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ABSTRACT: Aging is a pivotal risk factor for developing cardiovascular diseases (CVD) due to the lifelong 

exposure to various risk factors that may affect the heart and vasculature during aging. AMP-activated protein 

kinase (AMPK), a serine/threonine protein kinase, is a pivotal endogenous energy regulator that protects against 

various pathological alterations. In this report, we first introduced the protective mechanisms of AMPK signaling 

in myocardium, such as oxidative stress, apoptosis, inflammation, autophagy and inflammatory response. Next, 

we introduced the potential correlation between AMPK and cardiac aging. Then, we highlighted the roles of 

AMPK signaling in cardiovascular diseases, including myocardial ischemia, cardiomyopathy, and heart failure. 

Lastly, some potential directions and further perspectives were expanded. The information extends our 

understanding on the protective roles of AMPK in myocardial aging, which may contribute to the design of drug 

targets and sheds light on potential treatments of AMPK for aging-related CVD.  
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1. Introduction 

 

Over the past decades, the human life expectancy has been 

greatly prolonged due to the improvement of medical and 

health conditions leading to a high prevalence of aging-

related diseases, such as cardiovascular diseases (CVD), 

cerebrovascular disease, cancer, et al [1]. According to the 

Heart Disease and Stroke Statistics 2019, it is reported 

that CVD causes immense health and economic burdens 

in the United States and globally [2]. Burden and 

mortality of most CVD can be traced back to four adverse 

health behaviors (smoking, poor diet, elevated body mass 

index, sedentary lifestyle) and three major risk factors 

(hypercholesterolemia, hypertension, diabetes) [3].  

Myocardial contractile function displays a dramatic 

decline with aging and contributes to the cardiac 

morbidity and mortality in the elderly [4]. Surprisingly, 

although there have been advances in care that have 

spurred improvements in cardiovascular outcomes, 

cardiovascular disease remains the leading cause of death 

around the world [5]. In 1995, it was found that AMP-

activated protein kinase (AMPK) was activated during 

myocardial ischemic reperfusion (MIR), which is 

associated with high rates of fatty acid oxidation [6]. 

Before long, Sambandam et al. found that AMPK 

promotes glucose uptake, glycolysis, and fatty acid 

oxidation during MIR [7]. Previous studies have 

suggested that dysfunctional metabolism involving 

glucose and fatty acid (FA) is closely related to 
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myocardial ischemic injury. Accumulating evidence has 

suggested that the activation of AMPK may confer 

cardioprotection in aging heart, which is the pathological 

alteration and terminal stage of CVD. AMPK, which is 

widely distributed in various cells and organs as a 

heterotrimeric protein complex, consists of 3 subunits 

including catalytic α (66kDa) subunits, regulatory β (38 

kDa) and γ (38 kDa) subunits which occur as multiple 

isoforms (α1/α 2; β1/β2; γ1/γ2/γ3) encoded by distinct 

genes [8]. Compelling evidence has indicated that 

activated AMPK ameliorates myocardial ischemia-

reperfusion injury (IRI) [8-10]. while the absence of 

AMPK may promote IRI in an aged heart [11].  

This review focuses on the roles of AMPK in aging-

related CVD. First, we introduce protective mechanisms 

of AMPK signaling in myocardium and cardiac aging. 

Thereafter, we highlight the roles of AMPK in CVD. 

Eventually, therapeutic targets and possible mechanisms 

are described. In summary, the information compiled here 

will serve as a helpful reference for AMPK and hopefully 

aid in the design of future experimental studies and 

therapeutic target in aging-related CVD. 

 

2. Protective mechanisms of AMPK signaling in 

myocardium 

 

2.1 Oxidative stress 

 

Oxidative stress refers to the pathological imbalance 

between the production of reactive oxygen species (ROS) 

and the endogenous antioxidant defense system [12]. 

Excessive ROS has a negative effect on the myocardial 

calcium handling, arrhythmia, and cardiac remodeling as 

it induces hypertrophic signaling, apoptosis, and necrosis 

[13]. Advances in cardiovascular research have identified 

oxidative stress as an important pathophysiological 

pathway in the development and progression of cardiac 

aging and heart failure. 

Some studies have uncovered some mechanisms 

involving oxidative stress and AMPK in myocardium. 

