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Cardiac remodeling is a common pathological process in various heart diseases, such as
cardiac hypertrophy, diabetes-associated cardiomyopathy and ischemic heart diseases.
The inhibition of cardiac remodeling has been suggested to be a potential strategy for
preventing heart failure. However, the mechanisms involved in cardiac remodeling are
quite complicated. Recent studies have reported a close correlation between autophagy
and energy homeostasis in cardiac remodeling associated with various heart diseases. In
this review, we summarize the roles of autophagy and energy homeostasis in cardiac
remodeling and discuss the relationship between these two processes in different
conditions to identify potential targets and strategies for treating cardiac remodeling by
regulating autophagy.

Keywords: autophagy, energy homeostasis, cardiac remodeling, cardiac hypertrophy, diabetes-associated
cardiomyopathy, ischemic heart diseases

INTRODUCTION

Cardiac remodeling refers to a series of changes in left ventricular function and structure caused by
various cardiovascular diseases or pathological risk factors. Cardiac remodeling leads to fibrosis,
ventricular dilatation and cardiac hypertrophy, all of which will inevitably impair the cardiac systolic
and diastolic function and ultimately progress into heart failure (Wu et al,, 2017). Although
researchers have focused on illuminating the potential mechanisms of malignant cardiac
remodeling and heart failure, some problems related to the mechanisms of cardiac remodeling
remained to be clarified, which limits the further development and progress in the identification of
new and effective therapies for preventing or even reversing cardiac remodeling (Tham et al., 2015).

The process of cardiac remodeling is often accompanied by the activation of inflammation,
enhanced myocardial fibrosis, abnormal autophagy and disordered metabolism. Studies have
documented the critical roles of autophagy and energy homeostasis in cardiac remodeling and
the close relationship between these processes (Bertero and Maack, 2018). Nutrient deficiency caused

Abbreviations: mTORCI, mammalian target of rapamycin complex 1; mTOR, mammalian target of rapamycin; ULK1, unc-51
like kinase-1; LC3 I, microtubule-associated protein light chain I; LC3 II, microtubule-associated protein light chain II; p62,
sequestosome 1; ACR, autophagy-related circular RNA; Atg5, autophagy-related 5; ACC2, acetyl-CoA-carboxylase 2; ACSLs,
acyl-CoA synthetases; T2DM, type 2 diabetes mellitus; PKC, protein kinase C-B; NOX2, NADPH oxidase 2; LPL, lipoprotein
lipase; ATG7, autophagy-related 7; TIDM, type 1 diabetes mellitus; PFK-2, phosphofructokinase 2; PFK-1, phosphofruc-
tokinase 1; HK-II, hexokinase-II; NOX4, NADPH oxidase 4; IGF-1, insulin-like growth factor 1; AKT, protein kinase B; PGC-
1y, peroxisome proliferator-activated receptor-gamma coactivator-1; GSK-3f, glycogen synthase kinase-3(; TCS2, tuberous
sclerosis complex 2; APC, activated protein C.
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by insufficient energy metabolism may initiate autophagy to
degrade energy storage substrates, including proteins, fat and
glycogen, to meet the energy requirements of cells (Gustafsson
and Gottlieb, 2008; Vigetti et al., 2018). In turn, the accumulation
of nutrients generated by autolysosomes may activate
mammalian target of rapamycin complex 1 (mTORC1) to
terminate autophagy (Tan and Miyamoto, 2016). This
feedback avoids excess activation of autophagy. Therefore,
autophagy plays an important regulatory role in maintaining
energy homeostasis. An autophagy disorder will lead to abnormal
energy metabolism, while the excess nutrients caused by the
energy metabolism disorder will also affect autophagy
(Galluzzi et al., 2014). Thus, the autophagy-energy system
must be coordinated to maintain the dynamic balance of the
physiological state of cells and organisms. An understanding of
the accurate mechanisms underlying the association between
autophagy and energy homeostasis is very important to
prevent or even reverse the progression of pathological cardiac
remodeling.

