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INTRODUCTION 

 

 

 

1. Metabolic regulation and energy homeostasis 

 

All living organisms are made up of cells, which are defined as the smallest 

functional biological entities capable of reproducing themselves. It is 

estimated that the human body is composed of around a hundred trillion 

(10
14

) of its own cells, without considering the at least evenly high number 

of colonizing microbiota
[1]

. Whatever taxonomical classification they 

belong to, from the simplest unicellular prokaryotes to the most complex 

multicellular eukaryotes such as humans, all living organisms require a 

regular supply of physical or chemical energy. The principle that most of the 

food we ingest is transformed into energy allowing us to power all our body 

functions, goes back to the work of Santorio Santorio as early as the 

beginning of the 15
th

 century
[2]

. It is metabolism, defined as all chemical 

reactions occurring in the body, that creates the link between food intake 

and maintenance of life. The main purposes of metabolism are, first, energy 

generation for cellular and physiological processes, creation of building 

blocks for macromolecules such as proteins, lipids and nucleic acids and, 

second, waste elimination such as ammonia and carbon dioxide. In the 19
th

 

century, it became clear that the metabolism of the 6-carbon sugar (hexose) 

glucose plays a central role in energy metabolism of most species, witnessed 

by the fact that the sequence of reactions converting glucose into pyruvate – 
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glycolysis – occurs in a similar way in almost any living cell. In order to 

maintain the energy level of a living organism (energy homeostasis), the 

whole set of these biochemical reactions needs to be coordinated and 

continuously controlled in a tight manner: the concept of metabolic 

regulation. 

 

1.1. Enzymes 

 

1.1.1. Definitions 

Enzymes are proteins with catalytic activity, i.e. they can render 

biochemical reactions possible or accelerate them under physiological 

conditions. Like all catalysts, enzymes increase the reaction rate by 

lowering the activation energy (the energy required to start a chemical 

reaction) and do not alter the equilibrium of a reaction. The catalytic 

properties of an enzyme can be described by kinetic parameters: Vmax is the 

maximal velocity of the enzyme or the maximal amount of substrate 

converted into product over time. The turnover number kcat (Vmax/[enzyme]) 

measures the number of substrate molecules converted to product per 

enzyme molecule per second and gives an indication of the performance of 

an enzyme. KM inversely reflects the affinity of the enzyme for its substrate. 

 

1.1.2. Protein kinases 

Protein kinases are a class of enzymes of major interest for protein 

regulation by posttranslational modification. They can transfer phosphate (-

PO4) groups to available amino acid residues carrying a free hydroxyl group 
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(-OH) on their side chains (Ser, Thr, Tyr). The presence of negatively 

charged phosphate groups can strongly affect protein function via 

electrostatic effects and conformational changes, provide docking sites for 

protein-protein interactions or affect protein localization and stability. As a 

consequence, protein phosphorylation represents a major mechanism for the 

regulation of protein (enzyme) function in cells. Of note, many protein 

phosphorylations are probably silent i.e. without consequences on enzyme 

activity. 

 

1.1.3. Regulation  

The activity of an enzyme can be regulated positively or negatively by 

covalent posttranslational modifications such as phosphorylation, 

acetylation, methylation, glycosylation, lipidation, … that are catalyzed by 

specialized enzymes. In most cases, these modifications are reversible by 

enzymes catalyzing the opposite reaction. For example, in the case of 

protein phosphorylation, a specific protein kinase adds the phosphate while 

a protein phosphatase can remove it. This provides dynamic regulation of 

the target protein, when both the kinase and the phosphatase are active to 

some extent at the same time, thereby increasing the sensitivity and 

flexibility of the system.   

Besides covalent modifications, enzymes can be regulated allosterically by 

small molecules that bind to sites distinct from the active site. Binding of 

allosteric effectors causes conformational changes in the enzyme, affecting 

kinetic properties (KM and/or Vmax). Like covalent modifications, allosteric 

effectors can cause activation or inhibition of the target enzyme. Very often, 

allosteric effectors are metabolites upstream or downstream of the reaction 
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catalyzed by the enzyme within a metabolic pathway. This allows control of 

metabolic pathways via feedback or feedforward mechanisms. 

 

 

1.2. Metabolites and metabolic pathways 

 

1.2.1. Definitions 

Metabolites are defined as the biochemical substrates, intermediates and 

products of metabolism. The term is usually restricted to relatively small 

molecules such as carbohydrates, amino acids, nucleotides, etc. in contrast 

to macromolecules such as proteins and DNA. Metabolites can be used for 

energy production, signalling, enzyme regulation and have many other 

functions. 

A metabolic pathway is a series of enzyme-catalyzed chemical reactions 

that are linked one to each other, i.e. the product of a reaction serves as a 

substrate for the next one. The end product of a pathway can be used 

immediately to serve another metabolic pathway, or be stored for later use. 

Two types of metabolic pathways can be distinguished according to whether 

they are biosynthetic requiring energy consumption (anabolic pathways) or 

whether they break down molecules to release energy (catabolic pathways). 

For the correct function of cell metabolism, the metabolic pathways are 

often compartmentalized, taking place in different parts of the cell. For 

example, fatty acid synthesis occurs in the cytosol whereas β-oxidation 

takes place in mitochondria, in order to avoid energy (ATP) waste by “futile 

cycling”. Our cells follow the principle of intrinsic metabolic homeostasis to 
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keep metabolite concentrations relatively constant while changing the flux 

through a pathway. This is important for maintaining intracellular 

osmolarity to avoid changes in osmotic pressure and concomitantly, in cell 

volume. 

 

 

1.2.2. Glycolysis 

Glycolysis is a catabolic pathway converting the 6-carbon sugar glucose 

into two molecules of the 3-carbon α-keto acid pyruvate. It consists of 10 

sequential enzymatic reactions (Scheme 1) producing 2 ATP molecules 

(energy) and 2 NADH molecules (reducing equivalents) per molecule of 

glucose. In fact, two ATP molecules have to be “invested” in the first and 

third reactions but a total of 4 ATP molecules are “paid off” in the lower 

part of the pathway. Out of the ten reactions, seven are close to 

thermodynamic equilibrium in the cell, meaning that they are easily 

reversible and rate is the same in both directions, whereas three are far from 

equilibrium (quasi-irreversible) reactions. As a consequence, they represent 

control steps of the whole pathway and checkpoints for the regulation of 

glycolytic flux. Metabolic control analysis (MCA) provides a more 

quantitative study of metabolic pathways, showing how control is shared 

amongst its enzymes and how this is modulated in response to a change in 

flux
[3]

. Of note, glycolytic intermediates in between control points can be 

funneled into other metabolic pathways, e.g. glucose-6-phosphate (G6P) 

towards glycogen or dihydroxyacetone phosphate (DHAP) towards 

triglycerides. 
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Scheme 1: Glycolysis and gluconeogenesis. 

Glycolysis converts one glucose molecule into two molecules of pyruvate under 

the production of ATP. Gluconeogenesis is the de novo synthesis of glucose from 

substrates such as pyruvate and requires ATP consumption. The enzyme reactions 

of the two opposite pathways are shown (blue = reversible reaction; red = 

irreversible reaction; green = side-reaction). Abbreviations: hexokinase (HK); 

glucokinase (GK); glucose 6-phosphatase (G6Pase); glucose 6-phosphate (G6P); 

fructose 6-phosphate (F6P); phosphoglucose isomerase (PGI); fructose 1,6-
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bisphosphate (F1,6P2); fructose 2,6-bisphosphate (F2,6P2); phosphofructokinase-

2/fructose-2,6-bisphos-phatase (PFK-2/FBPase-2) phosphofructo-kinase-1 (PFK-

1); fructose-1,6-bisphosphatase (FBPase-1); glyceraldehyde 3-phosphate (GA3P); 

dihydroxyacetone phosphate (DHAP); aldolase (ALD); triose phosphate isomerase 

(TPI); 1,3-bisphosphoglycerate (1,3BPG); glyceraldehyde phosphate 

dehydrogenase (GAPDH); 3-phosphoglycerate (3PG); phosphoglycerate kinase 

(PGK); 2-phosphoglycerate (2PG); phosphoglycerate mutase (PGM); 

phosphoenolpyruvate (PEP); enolase (ENO); pyruvate kinase (PK); pyruvate 

carboxylase (PC); PEP carboxykinase (PEPCK). The coenzymes (ATP, ADP, Pi 

and NAD/H) are not shown. 

 

 

 

1.2.3. Gluconeogenesis  

Gluconeogenesis (GNG) is the metabolic pathway that allows de novo 

glucose production from alternative (non-carbohydrate) sources. It is a 

ubiquitous process, occurring even in microorganisms, to avoid shortage of 

glucose as a fuel in conditions such as fasting, exercise and stress. In 

humans, GNG occurs in the liver and to a lesser extent in the renal cortex
[4]

. 

The transformation of two pyruvate molecules into one glucose molecule 

requires 6 equivalents of ATP and is thus energy-consuming. In humans, the 

main GNG precursors are lactate (from exercising muscles), glycerol (from 

lipolysis) and certain “glucogenic” amino acids (from proteolysis), mainly 

alanine and to a lesser extent glutamine. Intermediates of the TCA cycle can 

also be used as substrates for GNG, via conversion of oxaloacetate (OAA) 

into phosphoenolpyruvate (PEP) by phosphoenolpyruvate carboxykinase 

(PEPCK), linking the two-carbon TCA cycle to the three-carbon GNG 

pathway. In higher mammals, fatty acids (yielding acetyl-CoA via β-

oxidation) cannot be converted into glucose. Unlike plants and some 

animals, enzymes of the glyoxylate cycle (malate synthase and isocitrate 

lyase), are not expressed for the conversion of acetyl-CoA to succinate for 
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glucose synthesis rather than oxidation to CO2 by TCA cycle enzymes
[5]

. 

GNG essentially takes places in the cytosol but the formation of OAA only 

occurs in mitochondria via pyruvate carboxylase (PC) and TCA cycle 

enzymes. The link between these two parts of GNG is provided by PEPCK 

which converts OAA into PEP. The location of this enzyme depends on the 

species and in humans it is present both in the cytosol and mitochondria
[6]

. 

PEP can cross the mitochondrial membrane via an anion transporter protein 

or via the malate-aspartate shuttle with the help of malate dehydrogenase 

(MDH). GNG can thus start in the cytosol or in mitochondria, depending on 

the substrate. The steps from PEP to glucose-6-phosphate mainly use those 

of glycolysis in the reverse direction. The equilibrium reactions are 

catalyzed by the same enzymes in reverse, whereas the three irreversible 

reactions require specific enzymes: PC/PEPCK, fructose-1,6-bisphosphatase 

(FBPase-1) and glucose-6-phosphatase (G6Pase). MCA indicates that GNG 

flux control in hepatocytes is mainly exerted by PC
[7]

, an effect that is 

reinforced when PK-L is inhibited by PKA-mediated phosphorylation under 

the effect of glucagon. At the end, G6P can be used by other pathways such 

as the pentose phosphate pathway or is hydrolyzed to glucose by G6Pase. 

This last reaction of GNG occurs in the lumen of the endoplasmic reticulum 

(ER). Glucose can then be exported back to the cytosol and diffuses into the 

blood via the low-affinity glucose transporter GLUT-2. 

 

1.2.4. Short-term regulation 

The coordinated regulation of glycolysis and gluconeogenesis has been 

reviewed elsewhere
[8-10]

. Along with allosteric mechanisms, the 

phosphorylation state of key enzymes of glycolysis, fatty acid synthesis, 
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cholesterol synthesis, gluconeogenesis, and glycogenolysis participate in 

flux control. Generally, glucagon (as well as catecholamines) leads to the 

phosphorylation of key enzymes, whereas insulin has the opposite effect, 

leading to their dephosphorylation. The glycolytic enzymes that are 

regulated are hexokinase (glucokinase), phosphofructokinase and pyruvate 

kinase. 