Recently, there is evidence to support that a series of 

hormones and natural drugs are implicated in AMPK 

activation. Fibroblast growth factor (FGF) 19, an 

endocrine-derived hormone, can induce the activation of 

AMPK under hyperglycemia. Li et al used streptozotocin 

(STZ)-induced diabetic mice model and observed that 

FGF19 treatment leads to a significant increase in Nrf2 

and HO-1 protein expression. However, treatment with 

AMPK inhibitor compound C remarkably reverses the 

above-mentioned effects, suggesting that FGF19 has a 
protective role on the heart by averting oxidative stress-

related diabetic cardiomyopathy through activation of the 

AMPK/Nrf2/HO-1 pathway [14]. In addition, Yang’s 

group found that FGF21 has physiological and 

pharmacological functions that prevent type 2 diabetic 

lipotoxicity-induced cardiomyopathy through activation 

of both AMPK/Akt2/Nrf2-mediated antioxidative 

pathway and AMPK/ACC/CPT-1-mediated lipid-

lowering effect [15]. Fortunellin is a natural plant product 

isolated from the fruits of Fortunella margarita and 

belongs to flavonoids. Zhao et al observed that Fortunellin 

can recover high fructose-induced low levels of p-AMPK 

in vivo and in vitro. They found that Fortunellin protected 

against fructose-induced inflammation and oxidative 

stress by enhancing AMPK/Nrf2/HO-1 pathway in 

diabetic mice and cardiomyocytes with fructose treatment 

[16]. Kosuru and colleagues discovered that pterostilbene 

significantly reduces post-ischemic cardiac infarct size, 

hypoxia/reoxygenation-induced oxidative stress, and 

increases the activity of AMPK in diabetic rats 

cardiomyocytes [17]. In Kosuru’s subsequent studies, it 

revealed that the effect above is achieved by activating 

AMPK/Nrf2/HO-1 signaling [18]. Guo’s group 

demonstrated that resveratrol protects cardiomyocytes 

against high glucose-induced apoptosis through 

suppression of NADPH oxidase-derived ROS generation 

and maintenance of endogenous antioxidant defenses in 

primary cultured neonatal rat cardiomyocytes, which are 

mostly mediated by AMPK related pathway [19]. Taken 

together, these findings suggest that AMPK protects 

against oxidative stress in the heart and acts as a potential 

therapeutic target. 

 

2.2 Apoptosis 

 

Apoptosis is the process of programmed cell death, which 

is considered as a vital component of cell life including 

normal cell turnover, proper development, and 

functioning of the immune system, hormone-dependent 

atrophy et al [20, 21]. Numerous studies have recently 

reported that inappropriate apoptosis (either too little or 

too much) is a factor involved in various diseases 

including neurodegenerative diseases, CVD, and cancer 

[22-25]. 

Previously, it has been reported that the inhibition of 

AMPK results in the initiation of cardiac apoptosis, 

suggesting that the regulation of AMPK pathway has an 

important function in the cardiovascular system (CVS) 

[26, 27]. Current studies have confirmed that endoplasmic 

reticulum (ER) stress (ERS) is associated with 

cardiomyocyte apoptosis [28, 29]. Under diverse stress 

conditions such as ischemia, the normal function of the 

ER becomes impaired leading to an imbalance in the 

protein homeostasis networks with concomitant 

accumulation of misfolded proteins in the ER lumen, 

called ERS [30]. Notably, chronic and persistent ERS may 

induce the degenerative ERS pathway, which leads to 
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apoptosis. Nam et al discovered that activated protein C 

(APC) protects against methylglyoxal (MGO)-induced 

myocyte apoptosis via inhibiting ERS [31]. They 

demonstrated that APC can activate AMPK signaling 

which has been shown to prevent ER stress-induced 

apoptosis [32]. Melatonin, a documented potent 

antioxidant, can markedly alleviate the doxorubicin 

(DOX)-induced acute cardiac dysfunction via 

AMPK/PGC1α signaling pathway. Liu and colleagues 

found melatonin cotreatment could markedly inhibit acute 

DOX-induced apoptosis by decreasing the levels of pro-

apoptotic protein (Bax and caspase 3) and elevate the 

levels of anti-apoptotic Bcl2 protein both in vivo and in 
vitro. Even so, the inhibition of both AMPK and PGC1α 

partially reversed the above effects exerted by melatonin, 

suggesting that the AMPK/PGC1α pathway is involved in 

the anti-apoptotic protective effects of melatonin against 

DOX cardiotoxicity [33]. In addition, Al-Damry’s group 

demonstrated that sitagliptin protected against cardiac 

apoptosis by activating LKB/AMPK/Akt pathway as well 

as reducing the activity of GSK3β and p38α/MAPK [34].  

