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Abstract 

AMP-activated protein kinase (AMPK) is the downstream component of a protein 

kinase cascade that is a key regulator of energy balance at both the cellular and 

whole-body level. AMPK acts to stimulate ATP production and reduce ATP 

consumption when cellular ATP levels fall, thereby normalizing energy balance. 

Given the central role of AMPK in cellular carbohydrate and lipid metabolism, AMPK 

activation has been proposed to be a therapeutic target for conditions associated 

with dysfunctional nutrient metabolism including obesity, type 2 diabetes, hepatic 

steatosis, cardiovascular diseases and cancer. One way by which increased ATP 

production can be achieved is by increasing the supply of nutrient substrates. In the 

1990s, AMPK activation was demonstrated to stimulate glucose uptake in striated 

muscle, thereby improving substrate supply for ATP production. Subsequently AMPK 

activation was postulated to underlie the increase in glucose uptake that occurs 

during muscle contraction. More recently, however, several lines of evidence have 

demonstrated that AMPK activation is unlikely to be required for contraction-

mediated glucose uptake. Furthermore, despite the importance of AMPK in cellular 

and whole-body metabolism, far fewer studies have investigated either the role of 

AMPK in glucose uptake by non-muscle tissues or whether AMPK regulates the 

uptake of fatty acids. In the present review, we discuss the role of AMPK in nutrient 

uptake by tissues, focusing on glucose uptake out with muscle and fatty acid uptake.  

 

1. Introduction 

 

1.1 AMPK 

AMP-activated protein kinase (AMPK) was first identified as an activity that inhibited 

two metabolic enzymes, acetyl CoA carboxylase (ACC) and HMG CoA reductase 

(HMGR), which regulate FA (fatty acid) and isoprenoid/sterol synthesis respectively 

[1,2]. Over the subsequent decades, it has become apparent that AMPK acts as a 

cellular energy sensor, stimulating ATP production and inhibiting ATP utilization 

when ATP concentrations fall. This fundamental role of AMPK in the regulation of 

nutrient metabolism has led to its proposal as a therapeutic target for conditions of 
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dysfunctional metabolism, including type 2 diabetes, insulin resistance, obesity and 

hepatic steatosis [3,4]. Furthermore, AMPK activation is associated with anti-

inflammatory, anti-atherosclerotic and anti-tumorigenic actions which have 

highlighted its potential as a therapeutic target for proinflammatory disorders, 

cardiovascular diseases and cancer [5-7].  

 

1.2 Structure and regulation of AMPK 

AMPK is a heterotrimer of an α catalytic subunit containing a serine/threonine protein 

kinase domain complexed with β and γ regulatory subunits. AMPK belongs to the 

CAMKL (CAMK-like) family of protein kinases [8] and is conserved in virtually all 

eukaryotes [9]. In mammals, there are several isoforms of each subunit (α1, α2, β1, 

β2, γ1, γ2, γ3), such that 12 different heterotrimers may exist [10].  

AMPK was initially named due to its allosteric activation by AMP [2]. There is a 

substantial increase in AMP concentrations when ATP utilization increases or ATP 

production falls due to adenylate kinase. AMP (or ADP) bind to CBS (cystathionine 

β-synthase) motifs on AMPKγ, allosterically activating kinase activity, whereas ATP 

binding to one of these CBS motifs inhibits AMPK activity (Figure 1) [11,12]. 

Consequently, AMPK is activated by an increase in the AMP:ATP ratio, which will 

occur under physiological conditions including hypoxia, hypoglycaemia and 

ischaemia, due to the limited supply of nutrients and/or oxygen limiting ATP 

synthesis [3-7]. Binding of AMP at the CBS motifs also promotes phosphorylation of 

the AMPKα catalytic subunit at Thr172 by LKB1 (liver kinase B1), which further 

activates AMPK (Figure 1) [13-16], and protects Thr172 from dephosphorylation by 

protein phosphatases [17]. Three other mechanisms have been identified by which 

AMPK may be activated independent of changes in AMP/ATP.  

Firstly, AMPKα can be phosphorylated at Thr172 by Ca2+/calmodulin-dependent 

kinase kinase-2 (CaMKK2) (Figure 1) [18-20]. Signals that increase intracellular Ca2+ 

concentrations, such as VEGF, acetylcholine and thrombin therefore activate AMPK 

in cells that express CaMKK2 [21-23]. Secondly, synthetic molecules including A-

769662, compound 991 and the xenobiotic salicylate can bind to a different allosteric 

site (termed the ADaM site) between the β and α subunits, activating AMPK [24]. 

Very recently, long-chain fatty acyl-CoA esters have been found to bind AMPK at this 
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site, and therefore represent an endogenous ADaM site ligand (Figure 1) [25]. 

Finally, glucose starvation in certain cells can also activate AMPK by an AMP-

independent mechanism involving translocation of LKB1 complexed with the adaptor 

Axin1 to a pool of AMPK at the lysosomal membrane surface [26]. In this 

mechanism, the glucose concentration is sensed by the glycolytic enzyme aldolase 

[27]. For more detail of AMPK enzymology see the following recent reviews 

[9,28,29]. 

A number of other mechanisms have been reported to regulate AMPK, including 

inhibitory phosphorylation of AMPKα1/α2 at Ser487/491 by kinases including PKA 

(protein kinase A), Akt and protein kinase C isoforms [30-33]. Phosphorylation of 

AMPKβ1 at Ser108 greatly improves the binding affinity of ADaM site ligands [34] 

and has been reported to be phosphorylated by the AMPK substrate ULK1 (Unc-51 

like autophagy activating kinase), so may represent a positive feedback mechanism 

[35]. Phosphorylation at Ser108 also requires myristylation of AMPKβ1 [35], which 

may also contribute to targeting of AMPK to mitochondria [36]. AMPKβ isoforms 

contain glycogen binding domains, which have been reported to stabilize AMPK in 

vivo [37,38], yet whether glycogen regulates AMPK under physiological 

circumstances remains uncertain. Finally, AMPK isoforms display tissue-specific 

distribution [10,39,40], which may influence subcellular localization and substrate 

specificity of AMPK [41-43]. The regulation and functional consequences of AMPK 

heterotrimer localization remains relatively poorly-characterised and has been 

recently reviewed [44]. 

 

1.3 AMPK activators 

In addition to physiological activation of AMPK by nutrient depletion, hypoxia, 

ischaemia and increased intracellular Ca2+, several small molecule activators have 

been utilized experimentally to imply a role for AMPK. The first of these to be used 

widely was the nucleoside AICAR (5-aminoimidazole-4-carboxamide ribonucleoside, 

which is phosphorylated by cells to the active ribonucleotide (also known as ZMP) 

[45,46]. ZMP mimics the effect of AMP, binding to the CBS motifs on AMPKγ, 

allosterically activating AMPK and promoting activating phosphorylation of AMPKα at 

Thr172 [47]. AICAR therefore does not display any selectivity for AMPK 
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heterotrimers containing specific subunit isoforms. As ZMP is an endogenous 

intermediate in the purine biosynthesis pathway, levels can also be increased by the 

immunosuppressant drug methotrexate, which inhibits the conversion of ZMP to 

inosine monophosphate [48]. However, numerous AMPK-independent actions of 

AICAR have been reported [49-53], likely due to ZMP also mimicking the effects of 

AMP on other AMP-sensitive enzymes [54,55]. Subsequently other AMPK activators 

that mimic AMP or act as allosteric activators binding to AMPKγ have been 

developed, including compound 2 and activator 3 [56,57]. Intriguingly, compound 2 

displayed selectivity for activation of AMPK heterotrimers containing the α1 catalytic 

isoform [58].  

A large number of small molecules have also been demonstrated to indirectly 

activate AMPK by increasing the cellular AMP/ATP ratio. These include the 

hypoglycaemic drugs metformin, canagliflozin and the thiazolidinediones, 2-

deoxyglucose and xenobiotics including berberine and resveratrol. These 

compounds either increase AMP/ATP via inhibition of glycolysis or complex I of the 

mitochondrial respiratory chain [59,60].  

Selective allosteric activators of AMPK have been developed that bind to the ADaM 

site and thereby activate AMPK independent of AMP/ATP. The first of these 

activators, A-769662, was first reported in 2006 [61] and has since been used widely 

to examine the role of AMPK experimentally. Salicylate was subsequently also found 

to activate AMPK by binding directly to the ADaM site [62]. More recently, several 

other ADaM site-binding activators have been reported, including 991 [63], MT 63-78 

[64], MK-8722 [65], PF06409577 [66] and SC4 [67]. Activators that bind at the ADaM 

site exhibit isoform selectivity, likely due to variations in amino acid sequence of 

AMPKα and AMPKβ isoforms, between which the ADaM site lies [28,63]. Although 

the selectivity of these compounds varies, all of them bind more tightly to 

heterotrimers containing AMPKβ1 relative to complexes containing AMPKβ2 [28]. As 

AMPKβ2 is the principal AMPKβ isoform in striated muscle [40], these compounds 

provide the potential to selectively activate AMPK in non-muscle tissues. It should be 

noted that AMPK-independent effects of A-769662 are increasingly being reported 

[68-71], and off-target actions of the other ADaM site activators may yet be 

demonstrated. 
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Another small molecule, O304, has been reported to activate AMPK by an additional 

mechanism, protecting phospho-AMPKα Thr172 from dephosphorylation without any 

allosteric activation of AMPK [72], yet where O304 binds AMPK has yet to be 

reported. The plethora of AMPK activators, their modes of action and therapeutic 

potential have been recently reviewed [28]. 

In contrast there are no specific inhibitors of AMPK. Compound C (dorsomorphin) is 

used widely to imply AMPK-dependence experimentally, yet this shows minimal 

selectivity for AMPK [73]. More recently, SBI-0206965 has been reported to 

selectively inhibit AMPK, yet this is also an inhibitor of ULK1/2 [74] and has also 

been demonstrated to have effects likely to be independent of AMPK and ULK1/2 in 

skeletal muscle [75]. Although many published reports claim a role for AMPK when 

using these AMPK activators and inhibitors, their lack of specificity demonstrate that 

AMPK-dependence of effects should also be assessed using genetic approaches. 

 

1.4 Physiological role of AMPK 

As mentioned previously, AMPK was first identified as an activity that inhibited ACC 

and HMGR, suppressing FA and isoprenoid/sterol synthesis respectively which has 

been confirmed in genetic knock in mice with Ser/Ala mutations at the AMPK sites 

[76,77]. Indeed, as AMPK is the only kinase known to phosphorylate ACC1 at Ser79 

(Ser80 in humans), this is the most common biomarker of AMPK activation utilized in 

intact cells. More than 100 AMPK targets have now been validated [28] and AMPK 

has been demonstrated to inhibit many other anabolic pathways including glycogen 

and nucleotide synthesis [78,79] and causes cell cycle arrest by mechanisms that 

remain uncertain [80,81]. AMPK tightly regulates protein synthesis, inhibiting 

mTORC1-mediated translation, protein elongation via elongation factor-2-kinase and 

ribosomal RNA synthesis [82,83], Inhibition of these pathways conserve ATP, 

whereas AMPK has also been demonstrated to stimulate numerous catabolic 

pathways, thereby generating ATP. AMPK phosphorylates 6-phosphofructo-2-kinase 

isoforms, thereby promoting glycolysis in certain tissues [84,85]. In addition, 

inhibition of mitochondrial ACC2 by AMPK reduces concentrations of malonyl CoA. 

As malonyl CoA is an inhibitor of FA-CoA (fatty acyl CoA) entry into the 

mitochondrion, AMPK activation stimulates FA oxidation [86,87]. All of these actions 
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of AMPK reinforce its role as a sensor of cellular energy charge, acting to suppress 

ATP utilisation and stimulate ATP synthesis. 

AMPK activation also causes long term adaptations to reduced energy charge, 

promoting oxidative metabolism by increasing mitochondrial biogenesis [88]. 

Concomitantly, AMPK improves the quality/efficiency of mitochondria by promoting 

mitophagy via phosphorylation of ULK1 [89] and increasing mitochondrial fission 

[90,91]. Many other target pathways of AMPK have been described and have been 

reviewed in greater detail elsewhere [4-7,28]. The distinct actions of AMPK in 

different metabolic tissues have also demonstrated that AMPK acts in a coordinated 

fashion as a whole body energy sensor, stimulating feeding, reduced nutrient 

storage and increased nutrient oxidation when indicated by cellular energy levels 

and hormonal signals [4,5,28]. 

Regulated nutrient uptake by cells is critical to maintain homeostasis and is 

dysfunctional in diabetes mellitus, where insufficient insulin leads to a lack of glucose 

uptake by muscle and adipose tissue, contributing to hyperglycaemia [92]. 

Furthermore, nutrient excess or inappropriate nutrient storage characterise obesity 

and hepatic steatosis, which contribute to type 2 diabetes [4,93]. Given the 

importance of AMPK activation in increasing ATP synthesis, it is perhaps 

unsurprising that AMPK has been demonstrated to regulate nutrient uptake, yet both 

the mechanisms by which this occurs and the physiological relevance of this remain 

incompletely understood and are discussed in more detail in this review.  

 

2. Regulation of glucose uptake by AMPK 

 

2.1 Glucose transporter proteins 

Two principal families of glucose transporters have been identified in mammals, the 

sodium–glucose linked transporters (SGLTs) and facilitated diffusion glucose 

transporters (GLUTs). SGLT1 and SGLT2 rely on the sodium gradient to drive 

glucose absorption in the small intestine and reabsorption in the kidney by a 

secondary active process [94]. On the other hand, GLUT family members transport 

glucose down it’s concentration gradient of which GLUT1-4 are the best 

characterised [95-97]. GLUT-mediated glucose uptake is mostly regulated by the 
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levels of transporter at the plasma membrane, yet the activities of transporters at the 

plasma membrane may also be regulated under certain circumstances.   

GLUT1 is ubiquitously expressed, has a high affinity for glucose and is thought to be 

responsible for the basal rate of glucose uptake in many cell types whilst also 

providing a rate limiting barrier for glucose supply to the brain at the blood brain 

barrier [97]. GLUT2 is the predominant GLUT isoform in hepatocytes and small 

intestine, with a uniquely low affinity for glucose which allows for glucose uptake to 

alter with the changes in plasma glucose concentration that occur during feeding and 

fasting [97,98]. GLUT2 is also the major glucose transporter in rodent pancreatic β-

cells and has a functional role in glucose uptake by human pancreatic β-cells [99]. 

GLUT3 is most abundant in the central nervous system and has the highest affinity 

for glucose thus ensuring efficient glucose uptake independent of the plasma level of 

glucose [97]. 

GLUT4 is highly expressed in skeletal muscle, adipocytes and cardiomyocytes 

where it is sequestered intracellularly into specialized GLUT4 storage vesicles 

(GSVs) under basal conditions [92,100-102]. Insulin stimulates GLUT4 translocation 

to the plasma membrane, increasing glucose uptake and contributing to postprandial 

glucose disposal for storage as glycogen or triglyceride in muscle and adipose tissue 

respectively. Muscle contraction also stimulates GLUT4 translocation by an insulin-

independent mechanism. Once the stimulus is removed, GLUT4 is internalized and 

returns to its intracellular vesicular localisation [92,102]. It should be noted that 

GLUT1 levels at the plasma membrane can also be regulated by insulin in these 

tissues, although this occurs independent of specialised GSVs [103,104]. Trafficking 

of GLUT4 in response to insulin and contraction is discussed in further detail later in 

this review.  

 

2.2 Insulin-stimulated glucose uptake in skeletal muscle and adipose tissue 

Tissue specific deletion of GLUT4 in either skeletal muscle or adipose tissue results 

in insulin resistance, glucose intolerance and dysfunctional metabolism 

demonstrating that GLUT4 is a key determinant of glucose homeostasis [105,106]. 

Insulin-mediated GLUT4 translocation requires phosphatidylinositol 3-kinase (PI3K)-

mediated activation of the serine/threonine kinase Akt (also known as protein kinase 
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B) [92,107-109]. Binding of insulin to its receptor leads to the recruitment and 

tyrosine phosphorylation of insulin receptor substrate proteins (IRSs) [110]. 

Phosphorylated IRS binds to and activates PI3K, leading to the production of 

phosphatidylinositol 3,4,5 trisphosphate (PIP3) in the plasma membrane which in 

turn activates PDK1 (phosphoinositide-dependent protein kinase 1), which 

phosphorylates Akt Thr308 [111]. This causes a conformational change in Akt, 

allowing target of rapamycin complex 2 (mTORC2) to phosphorylate Akt at a second 

site, Ser473, fully activating Akt (Figure 2) [112]. The discovery of AS160 (Akt 

substrate of 160 kDa, also known as TBC1D4) and the related protein TBC1D1 as 

downstream effectors of Akt have greatly enhanced our understanding of the link 

between insulin signalling and GSV trafficking [92,113,114]. AS160 and TBC1D1 are 

Rab-GAPs (Rab GTPase activating proteins) that maintain Rab small GTPases in a 

GDP-bound inactive form [115]. Upon phosphorylation by Akt, the Rab-GAP activity 

is inhibited, resulting in the activation of Rabs required for the recruitment of GSVs to 

the plasma membrane [116]. Rab10 and Rab14 are likely to be functional targets of 

AS160 that mediate insulin-stimulated GLUT4 translocation in adipocytes [117-119], 

whereas Rab8a and Rab13 fulfil a similar role in muscle cells [120,121]. Studies in 

mice lacking AS160 have demonstrated that it is critical for insulin-stimulated 

glucose uptake in muscle [122,123]. In contrast, studies in TBC1D1-deficient rodents 

have provided conflicting evidence concerning the role of TBC1D1 in insulin-

stimulated glucose uptake. In TBC1D1-deficient mice, impaired insulin-stimulated 

glucose uptake was observed in isolated glycolytic muscles, but not oxidative 

muscles, likely a consequence of reduced GLUT4 expression in glycolytic muscle 

[124,125]. In contrast, transfection of mouse muscle with wild type or mutant 

TBC1D1 unable to be phosphorylated by Akt had no effect on insulin-stimulated 

glucose uptake in mouse muscle [126]. Furthermore, in muscle of TBC1D1 deficient 

rats, insulin-stimulated trafficking of GLUT4 and levels of GLUT4 expression were 

unaltered, indicating a species-specific effect on GLUT4 levels [127]. Taken 

together, it is likely that AS160, rather than TBC1D1 is necessary for insulin-

stimulated glucose uptake in muscle. 

Other small GTPases may also regulate insulin-stimulated GLUT4 trafficking, 

including RalA and the RalA GAP complex (RGC1/2) in adipocytes (Figure 2) 

[128,129]. In parallel to Akt signalling via AS160, insulin also exerts distal effects on 
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GSV trafficking including activation of the small GTPase Rac1 (Ras-related C3 

botulinum toxin substrate 1), which is reported to contribute to GLUT4 translocation 

in muscle cells [130,131]. Additionally, PI3K-independent activation of the small 

GTPase TC10 by insulin has been proposed to contribute to GLUT4 translocation 

specifically in adipocytes [132], yet the roles of these other GTPases in insulin-

stimulated glucose uptake in an in vivo setting remains unclear. A brief scheme of 

the signalling underlying insulin-stimulated GLUT4 translocation is shown in Figure 

2. Multiple other proteins have been demonstrated to regulate the trafficking and 

formation of GSVs in response to insulin and have been recently reviewed 

elsewhere [102,133]. 

 

2.3 Contraction-stimulated glucose uptake in skeletal muscle 

Contraction increases glucose uptake in skeletal and cardiac muscle [134-138]. 

Once exercise/contraction ceases, muscle glucose uptake returns slowly to basal 

levels [136,139] and during the recovery period insulin sensitivity is increased 

[136,137]. It is clear that contraction-stimulated glucose transport is mediated by 

GLUT4 translocation from intracellular compartments, phenocopying the effects of 

insulin, yet the initial signalling pathways utilised by insulin and contraction are 

different [92,105,134,140-142]. Contraction-stimulated GLUT4 translocation is 

independent of IRS-PI3K-Akt signalling, yet has been proposed to involve TBC1D1 

from experiments using TBC1D1-deficient mice and rats [124,143]. Despite this, the 

signalling pathways mediating GLUT4 translocation remain elusive.  