- HK/GK: Hexokinase (HK) is expressed ubiquitously and favors glucose 

entry, as its product G6P cannot exit the cell. However, HK is controlled 

through product-inhibition by G6P and cellular glucose uptake is thus 

limited by the rate of utilization of G6P by glycolysis, glycogen synthesis 

and the pentose phosphate pathway. Hepatocytes and pancreatic β- and α-

cells express an isoenzyme called glucokinase (GK), which is not directly 

inhibited by G6P and has a much lower affinity (higher KM) for glucose, 

thus acting as a glucose sensor because its activity varies according to blood 

glucose levels
[11]

. When blood glucose rises, GK therefore favours 

glycolysis rather than GNG in the liver. Of note, even though GK is not 

product-inhibited by G6P, it is inhibited by a regulatory protein (GRP) and 

inhibition is reinforced by F6P (which is in equilibrium with G6P)
[12]

. 

Insulin in the long-term increases GK expression, thereby stimulating 

hepatic glucose uptake. 

- PFK1: Phosphofructokinase-1 is an important checkpoint of glycolysis, 

since it catalyzes one of the irreversible reactions and is stimulated by the 

key allosteric effectors AMP and fructose-2,6-bisphosphate (F2,6BP). The 

latter is produced from F6P by phosphofructokinase-2 (PFK2)
[13]

, in a side-

reaction of glycolysis (Scheme 1). PFK2 is phosphorylated by PKA in liver 

when glucagon increases cAMP signalling, switching the activity of this 
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bifunctional enzyme from kinase to phosphatase, thereby lowering F2,6P2 

levels
[14-16]

. This provides a switch from glycolysis to GNG in the liver, 

because F2,6P2 is both a stimulator of PFK1 and an inhibitor of FBPase-

1
[17]

. When cAMP signalling ceases, PFK2 is rapidly dephosphorylated, 

favoring glycolysis. A rise in AMP is a sign of a decreased energy charge 

(ATP levels) in the cell. It is thus logical that AMP is a positive allosteric 

regulator of PFK1. Also, PFK1 is inhibited allosterically by ATP, PEP and 

citrate. 

- PK: The liver isoenzyme of pyruvate kinase (PK-L), but not the muscle 

isoenzyme (PK-M), is regulated by glucagon through phosphorylation-

induced inactivation by PKA
[18-20]

. Thus glycolysis is inhibited by glucagon 

in liver, but not in muscle, to prevent it from being active in parallel with PC 

and PEPCK (GNG enzymes) which would create a futile cycle. Also, PK is 

allosterically stimulated by F1,6P2, providing feedforward control of the last 

step by the upper part of glycolysis. 

In GNG, the regulated (irreversible) reactions are those catalyzed by PC, 

PEPCK, FBPase-1 and G6Pase. Acetyl-CoA (AcCoA) allosterically 

stimulates PC, whereas FBPase-1 is allosterically inhibited by AMP and 

F2,6P2. In the long-term, PKA signalling increases the expression of the 

GNG key enzymes PEPCK and G6Pase at the transcriptional level.  

 

 

1.3. Systemic regulation by hormones 

 

During embryonic development, cells acquire specific capacities in order to 

fulfil various biological functions, in other words they differentiate. Cells 
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with the same physiological function assemble to form organs. With regard 

to the body’s energy concerns, the organs of main interest are the gastro-

intestinal tract (digestion and absorption), the liver (homeostasis, conversion 

and storage), fat tissue (fuel storage and mobilization), heart and skeletal 

muscle (storage and expenditure by contraction for locomotion and heat 

generation). The main focus of this thesis is on the body’s central and 

essential metabolic power plant, the liver, and more precisely the hepatic 

control of glucose metabolism. 

The hormonal control of normal glycaemia is summarized in Scheme 2. 

After a meal, blood glucose levels in healthy individuals rise from fasted 

state levels of 4-6 mM (70-100 mg/dl) to up to 8 mM (140 mg/dl) in the 

post prandial state, whereas in diabetics glycaemia never goes lower than at 

least 7 mM (hyperglycaemia) even in fasting conditions
[21]

. The increase in 

glycaemia is sensed by pancreatic β-cells which react by rapidly secreting 

insulin, which is pre-synthetized and stored in intracellular vesicles. Human 

insulin is a 51 amino acid (5.8 kDa) polypeptide composed of disulfide-

bond-linked α and β chains. Normal human plasma insulin levels oscillate 

between below 0.2 to almost 2 nmol/L (25-300 mIU/L)
[22]

. The insulin 

receptor is ubiquitously expressed on the cell surface but to a different 

extent, with the highest expression in liver, fat and skeletal muscle
[23]

. Upon 

insulin binding, the receptor triggers a signalling cascade (see section 1.3.1.) 

which impacts on sugar, fat and protein metabolism. Generally, insulin 

signalling promotes glucose uptake in adipose and muscle tissue, mainly by 

promoting the translocation to the plasma membrane of the high-affinity 

transmembrane transporter for glucose, GLUT4. 
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Scheme 2: Homeostasis of glycaemia by insulin and glucagon. 

Glycaemia is sensed by specialized cells in the pancreas that react to a rise or drop 

in blood glucose by secreting insulin or glucagon, respectively. Insulin favours 

glucose uptake and storage by tissues and antagonizes the effect of glucagon, 

whose main effect is to stimulate glucose production by the liver. Together, these 

two hormones keep glycaemia balanced in a physiologically optimal range. 

(Source: adapted from 2013 Pearson Education, Inc.) 

pyruvate

pyruvate
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After entry into these tissues, under the effect of insulin, glucose is either 

utilized for ATP production via glycolysis or transformed into glycogen, 

triglycerides, or both for storage. Insulin action in the liver, at least in the 

short-term, is controversial. It is generally accepted that insulin opposes 

glucagon action and that hepatic GNG is inhibited by insulin
[24]

. The 

underlying mechanism involves activation of a cAMP phosphodiesterase
[25]

, 

probably PDE3B by (PKB-mediated) phosphorylation
[26]

, since a similar 

mechanism applies in adipocytes
[27]

 to decrease lipolysis and therefore 

circulating free fatty acids. Besides favouring lipogenesis and glycogen 

synthesis (only in presence of glucose), in the long-term insulin also 

promotes protein synthesis in many tissues including skeletal muscle and 

liver
[28]

 and can be considered as an anabolic hormone. Following insulin 

action, the hormone-receptor complex can be internalized by endocytosis 

for proteolytic cleavage involving the insulin-degrading enzyme. It is 

estimated that an insulin molecule is degraded or cleared from the 

circulation within minutes after its initial release (4-6 min estimated half-

life)
[29]

. The primary sites for insulin clearance are liver and the kidney. 

When blood glucose levels have dropped back to normal levels, the 

pancreatic β-cells stop secreting insulin. Neighboring α-cells react to low 

glycaemia by releasing another peptide hormone, glucagon, into the 

bloodstream. High plasma concentrations of insulin inhibit the secretion of 

glucagon, thus allowing a switch from one hormone to the other according 

to the state of glycaemia. Glucagon is a single-chain 29 amino acid 

polypeptide of 3.5 kDa and its receptor is expressed mainly in liver and 

kidney
[30]

. Even in the fasted state, normal human plasma glucagon levels 

only rise to about 20 pmol/L
[22]

. Binding of glucagon to its receptor triggers 
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an intracellular signalling cascade (see section 1.3.2.) but which is quite 

distinct from the insulin pathway. Glucagon stimulates hepatic glucose 

output, firstly by glycogenolysis (conversion of stored glycogen into 

glucose) in the short-term within minutes after glucagon release and 

secondly by gluconeogenesis (de novo synthesis of glucose from various 

substrates such as amino acids and glycerol) in the long-term after several 

hours or days of starvation
[31]

. In the short-term, glucagon shuts down liver 

glycolysis and in the same time stimulates GNG, shifting glucose 

metabolism towards its production rather than utilization. The net result is 

an increase in blood glucose levels back to normal values. The fate of 

glucagon is similar to that of insulin, i.e. endocytosis of the hormone-

receptor complex followed by degradation or clearance from the circulation 

within minutes after release. It is mainly the balance between insulin and 

glucagon that maintains blood glucose levels within a narrow and 

physiologically optimal range, in the fed and absorptive states as well as 

after exercise and in fasting periods. 

  

1.3.1. Insulin signalling 

For a review on this topic, see De Meyts, 2000
[32]

. 

Binding of insulin to its plasma membrane receptor activates the intrinsic 

receptor tyrosine kinase activity. The receptor subunits cross-phosphorylate, 

providing docking sites for the adaptor protein insulin receptor substrate 1 

(IRS1), which on turn becomes phosphorylated by the insulin receptor 

tyrosine kinase. The resulting protein complex then recruits the membrane-

bound lipid phosphoinositol-3-kinase (PI3K) that produces 

phosphatidylinositol 3,4,5-triphosphate (PIP3) from phosphatidylinositol 
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4,5-bisphosphate (PIP2). Phosphoinositide-dependent protein kinase-1 

(PDK1) and protein kinase B (PKB, also called AKT) are then sequestered 

to PIP3 at the plasma membrane, where PKB becomes phosphorylated and 

activated by PDK1. PKB has many downstream targets in response to 

growth factor/cytokine signalling and participates in the regulation of key 

cellular processes
[33]

 such as growth, survival, proliferation, protein 

synthesis and, of course, metabolism. The main effect of insulin is to 

decrease blood glucose levels by promoting its uptake and utilization in 

skeletal muscle (and adipose tissue) while shutting down its production by 

the liver. Insulin increases glucose uptake by promoting GLUT4 

translocation from storage vesicles to the plasma membrane
[34]

. This 

involves phosphorylation of AS160 (AKT substrate of 160 kDa) by PKB, 

which inhibits its GTPase-activating protein (GAP) activity
[35]

. As such, 

monomeric G proteins RAB and RAC involved in vesicle trafficking, stay 

in their active, GTP-bound form. Secondly, PKB phosphorylates and 

inactivates glycogen synthase kinase 3 (GSK3)
[36]

 and as a consequence, 

glycogen synthase (GS) converts to its active (dephosphorylated) form 

which catalyzes the rate limiting step in glycogen synthesis. Simultaneously, 

glycogen breakdown by glycogen phosphorylase (GP) is prevented via 

activation of protein phosphatase-1 (PP1), maintaining GP in its 

dephosphorylated (inactive) state. In adipose tissue, insulin has an anti-

lipolytic effect via PKB-induced phosphodiesterase 3B (PDE3B) 

activation
[27]

, decreasing cyclic AMP (cAMP) levels and consequently, the 

activities of cAMP-dependent protein kinase (PKA) and its substrate 

hormone-sensitive lipase (HSL). Lastly, in liver, PKB signalling suppresses 

the expression of key gluconeogenic enzymes at the transcriptional level 
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through regulation of transcription factors and coactivators such as the 

FOXO family
[37]

 and PGC1α
[38]

, while promoting the expression of GK and 

PK-L for glycolysis. 

 

 

 

 

  
 

Scheme 3: Insulin signalling and main functions with focus on liver 

metabolism. Binding of insulin to its plasma membrane receptor triggers an 

intracellular signalling cascade involving phosphorylation of multiple proteins. The 

main effector is protein kinase B (PKB or AKT) which phosphorylates various 

downstream targets to mediate the effects of insulin such as glucose uptake and 

glycogen synthesis to restore normal blood glucose levels in the postprandial state. 
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1.3.2. Glucagon signalling 

Glucagon secretion from pancreatic α-cells (as well as stress hormones such 

as (nor)adrenaline from the adrenal glands) increases blood glucose levels 

by promoting glycogenolysis and gluconeogenesis in the liver, while turning 

off glycolysis
[31]

. The glucagon receptor is a 7-transmembrane G protein-

coupled receptor (GPCR) expressed primarily on hepatocytes. Membrane-

bound G proteins are heterotrimeric complexes composed of α, β and γ 

subunits, and the α-subunit is bound to a GDP molecule in its inactive state. 

Upon binding of glucagon, the receptor and the associated G protein 

undergo conformational changes, resulting in exchange of the GDP by GTP 

and detachment of the active α-subunit from the complex. The free α-

subunit can then activate adenylate cyclase (AC), a membrane-bound 

enzyme which converts ATP into cyclic adenosine-3’,5’-monophosphate 

(cAMP), which then activates cAMP-dependent protein kinase (PKA). PKA 

in its inactive state is a homodimeric complex consisting of two catalytic 

(C) subunits sequestered by two regulatory (R) subunits. Upon binding of 

two cAMP molecules to each R subunit, the two active PKA C subunits are 

released to phosphorylate downstream targets. In the context of glucose 

metabolism, PKA phosphorylates and activates phosphorylase kinase 

(PhK)
[39]

, which then phosphorylates glycogen phosphorylase, GPb, 

converting it to active GPa. GPa catalyzes phosphorolysis of stored 

glycogen to glucose-1-phosphate (G1P, further converted to G6P by 

phosphoglucomutase) and is the rate-limiting step of glycogenolysis. In 

parallel, PKA phosphorylates and inactivates glycogen synthase (GS)
[40]

, 

preventing the formation of new glycogen. 
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Scheme 4: Glucagon signalling and main functions in liver. 