AUTOPHAGY IN CARDIAC REMODELING

Autophagy is a progress of cellular self-cannibalism that degrades
damaged  organelles, misfolded proteins and other
macromolecular substances required for the energy supply by
transporting these substrate to lysosomes and forming the
autophagosome (Delbridge et al, 2017; Dikic and Elazar,
2018). According to the method in which substances are
delivered to lysosomes, autophagy is divided into three
categories: macroautophagy, microautophagy, and chaperone-
mediated autophagy (Delbridge et al, 2017). Among these
categories, the most common and well-studied type of
autophagy is macroautophagy. Macroautophagy is usually
referred as autophagy. Autophagy has long been thought to be
nonspecific. However, recent studies show that autophagy also
targets at specific organelles and proteins, which is termed as
specific autophagy (Anding and Baehrecke, 2017), and represents
an important mechanism to remove damaged mitochondria in
cells. Mitophagy is one of the most well-studied forms of specific
autophagy and is an indispensable part of organized
mitochondrial quality control and cardiac energy homeostasis
(Dorn, 2019). Compromised mitophagy may lead to
mitochondrial dysfunction and lipid accumulation in
individuals with diabetes-associated cardiomyopathy (Tong
et al, 2019). The improvement in mitophagy by melatonin
administration =~ might  protect  mitochondrial  energy
metabolism from myocardial ischemia-reperfusion injury
(Zhang et al., 2019). Mitophagy plays a role in autophagy and
energy homeostasis during cardiac remodeling.

Autophagy is an important regulator of cardiac homeostasis
and function under normal conditions. For example, starvation-
induced autophagy maintains left ventricular function by
increasing the myocardial ATP and amino acid contents
(Takemura et al., 2009; Hariharan et al., 2010), exercise-
induced autophagy promotes cardiac glucose metabolism by
increasing glucose uptake (He et al, 2012), and aging-
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associated  autophagy  prevents  aging-related cardiac
dysfunction by clearing misfolded proteins and dysfunctional
mitochondria (Miyamoto, 2019). Under stress such as starvation
and exercise, an ATP deficiency and increased AMP/ATP ratio
activate AMP-activated protein  kinase (AMPK) in
cardiomyocytes (Kemp et al, 1999). Activated AMPK
enhances autophagy by inhibiting mammalian target of
rapamycin (mTOR) or phosphorylating unc-51 such as kinase-
1 (ULK1), which induce ATP production (Matsui et al., 2007;
and Gottlieb, 2009; Qi and Young, 2015).
Consequently, increased autophagy provides supplemental
substrates for energy metabolism, supplies amino acids for
protein synthesis, and clears damaged mitochondria, all of
which may limit cardiomyocyte death (Sciarretta et al., 2018a).

In contrast, physiological conditions, the role of autophagy in
pathological conditions is complicated and varies in specific
contexts. In the infarcted mouse heart, microtubule-associated
protein light chain 3 (LC3) I, LC3II and sequestosome 1 (p62/
SQSTM1) were significantly upregulated both at first and third
weeks, respectively, in surviving cardiomyocytes (Wang et al.,
2018). Autophagosome biogenesis requires LC3-mediated
elongation to form a circular double-layer membrane. LC3 I is
distributed in the cytoplasm, while LC3II is located in
autophagosomes. Therefore, the transition from LC3 I to
LC3II indicates the increased formation of autophagosomes
(Florey and Overholtzer, 2012; Hamacher-Brady, 2012). p62 is
an autophagy receptor that interacts with phagophores with its
LC3 domain and interacting with the ubiquitin-proteasome
system via its ubiquitin-associated domain to mediate
autophagosome degradation (Johansen and Lamark, 2011).
The accumulation of p62 indicates a blockade ofautophagy
flux. Thus, p62 and LC3 are both important markers of
autophagy and are often used to monitor changes in
autophagy. Treatment with autophagy inhibitors significantly
aggravates cardiac dysfunction and cardiac remodeling after
infarction (Kanamori et al.,, 2011). Moreover, the activation of
autophagy by mTOR inhibitors or other autophagy enhancers
may reduce the area of the myocardial infarct and mitigate left
ventricular remodeling after myocardial infarction (Buss et al.,
2009; Sciarretta et al., 2018b). Therefore, autophagy activation
during myocardial infarction is an adaptive response to protect
the heart from injury, and inadequate upregulation of autophagy
may lead to heart failure after myocardial infarction.