Several potential mediators of contraction-stimulated glucose uptake have been 

proposed, including Ca2+, AMPK (see section 2.4), NO, reactive oxygen species 

(ROS) and Rac1 [136,137]. In particular, NO synthesis has been demonstrated to be 

required for increased skeletal muscle glucose uptake during contraction since 

inhibition of NO synthesis attenuates contraction-mediated glucose uptake in skeletal 

muscle [144,145]. Furthermore, pharmacological inhibition or genetic ablation of 

Rac1 impaired increased glucose uptake following exercise [146]. As Rac1 is also 

implicated in insulin-stimulated glucose uptake [130,131], this suggests that Rac1 

activation might be one distal convergence point between insulin‐ and 

contraction‐activated signalling pathways, although Rac1 has been reported to be 
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unnecessary for contraction-mediated increases in insulin sensitivity following 

exercise [147]. In addition, capillary recruitment in muscle during contraction 

increases the supply of glucose for transport, thereby increasing glucose uptake in 

vivo [136,137]. Given that contraction mimics the effects of insulin yet occurs 

independently of insulin signalling, the signalling underlying contraction-stimulated 

glucose uptake is an area of significant interest for therapies to normalise blood 

glucose in people with type 2 diabetes or insulin resistance.  

 

2.4 The role of AMPK in muscle glucose uptake 

During the late 1990s, muscle contraction either due to exercise or electrical 

stimulation was shown to increase AMPK activity. At the same time AICAR was 

demonstrated to increase glucose uptake in muscle [87,148,149]. AICAR was 

subsequently shown to increase GLUT4 translocation and glucose uptake in the 

heart [150]. Excitingly, AS160 and TBC1D1 were found to be AMPK substrates, 

mimicking the Akt-mediated phosphorylation in response to insulin, leading to 

GLUT4 translocation and concomitant glucose uptake (Figure 3) [151-153]. Using 

purified proteins, AMPK preferentially phosphorylates AS160 at Ser588, rather than 

the principal Akt site, Thr642 in vitro, whereas both Akt and AMPK phosphorylate 

Thr596 of TBC1D1 in vitro [154,155]. Muscle-specific AMPKβ1β2 knockout mice, 

which exhibited no activation of AMPK during exercise, also exhibited impaired 

contraction-stimulated glucose uptake [156]. These findings led to the widespread 

belief that AMPK underlies the effects of contraction on glucose uptake through 

phosphorylation and inhibition of TBC1D1 (or AS160). However, this notion has been 

challenged in other mouse models with muscle-specific AMPK downregulation where 

contraction-stimulated glucose uptake was unaltered [157,158]. This evidence has 

been reviewed recently clearly indicating that AMPK activation is not required for 

contraction-mediated glucose uptake during exercise [159]. However, as ex vivo 

muscle glucose uptake in muscle-specific AMPKα1α2 knockout mice was attenuated 

after but not during exercise, AMPK activation may still be important for maintaining 

muscle glucose uptake after contraction, potentially via increased phosphorylation of 

TBC1D1 [158,160]. Therefore, although AMPK activation does increase muscle 

glucose uptake, likely via phosphorylation of TBC1D1 [161] it is not responsible for 



12	
	

the increased glucose uptake during contraction – indeed, AMPK activation may not 

occur during contraction in many physiological settings.  

Over the last 5 years, phosphoproteomic analysis of exercise-regulated 

phosphosites in human skeletal muscle in conjunction with phosphoproteomic data 

from a rat muscle cell line has allowed the validation of several new AMPK 

substrates [162,163]. Of these novel substrates, AMPK-mediated phosphorylation of 

stromal interaction molecule 1 (STIM1) has been identified, thereby reducing its 

SOCE (store-operated Ca2+ entry) activity (Figure 3) [163]. As Ca2+ is also involved 

in contraction mediated glucose uptake, whether this newly described AMPK-STIM1 

regulatory axis is implicated in post exercise metabolic adaptions remains to be 

explored.  

Given the potential importance of AMPK in sensitising muscle to insulin after 

exercise, further research is required to understand the mechanisms by which this 

occurs. Similarly, most studies have investigated the effects of AMPK in relatively 

short-term	 exercise models, so whether AMPK has any role in more prolonged 

exercise-stimulated glucose uptake cannot be dismissed. Indeed, prolonged 

stimulation with AICAR for 18 h was demonstrated to increase expression of GLUT4 

in murine muscle [164], reported to be due to phosphorylation of histone 

deacetylase-5 (HDAC5) [165] and/or GLUT4 enhancer factor (Figure 3) [166]. 

Finally, as AMPK has been demonstrated to increase NO synthesis by a variety of 

mechanisms [6], it is intriguing that NO synthesis has been reported to influence 

muscle glucose uptake by direct effects on GLUT4 translocation and also improving 

capillary recruitment [145]. It should be noted however, that inhibition of NO 

synthase had no effect on capillary recruitment or glucose uptake in rat muscle 

electrically stimulated in situ [167].  

In type 2 diabetes, insulin-independent contraction-mediated muscle glucose uptake 

is unimpaired, therefore providing a therapeutic target for improving glycaemia.   

Despite AMPK being unlikely to be the mediator underlying contraction-stimulated 

glucose uptake, the stimulatory effects of AMPK on muscle glucose uptake (in 

addition to its roles in other metabolic tissues) therefore make it a therapeutic target 

for type 2 diabetes. For example, the activator O304 which stimulates glucose 

uptake in mice reduced insulin resistance and improved fasting glucose levels in 

people with type 2 diabetes [72]. 
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2.5 The role of AMPK in white adipocyte glucose uptake 

White adipose tissue (WAT), stores excess nutrients as triglycerides, and defects in 

adipocyte glucose transport are associated with the development of insulin 

resistance and type 2 diabetes in rodents and humans [106,168]. Despite the wealth 

of data concerning the role of AMPK in muscle glucose uptake, the role of AMPK in 

adipose tissue is far less well characterised. Initial studies in 3T3-L1 adipocytes and 

isolated rodent adipocytes demonstrated that incubation with AICAR inhibited 

insulin-stimulated glucose uptake independent of insulin-stimulated Akt activity 

[169,170]. Given this, it is surprising that AICAR was also reported to reduce insulin-

stimulated phosphorylation of AS160 at the Akt site, Thr642 in rat adipocytes [171]. 

Furthermore, in that study, infection of the adipocytes with adenoviruses expressing 

a kinase dead AMPKα1 mutant normalised the inhibition of insulin-stimulated AS160 

phosphorylation and glucose uptake, indicating the effect of AICAR is AMPK-

dependent [171]. Despite purified AMPK being able to phosphorylate AS160 at 

Thr642 in vitro [154], activation of AMPK with AICAR had no effect at this site in 

adipocytes [171]. These data indicate that AMPK activation inhibits insulin-stimulated 

glucose uptake in adipocytes, the opposite effect to AMPK activation in muscle. This 

may reflect the different AMPK isoforms expressed in adipocytes and muscle or the 

different GLUT4 trafficking machinery employed by either cell type in response to 

insulin. It should also be noted that only one study has provided evidence that the 

effect of AICAR in adipocytes is AMPK-dependent [171]. It could be argued however, 

that from a physiological perspective, it would be in keeping for AMPK activation 

during ATP depletion to generate ATP by increasing glucose uptake in muscle and 

inhibit insulin-stimulated glucose uptake in adipocytes, which would largely be used 

for the ATP-consuming synthesis of FAs and triglycerides. 

WAT from obese rodents and humans has been demonstrated to have a lower 

AMPK activity [172-175], begging the question as to whether impaired AMPK activity 

in adipose tissue contributes to insulin sensitivity. What then happens to indices of 

insulin sensitivity in rodents with downregulated AMPK activity? Adipocytes contain 

AMPK complexes primarily composed of AMPKα1 [169,176], yet the contributions of 

AMPKβ isoforms remain uncertain as although AMPKβ1 is the predominant isoform 

expressed in adipocytes [176,177], heterotrimers containing AMPKβ2 may account 
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for the majority of total cellular AMPK activity [176]. Mice with global deletions of 

AMPKα1 or AMPKβ1 exhibited smaller adipocytes, reduced fat mass and were 

normoglycemic [178,179]. Conversely, germline deletion of AMPKβ2 was associated 

with hyperglycaemia and susceptibility to obesity-induced adiposity and insulin 

resistance [180]. Likewise, adiposity and adipocyte hypertrophy have been observed 

in mice lacking AMPKα2 [181]. Whether the distinctive metabolic phenotypes 

observed in global AMPK subunit knockout mice were associated with increased, 

decreased, or unaltered adipocyte glucose uptake has not been examined. More 

recently, contrasting data were reported in mice with adipocyte-specific abrogation of 

AMPK. Mice with adipocyte-specific deletion of both AMPK α1 and α2 isoforms had 

impaired glucose tolerance and defects in insulin sensitivity [182]. Similarly, mice 

with adipocyte-specific knockout of both AMPKβ1 and β2 were reported to develop 

hyperglycaemia and insulin resistance when challenged with high fat diet likely due 

to compromised brown adipose tissue (BAT) and WAT function [183]. However, 

others have reported normal fasting blood glucose concentration, glucose tolerance 

and insulin sensitivity in adipocyte-specific AMPKα1α2 knockout mice as well as a 

lowered fat mass phenotype [184,185]. The reasons for these differences are 

uncertain but likely due to different age, mice strain or cre-lox models used. Despite 

these differences, only one study has examined adipose tissue glucose uptake in 

mice with downregulated AMPK, where mice with adipocyte-specific deletion of 

AMPKβ1β2, exhibited unaltered insulin-stimulated glucose uptake by gonadal WAT 

in vivo, suggesting that adipocyte AMPK does not regulate glucose uptake [183].  

Stimulation of cultured adipocytes with the indirect AMPK activators metformin and 

resveratrol have provided conflicting results, with metformin reported to increase 

basal and insulin-stimulated glucose uptake in 3T3-L1 adipocytes and human 

preadipocyte-derived adipocytes [186,187] or have no effect in human adipocytes 

[188], whereas resveratrol has been reported to attenuate insulin-stimulated glucose 

uptake in insulin-resistant 3T3-L1 adipocytes and human adipocytes, likely through 

interfering with Akt phosphorylation [189,190]. As AICAR, metformin and resveratrol 

all influence other signalling pathways and metabolic enzymes independent of 

AMPK, these differential actions and the lack of data in adipocytes from knockout 

models demonstrate the need for data obtained using more selective AMPK 

activators in adipocytes and direct measurement of glucose uptake in adipocytes 
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isolated from knockout mice. The AMPKβ1-selective activators A-769662 and 991 

have been demonstrated to activate AMPK in 3T3-L1 adipocytes and human 

adipocytes [177,191], so it will be informative to assess the effects of these 

activators on glucose uptake in future studies. Finally, as with muscle, 

phosphoproteomic analyses in adipocytes would be useful to identify AMPK 

substrates concerned with the regulation of GLUT4 trafficking. A chemical genetic 

screen employed to determine AMPK substrates in hepatocytes identified several 

proteins involved in vesicle trafficking and cytoskeleton organisation, including 

Gapex-5, which contains both a Rab GTPase activating domain and Rab5 guanine 

nucleotide exchange factor domain [192]. Further analysis of this in 3T3-L1 

adipocytes indicated that Gapex5 knockdown reduced insulin-stimulated glucose 

uptake at sub-maximal insulin concentrations [192], yet it remains unknown whether 

Gapex5 mediates any effects of AMPK on adipocyte glucose uptake. The potential 

mechanisms by which AMPK influences adipocyte glucose uptake are shown in 

Figure 4. 

 

2.6 The role of AMPK in brown adipocyte glucose uptake 

In contrast to WAT, BAT primarily functions to expend energy by non-shivering 

thermogenesis and may improve caloric balance and whole-body energy 

homeostasis [193,194]. Brown adipocytes contain abundant mitochondria and 

express high levels of uncoupling protein 1 (UCP1), which uncouples oxidative 

phosphorylation from ATP production in favour of heat production [193,194]. As 

oxidation of glucose is not coupled to ATP production, BAT relies on glycolysis for 

ATP production and there is significant interest in “browning” of adipose tissue as a 

therapeutic goal for normalising metabolic dysfunction in obesity and its 

complications [3].  

Two principal stimuli for glucose uptake in BAT have been described. As in muscle 

and WAT, insulin-mediated PI3K-Akt activation markedly increases BAT glucose 

uptake in a manner likely to involve GLUT4-dependent manner [195,196]. 

Alternatively, stimulation of β-adrenoreceptors in response to cold exposure or direct 

(nor)adrenaline action increases glucose uptake by increasing GLUT1 activity at the 

plasma membrane [197]. β-adrenergic stimulation has been reported to increase 



16	
	

GLUT1-mediated glucose uptake in brown adipocytes by mechanisms including a 

PKA-mediated increase in GLUT1 levels [198] and mTORC2-dependent 

translocation of GLUT1 to the plasma membrane, potentially mediated by Akt 

[199,200]. However, a more recent study has reported that inhibition of PI3K had no 

effect on glucose uptake indicating Akt is not involved [201].  

AMPK activation is undoubtedly important in the differentiation of brown adipocytes, 

particularly with respect to its stimulation of mitochondrial function and biogenesis 

[3], yet its potential role in BAT glucose uptake remains poorly defined. Both cold 

exposure and β-adrenoreceptor stimulation has been demonstrated to activate 

AMPK in rodent BAT and isolated brown adipocytes [202,203]. It has been reported 

that AICAR and the β-adrenoreceptor agonist isoprenaline increased basal glucose 

uptake in primary brown adipocytes in a manner sensitive to AraA (adenine 9-β-D-

arabinofuranoside) [202], which has been demonstrated to inhibit AMPK in some cell 

types [204]. More recently, BAT isolated from mice with adipocyte-specific ablation of 

AMPKβ1β2 displayed reduced insulin-stimulated Akt phosphorylation and decreased 

insulin-stimulated glucose uptake [183]. Therefore, as in WAT, AMPK activation may 

suppress insulin-stimulated glucose uptake in BAT (Figure 4). There are no definitive 

studies examining the effects of adipocyte-specific AMPK ablation on BAT glucose 

uptake in response to β-adrenoreceptor stimulation. Therefore, it is important that 

future studies assess whether BAT glucose uptake is regulated by AMPK in vivo.  

 

2.7 AMPK and glucose uptake in non-metabolic tissues 

Hypoglycaemia and hypoxia have been demonstrated to increase GLUT1 

expression and glucose uptake in multiple cell types [97,205-207]. Similarly, GLUT3 

is upregulated in response to hypoxia and ATP depletion [208,209]. Furthermore, as 

decreased oxygen availability and nutrient deprivation occurs in tumour 

microenvironments, increased GLUT1 expression is observed in a number of cancer 

cells and it is central for cancer cell growth [210-212]. Cancer cells, while adapting to 

hypoxia, alter their metabolism from oxidative phosphorylation to aerobic glycolysis, 

a phenomenon known as Warburg effect [213]. This is mainly determined by HIF-1α 

(hypoxia induced factor-1α) that acts as a key regulatory transcription factor 

responsible for glycolytic genes including GLUT1 [214,215]. 
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Unsurprisingly, given that hypoxia, hypoglycaemia and ATP depletion stimulate 

AMPK, the role of AMPK in the upregulation of GLUT1 has been investigated. AMPK 

activation was demonstrated to stimulate GLUT1 activity at the plasma membrane of 

a rat liver epithelial cell line [216]. The mechanisms by which AMPK increases 

GLUT1 activity at the membrane has been demonstrated to involve thioredoxin-

interacting protein (TXNIP), which induces GLUT1 retention in the cytoplasm. AMPK 

directly phosphorylates and inhibits TXNIP, thereby increasing GLUT1 translocation 

and subsequent glucose uptake (Figure 4) [217]. Indeed, TXNIP may also influence 

GLUT4 trafficking as Akt phosphorylates TXNIP at the same site as AMPK and 

TXNIP knockout mice exhibit higher levels of GLUT4 at the cell surface [218]. The 

stimulation of GLUT1-mediated glucose uptake by AMPK may therefore improve 

cancer survival [219], although AMPK also acts as suppressor of cancer cell 

proliferation and tumour formation through negatively regulating Warburg 

metabolism [220]. These opposing effects of AMPK in tumorigenesis and survival 

may suggest that AMPK acts as a tumour suppressor, yet once cancer occurs, 

AMPK promotes tumour survival [81]. It is important therefore, that should AMPK 

activation be utilised as a therapy for cancer, that these cancer-promoting and anti-

tumourigenic actions are taken into account. 

 

3 Regulation of fatty acid uptake by AMPK 

	

3.1 Mechanisms of fatty acid uptake 

FAs are a major source of energy for many tissues in the fasted state and circulating 

levels are regulated by the rate of i) lipid synthesis in liver and adipose tissue and ii) 

metabolism in muscle, liver and adipose tissue [221]. In adipose tissue, circulating 

FAs are taken up in the postprandial state to be esterified as triglycerides [222]. In 

the heart, approximately 60-70% of ATP is generated by oxidation of FAs [223], 

whereas in skeletal muscle, oxidation of FAs is the principal source of ATP in the 

fasted state and during low to moderate intensity exercise [224]. Therefore, as with 

glucose utilisation, any increased uptake of FAs would be used for ATP synthesis in 

muscle, whereas in adipocytes the FAs would be stored as triglycerides. 
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The mechanism by which FA is transported into cells has been the subject of 

considerable debate and evidence for two mechanisms has been reported. In the 

first mechanism, FA are proposed to enter cells via extremely rapid, passive flip-flop 

diffusion across the lipid bilayer membrane followed by a slow dissociation into the 

cytosol [225,226]. The second mechanism suggests that FA uptake is a protein-

mediated process in which several proteins have been implicated including 

CD36/SR-B2 and FA transporter proteins (FATPs) [227]. In cells that utilise 

significant quantities of FAs, such as skeletal muscle, heart and adipose tissue, 

protein-mediated FA transport has been proposed to dominate [228]. Once FAs 

enter the cell, they are rapidly esterified to fatty acyl CoA (FA-CoA), thereby 

preventing efflux of FA and allowing utilisation of the FA-CoA for mitochondrial 

oxidation and ATP production, or esterification to triglyceride [229]. The putative FA 

transporter proteins are discussed in more detail in sections 3.2 and 3.3. 

 

3.2 CD36/SR-B2 

CD36/SR-B2 is a multifunctional membrane receptor belonging to the class B 

scavenger receptor family, able to bind modified LDL and facilitate FA uptake in 

adipocytes and muscle [230-232]. CD36/SR-B2 likely facilitates flip-flop of FA across 

the plasma membrane and localises to caveolae, where its binding to caveolin may 

further facilitate FA uptake [138,233,234]. People with homozygous mutations of 

CD36/SR-B2 exhibited markedly reduced FA uptake in adipose tissue and muscle 

when FA concentrations were low, yet CD36/SR-B2 was crucial for cardiac FA 

uptake regardless of the plasma FA concentration [235]. Supporting this, CD36/SR-

B2-deficient mice also had impaired FA uptake in adipose tissue and muscle FA 

uptake [236,237]. CD36/SR-B2 is found in both intracellular compartments and the 

sarcolemma in cardiomyocytes. Furthermore, subcellular fractionation experiments 

suggest these overlap in part with GLUT4 localisation and that CD36/SR-B2 traffics 

to the cell surface in response to insulin and contraction [138]. Stimulation of FA 

uptake in response to insulin, contraction and the potential role of AMPK are 

discussed in sections 3.4 and 3.5. 

 

3.3 FATPs 
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FATPs are a family of six isoforms that exhibit tissue-specific expression. In the 

metabolic tissues, adipose tissue and muscle express FATP1 and FATP4, heart 

expresses FATP1 and FATP6, whereas liver expresses FATP2 and FATP5 [238]. 

The roles of the different FATP isoforms in FA transport have been studied using 

overexpression or knockout models in cell lines and mice. Cardiomyocyte-specific 

overexpression of FATP1 increased FA uptake 4-fold, with mice showing evidence of 

lipotoxic cardiomyopathy within 3 months [239]. It should be noted, however, that 

FATP6 is likely to be the predominant FATP isoform in cardiomyocytes [240]. 

Similarly, muscle-specific overexpression of FATP1 increased FA transport [241]. 

Silencing of FATP1 in 3T3-L1 adipocytes reduced insulin-stimulated FA uptake [242] 

and mice with a global deletion of FATP1 did not exhibit any change in adiposity yet 

were protected from high fat diet-induced insulin resistance and accumulation of 

intramuscular FA, further indicating a key role for FATP1 in regulating muscle FA 

uptake [243]. 

As with FATP1, overexpression of FATP4 enhanced FA uptake in cultured cells 

[244] and transfection of FATP4 into skeletal muscle increased FA uptake [245]. 

Mice with an adipose-specific deletion of FATP4 have been reported to exhibit 

increased weight gain and adipocyte hypertrophy, consistent with increased FA 

uptake [246]. Importantly, FATPs have acyl-CoA synthetase (ACS) activity, and 

therefore facilitate FA transport, at least in part, by coupling diffusion of FA with 

esterification to FA-CoA [238,247]. 

