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Preface

The survival of all organisms depends on the dynamic control of energy metabolism

and the regulation of a plethora of biochemical and molecular processes. The

availability or nonavailability of the major cellular energy resource adenosine

triphosphate (ATP) determines whether cells may grow and divide or starve and

die. Intracellular sensors of cellular energy and nutrient status are emerging as key

player in the regulation of cell metabolism in health and disease. Among the

different signaling hubs characterized in recent years, adenosine monophosphate-

activated protein kinase (AMPK) signaling participates in the maintenance of

intracellular ATP levels within an appropriate range. By sensing changes in

AMP/ATP and ADP/ATP ratios, AMPK coordinates cellular energy balance by

switching on catabolic pathways and switching off ATP-consuming processes at

both the cellular and whole-body level.

According to the function of AMPK as a master regulator of cell energy levels, it

is becoming evident why a dysfunction in the AMPK signaling pathway has been

involved directly or indirectly in the derangement of energy metabolism in many

diseases. However, caution is required when interpreting these findings showing

correlation rather than formal demonstration for a role of AMPK as a driver of

diseases. In addition, given the magnitude of AMPK in biomedical research, it is

often difficult to decipher whether this pathway may be of significant relevance for

clinicians or basic research workers. A better comprehension in the regulation of

the signaling pathway but also the knowledge of available methods and models

would be extremely useful. Hence, the aim of this book is to describe the state of the

art of AMPK signaling and function by the authors who have been actively

commited to recent developments of our understanding of how this key

heterotrimeric enzyme operates to control metabolism as well as non-metabolic

cellular processes at both the cellular and whole-body level.

The content of the book is distributed into five sections: beginning with basic

informations about AMPK in health, where the principal functions of AMPK are

described; then providing insights into the potential role of AMPK in disease, where
the pathological consequences of AMPK dysfunction are highlighted; this is
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followed by the description of the Pharmacology of AMPK, a section dealing with

an actualized view of the most relevant compounds used to modulate AMPK

activity; then turning to AMPK in nonmammalian systems, where recent knowledge
on AMPK function in yeast, Drosophila melanogaster, Caenorhabditis elegans,
and plants is presented; and finally, in Methods to study AMPK, recent genetic,
cellular, and molecular experimental tools in AMPK research field are depicted.

The editors and authors hope this first AMPK textbook will be a useful manual

and valuable reference for a large scientific audience in biology and medicine. It is

our goal to stimulate research, contribute to a better understanding of the different

aspects of AMPK signaling and function, and help the generation of new ideas and

scientific projects as well as a step toward translational research. Thus, this book

serves as a source of information to facilitate the reading of the literature and should

pave the way for improvement of pharmacological and therapeutic intervention in

diseases, including aging, cancer, neurodegenerative diseases, and pathogen

infection.

Seville, Spain Mario D. Cordero

Paris, France Benoit Viollet
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AMPK in Health



Chapter 1

Structure and Regulation of AMPK

Ravi G. Kurumbail and Matthew F. Calabrese
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Abstract AMP-activated protein kinase is a family of heterotrimeric serine/thre-

onine protein kinases that come in twelve different flavors. They serve an essential

function in all eukaryotes of conserving cellular energy levels. AMPK complexes

are regulated by changes in cellular AMP:ATP or ADP:ATP ratios and by a number

of neutraceuticals and some of the widely-used diabetes medications such as

metformin and thiazolinonediones. Moreover, biochemical activities of AMPK

are tightly regulated by phosphorylation or dephosphorylation by upstream kinases

and phosphatases respectively. Efforts are underway in many pharmaceutical

companies to discover direct AMPK activators for the treatment of cardiovascular

and metabolic diseases such as diabetes, non-alcoholic steatohepatitis (NASH) and

diabetic nephropathy. Many advances have been made in the AMPK structural

biology arena over the last few years that are beginning to provide detailed

molecular insights into the overall topology of these fascinating enzymes and

how binding of small molecules elicit subtle conformational changes leading to

their activation and protection from dephosphorylation. In the brief review below

on AMPK structure and function, we have focused on the recent crystallographic

results especially on specific molecular interactions of direct synthetic AMPK

activators which lead to biased activation of a sub-family of AMPK isoforms.
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AMP-activated protein kinase (AMPK) serves an essential function in all eukary-

otes as a guardian of cellular energy status (Carling and Viollet 2015; Hardie 2016;

Mounier et al. 2015; Neumann et al. 2007; Oakhill et al. 2012). When the overall

energy levels in cells decrease due to increased demands, AMPK gets activated

through a combination of phosphorylation by upstream kinases and direct activa-

tion by AMP and ADP. Activated AMPK in turn downregulates anabolic processes

that consume ATP while upregulating catabolic processes that lead to ATP synthe-

sis. This is accomplished in part by direct inhibition of catalytic activity of a number

of biosynthetic enzymes such as HMG-coA reductase or acetyl-coA carboxylase

(ACC) through phosphorylation by AMPK (Carling et al. 1987). In addition,

AMPK also exerts long-range effects through regulation of transcriptional

co-activator PGC1-α, upregulation of which results in increased mitochondrial

biogenesis (Zong et al. 2002). AMPK activation also leads to negative regulation

of protein translation via phosphorylation of tuberous sclerosis complex 2 (TSC2)

and regulatory associated protein of TOR (raptor) (Gwinn et al. 2008;

Inoki et al. 2003). The net effect of these AMPK-mediated events is to restore the

overall energy level in cells.

1.1 Structure and Topology

AMPK is a heterotrimeric serine/threonine kinase that is made up of a catalytic α
subunit in complex with two regulatory subunits, β and γ. Multiple isoforms of each

of these subunits exist (α1, α2, β1, β2, γ1, γ2, and γ3) that can assemble in different

combinations to generate as many as 12 possible AMPK complexes (Ross

et al. 2016b). Differential expression of these AMPK isoforms in tissues and species

and their association with specific substrates allow for unique regulation of meta-

bolic processes (Steinberg and Kemp 2009).

Recent years have seen tremendous progress in our structural understanding of

AMPK (Table 1.1). Early structures of isolated domains and truncated complexes

provided the first clues to the assembly of AMPK and revealed the interactions

between the kinase and regulatory domains (Chen et al. 2009, 2013; Day

et al. 2007; Handa et al. 2011; Littler et al. 2010; Mobbs et al. 2015a; Nayak

et al. 2006; Polekhina et al. 2005; Rudolph et al. 2007; Walker et al. 2005).

Complementary work from landmark papers revealed the structure of the AMPK

regulatory core (also known as the adenylate sensor). This structural unit, com-

prised of the γ subunit together with the C-terminal portions of α and β, lacks
catalytic activity but contains the critical nucleotide-binding domains (Amodeo

et al. 2007; Chen et al. 2012; Jin et al. 2007; Townley and Shapiro 2007; Xiao

et al. 2007). This work was strongly enabled by the advances made on the molecular

biology front in generating a tri-cistronic expression vector that holds the coding

DNA for all the three subunits on a single plasmid (Neumann et al. 2003). Detailed

structural studies revealed that of the four possible nucleotide-binding sites in γ,
only three appear to ever be occupied in mammalian AMPK (sites 1, 3, 4). From

biophysical, biochemical, and mutagenesis experiments, we learned that these sites

4 R.G. Kurumbail and M.F. Calabrese



Table 1.1 Structures of AMPK complexes and domains

PDB Description

Res.

(Å) Citation

1Z0M

1Z0N

GBD (CBM) of mammalian β1 1.9

1.5

Polekhina et al. (2005)

2F15 GBD (CBM) of human β2 2.0 Walker et al. (2005)

2FH9 Kinase domain from yeast SNF1 2.8 Nayak et al. (2006)

2H6D Kinase domain of human α2 1.8 Littler et al. (2010)

2OOX

2OOY

Yeast adenylate sensor with AMP and

ATP

2.6

2.9

Townley and Shapiro (2007)

2UV4

2UV5

2UV6

2UV7

Structures of CBS domain pairs with

nucleotide and ZMP

1.3

1.7

2.0

2.0

Day et al. (2007)

2QLV Structure of heterotrimeric core of

yeast SNF1

2.6 Amodeo et al. (2007)

2V8Q

2V92

2V9J

AMPKcore plus AMP

AMPKcore plus ATP-AMP

AMPKcore plus Mg.ATP-AMP

2.1

2.4

2.5

Xiao et al. (2007)

2QR1

2QRC

2QRD

2QRE

Yeast adenylate sensor with ADP

Yeast adenylate sensor with AMP and

ADP

Yeast adenylate sensor with ADP and

ATP

Yeast adenylate sensor with ZMP

2.7

2.7

2.4

3.0

Jin et al. (2007)

2YZA

3AQV

Kinase domain T172D from human α2
Kinase domain T172D with compound

C

3.0

2.1

Handa et al. (2011)

3DAE

3H4J

Phosphorylated SNF1 kinase domain

Pombe AMPK KD/AID fragment

2.9

2.8

Chen et al. (2009)

3MN3 Inhibited kinase domain of yeast SNF1 2.4 Rudolph et al. (2010)

2Y8L

2Y8Q

2YA3

AMPKcore with two ADP

AMPKcore with one ADP

AMPKcore with coumarin ADP

2.5

2.8

2.5

Xiao et al. (2011)

3T4N

3TDH

3TE5

S. Cerevisiae AMPKcore plus ADP

S. Cerevisiae AMPKcore plus AMP

S. Cerevisiae AMPKcore plus NADH

2.3

2.3

2.5

Mayer et al. (2011)

4EAG

4EAI

4EAJ

4EAK

4EAL

Co-crystal chimeric AMPKcore plus

ATP

Co-crystal AMPKcore plus AMP

Co-crystal AMPKcore w/AMP soaked

ATP

Co-crystal AMPKcore plus ATP

Co-crystal AMPKcore w/ATP soaked

AMP

2.7

2.3

2.6

2.5

2.5

Chen et al. (2012)

2LTU

4F2L

Solution structure of AID

Structure of mammalian AID

N/A

1.5

Chen et al. (2013)

(continued)
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are nonequivalent in terms of their nucleotide affinity and effect on enzyme

function. These observations were significantly extended with the structure of the

kinase domain plus regulatory core that revealed specific interaction of a regulatory

segment from the α subunit with the nucleotide-binding sites in γ, providing a line

of communication between the catalytic and regulatory machinery (Chen

et al. 2013; Xiao et al. 2011).

More recently, there has been an eruption of structural data of full-length

heterotrimeric AMPK complexes beginning with the structure of the α2β1γ1-
complex reported by the Gamblin and Carling laboratories in late 2013 (Xiao

et al. 2013). This was rapidly followed by structures of the α1β1γ1 and α1β2γ1
isoforms—representing both active and inactive enzymes in various ligand-bound

states providing full-length structures for a quarter of possible heterotrimeric

assemblies (Calabrese et al. 2014; Li et al. 2015). All three isoforms adopt a

similarly elongated conformation (Fig. 1.1b). The catalytic protein kinase module

resides on the N-terminal portion of the α subunit. This is followed by a short auto-

inhibitory domain (AID) which is a three-helical bundle that negatively regulates

the basal activity of the enzyme (Chen et al. 2009, 2013; Xiao et al. 2011). A long,

flexible regulatory segment that contains two α-regulatory interacting motifs

(α-RIM1 and α-RIM2) connects the AID to the regulatory core (Xin et al. 2013).

β1 and β2, which are roughly equivalent in length, are the shortest of the three

Table 1.1 (continued)

PDB Description

Res.

(Å) Citation

2 LU3

2 LU4

Solution structure of β2 CBM

Solution structure of β2 CBM plus

cyclodextrin

N/A

N/A

Koay et al. (citation yet

unpublished at www.rcsb.org)

4CFE

4CFF

4CFH

Full-length AMPK α2β1γ1 plus cmpd

991

Full-length AMPK α2β1γ1 plus

A769662

AMPKcore plus kinase domain

3.0

3.9

3.2

Xiao et al. (2013)

Xiao et al. (2011)

4QFG

4QFR

4QFS

Full-length AMPK α1β1γ1
Full-length AMPK α1β1γ1 plus

Cl-A769662

Full-length AMPK α1β1γ1 plus

Br-A769662core

3.5

3.3

3.5

Calabrese et al. (2014)

4RED

4RER

4REW

Human α1 KD-AID K43A

Full-length AMPK α1β2γ1
Full-length non-phosphorylated

AMPK α1β2γ1

2.9

4.0

4.5

Li et al. (2015)

4YEE

4Y0G

4YEF

β2 CBM with glucosyl-beta-cyclodex-

trin

β2 CBM

β1 CBM with glucosyl-beta-

cyclodextrin

2.0

1.6

1.7

Mobbs et al. (2015b)

4ZHX

5EZV

Full-length AMPK α2β1γ1 in complex

with compound C2

3.0 Langendorf et al. (2016)

6 R.G. Kurumbail and M.F. Calabrese
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AMPK subunits. They contain a flexible, glycine-rich segment with a

myristoylation site at its N-terminus. The structure of this domain is as yet unclear,

but it appears to have an inhibitory function on AMPK activity (Oakhill et al. 2010;

Scott et al. 2008; Warden et al. 2001). The glycine-rich domain is followed by a

carbohydrate-binding module (CBM) also known as glycogen-binding domain

(GBD) of approximately 80 amino acids. As the name implies, CBM binds glyco-

gen or shorter oligosaccharides which modulates the enzymatic activity of AMPK

and allows it to respond to changes in sugar levels (Koay et al. 2007, 2010; McBride

et al. 2009; McBride and Hardie 2009; Polekhina et al. 2003, 2005). Though able to

adopt its native fold in isolation (Polekhina et al. 2005; Walker et al. 2005), the

CBM of both the β1 and β2 isoforms has been shown to dock atop the N-lobe of the

kinase domain in the context of full-length heterotrimers (Calabrese et al. 2014; Li

et al. 2015; Xiao et al. 2013). In this environment, the CBM is followed by a novel

structured segment termed the “C-interacting helix” which docks against the B- and

C-helices of the α subunit. The C-terminal segment of the β subunits serves as an

anchor holding together the nucleotide-binding domain of the γ subunits and the

C-terminal portion of the α subunits (Xiao et al. 2007).

The γ subunits display the greatest variability among the three in terms of size.

All three γ subunits contain a core nucleotide-binding module that is made up of

four cystathionine-β-synthase (CBS) domains. Each of the CBS domains contains

roughly ~60 amino acids and assembles as pairs called Bateman domains. Two such

Bateman domains come together in a head-to-head fashion to form the core

nucleotide-binding module of the γ subunits. While γ1 is comprised primarily of

CBS domains alone, γ2 and γ3 contain long N-terminal extensions of unknown

structure and function. As in other proteins, the CBS modules of AMPK harbor

binding sites for AMP, ADP, and ATP.

Fig. 1.1 AMPK topology and structure. (a) Overall topology of full-length heterotrimeric AMPK.

Structure shown in cartoon representation for the α2β1γ1 isoform derived from 4CFE.pdb (Xiao

et al. 2013). Subunits are colored as indicated and with structural modules labeled. Bound AMP in

the γ subunit and staurosporine in the kinase ATP site are shown as sticks (green). (b) Global
superposition of the three distinct full-length AMPK heterotrimers solved to date illustrating a

conserved topology. α1β1γ1 (4QFR.pdb) (Calabrese et al. 2014), α2β1γ1 (4CFE.pdb) (Xiao

et al. 2013), and α1β2γ1 (4RER.pdb) (Li et al. 2015) are shown in slate blue, green, and gray,
respectively

1 Structure and Regulation of AMPK 7



The different structural and functional modules of the three AMPK subunits

share a high degree of amino acid similarity. The α1 and α2 subunits share an

overall sequence identity of ~77% which increases to ~90% for the protein kinase

module. The CBM motifs of β1 and β2 retain ~80% identity, while the CBS

modules across the three γ isoforms share ~60% conservation. Some of the

AMPK subunits are known to be alternately spliced in different tissues allowing

for further regulation and complexity. For example, three different splice variants

of the γ2 subunit have been identified which have been described in detail in a

recent review article (Steinberg and Kemp 2009).

The presence of multiple AMPK heterotrimeric complexes that are differentially

expressed allows for unique regulation of metabolic processes in various tissues.

The catalytic function of AMPK resides on the α1 and α2 subunits which are

encoded by two separate genes. Using recombinant AMPK isoforms expressed in

bacteria and quantitation of phospho SAMS peptide by careful HPLC methods,

Suter et al. reported similar specific activities (~6 μmol/min/mg) for α1β1γ1- and
α2β2γ1-complexes (Suter et al. 2006). Furthermore, they also reported that the α2-
containing complex was much more sensitive to deactivation by the phosphatase

PP2Cα compared to the α1-complex. The latter observations were recently con-

firmed in a study of six recombinant AMPK isoforms expressed in Escherichia coli
which showed ~25� higher sensitivity of α2-containing heterotrimers for dephos-

phorylation relative to α1-complexes (Rajamohan et al. 2015). In the recent study,

however, the authors observed that α1-containing isoforms in general have ~3�
higher specific activities compared to α2-containing isoforms. This was true for

isolated kinase domain reagents as well. Enzymatic characterization of kinetic

parameters revealed that the higher specific activities for the α1 isoforms were

primarily driven by reduced Km (~3�) for the SAMS peptide. Even though the

maximal stimulation by AMP of α1- and α2-complexes was approximately similar

(~2�), in general α2 isoforms were much more sensitive to AMP stimulation with

AC50 values (concentration required for half-maximal stimulation) 6–10� lower

than that for α1 isoforms (Rajamohan et al. 2015). These observations were in

contrast to previous reports of roughly similar sensitivity of α1- and α2-complexes

to AMP stimulation (Suter et al. 2006). The precise reasons for some of these

discrepancies are not clear but could be due to different experimental protocols

used for generating the protein reagents and for biochemical characterization.

However, both these studies unequivocally showed that bacterially expressed,

non-phosphorylated AMPK has significantly less catalytic activity compared to

fully phosphorylated forms, and activation by upstream kinase increases their

catalytic activities 500–1000�.

As previously discussed, the nucleotide-binding regulatory domain of AMPK

comes in three flavors: γ1, γ2, and γ3. Expression of recombinant γ3-containing
AMPK heterotrimers has been challenging, but a robust procedure for generating

human α2β2γ3 from E. coli has recently been described (Rajamohan et al. 2010).

By immunoprecipitation of rat brain extracts using a combination of antibodies

directed against α and γ subunits, it was shown that AMPK complexes that contain

γ2 were the most sensitive to activation by AMP and the γ-3 complexes the least

(Cheung et al. 2000). Recently, this was further probed by overexpression of

8 R.G. Kurumbail and M.F. Calabrese



FLAG-tagged γ subunits in HEK-293 cells followed by immunoprecipitation (Ross

et al. 2016a). γ1- and γ2-complexes were allosterically activated almost tenfold at

physiological ATP concentration (~5 mM), whereas there was essentially no

activation of γ3-complexes under these conditions. In addition, AMP also stimu-

lated activation of γ1-complexes by the upstream kinase LKB1 while only small

effects were observed with γ2- or γ3-complexes. Finally, all the three γ-complexes

were protected from dephosphorylation by AMP or ADP with the γ2-complex

showing the greatest sensitivity for ADP compared to γ1- or γ3-complexes. Thus,

the identity of the γ subunit dictates the nucleotide dependence of different AMPK

heterotrimers and this in turn is likely to influence their functional roles in vivo.

Prior to the availability of full-length AMPK crystal structures, solution-based

studies had provided tantalizing glimpses into the overall structure of these pro-

teins. Based on small-angle X-ray scattering studies (SAXS), Riek et al. showed

that binding of AMP induces a 5% decrease in the overall radius of gyration of

AMPK and leads to a more compact structure (Riek et al. 2008). In addition, using

scanning transmission electron microscopy, they showed that AMPK exists as a

higher-order oligomer at higher concentrations. Single-particle cryo-electron

microscopy of AMPK rat α1β1γ1 revealed a trimeric arrangement and clues

about the potential role of the α1 linker sequence (LS) between the kinase domain

and the C-terminal module in regulation of AMPK activity (Zhu et al. 2011).

Solution-based hydrogen/deuterium exchange (HDX) mass spectrometry studies

showed distinct conformational changes of AMPK induced by AMP and the small

molecule synthetic activator, A769662 (Landgraf et al. 2013). These suggested that

AMP and A769662 activate AMPK by two radically distinct molecular mecha-

nisms and the possible existence of multiple allosteric sites on AMPK.

1.2 AMPK Activation

Most studies indicate that AMPK has minimal basal activity in its resting state in

the absence of phosphorylation on its activation loop. However, recent studies have

shown that the presence of synthetic activator A769662 along with AMP can

stimulate significant AMPK activity even in the absence of activation loop phos-

phorylation (Scott et al. 2014). Upon phosphorylation of a conserved threonine in

the activation loop of the kinase module (Thr174 in α1 and Thr172 in α2), the
ability of AMPK to phosphorylate downstream substrates or peptides derived from

them (SAMS or AMARA peptides) increases >500-fold (Dale et al. 1995; Hawley

et al. 1996; Suter et al. 2006). Two upstream kinases that promote AMPK phos-

phorylation are the tumor suppressor Liver Kinase B1 (LKB1) and Ca2+-calmod-

ulin-activated protein kinase kinase beta, CamKKβ (Hawley et al. 1996, 2005;

Hurley et al. 2005; Shaw et al. 2004; Woods et al. 2005, 2003a, b). Of these, LKB1

is constitutively active but can be further modulated by posttranslational modifica-

tions (Hawley et al. 2003). LKB1 is activated by associations with a scaffold

protein MO25 and Ste20-related adaptor protein (STRAD). It has been shown

recently that binding of AMP to the γ subunit of AMPK further stimulates its
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activation by LKB1 (Gowans et al. 2013; Oakhill et al. 2010, 2011, 2012). The β
subunit of AMPK contains an N-terminal myristoylation site which plays a role in

reversible interaction with membranes and is critical for mediating the effect of

AMP in phosphorylation by upstream kinases (Oakhill et al. 2010; Warden

et al. 2001). It is as yet unclear how this occurs structurally as the N-terminus of

the β subunit is disordered or absent in all AMPK crystal structures solved to date.

CamKKβ, in contrast, is stimulated by calcium ionophores or hormones and

appears to be the primary upstream kinase of AMPK in cardiomyocytes and

neurons (Hawley et al. 2005; Hurley et al. 2005; Woods et al. 2005). Activation

by CamKKβ is mediated by increases in cytosolic Ca2+ concentrations, thus

providing an alternate pathway to activate AMPK independent of changes in

adenine nucleotide concentration. CamKKβ has been routinely employed for

in vitro phosphorylation of bacterially expressed recombinant AMPK (Neumann

et al. 2003). Conflicting data have been reported regarding the role of AMP or ADP

in AMPK activation by the CamKKβ pathway. Oakhill et al. demonstrated that

AMP can promote phosphorylation of AMPK on its activation loop by CamKKβ
(Oakhill et al. 2010, 2011, 2012). Furthermore, they showed that the presence of a

myristoyl group on the β subunit of AMPK is necessary for this effect. AMP does

not promote phosphorylation by CamKKβ of E. coli-expressed AMPK that lacks

the myristoyl group, but this can be restored by co-expression of N-myristoyl

transferase (NMT) in E. coli which results in β-myristoylation (Oakhill

et al. 2010). Using purified AMPK obtained from rat liver, which is myristoylated

on its β subunits, Gowans et al. showed that AMP promotes phosphorylation of

AMPK by LKB1 but not by CamKKβ (Gowans et al. 2013; Ross et al. 2016a).

Moreover, this effect seems to be restricted to AMP as ADP did not promote

phosphorylation by either LKB1 or CamKKβ (Gowans et al. 2013).

Phosphorylated AMPK is rapidly inactivated in vivo by dephosphorylation by

phosphatases. The precise identity of phosphatases responsible for pThr172

dephosphorylation in different tissues remains unclear, though protein phosphatase

2-Cα (PP2C) and protein phosphatase 2-A (PP2a) can mediate this effect in vitro

(Davies et al. 1995; Kudo et al. 1996). Both AMP and ADP inhibit inactivation of

AMPK by inducing conformational changes, thus increasing the effective “half-

life” of functionally active AMPK in cells and tissues (Oakhill et al. 2012; Ross

et al. 2016a; Xiao et al. 2011). While both AMP and ADP are effective in protecting

AMPK from dephosphorylation, AMP appears to be ~10� more potent (Gowans

et al. 2013). ATP, in contrast, antagonizes the protective effects of AMP and ADP.

Other small molecule synthetic activators such as A769662 have also been shown

to inhibit AMPK dephosphorylation in vitro (Goransson et al. 2007). In addition to

promoting AMPK phosphorylation by upstream kinases and inhibiting dephosphor-

ylation by phosphatases, AMP also increases AMPK activity by allosteric activa-

tion by two- to fivefold (Carling et al. 1989). Recently, it was shown that AMPK is

allosterically activated >10-fold by AMP even at physiological concentrations of

ATP (Gowans et al. 2013; Ross et al. 2016a). Among the known endogenous

adenine nucleotides, only AMP appears to be capable of allosteric activation, and

this could be an important aspect of overall regulation of the AMPK pathway

in vivo.
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Crystallographic studies of truncated and full-length AMPK have revealed the

existence of three nucleotide-binding sites on the γ subunit of mammalian AMPK

(Xiao et al. 2007, 2011) (Fig. 1.2). These have been designated as sites 1, 3, and

4 based on the CBS modules that provide the acidic residue for coordination with

the 20 and 30 hydroxyl groups of the ribose of AMP (Kemp et al. 2007). Of these, site

4 appears to be a structural site that retains a tightly held AMP molecule even

during purification. This site was originally described as a non-exchangeable site

although later studies have shown that under in vitro incubation at high concentra-

tions, ATP is capable of displacing AMP and this result was reinforced by crystal-

lographic studies (Chen et al. 2012). The physiological significance of this

observation is not yet clear, and under cellular conditions, site 4 is likely to

predominantly coordinate AMP.

Several studies have shed light on the significance of the remaining two

nucleotide-binding sites, 1 and 3. Crystal structures have revealed that site 1 can

accommodate the nucleotides AMP, ADP, or ATP (Chen et al. 2012; Xiao

et al. 2007, 2011). All three nucleotides bind with an equilibrium binding constant

(Kd) of 1–5 μM to site 1. However, Mg2+/ATP appears to bind ~10–100� weaker

than free ATP to site 1 (Rajamohan et al. 2015; Xiao et al. 2011). Site 3 is the

Fig. 1.2 Nucleotide-binding sites in AMPK. γ subunit (gray) derived from 4CFE.pdb (Xiao

et al. 2013) shown in ribbon representation along with a portion of the regulatory α-RIM (purple).
β subunit has been removed for clarity. AMP bound in sites 1, 3, and 4 are shown as sticks. Sites

1 and 4 lie deep within the plane of the page while site 3 lies close to the surface. The AMP in site

3 is proximal to the α-RIM

1 Structure and Regulation of AMPK 11



weakest nucleotide site on the γ subunit. The equilibrium binding affinities of AMP

and ADP are significantly weaker (>30�) for site 3 compared to site 1 (Rajamohan

et al. 2015; Xiao et al. 2011). ATP shows even a stronger discrimination between

the sites 1 and 3 with a significantly weaker Kd for site 3 (>1000 μM) (Rajamohan

et al. 2015).

The functional roles of the different nucleotide-binding sites have been some-

what controversial, and conflicting results have been reported by different labora-

tories. Most studies agree that site 3 is likely to be responsible for protection of

pThr172 from dephosphorylation by phosphatases. The crystal structures suggest a

possible explanation for this observation. The α-RIM2 regulatory segment of the α
subunit directly contacts nucleotides (AMP or ADP) at site 3 (Chen et al. 2013;

Xiao et al. 2011). Conformational changes induced by binding of AMP or ADP can

be transmitted to the activation loop of the kinase domain by the flexible regulatory

segments in the α subunit, and this can lead to protection of pThr172 from

dephosphorylation. As described above, site 3 is the weakest nucleotide-binding

site on the γ subunit, yet it is exquisitely sensitive to changes in nucleotide levels

and this allows AMPK to respond rapidly to changes in cellular energy status.

Based on crystallographic studies and competitive binding experiments of

NADH or fluorescent analogs of ATP, Xiao et al. suggested that site 1 is responsible

for allosteric activation of AMPK (Xiao et al. 2011). This has been questioned by

Chen et al. based on site-directed mutagenesis experiments (Chen et al. 2012). The

latter studies suggest that sites 3 and 4 are responsible for allosteric activation by

AMP. Previous mutagenesis studies had shown that allosteric activation by AMP is

modulated by all the three sites (1, 3, and 4) (Oakhill et al. 2010). These seemingly

conflicting results may reflect a level of cross talk between the nucleotide-binding

sites via the coordinating positively charged residues. Since AMP or ADP binds

~10� stronger than Mg2+ATP at site 1, they are likely to occupy site 1 at significant

proportions even though cellular ATP concentration vastly exceeds that of AMP

and ADP. It is very likely that the exact binding affinity of AMP or ADP at site

3 and hence the conformational changes induced on AMPK will depend on the

identity of the nucleotide that occupies site 1.

1.3 Direct and Indirect Activators of AMPK

Given the central role that AMPK plays in the maintenance of overall cellular

energy status, it is not surprising that it is modulated by a variety of stimuli

including plant-derived phytochemicals and “neutraceuticals” as well as reactive

oxygen species (e.g., hydrogen peroxide) and mitochondrial poisons such as dini-

trophenol and oligomycin. Thus, AMPK gets activated by resveratrol (from red

wine), epigallocatechin (from green tea), flavonoids such as quercetin and genistein

(from fruits and vegetables), capsaicin (from chili peppers), and berberine which

has been used in traditional Chinese medicine for centuries (Ahn et al. 2008; Baur

et al. 2006; Hwang et al. 2005; Lee et al. 2006) (Fig. 1.3). Two of the most widely
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used antidiabetic medicines, metformin and thiazolidinediones, have also been

shown to activate AMPK (Fryer et al. 2002; Hawley et al. 2002; Zhou

et al. 2001). The vast majority of these activate AMPK by an indirect mechanism

based on an elevation in cellular AMP:ATP ratio caused by inhibition of mitochon-

drial function. Taking advantage of a known human mutation in AMPK γ2 subunit,
Hawley et al. designed an elegant cell-based method to evaluate the mechanism of

AMPK activation by a wide variety of agents (Hawley et al. 2010). They evaluated

activation of AMPK in isogenic HEK293 cells that contained either wild-type

AMPK γ2 or Arg513Gly γ2 variant that is insensitive to activation by AMP.

Hydrogen peroxide, oligomycin, dinitrophenol, and AICAR activated AMPK in

wild-type cells but not in R513G cells. AICAR is an intermediate in purine

metabolism that gets phosphorylated in vivo to generate the AMP mimetic, ZMP

(Corton et al. 1995). AMPK activation was observed only in wild-type cells with

metformin, phenformin, troglitazone (thiazolidinedione), quercetin, resveratrol,

and berberine. By measuring cellular ADP:ATP ratio and oxygen consumption,

the authors showed that AMPK activation is a direct consequence of increased

AMP levels in these cells. Because of the relatively low levels of AMP in cells,

accurate measurement of AMP concentration is a challenge. However, they could

reliably estimate AMP concentration from measured ADP levels based on the

adenylate kinase reaction 2ADP$ATP+AMP.

Direct activators such as A769662 (Fig. 1.4) resulted in activation of AMPK in

both the wild-type and the R531G variant cells. A769662 represents the first direct

synthetic activator of AMPK (Cool et al. 2006). This compound was shown to

directly interact with AMPK in the nanomolar potency range and exhibit effects on

levels of glucose and circulating triglycerides following dosing in ob/ob mice.

Fig. 1.3 Indirect AMPK activators. Chemical structures are shown for a representative set of

reported indirect activators of AMPK (natural and synthetic)
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Though the binding mode remained elusive for nearly a decade, it was quickly

apparent that A769662 acted in a manner fundamentally distinct from nucleotide

and appeared to show a preference for β1-containing heterotrimers with a depen-

dence on the CBM motif (Cool et al. 2006; Goransson et al. 2007; Landgraf

et al. 2013; Sanders et al. 2007; Scott et al. 2008).

Enzyme activation can be achieved through multiple kinetic mechanisms. For

example, increasing the turnover number (Kcat) or maximum enzyme velocity

(Vmax) through structural modulation can lead to an overall increase in catalytic

activity of enzymes. Alternatively, lowering the Michaelis–Menten constant (KM,

the substrate concentration needed to achieve a half-maximum enzyme velocity)

for one or more of the substrates will also manifest as enzyme activation. AMP

exerts its allosteric effects primarily through enhancing reaction Vmax, an observa-

tion that was made nearly three decades earlier (Carling et al. 1989). This was

further confirmed recently by enzymology studies of recombinant AMPK α1β1γ1
which showed an approximate doubling of Vmax by AMP (Calabrese et al. 2014). In

contrast, A769662 appears to have very little impact on Vmax but lowers KM for

substrate (SAMS peptide) approximately fourfold (Calabrese et al. 2014). The

precise structural basis for this is not clearly understood. However, the close

association of the C-interacting helix of the β subunit with the C-helix of the α

Fig. 1.4 Direct AMPK activators. Chemical structures are shown for a set of reported direct

AMPK activators. Note that AICAR itself is not a direct AMPK activator but it is metabolized to a

direct activator (ZMP) in vivo which then functions as a nucleotide mimetic. Compound 24 is the

result of optimization of the PT1 screening hit (Yu et al. 2013)
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subunit suggests that A769662 might promote more optimal binding of SAMS

peptide in the substrate-binding groove between the N- and the C-lobes of the

kinase module (Calabrese et al. 2014; Xiao et al. 2013) (Fig. 1.5).

Recent structures of AMPK bound to A769662 and related analogs as well as the

benzimidazole (compound 991) revealed that these activators bind at a site that is

remote from nucleotide-binding sites on the γ subunit (Calabrese et al. 2014; Xiao
et al. 2013) (Fig. 1.6). The binding site, at the interface of the CMB motif of the β
subunit and the N-lobe of the kinase domain of the α subunit, has been recently

termed the “ADaM” (allosteric drug and metabolite) site and represents a novel

binding pocket with no as-yet identified endogenous ligand (Langendorf and Kemp

2015). Close inspection of binding mode reveals that the bicyclic core of all ligands

is sandwiched between Ile46 of the α subunit and a stacked Arg83 from the β
subunit. Cation–π interaction formed by the positively charged guanidinium side

chain of Arg83 with the delocalized π-electron cloud of the heterocyclic core of

activators is an important feature of ligand binding at the ADaM site. In addition,

electrostatic contributions emerge from a set of conserved outward-facing lysines

from the α subunit (Lys29/Lys31/Lys51), as well as an autophosphorylation site on

Fig. 1.5 Transparent molecular surface of AMPK α1β1γ1 (PDB accession code: 4QFR) with

Cl-A769662 bound at the ADaM site. Also shown is staurosporine bound at the kinase ATP site.

The C-interacting helix of the β subunit and the B- and C-helices of the kinase domain are

highlighted. pThr172 is shown in space filling representation. The dotted red arrow points to the

substrate-binding groove where SAMS peptide is likely to bind. Binding of A769662 or other

allosteric activators that target the ADaM site could result in enhanced binding affinity of SAMS

peptide (decrease of KM) through structural perturbations involving the C-interacting helix and the

C-helix. Inset: Overall AMPK topology colored as in (a) illustrating the approximate distance

between the ADaM site and pThr172 (~25 Å) and the γ-nucleotide-binding sites and pThr172

(~50 Å)
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the β subunit (pSer108) (Fig. 1.6a). In addition, recent work has supported that

salicylate, a metabolite of aspirin, directly activates AMPK in a manner that is

competitive with A769662 (Hawley et al. 2012). Low-resolution crystallographic

data from iodinated-salicylate analogs lend further support to the hypothesis that

this aspirin metabolite also activates AMPK via the ADaM site (Calabrese

et al. 2014).

AMPK activity is modulated, in part, by the presence of an AID on the α subunit.

Previous reports have shown that constructs containing the KD-AID have impaired

catalytic activity relative to the isolated KD alone (Chen et al. 2009; Crute

et al. 1998; Rajamohan et al. 2015). In an effort to activate AMPK through

modulation of this auto-regulatory mechanism, Pang et al. carried out a high-

throughput screen against a KD-AID construct and identified a hit termed PT1

compound (Pang et al. 2008) (Fig. 1.4). PT1 showed cellular potency based on

phosphorylation of downstream targets and could be modeled to dock at the KD–

AID interface. However, recent work has suggested that PT1’s in vivo activity may

derive from an indirect mechanism through inhibition of the respiratory chain

affecting nucleotide levels and ratios (Jensen et al. 2015).

Recently, a new and exciting crystal structure was solved of full-length α2β1γ1
bound to the direct activator, compound C2 (Fig. 1.4) (Langendorf et al. 2016). C2,

which contains a phosphonate group, and its cell-permeable diester prodrug C13

were designed as AMP mimetics that activate AMPK by directly binding to its γ
subunit (Gómez-Galeno et al. 2010). In stark contrast to A769662 and compound

991, C2 binds at the center of the γ subunit and was observed to interact with a

stoichiometry of two copies of ligand per AMPK heterotrimer. Though the

Fig. 1.6 Allosteric activator binding sites. (a) α/β (ADaM) binding site between the N-lobe of the

kinase domain from the α subunit and the CBM of the β subunit. Structure is shown for the α1β1γ1
isoform to a chlorinated analog of A769662 (Cl-A769662) derived from 4QFR.pdb (Calabrese

et al. 2014). A set of key residues are labeled including D108 which represents an engineered

phosphomimetic variant of the autophosphorylated S108. (b) C2 ligand binding site shown bound

to α2β1γ1 derived from 4ZHX.pdb (Langendorf et al. 2016) illustrating the two copies of ligand

bound to γ. Inset: Overall AMPK topology illustrated for full-length AMPK α1β2γ1 derived from

4RER.pdb (Li et al. 2015). ADaM and C2 binding regions are illustrated by red shaded circles
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phosphonate groups of C2 overlap the bound position previously observed for

nucleotide, coordination of the remainder of the ligand is distinct and appears to

include direct contacts between the two copies of compound. C2 activity appeared

synergistic with A769662 raising the exciting possibility of achieving novel phar-

macology through combinations of synthetic activators that function through dis-

tinct mechanisms. Furthermore, the observation that C2 is a selective activator of

α1-containing isoforms suggests that tissue-specific activation of AMPK could be

achieved using direct synthetic activators (Hunter et al. 2014).

1.4 Concluding Remarks and Outstanding Questions

Despite tremendous advances in knowledge of AMPK structures and activation,

significant gaps in learning remain. Though crystallographic structures are avail-

able for α1 and α2, as well as β1 and β2 subunits, the only γ subunit for which we

have any high-resolution structural data is γ1. Elucidation of γ2 or γ3, and addi-

tional work to dissect the role of their unique N-terminal extensions, holds the

potential to further understand function and regulation. While biochemical and

cellular studies have revealed the important role that β subunit myristoylation plays

in AMP-mediated stimulation of AMPK activation by upstream kinases, we do not

yet understand the structural basis for this. In addition, as more and more crystal

structures become available, the degree of flexibility of this heterotrimer is becom-

ing increasingly clear. As such, work to further characterize the ensemble of

conformations sampled by AMPK—through additional experimental and compu-

tational studies—may help paint a clearer picture of the consequences of ligand

binding at distinct sites. Finally, with the recent discovery of a novel binding site at

the α/β interface, it is tempting to speculate that additional ligands, both natural and

synthetic, may bind at this site to affect AMPK function. The quest to find such

endogenous activators could deepen our understanding of this already complex

critical metabolic sensor besides providing an exciting opportunity for the discov-

ery of novel therapeutics for the treatment of cardiovascular and metabolic

diseases.
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Abstract This chapter summarizes AMPK function in the regulation of substrate

and energy metabolism with the main emphasis on carbohydrate and lipid metab-

olism, protein turnover, mitochondrial biogenesis, and whole-body energy homeo-

stasis. AMPK acts as whole-body energy sensor and integrates different signaling

pathway to meet both cellular and body energy requirements while inhibiting

energy-consuming processes but also activating energy-producing ones. AMPK

mainly promotes glucose and fatty acid catabolism, whereas it prevents protein,

glycogen, and fatty acid synthesis.
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2.1 Historical Background

The AMP-activated protein kinase (AMPK) has an important place in the regulation

of signaling pathways involved in energy and substrate metabolism. AMPK senses

cellular energy status by monitoring ADP/ATP and AMP/ATP ratios and nutrient

availability and regulates cellular events by stimulating ATP-generating cellular

processes (such as glucose uptake, glycolysis, and fatty acid oxidation) while

inhibiting ATP-consuming processes (such as fatty acid and protein synthesis)

(Hardie et al. 2006) (Fig. 2.1). In order to adapt required energy demands, AMPK

has acute effects on metabolic enzymes by direct phosphorylation as well as long-

term action to change the transcriptional levels of metabolic proteins and enzymes.

The discovery of AMPK dates back to the 1970s and is clearly linked to lipid

metabolism when the activity of Acetyl-CoA carboxylase (ACC) was shown to be

regulated by phosphorylation and dephosphorylation reactions (Carlson and Kim

1973). Even if not yet identified, they partially purified the protein kinase respon-

sible for ACC phosphorylation and called it ACC kinase. It was shown that ATP

incorporation into liver-isolated ACC was correlated with its decreased carboxylase

activity in fractions where the ACC kinase was present. ACC is a rate-limiting

enzyme for fatty acid synthesis. Indeed, it carboxylates acetyl-CoA into malonyl-

CoA, the first and regulatory step in fatty acid synthesis. Similar findings were

simultaneously obtained with HMG-CoA reductase (HMGR), the rate-limiting

enzyme of cholesterol biosynthesis pathway. HMGR was found to be negatively

regulated by phosphorylation via a protein kinase present in liver cytosol (Beg

et al. 1973). Inactivation of ACC and HMGR by their respective associated protein

kinases and their reactivation by phosphatase treatment were confirmed later (Beg

et al. 1979; Ingebritsen et al. 1981). ACC kinase and HMGR kinase were detected

to be similarly positively regulated by cellular AMP levels and later on, in the late

1980s, it was find out that both enzymes were activated by the same protein kinase

which has been called AMPK (Carling et al. 1987; Ferrer et al. 1985; Yeh

et al. 1980; Munday et al. 1988; Carling et al. 1989).

AMPK is stimulated by AMP and inhibited by ATP, making it dependent on

what is called the “adenylate energy charge,” which is a monitor of the energetic

level of the cell. Regulation of AMPK activity by cellular energy status makes

AMPK a cellular fuel gauge and puts it into center for the coordination of cellular

signaling events in different tissues. AMPK also regulates energy metabolism in the

whole body via its action on hypothalamus in the brain as well as through the action

of hormones and adipokines. The role of AMPK in the regulation of both cellular

and whole-body energy metabolism is multifaceted and will be discussed under the
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five main parts of this chapter as AMPK in carbohydrate and lipid metabolism, its

role in whole-body insulin sensitivity, mitochondrial biogenesis, and protein

turnover.

2.2 AMPK in Carbohydrate Metabolism

AMPK is ubiquitously expressed in the whole body and plays a vital role in

substrate and energy metabolism through coordinating different cellular functions

between different organs. Notably, AMPK activation is associated with whole-body

insulin sensitivity. AMPK regulates carbohydrate metabolism by stimulating glu-

cose uptake and glycolysis in insulin-sensitive tissues (heart, skeletal muscle, and

adipose tissue) as well as inhibiting glucose production in liver. AMPK activation

promotes cellular glucose uptake in an insulin-independent manner by translocation

of glucose transporter 4 (GLUT4) to the plasma membrane as well as leading

Fatty acid uptake and oxidation
Glucose uptake 

Glycolysis
Mitochondrial biogenesis 

Fatty acid uptake and oxidation 
Glucose uptake

Glycolysis
Mitochondrial biogenesis 

Food intake  

Lipogenesis
Cholesterol synthesis

Gluconeogenesis
Lipogenesis 

AMPK

Fig. 2.1 AMPK regulates whole-body energy level. AMPK activation integrates different cellular

functions to preserve energy while inhibiting energy-consuming processes and, conversely,

activating energy-producing processes. Activation of AMPK by energy deprivation (fasting,

exercise), by hormones, or pharmacologically leads to phosphorylation and (in)activation of

numerous downstream targets in different tissues (see text for details). These actions of AMPK

contribute to whole-body energy metabolism (see text for more details)
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increases in the expression levels of GLUT1 and 4. Historically, it has been shown

that physiological activation of AMPK via exercise and/or pharmacological acti-

vation with 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) or

antidiabetic drug metformin stimulates glucose uptake into muscles. Muscle glu-

cose uptake caused by AICAR-mediated AMPK activation and contraction was not

prevented by the phosphatidylinositol (PI) 3-kinase (PI3K) inhibitor wortmannin,

indicating that AMPK acts on GLUT4 translocation and subsequent glucose uptake

via a different mechanism than insulin signaling (Hayashi et al. 1998; Bergeron

et al. 1999). Since muscle glucose uptake constitutes the important part of glucose

clearance of the body, AMPK activation via exercise and contraction and AMPK-

mediated muscle glucose uptake and glucose metabolism gain more importance for

whole-body glucose clearance also during some pathophysiological conditions

such as disease accompanied with insulin resistance. This makes AMPK an impor-

tant target for the development of therapeutic approaches to treat diabetes and other

insulin resistance-associated diseases. Therapeutic approaches targeting AMPK

will be discussed further in this book.

2.2.1 Glucose Uptake

GLUT4 is mainly expressed in heart, skeletal muscle, and adipose tissue, and it

plays important role in controlling the whole-body glucose homeostasis. In these

tissues, extracellular glucose gradient and plasma membrane, GLUT4 levels are the

main rate-limiting steps for glucose uptake. Insulin, muscle contractions, and

exercise stimulate translocation of GLUT4-containing vesicles to plasma mem-

brane and thereby facilitate glucose entry. Many studies have been performed using

AICAR as pharmacological AMPK activator. AICAR-mediated muscle glucose

uptake requires AMPKα2 but not AMPKα1 (Jorgensen et al. 2004a). In LKB1-

deficient mouse muscles, basal activity of AMPKα2 is reduced and both muscle

contraction and AICAR are neither able to increase the basal activity of AMPK nor

able to stimulate glucose uptake, indicating the dependence of AMPK activation to

LKB1 (Sakamoto et al. 2005). However, genetic evidences linking AMPK activa-

tion observed during muscle exercise to glucose uptake are still conflicting and

partially inconclusive. Contraction-mediated glucose uptake is seriously impaired

in muscle of double AMPKβ1/β2-deficient mice (O’Neill et al. 2011), whereas
deletion of both AMPKα1 and AMPKα2 isoforms has almost no impact (Lantier

et al. 2014). Concerning the heart, both electrical stimulation and pharmacological

activation of AMPK in cardiomyocytes result in increase in glucose uptake (Habets

et al. 2009; Zarrinpashneh et al. 2006). Paradoxically, increased workload in a

model of ex vivo perfused working heart increases glucose utilization without any

modification in AMP/ATP ratio and AMPK activity but is associated with Akt

signaling and increased glycolysis (Beauloye et al. 2002). However, exercise

increases cardiac AMPK activity and glucose uptake (Coven et al. 2003), but this

could be linked to a β-adrenergic response (An et al. 2005). In the heart, AMPK-
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dependent increase in glucose uptake is also linked to energetic stress situations like

myocardial ischemia (Zarrinpashneh et al. 2006). In adipocytes, AMPK has been

proposed to participate in the stimulation of glucose uptake mediated by

adiponectin (Wu et al. 2003).

GLUT4 translocation is a complex process involving intracellular sorting of

GLUT4 storing vesicles, transport of these vesicles to plasma membrane along with

cytoskeletal proteins, docking, tethering, and fusion with the plasma membrane.

The molecular mechanism responsible for GLUT4 translocation upon insulin

stimulation has been well described (Rowland et al. 2011). Binding of insulin to

its membrane receptor, which is an integral protein in cellular membranes, activates

its tyrosine kinase activity, subsequently leading to tyrosine phosphorylation of

insulin receptor substrate proteins (Fig. 2.2). This is followed by the recruitment

and activation of PI3K, which results in the generation of second messenger

PI-3,4,5-triphosphate (PIP3). PIP3 triggers the activation of Akt (also known as

protein kinase B) through the action of two distinct upstream mediators,

3-phosphoinositide-dependent protein kinase-1 (PDK-1) and the mammalian target

of rapamycin (mTOR) complex 2 (Destefano and Jacinto 2013; Manning and

Cantley 2007). Akt substrate of 160 kDa (AS160, also known as TBC1D4) and

TBC1D1 were identified as Akt target proteins. These targets are GTPase activating

IRS-1
PIP2 PIP3

Akt/PKB

AS160AMPK

Insulin

AS160

TBC1D1TBC1D1

t-SNARE

v-SNARE

14-3-3

pY

pY

pY
PI3K

pSpT

pS/T

GLUT4
containing

vesicle14-3-3

pS/T

pS/T
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Fig. 2.2 Activation of AMPK increases glucose uptake independently of insulin signaling.

AMPK mimics insulin by directly targeting AS160 and TBC1D1. Phosphorylation and inhibition

of AS160 and TBC1D1 by AMPK result in translocation of GLUT4-containing vesicles to plasma

membrane and concomitant glucose uptake
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proteins (GAPs) for Rab, a small G protein known to be involved in vesicle

formation, movement, and fusion (Zerial and McBride 2001). AS160 was first

discovered in 3T3-L1 adipocytes as a downstream target of Akt under insulin

stimulation (Kane et al. 2002; Sano et al. 2003). Afterward, many groups showed

that activation of AMPK, either via contraction or AICAR, also promotes AS160

phosphorylation and leads to GLUT4 translocation and subsequent glucose uptake

into muscle and adipose tissue (Kane et al. 2002; Sano et al. 2003; Bruss

et al. 2005). Both AMPK and Akt phosphorylate several residues of AS160. A

number of phosphorylation sites including Ser-588 and Thr-642 are common,

others being specific to each stimulating pathway (Kramer et al. 2006). TBC1D1

is similarly phosphorylated by insulin and AMPK activators (Middelbeek

et al. 2013; Pehmoller et al. 2009). Some of the phosphorylation sites in AS160

and TBC1D1 are responsible for their binding to 14-3-3 protein and their dissoci-

ation from GLUT4 storage vesicles, allowing translocation (Geraghty et al. 2007;

Chen et al. 2008). It has to be mentioned that AMPK and insulin can also interact

with one another to overstimulate glucose uptake independently of Akt/AS160

(Ginion et al. 2011). Fusion of GLUT4-containing vesicles with the plasma mem-

brane requires a complex formation between target membrane-soluble N-
ethylmaleimide-sensitive factor attachment protein receptors (t-SNAREs) and

vesicle-associated SNAREs (v-SNAREs) (Sadler et al. 2015). Vesicle-associated

membrane proteins (VAMPs) are subfamily of v-SNARES. Different VAMPs have

been shown to be regulated in response to insulin and AMPK activators in

cardiomyocytes (Schwenk et al. 2010). Besides GLUT4, muscle contraction also

stimulates VAMP2, VAMP5, and VAMP7 translocation to cell membrane (Rose

et al. 2009).

In addition to the acute regulation of glucose uptake, AMPK-mediated tran-

scriptional regulation of skeletal muscle GLUT4 contributes to the regulation of

whole-body insulin sensitivity by exercise in human and animal models (Holmes

and Dohm 2004). The molecular mechanisms of this increase in GLUT4 transcrip-

tion involve the phosphorylation of both peroxisome proliferator-activated receptor

gamma coactivator-1 alpha (PGC-1α) and histone deacetylase (HDAC) 5 (McGee

et al. 2008; McGee and Hargreaves 2004). The phosphorylation of HDAC5 on

Serines 259 and 498 by AMPK was shown to be sufficient to induce GLUT4

transcription (McGee et al. 2008). AMPK can directly interact and phosphorylate

PGC-1α in vitro (Canto et al. 2009). Furthermore, AMPK activation has been

shown to induce activation of two transcription factors, GLUT4 enhancer factor

(GEF) and myocyte enhancer factor (MEF2), both responsible for GLUT4 expres-

sion (Holmes et al. 2005; Jager et al. 2007).

2.2.2 Glycolysis

Once glucose has been taken into the cell by GLUT4, it is rapidly phosphorylated

into glucose-6 phosphate (G6P) by hexokinase II. G6P is converted to fructose
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6-phosphate by glucose 6-phosphate isomerase and then to fructose

1,6-bisphosphate by phosphofructokinase 1 (PFK1). PFK1 is allosterically acti-

vated by increased energy deficit (AMP levels), as well as by fructose-2,6-

bisphosphate (Fru-2,6-P2) which is synthesized by 6-phosphofructokinase-2

(PFK2). PFK-2 is activated upon phosphorylation by AMPK and promotes glycol-

ysis in the ischemic heart (Marsin et al. 2000), in the activated monocytes (Marsin

et al. 2002), and in hypoxic cancer cells (Bando et al. 2005).

2.2.3 Glycogen Metabolism

Glycogen levels are dynamically regulated as a function of both glycogenesis

(glycogen production) and glycogenolysis (glycogen breakdown) in tissues like

liver and muscle. Glycogen levels constitute an important portion of energy source

for muscle energy requirements during contraction and exercise. Glycogen

synthase (GS), the enzyme responsible for glycogenesis, is allosterically regulated

by G6P levels but can be also regulated by phosphorylation. It has been shown that

AMPK phosphorylates and inhibits GS (Jorgensen et al. 2004b; Halse et al. 2003).

The relationship between glycogen and AMPK is even more complex knowing that

AMPKβ subunits contain a carbohydrate-binding module (CBM) that targets

AMPK to glycogen, connecting the protein kinase close to its substrate GS

(Polekhina et al. 2003; Koay et al. 2010). Autophosphorylation of AMPKβ on

Thr-148 located at proximity of the CBM affects its ability to bind carbohydrates

(Oligschlaeger et al. 2015).

2.2.4 Gluconeogenesis

Blood glucose is crucial for many cells and its concentration stays in a narrow

range. Lower blood glucose levels (hypoglycemia) can be detrimental for brain,

whereas high blood glucose levels (hyperglycemia) can lead to insulin resistance-

associated diseases. Therefore, maintaining blood glucose levels is essential and

liver plays a key role by regulating glucose production either via glycogenolysis or

gluconeogenesis, in response to hormones (such as insulin and glucagon) and

energy status. Metformin decreases high blood glucose levels by preventing hepatic

glucose production (An and He 2016). Primary findings revealed that this action

partly includes AMPK activation (Shaw et al. 2005). However, controversy came

later with the nice study of Foretz and colleagues showing that metformin action on

gluconeogenesis similarly occurs in the absence of LKB1/AMPK (Foretz

et al. 2010). Nevertheless, AMPK activation with other drugs was also shown to

partly block hepatic glucose production (Guo et al. 2016).
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2.3 AMPK in Lipid Metabolism

Skeletal muscle contraction and exercise lead to AMPK activation and thereby

promote fatty acid uptake and oxidation into insulin-sensitive tissues mainly in

muscle (skeletal and heart muscle) and adipose tissue while inhibiting lipid syn-

thesis (lipogenesis) in liver. Adipose tissue is the main lipid storage place in human

body. Accumulation of lipids other than in adipose tissue contributes to lipid-

induced insulin resistance and associated diseases, which will be further discussed

in this book. Lipid metabolism starts with the entry of fatty acids into cells.

Depending on the cellular energy status, fatty acids taken up across the plasma

membrane are converted into fatty acyl-CoAs and either directed to mitochondria

for β-oxidation or stored as lipids in lipogenic tissues such as adipose tissue and

liver (Bickerton et al. 2007; Glatz et al. 2010).

2.3.1 Fatty Acid Uptake

Transportation of long-chain fatty acids (LCFA) into cells requires protein type

transporters. Fatty acid transport proteins (FATP1–6), plasma membrane associated

fatty-acid binding protein (FABPpm), and fatty acid translocase CD36 are mostly

expressed fatty acid transporters in different type of tissues (Glatz et al. 2010;

Coburn et al. 2000; Luiken et al. 2003). LCFA uptake is mediated either by one or

by the cooperation of more fatty acid transporters. CD36 which is present both

intracellularly and also on plasma membrane is crucial for LCFA uptake in

response to both insulin and muscle contraction in heart and skeletal muscle

(Luiken et al. 2002; Koonen et al. 2005). In myocytes, both exercise and pharma-

cological activation of AMPK stimulate translocation of intracellularly stored

CD36 to plasma membrane in a way similar to that of insulin signaling (Kola

et al. 2008). Similarly to GLUT4 translocation, this action also requires phosphor-

ylation and inactivation of AS160 by AMPK (Samovski et al. 2012). AMPK-

mediated long-chain fatty acid uptake depends on the plasma membrane CD36

levels (Habets et al. 2007) and signals through activation of the LKB1/AMPK

pathway (Habets et al. 2009).

2.3.2 Lipid Synthesis

In the historical background of this chapter, we already focused on the primordial

negative regulation of AMPK on ACC and HMGR, the rate-limiting steps of fatty

acid and cholesterol synthesis, respectively (Carling et al. 1987; Ferrer et al. 1985;

Yeh et al. 1980; Munday et al. 1988; Carling et al. 1989). However, regulation of

lipid synthesis by AMPK is multifaceted and targets several other central elements
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of this metabolic process. AMPK can act via the regulation of sterol regulatory

element-binding protein-1 (SREBP-1) (Li et al. 2011). SREBPs are a family of

transcription factors, which regulate the expression of enzymes required for endog-

enous cholesterol, fatty acid (FA), triacylglycerol, and phospholipid synthesis

(Eberle et al. 2004). Activation of AMPK in liver and adipocytes inhibits lipogen-

esis by downregulating fatty acid synthase (FAS) activity through decreased

SREBP-1 gene expressions (Madsen et al. 2015). It is interesting to note that

adiponectin suppresses hepatic fatty acid synthesis through suppression of

SREBP1c expression in an AdipoR1/LKB1/AMPK-dependent pathway (Awazawa

et al. 2009).

Triacylglycerol (TAG) synthesis (esterification) and its counterpart, breakdown

of lipids (lipolysis), are dynamic processes involved in the regulation of lipid levels

in tissues like adipose tissue, liver, and skeletal muscle. Glycerol-3-phosphate

acyltransferase (GPAT) is a rate-limiting enzyme for the synthesis of

lysophosphatidic acid, the first step in TAG formation, and it is mainly expressed

in adipose tissue and liver and, to a lesser extent, in skeletal muscle (Takeuchi and

Reue 2009). It has been shown that GPAT can be targeted and inhibited by AMPK

(Muoio et al. 1999).

2.3.3 Acetyl-CoA Carboxylase and Fatty Acid Oxidation

As mentioned previously, ACC phosphorylation/inhibition by AMPK leads to a

decreased production of malonyl-CoA and subsequent inhibition of fatty acid

synthesis. On the other hand, malonyl-CoA acts as an inhibitor of carnitine

palmitoyl-CoA transferase-1 (CPT-1), a rate-limiting enzyme for mitochondrial

fatty acid β-oxidation (Bruce et al. 2009; Nada et al. 1995). CPT-1 is located on the
outer mitochondrial membrane and catalyzes the transfer of acyl moiety of LCFA-

CoAs to carnitine and facilitates transport of LCFA-CoAs across the inner mito-

chondrial membrane. Indeed, the mitochondrial inner membrane is not permeable

to acyl-CoA molecules. Following the phosphorylation and subsequent inhibition

of ACC by AMPK, a fall in malonyl-CoA levels releases the inhibitory effect of

malonyl-CoA on CPT-1, which results in the entry of long-chain fatty acyl-CoAs in

mitochondria for β-oxidation. This release of inhibition increases the rate of

β-oxidation, elevating ATP production (Fig. 2.3).

Two isoforms of ACC coexist in mammals. ACC1 and ACC2 are expressed in

adipose tissue, brain, and liver, while ACC2 is predominantly expressed in heart

and skeletal muscle (Kreuz et al. 2009). ACC2 has 146 residues longer in the NH2

terminus and is located on the outer membrane of mitochondria. AMPK activation

phosphorylates and inactivates ACC1 on Ser-79 and ACC2 on Ser-221

(Abu-Elheiga et al. 1995). The fate of malonyl-CoA depends on its location and

production, either via ACC1 or ACC2. Studies with whole-body or tissue-specific

knockout mice for ACC1 and ACC2, or using other genetic approaches, showed

that malonyl-CoA produced by ACC2 is involved in the regulation of fatty acid
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oxidation, whereas malonyl-CoA produced by ACC1 is directed to fatty acid

synthesis (Hardie and Pan 2002). These findings suggest that the activation of

AMPK via exercise or other cellular stresses promotes fatty acid oxidation by

phosphorylation and inactivation of ACC2, whereas inhibition of fatty acid syn-

thesis is accomplished by inhibition of ACC1.

Accumulation of fatty acids outside of adipose tissues is one of the leading

causes of insulin resistance and associated metabolic diseases. ACC phosphoryla-

tion by AMPK promotes lipid oxidation and thereby reduces lipid stores in muscle

and liver. This action of AMPK can be counted as insulin-sensitizing effect

contributing to whole-body insulin sensitivity (see next paragraph) (Awazawa

et al. 2009; Yamauchi et al. 2002).

Energy stress/ Exercise 
Pharmacological agents/Drugs

Adiponec�n

Acetyl-CoA Malonyl-CoA

Fa�y acyl-CoA

Mitochondria

AMPK

CPT1

Inac�ve
ACC2 

Ac�ve
ACC2 

PPase

MCD

β-oxida�on

Fig. 2.3 Activation of AMPK increases fatty acid oxidation. Energy stress and pharmacological

activation of AMPK increase tissue-specific ACC2 phosphorylation, which decreases malonyl-

CoA production, removing its inhibitory action on CPT-1 and promoting fatty acid efflux into

mitochondria for β-oxidation
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2.4 AMPK, Insulin Sensitivity, and Whole-Body Energy

Balance

AMPK contributes to whole-body insulin sensitivity and energy balance either via

acute phosphorylation and thereby regulation of metabolic enzymes activity or

modulation of their transcriptional expression in the long term, in order to adapt

gene expression to energy demands. There is a direct link between AMPK and its

insulin-sensitizing effect on insulin signaling. Prolonged insulin stimulation is

negatively regulated by activation of a negative feedback loop, which phosphory-

lates IRS-1 on Ser-636/639 and inhibits insulin signaling. By blocking this negative

feedback loop, AMPK activation results in a stimulation of insulin signaling in

insulin-resistant cardiomyocytes (Ginion et al. 2011). AMPK activation was also

shown to increase the phosphorylation of insulin receptor substrate-1 (IRS-1) at

Ser-789, which is associated with increased PI3K activity (Jakobsen et al. 2001).

Furthermore, AMPK phosphorylation of IR residue Tyr-1162 is also associated

with increased insulin sensitivity (Chopra et al. 2012). Finally, AMPK activation

increases insulin sensitivity in muscle with a putative role of AS160 in this

phenomenon (Kjobsted et al. 2015).

AMPK is also involved in the regulation of hypothalamic control of food intake

and energy expenditure (Morton et al. 2006). Hypothalamus controls food intake

and energy balance by modifying the synthesis of neuropeptides in response to

changes in peripheral signals such as glucose levels and insulin or adipokines (Lage

et al. 2008). When energy intake exceeds the energy expenditure, the expression of

orexigenic (feeding promoting) neuropeptides such as AgRP and NPY decreases in

contrast to the expression of anorexigenic (feeding inhibiting) neuropeptides, such

as CART and POMC (Lage et al. 2008). Activity of AMPK in hypothalamus is

controlled by hormonal (insulin or adipokines) and nutrient-derived anorexigenic

and orexigenic signals. It has been shown that the expression of a dominant-

negative form of AMPK in the hypothalamus is sufficient to reduce food intake

and body weight, whereas constitutively active AMPK increases both (Minokoshi

et al. 2004). Both glucose and insulin are anorexigenic signals able to inhibit

AMPK activity in the hypothalamus (Minokoshi et al. 2004). Adipokines like leptin

and ghrelin play an important role in hypothalamic control. Leptin regulates

appetite, food intake, energy expenditure, and neuroendocrine function (Watanobe

2002). Anorexigenic effects of leptin exerted in the hypothalamus–sympathetic

nervous system axis require inhibition of hypothalamic AMPK activity and thereby

inhibit food intake and regulate body weight (Minokoshi et al. 2004). Similarly,

orexigenic effect of ghrelin is mediated by the activation of hypothalamic AMPK

(Kola et al. 2008). In summary, AMPK activation in hypothalamus in response to

low leptin and high ghrelin levels leads to increased appetite.

Adiponectin is an antidiabetic adipokine. It exerts its antidiabetic properties

through activation of AMPK, thereby increasing glucose utilization and fatty acid

oxidation in muscle while decreasing gluconeogenesis in the liver and decreasing

glucose levels in vivo (Wu et al. 2003; Yamauchi et al. 2002). Mechanistically,
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AMPK activation by adiponectin is suggested to occur through the increased AMP

levels sourced by the activity of FAS. FAS consumes a lot of ATP and subsequently

produces AMP. FAS is suggested to act downstream of adiponectin receptors and

therefore adiponectin increases the formation of fatty acyl-CoA derivatives and

activates AMPK via the formation of AMP by this process in adipocytes (Liu

et al. 2010).

2.5 AMPK and Mitochondrial Biogenesis

AMPK activation is associated with increased mitochondrial biogenesis, namely,

growth and division of mitochondria. Factors activating AMPK such as exercise,

caloric restriction, and oxidative stress have also an impact on mitochondrial

biogenesis. Mitochondrial biogenesis is shown to fail in skeletal muscles of mice

expressing a dominant-negative form of AMPK (Zong et al. 2002). AMPK-

mediated mitochondrial gene expression involves activation of the peroxisome

proliferator-activated receptors (PPARs) and PGC-1α (Jager et al. 2007; Suwa

et al. 2003; Terada et al. 2002; Lee et al. 2006). PPAR-α activation is responsible

for the upregulation of mitochondrial β-oxidation enzymes. PGC-1α is associated

with increases in energy expenditure such as mitochondrial respiration and biogen-

esis as well as uptake of energy substrates (Wu et al. 1999; Lehman et al. 2000).

PGC-1α exerts these effects by binding and co-activating other transcriptional

factor and/or nuclear receptors to increase their expression such as ERRα, NRF1
and NRF2, and MEF2 and PPARα (Handschin and Spiegelman 2006; Vega

et al. 2000). AMPK can activate PGC-1α by phosphorylation or increase its

expression (Jager et al. 2007). AMPK also activates PGC-1α through its

deacetylation via SIRT1, and PGC-1α deacetylation is associated with the induc-

tion of its target genes such as CPT1, pyruvate dehydrogenase kinase 4 (PDK4), or

GLUT4 (Canto et al. 2009).

2.6 AMPK in Protein Turnover

Inasmuch as AMPK is a sensor promoting a global energy-saving program, it was

rather logical to hypothesize that its activation should shutdown protein synthesis, a

known energy-consuming pathway. This paradigm has been concomitantly

established in hepatocytes (Krause et al. 2002; Horman et al. 2002; Dubbelhuis

and Meijer 2002) and skeletal muscle (Bolster et al. 2002). AMPK activation leads

to the inhibition of two important pathways regulating the initiation and the

elongation steps of protein synthesis (Fig. 2.4). The first involves the inhibition of

the mammalian target of rapamycin complex 1 (mTORC1), which is responsible for

the stimulation of the p70 ribosomal S6 protein kinase (p70S6K) and of the

eukaryotic initiation factor 4E (eIF4E) (Krause et al. 2002; Bolster et al. 2002).
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Once activated by mTORC1, p70S6K phosphorylates the S6 ribosomal protein

involved in the translation of 50TOP mRNAs encoding for ribosomal proteins and

translation factors. On the other side, phosphorylation of eIF4E binding protein

1 (4EBP1) by mTORC1 releases its binding partner eIF4E, which is then able to

bind the mRNA cap and initiate protein synthesis. In summary, inhibition of

mTORC1 by AMPK concomitantly reduces translation factor and ribosomal con-

tent as well as decreased initiation of translation. The second pathway targeted by

AMPK concerns the inhibition of the eukaryotic elongation factor 2 (eEF2) impli-

cated in the control of peptide chain elongation (Horman et al. 2002). It was rapidly

established that the regulation of mTORC1 and eEF2 pathways by AMPK is

indirect. Indeed, eEF2 inactivation by AMPK is mediated by the regulation of its

upstream kinase called eEF2 kinase (eEF2K). AMPK phosphorylates and activates

eEF2K, which, then, can phosphorylate eEF2 on an inhibitory site (Browne

et al. 2004). In parallel, AMPK inhibits mTORC1 by acting on two of its partners,

Raptor (Gwinn et al. 2008) and tuberous sclerosis complex 2 (TSC2) (Inoki

et al. 2003). TSC2 is the GTPase-activating protein (GAP) of the small G protein

Rheb involved in the activation of mTORC1. AMPK phosphorylates and activates

TSC2 promoting the formation of the GDP-bound inactive state of Rheb responsi-

ble for mTORC1 inactivation (Inoki et al. 2003). Raptor makes part of the

heterotrimeric central core of the mTORC1 with mTOR and mLST8. Raptor is an

AMPK
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Proteasom
al
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eEF2K
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Raptor
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eEF2

TSC-2

eIF4E
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Atg13

ULK1

Vps34
Beclin 1
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Fig. 2.4 AMPK involvement in protein turnover. This scheme represents the main downstream

targets of AMPK involved in the regulation of protein synthesis, autophagy and ubiquitin-

mediated proteasomal degradation (see text for more details)
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essential regulatory element of mTORC1 involved in the interaction with accessory

binding partners and in the recruitment of mTOR downstream substrates (Dunlop

and Tee 2013). AMPK-mediated phosphorylation of Raptor leads to its binding

with 14-3-3 and subsequent mTORC1 inhibition (Gwinn et al. 2008). Recent salient

discoveries revealed that regulation of mTORC1 by AMPK is even more complex

and involved the interaction of AMPK with Axin. Such Axin/AMPK complex is

formed under energetic stress and is recruited to cytoplasmic surface of lysosomes

allowing activated AMPK to target Raptor and TSC2 (Zhang et al. 2013, 2014;

Bar-Peled and Sabatini 2014).

AMPK not only regulates protein synthesis but also promotes protein degrada-

tion. First, AMPK activation switches on autophagy. Autophagy was firstly

documented by the Nobel laureate Christian De Duve (De Duve and Wattiaux

1966) and means “self-eating” in Greek. Autophagy is the catabolic process by

which macromolecules and organelles are sequestered by specific double-layer

membrane structures called autophagosomes and digested after fusion with lyso-

somes. Autophagy allows breakdown and recycling of intracellular components to

promote cell survival under energetic stress. AMPK enhances autophagy via its

inhibitory action on mTORC1. Indeed, under high-energy conditions, activated

mTORC1 phosphorylates and inhibits early autophagic mediators, including

ULK1 and Atg13, involved in autophagosome formation (Jung et al. 2010; Tan

and Miyamoto 2016). In addition, AMPK directly promotes autophagic process by

phosphorylating and activating ULK1 (Kim et al. 2011; Egan et al. 2011). More

recently, it has been shown that AMPK phosphorylates two other autophagic pro-

moters, the class III phosphatidylinositol-3 kinase called Vps34 and its partner

Beclin 1 (Kim et al. 2013).

Besides autophagy, AMPK also regulates protein turnover by acting on the

ubiquitin-proteasome system (UPS) (Ronnebaum et al. 2014). Protein degradation

by UPS is an energy-consuming mechanism, which requires approximately

150 molecules of ATP per protein molecule (Peth et al. 2013). It is then reasonable

to imagine that AMPK should block such ATP-consuming process. In line with this

hypothesis, it has been shown that AMPK activation inhibits proteasome activity in

endothelial cells (Wang et al. 2009). The molecular mechanism proposed to explain

this inhibition includes the AMPK-dependent regulation (via O-GlcNAcylation

process) of the 19S subunit of the proteasome (Xu et al. 2012). AMPK has been

also found to interact with PSMD11, a component of the 19S subunit (Moreno

et al. 2009). Even if UPS is energy consuming, the specific and UPS-dependent

degradation of particular proteins could be energetically advantageous in particular

circumstances. In this context, AMPK activation has been found to promote UPS

process. AMPK activation results in the increase in expression of the E3 ubiquitin

ligases called MuRF1 and Atrogin-1 in muscle and cardiac tissues via the regulation

of different transcription factors (FoxO and MEF2) (Krawiec et al. 2007; Tong

et al. 2009; Baskin and Taegtmeyer 2011). MurF1 and Atrogin-1 mediates muscle

atrophy via myofibrillar protein ubiquitination. Such atrophic program is proposed

to participate in the anti-hypertrophic action of AMPK. In a similar way, inhibition

of glycogen synthesis by AMPK implicates a complex called Laforin/Malin where
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Malin is an E3 ubiquitin ligase, which, when activated, degrades enzymes involved

in glycogen formation (Solaz-Fuster et al. 2008). Other similar AMPK-dependent

activation of E3 ubiquitin ligase can be found in the literature and occur in the

regulation of plasma membrane transporters and channels (Bhalla et al. 2006;

Alzamora et al. 2010).
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Abstract In eukaryotic cells, AMP-activated protein kinase (AMPK) generally

promotes catabolic pathways that produce ATP and at the same time inhibits

anabolic pathways involved in different processes that consume ATP. As an energy

sensor, AMPK is involved in the main cellular functions implicated in cell fate,

such as cell growth and autophagy.

Recently, AMPK has been connected with apoptosis regulation, although the

molecular mechanism by which AMPK induces and/or inhibits cell death is not clear.

This chapter reviews the essential role of AMPK in signaling pathways that

respond to cellular stress and damage, highlighting the complex and reciprocal

regulation between AMPK and their targets and effectors. The therapeutic impli-

cations of the role of AMPK in different pathologies such as diabetes, cancer, or

mitochondrial dysfunctions are still controversial, and it is necessary to further

investigate the molecular mechanisms underlying AMPK activation.

Keywords AMPK • Cell growth • Autophagy • Apoptosis • Bioenergetics

3.1 Introduction

Every cell uses ATP as the main source of energy; therefore, the ATP levels must be

matched by the energy demand needed to carry on different functions. In order

to maintain the equilibrium between nutrient supply and energy demand, the eukaryotic

cell uses an ATP sensor coupled to different pathways that are initiated when a decrease

in ATP levels is detected. AMPK exerts this function in the eukaryotic cells; therefore,

it is considered a master regulator of cell metabolism (Viollet and Andreelli 2011).

Activation of AMPK occurs in response to stress circumstances such as low

glucose, hypoxia, ischemia, heat shock, increased reactive oxygen species (ROS),

and exercise (Luo et al. 2005), although AMPK can be activated in response to

several pharmacological agents as well. Under these situations, the intracellular

AMP+ADP/ATP ratio is increased, and then AMPK is phosphorylated in its kinase

domain to become a catalytically competent protein. By sensing changes in adenine

nucleotide ratios, AMPK is activated by different stresses that diminish cellular

energy levels and/or increase cellular ATP consumption. Once activated, AMPK is

able to stimulate catabolic processes, ATP-generating pathways, and inhibits
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anabolic processes such as synthesis of lipids, carbohydrates, and proteins in order

to assure cell survival.

The involvement of AMPK in many regulatory pathways makes it considered as

a master metabolic switch. In fact, in mammals, AMPK has an essential role in

coordinating survival, growth, and metabolism under conditions of low energy.

Therefore, AMPK regulates in a coordinate way catabolism, cell growth,

autophagy, and apoptosis, since all these cell functions cannot be balanced

independently.

The AMPK signaling network covers numerous genes involved in survival and

cell growth. Among them, mammalian Target Of Rapamycin (mTOR) regulation is

the axis of numerous cell processes since it plays an essential role in metabolism

regulation, autophagy, cell growth, and apoptosis (Xu et al. 2012). This relation is

complex but essential to understand the dialogue and the interplay between

autophagy and apoptosis, which has been gaining importance in the last years and

is closely related with cell growth and survival.

3.2 AMPK Regulation of Cell Growth

AMPK is situated in the center of an energy-sensing cascade that is activated by

ATP depletion. AMPK promotes catabolic pathways that produce ATP, and at the

same time AMPK inhibits anabolic pathways involved in cell growth and other

processes that consume ATP (Grahame Hardie 2014).

Moreover, AMPK is part of a tumor suppressor network that regulates cell

growth and proliferation in stress situations; in fact, it is assumed that AMPK is

responsible for the tumor suppressor effects of LKB1 (Liver Kinase B1) (Hardie

2011). Consistent with these functions, AMPK acts as a cell growth inhibitor in

different stress situations, such as glucose deprivation, energy depletion, tumor

proliferation, or DNA damage.

How does activation of AMPK result in cell growth suppression? Cell growth

requires balanced nutrient availability and energy production. Therefore, protein,

rRNA, and lipid synthesis are needed, in addition to replication of DNA (Vander

Heiden et al. 2009). In this sense, AMPK prevents cell growth by inhibiting protein,

rRNA, and lipid synthesis, and it also induces cell cycle arrest in G1, preventing

DNA replication (Table 3.1).

3.2.1 AMPK Inhibits Protein and rRNA Synthesis

AMPK is considered an antigrowth molecule, among other reasons, due to its

relationship with the tumor suppressor gene Tuberous Sclerosis Complex

2 (TSC2), also known as Tuberin. AMPK directly phosphorylates TSC2 on

T1227 and S1345 to enhance its Rheb-GAP activity, which causes an inhibition
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of mammalian Target Of Rapamycin Complex 1 (mTORC1) kinase activity (Inoki

et al. 2003). Moreover, AMPK is able to directly inhibit mTORC1 by phosphory-

lating raptor, the mTORC1-binding partner (Gwinn et al. 2008). The phosphoryla-

tion of two conserved serines (Ser722 and Ser792) of raptor by AMPK blocks the

ability of the mTORC1 kinase complex to phosphorylate its substrates.

By inhibiting mTORC1, AMPK prevents two major biosynthetic pathways

required for cell growth, such as protein and rRNA synthesis. The objective of

the relationship between AMPK and mTORC1 is adjusting energy required by

anabolic process to energy availability (Alexander and Walker 2011).

mTORC1 regulates two key proteins which are enhancers of protein synthesis:

p70S6K (p70S6 Kinase) and 4EBP1 (eIF-4E-binding protein 1) (Zoncu et al. 2011).

p70S6K is a positive regulator of translation initiation and elongation. When it is

phosphorylated by mTORC1, p70S6K phosphorylates multiple substrates including

eukaryotic translation initiation factor 4B (eIF4B) (Holz et al. 2005). In contrast,

4EBP1 inhibits mRNA translation. When phosphorylated by mTORC1, it dissoci-

ates from eIF4E, allowing the latest to recruit eukaryotic translation initiation factor

4 gamma (eIF4G) to the 50 end of most mRNAs (Ma and Blenis 2009).

AMPK inhibits protein synthesis in an mTOR-independent manner by promot-

ing phosphorylation of eukaryotic elongation factor 2 (eEF2). eEF2 phosphoryla-

tion regulates the peptide chain elongation (Browne and Proud 2002).

Phosphorylation of eEF2, which inhibits its activity, is catalyzed by a specific

calcium/calmodulin-dependent protein kinase termed eEF2 kinase. AMPK inacti-

vates eEF2 by directly phosphorylating eEF2 kinase (Browne et al. 2004).

By this way, AMPK and mTOR provide the link between cellular energy status

and protein synthesis, a major consumer of metabolic energy.

Related to rRNA synthesis, mTORC1 regulates RNA Pol I-mediated transcrip-

tion by enhancing the activity and localization of TIF-IA, a transcription factor for

RNA polymerase-1 that senses nutrient availability (Mayer et al. 2004).

Table 3.1 Inhibitory effects of AMPK on cell growth

Pathway Targets Consequence

Protein synthesis TSC2/Raptor ! mTORC1 # Translation initiation

eEF2 kinase # Translation elongation

rRNA synthesis TSC2/Raptor ! mTORC1 # RNA Pol I-mediated

transcriptionTIF-1A

Regulation of cell

cycle

MDMX/p53 Cell cycle arrest

" P53 stabilization and

activation

Lipid synthesis ACC1/FAS/SREBP-1c/HMG-CoA

reductase/GPAT

# Substrate for fatty acid

synthesis

# Lipogenesis and lipid accu-

mulation

# Cholesterol synthesis

# Glycerolipid metabolism
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AMPK also inhibits rRNA synthesis in an mTOR-independent manner: it

directly phosphorylates TIF-1A at Ser635, and by this way the assembly of func-

tional transcription initiation complexes becomes impaired (Hoppe et al. 2009).

By the mechanisms described above, AMPK allows the adaptation of protein

and rRNA synthesis (and finally cell growth) to changes in cellular energy supply.

3.2.2 AMPK Induces Cell Cycle Arrest

Besides protein and rRNA synthesis, cell growth needs DNA replication. AMPK

uses different mechanisms to induce cell cycle arrest. First, AMPK is able to

phosphorylate MDMX, which regulates p53 proteasomal turnover since it is a

component of the E3 ubiquitin ligase complex (He et al. 2014). AMPK-mediated

phosphorylation of MDMX on Ser342 promotes the association between MDMX

and 14-3-3. This inhibits p53 ubiquitylation, preventing its turnover by the

proteasome. Moreover, inhibition of p53 ubiquitylation induces cell cycle arrest

by promoting stabilization and activation of p53.

Second, AMPK directly phosphorylates p53 on Ser15 to stabilize it and initiate

AMPK-dependent cell cycle arrest (Jones et al. 2005). In stress conditions, such as

glucose deprivation, cell cycle arrest promoted by p53 allows cell to survive. Upon

glucose restoration, cells reenter the cell cycle. Interestingly, p53 activation also

regulates AMPK. It has been demonstrated that the products of Sestrin1 and

Sestrin2, which are two p53 target genes, activate AMPK (Budanov and Karin

2008). Furthermore, p53 inhibits mTORC1 by increasing expression of genes that

negatively regulate its function, such as insulin-like growth factor-binding protein

3 (igf-bp3), PTEN (phosphatase and tensin homolog), and TSC2 (Buckbinder

et al. 1995; Feng et al. 2007). Thus, the stabilization of p53 by AMPK not only

induces cell cycle arrest but also indirectly promotes protein and rRNA synthesis

inhibition.

At this point, we can consider that the connection between AMPK, mTORC1,

and p53 balances the growth-inhibiting response to cellular stress.

3.2.3 AMPK Inhibits Lipid Synthesis

During cell division, cells must double their lipid content. Among different lipid

classes, fatty acids are particularly important for cell growth, since cells need them

for membrane generation, protein modification, and bioenergetic requirements.

Therefore, fatty acid synthesis plays an essential role in cell growth.

It has been described that AMPK inhibits fatty acid synthesis by different

mechanisms. First, AMPK inhibits lipogenesis by phosphorylating and inactivating

the acetyl-CoA carboxylase ACC1 on Ser79 (Davies et al. 1992; Hardie and Pan

2002). ACC1 catalyzes the synthesis of malonyl-CoA, the substrate for fatty acid
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synthesis. Moreover, AMPK also downregulates the expression of fatty acid

synthase (FAS), which is also important in fatty acid synthesis (Foretz et al. 1998).

Second, AMPK downregulates the expression of enzymes involved in fatty acid

synthesis at the transcriptional level by phosphorylating the transcription factor

Sterol regulatory element-binding protein-1c (SREBP-1c). SBREP activity controls

fatty acid and sterol synthesis; therefore, activation of SREBP and expression of

SREBP target genes are required for efficient cell growth in mammalian cells

(Porstmann et al. 2008). AMPK phosphorylates SREBP-1c on Ser372 to prevent

its translocation to the nucleus, leading to inhibition of lipogenesis and lipid

accumulation (Li et al. 2011).

Besides, AMPK phosphorylates and inactivates other enzymes involved in lipid

synthesis, such as HMG-CoA reductase, essential for cholesterol synthesis (Henin

et al. 1995), or glycerol-3-phosphate acyltransferase (GPAT), which participates in

glycerolipid and glycerophospholipid metabolism (Muoio et al. 1999).

3.3 AMPK Regulation of Autophagy

As we have exposed above, AMPK mainly stimulates catabolic pathways and

prevents anabolic pathways, and it exerts its function via direct phosphorylation

of different downstream enzymes or indirect regulation of transcription factors

activities (Hardie 2007). Autophagy is one of the most important processes in cell

catabolism, since cytosol and organelles are sequestered within double-membrane

vesicles (pre-autophagosomes) that deliver the contents to the lysosome/vacuole

(autolysosome) for hydrolytic degradation and recycling of the resulting macro-

molecules. Moreover, autophagy is considered a survival mechanism of the cell in

stress situations (Goldman et al. 2010); hence, an appropriate regulation of

autophagy is essential for cellular homeostasis, since excessive self-digestion can

be harmful (Mizushima 2007).

Autophagy can be a nonselective or selective process because autophagy pro-

teins and receptors of the autophagosome can interact specifically with the cyto-

plasmic component that needs to be eliminated (Johansen and Lamark 2011).

Whereas autophagy usually refers to the nonselective elimination of any component

of the cytoplasm, different terms have been coined to define the selective degrada-

tion of different organelles such as mitochondria (mitophagy) (Lemasters 2005),

peroxisomes (pexophagy) (Till et al. 2012), or even lipids (lipophagy) (Liu and

Czaja 2013).

Autophagy is generally activated by starvation and nutrient deprivation to

generate metabolic intermediates to maintain ATP production. In fact, the

autophagy checkpoint is a major mechanism for the maintenance of intracellular

homeostasis that can be upregulated by nutrient deprivation and/or organelle

damage. Therefore, autophagy is controlled by several metabolites, including the

ATP/ADP ratio and the availability of acetyl-CoA, which affect the activity of

various acetyltransferases (Green et al. 2014).
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Since AMPK was primarily characterized as a kinase allosterically activated by

AMP (Yeh et al. 1980), it was logical to hypothesize that AMPK would have a

critical role in autophagy regulation.

Energy levels manifested in the form of ADP/ATP ratio trigger autophagy by

activating AMPK. AMP enhances kinase activity of AMPK by binding to its γ
subunits. On the contrary, ATP inhibits the allosteric activation of AMPK by AMP

(Hardie 2007). Moreover, oxidative stress, which manifests in the form of high

levels of ROS or oxidizing agents, activates AMPK by different pathways, some of

them in an AMP-independent manner (Hwang et al. 2004; Emerling et al. 2009;

Mungai et al. 2011).

In addition to energy levels, it has been hypothesized that other stimuli trigger

autophagy by AMPK activation, under normal conditions indeed. Intracellular

calcium (Ca2+) levels seem to be crucial in AMPK activity, since Calmodulin-

Dependent Kinase Kinase β (CaMKKβ) is suggested as an upstream kinase that

activates AMPK (Hawley et al. 2005; Woods et al. 2005). It has been observed that

different Ca2+ mobilizing agents, such as vitamin D compounds, induce autophagy

by CaMKKβ and AMPK phosphorylation and activation. Moreover, inhibition of

CaMKKβ by siRNA causes the inactivation of AMPK and an attenuation of

autophagy (Høyer-Hansen et al. 2007).

Therefore, although AMPK activation is necessary to trigger autophagy, it is not

known if it is sufficient or there are other molecular pathways which induce the

change between basal autophagy and a huge autophagy in response to a cellular

stress.

3.3.1 AMPK Regulation of Nonselective Autophagy

Independently of the stimuli, AMPK activation can induce the autophagic process

through two different mechanisms: inhibition of mTOR and direct phosphorylation

of ULK1 (Unc-51 Like Kinase 1, a mammalian orthologue of Atg1).

mTOR complex is a main regulator of diverse intracellular pathways that

controls growth, proliferation, and survival. It is an effector in the PI3K/AKT

pathway, and it carries out its action by two different complexes called mTORC1

and mTORC2. mTORC1 promotes protein synthesis, lipid biogenesis, cell growth,

and anabolism and inhibits cellular catabolism by preventing autophagy. Instead,

mTORC2 regulates cell survival, cell proliferation, and metabolism.

Although mTOR name comes from its sensitivity to rapamycin, rapamycin

inhibits autophagy by affecting solely mTORC1, which is formed by the serine–

threonine kinase mTOR, mLST8, PRAS40, and raptor, a regulatory protein which

recruits downstream substrates such as 4EBP1 and ribosomal S6 kinase. mTORC1

inhibits autophagy by blocking the autophagy initiator complex activity, which is

formed by ULK1, Atg13, Atg101, and FIP200 (Hosokawa et al. 2009; Jung

et al. 2009). ULK1 is the essential protein for autophagy initiation in mammalian

cells (Kuroyanagi et al. 1998; Chan et al. 2007; Wong et al. 2013).
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The autophagy initiator complex is assembled independently of mTOR activity

or nutrient conditions. However, under fed conditions, mTORC1 phosphorylates

ULK1 in Ser638 and Ser758 and inhibits its kinase activity, preventing autophagy

initiation (Shang and Wang 2011). Atg13 is also a substrate of mTOR kinase, and

its phosphorylation has negative effects on ULK1 activity (Hosokawa et al. 2009).

Moreover, ULK1 phosphorylation by mTOR disrupts its interaction with AMPK,

preventing autophagy. Under starvation conditions, mTORC1-dependent phos-

phorylation of ULK1 is removed and ULK1 autophosphorylates and phosphory-

lates Atg13 and FIP200, initiating autophagy.

Since activation of mTORC1 is the principal mechanism to inhibit autophagy in

mammalian cells, one of the mechanisms of AMPK-dependent induction of

autophagy is inhibition of mTORC1 activity. AMPK is able to inhibit mTORC1

in a direct way by phosphorylating raptor (Gwinn et al. 2008) and in an indirect way

by phosphorylating Tuberous Sclerosis Complex 2 (TSC2 or Tuberin) (Inoki

et al. 2003).

When energy levels are low or there is a starvation situation, AMPK is phos-

phorylated and activated AMPK is able to bind and phosphorylate raptor, the

mTORC1-binding partner (Gwinn et al. 2008). Gwinn et al. firstly revealed by

bioinformatics techniques that raptor could be a direct substrate of AMPK since it

presents two serine residues (Ser722 and Ser792) which match with the AMPK

consensus motif. Secondly, the bioinformatics data were corroborated by biological

evidences in vivo. Under energy stress conditions (low ATP levels), activated

AMPK phosphorylates raptor in the predicted serine residues and this phosphory-

lation causes mTORC1 inhibition, so the autophagy initiator ULK1 can start the

autophagic cascade. The mechanism by which raptor phosphorylation inhibits

mTORC1 kinase function is a common mechanism for phosphorylation-based

inactivation of target proteins. Phosphorylation of Ser722 and Ser792 induces

14-3-3 binding to raptor. 14-3-3 binding do not cause a disruption of mTORC1

complex but an inhibition of mTORC1 kinase activity.

Moreover, activated AMPK phosphorylates TSC2, an upstream inhibitor of

mTORC1, since it inactivates GTPase Rheb, an activator of mTORC1 (Inoki

et al. 2002). TSC2 forms a functional complex with TSC1 to inhibit two key

regulators of translation: S6K and 4EBP1, which are phosphorylated by mTOR.

It has been observed that under energy stress or starvation conditions, AMPK

directly phosphorylates TSC2 on T1227 and S1345 to enhance its Rheb-GAP

activity, which causes an inhibition of mTOR kinase activity (Inoki et al. 2003).

Therefore, energy stress results in AMPK phosphorylation and subsequently

AMPK activation, which phosphorylates the mTORC1 inhibitor TSC2 and the

mTORC1 regulatory subunit Raptor to inhibit mTORC1 and regulate catabolism,

principally by initiating autophagy (Hardie 2008; Shaw 2009).

More recently, it has been observed that AMPK can also activate autophagy by

direct phosphorylation of ULK1 (Guan et al. 2011; Egan et al. 2011b). However,

there are some important discrepancies between the two investigations. The prin-

cipal one is that the key phosphorylation sites identified by the different groups are

not the same. Moreover, recently it was published that ULK1 forms a stable
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complex with AMPK (Behrends et al. 2010). Guan et al. described that this

complex is disrupted when mTOR is activated and phosphorylates ULK1, but

Egan et al. did not observe this mechanism. Therefore, more investigation about

regulation of autophagy by AMPK is needed to resolve these differences.

Furthermore, in recent times it has been suggested that phosphorylation of ULK1

by AMPK stabilizes a negative regulation of autophagy initiation (L€offler
et al. 2011). ULK1 is able to phosphorylate the three subunits of AMPK, and this

effect reduces the phosphorylation of AMPKα Thr172, preventing AMPK kinase

activity. By this way, ULK1 participates in the elimination of the initial autophagy

signal, in addition to initiate the autophagic cascade.

Thus, we can conclude that AMPK uses a dual mechanism to activate autophagy

by inactivating mTOR and also directly activating ULK1 by direct phosphoryla-

tion. Interestingly, the patterns of activation of AMPK and mTOR are opposite,

regulating by this way the activation of autophagy depending on the nutrient

conditions (Egan et al. 2011a; Alers et al. 2012) (Fig. 3.1).

mTOR

raptor mlst8 PRAS40

mTORC1
Fed

conditions

ULK1

Atg13 Atg101 FIP200

Autophagy 

initiator 
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Fig. 3.1 Dual regulation of autophagy by mTOR and AMPK
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3.3.2 AMPK Activation of Selective Autophagy
of Mitochondria

Besides activating macroautophagy, AMPK promotes a selective form of

autophagy called mitophagy, by which dysfunctional mitochondria are engulfed

in autophagosomes and transported to lysosomes where they are degraded to

recycle their components. In mammals, loss of AMPK resulted in aberrant accu-

mulation of the autophagy adaptor p62 and defective mitophagy (Egan

et al. 2011b). p62 binds to specific cargo targeted for autophagy-mediated degra-

dation. Especially, p62 is bound to dysfunctional mitochondria targeted for

mitophagy and is involved in mitochondrial aggregation and clearance (Geisler

et al. 2010). Moreover, number of mitochondria per cell is significantly increased in

AMPK-deficient cells, suggesting that AMPK plays an important role in mitochon-

dria turnover.

Moreover, although the best-known function of the autophagy-initiating factor

ULK1 is the autophagy induction (Mizushima 2010; Wirth et al. 2013), recent

studies suggest that ULK1 has a more selective function in mitophagy (Kundu

et al. 2008; Itakura et al. 2012). Recently, it has been described that ULK1 trans-

locates to dysfunctional mitochondria in response to hypoxia or FCCP.

Translocated ULK1 phosphorylates FUNDC1 (a mitophagy receptor located in

external mitochondrial membrane) allowing its interaction with LC3 and inducing

mitochondria degradation by autophagy (Wu et al. 2014).

In relation with this novel role of ULK1, it has been demonstrated that specific

phosphorylation of ULK1 at Ser555 by activated AMPK is crucial for ULK

translocation to the mitochondria (Tian et al. 2015). Therefore, AMPK-mediated

phosphorylation of ULK1 is essential for mitophagy to initiate under stress condi-

tions such as hypoxia.

For these reasons, AMPK is considered essential for the regulation of selective

autophagy, besides its role as a macroautophagy inductor.

3.4 AMPK Regulation of Apoptosis

Although the best-known functions of AMPK are maintaining ATP homeostasis

and regulating metabolism, AMPK has recently been proposed as a regulator of cell

apoptosis or survival under stress conditions.

However, it is not clear whether AMPK is a proapoptotic or pro-survival

molecule. In fact, AMPK participates in cell death or survival depending on the

kind of stress, the cell type, and the duration of the activation of the signaling

cascade. All these features make the role of AMPK in apoptosis controversial and

complex.
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3.4.1 AMPK as a Proapoptotic Molecule

Several metabolic checkpoints convert metabolic changes (signals), which are

detected by specific systems (sensors), into stimuli which regulate the function of

components of the cell death-regulatory machinery (effectors).

AMPK activation has been shown to mediate its proapoptosis effects primarily

through modulation of several downstream signaling events by regulating JNK

(c-Jun N-terminal protein kinase) and p53, inhibiting mTORC1 or directly enhanc-

ing the activation of proapoptotic proteins, among other different pathways

(Fig. 3.2).

3.4.1.1 AMPK Induces Apoptosis by Activating JNK Pathway

The first demonstration of a proapoptotic effect of AMPK was observed in liver rat

cells. It was observed that AMPK activation by high concentrations of AICAR

triggers apoptosis in liver cells by activating JNK and Caspase 3 (Meisse

et al. 2002). JNK pathway regulates proteins involved in apoptosis such as p53,

c-myc, and members of the Bcl-2 family.

AICAR activation of apoptosis mediated by JNK and caspase 3 has been

observed in different cell types. Kefas et al. observed that prolonged stimulation

of AMPK induced apoptosis of insulin-producing cells (MIN6) of mouse. It is

interesting that apoptosis induction was proportional to concentration of AICAR

and time of exposure. Prolonged exposure to low glucose concentration induced

apoptosis by AMPK activation too (Kefas et al. 2003a). The same response was

observed in pancreatic beta cells (Kefas et al. 2003b).
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Fig. 3.2 Different pathways by which AMPK can induce apoptosis
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3.4.1.2 AMPK Induces Apoptosis by Regulating and Stabilizing p53

Apart from its involvement in JNK activation, it has been described how AICAR

induced p53 activation by AMPK stimulation. One of the first evidences that

AMPK could be involved in regulating p53 function was observed in human

hepatocellular carcinoma cell lines (HepG2) (Imamura et al. 2001). Later, it has

been described how AMPK relates glucose availability to the p53 pathway, a

master regulator of survival and proliferation (Jones et al. 2005). Prolonged cell

cycle arrest induced by p53 may be followed by apoptosis activation. Glucose

deprivation also induces phosphorylation of AMPK and subsequent activation of

p53 and bax, a proapoptotic protein, promoting thymocytes and osteosarcoma cells

to undergo apoptosis (Okoshi et al. 2008). Moreover, AICAR also induces apopto-

sis in other cancer cells such as glioblastomas due to AMPK-dependent inhibition

of mTORC1 (Guo et al. 2009). Therefore, the same compound can activate AMPK

and induce apoptosis in different types of cells by various mechanisms.

AMPK also contributes to UV- and H2O2-induced apoptosis in human skin

keratinocytes (Cao et al. 2008). Chiefly, on UV- or H2O2-treated cells, AMPK

induces apoptosis by inhibiting mTORC1 and positively regulating p53 and p38

MAPK, which mediates apoptosis elicited by both energy imbalance and

pro-oxidant conditions.

3.4.1.3 AMPK Induces Apoptosis by Inhibiting mTORC1

One of the most important metabolic checkpoints that control cell death is the

AMPK–mTORC1 pathway, which is based on the short half-life of antiapoptotic

proteins such as FLIPL and MCL-1. In this sense, mTORC1 inhibition by AMPK

activation causes the inhibition of protein translation; therefore, the abundance of

short-lived antiapoptotic proteins such as MCL1 decreases and the cell is sensitized

to mitochondrial apoptosis (Meynet et al. 2013).

Moreover, since mTOR inhibits apoptosis by the mediation of p53 and p27

(Faivre et al. 2006), AMPK-induced inhibition of mTORC1 could sensitize cells to

undergo apoptosis too.

3.4.1.4 AMPK Directly Upregulates Proapoptotic Proteins Such

as BH3-Only Proteins

For instance, it has been shown that prolonged AMPK activation can result in the

direct induction of apoptotic excitotoxicity injury in neocortical neurons. This

effect is dependent on Bim (proapoptotic BH3-only protein essential for the

initiation of cell death). AMPK couples energy depletion to Bim mRNA induction

and the subsequent activation of the Bcl-2-regulated apoptotic pathway in neurons

(Concannon et al. 2010).

56 M. Villanueva-Paz et al.



Moreover, AMPK activates the proapoptotic BH3-only proteins either through

an indirect mechanism, by the AKT–FOXO3A pathway, because it has been

suggested that FOXO3A is able to induce the translocation of Bim to mitochondria

(Weisová et al. 2011).

3.4.1.5 AMPK Can Induce Apoptosis by Inhibiting the Unfolded

Protein Response Pathway

Apart from inhibition of mTORC1, p53 stabilization, and JNK pathway activation,

recently it has been proposed a new mechanism to explain AMPK-induced apopto-

sis. Metformin-induced activation of AMPK triggers apoptosis in acute lympho-

blastic leukemia (ALL) cells by inhibiting the Unfolded Protein Response (UPR)

pathway (Leclerc et al. 2013), which is triggered in response to the accumulation of

unfolded/misfolded proteins in the ER lumen. First, metformin induces ER stress by

accumulation of unfolded/misfolded proteins in the ER as a consequence of ATP

depletion. At the same time, metformin activates AMPK, which acts as a negative

regulator of the UPR, preventing cells from effectively engaging the UPR to

overcome ER stress, leading to apoptotic death by inositol-requiring enzyme 1α
(IRE1α), C/EBP homologous protein (CHOP), caspases, and JNK activation.

3.4.1.6 AMPK Involvement in Apoptosis Is Controversial

Recently, AICAR-induced apoptosis has been controversial since it has been shown

that AICAR can induce an apoptosis in an AMPK- and p53-independent mecha-

nism (Santidrián et al. 2010; Gonzalez-Girones et al. 2013). It has been shown that

AICAR induced apoptosis in chronic lymphoid leukemia (CLL) through the mito-

chondrial apoptotic pathway, by inducing the modulation of RNA levels of Bcl-2,

Bim, and Noxa, independently of AMPK and p53.

In the same way, AMPK sustained activation causes apoptosis induction in beta

cells due to enhanced production of mitochondria-derived oxygen radicals which

induce the activation of the intrinsic mitochondrial apoptosis pathway (Cai

et al. 2007). Besides this mechanism, it is suggested an induction of the intrinsic

apoptosis pathway by sustained AMPK activation, since dysregulation of BH3

members of the Bcl-2 family can be observed.

Other AMPK activators such as metformin have been demonstrated to induce

apoptosis by different mechanisms that could be dependent or independent on

AMPK. Metformin induces apoptosis in different cancer cell types (Leclerc

et al. 2013; Queiroz et al. 2014), but it is important to notice that metformin has

other targets apart from AMPK, for example, it functions as an inhibitor of complex

I of the electron transport chain (Batandier et al. 2006). Moreover, the AMPK

inhibitor, compound C, has been shown to compromise cell survival by AMPK-

dependent and AMPK-independent mechanisms, since inhibition of AMPK is not

sufficient to induce apoptosis in some cell types (Vucicevic et al. 2009).
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Therefore, role of AMPK in AICAR/metformin-mediated apoptosis remains

unclear and more investigations are needed to understand the real function and

importance of AMPK in apoptosis induction (Bonini and Gantner 2013). What is

clear is that AMPK is necessary (although in some cases is not sufficient) to

promote apoptosis in different cell types.

3.4.1.7 Involvement of AMPK in Anticancer Drug Effects

Besides metformin, other anticancer drugs have been demonstrated to activate

AMPK-dependent cell apoptosis pathway, although the molecular mechanisms

involved in apoptosis initiation are different between the diverse compounds.

Vincristine, a drug that binds to tubulin and causes microtubule depolymeriza-

tion, induces apoptosis in cells undergoing mitosis by AMPK activation. In B16

melanoma cells, high levels of ROS and LKB1 and AMPK activation have been

observed, which induce both p53 activation and stabilization and mTORC1 inhi-

bition, which are necessary mechanisms to mediate melanoma cell apoptosis (Chen

et al. 2011).

Taxol (paclitaxel) is another drug that also affects microtubules but by a

different mechanism. Taxol stabilizes the microtubule polymer and protects it

from disassembly. Due to its action, chromosomes are unable to achieve a meta-

phase spindle configuration. It has been observed that taxol activates AMPK and

downstream ACC in ovarian cancer cells and AMPK activation is implicated in the

apoptosis induction mechanism (Sun et al. 2011). Apoptosis induction could be

caused by ROS augmentation, mTORC1 inhibition, and activation of JNK pathway.

Temozolomide (TMZ) is another anticancer drug that exerts its action by a

different mechanism, due to its ability to alkylate/methylate DNA. This methyla-

tion damages the DNA and has been demonstrated to induce apoptosis in primary

cultured human glioblastoma cell lines. TMZ-mediated apoptosis is induced by

AMPK activation, among other mechanisms. AMPK phosphorylation and activa-

tion in turn stabilize and activate p53 and induce the upregulation of p21, Noxa, and

Bax. Activation of AMPK by TMZ also inhibits mTORC1 signaling and promotes

antiapoptosis protein Bcl-2 downregulation (Zhang et al. 2010).

However, other drugs that induce DNA damage responses, such as doxorubicin

(intercalating agent), induce AMPK activation in a ROS-dependent manner, which

in turn contributes to apoptotic cell death by mTORC1 inhibition (Ji et al. 2010). It

is interesting that inhibition of ROS production and AMPK activation by antioxi-

dants such as N-acetylcysteine (NAC) or manganese (III) tetrakis (4-benzoic acid)

porphyrins (MnTBAP) inhibits doxorubicin-induced AMPK activation and cell

death. Therefore, the high level of ROS is the activating signal for AMPK in this

situation.

Therefore, there are so many signals that are able to activate AMPK under stress

situations for cells to undergo apoptosis.
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3.4.2 AMPK as a Pro-survival Molecule

AMPK-mediated apoptosis has been reported in numerous cell types as we have

exposed above. Conversely, it is recognized that activation of this kinase leads to

metabolic alterations that can prevent ATP depletion in certain cell types, resulting

in improved cell survival under different stress situations and protection from

apoptosis. In fact, in conditions like starvation, energy deprivation, and oxidative

stress, AMPK activation is required for cell survival. The molecular targets and

effectors of the AMPK-mediated cell survival are diverse and different depending

on the stress which induces the ATP depletion situation (Fig. 3.3).

3.4.2.1 AMPK Induces Cell Survival in Oxidative Stress Conditions

In oxidative stress conditions, for example, cell exposure to H2O2, AMPK is

required for cell survival and inhibits apoptosis in osteoblasts (She et al. 2014).

AMPK activation inhibits H2O2-induced oxidative stress through inhibiting

NADPH depletion. Moreover, H2O2 is demonstrated to induce autophagy in

MG63 cells. AMPK-dependent ULK1 activation and mTORC1 inactivation

involve autophagy activation, which exerts a pro-survival effect instead of apopto-

sis induction. Therefore, activation of AMPK by H2O2 is pro-survival in osteoblasts

through two mechanisms: activation of autophagy and inhibition of NADPH

depletion.

It is important to observe that in the presence of the same condition (e.g.,

oxidative stress), AMPK can act as a pro-survival or proapoptotic molecule. It

depends on the type of cell, the time of exposure, and the duration of the AMPK
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Fig. 3.3 Different pathways by which AMPK can prevent apoptosis
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activation, among other features. Therefore, AMPK regulation of cell survival and

death is very complex, and it is important to study every case separately.

3.4.2.2 AMPK Induces Cell Survival in Starvation Conditions

TSC2 and its phosphorylation by AMPK protect cells from glucose deprivation-

induced apoptosis. As we have mentioned above, one of the major cellular func-

tions of TSC1/TSC2 is to prevent protein translation by inhibiting the phosphory-

lation of S6K and 4EBP1. AMPK directly phosphorylates TSC2 on T1227 and

S1345. Although TSC2 phosphorylation by AMPK plays an essential role in

inhibiting cell growth, it is important for regulating cell survival under glucose

starvation conditions too. Energy starvation activates TSC2, which then prevents

cell growth and promotes cell survival. Activation of TSC2 by AMPK-dependent

phosphorylation prepares cells for an unfavorable growth environment and results

in protection from cell death. In fact, a mutant version of TSC2, TSC2-3A, which

cannot be phosphorylated by AMPK, has demonstrated to be incapable to protect

cells from glucose deprivation-induced apoptosis (Inoki et al. 2003).

3.4.2.3 AMPK Protects from Energy Stress-Induced Apoptosis

AMPK activation under an energy stress situation extends cell survival by redox

regulation. In glucose limitation conditions, NADPH generation by the pentose

phosphate pathway (PPP) is reduced, and this situation generates oxidative stress,

since NADPH is needed for the regeneration of reduced glutathione (GSH), which

is used by glutathione peroxidase (GPX) to eliminate H2O2. However, AMPK is

able to induce alternative routes to maintain NADPH and inhibit cell death. By this

way, AMPK plays an essential role in NADPH maintenance, which is critical for

cancer cell survival under energy stress conditions. AMPK maintains NADPH

levels by inhibiting the acetyl-CoA carboxylases ACC1 and ACC2. These effects

induce a decrease in NADPH consumption (inhibition of fatty acid synthesis) and

an increase in NADPH generation (induction of fatty acid oxidation) (Jeon

et al. 2012).

Recently, it has been shown that AMPK promotes cell survival and suppresses

apoptosis by directly increasing the expression of antiapoptotic proteins (Blc2 and

Survivin) via NF-κB activation in endothelial cells exposed to hypoxia and glucose

deprivation (Liu et al. 2010).

NF-κB has been proposed to induce the expression of different genes whose

products can enhance cell survival and protect cells from apoptosis (Mitsiades

2002; Angileri et al. 2008). Nevertheless, the underlying mechanisms by which

AMPK activation induces NF-κB-mediated cell survival remain poorly defined.
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3.5 AMPK Regulation of Bioenergetics

Bioenergetics is the study of the transformation of energy in living organisms and

the different cellular processes that can lead to production and usage of energy in

different forms such as ATP.

AMPK has an essential role in bioenergetics regulation because it is a cellular

energy sensor activated by conditions of metabolic stress characterized by an

increase in the AMP/ATP ratio. AMPK activation restores cellular bioenergetics

by inhibiting anabolic pathways that consume ATP and by activating specific

catabolic reactions that generate ATP (Hardie 2011; Hindupur et al. 2015). Under

stress conditions, the objective of AMPK activation is the conservation of cellular

energy in order to avoid bioenergetic catastrophe (Faubert et al. 2015).

AMPK activation changes the way used by the cells to obtain energy in the form

of ATP molecules. Predominantly, AMPK upregulates the production of ATP by

glycolysis and fatty acid oxidation, for this reason, AMPK is crucial for the

metabolic adaptation of cells which present some dysfunctions of the OXPHOS

(Oxidative Phosphorylation) system (Wu and Wei 2012; Garrido-Maraver

et al. 2015).

Activated AMPK switches off anabolic pathways such as fatty acid, glycogen,

RNA, and protein synthesis to avoid ATP waste. However, in this section, we are

focusing on the different catabolic pathways that are upregulated upon AMPK

activation, in order to maintain energetic homeostasis (Fig. 3.4) (Hardie 2014),

such as glucose uptake, fatty acid uptake, glycolysis, and fatty acid oxidation.
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Fig. 3.4 Different catabolic pathways activated by AMPK
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3.5.1 Activation of Glucose Uptake by AMPK

AMPK activation induces the upregulation of two glucose transporter: GLUT1 and

GLUT4. GLUT1 is responsible for the low level of basal glucose uptake required to

maintain respiration in cells, so AMPK is involved in basal glucose uptake main-

tenance (GLUT1 upregulation). Moreover, AMPK is responsible for insulin-

dependent glucose uptake in adipose tissues and striated muscle, due to its role in

GLUT4 upregulation.

3.5.1.1 GLUT1 Upregulation by AMPK

First studies in glucose uptake regulation by AMPK demonstrated that AMPK

activation increased the Vmax of GLUT1-dependent glucose uptake (Barnes

et al. 2002). More recently, a possible explanation for these results has been

found. It has been suggested that AMPK activation increases the levels of

GLUT1 mRNA due to the AMPK-dependent phosphorylation of Thioredoxin-

interacting protein (TXNIP) (Wu et al. 2013).

TXNIP is induced in response to glucose elevation and suppresses glucose

uptake directly, by binding to GLUT1 and inducing GLUT1 internalization, as

well as indirectly, by reducing the level of GLUT1 mRNA. AMPK phosphorylation

of TXNIP induces its rapid degradation by proteasome system. Therefore, TXNIP

is released from GLUT1, and there is an increase in GLUT1 mRNA levels and

function.

3.5.1.2 GLUT4 Upregulation by AMPK

First studies in glucose uptake regulation showed that AMPK activation induced the

GLUT4 translocation from an intracellular location to the plasma membranes

(Kurth-Kraczek et al. 1999). Recently, it has been demonstrated that AMPK-

mediated translocation of GLUT4 is due in part to phosphorylation of the Rab

GAP protein TBC1D1 by AMPK (Pehmøller et al. 2009). TBC1D1 is a component

of the insulin-signaling cascade downstream of Akt that regulates GLUT4 translo-

cation. Phosphorylation of TBC1D1 by AMPK promotes its 14-3-3 binding, which

could increase basal and insulin-stimulated GLUT4 translocation.

Moreover, AMPK activation promotes upregulation of GLUT4 by a second

mechanism because AMPK induces the transcription of the GLUT4 gene, due to

phosphorylation of histone deacetylase-5 (HDAC5), a transcriptional repressor of

GLUT4 (McGee et al. 2008). AMPK-mediated phosphorylation of HDAC5 reduces

HDAC5 association with the GLUT4 promoter, increasing the GLUT4 mRNA

levels.
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3.5.2 AMPK Activation of Fatty Acids Uptake

Long chain fatty acid (LCFA) uptake is mostly dependent on the translocase CD36

(Koonen et al. 2005; Habets et al. 2007). AMPK activation stimulates LCFA uptake

inducing the translocation of CD36 to the sarcolemma, which is essential for

AMPK-induced fatty acid (FA) metabolism (Luiken et al. 2003; Bonen

et al. 2007; Habets et al. 2009). Recently, it has been proposed that CD36 also

interacts with AMPK to coordinate FA uptake. When exogenous FA levels are low,

CD36 maintains AMPK inactive by indirectly promoting LKB1 transport to the

nucleus. When exogenous FA levels increase, CD36-induced LKB1 transport to the

nucleus is disrupted, and the cytosolic enrichment in LKB1 promotes AMPK

activation and FA uptake (Samovski et al. 2015).

3.5.3 AMPK Activation of Glycolysis

Under cellular stress conditions (glucose deprivation, hypoxia, or oxidative stress),

AMPK signaling drives glycolytic flux to maintain energy homeostasis and cellular

ATP levels through glucose catabolism. AMPK promotes glycolysis via phosphor-

ylation and activation of 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase

(PFKFB). PFKFB is a bifunctional enzyme with different tissue-dependent

isoforms. The phosphofructo-2-kinase (PFK-2) domain functions to promote gly-

colysis by increasing levels of fructose-2,6-bisphosphate through phosphorylation

of fructose-6-phosphate, and the fructose-2,6-biphosphatase (FB) domain catalyzes

the reverse reaction producing fructose-6-phosphate.

