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Abstract

Autophagy is conserved in nature from lower eukaryotes to mammals and is an important self-
cannibalizing, degradative process that contributes to the elimination of superfluous materials.
Cardiac hypertrophy is primarily characterized by excess protein synthesis, increased cardiomyo-
cyte size, and thickened ventricular walls and is a major risk factor that promotes arrhythmia and
heart failure. In recent years, cardiomyocyte autophagy has been considered to play a role in con-
trolling the hypertrophic response. However, the beneficial or aggravating role of cardiomyocyte
autophagy in cardiac hypertrophy remains controversial. The exact mechanism of cardiomyocyte
autophagy in cardiac hypertrophy requires further study. In this review, we summarize the contro-
versies associated with autophagy in cardiac hypertrophy and provide insights into the role of
autophagy in the development of cardiac hypertrophy. We conclude that future studies should
emphasize the relationship between autophagy and the different stages of cardiac hypertrophy, as
well as the autophagic flux and selective autophagy. Autophagy will be a potential therapeutic

target for cardiac hypertrophy.
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Introduction

The heart responds to environmental stimuli through a series of
responses, including changes in chamber volume, systolic contrac-
tion, diastolic relaxation, heart rate, and muscle mass. Physiologic
hypertrophy typically occurs during normal responses to healthy
exercise or pregnancy. However, pathologic hypertrophy is com-
monly stimulated by stress or induced by diseases, such as hyperten-
sion, valvular heart disease, myocardial infarction, and
neurohormones. Pathologic cardiac hypertrophy plays a compensa-
tory role by increasing cardiac overload during early stages.
However, a sustained pathological hypertrophic response eventually
leads to systolic dysfunction and heart failure [1].

As a treatment option, the inhibition of pathological cardiac

hypertrophy has become a potential therapeutic target. In recent

years, studies have focused on the mechanism of autophagy in cardi-
ac hypertrophy [2,3]. Autophagy is conserved from lower eukar-
yotes to mammals and is a normal physiological degradation
mechanism. It is an important catabolic degradative process that
eliminates superfluous materials [4]. However, partially due to con-
flicting studies, the role of autophagy in cardiac hypertrophy
remains controversial. The autophagic mechanism in cardiac hyper-
trophy is complicated and has been considered, on one hand as a
cardiomyocyte-protective process, and on the other hand as a detri-
mental mechanism contributing to the pathological progression of
cardiac hypertrophy. Here, we review the conflicting reports in the
literature and try to clarify the role of cardiomyocyte autophagy as
a protective and adaptive mechanism for relieving disease pathogen-
esis or as a maladaptive process enhancing disease progression [5,6].
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We conclude that additional studies are required to determine
whether cardiomyocyte autophagy is beneficial or harmful.

Autophagy Definition, Classification,
and Formation

Autophagy, also called self-digestion, is a highly conserved process
from lower eukaryotes to mammals. Intracellular waste macromole-
cules are delivered to lysosomes via an autophagic pathway. These
waste materials are subsequently degraded into reusable, biologi-
cally active monomers, such as amino acids [7]. Furthermore, the
process is not only limited to proteins and macromolecules but also
includes organelles [8]. Basic autophagy plays important physiologi-
cal roles in maintaining cellular homeostasis [9]. For example,
autophagy-related gene 5 (Atg5)- or Atg7-knockout mice were
unable to survive longer than 12 h after birth due to a lack of nutri-
ents provided by autophagy.

Three types of autophagy have been identified: macroauto-
phagy, microautophagy, and chaperone-mediated autophagy [10].
Macroautophagy is the most active form and plays the most
important role in intracellular degradation [11]. Macroautophagy
is initiated through phagophore nucleation and expansion, subse-
quent autophagosome fusion with lysosomes, and finally the for-
mation of autophagolysosomes [12,13]. Several Atg proteins are
recruited to mediate this process [14]; however, the precise
mechanisms remain unknown [15]. As shown in Fig. 1, the process
of macroautophagy consists of at least four steps: induction and
nucleation, elongation and expansion, fusion, and degradation. In
the induction and nucleation step, a double-layered isolation mem-
brane, or phagophore, is formed. The phagophore targets to and
surrounds the cytosolic components (molecules and/or organelles)
designated for degradation [16]. In the elongation and expansion
step, the phagophore engulfs the cytosolic components and forms
an autophagosome. Subsequently, the autophagosome fuses with a
lysosome to form an autophagolysosome in which lysosomal
hydrolases digest the macromolecules [17]. Once the digestion is
completed, the degraded components are returned to the cytoplasm
for reusing [18].