 

2.3 Autophagy 

 

Autophagy is a life process of lysosome-mediated 

misfolded protein and aging damaged organelle 

degradation that plays a crucial role in the maintenance of 

cellular homeostasis and the recycling of material and 

energy [35-37]. Under physiological conditions, the level 

of autophagy is low but is rapidly increased when 

stimulated by various injury factors in the internal and 

external environments [35]. Compelling evidence has 

indicated that autophagy has major role in the regulation 

of cardiac homeostasis and function [36, 38]. 

An increasing body of evidence has uncovered that 

some mechanisms are involved in AMPK and autophagy 

in the heart. He et al demonstrated that AMPK restores 

cardiac autophagy and prevents cardiomyopathy in 

diabetic mice and high glucose-treated H9c2 cells. 

Exposure of H9c2 cells to high glucose reduces AMPK 

activity, inhibits Jun NH2-terminal kinase 1 (JNK1)-B-

cell lymphoma 2 (Bcl-2) signaling, and promotes Beclin1 

binding to Bcl-2. Nevertheless, the activation of AMPK 

by metformin stimulates JNK1/Bcl-2 signaling and 

dissociates Beclin1 and Bcl-2, thus restoring cardiac 

autophagy. Therefore, the dissociation of Bcl2 from 

Beclin1 may be a significant mechanism by which AMPK 

activation restores autophagy, protects against cardiac 

apoptosis, and prevents diabetic cardiomyopathy [39]. 

This was also in good agreement with another report [40]. 

Irisin, a novel polypeptide hormone proteolytically 

processed from fibronectin type III domain-containing 

protein 5 (FNDC5), protects against cardiac hypertrophy 

and improves chronic pressure overload-impaired 

autophagy flux via the activation of AMPK signaling [41]. 

Previous researches have shown that AMPK activates 

autophagy by two different pathways: deactivating 

mTORC1 or directly phosphorylating a protein kinase, 

ULK1 [42]. Li and colleagues discovered irisin activates 

autophagy via AMPK/ULK1 signaling independent of 

mTOR-S6K. Whereas autophagy may be protective 

during ischemia, it may be detrimental during reperfusion 

[43, 44]. Wang et al found that metformin could restore 

autophagy flux during MI/R via promoting both 

cytoplasmic AMPKα1- and nuclear AMPKα2-related 

signaling [45]. They observed, that during the reperfusion 

period, AMPKα1/mTOR/TFEB and AMPKα2/Skp2/ 

CARM1/TFEB signaling was inhibited, which 

contributed to autophagy suppression. Particularly, 

metformin can reverse the above effects. This suggests 

that increasing the TFEB level by AMPK may restore the 

cardiac function during MI/R. Recently, Li et al identified 

the correlation between nuclear AMPK and CARM1 in 

aging heart [46]. In aged heart, AMPK deficiency 

increased the expression of S-phase kinase-associated 

protein 2 (SKP2), which is responsible for degrading 

CARM1, eventually contributing to autophagy 

dysfunction in aged hearts. Notably, Ren et al discovered 

that Akt2-AMPK double knockout mice. Besides, Akt2-

AMPK double knockout restrains autophagy by 

decreasing Atg5, Atg7, Beclin1, LC3BII/LC3BI ratio and 

increased p62; and suppresses mitophagy by reducing 

Parkin, Pink1, Bnip3, FundC1, PGC-1α, UCP2, and 

TFEB. The data indicates that Akt2-AMPK double 

ablation predisposes cardiac aging possibly related to 

compromised autophagy and mitophagy [47]. Moreover, 

they also discovered that Akt2 ablation prolongs life span 

and improves myocardial contractile function with 

adaptive cardiac remodeling via SIRT1-mediated 

autophagy regulation [48], whereas chronic Akt 

activation accentuates aging-induced cardiac hypertrophy 

and myocardial contractile dysfunction [49]. ALDH2 

enzyme may suppress myocardial autophagy possibly 

through IKKβ-/AMPK-dependent mechanism en route to 

accentuation of myocardial remodeling and contractile 

dysfunction in aging [50]. Thus, the mechanisms of 

autophagy during myocardial reperfusion should be the 

focus of new research. Taken together, these findings 

demonstrate that AMPK-dependent autophagy plays a 

protective role in the heart during ischemia. 

