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ABSTRACT 

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. 
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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 [1]. 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 [2]. 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 [1, 3]. 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 [3, 4]. 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 [5-7]. 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 [8]. Given 

recent reports highlighting the critical regulatory role played by AMPK in autophagy, anti-

inflammatory response and cell growth [9, 10], 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 [5, 9, 11, 12]. 
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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 [13, 14]. 

 

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 [15-17] and the Ca2+/calmodulin-activated kinase 2 

(CaMKK2) [18-20]. LKB1 is constitutively active but can be further modulated by 

posttranslational modifications [2, 21]. Moreover, LKB1 appears to be a major regulator of 

AMPKα2, at least in skeletal and cardiac muscle [22, 23]. 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 [24] but 

only few studies further investigated its physiological relevance [25, 26]. The identity of 

phosphatase regulating AMPK phosphorylation is largely unknown and may depend on the 

cell type [27, 28]. 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 [29, 30]. 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 [31]. In the 

presence of AMP, interactions between the α-linker with the  subunit restricts its flexibility 
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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 AMPK1 at Ser485 and AMPK2 at Ser491 

by PKA [32, 33], Akt [34, 35] and S6K [36] antagonizes AMPK activation. Phosphorylation 

at other sites within the ST-loop by GSK3 [37], PKC [38] and PKD1 [39] 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 [40] or the 2-isoform [41]. The -CTD terminates with 

a nuclear export signal [42]. The α2-isoform is found more enriched in the nucleus than the 

α1-isoform [43]. 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 [44-47]. 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 [48-50]. 

The GBD of the β2-isoform appears to have a higher affinity for glycogen than that of β1 

[51]. 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 [52]. However, this mechanism has been challenged in the context of 

AMPK activation in response to skeletal muscle contraction [53] and the regulation of AMPK 

via glycogen is likely to occur by an indirect mechanism [54].  
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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 [55]. 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 [56]. 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 nucleotide-

binding 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 [57, 58]. However, only binding of AMP but not ADP 

can drive allosteric activation of the enzyme [57]. These two nucleotides have also been 

shown to promote phosphorylation of AMPK by upstream kinases although the effect of 

CaMKK2 is controversial [55, 59]. 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 [60, 61]. 

 

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 [62]. 

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) [62, 63]. 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 
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differential regulation and distinct responsibilities of heterotrimers in the control of cellular 

response to energy stress [64]. 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 [65]. 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 [66]. 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 [66]. 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 

[4]. 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 [67, 68]. 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) [67, 68]. 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 [1]. 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 [69, 70]. In addition, since some of 
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the effects of indirect activators could be mediated through off-target effects independently of 

AMPK activation [71, 72], 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 [73, 74]. In 2006, high-

throughput 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 [75] (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 [76-79] (Figure 3). Recent crystallographic studies of AMPK have provided 

molecular insights into the mechanism and site of action for most of these compounds [80-

83]. 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 [82]. 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 [84] 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 [81, 82] (Figure 3), and the natural product 

salicylate [81]. Reports of alternative binding sites include the  subunit with compounds 

identified after screening an AMP mimetic library [80, 85] (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: 
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The first synthetic compound in this class is the thienopyridone derivative A-769662 (Figure 

3) [75]. A-769662 stimulated partially purified rat liver AMPK or recombinant AMPK 

111 heterotrimer with similar potency (EC50 = 0.8 and 0.7 µM, respectively) [75]. A-

769662 activates AMPK both allosterically and by inhibiting AMPK subunit 

dephosphorylation at Thr172 [86, 87]. 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 [87, 88]. In addition, A-

769662 does not change cellular AMP:ATP and ADP:ATP ratios in intact cells [71, 72]. 

