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Abstract The AMP-activated protein kinase (AMPK) is a

key regulator of catabolic versus anabolic processes. Its

properties as an energy sensor allow it to couple the energy

status of the cell to the metabolic environment. These

adaptations not only take place through the acute modula-

tion of key metabolic enzymes via direct phosphorylation,

but also through a slower transcriptional adaptative

response. The question of how AMPK regulates the

expression of a number of gene sets, such as those related to

mitochondrial biogenesis, energy production and oxidative

protection, is only beginning to be elucidated, and still

many questions remain to be answered. In this review we

will try to integrate our current knowledge on how AMPK

regulates transcription in muscle and liver, which will serve

as examples to illustrate the major advances in the field and

the key challenges ahead.
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Introduction

One and a half centuries ago, Darwin shocked the world

with one of the brightest concepts to ever impact biological

sciences, i.e., that the ability of organisms to respond and

adapt to environmental challenges has been vital for evo-

lution. To the amazement of the scientific community, this

remarkable feat to adapt to environmental changes is

consistently found not only in organisms as a whole, but

also at the tissue and cellular levels. Given that most bio-

logical processes (cell growth, division, movement, etc.)

depend on energy consumption, it is not surprising that one

outcome of evolution is that cells and organisms can sense

energy levels and adapt their energy production to their

energy demands.

In order to sustain proper biological functions, ATP

levels, the energy currency in cells, are maintained in the

low millimolar range, hinting at the existence of molecular

mechanisms that keep an appropriate balance between

energy-consuming and -producing processes. AMP-acti-

vated protein kinase (AMPK), an enzyme that senses AMP

levels and that is conserved along the eukaryote kingdom,

could be a key molecular player in this adaptation process.

This review will focus on mammalian AMPK, but we refer

the reader to some recent reviews in order to gain some

insight on AMPK homologs in different eukaryotes [1–4].

Deconstructing AMPK: enzyme bricks and regulation

of its activity

AMPK is a heterotrimeric enzyme

AMPK is a heterotrimeric Ser/Thr kinase composed of an

a, b and c subunit [3]. There are two different forms of

a (a1 and a2) and b (b1 and b2) subunits, while three dif-

ferent c isoforms (c1, c2 and c3) exist [3]. The a subunits are

the catalytic subunits of the functional heterotrimer and

contain the Thr172 residue, whose phosphorylation is

required for full enzymatic activity [5]. The a subunit

partners with the b and c subunits through its C-terminal

region [6]. The b subunit also interacts with both the a and c
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subunits, and its mid-region contains an evolutionarily

conserved carbohydrate-binding domain, which allows

AMPK to interact with glycogen particles [7]. The c sub-

units contain one of the critical features of the enzyme, the

four tandem repeats known as cystathionine b-synthase

(CBS) motifs, which form an interface for interaction with

two AMP or ATP molecules in a mutually exclusive way

and a third AMP molecule in a non-exchangeable fashion

[8]. While the binding of ATP keeps the activity of the

enzyme low, the exchange of ATP for AMP is enough to

promote a mild, less than fivefold, activation of the kinase

through an allosteric mechanism [5]. More importantly,

AMP binding renders AMPK a poorer substrate for the

a subunit Thr172 phosphatase, which results in increased

Thr172 phosphorylation [9]. The combination of the allo-

steric and phosphorylation effects promoted by AMP leads

to a[1,000-fold activation of the enzyme [10]. Due to the

reaction catalyzed by adenylate kinase, transforming two

ADP molecules into one ATP and one AMP, the AMP/ATP

ratio is a very sensitive reflection of metabolic disturbances

of the cell [11], and, therefore, transforms AMPK into an

exquisite sensor of energy balance.

Regulation of AMPK phosphorylation

As described above, AMPK is maximally active when

phosphorylated. Consequently, there has been great interest

in identifying the regulators of the phosphorylation state of

this enzyme. During the last decade, a number of upstream

kinase activities have been identified, and, even though the

exact identity of the phosphatase activity remains elusive,

it seems to belong to the PP2C family [9, 12]. Among the

different kinases proposed to act as AMPKKs, LKB1 and

CAMKK are now widely accepted to be key. Others, like

transforming growth factor-b-activated kinase 1 (TAK1),

can certainly phosphorylate AMPK in vitro [13], but the

‘‘in vivo’’ evidence of their capacity to activate AMPK is

still not conclusive. The reasons and scenarios justifying

the need for different AMPK upstream kinases are yet to be

fully understood.

LKB1/STRAD/MO25

LKB1 is a Ser/Thr kinase that was originally identified as a

tumor suppressor mutated in an inherited form of suscep-

tibility to cancer, the Peutz-Jeghers syndrome [14]. LKB1

requires the formation of a heterotrimeric complex with

two additional proteins in order to function, Sterile-20-

related adaptor (STRAD) and Mouse protein 25 (MO25)

[15]. In their absence, LKB1 is weakly active [15]. A

number of post-translational modifications can impact

LKB1 and potentially modulate its activity [14, 16].

However, most evidence points towards the hypothesis

that, in normal physiological settings, the LKB1/STRAD/

MO25 complex is a constitutively active kinase [17] and

that the regulation of AMPK happens through different

accessibility for the phosphatase activity [9]. This partic-

ularity might be explained by the fact that the LKB1

complex acts as a master kinase for the 13 members of the

entire family of AMPK-related kinases [18], making it

necessary to create substrate specificity through additional

methods. In this sense, increased AMP only leads to acti-

vation of AMPK, and not of the other 12 family members

[17]. Studies in the LKB1-deficient mouse have shown that

LKB1 is the main AMPK kinase in muscle and liver

[19–21]. Muscle-specific LKB-1 KO mice display severely

impaired AMPKa2 phosphorylation after stimulation of

AMPK with the phamacological AMP-mimetic AICAR

(aminoimidazole-4-carboxumide-1-b-D-ribofuranoside) or

ex-vivo contraction, demonstrating that LKB1 is the major

AMPK kinase in skeletal muscle [19, 21]. In liver, deletion

of LKB1 prevented the effects of metformin on AMPK

activation and glucose production [20].

CaMKK

Simultaneous work by David Carling and Grahame

Hardie’s groups found a second alternative AMPK kinase

in brain and LKB1-deficient cells: the Ca2?/calmodulin-

dependent kinase kinases (CaMKKs) [22, 23]. Other

tissues, like muscle, also express CAMKKa and, not so

clearly, CAMKKb, although at lower levels than brain

[24, 25]. The activity of CAMKKs depend on increases in

intracellular Ca2? levels and act on AMPK independently

of changes in AMP [10]. It has been hypothesized that

CAMKKs could be the main AMPKK during the initial

phase of mild-tetanic muscle contraction [26]. Overex-

pression of CAMKKa or CAMKKb in muscle is enough to

increase AMPK phosphorylation [27], and muscle overload

is known to increase AMPK activity in LKB1 knock-out

mice, in correlation with an increase in CAMKK expres-

sion [25]. However, it must be said that a number of

experiments studying the role of CAMKK in muscle have

relied on the use of STO-609 as a CAMKK inhibitor,

whose specificity is not fully clear [19, 26].

AMPK actions

As mentioned before, AMPK acts as an energy sensor by

sensing the AMP/ATP ratio. AMPK activation is gener-

ally linked to the stimulation of metabolic responses in

order to prevent metabolic and energetic crisis in situa-

tions where ATP synthesis is compromised (hypoxia,

ischemia, low nutrient availability) or ATP consumption

is accelerated. Consequent to this principle, AMPK acti-

vation stimulates catabolic processes to generate ATP and
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inhibits ATP-consuming anabolic processes that are not

required for the immediate survival of the cell. Even

though this review aims to focus on the transcriptional

events regulated by AMPK, it is necessary to understand

the acute effects of AMPK activation in order to under-

stand the global physiological actions of AMPK and the

implications of its pharmacological activation. Therefore,

we will briefly mention the most notable acute effects of

AMPK and refer the reader to some recent reviews for

more details [3, 28, 29].

One of the immediate whole-body consequences of

AMPK activation is an increase in glucose uptake by

skeletal muscle through the induction of GLUT4 translo-

cation to the plasma membrane [30]. In fact, AMPK has for

a long time been hypothesized as a crucial mediator of the

effects of muscle contraction on glucose transport [19, 28,

31]. Muscle contraction activates AMPK as a consequence

of ATP depletion [19], and, probably, also through the

activation of CAMKK in response to the fluctuations in

cytosolic Ca2? during contraction [26]. The downstream

events bridging AMPK activation to GLUT4 translocation

are still nebulous. A number of studies have focused their

attention on the attractive link provided by TBC1D1 and

TBC1D4, two highly related proteins of the same family,

that are predominant in glycolytic and oxidative muscle,

respectively [32]. TBC1D1 and D4 are Rab GTPase-acti-

vating proteins (GAPs), which are believed to slow down

or prevent GLUT4 exocytosis by keeping GLUT4-vesicle

associated Rab proteins in their GDP-bound form [33].