A few methods have been developed to study the autophagy
process. Electron microscopy can be used to measure the formation

of the double-membrane autophagosomes. A fluorescent dye, mono-
dansylcadaverine, can be used to identify acidic autophagic
vacuoles. The conversion of microtubule-associated protein light
chain 3 (LC3) and the turnover of LC3-II which can be determined
by western blot analysis are reliable markers for the formation of
autophagosomes. Furthermore, LC3 transgenic mice are effective
tools for the study of iz vivo autophagic activity.

Regulators of Autophagy

Autophagy is often triggered by some extracellular and intracellular
stimuli. Extracellular stimuli, such as hormones, therapeutic agents,
amino acids depletion, and glucose starvation, affect the activity of
the autophagic process [19]. Intracellular stimuli, such as the accu-
mulation of misfolded proteins and the invasion of pathogens, also
have similar effects that lead to an autophagic response. The protein
kinase AKT is a central node linking growth factor signaling to the
downstream pathways, that is related to the autophagy induction.
In the presence of growth factors, AKT phosphorylates a wide array
of substrates, including TSC2, PRAS40, GSK3, FoxO, and beclin-1,
leading to the inactivation of these proteins. Conversely, growth fac-
tor restriction could result in the activation of these substrates, lead-
ing to subsequent initiation of autophagy [20]. Adenosine
monophosphate (AMP)-activated protein kinase (AMPK) that is
activated by an elevated AMP/ATP ratio initiates the metabolic pro-
cess [21]. In some contexts, AMPK positively regulates autophagy
by inhibiting the mTOR complex. Glucose deprivation in cardiac
cells during ischemia stimulates cardiac autophagy via AMPK acti-
vation. RAB proteins, as members of the RAS GTPase superfamily,
are key regulators of membrane trafficking and fusion events. RABS
and RAB7 participate in several steps of the autophagic process, and
both of them participate in the positive regulation of autophagy
[22]. The FoxO family is a subclass of Forkhead transcription fac-
tors. FoxO factors were found to induce autophagy in muscle, neu-
rons, and liver [23]. MicroRNAs (miRNAs) have been
demonstrated to regulate the autophagy processes. Some miRNAs
can directly target autophagy-associated proteins, such as BECN1
and RABSA. Alternatively, miRNAs may indirectly modulate auto-
phagy regulators, such as histone deacetylases (HDACs) and histone
acetyl transferases (HATs) [24]. Numerous small molecules also
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Figure 1. Process of macroautophagy The process of macroautophagy consists of four steps: induction and nucleation, elongation and expansion, fusion,
and degradation. Several autophagy-related (Atg) proteins are recruited to govern the processes of autophagy.
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have been found to positively regulate the autophagy process. For
example, Amiodarone, Dexamethasone, Loperamide, Nitrendipine,
Niclosamide, PP242, Rapamycin, Rottlerin, SMER28, Torin-1,
Trehalose, and Valproic acid are autophagy activators [25-27].

Among the signaling pathways of the negative regulation of
autophagy, mTOR signaling is a part of the central signaling path-
way [28]. The activation of the mTOR signaling pathway suppresses
autophagy. However, the inhibition of mTOR activity by starvation
or rapamycin treatment leads to autophosphorylation, Atgl activa-
tion, and an increase in the catabolic process of autophagy [29].
Various growth factors, such as insulin, cyclic guanosine monopho-
sphate, and cyclic AMP, have been identified as physiological inhibi-
tors of autophagy. A combination of leucine and other amino acids
provides negative-feedback in autophagy, mainly because they are
the final products of autophagic protein degradation. Inositol-
1,4,5-trisphosphate (IP3) and its receptor are endogenous negative
regulators of autophagy. Specific IP3R antagonists or the knock-
down of IP3R isoforms with siRNAs leads to robust autophagy.
When IP3R is inhibited, active autophagy is engaged in the preserva-
tion of energy homeostasis and promotes cell survival [30]. Class III
and class I phosphatidylinositol 3-kinases (PI3K) are also involved
in the regulation of autophagy. Class I PI3K has been shown to
negatively regulate autophagy, whereas class III PI3K activates
autophagy. Beclin-1/Atgé forms a complex with Vps34, a member
of class Il PI3K. This complex is involved in the initiation of autop-
hagy and the formation of autophagosomes. The inhibitors of class
I PI3K, such as 3-methyladenine (3-MA), Wortmannin, and
LY294002, inhibit autophagy [31]. Small molecules, such as 3-
Methyleadenine, Pepstatin = A,
Paclitaxel/Taxol, Quinacrin, Spautin, Vinblastine, and Wortmannin,
are autophagy inhibitors [27].