In fact, AMPK is responsible for the increased glycolytic flux present after an

ischemia in the heart, since it phosphorylates PFK-2 at Ser466 (Marsin et al. 2000).

AMPK also induces glycolysis under hypoxia conditions (Marsin et al. 2002). It is

important to remark that oxidative stress also promotes AMPK to increase glyco-

lytic flux (Wu and Wei 2012).

3.5.4 AMPK Activation of Fatty Acid Oxidation

AMPK plays an important role in the regulation of FA oxidation because AMPK

activation induces a change in different steps involved in FA oxidation pathway.

First, as we commented above, AMPK controls fatty acid transport across the cell

membrane by inducing CD-36 translocation.

Second, activated AMPK phosphorylates and inactivates the ACC2 isoform of

acetyl-CoA carboxylase, which catalyzes the carboxylation of acetyl-CoA to

malonyl-CoA, the limiting step in fatty acid synthesis. Malonyl-CoA is also an
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inhibitor of fatty acid absorption into mitochondria (Merrill et al. 1997). Therefore,

AMPK activation increases the rate of fatty acid oxidation.

Third, very recently, it has been shown that AMPK phosphorylation promotes

lipid droplets (LDs) mobility, dispersion, and consumption by affecting the micro-

tubules network, increasing the rate of FA oxidation (Herms et al. 2015). By this

way, AMPK promotes FAs from LDs to be channeled preferentially to different

metabolic fates depending on the cellular energetic status: in the absence of

glucose, FAs are directed to beta oxidation in mitochondria.

3.5.5 Induction of Mitochondrial Biogenesis by AMPK

Besides promoting different catabolic pathways, AMPK activates mitochondrial

biogenesis to maintain the overall ATP-generating capacity of cells and avoid cell

death. The most important regulator of mitochondrial biogenesis is PGC1α (Hardie

et al. 2012). It has been observed that PGC1α is directly phosphorylated and

transactivated by AMPK (Jäger et al. 2007). PGC1α can also be activated by Sirt-

1-mediated deacetylation, which is induced by AMPK activation too (Cantó

et al. 2009). PGC1α upregulates the activity of transcription factors involved in

mitochondrial biogenesis, such as NRF-1, which in turn modulates the expression

of other factors such as mtTFA, important for the regulation of mtDNA replication

and transcription.

3.5.6 Inhibition of Lipolysis by AMPK

In response to glucose deprivation, AMPK inhibits lipolysis in adipocytes. One of

the most important enzymes involved in lipolysis, hormone-sensitive lipase (HSL)

is phosphorylated by AMPK on a key serine residue that antagonizes phosphory-

lation of HSL by cyclic AMP-dependent protein kinase (PKA) (Garton and Yeaman

1990), causing suppression of lipolysis. Although it is a catabolic pathway, its

inhibition by AMPK is considered as a way to maintain cell energy homeostasis

because an excessive accumulation of fatty acids promotes the synthesis of tri-

glycerides, an ATP-consuming process (Garton 1989; Daval 2005).

3.6 Conclusion

AMPK is a critical regulator of energy homeostasis at both the cellular and whole-

body levels. However, as a result of the wide range of pathways and signaling in

which AMPK is involved, diverse contradictions arise about the role of AMPK in

cell death and survival. For example, AMPK has different roles in apoptosis
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regulation depending on the duration of stimulation, dosage of induction, the type

of cell, and the type of stress that induce its activation. Thus, AMPK phosphory-

lation induces apoptosis in mouse astrocytoma but may protect normal brain cells

from apoptosis under similar energy stress condition (Mukherjee et al. 2008).

Therefore, for now, it is necessary to study every case separately because we do

not have all the knowledge about AMPK pathways, signaling, and targets.

Understanding the complex role of AMPK in regulation of ATP balance is

important because disturbances in energy homoeostasis underlie a number of

diseases in humans, e.g., cancer, mitochondrial dysfunctions, diabetes, etc. In this

sense, discovering new targets of AMPK is a research field which is gaining

importance in the last years. For example, the involvement of AMPK in the

insulin/IGF1 and MAPK–ERK pathways to control cell growth is being extensively

studied.

As more targets of AMPK are known, we can discover which effectors are

responsible for the beneficial effects of AMPK activation seen in diverse diseases. It

is accepted that AMPK is emerged as a potential therapeutic target in different

human diseases, but it is necessary to investigate about the molecular mechanisms

underlying its therapeutic function.

Moreover, it is logical to think that AMPK regulation of cell growth, bioener-

getics, and cell fate (death or survival) is closely related with the aging process

regulation. Some investigations suggest that aging is linked to a loss of sensibility

of AMPK—it loses its capacity to sense changes in AMP/ATP ratio—which induce

a generalized energy imbalance situation. Then, the complete understanding of

AMPK-mediated regulation of cell metabolism might lead to improve the quality of

life in the elderly and to fight different diseases which have not curative

treatments yet.
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Hindupur SK, González A, Hall MN (2015) The opposing actions of target of rapamycin and

AMP-activated protein kinase in cell growth control. Cold Spring Harb Perspect Biol.

doi:10.1101/cshperspect.a019141

Holz MK, Ballif BA, Gygi SP, Blenis J (2005) mTOR and S6K1 mediate assembly of the

translation preinitiation complex through dynamic protein interchange and ordered phosphor-

ylation events. Cell 123:569–580. doi:10.1016/j.cell.2005.10.024

Hoppe S, Bierhoff H, Cado I et al (2009) AMP-activated protein kinase adapts rRNA synthesis to

cellular energy supply. Proc Natl Acad Sci USA 106:17781–17786. doi:10.1073/pnas.

0909873106

Hosokawa N, Hara T, Kaizuka T et al (2009) Nutrient-dependent mTORC1 association with the

ULK1-Atg13-FIP200 complex required for autophagy. Mol Biol Cell 20:1981–1991.

doi:10.1091/mbc.E08-12-1248

Høyer-Hansen M, Bastholm L, Szyniarowski P et al (2007) Control of macroautophagy by

calcium, calmodulin-dependent kinase kinase-β, and Bcl-2. Mol Cell 25:193–205.

doi:10.1016/j.molcel.2006.12.009

Hwang J-T, Lee M, Jung S-N et al (2004) AMP-activated protein kinase activity is required for

vanadate-induced hypoxia-inducible factor 1alpha expression in DU145 cells. Carcinogenesis

25:2497–2507. doi:10.1093/carcin/bgh253

Imamura K, Ogura T, Kishimoto A et al (2001) Cell cycle regulation via p53 phosphorylation by a

50-AMP activated protein kinase activator, 5-aminoimidazole- 4-carboxamide-1-beta-D-

ribofuranoside, in a human hepatocellular carcinoma cell line. Biochem Biophys Res Commun

287:562–567. doi:10.1006/bbrc.2001.5627

Inoki K, Li Y, Zhu T et al (2002) TSC2 is phosphorylated and inhibited by Akt and suppresses

mTOR signalling. Nat Cell Biol 4:648–657. doi:10.1038/ncb839

Inoki K, Zhu T, Guan K-L (2003) TSC2 mediates cellular energy response to control cell growth

and survival. Cell 115:577–590

Itakura E, Kishi-Itakura C, Koyama-Honda I, Mizushima N (2012) Structures containing Atg9A

and the ULK1 complex independently target depolarized mitochondria at initial stages of

Parkin-mediated mitophagy. J Cell Sci 125:1488–1499. doi:10.1242/jcs.094110
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Abstract AMPK is important in numerous physiological systems but plays a vital

role in embryonic and placental development. The placenta is a unique organ that is

the essential lifeline between the mother and baby during pregnancy and gestation.

During placental development, oxygen concentrations are very low until cells

differentiate to establish the appropriate lineages that take on new functions

required for placental and embryonic survival. Balancing the oxygen regulatory

environment with the demands for energy and need to maintain metabolism during

this process places AMPK at the center of maintaining placental cellular homeo-

stasis as it integrates and responds to numerous complex stimuli. AMPK plays a

critical role in sensing metabolic and energy changes. Once activated, it turns on

pathways that produce energy and shuts down catabolic processes. AMPK coordi-

nates cell growth, differentiation, and nutrient transport to maintain cell survival.

Appropriate regulation of AMPK is essential for normal placental and embryonic

development, and its dysregulation may lead to pregnancy-associated disorders

such as intrauterine growth restriction, placental insufficiency, or preeclampsia.
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4.1 AMPK

AMP-activated protein kinase (AMPK) is a heterotrimeric, serine/threonine protein

kinase that is present in almost every cell in the body and is composed of a catalytic

alpha 1 (AMPKα1, PrkAA1) or alpha 2 (AMPKα2, PrkAA2) subunit, in combina-

tion with beta/gamma regulatory subunits (Viollet et al. 2003, 2009; Steinberg and

Kemp 2009). AMPK is evolutionarily conserved and homologues have been iden-

tified in all eukaryotes, including protozoa (Steinberg and Kemp 2009; Viollet

et al. 2009). Such a highly conserved gene and its subsequent signaling mechanisms

highlight the essential role it plays in physiological homeostasis and cell survival.

AMPK acts as a critical sensor of cellular energy, metabolism, and stress. It

functions to coordinate cell growth, differentiation, and apoptosis as well as

regulates autophagy and mitochondrial biogenesis to maintain cell survival

(Mihaylova and Shaw 2011; Hardie 2011; Rafalski et al. 2012). It is activated by

energy depletion and mitochondrial stress that can lead to mitophagy (Toyama

et al. 2016; Kim et al. 2011). AMPK also directly activates the first step in the

autophagy pathway and responds to low nutrient and metabolic status as a means to

maintain cell survival (Egan et al. 2011). Under chronic stress, AMPK is capable of

stimulating the production of new mitochondria to replace those lost or damaged

(Toyama et al. 2016). AMPK is activated by hypoxia or when a decrease in energy

levels occur, i.e., when there is an increased ratio of cellular AMP:ATP, and in

response triggers signaling pathways to increase the cells’ production of its energy

source, ATP (Evans et al 2006). Thus, AMPK activates energy-producing signaling

pathways while inhibiting energy-consuming processes to maintain homeostasis

(Fig. 4.1).

4.2 AMPK in Development

AMPK has been shown to be important in numerous physiological systems;

however, its vital role in placental and embryonic development has only recently

begun to emerge (Carey et al. 2014). The AMPK catalytic subunits mediate energy

utilization during development and gene knockout of AMPKα1 or AMPKα2 alone

have shown distinct physiological phenotypes in mice, but are viable (Viollet

et al. 2003, 2009). In contrast, AMPKα1/AMPKα2 double knockout mice are lethal

at embryonic day 10.5 in utero and this signifies the importance of AMPK in

development (Viollet et al. 2009). Recent reports indicate that AMPK is an impor-

tant regulator and determinant of cell lineage during the differentiation of embry-

onic stem cells (Young et al. 2016; Louden et al. 2014; Vazquez-Martin

et al. 2012); however, the role of AMPK in placental development has only recently

come under study.

The placenta is a unique organ that is generated within the mother’s uterus only
during pregnancy and is essential for embryonic development and survival.
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The placenta originates from specialized cells of the developing embryo (tropho-

blasts) and serves as the lifeline between the mother and developing baby to carry

out functions that the embryo/fetus cannot. The placenta functions to facilitate the

uptake and delivery of nutrients and aids in the elimination of wastes. The placenta

is also important in mediating the exchange of critical gases, such as oxygen and

carbon dioxide, via the mother’s blood supply and produces hormones necessary to

sustain pregnancy. In addition, the placenta provides an immunoprivileged site that

not only provides a barrier against viral infection but also prevents the rejection of

the fetus as a foreign body.

Placental development is regulated by a critical balance between stem cell

proliferation and the differentiation of trophoblasts into distinct placental cell

lineages. The mouse placenta, which shares many attributes and functions with

the human placenta, is made up of three lineages and numerous cellular subtypes

that are important for trophoblast invasion, stem cell/progenitor growth, and nutri-

ent transport (Watson and Cross 2005). Labyrinthine cells are responsible for

nutrient transport and the exchange of gases and waste at the maternal fetal

interface (Natale et al. 2006; Jansson and Powell 2013; Lager and Powell 2012).

As proper placental transport is necessary for a healthy pregnancy and to allow for

normal fetal development, alterations in AMPK signaling and trophoblast differ-

entiation could impair fetal viability and result in pregnancy-associated disorders.

Oxygen
Regulation

Cellular Energy

Cell
Metabolism

AMPK

[ATP  ];[AMP   ]

Mitochondrial
Respiration 

Autophagy Differentiation

Nutrient
Transport

Cell 
Proliferation

Fig. 4.1 AMPK acts as a critical sensor of oxygen regulation, cellular energy, and metabolism.

AMPK recognizes the decrease in energy as a reduction in ATP or elevation in AMP/ADP. In

response to low-energy conditions, AMPK plays a major role in regulating mitochondrial respi-

ration, autophagy, differentiation, nutrient transport, and cell proliferation to promote cell survival
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4.3 Pathophysiology of Pregnancy-Associated Disorders

Abnormal placental development is known to be associated with a number of

pregnancy-associated disorders including intrauterine growth restriction (IUGR),

placental insufficiency, and preeclampsia (Caniggia et al. 2000; Chaddha

et al. 2004; Red-Horse et al. 2004). In humans, alterations in the AMPKα1 genotype
are associated with birth weight, oxygen regulation, and metabolic homeostasis and

may be implicated in the pathophysiology of IUGR and high altitude adaptation

(Bigham et al. 2014). Furthermore, AMPK is present in placental tissue in humans

and mice, was increased under low oxygen or hypoxic conditions, and facilitated

maternal uterine artery blood flow (Skeffington et al. 2016). These results suggest

that AMPK provides a protective role by sensing and rescuing cellular energy

depletion to maintain maternal/fetal blood flow and prevent placental insufficiency.

The role of AMPK in the pathogenesis of preeclampsia has been reported using a

reduced uteroplacental perfusion pressure (RUPP) rat model (Banek et al. 2013).

RUPP mice have an angiogenic imbalance and develop high blood pressure.

Administration of an AMPK activator, AICAR, was able to prevent the develop-

ment of hypertension and normalize angiogenesis (Banek et al. 2013). These results

suggest that reduced levels of AMPK can lead to significant pathological conditions

during pregnancy and indicate that decreasing oxidative stress and maintaining

proper metabolic and energy levels are critical to normal placental development

and fetal outcome, as well as maternal well-being.

4.4 AMPK in Placental Progenitor Cells

and Differentiation

Trophoblast cells experience environmental changes as they divide and migrate,

such as increasing oxygen concentrations and increased metabolic demands, which

leads to corresponding changes in gene regulation. These changes in gene expres-

sion determine placental progenitor differentiation into the appropriate cell lineages

at the proper time during development. Recent reports have suggested that placental

stem cell proliferation and differentiation can be regulated by AMPK (Carey

et al. 2014). To examine the effect of AMPK inhibition, we created a small

interfering RNA (siRNA) and short hairpin RNA (shRNA) capable of targeting

both catalytic isoforms of AMPKα1/2. Causing significant knockdown of both

AMPKα isoforms in mouse and human cells resulted in a significant reduction in

AMPK activity (Tangeman et al. 2012). The major metabolic and energy demands

on the placenta would occur in labyrinthine nutrient-transporting cells (Jansson and

Powell 2013). Therefore, we examined the effects of AMPK knockdown in the

mouse labyrinthine trophoblast progenitor cell line, SM10 (Selesniemi et al. 2005a,

b). Inhibition of AMPK results in the loss of appropriate placental differentiation

with significant alterations in cell morphology, inhibition of cell growth, and
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reduced nutrient transport (Carey et al. 2014). Our results are supported by two

studies in blastocysts and early trophoblast stem cells that show that AMPK is

important in controlling trophoblast stem cell (TS) differentiation (Xie et al. 2013;

Zhong et al. 2010). While these studies considered AMPK signaling in the context

of a stress response and the manner in which trophoblast cells may respond to

changes in their microenvironment, these findings could also be considered in the

context of normal development and differentiation. As trophoblasts differentiate,

their glycolytic need and mitochondrial respiratory capacity change in concert with

their energy requirements and ability to produce ATP. AMPK could play a key role

in controlling metabolic homeostasis in placental trophoblasts and its dysregulation

could therefore negatively impact differentiation of these placental progenitor cells.

Interestingly, mitochondrial DNA has been shown to be increased in human IUGR

placentas and was inversely correlated with oxygen levels (Cetin and Alvino 2009).

This could be due to a compensatory mechanism for a hypoxic environment or a

metabolic response to reduced nutrient transport.

4.5 Future Directions

While the importance of AMPK in placental differentiation and pregnancy-

associated disorders has only recently become evident, many questions remain.

The role of mitochondria and their response to the energy demands of trophoblast

differentiation and maintenance of homeostasis have not been reported. Further-

more, examining the interactions AMPK encounters and the signaling in response

to a low oxygen environment are of great interest as they represent the in vivo

scenario that occurs during pregnancy as the placenta develops. The comparative

response of AMPK to chronic and high-dose stress compared to low stress levels

that may allow for developmental adaptation may provide valuable information as

to how placental plasticity may be involved and at what point plasticity may be lost

or beyond adaptation (Mansouri et al. 2012).

Analysis of genes capable of interacting with or in response to AMPK levels to

mediate differentiation may provide new information on the regulatory controls

mediating placental development (Zhong et al. 2010; Selesniemi et al. 2016).

Determining the signal transduction pathways that govern the hypoxic response

as they relate to the control of cellular metabolism and nutrient transport during

development should provide new findings about the integrated network necessary

to keep cells alive and maintain metabolism in the very low oxygen state in which

the placenta develops and eventually undergoes differentiation.

While gene knockout studies can be highly valuable in determining the function

of genes, they suffer from the ability to distinguish whether the critical function is in

the embryo or placenta, as both are targeted by this technique. Studies directed at

examining placental-specific gene expression of AMPK using Cre-lox technology,

Crisper/Cas, and/or lentiviral blastocyst transduction would provide novel insights

into understanding AMPK function (Kaufman et al. 2014; Okada et al. 2007).
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Placental transgenesis studies would accelerate our understanding of the role of

placental AMPK and pregnancy-associated disorders and provide new possibilities

for therapeutic advances.
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Abstract Skeletal muscle insulin resistance precedes development of type 2 dia-

betes (T2D). As skeletal muscle is a major sink for glucose disposal, understanding

the molecular mechanisms involved in maintaining insulin sensitivity of this tissue

could potentially benefit millions of people that are diagnosed with insulin resis-

tance. Regular physical activity in both healthy and insulin-resistant individuals is

recognized as the single most effective intervention to increase whole-body insulin

sensitivity and thereby positively affect glucose homeostasis. A single bout of

exercise has long been known to increase glucose disposal in skeletal muscle in

response to physiological insulin concentrations. While this effect is identified to be

restricted to the previously exercised muscle, the molecular basis for an apparent

convergence between exercise- and insulin-induced signaling pathways is incom-

pletely known. In recent years, we and others have identified the Rab GTPase-

activating protein, TBC1 domain family member 4 (TBC1D4) as a target of key

protein kinases in the insulin- and exercise-activated signaling pathways. Our

working hypothesis is that the AMP-activated protein kinase (AMPK) is important

for the ability of exercise to insulin sensitize skeletal muscle through TBC1D4.

Here, we aim to provide an overview of the current available evidence linking

AMPK to post-exercise insulin sensitivity.

Keywords AMP-activated protein kinase • Exercise • Skeletal muscle • Glucose

uptake • TBC1D4 • AS160 • Insulin sensitivity

5.1 Introduction

The prevalence of type 2 diabetes (T2D) and its comorbidities has reached epi-

demic proportions worldwide. T2D is a heterogeneous disorder that is often char-

acterized by the coexistence of insulin deficiency and insulin resistance in multiple

tissues (DeFronzo 1988). Insulin resistance in major metabolic organs such as liver,

skeletal muscle, and adipose tissue has been recognized as being one of the first
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abnormalities in the development of T2D (Abdul-Ghani and DeFronzo 2010).

Insulin resistance can be defined as the inability of normal levels of insulin to

induce a normal biological response, and traditionally this is demonstrated by an

impairment of insulin to regulate whole-body glucose homeostasis (Lebovitz

2001).

Insulin is an anabolic hormone that plays a key role in controlling glucose

homeostasis. Insulin represses glucose production from the liver while stimulating

glucose uptake in peripheral tissues such as skeletal muscle and adipose tissue

(Saltiel and Kahn 2001). Since skeletal muscle constitutes around 40–45% of

whole-body mass in humans and is responsible for up to ~80% of total body

glucose uptake during insulin stimulation (DeFronzo et al. 1983; Baron

et al. 1988), it is considered an important organ for maintaining glucose homeosta-

sis. It has been argued that skeletal muscle insulin resistance plays a pivotal role in

the pathogenesis of T2D (DeFronzo and Tripathy 2009). Thus, to combat T2D, an

understanding of the molecular mechanisms that regulate insulin sensitivity in

skeletal muscle is evidently important.

Depending on both time and intensity, muscle contractile activity possesses the

ability to increase muscle glucose uptake by ~20-fold (Rose and Richter 2005).

Similarly to insulin, this is in part mediated by an increased translocation of glucose

transporter (GLUT) 4 proteins to the cell surface membrane (Hirshman et al. 1988;

Douen et al. 1989). Several studies suggest that contraction increases muscle

glucose uptake via intracellular mechanisms distinct from those of insulin (Lee

et al. 1995; Lund et al. 1995; Yeh et al. 1995; Wojtaszewski et al. 1996, 1999). This

is also supported by fully additive effects of insulin and contraction on muscle

glucose uptake (Nesher et al. 1985; Ploug et al. 1987), indicating recruitment of

different intracellular pools of GLUT4 by insulin and contraction, respectively

(Douen et al. 1990; Coderre et al. 1995; Ploug et al. 1998). Nevertheless, contrac-

tion and insulin signaling pathways seem to converge at some point(s), since

skeletal muscle displays a marked increase in insulin sensitivity to stimulate

glucose uptake in a prolonged period after a single bout of exercise (Richter

et al. 1982, 1989). Interestingly, this is observed both in healthy individuals and

in insulin-resistant T2D patients (Devlin et al. 1987). However, we still do not

completely understand the molecular mechanisms governing this phenomenon.

Elucidating such mechanisms may serve as a valuable source of knowledge for

future pharmacological intervention in the treatment of muscle insulin resistance in

various conditions. Our hypothesis is that activation of AMP-activated protein

kinase (AMPK) is important for the ability of exercise to insulin sensitize skeletal

muscle, and we propose that pharmacological targeting of AMPK could be a viable

approach to prevent muscle insulin resistance.

AMPK is considered a key sensor of cellular energy status and found in

essentially all eukaryotic genomes (Hardie 2007). AMPK is activated in response

to metabolic stresses that cause an imbalance in the cellular energy homeostasis,

which is recognized by an increase in the ratios of AMP:ATP and ADP:ATP

(Gowans and Hardie 2014). In skeletal muscle, AMPK is commonly activated in

response to exercise, muscle contraction, hypoxia, and ischemia (Kahn et al. 2005),

but also myokines and adipokines (e.g., IL-6, leptin, and adiponectin) have been
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observed to regulate AMPK activity in skeletal muscle (Minokoshi et al. 2002;

Yamauchi et al. 2002; Kelly et al. 2004). In general, AMPK switches on catabolic

processes that increase ATP production while switching off anabolic processes that

consume ATP in an attempt to restore cellular energy homeostasis (Hardie

et al. 2012). Thus, in skeletal muscle AMPK promotes glucose uptake and lipid

oxidation (Jørgensen et al. 2004b; Fentz et al. 2015) while suppressing glycogen

synthase activity and lipid and protein synthesis (Muoio et al. 1999; Inoki

et al. 2003; Jørgensen et al. 2004a). AMPK is a heterotrimeric complex consisting

of a catalytic α subunit and regulatory β and γ subunits of which several isoforms

exist (α1, α2, β1, β2, γ1, γ2, γ3) (Steinberg and Kemp 2009). While all isoforms

have been found in sample preparations of human and mouse skeletal muscle

(Wojtaszewski et al. 2005; Treebak et al. 2009a), only a subgroup of heterotrimeric

complexes are present in human vastus lateralis (i.e., α2β2γ1, α2β2γ3, and α1β2γ1)
(Wojtaszewski et al. 2005; Birk and Wojtaszewski 2006) and in mouse skeletal

muscle (i.e., α2β2γ3, α2β2γ1, α2β1γ1, α1β2γ1, and α1β1γ1) (Treebak et al. 2009a).
In the following, we provide an overview of how AMPK activity is modulated in

skeletal muscle. Subsequently, we will discuss the role of AMPK in mediating

glucose uptake, and finally we will review the evidence for a role of AMPK as a

central player regulating increased skeletal muscle insulin sensitivity observed after

an acute bout of exercise.

5.2 Regulation of AMPK Activity

5.2.1 Adenosine Nucleotides

AMP and ADP are the primary intracellular activators of AMPK, whereas ATP

antagonizes this effect. Thus, the intracellular AMP:ATP and ADP:ATP ratios may

be regarded as predictors of AMPK activation (Hardie et al. 2011). During meta-

bolic stress, when ATP consumption is accelerated (e.g., muscle contraction) or

ATP synthesis is inhibited (e.g., inhibition of mitochondrial respiration), the intra-

cellular ADP concentration increases. This drives the reversible adenylate kinase

reaction (2ADP$ATP +AMP) towards ATP (and AMP) in an attempt to maintain

intracellular ATP concentrations. By virtue of the adenylate kinase reaction during

metabolic stress, the AMP:ATP ratio will rise and consequently increase allosteric

activation of AMPK by up to tenfold (Suter et al. 2006). Besides allosteric activa-

tion, binding of AMP to AMPK promotes phosphorylation of Thr172 by upstream

kinases and hinders Thr172 dephosphorylation by protein phosphatases (Xiao

et al. 2011). This has been shown to increase AMPK activity by more than

100-fold (Suter et al. 2006; Sanders et al. 2007), indicating that phosphorylation

of Thr172 is a major regulator of AMPK activity. Although allosteric activation of

AMPK is triggered by AMP only, binding of ADP mimics the effects of AMP on

regulating Thr172 phosphorylation (Oakhill et al. 2011).
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5.2.2 Glycogen

In addition to the regulatory role of adenine nucleotides, muscle glycogen levels

seem to be an important factor in regulating AMPK activity. Thus, AMPK may not

only be viewed as an energy sensor but also as a fuel sensor in skeletal muscle. The

AMPK β subunit contains a glycogen-binding domain, which seems to be respon-

sible for associating AMPK to glycogen particles (Hudson et al. 2003; Polekhina

et al. 2003). Studies in both humans and rodents have shown that glycogen acts as a

negative regulator of AMPK since glycogen loading of skeletal muscle suppresses

basal AMPK activity and reduces activation of AMPK in response to activating

stimuli such as exercise, contraction, and AICAR (Derave et al. 2000a;

Wojtaszewski et al. 2002a, 2003b). However, other observations argue against a

direct role of glycogen in regulating muscle AMPK activity in response to exercise

(Nielsen et al. 2002; McConell et al. 2005). Hence, in muscle from McArdle

patients, which exhibits chronic high glycogen levels, exercise-mediated AMPK

activation is not suppressed compared to control subjects (Nielsen et al. 2002).

Despite these opposing observations, the inverse relationship between contraction-

induced AMPK activation andmuscle glycogen content is not found in the AMPKγ3
KO mouse model indicating that only AMPKγ3-associated activity is subjected to

inhibitory regulation by glycogen (Barnes et al. 2005). Interestingly, after a period of

exercise training, muscle glycogen content increases, which may play a role in the

reduced activation of AMPK observed in response to a single bout of exercise in the

trained muscle (Durante et al. 2002; Nielsen et al. 2003; Mortensen et al. 2013).

Moreover, AMPKγ3 protein abundance is reduced in skeletal muscle following

exercise training, which may further explain the reduced effect of exercise on

AMPK activation (Durante et al. 2002; Nielsen et al. 2003; Frøsig et al. 2004;

Wojtaszewski et al. 2005; Mortensen et al. 2013). Nevertheless, the highly signif-

icant correlations between exercise-induced AMPKγ3 activity and muscle glycogen

content observed before and after exercise training (Mortensen et al. 2013) support

the idea that increasing levels of AMPKγ3 activity during glycogen-depleting

exercise is related to a relief from glycogen-associated inhibition.

5.2.3 Upstream Kinases

AMPK activity is regulated by phosphorylation of Thr172 of the α subunit by

upstream kinases. Three AMPK kinases have been identified to phosphorylate

Thr172, including Serine/threonine-protein kinase 11 (also known as LKB1), Ca
2+/calmodulin-dependent kinase kinase (CaMKK), and transforming growth factor

β-activating kinase 1 (TAK1). The exact physiological significance in skeletal

muscle of the latter remains unsure and will not be dealt with further (Momcilovic

et al. 2006; Xie et al. 2006; Herrero-Martı́n et al. 2009). LKB1 is a heterotrimeric

kinase that is active only when forming a complex with two regulatory subunits,

mouse protein 25 (MO25) and STE20-related adaptor protein (STRAD) (Hawley
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et al. 2003; Woods et al. 2003a). Besides regulating activity, binding of STRAD

and MO25 translocate the complex from the nucleus to the cytosol where it targets

downstream effectors (Baas et al. 2003; Boudeau et al. 2003). LKB1 appears to be

constitutively active in skeletal muscle, since LKB1 activity does not change in

response to AMPK activating stimuli (e.g., exercise, contraction, and AICAR)

(Sakamoto et al. 2004; Jeppesen et al. 2013). Both in vitro and animal studies

suggest that LKB1 functions as an AMPKK. Thus, in LKB1-deficient HeLa cells,

AMPK is only activated by AICAR if the cells are allowed to express stabile LKB1

(Hawley et al. 2003), and in muscle-specific LKB1 knockout (KO) mice, activation

of AMPKα2 by contraction or AICAR is abolished with only minor effects on

AMPKα1 activity (Sakamoto et al. 2004, 2005). Similarly, activation of AMPKα2
by exercise is blunted in muscle-specific LKB1 KO mice while AMPKα1 activity

seems unaffected (Jeppesen et al. 2013). Thus, LKB1 is likely the primary regulator

of AMPKα2 activity in skeletal muscle, whereas AMPKα1 activity may be regu-

lated by a kinase different from LKB1.

Three independent groups have reported that CaMKK increases activation and

phosphorylation of AMPK in the absence of a nucleotide imbalance, indicating that

AMPK activity is regulated by Ca2+ signaling (Hawley et al. 2005; Hurley

et al. 2005; Woods et al. 2005). The studies showed that AMPK activity increased

in HeLa cells stimulated with Ca2+ ionophores while failing to appear in cells

pretreated with CaMKK inhibitor STO-609 or CaMKK siRNA. In support of this,

using CaMKK inhibitors STO-609 and KN-93, it has been reported that CaMKK

acts as a regulator of AMPKα1 activity in mouse skeletal muscle at the onset of

mild tetanic contraction in a time- and/or intensity-dependent manner (Jensen

et al. 2007a, b). Also, overexpression of constitutively active CaMKK(α) in

mouse skeletal muscle by in vivo gene electro-transfer increases AMPKα1 and

AMPKα2 activity by 2.5-fold (Witczak et al. 2007).

Taken together, LKB1 appears to mainly activate AMPKα2-containing trimers,

and since these complexes have been shown to play important roles for skeletal

muscle metabolism and mitochondrial biogenesis (Jørgensen et al. 2004a, b;

Garcia-Roves et al. 2008), LKB1 appears pivotal for regulating AMPK activity in

skeletal muscle. Since LKB1 is presumed constitutively active in skeletal muscle

this indicates that AMPK is regulated by allosteric activation and/or by changes in

the rate by which AMPK is dephosphorylated at Thr172 by protein phosphatase

(PP) 2A and 2C (Davies et al. 1995; Woods et al. 2003b; Suter et al. 2006; Sanders

et al. 2007). In addition, a highly conserved nuclear export sequence has been found

in the catalytic subunits of AMPK, which regulates activity and subcellular local-

ization of the heterotrimer complex (Kazgan et al. 2010). This may also affect the

ability of upstream kinases to regulate AMPK.

5.2.4 Exercise/Muscle Contraction

During contractile activity (e.g., exercise) muscle energy consumption may

increase up to 100-fold (Sahlin et al. 1998). This highlights the huge dynamics of
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muscle energy metabolism, which represents a major metabolic challenge for the

muscle cell. Yet, the intracellular ATP concentration varies surprisingly little even

during high-intensity exercise (Hellsten et al. 1998). Thus, maintaining a constant

level of ATP in the working muscle seems essential to sustain muscle function. The

finding that mice lacking AMPK in skeletal muscle have a reduced exercise

capacity (Maarbjerg et al. 2009; O’Neill et al. 2011; Jeppesen et al. 2013; Fentz

et al. 2015) highlights the importance of AMPK for maintaining energy

homeostasis.

In 1996, Winder and Hardie were the first to report that exercise increases

AMPK activity in rat skeletal muscle (Winder and Hardie 1996). Later, it was

shown that exercise also increases AMPK activity in human skeletal muscle (Chen

et al. 2000; Fujii et al. 2000; Wojtaszewski et al. 2000b) and that specific AMPK

heterotrimer complexes were regulated in an intensity- and time-dependent manner.

As such, activation of AMPK in human skeletal muscle has been observed to occur

at exercise intensities of at least 60% of VO2peak (Wojtaszewski et al. 2000b,

2003b; Stephens et al. 2002; Chen et al. 2003), although activation at lower

intensity (~45% of VO2peak) has been reported during prolonged exercise

(~3.5 h) (Wojtaszewski et al. 2002b). Furthermore, most studies (Fujii

et al. 2000; Stephens et al. 2002; Wojtaszewski et al. 2002b) but not all (Musi

et al. 2001a) report a time-dependent increase in exercise-induced AMPK activa-

tion. When dividing AMPK activity into either AMPKα1- or α2-associated activity,
it becomes evident that these complexes display differential regulation in response

to exercise. Thus, activation of AMPK in human skeletal muscle during exercise is

mainly associated with increased α2 activity (Chen et al. 2000; Fujii et al. 2000;

Wojtaszewski et al. 2000b, 2002b, 2003b; Musi et al. 2001a; Stephens et al. 2002;

Chen et al. 2003; Birk and Wojtaszewski 2006; Treebak et al. 2007; Mortensen

et al. 2013; Kjøbsted et al. 2016) while α1 activity has been reported to decrease

(Birk and Wojtaszewski 2006; Mortensen et al. 2013; Kjøbsted et al. 2016),

increase (Chen et al. 2000, 2003; Treebak et al. 2007), or even remain unchanged

(Wojtaszewski et al. 2000b, 2002b, 2003b; Fujii et al. 2000; Musi et al. 2001a;

Stephens et al. 2002; Birk and Wojtaszewski 2006) depending on exercise mode,

time, and intensity. In addition, several reports from our group have shown that the

initial increase in muscle AMPK activity during exercise (�30 min) is restricted to

the α2β2γ3 complex (Birk and Wojtaszewski 2006; Treebak et al. 2007), whereas

the α2β2γ1 and α1β2γ1 complexes seem to increase at later time points (�60 min)

(Treebak et al. 2007) or even in exercise recovery (Kjøbsted et al. 2016). There is

consensus that activation of AMPK is a local phenomenon that occurs in the

working muscle. In support of this, a human study applying one-legged knee

extensor exercise with and without simultaneous arm cranking exercise did not

find that humoral factors released during exercise increased AMPK activity in

resting muscle or potentiated AMPK activity in exercising muscle (Kristensen

et al. 2007). Studies in isolated intact rodent muscle induced to contract are in

line with this observation (Vavvas et al. 1997; Derave et al. 2000a; Sakamoto

et al. 2005).

In contrast to observations in humans, activation of AMPK in rodent skeletal

muscle during wheel running, treadmill exercise, in situ, and ex vivo contraction
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seems to involve changes in both AMPKα1- and α2-associated activity (Jørgensen

et al. 2004b, 2005; Jensen et al. 2007b; Koh et al. 2008; Maarbjerg et al. 2009;

O’Neill et al. 2011; Jeppesen et al. 2013), although two studies reported unchanged
α1-associated activity in response to in situ contraction (10–20 min) of rat gastroc-

nemius muscle (Sakamoto et al. 2004, 2005). In mice, ex vivo muscle contraction

appears to increase AMPK-associated activity of all five AMPK trimer complexes,

but the absolute level of activity is fiber type-dependent (Treebak et al. 2014).

Future studies should determine the pattern of AMPK trimer activation in both

human and rodent skeletal muscle, in order to assign AMPK complex-specific roles

to specific cellular functions.

5.2.5 AICAR

5-Aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR) is an adenosine

analogue that is taken up into cells by the adenosine transport system and subse-

quently phosphorylated by adenosine kinase to yield 5-aminoimidazole-4-

carboxamide-1-β-D-ribonucleotide (ZMP), a close analogue of AMP. ZMP is part

of the de novo synthesis of purine metabolites and is predominantly metabolized

into inosine monophosphate (IMP) within the cell (Sabina et al. 1985). In response

to AICAR treatment, the intracellular ZMP levels can increase to mM concentra-

tions depending on stimulation time (Sabina et al. 1985; Corton et al. 1995).

Although ZMP is thought to mimic most effects of AMP, several studies provide

evidence to support that accumulation of ZMP and its metabolites do not perturb the

intracellular content of AMP, ADP, and ATP (Corton et al. 1995; Merrill

et al. 1997). Merrill and colleagues demonstrated that perfusion of the rat hindlimb

with increasing concentrations of AICAR (0.5–2 mM) or increasing time intervals

(7½, 15, and 45 min) did not cause a significant change in muscle adenosine

nucleotides (Merrill et al. 1997). Furthermore, one study reported that the adenosine

nucleotide pool in dog skeletal muscle remained unchanged 60 min after infusion of

AICAR (8 mM) (Sabina et al. 1982). Interestingly, at this time point the authors

also reported that the accumulation of AICAR and ZMP in skeletal muscle had

returned to near pre-infusion levels. Taken together, the intracellular accumulation

of ZMP in skeletal muscle is likely determined by AICAR concentration and

stimulation time, which does not seem to affect the adenosine nucleotide pools.

At least in the perfused animal the acute effect of AICAR on ZMP formation in

skeletal muscle seems to be gone within ~1 h.

The effect of ZMP on AMPK activation was originally described in a patent

from 1993 (Van den Berghe and Gruber 1993). The following year, it was demon-

strated that AICAR increased AMPK activity in a time- and dose-dependent

manner in rat adipocytes (Sullivan et al. 1994). Because ZMP binds to the γ subunit
similarly to AMP, it likely mimics all the effects of AMP in regulating AMPK

complex activity (Day et al. 2007). However, at physiological ATP concentrations

(4 mM) the ZMP Km value is approximately 50-fold higher compared to AMP

88 R. Kjøbsted et al.



(Corton et al. 1995). Furthermore, in rat hepatocytes high concentrations of ZMP

(>5–10 mM) have been shown to decrease AMPK activity likely due to competing

binding between ZMP and ATP at the AMPK catalytic site (Henin et al. 1996).

High concentrations of AMP (>1 mM) has similar effects on AMPK activity, but

since AMP is a more potent activator, inhibition of AMPK activity is not observed

in skeletal muscle at concentrations normally seen during exercise (AMPfree:

~6–10 μM, assuming that intracellular water comprises 80% of skeletal muscle)

(Birk and Wojtaszewski 2006). In light of these findings, it seems apparent that

ZMP acts similar to AMP in regulating AMPK activity albeit at much lower

potency. This is presumably due to decreased binding affinity of ZMP for AMPK

(AMP>ADP>ATP>ZMP) (Ramanathan et al. 2010).

AICAR has been shown to increase muscle AMPK activity in several rodent

models including ex vivo and in vivo studies in mice (Mu et al. 2001; Jørgensen

et al. 2004b; Steinberg et al. 2010; Kjøbsted et al. 2015) and rats (Hayashi

et al. 1998; Bergeron et al. 1999; Musi et al. 2001b; Wojtaszewski et al. 2002a).

Surprisingly, several studies in humans have consistently found no increase in

muscle AMPK activity in response to continuous intravenous AICAR infusion

(10–45 mg kg�1 h�1) (Cuthbertson et al. 2007; Boon et al. 2008; Bosselaar

et al. 2009; Babraj et al. 2009), although one study reported increased ACC

Ser79 phosphorylation—a known marker of endogenous AMPK activity (Boon

et al. 2008). This may indicate that AICAR delivery to resting human muscle was

inadequate as AICAR has been shown to increase AMPK activity (Thr172 phos-

phorylation) in isolated human muscle strips (Koistinen et al. 2003). Similar to

exercise, the AMPK heterotrimeric complexes display differential regulation in

response to AICAR. Thus, in rat skeletal muscle AICAR increases AMPKα2-
associated activity while AMPKα1-associated activity seems to increase in some

(Wojtaszewski et al. 2002a; Miyamoto et al. 2007) but not all (Aschenbach

et al. 2002; Jessen et al. 2003) studies. Interestingly, AICAR appears to increase

α1-associated activity only in rat muscle high in glycolytic fibers, and this seems to

depend on muscle glycogen content (Wojtaszewski et al. 2002a). In mouse skeletal

muscle, AICAR increases both AMPKα2- and α1-associated activity regardless of

muscle type (Jørgensen et al. 2004b; Fujii et al. 2005; Sakamoto et al. 2005; Lefort

et al. 2008; Maarbjerg et al. 2009; Jensen et al. 2015). Currently, it is unknown why

AICAR acts more potently on AMPKα1-associated activity in mouse muscle

compared to rat muscle. However, it may be related to muscle glycogen levels as

mouse skeletal muscle contains roughly 25–50% of glycogen content compared to

rat muscle (Jensen et al. 2009). Observations from our group indicate that AICAR

increases the activity of all AMPK trimer complexes in mouse skeletal muscle

(Fig. 5.1; Treebak, Birk and Wojtaszewski, unpublished observations). Thus, phos-

phorylation of AMPK Thr172 as well as total AMPK activity increases similarly in

extensor digitorum longus (EDL) and soleus (SOL) muscle after 2 h of AICAR

stimulation (Fig. 5.1a + b). These observations are mirrored by α2β2γ1 activity

(Fig. 5.1c) but are highly different for measurements of α2β2γ3, α1β2γ1, and
α1β1γ1 + α2β1γ1 activities (Fig. 5.1d–f). Based on these findings, it is evident
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Fig. 5.1 AMPK Thr172 phosphorylation and activity of mouse EDL and SOL muscle in response

to acute AICAR stimulation. EDL (black bars) and SOL (gray bars) muscles from C57BL/6 mice

were incubated�AICAR (2 mM) for 2 h. Following muscle homogenization and preparation,

muscle lysates were subjected to Western blot analyses for detection of phosphorylated

AMPK Thr172 (a). Furthermore, muscle lysates were used for immunoprecipitation

experiments to estimate AMPK total (b) and associated α2β2γ1 (c), α2β2γ3 (d), α1β2γ1 (e),

and α1β1γ1 & α2β1γ1 (f) activity. Data are presented as means� SEM and analyzed by

two-way ANOVAs (n¼ 6). (a–c): ***p< 0.001 main effect of AICAR. (d–f): Interaction

( p< 0.05 muscle type� treatment). *p< 0.05, **p< 0.01, ***p< 0.001 effect of AICAR within

muscle type. ##p< 0.01, ###p< 0.001 effect of muscle type within treatment. AU arbitrary units
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that measures of total AMPK activity or phosphorylation mask differential regula-

tion among the AMPK heterotrimer complexes. By comparison, these differences

likely reflect the relative distribution of the different heterotrimer complexes in

soleus and EDL muscle (Treebak et al. 2009a). However, in other circumstances it

may reflect changes in the stoichiometry of heterotrimeric activity, as elevated total

AMPK activity and Thr172 phosphorylation following acute exercise can be a

result of increased, decreased, or unaltered activity of specific heterotrimeric

complexes as seen in human skeletal muscle (Birk and Wojtaszewski 2006;

Kjøbsted et al. 2016).

5.3 Role of AMPK in Regulating Glucose Uptake

in Skeletal Muscle

Merrill and colleagues provided the first indication of a link between AMPK and its

ability to regulate muscle glucose uptake. Not only did AICAR increase AMPK

activity but it also resulted in an increase in muscle glucose uptake (Merrill

et al. 1997). This was later confirmed by others (Hayashi et al. 1998; Bergeron

et al. 1999) and in 2001 observations in mice lacking functional AMPKα2 in

skeletal muscle provided genetic evidence to support a role of AMPK in regulating

muscle glucose uptake in response to AICAR (Mu et al. 2001). Studies in several

other AMPK-deficient mouse models as well as LKB1-deficient mice have gener-

ated similar results (Jørgensen et al. 2004b; Barnes et al. 2004; Fujii et al. 2005;

Sakamoto et al. 2005; Steinberg et al. 2010). The current thinking is that the α2β2γ3
heterotrimer complex is responsible for AICAR-induced glucose uptake in skeletal

muscle. In support of this, AICAR increases glucose uptake more potently in EDL

compared to SOL muscle (Jørgensen et al. 2004b; Jensen et al. 2015; Kjøbsted

et al. 2015), which is in line with the relative distribution of the α2β2γ3 trimer

complex in the two muscles (Treebak et al. 2009a). Furthermore, in most studies

(Balon and Jasman 2001; Kaushik et al. 2001; Ai et al. 2002; Wright et al. 2005) but

not all (Wojtaszewski et al. 2002a), AICAR fails to increase glucose uptake in rat

SOL muscle which expresses very low levels of AMPKγ3 (Mahlapuu et al. 2004).

Since exercise/contraction increases both muscle glucose uptake and AMPK

activity in an intensity- and time-dependent manner (Rose and Richter 2005; Birk

and Wojtaszewski 2006), it has long been reasoned that AMPK regulates muscle

glucose uptake during exercise/contraction. However, despite this association sev-

eral ex vivo, in situ, and in vivo studies in AMPK-deficient mice have demonstrated

that exercise-/contraction-induced muscle glucose uptake is not (Barnes et al. 2004;

Fujii et al. 2005; Maarbjerg et al. 2009; Merry et al. 2010; Steinberg et al. 2010;

Lantier et al. 2014; Fentz et al. 2015) or only partially (Mu et al. 2001; Jørgensen

et al. 2004b; Jensen et al. 2008; Lefort et al. 2008; Lee-Young et al. 2009; O’Neill
et al. 2011) mediated by AMPK. The reason for this discrepancy may be related to
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differences in the experimental design including background strain, gender, muta-

genesis methodology, exercise/contraction protocol, protocol for measuring glu-

cose uptake, and ex vivo settings (temperature, buffer composition, and

oxygenation). Supporting a negligible role of AMPK in regulating muscle glucose

uptake during acute exercise/contraction, we recently demonstrated in conventional

AMPKα1/α2 skeletal muscle-specific double knockout mice (AMPK mdKO) that

muscle glucose uptake and muscle glucose clearance are not impaired during

ex vivo contraction and in vivo treadmill exercise, respectively (Lantier

et al. 2014; Fentz et al. 2015). These observations suggest a dispensable role of

AMPK or that AMPK may be involved but not necessary for regulating muscle

glucose uptake during exercise/contraction. In fact, AMPK-independent mecha-

nisms (e.g., actin remodeling by Rac1 during mechanical stretch) may also be

important for the ability of contraction/exercise to increase muscle glucose uptake

(Sylow et al. 2015).

In order to assess a possible role of AMPK in regulating contraction/exercise-

induced glucose uptake, studies investigating the impact of contraction and AMPK

activation in GLUT4 trafficking may provide clues to this challenge. A study in

cardiomyocytes demonstrated that contraction increases GLUT4 exocytosis while

activation of AMPK in response to oligomycin decreases the rate of GLUT4

endocytosis (Yang and Holman 2005). Similarly, studies have demonstrated that

activation of AMPK by AICAR increases muscle glucose uptake by inhibiting

GLUT4 endocytosis (Karlsson et al. 2009; Fazakerley et al. 2010). Considering the

effect of contraction on muscle AMPK activity, it could be argued that contraction-

induced glucose uptake in skeletal muscle involves increased exocytosis in combi-

nation with decreased endocytosis of GLUT4. Thus, discrepancies in exercise/

contraction-induced glucose uptake between different AMPK transgenic mouse

models may be related to the potential effect of AMPK deficiency on GLUT4

exocytosis (either positive or negative). Alternatively and somewhat speculative,

one may find an explanation to the contradicting reports on AMPK and muscle

glucose uptake by evaluating the different protocols used to assess glucose uptake.

Thus, most (Mu et al. 2001; Jørgensen et al. 2004b; Jensen et al. 2008; Lefort

et al. 2008; Lee-Young et al. 2009) but not all (O’Neill et al. 2011) studies reporting
impaired exercise-/contraction-induced glucose uptake in AMPK and LKB1-

deficient mice measure glucose uptake in the post-exercise/contraction period.

This is in contrast to observations in the AMPK mdKO mouse model, in which

muscle glucose uptake was measured during exercise/contraction (Fentz

et al. 2015; Lantier et al. 2014).

5.3.1 Downstream Signaling to Glucose Uptake

Studies in both skeletal and cardiac muscle have shown that AMPK (AICAR)

induces glucose uptake by increasing the amount of GLUT4 in the cell surface

membrane (Kurth-Kraczek et al. 1999; Russell et al. 1999; Mu et al. 2001;
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Koistinen et al. 2003). However, the signaling events mediating the effect of AMPK

on GLUT4 translocation are not fully described but may involve phosphorylation of

the downstream targets TBC1D4 and/or TBC1D1 (for review see Cartee 2015b).

Thus, in cell-free assays AMPK strongly phosphorylates TBC1D4 Ser588 (Thr642

weakly), which has also been observed in HEK-293 cells after AICAR treatment

(Geraghty et al. 2007). Also, recombinant AMPK phosphorylates Ser704 on

TBC1D4 purified from mouse tibialis anterior (TA) muscle (Treebak et al. 2010).

In addition to these findings, several studies have demonstrated that phosphoryla-

tion of TBC1D4 increases in human and rodent skeletal muscle during exercise/

contraction as well as in rodent skeletal muscle upon AICAR stimulation (Bruss

et al. 2005; Kramer et al. 2006a; Funai et al. 2009, 2010; Treebak et al. 2010, 2014;

Ducommun et al. 2012; Schweitzer et al. 2012; Castorena et al. 2014). This

suggests that AMPK may act as an upstream regulator of TBC1D4.

Although TBC1D4 is phosphorylated on several sites in response to exercise/

contraction, observations in different AMPK-deficient mouse models indicate that

AMPK only regulates phosphorylation of TBC1D4 Thr642 (Kramer et al. 2006a)

and Ser704 (Treebak et al. 2010) in mature skeletal muscle (at least in mice).

In healthy human skeletal muscle, we recently reported strong correlations

between TBC1D4 phosphorylation (Ser341 and Ser704) and AMPK α2β2γ1 activity
(R2¼ 0.84, p< 0.01) after one-legged knee extensor exercise (Treebak et al. 2014),

indicating that this particular AMPK complex may regulate TBC1D4 phosphoryla-

tion during exercise. On the other hand, 1 h of cycle exercise only increased

phosphorylation of TBC1D4 Ser704 and α2β2γ3 activity in skeletal muscle of

type 2 diabetic and weight-matched control subjects (Kjøbsted et al. 2016). Thus,

the exercise-induced phosphorylation signature on TBC1D4may depend on exercise

mode and the metabolic characteristics of the muscle in a specific population.

Using in vivo gene electro-transfer to overexpress a mutant construct of

TBC1D4 containing four different Ser/Thr to Ala mutations in skeletal muscle,

contraction-stimulated glucose uptake was reduced by ~20% compared to muscle

overexpressing wild type (WT) TBC1D4 (Kramer et al. 2006b). Since one of the

sites mutated in the construct was Thr642, impairments in contraction-induced

glucose uptake could have been due to the absence of AMPK-mediated phosphor-

ylation of Thr642. However, in skeletal muscle of mice carrying a single TBC1D4

Thr642Ala knock-in mutation, neither AICAR- nor contraction-stimulated glucose

uptake is affected (Ducommun et al. 2012). Moreover, a TBC1D4 Ser704Ala

mutant overexpressed in mouse TA muscle by in vivo gene electro-transfer did

not exert impairments in either AICAR- or contraction-stimulated glucose uptake

(Treebak et al. 2010). Taken together, the current available data from different

transgenic mouse models question the role of TBC1D4 in facilitating AMPK-

mediated glucose uptake in skeletal muscle.

In cell systems and in cell-free assays, AICAR and recombinant AMPK increase

phosphorylation of TBC1D1 Ser237 and Thr596, respectively (Chen et al. 2008).

Furthermore, several studies employing isolated skeletal muscle from different

AMPK-deficient mouse models have provided genetic evidence to support that

phosphorylation of TBC1D1 (PAS, Ser237, Thr596, Ser660, and Ser700) is
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regulated by AMPK during contraction and possibly the AMPKα2 heterotrimer

complex (Pehmøller et al. 2009; Frøsig et al. 2010; Vichaiwong et al. 2010; O’Neill
et al. 2011; Treebak et al. 2014). In addition, several human studies have demon-

strated that phosphorylation of TBC1D1 increases in skeletal muscle in response to

exercise (Frøsig et al. 2010; Jessen et al. 2011; Treebak et al. 2014; Vendelbo

et al. 2014; Kjøbsted et al. 2016), and correlative evidence strongly supports that the

α2β2γ3 complex induces phosphorylation of TBC1D1 Ser237 (Treebak et al. 2014;

Kristensen et al. 2015; Kjøbsted et al. 2016). These results indicate a functional role

of TBC1D1 in regulating AMPK-mediated glucose uptake, although this needs to

be verified. Nevertheless, this idea is supported by two studies using in vivo gene

electro-transfer to overexpress TBC1D1 mutated at four predicted AMPK phos-

phorylation sites. Both studies observed that the contraction-stimulated glucose

uptake was impaired by ~20–35% in mouse TA muscle overexpressing the

TBC1D1 mutant (An et al. 2010; Vichaiwong et al. 2010). Although impairments

in glucose uptake may seem low, one have to consider that only a fraction of the

muscle is transfected following electroporation (~50–85%) (McMahon et al. 2001;

Fujii et al. 2004). Thus, a relative small decrease in glucose uptake of

electroporated muscle could in fact become quite significant if transfection effi-

ciency is improved. Interestingly, single point mutations of TBC1D1 did not affect

glucose uptake in response to contraction (Vichaiwong et al. 2010).

Within recent years, several transgenic mouse models, which lack functional

TBC1D1 or have reduced levels of TBC1D1 in skeletal muscle, have been

described. Common for these models is an impaired effect of insulin, exercise,

contraction, and AICAR to stimulate glucose uptake in glycolytic skeletal muscle

(with high expression of TBC1D1) (Szekeres et al. 2012; Dokas et al. 2013; St€ockli
et al. 2015; Chadt et al. 2015). However, all the TBC1D1-deficient mouse models

have reduced expression of GLUT4 protein in skeletal muscle, which may be

responsible for the observed defects in glucose uptake. Taken together, the

abovementioned results indicate that AMPK-mediated glucose uptake involves

multisite phosphorylation of TBC1D1. Investigations of TBC1D1 in the regulation

of exocytosis and endocytosis of GLUT4 in skeletal muscle have not been

performed, and further studies are warranted to assess the exact mechanism by

which AMPK, if at all, induces glucose uptake in skeletal muscle during/after

exercise and contraction.

5.4 Effect of Prior Contractile Activity on Muscle Insulin

Sensitivity: A Role for AMPK?

A biological response generated by insulin may be defined by two separate terms:

(1) insulin responsiveness, which is defined as the maximal response that can be

achieved at any insulin concentration and (2) insulin sensitivity, which is defined as
the insulin concentration that produces a half-maximal response. An increase in
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insulin responsiveness results in a greater biological response to a maximal effec-

tive insulin concentration, which translates into an upward shift of the insulin dose–

response curve. On the other hand, an increase in insulin sensitivity decreases the

insulin concentration needed to produce a half-maximal biological response. This is

observed as a leftward shift of the insulin dose–response curve. It is important to

differentiate between the two terms since the mechanisms responsible for improv-

ing insulin sensitivity and responsiveness may be quite distinct. It is also important

to specify the biological response to which insulin sensitivity and insulin respon-

siveness refer, since insulin produces numerous effects in skeletal muscle. Thus, in

this context, the terms insulin sensitivity and insulin responsiveness refer to the

effect of insulin on muscle glucose transport/uptake.

In the landmark study from Neil Ruderman’s laboratory, Richter et al. showed,

using the perfused rat hindlimb model, that a single bout of treadmill exercise

increased insulin sensitivity to stimulate glucose uptake in skeletal muscle (Richter

et al. 1982). Improvements in muscle insulin sensitivity were found 1, 2, and 4 h

after exercise and were associated with enhanced insulin-stimulated glycogen

accumulation. Based on these findings, the authors suggested that an increase in

muscle insulin sensitivity following acute glycogen-depleting exercise was part of a

mechanism ensuring resynthesis of muscle glycogen for future use. The molecular

mechanisms governing this phenomenon remain, however, incompletely

understood.

It is generally believed that increased GLUT4 translocation to the plasma

membrane is responsible for the enhanced muscle insulin sensitivity after exercise.

Evidence to support this has been generated by the use of the ATB-[2-3H]BMPA

exofacial photolabeling technique. Hansen and colleagues demonstrated in rat

skeletal muscle that the increase in GLUT4 translocation was similar in magnitude

to the increase in muscle insulin sensitivity 3 h after acute exercise (Hansen

et al. 1998). Although these results indicate that the ability of insulin to stimulate

glucose uptake following exercise associates with the amount of GLUT4 in the cell

surface membrane, it has been argued that changes in muscle insulin sensitivity

may also be explained by increased intrinsic activity of GLUT4 (Thong et al. 2003).

As for now this has not been confirmed, but measurements of maximal insulin-

stimulated glucose uptake may indirectly provide an indication. Thus, if GLUT4

intrinsic activity is elevated in exercise recovery, insulin responsiveness to stimu-

late glucose transport would be elevated as well. Some studies do not observe an

increase in insulin responsiveness after exercise/contraction (Gulve et al. 1990;

Iwabe et al. 2014), but it is not a universal finding (Richter et al. 1982, 1989; Garetto

et al. 1984; Wallberg-Henriksson et al. 1988). Improvements in muscle insulin

sensitivity may therefore be explained by increased GLUT4 translocation and/or

changes in intrinsic GLUT4 activity.

Several observations from cell culture studies implicate AMPK in the regulation

of muscle insulin sensitivity. In C2C12 myotubes, greater insulin-stimulated glucose

uptake is observed 2 h after AICAR stimulation (Smith et al. 2005). Furthermore,

incubation of C2C12 myotubes in hyperosmotic medium (AMPK-activating treat-

ment) acts synergistically with insulin to increase glucose uptake, an effect that is
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prevented by inclusion of compound C (AMPK inhibitor) (Smith et al. 2005).

Another study found increased insulin sensitivity in C2C12 myotubes when these

were transfected with constitutively active AMPK (Ju et al. 2007). In contrast, prior

AICAR stimulation failed to increase insulin sensitivity if myotubes were

transfected with dominant negative AMPK (Ju et al. 2007). Intriguingly, prior

serum- and AICAR-induced AMPK activation did not improve insulin sensitivity

in primary human myocytes (Al-Khalili et al. 2004). The authors suggested that

differences in species and/or experimental models could explain the absence of

enhanced insulin sensitivity, with a low abundance of GLUT4 protein in human

myocytes as an obvious candidate (Al-Khalili et al. 2004). Taken together, results

obtained from cell culture systems suggest that AMPK plays an important role in

regulating muscle insulin sensitivity. In the following sections, we will focus our

discussion on studies performed to assess the insulin-sensitizing effects of prior

exercise in intact skeletal muscle, and we will specifically highlight the studies

linking AMPK to this phenomenon.

5.4.1 Muscle Insulin Sensitivity Is Increased Up To 48 h
After Acute Exercise

It has long been known that exercise/contraction increases glucose uptake in

skeletal muscle by an insulin-independent mechanism (Ploug et al. 1984; Richter

et al. 1985). After cessation of exercise/contraction, muscle glucose uptake gradu-

ally decreases back to resting levels depending on the muscle type and intensity of

the preceding exercise bout. Thus, glucose uptake has been observed to reverse

within ~½, ~1, and ~2 h following exercise/contraction in rat soleus, red gastroc-

nemius, and epitrochlearis muscle, respectively (Ploug et al. 1987; Young

et al. 1987). In human thigh, glucose uptake returns to resting levels ~1 h after

60 min of cycling exercise (Wojtaszewski et al. 2003b) and ~3–4 h after 60 min of

one-legged knee extensor exercise (Richter et al. 1989; Thong et al. 2002;

Wojtaszewski et al. 1997, 2000a). On the other hand, an increase in muscle insulin

sensitivity has been observed to persist for up to 48 h after prior exercise in rats

depending on substrate availability (Cartee et al. 1989). Similarly, improvements in

whole-body insulin sensitivity have been observed in untrained subjects 48 h after

60 min of cycling exercise (64% of VO2 max) (Mikines et al. 1988). The post-

exercise period can generally be characterized by two phases (Garetto et al. 1984):

phase I, a remaining effect of prior exercise on muscle glucose uptake which occur

independently of insulin, and phase II, increased insulin sensitivity to stimulate

muscle glucose uptake. Interestingly, many studies (Bogardus et al. 1983; Bonen

et al. 1984; Davis et al. 1986; Devlin and Horton 1985; Mikines et al. 1988; Richter

et al. 1982, 1985, 1989; Zorzano et al. 1986; Wallberg-Henriksson et al. 1988) but

not all (Devlin et al. 1987; Cartee et al. 1989; Mikines et al. 1989; Gulve et al. 1990;

Iwabe et al. 2014) also observe an increase in insulin responsiveness in the period

after acute exercise/contraction. Although this topic is not within the scope of the
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present review, changes in insulin responsiveness early in exercise recovery (~3 h)

could be explained by an increase in GLUT4 intrinsic activity and/or enhanced

glucose phosphorylation that may become limiting for glucose disposal under

specific conditions (Wasserman et al. 2011).

A large number of studies have demonstrated that AMPK Thr172 phosphoryla-

tion and activity increase in skeletal muscle in response to exercise and contraction.

Following exercise/contraction, AMPK activity decreases reaching levels observed

in resting muscle 3–7 h into recovery. A process that likely depends on exercise

duration and intensity (Sriwijitkamol et al. 2007; Lee-Young et al. 2008; Frøsig

et al. 2009; Mortensen et al. 2013; Kjøbsted et al. 2016). Assuming that phosphor-

ylation of AMPK Thr172 is a reliable marker of AMPK activity, several studies

indicate that the exercise-induced activation of AMPK has reversed to resting levels

at times of increased insulin sensitivity (Arias et al. 2007; Frøsig et al. 2009; Funai

et al. 2010; Pehmøller et al. 2012; Schweitzer et al. 2012). These observations are

supported by the finding that AMPK activity of all three heterotrimeric complexes

in human skeletal muscle had reversed to resting levels 4 h after acute exercise

concomitant with enhanced muscle insulin sensitivity (Frøsig et al. 2009). The

same study also noticed a small increase in ACC Ser221 phosphorylation 4 h after

exercise suggesting a persistent effect of previously activated AMPK. Thus,

although AMPK activity in skeletal muscle during increased insulin sensitivity

may have returned to levels seen in resting muscle, a persistent effect of prior

AMPK activation on downstream targets could still mediate the enhanced insulin

sensitivity.

5.5 Improvements in Muscle Insulin Sensitivity Following

Exercise Is Modulated by Local Contraction-Induced

Factors

By in situ contraction of a single hindlimb via electric stimulation of the sciatic

nerve followed by measurements of muscle insulin sensitivity in both hindlimbs by

hindquarter perfusion, it was shown that increased muscle insulin sensitivity occurs

in the prior contracted hindlimb only (Richter et al. 1984). These observations

indicated that a local contraction-induced mechanism was sufficient to enhance

insulin sensitivity in rat skeletal muscle. This was later verified in human skeletal

muscle by several studies employing one-legged knee extensor exercise and a

hyperinsulinemic euglycemic clamp in combination with arterial and bilateral

femoral vein catheterization (Richter et al. 1989; Wojtaszewski et al. 1997,

2000a). Similarly, others have found enhanced insulin sensitivity in leg but not in

forearm muscle following exercise (combined cycling and treadmill) (Annuzzi

et al. 1991). Improved insulin sensitivity is also observed in incubated muscle

from prior exercised rats (Davis et al. 1986; Wallberg-Henriksson et al. 1988;

Cartee et al. 1989; Cartee and Holloszy 1990; Gulve et al. 1990) and in incubated

5 Role of AMP-Activated Protein Kinase for Regulating Post-exercise Insulin. . . 97



rat muscle previously subjected to in situ contraction (Kim et al. 2004), further

supporting the idea of an intrinsic skeletal muscle phenomenon. Interestingly, an

intact systemic circulation does not seem to be necessary, since contraction of

skeletal muscle ex vivo induces a subsequent increase in insulin sensitivity as long

as the muscle has been immersed in serum during contraction (Gao et al. 1994).

Although this indicates that exercise/contraction increases insulin sensitivity

locally in skeletal muscle, it also demonstrates the presence of a factor in serum

indispensable for contraction (and AICAR) to subsequently improve insulin sensi-

tivity (Cartee and Holloszy 1990; Dumke et al. 2002; Fisher et al. 2002). It has been

suggested that the kallikrein–kinin system may contribute to the insulin-sensitizing

effect of exercise on muscle glucose uptake (Dumke et al. 2002). The system is

activated during muscle contractile activity, and findings suggest that it may

enhance insulin sensitivity (Rett et al. 1989; Kishi et al. 1998). However, more

recent studies do not support this notion (Schweitzer et al. 2011; Schweitzer and

Cartee 2011).

It should be recognized that local improvements in muscle insulin sensitivity

within 3–4 h following acute exercise most likely does not implicate changes in

abundance of proteins involved in insulin-stimulated glucose uptake. In support of

this, inhibition of protein synthesis by adding cycloheximide to the incubation

medium containing acutely exercised muscle does not prevent a subsequent

increase in insulin sensitivity 3.5 h later (Fisher et al. 2002). However, at later

time points (48 h) changes in protein expression may play a role. In fact, studies in

both rat and human have shown that skeletal muscle GLUT4 protein levels increase

1.5–24 h after a single bout of exercise (Ren et al. 1994; Kuo et al. 1999a, b;

Chibalin et al. 2000; Greiwe et al. 2000; Kraniou et al. 2006), although these

findings are not universal (Frøsig et al. 2009; Leick et al. 2010; Steensberg

et al. 2002; Wojtaszewski et al. 2000a). Thus, mechanisms regulating muscle

insulin sensitivity may be different depending on the duration of recovery.

If prior exercise increases insulin sensitivity by modulating local factors in

skeletal muscle, any possible involvement of AMPK should reflect such notion.

We have found, using the one-legged knee extensor exercise model, that acute

exercise only increases AMPK activity in active working skeletal muscle

(Kristensen et al. 2007; Treebak et al. 2014). To determine the relationship between

acute changes in AMPK Thr172 phosphorylation and post-contraction-enhanced

insulin sensitivity during various in situ contraction protocols, it was reported that

phosphorylation of AMPK Thr172 is consistently increased by contraction pro-

tocols that induce an increase in muscle insulin sensitivity (Kim et al. 2004).

However, contraction protocols that do not trigger significant improvements in

muscle insulin sensitivity may still induce increases in AMPK Thr172 phosphory-

lation (Kim et al. 2004). Similarly, after high- and low-intensity swimming exercise

in rats a dissociation between the level of exercise-induced AMPK Thr172 phos-

phorylation and increase in muscle insulin sensitivity was found (Koshinaka

et al. 2008, 2009). Since phosphorylation of AMPK Thr172 may conceal differen-

tial regulation among the AMPK heterotrimer complexes (e.g., Fig. 5.1), it cannot

be ruled out that only a subset of AMPK trimer complexes were activated by the
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exercise/contraction protocols. This may explain discrepancies in post-exercise/

contraction-enhanced muscle insulin sensitivity. Nevertheless, these results could

also indicate that activation of AMPK may be necessary but not sufficient for

improving muscle insulin sensitivity after contractile activity.

5.5.1 Regulation of Muscle Insulin Sensitivity After Exercise
by Carbohydrate Availability and Glycogen

There is evidence to support that high-carbohydrate feeding accelerates the reversal

of not only the exercise-induced increase in cell permeability to glucose (Young

et al. 1983) but also post-exercise improvements in muscle insulin sensitivity.

Accordingly, muscle insulin sensitivity was reversed 18 h after an acute bout of

exercise if animals were given free access to chow or a high-carbohydrate diet in

the post-exercise period (Cartee et al. 1989). In contrast, when the animals were

provided a high-fat diet, enhanced muscle insulin sensitivity was observed as long

as 48 h after exercise (Cartee et al. 1989). In keeping with this, incubating muscle

from acutely exercised rats in 20 or 40 mM glucose for 3 h alleviates the insulin-

sensitizing effect of prior exercise on glucose transport (Gulve et al. 1990). Inter-

estingly, muscle exposed to the non-metabolized glucose analog 2-deoxyglucose

(36 mM) retained the potentiating effect of prior exercise on insulin sensitivity.

Comparing muscles incubated in 20 mM glucose versus 36 mM 2-deoxyglucose

following acute exercise, 2-deoxyglucose was transported across the sarcolemma to

a similar extent as glucose (Gulve et al. 1990). Assuming that 2-deoxyglucose and

glucose have comparable effects on the plasma membrane and the glucose transport

system, this indicates that the impact of glucose availability on muscle insulin

sensitivity following exercise/contraction is founded in glucose metabolism at or

beyond the hexokinase reaction. Since the majority of glucose (~80%) taken up by

human skeletal muscle during a hyperinsulinemic euglycemic clamp is converted

into muscle glycogen (Shulman et al. 1990), it is reasonable to assume that

glycogen may regulate muscle insulin sensitivity in the post-exercise period.

Studies manipulating muscle glycogen concentrations by means of fasting

(Jensen et al. 2006), adrenaline (Jensen et al. 1997; Kolnes et al. 2015), or

exercise-diet protocols (Derave et al. 2000b) show that insulin-stimulated glucose

uptake is increased in muscle with reduced glycogen levels, which may be related

to increased translocation of GLUT4 to the plasma membrane (Derave

et al. 2000b). By correlating the exercise-induced increase in insulin sensitivity

with the amount of glycogen broken down during the preceding exercise bout,

Wojtaszewski and colleagues proposed that glycogen breakdown may be part of the

regulatory mechanism responsible for enhancing post-exercise muscle insulin sen-

sitivity in man (Wojtaszewski et al. 2003a). However, a contraction-induced

decrease in muscle glycogen content does not necessarily elicit a subsequent

increase in insulin sensitivity (Kim et al. 2004), which is also supported by the
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finding that prior AICAR stimulation induces a subsequent increase in muscle

insulin sensitivity (Fisher et al. 2002; Kjøbsted et al. 2015) despite comparable

muscle glycogen content between control and prior AICAR-stimulated muscles

(Fisher et al. 2002). Moreover, rats continue to exhibit enhanced muscle insulin

sensitivity following exercise, although glycogen levels return to resting values

(Richter et al. 1982; Cartee et al. 1989). Collectively, decreased muscle glycogen

content per se may not be required for post-exercise improvements in muscle

insulin sensitivity, but it does not exclude that reductions in glycogen content

may initiate intracellular events that enhance muscle insulin sensitivity.

In contrast to the potentiating effect of low glycogen content, high concentra-

tions of muscle glycogen do not seem to compromise the ability of insulin to

stimulate glucose uptake compared to muscle harboring glycogen levels found in

the normal state. Accordingly, the relationship between glycogen concentration and

glucose uptake seems to track a hyperbolic function (Jensen et al. 1997). Mice with

glycogen supercompensation in skeletal muscle, due to overexpression of glycogen

synthase, have normal insulin-stimulated glucose uptake (2-deoxyglucose) during

hindlimb perfusion (Fogt et al. 2004). Furthermore, inducing muscle glycogen

supercompensation by acute fasting–refeeding does not significantly compromise

insulin-stimulated glucose uptake in sedentary animals (Jensen et al. 1997, 2006).

On the other hand, a study in muscle from rats fed carbohydrates for various time

intervals following acute exercise showed that only during glycogen

supercompensation the potentiating effect of prior exercise on muscle insulin

sensitivity was lost. Conversely, when the rats were fed a high-fat diet for 48 h,

muscle glycogen content returned to resting levels concomitant with a persistent

increase in muscle insulin sensitivity (Cartee et al. 1989). This indicates that

glycogen supercompensation may play a role in reversing improvements in muscle

insulin sensitivity following exercise.

Considering that high concentrations of glycogen in skeletal muscle diminish

both AMPK activity and enhanced muscle insulin sensitivity following exercise,

this may suggest that AMPK function as a link between muscle glycogen and its

ability to regulate insulin sensitivity (Richter et al. 2001). Supporting such notion,

Kraegen and colleagues observed that intravenous glucose infusion, inducing

hyperglycemia (~18 mM) for 3 h in fed rats, increased muscle glycogen content

far above resting levels without altering insulin sensitivity or AMPK Thr172

phosphorylation (Kraegen et al. 2006). However, 5 h of glucose infusion decreased

AMPKα2 (but not α1) activity concomitant with a decrease in insulin sensitivity

(Hoy et al. 2007). A possible link between AMPK, glycogen, and muscle insulin

sensitivity may also be derived from studies in the trained state. Accordingly, in

response to exercise training (�3 weeks), glycogen levels and AMPK-α1 and -α2
activity increase in skeletal muscle (Frøsig et al. 2004; Mortensen et al. 2013).

Interestingly, activation of the AMPK α2β2γ3 complex in response to acute exer-

cise is severely blunted in trained human skeletal muscle concomitant with a

marked decrease in AMPKγ3 protein levels (Frøsig et al. 2004; Mortensen

et al. 2013; Wojtaszewski et al. 2005). Furthermore, although muscle insulin

sensitivity in general is increased in trained human muscle, the potentiating effect
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of acute exercise on muscle insulin sensitivity seems to be lost (Mikines

et al. 1989). Taken together, this may indicate that high glycogen levels reverse

the enhancing effect of prior acute exercise on muscle insulin sensitivity by

regulating AMPKγ3-associated activity through a negative feedback mechanism.

5.5.2 Involvement of the AMPK α2β2γ3 Complex
for Regulating Muscle Insulin Sensitivity After
Exercise

We have previously found that in EDL muscle AMPKγ3-associated activity was

increased 6 h after AICAR treatment concomitant with an enhanced AMPKγ3-
dependent increase in muscle insulin sensitivity (Kjøbsted et al. 2015). As AICAR

may initiate cellular mechanisms different from those turned on by exercise/con-

traction, we cannot infer that the AMPK α2β2γ3 complex also regulates muscle

insulin sensitivity after exercise. Arguing for such a role, however, prior AICAR

stimulation fails to increase insulin sensitivity in soleus muscle in which the α2β2γ3
complex represent less than 2% of all AMPK heterotrimer complexes (Treebak

et al. 2009a; Kjøbsted et al. 2015). These later observations differ somewhat from

other findings in which prior exercise increased insulin sensitivity in soleus muscle

from rats and mice (Hamada et al. 2006; Iwabe et al. 2014; Xiao et al. 2013),

suggesting that exercise may regulate insulin sensitivity in soleus muscle by

mechanisms different from those employed by AMPK. The potential involvement

of the AMPK α2β2γ3 complex is further strengthened by additional discoveries in

the transgenic AMPKγ3 mouse models. Thus, expression of an activating AMPKγ3
mutant (R225Q) enhances, and knockout of AMPKγ3 impairs glycogen resynthesis

in gastrocnemius muscle following glucose injection after a single bout of exercise

(Barnes et al. 2004). Since the majority of glucose taken up by the muscle during

insulin stimulation is stored as glycogen in the post-exercise period, these results

support the notion that the AMPK α2β2γ3 complex acts to regulate muscle insulin

sensitivity after exercise.

5.5.3 Regulation of Muscle Insulin Sensitivity After
Exercise: Impact of Glycogen Synthase Activity

Studies in muscle-specific glycogen synthase (GS) knockout mice indicate that GS

is important for regulating insulin-stimulated glucose uptake in muscle. Thus,

during a hyperinsulinemic euglycemic clamp skeletal muscle glucose uptake is

reduced demonstrating that the ability to store glucose as glycogen is central for the

continuous uptake of glucose in response to insulin (Pederson et al. 2005). Obser-

vations in type 2 diabetic patients may also indicate that GS is a regulator of glucose
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uptake. Thus, several studies have shown that insulin-stimulated muscle glucose

uptake is reduced by T2D. This can largely be accounted for by reductions in

muscle glycogen synthesis in part due to a defective action of insulin on GS activity

(Shulman et al. 1990; Højlund et al. 2003, 2009; DeFronzo and Tripathy 2009).

Decreased insulin signaling to GLUT4 translocation as well as muscle protein

content of HKII may, however, also play a significant role (Vind et al. 2011).

Interestingly, acute exercise increases muscle GS activity and substrate affinity

most likely by decreasing muscle glycogen levels and inducing dephosphorylation

of GS site 2 + 2a and 3a + 3b (for review see Jensen and Lai 2009). The exercise-

induced effects on GS are sustained into exercise recovery in which several studies

in both humans and rodents report higher GS activity during insulin stimulation

possibly due to a further reduction in site 3a + 3b phosphorylation (Richter

et al. 1982, 1984, 1989; Bogardus et al. 1983; Devlin and Horton 1985;

Wojtaszewski et al. 2000a; Pedersen et al. 2015). Taken together, this may suggest

that greater GS activity contributes to improvements in muscle insulin sensitivity

following acute exercise. However, observations from a transgenic mouse model

that overexpresses a constitutively active form of GS do not support such relation-

ship. Following in situ contraction of muscle from GS transgenic and WT mice,

insulin-stimulated glucose uptake was similar between genotypes (Fogt et al. 2004).

Although lack of GS activity may affect glucose uptake negatively, these results

indicate that elevated GS activity per se does not further increase insulin-stimulated

glucose uptake during exercise recovery. However, it seems reasonable to assume

that an increase in GS activity is important for repartitioning intracellular glucose

intermediates towards glucose storage during improved insulin-stimulated glucose

uptake following acute exercise/contraction.

5.5.4 Improved Muscle Insulin Sensitivity After Exercise
Despite Normal Proximal Insulin Signaling

The mechanism for increased GLUT4 translocation in response to insulin in the

post-exercise period could be explained by a potentiation of proximal insulin

signaling. Based on several studies in both human and rodents, it has been reasoned

that this is probably not the case. It was shown that binding of insulin to the insulin

receptor on the muscle membrane was not enhanced after exercise (Bonen

et al. 1984). Furthermore, in a series of human studies evaluating muscle insulin

sensitivity in response to one-legged knee extensor exercise, it was demonstrated

that although muscle glucose uptake was enhanced, prior exercise did not improve

insulin-stimulated insulin receptor tyrosine kinase activity, IRS1 tyrosine phos-

phorylation, IRS1-associated PI 3-Kinase activity, Akt Thr308 and Ser473 phos-

phorylation, and GSK-3 activity (Wojtaszewski et al. 1997, 2000a; Thong

et al. 2002; Frøsig et al. 2007). Similarly, in studies of incubated rodent skeletal

muscle prior exercise/contraction or AICAR stimulation does not potentiate a
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subsequent effect of insulin on insulin receptor and IRS1 phosphorylation (Hansen

et al. 1998; Castorena et al. 2014), PI 3-Kinase activity (Fisher et al. 2002), and Akt

Ser473 phosphorylation (Hamada et al. 2006; Arias et al. 2007; Koshinaka

et al. 2008; Schweitzer et al. 2012; Iwabe et al. 2014; Castorena et al. 2014;

Kjøbsted et al. 2015). Some studies report increased insulin-stimulated phosphor-

ylation of Akt Thr308 (Arias et al. 2007; Funai et al. 2009; Koshinaka et al. 2009;

Kjøbsted et al. 2015); however, this is not reflected in measurements of Akt activity

(Funai et al. 2009), indicating that it may not be of any functional relevance.

Although these in vitro analyses indicate changes in protein activity, they do not

take into account possible changes in protein subcellular localization, which may

play a role for the insulin-sensitizing effect of exercise. In spite of this, Wilson and

colleagues did not find evidence to support that the ratio of insulin signaling

proteins (insulin receptor, IRS1, IRS2, p85, Akt, and GSK-3) was altered between

the plasma membrane, cytosol, and nuclear muscle cell fraction immediately after

or 3 h after 60 min of cycling exercise (~67% of VO2 peak) (Wilson et al. 2006).

Taken together, these findings suggest that improvements in muscle insulin sensi-

tivity following exercise are mediated by mechanisms downstream of the canonical

PI 3-Kinase cascade.

5.5.5 Potential Role of TBC1D4 and TBC1D1 for Regulating
Muscle Insulin Sensitivity After Exercise

With the identification of TBC1D4 and TBC1D1 as convergence points for exer-

cise/AMPK- and insulin-associated signaling, these two proteins have emerged as

possible candidates for regulating muscle insulin sensitivity after exercise. In

skeletal muscle of healthy subjects, phosphorylation of TBC1D4 increases at

Ser341, Ser588, Thr642, Ser704, and Ser751 in response to acute exercise (Treebak

et al. 2014). Although TBC1D4 has several known kinases, these effects may likely

have been mediated by increased Akt activity since we detected an increased

phosphorylation of Akt Thr308 and Ser473 immediately after exercise. Supporting

this notion, following 60 min of cycling exercise only TBC1D4 Ser704 phosphor-

ylation increased in skeletal muscle of type 2 diabetic and weight-matched control

subjects concomitant with unchanged or slightly decreased phosphorylation of Akt

Thr308 and Ser473, respectively (Kjøbsted et al. 2016). This suggests that phos-

phorylation of TBC1D4 Ser704 is regulated by “typical” exercise signaling in

human skeletal muscle as also indicated by ex vivo and in situ contraction of

mouse skeletal muscle (Treebak et al. 2010, 2014). In rat skeletal muscle, contrac-

tion increases phosphorylation of TBC1D4 but analogous to observations in

humans these changes may be mediated by increased PI 3-K/Akt signaling (Funai

and Cartee 2009). Nevertheless, it has been hypothesized that the exercise-induced

phosphorylation of skeletal muscle TBC1D4 is sustained for many hours into

exercise recovery, which would affect a subsequent effect of insulin leading to
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enhanced glucose uptake. Accordingly, two studies demonstrated that acute exer-

cise increased TBC1D4 PAS and Thr642 phosphorylation in rat skeletal muscle,

which were maintained 3–27 h into exercise recovery. Following insulin stimula-

tion, phosphorylation of TBC1D4 reached even higher levels in prior exercised

muscle compared to rested muscle concomitant with enhanced muscle insulin

sensitivity (Arias et al. 2007; Funai et al. 2009). Similar observations have been

reported for skeletal muscle of lean healthy humans. Studies from our laboratory

have found increased phosphorylation of TBC1D4 on Ser318, Ser341, and Ser751

(tendency on Ser588) 4 h after acute exercise (Treebak et al. 2009b) and increased

phosphorylation of TBC1D4 on Ser318, Ser341, Ser588, Thr642, Ser704, and

Ser751 5 h into exercise recovery (Pehmøller et al. 2012). Following

hyperinsulinemia, phosphorylation of TBC1D4 on all abovementioned sites

increased to higher levels in previously exercised muscle compared to rested

muscle in concert with enhanced muscle insulin sensitivity (Treebak et al. 2009b;

Pehmøller et al. 2012). It should be emphasized that some studies of rat skeletal

muscle do not detect a sustained effect of exercise on phosphorylation of TBC1D4

Ser588 and Thr642 ~3–4 h into exercise recovery (Xiao et al. 2013; Castorena

et al. 2014; Iwabe et al. 2014; Sharma et al. 2015). However, several of these studies

report a significant insulin-mediated potentiation of phosphorylated TBC1D4

Ser588 and Thr642 concomitant with enhanced muscle insulin sensitivity (Xiao

et al. 2013; Castorena et al. 2014; Iwabe et al. 2014). Taken together, these

observations indicate that maintaining phosphorylation of TBC1D4 in the recovery

period after exercise is not a prerequisite for prior exercise to increase muscle

insulin sensitivity. However, enhanced insulin-stimulated phosphorylation of

TBC1D4 in prior exercised muscle seems essential for mediating improvements

in muscle insulin sensitivity.

Since AICAR- and contraction-induced phosphorylation of TBC1D4 Ser704 is

dependent on AMPK (Treebak et al. 2010), we previously proposed that prior

AICAR stimulation may enhance muscle insulin sensitivity through AMPK-

dependent changes in TBC1D4 Ser704 phosphorylation during acute AICAR

stimulation (Kjøbsted et al. 2015). However, phosphorylation of TBC1D4 Ser704

does not seem important for insulin-stimulated glucose uptake (Treebak

et al. 2010), and we therefore hypothesized that the potentiated effect of insulin

on TBC1D4 Ser704 phosphorylation by prior AICAR stimulation relays insulin-

signaling to enhance phosphorylation of Thr642, which subsequently may facilitate

improvements in muscle insulin sensitivity. This hypothesis is supported by the

correlative relationship between the insulin-stimulated increase in TBC1D4 Thr642

and Ser704 phosphorylation as well as the correlative relationships between the

insulin-stimulated increase in glucose uptake and phosphorylation of TBC1D4

Thr642/Ser704 after AICAR stimulation (Kjøbsted et al. 2015) Moreover,

insulin-stimulated phosphorylation of TBC1D4 Thr642 is reduced in skeletal mus-

cle overexpressing a phospho-mutant of Ser704 (Ser704Ala) and insulin-stimulated

phosphorylation of TBC1D4 Ser704 is attenuated in skeletal muscle overexpressing

a phospho-mutant of Thr642 (T642A) (Kjøbsted et al. 2015). This indicates mutual

dependency between the two sites and strengthens the notion that AMPK facilitates
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improvements in muscle insulin sensitivity by conveying phospho-signaling at

TBC1D4 Ser704. Based on the assumption that prior AICAR stimulation regulates

muscle insulin sensitivity through TBC1D4 Ser704, it seems plausible that the

AMPK α2β2γ3 complex may be involved (Kjøbsted et al. 2015). If correct,

improvements in insulin-stimulated phosphorylation of TBC1D4 Thr642 and

Ser704 following AICAR stimulation would likely be attenuated in the AMPKγ3
KO mouse model. Indeed, we found increased insulin-stimulated phosphorylation

of TBC1D4 Thr642 and Ser704 in WT muscle but not in muscle of AMPKγ3 KO

mice following AICAR stimulation (Kjøbsted, Treebak, Wojtaszewski,

unpublished observations).

Studies finding no effect of acute exercise on muscle insulin sensitivity may also

indirectly provide indications as to whether or not TBC1D4 is involved in regulat-

ing muscle insulin sensitivity following exercise/contraction. Funai and colleagues

reported that muscle insulin sensitivity as well as phosphorylation of TBC1D4 PAS

and Thr642 reversed to resting levels 3 h after exercise if rats were given free access

to chow in the intervening period (Funai et al. 2009). Moreover, neither insulin

sensitivity nor insulin-stimulated phosphorylation of TBC1D4 Ser588 and Thr642

were found to be potentiated in soleus muscle from 30-months-old rats following

acute exercise (Wang et al. 2015). Although these observations may indicate that

insulin sensitivity is not regulated by contractile activity in soleus muscle, others

have previously reported increased insulin sensitivity in soleus muscle of rats and

mice during recovery from acute exercise (Hamada et al. 2006; Iwabe et al. 2014).

Based on current results, it may be reasoned that TBC1D4 is primed by AMPK,

which enhances a subsequent effect of insulin leading to improvements in muscle

insulin sensitivity. So far, no studies have investigated post-exercise insulin sensi-

tivity in transgenic models of TBC1D4, and causality remains to be established

between enhanced muscle insulin sensitivity and greater phosphorylation of

TBC1D4.

Studies in rat, mouse, and human skeletal muscle do not find greater phosphor-

ylation of TBC1D1 PAS, Ser237, and Thr596, 3–27 h after acute exercise/contrac-

tion, and enhanced phosphorylation of TBC1D1 is not observed in response to a

subsequent effect of insulin (Funai et al. 2009, 2010; Pehmøller et al. 2012; Iwabe

et al. 2014). Conversely, we observed increased phosphorylation of TBC1D1

Ser237 6 h after AICAR stimulation in muscle of WT and AMPK-deficient mice

but similar insulin-induced phosphorylation of TBC1D1 Thr596 regardless of prior

treatment (Kjøbsted et al. 2015). Given that prior AICAR- and insulin-induced

phosphorylation of TBC1D1 was similar between WT and AMPK-deficient mice,

but enhanced muscle insulin sensitivity was evident in WT mice only; this suggests

that phosphorylation of TBC1D1 may not be involved in regulating improvements

in muscle insulin sensitivity after exercise.
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5.5.6 Effect of Insulin Resistance and T2D in Regulating
Muscle Insulin Sensitivity After Exercise: Impact
of AMPK and TBC1D4

Similar to healthy subjects, improved whole-body insulin sensitivity following a

single bout of exercise has been demonstrated for insulin-resistant individuals as

well as patients with T2D (Devlin and Horton 1985; Devlin et al. 1987; Perseghin

et al. 1996; Sharoff et al. 2010; Pehmøller et al. 2012). The insulin-sensitizing effect

of an acute bout of exercise has also been shown to occur in insulin-resistant rats

(Ropelle et al. 2006; Tanaka et al. 2007; Castorena et al. 2014), while no studies

have examined this in insulin-resistant mice (for review see Cartee 2015a). Fol-

lowing exercise in insulin-resistant humans and rats, muscle insulin sensitivity

improves to levels seen in the healthy rested controls. Thus, when comparing

previously exercised controls with equivalent insulin-resistant models, post-

exercise enhancement of muscle insulin sensitivity in the insulin-resistant state

fails to reach levels seen in the controls (Cartee 2015a). This may suggest that

potential triggers mediating improvements in muscle insulin sensitivity after exer-

cise differ from those inducing insulin resistance.

As observed in healthy subjects, improvements in muscle insulin sensitivity

have been observed for up to ~48 h following a single bout of exercise in insulin-

resistant individuals (Perseghin et al. 1996). Furthermore, glycogen levels and

AMPK activity have been found to be similar between type 2 diabetic and control

subjects immediately after exercise in most (Musi et al. 2001a; Pedersen et al. 2015;

Kjøbsted et al. 2016) but not all studies (Sriwijitkamol et al. 2007), suggesting that

insulin resistance/T2D does not compromise glycogen breakdown or activation of

AMPK during exercise. We observed that activity of all AMPK heterotrimeric

complexes in skeletal muscle of type 2 diabetic patients was increased 3 h into

exercise recovery (Kjøbsted et al. 2016), a time point when post-exercise improve-

ments in muscle insulin sensitivity prevail in healthy lean subjects (Wojtaszewski

et al. 1997; Thong et al. 2002). Interestingly, whole-body insulin sensitivity has

been shown to be attenuated in short-term metformin-treated insulin-resistant sub-

jects following acute exercise (Sharoff et al. 2010). This was explained by a parallel

attenuation of AMPKα2 activation in skeletal muscle during exercise.

If we assume that exercise improves muscle insulin sensitivity by intracellular

mechanisms as previously suggested (e.g., phosphorylation of TBC1D4), it is

reasonable to believe that acute exercise alleviates muscle insulin resistance by

enhancing processes (e.g., AMPK activation) that work in parallel (e.g., Akt) or are

located distal to the effect triggering insulin resistance (e.g., serine phosphorylation

of insulin receptor). This is also supported by the fact that acute exercise never

completely rescues the primary defect inducing muscle insulin resistance (Cartee

2015a). No available data argues against that improvements in post-exercise muscle

insulin sensitivity are regulated differently between insulin-resistant/type 2 dia-

betics and controls. To illustrate this, prior exercise did not enhance proximal

insulin signaling at the level of insulin receptor tyrosine phosphorylation, IRS1-
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associated PI 3-Kinase activity, Akt Thr308 and Ser473 phosphorylation, as well as

Akt activity in insulin-resistant/type 2 diabetic subjects and animal models (Tanaka

et al. 2007; Pehmøller et al. 2012; Castorena et al. 2014; Kjøbsted et al. 2016). This

indicates that improvements in muscle insulin sensitivity following an acute bout of

exercise may be found downstream of Akt as suggested for insulin-sensitive

controls.

Only a few studies have evaluated post-exercise insulin signaling to muscle

glucose transport downstream of Akt in insulin-resistant animals and humans. A

study in high-fat diet fed rats reported greater phosphorylation of TBC1D4 Ser588

in skeletal muscle after acute exercise, which increased above resting levels during

insulin stimulation in parallel with enhanced muscle insulin sensitivity (Castorena

et al. 2014). Also, in a study from our laboratory in which insulin resistance was

induced by lipid infusion in otherwise healthy, lean individuals reveals greater

phosphorylation of TBC1D4 Ser318, Ser341, Ser588, Ser704, and Ser751 5 h after

acute one-legged knee extensor exercise (Pehmøller et al. 2012). Moreover, in

overweight/obese type 2 diabetic and weight-matched control subjects, phosphor-

ylation of TBC1D4 Ser318, Ser341, and Ser704 was increased 3 h after acute

cycling exercise (Kjøbsted et al. 2016). However, in contrast to results obtained

in lipid-induced insulin-resistant subjects (Pehmøller et al. 2012), 2 h of insulin

infusion did not further enhance phosphorylation of TBC1D4 (and whole-body

insulin sensitivity) in prior exercised muscle vs. rested muscle of overweight/obese

type 2 diabetic and weight-matched control subjects (Kjøbsted et al. 2016).

Although differences in insulin infusion rates, exercise intensity, and mode as

well as methods for determining insulin sensitivity (muscle vs. whole-body insulin

sensitivity) make it difficult to compare the two studies (Pehmøller et al. 2012;

Kjøbsted et al. 2016), the results indicate that overweight/obesity may per se impair

the ability of insulin to further phosphorylate TBC1D4 in exercise recovery. In line

with this, 2 weeks on a high-fat diet increases body mass in rats and blunts the

potentiating effect of prior exercise on insulin-stimulated phosphorylation of

TBC1D4 Thr642 (Castorena et al. 2014).

5.5.7 Exercise-Independent Modulators of Muscle Insulin
Sensitivity

It has been proposed that improvements in muscle insulin sensitivity is a general

phenomenon that is not regulated by exercise only but occurs during internalization

of GLUT4 following any stimulus that induces GLUT4 translocation to the cell

surface membrane (Holloszy 2005). In keeping with this, it is thought that after

termination of a stimulus that increases GLUT4 translocation, subsequent endocy-

tosis of GLUT4 causes a transient increase in GLUT4 protein content in specific

intracellular compartments where GLUT4 is more prone to recruitment when

exposed to new stimuli that facilitate translocation. Accordingly, improvement in

muscle insulin sensitivity is observed after various stimuli regulating GLUT4
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translocation including exercise, contraction, hypoxia, AICAR, and maximal insu-

lin concentrations with or without previous exercise (Richter et al. 1982, 1984;

Fisher et al. 2002; Geiger et al. 2006; Kjøbsted et al. 2015). In addition, hypoxia-,

vanadate-, and hydrogen peroxide-induced glucose uptake is also improved after

acute exercise (Cartee and Holloszy 1990) supporting the proposed idea that any

stimulus facilitating GLUT4 translocation sensitizes the muscle for a subsequent

stimulus. Intriguing, all these stimuli either activate Akt (insulin) or AMPK (exer-

cise, hypoxia, AICAR, vanadate, and hydrogen peroxide) in skeletal muscle (Fisher

et al. 2002; Hwang et al. 2004; Jensen et al. 2008). Thus, it can be hypothesized that

the sustained action of any Akt- and AMPK-regulated protein involved in GLUT4

translocation are contributing to retaining GLUT4 in specific intracellular compart-

ments that are highly susceptible to recruitment by a subsequent signal. It is

interesting that TBC1D4 regulates GLUT4 translocation and is phosphorylated on

Ser704 in response to elevated AMPK and insulin signaling (Treebak et al. 2010).

In this context, an increase in muscle insulin sensitivity following exercise could be

mediated by increased phosphorylation of TBC1D4 Ser704, which facilitates

movement of specific GLUT4 pools into certain regions. At this location insulin

signaling may increase overall phosphorylation of TBC1D4 allowing a greater

proportion of the intracellular GLUT4 content to fuse with the cell surface mem-

brane facilitating improved glucose uptake.

5.6 Key Aspects in the Regulation of Muscle Insulin

Sensitivity Following Exercise

On the basis of current literature, potential mechanisms regulating the effect of

acute exercise on muscle insulin sensitivity were assessed in health and various

aspects of muscle insulin resistance. Although much has been learned since the first

discoveries in 1982, the exact regulatory mechanisms are still not fully understood

but may involve activation of AMPK and downstream phosphorylation of

TBC1D4. Presented below is a summary of current evidence that characterizes

improvements in muscle insulin sensitivity following acute exercise.

1. Insulin sensitivity is increased up to 48 h after a single bout of exercise in both

human and rodent skeletal muscle.

2. Improved muscle insulin sensitivity is limited to the prior working muscles.

3. Improvements in muscle insulin sensitivity are not dependent on an intact

circulation.

4. Improvements in muscle insulin sensitivity require the presence of a serum

factor (protein) during exercise/contraction.

5. Elevated carbohydrate availability enhances reversal of improvements in mus-

cle insulin sensitivity.

6. Muscle glycogen supercompensation alleviates the exercised-induced increase

in muscle insulin sensitivity.
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7. Improvements in muscle insulin sensitivity are not dependent on protein

synthesis in the post-exercise period.

8. Improved muscle insulin sensitivity can be explained by increased GLUT4

protein content in the muscle surface membrane.

9. Improvements in muscle insulin sensitivity do not require enhanced proximal

insulin signaling.

10. Glycogen synthase activity is likely not limiting for the enhanced effect of

insulin on muscle glucose uptake in the post-exercise period.

11. Increased AMPK activity and/or signaling in the post-exercise period coincide

with enhanced muscle insulin sensitivity.

12. Enhanced site-specific phosphorylation of TBC1D4 associates with improved

muscle insulin sensitivity.

13. Acute exercise likely improves insulin sensitivity in insulin-resistant skeletal

muscle by mechanisms similar to those induced by exercise in healthy skeletal

muscle, although overweight/obesity may reduce this effect of exercise.

5.7 Maybe It Is not All About AMPK and TBC1D4

Ex vivo and in situ contraction as well as in vivo exercise all lead to improvements

in muscle insulin sensitivity (Richter et al. 1982, 1984; Gao et al. 1994). Further-

more, all these stimuli increase AMPK activity and phosphorylation of TBC1D4

(Funai et al. 2010; Treebak et al. 2010, 2014). Although it may seem reasonable to

believe that muscle insulin sensitivity may be regulated by the same mechanisms

following each of the three different contraction stimulus, results from both our and

other research groups may indicate that this is not the case. In order to determine the

potential effect of AMPK in regulating muscle insulin sensitivity following exer-

cise, we developed a treadmill exercise protocol followed by ex vivo incubation of

mouse skeletal muscle in many ways similar to that described by Hamada and

colleagues (Hamada et al. 2006). Soleus and EDL muscle from exercised (30 min)

and rested WT and AMPKα2 kinase-dead (KD) mice were incubated for determi-

nation of submaximal insulin-stimulated glucose uptake ~75 min after completion

of exercise. Similar to previous findings (Hamada et al. 2006), acute treadmill

exercise increased insulin sensitivity in soleus but not in EDL muscle from WT

mice. Surprisingly, acute exercise also increased insulin sensitivity in soleus muscle

from the AMPKα2 KD mouse model (Fig. 5.2; Treebak and Wojtaszewski,

unpublished observations). These results imply that activation of AMPK in skeletal

muscle is not necessary for the ability of acute exercise to improve muscle insulin

sensitivity in mouse soleus muscle. Unfortunately, muscle AMPK activity was not

determined in these experiments, and since soleus muscle from AMPKα2 KD mice

still retain α1-containing trimer complexes that are activated upon ex vivo contrac-

tion (Treebak et al. 2014), it cannot be excluded that increased AMPKα1-associated
activity in prior exercised soleus muscle facilitates improvements in insulin

sensitivity.
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Phosphorylation of TBC1D4 in the post-exercise period has not been determined

in mouse treadmill experiments, but based on a recent study in rats, the ability of

treadmill exercise to improve insulin sensitivity in soleus muscle seems to involve

enhanced insulin-stimulated phosphorylation of TBC1D4 Thr642 and Ser588

(Iwabe et al. 2014). However, in contrast to observations in prior exercised skeletal

muscle (Funai et al. 2009; Schweitzer et al. 2012), insulin does not induce enhanced

phosphorylation of TBC1D4 PAS and Thr642 in rat epitrochlearis muscle 3 h after

ex vivo contraction, although improvement in insulin sensitivity is observed (Funai

et al. 2010). This suggests that exercise may regulate muscle insulin sensitivity by a

mechanism different from that used by ex vivo contraction. Supporting this,

combining exercise with ex vivo contraction has an additive effect on muscle

insulin sensitivity compared to either stimulus alone (Funai et al. 2010). Assuming

that the intense ex vivo contraction protocol recruits all muscle fibers, greater

muscle insulin sensitivity induced by combining exercise with ex vivo contraction

is likely not mediated by a difference in muscle fiber recruitment. This rationale is

also strengthened by the fact that increasing exercise duration from 1 to 2 h does not

further increase muscle insulin sensitivity, although one would expect additional

muscle fibers to have been recruited during the 2 h exercise (Funai et al. 2010).

While the study by Funai and colleagues does not provide an obvious explanation

for the additive effect of exercise and ex vivo contraction on muscle insulin
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Fig. 5.2 Ex vivo insulin-stimulated glucose uptake in soleus muscle from female AMPKα2 KD

mice and WT littermates ~75 min after 30 min of treadmill exercise. Mice were fasted 4 h before

they were assigned to a sedentary or an exercise group. The exercise protocol consisted of 30 min

of running (WT, 21 m/min; KD, 15 m/min). After the exercise, mice were anesthetized by an

intraperitoneal injection of sodium pentobarbital. Soleus muscles were excised and suspended in

incubation chambers containing Krebs–Ringer buffer. Approximately 75 min after exercise

cessation, submaximal (100 μU/ml) insulin-stimulated glucose uptake was assessed by the accu-

mulation of 3H-labeled 2-deoxyglucose. Data are presented as means� SEM. Exercise � insulin

interaction ( p< 0.05), *p< 0.001 effect of insulin within group, and #p< 0.05 effect of exercise

within insulin. §p< 0.05 Genotype � insulin interaction
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sensitivity (Funai et al. 2010), their results on TBC1D4 phosphorylation indicate

that prior muscle contractile activity may enhance insulin sensitivity by TBC1D4-

dependent and -independent mechanisms.

5.8 Concluding Remarks and Future Directions

Here we sought to discuss the underlying mechanisms involved in regulating

muscle insulin sensitivity after acute exercise. Results obtained from animal studies

have provided genetic evidence to support that AMPK plays an important role in

regulating muscle insulin sensitivity, which has not previously been directly

assessed (Kjøbsted et al. 2015). We believe that this is mediated by enhanced

insulin-stimulated site-specific phosphorylation of TBC1D4 that act as a conver-

gence point for insulin (Akt) and exercise (AMPK) signaling, relaying cooperative

imposed phosphorylation to increase GLUT4 protein content in the cell surface

membrane. As exercise-induced AMPK activation and phosphorylation of

TBC1D4 are not compromised by T2D per se (Kjøbsted et al. 2016), this suggests

that AMPK may also improve insulin sensitivity in insulin-resistant skeletal

muscle.

There are still unanswered questions that need addressing in order to unravel the

exact mechanisms responsible for enhancing the effect of insulin on muscle glucose

uptake following acute exercise. Studies in EDL muscle of the TBC1D4 KO mouse

model, which exhibits normal insulin- and AICAR-mediated glucose uptake (Chadt

et al. 2015), could potentially provide important answers as to whether or not

TBC1D4 is necessary for improving muscle insulin sensitivity after prior AICAR

stimulation and exercise. Moreover, generation of a TBC1D4 Ser704Ala knock-in

mouse model could potentially elucidate whether the enhanced phosphorylation of

Ser704 observed several hours after prior AICAR stimulation (Kjøbsted et al. 2015)

and exercise (Pehmøller et al. 2012; Treebak et al. 2009a, b) plays a pivotal role in

regulating muscle insulin sensitivity. Interestingly, a common Greenlandic p.

Arg684Ter variant in the gene encoding TBC1D4 was recently described. This

truncated variant lacks phosphorylation of Ser704 and homozygous carriers have

impaired glucose tolerance and a tenfold risk of developing diabetes (Moltke

et al. 2014). Subjecting these carriers to an experimental protocol involving acute

exercise in combination with a hyperinsulinemic euclycemic clamp could shed

light on whether or not TBC1D4 is also involved in regulating insulin sensitivity in

human skeletal muscle.

Although much evidence favors a functional role of AMPK in regulating muscle

insulin sensitivity, results presented here suggest that mechanisms distinct from

those regulated by AMPK may also be involved in the potentiating effect of

exercise on muscle insulin sensitivity. Application of global and unbiased mass

spectrometry analyses of control and insulin-sensitized skeletal muscle could

provide valuable information on differentially regulated candidate proteins that

could be further investigated in transgenic animal models.
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It is a common belief that improved muscle insulin sensitivity following acute

exercise is mediated by increased translocation of GLUT4 to the cell surface

membrane. However, this has only been reported once for rat skeletal muscle

(Hansen et al. 1998), and currently it is not known whether such observations

also apply to human and mouse skeletal muscle. Clearly, this issue needs further

attention in order to substantiate its existence in other species. Furthermore, the

effect and extent of intracellular GLUT4 compartmentalization following acute

exercise still await thorough investigation; however, it may be hypothesized that

increased phosphorylation of TBC1D4 in the post-exercise period may locate

GLUT4 to “high-susceptibility regions” within the cell (Holloszy 2005). This

may be examined by pre-embedding immunogold electron microscopy of single

muscle fibers, which makes it possible to visualize and quantify possible dynamics

in cellular localization of GLUT4 (Ploug et al. 1998).

Based on the early studies of incubated muscle from prior exercised rats there is

no doubt that improvement in muscle insulin sensitivity is dependent on a local

intracellular mechanism (Davis et al. 1986; Wallberg-Henriksson et al. 1988;

Cartee et al. 1989). However, in an in vivo setting, enhanced insulin sensitivity

post-exercise may not only depend on the ability to increase glucose transport but

may also depend on an increased supply of glucose to the “sensitive” muscle. In this

context, changes in microvascular perfusion seem highly important for glucose

delivery to the muscle bed. Insulin and contraction likely increase microvascular

perfusion by different mechanisms, which are supported by findings of an additive

effect of insulin and contraction on microvascular perfusion similar to that observed

for glucose uptake (Inyard et al. 2009). Interestingly, it has been shown that

exercise training increases insulin-stimulated microvascular perfusion in skeletal

muscle, which may in part be responsible for improvements in muscle glucose

uptake (Rattigan et al. 2001). Considering the fact that the insulin-stimulated

increase in microvascular perfusion precedes both insulin signaling and glucose

uptake in rat skeletal muscle (Vincent et al. 2004), enhanced microvascular perfu-

sion following acute exercise may help explain improvements in muscle insulin

sensitivity, although this needs to be investigated further in detail.

The potential ability of AMPK to enhance muscle insulin sensitivity would

expectedly be beneficial for individuals with muscle insulin resistance and T2D

since well-maintained whole-body glucose homeostasis is a prerequisite for pres-

ervation of health. Because the prevalence of diabetes and comorbidities continues

to grow worldwide, there is a need for safe and efficacious antidiabetic medication.

In light of this, AMPK may be considered an attractive target for antidiabetic drug

development. However, since activation of hypothalamic AMPK has been shown to

increase feeding (Minokoshi et al. 2004), the challenge lies in developing drugs that

are tissue and/or trimer complex-specific given the possible undesirable conse-

quences of global AMPK activation. Targeting the AMPKγ3 isoform may provide

ways for tissue-specific regulation of insulin sensitivity in skeletal muscle.

Recently, it was demonstrated that AMPK complexes containing different γ
isoforms respond differently to changes in intracellular adenosine nucleotide levels

(Ross et al. 2016). Although further research needs to clarify the physiological role
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of these findings, it highlights the potential for developing selective drugs targeting

the AMPKγ3 isoform in skeletal muscle, which may be effective in the treatment of

muscle insulin resistance in various conditions.
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have changed in our modern society. A high proportion of people has access

to plenty amount of food and the obesity appear as one of the pathological charac-

teristics of our society. Energy is obtained essentially in the mitochondria

with the transfer of protons across the inner membrane that produce ATP. The

exactly regulation of the synthesis and degradation of ATP (ATP $ ADP þ
phosphate) is essential to all form of life. This task is performed by the 5’ adenosine

monophosphate-activated protein kinase (AMPK). mtDNA is highly exposed

to oxidative damage and could play a central role in human health and disease.

This high potential rate of abnormalities is controlled by one of the most complex

mechanism: the autophagy. AMPK appears to be the key cellular energy sensor

involved in multiple cellular mechanisms and is essential to have a good metabolic

homeostasis to face all the aggression and start the inflammatory reaction. There-

fore its disturbances have been related with multiple diseases. Recent findings

support the role of AMPK in inflammation and immunity such as Metabolic

Syndrome, Obesity and Diabetes. All these Metabolic Disorders are considered

pandemics and they need an adequate control and prevention. One important way

to achieve it is deepen in the pathogenic mechanisms. Mitochondria and AMPK are

the key elements through which it happen, their knowledge and research allow us

to a better management. The discovery and use of drugs that can modulate them is

imperative to improve our way of manage the metabolic disorders.

Keywords AMPK • Mitochondria • mtDNA • Metabolic Diseases • Metabolic

Syndrome • Obesity • Diabetes • Inflammation • Inflammation treatment

6.1 Introduction

All forms of life need energy to survive. Energy is central to life’s evolutions; we
can only understand the properties of life if we bring energy to equation. The way

the energy is produced gives advantage to one organism against the other one.

During the evolution of all the form of lives in the earth, this was one of the aspects

that induced the selection of the more adaptable and more energetically profitable

species. The Homo sapiens as an animal species has suffered famine period like

other animal species, but we could survive. The obtaining of nutrients is the most

important task in our lives. This was essential in the past because large periods of

nutrient shortage were very common. But nowadays things have changed in our

modern society. A high proportion of people have access to plenty amount of food.

The way to deal with this time of plenty is to consume the calories with exercise or

accumulate the nutrients in adipose tissue. In a sedentary attitude of the population,

the obesity appears as one of the pathological characteristics of our society. Our

entire metabolism, controlled by genes, needs to be adapted to this abundance of

nutrient but usually it cannot be achieved. The breaks of the homeostasis and
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equilibrium in the metabolism involve most of the times to the development of

metabolic disorder (Ezzati et al. 2002).

Essentially, all living cells power themselves through the flow of protons

(positively charged hydrogen atoms), in what amounts to a kind of electricity

with protons in place of electrons. The energy we gain from burning food in

respiration is used to pump protons across a membrane, forming a reservoir on

one side of the membrane. The flow of protons back from this reservoir can be used

to power work in the same way as a turbine in a hydroelectric dam. This transfer of

protons across a membrane is known as chemiosmotic hypothesis (Mitchell 1961).

This use of proton gradients is universal across life on earth; proton power is as

much an integral part of all life as the universal genetic code. This mechanism

produces energy, but the requirements of energy to live is extremely high. The

energy currency used by all living cells is a molecule called ATP (adenosine

triphosphate). A single cell consumes around ten million molecules of ATP every

second. If we calculate 40 trillion cells contained in the human body, we used about

60–100 kg per day, roughly our own body weight. ATP is usually split into two

unequal pieces, ADP (adenosine diphosphate) and inorganic phosphate (PO4
3�).

The energy of respiration (the energy released from the reaction of food with

oxygen) is used to make ATP from ADP and Pi. This energy comes from just one

particular type of chemical reaction known as a redox reaction in which electrons

are transferred from one molecule to another. This takes place in the inner mem-

brane of the mitochondria in the electron transport chain that comprise five protein

membrane-bound complexes. The electrons pass through this respiratory com-

plexes, protons are ferried across the membrane, the enzyme ATP synthase is

activated, and ATP is produced (Rich 2003).

An appreciation of the rising global burden of chronic, noncommunicable

diseases and its influence in mortality and global health cost is a main concern in

our society. It has been calculated that 35 million people died in 2005 from heart

disease, stroke, cancer, and other chronic diseases (Strong et al. 2005). Physicians

and health managers have applied effective measures, including behavioral inter-

ventions and pharmaceutical treatment, in the prevention and management of

chronic diseases, but these are neither widely used nor equitably distributed. Most

of them are related to modern life style, mainly with sedentary way of living and

obesity. Therefore, the most effective treatment is the prevention of changing these

parameters. But the results are not adequate, for instance, overweight and obesity

continue to grow its prevalence, even in children and adolescent (Brown

et al. 2015). The only way to improve our knowledge of the mechanism of

metabolic diseases is to deepen the pathogenic mechanism involved in the energy

production and its control. Energy production inside a cell is a very complex and

accurate process that needs the proper function of the electron transport chain

placed in the internal mitochondrial membrane. It is essential to attend all the

environmental requirements as soon as possible, with the exact amount that does

not permit to waste energy.
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6.2 Mitochondria

Mitochondria are ubiquitous in eukaryotes and are essential for survival. Their

primary function is to support aerobic respiration and to provide energy substrates

(such as ATP) for intracellular metabolic pathways. Mitochondria have also been

shown to play an important role in iron and calcium homeostasis, amino acid, fatty

acid and steroid hormone metabolism, and in cell signaling, particularly in signal-

ing for apoptotic cell death. Mitochondria host several metabolic pathways, includ-

ing the Krebs cycle, β-oxidation, and lipid and cholesterol synthesis (Schapira

2006). Mitochondria are intracellular double membrane-bound structures.

Although traditionally considered as small isolated organelles within the cell, it is

more likely that mitochondria form a complex branching network. They are derived

from prokaryotic cells (bacteria) that were assimilated by another cell (archaea)

through a process called endosymbiosis. Although these organelles usually retain

some DNA, most of their original genome has moved to the host nucleus through

endosymbiotic gene transfer (Archibald 2015). Human mtDNA is a circular double-

stranded molecule about 16 � 6 Kb long. It is much smaller than most nuclear genes.