AMPK phosphorylates TBC1D1 and D4, and this disso-

ciates them from GLUT4 vesicles, allowing GLUT4

translocation [33]. While this conforms an interesting

mechanism of action, a number of concerns [28] indicate

that there are still many questions open regarding the

molecular mechanisms by which AMPK regulates glucose

uptake.

Acute activation of AMPK is also associated with

decreases in glycogen synthesis rates. This can be achieved

through the direct phosphorylation of glycogen synthase on

Ser7, which inhibits its activity [34]. The decreased

glycogen synthesis rates upon acute AMPK activation are

generally coupled to an increase in the glycolytic flux,

thanks to the activation of 6-phosphofructo-2-kinase

(PFK-2) through direct phosphorylation on Ser466 [35].

PFK-2 catalyzes the synthesis of fructose 2,6-bisphosphate,

a potent stimulator of glycolysis. Therefore, activation of

AMPK rapidly mobilizes glucose into ATP-generating

processes.

AMPK also stimulates fatty acid oxidation as a way to

increase energy levels. To achieve this goal, AMPK

directly phosphorylates acetyl-coA carboxylase (ACC) 1

and 2 isoforms on Ser79 and Ser212 [36], respectively. ACC

is the enzyme that catalyzes the reaction forming malonyl

coA from acetyl coA and that constitutes the initial step in

lipid synthesis [36]. In addition, malonyl coA is an allo-

steric inhibitor of CPT1b [37], the protein responsible for

fatty acid intake into the mitochondria for b-oxidation. The

phosphorylation of ACC by AMPK renders ACC inactive

[36], which translates into a decrease in lipid synthesis

rates and the relieve of CPT-1b inhibition, leading to

increased fatty acid flux into the mitochondria for b-oxi-

dation. This induction of b-oxidation contributes, together

with the increased glycolytic rate, to stimulate ATP syn-

thesis in order to meet the energy requirements of the cell.

Also protein metabolism is affected by AMPK activa-

tion. Through phosphorylation of TSC2 [38] and raptor

[39], AMPK blocks the mTOR pathway, a major controller

of protein synthesis and biomass generation. This not only

translates into the attenuation of protein biosynthetic pro-

cesses [40], but also into the induction of protein

degradation through autophagy and the ubiquitin-protea-

some system [40]. While AMPK activation is generally

linked to both degrading processes, this action seems to be

largely indirect via mTOR inhibition and, probably, relying

on transcriptional events [28].

The importance of different AMPK trimers

The existence of different isoforms for each AMPK subunit

highlights the possibility that 12 different combinations of

AMPK trimers can exist. To date, however, we know that

all combinations are not found in different tissues and,

furthermore, that every trimer combination displays a

distinct spectrum of biochemical properties.

At the tissue level, AMPK trimer composition is extre-

mely varied. For example, the a1 is the predominant isoform

in white adipose tissue, blood cells, smooth muscle, endo-

thelial cells and nerve. In contrast, a2 is the predominant one

in tissues such as muscle or heart. Other tissues, like liver,

contain both catalytic subunits at similar levels [41]. This

tissue-specific pattern is especially clear for the c3 subunit

of AMPK, whose expression is almost restricted to glyco-

lytic skeletal muscle, where it is the predominant c isoform

[42]. A second degree of specificity, yet to be understood, is

how a similar subunit repertoire in different tissues does not

necessarily lead to equal trimer composition. A clear

example of this can be found in the fact that the b1 subunit is

the predominant subunit associated to a2 in oxidative

muscle, while both b1 and b2 equally bind a2 in glycolytic

muscle [43]. An additional layer of complexity is composed

by the observation that different trimer compositions can

also influence the intracellular localization. Several AMPK

subunits (i.e., a2, b2, c1, c3) have been found to partly reside

in the nuclear compartment [44–46] (see below for dis-

cussion), suggesting that they might be involved in the

regulation of gene expression.
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Most of the studies on AMPK trimer composition have

been performed in mouse skeletal muscle, where it has

been postulated that distinct trimers might have different

biochemical properties. For example, while AMPK activity

has long been known to increase in response to muscle

contraction [47, 48], recent studies indicate that ex-vivo

contraction at different intensities and time periods can

promote trimer-specific activation (see [28] for review).

The use of transgenic mice has contributed to the

understanding of isoform-specific contributions to general

AMPK functions and global metabolism. For example, the

AMPKa2 knock-out mice, but not the a1, are insulin

resistant, glucose intolerant and resistant to the hypogly-

cemic action of AICAR [49, 50]. This is a clear indication

that the lack of one subunit cannot be compensated by the

other by specificity in the localization, the activation

mechanism or the functional output.

As of now, it is clear that we are only at the tip of the

iceberg on our knowledge of the significance of the dif-

ferent AMPK trimers. However, the fact that the AMPK

trimer composition is regulated in a tissue/compartment-

specific fashion, that different AMPK trimers can be

selectively activated and that different isoforms can affect

specific processes clearly indicates that AMPK trimer

composition is non-random and aimed to the regulation of

specific functions and/or respond to different kinds/inten-

sities of stresses.

Transcriptional actions of AMPK

Nuclear localization of AMPK

The consequences of AMPK activation expand far beyond

acute responses. This is due to the ability of AMPK to

directly and indirectly regulate transcriptional programs

through phosphorylation events. AMPK modulates the

transcription of a number of genes that increase ATP

production through glycolysis and the use of lipid as a

mitochondrial energy source. Studies in yeast described

how snf1, the AMPKa subunit yeast homolog, is present in

the nucleus and regulates transcription even through the

direct phosphorylation of histones [51]. Pioneering studies

by Grahame Hardie’s laboratory showed how mammalian

AMPK complexes containing the a2 subunit were, at least

partly, distributed in the nuclear compartment [44]. This

work was further extended by the demonstration that

complexes containing the a2 subunit translocate to the

nucleus in response to muscle contraction [45] or leptin

treatment [52]. This specificity by which AMPKa2 trans-

locates to the nucleus is still largely unknown, but seems

to depend on the presence of a nuclear localization signal

that is not found in the a1 subunit [52]. A recent report,

however, also suggests that a1-trimers might translocate to

the nucleus, too [53]. Elucidating how AMPK shuttles in

and out of the nucleus warrants future investigation.

By merging the observations that activation of AMPK

promotes its nuclear translocation and that AMPK leads to

specific changes in gene-expression patterns, it is easy to

postulate that AMPK might be targeting nuclear proteins

involved in transcriptional regulation. In the chapters

below, we will discuss AMPK-regulated gene expression in

different tissues, the key transcriptional regulators involved

in this process, and how AMPK modulates their activity.

AMPK transcriptional regulation in muscle

Skeletal muscle is the predominant site of post-prandrial

glucose uptake and the major affected tissue in insulin-

resistant subjects [54]. Upon nutrient scarcity, as occurs

during fasting or calorie restriction, the muscle decreases

glucose consumption and switches to fatty acid utilization

as main energy source [55]. Similarly, with endurance

training, skeletal muscle suffers a number of changes, such

as fiber-type switch from type IIx to IIa and an increase in

mitochondrial biogenesis [56–58], aimed to optimize and

enhance energy production. As we will see below, AMPK

might act as a key mediator of these adaptations.

Chronic treatment of rodents with AMPK-activating

compounds, such as AICAR, b-guanadinopropionic acid

(a phosphocreatine depleting agent) or resveratrol, all

increase mitochondrial biogenesis in skeletal muscle

[59–62]. The actions of these agents on mitochondrial

content and gene expression is robustly impaired in models

with defective AMPK activity [61, 63–65], implying that

AMPK is a master regulator of the transcriptional mecha-

nisms controlling mitochondrial biogenesis. This notion

was further confirmed by a number of different gain-of

function and loss-of function transgenic approaches. For

example, mice overexpressing a kinase dead (KD)

AMPKa2 subunit in muscle displayed less voluntary run-

ning activity and reduced endurance perfomance than wild-

type littermates [31], indicating impaired mitochondrial

function. Similarly, muscle-specific expression of an

inactive form of AMPKa2, in which Asp157 is mutated to

Ala, promoted a marked decrease in mitochondrial gene

expression and rendered the mice exercise intolerant [66,

67]. These defects in mitochondrial gene expression were

also prominent in resting muscles from global AMPKa2

knock-out mice [63, 68]. Conversely, different genetic

manipulations aimed to promote AMPK activation clearly

illustrate the positive effects of AMPK activation on

mitochondrial activity. Genetic AMPK activation in mice

is achieved through different mutations in the c subunits.