Nocodazole, Norclompiramine,

The Emerging Role of Autophagy in Cardiac
Hypertrophy

Stimuli-induced autophagy promotes cardiac
hypertrophy

Cardiomyocyte autophagy has been associated with the develop-
ment of cardiac hypertrophy. Many stresses that promote cardiac
hypertrophy also induce autophagy in the heart. Here, we
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summarize the stimuli that promote cardiomyocyte autophagy and
induce cardiac hypertrophy (Fig. 2).

Weng et al. [32] performed a transverse aortic constriction
(TAC) surgery in mice. They found that TAC induced marked heart
hypertrophy and promoted cardiac autophagy in the heart.
Autophagic structures, Atg5, and Atg16 mRNA expression levels as
well as LC3-II and beclin-1 protein levels are all increased in the
TAC-treated group through the PKC and ERK1/2 pathways.
Inflammation has been shown to contribute to the pathogenesis of
cardiac hypertrophy. TAC also induced Toll-like receptor 9 (TLRY)-
mediated inflammatory responses and autophagy in the heart. The
deletion of TLRY reversed the TAC-induced inflammation, autop-
hagy, and cardiac dysfunction [33].

miRNAs play important roles in the regulation of cardiomyocyte
autophagy and cardiac hypertrophy. The myocardial expression of
miR-30a was found to be decreased in mouse hypertrophy models
(thoracic aortic constriction) and in H9¢2 cells treated with pheny-
lephrine (PE). A miR-30a inhibitor markedly stimulated the level of
cardiomyocyte autophagy and increased the cardiomyocyte cell size
and the expressions of cardiac hypertrophy markers. The inhibition
of autophagy suppressed the miR-30a inhibitor-induced cardiomyo-
cyte hypertrophy. These results demonstrated that the down-
regulated expression of miR-30a activated autophagy and increased
the level of pressure overload-induced cardiomyocyte hypertrophy
[34]. Treatment with angiotensin II (Ang II) inhibited miR-30 in car-
diomyocytes and activated autophagy, resulting in myocardial
hypertrophy. Furthermore, treatments with a miR-30a inhibitor
II-induced cardiomyocyte hypertrophy.
Conversely, treatments with mimics of miR-30a prevented the Ang
Il-induced hypertrophy [35].

Programmed cell death 5 (PDCDS) is critical for cardiac hyper-
trophy and remodeling. TAC and Ang II treatment significantly up-

aggravated the Ang

regulated the expression of PDCDS. PDCDS transgenic mice
showed dramatically increased autophagy and cardiac hypertrophy,
and enlarged hearts were found in these dead mice. The p53 signal-
ing pathway is involved in the PDCDS5-induced activation of auto-
phagy [36].

Pulmonary arterial hypertension (PAH) is a progressive disease
associated with cardiac hypertrophy. The main characteristics of
PAH include a marked elevation in pulmonary arterial pressure and
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Figure 2. Stimuli-induced autophagy promotes cardiac hypertrophy (A) Transverse aortic constriction (TAC), pulmonary arterial hypertension (PAH), renovas-
cular hypertension, static pressure, and mechanical stress induce marked heart hypertrophy, accompanied by high levels of autophagic responses in the heart.
(B) Cold stress, high-fat/sucrose diet (HFSD), chronic alcohol intake, exercises, and cathepsin-L deficient appear to play roles in regulating autophagy during the

