1A). In order to clarify the role of autophagy in car-
diac cellular fate during adrenergic overload, we prepared cardiac
myocytes in which autophagy was blocked using RNAI for autoph-
agy-related protein 5 (ATG5), a key regulator of autophagy
(Fig. 2B). Blocking autophagy negated the inhibitory effects of PE
on the increase in % TUNEL-positive cardiac myocytes, which indi-
cated that autophagy acted as a cardioprotective response. The
blockade of autophagy slightly increased the % TUNEL-positive
cells in cardiomyocytes stimulated with ISO, which also suggested

the anti-apoptotic role of autophagy (Fig. 2C). These results indi-
cated that autophagy acted as a protective response against apop-
tosis during adrenergic overload in cardiac myocytes.

3.4. Akt and ERK pathways differentially regulated autophagy during
alpha-adrenergic agonist induced-cardioprotection

The phosphorylation of the PI3K-Akt and MEK-1/2-ERK-1/2
kinase cascades has been identified as a survival pathway in car-
diac myocytes [14]|. TUNEL staining revealed that both the PI3
kinase inhibitor, wortmannin (WT) and ERK-specific inhibitor,
PD98059 (PD) significantly negated the anti-apoptotic effects of
PE (Fig. 3A), which indicated that both pathways mediated these
anti-apoptotic effects. To investigate the autophagy pathway by
which the alpha-adrenergic agonist induced cardioprotection, we
administered WT or PD to cardiac myocytes which was transfected
with GFP-LC3 and stimulated with PE (Fig. 3B). PI3K-Akt activates
the mammalian target of rapamycin (mTOR), the inhibition of
which has been shown to induce autophagy in several kinds of
cells. Administration of PD had no effect on the number of punctate
GFP-LC3 labeled autophagosomes in cardiac myocytes. However,
WT significantly negated the effect of PE, which indicated that
Akt mediated the induction of autophagy stimulated by PE. This
result was distinct from the universal pathway in which PI3/Akt
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Fig. 2. Autophagy acted as cardioprotection during adrenergic overload. (A) Representative photographs for TUNEL staining of cardiac myocytes stimulated with the
indicated reagents for 24 h. PE inhibited ISO-induced apoptosis in cardiac myocytes. RNAi for ATG5 was effective in cardiac myocytes. (B) Representative photographs of
western blots. (C) The inhibition of autophagy by siATG5 increased the number of apoptotic cells in cardiac myocytes. Results are means + SD of 6 independent experiments.
*p <0.01, #p <0.05.
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Fig. 3. The Akt1 pathway mediated alpha-adrenergic agonist induced-cardiac autophagy. (A) % TUNEL-positive cells in cardiac myocytes stimulated in the indicated order.
Results are means * SD of 6 independent experiments. *p < 0.05. (B) Quantitative analysis of the % cells with GFP-LC3 vacuoles in cardiac myocytes with indicated orders.
Results are means * SD of 6 independent experiments. *p < 0.05. (C) Representative photographs of western blots of cardiac myocytes with knockdown of Akt or NS. n = 4. (D)
Quantitative analysis of LC3 in (C). Results are means + SD of 4 independent experiments. *p < 0.01. (E) Knockdown of Akt1 suppressed LC3 in alpha AR-stimulated cardiac
myocytes. Representative photographs of western blots. n = 4. (F) Knockdown of Akt1 inhibited cardiac autophagy, which was mediated by an mTOR-independent pathway.
Representative photographs of western blots. n = 4.
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was reported to inhibit autophagy via the mTOR axis in several cell
types [4]. To confirm the effect of Akt pathway on PE-mediated car-
diac autophagy, we prepared cardiac myocytes in which the PI3K-
Akt was inhibited using the RNAi method (Fig. 3C and D). Western
blotting showed that the inhibition of Akt1 significantly repressed
the expression of LC3 II/I, which supported the idea that Akt inhib-
ited, but did not induce autophagy in cardiac myocytes during
alpha-adrenergic overload.

