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Summary

AMP-activated protein kinase (AMPK) plays a critical role both in sensing and regulating cellular 

energy state. In experimental animals, its activation has been shown to reduce the risk of obesity 

and diabetes-related co-morbidities such as insulin resistance, the metabolic syndrome and 

atherosclerotic cardiovascular disease. However, in humans, AMPK activation alone often does 

not completely resolve these conditions. Thus, an improved understanding of AMPK action and 

regulation in metabolic and other diseases is needed. Herein, we provide a brief description of the 

enzymatic regulation of AMPK and review its role in maintaining energy homeostasis. We then 

discuss tissue-specific actions of AMPK that become distorted during such conditions as obesity, 

type 2 diabetes and certain cancers. Finally, we explore recent findings regarding the interactions 

of AMPK with mTORC1 and the lysosome and discuss how changes in these relationships during 

overnutrition may lead to AMPK dysfunction. A more thorough understanding of AMPK's 

molecular interactions during diseases of overnutrition may provide key insights for the 

development of AMPK-based combinatorial treatments for metabolic disease.
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1. Introduction

Escalating rates of obesity and its associated co-morbidities highlight the critical need for an 

improved understanding of energy metabolism during disease.[1] AMP-activated protein 

kinase (AMPK) is an enzyme that responds to decreases in cellular energy state by 

stimulating processes that generate ATP such as fatty acid oxidation and glucose transport, 

and inhibiting others that consume ATP such as fatty acid and protein synthesis.[2] AMPK 

also counteracts cellular abnormalities that commonly occur during obesity and diabetes 
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such as endoplasmic reticulum (ER) stress, oxidative stress and inflammation. Evidence 

from experimental animals with obesity and/or diabetes and obese humans indicates that 

AMPK may become inhibited or dysfunctional, yet the mechanisms responsible for this are 

poorly understood.[3] What is clear is that the consequences of dysfunctional AMPK 

include an increased risk of insulin resistance, hypertension and cardiovascular disease 

(CVD) and possibly a predilection to certain cancers.[4-6] Finally, several endogenous 

factors have been identified that could contribute to such AMPK dysregulation. They include 

high concentrations of glucose, fatty acids such as palmitate, and glucocorticoids and a 

decreased concentration of adiponectin; the same factors that predispose individuals to 

metabolic diseases.[3, 7] However, the mechanisms by which AMPK is dysregulated are not 

clear and may vary among these factors and between different types of cells.

Conversely, AMPK is activated in multiple tissues by physical exercise, which has long been 

known to increase insulin sensitivity and decrease adiposity, hypertension, atherosclerotic 

CVD and certain cancers.[8, 9] In addition, highly-prescribed medications such as 

metformin and statins that have shown some efficacy in treating these conditions are, among 

their other actions, AMPK activators at least in certain tissues. Intriguingly these drugs do 

not completely ameliorate disease risk in all patients.[10] We propose that this could be 

attributed to metabolic disease induced-modifications of the pathways these drugs normally 

activate that make them less efficacious, as may be the case with AMPK activators.

We will briefly discuss how AMPK is regulated enzymatically and during exercise and 

review its regulation in different tissues during obesity, type 2 diabetes and cancer, metabolic 

conditions associated with chronic overnutrition. We will then explore recent findings 

describing its molecular interactions with mTORC1 and the lysosome and discuss how 

alterations of these relationships during overnutrition may contribute to AMPK 

dysregulation.

2. AMPK: Structure and Regulation

AMPK is a heterotrimer consisting of a catalytic subunit (α) and two regulatory subunits (β 

and γ) (Fig. 1). The existence of two α, two β and three γ subunit isoforms creates a diversity 

of trimeric complexes which likely contributes to the similar, but not always identical, 

actions of AMPK in different tissues of a single organism. Recent structural analyses have 

confirmed decades of experimental findings indicating that AMP, ADP and ATP regulate 

AMPK, as extensively reviewed by Hardie.[2] The γ subunit contains 4 CBS domains, 1 of 

which binds AMP constitutively, and two others on which AMP can displace ATP. When the 

AMP/ATP ratio is high (e.g. during glucose deprivation, hypoxia or exercise), AMP 

displaces ATP at these two sites (Fig. 1). In addition to this allosteric activation which 

moderately (2-10 fold) activates the enzyme, binding of AMP increases the susceptibility of 

the α subunit to phosphorylation at Thr172 by upstream kinases and decreases its 

accessibility to phosphatases. ADP can also activate AMPK by decreasing the accessibility 

of phosphorylated Thr172 to phosphatases.[2] Phosphorylation of Thr172 is not required for 

activity, but increases it nearly 100-fold, making it a more potent modulator of activity than 

allosteric activation alone. This has led to the use of p-AMPKThr172 as a surrogate indicator 

for AMPK activity. Depending upon the context, there are at least three protein kinases that 
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may phosphorylate Thr172 and activate AMPK (Fig. 1). There are also many 

pharmaceutical and naturally-occurring activators of AMPK that operate through a variety of 

mechanisms, as previously reviewed.[2] Conversely, AMPK activity may be inhibited by 

several factors such as glycogen synthase kinase 3β (GSK3β), Akt[2] and possibly other 

molecules including protein kinase C (PKC) (Coughlan et al, unpublished) (Fig. 1).