 

3.4 Regulation of fatty acid uptake by insulin and contraction 

Early studies examining regulated FA uptake reported that contraction and insulin 

increase translocation of CD36/SR-B2 in heart and skeletal muscle in a manner 

analogous to that of GLUT4 [248-252]. Furthermore, insulin was reported to 

stimulate translocation of FATP1 and FATP4 in skeletal muscle [253,254], yet in 

cardiac myocytes insulin had no effect on FATP1 translocation [252]. CD36/SR-B2 is 

thought to account for 50-70% of FA uptake in cardiac myocytes, suggesting it is the 

predominant transport system [255]. CD36/SR-B2 trafficking has been proposed to 

share many features with that of GLUT4 trafficking in response to insulin and 

contraction in muscle and the heart [138]. Specifically, insulin has been reported to 
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stimulate CD36/SR-B2 plasma membrane recruitment via AS160 and Rab8a in 

cardiomyocytes [256] and TBC1D1 knockdown (mimicking inhibition by insulin) 

increased cell surface CD36/SR-B2 levels in L6 skeletal muscle cells [257]. Very 

recently, increased FA uptake was observed in muscles from mice deficient in 

TBC1D1 or AS160. In the same study, levels of FATP4, but not CD36/SR-B2 were 

increased in both TBC1D1 and AS160 knockout models and combined knockdown 

of FATP4 with TBC1D1 or AS160 in C2C12 myotubes abrogated the increase in FA 

uptake [258]. These recent data suggest that FATP4 may be an important mediator 

of FA uptake in response to signalling via AS160/TBC1D1 in muscle. 

In 3T3-L1 adipocytes, insulin has been reported to stimulate translocation of FATP1 

[253], and knockdown studies in 3T3-L1 cells demonstrated that FATP1 knockdown 

abolished insulin-stimulated FA uptake, whereas knockdown of FATP4 had no effect 

on FA uptake [259]. In support of this, insulin was recently reported to stimulate 

FATP1 translocation in adipocytes via a mechanism involving mTORC1 [260]. In that 

study, insulin stimulation of S6K1 via mTORC1 phosphorylated glutamyl-prolyl-tRNA 

synthetase (EPRS), a protein demonstrated by interaction screening to bind to and 

translocate FATP1 to the plasma membrane [260]. Despite this, as previously 

mentioned, CD36/SR-B2-deficient mice also had impaired FA uptake in adipose 

tissue [236,237], suggesting CD36/SR-B2 is also important for adipocyte FA uptake. 

Importantly, the very concept that insulin is a physiologically relevant stimulus for FA 

uptake in muscle has been challenged, as the response of CD36/SR-B2 and FATP1 

in rodent muscle is transient and also does not match the timing of the postprandial 

rise in insulin concentrations [261].  

In brown adipocytes, stimuli that regulate FA uptake are poorly characterised. Both 

CD36/SR-B2 and FATP1 have been shown to be required for brown adipose tissue 

function [262-264], and β-adrenoreceptor stimulation has been reported to increase 

FA uptake in isolated brown adipocytes and a BAT-derived cell line [262,264]. 

Furthermore, a lipid increased during cold exposure has been demonstrated to 

stimulate FA uptake into brown adipocytes by promoting the translocation of FATP1 

and CD36/SR-B2 [265]. The role of insulin in the regulation of FA uptake in BAT has 

yet to be characterised, however. 
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3.5 Regulation of fatty acid uptake by AMPK 

The first indication that AMPK may regulate FA uptake utilised AICAR and the ATP 

synthase inhibitor, oligomycin, which were demonstrated to stimulate FA uptake in 

cardiac myocytes, likely mediated by CD36/SR-B2 [251]. These effects of AICAR 

and oligomycin were later shown to be dependent on AMPKα2 [266]. Furthermore, 

AICAR had no effect on FATP1 translocation and prolonged stimulation of cardiac 

myocytes with AICAR increased cellular levels of CD36/SR-B2 [252,267]. Similarly, 

in contracting skeletal muscle, AICAR stimulated FA uptake and plasma membrane 

CD36/SR-B2 levels, an effect demonstrated to be AMPK-dependent whereas 

prolonged stimulation of L6 cells with AICAR stimulated CD36/SR-B2 expression 

[268-270]. Further evidence that AMPK regulates CD36/SR-B2 levels in muscle has 

been obtained in knockout mice, where CD36/SR-B2 levels were reduced in muscle-

specific AMPK knockout mice [271] and fasting-stimulated levels of CD36/SR-B2 

mRNA were reduced in mice lacking AMPKγ3, the predominant AMPKγ isoform in 

skeletal muscle [272]. Conversely, overexpression of a R225Q gain of function 

AMPKγ3 mutant was associated with increased CD36/SR-B2 expression during 

fasting [272]. In liver and intestine, AMPK-dependent stimulation of CD36/SR-B2 

levels has also been shown, arguing that prolonged AMPK activation upregulates 

CD36/SR-B2 levels in many tissues [273,274].  

What is the mechanism by which AMPK regulates CD36/SR-B2? Knockdown of 

AS160 increased cell surface levels of CD36/SR-B2 and prevented AICAR from 

further stimulating CD36/SR-B2 translocation in a cardiac myocyte cell line [256]. In 

the same study, knockdown of the AS160 target Rab8a or overexpression of a 

phosphorylation-deficient AS160, which will increase Rab GTP loading and activity 

also prevented AICAR-stimulated CD36/SR-B2 translocation, arguing that AMPK-

mediated phosphorylation and inactivation of AS160 with subsequent activation of 

Rab8a underlies the stimulation of CD36/SR-B2 translocation by AICAR (Figure 5), 

although the AMPK-dependence of the AICAR effect was not addressed in that 

study [256]. In contrast, TBC1D1 overexpression in skeletal muscle was shown to 

only subtly reduce AICAR-stimulated FA oxidation without changing CD36/SR-B2 

levels, suggesting TBC1D1 does not regulate the stimulation of CD36/SR-B2 levels 

by AMPK [275].  



22	
	

No published reports indicate that AMPK influences FATP1 translocation, with one 

study showing that AICAR has no effect on FATP1 localisation in cardiac myocytes 

[252]. Indeed, given insulin-stimulated FATP1 translocation in adipocytes has been 

reported to occur via mTORC1-mediated phosphorylation of S6K [260], this is 

surprising, as AMPK activation will inhibit mTORC1 and therefore should suppress 

insulin-stimulated FA uptake by this mechanism (Figure 5). 

As AMPK stimulates FA oxidation via inhibition of ACC and effects on mitochondrial 

activity [5,6,28], increased FA uptake may reflect changes in flux driven by these 

actions of AMPK rather than FA uptake by cells. In addition, reports that both FATP1 

and CD36/SR-B2 may contribute to activation of AMPK in response to FAs or the 

adipocytokine adiponectin make the regulation of FA uptake by AMPK complex 

[263,276,277]. This activation of AMPK by FA may be a result of the recently 

demonstrated allosteric activation of AMPK by FA-CoA [25]. 

Taken together, these data consistently indicate that AMPK increases CD36/SR-B2 

translocation and expression, yet the mechanisms remain obscure. AS160 provides 

a potential link that coordinates glucose and FA uptake in response to AMPK 

activation in muscle. Whether AMPK regulates the FATP isoforms remains barely 

characterised, however. Whether AMPK underlies contraction-stimulated CD36/SR-

B2 translocation and FA uptake has been addressed in mice with reduced AMPK 

activity, where neither FA uptake nor CD36/SR-B2 translocation were altered [278].  

These data argue that, like GLUT4 translocation in muscle [159], AMPK activation 

does stimulate CD36/SR-B2-mediated FA uptake yet it is not required for increased 

FA uptake during muscle contraction, where AMPK activation may not occur. 

 

4. Hepatic steatosis – a therapeutic target for AMPK activation 

Due to the actions of AMPK on carbohydrate and lipid metabolism, increasing FA 

oxidation and reducing lipogenesis, AMPK activation has been proposed as a 

therapeutic target for conditions where there is nutrient overload. NAFLD/NASH 

(non-alcoholic fatty liver disease/non-alcoholic steatohepatitis) are characterised by 

nutrient overload leading to hepatic steatosis, progressing to fibrosis and liver injury. 

Hepatic steatosis represents ectopic lipid accumulation in the liver and is tightly 

associated with obesity, insulin resistance and type 2 diabetes [4,279]. Lipids 



23	
	

accumulate in the liver either due to de novo lipogenesis (DNL) from carbohydrates 

or increased FA uptake and triglyceride synthesis. Conversely, increased hepatic FA 

oxidation will reduce steatosis [4,279].  

In DNL, glucose-derived pyruvate is converted to acetyl CoA in the mitochondria by 

pyruvate dehydrogenase, and then after conversion to citrate is shuttled across the 

mitochondrial membranes to the cytoplasm, where it is converted back to acetyl CoA 

by ATP citrate lyase. Acetyl CoA is then utilised to generate FAs in the cytoplasm by 

ACC and FA synthase (Figure 6) [280]. Dietary fructose is more effective in 

stimulating DNL than glucose and recent evidence suggests this involves conversion 

of fructose to acetate by the gut microbiome [281].  

Given that AMPK-mediated inhibition of ACC reduces FA synthesis from acetyl CoA 

and increases FA oxidation [76], AMPK activators have been and are currently being 

trialled as potential therapeutics for NAFLD/NASH [282]. There are many other 

actions of AMPK that would potentially improve NAFLD/NASH, including 

phosphorylation and stabilisation of Insig (insulin-induced gene)-1, which regulates 

the processing of the key lipogenic transcription factor, sterol response element 

binding protein (SREBP) [283]. Indeed, AMPK has also been reported to 

phosphorylate SREBP directly, inhibiting DNL (Figure 6) [284]. In addition, AMPK-

mediated suppression of inflammation [285], and improvement of mitochondrial 

function would also improve NAFLD/NASH, and the mechanisms by which AMPK 

might act to improve hepatic steatosis have been recently reviewed [4,286,287]. 

How then would the effects of AMPK activation on nutrient transport impact on 

NAFLD? Global AMPK activation would potentially increase muscle glucose and FA 

uptake, thereby reducing glucose available for DNL and FA for triglyceride synthesis 

in the liver. Furthermore, despite the experimental evidence indicating AMPK may 

inhibit insulin-stimulated glucose uptake in adipocytes, the glucose would be unlikely 

to be stored inappropriately in the liver as AMPK activation suppresses lipogenesis 

and increases oxidation of nutrients.  

 

5. Concluding remarks 

As described in this review, it is clear that AMPK stimulates GLUT4 trafficking and 

glucose uptake in muscle, whilst stimulating GLUT1 expression and glucose uptake 
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in other cell types. Furthermore, multiple lines of evidence indicate that AMPK 

stimulates expression of CD36/SR-B2, which may contribute to fatty acid uptake in a 

number of tissues. Many questions remain, however, concerning the mechanisms by 

which AMPK acts to regulate nutrient uptake. In muscle, the physiological 

circumstances under which AMPK is activated have not been clearly defined, and 

similarly whether AMPK impacts GLUT4 trafficking events downstream of 

AS160/TBC1D1 phosphorylation is uncertain. Given the importance of insulin-

stimulated muscle glucose uptake in maintaining glucose homeostasis, AMPK 

activation remains an important therapeutic target that would permit insulin-

independent glucose uptake to maintain glycaemia in people who are insulin 

resistant or have type 2 diabetes. Further understanding the mechanisms by which 

AMPK acts in GLUT4 trafficking is therefore critical as it may highlight other novel 

targets for therapies. Furthermore, small molecule activators of AMPK that target 

complexes containing AMPKα2 and AMPKβ2, the dominant isoforms expressed in 

skeletal muscle, would be useful to extend our understanding in muscle, rather than 

the ADaM site activators which are more selective for complexes containing 

AMPKβ1. 

Another important area of AMPK research that requires resolution is the role of 

AMPK in adipocyte glucose uptake – as described in this review far less work has 

been published addressing this. Indeed, although adipocytes have a very similar 

molecular machinery for GLUT4 translocation to that of muscle, AMPK activation 

appears either to have no effect or suppress insulin-stimulated glucose uptake. 

Phosphoproteomic analyses to assess potential AMPK targets in adipocytes would 

be highly useful in this regard as would direct measurement of glucose uptake in 

adipocytes isolated from genetic models where AMPK has been down- or 

upregulated. Also, whether/how AMPK influences BAT nutrient uptake has been 

barely examined to date. 

Finally, whether AMPK plays any role in regulated FA uptake has yet to be 

definitively answered. Intriguing data suggesting AMPK-dependent regulation of 

CD36/SR-B2 trafficking has been reported, and it is an attractive hypothesis that 

glucose and fatty acid uptake are regulated in a coordinated fashion by a master 

metabolic sensor such as AMPK. Indeed, given the role of AMPK in amino acid 

metabolism via actions on mTORC1, it would also be useful to assess whether 
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AMPK regulates any of the numerous amino acid transport systems in different 

tissues. 

In conclusion, despite more than 20 years research concerning AMPK and nutrient 

uptake, it is only certain that AMPK can stimulate glucose uptake via GLUT4 in 

muscle and GLUT1 expression in some other tissues. Further research to better 

define the mechanisms by which AMPK regulates nutrient uptake in the other 

metabolic tissues is critical given the therapeutic potential of AMPK activation in 

diseases associated with metabolic dysfunction. 

 

Acknowledgements 

Recent studies in the IPS laboratory have been supported by Project Grants from the 

British Heart Foundation (PG/12/1/29276 and PG/13/82/30483) and Diabetes UK 

(BDA09/0003904 and BDA12/0004489). FA is supported by a research scholarship 

from King Abdulaziz University and YA is supported by a research scholarship from 

King Saud University. 

References 

1. Ferrer A, Caelles C, Massot N, Hegardt FG. Activation of rat liver cytosolic 3-

hydroxy-3-methylglutaryl coenzyme A reductase kinase by adenosine 5'-

monophosphate. Biochem Biophys Res Commun. 1985 Oct 30;132(2):497-

504. doi: 10.1016/0006-291x(85)91161-1. 

2. Carling D, Zammit VA, Hardie DG. A common bicyclic protein kinase cascade 

inactivates the regulatory enzymes of fatty acid and cholesterol biosynthesis. 

FEBS Lett. 1987 Nov 2;223(2):217-22. doi: 10.1016/0014-5793(87)80292-2. 

3. Desjardins EM, Steinberg GR. Emerging Role of AMPK in Brown and Beige 

Adipose Tissue (BAT): Implications for Obesity, Insulin Resistance, and Type 

2 Diabetes. Curr Diab Rep. 2018 Aug 17;18(10):80. doi: 10.1007/s11892-018-

1049-6 

4. Zhao P, Saltiel AR. From Overnutrition to Liver Injury: AMP-Activated Protein 

Kinase in Nonalcoholic Fatty Liver Diseases. J Biol Chem. 2020 Jul 

10:jbc.REV120.011356. doi: 10.1074/jbc.REV120.011356.  



26	
	

5. Carling D. Curr Opin AMPK signalling in health and disease. Cell Biol. 2017 

Apr;45:31-37. doi: 10.1016/j.ceb.2017.01.005.  

6. Salt IP, Hardie DG. AMP-Activated Protein Kinase: An Ubiquitous Signaling 

Pathway With Key Roles in the Cardiovascular System. Circ Res. 2017 May 

26;120(11):1825-1841. doi: 10.1161/CIRCRESAHA.117.309633. 

7. Lyons CL, Roche HM. Nutritional Modulation of AMPK-Impact upon Metabolic 

Inflammation. Int J Mol Sci. 2018 Oct 9;19(10):3092. doi: 

10.3390/ijms19103092 

8. Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S. The protein 

kinase complement of the human genome. Science. 2002 Dec 

6;298(5600):1912-34. doi: 10.1126/science.1075762.  

9. González A, Hall MN, Lin SC, Hardie DG. AMPK and TOR: The Yin and Yang 

of Cellular Nutrient Sensing and Growth Control. Cell Metab. 2020 Mar 

3;31(3):472-492. doi: 10.1016/j.cmet.2020.01.015  

10. Cheung PC, Salt IP, Davies SP, Hardie DG, Carling D. Characterization of 

AMP-activated protein kinase gamma-subunit isoforms and their role in AMP 

binding. Biochem J. 2000 Mar 15;346 Pt 3(Pt 3):659-69. 

11. Xiao B, Sanders MJ, Underwood E, Heath R, Mayer FV, Carmena D, Jing C, 

Walker PA, Eccleston JF, Haire LF, Saiu P, Howell SA, Aasland R, Martin SR, 

Carling D, Gamblin SJ. Structure of mammalian AMPK and its regulation by 

ADP. Nature. 2011 Apr 14;472(7342):230-3. doi: 10.1038/nature09932.  

12. Xin FJ, Wang J, Zhao RQ, Wang ZX, Wu JW. Coordinated regulation of 

AMPK activity by multiple elements in the α-subunit. Cell Res. 2013 

Oct;23(10):1237-40. doi: 10.1038/cr.2013.121.  

13. Hawley SA, Selbert MA, Goldstein EG, Edelman AM, Carling D, Hardie DG. 

5'-AMP activates the AMP-activated protein kinase cascade, and 

Ca2+/calmodulin activates the calmodulin-dependent protein kinase I 

cascade, via three independent mechanisms. J Biol Chem. 1995 Nov 

10;270(45):27186-91. doi: 10.1074/jbc.270.45.27186 

14. Hawley SA, Davison M, Woods A, Davies SP, Beri RK, Carling D, Hardie DG. 

Characterization of the AMP-activated protein kinase kinase from rat liver and 

identification of threonine 172 as the major site at which it phosphorylates 

AMP-activated protein kinase. J Biol Chem. 1996 Nov 1;271(44):27879-87. 

doi: 10.1074/jbc.271.44.27879. 



27	
	

15. Hawley SA, Boudeau J, Reid JL, Mustard KJ, Udd L, Mäkelä TP, Alessi DR, 

Hardie DG. Complexes between the LKB1 tumor suppressor, STRAD 

alpha/beta and MO25 alpha/beta are upstream kinases in the AMP-activated 

protein kinase cascade. J Biol. 2003;2(4):28. doi: 10.1186/1475-4924-2-28.  

16. Woods A, Johnstone SR, Dickerson K, Leiper FC, Fryer LG, Neumann D, 

Schlattner U, Wallimann T, Carlson M, Carling D. LKB1 is the upstream 

kinase in the AMP-activated protein kinase cascade. Curr Biol. 2003 Nov 

11;13(22):2004-8. doi: 10.1016/j.cub.2003.10.031. 

17. Davies SP, Helps NR, Cohen PT, Hardie DG. 5'-AMP inhibits 

dephosphorylation, as well as promoting phosphorylation, of the AMP-

activated protein kinase. Studies using bacterially expressed human protein 

phosphatase-2C alpha and native bovine protein phosphatase-2AC. FEBS 

Lett. 1995 Dec 27;377(3):421-5. doi: 10.1016/0014-5793(95)01368-7. 

18. Hawley SA, Pan DA, Mustard KJ, Ross L, Bain J, Edelman AM, Frenguelli 

BG, Hardie DG. Calmodulin-dependent protein kinase kinase-beta is an 

alternative upstream kinase for AMP-activated protein kinase. Cell Metab. 

2005 Jul;2(1):9-19. doi: 10.1016/j.cmet.2005.05.009. 

19. Hurley RL, Anderson KA, Franzone JM, Kemp BE, Means AR, Witters LA. 

The Ca2+/calmodulin-dependent protein kinase kinases are AMP-activated 

protein kinase kinases. J Biol Chem. 2005 Aug 12;280(32):29060-6. doi: 

10.1074/jbc.M503824200.  

20. Woods A, Dickerson K, Heath R, Hong SP, Momcilovic M, Johnstone SR, 

Carlson M, Carling D. Ca2+/calmodulin-dependent protein kinase kinase-beta 

acts upstream of AMP-activated protein kinase in mammalian cells. Cell 

Metab. 2005 Jul;2(1):21-33. doi: 10.1016/j.cmet.2005.06.005 

21. Reihill JA, Ewart MA, Hardie DG, Salt IP. AMP-activated protein kinase 

mediates VEGF-stimulated endothelial NO production. Biochem Biophys Res 

Commun. 2007 Mar 23;354(4):1084-8. doi: 10.1016/j.bbrc.2007.01.110. 

22. Stahmann N, Woods A, Carling D, Heller R. Thrombin activates AMP-

activated protein kinase in endothelial cells via a pathway involving 

Ca2+/calmodulin-dependent protein kinase kinase beta.  Mol Cell Biol. 2006 

Aug;26(16):5933-45. doi: 10.1128/MCB.00383-06 



28	
	

23. Thornton C, Sardini A, Carling D. Muscarinic receptor activation of AMP-

activated protein kinase inhibits orexigenic neuropeptide mRNA expression. J 

Biol Chem. 2008 Jun 20;283(25):17116-22. doi: 10.1074/jbc.M708987200 

24. Langendorf CG, Kemp BE. Choreography of AMPK activation Cell Res. 2015 

Jan;25(1):5-6. doi: 10.1038/cr.2014.163. 