MtDNA codes for 22 transfer and 2 ribosomal RNAs and for 13 proteins. Human

mtDNA is extremely compact and contains virtually non-intronic (noncoding)

regions. By encoding proteins of the respiratory chain, mtDNA allows individual

mitochondria to respond, by gene expression, to changes in membrane potential.

Although human mtDNA encodes the basic machinery for protein synthesis, it

remains entirely dependent upon the nucleus for the provision of enzymes for

replication, repair, transcription, and translation. This dependency lies at the heart

of several newly recognized human diseases that are characterized by secondary

abnormalities of mtDNA.

There are good reasons to believe that genes affecting the mitochondria could

play a central role in human health and disease. Most of the genes that have

remained in the mitochondrion have been linked to a series of devastating diseases,

indicating the importance of fully functional mitochondria to human health. Genes

residing in the mitochondria pose a particular problem, in part because they are

unusually prone to damage. Unlike nuclear genes, which are wrapped in protective

proteins and stored safely away in the nucleus, mitochondrial genes are vulnerable

to attack from highly reactive molecules called free radicals; these are generated

during energy production. In mammals, the mutation rate of mitochondrial genes is

10–20 times higher than that of the nuclear genes. The idea that mutations in

mitochondrial DNA could cause metabolic diseases, or even aging, is widely

accepted (Lane 2006). These alterations range from changes to single DNA bases

to deletions of large sections of the genome. Mitochondria that lose their genome

(hydrogenosomes and mitosomes) lose the ability to synthesize ATP by chemios-

motic coupling (Lane and Martin 2010). Respiration rates do correlate with the

amount of mtDNA in the cell (Williams 1986), and mutations that deplete mtDNA

usually cause mitochondrial diseases (Schapira 2006). Oxidative phosphorylation is

under tight control by the amount of mtDNA in the cell, and the full complement of
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mtDNA is necessary to maintain a normal energy production level (Rocher

et al. 2008). Mitochondria, along with their tiny genomes, are normally inherited

only from the mother—they are present in huge numbers in the egg, whereas the

handful in sperm is marked up for destruction in the fertilized egg. This gives at

least some mitochondrial diseases a maternal-inheritance pattern. Even so, trying to

spot mitochondrial diseases by looking to the mother can be grossly misleading and

has own played the importance of these organelles in disease. More than 80% of

diseases known to be linked to faulty mitochondria do not follow a maternal-

inheritance pattern at all. Why not? At least partly because some mitochondrial

diseases may be caused by mutations in the nuclear genes encoding mitochondrial

proteins. So far, mutations in more than 30 nuclear genes have been shown to give

rise to mitochondrial disease (Lynch and Conery 2003).

This high potential rate of abnormalities is controlled by one of the most

complex mechanism: the autophagy. Autophagy is the most efficient mitochondrial

turnover mechanism, providing for the complete removal of irreversibly damaged

mitochondria (mitophagy). It is believed that mitochondria are normally replaced

every 2–4 weeks in rat brain, heart, liver, and kidneys, although recent studies have

shown that the turnover rate might be considerably higher. Mitophagy is particu-

larly important for long-lived postmitotic cells, whose mitochondria have pro-

nounced oxidative damage (Terman et al. 2010), and also prevents an excessive

accumulation of mitochondria. It should be mentioned that the changes in

mitochondriogenesis are tissue specific (Johnson et al. 2007), being more dramatic

in the central nervous system, which is consistent with the generally higher sus-

ceptibility of neurons and other postmitotic cells to the aging process (Lopez-Lluch

et al. 2008). Mitochondria are dynamic structures that show different morphologies:

small spheres, short rods, or long tubules that depend on cell type and also cell

status. In most eukaryotic cells, mitochondria move along cytoskeletal tracks, and

their overall morphology depends on the balance between fusion and fission events.

For example, an extent of fusion activities leads to interconnected mitochondrial

networks, and on the contrary, an extent of fission events generates numerous

different small spherical organelles (Westermann 2008). Mitochondrial membrane

fusion/fission processes are clearly involved in mitochondria dynamics and that

these events are undoubtedly critical for several cell functions and the balance cell

life/cell death. Perturbations of mitochondrial dynamics can have tremendous

consequences on cell metabolism and therefore on cell life/cell death (Benard and

Rossignol 2008). The frequent fusion/fission events undergone by the mitochon-

drial network appear clearly linked to the bioenergetic state of mitochondria (Twig

et al. 2008) and involve a protein machinery and a group of lipids (Furt and Moreau

2009). Disturbed mitochondrial dynamics is involved in the most important chronic

disease such as neurodegenerative disorders (Burté et al. 2015), aging process

(Gonzalez-Freire et al. 2015), and cardiovascular disease (Biala et al. 2015).
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6.3 AMPK

The electron transport chain placed in the inner mitochondrial membrane has a

main function of producing ATP, which is the battery of our cells. Therefore, the

exact regulation of the synthesis and degradation of ATP (ATP $
ADPþ phosphate) is essential to all forms of life. This reaction is maintained by

catabolism many orders of magnitude away from equilibrium, yielding a high ratio

of ATP to ADP that is used to drive energy-requiring processes. ATP generation

needs to remain in balance with ATP consumption, and regulatory proteins that

sense ATP and ADP levels would be a logical way to achieve this. This task is

performed by the 50 adenosine monophosphate-activated protein kinase (AMPK). It

is a highly conserved sensor of cellular energy status, expressed in essentially all

eukaryotic cells. AMPK is switched on by metabolic stresses and xenobiotic

compounds that cause a cellular energy imbalance, which is detected as increases

in the ratios of ADP–ATP and AMP–ATP (Gowans et al. 2013). Because the

energy status of the cell is a crucial factor in all aspects of cell function, it is not

surprising that AMPK has many downstream targets whose phosphorylation medi-

ates dramatic changes in cell metabolism, cell growth, and other functions. In

general, AMPK switches on catabolic processes that provide alternative pathways

to generate ATP, while switching off anabolic pathways and other processes

consuming ATP, thus acting to restore cellular energy homeostasis. The kinase

evolved in single-celled eukaryotes and is still involved in multicellular organisms

in regulating energy balance in a cell-autonomous manner (Hardie et al. 2012).

AMPK and its orthologues seem to exist universally as heterotrimeric complexes

comprising a catalytic α-subunit and regulatory β- and γ-subunits. Each of these

three subunits takes on a specific role in both the stability and activity of AMPK.

Specifically, the γ-subunit includes four particular cystathionine beta synthase

(CBS) domains giving AMPK its ability to sensitively detect shifts in the AMP–

ATP ratio (Stapleton et al. 1996). In mammalian cells, AMPK is activated by

various types of metabolic stresses (starvation for glucose or oxygen or addition

of a metabolic poison, muscle contraction), drugs (metformin, phenformin, resver-

atrol, epigallocatechin, capsaicin, curcumin), and xenobiotics through the mecha-

nisms described above, which involve increases in cellular AMP, ADP, or Ca2þ.
These can now be regarded as the classical or “canonical” AMPK activation

mechanisms. However, recent work suggests that other stimuli activate AMPK

via mechanisms that do not involve changes in the levels of AMP, ADP, and Ca2þ,
which can therefore be termed “noncanonical” mechanisms such as those triggered

by ROS and DNA-damaging agents. AMPK acts as a metabolic master switch

regulating several catabolic intracellular systems, including the cellular uptake of

glucose and fatty acids, the β-oxidation of fatty acids, the biogenesis of glucose

transporter 4 (GLUT4), mitochondrial biogenesis, and mitophagy. Also conserves

ATP by switching off almost all anabolic pathways, including the biosynthesis of

lipids, carbohydrates, proteins, and ribosomal RNA. It achieves this in part by

phosphorylating and/or regulating enzymes or regulatory proteins that are directly
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involved in these pathways (Shirwany and Zou 2014). AMPK appears to have

evolved early in the evolution of unicellular eukaryotes as a signaling pathway that

orchestrated responses to glucose starvation in a cell-autonomous manner. But also

it is intriguing that hormones that modulate energy balance at the whole-body level,

which clearly arose later during the evolution of multicellular organisms, appear to

have adapted to interact with the AMPK system, especially in the hypothalamus.

Adiponectin, leptin, ghrelin, insulin, and triiodothyronine can influence the AMPK

production in the hypothalamus (Hardie and Ashford 2014). In mammals, it also

regulates metabolism and helps to maintain energy balance at the whole-body level.

It does this by mediating effects of hormones and other agents acting on neurons in

different hypothalamic regions, which regulate intake of food (and hence energy)

and energy expenditure. AMPK also regulates diurnal rhythms of feeding and

metabolism. By switching off biosynthetic pathways required for cell growth,

AMPK activation exerts a cytostatic effect, helping to explain why its upstream

activator, LKB1, is a tumor suppressor. Commensurate with its role in preserving

cellular energy homeostasis, AMPK also downregulates ATP-requiring processes

outside metabolism, including progress through the cell cycle (another potential

tumor suppressor effect) and firing of action potentials in neurons (Hardie 2014).

Some works demonstrate that the AMPK signaling pathway also plays a role in

bone physiology. Activation of AMPK promotes bone formation in vitro and the

deletion of α- or β-subunit of AMPK decreases bone mass in mice (Jeyabalan

et al. 2012).

AMPK appears to be the key cellular energy sensor involved in multiple cellular

mechanisms and is essential to have a good metabolic homeostasis to face all the

aggression and start the inflammatory reaction. Therefore, its disturbances have

been related with multiple diseases. Age-related decrease of mitochondrial biogen-

esis is related, at least in part, to diminished AMPK activity (Reznick et al. 2007).

AMPK appears to be the key cellular energy sensor, linking decreased

mitochondriogenesis to several aging-associated changes, including insulin resis-

tance and deficient lipid metabolism (Qiang et al. 2007). AMPK activity and

autophagy of monocytes were significantly decreased in Acute Coronary Syndrome

patients due to a decrease in plaque vulnerability and subsequent plaque rupture

(Cheng et al. 2015). Recent findings support the role of AMPK in inflammation and

immunity, providing the enticing prospect of new therapeutic approaches for

inflammatory diseases. All of the AMPK activators have been reported to inhibit

inflammatory responses in various model systems, and AMPK-activating drugs do

have anti-inflammatory actions in animal models (O’Neill and Hardie 2013).

Tumor cells appear to be under selection pressure to downregulate AMPK, thus

limiting its restraining influence on cell growth and proliferation. Paradoxically,

however, a complete loss of AMPK function, which appears to be rare in human

cancers, may be deleterious to survival of tumor cells. AMPK can therefore be

either a friend or a foe in cancer, depending on the context (Hardie 2015).

6 AMPK/Mitochondria in Metabolic Diseases 135



6.4 Metabolic Syndrome and Obesity

The metabolic syndrome (MetS) is a major and escalating public health and clinical

challenge worldwide in the wake of urbanization, surplus energy intake, increasing

obesity, and sedentary life habits. MetS confers a fivefold increase in the risk of

type 2 diabetes mellitus (T2DM) and twofold the risk of developing cardiovascular

disease (CVD) over the next 5–10 years (Alberti et al. 2009). Further, patients with

the MetS are at two to fourfold increased risk of stroke, a three to fourfold increased

risk of myocardial infarction (MI), and twofold the risk of dying from such an event

compared with those without the syndrome (Alberti and Zimmet 2005) regardless

of a previous history of cardiovascular events (Olijhoek et al. 2004).

MetS is a state of chronic low-grade inflammation as a consequence of complex

interplay between genetic and environmental factors. Insulin resistance, visceral

adiposity, atherogenic dyslipidemia, endothelial dysfunction, genetic susceptibility,

elevated blood pressure, hypercoagulable state, and chronic stress are the several

factors that constitute the syndrome (Table 6.1).

There have been several definitions of MetS, but the most commonly used

criteria for definition at present are from the World Health Organization (WHO)

(Table 6.2).

Hypercaloric diets initially result in obesity due to the storage of extra energy in

the adipose tissue. However, the continuous caloric overload eventually results in

the aberrant accumulation of lipids in non-adipose tissues (Virtue et al. 2012). The

direct pathological consequence of chronic hypercaloric diets is actually a

multisystemic deterioration known as metabolic syndrome (Kaur 2014). Of note,

the comorbidities associated with metabolic syndrome also overlap with some of

the most important aging-associated diseases, namely, diabetes, cardiovascular and

cerebrovascular diseases, and cancer (Gurevich-Panigrahi et al. 2009).

6.4.1 Inflammation in Obesity and MetS

Considering the “obesity epidemic” as mainly responsible for the rising prevalence

of MetS due to the strong connection between this syndrome and, especially,

Table 6.1 Clinical identification of the metabolic syndrome

Risk factor Defining level

Abdominal obesity, given as waist circumference Men >102 cm

Women >88 cm

Triglycerides �150 mg/dL

HDL cholesterol Men <40 mg/dL

Women <50 mg/dL

Blood pressure �130/�85 mmHg

Fasting glucose �110 mg/dL
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abdominal obesity, it is vital to bear in mind that obesity is not only a risk factor but

also a disease in itself. Obesity contributes to hypertension, high serum cholesterol,

low HDL cholesterol, and hyperglycemia, and it otherwise associates with higher

CDV risk. Excess adipose tissue releases several products that apparently exacer-

bate these risk factors. They include free fatty acids (FFA), cytokines: interleukin-6

and Tumor Necrosis Factor-α (IL-6 and TNF-α), plasminogen activator inhibitor

1 (PAI-1), and adiponectin. A high plasma FFA level overloads muscle and liver

with lipids, which is an event commonly found in abdominal obesity (Miles and

Jensen 2005), enhancing insulin resistance (Boden et al. 2001). Evidence suggests

that TNF-α induces adipocytes apoptosis (Xydakis et al. 2004) and promotes insulin

resistance by the inhibition of the insulin receptor substrate 1 signaling pathway

(Lau et al. 2005). Plasma TNF-α is positively associated with the body weight and

triglycerides (TGs), while a negative association exists between plasma TNF-α
levels and high-density lipoprotein-cholesterol (HDL-C) (Xydakis et al. 2004). In

addition, IL-6 has been shown to be positively associated with body mass index

(BMI), fasting insulin, and the development of T2DM (Pradhan et al. 2001) and

negatively associated with HDL-C (Zuliani et al. 2007).

Plasminogen activator inhibitor-1 (PAI-1) levels are increased in abdominally

obese subjects (Cigolini et al. 1996), and an elevated PAI-1 contributes to a

prothrombotic state, whereas low adiponectin levels that accompany obesity cor-

relate with worsening of metabolic risk factors, since it regulates the lipid and

glucose metabolism, increases insulin sensitivity, regulates food intake and body

weight, and protects against a chronic inflammation (Liu and Liu 2010).

Adiponectin is seen to be “protective,” not only in its inverse relationship with

Table 6.2 WHO clinical criteria for metabolic syndrome

Clinical measures WHO (1998)

Insulin resistance IGT, IFG, T2DM, or lowered insulin Sensitivitya

Plus any two of the following

Body weight Men: waist-to-hip ratio >90 cm

Women: waist-to-hip ratio >85 cm

and/or BMI> 30 kg/m2

Lipids TGs �150 mg/dL

and/or HDL-C

Men: <35 mg/dL

Women: <39 mg/dL

Blood pressure �140/90 mmHg

Glucose IGT, IFG, or T2DM

Other Microalbuminuria

Urinary excretion rate of >20 mg/min or

Albumin: creatinine ratio of >30 mg/g
aInsulin sensitivity measured under hyperinsulinemic euglycemic conditions, glucose uptake

below lowest quartile for background population under investigation

BMI body mass index, HDL-C high-density lipoprotein cholesterol, IFG impaired fasting glucose,

IGT impaired glucose tolerance, TGs triglycerides, T2DM type 2 diabetes mellitus, WC waist

circumference
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the features of MetS (Engeli et al. 2003) but also through its antagonism of TNF-α
action (Ouchi et al. 2000). Considering all these aspects, new therapies for meta-

bolic diseases have been investigated.

6.4.2 Mitochondrial DNA Alterations in Obesity and MetS

Obesity results from an energy surplus, greater energy intake than expenditure.

Excess energy is stored as fat in white adipose tissue (WAT), dysfunction of which

lies at the core of obesity and associated metabolic disorders. By contrast, brown

adipose tissue (BAT) burns fat and dissipates chemical energy as heat. The devel-

opment and activation of “brown-like” adipocytes, also known as beige cells, result

in WAT browning and thermogenesis (heat production). Both “white” and “brown”

adipose cells (color is due to the quantity of mitochondria) play a crucial role in

thermogenesis. “Brown-like” adipocytes, which have a rich sympathetic innerva-

tion, are present in rodents and infants, whereas in adults are usually interspersed

with WAT. Due to the numerous mitochondria existing in BAT, these cells are an

important heat source, generating more heat and less ATP than “white-like”

adipocytes. This event occurs because of the presence of mitochondrial uncoupling

proteins (UCP), as it has already been demonstrated in murine models. Three

isoforms have been identified, UCP1, 2, and 3, which are differently distributed

in BAT.

These proteins “uncouple” oxidative phosphorylation, and those way mitochon-

dria continues oxidizing substrates while producing minor quantities of ATP levels,

which favors the net loss of energy in the form of heat. As one would expect, cold

exposure or leptin administration increases UCP activity and quantity in BAT.

Noradrenalin is a hormone which acts on β3-adrenergic receptors in BAT and

boosts peroxisome proliferator-activated receptor gamma (PPAR-γ) activity, which
activates, at the same time, the gene that encodes UCP-1. Curiously, β3-adrenergic
receptors expression is lower in mice that are genetically obese.

Until recently, studies on mtDNA biology in adipose tissue have been limited to

the analysis of mitochondrial biogenesis in BAT. However, recent studies have

highlighted the importance of mitochondrial biogenesis in WAT and the potential

for mitochondrial alterations to disturb white adipocyte development and function.

Studies by Corvera and collaborators (Wilson-Fritch et al. 2003) have shown that

mitochondrial biogenesis is directly associated with white adipocyte differentia-

tion; genetically obese mice (ob/ob) displayed impaired mitochondrial mass and

function in white fat and thiazolidinediones, PPAR-γ activators that favor adipocyte
differentiation, ameliorated these alterations (Wilson-Fritch et al. 2004). It has been

also shown that white adipocyte differentiation is associated with increases in the

relative abundance of mtDNA, and upregulation of components of the mtDNA

replication and transcription machinery, such as TFAM (Mitochondrial Transcrip-

tion Factor A) (Shi et al. 2008), and components of deoxynucleotide metabolism are

required for mtDNA replication (Rylova et al. 2005). Agents that promote white
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adipocyte differentiation in vitro, such as glitazones, also increase mtDNA levels in

human adipocytes in vitro (Bogacka et al. 2005a).

Studies of potential alterations in WAT mtDNA as they relate to obesity have

focused on two aspects: changes in mtDNA levels that underlie obese phenotypes

and the occurrence of mutated, polymorphic, forms of mtDNA that are specifically

associated with obesity. In experimental models of obesity, such as ob/ob or db/db
mice, abnormally low levels of mtDNA have been reported (Choo et al. 2006; Rong

et al. 2007). As noted above for in vitro studies, treatment of obese mice with

glitazones increases mtDNA levels in white fat (Rong et al. 2007). A study in which

mice were treated with a diet enriched in polyunsaturated fatty acids identified

mtDNA encoded transcripts and proteins among the most upregulated genes in

WAT; this upregulation was associated with an enhancement of fatty acid oxidation

in WAT (Flachs et al. 2006).

In humans, the scenario appears to be more complex. It has been reported that

mtDNA levels in adipose tissue are lowered in type 2 diabetic patients (Bogacka

et al. 2005b), and studies by Arner and collaborators (Dahlman et al. 2006) have

confirmed that mtDNA levels are not associated with obesity per se, but rather with

type 2 diabetes phenotypes. Moreover, mtDNA levels were found to be strongly

related to lipogenesis in WAT, rather than to BMI.

The mechanism by which mtDNA copy number in white adipose tissue could

affect lipogenesis rate remains to be established, but it stands in contrast to the

expected relationship between mtDNA level variations and energy expenditure and

fat oxidation. Moreover, in humans, as in rodents, pioglitazone treatment causes an

increase in mtDNA levels in WAT of type 2 diabetes patients (Bogacka

et al. 2005b), but not in nondiabetic obese individuals (Bogacka et al. 2007).

These findings highlight the potential role of mtDNA levels in WAT mass.

6.4.3 Homeostatic Control of Energy Balance in Obesity

The arcuate nucleus (ARC) is a key hypothalamic nucleus that regulates appetite,

eating behavior, and energy state (Schwartz et al. 2000). It receives afferent

pathways from digestive tract and contains leptin, an adipokine involved in the

regulation of satiety and energy intake (Lau et al. 2005), and other significant

hormone receptors. A reduction in leptin levels activates orexigenic neurons,

leading to an increase in food intake, fat synthesis, and storage (anabolism) and

to a decrease in energy expenditure. In reverse, when increases in leptin levels take

place, another group of neurons are activated, triggering an anorexigenic effect and

catabolism.

Energy balance depends directly on food intake, energy storage in adipose

tissue, and energy expenditure (Spiegelman and Flier 2001). For the majority of

people, this process is closely connected by an homeostatic system which integrates

different hormones, such as leptin (Ahima and Flier 2000), considered as an

indicator of lipid reserves, since an augmentation in lipid deposits enhances leptin
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releasing in plasma by adipocytes. Ghrelin, which is released to the intestine during

food intake, provides us the feeling of hunger, and cholecystokinin (CCK), secreted

into the duodenum as a response to the process of food intake and digestion,

providing satiety, as well.

Since homeostatic control in energy balance is extremely complex, it is not easy

to precisely determine what does not work in obesity. In fact, when leptin was

discovered (Zhang et al. 1994), it was thought that an alteration in its kinetics would

provide a simple explanation to this disease, but there is a notable variability in

leptin sensibility among individuals, and some people seem to synthesize insuffi-

cient amounts of this hormone. However, plasmatic leptin usually reaches higher

levels in obese than in normal weight people. What prevail in obese is a greater

resistance to leptin and not an insufficient production of it (Hutley and Prins 2005).

This resistance may obey to alterations in blood circulation leptin transport, in its

transport to Central Nervous System (CNS), or in hypothalamic leptin receptors

(like db/db mice).

Obesity, could be involved in other alteration in mediators apart from leptin, for

example, TNF-α, cytokine that transmits information from adipose tissue to brain,

is increased in insulin-resistant obese adipose tissue. Another common pathophys-

iological alteration in obesity is a decreasing insulin sensibility in skeletal muscle

and adipose tissue.

Thus, events causing obesity depends on diet, exercise, social, economic and

cultural factors, and genetic predisposition (Barsh et al. 2000). Although other

causes have been related to alterations in leptin action or synthesis, such as a

thermogenesis decreasing in adipocytes or a reduction the energy metabolic con-

sumption. A key player at regulating energy balance is AMP-activated protein

kinase (AMPK), at both cellular and whole-body levels, placing it at the center

stage in studies of obesity, diabetes, and the metabolic syndrome (Hardie 2008).

6.4.4 AMPK: A Master Metabolic Regulator

6.4.4.1 Lipid Metabolism Controlled by AMPK

AMPK plays a key role in lipid metabolism, being involved in Acetyl-CoA

carboxylase (ACC) phosphorylation and inactivation. ACC catalyzes the transfor-

mation from Acetyl-CoA into malonyl-CoA, which is the very first reaction in fatty

acid biosynthesis in liver and adipose tissue. By inactivating ACC, AMPK is then

responsible for the inhibition of fatty acid synthesis in lipogenic tissues. AMPK also

has long-term effects on transcriptional genes involved in lipogenesis, ACC and

fatty acid synthesis, interfering with the expression, and the activity of transcrip-

tional factors, such as sterol regulatory element-binding protein 1c (SREBP1c)

(Hardie 2008; Foretz et al. 2005) and carbohydrate response element-binding

protein (ChREBP) (Zhou et al. 2001).
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In addition, in both liver and striated muscle (skeletal and myocardial), malonyl-

CoA produced by ACC plays a regulatory role. It blocks, in fact, fatty acids

transport from cytosol to mitochondria by inhibiting carnitine palmityl transferase

(CPT-1). AMPK activation in those tissues triggers a decrease in cytosolic concen-

tration of malonyl-CoA, enabling that way the fatty acids penetration into the

mitochondria and its consequent oxidation. By this mechanism, recent data reveal

that the adipokines, leptin, and adiponectin stimulate fatty acid oxidation in both

liver and skeletal muscle secondarily to the AMPK activation in these tissues

(Minokoshi et al. 2002; Tomas et al. 2002). So, the effect of lipid depletion on

these tissues improves metabolic parameters in different insulin-resistant rodent

models. In fact, the accumulation of triglycerides in liver and skeletal muscle is

linked to the pathophysiology of insulin resistance in human and animals, as well as

lipid depletion in these tissues ameliorates insulin sensitivity (lipotoxicity concept).

So here lies the metabolic interest of the AMPK activation on lipotoxicity

reduction.

AMPK may be also involved in the hypothalamus satiety central control; this

brain region plays an essential role in energy homeostasis by controlling food intake

and energy expenditure. Hypothalamic AMPK activity varies according to the

nutritional status; AMPK is activated in fasting and inhibited in satiety period

(Minokoshi et al. 2004). At the same time, it is also interesting that the existing

relationship between the activity of hypothalamic AMPK and food intake in

response to different hormones or metabolites is known to be modulated by

nutritional state. For example, ghrelin and endocannabinoids activate AMPK and

induce food intake while insulin, glucose, or leptin acts in the opposite manner

(Andersson et al. 2004; Kola et al. 2005). Several studies have demonstrated that

the variations in hypothalamic energetic state are able to directly modulate AMPK

activity, which suggests that hypothalamic AMPK may be a therapeutic target in

the numerous factors that affect eating behavior. But, it is important to bear in mind

that AMPK is differently regulated in the hypothalamus and in peripheral tissues.

For example, leptin activates AMPK in skeletal muscle and inhibits it in the

hypothalamus, which suggests that regulation mechanisms are not the same. There-

fore, drawbacks in peripheral tissues must be taken into account when considering

AMPK as a pharmacological inhibitor for the treatment of metabolic disorders

(Fig. 6.1).

The obesity epidemic and its complications continue rising as a global health

challenge, despite the increasing public awareness and the use of lifestyle and

medical interventions; the main treatment for obesity consists of lifestyle modifi-

cations based on a suitable diet and physical exercise. Since the current antiobesity

drugs, such as Orlistat (lipase inhibitor), suffer from numerous disadvantages,

gastrointestinal symptoms, elevated blood pressure, abdominal pain, dyspepsia,

diarrhea, flatulence, etc (Bray and Tartaglia 2000), the biomedical community is

urged to develop new treatments for the metabolic diseases. AMP-activated protein

kinase (AMPK), as a master regulator of energy homeostasis, is a potential target

for therapeutic agents that may meet this challenge. For these reasons, novel drugs
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activating AMPK may have potential for the treatment of obesity, T2DM,

and MetS.

Some compounds have already shown to have an effect on AMPK.

5-Aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR) is a known acti-

vator of AMPK that induces allosteric changes in AMPK conformation and thereby

leading to kinase activation. In 3T3L1 cells, AICAR inhibits adipocyte differenti-

ation by downregulating key transcriptional factors such as sterol regulatory

element-binding protein 1 (SREBP1), CCAAT-enhancer binding proteins

(C/EBPα), and peroxisome proliferator-activated receptor gamma (PPARγ),
which strictly regulates adipocyte differentiation. AICAR proved remarkably effec-

tive in maintaining body weight and epididymal fat content, improving insulin

sensitivity and glucose tolerance in diet-induced obese mice models. However, in

rats, the chronic administration of AICAR resulted in significant changes, in

skeletal muscle that included an increase in GLUT4 and glycogen stores, and

increased activity of hexokinase and mitochondrial oxidative enzymes (Giri

et al. 2004, 2006).

The potential to reduce hypertriglyceridemia and elevated storage of triglycer-

ides by inhibiting triglyceride and fatty acid synthesis and stimulating fatty acid

oxidation and also the ability to lower blood glucose by activation of AMPK

suggest that modulators of AMPK kinase activity might prove effective remedy

for treating obesity and related metabolic disorders. Reports have also shown that

certain strains of mouse that are resistant to diet-induced obesity (mice

overexpressing uncoupling protein-1 in white adipocytes, stearoyl-CoA

desaturase-1 knockouts, and mice overexpressing uncoupling protein-3 in skeletal

AMPK
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Fig. 6.1 Hypothalamic AMPK regulation by hormonal and nutritional signals
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muscle) exhibit increased basal level of AMPK activity (Matejkova et al. 2004).

These findings have led to an intense interest in designing AMPK activators as

potential therapies for type II diabetes and obesity.

Thus, AMPK plays a key role in regulating a wide range of activities in lipid and

glucose metabolism; it appears as a promising strategy for the treatment of obesity

and related metabolic disorders.

Keeping in view the epidemic of obesity, the role of AMPK pharmacotherapy

seems to be the most obvious tool to combat the disease and attempts to develop

novel therapies via AMPK-mediated mechanisms are worthy of pursuit.

6.5 Diabetes

The incidence of diabetes is increasing worldwide approaching epidemic propor-

tions. According to National Diabetes Statistics, the number of people diagnosed

and undiagnosed with diabetes in the USA reached 29.1 million people, which is

9.3% of the general population in 2012.

Diabetes is considered a metabolic disease that is characterized by high blood

sugar levels over a prolonged period (hyperglycemia). We can differentiate three

main types: type 1 which results from the pancreas failure to produce enough

insulin, type 2 when cells fail to respond to insulin properly (insulin resistance),

and gestational diabetes occurs when pregnant women without a previous history of

diabetes develop a high blood sugar level.

Type 2 diabetes (T2DM) is the most common form of this pathology and is

directly related to obesity and metabolic syndrome. When obesity is established and

body weight increases with age, a parallel state of chronic inflammation, charac-

terized by an elevation of proinflammatory cytokines, can induce changes and

switch the metabolic homeostatic set points, leading to T2DM (Medzhitov 2010).

In T2DM, the major insulin-resistant organs include liver, muscle, and adipose

tissue. In a state of insulin resistance, glucose uptake and utilization are dramati-

cally decreased, and skeletal muscle becomes metabolically inflexible, unable to

switch between glucose and fatty acid use. The main complications of diabetes are

the microvascular and macrovascular complications such as retinopathy, nephrop-

athy, and cardiovascular diseases, which are mediated by inflammatory processes.

6.5.1 Inflammation in Diabetes

Nowadays, it is well known that inflammation plays a key role in the natural history

of diabetes (Agrawal and Kant 2014). Oxidative stress and inflammation are key

players in insulin resistance progression and the establishment of T2DM. We know

that inflammation is able to increase insulin resistance. The major cell involved in

inflammation and insulin resistance is the adipocyte. Insulin regulates glucose
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uptake and triglyceride storage by adipocytes. The various adipocytokines, espe-

cially leptin, adiponectin, omentin, resistin, and visfatin, contribute to beta cell

dysfunction in the pancreas. Adipose tissue also secretes dipeptidyl peptidase-4

(DDP-4) which enhances the degradation of glucagon like peptide-1 (GLP-1) and

has an insulinotropic effect on beta cells (insulin secreting cells) (Lamers

et al. 2011). Cytokines including tumor necrosis factor-alpha (TNF-α), interleukin
beta (IL-1β), and interferon-gamma (IFN-ɣ) disrupt the regulation of intracellular

calcium in the beta cells and hence insulin release. TNF-α acts on beta cells leading

to their accelerated death (Cai et al. 2011).

Oxidative stress is another pathway that leads to inflammation through activa-

tion of cytokines (Lamb and Goldstein 2008). Pancreatic islets have low antioxidant

defense and are hence vulnerable to oxidative stress. Marselli found differential

regulation of oxidative stress genes in cells of T2DM subject compared with

healthy controls (Marselli et al. 2010).

An emerging body of evidence also suggests that insulin suppresses the inflam-

matory process not only through preventing hyperglycemia but also by modulating

key inflammatory molecules (Hyun et al. 2011). With all this in mind, the search for

anti-inflammatory therapies for diabetes was started.

6.5.2 Mitochondrion and Insulin Resistance

The concept of insulin resistance was introduced like the previous step of T2DM.

Although, it became evident that insulin resistance was not confined to T2DM, has

been regarded as the centerpiece of the pathophysiologic mechanism of T2DM.

The relation between mitochondrial dysfunction and insulin resistance is known

since the 1960s. To demonstrate the importance of this relationship the assays of

Jucker and his colleagues (Jucker et al. 2001), who using a sophisticated nuclear

magnetic resonance spectroscopy, measure the mitochondrial function in the

human liver and muscle. They showed that the insulin resistance in elderly people

can be explained about 40% reduction in the mitochondrial oxidative phosphory-

lation capability compared to young people and demonstrated that T2DM patients

showed approximately 30% reduction in mitochondrial phosphorylation activity

compared to the insulin-sensitive control subjects (Petersen et al. 2003, 2004). A

recent review established a direct relation between defective mitochondrial dys-

function, reduction on fatty acid oxidation, and inhibition of glucose transport. This

is the hallmark of insulin resistance and T2DM. The chronic production of excess

ROS and inflammation result in mitochondrial dysfunction potentially inducing

lipid accumulation and the endless vicious cycle of insulin resistance (Hernández-

Aguilera et al. 2013). Altered mitochondrial function is the major factor that leads

to increased muscular lipid accumulation and decreased insulin sensitivity. Mito-

chondrial dysfunction could provide important implications for the diagnosis and

treatment of T2DM and other related disease like obesity and metabolic syndrome

(Lee et al. 2010).
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6.5.3 Role of AMPK in Diabetes

A number of physiological processes have been shown to stimulate AMPK, includ-

ing conditions that lead to alterations of the intracellular AMP/ATP ratio (e.g.,

hypoxia, glucose deprivation) and calcium concentration, as well as the action of

various hormones, cytokines, and adipokines. The activated form of the enzyme is

responsible for metabolic changes via phosphorylation of various downstream

substrates. The net effect is a change in local and whole-body energy utilization

from an energy-consuming state to an energy-producing state in order to restore

energy balance.

We know AMPK plays a key role in the interconversion of glucose (the primary

cellular energy substrate) and its storage forms by affecting the transcription and

translocation of the GLUT4 glucose transporter, glycogen synthesis, glycolysis, and

gluconeogenesis.

Beginning with mice clinical trials, Hardie was the first to relate a possible role

of disturbed AMPK signaling in diabetes (Winder and Hardie 1999). After that, a

growing body of evidence has begun to validate this idea. For example, studies in

AMPKα2 knockout mice observed hyperglycemia, glucose intolerance, and

increased hepatic glucose production (Andreelli et al. 2006). A recent review

suggests that AMPK mediates glucose uptake and is complementary to insulin as

well as possibly independent of this hormone, thereby implicating the kinase in

diabetes pathophysiology (Shirwany and Zou 2014).

AMPK is a key regulator of energy balance and plays many roles in human

health and disease. Activation of AMPK by pharmacological agents holds a con-

siderable potential to reverse the metabolic abnormalities associated with T2DM.

So, AMPK could be a potential target for novel agents that may meet this global

epidemic (Zhang et al. 2009).

6.5.4 AMPK and Inflammation: Targets of Treatment

A growing body of evidence is emerging to show that metabolic diseases are

intimately related to chronic inflammation. The new pharmacological strategies

are focused to reduce silent inflammation (Scheen et al. 2015). The considered

insulin sensitizers or glucose-lowering agents appear to have greater anti-

inflammatory activity than insulin-secreting agents (Pf€utzner et al. 2005).
Several glucose-lowering agents currently used as antidiabetic medications exert

anti-inflammatory actions that may contribute to improved T2DM patients’ out-
comes. This effect may result from correction of hyperglycemia, but may also be

due to direct effects of the drug, independent of improvement of glucose control

(Scheen et al. 2015). This is demonstrated for metformin and thiazolidinediones

(TZDs).
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6.5.4.1 Metformin

This is the first-choice drug for the management of T2DM. This biguanide acts as

an AMP-activated protein kinase (AMPK) activator (Foretz et al. 2014). Activation

of AMPK has a high number of potentially antiatherosclerotic effects, including

reducing inflammatory cell adhesion to blood vessel endothelium, reducing lipid

accumulation, proliferation of inflammatory cells caused by oxidized lipids, stim-

ulation of gene expression responsible for cellular antioxidant defenses, and stim-

ulation of enzymes responsible for nitric oxide formation (Ewart and Kennedy

2011).

Metformin can inhibit proinflammatory responses and cytokine-induced nuclear

factor kappab (NF-κB) activation via AMPK activation in vascular endothelial cells

(Hattori et al. 2006; Isoda et al. 2006) and also inhibit inflammatory responses via

the AMPK-phosphatase and tensin homologue (PTEN) pathway in vascular smooth

muscle cells (Kim and Choi 2012). AMPK activity can also inhibit monocyte-to-

macrophage differentiation (Vasamsetti et al. 2015), while other anti-inflammatory

mechanisms have been proposed with lysosomes as a target of metformin

(Lockwood 2010).

Although, surveys with metformin in human showed less pronounced efficacy

than TZDs in reducing various inflammatory markers (Erem et al. 2014; Hanefeld

et al. 2011), it seems clear that metformin may confer benefits in chronic inflam-

matory diseases independent of its ability to normalize blood glucose. There is now

growing interest in identifying and exploiting AMPK anti-inflammatory effects

with the development of new compounds that are currently under investigation

(Scheen et al. 2015).

6.5.4.2 Thiazolidinediones

TZDs or glitazones are a group of agonists of peroxisome proliferator-activated

receptor gamma (PPARɣ). PPARs have been implicated as a molecular pathway in

insulin resistance, T2DM, and atherosclerosis (Szanto and Nagy 2008). When the

rat muscle cells were isolated and incubated in culture medium containing TDZ for

15 min, they significantly increased phosphorylation of AMPK (LeBrasseur

et al. 2006), as well as the AMP/ATP ratio. It is suggested that TDZs can activate

AMPK by a mechanism that is likely independent of PPARɣ-regulated gene

transcription. However, the major effect of TDZs is likely to be on the release of

adiponectin by adipocytes, leading to activation of AMPK in liver to reduce glucose

production (Kubota et al. 2007). Several studies have compared the anti-

inflammatory effects of glitazones with other glucose-lowering agents and found

glitazones to be superior (Marfella et al. 2006).

Many other specific anti-inflammatory approaches have been investigated in

recent years to treat T2DM and its associated vascular complications, but none has

yet emerged for use in clinical practice (Esser et al. 2015).
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6.6 Conclusions

Energy production and its control are main tasks in every form of lives and are

essential to have a proper homeostasis to adapt to the environment and to face every

aggression. The Metabolic Disorders are considered pandemics and they need an

adequate control and prevention. One important way to achieve it is to deepen the

pathogenic mechanisms. Mitochondria and AMPK are the key elements through

which it happens; their knowledge and research allow us to a better management.

The discovery and use of drugs that can modulate them are imperative to improve

our way of managing the metabolic disorders.
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Abstract Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and

amyotrophic lateral sclerosis are neurodegenerative disorders that are characterized

by a progressive degeneration of nerve cells eventually leading to dementia. While

these diseases affect different neuronal populations and present distinct clinical

features, they share in common several features and signaling pathways. In partic-

ular, energy metabolism defects, oxidative stress, and excitotoxicity are commonly

described and might be correlated with AMP-activated protein kinase (AMPK)

deregulation. AMPK is a master energy sensor which was reported to be

overactivated in the brain of patients affected by these neurodegenerative disorders.

While the exact role played by AMPK in these diseases remains to be clearly

established, several studies reported the implication of AMPK in various signaling

pathways that are involved in these diseases’ progression. In this chapter, we review
the current literature regarding the involvement of AMPK in the development of

these diseases and discuss the common pathways involved.

Keywords AMPK • Neurodegeneration • Alzheimer’s disease • Parkinson’s

disease • Huntington’s disease • Amyotrophic lateral sclerosis

M. Domise • V. Vingtdeux (*)

Univ. Lille, Inserm, CHU Lille, UMR-S 1172 – JPArc – Centre de Recherche Jean-Pierre

AUBERT, F-59000 Lille, France

e-mail: valerie.vingtdeux@inserm.fr

© Springer International Publishing Switzerland 2016

M.D. Cordero, B. Viollet (eds.), AMP-activated Protein Kinase, Experientia
Supplementum 107, DOI 10.1007/978-3-319-43589-3_7

153

mailto:valerie.vingtdeux@inserm.fr


7.1 Introduction

Neurodegenerative diseases including Alzheimer’s (AD), Parkinson’s (PD),

Huntington’s (HD), and amyotrophic lateral sclerosis (ALS) are characterized by

the progressive degeneration of nerve cells eventually leading to dementia. While

these disorders affect different neuronal populations, they share in common several

features. For instance, they are characterized by the presence of protein aggregates

in degenerating neurons that likely result from defective clearance mechanisms

including proteasomal dysfunction and lysosomal clearance. In addition, metabolic

alterations, excitotoxicity, and oxidative stress are often described. All of the latter

could participate in the deregulation of AMP-activated protein kinase (AMPK) that

was reported to occur in these diseases (Fig. 7.1). AMPK is a heterotrimer com-

posed of one α, β, and γ subunits, often referred to as a master energy sensor.

Indeed, AMPK possesses on its regulatory γ subunit four CBS (cystathionine-beta-

synthase) domains which are binding sites for adenine nucleotides. Three of these

sites can bind AMP, ADP, and ATP (Sanders et al. 2007; Gowans et al. 2013; Xiao

et al. 2011). Metabolic stresses that increase the AMP:ATP ratio will allow the

preferential binding of AMP to the γ subunit, thereby inducing a conformational

change and favoring the phosphorylation of the residue Thr172 located on the

catalytic α subunit by upstream AMPKs (Sanders et al. 2007; Gowans

et al. 2013). The liver kinase B1 (LKB1) seems to be mostly responsible for

AMPK phosphorylation in these conditions (Hawley et al. 2003; Woods

et al. 2003; Shaw et al. 2004). At least two other kinases were reported to

phosphorylate AMPK on Thr172, the calcium/calmodulin-dependent protein kinase

kinase II (CamKKII) that is regulated by an increase in intracellular calcium levels

(Woods et al. 2005; Hawley et al. 2005; Hurley et al. 2005; Connolly et al. 2014)

and the transforming growth factor β-activated kinase 1 (TAK1) that was reported

to phosphorylate AMPK under oxidative stress conditions (Momcilovic et al. 2006;

Chen et al. 2013). While not much is known about AMPK function in neuronal

cells, studies realized in other cell types demonstrated that AMPK is a very

important hub involved in the regulation of many intracellular pathways. In order

to preserve energy levels, AMPK was described to downregulate many energy-

consuming pathways. These include protein synthesis in particular through the

regulation of mTORC1-mediated translational control (Inoki et al. 2003; Gwinn

et al. 2008) and eukaryotic elongation factor 2 (eEF2)-mediated translation

(Browne et al. 2004; Horman et al. 2002) and fatty acid synthesis through the direct

phosphorylation of acetyl CoA carboxylase 1 (ACC1) and the expression of

enzymes involved in fatty acid synthesis by inhibition of the lipogenic transcription

factor sterol regulatory element-binding protein C1 [SREBP1C; Li et al. (2011)].

On the opposite, AMPK upregulates energy-producing pathways such as mitochon-

drial biogenesis through the activation of the PGC-1α (peroxisome proliferator-

activated receptor-γ coactivator 1α) pathway (Jager et al. 2007); glucose uptake
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through the regulation of glucose transporters expression (Zheng et al. 2001) and

cell surface localization (Russell et al. 1999; Abbud et al. 2000; Weisova

et al. 2009); glucose utilization through the direct phosphorylation of enzymes

involved in the glycolytic pathway including hexokinase (Abnous and Storey

Fig. 7.1 Regulation of AMPK. AMPK is a metabolic sensor which is activated by different

stresses. Excitotoxic and oxidative stresses promote, respectively, the activation of CamKKII and

TAK1 that phosphorylate AMPK on its residue Thr172 which is necessary for its activation.

Metabolic stress induces an increase of the AMP/ATP ratio that promotes AMP binding to the γ
subunit of AMPK. This induces a conformational change that allows the phosphorylation of

AMPK by LKB1. Once activated, AMPK triggers catabolic pathways and represses anabolic

pathways in order to maintain energetic homeostasis. ROS reactive oxygen species, CamKKII
Calcium/calmodulin kinase kinase II, LKB1 liver kinase B1, TAK1 transforming growth factor

β-activated kinase 1, NMDAR N-methyl D-aspartate receptor. Figure was produced in part using

Servier MedicalArt
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2008), 6-phosphofructo-2-kinase [PFK-2, Marsin et al. (2000)], and pyruvate

dehydrogenase kinase [PDK, Wu et al. (2013)]; and autophagy through the inhibi-

tion of ULK1 (Egan et al. 2011; Kim et al. 2011) and mTORC1 complex [review in

Shaw (2009)].

In this chapter, we review the current literature regarding AMPK involvement in

the development of main neurodegenerative diseases that include Alzheimer’s,
Parkinson’s, Huntington’s, and amyotrophic lateral sclerosis and discuss the possi-

ble common pathological mechanisms involved. It is also important to note that

AMPK is also studied in the context of ischemic stroke in animal models. While

ischemic stroke can be considered as a neurodegenerative disease, the involvement

of AMPK in this context has already been the subject of many reviews (Manwani

and McCullough 2013; Weisova et al. 2011) and will not be discussed here.

7.2 AMPK in Neurodegenerative Diseases

7.2.1 Alzheimer’s Disease

AD is a progressive neurodegenerative disorder characterized by memory loss and

behavioral abnormalities that are correlated with neuronal and synaptic degenera-

tion in specific brain areas. Brain regions are sequentially affected by the pathology

starting from the entorhinal cortex to the hippocampus and whole neocortex

following cortico-cortical connections. At the histological level, AD is character-

ized by the presence of senile plaques and neurofibrillary tangles in the brain. Senile

plaques result from the extracellular aggregation of a peptide called Amyloid-β
(Aβ). Aβ peptides are produced upon the sequential proteolytic processing of its

precursor protein (APP) by β- and γ-secretases. Neurofibrillary tangles are com-

posed of paired helical filaments that result from the intracellular aggregation of

hyper- and abnormally phosphorylated tau proteins. Tau is a microtubule-associ-

ated protein whose main function which is regulated by phosphorylation consists of

the regulation of microtubule dynamics. While the exact role of APP remains to be

clearly established, there are some rare familial forms of AD which present

mutations in APP, Presenilin-1 or Presenilin-2 genes; the latter two being the

core components of the γ-secretase complex. However, the vast majorities of AD

cases are of sporadic origin and are likely driven by a combination of genetic and

environmental factors. The main genetic risk factor is the allele ε4 of APOE (coding

for Apolipoprotein E). In addition, other risks factors have been identified following

genome-wide association studies and include CLU (coding for clusterin), CR1
(coding for the complement component receptor 1), PICALM, and BIN1 (Lambert

et al. 2009; Harold et al. 2009; Seshadri et al. 2010). Environmental factors include

age, arterial hypertension, obesity, diabetes, and metabolic syndrome [review in

Barberger-Gateau et al. (2013)].
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Besides senile plaques and neurofibrillary tangles, perturbations in calcium

homeostasis, oxidative stress, and energy metabolism defects are observed in the

brain of AD patients (Bezprozvanny and Mattson 2008; Green and LaFerla 2008;

Mattson 2007; Sayre et al. 2008). For instance, positron emission tomography

(PET) imaging with the 2-[18F]-fluorodeoxyglucose (FDG) tracer is used as a

diagnostic marker in AD where reduced glucose energy metabolism can be

observed even at early stages of the disease (Mosconi 2005; Ferreira et al. 2010).

Additionally, mitochondrial dysfunctions are also commonly described to be asso-

ciated with AD [for a review, see Cabezas-Opazo et al. (2015)]. These include

mitochondrial morphology, dynamics, and bioenergetics defects (DuBoff

et al. 2013; Bubber et al. 2005; Garcia-Escudero et al. 2013). Interestingly, these

mitochondrial abnormalities were found to be restricted to vulnerable neurons and

to occur in neurons lacking neurofibrillary tangles, thus suggesting that they could

represent an early event in AD (Hirai et al. 2001). Additionally, mitochondrial

axonal transport is also impaired (Wang et al. 2015; Sheng 2014). Both amyloid and

tau proteins have been shown to induce mitochondrial dysfunctions (Grimm

et al. 2016). Conversely, studies also report that mitochondrial complexes I and

III dysfunctions associated with reactive oxygen species (ROS) generation enhance

Aβ production both in vitro and in vivo (Leuner et al. 2012).

AMPK was found to be deregulated in AD brains where immunohistochemistry

studies revealed that activated AMPK co-localized with hyper-phosphorylated tau

in pre-tangle and tangle-bearing neurons (Vingtdeux et al. 2011b). In addition,

AMPK activation in AD was also demonstrated by Western blotting where phos-

phorylated AMPK was significantly upregulated in AD brains as well as in APP
SWE,IND(J20) and APPSWE/PS1dE9 mice models of the disease (Ma et al. 2014;

Mairet-Coello et al. 2013; Son et al. 2012). AMPK deregulation was also observed

in Tauopathies, a subset of neurodegenerative disorders characterized by the pres-

ence of abnormally and hyper-phosphorylated tau proteins, including tangle-

predominant dementia, Guam Parkinson dementia complex, Pick’s disease,

frontotemporal dementia with Parkinsonism linked to chromosome 17, corticobasal

degeneration, progressive supranuclear palsy, and argyrophilic grain disease

(Vingtdeux et al. 2011b).

The exact role played by AMPK in AD remains controversial. The fact that

AMPK co-localizes with hyper-phosphorylated tau in AD led to the hypothesis that

AMPK could represent a new tau kinase. Indeed, in vitro studies using recombinant

proteins showed that AMPK could phosphorylate tau at several epitopes including

Thr231, Ser262, Ser356, and Ser396/404 (Thornton et al. 2011; Vingtdeux et al. 2011b).

In cellular models, AMPK was also found to phosphorylate tau under stress

conditions (Domise et al. 2016; Thornton et al. 2011). More particularly, Aβ
oligomers were found to induce specifically AMPK α1 subunit activation by

increasing intracellular calcium concentration and subsequent CamKKII activation.

This Aβ oligomer-mediated AMPK activation was suggested to induce tau phos-

phorylation at epitopes Ser262 and Ser396/404 in primary neuronal cultures (Thornton

et al. 2011). In addition, it was postulated that this pathway was responsible for the

toxic effects induced by Aβ oligomers on translational block (Yoon et al. 2012),

dendritic spines (Mairet-Coello et al. 2013), and synaptic plasticity (Ma et al. 2014).
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Indeed, AMPK activation following 2-deoxy-D-glucose (2-DG) or Aβ oligomers

treatment was found to impair long-term potentiation (LTP) in ex vivo hippocampal

slices (Potter et al. 2010; Ma et al. 2014). These results were corroborated in

APPSWE/PS1dE9 transgenic animals where AMPK inhibition was found to rescue

the LTP impairments mediated by Aβ (Ma et al. 2014). In these studies, AMPK

negative effects on synaptic plasticity were found to be the result of decreased

protein synthesis through mTORC1 and eEF2 pathways, respectively (Potter

et al. 2010; Ma et al. 2014). In addition, AMPK was recently found to modulate

tau pathology in vivo (Domise et al. 2016). On the contrary, other studies reported

that AMPK activation induced by leptin or metformin reduced tau phosphorylation

(Greco et al. 2009, 2011; Kickstein et al. 2010). The effect of metformin might,

however, be AMPK independent. Indeed, metformin was suggested to induce

protein phosphatase 2A (PP2A) activation, thereby leading to tau dephosphoryla-

tion (Kickstein et al. 2010). In a recent study, AMPKmodulation was also related to

tau dephosphorylation and rather correlated to AMPK phosphorylation at Ser485,

which is thought to be an inhibitory AMPK phosphorylation site prohibiting further

phosphorylation at epitope Thr172 (Horman et al. 2006). In conditions of metabolic

syndrome, insulin resistance or glucose depletion, tau phosphorylation might be

differently regulated either because AMPK activation status could differ or because

other tau kinases and phosphatases might be involved (Kim et al. 2015). While

these findings are somehow controversial, it is clear that tau is an AMPK target

either direct or indirect depending on the environmental conditions. Tau epitopes

regulated by AMPK include Ser262 and Ser356 which are KXGS domains located in

tau microtubules binding repeat regions. Phosphorylation of these particular epi-

topes regulates tau affinity for microtubules (Fischer et al. 2009). As a consequence,

AMPK-mediated tau phosphorylation might control tau binding with microtubules

and thereby axonal transport of cargos including mitochondria (Sato-Harada

et al. 1996; Reddy 2011). Tau Thr231 is another central epitope since it was reported

to serve as a priming site for GSK3β, a very important tau kinase participating to tau

hyper-phosphorylation and aggregation (Lin et al. 2007).

AMPK was also found to be involved in APP metabolism. A decrease of Aβ
production was reported in primary neurons after AICAR (5-aminoimidazole-4-

carboxamide ribonucleotide)-dependent AMPK stimulation; conversely, Aβ levels

were increased in primary neurons lacking the AMPK α2 subunit (Won et al. 2010).

Opposite results have also been obtained, and for instance, AMPK activation

following metformin treatment was reported to increase the transcription of

BACE1, one of the enzymes involved in Aβ production and hence to be associated

with increased Aβ levels (Chen et al. 2009). The effect of AMPK on Aβ production
and/or degradation is likely to be controlled by energy status given that depending

on the extracellular glucose concentrations opposite results are obtained (Yang

et al. 2015). As a master regulator of autophagy, AMPK activation following

resveratrol or AICAR treatment was found to reduce Aβ secretion by increasing

its degradation through the autophagic/lysosomal pathway (Vingtdeux et al. 2010,

2011a). In general, AMPK activation might be beneficial by helping clearing

protein aggregates through autophagy induction. However, in latter stages of the

disease, lysosomal-mediated degradation is impaired (Nixon and Yang 2011),
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consequently, increasing autophagosomes production without increasing

autophagic flux might have deleterious consequences. Indeed, inhibition of

autophagic flux will decrease the degradation of misfolded proteins including Aβ
and tau (Pickford et al. 2008; Wang et al. 2010) as well as dysfunctional mitochon-

dria. In addition, autophagosomes accumulation might be a source for Aβ produc-

tion (Yu et al. 2005), thereby inducing a vicious circle.

In conclusion, these data support a role for AMPK in AD as an upstream player

in the pathology development. Overall, AMPK could play a role in AD by partic-

ipating in Aβ production and/or clearance as well as on tau phosphorylation, the two
hallmarks of AD. Additionally, AMPK was found to mediate the toxic effects of Aβ
on synapses number and synaptic plasticity. These detrimental effects of AMPK in

the latter stages of AD are summarized in Fig. 7.2.

Fig. 7.2 Harmful roles of AMPK in the late stages of Alzheimer’s disease. Alzheimer’s disease is
characterized by excitotoxicity as well as metabolic and oxidative stresses. Mitochondrial dys-

function eventually leads to the production of ROS and to the increase of the AMP/ATP ratio that

correspond, respectively, to oxidative and metabolic stresses. These two events activate AMPK

which in turn decreases protein synthesis ultimately leading to synaptic loss and LTP impairments

that contribute to memory loss. AMPK is also involved in tau and amyloid pathologies. On one

side, AMPK phosphorylates tau protein thereby altering microtubules assembly and as a result

axonal transport of vesicles and mitochondria. On the other side, AMPK plays a part in the

production and degradation of Aβ peptides. Finally, Aβ and tau might contribute to the chronic

activation of AMPK by inducing mitochondrial impairments and excitotoxicity. LTP long-term

potentiation, ROS reactive oxygen species. Figure was produced in part using Servier Medical Art
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7.2.2 Parkinson’s Disease

PD is characterized by resting tremor, rigidity, bradykinesia, gait disturbance, and

postural instability. Pathological features include loss of dopaminergic neurons in

the substantia nigra associated with Lewy bodies inclusions (Beitz 2014). These

Lewy bodies are mainly composed of aggregated α-synuclein. PD etiology involves

many genetic and environmental factors (Olanow and Tatton 1999; Verstraeten

et al. 2015). While the majority of cases are sporadic, mutations in a number of

genes were identified to be responsible for rare familial forms of the disease. These

genes include SNCA (coding for α-synuclein), Park2 (coding for the cytosolic E3

ubiquitin ligase Parkin), and PINK1 (coding for PTEN-induced kinase 1). In

addition, genetic variants have been identified as PD risk alleles in LRRK2
(leucine-rich repeat kinase 2), SNCA, H1 haplotype of microtubule-associated

protein tau, and GBA (coding for beta acid glucosidase) [for a review, see

Verstraeten et al. (2015)]. Environmental factors include exposure to environmen-

tal toxins (pesticides, herbicides, and industrial chemicals) and drugs of abuse

(Olanow and Tatton 1999).

Interestingly, many of these genetic and environmental factors are linked to

mitochondrial function. For example, PINK1 is localized to the mitochondria where

it exerts a protective role that is abolished by mutations, overall resulting in a

cellular increased susceptibility to stress (Valente et al. 2004). Parkin is a protein

that was found to be recruited specifically to dysfunctional mitochondria to promote

their degradation by the autophagic pathway (Narendra et al. 2008), referred to as

mitophagy [for a review, see Youle and Narendra (2011)]. In addition, PINK1 was

found to activate Parkin on impaired mitochondria (Narendra et al. 2010). There-

fore, it was proposed that Parkin might be involved in mitochondrial quality control

as a way to remove damaged mitochondria. Additionally, α-synuclein itself was

also reported to induce mitochondrial alterations in neuronal cells and transgenic

mice (Hsu et al. 2000; Martin et al. 2006). As for sporadic cases, a decrease in the

activity of mitochondrial respiratory chain complex I was found in the substantia

nigra of PD patients brain (Schapira et al. 1990). Complex I was found to be

functionally impaired, i.e., oxidatively damaged and misassembled (Keeney

et al. 2006). In addition, regarding environmental risk factors, many pesticides

and 1-methyl-4-1,2,3,6-tetrahydropyridine (MPTP) share the common mechanism

of causing mitochondrial dysfunction (Sherer et al. 2002). Finally, FDG–PET

studies also demonstrated marked reductions in glucose metabolism in the brain

of PD patients (Eckert et al. 2005).

AMPK deregulation was observed in the brain of PD patients where activated

AMPK was found near the rim of Lewy bodies in the cytoplasm as opposed to

control individuals where AMPK was mainly nuclear (Jiang et al. 2013). AMPK

activation was also reported in animal models of PD induced by intra-striatal

injection of 6-hydroxydopamine (6-OHDA) or MPTP (Kim et al. 2013; Choi

et al. 2010). On the contrary, α-synuclein expression in cell models was reported

to downregulate AMPK activation (Dulovic et al. 2014). Whether AMPK
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activation is beneficial or detrimental in PD remains controversial. AMPK activa-

tion was reported in some instance to be detrimental given that further activation of

AMPK, for example, following metformin administration significantly enhanced

dopaminergic neuron degeneration induced by 6-OHDA, whereas overexpression

of a dominant-negative AMPK in the striatum reduced dopaminergic neuron

degeneration following 6-OHDA (Kim et al. 2013). In cellular models, PD toxins

(6-OHDA,MPPþ, or rotenone) induced AMPK activation and Akt inactivation that

cooperatively contributed to the downregulation of mTOR-mediated S6K1 (ribo-

somal p70 S6 kinase) and 4E-BP1 (eukaryotic initiation factor 4E binding protein

1), thereby leading to neuronal cell death (Xu et al. 2014). AMPK might also

participate in Lewy bodies’ accumulation through direct phosphorylation of

α-synuclein (Jiang et al. 2013) that could impair the clearance of its aggregates

(Tenreiro et al. 2014). On the opposite, AMPK activation using AICAR or metfor-

min was reported to reduce the toxicity mediated by α-synuclein (Dulovic

et al. 2014). AMPK also protected cells against rotenone toxicity by enhancing

autophagy (Hou et al. 2015). This AMPK-induced autophagic pathway also regu-

lates α-synuclein degradation following resveratrol treatment (Wu et al. 2011).

AMPK might also participate in mitochondrial function regulation in PD. Results

obtained in Drosophila melanogaster models suggest that AMPK activation could

be beneficial for familial forms of PD that present mutations in Parkin or LRRK2.

Indeed, genetic inactivation of AMPK was reported to reduce the beneficial effects

of epigallocatechin gallate (EGCG), an antioxidant found in green tea, in mutant

LRRK2 and Parkin-null flies (Ng et al. 2012). In addition, results obtained from

patient’s primary fibroblasts presenting Park2 mutations also suggest that the

beneficial effects on mitochondrial function and autophagy induced by resveratrol

were due to AMPK activation (Ferretta et al. 2014).

Altogether, these studies highlight the potential double role that can be played by

AMPK in PD (Fig. 7.3). On one side, AMPK could be neuroprotective by partic-

ipating, for example, in mitochondrial quality control; yet under other circum-

stances, AMPK could participate in neurodegeneration.

7.2.3 Huntington’s Disease

Clinical manifestations of HD include motor disturbances comprising chorea and

dystonia and cognitive and behavioral dysfunctions. HD is characterized by the loss

of medium spiny neurons in the striatum and eventually more widespread loss of

cortical, thalamic, hippocampal, and hypothalamic neurons. Another characteristic

of the disease is the appearance of nuclear and cytoplasmic inclusions that contain

mutant huntingtin and polyglutamine (Walker 2007). HD is an autosomal dominant

genetic disease that is induced by the repetition of a polyglutamine CAG triplet

repeat in the exon 1 of the huntingtin (Htt) gene with 41 or more polyQ repeats

being fully penetrant. (The Huntington’s Disease Collaborative Research Group

1993.) These repeats might confer a toxic gain of function for mutant Htt (mHtt) or
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a loss of normal Htt function (Zuccato et al. 2010). The physiological role of Htt

remains poorly understood; however, it was suggested to be involved in axonal,

vesicular, and mitochondrial transport (Smith et al. 2009; Tian et al. 2014).

In HD, mitochondrial dynamics, fusion and fission mechanisms as well as the

activity of enzymes involved in oxidative phosphorylation are disturbed (Shirendeb

et al. 2011; Song et al. 2011; Browne et al. 1997; Gu et al. 1996). These perturba-

tions have for consequence to increase the accumulation of fragmented and dam-

aged mitochondria eventually leading to oxidative stress. Additionally, mitophagy

defects were also proposed to participate in the disease progression (Wong and

Holzbaur 2014). A selective impairment of glycolytic metabolism in the striatum of

HD patient early in the course of their disease was observed by in vivo PET

measurements (Powers et al. 2007). This glucose hypometabolism in the early

stages of the disease was also reported in the cerebral cortex and in the brain

Fig. 7.3 Dual role of AMPK in Parkinson’s disease. Environmental and genetic risk factors are

involved in the buildup of mitochondrial alterations. These alterations eventually lead to oxidative

stress through the production of ROS and metabolic stress via an increase of the AMP/ATP ratio.

These stresses induce the activation of AMPK which phosphorylates α-synuclein, the latter

promoting its aggregation and ultimately neurodegeneration. Neurodegeneration might also result

from decreased protein synthesis triggered by AMPK activation. On the contrary, AMPK could

also exert a neuroprotective effect in particular by inducing the degradation of damaged mito-

chondria and α-synuclein aggregates via autophagy. ROS reactive oxygen species. Figure was

produced in part using Servier Medical Art
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caudate (Shin et al. 2013; Ciarmiello et al. 2012). Deficits in glycolysis have also

been reported in striatal neurons in a rat model of the disease (Gouarne et al. 2013).

Huntingtin itself might play a role in glycolysis. Indeed, Htt was found to interact

with the glycolytic enzyme GAPDH (glyceraldehyde-3-phosphate dehydrogenase)

(Burke et al. 1996). However, studies of HD patients’ brains did not conclusively

find an alteration of GAPDH activity (Browne et al. 1997; Tabrizi et al. 1999; Kish

et al. 1998; Olah et al. 2008). GAPDH was described to bear additional functions

unrelated to its energetic role. GAPDH might act in concert with the ubiquitin-E3-

ligase Siah1 to induce mHtt neurotoxicity by assisting its nuclear translocation (Bae

et al. 2006). Huntingtin could also be involved in fast axonal transport by scaffold-

ing GAPDH on vesicles, thereby providing onboard energy (Zala et al. 2013).

Finally, a recent study demonstrated that mHtt interfered with mitophagy. Indeed,

mHtt was found to affect GAPDH-driven mitophagy, thereby leading to the accu-

mulation of damaged mitochondria (Hwang et al. 2015).

The α1 subunit of AMPK seems to be particularly involved in HD pathogenesis.

Indeed, it was found to be activated in the nucleus of striatal neurons where it was

suggested to downregulate the antiapoptotic protein Bcl2, thus inducing cell death

(Ju et al. 2011) (Fig. 7.4). Accumulation of activated AMPK was also reported in

the striatum of transgenic mouse models of HD, R6/2 mice harboring exon 1 of the

human Htt gene with 144 CAG repeats (Chou et al. 2005; Mochel et al. 2012; Ju

et al. 2014). This overactivation of AMPK could be reversed by activating A2A

receptors using an agonist, additionally diminishing the HD-like pathology in these

animals (Chou et al. 2005; Ju et al. 2011). A2A receptors signaling pathway involves

PKA activation. PKA was reported to phosphorylate AMPK α1 at residue Ser173,

thereby preventing the activating phosphorylation at Thr172 (Djouder et al. 2010).

Additionally, AMPK activation in this mouse model might also result from

increased oxidative stress (Ju et al. 2014). On the contrary, in cellular models,

AMPK activation through viniferin treatment was reported to provide

neuroprotection against mHtt (Fu et al. 2012). Finally, metformin, which can

activate AMPK was reported to be beneficial in male R6/2 mice (Ma et al. 2007).

However, the exact mechanism behind metformin’s beneficial effects remains to be

determined.

Overall, these studies also highlight AMPK signaling pathway as a potential

player in the pathology of HD.

7.2.4 Amyotrophic Lateral Sclerosis

Amyotrophic Lateral Sclerosis (ALS) is characterized by the progressive loss of

upper and lower motor neurons at the spinal or bulbar level (Rowland and Shneider

2001). The most common symptoms of ALS are muscle weakness, muscular

atrophy, spasticity, and eventually paralysis. While the exact cause of the disease
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is unknown, around 10% of familial forms exist involving, for example, the SOD1
gene (superoxide dismutase 1), TARDBP (encoding TAR DNA-binding protein

43), FUS (fused in sarcoma), and hexanucleotide repeat expansion in C9ORF72
(Zarei et al. 2015; Renton et al. 2014). The sporadic forms of the disease might be

driven by genetic and lifestyle risk factors (Ingre et al. 2015). At the histological

level, ALS is characterized by the aggregation of ubiquitinated proteins that can

include TDP43, p62, and FUS in affected neurons (Blokhuis et al. 2013). ALS is

associated with defects in energy metabolism comprising weight loss, increased

resting energy expenditure (hypermetabolism), and hyperlipidemia (Dupuis

et al. 2011). The precise origin of these metabolic dysfunctions remains unclear.

Fig. 7.4 Model of AMPK-mediated apoptosis in Huntington’s disease. Mutant Huntingtin

induces mitochondrial alterations that lead to oxidative stress and hypometabolism. These partic-

ipate in the activation of AMPK and its translocation from the cytoplasm to the nucleus where

AMPK downregulates the antiapoptotic protein Bcl2. This pathway promotes apoptosis and

thereby neurodegeneration. ROS reactive oxygen species, Htt Huntingtin. Schematic is adapted

from Ju et al. (2011). Figure was produced in part using Servier Medical Art
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AMPK activation was found to be deregulated in motor neurons of ALS patients

(Liu et al. 2015b). In cells and mouse models of the disease, AMPK regulation

differs according to the model used. In the mSOD1G93A mouse model, AMPK

activity is increased in spinal cords from symptom onset (Lim et al. 2012; Perera

et al. 2014; Zhao et al. 2015). Similar results were obtained in vitro, in spinal cord

cultures, in motor neuron cell lines expressing mutant SOD1, and in embryonic

neural stem cells derived from SOD1G93A mice (Lim et al. 2012; Perera et al. 2014;

Sui et al. 2014). On the opposite, AMPK activation was reported to be

downregulated in mutant TDP43A315T mouse models of spinal cord and brain

(Perera et al. 2014). Similar results were also obtained in motor neuronal cell

lines expressing mutant TDP-43, probably as a consequence of increased PP2A

activity (Perera et al. 2014). On the contrary, AMPK activity was reported to be

increased in the spinal cord of a mouse model overexpressing wild-type TDP43

(Liu et al. 2015b). AMPK was also suggested to be involved in TDP-43

mislocalization from the nucleus to the cytoplasm (Liu et al. 2015a). Similarly,

AMPK activation was described to induce the human antigen R [HuR, a major

mRNA stabilizer recently shown to regulate TDP-43 and FUS (Lu et al. 2014)]

delocalization by directly phosphorylating importin-α1 (Liu et al. 2015b). The

impact of AMPK activation in this disease remains a matter of debate. Indeed,

modulation of AMPK activity in these various models has given conflicting data.

Metformin administration in SOD1G93A mice accelerated disease onset and pro-

gression in females only (Davis and Lin 2011), while resveratrol was found to

provide beneficial effects (Mancuso et al. 2014; Song et al. 2014). The beneficial

effect of resveratrol could act in part through an increase of Sirtuin 1 expression,

normalization of autophagic flux, and reduced oxidative stress (Mancuso

et al. 2014; Song et al. 2014). Similarly, preconditioning with latrepirdine, a

small molecule shown to activate AMPK (Weisova et al. 2013), was reported to

delay symptoms onset and increase the lifespan of SODG93A mice (Coughlan

et al. 2015). Decreasing AMPK activity in cell cultures or in Caenorhabditis
elegans expressing mutant SOD1 or TDP43 was reported to be beneficial (Mancuso

et al. 2014) and to rescue TDP43 mislocalization in motor neuronal cells and to

delay disease progression in TDP43 wild-type mice (Liu et al. 2015b). Finally,

AMPK α2-deficient mice were recently described to present gait abnormalities

resembling early stages of ALS supporting a key role for AMPK in the development

of this disease (Vergouts et al. 2015).

In conclusion, the role played by AMPK in ALS might vary according to the

nature of the disease as mutations in SOD1 and TDP43 were reported to affect

differently the kinase.
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7.3 General Considerations

The specific vulnerability of the neuronal populations affected in each of these

diseases is likely to be driven by both genetic and environmental factors. Interest-

ingly, many of these factors converge to an impairment of cellular energy metab-

olism. This is the case, for instance, of mutations in genes that are directly involved

in mitochondrial function or clearance (such as SOD1, PINK1, and Parkin). These

mitochondrial dysfunctions might contribute to the increase in neuronal

excitotoxicity and AMPK deregulation. In addition to impairing energy metabo-

lism, mitochondrial insults can cause an imbalance between ROS production and

removal, thereby participating in oxidative stress, another common factor of these

diseases (Sayre et al. 2008). This oxidative stress through the activation of TAK1

might also contribute to the chronic activation of AMPK. Conversely, given its role

on mitochondria function, biogenesis, and degradation, it is also possible that

AMPK participates in the establishment of mitochondrial dysfunctions that are

observed in these diseases. Whether AMPK deregulation is triggered by these

metabolic perturbations or could be involved in their development will be an

important issue to investigate.

While AMPK is highly expressed in neurons, its physiological function remains

poorly studied. Nonetheless, AMPK is vital for neuronal survival. Indeed, results

obtained in Drosophila demonstrated that genetic ablation of AMPK subunits γ
[lochrig mutant, Tschape et al. (2002)] or β [alicorn mutant, Spasic et al. (2008)]

induces progressive neurodegeneration. Although it is becoming increasingly evi-

dent that AMPK might participate in these neurodegenerative diseases develop-

ment, whether this activation is beneficial or detrimental remains matter of debate.

In general, the contradictory results that have been obtained in vivo regarding the

beneficial or detrimental role of AMPK could also be due to peripheral AMPK

activity. Several papers reported beneficial effects of peripheral AMPK activation

on cognition. For instance, it was shown that AMPK activation following AICAR

administration in mice enhanced endurance and spatial memory in the Morris water

maze (Kobilo et al. 2014). AICAR blood–brain barrier permeability is very low

(Marangos et al. 1990); therefore, its effects on cognition or on the brain in general

are likely to be indirect. The beneficial effects of AICAR reported in the Kobilo

et al.’s study were demonstrated to be mediated by muscle AMPK activation since

mice overexpressing a muscle-specific dominant negative of AMPK α2 did not

show any improvements following AICAR administration. These behavioral

improvements were suggested to result from enhanced dentate gyrus neurogenesis

in AICAR-treated animals (Kobilo et al. 2011). On the contrary, direct administra-

tion of AICAR in the brain by means of intracerebral infusions was found to impair

memory functions (Dash et al. 2006) and lead to excitotoxicity in an HD mouse

model (Ju et al. 2011). As a consequence, it is very important to take into account

the drug used to activate or inhibit AMPK and its administration route to determine

the impact of peripheral AMPK activation in addition to its central regulation

before drawing conclusions.
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It is very likely that AMPK could act both as a friend and as a foe during the

course of these neurodegenerative diseases’ progression. Indeed, AMPK might be

activated in the early stages of these diseases to help maintain or restore neuronal

energy metabolism. However, chronic AMPK activation would eventually become

detrimental to brain functions by repressing pathways that consume energy. Over-

all, several common mechanisms regulated by AMPK can be identified and are

summarized in Fig. 7.5. For instance, the beneficial effects of AMPK often involve

an increase of the autophagy pathway that might be involved in the clearance of

misfolded proteins, protein aggregates, or defective mitochondria. It was also

reported that AMPK might activate PP2A, thereby reducing the phosphorylation

status of tau and α-synuclein. On the opposite, the deleterious impact of AMPK

implies the phosphorylation of proteins which aggregates represent the common

hallmarks of these diseases, including tau, Aβ, and α-synuclein. Additionally,
AMPK chronic activation by repressing protein synthesis could, on the long term,

impair synaptic integrity and plasticity and eventually lead to cell death.

Fig. 7.5 AMPK in neurodegenerative diseases, friend or foe? At the onset of neurodegenerative

diseases, activation of AMPK might be beneficial since it allows the restoration of energetic

homeostasis and the elimination of protein aggregates which are often reported to be toxic for

neurons. Indeed, AMPK promotes the formation of autophagosomes in order to induce protein

aggregates and impaired mitochondria degradation through the autophagy/lysosomal pathway. On

the other hand, in the late stages of these diseases, chronic AMPK activation becomes disadvan-

tageous for neurons. This overactivation of AMPK could lead to neurodegeneration through

several signaling pathways. Decreasing protein synthesis could drive synaptic loss and impair

synaptic plasticity subsequently leading to neurodegeneration. Decreasing antiapoptotic factors

could lead to induction of apoptosis and neurodegeneration. Finally, the production of

autophagosomes combined with an alteration of lysosomal clearance (which is often reported to

occur in these disorders), in the end, leads to the accumulation of autophagosomes and contributes

to upsurge the levels of toxic protein aggregates and defective mitochondria
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7.4 Conclusion

While the clinical manifestations, neuronal populations affected and proteins

involved differ widely between these diseases, energy metabolism perturbations

are often reported early in the course of these diseases’ progression. These meta-

bolic perturbations might result from the various environmental and genetic risk

factors that drive these pathologies as it is already well acknowledged for mutations

that affect directly mitochondrial functions. As a consequence, one can expect

AMPK overactivation to be an additional early feature of these disorders. Hence,

AMPK was suggested to participate in these diseases’ progression by contributing

in the establishment of the observed lesions mainly by regulating the clearance and

posttranslational modifications of the proteins forming the respective aggregates.

Additionally, AMPK chronic overactivation might participate in neurodegeneration

by repressing energy-consuming pathways.

Given the demographic trend towards an aging population, the prevalence of

these neurodegenerative diseases and thus their socioeconomic burden will con-

tinue to increase dramatically in the next decades. The current treatments are only

symptomatic; there are no therapies available to cure these diseases. As a conse-

quence, there is a need to better understand the underlying disease mechanisms in

order to underpin the development of new diagnostic and therapeutic approaches. In

this context, AMPK signaling pathways might be particularly interesting.
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Abstract This chapter summarizes the implication of AMP-activated protein

kinase (AMPK) in the regulation of various physiological and pathological cellular

events of great importance for the maintenance of cardiac function. These include

the control of both metabolic and non-metabolic elements targeting the different

cellular components of the cardiac tissue, i.e., cardiomyocytes, fibroblasts, and

vascular cells. The description of the multifaceted action of the two AMPK

catalytic isoforms, α1 and α2, emphasizes the general protective action of this

protein kinase against the development of critical pathologies like myocardial

ischemia, cardiac hypertrophy, diabetic cardiomyopathy, and heart failure.

Keywords AMPK • Heart • Ischemia • Ischemia-reperfusion • Metabolism •

Myocardial infarction • Hypertrophy • Fibrosis • Left ventricular remodeling •

Heart failure

8.1 Historical View

AMP-activated protein kinase (AMPK) has been firstly investigated in the heart by

Lopaschuck’s lab in the mid-1990s (Kudo et al. 1995; Kudo et al. 1996). At that

time, AMPK was known to be activated under various stress conditions elevating

cellular AMP concentration. They nicely and logically showed that cardiac ische-

mia, a notable metabolic stress condition, induced potent AMPK activation, being

responsible for the decrease in malonyl-CoA, the inhibition of acetyl-CoA carbox-

ylase, and the concomitant increase in fatty acid oxidation rate that occur during

reperfusion phase. Several other putative metabolic downstream targets of AMPK

were identified in the ischemic heart thereafter. Amongst them, we can cite

6-phosphofructo-2-kinase (PFK2), which promotes anaerobic glycolysis, the sole

way to generate ATP during an ischemic episode (Marsin et al. 2000). Glucose

uptake was also similarly demonstrated to be stimulated by AMPK activators in the

heart (Russell et al. 2004). AMPKα2 is the main catalytic subunit expressed in the

heart, and its activation during ischemia is fully dependent on the upstream kinase

Liver Kinase B1 (LKB1) (Cheung et al. 2000; Sakamoto et al. 2006). However,

both AMPKα1 and α2 catalytic subunits are activated by cardiac ischemia (Marsin

et al. 2000). Construction of varied transgenic mouse models has permitted us to

partially decipher the role of AMPKα2 catalytic subunit in metabolic control and

more generally to reveal the protective action of AMPK during myocardial ische-

mia (Russell et al. 2004; Xing et al. 2003; Zarrinpashneh et al. 2006). But cardiac

AMPK operates beyond metabolism. Indeed, it has been firstly demonstrated that

AMPK can phosphorylate and activate the endothelial nitric oxide synthase (eNOS)

(Chen et al. 1999). Subsequently, numerous studies illustrated non-metabolic

functions of AMPK, particularly AMPKα1, in fibroblasts, endothelial, and smooth

muscle cells. Currently, it is well established that AMPK has a broader scope than

the simple metabolic protective action during myocardial ischemia (Daskalopoulos

et al. 2016).
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8.2 Actions and Targets of AMPK in the Heart

8.2.1 Energy Metabolism

Once activated by energetic stress, AMPK modulates a variety of physiological

processes in order to maintain sufficient ATP levels for sustaining the contractile

function and membrane ionic gradients that are both important for the preservation

of cell function and viability (Weiss and Hiltbrand 1985; Horman et al. 2012). This

involves the stimulation of glucose utilization, fatty acid oxidation, and mitochon-

drial biogenesis through the phosphorylation of key metabolic enzymes and tran-

scription factors (see Fig. 8.1 that outlines the different AMPK targets in the heart).

AMPK promotes the uptake and anaerobic metabolism of glucose by phosphory-

lating Akt substrate of 160 kDa (AS160) and 6-phosphofructo-2-kinase (PFK2).

AS160 is a Rab GTPase-activating protein (RabGAP) regulating trafficking of

storage vesicles containing the glucose transporter type 4 (GLUT4) to the cell

surface (Fukuda 2011). AMPK-induced phosphorylation of AS160 inhibits its

GAP activity, elevates GTP-bound Rab protein, and thereby promotes GLUT4

translocation to the cell surface and glucose import into the cardiomyocytes

AMPKα1/α2

Fatty acid uptake
LPL, AS160

Fatty acid and 
cholesterol 
synthesis

ACC, HMGCR

Mitochondrial 
biogenesis

eNOS, PGC-1α

Glycolysis
Glucose uptake

PFK2, AS160

Αutophagy
mTOR, ULK1

Cell death
JNK, mPTP 

Glycogenesis
GS

Protein
synthesis

mTOR, eEF2K

Myofibroblast
maturation

TGF-β1, α-SMA 
LOX

Oxidative stress
NOX

Fig. 8.1 Main molecular targets of AMPK in the heart. See text for more details. Abbreviations:

a-SMA alpha-smooth muscle actin, ACC acetyl-coenzyme A carboxylase, AMPK AMP-activated

protein kinase, AS160 Akt substrate of 160 kDa, eEF2K eukaryotic elongation factor 2 kinase,

eNOS endothelial nitric oxide synthase, GS glycogen synthase, HMGCR 3-hydroxy-3-methyl-

glutaryl-CoA reductase, JNK c-Jun terminal kinase, LOX lysyl oxidase, LPL lipoprotein lipase,

mPTP mitochondrial permeability transition pore, mTOR mammalian target of rapamycin, NOX
NADPH oxidase, PFK2 6-phosphofructo-2-kinase, PGC-1α peroxisome proliferator-activated

receptor-gamma coactivator 1α, TGF-β1 transforming growth factor-β1, ULK1 Unc-51 like

autophagy activating kinase 1
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(Treebak et al. 2006; Kramer et al. 2006). In addition, AMPK inhibits the endocy-

totic cycling of GLUT4, which contributes to increase its membrane content (Yang

and Holman 2005). AMPK not only provides substrate for glycolysis but also

promotes the production of ATP through the direct phosphorylation and activation

of PFK2 (Marsin et al. 2000). The phosphorylation of PFK2 leads to an enhance-

ment of fructose 2,6-bisphosphate, the most potent stimulator of 6-phosphofructo-

1-kinase which is the key regulating enzyme of the glycolytic flux. In addition,

AMPK is critical for facilitating both fatty acid uptake and oxidation. It promotes

the delivery of fatty acids to cardiomyocytes through the translocation of lipopro-

tein lipase (LPL) on the endothelial surface in the heart (An et al. 2005). Moreover,

AS160 phosphorylation also recruits the fatty acid transporter CD36 to the cell

surface (Samovski et al. 2012). Lastly, acetyl-coenzyme A (CoA) carboxylase

(ACC) phosphorylation and inhibition lead to a decrease in the intracellular con-

centration of malonyl-CoA, an inhibitor of fatty acid import into mitochondria,

accelerating fatty acid oxidation (Kudo et al. 1995). The rise in fatty acid oxidation

takes place shortly after the end of ischemia, during the first moment of reperfusion,

a period during which oxygen is available and AMPK still activated. AMPK may

also inhibit ATP-consuming pathways by phosphorylating glycogen synthase (GS),

ACC, or 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR), involved in gly-

cogen, lipid, and cholesterol synthesis, respectively (Hardie 2007; Hue and Rider

2007; Beauloye et al. 2011).

In addition to regulating key enzymes involved in cardiac fatty acid and glucose

metabolism, AMPK also phosphorylates transcription factors such as peroxisome

proliferator-activated receptor-gamma coactivator 1α (PGC-1α) (Patten and Arany

2012) and forkhead box O (FoxO) (Kubli and Gustafsson 2014). These proteins

play an important role in the long-term regulation of cardiac energetic homeostasis

(Ronnebaum and Patterson 2010). AMPK-mediated phosphorylation of PGC-1α
stimulates mitochondrial biogenesis and subsequently improves metabolism of

fatty acids (Patten and Arany 2012). FoxO family of proteins, in particular

FoxO1 and FoxO3, are expressed in the diseased heart (Puthanveetil et al. 2013).

In vitro studies have shown that these factors can be phosphorylated and activated

by AMPK and regulate metabolism in various cell types, including cardiomyocytes

(Sengupta et al. 2013; Dixit et al. 2008; Evans-Anderson et al. 2008). For example,

they promote the transcription of CD36 and GLUT4 genes, which may improve

fatty acid and glucose uptake into cardiomyocytes (Philip-Couderc et al. 2008).

FoxO proteins also have an indirect impact on metabolism by stimulating mito-

chondrial biogenesis and fatty acid oxidation through an increase in PGC-1α
(Armoni et al. 2006).

8.2.2 Protein Synthesis

Mammalian target of rapamycin (mTOR) is a central mediator of protein synthesis

and cell growth (Tan and Miyamoto 2016; Sciarretta et al. 2014). Its inhibition has a
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critical relevance for cardiac hypertrophy and results from the AMPK-mediated

phosphorylation of upstream factors, such as tuberous sclerosis complex 2 (TSC2)

and Raptor (Inoki et al. 2003; Gwinn et al. 2008). mTOR inhibition leads to the

suppression of p70 ribosomal S6 protein kinase (p70S6K) and 4E-binding protein-1

(4E-BP1), both involved in the initiation of protein synthesis and cell growth

(Bertrand et al. 2008). In addition, AMPK may directly phosphorylate and activate

eukaryotic elongation factor 2 kinase (eEF2K), thereby inhibiting the elongation

phase of protein synthesis through eEF2 phosphorylation and inhibition (Horman

et al. 2012). In vitro experiments have further shown that activation of AMPK by

adenoviral infection blocks cardiac hypertrophy and the calcineurin-nuclear factor

of activated T cells (NFAT), nuclear factor kappa B (NF-kB), and mitogen-

activated protein kinase (MAPK) signal pathways (Chan et al. 2008; Li et al. 2007).

8.2.3 Cell Survival and Oxidative Stress

In addition to regulating metabolism, FoxO1 induction protects cultured

cardiomyocytes against the oxidative stress response by mediating autophagy

(Ronnebaum and Patterson 2010; Ning et al. 2015). Autophagy promotes cell

survival by removing malfunctioning mitochondria and recycling substrates for

cellular metabolism. AMPK also promotes autophagy by inhibiting mTOR, known

to be a master regulator of this pathway (Meley et al. 2006; Kim et al. 2011a).

Finally, AMPK can induce cardiomyocyte autophagy via direct phosphorylation of

the Unc-51 like autophagy activating kinase 1 (ULK1), an inducer of autophagy

(Kim et al. 2011a; Herrero-Martin et al. 2009).

Endoplasmic reticulum (ER) stress resulting in the accumulation of unfolded or

misfolded proteins is another feature of cardiac injury (Kaufman 2002). ER stress

induces apoptosis associated with transcriptional induction of C/EBP homologous

protein (CHOP), activation of caspase 12, and c-Jun terminal kinase (JNK) path-

ways (Oyadomari and Mori 2004; Nakagawa et al. 2000; Urano et al. 2000). By

inhibiting protein synthesis, intrinsic AMPK activation may indirectly protect the

heart through an attenuation of ER stress and its subsequent cell death pathways.

AMPK has also an important action in regulating mitochondrial reactive oxygen

species (ROS) production (Zaha et al. 2015). It has been suggested that AMPK is

involved in the transcriptional regulation of anti-oxidative enzymes, including

thioredoxin reductase 2, superoxide dismutase, glutathione peroxidase, and NAD

(P)H dehydrogenase (Howden 2013). However, analysis of mitochondrial prote-

ome indicates that AMPK does not alter the expression of anti-oxidative compo-

nents in the heart and is more likely involved in the preservation of mitochondrial

integrity during ischemia (Zaha et al. 2015). By preventing an excessive mitochon-

drial ROS production, AMPK reduces the subsequent JNK activation and thereby

protects against mitochondrial permeability transition pore (mPTP) opening (Zaha

et al. 2015; Paiva et al. 2011). The latter can disrupt mitochondrial function and is
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therefore a crucial event in triggering cell death during an ischemic episode

(Lemasters 1999).

Finally, AMPK can regulate cytosolic ROS production in isolated

cardiomyocytes by indirectly inhibiting NADPH oxidase (NOX) activity (Balteau

et al. 2014). It can also be a regulator of NOX2/4 expression in the heart, limiting

ROS production (Balteau et al. 2014).

8.2.4 Non-myocyte Targets

AMPK is expressed in cardiomyocytes but also in non-myocyte cell types, namely,

fibroblasts (Hermida et al. 2013; Noppe et al. 2014), endothelial cells (Castanares-

Zapatero et al. 2013), smooth muscle cells (Horman et al. 2008; Schneider

et al. 2015), and mesenchymal stem cells (de Meester et al. 2014). In cardiac

fibroblasts (CF), the transforming growth factor-β (TGF-β) signaling is in close

association with AMPK (Noppe et al. 2014). TGF-β1, the predominant isoform in

the myocardium, is the major determinant of the CF activation/differentiation

following injury (Desmouliere et al. 1993). AMPK deletion leads to an inhibition

of the TGF-β pathway and subsequent impaired maturation of myofibroblasts

(Noppe et al. 2014). Conversely, a role for AMPK activation in the inhibition of

the TGF-β-mediated differentiation of myofibroblasts has been described in several

studies (Mishra et al. 2008; Wu et al. 2015). In endothelial cells, AMPK phosphor-

ylates and activates the eNOS (Chen et al. 1999; Reihill et al. 2007). A mechanism

involving the AMPK-dependent inhibition of the 26S proteasome through its

O-GlcNAcylation has also been proposed to protect against endothelial dysfunction

(Xu et al. 2012). In addition, activated AMPK preserves the endothelial barrier

integrity by regulating the expression/phosphorylation of proteins involved in

intercellular junctions (Castanares-Zapatero et al. 2013). Finally, in vascular

smooth muscle, AMPK participates in the control of vascular tone through phos-

phorylation of myosin light chain kinase (MLCK) (Horman et al. 2012) and

phospholamban (Schneider et al. 2015), a regulator of the sarcoplasmic/endoplas-

mic Ca(2+)-ATPase (SERCA).

8.3 AMPK in Ischemia–Reperfusion Injury

AMPK is activated during low-energy cellular states, such as myocardial ischemia

(see Fig. 8.2 that summarizes cardioprotective actions of AMPK). It preserves the

energetic equilibrium by promoting glucose uptake and glycolysis, while decreas-

ing energy-consuming processes, through the various mechanisms described above.

The beneficial role of AMPK activation in the ischemic heart has been clearly

demonstrated in various mouse models where AMPK activation has been geneti-

cally impaired (Russell et al. 2004; Zarrinpashneh et al. 2006; Carvajal et al. 2007).
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However, when oxygen delivery is restored during reperfusion, the residual AMPK

activation increases fatty acid oxidation (accounting for the majority of ATP

production in the normal aerobic heart) by phosphorylating and inactivating

ACC, the enzyme that catalyzes the formation of malonyl-CoA, an inhibitor of

fatty acid import into mitochondria (Kudo et al. 1995). The effect of AMPK on fatty

acid oxidation has raised concerns regarding its protective role during early reper-

fusion (Dyck and Lopaschuk 2006). Indeed, fatty acid oxidation may attenuate

glucose oxidation via the Randle cycle, with a potential for increased oxygen

demand (Lopaschuk 2008). In addition, it should promote a detrimental uncoupling

of glycolysis and glucose oxidation during reperfusion and lead to acidosis (due to

increased lactate and proton production) and detrimental calcium overload (due to

the combination of sodium-proton exchange and sodium-calcium exchange) in the

reperfused heart (Dyck and Lopaschuk 2006). Nevertheless, in mice lacking

AMPKα2 or expressing a dominant-negative AMPK isoform, the myocardial

recovery is blunted after ischemia and during ischemia–reperfusion (I/R) (Russell

et al. 2004; Carvajal et al. 2007; Kim et al. 2011b). These studies support the notion

that a beneficial effect of AMPK prevails over its putative deleterious action during

reperfusion. In this context, it is not surprising that pharmacological agents

targeting AMPK, such as metformin and the A-769662 compound, have

cardioprotective effects when administered in various animal models of I/R (Kim

et al. 2011b; Calvert et al. 2008; Foretz et al. 2014). A critical mechanism for

explaining the protective action of AMPK has been proposed by Zaha and
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Fig. 8.2 Main cardioprotective actions of AMPK. See text for more details. Abbreviations: AMPK
AMP-activated protein kinase, DCM diabetic cardiomyopathy, HF heart failure, I/R ischemia/

reperfusion, LV left ventricle, MI myocardial infarction

8 AMPK in Cardiovascular Diseases 185



collaborators in 2016 and involves specific actions of AMPK in maintaining

mitochondrial integrity and function during reperfusion (Zaha et al. 2015). Mito-

chondrial damage during I/R is primarily caused by opening of the mPTP that is

triggered by matrix calcium accumulation, adenine nucleotide depletion, and oxi-

dative stress, all features of I/R. It results in uncoupling of the respiratory chain,

efflux of calcium and small proteins such as cytochrome c, and mitochondrial

matrix swelling (Paiva et al. 2011). Activated AMPK increases mitochondrial

resistance to mPTP opening by counteracting ROS production and the subsequent

activation of the JNK signaling pathway (Zaha et al. 2015). These specific actions

contribute to maintain mitochondrial respiratory capacity in hearts exposed to I/R.

8.4 AMPK in Left Ventricular Remodeling After

Myocardial Infarction

I/R irremediably leads to ventricular remodeling. The term “ventricular

remodeling” refers to structural changes of the left ventricle (LV) that occur in

response to cardiac injury. Following myocardial infarction (MI), an inflammatory

response is initiated and drives a fibrogenetic process resulting in the replacement

of dead cardiomyocytes within the necrotic area by a stable fibrotic scar (reparative

fibrosis) (Daskalopoulos et al. 2014). This initial response is protective and critical

for wound healing and survival (adaptive remodeling). However, after several

weeks, fibrosis expands to the non-infarcted myocardium (interstitial and

perivascular reactive fibrosis) and can induce myocardial stiffness, resulting in

diastolic dysfunction. It may even impact the entire ventricle, causing its dilatation,

systolic dysfunction, and eventually leading to heart failure (HF) and death (Masci

et al. 2014; Weber et al. 1989).

AMPK is a central player in cardiac metabolic adaptation during I/R by pro-

moting, amongst other, cardiomyocytes survival (see Sect. 8.3). The protective role

of the AMPKα2 catalytic isoform has been demonstrated in vivo using specific

AMPKα2-inactivated mouse models of coronary occlusion (Carvajal et al. 2007;

Wang et al. 2009). However, it should be highlighted that AMPKα1 in

cardiomyocytes does not play a major role in limiting cell death during ischemia

(Noppe et al. 2014). This concept is supported by the work of Noppe and colleagues

showing that in AMPKα1-deficient mice subjected to a permanent coronary artery

ligation, infarct size and cardiomyocyte apoptosis are not affected compared to

wild-type mice. However, AMPKα1 plays a critical role during post-MI remodeling

through the regulation of CF fibrotic properties (Noppe et al. 2014). CFs are pivotal

for the maintenance of the extracellular matrix. They are also crucial in the

reparative response to MI and are involved in the pathogenesis of cardiac

remodeling (Daskalopoulos et al. 2012; Weber et al. 2013). They are activated

into myofibroblasts (normally absent from the healthy myocardium) that repair

necrotic areas, forming stable scars to preserve myocardial integrity and prevent
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cardiac rupture development. They express alpha-smooth muscle actin (α-SMA)

microfilaments and rapidly mount healing responses that involve contracting gran-

ulation tissue deposition and collagen fibrillogenesis (Daskalopoulos et al. 2012).

This transdifferentiation is induced by TGF-β, mechanical stress, and various other

growth factors (Porter and Turner 2009). AMPKα1 deficiency has been associated

with increased number of proliferative CFs in infarcted areas (Noppe et al. 2014).

However, these fibroblasts exhibit a myodifferentiation defect reflected by a robust

decline in the expression of α-SMA. Impaired myodifferentiation in AMPKα1-
deficient mouse heart infarcts is associated with a downregulation of the TGF-β/p38
MAPK signaling. In addition, lysyl oxidase (LOX) expression, a critical factor for

collagen cross-linking, is dramatically reduced in the infarct zone of AMPKα1-
deficient mouse hearts. These changes result in compromised scar contractility,

defective scar collagen maturation, and exacerbated LV dilatation 30 days after MI

(Noppe et al. 2014). In agreement, Cieslik and collaborators have demonstrated

that, in old infarcted mice, AMPK activation can increase LOX and α-SMA

expression and enhance collagen content in the necrotic area, contributing to a

better scar maturation (Cieslik et al. 2013). In addition, it decreases interstitial

collagen deposition in the remote myocardium. Other groups have demonstrated

this CF-suppressive effect of AMPK activation in various animal models (Hermida

et al. 2013; Wu et al. 2015; Chen et al. 2014). Importantly, AMPK activation might

also confer beneficial anti-fibrotic effects through its action on cardiomyocyte

survival or hypertrophy. Additionally, an indirect effect of myocytes to fibrosis

cannot be excluded, through paracrine signals or via intercellular junction proteins.

This makes assigning AMPK-mediated effects solely on cardiomyocytes or CFs

quite challenging. Further research using CF- or cardiomyocyte-specific AMPK-

deficient mice will help understand more about the fibrotic-mediating actions of

AMPK in the heart.

8.5 AMPK in Cardiac Hypertrophy

8.5.1 Cardiac Hypertrophy

Sustained mechanical stress of the myocardium, of variable etiology, ranging from

myocardial ischemia to volume and/or pressure overload, is the key stimulus for the

development of cardiac hypertrophy. Thus, cardiomyocyte hypertrophy is nothing

else than a cellular response to increase load on the heart muscle. It has to be noted

that hypertrophy initially serves an important adaptive role in order to preserve an

adequate cardiac output. However, if the presence of the injurious stimulus is

extended (e.g., chronic untreated hypertension), then hypertrophy becomes mal-

adaptive and leads to remodeling and dysfunction that may even progress to HF

(Frey and Olson 2003). There is a myriad of signaling pathways driving the cardiac

hypertrophic response (Heineke and Molkentin 2006). Furthermore, cardiac
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hypertrophy is associated with drastic changes in the metabolic pathways of the

myocyte, which can cause defects in cardiac energetics, also leading to cardiac

dysfunction (Nascimben et al. 2004). AMPK is a principal regulator of the meta-

bolic pathways of the cardiomyocyte (Horman et al. 2012) and so it has attracted

great interest as a target in anti-hypertrophic strategies.

8.5.2 Role of AMPK in Cardiac Hypertrophy

The most characteristic attribute of hypertrophy is an augmentation of

cardiomyocyte size, which eventually leads to a thickening of the LV walls

(concentric hypertrophy). Cardiac metabolism dysregulation is a pivotal compo-

nent of the hypertrophic response, and actually the metabolic dysfunction appears

to be a crucial inhibitory factor regulating the structural and functional dysfunction

of the heart muscle (Kundu et al. 2015). AMPK, being the “fuel gauge” of the

cardiomyocyte, can thus play a paramount role in this complex and progressive

process. At first, the finding that AMPK expression is induced in the hypertrophic

heart was regarded as a sign of a noxious role of AMPK in cardiac hypertrophy

(Tian et al. 2001), coming in complete disagreement with the theory for AMPK’s
cardioprotective action. It was later realized that the increase in AMPK activity in

hypertrophy occurs lately and is due to the disturbances in energy status of the heart

and is practically an adaptive response to the increased energy needs of the anabolic

processes involved in hypertrophy (Horman et al. 2012). The most important

upstream kinase controlling cardiac AMPK is LKB1. It has been shown that

deletion (Ikeda et al. 2009) or inhibition (Dolinsky et al. 2009) of LKB1 in

cardiomyocytes can have detrimental pro-hypertrophic effects and this is associated

with a suppression of AMPK activation (Ikeda et al. 2009), while on the other hand

stimulation of AMPK can reverse them. The observed effects were also found to be

related to a modulation of protein translation process under the control of both

mTOR/p70S6K (Ikeda et al. 2009; Dolinsky et al. 2009) and eEF2 (Ikeda

et al. 2009) signaling pathways (discussed below). Quite recently, it was confirmed

that any disturbance in the LKB1/AMPK activation can produce robust

pro-hypertrophic effects. This includes the deletion of the C terminus of HSC70-

interacting protein—a chaperone protein linked to LKB1—which leads to inhibited

AMPKα activation and a dramatic hypertrophic response (Schisler et al. 2013).

Metformin and losartan can activate AMPK and produce robust suppression of

hypertrophy in isolated cardiomyocytes with Hernandez and colleagues also pro-

viding evidence for a role of mitochondria in this process (Hernandez et al. 2014).

Similarly, chronic activation of AMPK after aortic banding confers

cardioprotective effects by preventing the deleterious effects of hypertrophy

(Li et al. 2007).

AMPK appears to hold an essential role in hypertrophy. Nevertheless, two

burning questions emerge. How does it attain these cardioprotective effects and

which processes and cross talking mechanisms are involved in the anti-
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hypertrophic effects of AMPK? The major prerequisites for the initiation and

propagation of cardiac hypertrophy are cell growth, protein synthesis, transcription

of hypertrophy-related genes, cytoskeleton amplification, and expanded organiza-

tion of the sarcomere (Frey and Olson 2003), but also adequate energy levels to fuel

these anabolic processes. All these elements have been linked to AMPK (Horman

et al. 2012). First, signaling pathways modulating protein synthesis and involved in

the cardiac hypertrophic response are influenced by AMPK. The eEF2 plays a

prominent role in protein synthesis by assisting in the translocation of the ribosome

during peptide-chain elongation. eEF2 is phosphorylated and then inactivated by

AMPK, leading to a suppression of protein synthesis (Horman et al. 2002). There is

strong evidence (Chan et al. 2008; Chan et al. 2004) proving that the anti-

hypertrophic effect of pharmacological activation of AMPK is, at least partially,

eEF2 mediated. The Akt/mTOR/p70S6K axis is another major regulator of protein

synthesis (Zanchi and Lancha 2008), with p70S6K acting as the promoter of mRNA

translation (Proud 1996). The role of mTOR/p70S6K pathway in the anti-

hypertrophic action of AMPK has been established in vitro (Chan et al. 2004) but

also in vivo. AMPKα2-deficient mice were dramatically affected by LV hypertro-

phy after pharmacologically induced pressure overload (using isoproterenol)

(Zarrinpashneh et al. 2008) or following aortic banding (Zhang et al. 2008). In

both cases, hypertrophy was enhanced by AMPKα2 deletion, and elevated levels of
p70S6K were found to be the culprit for the induction of protein synthesis and cell

growth. In addition, AMPK activation by metformin was able to suppress the

Akt/mTOR axis and prevent hypertrophy following aortic banding, but only in

mice with intact AMPKα2, signifying the decisive importance of this signaling

pathway in the regulation of LV hypertrophy (Fu et al. 2011).

An essential role of autophagy has been established during compensatory hyper-

trophy, as well as in later stages, when hypertrophy becomes maladaptive and

progresses to HF. Autophagy is generally considered to be a protective mechanism,

promoting cell survival and cellular homeostasis. Autophagy is shown to be a key

player for the protein quality control and the clearance of malfunctioning mito-

chondria, both crucial factors in the hypertrophic heart (Li et al. 2015). AMPK

activation by 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR) or

metformin confers mTOR-dependent pro-autophagic actions and suppresses car-

diac hypertrophy following transverse aortic banding (Li et al. 2014). Furthermore,

high-fat diet in adiponectin-deficient mice leads to an inhibition of AMPK activity

and suppressed autophagy which possibly mediate hypertrophy and LV dysfunction

development (Guo et al. 2013).

Transcriptional remodeling is another major point where AMPK can operate in

order to confer anti-hypertrophic effects. The NFAT axis is a typical example

(Chan et al. 2008). Calcineurin dephosphorylates NFAT; this leads to the translo-

cation of the latter into the myocyte’s nucleus, where it activates the transcription of
a wide range of target genes that are associated with hypertrophy (Wilkins and

Molkentin 2004). AICAR (Li et al. 2007) and resveratrol (Chan et al. 2008) have

shown very promising results activating AMPK and thus preventing cardiomyocyte

hypertrophy, most probably by indirectly preventing NFAT translocation into the
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nucleus. Furthermore, AMPK cross talks with other (but less extensively studied)

factors, which play important roles in the transcriptional control of hypertrophy,

namely, the extracellular signal-regulated kinases (ERK), the FoxO1/muscle

RING-finger protein-1 (FoxO1/MuRF1) axis, and c-myc. ERK is known to be

induced following pressure overload. Transgenic animals that possess attenuated

Gq-signaling (including an inactivated ERK signaling pathway) show suppressed

ERK activity and an inhibition of hypertrophy after transverse aortic constriction

(Esposito et al. 2001). Adiponectin KO mice (showing depressed AMPK activity)

demonstrate exacerbated hypertrophy—associated with increased ERK signaling—

after pressure overload, but adenoviral adiponectin treatment reverses these effects

(Shibata et al. 2004). MuRF1 has been suggested as a crucial player in regulating

pro- and anti-hypertrophic signals in the cardiomyocytes. It is localized in various

important areas of the myocyte (microtubules, sarcomere, around and inside the

nucleus, etc.) and can antagonize hypertrophy in vitro (Arya et al. 2004). FoxO1,

MuRF1, and AMPK are upregulated after cardiomyocytes are treated with AICAR,

leading to an attenuation of hypertrophy, while silencing MuRF1 prevents the

AICAR/AMPK-mediated effects (Chen et al. 2010). Lastly, c-myc and AMPK

have been suggested to cooperate tightly in the control of metabolic functions

and actions on mitochondria (Edmunds et al. 2015). Li and collaborators confirmed

the importance of adiponectin and its receptors (AdipoR1/R2) in cardiac hypertro-

phy and provided surprising evidence for a complex axis involving Angiotensin II

type 1 (AT1) receptors, oxidative stress, ERK, c-myc, and AMPK in the hypertro-

phic response (Li et al. 2013).

Various groups have focused on AMPK as a promising target for novel anti-

hypertrophic strategies that could attenuate the development and further progres-

sion of hypertrophy. Treatment with the antidiabetic drug metformin attenuates

hypertrophy following TAC (Fu et al. 2011; Zhang et al. 2011). It should be noted

that the mode of action of metformin is still not completely understood. AMPKα2 is
shown to be essential for the anti-hypertrophic actions of metformin

(Fu et al. 2011); however two groups have challenged this theory (Xu et al. 2014;

Yin et al. 2011). Thus, more research is urgently needed to delineate the roles and

mode(s) of action of metformin in hypertrophy. The AMPK specific activator,

AICAR, can attenuate hypertrophy and improve cardiac function in a rat transverse

aortic constriction model (Li et al. 2007). Furthermore, adenoviral overexpression

of adiponectin leads to induced AMPK activity and an attenuation of hypertrophy

already 1 week after transverse aortic constriction. The adiponectin-mediated

increase in AMPK activity demonstrates beneficial anti-hypertrophic effects in

adiponectin-deficient animal model as well as in wild-type and db/db diabetic

mice, manifesting the dexterity of AMPK’s action (Shibata et al. 2004). Lastly,

Dolinsky et al. provided robust evidence on the LKB1/AMPK-mediated

cardioprotective effects of resveratrol in hypertensive rodents (Dolinsky

et al. 2013), confirming earlier in vitro-generated results of the same group (Chan

et al. 2008). This evidence provides a basis for the investigation of AMPK as a

potential pharmacological target in order to halt/prevent cardiac hypertrophy and its

pernicious repercussion, HF.
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8.6 AMPK in the Transition From Cardiac Injury to Heart

Failure

Similarly to MI, hypertrophy frequently leads irremediably to adverse cardiac

remodeling and HF. The transition from hypertrophy (compensated dysfunction)

to organ failure (decompensated dysfunction) is associated with several molecular

signals and cascades that play essential roles (Lips 2003). Hypertrophy and HF are

associated with energy depletion (Neubauer 2007), and this has sparked extensive

interest in the actions of AMPK and its potential as a novel target to prevent HF

development (Beauloye et al. 2011). The first report on the crucial role of AMPKα2
following pressure overload was given by Zhang et al. They showed that the

deletion of AMPKα2 can have detrimental effects on fibrosis and cardiac function,

aggravate hypertrophy, and promote HF development following aortic banding in

mice (Zhang et al. 2008). Concerning MI, metformin decreases mortality in a

mouse I/R model. These effects were associated with induction of the AMPK/

eNOS/PGC-1α axis (Gundewar et al. 2009) and were lost in AMPKα2 KO mice,

confirming the findings of Zhang et al. Lastly, Sasaki and colleagues demonstrated

the cardioprotective effects of AMPK activation in the canine rapid-pacing model,

which is a well-established model of HF. It has to be noted here that the dog-pacing

model does not lead to hypertrophy; however, the HF-halting effects of treatment

are undisputable. Metformin or AICAR treatment activated AMPK; suppressed

fibrosis, apoptosis, and oxidative stress; and led to a halting of the progression of

HF (Sasaki et al. 2009).

The pleiotropic cardioprotective actions of AMPK extend well beyond its effects

on energy deficiency, protein synthesis, and cell growth. The transition of LV

compensated hypertrophy to decompensated hypertrophy and HF is a multifactorial

and complex process. It involves several factors that run parallel with hypertrophy,

such as fibrosis, oxidative stress, autophagy, and angiogenesis.

AMPK has been established as an essential player in the regulation of fibrosis in

various cardiovascular pathologies (see Sect. 8.5). Adiponectin deficiency demon-

strates suppressed AMPK activity, which is associated with hypertrophy, interstitial

fibrosis, and adverse LV remodeling after transverse aortic constriction (Shimano

et al. 2010). Lastly, pioglitazone (a thiazolidinedione antidiabetic) treatment can

affect AMPK levels and attenuate Angiotensin-II-mediated fibrosis and adverse

cardiac remodeling (Li et al. 2010), underscoring the role of AMPK as a truly

pleiotropic regulator (Daskalopoulos et al. 2016).

Oxidative stress is a well-established factor playing a noxious role in the

development of hypertrophy and HF. ROS produced by NOX isoforms are impli-

cated in hypertrophy development and its progression to failure (Murdoch

et al. 2006). In vitro work with cardiomyocytes has shown that Angiotensin-II-

mediated hypertrophy is driven by Nox2 (Nakagami et al. 2003). Furthermore,

there is strong evidence that deletion of Nox2 in mice leads to dramatically

suppressed hypertrophy following Angiotensin-II infusions (Bendall et al. 2002).

AMPK activation has been known to confer important oxidative stress-mediator
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roles in the heart, and thus it can protect the myocardium from hypertrophy. The

AMPK activator A-769662 suppresses ROS production and prevents

cardiomyocyte cell death in an in vitro model of ischemia (Timmermans

et al. 2014). AMPK activation can attenuate NOX2 in cardiomyocytes (AMPKα2
isoform) (Balteau et al. 2014), while metformin treatment has anti-hypertrophic

effects on myocytes via an inductive effect on eNOS (Hernandez et al. 2014).

Finally, exercise training can reduce NOX4 levels, limit ROS production, and

suppress isoproterenol-induced hypertrophy but only in mice with intact

AMPKα2 (Ma et al. 2015), signifying its importance for the hypertrophic process

leading to HF.

A basal level of autophagy is paramount for the normal functioning of the

cardiomyocyte, since it can regulate oxidative stress, cell death, energy sources,

and protein quality control. Nevertheless, dysregulation can lead to hypertrophy

and has been linked to HF development (Li et al. 2015), while restabilization of

aberrant autophagy was shown to halt HF (Sun et al. 2013). AMPK has been

suggested as a regulator of postischemic autophagy and cardiomyocyte survival

by eradicating damaged (ROS producing) mitochondria (mitophagy) (Matsui

et al. 2007; Takagi et al. 2007). ULK1 is an inducer of autophagy and can be

suppressed by mTOR. By inhibiting mTOR and by phosphorylating and activating

ULK1, AMPK induces autophagy, suppresses hypertrophy, and prevents cardiac

dysfunction following pressure overload (Li et al. 2014; Lee et al. 2010).

Strong evidence suggests that angiogenesis plays important roles in the transi-

tion of hypertrophy to HF (Oka et al. 2014). As mentioned earlier, hypertrophy

leads to increased cardiomyocyte mass and contractile function. This increases the

demands in oxygen and nutrients, highlighting neovasculogenesis as a key player in

the hypertrophic response. It is characteristic that reduced or disturbed capillary

density (in contrast to normal blood vessel patterns) is associated with end-stage HF

(Karch et al. 2005; Shiojima et al. 2005). It appears that AMPK and the vascular

endothelial growth factor (VEGF), a key factor in the angiogenetic process (Isner

and Losordo 1999), are closely linked, as AMPK can stimulate VEGF (Ouchi

et al. 2005) and vice versa (Stahmann et al. 2010). Shimano and collaborators

have provided proof that AMPK suppression leads to dysfunctional angiogenesis

(Shimano et al. 2010). This in turn causes dramatically increased hypertrophy and

speeds up the transition towards HF after pressure overload. The authors

highlighted the effects on neovasculogenesis and VEGF expression and showed

that activation of AMPK stimulates VEGF secretion in cardiomyocytes.

As a conclusion, it appears that AMPK plays a decisive role by halting the

progression of cardiac hypertrophy to heart failure. The cardioprotective effects of

AMPK might be conferred via actions that extend beyond its metabolic control,

such as effects on neovasculogenesis, autophagy, oxidative stress, fibrosis, and

others. Nevertheless, we have to shed more light into the exact effects of AMPK

activation during the various stages of hypertrophy development and get an insight

into which cardioprotective effects of AMPK play the most prominent role and

what the optimal timing for intervention is. More research is urgently required in
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order to shed light into the mysteries of AMPK, its anti-hypertrophic effects, and its

potential as a novel target in strategies against HF.

8.7 AMPK in Diabetic Cardiomyopathy

Diabetic cardiomyopathy (DCM) is a serious LV pathology that establishes in the

setting of diabetes mellitus (DM), independently of other comorbidities such as

coronary heart disease and hypertension. It is characterized by diastolic (at first) and

systolic (which usually follows) LV dysfunction (Falcao-Pires and Leite-Moreira

2012), and without proper treatment it can progress to HF (Kannel et al. 1974).

There is a wide range of factors involved in the progression of DCM including

insulin resistance (Hintz and Ren 2002), hyperglycemia (which leads to further

disturbances in free fatty acid utilization and calcium handling) (Falcao-Pires and

Leite-Moreira 2012), hypertrophy (Levy et al. 1990), and fibrosis (Martinez

et al. 2003).