 

2.4 Inflammation 

 

Inflammation is a defensive response that underlies a wide 

variety of physiological and pathological processes [51, 

52]. It is worth noting that chronic inflammation has a 

decisive role in the development of numerous diseases 

such as diabetes, fatty liver disease, CVD and so on [53]. 
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Current studies have uncovered some mechanisms 

involving AMPK and inflammatory response in the heart 

[16, 54]. 

Studies have found that inflammation in the early 

stages of infarction may not be entirely detrimental, it may 

even exert some salutary effects by promoting autophagy. 

However, at 4 weeks after left coronary artery (LCA) 

ligation, the levels of inflammatory cytokines are still 

substantially higher in the heart, suggesting a heightened 

state of inflammation in the chronically ischemic heart 

[55]. AMPK activation significantly attenuates the 

JNK/NF-κB signaling cascade and inhibits mRNA and 

protein levels of pro-inflammatory cytokines, such as 

TNF-α and IL-6, during hypoxia/reoxygenation in H9c2 

cells, suggesting that AMPK may play a protective role in 

early myocardial ischemia [54]. Interestingly, Ren et al 

found that autophagy was dampened through an 

AMPK/mTOR/ULK1-dependent mechanism in the 

adiponectin deficiency, which exacerbates the cardiac 

dysfunction, apoptosis, and inflammation [56]. In 

addition, administration of PT significantly decreases 

cardiac hypertrophy, hypertension, oxidative stress, 

inflammation, NF-κB expression, and NLRP3 

inflammasome in fructose-fed rats [18]. Wang et al 

administered TNF-α inhibitor to the mice daily during the 

first week of myocardial infarction and discovered that the 

TNF-α inhibitor remarkably inhibited autophagy and 

promoted myocyte apoptosis in the border zone [55]. 

Furthmore, Cieslik and colleagues found that AICAR 

treatment suppresses excessive monocyte chemoattractant 

protein-1 (MCP-1) generation, which diminished 

leukocyte infiltration and in consequence inhibits the 

formation of macrophage-derived myeloid fibroblasts. 

Interestingly, the number of mesenchymal fibroblasts is 

also reduced. Mechanically, AICAR-mediated AMPK 

activation inhibits the deposition of ECM and fibrosis in 

aging heart [57]. Aging promotes cardiac inflammation, 

the effect was attenuated by migration inhibitory factor 

(MIF) knockout. Intriguingly, aging-induced unfavorable 

responses were reversed by treatment with the autophagy 

inducer rapamycin, with improved myocardial ATP 

availability in aged WT and MIF−/− mice. Using an in vitro 

model of senescence, MIF knockdown exacerbates 

doxorubicin-induced premature senescence in H9c2 

myoblasts, the effect was ablates by MIF replenishment, 

possibly via activated AMPK [58]. Therefore, early 

treatment with anti-inflammatory drug may adversely 

affect the cardiac function. Therefore, we can deduce that 

AMPK may play a pivotal role in early MI by anti-

inflammation, promote autophagy and anti-apoptosis. 

The interplay of the above mechanisms and 

pathways contribute to cardioprotection of AMPK. 

AMPK activation has pleiotropic effects in the heart and 

which mechanisms are essential to the cardioprotective 

actions of AMPK in aging heart remain to be further 

explored (Table 1). 

 

 

Table 1. Protective mechanisms of AMPK signaling in myocardium. 
 

Models Regulation Effects References 

C57BL/6 mice Oxidative stress FGF19 activates AMPK to prevent ROS production 

protect the diabetic cardiomyocytes from oxidative 

stress induced damage 

Li et al. 