25. Pinkosky SL, Scott JW, Desjardins EM, Smith BK, Day EA, Ford RJ, 

Langendorf CG, Ling NXY, Nero TL, Loh K, Galic S, Hoque A, Smiles WJ, 

Ngoei KRW, Parker MW, Yan Y, Melcher K, Kemp BE, Oakhill JS, Steinberg 

GR. Long-chain fatty acyl-CoA esters regulate metabolism via allosteric 

control of AMPK β1 isoforms. Nat Metab. 2020 Jul 27. doi: 10.1038/s42255-

020-0245-2.  

26. Zhang CS, Jiang B, Li M, Zhu M, Peng Y, Zhang YL, Wu YQ, Li TY, Liang Y, 

Lu Z, Lian G, Liu Q, Guo H, Yin Z, Ye Z, Han J, Wu JW, Yin H, Lin SY, Lin 

SC. The lysosomal v-ATPase-Ragulator complex is a common activator for 

AMPK and mTORC1, acting as a switch between catabolism and anabolism. 

Cell Metab. 2014 Sep 2;20(3):526-40. doi: 10.1016/j.cmet.2014.06.014.  

27. Zhang CS, Hawley SA, Zong Y, Li M, Wang Z, Gray A, Ma T, Cui J, Feng JW, 

Zhu M, Wu YQ, Li TY, Ye Z, Lin SY, Yin H, Piao HL, Hardie DG, Lin SC. 

Fructose-1,6-bisphosphate and aldolase mediate glucose sensing by AMPK. 

Nature. 2017 Aug 3;548(7665):112-116. doi: 10.1038/nature23275.  

28. Steinberg GR, Carling D. AMP-activated protein kinase: the current landscape 

for drug development. Nat Rev Drug Discov. 2019 Jul;18(7):527-551. doi: 

10.1038/s41573-019-0019-2 

29. de Souza Almeida Matos AL, Oakhill JS, Moreira J, Loh K, Galic S, Scott JW. 

Allosteric regulation of AMP-activated protein kinase by adenylate nucleotides 

and small-molecule drugs. Biochem Soc Trans. 2019 Apr 30;47(2):733-741. 

doi: 10.1042/BST20180625.  

30. Hurley RL, Barré LK, Wood SD, Anderson KA, Kemp BE, Means AR, Witters 

LA. Regulation of AMP-activated protein kinase by multisite phosphorylation in 

response to agents that elevate cellular cAMP. J Biol Chem. 2006 Dec 

1;281(48):36662-72. doi: 10.1074/jbc.M606676200. 

31. Horman S, Vertommen D, Heath R, Neumann D, Mouton V, Woods A, 

Schlattner U, Wallimann T, Carling D, Hue L, Rider MH. Insulin antagonizes 

ischemia-induced Thr172 phosphorylation of AMP-activated protein kinase 



29	
	

alpha-subunits in heart via hierarchical phosphorylation of Ser485/491. J Biol 

Chem. 2006 Mar 3;281(9):5335-40. doi: 10.1074/jbc.M506850200.  

32. Heathcote HR, Mancini SJ, Strembitska A, Jamal K, Reihill JA, Palmer TM, 

Gould GW, Salt IP. Protein kinase C phosphorylates AMP-activated protein 

kinase α1 Ser487. Biochem J. 2016 Dec 15;473(24):4681-4697. doi: 

10.1042/BCJ20160211 

33. Coughlan KA, Valentine RJ, Sudit BS, Allen K, Dagon Y, Kahn BB, Ruderman 

NB, Saha AK. PKD1 Inhibits AMPKα2 through Phosphorylation of Serine 491 

and Impairs Insulin Signaling in Skeletal Muscle Cells. J Biol Chem. 2016 Mar 

11;291(11):5664-75. doi: 10.1074/jbc.M115.696849.  

34. Scott JW, Ling N, Issa SM, Dite TA, O'Brien MT, Chen ZP, Galic S, 

Langendorf CG, Steinberg GR, Kemp BE, Oakhill JS. Small molecule drug A-

769662 and AMP synergistically activate naive AMPK independent of 

upstream kinase signaling. Chem Biol. 2014 May 22;21(5):619-27. doi: 

10.1016/j.chembiol.2014.03.006 

35. Dite TA, Ling NXY, Scott JW, Hoque A, Galic S, Parker BL, Ngoei KRW, 

Langendorf CG, O'Brien MT, Kundu M, Viollet B, Steinberg GR, Sakamoto K, 

Kemp BE, Oakhill JS. The autophagy initiator ULK1 sensitizes AMPK to 

allosteric drugs. Nat Commun. 2017 Sep 18;8(1):571. doi: 10.1038/s41467-

017-00628-y 

36. Liang J, Xu ZX, Ding Z, Lu Y, Yu Q, Werle KD, Zhou G, Park YY, Peng G, 

Gambello MJ, Mills GB. Myristoylation confers noncanonical AMPK functions 

in autophagy selectivity and mitochondrial surveillance. Nat Commun. 2015 

Aug 14;6:7926. doi: 10.1038/ncomms8926. 

37. McBride A, Ghilagaber S, Nikolaev A, Hardie DG. The glycogen-binding 

domain on the AMPK beta subunit allows the kinase to act as a glycogen 

sensor. Cell Metab. 2009 Jan 7;9(1):23-34. doi: 10.1016/j.cmet.2008.11.008 

38. Hoffman NJ, Whitfield J, Janzen NR, Belhaj MR, Galic S, Murray-Segal L, 

Smiles WJ, Ling NXY, Dite TA, Scott JW, Oakhill JS, Brink R, Kemp BE, 

Hawley JA. Genetic loss of AMPK-glycogen binding destabilizes AMPK and 

disrupts metabolism. Mol Metab. 2020 Jun 28:101048. doi: 

10.1016/j.molmet.2020.101048. 

39. Stapleton D, Mitchelhill KI, Gao G, Widmer J, Michell BJ, Teh T, House CM, 

Fernandez CS, Cox T, Witters LA, Kemp BE. Mammalian AMP-activated 



30	
	

protein kinase subfamily. J Biol Chem. 1996 Jan 12;271(2):611-4. doi: 

10.1074/jbc.271.2.611. 

40. Thornton C, Snowden MA, Carling D. Identification of a novel AMP-activated 

protein kinase beta subunit isoform that is highly expressed in skeletal 

muscle. J Biol Chem. 1998 May 15;273(20):12443-50. doi: 

10.1074/jbc.273.20.12443. 

41. Woods A, Salt I, Scott J, Hardie DG, Carling D. The alpha1 and alpha2 

isoforms of the AMP-activated protein kinase have similar activities in rat liver 

but exhibit differences in substrate specificity in vitro. FEBS Lett. 1996 Nov 

18;397(2-3):347-51. doi: 10.1016/s0014-5793(96)01209-4. 

42. Salt I, Celler JW, Hawley SA, Prescott A, Woods A, Carling D, Hardie DG. 

AMP-activated protein kinase: greater AMP dependence, and preferential 

nuclear localization, of complexes containing the alpha2 isoform. Biochem J. 

1998 Aug 15;334 ( Pt 1)(Pt 1):177-87. doi: 10.1042/bj3340177 

43. Warden SM, Richardson C, O'Donnell J Jr, Stapleton D, Kemp BE, Witters 

LA. Post-translational modifications of the beta-1 subunit of AMP-activated 

protein kinase affect enzyme activity and cellular localization. Biochem J. 

2001 Mar 1;354(Pt 2):275-83. doi: 10.1042/0264-6021:3540275 

44. Chauhan AS, Zhuang L, Gan B. Spatial control of AMPK signaling at 

subcellular compartments. Crit Rev Biochem Mol Biol. 2020 Feb;55(1):17-32. 

doi: 10.1080/10409238.2020.1727840. 

45. Sullivan JE, Brocklehurst KJ, Marley AE, Carey F, Carling D, Beri RK. 

Inhibition of lipolysis and lipogenesis in isolated rat adipocytes with AICAR, a 

cell-permeable activator of AMP-activated protein kinase. FEBS Lett. 1994 

Oct 10;353(1):33-6. doi: 10.1016/0014-5793(94)01006-4 

46. Corton JM, Gillespie JG, Hawley SA, Hardie DG. 5-aminoimidazole-4-

carboxamide ribonucleoside. A specific method for activating AMP-activated 

protein kinase in intact cells? Eur J Biochem. 1995 Apr 15;229(2):558-65. doi: 

10.1111/j.1432-1033.1995.tb20498.x.  

47. Day P, Sharff A, Parra L, Cleasby A, Williams M, Hörer S, Nar H, Redemann 

N, Tickle I, Yon J. Structure of a CBS-domain pair from the regulatory 

gamma1 subunit of human AMPK in complex with AMP and ZMP. Acta 

Crystallogr D Biol Crystallogr. 2007 May;63(Pt 5):587-96. doi: 

10.1107/S0907444907009110. 



31	
	

48. Beckers A, Organe S, Timmermans L, Vanderhoydonc F, Deboel L, Derua R, 

Waelkens E, Brusselmans K, Verhoeven G, Swinnen JV. Methotrexate 

enhances the antianabolic and antiproliferative effects of 5-aminoimidazole-4-

carboxamide riboside. Mol Cancer Ther. 2006 Sep;5(9):2211-7. doi: 

10.1158/1535-7163.MCT-06-0001. 

49. Guigas B, Taleux N, Foretz M, Detaille D, Andreelli F, Viollet B, Hue L. AMP-

activated protein kinase-independent inhibition of hepatic mitochondrial 

oxidative phosphorylation by AICA riboside. Biochem J. 2007 Jun 

15;404(3):499-507. doi: 10.1042/BJ20070105. 

50. Glund S, Treebak JT, Long YC, Barres R, Viollet B, Wojtaszewski JF, Zierath 

JR. Role of adenosine 5'-monophosphate-activated protein kinase in 

interleukin-6 release from isolated mouse skeletal muscle. Endocrinology. 

2009 Feb;150(2):600-6. doi: 10.1210/en.2008-1204.  

51. Santidrián AF, González-Gironès DM, Iglesias-Serret D, Coll-Mulet L, Cosialls 

AM, de Frias M, Campàs C, González-Barca E, Alonso E, Labi V, Viollet B, 

Benito A, Pons G, Villunger A, Gil J. AICAR induces apoptosis independently 

of AMPK and p53 through up-regulation of the BH3-only proteins BIM and 

NOXA in chronic lymphocytic leukemia cells. Blood. 2010 Oct 

21;116(16):3023-32. doi: 10.1182/blood-2010-05-283960. 

52. García-García C, Fumarola C, Navaratnam N, Carling D, López-Rivas A. 

AMPK-independent down-regulation of cFLIP and sensitization to TRAIL-

induced apoptosis by AMPK activators. Biochem Pharmacol. 2010 Mar 

15;79(6):853-63. doi: 10.1016/j.bcp.2009.10.022. 

53. Hasenour CM, Ridley DE, Hughey CC, James FD, Donahue EP, Shearer J, 

Viollet B, Foretz M, Wasserman DH. 5-Aminoimidazole-4-carboxamide-1-β-D-

ribofuranoside (AICAR) effect on glucose production, but not energy 

metabolism, is independent of hepatic AMPK in vivo. J Biol Chem. 2014 Feb 

28;289(9):5950-9. doi: 10.1074/jbc.M113.528232.  

54. Vincent MF, Marangos PJ, Gruber HE, Van den Berghe G. Inhibition by AICA 

riboside of gluconeogenesis in isolated rat hepatocytes. Diabetes. 1991 

Oct;40(10):1259-66. doi: 10.2337/diab.40.10.1259 

55. Longnus SL, Wambolt RB, Parsons HL, Brownsey RW, Allard MF. 5-

Aminoimidazole-4-carboxamide 1-beta -D-ribofuranoside (AICAR) stimulates 

myocardial glycogenolysis by allosteric mechanisms. Am J Physiol Regul 



32	
	

Integr Comp Physiol. 2003 Apr;284(4):R936-44. doi: 

10.1152/ajpregu.00319.2002. 

56. Gómez-Galeno JE, Dang Q, Nguyen TH, Boyer SH, Grote MP, Sun Z, Chen 

M, Craigo WA, van Poelje PD, MacKenna DA, Cable EE, Rolzin PA, Finn PD, 

Chi B, Linemeyer DL, Hecker SJ, Erion MD. A Potent and Selective AMPK 

Activator That Inhibits de Novo Lipogenesis. ACS Med Chem Lett. 2010 Aug 

30;1(9):478-82. doi: 10.1021/ml100143q.  

57. Bung N, Surepalli S, Seshadri S, Patel S, Peddasomayajula S, Kummari LK, 

Kumar ST, Babu PP, Parsa KVL, Poondra RR, Bulusu G, Misra P. 2-[2-(4-

(trifluoromethyl)phenylamino)thiazol-4-yl]acetic acid (Activator-3) is a potent 

activator of AMPK. Sci Rep. 2018 Jun 25;8(1):9599. doi: 10.1038/s41598-018-

27974-1. 

58. Hunter RW, Foretz M, Bultot L, Fullerton MD, Deak M, Ross FA, Hawley SA, 

Shpiro N, Viollet B, Barron D, Kemp BE, Steinberg GR, Hardie DG, Sakamoto 

K. Mechanism of action of compound-13: an α1-selective small molecule 

activator of AMPK. Chem Biol. 2014 Jul 17;21(7):866-79. doi: 

10.1016/j.chembiol.2014.05.014 

59. Hawley SA, Fullerton MD, Ross FA, Schertzer JD, Chevtzoff C, Walker KJ, 

Peggie MW, Zibrova D, Green KA, Mustard KJ, Kemp BE, Sakamoto K, 

Steinberg GR, Hardie DG. The ancient drug salicylate directly activates AMP-

activated protein kinase. Science. 2012 May 18;336(6083):918-22. doi: 

10.1126/science.1215327.  

60. Hawley SA, Ford RJ, Smith BK, Gowans GJ, Mancini SJ, Pitt RD, Day EA, 

Salt IP, Steinberg GR, Hardie DG. The Na+/Glucose Cotransporter Inhibitor 

Canagliflozin Activates AMPK by Inhibiting Mitochondrial Function and 

Increasing Cellular AMP Levels. Diabetes. 2016 Sep;65(9):2784-94. doi: 

10.2337/db16-0058.  

61. Cool B, Zinker B, Chiou W, Kifle L, Cao N, Perham M, Dickinson R, Adler A, 

Gagne G, Iyengar R, Zhao G, Marsh K, Kym P, Jung P, Camp HS, Frevert E. 

Identification and characterization of a small molecule AMPK activator that 

treats key components of type 2 diabetes and the metabolic syndrome. Cell 

Metab. 2006 Jun;3(6):403-16. doi: 10.1016/j.cmet.2006.05.005. 

62. Hawley SA, Ross FA, Chevtzoff C, Green KA, Evans A, Fogarty S, Towler 

MC, Brown LJ, Ogunbayo OA, Evans AM, Hardie DG. Use of cells expressing 



33	
	

gamma subunit variants to identify diverse mechanisms of AMPK activation. 

Cell Metab. 2010 Jun 9;11(6):554-65. doi: 10.1016/j.cmet.2010.04.001. 

63. Xiao B, Sanders MJ, Carmena D, Bright NJ, Haire LF, Underwood E, Patel 

BR, Heath RB, Walker PA, Hallen S, Giordanetto F, Martin SR, Carling D, 

Gamblin SJ. Structural basis of AMPK regulation by small molecule activators. 

Nat Commun. 2013;4:3017. doi: 10.1038/ncomms4017. 

64. Zadra G, Photopoulos C, Tyekucheva S, Heidari P, Weng QP, Fedele G, Liu 

H, Scaglia N, Priolo C, Sicinska E, Mahmood U, Signoretti S, Birnberg N, 

Loda M. A novel direct activator of AMPK inhibits prostate cancer growth by 

blocking lipogenesis. EMBO Mol Med. 2014 Apr;6(4):519-38. doi: 

10.1002/emmm.201302734.  

65. Myers RW, Guan HP, Ehrhart J, Petrov A, Prahalada S, Tozzo E, Yang X, 

Kurtz MM, Trujillo M, Gonzalez Trotter D, Feng D, Xu S, Eiermann G, Holahan 

MA, Rubins D, Conarello S, Niu X, Souza SC, Miller C, Liu J, Lu K, Feng W, Li 

Y, Painter RE, Milligan JA, He H, Liu F, Ogawa A, Wisniewski D, Rohm RJ, 

Wang L, Bunzel M, Qian Y, Zhu W, Wang H, Bennet B, LaFranco Scheuch L, 

Fernandez GE, Li C, Klimas M, Zhou G, van Heek M, Biftu T, Weber A, Kelley 

DE, Thornberry N, Erion MD, Kemp DM, Sebhat IK. Systemic pan-AMPK 

activator MK-8722 improves glucose homeostasis but induces cardiac 

hypertrophy. Science. 2017 Aug 4;357(6350):507-511. doi: 

10.1126/science.aah5582.  

66. Cameron KO, Kung DW, Kalgutkar AS, Kurumbail RG, Miller R, Salatto CT, 

Ward J, Withka JM, Bhattacharya SK, Boehm M, Borzilleri KA, Brown JA, 

Calabrese M, Caspers NL, Cokorinos E, Conn EL, Dowling MS, Edmonds DJ, 

Eng H, Fernando DP, Frisbie R, Hepworth D, Landro J, Mao Y, Rajamohan F, 

Reyes AR, Rose CR, Ryder T, Shavnya A, Smith AC, Tu M, Wolford AC, Xiao 

J. 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. J Med Chem. 

2016 Sep 8;59(17):8068-81. doi: 10.1021/acs.jmedchem.6b00866. 

67. Ngoei KRW, Langendorf CG, Ling NXY, Hoque A, Varghese S, Camerino MA, 

Walker SR, Bozikis YE, Dite TA, Ovens AJ, Smiles WJ, Jacobs R, Huang H, 

Parker MW, Scott JW, Rider MH, Foitzik RC, Kemp BE, Baell JB, Oakhill JS. 



34	
	

Structural Determinants for Small-Molecule Activation of Skeletal Muscle 

AMPK α2β2γ1 by the Glucose Importagog SC4. Cell Chem Biol. 2018 Jun 

21;25(6):728-737.e9. doi: 10.1016/j.chembiol.2018.03.008. 

68. Moreno D, Knecht E, Viollet B, Sanz P. A769662, a novel activator of AMP-

activated protein kinase, inhibits non-proteolytic components of the 26S 

proteasome by an AMPK-independent mechanism. FEBS Lett. 2008 Jul 

23;582(17):2650-4. doi: 10.1016/j.febslet.2008.06.044. 

69. Benziane B, Björnholm M, Lantier L, Viollet B, Zierath JR, Chibalin AV. AMP-

activated protein kinase activator A-769662 is an inhibitor of the Na(+)-K(+)-

ATPase.  Am J Physiol Cell Physiol. 2009 Dec;297(6):C1554-66. doi: 

10.1152/ajpcell.00010.2009.  

70. Vlachaki Walker JM, Robb JL, Cruz AM, Malhi A, Weightman Potter PG, 

Ashford MLJ, McCrimmon RJ, Ellacott KLJ, Beall C. AMP-activated protein 

kinase (AMPK) activator A-769662 increases intracellular calcium and ATP 

release from astrocytes in an AMPK-independent manner. Diabetes Obes 

Metab. 2017 Jul;19(7):997-1005. doi: 10.1111/dom.12912.  

71. Strembitska A, Mancini SJ, Gamwell JM, Palmer TM, Baillie GS, Salt IP. 

A769662 Inhibits Insulin-Stimulated Akt Activation in Human Macrovascular 

Endothelial Cells Independent of AMP-Activated Protein Kinase. Int J Mol Sci. 

2018 Dec 5;19(12):3886. doi: 10.3390/ijms19123886. 

72. Steneberg P, Lindahl E, Dahl U, Lidh E, Straseviciene J, Backlund F, Kjellkvist 

E, Berggren E, Lundberg I, Bergqvist I, Ericsson M, Eriksson B, Linde K, 

Westman J, Edlund T, Edlund H. PAN-AMPK activator O304 improves 

glucose homeostasis and microvascular perfusion in mice and type 2 diabetes 

patients. JCI Insight. 2018 Jun 21;3(12):e99114. doi: 

10.1172/jci.insight.99114. 

73. Bain J, Plater L, Elliott M, Shpiro N, Hastie CJ, McLauchlan H, Klevernic I, 

Arthur JS, Alessi DR, Cohen P. The selectivity of protein kinase inhibitors: a 

further update. Biochem J. 2007 Dec 15;408(3):297-315. doi: 

10.1042/BJ20070797. 