However, autophagy appears to play a completely opposite
role in myocardial ischemia-reperfusion. As shown in the study
by Ma et al. (2012), myocardial ischemia-reperfusion impaired
autophagosome clearance and increased cardiomyocyte death,
partially due to the reduced level of lysosome-associated
membrane protein-2 but up-regulated Beclin-1 expression
induced by reactive oxygen species. Additionally, autosis, a
novel form of cell death induced by autophagy, was observed
in myocardial ischemia-reperfusion. The suppression of autosis
reduced cardiac injury, which further confirmed the adverse
effects of autophagy on myocardial ischemia-reperfusion (Nah
et al., 2020). Moreover, the inhibition of autophagy by either a
histone deacetylase inhibitor or autophagy-related circular RNA
(ACR) reduces the infarct area and attenuates myocardial
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ischemia-reperfusion injury (Xie et al., 2014; Zhou et al., 2019).
The opposite effects of autophagy on myocardial infarction and
myocardial ischemia-reperfusion may be attributed to the finding
that autophagy in the first process is mediated by AMPK but
mediated by Beclinl in the second process (Matsui et al., 2007;
Takagi et al., 2007; Shi et al., 2019).

Mice with a cardiac-specific deficiency in autophagy-related 5
showed a disorderly arrangement of the cardiac sarcomere
structure, an abnormal mitochondrial structure and obvious
cardiac dysfunction after the induction of aortic constriction-
induced pressure overload (Nakai et al, 2007). However,
overexpression of Beclinl aggravated the pathological cardiac
remodeling under pressure overload (Zhu et al., 2007). Based on
these studies, baseline autophagy is necessary for maintaining the
cardiac structure and function, but overactivation by beclinl
overexpression might be detrimental. In diabetic mice, the
inhibition of AMPK activity reduced cardiac autophagy, which
aggravated cardiac dysfunction and increased mortality in diabetic
mice (Zou and Xie, 2013). Xie Z et alused metformin to chronically
activate AMPK and prevent a deterioration in cardiac function via
increasing autophagy activity (Xie et al., 2011a; Xie et al,, 2011b). In
contrast, Chen et al. (2017) inhibited Beclinl expression with
Mir30c and observed an amelioration of damage to the cardiac
structure and function in diabetic mice. Therefore, autophagy plays
a dual role in cardiac remodeling. Autophagy is activated to
different levels and exerts quite different effects on different
animal models, ultimately producing beneficial or harmful
effects. In view of the complexity of autophagy, artificial
activation or inhibition of a specific target may fail to imitate
changes in autophagy flux itself. Moderate autophagy activity
will be beneficial for reducing intracellular aging organelles and
providing energy metabolism substrates for cells in ischemia, while
excessively activated autophagy may selectively degrade some key
metabolic enzymes and mitochondria, leading to metabolic
disorders that accelerate the process of cardiac decompensation
and ultimately result in heart failure. The protective effect of
autophagy on the heart is only achieved when autophagy is
maintained at the appropriate level.

ENERGY HOMEOSTASIS IN CARDIAC
REMODELING

The heart expends a large amount of energy to function normally
and pump blood with frequent contractions. The ATP turnover
rate in the human heart is 15-20 times its own weight (Kolwicz
et al., 2013). Since the heart has little reserve of high-energy
phosphate, a sustainable and stabile ATP supply is essential for
the maintenance of cardiac systolic function. The energy
metabolism of the heart is flexible to ensure an adequate ATP
supply in response to different pathophysiological stresses
(Bertero and Maack, 2018). Various energy substrates, such as
carbohydrates, lipids, amino acids and ketone bodies, can be
utilized for the different the biological activities of
cardiomyocytes (Stanley et al., 2005). Although many different
substrates supply energy to cardiomyocytes, fatty acid oxidation
is the main source of the energy supply in the adult heart,
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accounting for approximately 70-90% of the total energy
consumption in the adult heart, and the remaining 10-30% is
derived from the oxidation of glucose and lactate (Lopaschuk
et al., 2010; Doenst et al., 2013).