Muscle-specific overexpression of a mutated form of

AMPK, in which Arg70 from the c1 subunit is mutated to to
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Gln, promoted a three-fold higher basal AMPK activity

[69], which translated into an increase in mitochondrial

markers’ gene expression [67]. A different gain of function

model, in which a mutated form of the c3 subunit

(Arg225Gln) is overexpressed, also displayed a prominent

increase in mitochondrial gene expression and muscle

oxidative profile [70]. Altogether, both pharmacological

and transgenic manipulations clearly indicate that AMPK

acts as a master transcriptional regulator of mitochondrial

genes.

The effects of AMPK activation on mitochondrial genes

can be achieved through the regulation of a number of

transcriptional factors and cofactors (Fig. 1). For example,

AMPK is a master controller of PGC-1a [60, 65, 71, 72], a

transcriptional coactivator that orchestrates a constellation

of transcription factors, such as ERRa, NRF1, NRF2 or

PPARs, to induce mitochondrial gene expression [73–75].

The link between AMPK and PGC-1a is further reinforced

by the phenotypic similarities of mice with muscle-specific

deletions of PGC-1a or AMPK, both of which have a gen-

eral reduction in mitochondrial gene expression and

exercise intolerance [31, 66–68, 76]. Conversely, a number

of pharmacological or transgenic strategies that increase

AMPK or PGC-1a activity in muscle have all consistently

potentiated the endurance capabilities of mice and led to a

higher oxidative profile of muscle fibers [60, 62, 70, 77, 78].

Firm proof for this link was provided by the fact that AICAR

was unable to increase mitochondrial gene expression in

muscles of mice lacking PGC-1a [71]. As such, PGC-1a
seems the key downstream mediator of the effects of AMPK

on mitochondrial biogenesis. Several mechanisms explain

how AMPK impacts PGC-1a. AMPK can directly phos-

phorylate PGC-1a at Thr177 and Ser538 in in vitro assays

[71]. PGC-1a phosphorylation might not directly affect its

intrinsic coactivation activity, but, rather, release it from its

repressor protein p160myb [79] and/or allow deacetylation

and subsequent activation by SIRT1 [65, 72]. Additionally,

AMPK activation increases PGC-1a expression in muscle

[60, 80], an effect that is likely to be achieved though

PGC-1a autoregulation on its own promoter [72, 81–83].

Trimers containing the c3 subunit are responsible for the

majority of the effect of AMPK on PGC-1a deacetylation

and activation upon exercise or fasting [65]. This is an

interesting finding with long-reaching consequences, as the

c3 subunit is enriched in fast glycolytic muscle, while it is

almost absent in oxidative muscle [42]. This helps explain

why PGC-1a is not deacetylated in the oxidative soleus

muscle or in the heart upon AMPK activation, but only

in glycolytic skeletal muscle [62, 72]. Similarly, trimers

containing the c3 subunit are the ones more sensitive to

exercise-induced energy stress in mouse muscle [28],

making them the more apt to fine-tune exercise intensity/

duration to transcriptional outputs.

However, PGC-1a is a coactivator, and its transcrip-

tional effects depend on the transcription factors it

coactivates. Therefore, it is also likely that AMPK can

somehow target PGC-1a towards the transcription factors

of interest. This is important, as discussed below for liver

metabolism, and helps to understand how AMPK activa-

tion does not activate all possible PGC-1a-regulated gene

programs. A key transcriptional factor coactivated by

PGC-1a in muscle to promote oxidative metabolism is

MEF2 [78], which in turn also regulates PGC-1a expres-

sion through directly binding the PGC-1a promoter [84].

Interestingly, MEF2 activity is also crucially regulated by

AMPK [85, 86], as demonstrated by studies on the GLUT4

promoter [86]. Activation of AMPK leads to the translo-

cation of MEF2 to the nucleus and its binding to its target

promoters in vivo in a time frame concordant with the

increased expression of GLUT4 and PGC-1a in exercised

or AICAR-treated mice [84, 86, 87]. The mechanism by

which AMPK impacts on MEF2 is likely to be indirect, as

AMPK does not phosphorylate MEF2 [86] and no inter-

action has been reported to date. One suggested hypothesis

was that MEF translocation could be aided by its inter-

acting partner GEF (GLUT4 Enhancer Factor) [86, 88].

Interestingly, AMPK phosphorylates GEF and promotes its

import into the nucleus and DNA binding [86], strength-

ening the possibility that both transcription factors are

regulated in coordination by AMPK as a unit.

The CREB family of transcription factors has also been

implicated in muscle metabolism through the regulation of

hexokinase II or PGC-1a, among others [84, 89]. Recent

data indicate that AMPK can phosphorylate the CREB

family of transcription factors, including CREB1, ATF1

and CREM [90]. AMPK phosphorylates CREB at the same

residue as PKA, Ser133, and enhances CREB-dependent

transcription [90]. As discussed in the next chapter this

coordination between AMPK and CREB might be condi-

tioned by a number of circumstances and display some

tissue/time specificity, as AMPK is also known to block the

action of some CREB coactivators [91]. While phosphor-

ylation of CREB is not essential for the binding of CREB

to CRE sites, it promotes the recruitment of essential

coactivators like CBP/p300 [92]. Interestingly, AMPK has

also been shown to directly phosphorylate CBP/p300 at

Ser89 [93]. This phosphorylation presumably alters the

structure of the N-terminal region of the protein, impeding

its interaction with nuclear receptors, such as PPARs, but

not with other families of transcription factors, such as

CREB [93]. While this constitutes a beautiful model to

explain a ‘‘channelled’’ activation of gene expression, it

potentially contradicts the notion that AMPK exerts a

number of its biological effects on lipid oxidative genes

through the activation of PPARa [52, 94]. Indeed, PPARa
and PPARb/d constitute attractive mediators for the
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transcriptional actions of AMPK, as the metabolic profile

achieved by AMPK activation shares many common fea-

tures with that obtained through PPARa and PPARb/d
activation, i.e., stimulation of mitochondrial biogenesis, of

endurance performance and of lipid oxidation metabolism

[95–99]. Some results already support that PPARa medi-

ates the transcriptional actions of AMPK on oxidative

metabolism [94], and recent data suggest that simultaneous

AMPK and PPARa or PPARb/d activation may act syn-

ergistically in the induction of such genes [77, 100]. It has

also been proposed that the AMPK can interact with

PPARa or PPARb/d through the a subunit, leading to a

synergistic effect with the ligand-dependent activation of

the nuclear receptor [77, 100, 101]. Interesting in this

context, despite many efforts, no consistent evidence exists

for the requirement of a direct phosphorylation event to

link AMPK with PPARa or PPARb/d activity [77, 101].

Another plausible explanation for the synergism between

AMPK and PPAR activation could be the fact that the

activation of PGC-1a by AMPK would further increase

transcriptional co-activation of the ligand-bound PPARa or

PPARb/d. The ability of AMPK to acutely promote lipid

oxidation could provide endogenous ligands for PPARs,

hence contributing as such to the synergism between the

kinase and the PPARs. Unravelling these links between

AMPK and PPARs will constitute a promising ground for

investigation in the years to come. Expanding on this field,

it will be interesting to test the possible relationship and

synergistic effects that AMPK could have with other

nuclear receptors that strongly influence mitochondrial

biogenesis, such as the estrogen-related receptors (ERRs)

[102].

The FOXO family of transcription factors is another

seducing target for AMPK. The actions of FOXO have been

linked to lifespan extension [103], and in muscle they are

commonly associated with protection against oxidative

stress, enhancement of lipid metabolism and induction of

autophagy [104]. The relation of AMPK with FOXOs was

brought to light when FOXOs were reported as possible

mediators of the effects of AMPK on autophagy [105].

Furthermore, AMPK can directly phosphorylate different

members of the FOXO family of transcription factors [106].

