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Novel Strategies for the Modulation of Autophagy in the Prevention of 
Cardiovascular Disease

Abstract

Autophagy is a critical homeostatic process in the cardiovascular system, which preserves cardiomyocyte viability under 
diverse pathophysiological conditions. In healthy heart, different intracellular signaling molecules activate the autophagy 
pathway that link mitochondrial quality control, redox balance, and inflammatory regulation to maintain cardiac function. 
However, in diseased heart, dysregulation of cardiac homeostasis is associated with disruption of autophagy flux, reduction of 
mitochondrial clearance, amplification of reactive oxygen species production, promotion of inflammasome activation, impair-
ment of the autophagy signaling pathway and induction of cardiomyocyte death. The impaired autophagy has been reported 
to contribute to the development of cardiovascular complications including ischemic heart disease, diabetic cardiomyopathy, 
drug-induced cardiotoxicity, and heart failure. A shift in autophagic mode from an activated state to maladaptive impaired 
condition following calcium imbalance, oxidative stress, mitochondrial dysfunction, and chronic inflammation during the pro-
gression of heart disease. Several pharmacological agents, which exert beneficial effects in cardiovascular diseases, have been 
shown to modulate the process of autophagy. It is suggested that specific modulation of the autophagic process may offer novel 
strategies for the development of therapeutic interventions for the treatment of cardiovascular diseases.
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Introduction 
Autophagy is a crucial process that removes damaged or-
ganelles and misfolded proteins in addition to recycling their 
components to promote cell survival and maintain cellular 
homeostasis. Activated autophagy also serves as an adaptive 
mechanism as it protects against diverse stressful situations 
[1–5]. In the heart, autophagy maintains contractile function 
by preserving energy production and structural integrity of 
cardiomyocytes as well as preventing the reactive oxygen spe-
cies (ROS)-induced damage [6–13]. In fact, the activated au-
tophagy is essential in the heart because cardiomyocytes are 
terminally differentiated and highly energy-dependent cells 
with limited regenerative capacity [14,15]. Hence, abnormali-
ties in autophagy during chronic pathological conditions such 
as ischemic- or nutrient stress can result in cell death and car-
diac dysfunction [2,3]. However, the mechanism that under-
lie autophagy regulation in health and disease remain poorly 
understood. In this review we provide an updated brief view 
of the role played by adaptive and maladaptive autophagy in 
the pathogenesis of cardiovascular disease. In particular, the 

involvement of impaired autophagy in development of isch-
emic heart disease, diabetes- or drug-induced cardiomyopathy 
and heart failure will be discussed. We also provide novel in-
sight into the signaling mechanisms and molecular pathways 
that modulate or regulate autophagy in the heart under normal 
and disease conditions. Furthermore, information is provided 
on pharmacological and nutraceutical interventions that may 
improve cardiovascular outcomes in individuals with heart dis-
ease. It should be pointed out that appropriate literature for this 
article was searched from MEDLINE via PubMed, using the 
term cardiac autophagy in health and disease, and only some 
pertinent articles related to the pathophysiology and pharma-
cotherapy of autophagy in cardiac dysfunction were selected 
for citation.

General Consideration for the Role of Activated vs 
Impaired Autophagy in Heart Disease 
Several pre-clinical studies have demonstrated that activated 
autophagy exerts significant cardioprotective effects under dif-
ferent stress-induced pathological conditions including starva-
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Table 1: Modification of autophagy in cardiac health and disease by some hormones.

tion, nutrient deprivation, ischemia, hypoxia, hemodynamic 
overload, aging and cancer therapy exposure [16–29]. Acti-
vated autophagy has also been shown to support cardiomyo-
cyte survival and cardiac function by preserving mitochondrial 
quality control, improving Ca²⁺ handling, limiting oxidative 
stress, and [4,30–36]. During ischemia-reperfusion injury (I/R) 
as a consequence of nutrient and oxygen deprivation, autoph-
agy supplies metabolic substrates through intracellular recy-
cling, limits cardiomyocyte death and reduces infarct size [37]. 
Autophagy is also involved in removing damaged mitochon-
dria and interaction with different Bcl-2 family proteins such 
as Beclin-1 to inhibit cell death. At initial stages, autophagy 
is protective whereas at late stages, impaired autophagy acti-
vation may contribute to enhanced cardiac function follow-
ing I/R [20]. Also, impaired mitophagy has been reported to 
cause depletion of damaged mitochondria, leading to reduced 
ATP production, contractile dysfunction, cardiac remodeling 
and heart failure [38–40]. In pressure overload induced car-
diac hypertrophy, autophagy maintains protein quality control 
thereby preventing accumulation of misfolded proteins, that 
would otherwise result in cell death and heart failure [21,41]. 
Additionally, the anti-inflammatory effects of autophagy for 
removing activated inflammasomes and limiting the release 
of damage-associated molecular patterns (DAMPs) are well-
known [42–46]. It should be noted that, Ca²⁺ has also been 
reported to influence autophagy by regulating autophagosome 
formation, mitochondrial quality control and development of 
oxidative stress; however, excessive amount of Ca2+ has been 
shown to impair the autophagic process and cause cardiomyo-
cyte death [33,47,48]. These observations support the view that 
autophagy can be adaptive or maladaptive resulting from ex-
cess or impaired activation.