3. AMPK in Exercise

It has long been established that regular exercise is beneficial for maintaining optimal health. 

Many studies have shown that it reduces the risk of developing type 2 diabetes, CVD and 

certain cancers.[8, 9] Studies in both humans and experimental animals suggest that such 

benefits are related to its ability to decrease insulin resistance, obesity and ectopic lipid 

deposition, and increase muscle capillary density, as previously reviewed.[3, 11, 12] Despite 

this, the cellular mechanisms responsible for these effects are incompletely understood.

One important insight into the cellular mechanisms by which exercise acts was the discovery 

in rats that both treadmill running and electrical stimulation of the hindlimb skeletal muscle 

activate AMPK.[13] Activation of AMPK and its upstream kinase LKB1 in skeletal muscle 

during exercise has been extensively confirmed in experimental animals and in humans.[11, 

14] In this context, it has been hypothesized that activation of AMPK increases muscle 

glucose uptake and mitochondrial biogenesis, and decreases protein synthesis.[11] Whether 

all of these processes directly rely on AMPK remains to be determined. Data from muscle-

specific AMPK knock-out mice currently suggest that AMPK is necessary for exercise-

induced glucose uptake and efficient mitochondrial biogenesis,[15] but the involvement of 

factors that may be independent of AMPK (e.g. ERK1/2, PKC) in fatty acid oxidation in 

muscle (as is suggested by some animal and human studies[8]) remains to be clearly 

established.[16]

Given the important role of skeletal muscle in glucose disposal during exercise, dysfunction 

of skeletal muscle AMPK could impact the development of diabetes, other metabolic 

syndrome-associated disorders and insulin resistance. There is also a more comprehensive 

physiological benefit of exercise that involves a systemic response of AMPK. Experimental 

models have shown that exercise activates AMPK in adipose tissue, heart, liver, pancreas 

and aortic endothelium, as well as muscle and that this may contribute to its many benefits.

[17-21] Interestingly, exercise-induced activation of AMPK is attenuated in patients with 

obesity or type 2 diabetes compared to healthy adults, suggesting that chronic metabolic 

disease may suppress AMPK activity and/or result in AMPK dysfunction.[22] In this 

context, whether the decrease in AMPK activity is a marker of the metabolic disease or a 

causative factor remains to be determined.

4. AMPK Dysfunction in Specific Tissues and in Cancer

4.1 Tissue-Specific Mechanisms of AMPK Action

4.1.1 Skeletal Muscle—During exercise, AMPK in skeletal muscle is activated which in 

turn leads to the phosphorylation and activation of Akt substrate of 160 kDa (AS160), TBC1 

domain family member 1 (TBC1D1) and possibly nitric oxide synthase (NOS), all enzymes 
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that are necessary for efficient GLUT4 translocation and glucose entry into the cell. AMPK 

also plays a significant role in enhancing insulin sensitivity following exercise. It is currently 

hypothesized that post-exercise, AMPK is necessary for TBC1D1 priming (by 

phosphorylation) that would allow for efficient secondary phosphorylation by Akt when the 

cells are stimulated by insulin.[15, 23] There is also speculation that AMPK-mediated 

stimulation of autophagy (a process for protein/organelle degradation) may stimulate 

glucose uptake in concert with sestrin2, a member of the sestrin family of stress-inducible 

proteins, although the underlying mechanism is unknown.[24] Fatty acid oxidation, which is 

necessary for constant ATP production during exercise, is stimulated by AMPK's 

phosphorylation of acetyl CoA carboxylase (ACC) which leads to decreases in malonyl 

CoA, and secondarily, increases in fatty acid oxidation.[12, 25] AMPK also stimulates 

mitochondrial biogenesis via phosphorylation and activation of PGC-1α.[26] For a more 

thorough analysis of the actions of AMPK in skeletal muscle metabolism, see ref [12].

