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Abstract

Adenosine Monophosphate-Activated Protein Kinase or AMPK is a highly-conserved master-

regulator of numerous cellular processes, including: Maintaining cellular-energy homeostasis, 

modulation of cytoskeletal-dynamics, directing cell growth-rates and influencing cell-death 

pathways. AMPK has recently emerged as a promising molecular target in cancer therapy. In fact, 

AMPK deficiencies have been shown to enhance cell growth and proliferation, which is consistent 

with enhancement of tumorigenesis by AMPK-loss. Conversely, activation of AMPK is associated 

with tumor growth suppression via inhibition of the Mammalian Target of Rapamycin Complex-1 

(mTORC1) or the mTOR signal pathway. The scientific communities’ recognition that AMPK-

activating compounds possess an anti-neoplastic effect has contributed to a rush of discoveries and 

developments in AMPK-activating compounds as potential anticancer-drugs. One such example is 

the class of compounds known as Biguanides, which include Metformin and Phenformin. The 

current review will showcase natural compounds and their derivatives that activate the AMPK-

complex and signaling pathway. In addition, the biology and history of AMPK-signaling and 

AMPK-activating compounds will be overviewed, their anticancer-roles and mechanisms-of-

actions will be discussed, and potential strategies for the development of novel, selective AMPK-

activators with enhanced efficacy and reduced toxicity will be proposed.
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STRUCTURE AND LOCALIZATION OF AMPK

In essentially all eukaryotic cells, AMPK serves as a highly conserved sensor of intracellular 

energy status and homeostasis [1–4]. AMPK constitutes a heterotrimeric complex of 

proteins consisting of a catalytic AMPK-α subunit as well as two regulatory (AMPK-β and 

AMPK-γ) subunits (Fig. 1) [1, 5–9]. The AMPK α-subunit constitutes the kinase domain 

and contains a highly conserved Threonine at residue-172 (Thr172) located in the activation 

loop of AMPK-α, which serves as a critical phospho-target for upstream kinases, including 

Liver Kinase B1 (LKB1) [10] and Calcium-Activated Calmodulin-Dependent Kinase Kinase 

β (CAMKKβ) [11] which differentially modulate AMPK’s activity in response to diverse 

physiological and biological, conditions and stimuli. In all species from yeast to man, 

phosphorylation in the activation loop of regulatory AMPK-α subunit at Thr172, is required 

for full activation and subsequent induction of downstream AMPK signaling, and functional 

consequences [1–10].

Two genes encode the mammalian AMPK α-catalytic subunit (AMPK-α1 and -α2), 

designated PRKAA1 & PRKAA2. The regulatory subunits of AMPK consist of two β-

subunit genes (AMPK-β1 and β2), designated PRKAB1 and PRKAB2, and three AMPK-γ 
subunit genes (AMPK-γ1, -γ2 and -γ3), designated PRKAG1, PRKAG2 and PRKAG3 [1–

6,10]. Some of the AMPK-α subunit isoforms have been shown to exhibit tissue-specificity 

as well as distinct functions. Specifically, the two catalytic AMPK-α subunits have been 

reported to demonstrate distinct responses to AMP binding and LKB1 association [6–7]. 

AMPK-α2 has shown preferential nuclear localization relative to the AMPK-α1 [12, 13]. 

However, it has been reported that the AMPK-α1 subunit is located in the nucleus under 

specific experimental conditions. Subunit-specific AMPK activities have also been observed 

for the AMPK-β subunits [9]. Specifically, myristoylation of the AMPK-β isoforms is 

essential for full activation of the kinase, as well as localization to specific membranes [1, 

7]. Despite these findings the significance of AMPK localization or co-localization with 

LKB1 needs to be further elucidated and better understood in order to develop effective 

strategies for targeted therapies. Furthermore, it is unclear whether any of these variations 

are cancer-specific, or if any novel compounds may be able to target the isoforms or 

regulatory phenomena preferentially.

REGULATION OF AMPK ACTIVITY

AMPK Regulation By Changes in Adenine Nucleotide Balances

AMPK activation and signaling is an intensely studied field. AMPK activation takes place 

via a two-pronged mechanism (Fig. 1, and also see cited reviews for details [1–5, 8, 14–17]). 

These studies indicate that the AMPK complex displays a complex interaction with the 

myriad of adenine nucleotide states (AMP:ADP:ATP) and is differentially regulated through 
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their binding to specific regulatory sites on the complex at different subunits as well as 

upstream regulation by the specific kinases (LKB1 and CAMKKβ). These studies have 

shown that AMPK activity is increased 5-fold by a moderate decrease in intracellular ATP, 

which is associated with a proportionate, concurrent and corresponding increase in 

intracellular AMP levels [18]. Further increases in cellular AMP levels may result in the 

direct binding of AMP to the AMPK-γ regulatory subunit. In fact, the AMPK-γ subunit 

contains three sites, which bind adenine-nucleotides with varying degrees of affinity [18]. 

The binding of AMP to the AMPK-γ regulatory subunit leads to a change in conformation 

that result in increased AMPK-α phosphorylation, in addition to decreased 

dephosphorylation at Thr172. As described, phosphorylation of AMPK-α at Thr172 is 

associated with a >100-fold increase in AMPK activity [1–5, 8, 14–18]. Additional studies 

have demonstrated that ADP may also be able to bind to the AMPK-γ subunit [12]. This 

suggests that intracellular ADP levels may also play a physiological role in AMPK 

activation in response to different types of cellular stresses and metabolic states [9, 19–21]. 

These findings demonstrate the complexity of cellular energy status signaling through 

AMPK.

The ability of AMPK-γ to bind different adenine nucleotide states (ATP:ADP:AMP) enables 

AMPK to act as a complex and sensitive sensor for regulation of cellular energy status [7, 

16, 18]. Normal cellular catabolism maintains an ATP:ADP ratio of approximately 10:1. 

Under conditions where the cells are not subject to any energetic stress this ration of 10:1 

ATP: ADP drives the adenylate kinase reaction towards ADP synthesis (ATP + AMP → 
2ADP). The net result is the maintenance of relative low levels of AMP [12, 15–16, 18–19]. 

The normal ratios of ATP:ADP:AMP in an unstressed cell are approximately 100 to 10 to 1 

[16, 18]. The specificity of the AMPK-γ subunits nucleotide-binding sites’ is similar for all 

three adenine nucleotide states (AMP, ADP, and ATP). The AMPK-γ subunits preferentially 

bind free ATP over ATP that is in complex with magnesium (ATP-Mg). However, 

approximately 90% of cellular ATP exists in complex with magnesium. Therefore, the 

relative concentrations of ADP and free ATP in a cell are comparable, resulting in their 

proportional competition for AMPK-γ nucleotide-binding pockets. Under normal 

conditions, in “unstressed cells” the concentrations of AMP are lower than cellular ADP and 

free ATP by 10-fold or more do to the cells natural tendency towards the adenylate kinase 

reaction (ATP + AMP → 2ADP). During periods of energetic stress, the ratio of 

AMP:ATP/ADP rises markedly. This results in a shift of the adenylate kinase reaction 

towards producing more AMP (2ADP → ATP + AMP) [12, 16–17]. Under conditions such 

as energetic stress, and a shift in the kinetics of the adenylate kinase reaction, the ratio of 

AMP rises sufficiently to compete with ATP and ADP at the AMPK-γ subunits’ nucleotide-

binding sites, resulting in the activation (phosphorylation) of AMPK. As mentioned above, 

stoichiometric phosphorylation of AMPK-α at Thr-172 results in a greater than 100-fold 

induction of AMPK activity [12, 16–17]. The net effects of increased phosphorylation are 

further increased by as much as 10-fold by concurrent allosteric activation, resulting from 

ATP binding. This multi-leveled mechanism allows for a massive increase in AMPK activity 

in response to small changes in energy homeostasis, making AMPK an extraordinarily 

sensitive and responsive molecular switch reacting to the slightest shift in the energetic 

status of the cell [12, 16–17, 22–32].
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AMPK Activation By Upstream Kinases

In addition to regulation by adenine nucleotide status, AMPK is also regulated by upstream 

kinases including LKB1. LKB1 is the primary upstream kinase of AMPK and it 

phosphorylates the AMPK-α subunit at Thr-172 in mammalian cells (Fig. 1) [13, 21, 33]. 