Glucagon mainly acts on the liver, where the expression of its receptor is highest. 

Glucagon signalling activates adenylate cyclase (AC) to produce cyclic AMP 

(cAMP) which in turn activates protein kinase A (PKA). PKA is the main effector 

of cAMP signalling by phosphorylating downstream targets and mediates the 

effects of glucagon such as glycogen breakdown and gluconeogenesis to maintain 

blood glucose levels in the fasted state. 

 

 

In addition, PKA phosphorylates the liver isoform (PFKFB1) of the 

bifunctional PFK-2/FBPase-2
[14]

, inactivating PFK-2 and activating FBPase-

2, resulting in a decrease of intracellular F2,6P2, the most potent positive 

allosteric effector of the key glycolytic enzyme PFK-1. This leads thus to an 

inhibition of glycolysis and favours gluconeogenesis. Lastly, 

phosphorylation-induced inactivation of liver pyruvate kinase (PK-L)
[18]

 

imposes a dual lock on glycolysis by glucagon. The cAMP-PKA pathway 

also leads to increased expression at the transcription level of key 

gluconeogenic enzymes such as phosphoenolpyruvate carboxykinase 
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(PEPCK) and glucose-6-phosphatase (G6Pase), through phosphorylation-

induced activation of the transcription factor CREB (cAMP-responsive 

element binding protein)
[41]

. During long-term starvation, glucagon 

indirectly influences glucose production by the liver by stimulating lipolysis 

in adipocytes via PKA-induced activation of hormone-sensitive lipase 

(HSL)
[42]

, thereby increasing blood glycerol, which can be used by the liver 

as a substrate for GNG.  

 

1.4. Metabolic disorders – type 2 diabetes 

 

Diabetes mellitus type 2 or type 2 diabetes (T2D), also known as non-

insulin-dependent diabetes mellitus (NIDDM) or adult-onset diabetes, is a 

long-term metabolic disorder characterized by hyperglycemia and insulin 

resistance. T2D accounts for about 90% of all diabetes cases, the others 

cases being primarily type 1 diabetes and gestational diabetes
[43]

. Major 

complications include cardiovascular disease and hypertension, eventually 

promoting heart failure. Among the main causes are overweight and obesity, 

often linked to a sedentary lifestyle (lack of exercise), as well as poor 

nutrition including excessive food intake. Many genetic predispositions 

have been identified in T2D. More than 40 genes, most of them involved in 

pancreatic β-cell function, appear to be linked to T2D but together are 

thought to account for only around 10 % of the heritable component of the 

disease
[44]

. Incidence of T2D, in parallel with obesity, has increased 

dramatically over the last 50 years especially in developed countries. In 

2013 there were an estimated 387 million diagnosed cases worldwide with a 

typical onset at mid or old age (>40 years)
[45]

. T2D is estimated to be 
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responsible for 3-4 million deaths every year and this number is anticipated 

to double by 2030, already classifying the conditions as pandemic
[43]

. The 

socio-economic impact of T2D is enormous. In the USA alone, T2D is 

estimated to cost up to 300 billion USD per year. Therefore, prevention and 

treatment of T2D will be a primary health objective of future generations. 

Diet control combined with regular exercise is recommended for the 

individual management of T2D. The most commonly prescribed anti-

diabetic, blood glucose-lowering medication used world-wide is the 

biguanide derivative metformin, which is believed to act mainly by 

decreasing hepatic glucose production
[46]

. GNG in the liver is elevated in 

patients with T2D, probably due to higher levels of circulating glucagon 

(and stress hormones)
[47-49]

 and increased hepatic glucose production is the 

main contributor to hyperglycaemia in T2D
[50]

. 

T2D is due to insufficient insulin production and release from pancreatic β-

cells, as a consequence of chronic insulin resistance, i.e. the inability of cells 

(mainly muscle, liver and fat) to respond to the hormone. It appears that not 

all insulin-resistant individuals are diabetic, as long as there is no 

impairment of compensating increased insulin secretion
[51]

. Decreased 

sensitivity of cells to insulin is a long-term, multi-factoral and complicated 

metabolic dysregulation (for review, see Boucher et al, 2014
[52]

). The causes 

and precise molecular mechanisms of insulin resistance remain poorly 

understood. At the cellular and molecular level, some elements linked to the 

onset of insulin resistance have been proposed: 

- Inflammatory signalling seems to play an important role, as mice deficient 

for JNK1-signalling do not develop obesity/high fat diet-induced insulin 

resistance
[53,54]

. Indeed, members of the JNK (c-Jun N-terminal kinases) 
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family can phosphorylate insulin receptor substrates (IRSs), inhibiting their 

involvement in insulin signalling
[55]

. Furthermore, secretion of pro-

inflammatory cytokines such as TNFα, IL1 and IL6 are believed to reduce 

insulin signalling via NF-κB pathway signalling
[56]

. Also, Toll-like receptor 

(TLR) signalling has been linked to the establishment of insulin 

resistance
[57]

.  

- The chronic presence of insulin down-regulates the expression of GLUT4, 

as a part of a negative feed-back mechanism for normal glucose 

homeostasis, which results in decreased glucose uptake by fat and 

muscle
[58]

. This effect may be opposed or reversed by regular exercise in 

skeletal muscle
[59]

. 

- As a consequence of excessive nutrition, reactive oxygen species (ROS) 

such as superoxide (O2
.-
) accumulate in mitochondria

[60]
. This could occur 

through inhibition or saturation of superoxide dismutase (SOD), the 

antioxidant enzyme converting it to H2O2 (which in turn can be eliminated 

by catalase). In murine fat and muscle, insulin resistance was shown to be 

reversible by overexpression of SOD
[61]

 or by treatment of cells with SOD 

mimetics
[62]

 as well as inhibitors of the electron transport chain and 

mitochondrial uncoupling agents. 

- High circulating free fatty acids (FFA) due to high-fat diet and increased 

lipolysis in adipocytes can cause an accumulation of triglycerides and 

derivatives such as ceramide and diacyglycerol in other cells, e.g. skeletal 

myocytes. The resulting activation of protein kinase C (PKC) isoforms can 

lead to reduced glucose uptake
[63]

. Another link has been made with poor 

content of dietary polyunsaturated phospholipids in myocyte membranes, 

which at optimal levels increase membrane fluidity and the number of 
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insulin receptors present on the cell surface, thereby enhancing insulin 

sensitivity
[64]

. It is believed that skeletal muscle is the primary site of early 

insulin resistance
[65]

. 

As a consequence of insulin resistance, glucose uptake into fat and muscle 

cells is decreased, as well as glucose storage as triglycerides and glycogen, 

respectively. In liver cells, glycogen synthesis is reduced and insulin fails to 

suppress glucose production and secretion.  Besides effects on glucose 

metabolism, insulin resistance also affects other functions. Adipocytes take 

up less fatty acids and increase lipolysis of stored triglycerides. This further 

increases circulating free fatty acids and ultimately leads to accumulation of 

fat in the liver (NAFLD – non-alcoholic fatty liver disease).  

In the natural history of T2D, once insulin resistance is established, the 

pancreas reacts by increasing the production and release of insulin to keep 

glycaemia balanced. Eventually this compensatory effect ceases by 

exhaustion of the pancreas, blood glucose levels rise and T2D 

establishes
[66]

. First, postprandial hyperglycemia develops because the body 

fails to react to high blood glucose after a meal and in a second phase, even 

fasting glucose levels become elevated, probably at least in part due to 

elevated glucagon levels whose secretion and action are normally 

antagonized by insulin. Not surprisingly, nowadays treatments against late-

stage T2D successfully include injections of high doses of insulin, best in 

combination with metformin which has insulin-sensitizing effects
[67]

. Of 

note, insulin resistance has been proposed as a protective mechanism of the 

body against lipo- and glucotoxicity due to fuel overload, protecting organs 

such as the heart against protein glycation/acetylation and oxidative damage 

by ROS production
[68]

. 
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2. AMPK, a master regulator of metabolism 

 

2.1. Generalities 

A common feature of eukaryotes is the presence of mitochondria, which are 

the main source of ATP production via oxidative phosphorylation. The 

cellular ATP pool needs to be monitored and metabolism to be adapted 

accordingly to guarantee energy homeostasis – the main role of the AMP-

activated protein kinase (AMPK). Virtually all eukaryotes express 

homologues of AMPK that are essential for cell survival under nutrient 

starvation
[69]

. Since ATP is the universal energy currency and upon its 

utilization, is converted into ADP, one obvious way to monitor cellular 

energy status would be to sense changes in ADP, which is the case of 

AMPK. However, the adenylate kinase (AK) equilibrium reaction (2ADP 

↔ AMP + ATP) converts ADP into AMP plus ATP and causes a substantial 

increase in AMP when ATP is consumed
[70]

. As such, when energy demand 

increases, cellular ATP concentrations rarely drop by more than 10 %, but 

this is sufficient to cause AMP levels to increase by at least 10-fold, thus 

amplifying the sensitivity of the system when sensing AMP rather than ATP 

(or ADP). Though, free AMP concentrations in basal conditions (<10 µM) 

are more than 10-fold lower than ADP and 100-fold lower than ATP 

concentrations (in the millimolar range)
[71]

, although only “free” i.e. non-

Mg
2+

-bound ATP might compete with AMP for regulation of AMPK. The 

sensor therefore needs to have a much greater affinity for AMP than for the 

other nucleotides, which again is the case of AMPK and a 6-fold increase 

AMP was shown to be sufficient to almost maximally activate the kinase
[72]

. 

Once activated, AMPK switches on catabolic (energy-producing) pathways 
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while simultaneously switching off anabolic (energy-consuming) pathways 

to restore energy balance. In the long term, AMPK also stimulates the 

formation of new functional mitochondria in order to increase the cellular 

energy capacity
[73]

. 

2.1.1. History 

Twenty years before its purification and sequencing in 1994, a protein 

kinase was characterized in liver capable of phosphorylating and 

inactivating the two rate-limiting enzymes of lipogenesis and cholesterol 

synthesis, acetyl-CoA carboxylase (ACC) and HMG-CoA reductase 

(HMGR), respectively
[74]

. Soon it became clear that this protein kinase was 

stimulated by nucleotides and most potently by AMP and was therefore 

named AMP-activated kinase
[75]

. In the late 1960’s, Daniel Atkinson had 

proposed the “adenylate energy charge” hypothesis for allosteric enzyme 

regulation by the [ATP]/[ADP][AMP] ratio to couple anabolic and catabolic 

metabolic pathways
[76]

. It became clear that AMPK was a central player in 

this type of metabolic control. 

2.1.2. Genetics 

AMPK is a highly conserved Ser/Thr protein kinase with homologs present 

in virtually all eukaryotes down to unicellular organisms such as yeast 

SNF1. Phylogenetically, the AMPK catalytic subunit belongs to the CAMK 

(Ca
2+

/calmodulin-dependent protein kinase) branch of the human kinome. 

There are 12 so-called AMPK-related kinases (NUAK1-2, MARK1-4, 

SIK1-3, BRSK1-2, MELK) within the same family that share common 

features such as activation by the upstream kinase LKB1 (except for 

MELK)
[77]

. 
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Scheme 5: Possible association of 12 AMPK heterotrimeric complexes. 

The three subunits of AMPK associate as heterotrimers to form functional kinase 

complexes. The catalytic α-subunit and the scaffolding β-subunit are coded each by 

two distinct genes and the regulatory γ-subunit by three genes. Permutational 

substitution allows thus formation of 12 different heterotrimeric complexes, even 

though some of them appear to be rarely expressed. 