74. Dite TA, Langendorf CG, Hoque A, Galic S, Rebello RJ, Ovens AJ, Lindqvist 

LM, Ngoei KRW, Ling NXY, Furic L, Kemp BE, Scott JW, Oakhill JS. AMP-

activated protein kinase selectively inhibited by the type II inhibitor SBI-



35	
	

0206965. J Biol Chem. 2018 Jun 8;293(23):8874-8885. doi: 

10.1074/jbc.RA118.003547.  

75. Knudsen JR, Madsen AB, Persson KW, Henríquez-Olguín C, Li Z, Jensen TE. 

The ULK1/2 and AMPK Inhibitor SBI-0206965 Blocks AICAR and Insulin-

Stimulated Glucose Transport. Int J Mol Sci. 2020 Mar 28;21(7):2344. doi: 

10.3390/ijms21072344. 

76. Fullerton MD, Galic S, Marcinko K, Sikkema S, Pulinilkunnil T, Chen ZP, 

O'Neill HM, Ford RJ, Palanivel R, O'Brien M, Hardie DG, Macaulay SL, 

Schertzer JD, Dyck JR, van Denderen BJ, Kemp BE, Steinberg GR. Single 

phosphorylation sites in Acc1 and Acc2 regulate lipid homeostasis and the 

insulin-sensitizing effects of metformin. Nat Med. 2013 Dec;19(12):1649-54. 

doi: 10.1038/nm.3372.  

77. Loh K, Tam S, Murray-Segal L, Huynh K, Meikle PJ, Scott JW, van Denderen 

B, Chen Z, Steel R, LeBlond ND, Burkovsky LA, O'Dwyer C, Nunes JRC, 

Steinberg GR, Fullerton MD, Galic S, Kemp BE. Inhibition of Adenosine 

Monophosphate-Activated Protein Kinase-3-Hydroxy-3-Methylglutaryl 

Coenzyme A Reductase Signaling Leads to Hypercholesterolemia and 

Promotes Hepatic Steatosis and Insulin Resistance. Hepatol Commun. 2018 

Nov 12;3(1):84-98. doi: 10.1002/hep4.1279. eCollection 2019 Jan. 

78. Jørgensen SB, Nielsen JN, Birk JB, Olsen GS, Viollet B, Andreelli F, 

Schjerling P, Vaulont S, Hardie DG, Hansen BF, Richter EA, Wojtaszewski 

JF. The alpha2-5'AMP-activated protein kinase is a site 2 glycogen synthase 

kinase in skeletal muscle and is responsive to glucose loading. Diabetes. 

2004 Dec;53(12):3074-81. doi: 10.2337/diabetes.53.12.3074. 

79. Qian X, Li X, Tan L, Lee JH, Xia Y, Cai Q, Zheng Y, Wang H, Lorenzi PL, Lu 

Z. Conversion of PRPS Hexamer to Monomer by AMPK-Mediated 

Phosphorylation Inhibits Nucleotide Synthesis in Response to Energy Stress. 

Cancer Discov. 2018 Jan;8(1):94-107. doi: 10.1158/2159-8290.CD-17-0712.  

80. Igata M, Motoshima H, Tsuruzoe K, Kojima K, Matsumura T, Kondo T, 

Taguchi T, Nakamaru K, Yano M, Kukidome D, Matsumoto K, Toyonaga T, 

Asano T, Nishikawa T, Araki E. Adenosine monophosphate-activated protein 

kinase suppresses vascular smooth muscle cell proliferation through the 

inhibition of cell cycle progression. Circ Res. 2005 Oct 14;97(8):837-44. doi: 

10.1161/01.RES.0000185823.73556.06.  



36	
	

81. Vara-Ciruelos D, Russell FM, Hardie DG. The strange case of AMPK and 

cancer: Dr Jekyll or Mr Hyde? Open Biol. 2019 Jul 26;9(7):190099. doi: 

10.1098/rsob.190099.  

82. Horman S, Browne G, Krause U, Patel J, Vertommen D, Bertrand L, Lavoinne 

A, Hue L, Proud C, Rider M. Activation of AMP-activated protein kinase leads 

to the phosphorylation of elongation factor 2 and an inhibition of protein 

synthesis. Curr Biol. 2002 Aug 20;12(16):1419-23. doi: 10.1016/s0960-

9822(02)01077-1. 

83. Hoppe S, Bierhoff H, Cado I, Weber A, Tiebe M, Grummt I, Voit R. AMP-

activated protein kinase adapts rRNA synthesis to cellular energy supply. Proc 

Natl Acad Sci U S A. 2009 Oct 20;106(42):17781-6. doi: 

10.1073/pnas.0909873106.  

84. Marsin AS, Bertrand L, Rider MH, Deprez J, Beauloye C, Vincent MF, Van 

den Berghe G, Carling D, Hue L. Phosphorylation and activation of heart PFK-

2 by AMPK has a role in the stimulation of glycolysis during ischaemia. Curr 

Biol. 2000 Oct 19;10(20):1247-55. doi: 10.1016/s0960-9822(00)00742-9. 

85. Marsin AS, Bouzin C, Bertrand L, Hue L. The stimulation of glycolysis by 

hypoxia in activated monocytes is mediated by AMP-activated protein kinase 

and inducible 6-phosphofructo-2-kinase. J Biol Chem. 2002 Aug 

23;277(34):30778-83. doi: 10.1074/jbc.M205213200.  

86. Kudo N, Barr AJ, Barr RL, Desai S, Lopaschuk GD. High rates of fatty acid 

oxidation during reperfusion of ischemic hearts are associated with a 

decrease in malonyl-CoA levels due to an increase in 5'-AMP-activated 

protein kinase inhibition of acetyl-CoA carboxylase. J Biol Chem. 1995 Jul 

21;270(29):17513-20. doi: 10.1074/jbc.270.29.17513 

87. Winder WW, Hardie DG. Inactivation of acetyl-CoA carboxylase and activation 

of AMP-activated protein kinase in muscle during exercise. Am J Physiol. 

1996 Feb;270(2 Pt 1):E299-304. doi: 10.1152/ajpendo.1996.270.2.E299 

88. Zong H, Ren JM, Young LH, Pypaert M, Mu J, Birnbaum MJ, Shulman GI. 

AMP kinase is required for mitochondrial biogenesis in skeletal muscle in 

response to chronic energy deprivation. Proc Natl Acad Sci U S A. 2002 Dec 

10;99(25):15983-7. doi: 10.1073/pnas.252625599.  

89. Egan DF, Shackelford DB, Mihaylova MM, Gelino S, Kohnz RA, Mair W, 

Vasquez DS, Joshi A, Gwinn DM, Taylor R, Asara JM, Fitzpatrick J, Dillin A, 



37	
	

Viollet B, Kundu M, Hansen M, Shaw RJ. Phosphorylation of ULK1 (hATG1) 

by AMP-activated protein kinase connects energy sensing to mitophagy. 

Science. 2011 Jan 28;331(6016):456-61. doi: 10.1126/science.1196371.  

90. Ducommun S, Deak M, Sumpton D, Ford RJ, Núñez Galindo A, Kussmann M, 

Viollet B, Steinberg GR, Foretz M, Dayon L, Morrice NA, Sakamoto K. Motif 

affinity and mass spectrometry proteomic approach for the discovery of 

cellular AMPK targets: identification of mitochondrial fission factor as a new 

AMPK substrate. Cell Signal. 2015 May;27(5):978-88. doi: 

10.1016/j.cellsig.2015.02.008.  

91. Toyama EQ, Herzig S, Courchet J, Lewis TL Jr, Losón OC, Hellberg K, Young 

NP, Chen H, Polleux F, Chan DC, Shaw RJ. Metabolism. AMP-activated 

protein kinase mediates mitochondrial fission in response to energy stress. 

Science. 2016 Jan 15;351(6270):275-281. doi: 10.1126/science.aab4138. 

92. Klip A, McGraw TE, James DE. Thirty sweet years of GLUT4. J Biol Chem. 

2019 Jul 26;294(30):11369-11381. doi: 10.1074/jbc.REV119.008351. 

93. Taylor R, Al-Mrabeh A, Zhyzhneuskaya S, Peters C, Barnes AC, Aribisala BS, 

Hollingsworth KG, Mathers JC, Sattar N, Lean MEJ. Remission of Human 

Type 2 Diabetes Requires Decrease in Liver and Pancreas Fat Content but Is 

Dependent upon Capacity for β Cell Recovery. Cell Metab. 2018 Oct 

2;28(4):667. doi: 10.1016/j.cmet.2018.08.010. 

94. Ferrannini E. Sodium-Glucose Co-transporters and Their Inhibition: Clinical 

Physiology. Cell Metab. 2017 Jul 5;26(1):27-38. doi: 

10.1016/j.cmet.2017.04.011. 

95. Augustin R. The protein family of glucose transport facilitators: It's not only 

about glucose after all. IUBMB Life. 2010 May;62(5):315-33. doi: 

10.1002/iub.315. 

96. Navale AM, Paranjape AN. Glucose transporters: physiological and 

pathological roles. Biophys Rev. 2016 Mar;8(1):5-9. doi: 10.1007/s12551-015-

0186-2.  

97. Holman GD. Structure, function and regulation of mammalian glucose 

transporters of the SLC2 family. Pflugers Arch. 2020 Jun 26. doi: 

10.1007/s00424-020-02411-3. 

98. Thorens B. GLUT2, glucose sensing and glucose homeostasis. Diabetologia. 

2015 Feb;58(2):221-32. doi: 10.1007/s00125-014-3451-1. 



38	
	

99. Rorsman P, Ashcroft FM. Pancreatic β-Cell Electrical Activity and Insulin 

Secretion: Of Mice and Men Physiol Rev 2018 Jan 1;98(1):117-214. doi: 

10.1152/physrev.00008.2017.  

100. Herman GA, Bonzelius F, Cieutat AM, Kelly RB. A distinct class of intracellular 

storage vesicles, identified by expression of the glucose transporter GLUT4. 

Proc Natl Acad Sci U S A. 1994 Dec 20;91(26):12750-4. doi: 

10.1073/pnas.91.26.12750. 

101. Martin S, Tellam J, Livingstone C, Slot JW, Gould GW, James DE. The 

glucose transporter (GLUT-4) and vesicle-associated membrane protein-2 

(VAMP-2) are segregated from recycling endosomes in insulin-sensitive cells. 

J Cell Biol. 1996 Aug;134(3):625-35. doi: 10.1083/jcb.134.3.625 

102. Gould GW, Brodsky FM, Bryant NJ. Building GLUT4 Vesicles: CHC22 

Clathrin's Human Touch. Trends Cell Biol. 2020 Jun 30:S0962-

8924(20)30104-5. doi: 10.1016/j.tcb.2020.05.007.  

103. Martin LB, Shewan A, Millar CA, Gould GW, James DE. Vesicle-associated 

membrane protein 2 plays a specific role in the insulin-dependent trafficking of 

the facilitative glucose transporter GLUT4 in 3T3-L1 adipocytes. J Biol Chem. 

1998 Jan 16;273(3):1444-52. doi: 10.1074/jbc.273.3.1444. 

104. Foran PG, Fletcher LM, Oatey PB, Mohammed N, Dolly JO, Tavaré JM. 

Protein kinase B stimulates the translocation of GLUT4 but not GLUT1 or 

transferrin receptors in 3T3-L1 adipocytes by a pathway involving SNAP-23, 

synaptobrevin-2, and/or cellubrevin. J Biol Chem. 1999 Oct 1;274(40):28087-

95. doi: 10.1074/jbc.274.40.28087. 

105. Zisman A, Peroni OD, Abel ED, Michael MD, Mauvais-Jarvis F, Lowell BB, 

Wojtaszewski JF, Hirshman MF, Virkamaki A, Goodyear LJ, Kahn CR, Kahn 

BB. Targeted disruption of the glucose transporter 4 selectively in muscle 

causes insulin resistance and glucose intolerance. Nat Med. 2000 

Aug;6(8):924-8. doi: 10.1038/78693. 

106. Abel ED, Peroni O, Kim JK, Kim YB, Boss O, Hadro E, Minnemann T, 

Shulman GI, Kahn BB. Adipose-selective targeting of the GLUT4 gene impairs 

insulin action in muscle and liver. Nature. 2001 Feb 8;409(6821):729-33. doi: 

10.1038/35055575. 

107. Okada T, Kawano Y, Sakakibara T, Hazeki O, Ui M. Essential role of 

phosphatidylinositol 3-kinase in insulin-induced glucose transport and 



39	
	

antilipolysis in rat adipocytes. Studies with a selective inhibitor wortmannin. J 

Biol Chem. 1994 Feb 4;269(5):3568-73. 

108. Gould GW, Jess TJ, Andrews GC, Herbst JJ, Plevin RJ, Gibbs EM. Evidence 

for a role of phosphatidylinositol 3-kinase in the regulation of glucose transport 

in Xenopus oocytes. J Biol Chem. 1994 Oct 28;269(43):26622-5. 

109. Kohn AD, Summers SA, Birnbaum MJ, Roth RA. Expression of a 

constitutively active Akt Ser/Thr kinase in 3T3-L1 adipocytes stimulates 

glucose uptake and glucose transporter 4 translocation. J Biol Chem. 1996 

Dec 6;271(49):31372-8. doi: 10.1074/jbc.271.49.31372. 

110. Araki E, Lipes MA, Patti ME, Brüning JC, Haag B 3rd, Johnson RS, Kahn CR. 

Alternative pathway of insulin signalling in mice with targeted disruption of the 

IRS-1 gene. Nature. 1994 Nov 10;372(6502):186-90. doi: 10.1038/372186a0. 

111. Alessi DR, James SR, Downes CP, Holmes AB, Gaffney PR, Reese CB, 

Cohen P. Characterization of a 3-phosphoinositide-dependent protein kinase 

which phosphorylates and activates protein kinase Balpha. Curr Biol. 1997 

Apr 1;7(4):261-9. doi: 10.1016/s0960-9822(06)00122-9. 

112. Hresko RC, Mueckler M. mTOR.RICTOR is the Ser473 kinase for Akt/protein 

kinase B in 3T3-L1 adipocytes. J Biol Chem. 2005 Dec 9;280(49):40406-16. 

doi: 10.1074/jbc.M508361200 

113. Sano H, Kane S, Sano E, Mîinea CP, Asara JM, Lane WS, Garner CW, 

Lienhard GE. Insulin-stimulated phosphorylation of a Rab GTPase-activating 

protein regulates GLUT4 translocation. J Biol Chem. 2003 Apr 

25;278(17):14599-602. doi: 10.1074/jbc.C300063200.  

114. Roach WG, Chavez JA, Mîinea CP, Lienhard GE. Substrate specificity and 

effect on GLUT4 translocation of the Rab GTPase-activating protein Tbc1d1. 

Biochem J. 2007 Apr 15;403(2):353-8. doi: 10.1042/BJ20061798. 

115. Cartee GD. Roles of TBC1D1 and TBC1D4 in insulin- and exercise-stimulated 

glucose transport of skeletal muscle. Diabetologia. 2015 Jan;58(1):19-30. doi: 

10.1007/s00125-014-3395-5. 

116. Larance M, Ramm G, Stöckli J, van Dam EM, Winata S, Wasinger V, 

Simpson F, Graham M, Junutula JR, Guilhaus M, James DE. Characterization 

of the role of the Rab GTPase-activating protein AS160 in insulin-regulated 

GLUT4 trafficking. J Biol Chem. 2005 Nov 11;280(45):37803-13. doi: 

10.1074/jbc.M503897200. 



40	
	

117. Sano H, Eguez L, Teruel MN, Fukuda M, Chuang TD, Chavez JA, Lienhard 

GE, McGraw TE. Rab10, a target of the AS160 Rab GAP, is required for 

insulin-stimulated translocation of GLUT4 to the adipocyte plasma membrane. 

Cell Metab. 2007 Apr;5(4):293-303. doi: 10.1016/j.cmet.2007.03.001. 

118. Reed SE, Hodgson LR, Song S, May MT, Kelly EE, McCaffrey MW, Mastick 

CC, Verkade P, Tavaré JM. A role for Rab14 in the endocytic trafficking of 

GLUT4 in 3T3-L1 adipocytes. J Cell Sci. 2013 May 1;126(Pt 9):1931-41. doi: 

10.1242/jcs.104307.  

119. Sadacca LA, Bruno J, Wen J, Xiong W, McGraw TE. Specialized sorting of 

GLUT4 and its recruitment to the cell surface are independently regulated by 

distinct Rabs. Mol Biol Cell. 2013 Aug;24(16):2544-57. doi: 10.1091/mbc.E13-

02-0103.  

120. Ishikura S, Klip A. Muscle cells engage Rab8A and myosin Vb in insulin-

dependent GLUT4 translocation. Am J Physiol Cell Physiol. 2008 

Oct;295(4):C1016-25. doi: 10.1152/ajpcell.00277.2008.  

121. Sun Y, Bilan PJ, Liu Z, Klip A. Rab8A and Rab13 are activated by insulin and 

regulate GLUT4 translocation in muscle cells. Proc Natl Acad Sci U S A. 2010 

Nov 16;107(46):19909-14. doi: 10.1073/pnas.1009523107.  

122. Lansey MN, Walker NN, Hargett SR, Stevens JR, Keller SR. Deletion of Rab 

GAP AS160 modifies glucose uptake and GLUT4 translocation in primary 

skeletal muscles and adipocytes and impairs glucose homeostasis. Am J 

Physiol Endocrinol Metab. 2012 Nov 15;303(10):E1273-86. doi: 

10.1152/ajpendo.00316.2012. 

123. Wang HY, Ducommun S, Quan C, Xie B, Li M, Wasserman DH, Sakamoto K, 

Mackintosh C, Chen S. AS160 deficiency causes whole-body insulin 

resistance via composite effects in multiple tissues. Biochem J. 2013 Jan 

15;449(2):479-89. doi: 10.1042/BJ20120702. 

124. Szekeres F, Chadt A, Tom RZ, Deshmukh AS, Chibalin AV, Björnholm M, Al-

Hasani H, Zierath JR. The Rab-GTPase-activating protein TBC1D1 regulates 

skeletal muscle glucose metabolism. Am J Physiol Endocrinol Metab. 2012 

Aug 15;303(4):E524-33. doi: 10.1152/ajpendo.00605.2011. 

125. Hargett SR, Walker NN, Hussain SS, Hoehn KL, Keller SR. Deletion of the 

Rab GAP Tbc1d1 modifies glucose, lipid, and energy homeostasis in mice. 



41	
	

Am J Physiol Endocrinol Metab. 2015 Aug 1;309(3):E233-45. doi: 

10.1152/ajpendo.00007.2015.  

126. An D, Toyoda T, Taylor EB, Yu H, Fujii N, Hirshman MF, Goodyear LJ. 

TBC1D1 regulates insulin- and contraction-induced glucose transport in 

mouse skeletal muscle. Diabetes. 2010 Jun;59(6):1358-65. doi: 

10.2337/db09-1266.  

127. Whitfield J, Paglialunga S, Smith BK, Miotto PM, Simnett G, Robson HL, Jain 

SS, Herbst EAF, Desjardins EM, Dyck DJ, Spriet LL, Steinberg GR, Holloway 

GP. Ablating the protein TBC1D1 impairs contraction-induced sarcolemmal 

glucose transporter 4 redistribution but not insulin-mediated responses in rats. 

J Biol Chem. 2017 Oct 6;292(40):16653-16664. doi: 

10.1074/jbc.M117.806786.  

128. Chen XW, Leto D, Xiong T, Yu G, Cheng A, Decker S, Saltiel AR. A Ral GAP 

complex links PI 3-kinase/Akt signaling to RalA activation in insulin action. Mol 

Biol Cell. 2011 Jan 1;22(1):141-52. doi: 10.1091/mbc.E10-08-0665.  

129. Karunanithi S, Xiong T, Uhm M, Leto D, Sun J, Chen XW, Saltiel AR. A 

Rab10:RalA G protein cascade regulates insulin-stimulated glucose uptake in 

adipocytes. Mol Biol Cell. 2014 Oct 1;25(19):3059-69. doi: 10.1091/mbc.E14-

06-1060.  

130. JeBailey L, Wanono O, Niu W, Roessler J, Rudich A, Klip A. Ceramide- and 

oxidant-induced insulin resistance involve loss of insulin-dependent Rac-

activation and actin remodeling in muscle cells. Diabetes. 2007 

Feb;56(2):394-403. doi: 10.2337/db06-0823. 

131. Sylow L, Jensen TE, Kleinert M, Højlund K, Kiens B, Wojtaszewski J, Prats C, 

Schjerling P, Richter EA. Rac1 signaling is required for insulin-stimulated 

glucose uptake and is dysregulated in insulin-resistant murine and human 

skeletal muscle.  Diabetes. 2013 Jun;62(6):1865-75. doi: 10.2337/db12-1148.  