LKB1 is encoded by the gene STK11 and is classified as a serine/threonine kinase. LKB1 

has been shown to play multifaceted roles in cell: proliferation, polarity, metabolism, and 

survival. LKB1 exists in an apparently constitutively active state under normal physiological 

conditions. This high basal activity of LKB1 is critical and required for phosphorylation of 

AMPK-α at Thr-172 in response to AMP and/or ADP binding to the AMPK-γ subunit, 

AMPK is a key downstream effector of LKB1 and carries out many of LKB1’s key tumor 

suppressive functions [19, 21, 33, 34]. These include indirect inhibition of mTORC1 

signaling by phosphorylation of the tumor suppressor gene Tuberous Sclerosis 2 (TSC2) 

[35, 36] as well as direct inhibition via targeting the regulatory subunit of mTORC1 

signaling Raptor [37–38]. Detailed AMPK signaling will be discussed in the next section.

LKB1 also phosphorylates a number of AMPK-related kinases in addition to AMPK-α1 and 

-α2. Thus, many of the phenotypes of LKB1-deficient tumors may not result from disrupted 

AMPK-α signaling [13]. Recent studies have identified ROS as an upstream activator of 

AMPK, which appears to be LKB1-independent [39]. Therefore, although closely linked, 

AMPK and LKB1 display distinct differences in signaling that may account for their 

divergent roles relating to inhibition of tumorigenesis.

Although LKB1 is the major regulator of AMPK activity, CAMKKβ (CAMKK2) can also 

phosphorylate Thr172 of AMPK-α, in response to calcium flux in a mechanism that is 

independent of LKB1 [16, 40]. Interestingly, CAMKKβ is the closest mammalian-kinase 

homolog to LKB1. In addition, this calcium-flux-dependent activation of AMPK can act 

independent of adenine nucleotide status, thereby allowing AMPK to respond to stimuli 

independent of energy state [41–44]. By this mechanism AMPK can respond to many 

stimuli (Agonists) that increase intracellular Ca2+. These stimuli include: Thrombin in 

endothelial cells, T-cell receptor binding to Antigens, ghrelin (The hunger hormone) activity 

in hypothalamic neurons, as well as endogenous and exogenous cannabinoids binding at the 

cannabinoid receptor (CB2) (Fig. 1) [41–43, 45]. Additional studies have suggested the 

MAPKKK family member TAK1/MAP3K7 may also phosphorylate AMPK-α at Thr172 but 

it is unclear whether this requires LKB1 [9, 12, 42–48]. These findings reveal that a complex 

network of regulatory molecules and stimuli can modulate AMPK activity with a large 

degree of cross talk between AMPK and AMPK-related kinases, therefore further studies 

will be require to understand how this master regulator functions in normal and cancer 

biology and how specific targeted therapies and drugs may be developed to target this 

system (Fig. 1).

AMPK Suppression by Breast Cancer-Associated Gene 2 (BCA2)

BCA2 is a unique ring-finger-containing ubiquitin E3 ligase [49] that is overexpressed in 

>50% of breast tumors [50]. The downstream targets of BCA2 and its contributions to the 

overall breast cancer cell-survival advantage remains to be fully elucidated. Research from 

our laboratory has demonstrated that BCA2 is an endogenous inhibitor of AMPK activation 
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in multiple human breast cancer cell lines tested [51]. Our lab has also shown that RNAi-

based inhibition of BCA2 is associated with an increase in metformin (an indirect AMPK 

activator) efficacy in breast cancer cell lines [51]. Over-expression BCA2 inhibited both 

basal and inducible phosphorylation/activation of AMPK-α1, while BCA2-specific small 

interfering RNA (siRNA) enhanced Thr172 phosphorylation of AMPKα1 (pAMPKα1). The 

AMPK-suppressive function of BCA2 requires its E3 ligase-specific RING domain, 

suggesting that BCA2 targets some protein/proteins that control the phosphorylation or 

dephosphorylation of AMPKα1 via degradation of the regulatory protein, or by some other 

yet undetermined mechanism (Fig. 2A–B). Activation of AMPK by metformin triggered a 

growth inhibitory signal but also increased BCA2 protein levels, which correlated with AKT 

activation and could be curbed by an AMPK inhibitor, suggesting a potential feedback 

mechanism from pAMPKα1 to pAKT to BCA2 [51] (Fig. 2). Finally, BCA2 siRNA, and/or 

inhibition of its upstream stabilizing kinase, AKT, increased metformin-mediated growth 

inhibition in multiple breast cancer cell lines, thus demonstrating that inhibition of BCA2 

expression and or activation enhances metformin’s efficacy. Overexpression of BCA2 has 

also been shown to decrease metformin activity. Our data suggest that metformin in 

combination with a BCA2 inhibitor may be a more effective breast cancer treatment strategy 

than metformin alone [51].

It has been reported that AMPK activation triggers two conflicting signaling pathways: the 

well-known, cancer-preventive/tumor-suppressive signaling via mTOR1 inhibition, as well 

as the less-known cancer-survival feedback pathway via increased levels of PI3K/AKT 

signal ([47–48, 52–54], Fig. 2). How that survival pathway affects metformin efficacy in 

patients is unknown and the detailed mechanisms by which metformin affect cancer risk and 

outcome remain poorly understood. Our most recently findings suggest that BCA2 is an 

endogenous AMPK inhibitor whose levels are increased by AMPK activators via a PI3K/

AKT-mediated feedback loop ([51] Fig. 2). These findings place BCA2 at an essential 

intersection in the metformin/AMPK regulation map. We hypothesized that metformin 

triggers an AMPK-mediated survival signal which leads to stabilization of BCA2 protein 

[51, 55] that then inhibits AMPK activation and metformin efficacy via a yet unidentified 

feedback mechanism (Fig. 2).

It is possible that BCA2 inhibition up-regulates a protein, which may be either a direct 

kinase that may phosphorylate/activate pAMPKα at T172 or work upstream (Fig. 2A). It has 

also been shown that PP2A and PP2C complexes with AMPKα, and are responsible for 

dephosphorylation of AMPKα at Thr172, resulting in its inactivation ([4–6, 11, 55–57], Fig. 

2B). It is therefore also possible that BCA2 regulates degradation of some protein(s) (e.g., a 

putative endogenous phosphatase inhibitor, I-PPase 2A-C in Fig. 2B) that control the activity 

of PP2A-C and the subsequent dephosphorylation of AMPKα at T172 [58].

In summary, cellular AKT works to stabilize BCA2 so that it is free to ubiquitinate protein 

substrates, including some signaling proteins responsible for modulating AMPK-α 
phosphorylation and dephosphorylation at Thr-172, and targeting them for degradation via 
the ubiquitin-proteasome pathway, resulting in inhibition of AMPK signaling [56]. However, 

activation of AMPK by metformin (or another AMPK activator) increases BCA2 protein 

levels, inciting cancer cell survival and restarting the regulatory loop via PI3K/AKT. 
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Therefore, the balance of AMPK and PI3K/AKT/BCA2 may control cancer cell sensitivity 

to metformin therapy and the tumor cell life-death switch [51,59].