(2018) [14] 

H9C2 cells / Diabetic mice Oxidative stress and 

Inflammation 

Fortunellin protects against fructose-induced 

inflammation and oxidative stress by enhancing 

AMPK/Nrf2 pathway 

Zhao et al. 

(2017) [16] 

Sprague-Dawley rats Oxidative stress and 

Apoptosis 

Pterostilbene activates AMPK to suppress cardiac 

oxidative stress and apoptosis 

Kosuru et al. 

(2018) [17] 

Neonatal rat cardiomyocytes Oxidative stress Resveratrol inhibits ROS production by increasing 

phosphorylation of AMPK 

Guo et al. 

(2015) [19] 

H9C2 cells/C57BL/6 mice Oxidative stress and 

Apoptosis 

Melatonin inhibits apoptosis and oxidative stress via the 

activation of AMPK and upregulation of PGC1α with 

its downstream signaling  

Liu et al. 

(2018) [33] 

H9c2 cells Autophagy AMPK restores autophagy and protects against cardiac 

apoptosis. 

He et al. 

(2013) [39] 

FNDC5(irisin-precursor) homozygous 

knockout (FNDC5-KO) mice / 

Cardiomyocytes from neonatal 

Sprague–Dawley rats 

Autophagy Irisin protects against cardiac hypertrophy by inducing 

protective autophagy and autophagy flux via activating 

AMPK-ULK1 signaling 

Li et al. 

(2018) [41] 

APN knockout (APNKO) mice  Apoptosis and 

Inflammation 

Adiponectin knockout exacerbates LPS-induced cardiac 

dysfunction 

Ren et al. 

(2016) [56] 

H9c2 cells  Inflammation AMPK activation inhibits mRNA and protein levels of 

pro-inflammatory cytokines, such as TNF-α and IL-6 

Chen et al. 

(2018) [54] 
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3. AMPK and cardiac aging 

 

Aging is the most important risk factor that results in the 

development of CVD because of the lifelong exposure to 

various cardiovascular risk factors and specific 

environmental alterations affecting the heart and the 

vasculature during aging [59-62]. Cardiac aging 

manifests as a decline in function leading to heart failure. 

Vascular aging, a major risk factor for CVD, refers to the 

structural and functional defects that occur in the aorta 

during the aging process [63]. It’s important to consider 

that aging and heart disease are the main health-care 

burdens of industrialized nations in the 21st century, 

therefore it is particularly important to find effective 

therapies to restore the function of aging heart. One study 

reported that aging affects the cardioprotective AMPK 

signaling pathway, which plays a pivotal role in the 

increased susceptibility to myocardial ischemia observed 

in older cardiac patients [64]. Recently, compelling 

evidence has indicated that AMPK is a potential target 

that improves the function of aging heart and delay the 

aging process [46, 65]. 

Accumulating evidence suggests that the activation 

of AMPK signaling pathway can significantly reduce 

myocardial injury in aging hearts. Li et al found that 

AMPK activation is markedly impaired in aged hearts 

following IR compared to young hearts [65]. They further 

found that cardiac SIRT1 mediates AMPK activation via 

LKB1(Liver kinase B1, LKB1) deacetylation, and AMPK 

modulates SIRT1 activity via regulation of NAD+ level 

during MI. Importantly, the SIRT1 protein level and 

activity decline in aging heart, resulting in the impairment 

of the AMPK signaling. This suggests that SIRT1 and 

AMPK agonists have therapeutic potential for treatment 

of aging-related ischemic heart disease [65]. It has been 

shown that autophagy plays an active role in MI. 

Nonetheless, autophagy downregulation leads to 

cardiomyocyte dysfunction in aged hearts compared to 

young hearts [46, 66]. Li and colleagues observed that 

fasting induces AMPK-FoxO3a phosphorylation is 

significantly reduced in the aged heart which leads to the 

decline of CARM1 and impairment of the autophagy flux 

[46]. Surprisingly, AMPK dependent FoxO3a 

phosphorylation increases in the nucleus after AMPK 

activator AICAR treatment which results in the reduction 

of SKP2 and increase of CARM1. Finally, autophagy 

rejuvenates in senescent hearts. This indicates that the 

restoration of autophagy via activation of AMPK 

signaling can restore the cardiac function and decrease 

symptoms in an aged heart. These findings suggest that 

AMPK may be a potential strategy for delaying cardiac 

aging. 