Cardiac remodeling is often accompanied by the remodeling
of energy metabolism. In pressure overload-induced cardiac
remodeling, glycolysis is enhanced and fatty acids oxidation is
reduced (Krishnan et al., 2009), which has been observed at
2 weeks after aortic constriction in rats (Doenst et al., 2010).
Increased glucose utilization in cardiac hypertrophy promotes
aspartate biosynthesis, leading to the increased synthesis of
nucleotides, RNA and proteins (Nakamura and Sadoshima,
2018). A deletion of acetyl-CoA-carboxylase2 (ACC2)
increases fatty acid oxidation to maintain catabolic metabolism
for energy production and avoid anabolic metabolism (Ritterhoff
et al,, 2020). Indeed, the energy metabolism pattern in cardiac
pressure overload-induced cardiac remodeling is similar to the
fetal heart, which is characterized by reduced ATP synthesis that
leads to inefficient energy metabolism (Sorokina et al., 2007). In
contrast to energy metabolism in cardiac hypertrophy, the energy
metabolism in diabetes and obesity-induced cardiac remodeling
is characterized by increased fatty acid intake and oxidation but
decreased glucose oxidation because of impaired insulin signaling
(Anderson et al.,, 2009). As a result, the oxygen consumption of
the heart is increased, but the efficiency of energy metabolism is
decreased and accompanied by the production of excess oxidative
stress, which contributes to the imbalance between an increased
substrate supply and decreased oxidative phosphorylation
capacity (Boudina et al., 2007; Anderson et al., 2009; Kolwicz
et al,, 2013). Although energy metabolic remodeling is varies in
different cardiac remodeling models, the development of heart
failure is accelerated by common factors, including oxidative
stress caused by continuous metabolic disorders, increased
insulin resistance, lipid accumulation and energy deficiency
(Stanley et al., 2005; Ashrafian et al., 2007; Ingwall, 2009;
Tuunanen and Knuuti, 2011; Noordali et al., 2018).

INTERACTION BETWEEN AUTOPHAGY
AND ENERGY HOMEOSTASIS IN CARDIAC
HYPERTROPHY

Cardiac hypertrophy is an adaptation of the heart that increases
cardiac contraction and decreases ventricular wall stress in
response to hemodynamic overload. Cardiac hypertrophy is
divided into physiological hypertrophy and pathological
hypertrophy (Shimizu and Minamino, 2016; Nakamura and
Sadoshima, 2018). Physiological cardiac hypertrophy is
reversible and not accompanied by cardiac dysfunction. During
physiological cardiac hypertrophy, autophagy is strictly controlled
at the basal level and energy efficiency is improved, while
autophagy is up-regulated and metabolism is reprogrammed
during pathological cardiac hypertrophy (Rothermel and Hill,
2008; Nakamura and Sadoshima, 2018). As a result, the
abnormal metabolism and autophagy caused by pathological
signaling pathways will cause cardiac dysfunction and
eventually contribute to heart failure. The subsequently
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FIGURE 1 | Interaction between autophagy and energy metabolism in cardiac hypertrophy. Autophagy supplies amino acids for protein synthesis in cardiac
hypertrophy, while abundant amino acids interact with amino acid sensors to activate mammalian target of rapamycin (mTOR) and avoid excess autophagy activation.
Overactivated autophagy leads to a shift in energy metabolism from fatty acid oxidation to glucose oxidation. In turn, the change in the energy substrate can activate
mTOR and then inhibit autophagy. And the interaction between them may be one explanation for the observation that cardiac hypertrophy eventually progresses to

Cardiac hypertrophy

- |
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occurring cardiac  hypertrophy is pathological cardiac
hypertrophy.
In endothelin-1-treated  cardiomyocytes, prolyl-tRNA