development of cardiac hypertrophy.
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right ventricular hypertrophy [37]. PAH was induced in an animal
model by monocrotaline treatment. The induction of PAH was asso-
ciated with the obvious upregulation in the expressions of the autop-
hagy proteins LC3B-II, Atg5, and p62. Chloroquine has been shown
to prevent the development of PAH, thus inhibiting autophagy [38].
In another study, the use of the Sugen5416/hypoxia/normoxia-
induced PAH rat model showed that oxidative stress, metabolic
maladaptation, and autophagy contributed to the pathogenesis of
right ventricular hypertrophy [39]. Furthermore, renovascular
hypertension has also been shown to alter cardiac structure and
function. Zhang et al. [40] reported that renovascular hypertension
promoted left ventricular hypertrophy and induced myocardial
hypoxia through enhancing cellular autophagy and mitochondrial
degradation. Valsartan has been shown to ameliorate renovascular
hypertension by alleviating left ventricular hypertrophy via the inhi-
bition of myocardial autophagy.

The angiotensin II receptor-like 1 (APJ]) receptor is a G protein-
coupled receptor (GPCR). The APJ system and its endogenous ligand,
apelin, have important functions in cardiovascular systems [41-44].
Studies have shown that the APJ receptor could act as a sensor during
static pressure-induced cardiomyocyte hypertrophy. Static pressure
induces cardiomyocyte hypertrophy by up-regulating the APJ receptor
and increasing the LC3-II/I ratio and beclin-1 expression. PI3K and
other autophagy inhibitors have been shown to prevent static
pressure-induced cardiomyocyte hypertrophy [44]. Lin et al. [45]
reported that mechanical stretch induced cardiomyocyte autophagy
and hypertrophy in rat neonatal cardiomyocytes and further showed
that the AT1 receptor blocker Losartan significantly prevented
mechanical stretch-induced cardiomyocyte autophagy and hypertro-
phy. Aortic banding (AB) increased the pressure overload, which pro-
moted cardiac autophagy and induced heart failure. Beclin-1 is
required for early autophagosome formation. The heterozygous dis-
ruption of the Beclin-1 gene decreased cardiomyocyte autophagy and
alleviated pathological cardiac hypertrophy. However, beclin-1 over-
expression enhanced autophagic activity and aggravated cardiac
hypertrophy [46].

When adult male C57 mice were subject to abdominal aortic con-
striction and exposed to cold temperatures (4°C), the sustained cold
stress promoted the expression of transient receptor potential vanil-
loid 1 (TRPV1) and AMPK phosphorylation, enhanced the ratio of
LC3-I/LC3-1, and down-regulated p62. The sustained cold stress
further triggered cardiac hypertrophy, the effects of which were
reversed by TRPV1 antagonists and autophagy inhibitors. Finally,
the cold exposure accentuated pressure overload-induced cardiac
hypertrophy through a TRPV1 and autophagy-dependent mechan-
ism [47]. Wild-type (WT) mice fed a high-fat/sucrose diet (HFSD)-
developed metabolic dysfunction in the heart, leading to cardiac
hypertrophy. HFSD increased cardiomyocyte autophagy and con-
tributed to the development of HFSD-induced cardiac hypertrophy
[48]. Chronic alcohol intake also led to the accumulation of autopha-
gosomes (LC3-II and Atg7), resulting in cardiac hypertrophy.
Chronic alcohol intake facilitated the production of acetaldehyde via
the ADH pathway, triggered cardiac autophagosome formation, and
impaired lysosomal degradation, leading to myocardial defects [49].
The carboxyl terminus of Hsp70-interacting protein (CHIP) plays an
essential role in the maintenance of cardiac function. Cardiac CHIP
regulates autophagy in cardiac hypertrophy. CHIP™~ mice have
been shown to have aggravated cardiac hypertrophy and enhanced
autophagic responses to exercise [50].

Cathepsin-L (CTSL) is a key member of the lysosomal protease
family and plays an important role in the activation of the

autophagy-lysosomal pathway. CTSL-deficient neonatal cardiomyo-
cytes induced the accumulation of autophagosomes, impaired pro-
tein degradation, and decreased cell viability. PE-induced cardiac
hypertrophy in vitro was more pronounced in CTSL-deficient neo-
natal cardiomyocytes than that in controls. An in vivo CTSL-
deficiency markedly exacerbated AB-induced cardiac hypertrophy
and deteriorated cardiac function. However, CTSL attenuated cardi-
ac hypertrophy and preserved cardiac function through autophagy
[51,52].