132. Chiang SH, Baumann CA, Kanzaki M, Thurmond DC, Watson RT, Neudauer 

CL, Macara IG, Pessin JE, Saltiel AR. Insulin-stimulated GLUT4 translocation 

requires the CAP-dependent activation of TC10. Nature. 2001 Apr 

19;410(6831):944-8. doi: 10.1038/35073608. 

133. Li DT, Habtemichael EN, Julca O, Sales CI, Westergaard XO, DeVries SG, 

Ruiz D, Sayal B, Bogan JS. GLUT4 Storage Vesicles: Specialized Organelles 



42	
	

for Regulated Trafficking. Yale J Biol Med. 2019 Sep 20;92(3):453-470. 

eCollection 2019 Sep. 

134. Richter EA, Ploug T, Galbo H. Increased muscle glucose uptake after 

exercise. No need for insulin during exercise. Diabetes. 1985 

Oct;34(10):1041-8. doi: 10.2337/diab.34.10.1041. 

135. Kolter T, Uphues I, Wichelhaus A, Reinauer H, Eckel J. Contraction-induced 

translocation of the glucose transporter Glut4 in isolated ventricular 

cardiomyocytes. Biochem Biophys Res Commun. 1992 Dec 15;189(2):1207-

14. doi: 10.1016/0006-291x(92)92333-s. 

136. Sylow L, Kleinert M, Richter EA, Jensen TE. Exercise-stimulated glucose 

uptake - regulation and implications for glycaemic control. Nat Rev Endocrinol. 

2017 Mar;13(3):133-148. doi: 10.1038/nrendo.2016.162. 

137. Flores-Opazo M, McGee SL, Hargreaves M. Exercise and GLUT4. Exerc 

Sport Sci Rev. 2020 Jul;48(3):110-118. doi: 10.1249/JES.0000000000000224. 

138. Luiken JJFP, Nabben M, Neumann D, Glatz JFC. Understanding the distinct 

subcellular trafficking of CD36 and GLUT4 during the development of 

myocardial insulin resistance. Biochim Biophys Acta Mol Basis Dis. 2020 Jul 

1;1866(7):165775. doi: 10.1016/j.bbadis.2020.165775.  

139. Young DA, Wallberg-Henriksson H, Sleeper MD, Holloszy JO. Reversal of the 

exercise-induced increase in muscle permeability to glucose. Am J Physiol. 

1987 Oct;253(4 Pt 1):E331-5. doi: 10.1152/ajpendo.1987.253.4.E331. 

140. Ploug T, Wojtaszewski J, Kristiansen S, Hespel P, Galbo H, Richter EA. 

Glucose transport and transporters in muscle giant vesicles: differential effects 

of insulin and contractions. Am J Physiol. 1993 Feb;264(2 Pt 1):E270-8. doi: 

10.1152/ajpendo.1993.264.2.E270. 

141. Kristiansen S, Hargreaves M, Richter EA. Exercise-induced increase in 

glucose transport, GLUT-4, and VAMP-2 in plasma membrane from human 

muscle. Am J Physiol. 1996 Jan;270(1 Pt 1):E197-201. doi: 

10.1152/ajpendo.1996.270.1.E197. 

142. Howlett KF, Andrikopoulos S, Proietto J, Hargreaves M. Exercise-induced 

muscle glucose uptake in mice with graded, muscle-specific GLUT-4 deletion. 

Physiol Rep. 2013 Aug;1(3):e00065. doi: 10.1002/phy2.65. 

143. Stöckli J, Meoli CC, Hoffman NJ, Fazakerley DJ, Pant H, Cleasby ME, Ma X, 

Kleinert M, Brandon AE, Lopez JA, Cooney GJ, James DE. The RabGAP 



43	
	

TBC1D1 plays a central role in exercise-regulated glucose metabolism in 

skeletal muscle. Diabetes. 2015 Jun;64(6):1914-22. doi: 10.2337/db13-1489.  

144. Roberts CK, Barnard RJ, Scheck SH, Balon TW. Exercise-stimulated glucose 

transport in skeletal muscle is nitric oxide dependent. Am J Physiol. 1997 

Jul;273(1 Pt 1):E220-5. doi: 10.1152/ajpendo.1997.273.1.E220. 

145. Hong YH, Betik AC, McConell GK. Role of nitric oxide in skeletal muscle 

glucose uptake during exercise. Exp Physiol. 2014 Dec 1;99(12):1569-73. doi: 

10.1113/expphysiol.2014.079202.  

146. Sylow L, Jensen TE, Kleinert M, Mouatt JR, Maarbjerg SJ, Jeppesen J, Prats 

C, Chiu TT, Boguslavsky S, Klip A, Schjerling P, Richter EA. Rac1 is a novel 

regulator of contraction-stimulated glucose uptake in skeletal muscle. 

Diabetes. 2013 Apr;62(4):1139-51. doi: 10.2337/db12-0491.  

147. Sylow L, Møller LL, D'Hulst G, Schjerling P, Jensen TE, Richter EA. Rac1 in 

Muscle Is Dispensable for Improved Insulin Action After Exercise in Mice.  

Endocrinology. 2016 Aug;157(8):3009-15. doi: 10.1210/en.2016-1220.  

148. Merrill GF, Kurth EJ, Hardie DG, Winder WW. AICA riboside increases AMP-

activated protein kinase, fatty acid oxidation, and glucose uptake in rat 

muscle. Am J Physiol. 1997 Dec;273(6):E1107-12. doi: 

10.1152/ajpendo.1997.273.6.E1107 

149. Hutber CA, Hardie DG, Winder WW. Electrical stimulation inactivates muscle 

acetyl-CoA carboxylase and increases AMP-activated protein kinase. Am J 

Physiol. 1997 Feb;272(2 Pt 1):E262-6. doi: 

10.1152/ajpendo.1997.272.2.E262. 

150. Russell RR 3rd, Bergeron R, Shulman GI, Young LH. Translocation of 

myocardial GLUT-4 and increased glucose uptake through activation of AMPK 

by AICAR. Am J Physiol. 1999 Aug;277(2):H643-9. doi: 

10.1152/ajpheart.1999.277.2.H643. 

151. Treebak JT, Glund S, Deshmukh A, Klein DK, Long YC, Jensen TE, 

Jørgensen SB, Viollet B, Andersson L, Neumann D, Wallimann T, Richter EA, 

Chibalin AV, Zierath JR, Wojtaszewski JF. AMPK-mediated AS160 

phosphorylation in skeletal muscle is dependent on AMPK catalytic and 

regulatory subunits. Diabetes. 2006 Jul;55(7):2051-8. doi: 10.2337/db06-

0175. 



44	
	

152. Chen S, Murphy J, Toth R, Campbell DG, Morrice NA, Mackintosh C. 

Complementary regulation of TBC1D1 and AS160 by growth factors, insulin 

and AMPK activators. Biochem J. 2008 Jan 15;409(2):449-59. doi: 

10.1042/BJ20071114. 

153. Pehmøller C, Treebak JT, Birk JB, Chen S, Mackintosh C, Hardie DG, Richter 

EA, Wojtaszewski JF. Genetic disruption of AMPK signaling abolishes both 

contraction- and insulin-stimulated TBC1D1 phosphorylation and 14-3-3 

binding in mouse skeletal muscle. Am J Physiol Endocrinol Metab. 2009 

Sep;297(3):E665-75. doi: 10.1152/ajpendo.00115.2009.  

154. Geraghty KM, Chen S, Harthill JE, Ibrahim AF, Toth R, Morrice NA, 

Vandermoere F, Moorhead GB, Hardie DG, MacKintosh C. Regulation of 

multisite phosphorylation and 14-3-3 binding of AS160 in response to IGF-1, 

EGF, PMA and AICAR. Biochem J. 2007 Oct 15;407(2):231-41. doi: 

10.1042/BJ20070649. 

155. Taylor EB, An D, Kramer HF, Yu H, Fujii NL, Roeckl KS, Bowles N, Hirshman 

MF, Xie J, Feener EP, Goodyear LJ. Discovery of TBC1D1 as an insulin-, 

AICAR-, and contraction-stimulated signaling nexus in mouse skeletal muscle. 

J Biol Chem. 2008 Apr 11;283(15):9787-96. doi: 10.1074/jbc.M708839200.  

156. O'Neill HM, Maarbjerg SJ, Crane JD, Jeppesen J, Jørgensen SB, Schertzer 

JD, Shyroka O, Kiens B, van Denderen BJ, Tarnopolsky MA, Kemp BE, 

Richter EA, Steinberg GR. AMP-activated protein kinase (AMPK) beta1beta2 

muscle null mice reveal an essential role for AMPK in maintaining 

mitochondrial content and glucose uptake during exercise. Proc Natl Acad Sci 

U S A. 2011 Sep 20;108(38):16092-7. doi: 10.1073/pnas.1105062108.  

157. Merry TL, Steinberg GR, Lynch GS, McConell GK. Skeletal muscle glucose 

uptake during contraction is regulated by nitric oxide and ROS independently 

of AMPK. Am J Physiol Endocrinol Metab. 2010 Mar;298(3):E577-85. doi: 

10.1152/ajpendo.00239.2009.  

158. Kjøbsted R, Roll JLW, Jørgensen NO, Birk JB, Foretz M, Viollet B, Chadt A, 

Al-Hasani H, Wojtaszewski JFP. AMPK and TBC1D1 Regulate Muscle 

Glucose Uptake After, but Not During, Exercise and Contraction. Diabetes. 

2019 Jul;68(7):1427-1440. doi: 10.2337/db19-0050.  



45	
	

159. McConell GK. It's well and truly time to stop stating that AMPK regulates 

glucose uptake and fat oxidation during exercise. Am J Physiol Endocrinol 

Metab. 2020 Apr 1;318(4):E564-E567. doi: 10.1152/ajpendo.00511.2019.  

160. Kjøbsted R, Munk-Hansen N, Birk JB, Foretz M, Viollet B, Björnholm M, 

Zierath JR, Treebak JT, Wojtaszewski JF. Enhanced Muscle Insulin 

Sensitivity After Contraction/Exercise Is Mediated by AMPK. Diabetes. 2017 

Mar;66(3):598-612. doi: 10.2337/db16-0530.  

161. Kjøbsted R, Hingst JR, Fentz J, Foretz M, Sanz MN, Pehmøller C, Shum M, 

Marette A, Mounier R, Treebak JT, Wojtaszewski JFP, Viollet B, Lantier L. 

AMPK in skeletal muscle function and metabolism. FASEB J. 2018 

Apr;32(4):1741-1777. doi: 10.1096/fj.201700442R. 

162. Hoffman NJ, Parker BL, Chaudhuri R, Fisher-Wellman KH, Kleinert M, 

Humphrey SJ, Yang P, Holliday M, Trefely S, Fazakerley DJ, Stöckli J, 

Burchfield JG, Jensen TE, Jothi R, Kiens B, Wojtaszewski JF, Richter EA, 

James DE. Global Phosphoproteomic Analysis of Human Skeletal Muscle 

Reveals a Network of Exercise-Regulated Kinases and AMPK Substrates. 

Cell Metab. 2015 Nov 3;22(5):922-35. doi: 10.1016/j.cmet.2015.09.001.  

163. Nelson ME, Parker BL, Burchfield JG, Hoffman NJ, Needham EJ, Cooke KC, 

Naim T, Sylow L, Ling NX, Francis D, Norris DM, Chaudhuri R, Oakhill JS, 

Richter EA, Lynch GS, Stöckli J, James DE. Phosphoproteomics reveals 

conserved exercise-stimulated signaling and AMPK regulation of store-

operated calcium entry. EMBO J. 2019 Dec 16;38(24):e102578. doi: 

10.15252/embj.2019102578.  

164. Ojuka EO, Nolte LA, Holloszy JO. Increased expression of GLUT-4 and 

hexokinase in rat epitrochlearis muscles exposed to AICAR in vitro. J Appl 

Physiol (1985). 2000 Mar;88(3):1072-5. doi: 10.1152/jappl.2000.88.3.1072. 

165. McGee SL, van Denderen BJ, Howlett KF, Mollica J, Schertzer JD, Kemp BE, 

Hargreaves M. AMP-activated protein kinase regulates GLUT4 transcription 

by phosphorylating histone deacetylase 5. Diabetes. 2008 Apr;57(4):860-7. 

doi: 10.2337/db07-0843.  

166. Holmes BF, Sparling DP, Olson AL, Winder WW, Dohm GL. Regulation of 

muscle GLUT4 enhancer factor and myocyte enhancer factor 2 by AMP-

activated protein kinase. Am J Physiol Endocrinol Metab. 2005 

Dec;289(6):E1071-6. doi: 10.1152/ajpendo.00606.2004. 



46	
	

167. Hong YH, Betik AC, Premilovac D, Dwyer RM, Keske MA, Rattigan S, 

McConell GK. No effect of NOS inhibition on skeletal muscle glucose uptake 

during in situ hindlimb contraction in healthy and diabetic Sprague-Dawley 

rats. Am J Physiol Regul Integr Comp Physiol. 2015 May 15;308(10):R862-71. 

doi: 10.1152/ajpregu.00412.2014. 

168. Kahn BB. Adipose Tissue, Inter-Organ Communication, and the Path to Type 

2 Diabetes: The 2016 Banting Medal for Scientific Achievement Lecture. 

Diabetes. 2019 Jan;68(1):3-14. doi: 10.2337/dbi18-003 

169. Salt IP, Connell JM, Gould GW. 5-aminoimidazole-4-carboxamide 

ribonucleoside (AICAR) inhibits insulin-stimulated glucose transport in 3T3-L1 

adipocytes. Diabetes. 2000 Oct;49(10):1649-56. doi: 

10.2337/diabetes.49.10.1649. 

170. Gaidhu MP, Fediuc S, Ceddia RB. 5-Aminoimidazole-4-carboxamide-1-beta-

D-ribofuranoside-induced AMP-activated protein kinase phosphorylation 

inhibits basal and insulin-stimulated glucose uptake, lipid synthesis, and fatty 

acid oxidation in isolated rat adipocytes. J Biol Chem. 2006 Sep 

8;281(36):25956-64. doi: 10.1074/jbc.M602992200.  

171. Gaidhu MP, Perry RL, Noor F, Ceddia RB. Disruption of AMPKalpha1 

signaling prevents AICAR-induced inhibition of AS160/TBC1D4 

phosphorylation and glucose uptake in primary rat adipocytes. Mol Endocrinol. 

2010 Jul;24(7):1434-40. doi: 10.1210/me.2009-0502.  

172. Gauthier MS, O'Brien EL, Bigornia S, Mott M, Cacicedo JM, Xu XJ, Gokce N, 

Apovian C, Ruderman N. Decreased AMP-activated protein kinase activity is 

associated with increased inflammation in visceral adipose tissue and with 

whole-body insulin resistance in morbidly obese humans. Biochem Biophys 

Res Commun. 2011 Jan 7;404(1):382-7. doi: 10.1016/j.bbrc.2010.11.127.  

173. Xu XJ, Gauthier MS, Hess DT, Apovian CM, Cacicedo JM, Gokce N, Farb M, 

Valentine RJ, Ruderman NB. Insulin sensitive and resistant obesity in 

humans: AMPK activity, oxidative stress, and depot-specific changes in gene 

expression in adipose tissue. J Lipid Res. 2012 Apr;53(4):792-801. doi: 

10.1194/jlr.P022905.  

174. Lindholm CR, Ertel RL, Bauwens JD, Schmuck EG, Mulligan JD, Saupe KW. 

A high-fat diet decreases AMPK activity in multiple tissues in the absence of 



47	
	

hyperglycemia or systemic inflammation in rats. J Physiol Biochem. 2013 

Jun;69(2):165-75. doi: 10.1007/s13105-012-0199-2.  

175. Fritzen AM, Lundsgaard AM, Jordy AB, Poulsen SK, Stender S, Pilegaard H, 

Astrup A, Larsen TM, Wojtaszewski JF, Richter EA, Kiens B. New Nordic Diet-

Induced Weight Loss Is Accompanied by Changes in Metabolism and AMPK 

Signaling in Adipose Tissue. J Clin Endocrinol Metab. 2015 Sep;100(9):3509-

19. doi: 10.1210/jc.2015-2079.  

176. Katwan OJ, Alghamdi F, Almabrouk TA, Mancini SJ, Kennedy S, Oakhill JS, 

Scott JW, Salt IP. AMP-activated protein kinase complexes containing the β2 

regulatory subunit are up-regulated during and contribute to adipogenesis. 

Biochem J. 2019 Jun 26;476(12):1725-1740. doi: 10.1042/BCJ20180714.  

177. Kopietz F, Berggreen C, Larsson S, Säll J, Ekelund M, Sakamoto K, 

Degerman E, Holm C, Göransson O. AMPK activation by A-769662 and 991 

does not affect catecholamine-induced lipolysis in human adipocytes. Am J 

Physiol Endocrinol Metab. 2018 Nov 1;315(5):E1075-E1085. doi: 

10.1152/ajpendo.00110.2018.  

178. Daval M, Diot-Dupuy F, Bazin R, Hainault I, Viollet B, Vaulont S, Hajduch E, 

Ferré P, Foufelle F. Anti-lipolytic action of AMP-activated protein kinase in 

rodent adipocytes. J Biol Chem. 2005 Jul 1;280(26):25250-7. doi: 

10.1074/jbc.M414222200.  

179. Dzamko N, van Denderen BJ, Hevener AL, Jørgensen SB, Honeyman J, 

Galic S, Chen ZP, Watt MJ, Campbell DJ, Steinberg GR, Kemp BE. AMPK 

beta1 deletion reduces appetite, preventing obesity and hepatic insulin 

resistance. J Biol Chem. 2010 Jan 1;285(1):115-22. doi: 

10.1074/jbc.M109.056762.  

180. Steinberg GR, O'Neill HM, Dzamko NL, Galic S, Naim T, Koopman R, 

Jørgensen SB, Honeyman J, Hewitt K, Chen ZP, Schertzer JD, Scott JW, 

Koentgen F, Lynch GS, Watt MJ, van Denderen BJ, Campbell DJ, Kemp BE. 

Whole body deletion of AMP-activated protein kinase {beta}2 reduces muscle 

AMPK activity and exercise capacity. J Biol Chem. 2010 Nov 

26;285(48):37198-209. doi: 10.1074/jbc.M110.102434.  

181. Viollet B, Andreelli F, Jørgensen SB, Perrin C, Geloen A, Flamez D, Mu J, 

Lenzner C, Baud O, Bennoun M, Gomas E, Nicolas G, Wojtaszewski JF, 

Kahn A, Carling D, Schuit FC, Birnbaum MJ, Richter EA, Burcelin R, Vaulont 



48	
	

S. The AMP-activated protein kinase alpha2 catalytic subunit controls whole-

body insulin sensitivity. J Clin Invest. 2003 Jan;111(1):91-8. doi: 

10.1172/JCI16567. 

182. Wu L, Zhang L, Li B, Jiang H, Duan Y, Xie Z, Shuai L, Li J, Li J. AMP-

Activated Protein Kinase (AMPK) Regulates Energy Metabolism through 

Modulating Thermogenesis in Adipose Tissue. Front Physiol. 2018 Feb 

21;9:122. doi: 10.3389/fphys.2018.00122.  

183. Mottillo EP, Desjardins EM, Crane JD, Smith BK, Green AE, Ducommun S, 

Henriksen TI, Rebalka IA, Razi A, Sakamoto K, Scheele C, Kemp BE, Hawke 

TJ, Ortega J, Granneman JG, Steinberg GR. Lack of Adipocyte AMPK 

Exacerbates Insulin Resistance and Hepatic Steatosis through Brown and 

Beige Adipose Tissue Function. Cell Metab. 2016 Jul 12;24(1):118-29. doi: 

10.1016/j.cmet.2016.06.006. 

184. Kim SJ, Tang T, Abbott M, Viscarra JA, Wang Y, Sul HS. AMPK 

Phosphorylates Desnutrin/ATGL and Hormone-Sensitive Lipase To Regulate 

Lipolysis and Fatty Acid Oxidation within Adipose Tissue. Mol Cell Biol. 2016 

Jun 29;36(14):1961-76. doi: 10.1128/MCB.00244-16.  

185. Choi RH, McConahay A, Johnson MB, Jeong HW, Koh HJ. Adipose tissue-

specific knockout of AMPKα1/α2 results in normal AICAR tolerance and 

glucose metabolism. Biochem Biophys Res Commun. 2019 Nov 

12;519(3):633-638. doi: 10.1016/j.bbrc.2019.09.049. 

186. Fischer M, Timper K, Radimerski T, Dembinski K, Frey DM, Zulewski H, Keller 

U, Müller B, Christ-Crain M, Grisouard J. Metformin induces glucose uptake in 

human preadipocyte-derived adipocytes from various fat depots. Diabetes 

Obes Metab. 2010 Apr;12(4):356-9. doi: 10.1111/j.1463-1326.2009.01169.x 

187. Boyle JG, Logan PJ, Jones GC, Small M, Sattar N, Connell JM, Cleland SJ, 

Salt IP. AMP-activated protein kinase is activated in adipose tissue of 

individuals with type 2 diabetes treated with metformin: a randomised 

glycaemia-controlled crossover study.  Diabetologia. 2011 Jul;54(7):1799-809. 

doi: 10.1007/s00125-011-2126-4.  

