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AMP-activated protein kinase (AMPK) regulates energy homeostasis in eukaryotic cells and
organisms. As such, AMPK has attracted enormous interest in various disciplines. Accordingly,
the current Special Issue “AMP-Activated Protein Kinase Signalling” is a present-day reflection of
the field covering a wide area of research. Although widely conserved throughout evolution and
expressed ubiquitously, the functions of AMPK in different tissues and cell types may vary to some
extent. Therefore, it is worthwhile to focus on cellular functions of various different origins, or tissues
and organs, as well as their interplay in the context of the whole organism. This Special Issue includes
research articles and reviews addressing AMPK regulation and function in all biological organization
levels in health and disease.

Starting from the AMPK molecule, Yan et al. summarize the knowledge derived from crystal
structures and provide expert insight into the molecular mechanisms of kinase activity modulation
by adenine nucleotides [1]. As presented, recent research provided a detailed understanding
of the molecular mechanisms leading to allosteric activation. The binding of AMP changes the
AMPK’s conformational landscape, providing direct AMPK activation and protection against
dephosphorylation of Thr-172 within the activation loop within the catalytic subunit. AMP bound at
the cystathionine β-synthetase 3 (CBS3) nucleotide binding site within the regulatory AMPKγ subunit
interacts with the flexible α-linker from the catalytic α subunit to transduce the adenine-binding signal
to the kinase domain. The question arises as to how binding of AMP can inhibit dephosphorylation of
Thr-172, while at the same time improving access to upstream kinases that phosphorylate the same
site. Structural insight explaining the observed inhibition of AMPK by ATP is lacking at present and is
identified as a key for understanding the regulation of AMPK activation loop phosphorylation.

Apart from the allosteric mode of regulation, AMPK is part of a kinase cascade. Upstream
regulation of AMPK involves one of several kinases capable of phosphorylating AMPK at Thr-172
in the α-subunit. Both liver kinase B1 (LKB1) and Ca2+/Calmodulin-dependent protein kinase
kinase 2 (CaMKK2) are firmly established as physiological upstream kinases of AMPK. In addition,
transforming growth factor β (TGF-β)-activated kinase 1 (TAK1) has also been reported as AMPK
upstream kinase, but did not receive full attention as discussed in detail [2]. The historical origin of the
conflict between researchers accepting TAK1 as a possible direct upstream kinase of AMPK and those
rejecting this option is explained. Arguments from both sides lead to the conclusion that TAK1 should
be accepted as a genuine contextual AMPK upstream kinase. Notably, the same contextual restriction
applies to LKB1 and CaMKK2, which, depending on cell type, energy status, and environmental signal,
act as alternative AMPK kinases.

As reviewed by Janzen et al., in skeletal muscle, AMPK activity is regulated by glycogen
content [3]. Glycogen physically binds AMPK, modifying its conformation to inhibit its activity.
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Vice versa, AMPK activity impacts glycogen storage dynamics to modulate exercise metabolism. In a
monograph, Thomson summarizes AMPK signal integration in regulating skeletal muscle growth
and atrophy [4]. Thomson suggests that activation of AMPKα1 mainly limits muscle growth, for
example, by inhibiting protein synthesis, whereas AMPKα2 activation may play a more important
role in muscle degradation, for example, through accelerating autophagy. Because a lack of AMPKα1
also inhibits muscle regeneration after injury, AMPKα1 may further have a mandatory function in
regulating satellite cell dynamics. In general agreement, Vilchinskaya et al. describe AMPK as a
key trigger in disuse-induced skeletal muscle remodelling [5]. In a mouse model overexpressing
dominant negative AMPKα1 in skeletal muscle, Egawa et al. confirm the role of AMPK in muscle
mass regulation upon unloading and reloading, but do not find evidence for AMPK involvement
in fibre type switching [6]. The application of AMPK activating drugs to increase insulin sensitivity
for improved glucose uptake in skeletal muscle is also a promising key therapeutic strategy to treat
diabetes. Earlier results suggested the possible requirement of a serum factor in the insulin-sensitizing
effect of the widely used AMPK activator 5-amino-imidazole-4-carboxamide ribonucleotide (AICAR).
Jørgensen et al. clarify this issue by showing in mouse skeletal muscle that the beneficial effect of
AICAR stimulation on downstream insulin signalling was not dependent on the presence of a serum
factor [7].

Previous studies also reported that AMPK activation improved insulin sensitivity in endothelial
cells for modulation of vascular homeostasis. Strembitska et al. investigate insulin-stimulated Akt
phosphorylation in response to the AMPK activators AICAR, 991, and A-769662, the latter two
chemicals targeting a different part of the AMPK molecule, the ADaM (allosteric drug and metabolism)
site [8]. However, Strembitska et al., besides AMPK activation, observed AMPK-independent effects
of A-769662 in human umbilical vein endothelial cells (HUVECs) and human aortic endothelial
cells (HAECs) [8]. Namely, inhibition of insulin-stimulated Akt phosphorylation and nitric oxide
(NO) synthesis by A-769662 was seen in the presence of AMPK inhibitor SBI-0206965. A-769662
also inhibited insulin-stimulated Erk1/2 phosphorylation in mouse embryo fibroblasts (MEFs) and
in HAECs, which was independent of AMPK in MEFs, indicating that data obtained using this
compound should be interpreted with caution [8]. Contradicting results have also been reported for
AMPK-dependent regulation of endothelial NO synthase (eNOS). In endothelial cells, Zippel et al.
observe AMPK-dependent inhibition of endothelial NO formation. The data provided suggest that
AMPK targets Thr495 of eNOS, the inhibitory site, rather than Ser1177 (which would accelerate NO
production) [9]. Notably, Zippel et al. applied genetic models of AMPK deficiency (CRISPR/Cas
and mouse knockouts) and mutated eNOS at respective phosphorylation sites before incubating with
AMPK in vitro, thus providing strong support for their physiological and mechanistic claims.

Hypertension and kidney disease can be a consequence of suboptimal early-life conditions, that
is, by renal programming. Tain and Hsu bring forward the argument that AMPK activators could be
applied for renal reprogramming as a protection against disease development [10]. Glosse and Föller
review the involvement of AMPK in the regulation of renal transporters [11]. Without a particular
focus on the kidney, but with relevance also for renal function, Rowart et al. describe the role of AMPK
in the formation of epithelial tight junctions [12]. In particular, the authors discuss the contribution of
AMPK in Ca2+-induced assembly of tight junctions.

Over the past decade, AMPK has emerged as a key player in the regulation of whole-body energy
homeostasis. AMPK regulates food intake and integrates energy metabolism with several hormones,
such as leptin, adiponectin, ghrelin, and insulin [13]. In this review, Wang et al. summarize the role of
hypothalamic AMPK in hormonal regulation of energy balance. Nutrient intake, on the other hand,
may regulate AMPK activation status. Lyons and Roche discuss the impact of dietary components on
AMPK activity [14]. The authors review the evidence of whether specific nutrients and non-nutrient
food components modulate AMPK-dependent processes relating to metabolism and inflammation,
thus affecting the development of type 2 diabetes and obesity. Pointing out that the reported effects of
diet on AMPK are mostly based on animal studies, the authors plead for further investigation in human
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studies. Resveratrol is one such nutritional substance that has been described as an AMPK activator.
Trepiana et al. review the involvement of AMPK in the effects of resveratrol and its derivatives in the
context of liver steatosis [15]. Although AMPK activation may only partly explain the preventive and
therapeutic effects, the authors conclude that resveratrol represents a potential interesting approach to
treat lipid accumulation in liver. Foretz et al. add further support for the potential of AMPK-dependent
remodelling of lipid metabolism by providing in vivo evidence for increased fatty acid oxidation and
reduced lipid content in mouse liver expressing constitutive active AMPK [16].

Apart from acute effects on the activity of enzymes or localization of proteins, AMPK has
also been shown to change gene expression patterns for long-term adaptation involving regulation
of transcription factors and chromatin remodelling. Gongol et al. describe AMPK as a key
player in epigenetic regulation and discuss the consequent physiological and pathophysiological
implications [17]. AMPK is involved in regulation of protein acetylation and itself receives regulation
by acetylation, as reviewed by Vancura et al. [18]. Apart from epigenetic and transcriptional regulation,
the acetylating and deacetylating events are linked to cellular metabolism, all of which in part is
controlled by AMPK. A weighted gene co-expression network analysis was carried out to investigate
the interaction of AMPK and autophagy gene products during adipocyte differentiation [19]. In fact,
differentiation of cells by definition involves cellular remodelling and thus may generally require
autophagy, which could be linked to AMPK. Indeed, AMPK has been recognized as a major driver
of autophagy, as reviewed by Tamargo-Gómez and Mariño [20]. Jacquel et al. summarize the
evidence that AMPK regulates myeloid differentiation [21]. Because autophagy appears to support
myeloid differentiation, the authors suggest investigating the potential of AMPK activators as an
anti-leukemic strategy.

Long-term memory depends on the induction of immediate early genes (IEGs). Didier et al. report
that AMPK controls the expression of IEGs upon synaptic activation via the cAMP-dependent protein
kinase (PKA)/cAMP response element binding (CREB) signalling pathway [22]. Although genetic
evidence suggests the requirement of AMPK, the mechanism through which AMPK may regulate
PKA activation remains elusive. The authors speculate that AMPK may be required to maintain ATP
levels, as a requirement for formation of cyclic AMP. Thus, AMPK may play an indirect role in PKA
activation upon synaptic activation.

While many studies focused their attention on the tumour-suppressor effect of AMPK activation,
there is now growing evidence that AMPK plays a dual role in cancer, that is, inhibiting growth but
enhancing survival. Adding to this discussion, Zhang et al. show that loss of AMPKα2 impairs sonic
hedgehog medulloblastoma tumorigenesis [23]. Silwal et al. review the function of AMPK in host
defence against infections [24]. As pointed out by the authors, AMPK also plays a dual role, suppressive
or supportive for viral infections, depending on the type of virus. The role of AMPK in adaptive and
innate immune response to infection of microbial and parasitic infections is also discussed.

Human reproduction represents a less mature field of AMPK research. Martin-Hidalgo et al.
review the known cellular roles of AMPK in spermatozoa [25]. The argument is made that AMPK
acts as key molecule linking the sperm’s energy metabolism and ability to fertilize. In the context of
pregnancy complications in humans, Kumagai et al. discuss the possibility of further investigating
AMPK activators as a treatment in a subset of conditions [26]. In their perspective, the authors discuss
the possibility of AMPK regulation by catechol-O-methyltransferase (COMT).

In summary, the current Special Issue provides a representative cross-section of AMPK research
and topical reviews. Thanks to the authors submitting their precious work and insights that are
presented in this Special Issue, our understanding of AMPK structure, function, and regulation has
further progressed. Additionally, it turns out that AMPK biology is more complex than most of us
originally anticipated, leading many of the contributing authors to highlight the fact that we still lack
information and need to address new questions in subsequent studies. For example, the molecular
structure of AMPK, although studied in great detail, does not provide information on the dynamic
movements that are inherent to an allosteric enzyme. Moreover, “AMPK” is a heterogeneous mixture
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of twelve different heterotrimeric complexes (αβγ combinations of α1, α2, β1, β2, γ1, γ2, and γ3)
without considering splice variants. The concept emerges that isoforms of AMPK localized at different
subcellular compartments may respond to specific cues and regulate only a subset of cellular processes
that are now collectively attributed to AMPK. Indeed, AMPK isoform selectivity to specific substrates
may arise from a compartmentalized AMPK signalling, rather than from distinct intrinsic kinase
substrate specificity. Hence, the spatiotemporal regulation of individual AMPK complexes in various
tissues and metabolic conditions awaits further clarification. Furthermore, the development of AMPK
activating drugs is constantly progressing behind the scenes, holding more promise than ever for
the possible treatment of human disease. AMPK research does not stand still. The knowledge about
AMPK accordingly will steadily increase. Besides, the variety of research topics relating to AMPK
may continue to evolve. As we are already working on the next edition, we encourage the reader to
consider submission of their upcoming AMPK-focused work to the successor Special Issue entitled
“AMP-Activated Protein Kinase Signalling 2.0”.

Conflicts of Interest: The authors report no conflict of interest.
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Abstract: Adenosine monophosphate (AMP)-activated protein kinase (AMPK) is a heterotrimeric
αβγ complex that functions as a central regulator of energy homeostasis. Energy stress manifests
as a drop in the ratio of adenosine triphosphate (ATP) to AMP/ADP, which activates AMPK’s
kinase activity, allowing it to upregulate ATP-generating catabolic pathways and to reduce
energy-consuming catabolic pathways and cellular programs. AMPK senses the cellular energy
state by competitive binding of the three adenine nucleotides AMP, ADP, and ATP to three sites in
its γ subunit, each, which in turn modulates the activity of AMPK’s kinase domain in its α subunit.
Our current understanding of adenine nucleotide binding and the mechanisms by which differential
adenine nucleotide occupancies activate or inhibit AMPK activity has been largely informed by crystal
structures of AMPK in different activity states. Here we provide an overview of AMPK structures,
and how these structures, in combination with biochemical, biophysical, and mutational analyses
provide insights into the mechanisms of adenine nucleotide binding and AMPK activity modulation.

Keywords: energy metabolism; AMPK; activation loop; AID; α-linker; β-linker; CBS; LKB1;
CaMKK2; αRIM

1. AMPK Is a Master Regulator of Energy Homeostasis That Is Dysregulated in Disease

AMPK is the primary energy sensor and regulator of energy homeostasis in eukaryotes. It is
activated by energy stress in response to increased ATP consumption (e.g., exercise, cell proliferation,
anabolism) or decreased ATP production (e.g., low glucose levels, oxidative stress, hypoxia), which are
sensed as low ratios of ATP to AMP and ADP. Upon activation, AMPK phosphorylates downstream
targets to directly or indirectly modulate the activities of rate-limiting metabolic enzymes, transcription
and translation factors, proliferation and growth pathways, and epigenetic regulators. Collectively,
this increases oxidative phosphorylation, autophagy, and uptake and metabolism of glucose and fatty
acids, and decreases the synthesis of fatty acids, cholesterol, proteins, and ribosomal RNAs (rRNAs),
as well as decreasing cell growth and proliferation [1–6]. Due to its central roles in metabolism,
AMPK is dysregulated in diabetes, obesity, cardiometabolic disease, and cancer, and it is a promising
pharmacological target [1,2,5,7–10], especially for the treatment of type 2 diabetes [11–13].

2. AMPK Consists of a Stable Core Attached to Moveable Domains

AMPK is a heterotrimeric αβγ protein kinase. In mammals, it is encoded by two alternative α

subunits (α1 and α2), two alternative β subunits (β1 and β2), and three alternative γ subunits (γ1, γ2,
and γ3) that can form up to 12 different αβγ isoforms [14]. The α subunits contain a canonical Ser/Thr
kinase domain (KD), an autoinhibitory domain (AID), an adenine nucleotide sensor segment termed
an α-linker, and a β subunit-interacting C-terminal domain (α-CTD), the latter of which contains
the ST loop, which harbors proposed phosphorylation sites for AKT [15], PKA [16], and GSK [17].
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The β subunits are composed of a myristoylated, unstructured N-terminus, a glycogen-binding
carbohydrate-binding module (CBM), a scaffolding C-terminal domain (β-CTD) that interacts with
both the γ subunit, and the α-CTD, and the extended β-linker loop that connects the CBM with the
β-CTD (Figure 1A,B). The three alternative γ subunits consist of N-termini of different lengths and
unknown function, followed by a conserved adenine nucleotide-binding domain that contains four
cystathione β-synthetase (CBS) AMP/ADP/ATP binding sites (Figure 1). CBS1, 3, and 4 are functional,
whereas in CBS2, the ribose-binding Asp residue is replaced by an Arg, and no nucleotide binding has
been observed for CBS2 in heterotrimer structures.

Figure 1. Overall structure of human adenosine monophosphate (AMP)-activated protein kinase
(AMPK). (A). Domain structure and AMPK isoforms. Activation loop and carbohydrate-binding
module (CBM) phosphorylation sites of different isoforms are indicated below the domain map
(B,C). Crystal structures of phosphorylated, AMP-bound AMPK α2β1γ1/991 ((B); PDB: 4CFE) and
α1β2γ1/cyclodextrin (CD) ((C); PDB: 4RER).

AMPK is a highly dynamic complex with a stable core formed by the γ subunit and the α- and
β-CTDs, in which the β-CTD is sandwiched between the α and γ subunits (Figure 1A, core highlighted
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by dotted lines). Attached to the core are moveable domains whose position is determined by ligand
binding and posttranslational modifications. As such, the holo-complex cannot be crystallized in the
absence of multiple stabilizing ligands and/or protein engineering. Consequently, the first structures
of AMPK consisted of isolated domains, e.g., the KD [18–21], the CBM bound to the glycogen mimic
cyclodextrin [22], the yeast and mammalian nucleotide-bound scaffolding cores [23–26], the AID [27],
and the yeast KD–AID complex [21] (Figure 2).

Figure 2. Structure of AMPK domains and subcomplexes. (A) Rat CBM bound to cyclodextrin;
(B) Fission yeast kinase domain–autoinhibitory domain (KD-AID) complex; (C) AMP-bound,
phosphorylated mammalian AMPK core complex (rat α1-human β2-rat γ1); (D) AMP-bound,
phosphorylated rat α1—human β2CTD—rat γ1 complex.

Activation Loop Phosphorylation Orchestrates the Catalytic Center for Phosphoryl Transfer

Kinase domains have a highly conserved structure consisting of a smaller N-terminal lobe (N-lobe),
composed of a β-sheet and the αB and αC helices, and a larger α-helical C-terminal lobe (C-lobe; see
Figures 1B and 2B). The cleft between the lobes is the binding site for substrate peptides and Mg2+–ATP.
The two lobes are separated by a flexible hinge at the back that allows them to move towards each other
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to cycle through substrate-accessible open and catalytically-competent closed conformations as part of
the kinase catalytic cycle. Key regulatory elements of the KD are: (i) the activation loop at the entrance
of the catalytic cleft; (ii) the αC helix in the N-lobe, which positions the ATP-binding lysine (K47 in
human α1) and the Mg2+-binding DFG (Asp-Phe-Gly) loop; and (iii) the peptide substrate-binding
catalytic loop in the C-lobe (Figure 3) [28–30].

Figure 3. Active protein kinase catalytic cleft. (A) Key residues and structural elements of
phosphorylated AMP-bound α1β2γ1 AMPK (4RER). Active kinase structures are characterized by a
precisely positioned set of motifs for substrate- and adenosine triphosphate (ATP)-binding, in which
four residues (L70, L81, H139, F160; shown in stick plus translucent surface presentation) are stacked
against each other to form a regulatory spine. In this conformation, the activation loop p-T174 (p-T172
in human α2) positions R140 and D141 from the catalytic loop for peptide substrate binding, and K62
from the αC-helix for aligning the ATP-binding K47 and the Mg2+-binding DFG loop. The AMPK
active protein kinase cleft resembles the canonical protein kinase A (PKA) site. To better visualize the
active structure, we modeled the serine residue of a substrate peptide and the co-substrate ATP from
the structure of PKA (PDB: 1ATP) in the catalytic cleft. Spheres: Mg2+ ions. (B) Surface presentation of
the AMPK catalytic cleft (4RER) overlaid with a stick model of the aligned substrate peptide and ATP
from the structure of substrate-bound CDK2 (PDB: 1QMZ). The Ser hydroxyl-positioning AMPK D141
is shown in green stick representation.

AMPK belongs to the RD (Arg-Asp) kinases, in many of which phosphorylation stabilizes
the activation loop through a charge interaction between the negatively charged activation loop
phosphate, and the positively charged residues from the αC helix (K62 in AMPK α1), the activation
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loop (N164), and the catalytic loop (R140). This conformation in turn stabilizes the αC helix and
positions the arginine (R) and adjacent aspartate (D) of the catalytic loop for substrate binding (Figure 3).
The hallmark of active protein kinases is therefore a precisely positioned set of motifs for substrate-
and ATP-binding, in which four residues from the catalytic loop (H139), the Mg2+-binding DFG loop
(F160), the αC helix (L70) and the αC-αD loop (L81) are stacked against each other [28–30], as found in
structures of active AMPK (Figure 3).

3. AMPK Is Activated Both by Direct Allosteric Activation and by Increasing Net Activation
Loop Phosphorylation

AMPK activity is regulated at three different levels: at the level of (i) activation loop
phosphorylation by upstream kinases, (ii) protection against activation loop dephosphorylation
by protein phosphatases, and (iii) at the level of phosphorylation-independent, allosteric kinase
activation (Figure 1A). Activation loop phosphorylation increases the AMPK activity by about
100-fold, while allosteric regulation changes AMPK activity up to ten-fold in mammalian cells and
about two-fold in recombinant, bacterially produced AMPK [24,31–33]. AMP activates, and ATP
inhibits, AMPK through all three mechanisms. ADP more weakly protects against activation loop
dephosphorylation, does not allosterically activate AMPK [33–36], and it may not stimulate activation
loop phosphorylation [33,37], although the latter is controversial [36].

The two main mammalian AMPK activation loop-phosphorylating kinases are the tumor
suppressor LKB1 in complex with STRAD and MO25, and Ca2+/calmodulin-dependent protein kinase
kinase β (CaMKK2) [38–42]. While CaMKK2 mediates Ca2+-dependent AMPK phosphorylation,
AMP binding to the γ subunit increases activation loop phosphorylation through LKB1 by inducing
a conformation that stabilizes formation of a complex between myristoylated AMPK, Axin, and
LKB1/STRAD/MO25 [37,43]. However, the structural details of this interaction remain unknown. In
addition, activation loop phosphorylation is also modulated by phosphorylation of the ST loop [15–17]
and by ubiquitination of AMPK [44] and LKB1 [45].

In addition to adenine nucleotides, glucose, glycogen, and nicotinamide adenine dinucleotides are
also important energy metabolites. Glucose has recently been identified as an important AMPK activity
regulator, but it does so without direct AMPK binding [43,46]. In contrast, both glycogen and NADPH
and NADH can directly bind AMPK: glycogen at the CBM [22,47], and in a reconstituted system,
NADPH and NADH at the adenine nucleotide sensor site CBS3 [34,48]. However, the physiological
relevance of the glycogen [47,49,50] and NADPH/NADH [34,48] interactions for AMPK activity
regulation remains unclear.

Finally, a number of pharmacological activators bind AMPK at a unique site at the interface
between CBM and KD (so called allosteric drug and metabolite [ADaM] site), as first shown for Merck
compound 991 [51], and derivatives of the Abbot compound A769662 [52]. Binding greatly stabilizes
the association of the highly dynamic CBM with the KD [53], an interaction that is also modulated by
CBM phosphorylation and carbohydrate binding [49,53]. ADaM site agonists activate AMPK both
directly and through increased protection against activation loop dephosphorylation, whose structural
details will be covered in detail in a separate article in this issue.

Besides activity regulation, the level of AMPK is regulated by ubiquitination and proteasomal
degradation in brown adipose tissue [54], testis [55], certain cancers [55,56], and in the presence of
high levels of glucose [57].

3.1. The γ Subunit Contains Three Functional Adenine Nucleotide Binding Sites

The structure of the yeast and mammalian AMPK core scaffolds revealed a disk-shaped γ

subunit composed of four CBS sites. Each CBS consists of a strand-helix-strand-strand-helix fold
(β1-α1-β2-β3-α2) with long intervening loops (Figure 4A). β1 is often incomplete, but where present,
it forms a three-stranded sheet with the two central β-strands (β2 and β3). The β-sheet of one CBS
packs parallel with the sheet of a neighboring CBS. The interface between the two sheets forms two
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clefts, one on the top flat side and one on the bottom flat side of the disk, which are the binding sites
for adenine nucleotides (Figure 4C,D). Therefore, each binding site requires a tandem CBS pair to form
a functional unit termed the Bateman domain (CBS1 + CBS2 = Bateman domain 1, CBS3 + CBS4 =
Bateman domain 2). The structures of the core complexes in the presence of AMP [24,58], ADP [34],
or ATP [24,58] revealed adenine nucleotide binding at three sites in mammalian AMPK: CBS1, CBS3,
and CBS4.

Figure 4. AMP binds three of the four CBS sites of the γ subunit. (A,B) Cartoon representation of the
γ subunit in two different orientations. AMP molecules are shown in stick representation. The four
CBS sites are shown in different colors with the secondary structure elements of CBS1 labeled. (C,D)
Surface representation of the front and back sides of the disk flat surfaces illustrating the AMP-occupied
binding pockets 1, 3, and 4, and the empty CBS2 pocket. (E) The phosphate groups (orange) of the
three AMP molecules (cyan C atoms) coordinately interact with a set of polar γ subunit residues
(green C atoms); O: red, N: blue.

3.2. CBS3 Is the Adenine Nucleotide Sensor Site

While the structure of the core complexes revealed how adenine nucleotides bind the γ subunit,
they did not provide information on how the binding signal is transduced to the KD in the α subunit.
In 2011, the Gamblin and Carling groups crystallized an AMPK complex containing rat α1, human
β2 CTD, and rat γ1 [34]. While this complex is not regulated by protection against activation loop
dephosphorylation [51], it retained direct AMPK activation by AMP and ADP. The structure revealed
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that the α-linker that connects AID and α-CTD directly bound the γ subunit [34], which has been
validated in all subsequent AMP-bound AMPK complex structures with a resolved α-linker. A segment
of the linker, termed regulatory subunit-interacting motif 2 (αRIM2) [27,59], interacts with AMP at
CBS3, suggesting that αRIM2 functions as an adenine nucleotide sensor, and that it mediates the
transduction of the adenine-binding signal to the KD [27,34,59]. This function has been validated
by several experimental approaches. First, the mutation of either of the two key αRIM2 residues
(E362 and R363 in rat α1 and human α2; E364 and R365 in human α1) abolished or largely reduced
both AMP-dependent direct AMPK activation [27,49,51] and AMP-dependent protection against
activation loop dephosphorylation [49]. Second, AMP increases, and ATP decreases the interaction
between isolated α-linker and core AMPK in a reconstituted system, and the AMP increase requires
intact E364 and R365 [49]. Third, the AMP-mimetic synthetic AMPK activator C2 activates AMPK
α-isotype-selectively (it fully activates α1-containing complexes, but only partially α2 complexes),
and this selectivity can be fully reversed by a swap of the αRIM2 regions [60,61].

4. If CBS3 Is the Sensor Site, What Are the Roles of CBS1 and CBS4?

Of the three functional CBS sites, only CBS3 interacts with the α subunit, an interaction that is
directly modulated by AMP and ATP. In contrast, CBS1 and CBS4 do not interact with any part of the α-
or β-subunit. Moreover, CBS4 binds AMP very tightly [24,58] and it is unlikely to exchange AMP under
physiological conditions, yet mutations in CBS4 abolish regulation by AMP [36,58], while mutations
in CBS1 have either no [58] or only a small [36] effect on AMPK regulation. Important insight came
from a mutational study. When CBS1, CBS4, and the ATP-binding site in the KD are mutated, so that
CBS3 remains the only functional adenine nucleotide binding site, it binds AMP only very weakly
and with 10–100 times lower affinity than ATP [48]. Since the cellular ATP concentrations are much
higher than AMP and ADP concentrations, CBS3 by itself would remain almost completely ATP-bound
under both normal and energy stress conditions. However, the phosphates of adenine nucleotides
bound to CBS1, 3, and 4 coordinately bind a set of charged and polar amino acids (Figure 4E), so that
binding to one site affects binding to the other two sites. Through these coordinated interactions,
AMP bound at CBS4, together with additional interactions from αRIM2, stabilizes AMP at CBS3.
This increases CBS3’s affinity for AMP by two orders of magnitude, and its AMP/ATP binding
preference by two to three orders of magnitude [48], allowing CBS3 to sensitively detect physiological
energy stress versus non-stress adenine nucleotide levels. Conversely, both CBS3 and CBS1 strongly
stabilize AMP-binding at CBS4, so that under physiological conditions CBS4 remains essentially
non-exchangeably AMP-bound and CBS1 largely ATP-bound [48].

5. AMP-Binding at CBS3 Destabilizes an Inhibitory AID–KD Interaction

The KD is followed by the AID, a small 48 amino acid domain that inhibits kinase activity about
tenfold in the context of a KD–AID fragment [62,63]. Crystal structures of the fission yeast [21] and
human [49] AMPK KD–AID fragments revealed a three-helical AID, whose C-terminal helix (α3)
directly binds the hinge between the KD N- and C-lobes at the backside of the KD (Figures 2B and 5A).
In contrast, in structures of active, AMP-bound AMPK [34,49], the AID is rotated away from the KD
and bound to the γ subunit (see structure overlay in Figure 5B). The AID–KD interaction arrests the
KD in a unique inactive conformation, in which the ATP binding K47, the Mg2+-binding DFG loop,
and the substrate-binding catalytic loop are misaligned, and H139 of the regulatory spine is out of
register [21,49] (so called “HRD-out” conformation [30]; Figure 5C). The inhibitory function of the
KD–AID interaction was further validated by the mutation of interface residues in either the KD or
the AID, all of which made AMPK constitutively active [21,49]. Conversely, binding of the AID to
the γ subunit, as seen in structures of AMP-bound AMPK [34,49], allows the KD to adopt the active
conformation [27,34,51,59] (Figure 5D). Consistently, mutations in AID-interacting γ subunit residues
make AMPK constitutively inactive [59].
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Figure 5. The AID is in equilibrium between KD- and γ-bound conformations. (A) Cartoon structure
of the human α1 KD-AID complex. (B) Overlay of the inactive KD-AID structure with the structure of
active holo-AMPK (α subunit: green; β- and γ-subunits: grey). The arrow indicates the repositioning
of the AID in the active structure. (C,D) Catalytic center of the inactive (C) and active (D) AMPK
conformation. Stick plus translucent surface presentations indicate the regulatory spine residues L70,
L81, H139, and F160. Mg2+-ATP was modeled into both structures for orientation, even though it
cannot bind to the inactive structure shown in panel C. Spheres: Mg2+ ions.

A Highly Conserved Interaction Network Links αRIM2/CBS3 and AID-αRIM1/CBS2 Binding

The structure of AMP-bound AMPK α1-β2CTD-γ1 [34] first revealed the AID conformation in
active AMPK, in which the border of the AID and the N-terminus of the α-linker, termed αRIM1,
binds the γ-subunit at the unoccupied CBS2 [27,34,51,59]. Mutational analysis by Ja-Wei Wu’s group
provided a molecular pathway to link αRIM2 binding of AMP-occupied CBS3 to direct AMPK kinase
activation. They first showed that αRIM1/CBS2 interface amino acids corresponding to human α1
I335/M3364 and F342/Y343, and human γ1 R171 and F179 are required for AMP-mediated relief of
AMPK autoinhibition [59]. In active, AMP-bound holo-AMPK, the direct interaction of γ1 K170 with
both AMP/CBS3 and αRIM2 α1 E364 positions three key residues at the αRIM1 interface. First, the
residue following K170, R171, forms Van der Waals interactions and a backbone hydrogen bond with
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αRIM1 α1 F342. Second, the K170-interacting residues K174 and F175 form Van der Waals bonds
with F342 and both Van der Waals and π-stacking interactions with γ1 F179. The latter is the linchpin
of the interface and directly interacts with all four αRIM1 residues that are required for the relief of
AMPK autoinhibition (I335, M336, Y343, and F342; Figure 6). Similarly, E364, R171, and F179 are also
all required for the relief of AMPK autoinhibition [59]. The mutational analysis thus provides strong
support that this AMP-stabilized interaction network that is seen in all active structures of holo-AMPK
is responsible for shifting the AID equilibrium from the inactive, KD-bound conformation to the active,
γ/CBS2-bound conformation.

Figure 6. αRIM2/CBS3 and AID-αRIM1/CBS2 interactions are linked. Structure of human AMP-bound
AMPK α1β2γ1 (4RER) with key residues shown in a stick presentation; the α-linker is shown in
magenta, the γ subunit in cyan, and the AID in light green. AMP bound at CBS3 and αRIM2 E364
directly interact with γ1 K170, which positions the αRIM1-binding residues R171, and indirectly
through K174 and F175, F179, thus stabilizing the AID-γ subunit interaction. Consistently, mutations of
the αRIM1/γ subunit (and αRIM2/CBS3) interface residues highlighted by oval outlines (human α1:
F342D/Y343D, I335D/M336D, E364, R365; γ1: R171A, F179D) are constitutively AMP-non-responsive.
Dashed lines indicate hydrogen bonds.

