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Abstract

AMP-activated protein kinase (AMPK) is a critical regulator of cellular metabolism and plays an 

important role in diabetes, cancer and vascular disease. In the heart, AMPK activation is an 

essential component of the adaptive response to cardiomyocyte stress that occurs during 

myocardial ischemia. During ischemia-reperfusion, AMPK activation modulates glucose and fatty 

acid metabolism, mitochondrial function, endoplasmic reticulum stress, autophagy and apoptosis. 

Pharmacological activation of AMPK prevents myocardial necrosis and contractile dysfunction 

during ischemia-reperfusion and potentially represents a cardioprotective strategy for the 

treatment of myocardial infarction. This review will discuss novel mechanisms of AMPK 

activation in the ischemic heart, the role of endogenous AMPK activation during ischemia, and the 

potential therapeutic applications for AMPK directed therapy.

Introduction

AMP-activated protein kinase (AMPK) is a serine-threonine kinase, which functions as a 

fuel gauge and maintains energy homeostasis during cellular stress [1, 2]. When ATP 

consumption exceeds production, there is an ensuing increase in cellular ADP content. 

Conversion of two ADPs to AMP (and ATP) by adenylate kinase also increases the 

cytosolic concentration of AMP. The increase in both AMP and ADP activate AMPK by 

binding to the regulatory nucleotide binding domains of the AMPK gamma subunit. There is 

now increasing recognition that AMPK responds to extracellular cues, such as circulating 

hormones [3, 4] and local autocrine-paracrine factors that will be discussed subsequently in 

the context of myocardial ischemia.
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The action of AMPK to regulate cellular metabolism is highly relevant to heart disease, 

where disturbances in energy balance can lead to cardiac contractile dysfunction and cell 

death. Normally, the heart maintains energy homeostasis by generating ATP, primarily from 

mitochondrial substrate oxidation. The energy demands of the heart are high because of the 

need for ATP to maintain both the membrane ionic gradients required for electrical 

excitability and the contractile function of myofibrillar proteins. AMPK activates critical 

steps responsible for the uptake and metabolism of glucose, when oxidative metabolism is 

diminished in the ischemic heart. After the onset of ischemia, down-regulation of regional 

myocardial contractility diminishes ATP requirements, but AMPK also inhibits protein 

synthesis, which otherwise would constitute a residual energy-consuming process that can 

also lead to ER stress. Thus, the endogenous AMPK pathway has both energy generating 

and energy conserving actions that preserve cellular ATP content during ischemia-

reperfusion [5]. Specific molecular and cellular actions of AMPK in regulating metabolism 

during ischemia-reperfusion will be discussed.

The initial observations that AMPK modulated cardiac metabolism [5-8] stimulated interest 

in targeting the AMPK pathway as a novel strategy for the treatment of heart disease. Since 

that time, our understanding of the intrinsic physiological actions of AMPK activation has 

grown, while pre-clinical experiments in animal models have provided support for the 

hypothesis that AMPK activation might be cardioprotective [9, 10]. We will consider 

strategies to target AMPK in the setting of acute myocardial infarction that might have 

clinical benefit.

Molecular regulation of AMPK during ischemia

AMPK is a heterotrimeric complex composed of a catalytic α subunit and regulatory β and γ 

subunits. Each of the subunits has two or three isoforms, encoded by different genes. The 

heart expresses α1 and α2, β1 and β2, and γ1 and three distinct splice variants of γ2 isoforms 

[11, 12]. The pattern of expression changes during development and varies somewhat 

between rodent and human hearts [13]. AMPK expression is also altered under pathological 

conditions including heart failure [14].

AMPK functions as a cardiac energy sensor whose activation is highly regulated by changes 

in adenine nucleotide concentrations (Figure 1). AMP and ADP binding to site 3 in the γ 

subunit triggers a conformational change in the heterotrimeric complex, which has a very 

important action to facilitate the phosphorylation of the activating Thr172 site in the kinase 

activation domain [15-17]. This mechanism may predominate under physiological 

conditions that lead to mild energetic stress [18]. With greater increases in the intracellular 

AMP concentrations, such as those that occur during myocardial ischemia, AMP binds to 

site 1 and allosterically activates AMPK [15-17].