Role of Key Regulators of Autophagy in Cardiac Dys-
function
In pathological settings, autophagy may shift from a cardio-

protective mechanism to a contributor to cardiomyocyte injury 
due to degradation of sarcomeric proteins, myocardial thin-
ning, ventricular dilation and cardiac dysfunction [5,49–53]. 
There is over welcoming evidence that impaired autophagy 
contributes to the development of cardiovascular diseases such 
as IR injury, hypertension, atherosclerosis, cardiomyopathies, 
drug-induced cardiotoxicity, cardiac remodeling and heart fail-
ure [20,22,29,38,54–59]. Furthermore, incomplete autophagy 
flux, accumulation of autophagosomes and defective lysosom-
al clearance have resulted in the leakage of damaged organelles 
and activation of inflammatory pathways in the hearts [60–63]. 
Moreover, dysregulation of Ca2+ homeostasis reportedly leads 
to impaired autophagy pathways and protein aggregate protein 
clearance cardiac disease states such as I/R injury, cardiac hy-
pertrophy, coronary heart disease, diabetic cardiomyopathy and 
heart failure [64-69]. Likewise, activated autophagy declines 
with aging [70], contributing to cardiac dysfunction, fibrosis, 
and reduced stress tolerance [24,71,72]. As well, certain drugs 
such as chemotherapeutic agents, have been shown to produce 
impaired autophagy by inhibiting lysosomal function, and thus 
result in cardiomyocyte death and cardiomyopathy [25–28]. 
Additionally, marked effects of hormones induced regula-
tion and dysregulation of autophagy in the context of cardiac 
health and disease have been demonstrated [73–77]. A dual 
role of autophagy, promoting cell survival or cell death, has 
been considered to be controlled by various complex signal-
ing networks and regulatory pathways [78,79]. Modification 
of autophagy in both healthy and diseased hearts by hormones, 
have been shown to affect autophagy, are shown in Table 1 [80-
88]. Furthermore, key intracellular regulators such as mTOR 
(Mechanistic target of Rapamycin), AMPK (AMP-activated 
protein kinase), ULK1 (Unc-51-like autophagy activating ki-
nase), TFEB (Transcription factor EB), FOXO (Forkhead box 
class O), UPR (Unfolded protein), ER (Endoplasmic reticu-
lum) are depicted in Table 2 [89−100]. It is noteworthy that 
the regulatory pathways including 5'-AMP-activated protein 

Regulators Effects on
Autophagy

Role in Cardiac Health Role in Cardiac Disease References

Insulin Inhibition Suppresses autophagy when nutri-
ents are abundant but releases inhibi-
tion during stressful conditions

Chronic dysregulation of autoph-
agy; disruption of mitochondrial 
quality control; proteotoxic stress 
and cardiac dysfunction

[73,80,81]

Thyroid 
Hormones

Regulation Protective influence on cardiac me-
tabolism and mitochondria function

Deficiency disrupts autophagy bal-
ance leading to cardiac dysfunction

[74,82]

Catecholamines Both activa-
tion and inhi-
bition

Acute activation is adaptive and car-
dioprotective

Chronic or prolonged exposure 
uncouples energetic demand from 
clearance capacity leading to im-
paired autophagy and cardiac dys-
function

[75,83,84, 85]

Angiotensin II Stimulation Acute activation of adaptive autoph-
agy 

Chronic activation disrupts autoph-
agy flux, developing hypertrophy, 
fibrosis and heart failure

[72,76]

Melatonin Promotes au-
tophagy

Inhibits inflammation; mitochon-
drial repair with metabolic demand, 
enhances autophagy flux, prevents 
oxidative stress induced autophagy 
imbalance, and circadian guardian of 
cardiac autophagy