ATP binding is thought to disrupt this network. In the structure of the core AMPK complex
co-crystallized with ATP [58], ATP was bound to CBS4 and CBS1, which sterically interfered
with nucleotide binding at CBS3, and caused rearrangement and disruption of the interaction
network [58,59]. However, the physiological relevance of this structure remains unclear, since under
physiological conditions, CBS4 does not seem to exchange AMP (see above; [24,48,58]). Therefore,
a final understanding of how ATP disrupts the CBS3–α-linker–AID network will require the structure
of the holo-AMPK complex, including the α-linker, in ATP-bound conformation.

ADaM site ligands, while not focus of this review, directly activate AMPK by a completely
different mechanism. Through binding of both the CBM and the KD [51,52] and stabilization of the
CBM–KD interaction [53], the N-terminus of the β-linker at the CBM border adopts a helix that packs
parallel to the αC-helix, and it has therefore been named C-interacting helix [51]. This suggested
that ADaM site ligands may activate AMPK by stabilizing αC through induced formation of the
C-interacting helix, reminiscent of the regulatable αC stabilization of several other protein kinases [64].
Support for this model came from the mutation of H233 in the C-interacting helix, which reduced
activation by the ADaM site ligand 991 [51], and by direct demonstration through hydrogen/deuterium
exchange mass spectrometry (HDX-MS) that 991 binding strongly and selectively stabilizes αC [48].

14



Int. J. Mol. Sci. 2018, 19, 3534

6. Regulation of Activation Loop Accessibility

A major regulatory mechanism for AMPK activation by AMP and ADP is the protection of
activation loop p-T172 (human α1 T174) against dephosphorylation. p-T172 protection can be
demonstrated in a cell-free, reconstituted system independent of the phosphatase used (e.g., PP2C,
PP2A, λ-phosphatase), and AMP does not, or only slightly inhibit the dephosphorylation of a different
substrate, casein, by PP2Cα [32]. Therefore, reduced dephosphorylation is not due to phosphatase
inhibition, but to an AMP/ADP-induced change in the activation loop accessibility. The crystal
structure of AMP-bound, phosphorylated AMPK α1–β2CTD–γ1 (PDB: 4CFH) first demonstrated
that the activation loop directly interacts with the core of AMPK [34]. Specifically, the stable β-CTD
directly bound and stabilized the activation loop (Figure 7). The authors therefore proposed that the
core shields the activation loop from phosphatase access. In agreement, mutation of the activation
loop-interacting β2 H235 increased p-T172 dephosphorylation in the context of holo-AMPK [34].
However, the construct used in the structure was not regulated by protection against activation loop
dephosphorylation [51], indicating that additional parts of AMPK, likely either the β-linker and/or
the CBM, were also required for AMP-mediated, and probably ADaM site ligand-mediated protection
against activation loop dephosphorylation. Consistently, in structures in which the β-linker is largely
resolved (e.g., β2-linker in 4RER [49], β1-linker in 5ISO [65]), p-T172 is clearly protected by the
β-linker, especially in the case of the β2-linker. Finally, how can the activation loop in AMP-bound
conformation be largely inaccessible to protein phosphatases without affecting accessibility to the
T172-phosphorylating upstream protein kinases? Answers to these fundamental questions will likely
require the structure of holo-AMPK in the alternative, ATP-bound state and analysis of AMPK’s
conformational landscape and dynamics in solution.

Figure 7. The β-CTD binds and stabilizes the activation loop. Structure of AMP-bound, phosphorylated
AMPK α1–β2CTD–γ1 (PDB: 4CFH). The activation loop is highlighted in orange, and p-T172 is shown
in sphere presentation.
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7. Conclusions and Future Directions

AMPK is a molecular machine consisting of the adenine nucleotide-binding core (γ subunit plus α-
and β-CTDs), the catalytic KD, and at least four dynamic domains (AID, CBM, and the α- and β-linkers).
We propose that adenine nucleotides, ADaM site ligands, and CBM phosphorylation affect the
conformation of the KD through induced movements of the dynamic domains, while phosphorylation
of activation loop and S/T loop modulate the KD conformation directly. Through concerted
efforts, the mechanism of direct, allosteric AMPK activation through AID movement and αC
stabilization is relatively well understood. However, the structural basis of direct inhibition by
ATP, of activation loop accessibility regulation through ligands and possibly phosphorylation, and of
the AMP-induced interaction with Axin and the LKB1 complex all remain poorly understood. The
most important future challenges in AMPK structural biology will therefore be the determination of
the structures of holo-AMPK in its inhibited, ATP-bound conformation, and in complex with Axin and
LKB/STRAD/MO25.
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Abstract: Alongside Liver kinase B1 (LKB1) and Ca2+/Calmodulin-dependent protein kinase kinase
2 (CaMKK2), Transforming growth factor-β (TGF-β)-activated kinase 1 (TAK1) has been suggested
as a direct upstream kinase of AMP-activated protein kinase (AMPK). Several subsequent studies
have reported on the TAK1-AMPK relationship, but the interpretation of the respective data has
led to conflicting views. Therefore, to date the acceptance of TAK1 as a genuine AMPK kinase is
lagging behind. This review provides with argumentation, whether or not TAK1 functions as a direct
upstream kinase of AMPK. Several specific open questions that may have precluded the consensus
are discussed based on available data. In brief, TAK1 can function as direct AMPK upstream kinase
in specific contexts and in response to a subset of TAK1 activating stimuli. Further research is needed
to define the intricate signals that are conditional for TAK1 to phosphorylate and activate AMPKα

at T172.

Keywords: TAK1; AMPK; phosphorylation; AMPK kinase

1. About AMPK and TAK1

This review addresses questions that are relevant for experts in the field already familiar with
AMPK and TAK1. To begin with, I will not discuss whether AMPK and TAK1 are a disparate couple
or ideal affiliates, but rather provide entry points for further reading, in case readers are in need of
information about AMPK or TAK1. I will not go into any detail with AMPK, because this review is part
of the Special Issue on AMPK. Moreover, multiple authors (repeatedly) reviewed AMPK. In addition,
there is a growing base of reviews focusing on different aspects of AMPK, such as the functions of
AMPK in various tissues, or (patho-)physiological contexts (e.g., [1–4]). For AMPK novices, Hardie
provides an excellent overview (e.g., [5–8]). In a nutshell, AMPK is an energy-sensing kinase that
functions to maintain cellular and whole body energy balance [9]. AMPK is part of a protein kinase
cascade [10]. T172 phosphorylation of the AMPKα subunit activates the kinase, which is dependent
on upstream kinases, called AMPK kinases, identified as LKB1 and CaMKK2 [11–14].

TAK1 has been proposed as an alternative third AMPK kinase, which has received varying
appreciation. This is the topic of this review. TAK1 is a serine/threonine protein kinase of the
mitogen-activated protein kinase kinase kinase (MAP3K) family, playing a crucial role in regulating
cell survival, differentiation, apoptosis, and inflammatory responses [15,16]. It forms complexes by
binding to its accessory subunits, the TAK1-binding proteins (TAB1, TAB2, TAB3). TAK1 is activated
by interleukin-1 (IL-1) and TGF-β receptors, tumour necrosis factor (TNF)-α, Toll-like receptors (TLR),
CD40, and the B cell receptor. TAK1 is also involved in activating several intracellular kinases, p38
mitogen-activated protein kinase (p38MAPK), c-Jun N-terminal kinase (JNK), and IκB kinase complex
(IKK). Therefore, TAK1 has been described as a regulator of nuclear factor κ-light-chain-enhancer of
activated B cells (NF-κB) and MAPKs in proinflammatory signalling. More recently, this picture has
been significantly amended, with the roles of TAK1 in tissue homeostasis (reviewed in [17]), as also
further discussed below.
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2. The Origin of the Debate

In 2006, after the discovery of LKB1 and CaMKK2 as upstream kinases of AMPK, TAK1 was
identified as the third kinase capable of activating AMPK [18]. However, different from LKB1 and
CaMKK2, TAK1 to date remains a disputed AMPK activating kinase. The reactions of the scientific
community range from complete ignorance, to questioning TAK1 as an AMPK kinase, to acceptance
without question. In this review, I will provide an overview on TAK1, with respect to its (putative) role
as (direct) upstream activating kinase of AMPK.

In yeast, three alternative upstream kinases (Sak1, Tos3, and Elm1) have been described to activate
the AMPK ortholog Snf1; knockout of all three kinases replicates the Snf1 knockout phenotype [19,20].
In search for alternative AMPK activating kinases in mammalian cells and by applying a screening
approach in yeast, TAK1 was identified as in vitro upstream kinase of AMPK [18]. The in vivo
relevance remained unknown, since the authors based their conclusion solely on cell-free and cell-based
approaches. Notably, the study included evidence for TAK1 action on AMPK in LKB1-deficient
HeLa cells. In the same year, cardiac-specific dominant-negative TAK1 mice were reported to
show Wolff-Parkinson-White (WPW)-like phenotype [21], i.e., consistent with the idea that AMPK
loss-of-function mutations in AMPKγ2 underlie WPW [22]. In the same study, TAK1 knockout embryos
were shown to exhibit defective AMPK signalling. Due to observed midgestation embryonic lethality,
the authors subsequently went on to acutely knock out floxed TAK1 alleles in cells using virally
delivered Cre. The obtained results again generally supported a role of TAK1 upstream of AMPK, but
the authors concluded that LKB1 could have been the intermediate of TAK1 action. The reason for this
reservation was that acute loss of TAK1 interfered with the kinase activity of adenovirally delivered
LKB1 complex, i.e., consisting of LKB1, mouse protein 25 (MO25) and STE20-related kinase adapter
protein (STRAD). It should be noted that LKB1 is considered to be constitutively active upon complex
formation with MO25 and STRAD [23,24]. Therefore, the mechanism of LKB1 inhibition, as observed
by Xie et al., remains elusive. Accordingly, from these two early publications some discrepancy on the
role of TAK1 upstream of AMPK primarily evolved around LKB1, and whether or not it mediates TAK1
effects on AMPK [18,21]. On the other hand, both reports agree on TAK1 as an important regulator of
AMPK. In subsequent work on upstream kinases of AMPK, almost all studies have dealt with LKB1
and CaMKK2, which are firmly confirmed without any question. In contrast, the role of TAK1 as direct
or indirect AMPK kinase remained obscure.

Until today only few studies further addressed TAK1-AMPK signalling, of which the majority
applied chemical tools (such as kinase inhibitors) that are prone to misinterpretation because of possible
off-target effects. Moreover, a few reports also indicate signalling of AMPK to TAK1, i.e., turning
AMPK into a possible activating kinase of TAK1 [25,26]. In this review, I am focusing on studies
using genetic tools and offering clues on the exact role of TAK1 upstream of AMPK, but will also
try to integrate controversial findings. As a guide to the reader, I am asking specific remaining open
questions that are subsequently either partly or wholly answered, based on scientific evidence.

3. Is TAK1 Capable of Directly Phosphorylating AMPKα at T172 in Cell Free Assays?

In the original paper, Momcilovic et al. used a purified GST-fusion of the isolated Snf1 kinase
domain that was directly incubated with an artificial construct of TAK1-TAB1 fusion protein purified
from insect cells. Snf1 kinase domain was phosphorylated by a TAK1-TAB1 fusion protein at T210; the
site equivalent to T172 in AMPK [18]. In my lab a bacterial co-expression strategy for TAK1 with TAB1
or with TAB2 was developed [27]. TAK1-TAB1 (but not TAK1-TAB2) was active upon co-expression
in bacteria, strongly suggesting that the formation of TAK1-TAB1 complexes is sufficient for kinase
activation. In contrast, recombinant AMPK heterotrimers after purification from bacteria are not
phosphorylated in the α-subunit at T172 [28], but received this modification in presence of either
LKB1-MO25-STRAD or TAK1-TAB1 complexes [23,27]. Therefore, mammalian AMPK heterotrimeric
complexes can be directly activated by human TAK1-TAB1 complexes, in a process not requiring but
resembling LKB1 complex, as shown in cell-free systems.
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4. Is TAK1 Activating Cellular AMPK in Absence of LKB1?

This question has been already been addressed in the original work of Momcilovic et al., by
using LKB1-deficient HeLa cells transfected with TAK1 and TAB1 plasmids, i.e., revealing that AMPK
is activated by the wild-type but not the kinase defective TAK1-TAB1 complex [18]. In my lab, we
obtained similar results in HeLa cells using wild type and mutant AMPK [27]. This approach rules out
that TAB1 scaffolding is sufficient for AMPK activation. This is an important detail, because TAB1 has
been shown to activate p38MAPK employing an unusual autophosphorylation mechanism [29]. In fact,
even before TAK1 was suggested as a new upstream kinase, TAB1 was shown to co-immunoprecipitate
with AMPK in cardiomyocytes [30]. This latter study also suggested that the association of AMPK
with TAB1 did not require prior AMPK activation. Therefore, it seems unlikely that LKB1 action
is needed for AMPK-TAB1 interaction, and TAB1 should be able to recruit TAK1 independent of
LKB1. Further direct evidence for TAK1-AMPK signalling came from an unexpected pathway:
in TNF-related apoptosis-inducing ligand (TRAIL)-treated epithelial cells AMPK was activated by
TAK1 [31]. In this study, LKB1 and CaMKK2 were knocked down without affecting the ability of TRAIL
to activate AMPK. In contrast, siRNA against TAK1, along with over-expression of kinase-defective
TAK1 efficiently interfered with AMPK activation. These data establish TAK1-dependency, as well as
LKB1-independency, at least in this particular setting.

5. Is Stimulation of TAK1 Sufficient for Activation of AMPK?

Many researchers doubt whether TAK1 can be considered a genuine upstream kinase, if TAK1
activation is seen in situations where AMPK is not activated. Indeed, Herrero-Martin et al. also
observed that TNF-treatment activates TAK1 (as seen by IκB phosphorylation), but did not activate
AMPK [31]. In addition, TAK1 activation originally was seen as an intracellular mediator of
pro-inflammatory signals (such as TNF-α), giving rise to the development of TAK1 inhibitors for
possible treatment of inflammatory disorders [32]. This prevalent view compounded scepticism about
TAK1 as a genuine AMPK kinase, since reported AMPK effects are summarized to be the inverse,
i.e., anti-inflammatory [3]. Therefore, the role of TAK1 as an upstream kinase of AMPK may be
relevant only in certain physiological situations, or in response to specific signals. It should also be
noted that LKB1 and CaMKK2 do not share the same input, and may well be active in situations
where AMPK is not. In particular, LKB1, a constitutively active kinase upon complex formation, more
efficiently phosphorylates AMPK in response to a drop in cellular energy level (through allosteric
regulation of AMPK by AMP and ADP). CaMKK2 may be dependent on extracellular input (operating
downstream of G-protein coupled receptors), but it is not clear whether transient Ca2+ waves, such as
those occurring in contracting myocytes, are sufficient to activate AMPK in this cell type. However,
both signals, LKB1 and CaMKK2 may also act synergistically [33]. Thus, AMPK phosphorylation
at T172 increases through different pathways, downstream of various signals that can be intra- or
extracellular. If TAK1 activation per se is insufficient for AMPK activation, TAK1 may still activate
AMPK conditionally in response to specific upstream signals.

6. What Is the Cellular Condition Where TAK1 Acts as an Upstream Kinase of AMPK?

In several recent studies, a possible role of TAK1 as upstream mediator of AMPK activation
was verified by applying genetic knockdown strategies [34–39]. Although not verifying the role of
TAK1 as a direct AMPK kinase, this approach puts TAK1 as an upstream AMPK activating signal
into various cellular contexts. Moreover, TRAIL is an example of a distinct extracellular signal that
activates TAK1-AMPK signalling [31]. Thus, the question may be asked, whether we can recognise a
pattern of cellular challenges or signals where TAK1 is acting as activating AMPK kinase.

In recent literature, TAK1 is interpreted as a regulator of cell death and survival [17], which
is well in accordance with the known functions of death ligands, such as TNFα and TRAIL [40].
Notably, TRAIL-induced TAK1-AMPK signalling was shown to induce cytoprotective autophagy in
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untransformed cells [31], whereas TRAIL induces apoptosis in several cancer cell types. Autophagy is
a survival mechanism, which can be elicited by various sublethal stresses as a response to fluctuating
external conditions, ranging from extracellular signals, to a change in pH, temperature or oxygen
tension [41]. Some of these stresses are not predicted to directly affect cellular energy levels. The
known role of AMPK in the control of autophagy in response to nutrient starvation is commonly linked
to LKB1 signalling, whereas TRAIL elicits autophagy via TAK1-AMPK [31]. Of note, independent of
the upstream signalling pathway, autophagy is an important survival mechanism, providing the cell
with building blocks and metabolites. This integrates well with one of AMPKs more general roles;
limiting cell proliferation and growth, as well as energy expense, in times of nutrient scarcity, while
also enhancing the cell’s ability to survive stresses, such as hypoxia and glucose deprivation [42].

As already indicated, TAK1 was shown to activate AMPK in response to various stimuli and
different cell types. Receptor activator of NF-κB ligand (RANKL) activated AMPK in osteoclast
precursors, and siRNA-mediated TAK1 knockdown blocked RANKL-induced activation of AMPK [34].
RANKL is a member of the TNF superfamily, supporting the idea that a subset of TAK1 activating
signals could physiologically activate AMPK. In endothelial cells, Vascular endothelial growth factor
(VEGF) stimulated TAK1 and AMPK, whereas TAK1 downregulation by shRNA also inhibited
VEGF–stimulated phosphorylation of several kinases, including AMPK [36].

Belinostat promoted reactive oxygen species (ROS) production in PANC-1 cells and increased the
ROS induced TAK1/AMPK association resulting in AMPK activation. Anti-oxidants, as well as TAK1
shRNA knockdown, suppressed Belinostat-induced AMPK activation and PANC-1 cell apoptosis [35].

Fasted mice deficient of TAK1 in hepatocytes exhibited severe hepatosteatosis with increased
mTORC1 activity, and suppression of autophagy compared with their WT counterparts [43], suggesting
reduced AMPK function in these livers. TAK1-deficient hepatocytes exhibited autophagy and
suppressed AMPK activity in response to starvation or metformin treatment; however, ectopic
activation of AMPK restored autophagy in these cells. These data indicate that TAK1 regulates hepatic
lipid metabolism and tumorigenesis via the AMPK/mTORC1 axis [43]. Therefore, it was proposed that
TAK1-mediated autophagy in the liver plays a role in preventing excessive lipid accumulation induced
by starvation and fat overload [44]. Knockdown of TAK1 decreased the AMPK phosphorylation
induced by overexpression of a dominant-negative form of p38α [38], which the authors interpreted as
a negative feedback loop. Recent data suggested that TAK1 could be the upstream kinase for AMPK
activation by Helicobacter pylori, since partial depletion of TAK1 by shRNAs not only inhibited AMPK
activation, but also suppressed survival of H. pylori-infected gastric epithelial cells [37]. Activation
of TAK1 was also found to restrict Salmonella typhimurium growth by inducing AMPK activation
and autophagy [45]. In this study, TAK1 siRNA led to the inhibition of S. typhimurium-induced
phosphorylation of AMPK T172, ULK1 S317, and ACC S79. The authors concluded that TAK1
activation leads to AMPK activation, which activates ULK1 by phosphorylating ULK1 S317 and
suppressing mTOR activity and ULK1 S757 phosphorylation.

In conclusion, published data indicate TAK1-dependent AMPK activation could be required
for induction of autophagy, as a possible survival mechanism in response to acute and specific
life-threatening challenges. TAK1-induced autophagy may thus occur in the absence of an energy
challenge, such as those elicited through extracellular factors (e.g., TRAIL), or bacterial infections (e.g.,
H. pylori, S. typhimurium), and oxidative stress (e.g., Belinostat).

Further conditions promoting TAK1-dependent AMPK activation are likely to be identified.

7. Does AMPK Have a Role in Activating TAK1?

AMPK has been reported to activate TAK1 and mediate pro-inflammatory effects in THP-1
cells [25]. In this study, it was shown that pro-inflammatory signals activated TAK1 signalling, which
was then inhibited by AMPKα knockdown. Taking into account the ability of AMPK to bind TAB1 [21],
and considering the role of TAB1 in activating TAK1, the interpretation of AMPK as upstream kinase of
TAK1 could consequently be challenged. For, example, could the lack of AMPK reduce the availability
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of TAB1 for subsequent activation of TAK1? Notably, binding of TAB1 to TAK1 in a sequence of
molecular events, activates TAK1 by autophosphorylation of T184/T187 [27], and does not require any
upstream kinase. Interestingly, the authors of the same study confirmed AMPK-TAK1 interaction in
their model, which required both the AMPKα autoinhibitory-domain, and the TAB1-binding domain
of TAK1 [25]. The possible AMPK-TAB1 complex formation, and putative requirement of TAB1 as a
mediator of AMPK-TAK1 binding in THP-1 cells was not investigated.

In another recent study, AMPKα1 was suggested to participate in renal TAK1 activation
and TAK1-dependent signalling induced by angiotensin-II [26]. Angiotensin-II increased the
phosphorylation of TAK1 (S412) in renal tissue of AMPKα1+/+ mice but not AMPKα1−/− mice.
Notably, S412 is targeted by PKA [46]. Furthermore, the authors also observe that angiotensin-II
upregulates the AMPKα1 isoform in renal tissue, and increased TAK1-target gene mRNA and renal
protein expression in AMPKα1+/+ mice, but less-so in AMPKα1−/− mice [47]. Using the same
argumentation as above, if AMPKα indeed acts as a scaffold for TAB1, one could predict that TAK1
activity is downregulated in AMPKα knockouts.

Therefore, AMPK may be involved in TAK1 activation, but not necessarily as an upstream kinase.
Importantly, to date, there is only circumstantial evidence for AMPK to activate TAK1, whereas
biochemical proof is available and functional data is accumulating to support TAK1 as a genuine direct
AMPK activating kinase.

8. Conclusions

About 12 years after the original publication reporting TAK1 as a ‘candidate’ AMPK kinase [1],
as argued above, the collective data rather confirms the suggested authentic role. Thus, I propose
to accept TAK1, in addition to LKB1 and CaMKK2, as the third genuine upstream kinase of AMPK
(Figure 1).

Figure 1. The three alternative AMPK kinases. Biochemical (cell-free), cell biological (in vitro) and
animal (in vivo) experimentation suggest that TAK1 can activate AMPKα by phosphorylation of the
critical T172 residue. Summative evidence therefore supports TAK1 as an additional AMPK upstream
kinase, besides LKB1 and CaMKK2. AMPK may receive (simultaneous) activation from all three
upstream kinases. The original signal leading to AMPK activation may differ per upstream kinase, as
suggested above. All four kinases are depicted with their accessory subunits, as functional protein
complexes. The requirement of TAB1/TAB2/TAB3 for AMPK activation has not been fully elucidated.
However, to date TAB1 and/or TAB2 are the most likely candidates. TAB1 may also bind to AMPK
independent of TAK1 [30]. MO25: mouse protein 25; STRAD: STE20-related kinase adapter protein;
CaM: Calmodulin.
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Abstract: The AMP-activated protein kinase (AMPK) is a heterotrimeric complex with central roles in
cellular energy sensing and the regulation of metabolism and exercise adaptations. AMPK regulatory
β subunits contain a conserved carbohydrate-binding module (CBM) that binds glycogen, the major
tissue storage form of glucose. Research over the past two decades has revealed that the regulation
of AMPK is impacted by glycogen availability, and glycogen storage dynamics are concurrently
regulated by AMPK activity. This growing body of research has uncovered new evidence of physical
and functional interactive roles for AMPK and glycogen ranging from cellular energy sensing to the
regulation of whole-body metabolism and exercise-induced adaptations. In this review, we discuss
recent advancements in the understanding of molecular, cellular, and physiological processes impacted
by AMPK-glycogen interactions. In addition, we appraise how novel research technologies and
experimental models will continue to expand the repertoire of biological processes known to be
regulated by AMPK and glycogen. These multidisciplinary research advances will aid the discovery of
novel pathways and regulatory mechanisms that are central to the AMPK signaling network, beneficial
effects of exercise and maintenance of metabolic homeostasis in health and disease.

Keywords: AMP-activated protein kinase; glycogen; exercise; metabolism; cellular energy sensing;
energy utilization; liver; skeletal muscle; metabolic disease; glycogen storage disease

1. Introduction

The AMP-activated protein kinase (AMPK) is a heterotrimer composed of a catalytic α subunit
and regulatory β and γ subunits, which becomes activated in response to a decrease in cellular energy
status. Activation of AMPK results in metabolic adaptations such as increases in glucose uptake
and glycolytic flux and fatty acid (FA) oxidation. AMPK activation simultaneously inhibits anabolic
processes including protein and FA synthesis. AMPK can also translocate to the nucleus where it
regulates transcription factors to increase energy production, meet cellular energy demands and
inhibit cell growth and proliferation. Conversely, when energy levels are replete, AMPK activity
returns to basal levels, allowing anabolic processes to resume. Given its central roles in cellular
metabolic and growth signaling pathways, AMPK remains an appealing target for treating a range of
pathologies associated with obesity and aging, including metabolic diseases such as obesity and type
2 diabetes (T2D).

In response to changes in energy supply and demand, glycogen, predominately stored in the
liver and skeletal muscle, serves as an important source of energy to maintain metabolic homeostasis.
Glycogen is synthesized by the linking of glucose monomers during periods of nutrient excess.
In response to energy stress and decreased arterial glucose concentration, rising glucagon levels induce
increased hepatic glucose output by promoting the breakdown of glycogen and the conversion of
non-glucose substrates into glucose. The newly formed glucose is released into the bloodstream to help
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restore blood glucose levels. Skeletal muscle glycogen serves as an accessible source of glucose to form
adenosine triphosphate (ATP) and to reduce equivalents via glycolytic and oxidative phosphorylation
pathways during muscle contraction.

A significant body of evidence demonstrates that AMPK binds glycogen. This physical interaction
is mediated by the carbohydrate-binding module (CBM) located within the AMPK β subunit and is
thought to allow AMPK to function as a sensor of stored cellular energy. While glycogen is stored in
multiple tissues throughout the body, this review will primarily focus on the physical interactions
underlying the AMPK β subunit binding to glycogen and its potential functional links to glycogen
storage dynamics in the liver and skeletal muscles, as these tissues are central to metabolic and
exercise-regulated biological processes. In addition, as the majority of research on this topic has
been undertaken in human and mouse model systems, studies in these species will be highlighted.
Following a brief background on the regulation of AMPK and glycogen, this review will critically
assess the recent advances and focus primarily on studies within the past two decades that have added
to our understanding of the physical basis of AMPK-glycogen binding and its potential functional
interactions in exercise and metabolism. Key remaining biological questions related to the interactive
roles of AMPK and glycogen will be posed along with a discussion of research advancements that
are feasible in the next decade with new technologies and experimental models to determine how
AMPK-glycogen binding may be therapeutically targeted in health and disease.

2. Roles for AMPK and Glycogen in Metabolism

2.1. AMPK Activation and Signaling

Structural biology-based studies over the past decade have provided new insights into the
molecular mechanisms by which AMPK activation is regulated by nucleotides, including changes
in AMP:ATP and ADP:ATP ratios (i.e., adenylate energy charge) that occur in response to cellular
energy stress [1]. The binding of AMP and ADP to the cystathionine-β-synthase (CBS) domains of
the γ subunit promotes AMPK activation through several complementary mechanisms. The binding
of AMP promotes AMPK association with liver kinase B1 (LKB1) and the scaffolding protein axin
which enhances the effect of T172 phosphorylation [2,3], the primary phosphorylation and activation
site in the AMPK α subunit, while simultaneously preventing its dephosphorylation by protein
phosphatases [4–7]. This activation is mediated by myristoylation of the G2 site on the N-terminus
of the β subunit (Figure 1), which promotes AMPK association with cellular membranes and
LKB1 [2]. Furthermore, the binding of AMP, but not ADP, can cause the allosteric activation of
AMPK without T172 phosphorylation [5,7–9]. The combination of allosteric activation by nucleotides
and increased T172 phosphorylation by LKB1 can increase AMPK activity 1000-fold [10]. Additionally,
the phosphorylation of T172 can be regulated by changes in intracellular Ca2+ concentrations via the
upstream kinase calcium/calmodulin-dependent protein kinase kinase β (CAMKK2) in the absence of
changes in adenylate energy charge [11–13].

Once activated, AMPK serves as a metabolic ‘switch’ to promote catabolic pathways and inhibit
anabolic processes. For example, AMPK increases glucose uptake into skeletal muscle by phosphorylating
and inhibiting Tre-2, BUB2, CDC16, 1 domain family, members 1 (TBC1D1) and 4 (TBC1D4), promoting
glucose transporter 4 (GLUT4) vesicle translocation to the sarcolemmal membrane [14–18]. AMPK also
functions in the regulation of lipids, acutely promoting lipid oxidation and inhibiting FA synthesis,
primarily through phosphorylation and the inhibition of acetyl-CoA carboxylase (ACC) [19,20]. At the
transcriptional level, AMPK phosphorylates and inhibits sterol regulatory element-binding protein
1, a transcription factor that regulates lipid synthesis [21]. Mitochondrial biogenesis is stimulated
by AMPK activity through an increase in the peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1α) transcription, thereby promoting oxidative metabolism [22]. AMPK can
also inhibit anabolic pathways by phosphorylating the regulatory associated protein of the mechanistic
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target of rapamycin (mTOR) (Raptor) and the tuberous sclerosis complex 2 (TSC2), which in turn
inactivates mTOR and prevents the phosphorylation of its substrates [23–25].

Figure 1. The AMPK is a heterotrimeric protein, consisting of a catalytic α subunit and regulatory β

and γ subunits. The β subunit (β1 and β2 isoforms) possesses a glycogen-binding domain (CBM) that
mediates AMPK’s interaction with glycogen, an N-terminal myristoylation site (myr) and an αγ subunit
binding sequence (αγ-SBS) involved in the heterotrimeric complex formation. Tissue expression of the
β1 and β2 isoforms varies between humans and mice, as the β2 isoform is predominately expressed in
both human liver and skeletal muscles, while mice predominately express the β1 isoform in the liver
and the β2 isoform in the skeletal muscles.

2.2. The AMPK β Subunit and Carbohydrate-Binding Module

The AMPK β subunit exists in two isoforms (β1 and β2) and serves as a scaffolding subunit
that binds to the AMPK catalytic α and regulatory γ subunits, playing an important role in the
physical stability of the heterotrimer (Figure 1) [9,26,27]. In human and mouse skeletal muscles, the β2
isoform is predominantly expressed (Table 1) [28]. In contrast, the liver β subunit isoform expression
differs across the mammalian species: the β1 isoform is predominantly expressed in mice, while β2 is
predominantly expressed in humans [29,30]. However, despite isoform differences between species,
both the β subunit isoforms contain the CBM which mediates physical AMPK-glycogen interaction
and binding. Furthermore, the CBM is highly conserved between species, suggesting that the region
possesses evolutionary significance and plays similar roles across species [31,32]. The CBM spans
residues 68–163 of the β1 subunit and residues 67–163 of the β2 subunit [32,33] and is nearly identical
in structure and sequence in both isoforms, with the major difference being the insertion of a threonine
at residue 101 in the β2 CBM [34,35]. This insertion is believed to have occurred early in evolutionary
history and provides the β2 CBM with a higher affinity for glycogen [33,34]. However, the reason for
this divergence in β subunit isoforms is unknown.

Table 1. The AMPK β subunit isoform distribution in human and mouse tissues.

Tissue B1 B2

Human vastus lateralis ND ~100%
Human liver ND ~100%

Mouse extensor digitorum longus 5% 95%
Mouse soleus 18% 78%
Mouse liver 100% ND

Adapted from References [10,28–30,36]. ND, nondetectable.