 

 

In mammals, AMPK is a heterotrimer composed of a catalytic α, a 

scaffolding beta β and a regulatory γ subunit. Each subunit exists in multiple 

isoforms that are coded by 7 different genes: PRKA1/2, PRKAB1/2, 

PRKAG1/2/3. Thus in theory, 12 different AMPKαβγ complexes can be 

generated (Scheme 5). In addition, alternative initiation codons and splice 

variants have been identified for certain subunits (α1, γ2, γ3) resulting in 

minor forms that differ in length. Also, single nucleotide polymorphisms 

(SNPs) resulting in residue changes occur in all isoforms, some of which 

can affect AMPK activity and have been linked to metabolic disorders
[74]

. 

Together, they increase the potential complexity of AMPK heterogeneity. 
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2.1.3. Expression 

In rats and mice, the α1 mRNA is equally expressed in liver, kidney, lung, 

heart, brain and skeletal muscle whereas α2 mRNA is found mostly in heart 

and skeletal muscle, followed by liver and kidney (Table 1). The expression 

profile of β1 seems to be comparable to that of α1, whereas β2 expression is 

highest in heart and skeletal muscle. Among the gamma subunits, γ1 has the 

most ubiquitous expression and γ2 is also broadly expressed but highest in 

heart. Expression of γ3 is the most restricted and seems to be confined to 

skeletal muscle
[74]

. Most of the mRNA expression data can be confirmed by 

measuring AMPK activity following selective immunoprecipitation from 

tissues, since subunit-specific antibodies are now available. However, these 

activity measurements mainly reflect the (basal) T172 phosphorylation state 

of the kinase. Therefore, a complete expression profile at the protein level, 

especially for human tissues, remains to be established. Our laboratory is 

currently developing a semi-quantitative MS-based method to address this 

issue. Interestingly, recent genome-wide analysis of various human tumor 

biopsies revealed that the PRKAA1 gene (coding AMPKα1) is frequently 

amplified whereas PRKAA2 (coding AMPKα2) often presents inactivating 

mutations
[78]

. It is thus tempting to hypothesize that AMPKα1 would have 

tumor-promoting functions whereas AMPKα2 would be tumor- suppressive. 

However, the role of AMPK in cancer appears to be much dependent on 

context (tissue, type, stage, size of the tumor) and might even vary among 

cells belonging to the same tumor due to cellular and metabolic 

heterogeneity. 
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Table 1: Expression profile of AMPK subunits in rodent tissues (A) and 

AMPKα catalytic subunit expression in key metabolic tissues (B). The different 

AMPK subunits follow distinct tissue expression profiles and specific 

heterotrimers are predominant in certain tissues. The catalytic α-subunit in 

particular is preferentially expressed e.g. isoform 1 in adipose tissue or isoform 2 in 

heart. 

 

 

2.1.4. Localization 

In basal conditions, AMPK is mainly cytosolic showing a particulate 

extranuclear distribution
[79]

. However, AMPKα2 has been shown to partially 

delocalize to the nucleus in skeletal muscle under contraction
[80]

, where it 

might alter gene expression by phosphorylating translation factors and 

coactivators. Further investigation is needed to clarify the detailed 

subcellular localization of different AMPK trimers in tissues under different 

physiological conditions. Even though the different subunit isoforms display 

some tissue-specific expression, their subcellular localization might be a 

major factor determining their function. 
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2.1.5. Structure (see Scheme 6) 

AMPKα in its N-terminal half contains the catalytic kinase domain (KD) 

regulated by the so-called activation loop via the critical phosphorylation 

site Thr172. This is followed by an auto-inhibitory domain (AID) that limits 

maximal kinase activity by preventing allosteric activation by AMP. The C-

terminal part of AMPKα contains a β-subunit-interacting domain (CTD or 

βSID) essential for complex formation. Between the AID and the SID is a 

mostly unstructured region called the α-linker, which contains two motifs 

that interact with the regulatory γ-subunit (RIM1/2). The AMPKβ subunit 

contains a central carbohydrate binding module (CBM) that allows AMPK 

binding to glycogen and a C-terminal subunit binding domain (CTD or 

αγSBD) providing a scaffold for trimer formation by binding to AMPKα/γ. 

AMPKγ subunits differ in length by N-terminal extensions (NTE) of 

unknown function. The most important structural feature of AMPKγ is the 

four tandem repeats termed cystathionine β-synthase (CBS) motifs that form 

surface pockets and are responsible for adenine nucleotide binding. It 

appears that of these four binding sites, CBS2 always remains unoccupied 

whereas CBS4 contains a permanently bound AMP molecule. CBS domains 

1 and 3 reversibly bind ATP, ADP and AMP in a competitive manner, but 

probably with higher affinity for AMP as suggested by the use of nucleotide 

analogs
[71]

. Conserved Asp residues in the binding pockets are essential for 

adenine nucleotide binding to hydroxyl groups of the ribose moiety while 

the phosphate groups are coordinated by positively charged basic residues. 

Certain mutations located close to the nucleotide binding sites in the 

AMPKγ subunits cause constitutive activation of the kinase, resulting in 

glycogen storage disease, probably due to excessive glucose uptake
[74]

.  
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Scheme 6: Main features of AMPK subunit domain structures (A) and 3D 

crystal structure of the AMPKα1β2γ1 complex (B). Abbreviations: KD = kinase 

domain; AID = autoinhibitory domain; RIM = regulatory subunit interacting motif; 

SID = subunit interacting domain; CBM = carbohydrate binding module; SBD = 

subunit binding domain; CBS = cysthionine beta synthase-like repeats; NTE = 

amino-terminal extension. Source: Adapted from Ross et al, 2016
[81]

. 
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2.2. Regulation 

2.2.1. Autoinhibition 

AMPK has an absolute requirement for phosphorylation of AMPK α1 T172 

or AMPK α2 T174 (rat sequences) located in the activation loop for full 

activation
[82]

. Indeed, phosphorylation of this residue prevents the 

autoinhibitory domain from blocking access to the catalytic site, which 

maintains AMPK in its inactive form in absence of activating stimuli
[83]

. 

Further autoregulatory mechanisms seem to imply the binding of portions 

from the AMPKβ and AMPKγ subunits to the catalytic domain but are less 

well established. 

2.2.2. Nucleotide binding  

Adenine nucleotides compete for two of the four binding sites on the 

AMPKγ subunit
[71]

. Upon energy depletion, intracellular ATP levels drop 

and are accompanied by a rise in ADP and AMP. Since AMP displays the 

greatest affinity and in the same time the biggest relative increase, it is the 

main positive effector. AMPK activation via a rise in AMP binding to the 

AMPKγ subunit occurs via three mechanisms: firstly, protection against 

T172 dephosphorylation by protein phosphatases (also to some extent by 

ADP binding to AMPKγ); secondly by promoting T172 phosphorylation by 

upstream kinases; thirdly by allosteric stimulation of AMPK activity. All 

these effects are antagonized by free ATP and therefore, AMPK activation 

is actually sensitive to increases in the AMP:ATP (and ADP:ATP) ratio. Of 

note, AMPK heterotrimers containing different AMPKγ subunits were 

shown to react with different sensitivities to a rise in cellular AMP
[84]

. 
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2.2.3. Myristoylation 

After removal of the initiator Met residue, the N-terminal Gly of the 

AMPKβ subunit can be myristoylated
[85]

. In general, this post-translational 

modification provides an anchor for protein binding to cellular membranes 

but it can also participate in the regulation of enzyme activity. 

Myristoylation of AMPKβ seems to participate in autoregulation but also to 

affect its subcellular localization
[79]

. Recent evidence suggests that AMPKβ 

myristoylation is required for AMPKα activation upon metabolic 

stress
[86,87]

. 

 

2.2.4. Glycogen binding 

AMPKβ has been shown to interact in vitro with glycogen (and other long 

oligosaccharides containing 1-6 linkages) via its CBM
[88]

, inhibiting AMPK 

activity and activation by upstream kinases
[89]

. In intact cells, AMPK can 

colocalize with glycogen
[88]

. However, in which tissues and under what 

physiological conditions AMPK associates with glycogen remains to be 

determined. In hepatocytes, AMPK was shown to localize around glycogen 

α-particles
[90]

. In skeletal muscle, binding to glycogen seems to be inhibitory 

both for AMPK activation by exercise and AICAR
[91]

. Therefore, AMPK 

could act as a glycogen sensor and it seems logical that AMPK would be 

inhibited when fuel reserves are filled and activated when glycogen is 

depleted such as in exercising muscle or fasting liver.  

 



35 
 

2.2.5. Substrate recognition 

As discussed above, the tissue and subcellular localization of both AMPK 

and its targets could be a critical determinant of AMPK function. Also, it is 

possible that certain subunit isoforms (not only AMPKα but also AMPKβ 

and AMPKγ) preferentially interact with certain substrates. AMPK subunits 

could differ in their affinity for certain substrates and the heterotrimer 

subunit composition could thus dictate the function. So far, there is no 

physiological evidence for preferential target phosphorylation by specific 

heterotrimers. However, AMPKα1- or AMPKα2-containing heterotrimers 

displayed differences in kinetic properties towards peptide substrates in 

vitro
[92]

. In addition, mice deficient for either AMPKα1 or AMPKα2 in 

tissues that normally express both isoforms, showed that certain AMPK 

functions seem to be mediated mainly by AMPKα2, such as AICAR-

stimulated glucose uptake in skeletal muscle
[93] 

(together with AMPKβ2 and 

AMPKγ3) or control of hepatic glucose production
[94]

. 

A consensus motif has been established for AMPK targets
[95]

, by using 

sequence alignments of validated substrates, site-directed mutagenesis of 

protein substrates and peptide substrate screening. The general consensus 

motif is as follows: ΦxβxxS/TxxxΦ, where Φ is a hydrophobic residue, 

preferentially Leu in the -5 (or -4) position, and β is a basic residue, 

preferentially Arg in the -3 (or -4) position (Scheme 7). Interestingly, a 

commercially available monoclonal antibody mixture has been raised 

against a part of this consensus (LxRxxS) and has been used to identify new 

AMPK substrates in hepatocytes
[96]

. However, it is obvious that this 

sequence motif can only be used for prediction and the sequence must be 

structurally accessible within the target protein. Also, the fact that several 
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AMPK substrates poorly match the consensus suggests a certain degree of 

flexibility or that there are other determinants for AMPK substrate 

recognition. Two minimal substrate peptides commonly used as tools for 

measuring AMPK activity in vitro are the “SAMS” peptide 

(HMRSAMSGLHLVK) based on the sequence surrounding Ser79 in the rat 

sequence of ACC1, the best physiological AMPK substrate, and the 

optimized “AMARA” peptide (AMARAASAAALARRR). 

 

 

 

 

 

Scheme 7: AMPK consensus target motif. The sequences surrounding AMPK 

phosphorylation sites (7 residues on either side) from 64 validated human targets 

were used to establish a residue preference chart for AMPK substrates. Amino acid 

color scheme: green = hydrophobic; red = basic; yellow = acidic; blue = Ser/Thr, 

(Source: Hardie et al, 2016
[97]

). 
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2.2.6. Phosphorylation 

As mentioned above, maximal AMPK activity strictly depends on AMPKα 

T172 phosphorylation (Scheme 8). Three upstream kinases have been 

identified: liver kinase B1 (LKB1), Ca
2+

/calmodulin-dependent kinase 

kinase-β (CaMKKβ, now known as CaMKK2) and TGFβ-activated kinase 1 

(TAK1). The constitutively active LKB1-STRAD-MO25 complex is 

ubiquitously expressed and is the major AMPK-activating kinase in most 

cell types and in response to most stimuli
[98]

. However, the second kinase, 

CaMKKβ, was shown to activate AMPK when LKB1-deficient cells were 

treated with Ca
2+

-ionophores such as A23187, without affecting the 

AMP:ATP ratio
[99]

. This could be physiologically relevant in situations 

where Ca
2+

 is elevated and where CaMKKβ is expressed, such as in 

contracting smooth muscle, neurons during signal transmission or pancreatic 

β-cells upon stimulation by glucose. There could be subunit preference for 

activation by upstream kinases, as indicated by reduced AMPKα2 but not 

AMPKα1 phosphorylation in contracting skeletal muscle
[100]

 or ischaemic 

heart
[101]

 from LKB1-deficient mice. Using genetic deletion models, a third 

kinase, TAK1 was shown to participate in AMPK activation
[102]

. However, 

whether TAK1 is a physiologically relevant upstream kinase for AMPK is 

questionable. 