AMPK Regulation by miRNAs

Mechanisms of AMPK regulation independent of genomic alterations may also affect its 

activity in cancer. One such possible mechanism is AMPK regulation by microRNAs 

(miRNAs) (Fig. 1) [20, 22, 60–62]. The miRNA miR-451 was recently linked to control of 

LKB1–AMPK signaling within the context of gliomas [31]. miR-451 suppresses the 

expression of CAB39 (MO25α), an LKB1-binding protein [63], through direct targeting of 

its 3′UTR [20, 21, 23, 31, 64–65]. Under normal glucose conditions, higher levels of 

miR-451 are induced, however changes in glucose levels may modulate the expression of 

this and other miRNAs resulting in differential regulation of up- and down-stream targets of 

AMPK, thus modulating the pathway, miR451 suppression of CAB39 leads to subsequent 

repression of LKB1 activity and, consequently reduced AMPK activation (Fig. 1). Reduced 

AMPK activity leads to increased activation of mTOR signaling, which then promotes cell 

growth. However, a reduction in glucose concentration results in a decline in miR-451 levels 

[31, 65–66]. Decreased miR-451 releases suppression on CAB39 and consequently 

stabilizes active LKB1 signaling complex and induces AMPK phosphorylation/activation, 

resulting in inhibition of the mTORC1 pathway, suppression of cell proliferation, initiation 

of metabolic stress responses, and increased cell polarity as well as activation of migration 

signal pathways via MARKs phosphorylation which also effects cytoskeletal regulation [66–

68]. In this way miRNAs can regulate the AMPK pathway indirectly in response to changes 

in glucose availability.

It should also be noted that miR122 has been suggested to be a direct inhibitor of AMPK 

[65]. miR122 is constitutively expressed in the liver, and inhibition of miR122 is necessary 

for activation of enhanced AMPK signaling pathways [59, 62]. This happens during 

prolonged periods of starvation and due to several pharmacological interventions (such as by 

phenobarbital, or metformin). Treatment with these drugs reduces the negative feedback and 

allows for enhanced AMPK signaling once expression of this miRNA is decreased. 

Furthermore, miR122 is induced by a number of natural compounds, including resveratrol 

and indole-3-carbinol (I3C) [69–72], further expounding the complexity of the AMPK 

signaling system [73–74].

In silico analysis of the genome has revealed many additional miRNAs with putative 

sequences that could target the AMPK signaling pathway directly or indirectly [60–62]. 

However it is not clear what roles these miRNAs play in the regulation of the AMPK 

signaling. It is important to mention that many natural products, including “nutraceuticals”, 

play pivotal roles in modulation of miRNA expression, especially within the context of 

cancer [69]. Further complicating the system, a recent article suggests that the regulatory 

role of miRNAs is context-dependent, contingent on the status of the cell [64]. The authors 

suggest that miRNAs may differentially inhibit or induce the expression of their target 

transcripts depending on the context of the cell. Specifically, actively cycling cells have 

diminished expression of transcripts, while quiescent cells exhibit “enhanced” translation in 

response to miRNA binding and formation of the RNA-induced silencing complex (RISC 
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complex) [69–72]. Many diverse cell-culture conditions can induce quiescence, including 

serum starvation, cell-cell contact inhibition and loss of adhesion, to name a few. These 

findings suggest an important context-dependent factor to consider when one assesses the 

effects of miRNA, possibly other RNAi technologies, and drugs designed to stimulate their 

expression.

AMPK DOWNSTREAM EVENTS

AMPK Signaling

AMPK promotes energy homeostasis through the direct regulation of metabolic enzymes via 
phosphorylation (Fig. 1). AMPK inhibits fatty acid synthesis and stimulates lipid oxidation 

via the phosphorylation/inactivation of acetyl-CoA carboxylase (ACC) 1 and ACC2, 

respectively [71, 73]. In muscle tissue, AMPK has been shown act on glycolysis via 
phosphorylation of phosphofructokinase under ischemia in heart tissue [9, 72]. AMPK has 

also been shown to regulate autophagy, a catabolic process important for the maintenance of 

cellular energy and cell survival in starved cells [74–76]. AMPK-dependent phosphorylation 

of the ULK kinases directly induces autophagy in starved cells, resulting in the removal of 

damaged mitochondria through specific activation of “mitophagy” [47, 77]. ULK kinases in 

turn can negatively regulate AMPK signaling through phosphorylation of AMPK subunits 

[47]. In situations of chronic nutrient starvation [77–79], AMPK can elicit changes in 

transcription through a number of mechanisms including phosphorylation of the 

transcriptional co-activator PGC1a, the transcription factor FOXO3, or the core histone H2B 

[80].

Although a cancer-specific role for AMPK in stimulating glycolysis has yet to be 

demonstrated, AMPK has also been shown to play a role in regulating tumor metabolism 

from studies using AMPKα-deficient cell lines and animal models [79]. Furthermore, as 

detailed below, AMPK appears to negatively regulate the expression of Hypoxia Inducible 

Factor 1α (HIF-1α), which plays an essential role in the Warburg effect [16, 75, 81–82].

Effects on Hypoxia and HIF1α

Metastatic transformation and tumor progression is associated with a myriad of changes in 

cellular behavior and physiology. Two key changes that occur during cancer progression are 

a shift in metabolic activity in the cells, known as the Warburg effect, and a decrease in 

extracellular oxygen and pH levels surrounding the tumor [16, 65, 75, 81–82]. These 

changes are the result of the high metabolic demands associated with rapidly dividing cells 

and the lack of sufficient vasculature to supply the tumors during the early stages of 

development. Hypoxia is a well-studied mechanism associated with increased metastatic 

potential in human cancer cells.

It is known that one of the pro-growth metabolic programs associated with the loss of 

LKB1–AMPK signaling is mechanistically mediated by the oxygen-sensitive transcription 

factor HIF-1α [40, 66]. Silencing AMPK promotes increased glucose uptake, glycolytic 

flux, and flow of carbon into the tricarboxylic acid (TCA) cycle to fuel pathways of both 

ATP production and biosynthesis. Therefore loss of AMPK expression and activity is 
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associated with a HIF-1α-dependent transcriptional program that drives increased glycolysis 

under aerobic conditions, which resembles the Warburg effect. Consistently, HIF-1α protein 

levels are elevated in AMPKα-deficient cells under normoxia, leading to induction of 

HIF-1α-dependent transcriptional programs [36]. Lymphoma cells lacking AMPK activity 

display a reliance on HIF-1α to maintain heightened glycolytic metabolism, and the growth 

of AMPK-α1-deficient Myc lymphomas in vivo is diminished when HIF-1α stabilization is 

disrupted. In this regard HIF-1α acts as a regulator essential for the metabolic 

transformations associated with AMPK loss. While AMPK lies directly downstream of 

LKB1, the metabolic effects of LKB1 deficiency does not directly mirror those induced by 

AMPK loss [83]. In addition to displaying enhanced glycolysis, LKB1-null cells display 

enhanced glutamine metabolism, acting primarily as an anaplerotic substrate to support the 

TCA cycle and oxidative phosphorylation (OXPHOS) [83]. Likewise, LKB1 and AMPK 

have been shown to modulate expression of HIF-1α via various mechanisms. Silencing 

LKB1 thus increases both HIF-1α transcription and translation. These HIF-1a regulatory 

events are sensitive to inhibition of mTORC1 [68, 70–72].