Upstream kinases phosphorylate the critical Thr172 activating site and include the liver 

kinase B 1 (LKB1), calcium-calmodulin-dependent kinase kinase 2 (CaMKK2) and 

transforming growth factor-β-activated protein kinase-1 (TAK1) (Figure 1) [19-22]. In the 

heart, the major upstream kinase is LKB1 and phosphorylation of the AMPK complexes 

containing the α2 isoform during ischemia is completely abrogated in LKB1 KO mice [20]. 
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The activity of LKB1 requires binding to its accessory proteins Ste20-related adaptor 

(STRAD) and mouse protein 25 (MO25) [23]. Although CaMKK2 is expressed at a 

relatively low level in cardiomyocytes [24], our recent findings indicated that CaMKK2 may 

play a role in mediating AMPK activation during ischemia in the heart [25]. Finally, TAK1 

is known to phosphorylate SNF1, the yeast homolog of the mammalian AMPK α subunit 

[22]. In the mammalian heart, it appears to facilitate LKB1 activation, but whether it has 

direct effects on AMPK is uncertain [26].

Thr172 phosphorylation is also modulated by phosphorylation of secondary serine residues 

in the AMPK α subunit (Figure 1). Phosphorylation of Ser485 in the α1 subunit and the 

corresponding Ser491 in the α2 subunit by Akt, and possibly α1 Ser173 by protein kinase A, 

attenuate Thr172 phosphorylation induced by LKB1 [27-29]. In the heart, insulin-stimulated 

Akt phosphorylation of Ser485 and Ser491 has been associated with decreased 

phosphorylation of the Thr172 site and blunted AMPK activation during ischemia [30]. 

Deactivation of AMPK is mediated by protein phosphatase 2A and 2C, which 

dephosphorylate the Thr172 site [31], although the specific role of these phosphatases is not 

well understood in the heart. Just as AMP and ADP binding to the γ subunit promotes α 

subunit Thr172 phosphorylation, it also inhibits the action of phosphatase 2C to inactivate 

AMPK [15-17]. Thus, changes in adenine nucleotides have multiple mechanisms that 

promote the activity of AMPK.

AMPK is also regulated by its acetylation state, which is determined by the actions of 

acetylase p300 and the histone deacetylase 1 (Figure 1) [32]. Acetylation is associated with 

low AMPK activity, while deacetylation facilitates AMPK binding with LKB1 and thereby 

promotes AMPK phosphorylation and activation [32]. In a parallel fashion, deacetylated 

LKB1 more readily forms an active complex with its partner protein, STRAD, in the cytosol 

[33]. Although this mechanism may be operative in the heart, the importance of 

deacetylation in cardiac AMPK activation during pathological states is still largely 

unknown.

Oxidative modification of AMPK is a third post-translational mechanism regulating its 

activity (Figure 1). During myocardial ischemia, the oxidation of Cys130 and Cys174 in the 

AMPK α2 catalytic subunit leads to alterations in AMPK structure through intra-molecular 

disulfide bond formation and interferes with the activation of AMPK by upstream kinases 

[34]. Oxidation potentially could contribute to the deactivation of AMPK that rapidly ensues 

during post-ischemic reperfusion. Interestingly, the ROS scavenger thioredoxin 1 cleaves 

disulfides in proteins, prevents AMPK oxidation and maintains its activity [34]. It might also 

be noted that cellular oxidative stress can also activate AMPK, via mechanisms that involve 

alterations in energy production and the AMP/ATP ratio [18].