In addition to the AMPKα T172activation site, the AMPKα and AMPKβ 

subunits contain other (auto)phosphorylation sites, many of which are of 

unknown function. Importantly, AMPKα1 S485 phosphorylation 

antagonizes pT172-mediated AMPK activation. Indeed, this site is 

phosphorylated by PKB
[103]

, PKCs
[104]

, PKD
[105]

 and PKA
[106]

, providing 

crosstalks from other signalling pathways.  
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Scheme 8: AMPK activation by upstream kinases and nucleotides. 

AMPK is mainly activated by the upstream kinase complex LKB1-STRAD-MO25, 

through phosphorylation of Thr172 located on the activation loop of the α-subunit. 

This is favoured by binding of AMP to the γ-subunit, which also protects against 

dephosphorylation by protein phosphatases and also activates AMPK allosterically. 

These effects are antagonized by high concentrations of ATP. 

 

 

2.3. Physiological functions and substrates 

 

Only some of the roles of AMPK are summarized in this section and have 

been reviewed in more detail elsewhere
[74,81,97,107]

. An overview of AMPK 

substrates implicated in metabolism is given in Scheme 9 and a more 

integrative picture of the role of AMPK in the control of whole-body 

metabolism is shown in Scheme 10. 
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2.3.1. Carbohydrate metabolism 

- Glucose uptake: A rate-limiting step for glucose uptake in response to 

AMPK activation by skeletal muscle contraction is the translocation of 

the glucose transporter GLUT4 from cytosolic storage vesicles to the 

plasma membrane. During exercise, AMPK phosphorylates key residues 

of AS160/TBC1D4 (S588) and TBC1D1 (S237), causing inactivation of 

these GTPase-activating proteins
[108,109]

. As a consequence, RAB proteins 

involved in exocytosis switch to their active GTP-bound states. Another 

target of AMPK in the GLUT4 translocation machinery is the lipid 

kinase PIKfyve (FYVE domain-containing phosphatidylinositol kinase) 

producing PIP2
[110]

. The mechanism by which AMPK activation 

stimulates muscle glucose transport is independent of the proximal part 

of insulin signalling and therefore a potential therapeutic target for 

bypassing insulin resistance to treat T2D-linked hyperglycaemia
[111]

. In 

addition, exercise-induced AMPK activation might increase insulin-

sensitivity by directly phosphorylating insulin-receptor substrate 1 (IRS) 

at S789
[112]

 and indirectly by decreasing S6K-mediated inhibitory IRS1 

phosphorylation at S307 via reduced mTOR signalling
[113]

. However, at 

least in heart, affecting this negative feedback loop of insulin signalling 

alone is not sufficient for a change in glucose uptake
[114]

. Finally, AMPK 

activation by exercise or AICAR treatment was shown to increase the 

transcription of hexokinase and GLUT4
[115]

, probably through direct 

activation of the transcriptional coactivator PGC1α
[116]

. 

- Glycogen metabolism: AMPK inhibits glycogen synthesis by 

phosphorylating glycogen synthase (GS) at S7, an inhibitory site
[117]

. 

However, this effect can be overcome by increased glucose uptake and 
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subsequent allosteric stimulation of GS by increased G6P
[118]

. Therefore, 

chronic AMPK activation in muscle results in glycogen accumulation. 

AMPK activation by AICAR could increase glycogenolysis but via 

allosteric stimulation of glycogen phosphorylase (GP) by ZMP
[119]

.  

- Glycolysis: AMPK can increase the glycolytic flux by phosphorylation-

induced activation of heart PFKFB2 at S466
[120]

 and of the ubiquitous 

inducible PFKFB3 at S461
[121]

 (at least in leukocytes), thereby increasing 

F2,6P2 production, to stimulate PFK1 and glycolysis. 

- Hepatic glucose production: Mice deficient for AMPKα2
[94]

 or LKB1
[122]

 

have hyperglycaemia and increased hepatic glucose output, due to higher 

expression of the GNG enzymes PEPCK and G6Pase. The underlying 

mechanisms involve AMPK-mediated phosphorylation and inhibition of 

the transcription factor HNF4α (hepatic nuclear factor-4α)
[123]

 and 

CRTC2 (CREB-regulated transcription coactivator-2)
[124]

 downstream of 

glucagon/cAMP signalling. Even though AICAR and metformin both 

activate AMPK and lead to decreased hepatic GNG, long-term effects of 

these treatments seem to be independent of AMPK as indicated by 

genetic deletion
[125]

. However, our results demonstrate short-term 

antagonism of hepatic glucagon signalling specifically by AMPK 

activation
[126]

. Whether AMPK really inhibits GNG in liver in the short-

term and the underlying mechanism(s), particularly in the short term, 

remains to be determined (see Discussion section). 

- Glucose sensing: In specialized neurons of the hypothalamus, AMPK is 

activated in response to low fasting glucose and regulates the expression 

of neuropeptides (Agouti-related peptide, neuropeptide Y, 

proopiomelanocortin) to increase hepatic glucose production and appetite 
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while decreasing peripheral energy expenditure such as by 

thermogenesis
[74]

. 

 

2.3.2. Lipid metabolism 

- Fatty acid uptake: AMPK-activating conditions such as muscle contraction 

or AICAR treatment increase fatty acid uptake in heart and skeletal 

muscle. However, it is not clear whether and how AMPK is implicated in 

these effects
[74]

, even though AMPK might increase the 

expression/translocation of the plasma membrane fatty acid transporter 

FAT/CD36
[127]

. 

- Fatty acid fate: Cytosolic ACC1 and mitochondrial ACC2 catalyze the 

formation of malonyl-CoA, a precursor for fatty acid synthesis and 

inhibitor of fatty acid mitochondrial transport (via CPT1) for β-oxidation. 

AMPK phosphorylates ACC1 at S79 and ACC2 at S221 causing 

inactivation
[128]

, thereby increasing the oxidation vs. synthesis of cytosolic 

fatty acids
[129]

. Interestingly, using double knock-in mice, ACC 

phosphorylation at these sites by AMPK was shown to be required for the 

insulin-sensitizing (lipid-lowering) effects of metformin
[130]

. In addition, 

AMPK was shown to decrease glucose-stimulated fatty acid synthase 

(FAS) expression via the transcription factor SREBP1c (sterol regulatory 

element binding protein 1c)
[131]

. 

- Triglyceride (TG) turnover: The tissue TG content is a result of the 

balance between lipogenesis plus fatty acid esterification and lipolysis 

(triglyceride hydrolysis). Interestingly, deregulation of this system in 

obesity results in futile cycling and the formation of reactive lipid 

intermediates that may participate in insulin resistance
[132]

. AMPK was 
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reported to inactivate liver mitochondrial glycerol-3-phosphate acyl-

transferase (GPAT), a key lipogenic enzyme, through an unknown 

mechanism
[133]

. On the other hand, in white adipose tissue, AMPK has an 

anti-lipolytic effect by phosphorylating hormone-sensitive lipase (S565), 

thereby preventing its recruitment to lipid droplets
[134]

. The role of AMPK 

would thus be to slow down TG turnover but further investigation is 

needed to explain the underlying mechanisms. 

- Sterol synthesis: AMPK inhibits the production of sterols such as 

cholesterol by directly phosphorylating and inhibiting the rate-limiting 

enzyme HMGR
[135]

. 

 

2.3.3. Protein synthesis 

Protein synthesis is estimated to account for the consumption of up to half 

of total ATP in growing cells
[136]

. It is therefore not surprising that upon 

energy stress, this process is rapidly inhibited to preserve ATP. AMPK 

activation inhibits translation both at initiation and elongation. On the one 

hand, AMPK inhibits mTOR signalling by phosphorylating (S1387) and 

activating TSC2
[137]

, a negative regulator of mTORC1, and by 

phosphorylating (S722/792) Raptor
[138]

, an essential component of this 

complex. In turn, mTORC1 positively regulates the activity of several 

translation factors, directly and via S6K (see Scheme 11 in the Results 

section). On the other hand, AMPK inhibits peptide chain elongation by 

phosphorylation-induced activation of elongation factor 2 kinase (eEF2K), 

which in turn phosphorylates and inhibits eEF2
[139]

. AMPK also activates 

eEF2K by inhibition of mTORC1, which negatively regulates eEF2K by 

multiple inputs
[140]

. The regulation of eEF2K by AMPK was one of two 
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main objectives studied during my PhD thesis and is presented in more 

detail in the Results section. 

 

2.3.4. Other roles 

Among the additional roles of AMPK in cellular function, mitochondrial 

biogenesis and mitochondrial respiratory chain genes are upregulated by 

chronic AMPK activation and exercise, an effect which involves activation 

of PGC1α among others, resulting in increased energy potential (total ATP 

content)
[74]

. Interestingly, impaired mitochondrial function in lipid 

processing has been linked to the onset of insulin resistance
[141]

. In 

pancreatic β-cells, AMPK activation seems to inhibit insulin 

synthesis/storage/secretion but these effects are controversial
[142]

. AMPK 

also participates in the regulation of cell polarity via reorganization of the 

cytoskeleton
[143]

. In certain cells, AMPK activation has anti-proliferative 

effects by causing a cell cycle arrest via phosphorylation at S15 and 

stabilization of the tumor suppressor p53 and subsequently of the cyclin 

dependent kinase inhibitors p21 and p27, with potential for anti-cancer 

treatments
[144]

. Also, the regulation of cell growth can be affected through 

AMPK-mediated inhibition of mTOR signalling. Lastly, the balance 

between autophagy and apoptosis can be modulated by AMPK via 

activation of the autophagy inducer ULK1
[145]

, either by direct 

phosphorylation or by reduced mTORC1 signalling which inhibits 

autophagy. 
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Scheme 9: AMPK signalling, substrates and functions in energy metabolism. 

AMPK is activated in physiological conditions of energy stress and tends to 

restore the energy balance by phosphorylation of multiple downstream 

targets to inhibit ATP-consuming processes such as protein synthesis while 

simultaneously stimulating ATP-generating processes such as fatty acid 

oxidation. 
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Scheme 10: Roles of AMPK in whole-body energy homeostasis. 

AMPK is a central player of energy metabolism with various effects in key 

metabolic tissues. As such, in heart and skeletal muscle, AMPK favours the uptake 

and oxidation of fatty acids and glucose from the bloodstream. AMPK also 

decreases glucose production by the liver. 

 

 

2.4. Targeting AMPK 

 

2.4.1. Pharmacological approaches 

The chemical structures of different types of AMPK activators are shown in 

Scheme 11. The different types of AMPK activators have been recently 

reviewed elsewhere
[146-148]

. 

 

 



46 
 

a) Indirect activators 

- Inhibitors of glycolysis: 

An easy yet very unspecific way to activate AMPK is to block glycolytic 

ATP production, resulting in a rise in AMP levels. This can be achieved 

by using high concentrations of non-metabolizable glucose analogs such 

as 2-deoxyglucose (2DOG) or 3-O-methyl glucose (3OMG) that cannot 

be metabolized by PGI or HK, respectively. Interestingly, these 

compounds have antiproliferative effects on several highly glycolytic 

cancer cell lines. 

- Respiratory chain inhibitors:  

Another indirect way of AMPK activation by increasing AMP levels is to 

interfere with mitochondrial ATP production, through inhibition of the 

respiratory electron transport chain or the ATP synthase. A commonly 

used, rather radical compound is oligomycin, which directly inhibits 

oxidative phosphorylation of ADP to ATP by inhibiting the proton 

channel (Fo subunit) of the ATP synthase complex, rapidly causing 

severe ATP depletion. The most widely used anti-diabetic drug 

metformin and its more potent yet toxic derivative phenformin also 

activate AMPK. Although metformin has been reported to directly bind 

to AMPK
[149]

, it is generally accepted that the drug activates AMPK by 

inhibiting respiratory chain complex I, thereby increasing the AMP:ATP 

ratio
[150]

. Metformin has anti-hyperglycaemic effects mainly by inhibiting 

glucose production in the liver
[46]

 and by increasing peripheral insulin 

sensitivity
[151]

, effects that are at least partially mediated by AMPK (see 

Discussion section). Other polyphenolic compounds known to activate 
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AMPK by similar mechanisms are resveratrol from red wine and 

berberine from Chinese medicine. 

