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AMP-activated protein kinase (AMPK) is an evolutionary conserved and ubiquitously expressed serine/threonine kinase playing a central role in the coordination of energy homeostasis. Based on the beneficial outcomes of its activation on metabolism, AMPK has emerged as an attractive target for the treatment of metabolic diseases. Identification of novel downstream targets of AMPK beyond the regulation of energy metabolism has renewed considerable attention in exploiting AMPK signaling for novel therapeutic targeting strategies including treatment of cancer and inflammatory diseases. The complexity of AMPK system with tissue-and species-specific expression of multiple isoform combination regulated by various inputs, post-traductional modifications and subcellular localizations presents unique challenges for drug discovery. Here, we review the most recent advances in the understanding of the mechanism(s) of action of direct small molecule AMPK activators and the potential therapeutic opportunities.

1-Introduction

AMP-activated protein kinase (AMPK) is mainly known as a highly conserved and ubiquitously expressed energy sensor that is highly sensitive to changes in cellular energy levels (by sensing increases in AMP:ATP and ADP:ATP ratios) and makes appropriate adjustment to balance the consumption of ATP with its synthesis [START_REF] Hardie | AMP-Activated Protein Kinase: A Target for Drugs both Ancient and Modern[END_REF]. In this context, the overall effect of AMPK activation is to increase the rate of catabolic (ATP-generating) processes and decrease the rate of anabolic (ATP-consuming) processes in an attempt to restore cellular energy homeostasis. This is accomplished by the phosphorylation of downstream targets involved in the regulation of numerous metabolic pathways as well as long-term adaptive changes through transcriptional regulation. In addition to its role in maintaining intracellular energy homeostasis, AMPK also coordinates metabolism at the whole-body level [START_REF] Hardie | AMPK: regulating energy balance at the cellular and whole body levels[END_REF]. Therefore, AMPK represents a point of conversion of regulatory signals monitoring systemic and cellular energy status, making AMPK signaling an obvious target for the treatment of several metabolic disorders [START_REF] Hardie | AMP-Activated Protein Kinase: A Target for Drugs both Ancient and Modern[END_REF][START_REF] Winder | AMP-activated protein kinase, a metabolic master switch: possible roles in type 2 diabetes[END_REF]. The discovery that muscle contraction activates AMPK in skeletal muscle leading to increased glucose uptake and evidence supporting that skeletal muscle AMPK signaling network is not compromised in type 2 diabetic individuals reinforced the interest for targeting AMPK via physical exercise or pharmacological interventions [START_REF] Winder | AMP-activated protein kinase, a metabolic master switch: possible roles in type 2 diabetes[END_REF][START_REF] Kjobsted | Intact Regulation of the AMPK Signaling Network in Response to Exercise and Insulin in Skeletal Muscle of Male Patients With Type 2 Diabetes: Illumination of AMPK Activation in Recovery From Exercise[END_REF]. Moreover, a growing number of downstream targets that are phosphorylated when AMPK is activated independently of the canonical AMP and ADP inputs have been recently identified, expanding AMPK function beyond its critical role in the regulation of energy homeostasis [START_REF] Hardie | AMP-activated protein kinase -not just an energy sensor[END_REF][START_REF] Lin | AMPK: Sensing Glucose as well as Cellular Energy Status[END_REF][START_REF] Hardie | AMPK: An Energy-Sensing Pathway with Multiple Inputs and Outputs[END_REF]. It was recently demonstrated that AMPK is able to sense glucose availability independently of changes in adenine nucleotides by a mechanism involving the formation of complexes with axin on the surface of the lysosome [START_REF] Zhang | Fructose-1,6-bisphosphate and aldolase mediate glucose sensing by AMPK[END_REF]. Given recent reports highlighting the critical regulatory role played by AMPK in autophagy, antiinflammatory response and cell growth [START_REF] Day | AMPK as a Therapeutic Target for Treating Metabolic Diseases[END_REF][START_REF] Garcia | AMPK: Mechanisms of Cellular Energy Sensing and Restoration of Metabolic Balance[END_REF], it is not surprising to see the heightened interest in the development of AMPK-targeted therapeutics for the potential to offer significant human health benefits.

In this review, we explore the promise and potential challenges of exploiting the versatility of AMPK signaling for novel therapeutic targeting strategies. We provide here an update on recently developed direct AMPK activators, notably focusing on their mechanisms of action and therapeutic opportunities. A detailed description of the role of AMPK in the regulation of whole body and cellular functions is out of scope of the current review and the reader is invited to consult other recent reviews dealing with this specific topic [START_REF] Hardie | AMP-activated protein kinase -not just an energy sensor[END_REF][START_REF] Day | AMPK as a Therapeutic Target for Treating Metabolic Diseases[END_REF][START_REF] Fullerton | AMP-activated protein kinase and its multifaceted regulation of hepatic metabolism[END_REF][START_REF] Salt | AMP-Activated Protein Kinase: An Ubiquitous Signaling Pathway With Key Roles in the Cardiovascular System[END_REF].

2-Structure and regulation of AMPK

AMPK is a heterotrimeric protein kinase comprised of an alpha () catalytic subunit in combination with scaffolding beta () and regulatory gamma () subunits (Figure 1). These subunits are encoded by seven genes (PRKAA1, PRKAA2, PRKAB1, PRKAB2, PRKAG1, PRKAG2, PRKAG3), enabling the formation of a diverse collection of  heterotrimer combinations. The seven isoforms (1, 2, 1, 2, 1, 2 and 3) can theoretically combine to form up to 12 possible heterotrimers with eventually different regulation (expression, turnover, subcellular localization), regulatory properties (sensitivity to various inputs), and functions (specific substrate phosphorylation, different outputs) for unique impact on cellular homeostasis. In addition, reported PRKAG2 transcript variants differentially expressed in adult tissues (with a transcript predominantly expressed in the heart) may also add to the diversity in the composition of AMPK heterotrimers [START_REF] Lang | Molecular cloning, genomic organization, and mapping of PRKAG2, a heart abundant gamma2 subunit of 5'-AMP-activated protein kinase, to human chromosome 7q36[END_REF][START_REF] Pinter | Embryonic expression of AMPK gamma subunits and the identification of a novel gamma2 transcript variant in adult heart[END_REF].