AMPK regulation of cardiac metabolism in ischemia

During ischemia, activation of AMPK coordinates an increase in glucose utilization and 

glycolytic ATP production (Figure 2). The glycolytically-derived ATP is thought to have a 

critical function to maintain membrane ionic gradients that are important to preserve cell 

function and viability [35]. As an early adaptive mechanism, AMPK activation promotes 
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cellular glucose uptake by triggering the trafficking of intracellular GLUT4-containing 

membrane vesicles to the sarcolemma membrane [5]. The translocation of GLUT4 vesicles 

stimulated by AMPK in skeletal muscle is mediated by phosphorylation of the Akt substrate 

protein AS160 [36], which is also expressed in the heart [37]. AS160 is a GTPase-activating 

protein (GAP), which functions to inhibit the small GTP-binding proteins that control many 

key steps of intracellular vesicle movement [38]. AMPK-induced phosphorylation of AS160 

removes the GAP inhibition on Rab GTPases and allows translocation of GLUT4 vesicles to 

the cell surface [39, 40]. In addition, AMPK also inhibits the endocytotic cycling of GLUT4 

from the sarcolemma, which further increases the content of GLUT4 in its active site [41]. 

AMPK also upregulates glycolysis through its phosphorylation of 6-phosphofructo-2-kinase 

(PFK 2) during myocardial ischemia [7]. The resulting increase in fructose 2,6-bisphosphate 

concentration allosterically activates PFK-1, which is the rate-limiting step in glycolysis [7]. 

AMPK may also inhibit glycogen synthesis, by suppressing the activity of glycogen 

synthase [42, 43], which would conserve ATP and indirectly promote the mobilization of 

glycogen during energy stress.

Fatty acid metabolism accounts for the majority of ATP production in the normal aerobic 

heart and the activation of AMPK facilitates both fatty acid uptake and oxidation (Figure 2). 

AMPK increases LPL translocation from cardiomyocytes to its functional position on the 

vascular endothelial surface in the heart [44]. Active LPL catalyzes the release of fatty acid 

from circulating TG, which is required for their delivery to cardiomyocytes. In addition, 

AMPK triggered AS160 phosphorylation also recruits the fatty acid transporter CD36 to the 

sarcolemma membrane, thereby facilitating fatty acid uptake into cardiomyocytes [37]. 

Thus, AMPK has dual actions that promote cardiomyocyte uptake of fatty acid in the heart.

Activated AMPK is also critically important for the import of cytosolic fatty acid into the 

mitochondria (Figure 2). AMPK phosphorylates and inactivates acetyl-CoA carboxylase 

(ACC), leading to a decrease in the intracellular concentration of malonyl-CoA (Figure 2). 

Since malonyl- CoA is a negative regulator of carnitine palmitoyltransferase 1 (CPT–1), 

AMPK activation effectively reduces the inhibition of CPT-1 and promotes fatty acyl- 

carnitine entry into the mitochondria [6]. In the presence of oxygen, this mechanism 

accelerates fatty acid oxidation, although recent findings indicate that ACC activity and 

malonyl-CoA levels do not necessarily correlate with rates of heart fatty acid oxidation [45]. 

Although FA oxidation is limited by the lack of oxygen in the setting of ischemia, when 

oxygen delivery is restored during reperfusion, AMPK accelerates fatty acid oxidation [45]. 

The degree of residual AMPK activation following reperfusion appears to depend on the 

severity and duration of ischemia, so that the extent to which fatty acid oxidation is 

enhanced may be somewhat variable.

Concerns have been raised regarding whether persistent effects of AMPK activation on fatty 

acid oxidation might be detrimental during early reperfusion [46]. Excessive fatty acid 

oxidation may attenuate glucose oxidation, leading to increased lactate production in the 

face of increased glucose uptake and glycolysis. To the extent that uncoupled glycolysis 

perpetuates intracellular acidosis, it could lead to detrimental calcium overload, resulting 

from the combination of sodium-proton exchange and sodium-calcium exchange [46]. 

However, whether activated AMPK promotes acidosis or calcium overload in the reperfused 
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heart is uncertain, and the integrated actions of activated AMPK appear to be protective in 

reducing myocardial necrosis during ischemia- reperfusion [5, 9, 10, 47-49].

Cellular effects of AMPK during ischemia-reperfusion

In addition to regulating metabolism and energy homeostasis, AMPK modulates several 

cellular processes that are important to cell survival during ischemia (Figure 3). In the 

ischemic heart, AMPK induces cardiomyocyte autophagy, which promotes cell survival [50, 

51]. Autophagy removes damaged organelles, including malfunctioning mitochondria that 

otherwise lead to oxidative stress, and also generates substrates for cellular metabolism. 