 

b) Direct activators  

- AMP mimetics: 

For many years, the most commonly used AMPK activator was 5-

aminoimidazole-4-carboxamide ribonucleoside (AICAR), which is 

converted to the AMP analog ZMP nucleotide inside cells by adenosine 

kinase. ZMP binds to the AMPKγ subunit to activate the kinase similarly 

to AMP. The major drawback of AICAR are off-target effects due to 

binding to other enzymes allosterically regulated by AMP such as GP, 

PFK1 or FBPase-1, combined to high concentrations (in the millimolar 

range) required for maximal AMPK activation. However, AICAR still 

remains a valuable tool for studying AMPK function as long as the 

specificity of the effects is validated in genetic deletion models. 

Interestingly, the hypoglycaemic effect of AICAR was markedly reduced 

in α1
-/-

α2
liver-/-

 mice, underlining the role for AMPK in suppressing 

hepatic glucose production
[152]

. This supports the notion that the liver 

rather than skeletal muscle determines glycaemia during starvation and 

the development of hepatic AMPK activators to combat T2D-linked 

hyperglycaemia. Another AMP-mimetic compound for AMPK activation 

is isoxazole “C2”, which can be delivered to cells as a prodrug such as 

“C13” and which activates AMPK by binding to the gamma subunit in a 

region located between the AMP-binding sites. The compound appears to 

have fewer off-target effects than ZMP on AMP-regulated enzymes. 

Interestingly, C2 seems to selectively activate complexes containing 
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AMPKα1 and AMPKγ1/2 but not AMPKα2/γ3 and therefore rises hope 

for isoform-specific AMPK activators to use in vivo
[153]

. 

- Small molecule activators: 

The first direct non-nucleotide AMPK activator, A-769662, was 

discovered by Abbott Laboratories in 2006. Interestingly, the compound 

only activates β1-containing heterotrimers in vitro but with a rather poor 

potency (EC50 ~0.8 µM), which can be increased several-fold though, by 

using a chlorated form of the compound (Cl-A769662). Also, some off-

target effects have been observed at high concentrations. Like metformin, 

A-769662 decreased hepatic glucose production independently of AMPK 

in isolated hepatocytes deficient for both α1/α2
[125]

. A variety of synthetic 

mid-polar compounds have since been found to activate AMPK in vitro 

and in intact cells. These bind to the recently proposed allosteric drug and 

metabolite (ADAM) binding site on AMPK, a pocket which is found 

between the α-subunit kinase domain and the β-subunit CBM
[154]

 

(Scheme 6). For several of these activators, including A-769662, 

efficient binding requires autophosphorylation of AMPKβ1 Ser108 

located nearby. The most promising class of new molecules are 

benzimidazole derivatives such 991 (also called ex229), which was first 

described in 2013
[154]

. In vitro, compound 991 activates both AMPKβ1/2 

containing complexes but with a preference for AMPKβ1 and displayed a 

potency (EC50 ~3 nM; >100-fold compared with A-769662). The 

activation mechanism seems to involve both protection against AMPKα 

T172 dephosphorylation and allosteric stimulation. Our laboratory has 

taken advantage of this novel AMPK activator to demonstrate that it 

increased glucose uptake in skeletal muscle
[155]

 and antagonized 



49 
 

glucagon/cAMP signalling in hepatocytes
[126]

 (see Results section) 

through AMPK activation. Interestingly, salicylate from which aspirine is 

derived (acetylsalicylate), also binds the ADAM pocket to activate 

AMPK. 

 

 

 

 

Scheme 11: Classes and chemical structure of pharmacological AMPK 

activators. AMPK is activated by various chemical compounds that are not 

structurally related. On the one hand, activation can be achieved indirectly, via 

inhibition of glycolysis or mitochondrial respiration, both increasing the AMP:ATP 

ratio. On the other hand, activation can be direct by binding to the γ-subunit (AMP 

mimetics) or to a pocket (“ADAM”) located between the α- and β-subunits. 
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In conclusion, over the last years there has been enormous progress in the 

discovery of new direct and therefore more specific AMPK activators. 

Improvements would include the development of isoform-specific activators 

for selective targeting of AMPK function in certain tissues, in order to 

eliminate unwanted side-effects encountered by whole-body AMPK 

activation. Also, one should be cautious regarding the long-term use of these 

activators, since chronic AMPK activation in certain tissues can have 

adverse effects. 

 

 

2.4.2. Genetic approaches 

 

Biomolecular tools 

In intact cells, AMPK can be targeted using easily available standard 

biomolecular tools such as siRNA or shRNA to modulate the expression of 

the different subunits. In addition, AMPK mutant forms with useful 

properties have been identified
[156]

 and are widely used tools for assessing 

the roles of AMPK in cells and whole organisms. An early reagent is the 

constitutively active truncated catalytic subunit AMPKα1
1-312,T172D

, which 

lacks the auto-inhibitory domain and is protected against dephosphorylation 

by protein phosphatases via the phospho-mimicking mutation into aspartate 

of the activation loop residue T172. This mutant no longer assembles with 

AMPKβ and AMPKγ but conserves its kinase activity and ability to 

phosphorylate (at least certain) AMPK targets. Another tool is the kinase-

inactive mutant AMPKα1
D157A

, which has impaired ATP binding but still 
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forms heterotrimeric complexes. When highly expressed, this mutant is able 

to act as a dominant-negative, probably by competing with the endogenous 

catalytic subunits for AMPKαβγ heterotrimer formation or by competition 

for substrate binding. Both mutant AMPK forms have been expressed in 

cells using conventional transfection methods and in vivo using adenoviral 

injection (for example in the tail vein to mainly target the liver). 

 

Mouse models 

Most studies on AMPK function have been based on cell incubations with 

pharmacological activators. However, since no reliable isoform-specific 

activators exist so far, it has not been possible to assign specific functions to 

the different isoforms or heterotrimeric complexes. Transgenic and knock-

out mouse models (summarized in Table 2) have thus been generated to 

address this question.  In particular, the creation of AMPKα1
-/-

 and 

AMPKα2
-/-

 mice has given important insight to understand the roles of 

AMPK in energy metabolism. Interestingly, these mice display differences 

in their metabolic phenotype and response to pharmacological AMPK 

activation with AICAR. Whole-body deletion of AMPKα1 has no detectable 

metabolic phenotype whereas whole-body AMPKα2 deletion results in a 

T2D-like phenotype presenting mild insulin-resistance and hyperglycaemia 

during starvation together with impaired insulin secretion. However, this 

appeared to be due mainly to changes in hypothalamic control of the 

autonomous nervous system, particularly catecholamine release, rather than 

the function of key metabolic tissues such as liver, skeletal muscle and 

pancreas. In normal rodent liver, the catalytic subunits AMPKα1 and 

AMPKα2 are expressed equally. Whole-body double knockout of the two 
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AMPK catalytic subunits is embryonic lethal, as is the whole-body 

knockout of LKB1. However, crossing AMPKα1
-/- 

mice with liver-specific 

AMPKα2
LS-/-

 allowed the creation of mice devoid of any AMPK activity in 

liver. These mice are a precious tool for the study of liver metabolism and 

hepatocytes from these animals were used in the present work
[126]

 (see 

Results section). Liver-specific deletion of AMPK resulted in increased 

plasma triglycerides and mild hyperglycaemia during starvation due to 

higher hepatic glucose production. Interestingly, mice lacking LKB1 in liver 

display more severe hyperglycaemia that cannot be corrected by treatment 

with AICAR or metformin. Indeed, members of the AMPK-related salt-

inducible kinase (SIK) family have also been implicated in the control of 

hepatic glucose metabolism and could thus be responsible for this effect. 

Another approach was the transgenic expression of dominant-negative 

AMPKα in selected tissues. Recently, mice deleted for the AMPKβ subunits 

have been generated and revealed that AMPKβ1/2 cannot compensate for 

each other. This is in agreement with our findings in hepatocytes from 

AMPKβ1
-/-

 mice
[126]

 (see Results section). However, the disadvantage of all 

these models is the danger of adaptation/compensation due to lack of 

AMPK during development. It is therefore imperative to generate inducible 

knock-out models in addition to tissue-specific deletion of AMPK isoforms.  
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Knockout  Tissue specificity Remarks References 

AMPKα1
-/-

 full body  Jorgensen, 2004
[93]

 

AMPKα2
-/-

 full body  Viollet 2003
[157]

 

AMPKβ1
-/-

 full body  Dzamko, 2010
[158]

 

AMPKβ2
-/-

 full body  Steinberg, 2010
[159]

 

AMPKβ1
mck-/-

 

AMPKβ2
mck-/-

 

heart & skel. muscle β1/2
lox/lox

 + mck-Cre O’Neill, 2011
[160]

 

AMPKγ3
-/-

 full body  Barnes, 2004
[161]

 

AMPKα2
alb-/-

 liver α2
lox/lox

 + alb-Cre Andreelli, 2006
[94]

 

AMPKα1
-/-

 

AMPKα2
alb-/-

 

full body/liver α2
lox/lox

 + alb-Cre Guigas, 2006
[162]

 

AMPKα2
agrp-/-

 hypothalamus α2
lox/lox

 + agrp-Cre Claret, 2007
[163]

 

AMPKα2
pomc-/-

 hypothalamus α2
lox/lox

 + pomc-Cre Claret, 2007
[163]

 

AMPKα1
-/-

 

AMPKα2
pomc-/-

 

full body/hypothalamus α2
lox/lox

 + pomc-Cre Claret, 2007
[163]

 

LKB1
mck-/-

 heart & skeletal muscle α2
lox/lox

 + mck-Cre Sakamoto, 

2005
[101,164]

 

LKB1
alb-/-

 liver α2
lox/lox

 + alb-Cre Woods, 2011
[165]

 

 

Table 2: Selection of AMPK knockout mouse models for the study of roles of 

AMPK in energy metabolism. AMPK subunits have been genetically deleted in 

mice, either at the level of the whole body or targeted to certain tissues via tissue-

specific expression of the Cre recombinase and flanking of AMPK genes with lox 

sequences. Abbreviations: mck = muscle creatin kinase; alb = albumin; agrp = 

Agouti-related peptide; pomc = pro-opiomelanocortin. 
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RESULTS 

 

 

 

 

I. Regulation of hepatic glucagon signalling by AMPK-

induced activation of a cAMP phosphodiesterase 

 

 

 

Preface 

In 2013, Miller et al. (Nature, 494(7436):256–260) made the major 

discovery that treatment of hepatocytes with metformin inhibited glucagon 

signalling by decreasing cAMP levels. This was a novel mechanism by 

which the drug could inhibit glucagon-induced glucose production by the 

liver. However, they found the effect to be AMPK-independent based on the 

use of mouse hepatocytes deleted for both AMPKα catalytic subunits. 

Miller et al. proposed a mechanism by which cAMP production by 

adenylate cyclase was inhibited by a rise in AMP, due to respiratory chain 

inhibition by metformin. Together with Dr. Yu-Chiang Lai, a post-doctoral 

fellow in our laboratory, I explored whether we would obtain the same 

effects using the novel direct AMPK activator compound 991, which 

activates AMPK without increasing cellular AMP levels. To our surprise, 

treatment of hepatocytes with 991 dose-dependently decreased glucagon-

induced cAMP levels. In collaboration with Dr. Marc Foretz (Paris), we 
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went on to show that this effect was completely abolished in AMPKα1
-/-

α2
LS-/-

 hepatocytes, and was thus AMPK-dependent. The underlying 

mechanism was found to involve direct activation of a phosphodiesterase 

(PDE4B) by AMPK, thereby accelerating cAMP degradation. Moreover, 

treatment of hepatocytes with metformin/phenformin also led to PDE 

activation and phosphorylation of PDE4B. 

The study was published in Nature Communications in 2016. 

 

 

cAMP signalling and phosphodiesterases 

The topic has been reviewed in detail elsewhere
[166,167]

. 