synthase inhibitors activate the amino acid response, which
mimics amino acid deprivation to enhance autophagy flux, as
evidenced by increased LC3II expression and decreased p62
accumulation. Autophagy mediated by the amino acid
response maintains the metabolic balance (Qin et al., 2017).
When amino acids are abundant, Rag GTPases, which
function as amino acid sensors, activate mTORCI1 to inhibit
autophagy by recruiting mTORC1 onto the lysosomal membrane
surface (Jewell et al., 2013; Bar-Peled and Sabatini, 2014). Mice
with cardiomyocyte-specific RagA and RagB knockout showed
abnormal deposition of autophagosomes and autolysosomes and
malignant cardiac remodeling after challenge with pressure
overload (Kim et al, 2014). Similarly, knockout of the G
protein coupled receptor TASIR3, another amino acid sensor,
also enhanced autophagy in the mouse heart (Wauson et al,
2012). The authors of these studies concluded that amino acids
are important regulators of cardiac autophagy. When the energy
supply is sufficient, amino acids interact with amino acid sensors
to activate mTORC1 and avoid excess autophagy activation
(Figure 1). When protein metabolism is blocked, the amino
acid response in cardiomyocytes will activate autophagy, which
helps the heart response to the stimulation by pro-cardiac
hypertrophy factors. In addition, the maintenance of high
levels of acetyl-CoA inhibits excess autophagy in cardiac
hypertrophy caused by pressure overload (Marino et al., 2014).
Because acetyl-CoA is the common pathway through which
glucose, lipids and proteins, the three major metabolisms,
enter the Krebs cycle, sufficient energy metabolism might be
an important prerequisite for limiting excess autophagy in
cardiac hypertrophy.

Raptor is an important component of mMTORCI1. According to
Shende et al. (2011), autophagy is significantly enhanced in the
mouse heart after raptor knockout. The raptor knockout mice
developed acute dilated cardiomyopathy accompanied by
reduced palmitate oxidation and increased glucose oxidation
after challenge with pressure overload, indicating a shift in
energy metabolism from fatty acid oxidation to glucose
oxidation. Based on the results of this study, the overactivation
of autophagy not only inhibits the overload-induced adaptive
hypertrophy of the heart but also increases glucose oxidation,
shifting the main substrate of energy metabolism from fatty acids
to glucose. Quite a few studies observed this pathological shift in
energy metabolism in the decompensated stage of heart failure
(Stanley et al., 2005; Bedi et al., 2016; Gibb and Hill, 2018), and
this shift was proven to aggravate myocardial lipotoxicity and
accelerate cardiac decompensation (Tuunanen et al., 2006;
Santos-Gallego et al., 2019). Fatty acids are converted to acyl-
CoAs by acyl-CoA synthetases (ACSLs), which are then oxidized
in the mitochondria to produce energy. As shown in the study by
Grevengoed et al. (2015), temporary knockout of acyl-CoA
synthetase 1 (Acsl1"™") increased glucose oxidation by eight-
fold in the mouse heart to compensate for the compromised fatty
acid oxidation. The change in the energy substrate activated
mTORCI1 and then inhibited autophagy, ultimately resulting
in a three-fold increase in the number of structurally
abnormal mitochondria in the heart. Rapamycin-induced
autophagy activation clears abnormal mitochondria and
normalizes mitochondrial function in Acsll”™" hearts.
Therefore, although the increased glucose utilization rate in
the early stage of cardiac hypertrophy might meet the needs of
growing cardiomyocytes as an adaptive mechanism, when the
fatty acid oxidation is almost completely replaced by glucose
oxidation, the inhibition of autophagy will fail to clear damaged
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FIGURE 2 | Interaction between autophagy and energy metabolism in diabetes-associated cardiomyopathy. Decreased insulin signal transduction in the heart
shifts glucose from glycolytic pathway to branching metabolic pathways by autophagy, which reduces the efficiency of energy metabolism and increases the cardiac the
inflexibility of cardiac metabolism. Increased lipid deposition can lead to impaired autophagy, which in turn aggravates the accumulation of lipid in the heart. This vicious
circle, combined with the inflexibility of energy metabolism, exacerbates diabetes-associated cardiomyopathy.
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mitochondria and ultimately affects the synthesis of ATP, which
may be one explanation for the observation that cardiac
hypertrophy eventually progresses to heart failure (Figure 1).