Among them, FOXO3 is phosphorylated by AMPK in up to

six residues [106]. Mutation of these residues impaired the

ability of AMPK to promote key transcriptional responses

during glucose deprivation, including the transcriptional

activation of oxidative protection genes [106]. FOXO

phosphorylation by AMPK does not influence FOXO sub-

cellular localization, but rather its activity [106]. However,

it must be noted that, as with PGC-1a, FOXO activity is also

critically controlled through acetylation/deacetylation,

which is altered by SIRT1 [107–109]. It is tempting to

AMPK
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Fig. 1 AMPK regulates muscle transcriptional events through dis-

tinct mechanisms. Activation of AMPK upon energy stress increases

mitochondrial and oxidative metabolism gene expression through

direct and indirect events. SIRT1 is an example of a transcriptional

regulator whose activity is increased by AMPK through an indirect

mechanism (i.e., by promoting an increase in NAD?). Direct

phosphorylation of AMPK occurs, for example, on the coactivator

PGC-1a and the FOXO family of transcription factors, whose

subsequent deacetylation by SIRT1 increases their activity. The

activation of PGC-1a leads to the coactivation of a myriad of

transcription factors, such as PPARa, PPARb/d and CREB, which is

also phosphorylated and activated by AMPK. Phosphorylation of

GEF promotes co-translocation with MEF2 to the nucleus. Further-

more, phosphorylation of HDAC5 by AMPK relieves the inhibition

on the MEF2/GEF complex and allows transcriptional activation.

These examples illustrate the mechanisms involved when AMPK

directly and indirectly regulates transcriptional events
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speculate that AMPK phosphorylation of FOXO could also

serve as a signal for the deacetylation by SIRT1, which, in

turn, seems to provide FOXO with specificity towards the

regulation of oxidative stress genes [107], suggesting that

the modifications of FOXO by AMPK and SIRT1 might be

interconnected.

The transcriptional actions of AMPK in muscle not only

take place through the activation of transcriptional factors,

but also through the modulation of corepressors and histone

deacetylase activities. For example, SIRT1 has already

been mentioned as an enzyme whose activity is highly

linked to AMPK [72, 110]. SIRT1 is an evolutionarily

conserved NAD?-dependent deacetylase, whose action

impacts on a number of transcriptional regulators [111].

Activation of SIRT1 has generally been linked to the

induction of lipid oxidation and mitochondrial metabolism

in muscle [112]. The similar phenotypic outputs from

AMPK and SIRT1 activation suggest that there might be a

functional link between both activities. Direct interaction

or phosphorylation events, however, do not seem to take

place between these enzymes [72, 106]. Rather, AMPK

seems to influence SIRT1 activity through an AMPK-

induced modulation of NAD? metabolites [72, 110], which

are critical determinants of SIRT1 activity [113, 114]. For

example, pharmacological or physiological activation of

AMPK is followed by a robust increase in NAD? within

hours, which derives from the metabolic rearrangements

promoted by an increase in fatty acid oxidation rates [72].

This metabolic and fast increase in NAD? levels induced

by AMPK is sustained by the induction of Nampt expres-

sion, a gene that resynthesizes NAD? from its metabolic

breakdown product, nicotinamide [110]. This constitutes a

two-way impact of AMPK on SIRT1 activity as it gener-

ates the SIRT1 activator NAD1, while reducing the levels

of nicotinamide, a physiological inhibitor of SIRT1 activity

[114]. The intimate link between SIRT1 and AMPK is

further reinforced by studies using resveratrol, a polyphe-

nol compound that has long been used as a SIRT1 agonist.

Resveratrol increases lifespan in a number of lower

eukaryotes [115]. In higher eukaryotes, resveratrol increa-

ses muscle mitochondrial content and enhances endurance

perfomance [62]. This increased ability to oxidize lipids

confers the mice with protection against metabolic disease

upon high-fat feeding [62, 116]. While it is true that an

important number of biological actions of resveratrol

depend on SIRT1 [115], the initial belief that resveratrol

could act as a direct SIRT1 agonist [117] is long gone now,

as in vivo evidence suggests that resveratrol rather acts

primordially through AMPK, and any effect on SIRT1

activity is a downstream consequence of AMPK activation

[64, 65]. These observations stress the relevance of AMPK/

SIRT1 as a conserved signaling axis that is activated upon

energy stress. Resveratrol effects on AMPK probably

derive from the overlooked fact that resveratrol can act as a

mild mitochondrial ‘‘poison’’ by inhibiting complex III and

V of the mitochondrial respiratory chain [118, 119].

Therefore, resveratrol’s actions, like those of metformin

[20, 120], likely derive from a mild impairment in ATP

synthesis.

Another enzyme, HDAC5, is the predominant type II

histone deacetylase in adult skeletal muscle. In general,

HDAC5 acts as a transcriptional repressor by direcly

deacetylating histone lysine residues within the nucleo-

some, forming a compact structure that limits the

accessibility of transcriptional regulators to DNA [121].

The specificity of genes repressed by HDAC5 is provided

by the ability of this deacetylase to bind only certain

transcription factors, such as MEF2 [122, 123]. This way,

HDAC5 controls a myriad of processes in skeletal muscle,

from glucose and oxidative metabolism [124, 125] to

myocyte differentiation [126]. GLUT4 expression is con-

trolled by interactions among AMPK, HDAC5 and MEF2.

This involves an interesting cascade of events in which

translocation of certain AMPK trimers to the nucleus upon

activation allows the direct phosphorylation of HDAC5

in two residues, Ser259 and Ser498 [124]. This AMPK-

dependent phosphorylation of HDAC5 triggers its disso-

ciation from MEF2 and provides binding sites for 14-3-3

proteins, which export HDAC5 out from the nucleus [124].

The release of HDAC5 will increase histone acetylation

and enable the recruitment of MEF2 coactivators, such as

PGC-1a [127], and the basic transcriptional machinery to

the GLUT4 promoter. The mutation of these HDAC5

phosphorylable residues is enough to prevent AMPK-

dependent induction of the GLUT4 gene [124], clearly

illustrating the relevance of this mechanism of action.

Transcriptional regulation by AMPK in liver

The liver is key to maintain the whole body’s nutrient

homeostasis, as it adapts its ability to store and release

carbohydrates to the metabolic needs of the organism.

Deficiencies in this regulatory mechanism are manifested in

type 2 diabetic patients, where elevated hepatic glucose

production leads to hyperglycemia. Consequent to the fact

that energy stress triggers its activity, AMPK activation in

liver shuts down glucose, cholesterol and triglyceride bio-

synthetic pathways in liver while promoting fatty acid

oxidation [41]. Most manipulations of AMPK activity in

liver confirm this paradigm. Deletion of the a2 subunit of

AMPK in the liver promotes hyperglycemia and glucose

intolerance because of increased hepatic glucose production

[128]. Similarly, defective AMPK activity compromises

fatty acid metabolism as a consequence of decreased

mitochondrial gene expression [129], leading to increased

plasma free fatty acids and decreased production of ketone
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bodies. Conversely, overexpression of an active form of

AMPKa in liver is enough to improve glucose profiles in

diabetic mice [130]. Similarly, overexpression of the a2

subunit in the liver decreases plasma triglycerides and

increases production of ketone bodies, reflecting an increase

in lipid oxidation versus synthesis [130].

Some of the above-mentioned actions of AMPK happen

through direct phosphorylation of key enzymes. This is the

case with, for example, the regulation of cholesterol bio-

synthesis, which is rapidly decreased by AMPK through

direct phosphorylation and inhibition of the rate-limiting

enzyme hydroxy-3-methylgltaryl-coenzyme A (HMG-

CoA) reductase [131]. Another example is ACC, whose

phosphorylation by AMPK prevents lipid synthesis and

favors fatty acid import into the mitochondria for oxidation

[36]. However, processes like gluconeogenesis and lipid

biosynthesis are also highly regulated by transcriptional

changes. Most of them are crucially affected by AMPK, as

described below.