Effects on mTOR Pathway

In addition to its effects on glucose metabolism, AMPK loss can also promote unchecked 

activation of the mTORC1 pathway [44, 47–48]. The mTORC1 pathway is one of the most 

thoroughly investigated and understood mechanisms by which AMPK regulates cell growth. 

One such mechanism by which AMPK regulates mTORC1 is via direct phosphorylation of 

the tumor suppressor protein TSC2 at serine 1387 [33–34]. In addition to regulation of cell 

growth, mTORC1 also controls cell fate through induction of autophagy, a cellular process 

of “self engulfment” in which the cells break down their own organelles (macroautophagy) 

and cytosolic components (microautophagy) [65–66, 47–48, 73–75]. This process ensures 

sufficient metabolites when nutrient levels are low in the cell. Regulation of protein 

synthesis by mTORC1 is a well-known example of one such process/mechanism. In 

addition, mTORC1 is a key player in translation regulation via phosphorylating numerous 

translational regulators, including S6 kinase 1 (S6K1) [63–68, 71–76]. Due to the increased 

metabolic demand associated with cancer progression the synthesis of fatty acids, 

triglycerides, cholesterol, RNA, and proteins are all up-regulated in tumor cells. Because 

cellular energy is required for protein synthesis, metabolic stress-induced AMPK activation 

should cause great inhibition in protein synthesis in a normal cell. This halt in protein 

synthesis is carried out through a crosstalk between AMPK and mTORC1 while AMPK 

negatively regulates mTORC1 signaling via phosphorylating/activating the tumor suppressor 

TSC2 [19, 48, 74–76] that is an inhibitor of mTORC1. Activation of AMPK can also cause 

direct phosphorylation of Raptor that would lead to 14-3-3-mediated inhibition on mTORC1 

[40, 77–82]. Therefore, a combination of AMPK inhibition and maintaining mTORC1 

signaling would increase tumor growth via bypassing these cellular metabolic brakes. Thus 

AMPK functions as a cellular metabolic tumor suppressor protein, inhibiting cancer cell 

growth via regulating Warburg metabolism and essential biosynthetic pathways. These 

effects of AMPK could help explain the findings that metformin [84–87] and aspirin [14, 

88–89] reduces the risk of cancer in some patients and that AMPK activators delay the onset 

of tumorigenesis in animal models [85, 90].
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Effects on Cell Polarity, Migration and Cytoskeletal Dynamics

There is evidence that AMPK also controls cell polarity and cytoskeletal dynamics under 

some experimental conditions [2, 5, 8, 10, 11, 65, 85, 87, 91]. It is known that LKB1 plays 

an important role in regulating cell polarity in multiple eukaryotic model systems but recent 

evidence has directly implicated AMPK in this role [90]. In drosophila, AMPK loss leads to 

altered polarity. In mammalian Canine kidney epithelial cells, activation of AMPK is 

necessary for proper re-polarization [92]. In addition, LKB1 was localized to adherens 

junctions in these cells, and treatment with E-cadherin RNAi specific loss of the 

aforementioned localization associated with corresponding loss of AMPK activation at the 

same sites [30]. It has also been reported that AMPK regulates Afadin122, an adherens 

junction protein, and GBF1, a Golgi-specific nucleotide-exchange factor for Arf5, which 

may be involved in the control of cellular polarity. AMPK deficiencies have been shown to 

alter multiple cellular polarity markers [65]. Additional studies have found that CLIP170, 

the microtubule plus end protein is a direct substrate of AMPK [93]. A mutation of 

CLIP-170 at its AMPK site led to slower microtubule assembly. It has also been suggested 

that mTORC1 is a potential kinase acting on CLIP-170, indicating that CLIP-170 could be a 

point of cross-talk point between AMPK and mTOR signaling pathways. While the 

significance of the role of AMPK in cytoskeletal rearrangements in cancer is yet unclear, the 

evidence is compelling and warrants additional investigations into their potential 

mechanisms and therapeutic significance.

The Role of AMPK in Cancer

AMPK has also been shown to play a “context-dependent” role in the regulation of tumor 

cell metabolism and function. AMPK is situated at the center of multiple established tumor 

suppressor networks including LKB1, TSC2 and p53 [74–75, 79]. Loss of AMPK activity 

has been observed in several tumor types, and has been shown to reprogram tumor cell 

metabolism as well as enhance cell growth and proliferation [79]. For example, loss of 

AMPK has been shown to accelerate Myc-dependent lymphogenesis in mice [82], 

suggesting that loss of AMPK can cooperate with oncogenic drivers to promote 

tumorigenesis. Conversely, AMPK activation has also been shown to impart a growth 

advantage to tumor cells through dysregulation of cellular metabolism, thus allowing tumor 

cells to adapt to metabolic stressors. Silencing of AMPK has been shown to promote a 

metabolic shift characteristic of the Warburg effect both in transformed and non-transformed 

cells [75]. In addition, AMPK activation (via A-769662) has been shown to delay tumor 

onset in PTEN+/− mice [79], suggesting that AMPK activation can exert anti-tumor effects 

in vivo within the context of PTEN loss that results in increased AKT and mTORC1 

signaling. Interestingly the majority of evidence supporting the use of AMPK activators has 

been derived from indirect AMPK-activating compounds through the application of a 

metabolic stress.

NATURAL COMPOUNDS THAT REGULATE AMPK ACTIVATION

Rationale for Targeting AMPK

AMPK-activating compounds have emerged as a viable method in targeting tumors as more 

evidence has emerged supporting an anti-tumorigenic role for the kinase. Several studies 
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have proposed using agonists of AMPK for cancer treatment, and the number of patents 

describing AMPK activators has rapidly increased [84–85, 91, 94–95]. The most convincing 

data in support of the use of AMPK-activating compounds, as anti-cancer agents have been 

the epidemiological and clinical trials of biguanides compounds: Metformin and Phenformin 

[84, 86]. Growing interest in the LKB1-AMPK pathway in cancer prompted retrospective 

analysis of cancer incidence in patients with type II diabetes. Several studies found that 

metformin treatment was associated with a significantly lower cancer incidence in patients 

relative to those using other medications to manage their diabetes [85]. Experimental 

evidence has also supported an anti-neoplastic effect for metformin. Treatments of animals 

harboring tumor xenografts with metformin or Phenformin have been shown to delay tumor 

progression [85, 90]. Other AMPK agonists, such as AICAR and salicylate have also been 

shown to inhibit tumor cell proliferation both in vitro and in vivo and even in patients [86, 

88, 92, 93, 96–102], providing further rationale for use of these agents for cancer therapy. 

Aspirin use lowers risk of developing some cancers (e.g., colorectal, esophagus, and 

stomach), but not others (e.g., breast cancer) [88–99]. The mechanism of action and 

regulation of aspirin remains to be further studied.

Natural Products that Activate the AMPK Signaling Pathway

Diverse assortments of natural products have been identified with the ability to activate 

AMPK either directly or indirectly through a variety of mechanisms (103) (Table 1).

Direct AMPK Activators

5-Aminoimidazole-4-carboxamide-1-β-d-ribofuranoside (AICAR) and ZMP—
AICAR (Table 1) is an AMPK agonist that acts as an AMP mimetic. AICAR has been used 

in the past to reduce the severity of heart attacks, and to treat metabolic disorders. AICAR 

also plays a prominent role in cancer biology and therapy as it has been shown to inhibit 

proliferation, promote senescence, and induce apoptosis via activation of AMPK [104]. 