Obviously, as a sensor for the change in the energy metabolic
substrate and an inhibitor of autophagy in cardiac hypertrophy,
mTOR is an important target for treating cardiac hypertrophy.
Therapeutic interventions such as resveratrol and metformin
effectively attenuate cardiac hypertrophy by activating AMPK
and inhibiting the mTOR pathway (Dolinsky et al., 2009; Fu et al.,
2011). Therefore, mTOR may be the key to exploring the
interaction between autophagy and energy homeostasis, and
methods to simultaneously optimize autophagy and energy
homeostasis by regulating mTOR in certain contexts may
become a challenge in future studies.

INTERACTION BETWEEN AUTOPHAGY
AND ENERGY HOMEOSTASIS IN
DIABETES-ASSOCIATED
CARDIOMYOPATHY

Diabetes-associated cardiomyopathy refers to the structural and
functional changes in the heart caused by diabetes in the absence
of coronary artery disease, hypertension, valvular heart disease or
other cardiovascular diseases (Tan et al., 2020). In mice with type
2 diabetes mellitus (T2DM), increased fatty acid levels
downregulate SP1  expression. SP1 is an important
transcription factor involved in energy metabolism. SP1
downregulation relieves the inhibition of the downstream
Mir30c and results in BECN1 overexpression, which facilitates
the formation of autophagosomes in the initial phase of
autophagy. Increased autophagy induces cell death and finally
exacerbates cardiac remodeling and fibrosis in diabetes-

associated cardiomyopathy (Chen et al., 2017). Additionally, in
the hearts of high-fat diet-fed mice and palmitate-stimulated
H9C2 cardiomyocytes, excess fatty acids impair lysosomal
enzyme activity by activating the protein kinase C-p (PKCp)/
NADPH oxidase 2 (NOX2) pathway, which blocks the digestion
of autophagosome, resulting in decreased autophagy flux and the
accumulation of autophagosomes (Jaishy et al., 2015). According
to An et al., a ULKI deficiency prevented autophagy-mediated
lipoprotein lipase (LPL) degradation in the hearts of high-fat diet-
fed mice and resulted in the excess deposition of fatty acids in
cardiomyocytes, which caused cardiac dysfunction (An et al,
2017). Tong et al. reported that an autophagy-related 7 (ATG7)
deletion impaired mitochondrial function and increased lipid
deposition in the hearts of mice fed a high-fat diet (Tong et al,,
2019). Based on these studies, we concluded that autophagy plays
important roles in diabetes-associated cardiomyopathy.
Abnormally increased fatty acid levels initiate autophagy, but
accumulated fatty acids impair the digestion and degradation of
autophagosomes, resulting in autophagosome accumulation. The
accumulated autophagosomes may be one explanation for the
aggravated cardiac remodeling in individuals with T2DM
(Figure 2).

Although both type 1 diabetes mellitus (T1IDM) and T2DM
are characterized by similar metabolic disorders, such as
hyperglycemia and dyslipidemia, the characteristics of
autophagy in the heart of individuals with TIDM is somewhat
different from the heart of individuals with T2DM. Kanamori H
et al. (Kanamori et al.,, 2015) observed an increase in the whole
process of autophagy in the hearts of individuals with type 1
diabetes, while the final digestion step of autophagy was
suppressed in the hearts of individuals with type 2 diabetes.
Zhang et al. (2016) confirmed that fenofibrate, a lipid-lowering
drug, prevents fibrosis and inflammation in the hearts of subjects
with type 1 diabetes upregulating autophagy mediated by
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sirtuinl. Wei et al. (2017) also reported that enhancing autophagy
by inhibiting mTOR in type 1 diabetic rats restrained the
development of diabetes-associated cardiomyopathy. Thus,
enhanced autophagy might alleviate T1DM-associated
cardiomyopathy. Nevertheless, the effect of lipid
metabolism on autophagy in T1DM-related cardiomyopathy
still requires further studies. Furthermore, since the
suppression of the digestion step of autophagy in the hearts of
individuals with type 2 diabetes is potentially explained by the
effects of lipid metabolism, a fascinating problem that remains
to be explored is whether the differences in autophagy
characteristics in the hearts of individuals with T2DM and
T1DM are explained by the effects of energy metabolism.
Insulin deficiency in individuals with TIDM and insulin
resistance in individuals with T2DM may lead to decreased
insulin signal transduction in the heart, which facilitates the
degradation of phosphofructokinase 2 (PFK-2) by chaperone-
mediated autophagy. Meanwhile, phosphofructokinase 1 (PFK-
1), the rate-limiting enzyme in the glycolytic pathway, is also
inhibited due to the degradation of PFK-2 (Bockus et al., 2017).
Then, the excess accumulation of upstream intermediates shifts
glucose from the glycolytic pathway to other energy
metabolism pathways, such as glycogen synthesis and
the pentose phosphate pathway, and this shift will reduce
the efficiency of energy metabolism and increase
the inflexibility of cardiac metabolism, which is one of
the common pathological mechanisms of diabetes-
associated cardiomyopathy associated with TIDM and T2DM
(Figure 2). In other words, the interaction between autophagy
and energy homeostasis amplifies the adverse effects of
decreased insulin signal transduction caused by insulin
deficiency or resistance in the hearts of individuals with
diabetes. The reduced insulin signaling results in increased
lipid deposition and less glucose utilization, and autophagy
subsequently enhances the aforementioned adverse effects.
Further studies of this relationship may facilitate the