2.3. Glycogen Dynamics

A number of proteins are associated with glycogen particles and function as regulators of glycogen
synthesis, breakdown, particle size, and degree of branching. Glycogenin initiates glycogen formation
and functions as the central protein of the glycogen particle [37]. Glycogen synthase (GS) is the
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rate-limiting enzyme in glycogen synthesis responsible for attaching UDP-glucose donors together in
α-1,4 linkages, the linear links of the glycogen particle. As glucose-6-phosphate (G6P) is a precursor to
UDP-glucose, its accumulation is a potent activator of GS, capable of overriding the inhibitory effects
of phosphorylation mediated by proteins such as AMPK, glycogen synthase kinase 3, and protein
kinase A [38,39]. As its name implies, glycogen branching enzyme (GBE) is responsible for introducing
α-1,6 branch points to the growing glycogen particle. The rate-limiting enzyme of glycogen breakdown
is glycogen phosphorylase (GP), which is known to be activated by elevated intracellular Ca2+,
epinephrine and cAMP concentrations [40,41]. When activated, GP degrades the α-1,4 links of
glycogen particles and removes glycosyl units from the non-reducing ends of the glycogen particle [42].
The glycogen debranching enzyme (GDE) assists with the degradation of glycogen and is responsible
for breaking the α-1,6 links to allow continued GP activity. Without GDE, GP can only degrade the
outer tiers of glycogen particles and stops four glucose residues short of the α-1,6 branch point [39].
Further details regarding glycogen synthesis and breakdown are beyond the scope of this review,
and readers are referred to other reviews covering this topic [39,43].

2.4. Glycogen Localization

Recently, there has been an increasing interest regarding the significance of glycogen’s subcellular
localization in skeletal muscles [44–48]. Glycogen can be concentrated beneath the sarcolemma
(subsarcolemmal; SS), between the myofibers along the I band near the mitochondria and sarcoplasmic
reticulum (intermyofibrillar; interMF), or within myofibers near the triad junction (intramyofibrillar;
intraMF) [44,46]. Depletion of these different glycogen pools impacts muscle function and fatigue,
such as impairing Ca2+ release and reuptake. Therefore, it has been hypothesized that these different
pools of glycogen play a significant role in muscle contraction and fatigue beyond their role as an
energy substrate [45,47,48].

Human skeletal muscles contain large stores of glycogen, which can exceed 100 mmol glucosyl
units/kg wet weight (~500 mmol/kg dry weight) in the vastus lateralis muscle [49,50] and are primarily
concentrated in the interMF space [49]. Conversely, rodents tend to have higher stores of glycogen in
the liver compared to the skeletal muscle. For example, mice store about 120 μmol/g wet weight in liver
and 15–20 μmol glucose/g wet weight in the type IIA flexor digitorum brevis muscle, with the highest
concentrations in the intraMF pool [51]. Interestingly, while the relative contributions of intraMF
glycogen to total glycogen are different between humans and mice, the intraMF content as a percentage
of the total fiber volume is very similar between species [49,51]. Additionally, substrate utilization is
different between species during exercise, as humans rely predominately on intramuscular stores and
rodents rely on blood-borne substrates [52–55]. These differences in glycogen storage and utilization
between humans and rodents are important considerations in the study design across species when
assessing glycogen depletion and/or repletion.

3. Molecular Evidence of AMPK-Glycogen Binding

In 2003, it was first demonstrated that recombinant AMPK β1 CBM bound glycogen using a
cell-free assay system [31]. Structural prediction and mutagenesis experiments targeting conserved
residues within the CBM thought to mediate glycogen binding demonstrated that W100G and K126Q
mutations abolished glycogen binding to the isolated β1 CBM, while W133L, S108E, and G147R
mutations partially disrupted glycogen binding. Additionally, the AMPK heterotrimeric complex was
found to bind glycogen more tightly than the β1 subunit in isolation; however, the reasons for this
differential binding affinity remain unclear [31]. In support of these findings, cell-free assays have also
revealed that glycogen has an inhibitory effect on AMPK activity [56]. Furthermore, mutation of critical
residues in the β1 CBM (W100G, W133A, K126A, L148A, and T148A) ablated glycogen’s inhibition.
In these cell-free assays, glycogen with higher branch points had a greater inhibitory effect on AMPK,
indicating that glycogen particle size has the capacity to influence AMPK-glycogen interactions [56].
It was also observed that glycogen particles co-localized with the β subunit of AMPK in the cytoplasm
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of CCL13 cells [57]. A follow-up structural-based study determined the CBM crystal structure in the
presence of β-cyclodextrin and confirmed that AMPK indeed interacts with glycogen [32]. Additional
experimental approaches such as immunogold cytochemistry have also shown that the AMPK α and
β subunits of rat liver tissue are associated with the surface of glycogen particles in situ, providing
further molecular evidence supporting this concept of physical AMPK-glycogen interaction [58].

In addition to its role in binding glycogen, the CBM of the β subunit also physically interacts
with the kinase domain of the catalytic α subunit, forming a pocket, referred to as the allosteric drug
and metabolite (ADaM) site. Small molecule AMPK activators such as A-769662, a β1 subunit specific
activator, bind to this site and directly activate AMPK [27,59]. However, to date, any connection of
A-769662’s subunit specificity in relation to glycogen has been highly speculative and further research is
required to establish potential direct links. The ADaM site is stabilized by autophosphorylation of S108
on the CBM and is dissociated when T172 on the α subunit is dephosphorylated [9]. Mutation of S108
to a phosphomimetic glutamic acid (S108E) resulted in reduced glycogen binding [31] and increased
AMPK activity in response to AMP and A-769662, even in the presence of a non-phosphorylatable
T172A mutation [8]. Conversely, mutation of S108 to a neutral alanine (S108A) had no effect on
glycogen binding [31], but reduced AMPK activity in response to AMP and A-769662 [8]. Collectively,
these findings infer that glycogen binding may inhibit AMPK activity by disrupting the interaction
between the CBM and the kinase domain of the α subunit [1,9,56]. The inhibitory role of the β

subunit T148 autophosphorylation on AMPK-glycogen binding has also been a focus of recent research.
The mutation of T148 to a phosphomimetic aspartate (T148D) on the β1 subunit inhibits AMPK-glycogen
binding in cellular systems [60]. The results from subsequent experiments in isolated rat skeletal muscle
suggest that T148 is constitutively phosphorylated both at rest and following electrical stimulation,
therefore, preventing glycogen from associating with the AMPK β2 subunit [61]. Further research is
necessary to further elucidate the role of T148 in the context of AMPK-glycogen interactions.

Recent research has provided further structural insights into the affinity of the AMPK β subunits
for carbohydrates. Isolated β2 CBM has a stronger affinity for carbohydrates than the β1 CBM,
binding strongly to both branched and unbranched carbohydrates, with a preference for single
α-1,6 branched carbohydrates [34]. One possible explanation for this difference is that a pocket is
formed in the CBM by the T101 residue, which is unique to the β2 subunit, therefore, allowing
binding to branched carbohydrates [33,34]. In addition, the β1 CBM possesses a threonine at residue
134 which may form a hydrogen bond with the neighboring W133, restricting the ability of the β1
CBM to accommodate carbohydrates, while the β2 CBM possesses a valine which does not bond
with W133 [34]. This difference may explain the increased affinity of the β2 subunit for branched
carbohydrates even though the 134 residue does not directly contact carbohydrates [34]. These findings
indicate that the glycogen structure and branching affect AMPK binding, specifically to β1 subunits,
which may dictate the inhibitory effect of glycogen observed in previous studies [34,56]. While the
role of AMPK β isoform glycogen binding in the contexts of glycogen structure and branching has
been investigated in vitro, it remains to be determined how these characteristics alter the dynamics of
AMPK-glycogen binding in vivo.

4. Regulation of Cellular Energy Sensing by AMPK-Glycogen Binding

Several independent lines of evidence suggest that these physical AMPK and glycogen interactions
also serve mechanistic functional roles in cellular energy sensing. A number of AMPK substrates
are known to be directly involved in glycogen storage and breakdown, highlighting AMPK’s role
as an important regulator of glycogen metabolism. In vitro, AMPK regulates glycogen synthesis
directly via the phosphorylation and inactivation of GS at site 2 [62]. In support of this finding,
AMPK α2, but not α1, knockout (KO) mice display blunted phosphorylation of GS at site 2 and
higher GS activity in response to stimulation by the AMPK activator 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR) in skeletal muscle [63]. Paradoxically, chronic activation of AMPK also
results in an accumulation of glycogen in skeletal and cardiac muscles [38]. While these divergent
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outcomes appear contradictory, it has been proposed that prolonged AMPK activation leads to
glycogen accumulation by increasing glucose uptake and, subsequently, by increasing intracellular
G6P, a known allosteric activator of GS. This hypothesis is further supported by recent independent
findings using highly specific and potent pharmacological activators demonstrating that skeletal
muscle AMPK activation results in increased skeletal muscle glucose uptake and glycogen synthesis in
mice and non-human primates [64,65]. This accumulation of G6P overcomes the inhibition of GS by
AMPK, thereby increasing GS activity [38]. Furthermore, AMPK activation also shifts fuel utilization
towards FA oxidation post-exercise, allowing glucose to be utilized for glycogen resynthesis [66].
In addition to regulating GS activity, phosphorylation of GS at site 2 by AMPK causes GS to localize
to the SS and interMF glycogen pools in humans [67]. These findings have been replicated in mouse
models, as an R70Q mutation of the AMPK γ1 subunit results in the chronic activation of AMPK and
glycogen accumulation in the skeletal muscle interMF region [68]. This has led to the suggestion that
AMPK specifically senses and responds to interMF levels of glycogen [69]; however, further research is
warranted to verify this hypothesis.

An increase in GP activity has also been observed to be associated with AMPK activation induced
by AICAR treatment of isolated rat soleus muscles [70,71]. However, the ability to demonstrate a
direct relationship between AMPK and GP activity has been limited by the identification of several
AMPK-independent targets of AICAR, including phosphofructokinase, protein kinase C, and heat
shock protein 90 [72]. Further research is therefore required to determine if this speculated relationship
exists and elucidate the mechanism by which AMPK may regulate GP. In contrast, there is in vitro
evidence that GDE binds to residues 68–123 of the AMPK β1 subunit [73]. Mutations in this region
that disrupt glycogen binding (W100G and K128Q) do not affect the binding to GDE, indicating that
GDE-AMPK binding is not likely mediated by glycogen [73]. AMPK’s direct positive effect on glycogen
accumulation, its known interaction with glycogen-associated proteins, and its ability to promote
energy production through glucose uptake and fat oxidation when glycogen levels are low all support
AMPK’s role as a cellular energy sensor. Given the limited in vivo data currently available directly
linking AMPK to glycogen-associated proteins, additional studies are necessary to further understand
the potential direct binding partners and effects of AMPK on the glycogen-associated proteome.

It is important to consider additional factors that may impact physical and functional
AMPK-glycogen interactions. In a proteomic screen utilizing purified glycogen from rat liver, AMPK
was not included in the proteins detected to be associated with glycogen [74], and this has been
replicated in a complementary study in adipocytes [75]. The authors suggested that this may be due to
either AMPK protein below the level of detection being able to regulate glycogen or the predominance
of the AMPK β1 subunit expression in the tissues studied, as this isoform has a lower affinity for
glycogen compared to the β2 subunit [74,75]. In future studies interrogating AMPK and glycogen
binding and functional interactions, considerations of the β subunit isoform expression and glycogen
localization, as well as sample preparation and experimental variables that may limit the preservation
and detection of AMPK-glycogen binding, are warranted in future studies to build upon this strong
foundation of molecular and cellular evidence.

5. Linking AMPK and Glycogen to Exercise Metabolism in Physiological Settings

5.1. Regulation of Glycogen Storage by AMPK

In the fifteen years following the discovery of glycogen binding to the CBM on the β subunit,
several studies utilizing AMPK isoform knockout (KO) mouse models have provided whole-body
physiological evidence of AMPK’s interactive functional roles with glycogen. Collectively, studies
using AMPK α and β subunit KO mouse models have found that the ablation of AMPK alters liver and
skeletal muscle glycogen content, supporting the role of AMPK in the regulation of tissue glycogen
dynamics in vivo. Specifically, whole-body β2 KO mice have reduced basal glycogen levels in both
liver and skeletal muscles associated with reduced muscle AMPK activity and attenuated maximal
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and submaximal running capacity compared to wild-type (WT) mice [76]. β2 KO mice also display
reduced expression and activity of α1 and α2 subunits as well as compensatory upregulation of the β1
subunit in skeletal muscle [76]. Additional experiments utilizing this β2 KO model have demonstrated
its negative impact on the whole-body and tissue metabolism and exercise capacity associated with
attenuated AICAR-induced AMPK phosphorylation and glucose uptake in skeletal muscle [77]. As a
result of these changes in the AMPK subunit expression and activity, it is difficult to elucidate the
precise role of AMPK β2 in glycogen dynamics in this model. Similarly, muscle-specific AMPK
β1/β2 KO mice display essentially no T172 phosphorylation in extensor digitorum longus (EDL) and
the soleus muscle in response to electrical-stimulated contraction and have vastly reduced exercise
capacity, carbohydrate utilization, and glucose uptake during treadmill running [55]. These defects
were associated with reduced mitochondrial mRNA expression and reduced mitochondrial protein
content [55]. Taken together, these findings suggest an important role of the β subunit in regulating
AMPK activity and signaling, cellular glucose uptake and glycogen storage, mitochondrial function,
and whole-body exercise capacity and metabolism.

In addition to mouse models targeting the AMPK β subunit(s), recent studies utilizing
tissue-specific α1/α2 KO mice have provided support for the functional interactive roles of AMPK
and glycogen. Liver-specific AMPK α1/α2 KO mice have an impaired ability to maintain euglycemia
during exercise as a result of decreased hepatic glucose output due to decreased glycogenolysis [54].
Specifically, hepatic glycogen content was reduced in KO mice following both fasting and exercise.
Phosphorylation of GS was unaffected in KO mice, but a decrease in UDP-glucose pyrophosphorylase
2 content was observed, suggesting reduced glycogen synthesis due to decreased glycogen precursors
rather than an altered ability to synthesize glycogen [54]. In addition, when challenged with a long-term
fast, these mice had reduced hepatic glycogenolysis and were unable to maintain liver ATP concentration
without AMPK activity, providing further support of AMPK’s role as an energy sensor [78]. Inducible
muscle-specific α1/α2 KO mice have ablated skeletal muscle glycogen resynthesis and FA oxidation
following exercise, even though glucose uptake was not affected, suggesting that AMPK functions as a
switch to promote fat oxidation in order to preserve glucose for glycogen synthesis [79]. These findings
indicate that AMPK can influence glycogen dynamics in physiological settings and that the ablation
of AMPK activity reduces hepatic glucose output and is critical for skeletal muscle glycogen
supercompensation following exercise. Collectively, studies using genetic models and pharmacological
activators to date indicate that AMPK activation regulates glycogen synthesis in striated muscle
(i.e., skeletal and cardiac muscles) secondary to increased glucose uptake and G6P accumulation,
but not in the liver. Despite these important findings from AMPK transgenic mouse models, the precise
role(s) of glycogen binding to the β subunits in the functional regulation of these physiological
processes, as opposed to the ablation of the entire α subunits or β subunit(s) containing the CBM,
remains to be elucidated.

5.2. Roles for Glycogen Availability in the Regulation of AMPK Activity

A series of physiological studies have demonstrated that low glycogen availability can amplify
the AMPK signaling responses and adaptations to exercise. This was originally described in rat skeletal
muscles in which AICAR treatment resulted in increased AMPK α2 activity and a markedly reduced
glycogen synthase activity in a glycogen-depleted state compared to a glycogen-loaded state [80].
This observation was independent of adenine nucleotide concentrations and has subsequently been
replicated in human skeletal muscle following exercise [81]. Additional studies of skeletal muscles
have shown reductions in AMPK α1 and α2 association with glycogen, along with increased AMPK
α2 activity and translocation to the nucleus following exercise in a glycogen-depleted state [82,83].
Furthermore, the consumption of a high-fat, low-carbohydrate diet followed by one day of a
high-carbohydrate diet increases the resting skeletal muscle AMPK α activity in human skeletal
muscle compared to a high-carbohydrate diet alone [84], supporting glycogen’s inhibitory role on
AMPK described in cell-free assays [56]. In a follow-up study, AMPK T172 phosphorylation was
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increased by exercise to a greater extent in the glycogen-depleted muscle than the normal glycogen
repleted state [85]. Similarly, exercise in an overnight carbohydrate-fasted state resulted in increased
AMPK T172 phosphorylation and the upregulation of signaling pathways involved in FA oxidation [86],
while low glycogen stimulated peroxisome proliferator-activated receptor δ, a transcription factor that
regulates fat utilization, in rat skeletal muscle following treadmill running [87]. Reduced glycogen
availability is also associated with increases in the regulators of mitochondrial biogenesis, such as p53
and PGC-1α [88,89]. While none of these in vivo studies have directly assessed the functional role
of AMPK-glycogen physical interaction, together they provide important physiological insights into
how AMPK activity, subcellular localization, and signaling may be regulated by glycogen binding
(Figure 2).

 

Figure 2. There are several potential alterations in cellular metabolism and signaling as a consequence
of dysregulated AMPK-glycogen physical and functional interactions that represent key knowledge
gaps in our current understanding and warrant further investigation in future studies. These potential
alterations include changes in AMPK localization, translocation, substrates, and signaling pathway
crosstalk, and subsequently, alterations in gene expression, cellular metabolism and glycogen storage.

5.3. Metabolic and Glycogen Storage Diseases as Models to Investigate AMPK-Glycogen Binding

Metabolic diseases such as insulin resistance and T2D are associated with impairments in AMPK
activity, signaling, and glycogen storage dynamics. Obese patients with T2D have reduced skeletal
muscle AMPK, ACC, and TBC1D4 phosphorylation following an acute bout of exercise [90]. In support
of these findings, insulin resistance has been associated with suppressed AMPK activity in humans
and mice [90,91], although results have been equivocal [92]. The liver-specific AMPK α1/α2 KO
mice display an inability to maintain hepatic glucose output during exercise, highlighting the role of
AMPK in maintaining euglycemia [54]. Skeletal muscle GS activity has also been demonstrated to be
affected by insulin resistance and T2D, as there is increased phosphorylation of GS at site 2, the site
phosphorylated by AMPK, which is not seen in healthy controls, resulting in nearly complete GS
inactivation and dysregulation of glycogen synthesis [93]. Continued research in metabolic disease
populations and rodent models can provide more insight into the significance of dysregulated AMPK
and glycogen dynamics.

In addition, glycogen storage diseases provide pathophysiological models that can help provide
additional insights into the influence of glycogen dynamics on AMPK. McArdle’s disease is
characterized by the accumulation of skeletal muscle glycogen due to a deficiency of GP. Individuals
with McArdle’s disease display higher muscle glycogen both at rest and following exercise compared
to healthy controls, and an increased AMPK α2 activity and reduced GS activity in response to
exercise [94]. Patients with McArdle’s disease also demonstrate increased glucose clearance and ACC
phosphorylation, indicating that AMPK activity is increased in order to maintain ATP concentration by
promoting glucose uptake and FA oxidation [94]. The inability to break down glycogen, when coupled
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with retained, albeit reduced, glycogen synthesis, likely results in glycogen accumulation and the
failure to utilize this energy source during exercise in this setting of the disease. A mouse model
of McArdle’s disease containing a p.R50X mutation, a nonsense mutation of nucleotide 148 in
exon 1 of the GP gene, showed increased basal AMPK phosphorylation in the tibialis anterior and
quadriceps muscles, associated with an increased GLUT4 content and increased AMPK-mediated
glucose uptake compared to WT [95]. Following exhaustive exercise, McArdle mice display increased
AMPK phosphorylation in the tibialis anterior and EDL muscles, while WT mice display no significant
increase in AMPK activity [96]. While increased AMPK activity in McArdle patients and rodent models
seems contrary to previous findings, the authors hypothesized that since McArdle disease results in
an inability to break down glycogen, there is a subsequent increase in the AMPK activity in order to
maintain an energy balance via increased glucose uptake [95,96]. Other rodent models have directly
targeted muscle GS, which is affected in patients with Glycogen Storage Disease 0 [97]. Muscle-specific
glycogen synthase knock-out models display increased AMPK phosphorylation [98] and markedly
reduced glycogen content in skeletal muscle in the basal state, likely due to the retained capacity to
break down but an inability to resynthesize glycogen [99,100].

6. Multidisciplinary Techniques and Models to Interrogate Roles for
AMPK-Glycogen Interactions

While much remains to be discovered with regard to the molecular and cellular roles and
physiological relevance of AMPK-glycogen binding, recent multidisciplinary technical research
advances can be used to help address remaining knowledge gaps. For example, global mass
spectrometry-based phosphoproteomics have recently revealed a repertoire of new AMPK substrates,
providing additional evidence regarding the complexity and interconnection of the AMPK signaling
network. A recent phosphoproteomic analysis mapping the human skeletal muscle exercise signaling
network before and immediately following a single bout of intense aerobic exercise, in combination
with phosphoproteomic analysis of AICAR-stimulated signaling in rat L6 myotubes, identified several
novel AMPK substrates [101]. Other recent efforts have predicted and identified novel AMPK substrate
phosphorylation sites via chemical genetic screening combined with peptide capture in whole cells [102],
as well as affinity proteomics approach to analyzing hepatocyte proteins containing the substrate
recognition motif targeted by AMPK phosphorylation [103]. Together, these complementary large-scale
approaches have expanded the range of biological functions known to be regulated by AMPK. While
additional substrates residing in different subcellular locations and organelles are continuing to be
uncovered, the mechanisms underlying AMPK subcellular localization and targeting to substrates
residing in these different organelles remains unknown. Future global, unbiased studies such as
phosphoproteomics can help identify novel glycogen-associated AMPK substrates, post-translational
regulation of glycogen regulatory machinery, AMPK subunit-specific regulation, and subcellular
substrate targeting. Furthermore, omics-based approaches will reveal how AMPK-glycogen binding
may impact other levels of biological regulation, such as the transcriptome, proteome, metabolome,
and lipidome, in the contexts of exercise, metabolism, and beyond [104].

Novel AMPK fluorescence resonance energy transfer (FRET)-based sensors have recently
revealed heterogeneous activity and tissue-specific roles for AMPK. These AMPK FRET sensors
have permitted the spatiotemporal and dynamic assessment of AMPK activity in single cells [105],
3D cell cultures [106], and transgenic mice [107]. These biosensors build upon traditional methods to
interrogate AMPK activity such as kinase assays and immunoblotting, which are limited to targeted
measures of mean cellular protein phosphorylation and do not allow the spatiotemporal and dynamic
assessment of AMPK activity. Electron microscopy-based approaches have also been used to visualize
AMPK-glycogen association in fixed rat liver samples [58]. While improved microscopy technologies
and sensors have been used to assess AMPK or glycogen localization, few studies have directly
assessed AMPK-glycogen interactions. Utilizing these recent technical advancements will allow for
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the interrogation of AMPK-glycogen interactions and dynamics across species and physiologically
relevant settings (Figure 2).

Despite the large body of research using in vitro models and physiological evidence indicating
the potential functional roles for AMPK-glycogen binding, to date, there are no models that have
been developed to disrupt and/or examine this physical binding directly in vivo. AMPK subunit
KO models, while providing important insights into the functions of AMPK, are limited by the
potential compensatory upregulation of other subunit isoforms or the disrupted stability of the AMPK
heterotrimer complex (e.g., Reference [76]). In addition, directly assessing the function of β subunit
glycogen binding is challenging when additional functions are altered in the presence of subunit
deletion, as AMPK activity is impaired when the scaffolding β subunit is removed. The design of
novel in vivo models in the future will be informed by previous molecular and cellular findings
to allow direct interrogation of the functional relevance of the β subunits and CBM. Generation of
novel animal models to specifically target physical AMPK-glycogen binding will provide important
advances regarding its physiological significance and capability to be therapeutically targeted in vivo
to modulate metabolism and the health benefits of exercise.

Finally, previous studies have primarily utilized centrifugation-based assays to detect and
quantify physical AMPK-glycogen association. Novel biotechnological platforms and proximity
assays will aid this investigation of AMPK-glycogen binding and AMPK’s proximity to glycogen with
improved sensitivity and specificity across molecular, cellular, and physiological models. Furthermore,
newly developed kinase activity reporters [108] and other non-radioactive activity assays [109] will
help provide new measures of intracellular AMPK activity dynamics and complement traditional
surrogate measures such as immunoblot analyses of AMPK and ACC phosphorylation. Together these
technological advances expand the repertoire of available tools to monitor the range of biological
processes regulated by AMPK and further our understanding of the mechanisms and physiological
significance underlying AMPK-glycogen interactions.

7. Potential Therapeutic Relevance of Targeting AMPK-Glycogen Binding

Consistent with the therapeutic relevance of the CBM, several lines of evidence demonstrate that
the CBM may play a direct functional role in AMPK conformation and activation. The CBM contains
the critical S108 autophosphorylation site required for drug-induced AMPK activation in the absence of
AMP [8]. Although located on opposite sides of the AMPK heterotrimer, the CBM is conformationally
connected to the regulatory AMPK γ subunit and its stabilization is affected by adenine nucleotide
binding (e.g., AMP) to the CBS motifs [26]. Despite physical AMPK-glycogen interaction being
mediated by the β subunit, mutations in the γ subunit also result in alterations in AMPK activation and
glycogen metabolism. The γ2 subunit is known to contain mutations that cause constitutive AMPK
activation, resulting in glycogen storage diseases in humans. These mutations result in glycogen
accumulation with coexisting deleterious effects on cardiac electrical properties that are characteristic
of familial hypertrophic cardiomyopathy and Wolff-Parkinson-White syndrome [110]. In addition,
gain of function mutations in the AMPK γ3 subunit predominantly expressed in skeletal muscle result
in excess glycogen storage [111] as well as improvements in metabolism via increased mitochondrial
biogenesis [112]. Constitutive AMPK activation associated with these γ subunit mutations promotes
glycogen synthesis by increasing glucose uptake. As mentioned above, the CBM interacts with the
α subunit, forming the ADaM site and stabilizing the kinase domain of the α subunit in its active
formation [9,27]. However, when glycogen binds to the CBM, this interaction is destabilized, altering
the ADaM site and inhibiting the AMPK activity [9]. For example, isoform-specific allosteric inhibition
of AMPK has been shown to be dependent on the β2 subunit CBM in glycogen-containing pancreatic
beta cells [113]. The CBM, therefore, functions as both a critical element of AMPK activation as well
as a site for the allosteric inhibition by glycogen, highlighting the therapeutic potential of new drugs
targeting the ADaM site.
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8. Conclusions

AMPK is a central regulator of cellular metabolism and, therefore, possesses significant therapeutic
potential for the prevention and treatment of a range of metabolic diseases. A growing body of evidence
demonstrates that AMPK physically binds glycogen and this interaction can alter the conformation
of AMPK, and subsequently, its activity and downstream signaling. AMPK activity subsequently
regulates glycogen metabolism. Recent research has described experimental and physiological settings
that impact functional AMPK and glycogen interactions, including AMPK β isoform affinity, glycogen
availability, and particle size. Despite our understanding of AMPK’s relationship with glycogen,
much remains to be elucidated. Further research using new technologies and experimental models
can reveal additional mechanisms underlying AMPK and glycogen’s interactive roles in cellular
energy sensing, exercise, and metabolism. Together, these findings will help provide insights into the
physiological and therapeutic relevance of targeting AMPK and glycogen binding in health and disease.
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AMP Adenosine monophosphate
AMPK AMP-activated protein kinase
ATP Adenosine triphosphate
CaMKKβ Calcium/calmodulin-dependent protein kinase β

cAMP Cyclic AMP
CBM Carbohydrate-binding module
CBS Cystathionine-β-synthase domains
EDL Extensor digitorum longus
FA Fatty acid
FRET Fluorescence resonance energy transfer
G6P Glucose-6-phosphate
GBE Glycogen branching enzyme
GDE Glycogen debranching enzyme
GLUT4 Glucose transporter 4
GP Glycogen phosphorylase
GS Glycogen synthase
interMF Intermyofibrillar
intraMF Intramyofibrillar
KO Knock-out
LKB1 Liver kinase B1
mTOR Mechanistic target of rapamycin
PGC-1α Peroxisome proliferator-activated receptor gamma coactivator 1-α
Raptor Regulatory associated protein of mechanistic target of rapamycin
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SS Subsarcolemmal
TBCID1 Tre-2, BUB2, CDC16, 1 domain family, member 1
TBC1D4 Tre-2, BUB2, CDC16, 1 domain family, member 4
TSC2 Tuberous sclerosis complex 2
T2D Type 2 diabetes
UGP2 UDP-glucose pyrophosphorylase 2
WT Wild type

References

1. Garcia, D.; Shaw, R.J. AMPK: Mechanisms of cellular energy sensing and restoration of metabolic balance.
Mol. Cell 2017, 66, 789–800. [CrossRef] [PubMed]

2. Oakhill, J.S.; Chen, Z.P.; Scott, J.W.; Steel, R.; Castelli, L.A.; Ling, N.; Macaulay, S.L.; Kemp, B.E. β-Subunit
myristoylation is the gatekeeper for initiating metabolic stress sensing by AMP-activated protein kinase
(AMPK). Proc. Natl. Acad. Sci. USA 2010, 107, 19237–19241. [CrossRef] [PubMed]

3. Zhang, Y.L.; Guo, H.; Zhang, C.S.; Lin, S.Y.; Yin, Z.; Peng, Y.; Luo, H.; Shi, Y.; Lian, G.; Zhang, C.; et al. AMP
as a low-energy charge signal autonomously initiates assembly of AXIN-AMPK-LKB1 complex for AMPK
activation. Cell Metab. 2013, 18, 546–555. [CrossRef] [PubMed]

4. Garcia-Haro, L.; Garcia-Gimeno, M.A.; Neumann, D.; Beullens, M.; Bollen, M.; Sanz, P. The PP1-R6
protein phosphatase holoenzyme is involved in the glucose-induced dephosphorylation and inactivation
of AMP-activated protein kinase, a key regulator of insulin secretion, in MIN6 β cells. FASEB J. 2010, 24,
5080–5091. [CrossRef] [PubMed]

5. Gowans, G.J.; Hawley, S.A.; Ross, F.A.; Hardie, D.G. AMP is a true physiological regulator of AMP-activated
protein kinase by both allosteric activation and enhancing net phosphorylation. Cell Metab. 2013, 18, 556–566.
[CrossRef] [PubMed]

6. Joseph, B.K.; Liu, H.Y.; Francisco, J.; Pandya, D.; Donigan, M.; Gallo-Ebert, C.; Giordano, C.; Bata, A.;
Nickels, J.T., Jr. Inhibition of AMP kinase by the protein phosphatase 2A heterotrimer, PP2APpp2r2d.
J. Biol. Chem. 2015, 290, 10588–10598. [CrossRef] [PubMed]

7. Xiao, B.; Sanders, M.J.; Underwood, E.; Heath, R.; Mayer, F.V.; Carmena, D.; Jing, C.; Walker, P.A.;
Eccleston, J.F.; Haire, L.F.; et al. Structure of mammalian AMPK and its regulation by ADP. Nature 2011, 472,
230–233. [CrossRef] [PubMed]

8. Scott, J.W.; Ling, N.; Issa, S.M.; Dite, T.A.; O’Brien, M.T.; Chen, Z.P.; Galic, S.; Langendorf, C.G.;
Steinberg, G.R.; Kemp, B.E.; et al. Small molecule drug A-769662 and AMP synergistically activate naive
AMPK independent of upstream kinase signaling. Chem. Biol. 2014, 21, 619–627. [CrossRef] [PubMed]

9. Li, X.; Wang, L.; Zhou, X.E.; Ke, J.; de Waal, P.W.; Gu, X.; Tan, M.H.; Wang, D.; Wu, D.; Xu, H.E.; et al.
Structural basis of AMPK regulation by adenine nucleotides and glycogen. Cell Res. 2015, 25, 50–66.
[CrossRef] [PubMed]

10. Kjobsted, R.; Hingst, J.R.; Fentz, J.; Foretz, M.; Sanz, M.N.; Pehmoller, C.; Shum, M.; Marette, A.; Mounier, R.;
Treebak, J.T.; et al. AMPK in skeletal muscle function and metabolism. FASEB J. 2018. [CrossRef] [PubMed]