AMPK induces autophagy by direct phosphorylation of the ULK1 (the mammalian homolog 

of yeast Atg1) kinase complex [52] and indirectly by inhibiting activation of the mTORC1 

complex [53].

Ischemia results in the accumulation of unfolded or misfolded proteins, leading to 

endoplasmic reticulum (ER) stress [54]. AMPK attenuates ER stress by directly suppressing 

eEF2 regulated protein synthesis and indirectly attenuating oxidative stress in the heart 

during ischemia [55]. Intrinsic AMPK activation has also been shown to reduce apoptosis 

after ischemia-reperfusion in the mouse heart [5]. This might be due a reduction in ER 

stress-mediated apoptosis associated with the transcriptional induction of C/EBP 

homologous proteins (CHOP) [56] or activation of the capase 12 [57] and JNK pathways 

[58].

AMPK also inhibits opening of the mitochondrial permeability transition pore (mPTP) 

during ischemia-reperfusion [59]. Pore opening is a sentinel event in triggering cell death 

during the early post-ischemic reperfusion period. AMPK inactivation leads to increased 

markers of oxidative stress after ischemia-reperfusion in the mouse model [47]. The 

mechanism through which AMPK modulates pore opening is uncertain, but possibly could 

be due to reducing oxidative stress.

AMPK and cell survival in ischemia

Intrinsic AMPK activation has been shown to having a beneficial role to preventing cardiac 

injury during ischemia-reperfusion in most [5, 25, 47, 60], but not all [61], studies. The 

critical function of AMPK activation in the ischemic heart was elucidated in mouse models 

where AMPK activation was impaired [5, 10, 47, 62]. Early work from our laboratory 

showed that transgenic expression of an inactive K45R α2-subunit displaced native α1 and 

α2 subunits from the active AMPK heterotrimeric complex, resulting in reduced ischemic 

AMPK activation [5]. When these hearts were perfused ex vivo and coronary flow was 

decreased, they showed an exacerbation in LV contractile dysfunction, cardiac necrosis and 

apoptosis compared to wild type hearts during ischemia-reperfusion [5]. Impaired contractile 

dysfunction after ischemia has also been observed in some [63, 64], but not all [61], mouse 

models with cardiac AMPK α2 inactivation or deletion

Findings that intrinsic AMPK activation was a protective mechanism during ischemia-

reperfusion generated interest in whether AMPK might be a potential target for 

pharmacologic treatment to reduce ischemic injury. Accumulating research now provides 
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evidence to support this possibility [24, 49, 65, 66]. Metformin at high doses activates heart 

AMPK via inhibition of complex I activity and inhibition of mitochondrial ATP production. 

Metformin protects the heart from ischemic injury in both normal and diabetic mice [10]. 

This protective effect is seen not only when metformin was given prior to ischemia, but also 

after the start of ischemia at the onset of reperfusion [10]. Metformin also decreases acute 

ischemia-reperfusion injury and chronic rejection after murine cardiac transplantation [67]. 

A newer synthetic compound, A769662 that allosterically activates AMPK through 

interacting with the β subunit, preconditions against injury in both in vitro perfused hearts 

during ischemia-reperfusion and in vivo mice subjected to coronary ligation-reperfusion [9]. 

Pharmacological agents have potential additional off-target actions, which can confound the 

interpretation of their mechanisms of action. However, experiments combining 

pharmacologic and genetic approaches, demonstrate that the cardioprotective effects of both 

metformin and A769662 are AMPK-dependent based on their lack of efficacy in AMPK-

inactivated mouse models [9, 10].