3.5. The Akt1 pathway contributed to alpha-adrenergic agonist
induced-cardiac autophagy

The Akt family has 3 main isoforms: Akt1, Akt2, and Akt3 [19].
All these isoforms are expressed in the myocardium and act differ-
entially depending on the kinds of stimuli. To identify the Akt iso-
form that was mainly responsible for inducing cardiac autophagy,
cardiac myocytes transfected with RNAi for each isoform were pre-
pared and stimulated with PE. Western blotting showed that only
RNAI for Akt1 inhibited the expression of LC3 II/I in cardiac myo-
cytes stimulated with PE (Fig. 3E). The inhibition of mTOR by rap-
amycin induced autophagy in control cardiac myocytes with no
adrenergic stimulation (Fig. 3F), which indicated that an ordinary
mTOR-dependent autophagy pathway also exist in cardiac myo-
cytes. On the other hand, there were no changes in the expression
of the S6 kinase level in PE-stimulated myocytes (Fig. 3E and F),
which confirmed the existence of an mTOR-independent pathway
under the autophagic induction mechanism concerned with alpha-
adrenergic overload.

3.6. The four-week administration of an alpha-adrenergic agonist
increased cardiac autophagy with no sign of heart failure in vivo

Single injection with PE, ISO, and NE into mice in vivo increased
the autophagic levels in myocardium at 2 h after the stimulation
(Suppl. Fig. 1), which was consistent with our previous reports
with LPS or Chloroquine [18]. To assess the effects of the chronic
overload in the sympathetic nervous system as like failing heart
state, a mouse model with osmotic pumps that enabled persistent
adrenergic stimulation was prepared (Fig. 4A). A four-week over-
load of ISO or NE significantly induced fibrosis in the myocardium,
which was confirmed by the results obtained with Masson Tri-
chrome staining (Fig. 4B). Echocardiography revealed that chronic
overload with ISO induced left ventricular (LV) hypertrophy, a typ-
ical sign of the early phase of heart failure on hemodynamic over-
load. Furthermore, the four-week administration of NE caused
severe heart failure with apparent cardiac systolic dysfunction
and LV thinning (Fig. 4C). In contrast to the cardiac impairments
observed in mice administrated ISO or NE, the four-week adminis-
tration of PE did not induce any apparent signs of heart failure
including myocardial fibrosis, LV hypertrophy or thinning, or
apparent cardiac dysfunction (Fig. 4B and, C).

We then examined the levels of cardiac autophagy during per-
sistent adrenergic overload in vivo using GFP-LC3 mice. In contrast
to control mice, ISO and NE appeared to slightly increase the num-
ber of basement green fluorescent, but not punctate GFP-LC3-
labeled autophagosomes in the myocardium. However, the chronic
administration of PE increased the number of green dots in the
myocardium (Fig. 4D), which is a typical feature of autophagy
[18]. A quantitative analysis of western blotting also showed that
the four-week administration of PE significantly increased the
LCII/I ratio in the myocardium (Fig. 4E), which indicated an
increase in cardiac autophagy. These results indicated that persis-
tent alpha-adrenergic overload increased cardiac autophagy with
no signs of heart failure, thereby suggesting the cardioprotective

role of autophagy mediated through the alpha-adrenergic pathway
during chronic overload in the sympathetic nervous system in vivo.

4. Discussion

The present study demonstrated that cardiac autophagy
increased in the early phase of adrenergic overload and acted as a
cytoprotective response against apoptosis in cardiac myocytes.
The results of the in vivo experiments also suggested that the
increase in autophagy following persistent alpha-adrenergic stimu-
lation may have inhibited the progression of heart failure. We also
showed that the Akt pathway mediated cardiac autophagy during
anti-apoptotic alpha-adrenergic overload, indicating the existence
of an mTOR-independent autophagy pathway in cardiac myocytes.