11. Hawley, S.A.; Pan, D.A.; Mustard, K.J.; Ross, L.; Bain, J.; Edelman, A.M.; Frenguelli, B.G.; Hardie, D.G.
Calmodulin-dependent protein kinase kinase-β is an alternative upstream kinase for AMP-activated protein
kinase. Cell Metab. 2005, 2, 9–19. [CrossRef] [PubMed]

12. Jensen, T.E.; Rose, A.J.; Jorgensen, S.B.; Brandt, N.; Schjerling, P.; Wojtaszewski, J.F.; Richter, E.A. Possible
CaMKK-dependent regulation of AMPK phosphorylation and glucose uptake at the onset of mild tetanic
skeletal muscle contraction. Am. J. Physiol. Endocrinol. Metab. 2007, 292, E1308–E1317. [CrossRef] [PubMed]

13. Woods, A.; Dickerson, K.; Heath, R.; Hong, S.P.; Momcilovic, M.; Johnstone, S.R.; Carlson, M.; Carling, D.
Ca2+/calmodulin-dependent protein kinase kinase-β acts upstream of AMP-activated protein kinase in
mammalian cells. Cell Metab. 2005, 2, 21–33. [CrossRef] [PubMed]

14. Kjobsted, R.; Munk-Hansen, N.; Birk, J.B.; Foretz, M.; Viollet, B.; Bjornholm, M.; Zierath, J.R.; Treebak, J.T.;
Wojtaszewski, J.F. Enhanced muscle insulin sensitivity after contraction/exercise is mediated by AMPK.
Diabetes 2017, 66, 598–612. [CrossRef] [PubMed]

40



Int. J. Mol. Sci. 2018, 19, 3344

15. Pehmoller, C.; Treebak, J.T.; Birk, J.B.; Chen, S.; Mackintosh, C.; Hardie, D.G.; Richter, E.A.; Wojtaszewski, J.F.
Genetic disruption of AMPK signaling abolishes both contraction-and insulin-stimulated TBC1D1
phosphorylation and 14-3-3 binding in mouse skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 2009, 297,
E665–E675. [CrossRef] [PubMed]

16. Vichaiwong, K.; Purohit, S.; An, D.; Toyoda, T.; Jessen, N.; Hirshman, M.F.; Goodyear, L.J. Contraction
regulates site-specific phosphorylation of TBC1D1 in skeletal muscle. Biochem. J. 2010, 431, 311–320.
[CrossRef] [PubMed]

17. Whitfield, J.; Paglialunga, S.; Smith, B.K.; Miotto, P.M.; Simnett, G.; Robson, H.L.; Jain, S.S.; Herbst, E.A.F.;
Desjardins, E.M.; Dyck, D.J.; et al. Ablating the protein TBC1D1 impairs contraction-induced sarcolemmal
glucose transporter 4 redistribution but not insulin-mediated responses in rats. J. Biol. Chem. 2017, 292,
16653–16664. [CrossRef] [PubMed]

18. Stockli, J.; Meoli, C.C.; Hoffman, N.J.; Fazakerley, D.J.; Pant, H.; Cleasby, M.E.; Ma, X.; Kleinert, M.;
Brandon, A.E.; Lopez, J.A.; et al. The RabGAP TBC1D1 plays a central role in exercise-regulated glucose
metabolism in skeletal muscle. Diabetes 2015, 64, 1914–1922. [CrossRef] [PubMed]

19. Hardie, D.G.; Ross, F.A.; Hawley, S.A. AMPK: A nutrient and energy sensor that maintains energy
homeostasis. Nat. Rev. Mol. Cell Biol. 2012, 13, 251–262. [CrossRef] [PubMed]

20. Fullerton, M.D.; Galic, S.; Marcinko, K.; Sikkema, S.; Pulinilkunnil, T.; Chen, Z.P.; O’Neill, H.M.; Ford, R.J.;
Palanivel, R.; O’Brien, M.; et al. Single phosphorylation sites in Acc1 and Acc2 regulate lipid homeostasis
and the insulin-sensitizing effects of metformin. Nat. Med. 2013, 19, 1649–1654. [CrossRef] [PubMed]

21. Li, Y.; Xu, S.; Mihaylova, M.M.; Zheng, B.; Hou, X.; Jiang, B.; Park, O.; Luo, Z.; Lefai, E.; Shyy, J.Y.; et al.
AMPK phosphorylates and inhibits SREBP activity to attenuate hepatic steatosis and atherosclerosis in
diet-induced insulin-resistant mice. Cell Metab. 2011, 13, 376–388. [CrossRef] [PubMed]

22. Hawley, J.A.; Hargreaves, M.; Joyner, M.J.; Zierath, J.R. Integrative biology of exercise. Cell 2014, 159, 738–749.
[CrossRef] [PubMed]

23. Gwinn, D.M.; Shackelford, D.B.; Egan, D.F.; Mihaylova, M.M.; Mery, A.; Vasquez, D.S.; Turk, B.E.; Shaw, R.J.
AMPK phosphorylation of raptor mediates a metabolic checkpoint. Mol. Cell 2008, 30, 214–226. [CrossRef]
[PubMed]

24. Inoki, K.; Zhu, T.; Guan, K.L. Tsc2 mediates cellular energy response to control cell growth and survival. Cell
2003, 115, 577–590. [CrossRef]

25. Tee, A.R.; Fingar, D.C.; Manning, B.D.; Kwiatkowski, D.J.; Cantley, L.C.; Blenis, J. Tuberous
sclerosis complex-1 and -2 gene products function together to inhibit mammalian target of rapamycin
(mTOR)-mediated downstream signaling. Proc. Natl. Acad. Sci. USA 2002, 99, 13571–13576. [CrossRef]
[PubMed]

26. Gu, X.; Yan, Y.; Novick, S.J.; Kovach, A.; Goswami, D.; Ke, J.; Tan, M.H.E.; Wang, L.; Li, X.; de Waal, P.W.; et al.
Deconvoluting AMP-activated protein kinase (AMPK) adenine nucleotide binding and sensing. J. Biol. Chem.
2017, 292, 12653–12666. [CrossRef] [PubMed]

27. Xiao, B.; Sanders, M.J.; Carmena, D.; Bright, N.J.; Haire, L.F.; Underwood, E.; Patel, B.R.; Heath, R.B.;
Walker, P.A.; Hallen, S.; et al. Structural basis of AMPK regulation by small molecule activators. Nat. Commun.
2013, 4, 3017. [CrossRef] [PubMed]

28. Olivier, S.; Foretz, M.; Viollet, B. Promise and challenges for direct small molecule AMPK activators.
Biochem. Pharmacol. 2018. [CrossRef] [PubMed]

29. Stephenne, X.; Foretz, M.; Taleux, N.; van der Zon, G.C.; Sokal, E.; Hue, L.; Viollet, B.; Guigas, B. Metformin
activates AMP-activated protein kinase in primary human hepatocytes by decreasing cellular energy status.
Diabetologia 2011, 54, 3101–3110. [CrossRef] [PubMed]

30. Wu, J.; Puppala, D.; Feng, X.; Monetti, M.; Lapworth, A.L.; Geoghegan, K.F. Chemoproteomic analysis of
intertissue and interspecies isoform diversity of AMP-activated protein kinase (AMPK). J. Biol. Chem. 2013,
288, 35904–35912. [CrossRef] [PubMed]

31. Polekhina, G.; Gupta, A.; Michell, B.J.; van Denderen, B.; Murthy, S.; Feil, S.C.; Jennings, I.G.; Campbell, D.J.;
Witters, L.A.; Parker, M.W.; et al. AMPK β subunit targets metabolic stress sensing to glycogen. Curr. Biol.
2003, 13, 867–871. [CrossRef]

32. Polekhina, G.; Gupta, A.; van Denderen, B.J.; Feil, S.C.; Kemp, B.E.; Stapleton, D.; Parker, M.W. Structural
basis for glycogen recognition by AMP-activated protein kinase. Structure 2005, 13, 1453–1462. [CrossRef]
[PubMed]

41



Int. J. Mol. Sci. 2018, 19, 3344

33. Koay, A.; Woodcroft, B.; Petrie, E.J.; Yue, H.; Emanuelle, S.; Bieri, M.; Bailey, M.F.; Hargreaves, M.; Park, J.T.;
Park, K.H.; et al. AMPK β subunits display isoform specific affinities for carbohydrates. FEBS Lett. 2010, 584,
3499–3503. [PubMed]

34. Mobbs, J.I.; Di Paolo, A.; Metcalfe, R.D.; Selig, E.; Stapleton, D.I.; Griffin, M.D.W.; Gooley, P.R. Unravelling
the carbohydrate-binding preferences of the carbohydrate-binding modules of AMP-activated protein kinase.
Chembiochem 2017. [CrossRef] [PubMed]

35. Mobbs, J.I.; Koay, A.; Di Paolo, A.; Bieri, M.; Petrie, E.J.; Gorman, M.A.; Doughty, L.; Parker, M.W.;
Stapleton, D.I.; Griffin, M.D.; et al. Determinants of oligosaccharide specificity of the carbohydrate-binding
modules of AMP-activated protein kinase. Biochem. J. 2015, 468, 245–257. [CrossRef] [PubMed]

36. O’Neill, H.M. AMPK and exercise: Glucose uptake and insulin sensitivity. Diabetes Metab. J. 2013, 37, 1–21.
[CrossRef] [PubMed]

37. Alonso, M.D.; Lomako, J.; Lomako, W.M.; Whelan, W.J. A new look at the biogenesis of glycogen. FASEB J.
1995, 9, 1126–1137. [CrossRef] [PubMed]

38. Hunter, R.W.; Treebak, J.T.; Wojtaszewski, J.F.; Sakamoto, K. Molecular mechanism by which AMP-activated
protein kinase activation promotes glycogen accumulation in muscle. Diabetes 2011, 60, 766–774. [CrossRef]
[PubMed]

39. Roach, P.J.; Depaoli-Roach, A.A.; Hurley, T.D.; Tagliabracci, V.S. Glycogen and its metabolism: Some new
developments and old themes. Biochem. J. 2012, 441, 763–787. [PubMed]

40. Chasiotis, D.; Sahlin, K.; Hultman, E. Regulation of glycogenolysis in human muscle at rest and during
exercise. J. Appl. Physiol. Respir. Environ. Exerc. Physiol. 1982, 53, 708–715. [CrossRef] [PubMed]

41. Richter, E.A.; Ruderman, N.B.; Gavras, H.; Belur, E.R.; Galbo, H. Muscle glycogenolysis during exercise:
Dual control by epinephrine and contractions. Am. J. Physiol. 1982, 242, E25–E32. [CrossRef] [PubMed]

42. Shearer, J.; Graham, T.E. Novel aspects of skeletal muscle glycogen and its regulation during rest and exercise.
Exerc. Sport Sci. Rev. 2004, 32, 120–126. [CrossRef] [PubMed]

43. Prats, C.; Graham, T.E.; Shearer, J. The dynamic life of the glycogen granule. J. Biol. Chem. 2018, 293,
7089–7098. [CrossRef] [PubMed]

44. Graham, T.E.; Yuan, Z.; Hill, A.K.; Wilson, R.J. The regulation of muscle glycogen: The granule and its
proteins. Acta Physiol. 2010, 199, 489–498. [CrossRef] [PubMed]

45. Nielsen, J.; Ortenblad, N. Physiological aspects of the subcellular localization of glycogen in skeletal muscle.
Appl. Physiol. Nutr. Metab. 2013, 38, 91–99. [CrossRef] [PubMed]

46. Ortenblad, N.; Nielsen, J.; Saltin, B.; Holmberg, H.C. Role of glycogen availability in sarcoplasmic reticulum
Ca2+ kinetics in human skeletal muscle. J. Physiol. 2011, 589, 711–725. [CrossRef] [PubMed]

47. Ortenblad, N.; Westerblad, H.; Nielsen, J. Muscle glycogen stores and fatigue. J. Physiol. 2013, 591, 4405–4413.
[CrossRef] [PubMed]

48. Philp, A.; Hargreaves, M.; Baar, K. More than a store: Regulatory roles for glycogen in skeletal muscle
adaptation to exercise. Am. J. Physiol. Endocrinol. Metab. 2012, 302, E1343–E1351. [CrossRef] [PubMed]

49. Nielsen, J.; Holmberg, H.C.; Schroder, H.D.; Saltin, B.; Ortenblad, N. Human skeletal muscle glycogen
utilization in exhaustive exercise: Role of subcellular localization and fibre type. J. Physiol. 2011, 589,
2871–2885. [CrossRef] [PubMed]

50. Yeo, W.K.; Paton, C.D.; Garnham, A.P.; Burke, L.M.; Carey, A.L.; Hawley, J.A. Skeletal muscle adaptation
and performance responses to once a day versus twice every second day endurance training regimens.
J. Appl. Physiol. 2008, 105, 1462–1470. [CrossRef] [PubMed]

51. Nielsen, J.; Cheng, A.J.; Ortenblad, N.; Westerblad, H. Subcellular distribution of glycogen and decreased
tetanic Ca2+ in fatigued single intact mouse muscle fibres. J. Physiol. 2014, 592, 2003–2012. [CrossRef]
[PubMed]

52. Romijn, J.A.; Coyle, E.F.; Sidossis, L.S.; Gastaldelli, A.; Horowitz, J.F.; Endert, E.; Wolfe, R.R. Regulation of
endogenous fat and carbohydrate metabolism in relation to exercise intensity and duration. Am. J. Physiol.
1993, 265, E380–E391. [CrossRef] [PubMed]

53. van Loon, L.J.; Greenhaff, P.L.; Constantin-Teodosiu, D.; Saris, W.H.; Wagenmakers, A.J. The effects of
increasing exercise intensity on muscle fuel utilisation in humans. J. Physiol. 2001, 536, 295–304. [CrossRef]
[PubMed]

42



Int. J. Mol. Sci. 2018, 19, 3344

54. Hughey, C.C.; James, F.D.; Bracy, D.P.; Donahue, E.P.; Young, J.D.; Viollet, B.; Foretz, M.; Wasserman, D.H.
Loss of hepatic AMP-activated protein kinase impedes the rate of glycogenolysis but not gluconeogenic
fluxes in exercising mice. J. Biol. Chem. 2017. [CrossRef] [PubMed]

55. O’Neill, H.M.; Maarbjerg, S.J.; Crane, J.D.; Jeppesen, J.; Jorgensen, S.B.; Schertzer, J.D.; Shyroka, O.; Kiens, B.;
van Denderen, B.J.; Tarnopolsky, M.A.; et al. AMP-activated protein kinase (AMPK) β1β2 muscle null mice
reveal an essential role for AMPK in maintaining mitochondrial content and glucose uptake during exercise.
Proc. Natl. Acad. Sci. USA 2011, 108, 16092–16097. [CrossRef] [PubMed]

56. McBride, A.; Ghilagaber, S.; Nikolaev, A.; Hardie, D.G. The glycogen-binding domain on the AMPK β

subunit allows the kinase to act as a glycogen sensor. Cell Metab. 2009, 9, 23–34. [CrossRef] [PubMed]
57. Hudson, E.R.; Pan, D.A.; James, J.; Lucocq, J.M.; Hawley, S.A.; Green, K.A.; Baba, O.; Terashima, T.;

Hardie, D.G. A novel domain in AMP-activated protein kinase causes glycogen storage bodies similar to
those seen in hereditary cardiac arrhythmias. Curr. Biol. 2003, 13, 861–866. [CrossRef]

58. Bendayan, M.; Londono, I.; Kemp, B.E.; Hardie, G.D.; Ruderman, N.; Prentki, M. Association of
AMP-activated protein kinase subunits with glycogen particles as revealed in situ by immunoelectron
microscopy. J. Histochem. Cytochem. 2009, 57, 963–971. [CrossRef] [PubMed]

59. Scott, J.W.; van Denderen, B.J.; Jorgensen, S.B.; Honeyman, J.E.; Steinberg, G.R.; Oakhill, J.S.; Iseli, T.J.;
Koay, A.; Gooley, P.R.; Stapleton, D.; et al. Thienopyridone drugs are selective activators of AMP-activated
protein kinase β1-containing complexes. Chem. Biol. 2008, 15, 1220–1230. [CrossRef] [PubMed]

60. Oligschlaeger, Y.; Miglianico, M.; Chanda, D.; Scholz, R.; Thali, R.F.; Tuerk, R.; Stapleton, D.I.;
Gooley, P.R.; Neumann, D. The recruitment of AMP-activated protein kinase to glycogen is regulated
by autophosphorylation. J. Biol. Chem. 2015, 290, 11715–11728. [CrossRef] [PubMed]

61. Xu, H.; Frankenberg, N.T.; Lamb, G.D.; Gooley, P.R.; Stapleton, D.I.; Murphy, R.M. When phosphorylated at
Thr148, the β2-subunit of AMP-activated kinase does not associate with glycogen in skeletal muscle. Am. J.
Physiol. Cell Physiol. 2016, 311, C35–C42. [CrossRef] [PubMed]

62. Carling, D.; Hardie, D.G. The substrate and sequence specificity of the AMP-activated protein kinase.
Phosphorylation of glycogen synthase and phosphorylase kinase. Biochim. Biophys. Acta 1989, 1012, 81–86.
[CrossRef]

63. Jorgensen, S.B.; Nielsen, J.N.; Birk, J.B.; Olsen, G.S.; Viollet, B.; Andreelli, F.; Schjerling, P.; Vaulont, S.;
Hardie, D.G.; Hansen, B.F.; et al. The α2-5′AMP-activated protein kinase is a site 2 glycogen synthase kinase
in skeletal muscle and is responsive to glucose loading. Diabetes 2004, 53, 3074–3081. [CrossRef] [PubMed]

64. Cokorinos, E.C.; Delmore, J.; Reyes, A.R.; Albuquerque, B.; Kjobsted, R.; Jorgensen, N.O.; Tran, J.L.; Jatkar, A.;
Cialdea, K.; Esquejo, R.M.; et al. Activation of skeletal muscle AMPK promotes glucose disposal and glucose
lowering in non-human primates and mice. Cell Metab. 2017. [CrossRef] [PubMed]

65. Myers, R.W.; Guan, H.P.; Ehrhart, J.; Petrov, A.; Prahalada, S.; Tozzo, E.; Yang, X.; Kurtz, M.M.; Trujillo, M.;
Gonzalez Trotter, D.; et al. Systemic pan-AMPK activator MK-8722 improves glucose homeostasis but
induces cardiac hypertrophy. Science 2017, 357, 507–511. [CrossRef] [PubMed]

66. Fritzen, A.M.; Lundsgaard, A.M.; Jeppesen, J.; Christiansen, M.L.; Bienso, R.; Dyck, J.R.; Pilegaard, H.;
Kiens, B. 5′-AMP activated protein kinase α2 controls substrate metabolism during post-exercise recovery
via regulation of pyruvate dehydrogenase kinase 4. J. Physiol. 2015, 593, 4765–4780. [CrossRef] [PubMed]

67. Prats, C.; Helge, J.W.; Nordby, P.; Qvortrup, K.; Ploug, T.; Dela, F.; Wojtaszewski, J.F. Dual regulation of
muscle glycogen synthase during exercise by activation and compartmentalization. J. Biol. Chem. 2009, 284,
15692–15700. [CrossRef] [PubMed]

68. Barre, L.; Richardson, C.; Hirshman, M.F.; Brozinick, J.; Fiering, S.; Kemp, B.E.; Goodyear, L.J.; Witters, L.A.
Genetic model for the chronic activation of skeletal muscle AMP-activated protein kinase leads to glycogen
accumulation. Am. J. Physiol. Endocrinol. Metab. 2007, 292, E802–E811. [CrossRef] [PubMed]

69. Prats, C.; Gomez-Cabello, A.; Hansen, A.V. Intracellular compartmentalization of skeletal muscle glycogen
metabolism and insulin signalling. Exp. Physiol. 2011, 96, 385–390. [CrossRef] [PubMed]

70. Young, M.E.; Leighton, B.; Radda, G.K. Glycogen phosphorylase may be activated by AMP-kinase in skeletal
muscle. Biochem. Soc. Trans. 1996, 24, 268S. [CrossRef] [PubMed]

71. Young, M.E.; Radda, G.K.; Leighton, B. Activation of glycogen phosphorylase and glycogenolysis in rat
skeletal muscle by AICAR—An activator of AMP-activated protein kinase. FEBS Lett. 1996, 382, 43–47.
[CrossRef]

43



Int. J. Mol. Sci. 2018, 19, 3344

72. Daignan-Fornier, B.; Pinson, B. 5-Aminoimidazole-4-carboxamide-1-beta-d-ribofuranosyl 5′-monophosphate
(AICAR), a highly conserved purine intermediate with multiple effects. Metabolites 2012, 2, 292–302.
[CrossRef] [PubMed]

73. Sakoda, H.; Fujishiro, M.; Fujio, J.; Shojima, N.; Ogihara, T.; Kushiyama, A.; Fukushima, Y.; Anai, M.; Ono, H.;
Kikuchi, M.; et al. Glycogen debranching enzyme association with β-Subunit regulates AMP-activated
protein kinase activity. Am. J. Physiol. Endocrinol. Metab. 2005, 289, E474–E481. [CrossRef] [PubMed]

74. Stapleton, D.; Nelson, C.; Parsawar, K.; McClain, D.; Gilbert-Wilson, R.; Barker, E.; Rudd, B.; Brown, K.;
Hendrix, W.; O’Donnell, P.; et al. Analysis of hepatic glycogen-associated proteins. Proteomics 2010, 10,
2320–2329. [CrossRef] [PubMed]

75. Stapleton, D.; Nelson, C.; Parsawar, K.; Flores-Opazo, M.; McClain, D.; Parker, G. The 3T3-L1 adipocyte
glycogen proteome. Proteome Sci. 2013. [CrossRef] [PubMed]

76. Steinberg, G.R.; O’Neill, H.M.; Dzamko, N.L.; Galic, S.; Naim, T.; Koopman, R.; Jorgensen, S.B.; Honeyman, J.;
Hewitt, K.; Chen, Z.P.; et al. Whole body deletion of AMP-activated protein kinase β2 reduces muscle AMPK
activity and exercise capacity. J. Biol. Chem. 2010, 285, 37198–37209. [CrossRef] [PubMed]

77. Dasgupta, B.; Ju, J.S.; Sasaki, Y.; Liu, X.; Jung, S.R.; Higashida, K.; Lindquist, D.; Milbrandt, J. The AMPK
β2 subunit is required for energy homeostasis during metabolic stress. Mol. Cell. Biol. 2012, 32, 2837–2848.
[CrossRef] [PubMed]

78. Hasenour, C.M.; Ridley, D.E.; James, F.D.; Hughey, C.C.; Donahue, E.P.; Viollet, B.; Foretz, M.; Young, J.D.;
Wasserman, D.H. Liver AMP-activated protein kinase is unnecessary for gluconeogenesis but protects energy
state during nutrient deprivation. PLoS ONE 2017, 12, e0170382.

79. Hingst, J.R.; Bruhn, L.; Hansen, M.B.; Rosschou, M.F.; Birk, J.B.; Fentz, J.; Foretz, M.; Viollet, B.; Sakamoto, K.;
Faergeman, N.J.; et al. Exercise-induced molecular mechanisms promoting glycogen supercompensation in
human skeletal muscle. Mol. Metab. 2018. [CrossRef] [PubMed]

80. Wojtaszewski, J.F.; Jorgensen, S.B.; Hellsten, Y.; Hardie, D.G.; Richter, E.A. Glycogen-dependent effects of
5-aminoimidazole-4-carboxamide (AICA)-riboside on AMP-activated protein kinase and glycogen synthase
activities in rat skeletal muscle. Diabetes 2002, 51, 284–292. [CrossRef] [PubMed]

81. Wojtaszewski, J.F.; MacDonald, C.; Nielsen, J.N.; Hellsten, Y.; Hardie, D.G.; Kemp, B.E.; Kiens, B.; Richter, E.A.
Regulation of 5′AMP-activated protein kinase activity and substrate utilization in exercising human skeletal
muscle. Am. J. Physiol. Endocrinol. Metab. 2003, 284, E813–E822. [CrossRef] [PubMed]

82. Steinberg, G.R.; Watt, M.J.; McGee, S.L.; Chan, S.; Hargreaves, M.; Febbraio, M.A.; Stapleton, D.; Kemp, B.E.
Reduced glycogen availability is associated with increased AMPKα2 activity, nuclear AMPKα2 protein
abundance, and GLUT4 mRNA expression in contracting human skeletal muscle. Appl. Physiol. Nutr. Metab.
2006, 31, 302–312. [CrossRef] [PubMed]

83. Watt, M.J.; Steinberg, G.R.; Chan, S.; Garnham, A.; Kemp, B.E.; Febbraio, M.A. β-Adrenergic stimulation
of skeletal muscle HSL can be overridden by AMPK signaling. FASEB J. 2004, 18, 1445–1446. [CrossRef]
[PubMed]

84. Yeo, W.K.; Lessard, S.J.; Chen, Z.P.; Garnham, A.P.; Burke, L.M.; Rivas, D.A.; Kemp, B.E.; Hawley, J.A.
Fat adaptation followed by carbohydrate restoration increases AMPK activity in skeletal muscle from trained
humans. J. Appl. Physiol. 2008, 105, 1519–1526. [CrossRef] [PubMed]

85. Yeo, W.K.; McGee, S.L.; Carey, A.L.; Paton, C.D.; Garnham, A.P.; Hargreaves, M.; Hawley, J.A. Acute
signalling responses to intense endurance training commenced with low or normal muscle glycogen.
Exp. Physiol. 2010, 95, 351–358. [CrossRef] [PubMed]

86. Lane, S.C.; Camera, D.M.; Lassiter, D.G.; Areta, J.L.; Bird, S.R.; Yeo, W.K.; Jeacocke, N.A.; Krook, A.;
Zierath, J.R.; Burke, L.M.; et al. Effects of sleeping with reduced carbohydrate availability on acute training
responses. J. Appl. Physiol. 2015, 119, 643–655. [CrossRef] [PubMed]

87. Philp, A.; MacKenzie, M.G.; Belew, M.Y.; Towler, M.C.; Corstorphine, A.; Papalamprou, A.; Hardie, D.G.;
Baar, K. Glycogen content regulates peroxisome proliferator activated receptor-∂ (PPAR-∂) activity in rat
skeletal muscle. PLoS ONE 2013, 8, e77200. [CrossRef] [PubMed]

88. Bartlett, J.D.; Louhelainen, J.; Iqbal, Z.; Cochran, A.J.; Gibala, M.J.; Gregson, W.; Close, G.L.; Drust, B.;
Morton, J.P. Reduced carbohydrate availability enhances exercise-induced p53 signaling in human skeletal
muscle: Implications for mitochondrial biogenesis. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2013, 304,
R450–R458. [CrossRef] [PubMed]

44



Int. J. Mol. Sci. 2018, 19, 3344

89. Psilander, N.; Frank, P.; Flockhart, M.; Sahlin, K. Exercise with low glycogen increases PGC-1α gene
expression in human skeletal muscle. Eur. J. Appl. Physiol. 2013, 113, 951–963. [CrossRef] [PubMed]

90. Sriwijitkamol, A.; Coletta, D.K.; Wajcberg, E.; Balbontin, G.B.; Reyna, S.M.; Barrientes, J.; Eagan, P.A.;
Jenkinson, C.P.; Cersosimo, E.; DeFronzo, R.A.; et al. Effect of acute exercise on AMPK signaling in skeletal
muscle of subjects with type 2 diabetes: A time-course and dose-response study. Diabetes 2007, 56, 836–848.
[CrossRef] [PubMed]

91. Witters, L.A.; Kemp, B.E. Insulin activation of acetyl-CoA carboxylase accompanied by inhibition of the
5′-AMP-activated protein kinase. J. Biol. Chem. 1992, 267, 2864–2867. [PubMed]

92. Musi, N.; Fujii, N.; Hirshman, M.F.; Ekberg, I.; Froberg, S.; Ljungqvist, O.; Thorell, A.; Goodyear, L.J.
AMP-activated protein kinase (AMPK) is activated in muscle of subjects with type 2 diabetes during exercise.
Diabetes 2001, 50, 921–927. [CrossRef] [PubMed]

93. Hojlund, K.; Staehr, P.; Hansen, B.F.; Green, K.A.; Hardie, D.G.; Richter, E.A.; Beck-Nielsen, H.;
Wojtaszewski, J.F. Increased phosphorylation of skeletal muscle glycogen synthase at NH2-terminal sites
during physiological hyperinsulinemia in type 2 diabetes. Diabetes 2003, 52, 1393–1402. [CrossRef] [PubMed]

94. Nielsen, J.N.; Wojtaszewski, J.F.; Haller, R.G.; Hardie, D.G.; Kemp, B.E.; Richter, E.A.; Vissing, J. Role of
5′AMP-activated protein kinase in glycogen synthase activity and glucose utilization: Insights from patients
with mcardle’s disease. J. Physiol. 2002, 541, 979–989. [CrossRef] [PubMed]

95. Krag, T.O.; Pinos, T.; Nielsen, T.L.; Duran, J.; Garcia-Rocha, M.; Andreu, A.L.; Vissing, J. Differential glucose
metabolism in mice and humans affected by mcardle disease. Am. J. Physiol. Regul. Integr. Comp. Physiol.
2016, 311, R307–R314. [CrossRef] [PubMed]

96. Nielsen, T.L.; Pinos, T.; Brull, A.; Vissing, J.; Krag, T.O. Exercising with blocked muscle glycogenolysis:
Adaptation in the mcardle mouse. Mol. Genet. Metab. 2018, 123, 21–27. [CrossRef] [PubMed]

97. Kollberg, G.; Tulinius, M.; Gilljam, T.; Ostman-Smith, I.; Forsander, G.; Jotorp, P.; Oldfors, A.; Holme, E.
Cardiomyopathy and exercise intolerance in muscle glycogen storage disease 0. N. Engl. J. Med. 2007, 357,
1507–1514. [CrossRef] [PubMed]

98. Pederson, B.A.; Schroeder, J.M.; Parker, G.E.; Smith, M.W.; DePaoli-Roach, A.A.; Roach, P.J. Glucose
metabolism in mice lacking muscle glycogen synthase. Diabetes 2005, 54, 3466–3473. [CrossRef] [PubMed]

99. Pederson, B.A.; Chen, H.; Schroeder, J.M.; Shou, W.; DePaoli-Roach, A.A.; Roach, P.J. Abnormal cardiac
development in the absence of heart glycogen. Mol. Cell. Biol. 2004, 24, 7179–7187. [CrossRef] [PubMed]

100. Xirouchaki, C.E.; Mangiafico, S.P.; Bate, K.; Ruan, Z.; Huang, A.M.; Tedjosiswoyo, B.W.; Lamont, B.; Pong, W.;
Favaloro, J.; Blair, A.R.; et al. Impaired glucose metabolism and exercise capacity with muscle-specific
glycogen synthase 1 (gys1) deletion in adult mice. Mol. Metab. 2016, 5, 221–232. [CrossRef] [PubMed]

101. Hoffman, N.J.; Parker, B.L.; Chaudhuri, R.; Fisher-Wellman, K.H.; Kleinert, M.; Humphrey, S.J.; Yang, P.;
Holliday, M.; Trefely, S.; Fazakerley, D.J.; et al. Global phosphoproteomic analysis of human skeletal muscle
reveals a network of exercise-regulated kinases and AMPK substrates. Cell Metab. 2015, 22, 922–935.
[CrossRef] [PubMed]

102. Schaffer, B.E.; Levin, R.S.; Hertz, N.T.; Maures, T.J.; Schoof, M.L.; Hollstein, P.E.; Benayoun, B.A.; Banko, M.R.;
Shaw, R.J.; Shokat, K.M.; et al. Identification of AMPK phosphorylation sites reveals a network of proteins
involved in cell invasion and facilitates large-scale substrate prediction. Cell Metab. 2015, 22, 907–921.
[CrossRef] [PubMed]

103. Ducommun, S.; Deak, M.; Sumpton, D.; Ford, R.J.; Nunez Galindo, A.; Kussmann, M.; Viollet, B.;
Steinberg, G.R.; Foretz, M.; Dayon, L.; et al. Motif affinity and mass spectrometry proteomic approach for the
discovery of cellular AMPK targets: Identification of mitochondrial fission factor as a new AMPK substrate.
Cell. Signal. 2015, 27, 978–988. [CrossRef] [PubMed]

104. Hoffman, N.J. Omics and exercise: Global approaches for mapping exercise biological networks. Cold Spring
Harb. Perspect. Med. 2017. [CrossRef] [PubMed]

105. Tsou, P.; Zheng, B.; Hsu, C.H.; Sasaki, A.T.; Cantley, L.C. A fluorescent reporter of AMPK activity and cellular
energy stress. Cell Metab. 2011, 13, 476–486. [CrossRef] [PubMed]

106. Chennell, G.; Willows, R.J.; Warren, S.C.; Carling, D.; French, P.M.; Dunsby, C.; Sardini, A. Imaging of
metabolic status in 3D cultures with an improved AMPK fret biosensor for flim. Sensors 2016, 16, 1312.
[CrossRef] [PubMed]

45



Int. J. Mol. Sci. 2018, 19, 3344

107. Konagaya, Y.; Terai, K.; Hirao, Y.; Takakura, K.; Imajo, M.; Kamioka, Y.; Sasaoka, N.; Kakizuka, A.;
Sumiyama, K.; Asano, T.; et al. A highly sensitive fret biosensor for AMPK exhibits heterogeneous AMPK
responses among cells and organs. Cell Rep. 2017, 21, 2628–2638. [CrossRef] [PubMed]

108. Depry, C.; Mehta, S.; Li, R.; Zhang, J. Visualization of compartmentalized kinase activity dynamics using
adaptable BimKARs. Chem. Biol. 2015, 22, 1470–1479. [CrossRef] [PubMed]

109. Yan, Y.; Gu, X.; Xu, H.E.; Melcher, K. A highly sensitive non-radioactive activity assay for AMP-activated
protein kinase (AMPK). Methods Protoc. 2018, 1, 3. [CrossRef] [PubMed]

110. Arad, M.; Benson, D.W.; Perez-Atayde, A.R.; McKenna, W.J.; Sparks, E.A.; Kanter, R.J.; McGarry, K.;
Seidman, J.G.; Seidman, C.E. Constitutively active AMP kinase mutations cause glycogen storage disease
mimicking hypertrophic cardiomyopathy. J. Clin. Investig. 2002, 109, 357–362. [CrossRef] [PubMed]

111. Milan, D.; Jeon, J.T.; Looft, C.; Amarger, V.; Robic, A.; Thelander, M.; Rogel-Gaillard, C.; Paul, S.;
Iannuccelli, N.; Rask, L.; et al. A mutation in PRKAG3 associated with excess glycogen content in pig
skeletal muscle. Science 2000, 288, 1248–1251. [CrossRef] [PubMed]

112. Garcia-Roves, P.M.; Osler, M.E.; Holmstrom, M.H.; Zierath, J.R. Gain-of-function R225Q mutation in
AMP-activated protein kinase γ3 subunit increases mitochondrial biogenesis in glycolytic skeletal muscle.
J. Biol. Chem. 2008, 283, 35724–35734. [CrossRef] [PubMed]

113. Scott, J.W.; Galic, S.; Graham, K.L.; Foitzik, R.; Ling, N.X.; Dite, T.A.; Issa, S.M.; Langendorf, C.G.; Weng, Q.P.;
Thomas, H.E.; et al. Inhibition of AMP-activated protein kinase at the allosteric drug-binding site promotes
islet insulin release. Chem. Biol. 2015, 22, 705–711. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

46



 International Journal of 

Molecular Sciences

Review

The Role of AMPK in the Regulation of Skeletal
Muscle Size, Hypertrophy, and Regeneration

David M. Thomson

Department of Physiology & Developmental Biology, Brigham Young University, Provo, UT 84602, USA;
david_thomson@byu.edu; Tel.: +1-801-422-8709

Received: 28 September 2018; Accepted: 9 October 2018; Published: 11 October 2018

Abstract: AMPK (5’-adenosine monophosphate-activated protein kinase) is heavily involved in
skeletal muscle metabolic control through its regulation of many downstream targets. Because of
their effects on anabolic and catabolic cellular processes, AMPK plays an important role in the control
of skeletal muscle development and growth. In this review, the effects of AMPK signaling, and those
of its upstream activator, liver kinase B1 (LKB1), on skeletal muscle growth and atrophy are reviewed.
The effect of AMPK activity on satellite cell-mediated muscle growth and regeneration after injury
is also reviewed. Together, the current data indicate that AMPK does play an important role in
regulating muscle mass and regeneration, with AMPKα1 playing a prominent role in stimulating
anabolism and in regulating satellite cell dynamics during regeneration, and AMPKα2 playing a
potentially more important role in regulating muscle degradation during atrophy.