The autophagic pathway plays an essential role in cardiac hyper-
trophy and heart failure [53]. A patient transitioning from hyper-
trophic cardiomyopathy to heart failure was observed by
ultrastructural analysis, which showed large, typical autophagic
vacuoles in the hypertrophic cardiomyocytes. Those autophagic
vacuoles contained glycogen granules, mitochondria, and degraded
macromolecules. Autophagy contributed to the degeneration of
myocardial cells and eventually resulted in cardiomyocyte death and
loss, and finally heart failure [54].

Inhibited autophagy reverses cardiac hypertrophy
Adiponectin (APN), which is an adipokine, exerts its functions
through the adiponectin receptors (AdipoR1 and AdipoR2)
[55]. HFSD is known to induce cardiac hypertrophy and autophagy
in the heart. However, AdipoR1-transgenic male mice fed with HFSD
did not become obese or develop heart hypertrophy. AdipoR1
decreased the expressions of cardiac autophagic genes, exhibiting a
positive effect on HFSD-induced cardiac hypertrophy [48].

After pulmonary artery constriction (PAC) surgery, mice were
treated with folic acid (FA). A robust increase of reactive oxygen
species (ROS) levels and the expression of autophagy protein LC3A/B
were detected in the right ventricle (RV) of the PAC-treated mice. FA
decreased the pressure in PAC mice, reduced the ROS level, and
inhibited the expression of autophagy protein LC3A/B. FA also ame-
liorated mitochondrial dysfunction. These results indicated that FA
reduced ROS production and improved right ventricular function by
mitigating mitophagy in the right ventricle [56,57].

Renovascular hypertension has been shown to induce left ventri-
cular hypertrophy, increase cellular autophagy and mitochondrial
degradation, and inhibit mitochondrial biogenesis. Valsartan ame-
liorated myocardial autophagy and mitophagy and alleviated left
ventricular hypertrophy [40]. HDACs are known to regulate cardiac
plasticity. HDAC inhibitor trichostatin A (TSA) has beneficial effects
against cardiac hypertrophy [58,59]. TSA prevents the activation of
autophagy and alleviates both load- and agonist-induced hypertro-
phy. Furthermore, TSA also blocks PE-triggered autophagy and
hypertrophy. The in vivo use of HDAC inhibitors in hypertrophic
animals resulted in the return of ventricular masses and ventricular
function to near-normal levels [60] (Fig. 3).

Several stimuli deteriorate cardiac hypertrophy

by decreasing autophagy

Autophagy is an evolutionarily conserved process and plays an
important role in cardiac hypertrophy. The interruption of autop-
hagy may initiate ventricular dysfunction and cardiac hypertrophy
and result in heart failure [61-63]. Cardiac aging is a complicated
pathophysiological process that is characterized by enhanced remo-
deling and hypertrophy due to the interruption of autophagy. Aging
decreases the levels of beclin-1 and Atg5 as well as the LC3-II/LC3-I
ratio. Additionally, the autophagy inducer rapamycin reduces aging-
induced cardiac remodeling and hypertrophy [64].
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A high-fat diet induces cardiac hypertrophy and contractile dys-
function and is accompanied by the inhibition of autophagy.
Rapamycin improves cardiac hypertrophy induced by a high-fat
diet. APN is an important adipokine [65-67]. APN deficiency aggra-
vates high-fat diet-induced cardiac hypertrophy by inhibiting myo-
cardial autophagy. Rapamycin improves APN-deficiency-induced
contractile dysfunction and cardiac hypertrophy [68].

MiRNAs are endogenous small RNA molecules that regulate
cardiac functions [69,70]. MiR-221 is involved in the development
of cardiac hypertrophy. The cardiac-specific overexpression of miR-
221 in mice impairs autophagy. In miR-221 transgenic mice, autop-
hagic vesicle formation and autophagic flux are reduced. The
overexpression of miR-221 eventually results in the dysfunction of
the heart and evokes cardiac hypertrophy. The inactivation of
mTOR reverses the miR-221-induced inhibition of autophagy and
cardiac hypertrophy [71]. Furthermore, miR-212/132 participates in
the regulation of cardiac hypertrophy and autophagy. Cardiomyocyte-
specific miR-212/132 deficiency prevents pressure-overload-induced
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Figure 3. Inhibited autophagy reverses cardiac hypertrophy Adiponectin
receptor 1 (AdipoR1), FA, valsartan, and TSA decrease the cardiac autophagy
level and exhibit positive effects on cardiac hypertrophy.

cardiac hypertrophy. However, the overexpression of miR-212/132
promotes pathological cardiac hypertrophy by inhibiting cardiac
autophagy [72].