We showed that all adrenergic stimulators, including anti-
apoptotic alpha- and pro-apoptotic beta-adrenergic agonists,
increased cardiac autophagy in the early phase of the administra-
tion (Fig. 1). Blocking autophagy using RNAi for Atg5 negated the
anti-apoptotic effects of PE, which indicated that autophagy acted
as a cardioprotective response (Fig. 2). Blocking autophagy slightly
increased apoptosis in cardiomyocytes stimulated with ISO, which
also suggested the cardioprotective effects of autophagy. We
showed that the activation of autophagy clearly preceded the
induction of apoptosis in cardiac myocytes stimulated with ISO
(Fig. 1D). The upregulation of autophagy may be compensatory
by removing damaged mitochondria and proteins in the early
stages of myocardial stress. However, once the balance in the cel-
lular fate leans to death, these cells may undergo apoptosis and die.
A previous study using the Atg57°¥/foX; MLC2v-Cre* mouse demon-
strated that autophagy inhibited beta-adrenergic stress-induced
cardiac cell death [7]. Another study reported that the administra-
tion of isoproterenol inhibited cardiac autophagy for 10 min [20].
These findings, including the results of the present study, indicate
that autophagy competed with pro-apoptotic actions and acted as
a cellular protective response in cardiac myocytes under beta-
adrenergic stress. The in vivo results of the present study showed
that the persistent activation of autophagy may inhibit the pro-
gression of heart failure (Fig. 4). In contrast to our results, the inhi-
bition of massive autophagy by the downregulation of Beclin 1 was
previously reported to attenuate cardiac injury induced by ische-
mia-reperfusion [10]. Further understandings focusing the amount
and the timing of controlling cardiac autophagy during persistent
cardiac stress should be elucidated.

The alpha-adrenergic pathway is a potent hypertrophic factor
that is mediated by though the G-alpha-linked receptor and con-
trols downstream signaling pathways including ERK MAP kinase
and PI3/Akt signaling. We previously reported the ERK- and Akt-
mediated anti-apoptotic actions of alpha-adrenergic activation
[14]. However, the ERK and Akt pathways had opposite effects on
the regulation of cardiac autophagy during alpha-adrenergic over-
load in the present study (Fig. 3). Although PI3/Akt/mTOR-depen-
dent autophagy pathway was well known, our experiments with
the inhibition of Akt suggested the existence of another signaling
pathway for autophagy. On the other hand, the inhibition of mTOR
by rapamycin induced autophagy in control cardiac myocytes with
no adrenergic stimulation (Fig. 3F), which indicated that an ordin-
ary mTOR-dependent autophagy pathway may also exist in cardiac
myocytes, similar to other cell types. Recent studies have reported
that some amino acid signals and small molecule enhancers of
cytostatic effects induced autophagy through signal transduction
pathways other than the mTOR axis [21,22]. Thus, the co-existence
of mTOR independent- and dependent-autophagy pathways may
be possible in cardiac myocytes. The results of the present study
also indicate that an mTOR-independent Akt pathway may be
dominant for cardiac autophagy during adrenergic overload.
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The alpha-adrenergic agonist that activated cardiac autophagy
in the present study is well known to induce cardiac hypertrophy.
In hemodynamic overload, heart failure is preceded by cardiac
remodeling with hypertrophy [23]. The activation of autophagy
by rapamycin has been reported to prevent cardiac hypertrophy
induced by thyroid hormone treatments [24]. Pressure overload
due to transverse aortic constriction also revealed that autophagic
activity was reduced during hypertrophic responses [7]. The dis-
tinct actions of the alpha-adrenergic pathway from other hypertro-
phic stimulators can be elucidated by two differential regulations of
the autophagy pathway with ERK and Akt, as demonstrated in the
present study (Fig. 3). The role of autophagy during cardiac hyper-
trophy preceding heart failure remains to be elucidated.

Although all three Akt family members, Akt1, Akt2, and Akt3, are
expressed in the myocardium, Akt1 and Akt2 are dominant. Previ-
ous studies indicated that Akt1 was essential for mediating protec-
tive responses to an ischemia-preconditioning stimulation [19],
whereas Akt2 was required to maintain normal cardiac glucose
metabolism [25]. Akt1 has also been reported to directly inhibit
autophagy in some cancer cells [26]. The present study showed that
Akt1 was the most important isoform for activating autophagy in
PE-induced cardioprotection. A better understanding of Akt1 sig-
naling would support the results of the present study with the

mTOR-independent autophagy pathway in the progression of heart
failure.

In conclusion, we demonstrated that cardiac autophagy
increased during adrenergic overload, and acted as a cardioprotec-
tive response in the progression of heart failure. The mTOR-inde-
pendent Akt pathway was dominant for cardiac autophagy in
alpha-adrenergic overload. Thus, further investigations on the
mTOR independent pathway for cardiac autophagy will lead to a
better understanding of the progression of heart failure.
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