The compound AICAR has also been used extensively in experimental models as an AMPK 

activator. AICAR is mono-phosphorylated to the metabolite ZMP, which is an AMP 

mimetic and activates AMPK through binding to the gamma subunit nucleotide binding 

domains. AICAR administration before ischemia improves the ability of the heart to recover 

from ischemia-reperfusion in the rat [68]. In a heart transplantation model, AICAR 

administration during cardioplegia and reperfusion led to functional protection against 

cardiac injury [68]. However, it should be noted that AICAR has additional effects, 

including blockade of adenosine reuptake that effectively increases extracellular adenosine 

action [68]. AICAR was used in clinical studies to reduce complications related to cardiac 

bypass with some benefit [69, 70], although it is unclear whether its effect was related to 

AMPK activation, since the doses used were much lower than those that typically activate 

AMPK in vivo.

Autocrine-paracrine activation of AMPK during ischemia

Although AMPK is a well-recognized cellular energy sensor that is activated by changes in 

adenine nucleotide concentrations, it is also responsive to extracellular cues, including 

hormones, cytokines, adipokines and autocrine/paracrine factors (Figure 4). During 

ischemia-reperfusion, the heart releases proteins that appear to protect against injury and 

have been termed “cardiokines” [71]. Our interest in this field started with the observation 

that cardiac AMPK was regulated during ischemia by macrophage migration inhibitory 

factor (MIF) [60], a cytokine with an important role in inflammatory disease. Curiously, 

MIF is also highly expressed in cardiomyocytes [60] and its expression is regulated by 

HIF-1alpha [72, 73]. MIF is secreted during ischemia, so that tissue hypoxia leads to both 

release and increased synthesis of MIF. When released from the cardiomyocyte, MIF has an 

autocrine-paracrine effect to activate the cell surface MIF-receptor CD74, which has a 

physiological action to limit cardiac injury by enhancing AMPK activity [60]. In addition, 

secreted MIF blunts the post-ischemic activation of the stress kinase JNK, which is known 

to contribute to reperfusion injury [74]. Because MIF expression and consequent AMPK 

activation is diminished in patients with a common polymorphism in the MIF promoter [60], 

as well as with aging in animals [73], individuals with these conditions may prove 
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susceptible to cardiac ischemic injury. These observations hold potential clinical therapeutic 

implications in the era of personalized medicine to the extent that individuals with 

impairment in the MIF-AMPK axis might derive enhanced benefit from AMPK directed 

therapy at the time of myocardial infarction.

Although endogenous MIF appears to have an important role in the response to ischemia 

[60], pharmacological treatment with MIF may have limited therapeutic potential because of 

its narrow therapeutic window [25, 74]. MIF reduces cardiac contractility via activation of 

the chemokine receptor CXCR4 [75] and might increase inflammation after severe ischemic 

injury [75]. In this regard, a more selective CD74 agonist potentially would potentially have 

greater therapeutic potential. In studying the role of CD74 in ischemia-reperfusion, we 

observed more dramatic detrimental effects of CD74 deletion compared to MIF deletion in 

mouse models [25]. This finding led to the discovery that CD74 had a second ligand, D-

dopachrome tautomerase (DDT), which shares partial sequence and structural homology 

with MIF [76]. DDT lacks a known physiological substrate in mammalian species and might 

be considered a vestigial enzyme. However, DDT is highly expressed in cardiomyocytes and 

is secreted by the heart during ischemic stress [25]. DDT increases AMPK activation 

through binding to the MIF receptor CD74 and triggers CaMKK2-mediated phosphorylation 

of the Thr172 site on AMPK [25]. However, DDT appears to be a more selective than MIF 

as a CD74 agonist and lacks the adverse effects on cardiac contractility that are seen with 

MIF treatment [25]. DDT treatment protects both isolated mouse hearts in vitro and intact 

hearts in vivo against injury and contractile dysfunction after ischemia-reperfusion [25]. 

Thus, it will be of interest to determine whether DDT has similar therapeutic effects in pre-

clinical large animal models of coronary artery ligation and reperfusion.