2-1-Structural features and role of the catalytic  subunits

The  catalytic subunits contain the conventional serine/threonine kinase domain (-KD) at the N-terminus while the C-terminus is required for binding the  and  subunits (Figure 1). Phosphorylation of the conserved threonine residue (Thr172) within the activation loop of the -KD is required for full activation of AMPK. Two principal upstream kinases have been identified, the tumour suppressor LKB1 [START_REF] Hawley | Complexes between the LKB1 tumor suppressor, STRAD alpha/beta and MO25 alpha/beta are upstream kinases in the AMP-activated protein kinase cascade[END_REF][START_REF] Woods | LKB1 is the upstream kinase in the AMP-activated protein kinase cascade[END_REF][START_REF] Shaw | The tumor suppressor LKB1 kinase directly activates AMP-activated kinase and regulates apoptosis in response to energy stress[END_REF] and the Ca2+/calmodulin-activated kinase 2 (CaMKK2) [START_REF] Hawley | Calmodulin-dependent protein kinase kinase-beta is an alternative upstream kinase for AMP-activated protein kinase[END_REF][START_REF] Woods | Ca2+/calmodulin-dependent protein kinase kinase-beta acts upstream of AMP-activated protein kinase in mammalian cells[END_REF][START_REF] Hurley | The Ca2+/calmodulindependent protein kinase kinases are AMP-activated protein kinase kinases[END_REF]. LKB1 is constitutively active but can be further modulated by posttranslational modifications [START_REF] Hardie | AMPK: regulating energy balance at the cellular and whole body levels[END_REF][START_REF] Jeon | Regulation and function of AMPK in physiology and diseases[END_REF]. Moreover, LKB1 appears to be a major regulator of AMPKα2, at least in skeletal and cardiac muscle [START_REF] Sakamoto | Deficiency of LKB1 in skeletal muscle prevents AMPK activation and glucose uptake during contraction[END_REF][START_REF] Sakamoto | Deficiency of LKB1 in heart prevents ischemia-mediated activation of AMPKalpha2 but not AMPKalpha1[END_REF]. Activation by CaMKK2 is mediated by increases in cytosolic Ca 2+ concentrations, thus providing an alternate pathway to activate AMPK independent of changes in adenine nucleotide concentration. In addition, TGF- activated kinase 1 (TAK1) was proposed as an alternative upstream kinase [START_REF] Xie | A pivotal role for endogenous TGF-beta-activated kinase-1 in the LKB1/AMP-activated protein kinase energy-sensor pathway[END_REF] but only few studies further investigated its physiological relevance [START_REF] Herrero-Martin | TAK1 activates AMPK-dependent cytoprotective autophagy in TRAIL-treated epithelial cells[END_REF][START_REF] Inokuchi-Shimizu | TAK1-mediated autophagy and fatty acid oxidation prevent hepatosteatosis and tumorigenesis[END_REF]. The identity of phosphatase regulating AMPK phosphorylation is largely unknown and may depend on the cell type [START_REF] Garcia-Haro | The PP1-R6 protein phosphatase holoenzyme is involved in the glucose-induced dephosphorylation and inactivation of AMPactivated protein kinase, a key regulator of insulin secretion, in MIN6 beta cells[END_REF][START_REF] Joseph | Inhibition of AMP Kinase by the Protein Phosphatase 2A Heterotrimer, PP2APpp2r2d[END_REF]. The -KD is immediately followed by an auto-inhibitory domain (-AID) that maintains the α-KD in an inactive conformation in the absence of AMP [START_REF] Chen | Structural insight into the autoinhibition mechanism of AMP-activated protein kinase[END_REF][START_REF] Chen | Conserved regulatory elements in AMPK[END_REF]. The α-AID is connected to the globular C-terminal domain (-CTD) by a flexible regulatory segment (α-linker) playing a key role in allosteric activation of AMPK by AMP [START_REF] Xin | Coordinated regulation of AMPK activity by multiple elements in the alpha-subunit[END_REF]. In the presence of AMP, interactions between the α-linker with the  subunit restricts its flexibility and results in tighter association of the catalytic and nucleotide binding modules, which physically protects Thr172 from dephosphorylation. Moreover, the binding of the α-linker to the  subunit shifts the -AID away from the -KD, thus releasing its negative effects on the -KD. Within the -CTD, a flexible serine/threonine-rich loop termed as the ST loop (only conserved in vertebrates) appears to play a regulatory role in the inhibition of AMPK by other kinases. Phosphorylation of the ST loop reduces the activity of AMPK by decreasing the net phosphorylation of Thr172. Phosphorylation of AMPK1 at Ser485 and AMPK2 at Ser491 by PKA [START_REF] Hurley | Regulation of AMP-activated protein kinase by multisite phosphorylation in response to agents that elevate cellular cAMP[END_REF][START_REF] Djouder | PKA phosphorylates and inactivates AMPKalpha to promote efficient lipolysis[END_REF], Akt [START_REF] Hawley | Phosphorylation by Akt within the ST loop of AMPK-alpha1 down-regulates its activation in tumour cells[END_REF][START_REF] Horman | Insulin antagonizes ischemia-induced Thr172 phosphorylation of AMPactivated protein kinase alpha-subunits in heart via hierarchical phosphorylation of Ser485/491[END_REF] and S6K [START_REF] Dagon | p70S6 kinase phosphorylates AMPK on serine 491 to mediate leptin's effect on food intake[END_REF] antagonizes AMPK activation. Phosphorylation at other sites within the ST-loop by GSK3 [START_REF] Suzuki | Inhibition of AMPK catabolic action by GSK3[END_REF], PKC [START_REF] Heathcote | Protein kinase C phosphorylates AMP-activated protein kinase alpha1 Ser487[END_REF] and PKD1 [START_REF] Coughlan | PKD1 Inhibits AMPKalpha2 through Phosphorylation of Serine 491 and Impairs Insulin Signaling in Skeletal Muscle Cells[END_REF] has been also involved in the reduction of AMPK activity. In addition to phosphorylation, AMPK activity is also modulated via post-translational ubiquitination and degradation by ubiquitin ligases specifically targeting the 1-isoform [START_REF] Pineda | Degradation of AMPK by a cancer-specific ubiquitin ligase[END_REF] or the 2-isoform [START_REF] Vila | A UBE2O-AMPKalpha2 Axis that Promotes Tumor Initiation and Progression Offers Opportunities for Therapy[END_REF]. The -CTD terminates with a nuclear export signal [START_REF] Kazgan | Identification of a nuclear export signal in the catalytic subunit of AMP-activated protein kinase[END_REF]. The α2-isoform is found more enriched in the nucleus than the α1-isoform [START_REF] Salt | AMP-activated protein kinase: greater AMP dependence, and preferential nuclear localization, of complexes containing the alpha2 isoform[END_REF]. This may allow the fine-tuning of gene transcription in responses to AMPK activation.

2-2-Structural features and role of the regulatory  subunits

The  regulatory subunits contain a myristoylation site at the N-terminus that serves to localize AMPK to membranes allowing translocalization to mitochondria and targeting to developing phagophore [START_REF] Warden | Post-translational modifications of the beta-1 subunit of AMP-activated protein kinase affect enzyme activity and cellular localization[END_REF][START_REF] Oakhill | beta-Subunit myristoylation is the gatekeeper for initiating metabolic stress sensing by AMP-activated protein kinase (AMPK)[END_REF][START_REF] Liang | Myristoylation confers noncanonical AMPK functions in autophagy selectivity and mitochondrial surveillance[END_REF][START_REF] Dite | The autophagy initiator ULK1 sensitizes AMPK to allosteric drugs[END_REF]. In addition, myristoylation also enhances the effect of AMP on the phosphorylation by upstream kinases, suggesting possible preferential activation of AMPK at membrane sites. At the C-terminus, a subunit interaction domain (β-SID) acts as a scaffold to link the α-CTD to the N-terminus of the γ subunit (Figure 1). The -subunits also contains a central glycogen binding domain (-GBD) which modulates AMPK activity and causes AMPK to bind to glycogen particles and co-localization with specific targets [START_REF] Jorgensen | The alpha2-5'AMP-activated protein kinase is a site 2 glycogen synthase kinase in skeletal muscle and is responsive to glucose loading[END_REF][START_REF] Bultot | AMP-activated protein kinase phosphorylates and inactivates liver glycogen synthase[END_REF][START_REF] Polekhina | AMPK beta subunit targets metabolic stress sensing to glycogen[END_REF].

The GBD of the β2-isoform appears to have a higher affinity for glycogen than that of β1 [START_REF] Koay | AMPK beta subunits display isoform specific affinities for carbohydrates[END_REF]. Autophosphorylation at Thr148 that is centrally located in the carbohydrate-binding pocket of the -GBD was described to prevent AMPK binding to glycogen, suggesting that the binding affinity of AMPK to glycogen is regulated in response to glycogen content and AMPK activation [START_REF] Oligschlaeger | The recruitment of AMP-activated protein kinase to glycogen is regulated by autophosphorylation[END_REF]. However, this mechanism has been challenged in the context of AMPK activation in response to skeletal muscle contraction [START_REF] Xu | When phosphorylated at Thr148, the beta2-subunit of AMP-activated kinase does not associate with glycogen in skeletal muscle[END_REF] and the regulation of AMPK via glycogen is likely to occur by an indirect mechanism [START_REF] Sakoda | Glycogen debranching enzyme association with beta-subunit regulates AMP-activated protein kinase activity[END_REF].

2-3-Structural features and role of the regulatory  subunits

The  subunits contain a conserved core of four tandem repeats known as cystathionine  synthase (CBS) domain forming four potential nucleotide binding sites (Figure 1). Only three of the CBS repeats are known to bind AMP, ADP or ATP interchangeably, enabling AMPK to sense fluctuations in cellular energy state. While AMP and ADP act as activators of AMPK, binding of ATP antagonizes this effect. Thus, AMP:ATP and ADP:ATP ratios are the intracellular modulators of AMPK activity [START_REF] Oakhill | AMPK is a direct adenylate charge-regulated protein kinase[END_REF]. Whereas CBS2 is unoccupied because it is not competent to bind any of the adenine nucleotides, CBS 4 retains AMP with high affinity and is described as a "non-exchangeable" site [START_REF] Xiao | Structural basis for AMP binding to mammalian AMP-activated protein kinase[END_REF]. CBS1 and 3 are the regulatory sites for AMPK activation. Activation of AMPK is mediated through complementary mechanisms mainly based on the flexibility of the α-linker that connects the catalytic and nucleotidebinding modules. In the active AMP or ADP bound conformation, phosphorylated AMPKα-Thr172 lies in a narrow cleft between the two modules and is protected from dephosphorylation by phosphatases [START_REF] Gowans | AMP is a true physiological regulator of AMPactivated protein kinase by both allosteric activation and enhancing net phosphorylation[END_REF][START_REF] Xiao | Structure of mammalian AMPK and its regulation by ADP[END_REF]. However, only binding of AMP but not ADP can drive allosteric activation of the enzyme [START_REF] Gowans | AMP is a true physiological regulator of AMPactivated protein kinase by both allosteric activation and enhancing net phosphorylation[END_REF]. These two nucleotides have also been shown to promote phosphorylation of AMPK by upstream kinases although the effect of CaMKK2 is controversial [START_REF] Oakhill | AMPK is a direct adenylate charge-regulated protein kinase[END_REF][START_REF] Ross | Differential regulation by AMP and ADP of AMPK complexes containing different gamma subunit isoforms[END_REF]. One possible explanation for why AMP binding promotes phosphorylation by LKB1 came from recent studies showing interaction between AMP bound AMPK and the axin/LKB1 complex at the lysosomal surface [START_REF] Zhang | AMP as a low-energy charge signal autonomously initiates assembly of AXIN-AMPK-LKB1 complex for AMPK activation[END_REF][START_REF] Zhang | The lysosomal v-ATPase-Ragulator complex is a common activator for AMPK and mTORC1, acting as a switch between catabolism and anabolism[END_REF].