Keywords: AMPK; LKB1; autophagy; proteasome; hypertrophy; atrophy; skeletal muscle; AICAR;
mTOR; protein synthesis

1. Introduction

5’-adenosine monophosphate-activated protein kinase (AMPK) is an intracellular sensor of ATP
consumption that emerged in the late 1990s as a key regulator of skeletal muscle metabolism [1–3].
Its role in the promotion of ATP-producing catabolic processes involved in glucose and fat oxidation
is well characterized. Its general identity as a catabolic agent is further illustrated by its stimulation
of protein degradation and autophagy [4–6]. Additionally, AMPK inhibits anabolic processes that
consume ATP, such as protein synthesis [7]. Given these general actions, AMPK’s potential negative
effect on skeletal muscle growth has been well-studied over the past 20 years.

In this review, a very brief overview of AMPK structure and function will be presented. Then,
AMPK’s effect on cell processes that are relevant to the control of cell size, such as protein synthesis,
protein degradation and autophagy, will be reviewed. Finally, the known experimental effects of
AMPK modulation on skeletal muscle growth and regeneration will be presented.

2. AMPK and Its Activation

2.1. AMPK Structure and Activation

Many excellent sources are available in the literature that provide a thorough review of the
molecular and mechanistic details of AMPK structure and activity (e.g., [3,8,9]). Only a brief
summary is provided here. Active AMPK is a heterotrimer comprised of three subunits: α, β, and γ.
The actual kinase domain is contained within the α subunit, along with the predominant regulatory
phosphorylation site, Thr172, which must be phosphorylated to produce any significant activity. The α

and γ subunits serve scaffolding and regulatory roles. The γ subunit confers AMP sensitivity to the
enzyme through four cystathionine β-synthase (CBS) domains, which can bind AMP, ADP, or ATP.
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This interaction with three of these nucleotides confers on AMPK its ability for effectively detecting
cellular energy status. During energy stress, when ATP breakdown to ADP accelerates, AMP is
generated through the action of adenylate kinase, which transfers a phosphate from one ADP molecule
to another, resulting in the production of ATP and AMP. As AMP levels rise, it (and to some degree,
ADP) activates AMPK by: (1) increasing AMPK phosphorylation by upstream kinases; (2) decreasing
AMPK dephosphorylation by phosphatases; and (3) allosterically activating phosphorylated AMPK [8].
AMPK’s response to the decrease in the ATP:AMP ratio are crucial for the cell’s ability to maintain
appropriate ATP levels because it promotes ATP-generating catabolic processes, while inhibiting
ATP-consuming anabolic processes [3,8,9].

Different isoforms exist for each of the AMPK subunits. Two α (α1 and α2), two β (β1 and β2),
and three γ (γ1, γ2, and γ3) isoforms result in the possibility of up to 12 distinct AMPK configurations.
In human skeletal muscle, however, these configurations are likely limited to α2/β2/γ1 (most
abundant), α2/β2/γ3, and α1/β2/γ1 [10]. Of these three, α2/β2/γ3 accounts for the majority
of AMPK activation due to high-intensity exercise [11]. In contrast to human muscle, mouse muscle
contains β1 trimers (α1β1γ1 and α2β1γ1), although these still only contribute slightly to the overall
AMPK activity [12]. While some functional implications of these different configurations have been
determined, a full understanding of the full impact of differing trimer contents in tissues and within
muscles is still being worked out.

2.2. Upstream AMPK Kinases

In mature skeletal muscle, liver kinase B1 (LKB1) is generally considered the primary AMPK
kinase since total AMPK activity is essentially eliminated by muscle-specific LKB1 knockout [13–16].
LKB1 seems, however, to play a more important role in AMPKα2 activation, since AMPKα1 activity is
not heavily impacted in skeletal muscle by LKB1 knockout [13,14,17–19].

Calcium/calmodulin-dependent protein kinase (CamKK) [20,21], and transforming growth factor
β-activated kinase-1 (TAK1) [19,22] likely also play important roles in the activation of AMPK in
skeletal muscle under certain circumstances.

2.3. AMPK Activators in Skeletal Muscle

2.3.1. Exercise

As would be expected given its role as a cellular energy sensor, AMPK is strongly activated in
skeletal muscle by repeated muscle contraction [23] and exercise [2,11,24] in both rodents and humans.
Activation of AMPKα2-containing trimers by endurance exercise occurs within 5 min of the onset of
exercise [25], and likely requires a relatively high intensity effort, usually somewhere above 50% of
VO2max [24,26]. AMPK activity returns to baseline levels within 3 h after exercise [26].

While AMPKα2 activity is readily increased by exercise and muscle contraction in rodents [27],
increases in AMPKα1 activity after exercise/contraction are less consistent. For example, AMPKα1
activity in mouse quadriceps muscle was approximately four times higher immediately after 90 min of
treadmill running at 13–17 m/min [28], but was not activated at all after running at 10–15 m/min for
60 min [29]. Similarly, 30 min of treadmill running at 30% of maximum running capacity activated
AMPKα2 in mouse skeletal muscle, but not AMPKα1, while running at 70% of maximum activated
both isoforms [30]. In vitro contraction of the extensor digitorum longus (EDL) muscle for 25 min
activated AMPKα1, while 20 min of in situ contraction of the tibialis anterior (TA) failed to do so [29].
The data from rodents is confirmed in human studies where cycling for 1 h at 50% and 70% VO2max
failed to activate AMPKα1 [24], while a single 30 s sprint [31] or high intensity interval cycling
(4 × 30 s bouts of cycle sprints) [32] activated both AMPKα1 and α2 isoforms. Thus, activation of
AMPKα1 isoforms by exercise requires greater intensity work and/or duration than for the activation
of AMPKα2. As discussed below, this has important implications in relation to AMPK’s impact on
muscle growth and repair, as AMPKα1 appears to be critical in the regulation of anabolism.
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2.3.2. AICAR

The 5-amino-4-imidazolecarboxamide ribonucleoside (AICAR) has been used for nearly
25 years to activate AMPK in various tissues in the body [33], including skeletal muscle [1,34,35].
Upon administration, it is converted into ZMP (AICAR monophosphate), an AMP mimetic that
activates AMPK without altering intracellular adenine nucleotide levels. Similar to relatively
low-intensity exercise, intraperitoneal injection of AICAR activates AMPKα2 but not AMPKα1 in
rat gastrocnemius [7]. Furthermore, AICAR-stimulated glucose uptake is eliminated in AMPKα2
knockout muscle, but not in AMPKα1 knockouts [36], suggesting that at least some of AICAR’s
metabolic effects are specifically AMPKα2 dependent. Nonetheless, AICAR can activate AMPKα1,
since incubation of isolated rat epitrochlearis muscle with 2 mM AICAR activated AMPKα1, albeit to a
lesser degree than AMPKα2 [27].

2.3.3. Metformin

Metformin has long been used as a front-line drug in the treatment of insulin resistance and
diabetes because of its ability to improve hyperglycemia in an insulin-independent manner. Shortly
after AMPK’s metabolic actions began to be described, which are similar to those of metformin, it was
discovered that at least some of metformin’s effects are, indeed, AMPK-dependent, although some
are not [37,38]. The activation of AMPK by metformin is mainly indirect, where metformin inhibits
mitochondrial oxidative phosphorylation, thereby decreasing ATP production and generating an
energetic stress on the cell [38]. Although the liver is considered the principal site of metformin’s
glucose-regulating effects, chronic, therapeutic dosing of metformin over a 10 week period does
increase AMPKα2 (but not AMPKα1) activity in diabetic skeletal muscle [39]. However, it isn’t known
whether this is a direct effect of the metformin on skeletal muscle since the effect persisted after
metformin withdrawal. In mice, a metformin injection modestly increased AMPKα1 and α2 activity,
while treatment of isolated epitrochlearis and soleus (SOL) muscle ex vivo with 10 mM (but not 2 mM)
metformin markedly activated AMPKα1 and α2 isoforms [40]. However, the relevance of these high
concentrations to in vivo metformin action is questionable.

2.3.4. Small Molecule AMPK Activators

A-769662 was the first small molecule AMPK activator described in the literature [41].
It specifically targets β1-containing AMPK trimers, and in skeletal muscle only activates the
scarcely-expressed α1β1 complexes [42]. Several additional activators have subsequently been
identified, with varying specificities for the different AMPK subunit isoforms. Of them, Ex229 (small
molecule 991), PF-739, and MK-8722 have been demonstrated to activate AMPK in skeletal muscle [43],
though effects on muscle growth, atrophy, and regeneration are unknown.

3. Regulation of Growth-Related Cell Processes by AMPK

Skeletal muscle growth, in essence, occurs when the rate of protein anabolism exceeds the rate of
protein catabolism. Atrophy results when protein catabolism exceeds anabolism [44]. AMPK is known
to regulate both processes.

3.1. Effect of AMPK on Protein Synthesis

The first indications that AMPK played a role in the regulation of protein metabolism came
in 2002 when it was shown that the fractional rate of protein synthesis in skeletal muscle deceased
approximately 45% 1 h after an injection of the AMPK-activating drug, AICAR [7]. This inhibitory
effect of AMPK activation on protein synthesis was subsequently observed in cultured muscle cells [45]
as well as hepatocytes/liver [46–48], cardiac myocytes [49,50], and cancer cells [51,52], among other
cell types and tissues.
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AMPK’s inhibition of protein synthesis is mediated by regulation of protein translation through
the mechanistic target of rapamycin, complex 1 (mTORC1) pathway. Regulation of mTORC1 activity
is complex, as it serves as a signaling checkpoint for many environmental inputs including nutrients,
energy status and mechanical strain. When activated, mTORC1 drives cell growth in part by stimulating
protein synthesis through its phosphorylation of several downstream targets, the best characterized of
which are the 70-kDa ribosomal protein S6 kinase (p70S6K1) and eukaryotic initiation factor 4E-binding
protein 1 (4E-BP1).

AMPK has been shown to inhibit mTORC1 activity through multiple mechanisms. First, AMPK
phosphorylates mTOR, a key component of the mTORC1 complex, at Thr2446 [53], which is thought
to impair mTORC1 activity by preventing phosphorylation at Ser2448. This site (Ser2448) was initially
thought to promote mTORC1 activity when phosphorylated. Since then, its relevance to mTORC1
activity has been reassessed, and it seems probable that phosphorylation of both sites (i.e., Thr2446
and Ser2448) is inhibitory on mTORC1 activity [54]. Nonetheless, AMPK also inhibits mTORC1 by
phosphorylating tuberous sclerosis complex 2 (TSC2). Activation of mTORC1 occurs at the lysosomal
membrane through interaction with GTP-bound Rheb [55]. TSC2 acts, in complex with binding
partners tuberous sclerosis complex 1 and TBC1 domain family member 7 (TBC1D7) [56], as a GTPase
activating protein that converts GTP to GDP, thereby greatly diminishing the ability of Rheb to
promote mTOR activity. Finally, AMPK phosphorylates raptor, an mTOR binding partner that is
essential for mTORC1 activity. This phosphorylation leads to sequestration of raptor by 14-3-3 proteins,
and impaired mTORC1 activity [57].

In addition to its inhibitory action on mTORC1, AMPK also regulates protein synthesis through
inhibition of eukaryotic elongation factor 2 (eEF2) activity. Phosphorylation of eEF2 at Thr56 inhibits
binding of the elongation factor to the ribosome, thereby slowing elongation rate. Phosphorylation of
eEF2 at this site is mediated by eEF2 kinase (eEF2K). AMPK impacts eEF2K activity in two ways. First,
p70S6k phosphorylates and inhibits eEF2K (leading to eEF2 activation), and AMPK can prevent this
by inhibiting the mTOR pathway, as described above. Secondly, AMPK directly phosphorylates and
activates eEF2K, leading to eEF2 inactivation [47,58]. While translation initiation is often considered the
rate-limiting step in protein synthesis, control of elongation can, under certain circumstances, be critical
in protein synthetic rate [58,59]. For instance, inhibition of eEF2K partially blocks the acute inhibitory
effect of contractions on protein synthesis, although this effect does not appear to be regulated by
AMPK [60]. Thus, the capacity for eEF2 regulation by AMPK in skeletal muscle remains unclear.

3.2. Effect of AMPK on Catabolic Processes

3.2.1. AMPK and Autophagy

Defective cellular content (organelles, pathogens, etc.) is degraded and recycled through
the process of autophagy under low-energy conditions such as nutrient deprivation and exercise.
Autophagy involves several subprocesses including engulfment of the target components in an
autophagosome, fusion of the autophagasome with a lysosome (forming an autophagolysosome),
followed by degradation of the cargo. This is a complex process and a complete description will
not be presented here (see reference [61] for an excellent review). However, several key points of
autophagy regulation are important in the context of the current topic. Under low-energy conditions,
uncoordinated 51-like kinase 1 (ULK1) phosphorylates and activates multiple downstream targets
that promote the progression of autophagy, including several autophagy related (ATG) proteins and
beclin-1. Under conditions of energy abundance mTORC1 inhibits ULK1 through phosphorylation at
Ser757. This, along with its targeting of other autophagy components, leads to mTOR’s inhibition of
autophagy [61].

AMPK has long been known to regulate autophagy. Initial observations in rat hepatocytes
suggested that AICAR-induced AMPK activation inhibited autophagy [62], but subsequent work
demonstrated that the AMPK inhibitor, Compound C, and dominant negative AMPK expression

50



Int. J. Mol. Sci. 2018, 19, 3125

also inhibited autophagy, suggesting that AICAR’s effects might be AMPK-independent [63]. Since
then, AMPK’s role in the process remains complicated because its effect seems to be dependent
on cell type and metabolic context. Nonetheless, it appears that AMPK generally supports and
promotes autophagy [64,65], and this is true in skeletal muscle [66]. It does this through multiple
mechanisms. As noted above, AMPK inhibits mTORC1 activity. This relieves mTORC1 inhibition
of ULK1, and thereby promotes autophagic flux. Additionally, AMPK directly phosphorylates
components of the autophagy regulatory machinery. AMPK phosphorylates ULK1 at several sites [67],
and also targets autophagy related protein 9 (ATG9) [4] and beclin-1 [68] downstream of ULK1,
promoting autophagy.

3.2.2. AMPK and Ubiquitin-Proteasome Mediated Catabolism

The 26S proteasome degrades proteins that have been tagged for destruction through the
attachment of ubiquitin chains. The covalent attachment of ubiquitin to targeted proteins is catalyzed
through the action of three enzymes (E1, E2, and E3). E3 actually refers to one of multiple ubiquitin
ligases, each of which is specific for the degradation of particular proteins. In skeletal muscle, two E3
enzymes, Atrogin-1 and muscle ring finger-1 (MuRF-1), are known to play a prominent role in
proteasomal protein breakdown during muscle atrophy [69].

Expression of the atrophy-related genes Atrogin-1 and MuRF-1 is regulated through members of
the forkhead box (FoxO) transcription factors. Anabolic signaling that activates Akt (e.g., via nutritional
and hormonal cues mediated by insulin and other growth factors) results in their cytoplasmic
localization and subsequent degradation so that they do not induce atrogene transcription. Catabolic
stimuli, such as oxidative stress and inflammation, increase MuRF-1 and Atrogin-1 expression in muscle
through the mitogen-activated protein kinase (MAPK) p38 as well as nuclear factor-κB (NF-κB) [69].

AMPK stimulates FoxO activity. AICAR injection into mice increases FoxO1 and FoxO3
expression [28,70], although AICAR’s upregulation of FoxO1 is not impacted by knockout
of AMPKα2 [28]. Treatment of C2C12 myotubes with AICAR results in protein breakdown
accompanied by increased expression of FOXO, Atrogin-1, MuRF-1, and two other FoxO target
genes, microtubule-associated protein 1A/1B-light chain 3 (LC3), and Bnip3 [71], and these effects
are Akt/mTOR independent [6]. AMPK also phosphorylates FoxO3a at a site known to activate the
transcription factor and thereby induce generalized protein degradation but this may not necessarily
affect its localization in the nucleus [72–74]. AICAR also increases Foxo3 binding to the MuRF-1 and
Atrogin-1 promoters [6]. Furthermore, AMPK activation increases nicotinamide adenine dinucleotide
(NAD+) concentration which activates the sirtuin 1 (SIRT1) deacetylase. SIRT1-mediated deacetylation
of FoxO proteins increases their transcriptional activity [75,76].

4. Influence of AMPK on Skeletal Muscle Size

4.1. AMPK Regulation of Basal Muscle Size

Initial observations in dominant-negative AMPK (AMPK-DN) transgenic mice in which a
dominant negative AMPKα2 subunit was overexpressed under the muscle creatine kinase promoter
(expressed in heart and skeletal muscle) showed that EDL muscles tended to be larger than in wild-type
(WT) mice, suggesting that AMPK might negatively regulate basal muscle mass [77], as would
be expected given AMPK’s stimulation of catabolism and activation of anabolism. Those initial
findings are consistent with later work in which skeletal muscle specific AMPKα1 and α2 double
knockout (AMPKα1/α2 dKO) soleus muscles were larger by mass and fiber diameter compared to
WT muscles [78]. Myotubes derived via primary muscle cell cultures from these AMPKα1/α2 dKO
muscles were likewise larger than from those from WT muscles [78]. On the other hand, muscle-specific
AMPKβ1/β2 double knockout (AMPKβ1/β2 dKO) SOL and EDL muscles were reportedly not
different in size compared to WT muscles [79]. Why the double knockout of β isoforms did not lead to
increased muscle size is not clear, but might be related to the promoter used to drive the Cre-mediated
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deletion of floxed AMPK. In the case of the AMPKβ1/β2 dKO mice, the muscle creatine kinase (MCK;
cardiac and skeletal muscle specific) promoter was used, while in the AMPKα1/α2 dKO mice it was
the human skeletal muscle actin (HSA; skeletal muscle specific) promoter. Alteration of AMPK activity
in the heart in the AMPKβ1/β2 dKO mice could have influenced the response of skeletal muscle to
the knockout since cardiac dysfunction is well-known to induce skeletal muscle atrophy. Thus, not all
AMPK deficiency models support the notion that AMPK inhibits basal muscle mass, but these findings
are usually derived from AMPK knockout models that are not specific to skeletal muscle. Plantaris
muscles from germline AMPKα1 knockout mice are smaller than those from WT mice [80]. The lack
of AMPKα1 in all tissues in this model, however, doesn’t allow for conclusions regarding the role of
AMPK in the muscle specifically, since the lack of AMPKα1 in other tissues may have impacted muscle
size (e.g., by decreasing systemic growth factors or other humoral inputs). Furthermore, the lack of
AMPKα1 was associated with compensatorily elevated AMPKα2 activity in the muscles, which could
have resulted in decreased mass. In agreement with this interpretation, primary cultured myotubes
derived from these cells (removed from the systemic environment of the mouse) were larger than
WT muscles [80]. Another study found that muscle fibers, especially type IIb fibers, are smaller in
whole-body AMPKβ2 knockout mice [81]. The TA muscles from the aforementioned cardiac/skeletal
muscle AMPK β1/β2 dKO mice are also smaller vs. WT muscles [82]. Again, the smaller size of these
muscle fibers in these studies could be secondary to systemic effects of altered function of other tissues
(e.g., heart), though this has not been directly tested.

4.2. Role of AMPK in Skeletal Muscle Hypertrophy

Given AMPK’s pro-catabolic and anti-anabolic actions, it was hypothesized that AMPK activity
would block overload-induced muscle growth, and the available data generally support this. When
comparing the hypertrophic response of rat muscle to synergist ablation-induced overload, AMPK
phosphorylation in the hypertrophying muscle was associated with decreased muscle hypertrophy [83],
and diminished mTOR pathway signaling [84]. Several subsequent studies have reported negative
associations between AMPK phosphorylation or activity and skeletal muscle growth. Indeed, impaired
overload hypertrophy in obese rats [85,86], attenuated mTOR phosphorylation in metabolic syndrome
patients [87], myotube hypertrophy during differentiation [88], myostatin inhibition of eEF2 and
protein synthesis in myotubes [89], and differences in hypertrophy with varied ladder-climbing
protocols in rats [90] are all associated inversely with AMPK activity.

Direct pharmacological evidence showing that AMPK inhibits muscle growth has also been
demonstrated. An AICAR injection 1 h prior to a bout of resistance exercise-mimicking contractions
greatly attenuated the mTOR signaling response to the contraction bout [35], suggesting that AMPK
activation would impair the normal increase in protein translation that occurs post resistance exercise.
Likewise, continuous perfusion of overloaded plantaris muscles with AICAR after synergist ablation
greatly attenuated muscle hypertrophy [91].

Genetic evidence for the inhibitory effect of AMPK on in vivo skeletal muscle hypertrophy was
provided by Mounier, et al. [80], who performed synergist ablations on AMPKα1 knockout mice.
After 7–21 days of overload, AMPKα1 expression and activity was significantly increased in WT
mice (but not AMPKα1-KO mice, as expected). Despite lower basal muscle mass, whole muscle
hypertrophy and muscle fiber hypertrophy at 7 and 21 days was greater for the AMPKα1 knockouts.
In line with the hypertrophy measurements, mTOR pathway signaling, as assessed by p70S6k and
4E-BP1 phosphorylation was greater, while eEF2 phosphorylation was lower (corresponding to
increased eEF2 activity) after overload in the AMPKα1-KO muscles. Importantly, this occurred
despite a compensatory increase in AMPKα2 activity basally and at 7 and 21 days after overload in
the KO muscles, demonstrating that AMPKα1 is likely the major isoform involved in regulation of
overload-induced muscle growth.

On a related note, old age leads to the loss of muscle mass (sarcopenia) and a blunted anabolic
response to hypertrophic stimuli. AMPKα2 activation by exercise and AICAR is typically blunted in
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old age [34,92]. However, AMPK phosphorylation in old overloaded muscle is elevated vs. young
overloaded muscles and is negatively correlated to mTOR signaling and hypertrophy [83,84]. Similarly,
AMPK phosphorylation 1–3 h after resistance exercise is elevated in old vs. young human muscle,
and is associated with delayed mTOR pathway activation [93]. Interestingly, 10 min of continuous
electrically stimulated muscle contractions resulted in increased AMPKα2 activity in muscles from
young adult (8 months-old) and old (30 months-old) rats, but this response was attenuated by old
age [34]. However, under this stimulation protocol, AMPKα1 activity increased after stimulation only
in old muscle, and not young, suggesting that old muscle may be hypersensitive to exercise-induced
AMPKα1 activation which perhaps contributes to sarcopenia.

4.3. Role of AMPK in the Regulation of Skeletal Muscle Atrophy

The response of the AMPK system to muscle atrophy is unclear. Disuse atrophy of rodent
skeletal muscle after 1–4 weeks of hindlimb unloading (HU) has been reported to increase [94] or
decrease AMPK phosphorylation [95–97], while others observed no effect of HU on AMPKα1 and
AMPKα2 activity or on acetyl-CoA carboxylase (ACC; AMPK target and marker of AMPK activity)
phosphorylation [98]. Similarly, AMPK activity is reported by some to increase after 4 and 7 days
of denervation in mice and/or rats [99–102], while spinal cord transection does not alter AMPKα2
activity in muscle [103]. In the denervation model, these conflicting results may be due to timing
since AMPK phosphorylation in denervated soleus muscles is decreased during at least the first 24 h
post-denervation, is not different at 3 days, and is elevated by 7 days post-denervation [104] compared
to control muscles. Thus, it appears that AMPK activity in general decreases initially, then increases
later on during the adaptation to disuse, at least in the denervation model.

Consistent with a catabolic role for AMPK, HU-induced atrophy of the soleus muscle was
partially attenuated in AMPK-DN soleus muscles, potentially through decreased ubiquitin-proteosome
activity [98]. It should be noted, however, that in this model, AMPKα1 activity was only mildly
decreased by dominant-negative (DN) expression in the transgenic muscles, so the anti-atrophy
effect was mainly due to the loss of AMPKα2 activity. Similarly, atrophy in denervated TA muscles
from AMPKα2-KO mice was partially blocked compared to WT muscles [101], and this was also
associated with decreased autophagic markers, Atrogin-1/MuRF-1 expression and ubiquitination. Akt
and 4E-BP1 phosphorylation were unaffected by AMPKα2-KO, suggesting that the attenuation of
atrophy was due to decreased protein degradation rather than increased mTOR activity and synthesis.
Together, these findings suggest that in contrast to AMPKα1’s role in inhibiting skeletal muscle mTOR
and hypertrophy, the presence of AMPKα2 plays a more pronounced role in supporting an atrophy
response to disuse, and in promoting protein degradation through the ubiquitin-proteasome system.

While the lack of AMPKα2 attenuates atrophy, increased activation of AMPK above normal
does not appear to accelerate the loss of muscle mass since daily AICAR injections during 3 days
of tibial nerve denervation in rats did not significantly affect skeletal muscle atrophy in soleus
and gastrocnemius muscles [105]. Furthermore, 4 weeks of AICAR treatment of mdx mice (a
model for Duchenne muscular dystrophy) did not exacerbate atrophy associated with dystrophy,
and actually improved muscle function, probably through enhanced autophagic clearing of damaged
cell components [106], and/or promotion of a more oxidative muscle phenotype [107].

4.4. Effect of Disruption of LKB1 on Skeletal Muscle Size and Hypertrophy

LKB1 knockout in skeletal muscle results in a nearly complete elimination of basal, exercise,
and AICAR-induced AMPKα2 activity [14,18,19] and overall AMPK phosphorylation [13,16,108–110],
while it has little [13,14] to no [17,18] effect on AMPKα1 activity, which is an important consideration
since AMPKα1 seems to be the major isoform regulating muscle growth [78,80]. LKB1 also
phosphorylates several other AMPK family members, at least one of which, sucrose non-fermenting 1
AMPK related kinase (SNARK) is important in the maintenance of muscle mass [111].
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The weight of muscles from relatively young mLKB1-KO mice is not statistically different from
that of WT muscles [16,19]. However, after approximately 30 weeks of age, muscle mass begins to
decline in mLKB1-KO muscles [15]. This atrophy is associated with the development of heart failure,
however [15,112], and thus may be primarily due to cardiac cachexia. Consistent with that speculation,
muscle weights were, for the most part, similar in a skeletal muscle specific dominant negative LKB1
model, though quadricep muscles were smaller, and diaphragms were larger [113].

Nonetheless, since LKB1 is a primary upstream activator of AMPK in skeletal muscle,
McGee et al. [19] hypothesized that the lack of LKB1 in muscle would result in a greater hypertrophic
response to overload. However, when plantaris muscles from conditional muscle-specific LKB1
knockout mice (mLKB1-KO; cardiac and skeletal muscle knockout) were overloaded via synergist
ablation (of the gastrocnemius muscle), there was no significant difference in the degree of mTOR
pathway activation or hypertrophy compared to WT muscles. Importantly, overload increased the
activity of AMPKα1 (but not α2) in both WT and KO muscles, showing that this response is regulated
at least in part in an LKB1-independent fashion, perhaps via CamKK or TAK1 signaling [19]. Therefore,
based on the findings of Monier, et al., that it is the α1 subunit that regulates skeletal muscle mTOR
signaling and size [80], the lack of difference in hypertrophic response in the mLKB1-KO muscles is
not surprising.

However, when skmLKB1-KO muscles were subjected to an acute bout of intermittent contractions
designed to mimic hypertrophy-inducing resistance exercise, mTOR signaling (p70S6k and ribosomal
protein S6 phosphorylation) was elevated to a greater extent both basally and immediately
post-contraction in knockout vs. WT muscles, as was protein synthesis at 8 h post contraction [110].
AMPK phosphorylation was increased with contractions in WT but not skmLKB1-KO muscles using
this contraction protocol, suggesting that the increased mTOR signaling in the knockout muscle could
be due to a lack of AMPK activation, but AMPKα1-specific activity was not measured. This suggests
that LKB1 can exert catabolic effects under some circumstances, though evidence that this impacts
gross muscle hypertrophy is lacking.