188. Ciaraldi TP, Kong AP, Chu NV, Kim DD, Baxi S, Loviscach M, Plodkowski R, 

Reitz R, Caulfield M, Mudaliar S, Henry RR. Regulation of glucose transport 

and insulin signaling by troglitazone or metformin in adipose tissue of type 2 



49	
	

diabetic subjects. Diabetes. 2002 Jan;51(1):30-6. doi: 

10.2337/diabetes.51.1.30 

189. Gomez-Zorita S, Tréguer K, Mercader J, Carpéné C. Resveratrol directly 

affects in vitro lipolysis and glucose transport in human fat cells. J Physiol 

Biochem. 2013 Sep;69(3):585-93. doi: 10.1007/s13105-012-0229-0.  

190. Chen S, Zhao Z, Ke L, Li Z, Li W, Zhang Z, Zhou Y, Feng X, Zhu W. 

Resveratrol improves glucose uptake in insulin-resistant adipocytes via Sirt1. 

J Nutr Biochem. 2018 May;55:209-218. doi: 10.1016/j.jnutbio.2018.02.007.  

191. Mancini SJ, White AD, Bijland S, Rutherford C, Graham D, Richter EA, Viollet 

B, Touyz RM, Palmer TM, Salt IP. Activation of AMP-activated protein kinase 

rapidly suppresses multiple pro-inflammatory pathways in adipocytes 

including IL-1 receptor-associated kinase-4 phosphorylation. Mol Cell 

Endocrinol. 2017 Jan 15;440:44-56. doi: 10.1016/j.mce.2016.11.010.  

192. Ducommun S, Deak M, Zeigerer A, Göransson O, Seitz S, Collodet C, 

Madsen AB, Jensen TE, Viollet B, Foretz M, Gut P, Sumpton D, Sakamoto K. 

Chemical genetic screen identifies Gapex-5/GAPVD1 and STBD1 as novel 

AMPK substrates. Cell Signal. 2019 May;57:45-57. doi: 

10.1016/j.cellsig.2019.02.001.  

193. Nedergaard J, Cannon B. Brown adipose tissue as a heat-producing 

thermoeffector. Handb Clin Neurol. 2018;156:137-152. doi: 10.1016/B978-0-

444-63912-7.00009-6. 

194. Reinisch I, Schreiber R, Prokesch A. Regulation of thermogenic adipocytes 

during fasting and cold. Mol Cell Endocrinol. 2020 Jul 15;512:110869. doi: 

10.1016/j.mce.2020.110869.  

195. Fasshauer M, Klein J, Ueki K, Kriauciunas KM, Benito M, White MF, Kahn 

CR. Essential role of insulin receptor substrate-2 in insulin stimulation of Glut4 

translocation and glucose uptake in brown adipocytes. J Biol Chem. 2000 Aug 

18;275(33):25494-501. doi: 10.1074/jbc.M004046200. 

196. Hernandez R, Teruel T, Lorenzo M. Akt mediates insulin induction of glucose 

uptake and up-regulation of GLUT4 gene expression in brown adipocytes. 

FEBS Lett. 2001 Apr 13;494(3):225-31. doi: 10.1016/s0014-5793(01)02353-5. 

197. Shimizu Y, Satoh S, Yano H, Minokoshi Y, Cushman SW, Shimazu T. Effects 

of noradrenaline on the cell-surface glucose transporters in cultured brown 

adipocytes: novel mechanism for selective activation of GLUT1 glucose 



50	
	

transporters. Biochem J. 1998 Feb 15;330 (Pt 1):397-403. doi: 

10.1042/bj3300397. 

198. Dallner OS, Chernogubova E, Brolinson KA, Bengtsson T. Beta3-adrenergic 

receptors stimulate glucose uptake in brown adipocytes by two mechanisms 

independently of glucose transporter 4 translocation. Endocrinology. 2006 

Dec;147(12):5730-9. doi: 10.1210/en.2006-0242.  

199. Olsen JM, Sato M, Dallner OS, Sandström AL, Pisani DF, Chambard JC, Amri 

EZ, Hutchinson DS, Bengtsson T. Glucose uptake in brown fat cells is 

dependent on mTOR complex 2-promoted GLUT1 translocation. J Cell Biol. 

2014 Nov 10;207(3):365-74. doi: 10.1083/jcb.201403080. 

200. Albert V, Svensson K, Shimobayashi M, Colombi M, Muñoz S, Jimenez V, 

Handschin C, Bosch F, Hall MN. mTORC2 sustains thermogenesis via Akt-

induced glucose uptake and glycolysis in brown adipose tissue. EMBO Mol 

Med. 2016 Mar 1;8(3):232-46. doi: 10.15252/emmm.201505610. 

201. Olsen JM, Åslund A, Bokhari MH, Hutchinson DS, Bengtsson T. Acute β-

adrenoceptor mediated glucose clearance in brown adipose tissue; a distinct 

pathway independent of functional insulin signaling. Mol Metab. 2019 

Dec;30:240-249. doi: 10.1016/j.molmet.2019.10.004.  

202. Hutchinson DS, Chernogubova E, Dallner OS, Cannon B, Bengtsson T. Beta-

adrenoceptors, but not alpha-adrenoceptors, stimulate AMP-activated protein 

kinase in brown adipocytes independently of uncoupling protein-1. 

Diabetologia. 2005 Nov;48(11):2386-95. doi: 10.1007/s00125-005-1936-7.  

203. Mulligan JD, Gonzalez AA, Stewart AM, Carey HV, Saupe KW. Upregulation 

of AMPK during cold exposure occurs via distinct mechanisms in brown and 

white adipose tissue of the mouse. J Physiol. 2007 Apr 15;580(Pt. 2):677-84. 

doi: 10.1113/jphysiol.2007.128652. 

204. Musi N, Hayashi T, Fujii N, Hirshman MF, Witters LA, Goodyear LJ. AMP-

activated protein kinase activity and glucose uptake in rat skeletal muscle. Am 

J Physiol Endocrinol Metab. 2001 May;280(5):E677-84. doi: 

10.1152/ajpendo.2001.280.5.E677 

205. Bashan N, Burdett E, Hundal HS, Klip A. Regulation of glucose transport and 

GLUT1 glucose transporter expression by O2 in muscle cells in culture. Am J 

Physiol. 1992 Mar;262(3 Pt 1):C682-90. doi: 10.1152/ajpcell.1992.262.3.C682 



51	
	

206. Simpson IA, Appel NM, Hokari M, Oki J, Holman GD, Maher F, Koehler-Stec 

EM, Vannucci SJ, Smith QR. Blood-brain barrier glucose transporter: effects 

of hypo- and hyperglycemia revisited. J Neurochem. 1999 Jan;72(1):238-47. 

doi: 10.1046/j.1471-4159.1999.0720238.x. 

207. Boado RJ, Pardridge WM. Glucose deprivation and hypoxia increase the 

expression of the GLUT1 glucose transporter via a specific mRNA cis-acting 

regulatory element. J Neurochem. 2002 Feb;80(3):552-4. doi: 10.1046/j.0022-

3042.2001.00756.x. 

208. Khayat ZA, McCall AL, Klip A. Unique mechanism of GLUT3 glucose 

transporter regulation by prolonged energy demand: increased protein half-

life. Biochem J. 1998 Aug 1;333 ( Pt 3)(Pt 3):713-8. doi: 10.1042/bj3330713. 

209. Lauer V, Grampp S, Platt J, Lafleur V, Lombardi O, Choudhry H, Kranz F, 

Hartmann A, Wullich B, Yamamoto A, Coleman ML, Ratcliffe PJ, Mole DR, 

Schödel J. Hypoxia drives glucose transporter 3 expression through hypoxia-

inducible transcription factor (HIF)-mediated induction of the long noncoding 

RNA NICI. J Biol Chem. 2020 Mar 27;295(13):4065-4078. doi: 

10.1074/jbc.RA119.009827.  

210. Yamamoto T, Seino Y, Fukumoto H, Koh G, Yano H, Inagaki N, Yamada Y, 

Inoue K, Manabe T, Imura H. Over-expression of facilitative glucose 

transporter genes in human cancer. Biochem Biophys Res Commun. 1990 Jul 

16;170(1):223-30. doi: 10.1016/0006-291x(90)91263-r. 

211. Airley RE, Mobasheri A. Hypoxic regulation of glucose transport, anaerobic 

metabolism and angiogenesis in cancer: novel pathways and targets for 

anticancer therapeutics. Chemotherapy. 2007;53(4):233-56. doi: 

10.1159/000104457.  

212. Zambrano A, Molt M, Uribe E, Salas M. Glut 1 in Cancer Cells and the 

Inhibitory Action of Resveratrol as A Potential Therapeutic Strategy. Int J Mol 

Sci. 2019 Jul 9;20(13):3374. doi: 10.3390/ijms20133374. 

213. Liberti MV, Locasale JW. The Warburg Effect: How Does it Benefit Cancer 

Cells? Trends Biochem Sci. 2016 Mar;41(3):211-218. doi: 

10.1016/j.tibs.2015.12.001.  

214. Chen C, Pore N, Behrooz A, Ismail-Beigi F, Maity A. Regulation of glut1 

mRNA by hypoxia-inducible factor-1. Interaction between H-ras and hypoxia. 

J Biol Chem. 2001 Mar 23;276(12):9519-25. doi: 10.1074/jbc.M010144200.  



52	
	

215. Tirpe AA, Gulei D, Ciortea SM, Crivii C, Berindan-Neagoe I. Hypoxia: 

Overview on Hypoxia-Mediated Mechanisms with a Focus on the Role of HIF 

Genes. Int J Mol Sci. 2019 Dec 5;20(24):6140.  

216. Barnes K, Ingram JC, Porras OH, Barros LF, Hudson ER, Fryer LG, Foufelle 

F, Carling D, Hardie DG, Baldwin SA. Activation of GLUT1 by metabolic and 

osmotic stress: potential involvement of AMP-activated protein kinase 

(AMPK). J Cell Sci. 2002 Jun 1;115(Pt 11):2433-42. 

217. Wu N, Zheng B, Shaywitz A, Dagon Y, Tower C, Bellinger G, Shen CH, Wen 

J, Asara J, McGraw TE, Kahn BB, Cantley LC. AMPK-dependent degradation 

of TXNIP upon energy stress leads to enhanced glucose uptake via GLUT1. 

Mol Cell. 2013 Mar 28;49(6):1167-75. doi: 10.1016/j.molcel.2013.01.035.  

218. Waldhart AN, Dykstra H, Peck AS, Boguslawski EA, Madaj ZB, Wen J, 

Veldkamp K, Hollowell M, Zheng B, Cantley LC, McGraw TE, Wu N. 

Phosphorylation of TXNIP by AKT Mediates Acute Influx of Glucose in 

Response to Insulin. Cell Rep. 2017 Jun 6;19(10):2005-2013. doi: 

10.1016/j.celrep.2017.05.041 

219. Saito Y, Chapple RH, Lin A, Kitano A, Nakada D. AMPK Protects Leukemia-

Initiating Cells in Myeloid Leukemias from Metabolic Stress in the Bone 

Marrow. Cell Stem Cell. 2015 Nov 5;17(5):585-96. doi: 

10.1016/j.stem.2015.08.019.  

220. Faubert B, Boily G, Izreig S, Griss T, Samborska B, Dong Z, Dupuy F, 

Chambers C, Fuerth BJ, Viollet B, Mamer OA, Avizonis D, DeBerardinis RJ, 

Siegel PM, Jones RG. AMPK is a negative regulator of the Warburg effect and 

suppresses tumor growth in vivo. Cell Metab. 2013 Jan 8;17(1):113-24. doi: 

10.1016/j.cmet.2012.12.001.  

221. Kampf JP, Kleinfeld AM. Is membrane transport of FFA mediated by lipid, 

protein, or both? An unknown protein mediates free fatty acid transport across 

the adipocyte plasma membrane. Physiology (Bethesda). 2007 Feb;22:7-14. 

doi: 10.1152/physiol.00011.2006. 

222. Rosen ED, Spiegelman BM. Adipocytes as regulators of energy balance and 

glucose homeostasis. Nature. 2006 Dec 14;444(7121):847-53. doi: 

10.1038/nature05483. 



53	
	

223. Kerr M, Dodd MS, Heather LC. The 'Goldilocks zone' of fatty acid metabolism; 

to ensure that the relationship with cardiac function is just right. Clin Sci 

(Lond). 2017 Jul 24;131(16):2079-2094. doi: 10.1042/CS20160671.  

224. Lundsgaard AM, Fritzen AM, Kiens B. Molecular Regulation of Fatty Acid 

Oxidation in Skeletal Muscle during Aerobic Exercise. Trends Endocrinol 

Metab. 2018 Jan;29(1):18-30. doi: 10.1016/j.tem.2017.10.011.  

225. Kamp F, Guo W, Souto R, Pilch PF, Corkey BE, Hamilton JA. Rapid flip-flop 

of oleic acid across the plasma membrane of adipocytes. J Biol Chem. 2003 

Mar 7;278(10):7988-95. doi: 10.1074/jbc.M206648200.  

226. Jay AG, Hamilton JA. The enigmatic membrane fatty acid transporter CD36: 

New insights into fatty acid binding and their effects on uptake of oxidized 

LDL. Prostaglandins Leukot Essent Fatty Acids. 2018 Nov;138:64-70. doi: 

10.1016/j.plefa.2016.05.005.  

227. Ehehalt R, Füllekrug J, Pohl J, Ring A, Herrmann T, Stremmel W. 

Translocation of long chain fatty acids across the plasma membrane--lipid 

rafts and fatty acid transport proteins. Mol Cell Biochem. 2006 Mar;284(1-

2):135-40. doi: 10.1007/s11010-005-9034-1.  

228. Schwenk RW, Holloway GP, Luiken JJ, Bonen A, Glatz JF. Fatty acid 

transport across the cell membrane: regulation by fatty acid transporters. 

Prostaglandins Leukot Essent Fatty Acids. 2010 Apr-Jun;82(4-6):149-54. doi: 

10.1016/j.plefa.2010.02.029. 

229. Steensels S, Ersoy BA. Fatty acid activation in thermogenic adipose tissue. 

Biochim Biophys Acta Mol Cell Biol Lipids. 2019 Jan;1864(1):79-90.  

230. Abumrad NA, el-Maghrabi MR, Amri EZ, Lopez E, Grimaldi PA. Cloning of a 

rat adipocyte membrane protein implicated in binding or transport of long-

chain fatty acids that is induced during preadipocyte differentiation. Homology 

with human CD36. J Biol Chem. 1993 Aug 25;268(24):17665-8. 

231. Van Nieuwenhoven FA, Verstijnen CP, Abumrad NA, Willemsen PH, Van Eys 

GJ, Van der Vusse GJ, Glatz JF. Putative membrane fatty acid translocase 

and cytoplasmic fatty acid-binding protein are co-expressed in rat heart and 

skeletal muscles. Biochem Biophys Res Commun. 1995 Feb 15;207(2):747-

52. doi: 10.1006/bbrc.1995.1250. 



54	
	

232. Yang M, Silverstein RL. CD36 signaling in vascular redox stress. Free Radic 

Biol Med. 2019 May 20;136:159-171. doi: 

10.1016/j.freeradbiomed.2019.02.021. 

233. Pohl J, Ring A, Ehehalt R, Herrmann T, Stremmel W. New concepts of cellular 

fatty acid uptake: role of fatty acid transport proteins and of caveolae. Proc 

Nutr Soc. 2004 May;63(2):259-62. doi: 10.1079/PNS2004341. 

234. Pohl J, Ring A, Korkmaz U, Ehehalt R, Stremmel W. FAT/CD36-mediated 

long-chain fatty acid uptake in adipocytes requires plasma membrane rafts. 

Mol Biol Cell. 2005 Jan;16(1):24-31. doi: 10.1091/mbc.e04-07-0616. 

235. Hames KC, Vella A, Kemp BJ, Jensen MD. Free fatty acid uptake in humans 

with CD36 deficiency. Diabetes. 2014 Nov;63(11):3606-14. doi: 

10.2337/db14-0369.  

236. Febbraio M, Abumrad NA, Hajjar DP, Sharma K, Cheng W, Pearce SF, 

Silverstein RL. A null mutation in murine CD36 reveals an important role in 

fatty acid and lipoprotein metabolism. J Biol Chem. 1999 Jul 2;274(27):19055-

62. doi: 10.1074/jbc.274.27.19055. 

237. Bonen A, Han XX, Habets DD, Febbraio M, Glatz JF, Luiken JJ. A null 

mutation in skeletal muscle FAT/CD36 reveals its essential role in insulin- and 

AICAR-stimulated fatty acid metabolism. Am J Physiol Endocrinol Metab. 

2007 Jun;292(6):E1740-9. doi: 10.1152/ajpendo.00579.2006.  

238. Anderson CM, Stahl A. SLC27 fatty acid transport proteins. Mol Aspects Med. 

2013 Apr-Jun;34(2-3):516-28. doi: 10.1016/j.mam.2012.07.010. 

239. Chiu HC, Kovacs A, Blanton RM, Han X, Courtois M, Weinheimer CJ, 

Yamada KA, Brunet S, Xu H, Nerbonne JM, Welch MJ, Fettig NM, Sharp TL, 

Sambandam N, Olson KM, Ory DS, Schaffer JE. Transgenic expression of 

fatty acid transport protein 1 in the heart causes lipotoxic cardiomyopathy. 

Circ Res. 2005 Feb 4;96(2):225-33. doi: 

10.1161/01.RES.0000154079.20681.B9.  

240. Gimeno RE, Ortegon AM, Patel S, Punreddy S, Ge P, Sun Y, Lodish HF, 

Stahl A. Characterization of a heart-specific fatty acid transport protein. J Biol 

Chem. 2003 May 2;278(18):16039-44. doi: 10.1074/jbc.M211412200.  

241. Holloway GP, Chou CJ, Lally J, Stellingwerff T, Maher AC, Gavrilova O, 

Haluzik M, Alkhateeb H, Reitman ML, Bonen A. Increasing skeletal muscle 

fatty acid transport protein 1 (FATP1) targets fatty acids to oxidation and does 



55	
	

not predispose mice to diet-induced insulin resistance. Diabetologia. 2011 

Jun;54(6):1457-67. doi: 10.1007/s00125-011-2114-8.  

242. Wiczer BM, Lobo S, Machen GL, Graves LM, Bernlohr DA. FATP1 mediates 

fatty acid-induced activation of AMPK in 3T3-L1 adipocytes. Biochem Biophys 

Res Commun. 2009 Sep 18;387(2):234-8. doi: 10.1016/j.bbrc.2009.06.114.  

243. Kim JK, Gimeno RE, Higashimori T, Kim HJ, Choi H, Punreddy S, Mozell RL, 

Tan G, Stricker-Krongrad A, Hirsch DJ, Fillmore JJ, Liu ZX, Dong J, Cline G, 

Stahl A, Lodish HF, Shulman GI. Inactivation of fatty acid transport protein 1 

prevents fat-induced insulin resistance in skeletal muscle. J Clin Invest. 2004 

Mar;113(5):756-63. doi: 10.1172/JCI18917. 

244. Stahl A, Hirsch DJ, Gimeno RE, Punreddy S, Ge P, Watson N, Patel S, Kotler 

M, Raimondi A, Tartaglia LA, Lodish HF. Identification of the major intestinal 

fatty acid transport protein. Mol Cell. 1999 Sep;4(3):299-308. doi: 

10.1016/s1097-2765(00)80332-9. 

245. Nickerson JG, Alkhateeb H, Benton CR, Lally J, Nickerson J, Han XX, Wilson 

MH, Jain SS, Snook LA, Glatz JF, Chabowski A, Luiken JJ, Bonen A. Greater 

transport efficiencies of the membrane fatty acid transporters FAT/CD36 and 

FATP4 compared with FABPpm and FATP1 and differential effects on fatty 

acid esterification and oxidation in rat skeletal muscle. J Biol Chem. 2009 Jun 

12;284(24):16522-30. doi: 10.1074/jbc.M109.004788.  

246. Lenz LS, Marx J, Chamulitrat W, Kaiser I, Gröne HJ, Liebisch G, Schmitz G, 

Elsing C, Straub BK, Füllekrug J, Stremmel W, Herrmann T. Adipocyte-

specific inactivation of Acyl-CoA synthetase fatty acid transport protein 4 

(Fatp4) in mice causes adipose hypertrophy and alterations in metabolism of 

complex lipids under high fat diet. J Biol Chem. 2011 Oct 14;286(41):35578-

87. doi: 10.1074/jbc.M111.226530.  