Daniels and collaborators established an association between low AMPK activ-

ity, cardiac metabolic inefficiency, and reduced contractile ability in db/db mice

(a model of type 2 DM) (Daniels et al. 2010). They postulated that DM affects

AMPK activation, which in turn negatively affects the energetic capacity of the

myocardium, leading to depressed contractile function. In OVE26 mice, a type

1 DM model, authors provided evidence for an autophagy-related role of AMPK

(Xie et al. 2011). These mice demonstrate LV dysfunction, suppressed AMPK

activity, and reduced autophagy compared to their wild-type littermates. They

also showed that when DM is induced in mice with deficient AMPKα2, this has
detrimental effects on autophagy levels, LV function, and mortality. Treatment

with metformin attenuated the cardiac dysfunction only in wild-type but not in

AMPKα2-deficient mice, indicating the crucial role of the latter in DCM develop-

ment. Fibrosis is another important contributor in LV dysfunction and AMPK

demonstrates anti-fibrotic effects in both diabetic mice (He et al. 2013) and rats

(Lee et al. 2012). It has been also shown that AMPK activation improves insulin

sensitivity of insulin-resistant cardiomyocytes (Bertrand et al. 2006; Ginion

et al. 2011). Lastly, ROS production is a well-established etiology for the devel-

opment of DCM (Seddon et al. 2007). Balteau et al. showed that AMPK activation

in cardiomyocytes can suppress NOX2-mediated ROS and inhibit glucotoxicity

(Balteau et al. 2014). Similar anti-oxidative stress actions conferred by AMPK

activation have been shown in animal studies (Zhang et al. 2014).
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Abstract This chapter focuses on the role of AMPK as a stress-response molecule

with an emphasis on its duplex implication in carcinogenesis and cancer drug

resistance. AMPK is closely correlated to the tumor-suppressive functions of

LKB1 and P53, consequently modulating the activity of cellular survival signaling

such as mTOR and Akt, leading to cell growth inhibition and cell cycle arrest. On
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the contrary, AMPK is tightly involved in cancer drug resistance via interacting

with multiple known mechanisms of chemoresistance such as ABCG2 expression,

autophagy induction, and cancer stem cells enrichment. Targeting AMPK has

become a novel strategy for cancer prevention and treatment.

Keywords AMPK • Carcinogenesis • Cancer drug resistance • Stress-response •

Cancer prevetion

9.1 Introduction

According to GLOBOCAN 2012, an estimated 14.1 million new cancer cases and

8.2 million cancer-related deaths occurred in 2012. Meanwhile, it is expected that

the global cancer burden would grow to 21.4 million new cancer cases and 13.2

million cancer deaths by 2030 (Ferlay et al. 2012). Although great success have

been made in the treatment of some cancer, including chronic myeloid leukemia,

acute promyelocytic leukemia, breast cancer, Hodgkin’s lymphomas, and testicular

cancers, prevalence estimates for 2012 showed that only 32.6 million cancer

patients survive in the previous five years (Ferlay et al. 2012). Therefore, a deeper

investigation into molecular network underlying cancer initiation and development

is urgently needed in the future.

Since the 1920s, it has been known that cancer cells possess the unique meta-

bolic characteristics, which are distinguishable from benign cells. However, it was

only in the past decade that the reprogramming of energy metabolism has been

acknowledged as one of cancer hallmarks (Cantor and Sabatini 2012). Besides,

cancer is a stress-related disease. During evolution from normal cells to malignant

cells, cells must face various types of stress stimulus, such as oncogene activation,

hypoxia condition, nutrient deprivation, and chemo- and radiotherapy. Under stress

stimulation, cells have to maintain energy homeostasis to provide enough nutrients

to support cancer survival and growth (Pazarentzos and Bivona 2015). One of the

representative molecules linking cell metabolism and cancer is 50-AMP-activated

protein kinase (AMPK). AMPK governs overall cellular homeostasis by modulat-

ing the metabolism of sugars, fats, and proteins. Once activated, AMPK can

promote catabolic processes to generate ATP, thereby assisting cells evading

from death and resulting in drug resistance and metastasis. On the other hand,

AMPK is also reported to be positively associated with tumor suppressor genes

such as p53 and LKB1. Therefore, AMPK activation will lead to cell cycle arrest

and tumor growth inhibition, thus playing a critical role in cancer prevention

(Li et al. 2015). AMPK activator metformin is also reported to be effective in

decreasing cancer risk. Meanwhile, emerging natural chemoprevention compounds

are also found active in upregulating AMPK. Based on the current findings, AMPK

may play a duplex role in cancer development. In the early phase, AMPK may
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function as a tumor suppressive molecule and its loss would lead to tumor initiation

and growth, whereas in the later phase, AMPK activation would protect cancer cells

from death-inducing events by maintaining intracellular homeostasis and finally

lead to cancer drug resistance and metastasis.

Herein, we summarized AMPK signaling in cancer development and discussed

its duplex role in carcinogenesis and drug resistance. Finally, we introduced drug

discovery targeting AMPK. An improved understanding of AMPK molecular

network will shed novel light in cancer prevention and treatment.

9.2 AMPK Signaling

AMPK has been widely found in plants, yeast, and mammalian cells and was the

first kinase that was shown to be regulated by cellular energy state. In humans,

AMPK is a heterotrimer consisting of a catalytic α (α1, α2) subunit and regulatory β
(β1, β2) and γ (γ1, γ2, γ3) subunits and therefore could form at least 12 possible

heterotrimeric combinations (Fig. 9.1) (Ahmed and Li 2007). AMPK is activated

during situations in which the cellular level of ATP is decreased and the relative

level of ADP/AMP is increased, such as stressful conditions induced by glucose

deprivation, hypoxia, tissue ischemia, or muscle excise (Shirwany and Zou 2014a).

During activation, AMP or ADP can directly bind to the γ subunit of AMPK and

causes a conformational change that promotes phosphorylation of Thr-172 by

upstream kinases while inhibiting dephosphorylation by phosphatases. Once acti-

vated, AMPK exerts stimulatory effects on ATP-generation events including glu-

cose uptake, glycolysis, and fatty acid oxidation, while inhibits ATP-consuming

cellular events, such as protein synthesis or fatty acid synthesis. (Luo et al. 2005;

Hardie 2013; Xiao et al. 2011). Therefore, AMPK response to acute metabolic

stress is important for maintaining cell viability and escaping from death-related

crisis. In addition, chronic activation of AMPK not only brings metabolic adapta-

tion but also can contribute to genetic changes that assist the occurrence of

metabolic disorders such as diabetes, obesity, and cancer. (Hardie 2014).

AMPK activation by Thr172 phosphorylation is largely dependent on its

upstream kinase LKB1, which is a tumor suppressor gene lost in the inherited

cancer order Peutz–Jeghers syndrome (Shirwany and Zou 2014b). It has been

demonstrated that in LKB1-deficient mice, the AMPK activity is greatly reduced

(Sanli et al. 2014). Meanwhile, metformin or excise-induced AMPK activation was

also blocked by LKB1 inhibition (Mihaylova and Shaw 2011). In addition to

regulating AMPK phosphorylation, LKB1 was also demonstrated to be effective

in phosphorylating another 12 kinases relating to AMPK, including MARKs

(microtubule affinity regulating kinases; 1–4), SIKs (salt-inducible kinases; 1–3),

BRSKs (brain-specific kinases; 1 and 2), and NUAKs (1 and 2) (Wan et al. 2014).

Besides LKB1, Thr-172 can be also phosphorylated by the Ca2+/calmodulin-
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dependent kinase kinases (CaMKKs); this mechanism might be responsible for

AMPK activation upon agonists that increase intracellular Ca2+ such as alpha-

lipoic acid or nicotine treatment (Hardie 2013; Lizcano et al. 2004). In addition,

some studies also suggested that the MAPKKK (mitogen-activated protein kinase

kinase kinase) family member TAK1 may be also involved in Thr-172 phosphor-

ylation, but further in vivo validation is still needed (Sakamoto et al. 2005; Shaw

et al. 2005).

The downstream enzymes inhibited by AMPK include mammalian homolog

target of rapamycin (mTOR), acetyl-CoA carboxylase (ACC), fatty acid synthase

(FAS), and glycerol phosphate acyltransferase (GPAT), which are key regulators of

protein, fatty acid, and glycerolipid synthesis, respectively (Hawley et al. 2005). By

inhibiting fat synthesis and promoting fat oxidation, AMPK activation would

generate enough ATP and NADH for maintaining cell survival. In addition,

Fig. 9.1 Domain organization of AMPK subunits. AMPK is composed of a catalytic subunit (α)
and two regulatory subunits (β and γ). The α subunit consists of an N-terminal kinase domain, an

autoinhibitory sequence (AIS), and a β-subunit interacting domain (β-SID). The β subunit is

N-terminally myristoylated and contains a carbohydrate-binding module (CBM) and C-terminal

αγ subunit-binding sequence (SBS). The γ subunit contains four cystathione β-synthase (CBS)

domains
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AMPK activation was found to promote mitochondrial biogenesis through directly

interacting with PGC1α (PPAR gamma coactivator 1alpha) and NRF1/2 (nuclear

respiratory factor 1 and 2), which are important transcriptors controlling genes

encoding respiratory chain complexes (Hurley et al. 2005; Xie et al. 2006). Fur-

thermore, it was found that AMPK activation could promote glucose uptake via

accurately translocating GLUT4 from intracellular storage vesicles to the plasma

membrane and chronically upregulating GLUT4 expression (Herrero-Martı́n

et al. 2009; Hardie and Alessi 2013). Finally, AMPK activation could inhibit

mTORC1 signaling via phosphorylating TSC2 or directly disrupting the combina-

tion between mTORC1 and Raptor. Since mTOR is critical in promoting protein

synthesis and autophagy inhibition, mTOR suppression would be favorable for

nutrients recycle to support cell survival under stressful conditions (Wan

et al. 2014; Yu and Yang 2010). We summarized the AMPK signaling pathway

in Fig. 9.2.

9.3 Duplex Role of AMPK in Cancer Development

Considering the tumor suppressor gene LKB1 served as the major upstream kinase

controlling AMPK activation, a strong link between AMPK and cancer was intro-

duced, and emerging studies indicated that this might be an intriguing area for

Fig. 9.2 AMPK activation and downstream cellular energy state. AMPK is activated when AMP

and ADP levels in the cells rise due to a variety of upstream stresses such as glucose deprivation,

hypoxia, or physical exercise. LKB1 is the upstream kinase activating AMPK by phosphorylating

its Thr172 site, whereas CAMKK2 activates AMPK in response to calcium increase. AMPK

activation leads to an increase in cellular process that generate ATP and a decrease in metabolism

process that consume ATP. AMPK mediates these effects by either direct actions on enzymes or

indirect regulation of gene expression listed in the middle yellow box
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exploration. Several studies suggested that AMPK activators, AICAR and metfor-

min, or overexpression of either α or β subunits of AMPK could inhibit the growth

of some cancer cells, whereas LKB1-deficient cancer cells are much less sensitive

to AMPK activators (Shi et al. 2011; Nishino et al. 2004; Xu et al. 2012; Green

et al. 2011). Meanwhile, AMPK activation was found to cause cell cycle arrest

associated with stabilization of p53 and the cyclin-dependent kinase inhibitors p21

and p27 (Sauer et al. 2012; Kasznicki et al. 2014; Xiao et al. 2012). In addition,

many cancers are characterized by increased expression and/or activity of enzymes

(e.g., FAS and mTOR) that are inhibited by AMPK. All these findings suggested

that AMPK is likely to exert tumor suppressor function.

However, AMPK has also recently been shown to promote cancer cell survival

in the face of extrinsic and intrinsic stressors, and its α, β, and γ subunits are

elevated in 2–25% of human cancers and cancer cell lines (Shackelford et al. 2013;

Adamovich et al. 2014; Short et al. 2010; Nam et al. 2008). Due to the oncogenic

stress or the hypoxic and nutrient-deficient conditions in the tumor microenviron-

ment, cancer cells may exhibit increased reliance on AMPK function. Loss of

bioenergetics homeostasis leads to programmed cell death in cancer cells lacking

either LKB1 or AMPK but not normal cells identically stressed (Buckendahl

et al. 2011; Li et al. 2012). Meanwhile, numerous studies demonstrated that

AMPK activation could trigger autophagy induction and protect cancer cells

resistant to growth factor deprivation and anticancer therapy (Park et al. 2009).

On the other hand, AMPK activation can inhibit fatty acid biosynthesis via

suppressing acetyl-CoA carboxylase (ACC) that produces malonyl-CoA, an inhib-

itor of carnitine palmitoyltransferase 1 (CPT1) that governs the transfer of long-

chain fatty acylcoA molecules from the cytosol into mitochondrion where they are

oxidized (Kim et al. 2012). Besides, AMPK also induces upregulation of CPT1C in

response to glucose starvation and hypoxia to facilitate fatty acid catabolism and

ATP production (Inoki et al. 2003). In addition, accumulating NADPH is generated

during the accelerated fatty acid oxidation and therefore providing cellular protec-

tion from oxidative stress damage. Furthermore, AMPK is required for the expres-

sion of mitochondrial respiratory chain complexes that support use of glutamine as

energy source during metabolic reprogramming in some cancer cells. Thus, AMPK

activation in cancer cells results in increased mitochondrial biogenesis, ATP pro-

duction, and NADPH accumulation, supplying the energy source for rapid cancer

growth and maintain cellular survival under stress condition.

Based on the above findings, AMPK may act as a duplex molecule in cancer

development and progression depending on the degree of AMPK activation, the

particular AMPK isoform, and other compensatory processes activated in cells. It is

possible that modest activation of AMPK by slight stress may exert protective

effects and result in oncogene-like activities, while excessive stress stimulus could

induce AMPK exhibiting tumor suppressor function and lead to cancer cell death.

Considering the chronic development of cancer drug resistance, AMPK might be

one of the critical molecules making cancer cells adaptation to the long course

treatment of chemo- or radiotherapy.
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9.4 AMPK and Carcinogenesis

Carcinogenesis is a complex process originated from long-term interactions

between host genome and harmful stresses including chemical, physical, or bio-

logical carcinogens. AMPK, as a stress-response molecule, is demonstrated to be a

critical factor contributing to tumor formation. AMPK activation will promote

catabolic pathways generating ATP while inhibiting ATP-consuming processes.

The latter include most anabolic bioactivities such as synthesis of lipids, RNAs, and

proteins; therefore, AMPK trigger will result in cell growth inhibition and provide a

period for DNA damage repair. Besides, AMPK is closely correlated to the tumor

suppressive functions of LKB1 and P53, consequently modulating the activity of

cellular survival signaling such as mTOR, Akt, and Cox-2, leading to cell growth

inhibition and cell cycle arrest (Li et al. 2015). A number of studies also demon-

strated that AMPK was often downregulated in tumors by mechanisms other than

somatic mutations. For example, the expression of AMPK-α subunit was signifi-

cantly reduced in human breast cancer biopsies compared with surrounding normal

tissue, indicating the tumor suppressive role of AMPK (Hadad et al. 2009). Mean-

while, AMPK activator metformin was revealed closely correlating with a

decreased cancer incidence. Libby et al. demonstrated that cancer incidence ratio

was only 7.3% among 4085 metformin users, while the ratio reached as high as

11.6% of 4085 controls (P< 0.001, HR 0.46), indicating a potential protective

effect of metformin from cancer occurrence (Libby et al. 2009). More recently, a

randomized pilot study also proved that low-dose metformin (250 mg/day) appli-

cation suppressed formation of aberrant crypt foci, a representative marker for

colon cancer, after only 1 month of administration (Hosono et al. 2010). What’s
more important, metformin application is associated with better outcomes after

chemotherapy in various types of cancer (Li et al. 2009). All these findings

indicated that AMPK may play tumor suppressive function in cancer development.

9.4.1 AMPK and Tumor Suppressor LKB1

The LKB1 gene was first identified in 1996 and is broadly expressed in all fetal and
adult tissues at different levels (Hemminki et al. 1998). Greater interest toward

LKB1 was initiated through identification of germ line mutation of LKB1 in Peutz–

Jeghers syndrome (PJS) where patients develop multiple hamartomatous polyps in

the gastrointestinal tract and distinctive mucocutaneous pigmentation (Hemminki

et al. 1997). What’s more important, somatic LKB1 mutations are also found in

various types of cancer patients without PJS, such as non-small cell lung cancer,

ovarian and breast cancer, cervical cancer, and pancreatic cancer (Giardiello

et al. 2000). Meanwhile, PJS patients were also recognized to have an increased

risk of cancer. The frequency of LKB1 heterozygosity loss was higher in carcino-

mas than that in polyp lesions. In addition, several studies reported the biallelic loss
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of LKB1 in liver, colorectal, breast, pancreas, and sex cord tumors (Kim et al. 2004;

Connolly et al. 2000; Nakanishi et al. 2004; Sato et al. 2001). Therefore, LKB1 is

considered as a tumor suppressor gene. Although it had been clear for many years

that phosphorylation of Thr172 in the activation loop of AMPK is required for

AMPK activation, LKB1 was found to be its crucial upstream kinase in 2003, and

LKB1 appears to be critically involved in the activation of AMPKα2 but not

AMPKα1 (Hardie 2004). The discovery was further validated by failure of

AMPK activation by AICAR (5-aminoimidazole 4-carboxamide riboside, a met-

formin analogue) in mammalian cells that lacked LKB1 expression (Hardie and

Alessi 2013). Mice lacking LKB1 expression also exhibit greatly reduced AMPK

activity, supporting the notion that AMPK may play a tumor-suppressive function

following LKB1 activation (Carretero et al. 2007).

AMPK mediates the tumor-suppressive function of LKB1 via the mTOR sig-

naling, which is a central regulator of cell survival, protein synthesis, and transcrip-

tion (Guertin and Sabatini 2007). mTOR forms two functionally distinct

complexes, mTORC1 and mTORC2. mTORC1 is nutrient sensitive and acutely

inhibited by rapamycin. Additionally, it controls the translation of various types of

cell growth regulators such as cyclin D1, hypoxia-inducible factor 1α, and c-Myc,

which in turn promote cell cycle progression, cell growth, and angiogenesis (Shaw

and Cantley 2006). In contrast, mTORC2 is neither sensitive to nutrients nor

acutely inhibited by rapamycin. One mechanism of AMPK inhibiting mTORC1

is by direct phosphorylation of the tumor suppressor TSC2 on Ser 1387. However,

in TSC2�/� mouse embryonic fibroblasts, AMPK activation still suppresses

mTORC1, leading to the discovery that AMPK also directly phosphorylates the

mTORC1 subunit Raptor on two conserved serines and subsequently blocks the

signal transduction (Inoki et al. 2003; Gwinn et al. 2008). As well as cell growth,

AMPK-mTORC1 axis can also regulate autophagy, a stress-response process

within the cell. mTORC1 inhibition is sufficient to induce autophagy, which

degrades intracellular organelles to provide nutrients for cell survival (Mao and

Klionsky 2011). Therefore, AMPK activation could trigger autophagy efflux via

inhibiting mTORC1. Interestingly, autophagy inhibition was frequently observed

during cancer initiation, which might be closely correlated to a downregulated level

of AMPK.

9.4.2 AMPK and p53

p53 is a tumor suppressor star that prevents cancer development by responding to a

variety of cellular stresses, including DNA damage, oncogene activation, and

stimulus controlling cell cycle and apoptosis. AMPK has been also shown to

directly phosphorylate p53 on serine 15, which is the common phosphorylation

site by DNA damage response kinases such as ATM and ATR (Jones et al. 2005).

AMPK activation by AICAR administration or glucose deprivation could also

result in p53 upregulation as well as its phosphorylation. Meanwhile, mouse
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embryonic fibroblasts (MEFs) bearing wild-type p53 are arrested at G1/S phase

following AMPK activation, whereas ineffective in p53-deficient cell (Jones

et al. 2005). It is also reported that overexpression of the mutated AMPKα1 subunit
in prostate cancer cells could accelerate tumor growth, accompanying with

decreased level of p53 (Zhou et al. 2009). On the other hand, several studies also

indicated that AMPK is also a downstream signaling of p53. AMPKβ1 subunit is

upregulated by p53 and two downstream targets of p53, sestrin 1 and sestrin 2, are

implicated in the activation of AMPK and concordant inhibition of mTOR

(Budanov and Karin 2008). These findings suggest the existence of a feedback

loop between p53 and AMPK that enhance their suppressive functions.

Besides p53, AMPK has been also shown to phosphorylate several other mole-

cules that regulate cell metabolism, growth, and transformation, such as FOXO3,

p300 histone acetyltransferase, and the cell cycle inhibitor p27 (Yang et al. 2001;

Greer et al. 2007; Liang et al. 2007). Of note is that AMPK phosphorylates FOXO3

and p27 at the same sites as Akt. It is still remain unclear that why these pro-growth

and antigrowth signals would both target the same phosphorylation site; future

studies are needed to explore the complex molecular networks underlying AMPK

using more rigorously validated phosphor-specific antibodies and genetic knockout

or knock-in mouse and cell models.

9.4.3 AMPK and Akt

The protein kinase Akt is hyperactivated in many tumors by gain-of-function

mutations in PI3K or loss-of-function mutations in PTEN. Akt has been shown to

be a negative regulator of AMPK and upstream positive regulator of mTOR. Both

pathways involve direct phosphorylation of TSC2 at different sites. AMPK acti-

vates TSC2 and Akt inhibits TSC2, both leading to mTOR activation and subse-

quent increase in protein synthesis and other cellular processes. On the other hand,

Akt is able to phosphorylate AMPKα1 at Ser 485 (Ser 487 in humans) which

subsequently inhibits Thr 172 phosphorylation, thereby blocking AMPK activation

(Antico Arciuch et al. 2013). In PTEN knockout mouse model, the Ser 485 phos-

phorylation of AMPK was increased and Thr 172 phosphorylation level decreased,

accompanying with reduced level of total AMPK expression in the hyperplasia

lesions of thyroid gland (Antico Arciuch et al. 2013). Consistent with this, the

phosphorylation level of Ser 487 site of AMPK was also increased in several

PTEN-deficient glioblastoma and breast cancer cell lines, and therefore it is more

difficult to activate AMPK (Tao et al. 2010). However, several studies also reported

that AMPK could induce Akt phosphorylation and activation, indicating that the

cross talk between AMPK and Akt is bidirectional, yet the feedback regulation

mechanisms still remain unknown.
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9.5 AMPK and Cancer Drug Resistance

Upon drug treatment, cancer cells must activate its self-protection system to defend

the hazardous stress and to survive through the battle. Therefore, stress-related

proteins should be the first-line signaling to induce drug resistance. Actually,

numerous stress-related proteins have already been demonstrated to be closely

correlated to drug resistance, such as GRP78, GRP94, and the protein kinase

ataxia-telangiectasia mutated (ATM) (Ahmed and Li 2007; Dong et al. 2005;

Zhang and Wang 2009). As one of the key physiological energy sensors, AMPK

is a major regulator of cellular and organismal energy homeostasis that coordinate

multiple metabolic pathways to balance energy supply and ultimately modulate

cellular and organ growth (Shirwany and Zou 2014a). Recent numerous studies also

proved that AMPK is tightly involved in cancer drug resistance via interacting with

multiple known mechanisms of chemoresistance; these include regulating ABCG2

expression, triggering autophagy induction, altering drug metabolism, and modu-

lating CSCs (Luo et al. 2005; Hardie 2013). Targeting AMPK has become a novel

approach to overcome cancer drug resistance.

9.5.1 AMPK and Cancer Metabolism

Cancer cells have a fundamentally different bioenergetic metabolism from that of

nonneoplastic cells. In normal cells, energetic metabolism mostly relies upon the

process of mitochondrial oxidative phosphorylation which consumes glucose and

oxygen to produce energy. However, due to the mitochondrial gene mutations and

the hypoxia microenvironment, cancer cells depend predominantly on glycolysis to

produce energy regardless of the availability of oxygen, and this unique metabolism

is known as the “Warburg Effect” (Kim and Dang 2006; Ferreira 2010). The

accelerated aerobic glycolysis not only provides ATP and lactate for supporting

rapid cancer cells growth but also activates the pentose phosphate pathway (PPP) to

facilitate nucleic acid synthesis and support cell division (Jeon et al. 2012). More

recently, mounting evidence supports the idea that Warburg effect is linked to drug

resistance in cancer therapy. WZB117, an inhibitor of GLUT1 (glucose transporter

1), decreases glucose uptake and displays synergistic effects with cisplatin or

paclitaxel to inhibit breast cancer growth (Liu et al. 2012). Meanwhile, the

GLUT1 inhibitor phloretin significantly overcomes hypoxia-conferred drug resis-

tance and sensitized P-glycoprotein overexpressed doxorubicin-resistant cells to

daunorubicin (Cao et al. 2007). In addition, the hexokinase inhibitor 3-BrPA causes

ATP depletion, decreases ABC transporter activity, and drug efflux, therefore

increasing drug concentration in cells and resulting in preferential cell death in

malignant cells (Hulleman et al. 2009). Pyruvate kinase (PK) is the last rate-

limiting enzyme in the glycolytic pathway and catalyzes the conversion of phos-

phoenolpyruvate and ADP into pyruvate and ATP. There are four isoforms of PK in
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mammals, among which PKM2 is overexpressed in cancer cells. Increased PKM2

expression was observed in sera and tissues from colorectal cancer patients with

poor response to 5-FU, whereas PKM2 silencing improves the therapeutic efficacy

of cisplatin by increasing cancer cells apoptosis and inhibiting proliferation (Shi

et al. 2010). Lactate dehydrogenase A (LDHA) is responsible for transforming

pyruvate and NADH to lactate and NAD+ and has a critical role in tumor mainte-

nance. LDHA silencing in cancer cells leads to increased mitochondrial respiration,

downregulated cellular viability, and suppressed tumorigenicity (Wang et al. 2012).

It was found that LDH-A expression and activity is higher in taxol-resistant breast

cancer cells than in taxol-sensitive cells, and LDH-A inhibition by siRNA or FX11

induces significant cell death via oxidative stress burst (Zhou et al. 2010; Le

et al. 2010). Furthermore, LDH-A expression was closely linked to trastuzumab

resistance; combination of trastuzumab and LDH-A inhibitor oxamate was found to

synergistically inhibit both trastuzumab-sensitive and trastuzumab-resistant cancer

growth in vitro and in vivo (Zhao et al. 2011). Therefore, targeting aerobic

glycolysis has become a novel strategy to reverse cancer drug resistance.

Intriguingly, AMPK activation was recently shown to mediate the Warburg

effect in cancer cells. Starvation of HeLa cells induced apoptosis, accompanying

with ROS production and AMPK phosphorylation. Meanwhile, the intracellular

level of lactate and pyruvate increased, while the mitochondrial oxygen consump-

tion decreased, indicating that the Warburg effect was induced (Wu 1833). In

addition, AMPK was found to regulate glycolysis by phosphorylating PFKFB3

(6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3), which increases the

levels of fructose-2,6-bisphosphate and thereafter activates the rate-limiting gly-

colysis enzyme PFK1 (Mendoza et al. 2012). Another study further reported that

AMPK knockdown in orthotopic tumors prepared from MDA-MB-231 cells

exhibited suppressed cancer growth and decreased lactate production, indicating

that AMPK might contribute to the core glucose metabolism of aggressive tumors

(Mouradian et al. 2014). What’s more important, it was found that loss of tumor

suppressor gene FLCN (folliculin) constitutively activates AMPK, resulting in

PGC-1α-mediated mitochondrial biogenesis and increased ROS production,

which thereafter activates HIF transcription and drives Warburg metabolic

reprogramming (Yan et al. 2014). All these findings suggested that targeting

AMPK might inhibit cancer Warburg effect and therefore increase tumor

chemosensitivity.

9.5.2 AMPK and Cancer Stem Cells

In recent years, CSCs are emerging as the ultimate reason determining cancer

chemosensitivity. CSCs theory holds that cancer is initiated from or driven by a

small population of stem-like cells that are capable of continuous self-renewal and

differentiation. The hypothesis was supported by increasing evidence of CSCs

existence in various types of malignancies. Meanwhile, more and more evidences
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indicated that CSCs are relatively resistant to both radiation and chemotherapy

(Dean 2009). Only 0.5� 0.3% of tumor cells before chemotherapy, but 5.9� 1.7%

of cells obtained after chemotherapy, were found to form mammospheres

(Yu et al. 2007). Similarly, the proportion of CD44+/CD24�/low cells was 9.5-fold

higher in tumor samples after chemotherapy (Zhang and Wang 2009). In addition, a

higher percentage of stem-like cancer cells at baseline were also revealed with a

lower pathologic complete response to chemotherapy. Neumeister

et al. demonstrated that breast cancer patients with high CSC populations showed

worse outcome (P¼ 0.0003) independent of tumor size, histological grade, nodal

status, hormone receptors, and HER2 status (Neumeister et al. 2010). Some studies

indicated that both circulating tumor cells and disseminated tumor cells expressed

CSCs phenotype (Książkiewicz et al. 2012). Mechanism exploration revealed that

CSCs express high levels of ABC transporters. In fact, the ability of CSCs to

actively exclude the Hochest 33342 dye has been exploited to facilitate their

isolation and purification (Tirino et al. 2013). Meanwhile, drug-resistant cancer

cells were also found to possess stem-like properties and a molecular portrait

dominated by epithelial-to-mesenchymal (EMT)-related and self-renewal-related

genes (Xin et al. 2013). In addition, due to the relatively quiescent characteristics of

CSCs, they have strong ability to repair the damaged genes and restart the cell cycle

to reestablish the damaged tissue after chemo- or radiotherapy. Combination of

chemotherapy with Chk1 inhibitors significantly enhances the chemosensitivity of

lung CSCs and limits their tumorigenicity (Venkatesha et al. 2012). Moreover, the

consistent activation of Wnt/β-catenin, Notch and Hedgehog pathways were also

demonstrated to be correlated with the drug-resistant capacity of CSCs, and inhib-

itors targeting these aberrant signaling pathways greatly induced cell death of CSCs

(Maugeri-Sacc�a et al. 2011). What’s more, recent findings also suggested that the

hypoxic and low pH condition in the tumor microenvironment also contribute to the

drug-resistant property of CSCs (Geng et al. 2014). Overall, several mechanisms

underlying the therapeutic resistance of CSCs have been suggested, including

(i) stem cells remain quiescent, making them resistant to cell-cycle active

chemodrugs; (ii) high DNA repair ability; (iii) high expression of drug efflux

proteins such as ABCG2; and (iv) most current therapies do not target the signaling

pathways that regulate CSCs self-renewal. Therefore, further elucidation of the

aberrant signaling pathways underlying the chemoresistant property of CSCs may

provide an efficient way to increase cancer chemosensitivity and finally eliminate

cancer cells.

More recently, emerging findings also suggested a potential link between AMPK

signaling and the chemoresistance of cancer stem cells. Ye et al. reported that

radioresistant glioblastoma CSCs exhibited increased fatty acid oxidation-

dependent ATP maintenance, elevated ROS, and increased AMPK activity (Sato

et al. 2012). Meanwhile, another study also found that AMPK is critical in medi-

ating mammosphere formation. AMPK could directly phosphorylate PEA15 at ser
116 residue, which promotes its antiapoptotic functions, whereas inhibition or

knockdown of AMPK impairs the mammosphere formation (Hindupur

et al. 2014). In addition, the two catalytic subunits of AMPK, Prkaa1 andPrkaa2,

214 Z. Wang et al.



are more highly expressed in hematopoietic stem cells populations compared with

unfractionated whole bone marrow, and AMPK inhibition significantly reduces the

population of hematopoietic stem cells (Corominas-Faja et al. 2013). All these

findings suggested that AMPK might be critical in modulating the self-renewal and

chemoresistance of CSCs. However, several studies also claimed that AMPK

activator metformin could increase the chemosensitivity and limit the population

of CSCs in breast and prostate cancers (Kim et al. 2014). The phenomenon might be

attributed to the overactivation of AMPK and may result in the excessive catabolic

metabolism and unavoidable cell death. In addition, it was possible that the chronic

stressful conditions in the CSCs niche, such as the low oxygen concentration,

inflammation infiltration and stromal cells, were not taken into consideration in

the in vitro and in vivo experiments. Therefore, further investigation is still needed

to elucidate the precise effects of AMPK on modulating CSCs functions.

9.5.3 AMPK and Autophagy

Autophagy is now emerging as a crucial player in response to metabolic and

therapeutic stresses, which attempts to maintain cellular homeostasis through

eliminating excessive or unnecessary proteins and damaged organelles via lyso-

some degradation. Although autophagy was implicated in suppressing carcinogen-

esis, increasing findings indicated that autophagy may protect cancer cells from

anticancer therapies. Emerging studies observed that clinical cancer therapeutics, as

well as experimental anticancer strategies, including cytotoxic chemotherapy,

radiation therapy, and endocrine or monoclonal antibody therapies, may induce

autophagy in cell culture and animal models (Sui et al. 2013). Meanwhile, it was

found that autophagy activity was significantly elevated in drug-resistant cancer

cells. Autophagy induction by inhibiting aurora kinase A was revealed to trigger

drug resistance in breast cancer cells, whereas genetic or pharmacological inhibi-

tion of autophagy could enhance the therapeutic efficacy of chemo- or radiotherapy

and resensitize chemoresistant cancer cells (Zou et al. 2012; Levy et al. 2014;

Chang et al. 2014). Several mechanisms have been put forward to explain the

modulating effects of autophagy on cancer drug resistance. First, autophagy-

mediated degradation and recycling could provide key nutrients to meet the met-

abolic requirements for cancer cells’ survival and progression. In addition, some

study reported that autophagy inhibition could induce a significant downregulation

of ABC transporters (Wang et al. 2014). Finally, autophagy induction seems to be

essential for cancer cells to maintain genomic stability and organelle homeostasis.

A previous study has shown that autophagy induction contributed to sustained

survival of breast cancer cells through increased DNA repair regulated by

ATM-mediated activation of DNA-PKcs and PARP-1 (Yoon et al. 2012). There-

fore, elucidating the molecular mechanisms involved in autophagy regulation and

development of targeting agents has become a novel strategy to overcome cancer

drug resistance.
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Autophagy is a complicated regulatory process. Genetic screens in yeast have

identified a large family of core autophagy-related genes (ATG), such as Atg1,

Atg4, LC3/Atg8, and BECN1. Nevertheless, no matter in normal or cancer cells,

the mTOR serves as the main regulator of autophagy. Under nutrient deprivation,

hypoxia, genomic instability, or other stressful conditions, mTOR suppression

triggers the autophagic cascade and inhibits the cell proliferation. Mechanisms

study revealed that mTORC1 activation can negatively regulate autophagy by

phosphorylating a complex of autophagy proteins such as the Unc51-like kinases

(ULK1/2), which interfere with the formation of autophagosomes (Chan 2009). As

a central sensor of cellular nutrient status or energy levels, AMPK is also involved

in autophagy regulation and served as one of the upstream regulators of mTORC1.

In particular, AMPK activation can subsequently trigger tuberous sclerosis protein

2 (TSC2) to repress mTORC1 and upregulate autophagy (Tripathi et al. 2013).

Meanwhile, recent several study demonstrated that AMPK could directly phos-

phorylate multiple sites in ULK1 (S317, S467, S555, T575, S637, and S777) and

promote ULK1 function in autophagy (Zhao and Klionsky 2011). ULK1 cannot be

activated when AMPK-knockout MEFs (mouse embryonic fibroblasts) are

subjected to glucose deprivation, and ULK1 mutant cells are also defective in

autophagy induction following AMPK activation (L€offler et al. 2011). These

observations demonstrated the functional importance of ULK1 phosphorylation

by AMPK in autophagy induction. In addition, a recent report revealed that

mTORC1 can directly phosphorylate ULK1 on S757, which is located in the

AMPK binding motif (711-828) on ULK1, indicating that mTORC1 may directly

inhibit the interaction between ULK1 and AMPK (Kim et al. 2011a). Therefore,

targeting AMPK-mediated autophagy has become a novel direction to reverse

cancer drug resistance. AMPK activity was found significantly elevated after

cisplatin administration in human gastric carcinoma cell line AGS and colon

carcinoma cells HCT116. AMPK inhibition resulted in a remarkable increase in

cisplatin-induced apoptosis (Kim et al. 2008). Meanwhile, another study also

reported that AMPK inhibition in MLL-rearranged cell lines synergistically

enhanced the antiproliferative effects of vincristine, daunorubicin, cytarabine,

dexamethasone and L-asparaginase in most of the evaluated conditions (Accordi

et al. 2013). Although molecular elucidation of AMPK in mediating cancer drug

resistance is only at its initial stage, AMPK has become an important drug discov-

ery target to increase cancer chemosensitivity.

9.6 Drug Discovery Targeting AMPK

9.6.1 AMPK Inhibitors

Compound C is a cell-permeable pyrazolopyrimidine compound that can act as a

reversible and ATP competitive inhibitor of AMPK. Structural elucidation revealed
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that compound C could dramatically bind with the phosphorylated-state mimic

T172D mutant kinase domain from the human AMPKα2 subunit (Handa

et al. 2011). Increasing studies also demonstrated that compound C could induce

apoptotic cell death in myeloma, breast cancer cells, and glioma cells. However,

several studies indicated that the cell death-inducing effects of Compound C

seemed to be independent of AMPK activity.

For example, Compound C-mediated apoptosis in cancer cells was found asso-

ciating with the decreased expression of Bcl-2 and Bcl-xl, accompanying with

overexpression of P53. Notably, AMPK inhibition by siRNA had no effects on

compound C-induced apoptosis, indicating that the apoptosis-inducing effects of

compound C was AMPK independent (Dai et al. 2013). Meanwhile, another study

even demonstrated that compound C could induce autophagic response in cancer

cells via AMPK inhibition-independent downregulation of Akt/mTOR pathway

(Vucicevic et al. 2011). Furthermore, Compound C does not inhibit AMPK activa-

tion in response to all stimuli. Several studies revealed that this pharmacological

inhibitor blunted the AICAR-induced but not the dinitrophenol-induced or the

LPS-induced activation of AMPK (Vucicevic et al. 2009; Kim et al. 2011b). Lastly,

Compound C appears to inhibit a number of other protein kinases with lower IC50

values than AMPK, indicating that this compound could certainly have “off-target”

effects. Therefore, these findings warrant caution when using compound C to

inhibit AMPK-dependent cellular response, and further exploration of compound

C in AMPK inhibition and anticancer effects is still needed.

NUAK1 and NUAK2 are members of the AMPK family of protein kinases that

are activated by LKB1. Recent work suggested that they play critical roles in

regulating key biological processes, including Myc-driven tumorigenesis, senes-

cence, cell adhesion, and neuronal polarity. Through kinase profiling assay, it was

found that WZ4003 inhibits NUAK1 with an IC50 of 20 nM and NUAK2 with an

IC50 of 100 nM, while it has little effects on other 139 kinds of kinases, indicating

that WZ4003 might be a highly specific NUAK1 inhibitor (Banerjee et al. 2014).

Biofunction assays also demonstrated that WZ4003 could significantly inhibit the

proliferation of MEFs and invasion ability of U2OS cells to the same extent as

NUAK1 knockout or shRNA knockdown (Owen et al. 2000). Further study is still

needed to elucidate the effects of WZ4003 on autophagy initiating process and

chemosensitivity modulation.

9.6.2 AMPK Activators

Metformin, the most widely prescribed Type 2 diabetes drug, has been shown to

activate AMPK since 2001. The first clue to the underlying molecular mechanisms

came in 2000, when it was shown that metformin and other biguanides could inhibit

Complex I of the mitochondrial respiratory chain and therefore leading to an

increase in the ADP:ATP and AMP:ATP ratios and thus activate AMPK directly

(Ouyang et al. 2011). Meanwhile, it was also proposed that metformin might act by
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inhibiting AMP deaminase, an enzyme that degrades cellular AMP (Ouyang

et al. 2011). Interestingly, a series of studies also presented that metformin admin-

istration could significantly inhibit cancer growth and increase cancer

chemosensitivity in vitro and in vivo (Snima et al. 2014). Anisimov et al. was the

first to discover that metformin was able to inhibit the incidence and size and

increase mean latency to development of mammary adenocarcinomas in transgenic

HER-2/neu-positive mice (Anisimov et al. 2005). Thereafter, metformin was found

to inhibit translation initiation in breast cancer cell lines by decreasing phosphor-

ylation of S6 kinase, ribosomal protein S6, and eIF4E-binding protein 1, which was

greatly associated with mTOR inhibition following AMPK activation (Lee

et al. 2014). Some studies also proposed that metformin could attenuate the

acquired resistance to lapatinib for HER-2 positive cancer through suppressing

mTOR activity (Shell et al. 2008). Since mTOR plays a central role in regulating

cell growth by controlling mRNA translation, ribosome biogenesis, and metabo-

lism, it is understandable that mTOR inhibition may suppress cancer growth and

induce cellular death of drug-resistant tumor. Clinical studies also revealed a close

association between metformin use and decreased cancer incidence. In a large

retrospective study by Libby et al., cancer was diagnosed among 7.3% of 4085

metformin users compared with 11.6% of 4085 controls, with median times of

cancer of 3.5 and 2.6 years, respectively (P< 0.001, HR 0.46 (95% CI 0.40–0.53))

(Libby et al. 2009). Meanwhile, diabetic patients who had taken metformin had a

significantly lower risk of pancreatic cancer compared with those who had not taken

metformin (odds ratio, 0.38; 95% CI, 0.22–0.96; P¼ 0.001) (Li et al. 2009). More

recently, Jiralesping et al. showed that diabetic patients receiving metformin and

neoadjuvant taxane chemotherapy had a higher pathologic complete remission

(pCR) than those diabetic patients not receiving metformin (Jiralerspong

et al. 2009). Based on these findings, it is worthwhile to further explore the potential

application of metformin in cancer prevention and therapy. It might be better to

study the anticancer effects of metformin under stressful conditions and to identify

whether the tumor-suppressing effects of metformin is AMPK dependent and the

possibility to involve other molecular targets, such as miRNA or DNAmethylation.

Besides metformin, a number of other natural compounds have been reported to

activate AMPK. These include resveratrol from red grapes, ginsenoside from

ginseng, curcumin from curcuma longa, berberine from coptis chinensis,

epigallocatechin gallate from green tea, theaflavin from black tea, and quercetin

existing in many fruits and vegetables (Hardie 2013). We summarized the chemical

structures of these AMPK activators and inhibitors in Fig. 9.3. Many of these

compounds were well recorded with anticancer activities, and some of them

presented excellent effects in reversing cancer drug resistance, such as berberine

or quercetin. Although multiple molecular mechanisms have been provided to

explain their bioactivities against cancer, AMPK seems to be involved in the

molecular network. Based on the findings that berberine inhibited the mitochondrial

respiratory chain and resveratrol inhibited the F1 ATP synthase, it was possible that

many of the above compounds may indirectly inhibit the mitochondrial ATP

production and thus increase the AMP:ATP and/or ADP:ATP ratios, resulting in
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AMPK activation (Diogo et al. 2011; Gledhill et al. 2007). Notably, AMPK

activation by resveratrol, berberine, and quercetin was reduced or eliminated in

cells expressing the AMP/ADP-insensitive AMPK mutants, indicating that the

dysfunction of mitochondrial respiratory chain might be the upstream reason

responsible for the AMPK activation effects of these phytochemicals. However, it

still remained unclear whether these natural compounds act in an AMPK-dependent

manner and sufficiently activate AMPK in vivo at a clinically effective dose.

Fig. 9.3 Chemical structures of AMPK inhibitors and activators
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9.7 Concluding Marks and Perspective

Extensive biological studies confirm that AMPK plays a central role in stress

response and that its activation promotes energy-producing catabolism and inhibits

energy-consuming anabolism. Although tumor suppressor gene LKB1 serves as the
upstream molecule controlling AMPK activation and emerging evidences continue

to show conflicting roles of AMPK in regulating tumorigenesis, most studies tend to

support that AMPK promotes cancer cell survival under stress even when a tumor

suppressor role has been proposed. Therefore, elucidating the underlying mecha-

nisms of AMPK in protecting cancer cells escaping from stressful damage caused

by chemo- or radiotherapy will advance our current understanding on drug resis-

tance. Emerging evidence has also suggested that AMPK activation plays a central

role in reprogramming metabolism in drug-resistant cancer cells, such as promoting

Warburg effect, fatty acid oxidation, and glutaminolysis. In addition, AMPK was

also found effective in maintaining the self-renewal ability of CSCs and critical in

autophagy induction, which were demonstrated as rooting factors influencing

cancer chemosensitivity. Although some studies suggested opposite effects of

AMPK on drug resistant modulation, these may be attributed to the differences in

AMPK isoenzymes expression, the degree and duration of AMPK action, and

experimental condition setting. Therefore, a much more comprehensive analysis

of AMPK using conditional knockout models and deletion of individual AMPK

subunits in mice is needed to decode the precise effects of AMPK on

chemosensitivity regulation.

Considering the significant role of AMPK in adapting cancer cells to intrinsic or

extrinsic harmful stress, AMPK inhibition may be more promising in reversing

drug resistance than AMPK activation. However, current AMPK inhibitors seem to

not act in an AMPK-dependent molecular mechanism and thus cannot fully reflect

the actual role of AMPK in regulating bioenergetic homeostasis. Therefore, devel-

opment of the highly selective AMPK inhibitors will not only facilitate further

understanding on the molecular function of AMPK but also provide a potential

approach for cancer therapy. Notably, AMPK inhibition may lead to the

overactivation of its downstream signal mTOR cascade, which could mitigate the

effects of AMPK inhibitors. It is expected to be solved by combination therapy with

mTOR inhibitors. Interestingly, AMPK agonists are also currently being considered

for cancer prevention and treatment. Metformin was demonstrated to cause growth

arrest in a variety of cancers. However, most of the AMPK activators seem to

activate AMPK via disrupting the mitochondrial respiratory chain, indicating that

AMPK activation might be only a subsequent response event following mitochon-

drial dysfunction, and the cellular death-inducing effects might not be AMPK

dependent. Therefore, it is necessary to clearly distinguish functional outcomes of

AMPK activation from the secondary consequences induced by therapeutic inter-

vention of other targets.

Taken together, an improved understanding of AMPK regulation as well as its

role in chemosensitivity modulation is still needed to facilitate better elucidation of
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AMPK in cancer prevention and development. Meanwhile, new studies are

expected to develop novel drugs directly targeting AMPK to provide powerful

tools for laboratory validation of its molecular function. In addition, clinical studies

are also required to demonstrate the pathological significance of AMPK in cancer

development and response to conventional therapy.
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AMPK as a Pro-longevity Target
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Abstract Chronic, age-associated diseases are already among the leading causes

of morbidity and death in the world, a problem exacerbated by the rapidly rising

proportion of elderly in the global population. This emergent epidemic represents

the next great challenge for biomedical science and public health. Fortunately,

decades of studies into the biology of aging have provided a head start by revealing

an evolutionarily conserved network of genes that controls the rate and quality of

the aging process itself and which can thereby be targeted for protection against

age-onset disease. A number of dietary, genetic, and pharmacological interven-

tions, including dietary restriction (DR) and the biguanide metformin, can extend

K. Burkewitz (*) • H.J.M. Weir • W.B. Mair (*)

Department of Genetics and Complex Diseases, Harvard T.H. Chan School of Public Health,

665 Huntington Ave, Boston, MA 02115, USA

e-mail: kburkewi@hsph.harvard.edu; wmair@hsph.harvard.edu

© Springer International Publishing Switzerland 2016

M.D. Cordero, B. Viollet (eds.), AMP-activated Protein Kinase, Experientia
Supplementum 107, DOI 10.1007/978-3-319-43589-3_10

227

mailto:kburkewi@hsph.harvard.edu
mailto:wmair@hsph.harvard.edu


healthy lifespan and reduce the incidence of multiple chronic conditions. Many of

these interventions recurrently involve a core network of nutrient sensors:

AMP-activated protein kinase (AMPK), mammalian target of rapamycin

(mTOR), the insulin/insulin-like growth factor signaling pathway (IIS), and the

sirtuins. Here, we will summarize how AMPK acts downstream of these

pro-longevity interventions and within this network of nutrient sensors to control

the cell and physiological processes important for defining how well we age.

Keywords AMPK • Aging • Longevity • Metabolism • Mitochondria • Sirtuins •

TOR • FOXO

10.1 Introduction

Humanity is graying. The elderly population—those 65 and older—is on the verge

of outnumbering children for the first time in world history (Population Reference

Bureau), while the median age of the world population is expected to rise by 8% in

the next decade, ~22% by 2050, and >40% by 2100 (United Nations World

Population Prospects 2015). The aging of the population is not restricted to wealthy,

developed nations either; in fact, the truth is closer to the converse. While the

elderly population is projected to rise by roughly 54% in high-income nations by

2050, less developed countries are expected to face an increase of over 230% in

that same period. The end result of such dramatic increases in human survival,

driven by advances in public health, will be 1.5 billion people over the age of

65 worldwide by 2050 (Fig. 10.1a), more than the current population of China.

Historically, demographic shifts of this magnitude have occurred slowly, providing

time for societies and economies to adapt, but the present rise in the age of the

global population is happening within a single generation (Fig. 10.1a), placing

enormous stress on several of the fundamental institutions in our lives, especially

retirement and health care.

Reduction of early mortality and increased worldwide survival rates are cause

for celebration. However, this shift in population dynamics will trigger an “epide-

miological transition” and ensuing public health epidemic for which we are cur-

rently unprepared. At least from a biological standpoint, humans are not aging

gracefully; our bodies did not evolve to live as long as we now do. As a result, old

age carries with it the burden of chronic diseases, including heart disease, cancer,

metabolic disease, and neurodegenerative disorders. Unfortunately, this burden

only continues to grow as we travel further into old age: two-thirds of the elderly

in the United States have multiple chronic diseases (Fig. 10.1b) (CDC 2013). This

simple fact means that even a revolutionary cure for one of these chronic diseases

would only marginally affect disease-free health span (Goldman et al. 2013). Over

the last twenty years, however, a solution has begun to emerge from studies of
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model organisms across the evolutionary spectrum. Though it was observed as

early as the mid-twentieth century that dietary interventions could extend the

lifespan of laboratory animals, the discovery that single gene mutations could

dramatically prolong lifespan and maintain animals in a youthful state set off a

flurry of research into the genetics of aging (Fontana et al. 2010; Kenyon

et al. 1993). The field has since demonstrated unequivocally that the rate and

quality of physiological aging are plastic, and thus the molecular mechanisms

Fig. 10.1 The world population is aging, resulting in an overall increase in the global burden of

chronic, age-onset disease. Source data from 2015 Revision of World Population Prospects,

United Nations Population Division; esa.un.org/unpd/wpp (a); and from Health, United States,

2015; www.cdc.gov/nchs/hus/index.htm (b)
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linking old age to disease risk represent valid therapeutic targets. Many labs have

contributed to mapping out entire, evolutionarily conserved pathways with potent

effects on animal lifespan, revealing a number of consistent, core longevity factors.

This knowledge will ultimately serve in the development of single interventions

capable of treating an array of age-onset, chronic pathologies.

A common thread among interventions known to promote healthier aging is an

association with energy or nutrient depletion. This theme manifests across virtually

all tiers of biological organization, from the molecular level to cells, tissues, and

whole-animal physiology. Longevity can result from reducing energy’s molecular

“currency,” adenosine triphosphate (ATP), or from perturbing the function of the

cell’s energy-producing organelle, the mitochondrion. Reducing systemic, endo-

crine signals of energy abundance extends lifespan, as does a wide array of dietary

interventions all designed to reduce nutrient intake in one form or another. The

evolutionarily ancient energy sensor, AMP-activated protein kinase (AMPK), sim-

ilarly crosses all these organizational boundaries. A heterotrimeric kinase complex

composed of a catalytic α subunit and regulatory β and γ subunits, AMPK responds

directly to both AMP/ADP:ATP ratios sensed through binding at the γ subunit and
to endocrine signals of satiety or hunger. In turn, the kinase can regulate virtually all

cell processes—including systemic and cell nonautonomous responses—to main-

tain energy homeostasis both within cells and throughout an organism. Accord-

ingly, AMPK plays a critical role in transducing signals of low energy into a

physiological response that promotes healthier aging, and this is true across the

evolutionary spectrum. While neighboring chapters discuss the role of AMPK in

the pathogenesis and/or treatment of specific age-related diseases, here we will

highlight the dietary, genetic, and pharmacological interventions that require

AMPK to modulate aging per se. We will discuss AMPK as a node in a complex

network of nutrient sensors and signaling pathways that determines the rate and

quality of aging and speculate on which of the many AMPK-regulated cellular and

metabolic processes mediate its role as a potent pro-longevity factor.

10.2 Energy Metabolism and Aging Are Linked

Through AMPK

Theories of how and why we age have long focused on the idea of limited energy

resources forcing trade-offs between self-preservation and growth or reproduction.

In harsh, nutrient-scarce environments, organisms enhance cellular defense mech-

anisms involved in repairing damage and maintaining cell homeostasis, thus

slowing or protecting against the onset of pathology that occurs over time. Con-

versely, in conditions of abundance, organisms seem to generate, store, and spend

their energy differently, perhaps more dysfunctionally, to such an extent that one

outcome of the current obesity epidemic may be to accelerate the onset of

age-related diseases, if not aging itself (Haslam and James 2005; Horvath
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et al. 2014). Experimentally, Apfeld et al. provided some of the first direct evidence

suggesting that energy levels, as reflected by nucleotide charge, could play a direct

role in determining lifespan when they revealed that AMP:ATP ratios could be used

to predict remaining life expectancy in the nematode C. elegans and that hormetic

stresses or genetic mutants that extend lifespan also at least temporarily increase

AMP:ATP (Apfeld et al. 2004). Consistent with this direct link, interventions that

impose conditions of nutrient scarcity or impair energy production represent some

of the most evolutionarily robust methods to promote longer life and healthier

aging, and AMPK plays an important part in translating energetic deficits into these

benefits.

10.2.1 Dietary Restriction

Dietary restriction (DR), defined broadly as a reduction in nutrient intake to an

extent that does not cause malnutrition, is one of the first discovered and best

understood interventions to extend lifespan (Fontana and Partridge 2015). DR

activates a physiological low-energy program which extends the lifespan of virtu-

ally all species in which it has been rigorously tested (Mair and Dillin 2008).

Beyond longevity, DR regimens protect against diverse and seemingly unrelated

age-onset pathologies including neurodegenerative disease, cardiovascular disease,

metabolic disease, and cancer (Masoro 2002). DR promises exceptional therapeutic

potential, but adherence to such a strict dietary regimen presents a serious chal-

lenge. As a result, many investigations have aimed to define the molecular medi-

ators of DR in order to develop pharmacological targets and, ultimately,

therapeutics. While the goal of a true DR mimetic is not yet realized, molecular

genetic studies in simpler model organisms, e.g., yeast, worm, and fly, have

revealed a highly conserved network of nutrient-sensing pathways functioning as

the core of this DR low-energy switch (Fig. 10.2).

As a conserved, literal sensor of low-energy stress via AMP/ADP:ATP ratios,

AMPK represents perhaps the most appealing mechanistic link between DR, energy

status, and lifespan. Given the known upstream activation routes for AMPK, the

simplest hypothesis would suggest that DR results in a chronic reduction in cellular

energy charge, promoting AMPK activation. Greer et al. performed the first direct

test of this idea in C. elegans, which feeds on a nonpathogenic E. coli lawn. DR can

be enforced upon C. elegans by dilution of the E. coli food source on solid growth

media, and employing this protocol, the authors confirmed that DR indeed pro-

motes an increase in the AMP:ATP ratio of worms (Greer et al. 2007a). As the

authors hypothesized, lifespan extension on DR in this system requires AAK-2, one

of two isoforms of the C. elegans AMPK catalytic subunit (Greer et al. 2007a).

Supporting conservation of this hypothesis through evolution, a Drosophila
study demonstrated that flies harboring mutations in the AMP synthesis pathway

exhibit increased AMP- and ADP-to-ATP ratios and are long-lived (Stenesen

et al. 2013). Restoring AMP:ATP ratio back to normal levels by supplementing
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the animals with adenine completely blocks lifespan extension in the AMP synthe-

sis mutants. While this study did not explicitly examine the effects of DR on

endogenous AMP or ATP levels in Drosophila, adenine supplementation also

completely suppressed the lifespan extension in flies undergoing a DR regimen

involving reductions in the dietary yeast component from 16% to 4%. The lifespan

extension induced by AMP synthesis mutants is also suppressed by dominant

negative AMPK, suggesting that the kinase mediates the longevity benefits of

these high AMP:ATP ratios in fly as well as worm (Stenesen et al. 2013).

Importantly, DR is an umbrella term encompassing a significant variety of

nutritional interventions; for example, DR can entail reducing single nutrients in

the food source or the total caloric content while keeping relative nutrient pro-

portions equal. In C. elegans, where the most direct tests of AMPK’s role in DR

have been performed, AMPK is not uniformly required for lifespan extension

across all these diverse regimens. Contrasting with studies involving bacterial

dilution on solid media, aak-2 is not required for lifespan extension in worms fed

diluted bacteria in liquid culture or in eat-2 mutant worms which possess reduced

feeding rates (Curtis et al. 2006; Greer and Brunet 2009; Mair et al. 2009).

Futhermore, DR regimens may activate AMPK by mechanisms completely

unrelated to cell nucleotide charge, and these likely include altered levels of

humoral factors and signaling through alternative nutrient-sensing pathways,

Fig. 10.2 AMPK is a central node in a network of nutrient-sensing pathways regulating longevity.

Pro-longevity factors (activity positively correlates with longevity) are colored blue, while anti-

longevity factors (inhibition correlates with longevity) are red
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some of which are discussed below. In addition, it remains unclear whether

dominant negative AMPK blocks lifespan extension by DR in Drosophila as it

does in AMP synthesis mutants. A great deal more work is required before we can

claim to fully understand when and where in the body AMPK becomes activated

during DR and the mechanisms involved.

10.2.2 Mitochondrial Inhibition

Mild inhibition of mitochondrial function is another conserved paradigm of lon-

gevity. Genetic inhibition of several components of the electron transport chain

(ETC) complexes alters developmental timing and extends lifespan (Dell’agnello

et al. 2007; Dillin et al. 2002; Houtkooper et al. 2013; Lakowski and Hekimi 1996;

Lee et al. 2003; Liu et al. 2005). Generally, declining mitochondrial function and

quality is a hallmark of aging (Lopez-Otin et al. 2013), and so the finding that

perturbing key functional components of the organelle extends lifespan is some-

what paradoxical. The precise cell and molecular mechanisms by which mitochon-

drial inhibition promotes longevity remain elusive, but tend to fall in one of two

directions: altered signaling and/or cellular damage caused by reactive oxygen

species (ROS) from the mitochondria, or enhanced protein homeostasis through

the mitochondrial unfolded protein response (UPRmt), which results when the

stoichiometry of mitochondrial ETC complexes is disrupted (Haynes et al. 2013).

Relatively recent studies have identified noncanonical activation of AMPK by ROS

signaling, suggesting that this could be an intriguing connection to pursue in the

context of mitochondrial pathways and aging (Hardie et al. 2012). On the other

hand, recent work suggests that UPRmt longevity is mediated through epigenetic

reprogramming and transcriptional remodeling of the mitochondrial protein

homeostasis network (Merkwirth et al. 2016), but whether AMPK plays an impor-

tant role in these UPRmt-related processes remains mostly unknown. Given the

canonical roles of the mitochondrion as the energy-producing organelle and of

AMPK as a sensor and transducer of energy stress, it is a simple progression to

hypothesize that mitochondrial inhibition inflicts an energy crisis upon the animal

to which AMPK responds, but experiments testing this hypothesis in lifespan

regulation are relatively scant. Surprisingly, inhibition of ISP-1 (complex III) or

CLK-1 (ubiquinone synthesis) still extends lifespan in C. elegans lacking AAK-2,

though the longevity is partially blunted in this AMPK mutant (Curtis et al. 2006).

In this case, involvement of the alternate α subunit, AAK-1, has not been ruled out.

Broadly, given the variety of routes by which mitochondrial perturbations could be

influencing AMPK function, it naturally remains an attractive candidate to mediate

at least some of the associated benefits on aging.
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10.3 AMPKRegulates Longevity in Conjunction with Other

Energy-Sensing Pathways

Mitochondrial inhibition and especially DR are very broad interventions with

far-reaching consequences across cell and animal physiology. Many of the changes

they elicit are not coupled to aging, so a great deal of elegant work has sought to

identify the downstream molecular mechanisms which are required, and ultimately

sufficient, to extend lifespan. These studies found that a number of interventions

designed to impair much more specific aspects of energy metabolism also exert

potent effects on lifespan. Recurrently, this more targeted work has highlighted

multiple energy-sensing genes and pathways—including AMPK—which seem to

function as a core, evolutionarily conserved signaling network capable of defining

the rate of aging.

10.3.1 Insulin and Growth Factor Signaling

Suppression of the insulin/insulin-like growth factor signaling (IIS) pathway dra-

matically extends lifespan in multiple systems (Fontana et al. 2010; Kenyon 2011).

The IIS pathway responds to nutrient levels in the body to mediate feeding,

development, and growth, as well as macromolecular biosynthesis and storage. In

a highly conserved pathway, Forkhead box O (FOXO) family transcription factors

act downstream of IIS, becoming nuclear and activated only when the IIS pathway

is repressed (Matsuzaki et al. 2003). C. elegans mutants of the insulin receptor,

DAF-2, are completely dependent on the sole FOXO ortholog in worms, DAF-16,

for extended lifespan (Kenyon et al. 1993). AMPK/AAK-2 is completely required

for lifespan extension in some weaker hypomorphic alleles of daf-2, yet only
partially suppresses the longer lifespans of stronger reduction-of-function alleles,

suggesting the existence of both AMPK-dependent and independent mechanisms of

IIS longevity (Apfeld et al. 2004). Though mutants of the IIS pathway extend

lifespan in flies, rodents, and possibly humans (Fontana et al. 2010; Pawlikowska

et al. 2009; Suh et al. 2008), the requirement of AMPK in these systems requires

exploration. Intriguingly, AMPK interacts with these FOXO transcription factors in

multiple interesting ways, some of which are evolutionarily conserved. Not only

does AMPK phosphorylate and activate FOXO/DAF-16 in C. elegans and mam-

mals (Greer et al. 2007a, b), but FOXO/DAF-16 may directly upregulate expression

of an atypical γ isoform lacking consensus AMP-binding sites in C. elegans (Tullet
et al. 2014). This atypical γ is required for maximal lifespan extension of insulin

pathway mutants, suggesting that this may represent a natural constitutively active

form of the complex mediating the longevity benefits of impaired insulin signaling

(Chen et al. 2013; Tullet et al. 2014) This represents just one example out of many

where these nutrient-responsive pathways cross-regulate one another.
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10.3.2 Sirtuins

Analogous to the increase in AMP/ADP:ATP ratio that promotes AMPK activation,

another manifestation of nutrient depletion is a rise in the ratio of NADþ:NADH,
favoring the oxidized form. Sirtuins are a conserved family of protein deacetylaces

and deacylases that require NADþ for their function, and so similarly to AMPK,

their activity also correlates with conditions of nutrient depletion. Early studies in

yeast suggested that increased sirtuin function is sufficient to promote healthy aging

and longevity as a mediator of DR (Kaeberlein et al. 1999; Lin et al. 2000). These

findings were extended to metazoans, and though valid concerns were raised over

confounding genetic backgrounds and technical issues, the field has rebounded to

demonstrate convincingly that sirtuins can modulate lifespan and regulate

age-related pathology in different models, including rodents through

overexpression of sirtuin family members SIRT1 and SIRT6 (Burnett et al. 2011;

Guarente 2013; Kanfi et al. 2012; Satoh et al. 2013). Like the interaction between

FOXO and AMPK, data from multiple studies indicate that sirtuins and AMPK can

promote one another’s activation. AMPK promotes activation of the mammalian

sirtuin homolog SIRT1 indirectly through effects on the NADþ:NADH ratio in cells

(Canto et al. 2010; Fulco et al. 2008). On the other hand, the upstream AMPK

kinase LKB1 is a direct target of SIRT1 deacetylation, providing an avenue for

SIRT1 to promote AMPK activity (Lan et al. 2008). These two metabolic sensors

also require one another to mediate metabolic homeostasis in various contexts,

especially as it relates to regulation of mitochondria (see later sections for more

detail). Regarding studies directly examining lifespan, C. elegans overexpressing
the sirtuin family member SIR-2.1 require AMPK/AAK-2 for longevity, but this

result should be reconfirmed now that issues with secondary mutations in the

background of those strains have been identified (Curtis et al. 2006; Guarente

2013). In rodents, one study suggests that age-dependent declines in NADþ levels

result in declining SIRT1 activity, ultimately driving aging through a failure to

maintain mitochondrial homeostasis (Gomes et al. 2013). In a test of this model, the

authors showed that supplementing old mice with NADþ reverses age-related

decline in skeletal muscle strength, and although they found evidence of altered

AMPK activity, it remains unclear whether it plays an important role in these

rejuvenating effects (Gomes et al. 2013). Especially in light of these promising

links between sirtuins and AMPK, more specific investigation into how AMPK and

sirtuins co-regulate lifespan is needed.

10.3.3 TOR

In many respects, TOR and AMPK exist as near-perfect foils, and their mutual

antagonism serves to maintain balance in cells. Where AMPK responds to energy

depletion to enhance cellular catabolic activities, the TOR kinase complex is
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activated by nutrient abundance to promote anabolic functions, leading to cell

growth and proliferation. Given the close association between nutrient depletion

and longevity, it is perhaps unsurprising that components of the TOR signaling

pathway are almost universally anti-longevity factors (Johnson et al. 2013). TOR

inhibition extends lifespan from yeast to mammals, and AMPK plays an important

part in these systems (Fabrizio et al. 2001; Harrison et al. 2009; Kapahi et al. 2004;

Vellai et al. 2003). Consistent with their opposing roles, TOR and AMPK share a

number of regulatory targets, converging to reciprocally regulate core processes

such as lipid metabolism, autophagy, and protein synthesis (detailed further in later

sections). TOR and AMPK also directly antagonize one another. AMPK phosphor-

ylates and activates two different inhibitors of the TOR complex, raptor and TSC2

(Gwinn et al. 2008; Inoki et al. 2006), while a canonical TOR effector, S6 kinase

(S6K), can directly phosphorylate and inhibit AMPK α (Dagon et al. 2012).

Due to the reciprocal regulation between AMPK and TOR complexes (i.e.,

activation of one kinase results in inhibition of the other), it is difficult to tease

apart which kinase plays a dominant or upstream role in lifespan regulation through

genetic epistasis. However, a study by Selman et al. demonstrated that S6K/RSKS-

1 mutants are long-lived in both mouse and C. elegans, and consistent with the

explanation that S6K loss results in AMPK activation, the worm α subunit AAK-2

is required for those longevity benefits (Selman et al. 2009). Carrying this finding

further, proteomic approaches aiming to identify mechanisms of TOR pathway

longevity in S6K mutant worms revealed that the arginine/creatine kinase, ARGK-

1, is 35-fold upregulated in these animals (McQuary et al. 2016). ARGK-1 is both

required and sufficient for AMPK α activation in the S6K mutants, and though

unconfirmed experimentally, this may occur through the conserved role of this

phosphagen kinase family in regulating cellular levels of energy-carrying mole-

cules like creatine (McQuary et al. 2016). Furthermore, ARGK-1 overexpression

extends C. elegans lifespan and requires AMPK/AAK-2 for this effect. These

results more broadly suggest the existence of additional mechanisms by which

the TOR pathway may regulate AMPK activity and potentially longevity.

10.3.4 Longevity Signaling Is Highly Interconnected

Though especially apparent from the antagonism between the AMPK and TOR

complexes, it is worth noting that many of these longevity pathways are related

and/or cross-regulated, resulting in a web-like signaling network that can be

difficult to untangle. For example, insulin/IGF1 signaling is reduced in animals

undergoing DR (Fontana and Partridge 2015), but while insulin-receptor mutants

are completely dependent on FOXO/DAF-16 for longevity, some DR regimens are

at least partially independent of this transcription factor (Houthoofd et al. 2003;

Panowski et al. 2007). While this suggests that the longevity mechanisms of DR and

reduced IIS are separable, an alternative explanation could be that DR benefits can

only be replicated by the combined action of multiple nutrient-sensing pathways.
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Recent work by Hou et al. elegantly addresses this point (Hou et al. 2016). By

analyzing the transcriptomes of nematodes undergoing chronic DR and intermittent

fasting and comparing these datasets to established genetic models of longevity, the

authors identified that DR-associated gene expression changes seemed to be

reprised by the summed effects of 3 distinct genetic pathways: a TOR module, an

AMPK/Calcineurin/Xbox-binding protein 1 (XBP1) module, and a FOXO/DAF-16

module. Intriguingly, DR ceased to have an additive effect on lifespan in mutant

animals only when all 3 genetic pathways were simultaneously modulated,

suggesting that together the combined action of these genetic pathways recapitu-

lates DR. Notably, however, genetically perturbing these pathways can elicit a

longevity response much stronger than DR alone. Dual inhibition of the insulin and

TOR pathways, via the insulin receptor/DAF-2 and S6K/RSKS-1 in C. elegans,
promotes an incredible 5-fold extension in lifespan, analogous to humans living for

several hundred years (Chen et al. 2013). The delayed aging of these double

mutants was completely dependent on FOXO/DAF-16, and the authors exploited

this dependency to identify changes in gene expression that mediate this extreme

longevity. This analysis ultimately revealed that the AMPK complex was activated

both transcriptionally and post-translationally in these animals, and that the AMPK

γ subunit, AAKG-4, and α subunit, AAK-2, were required for the synergism

between TOR and IIS inhibition (Chen et al. 2013). In the context of this chapter,

these studies altogether reveal that AMPK acts as a key node in this longevity

network, but also suggest that there are a variety of AMPK-independent routes by

which alternative nutrient-sensing pathways can promote healthier aging. While the

past two decades of work in the field have focused largely on the concept of single-

gene interventions that regulate lifespan, perhaps this recent work indicates that the

most potent protection against age-onset disease and morbidity will require com-

binatorial interventions.

10.4 Pro-longevity Pharmacology and AMPK

The ultimate goal of the aging field is to develop pharmacological interventions that

ameliorate the morbidity and disease risk associated with advanced age. In addition

to genetic approaches towards the dissection of metabolic pathways involved in

longevity, pharmacological studies have also proven fruitful—not only in elucidat-

ing longevity pathways through experiments in model organisms but also in

providing early evidence that this type of therapeutic approach may be feasible in

humans.

Many of these small molecules target one or more of the nutrient-sensing

pathways mentioned previously. Because of the interlinked activation status of

the nutrient sensors, it can be difficult to determine whether these molecules are

“dirty” and bind multiple targets or whether they bind one and initiate a chain

reaction of regulation within the network. Resveratrol, for example, is a polyphenol

initially thought to extend lifespan in yeast and other invertebrate models through
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activation of the sirtuin Sir2 and its orthologs, i.e., SIRT1 in mammals (Howitz

et al. 2003; Wood et al. 2004). However, resveratrol given to mice on high fat diets

dramatically reverses diet-associated pathology and decreased health span by a

mechanism associated with decreased insulin/IGF-1 levels and an ability to activate

AMPK, even to a similar extent as 5-aminoimidazole-4-carboxamide

ribonucleutide (AICAR), an AMP mimetic (Baur et al. 2006). Casting into doubt

whether sirtuins are really the primary effectors of resveratrol, a study of mice fed

resveratrol revealed that the beneficial effects on most metabolic parameters,

including fat mass, glucose homeostasis, and mitochondrial biogenesis, were

dependent on AMPK α subunits 1 or 2 and, furthermore, that resveratrol can

activate AMPK in cells lacking any SIRT1 (Um et al. 2010). It does appear that

resveratrol can directly bind SIRT1, so alternative, dose-dependent mechanisms of

resveratrol effects on aging and health span may exist, and future studies will need

to address this question (Hubbard et al. 2013; Price et al. 2012).

Notably, resveratrol’s ability to influence lifespan and some markers of

age-related pathology in flies, rodents, and more recently rhesus monkeys seems

achievable primarily in the context of an “unhealthy” diet, which may limit (but not

nullify) its therapeutic applications (Baur et al. 2006; Jimenez-Gomez et al. 2013;

Mattison et al. 2014; Pearson et al. 2008; Wang et al. 2013). In contrast, the

FDA-approved macrolide immunosuppressant rapamycin has repeatedly and

robustly extended lifespan in genetically heterogeneous mice fed normal diets,

even when initiated late in life (Harrison et al. 2009; Miller et al. 2011, 2014).

Rapamycin inhibits TOR complex signaling through binding to its inhibitor FK506-

binding protein 12 (FKBP12) (Laplante and Sabatini 2012). Given the reciprocal

regulation between AMPK and TOR kinases, this raises the possibility that AMPK

plays an important role in rapamycin-induced longevity, but direct tests of this

hypothesis are still required. Delineating the downstream mechanisms of

rapamycin’s effects on aging will be important in order to develop methods to

uncouple health span benefits from its established role in immunosuppression.

In addition to targeting the nutrient sensors themselves, some small molecules

target key enzymes in energy metabolism, thus indirectly affecting the activity of

the core nutrient sensors. One such example arises from chemical inhibitors of

glucose metabolism. Supplementing C. elegans diet with excess glucose shortens

lifespan, while feeding nematodes the glycolytic inhibitor 2-deoxyglucose (2DG)

extends lifespan (Schulz et al. 2007). Similarly, feeding worms with D-glucos-

amine, which—unlike 2DG—is nontoxic in mammalian models, also suppresses

glucose metabolism and extends lifespan in both C. elegans and mice (Weimer

et al. 2014). Intriguingly, the authors in both cases find that the α subunit AAK-2 is

required for these lifespan effects in C. elegans, and suggest a model whereby

reduced glucose availability leads to enhanced, AMPK-dependent mitochondrial

biogenesis, respiration, and longevity.

Following a similar line of reasoning, the biguanide metformin has long been

prescribed to correct hyperglycemia and related dysregulation of glucose metabo-

lism in diabetic patients. Following the discovery that it exerts protection against
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cancer (Evans et al. 2005), however, metformin has emerged as one of the most

promising compounds to combat age-onset pathology in humans. Due to

metformin’s status as the most commonly prescribed treatment for type II diabetes

worldwide, there is a growing wealth of longitudinal data describing outcomes for

patients receiving chronic treatment. Studies following large cohorts of diabetic

patients continue to demonstrate that metformin treatment confers protection

against cardiovascular disease in addition to multiple forms of cancer and even

all-cause mortality, perhaps providing a preliminary proof-of-principle that a single

drug is capable of preventing diverse age-dependent pathologies (Milman and

Barzilai 2016; Pryor and Cabreiro 2015). Clinical trials are now underway to

determine more directly if metformin improves cancer-related outcomes in patients

without any confounding effects of diabetes.

Though it was once suspected that metformin could be a direct AMPK agonist,

multiple studies ultimately determined that metformin more directly targets mito-

chondrial function via Complex I (El-Mir et al. 2000; Owen et al. 2000). Regard-

less, metformin indisputably promotes AMPK activation, likely as a secondary

consequence of effects on AMPK’s upstream activator LKB1 (Shaw et al. 2005)

and/or possibly also through alterations in AMP/ATP levels. Metformin extends

lifespan of C. elegans (Cabreiro et al. 2013; Onken and Driscoll 2010) and mice

(Anisimov et al. 2011; Martin-Montalvo et al. 2013), though notably failed to

promote longevity in Drosophila, possibly due to toxicity (Slack et al. 2012).

Metformin and/or its close relative phenformin potently activates AMPK in all of

these systems, and though it was not directly tested in the mouse studies, metformin

longevity in C. elegans requires intact AMPK (Cabreiro et al. 2013; Onken and

Driscoll 2010).

The cellular mechanisms mediating lifespan effects downstream of metformin

are not yet well understood, though the working models proposed in these studies

converge on enhanced stress defense and detoxification processes. In C. elegans,
SKN-1/Nrf2, a master regulator of ROS and xenobiotic detoxification, is required in

addition to AMPK for metformin to extend lifespan (Onken and Driscoll 2010).

Consistent with its effectiveness as a treatment for diabetes, an alternative expla-

nation is that metformin protects metabolic homeostasis, e.g., glucose levels,

insulin sensitivity, and blood lipid profiles, later into old age (Martin-Montalvo

et al. 2013). Metformin may also represent an interesting tool in dissecting which

AMPK-dependent metabolic functions correlate with longevity and which do not,

as several of metformin’s effects are now known to be AMPK-independent. For

example, AMPK is not necessarily required for metformin to inhibit mammalian

target of rapamycin complex I (mTORC1) (Kalender et al. 2010) or for effects on

glucose metabolism, at least at higher concentrations of the drug (Foretz et al. 2010;

Madiraju et al. 2014; Miller et al. 2013).

Efforts to translate some of these experimental successes to humans are already

underway; however, a barrier to advancement here is that aging is not recognized as

a treatable disorder and, therefore, not amenable to the current design of clinical

trials. For this reason, any progress is restricted to molecules, such as rapamycin
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and metformin, which are already proven safe and effective for specific disease

states. In an attempt to transform this paradigm, the Food and Drug Administration

recently announced plans to carry forward the Targeting Aging with Metformin

(TAME) study. In the TAME study, metformin will be given to participants at risk

of cancer, heart disease, or cognitive impairment, and its ability to reduce the risk of

death presented by this broad spectrum of age-related diseases will be evaluated. If

successful, the results of this study will validate the argument for the ability of a

drug to broadly extend health span and inform the design of future clinical trials to

identify pharmacological agents capable of doing so.

10.5 AMPK Activation Is Sufficient to Extend Lifespan

Arguably the most important characteristic of a longevity-promoting therapeutic

target is that directly modulating its activity is sufficient to extend lifespan. While

the previously mentioned drugs and genetic longevity paradigms promote AMPK

activation and require its function to extend lifespan, it remains difficult to rule out

contributions from off-target (i.e., non-AMPK) effects. However, multiple inde-

pendent lines of evidence from direct genetic perturbations in both worm and fly

highlight the potential of AMPK as just such a target. Methods of constitutive

activation of the AMPK complex in vivo have included overexpression of the wild-

type α subunit (Apfeld et al. 2004; Stenesen et al. 2013; Ulgherait et al. 2014),

expression of mutant forms of the α subunit which enhances its basal activation

(Mair et al. 2011), as well as overexpression of mutated γ subunits that mimics

AMP-binding (Greer et al. 2007a). In each of these cases, enhanced activation of

AMPK is sufficient to extend lifespan even in animals fed ad libitum. While several

specific small-molecule activators of AMPK are known (Cool et al. 2006; Li

et al. 2013), it remains unclear whether these compounds extend lifespan. Hawley

et al. also recently demonstrated that salicylate, the active form of aspirin, directly

binds AMPK β and promotes activation of the complex (Hawley et al. 2012).

Intriguingly, experiments run as part of the Intervention Testing Program of the

National Institute of Health revealed that chronic administration of aspirin signif-

icantly extends the lifespan of male mice (Strong et al. 2008), and these effects on

aging appear to be evolutionarily conserved, as aspirin also promotes longevity in

C. elegans (Ayyadevara et al. 2013; Wan et al. 2013). Suggesting that these effects

are mediated at least in part through salicylate binding to AMPK, aspirin-treated

worms require AMPK/AAK-2 for lifespan extension (Wan et al. 2013). In light of

these findings, testing the effects of additional AMPK activators only becomes

more compelling.

More recently, studies have begun using AMPK transgenics to address an added

layer of complexity that is difficult to tease apart with drug treatments, namely that

despite the ubiquity of AMPK expression across metazoan tissues, neither the

effects of energy stress nor the roles of AMPK are uniform between cell types.
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Furthermore, alternate isoform composition of heterotrimeric AMPK complexes

can have differing effects in the same tissue, and specific diseases can be associated

with mutations in one variant of a subunit but not another (Ross et al. 2016). This

raises the possibility that unique AMPK complex combinations could act specifi-

cally in a limited number of tissues to promote lifespan extension. In fact, recent

work exploring the outcome of chronic, systemic AMPK activation via mutation of

the γ2 subunit in mice has revealed a number of adverse consequences, including

hyperphagia and obesity (Yavari et al. 2016). Thus, it seems clear that deleterious

effects in one tissue may outweigh the benefits of AMPK activation in others,

perhaps necessitating a tissue- or subunit-selective approach for therapeutic

targeting of the complex.

A collection of studies in both worms and flies have begun to test this possibil-

ity—that AMPK action in select tissues can indeed promote longevity—but a clear

and consistent model is still emerging. Stenesen et al. overexpressed a wild-type

AMPK α subunit in either the fat body or the muscle of adult Drosophila and found
in both cases that tissue-specific AMPK activation was sufficient to extend lifespan

(Stenesen et al. 2013). Similarly, a second study by Ulgherait et al. overexpressed

AMPK α in two fly tissues, neurons or intestine, again finding that activation in

either tissue was sufficient to extend lifespan (Ulgherait et al. 2014). Two mecha-

nistic explanations for these results are possible: first, in a cell autonomous model,

AMPK could be prolonging the health of the neurons or intestine in which it was

overexpressed, and prolonging the integrity of individual tissues is sufficient to

extend the lifespan of the animal. Alternatively, AMPK could defend against

age-related pathology cell nonautonomously. The authors took the next step to

address this question, ultimately confirming the latter model by showing that either

neuronal or intestinal AMPK overexpression protects against age-related

proteotoxicity in distal tissues (e.g., muscle) through a mechanism that involves

reduced insulin signaling between tissues and cell-nonautonomous upregulation of

autophagy (Ulgherait et al. 2014). In the future, activating AMPK in all individual

tissues and comparison to ubiquitous overexpression may help to integrate these

observations into a complete model. Taking this systematic approach in C. elegans
revealed that in contrast to the fly, tissue-specific overexpression of an activated

AMPK α, AAK-2, in the worm neurons, muscle, or intestine all failed to extend

lifespan, despite robust longevity in animals expressing the same transgene from

the native AAK-2 promoter (Burkewitz et al. 2015). Despite the requirement of

AMPK activation in multiple tissues, the mechanism of AMPK longevity in the

worm still depends on cell nonautonomous signaling, however. Uncoupling AMPK

from regulating its conserved downstream substrate, CREB-regulated transcrip-

tional coactivator (CRTC-1), selectively in neurons abolishes lifespan extension. In

this model, neuronal AMPK regulates a permissive, central switch, which allows

peripheral AMPK action to promote longevity (see later sections for more detail).
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10.6 Longevity-Promoting Outputs of AMPK Activation

AMPK modulates a number of cellular processes known to impact aging via

posttranslational regulation of signaling, metabolic, and transcriptional effectors.

Given that global activation of AMPK is unlikely to be an effective therapeutic

strategy, a complete understanding of AMPK’s downstream effects may enable a

refined approach to harness the beneficial, pro-longevity effects of AMPK

(Fig. 10.3).

10.6.1 Autophagy

Macroautophagy—the degradation and recycling of cytoplasmic components via

delivery to the lysosome (herein referred to as autophagy)—is primarily thought of

as a cell protective process, maintaining cellular quality control via degradation of

damaging components, as well as helping to meet bioenergetic demand. A rapidly

growing body of literature supports a role for autophagy in aging, which has been

reviewed elsewhere (Knuppertz and Osiewacz 2016; Rubinsztein et al. 2011).

Given the importance of autophagy in aging and age-related diseases, understand-

ing the precise regulatory mechanisms that govern the process is a rapidly

Fig. 10.3 Summary of downstream processes mediating AMPK longevity
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expanding area of research. While the molecular mechanisms are undoubtedly

complex, there is an emerging role for AMPK, both directly and indirectly, in

autophagy induction.

Some of the earliest reports linking autophagy with longevity stemmed from the

observation that autophagy is strongly induced by DR in multiple model systems,

enabling cells to maintain energy homeostasis during nutrient scarcity via the

turnover of cytoplasmic macromolecules (Rubinsztein et al. 2011). Under low

nutrient conditions, autophagy induction begins with the formation of

autophagosomes, the double membrane vesicles that are delivered to the lysosome.

Part of the machinery required for this process is a conserved kinase complex that

includes UNC-51-like kinase 1 (ULK-1), a mammalian homologue of yeast Atg1.

AMPK, activated by low energy status, directly phosphorylates ULK-1 on at least

two residues, resulting in activation of ULK-1 (Egan et al. 2011; Kim et al. 2011).

AMPK deficiency in mammalian cells and mouse liver results in autophagy defects,

confirming the physiological importance of this AMPK-dependent regulation. The

requirement for AMPK to induce autophagy is also conserved across species, as the

AMPK ortholog AAK-2 is necessary and sufficient to activate autophagy in

C. elegans (Egan et al. 2011).

A second step in autophagosome formation was also found to be regulated by

AMPK: Vps34, a class III phosphatidylinositol-3 kinase, functions in various

cellular processes, including autophagy, by forming multiple different complexes.

When complexed with Beclin 1 and other autophagic machinery components,

Vps34 controls autophagosome biogenesis and maturation. Kim et al. elucidated

an intricate AMPK-dependent mechanism involving differential regulation of

Vps34 complexes, showing that under nutrient stress AMPK specifically promotes

the pro-autophagy activity of Vps34 by phosphorylating Vps34 and Beclin 1 (Kim

and Guan 2013).

Recently, a more specific role for AMPK in regulating the selective clearance of

damaged mitochondria by mitophagy was revealed (Toyama et al. 2016). In

response to treatment with electron transport chain inhibitors, the mitochondrial

network undergoes rapid fragmentation, allowing for degradation of defective

mitochondria. AMPK was found to be required for this stress-induced fragmenta-

tion, and pharmacological activation of AMPK even in the absence of mitochon-

drial stress was sufficient to promote acute fragmentation of the network (Toyama

et al. 2016). A screen to establish the molecular mechanism responsible revealed a

novel role for AMPK in regulating mitochondrial dynamics; AMPK directly phos-

phorylates mitochondrial fission factor (MFF), an outer mitochondrial membrane

protein that recruits the cytoplasmic GTPase dynamin-related protein-1 (DRP1) to

sites of fission (Toyama et al. 2016). Interestingly, aged mice lacking skeletal

muscle AMPK accumulate p62 and parkin, indicating a defect in mitophagy. This

was linked to exacerbation of age-associated myopathy, suggesting that AMPK-

mediated induction of mitophagy plays a role in aging (Bujak et al. 2015).

In addition to direct phosphorylation events that lead to the induction of

autophagy, AMPK likely plays further roles in regulating the process via crosstalk

with other signaling pathways. mTORC1 is a well-established inhibitor of
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autophagy, and part of AMPK’s role in promoting autophagy requires inhibition of

mTORC1 under low nutrient conditions to relieve mTORC1-dependent inhibition.

mTORC1 disrupts the interaction between AMPK and ULK-1 by phosphorylating

ULK-1 at a different site (Kim et al. 2011). When activated by low glucose, AMPK

inhibits mTORC1 through phosphorylation of Raptor and TSC, two regulatory

components governing mTORC1 activity, which in turn allows for AMPK-

dependent phosphorylation of ULK-1 (Gwinn et al. 2008; Inoki et al. 2003; Kim

et al. 2011). Inhibition of autophagy by mTORC1 also involves other mechanisms,

including regulation of the mammalian transcription factor EB (TFEB). Under

nutrient-rich conditions, mTORC1 phosphorylates TFEB, preventing its nuclear

localization and thereby inhibiting transcription of its target genes, including

multiple autophagy-related and lysosomal genes (Settembre et al. 2012). Interest-

ingly, the C. elegans ortholog HLH-30 is required for lifespan extension in multiple

longevity pathways, and overexpression extends C. elegans lifespan (Lapierre

et al. 2013). Since AMPK inhibits mTORC1, it is conceivable that AMPK plays a

role in this pathway to permit nuclear translocation of TFEB/HLH-30 when nutrient

levels are low; however, this remains to be demonstrated.

It is evident that AMPK participates in the complex, multilevel regulation of

autophagy, but until recently it remained unclear whether autophagy played a

causal role in AMPK-mediated longevity. Addressing this question in Drosophila,
Ulgerhait et al. demonstrated that AMPK modulates autophagy in a tissue-specific

manner by both cell-autonomous and cell-nonautonomous mechanisms (Ulgherait

et al. 2014). Activating AMPK in the nervous system extended lifespan, with a

concomitant induction of autophagy in the intestine and autophagy-related gene

expression in muscle. Similarly, intestinal activation of AMPK resulted in

autophagy induction in the nervous system. Establishing causality, neuronal

RNAi knockdown of Atg1, a kinase involved in autophagosome formation,

suppressed the ability of neuronal AMPK to promote longevity and slow markers

of systemic aging. Furthermore, neuronal upregulation of Atg1 was sufficient to

extend lifespan and slow aging (Ulgherait et al. 2014). The requirement of

autophagy in other longevity pathways closely linked to AMPK further suggest

that autophagy has a central role in conferring AMPK-dependent lifespan exten-

sion. For example, extension of lifespan by inhibition of calcineurin in C. elegans
requires autophagy (Dwivedi et al. 2009). AMPK and calcineurin share a direct

longevity target, CRTC-1, and have opposing effects on its localization; activation

of AMPK or inhibition of calcineurin prevents nuclear localization of CRTC-1,

resulting in lifespan extension in C. elegans. It will be interesting to determine

whether this signaling pathway involving CRTCs converges on the regulation of

autophagy.

Further studies are needed to determine precisely how AMPK regulates

autophagy in the context of aging. In particular, verifying that the requirement for

autophagy in AMPK-mediated longevity is conserved in mammalian systems, and

in which tissues the promotion of autophagy is beneficial for slowing aging should

be priorities. Another gap in our understanding relates to the identity of specific

autophagic cargo that need to be degraded to promote healthy aging. It is plausible
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that selectivity exists for different cargo according to nutritional and environmental

conditions, and so determining the relevant cargo for AMPK-mediated regulation

of autophagy will be revealing. For example, since acute activation of AMPK was

recently shown to promote mitophagy, it will be interesting to establish if clearance

of damaged mitochondria is required for AMPK-mediated longevity.

10.6.2 Mitochondrial Function

Mitochondrial function is central to numerous longevity pathways and has been

widely reported to become dysregulated with age. The principal function of AMPK

is to maintain energy homeostasis; activated when cellular energy levels are low,

AMPK turns on catabolic pathways and inhibits anabolic ATP-consuming path-

ways to restore ATP levels. Accordingly, AMPK acts as a master regulator of

mitochondrial biogenesis and metabolism, and the extent to which it does so in the

context of aging is just beginning to be explored.

One way that AMPK increases ATP levels is by inducing mitochondrial bio-

genesis (Winder et al. 2000; Zong et al. 2002). Peroxisome proliferator-activated

receptor γ coactivator-1 α (PGC1α), the master transcriptional regulator of mito-

chondrial biogenesis, is directly phosphorylated at two residues by AMPK (Jager

et al. 2007). Pharmacological activation of AMPK by AICAR induces mitochon-

drial gene expression but fails to do so in mice lacking PGC1α in skeletal muscle.

The mechanism underlying transcriptional induction appears to involve two levels

of regulation. First, when phosphorylated by AMPK, PGC1α transcriptionally

activates its own promoter (Jager et al. 2007). Secondly, SIRT1 can deacetylate

PGC1α to enhance its activity, though this deacetylation first requires priming by

AMPK-mediated phosphorylation of PGC1α in order to recruit SIRT1 (Canto

et al. 2009). AMPK further enhances mitochondrial biogenesis by increasing

cellular NADþ levels leading to activation of SIRT1 and subsequent activation

of PGC1α (Canto et al. 2009). Aging is associated with reductions in mitochondrial

function, including reduced mitochondrial biogenesis, which may at least in part be

due to a diminished ability to activate AMPK with age. Activation of AMPK, either

acutely by AICAR and exercise or chronically by β-guanidinopropionic acid

(β-GPA), was blunted in skeletal muscle of aged rats (Reznick et al. 2007).

β-GPA treatment also failed to induce mitochondrial biogenesis in old rats,

suggesting that age-associated decreases in AMPK activity may be a limiting factor

for promoting mitochondrial function in old age (Reznick et al. 2007). The potential

for promoting longevity by targeting mitochondrial biogenesis has been demon-

strated in flies, where tissue-specific overexpression of PGC1α in intestinal stem

cells extends lifespan and delays age-related loss of tissue homeostasis (Rera

et al. 2011). It is currently unknown if altered mitochondrial biogenesis is required

for AMPK-mediated lifespan extension. A recent study showed that mitochondrial

biogenesis and mitophagy are coordinately regulated, and uncoupling of the two

processes during aging contributes to dysregulated cellular function in C. elegans
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(Palikaras et al. 2015). Since AMPK regulates both of these processes, it is tempting

to speculate that maintenance of mitochondrial homeostasis and content may be

instrumental to AMPK-mediated longevity.

Beyond promoting mitochondrial biogenesis, AMPK specifically regulates sys-

temic mitochondrial function by reprogramming mitochondrial metabolism, which

was recently shown to be required for AMPK-mediated lifespan extension in

C. elegans (Burkewitz et al. 2015). Genetic activation of AAK-2 extends lifespan

by inhibiting CRTC-1 via phosphorylation (Mair et al. 2011). Transcriptional and

metabolic analyses revealed that suppression of AAK-2 longevity by activating

CRTC-1 (rendering it insensitive to AMPK regulation) is associated with broad

suppression of mitochondrial metabolic genes and downregulation of TCA cycle

intermediates, indicating that AMPK-dependent regulation of mitochondrial func-

tion is specifically coupled to its promotion of longevity (Burkewitz et al. 2015).

This study further showed that AMPK regulates systemic mitochondrial metabo-

lism via a downstream cell-nonautonomous mechanism: opposing transcriptional

effectors CRTC-1/CREB and the PPARα ortholog, NHR-49, act specifically in the

nervous system to regulate longevity and systemic metabolism. Notably, activating

CRTC-1 in neurons results in fragmentation of mitochondria in muscle cells,

demonstrating that cell-nonautonomous remodeling of mitochondrial dynamics is

associated with AMPK longevity (Burkewitz et al. 2015). Taken together with the

recent finding that AMPK directly phosphorylates MFF to drive fission under

mitochondrial stress (Toyama et al. 2016), this highlights an intriguing new role

for AMPK in adapting mitochondrial function via remodeling mitochondrial

networks.

It is becoming increasingly apparent that AMPK not only regulates mitochon-

drial function at multiple levels, but that at least some of these are indeed causal to

AMPK-mediated longevity. Given the emerging cell-autonomous and

nonautonomous mechanisms by which AMPK acts to regulate mitochondrial

homeostasis, deciphering the tissue-specific requirements for these effects will be

essential in order to selectively harness the pro-longevity effects of AMPK

activation.

10.6.3 Lipid Metabolism and Metabolic Flexibility

The capacity to switch between different fuel substrates, defined as metabolic

flexibility, enables an organism to adapt to changing nutrient availability. When

glucose availability is high, β-oxidation is suppressed in favor of glucose metabo-

lism, whereas in the fasting state a metabolic shift occurs to limit glucose metab-

olism and instead promote fat metabolism. Impaired metabolic flexibility

contributes to dysfunctional energy homeostasis and ultimately metabolic disease

and is associated with aging and age-related diseases (Calcada et al. 2014; Gao

et al. 2014). Exactly how metabolic function changes with age and the contribution

of specific metabolites to the aging process is relatively understudied, but reciprocal
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changes in phosphoenolpyruvate carboxykinase (PEPCK-C) and glycolytic pyru-

vate kinase (PK) have been reported in mammalian muscle and liver tissue (Dhahbi

et al. 1999). A recent study in C. elegans shed more light in this area, employing

metabolic flux analyses to show that an age-associated decrease in PEPCK-C and

increase in PK is necessary and sufficient to limit lifespan (Yuan et al. 2016).

Moreover, PEPCK-C overexpression extends lifespan via promotion of oxidative

metabolism and acceleration of the TCA cycle, which requires functional AAK-2

(Yuan et al. 2016). Altered fat metabolism is also associated with aging and linked

to several different longevity pathways (Lapierre et al. 2011; Soukas et al. 2009;

Wang et al. 2008). Despite clear links between AMPK, metabolic flexibility, and fat

metabolism, the contribution of these processes to AMPK-mediated longevity is

less well understood.

AMPK is instrumental in the adaptive transcriptional response of cells to altered

fuel source availability. Upon sensing energy stress, AMPK acts as a metabolic

switch by activating the transcriptional regulators PGC1α and FOXO1 via activa-

tion of SIRT1. The net result is an increase in transcription of mitochondrial and

fatty acid oxidation genes, shifting fuel source usage from carbohydrate to lipid

(Canto et al. 2010). While clearly playing a vital role in cell survival during times of

nutrient stress, a causal role in AMPK-mediated longevity remains to be demon-

strated. One line of evidence suggests that AMPK controls fuel conservation when

nutrient availability is scarce, which could conceivably contribute to prolonged

lifespan. C. elegans lacking AAK-2 exhibit reduced triglyceride levels basally

(Cunningham et al. 2014), but when starved, deplete their lipid stores more rapidly

than wild-type worms due to the fact that AMPK limits triglyceride hydrolysis

(Narbonne and Roy 2009). When exposed to starvation, C. elegans enter an

alternative, dauer larval stage through a mechanism that involves AMPK, so

confounding effects of larval staging can make interpretation of starvation assays

difficult in worms (Cunningham et al. 2014). Nevertheless, in Drosophila reduced

AMPK function also results in abnormal lipid homeostasis, sensitivity to starvation,

and decreased lifespan under starvation (Johnson et al. 2010), and in mice activat-

ing AMPK reduces the rate of lipolysis in adipose tissue (Daval et al. 2005). A goal

of future studies should be to address whether reduced lipolysis and preservation of

lipid stores are causal to AMPK-mediated longevity.

Further enticing links exist between AMPK and the regulation of lipid metab-

olism that may be suggestive of a role in aging. For example, AMPK phosphory-

lates and inhibits sterol regulatory element-binding protein (SREBP), the master

regulator of lipogenesis (Li et al. 2011). Intriguingly, given the role of CRTC family

members as mediators of AMPK longevity (Mair et al. 2011), a recent study

demonstrated that CRTC2 in the mammalian liver also regulates SREBP1, but

through a mechanism unrelated to its role in transcriptional regulation in the

nucleus (Han et al. 2015). Depending on nutrient levels and phosphorylation by

mTOR, cytosolic CRTC2 binds COPII components that mediate ER-Golgi traffick-

ing to prevent the maturation of active SREBP1, thus ultimately helping to promote

lipid synthesis during feeding and inhibit lipogenesis during fasting (Han

et al. 2015). Whether AMPK directly or indirectly plays a role in this mechanism
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is unknown, but deserves further exploration. More canonically, AMPK promotes

β-oxidation via phosphorylation and inactivation of acetyl CoA carboxylase

2 (ACC2). This increases fatty acid uptake into mitochondria, again supporting a

role for AMPK in regulating fuel source usage (Hardie et al. 2012). As our

understanding of AMPK’s role in regulating lipid metabolism moves forward, a

priority should be to precisely define which aspects are required for AMPK-

dependent promotion of healthy aging.

10.6.4 Protein Synthesis

Pharmacological or genetic inhibition of certain components of the protein synthe-

sis machinery extends lifespan in yeast and C. elegans (Chiocchetti et al. 2007;

Curran and Ruvkun 2007; Hansen et al. 2007; Henderson et al. 2006; Pan

et al. 2007; Steffen et al. 2008; Syntichaki et al. 2007). The most obvious explana-

tion for this phenomenon may be that reduced protein synthesis enhances the ability

of cells to maintain protein homeostasis through chaperone action and turnover; but

intriguingly, certain mRNAs are also preferentially translated when protein synthe-

sis is inhibited, suggesting that specific changes in gene expression may mediate

some of these lifespan phenotypes (Jefferies et al. 1994; Tzamarias et al. 1989).

Rogers et al. identified AMPK/AAK-2 as one such preferentially synthesized

transcript in C. elegans when the translation initiation factor eIF4G/IFG-1 is

inhibited (Rogers et al. 2011). Subsequent epistasis analysis revealed that longevity

caused by IFG-1 inhibition completely requires intact AAK-2 function, indicating

that enhanced AMPK activity may promote at least some of the beneficial effects of

ribosome inhibition on aging. AMPK itself is capable of inhibiting protein transla-

tion (Hoppe et al. 2009; Horman et al. 2002), suggesting the possibility of a feed-

forward interaction or, alternatively, that reduced protein synthesis could also

function as a downstream mechanism of AMPK longevity. Additional experiments

are required to test these possibilities.

10.7 Concluding Remarks

While a great deal of progress has been made in establishing AMPK as a necessary

and important effector of longevity in many paradigms, even more work remains in

addressing the mechanisms by which AMPK actually defends against aging and

associated pathologies. Does AMPK itself represent a drug target that could protect

against an array of age-onset diseases? The effects of manipulating AMPK function

in model organisms (e.g., significant growth and fertility defects) suggest that

untoward side effects may preclude the benefits of such an approach. Further, the

nuanced, differential roles of alternate AMPK heterotrimers in different cell types

might limit the therapeutic potential of whole body alterations to global AMPK
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activity. Identifying the downstream, AMPK-regulated cell processes specific to its

role in longevity therefore becomes of utmost importance as the field moves

forward, ultimately leading to the design of drugs capable of uncoupling positive

and negative AMPK effects. This remains a daunting task given that AMPK

regulates virtually all facets of cell behavior. However, recent studies revealing

that AMPK action may only be needed in select tissues to extend lifespan suggest

that perhaps only a small number of AMPK outputs are required (Stenesen

et al. 2013; Ulgherait et al. 2014), and proof-of-principle that longevity can be

uncoupled from many unwanted side effects by a single AMPK substrate exists

(Burkewitz et al. 2015). Notably, much of this direct evidence for AMPK’s roles in
aging stems from studies in invertebrate models and remains to be tested in

mammals; on the other hand, understanding of AMPK’s signaling roles within

nutrient-sensing networks are derived almost solely from biochemical studies in

mammalian models and extrapolated to invertebrate models through too many

unvalidated assumptions. Given the rise of rapid and powerful genome-editing

techniques, it will be both fascinating and critically important to integrate genetic

models of aging with molecular models of intracellular signaling to precisely define

the routes by which AMPK function promotes healthier aging.
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Targeting AMPK for the Alleviation

of Pathological Pain
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Abstract Chronic pain is a major clinical problem that is poorly treated with

available therapeutics. Adenosine monophosphate-activated protein kinase

(AMPK) has recently emerged as a novel target for the treatment of pain with the

exciting potential for disease modification. AMPK activators inhibit signaling

pathways that are known to promote changes in the function and phenotype of

peripheral nociceptive neurons and promote chronic pain. AMPK activators also

reduce the excitability of these cells suggesting that AMPK activators may be

efficacious for the treatment of chronic pain disorders, like neuropathic pain,

where changes in the excitability of nociceptors is thought to be an underlying

cause. In agreement with this, AMPK activators have now been shown to alleviate

pain in a broad variety of preclinical pain models indicating that this mechanism

might be engaged for the treatment of many types of pain in the clinic. A key feature
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of the effect of AMPK activators in these models is that they can lead to a long-

lasting reversal of pain hypersensitivity even long after treatment cessation, indic-

ative of disease modification. Here, we review the evidence supporting AMPK as a

novel pain target pointing out opportunities for further discovery that are likely to

have an impact on drug discovery efforts centered around potent and specific

allosteric activators of AMPK for chronic pain treatment.

Keywords Neuropathic pain • Cancer pain; • AMPK • mTOR • MAPK •

Postsurgical pain

11.1 Introduction

Pain is the most common reason that people seek medical attention and is fre-

quently a symptom of underlying injury or disease. Acute pain serves as a protec-

tive mechanism that alerts us to damaging or potentially damaging stimuli. Pain

can, however, become maladaptive and persist for months or even years after an

injury has resolved or emerge in the absence of any apparent injury (Woolf and

Salter 2000; Basbaum et al. 2009). This sort of pathological pain is a major clinical

and public health problem that adversely affects up to a third of the population of

most developed countries and is associated with enormous medical costs and

productivity loss in the workplace. (Education 2011). While acute pain can be

well controlled with different treatments like nonsteroidal anti-inflammatory drugs

or opioids, very few effective therapeutics are currently available for pathological

pain and most of them show limited efficacy (Education 2011). A possible reason

for this lack of efficacy is that no therapeutics have yet been approved for human

use that target underlying mechanisms that cause pain to become pathological.

Rather, existing therapeutics (e.g., antiepileptics) only target mechanisms that

transiently decrease pathological excitability in the peripheral or central nervous

systems [PNS and CNS, respectively, (Baron et al. 2010)]. Hence, disease-

modifying therapies to treat pathological pain are greatly needed to tackle the

challenges posed by this medical problem.

In order to address how disease-modifying therapies for pathological pain can be

developed, we must first elucidate the fundamental molecular events driving path-

ological pain development and maintenance. Work in this area using preclinical

pain models has led to tremendous advancements, yet the molecular underpinnings

of pathological pain are still not completely well understood (Mogil 2009). None-

theless, it is well documented and broadly accepted that plasticity in PNS

nociceptors, sensory neurons responsible for the detection of damaging or poten-

tially damaging stimuli, and/or in CNS neurons that receive inputs from these cells

promotes pathological pain (Woolf and Walters 1991; Perl 1996; Woolf and Salter

2000; Ji and Woolf 2001; Ji et al. 2003; Basbaum et al. 2009; Latremoliere and

Woolf 2009; Price and Geranton 2009; Walters and Moroz 2009; Woolf 2011). This
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chapter will mainly focus on plasticity in peripheral nociceptors and how this form

of plasticity can be targeted with adenosine monophosphate-activated protein

kinase (AMPK)-based therapeutics (Price and Dussor 2013). We will showcase

the evidence supporting AMPK activators as some of the first disease-modifying

agents for pathological pain and highlight the rationale behind this premise as well

as the relevant therapeutic strategies that can be utilized to engage AMPK in this

therapeutic setting.

11.2 Activity-Dependent Translation as a Key Mechanism

Promoting Pathological Pain and Its Negative

Regulation by AMPK

Injury to peripheral tissues and/or peripheral nerves changes the sensitivity of

nociceptive afferent neurons causing them to become hyperexcitable. The induction

of this increase in excitability can occur rapidly after injury and is mediated by a

variety of endogenous factors that act on diverse receptors expressed by nociceptors

(Woolf andWalters 1991; Perl 1996; Koltzenburg 1999; Basbaum et al. 2009; Price

and Geranton 2009; Reichling and Levine 2009; Walters and Moroz 2009). Very

rapid changes in excitability are generally attributed to short-term signaling medi-

ated by α subunits of G-protein coupled receptors (GPCRs) or via activation of

kinases downstream of tyrosine kinase receptors (Trks) and can largely be attrib-

uted to the phosphorylation of ion channels. In some cases, these short-term

changes in the sensitivity of nociceptors may resolve once the stimulus causing

the signaling events to occur is removed. However, in cases where pain becomes

pathological, this may not be the case. One possible explanation for how this occurs

is that certain signaling events are capable of causing long-term changes in the

function or phenotype of peripheral nociceptors causing potentially permanent

alterations in pain sensitivity (Reichling and Levine 2009; Price and Inyang

2015). It is likely that this transition to a pathological pain state is controlled by

changes in gene expression, either at the level of transcription (Woolf and Costigan

1999; Ji andWoolf 2001; Obata and Noguchi 2004; Ji et al. 2007, 2009b) or translation

changes (Price and Geranton 2009; Obara et al. 2012; Price and Dussor 2013).

Multiple lines of evidence indicate that a critical molecular event for neuronal

plasticity is the activity-dependent regulation of translation, often at distinct sub-

cellular locations, for instance at the base of dendritic spines or in axonal terminals

(Martin et al. 2000; Giuditta et al. 2002; Klann et al. 2004; Sutton and Schuman

2005; Schuman et al. 2006; Jung et al. 2012). This process of activity-dependent

translation has been linked to learning and memory in the central nervous system

(CNS) and we will review evidence that it is linked to pathological pain in the

peripheral nervous system (PNS). Local translation at distal sites (dendrites or

axons) in neurons requires three features: 1) ribosomes must be present at distal
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sites, 2) mRNAs must be transported from the cell body to these distal sites, and 3)

signaling machinery linking extracellular events to intracellular translation must be

present and function downstream of cell surface receptors. In the CNS, these

criteria are satisfied at the level of dendritic spines where molecular changes

involved in learning and memory are thought to occur (Martin et al. 2000; Klann

et al. 2004; Sutton and Schuman 2005; Schuman et al. 2006). In the PNS, including

in nociceptors, there is now strong evidence that these criteria are also met (Jung

et al. 2012), and there is also abundant evidence that local, activity-dependent

translation plays a key function in changing the excitability of nociceptors (Price

and Geranton 2009; Obara et al. 2012; Price and Dussor 2013).

An early view of translation of new proteins in the PNS was that this solely

occurred in the soma of DRG or TG neurons (Koenig and Giuditta 1999). This idea

was based on the limited number of ribosomes found in adult DRG axons. It is now

well accepted that local translation in DRG neuron axons is an important compo-

nent of development, especially at growth cones of developing DRG neurons.

Following development, there are indications that local translation in axons is

decreased; however, these axons still contain ribosomes, mRNAs, mRNA traffick-

ing proteins, and signaling molecules involved in translation control (Koenig and

Giuditta 1999; Mohr and Richter 2000; Piper and Holt 2004; Willis and Twiss

2006; Lin and Holt 2008; Jung and Holt 2011; Jung et al. 2012). Work in the area of

pain plasticity has focused on signaling molecules with the major focus falling on a

kinase called mechanistic target of rapamycin complex 1 (mTORC1). mTORC1 is

regulated by upstream activation of Trks and engagement of PI3K/AKT signaling.

When mTORC1 is activated, it stimulates phosphorylation of a family of proteins

that bind to the 50m7GTP Cap structure (50Cap) of mRNAs (Gingras et al. 2004). A

key event in this process is the phosphorylation of eukaryotic initiation factor (eIF)

binding protein (BP) 4E-BP. When 4E-BP is phosphorylated by mTORC1, 4E-BP

dissociates from eIF4E, the 50 cap binding protein, allowing for more efficient

association of eIF4E with eIF4A (a deadbox family helicase) and eIF4G

(a scaffolding protein) (Gingras et al. 2004). These three proteins form a functional

unit called the eIF4F complex. This eIF4F complex is associated with efficient

translation of target mRNAs and is an important regulatory endpoint for mTORC1

signaling (Gingras et al. 1999; Sonenberg 2008).

Augmented mTORC1 activity is unequivocally linked to plasticity in

nociceptors. First, rapamycin, a highly selective inhibitor of mTORC1, attenuates

plasticity induced by endogenous mediators that act via receptors expressed by

nociceptive neurons (Price et al. 2007; Melemedjian et al. 2010). Rapamycin also

decreases the sensitivity of a subset of nociceptors thought to play an important role

in mechanical hypersensitivity following injury (Jimenez-Diaz et al. 2008;

Geranton et al. 2009) and reduces neuropathic mechanical hypersensitivity in rats

(Melemedjian et al. 2013c) and mice (Obara et al. 2011). Finally, factors that are

well known to sensitize nociceptors, such as nerve growth factor (NGF), and

peripheral nerve injury, which causes neuropathic pain, increase mTORC1 activity

in DRG neurons and their peripherally projecting axons (Melemedjian et al. 2010,

2011). While much work has focused on mTORC1 in the PNS in pathological pain
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generation, there is also strong evidence linking increased mTORC1 activity to

plasticity in the spinal dorsal horn after peripheral injury (Asante et al. 2009, 2010;

Geranton et al. 2009; Norsted Gregory et al. 2010; Xu et al. 2010, 2011; Shih

et al. 2012) or even exposure to drugs of abuse (Xu et al. 2014). Here, mTORC1

appears to control changes in synaptic strength between nociceptors and CNS

neurons that relay nociceptive information to the brain via changes in postsynaptic

expression of plasticity-related genes. However, an alternative interpretation is that

presynaptic effects in the dorsal roots, which contain the central projections of DRG

neurons, predominate, as there is also evidence that mTORC1 activity in these

axons contributes to neuropathic pain (Geranton et al. 2009). While ongoing

research is still elucidating the molecular details of how mTORC1 regulates

nociceptor and dorsal horn neuron plasticity, it is clear that mTORC1 is a crucial

molecular signaling hub underlying pathological pain.

MAPK represents another signaling pathway linking extracellular signals to

translation in neurons, including nociceptors. The MAPK isoforms ERK and p38,

which play crucial roles in nociceptor excitability and synaptic plasticity in the

CNS, phosphorylate eIF4E at Ser 209 via a downstream kinase called MAP kinase

interacting kinase [MNK, (Pyronnet et al. 1999)]. Two MNK isoforms are found in

mammalian genomes and both are expressed in the nervous system.

MNK-mediated phosphorylation of eIF4E is thought to regulate the translation of

a subset of mRNAs. These mRNAs have been elucidated using mice where the Ser

209 site of eIF4E has been mutated to Ala rendering the protein unphosphorylatable

(Furic et al. 2010). mRNAs whose translation is decreased in the absence of eIF4E

phosphorylation encode cytokines, chemokines, and other plasticity-related pro-

teins (Herdy et al. 2012). Among these mRNAs is the matrix metalloprotease

isoform 9 (MMP9) (Gkogkas et al. 2014), which is expressed in the DRG, is

regulated by injury and/or by chronic opioid exposure, and is involved in patho-

logical pain (Kawasaki et al. 2008; Ji et al. 2009a; Berta et al. 2012; Liu et al. 2012).

ERK or p38 signaling to eIF4E through MNK1/2 is also involved in the promotion

of pain plasticity by endogenous factors that signal via this pathway through their

cognate cell surface receptors. One such example is interleukin 6 (IL6). IL6

exposure to DRG neurons increases ERK and eIF4E phosphorylation and promotes

mechanical hypersensitivity in a translation-dependent fashion (Melemedjian

et al. 2010, 2013b, 2014; Asiedu et al. 2011).

The data discussed above point to mTORC1 and MAPK, especially ERK,

signaling as prime targets for control of pathological pain. While a number of

studies have indicated positive effects for the mTORC1 inhibitor rapamycin using

an acute drug administration paradigm (Price et al. 2007; Jimenez-Diaz et al. 2008;

Asante et al. 2009; Geranton et al. 2009; Melemedjian et al. 2010; Asiedu

et al. 2011; Obara et al. 2011; Xu et al. 2014), longer term treatment with rapamycin

causes an engagement of feedback signaling through p70 S6 Kinase (p70S6K) in

DRG neurons that leads to stimulation of ERK and augmented neuronal excitability

(Melemedjian et al. 2013c). Human studies suggest that rapamycin treatment can

promote pain hypersensitivity, and rapamycin treatment has been anecdotally

linked to devastating human pain disorders such as complex regional pain
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syndrome (Christopher 2001; Witzig et al. 2005; Molina et al. 2008; Massard

et al. 2010; Budde et al. 2011; McCormack et al. 2011). These rodent and human

findings likely rule out rapamycin as a pain therapeutic. MAPK inhibitors have

been widely investigated as pain therapeutics (Ji et al. 2009b) including some

clinical trials for p38 inhibitors that have had mixed success (Anand et al. 2011).