Potential effects of LKB1 on muscle atrophy during unloading or denervation are
currently unknown.

4.5. Exercise-Induced AMPK Activation and Muscle Hypertrophy

That endurance training interferes with hypertrophy/strength gains has been well-
established [114,115]. The accumulation of evidence demonstrating AMPK’s anti-anabolic and
pro-catabolic effects naturally leads to the question of whether its activation during exercise functionally
impairs the ability of muscle to hypertrophy, which, if true, would mechanistically explain the conflict
between endurance/hypertrophy responses. In support of this hypothesis, Atherton et al. [116]
showed that tissue-autonomous differences in signaling pathway activation may contribute to the
inherent differences in gross adaptation that is observed with endurance vs. resistance exercise
training. Using in vitro electric stimulation protocols that mimic endurance (low frequency, continuous)
and resistance (high-frequency, intermittent) exercise bouts in rat skeletal muscle, they showed
that endurance-type stimulation (but not resistance-type stimulation) resulted in AMPK activation
and accrual of peroxisome-proliferator-activated receptor γ coactivator-1 α, while resistance-type
stimulation (but not endurance-type stimulation) increased phosphorylation of Akt, TSC2, mTOR,
downstream mTOR targets, and increased protein synthesis.

In humans, however, the molecular responses to different exercise modalities is less clear and
has generally been interpreted as not supporting the hypothesis that physiological AMPK activation
(e.g., through endurance exercise training) significantly impacts mTOR signaling and/or protein
synthesis [115]. Apró et al. showed in trained male subjects that activation AMPKα2 via 1 h of intense
cycling did not significantly impair subsequent activation of mTOR pathway components or mixed
muscle fractional protein synthesis after a resistance training bout [117]. However, AMPKα1 was not
activated by either exercise bout in this case. Since AMPKα1 is the major AMPK isoform regulating
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skeletal muscle growth, at least in rodents [80], the lack of an effect of this endurance exercise bout on
mTOR or protein synthesis would be expected and does not preclude an AMPK effect if the α1 subunit
were actually activated (e.g., by more intense or prolonged exercise than that employed in this study).

Furthermore, while acute AMPK activation immediately after exercise is suppressed in
endurance-trained muscle [118,119], chronic endurance exercise training increases basal AMPKα1
protein content and activity. Twelve weeks of treadmill training (90 min/day, 5 days/week) elevated
both AMPKα1 and α2 protein content in rat muscle [120]. Similarly, in humans, AMPKα1 (but not
AMPKα2) protein concentration [118,121,122] and basal AMPKα1 activity [122] is greater in endurance
trained vs. untrained individuals. Thus, the question of whether or not resistance exercise-induced
anabolic signaling and hypertrophy are impacted by AMPKα1 activation by endurance exercise
training remains unresolved.

4.6. Does Pharmacological AMPK Activation Limit Skeletal Muscle Hypertrophy?

Data showing the effect of pharmacological AMPK activation on load-induced muscle
hypertrophy is quite limited. As noted previously, AICAR activation of AMPK attenuates
contraction-induced increases in mTOR signaling and overload-induced hypertrophy in rodent
muscles [35,91].

Interestingly, metformin treatment of patients with severe burn injury at dosages
(850–2550 mg/day for 8 days) previously shown to activate AMPKα2 but not AMPKα1 in skeletal
muscle [39] led to a significant increase in protein synthesis [123]. Similarly, in tumor-bearing cachexic
rat muscle, metformin treatment rescued protein synthesis and decreased protein degradation while
activating AMPK, though isoform-specific activity measures were not taken [124]. This improvement
in muscle anabolism may be attributable to the long-appreciated impact of metformin on insulin
sensitivity. Improved insulin action at the skeletal muscle would not only improve glucose handling,
but protein synthesis as well.

5. Influence of AMPK on Skeletal Muscle Regeneration after Injury

5.1. The Regenerative Process in Skeletal Muscle

Skeletal muscle regeneration after injury is dependent upon the action of muscle stem cells
(MuSCs), primarily satellite cells (SCs) which, in uninjured muscle, reside underneath the basal lamina
next to mature muscle fibers in a quiescent, mitotically inactive state. Upon muscle damage, these cells
activate and proliferate, with their subsequent progeny either engaging in a process of self-renewal to
maintain the MuSC pool, or differentiating into myoblasts that then fuse together with other myoblasts
or existing myofibers, leading to repair or replacement of the damaged tissue. Many excellent reviews
are available for more detail on these events (e.g., [125–127]).

Muscle regeneration is a precisely ordered process that is dependent on the actions and influence
of many cellular players at or near the myogenic niche, including SCs, mature muscle fibers, immune
cells, fibroblasts, fibroadipogenic progenitors (FAPs), and others [125,126]. Although AMPK likely
plays an important role in the regulation of many of these cell types (in macrophages, for instance [128]),
the discussion here will be limited to its role in SCs.

5.2. Effect of AMPK on Myogenesis in Culture

The C2C12 adult skeletal muscle myoblast cell line is frequently used as an in vitro culture model
for studying the process of myogenesis. C2C12 myoblasts, prior to differentiation in low-serum media,
express the α2, γ2, and γ3 AMPK isoforms, but minimal expression of α1, β1, β2, and γ1 isoforms.
Differentiation of the myoblasts into myotubes by exposure to low-serum media, however, induces the
expression of all isoforms except for γ1 [129]. Consistent with the lack of β isoforms in myoblasts, which
should preclude AMPK activation, stimulation of the cells with oligomycin and serum withdrawal
activated AMPK much more strongly in myotubes vs. myoblasts [129]. However, other findings show
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that AICAR is able to activate AMPK in undifferentiated myoblasts [130], suggesting that the lack of β
isoforms and AMPK activity in myoblasts is not a generalizable finding.

Activation of AMPK impairs myoblast proliferation. When C2C12 myoblasts are cultured
in low glucose conditions (≤5 mM), AMPK is activated leading to impaired differentiation into
myotubes. The same phenomenon is true for primary myoblasts, but only at even lower glucose
concentrations [131]. Pharmacological AMPK activation with AICAR, metformin and other drugs
accomplishes the same impairment in differentiation [130,131].

AMPK also impairs myoblast differentiation in culture. Activation of AMPK with AICAR in
differentiating C2C12 myoblasts decreased p21 expression (which normally increases dramatically
during differentiation) and cell cycle transition, and decreased myotube formation and myosin heavy
chain expression [130]. A similar inhibitory effect of AICAR on primary bovine myoblasts was also
observed [132]. Furthermore, transfection of C2C12 myoblasts with CamKKβ, an established AMPK
activator, resulted in AMPK activation in myoblasts, cell cycle arrest and impaired proliferation as
well as impaired subsequent differentiation, and this effect on proliferation and differentiation was
AMPK-dependent since it was blocked by dominant-negative AMPK expression [133]. Together, these
in vitro findings suggest that hyperactivation of AMPK in myoblasts blocks muscle proliferation
and differentiation.

5.3. Effect of AMPK on Muscle Regeneration In Vivo

Although hyperactivation of AMPK in culture impairs both proliferation and differentiation of
myoblasts, the lack of AMPK in SCs in vivo blocks normal muscle regeneration after injury. AMPKα1
is the predominant catalytic isoform in quiescent, activated and differentiating satellite cells [134–136].
Regeneration of damaged muscle is impaired (vs. WT) in both constitutive AMPKα1-KO mice,
as well as in mice with AMPKα1-KO induced just before injury [137], and this is associated with
decreased satellite cell number and Pax7, myogenic factor 5 (Myf5), and myogenin expression in
basal muscles. Furthermore, AMPKα1-KO satellite cells have diminished myogenic capacity when
transplanted into WT muscles, showing that the defect in regeneration is mediated by the lack of
AMPKα1 in the satellite cells themselves, rather than in other cells in the KO animals (such as
fibroblasts, macrophages, etc.) [137].

A similar impairment of regeneration is demonstrated by satellite cell-specific AMPKα1-KO.
Fu et al. reported that satellite cells lacking AMPKα1 activate and proliferate more slowly both in
culture and in single fiber preparations, and result in a subsequent impairment of muscle regeneration
after cardiotoxin injury [136]. SCs, with their scant mitochondria, depend heavily on glycolytic
metabolism and, according to the findings of these authors, the lack of AMPK impairs SC activation
and proliferation by decreasing Warburg-like glycolysis [136].

Theret et al. also reported that satellite cell-specific AMPKα1-KO impairs muscle regeneration [135].
They showed that when SCs from AMPKα1 knockout mice (but not AMPKα2 knockouts) were
collected and differentiated, the lack of AMPKα1 resulted in increased self-renewal instead of
differentiation [135]. Similarly, deletion of AMPKα1 in MuSCs in vivo resulted in decreased size
of the regenerating fibers along with decreased differentiation and fusion, but increased proliferation
of MuSCs. However, in contrast to the report of Fu et al., the impaired regeneration was attributed by
these authors to increased lactate dehydrogenase activity and enhanced Warburg-like glycolysis in the
AMPKα1-KO SCs. The reason for this discrepancy is not clear, but could be due to different transgenic
constructs. Regardless, both studies demonstrate the importance of SC AMPKα1 in allowing for proper
regeneration through metabolic regulation. Together with the culture data, the available evidence
indicates that AMPK activity must be kept within relatively tight bounds (not too high or too low) for
optimal muscle regeneration.
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5.4. LKB1’s Role in Skeletal Muscle Regeneration

The content of the upstream AMPK kinase, LKB1, increases during myoblast differentiation [138].
Overexpression of LKB1 in C2C12 myoblasts enhances differentiation, while RNAi-mediated
knockdown of LKB1 impairs differentiation [138]. While some of this effect is likely due to the
action of LKB1 on other targets within the AMPK family, AMPK phosphorylation is also increased
substantially during muscle differentiation [138].

The lack of LKB1 in SCs promotes proliferation and self-renewal of the satellite cell pool,
but impairs myoblast differentiation [139,140]. The effect on self-renewal is due in part to the activation
of the Notch signaling pathway in LKB1-deficient cells, leading to overexpression of Pax7 that appears
to be dependent on the decreased AMPK activation in these cells [139]. Other findings indicate that
AMPKα1 also regulates self-renewal in a LKB1-independent manner [135]. Furthermore, LKB1’s role
in SC differentiation is at least partly independent of AMPK through regulation of glycogen synthase
kinase (GSK3)/Wnt signaling [140].

6. Conclusions and Future Perspectives

AMPK’s role as a signaling nexus for cellular processes that control energy balance has been well
established over recent decades. While it certainly is not the only player in the regulation of skeletal
muscle development, size, and/or growth, it, and especially the AMPKα1 subunit, has emerged as a
key factor that limits muscle size and capacity for hypertrophy. AMPKα2, on the other hand, may play
a more substantial role in promoting muscle atrophy than AMPKα1 through its actions on autophagy
and protein degradation (summarized in Figure 1). AMPK also limits myogenesis and regeneration
after injury, although the loss of AMPKα1 also blocks these processes, showing that some (but not too
much) AMPK activity is required for proper regenerative functioning. While many questions regarding
AMPK’s role in muscle growth and regeneration have been answered, others still remain unanswered.
Does AMPKα1-specific activity after endurance exercise interfere with concomitant resistance-training
adaptations? What cellular mediators control AMPK’s effects on muscle growth and development?
How does AMPK activity in neighboring accessory cells support or impair satellite cell function in
muscle regeneration? Can pharmacological AMPK activation or inhibition be harnessed to improve
hypertrophic and regenerative responses, especially in populations where these are impaired (aging,
obesity, diabetes, myopathies, etc.)? What role do LKB1 and other AMPK family members play in
these processes? Continuing work in this area will surely shed additional light on these and other
important questions.

57



Int. J. Mol. Sci. 2018, 19, 3125

Figure 1. Proposed regulation of skeletal muscle size by 5’-adenosine monophosphate-activated
protein kinase (AMPK). Energy stress (decreased ATP/AMP ratio; as in moderately intensive exercise)
predominantly activates AMPKα2 via liver kinase B1 (LKB1), while AMPKα1 is only activated by
highly-intense or prolonged exercise. Basal AMPKα1 content and activity is also increased by long-term
endurance training, perhaps via Calcium/calmodulin-dependent protein kinase (CamKK) action,
or other AMPK kinases. AMPKα2 stimulates catabolic processes by increasing Foxo3a, Atrogin-1
and MuRF-1 expression/activity and increasing autophagy, leading, under certain circumstance,
to muscle atrophy, but has little effect on protein anabolism. AMPKα1 impairs mTOR signaling,
slows protein synthesis, and blocks hypertrophy. Hypertrophic loading (i.e., resistance exercise)
stimulates mechanistic target of rapamycin (mTOR) signaling, protein synthesis, and hypertrophy,
but also activates AMPKα1 independent of LKB1 (perhaps via CamKK or other means), limiting the
hypertrophic growth. ↑: increase expression or activity; ↓: decreased expression or activity.
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Abbreviations

4E-BP1 eukaryotic initiation factor 4E binding protein 1
ACC acetyl-CoA carboxylase
AICAR 5-amino-4-imidazolecarboxamide ribonucleoside
AMPK AMP-activated protein kinase
CamKK calcium/calmodulin-dependent protein kinase
CBS cystathionine β-synthase
dKO double knockout
DN dominant negative
EDL extensor digitorum longus
eEF2 eukaryotic elongation factor
eEF2K eEF2 kinase
FAP fibroadipogenic progenitor
FoxO forkhead box
GSK3 glycogen synthase kinase 3
HU hindlimb unloading
HSA human skeletal muscle actin
KO knockout
LC3 microtubule-associated protein 1A/1B-light chain 3
LKB1 liver kinase B1
MAPK mitogen activated protein kinase
MCK muscle creatine kinase
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mLKB1-KO muscle-specific LKB1 knockout
mTORC1 mechanistic target of rapamycin, complex 1
MuRF-1 muscle ring finger-1
Myf5 myogenic factor 5
NF-κB nuclear factor kappa B
SC satellite cell
SIRT-1 sirtuin 1
skmLKB1-KO skeletal muscle-specific LKB1 knockout
SNARK sucrose non-fermenting 1 AMPK related kinase
SOL soleus
TA tibialis anterior
TAK1 transforming growth factor β-activated protein kinase
TBC1D7 TBC1 domain family member 7
TGFβ transforming growth factor β
TSC2 tuberous sclerosis complex 2
ULK1 uncoordinated 51-like kinase 1
Wnt wingless/integrated
WT wild-type
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Abstract: Molecular mechanisms that trigger disuse-induced postural muscle atrophy as well as
myosin phenotype transformations are poorly studied. This review will summarize the impact
of 5′ adenosine monophosphate -activated protein kinase (AMPK) activity on mammalian target
of rapamycin complex 1 (mTORC1)-signaling, nuclear-cytoplasmic traffic of class IIa histone
deacetylases (HDAC), and myosin heavy chain gene expression in mammalian postural muscles
(mainly, soleus muscle) under disuse conditions, i.e., withdrawal of weight-bearing from ankle
extensors. Based on the current literature and the authors’ own experimental data, the present review
points out that AMPK plays a key role in the regulation of signaling pathways that determine
metabolic, structural, and functional alternations in skeletal muscle fibers under disuse.

Keywords: AMPK; HDAC4/5; p70S6K; MyHC I(β), motor endplate remodeling; soleus muscle;
mechanical unloading; hindlimb suspension

1. Introduction

Skeletal muscle is a highly plastic organ, which is able to change its structure and metabolism
depending on the mode of contractile activity. Such conditions as hypokinesia, immobilization,
paralysis, and weightlessness can lead to a complex of atrophic changes (most pronounced in
postural muscles), resulting from a significant reduction in muscle mass and contractile function [1,2].
Skeletal muscle disuse also leads to a reduction in muscle stiffness and slow-to-fast myosin phenotype
transformations [2–7]. Muscle atrophy observed during muscle inactivation under conditions of real
and simulated microgravity, joint immobilization, or spinal isolation is associated with an increase in
proteolytic processes and a decrease in protein synthesis [4,8–11]. Myosin phenotype shift occurs as
a result of a decrease in the gene expression of the slow isoform of myosin heavy chain (MyHC) and
an increase in the expression of the fast MyHC isoforms [12–14].

To study the mechanisms of muscle disuse atrophy, a variety of experimental models with
the different rate of reduction in muscle electrical and contractile activity are used. In this sense,
one of the most suitable models is a rodent hindlimb suspension (HS) technique, which prevents the
hindlimbs from touching any supporting surface, resulting in a cessation of rat soleus neuromuscular
activity [15–17]. Similar effects are observed during dry immersion in human skeletal muscle [1,18,19].
These models not only provide an almost complete cessation of the soleus muscle contractile activity,
simulating the effects of weightlessness, but also allow the experimentalist to avoid invasive procedures
(denervation, spinal isolation, administration of toxins, etc.). Hence, this review will mainly summarize
the data obtained in HS and dry immersion models.

Despite a large number of studies aimed at the analysis of disuse muscle atrophy, the triggering
mechanisms of its development within a few hours/days after withdrawal of weight-bearing from
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postural muscles are still poorly studied [1,15,16]. The earliest effects of unloading (the first 24 h)
on postural muscle include: (1) Depolarization of the sarcolemma due to an inactivation of the α2
subunit of the Na,K-ATPase [20,21], (2) disintegration of cholesterol rafts [22], and (3) translocation of
the neuronal NO-synthase from the subsarcolemmal compartment to the cytoplasm [23]. However,
the mechanisms of development of these changes and, most importantly, the dependence of these
mechanisms on molecular triggers determined by the level of muscle contractile activity/inactivity
remain unknown.

It seems natural that the reduction/cessation of electrical and, accordingly, contractile activity
of the muscle can lead to changes in the basic physiological mechanisms that directly depend on the
activity of muscle fibers.

1. Changes in electrogenic signaling mechanisms due to termination of electrical activity
(hypothetical decrease in Na+ concentration inside the muscle fibers, the expected temporary cessation
of Ca2+ flow through voltage-dependent L-type calcium channels).

2. Mechanosensory molecular changes due to termination of the mechanical action of extracellular
matrix structures on mechanosensory molecules (changes in the state of integrins, etc. [24], termination
of the active state of actin stress-fibers, inactivation of mechanosensitive channels, inactivation of
mechanosensory myofibrillar proteins).

3. Changes in energy metabolism as a result of termination of ATP expenditure (changes in the
ratio of ATP/ADP/AMP and PCr/Cr, accumulation of glycogen and reactive oxygen species).

It is not yet possible to trace the entire complex of processes that link the cessation of electrical
activity and the elimination of mechanical loading of muscle fibers with the development of early
molecular events during mechanical unloading. As for the consequences of the cessation of metabolic
energy expenditure during unloading, the situation is somewhat different. In the 1990s, it was
hypothesized that mechanical unloading leads to a change in the balance of high-energy phosphate
compounds towards the accumulation of fully phosphorylated compounds [25]. Wakatsuki and
co-authors have shown the accumulation of phosphocreatine in the soleus muscle of rats after 10 days
of HS [26]. In 1987, Henriksen and Tischler reported a 25% increase in glycogen content in rat soleus
during the first three days of HS [27].

If the described changes in energy metabolism are the potential triggers for signaling processes
leading to the development of postural muscle atrophy, reduced intrinsic muscle stiffness, and myosin
phenotype shift, there should be a specific sensor of the state of energy metabolism. Such a sensor has
long been known. It is 5′ adenosine monophosphate -activated protein kinase (AMPK), the cell’s main
energy sensor reacting to the changes in the ratio of high-energy phosphates (Figure 1). Therefore,
the termination of electrical activity in soleus muscle at the initial stage of gravitational unloading
should affect AMPK activity.

 

Figure 1. Key physiological regulators of 5′ adenosine monophosphate -activated protein kinase (AMPK)
activity in skeletal muscle and physiologically-relevant AMPK targets. (original scheme)
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2. AMPK Is a Key Energy Sensor and Metabolic Regulator of Signaling Pathways in Skeletal
Muscle Fibers

AMPK is involved in transmission of extracellular and intracellular signals by phosphorylation of
various substrates in many metabolic reactions in skeletal muscle. AMRK is a heterotrimeric complex
consisting of three proteins: α-subunit, which has its own kinase activity, and two regulatory subunits,
β and γ [28].

AMPK activity is regulated both allosterically and by post-translational modifications
(phosphorylation). Allosteric activation of AMPK is carried out with the help of AMP and its analogues.
Phosphorylation AMPK at Thr172 of the α-subunit leads to its activation. This phosphorylation is
regulated by calcium-/calmodulin-dependent kinase kinase 2 (CaMKK2) and liver kinase B1 (LKB1).
Further activation of AMPK occurs due to conformational changes occurring upon binding of AMP or
ADP to the γ-subunit of AMPK, promoting Thr172 phosphorylation at the α-subunit. The combined
effect of Thr172 phosphorylation of the α-subunit of AMPK and allosteric regulation leads to more
than a 1000-fold increase in AMPK activity, which makes AMPK highly sensitive to alternations in the
energy status of the cell [29].

Activation of AMPK may also occur under the action of extracellular regulatory factors, such as
interleukin-6 (IL-6) and brain-derived neurotrophic factor (BDNF) [30]. Interestingly, AMPK is involved
in the regulation of IL-6 expression in skeletal muscles [31]. One of the factors of AMPK activation is
nitric oxide (NO), the production of which is determined by the activity of neuronal and endothelial
NO synthases [32,33]. There is evidence that AMPK activation can result from mechanical stretch via
components of the dystrophin-glycoprotein complex (at least in cardiomyocytes) [34].

AMPK can also be phosphorylated on Ser485/491 sites by protein kinase D and some isoforms
of protein kinase C [35], which leads to inhibition of AMPK activity. A decrease in AMPK activity is
associated with increased glycogen content, as well as accumulation of ATP and creatine phosphate [36,37].
AMPK has a number of molecular targets in skeletal muscle. It is known that AMPK can activate
Na,K-ATPase [38,39] and phosphorylate neuronal NO-synthase [40]. AMPK is also involved in the
regulation of protein synthesis and degradation [36]. AMPK is a negative regulator of protein synthesis
in skeletal muscle. This kinase can inhibit the key regulator of protein synthesis, the mammalian target
of rapamycin complex 1 (mTORC1), through phosphorylation of TSC2 [41] and raptor [42]. AMPK can
also be involved in the degradation of myofibrillar proteins [43]. Nakashima and co-authors have
shown that AMPK participates in the degradation of myofibrillar proteins through the activation of
forkhead box proteins (FOXO) transcription factors and subsequent up-regulation of muscle-specific
E3 ubiquitin-ligases atrogin-1/MAFbx and MuRF-1 [44].

In addition, AMPK, as a key energy sensor of the cell regulating energy metabolism, participates
in the initiation of autophagy [45]. AMPK can directly phosphorylate Unc-51-like kinase (ULK-1)
across several sites as well as activate autophagy by inhibiting mTOR activity [46,47].

In recent years, it has been shown that AMPK can influence the expression of a number of genes
by phosphorylation of class IIA histone deacetylases (HDAC4, HDAC5, HDAC7), leading to their
exclusion from the nucleus and activation of gene expression [48–50].

Thus, according to modern concepts, AMPK activity is mainly determined by the state of
energy metabolism: AMPK activity increases with increased ATP consumption, AMP accumulation,
and glycogen depletion, and decreases with the accumulation of ATP and glycogen in muscle
fibers. Activated AMPK phosphorylates and retains class IIA HDACs outside the myonuclei
(thereby contributing to the expression of a number of genes) and inhibits the activity of mTORC1
and its primary targets (Figure 1). Dephosphorylated AMPK, on the contrary, promotes HDACs
nuclear import and transcriptional suppression of gene expression, while reducing the degree of
mTORC1 suppression.

69



Int. J. Mol. Sci. 2018, 19, 3558

3. AMPK Activity under Conditions of Mechanical Unloading

Until recently, AMPK activity/phosphorylation in skeletal muscle under unloading conditions
has been poorly studied. Moreover, the literature reveals contradictory results concerning AMPK
Thr172 phosphorylation at various time-points in different models of disuse. It has been shown that
four- and seven-day denervation resulted in a significant increase in AMPK phosphorylation in rodent
skeletal muscles [51,52], while deletion of AMPKα2 significantly attenuated denervation-induced
skeletal muscle wasting and protein degradation [51]. In human skeletal muscle with recent complete
cervical spinal cord injury, AMPKα2 protein abundance decreased by 25% during the first year after
injury, without significant change in AMPKα1 content. Furthermore, AMPK phosphorylation on
Thr172 was significantly decreased during the first year post-spinal cord injury in human vastus
lateralis muscle [53]. Thirty-day space flight and subsequent recovery did not affect AMPK Thr172
phosphorylation in murine longissimus dorsi muscle [54]. In terms of fiber-type composition, murine
longissimus dorsi is similar to soleus muscle. However, it should be noted that it is not quite correct
to compare the data obtained from rat and mouse soleus muscle. It is known that rat soleus muscle,
as well as human soleus, comprises about 85% of slow-twitch fibers expressing the slow isoform
of MyHC, while mouse soleus consists of approximately 40% slow-twitch fibers [55]. Obviously,
this fact determines the essential features of metabolism in the mouse soleus muscle and its response
to gravitational unloading. Therefore, unloading-induced changes in mouse soleus can significantly
differ from that of rats and humans.

Vilchinskaya et al. (2015) have shown for the first time that short-term (three days) gravitational
unloading via dry immersion leads to a significant decrease in the level of AMPK Thr172
phosphorylation in human soleus muscle [56]. The literature data on the AMPK activity in rat soleus
following HS are inconsistent. AMPK activity, which is usually assessed by the level of Thr172
phosphorylation [57–59], was reported to be reduced in rat soleus after two weeks of HS [60],
whereas Hilder and co-authors showed that 14-day HS results in a significant increase in AMPK
Thr172 phosphorylation in rat soleus [61]. At the same time, Egawa and others did not find any
changes in AMPKα1 AMPKα2 activity in mouse soleus after 14-day HS, however, the level of ACC
phosphorylation was upregulated [62,63].

A significant reduction in AMPK Thr172 phosphorylation was previously observed in rat
soleus at the early stage (24 h) of hindlimb unloading [11]. A recent study has also demonstrated
a significant decrease in AMPK Thr172 phosphorylation in rat soleus muscle already after 6- and
12-h mechanical unloading [64]. In an inactive skeletal muscle, a rapid accumulation of completely
phosphorylated high-energy phosphates can occur, resulting in reduced AMPK activity. Thus,
AMPK dephosphorylation at the early stage of gravitational unloading can be caused by a decrease in
postural muscle energy consumption and a corresponding change in the ratio of phosphorylated and
dephosphorylated adenine nucleotides (ATP, ADP, AMP).

It is known that binding of AMPK to glycogen results in reduced AMPK activity [37]. Therefore,
it is possible that a decrease in the activity of AMPK at the initial stages of mechanical unloading may
be associated with glycogen accumulation. Indeed, glycogen concentration in rat soleus muscle during
the first three days of HS is significantly increased [27].

After seven-day HS, AMPK phosphorylation does not differ from that of control [11],
which correlates well with the restoration of electromyographic activity of rat soleus following six
to seven days of HS [15]. Moreover, 14-day HS resulted in a significant increase in AMPK Thr172
phosphorylation in rat soleus [61,65]. It is notable that after 14-day HS, the increase of AMPK activity
(judging by ACC phosphorylation) [62,63] is less pronounced in murine vs rat soleus.

Now, it is difficult to establish the precise mechanisms that cause an increase in AMPK activity by
14 days of HS. However, some assumptions can be made concerning potential signaling mechanisms
leading to this phenomenon. There is evidence that the concentration of interleukin-6 (IL-6) is
significantly increased in rodent skeletal muscle after 5- and 14-day HS [66,67] as well as in human
skeletal muscle following 60-day bed rest [68]. It is known that IL-6 can increase AMPK activity in
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rodent skeletal muscle [69], and it is likely that increased concentration of IL-6 during long-term
gravitational unloading promotes AMPK hyperphosphorylation. BDNF was also shown to increase
AMPK phosphorylation in isolated rat extensor digitorum muscle [30]. Therefore, an increase in BDNF
mRNA expression in the spinal cord and soleus muscle of rats after 14 days of HS [70] could be the
cause of the increased AMPK Thr172 phosphorylation during this period.

Thus, HS experiments show complex time-course changes in AMPK activity in the rodent soleus
muscle under mechanical unloading. It is important to note that the level of AMPK phosphorylation
is significantly reduced during the first day of HS, a period that precedes atrophy development.
Additionally, the most likely cause of such a decrease is a shift in the ratio of phosphorylated and
dephosphorylated adenine nucleotides (AMP/ATP and ADP/ATP ratios).

4. The Role of AMPK in the Regulation of mTOR/p70S6K and Akt/FOXO3/MuRF-1/MAFbx/
Atrogin-1 Signaling Pathways under Gravitational Unloading

Anabolic processes in skeletal muscle fibers are regulated by a number of signaling pathways,
the most important of which is the mammalian target of rapamycin complex 1 (mTORC1) signaling
pathway. mTORC1, through its downstream targets (p70S6K, 4E-BP1), stimulates mRNA translation
initiation on a ribosome. Activation of protein synthesis following resistance exercise is associated with
the increased level of p70S6K (Thr389) phosphorylation, leading to subsequent phosphorylation of
ribosomal protein S6 and initiation of protein synthesis. Some authors reported a decrease in p70S6K
(Thr389) phosphorylation in rat soleus after four to five days of HS [71,72]. Other studies showed
that even 7–10 days of HS did not affect p70S6K phosphorylation, the level of which decreased only
following 14 days of unloading [73–76].

It is well known that activated AMPK has an inhibitory effect on the anabolic processes via
suppression of mTORC1 and its key substrate, p70S6K [41–43,77–80]. Summing up the available
data, we can assume that changes in p70S6K and AMPK phosphorylation in rat soleus muscle
during the first two weeks of HS show reciprocal relations and complex dynamics. It is important
to note that during the early stage of HS (one to three days), an increase in p70S6K Thr389
phosphorylation is accompanied by a decrease in the level of AMPK Thr172 phosphorylation. However,
after seven days of HS, there is no difference between these parameters and control values [11].
Two-week HS results in an opposite effect: A decrease in p70S6K phosphorylation is accompanied
by an increase in AMPK phosphorylation. These data are consistent with the report by Sugiura
and co-authors (2005) that showed no changes in p70S6K phosphorylation after 10 days of HS [74],
whereas 14-day HS led to a significant decrease in p70S6K phosphorylation as compared to control
levels [71,72,75,76,81]. Interestingly, according to Hilder et al. (2005) and Zhang et al. (2018), the level of
AMPK phosphorylation following 14-day unloading is significantly increased [61,65]. The high level of
AMPK phosphorylation is accompanied by a decrease in phosphorylation of not only p70S6K, but also
Akt and FOXO3, which can lead to an upregulation of muscle-specific E3-ubiquitin ligases, MuRF-1
and MAFbx/atrogin-1 [65]. These results are consistent with earlier studies showing the ability of
AMPK to stimulate FOXO3 dephosphorylation and the expression of E3-ubiquitin ligases [44,82].
Time-course changes in the level of p70S6K and AMPK phosphorylation during mechanical unloading
suggest that an increase in p70S6K phosphorylation at the first day of HS may be due to the low AMPK
activity. This hypothesis has been recently tested by Vilchinskaya and co-authors [83]. Pretreatment of
rats with 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) several days before and during
24-h HS prevented both a decrease in AMPK Th172 phosphorylation as well as an increase in p70S6K
Thr389 phosphorylation [83]. This result fully confirmed the hypothesis and once again demonstrated
the role of AMPK as a negative regulator of mTORC1-signaling [41,42]. The results obtained by
Vilchinskaya et al. (2017) suggest that AMPK dephosphorylation in postural soleus muscle at the
initial stage of mechanical unloading is one of the reasons for a paradoxical increase in the level of
p70S6K phosphorylation. Increased p70S6K phosphorylation is usually considered to be a consequence
of (1) inactivation of endogenous mTORC1 inhibitor tuberous sclerosis complex (TSC1/2) due to
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AMPK dephosphorylation [41] and (2) accumulation of sphingolipid ceramide [84]. Interestingly,
it was previously shown that activation of AMPK with AICAR prevents ceramide accumulation in
skeletal muscle fibers [85]. Therefore, it can be assumed that AMPK dephosphorylation can contribute
to the accumulation of ceramide in rat soleus under gravitational unloading [86–88]. Hsieh and
co-authors (2014) observed an interesting effect of p70S6K hyperphosphorylation. The authors showed
that activated p70S6K promotes phosphorylation of insulin receptor substrate (IRS1) on Ser636-639,
which leads to a reduction in IRS-1 activity and, accordingly, dephosphorylation of downstream
protein kinase Akt (Figure 2).