3-Diversity of the AMPK heterotrimers

The complexity of AMPK system with multiple isoform combination presents unique challenges for drug discovery because each AMPK heterotrimer can be viewed as a potential and specific drug target. In addition, there has been only limited knowledge on the AMPK heterotrimeric complexes tissue-specific distribution and specific roles. The question of whether the different isoform combinations have distinct functions remains only partially answered. However, insights in human AMPK molecular diversity and specificity are beginning to emerge and will help to better define therapeutic modalities. In human skeletal muscle, although all seven subunit isoforms of AMPK are expressed at mRNA level, a limited number of distinct combinations of AMPK heterotrimeric complexes have been detected [START_REF] Wojtaszewski | 5'AMP activated protein kinase expression in human skeletal muscle: effects of strength training and type 2 diabetes[END_REF]. Only 3 of the 12 possible AMPK heterotrimeric complexes are present to a significant extent (α2/β2/γ1 >> α2/β2/γ3 ≥α1/β2/γ1), with a high degree of consistency between species (Figure 2) [START_REF] Wojtaszewski | 5'AMP activated protein kinase expression in human skeletal muscle: effects of strength training and type 2 diabetes[END_REF][START_REF] Treebak | A-769662 activates AMPK beta1containing complexes but induces glucose uptake through a PI3-kinase-dependent pathway in mouse skeletal muscle[END_REF]. However, although present at one-fifth of all heterotrimers, α2/β2/γ3 is the primary complex to be activated in response to high-intensity exercise protocols, indicating differential regulation and distinct responsibilities of heterotrimers in the control of cellular response to energy stress [START_REF] Birk | Predominant alpha2/beta2/gamma3 AMPK activation during exercise in human skeletal muscle[END_REF]. The activation of AMPK in the skeletal muscle has been shown to play a role in the regulation of the glucose uptake by enhancing, similarly to insulin, the translocalization of GLUT4 to the surface membrane [START_REF] Kurth-Kraczek | 5' AMP-activated protein kinase activation causes GLUT4 translocation in skeletal muscle[END_REF]. Like Akt which is involved in the signaling of insulin, AMPK is able to phosphorylate the Rab GTPase-activating proteins Tre-2/USP6, BUB2, cdc16 domain family, member 1 (TBC1D1) and TBC1D4 [START_REF] Treebak | Acute exercise and physiological insulin induce distinct phosphorylation signatures on TBC1D1 and TBC1D4 proteins in human skeletal muscle[END_REF]. Once phosphorylated, these downstream targets are inhibited, which leads to the translocalization of GLUT4 to the membrane and then enables the entry of glucose in muscle cells. Interestingly, there is a differential phosphorylation of these targets according to the nature of AMPK heterotrimeric complex activated in response to physical activity. In exercised human skeletal muscle, activity of AMPK α2β2γ3 heterotrimer has been correlated with the phosphorylation of TBC1D1 at Ser237 and Thr596, whereas activity of AMPK α2β2γ1 heterotrimer correlated to the phosphorylation of TBC1D4 at Ser341 and Ser704 [START_REF] Treebak | Acute exercise and physiological insulin induce distinct phosphorylation signatures on TBC1D1 and TBC1D4 proteins in human skeletal muscle[END_REF]. Similar TBC1D1 phosphorylation signature was reported in exercised skeletal muscle from type 2 diabetic subjects indicating the competence of insulin resistant skeletal muscle for AMPK activation [START_REF] Kjobsted | Intact Regulation of the AMPK Signaling Network in Response to Exercise and Insulin in Skeletal Muscle of Male Patients With Type 2 Diabetes: Illumination of AMPK Activation in Recovery From Exercise[END_REF]. It is noteworthy that the nature of the different AMPK heterotrimeric complexes also varies between organs (Figure 2), raising the possibility to target AMPK pharmacologically in a tissue-specific manner. In human hepatocytes, AMPK α1β2γ1 was identified as the predominant complex [START_REF] Wu | Chemoproteomic analysis of intertissue and interspecies isoform diversity of AMP-activated protein kinase (AMPK)[END_REF][START_REF] Stephenne | Metformin activates AMP-activated protein kinase in primary human hepatocytes by decreasing cellular energy status[END_REF]. In contrast, in rodent hepatocytes, the expression of AMPK isoforms was clearly different leading to multiple possible combination of heterotrimers containing either 1 or 2 and 1, 1 and 2 (Figure 1) [START_REF] Wu | Chemoproteomic analysis of intertissue and interspecies isoform diversity of AMP-activated protein kinase (AMPK)[END_REF][START_REF] Stephenne | Metformin activates AMP-activated protein kinase in primary human hepatocytes by decreasing cellular energy status[END_REF]. This observation of interspecies divergence with respect to the tissue specificity of AMPK heterotrimers is of particular interest for drug discovery purposes as it questions the translation of preclinical data to clinical studies.

4-AMPK as a druggable target

AMPK signaling has attracted considerable attention within the past decades, owing to the capacity of pharmacological compounds (e.g., 5-aminoimidazole-4-carboxamide riboside" by " 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside [AICAR] and metformin) or natural compounds (e.g., resveratrol) to activate AMPK indirectly via altered cellular energy charge or accumulation of AMP analogs inside cells [START_REF] Hardie | AMP-Activated Protein Kinase: A Target for Drugs both Ancient and Modern[END_REF]. However, the development and use of indirect AMPK activators acting via inhibition of mitochondrial complex I is not recommended due to the potential systemic toxicity and life-threatening lactate acidosis risk, as recently reported for the indirect AMPK activator R118 [START_REF] Brass | Mitochondria as targets of drug toxicity: Lessons from the R118 phase I experience[END_REF][START_REF] Low Wang | Toxicity of a novel therapeutic agent targeting mitochondrial complex I[END_REF]. In addition, since some of the effects of indirect activators could be mediated through off-target effects independently of AMPK activation [START_REF] Foretz | Metformin inhibits hepatic gluconeogenesis in mice independently of the LKB1/AMPK pathway via a decrease in hepatic energy state[END_REF][START_REF] Guigas | Beyond AICA riboside: in search of new specific AMP-activated protein kinase activators[END_REF], intense interest has been focused on the development of more specific AMPK activators by using relevant screening systems for identifying compounds that interact directly to activate the AMPK heterotrimeric complex [START_REF] Sinnett | Past strategies and future directions for identifying AMP-activated protein kinase (AMPK) modulators[END_REF][START_REF] Kim | Screening methods for AMP-activated protein kinase modulators: a patent review[END_REF]. In 2006, highthroughput screen (HTS) efforts drove the discovery of the first non-nucleotide direct small molecule AMPK activator, A-592017, optimized to generate the more potent compound A-769662 [START_REF] Cool | Identification and characterization of a small molecule AMPK activator that treats key components of type 2 diabetes and the metabolic syndrome[END_REF] (Figure 3), demonstrating that AMPK activation with non-nucleotide ligands is possible. This important breakthrough in AMPK research leads to the development of more specific and potent small molecule AMPK activators and an increasing collection of compounds with diverse chemical structures is now available from the patent and published literature [START_REF] Guigas | Targeting AMPK: From Ancient Drugs to New Small-Molecule Activators[END_REF][START_REF] Kim | AMPK activators: mechanisms of action and physiological activities[END_REF][START_REF] Cameron | Recent progress in the identification of adenosine monophosphateactivated protein kinase (AMPK) activators[END_REF][START_REF] Yun | AMP-activated protein kinase modulators: a patent review (2006 -2010)[END_REF] (Figure 3). Recent crystallographic studies of AMPK have provided molecular insights into the mechanism and site of action for most of these compounds [START_REF] Hunter | Mechanism of action of compound-13: an alpha1-selective small molecule activator of AMPK[END_REF][START_REF] Calabrese | Structural basis for AMPK activation: natural and synthetic ligands regulate kinase activity from opposite poles by different molecular mechanisms[END_REF][START_REF] Xiao | Structural basis of AMPK regulation by small molecule activators[END_REF][START_REF] Li | Structural basis of AMPK regulation by adenine nucleotides and glycogen[END_REF]. The interface between the GBD and the small lobe of the -KD forms a discrete pocket that has been recently identified as a new allosteric binding site, referred to as the allosteric drug and metabolite (ADaM) site [START_REF] Xiao | Structural basis of AMPK regulation by small molecule activators[END_REF]. The ADaM site is depicted as an "orphan" allosteric site since no endogenous AMPK ligand has been identified yet. This site appears to be necessary to promote AMPKα-Thr172 phosphorylation induced by agents that increase cellular AMP/ADP [START_REF] Ross | Mechanisms of Paradoxical Activation of AMPK by the Kinase Inhibitors SU6656 and Sorafenib[END_REF] and thus, represents an attractive site for the pharmacological modulation of AMPK activity. Indeed, it is also accessible to various synthetic activators derived from HTS, including A-769662 and 991 [START_REF] Calabrese | Structural basis for AMPK activation: natural and synthetic ligands regulate kinase activity from opposite poles by different molecular mechanisms[END_REF][START_REF] Xiao | Structural basis of AMPK regulation by small molecule activators[END_REF] (Figure 3), and the natural product salicylate [START_REF] Calabrese | Structural basis for AMPK activation: natural and synthetic ligands regulate kinase activity from opposite poles by different molecular mechanisms[END_REF]. Reports of alternative binding sites include the  subunit with compounds identified after screening an AMP mimetic library [START_REF] Hunter | Mechanism of action of compound-13: an alpha1-selective small molecule activator of AMPK[END_REF][START_REF] Langendorf | Structural basis of allosteric and synergistic activation of AMPK by furan-2-phosphonic derivative C2 binding[END_REF] (Figure 3).

5-Small molecule AMPK activators

Here, we only illuminated some representative compounds confirmed to directly influence AMPK activity (Figure 3). These small molecules directly bind to specific sites on the AMPK heterotrimeric complex. This binding induces conformational changes leading to AMPK activation through multiple modalities such as allosteric modulation, increase in AMPKα-Thr172, protection against Thr172 dephosphorylation or a combination of these mechanisms.