While work in that arena will undoubtedly continue, there is a strong scientific

rationale for the development of therapeutics for pain that abrogate signaling in

both the mTORC1 and MAPK signaling pathways as these are often convergently

linked to nociceptor plasticity and pathological pain.

Emerging evidence indicates that AMPK activation negatively regulates

activity-dependent protein synthesis and other signaling pathways that drive neu-

ronal plasticity in pathological pain leading to decreased nociceptor excitability

(Price and Dussor 2013). AMPK activation also suppresses the feedback signaling

mechanism that arises from prolonged blockade of mTORC1 signaling with

rapamycin (Melemedjian et al. 2013c). In addition, AMPK activation inhibits the

MAPK signaling pathway through phosphorylation of adaptor proteins that regulate

tyrosine receptor kinase signaling and through negative regulation of small

GTPases that are upstream of MAPK signaling (Melemedjian et al. 2011; Carling

et al. 2012; Tillu et al. 2012). Thus, mTORC1 and MAPK signaling pathways are

both inhibited by AMPK activation suggesting that pharmacological stimulation of

AMPK signaling may interfere with signaling that controls activity-dependent

translation in nociceptors and therefore short circuit pain amplification. There is

now strong evidence to support this novel role for AMPK as a pain plasticity target,

which will be discussed in a variety of experimental contexts below.

11.3 AMPK as a Key Regulator of Ion Channel Activity

and Its Role in Pathological Pain

The coupling of ion channel activity to the metabolic state of a cell is logical

because ion flow across open cation or anion channels must be balanced by active

transporters that consume a great deal of cellular energy. The activation of AMPK

under cellular metabolic stress conditions and the well-recognized function of

AMPK as a promoter of ATP generating catabolic pathways while turning off

ATP-utilizing anabolic pathways (Hardie et al. 2012) posits that AMPK’s modula-

tion of ion channel function might result in decreased cellular excitability. Cystic

fibrosis transmembrane conductance regulator (CFTR) was discovered by Hallows

et al. as one of the earliest channel targets of AMPK. The direct phosphorylation of

CFTR by AMPK inhibits the channel’s activity by reducing its open probability

(Hallows et al. 2000) and also preventing PKA stimulation of the channel (King

et al. 2009).

AMPK was later reported to negatively regulate epithelial Na+ channel (ENaC)

membrane expression in an indirect manner via phosphorylation of ubiquitin ligase
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Nedd4-2 which results in ubiquitination of ENaC and decreased ENaC expression

(Carattino et al. 2005; Bhalla et al. 2006). While decreasing Na+ channel expres-

sion will result in decreased excitability, increased K+ channel activity will also

decrease cellular excitability. In this regard, AMPK has been shown to enhance

KATP (Kir6.2) channel activity and membrane expression (Sukhodub et al. 2007;

Yoshida et al. 2012). Moreover, in outer hair cells of the ear, AMPK activation

increases BKCa channel expression, which plays a role in protecting these cells

from the excitotoxic effect of excessive sound exposure (Foller et al. 2012). On the

other hand, AMPK has been shown to contribute to ion channel modulation that

consequently increases cellular activity by driving hyperpolarizing shifts in the

voltage dependence of Nav1.5 and decreasing current amplitudes of BKCa, TREK,

and TASK channels (Light et al. 2003), as well as reducing the membrane expres-

sion of Kv7.1 and Kir2.1 channels (Andersen and Rasmussen 2012). Hence, there is

evidence for bidirectional regulation of cellular excitability by AMPK activation.

However, as we will argue below, the evidence gleaned from studies of AMPK in

neurons overwhelmingly supports a role for AMPK in decreasing excitability in

these specialized cells.

Activation of AMPK in rat hippocampal neurons produces a hyperpolarizing

shift in the current/voltage relationship of voltage-gated K+ channels, an effect that

was inhibited by introducing antibodies against Kv2.1 into the recording pipette. In

addition, direct phosphorylation of Kv2.1 and shifts in channel kinetics similar to

those observed in neurons were obtained in cell lines expressing Kv2.1 confirming

AMPK’s direct effect on regulation of Kv2.1 channels (Ikematsu et al. 2011). This

study was among the first to show that AMPK activation results in enhanced K+

channel activity causing a robust decrease in neuronal excitability.

While further studies are needed to elucidate other ion channels that are directly

targeted by the kinase, AMPK activation may also modulate channel activity or

expression in neurons in an indirect manner similar to what was discussed above for

ENaC. Nedd4-2, which is targeted by AMPK increasing its ubiquitin ligase activity,

interacts with multiple channel types such as KCNQ channels, CIC-2 chloride

channels, and voltage gated Na+ channels (Bongiorno et al. 2011). Thus, it is

formally possible that AMPK-mediated Nedd4-2 activation may be a general

channel modulatory mechanism resulting in channel downregulation in neurons,

but this idea has not been rigorously assessed. AMPK-mediated interference with

other kinase signaling pathways is another potential mechanism through which

AMPK can decrease channel activity and therefore excitability in neurons. For

instance, ERK has been shown to modulate numerous kinds of channels such as the

K+ channel subtype Kv4.2 that contributes to transient outward or A-type K+

currents (Adams et al. 2000; Schrader et al. 2006), Cav2.2 channels (Martin

et al. 2006), and Nav1.7 channels. The Nav1.7 channel is expressed prominently

by nociceptors where it directs the amplification of generator potentials to control

action potential firing (Stamboulian et al. 2010). Importantly, Nav1.7 is associated

with human pain conditions wherein a loss-of-function produces congenital insen-

sitivity to pain while a gain-in-function results in paroxysmal extreme pain disorder

and erythromelalgia (Dib-Hajj et al. 2010). ERK phosphorylates Nav1.7 on specific
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residues on an intercellular loop of the channel. In sensory neurons stimulated with

depolarizing ramp current injection, ERK phosphorylation of Nav1.7 enhances

action potential firing and decreases the latency to first action potential

(Stamboulian et al. 2010). We have demonstrated that AMPK activators decrease

ERK activity in nociceptors and dampen sensory neuron excitability evoked by

ramp current injection (Melemedjian et al. 2011). Although a possible direct effect

of AMPK on Nav1.7 cannot be completely excluded, the modulation of MAPK

activity by AMPK likely orchestrates the observed reduction in neuronal

excitability.

The evidence compiled above hints at two primary mechanisms through which

AMPK can acutely influence the excitability of nociceptors: via direct phosphory-

lation events that likely increase the activity of voltage gated K+ channels and

through signaling mechanisms that dampen the activity of other kinases that

phosphorylate channels involved in increased excitability. Additional studies are

required to more fully grasp how these mechanisms operate in nociceptors. Never-

theless, the existing literature supports a role for AMPK activators for the treatment

of pain because this mechanism is likely to both decrease activity-dependent

expression of genes that promote excitability and to alter nociceptor excitability

through decreased activity in excitatory channels and augmented activity in inhib-

itory channels. Next, we will discuss the accumulating preclinical evidence that

supports AMPK activators as pathological pain therapeutics and their potential for

disease modification in specific chronic pain states.

11.4 AMPK as a Target for Disease Modification

in Neuropathic Pain

Neuropathic pain is defined as pain arising from injury or disease affecting the

peripheral or central nervous system. Neuropathic pain influences a smaller pro-

portion of the population than more common forms of persistent pain; however, it is

among the most difficult forms of pathological pain to treat and places a significant

burden on patients and healthcare workers. Because diseases that are rising in

global prominence (e.g., diabetes) and treatments for other diseases (e.g., cancer

chemotherapeutics) can cause peripheral neuropathies that result in unrelenting

neuropathic pain, there is increasing emphasis on finding new therapeutic targets

for neuropathic pain. Studies in rodents with traumatic injury to peripheral nerves

highlight AMPK as a key and unique target for neuropathic pain alleviation

(Melemedjian et al. 2011).

As noted above, injury to the PNS due to trauma, metabolic disease, or exposure

to drugs, such as chemotherapeutics, is the fundamental etiology of neuropathic

pain. The general symptomology of neuropathic pain includes exquisite hypersen-

sitivity to mechanical stimulation, hypersensitivity to cold, and ongoing burning

pain (Baron et al. 2010). Peripheral nerve injury (PNI) in rodents stimulates a

264 M.N. Asiedu et al.



reorganization of the translation machinery in the PNS characterized by an activa-

tion of mTORC1 (Abe et al. 2010; Melemedjian et al. 2011) and MAPK signaling

(Obata et al. 2003, 2004a, 2004b; Agthong et al. 2006; Melemedjian et al. 2011)

and their downstream signaling counterparts in DRG neurons and their axons.

Additionally, there is an enhancement in the expression of RNA binding and

transport proteins (Melemedjian et al. 2011) that is presumably involved in the

translocation of mRNAs to the axonal compartment following injury (Zheng

et al. 2001; Willis et al. 2005, 2011; Thakor et al. 2009; Ruangsri et al. 2011). In

effect, these molecular events induce an increase in the rate of translation in

peripheral nerves (Melemedjian et al. 2011). Overall, this PNI-induced reorgani-

zation process may be linked to regeneration after injury (Willis and Twiss 2006;

Jung et al. 2012) as well as changes in excitability observed in injured DRGs

(Thakor et al. 2009; Melemedjian et al. 2011).

Systemic administration of AMPK activators (either metformin or A769662) to

rodents after peripheral nerve injury decreases mechanical hypersensitivity, an

effect that starts 2–3 days after treatment (Melemedjian et al. 2011, 2013c).

Strikingly, within 7 days, these compounds produced a total resolution of mechan-

ical hypersensitivity that still persisted following cessation of treatment, supporting

the idea that AMPK activators have disease-modifying properties that develop over

the course of treatment. Moreover, this disease-modifying effect of treatment with

metformin does not seem to depend on when the treatment beings as 7 day systemic

treatment reverses PNI-induced mechanical hypersensitivity when the onset of

treatment was between 14 and 60 days after injury (Melemedjian et al. 2011,

2013c). In addition, the reversal of mechanical hypersensitivity after metformin

treatment is sustained after a prolonged period of treatment cessation (Melemedjian

et al. 2013c). Metformin treatment also normalized increased translation rates in

injured peripheral nerves (Melemedjian et al. 2011), highlighting that the potential

disease-modifying effects of AMPK activators on PNI-induced neuropathic pain

are apparent from a behavioral and biochemical perspective. In vitro studies using

patch-clamp electrophysiology on DRG neurons demonstrate that AMPK activators

such as metformin and A769662 also reduce the excitability of these neurons

(Melemedjian et al. 2011). Increased excitability of DRG neurons following injury

is widely believed to result in ectopic activity causing ongoing burning pain that is a

prominent feature of neuropathic pain (Baron et al. 2010). Although it remains to be

shown in vivo, the profound effect of AMPK activators on DRG excitability

suggests that AMPK activators might not only reverse mechanical hypersensitivity

but also spontaneous pain associated with persistent neuropathic pain in humans.

An important mechanism of neuropathic pain is activation of glia in the spinal

dorsal horn following peripheral nerve injury (Beggs and Salter 2010). This glial

activation may lead to the secretion of inflammatory mediators such as cytokines

and chemokines that act on neurons in the dorsal horn to enhance their excitability.

Another apparent function of this change in glial activity is a decrease in their

expression of glutamate transporters that leads to an enhancement of glutamatergic

transmission between neurons in the dorsal horn (Nie andWeng 2009, 2010). Using

a model of neuropathic pain in rats, Maixner et al. demonstrated that AMPK
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activation in the spinal cord leads to a reduction in glial secretion of cytokines (e.g.,

interleukin 1β) and an increase in glutamate transporter expression that restores

normal astrocyte-mediated control of synaptic glutamate levels in the dorsal horn

after nerve injury (Maixner et al. 2015). A key finding of these studies is that these

pharmacological effects are mimicked by genetic manipulation of spinal AMPK α1
subunit expression. In another study, it was shown that blockade of AMPK activity

in mice causes an enhancement of NLRP3 inflammasome activity and the genera-

tion of neuropathic pain-like behavioral effects (Bullon et al. 2015). This effect was

absent in Nlrp3�/� mice and could be rescued with subsequent treatment with

metformin. Hence, AMPK activator-mediated control of neuropathic pain may

have both peripheral and central components that contribute to disease modifica-

tion. More work is needed to delineate mechanisms underlying these effects.

11.5 A Triple Action for Ampk in Cancer Treatment,

Chemotherapy-Induced Neuropathic Pain,

and Cancer Pain

A core hallmark of cancer is the dysregulation of cellular energetics resulting in loss

of normal regulation of cell growth and proliferation (Martinez-Outschoorn

et al. 2010; Pavlides et al. 2010). The mTORC1 and MAPK have been widely

implicated in cancer (Gao and Roux 2015; Siddiqui and Sonenberg 2015). A variety

of cancer clinical trials have been conducted using mTORC1 or MAPK inhibitors.

Clinical trials and preclinical investigations have shown that the use of single

kinase inhibitors targeting these mechanisms can lead to the engagement of feed-

back signaling amplification in these kinase pathways that limits the utility of these

therapeutics (Ghosh et al. 2006; Vicier et al. 2013) (Poulikakos and Solit 2011;

Chapman 2013; Sale and Cook 2014). Using AMPK activators as a possible

alternative approach to circumvent this problem is attractive from a molecular

signaling standpoint because AMPK activation negatively influences both the

mTORC1 and MAPK signaling pathways and attenuates feedback signaling mech-

anisms (Jakobsen et al. 2001). There is extensive literature highlighting the tumor

suppressor function of AMPK activation. Oral administration of metformin in mice

prevents tobacco carcinogen-induced lung tumorigenesis and significantly reduces

the development of lung cancers (Memmott et al. 2010). In a model of chemically

induced colon cancer, metformin markedly reduces aberrant crypt foci and

decreases polyp formation (Hosono et al. 2010). Moreover, in widely cited meta-

analyses of numerous diabetic epidemiological studies, there was evidence of a

marked reduction in cancer risk and a significant improvement in prognosis in

subjects taking metformin compared to those taking other antidiabetic drugs. These

risk reductions were particularly associated with cancers of the colon, lung, and

liver (Decensi et al. 2010; Hardie 2013). Hence, there is compelling evidence for

cancer preventative and cancer therapeutic effects of AMPK activation.
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Chemotherapy-induced peripheral neuropathy (CIPN) is a major dose-limiting

adverse effect of many chemotherapeutic agents (Balayssac et al. 2011; Ferrier

et al. 2013) and can have devastating consequences for patients (Cata et al. 2006).

Proposed therapeutics aimed at preventing the neurotoxic effects of chemothera-

peutic treatment have had limited success. Additionally, CIPN is resistant to many

of the first-line treatments for neuropathic pain (Dworkin et al. 2010; Ferrier

et al. 2013). Though the underlying mechanisms of CIPN are not well understood,

some of the symptoms and pathophysiology such as epidermal nerve fiber dieback

and ectopic activity in DRG neurons parallels that of trauma-induced neuropathic

pain (Han and Smith 2013). Simultaneous administration of metformin with che-

motherapeutic treatment in mice prevents the loss of tactile sensation and the

development mechanical hypersensitivity associated with chemotherapeutics

(Mao-Ying et al. 2014). Notably, there is a lack of effect with metformin after the

development of CIPN indicating that this therapeutic approach may only be effec-

tive when employed during the entire course of chemotherapeutic treatment

(Mao-Ying et al. 2014). This is in stark contrast to trauma-induced neuropathic

pain where metformin treatment resolved established mechanical hypersensitivity.

In spite of this, the active investigation of metformin as an add-on treatment for

chemotherapy in cancer trials (Kourelis and Siegel 2012) suggests that this treat-

ment approach may be valuable in the prevention of CIPN during the course of

chemotherapy treatment and eliminate the dose-limiting side effect of chemother-

apeutic agents.

CIPN is a major cause of pain in cancer patients; if certain cancers progress and

metastasize to bone or originate in bone, these can cause severe pain. This cancer-

induced pain can be caused by bone destruction induced by the proliferating cancer

cells but there is also now strong evidence that the presence of cancer in bone

causes alterations in the local microenvironment that alter the function and pheno-

type of nociceptors that innervate the bone. Many of these factors are cytokines,

chemokines, and growth factors, like NGF, that act on sensory neurons to increase

mTOR and MAPK signaling. In a rat bone cancer pain model, AICAR and

resveratrol, two AMPK activators, cause a significant alleviation of cancer-induced

pain that is accompanied by reduced cytokine expression and attenuation of MAPK

signaling (Song et al. 2015). These authors also found a reversal of spinal astrocyte

and microglial activation with resveratrol treatment suggesting that the CNS

immune response induced by persistent nociceptor activation within the cancer-

ridden bone is attenuated by AMPK activation (Song et al. 2015). Whether this is

mediated by reduced nociceptor excitability in the PNS or a direct effect on CNS

cell types remains to be thoroughly investigated.

While more work is clearly needed in this important area, these limited studies

point to great opportunities for AMPK activators in the area of CIPN and cancer-

induced pain therapeutics. The intense investigation of AMPK activators in cancer

prevention and treatment makes it likely that clinical trials in this area will soon

lead to opportunities to test these hypotheses in human beings. Investigators

designing these trials should be cognizant of the fact that pain is a leading cause

of disability and morbidity in cancer patients and survivors and design endpoints for
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pain measures into studies to examine the potential benefits of these compounds for

cancer pain and CIPN in humans.

11.6 AMPK as a Target for Postsurgical Pain Treatment

and Prevention

Pain is an unavoidable consequence of surgery. Despite the existence of analgesics

aimed at managing acute postsurgical pain, chronic postsurgical pain still develops

in up to 50% of surgical patients after certain surgical procedures, and it can be very

debilitating in up to 10% of this population (Kehlet et al. 2006). Current therapies

for postsurgical pain, which are mainly opioids, have serious side effects, abuse

liabilities, and can eventually exacerbate chronic postsurgical pain or increase the

chances of chronic postsurgical pain development (Laboureyras et al. 2009; Sehgal

et al. 2013). The release of cytokines [e.g., IL6, (Clark et al. 2007; Loram

et al. 2007)] and growth factors [e.g., NGF, (Zahn et al. 2004; Banik et al. 2005;

Wu et al. 2007)] from the site of incision is one of the many causes of postsurgical

pain and is likely linked to the development of chronic postsurgical pain. These

endogenous factors, which can act via receptors expressed by nociceptors, perpet-

uate both phenotypic and functional changes in DRG neurons that result in

increased excitability driving pain amplification and chronification (Banik and

Brennan 2008; Xu and Brennan 2009).

Pain prior to surgery and/or a previous surgical procedure are the main identified

risk factors for chronic postsurgical pain (Kehlet et al. 2006; Pinto et al. 2013).

Studies have illustrated that there is an enhanced rate of chronic pain development

after a revision to knee replacement surgery compared to an original knee replace-

ment surgery. This points to the idea that the first surgery creates a pathological pain

plasticity that alters the response to the second stimulus (the revision surgery) (Kim

et al. 2014). The planned nature of surgical interventions presents a unique oppor-

tunity for the development of therapeutics targeting the prevention of chronic

postsurgical pain development that can be utilized during a surgical procedure.

Currently, there are no treatments available targeted at preventing the development

of chronic pain after surgery.

The endogenous factors known to promote chronic pain after surgeries predom-

inantly engage the mTORC1 and MAPK signaling pathways [e.g., NGF and IL6,

(Zahn et al. 2004; Banik et al. 2005; Wu et al. 2007, 2009)] in nociceptors

innervating the incision site to drive nociceptor sensitization pointing to AMPK

activators again as a potential therapeutic approach to halt the development of

incision-induced plasticity following surgery. Local application of resveratrol,

which activates AMPK and decreases ERK and mTORC1 signaling in DRG

neurons, at the time of incision in mice, or 24 h following incision, significantly

attenuates incision-induced mechanical hypersensitivity (Tillu et al. 2012). Incision

to the mouse paw induces a change in the nociceptive system such that a subsequent
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subthreshold stimulus administered after the incision causes a prolonged and

enhanced mechanical hypersensitivity. This subthreshold stimulus shows no effect

in naı̈ve mice and is capable of evoking a pain state in “primed” mice even weeks

after the incisional injury has healed. Hence, this form of plasticity may model the

“second hit” scenario outlined above wherein the incidence of chronic postsurgical

pain is very high (Kim et al. 2014). Notably, local resveratrol treatment at the time

of the incision completely abolished the development of priming suggesting that

AMPK activation may be used as a preventative treatment for chronic postsurgical

pain (Tillu et al. 2012). Though this effect on chronic postsurgical pain is yet to be

demonstrated with other AMPK activators, recent studies suggest that curcumin

inhibits incision-induced pain and prevents incision-induced priming effects

(Sahbaie et al. 2014). While the mechanism of action of curcumin was not explored

in this study, curcumin activates AMPK in many cell types and likewise attenuates

MAPK and mTORC1 signaling (Yu et al. 2008; Kim et al. 2009).

Collectively, these studies indicate that AMPK activation for the treatment of

postsurgical pain achieves antinociceptive effects and prevents the development of

persistent pain plasticity after incision. The work discussed above warrants further

exploration with more specific AMPK activators in preclinical models but suggests

that AMPK activators might be employed to reduce postsurgical pain and prevent

the development of persistent pain after surgery.

11.7 AMPK Activators for Inflammatory Pain Treatment

The AMPK activators AICAR and metformin were recently evaluated in models of

inflammatory nociception in mice (Russe et al. 2013) where both compounds

attenuated inflammation-induced pain hypersensitivity and decreased the inflam-

matory response when compounds were given systemically. AMPK activator

treatment also reduced pain-associated activation of MAPKs in the spinal cord

and the induction of c-fos expression in dorsal horn neurons. Importantly, in

addition to a pharmacological approach, this study also evaluated the contribution

of AMPK to inflammatory pain using mouse genetics. Using a global knockout

approach for the AMPK α2 subunit, the authors found enhanced inflammatory

hyperalgesia and a complete loss of the pain relieving effects of AMPK activators

suggesting that the α2 subunit is the key regulatory factor for the antinociceptive

effects of AMPK activators (Russe et al. 2013). In addition, these investigators also

generated conditional knockout mice lacking the α2 subunit either specifically in

sensory neurons or in macrophages and granulocytes. Both of these strains of mice

showed enhanced inflammatory nociception suggesting that both sensory afferents

and immune cells contribute to AMPK-mediated effects in the context of

inflammatory pain.

An interesting new development in the area of therapeutics for inflammatory

pain is the discovery that salicylates activate AMPK (Hawley et al. 2012) in

addition to their very widely known action as irreversible cyclooxygenase (COX)
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enzyme inhibitors. The efficacy of salicylates in inflammatory pain has been widely

attributed to this irreversible inhibition of COX, but it is formally possible that some

of the beneficial actions are due to activation of AMPK with salicylates. Remark-

ably, other common nonsteroidal anti-inflammatory drugs (NSAIDs) like ibuprofen

and diclofenac also activate AMPK suggesting that an acidic structure found in

many NSAIDs may also lead to AMPK activation albeit at higher concentrations

than are needed to inhibit COX enzymes (King et al. 2015). COX-2-specific

inhibitors apparently lack activity at AMPK (King et al. 2015). Given that

COX-2-specific inhibitors have been disappointing as next generation inflamma-

tory pain drugs, it is possible that they lose some degree of efficacy due to their

inability to activate AMPK.

The discovery that the oldest anti-inflammatory pain medicines known to

humans have activity at AMPK (Hawley et al. 2012; King et al. 2015) opens new

opportunities for development of AMPK activating compounds for the treatment of

inflammatory pain. A large number of COX inhibitors have been described [see, for

instance, (Ramalho et al. 2009) for a recent review of compounds described in the

patent literature], and screening efforts are underway to understand whether and

how these compounds might interact with AMPK (Sisignano et al. 2016). Insofar as

these COX inhibitors are clearly efficacious for inflammatory pain but have side

effects that preclude their long-term use, these discoveries present great opportunity

for rationale drug design for next generation inflammatory pain medicines with dual

action at AMPK and COX and possible disease-modifying activities.

11.8 AMPK: Diabetic Neuropathy Prevention

and Treatment

For several decades, metformin has been the first-line medication used for type II

diabetes. Diabetes can cause irreversible damage to many organ systems when it is

left unmanaged. Peripheral neuropathy is a common comorbidity of diabetes. The

main symptoms of diabetic neuropathy are tingling and numbness in the distal

extremities sometimes accompanied by burning pain (Argoff et al. 2006). Animal

and human histochemical studies indicate that diabetes can cause dieback of PNS

epidermal endings (Sorensen et al. 2006; Cheng et al. 2013; Cheung et al. 2015;

Ebenezer and Polydefkis 2014), an outcome that may not be related to pain

(Sorensen et al. 2006). Also, in studies where diabetes is modeled in animals, the

development of ectopic activity in DRG neurons (Khan et al. 2002; Serra

et al. 2012) has been demonstrated. Clearly, diabetic neuropathy shares a similar

pathophysiological profile with trauma-induced neuropathic pain and CIPN though

its cause is mediated by metabolic dysfunction.

A current area of investigation is whether pharmacological treatments utilized in

the control of glucose levels in type II diabetics are associated with protective

effects against diabetic neuropathy. Though no conclusive studies in clinical
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populations have thus far been conducted, there are some indications that insulin

treatment is associated with increased neuropathy incidence while metformin may

protect against peripheral neuropathy. In a large study examining coronary artery

disease and type II diabetes in a cohort of patients, the rate of neuropathy increased

in patients using insulin whereas patients taking metformin had a reduced risk of

developing neuropathy. This was independent of the duration of type II diabetes,

glycemic index control, and other characteristics of the disease (Pop-Busui

et al. 2009). These clinical results were further corroborated by a recent study in

rats wherein a high fat diet (HFD) and streptozotocin (STZ) model of diabetes

(HFD/STZ) was used to determine metformin’s effect on the development of

neuropathic pain. These authors found that metformin treatment started 4 days

following the induction of diabetes had no effect on blood glucose levels over

several weeks of treatment but significantly blocked the development of mechanical

hypersensitivity caused by the HFD/STZ treatment (Byrne et al. 2015). This finding

has now been corroborated by another study using a similar diabetes model in rats.

These authors found that metformin treatment led to a significant reduction in

diabetes-induced heat, cold, and mechanical hypersensitivity and reduced levels

of glycation end products in blood in these animals without altering blood sugar

levels (Ma et al. 2015). Importantly, this study also showed that metformin acti-

vates AMPK in sciatic nerves from diabetic rats and that this leads to the induction

of AMPK-regulated genes in the PNS. The molecular mechanisms activated by

metformin, and possibly other AMPK activators, that protect the peripheral nervous

system during metabolic disease should be further explored. One possible mecha-

nism for the neuroprotective effect of AMPK activation is via the induction of

apolipoprotein E expression, a well-known neuroprotective factor, that is induced

in the PNS by metformin treatment and is further enhanced by metformin treatment

after nerve injury (Melemedjian et al. 2013a).

Additionally, AMPK may be directly and intimately linked to the development

and maintenance of diabetic neuropathy. Hyperglycemia is a proposed contributing

factor to nerve dysfunction in diabetes. It has been shown that hyperglycemia

impairs bioenergetics in both DRG neurons and their mitochondria resulting in

the downregulation of AMPK expression, phosphorylation, and activity (Roy

Chowdhury et al. 2012). Elevating endogenous AMPK expression levels with

adenoviral vectors or with augmenting AMPK activity using the AMPK positive

modulator resveratrol restored the impaired biogenetic profile of cultured DRG

neurons from streptozotocin-diabetic rats. In addition, resveratrol significantly

reversed established deficits in thermal sensitivity and attenuated epidermal inner-

vation density deficiency in STZ-treated rodents (Roy Chowdhury et al. 2012).

These results suggest that deficits in AMPK may be a major driver of diabetic

neuropathy development. Taken together, the findings discussed here create a

strong rationale for targeting AMPK as a promising therapeutic for diabetic neu-

ropathy treatment.
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11.9 AMPK and Morphine/Opioid Tolerance

Opioids such as morphine are the gold standard treatment for severe pain manage-

ment (Manchikanti et al. 2011; Sehgal et al. 2013). Despite their efficacy in

providing acute pain relief, persistent and long-term use of opioids produces a

reduction in their analgesic efficacy, also known as tolerance, necessitating dose

escalation to manage pain. This dose escalation heightens the risk for adverse side

effects such as sedation, respiratory depression, and constipation associated with

opioid use and drastically reduces the quality of life of patients (Xu et al. 2014). The

mechanisms underlying opioid tolerance are complex and not well understood.

Recent studies implicate opioid-induced microglia activation and the resulting

pro-inflammatory cytokine production as key pathogenic players in opioid toler-

ance. Chronic morphine exposure activates spinal and cortical glial cells (Cui

et al. 2008; Mika 2008) to induce microglia and astrocyte changes (Horvath

et al. 2010) resulting in the enhanced secretion of many substances such as

pro-inflammatory neuromodulators including interleukin-1β (IL-1β), IL-6, and

tumor necrosis factor-α (TNF-α), CCL2, CXCL1, ATP, nitric oxide (NO) and

excitatory amino acids which counteract the analgesic effects of morphine and

accelerate the development of tolerance (Hameed et al. 2010; Zhao et al. 2012; Sun

et al. 2014). Pharmacological inhibition of microglia reduces morphine-induced

cytokine release and attenuates morphine tolerance (Mika 2008). Administration of

microglial inhibitors, which suppress microglia activation and cytokine release,

significantly attenuates the development of tolerance after chronic intrathecal or

systemic opioid administration (Cui et al. 2008; Sun et al. 2012; Fukagawa

et al. 2013).

The MAPK signaling pathway, including extracellular signal-regulated protein

kinase (ERK), p38 MAPK, c-Jun N-terminal kinase, and extracellular signal-

regulated protein kinase 5 (ERK5), has been implicated in morphine-induced

neuroinflammation and tolerance (Chen and Sommer 2009). There is also indica-

tion that opioid-induced tolerance and neuropathic pain share some similar mech-

anism profiles (Watkins et al. 2005). Based on the evidence that AMPK activation

inhibits MAPK signaling and that AMPK activators alleviate acute and neuropathic

pain (Melemedjian et al. 2011; Tillu et al. 2012), Han et al. investigated the effect of

AMPK activation on morphine-induced microglial activation and tolerance. They

demonstrated that resveratrol, an AMPK activator, suppresses morphine-induced

p38/NF-kB signaling in microglia, and this effect was dependent on AMPK acti-

vation. They also showed that resveratrol blocks acute and chronic morphine

tolerance (Han et al. 2014). This suggests that the engagement of AMPK signaling

using AMPK activators represent a novel pharmacological method to attenuate

morphine tolerance via suppression of morphine-induced microglial activation.

Since opioids remain the most important drug class for the treatment of severe

pain, this work creates a rationale for further exploration of AMPK activators as

adjuvants to opioid therapy to reduce development of side effects that limit drug

efficacy.
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11.10 What Do We Know (and, More Importantly, Not

Know) About AMPK Activators for Pain?

While there are a growing number of investigators actively working on AMPK as a

novel target for pain therapeutics, we still have an enormous amount to learn about

the target. In our view, the opportunity for disease modification via AMPK

targeting presents the greatest opportunity for clinical benefit in patients suffering

from chronic neuropathic pain. Neuropathic pain is perhaps the area of greatest

unmet medical need in the clinical pain arena, and it is also heavily reliant on drugs

that achieve little benefit in most patients (Baron et al. 2010). Having said this, it is

still not known precisely how AMPK activators achieve this effect in rodent models

of trauma-induced neuropathic pain, making it very difficult to make predictions of

whether similar effects could be expected in human patients or even if trials should

be designed with these endpoints in mind. Future work in this area should define the

effects of AMPK activators on injured sensory afferents that drive persistent input

to the CNS after nerve injury and on changes in microglia and other cell types in the

CNS after injury (summarized in Fig. 11.1). While there is now substantial evi-

dence that AMPK activation can influence both of these endpoints (Melemedjian

et al. 2011, 2013c; Maixner et al. 2015), it is not clear which is responsible for the

disease-modifying properties of AMPK activation in neuropathic pain. It is also, of

course, possible that it is a different mechanism altogether (either AMPK-

dependent or AMPK-independent) but investigations honing in on these two well

prominent neuropathic pain mechanisms should yield preliminary insight into the

problem.

Another major issue in the field is the reliance on imprecise pharmacological

tools. This fact obscures whether AMPK is responsible for many of the behavioral

observations that have been reported above. Before getting into how to combat this

problem in future studies, two important points should be highlighted. First,

metformin has been used widely in many of the preclinical studies described

above. This is well justified because metformin is safe, widely available, and has

the potential for immediate clinical translation. In fact, a retrospective study of

metformin in low back pain patients suggests that the drug may be effective for

sciatic nerve pain (Taylor et al. 2013), and a small prospective trial showed positive

effects of metformin in fibromyalgia (Bullon et al. 2015). However, another

retrospective study failed to find a positive effect for metformin on acute pain

(Smith and Ang 2015). Metformin is widely thought to act via AMPK although this

is still an area of great controversy and other mechanisms have been proposed

(Zhou et al. 2001; Ouyang et al. 2011; Forslund et al. 2015). In agreement with this,

a recent study investigating the effects of methylglyoxal, an important end

glycation product produced in diabetes patients (Bierhaus et al. 2012), on diabetic

neuropathic pain found that metformin blocked the effects of methylglyoxal via a

direct reactive oxygen species sequestration mechanism that is independent of any

intracellular signaling pathways (Huang et al. 2016). Second, while genetic tools

have been employed in this area, their use is limited by the important function of
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AMPK in the development of the nervous system (Spasic et al. 2009). As noted

above, genetic ablation of AMPK α2 subunits leads to an exacerbation of inflam-

matory pain and nullifies the antihyperalgesic effect of metformin (Russe

et al. 2013). This finding strongly supports a mechanistic role for AMPK in

modulation of inflammatory pain but similar experimental strategies have not yet

been undertaken in the setting of neuropathic or cancer pain models. Coming back

to the issue of using imprecise pharmacological tools, two things can immediately

be done in this area. First, investigators should look carefully at readily available

data on the specificity of the AMPK blocker compound C and more carefully

consider this in their interpretations. While compound C does inhibit AMPK kinase

Fig. 11.1 Impact of AMPK activation on pathological pain-related signaling cascades. Factors

associated with pathological pain employ signaling mechanisms that converge onto the mTORC1

and MAPK pathways to induce and maintain pain plasticity in nociceptors. Activation of AMPK

abrogates these effects by negatively regulating these signaling events via phosphorylation of key

effector molecules. AMPK activation phosphorylates IRS, an adaptor protein of the Trk receptor,

at Ser789 to inhibit signaling via Trk and Insulin/IGF1 receptors. AMPK activation dampens

mTORC1 signaling by phosphorylating TSC1/2 at Ser 1227 and 1345. The phosphorylation of

Braf (Raf), a small GTPase linking receptors to MAPK signaling, by AMPK attenuates down-

stream ERK signaling. These signaling events produce several pathological pain attenuation

outcomes such as: (1) a decrease in the phosphorylation of voltage-gated sodium channels such

as Nav1.7 leading to blunted neuronal excitability, (2) a reduction in microglial activation and

microglia-related release of pro-inflammatory factors potentially resulting in reduced neuropathic

pain, opioid-induced hypersensitivity, and diminished opioid tolerance, and (3) AMPK activation

also normalizes dysregulation in mitochondrial and neuronal bioenergetics that is likely associated

with diabetic neuropathic pain
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activity, it is one of the least specific kinase inhibitors available and should only be

used under very specific experimental conditions where the use of the tool can lead

to valid interpretations (Arrowsmith et al. 2015). Second, the past two or three years

have seen a major proliferation in the availability of positive allosteric modulators

of AMPK as well as an improvement in their potency and specificity (Giordanetto

and Karis 2012; Tripodi et al. 2012; Xiao et al. 2013; Zhang et al. 2013; Liu

et al. 2014; Dokla et al. 2015). While it is always possible that off target effects

will be found for these compounds in the future, many of them possess different

allosteric binding sites on AMPK and have distinct chemical structures. Carefully

choosing pharmacological tools for activation of AMPK in experimental pain

studies can lead to significant mechanistic insight and may open the door to new

pharmacological strategies for AMPK activation in a broad number of chronic pain

conditions. For instance, compounds that allosterically enhance AMPK activity via

binding to the β1 subunit [e.g., A760662, (Cool et al. 2006)] vs. those that protect

against dephosphorylation via binding to the α subunit of the kinase [e.g., PT1,

(Pang et al. 2008)] may have differential effects under different cellular circum-

stances but so far no work has been done on this area in the PNS or CNS. Findings

along these lines would greatly enhance drug discovery efforts around AMPK as a

pain target.

Work on AMPK as a pain target began based on mechanisms related to AMPK’s
role in regulating activity-dependent translation (Melemedjian et al. 2011; Price

and Dussor 2013; Price et al. 2016) but it is still far from clear that this is the end of

the story for AMPK-mediated control of nociceptor excitability, much less for other

roles of AMPK activation in pain relief (e.g., modulation of microglial function).

While it is clear that AMPK activation results in mTOR and MAPK inhibition in

DRG neurons and a reduction in activity-dependent translation (Melemedjian

et al. 2011; Price and Dussor 2013; Price et al. 2016), AMPK also regulates other

cellular functions that may ultimately also be linked to inhibition of nociceptor

excitability. For instance, AMPK is a core regulator of phospholipid biosynthesis

and metabolism, but this aspect of AMPK function has been almost entirely ignored

in the context of neuronal excitability. This area of investigation offers great

opportunity for new discovery because it is well known that lipids are key regula-

tors of channel, G-protein coupled receptor, and kinase function in nociceptors

(Piomelli et al. 2014; Loo et al. 2015) and other neurons. Here, we propose that

basic cell biology studies on the role of AMPK in neuronal excitability can greatly

enhance our understanding of the target and how it can be manipulated to achieve

effects that are relevant for pain therapeutics.

11.11 Closing Remarks

In this chapter, we have laid out the scientific rationale for targeting AMPK for the

alleviation of pathological pain states and presented evidence in support of this

therapeutic approach. While the existing evidence is compelling, we have tried to
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make the case that we are only now scratching the surface of the potential for this

novel target, and continued discovery in this arena of investigation is likely to lead

to a clearer picture of how AMPK can best be targeted for the alleviation of

different types of pain. What is already clear is that AMPK activators offer an

opportunity for disease modification for some of the most challenging forms of

chronic pain and that this target has the potential to lead to treatments that will

greatly benefit patients who are terribly underserved by the available pharmaco-

logical armamentarium.
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CNRS FR 3636, Université Paris Descartes, Paris, France
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Abstract During host–pathogen interactions, a complex web of events is crucial

for the outcome of infection. Pathogen recognition triggers powerful cellular

signaling events that is translated into the induction and maintenance of innate

and adaptive host immunity against infection. In opposition, pathogens employ

active mechanisms to manipulate host cell regulatory pathways toward their pro-

liferation and survival. Among these, subversion of host cell energy metabolism by

pathogens is currently recognized to play an important role in microbial growth and

persistence. Extensive studies have documented the role of AMP-activated protein

kinase (AMPK) signaling, a central cellular hub involved in the regulation of

energy homeostasis, in host–pathogen interactions. Here, we highlight the most

recent advances detailing how pathogens hijack cellular metabolism by suppressing

or increasing the activity of the host energy sensor AMPK. We also address the role

of lower eukaryote AMPK orthologues in the adaptive process to the host micro-

environment and their contribution for pathogen survival, differentiation, and

growth. Finally, we review the effects of pharmacological or genetic AMPK

modulation on pathogen growth and persistence.

Keywords SNF1/AMPK • Host-pathogen interactions • Infection • Metabolism •

Microbial auxotrophy • Bioenergetics

12.1 Introduction

Adenosine 50 monophosphate‐activated protein kinase (AMPK) is a heterotrimeric

serine/threonine kinase consisting of a catalytic subunit (α) and two regulatory

subunits (β and γ) (Xiao et al. 2011). AMPK is considered a pivotal regulator of

cellular metabolism known as a metabolic “master regulator,” switching on cata-

bolic pathways that generate ATP, while switching off anabolic pathways that

consume ATP. Therefore, upon activation, AMPK downregulates several anabolic

enzymes through phosphorylation leading to the inhibition of both translation

initiation by restraining mammalian target of rapamycin complex 1 (mTORC1)

activity, as well as translation elongation through the inactivation of Eukaryotic

Elongation Factor 2 (eEF2), which will ultimately decrease cellular ATP con-

sumption. In opposition, AMPK activates a catabolic state by inducing oxidative
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pathways generating energy through the activation of glucose uptake (via activa-

tion of both glucose transporter 1 (GLUT1) and GLUT4) (Barnes et al. 2002;

Holmes et al. 1999), glycolysis (via phosphorylation and activation of two of four

isoforms of 6-phosphofructo-2-kinase) (Marsin et al. 2002), fatty acid uptake (via

translocation of the fatty acid transporter FAT/CD36) (Bonen et al. 2007), and

fatty acid oxidation (via phosphorylation of the isoform 2 of acetyl-CoA carbox-

ylase (ACC2)) (Winder and Hardie 1996). Classically, the canonical upstream

activator that phosphorylates AMPK on Thr 172 (Stein et al. 2000) is the consti-

tutively active tumor suppressor liver kinase B1 (LKB1) accompanied by two

accessory subunits, sterile 20 protein‐related adaptor (STRAD) and mouse protein

25 (MO25) (Hawley et al. 2003; Woods et al. 2003), but additional activators such

as the Ca2+-calmodulin-dependent kinase kinase (CaMKK) has been also identi-

fied (Woods et al. 2005; Hawley et al. 2005).

AMPK is capable of sensing changes in the energy status of the cell, and

therefore it is not surprising that it plays a pivotal role during infections (Moreira

et al. 2015b). Nutritional immunity has been described as a defence mechanism

employed by host cells to prevent the acquisition of essential nutrients by intracel-

lular pathogens, thus preventing pathogen scavenging and further utilization for

replication and survival (Hood and Skaar 2012). Furthermore, recent advances have

underlined the role of AMPK in macrophage, T cell, and DC functions in distinct

settings, providing a molecular link between bioenergetics homeostasis, viability,

and effector functions of adaptive and innate immune cells (Blagih et al. 2015;

Kelly and O’Neill 2015; Yang and Chi 2015). These concepts are the core of host–

pathogen dynamics. Herein, we review the contribution of AMPK sensor in regu-

lating viral, bacterial, parasitic, and fungal infections. Furthermore, given the high

degree of conservation among eukaryotes, we intend to discuss the crucial role of

AMPK in parasites and fungi. The most recent findings concerning the AMPK role

in the parasite and fungal biology during host–pathogen interaction will be also

addressed.

12.2 AMPK: A Regulator in Viral Infection

12.2.1 Modulation of AMPK Activity by Viruses

Simian virus 40 (SV40) is a polyoma virus that encodes for small and large T

antigens implicated in tumor formation. SV40 small T antigen has been shown to

protect human cells in glucose deprivation. This survival advantage for cancer cells

was demonstrated to be correlated with an increased phosphorylation of AMPK and

consequent downregulation of mTORC1, which ultimately triggered autophagy

(Kumar and Rangarajan 2009). In vitro infection with avian reovirus (ARV)

resulted in an increase in AMPK phosphorylation on Thr172 (Ji et al. 2009) and a

concomitant increase in mitogen-activated protein kinase (MAPK) p38
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phosphorylation. AMPK phosphorylation has also been described to be increased

early after infection with Rift Valley fever virus (RVFV), an important reemerging

arthropod-borne human pathogen (Moser et al. 2012).

On the contrary, infections with Hepatitis C virus (HCV), Human cytomegalo-

virus (HCMV), Herpes simplex virus (HSV), Epstein–Barr virus (EBV), and human

immunodeficiency virus-1 (HIV-1) have been reported to inhibit AMPK activity. In

this context, cells infected with HCV or harboring an HCV subgenomic replicon

inhibited the phosphorylation of AMPK at Thr172. This was consistent with the

concomitant reduction on AMPK activity and increased hepatic lipid accumulation

required for virus replication (Mankouri et al. 2010). Inhibition of Thr172 phos-

phorylation was associated with an increased phosphorylation of AMPK at an

alternative site, Ser485, which is phosphorylated by protein kinase B (PKB/Akt)

(Horman et al. 2006). Interestingly, both HCV NS4B and NS5A proteins have been

shown to activate the protein kinase AKT (Park et al. 2009; Street et al. 2004). In

addition to HCV, HCMV, a beta herpes virus that establishes chronic infections,

activates mTOR signaling by inhibiting AMPK Thr172 phosphorylation at early

time points postinfection (Kudchodkar et al. 2007). Interestingly, at later time

points of infection, a kinome RNAi screen performed in HCMV-infected MRC5

fibroblasts identified 106 cellular kinases that influenced the growth of the virus,

including multiple elements of the AMPK pathway (Terry et al. 2012). The effector

proteins responsible for the AMPK inhibition still remain elusive, although the

inhibition of CaMKK was reported to block HCMV-mediated AMPK activation

(McArdle et al. 2011, 2012). Furthermore, it has been shown that HCMV blocked

the function of the mitochondrial trifunctional protein (TFP), a key enzyme during

fatty acid-β-oxidation (Seo and Cresswell 2013), through the redistribution of

viperin to the mitochondria. The resulting decrease in cellular ATP levels and

consequent increase in AMP-activated AMPK. The latent membrane protein

1 (LMP1) encoded by EBV, which is associated with the development of nasopha-

ryngeal carcinoma, inhibited the phosphorylation of LKB1 at serine 428 leading to

the inhibition of AMPK phosphorylation (Plummer et al. 2013).

Sirtuin 1 (SIRT1), a nicotinamide adenine dinucleotide-dependent class III

protein deacetylase, and AMPK are activated during the cellular response to

nutrient deprivation and exhibit a reciprocal regulation (Fulco et al. 2008). In the

context of HCV core protein expression in HepG2 cells, it has been shown that the

activity of SIRT1 along with AMPK is decreased (Yu et al. 2013). In the context of

HIV infection, it has been proposed that the transactivator Tat protein mediates its

effect on AMPK via the inhibition of SIRT1 (Zhang and Wu 2009). However, a

certain complexity is associated with the fact that SIRT1 deacetylates Tat (Pagans

et al. 2005) and Tat inhibits SIRT1 (Kwon et al. 2008). More recently, it has been

proposed that curcumin reversed Tat-mediated reduction in AMPK activation and

downstream ACC activation (Zhang et al. 2011). Therefore, the relationship

between HIV infection and AMPK modulation merits to be further explored in

the context of viral infection.
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12.2.2 Role of AMPK in Virus Entry and Replication

Since some viruses manipulate host AMPK toward immune evasion, a valuable

therapeutic antiviral strategy may pass through the pharmacological manipulation

of AMPK activity. In this context, Vaccinia virus infects a wide range of host cells,

and all three subunits of AMPK facilitated virus entry (Moser et al. 2010). AMPK is

involved in poxvirus entry in a manner that is independent of its role as a metabolic

regulator. The authors point to a novel role of AMPK in promoting

macropinocytosis and cellular motility by regulating actin dynamics, independently

of LKB1 or CaMKK (Moser et al. 2010). AMPK deficiency attenuated vaccinia

infection by interfering with viral entry. This supports the development of selective

AMPK inhibitors or other inhibitors of macropinocytosis against poxviruses, as

well as for other viruses that hijack this endocytic route for their entry mechanism.

In vitro treatment of hepatoma cells with the AMPK activator 5-aminoimidazole-4-

carboxamide 1-β-D-ribofuranoside (AICAR) was shown to suppress HCV replica-

tion (Nakashima et al. 2011; Mankouri et al. 2010). The importance of AMPK in

HCMV replication is supported by the observation that the inhibition of AMPK

kinase with compound C attenuates early and late HCMV replication (Hutterer

et al. 2013; McArdle et al. 2012; Terry et al. 2012). Moreover, the addition of

2-octynoic acid (2-OA) to HCV-infected cells inhibited viral replication in a

process involving the activation of AMPK and the inhibition of ACC, the first

rate-limiting enzyme in fatty acid synthesis (Yang et al. 2013). Importantly, it has

been shown that AMPK and its upstream activator LKB1 are essential for the

control of RVFV infection, which is associated with the phosphorylation and

inhibition of ACC. Treatment with the fatty acid palmitate bypasses this restriction,

demonstrating that AMPK restricts RVFV infection through its inhibition of fatty

acid biosynthesis (Moser et al. 2012). Furthermore, the authors showed that AMPK

restricts the growth of multiple arboviruses from disparate families, including the

Flavivirus Kunjin virus (KUNV), the Togavirus Sindbis virus (SINV), and the

Rhabdovirus Vesicular stomatitis virus (VSV) (Moser et al. 2012). Therefore, this

process represents a novel mechanism of interest regarding viruses’ control mech-

anisms. Because many viruses require complex and unique interactions with cel-

lular lipid metabolism through both synthesis and degradation pathways, it cannot

be excluded that viruses inhibit AMPK activation in order to stimulate lipid

synthesis within the infected cells. Thus, AMPK activation is broadly antiviral

and may provide a novel antiviral therapeutic target.

Finally, it has been proposed that AMPK is involved in the reactivation of latent

viruses, such as HIV-1, through bryostatin-induced activation, a protein kinase C

activator (Mehla et al. 2010). This was further confirmed by the use of compound C

that partially reduced HIV-1 reactivation. In the same study, the authors showed

that metformin, an oral antidiabetic drug that activates AMPK indirectly through

mitochondrial complex I inhibition (Zhou et al. 2001), inhibits HIV-1 replication.

These results underline differential effects either on the reactivation of HIV-1 or the

productive viral replication (Mehla et al. 2010). Furthermore, metformin also
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inhibits in vitro HCV replication (Huang et al. 2013). The addition of metformin to

current HCV treatment regimens had promising, albeit modest, effects on reducing

patient viral loads (Romero-Gomez et al. 2009). Moreover, several AMPK activat-

ing drugs have been shown to reduce morbidity and mortality during lethal influ-

enza infection in mice (Moseley et al. 2010).

12.2.3 AMPK and Autophagy During Viral Infections

Autophagy becomes particularly important during cellular starvation as a means to

recycle amino acids and cellular components for use as catabolic fuels. mTOR

forms two functionally distinct complexes in mammals, mTORC1 and mTORC2.

In particular, mTORC1 senses nutrient deprival. This is an essential information to

take into account when addressing host–pathogen interactions, given that AMPK is

an established negative regulator of the mTOR signaling cascade (Inoki et al. 2003;

Shaw et al. 2004). AMPK can directly phosphorylate Raptor, a positive regulatory

subunit of the mTORC1 complex, and, in addition, it has been shown that AMPK

phosphorylates the protein kinase UNC-51-like kinase 1 (ULK1), which is a key

signaling complex required for autophagosome formation (Egan et al. 2011; Kim

et al. 2011). During the last two decades, autophagy has been analyzed more in

detail and described to regulate host–pathogen interactions. Growing evidences

indicate that autophagy acts both in the antiviral and proviral pathway (Rey-Jurado

et al. 2015; Santarelli et al. 2015) Viral infections may result in the inhibition of

host cell metabolism, thus leading to a concomitant reduction in energy demands.

This could happen either by blocking host cell protein synthesis, while in the

opposite way, by placing increased energetic demands upon infection, which

might result in an activation of AMPK. Further studies are necessary to assess the

contributing role of the AMPK pathway in regulating autophagy in the context of

viral infections. Therefore, it cannot be excluded that AMPK is a critical regulator

of cell autophagy in the context of host–pathogen interactions that need to be

further addressed.

12.2.4 AMPK and Immune Effector Functions Cells During
Viral Infection

Immune response against pathogens and in particular viruses leads to a rapid

modification of cellular metabolism. It has been initially identified that signal

transduction pathways, which modulate T-cell metabolism, involve LKB1 and

AMPK as key regulators (Blagih et al. 2015; Blagih et al. 2012). Thus, LKB1-

deficient T cells exhibited defects in cell proliferation and viability, accompanied

by altered glycolytic and lipid metabolism. Interestingly, loss of LKB1 promoted an
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increase in T cell activation and inflammatory cytokine production by both CD4+

and CD8+ T cells (MacIver et al. 2011). However, although AMPKα1 activity is

dispensable for proliferation and differentiation of cytotoxic T lymphocytes

(CTLs), AMPK knockout (KO) mice show a striking defect in their ability to

generate memory CD8+ T-cell responses in vivo, along with a lower survival of

CTLs following withdrawal of immune stimulation (Rolf et al. 2013). The role of

metformin has also been addressed in arthritis. It was recently shown that the

attenuation of the disease in AMPK KO mice could result from decreased levels

of pro-inflammatory cytokines. Interestingly, the impact of AMPK on the differen-

tiation of T cells into T helper 17 (Th17) cells upon stimulation was also demon-

strated (Kang et al. 2013). Recently, it has been demonstrated that AMPKα1 is

essential for Th1 and Th17 cell development and primary T cell responses to viral

and bacterial infections. A reduction of both Th1 and Th17 responses (Estaquier

et al. 1996; Estaquier et al. 1995; Raffatellu et al. 2008; Brenchley et al. 2008;

Cecchinato et al. 2008; Campillo-Gimenez et al. 2010) were associated with a

higher propensity of the cells to die by apoptosis observed during the course of

HIV-1 infection (Estaquier et al. 1994; Monceaux et al. 2003; Hurtrel et al. 2005;

Cumont et al. 2007). This originates the question as whether or not metformin could

restore functional immune effector T cells through AMPK activation and if this

approach could have potential interest in the development of therapeutic strategy

against acquired immunodeficiency syndrome (AIDS). Thus, given the critical role

played by CD4+ and CD8+ T cells in controlling viruses, regulation of metabolic

homeostasis represents a quite remarkable field to explore in the context T cell

immunity.

In addition to adaptive immunity, a role for AMPK in regulating innate immu-

nity has been proposed. AMPK activation promotes macrophage polarization

toward an anti-inflammatory M2 phenotype (Sag et al. 2008) and modulates

inflammatory gene expression through activation of SIRT1 (Yang et al. 2010b).

However, one important effect of AMPK is the suppression of signal transducers

and activators of transcription 1 (STAT1) signaling induced by interferon-gamma

(IFN-γ), which inhibits inflammation and chemokines in primary astrocytes and

microglia (Meares et al. 2013). This could be particularly important in the context

of neuronal infections because inflammation in the central nervous system contrib-

utes to neurologic disorders. Furthermore, type I IFN-derived immune responses,

which are essential for controlling virus spread, decreases the phosphorylation of

AMPK. Consistently, metformin enhances the antiviral effect of IFN-β in

Coxsackievirus B3 virus infection (Burke et al. 2014). It has been also proposed

that 2-OA antiviral activity against HCV is associated with AMPK activation,

through induction of interferon stimulated genes (ISGs) and the inhibition of

miR-122 expression (Yang et al. 2013). In the context of RVFV, however, the

authors have excluded a role of type I IFN in regulating virus infection downstream

AMPK (Moser et al. 2012). Therefore, AMPK appears to be a central player in

regulating innate and adaptive immune responses, which are essential in controlling

viral infections. Figure 12.1 illustrates the differential regulation of AMPK activity

by viruses.
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12.3 AMPK in the Control of Bacterial Infection

Pathogenic intracellular bacteria infect their hosts by exploiting its cytoplasmic

milieu toward survival, growth, and dissemination. During infection, intracellular

bacteria must compete with the host in order to obtain the necessary energy and

carbon sources. The specific scavenge of nutritional sources by the bacteria may

increase their survival odds and consequently can be detrimental to the survival of

the permissive host. In parallel, the host cell is forced to respond vigorously to the

internal threat by using specific microbicidal mechanisms at the same time that

need to maintain bioenergetic homeostatic levels to prevent failure and death. Yet,

AMPK beneficial or prejudicial role during bacterial infections appears to be

pathogen-specific (Fig. 12.2).

Fig. 12.1 Viral infection induces a differential regulation of AMPK activity. Host AMPK may be

modulated in order to promote and ease virus entry (e.g., by macropinocytosis) and immune evasion.

AMPK modulation results in the activation of several downstream targets and consequent host

metabolism reprograming. Catabolic processes, as fatty acid oxidation and glucose metabolism, are

activated through phosphorylation of ACC and increased expression of GLUT4, respectively. On

the other side, anabolic processes, as protein synthesis and fatty acid synthesis, are inhibited.

NAMPT-induced activation of SIRT1 originates increased PGC1α-induced transcription of mito-

chondrial genes. Mitophagy may also be induced by AMPK activation, although its role in viral

infections has yet to be addressed. ACC acetyl-coA carboxylase, AMPK AMP-activated protein

kinase, CaMKKβ calcium/calmodulin-dependent protein kinase kinase β, GLUT4 glucose trans-

porter 4, NAD nicotinamide adenine dinucleotide, Nampt nicotinamide phosphoribosyltransferase,

MKK3/6 MAPK kinase 3/6, mTOR mechanistic target of rapamycin, LKB1 liver kinase B1, p38
MAPK p38 mitogen-activated protein kinase, PGC1α peroxisome proliferator-activated receptor γ
co-activator-1α, SIRT1 Sirtuin 1, TSC tuberous sclerosis, ULK1 Unc-51-like kinase 1
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Fig. 12.2 AMPK signaling pathways during host response to bacterial infection. The release of

bacterial products such as TLR agonists and PFT or the infectious process itself may lead to

AMPK activation. This occurs through alteration of the intracellular calcium concentration and

consequent CAMKKβ activation, decrease of ATP/AMP ratios, or ROS production. Additionally,

AMPK may also be activated by chemical compounds such as AICAR, metformin, and

compound. The phosphorylation of AMPK in the threonine residue 172 (Thr172) during bacterial

infections has multiple effects in energy metabolism and autophagy that ultimately contribute to

the resolution or progression of the infection. AMPK is a negative regulator of mTOR, so, upon

Thr172 phosphorylation, mTOR is inhibited, as well as protein synthesis. Furthermore, mitochon-

drial metabolism is impacted during infection: mitochondrial respiration and biogenesis may be

indirectly increased during bacterial-induced AMPK activation. Furthermore, the transcriptional

co-activator PGC-1α is directly modulated by AMPK and originates the increase in transcription

of autophagy-related genes, thus leading to increased xenophagy. However, the role of xenophagy

in the disclosure of a bacterial infection is still controversial. On one hand, this antibacterial

process may cause bacterial death and elimination, through acidification of the intracellular niches

and consequent degradation of pathogen. On the other hand, it may increase nutrient availability,

thus contributing to pathogen survival. Similarly, the increase in mitochondrial mass may cause an

increase in lipid oxidation, which contributes to increased intracellular nutrient availability and,

consequently, to proliferation and survival of the pathogen. AICAR 5-aminoimidazole-4-

carboxamide-1-β-D-ribofuranoside, AMP adenosine monophosphate, AMPK AMP-activated pro-

tein kinase, ATP adenosine triphosphate, CaMKKβ calcium/calmodulin-dependent protein kinase

kinase β, mTOR mechanistic target of rapamycin, PFT pore-forming toxins, PGC1α peroxisome

proliferator-activated receptor γ co-activator-1α, ROS reactive species of oxygen, TLR Toll-like

receptor
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12.3.1 Autophagy: Is Self-Eating Saving or Killing
the Bacteria?

Such as in the context of viral infections, it has been shown that selective recogni-

tion of intracellular bacteria and their targeting to the autophagic machinery for

degradation in lysosomes, also referred as xenophagy, is of crucial importance for

bacterial control (Cemma and Brumell 2012). Xenophagy has been put forward as a

key component of cell-autonomous innate immunity defence mechanisms against

infections (Sorbara and Girardin 2015). If in one hand, xenophagy may contribute

to pathogen elimination, in the other, it may also provide the necessary intracellular

metabolites that sustain pathogen growth. Amino acid (AA) starvation induced by

bacterial pathogens is sensed by the host to trigger protective innate immune and

stress responses. The bacteria Shigella and Salmonella are able to trigger an acute

AA starvation in HeLa cells, as a consequence of host membrane remodeling and

damage. Thus, the AA depletion led to the inhibition of the mTOR pathway

emphasizing a possible activation of AMPK (Tattoli et al. 2012). Francisella
tularensis is an example of a cytosolic bacterium that activates host autophagic

system to increase cytosolic pools of nutrients for its own advantage (Steele

et al. 2013). On the other hand, bacterial pathogens have suffered selective pressure

leading to the acquisition of skills to manipulate the host enzymatic machinery in

their own advantage. In this sense, bacteria can not only prevent the initiation of

autophagic mechanisms and maturation of phagosomes, but they are also able to

use some components of xenophagy toward its replication and survival (Levine

et al. 2011; Deretic et al. 2013). Mycobacterium tuberculosis (Mtb) and Yersinia
pseudotuberculosis represent well this last group. Y. pseudotuberculosis can repli-

cate inside autophagosomes, which are blocked in their maturation and thus unable

to fuse with lysosomes (Moreau et al. 2010). M. tuberculosis is capable of evading
autophagy in macrophages through the inhibition of xenophagic pathways (Kumar

et al. 2010). In this case, treatment with Isoniazid, a first-line drug against tuber-

culosis, during the first 24 h of infection is capable to restore autophagy in

M. tuberculosis-infected bone marrow-derived macrophages (BMDMs) in an

AMPK-dependent manner leading to pathogen elimination (Kim et al. 2012).

Nonetheless, the replenishment of essential substrates for the pathogen may be

assured through modulation of AMPK activity (Brunton et al. 2013). Mycobacte-
rium tuberculosis is capable of utilizing fatty acids as the major energy source

(Rhee et al. 2011). While fatty acids and cholesterol are viewed as the predominant

carbon source throughout infection (Lee et al. 2013; McKinney et al. 2000; Munoz-

Elias and McKinney 2005; Pandey and Sassetti 2008), triglycerides could represent

an energetic reservoir during bacteria dormancy (Daniel et al. 2004).

M. tuberculosis is capable of inhibiting AMPK and activating mTOR by inducing

lipid synthesis. It was recently shown that Mtb accumulated intracellular

triacylglycerides (TAG) whose composition is nearly identical to host TAG.

Accordingly, it was demonstrated that Mtb TAG were synthesized using free

fatty acids released from host macrophages. This lipid scavenging created an
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energetic reservoir that ultimately allows the bacteria to enter in a latent stage

(Daniel et al. 2011). Recently, these kinases arose as a potential trigger of

autophagy during infection. Escherichia coli (ETEC) exploits host’s autophagic

machinery through the inhibition of mTOR pathway and ERK1/2 and AMPK

phosphorylation (Tang et al. 2014). Similarly, the peroxisome proliferator-

activated receptor-gamma coactivator 1α (PPARGC1A)-dependent activation of

AMPK inM. tuberculosis infection results on increased transcription of autophagy-
related genes via CCAAT/enhancer binding protein β (CEBPB). This activation

was also associated with increased mitochondrial respiration and biogenesis (Yang

et al. 2014). TLR 1/2 has been associated with the initiation of autophagic mech-

anisms during mycobacterial infections (Yuk et al. 2009). This was shown to be

mediated by the mycobacterial lipoprotein LqpH, which activates TLR1/2 inducing

a rapid and transient increase in intracellular calcium concentration leading to

AMPK activation, possibly through upstream activation of CaMKK. Furthermore,

AMPK activation was shown to be essential for autophagy, resulting in the phos-

phorylation of p38-MAPK (Shin et al. 2010). Similarly to LqpH, pore-forming

toxins (PFT) are bacterial virulence factors that have been implicated in the

prompting of autophagy, although the underlining mechanisms remain elusive

(Gonzalez et al. 2008). Kloft and colleagues observed that several PFT

(streptolysin O, Vibrio cholera cytolysin, Staphylococcus aureus α-toxin, and

Escherichia coli haemolysin A) cause a drop in intracellular ATP levels leading

to AMPK activation (Kloft et al. 2010). It has been hypothesized that the formation

of membrane pores leads to the activation of downstream targets, as the AMPK

signalling pathway, which may contribute for the maintenance of cellular

homeostasis.

Further studies suggest that AMPK signaling may regulate and facilitate the

intracellular replication of this pathogen. Although xenophagy may be presented as

an antibacterial mechanism, it is important to reckon that other evasion mechanisms

driven by a chronic activation of AMPK in the infected cells can be used by

invading bacteria, such as Salmonella, to subvert the immune response (Tattoli

et al. 2012). Likewise, Legionella pneumophila, the causative agent of Legion-

naires’ disease, is capable of inhibiting the phagosome-lysosome fusion, in order to

subvert host cell immune response (Horwitz 1983). Macrophage mitochondria and

endoplasmic reticulum-derived vesicles are recruited to the vicinity of the

phagosome within the first minutes of L. pneumophila infection (Tilney

et al. 2001). The consequent encapsulation of Legionella-containing phagosomes

increases the survival odds of this bacteria, since it prevents its fusion with

lysosomes or acidifying vesicles. This subservient mechanism clearly suggests

the utilization of mitochondria and other organelles for support in early stages of

infection. Francione et al. (2009) using a Dictyostelium discoideum model for

mitochondrial disease observed a faster growth and higher bacterial burden in

mitochondrial disease strains. AMPK activation may also be beneficial for

Helicobacter pylori and Neisseria meningitidis infections. These gram-negative

bacteria colonize the gastric mucosa causing several local distresses as gastritis,

gastric ulcers, or gastric cancer. AMPK activation during gastric epithelial cells
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(GEC) cell infection is induced by transforming growth factor-β (TGF-β)-activated
kinase 1 (TAK1), resulting in decreased apoptosis of GEC cells and consequent

bacterial survival (Lv et al. 2014). The decreased level of apoptosis originates

persistence of infection and GEC proliferation, contributing to the development

of carcinogenesis. Accordingly with these results, administration of compound

13, a novel α1-selective activator of AMPK, was shown to decrease H. pylori-
induced GEC apoptosis through reactive oxygen species (ROS) scavenging and

activation of the AMPK-heme oxygenase (HO-1) pathway (Zhao et al. 2015).

Similarly, activation and overexpression of AMPK improve human brain micro-

vascular endothelial cells (HBMECs) permeability after a challenge with lipopoly-

saccharide (LPS) through suppression of the induction of NAD(P)H oxidase-

derived ROS (Zhao et al. 2014). AMPK was activated at 24 h postinfection,

while PKB-Akt protein analysis showed dephosphorylation and thus inactivation

(Schubert-Unkmeir et al. 2007). In spite of being demonstrated that N. meningitidis
regulates gene transcription, translation, and cell metabolism, it is necessary to

understand the virulence factors involved.

12.3.2 Bacterial Host Immune Response: A Double-Edge
Sword Controlled by AMPK

Nutrient availability is an important factor when evaluating effector T cell function,

since their dysfunction can impair the appropriate responses that culminate with

pathogen elimination. Mice with T cell-specific deletion of AMPKα1 infected with
an overexpressing OVA Listeria monocytogenes showed a decreased number of

total CD4+ and CD8+ T cells at 7 days postinfection. Not only their numbers were

reduced as their effector function, since ex vivo stimulation of infected splenocytes

in the conditional KO mice displayed lower levels of IFNγ+ (Blagih et al. 2015).

This work highlights the importance of AMPK in allowing the proper function of T

cells in response to pathogens, which is ultimately connected to the metabolic

pathways established in these cells. ROS production is one of the hallmarks of

innate host response against intracellular pathogens. Concomitant administration of

the AMPK inhibitor compound C with LPS originated an impaired immune

response to endotoxemia via the decrease of nuclear-factor kB (NF-kB) activation

pathway. This was correlated with a decreased chemotaxis of macrophages and

neutrophils to the liver, with decreased ROS production and TNFα levels in the

serum (Guo et al. 2014). Furthermore, upon AMPK activation, neutrophils showed

an enhancement in E. coli and S. aureus uptake and consequent killing. These

observations were supported in vivo using murine models for peritonitis-induced

sepsis where metformin-treated mice were found to have fewer viable bacteria

(Park et al. 2013). In opposition, in tuberculosis (TB) patients, AMPK-expressing

neutrophils were shown to be able to secrete higher quantities of metalloproteinase-

8 (MMP-8), in a NF-kB-dependent fashion, leading to matrix destruction and
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collagen. This study demonstrated that AMPK activation has a role in the secretion

of MMP-8 contributing to lung immunopathology during M. tuberculosis infection
(Ong et al. 2015). In a very elegant work, Chakrabarti et al. showed that the

disruption of Drosophila flies gut homeostasis upon Pseudomonas entomophila
infection was caused by the impairment of barrier repair pathways. The mechanism

of subversion of gut immune response was mediated by an activation of AMPK-

Tuberous sclerosis complex (TSC) stress pathways, which are responsible for TOR

inhibition and consequent repression of host translation mechanisms. Ultimately,

this contributes to the entrance of infected cells in a quiescent state, more prone for

tissue repair but that also allows P. entomophila survival (Chakrabarti et al. 2012).

12.3.3 Modulation of Host AMPK as a Pharmacological
Approach to Target Bacterial Infection

Metformin treatment restricts the intracellular growth of multidrug-resistantMyco-
bacterium tuberculosis strains in THP-1 and human monocyte-derived macro-

phages through mitochondrial ROS induction. Moreover, metformin

administration ameliorates lung pathology and reduces chronic inflammation

while enhancing the efficacy of conventional anti-tuberculosis drugs (isoniazid

and ethionamide) in mice models of acute and chronic tuberculosis. In this retro-

spective study, metformin treatment was associated with improved control of

infection and decreased disease severity (Singhal et al. 2014). Moreover, adminis-

tration of metformin suppresses the inflammatory effects of LPS via induction of

activating transcription factor-3 (ATF-3) and AMPK activation. Thus, mice with

LPS-induced endotoxemia treated with metformin displayed lower levels of IL-6

and TNF-α, thus decreasing inflammation in vivo (Kim et al. 2014). Furthermore,

metformin-induced activation of AMPK inhibited the release of high mobility

group box 1 (HMGB1), a protein involved in severe sepsis. This inhibition origi-

nated the observed anti-inflammatory effect in LPS-treated RAW264.7 macro-

phages and in endotoxemic mice, characterized by decreased levels of IL-6,

TNF-α, IL-1β, prostaglandin E2 (PGE2), and nitric oxide (NO) (Tsoyi

et al. 2011). The activation of AMPK can also be obtained by treatment with

AICAR. Similarly, in vivo treatment with this drug resulted in decreased

lipoteichoic acid (LTA)-driven lung inflammation (Hoogendijk et al. 2013).

Using cecal ligation and puncture (CPL) as a model of sepsis, it was shown that

AICAR prevented CLP-induced liver and kidney damage. Additionally, AMPK

inhibition in hepatic and renal cells with compound c exacerbated cytokine pro-

duction and prevented autophagy, thus culminating in increased tissue injury

(Escobar et al. 2015). The role of a new bioactive lignan, sauchinone, in AMPK

modulation has been studied. The activation of LKB1-AMPK pathway by this anti-

inflammatory molecule has been shown to decrease liver toxicity through preven-

tion of iron accumulation (Kim et al. 2009). Recently, Jeong and colleagues
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explored the role of sauchinone-induced AMPK activation in macrophage phago-

cytosis (Jeong et al. 2014). The authors demonstrated that sauchinone increased

phosphorylation of AMPK and p38 MAPK, which correlated with increased E. coli
phagocytic uptake by macrophages in mice lungs.

12.4 Interaction Between AMPK and Parasites

12.4.1 Host–Parasite Nutrient Sensing

All the organisms have the ability to sense their surroundings in search for nutrients

through a variety of strategies that have evolved to suit the particular needs of each

living form. In particular, protozoan parasites need to adapt to more than one host to

survive and multiply. Therefore, a dynamic interplay between the host and the

parasite is necessary to efficiently coordinate the various parasite developmental

stages. The best example would be the maintenance of limited parasite density

inside the host or in a distinct host niche that will be responsible for initiating a

specific response by ensuring space and nutrients to the entire parasite community

(Mony and Matthews 2015; van Zandbergen et al. 2010). This is quite remarkable

in African trypanosomes, Trypanosoma brucei spp., where a morphological and

molecular alteration into a “slender” form without proliferative capacity is critical

to restrain parasitemia and also to have an efficient transmission to the insect host

(Gjini et al. 2010; Vassella et al. 1997; Vickerman 1985). Moreover, the confirmed

presence of programmed cell death (PCD) in parasites such as Tetrahymena
thermophila, Leishmania spp., Trypanosoma cruzi, Plasmodium spp., Trypanosome
brucei, Giardia lamblia, Dictyostelium discoideum, Trichomonas vaginalis,
Peridinium gatunense, and Blastocystis hominis (Al-Olayan et al. 2002; Ameisen

et al. 1995; Pollitt et al. 2011; Rousset and Roze 2007; Zangger et al. 2002) is

another mechanism to control parasite density. As a result, the premature death of

host or vectors is prevented and the right number of parasites are then able to

dampen the host immune system and avoid the limitation of nutrients and resources

(Ameisen et al. 1995; Reece et al. 2011). Thus, nutrient availability is a key factor

for parasite fitness during infection.

These mechanisms will ultimately ensure a physical space and a nutrient-rich

niche that support parasite survival and high growth rate, while maintaining the

viability of its host reservoir. During the evolutionary process, unicellular organ-

isms developed strategies to sense extracellular nutrients and intracellular metab-

olite concentrations since they are often exposed to relevant variations. Some

nutrient sensing pathways, as chemoreceptors and PII proteins in bacteria, MEP2

sensor, SPS pathway, and Snf3/Rgt2 sensors in fungi and PII proteins in plants, are

unique for these organisms. Such pathways respond to nitrogen, amino acids,

ribose, galactose, glucose, and ammonium fluctuations (Chantranupong

et al. 2015). Three important pathways, highly conserved from yeast to man, are
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responsible to sense different nutrient pools. These are general amino acid control

non-derepressible 2 (GCN2), TOR kinase and AMPK. Amino-acid levels are

sensed by GCN2 and mTOR, while glucose is regulated by mTOR and AMPK

and energetic fluctuations are uniquely controlled by AMPK (Chantranupong

et al. 2015). Thus, while host and parasites can actually share some nutrient sensors,

this section will focus only in AMPK.

12.4.2 AMPK in the Context of Parasite Infection:
Host–Parasite Nutrient Dynamics

The exquisite host–parasite interaction is the result of a coevolution network that

has been established continuously since the very first ancient association. The

parasite and host coevolution has been developed in parallel throughout time

although parasites possess an advantage due to their shorter generation time and

to the higher growth rate. To preserve its higher proliferative capacity, parasites

have to acquire nutrients from the host, its nutritional requirement being one of the

key features in the host–parasite interaction. Within host parasite this dynamic, a

nutrient competition is established between the manipulative parasite trying to

obtain usable energy and metabolites and the host attempting to sequester the

same precursors from the pathogen. The heavy metabolic pressure established

dictates the parasite auxotrophy to several nutrients, the host being the only viable

source for acquisition. Interestingly, parasites are auxotrophic for several amino

acids that are essential for the host. The nutritional pressure on extracellular and

intracellular parasites is differently exerted. Extracellular parasites can salvage the

nutrients directly from the extracellular fluids, while intracellular parasites need to

import nutrients across two or three host membrane systems. Indeed, intracellular

parasites need to gain access to nutrients present in the cytosol or inside the intra-

vacuolar structures where the threshold levels of amino acids do not match with the

high demands of these organisms for carbon, nitrogen, and energy to support its

high proliferative rate (Abu Kwaik and Bumann 2013). However, despite their

localization, parasites developed several strategies to acquire sufficient nutrients in

response to their biological needs. Plasmodium spp. (intracellular), T. brucei (extra-
cellular), and Leishmania spp. (intracellular) acquire nutrients from their hosts by

employing different transport proteins, named permeases, located inside their

plasma membrane. The nutrients imported from the host include hexoses, purines,

iron, polyamines, carboxylates, and amino acids. The different niches occupied by

these parasites in their hosts dictate ultimately the mode of nutrient acquisition

(Landfear 2011). As an example, during L. major amastigotes persistence in the

macrophage phagolysosomes, the parasite exploits the macrophage function on

extracellular matrix turnover and remodeling in terms of internalization and deg-

radation of glycosaminoglycans (hyaluronan). This mechanism constitutes another

process to exploit additional nutrients such as amino sugars as a carbon source. The
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dependency of Leishmania on a higher nutrient variety suggests a nutritional

diversity inside phagolysosomes that could ultimately represent an advantage to

colonize such harsh environment (Naderer et al. 2015). The response of the host

against the diversion of nutrients by the parasite is through the restriction of parasite

access to nutrient sources. Thus, the process of nutritional immunity limits the

availability of iron, zinc, and manganese from the invading pathogens (Crawford

and Wilson 2015). An iron-depleted niche is established during L. major infection
through the transporter NRAMP1 located at the phagolysosomal compartment.

Indeed, NRAMP1 mutation renders the host macrophages more susceptible to

Leishmania infections (Appelberg 2006; Forbes and Gros 2001). The strategies

developed by the host and parasite in terms of nutrients dynamic will impact the

infection outcome.

12.4.3 AMPK on the Core of Host–Parasite Metabolic
Coupling

The nutritional flow established within host–parasite communities will impact

the host metabolic background. Several reports have become to identify the

pathways involved in the metabolic manipulation of host metabolism required

for intracellular pathogen growth. Recent studies with Toxoplasma gondii
(MacRae et al. 2012), Trypanosoma brucei (Wang et al. 2008), Leishmania
spp. (Moreira et al. 2015a; Rabhi et al. 2012), Schistosoma mansoni (Wang

et al. 2008), and Plasmodium berghei (Li et al. 2008) have paved the way to

the understanding on the molecular mechanisms used by parasites to take advan-

tage of the nutritive host resources. At the core of these metabolic dynamic

interactions, AMPK was identified as having a crucial role to balance the

energetic status of the host with a positive or negative impact on parasite

survival. Nevertheless, the role of AMPK during the metabolic host–parasite

crosstalk still remains largely unexplored.

A microarray analysis performed on mice livers of experimental P. berghei
infection revealed significant variations within genes related to carbohydrate and

energetic metabolisms. This approach demonstrated an upregulation of gluconeo-

genesis pathways while glycolysis appears downregulated on liver extracts from

mice infected with P. berghei. Interestingly, these modifications were accompanied

by an increase in the energetic sensors, Prkaa2 (AMPKα) and Prkag2 (AMPKγ)
transcripts (Sales-Dias 2011). Analyzing AMPK translational levels will be impor-

tant to clarify the actual role during P. berghei liver stage infection. A potential role

of AMPK during an experimental model of cerebral malaria (ECM) was recently

suggested (Gordon et al. 2015). The mTOR inhibitor rapamycin protects against

ECM when administered within the first 4 days of infection. Rapamycin increased

survival, blocked the breakdown of the blood–brain barrier and brain hemorrhag-

ing, and decreased the influx of both CD4+ and CD8+ T cells into the brain and the
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accumulation of parasitized red blood cells in the brain. The impact of mTOR-

controlled metabolic pathways and the recent knowledge regarding the activation of

metabolic pathways in T cells upon antigen recognition led the authors to suggest a

possible impact of some metabolic pathways, such as AMPK, in the control of this

disease.

An intense inflammatory reaction accompanies infection with Trypanosoma
cruzi, the etiologic agent of Chagas disease. T. cruzi targets the adipose tissue

leading to a release of inflammatory cytokines as well as a decrease in adiponectin

and PPAR-γ contributing to the establishment of an inflammatory niche. Interest-

ingly, given that adiponectin activates AMPK, it was suggested that a

downregulation of the former could be a evasion mechanism to keep AMPK in

check and favor parasite growth (Nagajyothi et al. 2008). A recent work confirmed

a protective role for AMPK during T. cruzi infection (Caradonna et al. 2013). A

genome-wide RNA interference screen identified that a sustained AKT-mTORC1

pathway regulate intracellular T. cruzi growth. The maintenance of cellular

ATP/ADP ratios at higher levels provide a distinct advantage for the parasite-

limiting AMPK activity. Further, the acute silencing of AMPK catalytic (Prkaa1)
or the regulatory subunit (Prkab1) in vitro provides a more favorable growth

environment for intracellular T. cruzi. Although it has not been confirmed

in vivo, AMPK inhibition is suggested to contribute for T. cruzi survival.
Recently, we demonstrated that AMPK is, in contrast, crucial for the establish-

ment of a microenvironment more prone for L. infantum survival in macrophages

(Moreira et al. 2015a). Previous analysis on the transcriptomic signature of

L. major-infected macrophages revealed that carbohydrate and lipid metabolism

were among the most altered pathways during infection. Increased mRNA levels of

glucose transporters as well as key glycolytic enzymes encoding genes, such as

hexokinases (Hk), pyruvate kinase M2 (Pkm2), and lactate dehydrogenase a (Ldha),
were induced in the presence of live but not heat-killed L. major promastigotes.

L. major also induced a downregulation of a number of genes implicated in the

tricarboxylic acid (TCA) cycle and oxidative phosphorylation suggesting that

infected macrophages mainly rely on increased glycolytic flow for energy produc-

tion. On the other hand, L. major led to cholesterol and triglycerides accumulation

on infected macrophages by enhancing the expression of scavenger receptors

involved in the uptake of low-density lipoprotein (LDL), inhibiting cholesterol

efflux and increasing the synthesis of triacylglycerides (Rabhi et al. 2012). The

accumulation of lipid droplets in close proximity to parasitophorous vacuoles

advocates the former structure as a potential high-energy substrate source for the

intracellular parasite. We further observed that following L. infantum infection,

macrophages switch from an early glycolytic to an oxidative metabolism, in a

process requiring SIRT1 and LKB1/AMPK. In the absence of SIRT1 or LKB1,

infected macrophages are not able to induce AMPK activation leading to an

impairment of the metabolic switch. In that sense, AICAR-induced AMPK activa-

tion contributes to parasite survival while inhibition of AMPK using compound C

resulted in lower parasite numbers in vitro. This phenotype was further
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corroborated in vivo as shown by a significantly reduced parasite burden in mice

with a myeloid-specific AMPK deficiency (Moreira et al. 2015a).

Gastrointestinal (GI) nematodes also affect profoundly host metabolism. The

infection of CD11c-specific AMPKα–/– (DC-AMPK–/–) mice with the gastrointes-

tinal roundworm Nippostrongylus brasiliensis led to a dysregulation of Th2

immune response concomitantly with a failure to regenerate tissue damage medi-

ated by the pathogen. Imbalanced responses generated in DC AMPK–/– mice were

associated with increased Type-1 responses, greater numbers of Th17 cells, and

defects in the generation of alternatively activated macrophages. Therefore, AMPK

activity in myeloid cells was shown to regulate host protection against this GI

parasite (Nieves et al. 2014). The manipulation of AMPK activities by distinct

parasites are summarized in Fig. 12.3. Although still insufficient, these examples

highlight the strategies used by the parasites to explore host resources shedding

some light on cellular metabolic subversion mechanisms induced by microbe

infections within the host. In this context, the modulation of AMPK activity has

been put forward as a possible therapeutic target against parasitic diseases.

12.5 Conservation of the AMPK Machinery in Eukaryote
Pathogens

12.5.1 SNF1/AMPK Pathways in Parasites

The AMPK family of protein kinases is highly conserved among eukaryotes. This

protein has been extensively studied in mammals and yeast, where it was demon-

strated to have a huge similarity from a structural and functional point of view. The

conserved kinase family present in yeast and plants is denominated as sucrose

non-fermenting 1 (SNF1) and SNF1-related protein kinase 1 (SnRK1), respectively

(Hardie 2007; Polge and Thomas 2007). Genes encoding orthologues of the three

domains (α, β, and γ subunits) are described in all eukaryotic parasite species and

even in the primitive Giardia lamblia, which lacks mitochondria (Adam 2000;

Hardie et al. 2003). The exception is the obligate intracellular parasite

Encephalitozoon cuniculi that does not possess an identifiable AMPK orthologue

(Miranda-Saavedra et al. 2007).

SNF1 and SnRK1 homologs develop similar functions in what concerns the

surveillance of the metabolic status in response to nutrient and environmental stress

through the induction of catabolic processes and a general repression of anabolism.

Similarly to these organisms, some reports have defined the presence of AMPK/

SNF1 protein kinases in eukaryote parasites. The first evidence of the presence of

an SNF1 homologue in parasites was described in apicomplexa phylum for Plas-
modium falciparum (Bracchi et al. 1996). In this work, an SNF1 homologous gene

defined as PfKIN was found to be increased, at transcriptional level, in the game-

tocyte stage which is involved in the transmission and adaptation of the malaria
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Fig. 12.3 Host AMPK dictates parasite infection outcome. (a) In a context of malaria liver stage

infection, Plasmodium berghei modulates the transcriptional program of the host hepatocytes.

Within the host cells, P. berghei increases gluconeogenesis enzymes and Prkaa2 (AMPKα),
Prkag2 (AMPKγ) transcripts, decreasing in parallel the transcription of Pfk glycolytic enzyme.

At this stage, an increase of glucose levels is established generating a permissive niche for

sporozoites survival, which are highly dependent on glucose. (b) During Leishmania infantum
infection, the promastigote form induces a metabolic alteration toward a glycolytic environment

with a decrease of energetic (ATP/AMP) and redox status of the host. The increased AMP levels

triggers the activation of AMPK that will be phosphorylated by SIRT1-LKB1 pathway which, in

this context, is considered an AMPK upstream activator. Afterwards, a metabolic rearrangement

occurs through the increase of respiration and PGC-1α activation. At this point, the energetic and

redox pools are recovered leading ultimately to the parasite survival. (c) A detrimental effect of

AMPK was defined for Nippostrongylus brasiliensis persistence within the host. The specific

ablation of AMPK in dendritic cells deregulated the type 2 response establishing a type 1 through

the augmentation of Th17 cells. Simultaneously, the ability to alternatively activate macrophages

is dampened, concomitantly with the decrease capacity to regenerate tissue damage induced by the

pathogen. (d) AMPK in a context of T. cruzi infection has also a deleterious effect for the pathogen
survival and growth. Inside the host, trypomastigotes supports AKT-mTORC1 pathway activation

maintaining in parallel, a high energetic level that consequently ablates AMPK activity. Ulti-

mately, the established niche becomes permissive for the amastigotes survival and growth inside

the host. Pfk phosphofructokinase 1, ECAR extracellular acidification rate, OCR oxygen consump-

tion, SIRT1 silent mating type information regulation 2 homolog 1, LKB1 liver kinase B1, AMPK-p
AMP-activated protein kinase α-phosphorylated, PGC-1alpha peroxisome proliferator-activated

receptor gamma coactivator 1-alpha and mTORC1, mammalian target of rapamycin complex 1
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parasite from the human bloodstream to the mosquito midgut. The deduced protein

sequence of PfKIN contains all the characteristic sequence motifs of the eukaryotic

protein kinases including the ones involved in ATP-binding, substrate recognition,

and catalysis. The PfKIN catalytic domain shows 40% of homology with the SNF1

sequence from S. cerevisiae. It is important to underline that no significant amino

acid sequence similarities to any other proteins were found outside the catalytic

domain. This suggests that PfKIN can be modulated by other signals that differ

from the ones found in other eukaryotes (Bracchi et al. 1996). A systematic

functional analysis of protein kinases in P. berghei identified a SNF1/KIN protein.

This orthologue was shown to be relevant for sporozoite development, particularly

in the egression to the salivary gland of the mosquito Anopheles stephensi, acting as
a regulator of energy metabolism (Tewari et al. 2010). The existence of a SNF1/

AMPK orthologue was observed in Cryptosporidium parvum (Artz et al. 2011) that

lacks Krebs cycle and oxidative phosphorylation. In Eimeria acervulina, a putative
protein belonging to the SNF1 family was identified and correlated with invasion

and evasion mechanisms in chicken duodenal epithelial cells (Zhang et al. 2015).

Finally, still in the apicomplexa phylum, a potential AMPK homolog (ToxPK1) was
observed in Toxoplasma gondii genome with 58% identity to human AMPK alpha.

ToxPK1 gene was shown to be transiently expressed to upregulate glycogen

biosynthesis during the development of tachyzoites into bradyzoites (Ghosh

et al. 2012; Ng et al. 1995, 1997).

A comparative analysis of the kinomes of representative members of pathogenic

trypanosomatids, namely Trypanosoma brucei, Trypanosoma cruzi, and Leish-
mania major, have highlighted that AMPK homologues are relatively poorly

represented within trypanosomatid genomes as compared to humans. Yet, these

are predicted to be active (Parsons et al. 2005). In T. brucei, the fine-tuned control

of transient alteration from the “slender” (proliferative) to “stumpy” (quiescent)

forms is performed by intracellular signaling pathways triggered by the “stumpy

induction factor” (SIF). The slender state is retained until SIF accumulation reaches

threshold levels triggering the nutritional stress-like response, which leads to

concomitant repression of the “slender retainers” and activation of “stumpy

inducers.” This dynamic transition leads to cell cycle arrest and prepares the cell

for its next life cycle stage, in the insect, by reactivating mitochondrial functions

required for oxidative phosphorylation (Mony and Matthews 2015). A potential

role for AMPK in this developmental transition can be speculated. The signaling

components that drives stumpy formation evaluated in a genome-wide RNA inter-

ference library screen identified a AMPK/SNF1/KIN11 homologue. Interestingly,

the authors suggest that AMPK homologue, which acts as a SIF, could be a

potential inhibitor of trypanosomes TORC4 (Mony et al. 2014). TORC4 activity

is proposed to prevent stumpy formation, since the knockdown of TOR4 drove the

cells to develop features characteristic of stumpy forms (Barquilla et al. 2012).

TOR4 is one of the T. brucei TOR paralogues that retain the classical structure of

mTOR kinase domains, yet displaying new features not described in other TORs

(Barquilla et al. 2008). T. brucei procyclic forms are able to monitor glucose levels,

through the surface molecule expression of procyclins, which are crucial for the
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parasite survive in the tsetse fly vector (Clemmens et al. 2009). Procyclins are

glycoproteins that cover the surface of procyclic forms that are suspected to have a

protective role against the action of insect proteases (Acosta-Serrano et al. 2001).

Two major procyclin proteins EP and GPEET were found to be regulated by the

beta and gamma subunits (TbAMPK beta and TbAMPK gamma, respectively), since
the silencing of these genes leads to their upregulation. Interestingly, the latter

procyclin is highly expressed in glucose-deficient environment within tsetse fly.

Moreover, the localization of the scaffold beta subunit (glycosomes and flagellum)

suggests a central positioning between surface molecule expression and glycolysis

providing thus a molecular connection between these two mechanisms (Clemmens

et al. 2009).

It is important to stress out that the role of AMPK/SNF1 protein kinase family

are quite similar for all the organisms (extracellular or intracellular), playing a

central positioning in its most relevant pathways. The described AMPK/SNF1

homologues have been implicated in the parasite developmental stages that occur

within the same host or in different hosts in order to recover from a nutrition/

energetic depletion status. Parasites have to deal with different microenvironments

during proliferation and differentiation recurring to sensing mechanisms as the

AMPK/SNF1 protein kinases that will have definitely a huge impact on parasite

fitness.

12.5.2 SNF1/AMPK Pathways in Fungi

Over the past years, the incidence of fungal infections has increased in several

countries. Compared to bacteria, infections caused by fungi are less frequent;

nevertheless, their treatment is still complicated for systemic infections particularly

due to the close functional similarity between fungal cells and the host mammalian

cells (Navarro-Garcia et al. 2001). Human pathogenic fungi encounter a broad

range of stress conditions in their natural environment as well as in the host during

infection that challenge their ability to grow. The fungi ability to adapt to a variety

of conditions has contributed to the ubiquitous nature in the environment and to the

success of them as pathogens. In fact, adaptation to nutrient fluctuations is crucial

for survival. Human pathogenic fungi must adapt to oxidant, pH, or nutritional

stress, otherwise they are eliminated by the host defense system. Fungi survival,

both in the environment or within the human host, requires the activation of signal

transduction pathways that sense environmental or host stress cues (Hohmann

2002). During host nutritional deprivation, fungi pathogens are able to use alterna-

tive carbon sources, such mechanism being considered a virulence trait crucial to

adapt to stress conditions (Lorenz and Fink 2001). Therefore, it is not surprising that

genes that control several metabolic pathways may have a central role in fungal

virulence (Navarro-Garcia et al. 2001).
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12.5.3 Regulation and Function of Fungi SNF1 Protein
Kinase

Snf1 protein kinase was initially identified by a screening performed with the

budding yeast Saccharomyces cerevisiae (Celenza and Carlson 1986). Snf1 was

identified as the yeast homolog of the mammalian AMPK acting as an energy

sensor. This kinase, in fungi, is also able to reprogram the cellular metabolism

through the energetic balance which is essential to sustain cell metabolism and to

support the development of a stress response (Sampaio-Marques et al. 2014).

S. cerevisiae Snf1 is a serine/threonine protein kinase (α subunit) complexed with

other proteins, namely γ activating subunit Snf4 and β subunits Sip1, Sip2, or Gal83
depending on Snf1 localization (Celenza and Carlson 1989; Celenza et al. 1989;

Estruch et al. 1992; Vincent and Carlson 1999). AMPK/Snf1 activation in fungi

could be dependent or not on AMP/ATP cellular fluctuations. In the former, the

allosteric regulation by AMP is not crucial for Snf1 activation while in the latter

Snf1 function is regulated by cAMP-dependent protein kinase (PKA) (Ferretti

et al. 2012).

A crucial activity on glucose balance has been also attributed to Snf1 kinase.

This is of particular importance since glucose is one of the major carbon and energy

source for the eukaryotic cells. Under carbon stress conditions, fungal cells required

the activity of the Snf1 kinase in order to adapt to this harsh environment. Further-

more, Snf1 activity is requested for transcription of glucose repressed genes and

increases with aging, even when glucose is abundant (Ashrafi et al. 2000;

Hedbacker and Carlson 2008). Taken together, Snf1 allows cells to adapt to

limitations on glucose availability using instead alternative carbon sources, such

as sucrose, galactose and ethanol (Carlson 1999; Gancedo 1998). Additionally,

Snf1 is highly important in many other cellular stress conditions helping to establish

a response against sodium ion stress, heat shock, alkaline pH, and oxidative and

genotoxic stress (Hedbacker and Carlson 2008). Other crucial biological impact of

Snf1 has been described for glycogen, sterol, fatty acid biosynthesis, fatty acid-β
oxidation, peroxisome biogenesis, and ultimately in the fungi sporulation develop-

mental stage (Sanz 2003). The main functions of Snf1 kinase in pathogenic fungi

are resumed in Fig. 12.4.

12.5.4 SNF1 Protein Kinase in Pathogenic Fungi

In Candida spp., namely Candida glabrata, the importance of Snf1 kinase for the

regulation of nutrient sources availability was already demonstrated. Snf1 ablation

resulted in the loss of its capacity to utilize trehalose, which together with glucose

are the carbon sources preferentially used by this organism (Petter and Kwon-

Chung 1996). In the yeast Cryptococcus neoformans, a pathogenic fungus that

infects via respiratory tract, particularly immunocompromised individual
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(Buchanan and Murphy 1998; Hull and Heitman 2002; Mitchell and Perfect 1995),

the SNF1 abrogation leads to the incapacity to use alternative carbon sources such

as acetate, ethanol, and sucrose. Furthermore, an increase on sensitivity to anti-

fungal drugs such as amphotericin B and to nitrosative stress was also detected,

manifested particularly at the host temperature of 37 �C (Hu et al. 2008; Yang

et al. 2010a). In other fungi species such as Aspergillus spp., the absence of SnfA1
(Snf1 homologue) causes a defect on glucose-depression mechanisms and impairs

Fig. 12.4 SNF1 protein kinase in pathogenic fungi. Snf1, AMPK homolog in fungi, functions as

an energy sensor and allows for a proper response and adaptation to environmental stress. This

kinase is activated during low ATP/AMP ratio and also by PKA, in an independent fashion. Snf1

activation allows the adaption to limitations on glucose availability and prompts the use of other

alternative carbon sources, like sucrose, galactose, and ethanol. Snf1 ablation results in metabolic

impairment and the loss of inability to use different carbon sources, with possible consequences in

fungi pathogenicity, namely, regarding susceptibility to antifungal therapy and cell wall constitu-

tion. Furthermore, in glucose deprivation conditions, Snf1 promotes transcription of FLO11 gene,
which encodes to a protein required for invasive growth and biofilms, thus impacting C. albicans
invasion and consequent pathogenicity. Snf1 is also responsible for the regulation of melanin

production by C. neoformans, which is an important cell wall-associated virulence factor. AMP
adenosine monophosphate, AMPK AMP-activated protein kinase, ATP adenosine triphosphate,

PKA cAMP-dependent protein kinase
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the pathogen growth under various carbon sources. Together, data from the

different pathogenic fungi suggest that Snf1 presents a conserved function in the

regulation of catabolic repression. In alignment with this conserved function that

allows the cells to adapt to adverse metabolic conditions, a role in fungus virulence

is also attributed to Snf1, which evidences a regulatory connection between carbon

source utilization and intracellular growth. In Candida albicans, an opportunistic

pathogen that is able to invade different tissues of immunocompromised individ-

uals causing disease, it was demonstrated that Snf1 is an essential protein.

C. albicans cells survival depends on the functionality of Snf1 kinase even in the

presence of glucose (Petter et al. 1997), which goes against what is observed in

S. cerevisiae, suggesting a central role for Snf1 in C. albicans. However, since
SNF1 is an essential gene, its functions in C. albicans are still few disclosed. In

S. cerevisiae, it was unveiled that Snf1 is able to transcriptionally regulate flocullin
(FLO11), which encodes to a protein required for invasive growth and biofilm

formation. In addition, Snf1 inhibits the function of Nrg1 and Nrg2, two negative

regulators of FLO11, in response to glucose depletion. This data suggests that

pseudohyphal growth and invasive growth depend on Snf1 activity (Kuchin

et al. 2002). Since SNF1 and NRG genes are sustained in C. albicans, it is

hypothesized that this regulatory mechanism is functionally conserved. Thus, in

this pathogenic fungus, Snf1 plays a role in the morphological transition from

yeast form to filamentous growth, a process that is vital for the pathogenicity of

C. albicans (Kuchin et al. 2002).

A role in C. neoformans virulence is also ascribed to Snf1. In this organism, the

link of Snf1 with virulence might be also in part associated with the production of

the pigment melanin, a cell wall-associated virulence factor, since snf1 mutant

strains presented reduced melanin production at 37 �C (Hu et al. 2008). Melanin

production is regulated by the activity of the copper-containing polyphenolic

oxidase laccase, majority promoted by the LAC1 gene. LAC1 transcription is

enhanced by glucose starvation, yet by undisclosed mechanisms; nevertheless, it

is suggested that Snf1 participates in the LAC1 derepression by glucose depletion

(Yang et al. 2010a).

Adhesion capacity is another important feature for fungus pathogenicity because

it is able to mediate the interaction between colonies as well as host–pathogen

interactions (Ramsook et al. 2010). Concerning this pathogenicity feature, it was

demonstrated, in vitro, that SNF1 abrogation in C. neoformans impairs the cells

ability to adhere to agar in comparison with control strains (Yang et al. 2011).

Furthermore, the same study also demonstrated that snf1 mutant cells presented a

phonotype compared with cell wall defects, since they are sensitive to SDS and

Congo red (Yang et al. 2011). Thus, Snf1 apparently has also a contribution

concerning the modulation of the cell wall integrity that functions as essential

barrier to protect cells from harmful effects caused by the extreme conditions

frequently face by fungal cells (Bermejo et al. 2008; Levin 2005; Waterman

et al. 2007). Together, the data suggests that the observed cell wall impairment

observed in the absence of Snf1 might cause changes of the cellular surface

components such as glycoproteins which could lead to the loss of adhesion
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capacity; nevertheless, the adhesion regulation pathways in C. neoformans are yet
undisclosed.

The kinase Snf1 functions are well characterized in the yeast S. cerevisiae, a
model organism in which it was demonstrated that this kinase has a central

metabolic function. At the same regulation level, several studies in important

human pathogenic fungi showed that Snf1 homologs presented a conserved func-

tion, evidencing that this protein can be a potential antifungal target. More inter-

estingly, several observations point out Snf1 as a regulator of virulence factors as

well as a virulence factor. Concerning this aspect, Snf1 is able to modulate crucial

fungal pathogenic mechanisms, as above discussed; nevertheless and due to its

crucial role in the cells viability, new approaches must be developed in an attempt

to disclose the precise pathogenic mechanism regulated by Snf1. Together, all the

pieces of information highlighted that Snf1 might represent a promising alternative

target of interest to drug development.

12.6 Final Remarks

Host–pathogen interactions are highly dynamic processes where both compete to

acquire a myriad of essential nutrients, crucial to survive inside an infection niche.

Although it seems well established that pathogens manipulate host metabolism in

its own advantage, the preferred nutrient sources and the triggered metabolic

pathways are still to be completely understood. In this context, the manipulation

of host AMPK activity seems to be a valuable approach for controlling pathogen

burden and infection progression.

The positive or negative impact on host AMPK protein during an infection could

reflect the existence of distinct biological and nutritional needs for the distinct

pathogens. Overall, two main factors contribute for the different responses

observed concerning host AMPK modulation during infection. First, in vivo,

microbial pathogens can find distinct niche/cells with different nutritional/immu-

nological status. Secondly, an heterogeneity in host–pathogen interactions (various

pathogens subsets) could occur simultaneously within the same host tissue

reflecting disparate outcomes (Bumann 2015). We can then speculate that pathogen

survival will depend on the ability to sense and find the most permissive cells

without discarding the overall contribution of the different pathogen subsets within

the same tissue. This vast heterogeneity during in vivo infections set the nutrient

sensors, as AMPK, in a more privileged core to impact on the disease outcome.

Moreover, an additional diversity in terms of AMPK/SNF1 orthologues function

was described within parasites and fungal organisms. The particularities of each

parasite or fungus life cycle and the pressure exerted by the different hosts could

guide the evolutionary process of these orthologues in distinct branches of the

phylogenetic tree that could account ultimately for their variability inside these

organisms. In that sense, the parasite and fungal AMPK/SNF1 members could

participate in the intracellular sensing of the nutritional status of the host. Thus, a
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rearrangement of their metabolic pathways may occur in order to acquire the

sufficient amount of nutrients and energy from the host to survive. Nevertheless,

the role for AMPK/SNF1 orthologues during the infectious process still remains

uncomprehend.

The quite unexplored field of nutrient sensors open a new avenue to exploit

AMPK as a possible drug target against microbial pathogens. The design of new

drugs to activate or inhibit this kinase in the host during infection could be an

interesting domain to explore. In fact, there are drugs currently used to treat

metabolic diseases that could be considered an alternative approach to treat infec-

tious diseases. A classic example is metformin, which is able to activate AMPK

through mitochondria complex I inhibition that is currently the most common

treatment for diabetes type 2. Although due to the large variation described in

terms of niche/cells and the presence of various pathogen subsets during in vivo

infections, several concerns are being raised. The described disparities may account

for the unsuccessful treatment or resistance development found in conventional

therapeutics. The possible addition/synergy of AMPK activators or inhibitors to the

conventional treatment could represent a viable and important therapeutic alterna-

tive to overcome this infection issue. Despite the highly conservation among

eukaryotes, AMPK orthologues described in parasites and fungi could be also

explored as potential drug targets. To develop selective activators or inhibitors to

these orthologues, the homology to mammals should be low, although relevant

divergences in the catalytic domain or differences in the protein weight/conforma-

tion should be considered. As an example, we can speculate that PfKIN from

P. falciparum could be considered a promising drug target due to the fact that its

catalytic domain presents 40% of homology with the SNF1 sequence of

S. cerevisiae, and no significant amino acid sequence similarities to any other

proteins were found outside the catalytic domain. AMPK orthologues have been

more studied in Plasmodium; however, further work will be needed to characterize

and define this protein as a possible drug target as well as in other pathogens.

Overall, the nutritional status of the host and the infection outcome can

influence each other occupying the microbial pathogens a central position in

this dynamic balance. The hallmark of the host metabolic status and infection

outcome is the gut microbial communities, defined as microbiota, which is

currently considered a hot research topic. In a healthy state, they contribute

nutrients and energy to the host, and a balance is maintained with the host’s
metabolism and immune system. On the other side, intestinal dysbiosis can act as

a source of inflammation and in-fection and possible contributions to diabetes

mellitus and obesity (Flint et al. 2012).This striking regulation could be essential

to improve or trace new antimicrobial strategies through the modulation of host

metabolism.
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Abstract The AMP-activated protein kinase (AMPK) is an evolutionary con-

served and ubiquitously expressed serine/threonine kinase mainly acting as a key

regulator of cellular energy homeostasis. AMPK is a heterotrimeric protein
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complex, consisting of a catalytic α subunit and two regulatory β and γ subunits,

whose activity is tightly regulated by changes in adenine nucleotides and several

posttranslational modifications. Once activated in response to energy deficit,

AMPK concomitantly inhibits ATP-consuming anabolic processes and promotes

ATP-generating catabolic pathways via direct phosphorylation of multiple down-

stream effectors, leading to restoration of cellular energy balance. A growing

number of energy/nutrient-independent functions of AMPK are also regularly

reported, progressively expanding its role to regulation of non-metabolic cellular

processes. Historically, AMPK as a therapeutic target has attracted much of interest

due to its potential impact on metabolic disorders, such as obesity and type

2 diabetes, but has also recently received considerable renewed attention in the

framework of cancer studies, highlighting the persistent need for selective, revers-

ible, potent, and tissue-specific activators. In this chapter, we review the most recent

advances in the understanding of the mechanism(s) of action of the current portfolio

of AMPK activators, including plant-derived natural compounds and newly dis-

covered small-molecule agonists directly targeting various AMPK subunits.

Keywords AMPK • Metformin • Salicylate • A-769662 • Compound-13 • 991

13.1 AMPK: A Cellular Energy Sensor with Pleiotropic

Functions

The AMP-activated protein kinase (AMPK) is a serine/threonine protein kinase

expressed in all eukaryotic cells that mainly acts as a sensor of cellular energy

status, although its role is currently being expanded and not anymore strictly

restricted to the regulation of energy homeostasis (Hardie et al. 2016). AMPK is

an heterotrimeric complex consisting of a catalytic α subunit and two regulatory β
and γ subunits that contain a glycogen-binding domain (carbohydrate-binding mod-

ule, CBM) and four adenylate nucleotide-binding sites (cystathionine-β-synthase,
CBS), respectively (Carling et al. 2012; Hardie et al. 2016; Oakhill et al. 2012). Each

of these subunits has several isoforms encoded by different genes (α1, α2, β1, β2, γ1,
γ2, γ3), leading to multiple tissue- and species-specific heterotrimeric combinations

with eventually different subcellular localizations, regulations, and functions (See

Chap. 1).

AMPK functions as an adenylate charge-regulated kinase which constantly

senses the cellular energy status by monitoring intracellular AMP, ADP, and ATP

levels (Oakhill et al. 2012). A better understanding of the mechanism(s) by which

adenine nucleotides regulate AMPK activity came notably from the step-by-step

improvement in the elucidation of the crystal structure of mammalian AMPK

complex (Calabrese et al. 2014; Chen et al. 2013; Li et al. 2015; Xiao et al. 2007,

2011, 2013). In response to energy deficit characterized by rapid depletion of

cellular ATP, the concomitant rise in AMP owing to adenylate kinase leads to a

direct but modest allosteric activation of AMPK. However, the binding of AMP to
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the CBS domains of the AMPK γ subunit also promotes the phosphorylation on the

Thr172 residue within the activation loop of the α-catalytic subunit by the upstream
AMPK kinases (AMPKK) liver kinase B (LKB1) and/or Ca2+/calmodulin-depen-

dent protein kinase kinase beta (CaMKKβ), considerably amplifying AMPK activ-

ity. Although not allosterically activating the kinase, ADP has also been shown to

bind instead of ATP to some of the CBS domains of the γ subunit and to enhance

AMPKK-mediated Thr172 phosphorylation (Oakhill et al. 2011). AMP and ADP

also sustain AMPK activation through inhibition of Thr172 dephosphorylation

mediated by yet unidentified AMPK-specific protein phosphatase(s) (Gowans

et al. 2013; Sanders et al. 2007b; Xiao et al. 2011). Of note, AMPK complexes

containing different γ-subunit isoforms respond differently to changes in adenine

nucleotides, suggesting that these variations in affinity might result in heterotrimer-

specific functional consequences (Ross et al. 2016). In addition to adenine nucle-

otides, glycogen has also been shown to regulate AMPK by a mechanism dependent

on its binding to the carbohydrate-binding loop of the CBM (Bieri et al. 2012; Koay

et al. 2010; Oligschlaeger et al. 2015). Finally, although the translational and

posttranscriptional mechanisms involved in the regulation of AMPK subunits

expression remain mostly unknown to date, a variety of posttranslational modifi-

cations other than the abovementioned Thr172 phosphorylation have been reported,

such as multisite phosphorylation [α: Ser485/491, Thr479; β: Ser108, Ser182,

Thr148; for review Carling et al. (2012)], myristoylation (Liang et al. 2015; Oakhill

et al. 2010; Warden et al. 2001), acetylation (Lin et al. 2012), sumoylation (Rubio

et al. 2013; Yan et al. 2015), and O-GlcNAcylation (Bullen et al. 2014), adding

another layer of complexity to the already intricate regulation of AMPK activity.

Once activated in the context of energy crisis, AMPK inhibits ATP-consuming

anabolic processes and promotes the rates of ATP-generating catabolic pathways,

leading to restoration of cellular energy balance (Carling et al. 2011; Hardie 2014b;

Oakhill et al. 2012). This implicates direct phosphorylation by AMPK of a broad

range of downstream effectors [for reviews, see Hardie (2014a) and Steinberg and

Kemp (2009)] that are involved in the regulation of multiple cellular and whole-

body metabolic processes (Andris and Leo 2015; Bijland et al. 2013;

Daskalopoulos et al. 2016; Hardie 2014a; Marcinko and Steinberg 2014; Mounier

et al. 2015; O’Neill and Hardie 2013; Qi and Young 2015; Steinberg and Kemp

2009). Furthermore, a growing number of energy/nutrient-independent functions of

AMPK have been recently reported, progressively expanding its roles to regulation

of non-metabolic cellular processes [for recent review, see Hardie et al. (2016)].

The first report of a pharmacological AMPK activator came from an interna-

tional patent filled in 1994 where the cell-permeable 5-Aminoimidazole-4-

carboxamide-1-β-D-ribofuranoside (AICA riboside) was described as a

ZMP-generating agent mimicking the allosteric effects of AMP on the AMPK

system owing to its structural analogy with the adenine nucleotide. AICA riboside

was later confirmed to cause intracellular accumulation of ZMP and AMPK acti-

vation in metabolic cells (Corton et al. 1995; Henin et al. 1995; Sullivan et al. 1994)

and next extensively used during more than a decade for investigating AMPK

functions both in vitro and in vivo [for review, see Guigas et al. (2009)]. In the

wake of AICA riboside, a large variety of compounds found to activate AMPK have
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been reported to alter cellular energy status via inhibition of mitochondrial func-

tion, leading to decreased ATP synthesis and consequent rise in cellular AMP

levels. All these compounds cause activation of AMPK by increasing cellular

AMP:ATP and ADP:ATP ratios and are termed indirect AMPK activators. Their

mechanism of action can be clearly demonstrated by using cells expressing AMPK

complexes containing AMP-insensitive AMPK-γ mutants (Hawley et al. 2010;

Jensen et al. 2015). While off-target effects for these compounds have been clearly

demonstrated (Cameron et al. 2016; Foretz et al. 2010; Guigas et al. 2006, 2007;

Lim et al. 2016; Liu et al. 2014; Vincent et al. 2015; Rao et al. 2016), development

of potent and specific AMPK activators was a long-awaited milestone for the

AMPK community. In the last decade, many high-throughput screens have been

conducted to identify novel AMPK activators (Kim et al. 2015; Sinnett and

Brenman 2014). So far, more than 10 different classes of direct AMPK activators

have been published in patent and research articles (Giordanetto and Karis 2012;

Yun and Ha 2011; Rana et al. 2015) and have been instrumental for further

elucidation of physiological responses caused by increased AMPK activity. In

this chapter, we provide a brief synopsis of key indirect and direct AMPK activators

(Fig. 13.1), notably focusing on recent molecular breakthroughs in the understand-

ing of their mechanisms of action.
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13.2 AMPK Activation by Plant-Derived Natural

Compounds

13.2.1 Metformin

Metformin (Dimethybiguanide) is a synthetic derivative of a natural plant-derived

product extracted from the so-called French lilac Galega officinalis (Witters 2001).

Metformin is the most prescribed antidiabetic agents and is currently used as a first-

line drug for treatment of type 2 diabetes for its potent anti-hyperglycemic action

presumably mediated by AMPK-independent inhibition of hepatic gluconeogenesis

(Foretz et al. 2010; Miller et al. 2013). This 60-year-old last therapeutic survivor of

the biguanide family (phenformin and buformin were withdrawn due to frequent

lactic acidosis) has also recently attracted renewed attention as potential antineo-

plastic agent for the treatment of various cancers (Morales and Morris 2015). An

exhaustive overview of the pleiotropic effects and up-to-date underlying molecular

mechanisms of metformin is currently out of the scope of this chapter and has been

recently done elsewhere (Foretz et al. 2014). However, the first demonstration in

2001 that metformin can activate AMPK in primary mouse hepatocytes was an

important step that has shed a complete new light on the drug and also later boosted

the effort to elucidate its exact mechanism of action (Zhou et al. 2001). After a

decade of controversy, the mechanism by which metformin activates AMPK starts

to reach a consensus. It is indeed now well accepted that activation of AMPK is not

mediated by direct interaction of the drug with the kinase but results from a specific

and mild inhibition of the mitochondrial respiratory-chain complex 1 by metformin

(El-Mir et al. 2000; Owen et al. 2000), leading to an increase in ADP:ATP and

AMP:ATP ratios (Foretz et al. 2014). The key role played by mitochondria in

AMPK activation by metformin was first demonstrated in bovine aortic endothelial

cells depleted of mitochondria where the effect of the drug on kinase activation was

abolished (Zou et al. 2004). Furthermore, it has been shown that bypassing the

inhibition of mitochondrial respiratory-chain complex 1 by using methyl succinate,

a substrate of the respiratory-chain complex 2, allowed to counteract both the

metformin-induced alteration of cellular energy status and AMPK activation in

pancreatic MIN6 β-cells, supporting a causal relationship between the specific

mitochondrial action of the drug and AMPK activation (Hinke et al. 2007).