AtgS5 is one of the most important proteins required for autop-
hagy. A cardiac-specific Atg5 deficiency results in the development
of cardiac hypertrophy [73,74]. A cardiomyocyte-specific deficiency
of phosphatase and tensin homolog (PTEN) results in the interrup-
tion of autophagy and autophagic flux, and enhances the develop-
ment of cardiac hypertrophy [75]. The administration of autophagy
inducer rapamycin prevents PTEN deficiency-induced cardiac hyper-
trophy and interrupts autophagic flux in the heart [76,77].

Macrophage migration inhibitory factor (MIF) has a cardiopro-
tective effect under various pathological conditions. MIF deficiency
interrupts myocardial autophagy and overtly aggravates abdominal
aorta constriction-induced cardiac hypertrophy. Rapamycin treat-
ment alleviates MIF deficiency-induced cardiac hypertrophy in mice.
In vitro, PE promotes H9c2 cell hypertrophy. MIF depletion in
H9C2 reverses PE-induced mitophagy. Endogenous MIF regulates
the mTOR signaling pathway to activate autophagy to protect
against cardiac hypertrophy [78] (Fig. 4).

High level of autophagy ameliorates cardiac
hypertrophy

Autophagy also participates in the degradation of cytoplasmic com-
ponents and contributes to the removal of damaged cellular compo-
nents and the preservation of cell physiological function [79].
Several studies have suggested that high levels of autophagy may
ameliorate cardiac hypertrophy (Fig. 5).

Regulated in development and DNA damage 1 (REDDI1) is a
stress-responsive protein found to be essential for inhibiting cardiac
hypertrophy through autophagy [80,81]. REDD1 knockdown
impairs autophagy and aggravates PE-induced cardiac hypertrophy
via the mTOR signaling pathway. Rapamycin reverses the pro-
hypertrophic effect of REDD1 knockdown [82].

Intermedin (IMD) exhibits important protective effects on heart
hypertrophy. Several studies have reported that IMD induces
remarkable autophagy in hypertrophic cardiomyocyte models both
in vivo and in vitro. Transverse aortic contraction induction, Ang II,
or isoprenaline treatment induces prominent cardiac hypertrophy,
which is inhibited by IMD treatment. Furthermore, 3-MA reduces
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Figure 4. Several stimuli deteriorate cardiac hypertrophy by decreasing autophagy Aging, high-fat diet, miR-221, miR-212/132, Atg5 deficiency, PTEN deletion,

and MIF deficiency induce cardiac hypertrophy and down-regulate autophagy.
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Figure 5. High level of autophagy ameliorates cardiac hypertrophy Regulated in development and DNA damage 1 (REDD1), intermedin (IMD), 5-aminoimida-
zole-4-carboxamide-1-p-p-ribofuranoside (AICAR), metformin, catalase, rapamycin, berberine, destretch, doxycycline, and transcriptional regulator p8 deletion
significantly increase autophagy level, improve cardiac function, and attenuate cardiac hypertrophy.

IMD-induced autophagy and abrogates the protection of IMD on
cardiac hypertrophy [83].

AMPK is a serine/threonine protein kinase that regulates the pro-
cess of cardiac hypertrophy. It has been shown that AMPK is an
important positive regulator of autophagy. Both 5-aminoimidazole-
(AICAR)
which are AMPK activators, significantly enhance autophagosome

4-carboxamide-1-p-p-ribofuranoside and metformin,
formation, lysosomal function and autophagy, and block pressure-
overload-induced hypertrophy [84].

The antioxidant catalase plays a beneficial role in the restoration
of autophagy. A high-fat diet intake induces ROS production and
inhibits autophagy by promoting the phosphorylation of mTOR in
the heart. Catalase reduces the ROS level and promotes autophagy
by inhibiting the phosphorylation of mTOR. Catalase also signifi-
cantly alleviates high-fat diet-induced cardiac hypertrophy and inhi-
bits autophagy [85].