5-1-Direct AMPK activation through binding to the ADaM site -1-selective compounds:

The first synthetic compound in this class is the thienopyridone derivative A-769662 (Figure 3) [START_REF] Cool | Identification and characterization of a small molecule AMPK activator that treats key components of type 2 diabetes and the metabolic syndrome[END_REF]. A-769662 stimulated partially purified rat liver AMPK or recombinant AMPK 111 heterotrimer with similar potency (EC 50 = 0.8 and 0.7 µM, respectively) [START_REF] Cool | Identification and characterization of a small molecule AMPK activator that treats key components of type 2 diabetes and the metabolic syndrome[END_REF]. A-769662 activates AMPK both allosterically and by inhibiting AMPK subunit dephosphorylation at Thr172 [START_REF] Goransson | Mechanism of action of A-769662, a valuable tool for activation of AMP-activated protein kinase[END_REF][START_REF] Sanders | Defining the mechanism of activation of AMP-activated protein kinase by the small molecule A-769662, a member of the thienopyridone family[END_REF]. However, its ability to activate AMPK complexes containing AMP-insensitive AMPK-γ1R298G or AMPK-γ2R531Q mutants indicates binding to a different site than AMP on the AMPK heterotrimeric complex [START_REF] Sanders | Defining the mechanism of activation of AMP-activated protein kinase by the small molecule A-769662, a member of the thienopyridone family[END_REF][START_REF] Hawley | Use of cells expressing gamma subunit variants to identify diverse mechanisms of AMPK activation[END_REF]. In addition, A-769662 does not change cellular AMP:ATP and ADP:ATP ratios in intact cells [START_REF] Foretz | Metformin inhibits hepatic gluconeogenesis in mice independently of the LKB1/AMPK pathway via a decrease in hepatic energy state[END_REF][START_REF] Guigas | Beyond AICA riboside: in search of new specific AMP-activated protein kinase activators[END_REF].

Important insights of how A-769662 regulates AMPK activity came from crystal structure of AMPK111 and 211 complexes bound to A-769662 [START_REF] Calabrese | Structural basis for AMPK activation: natural and synthetic ligands regulate kinase activity from opposite poles by different molecular mechanisms[END_REF][START_REF] Xiao | Structural basis of AMPK regulation by small molecule activators[END_REF]. These studies revealed that A-769662 binds to ADaM site to mediate -GBD/-KD interaction, and stabilize the -KD in an active conformation. Interestingly, A-769662 exhibits selectively towards AMPK complexes containing the β1-rather than the β2-isoform [START_REF] Scott | Thienopyridone drugs are selective activators of AMP-activated protein kinase beta1-containing complexes[END_REF] and requires phosphorylation of 1-Ser-108 for full activation of AMPK heterotrimers [START_REF] Sanders | Defining the mechanism of activation of AMP-activated protein kinase by the small molecule A-769662, a member of the thienopyridone family[END_REF]. These observations opened up the possibility of developing small molecule activators with AMPK heterotrimer specificity. In addition, as the first direct AMPK activator available to the scientific community, A-769662 gained much interest to investigate the effect of pharmacological AMPK activation in the absence of changes in cellular energy balance. Of note, few reports indicate that A-769662 can interfere with various biological pathways unrelated to AMPK through multiple off-target effects; thereby, calling into question the use of A-769662 as a specific AMPK activator [START_REF] Treebak | A-769662 activates AMPK beta1containing complexes but induces glucose uptake through a PI3-kinase-dependent pathway in mouse skeletal muscle[END_REF][START_REF] Foretz | Metformin inhibits hepatic gluconeogenesis in mice independently of the LKB1/AMPK pathway via a decrease in hepatic energy state[END_REF][START_REF] Benziane | AMP-activated protein kinase activator A-769662 is an inhibitor of the Na(+)-K(+)-ATPase[END_REF][START_REF] Moreno | A769662, a novel activator of AMP-activated protein kinase, inhibits non-proteolytic components of the 26S proteasome by an AMPK-independent mechanism[END_REF]. Hence, pharmacological studies should be combined with genetic studies examining the role of AMPK in mediating the observed pharmacological outcomes. Since then, numerous studies reporting the therapeutic effets of A-769662 in various preclinical mouse models have provided meaningful advances regarding the potential use of small molecule AMPK activators in therapeutics (a select of few is provided below). AMPK activators may be beneficial for the treatment of a variety of diseases including liver, kidney, cardiovascular and inflammatory diseases as well as diabetes and cancer. The most relevant studies indicating the utility of AMPK activators for the treatment of a number of pathologies are listed in Table 1.

Given clear isoform selectivity for 1-containing AMPK complexes and poor expression of 1-isoform in skeletal muscle, it is not surprising that A-769662 is unable to stimulate glucose uptake in mouse skeletal muscle [START_REF] Scott | Thienopyridone drugs are selective activators of AMP-activated protein kinase beta1-containing complexes[END_REF][START_REF] Lai | A smallmolecule benzimidazole derivative that potently activates AMPK to increase glucose transport in skeletal muscle: comparison with effects of contraction and other AMPK activators[END_REF]. Thus, administration of A-769662 in rodents should offer beneficial metabolic effects that are be expected from a specific AMPK activation via 1-containing complexes such as in the liver with induction of a switch from glucose to fatty acid utilization and protection against hepatic triglyceride accumulation [START_REF] Viollet | AMPactivated protein kinase in the regulation of hepatic energy metabolism: from physiology to therapeutic perspectives[END_REF][START_REF] Smith | Treatment of nonalcoholic fatty liver disease: role of AMPK[END_REF]. Indeed, acute treatment of rats with A-769662 at a dose of 30 mg/kg i.p. significantly reduces respiratory exchange ratio (RER) after a high carbohydrate bolus consistent with a switch from carbohydrate to fat utilization [START_REF] Cool | Identification and characterization of a small molecule AMPK activator that treats key components of type 2 diabetes and the metabolic syndrome[END_REF]. These effects were lost in AMPK1 KO mice [START_REF] Hawley | The ancient drug salicylate directly activates AMP-activated protein kinase[END_REF]. In addition, chronic treatment of ob/ob mice with 30 mg/kg b.i.d. A-769662 for 5 days showed a dramatic decrease in liver triglyceride content [START_REF] Cool | Identification and characterization of a small molecule AMPK activator that treats key components of type 2 diabetes and the metabolic syndrome[END_REF]. The inhibition of hepatic lipid accumulation in response to A-769662 treatment was lost in liver-specific AMPK KO mice fed a high fat diet, demonstrating an AMPK-dependent mechanism [START_REF] Boudaba | AMPK Re-Activation Suppresses Hepatic Steatosis but its Downregulation Does Not Promote Fatty Liver Development[END_REF].

Beside these effects on hepatic lipid metabolism, A-769662-induced AMPK activation specifically in the small intestine through intraduodenal infusion (A-769662 at 3 mg/kg) in rat resulted in the reduction of hepatic glucose production in a non-autonomous manner (interorgan crosstalk), mimicking the effects of intraduodenal metformin infusion on the control of glucose plasma level [START_REF] Duca | Metformin activates a duodenal Ampk-dependent pathway to lower hepatic glucose production in rats[END_REF]. It was hypothesized that activation of duodenal AMPK contributes in a duodenal glucagon-like peptide-1 (GLP-1) receptor/protein kinase A (PKA) signaling and a neuronal-mediated gut-brain-liver pathway to control hepatic glucose production. These findings highlight the potential development of specific gut-targeted treatments to improve the glycemic control of in individuals with diabetes and obesity.

AMPK has a recognized role in promoting an anti-inflammatory response, reinforcing the interest in AMPK activation for treating inflammatory diseases [START_REF] Mounier | AMPKalpha1 regulates macrophage skewing at the time of resolution of inflammation during skeletal muscle regeneration[END_REF][START_REF] Mancini | Activation of AMP-activated protein kinase rapidly suppresses multiple pro-inflammatory pathways in adipocytes including IL-1 receptor-associated kinase-4 phosphorylation[END_REF][START_REF] Rutherford | Phosphorylation of Janus kinase 1 (JAK1) by AMPactivated protein kinase (AMPK) links energy sensing to anti-inflammatory signaling[END_REF]. Because AMPK activity in macrophage is predominately dependent on the 1-isoform (Figure 2) [START_REF] Galic | Hematopoietic AMPK beta1 reduces mouse adipose tissue macrophage inflammation and insulin resistance in obesity[END_REF], the effect of A-769662 was tested in mouse models of inflammatory arthritis. Activation of AMPK by A-769662 at 60 mg/kg, b.i.d. reduced inflammatory cell infiltration and joint damage as well as IL-6 secretion, showing the potential for targeted activation of AMPK in IL-6 dependent inflammatory arthritis [START_REF] Guma | AMPK Activation by A-769662 Controls IL-6 Expression in Inflammatory Arthritis[END_REF].