Conversely, exposure of muscle to high concentrations of glucose or the branched chain 

amino acid leucine, such as occurs during diabetes or insulin resistance, causes AMPK 

activity to decline. Recent studies suggest that this may be mediated by multiple factors 

including AMPK phosphorylation at Ser485 by Akt and PKC and decreased activity of 

SIRT1, an indirect AMPK activator.[27, 28]

4.1.2 Liver—AMPK plays a complex role in regulating hepatic metabolism during fasting 

and re-feeding, as previously reviewed.[29] During starvation, AMPK activation decreases 

glycerolipid synthesis via diminishing glycerol-3-phosphate acyltransferase activity, and it 

inhibits the transcription factor SREBP-1c which diminishes the expression of lipogenic 

genes.[2, 29]

In systemic states characterized by insulin resistance, hepatic glucose output is typically 

increased. Conversely, one key mechanism by which metformin decreases insulin resistance 

is by inhibiting hepatic gluconeogenesis. Whether this is mediated specifically by activation 

of AMPK (which is suppressed during insulin resistance) is not clear.[30] In addition to 

metformin, salicylate, the active component of aspirin, has been shown to reduce hepatic 

lipid production and insulin resistance perhaps through its activation of AMPK in livers 

from healthy patients and those with dysglycemia.[31] Likewise, anti-diabetic 

thiazolidinediones such as rosiglitazone, appear to decrease hepatic glucose production at 

least in part by increasing adipose tissue production of adiponectin, which activates AMPK 

in liver as it does elsewhere.[32]

4.1.3 Endothelium—In endothelial cells, activation of AMPK inhibits ACC and fatty acid 

synthesis, but these cells are not major sites for the synthesis or storage of lipids. On the 

other hand, in the endothelium AMPK plays an important role in modulating oxidative stress 

and inflammation, processes directly related to the production of nitric oxide which governs 

vasodilation, one of its major functions. Mice expressing a constitutively active form of 

AMPK in the endothelium are protected against diabetes-induced impairment of vessel 

relaxation and carotid injury.[33] Conversely, homozygous deletion of the upstream kinase 

LKB1 in the endothelium reduces nitric oxide production and endothelial function, changes 

that are attenuated by overexpression of AMPK.[4]
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During insulin resistance or type 2 diabetes, endothelial cells are continuously exposed to 

high concentrations of glucose and fatty acids, both of which have been shown to induce 

inflammatory, oxidative, and ER stresses. Such changes are associated with decreased 

activity of AMPK and many of them are attenuated when AMPK is activated by AICAR or 

exercise.[20, 34] In human aortic endothelial cells (HAECs), the same concentrations of 

glucose and palmitate that suppress AMPK activity and increase inflammation and apoptosis 

also impair basal (constitutive) autophagy. Autophagy is the process by which proteins or 

organelles are engulfed by a double-membraned autophagosome and subsequently degraded 

by lysosomal proteases. Although AMPK stimulates autophagy under low-nutrient 

conditions, activation of AMPK alone does not restore this process when cells are passaged 

in high concentrations of glucose and then acutely exposed to high concentrations of free 

fatty acids as might occur in the setting of diabetes. [7] Intriguingly, these data suggest that 

epigenetic changes are another potential mechanism that could lead to AMPK inhibition, 

impairment of basal autophagy and distortion of AMPK-mediated signaling in metabolic 

disease.

4.1.4 Adipose Tissue—In adipose tissue, fasting and exercise stimulate AMPK activity 

as do such hormones as leptin and adiponectin. Similar to skeletal muscle, AMPK activation 

in adipose tissue inhibits ACC and activates malonyl-CoA decarboxylase to decrease fatty 

acid synthesis and increase fatty acid oxidation. It is not clear how AMPK activation affects 

lipolysis in the adipocyte because data from AMPKα2 knockout mice suggest that AMPK 

inhibits lipolysis, whereas expression of dominant negative AMPKα1 in adipocytes has no 

effect, and exercise-induced AMPK activation in rats is associated with increased lipolysis.

[17, 35, 36]

In humans who are insulin-resistant, AMPK activity is decreased and oxidative stress 

increased in subcutaneous, epiploic and omental adipose tissue. Compared to tissues from 

insulin-sensitive humans, expression of pro-inflammatory genes is higher and the AMPK 

activator SIRT1 is lower in some of these depots.[37] Although the cause of this AMPK 

inhibition is uncertain, levels of the AMPK activator adiponectin have been shown to 

decrease in patients with obesity or type 2 diabetes.[38]

Further evidence for an important role of dysregulation of adipose tissue AMPK in the 

pathology of obesity and diabetes is found in recent studies of bariatric surgery patients. 

Bariatric surgery, in particular the Roux-en-Y gastric bypass, greatly improves or resolves 

type 2 diabetes and reduces the risk for myocardial infarction and certain cancers. The 

mechanism underlying these benefits, independent of its effects on weight loss, is not clear. 