Although the exact mechanism(s) by which metformin inhibits complex 1 still

remains to be elucidated, this indirect and adenine nucleotide-dependent mecha-

nism involving mitochondria as primary cellular target (Leverve et al. 2003) was

further supported by the demonstration that the drug failed to activate AMPK in

cells expressing AMP-insensitive AMPKγ2 mutant (Hawley et al. 2010). Not

surprisingly, R419, a pharmacological inhibitor of the mitochondrial respiratory-

chain complex 1, was also recently shown to promote indirect activation of AMPK

both in vitro and in vivo (Marcinko et al. 2015; Jenkins et al. 2013).
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13.2.2 Resveratrol

Resveratrol is a plant-derived natural polyphenol famous for being present in

significant amount in the skin of grapes and, therefore, in red wine. In recent

years, although still controversial, resveratrol has emerged as a compound that

might protect against metabolic, cardiovascular, and other age-related complica-

tions, including neurodegeneration and cancer (Kulkarni and Canto 2015). A

landmark study published in 2006 have reported that resveratrol improved whole-

body insulin sensitivity and promoted healthy aging in high-fat diet (HFD)-fed

mice, an effect associated with increased AMPK activity in various metabolic

tissues (Baur et al. 2006). Remarkably, these beneficial effects are lost in

AMPKα1- or -α2-deficient mice where treatment with resveratrol failed to reduce

fat mass and improve whole-body insulin sensitivity and glucose tolerance,

confirming that AMPK is a central target for the metabolic effects of the plant-

derived polyphenol (Um et al. 2010). A randomized double-blind crossover study in

humans also reported that treatment with resveratrol for 30 days improved meta-

bolic homeostasis in obese men, an effect associated with enhanced AMPK Thr172

phosphorylation in skeletal muscle (Timmers et al. 2011). Activation of AMPK by

resveratrol was confirmed in various ex vivo/in vitro cellular models, including

primary neurons (Dasgupta and Milbrandt 2007; Vingtdeux et al. 2010), C2C12 and

L6 myotubes (Park et al. 2007; Breen et al. 2008), rat cardiomyocytes (Chan

et al. 2008), human umbilical vein endothelial cells (Xu et al. 2009), primary

stromal vascular cells (Wang et al. 2015), or human colorectal tissues (Cai

et al. 2015), although the underlying mechanism(s) involved remained unclear.

Finally, an important breakthrough came from the use of a cell line stably

expressing AMPK complexes containing an AMP-insensitive γ2 variant (Hawley

et al. 2010) for clarifying the adenine nucleotide-dependent or -independent mech-

anism(s) by which known natural compounds and small-molecule agonists activate

AMPK. This elegant study undoubtedly demonstrated that AMPK activation by

resveratrol was secondary to increased ADP:ATP ratio and presumably due to

inhibition of mitochondrial oxidative phosphorylation by the drug at the level of

ATP synthase, as previously suggested (Zheng and Ramirez 2000). Similarly, other

polyphenols used in Chinese ancestral pharmacopeia, such as berberine or querce-

tin, were also reported to activate AMPK by an indirect adenine nucleotide-

dependent mechanism involving inhibition of the mitochondrial machinery and

subsequent alteration of cellular energetics (Turner et al. 2008; Hawley et al. 2010).

Two synthetic small molecules selected for their structural similarity with

resveratrol, RSVA314 and RSVA405, were later found to activate AMPK with a

potency nearly 40 times higher than resveratrol (Vingtdeux et al. 2011). Not

surprisingly, these compounds did not activate recombinant AMPK in vitro but

rather led to a dose-dependent decrease in cellular ATP levels (Vingtdeux

et al. 2011), suggesting a similar mechanism of action than resveratrol, i.e. an

adenine nucleotide-mediated activation of AMPK secondary to inhibition of mito-

chondrial oxidative phosphorylation.
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13.2.3 Salicylate

Salicylate is a plant-derived product mostly extracted from willow bark which

belongs to the ancestral human pharmacopeia, some Egyptian pharaonic papyri

tracking back its first mention as medicinal drug for reducing fever to the second

millennium BC and medieval herbalists relied on salicylate-containing extracts for

their palliative properties (Hedner and Everts 1998). Synthetic derivatives, such as

aspirin (acetylsalicylate) and salsalate, are now widely used for their anti-

coagulation and anti-inflammatory properties, and both of them are rapidly metab-

olized to salicylate by various esterases (Higgs et al. 1987). Strikingly, concentra-

tions of salicylate in the upper therapeutic range for humans were recently reported

to activate AMPK by a mechanism mostly independent of changes in cellular AMP

or ADP levels but involving direct interaction of the drug with the AMPK-β1
subunit (Hawley et al. 2012). Indeed, salicylate increased AMPK activity by

promoting both direct allosteric activation of the kinase and inhibition of Thr172

dephosphorylation by protein phosphatase, an effect that is abolished by S108A

substitution in the β1 subunit of the α1β1γ1 complex and not observed in β2-
containing complex (Hawley et al. 2012). Furthermore, in vivo administration of

salicylate increased AMPK activity in liver, soleus muscle, and adipose tissue,

reduced circulating non-esterified fatty acid levels, and promoted fatty acid oxida-

tion in wild-type mice but not in whole-body AMPKβ1�/� mice, confirming the

involvement of β1-containing AMPK complexes in the mechanism of action of the

drug (Hawley et al. 2012). Of note, salicylate also improved metabolic homeostasis

in high-fat diet-fed insulin-resistant mice (Hawley et al. 2012) by a yet unclear

AMPK-independent mechanism(s) that might involve activation of brown adipose

tissue by the drug (van Dam et al. 2015).

More recently, a series of studies from the same group also reported that

salicylate can activate AMPK by directly interacting with the β1-subunit drug-
binding site in bone marrow-derived mouse macrophages (BMDMs) (Fullerton

et al. 2015), mouse livers and primary human hepatocytes (Ford et al. 2015), and

ex vivo prostate and lung cancer cells (O’Brien et al. 2015). Indeed, direct activa-

tion of AMPK by salicylate in BMDMs reduced foam cell formation by promoting

cholesterol efflux to HDL, suggesting that pharmacological activation of β1-
containing AMPK complex in macrophages might be beneficial during the early

stages of atherosclerosis (Fullerton et al. 2015). In addition, the AMPK β1-medi-

ated inhibition of lipogenesis induced by therapeutic concentrations of salicylate in

mouse liver, human hepatocytes, and cancer cells has been shown to promote

insulin sensitivity and cell death, respectively, an effect that synergizes with the

one of metformin (Ford et al. 2015; O’Brien et al. 2015). Altogether, these data

indicate that a combination of salicylate and metformin may have a better thera-

peutic efficacy than each of these mechanistically divergent AMPK activators used

separately (see also Sect. 13.4.1). Of note, a recent study has reported that some of

the anti-neoplastic properties of various AMPK activators in tumor cells, including

those of salicylate, are actually AMPK independent (Vincent et al. 2015),
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underlining the need for systematic validation of any effects observed with these

agonists using AMPK-deficient cellular models.

13.3 AMPK Activation by Small Drug Molecules

13.3.1 A-769662 (Thienopyridone)

The development of direct AMPK activators has been pioneered by Abbott Labo-

ratories. By using a microarrayed compound screening (μARCS) technology, the
screen of a chemical library of over 700,000 compounds was performed (Anderson

et al. 2004; Cool et al. 2006). In μARCS AMPK assays, activity of partially purified

AMPKαβγ complex from rat liver was monitored by phosphorylation of SAMS

peptide substrate (HMRSAMSGLHLVKRR) after incubation with the chemical

library arrayed on polystyrene sheets. A non-nucleoside thienopyridone compound

A-592107 was initially identified and served as a structural template for the

development of the more potent A-769662 AMPK activator (Fig. 13.2), a

thienopyridone scaffold with a phenylphenol substituent (Cool et al. 2006). The

specificity of A-769662 (EC50: 0.8 μM) was tested in a cell-free assay against a

α

β

MT 68-73

MT47-100

JJO-1

991 (Ex 229)

Compound 2 (C2)

Compound 13 (C13)

γ

PT-1
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Fig. 13.2 Chemical structures of the main small-molecule AMPK activators
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panel of 76 protein kinases, including members from the AMPK-related kinase

family, and it was found that the majority of them were not significantly affected

(Goransson et al. 2007).

Early studies indicated that A-769662-induced AMPK activation occurs by

reversible binding (Cool et al. 2006) and revealed that, similar to AMP,

A-769662 activates AMPK both allosterically and by inhibiting AMPK-α-subunit
Thr172 dephosphorylation by inactivating protein phosphatase (Goransson

et al. 2007; Sanders et al. 2007a). Kinetic studies have also suggested that

A-769662 exerts its effects by lowering the Km for the SAMS peptide substrate

(Calabrese et al. 2014). Importantly, A-769662 did not induce significant inhibition

of mitochondrial oxygen consumption rate, nor increase cellular AMP:ATP and

ADP:ATP ratios in intact cells (Foretz et al. 2010; Guigas et al. 2009; Cool

et al. 2006), and validation studies further confirmed that A-769662 does not act

as an AMP mimetic. Indeed, high concentrations of A-769662 had no effect on the

activity of AMP-sensitive enzymes, such as fructose 1,6-biphosphatase and glyco-

gen phosphorylase (Cool et al. 2006). In addition, A-769662 activates AMPK

complexes containing AMP-insensitive AMPK-γ1R298G or AMPK-γ2R531Q
mutants in vitro and in vivo, respectively (Hawley et al. 2010; Sanders

et al. 2007a), indicating a mechanism of action that differs from AMP. In line

with these observations, combination studies showed that A-769662 increased

AMPK activity in the presence of saturating concentration of AMP (Cool

et al. 2006) and failed to displace labeled AMP bound to a GST fusion of the

four CBS motifs from human γ2 subunit (Goransson et al. 2007). These data

support the notion that A769662 binds to an alternate allosteric site. Several studies

provided compelling evidence that the CBM domain of the AMPK-β subunit, and in
particular phosphorylation of AMPK-β Ser108 (an autophosphorylation site within

the CBM), is crucial for the allosteric effect of A-769662 (Scott et al. 2008, 2014;

Sanders et al. 2007a; Xiao et al. 2013; Calabrese et al. 2014; Hawley et al. 2012).

However, it is unlikely that A-769662 binds to the glycogen-binding site or

alternate site located within the CBM as demonstrated by NMR and the absence

of an obvious binding pocket on the structure of isolated CBS motif (Polekhina

et al. 2005; Calabrese et al. 2014; Sanders et al. 2007a). Furthermore, A-769662

does act by binding to the AMPK-α subunit or by relieving inhibition of the kinase

domain by the auto-inhibitory domain (AID), suggesting that it must utilize a novel

allosteric binding site (Goransson et al. 2007). A clue to the A769662 binding site

came from hydrogen-deuterium exchange mass spectrometry studies showing that

A-769662 causes conformational changes around the N-lobe of the kinase domain

(KD) on the AMPK-α subunit (Landgraf et al. 2013). A-769662 is likely to bind at

the interface of the AMPK-β CBM and the AMPK-α KD for functional activation

and protects AMPK-α Thr172 from phosphatases through conformational changes

in the activation loop of the AMPK-α KD. The presence of this novel allosteric

binding pocket has been recently confirmed by the crystal structures of AMPK

heterotrimeric α2β1γ1 and α2β1γ1 complexes bound to A-769662 (Calabrese

et al. 2014; Xiao et al. 2013) and is made by a three-helical bundle formed between

an α-helix at the C-terminal portion of AMPK-β CBM and C-α-helices from the
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AMPK-α KD. Of note, A769662 preferentially activates AMPK complexes

containing the AMPK-β1 over the AMPK-β2-subunit isoform (Hawley

et al. 2012; Rajamohan et al. 2016; Scott et al. 2008). The estimated KD for

A-769662 to the α1β1γ1 heterotrimer is around 30-48 nM, whereas the binding to

α1β2γ1 is negligible (Calabrese et al. 2014; Rajamohan et al. 2016). Furthermore,

the potency of allosteric modulation and protection of AMPK-α Thr172 from

phosphatase of AMPK-β2 containing heterotrimeric complexes is evident only at

relatively high concentrations in comparison to AMPK-β1 containing

heterotrimeric complexes (Rajamohan et al. 2016). These data indicate that the

allosteric binding interface between AMPK-α KD and AMPK-β2 CBM is substan-

tially different from the AMPK-α KD and AMPK-β1 CBM interface, resulting in a

reduced binding affinity for A-769662. Swapping of non-conserved amino acids in

the CBM from AMPK-β1 and AMPK-β2 was sufficient to change the potency of

A-769662 and alter ligand specificity toward the AMPK-β isoforms, showing their

importance in the topology of the CBM-KD interface (Calabrese et al. 2014). These

studies highlight an unexpected opportunity for the development of isoform-

specific small-molecule activators that can target cell- and tissue-specific AMPK

complexes. However, analysis of tissue distribution of the various AMPK-β
isoforms in different species has revealed that the predominant AMPK-β isoform

in human skeletal muscle and liver is AMPK-β2 (Wu et al. 2013; Stephenne

et al. 2011; Birk and Wojtaszewski 2006). Thus, these observations raise concerns

about the clinical utility of small-molecule AMPK activators with restricted effect

to AMPK-β1 containing complexes, such as A-769662.

In vitro incubation of primary rodent hepatocytes and mouse embryonic fibro-

blasts resulted in a dose-dependent increase in AMPK activity and phosphorylation

of the well-established downstream AMPK target acetyl-CoA carboxylase (ACC),

effects that are completely abolished in AMPK-α1�/�α2�/� and AMPK-β1�/� cells

(Hawley et al. 2012; Scott et al. 2008; Foretz et al. 2010; Cool et al. 2006; Guigas

et al. 2009; Goransson et al. 2007). Intriguingly, the effects of A-769662 on AMPK

phosphorylation were quite small in comparison to the effects on ACC phosphor-

ylation, raising some doubt about the requirement of AMPK-α activation loop

phosphorylation for A-769662 action (Foretz et al. 2010; Goransson et al. 2007).

Consistent with this observation, it was recently demonstrated that A-769662

mediates allosteric activation of AMPK independently of AMPK-α Thr172 phos-

phorylation, provided AMPK-β Ser108 is phosphorylated (Scott et al. 2014; Viollet
et al. 2014). In rodent primary hepatocytes, A-769662-induced AMPK activation

was associated with a decrease in fatty acid synthesis (Cool et al. 2006) and

enhanced fatty acid oxidation (Hawley et al. 2012). In contrast, no significant

effects were reported on basal and cAMP-stimulated gluconeogenic gene expres-

sion and glucose production rates (Foretz et al. 2010), while another study indicated

that high concentrations of A-769662 lowered basal hepatic glucose production by

an AMPK-independent mechanism (Scott et al. 2008). When administrated acutely

in Sprague Dawley rats (Cool et al. 2006) or wild type but not in AMPK-β1�/�mice

(Hawley et al. 2012) at a dose of 30 mg/kg (0.905 nmol/g), A-769662 induced a

rapid shift from carbohydrate to fat oxidation, as measured by indirect calorimetry,
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consistent with the inactivation of ACC and reduction of malonyl CoA levels

observed in the liver. Furthermore, administration of A-769662 (3, 10, and

30 mg/kg) for 5 days in diabetic and obese ob/ob mice showed a significant and

dose-dependent lowering of plasma triglyceride and hepatic triglyceride levels,

concomitant with a reduction in ACC activity in the liver (Cool et al. 2006). This

was associated with a modest reduction in body weight gain and asignificant

decrease infed plasma glucose only in ob/ob mice treated with high-dose

A-769662 (30 mg/kg). Based on the observations that A-769662 has a poor oral

bioavailability and reached the highest concentration in liver (with much lower

levels in skeletal muscle), it is likely that the beneficial effects on lipid metabolism

are primarily due to stimulation of AMPK, leading to increased oxidation and

decreased synthesis of fatty acids in liver (Cool et al. 2006). Therefore, by decreas-

ing hepatic lipid accumulation, A-769662 will subsequently improve insulin sen-

sitivity and overall glucose homeostasis.

Although the contribution of AMPK activation in skeletal muscle cannot be

excluded, it has been reported that A-769662 is unable to stimulate glucose uptake

in mouse skeletal muscle (Scott et al. 2008). In addition to the beneficial effects on

lipid metabolism, treatment with A-769662 has recently emerged as an effective

strategy to protect the heart against ischemia–reperfusion injury (Kim et al. 2011).

Activation of AMPK pathway prior to ischemia by A-769662 pretreatment repli-

cated the potent protection seen with ischemic preconditioning. A-769662-induced

AMPK activation during ischemia preserved myocardial energy charge by improv-

ing the balance between energy generation and utilization pathways (Kim

et al. 2011). AMPK activation limits energy expenditure by activating eEF2 kinase,

which phosphorylates and inactivates eEF2, an important regulator of protein

translation. A-769662-induced AMPK activation also promoted cardioprotection

through the phosphorylation and activation of endothelial nitric oxide synthase

(eNOS), which plays several protective effects following ischemia (Kim

et al. 2011). The cardioprotective effect of A-769662 is abrogated in transgenic

mice that express a kinase dead AMPK-α2 isoform (K45R mutation) in the heart,

indicating that A-769662 preconditioning action is AMPK dependent (Kim

et al. 2011). This is an important finding as it is now beginning to emerge that

A769662 can interfere with various biological pathways unrelated to AMPK

through multiple off-target effects (Benziane et al. 2009; Moreno et al. 2008;

Treebak et al. 2009).

13.3.2 991 (ex229)

A series of patents published by Merck Sharp & Dohme Corporation and Metabasis

Therapeutics have claimed novel cyclic benzimidazole derivatives as relevant

AMPK activators (Giordanetto and Karis 2012). Among these, ex229 (also later

referred to as compound 991, Fig. 13.2) was found to have half-maximal effective

concentrations (EC50 relative to maximal activation by AMP) of less than 5 μM
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and activation effect relative to maximal activation by AMP greater than 200%

using recombinant human α1β1γ1 complex. Compound 991 was five- to tenfold

more potent than A-769662 in activating AMPK, as assessed by allosteric activa-

tion and protection against Thr172 dephosphorylation (Xiao et al. 2013). Similarly

to A-769662, 991 does not activate AMPK complexes lacking the AMPK-β CBM

and preferentially activates those containing the AMPK-β1 isoform (Xiao

et al. 2013). Circular dichroism data revealed that there is a single tight site for

991 binding. Interestingly, A-769662 competed for 991 binding to AMPK,

suggesting that the two compounds bind to a common site. Indeed, the recent

crystal structure of full-length human AMPK-α2β1γ1 complex bound to

991 showed that the compound binds at the interface between the N-terminal

lobe of AMPK-α KD and the AMPK-β CBM, the same binding site as A-769662

(Xiao et al. 2013). Compound 991 efficiently activated AMPK in isolated rodent

skeletal muscle without altering cellular AMP:ATP and ADP:ATP ratios and

stimulated both glucose uptake and fatty acid oxidation by a mechanism that was

demonstrated to be AMPK dependent by using AMPK-α1�/�α2�/� myotubes (Lai

et al. 2014).

13.3.3 PF-06409577 (Compound 7)

Recently, another small-molecule screening conducted by Pfizer using a novel

time-resolved fluorescence resonance energy transfer activation/protection assay

identified PF-06409577 (also called Compound 7, Fig. 13.2) as a specific and indole

acid-based direct AMPK activator (Cameron et al. 2016). PF-06409577 was shown

to be a potent allosteric activator of both human and rat recombinant AMPK

isoforms that contain the β 1 subunit (α1β 1γ1), and to also protect against

Thr172 dephosphorylation by protein phosphatase PP2A. In term of specificity, a

broad screening against a panel of receptors, channels, PDEs and kinases showed

that PF-06409577 exhibited minimal off-target effects. At the mechanistic level, a

crystallographic approach using recombinant α1β 1γ1 AMPK coupled to computa-

tional modelling indicated that PF-06409577 binds at the interface between the α-
and β-subunits. Interestingly, despite possessing a different bicyclic core ring, this

indazole acid compound therefore shared a common binding site with A-769662

and 991 (Cameron et al. 2016). Remarkably, treatment with PF-06409577 pro-

moted a dosedependent activation of AMPK in whole kidney tissue and improved

renal functions in ZSF-1 obese rat, a model of diabetic nephropathy (Cameron et al.

2016).

13.3.4 Compound-2/Compound-13

Metabasis Therapeutics screened a focused library of AMP mimetics against both

human and rat AMPK by monitoring the phosphorylation of the SAMS peptide and
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identified 5-(5-hydroxy-isoxazol-3-yl)-furan-2-phosphonic acid (Compound-2, C2)

that showed high potency for AMPK activation (Fig. 13.2) (Gomez-Galeno

et al. 2010). C2 bears little structural resemblance to AMP and does not affect the

activity of several AMP-regulated enzymes (Gomez-Galeno et al. 2010; Hunter

et al. 2014). In addition, C2 had no effect on a panel of 138 protein kinases,

including members of the AMPK-related family and known upstream kinases of

AMPK (Hunter et al. 2014). This compound shows an improved specificity toward

AMPK and is a potent allosteric activator of the kinase (EC50 of 10–30 nM). It is

structurally distinct from the prototypical non-nucleotide AMPK activator,

A-769662, and does not require the presence of the AMPK-β CBM for activation.

It is likely that C2 exerts its allosteric effects by exploiting the same binding site on

the AMPK-γ subunits as AMP. It has been reported that C2 failed to stimulate

AMPK complexes containing AMPK-γ2R531G mutant, which renders AMPK

complexes insensitive to AMP. Moreover, C2 and AMP displaced a GST-AMPK-

γ2 subunit fusion from ATP-γ-Sepharose to the same extent, indicating that both

ligands compete for the same site. However, the recent crystal structure of full-

length α2β1γ1 isoform co-crystallized with C2 and AMP revealed two C2-binding

sites in the AMPK-γ subunit distinct from nucleotide-binding sites (Langendorf

et al. 2016). The two C2 molecules bind the AMPK-γ at the interface between the

CBS-binding sites 1, 3, and 4, with the phosphate groups of both C2 molecules

overlapping the phosphate binding sites of AMP in sites 1 and 4.

Interestingly, C2 shows a preference for AMPK-α1 containing complexes and,

like AMP, protects against AMPK-α1 Thr172 dephosphorylation. In contrast, C2 is
a partial agonist of AMPK-α2 containing complexes and fails to protect against

dephosphorylation (Hunter et al. 2014). Using chimeric AMPK-α2, in which the

α-regulatory subunit-interacting motif-2 (α-RIM2) from AMPK-α1 was used to

replace the equivalent region, full allosteric activation and protection against

Thr172 dephosphorylation by C2 could be fully restored (Hunter et al. 2014).

These data indicate the importance of the different sequences of AMPK-α1 and

AMPK-α2 in the α-RIM2 region for the selectivity of C2 toward AMPK-α1 versus

AMPK-α2 containing complexes. This was confirmed by structural comparison of

the interaction between AMPK-γ subunit and AMPK-α1 and α2 isoform α-RIM2,

showing that α1-RIM2 interacts more strongly than α2-RIM2 upon C2 binding

(Langendorf et al. 2016).

To overcome poor cellular permeability, an esterase-sensitive phosphonate

prodrug termed Compound-13 (C13) was designed to evaluate the metabolic

outcome in vitro and in vivo (Fig. 13.2) (Gomez-Galeno et al. 2010). In primary

hepatocytes C13 dose dependently increased ACC phosphorylation without any

significant change in adenine nucleotide levels at concentrations up to 100 μM
(Hunter et al. 2014). Consistent with the phosphorylation of ACC, C13 potently

inhibited hepatic lipogenesis in primary mouse hepatocytes (Hunter et al. 2014) and

whole-body lipogenesis in mice (Gomez-Galeno et al. 2010). Regulation of lipid

synthesis by C13 was blunted in primary hepatocytes from liver-specific AMPK-α1
�/�AMPK-α2�/� mice but not from AMPK-β1�/� or AMPK-β2�/� mice, showing

that C13 action is independent of a specific AMPK-β-subunit isoform (Hunter

et al. 2014).
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13.3.5 PT-1

Next to the kinase domain of the AMPK-α catalytic subunit, the auto-inhibitory

domain (AID) maintains the kinase in an inactive form through binding to the N-

and C-lobes of AMPK-α KD. In contrast, upon activation, conformational changes

in AMPK-α induce dissociation of the AMPK-α AID from the AMPK-α KD,

relieving the auto-inhibitory conformation. A library of 3600 organic compounds

was screened to identify small molecules that affect conformational change in

AMPK-α and antagonize the interaction between AMPK-α AID and AMPK-α
KD. The small-molecule PT-1 was identified through screening with a truncated

form of AMPK-α (α11-394) containing only the AMPK-α AID and AMPK-α KD,

which is repressed under basal condition (Fig. 13.2) (Pang et al. 2008). PT-1

activates the inactive AMPK-α11-394 construct as well as the AMPK-α1β1γ1
heterotrimeric complex in cell-free essays and in intact cells. It was proposed that

PT-1 antagonizes the auto-inhibitory conformation of AMPK-α by binding in the

cleft between AMPK-α AID and AMPK-α KD (Pang et al. 2008). C24, another

small-molecule activator issued from optimization of PT1 by the same group, was

also reported to allosterically stimulate inactive AMPK-α-subunit truncations and
activate AMPK heterotrimers by antagonizing autoinhibition (Li et al. 2013). How-

ever, a recent study has revisited the mechanism of action of PT-1 and showed that

instead of binding directly to the AMPK-α1 subunit, as previously suggested, it

indirectly activates AMPK by inhibiting the respiratory chain and thus increasing

cellular AMP levels (Jensen et al. 2015). Consistently, PT-1 failed to activate

AMPK complexes containing AMP-insensitive AMPK-γ1R299G mutant,

suggesting it functions as an indirect activator (Jensen et al. 2015).

13.3.6 MT 63-78 (Debio 0930)

A small-molecule screening using human recombinant AMPK-α1β1γ1 performed

in the framework of a partnership between Mercury Therapeutics and CreaGen

Biosciences identified MT 68-73 (also called Debio 0930, Fig. 13.2) as a specific

and potent direct AMPK activator (Zadra et al. 2014). It was shown that MT68-78

allosterically activates AMPK and protects from AMPK-α Thr172 dephosphoryla-

tion by protein phosphatase PP2C. Specificity of MT 63-78 was tested against a

panel of 93 protein kinases. At 25 μM, two kinases were slightly activated and six

kinases were marginally inhibited, whereas at 5 μM the majority of the kinases were

not affected, including human members of the AMPK-related kinase family (Zadra

et al. 2014). Functional analyses revealed that MT 63-78 selectively activates

complexes containing the AMPK-β1 isoform in cell-free essays. At high doses,

MT 68-73 is able to activate AMPK-β2 subunits, especially when complexed with

AMPK-α2. This was confirmed in a cell-based context where AMPK-β1 subunit

but not AMPK-β2 subunit silencing abolished MT 63-78-mediated activation of
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AMPK and phosphorylation of ACC (Zadra et al. 2014). These results indicate that

MT 68-73 is likely specific to the class of small-molecule activators whose binding

involves the AMPK-β subunit. Interestingly, MT 63-78 showed antitumor effects in

a number of different cancer cell types and inhibition of cell growth was strictly

dependent on AMPK activity (Zadra et al. 2014).

13.3.7 MT47-100

MT47-100 identified by Mercury Therapeutics is structurally similar to A-769662

but possesses a dihydroxyquinoline core instead of the thienopyridone core of

A-769662 (Fig. 13.2). This compound has a unique feature, being simultaneously

a direct activator and inhibitor of AMPK complexes containing AMPK-β1 or

AMPK-β2 subunit, respectively (Scott et al. 2015). Like A-769662, activation of

AMPK-β1 containing complexes by MT47-100 is dependent on the presence of

AMPK-β CBM and AMPK-β Ser108 (Scott et al. 2015). In addition, synergistic

activation in combination with AMP has been demonstrated. The inhibitory effect

of MT47-100 on AMPK-β2 containing complexes is also dependent on the pres-

ence of AMPK-β CBM but not AMPK-β Ser108 phosphorylation (Scott

et al. 2015). The residue determining the agonistic/antagonistic properties of

MT47-100 is non-conserved residue located within the AMPK-β CBM at position

Phe82, Tyr92, and Leu93 in AMPK-β1 and the corresponding residues Ile81,

Phe91, and Ile92 in AMPK-β2. A more complete understanding of the mechanism

by which these three specific AMPK-β2 residues inactivate AMPK may facilitate

the design of additional isoform-specific AMPK allosteric inhibitors.

13.3.8 JJO1

By screening the Diverse Compound Library Set 1 from the National Cancer

Institute using recombinant AMPK-α1β1γ1, Scott et al. identified a bi-quinoline

compound JJO-1 (Fig. 13.2) as a direct AMPK activator but only at low ATP

concentrations (Scott et al. 2014). This compound activates all possible AMPK-αβγ
combinations except those containing the AMPK-γ3 isoform. Unlike A-769662,

JJO-1 has no effect on the protection against AMPK-α Thr172 dephosphorylation

by protein phosphatases and does not synergize with AMP on the allosteric activa-

tion of AMPK-α1β1γ1. Further functional analyses revealed that the mechanism of

action of JJO-1 is distinct from the various mechanisms demonstrated to date for the

abovementioned small-molecule activators. Intriguingly, JJO-1 allosterically acti-

vates AMPK independently of all identified effector domains, AMPK-αAID,
AMPK-β CBM, and AMPK-γ nucleotide-binding sites (Scott et al. 2015). Further

studies are required to gain insight into the mechanisms and the alternate allosteric

site by which this small molecule activates AMPK.
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13.4 Future Directions

13.4.1 Combinations of Direct and Indirect AMPK Activators

As described above, A-769662 and AMP can activate AMPK complexes by distinct

molecular mechanisms through binding at distinct allosteric binding sites on the

AMPK heterotrimeric complex (Calabrese et al. 2014). Interestingly, when

A-769662 is combined with AMP, a synergistic allosteric activation of “naı̈ve”

AMPK complexes that are not phosphorylated is observed (Scott et al. 2014; Viollet

et al. 2014). These data reveal that AMPK can be activated via a purely allosteric

mechanism, bypassing the requirement of AMPK-α Thr172 and AMPK-β Ser108

phosphorylation, considered as major steps for AMPK activity and A-769662-

mediated AMPK activation, respectively. These findings are highly relevant from

a pharmaceutical point of view for the development of combined treatment of

AMPK agonists in pathophysiological circumstances where AMPK-α Thr172

(and/or AMPK-β Ser108) phosphorylation is altered (Scott et al. 2014; Viollet

et al. 2014). The demonstration of synergism between activating binding sites in

intact cells has been first provided on enhanced AMPK activation and phosphory-

lation of downstream targets by the combination of A-769662 with AMP-dependent

indirect AMPK activators such as AICAR, phenformin, or oligomycin (Ducommun

et al. 2014; Foretz et al. 2010; Timmermans et al. 2014). Consistent with enhanced

AMPK activation by co-treatment, inhibition of hepatic lipogenesis (Ducommun

et al. 2014) and activation of cardiac glucose transport (Timmermans et al. 2014)

were greatly improved compared with A-769662 alone. Similarly, salicylate [which

binds to the A-769662 site (Hawley et al. 2012)] and metformin [which increases

cellular AMP (Foretz et al. 2010)] act synergistically to activate AMPK and inhibit

lipogenesis in primary mouse and human hepatocytes as well as in prostate and lung

cancer cells (O’Brien et al. 2015; Ford et al. 2015). This mechanism of synergy may

be also exploited for compounds that bind at the A-769662 site and activate AMPK-

β2 complexes. Thus, these results reinforce the view that combinatorial treatments

would be of value to enhance AMPK activation in patients and could help to reduce

the amount of drugs administrated for a better tolerability and efficacy.

13.4.2 Identification of New Small-Molecule AMPK
Activators

AMPK still holds promise as pharmacological target for various metabolic and

non-metabolic diseases (Dasgupta and Chhipa 2016; Fullerton et al. 2013;

Ruderman et al. 2013; Salminen et al. 2011; Wang et al. 2012; Viollet

et al. 2006), emphasizing the continuous need for identification and development

of novel direct and heterotrimer/cell/tissue-specific AMPK modulators. Recently,

new molecules, such as CNX-012-570 (Anil et al. 2014), HL156A (Ju et al. 2016),
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and YLF-466D (Liu et al. 2015), were added to the currently available portfolio of

AMPK activators, but the mechanism(s) by which they modulate the kinase activity

still remain elusive and would require further studies. The elucidation of the

molecular mechanisms of action of these molecules and of the newly discovered

ones might allow structural refining and, as a virtuous cycle, ultimately leads to

even more potent and specific AMPK activators (or inhibitors). Among the

pioneering tools that can contribute to fasten the identification of new leads,

computer-based drug design seems to offer a number of opportunities by permitting

the virtual screening of theoretically infinite numbers of hypothetical molecules for

isoform-specific small-molecule AMPK activators and next by prioritizing the

selection of the compounds that are the most suitable for further in vitro and

in vivo testing (Miglianico et al. 2016). Importantly, chronic and sustained tissue

nonselective AMPK activation by means of constitutive activating mutation in the

γ2 AMPK subunit has been recently reported to impair whole-body metabolic

homeostasis in mice (Yavari et al. 2016), emphasizing the critical requirement for

both tissue-specific and reversible pharmacological AMPK activation by small-

molecule agonists in the framework of strategies seeking to target the kinase,

notably for the treatment of metabolic disorders.
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Abstract In yeast, SNF1 protein kinase is the orthologue of mammalian AMPK

complex. It is a trimeric complex composed of Snf1 protein kinase (orthologue

of AMPKα catalytic subunit), Snf4 (orthologue of AMPKγ regulatory subunit),
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and a member of the Gal83/Sip1/Sip2 family of proteins (orthologues of

AMPKβ subunit) that act as scaffolds and also regulate the subcellular locali-

zation of the complex. In this chapter, we review the recent literature on the

characteristics of SNF1 complex subunits, the structure and regulation of the

activity of the SNF1 complex, its role at the level of transcriptional regulation of

relevant target genes and also at the level of posttranslational modification of targeted

substrates. We also review the crosstalk of SNF1 complex activity with other key

protein kinase pathways such as cAMP–PKA, TORC1, and PAS kinase.

Keywords Snf1 • Snf4 • Gal83 • Sip1 • Sip2 • Glucose repression • Transcriptional

regulation • Protein structure analysis • Response to cellular stress •

Posttranslational regulation • Energy metabolism • Protein kinase

List of Abbreviations

AID Autoinhibitory domain

ASC Association with Snf1 complex

AMPK AMP-activated protein kinase

CBS Cystathionine-β-synthase domain

CSRE Carbon source-responsive element

eIF2α Eukaryotic initiation factor 2α
GBD Glycogen-binding domain

KD Catalytic domain

RD Regulatory domain

Snf1 sucrose non-fermenting 1

TORC1 Target of rapamycin complex 1

PAS kinase Protein kinase with a PAS domain

PKA Protein kinase A

14.1 Introduction

The yeast Saccharomyces cerevisiae adapts its metabolism to the quality of the

nutrients in the surrounding media. In the presence of preferred carbon sources

(glucose), this yeast represses the transcription of a large number of genes, includ-

ing those involved in the utilization of alternative carbon sources, gluconeogenesis,

and respiration [see Santangelo (2006), Conrad et al. (2014), and Kayikci and

Nielsen (2015) for review]. Biochemical and genetic studies have identified the

Snf1 (sucrose non-fermenting 1) protein kinase as a master player in the glucose

repression pathway (Celenza and Carlson 1984). Snf1 is a serine/threonine protein

kinase that, in the absence of glucose, promotes respiratory metabolism, glycogen

accumulation, and gluconeogenesis, by inhibiting transcriptional repressors (i.e.,

Mig1) or by stimulating transcriptional activators (i.e., Cat8 and Sip4). Snf1 is the

yeast orthologue of the catalytic α-subunit of the mammalian AMP-activated
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protein kinase (AMPK) (Hardie et al. 1998) and works as a part of a heterotrimeric

complex containing the regulatory subunit Snf4 (orthologue of mammalian AMPKγ
subunit) and one member of the Sip1/Sip2/Gal83 family of proteins (orthologues of

mammalian AMPKβ subunit) that act as scaffolds and also regulate the subcellular

localization of the complex (Jiang andCarlson 1997;Vincent et al. 2001;Hedbacker and

Carlson 2006). In this chapter, we name the heterotrimeric yeast complex as SNF1.

In addition to its role in the de-repression of genes controlled by glucose, SNF1

complex participates in a wide variety of physiological processes that range from

meiosis and spore formation (Honigberg and Lee 1998), aging (Ashrafi et al. 2000;

Yao et al. 2015), autophagy (Wang et al. 2001), filamentous and invasive growth

(Cullen and Sprague 2000), and biofilm formation (Kuchin et al. 2002). It also

participates in the response to environmental stresses, such as heat shock (Hahn and

Thiele 2004), endoplasmic reticulum stress (Ferrer-Dalmau et al. 2015), alkaline

pH (Casamayor et al. 2012), and salt stress (Hong and Carlson 2007). Since the

function of yeast SNF1 and mammalian AMPK complexes is evolutionally con-

served (Hardie et al. 1998), unraveling the function and regulation of yeast SNF1

complex has been very valuable to understand the same principles in its mammalian

orthologue AMPK. In this chapter, we review the recent literature on the regulation

of the activity of the SNF1 complex and its involvement in energy metabolism and

environmental stresses.

14.2 The SNF1 Complex

14.2.1 Snf1 Catalytic Subunit

Snf1 protein kinase is the catalytic subunit of the SNF1 complex. It is a protein of

633 aa with a molecular weight of 72 kDa. It contains two different characteristic

domains: an N-terminal catalytic kinase domain (KD), which spans from residue

55–306, and a C-terminal regulatory domain (RD), which spans from residue

392–633 (Fig. 14.1). In this Snf1-RD domain is where the rest of SNF1 subunits

(Snf4 and Sip1/Sip2/Gal83) bind, the interaction of Sip1/Sip2/Gal83 being consti-

tutive, but the binding of Snf4 is negatively regulated by glucose (see below).

The Snf1-KD is conserved throughout evolution, sharing a 47% identity (61%

homology) with mammalian AMPKα subunit (Hardie et al. 1998). Its structure

shares strong similarities to other protein kinases, with a small N-terminal lobe

(with five β-sheets and one α-helix) and a large C-terminal lobe mostly helical

(6 α-helices), the regulatory Thr210 residue (see below) being presumably located

on the top of the cleft between the N-terminal and C-terminal lobes (Rudolph

et al. 2005; Nayak et al. 2006).

The Snf1-RD is divergent (only 32% homology with mammalian AMPKα
subunit) (Hardie et al. 1998). This domain contains a region called AutoInhibitory

Domain (AID; residues 392–488). Under high glucose conditions, the Snf1-KD

interacts with AID, resulting in an autoinhibited inactive SNF1 complex. Under low
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glucose conditions, Snf4 binds to the Snf1-RD domain forcing the release of the

binding of the Snf1-KD domain from the AID, adopting Snf1 in this way an active

open conformation (Jiang and Carlson 1996) (Fig. 14.2). Removal of the

autoinhibitory domain in Snf1 renders a protein that does not require Snf4 for

activation under low glucose conditions; thus, it is constitutively active. In addition,

it has been described that mutations clustered near the catalytic site of Snf1 (L183I,

K192R, Y167H, and I241N) reduce the interaction of Snf1-KD with the

autoinhibitory domain (AID) and makes SNF1 complex independent of Snf4 for

activation (Leech et al. 2003). All these results confirmed the autoinhibited con-

formation of Snf1 protein kinase in the presence of glucose.

Activation of SNF1 complex under low glucose conditions involves two steps,

one that requires phosphorylation of the Snf1 catalytic subunit and another that is

Fig. 14.1 Diagram of yeast SNF1 subunits. KD kinase domain, RD regulatory domain, AID
autoinhibitory domain, GBD glycogen-binding domain, ASC association with Snf1 complex

domain, CBS cystathionine-β-synthase domain. Numbers refer to the position of the corresponding

amino acid residue
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mediated by the interaction between Snf4 and Snf1 (Jiang and Carlson 1996).

Phosphorylation occurs at residue Thr210 in Snf1 located in the activation loop of

the KD domain, and although it can occur independently of the Snf4 step, the

complex has to undergo a Snf4-dependent rearrangement to achieve full activity

(McCartney and Schmidt 2001). Phosphorylation of Thr210 is performed by three

partially redundant upstream kinases: Sak1, Elm1, and Tos3 (Fig. 14.2). Among

them, Sak1 has been shown to be the most important upstream kinase in the glucose

repression pathway (Hedbacker et al. 2004a; McCartney et al. 2005). Sak1, Elm1,

and Tos3 are members of the ELM family of protein kinases (Hunter and Plowman

1997). While none of them had a clear mammalian orthologue, their kinase domains

were most closely related to those of the protein kinase LKB1 and the calmodulin-

dependent protein kinase kinase CaMKKβ. This information on the initial charac-

terization of yeast Snf1 upstream kinases triggered the rapid identification of

mammalian AMPK upstream kinases (Hawley et al. 2003; Woods et al. 2003, 2005).

Since in yeast the activity of the three yeast upstream kinases is constitutive, the

regulation of the phosphorylation status of Snf1 must depend on the phosphatase

involved in the dephosphorylation of residue Thr210. In this sense, some reports

indicate that yeast protein phosphatase type 1 (Glc7) and its regulatory subunit

Reg1 play a key role in the dephosphorylation of Thr210 in response to glucose

addition (Ludin et al. 1998; Sanz et al. 2000) (Fig. 14.2). In the absence of Reg1,

Glc7 cannot perform its function, so Snf1 is constitutively phosphorylated and

active, even in the presence of glucose (Ludin et al. 1998; Sanz et al. 2000).

Since the activity of the Glc7-Reg1 complex does not change depending on the

presence of glucose (Rubenstein et al. 2008), it has been hypothesized that the

Fig. 14.2 Glucose regulates the activity of the SNF1 complex by a two-step process: phosphor-

ylation by upstream kinases (Sak1, Elm1, and Tos3) and dephosphorylation by phosphatases

(Gcl7-Reg1, Sit4, and Ptc1) and Snf4-dependent rearrangement within the SNF1 complex. KD
kinase domain, RD regulatory domain, AID autoinhibitory domain in Snf1. See text for details
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accessibility of Snf1 for dephosphorylation is the key factor in the dephosphoryla-

tion event (Rubenstein et al. 2008). In this regard, it has been recently described that

a conformational change in Snf4 due to the presence of ADP bound to the

corresponding CBS domains (see below) protects Snf1 from dephosphorylation

(Mayer et al. 2011). Therefore, a plausible hypothesis is that the Glc7-Reg1

phosphatase holoenzyme is always bound to SNF1 complex, but it is only acces-

sible to dephosphorylate Thr210 when a conformational change occurs at Snf4 due

presumably to the interchange of ADP by ATP under high glucose conditions.

Recently, the PP2A-like phosphatase Sit4 and the PP2C phosphatase Ptc1 have

been defined as alternative phosphatases that regulate the phosphorylation status of

Snf1 (Ruiz et al. 2011, 2013) (Fig. 14.2). As phosphorylation of mammalian AMPK

complex can also be regulated by protein phosphatase 1 [and its regulatory subunit

R6 (PPP1R3D)] and members of the PP2A and PP2C protein phosphatase families

(Garcia-Haro et al. 2010; Joseph et al. 2015; Chida et al. 2013), these results

indicate a conserved mechanism of regulation of the phosphorylation status of

SNF1/AMPK complexes throughout evolution.

14.2.2 Snf4 Regulatory Subunit

Snf4 is the regulatory subunit of the SNF1 complex. It is a protein of 322 aa with a

molecular weight of 36 kDa. Snf4 contains an N-terminal domain (pre-CBS) that

allows its interaction with Snf1 and Gal83 (Viana et al. 2007) (Fig. 14.1). In

addition, it contains four tandem repeats of a structural module called CBS,

described initially in cystathionine-β-synthase, which is involved in binding to

AMP, ADP, and ATP (Fig. 14.1). However, and contrary to what is observed in

its mammalian orthologue (AMPKγ subunit), although AMP binds to the Snf4-CBS

domains, it does not act as an allosteric activator of the SNF1 complex (Wilson

et al. 1996). In yeast, it seems that binding of ADP to Snf4-CBS domains ensures a

direct link between energy metabolism and the activity of the SNF1 complex

(Mayer et al. 2011). As indicated above, binding of ADP to Snf4 promotes a

conformational change that protects SNF1 complex from dephosphorylation by

exogenous phosphatases (Mayer et al. 2011).

As described above, Snf4 is required for the full activation of SNF1 complex

under low glucose conditions because it interacts with Snf1-RD and releases Snf1-

KD from its binding to the AID domain (Fig. 14.2). In addition, it has been recently

described that interaction of Snf4 with Gal83 (a member of the yeast AMPKβ
subunit orthologues) plays a negative role in the regulation of the activity of the

SNF1 complex. Mutations in residues of Snf4-CBS2 forming part of a hydrophobic

patch or close to it (i.e., C136Y, G145E, R169A, and N177Y) abolished the

interaction with the glycogen-binding domain (GBD) of Gal83 and strongly

relieved glucose inhibition of SNF1 complex (Momcilovic et al. 2008). This

suggests a negative role of the interaction of Snf4 with the GBD of Gal83/Sip1/
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Sip2, which adds an extra layer of complexity in the regulation of the activity of

SNF1 complex (see below) (Fig. 14.3).

Fig. 14.3 Structural model of the heterotrimeric SNF1 complex. Crystal structure of the

heterotrimeric core of the Saccharomyces cerevisiae SNF1 complex (PDB, 2QLV) (Amodeo

et al. 2007) was modeled using the PyMol program (DeLano Scientific LLC, San Carlos, CA).

The C-terminal part of Snf1 (residues 398–633) is colored in blue, the C-terminal part of Sip2

(residues 154–415) is colored in yellow, and the full-length Snf4 is colored in green. Critical
residues forming part of the hydrophobic patch present in the CBS2 of Snf4 are indicated in

magenta (C136, G145, R169, and N177), and those critical residues of the glycogen-binding

domain of Sip2 [W186, R216, and G237 (G235 in Gal83)] are indicated in red. The dotted line
indicates the area of interaction between the GBD of Sip2 and the CBS2 of Snf4
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14.2.3 Gal83, Sip1, and Sip2 Scaffolding Subunits

These subunits (Gal83, 417 aa, 46.6 kDa; Sip1, 815 aa, 91 kDa; Sip2, 415 aa,

46.4 kDa) are the yeast orthologues of mammalian AMPKβ subunits (Fig. 14.1).

They act as scaffolds to allow the interaction between Snf1 and Snf4. They also

regulate the subcellular localization of the SNF1 complex and contribute to sub-

strate specification (Vincent et al. 2001; Hedbacker et al. 2004b). These β-subunits
contain a divergent N-terminal region, a conserved glycogen-binding domain

(GBD), and a C-terminal domain involved in the interaction with Snf1 and Snf4

(ASC, associated with Snf1 complex, domain) (Fig. 14.1). The presence of three

different β-subunits in yeast indicates the existence of three different pools of SNF1
complexes containing either Gal83, Sip1, or Sip2. These pools are distributed in

different locations inside the cell, contributing the N-terminal divergent region of

each subunit into the specific subcellular localization of the corresponding SNF1

complex. In this sense, Sip1 directs it to vacuoles, while Sip2 keeps the enzyme in

the cytoplasm and Gal83 plays a role in the nuclear localization of the SNF1

complex (Vincent et al. 2001; Hedbacker et al. 2004b; Hedbacker and Carlson

2006). There is also a preference for specific substrates depending on the β-subunit
present in the SNF1 complex. Gal83 is the most important isoform for regulating

growth on non-fermentable carbon sources and for regulation of sterol biosynthesis,

whereas Sip1 plays a role in the regulation of nitrogen metabolism and meiosis

(Schmidt and McCartney 2000; Hedbacker et al. 2004b; Hedbacker and Carlson

2006; Zhang et al. 2010).

The GBD domain present in the yeast β-subunits belongs to the CBM48 type,

found also in amylolytic enzymes from several glycoside hydrolase families

(Janecek et al. 2011). These domains contain well-conserved consensus residues

involved in binding to carbohydrate (i.e., W184, R214, and G235 in Gal83). In

addition to its role in binding to carbohydrates, it has been recently demonstrated

that GBDs play a negative role in the regulation of the activity of the SNF1

complex. It has been shown that deletion of the GBD from Gal83 relieves glucose

inhibition of SNF1: Snf1 maintains its Thr210 phosphorylation status even in the

presence of glucose (Momcilovic et al. 2008). Since alterations in the levels of

glycogen do not affect the regulation of SNF1 activity by glucose, these results

indicate that it is not the binding to glycogen which inhibits SNF1 but rather the

GBD itself which contributes to glucose inhibition of SNF1 complex through its

interaction with the rest of the SNF1 heterotrimer (Wiatrowski et al. 2004;

Momcilovic et al. 2008). This hypothesis was confirmed when it was demon-

strated that substitutions in residues of the GBD that abolished the interaction of

Gal83 with Snf4 also relieved glucose inhibition of SNF1 complex: Gal83-

W184A, -R214Q, and -G235R mutants showed an increase in the activity of the

SNF1 complex in cells growing in the presence of glucose (Fig. 14.3, with the

numbers W186, R216, and G237 corresponding to the same conserved residues in

Sip2). These results were complementary to the ones presented above on muta-

tions in residues of the Snf4 CBS2 domain that prevented the binding to Gal83

360 P. Sanz et al.



and increased the activity of the SNF1 complex (Momcilovic et al. 2008) and

suggest a negative role of Gal83-GBD in regulating SNF1 complex activity.

Surprisingly, when the structure of a form of the heterotrimeric SNF1 complex

containing the GBD of Sip2 and the entire Snf4 became available, it was noticed

that the patches of critical residues present in the GBD of Sip2 and those present

in the CBS2 domain of Snf4 were spatially close, suggesting a direct interaction

between these residues (Amodeo et al. 2007). If the interaction between these two

modules is perturbed, then the SNF1 complex would become constitutively

activated.

It has also been recently described that the GBD domain of the yeast β-subunits
participates in the binding of Reg1 (Mangat et al. 2010), a Glc7 protein phosphatase

regulatory subunit involved in the regulation of the phosphorylation status of SNF1

complex (see above). This opens the possibility that in the absence of a functional

GBD, the Glc7-Reg1 phosphatase holoenzyme would not have access to the SNF1

complex, so it would be constitutively phosphorylated even in the presence of

glucose. In other words, the GBD domain would be essential for recruiting the

Glc7-Reg1 phosphatase holoenzyme to SNF1 complex for regulation.

14.3 Structure of the SNF1 Complex

The structural characterization of yeast SNF1 complex was one of the first achieve-

ments to understand the complexity of the interaction among the three SNF1

subunits. The first released heterotrimeric structure corresponding to Saccharomy-
ces cerevisiae SNF1 complex was composed by a truncated form of Snf1 (residues

398–633), a truncated form of Sip2 (residues 154–415, but containing the GBD),

and the entire Snf4 (residues 1–322) (PDB, 2QLV) (Amodeo et al. 2007)

(Fig. 14.3). This structure showed a triangular form with a base formed by Snf4

which associates with the C-terminal domains of Snf1 and Sip2. Since this structure

contained larger fragments from Snf1 and Sip2 in comparison with alternative

structures either from Schizosaccharomyces pombe (PDB, 2OOX) or from Rattus
novergicus (2V8Q), it allowed for the first time the definition of a close interaction

between the GBD of Sip2 (residues 154–247) and an α-helix of CBS2 of Snf4,

explaining why alterations in some residues of yeast GBD or in residues from Snf4-

CBS2 can lead to an activation of the SNF1 complex (see above) (Fig. 14.3, region

with a dotted line). The structure also indicated that residues 460–495 of Snf1,

corresponding to the Snf1-RD, had well-defined interactions with Snf4 (residues

270–275). This demonstrates a direct interaction between Snf1 and Snf4 within

SNF1 complex, which is fully supported by earlier biochemical and genetic data

(Amodeo et al. 2007). Again, these initial studies in yeast promoted the work in

mammalian AMPK complex that ended with a thorough description of the structure

of this complex in mammalian cells. These studies in mammalian AMPK showed

extraordinary similarity with the previously described structure of the SNF1 com-

plex (Xiao et al. 2011, 2013; Calabrese et al. 2014; Li et al. 2015).
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14.4 Regulation of the SNF1 Complex

As indicated above, in yeast, regulation of the activity of the SNF1 complex

involves two steps, one that requires the phosphorylation of the Snf1 catalytic

subunit (at residue Thr210 located within its activation loop) by an upstream kinase

(see above) and another one that is mediated by the interaction between Snf4 and

Snf1. After these two steps, phosphorylated Snf1 kinase opens its active site,

making it accessible to substrates.

The activity of the SNF1 complex is also regulated by posttranslational modi-

fication of any of its subunits. In this sense, it has been reported that acetylation of

Sip2 stabilizes its interaction with the Snf1 catalytic subunit, thereby inhibiting the

activity of the SNF1 complex (Lin et al. 2009). Sip2 is also myristoylated, allowing

its localization at the plasma membrane, sequestering in this way Snf4 and decreas-

ing SNF1 activity (Lin et al. 2003). Sip1 is also myristoylated, triggering its

relocalization from the cytosol to the vacuolar membrane in response to different

stress conditions (Hedbacker et al. 2004b).

On the other hand, in the presence of glucose, Snf1 is the target of the E3-SUMO

ligase Mms21 which catalyzes the attachment of a SUMO1 moiety to residue K549

in the C-terminal regulatory domain of Snf1. Sumoylation inhibits SNF1 activity

and targets Snf1 to ubiquitination via the SUMO-targeted E3 ubiquitin ligase Slx5–

Slx8, leading to the degradation of Snf1. As this modification only takes place in the

presence of glucose, it can be envisioned as a response to glucose sensing

(Simpson-Lavy and Johnston 2013). The same authors indicated that this

sumoylation could be reverted by the expression of the SUMO-protease Ulp1

(Simpson-Lavy and Johnston 2013).

Ubiquitination also modulates negatively Snf1 stability and catalytic activity.

Although the identity of the E3-ubiquitin ligases involved in this reaction is still

unknown, it has been described that deubiquitination of Snf1 is carried out at least

by Ubp8 deubiquitinase, improving the stability and phosphorylation status of Snf1

and activation of the SNF1 complex (Wilson et al. 2011). On the other hand,

deletion of the UBP8 gene causes a decrease in SNF1 activity, probably due to

hyperubiquitination (Wilson et al. 2011). Recently, it has been described that

Ubp10 deubiquitinase also plays a role in deubiquitinating SNF1 complex. In fact

in a double mutant lacking UBP8 and UBP10, the levels of Snf1 protein were

dramatically decreased due to hyperubiquitination and degradation. However, the

Snf1 species still present in this double mutant were hyperactivated upon stress,

which may compensate for the loss of the Snf1 protein and protect cells in this way

against stress (Hsu et al. 2015).
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14.5 Transcriptional Effects of SNF1 on Energy

Metabolism and Cellular Stress

As indicated above, SNF1 complex activates transcription by inhibiting transcrip-

tional repressors (i.e., Mig1) or by stimulating transcriptional activators (i.e., Cat8

and Sip4). In this section, we will focus on the action of the SNF1 complex on the

transcription of relevant genes related to energy metabolism and cellular stress:

14.5.1 Glucose-Repressed Genes

In the presence of glucose, the expression of a set of genes [such as SUC2, MAL,
GAL, etc., mainly related to the utilization of alternative carbon sources (sucrose,

maltose, galactose)] is repressed by the action of the Mig1 transcriptional repressor.

This repressor is a major target of the action of SNF1 complex. Under low glucose

conditions, SNF1 phosphorylates Mig1 allowing its dissociation from the

co-repressors Ssn6 and Tup1 and its release from DNA promoters (Treitel and

Carlson 1995). Phosphorylated Mig1 is then exported from the nucleus to the

cytoplasm, thereby permitting gene expression of glucose-repressed genes

(SUC2, MAL, GAL, etc.) [reviewed in Kayikci and Nielsen (2015) and Shashkova

et al. (2015)]. In addition to Ssn6 and Tup1 co-repressors, Mig1 interacts inside the

nucleus with Hxk2 (hexokinase PII), a “moonlighting enzyme” that in addition to

its role in glycolysis (it phosphorylates glucose to render glucose-6P) has a nuclear

role in the regulation of the transcription of glucose-repressed genes (Ahuatzi

et al. 2007). Binding of Hxk2 to Mig1 prevents the phosphorylation of the repressor

by SNF1 complex and hence removal of Mig1 from the nucleus. Under low glucose

conditions, SNF1 complex phosphorylates Hxk2 and prevents its nuclear localiza-

tion; thus, Mig1 becomes available for phosphorylation by nuclear SNF1 complex,

thus triggering its exit from the nucleus (Fernandez-Garcia et al. 2012). Phosphor-

ylation of Hxk2 and the induced translocation of the phosphoenzyme to the cytosol

can occur alternatively by the action of Ymr291w/Tda1 protein kinase, which adds

an extra contribution of a protein kinase to glucose signaling (Kaps et al. 2015).

14.5.2 Gluconeogenic Genes

Glucose also represses the expression of gluconeogenic genes such as PCK1
(phosphoenolpyruvate carboxykinase 1), FBP1 (fructose 1,6 bisphosphatase),

MLS1 (malate synthase 1), ACS1 (acetylCoA synthetase 1), MDH2 (malate dehy-

drogenase 2), SFC1 (succinate/fumarate transporter), CAT2 (carnitine

acetyltransferase), IDP2 (NADP-dependent isocitrate dehydrogenase), and JEN1
(carboxylic acid transporter protein homologue) (Turcotte et al. 2010). All these
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genes contain in their promoters a carbon source-responsive element (CSRE) with a

consensus sequence YCCRTTNRNCGG that responds to zinc cluster transcrip-

tional activators such as Cat8, Sip4, and Rds2 (Roth et al. 2004). When glucose is

absent, SNF1 complex phosphorylates and activates Cat8, Sip4, and Rds2 tran-

scription factors allowing the expression of gluconeogenic genes (Vincent and

Carlson 1999; Roth et al. 2004). Phosphorylation of a single serine residue in

Cat8 by SNF1 complex is responsible for the activation of this factor (Charbon

et al. 2004). Similarly, phosphorylation of Sip4 by SNF1 correlates with an increase

in its transcriptional activity (Lesage et al. 1996) and hyperphosphorylation of Rds2

in ethanol is Snf1-dependent (Soontorngun et al. 2007).

Another target of SNF1 action is Adr1 transcriptional activator, which mediates

the expression of genes related to the utilization of ethanol and fatty acid metab-

olism. Adr1 coordinates metabolic activities important for the generation of

acetylCoA and NADH from alternative carbon sources such as lipids (Young

et al. 2003). Adr1 also binds to CSRE-containing promoters as in the case of

Cat8. In fact, they both target common CSRE genes for derepression (i.e., ADH2,
alcohol dehydrogenase; ACS1, acetylCoA synthetase 1) (Tachibana et al. 2005).

However, the action of SNF1 complex is indirect in this case as it mediates the

dephosphorylation of Adr1, which allows the binding of Adr1 to specific promoters

(Turcotte et al. 2010).

14.5.3 Chromatin Remodeling

In addition to the role of SNF1 complex on regulating the activity of transcriptional

activators (i.e., Cat8, Sip4, Rds2, Adr1) and repressors (i.e., Mig1), SNF1 has a role

in chromatin remodeling for proper expression of glucose-repressed genes. SNF1

complex mediates chromatin remodeling by directly interacting and phosphorylat-

ing histone acetyltransferase Gcn5, which triggers its histone-modifying activity

(Lo et al. 2001; Abate et al. 2012). Another general effect of SNF1 on transcription

is by a direct interaction with RNAII-polymerase holoenzyme. In response to

glucose limitation, SNF1 complex phosphorylates this holoenzyme which enhances

the transcription process (Kuchin et al. 2000).

14.5.4 Salt Stress

One of the main systems that allow yeast to grow in the presence of high NaCl

concentrations is the extrusion of cytosolic Na+ through the action of P-type

ATPases (i.e., Ena1 and Pmr2). The expression of ENA1 shows a dual mode of

regulation. It is induced by salt stress by a mechanism involving Hog1 and

calcineurin (PP2B phosphatase) pathways, and it is repressed by glucose. The

effect of glucose is independent of the Hog1 or calcineurin (PP2B phosphatase)
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pathways. Glucose repression involves the action of Mig1 and Ssn6 repressors,

whose activity is regulated by SNF1 complex. Regulation of ENA1 expression by

Snf1 kinase could be part of a general mechanism through which yeast cells

respond to carbon source starvation by activating protective systems against dif-

ferent types of stress (Alepuz et al. 1997; Ye et al. 2008). In the absence of a

functional SNF1 complex, the expression of ENA1 is compromised and this results

in a higher sensitivity to salt stress. In fact, the growth of a snf1 mutant is severely

inhibited in the presence of 1.2 M NaCl and 0.3 M LiCl and snf4 mutants also

showed the same salt sensitivity as snf1 cells. This effect is not a consequence of the
high osmolarity of the medium since these mutants grow as wild type in 1.2 M KCl,

200 mM CaCl2 or 1.8 M sorbitol (Alepuz et al. 1997). Therefore, low SNF1 activity

leads to salt sensitivity and, on the contrary, high SNF1 activity, as in the case of

reg1 mutants, leads to salt resistance even in glucose growing cells.

14.5.5 Heat Shock

When yeast cells are exposed to heat shock conditions, they enhance the expression

of a specific set of genes (those expressing heat shock proteins, among others) that

allow cells to cope with the heat stress. The expression of this set of genes is

governed by the heat shock factor 1 (Hsf1) transcriptional activator. It has been

observed that under low glucose conditions the SNF1 complex phosphorylates Hsf1

causing its trimerization and activation (Hahn and Thiele 2004). The presence of

glucose inactivates Hsf1 via inactivation of SNF1 complex and results in a higher

sensitivity to heat shock. This explains why the growth of a snf1 mutant is more

sensitive to heat stress (Hahn and Thiele 2004).

14.6 Posttranslational Effects of SNF1 on Energy

Metabolism

SNF1 complex is a sensor of energy charge. When activated it slows down anabolic

processes that consume ATP whereas it stimulates catabolic processes that produce

ATP in order to restore energy homeostasis. In this way, SNF1 complex adjusts

energy metabolism to energetic demand. In this section, we will review the post-

translational role of SNF1 complex in inactivating energetically expensive cellular

processes such as protein synthesis and lipid metabolism.
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14.6.1 Protein Synthesis

In order to coordinate carbon and nitrogen metabolism, under amino acid limitation

but in the presence of glucose, Snf1 interacts with and activates Gcn2 protein

kinase, promoting the formation of phosphorylated eIF2α, which slows down

translation but stimulates the synthesis of Gcn4, a transcription factor that enhances

the expression of genes involved in amino acid biosynthesis and nitrogen utilization

[reviewed in Cherkasova et al. (2010) and Conrad et al. (2014)]. However, under

conditions of glucose deprivation, SNF1 complex downregulates both transcription

and translation of GCN4 (Shirra et al. 2008). In this way, SNF1 complex balances

amino acid synthesis to carbon metabolism and cellular energy balance (Kayikci

and Nielsen 2015).

14.6.2 Lipid Metabolism

SNF1 complex also affects lipid metabolism. It phosphorylates and inactivates

acetyl CoA carboxylase (ACC1) under low energy conditions (Woods

et al. 1994). The inactivation of Acc1 results in a decrease in the levels of

malonyl-CoA, which is the first intermediate of fatty acid synthesis. So, activation

of SNF1 complex promotes inhibition of fatty acid synthesis by decreasing the

levels of the first building block, malonyl CoA. At the same time, low levels of

malonyl-CoA stimulate the entry of fatty acids into the mitochondria, enhancing

β-oxidation. In this way, cell obtains ATP to balance energy demand (Woods

et al. 1994).

Under conditions of elevated Acc1 activity (i.e., high glucose), the activity of

inositol 1-phosphate synthase (INO1; that mediates the conversion of glucose-6P to

inositol-1P) is reduced, affecting in this way inositol-containing phospholipid

biosynthesis. For this reason, snf1 mutants, which cannot inhibit Acc1, do not

produce enough inositol-1P and require exogenous inositol for growth (Shirra

et al. 2001).

14.7 Crosstalk Between SNF1 Complex and Other Protein

Kinase Pathways

14.7.1 cAMP–PKA

Protein kinase A is a master regulator in yeast cell physiology since it affects a large

number of different cellular processes, including stress tolerance, fermentation, and

cell proliferation [see Santangelo (2006), Smets et al. (2010), and Conrad

et al. (2014) for review]. Early genetic studies in yeast defined that SNF1 and
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PKA were members of antagonistic and parallel pathways: snf1 mutant phenotypes

resembled those associated with an overactivation of the cAMP–PKA pathway and

mutations in components of the PKA pathway that decrease the activity of PKA

moderated the snf1 phenotype (Thompson-Jaeger et al. 1991). In this sense, a

double snf1 bcy1 mutant (in which SNF1 is inactive and PKA is overactive)

shows extreme phenotypes, simply because of the additive effects of the absence

of Snf1 and overactivation of PKA (Thompson-Jaeger et al. 1991). Later studies

have confirmed the inversed relationship between the SNF1 and the PKA pathways:

on one hand, Sak1 (a member of the Snf1 upstream kinases) contains putative PKA

phosphorylation sites that would lead to its inactivation, and on the other hand,

phosphorylation of Bcy1 (a regulatory subunit of PKA) by SNF1 complex enhances

its binding to PKA, decreasing in this way its activity [reviewed in Conrad

et al. (2014) and Shashkova et al. (2015)]. This negative relationship between

SNF1 and PKA pathways is also present in mammalian cells where it has been

described that PKA phosphorylates AMPKα subunit at different sites and this

triggers the inactivation of the AMPK complex (Djouder et al. 2010).

14.7.2 TORC1 Kinase Complex

TOR (target of rapamacin) kinase complex 1 (TORC1), a complex formed by TOR

kinase and a specific set of regulatory subunits, regulates cell growth and prolifer-

ation in response to a variety of signals, including nitrogen, amino acids, and stress

factors [see Porta et al. (2014) and Shimobayashi and Hall (2014) for reviews]. In

yeast, TORC1 senses the amount of available nitrogen sources and regulates the

expression of nitrogen catabolite repressible (NCR) genes by regulating the sub-

cellular localization of the transcription factors Gln3 and Gat1. In the presence of

available nitrogen sources, TORC1 is active and phosphorylates Gln3 and Gat1,

maintaining these transcription factors anchored to the scaffold protein Ure2 in the

cytosol. Upon inactivation of TORC1 (either by nutrient depletion or by rapamycin

treatment), Gln3 is released from Ure2 and imported to the nucleus, where it

activates the expression of NCR genes. Glucose also regulates Gln3 phosphoryla-

tion and subcellular localization by a process which is mediated by SNF1 complex.

Snf1 interacts and phosphorylates Gln3 and promotes its nuclear internalization

(in this case, SNF1 phosphorylation of Gln3 causes an opposite effect to the one

made by TORC1). Snf1 only participates in the induction of Gln3 activation upon

carbon starvation, having no effect on nitrogen starvation or rapamycin induction of

Gln3 activation. Therefore, nitrogen and glucose signaling pathways converge onto

Gln3, which may be critical for both nutrient-sensing and starvation responses

(Bertram et al. 2002). Gat1, another transcriptional activator of NCR genes, is

also phosphorylated by Snf1 under low glucose conditions (Kulkarni et al. 2006),

adding another piece of regulation of SNF1 complex on TORC1-related transcrip-

tional activators.
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An additional proof of the relationship between SNF1 and TORC1 kinase

pathways is the fact that snf1 and snf4 mutants are resistant to rapamycin, whereas

reg1 mutant (with an hyperactive Snf1) displays hypersensitivity to the drug

(Bertram et al. 2002). These results suggest that SNF1 complex negatively partic-

ipates in a cellular process that also involves TORC1 (Bertram et al. 2002).

Recently, it has been demonstrated that SNF1 complex affects directly the activity

of the TORC1 complex. SNF1 complex promotes the phosphorylation of Kog1 and

Tco89 subunits of the TORC1 complex, influencing negatively the activity of this

complex [reviewed in Shashkova et al. (2015)]. This negative relationship is also

present in mammalian cells where it has been demonstrated that AMPK regulates

negatively mTOR function (Hardie and Ashford 2014).

14.7.3 PAS Kinases

PAS (Per-Arnt-Sim domain containing) kinases are a family of protein kinases

that play a role in sugar metabolism and storage as well as enhancement of protein

synthesis, maintaining in this way cell wall integrity [see Wilson et al. (2005) and

Hao et al. (2007) for review]. In yeast, there are two PAS kinase homologues,

Psk1 and Psk2, which play a key role in the regulation of respiration and glycogen

storage (Grose et al. 2007, 2009; DeMille et al. 2014). Recently, it has been

demonstrated that Psk1 interacts with and becomes phosphorylated by SNF1

complex containing Gal83 as β-subunit (DeMille et al. 2015). This modification

leads to the activation of Psk1, which phosphorylates and activates poly(A)-

binding protein (Pab) binding protein 1 (Pbp1), which then inhibits TOR kinase

complex 1 (TORC1) through its sequestration at stress granules. These data

demonstrate an alternative layer of negative regulation of TORC1 by SNF1,

since Snf1-deficient cells display increased TORC1 activity, whereas cells

containing hyperactive Snf1 display a PAS kinase-dependent decrease in

TORC1 activity. These results suggest a close relationship between nutrient-

sensing kinases such as SNF1, Psk1, and TORC1 that allow the reprogramming

of metabolic pathways in order to maintain energy homeostasis in response to

nutrient status (DeMille et al. 2015).

14.8 Perspectives

The yeast Snf1 protein kinase was first described back in 1984 (Celenza and

Carlson 1984). Since then, a lot of information on the function and regulation of

the activity of Snf1 protein kinase has been gained by biochemical and genetic

methods. This initial work carried out in yeast paved the way to the understanding

of the function of mammalian AMPK. In fact, most of the breakthroughs on the

mammalian AMPK field came from previous studies in the yeast system (i.e.,
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regulation of the activity by glucose, identification of upstream kinases, crystallo-

graphic structural studies of the heterotrimeric complex, etc.). However, there are

still areas that need to be addressed, such as the role of different phosphatases in

regulating the phosphorylation status of SNF1 complex in response to different

growth conditions, the determinants that target the different SNF1 complexes to

different subcellular locations, the role of SNF1 complex in different metabolic

pathways, etc. As the function of SNF1/AMPK complexes is conserved throughout

evolution, in our opinion the knowledge that is gained day by day on both mam-

malian AMPK and yeast SNF1 systems benefits each other and will end with a

better understanding of the function of these metabolic sensors.
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Abstract AMP-activated protein kinase (AMPK) is one of the central regulators of

cellular and organismal metabolism in eukaryotes. Once activated by decreased

energy levels, it induces ATP production by promoting catabolic pathways while

conserving ATP by inhibiting anabolic pathways. AMPK plays a crucial role in

various aspects of cellular function such as regulating growth, reprogramming

metabolism, autophagy, and cell polarity. In this chapter, we focus on how recent

breakthroughs made using the model organism Caenorhabditis elegans have con-

tributed to our understanding of AMPK function and how it can be utilized in the

future to elucidate hitherto unknown aspects of AMPK signaling.
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15.1 Introduction

50-AMP-activated protein kinase (AMPK) is a metabolic sensor that plays a central

role in regulating fuel homeostasis. Like other organisms, in Caenorhabditis
elegans AMPK targets a wide spectrum of substrates involved in diverse cellular

processes that all contribute to appropriate adaptation during conditions of stress,

particularly energy stress. The C. elegans genome encodes two catalytic α subunits,

aak-1 and aak-2; two β regulatory subunits, aakb-1 and aakb-2; and five γ regula-

tory subunits called aakg-1 aakg-2, aakg-3, aakg-4, and aakg-5 (Apfeld et al. 2004;
Beale 2008). As is the case in most metazoa, AMPK activation is mainly achieved

through phosphorylation of Thr243 by PAR-4, the LKB-1 orthologue in C. elegans
(Narbonne and Roy 2006). AMPK has been shown to enhance lifespan and

autophagy and to modify the feeding and foraging behavior of starved animals

(Mair et al. 2011; Egan et al. 2011; Mihaylova and Shaw 2011; Lee et al. 2008;

Lemieux et al. 2015; Cunningham et al. 2012).

The α subunits of C. elegans AMPK are striking in that 30% of the residues are

identical and 78% are similar to the human AMPK catalytic subunits. Notably, the β
subunit alignment also shows 30% identity and 84% similarity to human AMPK β
subunit. Interestingly, the C. elegans β subunits are most similar to human γ
1 subunits with the maximum homology in the AMP/ATP binding Bateman

domains. Because of this high degree of homology shared between the AMPK

subunits of C. elegans and humans, and that C. elegansmutants that lack all AMPK

signaling are viable, many laboratories have turned to C. elegans as a model to

identify and characterize the molecular targets and the associated cellular roles of

AMPK in animal development and physiology (Beale 2008).

A functional AMPK/GFP fusion protein is expressed in several tissues during

hermaphrodite development including the pharynx, the head and ventral cord

neurons, hermaphrodite-specific neuron (HSN), body wall muscles, the vulva, the

excretory canal, distal tip cells, spermatheca, sheath cells, and intestine (Lee

et al. 2008). This broad expression pattern suggests that AMPK may have

unforeseen roles in the correct execution of several important signaling pathways

that range from organogenesis and tissue maintenance to stem cell integrity,

metabolism, and behavior.

In this chapter, we highlight the value of C. elegans as a genetically tractable

metazoan to elaborate on the known and previously uncharacterized AMPK sig-

naling pathways, their targets in specific tissues, and how modification of these

processes may be useful for discovery of new therapeutic targets. By using an

unbiased genetic approach, novel unpredicted targets can be identified that could

help advance our treatment of many diseases that impinge upon the broad spectrum

of AMPK-dependent processes, while also providing a means of developing novel

diagnostic tools.
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15.2 An Overview on C. elegans as a Model Organism

One of the most striking features of C. elegans is the reproductive plasticity the

animal possesses that is intrinsic to its life cycle. This facilitates dispersal and

delays reproduction during environmental duress, enhancing their ability to occupy

niches of varying extreme. Prior to a commitment to reproductive development,

C. elegans can undergo a series of reversible developmental arrests or “diapauses”

at several points throughout their developmental progression. For example, if upon

hatching the environment is resource depleted, C. elegans hatchlings will arrest in
the first larval stage (L1) and execute a diapause. This period of quiescence is

reversible so when appropriate food resources become available this period of

quiescence has little to no consequence on later fitness. In addition, if the animals

sense suboptimal growth conditions such as continued reduced resources, high

growth temperature or population density later after they have initiated

postembryonic development, the animals can opt for an alternative developmental

trajectory referred to as “dauer” that allows them to survive under very harsh

conditions where other organisms could never thrive (Wood et al. 1980). Population

density increases the levels of a constitutively synthesized pheromone signal that

induces dauer arrest while also blocking dauer recovery. Likewise, guanylyl

cyclase, TGFB-like, insulin-like, and steroid/nuclear receptor signaling pathways

together constitute an evolutionarily conserved signal transduction module that

regulates dauer formation in both an independent and collective manner (Hu 2005).

The onset of dauer development is associated with numerous morphological and

physiological changes that can protect the free-living and the parasitic larva from its

environment. Both in C. elegans or in parasitic nematodes, these dauer-associated

adaptive responses greatly enhance fitness in environments that are inherently

variable. But these advantages come at a price, namely, long-term survival

is counterbalanced by a suspension of reproduction until conditions improve

(Hubbard et al. 2013; Fielenbach and Antebi 2008; Bargmann 2006).

Despite the apparent quiescence of dauer larvae, several thousand genes con-

tinue to be expressed and are critical for their survival. If environmental conditions

improve, dauer larvae will recover and continue their life cycle and grow to

reproductive adulthood. Similar changes are triggered in some mammals faced

with environmental and nutrient stress which eventually leads to quiescence

(Finch 1994).

15.3 Gonadal Function of AMPK

C. elegans germline is supported by two gonadal arms in which germline stem cells

(GSCs) proliferate at the distal ends and differentiate more proximally into mature

gametes. The entire reproductive apparatus arises from a gonadal primordium that

consists of two somatic gonad precursors and two primordial germ cells (PGCs)
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present at the first larval (L1) stage (Hirsh et al. 1976; Kimble and Hirsh 1979). The

PGCs are born during embryogenesis at the 100 cell stage and remain quiescent

thereafter until the animal emerges from the egg.

Upon exposure to food, these four cells that have remained quiescent for much

of embyrogenesis resume mitotic cell divisions and initiate development (Hirsh

et al. 1976; Kimble and Hirsh 1979). Upon initiation of postembryonic develop-

ment, cell divisions will begin but will arrest again in the L1 stage and then resume

proliferation and differentiation later in the L3 stage (Killian and Hubbard 2004).

Upon the initiation of differentiation, the proliferative zone of the germ line is

restricted to the area distal to the mitosis/meiosis border. All the germ cells

proximal to this border are differentiated (in prophase of meiosis I) (Hubbard

et al. 2013). Of note, many factors have been revealed to influence the expansion

of the germline proliferative zone, making these physiologically sensitive progen-

itor cells an interesting model for understanding developmental and physiological

control of cell proliferation (Killian and Hubbard 2004, 2005).

The germ line is subjected to environmentally regulated diapause points that

allow C. elegans to survive the environmental conditions ranging from deserts to

the Antarctic. AMPK signaling has been revealed as one of the conserved mecha-

nisms that mediates the sensitivity of germline development in response to such

challenges.

Dauer formation results in the establishment of a G2 phase cell cycle arrest and

ultimately the inhibition of germline proliferation (Narbonne and Roy 2006). In a

genetic screen conducted to identify factors required for germline stem cell quies-

cence, AMPK signaling was identified as one of the genetic mechanisms that limits

the capacity of germline proliferation. Notably, AMPK function was found to be

crucial for the establishment of GSC quiescence as the removal of any one of the

AMPK subunit orthologues, namely, aak-1, aak-2, or aakb-1 leads to supernumer-

ary germ cell divisions during the dauer stage. AMPK therefore ensures that GSC

proliferation is restricted during periods when inadequate resources are available to

fuel critical cellular processes (Narbonne and Roy 2006; Narbonne et al. 2010).

Like most organisms, the optimal activation of AMPK in C. elegans requires
PAR-4(LKB1)/STRD-1-dependent phosphorylation at Thr243. In the dauer germ

line, AMPK acts downstream of PAR-4 to coordinate proliferation with somatic

development in response to all three dauer signaling pathways, although compound

mutant analysis suggests that PAR-4/LKB1 may have additional AMPK-

independent effects on germline quiescence (Narbonne and Roy 2006). Studies

performed in mammalian systems suggest that the TSC1/2/mTOR (target of

rapamycin) pathway may contribute to quiescence in various tissues (Avruch

et al. 2006). However, based on bioinformatic analyses, there is no clear TSC1/2

orthologue annotated in the C. elegans genome, suggesting that alternative mecha-

nisms must exist that control quiescence downstream of AMPK in the GSCs during

the dauer stage in C. elegans that are independent of TSC1/2 (Gwinn et al. 2008).

Like the GSCs that escape quiescence in the dauer stage, compromise of either

of the two catalytic subunits results in an abnormal PGC proliferation defect and

reduced viability during L1 diapause. AMPK signaling is therefore also required to
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maintain quiescence and presumably to reallocate energy resources in response to

food deprivation upon hatching (Fukuyama et al. 2012). Similarly, many of these

phenotypes are mirrored by the C. elegans PTEN orthologue daf-18 (Baugh and

Sternberg 2006; Sigmond et al. 2008). Although intestinal and pan-neuronal pro-

moters restored the survival of AMPK mutant animals, neither of these tissue-

specific transgenes could suppress the abnormal proliferation of PGCs during the

L1 diapause consistent with AMPK acting in distinct tissues for survival and to

establish and maintain PGC quiescence during the L1 diapause (Fukuyama

et al. 2012).

The mechanisms by which AMPK regulates germline quiescence remain

unknown (Fukuyama et al. 2012). Previous findings from mammalian studies

suggest that AMPK may function to promote the activity of p53 homologue cep-
1 or the cyclin-dependent kinase inhibitor orthologues cki-1 and cki-2 to ultimately

modulate cell cycle arrest (Tobin and Saito 2012). However, since both cep-1/p53/
and cki-1/-2 modulate their targets predominantly at the G1-S transition, it is

difficult to account for their role in maintaining the typical G2 arrest that is

observed in the PGCs and the GSCs during periods of quiescence based on their

canonical mode of action. To elucidate the mechanism(s) by which AMPK regu-

lates cell cycle quiescence, the identification of additional AMPK substrates that

may ultimately link energy stress and cell cycle arrest will be essential.

15.4 AMPK Regulates Fat Rationing During the Dauer
Stage

In situations of cyclical climate change, many organisms will accumulate fuel

resources during the periods of abundance that precede a long cold or dry season.

By altering its metabolism accordingly prior to long periods of resource scarcity,

the C. elegans dauer larva can augment its triglyceride stockpile to act as an energy

source during periods when the animal cannot feed. The utilization of this resource

must therefore be tightly managed as premature exhaustion of the fuel stockpile

could jeopardize survival.

Unlike most organisms, animals that lack all AMPK signaling are viable in

C. elegans. However, AMPK must affect critical pathways to ensure L1 survival

through phosphorylation of targets that have yet to be determined. On the other

hand, AMPK mutant dauer larvae die prematurely despite the transient accumula-

tion of fat upon dauer entry. AMPK mutant dauers hydrolyze and deplete their

accumulated fat reservoirs in less than 48 h after dauer formation (Narbonne and

Roy 2009). LKB1/AMPK signaling mediates the survival of dauer animals by

functioning within both the skin-like hypodermis, which is a major site of

C. elegans fat storage, and in the kidney-like excretory cell. At the time of dauer

entry, aak-2 mutants display abundant fat accumulation and normal osmoregula-

tion. However, animals quickly deplete their fat reservoirs due to the increased
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activity of the lipase, ATGL-1, the orthologue of mammalian adipose triglyceride

lipase. Moreover, they also become osmosensitive resulting in a rapid decline in

viability. Taken together, AMPK ensures long-term dauer survival by limiting fat

utilization by downregulation of ATGL-1 activity all the while ensuring appropriate

osmoregulation (Narbonne and Roy 2009).

AMPK directly phosphorylates serine 303 on adipose triglyceride lipase

(ATGL-1), to release a single free fatty acid (Narbonne and Roy 2009; Cunningham

and Ashrafi 2009). It therefore regulates the rate-limiting step in triglyceride

hydrolysis and hence energy production from this source. This ATGL-1 inactiva-

tion following AMPK phosphorylation is triggered by the generation of 14-3-3

binding sites on ATGL-1, which are recognized by the C. elegans 14-3-3 protein

orthologue PAR-5, resulting in sequestration of ATGL-1 away from the lipid

droplets and subsequent proteasome-mediated degradation (Xie and Roy 2015).

This AMPK-dependent block in lipid hydrolysis is somewhat counterintuitive

considering its role in mammalian cells that have been subjected to energy stress.

Activation of AMPK is reflected by a direct phospho-inhibition of ACC1/2 which

affects both lipid biosynthesis indirectly by relieving the malonyl CoA-mediated

inhibition of CPT. The result of this is an increase in fatty acid transport to the

mitochondria, subsequent β-oxidation, and increased energy production from lipid

(Mihaylova and Shaw 2011). Although the differences are striking, they may be

justified based on the timescales associated with each of the two physiological

responses: one being activated on a very short timescale (minutes/h) following

starvation and the other dominating during the comparatively longer timescales

typical of dauer survival (several months amounting to 10 times the normal lifespan

of the animal).

The survival of AMPK mutant dauers is highly dependent on generating novel

energy sources. One such mechanism includes regulation of the abundance and the

nature of the fatty acid content by increasing the HIF-1-dependent expression of the

enzymes that are critical for fatty acid biosynthesis. This phenomenon can occur

downstream of reduced catalase activity which allows cellular levels of hydrogen

peroxide to progressively increase during dauer. This metabolic by-product is often

vilified because of its ROS-generating capacity although at low levels it ensures

readjustment of lipid biosynthetic capacity downstream of HIF-1 activation to

compensate for cellular energy deficiencies in the AMPK mutants (Xie and Roy

2012). Similar metabolic readjustments can also occur in tumor cells and are often

associated with the Warburg effect, where energy-consuming pathways are modi-

fied toward a growth condition of these rogue cells, while consequently compromis-

ing their energetic efficiency (Deberardinis et al. 2008).

If tumor cells can generate their own energy through activation of HIF-1, they

can become less dependent on nutrient delivery. This property could potentially

enhance their capacity for unscheduled growth. As AMPK has been shown to play

an important role in blocking cell growth in response to nutrient/energy stress or

during oxidative stress and in certain cell types loss of AMPK does lead to

increased HIF levels (Shackelford et al. 2009), it is paramount to investigate

whether activation of HIF-1 is associated with the loss of AMPK or its upstream
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kinase LKB1 in various tumors, or in patients with tumor predisposing diseases

such as Peutz–Jeghers Syndrome.

15.5 AMPK: A Modulator of Antiaging Signaling Network

The lifespan of most animals is organism specific and it appears to be selected for

some optimal time duration that does not necessarily correspond to the maximal

capacity of the organism in question. Through studies in model organisms, it has

since become clear that our lifespan is by no means finite in length, and it can be

extended under specific genetic and metabolic conditions. This can be achieved by

impinging on a number of genetic pathways. First, by limiting caloric intake or by

altering the activity of single genes within the defined pathways that modulate

metabolism, mutant organisms can live significantly longer than wild-type animals

(Schulz et al. 2007; Hansen et al. 2007; Mair et al. 2011). Various regimens of

calorie restriction in which macronutrient sources of protein, carbohydrate, and

lipid are scarce can consequently extend lifespan through mechanisms that are as of

yet unclear. As a consequence of calorie restriction, physical aging is slowed and

there is an increased resistance to disease (Longo and Finch 2003; Bordone and

Guarente 2005). Alternatively, modification of the insulin signaling pathway also

results in significant lengthening of lifespan, while mitochondrial homeostasis also

influences lifespan, although whether this arises through increased or decreased

generation of ROS is still somewhat controversial (Yee et al. 2014).

C. elegans has proven to be an excellent model to test many of these concepts,

while its genetic tractability has provided particularly valuable information

concerning the molecular genetic mechanisms that underlie our genetically

encoded lifespan. Given the importance of energy homeostasis in the genetic

regulation of aging, it is not surprising that AMPK has surfaced as a key regulator

of lifespan determination by converging on an integrated signaling network that

intersects with multiple genetic pathways including insulin-like signaling,

enhanced SIR-2.1 deacetylase activity, and/or mitochondrial homeostasis.

15.5.1 Insulin/IGF-1/FOXO Signaling

Mutations in the C. elegans dauer formation abnormal gene daf-2/InR provided the

first genetically characterized long-lived mutants where loss-of-function mutations

conferred a greater than twofold extension to the wild-type lifespan (Kenyon

et al. 1993). Molecular analyses revealed that many of the genes that extended

lifespan were indeed implicated in insulin signaling: DAF-2 was identified as the

C. elegans orthologue of the mammalian insulin/IGF-1 receptor (IGFR), AGE-1

C. elegans orthologue of PI 3-kinase (PI3K), and DAF-16/C. elegans orthologue of
forkhead box protein O (FOXO) and together they form the components of a
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conserved insulin-like signaling pathway (Morris et al. 1996; Kimura et al. 1997;

Lin et al. 1997; Ogg et al. 1997; Paradis and Ruvkun 1998).

Insulin/IGF-1 signaling is one of the key regulators of metabolism and energy

homeostasis stimulating glucose uptake and growth signaling pathways, thereby

coordinating food intake and cellular energy homeostasis by promoting anabolic

processes. The DAF-16/FOXO transcription factor modulates growth, metabolism,

and aging in C. elegans. The serine/threonine protein kinases AKT-1/2 and SGK-1

respond to activation of the insulin receptor DAF-2 and phosphorylate and inacti-

vate the DAF-16/FOXO by preventing its translocation to the nucleus and thereby

blocking transcription of its target genes. As expected, abolished insulin/IGF-1

signaling (e.g., using mutations in daf-2/InR) relieves this block resulting in

DAF-16/FOXO translocation into the nucleus where it induces the expression of

genes that are involved in resistance to various stresses that ultimately affect

lifespan determination (Paradis and Ruvkun 1998; Hertweck et al. 2004).

Exposure of daf-2/InR mutants and wild type animals to starvation, heat stress or

mitochondrial poisoning increases the intracellular AMP to ATP ratios, resembling

a condition that activates AMPK (Apfeld et al. 2004). Consistent with this, aak-2
functions both in a linear pathway and in parallel with daf-16/FOXO to extend

lifespan of daf-2/InR mutants, at least partially through inhibition of the CREB-

regulated transcriptional coactivator CRTC-1 (Apfeld et al. 2004; Mair et al. 2011).

Interestingly, it was revealed that crtc-1 specifically mediates the longevity output

of AMPK through the direct phosphorylation of CRTC-1 in the nervous system

resulting in 14-3-3 binding, cytosolic sequestration, and subsequent inactivation,

leading to longevity and systemic changes in metabolic transcription (Burkewitz

et al. 2015).

15.5.2 TOR Signaling

The TOR pathway plays a key role in the regulation of growth and reproduction in

response to nutrient and energy availability. As such, blocking its activity has been

shown to extend lifespan in a variety of species (Kapahi et al. 2010). Inhibition of

TOR signaling and reduced insulin/IGF-1 signaling both converge on common

transcriptional targets and non-transcriptional effectors and these likely function

together since blocking TOR signaling does not further extend the increased

lifespan of daf-2/InR mutants (Vellai et al. 2003; Hansen et al. 2007).

In mammals, TOR exists in the form of TORC1 and TORC2 complexes, which

contain the DAF-15/Raptor and RICT-1/Rictor coactivators, respectively. These

two complexes act in independent genetic pathways to affect distinct cellular

processes; TORC1 controls cell growth and proliferation in response to nutrient

signals largely by regulating protein synthesis, whereas TORC2 modulates cell

morphology. In C. elegans, TORC1 modulates longevity at least partially via the

GTPases RAGA-1/RAGC-1 (Robida-Stubbs et al. 2012; Schreiber et al. 2010),

RHEB-1/Rheb (Honjoh et al. 2009), and DAF-15/Raptor (Jia et al. 2004). In
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addition, TOR may also exert its role in the modulation of longevity by

non-transcriptional mechanisms such as TORC1-mediated phosphorylation of S6

kinase (S6K), which is one of the principal growth-promoting targets of TOR

through its role in promoting translation. Interestingly, the combination of muta-

tions in the insulin signaling daf-2/InR and the rsks-1 (S6K) pathways in C. elegans
produces a synergistic lifespan extension that requires the positive feedback regu-

lation of DAF-16/FOXO which is AMPK dependent (Greer et al. 2007; Chen

et al. 2013). This positive feedback is most likely achieved by the direct phosphor-

ylation of DAF-16/FOXO via AMPK (Greer et al. 2007), which eventually leads to

regulation of aakg-4 (a gene encoding an atypical γ subunit of AMPK) by DAF-16/

FOXO promoting AMPK activation (Tullet et al. 2014).

15.5.3 Autophagy

Autophagy has recently been identified as a significant player in the genetic

determination of lifespan and it is also affected by activated AMPK in

C. elegans. Autophagy is a self-degradative process that has emerged as a modu-

lator of longevity in both the TOR and the insulin-IGF-1 signaling pathways as well

as in the dietary-restriction paradigm (Lapierre et al. 2011). daf-2/InR mutants

display enhanced autophagy that is AMPK dependent and which contributes sig-

nificantly to its effects on lifespan extension (Egan et al. 2011). Although somewhat

speculative, autophagy may extend lifespan through the inhibition of protein

aggregation, thereby delaying the collapse of proteostasis observed during aging

(Florez-McClure et al. 2007; Ben-Zvi et al. 2009). In mammals, AMPK directly

phosphorylates the autophagy initiating kinase, UNC-51 (ATG-1/ULK-1), which

consequently induces autophagy. Consistent with this, both AMPK and ULK1 are

necessary for inducing autophagy upon reduced insulin signaling in C. elegans
(Egan et al. 2011).

15.5.4 Dietary Restriction

Dietary restriction (DR) is a conserved lifespan-extending paradigm which

increases longevity in a manner that is independent of insulin signaling (Lapierre

et al. 2011). Intriguingly, AMPK controls longevity in the diverse food deprivation

regimens via distinct signaling pathways. It is demonstrated that the lifespan

extension can also be acquired by direct interaction of AMPK and DAF-16/

FOXO signaling independent of daf-2/InR signaling upon feeding restrictive

amounts of bacteria which resemble DR resulting in increased AMP/ATP ratios

(Greer et al. 2007). By contrast, AMPK modulates longevity independent of daf-2/
daf-16 signaling when treated with Metformin which induces DR-like state. This

effect is achieved through the AMPK-dependent induction of nuclear localization
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of the oxidative stress-responsive transcription factor SKN-1/Nrf2 which eventu-

ally confers Metformin-dependent lifespan extension (Onken and Driscoll 2010).

Taken together, these findings suggest an important energy-sensing AMPK–FOXO

pathway that mediates lifespan extension. However, AMPK also functions inde-

pendently of DAF-16/FOXO to elicit lifespan extension by resveratrol, a natural

polyphenol that mimics some aspects of DR, suggesting that activation of AMPK is

not always necessarily coupled to DAF-16/FOXO in order for it to extend lifespan

(Greer and Brunet 2009; Parker et al. 2005).

15.5.5 Mitochondrial Control of Lifespan

Metabolic stress and ROS signaling have been proposed as causative factors in

determining longevity through involvement of mitochondria (Hekimi and Guarente

2003; Schriner et al. 2005). AMPK signaling plays a key role in the mitochondrial

regulation of lifespan. Accordingly, AMPK activation under reduced insulin sig-

naling has been shown to stimulate L-proline catabolism that eventually generates a

transient ROS signal in the mitochondria that results in an adaptive induction of

endogenous stress defenses to extend lifespan (Zarse et al. 2012). Similarly,

impairment of glycolysis using inhibitors increases lifespan in an aak-2-dependent
manner due to enhanced mitochondrial respiration that causes ROS-dependent

induction of stress resistance (Haesa et al. 2014). By contrast, compound-based

inhibition of mitochondrial complex I using rotenone induces mitochondrial ROS

signal leading to lifespan extension that is independent of AMPK/AAK-2 signaling,

suggesting that AMPK is dispensable for sensing ATP depletion that occurs upon

inhibition of complex I in C. elegans (Schmeisser et al. 2013).

The effect of AMPK signaling on aging has received much attention in recent

years. Given the conserved AMPK signaling and targets in C. elegans, Drosophila,
and humans, testing the role of AMPK and its targets in longevity will yield

valuable insight into the biology of aging.

15.6 Concluding Remarks

AMPK modulates cellular energy metabolism by its direct and indirect regulation

of gene transcription and key metabolic enzymes. AMPK-mediated regulation of

lipid metabolism occurs at multiple points in the complex reactions that control

lipid homeostasis, while the same is true in its regulation of enzyme function in

glucose metabolism. But even though AMPK has been well characterized as a key

regulator of metabolism, there is now accumulating evidence that suggests the

involvement of AMPK in almost all aspects of cellular function, including cell

polarity, cell growth and proliferation, autophagy, maintenance of mitochondrial

homeostasis, and gene expression. It has been shown that both tumor cells and
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viruses develop mechanisms that lead to downregulation of AMPK which allow

them to escape from its restraining influences on growth and biosynthesis (Hardie

2011). At the whole-body level, AMPK function is required for modulation of

many physiological processes such as appetite, energy expenditure, as well as

substrate utilization in response to exercise, cytokines, and nutrients (Hardie 2011).

Various diseases have been linked to altered AMPK signaling. However, despite

the obvious requirement of AMPK signaling under a number of different conditions

and treatments, the quantitative role of AMPK in the modulation of physiological

responses has been less extensive, potentially because only a minority of the critical

AMPK substrates have been identified and characterized biochemically. By using

in vivo genetic models of AMPK loss of function, greater understanding could be

achieved regarding the significance of AMPK signaling to the etiology of type

2 diabetes as well as its implication in obesity treatment, cancer therapy, or

potentially even in developing improvements in the quality of life in the elderly.

Given the accessibility and depth of knowledge accrued by the community of

C. elegans researchers, this extraordinary model organism will continue to provide

an exceptional wealth of knowledge for future studies to help clarify the role of

AMPK in development and in the modulation of metabolism and physiology in

response to stress.
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The Role of AMPK in Drosophila
melanogaster
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Abstract In the fruit fly, Drosophila melanogaster, mono-allelic expression of

AMPK-α, -β, and -γ yields a single heterotrimeric energy sensor that regulates

cellular and whole-body energetic homeostasis. The genetic simplicity of Drosoph-
ila, with only a single gene for each subunit, makes the fruit fly an appealing

organism for elucidating the effects of AMPKmutations on signaling pathways and

phenotypes. In addition, Drosophila presents researchers with an opportunity to use
straightforward genetic approaches to elucidate metabolic signaling pathways that

contain a level of complexity similar to that observed in mammalian pathways. Just

as in mammals, however, the regulatory realm of AMPK function extends beyond

metabolic rates and lipid metabolism. Indeed, experiments using Drosophila have

shown that AMPK may exert protective effects with regard to life span and

neurodegeneration. This chapter addresses a few of the research areas in which

Drosophila has been used to elucidate the physiological functions of AMPK. In

doing so, this chapter provides a primer for basic Drosophila nomenclature, thereby
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eliminating a communication barrier that persists for AMPK researchers trained in

mammalian genetics.

Keywords Drosophila melanogaster • AMPK • LKB1 • Gal4 • neurodegeneration

16.1 Introduction

16.1.1 Overview of AMPK Signaling in Drosophila

In the fruit fly, mono-allelic expression of AMPK-α, -β, and -γ yields a single

heterotrimeric energy sensor that regulates cellular and whole-body energetic

homeostasis (Johnson et al. 2010; Pan and Hardie 2002). In contrast to the stream-

lined fly genome, the more complex mammalian genome encodes multiple AMPK

subunit isoforms (α1-2, β1-2, and γ1-3) that can theoretically form 12 unique

heterotrimers (Iseli et al. 2005; Pan and Hardie 2002). Thus, the genetic simplicity

of Drosophila, with only a single gene for each subunit, makes the fruit fly an

appealing organism for elucidating the effects of AMPK mutations on signaling

pathways and phenotypes.

Understandably, the phylogenetic separation between D. melanogaster and

H. sapiens may make some AMPK researchers reluctant to explore the elegant

genetic tools (e.g., temporally and/or spatially driven gene expression systems) that

are easily available to fly geneticists. Two lines of evidence, however, point to the

utility of Drosophila as a useful model organism for studying AMPK. First,

functionally critical amino acids in AMPK subunits are either conserved or

replaced by biochemically similar residues across species (Figs. 16.1 and 16.2)

(Chen et al. 2012; Kazgan et al. 2010; Pan and Hardie 2002; Spasic et al. 2008; Xiao

et al. 2007). These conserved amino acid residues include those that regulate

AMPK localization, subunit interactions, and activity. Several examples are

highlighted here: (1) Cytoplasmic localization of AMPK-α2 is controlled by a

C-terminal export signal that is conserved in mammals and flies (Kazgan

et al. 2010). Deletion of this export signal has been shown to restrict localization

of Drosophila AMPK (dAMPK)-α to nuclei (Kazgan et al. 2010). (2) The scaffold-

ing β1 subunit relies on its C-terminal residues (amino acids 186–270 in rat) to bind

AMPK-α1 and -γ1 in vitro (Iseli et al. 2005). Although N-terminal AMPK-β
residues have diverged among species, the C-terminal residues in dAMPK-β are

almost perfectly identical to those of human and rat AMPK-β1 (Fig. 16.1).

(3) Finally, amino acid residues that mediate binding of AMP at two regulatory

sites in AMPK-γ1 (i.e., the allosteric activation site and dephosphorylation inhibi-

tion site) are conserved in Drosophila (Fig. 16.2) (Chen et al. 2012; Xiao

et al. 2007). In addition, key AMPK-γ amino acid residues that have been shown
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to alter cardiac AMPK activity and cause human cardiomyopathies (when mutated)

are conserved in both human and fly genomes (Fig. 16.2) (Burwinkel et al. 2005;

Liu et al. 2013; Moffat and Harper 2010).

A second line of evidence pointing to the utility of Drosophila is the conserved

expression of the AMPK kinase LKB1 and the AMPK substrate acetyl CoA

Fig. 16.1 Conservation of carboxy-terminus residues in AMPK-β. Most amino acids in the

C-terminus of human AMPK-β1 (NM_006253.4), rat AMPK-β1 (GenBank: X95577.1), and

Drosophila AMPK-β (NP_995783.1) are either invariant (gray) or have residues with conserved

hydrophilicity (green) or hydrophobicity (yellow). Amino acids 246–270 (underlined) in rAMPK-

β1 are required for binding to AMPK-γ; amino acids 186–270 in rAMPK-β1 are required for

heterotrimer formation (Iseli et al. 2005)

Fig. 16.2 Alignment of human and Drosophila AMPK-γ. CBS domains of AMPK are highly

conserved between H. sapiens and D. melanogaster. Most amino acids in the CBS domains of

Drosophila AMPK-γ (NP_732598.1) and human AMPK-γ1-3 (γ1, NP_001193638.1; γ2,
NP_001035723.1; γ3, NP_059127.2) are either invariant (gray) or have residues with conserved

hydrophilicity (green) or hydrophobicity (yellow). In SNF4 (dAMPK-γ), the first pair of CBS

domains spans from amino acids 941–1069, while the second pair spans from amino acids

1097–1215 (Marchler-Bauer et al. 2015). Human AMPK-γ2 amino acids highlighted in red

represent conserved residues that, when mutated, can lead to cardiomyopathy in humans

(Burwinkel et al. 2005; Liu et al. 2013; Moffat and Harper 2010). Stars indicate some of the

conserved amino acid residues that have been shown to mediate nucleotide binding at regulatory

sites in crystal structures containing a specific transcript variant of rat AMPK-γ1 (Chen et al. 2012;
Xiao et al. 2007). Note: Amino acid numbering will vary among transcript variants; the numbering

listed in the figure corresponds to the provided accession numbers
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carboxylase (ACC-1) (Amin et al. 2009; Andersen et al. 2012; Martin and St

Johnston 2003; Pan and Hardie 2002). The conserved expression of LKB1 and

ACC underscores the evolutionary importance of this signaling pathway and raises

another key point regarding the merit of Drosophila as a model organism: whereas

the streamlined Drosophila genome simplifies genetic loss- or gain-of-function

studies in vivo, the complexity of LKB1 signaling—with both AMPK-dependent
and AMPK-independent effects—is also conserved in both mammals and flies

(Amin et al. 2009; Andersen et al. 2012; Choi et al. 2015). This conserved signaling

complexity means that researchers can use Drosophila to help identify

(or eliminate) the role of AMPK with respect to various LKB1-dependent devel-

opmental and physiological processes. In mice, flies, and even nematodes, LKB1

genetic loss-of-function phenotypes can be more severe than those of AMPK

genetic loss-of-function phenotypes (yeast do not have an obvious homologous

sequence for LKB1) (Amin et al. 2009; Apfeld et al. 2004; Hardie and Alessi 2013;

Nakada et al. 2010; Williams et al. 2011). For example, although LKB1-null and

AMPK-null Drosophila embryos both exhibit defects in mitosis, loss of AMPK

(in eye tissue) does not phenocopy the pitted surface or rhabdomere fusion observed

in adult LKB1-null fly eye tissue (Amin et al. 2009; Lee et al. 2007). In addition,

constitutively active AMPK cannot rescue all phenotypic abnormalities induced by

LKB1 loss in Drosophila. In the absence of LKB1, for example, constitutively

active AMPK (AMPK-αT184D) rescues epithelial polarity defects in embryos but

fails to rescue decreased lipid storage levels in the fat body (adipose- and liver-like

tissue) of adult Drosophila (Choi et al. 2015; Lee et al. 2007). Instead,

overexpression of an AMPK-related kinase, salt-inducible kinase 3, rescues lipid

storage levels in LKB1-null fat bodies (Choi et al. 2015).

In summary, Drosophila is a model organism that allows researchers to use

straightforward genetic approaches to elucidate conserved signaling pathways that

can be characterized by a level of complexity similar to that of mammalian

pathways. For an overview of Drosophila AMPK’s (dAMPK’s) role as a metabolic

regulator—particularly in the context of dietary restriction—we invite readers to

review the biochemical and behavioral experiments published by Johnson

et al. (2010). AMPK-dependent feeding behaviors published by Johnson and

colleagues include hyperphagia triggered by genetically reduced dAMPK function

as well as a normally pro-survival “foraging” behavior induced in starved flies with

genetically reduced AMPK function (Johnson et al. 2010). Just as in mammals,

however, the regulatory realm of AMPK extends beyond metabolic rates and lipid

metabolism. Indeed, as Sect. 2 will show, experiments using Drosophila have

shown that AMPK may exert protective effects with regard to life span and

neurodegeneration (Ng et al. 2012; Pimenta de Castro et al. 2012; Ulgherait

et al. 2014). This chapter addresses a few of the research areas—many of which

translate to higher organisms—in which Drosophila has been used to elucidate the

physiological functions of AMPK. In doing so, this chapter will also function as a

primer for basic Drosophila nomenclature, thereby eliminating a communication

barrier that persists between AMPK researchers trained in either mammalian

genetics or Drosophila genetics.

392 S.E. Sinnett and J.E. Brenman



16.1.2 Overview of Tools Available to Drosophila Geneticists

Many readers of this chapter may have limited or no experience working with

Drosophila and the genetic tools that are uniquely available to fly geneticists. These
tools include P elements, the Gal4-upstream activating sequence (UAS) gene

expression system, and genome-wide availability of Drosophila transgenic RNAi

approaches. Understandably, researchers with expertise in mammalian AMPK may

have difficulty mining Drosophila literature for insights into cellular signaling

pathways. Thus, we have illustrated the technical approaches to help readers

understand the ways in which Drosophila has contributed to AMPK research

(Fig. 16.3). The Gal4-UAS expression system is an especially noteworthy and

commonly used tool, as it allows geneticists to manipulate the AMPK signaling

pathway spatially and/or temporally (Brand and Perrimon 1993; McGuire

et al. 2004). Essentially, this approach relies on a yeast transcription activator

(Gal4) (that has no known function in Drosophila) to precisely control the expres-

sion of any gene placed after the yeast UAS promoter within transgenicDrosophila.
A detailed description of this system has been published by McGuire et al. (2004).

In short, Gal4 binds to UAS targets upstream of a transgene that has been inserted

into the fly genome. To achieve either ubiquitous or spatially restricted transgene

expression, researchers can select from a number of freely available fly lines (from

stock centers) that express Gal4 drivers under various well-characterized enhancers

(Table 16.1). To temporally regulate transgene expression, researchers can use two

derivatives of the classical Gal4-UAS system: a pharmacologically inducible Gene-

Switch system and a temperature-controllable TARGET system (McGuire

et al. 2004; Osterwalder et al. 2001). Mechanistic explanations of these systems

are beyond the scope of this paper but are provided alongside excellent illustrations

in the above-mentioned review (McGuire et al. 2004). For this chapter, it is

sufficient for readers to simply know that fly geneticists have established tools for

silencing (via Gal4-driven RNAi expression) or overexpressing AMPK subunits

both spatially and temporally.

16.2 Selected Disease Models Studied in Drosophila

16.2.1 Overview of Disease Models

Before beginning a discussion of translational research in Drosophila, we would

like to first acknowledge an excellent review that explains how Drosophila has

helped to expand our understanding of human neurodegenerative diseases (Lessing

and Bonini 2009). “Maintaining the Brain: Insight into Human Neurodegeneration

From Drosophila Mutants,” by Lessing and Bonini, touches upon research areas

that are also described herein (e.g., Parkinson’s disease (PD) and Alzheimer’s
Disease (AD)). We recommend this published review to readers and will expand
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upon Lessing’s and Bonini’s work by discussing dAMPK-related research

published during or after 2010. As stated earlier, we will focus on recent studies

that demonstrate the protective role of dAMPK with regard to life span and

neurodegeneration (Lin et al. 2014; Ng et al. 2012; Pimenta de Castro et al. 2012;

Ulgherait et al. 2014).

Fig. 16.3 Tools used in Drosophila research. Techniques used by fly geneticists are illustrated.

(Clockwise from top left) P-elements: A transgene plasmid (e.g., encoding cherry-tagged AMPK-

α) and helper plasmid (encoding transposase) can be mixed and injected into Drosophila embryos

(Bachmann and Knust 2008; Beall and Rio 1997). The inverted terminal repeats flanking the

transgene are recognized by transposase, which randomly inserts the transgene into genomic DNA

(Bachmann and Knust 2008; Beall and Rio 1997). Embryos will then develop into adults in which

some germ cells carry a transgene insertion. Adult males can be crossed to females to generate

offspring that retain the insertion in every cell (Bachmann and Knust 2008; Majumdar and Rio

2015). Drosophila offspring carrying the P-element insertion can be identified by a marker

(typically a gene for red eyes) that is also encoded separately in the transgene plasmid (Bachmann

and Knust 2008; Majumdar and Rio 2015). Gal4-UAS gene expression systems: Gal4 and

UAS-transgene parental lines can be crossed to generate offspring in which transgene expression

is driven by Gal4 (Brand and Perrimon 1993). Kazgan et al., for example, used Ubiq-Gal4 to drive

ubiquitous (Ubiq) expression of both full-length GFP-tagged dAMPK-α and mCherry (ch)-tagged

truncated dAMPK-α in offspring, thereby allowing them to identify a nuclear export signal in

dAMPK-α (Kazgan et al. 2010). The figure depicting Kazgan et al.’ s technical approach is adapted
from the earliest publication describing the Gal4-UAS system (Brand and Perrimon 1993). RNA
interference: Gal4 can also be used to drive the expression of RNA (Perkins et al. 2015). In the

example shown, knockdown of AMPK-α can be used to help identify changes in AMPK-dependent

signaling pathways in larvae (Onyenwoke et al. 2012). High-throughput screening: Drosophila
cell lines allow researchers to take advantage of Drosophila’s streamlined genome without having

to breed stable fly lines. In the example shown, cells can be rapidly plated onto wells that have been

pretreated with an RNAi library. Moser and colleagues have used this approach to screen for host

factors (such as AMPK) that regulate viral infection (Moser et al. 2010a, b)
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Table 16.1 Use of Gal4-UAS system in AMPK research

Expression

Gal4

driven Transgene Study

Ubiquitous Tubulin1 AMPK-α-DN
AMPK-RNAi

(α, γ)
AMPK-α

Effect of AMPK on lethality

Actin1, 6 AMPK-α-DN
AMPK-RNAi

(α, γ)
AMPK-α

Effect of AMPK on lethality

AMPK-α-RNAi Effect of AMPK on NDPK activity

Ubiquitin
1,5

AMPK-α-DN
AMPK-γ-RNAi

Effect of AMPK on life span and feeding

behavior

AMPK-α
(� mCh)

truncated

AMPK-α
(� mCh)

Identification of nuclear export signal in

AMPK-α

Hsp701,a AMPK-α-DN
AMPK-RNAi

(α, γ)

Effect of AMPK on life span during starvation

Pan-

neuronal

ELAV4,b AMPK-γ trun-
cated AMPK-γ

Effect of WT or mutated AMPK-γ on vacuolar

pathology in the brain

ELAV

GS3,c
AMPK-α
(� mCh)

Effect of neuronal AMPK overexpression on life

span (� starvation), intestinal aging, and the

expression of autophagy related genes (ATG)

Intestinal TIGS-2

GS3, c
mCh-AMPK-α Effect of intestinal AMPK overexpression on

intestinal aging, life span

Fat body,

digestive

system

S106

GS2,7, c
AMPK-α-RNAi Role of AMPK in mediating life span extension

induced by β-sitosterol

Sensory

neurons

109(2)801,5 Actin-GFP,

AMPK-α-DN
AMPK-RNAi

(α, γ)
truncated

AMPK-α

Effect of AMPK on neuronal morphology

aHeat shock protein (Hsp)70-Gal4 is temperature controllable (McGuire et al. 2004)
bELAV, embryonic lethal abnormal vision promoter (McGuire et al. 2004) is pan-neuronal
cGS Gene-Switch Gal4s that are expressed after feeding flies with RU486 (Osterwalder et al. 2001).

mCh mCherry fluorescent tag. (1) Johnson et al. (2010), (2) Lin et al. (2014), (3) Ulgherait

et al. (2014), (4) Tschape et al. (2002), (5) Kazgan et al. (2010), (6) Onyenwoke et al. (2012),

(7) Poirier et al. (2008)
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16.2.2 Role of AMPK in Longevity

With its short life span, Drosophila melanogaster is a convenient model organism

for longevity studies in the lab (Linford et al. 2013). Multiple publications have

explored the role of AMPK in regulating life span. To begin, the Gal4-UAS system

has been used to show that—depending on the strength of the Gal4 driver—a

decrease in dAMPK activity may be either lethal during the larval stage or may

shorten the life span of adult transgenic animals (Gal4 was used to drive the near

ubiquitous overexpression of either AMPK RNAi or a kinase-dead AMPK mutant)

(Johnson et al. 2010). In agreement with this observation, a second lab has shown

that increased pan-neuronal dAMPK activity extends adult female life span

(Ulgherait et al. 2014). Furthermore, genetic knockdown of dAMPK-α (in the fat

body) has been shown to prevent the increased life span induced by β-sitosterol, a
natural product that promotes AMPK phosphorylation inDrosophila S2 cell culture
(Lin et al. 2014). In light of these 3 lines of evidence, it may be tempting to simply

conclude that life span positively correlates with dAMPK activity in flies. During

starvation, however, this correlation may not always be observed. For example,

overexpression of AMPK in neurons has been shown to shorten the life span of

starved transgenics, while overexpression of dominant-negative AMPK in neuro-

endocrine cells has been shown to extend the life span of starved transgenic animals

(Braco et al. 2012; Ulgherait et al. 2014). Interestingly, decreased triglyceride

levels—an indicator of altered metabolism—have been documented for both fed

mutants with reduced (ubiquitous) AMPK function and starved mutants with

increased neuronal AMPK function (Johnson et al. 2010; Ulgherait et al. 2014).

Together, these findings highlight the complex relationships among AMPK activ-

ity, diet, and life span. In addition, these findings indicate that ubiquitous and tissue-

specific modulation of AMPK activity may have different consequences on life

span (Braco et al. 2012; Johnson et al. 2010).