Autophagy inducer rapamycin plays a significant role in cardiac
hypertrophy. Rapamycin has been found to ameliorate cardiac
hypertrophy induced by mechanical stress or cardiac injury [86-88].
Low doses of rapamycin could be used to treat human heart failure
[89]. It has been shown that berberine has cardioprotective effects
on cardiac hypertrophy. The administration of berberine enhances
autophagy in TAC-induced hypertrophic hearts and is accompanied
by reduced heart size and cardiac apoptosis, as well as suppression
of cardiac hypertrophy. Furthermore, 3-MA, an autophagy inhibi-
tor, reverses the berberine-induced autophagy level and abrogates
the protection of berberine against heart hypertrophy. These data
indicated that berberine could attenuate cardiac hypertrophy
through an autophagy-dependent mechanism and was associated
with enhanced autophagy through the inhibition of mTOR [90].

Mechanical overload promotes the development of cardiac
hypertrophy. However, autophagy signaling reduces cardiac hyper-
trophy. Cardiac hypertrophy in TAC-treated mice models showed
that TAC reduces the level of constriction. This process is called
DeTAC. LC3-II expression and p62 degradation are significantly
increased during DeTAC. Furthermore, the expression of FoxO1 is
increased during DeTAC. The cardiac-specific over-expression of
FoxO1 ameliorates cardiac hypertrophy by activating autophagy.

In vitro, the overexpression of FoxO1 reduces cardiomyocyte size
by autophagy. The inhibition of autophagy reverses the protective
effect of FoxO1. These results suggested that autophagy prevents
cardiac hypertrophy [91]. Another study also supported that autop-
hagy is involved in preventing cardiac hypertrophy [92]. When Ang
II was continuously infused into Atg5-deficient mice, the mice devel-
oped similar levels of cardiac hypertrophy compared with the WT
control mice. When Ang II infusion was stopped after 7 days, the
cardiac hypertrophy was regressed in control mice, but the Atg5-
deficient mice showed significantly less reduction in cardiac hyper-
trophy. Therefore, autophagy appeared to be necessary for the
regression of cardiac hypertrophy [92].

Doxycycline has used to treat heart failure in animals.
Doxycycline treatment significantly attenuated cardiac hypertrophy
by activating autophagy and increasing autophagosome formation
and LC3-II expression [93]. Pressure overload resulted in the devel-
opment of cardiac hypertrophy. However, transcriptional regulator
p8 deletion (p8~'7) mice showed lower cardiomyocyte hypertrophy.
TAC induced significant autophagy in the left ventricle but much
higher autophagy in the p8 ™~ mice. P8 deletion regulates autophagy
signaling pathways and plays a beneficial role in cardiac hypertro-
phy [94].

Controversies

As previously mentioned, autophagy appears to play dual roles in
cardiac hypertrophy [95]. The exact mechanism of autophagy in
cardiac hypertrophy requires further investigation. For example, dif-
ferent opinions exist concerning the role of autophagy in the pres-
sure stress-induced cardiac hypertrophy.
indicated that autophagy is an adaptive response in pressure stress-

A few studies have

induced cardiac hypertrophy [78,96], but other reports have sug-
gested that excessive autophagy aggravates pressure stress-induced
cardiac hypertrophy [46]. Therefore, depending on the conditions
and the extent of stimulation, autophagy may play adaptive or
maladaptive roles [3].

The mechanism of autophagy in cardiac hypertrophy is complex.
A consensus has been reached that the basal levels of autophagy are
essential for homeostasis, while imbalanced levels of autophagy may
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lead to cell death [3]. However, the protective or destructive proper-
ties of autophagy vary in different situations [76]. Furthermore, dif-
ferences in surgical models, animal strains, and genetic
manipulations may contribute to these variations. TAC, PAH, static
pressure, mechanical stress, cold stress, and chronic alcohol intake
have been shown to induce autophagy and promote cardiac hyper-
trophy, whereas metformin, catalase, berberine, and doxycycline
have been shown to prevent cardiac hypertrophy by increasing
autophagy.