Decline or disruption of melatonin 
signaling contributes to cardiac dis-
ease

[77,86,87, 88]
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kinase (AMPK), Beclin-1–mediated autophagosome, SIRT1 
signaling autophagy-related genes (ATGs) and the ULK1 com-
plex initiate autophagy in cardiomyocytes [101−103]. On the 
other hand, accumulation of LC3-II and degradation of p62 
indicate dysregulation of autophagy, suggesting impaired au-
tophagic flux and cell death [104,105]. It is also pointed out 
that prolonged exposure of cardiomyocytes to several activa-
tors of autophagy also leads to defective lysosomal degrada-
tion, imbalance between autophagy and apoptosis pathways, 
mitochondrial dysfunction, intracellular Ca²⁺-overload and 
chronic inflammation for the progression of cardiac remodel-
ing, and heart failure [90,106]. These observations suggest the 
formulation of new strategies to develop clinical interventions 
for the prevention of cardiovascular diseases by modulating 
targets associated with autophagy regulation and dysregulation 
[90,106,107].

Modulation of Impaired Autophagy in Heart Disease
In view of the fact that mTOR-AMPK-SIRT1 axis is a key 
regulatory pathway in autophagy, it is the mTOR, Mechanistic 
target of Rapamycin; AMPK, AMP-activated protein kinase; 
ULK1, Unc-51-like autophagy activating kinase; TFEB, Tran-
scription factor EB; FOXO, Forkhead box class O; UPR, Un-
folded protein; ER, Endoplasmic reticulum target of various 
pharmacological interventions for the improvement of cardiac 
function in cardiovascular disease [108−112]. Autophagy acti-
vators, such as everolimus and rapamycin have been shown to 
reduce hypertrophy, improve post-infarction remodeling, en-
hance contractile recovery, and promote mitochondrial clear-
ance by inhibiting mTOR, activating ULK1 and promoting 
autophagosome formation [9,53,113]. The mTOR inhibitor, 
metformin, has been reported to protect the heart under disease 

conditions such as diabetic cardiomyopathy and I/R injury by 
stimulating ULK1 to enhance autophagic flux, thereby improv-
ing cardiac energetics, reducing apoptosis, and promoting mi-
tophagy [92]. Leptin, a protein involved in obesity, inhibited 
autophagy by depressing the intracellular free Ca2+ via increas-
ing oxidative stress [114]. Moreover, Pim1 overexpression 
enhanced autophagy via AMPK/mTOR/ATG5 pathway and 
decreased apoptosis in hypoxic cardiomyocytes [115]. Also, 
the AMPK activator, AICAR (5-Aminoimidazole-4-carbox-
amide ribonucleoside), has been shown to promote autophagy 
in ischemic and hypertrophic models by reducing oxidative 
stress. Furthermore, a potent SIRT1 activator, SRT1720, was 
found to restore mitochondrial quality and reduce fibrosis in 
models of heart failure and aging by promoting autophagy 
via deacetylation [99]. Additionally, elevated levels of nico-
tinamide adenine dinucleotide, resulting from the SIRT1 acti-
vator nicotinamide riboside, has been shown associated with 
enhanced SIRT1 activity, increased autophagy, improved mito-
chondrial biogenesis, and heightened autophagy turnover due 
to I/R and heart failure [116]. Adiponectin has been reported to 
activate AMPK-dependent autophagy, particularly in ischemia 
and diabetic cardiomyopathy, thereby improving survival and 
reducing hypertrophy by inhibiting an H2O2-induced AMPK/
mTOR/ERK-dependent activity in mice [117]. Several phar-
macological agents, which are known to exert beneficial ef-
fects in myocardial infarction, heart failure and cardiomyopa-
thies, have also been reported to modulate impaired autophagy 
[25,51,53,58,77,91,63]. Furthermore, physiological activities, 
such as exercise and caloric restriction, induce autophagy via 
the AMPK-SIRT1-mTOR signaling pathways which is crucial 
for addressing aging and metabolic syndrome, preserve mito-
chondrial health and cardiac contractility [106]. 

Table 2: Modification of autophagy in cardiac health and disease by some regulators such as protein kinases, 
transcription factors and other intracellular biologically active proteins.

Regulators Effects on
Autophagy

Role in Cardiac Health Role in Cardiac Disease References

mTOR Inhibition Regulates autophagy Increased mTOR activity suppresses au-
tophagy in metabolic disease and hyper-
trophy

[89]

AMPK Activation Protective during energetic stress Increased AMPK produces hyperactiva-
tion; excessive autophagy during acute 
ischemia

[90]

ULK1 Activation Integrates nutrient and stress 
signals; preserves mitochondrial 
quality and maintains cardiac 
function

Dysregulation or overactivation con-
tributes to mitochondrial dysfunction, 
cardiomyocyte loss, and progression of 
heart failure 

[91,92]

TFEB Activation of 
lysosomal/
a u t o p h a g y 
genes

Enhances clearance of damaged 
organelles; pace with autopha-
gosome formation, preserves 
proteostasis and mitochondrial 
health.