AICAR may be phosphorylated to form ZMP, which closely imitates AMP, and directly 

binds to the AMPK-γ subunit to achieve the previously described AMPK activation and its 

dependent effects in cancer cells [105]. AICAR treatment in cancer cell lines has been 

shown to inhibit the mTOR pathway and activate c-Jun N-terminal kinases (JNKs) and 

caspase-3 activation, resulting in induction of apoptosis [106]. Treatment of cancer cells 

with AICAR also leads to cell cycle arrest in S-phase, and is associated with strong anti-

proliferative effects. Numerous studies have demonstrated that AICAR can be utilized, as an 

effective compound to inhibit cancer cell growth, and have illustrated the efficacy of 

targeting AMPK in cancer therapy [103,104–110].

Salicylates and A-769662—Salicylic acid (Table 1) has been isolated from willow bark 

(Salix Alba) since ancient times [15, 57, 88]. It is believed that plants produce salicylic acid 

as a defensive mechanism against infectious pathogens. The salts and esters of salicylic acid 

are known as salicylates. In modern society, most salicylates are replaced by its synthetic 

acetylated derivative acetylsalicylate, more commonly known as aspirin, for medicinal use 

[111]. It also can be administered as salsalate, the self-condensed dimer of salicylic acid. 

Upon administration to patients, both aspirin and salsalate are rapidly converted into 

salicylic acid. It has been demonstrated that salicylate can activate AMPK at physiological 
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concentrations that are observed in the plasma of patients after administration of higher 

doses of either aspirin or salsalate [89].

Salicylate has been shown to directly bind to AMPK. This direct binding to AMPK leads to 

allosteric activation by inhibiting the dephosphorylation of the activation site threonine 172. 

Salicylate’s mode of action is similar to the synthetic compound A-769662, a direct AMPK 

activator, and recent data indicates that they both bind to the β subunit of AMPK [112]. 

Salicylate’s ability to enhance fat utilization and to decrease plasma fatty acid levels was 

diminished in AMPK-knockout mice. Some of the therapeutic properties of aspirin and 

salicylate could be attributed to inhibition of cyclooxygenase as well as IKKβ [113]. 

However, it should be noted that some of these effects were still observed in mice deficient 

in these proteins, suggesting that salicylate may have additional, yet undetermined, targets 

[114]. Clinical trials with patients taking daily aspirin for 5 or more years have revealed a 

significantly reduced risk of colorectal cancer and other adenocarcinomas. It has also been 

found that, men who take aspirin daily have a lower risk for prostate cancer. In addition to 

these clinical studies numerous other controlled investigations utilizing aspirin in cancer 

cells have shown that its chemopreventitive effects are at least in part attributed to its 

AMPK-activating ability [89, 103, 111–114].

Indirect AMPK Activators

The majority of compounds that activate AMPK do so indirectly via induction of upstream 

or downstream regulators on AMPK signaling (Table 1).

Biguanides: Metformin and Phenformin—Metformin (Table 1) is the Type II diabetes 

drug prescribed most widely that has been found to be able to activate AMPK an LKB1-

dependent manner [84–86, 103]. Several clinical trials are currently underway to investigate 

the potential of metformin for preventing cancer of breast, prostate and colorectal [44, 51, 

59, 84–87, 94, 115, 116]. Biguanides such as metformin and phenformin apparently activate 

AMPK by inhibiting complex I of the mitochondria, leading to decreased ATP production 

and levels and a subsequent increases in intracellular ADP/AMP and thus are indirect 

activators of AMPK [116]. Research from our lab has demonstrated that activation of 

AMPK by metformin triggers a growth inhibitory signal that is associated with a 

transcription-independent induction of BCA2 protein levels, and a corresponding increase in 

AKT activation that is decreased in response to concurrent AMPK inhibition [51]. 

Furthermore, BCA2 siRNA and inhibition of AKT also increased metformin-mediated 

growth inhibition in several human breast cancer cell lines [51]. These data suggest that 

metformin plus a BCA2 inhibitor could serve as a potential strategy for breast cancer 

treatment. However, metformin has been associated with negative side effects conceivably 

resulting from the inhibition of mitochondrial respiration and consequent lactic acidosis 

caused by increased glycolysis [115].

Folic Acid—Folic acid (Table 1), a component of the vitamin B complex (Vitamin B9) is 

discovered in yeast, spinach and cod liver oil, and plays a crucial role in de novo pyrimidine 

nucleotide synthesis. As a result, folic acid is critical for the synthesis of nucleic acids and 

proteins [103, 117–119]. In the past, antifolates were used to treat anemia, inflammatory 
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diseases, rheumatoid arthritis, psoriasis, bacterial infections, spina bifida, and opportunistic 

infections associated with HIV/AIDS [119]. The development of antifolate drugs was 

accelerated due to results from a leukemia study, which concluded that folic acid increases 

the proliferation of cancer cells [82, 105]. As a result, folic acid analogs (Anti-folates) were 

predicted to be a viable method for impeding the spread of cancer [118].

Advances in antifolate research have given rise to a whole new class of antifolates, for which 

the prototype is methotrexate (Table 1). Methotrexate has been found to play a role in 

treating tumors with high specificity, sparing the normal tissues. Antifolates act by 

reversibly inhibiting dihydrofolate reductase (DHFR), which is critical for tetra-hydrofolate 

synthesis [120]. By inhibiting DHFR, antifolates are able to inhibit nucleic acid synthesis 

and proliferation. This drug works especially well in many types of cancer cells because the 

alpha folate receptor, which plays an important role in folate transport, is overexpressed in 

cancer cells [117–121,]. Recently, antifolates have been shown to activate p53 and AMPK 

leading to the induction of signaling pathways, resulting in cancer cell senescence. 

Antifolate agents have succeeded as a form of antimetabolite chemotherapy, which has led 

these drugs to be used for other diseases that are the result of rapidly dividing cells, 

including bacterial and parasite infections [103, 119,].

Obovatol—Obovatol (Table 1) is a phenolic compound isolated from the Magnolia 
Obovata plant that has been utilized in the past as an anti-oxidant and anti-inflammatory 

agent [122]. Obovatol has also been used to treat neurodegeneration (Alzheimer’s disease), 

anxiety, depression, and metabolic disorders such as diabetes [103, 123]. Obovatol has been 

identified as a potent AMPK-activating agent. One study showed that Obovatol and its 

derivatives strongly activated AMPK in L6 myotube cells in a concentration-dependent 

manner [17]. Recently Obovatol has been linked with anti-tumor-like activity and is slowly 

emerging as a novel drug to treat cancers that are resistant to chemotherapy. Nuclear 

transcription factor-kappa B (NF-κB) activation is associated with chemoresistance in 

prostate, colon and other cancers and Obovatol has been reported to be able to inhibit cancer 

cell via inhibition of NF-κB activity in both prostate and colon cancer cells [17, 123]. 

Combination experiments with other drugs such as paclitaxel, cisplatin and doxorubicin 

have shown synergistic effect in inhibiting NF-κB and a 60–80% increase in apoptosis 

inhibition. However, it is unclear whether the inhibition of NF-κB is associated with AMPK 

inhibition..

Cucurbitane Triterpenoids (CTs)—Cucurbitacins (CT) (Table 1) are a group of 

triterpenoid compounds that were originally isolated from Momordica Charantia L, a 

vegetable common in China and India [126]. CTs are found in members of the family 

Cucurbitaceae that includes the common pumpkins and gourds [124]. There are numerous 

structural variations of cucurbitacins, which are isolated from multiple sources including 

plants, mushrooms, and mollusks. Ye et al., found that CTs may induce glucose uptake, 

associated with the translocation of GLUT4 to the cell membrane and activation of AMPK 

[67, 108]. However, the exact mechanism by which CTs activate AMPK is unclear. CTs 

increase AMPK activity with or without AMP, and do so in an additive (but not synergistic) 

fashion. This suggests that AMPK activation by CTs could be due to a mechanism different 
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from that of AMP association or regulation. Therefore, because CTs do not activate AMPK 

via inhibiting mitochondrial or whole cell respiration, they may be better tolerated as anti-

diabetic or cancer chemotherapeutic agents in the context of AMPK activation [103, 124–

128].