 

4. AMPK and aging-related CVD 

 

4.1 Myocardial ischemia 

 

Myocardial ischemia is the early pathological stage of 

CVD, such as myocardial infarction, and heart failure 

[67]. Incidence of myocardial IR injury is rapidly 

increasing worldwide. To limit the myocardial infarct size 

and reduce mortality, early restoration of blood flow to the 

ischemic myocardium is a common treatment strategy. 

An increasing body of evidence indicates that 

AMPK has a major role in myocardial ischemia. Omentin, 

an adipokine, ameliorates acute ischemic injury in the 

heart by suppressing myocyte apoptosis via both AMPK- 

and Akt-dependent mechanisms [68]. Kataoka et al found 

that systemic administration of human omentin to mice 

reduced the myocardial infarct size and apoptosis after 

I/R, but the effects were reversed after inhibition of 

AMPK and Akt activity. In vitro, omentin suppresses 

apoptosis after hypoxia/reoxygenation, which is blocked 

by inactivation of AMPK or Akt. These results suggest 

that AMPK can protect heart against I/R injury in vivo or 

in vitro. As we all know, oxidative stress can aggravate 

the progression of myocardial ischemia. Trimetazidine, 

anti-anginal drug, significantly activates AMPK signaling 

during reperfusion, leading to the reduction of oxidative 

stress in the I/R hearts [69]. It is important to note that 

mitochondrial energy metabolism and oxidative stress 

play a crucial role in ameliorating myocardial 

ischemia/reperfusion injury. Tian et al. found that tilianin 

significantly reduces myocardial infarction, improves the 

pathological morphology of myocardium, markedly 

increase the contents of ATP and NAD+, decreases ADP 

and AMP contents and the ratio of AMP/ATP, reduce the 

level of ROS and MDA, enhance SOD activity, evidently 

increase the levels of AMPK, SIRT1 and PGC-1α mRNA, 

up-regulate the expressions of AMPK, pAMPK, SIRT1, 

PGC-1α, NRF1, TFAM and FOXO1 proteins. 

Interestingly, the above effect can be reserved by 

Compound C (a specific AMPK inhibitor) and EX-527 (a 

specific SIRT1 inhibitor) [70]. These results indicate that 

tilianin could attenuate MIRI by improving mitochondrial 

energy metabolism and reducing oxidative stress via 

AMPK/SIRT1/PGC-1α signaling pathway. Recently, 

Zhang’s group demonstrated that melatonin promotes the 

AMPK-OPA1-mitochondrial fusion/mitophagy axis 

against cardiac IR injury, which is also closely related to 

mitochondria [71]. Moreover, Sestrins are conserved 

proteins that accumulate in cells exposed to stress and 

potentiate adenosine monophosphate-activated protein 

kinase (AMPK) and inhibit activation of target of 

rapamycin (TOR) [72]. C57BL/6 mice were subjected to 

left anterior descending coronary artery occlusion for 

regional ischemia. Quan and colleguaes found that the 
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protein level of Sesn2 in hearts was gradually decreased 

with aging. Notably, ischemic AMPK activation was 

attenuated in aged hearts compared with young hearts. 

The AMPK downstream glucose uptake and the rate of 

glucose oxidation were significantly impaired in aged 

hearts during ischemia and reperfusion. Furthermore, 

Sesn2 knockout hearts show a cardiac phenotype and 

response to ischemic stress that is similar to wild-type 

aged hearts [73]. Taken together, the activation of AMPK 

may be an ideal therapeutic target in MIRI. 

 

4.2 Cardiomyopathy  

 

Cardiomyopathies are a heterogeneous group of heart 

muscle diseases and an important cause of heart failure 

(HF). Compelling evidence has indicated that AMPK may 

play a pivotal role in cardiomyopathy [15, 74]. 

In 2015, the first mouse model of AMPK deficiency 

demonstrated that β1β2M-KO mice suffered from dilated 

cardiomyopathy [75]. This indicate that AMPK can be a 

potential strategy to treat various cardiomyopathies. 