Recent evidence from subcutaneous adipose tissue of bariatric surgery patients suggests that 

AMPK may be involved in this response. Xu et al[39] found that three months post-surgery, 

reduction of BMI, increased insulin sensitivity and decreased plasma insulin levels were 

associated with several fold increases in AMPK activity and reduced oxidative stress in 

subcutaneous adipose tissue. Other post-operative events that could contribute to this 

improvement include increased adiponectin and decreases in both free fatty acid release 

from adipocyte lipid droplets and type 1 macrophage activation in the stromal vascular 

fraction.[3]
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These snapshots are not the only examples of AMPK dysregulation during metabolic 

disease; however they are meant to illustrate how chronic overnutrition exerts systemic 

effects. In fact, AMPK dysfunction may play a role in the development of type 2 diabetes 

also through its actions in the pancreas and brain, as reviewed extensively by others.[2, 40] 

Although the correlations of AMPK activity with disease in each of these tissues does not 

distinguish whether AMPK dysfunction is a cause or result of pathology, a more thorough 

understanding of how AMPK regulation is altered during disease may help clarify its role.

4.2 Cancer

Regulation of AMPK in cancer is rather complicated, due to its role in multiple signaling 

pathways, some of which promote, and others which inhibit cancer cell development, as 

recently reviewed in [6]. For example, AMPK can inhibit hypoxia-inducible factor-a to 

antagonize the glycolytic metabolism of cancer cells.[41] On the other hand, it can also 

activate Unc-51-like kinase 1 (ULK1) to induce autophagy, a process that promotes cancer 

cell survival.[42] Thus, the effects of AMPK activation on cancer pathology may vary 

depending upon the stage and the type of cancer. Although experimental models have shown 

that AMPK activators such as metformin may be promising anti-cancer treatments, there is 

no consensus among epidemiological studies about the efficacy of metformin.[6] For this 

reason, many ongoing clinical trials are studying the effects of metformin either alone or in 

combination with other chemotherapeutic agents on a variety of cancers.

5. Deciphering AMPK's Role in Nutrient Sensing at the Molecular Level

Thus far, we have shown that both exercise-induced activation and disease-induced 

inhibition of AMPK can have important ramifications. For instance, diminished AMPK 

activity could lead to insulin resistance in numerous tissues, whereas increased AMPK 

activity could enhance insulin sensitivity. These tissue-specific actions likely contribute to 

AMPK's involvement in systemic regulation of metabolism, as recently reviewed.[43] 

Although there are several contributing factors to metabolic disease involving AMPK such 

as inflammation, oxidative stress and dysregulation of its interaction with SIRT1,[3] the 

remainder of this review will focus on what is known about a relatively more nascent topic: 

how specific stimuli involved in overnutrition (e.g. excess glucose or fatty acids) alter 

AMPK function. We will discuss the actions of AMPK in response to changes in nutrient 

status at the metabolic level and how it may be compromised by the excess nutrient 

environment of obesity and type 2 diabetes. A more thorough understanding of AMPK's role 

in nutrient sensing during overnutrition is crucial to the development of improved AMPK-

based therapeutics for metabolic disease.

5.1 AMPK and mTORC1 in the Molecular Response to Starvation

Studies in many different cell lines and tissues indicate that adaptations to changes in 

nutrient availability are largely coordinated by AMPK and mammalian target of rapamycin 

complex 1 (mTORC1). Whereas AMPK activation during low-nutrient conditions stimulates 

catabolic and inhibits anabolic processes, mTORC1 activation under nutrient-replete 

conditions initiates anabolic processes such as protein synthesis and proliferation (Fig. 2).

[44]
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Metabolism in the fed state is largely controlled by insulin activation of Akt, one of the 

major upstream regulators of mTORC1 (Fig. 2A). An active mTORC1 complex promotes 

cell growth and proliferation via 4EBP1, SREBP 1/2 and PPAR-γ.[44] In addition, it 

decreases energy-recycling processes such as autophagy, both by phosphorylating and 

inactivating ULK1 and transcription factor EB (TFEB) and by phosphorylating the death 

associated protein-1 complex.[45, 46] Akt has also been shown to inhibit AMPK activity by 

phosphorylating it at Ser485 (Fig. 1).[2] When Akt is active, hyperactivation of GSK3β can 

inhibit AMPK activity by phosphorylating it at another inhibitory site, Thr479 (Fig. 1).[47]

Under starvation conditions, an increased ratio of AMP/ATP activates AMPK which can 

subsequently inhibit mTORC1 activity via several of its upstream modulators (Fig. 2B).[48, 

49] This releases mTORC1's inhibitory phosphorylation on ULK1 and allows autophagy to 

proceed.[46] Meanwhile, active AMPK can induce autophagy by directly phosphorylating 

and activating the ULK1 complex (Fig. 2B).[42, 50] Interestingly, active ULK1 has been 

shown to inactivate AMPK in vitro by phosphorylating all three of its subunits at a total of 9 

phosphorylation sites.[51] Although this has not been confirmed in vivo, it suggests that 

inhibition of mTORC1 might indirectly inhibit AMPK via ULK1-mediated feedback.