247. Coe NR, Smith AJ, Frohnert BI, Watkins PA, Bernlohr DA. The fatty acid 

transport protein (FATP1) is a very long chain acyl-CoA synthetase.J Biol 

Chem. 1999 Dec 17;274(51):36300-4. doi: 10.1074/jbc.274.51.36300. 

248. Bonen A, Luiken JJ, Arumugam Y, Glatz JF, Tandon NN. Acute regulation of 

fatty acid uptake involves the cellular redistribution of fatty acid translocase. J 

Biol Chem. 2000 May 12;275(19):14501-8. doi: 10.1074/jbc.275.19.14501. 

249. Luiken JJ, Dyck DJ, Han XX, Tandon NN, Arumugam Y, Glatz JF, Bonen A. 

Insulin induces the translocation of the fatty acid transporter FAT/CD36 to the 



56	
	

plasma membrane. Am J Physiol Endocrinol Metab. 2002 Feb;282(2):E491-5. 

doi: 10.1152/ajpendo.00419.2001. 

250. Luiken JJ, Koonen DP, Willems J, Zorzano A, Becker C, Fischer Y, Tandon 

NN, Van Der Vusse GJ, Bonen A, Glatz JF. Insulin stimulates long-chain fatty 

acid utilization by rat cardiac myocytes through cellular redistribution of 

FAT/CD36. Diabetes. 2002 Oct;51(10):3113-9. doi: 

10.2337/diabetes.51.10.3113. 

251. Luiken JJ, Coort SL, Willems J, Coumans WA, Bonen A, van der Vusse GJ, 

Glatz JF. Contraction-induced fatty acid translocase/CD36 translocation in rat 

cardiac myocytes is mediated through AMP-activated protein kinase signaling. 

Diabetes. 2003 Jul;52(7):1627-34. doi: 10.2337/diabetes.52.7.1627. 

252. Chabowski A, Coort SL, Calles-Escandon J, Tandon NN, Glatz JF, Luiken JJ, 

Bonen A. The subcellular compartmentation of fatty acid transporters is 

regulated differently by insulin and by AICAR. FEBS Lett. 2005 Apr 

25;579(11):2428-32. doi: 10.1016/j.febslet.2004.11.118. 

253. Stahl A, Evans JG, Pattel S, Hirsch D, Lodish HF. Insulin causes fatty acid 

transport protein translocation and enhanced fatty acid uptake in adipocytes. 

Dev Cell. 2002 Apr;2(4):477-88. doi: 10.1016/s1534-5807(02)00143-0. 

254. Jain SS, Chabowski A, Snook LA, Schwenk RW, Glatz JF, Luiken JJ, Bonen 

A. Additive effects of insulin and muscle contraction on fatty acid transport and 

fatty acid transporters, FAT/CD36, FABPpm, FATP1, 4 and 6. FEBS Lett. 

2009 Jul 7;583(13):2294-300. doi: 10.1016/j.febslet.2009.06.020. 

255. Kim TT, Dyck JR. The role of CD36 in the regulation of myocardial lipid 

metabolism. Biochim Biophys Acta. 2016 Oct;1861(10):1450-60. doi: 

10.1016/j.bbalip.2016.03.018.  

256. Samovski D, Su X, Xu Y, Abumrad NA, Stahl PD. Insulin and AMPK regulate 

FA translocase/CD36 plasma membrane recruitment in cardiomyocytes via 

Rab GAP AS160 and Rab8a Rab GTPase. J Lipid Res. 2012 Apr;53(4):709-

17. doi: 10.1194/jlr.M023424.  

257. Zhu B, Li MY, Lin Q, Liang Z, Xin Q, Wang M, He Z, Wang X, Wu X, Chen 

GG, Tong PC, Zhang W, Liu LZ. Lipid oversupply induces CD36 sarcolemmal 

translocation via dual modulation of PKCζ and TBC1D1: an early event prior 

to insulin resistance. Theranostics. 2020 Jan 1;10(3):1332-1354. doi: 

10.7150/thno.40021.  



57	
	

258. Benninghoff T, Espelage L, Eickelschulte S, Zeinert I, Sinowenka I, Müller F, 

Schöndeling C, Batchelor H, Cames S, Zhou Z, Kotzka J, Chadt A, Al-Hasani 

H. The RabGAPs TBC1D1 and TBC1D4 Control Uptake of Long-Chain Fatty 

Acids Into Skeletal Muscle Via Fatty Acid Transporter SLC27A4/FATP4. 

Diabetes. 2020 Aug 31:db200180. doi: 10.2337/db20-0180.  

259. Lobo S, Wiczer BM, Smith AJ, Hall AM, Bernlohr DA. Fatty acid metabolism in 

adipocytes: functional analysis of fatty acid transport proteins 1 and 4.  J Lipid 

Res. 2007 Mar;48(3):609-20. doi: 10.1194/jlr.M600441-JLR200.  

260. Arif A, Terenzi F, Potdar AA, Jia J, Sacks J, China A, Halawani D, Vasu K, Li 

X, Brown JM, Chen J, Kozma SC, Thomas G, Fox PL. EPRS is a critical 

mTORC1-S6K1 effector that influences adiposity in mice. Nature. 2017 Feb 

16;542(7641):357-361. doi: 10.1038/nature21380.  

261. Snook LA, Wright DC, Holloway GP. Postprandial control of fatty acid 

transport proteins' subcellular location is not dependent on insulin. FEBS Lett. 

2016 Aug;590(16):2661-70. doi: 10.1002/1873-3468.12260.  

262. Wu Q, Kazantzis M, Doege H, Ortegon AM, Tsang B, Falcon A, Stahl A. Fatty 

acid transport protein 1 is required for nonshivering thermogenesis in brown 

adipose tissue. Diabetes. 2006 Dec;55(12):3229-37. doi: 10.2337/db06-0749. 

263. Putri M, Syamsunarno MR, Iso T, Yamaguchi A, Hanaoka H, Sunaga H, 

Koitabashi N, Matsui H, Yamazaki C, Kameo S, Tsushima Y, Yokoyama T, 

Koyama H, Abumrad NA, Kurabayashi M. CD36 is indispensable for 

thermogenesis under conditions of fasting and cold stress. Biochem Biophys 

Res Commun. 2015 Feb 20;457(4):520-5. doi: 10.1016/j.bbrc.2014.12.124.  

264. Anderson CM, Kazantzis M, Wang J, Venkatraman S, Goncalves RL, Quinlan 

CL, Ng R, Jastroch M, Benjamin DI, Nie B, Herber C, Van AA, Park MJ, Yun 

D, Chan K, Yu A, Vuong P, Febbraio M, Nomura DK, Napoli JL, Brand MD, 

Stahl A. Dependence of brown adipose tissue function on CD36-mediated 

coenzyme Q uptake. Cell Rep. 2015 Feb 3;10(4):505-15. doi: 

10.1016/j.celrep.2014.12.048.  

265. Lynes MD, Leiria LO, Lundh M, Bartelt A, Shamsi F, Huang TL, Takahashi H, 

Hirshman MF, Schlein C, Lee A, Baer LA, May FJ, Gao F, Narain NR, Chen 

EY, Kiebish MA, Cypess AM, Blüher M, Goodyear LJ, Hotamisligil GS, 

Stanford KI, Tseng YH. The cold-induced lipokine 12,13-diHOME promotes 



58	
	

fatty acid transport into brown adipose tissue. Nat Med. 2017 May;23(5):631-

637. doi: 10.1038/nm.4297.  

266. Habets DD, Coumans WA, El Hasnaoui M, Zarrinpashneh E, Bertrand L, 

Viollet B, Kiens B, Jensen TE, Richter EA, Bonen A, Glatz JF, Luiken JJ. 

Crucial role for LKB1 to AMPKalpha2 axis in the regulation of CD36-mediated 

long-chain fatty acid uptake into cardiomyocytes. Biochim Biophys Acta. 2009 

Mar;1791(3):212-9. doi: 10.1016/j.bbalip.2008.12.009.  

267. Chabowski A, Momken I, Coort SL, Calles-Escandon J, Tandon NN, Glatz JF, 

Luiken JJ, Bonen A. Prolonged AMPK activation increases the expression of 

fatty acid transporters in cardiac myocytes and perfused hearts. Mol Cell 

Biochem. 2006 Aug;288(1-2):201-12. doi: 10.1007/s11010-006-9140-8. 

268. Abbott MJ, Edelman AM, Turcotte LP. CaMKK is an upstream signal of AMP-

activated protein kinase in regulation of substrate metabolism in contracting 

skeletal muscle. Am J Physiol Regul Integr Comp Physiol. 2009 

Dec;297(6):R1724-32. doi: 10.1152/ajpregu.00179.2009.  

269. Kelly KR, Abbott MJ, Turcotte LP. Short-term AMP-regulated protein kinase 

activation enhances insulin-sensitive fatty acid uptake and increases the 

effects of insulin on fatty acid oxidation in L6 muscle cells. Exp Biol Med 

(Maywood). 2010 Apr;235(4):514-21. doi: 10.1258/ebm.2009.009228. 

270. Bogachus LD, Turcotte LP. Genetic downregulation of AMPK-alpha isoforms 

uncovers the mechanism by which metformin decreases FA uptake and 

oxidation in skeletal muscle cells. Am J Physiol Cell Physiol. 2010 

Dec;299(6):C1549-61. doi: 10.1152/ajpcell.00279.2010.  

271. Fentz J, Kjøbsted R, Birk JB, Jordy AB, Jeppesen J, Thorsen K, Schjerling P, 

Kiens B, Jessen N, Viollet B, Wojtaszewski JF. AMPKα is critical for 

enhancing skeletal muscle fatty acid utilization during in vivo exercise in mice. 

FASEB J. 2015 May;29(5):1725-38. doi: 10.1096/fj.14-266650. 

272. Mahlapuu M, Johansson C, Lindgren K, Hjälm G, Barnes BR, Krook A, Zierath 

JR, Andersson L, Marklund S. Expression profiling of the gamma-subunit 

isoforms of AMP-activated protein kinase suggests a major role for gamma3 

in white skeletal muscle. Am J Physiol Endocrinol Metab. 2004 

Feb;286(2):E194-200. doi: 10.1152/ajpendo.00147.2003.  

273. Choi YJ, Lee KY, Jung SH, Kim HS, Shim G, Kim MG, Oh YK, Oh SH, Jun 

DW, Lee BH. Activation of AMPK by berberine induces hepatic lipid 



59	
	

accumulation by upregulation of fatty acid translocase CD36 in mice. Toxicol 

Appl Pharmacol. 2017 Feb 1;316:74-82. doi: 10.1016/j.taap.2016.12.019.  

274. Wu W, Wang S, Liu Q, Shan T, Wang X, Feng J, Wang Y. AMPK facilitates 

intestinal long-chain fatty acid uptake by manipulating CD36 expression and 

translocation. FASEB J. 2020 Apr;34(4):4852-4869. doi: 

10.1096/fj.201901994R.  

275. Maher AC, McFarlan J, Lally J, Snook LA, Bonen A. TBC1D1 reduces 

palmitate oxidation by inhibiting β-HAD activity in skeletal muscle. Am J 

Physiol Regul Integr Comp Physiol. 2014 Nov 1;307(9):R1115-23. doi: 

10.1152/ajpregu.00014.2014.  

276. Liu Q, Gauthier MS, Sun L, Ruderman N, Lodish H. Activation of AMP-

activated protein kinase signaling pathway by adiponectin and insulin in 

mouse adipocytes: requirement of acyl-CoA synthetases FATP1 and Acsl1 

and association with an elevation in AMP/ATP ratio. FASEB J. 2010 

Nov;24(11):4229-39. doi: 10.1096/fj.10-159723.  

277. Samovski D, Sun J, Pietka T, Gross RW, Eckel RH, Su X, Stahl PD, Abumrad 

NA. Regulation of AMPK activation by CD36 links fatty acid uptake to β-

oxidation. Diabetes. 2015 Feb;64(2):353-9. doi: 10.2337/db14-0582.  

278. Jeppesen J, Albers PH, Rose AJ, Birk JB, Schjerling P, Dzamko N, Steinberg 

GR, Kiens B. Contraction-induced skeletal muscle FAT/CD36 trafficking and 

FA uptake is AMPK independent. J Lipid Res. 2011 Apr;52(4):699-711. doi: 

10.1194/jlr.M007138.  

279. Dewidar B, Kahl S, Pafili K, Roden M. Metabolic liver disease in diabetes - 

From mechanisms to clinical trials. Metabolism. 2020 Jun 20:154299. doi: 

10.1016/j.metabol.2020.154299.  

280. Bose S, Ramesh V, Locasale JW. Acetate Metabolism in Physiology, Cancer, 

and Beyond. Trends Cell Biol. 2019 Sep;29(9):695-703. doi: 

10.1016/j.tcb.2019.05.005.  

281. Zhao S, Jang C, Liu J, Uehara K, Gilbert M, Izzo L, Zeng X, Trefely S, 

Fernandez S, Carrer A, Miller KD, Schug ZT, Snyder NW, Gade TP, Titchenell 

PM, Rabinowitz JD, Wellen KE. Dietary fructose feeds hepatic lipogenesis via 

microbiota-derived acetate. Nature. 2020 Mar;579(7800):586-591. doi: 

10.1038/s41586-020-2101-7.  



60	
	

282. Esquejo RM, Salatto CT, Delmore J, Albuquerque B, Reyes A, Shi Y, Moccia 

R, Cokorinos E, Peloquin M, Monetti M, Barricklow J, Bollinger E, Smith BK, 

Day EA, Nguyen C, Geoghegan KF, Kreeger JM, Opsahl A, Ward J, Kalgutkar 

AS, Tess D, Butler L, Shirai N, Osborne TF, Steinberg GR, Birnbaum MJ, 

Cameron KO, Miller RA. Activation of Liver AMPK with PF-06409577 Corrects 

NAFLD and Lowers Cholesterol in Rodent and Primate Preclinical Models. 

EBioMedicine. 2018 May;31:122-132. doi: 10.1016/j.ebiom.2018.04.009.  

283. Han Y, Hu Z, Cui A, Liu Z, Ma F, Xue Y, Liu Y, Zhang F, Zhao Z, Yu Y, Gao J, 

Wei C, Li J, Fang J, Li J, Fan JG, Song BL, Li Y. Post-translational regulation 

of lipogenesis via AMPK-dependent phosphorylation of insulin-induced gene. 

Nat Commun. 2019 Feb 7;10(1):623. doi: 10.1038/s41467-019-08585-4. 

284. Li Y, Xu S, Mihaylova MM, Zheng B, Hou X, Jiang B, Park O, Luo Z, Lefai E, 

Shyy JY, Gao B, Wierzbicki M, Verbeuren TJ, Shaw RJ, Cohen RA, Zang M. 

AMPK phosphorylates and inhibits SREBP activity to attenuate hepatic 

steatosis and atherosclerosis in diet-induced insulin-resistant mice. Cell 

Metab. 2011 Apr 6;13(4):376-388. doi: 10.1016/j.cmet.2011.03.009. 

285. Bijland S, Mancini SJ, Salt IP. Role of AMP-activated protein kinase in 

adipose tissue metabolism and inflammation. Clin Sci (Lond). 2013 

Apr;124(8):491-507. doi: 10.1042/CS20120536. 

286. Smith BK, Marcinko K, Desjardins EM, Lally JS, Ford RJ, Steinberg GR. 

Treatment of nonalcoholic fatty liver disease: role of AMPK. Am J Physiol 

Endocrinol Metab. 2016 Oct 1;311(4):E730-E740. doi: 

10.1152/ajpendo.00225.2016.  

287. Day EA, Ford RJ, Steinberg GR. AMPK as a Therapeutic Target for Treating 

Metabolic Diseases. Trends Endocrinol Metab. 2017 Aug;28(8):545-560. doi: 

10.1016/j.tem.2017.05.004.  



61	
	

 

Figure 1: Regulation of AMPK 

AMPK is a heterotrimer of an α catalytic subunit complexed with β and γ regulatory 

subunits. AMP (or ADP) bind to CBS motifs on AMPKγ, allosterically activating 

kinase activity, promoting phosphorylation of AMPKα Thr172 by LKB1 and protects 

Thr172 from dephosphorylation by protein phosphatases, which further activates 

AMPK. ATP binding to one of these CBS motifs inhibits AMPK activity. AICAR is 

phosphorylated to ZMP, which mimics the effect of AMP. AMPKα Thr172 can also be 

phosphorylated by CaMKK2 independent of AMP levels in response to increased 

intracellular Ca2+ concentrations. Long-chain fatty acyl-CoA esters (LCFA-CoA) and 

synthetic molecules such as A-769662 and compound 991 bind to the ADaM site 

between the β and α subunits and allosterically activate AMPK, also promoting 

Thr172 phosphorylation. AMPKβ contains a carbohydrate binding domain (CBM), yet 

whether glycogen regulates AMPK under physiological circumstances remains 

uncertain. Created with BioRender.com. 
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Figure 2: Insulin-stimulated glucose uptake. 

Binding of insulin to its receptor leads to autophosphorylation of the cytoplasmic 

tyrosine kinase domains, recruitment and phosphorylation of IRS proteins which then 

bind to and activates PI3K, leading to the production of PIP3 in the plasma 

membrane. PIP3 activates PDK1 which phosphorylates Akt Thr308, allowing 

mTORC2 to phosphorylate Akt at Ser473, fully activating Akt. Akt phosphorylates 

and inactivates AS160, resulting in the activation of Rab small GTPases required for 

the recruitment of GSVs containing GLUT4 to the plasma membrane Akt also 

phosphorylates RGC1/2, leading to increased RalA activity, contributing to GSV 

trafficking. The insulin receptor, independent of Akt, also stimulates the small 

GTPase TC10, further contributing to trafficking of GSVs in adipocytes. Created with 

BioRender.com. 
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Figure 3: Regulation of muscle glucose uptake by AMPK. 

AMPK phosphorylates and inactivates TBC1D1, mimicking the effect of insulin via 

Akt and AS160, leading to GLUT4 translocation. Furthermore, AMPK-mediated 

phosphorylation of STIM1 reduces store-operated Ca2+ entry. AMPK activation is 

also associated with increased transcription of GLUT4 in muscle, mediated by 

phosphorylation of HDAC5 and GEF, the latter of which is associated with the 

transcription factor MEF2 (myocyte enhancer factor 2). Created with BioRender.com. 
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Figure 4: Regulation of glucose uptake by AMPK in non-myocytes. 

AMPK activation may impair insulin-stimulated phosphorylation of AS160 at Thr642 

in adipocytes, and phosphorylates Gapex5, although the role of this in insulin-

stimulated GLUT4 translocation remains uncertain. AMPK-mediated phosphorylation 

of TXNIP stimulates its degradation and alleviates its inhibition of GLUT1 activity. In 

BAT, β3-adrenoreceptor (β3-AR) stimulation leads to AMPK activation. Created with 

BioRender.com. 
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Figure 5: Regulation of fatty acid uptake by AMPK. 

In myocytes, insulin stimulates translocation of CD36/SR-B2 in parallel with GLUT4, 

with both likely mediated by Akt-mediated phosphorylation of AS160/TBC1D1. 

AMPK phosphorylates and inactivates AS160/TBC1D1, mimicking the effect of 

insulin on CD36/SR-B2 translocation. Insulin stimulates FATP1 translocation in 

adipocytes via phosphorylation of EPRS. EPRS is phosphorylated by S6K, which is, 

in turn, phosphorylated and activated by the Akt substrate mTOR. AMPK would be 

predicted to suppress insulin-stimulated FATP1 translocation by this mechanism, as 

AMPK inhibits mTORC1 activity, yet whether AMPK regulates FATP1 translocation 

in response to insulin has not been examined. Created with BioRender.com. 
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Figure 6: Regulation of lipogenesis by AMPK. 

In hepatocytes, triglycerides can be generated from circulating FAs, or by DNL from 

glucose, fructose or acetate.  Glucose/fructose-derived pyruvate is converted to 

acetyl CoA in the mitochondria by pyruvate dehydrogenase, and then after 

conversion to citrate is shuttled across the mitochondrial membranes to the 

cytoplasm, where it is converted back to acetyl CoA by ACLY. Circulating acetate is 

converted to acetyl CoA by acetyl-CoA synthetase 2 (ACSS2). Acetyl CoA is then 

utilised to generate malonyl CoA in the cytoplasm by ACC and then FAs by FASN. 

AMPK antagonises DNL by stimulating β-oxidation (FA oxidation) and inhibiting FA 

synthesis via phosphorylation and inhibition of ACC. AMPK also -phosphorylates and 

stabilises Insig1/2, leading to suppression of SREBP processing. AMPK also 

phosphorylates and inhibits SREBP directly. Created with BioRender.com. 