Additional secreted factors activate AMPK in an autocrine-paracrine manner in the heart, 

including urocortin 2 (Ucn2), a peptide of the corticotropin-releasing factor (CRF) family 

[77]. Pharmacological administration of Ucn2 treatment also increases AMPK activation, 

downstream acetyl-CoA carboxylase phosphorylation and glucose uptake in isolated heart 

muscles [77]. These actions of Ucn2 are mediated by the cell surface CRFR2 receptor and 

require PKCε translocation, although the mechanism linking PKCε to AMPK activation 

remains uncertain [77]. Follistatin-like 1 is a secreted glycoprotein that also activates AMPK 

and inhibits apoptosis and inflammation [78]. Follistatin-like 1 interacts with transforming 

growth factor-β signaling [79] and plasma levels of follistatin-like 1 are elevated in heart 

failure, acute coronary syndromes and ischemia [80, 81]. In both rodent and large animal 

models, follistatin-like 1 prevents injury during experimental myocardial infarction [78].

Heart AMPK is also activated by circulating plasma adipokines released from tat tissue. 

Adiponectin is the prototype adipokine and adiponectin knockout mice demonstrate 

impaired AMPK activation during ischemia and increased susceptibility to ischemic injury 

[82]. Conversely, mice with adenoviral-mediated adiponectin expression have increased 

AMPK activation and are protected against ischemic injury [82]. In isolated cells, the anti-

apoptotic effects of adiponectin are partially mediated by AMPK [82]. More recently, 

additional adipokines, including C1q/TNF-related protein 9 [83] and omentin [84], have also 

been found to activate heart AMPK, contributing to their cardioprotective effects.
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Intracellular mechanisms also appear to regulate AMPK activation during ischemia. AMPK 

activation is modulated in the heart by its association with intracellular scaffold proteins, 

including the TAK1-binding protein TAB1 [85] and Sestrin 2 [86]. Whether these protein 

scaffolds simply facilitate AMPK activation or functionally compartmentalize AMPK to 

specific subcellular locations is of interest, but is not yet well understood.

AMPK, ischemia-reperfusion and diabetes

The AMPK pathway may be highly relevant to ischemia in the setting of diabetes. Although 

it remains controversial as to whether the diabetic heart is more sensitive to ischemic injury, 

diabetic patients are particularly susceptible to developing heart failure and have an 

increased mortality after myocardial infarction.

Substantial evidence suggests that AMPK activity is downregulated in striated muscle, liver 

and adipose tissue from animal models of insulin resistance and type 2 diabetes [87, 88]. 

High fat diets suppress cardiac AMPK activation and glucose metabolism in the mouse heart 

[88]. After streptozotocin treatment, insulin-deficient mice also have reduced heart AMPK 

activation [89]. Treatment of in insulin-deficient mice with metformin or resveratrol 

activates AMPK, decreases autophagy [89] and improves cardiac microvascular function 

[90].

Despite the down-regulation of intrinsic AMPK activation, pharmacological agents that 

activate AMPK appear to have beneficial actions to limit cardiac injury induced by 

ischemia-reperfusion in diabetic models. A single dose of metformin, administered either 

before ischemia or at the time of reperfusion, has cardioprotective effects in db/db diabetic 

mice [10]. The beneficial effect of metformin pre-treatment was AMPK-dependent and 

associated with augmented eNOS activation during early reperfusion [10]. Augmentation of 

AMPK activation by A769662 during in vivo local ischemia also reduced infarct size [59]. 

This protective action was associated with increased phosphorylation of GSK-3β and 

reduced mPTP opening [59]. Thus, initial evidence suggests that AMPK activation might be 

beneficial in the setting of myocardial infarction in the setting of diabetes, although further 

work is needed to support this hypothesis.

Clinical implications

Acute myocardial infarction affects over 1.5 million individuals annually in the US alone. 

Thus, it is critical to address whether AMPK activating agents might protect against injury 

in patients during acute myocardial infarction. The cardioprotective actions of AMPK would 

be most directly applicable to the setting of acute myocardial infarction. Since acute 

coronary syndromes such as ST-segment elevation myocardial infarction cannot be 

anticipated, AMPK activators would need to be effective when administered after the onset 

of ischemia or during early reperfusion. As such they could be used in the cardiac 

catheterization laboratory in conjunction with percutaneous coronary revascularization and 

stent placement during ST-segment elevation myocardial infarction. To the extent that these 

drugs might lower blood glucose in non-diabetic subjects, glucose monitoring and glucose 

infusion would be required to maintain euglycemia.
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If AMPK activating drugs prove to be suitable for long-term administration, it is possible 

that they might have utility as a chronic preconditioning strategy. This might have particular 

utility in patients with type 2 diabetes, since AMPK activators improve glycemic control and 

may have utility in the treatment of long-term metabolic disease [91]. The beneficial effects 

of AMPK activation during ischemia may also extend beyond the heart to include other 

solid organs, including the kidneys [92].