Support for the potential of A-769662 as an effective treatment to protect the heart against ischemia-reperfusion injury in mice has also been reported [START_REF] Kim | A small molecule AMPK activator protects the heart against ischemia-reperfusion injury[END_REF]. A-769662-induced AMPK activation promoted cardioprotection through phosphorylation and inactivation of eukaryotic elongation factor 2 (eEF2) and also phosphorylation and activation of endothelial nitric oxide synthase (eNOS), which plays several protective effects following ischemia. These effects are abrogated in mouse hearts with genetically inactivated AMPK, indicating that A-769662 cardioprotective action is AMPK-dependent [START_REF] Kim | A small molecule AMPK activator protects the heart against ischemia-reperfusion injury[END_REF]. A-769662 also contributes to the cardioprotection via the overstimulation of glucose uptake and glycolysis, subsequently decreasing ROS and cardiomyocyte death [START_REF] Timmermans | A-769662 potentiates the effect of other AMP-activated protein kinase activators on cardiac glucose uptake[END_REF]. These data support the possibility that pharmacological activation of AMPK might be a potential therapeutic strategy to reduce ischemic injury.

Discovery of indole-and indazole-acid-based AMPK synthetic activators led to the development of compounds MT 68-73 (also called Debio 0930) [START_REF] Zadra | A novel direct activator of AMPK inhibits prostate cancer growth by blocking lipogenesis[END_REF], PF-06409577 [START_REF] Cameron | Discovery and Preclinical Characterization of 6-Chloro-5-[4-(1-hydroxycyclobutyl)phenyl]-1H-indole-3-carboxylic Acid (PF-06409577), a Direct Activator of Adenosine Monophosphate-activated Protein Kinase (AMPK), for the Potential Treatment of Diabetic Nephropathy[END_REF] and PF-249 [START_REF] Salatto | Selective Activation of AMPK beta1-Containing Isoforms Improves Kidney Function in a Rat Model of Diabetic Nephropathy[END_REF][START_REF] Cokorinos | Activation of Skeletal Muscle AMPK Promotes Glucose Disposal and Glucose Lowering in Non-human Primates and Mice[END_REF] (Figure 3). These compounds allosterically activate AMPK and protect AMPK-α Thr172 against dephosphorylation [START_REF] Zadra | A novel direct activator of AMPK inhibits prostate cancer growth by blocking lipogenesis[END_REF][START_REF] Cameron | Discovery and Preclinical Characterization of 6-Chloro-5-[4-(1-hydroxycyclobutyl)phenyl]-1H-indole-3-carboxylic Acid (PF-06409577), a Direct Activator of Adenosine Monophosphate-activated Protein Kinase (AMPK), for the Potential Treatment of Diabetic Nephropathy[END_REF][START_REF] Salatto | Selective Activation of AMPK beta1-Containing Isoforms Improves Kidney Function in a Rat Model of Diabetic Nephropathy[END_REF]. As for A-769662, all these compounds activate AMPK through binding at the ADaM site and display high selectively for complexes containing the AMPK-β1 isoform compared to the AMPK-β2 isoform [START_REF] Ross | Mechanisms of Paradoxical Activation of AMPK by the Kinase Inhibitors SU6656 and Sorafenib[END_REF][START_REF] Zadra | A novel direct activator of AMPK inhibits prostate cancer growth by blocking lipogenesis[END_REF][START_REF] Cameron | Discovery and Preclinical Characterization of 6-Chloro-5-[4-(1-hydroxycyclobutyl)phenyl]-1H-indole-3-carboxylic Acid (PF-06409577), a Direct Activator of Adenosine Monophosphate-activated Protein Kinase (AMPK), for the Potential Treatment of Diabetic Nephropathy[END_REF][START_REF] Salatto | Selective Activation of AMPK beta1-Containing Isoforms Improves Kidney Function in a Rat Model of Diabetic Nephropathy[END_REF].

MT 63-78 was able to exert robust growth-inhibitory effects in prostate cancer cells in vitro as well as suppress tumor growth in vivo [START_REF] Zadra | A novel direct activator of AMPK inhibits prostate cancer growth by blocking lipogenesis[END_REF]. Treatment with MT 63-78 (30 mg/kg, i.p.) daily for 14 days of xenograft models promoted AMPK activation in xenograft tumors and significant reduced tumor volume. Prolonged treatment for 21 days with higher dose of MT 63-78 (60 mg/kg, i.p.) resulted in a more robust inhibition of xenograft growth. MT 63-78mediated AMPK activation was associated with inhibition of de novo phospholipid production and a marked decrease in the generation of neutral lipids, suggesting AMPK as a therapeutic target especially for lipogenesis-driven prostate cancers. In addition, it was reported that low doses of MT 63-78 in combination treatment with androgen receptor antagonists/androgen synthesis inhibitors resulted in increased therapeutic response [START_REF] Zadra | A novel direct activator of AMPK inhibits prostate cancer growth by blocking lipogenesis[END_REF].

PF-06409577 and PF-249 showed efficacy in a rat model of diabetic nephropathy, suggesting the potential utility of AMPK activators for the treatment of renal diseases [START_REF] Salatto | Selective Activation of AMPK beta1-Containing Isoforms Improves Kidney Function in a Rat Model of Diabetic Nephropathy[END_REF] (Table 1). Of note, PF-06409577 was used in a phase I clinical trial for the treatment of diabetic nephropathy but the trial was terminated prematurely for business reasons [109]. Chronic treatment of the ZSF1 rat model of diabetic nephropathy with 100 mg/kg PF-06409577 or 30 mg/kg PF-249 significantly decreased proteinuria in a dose dependent manner following 68 days of dosing, resulting in improvement of kidney function. Beneficial glomerular AMPK activation was associated with reduction of enhanced mechanistic target of rapamycin (mTOR) signaling, an established pathological factor leading to podocyte hypertrophy and compromised filtration barrier [START_REF] Salatto | Selective Activation of AMPK beta1-Containing Isoforms Improves Kidney Function in a Rat Model of Diabetic Nephropathy[END_REF].

-pan-AMPK compounds:

A series of cyclic benzimidazole derivatives have been identified as relevant AMPK activators. In this class, the first compound to be described is the synthetic compound 991 (also known as Ex229) (Figure 3). It was found to bind the ADaM site but it is 5-to 10-fold more potent than A-769662 [START_REF] Xiao | Structural basis of AMPK regulation by small molecule activators[END_REF]. It allosterically activates AMPK complexes and enhances protection of the activation loop against dephosphorylation. AMPK complexes containing the β1-isoform bind 991 about 10 times stronger than β2-isoform. This may explain the weaker activation displayed towards β2-containing complexes [START_REF] Xiao | Structural basis of AMPK regulation by small molecule activators[END_REF][START_REF] Willows | Effect of different gamma-subunit isoforms on the regulation of AMPK[END_REF]. However, 991 dosedependently increased AMPK activity of both 1and 2-containing complexes in rat skeletal muscle and stimulated glucose uptake in myotubes by an AMPK-dependent mechanism [START_REF] Lai | A smallmolecule benzimidazole derivative that potently activates AMPK to increase glucose transport in skeletal muscle: comparison with effects of contraction and other AMPK activators[END_REF].

As a potent AMPK activator, 991 also strongly inhibited hepatic lipogenesis and stimulated fatty acid oxidation in primary mouse hepatocytes [START_REF] Boudaba | AMPK Re-Activation Suppresses Hepatic Steatosis but its Downregulation Does Not Promote Fatty Liver Development[END_REF].

Two related benzimidazole derivatives PF-739 and MK-8722, were recently discovered as potent pan-AMPK activator (Figure 3) [START_REF] Cokorinos | Activation of Skeletal Muscle AMPK Promotes Glucose Disposal and Glucose Lowering in Non-human Primates and Mice[END_REF][START_REF] Myers | Systemic pan-AMPK activator MK-8722 improves glucose homeostasis but induces cardiac hypertrophy[END_REF]. They bind to the ADaM site and activate both 1and 2-containing complexes. The clinical relevance for the use of these nonselective pan-AMPK activators in a therapeutic strategy for type 2 diabetes was tested in diabetic mice and non human primates. Acute administration of PF-739 and MK-8722 resulted in activation of AMPK in skeletal muscle associated with glucose lowering effect and increased muscle glucose disposal but without impact on hepatic glucose production.

Consistently, the blood glucose-lowering effect of PF-739 was attenuated in the absence of AMPK1 and 2 in skeletal muscle, whereas it was not affected by the absence of AMPK1 and 2 in the liver. In addition, chronic pharmacological pan-AMPK activation resulted in sustainable improvements in glucose homeostasis, including the amelioration of insulin resistance and hyperglycemia [START_REF] Cokorinos | Activation of Skeletal Muscle AMPK Promotes Glucose Disposal and Glucose Lowering in Non-human Primates and Mice[END_REF][START_REF] Myers | Systemic pan-AMPK activator MK-8722 improves glucose homeostasis but induces cardiac hypertrophy[END_REF]. These studies established the powerful therapeutic benefit of AMPK activation in skeletal muscle as a potential type 2 diabetes therapy (Table 1).

5-2-Direct AMPK activation through binding to the -subunit

A synthetic compound C2 (5-(5-hydroxy-isoxazol-3-yl)-furan-2-phosphonic acid) has been identified after screening an AMP mimetic library as a potent allosteric activator of AMPK (Figure 3) [START_REF] Gomez-Galeno | A Potent and Selective AMPK Activator That Inhibits de Novo Lipogenesis[END_REF]. C2 activates AMPK with an EC 50 in the low nanomolar range, which is 1000-fold lower than AMP. As AMP, it protects against AMPKα-Thr172 dephosphorylation. However, it does not modulate other AMP-regulated enzymes such as glycogen phosphorylase, phosphofructokinase or fructose-1,6-bisphosphatase [START_REF] Hunter | Mechanism of action of compound-13: an alpha1-selective small molecule activator of AMPK[END_REF]. This compound showed high potency for activation of AMPK in cells when delivered as a pro-drug, C13, a phosphonate diester converted by cellular esterases into C2. It has been reported that C13 potently inhibited hepatic lipogenesis and stimulated fatty acid oxidation in primary mouse hepatocytes [START_REF] Hunter | Mechanism of action of compound-13: an alpha1-selective small molecule activator of AMPK[END_REF][START_REF] Boudaba | AMPK Re-Activation Suppresses Hepatic Steatosis but its Downregulation Does Not Promote Fatty Liver Development[END_REF] and reduced lipogenesis in mice [START_REF] Gomez-Galeno | A Potent and Selective AMPK Activator That Inhibits de Novo Lipogenesis[END_REF].