exact

development of new strategies for the treatment of diabetes-
associated cardiomyopathy.

INTERACTION BETWEEN AUTOPHAGY
AND ENERGY HOMEOSTASIS IN
ISCHEMIC HEART DISEASES

During myocardial infarction, cardiomyocytes are in an energy-
deficient status. Accordingly, AMPK-mediated autophagy plays
an important role in protecting against cardiomyocyte injuries by
supplying energy metabolism substrates. An injection of
rapamycin reduces the myocardial infarct area of mice fed a
high-fat diet (Sciarretta et al., 2012). Hexokinase- II (HK-II), a
key enzyme in the glycolytic pathway, interacts with mTORCI
and inhibits its activity to enhance autophagy. Glucose-6-
phosphate, which is produced by the phosphorylation of
glucose by HK-II, inhibits the interaction of HK-II and
mTORCI. Moreover, a glucose deficiency in cardiomyocytes
might enhance HK-II-mediated mTORCI1 inhibition, which
contributes to increased autophagy for supplying energy to
protect cardiomyocytes (Roberts et al., 2014; Roberts and
Miyamoto, 2015; Tan and Miyamoto, 2015). Tan et al. (2019)
also confirmed that HK-II in mitochondria induces Parkin-
mediated mitophagy to protect against myocardial ischemia.
Similarly, in glucose-deprived cardiomyocytes, NADPH
oxidase 4 (NOX4) produces reactive oxygen species and
activates the protein kinase RNA-activated-like ER kinase
signaling pathway to enhance autophagy and subsequent
increase cardiomyocyte survival (Sciarretta et al., 2013). Taken
together, during myocardial infarction, a deficiency in glucose
metabolism substrates in cardiomyocytes enhances autophagy,
which is an adaptive mechanism of the heart in response to
ischemic stress that exerts a protective effectby replenishing
energy and clearing damaged mitochondria (Figure 3). In
contrast, other studies found that insulin-like growth factor 1
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Lipid-lowering drug upregulated sirtuin1-mediated autophagy
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Mice with type 1 diabetes mellitus

Zhang et al. (2016)

Chaperone-mediated autophagy reduced energy metabolism efficiency
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Myocardial infarction mice

Bockus et al. (2017)
Tan et al. (2019)

Hexokinase-Il induced mitophagy protected against myocardial infarction

Energy deprivation enhanced autophagy

Glucose-deprived cardiomyocytes
Energy-deprived cardiomyocytes

Myocardial infarction mice

Sciarretta et al. (2013)

Inhibited autophagy protected against energy deprivation in cardiomyocytes
Improved energy metabolism attenuated ischemia-induced autophagy

Troncoso et al. (2012)
Tao et al. (2015)
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(IGF-1) inhibits autophagy in energy-deprived cardiomyocytes
by activating protein kinase B (AKT)/mTOR and reducing
AMPK activity, which activates mitochondrial metabolism,
decreases cell death, and reduces the damage caused by
excessive energy deprivation (Troncoso et al, 2012)
(Figure 3). Therefore, we inferred that some potential
mechanisms might determine whether autophagy induced by
energy deprivation in cardiomyocytes promotes cardiomyocyte
survival or increases cardiomyocyte death. High levels of
autophagy potentially induce autosis, which directly leads to
cardiomyocyte death. A threshold of autophagy flux may
distinguish autosis from nonlethal autophagy (Kriel and Loos,
2019). A reasonable hypothesis is that this threshold may be one
of the key mechanisms that determines cardiomyocyte death
during myocardial infarction, but this hypothesis still requires
further verification.