Gluconeogenesis, the de novo synthesis of glucose,

takes place in liver through the fast induction of genes

encoding rate-limiting enzymes of this process, such as

phospho-enol pyruvate carboxykinase (PEPCK) or glu-

cose-6-phosphatase (G6P). Gluconeogenesis is triggered by

an increase in intracellular cAMP, as a consequence of low

insulin and increasing glucagon blood levels. Through a

cascade of events, increased cAMP levels will activate the

transcription factor CREB, which binds to and activates the

promoters of the above-mentioned genes [132]. Further-

more, binding of the CREB coactivator CRTC2 to CREB

allows the recruitment of the transcriptional machinery

[133]. AMPK regulates CRTC2 in a similar fashion to that

described above for HDAC5 [91]. AMPK can directly

phosphorylate CRTC2 on Ser171 [91]. Interestingly, the

ability to phosphorylate this residue is shared by other

members of the AMPK-related kinases subfamily, such as

SIK2 [133]. This phosphorylation event promotes the

binding of 14-3-3 to CRTC2 and induces its export to the

cytosol [133]. The immediate consequence of this is

that CREB loses the interaction with its coactivator

and, consequently, CREB-dependent gluconeogenic gene

expression is reduced. It is important to note that activation

of AMPK led to increased CRTC2 cytoplasmic localization

even in the presence of cAMP agonists [91], indicating that

cellular energy stress overrides the systemic needs for

glucose synthesis. Importantly, this characteristic is unique

to AMPK, as phorphorylation of CRTC2 by SIK2 is

prenvented by cAMP agonists [133]. This model also raises

a number of questions. For example, there are situations

in which agents that increase cAMP, such as forskolin,

isoproterenol or glucagon, lead to AMPK activation [134,

135] which, in liver, would be antagonistic with the

induction of gluconeogenic genes. Recent results indicate

that PKA can phosphorylate and negatively regulate certain

AMPK trimers containing the a1 subunit [136], which

could keep AMPK activity low during gluconeogenic

periods. Another complexity relies in the fact that, at least

in muscle, AMPK can phosphorylate and activate CREB

[90]. If this happened in liver, then there should be addi-

tional mechanisms targeting CREB to non-gluconeogenic

gene sets.

An additional critical transcription factor regulating

glucose metabolism in liver is HNF4a, which controls the

expression of GLUT2, pyruvate kinase (L-PK) and aldol-

ase B, among others [137]. Initial findings showed how

pharmacological activation of AMPK by AICAR led to a

downregulation of HNF4a target genes [138]. This phe-

nomenon was linked to a robust reduction in HNF4a
protein levels, apparently caused by a decrease in HNF4a
protein stability [139]. Furthermore, HNF4a was identified

as a direct target for AMPK. Specifically, AMPK phos-

phorylated Ser303 (Ser313 in humans) [139], a residue

located in the ligand-binding domain that directly partici-

pates in homodimerization, the functional form of these

transcription factors. Consequently, it was reported that

mutation of Ser303 to Asp, mimicking constant phosphor-

ylation, impeded HNF4a homodimerization and DNA

binding [139]. Of note, the implications of these findings

might not be limited to the liver, as HNF4a is a critical

regulator of glucose metabolism through actions in the

pancreas, kidney and intestine [137].

AMPK might also participate in the modulation of a

third transcription factor involved in the sensing and reg-

ulation of liver glucose metabolism. The carbohydrate

response element binding protein (ChREBP) is a liver-

specific transcription factor that promotes the expression of

glycolytic and fatty acid synthesis genes in situations of

high glucose availability [140]. Like HNF4a, ChREBP

induces L-PK expression by binding to its promoter [141].

It has been reported that AMPK phosphorylates ChREBP

on Ser568, thereby compromising its DNA binding and

transcriptional activities [142]. By inhibiting ChREBP,

AMPK promotes the use of fatty acids as the main energy

source. These findings, however, have been challenged by

a report showing that ChREBP nuclear translocation is

normal in AMPK-deficient animal models [143]. It must be

remembered, however, that as with CREB and CRTC2,

AMPK may not be the only kinase acting on ChREBP, and

compensatory mechanisms could explain the unaltered

phenotype in AMPK-deficient models.

Some conflicting points arise from the extrapolation of

AMPK’s effects on certain transcriptional regulators in

muscle, such as FOXO, SIRT1 and PGC-1a. AMPK acti-

vation in liver promotes an increase in the ratio between

b-oxidation and lipogenesis, in part through the induction

of mitochondrial content and function ([116], Cantó C and

3414 C. Cantó, J. Auwerx



Auwerx J, unpublished observations). Conversely, ablation

of AMPK in liver reduces mitochondrial content and

activity [129, 144], probably as a consequence of decreased

PGC-1a expression and activity [129]. However, in con-

trast to the role of AMPK, most reports to date indicate that

PGC-1a induces gluconeogenesis [145, 146]. Activation of

PGC-1a through SIRT1-mediated deacetylation seems to

be a key step in the induction of the gluconeogenic pro-

gram [147, 148]. Intriguingly, AMPK-induced PGC-1a
expression and deacetylation can also be observed in liver,

indicating that AMPK increases SIRT1 and PGC-1a
activity (Cantó C., Auwerx J., unpulished observation).

This being so, why does AMPK activation not promote

gluconeogenesis? A very likely explanation lies in the fact

that PGC-1a is a coactivator, and consequently, its action

depends on the transcription factors it binds to. As AMPK

inactivates CRTC2 and HNF4 actions, it is possible that

PGC-1a cannot properly bind CRTC2/CREB and HNF4

transcriptional complexes, therefore redirecting its coacti-

vating activities to other transcription factors linked to

mitochondrial biogenesis. While such an explanation might

be valid in the case of PGC-1a, it is more difficult to apply

to the case of the FOXO family of transcription factors,

which are activated by AMPK and mediate a significant

part of AMPK’s effects in a number of tissues [106, 149,

150]. Most results to date make it unlikely that this also

should be the case in liver, as the FOXO transcription

factors are critical positive gluconeogenic regulators [104].

Furthermore, deacetylation by SIRT1 seems to promote

nuclear trapping of FOXOs and transcription of glucone-

ogenic genes [109], which is diametrically opposite to what

would be expected for AMPK activation. Strikingly, a

great deal of evidence show that resveratrol, which acti-

vates AMPK in liver and cultured hepatocytes [116, 151],

leads to FOXO deacetylation [109]. Therefore, the para-

digm that SIRT1 is pro-gluconeogenic through its actions

on FOXO and PGC-1a need to be revised in light of the

number of conflicting observations, for example:

(1) While SIRT1 downregulation in liver through aden-

oviral delivery of SIRT1 shRNAs leads to fasting

hypoglycemia and decreased expression of glucone-

ogenic genes [148], liver-specific SIRT1 knock-out

mice show normal blood parameters upon fasting and

nicely adapt to calorie restriction [152].

(2) SIRT1 activation in liver does not seem to happen in

the initial phase of gluconeogenesis, which is con-

trolled by CRTC2, but rather occurs during a later

phase, leading to the deacetylation and degradation of

CRTC2, which attenuates gluconeogenic rate [153].

(3) Mice mildly overexpressing SIRT1 are largely normal

when fed a standard chow [154–156], with a tendency

towards lower fasting blood glucose levels [155].

SIRT1 overexpression, however, effectively protected

against hyperglycemia in a number models of meta-

bolic disease because of reduced hepatic glucose

output [154, 156] and lower FOXO and PGC-1a
acetylation levels [154], indicating that SIRT1 activity

can actually be linked to a decrease in gluconeogenic

rates.

(4) In all murine models of metabolic disease and

diabetes tested to date, resveratrol or similar com-

pounds consistently protect against hyperglycemia,

triglyceride accumulation and excessive cholesterol

production [62, 116, 157, 158], very much in line

with the results obtained in mice overexpressing

SIRT1 [154, 156]. AMPK is robustly activated in the

livers of mice fed with resveratrol [116], and the

phenotypic outputs are perfectly in line with those

expected for AMPK activation. Since these mice

displayed higher SIRT1 and PGC-1a activity [116],

physiological activation of SIRT1 or PGC-1a in liver

is not per se linked to gluconeogenesis. Similar

observations were made with the SIRT1 agonist

described by Sirtris, SRT1720 [159, 160], even

though the direct and specific effects of this com-

pound on SIRT1 activation are controversial [161].

(5) The observations that resveratrol deacetylates

FOXO1 [109] and protects against hyperglycemia

[62, 116] indicate that FOXO activation of the

gluconeogenic program might be avoided or be very

moderate in situations of AMPK activation, while the

induction of other FOXO target genes is prioritized.

This might be explained by the fact that FOXO

actions sometimes require interplay with other tran-

scription factors, such as HNF4a [162, 163], to

modulate glucose metabolism genes. Therefore,

AMPK might also channel FOXO activity to specific

gene sets through post-translational modifications,

such as phosphorylation [106] and deacetylation

[107], and by preventing its interplay with certain

transcription factors.

(6) Recent evidence indicates that SIRT1 enhances

AMPK action in the liver by deacetylating LKB1,

altering its cellular localization and its association

with STRAD, ultimately stimulating its activation of

AMPK [16]. This suggests that SIRT1 and AMPK

might reciprocally activate each other in liver and

HepG2 cells [16, 164, 165], creating a positive

feedback loop. Such observations imply that AMPK

and SIRT1 activities would also go hand in hand

in liver, which contradicts the notion of SIRT1 as pro-

gluconeogenic factor.