TFEB insufficiency accelerates cardiac 
aging and heart failure whereas tuned 
activation is cardioprotective

[93]

FOXO Activation Stress response Overactivation leads to atrophy and 
structural degradation

[94]

PINK1–Parkin Activation of 
mitophagy

Prevents mitochondrial dysfunc-
tion

Dysfunction leads to impaired mitopha-
gy and toxic mitochondrial buildup

[95,96]

BNIP3L/NIX Induction of 
mitophagy

Preserves mitochondrial quality 
and cardiac function.

Mitochondrial depletion, cardiomyocyte 
death, and heart failure progression

[25,26,97,98]

UPR/ER Stress Activation Helps to manage misfolded pro-
teins

Chronic activation leads to maladaptive 
remodeling

[5,9,99,100]
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Several nutraceutical agents have been demonstrated to exert 
cardioprotective effects in some cardiovascular diseases by 
modulating impaired autophagy [24,118−121]. In this regard, 
it is pointed out that berberine, a natural compound, activates 
AMPK and inhibits mTOR, thereby inducing autophagy; this 
agent has been shown to preserve myocardial contractility and 
reduce inflammation in ischemia and diabetic cardiomyopathy 
[118]. Another compound, curcumin has been reported to at-
tenuate hypertrophy in a pressure overload model by modu-
lating autophagy via the AMPK and phosphoinositide 3-ki-
nase (PI3K)/Akt pathways [120,121]. Curcumin maintained 
cardiomyocyte function and attenuated myocardial injury by 
inhibiting autophagy-dependent ferroptosis via SIRT1/AKT/
FOXO3a signaling in rats [120]. 
Moreover, chronic curcumin treatment protected against dia-
betic cardiomyopathy and ameliorated cardiac dysfunction 
by restoring cardiac autophagy and suppressing apoptotic cell 
death in cardiomyocytes [121]. Furthermore, quercetin was 
found to protect against ROS and apoptosis by promoting au-
tophagy via enhanced AMPK-Beclin1 signaling in doxorubi-
cin-induced cardiotoxicity and oxidative stress injury [119]. 
SIRT1 activators, resveratrol, have been shown to deacetylate 
autophagy-related proteins, such as Atg5, Atg7, and LC3 im-
prove cardiac contractility, mitigates apoptosis, and enhances 
autophagic flux in ischemic and doxorubicin cardiomyopathy 
[103]. Resveratrol has been shown to restore autophagy and 
decrease apoptosis in various experimental models, including 
diabetic cardiomyocyte cultures, pressure-overload rat models, 
and ischemic myocardium in high-cholesterol diet animals, 
[63], thereby, enhancing cardiac function by attenuating au-
tophagy inhibition via the mTOR pathway [103]. Baicalein, a 
natural flavonoid, attenuated cardiac hypertrophy in mice by 
suppressing oxidative stress and activating autophagy in car-
diomyocytes [118]. Quercetin exerted cardioprotective effects 
by regulating autophagy to drive M2 macrophage polarization 
in myocardial reperfusion injury in rats [28,119]. These ob-
servations provide a solid evidence that various nutraceutical 
agents improve cardiac function by modulating impaired au-
tophagy in different cardiovascular diseases.

Conclusion
From the forgoing discussion, it is evident that activated au-
tophagy plays a vital role in removing the damaged organelles 
and promoting cell survival for maintaining cardiac homeosta-
sis and function. On the other hand, impaired autophagy as a 
consequence of oxidative stress, intracellular Ca2+-overload 
and cardiac inflammation promotes cardiomyocyte loss, mi-
tochondrial dysfunction, myocardial damage and maladaptive 
remodeling during the development of I/R injury, pressure 
overload, hypertension, aging, and heart failure. There appears 
to be a shift from activated autophagy to impaired autophagy 
during the progression of cardiovascular disease; however, the 
mechanisms for such a shift are poorly understood at present. 
Accordingly, several pharmacological and nutraceutical inter-
ventions that modulate impaired autophagy have been reported 
to produce beneficial effects in cardiac diseases by affecting 
various key hormonal and intracellular protein associated 
signal transduction mechanisms. The modulation of several 
autophagy associated signaling molecules including AMPK 
and mTOR has been shown to reduce the risk and delay the 
progression of heart disease. However, there is a challenge in 
developing specific interventions targeting autophagy signal-
ing regulators for improved treatment of patients with cardio-
vascular disease.
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