A shift from fatty acid to glucose metabolism caused by hypoxia
has been observed in the hearts of mice with acute myocardial
infarction (Doenst et al., 2013; Gu et al., 2018). Compared with the
control group, mice that underwent three weeks of swimming
training before the myocardial infarction showed a significant
reduction in the infarct area. Mechanically, preoperative training
improved mitochondrial biosynthesis and abrogated the change in
energy metabolism by upregulating the expression of peroxisome
proliferator-activated receptor-gamma coactivator-1 (PGC-1y),
which helped attenuate myocardial ischemia-induced autophagy
(Tao etal,, 2015). Therefore, an improvement in energy metabolism
may limit autophagy to an appropriate level, which may represent
an effective approach to ameliorating cardiac remodeling after
myocardial infarction (Figure 3).

In contrast to the inhibition of mTOR by AMPK during
myocardial ischemia, mTOR is activated during myocardial
reperfusion through the inhibition of the glycogen synthase
kinase-3p (GSK-3p)/tuberous sclerosis complex 2 (TCS2)
pathway, resulting in decreased autophagy (Zhai et al., 2011;
Sciarretta et al., 2014). Both melatonin and choline limit excess
autophagy by activating mTOR, which ultimately reduces the
infarct area after myocardial ischemia-reperfusion (Chen et al,
2018; Hang et al., 2018). Therefore, researchers have speculated
that changes in energy metabolism due to reperfusion may result
in a different effect of mTOR on protecting the heart from
ischemia-reperfusion injury. Activated protein C (APC)
reduces myocardial ischemia-reperfusion injury by increasing
the oxidation of glucose rather than fatty acids as energy
substrates and increasing autophagy flux (Costa et al., 2012).
However, the systemic blockade of activin 2B receptor ligands
protects against myocardial ischemia-reperfusion injury by
increasing glucose uptake, increasing glycolysis and reducing
autophagy (Magga et al, 2019). According to the
aforementioned studies, increase in glucose metabolism
appears to be beneficial for cardiac remodeling after ischemia-
reperfusion injury. Nevertheless, this protective effect on
myocardial ischemia-reperfusion injury was accompanied by
different changes in autophagy in different experiments,
increasing the difficulty of determining the exact relationship
between energy homeostasis and autophagy. Because the degree
of ischemia in different experiments may also affect the outcome
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of reperfusion, the effect of energy homeostasis on autophagy
must be to clarified in further studies.

CONCLUSION

In summary, autophagy regulates cardiac energy homeostasis during
cardiac remodeling by releasing energy metabolism substrates and
degrading key enzymes involved in energy metabolism, functioning
as a “double-edged sword.” On the one hand, autophagy reduces
oxidative stress and increases the survival of cardiomyocytes by
scavenging dysfunctional mitochondria and replenishing the
energysupply. On the other hand, autophagy aggravates
pathological cardiac remodeling by increasing lipid deposition and
reducing the efficiency of energy metabolism (Table 1). However, the
mechanisms regulating autophagy and energy metabolism remain to
be solved. Although many unsolved problems regarding the
mechanism underlying the interaction between autophagy and
energy homeostasis persist, the intracellular nutrient sensor
mTOR plays a major role in this interaction during cardiac
remodeling (Yang and Ming, 2012; Sciarretta et al,, 2014; Tan and
Miyamoto, 2016). Considering the pivotal functions of autophagy
and energy homeostasis in the pathological mechanism of cardiac
remodeling and the complex relationship between these processes,
studies examining key mechanisms related to the interaction between
autophagy and energy homeostasis may contribute to the discovery of
new strategies to prevent or treat cardiac remodeling in the future.
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