The role of autophagy in cardiac hypertrophy may also depend
on disease stage and severity [73]. Typically, during the early stages
of cardiac hypertrophy, autophagy occurs at low, beneficial, basal
levels. In contrast, as cardiac hypertrophy develops, sustained exces-
sive autophagy in hypertrophied hearts may be responsible for heart
failure [46,97]. Furthermore, recent studies have revealed two new
roles for cardiac hypertrophy: frustrated autophagy and autophagy
interrupts. Frustrated autophagy and autophagy interrupts typically
occur when autophagosomes are unable to fuse with lysosomes.
These activated lysosomes may promote uncontrolled autodigestion
and lead to cell death [98]. Autophagy has an essential homeostatic
function in normal, physiological states; however, frustrated autop-
hagy or autophagy interrupts can have deleterious consequences.

Autophagy is a highly dynamic, multistep process. Therefore, the
mere detection of the number of autophagosomes and the presence
of LC3 processing is insufficient for an overall evaluation of the
entire autophagic system. Autophagic flux, which includes autopha-
gosome formation, maturation, fusion with lysosomes, and subse-
quent breakdown and release [99], is used to represent the dynamic
process of autophagy. Low-level autophagic flux is necessary for an
adaptive response during cardiac hypertrophy [73].
autophagy flux in cardiomyocytes ranges from low-level activation

required for cellular homeostasis to high-level activation, which is

However,

detrimental and disease promoting [100]. In a mouse model of pres-
sure overload induced by TAC surgery, the increase in autophagic
flux correlates with the degree of left ventricular hypertrophy; the
flux response increases initially and then ultimately reverts to a higher
steady-state level [46]. Genetic models, in which autophagic flux is
increased in cardiomyocytes by over-expression of beclin-1, showed
amplified pressure overload-induced heart failure. Autophagy flux
may be a more effective and important way than traditional autop-
hagy protein markers. To provide more evidence concerning the role
of autophagy in cardiac hypertrophy, additional detailed studies on
autophagic flux are required. In selective autophagy, maladaptive
autophagy or frustrated autophagy may target at specific cellular
substrates. Aggrephagy, mitophagy, xenophagy, ribophagy, and
pexophagy are different types of selective autophagy. Degradation
or removal of entire aggregates by selective autophagy is named
aggrephagy. In particular, aggrephagy participates in Alzheimer’s
disease and age-related macular degeneration [101]. Mitophagy tar-
gets at the degradation of damaged mitochondria. Recent studies
indicated that the serine/threonine kinase PTEN-induced putative
kinases 1 and the E3 ubiquitin ligase Parkin regulated the mamma-
lian mitophagy [102]. 3-MA reverses cardiac remodeling and attenu-
ates mitophagy in heart failure. BNIP3 over-expression promotes
mitophagy, leading to the gradual decline of cardiac function and
LV remodeling [103]. In a Parkin knockout Drosophila model, the
disruption of mitophagy triggers the dilated cardiomyopathy [104].
Xenophagy, which is a form of selective autophagy that targets at
intracellular pathogens for degradation, mainly contributes to the
immune response [105]. Ribophagy is a selective degradation of
ribosomes. 60S and 40S ribosomal subunits appear to be

independently targeted for degradation [106]. The level of ribo-
phagy increases obviously in neonatal hypoxia/ischemia [107].
Pexophagy is a selective autophagy process where damaged and/or
superfluous peroxisomes undergo vacuolar degradation [108].
Pexophagy has been studied extensively in yeasts and plants [109].
But there are no related reports about the role of pexophagy in car-
diac hypertrophy. So far, research about selective autophagy in car-
diac hypertrophy is still very limit. Future studies will outline the
role of selective autophagy and its function in pathophysiological
cardiac hypertrophy [110]. Selective autophagy may have potential
importance in cardiac hypertrophy [111,112]. Studies that focus on
selective autophagy rather than general autophagy may be more
effective in determining the role of autophagy in cardiac
hypertrophy.

Conclusions and Perspectives

Recent findings have suggested an important role of autophagy in
cardiac hypertrophy [113]. Basal autophagy is essential for the
maintenance of cellular homeostasis, whereas excess or frustrated
autophagic activity can aggravate cardiac hypertrophy and may con-
tribute to the pathogenesis of heart failure [114]. The suppression of
excessive or frustrated autophagy may be an effective therapy for
cardiac hypertrophy. Future studies should emphasize the relation-
ship between autophagy and the different stages of cardiac hypertro-
phy, as well as autophagic flux and selective autophagy [115]. While
the successful treatment of pathophysiological autophagy will
require further investigation, autophagy should be considered as a
potential therapeutic target for cardiac hypertrophy.
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