The 3’,5’-cyclic nucleotides monophosphates cAMP and cGMP are key 

second messengers controlling major body functions such as vascular 

smooth muscle contraction, heart contractility and brain signalling. Levels 

of cAMP are determined by the balance between their production by 

adenylate cyclase (AC) from ATP on the one hand and hydrolysis to AMP 

by phosphodiesterases (PDEs) on the other hand. cAMP production by AC 

is activated directly by G protein coupled receptors of various hormones 

such as glucagon and catecholamines (see Introduction section). The main 

downstream effectors are cAMP-dependent protein kinase (PKA), cAMP-

gated ion channels and cAMP-regulated guanine exchange factors (GEFs) 

regulating G proteins also called exchange proteins activated by cAMP 

(EPACs). These signalling molecules and the proteins producing or 

degrading them can be compartmentalized to control specific cell functions. 

A multitude of different PDE isoforms exists to specifically control 

particular signal transduction pathways. Mammalian PDEs have a N-



56 
 

terminal regulatory domain, often comprising regulatory phosphorylation 

sites, and a C-terminal catalytic domain with high affinity for cAMP, cGMP 

or both (KM ~1-10 µM). The catalytic domain is highly conserved among 

PDE families whereas unique N-terminal parts determine the regulation, 

localization and thus the function of particular isoforms. In mammals, 21 

PDE-coding genes have been identified, which are classified into 11 

families (termed PDE1-11). Most of them comprise several (up to four) 

isoforms coded by distinct genes designated by letters, e.g. PDE4A-D. 

Alternative splicing, promoters and initiation can generate multiple 

transcription products from the same gene, to generate additional isoforms 

differing in length of the regulatory N-terminus. These are indicated by a 

second number such as in PDE4B3. The overall variety of PDE isoforms is 

thus incredibly vast. Unique characteristics include the presence of 

regulatory phosphorylation or lipidation sites, allosteric regulation by cyclic 

nucleotides, dimerization, subcellular localization, binding of 

Ca
2+

/calmodulin, transmembrane or membrane-association domains and 

other unique regulatory domains.  

In conclusion, studying the function of particular PDE isoforms is a delicate 

task and interpretation of results is complicated, even though an increasing 

number of specific biomolecular and pharmacological tools is available, 

such as antibodies and inhibitors. The matter is further discussed in the 

Discussion section. 
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II. Regulation of protein synthesis by AMPK-induced eEF2K 

activation 

 

 

Preface 

In 2002, our laboratory found that protein synthesis in hepatocytes was 

rapidly inhibited by anoxia- or AICAR-induced AMPK activation, 

involving eEF2K activation and subsequent phosphorylation of eEF2 at 

T56
[139]

. In 2004, the group of our collaborator, Prof. C. Proud, identified 

S398 as the major site in eEF2K phosphorylated by AMPK
[168]

. However, 

functional evidence was lacking to confirm that this site was indeed 

responsible for eEF2K activation. The group of Proud also found that 

eEF2K was inhibited by mTORC1 signalling
[169]

, which was known to be 

inhibited by AMPK activation. In 2012, our group showed that activation of 

eEF2K by Ca
2+

/CaM involved multi-site autophosphorylation
[170]

. The aim 

of this part of my thesis was to study the participation of different regulatory 

inputs (Ca
2+

, mTORC1 and AMPK) and to determine in more detail the 

molecular mechanism of eEF2K activation by AMPK.  

The work is currently under revision in Cellular Signalling. 

 

 

Protein synthesis 

Protein synthesis is the biological process by which cells produce new 

proteins (polypeptides) from individual amino acids. Specific transfer 

ribonucleic acids (tRNAs) first need to be charged by aminoacylation with 

their corresponding amino acids. During maturation of messenger RNAs 
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(mRNAs), a 5’ cap and a 3’ poly-A tail are generally added to protect 

against degradation and improve translation efficiency. The assembly of 

polypeptides occurs during translation. The genetic information carried by 

the mRNA codons is “translated” into an amino acid sequence by ribosomes 

with the help of translation factors. Protein synthesis can be divided into 

three phases. During initiation in eukaryotes, the ribosomal translation 

machinery assembles around the initiator Met-tRNA bound to the AUG start 

codon. In the second phase of elongation, the nascent peptide chain in 

transferred onto the next amino acid bound via its tRNA and the ribosome 

translocates to the next codon. When reaching the last codon (a stop codon), 

termination is caused by disassembly of the translational complex and 

release of the newly produced polypeptide. Protein synthesis accounts for a 

large proportion of total energy consumption in growing cells
[136]

. Indeed, 

peptide chain elongation alone consumes at least 4 ATP equivalents per 

amino acid incorporated
[171]

. Protein synthesis is thus tightly regulated to 

avoid energy depletion. Translation factors are termed either initiation (eIF), 

elongation (eEF) or termination (eTF) factors according to their 

participation in protein synthesis and regulation is mainly exerted at 

initiation and elongation. Several signalling pathways control protein 

synthesis (Scheme 11), such as those downstream of growth factors and 

insulin activating the PKB pathway. An important downstream effect of 

PKB is to activate mTORC1 which potently stimulates protein synthesis. 

The mTOR kinase phosphorylates initiation factor 4E binding protein 1 

(4EBP1), releasing active eIF4E to engage translation initiation of capped 

mRNAs. mTOR kinase also phosphorylates and activates S6K, which in 

turn phosphorylates rpS6 and initiation factor 4B (eIF4B), both implicated 
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in translation initiation. In addition, PKB activation favours initiation by 

inactivating GSK3, preventing phosphorylation and inhibition of eIF2B, a 

guanine nucleotide exchange factor (GEF) needed to generate active GTP-

bound eIF2. Finally, direct phosphorylation by S6K and/or mTOR kinase 

inactivates eEF2K, preventing inhibitory phosphorylation of eEF2 required 

for peptide elongation. AMPK inhibits protein synthesis both at initiation 

and elongation, by a dual mechanism involving inhibition of mTORC1 

signalling due to phosphorylation of TSC2 and Raptor, and by eEF2K 

activation. 

 

eEF2K 

eEF2K (formerly known as Ca
2+

-calmodulin dependent kinase III, 

CAMKIII) is a Ser/Thr kinase of ~100 kDa belonging to the atypical family 

of α-kinases, members of which were proposed to be able to phosphorylate 

residues within alpha helixes. It is thought that α-kinases originated from 

bacterial histidine kinases since both families possess somewhat larger 

catalytic clefts
[172]

. In eukaryotes, eEF2K is well conserved and homologues 

can be found in unicellular organisms such as amoeba, but eEF2K seems to 

be absent from plants, fungi and some invertebrates, notably insects. 

Nevertheless, in these species another kinase may play an equivalent role 

since eEF2 homologues are present in all eukaryotes and the eEF2K 

phosphorylation site (T56) is remarkably well conserved. Also, eEF2 

homologues in yeast and nematodes can be phosphorylated by the kinase 

RCK2
[173]

.  Despite the lack of sequence homology, α-kinases share 

structural and catalytic features, such as functionally essential residues, with 

typical kinases. The only known eEF2K substrate is eEF2, suggesting it to 
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be a “dedicated” kinase, but this view has been challenged recently using a 

form of the kinase that was modified to accept thiophosphate analogs of 

ATP to discover other targets
[174]

. On the other hand, eEF2K is the only 

mammalian kinase capable of phosphorylating eEF2 at T56, as 

demonstrated using genetic deletion models
[175]

. Once phosphorylated, eEF2 

binding to the ribosome is prevented, thereby blocking translation 

elongation. As a result, protein synthesis is halted but the integrity of 

polysomes (multiple ribosomes attached to the same mRNA) is preserved, 

allowing for reversal. Regulation of eEF2 by eEF2K has the advantage of 

being both rapid and economical, since 1) translation can resume when 

eEF2K returns to its inactive state and protein phosphatases (probably 

PP2A) dephosphorylate eEF2 and 2) there is no need to reassemble the 

translation initiation complex, which would consume time and energy. 

The regulation of eEF2K is very complex since many cellular signalling 

pathways provide regulatory inputs (Scheme 12), as reviewed by Proud et 

al
[176]

. eEF2K activity is strictly dependent on its association with 

Ca
2+

/CaM, leading to multi-site intramolecular cis-autophosphorylation 

probably to acquire an active conformation. eEF2K autophosphorylates on 

at least 10 different sites (S18, S61, S64, S71, S78, T348, S366, S445, S491, 

S500), some of which, particularly T348, are essential for activity. In 

addition, a decrease in pH activates the kinase, an effect that might be 

important in highly glycolytic and thus lactic acid-producing cells such as 

cancer cells. In addition, eEF2K activity can be modulated by trans-

phosphorylation at multiple sites. Regulation of eEF2K has been 

demonstrated by 1) cAMP signalling via phosphorylation of S500 by PKA, 

conferring Ca
2+

/CaM-independent activity; 2) growth factor signalling (e.g. 
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insulin) via phosphorylation of S78 and S359/S366 by mTORC1 (and S6K) 

inhibiting CaM binding and eEF2K activity, respectively; 3) activation by 

AMPK-mediated multi-site phosphorylation under various stress conditions. 

 

 

 

 

Scheme 11: Regulation of protein synthesis by growth factors (insulin)/PKB 

signalling and AMPK. Key protein translation factors are regulated positively or 

negatively through phosphorylation by kinases of the PKB or AMPK signalling 

pathways, respectively, in response to growth factors and nutrient availability. 
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Scheme 12: Domain structure and regulation of eEF2K. 

eEF2K activity is regulated by Ca
2+

/calmodulin(CaM) leading to activating 

autophosphorylation at numerous sites and via multi-site phosphorylation by other 

kinases such as mTOR, S6K, RSK, AMPK and PKA. (Source: adapted from 

Kenney et al, 2014
[173]

). Abbreviations: AID = auto-inhibitory domain; CBD = 

calmodulin binding domain; αKD = α-kinase domain; TPR = tetratricopeptide 

repeat; SEL1 = Suppressor Of Lin 12 (C.elegans). Color code for effects of 

phosphorylation: red = inhibition, green = activation. Approximate residue 

numbers refer to the human sequence.  
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DISCUSSION 

 

 

 

AMPK in the control of protein synthesis 

It is well accepted that AMPK activation, both physiologically and 

pharmacologically achieved, leads to the inhibition of protein synthesis. 

This is due to a dual mechanism involving inhibition of mTORC1 signalling 

on the one hand and activation of eEF2K on the other hand, thereby 

decreasing both translational initiation and elongation. This work helped to 

clarify one piece of the very complex puzzle which is the regulation of 

eEF2K. We confirmed that the main activator of eEF2K is Ca
2+

/CaM, 

probably through autophosphorylation of critical residues needed to obtain 

an active form of the kinase. Further, eEF2K activity can be fine-tuned via 

trans-phosphorylation by various kinases. Amongst these, multi-site 

phosphorylation by AMPK led to an increase in the Vmax of eEF2K and 

phosphorylation of S491 was essential for activation both in vitro and in 

intact cells. 

Surprisingly, full-body eEF2K
-/-

 mice are perfectly viable and do not present 

any obvious phenotype regarding growth and morphology
[175]

. However, 

fertility and cognitive learning capacities of these mice seem to be impaired 

(C. Proud, personal communication). Several cell lines lacking eEF2K have 

been created that also present normal growth and proliferation rates under 

optimal conditions, such as the MEFs used in our study. However, deletion 

of eEF2K in cells resulted in much greater sensitivity to a series of cellular 

stress conditions and activation of eEF2K by AMPK has been shown to be 
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essential for cell survival under nutrient depletion
[177]

. Despite the dogma 

that global protein synthesis is shut down when eEF2 is phosphorylated, the 

result might rather be a reprogramming towards the specific translation of 

particular mRNA subsets (“translational rewiring”)
[176]

, particularly in the 

long-term. This would explain how many cancer cell lines are able to 

conserve high rates of growth and proliferation and thus also, protein 

synthesis, despite sustained high eEF2 phosphorylation observed even under 

optimal culture conditions. It is also imaginable that in certain 

circumstances, a part of the (very abundant) eEF2 pool is “protected” from 

eEF2K, e.g. by compartmentation or by protein complex formation. An 

alternative explanation would be the existence of eEF2-independent 

translation, where ribosomal translocation could be catalyzed by a yet 

unknown elongation factor or a different eEF2 isoform that would not be 

subjected to regulation by eEF2K. In any case, further investigation is 

required for clarification. 

eEF2K is overexpressed/upregulated in many cancers
[178-180]

 and genetic 

downregulation or pharmacological inhibition rendered cells and tumors 

more susceptible to growth inhibition by nutrient depletion
[177]

 and several 

anti-cancer treatments
[181-186]

. eEF2K has thus emerged as a potential target 

for cancer therapy over the last years. AMPK activation can also have anti-

proliferative effects but also has a cytoprotective role on the other hand. 