Important insights of how A-769662 regulates AMPK activity came from crystal structure of 

AMPK111 and 211 complexes bound to A-769662 [81, 82]. 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 [89] and requires phosphorylation of 

1-Ser-108 for full activation of AMPK heterotrimers [87]. 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 [63, 

71, 90, 91]. 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 [89, 92]. Thus, administration of A-769662 in 

rodents should offer beneficial metabolic effects that are be expected from a specific AMPK 
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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 [93, 

94]. 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 [75]. These effects were lost in AMPK1 KO mice 

[95]. 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 [75]. 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 [96]. 

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 (inter-

organ crosstalk), mimicking the effects of intraduodenal metformin infusion on the control of 

glucose plasma level [97]. 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 [98-100]. Because AMPK 

activity in macrophage is predominately dependent on the 1-isoform (Figure 2) [101], 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 [102].  

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 [103]. 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 [103]. A-769662 also contributes to the 

cardioprotection via the overstimulation of glucose uptake and glycolysis, subsequently 
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decreasing ROS and cardiomyocyte death [104]. 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) [105], PF-06409577 [106] 

and PF-249 [107, 108] (Figure 3). These compounds allosterically activate AMPK and protect 

AMPK-α Thr172 against dephosphorylation [105-107]. 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 [84, 105-

107].  

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 [105]. 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 63–78-

mediated 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 [105].  

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 [107] (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 [107].  

 

- pan-AMPK compounds: 

A series of cyclic benzimidazole derivatives have been identified as relevant AMPK 
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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 [82]. 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 [82, 110]. However, 991 dose-

dependently increased AMPK activity of both 1- and 2-containing complexes in rat skeletal 

muscle and stimulated glucose uptake in myotubes by an AMPK-dependent mechanism [92]. 

As a potent AMPK activator, 991 also strongly inhibited hepatic lipogenesis and stimulated 

fatty acid oxidation in primary mouse hepatocytes [96]. 

Two related benzimidazole derivatives PF-739 and MK-8722, were recently discovered as 

potent pan-AMPK activator (Figure 3) [108, 111]. They bind to the ADaM site and activate 

both 1- and 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 

AMPK1 and 2 in skeletal muscle, whereas it was not affected by the absence of AMPK1 

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 [108, 111]. 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) [112]. C2 activates AMPK with an EC50 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 [80]. This compound 

showed high potency for activation of AMPK in cells when delivered as a pro-drug, C13, a 
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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 [80, 96] and reduced lipogenesis in mice [112]. 

Crystal structures of C2 bound to AMPK revealed two C2-binding sites in the AMPK γ 

subunit distinct from nucleotide-binding sites [85]. 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 1- and 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 [85]. Unexpectedly, C2 is selective for AMPK complexes 

containing the 1-isoform rather than 2-isoform [80]. 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 

[80].  

 

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) [113] and its optimization led to the 

identification of C24 (Figure 3) [114]. 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 AMPK-

α by binding in the cleft between AMPK-α AID and AMPK-α KD [113]. 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 [115]. 

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 [115]. 



   13 

 

The bi-quinoline compound JJO-1 (Figure 3) was shown to allosterically activate complexes 

containing the 1- and 2-isoforms only at low ATP concentrations [116]. 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 [117]. MT47-100 activates all AMPK1-containing complexes and 

this activation is dependent on the 1-GBD and phosphorylation of AMPKβ1 Ser108. At the 

opposite, MT47-100 directly inhibits all AMPK2-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 AMPK2 knockout mice [117]. 

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 [118, 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 
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a drug target for the treatment of diseases associated with metabolic syndrome [107, 108, 

111]. 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 [120]. In addition, localization of AMPK at cellular 

organelle membranes might also play a role in sensitizing AMPK to allosteric ligands [47]. 