Mulberry granules (MLD), a traditional Chinese medicine 

prescription, protects against diabetic-associated 

cardiomyopathy via the AMPK/Nrf2 signaling pathway 

[74]. By studying an experimental myocardial 

ischemia/reperfusion (MI/R) injury model in diabetes 

rats, Liu et al found that the pretreatment with MLD 

significantly induces the expression of Nrf2 and also 

increases AMPK signaling which is upstream and is 

required for Nrf2 activation. The results suggested that 

MLD may suppress oxidative stress induced by 

hyperglycemia and MI/R by activating AMPK/Nrf2 

signaling pathway, and eventually protect against 

diabetic-associated cardiomyopathy. Al-Damry’s group 

demonstrated that sitagliptin protects against diabetic 

cardiomyopathy by attenuating apoptosis via activation of 

LKB-1/AMPK/Akt pathway and suppressing the activity 

of GSK-3β and p38α/MAPK [34]. Notably, cardio-

myopathy may sometimes manifest hypertrophy of the 

heart muscle, which may contribute to heart failure if not 

treated in time. Dong and colleagues discovered that 

AMPK can increase the ejection fraction (EF) and 

decrease the protein synthesis rate in myocardial cells in 

mice with myocardial hypertrophy [76]. Expression of 

SIRT2 levels were downregulated in hypertrophic hearts. 

SIRT2 knockout markedly exaggerates cardiac 

hypertrophy and fibrosis as well as decreases in cardiac 

ejection fraction and fractional shortening in aged mice. 

Conversely, cardiac-specific SIRT2 overexpression is 

able to protect the hearts against Ang II-induced cardiac 

hypertrophy and fibrosis and rescued cardiac function. 

Mechanistically, SIRT2 maintains the activity of AMPK 

in aged and AngII-induced hypertrophic hearts in vivo as 

well as in cardiomyocytes in vitro via LKB1 [77]. Further 

study found that AMPK inhibit the myocardial 

hypertrophy through the regulation of the myocardial 

energy metabolism via SIRT1 signaling pathway. These 

results support the ability of AMPK to suppress oxidative 

stress, reduce apoptosis and regulate energy metabolism 

against myocardiopathy. 

 

4.3 Heart failure 

 

Heart failure is the final stage in the development of heart 

disease and a dominant cause of morbidity and mortality 

in the developed world [78]. It commonly affects older 

population and with the extension of life expectancy and 

the improvement of medical and health conditions, the 

number of patients with heart failure is expected to 

increase [79]. Recently, the protective effect of AMPK in 

heart failure has been demonstrated [80, 81]. 

Myocardial injury resulting from any cause, such as 

myocardial infarction, cardiomyopathy, or inflammation, 

can eventually lead to heart failure [82]. Previous studies 

have demonstrated that AMPK can inhibit cardiac 

hypertrophy and prevent progression of heart failure by 

promoting autophagy [39-41]. On the contrary, multiple 

researches have suggested that overactive and 

dysregulated autophagy may lead to the onset and 

exacerbation of heart failure [83-85]. Li et al observed that 

AMPK activation can significantly blunt the aggravation 

of heart failure and restore the cardiac function in failing 

hearts [80]. In their study, heart failure was induced by 

pressure overload via descending aortic banding (AB). 

Compared to that in the saline control group, after AB 

surgery, 4 weeks of AICAR (AMPK activator) treatment 

significantly decreased autophagy in the failing hearts. 

It’s important to point out that in the hearts without AB 

surgery, AICAR markedly increased autophagy. The 

results suggest that AMPK activation could reduce 

autophagy in failing hearts but induce autophagy in non-

failing hearts. Further studies have found that AMPK 

improves the cardiac function during the development of 

chronic heart failure by attenuating autophagy, potentially 

via mTORC2 activation and the downstream effects. Not 

only does AMPK regulate autophagy to increase heart 

function, but also improves the heart failure and heart 

function by reducing ER stress and ROS levels, mediating 

various intracellular physiological functions, delaying 

myocardial fibrosis, and reducing heart damage [81]. 

Taken together, some drugs such as metformin, statin, 

trimetazidine, resveratrol etc., have the function of 

activating AMPK, and may be used as an alternative drug 

for the treatment of heart failure in the future. 