Emerging evidence from mouse embryonic fibroblasts (MEFs), podocytes and HEK293T 

cells has identified a common location, the lysosome, as the site of activation for both 

mTORC1 and AMPK during the switch between starvation and nutrient repletion. The 

presence of certain amino acids and fatty acids induces mTORC1 localization to the 

lysosomal surface where it is activated by the v-ATPase/Ragulator complex.[52, 53] Active 

mTORC1 on the lysosomal membrane can then coordinate autophagy suppression by 

phosphorylating and retaining TFEB in the cytoplasm (Fig. 3A). Upon starvation or 

lysosomal stress, mTORC1 activity declines, allowing TFEB to migrate to the nucleus 

where it activates autophagic and lysosomal genes.[45]

Under nutrient replete conditions, when mTORC1 is active at the lysosome, the kinase 

upstream of AMPK, LKB1, remains in the cytosol with its scaffolding protein Axin (Fig. 

3A). A recent study in MEFs[54] demonstrated that glucose starvation relocalizes the LKB1/

Axin complex to the v-ATPase/Ragulator complex on the lysosome, where a population of 

AMPK resides (Fig. 3B). Depletion of glucose increases AMPK's affinity for the LKB1/

Axin complex, which phosphorylates AMPK (Fig. 3B). This phosphorylation, in 

conjunction with the binding of AMP and Ragulator induced-increased sensitivity of AMPK 

to AMP, results in AMPK activation (Fig. 3B). Binding of LKB1/Axin to v-ATPase/

Ragulator also inhibits GEF-activity of the Ragulator complex, which causes mTORC1 to 

dissociate from the lysosome and decrease activity (Fig. 3B).[54] Thus, Ragulator activity is 

required for mTORC1 activation in the fed state[52, 53] and AMPK activation during 

glucose starvation.[54]

5.2 AMPK and mTORC1 in the Molecular Response to Overnutrition

In conditions associated with the metabolic syndrome such as insulin resistance, AMPK 

activity declines in a number of tissues. Changes in mTORC1 activity under the same 

circumstances are more complex owing to its intrinsic pathway of negative feedback, as 

reviewed by Laplante et al.[44] A robust literature of cell culture data regarding the 
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regulation of AMPK and mTORC1 when nutrients are supplied to a starved system suggests 

that activation of these two kinases is reciprocal. However, the limited quantity of data 

describing the AMPK-mTORC1 relationship under conditions of chronic overnutrition, 

when excess nutrients are added to an already nutrient-replete system, suggests that the 

activity of these kinases is not always opposing. For example, in HAECs, nutrient excess 

conditions decrease AMPK activity but do not increase mTORC1 activity.[7] Impairment of 

lysosomal cathepsin activity in HAECs by excess nutrients,[7] coupled with evidence of 

mTORC1 and AMPK regulation on the lysosomal membrane in other contexts[54] suggests 

that the lysosome may be a key factor regulating mTORC1 and AMPK in HAECs.

5.3 Lysosomal Changes During Overnutrition: Consequences for mTORC1 and AMPK

In contrast to the catabolic-anabolic transition, changes in the mTORC1-AMPK relationship 

during chronic overnutrition are less defined. This may be due to a still primitive 

understanding of how diseases of overnutrition affect the lysosome and regulate mTORC1 

and AMPK activity in this setting. Zhang et al[54] have shown that the lysosome is a crucial 

component of AMPK activation in the absence of glucose; however, the role of the lysosome 

in AMPK activation in the presence of excess nutrients is less clear. Nevertheless, lysosomal 

stress could potentially alter mTORC1 and AMPK localization on the lysosome, or 

indirectly alter their activity through accumulation of oxidative stress, inflammation or 

cholesterol.