Since AMPK activates eEF2K it is tempting to speculate that it increases 

cellular resistance to avoid apoptosis in part by eEF2K activation and one 

could imagine combined treatment of AMPK activators with eEF2K 

inhibitors to be more effective against cancer cells than either of them alone. 

One mechanism to increase cellular resistance and to avoid apoptosis in 
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these conditions is to turn on autophagy and eEF2K has been shown to be 

essential for the onset of autophagy in several cancer cell lines
[182,183,186,187]

. 

The fact that eEF2K is implicated in the control of several biological 

processes beyond translation elongation
[173]

 and recent evidence from a 

modified form of the kinase accepting bulky ATP-analogs
[174]

, suggest the 

existence of eEF2K substrates other than eEF2. Further investigation is 

needed to determine by what mechanisms eEF2K exerts these non-canonical 

functions and whether this opens new doors to previously unidentified 

biological effects of AMPK/eEF2K activation. 

 

 

cAMP phosphodiesterase activation by AMPK 

This work provides the important finding that in hepatocytes, 

pharmacological AMPK activation can antagonize glucagon signalling, by 

direct phosphorylation and activation of the major liver isoform PDE4B, 

thereby decreasing cAMP levels and downstream PKA signalling. 

Interestingly, the three AMPK phosphorylation sites identified in mouse 

PDE4B (S118, S125, S304) are not only perfectly conserved in vertebrates 

but are also present in the other isoforms (PDEA/C/D) of the PDE4 family. 

Given their ubiquitous expression pattern, a similar mechanism might apply 

for antagonism of cAMP signalling by AMPK in other tissues and induced 

by other stimuli such as catecholamines. Interestingly, PDE4 family 

members are highly expressed in the cardiovascular system and have been 

shown to control heart contractility, hypertrophy and apoptosis of 

cardiomyocytes as well as contraction, movement, proliferation and stress 

response of vascular smooth muscle cells
[166,188]

. It is thus tempting to 
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imagine that AMPK activation could influence functional parameters in 

these cells, through a mechanism similar to the one we identified in 

hepatocytes. 

Studying the regulation of biological processes by individual PDE isoforms 

is extremely complex due to the existence of an incredibly large number of 

isoforms. Indeed, 11 distinct PDE families (designated by numbers from 1 

to 11) have been identified so far, each of which contain up to 4 isoforms 

coded by different genes (designated by letters from A to D)
[167]

. The use of 

different promoters and alternative mRNA splicing exponentially increases 

the number of distinct PDE enzymes differing in length and with unique N-

terminal regulatory sequences. For example, the 4 genes of the PDE4 family 

encode more than 20 different isoforms (PDE4B1-4 etc.). However, the use 

of selective tools such as family-specific inhibitors or antibodies and genetic 

tools allowed to show that particular PDE isoforms control specific cellular 

functions. 

 

 

AMPK and metformin in the control of hepatic glucose production 

Historically, AMPK activation gained major interest in the field of T2D 

research. Firstly, the fact that AMPK became activated in skeletal muscle 

upon contraction
[189]

 or exercise
[190]

 and that AMPK activation by AICAR 

increased skeletal muscle glucose uptake independently of PI3K
[111]

, led to 

the idea that pharmacological AMPK activation in muscle could be used as 

a treatment against hyperglycaemia due to insulin resistance. Even though 

skeletal muscle is the predominant site of insulin-mediated glucose uptake 

in the postprandial state
[65]

, it became clear that modulating muscle glucose 



120 
 

uptake alone might not be sufficient to control glycaemia during starvation, 

which is mainly controlled by hepatic glucose production
[50]

. Of note, recent 

evidence suggests that even suppression of GNG in liver is compensated by 

upregulation of GNG in the renal cortex mainly from glutamine (driven by 

glucagon, glucocorticoids and acidosis)
[191]

 that normally occurs in 

substantial amounts during long-term starvation, thus hepatic glucose 

production is not the only contributor of plasma glucose levels in the starved 

state. Secondly, it was shown that the most prescribed anti-diabetic drug, 

metformin, activates AMPK and that its anti-hyperglycaemic effects are 

mainly due to decreased hepatic GNG
[192]

, an effect that is abolished when 

LKB1 is deleted in liver
[122]

. However, later reports using genetically 

deleted mouse models pointed out that some of these effects might be 

independent of AMPK, at least in the long-term (> 24 hours), through 

downregulation of GNG gene expression
[125]

. Genetic deletion models have 

shown that metformin action in the long-term is mainly independent of 

AMPK
[125]

. However, there might well be short-term effects of metformin 

that are mediated by AMPK, as our study
[126]

 (see Results section) and 

others
[130,192,193]

 suggests. It is important to point out that metformin 

concentrations used in such studies might be a major determinant for its 

mechanism of action and could lead to misinterpretation of results
[194]

. It 

was shown that plasma concentrations of metformin after oral 

administration of a therapeutic dose are highest but below 100 µM in the 

portal vein of mice and peaks at less than 50 µM in blood samples from 

patients
[195]

.  Clearly, all beneficial effects of metformin cannot be attributed 

to AMPK activation by the drug. Nevertheless, our study revealed that in 

the short-term (<1 hour), pharmacological AMPK activation specifically 
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antagonizes hepatic glucagon signalling, by activating a phosphodiesterase 

and thereby decreasing cAMP levels and subsequent PKA activation. The 

main function of glucagon in liver is to increase glucose production (both 

through glycogenolysis and GNG).  Interestingly, metformin has blood-

glucose lowering effects only on diabetic individuals
[48]

 whose plasma 

glucagon levels are elevated. One could thus speculate that the main action 

mechanism of the drug is to antagonize excessive glucagon signalling via 

AMPK. 

In the follow-up of our study, we found that treatment of hepatocytes with 

the AMPK activator 991 reduced both glucagon induced and basal glucose 

production. This suggests an additional, glucagon-independent mechanism 

for suppression of GNG by 991 and the implication of AMPK in this effect 

remains to be confirmed. Even though the final proof and underlying 

mechanisms are still to be established, there are strong indications in the 

literature that AMPK indeed controls hepatic GNG. On the one hand, mice 

deleted for AMPKα2
[94]

 (or both AMPKα1/2
[162]

) in liver showed elevated 

hepatic glucose production and are hyperglycaemic. On the other hand, 

adenoviral tail-vein injection (targeting mainly the liver) of constitutively 

active AMPK markedly decreased hepatic glucose output, resulting in mild 

hypoglycaemia
[196]

, while dominant-negative AMPK ablated the effect of 

metformin to decrease hepatic GNG
[193]

. Also, effects of metformin were 

shown to be AMPK-dependent when AMPK expression in hepatocytes was 

transiently knocked down by adenoviral shRNA transfer
[195]

.  Of note, 

AMPK-related kinases such as SIK also appear to be implicated in the 

control of hepatic GNG (see references below). This is supported by the fact 

that liver-specific deletion of their common activating upstream kinase, 
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LKB1, resulted in mice with much more severe hyperglycaemia
[122]

 than the 

one of mice lacking only AMPKα1 or both AMPKα1/2 in liver. Several 

features make SIK kinases, particularly SIK1, good candidates for (AMPK-

independent) regulation of hepatic GNG. As such, they downregulate cAMP 

signalling both through direct activation of phosphodiesterases (e.g. 

PDE4D)
[197]

 and inhibition of the GNG gene transcriptional coactivator 

CRTC2
[198]

, under the effect of insulin/PKB or as part of a negative 

feedback loop of cAMP/PKA signalling. In addition, the SIK inhibitor HG-

9-91-01 promotes hepatic glucose production
[199]

 and metformin might 

favour SIK activation by LKB1
[200]

. Hence, there seems to be some 

redundancy in the physiological functions of AMPK and related kinases. 

This should not be neglected when interpreting results obtained with long-

term and complete gene knockout models, where compensatory changes 

might also occur. Studies with pharmacological AMPK activators have the 

disadvantage of potential off-target effects, perhaps on AMPK-related 

kinases. Redundancy in activation and effects among members of this 

kinase family could lead to misinterpretation of effects that seem to persist 

in AMPK knockout models, namely the conclusion that the deleted kinase is 

not implicated in the control of the physiological process studied (e.g. 

GNG). This is one of the reasons why future studies should not only use 

tissue-specific but also inducible (short-term) gene deletion models. 
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Pharmacological AMPK activation: drawbacks and perspectives   

Over the last years, it has become clear that AMPK cannot be considered as 

a single kinase but rather a family of (at least) 12 kinases, all of which seem 

to display distinct tissue expression profiles, probably subcellular 

localizations and perhaps substrate specificities. This and the fact that 

AMPK activation in certain situations might not be beneficial
[201]

, 

underlines the requirement for isoform-selective activators (and/or 

inhibitors) both for the study of AMPK function in research but also for 

their potential use as therapeutic agents with limited side-effects. This raises 

the question of how to activate AMPK optimally, by what type of direct 

activator and what subunit to target best? With regard to isoform-specific 

functions, it remains to be seen which heterotrimers target certain substrates 

and through what mechanism. The most widely used AMPK activator in the 

past was AICAR which is transformed into the AMP mimetic ZMP. AMP 

mimetics target the AMPKγ subunit to activate AMPK in a way more 

similar to physiological conditions but potentially have more off-target 

effects. However, the fact that AMPKγ subunits seem to react differently to 

changes in cellular AMP levels
[84]

 might offer the possibility of selective 

activation by this type of activators. The most promising class of activators 

are perhaps new-generation compounds targeting the ADAM pocket 

between the α and β subunits. Some of these (namely A-769662
[202]

) display 

preferences for one AMPKβ isoform over the other. There is evidence for 

differences in AMPKα1/2 sensitivity to Thr172 dephosphorylation by 

PP2C
[203]

 and most activators protect AMPK against dephosphorylation. 

However, no direct activator specifically binding to only one of the AMPKα 

isoforms (via the ADAM pocket) has yet been identified, which would be 
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extremely useful for selective AMPK activation in vivo. So far, only the 

AMP mimetic C2 selectively activated AMPKα1-containing complexes
[153]

. 

With this in mind, it is debatable whether it would be best to target 

“specialized” AMPKα2 rather than “housekeeping” AMPKα1.  For 

example, the major skeletal muscle isoform activated by contraction was 

shown to be AMPKα2β2γ3
[204]

 whereas in liver, our data and those of others 

suggest a predominant role for AMPKα2β1γ1/2 heterotrimers
[94,126,158]

 and 

in adipose tissue and heart muscle, AMPKα1 or AMPKα2 containing 

complexes are almost exclusively expressed, respectively. Another 

challenge for the therapeutic use of AMPK activators is the duration of 

treatment. Although AMPK activators can be found for online purchase as 

“all beneficial life expanding drugs”, it has been shown that chronic AMPK 

activation (both genetically-based
[205]

 or AICAR-induced
[206]

) leads to 

increased glycogen content in heart and skeletal muscle, which ultimately 

can have deleterious effects on contractile function due to hypertrophy 

caused by excessive glycogen storage. In hepatocytes, prolonged AMPK 

activation by treatment with AICAR or by adenoviral transfection of a 

constitutively active form of the kinase caused apoptosis
[207]

. Thus, it is 

probably wiser to target AMPK only for a limited period when using non-

selective activators acting in a broad range of tissues. However, this might 

be dependent on the degree of activation, since unwanted side-effect do not 

seem to occur upon mild AMPK activation by long-term treatment with 

metformin. Interestingly, long-term metformin treatment was shown to 

decrease cancer incidence, but the role of AMPK in this effect (as in cancer 

in general) remains controversial
[208,209]

. Also, when targeting AMPK in the 

liver for the treatment of non-diabetic (non-hyperglycaemic) patients, it 
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should be considered that hypoglycaemia during starvation could possibly 

occur due to decreased hepatic glucose output. In any case, tissue-specific or 

isoform-selective AMPK activation will have to be the future strategy to 

avoid negative side-effects. However, as mentioned in the Introduction, the 

first step required for tissue-specific AMPK activation should be to establish 

a full-body protein expression profile of AMPK subunits in humans and 

rodents. 
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