 

5. AMPK as a therapeutic target 
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In recent years, numerous in vitro and in vivo studies have 

demonstrated AMPK’s protective role in heart disease, 

such as myocardial ischemia. However, the clinical study 

of AMPK in CVD is rare. Thus, to further demonstrate 

whether AMPK signaling activators can be used in 

clinical practice, more clinical studies are necessary. 

Nowadays, some drugs such as metformin, statin, 

trimetazidine, resveratrol etc. have been reported as the 

AMPK activators to play a protective role in CVD in 

animal models. Whether they can be applied to human 

diseases is still a problem. 

Targeting autophagy has been confirmed a novel 

therapeutic strategy in cardiac ischemia/reperfusion 

injury. Notably, inducing autophagy via AMPK/mTOR 

signaling is protective within 6 h after ischemic episode 

while it becomes harmful after 6 h [86]. This result 

indicates that controlling the exact time of autophagy 

counts and might be taken as a window period for AMPK-

induced autophagy in MI. Li et al demonstrated that 

inducing protective autophagy and autophagy flux via 

activation of AMPK-ULK1 signaling can also protect 

against pressure overload-induced cardiac hypertrophy, 

which is independent of mTOR signaling[41]. In addition, 

the activation of AMPK by metformin stimulated JNK1-

Bcl-2 signaling and the disruption of the Beclin1-Bcl-2 

complex restores autophagy and protects against cardiac 

apoptosis in diabetic mice [39]. Taken together, the 

activation of mTOR, ULK1 and JNK1-Bcl-2 signaling by 

activating AMPK may be the potential targets against 

cardiac injury. 

Aldehyde dehydrogenase 2 (ALDH2), an abundantly 

expressed protein in heart, has an important role in cardiac 

aldehyde metabolism and detoxification [87]. Compelling 

evidence has indicated that targeting ALDH2 may be a 

new strategy for MI/R cure. Ma and his colleagues 

discovered that ALDH2 lead to enhanced Akt and AMPK 

activation, inhibition of Foxo3, apoptosis, and 

mitochondrial dysfunction against cardiac acute ethanol 

toxicity [88, 89]. Further studies revealed that ALDH2 

protects against MI/R injury possibly through restoration 

of autophagy by AMPK-mTOR and Akt-mTOR signaling 

[90]. They observed ALDH2 significantly promotes 

autophagy during ischemia, which is accompanied by 

AMPK activation and mTOR inhibition. Thus, ALDH2 as 

a drug may play a protective role in MI/R injury. AMPK 

plays an important role in the myocardial protection of 

ALDH2. Notably, Ren and colleagues found that Aging 

enhances ROS production and reduced mitochondrial 

membrane potential, the effects of which were 

accentuated by AMPK deficiency. Moreover, treatment of 

the AMPK activator metformin attenuates aging-induced 

cardiomyocyte contractile defects [4]. 

 

 

6. Problems and prospects 

 

Previous studies have mainly focused on the roles that 

AMPK plays in CVD; however, the regulatory function of 

AMPK in aging-related CVD has recently attracted great 

attention. In this review, we 1) introduced the protective 

mechanisms of AMPK signaling in the myocardium; 2) 

described the role of AMPK in cardiac aging; and 3) 

highlighted the research progress regarding the roles of 

AMPK signaling in CVD, including myocardial ischemia, 

cardiomyopathy, and heart failure. 

Although several lines of evidence have clarified the 

specific mechanisms of aberrant AMPK signaling in MI, 

the development of successful treatments that target 

AMPK remain at its infancy. More translational research 

and additional clinical trials are needed before patients 

can benefit from the regulation of the AMPK signaling 

pathway. Further investigations may focus on 1) 

identifying the relationship between AMPK 

concentrations and the incidence and progression of MI, 

2) determining how to retain AMPK signaling at 

appropriate levels to protect against MI, 3) investigating 

whether the clinical application of therapeutics targeting 

AMPK has any suboptimum potency, and 4) further 

studies on other molecules upstream and downstream of 

AMPK, which may be potential therapeutic targets for MI 

in the future. Altogether, this review presents a 

comprehensive picture of the roles that AMPK plays in 

MI and indicates the potential of AMPK as a novel 

therapeutic target for aging-related CVD. 
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