Obesity, insulin resistance, type 2 diabetes, and its related complications are often associated 

with increased levels of oxidative stress and inflammatory mediators such as TNF-α that can 

cause an accumulation of cholesterol inside the lysosome. As previously reviewed,[55] 

excessive levels of lysosomal cholesterol in the macrophage can inhibit autophagy, activate 

the inflammasome, induce leakage of cathepsins and increase lysosomal membrane 

permeability, events that increase risk for lysosomal storage disorders and metabolic 

diseases such as atherosclerosis and non-alcoholic steatohepatitis. Accumulation of 

cholesterol or reactive oxygen species (ROS) has been shown to induce lysosomal 

permeabilization in a number of cell types,[56] but how such permeabilization affects 

recruitment and activation of mTORC1 and AMPK at the lysosome is not known. Also 

unknown is how diet-induced changes in lysosomal membrane composition affect these 

kinases. An analysis of mouse fibroblasts and livers found that consumption of diets rich in 

fat and cholesterol increases cholesterol and ceramide content in the lysosome membrane, 

which decreases chaperone-mediated autophagy.[57] Much of the current literature linking 

lysosomal stress with chronic disease has been carried out in macrophages, β cells, liver and 

endothelial cells and so it remains to be determined if similar findings occur in the adipose 

and muscle.

Consistent with the link between oxidative/inflammatory stress and lysosomal 

permeabilization, exposure to excess free fatty acids and glucose can destabilize lysosomes 

and increase lysosomal pH in HAECs and pancreatic β cells.[7, 58] Studies in HeLa cells, 

HEK293 cells and rat hepatocytes have also found that lysosomal pH is associated with 

mTORC1 activity, likely via TFEB.[45, 59, 60] In addition to genes directly involved in 

lysosome function, genomic analysis of HeLa cells indicated that TFEB regulates the 
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expression of PRKAG2, the gene that encodes for AMPKγ2.[61] Thus, lysosomal stress 

may regulate AMPK via TFEB. In support of such a theory, stress induced by chloroquine 

(increases lysosomal pH) has been found to reduce AMPK activity in several cancer cell 

lines.[62] Similarly, treatment of C2C12 cells with the autophagy inhibitor 3-methyladenine 

suppressed phosphorylation of AMPK at Thr172.[24] However, lysosomal stress induced by 

bafilomycin (inhibits autophagosome-lysosome fusion, increases lysosomal pH) decreased 

mTORC1 activity but not AMPK activity.[59] Thus, AMPK may respond to slightly 

different types of lysosomal stress or lysomotropic drugs than mTORC1. Clearly, more 

research is needed to further our emerging understanding of how AMPK is affected by 

lysosomal stress. Whether AMPK can affect lysosomal health is also not known, but 

reduction of lysosomal pH with metformin suggests that the relationship between AMPK 

activation and lysosomal stress deserves further inquiry.[63]

Excess nutrient-induced increases in lysosomal pH can cause inactivation of lysosomal 

enzymes.[7, 58] Due to their roles in sphingolipid/ceramide metabolism, this inactivation 

can induce lysosomal ceramide accumulation. Inactivation of acid ceramidase (which 

converts ceramide to sphingosine in the lysosome) in pancreatic β cells and cardiomyocytes 

results in ceramide accumulation,[64] whereas its overexpression in C2C12 myotubes 

reduces free fatty acid-induced insulin resistance.[65] This suggests that accumulation of 

lysosomal ceramides may contribute to insulin resistance much like accumulation of total 

intracellular ceramides has been linked to insulin resistance.[66] Increased levels of total 

ceramides have been shown to inactivate AMPK through activation of protein phosphatase 

2A[67] and possibly GSK3β[47, 68] in a variety of cell lines but whether the same applies to 

lysosomal ceramides is not clear. Interestingly, we found that overexpression of acid 

ceramidase in HAECs prevents excess nutrient-induced decreases in ULK1 phosphorylation 

at Ser555, an AMPK-targeted site.[7] This suggests that accumulation of lysosomal 

ceramides may play a role in deactivating AMPK.

Additional secondary effects of lysosomal storage diseases include macrophage activation 

and cytokine release, and increased oxidative stress; processes inversely related to AMPK 

activity.[69] Pro-inflammatory stimulation of macrophages decreases phosphorylation of 

Thr172 on AMPK. AMPKα1 knockout increases LPS-stimulated release of pro-

inflammatory cytokines, whereas expression of constitutively active AMPK decreases the 

release of proinflammatory cytokines and increases the release of the anti-inflammatory 

cytokine IL-10.[70] AMPK is also a redox sensor that can reduce formation of ROS through 

its regulation of NADPH oxidase and NOS.[71] These data support the notion that one of 

the consequences of lysosomal stress-induced macrophage activation and oxidative stress 

may be suppression of AMPK. With the recent discovery of AMPK's regulation on the 

lysosome, the available literature has thus far shown correlations between AMPK activity 

and various aspects of lysosome function, from which we suggest potential molecular 

mechanisms. Importantly, whether the relationship between AMPK and lysosome function 

is causal remains to be shown.
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6. Translational Potential of AMPK Therapies and Future Directions

Pharmaceuticals that target either a single or multiple mechanisms of AMPK activation[12] 

are invaluable tools in dissecting its regulation during health and disease. Recently, the 

combination of metformin with salicylate, two drugs which activate AMPK by distinct 

mechanisms, has been shown to cause greater AMPK activation and amelioration of insulin 

resistance than either drug alone[31], demonstrating the enormous potential of combination 

therapies. However, further optimization of AMPK-targeted treatments for metabolic disease 

in the clinic demands consideration of the molecular factors with which AMPK interacts. As 

discussed in this review, perhaps therapies that target AMPK and mTORC1 or lysosomes 

could be such a novel combination therapy.