 

Figure 2. Hypothetical role of AMPK in the activation of signaling pathways regulating the expression
of E3-ubiquitin ligases during gravitational unloading.

Dephosphorylation of Akt on Ser473, as a rule, causes an increased expression of E3-ubiquitin
ligases (MuRF-1 and MAFbx/atrogin-1) [88]. It is well known that even short-term (one to three days)
gravitational unloading leads to Akt dephosphorylation and upregulation of E3-ubiquitin ligases [10,66].
According to a number of authors, gravitational unloading results in a significant decrease in IRS-1
content [54,89]. Based on these literature data, it can be assumed that AMPK dephosphorylation
during the first day of unloading leads to an increase in p70S6K phosphorylation resulting in
the increased E3-ubiquitin ligases’ expression and enhanced proteolysis. Recent experiments with
inhibition of p70S6K phosphorylation during the first day of gravitational unloading do not contradict
this hypothesis: The use of rapamycin (mTORC1 inhibitor) resulted in a significant decrease in MuRF-1
and MAFbx/atrogin-1 expression [88].

Thus, AMPK dephosphorylation at the initial period of HS leads to an increase in the level of
p70S6K phosphorylation, which can contribute to the subsequent upregulation of proteolytic enzymes.

AMPK is known to activate autophagy by ULK phosphorylation (see above). Therefore, one would
expect to see a reduction in autophagy markers at the initial period of unloading when AMPK activity
is downregulated. However, it has been recently shown that most of autophagy markers, except for
ULK, were upregulated in rat soleus following 6- and 12-h HS [64]. The authors of the cited report
emphasize that this state of autophagy markers is not consistent with a reduced level of AMPK
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phosphorylation. They explain this phenomenon by the possible unequal phosphorylation of different
AMPK isoforms. It is clear that this issue needs further investigation.

At a later stage of unloading, an increase in AMPK phosphorylation is accompanied by a decrease
in p70S6K phosphorylation and activation of the proteolytic signaling system [65].

At the same time, no significant changes in phosphorylation of Akt and p70S6K and the rate of
protein synthesis were found in the soleus of transgenic mice overexpressing the dominant-negative
mutant of AMPK following 14-day HS [62]. Thus, the lack of AMPK activity in the transgenic mice
did not affect anabolic signaling following a relatively long period of unloading (14 days). However,
14-day unloading of these transgenic mice induced a significant increase in the expression of both
markers of the ubiquitin-proteasome system and ULK, a marker of autophagy. The differences
between dominant-negative AMPK mutants and wild-type mice were significant [62]. There were also
significant differences in the severity of atrophic changes. The weight of soleus muscle in dominant-
negative AMPK mutants after 14-day HS was significantly reduced, but to a lesser extent than that
in wild-type mice (difference of 10–15%) [62,63]. Thus, AMPK can contribute to the development of
muscle atrophy during unloading. This contribution to muscle atrophy seems to be carried out via the
activation of catabolic processes rather than through the suppression of anabolic regulation.

This fact allows us to suggest that, at later stages of gravitational unloading, AMPK activity can
act as a key signaling node of protein homeostasis in skeletal muscle.

5. AMPK Is Involved in the Regulation of Myosin Phenotype under Mechanical Unloading

Unloading-induced changes in skeletal muscle myosin phenotype have been observed by
a number of researchers. It is well established that there is an increase in the expression of fast-type
myosin isoforms and a decrease in the expression of slow-type myosin isoform in skeletal muscles
of space-flown rodents as well as astronauts [3,4,90,91]. HS results in a significant increase in the
content of fast-twitch (type II) fibers and a significant decrease in the proportion of slow-twitch
(type I) fibers in rat soleus muscle [7,92–95]. In samples of soleus muscle, taken from astronauts after
a six-month spaceflight, there was a decrease in the proportion of fibers expressing slow MyHC
isoform and an increase in the proportion of fibers expressing fast MyHC isoforms [96]. Mechanisms
of molecular regulation of myosin phenotype transformation remain largely unexplored. It is known
that AMPK can affect the expression of a number of genes by phosphorylation of class IIA histone
deacetylases (HDAC4, HDAC5, HDAC7), which leads to HDACs dissociation from gene promoters
and removal from the nucleus, thereby allowing for increased gene expression [48–50]. It was earlier
shown that at the first day of mechanical unloading, mRNA expression of the slow MyHC isoform
in rat soleus is reduced [13]. One of the ways of MyHC expression regulation in muscle fibers is
associated with phosphorylation of histone deacetylase 4 (HDAC4) [7,97]. However, it remains unclear
what mechanisms are implicated in such a rapid decrease in gene expression. Until recently, there have
been no studies on the role of AMPK in the regulation of myosin phenotype in muscle fibers under
conditions of gravitational unloading. Can AMPK be involved in the regulation of MyHC gene
expression in skeletal muscle fibers? To answer this question, Vilchinskaya et al. (2017) carried out
an experiment with AICAR pretreatment of Wistar male rats [98]. There was a significant decrease in
MyHC I (β) pre-mRNA expression and a pronounced tendency to a decrease in the mature MyHC I(β)
mRNA expression in rat soleus muscle after 24 h of HS. These results are in good agreement with the
data previously obtained in skeletal muscles of Sprague-Dawley rats under similar conditions [13].
However, when exposed to AICAR, there were not any significant decreases in the MyHC I(β)
pre-mRNA and mature mRNA expression. Since one of the possible mechanisms of AMPK gene
expression regulation is linked to histone deacetylase 4 and 5 (HDAC4/HDAC5) phosphorylation
status [49,50], it was hypothesized that a significant decrease in AMPK Thr172 phosphorylation
after one-day HS would result in HDAC4 and HDAC5 nuclear accumulation [83]. This hypothesis is
supported by a previous report that showed a significant deacetylation of histone H3 at the MyHC I (β)
gene in rat soleus following seven-day HS [99]. In addition, it has been previously shown that HDAC4
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is predominantly localized to the nuclei in fast-twitch fibers in contrast to the sarcoplasm in slow-twitch
fibers [100]. Indeed, in our experiment with 24-h HS, HDAC4 accumulation in the nuclear fraction
was found; however, in the AICAR-pretreated group, the accumulation of HDAC4 in the nuclei did
not occur, which correlates well with data on AMPK phosphorylation and confirms the hypothesis of
AMPK-dependent control of nucleocytoplasmic trafficking of HDAC4 [98,101]. Recently, Yoshihara and
co-authors have found nuclear accumulation of HDAC4 in rat gastrocnemius muscle following 10 days
of ankle joint immobilization. This accumulation (as in the experiment of Vilchinskaya and co-authors)
was accompanied by a decrease in the level of AMPK phosphorylation [102]. As for HDAC5, even a
slight increase in AMPK activity in the control AICAR-pretreated rat was accompanied by a decrease
in HDAC5 content in the nuclear fraction. This phenomenon could be associated with HDAC5
phosphorylation via AMPK. However, 24-h HS resulted in a significant decrease in the nuclear HDAC5
content. Such a reduction in HDAC5 content in the nuclear fraction could be associated with HDAC5
degradation or HDAC5 phosphorylation and subsequent nuclear export. HDAC5 can also be a target
for protein kinase D (PKD) [103,104]. Since the AMPK activity is significantly reduced within the first
day of unloading (see above), it appears that HDAC5 nuclear export during unloading is not directly
linked to AMPK. It has been shown that a decrease in AMPK activity can result in an upregulation of
protein kinase D (PKD) phosphorylation [103]. Indeed, one-day HS resulted in a significant increase
in PKD Ser916 phosphorylation, however, in the HS+AICAR group, PKD phosphorylation did not
differ from the control levels. Interestingly, such a decrease in PKD phosphorylation in the HS+AICAR
group vs. the HS group can significantly attenuate the loss of nuclear HDAC5. It is noteworthy
that an increase in PKD phosphorylation in unloaded animals did not affect the content of nuclear
HDAC4. Obviously, under unloading conditions, HDAC4 does not appear to be a target of PKD.
This study was the first to observe the reciprocal relationship between AMPK and PKD in an inactivated
skeletal muscle. In addition, gravitational unloading led to an increase in the level of negative AMPK
phosphorylation on Ser485/491, which is known to be associated with PKD [35]. However, allosteric
activation of AMPK by AICAR reduced the intensity of negative phosphorylation, possibly due to
a reduction in PKD phosphorylation.

AMPK is known to stimulate the expression of peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC1α), the most important regulator of the expression and activity of signaling
proteins. In particular, PGC1α is involved in the control of the expression of the slow isoform of
MyHC [105]. A significant decrease in PGC1α expression was found in mouse soleus after four days
of hindlimb unloading [106]. However, Vilchinskaya et al. (2017) found no changes in PGC1α mRNA
expression after 24-h HS [98]. AMPK activation by AICAR pretreatment also did not induce any
changes in PGC1α expression. Obviously, the impact of AMPK on the expression of the slow isoform
of MyHC during the first day of unloading is carried out primarily through the trafficking of HDAC4,
without the involvement of PGC1α.

Thus, the results obtained by Vilchinskaya and the co-authors (2017) clearly show that AMPK
Thr172 dephosphorylation within the first day of gravitational unloading has a significant effect on the
regulation of myosin phenotype in rat postural muscle. In particular, AMPK Thr172 dephosphorylation
led to a decrease in MyHC I(β) pre-mRNA and mRNA expression. The study of Vilchinskaya et al.
(2017) indicates that HDAC4 is not a target of PKD at the early stages of unloading, and, probably,
HDAC4 nuclear import results from a decrease in the AMPK activity (Figure 3). It is possible that
an increase in PKD activity can lead to HDAC5 nuclear export.
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Figure 3. The role of AMPK in class IIa histone deacetylases traffic in rat soleus muscle at the
initial stages of gravitational unloading (modified from [98]). (A): active muscle; (B): inactive muscle.
Time-course studies on the MyHCI (β) expression demonstrate that a reduction in MyHCI (β) mRNA
expression begins on the first day of unloading and then steadily decreases during, at least, two weeks
of hindlimb unloading [13,14]. As shown in dominant-negative AMPK mutants, AMPK has no effect
on the expression of slow MyHC after 14-day unloading [63]. It is clear that an experiment with
transgenic animals does not allow for tracing the effect of AMPK on the expression of MyHC at the
different time-points of unloading. However, the results of this experiment indicate that the decrease
in the expression of slow isoform of MyHC after the completion of the initial stage of hindlimb
unloading is determined not by AMPK, but by some other mechanisms, for example, via inhibition of
the calcineurin/ Nuclear factor of activated T-cells (NFAT) signaling pathway [14,107].

6. AMPK and Disuse-Induced Motor Endplate Remodeling

Reliable neuromuscular transmission is essential for normal bodily functions. Motor endplate
is a highly specialized sarcolemma region in which the transmission of activity from motor neurons
to striated muscle fiber is realized. Endplate structure, including features of nicotinic acetylcholine
receptors’ (nAChRs) localization and distribution, are among the factors crucial for maintenance of
highly efficient neuromuscular transmission [108,109].

Ultrastructure of the neuromuscular junction strongly depends on the motor activity, and exhibits
high morphological and functional plasticity. Different modes of increased activity are manifested in
the morphological remodeling, such as the expansion of the neuromuscular junction size. Reduced
patterns of neuromuscular activity also trigger endplate remodeling. Alterations in neuromuscular
junction stability and integrity progressively increase with age [110–114] and myodystrophy [115–117],
in animal models of muscle injures [118,119], after denervation [120] and prolonged (four weeks)
HS [121]. Although the molecular mechanisms underlying the structural and functional endplate
plasticity are intensively studied, they are not completely clear [113,115,116,122–125].

Currently, many facts point to the involvement of AMPK in neuromuscular junction remodeling.
AMPK is linked to a variety of cellular processes and is also considered a crucial activator of
autophagy and its downstream target, ULK1 [126]. Autophagy is involved in neuromuscular
junction preservation during aging, and impairments in autophagy exacerbate synaptic structure
degeneration [111]. AMPK and AMPK-activated autophagy are among the most important factors
that maintain neuromuscular junction stability [111,127,128]. Pharmacological activation of AMPK by
AICAR administration improves integrity of neuromuscular junctions and prevents skeletal muscle
pathology in a mouse model of severe spinal muscular atrophy [128]. Additionally, AICAR treatment
has been shown to stimulate autophagy and ameliorate muscular dystrophy in the mdx mice, a model
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of Duchenne muscular dystrophy, suggesting AMPK as a powerful therapeutic target [129,130]. Also,
AMPK may play a role in activating PGC-1α, a key regulatory protein in skeletal muscle adaptation
to physical activity. PGC-1α has been reported to play a major role in maintaining neuromuscular
junction integrity [122,123].

AMPK also plays a beneficial role in the regulation of skeletal muscle cholesterol synthesis as
well as sarcolemma cholesterol levels [131,132]. Direct molecular interaction between membrane
cholesterol and the nAChRs has been shown [133]. Moreover, cholesterol and lipid rafts contribute to
the orchestration of nAChRs clustering at the endplate region [134,135]. In addition, AMPK can affect
the Na,K-ATPase activity [38,39]. The targeting and activity of the Na,K-ATPase are also influenced
by the cholesterol environment [136–139], and reciprocal interactions between cholesterol and the α2
Na,K-ATPase isozyme has been suggested [22,140]. Notably, both the nAChRs and the α2 Na,K-ATPase
isozyme are enriched at the endplate region, co-localized, and co-immunoprecipitated, suggesting that
these proteins exist as a functional multimolecular complex to regulate electrogenesis and to maintain
the effectiveness of neuromuscular transmission [141–143].

The loss of the α2 Na,K-ATPase isozyme electrogenic activity accompanied by disturbances
in lipid rafts and endplate structure stability were observed in rat soleus muscle even after 6–12
h of HS [21,22,64]. Such acute disuse decreased the endplate area and increased the density of the
nAChRs distribution. These changes were accompanied by decreased phosphorylation of AMPK
and its substrate, ACC, and increased autophagy [64]. Autophagy is known to be involved in the
nAChRs turnover regulation [127] and has a major impact on neuromuscular synaptic function [111].
So, an increase in autophagy after acute HS can reflect an adaptive response to compensate for the
endplate area loss through increasing the density of the nAChRs distribution [64].

Notably, pretreatment of the rats with AMPK activator, AICAR, followed by HS, stabilized
the resting membrane potential, endplates area, and the nAChRs distribution density, indicating
that AMPK activation can prevent disuse-induced endplate structural and functional reorganization
(unpublished observation).

In summary, these novel findings indicate that endplate functional and structural characteristics
rapidly (within hours) respond to skeletal muscle disuse. Decreased phosphorylation of AMPK
accompanied by increased autophagy is the earliest disuse-induced remodeling event preceding the
overt skeletal muscle atrophy.

7. Conclusions

AMPK demonstrates multidirectional changes in a mammalian soleus muscle during gravitational
unloading: A deep decrease in the level of phosphorylation and kinase activity at the early stages of
the process and a significant increase in activity at the later stages. Time-course changes in AMPK
activity under unloading are nonlinear and require a more detailed analysis at each stage of the process.
The experiments discussed in this review show that changes in AMPK activity under unloading
conditions can have a significant impact on the key signaling pathways and molecular structures in
skeletal muscle fiber. As a result of reduction in AMPK activity at the initial stage of unloading,
paradoxical hyperphosphorylation of p70S6K occurs, which, according to in vitro experiments,
can lead to the activation of proteolytic processes in muscle fiber [83,87]. A decrease in the level
of phosphorylation and kinase activity of AMPK at the early stages of unloading also affects the change
in nucleocytoplasmic traffic of class IIA HDACs, resulting in a decrease in the expression of the myh7
gene (slow isoform of MyHC) and, possibly, a number of other genes controlling energy metabolism.
At the later time-points of unloading, an increase in the level of AMPK phosphorylation/activity is
accompanied by a decrease in the activity of p70S6K [76], FOXO3 dephosphorylation, and an increase
in the expression of the key enzymes of the ubiquitin-proteasome pathway [65], which, obviously,
should lead to decreased muscle protein synthesis and enhanced proteolysis. Unfortunately, to date,
the precise physiological mechanisms, both intramuscular and systemic, underlying such a complex
and nonlinear nature of AMPK activity during gravitational unloading are not known. It is possible
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that glycogen accumulation [27] or a change in the ratio of dephosphorylated and phosphorylated
high-energy phosphates could lead to a deep AMPK dephosphorylation. The cause of a gradual
increase in AMPK phosphorylation in rat soleus during the first week of HS remains unclear. It is
possible that this increase is due to a gradual increase in the electromyographic activity of the postural
muscle [15]. It is difficult to explain a significant increase in AMPK phosphorylation in rat soleus by
the end of the second week of HS. Possibly, such systemic factors as BDNF and/or interleukin-6 could
play a role in these processes. All these questions have yet to be answered.

Thus, recent studies have revealed the key role of AMPK in the processes of deep remodeling
of signaling pathways, leading to changes in metabolism, structure, and function of postural muscle
fibers under unloading conditions. Further studies are needed to elucidate new signaling mechanisms
that trigger, determine, and limit atrophy development and intrinsic muscle stiffness, as well as myosin
phenotype changes, in a mammalian postural muscle under mechanical unloading.
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Abbreviations

AMPK 5′ adenosine monophosphate -activated protein kinase
AICAR 5-aminoimidazole-4-carboxamide ribonucleotide
BGPA β-Guanidinopropionic acid
HS hindlimb suspension
mTOR mammalian/mechanistic target of rapamycin
p70S6K ribosomal protein S6 kinase beta-1
CaMKKβ Ca(2+)/calmodulin-dependent protein kinase kinase β

LKB1 liver kinase B1
BDNF brain-derived neurotrophic factor
MuRF-1 Muscle RING-finger protein-1
FOXO forkhead box proteins
IRS-1 insulin receptor substrate 1
MyHC myosin heavy chain isoforms
nAChRs nicotinic acetylcholine receptors
ULK-1 Unc-51-like kinase
PGC1α peroxisome proliferator-activated receptor gamma coactivator 1-alpha
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Abstract: 5′AMP-activated protein kinase (AMPK) plays an important role in the regulation of
skeletal muscle mass and fiber-type distribution. However, it is unclear whether AMPK is involved in
muscle mass change or transition of myosin heavy chain (MyHC) isoforms in response to unloading
or increased loading. Here, we checked whether AMPK controls muscle mass change and transition
of MyHC isoforms during unloading and reloading using mice expressing a skeletal-muscle-specific
dominant-negative AMPKα1 (AMPK-DN). Fourteen days of hindlimb unloading reduced the soleus
muscle weight in wild-type and AMPK-DN mice, but reduction in the muscle mass was partly
attenuated in AMPK-DN mice. There was no difference in the regrown muscle weight between the
mice after 7 days of reloading, and there was concomitantly reduced AMPKα2 activity, however it
was higher in AMPK-DN mice after 14 days reloading. No difference was observed between the
mice in relation to the levels of slow-type MyHC I, fast-type MyHC IIa/x, and MyHC IIb isoforms
following unloading and reloading. The levels of 72-kDa heat-shock protein, which preserves muscle
mass, increased in AMPK-DN-mice. Our results indicate that AMPK mediates the progress of atrophy
during unloading and regrowth of atrophied muscles following reloading, but it does not influence
the transition of MyHC isoforms.

Keywords: atrophy; regrowth; sirtuin 1 (SIRT1); peroxisome proliferator-activated receptor gamma
coactivator 1-α (PGC1α); heat shock protein; fiber-type

1. Introduction

The skeletal muscle is the largest organ in the body and plays a crucial role in metabolism. Loss
of skeletal muscle function and mass leads to disorders such as sarcopenia and insulin resistance [1].
Muscle loading is a vital process in the regulation of skeletal muscle properties. Increased loading
induced by mechanical stretch or strength exercises leads to muscle hypertrophy and regrowth of
atrophied skeletal muscles [2–4]. By contrast, unloading, as well as inactivity, causes skeletal muscle
atrophy, especially that of the antigravitational slow-twitch muscles [5,6].

5′AMP-activated protein kinase (AMPK) is a central regulator of cellular metabolism and energy
homeostasis in mammalian tissues. AMPK plays an important role in the regulation of skeletal muscle
mass; AMPK inhibits hypertrophy of skeletal muscle cells [7–9] and rodent skeletal muscle [7,10],
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and AMPK activity negatively correlates the degree of hypertrophy in rat skeletal muscle [11,12].
We have previously shown that AMPK regulates unloading-induced skeletal muscle atrophy [13].
However, it remains unclear whether AMPK plays a role in the regrowth of atrophied skeletal muscles
in response to increased loading.

The skeletal muscle fibers in mammals can be roughly divided into slow- and fast-twitch
types, which are further classified into type I, type IIa, type IIx, and type IIb. The four muscle
fibers, respectively, contain protein isoforms of myosin heavy chain (MyHC) I, IIa, IIx, and IIb [14].
The slow-to-fast transition of MyHC isoforms is observed in unloading-associated atrophied slow
soleus muscles [4,15]. In this regard, AMPK is a potential regulator of skeletal muscle fiber-type
distribution. Training-induced increases in MyHC IIa/x isoforms is attenuated in AMPKα2-deficient
mice [16]. Chronic administration of an AMPK activator promotes a switch to type I fibers in the
skeletal muscles of rodents [16–18]. Furthermore, AMPK triggers oxidative adaptation and is involved
in training-induced fiber-type shift [17]. However, to date, it remains unclear whether AMPK is
involved in the transition of MyHC isoforms during unloading and reloading.

AMPK controls skeletal muscle plasticity through a variety of molecular responses. Interaction
of AMPK with sirtuin 1 (SIRT1) and peroxisome proliferator-activated receptor gamma coactivator
1-α (PGC1α) comprises a pivotal regulatory network in metabolic homeostasis [19]. In terms of
muscle mass regulation, the AMPK–SIRT1 axis acts as a sensor of nutrient availability and regulates
muscle development [20], and pharmacological AMPK activation inhibits muscle cell growth through
a PGC1α-dependent mechanism [21]. In addition, we recently showed that the interaction of AMPK
with 72-kDa heat-shock protein (HSP72) is associated with hypertrophy as well as atrophy of skeletal
muscles [9,13]. Although AMPK’s regulation of muscle mass is thus clear, no previous study, to our
knowledge, has examined the association between AMPK and SIRT1, PGC1α, and HSP72 during
unloading-induced atrophy or regrowth following atrophy.

Here, we investigated the role of AMPK in the changes in muscle mass and transition of MyHC
isoforms, and its associated molecular responses during unloading and reloading. We performed
14-day hindlimb suspension and 14-day ambulation recovery procedures with wild-type littermate
(WT) mice and transgenic mice that overexpressed a muscle-specific dominant-negative mutant of
AMPKα1 (AMPK-DN) (Figure 1) [22]. AMPK is a heterotrimeric kinase, consisting of a catalytic
α-subunit and two regulatory subunits, β and γ. Two distinct α-isoforms (α1 and α2) exist in skeletal
muscle. These mice exhibit almost complete depletion in AMPKα2 activity and moderate depletion in
AMPKα1 activity [22–25].

Figure 1. Summary of the experimental protocol. The hindlimbs of both dominant-negative mutant of
AMPK (AMPK-DN) and wild-type littermate (WT) mice were continuously suspended for 14 days.
After 14 days, the mice were allowed ambulation recovery. Pre: before hindlimb suspension; R0, R7,
and R14: 0, 7, and 14 days after ambulation recovery; n = 8 per group.
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2. Results

2.1. 5′AMP-Activated Protein Kinase (AMPK) Activity

Changes in isoform-specific AMPK activities during unloading and reloading are shown in
Figure 2. AMPKα1 activity was lower in AMPK-DN mice than that of WT mice during the overall
experimental period (genotype effect, p < 0.05), but there was no time effect in AMPKα1 activity
(Figure 2A). AMPKα2 activity was almost completely suppressed in AMPK-DN mice compared
with that in WT mice during the overall experimental period (genotype effect, p < 0.05) (Figure 2B).
AMPKα2 activity decreased in response to 7 days of reloading, and remained suppressed after 14 days
of reloading (Figure 2B).

Figure 2. Changes in the isoform-specific 5′AMP-activated protein kinase (AMPK) activity after 14 days
of hindlimb unloading, and at 0, 7, and 14 days of reloading. (A) AMPKα1 activity. (B) AMPKα2
activity. Values are means ± SE; n = 7–8 per group. Statistical results of two-way ANOVA (genotype,
time, and genotype × time) are described in the Figure. *, significant difference between genotypes at
same time point. ¶, significant difference from R0 independent of genotype, unless special mention
in Figure.

2.2. Body Weight and Soleus Muscle Weight

Changes in body weight and soleus muscle weight relative to the body weight during unloading
and reloading are shown in Figure 3. The body weight was lower in AMPK-DN mice than that in WT
mice during the overall experimental period (genotype effect, p < 0.05) (Figure 3A). The body weight
of both mice decreased in response to 14 days of unloading and was restored after 7 days of reloading
(Figure 3A). The soleus muscle weight relative to the body weight also decreased following the 14-day
unloading, and recovered after 7 and 14 days of reloading for both groups, but the reduction was
attenuated in AMPK-DN mice compared with that in WT mice (Figure 3B). There was no difference in
the muscle weight of both mice groups after 7 days of reloading, but it was higher in AMPK-DN mice
after 14 days reloading (Figure 3B).
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Figure 3. Changes in the body weight and soleus weight after 14 days of hindlimb unloading, and
at 0, 7, and 14 days of reloading. (A) Body weight. (B) Relative soleus weight to body weight.
Values are means ± SE; n = 8 per group. Statistical results of two-way ANOVA (genotype, time, and
genotype × time) are described in the Figure. *, significant difference between genotypes at same time
point. †, significant difference from Pre independent of genotype. ¶, significant difference from R0
independent of genotype.

2.3. Levels of Slow- and Fast-Type Myosin Heavy Chain (MyHC) Isoforms

We examined the levels of slow-type I and fast-type IIa, IIx, and IIb MyHC isoforms in the soleus
muscle (Figure 4). Owing to a technical limitation, IIa and IIx MyHC phenotypes were expressed as
IIa/x. MyHC I levels decreased following 14 days of unloading, but there was no difference between
their levels in WT and AMPK-DN mice (Figure 4A). The MyHC IIa/x level was lower in AMPK-DN
mice than that in WT mice during the overall experimental period (genotype effect, p < 0.05), but
no change was observed following unloading and reloading (Figure 3B). The MyHC IIb level was
higher in AMPK-DN mice than that in WT mice during the overall experimental period (genotype
effect, p < 0.05) (Figure 4C). The levels did not change by unloading, but increased after seven days of
reloading in both mice groups (Figure 4C).
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Figure 4. Changes in relative levels of myosin heavy chain (MyHC) isoforms in the soleus muscles
after 14 days of hindlimb unloading, and at 0, 7, and 14 days of reloading. (A) MyHC I. (B) MyHC
IIa/x. (C) MyHC IIb. Representative image is shown. Values are means ± SE; n = 8 per group.
Statistical results of two-way ANOVA (genotype, time, and genotype × time) are described in the
Figure. †, significant difference from Pre independent of genotype.

2.4. Sirtuin 1 (SIRT1) Activity and Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1-α
(PGC1α) mRNA Levels

To clarify the role of SIRT1 and PGC1α in the changes in the AMPK-mediated phenotype during
muscle mass change, SIRT1 activity and PGC1α mRNA levels were examined (Figure 5). SIRT1 activity
increased following 7 days of reloading, but it was similar in the WT and AMPK-DN mice (Figure 5A).
No difference was observed in the PGC1α mRNA level between WT and AMPK-DN mice during the
overall experimental period (Figure 5B). The PGC1α mRNA level was not changed after 14 days of
unloading, but it decreased in response to 7 days of reloading in both mice groups (Figure 5B).
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Figure 5. Changes in sirtuin 1 (SIRT1) activity and peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC1α) mRNA expression after 14 days of hindlimb unloading, and at 0, 7, and
14 days of reloading. (A) SIRT1 activity; n = 3 per group. (B) PGC1α mRNA; n = 8 per group. Values
are means ± SE. Statistical results of two-way ANOVA (genotype, time, and genotype × time) are
described in the Figure. †, significant difference from Pre independent of genotype. ¶, significant
difference from R0 independent of genotype.

2.5. 72-kDa Heat-Shock Protein (HSP72) Levels

HSP72 levels were determined to examine the relationship between HSP72 and AMPK-mediated
skeletal muscle atrophy and regrowth (Figure 6). The HSP72 level was higher in AMPK-DN mice than
that in WT mice during the overall experimental period (genotype effect, p < 0.05) (Figure 6B). HSP72
levels increased following 7 days of reloading, which remained unchanged throughout the 14 days of
reloading in both mice groups (Figure 6).
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Figure 6. Changes in the 72-kDa heat shock protein (HSP72) expression after 14 days of hindlimb
unloading, and at 0, 7, and 14 days of reloading. Representative immunoblots are shown. Values
are means ± SE. Statistical results of two-way ANOVA (genotype, time, and genotype × time) are
described in the Figure. †, significant difference from Pre independent of genotype. ¶, significant
difference from R0 independent of genotype.

3. Discussion

The present study reports the following novel findings with respect to the role of AMPK in
muscle mass change and fiber-type shift during unloading and reloading. First, AMPKα2 activity
is suppressed in response to the reloading procedure (Figure 2). Second, the regrowth of soleus
muscle weight in response to reloading was accelerated in AMPK-DN mice after seven days reloading
(Figure 3). Third, AMPK-DN mice showed a higher proportion of MyHC IIb than WT mice, and
the slow-to-fast transition of MyHC isoforms was identical in WT and AMPK-DN mice (Figure 4).
Fourth, no difference was observed between the mice in response to unloading- and reloading-induced
changes of SIRT1 activity and PGC1α mRNA levels (Figure 5). Fifth, AMPK-DN mice showed higher
levels of HSP72 (Figure 6) in the soleus muscles than WT mice.

It is accepted that diminished loading leads to skeletal muscle atrophy, and increased loading
following unloading induces regrowth [2–6]. Fourteen days of hindlimb unloading showed a 30%
decrease in the soleus muscle mass of WT mice, whereas it was attenuated in AMPK-DN mice
(Figure 3A). Such atrophic responses of the soleus muscles were in accordance with those seen in our
previous study, which used the same procedures [13]. Our findings did not show the upregulation of
AMPKα1 and α2 activity in response to 14 days of unloading (Figure 2). A previous study reported
that AMPK signaling was activated at the early phase (three days) of unloading and returned to the
basal level at 7 days [26]. This may be why we could not detect the upregulation of AMPK activity
after 14 days of unloading.

The difference in muscle weight disappeared following seven days reloading. Interestingly,
the difference was expanded again after 14 days reloading (Figure 3B). This suggests that the lack
of AMPK activity promotes regrowth of atrophied skeletal muscles, especially in the latter phase of
recovery. AMPK is known to be a negative regulator of muscle hypertrophy, and this is supported by
our findings that AMPKα2 activity is greatly suppressed during the reloading (hypertrophy) phase
(Figure 2B). A previous report has shown that AMPK phosphorylation was suppressed by seven days
of reloading following unloading in mouse heart muscle [27]. Therefore, reduction of AMPK activity
(mainly α2) might contribute to progress in skeletal muscle regrowth. To our knowledge, this is the
first study to report on the association of AMPK with regrowth from unloading-induced atrophy of
skeletal muscles.