Concluding remarks

There has been significant progress in our knowledge about the biological actions of AMPK 

during the last several years. AMPK activation appears to be instrumental in the 

cardiomyocyte response to ischemia-reperfusion. Whether this strategy will prove beneficial 

in the clinical setting of acute myocardial infarction remains to be determined. However, 

with the development of more specific and potent AMPK activators, there is an opportunity 

to harness the discoveries of the basic science investigation to test this hypothesis.
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• Intrinsic AMPK activation protects the heart from injury during ischemia-

reperfusion.

• AMPK orchestrates metabolic and cellular responses to ischemia.

• Secreted cardiokines have autocrine-paracrine effects to modulate AMPK 

activation.

• Pharmacological AMPK activation has a cardioprotective effect during 

ischemia-reperfusion.
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Figure 1. Mechanisms regulating AMPK activity
AMPK is a herotrimeric complex of α, β, and γ subunits. AMP binding to the γ subunit 

allosterically activates AMPK and facilitates the phosphorylation of the activating Thr172 

site in the α subunit by upstream kinases including LKB1 and CaMKK2, and possibly 

TAK1. Akt phosphorylation of Ser485/491 in the α1/α2 subunits negatively modulates Thr172 

phosphorylation. Deactivation of AMPK is mediated in part by protein phosphatase 2A and 

2C, which dephosphorylate the Thr172 site. AMPK is also negatively regulated by 

acetylation and oxidation of cysteine residues in the AMPK α subunits.
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Figure 2. AMPK regulation of cardiac metabolism in ischemia-reperfusion
During ischemia, AMPK activation phosphorylates AS160, which promotes translocation of 

GLUT4-containing membrane vesicles to the sarcolemma and cellular glucose uptake. 

AMPK phosphorylates 6-phosphofructo-2-kinase (PFK 2), which increases the 

concentration of fructose 2,6-bisphosphate, an allosteric activator of PFK-1, which is the 

rate-limiting step in glycolysis. During reperfusion, the activation of AMPK facilitates both 

fatty acid uptake and oxidation. AMPK triggers lipoprotein lipase (LPL) translocation from 

cardiomyocytes to the vascular endothelial surface, where it catalyzes the release of fatty 

acid from circulating TG. AMPK phosphorylation of AS160 signaling also promotes 

translocation of the fatty acid transporter CD36 to the sarcolemma membrane. AMPK 

phosphorylates and inactivates acetyl-CoA carboxylase (ACC), decreasing the intracellular 

concentration of malonyl-CoA. Since malonyl- CoA is a negative regulator of carnitine 

palmitoyltransferase 1 (CPT–1), AMPK promotes fatty-acyl carnitine entry into the 

mitochondria.
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Figure 3. The actions of AMPK to mitigate cardiac injury during ischemia-reperfusion
AMPK activation has metabolic actions to conserve energy during ischemia by promoting 

glycolytic ATP production and inhibiting protein synthesis. AMPK also prevents 

endoplasmic reticulum (ER) stress and induces autophagy. Durireperfusion, activated 

AMPK decreases ROS generation and mPTP opening. These actions prevent apoptosis and 

necrosis.
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Figure 4. Autocrine-paracrine activation of AMPK
During ischemia-reperfusion, the heart releases proteins that have autocrine-paracrine 

actions that amplify AMPK activation and protect the heart from injury. These include the 

cytokines macrophage migration inhibitory factor (MIF) and its homolog D-dopachrome 

tautomerase (DDT), the corticotropin-releasing factor (CRF) family peptide urocortin 2 

(Ucn2), and the glycoprotein follistatin-like 1 (FSTL1).
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