Finally, before continuing to the next section, we would be remiss in omitting a

revelatory finding described in Ulgherait et al.’s lifespan studies. Just as increased

pan-neuronal dAMPK activity extends adult life span, the reciprocal experiment

(increased intestinal dAMPK activity) also extends Drosophila life span while
upregulating autophagy in the brain (Ulgherait et al. 2014). Importantly, Poirier

and colleagues have confirmed that the intestinal Gal4 driver TIGS-2 permits

UAS-transgene expression solely within the digestive system of male and female

Drosophila—without detectable levels of UAS-transgene expression in the brain

(Poirier et al. 2008). The non-cell autonomous effects demonstrated by Ulgherait

and colleagues are particularly timely in light of an increasingly widespread interest

regarding the interdependence of brain and intestinal health (Duca et al. 2015;

Reardon 2014; Ulgherait et al. 2014).
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16.2.3 Role of AMPK in Neurodegenerative Disorders

Many experts in mammalian AMPK signaling may be familiar with the regulation

or alteration of autophagy by AMPK, as well as the physiological relevance of

autophagy in proteinopathic diseases (Cai et al. 2012; Vingtdeux et al. 2011). In

cell cultures, for example, activation of AMPK by resveratrol has been shown to

promote autophagy and—as a result—decrease levels of amyloid-β (Aβ), a

secreted peptide that contributes to the development of Alzheimer’s disease

(AD) (Vingtdeux et al. 2010). In agreement with in vitro findings, dietary

resveratrol has been shown to significantly increase AMPK phosphorylation

and decrease Aβ deposition in the brains of mice modeling AD (Vingtdeux

et al. 2010).

More recently, Drosophila researchers have used genetic tools to address a

different and perhaps lesser-known facet of proteinopathic diseases: mitochon-
drial pathology. Researchers have generated genetically distinct Drosophila
models of PD-related mitochondrial pathology. This chapter addresses two

Drosophilamodels: one in which transgenic animals express misfolded ornithine

transcarbamylase (dOTC) and another in which transgenic Drosophila express

mutated leucine-rich repeat kinase 2 (LRRK2) (Ng et al. 2012; Pimenta de

Castro et al. 2012). The former model was motivated by the observation that

mutated PTEN-induced putative kinase 1 (PINK1) is accompanied by increased

levels of misfolded mitochondrial protein (in both PD patients and fly mutants)

(Pimenta de Castro et al. 2012). By mutating the mitochondrial matrix protein

OTC instead of PINK1, researchers were able to examine the effects of organ-
elle-restricted protein misfolding (Pimenta de Castro et al. 2012). Misfolded

mitochondrial protein was accompanied by an accumulation of light chain 3-II

(LC3-II; an autophagy marker) in flies expressing dOTC but not in flies

expressing dOTC with Gal4-driven AMPK-α-RNAi (Pimenta de Castro

et al. 2012). Pimenta de Castro and colleagues have speculated that AMPK-

dependent autophagy may exert a protective role in this fly model of protein

misfolding (2012). Notably, shortly after the Drosophila model of dOTC was

published, researchers published a mouse model of PD where dOTC expression

is driven by the tyrosine hydroxylase promoter (Moisoi et al. 2014). This

progression from early experiments in flies to ensuing studies in mice under-

scores the translational merit of Drosophila research.

As alluded to earlier, a second Drosophila model of PD-related mitochondrial

pathology was achieved by using the Gal4-UAS system to express mutated

LRRK2 (a disease gene mutated in PD) in muscle tissue (Ng et al. 2012). In

addition to exhibiting mitochondrial pathology, these flies exhibited locomotor

dysfunction which was rescued by ectopic expression of parkin (mutations in

parkin can cause PD) (Ng et al. 2012). Researchers demonstrated that ectopic

expression of constitutively active AMPK rescued both mitochondrial and loco-

motor abnormalities in LRRK2 G2019S mutants as well as in parkin mutants

(Ng et al. 2012).

16 The Role of AMPK in Drosophila melanogaster 397



Finally, no discussion of the role of dAMPK in the brain would be complete

without mentioning loechrig (loe) (also reviewed by Lessing and Bonini 2009). Loe
mutants have reduced (“hypomorphic”) dAMPK-γ expression in the nervous sys-

tem (Tschape et al. 2002). This reduced AMPK function allows adult flies to

develop past the earlier lethality found in AMPK-null mutations, but results in a

severe vacuolar pathology and widespread neuronal death in the adult fly brain

(Kazgan et al. 2010; Tschape et al. 2002). More recently, Kretzschmar and col-

leagues have demonstrated that loe mutants have increased prenylation of Rho1

(Rho1 is orthologous to mammalian RhoA) (Cook et al. 2012). Although loechrig
does not model the etiology of AD, Cook et al. stress the translational value of their

research by discussing the link between activated RhoA/Rho-associated protein

kinase (ROCK) signaling and AD (Cook et al. 2012). Pharmacological inhibition of

ROCK, for example, has been shown to decrease Aβ42 levels in vivo (Cole and

Vassar 2006; Zhou et al. 2003).

16.3 Summary

Drosophila is a model organism that allows researchers to use straightforward

genetic approaches to elucidate conserved, AMPK-dependent signaling pathways.

Fly geneticists have used traditional loss-of-function or hypomorphic AMPK

subunit alleles and the versatile Gal4-UAS gene-expression system to elucidate

the physiological functions of AMPK in starvation and longevity studies as well as

in in vivo models of neurodegenerative disorders (Cook et al. 2012; Johnson

et al. 2010; Ng et al. 2012; Pimenta de Castro et al. 2012; Tschape et al. 2002;

Ulgherait et al. 2014). Importantly, translational research in Drosophila may help

provide new insights into the etiology of mammalian disease models, as demon-

strated by recently published models of PD in transgenic flies and mice (Moisoi

et al. 2014; Pimenta de Castro et al. 2012).
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Abstract SnRK1 is an evolutionarily conserved protein kinase complex that

regulates energy homeostasis in plants. In doing so, it promotes tolerance to adverse

environmental conditions and influences a large array of growth and developmental

processes. SnRK1 shares clear structural and functional similarities with its

orthologs, yeast SNF1 and mammalian AMPK, but has evolved unique features

that presumably provide a better adaptation to an autotrophic lifestyle. In this
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chapter, we review current knowledge on SnRK1, an atypical member of the SNF1/

AMPK family, providing insight into its structure, regulation, and functions.

Keywords SNF1-related protein kinase (SnRK1) • Energy signaling •

Homeostasis • Stress • Carbon metabolism • Carbon allocation • Plant

17.1 Introduction

During photosynthesis, plants convert light into chemical energy, i.e., sugars, in

order to sustain their growth and development. In addition to being metabolic

substrates, sugars are also potent signaling molecules, and therefore, sugar produc-

tion in photosynthetic source organs and their distribution and storage in sink

organs are tightly coordinated to ensure proper growth and development

(Lastdrager et al. 2014). This regulation of sugar distribution becomes particularly

relevant in situations of stress, when ATP production through photosynthesis and/or

respiration may be compromised, severely limiting plant growth and crop produc-

tivity (De Block and Van Lijsebettens 2011). The adequate allocation of nutrients

during normal development and upon environmental challenges is poorly under-

stood, but an increasing body of evidence implicates the Snf1-related protein kinase

1 (SnRK1) in the regulation of these processes. SnRK1 is the plant ortholog of yeast

Sucrose non-fermenting1 (SNF1) and mammalian AMP-activated protein kinase

(AMPK). Similarly to SNF1 and AMPK, SnRK1 undergoes activation when energy

levels decline, triggering vast metabolic and transcriptional changes that promote

stress tolerance and survival (Baena-González et al. 2007; Baena-González and

Sheen 2008). Besides orchestrating an efficient stress response, the SnRK1 energy

sensor influences overall plant growth and nutrient remobilization processes such as

seed filling and senescence (Lastdrager et al. 2014; Tsai and Gazzarrini 2014).

Despite its centrality, little is known about how SnRK1 functions and how its

activity is regulated. In this chapter, we will review our current understanding of

SnRK1 complex composition and its regulation and function. Sharing clear struc-

tural and functional similarities with SNF1 and AMPK, the plant kinase has also

evolved unique features that presumably provide a better adaptation to an autotro-

phic lifestyle. The atypical nature of the plant kinase and its relevance for virtually

all aspects of plant life highlight the need for understanding the SnRK1 system

through dedicated research.
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17.2 First Findings About SnRK1

SnRK1 research was initiated with the identification of a Snf1-related protein

kinase in the endosperm of rye (RKIN1) (Alderson et al. 1991). This kinase showed

remarkable sequence similarity with yeast Snf1 and mammalian AMPK, suggesting

the existence of an evolutionarily conserved family of protein kinases (Carling

et al. 1994). This discovery was followed by the isolation of related cDNAs from

multiple plant sources such as Arabidopsis, barley, and tobacco, among others. Rye

RKIN1 (Alderson et al. 1991), as well as tobacco NPK5 (Muranaka et al. 1994),

complemented the yeast snf1 mutant, suggesting a conserved function for the plant

kinases in the control of carbon metabolism. The first in planta evidence for such a

role came from the antisense-mediated silencing of SnRK1α in potato (Halford and

Hardie 1998; Purcell et al. 1998) and wheat embryos (Laurie et al. 2003), which

resulted in decreased expression of the sucrose synthase (SUS4, sucrose-inducible)
and α-amylase (α-AMY2, glucose-repressible) genes, respectively.

Several biochemical studies showed the phosphorylation and inactivation of key

metabolic enzymes of isoprenoid biosynthesis (3-hydroxy-3-methylglutaryl CoA

reductase, HMGR), sucrose synthesis (sucrose phosphate synthase, SPS), and

nitrogen assimilation (nitrate reductase, NR) in cauliflower (Mackintosh

et al. 1992; Ball et al. 1994; Dale et al. 1995a), spinach (McMichael et al. 1995;

Douglas et al. 1997), and Arabidopsis (Dale et al. 1995a; Douglas et al. 1997). Later

on, it was realized that the kinases responsible for these different phosphorylation

events belong to the SnRK1 family (Sugden et al. 1999b). SnRK1 shares similar

substrate recognition motifs with SNF1 and AMPK (Dale et al. 1995b) and has been

shown to phosphorylate and inactivate mammalian HMGR and acetyl-CoA car-

boxylase (ACC, involved in lipid biosynthesis) in the same sites as AMPK (Mack-

intosh et al. 1992). However, the plant ACC is not phosphorylated by SnRK1,

where possibly different regulatory mechanisms have evolved (Mackintosh

et al. 1992).

17.3 SnRK1 Complex Composition

The SNF1/AMPK/SnRK1 kinases show remarkable sequence conservation and

structural similarities (Polge and Thomas 2007; Hedbacker and Carlson 2008;

Carling et al. 2012). As first demonstrated by the purification of mammalian

AMPK (Davies et al. 1994; Mitchelhill et al. 1994), all these kinases function as

heterotrimeric complexes, composed by a catalytic α subunit and two regulatory

subunits, β and γ (Fig. 17.1).
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17.3.1 α-Catalytic Subunit

In plants, the genes encoding the α-catalytic subunits are part of a large SnRK

superfamily that comprises the SnRK1, SnRK2, and SnRK3 groups (Hrabak

et al. 2003). Whereas the SnRK1 group (with 3 members in Arabidopsis,

SnRK1α1/KIN10, SnRK1α2/KIN11, and SnRK1α3/KIN12) is closely related to

the yeast Snf1 and mammalian AMPKα, SnRK2 (with 10 members) and SnRK3

(with 25 members) belong to more divergent plant-specific groups of kinases that

cannot functionally replace SnRK1 (Hrabak et al. 2003) and have been implicated

in abscisic acid (ABA) signaling as well as osmotic and salt stress responses (Coello

et al. 2011). In cereals, the SnRK1 group is further divided into two subgroups,

SnRK1a and SnRK1b, with SnRK1a being more closely related to dicot SnRK1 and

SnRK1b being cereal specific and mostly expressed in the seed (Halford and Hardie

1998).

The SnRK1α-catalytic subunit comprises an N-terminal kinase domain and a

C-terminal regulatory domain. It has the highest degree of cross-species conserva-

tion among the three subunits, especially in the kinase domain of the protein

(Carling et al. 1994; Halford et al. 2003). The kinase domain displays a canonical

fold (Hanks and Hunter 1995) and contains the activation loop (T-loop), in which

the phosphorylation of the conserved threonine (T; SnRK1α1T175/SnRK1α2T176) by
upstream kinases is essential for activity (Stein et al. 2000; Baena-González

et al. 2007; Shen et al. 2009; Crozet et al. 2010, 2014). The C-terminal regulatory

Fig. 17.1 SnRK1 heterotrimeric complex composition. The α subunit (in red) is composed of a

catalytic domain, harboring the conserved T-loop, and a regulatory domain, which encompasses an

ubiquitin-associated (UBA) domain, and a kinase-associated 1 (KA1) domain for binding the β and
γ subunits. The plant-specific SnRK1βγ (in green) appears to be the only canonical γ-type subunit
in plants. In addition to two “Bateman” domains, each containing two cystathionine-β-synthase
(CBS) motifs, and a β-interacting sequence (βIS), SnRK1βγ unconventionally harbors a

carbohydrate-binding module (CBM). The β subunit (in yellow) comprises an N-terminal variable

extension, a CBM, and an association with the SNF1 complex (ASC) domain, containing sites of

interaction with α and γ. The plant-specific SnRK1β3 is an atypical β subunit, as it does not possess
the N-terminal variable extension or the CBM
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region harbors an ubiquitin-associated (UBA) domain that may mediate

noncovalent interactions with ubiquitylated proteins (Hofmann and Bucher 1996;

Farrás et al. 2001) and a kinase-associated 1 (KA1) domain, responsible for the

interaction with regulatory subunits and upstream phosphatases, as well as with

other interacting proteins (Bhalerao et al. 1999; Kleinow et al. 2000; Farrás

et al. 2001; Chiang et al. 2013; Rodrigues et al. 2013).

The α-catalytic subunits can form dimers in yeast and mammals, as observed in

crystals in vitro and in co-immunoprecipitation assays in vivo (Rudolph et al. 2005;

Nayak et al. 2006; Scholz et al. 2009), and the same might occur with the plant α
subunits (Nunes et al. 2013b; Coello and Martı́nez-Barajas 2014b). However, the

physiological relevance of such a level of organization is still unclear.

17.3.2 β- and γ-Regulatory Subunits

Sequence homology searches also allowed the identification of conserved β- and
γ-regulatory subunits and prompted studies demonstrating physical interactions

with the yeast and among the plant subunits (Bouly et al. 1999; Kleinow

et al. 2000; Gissot et al. 2004). Atypical plant-specific β- and γ-regulatory subunits

were also identified (Lumbreras et al. 2001; Gissot et al. 2004; Hardie 2007;

Ghillebert et al. 2011).

Arabidopsis harbors two highly conserved SnRK1β1/AKINβ1 and SnRK1β2/
AKINβ2 subunits, with a high degree of identity (49%) between them (Bouly

et al. 1999). The β1 and β2 subunits contain a carbohydrate-binding motif (CBM)

in the middle of the protein as well as a C-terminal association with SNF1 complex

(ASC) domain. The CBM domain is lacking in the SnRK1β3/AKINβ3 protein,

which nevertheless is, likewise the β1 and β2 subunits, able to interact with the α
and γ subunits and complement a yeast mutant devoid of all three β subunits (Gissot
et al. 2004; Polge et al. 2008). The primordial function of the regulatory β subunits
is therefore to act as a scaffold between the α and γ subunits. The CBM domain

binds glycogen in yeast and mammals (Polekhina et al. 2003; Wiatrowski

et al. 2004; Polekhina et al. 2005; McBride et al. 2009). In plants, recent evidence

suggests that the CBM of the β or the atypical βγ subunits does not mediate SnRK1

binding to carbohydrates, including starch, the plant carbon storage analogue to

glycogen (Emanuelle et al. 2015), although an opposite conclusion was reached in a

previous study (Avila-Casta~neda et al. 2014). The CBM domain largely overlaps

with the previously assigned kinase interaction sequence (KIS) domain, required

for the interaction with the α-catalytic subunit of yeast SNF1 and plant SnRK1

(Jiang and Carlson 1997; Bouly et al. 1999). Besides the conserved domains, β
subunits have an N-terminal variable extension (Warden et al. 2001; Hedbacker

et al. 2004; Hedbacker and Carlson 2006, 2008; Polge et al. 2008; Oakhill

et al. 2010, 2011) that in the Arabidopsis SnRK1β1 subunit is important for the

interaction with NR (Polge et al. 2008).
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The SNF1/AMPK/SnRK1 γ subunit harbors two Bateman domains (Bateman

1997), comprising four cystathionine-beta-synthase (CBS) repeats that in mammals

bind adenylates, providing a mechanism for the allosteric regulation of AMPK

(Carling et al. 1987; Scott et al. 2004). The CBS motifs are preceded by a pre-CBS

domain in the N-terminus that is highly divergent (Viana et al. 2007). In plants, the

γ subunit is highly atypical, as it harbors a CBM sequence present in the β subunits
fused to the N-terminus of a γ subunit (Lumbreras et al. 2001; Gissot et al. 2006).

This plant-specific SnRK1βγ is able to complement the yeast snf4 mutant and to

interact with α and β subunits, forming SnRK1 complexes exclusive to plants

(Kleinow et al. 2000; Gissot et al. 2006; López-Paz et al. 2009; Bitrián

et al. 2011; Ramon et al. 2013; Emanuelle et al. 2015). Similarly to AMPKγ
(Viana et al. 2007), the pre-CBS sequence seems to be essential for SnRK1βγ
function, as deletion of this region results in loss of binding to the AKINβ2 subunit
and the inability to complement the yeast snf4 mutant (Ramon et al. 2013). On the

contrary, the SnRK1γ subunit is unable to rescue snf4 and does not interact with α
and β subunits in vivo (Ramon et al. 2013; Emanuelle et al. 2015). In addition to

SnRK1γ, an extended family of γ-subunit-like proteins is present in plants (Gissot

et al. 2006; Robaglia et al. 2012). However, phylogenetic analyses place these

genes outside of the monophyletic clade to which SnRK1βγ and yeast and animal

SNF4/AMPKγ-like genes belong (Ramon et al. 2013). Furthermore, genes repre-

sentative of these more distant clades are unable to complement the yeast snf4
mutant, altogether indicating that in higher plants only the βγ-type proteins have

retained the canonical γ-subunit function (Ramon et al. 2013). Interestingly,

SnRK1βγ is able to homodimerize through the CBM and the CBS domains

(López-Paz et al. 2009). Given that dimeric associations through a KIS/CBM-

related domain of glucoamylase are critical for binding and hydrolyzing starch in

Aspergillus niger (Jørgensen et al. 2008), SnRK1βγ homodimers could potentially

interact with carbohydrates to modulate the activity of the SnRK1 complex (López-

Paz et al. 2009).

The number of SnRK1 complexes that can theoretically be formed varies

significantly between plants. In Arabidopsis, six different SnRK1 αβγ heterotrimers

assemble through various combinations of α1/α2 [SnRK1α3 is poorly expressed in

most plant tissues; (Baena-González et al. 2007)], β1/β2/β3, and βγ (Bouly

et al. 1999; Gissot et al. 2004, 2006; Ramon et al. 2013; Emanuelle et al. 2015).

However, the number of possible heterotrimers increases if alternative transcription

initiation or splicing events are considered (Gissot et al. 2006; Steinberg and Kemp

2009; Ghillebert et al. 2011). In addition, hormones and metabolic and environ-

mental cues differentially regulate the expression of specific SnRK1 subunits

(Bradford et al. 2003; Buitink et al. 2003; Schwachtje et al. 2006; Cernadas

et al. 2008; Polge et al. 2008; Li et al. 2009; Radchuk et al. 2010). SnRK1 complex

composition may also be unique to particular subcellular compartments, tissues, or

developmental stages. For instance, Arabidopsis SnRK1β1 has specific patterns of

expression throughout plant development and the expression of SnRK1β1 is

induced by ammonium and dark and repressed by sugar (Polge et al. 2008; Li

et al. 2009). SnRK1β1-containing complexes interact specifically with NR,
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promoting its phosphorylation-dependent inhibition with a consequent

downregulation of nitrogen assimilation (Polge et al. 2008). In a study using bean

seeds, where SnRK1 complexes were separated by size-exclusion chromatography

(Coello and Martı́nez-Barajas 2014a), the differential distribution of SnRK1 activ-

ity per size/fraction throughout seed development supported the idea that multiple

types of SnRK1 complexes may exist. Different SnRK1 complexes may possess

distinct substrate specificities and differ in their susceptibility to inhibitory metab-

olites (Nunes et al. 2013b; Coello and Martı́nez-Barajas 2014a).

It was also suggested that SnRK1 could form heterodimers composed of α and

βγ subunits and devoid of a β-regulatory subunit (Lumbreras et al. 2001; Bitrián

et al. 2011), but recent studies do not support this hypothesis (Ramon et al. 2013;

Emanuelle et al. 2015).

17.4 Regulation of the SnRK1 Complex

In addition to the subunit composition of the complex, SNF1/AMPK/SnRK1

kinases are controlled by numerous other mechanisms that have an impact on

kinase activity, stability, and/or subcellular localization. However, compared to

its yeast and mammalian orthologs, several studies have highlighted differences in

how SnRK1 is activated in response to energy stress.

17.4.1 Post-translational Modifications

Post-translational modifications allow rapid and dynamic changes on the proteome

that do not rely on translation, which is one of the most energy-demanding

processes in the cell (Lane and Martin 2010; Chantranupong et al. 2015). Besides

the essential role of T-loop phosphorylation on the catalytic subunit of SNF1/

AMPK/SnRK1 complexes for activity, several other post-translational modifica-

tions have been characterized and implicated in the regulation of this conserved

family of protein kinases (Crozet et al. 2014) (Table 17.1).

17.4.2 Phosphorylation

The phosphorylation of a conserved threonine (T) residue (Snf1T210; AMPKα1T183/
AMPKα2T172; SnRK1α1T175/SnRK1α2T176) in the catalytic subunit is essential for

SNF1/AMPK/SnRK1 activity (Stein et al. 2000; McCartney and Schmidt 2001;

Baena-González et al. 2007; Shen et al. 2009; Crozet et al. 2010). In yeast and

mammalian systems, a clear correlation is observed between kinase activation

under low glucose/energy and T-loop phosphorylation (Hedbacker and Carlson
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Table 17.1 List of post-translational modifications reported for SnRK1 subunits and factors

(potentially) influencing these modifications

Event Effect System References

T-Loop Phosphorylation

SnRK1α1T175/
SnRK1α2T176

In vitro (1)

Regulators

SnAK1/2 (GRIK2/1) SnRK1 phosphorylation/activation In vitro, Y2H, yeast (2–5)

ABI1/PP2CA

phosphatases

SnRK1 dephosphorylation/

repression

In vitro, In vivo (6)

Mammalian PP2C

and PP2A

SnRK1 dephosphorylation/

inactivation

In vitro on SnRK1 partly purified

from plants

(1)

Mammalian PP2C,

PP1. λPP
No effect In vitro on recombinant trimer (7)

AMP Indirect protection from

dephosphorylation

In vitro on SnRK1 partly purified

from plants

(1)

AMP/ADP No effect In vitro on recombinant

heterotrimers

(7)

Other Phosphorylation

α1, α2, β1, β2, βγ Unknown In vitro (8–14)

Ubiquitylation

α1, α2, βγ Unknown In vivo (10–17)

Regulators

5PTase13 Interaction/SnRK1 stability/

activity

In vitro, Y2H, In vivo (18)

PRL1 Interaction/SnRK1 stability/

activity

In vitro, Y2H, In vivo (16, 19,

20)

ASK1/SKP1 Interaction In vitro, Y2H, In vivo (20)

Myristoylation

β1, β2 SnRK1 localization to

PM/inhibition

In vivo (21)

Sumoylation

α1, β1, β2 Attenuation of SnRK1 signaling In vitro, In vivo (22)

Regulators

SCE1 Interaction Y2H (23)

ESD4 Interaction Y2H (23)

SIZ1 Hyperactivation of SnRK1 signal-

ing in siz1-2
In vitro, In vivo (22)
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(2012); (10) Heazlewood, J. L. et al., Nucleic Acids Res 36, D1015–1021 (2008); (11) Nakagami,

H. et al., Plant Physiol 153, 1161–1174 (2010); (12) Umezawa, T. et al., Sci Signal 6, rs8 (2013);

(13) Wang, P. et al., Proc Natl Acad Sci USA 110, 11205–11210 (2013); (14) Yao, Q. et al., Front.
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2008; Steinberg and Kemp 2009). Unlike the yeast and mammalian counterparts,

equal phosphorylation levels of SnRK1α1T175/SnRK1α2T176 are detected in control
and low-energy (SnRK1 activating) conditions as well as in pp2cmutant plants that

display deficient repression of the SnRK1 pathway (Baena-González et al. 2007;

Fragoso et al. 2009; Coello et al. 2012; Rodrigues et al. 2013). It is possible that a

finer level of regulation, with tissue or subcellular specificity, may remain undetected

with analyses of total plant cell extracts. Indeed, size fractionation analyses from

Arabidopsis seedlings revealed stronger SnRK1α1T175/SnRK1α2T176 phosphoryla-

tion in fractions with maximal SnRK1 activity and of approximately 100 kDa in

size, suggesting that phosphorylation may be higher when the catalytic subunit

is incorporated into a heterotrimeric complex (Nunes et al. 2013b). It is also

possible that SnRK1 is regulated by other phosphorylation events (Heazlewood

et al. 2008; Nakagami et al. 2010; Engelsberger and Schulze 2012; Yao

et al. 2012; Umezawa et al. 2013; Wang et al. 2013) or mechanisms

(Table 17.1).

Several kinases are known to activate Snf1 (Sak1, Elm1, and Tos3) and AMPK

(LKB1, CaMKKβ, TAK1) by phosphorylation of the T-loop (Hedbacker and

Carlson 2008; Steinberg and Kemp 2009). Based on sequence similarity, yeast

mutant complementation, and phosphorylation assays, SnRK1 activating kinases

1 and 2 (SnAK1/2; also called Geminivirus Rep-interacting kinase 2/1, GRIK2/1)

were identified as upstream kinases of SnRK1 (Shen and Hanley-Bowdoin 2006;

Hey et al. 2007; Shen et al. 2009; Crozet et al. 2010). SnAKs appear to be

constitutively active and are insensitive to Ca2+, to AMP, and to the CaMKK-

specific inhibitor STO-609, when assayed in vitro (Shen et al. 2009). SnAKs

autophosphorylate on SnAK1T153/SnAK2T154, and this phosphorylation is required

for their activity (Crozet et al. 2010). SnRK1 cross-phosphorylates and inactivates

SnAK1S260/SnAK2S261 in vitro, probably as part of a negative feedback loop to

tightly control SnRK1 activation (Crozet et al. 2010). However, along with the lack

of in planta evidence for SnAKs’ functional relevance on SnRK1 signaling,

SnAKs/GRIKs are only detected in geminivirus-infected mature leaves and in

actively proliferating tissues that do not cover the range of detection of SnRK1

phosphorylation (Shen et al. 2009). Proteasomal degradation of SnAKs may justify

the undetectably low levels of these proteins in several tissues, but it is also possible

that other upstream kinases exist (Shen and Hanley-Bowdoin 2006; Shen

et al. 2009). Mammalian CaMKK can phosphorylate SnRK1 purified from spinach

in vitro (Sugden et al. 1999a), and the CIPK15-SnRK1A-MYBS1 circuitry,

required for rice seedlings to tolerate hypoxic conditions during flooding (Lee

et al. 2009), suggests that endogenous Ca2+-dependent kinases like CIPKs or others

may also serve as SnRK1 upstream kinases (Crozet et al. 2014).

Conversely, several phosphatases act on Snf1 and AMPK to counteract phos-

phorylation when glucose/energy levels are restored (Hedbacker and Carlson 2008;

Steinberg and Kemp 2009). Mammalian PP2A and PP2C phosphatases were

reported to dephosphorylate and inactivate plant SnRK1 in vitro (Sugden

et al. 1999a). Recently, clade A PP2Cs, ABI1 and PP2CA, were reported to interact

and dephosphorylate Arabidopsis SnRK1α1 (Rodrigues et al. 2013). PP2Cs
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inactivate SnRK1 in response to sugars, and conversely, repression of PP2Cs by the

ABA receptors allows the activation of SnRK1 by this phytohormone (Rodrigues

et al. 2013). Other phosphatases were reported to interact with SnRK1α in vitro and

in yeast two-hybrid assays, namely PP2C74 (Tsugama et al. 2012) and the dual-

specificity protein tyrosine phosphatase PTPKIS1 (Fordham-Skelton et al. 2002),

although the functional relevance of these interactions is still unknown. PTPKIS1

binds starch through a CBM domain (Fordham-Skelton et al. 2002; Kerk

et al. 2006) and was identified as the component responsible for starch

overaccumulation in the sex4 mutant (Niittylä et al. 2006), suggesting that it may

regulate the initial steps of starch degradation at the granule surface (Niittylä

et al. 2006; K€otting et al. 2009).

Searches in public phosphoproteomics databases retrieve several

phosphoresidues in the SnRK1α catalytic subunits in addition to the conserved

T-loop threonine, as well as several phosphoresidues in the regulatory subunits

(Heazlewood et al. 2008; Nakagami et al. 2010; Engelsberger and Schulze 2012;

Yao et al. 2012; Umezawa et al. 2013; Wang et al. 2013; Choudhary et al. 2015),

but no particular function has yet been ascribed for these phosphorylation events.

Interestingly, the pathogen-induced cell death suppressor Adi3 interacts with

SnRK1α1 in tomato, phosphorylating the Gal83 β subunit and thereby inhibiting

SnRK1 activity (Avila et al. 2012). Whether this or similar mechanisms connect

cell death to SnRK1 control and whether this plays a role in other types of

environmental, metabolic, and hormonal cues awaits further investigation.

17.4.3 Ubiquitylation

The activity of protein kinases commonly initiates their downregulation through the

ubiquitin-proteasome system (Lu and Hunter 2009). In agreement with this view,

the inactive kinases SnRK1α1K48M and SnRK1α1T175A (impaired in phospho-

transfer activity and in T-loop phosphorylation, respectively) accumulate to much

higher levels than the active SnRK1α1 protein in Arabidopsis cells (Baena-

González et al. 2007), suggesting a connection between SnRK1 activity and

stability. Large proteomics studies to identify ubiquitylated proteins in planta
detected ubiquitylation of SnRK1α1, SnRK1α2, and SnRK1βγ (Maor et al. 2007;

Kim et al. 2013). The extent of ubiquitylation increased substantially upon MG132

treatment, in line with other studies reporting the proteasomal degradation of

SnRK1 subunits (Bhalerao et al. 1999; Ananieva et al. 2008; Lee et al. 2008;

Kim et al. 2013; Crozet et al. 2016).

Remarkably, SnRK1α1 immunoprecipitates contain vast amounts of ubiquitin

conjugates, and the levels of these are greatly reduced in the siz1-2 E3 SUMO ligase

mutant, suggesting a cooperative interplay between sumoylation and ubiquitylation

in SnRK1 degradation (Crozet et al. 2016). Such cross talk has also been identified

in yeast, where sumoylated Snf1 is ubiquitylated via the SUMO-targeted ubiquitin

ligase Slx5–Slx8 and subsequently degraded (Simpson-Lavy and Johnston 2013).

412 L. Margalha et al.



In addition to SIZ1-mediated sumoylation, other factors have been reported to

influence SnRK1α1 stability. SnRK1α1 is targeted for proteasomal degradation in

a 5PTase13-dependent manner under low nutrient conditions (Ananieva

et al. 2008). SnRK1α1 degradation may also be mediated by the DDB1-CUL4-

ROC1-PRL1 E3 ubiquitin ligase, in which PRL1 is the putative substrate receptor

of the complex (Lee et al. 2008). SnRK1α1 interacts with PRL1 (Bhalerao

et al. 1999; Farrás et al. 2001), and its proteasomal degradation is slower in prl1
and cul4cs extracts than in the wild type, accumulating to a higher extent in these

mutants (Lee et al. 2008). On the other hand, PRL1 was reported to compete with

SKP1/ASK1 for binding SnRK1α1 and SnRK1α2 (Farrás et al. 2001). SKP1/ASK1
is a component of SCF E3 ubiquitin ligases, and although SnRK1 participates in the

assembly of a proteasomal complex with this E3 ligase, there is also the possibility

that SnRK1 degradation is mediated by either the SCF complex or the CUL4-DDB1

machinery (Farrás et al. 2001; Lee et al. 2008).

17.4.4 Sumoylation

Arabidopsis SnRK1α1 was shown to interact with the E2 SUMO conjugating

enzyme SCE1 and with the SUMO protease ESD4 in a yeast two-hybrid screen

(Elrouby and Coupland 2010). Furthermore, in the same study, SnRK1α1 was

found to be sumoylated with both SUMO1 and SUMO3 isoforms in a high-

throughput heterologous assay in E. coli. Recently, SnRK1 sumoylation was

shown to occur in planta, seemingly as a coordinated event at the level of the

whole complex, and SIZ1 was identified as the E3 SUMO ligase responsible for this

modification (Crozet et al. 2016). Sumoylation represses SnRK1 signaling in vivo,

promoting degradation of the kinase through the ubiquitin-proteasome system.

Interestingly, SIZ1-dependent degradation of SnRK1 is strictly dependent on the

activity of the kinase, suggesting this as a negative feedback mechanism to atten-

uate SnRK1 signaling and prevent detrimental overactivation of the pathway

(Castro et al. 2015; Crozet et al. 2016).

Sumoylation has recently emerged as an important mechanism also in the

regulation of Snf1 (Simpson-Lavy and Johnston 2013; Simpson-Lavy et al. 2015)

and AMPK (Rubio et al. 2013; Hendriks et al. 2014). Although differences with the

regulation of the plant kinase have been reported in both cases, the fact that

AMPKα sumoylation increases in response to heat shock or proteasome inhibition

(Hendriks et al. 2014) and the fact that sumoylated Snf1 is ubiquitylated and

targeted for degradation (Simpson-Lavy and Johnston 2013) also suggest some

common principles.
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17.4.5 Myristoylation

Myristoylation of AMPK, SNF1, and SnRK1 modulates kinase activity and sub-

cellular localization (Crozet et al. 2014). Myristoylation of SnRK1 was found to be

critical for differentiation of the shoot apical meristem and overall plant develop-

ment. In the myristoylation-deficient nmt1-1 mutant, SnRK1 kinase activity and

SnRK1β1 transcript levels were fivefold and twofold higher, respectively, than in

wild-type plants (Pierre et al. 2007). In the same study, GFP fusions of either

SnRK1β1 or SnRK1β2 localized to the plasma membrane, whereas a G2A substi-

tution preventing myristoylation of the β subunits re-localized SnRK1β1 to the

nucleus and SnRK1β2 to the cytoplasm, mimicking what happens in the nmt1-1
line. It was hence suggested that myristoylation of β1 or β2 subunits sequesters the

complex to the plasma membrane, acting as a negative regulator of the SnRK1

pathway, in accordance with the SnRK1 overactivation and glucose hypersensitiv-

ity of the nmt1-1 mutant (Pierre et al. 2007; Traverso et al. 2008).

17.4.6 Adenylates

The high AMP/ATP and ADP/ATP ratios present in metabolically stressed cells

activate Snf1 and AMPK, promoting phosphorylation by upstream kinases and

conferring protection from dephosphorylation by upstream phosphatases (Hardie

2014). Furthermore, in mammals, AMP binding to the CBS motifs in the

γ-regulatory subunit of AMPK triggers its allosteric activation (Oakhill

et al. 2010, 2011; Xiao et al. 2011; Carling et al. 2012; Oakhill et al. 2012;

Chandrashekarappa et al. 2013; Gowans et al. 2013). In contrast, SnRK1 regulation

by AMP was only associated with protection from dephosphorylation in an assay

with recombinant mammalian PP2C and purified SnRK1 complex from spinach

leaves (Sugden et al. 1999a). A more recent work has confirmed the unique nature

of the plant kinase and the lack of direct effects by AMP or ADP on kinase activity

using a recombinant trimer (Emanuelle et al. 2015). Interestingly, modeling of the

SnRK1βγ CBS motifs revealed that all of the three sites equivalent to the AMPKγ
nucleotide-binding sites lack residues that are important for accommodating ade-

nine nucleotides, providing an explanation for the lack of allosteric regulation of

SnRK1 by adenylates (Sugden et al. 1999a; Emanuelle et al. 2015).

17.4.7 Sugars

Several lines of evidence implicated SnRK1 in sugar sensing and signaling. On one

hand, the activation of SnRK1 by several stresses that converge as a common

energy-deficit signal can be blocked by glucose or sucrose supply (Baena-González
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et al. 2007). Consistent with this, the transcriptional profile induced by SnRK1

pathway activation largely overlaps with profiles obtained under a variety of

starvation conditions (Contento et al. 2004; Lin and Wu 2004; Thimm

et al. 2004; Buchanan-Wollaston et al. 2005; Baena-González et al. 2007) and is

opposite to profiles obtained under sucrose or glucose feeding (Palenchar

et al. 2004; Price et al. 2004). On the other hand, sugars modulate SnRK1 signaling

at several levels. Transcriptionally, sucrose deprivation stimulated Vicia faba
SnRK1 promoter activity in Arabidopsis protoplasts (Radchuk et al. 2010), and

glucose depletion induced SnRK1β1 expression in germinating Medicago
truncatula seeds (Buitink et al. 2003). Sugars can also modify the transcript levels

of C/S1-class bZIP transcription factors, downstream effectors of SnRK1 signaling

(Rook et al. 1998; Wiese et al. 2005; Weltmeier et al. 2009). bZIP11 expression is

induced by sugars, but its translation is repressed by sucrose (Ma et al. 2011). Other

studies reported the downregulation of bZIP63 by mRNA decay in response to

sugar and ABA signals (Matiolli et al. 2011) and, conversely, a change in the

dimerization properties of bZIP63 during starvation, induced by its SnRK1-

dependent phosphorylation (Mair et al. 2015). Glucose deprivation activated

SnRK1A post-transcriptionally in rice embryos and suspension cells, and this

activation was dependent on the calcineurin B-like-interacting protein kinase

15 (CIPK15) kinase (Lee et al. 2009). SnRK1A protein accumulation was higher

after 24 h of glucose deprivation, and in the absence of SnRK1A transcript changes,

a twofold increase in kinase activity was achieved in comparison to glucose-fed

conditions (Lu et al. 2007). Despite all these observations, it must be noted that the

ultimate stress-derived signal(s) activating SnRK1, as well as the sugar feeding-

derived signal(s) inhibiting SnRK1, remains unidentified.

A more direct effect of specific sugars has been demonstrated with partially

purified SnRK1 complexes on which the addition of trehalose-6-phosphate (T6P),

glucose-6-phosphate (G6P), or glucose-1-phosphate (G1P) has an inhibitory effect

(Toroser et al. 2000; Zhang et al. 2009; Nunes et al. 2013b). T6P is a precursor of

trehalose and plays an important signaling role in plant carbohydrate metabolism,

growth, and development (Tsai and Gazzarrini 2014). Increased T6P accumulation

generally occurs when sucrose levels are high and is thus considered an indicator of

the sugar status of the plant (Lunn et al. 2014). T6P represses SnRK1 activity in

physiological (μM) amounts through an unknown intermediary factor only present

in actively growing young tissues (Schluepmann et al. 2003, 2004; Gomez

et al. 2006; Paul 2007; Paul et al. 2008; Schluepmann and Paul 2009; Zhang

et al. 2009; Debast et al. 2011; Martı́nez-Barajas et al. 2011). Other sugars such

as G6P and G1P also inhibit SnRK1 in young tissues via an intermediary protein

factor that is separable from SnRK1 (Nunes et al. 2013b). Since maximal inhibition

by G6P and G1P was found on SnRK1 complexes of the same size as for T6P

(~174 kDa) (Nunes et al. 2013b), it is likely that the SnRK1 complexes inhibited in

the three cases are similar, possibly requiring the same intermediary factor.
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17.4.8 Hormones

The SnRK1 pathway is intimately associated with plant hormone signaling, and

several hormones, in particular abscisic acid (ABA), have been shown to control

SnRK1 at different levels. In tomato, expression of the SnRK1γ-regulatory subunit,
LeSNF4, was induced in response to ABA or dehydration and was repressed by

gibberellin (GA) (Bradford et al. 2003). Consistent with this, an inhibitor of ABA

synthesis repressed SNF4b gene expression in Medicago truncatula (Buitink

et al. 2003). In another study, auxin and ABA stimulated Vicia faba SnRK1
promoter activity in Arabidopsis and tobacco protoplasts (Radchuk et al. 2010).

Genetic screens to dissect sugar signaling have often retrieved components of

ABA metabolism or signaling, revealing an intimate interplay between sugar and

ABA (Rolland et al. 2006). ABA controls SnRK1 activity posttranscriptionally in a

2C-type protein phosphatase (PP2C)-dependent manner. Two known repressors of

the ABA pathway, the PP2Cs ABI1 and PP2CA, interact with and dephosphorylate

SnRK1α1 and are important for SnRK1 repression in response to sugars (Rodrigues

et al. 2013). ABI1 and PP2CA interact with SnRK2 kinases and are blocked by the

ABA receptors upon ABA binding (Cutler et al. 2010). Thereby, ABA inhibits

PP2C action, resulting in the activation not only of ABA signaling but also of the

SnRK1 pathway. Consequently, SnRK1 and ABA induce largely overlapping

transcriptional responses (Rodrigues et al. 2013). On the other hand, SnRK1 gain-

and loss-of-function approaches result in ABA-related phenotypes that may suggest

additional nodes of cross talk between the two pathways downstream of PP2Cs. For

example, localized SnRK1 silencing in pea seeds via antisense expression causes

defects in seed storage, maturation, and dormancy together with transcriptional

changes that are reminiscent of ABA insensitivity (Radchuk et al. 2006; 2010).

Conversely, overexpression of SnRK1α1 in Arabidopsis results in delayed germi-

nation and in ABA hypersensitivity (Jossier et al. 2009; Tsai and Gazzarrini 2012).

Some studies report a negative regulation of ABA on SnRK1 signaling, possibly

due to the use of different (autotrophic vs. heterotrophic) plant material or condi-

tions that may determine different SnRK1 complex composition (Coello et al. 2012;

Lin et al. 2014).

17.4.9 Scaffold Proteins

The binding of adaptor proteins can further increase the versatility of SNF1/AMPK/

SnRK1 complexes providing specificity toward distinct regulators or substrates under

certain conditions and also by turning the complex susceptible to different metabo-

lites. This appears to be the case for the SnRK1 inhibition by T6P, G1P, and G6P

through a yet unknown intermediary factor (Zhang et al. 2009; Nunes et al. 2013b). A

more recent study reported the inhibition of SnRK1 by a large protein factor

(>30 kDa), although in this case the inhibition was not shown to depend on specific
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sugars (Emanuelle et al. 2015). On the other hand, proteins containing the domain of

unknown function 581 (DUF581) were proposed to function as auxiliary adaptor

modules of SnRK1 (Nietzsche et al. 2014). DUF581 proteins interact with

Arabidopsis SnRK1α1 and α2 catalytic subunits and their co-expression re-locates

SnRK1 to different subnuclear loci. For example, SnRK1 catalytic subunits and

DUF581-18 interact with the transcriptional regulator storekeeper related

1 (STKR1) (Nietzsche et al. 2014), homologous to a transcription factor implicated

in sucrose-regulated gene expression in potato (Zourelidou et al. 2002).

17.4.10 Oligomerization

The formation of higher order oligomeric complexes can provide an additional

layer of kinase regulation (Pellicena and Kuriyan 2006). The expected molecular

weights of SnRK1 heterotrimers were largely exceeded in size-exclusion chroma-

tography analyses (Nunes et al. 2013b), suggesting the existence of higher order

SnRK1 oligomers and/or complex assembly with other proteins. On the other hand,

dimerization was observed with maize SnRK1βγ subunits (López-Paz et al. 2009),
but whether this property is related to the potential oligomerization of the

heterotrimeric complex is not known. It was proposed that oligomerization may

be particularly important in specific subcellular loci where the kinases are highly

concentrated, since dimerization appears to be a reversible and concentration-

dependent process (Riek et al. 2008; Scholz et al. 2009). Higher order oligomers

were associated with an inactive state of the AMPK complex (Scholz et al. 2009),

and it was also speculated that upon dimerization Snf1 becomes inaccessible for

T-loop phosphorylation, rendering the oligomer inactive (Nayak et al. 2006). A

similar outcome could result from SnRK1 oligomerization, since size fractionation

studies revealed a weaker phospho-signal associated with higher order complexes

and a stronger phospho-signal in fractions with the average heterotrimer molecular

weight (Nunes et al. 2013b).

17.4.11 Subcellular Localization

Using a BAC-recombineering strategy to tag endogenous SnRK1 subunits in

Arabidopsis, SnRK1βγ and SnRK1α1 were shown to be most abundant in young

organs, such as leaf primordia, and in the meristematic zones of roots and shoots

(Bitrián et al. 2011). SnRK1βγ and SnRK1α1 co-localized in these tissues to the

plasma membrane, although SnRK1βγ was preferentially localized to the nucleus

and SnRK1α1 to the cytoplasm and ring-shaped structures around the nuclei. In

other tissues, co-localization of SnRK1βγ and SnRK1α1 in the nucleus depended

on the cell type and/or developmental stage and was observed, e.g., in stomata cells

and in ovules (Bitrián et al. 2011). The nuclear localization of SnRK1 subunits
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(Gissot et al. 2006; Pierre et al. 2007; Bitrián et al. 2011; Tsai and Gazzarrini 2012;

Williams et al. 2014; O’Brien et al. 2015) is in accordance with the central role of

SnRK1 in transcriptional reprogramming (Baena-González et al. 2007). Both

nuclear localization (NLS) and nuclear export signal (NES) motifs were character-

ized in AMPKα (Suzuki et al. 2007; Kazgan et al. 2010) and seem to be conserved

in the SnRK1α1 and SnRK1α2 catalytic subunits. It was hypothesized that the

transcription factors FUS3 and PTL may retain SnRK1α1 in the nucleus by binding
to its C-terminal part and masking the conserved NES in this region (O’Brien
et al. 2015). SnRK1β1 and β2 localize to the plasma membrane as a consequence

of their myristoylation, supporting the localization of SnRK1 heterotrimeric com-

plexes also at this subcellular site (Pierre et al. 2007; Bitrián et al. 2011). However,

it cannot be excluded the presence of SnRK1β2 and β1 in nuclear SnRK1 com-

plexes, since SnRK1β2 can co-localize with βγ in the nucleus (Gissot et al. 2006)

and deletion of the N-terminal myristoylation signal results in nuclear accumulation

of SnRK1β1 complexes (Ferrando et al. 2001; Gissot et al. 2006). The atypical

SnRK1β3 subunit lacks the conserved N-terminal and CBM domains and does not

present a glycine in position 2, precluding its myristoylation and membrane asso-

ciation (Gissot et al. 2004, 2006; Pierre et al. 2007). Transient co-expression of

tagged maize proteins revealed the co-localization of SnRK1βγ, SnRK1α, and
SnRK1β also in cytoplasmic speckles, in agreement with a role in the regulation

of key metabolic cytoplasmic enzymes (López-Paz et al. 2009). SnRK1 was further

observed in the Golgi (O’Brien et al. 2015) and in chloroplasts (Fragoso et al. 2009),
although it is not clear why such localization was not detected in other studies.

17.5 SnRK1 Function

SnRK1 is at the interface of several stress, hormone, and metabolic signaling

pathways (Baena-González et al. 2007; Baena-González and Sheen 2008; Halford

and Hey 2009). In this section, we will provide an overview of the processes in

which SnRK1 has been implicated, ranging from carbon metabolism and allocation

to various growth and developmental aspects and stress responses (Fig. 17.2).

17.5.1 Energy and Carbon Metabolism

Early work on SnRK1 suggested a conserved and ancestral role in metabolic control

through enzyme phosphorylation and transcriptional regulation (Halford and

Hardie 1998; Purcell et al. 1998; Sugden et al. 1999b). Although the phosphoryla-

tion of HMGR, NR, and SPS by SnRK1 has been demonstrated only in vitro

(Sugden et al. 1999b), several observations support that this is the case also

in vivo. SPS and NR are rapidly inactivated upon transition from light to dark,

coinciding with their strong phosphorylation (McMichael et al. 1995). On the other
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hand, their phosphorylation is prevented by G6P, which in turn is known to repress

SnRK1 activity (Toroser et al. 2000; Zhang et al. 2009; Nunes et al. 2013b).

Members of the class II T6P synthase (TPS) proteins are also phosphorylated by

SnRK1 (Glinski and Weckwerth 2005; Harthill et al. 2006). Class II TPSs are

catalytically inactive and are thought to play a regulatory role in carbon metabolism

(Ramon et al. 2009).

Other additional putative targets of phosphorylation are (i) the cytosolic pyruvate

kinase (PKc), key enzyme of glycolysis (Beczner et al. 2010); (ii) the

nonphosphorylating glyceraldehyde-3-phosphate dehydrogenase (np-Ga3PDHase),

a cytosolic unconventional glycolytic enzyme specifically phosphorylated in

Fig. 17.2 SnRK1 influences the stress response and a wide range of growth and developmental

processes. SnRK1 is important for balancing energy use and storage and has been implicated in

fundamental growth and developmental processes in plants, including cell cycle regulation, seed

development (storage, maturation, dormancy), germination, seedling growth, vegetative develop-

ment, flowering, and senescence. In most cases, the underlying molecular details are unknown, but

increasing mechanistic insight is being provided by the identification of targets and other

interacting proteins (Table 17.2)
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Table 17.2 List of SnRK1 targets and other identified SnRK1 interactors

Targets/Other

interactors Effect System References

Transcription factors

bZIP63 Interaction/phosphorylation/altered

bZIP dimerization

Y2H, In vivo (1)

FUS3 Interaction/phosphorylation/FUS3

stabilization

In vitro, Y2H,

In vivo

(2)

PTL Interaction In vitro, Y2H,

In vivo

(3)

ATAF1 Interaction In vitro, Y2H (4)

IDD8 Interaction/phosphorylation/IDD8

inactivation

In vitro, In

vivo

(5)

STKR1 Interaction Y2H (6)

MYC2 Interaction/MYC2 destabilization In vitro; Y2H;

In vivo

(7)

Metabolic enzymes

HMGR Phosphorylation/inactivation In vitro (8–11)

SPS Phosphorylation/inactivation In vitro (11, 12)

NR Interaction/phosphorylation/14-3-3

binding/inactivation

In vitro; In

vivo

(10–15)

F2KP Phosphorylation/14-3-3 binding In vitro (16)

TPS5 Phosphorylation/14-3-3 binding In vitro (17)

PKc Interaction/regulation of activity In vitro; Y2H (18)

np-Ga3PDHase Phosphorylation/14-3-3 binding In vitro (19, 20)

Biotic stress interactors

Geminivirus AL2 and

L2 proteins

Interaction/SnRK1 inhibition In vitro, Y2H,

In vivo

(21)

Geminivirus AL2/C2

proteins

Phosphorylation/delay of viral

infection

In vitro, In

vivo

(22)

Geminivirus βC1 protein Interaction/phosphorylation/delay of

viral infection

In vitro, In

vivo

(23)

Bacterial AvrBsT

protein

Interaction Y2H (24)

Plant Adi3 cell death-

supressor

Interaction/phosphorylation of

SnRK1β/SnRK1 inhibition

In vitro; Y2H (25)

Plant HSPRO1/2

proteins

Interaction Y2H (26)

Abiotic stress interactors

BHSP17 (class I heat

shock protein)

Phosphorylation In vitro (27)

SKIN1 and 2 kinases Interaction/inhibition of SnRK1A

signaling

Y2H (28)

CPK15 kinase Interaction In vivo (29)

(continued)
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heterotrophic tissues (Piattoni et al. 2011); and (iii) the bifunctional enzyme

6-phosphofructo-2-kinase/fructose-2-6-bisphosphatase (F2KP) (Kulma et al. 2004),

which produces and degrades fructose-2-6-bisphosphate (Fru-2,6bP). Fru-2,6bP

inhibits cytosolic fructose-1,6-bisphosphatase (FBPase), which catalyzes the first

committed step in the pathway of sucrose production. In this way, Fru-2,6bP coor-

dinates the rates of sucrose production and carbon assimilation and controls

partitioning of photoassimilate between sucrose and starch (Stitt 1987). This capacity

to modulate photoassimilate partitioning appears to be an important determinant of

growth and fitness in highly fluctuating natural environments (Mccormick and

Kruger 2015).

Table 17.2 (continued)

Targets/Other

interactors Effect System References

Others

SnAK1/2 (GRIK2/1)

kinases

Phosphorylation/SnAK inactivation In vitro (30)

PP2C74, phosphatase Interaction In vitro; Y2H (31)

PTPKIS1, phosphatase Interaction In vitro; Y2H (32)

KRP6 and KRP7, cell

cycle regulators

Phosphorylation/KRP6 inhibition In vitro; In

vivo

(33)

CDKE1, cyclin-

dependent kinase

Interaction In vivo (34)

SKD1, AAA-type

ATPase

Interaction/phosphorylation In vitro, Y2H,

In vivo

(35)

DUF581 proteins Interaction Y2H, In vivo (6)

(1) Mair, A. et al., eLife 4 (2015); (2) Tsai, A. Y.-L., Gazzarrini, S., Plant J 69, 809–821 (2012);

(3) O’Brien, M. et al., J Exp Bot 66, 2475–2485 (2015); (4) Kleinow, T. et al., Plant Sci

177, 360–370 (2009); (5) Jeong, E.-Y. et al., BMC Plant Biol 15, 110 (2015); (6) Nietzsche,

M. et al., Front Plant Sci 5, 54 (2014); (7) Im, J. H. et al., Plant Cell Environ 37, 2303–2312 (2014);

(8) Ball, K. L. et al., Eur J Biochem 219, 743–750 (1994); (9) Dale, S. et al., Eur J Biochem

233, 506–513 (1995); (10) Douglas, P. et al., Biochem J 325 (Pt 1), 101–109 (1997); (11) Sugden,

C. et al., Plant Physiol 120, 257–274 (1999); (12) McMichael, R. W. et al., Plant Physiol

108, 1077–1082 (1995); (13) Jossier, M. et al., Plant J 59, 316–328 (2009); (14) Li, X.-F. et al.,

J Integr Plant Biol 51, 513–520 (2009); (15) Polge, C. et al., Plant Physiol 148, 1570–1582 (2008);

(16) Kulma, A. et al., Plant J 37, 654–667 (2004); (17) Harthill, J. E. et al., Plant J 47, 211–223

(2006); (18) Beczner, F. et al., J Plant Physiol 167, 1046–1051 (2010); (19) Bustos, D. M., Iglesias,

A. A., Plant Physiol 133, 2081–2088 (2003); (20) Piattoni, C. V. et al., Plant Physiol

156, 1337–1350 (2011); (21) Hao, L. et al., Plant Cell 15, 1034–1048 (2003); (22) Shen,

W. et al., J Virol 88, 10598–10612 (2014); (23) Shen, Q. et al., Plant Physiol 157, 1394–1406

(2011); (24) Szczesny, R. et al., New Phytol 187, 1058–1074 (2010); (25) Avila, J. et al., Plant

Physiol 159, 1277–1290 (2012); (26) Gissot, L. et al., Plant Physiol 142, 931–944 (2006);

(27) Slocombe, S. P. et al., Plant Physiol Biochem 42, 111–116 (2004); (28) Lin, C.-R. et al.,

Plant Cell 26, 808–827 (2014); (29) Lee, K.-W. et al., Sci Signal 2, ra61 (2009); (30) Crozet,

P. et al., J Biol Chem 285, 12071–12077 (2010); (31) Tsugama, D. et al., FEBS Lett 586, 693–698

(2012); (32) Fordham-Skelton, A. P. et al., Plant J 29, 705–715 (2002); (33) Guérinier, T. et al.,

Plant J 75, 515–525 (2013); (34) Ng, S. et al., J Biol Chem 288, 3449–3459 (2013); (35) Chiang,

C.-P. et al., J Exp Bot 64, 2385–2400 (2013)
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In the case of NR, F2KP, np-Ga3PDHase, and TPS5, phosphorylation by SnRK1

results in the recruitment of 14-3-3 proteins, and, at least for NR and

np-Ga3PDHase, binding of 14-3-3 s contributes to enzyme inactivation (Moorhead

et al. 1996; Ikeda et al. 2000; Bustos and Iglesias 2003; Kulma et al. 2004; Harthill

et al. 2006; Piattoni et al. 2011).

In addition to direct enzyme regulation, SnRK1 controls energy homeostasis

also by triggering a vast transcriptional reprogramming (Baena-González

et al. 2007; Baena-González and Sheen 2008). Part of these transcriptional changes

occur through S1- and C-class bZIP transcription factors, which can form homo-

and heterodimers (Lastdrager et al. 2014). As recently shown for the C-class

bZIP63, phosphorylation by SnRK1 changes the dimerization properties of the

transcription factor (Mair et al. 2015), therefore generating a large and complex

network of bZIP regulators. In the last years, miRNAs have also been implicated in

the regulation of SnRK1 targets (Confraria et al. 2013).

SnRK1 induces more than 300 genes involved in various remobilization pro-

cesses, including amino acid catabolism; cell wall, sucrose, starch, and polysac-

charide hydrolysis; lipid mobilization; and beta-oxidation (Baena-González

et al. 2007; Baena-González and Sheen 2008). One major class of genes induced

by the SnRK1-bZIP axis relates to proline and branched-chain amino acids (Mair

et al. 2015) which may serve as alternative energy sources during stress (Szal and

Podgorska 2012). Interestingly, several of the class II TPS genes are differentially

regulated by SnRK1 and in response to carbon supply. Expression of TPS5 is

induced by sugars and repressed by SnRK1 activation, whereas TPS8-9-10 are

repressed by sugars and induced by SnRK1 and starvation (Price et al. 2004;

Blasing et al. 2005; Baena-González et al. 2007; Osuna et al. 2007). Concomitantly,

SnRK1 represses more than 300 genes involved in biosynthetic processes like

amino acid, cell wall, nucleotide, protein, and carbohydrate synthesis. Transcrip-

tional regulators, chromatin remodeling factors, and signal transduction compo-

nents are also transcriptionally regulated by SnRK1 (Baena-González and Sheen

2008).

The connection to metabolism is further supported by the phenotypes of plants

with an altered SnRK1 pathway. SnRK1 silencing causes male sterility in barley

(Zhang et al. 2001) and defective seed storage, maturation, and dormancy in pea

(Radchuk et al. 2006). Presumably, pollen grains and seeds fail to enter the

maturation stage because of their inability to convert sucrose to starch and storage

products. In the moss Physcomitrella patens, depletion of SnRK1 in a snf1a snf1b
null mutant impairs starch accumulation and growth in a normal day/night cycle.

The mutant is only viable if grown under constant illumination or with exogenous

sugar supply (Thelander et al. 2004). In contrast, in Arabidopsis, decreased starch

accumulation was reported for plants overexpressing SnRK1α1 (Jossier

et al. 2009). Full SnRK1 depletion seems to be lethal in higher plants (Baena-

González et al. 2007), but when SnRK1α is transiently and systemically silenced,

starch degradation is impaired leading to starch accumulation in the end of the night

(Baena-González et al. 2007). This is accompanied by growth arrest and premature

senescence, which cannot be reverted by constant illumination or sugar provision.
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Conversely, SnRK1α1 overexpression in Arabidopsis allows plants to better toler-

ate conditions of limited photosynthesis and carbohydrate supply (Baena-González

et al. 2007).

In cereals, SnRK1 induces α-amylase genes in seeds and consequently promotes

energy mobilization during seed germination and seedling growth (Laurie et al. 2003;

Lu et al. 2007). In potato tubers, SnRK1 regulates Sucrose-Synthase (SuSy) and

ADP-glucose pyrophosphorylase (AGPase), the two major enzymes determining

sink strength and partitioning of sucrose into starch. SnRK1 mediates the sucrose

induction of SuSy gene expression (Purcell et al. 1998) and the sucrose/T6P-induced
redox activation of the AGPase activity (Tiessen et al. 2003; Kolbe et al. 2005).

Altogether, SnRK1 appears to promote on one hand starch degradation and

consequently carbon availability in source tissues (Arabidopsis leaves and endo-

sperm of germinating cereal seeds) and, on the other, starch synthesis and

partitioning of nutrient to long-term storages in sink tissues (barley pollen, potato

tubers, and pea seeds). The molecular basis of such a differential outcome of SnRK1

activity in different organs and cell types has not been clarified yet, but it is likely to

involve differences in the composition of the SnRK1 complex and, in consequence,

differences in the way it is regulated and it controls downstream processes.

17.5.2 Growth and Development

SnRK1 conveys the metabolic status of the plant toward important developmental

decisions, and accordingly, manipulation of the SnRK1 pathway has an impact on

plant growth and architecture. In potato, antisense transcript repression of the

α-subunit PKIN1 (Halford et al. 2003) or of the β-subunit StubGAL83 (Lovas

et al. 2003) affects tuber and root development. Conversely, engineered reduction

of T6P levels in potato tubers activates SnRK1 and induces downregulation of

genes associated to cell proliferation and growth, and upregulation of an inhibitor of

cell cycle progression (Debast et al. 2011). T6P- and SnRK1-mediated signaling is

also involved in the repression of new fruit growth by preexisting fruits in cucumber

plants (Zhang et al. 2015), whereas fruits of transgenic tomato plants

overexpressing SnRK1 ripened earlier than the wild type (Wang et al. 2012). In

Medicago truncatula seeds, repression of SNF4b resulted in reduced seed longevity
(Rosnoblet et al. 2007).

SnRK1A was shown to promote seed germination and seedling growth and to

modulate development in rice (Lu et al. 2007; Cho et al. 2012). SnRK1A-

Interacting Negative Regulators (SKINs) counteracted SnRK1A function,

inhibiting starch and nutrient mobilization from the endosperm and in consequence

seed germination and growth (Lin et al. 2014). Antisense repression of SnRK1 in

pea seeds caused defects in seed storage and maturation reminiscent of ABA

insensitivity. This included downregulation of genes related to cell proliferation,

meristem maintenance and differentiation, leaf formation, and polarity, through

interaction with both ABA-dependent and independent pathways (Radchuk
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et al. 2006, 2010). Additionally, SnRK1 was identified as a very early marker gene

of developing leaf primordia in tomato (Pien et al. 2001).

In Arabidopsis, transient SnRK1α silencing caused dramatic growth defects,

aberrant leaf shape, strong accumulation of anthocyanins, and early senescence

(Baena-González et al. 2007). Less severe silencing allowed the formation of

inflorescences, although they were rudimentary and unviable. The growth defects

of the Arabidopsis SnRK1 loss-of-function plants could not be rescued by constant

illumination or exogenous supply of sucrose, suggesting fundamental roles in

normal vegetative and reproductive growth beyond a purely metabolic regulation.

Conversely, SnRK1α1 overexpression in Arabidopsis caused alterations in inflo-

rescence architecture, as well as delayed flowering and senescence under long-day

conditions (Baena-González et al. 2007; Williams et al. 2014; Jeong et al. 2015).

AMPK was shown to regulate fundamental cellular functions, such as cell

polarity and cell division (Williams and Brenman 2008). Phosphorylation of the

cyclin-dependent kinase inhibitor p27KIP1 by AMPK causes its stabilization and

thereby cell cycle arrest, autophagy, or apoptosis (Liang et al. 2007; Short

et al. 2008; Short et al. 2010). Similarly, SnRK1 phosphorylates the Arabidopsis

p27KIP1 homologs, KRP6 and KRP7, but this phosphorylation seems to promote

cell division (Guérinier et al. 2013). This seemingly counterintuitive function of

SnRK1 in promoting cell cycle progression could be unrelated to its energy-sensing

function, ensuring proper cell division in the absence of stress. It may also serve a

coordinating function, allowing an orderly cell cycle arrest in the ensuing G1 phase.

In a study in Arabidopsis, SnRK1α1 was shown to interact, phosphorylate, and

stabilize the FUSCA3 (FUS3) transcription factor. SnRK1α1 and FUS3 interact

genetically and functionally as positive regulators of ABA signaling, antagonize

embryonic-to-vegetative and vegetative-to-reproductive phase transitions, and reg-

ulate lateral organ development in Arabidopsis (Tsai and Gazzarrini 2012). SnRK1

interacts also with the PETAL LOSS (PTL) transcription factor that represses

growth in inter-sepal zones of Arabidopsis (O’Brien et al. 2015) and with the

plant-specific NAC TF family member ATAF1. ATAF subfamily members are

positive regulators of plant development, and, accordingly, ATAF downregulation

leads to dwarfism, sterility, and reduced or absent flower initiation (Kleinow

et al. 2009). Recently, SnRK1α1 was shown to phosphorylate and repress the

indeterminate domain 8 (IDD8) TF, with a consequent delay in flowering (Jeong

et al. 2015).

17.5.3 Stress

Adverse environmental conditions, such as drought, extreme temperatures,

extended darkness, pollutants, and flooding, result in declining energy levels that

trigger SnRK1 signaling (Baena-González and Sheen 2008). One of the first

observations connecting environmental stress and SnRK1 was the increased salt

sensitivity of potato plants silenced for the SnRK1β (StubGal83) subunit (Lovas
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et al. 2003). Concomitantly, it was also discovered in the leguminous plant

Medicago truncatula that the expression of regulatory β (MtAKINb2) and γ subunits
(MtSNF4b) of the SnRK1 complex is induced by desiccation and osmotic treatment

in germinating seeds and developing seedlings (Buitink et al. 2003).

SnRK1 promotes tolerance to submergence in rice and Arabidopsis by inducing

hypoxia-responsive genes (Baena-González et al. 2007; Lee et al. 2009; Cho

et al. 2012; Im et al. 2014). In rice, the O2 deficiency signal is transmitted by

CIPK15 to the SnRK1A/MYBS1 axis to stimulate carbohydrate catabolism and

promote growth under floodwater (Lee et al. 2009). Under other abiotic stress

conditions, such as salt or cold stress, ABA counteracts the growth-promoting

function of SnRK1A (Lu et al. 2007; Lin et al. 2014). The ABA-induced SKIN

repressors confine both SnRK1A and MYBS1 in the cytoplasm, preventing

SnRK1A/MYBS1 nuclear localization and thus the consequent mobilization of

nutrient reserves from source tissues. Interestingly, in the case of coupled salt and

hypoxia stress caused by submerging plants in saltwater, SnRK1 antagonizes ABA

action. Stimulated by hypoxia, SnRK1 phosphorylates the ABA-inducible tran-

scription factor AtMYC2 and enhances its proteasomal degradation. This results in

the disruption of the tolerance to salt induced by ABA (Im et al. 2014).

On the contrary, in some cases SnRK1 and ABA cooperate to induce stress

tolerance. In salt-stressed Arabidopsis roots, ABA induces general defense-related

functions and SnRK1 completes the stress response supporting a substantial met-

abolic reprogramming through the coordinated activation of bZIP transcription

factors (Hartmann et al. 2015).

As observed in normal growth conditions, SnRK1 displays a differential mode of

regulation in different organs also under stress. In maize, under salt stress, SnRK1

activity is increased and sensitive to T6P in the kernels after pollination, whereas in

leaves it appears to be uncoupled and independent from T6P. For example, class II

TPS genes are induced in salt-stressed maize leaves, but probably not by SnRK1

activity, which is very low and unaffected by T6P in this case (Henry et al. 2015).

SnRK1 has also been implicated in response to phosphate starvation (Fragoso

et al. 2009). Under these limited conditions, SnRK1α2/AKIN11 is degraded, while

SnRK1α1/AKIN10 activity is increased, potentially playing a role in response to

phosphate deficiency. SnRK1 has also been associated with responses to tempera-

ture stress. Its ability to interact with and phosphorylate the barley heat shock

protein 17 (HSP17) suggests that it may be important for the heat stress response

(Slocombe et al. 2004). On the other hand, under sink limitation conditions, such as

low temperature, the inhibitory effect of T6P on SnRK1 activation is necessary to

enable plant recovery after the relief of stress conditions (Nunes et al. 2013a).

An increasing number of studies implicate SnRK1 also in the plant response to

biotic stress. SnRK1 can be a component of the plant defense system, potentially

activated by metabolic and energy imbalances derived from pathogen attack, and

can therefore become a target upon infection. In tobacco, SnRK1 increases resis-

tance against tomato golden mosaic virus and beet curly top virus. However, the

viral AL2 and L2 proteins interact and inactivate SnRK1, thereby counteracting the

defense response (Hao et al. 2003). AL2 viral proteins can also repress adenosine
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kinase (ADK) with a consequent decrease in AMP levels. This may increase the

susceptibility of SnRK1 to dephosphorylation and inactivation and may be an

indirect mechanism for SnRK1 downregulation (Hao et al. 2003; Wang

et al. 2003). AC2/C2 geminivirus proteins inhibit Arabidopsis SnRK1α2. The
infection results in broad effects, namely on RNA silencing and autophagy, likely

components of antiviral immunity (Liu et al. 2014). Begomovirus and curtovirus

AL1 and AL2/C2 proteins interact with the host geminivirus Rep-interacting

kinases (GRIKs), which are upstream activating kinases of SnRK1 (Shen and

Hanley-Bowdoin 2006; Shen et al. 2009, 2014). Moreover, SnRK1 phosphorylates

the AL2/C2 proteins in vitro. It is suggested that through this mechanism SnRK1

delays viral DNA accumulation and symptom development during Arabidopsis

infection (Shen et al. 2014). SnRK1 also interacts and phosphorylates the βC1
protein encoded by a Geminivirus β-Satellite, as part of the host defense in tomato

plants (Shen et al. 2011, 2012).

Regarding bacterial pathogens, infection of sweet orange plants by

Xanthomonas axonopodis pv. aurantifolii increased the expression of trehalose

biosynthesis enzymes and SnRK1 kinases, likely associated with a defense

response (Cernadas et al. 2008). The AvrBsT protein of Xanthomonas campestris
pv. vesicatoria targets SnRK1 and suppresses the hypersensitive response elicited

by the effector protein AvrBs1 in pepper. Intriguingly, SnRK1 is required for

AvrBs1-induced hypersensitive response (Szczesny et al. 2010). In another case,

the plant AvrPto-dependent Pto-interacting protein 3 (Adi3) interacts and phos-

phorylates the SnRK1β subunit Gal83, with a consequent suppression of SnRK1

activity. Adi3 is a cell death suppressor with an important role in the resistance of

tomato plants to Pseudomonas syringae pv tomato (Avila et al. 2012).

Furthermore, the plant-specific SnRK1βγ subunit interacts with HSPRO1/2 pro-
teins involved in plant defense and possibly in the leaf senescence program (Gissot

et al. 2006). HSPRO was shown to participate in a whole-plant change in growth

physiology associated with SnRK1 signaling, when Nicotiana attenuata seedlings

interact with the fungus Piriformospora indica (Schuck et al. 2012, 2013). Inter-

estingly, herbivore attack results in downregulation of SnRK1β in Nicotiana
attenuata source leaves and thereby in increased assimilate transport to the roots.

Plants with enhanced root reserves prolong reproduction and tolerate better herbiv-

ory by allocating reserves to a less vulnerable location within the plant (Schwachtje

et al. 2006).

17.6 Concluding Remarks

Eukaryotic SNF1/AMPK/SnRK1 kinases are part of a sophisticated signaling

network that allows organisms to adapt their physiology and behavior to the

availability of nutrients. Accordingly, one major role of these kinases is the

regulation of energy and carbon metabolism, a function conserved also in plants.

SnRK1 kinases have been implicated in numerous nutrient management processes
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both at the cellular and whole-plant levels, ranging from sucrose, starch, and amino

acid metabolism to senescence, seed filling, and tuber growth.

Research on SnRK1 has been largely driven by the underlying assumption that

the mechanisms regulating the plant kinase are also conserved. However, the

increasing realization that the structure and mode of regulation of SnRK1 are

unique should encourage the use of less biased approaches in the future. The

presence of atypical subunits may explain the evolution of adenylate and T-loop-

independent regulatory mechanisms that render SnRK1 activity susceptible to

plant-specific signals, such as sugar phosphates, unique protein regulators, and

phytohormones.

Understanding SnRK1 heterogeneity represents a major challenge, especially

considering the dual nature of plants as autotrophic and heterotrophic organisms.

Reconstitution of the various SnRK1 complexes in vitro and in vivo has recently

been achieved providing a powerful tool in this direction. Further elucidation of

SnRK1 complex composition in different conditions, tissues, and developmental

stages will be key to understanding how SnRK1 is regulated and how different

downstream targets are controlled.

Many of the processes governed by the SnRK1 pathway are highly relevant for

crop performance under an increasingly variable climate as well as for various other

aspects of agricultural production. A detailed comprehension of how SnRK1

operates will therefore be essential for the targeted manipulation of these processes

and ultimately for understanding the diversity of roles that sugar signals play in

plant growth and development.
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López-Paz C, Vilela B, Riera M, Pagès M, Lumbreras V (2009) Maize AKINbetagamma dimer-

izes through the KIS/CBM domain and assembles into SnRK1 complexes. FEBS Lett

583:1887–1894

432 L. Margalha et al.
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Abstract AMPK is an evolutionary conserved energy sensor involved in the

regulation of energy metabolism. Based on biochemical studies, AMPK has

brought much of interest in recent years due to its potential impact on metabolic

disorders. Suitable animal models are therefore essential to promote our under-

standing of the molecular and functional roles of AMPK but also to bring novel

information for the development of novel therapeutic strategies. The organism

systems include pig (Sus scrofa), mouse (Mus musculus), fly (Drosophila
melanogaster), worm (Caenorhabditis elegans), and fish (Danio rerio) models.

These animal models have provided reliable experimental evidence demonstrating

the crucial role of AMPK in the regulation of metabolism but also of cell polarity,

autophagy, and oxidative stress. In this chapter, we update the new development in

the generation and application of animal models for the study of AMPK biology.
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We also discuss recent breakthroughs from studies in mice, flies, and worms

showing how AMPK has a primary role in initiating or promoting pathological or

beneficial impact on health.

Keywords AMPK-activated protein kinase • Animal models • Transgenic

animals • Energy metabolism • Pharmacological drugs • Therapeutics

18.1 Introduction

AMP-activated protein kinase (AMPK) is widely accepted as a sensor of

cellular energy balance (Hardie 2014). At the cellular level, AMPK promotes

ATP-producing catabolic pathways, while simultaneously inhibiting

ATP-consuming anabolic pathways. At the organismal level, AMPK integrates

stress responses such as exercise as well as nutrient and hormonal signals to control

whole-body energy expenditure and substrate utilization. As such a potent regulator

of cellular and whole-body metabolism, AMPK has become the focus of a great

deal of attention and appeared as an obvious target for the treatment of metabolic

disorders such as obesity and type 2 diabetes (Winder and Hardie 1999). In several

rodents models of diabetes and obesity, pharmacological activation of AMPK

results in the remodeling of a wide range of metabolic pathways and has led to

substantial improvement of disease outcome (Buhl et al. 2002; Halseth et al. 2002;

Song et al. 2002; Cool et al. 2006; Fullerton et al. 2013). In parallel with rapid

scientific discovery in cell-free and cellular systems, the development of animal

models has been instrumental to the expanding field of AMPK (Viollet et al. 2009).

Over the last decade, knockout (KO) mouse models for the different AMPK subunit

isoforms as well as transgenic mouse models overexpressing loss-of-function or

gain-of-function AMPK mutants have been developed to better understand the

impact of AMPK on metabolic health and disease and have largely contributed to

expand our knowledge on the relevance of AMPK in human disease (Fig. 18.1).

Conditional targeting approaches are now at the forefront of mechanistic studies to

investigate the relevance and specificity of AMPK in the homeostasis of multiple

organs. These mouse models are also critically important for preclinical transla-

tional studies and early-stage clinical investigation to progress. In addition, the use

of model organisms such as Saccharomyces cerevisiae (yeast) [see chapter AMPK

in yeast: the SNF1 (sucrose non-fermenting 1) protein kinase complex], Drosophila
melanogaster (fly) [see chapter The role of AMPK in Drosophila melanogaster],
and Caenorhabditis elegans (roundworm) [see Chap. 50-AMP-Activated Protein

Kinase Signaling in Caenorhabditis elegans] has played a key role in delineating

the physiological role of AMPK pathway and has been instrumental in providing

novel information on the biology of AMPK system (Fig. 18.1). These various

models helped to expand the paradigm of AMPK as a metabolic sensor and showed

that AMPK has broad effects on cellular function, regulating cell growth,

autophagy, oxidative stress, and cell polarity.
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18.2 Naturally Occurring Mutations

Many genetically engineered animal models have been generated to investigate the

physiopathological role of AMPK, but understanding of AMPK function has been

also greatly advanced by studies of naturally occurring mutations in AMPK genes

(Fig. 18.1). These mutations are apparently fairly rare but can result in pronounced

pathological changes (Milan et al. 2000; Blair et al. 2001; Gollob et al. 2001a; Arad

et al. 2002). Naturally occurring mutations have been initially characterized in the

pig PRKAG3 gene and the human PRKAG2 gene (encoding the γ3 and γ2 subunit of
AMPK, respectively) and are associated with abnormally high glycogen accumu-

lation that results in pathological changes to skeletal and cardiac muscle (Milan

et al. 2000; Blair et al. 2001; Gollob et al. 2001a; Arad et al. 2002). Later, a

mutation in human PRKAG3 gene has been identified in association with an

increase in skeletal muscle glycogen content and a decrease in intramuscular

triglyceride (Costford et al. 2007).

Fig. 18.1 Timeline of animal models generated for the study of AMPK biology. Deletion of the

AMPKα, β, and γ genes in Caenorhabditis elegans (aak-1, aak-2, aakb-1, and aakb-2),Drosophila
melanogaster (dAMPKα, dAMPKβ/Loechrig, and dAMPKγ/Alicorn), and mus musculus
(AMPKα1, AMPKα, AMPKβ1, AMPKβ2, AMPKγ1, and AMPKγ3) is shown in the upper panel.

Naturally occurring mutations in the human and porcine AMPKγ gene are shown in the middle

panel. Transgenic mouse and fish models expressing AMPKα and γ mutations are shown in the

lower panel. Refer to Tables 18.1, 18.3, and 18.5 for references
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18.2.1 Human and Pig PRKGA3 Gene Mutations
and Related Mouse Models

In 2000, a naturally occurring mutation in the γ3 subunit of AMPK, primarily

expressed in white skeletal muscle (glycolytic, fast-twitch type II), was identified in

purebred Hampshire pigs by a positional cloning approach (Milan et al. 2000). A

nonconservative substitution (R200Q) was the causative dominant mutation in RN�

(in French Rendement Napole for Napole yield) pigs. Animals carrying the RN�

mutation are characterized by a marked increase of the glycogen content in

glycolytic skeletal muscle leading to low muscle pH 24 h postmortem due to

anaerobic glycogen degradation, poor water-holding capacity, and low

processing yield in the production of cured and cooked ham (Enfalt

et al. 1997). Glycogen accumulation in skeletal muscle is consistent with the

upregulation in the activity of UDP-glucose pyrophosphorylase and glycogen

branching enzyme, two key enzymes regulating glycogen synthesis (Estrade

et al. 1994; Hedegaard et al. 2004). R200Q carriers are also characterized by

a higher oxidative capacity in white skeletal muscle fibers (Estrade et al. 1994).

Conversely, additional naturally occurring missense mutations (T30N, G52S,

and V199I) were also identified in the PRKAG3 gene from Western and

Chinese indigenous pig breeds associated with an opposite phenotype compared

to the RN� pigs, resulting in reduced skeletal muscle glycogen content and

additive effect on meat quality traits (Ciobanu et al. 2001; Huang et al. 2004).

Strong support for the causative nature of the R200Q mutation in the elevated

skeletal muscle glycogen content has been provided by transgenic mouse models

overexpressing primarily in white skeletal muscle the mouse γ3 R200Q mutant

form (in these studies, the R200Q missense mutation is designated R225Q as the

start methionine codon proposed by Cheung et al. (2000) is used) (Table 18.1).

Muscle-specific transgenic mouse lines overexpressing the AMPKγ3 R225Q

mutant under the control of either the myosin light chain or the muscle creatine

kinase promoter/enhancer were generated and resulted in significant increases in

skeletal muscle glycogen, replicating the pig RN� phenotype (Barnes et al. 2004;

Yu et al. 2006) (Table 18.2).

The R200Q missense mutation occurs within the cystathionine β-synthase
domain 1 (CBS1) of the regulatory AMPKγ3 subunit, which is involved in the

binding of the allosteric activator of the kinase, AMP. Originally, there was great

controversy over the impact of the R200Q mutation on AMPK activity. It was

initially reported that the activity of AMPK was reduced in muscle extracts from

RN� pigs both in the presence and absence of AMP (Milan et al. 2000). In resting

muscle from AMPKγ3 R225Q mutant mice, AMPK activity was found to be

decreased (Yu et al. 2006) or unaltered (Barnes et al. 2004). However, reduced

AMPK activity could reflect the potential feedback inhibition of glycogen overload

on AMPK activation (Milan et al. 2000; Jorgensen et al. 2004a). Thus, to evaluate

the impact of CBS domain mutation, activity of α2β2γ3R225Q trimer was measured

from heterotrimeric complexes purified from transiently transfected COS cells and
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Table 18.1 Genetically modified mouse models for the study of AMPK signaling pathway

Targeted

gene

Genetic

modification Viability References

Knockout and floxed mice

AMPKα1 AMPKα1�/� Viable Jorgensen et al. (2004b)

AMPKα2 AMPKα2�/� Viable Viollet et al. (2003)

AMPKα1/

α2
AMPKα1�/�α2
�/�

Embryonic lethal unpublished data

AMPKα1 AMPKα1fl/fl Viable Nakada et al. (2010), Lantier et al. (2014)

AMPKα2 AMPKα2fl/fl Viable Viollet et al. (2003), Nakada et al. (2010)

AMPKβ1 AMPKβ1�/� Viable/postnatal

death

Dasgupta and Milbrandt (2009), Dzamko

et al. (2010)

AMPKβ2 AMPKβ2�/� Viable Steinberg et al. (2010), Dasgupta

et al. (2012)

AMPKβ1/

β2
AMPKβ1�/�β2
�/�

Embryonic lethal O’Neill et al. (2011)

AMPKβ1 AMPKβ1fl/fl Viable O’Neill et al. (2011)

AMPKβ2 AMPKβ2fl/fl Viable O’Neill et al. (2011)

AMPKγ1 AMPKγ1�/� Viable Foretz et al. (2011)

AMPKγ1 AMPKγ1fl/fl Viable Foretz et al. (2011)

AMPKγ3 AMPKγ3�/� Viable Barnes et al. (2004)

Targeted

gene

Genetic

modification Phenotype References

Knock-in mice

AMPKγ2 AMPKγ2R299Q Obesity, hyperphagia, and impaired insulin

secretion

Yavari

et al. (2016)

Transgene Targeted tissue Promoter References

Transgenic mice

AMPKα1K45R Skeletal and cardiac

muscle cells

MCK promoter/

enhancer

Fujii et al. (2005)

AMPKα1D157A Skeletal muscle HSA promoter Miura et al. (2009)

AMPKα11-312 Vascular endothelium VE–cadherin

promoter

Li et al. (2012)

AMPKα1
1-312/T172D

Hepatocytes Human ApoE

promoter

Yang et al. (2008)

AMPKα1
1-312/T172D

Pancreatic β cells RIP2 promoter Sun et al. (2010)

AMPKα2 Ubiquitous CMV promoter Gong et al. (2011)

AMPKα2K45R Skeletal and cardiac

muscle cells

MCK promoter/

enhancer

Mu et al. (2001)

AMPKα2D157A Skeletal and cardiac

muscle cells

MCK promoter/

enhancer

Fujii et al. (2005)

AMPKα2D157A Pancreatic β cells RIP2 promoter Sun et al. (2010)

(continued)
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Table 18.1 (continued)

Transgene Targeted tissue Promoter References

AMPKα2D157A Cardiomyocytes α-MHC promoter Xing et al. (2003)

AMPKγ1R70Q Skeletal muscle cells α-Actin promoter Barre et al. (2007)

AMPKγ1H151R Skeletal muscle cells MLC1 promoter/

enhancer

Schonke et al. (2015)

AMPKγ2 Cardiomyocytes α-MHC promoter Arad et al. (2003), Sidhu

et al. (2005)

AMPKγ2R302Q Cardiomyocytes α-MHC promoter Sidhu et al. (2005), Folmes

et al. (2009)

AMPKγ2N488I Cardiomyocytes α-MHC promoter

α-MHC promoter/

tTA (Tet-off)

Arad et al. (2003), Luptak

et al. (2007)

Wolf et al. (2008)

AMPKγ2T400N Cardiomyocytes α-MHC promoter Banerjee et al. (2007)

AMPKγ2R531G Cardiomyocytes α-MHC promoter Davies et al. (2006)

AMPKγ3 Skeletal and cardiac

muscle cells

MCK promoter/

enhancer

MLC1 promoter/

enhancer

Yu et al. (2006)

Barnes et al. (2004)

AMPKγ3R225Q Skeletal and cardiac

muscle cells

MCK promoter/

enhancer

MLC1 promoter/

enhancer

Yu et al. (2006)

Barnes et al. (2004)

Targeted

gene Targeted tissue

Cre-driven

recombination References

Tissue-specific deletion of AMPK subunits

AMPKα1 T cells CD4-Cre Rolf et al. (2013)

Myeloid cells LysM-Cre Mounier et al. (2013)

Chondrocytes Col2α1-Cre Yang et al. (2016)

White adipose tissue stromal

vascular cells (in vitro deletion)

Gt(ROSA)26Sor-Cre

tamoxifen inducible

Wang et al. (2015)

Central nervous system hGFAP-Cre Maixner et al. (2015)

Muscle satellite cells Pax7-Cre tamoxifen

inducible

Fu et al. (2015, 2016)

Adipocytes Adipoq-Cre Wu et al. (2015)

AMPKα2 Hepatocytes Alfp-Cre Andreelli

et al. (2006)

Hypothalamus AgRP neurons AgRP-Cre Claret et al. (2007)

Hypothalamus POMC neurons POMC-Cre Claret et al. (2007)

Endothelial cells VE-cadherin-Cre Kohlstedt

et al. (2013)

Adipocytes Adipoq-Cre Wu et al. (2015)

(continued)
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resulted in a higher basal AMPK activity and loss of AMP dependence (Barnes

et al. 2004). Nevertheless, question remains on the mechanisms regulating

AMP-independent activity of the AMPKγ3 R225Q mutant (Lindgren et al. 2007),

indicating that more detailed functional studies are needed to precisely define the

nature of this mutation in the CBS domain of AMPKγ3. Interestingly, a homolo-

gous mutation to the RN� mutation found in pigs has been identified in the human

PRKAG3 gene from genetic studies of lean and obese human populations (Costford

et al. 2007). Subjects bearing the AMPKγ3 R225W mutation exhibit increased

skeletal muscle glycogen content, indicating conserved AMPKγ3 function across

mammalian species (Costford et al. 2007). The AMPK γ3 R225W mutation is

associated with increased activity of AMPK in differentiated muscle cells derived

from vastus lateralis biopsies (Costford et al. 2007). Furthermore, it should be

noted that introduction of the equivalent mutation R70Q in AMPKγ1 and R302Q in

AMPKγ2 also caused a marked increase in AMPK activity (Gollob et al. 2001a;

Hamilton et al. 2001; Yavari et al. 2016). More recently, studies with exercise-

Table 18.1 (continued)

Targeted

gene Targeted tissue

Cre-driven

recombination References

AMPKα1/
α2

Hypothalamus POMC neurons POMC-Cre Claret et al. (2007)

Skeletal muscle cells HSA-Cre Lantier et al. (2014)

Hepatocytes Alfp-Cre Guigas et al. (2006),

Foretz et al. (2010)

Pancreatic β cells RIP2-Cre Sun et al. (2010)

Pancreatic β cells mIns1-Cre Kone et al. (2014)

Pancreatic α cells PPG-Cre Sun et al. (2015)

Catecholaminergic cells TH-Cre Mahmoud

et al. (2015)

Muscle satellite cells (in vitro

deletion)

Gt(ROSA)26Sor-Cre

(tamoxifen inducible)

Fu et al. (2013)

Hematopoietic stem cells Mx1-Cre (pIpC

inducible)

Nakada et al. (2010)

Proglucagon-expressing cells Proglucagon-Cre Sayers et al. (2016)

AMPKβ1 Skeletal and heart muscle cells MCK-Cre O’Neill et al. (2011),
Sung et al. (2015)

AMPKβ2 Skeletal and heart muscle cells MCK-Cre O’Neill et al. (2011),
Sung et al. (2015)

AMPKβ1/
β2

Skeletal and heart muscle cells MCK-Cre O’Neill et al. (2011),
Sung et al. (2015)

Adipoq adiponectin, AgRP agouti-related protein, Alfp albumin/α-fetoprotein, ApoE
apolipoprotein E, CMV cytomegalovirus, Col2α1, collagen type 2 α1, hGFAP human glial

fibrillary acidic protein, HSA human α-skeletal actin, Ins1 mouse insulin 1, LysM lysozyme M,

MCK muscle creatine kinase, MLC1 myosin light chain 1, α-MHC α-myosin heavy chain, Mx1
myxovirus resistance protein 1, Pax7 paired box-containing 7, pIpC polyinosine-polycytidine,

POMC pro-opiomelanocortin, PPG preproglucagon, RIP2 rat insulin promoter 2, TH tyrosine

hydroxylase, tTA tetracycline-controlled transcriptional activator system, VE vascular endothelial
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trained RN� pigs have shifted toward the recognition that γ3 R200Q mutation is a

gain-of-function mutation, which results in hyperaccumulation of glycogen due to

increased influx of glucose and enhanced endurance exercise capacity (Granlund

et al. 2010, 2011). Increased glycogen level is not due to impaired glycogen

utilization as glycogen breakdown is similar after exercise in carriers and non-

carriers of the RN� mutation (Granlund et al. 2010). These results are consistent

with the finding that pigs carrying the R200Q mutation show increased signaling

response of Akt and phosphorylation of its substrate, AS160, a higher capacity for

phosphorylation of glucose, and faster muscle glycogen resynthesis after exercise

(Granlund et al. 2010; Essen-Gustavsson et al. 2011; Granlund et al. 2011). How-

ever, slightly reduced basal and contraction-stimulated rates of glucose uptake were

evidenced in transgenic AMPKγ3 R225Q mutant mice (Barnes et al. 2004; Yu

et al. 2006), suggesting that enhanced glycogen accumulation is not due to a single

mechanism. The possibility that increases in total glycogen synthase activity

contribute to elevated glycogen concentrations cannot be excluded

(Yu et al. 2006). Other factors that could influence glycogen synthesis are the

difference in the gene regulatory responses that facilitate metabolic adaptations.

It has been shown that overexpression of AMPKγ3 R225Q coordinates the tran-

scription of genes important for glycolytic and oxidative metabolism (Nilsson

et al. 2006) and leads to change in the adaptive metabolic response of glycolytic

Table 18.2 Metabolic pathways dysregulated in transgenic mice overexpressing AMPKα and γ
mutations in skeletal and cardiac muscles

Organ Pathway/function

Transgenic

mice References

Heart Glycogen storage cardiomyopathy AMPKγ2R302Q

AMPKγ2N488I

AMPKγ2R531G

AMPKγ2T400N

Sidhu et al. (2005)

Arad et al. (2003), Luptak

et al. (2007)

Davies et al. (2006)

Banerjee et al. (2007)

Ischemic/postischemic tolerance AMPKα2R45A

AMPKα2D157A
Russell et al. (2004)

Xing et al. (2003)

Glucose transport, glycogen

metabolism, glycolysis

AMPKα2R45A

AMPKα2D157A
Xing et al. (2003), Russell

et al. (2004)

Mitochondrial biogenesis/function AMPKα2D157A Gundewar et al. (2009)

Skeletal

muscle

Glucose transport AMPKα2R45A

AMPKα2D157A
Mu et al. (2001)

Xing et al. (2003)

Contraction/exercise tolerance AMPKα2R45A

AMPKα2D157A

AMPKγ1R70Q

AMPKγ3R225Q

Mu et al. (2001)

Fujii et al. (2007), Rockl

et al. (2007)

Barre et al. (2007), Rockl

et al. (2007)

Barnes et al. (2004, 2005)

Glycogen metabolism AMPKγ3R225Q

AMPKγ1R70Q
Barnes et al. (2004), Yu

et al. (2006)

Barre et al. (2007)

Mitochondrial biogenesis/ function AMPKα2R45A Zong et al. (2002)
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skeletal muscle by inducing mitochondrial biogenesis and function (Garcia-Roves

et al. 2008). Accordingly, transgenic AMPKγ3 R225Q mutant mice display a

greater reliance on lipid oxidation and are protected from high-fat diet-induced

insulin resistance in skeletal muscle through increased fat oxidation (Barnes

et al. 2004, 2005). One consequence of increased fatty acid oxidation in

AMPKγ3 R225Q skeletal muscle could be the reduction of the demand for glucose

oxidation via the Randle effect (Hue and Taegtmeyer 2009), inducing a glucose-

sparing effect that drives glucose toward glycogen synthesis.

18.2.2 Human PRKGA2 Gene Mutations and Related
Animal Models

Point mutations in the AMPKγ2 subunit, encoded by the Prkag2 gene, have been

associated with a rare autosomal-dominant genetic disease of the heart in humans

(Blair et al. 2001; Gollob et al. 2001a, b). Genetic defects in the Prkag2 gene are

characterized by a cardiac glycogen overload, ventricular preexcitation (Wolff–

Parkinson–White syndrome), and cardiac hypertrophy. One of the first human

mutation identified occurred at residue 302, resulting in change of arginine to

glutamine (R302Q), which is homologous to the R200Q Prkag3 gene mutation in

pigs (Milan et al. 2000; Gollob et al. 2001a). Subsequently, identification of

additional dominant mutations of PRKAG2 gene has been reported in families

coupled with congenital hypertrophic cardiomyopathy and familial preexcitation

syndrome. However, distinct clinical onset and variability in clinical manifestations

exist between the various PRKAG2 mutations (Porto et al. 2016). This phenotypic

disparity may be a result of the specific effects of individual mutations on AMPKγ2
activity and function. To date, missense mutations include G100S (Zhang

et al. 2013), R302Q (Gollob et al. 2001b; Arad et al. 2002), H383R (Blair

et al. 2001), R384T (Akman et al. 2007), T400N (Arad et al. 2002), K485E (Liu

et al. 2013), Y487H (Arad et al. 2005), N488I (Arad et al. 2002), E506K (Bayrak

et al. 2006), E506Q (Kelly et al. 2009), H530R (Morita et al. 2008), R531G (Gollob

et al. 2001b), R531Q (Burwinkel et al. 2005), S548P (Laforet et al. 2006), and

insertion of an additional leucine residue L351Ins (Blair et al. 2001). These

mutations occur very selectively in strategic positions within the CBS motifs or

in linker sequences between these motifs but not in other parts of the AMPKγ2
subunit. One interesting exception is the G100S mutation mapped into a non-CBS

domain. However, it remains unclear if a mutation outside the CBS domains can

indirectly change the binding ability of CBS domains to AMP and ATP. Collec-

tively, these data strongly suggest a specific connection between AMP and ATP

binding and the different PRKAG2 mutations, supporting the notion that

dysregulation of AMPK activity (gain or loss of function) contributes to the

development of the cardiomyopathy.
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Consistent with a causative role of PRKAG2 in Wolff–Parkinson–White syn-

drome, heterozygous mice overexpressing mutant PRKAG2 alleles (R302Q,

T400N, N488I, R531G) under the cardiac-specific α-myosin heavy chain

(α-MHC) promoter develop pathological cardiac changes resembling the human

PRKAG2 cardiomyopathy with significant glycogen accumulation, ventricular

preexcitation, and cardiac hypertrophy (Arad et al. 2002, 2003; Sidhu et al. 2005;

Davies et al. 2006; Banerjee et al. 2007) (Table 18.2). In addition, transgenic

zebrafish with cardiac-specific expression of the G100S and R302Q mutations in

PRKAG2 exhibit typical features of the human disease with cardiac hypertrophy

and increased glycogen storage in the heart (Zhang et al. 2014). The PRKAG2

cardiac phenotype has been attributed to alterations in AMPK activity resulting

from the AMPKγ2 mutations. However, the action of the different PRKAG2

mutations on AMPK activity and sensitivity to AMP appears to be partially

different if not opposite (Daniel and Carling 2002; Scott et al. 2004). Transgenic

mouse model with cardiac-specific overexpression of the AMPKγ2N448I and

AMPKγ2T400N mutations has been reported to increase AMPK basal activity

(Arad et al. 2003; Banerjee et al. 2007), whereas the AMPKγ2R302Q and AMPKγ2
R531G mutations result in the inhibition of AMPK (Sidhu et al. 2005; Davies

et al. 2006). These discrepant findings could be related to a biphasic response of

AMPK activity in response to the overexpression of PRKAG2 mutations (Banerjee

et al. 2007; Folmes et al. 2009). Alteration in cardiac AMPK activity is possibly due

to a feedback inhibition of the kinase activity by glycogen accumulation (Davies

et al. 2006; Folmes et al. 2009), masking the consequences of human PRKAG2

mutations on AMPK activity. To confirm that increased AMPK activity is respon-

sible for PRKAG2 cardiomyopathy, transgenic mice overexpressing AMPK γ2N448I

and γ2T400N were crossbred with transgenic mice expressing a dominant-negative

form of the AMPKα2 subunit, AMPKα2D157A (Table 18.1), in the heart to alter

AMPK activity (Ahmad et al. 2005; Banerjee et al. 2007). Compound heterozygous

mice have reduced cardiac AMPK activity and minimal cardiac dysfunction,

demonstrating that activation of α2-containing AMPK heterotrimeric complexes

rather than α1-containing complexes is responsible for the cardiac phenotype

(Ahmad et al. 2005; Banerjee et al. 2007). Furthermore, studies using a transgenic

mouse model expressing a human AMPKγ2N488I mutant protein under transcrip-

tional control of a tetracycline-repressible α-myosin heavy chain promoter

(Table 18.1) provide evidence that clinical manifestations of PRKAG2 cardiomy-

opathy are significantly reversed by the suppression of mutant AMPK activity after

the onset of the disease (Wolf et al. 2008). This finding suggests that the appropriate

pharmacological targeting of AMPK or its downstream effectors may help to

improve the phenotypic expression of the disease. Compelling evidence now exists

that aberrant increase of basal AMPK activity by PRKAG2 mutations results in

global remodeling of the metabolic network in favor of glycogen storage (Zou

et al. 2005; Luptak et al. 2007) (Table 18.2). Thus, the metabolic consequences of

chronic activation of AMPK in the absence of energy deficiency are distinct from

those previously reported during stress conditions. In heart carrying a mutant

PRKAG2 allele, inappropriate activation of AMPK triggers an increase in both
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glucose uptake and fatty acid oxidation, inducing, via the Randle effect, an inhibi-

tion of glucose oxidation leading to the storage of the exceeding glucose into

glycogen. The mechanism of increased glucose uptake has been attributed to the

upregulation of the sodium‐dependent glucose co‐transporter (SGLT) isoform

SGLT1 but not facilitated-diffusion glucose transporter 1 (GLUT1) or GLUT4 in

AMPK γ2T400N transgenic mice (Banerjee et al. 2010b). Confirmation of the role of

SGLT1 in the phenotypic features of the PRKAG2 cardiomyopathy has been

demonstrated by the knockdown of cardiac SGLT1 in transgenic mice

overexpressing the PRKAG2 T400N mutation, which attenuates the cardiomyopa-

thy phenotype (Ramratnam et al. 2014). Due to increased glucose uptake, the

transgenic mice overexpressing the AMPK γ2N448I mutation manifest high intra-

cellular glucose-6-phosphate (G6P) levels, which contribute to the allosteric acti-

vation of glycogen synthase (GS) and enhanced glycogen synthesis (Luptak

et al. 2007). By genetic inhibition of G6P-stimulated glycogen synthase activity,

the pathological glycogen storage phenotype was rescued, providing definitive

evidence for extensive remodeling of substrate metabolism and the causative role

for high intracellular G6P in Prkag2 cardiomyopathy (Kim et al. 2014). Surpris-

ingly, elimination of excessive glycogen accumulation eliminated the ventricular

preexcitation but not the cardiac hypertrophy phenotype, indicating that the abnor-

mal cardiac growth is regulated by separate mechanisms. Recent studies indicate

that AMPKγ2 N448I and AMPK γ2T400N mutations stimulate hypertrophic signaling

with activation of the transcription factors nuclear factor kB (NF-kB) and forkhead

box O transcription factor (FoxO) and the mammalian target of rapamycin (mTOR)

signaling pathway (Banerjee et al. 2010a; Kim et al. 2014).

18.3 Genetically Modified Mouse Models

Murine models have been widely used in biomedical research. Extensive similar-

ities in anatomy, physiology, and genetics have allowed numerous inferences about

human biology to be drawn from mouse models. The recent development of

conditional targeting approaches and the availability of numerous genetically

modified mouse models greatly facilitate functional studies. Important progress

has been made during the last decade in the understanding of the pathophysiological

function of AMPK, partly due to the generation of whole-body and conditional KO

mouse models as well as tissue-specific transgenic mice (Table 18.1). These mouse

models have made it possible to decipher the distinct physiopathological functions

of the multiple AMPK isoforms and AMPK heterotrimer combinations.

18.3.1 AMPK Knockout Mouse Models

Generation of whole-body deletion of each catalytic or regulatory AMPK subunits

results in viable mice (Table 18.1). Of note, a mouse model of AMPKβ1 deletion
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using a gene trap approach resulted in severe brain developmental defect leading to

postnatal death (Dasgupta and Milbrandt 2009). These mice express a fusion

protein containing a AMPKβ1 N-terminal fragment (2–224) fused to

β-galactosidase and may explain the abnormal brain development and not the loss

of the AMPKβ1 subunit (Dzamko et al. 2010). Interestingly, targeted disruption of

AMPK subunits is associated with distinct phenotypic abnormalities (Viollet

et al. 2003; Barnes et al. 2004; Jorgensen et al. 2004a; Dzamko et al. 2010;

Steinberg et al. 2010; Foretz et al. 2011; Dasgupta et al. 2012). These diverse

phenotypes could simply reflect isoform-preferred substrate phosphorylation

between the combination of AMPKα1- and AMPKα2-containing heterotrimeric

complexes, but a recent phosphoproteomic approach in cancer cells fails to identify

specific targets for AMPKα1 or AMPKα2 (Schaffer et al. 2015). These data are

rather suggestive of distinct tissue-specific contribution of the different isoforms in

the control of AMPK activity and function. This is in line with the description of

specific pattern of expression for AMPKα, AMPKβ, and AMPKγ isoforms between

tissues (Stapleton et al. 1996; Thornton et al. 1998; Cheung et al. 2000). Indeed, the

expression of AMPKβ1 and AMPKβ2 isoforms differs in a number of tissues, with

AMPKβ1 highly expressed in liver and weakly expressed in skeletal muscle,

whereas the opposite pattern is observed for AMPKβ2 (Thornton et al. 1998).

Studies from AMPKβ1�/� and AMPKβ2�/� mice have highlighted the relative

importance of these two isoforms in the liver and skeletal muscle, respectively

(Dzamko et al. 2010; Steinberg et al. 2010). Another striking example of restricted

expression of AMPK isoforms comes from reports showing exclusive expression of

AMPKα1, but not AMPKα2, in erythrocytes, macrophages, and T cells (Tamas

et al. 2006; Sag et al. 2008; Foretz et al. 2010). Mice lacking AMPKα1 are anemic

and had markedly enlarged spleens (Foretz et al. 2010). Similar phenotypes are

observed in mice lacking AMPKγ1, the only AMPKγ isoform expressed in murine

erythrocytes (Foretz et al. 2011). Studies of AMPKα1�/� and AMPKγ1�/� mice

revealed that AMPK is required for erythrocyte homeostasis by regulating eryth-

rocyte membrane elasticity (Foretz et al. 2010, 2011) and autophagy-dependent

mitochondrial clearance during erythrocyte differentiation (Wang et al. 2010). In

addition, with the use of bone marrow-derived macrophages from AMPKα1�/� and

AMPKγ1�/� mice, the regulatory role of AMPK in the macrophagic differentiation

of monocytes (Obba et al. 2015) and the polarization of macrophages to an anti-

inflammatory phenotype (Zhu et al. 2015) has been demonstrated. Support for a

critical role of AMPK in the regulation of the pro-inflammatory/anti-inflammatory

balance in macrophage has been provided in previous studies using adoptive

transfer of AMPKβ1�/� bone marrow in control recipient mice (Galic

et al. 2011). It has been also established that AMPK is a key determinant of T

cell effector responses by controlling T cell metabolism. AMPKα1-deficient T cells

display reduced metabolic plasticity in vitro as well as in vivo during viral and

bacterial infections (Blagih et al. 2015). However, with the exception of these

studies on erythrocytes, macrophages, and T cells, analysis of the consequence of

genetic deletion of one catalytic isoform should be done with caution, since

compensatory increase in expression and activity of the remaining isoform can
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mask a particular phenotype. This has been clearly evidenced in primary culture of

mouse proximal tubules from AMPKα1�/� and AMPKα2�/� mice, where adaptive

upregulation of the other AMPKα isoform fully compensates and can substitute for

the other for ameliorating the response to metabolic stress (Lieberthal et al. 2013).

Similarly, it has been reported that AMPKα1 activity is higher in AMPKα2�/�

muscle as compared to control muscles, suggesting a compensatory effect

(Jorgensen et al. 2004b) (see below). In addition, overexpression of AMPKα2
compensated for the loss of AMPKα1 and may explain the lack of phenotype in

chondrocyte-specific ablation of AMPKα1 (Yang et al. 2016). In an attempt to

generate full KO of AMPK, AMPKα1�/� and AMPKα2�/� or AMPKβ1�/� and

AMPKβ2�/� mice have been crossed, but combined disruption of AMPK isoforms

is incompatible with life, indicating that AMPK is required during embryogenesis

(Viollet et al. 2009; O’Neill et al. 2011). AMPK α1�/�α2�/� double knockout

embryos die at ~10.5 days post-conception (B. Viollet, unpublished data).

The recent development of tissue-specific and conditional knockout technology

has now allowed the generation of animal models completely lacking AMPK

activity in a specific tissue (Table 18.1). Among the first tissues to be targeted,

skeletal muscle-specific deletion of both AMPKα1/AMPKα2 and AMPKβ1/
AMPKβ2 has been obtained by crossing AMPKα1fl/flα2fl/fl and AMPKβfl/flβ2fl/fl

mice with transgenic mice expressing the Cre recombinase under the control of the

human skeletal actin and muscle creatine kinase promoter (O’Neill et al. 2011;
Lantier et al. 2014).

18.3.2 Insight from Mouse Models into AMPK-Dependent
Stimulation of Glucose Uptake in Skeletal Muscle

Skeletal muscle contraction is associated with a dramatic increase in energy

turnover rates that represents a major metabolic challenge. Since the first report

on acute skeletal muscle AMPK activation in response to physical exercise in

rodents (Winder and Hardie 1996) and later in humans (Chen et al. 2000; Fujii

et al. 2000; Wojtaszewski et al. 2000), the role of AMPK in the adaptive changes in

skeletal muscle has been a subject of intense research. During exercise, contracting

skeletal muscle rapidly increases glucose uptake in an intensity-dependent manner

to sustain the energy demand caused by increased ATP turnover. The idea that

AMPK was involved in regulating glucose transport in skeletal muscle was

supported by the observations that stimulation of glucose transport was achieved

upon AMPK activation by AICAR (Merrill et al. 1997) and later by other pharma-

cological AMPK agonists such as Ex229/991 (Lai et al. 2014). The importance of

AMPK in skeletal muscle glucose uptake has been investigated in genetically

modified mouse models, including transgenic mice expressing naturally occurring

mutation in the AMPKγ3 isoform (Table 18.1). Muscles from knockout mice

(AMPKα2�/�, AMPKβ2�/�, and AMPKγ3�/�) or transgenic mice expressing a

18 Animal Models to Study AMPK 453



dominant-negative form of AMPKα2 in skeletal muscle (AMPKα2-KD and

AMPKα2i) completely abolished ex vivo AICAR- and EX229/991-stimulated

glucose uptake (Mu et al. 2001; Barnes et al. 2004; Jorgensen et al. 2004a; Fujii

et al. 2005; Steinberg et al. 2010; Lai et al. 2014). From these data, it has been

suggested that contraction-stimulated glucose uptake is dependent on

AMPKα2β2γ3, the major heterotrimer activated by exercise in human muscle.

However, the role of AMPK in contraction-stimulated glucose uptake remains

controversial. In AMPKα2�/�, AMPKβ2�/�, AMPKγ3�/�, AMPKα2-KD, and

AMPKα2i mice ex vivo contraction-stimulated glucose uptake is normal or only

moderately reduced (Mu et al. 2001; Barnes et al. 2004; Jorgensen et al. 2004a;

Fujii et al. 2005; Steinberg et al. 2010). Similarly, the role of AMPK in exercise-

induced skeletal muscle glucose transport in vivo is not clear. While one study

reported no alterations in exercise-induced glucose transport (Maarbjerg

et al. 2009), a clear reduction was shown in another study (Lee-Young

et al. 2009). These discrepancies are probably due to redundancy of signaling

coming from residual AMPK activity in these mouse models where only a single

AMPK isoform is genetically altered/deleted and is probably sufficient to increase

glucose uptake during muscle contractions. AMPKα1 subunit is still present in

AMPKα2�/�, and AMPKα1 activity can be detected in AMPKα2-KD mice and

may sustain alone the coordination of muscle metabolism and adaptation to exer-

cise. To circumvent this problem, conditional muscle-specific knockout of both

AMPKα and AMPKβ subunits has been generated. Deletion of AMPKβ1 and

AMPKβ2 isoforms inhibited both contraction- (ex vivo) and exercise- (in vivo)

induced glucose transport in skeletal muscle (O’Neill et al. 2011), while the

deletion of both AMPKα1 and α2 showed reduced contraction-stimulated glucose

uptake in soleus but not EDL muscle (Lantier et al. 2014). Consistent with the idea

of functional redundancy between isoforms, it should be noted that mice lacking the

AMPKβ2 subunit specifically in skeletal muscle had normal glucose uptake despite

reductions in AMPK activity of more than 90% (O’Neill et al. 2011). Altogether,
these findings support the notion that AMPK is necessary to achieve the effects of

exercise on muscle glucose transport. The mechanism underlying AMPK-

dependent contraction-induced stimulation of glucose uptake has been described

to act through the phosphorylation of the Rab GTPase-activating protein Tre-2/

BUB2/ cdc 1 domain (TBC1D) 1. TBC1D1 has several common contraction and

AICAR responsive phosphorylation sites that are blunted in AMPKα2�/�,
AMPKγ3�/�, AMPKα2-KD, and AMPKα2i mice (Treebak et al. 2006; Pehmoller

et al. 2009; Vichaiwong et al. 2010). This has been further supported by recent

findings showing a reduction in TBC1D1 phosphorylation in contracted muscle

from skeletal muscle-specific AMPKβ1β2 KO mice concomitantly with decreased

glucose transport (O’Neill et al. 2011).
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18.4 Genetically Modified Fly Models

AMPK system is highly conserved between insects and mammals. Drosophila
AMPK contains three protein subunits, α, β, and γ, which are encoded, in contrast

to mammalian AMPK, by single genes named dAMPKα, alicorn, and loechrig (also
known as SNF4Aγ), respectively (Pan and Hardie 2002) (Fig. 18.2), making

Drosophila an attractive animal model to study AMPK functions in vivo. However,

Drosophila expresses several isoforms for each subunit generated from alternative

splicing and differential transcription initiation (Tschape et al. 2002) and can

presumably form a high number of different heterotrimeric complexes. Like mam-

malian AMPK, drosophila AMPK is allosterically activated by AMP and by

treatments that depleted cellular ATP. This is associated with phosphorylation of

Thr-184 within the activation loop of dAMPKα and of acetyl-CoA carboxylase at a

homologous site also conserved between mammals and insects (Pan and Hardie

2002). Although mice have been the most commonly used animal model to

decipher the biology of AMPK, genetically engineered fruit fly Drosophila
melanogaster (Tables 18.3 and 18.4) has been particularly important in demon-

strating the role of AMPK in the regulation of cell polarity during energy stress and

in neuronal survival (Tschape et al. 2002; Lee et al. 2007; Mirouse et al. 2007;

Spasic et al. 2008). Identification and generation of mutant AMPK drosophila has

been realized by forward genetic screens using ethylmethanesulfonate (EMS)

mutagenesis (Medina et al. 2006) or by the P-element transposon technology

(Rubin and Spradling 1982). Germline transformation of drosophila can be realized

Fig. 18.2 Diversity in the genes encoding the AMPK subunits between animal species. Schematic

representation of the different genes encoding the AMPKα, AMPKβ, and AMPKγ subunits in

Caenorhabditis elegans (aak-1/2, aakb-1/2, and aakg-1/2/3/4/5), Drosophila melanogaster
(dAMPKα, dAMPKβ/Loechrig and dAMPKγ/Alicorn), mus musculus (AMPKα1/2, AMPKβ1/2,
and AMPKγ1/2/3), and Homo sapiens (AMPKα1/2, AMPKβ1/2, and AMPKγ1/2/3)
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via insertion of a single P transposable element or by imprecise mobilization of the

P-elements (excision) to generate null mutants. In addition, creation of transgenic

flies using different approaches, including the UAS/Gal4 and “tet-on” systems

(Tower 2000), has been instrumental in complementing more traditional genetics.

The Drosophila loechrig (loe) mutant is characterized by degeneration and

severe vacuolization (loechrig is the German word for full of holes) in the brain.