Glabridin—First isolated in 1976, Glabridin (Table 1) is an isoflavane that is found in the 

root extract of the leguminous plant, Licorice (Glycyrrhiza glabra L.) [103]. It is widely used 

in the food and dietary supplement market as well as in the cosmetics industry. Glabridin is 

localized in the cork layer and in decayed roots of G. glabra and represents about 0.1–0.4% 

of the roots’ dry weight. Glabridin participates in the regulation of cellular energy 

expenditure through AMPK stimulation and the up-regulation of PPAR-γ [129]. Glabridin 

has also been identified as an indirect AMPK activator in myoblast C2C12 cells. However, 

glabridin treatment resulted in a significant decrease in total body weight in C57BL/6JL 

Lepob/Lepob mice, although it also played a role in regulating blood glucose levels in ZDF 

rats132. The regulation of blood glucose and body weight was linked to AMPK activation 

[103, 129–132].

Nootkatone—(+)-Nootkatone (Table 1) is a sesquiterpenoid that was isolated originally 

from Alaska yellow cedar in 1962 [103]. It has also been found in grapefruit oil, vetiver 

grass oil, pummelo fruit, and alpinia oxyphylla miquel fruit. (+)-Nootkatone can also be 

synthesized from (+)-valencene, readily available from Valencia oranges, by chemical 

transformations [133]. Further, Nootkatone could be produced efficiently through 

biotransformation from (+)-valencene by the green algae Chlorella species as well as from 

fungi [134]. Nootkatone has been reported to be a potent AMPK activator (135) in myoblast 

C2C12 cells associated with a strong promotion of glucose and lipid metabolism. In this 

study, Nootkatone exhibited isoform selectivity, activating AMPK-α by about 11-fold as 

compared to AMPK-β (by about 3.5-fold). Isoform specificity is a significant 

pharmacologic factor, and may be beneficial in the selective treatment of disease, should 

isoform specificity be identified in any of these diseases. Administration of Nootkatone has 

also been shown to exhibited similar beneficial physiological effects as metformin and other 

AMPK activating compounds. The beneficial effects include a reduction in body weight, 

triglycerides, cholesterol, and body fat accumulation, as well as enhanced endurance and 

reduced fatigue. These physiological effects are consistent with other AMPK activators. 

However, the precise mechanism of Nootkatone has yet to be elucidated [103, 133–136].

Nectandrin B: 2,5-bis-aryl-3,4-dimethyltetrahydrofuran lignans—2,5-bis-aryl-3,4-

dimethyltetrahydrofuran lignan (Table 1) compounds, isolated from Myristica fragrans 
[103], is a potent AMPK activator that might be useful in the prevention or treatment of 

AMPK-related disorders including diabetes and metabolic syndrome. It was shown that 

these compounds could activate AMPK and ACC significantly. An in vivo study using high 

fat diet-induced obese mice revealed that Nectandrin B decreased body weight (8.89 g) as 

compared with control (13.4 g) via AMPK activation [137–139]. The role of this compound 

in cancer is currently underexplored.
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Cannabinoids—Cannabinoids are derived from the genus of plants known as cannabis, 

which include three primary species (Cannabis –sativa, -Indica, and –Ruderalis). Cannabis 

plants produce a vast variety cannabinoid compounds that possess diverse physiological, 

pharmacological and psychological activities. Δ9 -tetrahydrocannabinol (Δ9-THC) (Table 1) 

constitutes the main psychoactive ingredient of Cannabis Sativa [23, 41, 43, 103, 140–143]. 

In addition, Cannabinoids compose a diverse class of compounds with similar structures that 

possess a multitude of unique molecular targets and biochemical mechanisms of actions 

[41]. In hepatocellular carcinoma cells, Δ9-THC and other cannabinoids have been shown to 

trigger an ER stress response, associated with a potent and abrupt activation of AMPK. This 

subsequent activation of AMPK has been shown to cooperate with the TRIB3-mediated (a 

negative regulator of NF-κB) inhibition of the AKT-mTORC1 signaling axis, as well as 

induction of autophagy-mediated cell death [23, 142]. A one-hour treatment with several 

different cannabinoids (Including: Natural compounds and synthetic derivatives lacking the 

psychoactive side-effects) is sufficient to induce a robust increase AMPK phosphorylation, 

with a sustained effect for up to 24 h. Total AMPK protein levels were decreased after 12 or 

24 h treatment. Further, Compound C, a semi-selective AMPK inhibitor inhibited the 

induced AMPK phosphorylation and autophagy [140]. Cannabinoids are a critically 

underexplored class of compounds that possess potent and diverse pharmacological 

properties. Compounds that retain the pharmacological properties of cannabinoids without 

the psychological (psychoactive) side effects may be beneficial for therapies of multiple 

diseases including cancer [23, 41, 43, 103, 140–143].

Indole-3-carbinol (I3C) and Diindolylmethane (DIM)—I3C, as well as its in vivo 
dimeric product DIM (Table 1), is produced from glucosinolates present in Cruciferae 

vegetables (including broccoli and cabbage) (144). It has been well documented that I3C and 

DIM have cancer-inhibitory effects via regulating genes involved in cell growth, apoptosis, 

signal transduction, transcription and oncogenesis (144–146). Recently, we reported that 

AMPK is a molecular target of DIM in human prostate cancer cells. We found that DIM 

activates AMPK pathway, in association with inhibition of the mTOR and androgen receptor 

(AR) as well as induction of apoptosis in both androgen-sensitive (LNCaP) and –resistant 

(C4-2B) prostate cancer cells and xenografts [29]. Our finding demonstrates that DIM could 

be used as anti-cancer agent for prevention and treatment regardless of androgen status.

Epigallocatechin gallate (EGCG) and novel EGCG analogs—Catechins including 

epicatechin (EC), epigallocatechin (EGC), epicatechin-3-gallate (ECG) and EGCG (Table 1) 

are the main constituents of green tea (Camelia sinensis) and account for 30–40% of its dry 

extract [147–148]. Among them, EGCG is the most abundant catechin in green tea and has 

also been used as an anti-obesity agent in animal models and in humans [147–149]. EGCG 

is also well known for its antioxidant and anticancer properties; EGCG inhibits cancer cell 

growth, associated with activation of AMPK [147–150]. But its disadvantages such as less 

potency and low bioavailability have limited its development and use in the clinic. 

Therefore, efforts were taken to develop the synthetic analogs of EGCG [147–148, 151]. We 

reported that some novel EGCG analogs 4 and 6 were more potent AMPK activators than 

metformin and EGCG and were capable of inhibiting cancer cell growth, up-regulating p21 

(a cdk inhibitor), down-regulating the mTOR signaling, and suppressing stem cell 
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population in human breast cancer cells [152]. EGCG also has been shown to regulate 

miRNAs (mir-221), which negatively regulates PTEN expression, resulting in enhancement 

of the effects of AMPK activation and induction of apoptosis [153, 154].

Resveratrol (trans-3,5,4′-trihydroxystilbene)—Resveratrol (Table 1), a dietary 

polyphenol compound found in red wines and a large number of plants including grapes 

berries, and peanuts, has been reported to activate AMPK and possess similar beneficial 

effects in metabolic disease as the known AMPK activators, AICAR and metformin [155]. 