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 [82, 87, 95]. In 

contrast to 1-Ser108, phosphorylation of 2-Ser108 is not required for AMPK activation by 

991 [121], 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 1- and 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 1- and 2-containing AMPK isoforms [78]. 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 [81]. 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 tissue-

selective compounds minimizing unwanted side effects. 
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Third, it was originally reported that 1-Ser108 is an autophosphorylation site [122], but it 

was recently reported as a substrate for ULK1 under conditions associated with elevated AMP 

[47]. 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 [47]. 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 [121-123]. Binding of small molecule in the ADaM 

site appears to be sufficient to stabilize the activation loop in an active conformation [121]. 

Interestingly, combination of A-769662 with C2 also resulted in a synergistic allosteric 

activation of AMPK bypassing the need for AMPK-α Thr172 phosphorylation [85]. 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 [96, 124]). 

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 

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].  

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 [125, 126]. 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 
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impaired -cell function, questioning the safety of chronic and generalized AMPK activators 

[118]. 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 [111]. 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 isoform-

specific small molecule AMPK activators [129, 130]. Identification of novel 1-selective 

AMPK activators by virtual screening using molecular docking was recently reported [131] 

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 [73, 74, 132]. 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 

[133]. 

 

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 [134]. In 2006, 

discovery of the first direct AMPK activator, A-769662, provided a novel insight into the 
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development of direct AMPK activators by demonstrating that AMPK activation with non-

nucleotide ligands was possible [75]. 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 [71, 96, 135-138]. 

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 1- or 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 [64] and thus, 

limit potential adverse effect on cardiac hypertrophy [111].  

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. 
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Table 1: Small molecule AMPK activators and their perspectives in health: in vivo 
evidence. A summary table of the main in vivo effects of small molecule activators. nt: not 
tested. 
	
	

Compound	
name	

Binding	
site	

Isoform	
selectivity	

Targeted	
tissues	

Health	benefits	 Animal	
models	

Specificity	for	AMPK	 References	

A‐769662	 ADaM	 β1	 Liver	 	Hepatic	lipid	
accumulation	

Mice	 nt	 [75]	

Mice	 Liver‐specific	AMPK	KO	 [96]	

Liver	 	Fatty	acids	
utilization	

Rats	 nt	 [75]	
	

Heart	 	Cardioprotection	 Mice	 Heart‐specific	AMPKα2	
KD	

[103]	
	

Macrophage	  Inflammation	 Mice	 AMPKα1	KO	 [102]	

Small	intestine	  Hepatic	glucose	
production	

Rats	 Ad‐DN‐AMPK	duodenal	
infection	

[97]	

PF‐06409577	
PF‐249	

ADaM	 β1	 Kidney	 	Diabetic	
nephropathy		

Rats	 nt	 [107]	

MT63‐78	 ADaM	 β1	 Prostate	 	Prostate	cancer	
growth	

Mice	 AMPKα2	KO	 [105]	

GSK621	 ADaM	 β1/β2	 Acute	Myeloid	
Leukemia	cells	

	Cancer	cell	death	 Mice	 AMPKα1	CRISPR	 [143]	

MK8722	 ADaM	 β1/β2	 Skeletal	muscle	 	Glucose	uptake	 Mice/rats	 nt	 [111]	

Non	human	
primates	

nt	 [111]	

PF739	
	
	
	
	

ADaM	 β1/β2	 Skeletal	muscle	 	Glucose	uptake 	 Mice	 Inducible	skeletal	
muscle	AMPKα1α2	KO	

[108]	
	

Non	human	
primates	

nt	 [108]	
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Figure legends 

 

 

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; [82]). 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 glycogen-

binding 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: 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 slow-

twitch 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 

Western blots using antibodies against all the known AMPK subunit isoforms [62-64]. The 
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relative abondance of the subunit isoform in human and mouse liver was estimated by 

chemical proteomics [67], quantitative ELISA [108] and Western blots analysis [68, 96, 139]. 

The relative abondance of the AMPK subunit isoforms in human and mouse macrophage was 

estimated by Western blots analysis [101, 140-142]. 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.  

 

 

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 1-

isoform (turquoise frame) or both 1- and 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; [82]). 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 in the active site (green). 
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