Given these observations, it is clear that we are only

at the beginning of our understanding about how the
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transcriptional effectors of AMPK are regulated, but it

seems clear that different mechanisms of action might be

coexisting (Fig. 2). The lack of a linear extrapolation of the

way in which SIRT1, PGC-1 and FOXOs act downstream

of AMPK complicates the picture. Furthermore, we are still

far from grasping how AMPK quickly downregulates some

key players in liver lipid metabolism, such as SREBP1c

[120, 130]. Given the proven efficacy of AMPK-activating

drugs, such as metformin, in type 2 diabetes, the clarifi-

cation of these enigmas should be a priority for the field.

Additional transcriptional regulators controlled

by AMPK

Most of the attention on AMPK has been focused on

transcriptional regulation in metabolic tissues, as those

described above, or in the immediate phosphorylation of

metabolic enzymes and signaling pathways. Still, AMPK

may regulate additional transcriptional events, which are

worthy of attention.

Cell cycle and differentiation regulators

A riveting field for future study is the regulation of p53 by

AMPK, which potentially will shed light on the link among

metabolism and cell cycle and division. Evidence is accu-

mulating that AMPK could control the cell cycle by

promoting G1 arrest and reduce the number of S phase cells

[166, 167]. Studies showing that AMPK can directly phos-

phorylate p53 on Ser15 (Ser18 in mice) were key to

understanding the effects of AMPK on proliferation [166].

In normal circumstances, p53 is rapidly ubiquitinated and

degraded. A number of post-translational modifications,

such as phosphorylation and acetylation, can stabilize the

protein and promote cell cycle arrest and anti-tumorigenic

effects [168]. In line with this, phosphorylation of p53 by
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Fig. 2 AMPK anti-gluconeogenic effects are achieved through a

combination of different transcriptional mechanisms. A constellation

of transcriptional regulators modulates gluconeogenesis, such as

CRTC2, FOXO, ChREBP, HNF4a and PGC-1a. AMPK impacts on

them all through different strategies. For example, AMPK phosphor-

ylates CRTC2 and promotes its nuclear exclusion, disassembling the

coactivator from CREB on gluconeogenic genes (GG). AMPK can

also directly phosphorylate transcription factors (TFs), as happens

with HNF4a and ChREBP, promoting their nuclear exclusion and/or

degradation. In the case of PGC-1a, phosphorylation by AMPK might

direct its coactivating actions towards non-gluconeogenic gene

(NGG) regulation. Similarly, phosphorylation of FOXOs by AMPK

may drive its action from gluconeogenic genes towards other gene

sets, such as oxidative protection
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AMPK stabilizes p53 and induces the expression of its target

gene p21 [166, 167], an inhibitor of cyclin-dependent

kinases, which promotes a cell cycle arrest at the level of G1

and G2 [169]. Therefore, situations of low nutrient avail-

ability and/or energy stress could translate into a natural

inhibition of cell division in order to ensure cellular sus-

tainability. These findings have serious implications for the

possibility of using AMPK-activating compounds as anti-

cancer drugs. Additionally, p53 has also been linked to the

transcriptional regulation of mitochondrial metabolism

[170], providing a new mechanism by which AMPK could

impact on mitochondrial gene expression. An intriguing

paradox in the link between AMPK and SIRT1 is the fact

that SIRT1 is known to deacetylate and inactivate p53

[171, 172], while the role of AMPK seems to be the oppo-

site. Elucidation of this apparent contradiction deserves

investigation. To date, most of the studies on the AMPK/

SIRT1 link have been done in adult normal tissue, making it

possible that this signaling pathway is altered in tumors.

Similarly, a recent report indicates that SIRT1 activity can

somehow be oriented towards certain targets, as phosphor-

ylation of SIRT1 by JNK leads to specific deacetylation of

p53, but not of other substrates [173]. This concept is in line

with our observations showing that PGC-1a needs to be

primed by prior AMPK-mediated phosphorylation in order

to be deacetylated [72] and makes it possible that in a similar

fashion AMPK phosphorylation of p53 could be preventing

or not affecting SIRT1 interaction with this substrate.

Another transcriptional regulator controlled by AMPK

is the retinoblastoma protein (Rb). Rb regulates the pro-

gression, fate and differentiation of a number of cell types

by binding and modulating the activity of members of the

E2F family of transcription factors [174]. In neuronal

precursor and stem cells, AMPK can directly phosphory-

late Rb on Ser804, which then leads to its dissociation from

E2F [175]. This is in line with the fact that low glucose

promotes Rb/E2F dissociation [175]. The regulation of the

Rb/E2F axis by AMPK has long-reaching consequences.

For example, Rb phosphorylaton status determines a

number of fate choices [176] and interactions with other

transcriptional regulators, such as PPARc [177]. However,

as several kinases can impact on the phosphorylation of the

same residue in Rb, it is difficult to extrapolate from these

data the relevance of AMPK signaling on the Rb/E2F axis.

In fact, a number of scenarios are potentially opposed to

the hypothesis that AMPK inhibits Rb and favors E2F

transcription, such as those implying that Rb is a tumor

suppressor [174] or that E2F can negatively regulate

mitochondrial biogenesis [178]. It is also interesting to note

that, again, AMPK and SIRT1 find a convergent substrate

in Rb [179], even though any possible interplay between

AMPK-mediated phosphorylation and SIRT1-dependent

deacetylation of Rb is yet to be explored.

Direct regulation of the epigenetic and transcriptional

machinery

Other possible substrates of interest that need confirmation

are those intimately related to epigenetic phenomena. The

finding that AMPK trimer containing the c3 subunit could

be detected in the nucleoli [46] led to the hypothesis that it

could participate in the regulation of rRNA synthesis,

which is necessary for the whole ribosomal structure and

mRNA translation. As AMPK is known to decrease protein

translation by inhibiting the mTOR pathway [180], it

would make sense that it could also shut down this process

directly through an alternative mechanism. In line with

this, AMPK activation decreased RNApol I activity

[46, 181]. This raised the hypothesis of a possible direct

regulation through phosphorylation events in the nucleoli,

as recently shown by the fact that AMPK phosphorylates

the RNA polymerase I (Pol I)-associated transcription

factor TIF-IA at Ser635 [181]. Phosphorylation by AMPK

impairs the interaction of TIF-IA with SL1, precluding the

assembly of functional transcription initiation complexes

[181]. Further supporting this hypothesis, mutation of

Ser635 prevents down-regulation of Pol I transcription in

response to low energy supply [181]. All these results

provide evidence that activation of AMPK adapts rRNA

synthesis to nutrient availability [181]. Another intriguing

link is that between AMPK and histone phosphorylation,

which derives from pioneer findings in yeast indicating that

the yeast AMPK homolog, snf1, could phosphorylate his-

tone 3 on Ser10, enabling the subsequent recruitment of the

GCN5 acetyltransferase to acetylate Lys14, unfold DNA

strands and initiate transcription [51]. While the possibility

of AMPK directly phosphorylating histones on target genes

would open doors for innumerable hypothesis, this finding

has not yet been confirmed in mammalian cells. Addi-

tionally, it would also imply the requirement of a currently

unknown additional specificity mechanism in order to

select target genes.

Conclusions and future perspectives

The fact that AMPK activation tightly controls the tran-

scriptional regulation of a number of gene sets has been

known for years. A number of transcriptional regulators

have arisen as immediate AMPK phosphorylation targets,

but the implications of such findings at the gene promoter

level are far from understood. We are now beginning to

elucidate the way phosphorylation by AMPK influences the

activity and interaction of transcriptional regulators

in different tissues, which will provide clues on how

AMPK determines gene set specification. Furthermore,

AMPK regulates transcription not only through direct
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events (i.e., phosphorylation of transcriptional regulators),

but also indirectly (for example, by increasing NAD? and

inducing SIRT1 activity). Further possibilities yet to be

explored would involve the direct binding of AMPK to

target promoters. Another challenging point for future

research will be the complete understanding of how AMPK

actually shuttles in and out of the nucleus and of how the

nuclear functions of AMPK depend on the trimer compo-

sition. All these questions will need answers in order to

fully understand AMPK action.
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3418 C. Cantó, J. Auwerx



metabolism: necessary and/or sufficient? Acta Physiol (Oxf)