Resveratrol has been shown to be able to cause a rapid activation of AMPK via inhibiting 

the F1F0 mitochondrial ATPase. Resveratrol, as a potent AMPK activator could be useful in 

the treatment of diabetes and metabolic syndromes [156]. It has been reported that 

resveratrol may also act as an exercise substitutive agent, which, through AMPK activation, 

induces energy metabolism. Several studies have come to question the suggestion about the 

direct binding of resveratrol to sirtuins for activation. The activation of SIRT1 (NAD-

dependent deacetylase sirtuin-1) by resveratrol in cells and animals appears to require 

increased NAD+ levels by AMPK activity. The detailed mechanism about how resveratrol 

induces AMPK activation requires further investigation [156]. It should also be mentioned 

that Resveratrol has been shown to be a regulator of miRNAs [22, 31, 60]. It is unclear the 

exact role of these miRNAs in AMPK signaling regulation, however, resveratrol and many 

other natural compounds described in this review have been shown to regulate miRNAs with 

reputed targets in the AMPK signaling and regulatory pathway [61]. For a detailed 

description of the known mechanism of these phenomena, please see the section titled 

“AMPK regulation by miRNAs”.

Ginseng (Ginsenosides)—Ginseng is one of the most popular herbal medicines 

worldwide. Its presumed therapeutic properties include improving physical performance and 

sexual function, treating cancer, diabetes and hypertension. Ginsenosides, a class of plant 

steroid glycosides and triterpene saponins, are found mainly in the plant genus Panax 

(ginseng). They exert antidiabetic and anticancer effects. It was reported that Ginsenoside 

Rg3 was able to inhibiting adipocyte differentiation, associated with inhibition of PPAR-γ in 

the treated cells. Rg3 was also able to activate AMPK in a time-dependent fashion, 

demonstrating that the anti-obesity effect of Ginsenoside Rg3 is related to activation of the 

AMPK signaling pathway and inhibition of PPAR-γ [157]. A Recent study reported that 

Rg3 induces apoptosis via the CaMKK-AMPK pathway in HT-29 colon cancer cells. The 

AMPK activity was confirmed using either compound C and AMPK-specific siRNA or 

STO-609 (a chemical inhibitor of CaMKKβ) [158]. More recently, it was reported that 20-

O-β-D-glucopyranosyl-20(S)-protopanaxadiol (20-GPPD), a metabolite of ginseng saponin, 

caused colon cancer cell death through the induction of cytoplasmic Ca2+. While 20-GPPD-

induced activation of AMPK appeared to play a key role in the apoptotic death, it did not 

involve LKB1, the upstream AMPK kinase [103, 157, 159].
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STRATEGIES FOR THE DEVELOPMENT OF NOVEL AMPK-ACTIVATING 

COMPOUNDS

Natural compounds have been modified over the millennia by evolution to perform specific 

roles in an organism’s biology. So far, we have detailed a number of natural compounds that 

have been shown to exhibit potent AMPK-activating qualities with significant implications 

in cancer and other metabolic diseases. Specialized approaches to identify and predict these 

properties may aide scientists in the identification of new classes of AMPK activators that 

may serve as prototypes for whole new categories of drugs with improved efficacies, 

selectivity and specificity.

Many of the described AMPK activators have come from plants and other nutritional 

sources. However, expanding the scope of the investigation to include extremophilic 

microbes (Extremophiles) or microbes that can survive in extreme environments which 

would place tremendous evolutionary selective pressure and force fine tuning of their 

molecular machinery, to stabilize their energy states under these extremes of physiological 

states, could lead to the identification of additional novel, specific AMPK activators with 

diverse biological activities and unique pharmacologic properties [96, 100, 160–162]. The 

extreme nature from which these organisms originate, forces unique evolutionarily responses 

and characteristics that could potentially be utilized within the context of human disease and 

cancer. In addition to mining the environment and microbiome for natural compounds, novel 

AMPK activators could be developed through the application of synthetic combinatorial 

chemistry [160–162]. Modification of candidate compounds may improve on what nature 

has provided and allow for the development of AMPK-activating drugs with improved 

pharmacodynamics and/or pharmacokinetics that could be utilized in diverse scientific 

arenas including cancer therapy.

CONCLUSIONS

The intention of this article was to review the significance of the AMPK signaling pathway 

in normal and cancer cells, in order to briefly summarize what is known about natural 

compounds that activate this pathway. These studies have shown that a variety of natural 

compounds can either activate AMPK directly and/or indirectly. In addition, this review 

intended to highlight potential strategies for the identification and development of novel 

targets and compounds within the AMPK pathway in cancer chemotherapeutics. AMPK is a 

master regulator of cellular-energy and metabolic homeostasis and is a re-invigorated and 

critical target in cancer biology and chemotherapeutics. These natural compounds could be 

used as prototypical compounds for the development of “Novel” next generation AMPK-

activating drugs. Studying these natural compounds may reveal novel compounds with 

unique structural, chemical (pharmacokinetic) and mechanistic (pharmacodynamic) 

properties and could indicate new strategies, which may contribute to the intelligent design 

and development of next generation of AMPK activators. Furthermore, the repurposing of 

old drugs; based on their known applications, to a new disease model is a promising strategy 

for drug development as it bypasses much of the complications and difficulty associated 

with bringing a new drug to the clinic. Many of the natural compounds discussed in this 
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review have alternative uses and could potentially be repurposed to treat cancer and other 

disorders associated with aberrant AMPK signaling. It is our hope that by absorbing the 

lessons learned from natural AMPK-activating compounds we might develop novel 

compounds with enhanced selectivity, improved efficacy and decreased toxicity for 

treatment of human diseases including cancer.
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LIST OF ABBREVIATIONS

AMPK Adenosine Monophosphate-Activated Protein Kinase

mTORC1 Mammalian target of rapamycin complex 1

LKB1 Liver kinase B1

CAMKKβ Calcium-activated calmodulin-dependent kinase kinase β

Thr172 Threonine residue 172

named α1 and α2 AMPK α-catalytic subunit

β1 and β2 β-subunit genes

γ1 γ2 and γ3, γ-subunit genes

TSC2 Tuberous Sclerosis 2

CB2 Cannabinoid receptor type 2

BCA2 Breast Cancer Associated Gene 2

siRNA Small interfering RNA

pAMPKα1 Phosphorylated AMPKα1

miRNAs microRNAs

RISC complex RNA-induced silencing complex

ACC Acetyl-CoA carboxylase

TCA Tricarboxylic acid

OXPHOS Oxidative phosphorylation

S6K1 S6 kinase 1

MLC Myosin light chain

KLC2 Kinesin Light Chain 2
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AICAR 5-Aminoimidazole-4-carboxamide-1-β-d-ribofuranoside

JNKs c-Jun N-terminal kinases

NF-κB Nuclear transcription factor-kappaβ

CTs Cucurbitane Triterpenoids

Δ9-THC Δ9-tetrahydrocannabinol

I3C Indole-3-carbinol

DIM Diindolylmethane

EC Epicatechin

EGC Epigallocatechin

ECG Epicatechin-3-gallate

EGCG Epigallocatechin gallate
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Fig. (1). Regulation of the AMPK Pathway
The AMPK signaling pathway is a master regulator of cellular energy homeostasis and 

metabolism AMPK is regulated by diverse mechanisms and stimuli that provide a variety of 

opportunities for pharmacological intervention. (A) Indirect Activation: Upstream AMPK 

activators. LKB1 and CaMKKβ principally regulate AMPK. Stimulation of these pathways 

upstream of AMPK can activate AMPK signaling indirectly. (B) Direct AMPK Activators. 