Crystal structures of C2 bound to AMPK revealed two C2-binding sites in the AMPK γ subunit distinct from nucleotide-binding sites [START_REF] Langendorf | Structural basis of allosteric and synergistic activation of AMPK by furan-2-phosphonic derivative C2 binding[END_REF]. The two C2 molecules bind at the interface of CBS 1, 3, and 4, with the phosphate groups of both C2 molecules overlapping the phosphate binding sites of AMP in sites 1 and 4. These findings demonstrate that it is possible to develop compounds binding outside the ADaM site and open exciting possibility for developing isoform-selective -binding AMPK activators. C2 activates complexes containing the 1and 2-isoforms but not the 3-isoform, suggesting different structural features between the  isoforms that can be exploited in future rational drug design.

Interestingly, C2, like AMP, worked synergistically with A-769662 to activate dephosphorylated AMPK [START_REF] Langendorf | Structural basis of allosteric and synergistic activation of AMPK by furan-2-phosphonic derivative C2 binding[END_REF]. Unexpectedly, C2 is selective for AMPK complexes containing the 1-isoform rather than 2-isoform [START_REF] Hunter | Mechanism of action of compound-13: an alpha1-selective small molecule activator of AMPK[END_REF]. Mutagenesis studies demonstrated the critical role of the regulatory -RIM2 segment in the 1-selectivity of C2. This was confirmed by swapping the α-RIM2 from AMPK-α1 to the 2 isoform which was sufficient to confer full allosteric activation and protection against AMPKα-Thr172 dephosphorylation [START_REF] Hunter | Mechanism of action of compound-13: an alpha1-selective small molecule activator of AMPK[END_REF].

5-3-Direct AMPK activation through binding to unknown site

AMPK activity is modulated by interaction between the -AID and -KD. In an effort to activate AMPK through modulation of this auto-regulatory mechanism, a HTS was performed against an inactive, truncated AMPK- construct containing only the -KD and -AID. The iminothiazolidinone PT-1 was discovered (Figure 3) [START_REF] Pang | Small molecule antagonizes autoinhibition and activates AMP-activated protein kinase in cells[END_REF] and its optimization led to the identification of C24 (Figure 3) [START_REF] Li | Novel small-molecule AMPK activator orally exerts beneficial effects on diabetic db/db mice[END_REF]. PT-1 allosterically stimulates inactive truncated AMPK-α construct and activates full AMPK heterotrimers by antagonizing auto-inhibition of the -KD. It was proposed that PT-1 antagonizes the auto-inhibitory conformation of AMPKα by binding in the cleft between AMPK-α AID and AMPK-α KD [START_REF] Pang | Small molecule antagonizes autoinhibition and activates AMP-activated protein kinase in cells[END_REF]. In intact cells, this compound was shown to stimulate AMPK signaling without any significant change in cellular energy charge. However, recent work suggest that PT1 action on AMPK is indirect via inhibition of the respiratory chain and consequent increase in cellular AMP/ATP ratio [START_REF] Jensen | PT-1 selectively activates AMPK-gamma1 complexes in mouse skeletal muscle, but activates all three gamma subunit complexes in cultured human cells by inhibiting the respiratory chain[END_REF].

In line with the notion that PT-1 is an indirect activator, PT-1 failed to activate AMPK complexes containing AMP-insensitive AMPK-γ1R299G mutant [START_REF] Jensen | PT-1 selectively activates AMPK-gamma1 complexes in mouse skeletal muscle, but activates all three gamma subunit complexes in cultured human cells by inhibiting the respiratory chain[END_REF].

The bi-quinoline compound JJO-1 (Figure 3) was shown to allosterically activate complexes containing the 1and 2-isoforms only at low ATP concentrations [START_REF] Scott | ATP sensitive bi-quinoline activator of the AMP-activated protein kinase[END_REF]. JJO-1 has no effect on the protection against AMPK-α Thr172 dephosphorylation and does not synergize with AMP on the allosteric activation of AMPK. Intriguingly, JJO-1 allosterically activates AMPK independently of all identified effector domains, α-AID, β-GBD and γ-nucleotide-binding sites. These findings suggest that alternate modes of allosteric activation exist and further studies are required to gain insight into the molecular details of JJO-1 action. Hence, other binding sites besides the ADaM site could impact isoform selectivity and highlights the complex cross-talk between binding sites on AMPK.

5-4-Direct allosteric inhibition of AMPK

The dihydroxyquinoline drug MT47-100 belongs to a novel class of compounds with dual AMPK regulatory properties (Figure 3). It acts simultaneously as an allosteric activator of AMPK complexes containing the 1-isoform and an allosteric inhibitor of AMPK complexes containing the 2-isoform [START_REF] Scott | Inhibition of AMP-Activated Protein Kinase at the Allosteric Drug-Binding Site Promotes Islet Insulin Release[END_REF]. MT47-100 activates all AMPK1-containing complexes and this activation is dependent on the 1-GBD and phosphorylation of AMPKβ1 Ser108. At the opposite, MT47-100 directly inhibits all AMPK2-containing complexes through a 2-GBD allosteric site. Three non-conserved residues within the -GBD determine the agonistic/antagonistic properties of MT47-100: Phe82, Tyr92, and Leu93 in AMPKβ1 and the corresponding residues Ile81, Phe91, and Ile92 in AMPKβ2. The therapeutic potential of this allosteric inhibitor has been demonstrated on glucose-stimulated insulin secretion (GSIS) from pancreatic  cells. Whereas MT47-100 increased GSIS from wild-type isolated mouse islets, MT47-100-mediated effect was lost in islets from AMPK2 knockout mice [START_REF] Scott | Inhibition of AMP-Activated Protein Kinase at the Allosteric Drug-Binding Site Promotes Islet Insulin Release[END_REF].

These findings provide novel insight into the development of direct AMPK inhibitors by

demonstrating that AMPK inhibition with small molecules is possible. The use of pharmacological AMPK inhibitors could be beneficial in some disease settings including obesity and neurodegenerative diseases [START_REF] Yavari | Chronic Activation of gamma2 AMPK Induces Obesity and Reduces beta Cell Function[END_REF]119].

6-Challenges to small AMPK activators

The past decade witnessed successful development of therapeutically useful small molecule direct AMPK activators, powered by tremendous progress in both academic and industrial settings. Existing results to date offer encouragement to further pursue research on AMPK as a drug target for the treatment of diseases associated with metabolic syndrome [START_REF] Salatto | Selective Activation of AMPK beta1-Containing Isoforms Improves Kidney Function in a Rat Model of Diabetic Nephropathy[END_REF][START_REF] Cokorinos | Activation of Skeletal Muscle AMPK Promotes Glucose Disposal and Glucose Lowering in Non-human Primates and Mice[END_REF][START_REF] Myers | Systemic pan-AMPK activator MK-8722 improves glucose homeostasis but induces cardiac hypertrophy[END_REF]. However, while using small molecule AMPK activators to treat a number of human pathologies appears now feasible, some challenging questions might serve as directions for future development of subtype-or tissue-selective AMPK activators and for improving therapeutic applicability.

First, a central challenge is the complexity related to the distinct combinations of the AMPK subunit isoforms in different tissues and species with distinct regulatory properties and functions. Characterization of the distribution of AMPK heterotrimeric complexes in humans and relevant preclinical models appears critical for both therapeutic and drug discovery purposes. Another important determinant of AMPK action is the subcellular localization of the different isoform combinations. Indeed, there is emerging evidence showing that AMPK isoform selectivity to specific substrates comes from their distinct subcellular localizations, rather than their intrinsic specificity [START_REF] Ross | AMP-activated protein kinase: a cellular energy sensor that comes in 12 flavours[END_REF]. In addition, localization of AMPK at cellular organelle membranes might also play a role in sensitizing AMPK to allosteric ligands [START_REF] Dite | The autophagy initiator ULK1 sensitizes AMPK to allosteric drugs[END_REF].

Thus, more knowledge needs to be gained to further understand the multifaceted regulation and distinct function of AMPK complexes.