Thus far, most therapies involving AMPK and mTORC1 in basic and clinical research target 

cancer. For example, in a prostate cancer mouse model, the combination of the mTORC1 

inhibitor rapamycin and metformin was more effective than either agent alone in reducing 

prostate cancer progression and inflammation.[72] In keeping with this, an upcoming 

clinical trial will evaluate the efficacy of combining everolimus, another mTORC1 inhibitor, 

with metformin for the treatment of neuroendocrine pancreatic tumors.[73]

The use of AMPK-based combination therapies for the treatment of type 2 diabetes has not 

been as widely studied as that of cancer, but there is one ongoing trial, “A Pharmacodynamic 

Study of Sirolimus and Metformin in Patients With Advanced Solid Tumors,” in patients 

with solid tumors that will evaluate the efficacy of combining sirolimus (an mTORC1 

inhibitor) with metformin. Several of the secondary outcomes include mTORC1, AMPK and 

insulin signaling in tumors, as well as insulin, glucose and triglyceride levels in blood.[74] 

These results are not yet available, but will provide some insight into how this drug 

combination may affect outcomes relevant to diabetes. Experimental models are also 

beginning to explore the effects of combining metformin with other compounds. For 

instance, in db/db mice, the combination of metformin with oleanolic acid, a glycogen 

phosphorylase inhibitor, improved insulin sensitivity and liver pathology, increased AMPK 

activity and decreased mTORC1 activity more than either treatment alone.[75]

Overnutrition and insulin resistance, which often lead to metabolic diseases such as type 2 

diabetes, are associated with suppressed AMPK in many tissues. This exerts an array of 

effects that ultimately may contribute to systemic disease. Common among these tissues is 

the way in which individual cells respond to the stress of excess nutrients. Although much of 

this process remains to be clarified, a key component is the interaction between AMPK and 

mTORC1, coordinated by the lysosome. In this context, targeting AMPK along with 

mTORC1 and/or mediators of lysosomal stress may be an attractive approach for clinical 

reduction of insulin resistance and cellular stress (Fig. 4). While combining mTORC1 

inhibitors with lysomotropic agents such as choloroquine may be beneficial for cancer 

treatment, the effects of such a combination (or one including an AMPK activator) on 

insulin resistance and its related pathologies remains to be determined.[76] Such a systemic 

treatment would be a powerful force to combat overnutrition and the metabolic diseases that 

follow, much like the proven benefits of exercise on overall health.
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Crucial to the development of AMPK-mTORC1-lysosome combination therapies is a more 

refined understanding of their relationship during disease (Fig. 5). Whether AMPK can be 

activated at the lysosome in the presence of excess nutrients, and if so, how the v-ATPase/

Ragulator complex and mTORC1 may be involved is not known. Furthermore, the effect of 

lysosomal stress on AMPK is an under-explored topic, especially in tissues other than 

macrophages, but one that could provide key new insights into how oxidative stress and 

inflammation dysregulate AMPK. A clearer contextual understanding of AMPK in the 

stages that precede frank type 2 diabetes may also provide clues as to its regulation during 

other chronic diseases such as cancer and neurodegeneration.

In summary, the health-promoting effects of AMPK activation can be observed during 

exercise, while impairment of AMPK activity is observed during metabolic diseases such as 

insulin resistance (Fig. 6). Investigation into how metabolic disease damages the lysosome 

and its interactions with AMPK and mTORC1 may not only improve our understanding of 

disease-associated AMPK dysregulation, but may provide insight for the development of 

new treatment combinations (Fig. 6).
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Abbreviations

ACC acetyl CoA carboxylase

AMPK AMP-activated protein kinase

AS160 Akt substrate of 160 kDa

ER endoplasmic reticulum

GSK3β glycogen synthase kinase 3β

HAECs human aortic endothelial cells

LKB1 liver kinase B1

MEF mouse embryonic fibroblast

NOS nitric oxide synthase

mTORC1 mammalian target of rapamycin complex 1
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PGC-1α peroxisome proliferator-activated receptor gamma coactivator-1α

PKC protein kinase C

Rheb Ras homolog enriched in brain

ROS reactive oxygen species

SREBP-1c sterol regulatory element binding protein-1c

TBC1D1 TBC1 domain family member 1

TFEB transcription factor EB

TSC tuberous sclerosis complex

ULK1 Unc-51-like kinase 1
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Highlights

• AMPK is activated by nutrient depletion, anti-diabetic drugs and exercise.