196:155–174

29. Richter EA, Ruderman NB (2009) AMPK and the biochemistry

of exercise: implications for human health and disease. Biochem

J 418:261–275

30. Kurth-Kraczek EJ, Hirshman MF, Goodyear LJ, Winder WW

(1999) 50 AMP-activated protein kinase activation causes

GLUT4 translocation in skeletal muscle. Diabetes 48:1667–1671

31. Mu J, Brozinick JT Jr, Valladares O, Bucan M, Birnbaum MJ

(2001) A role for AMP-activated protein kinase in contraction-

and hypoxia-regulated glucose transport in skeletal muscle. Mol

Cell 7:1085–1094

32. Taylor EB, An D, Kramer HF, Yu H, Fujii NL, Roeckl KS,

Bowles N, Hirshman MF, Xie J, Feener EP, Goodyear LJ (2008)

Discovery of TBC1D1 as an insulin-, AICAR-, and contraction-

stimulated signaling nexus in mouse skeletal muscle. J Biol

Chem 283:9787–9796

33. Cartee GD, Wojtaszewski JF (2007) Role of Akt substrate of

160 kDa in insulin-stimulated and contraction-stimulated glu-

cose transport. Appl Physiol Nutr Metab 32:557–566

34. Carling D, Hardie DG (1989) The substrate and sequence

specificity of the AMP-activated protein kinase. Phosphorylation

of glycogen synthase and phosphorylase kinase. Biochim Bio-

phys Acta 1012:81–86

35. Marsin AS, Bertrand L, Rider MH, Deprez J, Beauloye C,

Vincent MF, Van den Berghe G, Carling D, Hue L (2000)

Phosphorylation and activation of heart PFK-2 by AMPK has a

role in the stimulation of glycolysis during ischaemia. Curr Biol

10:1247–1255

36. Hardie DG, Pan DA (2002) Regulation of fatty acid synthesis

and oxidation by the AMP-activated protein kinase. Biochem

Soc Trans 30:1064–1070

37. Mills SE, Foster DW, McGarry JD (1983) Interaction of malonyl-

CoA and related compounds with mitochondria from different rat

tissues. Relationship between ligand binding and inhibition of

carnitine palmitoyltransferase I. Biochem J 214:83–91

38. Inoki K, Zhu T, Guan KL (2003) TSC2 mediates cellular energy

response to control cell growth and survival. Cell 115:577–590

39. Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery

A, Vasquez DS, Turk BE, Shaw RJ (2008) AMPK phosphory-

lation of raptor mediates a metabolic checkpoint. Mol Cell

30:214–226

40. Polak P, Hall MN (2009) mTOR and the control of whole body

metabolism. Curr Opin Cell Biol 21:209–218

41. Viollet B, Athea Y, Mounier R, Guigas B, Zarrinpashneh E,

Horman S, Lantier L, Hebrard S, Devin-Leclerc J, Beauloye C,

Foretz M, Andreelli F, Ventura-Clapier R, Bertrand L (2009)

AMPK: lessons from transgenic and knockout animals. Front

Biosci 14:19–44

42. Mahlapuu M, Johansson C, Lindgren K, Hjalm G, Barnes BR,

Krook A, Zierath JR, Andersson L, Marklund S (2004)

Expression profiling of the gamma-subunit isoforms of AMP-

activated protein kinase suggests a major role for gamma3 in

white skeletal muscle. Am J Physiol Endocrinol Metab

286:E194–E200

43. Chen Z, Heierhorst J, Mann RJ, Mitchelhill KI, Michell BJ,

Witters LA, Lynch GS, Kemp BE, Stapleton D (1999) Expres-

sion of the AMP-activated protein kinase beta1 and beta2

subunits in skeletal muscle. FEBS Lett 460:343–348

44. Salt I, Celler JW, Hawley SA, Prescott A, Woods A, Carling D,

Hardie DG (1998) AMP-activated protein kinase: greater AMP

dependence, and preferential nuclear localization, of complexes

containing the alpha2 isoform. Biochem J 334(Pt 1):177–187

45. McGee SL, Howlett KF, Starkie RL, Cameron-Smith D, Kemp

BE, Hargreaves M (2003) Exercise increases nuclear AMPK

alpha2 in human skeletal muscle. Diabetes 52:926–928

46. Leff T (2003) AMP-activated protein kinase regulates gene

expression by direct phosphorylation of nuclear proteins. Bio-

chem Soc Trans 31:224–227

47. Hutber CA, Hardie DG, Winder WW (1997) Electrical stimu-

lation inactivates muscle acetyl-CoA carboxylase and increases

AMP-activated protein kinase. Am J Physiol 272:E262–E266

48. Vavvas D, Apazidis A, Saha AK, Gamble J, Patel A, Kemp BE,

Witters LA, Ruderman NB (1997) Contraction-induced changes

in acetyl-CoA carboxylase and 50-AMP-activated kinase in

skeletal muscle. J Biol Chem 272:13255–13261

49. Jorgensen SB, Viollet B, Andreelli F, Frosig C, Birk JB, Sch-

jerling P, Vaulont S, Richter EA, Wojtaszewski JF (2004)

Knockout of the alpha2 but not alpha1 50-AMP-activated protein

kinase isoform abolishes 5-aminoimidazole-4-carboxamide-

1-beta-4-ribofuranosidebut not contraction-induced glucose

uptake in skeletal muscle. J Biol Chem 279:1070–1079

50. Viollet B, Andreelli F, Jorgensen SB, Perrin C, Geloen A,

Flamez D, Mu J, Lenzner C, Baud O, Bennoun M, Gomas E,

Nicolas G, Wojtaszewski JF, Kahn A, Carling D, Schuit FC,

Birnbaum MJ, Richter EA, Burcelin R, Vaulont S (2003) The

AMP-activated protein kinase alpha2 catalytic subunit controls

whole-body insulin sensitivity. J Clin Invest 111:91–98

51. Lo WS, Duggan L, Emre NC, Belotserkovskya R, Lane WS,

Shiekhattar R, Berger SL (2001) Snf1—a histone kinase that

works in concert with the histone acetyltransferase Gcn5 to

regulate transcription. Science 293:1142–1146

52. Suzuki A, Okamoto S, Lee S, Saito K, Shiuchi T, Minokoshi Y

(2007) Leptin stimulates fatty acid oxidation and peroxisome

proliferator-activated receptor alpha gene expression in mouse

C2C12 myoblasts by changing the subcellular localization of the

alpha2 form of AMP-activated protein kinase. Mol Cell Biol

27:4317–4327

53. Kodiha M, Rassi JG, Brown CM, Stochaj U (2007) Localization

of AMP kinase is regulated by stress, cell density, and signaling

through the MEK?ERK1/2 pathway. Am J Physiol Cell Physiol

293:C1427–C1436

54. DeFronzo RA, Gunnarsson R, Bjorkman O, Olsson M, Wahren J

(1985) Effects of insulin on peripheral and splanchnic glucose

metabolism in noninsulin-dependent (type II) diabetes mellitus.

J Clin Invest 76:149–155

55. Cahill GF Jr, Herrera MG, Morgan AP, Soeldner JS, Steinke J,

Levy PL, Reichard GA Jr, Kipnis DM (1966) Hormone-fuel

interrelationships during fasting. J Clin Invest 45:1751–1769

56. Fink WJ, Costill DL, Pollock ML (1977) Submaximal and

maximal working capacity of elite distance runners. Part II.