Second, the phosphorylation events (e.g., -Thr172 and -Ser108) needed for AMPK activation by small molecules binding at the ADaM or other sites remains unclear. Within the -GBD, phosphorylation of 1-Ser108 was shown to be required for the activation by small molecules binding in the ADaM site, such as salicylate, A-769662 and 991 [START_REF] Xiao | Structural basis of AMPK regulation by small molecule activators[END_REF][START_REF] Sanders | Defining the mechanism of activation of AMP-activated protein kinase by the small molecule A-769662, a member of the thienopyridone family[END_REF][START_REF] Hawley | The ancient drug salicylate directly activates AMP-activated protein kinase[END_REF]. In contrast to 1-Ser108, phosphorylation of 2-Ser108 is not required for AMPK activation by 991 [START_REF] Willows | Phosphorylation of AMPK by upstream kinases is required for activity in mammalian cells[END_REF], reflecting subtle changes between the 1 and 2 subunits in the topology of the -GBD/-KD interface in interaction with the activating ligand in the ADaM site. It is known that 1and 2-GBD adopt different docking onto the -KD. In addition, presence of different amino acids near the ADaM site between the two -isoforms may explain why some of the small molecule activators (e.g., benzimidazole derivatives) are able to activate either 1-containing or both 1and 2-containing AMPK isoforms [START_REF] Cameron | Recent progress in the identification of adenosine monophosphateactivated protein kinase (AMPK) activators[END_REF]. Consistently, generation of chimeras in which nonconserved amino acids proximal to this interface have been swapped from 1 to 2 leads to altered ligand specificity [START_REF] Calabrese | Structural basis for AMPK activation: natural and synthetic ligands regulate kinase activity from opposite poles by different molecular mechanisms[END_REF]. Crystal structure of a 2-containing isoform that contains a bound ligand at the ADaM site will help to better understand the molecular basis of these differences and may bring novel knowledge on the pharmacological regulation of AMPK. This information might be useful to design novel isoform or tissueselective compounds minimizing unwanted side effects.

Third, it was originally reported that 1-Ser108 is an autophosphorylation site [START_REF] Scott | Small molecule drug A-769662 and AMP synergistically activate naive AMPK independent of upstream kinase signaling[END_REF], but it was recently reported as a substrate for ULK1 under conditions associated with elevated AMP [START_REF] Dite | The autophagy initiator ULK1 sensitizes AMPK to allosteric drugs[END_REF]. In an aspect relevant to therapeutics, these findings are significant given the importance of this post-translational modification in the mechanism of action of most AMPK synthetic activators and could impact on AMPK drug sensitization independently of autophosphorylation. Interestingly, ULK1 phosphorylation of Ser108 was shown to be specific to the AMPK β1-isoform due to divergence in the sequence surrounding Ser108 in the β2-isoform [START_REF] Dite | The autophagy initiator ULK1 sensitizes AMPK to allosteric drugs[END_REF]. It is not known whether other kinases can phosphorylate 2-Ser108.

Fourth, an exception for the requirement of both -Thr172 and -Ser108 phosphorylation is synergistic activation of "naive" unphosphorylated AMPK with compounds binding simultaneously at the ADaM site and  subunit (e.g., A-769662 or 991 and AMP, respectively) as shown in cell-free essays [START_REF] Willows | Phosphorylation of AMPK by upstream kinases is required for activity in mammalian cells[END_REF][START_REF] Scott | Small molecule drug A-769662 and AMP synergistically activate naive AMPK independent of upstream kinase signaling[END_REF][START_REF] Viollet | Bypassing AMPK phosphorylation[END_REF]. Binding of small molecule in the ADaM site appears to be sufficient to stabilize the activation loop in an active conformation [START_REF] Willows | Phosphorylation of AMPK by upstream kinases is required for activity in mammalian cells[END_REF].

Interestingly, combination of A-769662 with C2 also resulted in a synergistic allosteric activation of AMPK bypassing the need for AMPK-α Thr172 phosphorylation [START_REF] Langendorf | Structural basis of allosteric and synergistic activation of AMPK by furan-2-phosphonic derivative C2 binding[END_REF]. These findings have important implications for development of AMPK-targeting therapeutics and point to possible combinatorial therapies based on synergistic activation of AMPK by direct small molecule allosteric activators independent of AMP and in the absence of upstream phosphorylation (e.g., due to genetic loss or dowregulation of LKB1 signaling [START_REF] Boudaba | AMPK Re-Activation Suppresses Hepatic Steatosis but its Downregulation Does Not Promote Fatty Liver Development[END_REF][START_REF] Shackelford | The LKB1-AMPK pathway: metabolism and growth control in tumour suppression[END_REF]).

Discovery of a mechanism that induces AMPK drug sensitization independently of autophosphorylation also provides a potential strategy to treat non-small-cell lung and cervical carcinomas, associated with genetic loss of LKB1. However, whether phosphorylation of Thr172 is absolutely required for AMPK signalling in intact cells remains Fifth, while small molecule AMPK activators hold promise for the treatment of a number of human pathologies, concerns about adverse effects of systemic and chronic AMPK activation were raised by studies from naturally occurring single point mutations within the human PRKAG2 gene [START_REF] Blair | Mutations in the gamma(2) subunit of AMP-activated protein kinase cause familial hypertrophic cardiomyopathy: evidence for the central role of energy compromise in disease pathogenesis[END_REF][START_REF] Gollob | Identification of a gene responsible for familial Wolff-Parkinson-White syndrome[END_REF]. These mutations have been associated with increased basal activity of AMPK and are associated with deleterious metabolic cardiac phenotype and hypertrophy.

In addition, a genetic mouse model with analogous mutation showed hyperphagia, obesity and impaired -cell function, questioning the safety of chronic and generalized AMPK activators [START_REF] Yavari | Chronic Activation of gamma2 AMPK Induces Obesity and Reduces beta Cell Function[END_REF]. Henceforth, establishing efficacy and safety would be essential before AMPK activators would be appropriate for introduction into clinical studies. The potential cardiac safety concerns associated with chronic systemic AMPK activation with MK-8722 have been recently evalutated in rhesus monkeys dosed for up to 8 months [START_REF] Myers | Systemic pan-AMPK activator MK-8722 improves glucose homeostasis but induces cardiac hypertrophy[END_REF]. Although increased cardiac glycogen content and hypertrophy was observed but without any changes in electrocardiogram and apparent functional cardiac sequelae, any safety issues associated with AMPK activators remains to be carefully determined in phase I trials. However, the exciting possibility of safe AMPK-driven therapeutics is encouraged by the recently reported advancement and successful completion of phase I trials for two novel small molecule AMPK activators, PXL770 and O304, from Poxel SA and Betagenon AB, respectively [127,128].

Sixth, significant progress has been made during the last few years regarding the molecular mechanisms underlying the activation of AMPK and this should aid to develop more potent and specific compounds. Information from crystallographic structures combined with computer-based drug design hold promise as a rational approach for discovering isoformspecific small molecule AMPK activators [START_REF] Kim | Targeting of AMP-activated protein kinase: prospects for computer-aided drug design[END_REF][START_REF] Miglianico | Pharmacological Targeting of AMP-Activated Protein Kinase and Opportunities for Computer-Aided Drug Design[END_REF]. Identification of novel 1-selective AMPK activators by virtual screening using molecular docking was recently reported [START_REF] Huang | Identification of Direct Activator of Adenosine Monophosphate-Activated Protein Kinase (AMPK) by Structure-Based Virtual Screening and Molecular Docking Approach[END_REF] and holds promise on structure-based design of novel isoform-selective AMPK activators. In addition, improvement of screening methods based on the measure of direct allosteric activation, protection from dephosphorylation or a combination of both can contribute to fasten the identification of new hits [START_REF] Sinnett | Past strategies and future directions for identifying AMP-activated protein kinase (AMPK) modulators[END_REF][START_REF] Kim | Screening methods for AMP-activated protein kinase modulators: a patent review[END_REF][START_REF] Ward | Allosteric Modulation of AMPK Enzymatic Activity: In Vitro Characterization[END_REF]. Also, the use of specially-configured biosensors to monitor AMPK activation or conformational changes induced by ligands opens possibilities for identification and characterization of AMPK activators in cell-based assays [START_REF] Pelosse | Genetically Encoded Fluorescent Biosensors to Explore AMPK Signaling and Energy Metabolism[END_REF].

7-Conclusion

Given the pleiotropic action of AMPK signaling on many cellular processes (e.g., increase glucose uptake in skeletal muscle), AMPK has gained much attention as a therapeutic target and there has been a major drive to develop pharmacological activators. The first described pharmacological AMPK activator was the pro-drug AICAR, metabolized into ZMP to mimick the allosteric effects of AMP on the AMPK system owing to its structural analogy with the adenine nucleotide. However, its therapeutic use in humans have so far been inconclusive, given to its relatively high threshold for AMPK activation in skeletal muscle [START_REF] Bosselaar | Intravenous AICAR during hyperinsulinemia induces systemic hemodynamic changes but has no local metabolic effect[END_REF]. In 2006, discovery of the first direct AMPK activator, A-769662, provided a novel insight into the development of direct AMPK activators by demonstrating that AMPK activation with nonnucleotide ligands was possible [START_REF] Cool | Identification and characterization of a small molecule AMPK activator that treats key components of type 2 diabetes and the metabolic syndrome[END_REF]. Several new direct AMPK activators have been reported (Figure 3). They exhibit different mechanisms of action through binding to a novel allosteric site formed between the small lobe of the -KD and the -GBD (ADaM site) or a site located within the solvent-accessible core of the AMPK- subunit. Interestingly, combination strategies involving compounds binding at these different sites resulted in a synergistic effect on the phosphorylation of AMPK and physiological effects in intact cells [START_REF] Foretz | Metformin inhibits hepatic gluconeogenesis in mice independently of the LKB1/AMPK pathway via a decrease in hepatic energy state[END_REF][START_REF] Boudaba | AMPK Re-Activation Suppresses Hepatic Steatosis but its Downregulation Does Not Promote Fatty Liver Development[END_REF][START_REF] O'brien | Salicylate activates AMPK and synergizes with metformin to reduce the survival of prostate and lung cancer cells ex vivo through inhibition of de novo lipogenesis[END_REF][START_REF] Ducommun | Enhanced activation of cellular AMPK by dual-small molecule treatment: AICAR and A769662[END_REF][START_REF] Ford | Metformin and salicylate synergistically activate liver AMPK, inhibit lipogenesis and improve insulin sensitivity[END_REF][START_REF] Bultot | Benzimidazole derivative small-molecule 991 enhances AMPK activity and glucose uptake induced by AICAR or contraction in skeletal muscle[END_REF].