• AMPK becomes dysregulated in obesity, type 2 diabetes and certain cancers.

• Lysosomal stress may contribute to AMPK inhibition during overnutrition.
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Figure 1. Regulation of AMPK Activity
When the AMP/ATP ratio increases, tumor suppressor liver kinase B1 (LKB1) 

phosphorylates Thr172. Increases in intracellular calcium levels activate calcium 

calmodulin-dependent protein kinase kinase β (CAMKKβ), which also phosphorylates 

Thr172. Transforming growth factor-β activated kinase 1 (TAK1) phosphorylates AMPK at 

Thr172 in response to signaling from transforming growth factor-β (TGF-β), bone 

morphogenic protein (BMP) or Wnt. AMPK activity also depends on the activity of protein 

phosphatases such as PP2A and PP2C that target Thr172. In addition, AMPK activity may 

be inhibited by the binding of its β subunit to glycogen or the phosphorylation of its α 

subunit at Thr479 by glycogen synthase kinase 3β (GSK3β) or Ser485 (α1)/Ser491(α2) by 

Akt and possibly other molecules including protein kinase C (PKC). Factors which inhibit 

AMPK activity are shown in red.
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Figure 2. AMPK Signaling During Fed and Fasted States
(A) In the fed state, insulin receptor signaling activates Akt which phosphorylates and 

inhibits the tuberous sclerosis complex (TSC1/TSC2). Inhibition of TSC1/TSC2 converts 

Ras homolog enriched in brain (Rheb) into its GTP-bound state, thus activating mTORC1. 

Akt can also directly phosphorylate and activate the mTORC1 complex and directly 

phosphorylate and inhibit AMPK (Fig. 1). Active mTORC1 inhibits autophagy by 

phosphorylating ULK1 at Ser757. (B) During starvation, increased levels of AMP activate 

AMPK which phosphorylates and activates TSC2. This promotes the formation of Rheb-

GDP, thus decreasing mTORC1 activation and releasing its inhibition of ULK1. AMPK can 

directly inhibit mTORC1 activity by phosphorylating one of its components, Raptor. This, in 

conjunction with AMPK-induced phosphorylation (e.g. Ser555) of ULK1 activates ULK1 

and stimulates autophagy.
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Figure 3. mTORC1 and AMPK Activation on the Lysosome
(A) In the fed state, mTORC1 is recruited to the v-ATPase/Ragulator complex on the 

lysosome and activated. Active mTORC1 phosphorylates TFEB to inhibit autophagy. (B) 

During glucose starvation, LKB1/Axin is recruited to the v-ATPase/Ragulator complex on 

the lysosome and both of these complexes activate AMPK. Lysosomal LKB1/Axin also 

causes mTORC1 to dissociate from the lysosome, which decreases its activity.
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Figure 4. Therapeutic Potential for AMPK-Combination Therapies in Overnutrition
Autophagy is inversely associated with ER, oxidative and inflammatory stresses which 

increase risk for metabolic disease. Panels 1-3 use autophagy as an example to illustrate the 

potentially improved suppression of these stresses by targeting both AMPK and mTORC1.
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Figure 5. Molecular Regulation of AMPK During Overnutrition
During overnutrition, excess glucose and palmitate induce oxidative and inflammatory 

stresses that permeabilize and damage the lysosome. It remains to be determined how the 

damaged lysosome and AMPK regulate one another, and how their interaction influences 

mTORC1 activity. Dotted arrows and red text indicate those relationships and factors that 

need further study and which may help clarify if and how lysosomal stress and suppression 

of AMPK lead to metabolic disease.
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Figure 6. Linking AMPK with exercise and metabolic disease
(A) Exercise has been shown to increase AMPK activity in several tissues, which can alter a 

number of processes (examples shown in box) to promote systemic health. (B) Metabolic 

diseases have been associated with decreased AMPK activity and other cellular stress 

indicators such as inflammation and oxidative stress (examples shown in box). While it is 

not clear whether decreased AMPK activity is a cause or result of metabolic disease, 

evaluation of disease-induced changes in the lysosome, a site of AMPK activation, may help 

clarify the role of AMPK. Lysosome dysfunction, such as that resulting from a change in 

membrane permeability or pH, may impair AMPK activation or disrupt its relationship with 

mTORC1 through accumulation of ceramides, inflammation or oxidative stress. The shaded 

area indicates those relationships that are not well-established and require further inquiry, 

but that may lead to new AMPK-based combination therapies for metabolic diseases.
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