Muscle fiber composition and enzyme activities. Ann N Y Acad

Sci 301:323–327

57. Costill DL, Fink WJ, Pollock ML (1976) Muscle fiber compo-

sition and enzyme activities of elite distance runners. Med Sci

Sports 8:96–100

58. Holloszy JO (1967) Biochemical adaptations in muscle. Effects

of exercise on mitochondrial oxygen uptake and respiratory

enzyme activity in skeletal muscle. J Biol Chem 242:2278–2282

59. Winder WW, Holmes BF, Rubink DS, Jensen EB, Chen M,

Holloszy JO (2000) Activation of AMP-activated protein kinase

increases mitochondrial enzymes in skeletal muscle. J Appl

Physiol 88:2219–2226

60. Suwa M, Nakano H, Kumagai S (2003) Effects of chronic

AICAR treatment on fiber composition, enzyme activity, UCP3,

and PGC-1 in rat muscles. J Appl Physiol 95:960–968

61. Zong H, Ren JM, Young LH, Pypaert M, Mu J, Birnbaum MJ,

Shulman GI (2002) AMP kinase is required for mitochondrial

biogenesis in skeletal muscle in response to chronic energy

deprivation. Proc Natl Acad Sci USA 99:15983–15987

62. Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C,

Daussin F, Messadeq N, Milne J, Lambert P, Elliott P, Geny B,

Transcriptional regulation by AMPK 3419



Laakso M, Puigserver P, Auwerx J (2006) Resveratrol improves

mitochondrial function and protects against metabolic disease

by activating SIRT1 and PGC-1alpha. Cell 127:1109–1122

63. Jorgensen SB, Treebak JT, Viollet B, Schjerling P, Vaulont S,

Wojtaszewski JF, Richter EA (2007) Role of AMPKalpha2 in

basal, training-, and AICAR-induced GLUT4, hexokinase II,

and mitochondrial protein expression in mouse muscle. Am J

Physiol Endocrinol Metab 292:E331–E339

64. Um JH, Park SJ, Kang H, Yang S, Foretz M, McBurney MW,

Kim MK, Viollet B, Chung JH (2010) AMP-Activated protein

kinase-deficient mice are resistant to the metabolic effects of

resveratrol. Diabetes 59:554–563

65. Canto C, Jiang LQ, Deshmukh AS, Mataki C, Coste A, Lagouge

M, Zierath JR, Auwerx J (2010) Interdependence of AMPK and

SIRT1 for metabolic adaptation to fasting and exercise in

skeletal muscle. Cell Metab 11:213–219

66. Fujii N, Seifert MM, Kane EM, Peter LE, Ho RC, Winstead S,

Hirshman MF, Goodyear LJ (2007) Role of AMP-activated

protein kinase in exercise capacity, whole body glucose

homeostasis, and glucose transport in skeletal muscle -insight

from analysis of a transgenic mouse model. Diabetes Res Clin

Pract 77(Suppl 1):S92–S98

67. Rockl KS, Hirshman MF, Brandauer J, Fujii N, Witters LA,

Goodyear LJ (2007) Skeletal muscle adaptation to exercise

training: AMP-activated protein kinase mediates muscle fiber

type shift. Diabetes 56:2062–2069

68. Jorgensen SB, Wojtaszewski JF, Viollet B, Andreelli F, Birk JB,

Hellsten Y, Schjerling P, Vaulont S, Neufer PD, Richter EA,

Pilegaard H (2005) Effects of alpha-AMPK knockout on exer-

cise-induced gene activation in mouse skeletal muscle. Faseb J

19:1146–1148

69. Barre L, Richardson C, Hirshman MF, Brozinick J, Fiering S,

Kemp BE, Goodyear LJ, Witters LA (2007) Genetic model for

the chronic activation of skeletal muscle AMP-activated protein

kinase leads to glycogen accumulation. Am J Physiol Endocri-

nol Metab 292:E802–E811

70. Garcia-Roves PM, Osler ME, Holmstrom MH, Zierath JR

(2008) Gain-of-function R225Q mutation in AMP-activated

protein kinase gamma3 subunit increases mitochondrial bio-

genesis in glycolytic skeletal muscle. J Biol Chem 283:35724–

35734

71. Jager S, Handschin C, St-Pierre J, Spiegelman BM (2007) AMP-

activated protein kinase (AMPK) action in skeletal muscle via

direct phosphorylation of PGC-1alpha. Proc Natl Acad Sci USA

104:12017–12022

72. Canto C, Gerhart-Hines Z, Feige JN, Lagouge M, Noriega L,

Milne JC, Elliott PJ, Puigserver P, Auwerx J (2009) AMPK

regulates energy expenditure by modulating NAD? metabolism

and SIRT1 activity. Nature 458:1056–1060

73. Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman

BM (1998) A cold-inducible coactivator of nuclear receptors

linked to adaptive thermogenesis. Cell 92:829–839

74. Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G,

Mootha V, Troy A, Cinti S, Lowell B, Scarpulla RC, Spiegelman

BM (1999) Mechanisms controlling mitochondrial biogenesis

and respiration through the thermogenic coactivator PGC-1. Cell

98:115–124

75. Handschin C, Spiegelman BM (2006) Peroxisome proliferator-

activated receptor gamma coactivator 1 coactivators, energy

homeostasis, and metabolism. Endocr Rev 27:728–735

76. Handschin C, Chin S, Li P, Liu F, Maratos-Flier E, Lebrasseur

NK, Yan Z, Spiegelman BM (2007) Skeletal muscle fiber-type

switching, exercise intolerance, and myopathy in PGC-1alpha

muscle-specific knock-out animals. J Biol Chem 282:30014–

30021

77. Narkar VA, Downes M, Yu RT, Embler E, Wang YX, Banayo

E, Mihaylova MM, Nelson MC, Zou Y, Juguilon H, Kang H,

Shaw RJ, Evans RM (2008) AMPK and PPARdelta agonists are

exercise mimetics. Cell 134:405–415

78. Lin J, Wu H, Tarr PT, Zhang CY, Wu Z, Boss O, Michael LF,

Puigserver P, Isotani E, Olson EN, Lowell BB, Bassel-Duby R,

Spiegelman BM (2002) Transcriptional co-activator PGC-1

alpha drives the formation of slow-twitch muscle fibres. Nature

418:797–801

79. Fan M, Rhee J, St-Pierre J, Handschin C, Puigserver P, Lin J,

Jaeger S, Erdjument-Bromage H, Tempst P, Spiegelman BM

(2004) Suppression of mitochondrial respiration through

recruitment of p160 myb binding protein to PGC-1alpha:

modulation by p38 MAPK. Genes Dev 18:278–289

80. Baar K, Wende AR, Jones TE, Marison M, Nolte LA, Chen M,

Kelly DP, Holloszy JO (2002) Adaptations of skeletal muscle to

exercise: rapid increase in the transcriptional coactivator PGC-1.

Faseb J 16:1879–1886

81. Handschin C, Rhee J, Lin J, Tarr PT, Spiegelman BM (2003) An

autoregulatory loop controls peroxisome proliferator-activated

receptor gamma coactivator 1alpha expression in muscle. Proc

Natl Acad Sci USA 100:7111–7116

82. Wright DC, Han DH, Garcia-Roves PM, Geiger PC, Jones TE,

Holloszy JO (2007) Exercise-induced mitochondrial biogenesis

begins before the increase in muscle PGC-1alpha expression.

J Biol Chem 282:194–199

83. Amat R, Planavila A, Chen SL, Iglesias R, Giralt M, Villarroya

F (2009) SIRT1 controls the transcription of the peroxisome

proliferator-activated receptor-gamma Co-activator-1alpha

(PGC-1alpha) gene in skeletal muscle through the PGC-1alpha

autoregulatory loop and interaction with MyoD. J Biol Chem

284:21872–21880

84. Akimoto T, Sorg BS, Yan Z (2004) Real-time imaging of per-

oxisome proliferator-activated receptor-gamma coactivator-

1alpha promoter activity in skeletal muscles of living mice. Am

J Physiol Cell Physiol 287:C790–C796

85. Al-Khalili L, Chibalin AV, Yu M, Sjodin B, Nylen C, Zierath

JR, Krook A (2004) MEF2 activation in differentiated primary

human skeletal muscle cultures requires coordinated involve-

ment of parallel pathways. Am J Physiol Cell Physiol

286:C1410–C1416

86. Holmes BF, Sparling DP, Olson AL, Winder WW, Dohm GL

(2005) Regulation of muscle GLUT4 enhancer factor and

myocyte enhancer factor 2 by AMP-activated protein kinase.

Am J Physiol Endocrinol Metab 289:E1071–E1076

87. McGee SL, Sparling D, Olson AL, Hargreaves M (2006)

Exercise increases MEF2- and GEF DNA-binding activity in

human skeletal muscle. Faseb J 20:348–349

88. Knight JB, Eyster CA, Griesel BA, Olson AL (2003) Regulation

of the human GLUT4 gene promoter: interaction between a

transcriptional activator and myocyte enhancer factor 2A. Proc

Natl Acad Sci USA 100:14725–14730

89. Osawa H, Robey RB, Printz RL, Granner DK (1996) Identifi-

cation and characterization of basal and cyclic AMP response

elements in the promoter of the rat hexokinase II gene. J Biol

Chem 271:17296–17303

90. Thomson DM, Herway ST, Fillmore N, Kim H, Brown JD,

Barrow JR, Winder WW (2008) AMP-activated protein kinase

phosphorylates transcription factors of the CREB family. J Appl

Physiol 104:429–438

91. Koo SH, Flechner L, Qi L, Zhang X, Screaton RA, Jeffries S,

Hedrick S, Xu W, Boussouar F, Brindle P, Takemori H,

Montminy M (2005) The CREB coactivator TORC2 is a key

regulator of fasting glucose metabolism. Nature 437:1109–

1111

3420 C. Cantó, J. Auwerx
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