These findings are highly relevant from a pharmaceutical point of view for the development of combined treatment of various AMPK agonists such as direct small molecule AMPK activators and the indirect AMPK activator metformin. These combinatorial treatments would be of value to enhance AMPK activation in patients and could help to reduce the amount of drugs administrated for a better tolerability and efficacy. While some small molecules are potent pan-activators for all 12 heterotrimeric AMPK complexes, other show isoform-specific activation for AMPK complexes containing the 1or 1-isoforms. These findings indicate the possibility of developing isoform-selective AMPK activators for tissue-specific therapeutic interventions. For instance, one interesting therapeutic aspect will be to target the AMPK α2β2γ3 heterotrimer which is specifically expressed in skeletal muscle and is predominantly activated by exercise compared to other AMPK heterotrimers [START_REF] Birk | Predominant alpha2/beta2/gamma3 AMPK activation during exercise in human skeletal muscle[END_REF] and thus, limit potential adverse effect on cardiac hypertrophy [START_REF] Myers | Systemic pan-AMPK activator MK-8722 improves glucose homeostasis but induces cardiac hypertrophy[END_REF].

In conclusion, there has been a dramatic progress over the last few years in the development of direct small molecule AMPK activators and in the understanding of their mechanism of action. The ultimate challenge will be to translate the promising therapeutic findings from pre-clinical animal studies into practical clinical applications. Western blots using antibodies against all the known AMPK subunit isoforms [START_REF] Wojtaszewski | 5'AMP activated protein kinase expression in human skeletal muscle: effects of strength training and type 2 diabetes[END_REF][START_REF] Treebak | A-769662 activates AMPK beta1containing complexes but induces glucose uptake through a PI3-kinase-dependent pathway in mouse skeletal muscle[END_REF][START_REF] Birk | Predominant alpha2/beta2/gamma3 AMPK activation during exercise in human skeletal muscle[END_REF]. The relative abondance of the subunit isoform in human and mouse liver was estimated by chemical proteomics [START_REF] Wu | Chemoproteomic analysis of intertissue and interspecies isoform diversity of AMP-activated protein kinase (AMPK)[END_REF], quantitative ELISA [START_REF] Cokorinos | Activation of Skeletal Muscle AMPK Promotes Glucose Disposal and Glucose Lowering in Non-human Primates and Mice[END_REF] and Western blots analysis [START_REF] Stephenne | Metformin activates AMP-activated protein kinase in primary human hepatocytes by decreasing cellular energy status[END_REF][START_REF] Boudaba | AMPK Re-Activation Suppresses Hepatic Steatosis but its Downregulation Does Not Promote Fatty Liver Development[END_REF][START_REF] Fraser | Regulation of the energy sensor AMP-activated protein kinase in the kidney by dietary salt intake and osmolality[END_REF].

The relative abondance of the AMPK subunit isoforms in human and mouse macrophage was estimated by Western blots analysis [START_REF] Galic | Hematopoietic AMPK beta1 reduces mouse adipose tissue macrophage inflammation and insulin resistance in obesity[END_REF][START_REF] Obba | The PRKAA1/AMPKalpha1 pathway triggers autophagy during CSF1-induced human monocyte differentiation and is a potential target in CMML[END_REF][START_REF] Kanellis | Activators of the energy sensing kinase AMPK inhibit random cell movement and chemotaxis in U937 cells[END_REF][START_REF] Sag | Adenosine 5'-monophosphate-activated protein kinase promotes macrophage polarization to an anti-inflammatory functional phenotype[END_REF]. Note that the differences in the affinity of the antibodies used to recognize the different AMPK isoforms may result in underestimation or overestimation in the distribution of heterotrimers. 

  controversial. While Dite et al. reported that combination of A-769662 and phenformin can trigger AMPK cellular signaling independently of -Thr172 phosphorylation [47], Willows et al. failed to activate AMPK signaling in the presence of 991 and 2-deoxyglucose in cells lacking both LKB1 and CaMKK2 [121].

Figure 1 :

 1 Figure 1: Domains of the mammalian AMPK,  and  subunits.The crystal structure of AMPK heterotrimeric complex is shown with  subunit (green),  subunit (dark blue) and  subunit (mauve) (PDB 1CFF;[START_REF] Xiao | Structural basis of AMPK regulation by small molecule activators[END_REF]). The structure shows the activation-relevant phosphosites -Thr172 and -Ser108 (brown), two AMP (orange/yellow) molecules bound to CBS-3 and CBS-4 in the  subunit, the allosteric activator A-769662 (red) bound to a pocket formed by the interface between the -kinase domain and the -GBD and the kinase inhibitor staurosporine (green) in the active site. Domain structure for AMPK subunit isoforms (1, 2, 1, 2, 1, 2, and 3) is presented alongside the structure. AMPK contains a kinase domain (-KD) phosphorylated by upstream kinases on the residue Thr172, an autoinhibition domain (-AID), and a C-terminus domain (-CTD) that interacts with the  subunits. AMPK subunit presents a myristoylation site at the N-terminus, a glycogenbinding domain (-GBD) phosphorylated on the residue Ser108 and a  and  subunit interaction domain (β-SID). AMPK contains 4 -synthase (CBS) domains binding AMP, ADP, and ATP, but only three of the four potential nucleotide-binding sites contribute to nucleotide regulation, with CBS-2 always unoccupied, CBS-4 permanently bound to AMP (non exchangeable) and CBS-1 and -3 binding AMP, ADP, and ATP interchangeably. NES, nuclear export sequence; RIM, regulatory-subunit-interacting motif; ST-loop, serine/threonine-enriched loop.

Figure 2 :

 2 Figure 2: AMPK heterotrimer composition in skeletal muscle, liver and macrophage from human and mouse. A cartoon of the distribution of major AMPK heterotrimeric complexes in human (vastus lateralis) and murine (fast-twitch glycolytic extensor digitorum longus [EDL] and slowtwitch oxidative soleus) skeletal muscle (left panels). The predominant AMPK heterotrimeric complexes are also shown in human and mouse liver and macrophage (right panels). The AMPK heterotrimetric protein composition in human and mouse skeletal muscle was determined and quantified by performing co-immunoprecipitation experiments followed by

Figure 3 :

 3 Figure 3: Structures of allosteric direct small molecule AMPK activators and inhibitors.Structure of direct small molecule activators binding to the ADaM site located between the -GBD and the small lobe of the -kinase domain [selective for complexes containing the 1isoform (turquoise frame) or both 1and 2-isoforms (turquoise/blue frame)], to the isoform (purple frame) or with unknown interaction site (grey frame). Direct small molecule inhibitor selective for complexes containing the 2-isoform (dark frame) is also shown. The crystal structure of AMPK heterotrimeric complex is shown with  subunit (green),  subunit (dark blue) and  subunit (mauve) (PDB 1CFF;[START_REF] Xiao | Structural basis of AMPK regulation by small molecule activators[END_REF]). The structure shows the activationrelevant phosphosites -Thr172 and -Ser108 (brown), two AMP (orange/yellow) molecules bound to CBS-3 and CBS-4 in the  subunit, the allosteric activator A-769662 (red) bound to a pocket formed by the interface between the -kinase domain and the -GBD and the kinase inhibitor staurosporine in the active site (green).

Table 1 : Small molecule AMPK activators and their perspectives in health: in vivo evidence

 1 . A summary table of the main in vivo effects of small molecule activators. nt: not tested.

	Compound	Binding	Isoform	Targeted	Health benefits	Animal	Specificity for AMPK	References
	name	site	selectivity	tissues		models		
	A-769662	ADaM	β1	Liver	 Hepatic lipid	Mice	nt	[75]
					accumulation	Mice	Liver-specific AMPK KO [96]
				Liver	 Fatty acids	Rats	nt	[75]
					utilization			
				Heart	 Cardioprotection	Mice	Heart-specific AMPKα2	[103]
							KD	
				Macrophage	 Inflammation	Mice	AMPKα1 KO	[102]
				Small intestine	 Hepatic glucose	Rats	Ad-DN-AMPK duodenal	[97]
					production		infection	
	PF-06409577	ADaM	β1	Kidney	 Diabetic	Rats	nt	[107]
	PF-249				nephropathy			
	MT63-78	ADaM	β1	Prostate	 Prostate cancer	Mice	AMPKα2 KO	[105]
					growth			
	GSK621	ADaM	β1/β2	Acute Myeloid	 Cancer cell death	Mice	AMPKα1 CRISPR	[143]
				Leukemia cells				
	MK8722	ADaM	β1/β2	Skeletal muscle  Glucose uptake	Mice/rats	nt	[111]
						Non human	nt	[111]
						primates		
	PF739	ADaM	β1/β2	Skeletal muscle  Glucose uptake	Mice	Inducible skeletal	[108]
							muscle AMPKα1α2 KO	
						Non human	nt	[108]
						primates		
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