The mutation in loe is caused by the insertion of a P-element that affects a neuronal

isoform of the AMPKγ subunit (Tschape et al. 2002). Interestingly, among the six

different Drosophila AMPKγ isoforms, this particular protein isoform strongly

expressed in the nervous system contains a unique N-terminus and is the only

isoform to rescue the loe phenotype when expressed in neurons, highlighting its

specific role for the integrity of the central nervous system. The loe/AMPKγ
mutation affects the regulatory function of AMPK on isoprenoid synthesis via the

inhibition of its downstream target hydroxy-methylglutaryl (HMG)-CoA reductase

and that changes play a pivotal role in the observed degenerative phenotype

(Tschape et al. 2002). The loss of functional neuronal AMPK upregulates the

synthesis of isoprenoids leading to increased prenylation of the small GTPase

Rho1, the fly ortholog of vertebrate RhoA, and thereby progressive

neurodegeneration (Cook et al. 2012). Upregulation of RhoA signaling pathway

induces changes in the actin cytoskeleton through an increase in phosphorylated

cofilin and accumulation of F-actin, resulting in deleterious consequences on

neuronal growth and impaired axonal integrity (Cook et al. 2014). Additional

evidence for a role of AMPK in neuroprotective processes comes from the study

of a P-element insertion line found to target alicorn (alc), encoding the Drosophila

Table 18.3 AMPK mutations in Drosophila

Gene Allele Description Mutagenesis References

dAMPKα AMPKαD1

AMPKαD2

AMPKα1

AMPKα2

Deletion 1,268,785–1,270,743 bp

Deletion 1,269,080–1,270,246 bp

Amino acid replacement (Y141)

Amino acid replacement (S211L)

Imprecise

excision

P-element

Imprecise

excision

P-element

EMS muta-

genesis

EMS

mutagenesis

Lee

et al. (2007),

Schertel

et al. (2013)

Mirouse

et al. (2007)

www.flybase.

org

www.flybase.

org

dAMPKβ
alicorn
(alc)

Δ12.125
l(2)45Ad2

Deletion of 1718 bp (nonsense point

mutation replacing codon 233/112 in

alc transcripts RA/RB)

Imprecise

excision

P-element

EMS

mutagenesis

Spasic

et al. (2008)

Dockendorff

et al. (2000)

dAMPKγ
loechrig
(loe)

loechrig P-element insertion P-element

insertion

Deak

et al. (1997),

Tschape

et al. (2002)
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homolog of the regulatory AMPKβ subunit. Disruption of the alc/AMPKβ gene

causes early-onset progressive retinal degeneration, characterized by extensive

vacuolization and general structural disorganization (Spasic et al. 2008). The

mechanism of progressive neuronal death observed as a consequence of loss of

AMPK does not involve apoptosis (Tschape et al. 2002; Poels et al. 2012). It has

been suggested that AMPK could contribute to the protection of neurons from

increased metabolic activity by the regulation of the autophagic process. Accord-

ingly, the loechrig/ SNF4Aγ gene has been identified in a genetic screen to select

P-element insertion that affects autophagy in the larval fat body (Lippai et al. 2008).

Surprisingly, in alc mutants, a severe induction of autophagy was reported (Poels

et al. 2012). This is most likely a consequence of the absence of the negative

Table 18.4 Transgenic Drosophila for the study of AMPK signaling pathway

Gene Allele Description References

dAMPKα AMPKαWT.Scer\UAS Wild-type AMPKα Lee

et al. (2007),

Schertel

et al. (2013)

AMPKαKR.Scer\UAS Kinase dead form of AMPKα Lee et al. (2007)

AMPKαK56R.Scer\UAS Kinase dead version of AMPKα with

a K56R amino acid substitution

Bland

et al. (2010)

AMPKαK57A.Scer\UAS Kinase dead version of AMPKα with

a K57A amino acid substitution

Johnson

et al. (2010),

Stenesen

et al. (2013)

AMPKαTD.Scer\UAS Constitutively active form of

AMPKα
Lee et al. (2007)

AMPKαT184D.Scer\UAS Constitutively active form of

AMPKα
Mirouse

et al. (2007)

Scer\UAS- AMPKα
RNAi

AMPKα RNAi Dietzl

et al. (2007)

AMPKα
Scer\UAS.T:Avic\GFP

AMPKα GFP tagged at the

N-terminal end

Kazgan

et al. (2010)

AMPKα
Scer\UAS.ORF.T:Ivir\HA1

Full-length AMPKα tagged at the

C-terminal end with three copies of

HA

Schertel

et al. (2013)

AMPKα
ΔC.Scer\UAS.T:Disc\RFP-

mCherry

Truncated form of AMPKα lacking

the C-terminal 22 amino acid residues

(a stop codon has been introduced

after Pro561) tagged at the

N-terminal end with mCherry

Mirouse

et al. (2007)

AMPKα
Scer\UAS.T:Disc\RFP-mCherry

AMPKα tagged at the N-terminal end

with mCherry

Kazgan

et al. (2010)

AMPKγ
loechrig
(loe)

Scer\UAS- AMPKγRNAi Scer\UAS- AMPKγRNAi Johnson

et al. (2010)
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regulatory feedback loop mediated by AMPK under condition of excessive

autophagic induction (Loffler et al. 2011).

Parkinson’s disease is one of the most common neurodegenerative diseases in

the aging population. Recently, a Drosophila Parkinson’s disease model was used

as an initial system to evaluate the therapeutic potential of a number of candidate

compounds (Ng et al. 2012). Epigallocatechin gallate (EGCG), a green tea-derived

catechin, was found to provide the best protection against the loss of dopaminergic

neurons and mitochondrial dysfunction, the essential pathological phenotypes of

human Parkinson’s patients. Importantly, the protective effects of EGCG are

abolished when AMPK is knocked down, and loss of AMPK activity exacerbates

neuronal loss and associated phenotypes (Ng et al. 2012), suggestive of a patho-

logical role of AMPK in neurodegenerative diseases. In addition, it was demon-

strated that genetic activation of AMPK also protects against neuronal loss and

reproduces EGCG’s protective effects, indicating that targeting AMPK will be

useful therapeutically in the treatment of neurodegenerative disorders. Indeed, as

mitochondrial dysfunction is currently widely accepted to be a key driver of

neurodegeneration, activation of AMPK could preserve neuronal function by pre-

serving the energy balance and by restoring the clearance of damaged mitochondria

via induction of mitophagy through the phosphorylation of the autophagy initiator

autophagy-related gene 1 (Atg1)/ Unc-51-like kinase 1 (ULK1).

In agreement, with a role of AMPK in neural maintenance, lethal mutations in

AMPKα, identified by forward genetic screen with EMS mutagenesis or generated

by imprecise excision of P-elements, confirmed the importance for the kinase in the

maintenance of cell integrity (Lee et al. 2007; Swick et al. 2013). AMPKα-null fly
embryos showed severe abnormalities in cell polarity and disorganization of epi-

thelial structures and lead to embryonic lethality (Lee et al. 2007). Moreover,

AMPK-null embryos contained defective mitotic divisions with lagging or poly-

ploid chromosomes. It was established that AMPK functions in mitosis and epithe-

lial polarity by targeting myosin II regulatory light chain (MRLC), since

phosphomimetic mutant of MRLC rescued the AMPK-null defects in cell polarity

and mitosis (Lee et al. 2007). These findings uncovered a link between energy

status and cell structures, revealing new pathophysiological functions for AMPK

signaling pathway in the regulation of cellular structures.

Drosophila has been used as a model system to dissect possible roles of AMPK

in aging and lifespan determination. Dietary restriction, a reduction in total food

intake, has been shown to increase lifespan by modulating nutrient-sensing path-

ways in flies as well as in a wide range of organisms including nematodes and

mammals (Fontana et al. 2010). However, question remains regarding the impor-

tance of cellular energy homeostasis and AMPK signaling as an evolutionary

conserved determinant of lifespan control. For this purpose, to circumvent the

lethality caused by AMPKα deletion in late larval stages (Lee et al. 2007), the

consequences of tissue-specific knockdown of AMPKα and transgenic expression

of AMPKα using the inducible GeneSwitch system (Poirier et al. 2008), which

provided both temporal and spatial control, have been examined to influence

drosophila lifespan. Different approaches were used including RNAi-mediated
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knockdown of AMPKα (Tohyama and Yamaguchi 2010) or AMPKγ (Johnson,

Kazgan et al. 2010) and expression of a dominant-negative construct (AMPKαK57A),
in which the catalytic domain of the AMPKα subunit is inactive (Johnson

et al. 2010) (Table 18.4). Consistent with a causal role for AMPK in regulating

energy homeostasis, reduced AMPK signaling leads to hypersensitivity to star-

vation conditions (Bland et al. 2010; Johnson et al. 2010; Tohyama and

Yamaguchi 2010). Interestingly, a similar sensitivity to starvation conditions

was observed with a selective loss of AMPK signaling in muscle (Tohyama

and Yamaguchi 2010) and was associated with a reduction in lifespan (Bland

et al. 2010; Stenesen et al. 2013), suggesting potential tissue-specific require-

ments for AMPK-mediated lifespan extension. To study the impact of tissue-

restricted upregulation of AMPK, pro-longevity effects were investigated in

transgenic flies overexpressing AMPK in a subset of metabolic tissues. It was

found that localized AMPK activation (e.g., by overexpressing wild-type AMPK

in muscle, fat body, brain, or intestinal epithelium) extends lifespan in a non-

cell-autonomous manner (Bland et al. 2010; Stenesen et al. 2013; Ulgherait

et al. 2014). Activation of AMPK produces a non-cell autonomous induction of

autophagy due to upregulation of Atg1/ULK1 signaling, which appears to be

necessary and sufficient to slow systemic aging (Ulgherait et al. 2014). A recent

study demonstrated that dietary application of β-guanidinopropionic acid

(β-GPA), a creatine analog, can extend lifespan through AMPK-dependent

induction of autophagy (Yang et al. 2015). Such findings may provide signifi-

cant insight for pharmaceutical strategies to manipulate AMPK function in

single tissue to prolong lifespan in mammals.

18.5 Genetically Modified Worm Models

The nematode Caenorhabditis elegans has many excellent advantages as an in vivo

model for detailed molecular analyses and functional genomics. It is a small

nematode with a life cycle of 3.5 days and a lifespan of about 2–3 weeks. In

addition, C. elegans displays conserved developmental programs, genetic tracta-

bility, and a fully sequenced genome, making an ideal model system to understand

biological processes. To identify the biological function of specific genes in

C. elegans, different methods have been developed using reverse and forward

genetics or transgenesis techniques (Baylis and Vazquez-Manrique 2011; Boulin

and Hobert 2012). C. elegans has many genes which are similar to those of other

higher eukaryotes, suggesting many similar functions in cellular and molecular

mechanisms. The C. elegans genome encodes the aak-1 and aak-2 genes, which are
homologs of the catalytic α subunits of mammalian AMPK, the aakb-1 and aakb-2
genes, which are homologs of the regulatory β subunits of mammalian AMPK, and

the aakg-1, aakg-2, aakg-3, aakg-4, and aakg-5 genes, which are homologs of the

regulatory γ subunits of mammalian AMPK (Apfeld et al. 2004) (Fig. 18.2). Hence,

a potential of 20 alternative heterotrimeric complexes can be formed in C. elegans.
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During the last decade, C. elegans has been at the forefront as a model system to

understand biological processes linking energetics to longevity. Limiting energy

availability through dietary restriction confers lifespan extension in organisms as

diverse as yeasts, nematodes, and rodents (Fontana et al. 2010). It has been found

that increases in cellular AMP/ATP ratio are associated with age in C. elegans,
suggesting a link between genes known to affect lifespan and the control of energy

metabolism (Apfeld et al. 2004). Thus, it is not surprising that AMPK has emerged

as a key regulator of lifespan determination (Burkewitz et al. 2014). The use of aak-
2 mutants (Table 18.5) has highlighted the role of AMPK in the regulation of

lifespan in response to environmental stress and insulin-like signaling (Apfeld

et al. 2004; Narbonne and Roy 2006). C. elegans lacking aak-2 failed to extend

lifespan in response to dietary restriction and low-energy conditions (Greer

et al. 2007; Schulz et al. 2007; Lee et al. 2008; Narbonne and Roy 2009; Fukuyama

et al. 2012). Conversely, overexpression of aak-2 significantly promotes lifespan

Table 18.5 AMPK mutant strains for the study of AMPK signaling pathway in C. elegans

Gene Allele description References

aak aak-1
(tm1944)

Deletion of 618 bp Lee

et al. (2008)

aak-2
(ok524)

Deletion of 408 bp (protein truncated after amino acid

164 lacking complete kinase domain as well as the inhib-

itory and AMPKβγ-binding domains)

Apfeld

et al. (2004)

aak-2
(rr48)

Point mutation H208Y predicted to disrupt the catalytic

activity of the α subunit

Narbonne and

Roy (2006)

aak-2
(gt33)

Deletion of 606 bp generated by random UV-activated

trimethyl-psoralen mutagenesis

Jansen

et al. (1997)

Paak-2::
gfp

Promoter GFP fusion Tullet

et al. (2014)

aakb aakb-1

(tm2658)
Deletion of 146 bp (part of the glycogen-binding domain is

missing)

Narbonne and

Roy (2009)

Paakb-
1::gfp

Promoter GFP fusion Tullet

et al. (2014)

aakb-2
(rr88)

C262T transition introducing a premature stop codon Narbonne and

Roy (2009)

aakg aakg-4

(tm5097)

Deletion of 231 bp þ insertion of 24 bp www.

wormbase.

org

aakg-4
(tm5269)

Deletion of 272 bp www.

wormbase.

org

aakg-4
(tm5539)

Deletion of 405 bp (region encoding portions of both CBS3

and CBS4 domains)

Tullet

et al. (2014)

Paakg-
4::gfp

Promoter GFP fusion Tullet

et al. (2014)

Paakg-
5::gfp

Promoter GFP fusion Tullet

et al. (2014)
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extension and mimics dietary restriction in well-fed wild-type animals (Apfeld

et al. 2004). Similar increase in lifespan is observed in transgenic worms expressing

an active form of the AMPKα (Mair et al. 2011) or the AMPKγ (Greer et al. 2007)
subunits. C. elegans fed with the AMPK agonist metformin also display an increase

in lifespan that is dependent on aak-2 (Onken and Driscoll 2010). The effect of

metformin on extension of C. elegans lifespan can be direct by promoting resis-

tance to biguanide toxicity through AMPK activation and indirect by impairing

folate metabolism of E. coli, its trophic microbial partner (Cabreiro et al. 2013).

Under condition of energetic stress, the aak-2 subunit becomes phosphorylated

at threonine 243 (Thr243), equivalent to Thr172 in the mammalian ortholog, and

primarily takes part in its activity to phosphorylate and inhibits the CREB-regulated

transcriptional coactivator CRTC-1, a cofactor involved in diverse physiological

processes including energy homeostasis (Mair et al. 2011). Modulation of CRTC-1

phosphorylation status by AMPK activation in the central nervous system is

required to locally and cell autonomously promote remodeling of mitochondrial

metabolic networks and increase longevity (Burkewitz et al. 2015). Upon reduced

AMPK activity, CRTC-1 modulates AMPK-mediated longevity cell

non-autonomously via regulation of the neurotransmitter/hormone octopamine

secretion, which drives mitochondrial fragmentation in distal tissues, and sup-

presses the effects of AMPK on systemic mitochondrial metabolism and longevity.

These findings highlight the dominance of neuronal energy-sensing mechanisms

and neuronal signals on systemic metabolic homeostasis and impact on aging

process. This regulatory mechanism is consistent with the cell-non-autonomous

role for neuronal AMPK in modulating peripheral lipid storage in worms

(Cunningham et al. 2014).

18.6 Concluding Remarks

The AMP-activated protein kinase (AMPK) system was first discovered 35 years

ago. Since that time, knowledge of the diverse physiological functions of AMPK

has grown rapidly and continues to evolve. Most certainly, genetically modified

mice have become instrumental to the study of AMPK. However, the use of fly and

worm model organisms has also played a key role in delineating the physiological

role of AMPK signaling pathway and will continue to contribute to the expanding

field of AMPK.

Identifying the best animal model to study AMPK function or characterize

AMPK agonists/antagonists is an important consideration and requires a thorough

understanding of the advantages and disadvantages of each animal model, as there

are important factors to consider. Animal models with comparable AMPK

heterotrimeric composition to human cells and tissues are typically relevant models

to examine AMPK pathophysiological role and develop tissue-specific therapeutic

interventions. However, although mouse models possess many advantages for

biomedical research, it has been reported that the composition of AMPK
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heterotrimers differs between rodent and human hepatocytes (Stephenne

et al. 2011; Wu et al. 2013), addressing a major challenge for future preclinical

translational studies.
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Abstract AMPK studies in cell-free and cellular systems have significantly con-

tributed to recent progress in the AMPK field. Biochemical characterization,

structure determination and elucidation of AMPK-dependent signalling events

benefit from application of state-of-the-art tools and methodology. This chapter

provides a synopsis of recombinant protein expression systems and biochemical

and cell-based study methods. We summarize three different expression systems for

AMPK production: bacteria, insect cells and mammalian cells. In addition, kinase

activity measurement, kinase substrate identification and determination of physical

interaction with AMPK are discussed. The last part of this chapter focuses on the
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use of pharmacological activation, inhibition, and molecular genetic tools to study

AMPK involvement in cellular signalling pathways.

Keywords Recombinant protein expression • Kinase activity determination •

Substrate identification • Genetic tools • AMPK activity modulation

19.1 Expression/Production of AMPK Protein

To biochemically characterize AMPK and to study its involvement in cellular

processes, AMPK protein expression is an essential step. For any expressed

protein, quality and quantity are two crucial factors for further successful appli-

cation in vitro or in vivo. Since cellular AMPK functions as a heterotrimeric

protein complex comprising α, β and γ subunits, the formation of AMPK requires

co-expression of all three subunits. To date, a number of expression systems are

used in the AMPK field, including prokaryotic, insect virus-based and mamma-

lian systems. These systems and their applications are discussed in the sections

below.

19.1.1 Prokaryotic Expression Systems

As the easiest and most widely used method for recombinant protein production,

the bacterial expression system combines several potential advantages, such as a

rapid result, high yield, including the possibility of upscaling, and absence of

posttranslational modifications (PTMs).

Production of AMPK heterotrimeric complexes has been a challenging task, due

to low protein solubility and failure of co-renaturation from separately purified

denatured single subunits. A polycistronic bacterial expression system has been

developed to overcome these problems (Neumann et al. 2003). Expression of all

three subunits from a single tricistronic vector in bacteria conveniently produces the

functional heterotrimer. AMPK complexes can thus be obtained in the milligram

range from Escherichia coli. This method was also shown to be valuable for

production of uniform subunit isoform composition and was applied in the majority

of biochemical and structural studies. However, the tricistronic expression strategy

is not equally powerful for all subunit isoform combinations. For example, the

human muscle-specific AMPK isoform combination α2β2γ3 was successfully

expressed and purified from a single tricistronic transcript in E. coli, which offered

insight into the function of this AMPK (Rajamohan et al. 2010), but expression

levels of this isoform complex were too low to enable structural studies using, e.g.,

X-ray crystallography.
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Notably, an activating phosphorylation event is often required in the case of

recombinant protein kinases. Indeed, AMPK heterotrimers purified from the above-

described tricistronic vectors are almost entirely inactive due to the absence of

upstream activating kinases in bacteria. In order to activate AMPK, upstream

kinases (e.g. LKB1 complex or CaMKK2) have thus been added to purified

bacterially expressed AMPK complexes in the presence of ATP. CaMKK2 can be

easily produced in bacteria, which makes this kinase suitable for applications where

an activating AMPKα threonine 172 (T172) phosphorylation event is part of the

assay (Kukimoto-Niino et al. 2011). It has also been reported that activated AMPK

could be re-purified after in vitro activation by either recombinant CaMKK2 or

LKB1 complex (Suter et al. 2006). Functional LKB1 complex (consisting of LKB1,

MO25α and STRADα) can also be produced in bacteria, although purification yield
was low (Neumann et al. 2007). In cases where bacterial production of active

AMPK is desirable, LKB1 complex can be co-expressed with AMPK. For this

purpose, a single hexacistronic expression vector encoding three AMPK and three

LKB1 subunits was employed (Fig. 19.1a, b). This strategy directly yields active

AMPK, as reported recently (Bullen et al. 2014; Oligschlaeger et al. 2015).

Tricistronic constructs for expression of AMPK usually encode a hexahistidine

(His)-tagged α-subunit and non-tagged β and γ subunits (although this might not be

exclusive). Thus, commonly, His-tagged AMPK protein obtained from a prokary-

otic expression system can be purified by Nickel-affinity chromatography in a

single-step using standard procedures (Fig. 19.2). To exclude possible problems

from the presence of His tag for biochemical characterization of AMPK, especially

crystallization, non-tagged mammalian AMPK isoform combinations were purified

successfully from bacteria using a multistep chromatography approach that

included anion exchange chromatography and size-exclusion chromatography

(Riek et al. 2008). Automation of such multidimensional purification protocol

was established even allowing for full Internet remote control (Riek et al. 2009).

Fig. 19.1 Bacterial expression construct for production of active AMPK complexes. (a) Sche-
matic representation of the hexacistronic expression vector encoding for the AMPK heterotrimer

and LKB1 complex for expression of active AMPK in bacteria. (b) The hexacistronic gene

construct consists of a single promoter, open reading frames of AMPK γ subunit, β subunit,

hexahistidine-tagged α subunit, LKB1, MO25a and STRADa, respectively, interspersed with

ribosome binding sites (RBS), and a transcriptional terminator sequence. Plasmid maps are not

drawn to scale. This vector and its application were described recently (Bullen et al. 2014;

Oligschlaeger et al. 2015)
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To date, the bacterial expression system has been validated as a useful source of

various AMPK isoforms as either active or inactive enzyme. Moreover, the bacte-

rial system has been utilized for expression of functional mutants, such as kinase-

defective mutants (e.g. α1D157Aβ1γ1) or truncation mutants (e.g. lacking the

kinase domain in the α subunit).

19.1.2 Baculovirus-Insect Cell Expression Systems

Baculovirus-mediated protein expression can provide both high protein yield and

eukaryotic protein PTMs (Jarvis 2009). Infected insect cells co-expressing all three

AMPK subunits from three individual baculoviral vectors provided stable

heterotrimeric complex, whereas separate expression/purification resulted in pro-

tein insolubility (Ramanathan et al. 2010). Successful AMPKα1β1γ1 complex

expression was achieved (Iseli et al. 2008). However, also co-expression of only

the γ1 and the C-terminus of β1 subunit resulted in a stable complex in the absence

of the α subunit in insect cells (Iseli et al. 2008).

The main advantage of insect cell expression is the presence of eukaryotic

PTMs, which is for example highlighted by the identification of a gatekeeper

function for N-terminal myristoylation of the β subunit (Oakhill et al. 2010).

Furthermore, by using recombinant human AMPK produced in insect cell systems,

several additional phosphorylation sites have been identified (Steinberg and Kemp

2009). Similar to the bacterially expressed protein insect cell-based systems pro-

duce relatively high protein yields and for protein purification purposes affinity

Fig. 19.2 Bacterially

expressed purified AMPK

isoforms. Tricistronic

plasmids encoding various

AMPK isoforms were

transformed to competent

E. coli and harvested after

overnight expression in

auto-inducing media.

Proteins were purified by

Nickel-affinity

chromatography and purity

was analysed by

SDS-PAGE followed by

Coomassie Brilliant Blue

staining. His-α1β1γ1 (Lane
1), His-α1β2γ1 (Lane 2),
His-α2β1γ1 (Lane 3) and
His-α2β2γ1 (Lane 4)
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chromatography and anion exchange chromatography were applied yielding high

purity (Iseli et al. 2008). Compared to the bacterial expression system, AMPK

expression in insect cells offers the potential advantage that relevant eukaryotic

PTMs are present on the artificially expressed AMPK protein.

19.1.3 Mammalian Tissues and Expression Systems

Mammalian tissues and cells are sources for endogenous AMPK complex proteins.

In addition, mammalian cell cultures have been used for recombinant protein

expression. The expression of mammalian proteins in mammalian cells generally

results in correct folding, assembly of the required protein complex components

and post-translational processing, which are all important for faithful biological

activity.

In the early days of research into AMPK function, native AMPK was extracted

from tissues and enriched in a series of subsequent purification steps; e.g. a com-

bination of DEAE-sepharose, Blue-sepharose and size-exclusion chromatography

was applied to purify AMPK from male Wistar rat livers (Carling et al. 1989).

Later, a number of bio-affinity-based purification methods have been developed to

increase the efficiency of AMPK isolation, for example a specific ATP-γ-Sepharose
resin (Davies et al. 1994) and an α1 isoform-specific peptide substrate affinity-

chromatography column with ADR1 (222–234)P229 (LKKLTRRPSFSAQ)

(Michell et al. 1996).

For expression of exogenous recombinant protein, different vectors are available

to transfer the target genes into host cells. These vectors range from non-selectable

vectors to vectors carrying selection markers (usually eukaryotic antibiotic resis-

tance markers) and include non-viral as well as viral (adeno-, retro-, lentiviral)

vectors. Widely used and relatively easily transfectable mammalian cell lines

include Human embryonic kidney (HEK 293) and Chinese hamster ovary (CHO)

cells.

Although mammalian expression systems produce proteins harbouring native

features (PTMs, folding, interaction), their main application has been in the explo-

ration of cellular signalling pathways and interaction networks. Hence,

overexpression of exogenous AMPK in mammalian cells is a widely applied

method. To this end, mammalian expression constructs are transfected or virally

transduced to a cell type of choice. As an example, both the constitutively active

and dominant-negative forms of AMPKα have been used to define the role of

AMPK in glucose uptake regulation by metformin in skeletal muscle cells (Turban

et al. 2012). Notably, although single subunit overexpression is achievable and

produces interpretable results, triple transfection (α, β, γ subunits co-expression)

was shown to increase AMPK kinase activity up to 50–110-fold compared with

single subunit expression in mammalian cells (Dyck et al. 1996). Therefore,

co-expression of all three AMPK-complex subunits is highly recommended and

widely applied in cellular signalling studies. For instance, co-expression of
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AMPKα1, β1 and γ1 has contributed to the elucidation of the mechanism underly-

ing AMPK activation by A-769662 and AMP (Scott et al. 2014) and the identifi-

cation of an autophosphorylation event that regulates AMPK-glycogen binding

affinity (Oligschlaeger et al. 2015).

For both endogenous and exogenous protein purification, highly specific and

high-affinity reagents, such as (PTM-) specific antisera, have been useful to target

and immune-capture proteins of interest from cell extracts (Kim and Eberwine

2010; Khan 2013). At present, most researchers choose to enrich endogenous

AMPK protein by immunoprecipitation from mammalian cells using specific

antibodies, e.g., by immunoprecipitating AMPK from cell lysate with highly

selective anti-α1/2 antibodies raised in sheep and protein G sepharose (Stahmann

et al. 2006).

19.2 Biochemical Characterization of AMPK

Structural and functional analysis of AMPK requires AMPK-specific knowledge

and the availability of apt biochemical tools. Vice versa, structural data fertilized

the biochemical characterization of AMPK. Thus, the interplay between structural

biology and biochemistry has provided significant novel insights into the molecular

functioning of AMPK.

19.2.1 AMPK Kinase Activity Measurement

In essence, protein kinases are phosphoryl transferases that transfer the γ-phosphate
group of ATP to a threonine, serine or tyrosine residue on specific protein sub-

strates. Therefore, protein kinase activity measurement is the determination of

phosphate transfer, i.e. by quantifying the production of the phosphorylated prod-

ucts or by detecting the ADP production, which also should inversely mirror the

decrease of ATP (Ma et al. 2008).

Among various assays for AMPK activity measurement, the radiometric assay is

a common method, although the introduction of non-radioactive assay formats has

reduced the frequency of its application. In any such assay, AMPK is incubated

with a synthetic substrate peptide, in the presence of radiolabeled (32P-γ-ATP or 33

P-γ-ATP) or non-labelled ATP. Incorporation of the radiolabel to the substrate

peptide can be quantified by determining scintillation counts after spotting the

reaction mix onto a phosphocellulose paper, i.e. the ‘classical’ kinase assay that

has been successfully implemented for numerous kinases. A more rough estimation

of kinase activity may alternatively be obtained by using a protein substrate and

comparing autoradiography signals after separating the reaction mix by gel elec-

trophoresis. If using nonradiolabeled ATP, various commercial kits are available

for quantification, such as luminometer-based, fluorescent and colorimetric assays.
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Different substrate peptides of AMPK have been reported. The synthetic SAMS

peptide (HMRSAMSGLHLVKRR) was shown to be a specific target for AMPK

from rat liver (Davies et al. 1989). Similarly, AMARA peptide

(AMARAASAAALARRR) has been used to measure AMPK activity in cell lysates

(Salt et al. 1998a). However, the vast majority of researchers utilized SAMS

peptide in their AMPK studies; e.g. it was shown that LKB1 directly phosphory-

lates and activates AMPK kinase activity towards SAMS peptide (Shaw

et al. 2004a). To determine AMPK activity, various additional technologies and

platforms have been developed and are available from commercial suppliers that

are based on the recognition of the phosphorylated substrate peptide by suitable

phosphorylation-specific antibodies.

All of the above kinase activity measurements offer their specific advantages but

focus on either substrate phosphorylation or on ATP consumption as a read-out.

Analysis of the kinase activity reaction mixture by high-performance liquid chro-

matography (HPLC) has been developed as an alternative (Suter et al. 2006).

HPLC-based analysis allows for quantification of all nucleotides (ATP, ADP and

AMP), plus it provides an accurate determination of SAMS and phosphorylated

SAMS (pSAMS) peptide; the latter requires a separate HPLC run using a different

column chemistry, solutes and eluent. In contrast with other methods, the HPLC-

based read-out enables monitoring of AMP levels, which may be present as

contamination or produced during the assay in the reaction mixture. It is also

possible to record dynamic changes of ATP/ADP and pSAMS/SAMS as a function

of time (i.e. by taking samples of an activity assay at different time points).

Moreover, this single assay-based technology provides important data cross-

validation, since a perfect correlation between ADP formation and pSAMS detec-

tion within the duration of the AMPK assay was observed (Suter et al. 2006).

19.2.2 AMPK Structure Determination

The detailed atomic structure of AMPK has mainly been captured by X-ray

crystallography. Thus, AMPK was purified in large quantities and subjected to

crystallization trials. The mammalian AMPK structure and AMP-binding sites were

elucidated recently (Xiao et al. 2011). Also, the binding of small molecule activa-

tors, such as A769662, was elucidated by X-ray crystallography (Xiao et al. 2013).

These studies crucially rely on the ability to produce AMPK complex in sufficient

amount, purity and homogeneity. Accordingly, the bacterial polycistronic expres-

sion strategy (Sect. 1.1, this chapter) has been used in virtually all AMPK structural

studies published to date.

Nuclear magnetic resonance (NMR) spectroscopy is alternative method to

obtain structural insight, which has been applied to isolated AMPK domains and

even revealed dynamic changes or affinities. As an example, the carbohydrate-

binding module of muscle-specific AMPK β2 subunit has been found to display

higher affinity for carbohydrates than the corresponding domain of the AMPK β1
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subunit (Koay et al. 2010). NMR-based analyses have also demonstrated that the

isolated CBM domain alone shows weak interaction with A769662 (Calabrese

et al. 2014).

19.2.3 Screening Methods for AMPK Downstream Target
Identification

A multidimensional substrate screen for protein kinases (MudSeeK) in tissue

homogenates has been recently developed to identify downstream targets for

AMPK (Tuerk et al. 2007). This proteomic method utilises radiolabelling of

substrate proteins by activated AMPK in the presence of radiolabelled ATP.

Phosphorylated substrates are detected after separation of proteins by

two-dimensional gel electrophoresis and subsequent autoradiography. Although

the principle is simple, several steps are necessary and crucial for success (not

further detailed herein). In this study and subsequent work (Thali et al. 2010), the

MudSeeK approach has proven effective for AMPK substrate protein identification

with a low number of false-positive hits.

A bioinformatics-based approach has been applied to search for the

established AMPK substrate motif. Such method predicts potentially novel

AMPK substrates and their AMPK-targeted phosphorylation sites. As an exam-

ple, Serine 722 and 792 of the regulatory-associated protein of mechanistic target

of rapamycin (Raptor) have been predicted as AMPK target sites by Scansite

(http://mit.scansite.edu) and Prosite (http://ca.expasy.org/prosite/) (Gwinn

et al. 2008). Moreover, a substrate-specific antibody was developed based on

the known consensus of AMPK phosphorylation motif (LXRXXpS/pT). Using

this antibody, 57 proteins recently were identified as potential AMPK targets

(Ducommun et al. 2015).

Following up on the results of the screening methods above, each putative

AMPK substrate protein requires rigorous validation as AMPK target. As a first

step, this can be verified in in vitro kinase assay (IVK) with active AMPK using

radiolabelled ATP and autoradiography. For phosphorylation site identification,

a similar reaction mix may be subjected to mass spectrometry analysis, most

often involving SDS electrophoresis and isolation of tryptic peptides from gel

pieces. Site-directed mutagenesis in combination with IVK is frequently used to

validate a newly identified phosphorylation site. To this end, the presumed

serine or threonine residue of the AMPK target site is exchanged to alanine

and the target protein is produced in a recombinant expression system. Upon

incubation of wild type or the mutant with active AMPK, phosphorylation of the

target protein can be detected by either autoradiography or antibodies (phospho-

AMPK substrate antibody/custom-made phosphorylation-specific antibody).

The workflow of AMPK downstream target identification is depicted in

Fig. 19.3.
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Recently, a chemical genetics approach was developed to identify AMPK targets

(Banko et al. 2011). In this method, AMPK α2 subunit was genetically engineered

to use N6-modified ATPγS analogues for substrate thiophosphorylation. Next, the

transferred thiophosphate on serine or threonine residues was chemically alkylated.

This alkylation can be recognized by a thiophosphate ester-specific antibody that is

used to enrich AMPK target proteins by immuno-affinity capturing for subsequent

identification by mass spectrometry.

Fig. 19.3 Workflow of AMPK downstream target identification. Potential AMPK targets are

identified via MudSeek or motif affinity screening. In silico prediction software yields potential

AMPK substrates harbouring potential phosphorylation sites. Validation of a candidate target

protein as AMPK substrate can be performed in kinase assays using active AMPK, radiolabelled

ATP and autoradiography. Similar reaction mixtures can also be used for mass spectrometric

analysis for phosphorylation site identification. Site-directed mutagenesis can then be employed

by exchanging the putative serine/threonine target residues of candidate substrate proteins into

alanine (non-phosphorylatable) to validate whether these amino acids are AMPK targets in vitro

and in vivo (using phospho-AMPK substrate antibody/custom-made phosphorylation-specific

antibody) and to study the biological relevance of phosphorylation at these sites

19 In Vitro Methods to Study AMPK 479



19.2.4 Physical Interaction Studies

Physical interaction studies are performed to explore binding affinity of nucle-

otides, drugs or interaction partners with AMPK. Among these studies, Surface

Plasmon Resonance (SPR) is a widely used method, which is versatile and label

free and has outstanding sensitivity. The technology uses purified AMPK protein

that is captured on a sensor chip. Binding of drugs or nucleotides causes a

detectable real-time angle shift of light reflected from the chip surface. Variation

in binding response value makes the SPR technology useful to detect differences

in binding affinity (Xiao et al. 2013). For example, glutathione S-transferases

(GST) were identified as AMPK binding partners by using this method (Klaus

et al. 2013). Similarly, another optical technique called Bio-layer interferometry

(BLI) uncovers AMPK binding with small molecules in real time by measuring a

wavelength shift in the interference pattern (Calabrese et al. 2014; Zhan

et al. 2012). Nuclear magnetic resonance (NMR) spectroscopy, as previously

discussed in the context of atomic structure resolution, can also be applied for

this purpose. Extensive studies were performed using the yeast two-hybrid

screening approach leading to the identification of multiple novel protein bind-

ing partners of AMPK subunits, i.e. with preference for the AMPKβ subunit

(Sanz et al. 2013).

19.3 Methods to Study AMPK in Cellular Signalling
Pathways

AMPK is a ubiquitous energy sensor of the eukaryotic cell. Thus, AMPK has been

studied in many different cellular signalling pathways and specific methodology

was applied to elucidate various processes of interest, such as cell growth,

autophagy, metabolism and gene transcription (Steinberg and Kemp 2009; Hardie

et al. 2012; Mihaylova and Shaw 2011). Here, we introduce the common starting

points used in AMPK cellular signalling research by focusing on metabolic

stressors and pharmacological compounds as input signals, AMPK as the integrat-

ing centre and downstream substrates as read-out (Fig. 19.4).

19.3.1 AMPK Isoforms and Cell Models

In principle, any eukaryotic cell is expected to express AMPK (or a close homo-

logue) and thus can serve as a cell model. However, the composition of the

heterotrimeric AMPK and the level of subunit expression and incorporation show

differences in a cell type-specific context and also at the level of activation,

interestingly. In mice, the distribution of different isoforms is well defined: α1
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evenly presents across heart, liver, kidney, brain, spleen, lung and skeletal muscle,

while α2 is most abundant in heart and skeletal muscle; similarly, the β2 subunit is

expressed in the same muscular tissues whereas the β1 isoform is ubiquitous; γ1 and
γ2 are widely expressed with γ2 levels highest in heart, while the γ3 isoform is

restricted to skeletal muscle (Steinberg and Kemp 2009). These observations,

therefore, emphasize the importance of choice of a relevant cell model with respect

to specific signalling studies and organs. Also, AMPK α2 subunit has been shown

with preferential nuclear localization and therefore is more indicated to be involved

in transcriptional regulation (Salt et al. 1998b). Studies into processes that depend

on AMPK activation often apply HeLa cells, due to their lack of LKB1 (Hawley

et al. 2003). Likewise, neurons (Anderson et al. 2008) and T cells (Tamas

Fig. 19.4 AMPK in the context of cellular signalling studies. The depicted AMPK cellular

signalling model comprises three conceptual levels: input signal/activation (by upstream regula-

tory molecules), AMPK as a signal sensor and convergence/integration point of signalling and

downstream targets (biological/functional read-out). As input signals, metabolic stress, like low

glucose or oxygen and small molecule activators metformin/phenformin, leads to increased

cellular AMP/ADP, whereas AICAR forms AICAR-phosphate (ZMP), a structural analogue of

AMP. Thus, LKB1 directly phosphorylates AMPK at T172 for activation, while CaMKK2

activates AMPK in response to calcium influx. Activity of AMPK is increased by activating

phosphorylation, and/or pharmacologically, by binding of A769662/salicylate. The phosphoryla-

tion status of AMPK downstream targets changes in response to AMPK activation. As read-out for

AMPK activity changes, phosphorylation status of ACC at S79 is most commonly detected,

i.e. using commercially available antibodies. Phosphorylation of other substrates, involving in

glucose metabolism, cell growth/autophagy and transcription, may also be used as biological

endpoints
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et al. 2006) are explored for the role of CaMKK2 on AMPK activity. Therefore, the

AMPK-activating mechanisms and controls may differ per cell type and so does the

spectrum of AMPK downstream targets.

19.3.2 Physiological and Pharmacological Modulators
of AMPK Activity

AMPK promotes ATP generation in response to increased AMP and ADP levels

and thus various metabolic stressors, such as low oxygen or nutrient deprivation,

induce AMPK activation (Mihaylova and Shaw 2011). In particular, glucose

deprivation has been applied to cells in order to activate AMPK. In response to

such energy stress, LKB1 directly phosphorylates AMPK at threonine 172 (T172)

(Shaw et al. 2004a; Hawley et al. 2003; Woods et al. 2003a). CaMKK2, on the other

hand, activates AMPK by targeting the same site upon increased calcium influx

(Hawley et al. 2005; Hurley et al. 2005). For example, in endothelial cells thrombin

has been shown to activate AMPK in a CaMKK2-dependent manner (Stahmann

et al. 2006).

The compound 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) is

phosphorylated intracellularly to form AICAR phosphate (ZMP), a structural

analogue of AMP, thus capable of activating AMPK and widely used as AMPK

activator in cell studies (Guo et al. 2009). Metformin and phenformin are found to

induce AMPK activation via inhibiting mitochondrial ATP synthesis

(Andrzejewski et al. 2014) and therefore increasing the cellular AMP-to-ATP

ratio. By directly binding to AMPK, A769662 (Cool et al. 2006) and salicylate

(Hawley et al. 2012) induce allosteric activation of AMPK and thus are increasingly

used for AMPK cellular function analysis. Importantly, A769662-mediated AMPK

activation was also found to reduce the metastatic efficiency of breast tumour cells

(Chakrabarti et al. 2015), illustrating the potential clinical importance of both

AMPK and small molecule activating compounds.

To inhibit AMPK activity, compound C has been utilized as an ATP competitor.

However, compound C and other kinase inhibitors lack specificity for AMPK (Liu

et al. 2014). Although compound C undoubtedly inhibits AMPK and may still be

considered useful, the experimental results obtained from using this inhibitor thus

should be interpreted with caution. The CaMKK inhibitor STO-609 has been

applied in studies of CaMKK2-mediated AMPK activation (Hurley et al. 2005).

Inhibitors of LKB1 have remained elusive.
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19.3.3 AMPK as the Integrating Centre for Activity
Modulation

19.3.3.1 Antibodies for AMPK Activity Measurement in Cells

Phosphorylation sites in AMPK have been reported in α and β subunits mainly and

site-specific phosphorylation-sensitive antibodies have been generated against sev-

eral sites. Phospho-AMPKα threonine 172 (pT172) antiserum is commonly used as

an indicator of AMPK activity status (Hawley et al. 1996). Phosphorylation at

serine 485 (α1)/serine 491 (α2) can also be detected by phospho-specific antibodies
and was linked to AMPK inhibition (Suzuki et al. 2013). In the CBM of β subunit,

serine 108 phosphorylation has been monitored by a specific antibody to explore the

activation mechanism of small molecule activators (Scott et al. 2014). Although the

role of phosphorylation at serine 182 in β1 subunit is not well defined yet, phospho-
specific antibody is also commercially available. Several research groups also

developed their own antibodies, such as the phospho-AMPKβ threonine

148 (pT148) antibody (Oligschlaeger et al. 2015), which have remained

non-commercial.

19.3.3.2 Genetic Intervention for AMPK Activity Modulation

In addition to pharmacological activation or inhibition, AMPK activity can be

modulated by molecular genetic intervention to study and validate its biological

relevance in a certain process. As discussed above (Sect. 1.3), AMPK can be

expressed in cell models using transient transfection or viral transduction

approaches. The expression of available and novel AMPK (subunit) mutants allows

analysis of the involvement of specific protein domains or PTMs in regard to a

cellular response. Mutation of aspartate 157 to alanine (D157A) within the α1
subunit renders AMPK catalytically inactive (Woods et al. 2003b). Constitutively

active (CA-AMPK) and dominant-negative (DN-AMPK) forms were generated by

mutating the threonine residue at 172 into an aspartic acid (T172D) and an alanine

(T172A), respectively (Turban et al. 2012; Vingtdeux et al. 2010). Mutation of

serine 485 within the α1 subunit into alanine (S485A) has been used to study

possible suppressive signalling pathways of AMPK function (Ning et al. 2011).

Deletion mutant analysis of the α1 subunit was designed to locate specific binding

regions for its binding partners (Lee et al. 2011). Likewise, an autophosphorylation

site mutant at serine 108 in β subunit (S108A) was used to study the mechanism by

which A769662 activates AMPK (Sanders et al. 2007). An isolated carbohydrate-

binding module (CBM) located in the β subunit and β threonine 148 mutant

(T148A) was used in AMPK-glycogen binding study (Oligschlaeger et al. 2015).

Interestingly, mutation of arginine 531 into glycine (R531G) in the γ2 subunit,

which is also found in Wolff–Parkinson–White (WPW) syndrome, causes a lack of

AMP/ADP binding (Scott et al. 2004) and thus has been used as an
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AMP-insensitive mutant to distinguish upstream activating signals of AMPK that

are not requiring elevated AMP levels (Hawley et al. 2010).

Loss of AMPK function can be obtained genetically (knock-out/knock-down) by

use of gene-targeting technology or the use of RNA interference-based post-tran-

scriptional silencing approaches, respectively. To date, various knock-out mice

lacking AMPK-specific subunits have been created, which are valuable sources

for genetically altered cell systems in in vitro studies. Notably, the animal-derived

cell lines can be used in the primary constitution (Foretz et al. 2010) or immortal-

ized to establish novel cellular models; e.g. AMPKα-deficient immortalized mouse

embryonic fibroblasts (MEFs) were derived from AMPK α1 and α2 double-

knockout mice (Bungard et al. 2010). To achieve AMPK knock-down, small

interfering RNA (siRNA) and short hairpin RNA (shRNA) have been developed

and verified mainly for α subunit: α1 and α2 subunit knock-down was effectively

achieved in both human and mouse cells by siRNA or shRNA, by targeting a

completely conserved sequence among human, mouse and rat AMPK (Tangeman

et al. 2012). In muscle cells, AMPK knock-down has been achieved by both siRNA

(Aguilar et al. 2007) and lentiviral shRNA (Turban et al. 2012). Commercial siRNA

and shRNA are also available and have been verified in some studies (Harhaji-

Trajkovic et al. 2009; Zhou et al. 2009).

19.3.4 Downstream Targets as Study Read-Out

With increasing knowledge of AMPK signalling network, multiple downstream

targets in different pathways have been well studied and established as indicators

of AMPK activity. Among all the substrates, acetyl-CoA carboxylase (ACC), a

regulator in fatty acid synthesis, is most commonly used. Serine 79 in ACC was

identified as the AMPK phosphorylation site (Ha et al. 1994), and phospho-ACC

serine 79 (pS79) has since then been used as a general indicator of the effect of

various treatments on AMPK activity (Sujobert et al. 2015; Hoogendijk

et al. 2013). In cell growth signalling, phosphorylation of tumour suppressor

tuberous sclerosis complex 2 (TSC2) (Inoki et al. 2003; Shaw et al. 2004b) and

regulatory-associated protein of mechanistic target of rapamycin (Raptor) (Gwinn

et al. 2008) has been associated with the inhibitory effect of AMPK on mechanistic

target of rapamycin complex 1 (mTORC1). As downstream targets of mTORC1,

phosphorylation of p70S6K1 (Thr389) and 4E-BP1 (Ser65) has also been utilized

to check the net effect of AMPK signalling changes (Gwinn et al. 2008). In

autophagy, a direct connection between AMPK and phosphorylation of the

ULK1 complex was reported (Hardie 2011). In the context of signalling pathways

in glucose uptake, phosphorylation of TBC1 domain family member 1 and

4 (TBC1D1/4) has been used as read-out of AMPK involvement (Treebak

et al. 2006; Taylor et al. 2008). Further, the role of AMPK in metabolism has

been revealed in transcriptional control as well, via directly phosphorylating the

lipogenic transcription factor sterol regulatory element-binding transcription
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factor 1 (Srebp1) (Li et al. 2011), the glucose-sensitive transcription factor

carbohydrate-responsive element-binding protein (Chrebp) (Kawaguchi

et al. 2002), histone deacetylases (HDACs) 4/5/7/9 (McGee et al. 2008) and

histone 2B (H2B) (Bungard et al. 2010).

19.4 Perspectives

Application of up-to-date biochemical and molecular biology techniques has been a

major driver of research progress in the AMPK field. Implementation of novel

technologies will facilitate advanced insight into AMPK function and functioning

in the near future. With the CRISPR/Cas methodology on the rise, it is expected that

the nuclear encoded expression of AMPK variants in various cell systems will

become available at a much-accelerated rate, i.e. independent of the availability of a

corresponding genetic mouse model. Thus, functional knockouts, domain and

single-site mutants of the endogenous gene can be created by CRISPR/Cas-

mediated genome editing to study their cellular effect. Super-resolution microscopy

could facilitate the study of AMPK at subcellular and organelle level, thereby

providing insight into AMPK function in relation to localization. Further, the

application of imaging mass spectrometry will allow for analysis of AMPK in

biological specimen to provide positional information in combination with identi-

fication of neighbouring molecules and/or posttranslational modifications of

AMPK. Advancement in chemical genetics may further enhance the study of

regulatory pathways and elucidation of causal relationships to AMPK. In conclu-

sion, a new wave of in vitro and in vivo methods is awaiting implementation in the

context of AMPK research. Such new data is expected to significantly contribute to

the scientific advancement of the AMPK field and can be crucial for clinical

application of novel AMPK modulators.
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Abstract Maintenance of energy homeostasis is a basic requirement for cell

survival. Different mechanisms have evolved to cope with spatial and temporal

mismatch between energy-providing and -consuming processes. Among these,

signaling by AMP-activated protein kinase (AMPK) is one of the key players,

regulated by and itself regulating cellular adenylate levels. Further understanding

its complex cellular function requires deeper insight into its activation patterns in

space and time at a single cell level. This may become possible with an increasing

number of genetically encoded fluorescent biosensors, mostly based on fluores-

cence resonance energy transfer, which have been engineered to monitor metabolic

parameters and kinase activities. Here, we review basic principles of biosensor

design and function and the advantages and limitations of their use and provide an

overview on existing FRET biosensors to monitor AMPK activation, ATP concen-

tration, and ATP/ADP ratios, together with other key metabolites and parameters of

energy metabolism.

20.1 Introduction

Cells and tissues are heterogeneous assemblies governed by localized and transient

events that characterize metabolic and signaling processes (Tsou et al. 2011).

Classical analytical methods are unable to combine the spatial and temporal

resolution necessary to study these processes, since they either use extracts (e.g.,

biochemical and immunological methods) or average larger tissue volumes (e.g.,

NMR). Novel approaches are required that are noninvasive and quantitative and

provide at the same time the necessary spatial and temporal resolution, i.e., allow

tracing of metabolic and signaling events at a sub-micrometer scale and in real time.

This type of data still represents a bottleneck for mechanistic insight and for the

development of predictive mathematical models required for systems biology

(Huang 2011).

Imaging techniques are more and more closing this gap. Ratiometric and

environment-sensitive fluorescent dyes have proven their versatility in cell biology

since decades, whether they monitor concentration changes like e.g. of calcium

(Miyawaki et al. 1999) or biophysical parameters like membrane potential

(Kuznetsov et al. 2005). During recent years, the engineering of an increasing

number of genetically encoded fluorescent biosensors has shown that a specific

sensor may be obtained for almost any putative target. Such protein sensors apply

classical protein engineering to generate the required sensitivity and specificity and

mostly exploit Fluorescence (or F€orster) Energy Transfer (FRET) between two

appropriate fluorophores. However, also biosensors based on a single fluorophore

have emerged. This chapter summarizes the basic principles of fluorescent bio-

sensors and provides an overview on available biosensors that can be used as

readout of cellular energy homeostasis in general and activation of
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AMP-activated protein kinase in particular. We emphasize their advantages and

limitations, as well as their increasing application for monitoring processes at the

single cell level.

20.2 Genetically Encoded Fluorescent Biosensors

Biosensors are analytical tools based on a biological element such as a macromol-

ecule (protein or RNA), or even a cell, which is able to detect a specific ligand by

interacting with it and generating a measurable signal. Such sensing elements are of

course already present in nature, and it is obvious that development of biosensors

should be bio-inspired. A genetically encoded biosensor is a molecular system

which uses a macromolecular domain expressed by the cellular machinery (protein

or RNA) as the biological recognition element for detection of a biological event

within a cell. The genetically encoded biosensors that use fluorescence as a readout

are based on protein constructs containing at least one fluorescent protein (FP) tag,

capable of converting ligand detection into a fluorescence signal.

Genetically encoded biosensors represent a convenient, noninvasive way for

monitoring signals within living cells, and an increasing number of such sensors

have been developed and applied during recent years as a readout of various kinds

of molecular events (Palmer et al. 2011; Lindenburg and Merkx 2014; Hochreiter

et al. 2015). Protein-based biosensors can be easily engineered by modifying their

DNA coding sequence and transfected to be constitutively expressed by the cellular

protein synthesis machinery. This confers numerous advantages, such as the pos-

sibility to optimize specificity and affinity for the given biomolecule and to target

them to specific subcellular compartments, protein complexes, or membranes.

Genetically encoded biosensors can be used for sensing applications in cell culture,

tissues, or even animals (Kamioka et al. 2013). In principle, they can offer high

spatial resolution and versatility. As a noninvasive methodology, genetically

encoded biosensors stably transfected into cells may also avoid the stress and

metabolic alterations potentially occurring when non-encoded biosensors are

loaded into cells. Depending on the required resolution, fluorescent biosensors in

living cells can be analyzed by a large variety of common instruments, including

fluorescence microplate readers, flow cytometers, wide-field fluorescence micro-

scopes, or confocal and multiphoton laser scanning microscopes. However, the

biosensor field has been mainly driven by the successful introduction of a large

variety of fluorescent proteins derived from Green Fluorescent Protein (GFP) and

their combination with FRET.

20 Genetically Encoded Fluorescent Biosensors to Explore AMPK Signaling and. . . 493



20.2.1 Two-Fluorophore Biosensors for FRET

Most fluorescence-based biosensors contain a couple of FPs capable of generating

FRET (Fig. 20.1a, b). The theory of resonance energy transfer was originally

developed by Theodor F€orster. Preconditions for FRET are the presence of two

different fluorophores, donor and acceptor, with an emission spectrum of the donor

overlapping with the excitation spectrum of the acceptor, favorable orientation, and

a distance between both fluorophores close enough to allow non-radiative dipole–

dipole coupling (F€orster distance, Fig. 20.2). Under these conditions, FRET leads to

quenching of donor fluorescence intensity and reduction of its fluorescence lifetime,

accompanied by an increase in acceptor fluorescence emission. All these parame-

ters can be exploited for detection of the FRET phenomenon.

In biosensors based on FRET between two fluorophores, an element recognizing

the desired signal (recognition element) is fused to a couple of FPs (Fig. 20.1a, b).

The sensing mechanism consists in an alteration of the recognition element, e.g., by

binding or dissociation of a biomolecule or a covalent modification such as phos-

phorylation, which has to trigger changes in overall conformation, intramolecular

domain interactions, or oligomeric structure, finally resulting in an altered distance

Fig. 20.1 Design, function, and typical readout of the most widespread types of genetically

encoded fluorescent biosensors. Left: Design and principle, right: changes in fluorescence emis-

sion observed. (a, b) Dual fluorophore biosensors with recognition elements flanked by two

fluorescent proteins. Events at the recognition element lead to changes in protein conformation

and FRET efficiency. The recognition element either contains a binding site for a ligand (a) or the

target for a posttranslational modification (e.g., phosphorylation (b)). (c) Single fluorophore

biosensor based on a circular permutated fluorescent protein (cpFP) containing a recognition

element. An event such as ligand binding to the recognition element leads to conformational changes

that alter fluorescence emission.Blue and yellow cylinders: fluorescent proteins (e.g., CFP andYFP);

waved arrows: excitation and emission light; red dotted line: non-radiative FRET; gray triangle:
ligand; red and blue dots: posttranslational modification and its recognition sequence, respectively
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between the two fluorophores and thus translation of the primary signal into a

change in FRET.

FRET efficiency is inversely proportional to the sixth power of the distance

between donor and acceptor. This makes FRET extremely sensitive to small

changes in a distance range between about 2 nm and 8 nm (Fig. 20.2), a distance

range relevant to intramolecular conformational changes. FRET can thus be used as

a sort of molecular ruler, as shown, e.g., by using precision spectroscopic

approaches in structural biology (Mekler et al. 2002). However, for most applica-

tions in cell biology, the given signal-to-noise ratios limit FRET experiments to a

more binary readout, distinguishing high-FRET and low-FRET situations. Exper-

imentally, FRET is mostly quantified by the ratio between acceptor and donor

emission peaks, but fluorescence lifetime is increasingly exploited as a more

reliable readout (see below).

In addition to distance, there are other parameters affecting FRET that can be

used to optimize a FRET biosensor. These include the degree of spectral overlap

between donor and acceptor, as well as the quantum yield of the donor and the

extinction coefficient of the acceptor. Thus, FRET can be maximized by choosing a

fluorophore couple that has a large overlap in their spectral profiles and includes a

donor of highest quantum yield and an acceptor with highest absorbance. FRET

coupling also depends on the angle between the two fluorophores, i.e., donor

Fig. 20.2 Distance dependence of FRET efficiency. The F€orster theory shows that efficiency E

varies as the inverse sixth power of the distance between the two molecules (denoted by r). For any

pair of fluorescent molecules, the F€orster distance R0 (also termed F€orster radius) can be calculated
as the value where E is at 50% of its maximum. The useful range for measuring FRET is within 0.5

and 1.5�R(0). For the fluorophore couple enhanced cyan fluorescent protein (ECFP) and yellow
fluorescent protein (EYFP) shown here, R0 is 4.9 nm
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emission dipole moment and acceptor absorption dipole moment, in a similar way

as the orientation of a radio antenna can affect its reception. If the donor and

acceptor are aligned parallel to each other, FRET efficiency will be higher than if

they are oriented perpendicular. It is generally difficult to optimize this parameter

experimentally, e.g., by rigidly fusing the FPs to the protein of interest, but this may

have dramatic effects (Piljić et al. 2011). Thus, unlike radiative mechanisms, FRET

can also yield structural information about the donor and acceptor pair. The

surrounding solvent does not significantly alter FRET efficiency but can have

major impact on spectral properties of donor and acceptor fluorophores and thus

indirectly affect FRET. This is a major issue to be verified for a given FRET

measurement, in particular concerning the well-known pH effects on GFP fluores-

cence (Willemse et al. 2007).

20.2.2 Optimizing Fluorophores: Linear and Circular
Permutated

During recent years, many variants of GFP were engineered and optimized for

FRET applications, in particular by altering spectral properties and increasing

quantum yield, brightness, and photostability (Rizzo et al. 2004; Shaner

et al. 2004). Some undesirable properties have been reduced, such as their sensi-

tivity to environmental variations, in particular pH, and their tendency to

oligomerize (Griesbeck et al. 2001; Nagai et al. 2002). While traditional mutational

approaches preserve the linear sequence of GFPs, more recently also circular

permutation was applied to GFP engineering. Here, the coding sequence is altered

in a way fusing the natural N- and C-termini, while cleaving at another position

(Baird et al. 1999). Although this creates novel N- and C-termini within the GFP

sequence, the fluorescent protein generally refolds correctly, creating a circular

protein with novel fluorescence properties, e.g., useful to fine-tune FRET efficiency

(Nagai et al. 2004). These issues are not further discussed here, and the reader is

referred to existing specialized reviews (Shaner et al. 2005; Palmer et al. 2011).

20.2.3 Optimizing Recognition Elements

An important issue in biosensor design is the recognition element. There are

different possibilities for a recognition element to react to a biological parameter

like binding of a metabolite or modification, e.g., in the form of a phosphorylation

event. Such molecular recognition can trigger an association/dissociation event

involving the biosensor or the induction of conformational changes within the

biosensor. In the latter case, the recognition element either directly undergoes

some conformational change, or the conformational change is indirectly induced
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by the occupied (or modified) recognition element and rather due to its interaction

with a second binding domain. These mechanisms can be a natural property of the

recognition element or be engineered according to rational design.

All FRET-based biosensors contain such conformationally responsive receptors

which have to translate fluctuations in a biological parameter into changes of the

fluorescence signal. Thus, the successful development of fluorescence-based bio-

sensors largely depends on these signal-induced conformational changes or asso-

ciation/dissociation events. In short, success relies on the selection of the

recognition element. Because recognition elements for most parameters, notably

in energy metabolism, are already present in the nature, development of biosensors

should be bio-inspired. Another key concern when engineering and using a genet-

ically encoded probe is that it should be metabolically neutral, i.e., not perturb the

biological system that it intends to measure, either by catalysis or buffering

properties.

Once the recognition element is selected, further optimizations can be achieved

to modify affinity/sensitivity and selectivity, notably through molecular engineer-

ing and mutagenesis. It is difficult to predict conformational changes and their

amplitude as a result of ligand binding; thus, so far most successful examples of

biosensors are using proteins that were already known to undergo conformational

changes upon ligand binding (Berg et al. 2009; Imamura et al. 2009; Zhao

et al. 2011).

20.2.4 Optimizing Detection: FRET Ratio Versus FLIM

A typical FRET experiment consists in the excitation of the donor at a given

wavelength and the monitoring of the emission fluorescence spectrum, a combina-

tion of both donor and acceptor emission. If FRET occurs, the donor emission peak

is reduced, while an acceptor emission peak (at higher λ) occurs. Changes in FRET
efficiency due to variations in distance and/or orientation between donor and

acceptor lead to variations in the relative importance of donor and acceptor emis-

sion peaks. In the simplest approach, these changes in FRET efficiencies can be

quantified by the ratio between the acceptor and the donor maximum emission peak

intensities. Alternatively, absolute values for FRET can be obtained by calculating

the sensitized emission signal. Details on these approaches can be found elsewhere

(Kedziora and Jalink 2015).

However, FRET can also be quantified by observing only the donor by fluores-

cence lifetime imaging (FLIM) which monitors lifetime of the fluorophore signal

rather than its intensity. Fluorescence lifetime defines the average time span that a

molecule spends in the excited state upon absorption of an exciting photon. After a

pulse of excitation, fluorescence of the ensemble of molecules shows an exponen-

tial decay, and this decay is sensitive to the environment, in particular its quenching

effects. Under conditions of FRET, the acceptor quenches donor fluorescence and

thus shortens fluorescence decay time of the donor. FLIM is therefore a direct and
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more unambiguous readout of FRET efficiency. The advantage of measuring

fluorescence lifetime of chromophores is that this parameter is directly dependent

on excited-state reactions but independent of chromophore concentration and light-

path length, parameters that are difficult to control inside a cell. Furthermore, FLIM

is less prone to the spectral cross talk between fluorophores than the ratiometric

approach, since only the donor emission is measured. FLIM data acquisition is now

rapid enough to make measurements in live cells feasible. Early FLIM studies

successfully analyzed the excited state of different fluorophores reporting pH

(Sanders et al. 1995), Ca2+ (Lakowicz et al. 1994), or proteolytic processing

(Bastiaens and Jovin 1996) in a time- or frequency-dependent manner and using

confocal microscopy (Bastiaens and Squire 1999). Further details on this topic can

be found in a recent review (Yellen and Mongeon 2015).

20.2.5 Single-Fluorophore Biosensors

Alternative fluorescent biosensors carry a single fluorescent protein that reports

changes in its close environment without the need for FRET. Such sensors have

been developed in particular to monitor parameters such as pH or redox potential.

Although wild-type GFP fluorescence is not particularly sensitive to pH changes in

the physiological range, pH-sensitive variants can be generated that have different

pKa, making them suitable for measurements in compartments that are more acidic

such as Golgi (EGFP: pKa~6.0) or the more basic cytoplasm (pHluorin: pKa¼ 7.2;

YFP: pKa ~7.1) (Llopis et al. 1998). In fact, mutation of amino acids that are

protonated or form hydrogen bonds can result in altered sensitivity to changes in

pH, since H+ transfer within the fluorophore is likely involved in fluorescence

(Kneen et al. 1998). Through the same mutational approaches, fluorescent protein

variants sensitive to reduction–oxidation were generated (Hanson et al. 2004) and

successfully applied in cells (Liu et al. 2014). These reduction–oxidation-sensitive

green fluorescent proteins (roGFPs) exploit the fact that chromophore fluorescence

is also dependent upon the extent of disulfide bond formation between thiol groups,

Another strategy to obtain single-fluorophore biosensors is engineering of cir-

cular permutated fluorescent proteins (cpFP; Baird et al. 1999; Hung et al. 2011;

Zhao et al. 2011) which can be more sensitive to the environment (Fig. 20.1c).

Like in case of two-fluorophore biosensors, addition of a specific recognition

element into the biosensor sequence allows to couple molecular events at the

recognition element, such as ligand binding or phosphorylation, to conformational

changes or association/dissociation of protein complexes. This alters the environ-

ment of the single fluorophore and thus leads to variations in its absorption or

emission spectrum. These biosensors also have a ratiometric property, in case the

recognition event triggers a change in their absorbance spectrum. The excitation-

ratiometric detection then uses two different excitation wavelengths at a single

emission wavelength.
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20.2.6 Fluorescent Biosensors: Advantages
and Disadvantages

As compared to other noninvasive methods such as NMR or expression of lumi-

nescent biosensors (e.g., luciferase; Kennedy et al. 1999), the use of genetically

encoded fluorescent biosensors unites several conceptual advantages: (i) they

obtain spatial resolution in a cell or a tissue, and they can be even addressed to a

specific cellular subcompartment, (ii) they do not chemically modify the bound

metabolite, (iii) in principle, any metabolite can be measured for which a recogni-

tion element with affinities in the physiological range exists and that can be linked

to conformational changes or protein–protein interactions to obtain a FRET signal.

Indeed, FRET is extremely sensitive to small changes in a distance range relevant

for small conformational changes.

For all practical purposes, the coding sequence of biosensors (fluorophores and

recognition elements) can be tailored to fine-tune the biosensor’s biological and

spectral properties, its subcellular targeting, or its expression level. Monitoring

fluorescence of FRET and single cpFP signals is non-detrimental and nondestruc-

tive and thus suitable to observe spatial and temporal events such as fluctuations of

ions, metabolites, or enzyme activities in living cells over longer periods of time.

FRET also offers an inherent ratiometric property, which has a clear advantage over

measuring mere intensity changes that are affected by unequal sensor expression,

cellular distribution, or inhomogeneous cell morphology. Ratiometric FRET mea-

surements allow normalization and reliable quantification of the signal, correcting

for most of the cellular disturbances. Further, genetically encoded biosensors can be

multiplexed, since in principle a set of biosensors with sufficiently different spectral

properties can be used together to monitor different parameters in parallel at the

same time under a given condition.

An important property of biosensors expressed in a cell as compared to analysis

of cell extracts is temporal and spatial information. It should be kept in mind that in

case of concentration measurements, the sensor will generally “see” the free local

concentration of a given metabolite or ion and thus report the accessible pools, not

the inaccessible or otherwise structurally bound or compartmentalized molecules.

Finally, for any given biosensor, there may be limitations despite all optimiza-

tion attempts. The spectral properties of fluorescent proteins and the function of the

inherent sensing mechanism (association/dissociation events, conformational

changes) may not only respond to the specific signal but also to other cellular

parameters such as pH, ion concentrations, membrane potentials, etc. Thus, efforts

have to be made for each fluorescent biosensor, in particular for cellular in vivo

application, to ensure that the readout truly depends only on the parameter of

interest. For example, a very good negative control is a biosensor variant that is

mutated only in its recognition element and thus no longer responds to the specific

signal. Last but not least, the use of any genetically encoded sensor in primary cells

may be limited, since their transfection is not always very efficient.
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20.2.7 Fluorescent Biosensors for Energy Metabolism

Given the complexity of cellular energy metabolism, it is convenient to use suitable

macroparameters that integrate information about a large number of cellular pro-

cesses and metabolic pathways. Already a few of these macroparameters may be

sufficient for a global description of cellular energy conversion (Fig. 20.3). Many

genetically encoded fluorescent biosensors have been developed during recent

years that can be harnessed to explore these key elements of energy metabolism.

An overview is given in Table 20.1, and a more complete list can be found at http://

biosensor.dpb.carnegiescience.edu/. There are several recent general reviews avail-

able on fluorescent biosensors (Alford et al. 2013; Lindenburg and Merkx 2014;

Hochreiter et al. 2015), also addressing more in particular energy metabolism (San

Martı́n et al. 2014b).

In this context, a cell signaling hub like AMPK is very informative, since it

already integrates multiple cellular inputs. We will discuss fluorescent sensors for

AMPK in detail in Chap. 3. Further sensors for kinase signaling have been reviewed
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Fig. 20.3 Selected parameters in cellular energy metabolism detectable by genetically encoded

fluorescent biosensors. Schematic representation of major components in the transformation of

energy within a cell, starting from nutrients (glucose, fatty acids) through glycolysis and mito-

chondrial pathways to finally yield ATP and membrane ion gradients. Parameters for which

biosensors are discussed in this chapter are highlighted: yellow, ion concentrations; light green,
metabolite concentrations; green, enzyme activities; orange, electrical parameters. Other symbols:

blue lines, membranes; dotted blue lines, metabolic pathways; arrows, metabolic flow; dotted
arrows, regulatory effects. ΔΨ, membrane potential; AMPK AMP-activated protein kinase, β-OC
β-oxidation, TCC tricarboxylic acid cycle, OXPHOS oxidative phosphorylation
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Table 20.1 Selected genetically encoded fluorescent biosensors for cellular energy metabolism

Parameter

Biosensor

name Type Fluorescent protein(s) Reference(s)

Metabolite concentrations

ATP Ateam FRET mseCFP/cpVenus Imamura et al. (2009)

GO-Ateam FRET mEGFP/mKOk Nakano et al. (2011)

QUEEN sFP cpEGFP Yaginuma et al. (2014)

ATP/ADP Perceval sFP cpmVenus Berg et al. (2009)

PercevalHR sFP cpmVenus Tantama et al. (2013)

NADH/

NAD+
Peredox sFP T-Sapphire Hung et al. (2011)

Frex sFP cpYFP Zhao et al. (2011)

Glucose FlipGlu FRET CFP/YFP Fehr et al. (2003)

GBPcys FRET AcGFP1/mCherry Veetil et al. (2010)

FLII12Pglu-

700μδ6
FRET CFP/Venus Bermejo et al. (2010)

Lactate Laconic FRET mTFP-Venus San Martı́n et al. (2013)

Pyruvate Pyronic FRET mTFP-Venus San Martı́n et al. (2014b)

Glutamate iGluSnFR sFP cpGFP Marvin et al. (2013)

Ion concentrations

Calcium Cameleons FRET eCFP/eYFP; eBFP/eGFP;

eCFP/cpVenus

Miyawaki et al. (1997),

Nagai et al. (2004)

Pericams sFP cpeYFP Nagai et al. (2001)

TN-XL FRET eCFP/cpCitrine174 Mank et al. (2006)

TN-XXL FRET Cerulean/Citrine Mank et al. (2008)

GCaMP sFP cpeGFP Tian et al. (2009)

pH ECFP,

EYFP

sFP ECFP, EYFP Llopis et al. (1998)

pHluorin sFP GFP Miesenb€ock et al. (1998)

mtAlpHi sFP GFP Abad et al. (2004)

phRed sFP mKeima Tantama et al. (2011)

Electrical parameters

Membrane

potential

FlaSh sFP GFP Siegel and Isacoff (1997)

hVoS2.0 FRET GFP/dipicrylamine Wang et al. (2010)

PROPS sFP Proteorhodopsin Kralj et al. (2011)

ArcLight sFP sepHluorin Jin et al. (2012)

ASAP1 sFP cpGFP St-Pierre et al. (2014)

QuasAr2 sFP Archaerhodopsin 3 Hochbaum et al. (2014)

eFRET

sensors

FRET Diff. GFPs/QuasAr2 Zou et al. (2014)

FlicR1 sFP cpRFP (cpmApple) Abdelfattah et al. (2016)

Kinase activities

AMPK AMPKAR FRET eCFP/cpVenus Tsou et al. (2011)

ABKAR FRET Cerulean3/cpVenus Sample et al. (2015),

Miyamoto et al. (2015b)

bimABKAR FRET Cerulean3 + YPet Depry et al. (2015)

Type of signal detection:- FRET, two FPs with FRET detection; sFP, single FP fluorescence
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recently (González-Vera and Morris 2015). The most classical macroparameters for

energy metabolism are the concentrations of adenine nucleotides (ATP, ADP, and

AMP) and nicotinamide adenine dinucleotides (NAD, NADP) which determine

adenylate energy charge (Atkinson 1968; Hardie and Hawley 2001) and redox state
(Williamson et al. 1967), respectively, both involved in the control of many

metabolic reactions. An overview on available sensors for ATP and ATP/ADP

ratios is given in Chap. 4. Fluorescent sensors for detection of NADH and NADH/

NAD+ include Peredox (Hung et al. 2011) and Frex (Zhao et al. 2011). More

indirectly, the cellular calcium handling and membrane potential are sensitive to

perturbations of cellular energy state. Research on calcium detection pioneered the

field of fluorescent biosensors. Today, many different Ca2+ sensors are available,

including two FP sensors such as Cameleons (Miyawaki et al. 1997; Nagai

et al. 2004) or TN-XL (Mank et al. 2006), and also several single FP sensors such

as Pericam (Nagai et al. 2001) and GCamP (Tian et al. 2009). A similar variety of

sensors is available for probing the membrane potential, applied mainly for signal

transduction in neuronal cells (Siegel and Isacoff 1997), and the pH, a factor to be

controlled as it very often affects GFP fluorescence (for a review, see Benčina 2013).

Finally, cellular concentrations of some key metabolites can yield information

on nutrient uptake or mobilization, as well as the intracellular carbon flow through

different metabolic pathways. Several fluorescent biosensors have been developed

for such metabolites (for a recent review, see (Mohsin et al. 2015)), including

glucose (Fehr et al. 2003; Bermejo et al. 2010; Veetil et al. 2010; Deuschle

et al. 2006; Behjousiar et al. 2012), lactate (San Martı́n et al. 2013), pyruvate

(San Martı́n et al. 2014a), 2-oxoglutarate (Zhang and Ye 2014), citrate (Ewald

et al. 2011), and other C4 carboxylates (Bourdès et al. 2012), as well as amino acids

like glutamine (Gruenwald et al. 2012), glutamate (Hires et al. 2008; Marvin

et al. 2013), tryptophan (Kaper et al. 2007), arginine (Bogner and Ludewig

2007), leucine, and histidine (Okada et al. 2009). Multiplexed application of such

biosensors may provide sufficient detail for modeling and understanding cellular

energy metabolism from a system’s point of view.

20.3 Biosensors for AMP-Activated Protein Kinase

AMPK is at the heart of a complex signaling network, but primarily serves as a

master sensor and regulator of energy homeostasis in eukaryotic cells (Hardie

et al. 2011; Hardie et al. 2016). Since AMPK integrates a large number of intra-

and extracellular signals that report the energy and nutritional state of the cell and the

organism, respectively, its activation state is a suitable macroparameter for energy

availability. Reporting the activity of the AMPK signaling pathway has become a

basic requirement of an ever increasing number of studies. So far, this is done

by endpoint assays using radiolabeling methods, fluorescence-based assays or

immunodetection with phosphosite-specific antibodies. Applied to cells, the latter

has limited specificity and spatiotemporal resolution. Given that protein kinases can
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be activated within seconds to minutes and in a potentially transient way, as well as

in a nonhomogeneous manner within a given cell or between cells, these techniques

clearly limit the possible insight into AMPK signaling. Genetically encoded fluo-

rescent sensors appear here as the method of choice to overcome such limitations.

This will be necessary to advance our understanding of the complex molecular

mechanisms governing the role of AMPK in metabolic diseases (Weikel et al. 2016).

20.3.1 AMPKAR

Tsou and colleagues developed a genetically encoded FRET biosensor for moni-

toring AMPK activity called AMPKAR (Tsou et al. 2011). Its design principle is

similar to many other FRET sensors for protein kinase activity that have been

developed during recent years (for reviews, see (Oldach and Zhang 2014;

González-Vera and Morris 2015). These kinase activity reporters (KARs) express

a FRET pair of autofluorescent proteins flanking a construct consisting of a surro-

gate kinase substrate sequence and a phosphoamino acid-binding domain. In the

case of AMPKAR, the FRET pair eCFP and cpVenus flanks the AMPK substrate

sequence MRRVATLVDL (phosphorylated Thr underlined) fused to the

phosphothreonine-binding forkhead-associated domain 1 (FHA1). When AMPK

becomes activated, the substrate motif is phosphorylated and binds to the FHA1

module, thus bringing donor and acceptor fluorophores in close proximity to allow

FRET. The initial report also excluded cross-phosphorylation of AMPKAR by

other kinases like PKA, PKC, or PKD due to certain similarities in their recognized

substrate motifs with the one used in AMPKAR.

The AMPKAR sensor was validated by comparing the FRET data with classical

immunoblotting using anti-phospho antibodies against the activating alphaT172 site

(Tsou et al. 2011). The observed variations in the AMPKAR FRET signal were

directly correlating with AMPK activation and not affected by quenching properties

of ATP as reported for an adenylate-sensitive probe based on the AMPK gamma

subunit (Willemse et al. 2007). The AMPKAR FRET signal was also proportional to

the level of applied activating stimuli. The observed cell-to-cell variability of the

FRET signal was depending on the level of the applied stimuli: the more moderate it

was, the more variable was its FRET signal and thus the determined AMPK response.

Since kinase signaling involves reversible processes, both activation and inac-

tivation of AMPK should be detectable by a given FRET sensor. AMPKAR can

indeed be dephosphorylated by endogenous phosphatases, thus allowing in princi-

ple also following AMPK inactivation. It should be kept in mind, however, that the

AMPKAR FRET signal follows the fate of an AMPK substrate and not of the

protein kinase itself. While this can be neglected for the AMPK activation step,

which is rapidly translated into substrate phosphorylation, this may not be always

the case for the inactivation step. AMPKAR dephosphorylation kinetics probably

vary from those of AMPK inactivation (i.e., dephosphorylation) or even dephos-

phorylation of other AMPK targets.
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Some follow-up studies using AMPKAR have allowed more insight into the

advantages and disadvantages of this sensor. Two earlier studies used AMPKAR to

visualize AMPK activation during the early phases of mitosis in U2OS cells, just

before cell division (Banko et al. 2011), and as an endpoint in a novel Smo–Ca2+–

AMPK pathway that triggers reprogramming toward a Wartburg-like glycolytic

metabolism in 3 T3-L1, HEK293, and other cell types (Teperino et al. 2012). All

these studies used cell lines, given the fact that transfection was difficult in primary

cells, but confirmed that AMPKAR is capable of detecting activation of AMPK as

rapid as 20 s, e.g., after giving a Smo activator (Teperino et al. 2012).

A more recent study by Prehn, Huber, and colleagues (Connolly et al. 2016)

went a step further, using AMPKAR together with FRET sensors for glucose

(FLII12Pglu-700μδ6; Bermejo et al. 2010) and ATP (ATeam; Imamura

et al. 2009) to analyze bioenergetics in different models of excitotoxicity or

ischemia-like injury in single primary neurons. The FRET sensors were each

multiplexed with a fluorescent dye detection of mitochondrial membrane potential

(TMRM), and also intracellular Ca2+ was followed by an intracellular fluorescent

probe (Fluo-4). The two types of examined insult, excitotoxicity and ischemia

(oxygen and nutrient deprivation), resulted in transiently decreased mitochondrial

membrane potential, but differed very much in the response of the different FRET

biosensors. During the excitotoxic insult, ATP levels dropped over several minutes,

while AMPKAR was activated very rapidly in the range of a minute and then in

most cells started to decline slowly already before the end of the stimulus. Surpris-

ingly, glucose accumulated until the end of the insult, mainly resulting from

AMPK-triggered cell surface exposure of GLUT3, but also from using internal

glycogen stores. After the short insult, AMPK activity state and ATP returned to

previous levels. The latter was due to mitochondrial ATP generation, since it

occurred also when using pyruvate as direct mitochondrial substrate, but not

when mitochondrial ATP synthase was inhibited by oligomycin. Injury by oxygen

and nutrient deprivation led to a similar decrease in ATP levels, but in contrast to

excitotoxicity, without activating AMPKAR or leading to significant glucose accu-

mulation. In addition, after ischemia, ATP levels did not entirely return to previous

levels. These findings emphasize the plasticity of cellular energy metabolism,

differing depending on the stimuli. Irrespective of clear cell-to-cell variability,

the data confirm at the single cell level the amazing capacity for ATP homeostasis.

The excitotoxicity data show that the AMPKAR signal occurs very rapidly and as a

more transient-like process, which apparently is sufficient to trigger the neuronal

responses like increased glucose uptake via GLUT3. Since AMPKAR dephosphor-

ylation may lag behind AMPK inactivation, as stated above, the AMPK response

could be even more transient. However, as also stated by the authors, one may not

exclude a persistent low-level AMPK activation beyond the detection limit of

AMPKAR. Indeed, AMPK activation often occurs as a minor shift in basic

AMPK activity. Interestingly, the data obtained by the set of FRET sensors were

suitable to develop a minimal mathematical model for basic parameters of gluta-

mate excitotoxicity in neurons, including the dynamics of cytsolic concentrations of

Ca2+, ATP, and glucose, as well as AMPK activity (Depry et al. 2015). The model
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was able to correctly describe and predict the acute bioenergetic response to the

excitotoxic insult and suggested AMPK-mediated intracellular glucose increase as

a critical parameter for recovery of ATP levels.

20.3.2 ABKAR

More recent work is now putting a note of caution on the interpretation of

AMPKAR data, at least in neuronal cells. AMPKAR phosphorylation is not as

specific for AMPK as initially thought, but also occurs with the brain-specific

kinases 1 and 2 (BRSK1, BRSK2) (Sample et al. 2015). The BRSKs belong to

the family of 13 AMPK-related kinases that share high sequence homology and all

lie directly downstream of LKB1. It cannot be excluded that also other close

relatives of AMPK share some capacity to phosphorylate the AMPKAR substrate

sequence; only microtubule affinity-regulated kinase (MARK) has been excluded

so far. It should also be noted that the AMPKAR substrate motif does not entirely

correspond to the emerging consensus phosphorylation motif of AMPK (Hardie

et al. 2016).

An AMPKAR variant has been introduced more recently by Zhang, Inoue, and

colleagues, containing a brighter fluorescence donor, cerulean3, and also available

in a control version where the phosphosite threonine is mutated into an alanine

(Miyamoto et al. 2015b; Sample et al. 2015). In keeping with the limitation of

limited specificity, this variant was renamed ABKAR for AMPK/BRSK activity

reporter. Glycolysis inhibition with 2-deoxyglucose (2DG) or CamKK stimulation

with Ca2+ ionophores increased the ABKAR signal by about 40% and 51%,

respectively, in Cos7 cells and by about 10% and 30%, respectively, in primary

undifferentiated hippocampal neurons. Zhang and colleagues applied ABKAR for

studying spatial heterogeneity of cell signaling in differentiating primary hippo-

campal neurons that already developed the axon–dendrite polarity (Sample

et al. 2015). In contrast to other regions of the neuron, the distal region of the

axon showed high basal BRSK activity, which already saturated ABKAR, such that

Ca2+-triggered AMPK activation had no additional effect here. However, BRSK

knockdown recovered ABKAR signal increase in these axon tips upon Ca2+-

triggered AMPK activation. This suggests that the activity of both kinases,

AMPK and BRSK1/2, is polarized, i.e., follows a clear gradient from distal to

proximal parts of the axon of differentiated neurons. As determined by ABKAR,

BRSK activity is not affected by the classical AMPK activators, i.e., a drop in ATP

(by inhibition of glycolysis) and Ca2+ (by CamKK).

Another invention with ABKAR has been the generation of organelle-targeted

variants, sticking to the cytosolic side of organellar membranes (plasma membrane,

Golgi, ER, mitochondria, lysosomes), targeted into the nucleus, or retained in the

cytosol (organelle-specific ABKAR, osABKAR). With these tools, Inoue and

colleagues addressed the question of heterogeneity in AMPK activation within a

single cell in more detail, using non-neuronal cells to avoid potential problems with
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BRSK (Miyamoto et al. 2015b). Comparing control with AMPK double k.o. mouse

embryonic fibroblasts (MEFs) first under nutrient-rich control conditions, ABKAR-

reported basal AMPK activation appeared higher at membranes than in cytosol and

nucleus. AMPK complementation of double-k.o. MEFS suggested that it is mainly

alpha1 complexes that determine AMPK activity at the plasma membrane, Golgi,

and lysosomes, while it is a mix of both alpha isoforms in other compartments.

Nutrient limitation by glucose deprivation or 2DG increased ABKAR-reported

AMPK activity in the cytosol but not in the nucleus and had heterogeneous effects

in space and time on AMPK activity at the various examined intracellular mem-

branes, depending on the way nutrient limitation was applied. However, the

observed globally diminished response of membrane-anchored ABKAR, in partic-

ular at the plasma and ER membranes, could also reflect a diminished dynamic

range due to membrane surface localization of the sensor (see below). Furthermore,

this study introduced the use of subcellularly targeted peptides containing the

classical AMPK substrate motif SAMS and acting as competitive AMPK inhibitors

(Miyamoto et al. 2015b). Prolonged perturbation of mitochondria-associated

AMPK led to an increase in cellular ATP levels, suggesting a role of this AMPK

in metabolic reprogramming. Taken together, these data provide first evidence for a

crucial role of spatial compartmentalization of AMPK signaling, which may pro-

vide specificity within complex downstream signal transduction (Miyamoto

et al. 2015a).

20.3.3 BimABKAR

A most recent addition to AMPK-sensitive FRET probes is a bimolecular kinase

activity reporter (bimKAR) for AMPK activity, bimABKAR (Depry et al. 2015). In

this design, the kinase-specific substrate with one FP and the phosphoamino acid-

binding domain with the second FP are expressed as two different polypeptides.

This is thought to increase distance between the two FPs, thus diminishing basal

FRET between the two FPs and enhancing dynamic range. The bimABKAR sensor

consists of Cerulean fused to the phosphothreonine-binding domain and the AMPK

substrate fused to YPet. Both polypeptides contain a C-terminal nuclear export

sequence (NES) to retain them in the cytosol, which can be exchanged against a

membrane targeting peptide in the AMPK substrate containing construct for sub-

cellular targeting like e.g. to the plasma membrane (bimABKAR-PM). As com-

pared to ABKAR, the FRET change reported by this bimolecular biosensor in

2DG-challenged Cos7 cells was preserved in the cytosol and increased several-

fold when localized to the plasma membrane. This suggests that bimKARs are

much more suitable to detect localized kinase activities close to membranes.

While bimABKAR seems to have a clear advantage in terms of dynamic range

and responsiveness within surface layers, caution has to be taken for equal expres-

sion levels of the two polypeptides to avoid quantification problems. The presence

of two individual modules may also reduce temporal resolution due to limitations in
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the diffusion necessary for interaction and favor interference with other cellular

signaling mechanisms (e.g., via phosphosite binding).

Zhang and colleagues used bimABKARs for AMPK and PKA to examine their

cross talk at the plasma membrane (Depry et al. 2015). The biosensor results

suggest that at this localization, basal PKA activity reduces the activation response

of AMPK to stimuli like glucose deprivation. However, stimulation of PKA, but

only before glucose deprivation, was able to enhance the AMPK response, and this

effect was linked to PKA-induced phosphorylation of the AMPK upstream kinase

LKB1. These results confirm literature data on both activatory and inhibitory

effects of PKA on AMPK and show that this can occur even together in a single cell.

20.3.4 Conclusions

Genetically encoded FRET sensors for AMPK activity have been applied so far in

only a few studies. Based on this limited experience, AMPKAR and the derived

sensors ABKAR and bimABKAR seem to be versatile tools that can provide new

insight into AMPK signal transduction. They reveal temporal and spatial heteroge-

neity between and within cells by visualization of kinase signaling in real time at

the single cell and the subcellular scale. In future, they may also represent prom-

ising tools for drug screening in cell culture. Similar principles as described for

these AMPK sensors can be used to quantify AMPK activity in vitro by time-

resolved FRET. This technique has been already applied to the in vitro screening of

AMPK activators and inhibitors (Martin et al. 2015; Xu et al. 2015).

However, some limitations should be kept in mind, which concern their speci-

ficity for AMPK (at least in neuronal cells), their activation when bound to surfaces

like membranes, and possibly also their rate of inactivation, if this is an issue. In any

case, it is recommended to use appropriate controls. These include (i) cells inca-

pable of AMPK signaling, i.e., knockdowns or double k.o. for both alpha subunits;

(ii) mutant sensors that are insensitive to AMPK activation, i.e., lack the

phosphosite; and (iii) a fluorescent pH sensor to control for the lack of major pH

changes that may affect FP fluorescence. Further, the available AMPK sensors

report the full activation state of AMPK and do not distinguish between the energy-

sensing modulation of AMPK phosphorylation by AMP and ADP and covalent

activation via phosphorylation/dephosphorylation at alpha-T172 by upstream

kinases and phosphatases linked, e.g., to endocrine factors and Ca2+ (Hardie

et al. 2016). Thus, although AMPK is sensitive to ATP/ADP and ATP/AMP ratios,

AMPKAR is not an ideal reporter of changes in cellular energy state. Specific

detection of allosteric AMPK activation would be useful to specifically monitor

energy imbalance during metabolic stress.

Finally, from a practical point of view, expression levels of these sensors should

be kept moderate. Any protein overexpression puts a certain workload on the

protein synthesis machinery that can affect energy state. Minor energy stress can

already increase ADP and AMP concentrations and lead to high basal activation
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levels of AMPK. Generally, this basic activation should be determined, by FRET or

immunoblotting of cell extracts, since it diminishes the exploitable activity increase

and change in sensor FRET signal, and may even misleadingly suggest a

nonresponse.

20.4 Biosensors for Adenine Nucleotides

The cellular energy state is determined by adenylate ratios (ATP/ADP or

ATP/AMP) or the adenylate energy charge as defined by Atkinson (Atkinson

1968). These macroparameters regulate metabolism and metabolic signaling,

including AMPK (Hardie and Hawley 2001). Following cellular ATP concentration

and ATP/ADP ratios is thus useful when studying AMPK signaling. The generation

of genetically encoded fluorescent biosensors for ATP has been a milestone in the

development of biosensors for energy metabolism, holding the promise to over-

come the limitations of conventional techniques. Three major families of ATP

sensors have been generated, one by the Yellen group reporting rather ATP/ADP

ratios based on a single cpFP (Berg et al. 2009; Tantama et al. 2013) and two by

Noji, Imamura, and colleagues reporting essentially ATP concentrations based

either on FRET between two FPs (Imamura et al. 2009; Nakano et al. 2011) or on

an excitation-ratiometric intensity signal with a single cpFP (Yaginuma et al. 2014).

In contrast to sensors for AMPK activity, which respond according to an on/off

mechanism, i.e., a phosphorylation event, ATP sensors have to respond to gradual

changes in a metabolite concentration, probably different for each cell and each

stimulus. Thus, for any given cell type and experimental condition, the intrinsic

properties of the ATP sensor have to be considered: the affinity of its recognition

domain for ATP and the exploitable range for changes in ATP concentration that

yield detectable FRET signals.

20.4.1 ATeam

ATeam sensors, developed by Imamura and colleagues, allow the dynamic moni-

toring of fluctuations in ATP concentration (Imamura et al. 2009). As a recognition

element, these sensors exploit the ATP-binding domain of the ε subunit of bacterial
F0-F1 ATP synthase from Bacillus subtilis, sandwiched in between an FP pair of

CFP/YFP or GFP/OFP variants. ThisATP-binding domain naturally evolved to sense

ATP, thus enabling the ε subunit to regulate ATP synthase activity depending on ATP
availability. Importantly, the ε subunit undergoes large conformational changes upon

ATP binding, switching from an elongated shape when bound to Mg2+-ADP to a

contracted hairpin-like structure when bound to Mg2+-ATP (Feniouk

et al. 2006). These two features make this ATP-binding domain an ideal module

for the engineering of an ATP-specific FRET sensor. Since the FRET dynamic
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range of an initial ATeam version was not sufficiently large, authors replaced

the fluorescent acceptor mVenus by cpVenus, based on the studies on Cameleon

Ca2+ sensors (Nagai et al. 2004). In addition, further ATeam versions were

created differing in their FRET pair (mseCFP/cp173-mVenus or cp173-mEGFP/

mKOk). This allows multiplexing ATeam for ATP monitoring with another

fluorescent biosensor of choice, since excitation and/or emission fluorescence

overlaps can be avoided. Another known issue of FRET sensors is the weak

dimerization that may occur between its two GFP-based FPs. Since this may

yield a FRET signal not related to recognition domain activity, the involved

residues were identified and mutated to generate monomeric FPs. However, the

ATeam FPs still contain Ala206 involved in such weak dimerization, and this

had a rather positive effect on their FRET amplitude. Indeed, the weak dimer-

ization property of FPs can yield high-performance biosensors with the greatest

dynamic range (Kotera et al. 2010).

AT1.03 shows a Kd of 3.3 mM for ATP at 37 �C and can be used to measure ATP

levels in the millimolar range. AT3.10 uses the ε subunit of Bacillus sp. PS3 and has
a much higher affinity with a Kd for ATP of 7.4 μM at 37 �C; it may thus be used as

a control always bound to ATP (Imamura et al. 2009). Another suitable control is

the ATP-insensitive variant Ateam1.03R122K/R126K carrying two point mutations in

the ATP-binding site (“dead variant”). Sequence comparison of the different ε
subunits allowed further tuning of ATP affinity by swapping amino acids positioned

nearby the ATP-binding pocket. This yielded AT1.03YEMK and AT3.10MGK which

have affinities for ATP of 1.2 mM and 14 μM, respectively, suggesting that the ATP

affinity of ATeam sensors can be adjusted for the needs of a specific experimental

setting. Importantly, temperature plays an important role for ATP affinity, as

observed with AT1.03 by a fivefold increase in Kd(ATP) over a range of 10 �C.
Another important issue is nucleotide specificity which was examined in vitro:

addition of as much as 10 mM GTP or ADP did not affect the FRET signal of

AT1.03, but the one of AT3.10, showing a Kd for GTP and ADP of 2.6 mM and

230 μM, respectively. With both sensors, the FRET signal remained stable during

pH fluctuations in the range of 7.1 to 8.5; thus, small pH variations in the physio-

logical range should not affect ATeam measurements. However, if the cytoplasmic

pH of about 7.3 (Llopis et al. 1998) drops below 7.1, which may at least occur in

some cellular subcompartments (Llopis et al. 1998), the ATeam signal would be

biased. Further, it became apparent during ATeam characterization that saturation

of the FRET signal can be an issue and that the sensor response has to be calibrated

to avoid situations of FRET signal saturation leading to non-interpretable data. The

temporal resolution of this type of sensor depends on the association and dissoci-

ation constants of the metabolite, which in case of ATP/AT1.03 are rather fast with

about 0.02 mM�1 s�1 and 0.10 s�1, respectively.

In HeLa cells expressing ATeam1.03 (Imamura et al. 2009), an overall cytosolic

Mg2+-ATP concentration of about 5 mM can be estimated from FRET ratios

determined in vitro, which may be a reasonable value. For more detailed spatial

information, ATeam1.03 variants were targeted to different subcellular compart-

ments of HeLa cells, revealing an ATP concentration that was significantly lower in
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mitochondria than in the cytosol or the nucleus. The physiological relevance of the

ATeam readout was further tested by inhibition of glycolysis with 10 mM 2DG or

of oxidative phosphorylation (OXPHOS) with 1 mM potassium cyanide (KCN).

Addition 2DG reduced ATP concentration, whereas KCN alone had no effect.

Interestingly, 2DG and KCN together had a synergistic effect leading to a dramatic

drop in the ATP concentration. However, such a non-physiological extreme situa-

tion may alter many cellular parameters, including pH, and thus bias the FRET

signal. In addition, it is unclear how altered Mg2+ concentrations would affect the

ATeam FRET signal that is specific for the physiologically relevant

Mg-complexed ATP.

The versatility of ATeam sensors is supported by an increasing number of

studies. Most of them use the sensor to analyze ATP fluctuations in single cells

upon a specific stimulus, in particular in primary neurons. In hippocampal neurons,

ATP generation reported by ATeam is mainly linked to maintenance of Na+/K+

transmembrane ion gradients that ensure neuronal activities (Toloe et al. 2014). In

primary rat cortical neurons, disruption of kif5c-mediated mitochondrial trafficking

resulted in more punctate-shaped mitochondria and increased cellular ATP levels as

indicated by ATeam (Iworima et al. 2016). In a comparison of rat embryonic and

postnatal primary hippocampal neurons, the application of ATeam together with

dyes sensitive to mitochondrial membrane potential (TMRM, JC-1) and NAD(P)H

autofluorescence revealed a striking difference in energy metabolism (Surin

et al. 2012). In contrast to mature neurons, ATP synthesis in embryonic neurons

is predominantly glycolytic, and mitochondria are rather consumers than producers

of ATP. The same authors employed ATeam for monitoring ATP and pH (using

only ATeam acceptor excitation) as well as Ca2+-sensitive dyes (e.g., Fura-FF) to

study glutamate excitotoxicity in primary hippocampal neurons (Surin et al. 2014).

Such approaches may help to better understand mechanisms governing the activity

of neuronal networks, especially under pathological conditions. Valdebenito

et al. studied the energy metabolism of astrocytes (Valdebenito et al. 2015) by

applying FRET sensors for ATP (ATeam), pyruvate (Pyronic; San Martı́n

et al. 2014b), and glucose (an FLII variant, Takanaga et al. 2008). They used

both transfected primary astrocytes and organotypic hippocampal slice cultures

from animals whose hippocampus was adenovirus-transfected with FRET sensors.

In response to a chronic exposure to ketone bodies, this study revealed inhibition of

astrocyte glucose consumption, a blunted response of glycolysis to diverse stimuli,

and increased mitochondrial pyruvate metabolization.

The ATeam sensor was also used in many other non-brain cell types. In single

HeLa cells, ATP and Ca2+ concentrations were monitored upon histamine stimu-

lation (Nakano et al. 2011). In oocytes, mitochondria are the primary source of

ATP, necessary for successful maturation and early development, while the layer of

surrounding cumulus cells is highly glycolytic and exchanges metabolites with the

oocytes. Expression of ATeam1.03 in mice oocytes and cumulus cells allowed

observation of ATP levels in single cells over extended time periods (Dalton

et al. 2014). This revealed ATP fluctuations in oocytes indicative for different

ATP consumption rates associated with specific maturation events. Cumulus cells
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had higher ATP levels, but only as long as they were connected to oocytes via gap

junctions.

Several studies used the capacity of ATeam to provide more detailed spatial

information, either using the natural distribution of ATeam in cytosol and nucleus

or generating targeted versions of the sensor. Forkink et al. targeted ATeam1.03

and its “dead variant” to cytosol and mitochondria to follow fluctuations of ATP in

HEK293 cells (Forkink et al. 2014). Combined with pH monitoring by the SypHer

sensor (Poburko et al. 2011) and other techniques, the authors confirmed lower ATP

concentration in mitochondria as compared to cytosol and deciphered how respi-

ratory complexes and oxidative phosphorylation behave after complex I inhibition.

Vevea et al. developed mitoGO-ATeam, an ATeam variant for mitochondria

carrying a Green/Orange FRET pair. Their study on mitochondrial bioenergetics

used mitoGO-ATeam together with a genetically encoded mitochondrial redox

state sensor, roGFP (Jiang et al 2006), in living yeast cells (Vevea et al. 2013).

Another ATeam sensor targeted to the mitochondrial matrix, mit-Ateam1.03, was

established as a suitable readout for oxidative phoshorylation (Kioka et al. 2014).

This sensor characterized a transient increase of oxidative phosphorylation during

the early hypoxic response of mouse cardiomyoctes which could be linked to the

hypoxia-induced GO/G1 switch gene 2 (G0s2) that interacts with and stimulates

F0F1-ATP synthase. Very little is known so far about the bioenergetics of the ER

compartment. By using an ATeam variant targeted to the ER lumen (ERAT4.01) of

different cell lines (HeLa, HEK293, and Ins-1), Vishnu et al. could study ATP

fluctuations in parallel to Ca2+ dynamics (Vishnu et al. 2014) recorded with the

fluorescent sensor D1ER (Palmer et al. 2004). This study could evidence a specific

regulation of ER ATP levels depending on the cell type, and a coupling of Ca2+

release to an ATP increase within the ER, itself controlled by AMPK. The spatial

resolution of ATeam was also exploited to study HuH7 cells infected by Hepatitis C

virus (HCV) and to follow ATP concentration during viral replication (Ando

et al. 2012). The energy demand linked to active HCV replication was detectable

by reduced cytosolic ATP levels. Most interestingly, the cytosol of these cells

showed dot-like domains with locally high ATP concentration (about 5 mM),

co-localizing with nonstructural viral protein indicating sites of HCV replication.

Only 1 mM ATP was measured at peripheral sites not involved in HCV replication

and about 2 mM in virus non-replicating cells. These ATP concentrations are below

those observed with ATeam in HeLa cells before (Imamura et al. 2009), suggesting

variability among clonal HeLa cells. Finally, a recent study used ATeam to follow

the relationship between ATP and changes in the shape of HeLa cells (Suzuki

et al. 2015). It could describe ATP effects on peripheral microtubule and actin

dynamics that regulate cellular motility and morphology.

Taking ATeam even a step further, the variant 1.03 has already been used in

animal studies in vivo. Classical model organisms like Caenorhabditis elegans and
Drosophila melanogaster are increasingly used also for bioenergetic and metabolic

studies (Baker and Thummel 2007; Harrison and Haddad 2011). In a first approach,

transgenic Caenorhabditis elegans expressing ATeam was created, but fluores-

cence decay with age and intrinsic fluorescence hindered FRET analysis in body
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muscle cells (Kishikawa et al. 2012). This interference was not present in the vulva

cells of the worm, so that heterogeneity in ATP concentration between cytosol and

mitochondria could be observed as before in HeLa cells. However, no further

fluctuations of ATP levels were detected as, e.g., with aging. This could be due to

an increased Kd(ATP) of ATeam with the lower body temperature of the worm,

saturating the sensor at physiological ATP concentrations. To further exploit

ATeam in model species like C. elegans and Drosophila melanogaster, but also
for single cell imaging studies, the ATP affinity of ATeam was optimized for a

temperature of 25 �C, yielding the variant Ateam1.03NL (Tsuyama et al. 2013).

This illustrates a general advantage of genetically encoded biosensors mentioned

above, i.e., the possibility to tune and optimize sensor affinities and specificities. As

an application to plant physiology, transgenic Arabidopsis thaliana expressing the

ATeam1.04-nD/nA variant (Kotera et al. 2010) was used to study the bacteria-

induced hypersensitive death response of plant cells (Hatsugai et al. 2012). The

study revealed that inoculation with non-virulent bacteria leads to an early increase

of intracellular ATP levels, required for the hypersensitive response, while at a later

time point a drastic drop in ATP occurs, albeit well before rupture of the vacuole.

In summary, ATeam sensors have proven in many studies to be a very useful

tool. They allow monitoring dynamics of free Mg2+-ATP with unprecedented

resolution in space and time in single cells and also appear to be applicable in

small model organisms in vivo. While they are suitable for many experimental

settings that show rather large changes in ATP concentration, they may be limited

in situations with smaller fluctuations as generally occurring during physiological

mild energy stress which is sufficient, e.g., to activate AMPK. Further, for cellular

reactions, more important than the absolute ATP pool size is the ATP/ADP ratio,

which is not detected by ATeam sensors.

20.4.2 Perceval

Another genetically encoded fluorescent biosensor for spatiotemporal analysis of

adenine nucleotides uses a single cpFP design and rather senses the ATP/ADP ratio

instead of absolute ATP concentrations (Berg et al. 2009). Here, a cpFP variant

(cpmVenus) is inserted within the T loop of the ATP-binding protein GlnK1 from

Methanococcus jannaschii. Although the nucleotide-binding site accommodates

both Mg2+-ATP and ADP, only Mg2+-ATP binding triggers closure of the T loop

and a maximal increase in fluorescence emission.

Affinities determined in vitro for the initial sensor (QV5) are 40 nM for Mg2+-

ATP and 200 nM for ADP, far below physiological concentrations (Berg

et al. 2009). The extremely high affinity for ATP would seem to cause permanent

binding of this nucleotide, thus rejecting its use for ATP sensing. However, since

Mg2+-ATP and ADP bind at the same site, occupation of the sensor by ATP is

efficiently competed by increasing ADP concentrations in the physiological range.

In other words, competition by ADP is efficiently lowering the sensor’s apparent

512 M. Pelosse et al.



affinity for Mg2+-ATP, which becomes, e.g., 1 μM in the presence of 5 μM ADP

(Berg et al. 2009). Thus, the sensor is best described as a reporter of Mg2+ATP/ADP

ratios. However, there are other limitations of QV5, including slow kinetics of

ATP/ADP exchange (time constant of about 1 min) and an affinity of about 0.3 mM

for 2-ketoglutarate (2KG), leading to a reduced response to ATP in the presence of

2KG.

The Perceval sensor, which evolved from QV5 by further molecular engineer-

ing, avoids these limitations (Berg et al. 2009). In addition, the sensitivity for

changes in ATP/ADP ratio is closer to physiological conditions, with a half-

maximal response at an ATP/ADP ratio of 0.5 instead of 0.2 for QV5. However,

without particular workload, the cellular ratio of total ATP/ADP is rather above

5–10 (Nilsson et al. 1996; Erecińska and Silver 1994). Since much more ADP is

bound to cellular structures than ATP, the ratio of free ATP/ADP that is effectively

available for cellular reactions is even much higher, probably far above

20 (M€orikofer-Zwez and Walter 1989; Koretsky et al. 1990). Thus, the range

detectable by Perceval, which goes up to about 5, is at the far lower end of what

can be expected under energy stress. Perceval will therefore sense only extreme

energy deficits as expected under ischemia, anoxia, nutrient starvation, or chroni-

cally high workload. Another limitation of Perceval is the pH sensitivity of its

fluorescence that also occurs at pH values in the physiological range.

Despite its design as a single cpFP sensor, Perceval is suitable for excitation-

ratiometric measurements that allow correction for most potential bias in cellular

applications (Berg et al. 2009). Binding of ATP triggers a change in its absorbance

spectrum, with a decrease at 405 nm and an increase at 490 nm of absorbance and

emission determined at 530 nm. As a proof of concept, Perceval detected a decrease

in ATP/ADP ratio upon inhibition of glycolysis by 2DG treatment of HEK293 cells.

Optimization of Perceval by structure-guided engineering further improved the

range of detectable ATP/ADP ratios (Tantama et al. 2013). In a range of 10–92%

sensor saturation, this variant named PercevalHR can sense ATP/ADP ratio from

about 0.4 to 40 with preserved kinetics of ATP/ADP exchange. PercevalHR

transfected into astrocytes reported acute fluctuations in ATP/ADP ratios triggered

by glucose supply. However, the pH sensitivity persists also with this variant.

Physiological pH variations between about pH 6.7 and 7.8 affect the dynamic

range of fluorescence (ΔFmax/Finitial, between 2 and 5) and the ATP/ADP ratio at

which half-maximal response is achieved (between 2 and 10). It is therefore

essential to simultaneously monitor intracellular pH, either by using a pH indicator

dye (e.g., SNARF-5 F; Berg et al. 2009) or a genetically encoded pH-sensitive

fluorescence sensor (e.g., pHRed; Tantama et al. 2013). The latter is particularly

suitable for cellular applications due to its spectral properties.

Only few studies involving Perceval sensors have been published so far. Most of

them have analyzed the role of bioenergetics in pancreatic β-cells, where ATP links

the glucose signal and mitochondrial bioenergetics to the closure of ATP-sensitive

K+ channels, membrane depolarization, Ca2+ influx, and insulin secretion. Studies

by the Rutter group combined patch-clamp electrophysiology and simultaneous

real-time fluorescence imaging using targeted Pericam (Nagai et al. 2001) and
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Perceval sensors together with different fluorescent Ca2+-sensitive dyes for the

cytosol (Fura-Red), mitochondria (2mt8RP), and ER (D4ER). Glucose-induced

compartmentalized changes of Ca2+ and ATP/ADP ratios were analyzed in single

primary mouse β-cells (Tarasov et al. 2012). The pH was controlled but had

negligible effects on the Perceval signal; over a pH range from 6.6 to 7.8, the

cytosolic ATP/ADP ratio varied between 0.9 and 1.35. The study revealed a major

role of mitochondrial Ca2+ uniporter (MCU) and a modulator role of mitochondrial

Na+/Ca2+ exchanger (NCLX) for β-cell glucose sensing and insulin secretion

(Wiederkehr et al. 2011), in particular by regulating the cytosolic ATP/ADP

ratio. Another study on β-cells from the same group followed Ca2+ concentrations

in different cellular compartments together with cytosolic ATP/ADP ratios reported

by Perceval. It confirmed the important role of MCU for glucose-stimulated insulin

secretion (Tarasov et al. 2013) and indicated that mitochondria can translate the

frequency of the cytosolic Ca2+ oscillation frequency into stable increases of

mitochondrial Ca2+ and cytosolic ATP/ADP ratio. Finally, TIRF microscopy was

applied to Min6 and primary mouse β-cells to directly observe sub-membrane

concentrations of ATP (ATPpm) with Perceval and Ca2+ (Ca2+pm) with Fura red

(Li et al. 2013), together with a pH control (BCECF). In control experiments with

permeabilized cells, the authors surprisingly found a better correlation of the

Perceval signal with ATP concentration, not with ATP/ADP ratios, an issue to be

clarified. The study further revealed during the early glucose response an ATPPM
increase that preceded and was transiently interrupted by influx of Ca2+. Later and at

higher glucose concentrations, oscillations ofATPpm inverse to oscillations inCa2+pm
occurred at a minute timescale and were synchronized between neighboring cells,

possibly connected to pulsatile insulin secretion.

There are also few studies using Perceval in other cell types. For example, the

sensor has been applied for controlling ATP availability along the axons in primary

neurons, which occurred to be homogeneous and sustained by both mitochondria

and glycolysis (Zala et al. 2013).

Taken together, last generation Perceval sensors are suitable readouts of free

ATP/ADP ratios, as long as the signal is corrected for pH fluctuations. Detailed

protocols on how to use Percveal and how to multiplex it with other probes can be

found in recent reviews (Tantama and Yellen 2014; Tarasov and Rutter 2014). In

principle, a sensor that follows ATP/ADP ratios rather than absolute ATP concen-

tration can be a more reliable indicator of energy state, since it is independent of

variations in the absolute pool size of ATP, ADP, and AMP that can vary over time

or in between cells. It is the free ATP/ADP ratio that determines the thermodynamic

efficiency and thus the driving force of energy-requiring reactions, while total ATP

is rather a determinant of total potential turnover. Like with ATeam, smaller

changes of the free ATP/ADP ratio, in particular in cells with a very high basal

ratio, may also escape detection by Perceval sensors.
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20.4.3 QUEEN

The most recent ATP-sensitive FRET probe, QUEEN, also uses a single FP design.

A cpEGFP fluorophore is inserted into the ε subunit of bacterial F0F1-ATPase

(Yaginuma et al. 2014). The search for such a sensor was motivated by problems

occurring with classical FRET sensors, in particular for determination of absolute

ATP concentrations and for applications in cells with fluctuating proliferation rate.

The signal of FRET sensors having two FPs can be biased by a maturation time lag

between the two FPs or the presence of degradation intermediates, leading to

sensors with only one functional FP, donor or acceptor. Such dysfunctional sensors

occur mainly at high metabolic turnover rates, e.g., during rapid cell proliferation.

Variations in proliferation rate therefore affect the precise quantification of the

sensed parameter. This is a main problem for monitoring bacterial cultures with

growth rates spanning from very high to almost zero. A single FP design can avoid

such problems related to maturation or degradation of the sensor.

Queen was engineered in two versions having affinities for Mg2+-ATP of 7 μM
(QUEEN-7 μ) or 2 mM (QUEEN-2 m), as well as a control version mutated in the

ATP-binding cassette (QUEEN-NA) (Yaginuma et al. 2014). The output signal of

QUEEN is excitation-ratiometric, since it is calculated as ratio of excitation at

either 400 nm or 494 nm and emission detected in both cases at 513 nm. This ratio

increases in vitro with increasing ATP concentration, between about 1 and 70 μM
for QUEEN-7 μ and between about 0.5 and 8 mM for QUEEN-2 m (all at 25 �C).
From these data, only QUEEN-2 m is suitable to quantify ATP concentrations in

bacteria or eukaryotic cells. QUEEN-7 μ may be used as a control that should not

vary under physiological conditions. The signal of QUEEN-2 m is only slightly

affected by ADP at physiological concentrations and by pH changes above pH 7.3.

In contrast to ATeam sensors, QUEEN is not affected by the bacterial growth phase

and offers a twofold higher dynamic range. Since in vitro and in vivo QUEEN

signals differed only slightly, the absolute ATP concentration of bacterial cells

could be calculated from the QUEEN fluorescence signals with only minor correc-

tions. These ATP concentrations differed between cells in a population and showed

a non-Gaussian distribution, with ATP in some cells reaching up to 9 mM.

20.4.4 Conclusions

Biosensors for adenylates are offering important advantages as compared to inva-

sive analysis methods, in particular for dynamic monitoring of variations of ATP at

the submicron scale in single cells. Since ATeam and QUEEN report ATP pool

size, and Perceval rather the ATP/ADP ratio, the parallel use of both types of sensor

may be recommended to dissect distinct aspects of changes in cellular energy state.

Particular caution is required when larger changes in pH or proliferation rate could

occur in a given experiment, since they can affect the fluorescence readout.
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Further, it should be kept in mind that the available ATP sensors are best suited

to report large changes as occurring by inhibition of entire metabolic pathways.

This can yield valuable information about the contribution and the fluxes of specific

pathways under a given experimental condition. However, the sensors may not

always adequately report smaller physiological changes in ATP concentration or

ATP/ADP ratios that are already relevant, e.g., for activating the AMPK signaling

pathway. In this respect, following fluctuations in ADP and even more AMP would

represent a more promising way to detect such small fluctuations in cellular energy

state. Given their much smaller cellular pool size, together with the action of

adenylate kinase, their concentrations increase several-fold upon a only partial

hydrolysis of the large ATP pool (Neumann et al. 2003). Unfortunately, no genet-

ically encoded fluorescent biosensors for ADP and AMP are available so far. There

are fluorescent biosensors for ADP (Kunzelmann andWebb 2009; Kunzelmann and

Webb 2010) and GDP (Kunzelmann and Webb 2011), but these are not genetically

encoded. They use a diethylaminocoumarin fluorophore coupled to a bacterial actin

homologue (ParM) and require an invasive experimental procedure which has

limited their general application.

20.5 Fluorescent Biosensors: Conclusions and Outlook

Unlike conventional techniques, which mostly generate endpoint data for

populations of cells, genetically encoded fluorescent biosensors allow for online

spatiotemporal analysis of energy metabolism in single, live cells and even at the

subcellular level. An ever increasing number of such biosensors have been designed

and validated during the last decade. FRET-based probes are intrinsically emission-

ratiometric which corrects for most potential bias, and FRET can be measured with

different techniques. This is less the case for cpFP-based single fluorophore bio-

sensors, which however can be excitation-ratiometric and often have a greater

dynamic range and are less influenced by changes in proliferation rate. The sensi-

tivity for pH changes remains a problem with GFP-based fluorescent biosensors,

and sometimes the parallel measurement with a fluorescent pH sensor is indicated.

The current development in the field aims at multiplexing several biosensors for

simultaneous recordings of multiple parameters in a single cell. Also the applica-

tion of such biosensors in animals in vivo remains a long-term goal. While this can

be technically achieved in principle in small animal models (e.g., Drosophila), this
remains a challenge for larger organisms unless there are no brilliant GFP variants

that work at long wavelengths able to penetrate tissue.

Finally, genetically encoded fluorescent biosensors are just one element in the

emerging optogenetic toolbox. Optogenetics refers to techniques in which a com-

bination of light and genetic manipulation is used to perturb, control, or analyze

cellular functions (Alford et al. 2013). It thus also comprises optogenetic actuators,

i.e., proteins that have a light-controllable biological function. This opens
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unprecedented possibilities of both manipulation andmonitoring of single cells in a

noninvasive manner.
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