AMPK can be directly activated by a nucleotide analog (such as AMP and ZMP) binding to 

the regulatory subunit and inducing a conformational change that enhances AMPK 

phosphorylation. (C) Downstream AMPK signaling pathways. The AMPK pathway can also 

be activated by stimulation of downstream signaling partners. This can mimic and/or 

enhance the effects of AMPK activation in response to normal physiological stimuli. (D) 

Indirect inducers of metabolic stress. Many compounds and stimuli induce metabolic stress, 

which results in the release of Ca2+ ions, and fluctuation in the cellular AMP/ATP ratios. 

These metabolites play a profound role in regulation of AMPK activation and can 

significantly enhance AMPK signaling under these conditions. (E) miRNA modulation of 

AMPK pathway. The AMPK pathway is the target of multiple miRNAs, which regulate the 

expression of key regulators in the pathway. Changes in miRNA expression resulting from 

pharmacological intervention or changes in blood glucose levels can release the suppression 

on the system resulting in enhance AMPK expression and activation.
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Fig. (2). Proposed schematic of the Role of BCA2 in modulation of AMPK activation
At the basal level, AKT phosphorylates and stabilizes BCA2 which is responsible for 

ubiquitinating protein substrates, including some signaling proteins controlling 

phosphorylation (A) and dephosphorylation (B) of pAMPK-α (at Thr-172), and target them 

for degradation via ubiquitin-proteasome pathway, resulting in inhibition of AMPK 

signaling in breast cancer cells. The activation of AMPK by metformin, however, increases 

BCA2 protein levels, inciting cancer cell survival and restarting the regulatory loop via 
PI3K/AKT. Therefore, the balance of AMPK and PI3K/AKT/BCA2 may control breast 

cancer cell sensitivity to metformin therapy and the tumor cell life-death switch.
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Table 1

Natural compounds acting on the AMPK pathway.

Compound Name Chemical Structure Effects in Cancer Mechanism of Action

AICAR [103–110]
(Adenosine mimic)

• Inhibits cancer cell 
proliferation

• Promotes senescence 
Induce apoptosis

Direct

• Mimics AMP and 
binds to AMPK γ 
subunits.

• Stimulates 
mitochondrial 
apoptosis pathway

• Inhibition of mTOR 
pathway

Salicylic acid [15, 57, 88–89, 
111–114]

Willow bark (Salix Alba)

• Chemopreventitive 
effects in prostate 
cancer patients

• Reduced risk of 
colorectal cancer

• Reduced risk of 
adenocarcinomas

Direct

• Binds to AMPK

• Allosteric inhibition 
of 
dephosphorylation

Metformin [44, 51, 56–57, 
84–87, 115–116]

French lilac (Galega 
officinalis)

• Anti-cancer effect

• Induces cell death

• Reduced Risk of Breast

• Cancer

• Decreased cell growth

Indirect

• Moderate inhibitors 
of Complex 1 of 
mitochondrial 
electron transport 
chain

• Inhibits mTORC1 
pathway

• Triggers AMPK 
pathway leading to 
cell death

Methotrexate [103, 118–121]
(Antifolates)

• Used as antimetabolite 
in cancer 
chemotherapy

• Used in both solid 
tumors and 
hematologic 
malignancies

Indirect

• Inhibits 
dihydrofolate 
reductase (DHFR)

Obovatol [122–124]
Fruits of Magnolia 

(Obovata)

• Inhibits cancer cell 
proliferation

• Induces apoptosis

Indirect

• Generation of 
reactive oxygen 
species (ROS)

• Inhibits NF-κB

• Concentration 
dependent AMPK 
Activation

Cucurbitane Triterpenoid 
[125–128]

Bitter Gourd (Momordica 
Charantia)

• Induced apoptosis

• Induced autophagy

Indirect

• Peroxisome 
proliferator-
activated receptor 
(PPAR) γ activation

• Inhibits mTOR-
p70S6K signaling 
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Compound Name Chemical Structure Effects in Cancer Mechanism of Action

through Akt down 
regulation

• Potent AMPK 
activation

Glabridin [129–132]
Licorice (Glycyrrhiza 

Glabra)

• Inhibits metastasis

• Suppress tumor 
formation

• Anti-proliferative 
properties

Indirect

• Caspase activation

• Apoptosis induction 
via JNK1/2 and p38 
MAPK pathway

Nootkatone [133–136]
Grapefruit, and Pummelo 

(Nootka Cypress Tree)

• Anti-tumor activity

• Induces cell death

Indirect

• Activates AMPK-α 
and AMPK-β

• Inhibits NF-κB

2,5-Bis-aryl-3,4- Di-methyl-
tetra- hydrofuran 

(Nectandrin B) [137–139]
Nutmeg (Myristica 

Fragrans)

• Anti-tumor activity

• Anti-proliferative effect

• Cytotoxicity

Indirect

• Activates AMPK

• Ca2/calmodulin 
kinase II activation

• Activate ACC

Δ9- Tetrahydrocannabinol 
[23, 41–43, 103, 140–143]

(Cannabis Sativa)

• Inhibition of 
Angiogenesis

• Reduce nausea and 
vomiting from 
Chemotherapy

• Induced cell cycle 
arrest

• Induced apoptosis

• Antiproliferative 
effects

• Cytotoxicity

• Chemopreventitive 
effects in multiple 
cancers

Indirect

• TRIB3-mediated 
inhibition of the 
Akt–mTORC1 axis

• Stimulation of 
autophagy-mediated 
cell death

• Up regulation of 
tissue inhibitor of 
matrix 
metalloproteinases-1 
(TIMP-1)

• Activates AMPK 
Signaling through 
ER Stress/Ca2-
release

Indole-3-Carbinol [29, 144–
146]

(Cruciferous Vegetables)

• Alters estrogen 
metabolism in hormone 
dependent cancers

• Induces apoptosis

• Inhibit angiogenesis

Indirect

• miR122: AMPK is a 
putative target

• Inhibitor of AKT 
and NF-κB

• Up regulates 
expression of phase 
1 and phase 2 
enzymes
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Compound Name Chemical Structure Effects in Cancer Mechanism of Action

DIM [29, 144–146]
(Cruciferous Vegetables)

• Alters estrogen 
metabolism in hormone 
dependent cancers

• Induces apoptosis

• Inhibit angiogenesis

Indirect

• Inhibitor of AKT 
and NF-κB

• Up-regulates 
expression of phase 
1 and phase 2 
enzymes

• miR122: AMPK is a 
putative target

Epigallocatechin Gallate 
(EGCG) [147–154]

Green Tea (Camellia 
Sinensis)

• Suppress cell 
proliferation and 
production of prostate- 
specific antigen (PSA)

• Increase apoptosis

• Increase efficacy of 
chemotherapy

Indirect

• miR221 PTEN 
pathway

• Inhibits Cox-2 and 
lipoxygenase

• Negatively inducts 
PTEN expression

Resveratrol [22, 31, 60, 155–
156]

Grapes, lilies, peanuts, wine, 
soy and berries

• Repairs free radical 
growth that contributes 
to cancer

• Sensitizes cancer cells 
to radiation

Indirect

• miR122: AMPK is a 
putative target

• Mediated through 
TGF-β pathway

• Specifically through 
SMAD proteins

• Inhibits F1F0 
mitochondrial 
ATPase

Ginsenoside Rg3 [103, 157–
159]

Ginseng (Panax Root)

• Anti-tumor activity

• Induces apoptosis

• Inhibits colon cancer 
growth

Indirect

• PPAR-γ inhibition

• Apoptosis via 
CaMKK-AMPK 
signaling

• Induction of 
cytoplasmic Ca2+ 

release

• Targets TRPC 
channel-mediated 
Ca2+ influx
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