92



Int. J. Mol. Sci. 2018, 19, 2954

The soleus muscles of adult mice have high levels of slow-type I and fast-type IIa MyHC,
and low levels of fast-type IIx or IIb MyHC [4]. Unloading results in a slow-to-fast transition
of MyHC isoforms [4,15], whereas reloading reverses it [28]. We saw that 14 days of unloading
decreased MyHC I levels and tended to increase MyHC IIa and IIb levels (Figure 4), suggesting that a
slow-to-fast transition of MyHC isoforms occurred. In addition, the 14 days of reloading induced a
fast-to-slow transition of MyHC. However, the transition occurred identically in WT and AMPK-DN
mice. This suggests that AMPK does not play a role in unloading- and reloading-induced transition of
MyHC isoforms. On the other hand, we found that AMPK-DN mice exhibited an increased proportion
of MyHC IIb (Figure 4C) and decreased proportion of MyHC IIa/x (Figure 4B). These results indicate
that lack of AMPK activity (mainly α2) leads to slow-to-fast transition of muscle fiber type, suggesting
that AMPK is associated with a regulation of skeletal muscle fiber-type distribution, as has been
suggested [16–18].

SIRT1 is a key modulator of cell proliferation, hormone response, stress response, apoptosis, and
cell metabolism [29]. AMPK and SIRT1 both regulate each other and share many common target
molecules, including PGC1α [30]. Previous studies have shown that AMPK regulates muscle formation
through SIRT1- or PGC1α-dependent mechanisms [20,21]. Moreover, SIRT1 and PGC1α both protect
skeletal muscles from denervation-induced atrophy [31,32], suggesting that they both are important
regulators of skeletal muscle mass. Here, no difference was observed between the WT and AMPK-DN
mice in response to the unloading- and reloading-induced change of PGC1α mRNA levels (Figure 5B),
and no significant difference in SIRT1 activity between the mice (Figure 5A). However, AMPK-DN mice
exhibited higher SIRT1 activity after 14 days of reloading compared with that in WT mice, although
this was not statistically significant. Moreover, considering that PGC1α expression and activity are
controlled by posttranslational modifications [33], more detailed experiments are needed to make clear
the involvement of SIRT1 and PGC1α in AMPK-mediated regrowth of atrophied muscle.

HSP72 is one of the most prominent members of the HSP family. Previous studies have shown that
HSP72 levels increase under hypertrophic conditions [34,35], whereas they decrease under atrophic
conditions [13,29]. Moreover, we have previously shown that an HSP-dependent mechanism underlies
the AMPK-mediated inhibition of skeletal muscle hypertrophy [9]. Thus, HSP72 possibly plays an
important role in muscle mass regulation. In the present study, we found that the HSP72 levels in the
soleus muscles of AMPK-DN mice were higher than those in WT mice (Figure 6). In this regard, it has
been shown that overexpressing HSP72 in transgenic mice prevents immobilization-induced skeletal
muscle atrophy [36], and improves skeletal muscle recovery from unloading-induced atrophy [37].
We therefore hypothesized that the protection from atrophy and acceleration of regrowth of skeletal
muscles in AMPK-DN mice was partly attributable to the high levels of HSP72.

Previously, we have shown that AMPK controlled hypertrophy and atrophy of skeletal muscle
through protein degradation systems [9]. In addition, it has been shown that AMPK maintained muscle
cell size through protein synthesis pathways [10]. Skeletal muscle mass is ultimately determined
by balancing protein synthesis and degradation, and thus our findings that the suppression of
AMPK activity attenuated unloading-induced atrophy and accelerated regrowth of skeletal muscle
are probably attributed to changes in protein turnover systems, for example, mammalian target
of rapamycin signaling, autophagy, and the ubiquitin-proteasome system. Therefore, further
investigations measuring protein turnover systems are required to validate AMPK-mediated muscle
mass regulation during unloading and reloading.

In conclusion, our current results indicate that AMPK mediates the progress of atrophy of skeletal
muscles during unloading, and regrowth of atrophied muscles following reloading. To the best of our
knowledge, this is the first report to show the effect of AMPK on skeletal muscle adaptations following
recovery from unloading-induced atrophy. Our findings contribute to understanding the complex
molecular responses during loading-associated skeletal muscle adaptations.
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4. Materials and Methods

4.1. Animals

Transgenic mice expressing a dominant-negative mutant of AMPKα1 in the skeletal muscles [22]
were purchased from the Laboratory Animal Resource Bank at the National Institute of Biomedical
Innovation (Resource No. nbio085, Osaka, Japan). Male 12–16 week old AMPK-DN mice (n = 32) and
WT littermate mice (n = 32) with C57BL/6NCr background were used. All mice were housed in an
animal room maintained at 22–24 ◦C with a 12-h light–dark cycle, and were fed a standard laboratory
diet with water given ad libitum. All animal-related protocols were performed in accordance with
the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the National
Institutes of Health (Bethesda, MD, USA), and were approved by the Animal Use Committee at
Toyohashi SOZO University (A2012002, approved 7 August 2012; A2013003, approved 6 August 2013;
and A2014003, approved 27 August 2014).

4.2. Procedure of Hindlimb Suspension and Ambulation Recovery

The hindlimbs of both AMPK-DN and WT mice were continuously suspended for 14 days as
described previously [38]. After 14 days, the mice were allowed ambulation recovery. Eight mice of
each strain were killed at baseline (untreated pre-experimental control: Pre), and at 0 (R0), 7 (R7) and
14 (R14) days of ambulation recovery (Figure 1). Their soleus muscles were dissected under anesthesia
with intraperitoneal injection of sodium pentobarbital (50 mg/kg). The muscles were trimmed of
excess fat and connective tissues, weighed, frozen in liquid nitrogen, and stored at −80 ◦C. The left
soleus muscle was cross-sectionally sliced into halves at the mid-belly region, and the proximal half of
the left soleus muscle was immediately frozen in 2-methylbutane cooled with liquid nitrogen, and
stored at −80 ◦C for immunohistochemical analyses. The distal half of the left soleus muscle was used
for real-time RT-PCR analysis, and the right soleus muscle was used for western blotting.

4.3. Sample Preparation and Western Blotting

Sample preparation and western blotting were performed as described previously [34,39]. Briefly,
the muscles were homogenized in ice-cold lysis buffer (CelLytic MT, Sigma–Aldrich, St. Louis, MO,
USA) containing a protease/phosphatase inhibitor (5872, Cell Signaling Technology, Danvers, MA,
USA). The homogenates were then centrifuged at 16,000× g for 15 min at 4 ◦C. The supernatant
was collected and solubilized in Laemmli’s sample buffer containing mercaptoethanol and was then
boiled. Protein samples (10 μg) were separated by SDS-PAGE using a 10% polyacrylamide gel, after
which the proteins were transferred onto polyvinylidene difluoride membranes. Next, the membranes
were blocked for 1 h at room temperature in Blocking One-P (Nacalai Tesque, Kyoto, Japan), and
then incubated overnight at 4 ◦C with primary antibodies: HSP72 (ADI-SPA-812, Enzo Life Sciences,
Farmingdale, NY, USA), and β-actin (4967, Cell Signaling Technology); and diluted in Tris-buffered
saline with 0.1% Tween 20 (TBS-T). The membranes were then washed with TBS-T and treated with
anti-rabbit IgG (7074, Cell Signaling Technology) for 1 h at room temperature. After the final wash
with TBS-T, protein bands were visualized using chemiluminescence (Wako Pure Chemical Industries,
Osaka, Japan). The intensity of the signals was quantified using ImageJ (National Institutes of Health,
Bethesda, MD, USA). The level of β-actin was evaluated as an internal control.

4.4. Real-Time RT-PCR Analyses

Real-time RT-PCR analyses were performed as was described previously [35]. Briefly, total RNA
was extracted from muscles using the miRNeasy Mini kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol. For the detection of mRNA, the RNA was reverse-transcribed
to cDNA using PrimeScript RT Master Mix (Takara Bio, Otsu, Japan), and then synthesized
cDNA was applied to real-time RT-PCR (Thermal Cycler Dice Real Time System IIMRQ, Takara
Bio) using Takara SYBR Premix Ex Taq II (Takara Bio). Relative fold change of expression was
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calculated by the comparative CT method. To normalize the amount of total RNA present in
each reaction, S18 ribosomal RNA (18S rRNA) was used as an internal standard. The following
primers were used: PGC1α (Ppargc1a), 5′-GCTGCATGGTTCTGAGTGCTAAG-3′ (forward) and
5′-AGCCGTGACCACTGACAACGAG-3′ (reverse); 18S rRNA, 3′-ACTCAACACGGGAAACCTCA-5′

(forward) and 3′-AACCAGACAAATCGCTCCAC-5′ (reverse).

4.5. Myosin Heavy Chain (MyHC) Isoform Detection

Analysis of MyHC isoform (I, IIa, IIx, and IIb) levels was performed using a previously described
method, albeit with a modification [40,41]. Briefly, the homogenate sample proteins (5 μg) were
separated by SDS-PAGE using a 7% polyacrylamide gel at 120 V for 19 h in a temperature-controlled
chamber at 4 ◦C. After electrophoresis, the gels were stained with Oriole™ Fluorescent Gel Stain
(Bio-Rad Laboratories, Hercules, CA, USA). The gels were visualized using Light-Capture (AE-6971,
ATTO Corporation, Tokyo, Japan) and analyzed using ImageJ.

4.6. Sirtuin 1 (SIRT1) Activity Assay

SIRT1 activity was determined using the SIRT1 Fluorometric Assay Kit (AS-72155, AnaSpec,
Fremont, CA, USA) according to the manufacturer’s instructions. Fluorescence was measured using a
fluorometric reader (Fluoroskan FL, ThermoFisher Scientific, Waltham, MA, USA) with excitation at
490 nm and emission at 520 nm.

4.7. 5′AMP-Activated Protein Kinase (AMPK) Activity Assay

The kinase activities of α1-containing AMPK complex (AMPKα1) and α2-containing AMPK
complex (AMPKα2) were measured as described previously [39]. The supernatants from the muscle
homogenates (50 μg protein) were incubated with either the anti-α1 or -α2 antibody [42] and Protein
A Sepharose beads (Amersham Biosciences, Uppsala, Sweden) at 4 ◦C overnight. The beads were
subjected to the kinase reaction using the SAMS peptide as a substrate.

4.8. Statistical Analyses

All values were expressed as means ± SE. Statistical significance was analyzed using two-way
analysis of variance (ANOVA), with genotype (WT and AMPK-DN) and time (Pre, R0, R7, and R14)
as the main factors. If there was significant time effect, post hoc multiple-comparison tests were
performed among groups (Pre, R0, R7, and R14). If there were any significant interactions (genotype
× times), post hoc simple-effects tests were performed. Post hoc analyses were conducted with
Tukey–Kramer’s test. The differences between groups were considered statistically significant at
p < 0.05.
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Abbreviations

AMPK 5′AMP-activated protein kinase
AMPK-DN dominant-negative mutant of AMPKα1
AMPKα1 α1-containing AMPK complex
AMPKα2 α2-containing AMPK complex
ANOVA analysis of variance
HSP72 72-kDa heat shock protein
MyHC myosin heavy chain
PGC1α peroxisome proliferator-activated receptor gamma coactivator 1-alpha
TBS-T Tris buffered saline with 0.1% Tween 20
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Abstract: Exercise, contraction, and pharmacological activation of AMP-activated protein kinase
(AMPK) by 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) have all been shown to
increase muscle insulin sensitivity for glucose uptake. Intriguingly, improvements in insulin
sensitivity following contraction of isolated rat and mouse skeletal muscle and prior AICAR
stimulation of isolated rat skeletal muscle seem to depend on an unknown factor present in serum.
One study recently questioned this requirement of a serum factor by showing serum-independency
with muscle from old rats. Whether a serum factor is necessary for prior AICAR stimulation to
increase insulin sensitivity of mouse skeletal muscle is not known. Therefore, we investigated the
necessity of serum for this effect of AICAR in mouse skeletal muscle. We found that the ability of
prior AICAR stimulation to improve insulin sensitivity of mouse skeletal muscle did not depend
on the presence of serum during AICAR stimulation. Although prior AICAR stimulation did not
enhance proximal insulin signaling, insulin-stimulated phosphorylation of Tre-2/BUB2/CDC16-
domain family member 4 (TBC1D4) Ser711 was greater in prior AICAR-stimulated muscle compared
to all other groups. These results imply that the presence of a serum factor is not necessary for prior
AMPK activation by AICAR to enhance insulin sensitivity of mouse skeletal muscle.

Keywords: exercise; glucose uptake; AMP-activated protein kinase; TBC1D4; AS160

1. Introduction

Skeletal muscle accounts for the vast majority of whole body glucose disposal in response
to insulin [1]. Because muscle insulin resistance is a major cause of metabolic diseases such as
type 2 diabetes [2], identifying molecular mechanisms involved in the regulation of muscle insulin
sensitivity is central for the development of pharmacological therapies. Interestingly, exercise in
the form of running and swimming, as well as contraction of isolated muscle has been shown to
increase insulin sensitivity for glucose uptake in healthy and insulin resistant skeletal muscle [3–11].
Recently, we have provided genetic evidence to support that the insulin-sensitizing effect of exercise,
contraction, and 5-aminoimidazole-4-carboxaminde ribonucleotide (AICAR) stimulation is dependent
of AMP-activated protein kinase (AMPK) in skeletal muscle [11,12].

Improved muscle insulin sensitivity after contraction, AICAR stimulation, and presumably
exercise further seems to depend on an unknown humoral factor present in serum [13,14]. Initial
findings point towards one (or several) serum protein(s), as isolated muscle stimulated to contract
in trypsin-treated serum does not exhibit enhanced insulin sensitivity [15]. Importantly, it has been
shown that the origin of the serum factor is of no importance and is not specific for the individual
species as serum collected from fasting and resting humans and rats promotes contraction-induced
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improvements in insulin sensitivity of rat skeletal muscle equally well [15]. Although much effort has
been devoted to uncover the identity of the serum factor(s) [15–18], this has yet to be identified.

Evidence implies that a serum factor is necessary for improving insulin sensitivity after contraction
of isolated rodent skeletal muscle [13–16,19] as well as after AICAR stimulation of rat skeletal
muscle [14]. One study recently questioned this requirement of a serum factor by demonstrating
improved insulin sensitivity after prior AICAR stimulation of isolated skeletal muscle from old rats
in the absence of serum [20]. Therefore, we investigated whether the effect of AICAR on insulin
sensitivity for glucose uptake in isolated mouse extensor digitorum longus (EDL) was dependent on
the presence of serum, as this is currently unknown. Additionally, we examined AMPK and insulin
signaling in collected muscle samples that may support the molecular and mechanistic signature of
AICAR-induced improvements of muscle insulin sensitivity.

2. Results

2.1. Acute Serum Stimulation Does Not Affect Basal or AICAR-Stimulated Glucose Uptake in Mouse
Skeletal Muscle

Glucose uptake increased in EDL muscle in response to acute AICAR stimulation (Figure 1A).
Neither basal nor AICAR-stimulated glucose uptake was affected by the presence of serum
(Figure 1A,B).

Figure 1. Acute serum- and 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR)-stimulated
glucose uptake in isolated mouse skeletal muscle. (A) 2-deoxyglucose (2-DG) uptake in isolated
extensor digitorum longus (EDL) muscle from C57Bl/6 mice in response to 50 min of serum and/or
AICAR stimulation; (B) Delta 2-DG uptake (AICAR minus control) in Krebs Ringer buffer (KRB) and
serum-stimulated muscles. Data were analyzed by a two-way repeated-measures analysis of variance
(ANOVA) and a Student’s t-test, respectively. *** p < 0.001 indicates main effect of AICAR. Values are
means ± SEM. n = 8 in all groups.

Alongside the increase in glucose uptake, acute AICAR stimulation increased phosphorylation of
AMPK Thr172, acetyl-CoA carboxylase (ACC) Ser212, Tre-2/BUB2/CDC16-domain family member 1
(TBC1D1) Ser231, and Tre-2/BUB2/CDC16-domain family member 4 (TBC1D4) Ser711 compared to
control muscles (Figure 2A–D). Of these phosphorylation sites, only phosphorylation of AMPK Thr172
increased in skeletal muscle when incubated in serum (Figure 2A) compared to the standard serum-free
incubation buffer. As downstream targets of AMPK was unaffected by the presence of serum, this may
indicate that serum does not affect AMPK activity in incubated skeletal muscle. Besides a small
decrease of AMPKα2 protein content in serum-incubated muscles, total protein abundance of the
measured proteins was not affected by serum and AICAR stimulation.
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Figure 2. AMP-activated protein kinase (AMPK) signaling in isolated mouse skeletal muscle following
acute serum and AICAR stimulation. (A) Phosphorylation of AMPK Thr172; (B) Acetyl-CoA
carboxylase (ACC) Ser212; (C) Tre-2/BUB2/CDC16-domain family member 1 (TBC1D1) Ser231; and (D)
Tre-2/BUB2/CDC16-domain family member 4 (TBC1D4) Ser711, in isolated EDL muscle from C57Bl/6
mice in response to 50 min of serum and/or AICAR stimulation; (E) Representative immunoblots.
Data were analyzed by a two-way repeated-measures ANOVA. *** p < 0.001 and ** p < 0.01 indicate
main effect of AICAR. $$$ p < 0.001 indicates main effect of serum. Values are means ± SEM. n = 8 in
all groups. A.U., arbitrary units.

2.2. The Absence of Serum Does Not Influence the Ability of Prior AICAR Stimulation to Increase Mouse
Muscle Insulin Sensitivity

As acute AICAR stimulation increased glucose uptake and AMPK-related downstream signaling
similarly in EDL muscle incubated in the presence or absence of serum, we tested whether serum was
in fact necessary for prior AICAR stimulation to increase muscle insulin sensitivity. We found that
insulin sensitivity was increased 6 h after prior AICAR stimulation in mouse EDL muscle regardless
of whether or not serum was present during AICAR stimulation (Figure 3A). Thus, the incremental
increase in insulin-stimulated glucose uptake was significantly higher in prior AICAR-stimulated
muscle independent of serum presence (Figure 3B).
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Figure 3. Enhanced insulin sensitivity after prior AICAR stimulation in isolated mouse skeletal muscle
incubated in the absence or presence of serum. (A) Basal and submaximal insulin-stimulated 2-DG
uptake in isolated EDL muscle from C57Bl/6 mice 6 h after prior AICAR stimulation in KRB or serum.
(B) Delta 2-DG uptake (insulin minus basal) in prior control and AICAR-stimulated muscles. Data were
analyzed by a three-way repeated-measures ANOVA and a two-way ANOVA, respectively. Possible
interactions between groups are indicated in the figure. ** p < 0.01 indicates main effect of AICAR.
Values are means ± SEM. n = 4–6 and n = 8–12 in serum and KRB group, respectively.

2.3. Increased Muscle Insulin Sensitivity Coincides with Elevated AMPK Signaling

Since we have previously reported intracellular signaling in prior serum- and AICAR-stimulated
mouse EDL muscle [12], we decided to evaluate intracellular signaling only in EDL muscle incubated
without serum. Previously we have shown that AMPK signaling is elevated in isolated muscle
6 h into recovery from acute AICAR and serum stimulation [12]. Concomitantly, we found that
phosphorylation of AMPK Thr172, ACC Ser212, and TBC1D1 Ser231 was also increased 6 h after prior
AICAR stimulation in muscle incubated without serum (Figure 4A–C). No change in total protein
expression of AMPKα2, ACC, TBC1D1, Glucose transporter 4 (GLUT4), and Hexokinase II (HK-II)
was found 6 h into recovery from acute AICAR stimulation.

Figure 4. AMPK signaling in isolated mouse skeletal muscle after prior AICAR stimulation in
serum-free incubation buffer. (A) Phosphorylation of AMPK Thr172; (B) ACC Ser212; and (C)
TBC1D1 Ser231 in isolated EDL muscle from C57Bl/6 mice 6 h after prior AICAR stimulation in
KRB; (D) Representative immunoblots. Data were analyzed by a two-way repeated-measures ANOVA.
** p < 0.01 and * p < 0.05 indicate main effect of AICAR. *** p < 0.001 indicates effect of AICAR within
group. ### p < 0.001 indicates effect of insulin within AICAR. Values are means ± SEM. n = 8 and n = 12
in control and AICAR group, respectively. A.U., arbitrary units.
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2.4. Insulin-Stimulated Phosphorylation of Akt Thr308 and Ser473 Is Not Affected by Prior
AICAR Stimulation

Several observations indicate that improvements in muscle insulin sensitivity following
exercise, contraction, and AICAR stimulation occur in the absence of elevated proximal insulin
signaling [7,11,12,14,21–23]. In line, we found that submaximal insulin-stimulated phosphorylation of
Akt Thr308 and Ser473 was similar between control and prior AICAR-stimulated muscles incubated
without serum (Figure 5A,B). No change in total protein expression of Akt2 was found 6 h into recovery
from acute AICAR stimulation.

Figure 5. Akt signaling in isolated mouse skeletal muscle after prior AICAR stimulation in serum-free
incubation buffer. Insulin-stimulated phosphorylation of (A) Akt Thr308 and (B) Ser473 in isolated EDL
muscle from C57Bl/6 mice 6 h after prior AICAR stimulation in KRB. (C) Representative immunoblots.
Data were analyzed by a two-way repeated-measures ANOVA. ### p < 0.001 indicates main effect of
insulin. Values are means ± SEM. n = 8 and n = 11 in control and AICAR group, respectively. A.U.,
arbitrary units.

2.5. Insulin-Stimulated Phosphorylation of TBC1D4 Ser711 Is Elevated in Prior AICAR-Stimulated Muscle

Phosphorylation of TBC1D4 has been shown to be important for insulin-stimulated glucose
uptake in skeletal muscle [24,25] and evidence suggests that TBC1D4 may relay improvements in
insulin sensitivity of muscle previously stimulated with AICAR and serum [12]. We found that
insulin-stimulated phosphorylation of TBC1D4 Ser595 and Thr649 was similar between control and
prior AICAR-stimulated muscles incubated without serum (Figure 6A,B). In contrast, phosphorylation
of AMPK downstream target TBC1D4 Ser711 was significantly higher in prior AICAR- and
insulin-stimulated muscle compared to all other groups (Figure 6C), signifying a potential role of
TBC1D4 Ser711 for regulating muscle insulin sensitivity. No change in total protein expression of
TBC1D4 was found 6 h into recovery from acute AICAR stimulation.
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Figure 6. TBC1D4 signaling in isolated mouse skeletal muscle after prior AICAR stimulation in
serum-free incubation buffer. Insulin-stimulated phosphorylation of (A) TBC1D4 Thr649; (B) Ser595;
and (C) Ser711 in isolated EDL muscle from C57Bl/6 mice 6 h after prior AICAR stimulation in KRB;
(D) Representative immunoblots. Data were analyzed by a two-way repeated-measures ANOVA.
### p < 0.001 indicates main effect of insulin. *** p < 0.001 indicates main effect of AICAR. Values are
means ± SEM. n = 8 and n = 12 in control and AICAR group, respectively. A.U., arbitrary units.

3. Discussion

Here, we demonstrate that improved insulin sensitivity after prior AICAR stimulation of isolated
mouse skeletal muscle does not require the presence of serum. Additionally, we show that the
insulin-sensitizing effect of AICAR occurs independently of elevated proximal insulin signaling but
coincides with elevated insulin-stimulated phosphorylation of TBC1D4 Ser711, a known downstream
target of AMPK. Thus, our data suggest that a serum factor is not needed for prior pharmacological
activation of AMPK to enhance insulin sensitivity of mouse skeletal muscle in contrast to previous
assumptions [12].

It has previously been suggested that the presence of a serum factor is necessary for improved
insulin sensitivity after prior AICAR stimulation of rat epitrochlearis muscle [14]. The data presented
herein oppose the findings by Fisher et al. [14], though the muscles studied differed with regards to type,
species, and gender. However, a recent study reported that prior AICAR stimulation improved insulin
sensitivity of rat epitrochlearis muscle in the absence of serum [20], emphasizing that the discrepancies
observed between the present study and that of Fisher et al. [14] are not due to differences in muscle
type or species. Since Oki et al. [20] and Fisher et al. [14] investigated muscle from old (24 months-old)
and young (likely ~6 weeks-old) rats, respectively, the observed difference could be due to an effect
of age somehow affecting the necessity of a serum factor to mediate improvements in muscle insulin
sensitivity after prior AICAR stimulation. However, the mice used in the present study were young,
suggesting that, at least in mice, the ability for pharmacological AMPK activation to increase skeletal
muscle insulin sensitivity in the absence of serum is not restricted to aged muscle.
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Since we investigated muscle from female mice in the present study, data presented here and
in the study by Fisher et al. [14], where a serum factor was found necessary for AICAR-induced
improvement of insulin sensitivity in muscle from young male rats, suggests that a gender difference
may be responsible for the observed discrepancy. Whether a serum factor is indeed needed for prior
AICAR stimulation to improve insulin sensitivity of young male mouse muscle is not known at present.
Interestingly though, in a recent study, serum was found necessary for prior contraction to improve
insulin sensitivity of isolated skeletal muscle from young male mice [19]. As such, we cannot exclude
that gender-related differences in skeletal muscle may exist and therefore influence whether or not
a serum factor has to be present for AICAR to improve muscle insulin sensitivity.

We found that acute serum stimulation of isolated mouse muscle did not affect glucose uptake
or phosphorylation of TBC1D4. This is in contrast to another study showing that acute serum
stimulation increases glucose uptake in isolated rat skeletal muscle as well as phosphorylation of Akt
and TBC1D4 [23]. These findings were likely due to the presence of insulin in serum, as the authors
reported a similar increase in glucose uptake and phosphorylation of TBC1D4 when incubating
rat muscle in serum-free buffer with an insulin concentration equivalent to that found in the used
serum [23]. We speculate that the inconsistency between this and the aforementioned study with
regards to the acute effects of serum stimulation may relate to the use of serum from different species.
Thus, although serum was obtained from healthy male rats [23] and humans (the present study) in
the fasted and rested condition, fasting insulin concentrations in rat serum are typically twice as high
of that found in human serum [26,27]. This may be the cause of the observed differences in glucose
uptake and cellular signaling between the two studies.

Several studies have reported that the increase in muscle insulin sensitivity after exercise,
contraction, and AICAR stimulation occurs independently of enhanced proximal insulin signaling
(e.g., from insulin binding to Akt activity) [7,11,12,14,21–23]. In line, we found that insulin-stimulated
phosphorylation of Akt Thr308 and Ser473 was similar between control and prior AICAR-stimulated
muscles although glucose uptake was not.

We have previously reported that AMPK downstream signaling is increased in isolated
muscle 6 h after prior AICAR and serum stimulation [12]. Furthermore, this increase seems to
depend on a persistent increase in AMPK α2β2γ3 activity, which likely regulates muscle insulin
sensitivity [12]. In prior AICAR- but non-serum-stimulated muscle, we also found a persistent
increase in phosphorylation of AMPK Thr172 and downstream targets ACC Ser212 and TBC1D1
Ser231 indicating that prior AICAR stimulation improves insulin sensitivity similarly in serum and
non-serum treated muscles. Interestingly, elevated phosphorylation of AMPK Thr172, ACC Ser212 and
TBC1D1 Ser231 is not found in insulin-sensitized rodent skeletal muscle after prior contraction [11,23]
even though activity of the AMPK α2β2γ3 complex is increased [11]. Thus, despite that differences
in phosphorylation of AMPK targets are observed between prior contracted and AICAR-stimulated
skeletal muscle, increased activity of the AMPK α2β2γ3 complex is found during both conditions
supporting the notion that AICAR and contraction improve muscle insulin sensitivity via the AMPK
α2β2γ3 complex.

TBC1D4 is a Rab GTPase-activating protein involved in the regulation of GLUT4 trafficking [28].
In skeletal muscle, TBC1D4 is phosphorylated by Akt, which seems important for increasing glucose
uptake in response to insulin [24,25,29]. TBC1D4 is also targeted at Ser711 by AMPK during exercise,
contraction, and acute AICAR stimulation [11,30]. Importantly, phosphorylation of TBC1D4 Ser711
seems to be regulated directly by the AMPK α2β2γ3 complex [11] but it does not seem to affect muscle
glucose uptake per se [30]. Several findings have pointed towards a role of TBC1D4 in regulating
muscle insulin sensitivity given its function as a point of convergence for exercise (AMPK) and insulin
(Akt) signaling. Indeed, recent evidence from our muscle-specific AMPK transgenic mouse models
supports the notion of an AMPK-TBC1D4 signaling axis involved in the regulation of muscle insulin
sensitivity as both improvements in insulin-stimulated glucose uptake and phosphorylation of TBC1D4
Ser711 are abrogated in AMPK-deficient muscle after prior in situ contraction as well as prior AICAR
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stimulation of serum-incubated muscle [11,12]. In accordance, we found that insulin-stimulated
phosphorylation of TBC1D4 was increased at Ser711 in prior AICAR-stimulated muscle concomitant
with enhanced insulin sensitivity.

Taken together, improved insulin sensitivity of mouse skeletal muscle after prior pharmacological
activation of AMPK by AICAR does not require the presence of a serum factor. This is in contrast to
findings in prior contracted and AICAR-stimulated skeletal muscle from young male rats in which
one (or several) unknown serum factor(s) seems important to enhance insulin sensitivity [13–16,23].
Moreover, considerable evidence points toward an important role of elevated phosphorylation of
TBC1D4 Ser711 for enhancing muscle insulin sensitivity after AMPK activating stimuli, signifying the
importance of the upstream regulator AMPK.

4. Materials and Methods

4.1. Animals

All animal experiments were approved by the Danish Animal Experiments Inspectorate
(#2014-15-2934-01037, approved 4 March 2014) and complied with the EU convention for the protection
of vertebra used for scientific purposes (Council of Europe, Treaty 123/170, Strassbourg, France,
1985/1998). Animals used in this study were C57Bl/6J female mice from Taconic (Ejby, Denmark).
Young mice (19.9 ± 1.9 g [means ± SD]) were maintained on a 12:12 hour light-dark cycle with free
access to standard rodent chow and water. Serum was obtained from a healthy man (Body Mass Index:
24.1 kg/m2, 34 years of age) in the overnight fasted and rested state (blood glucose concentration
= 5.4 mmol/L). The serum was collected by antecubital venous catheter and kept frozen at −26 ◦C
until used and was not refrozen for later use. Collection of human serum was approved by the Ethics
Committee of Copenhagen (#H-3-2012-140, approved 29 November 2012) and complied with the
ethical guidelines of the Declaration of Helsinki II. Informed consent was obtained from the serum
donor before entering the study.

4.2. Muscle Incubations

Fed animals were anesthetized by an intraperitoneal injection of Pentobarbital (10 mg/100 g body
weight) before EDL muscles were isolated and suspended in incubation chambers containing Krebs
Ringer buffer (KRB) as previously described [12]. In short, EDL muscles were incubated for 50 min
in the absence or presence of 1 mmol/L AICAR (Toronto Research Chemicals, Toronto, ON, Canada)
in KRB or 100% human serum. Subsequent to AICAR stimulation, muscles were allowed to recover
for 6 h in KRB supplemented with 5 mmol/L of D-glucose after which they were incubated in KRB
with or without a submaximal insulin concentration (100 μU/mL, 30 min). 2-deoxyglucose (2-DG)
uptake was measured during the last 10 min of the 30 min stimulation period by adding 1 mmol/L
[3H]2-DG (0.028 MBq/mL) and 7 mmol/L [14C]mannitol (0.0083 MBq/mL) to the incubation medium.
For glucose uptake measurements in response to acute AICAR and serum stimulation, EDL muscles
were incubated in KRB or 100% human serum for 50 min with or without 1 mmol/L AICAR. Following
stimulation all muscles were washed in KRB for 1 min before 2-DG uptake was measured during
a 10 min incubation period. For measurements of acute AICAR-stimulated muscle glucose uptake,
AICAR was present in the incubation medium throughout the entire incubation period. For all
incubations, 2-DG uptake was determined as previously described [11].

4.3. Muscle Processing, Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE), and
Western Blot Analyses

Muscles were homogenized as previously described [12] and lysates were collected and frozen
in liquid nitrogen for subsequent analyses. The bicinchoninic acid method was used to determine
total protein abundance in muscle lysates. Lysates were boiled in Laemmli buffer and subjected to
SDS-PAGE and immunoblotting as previously described [12].
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4.4. Antibodies

Primary antibodies against Akt2 (#3063), pAkt-Ser473 (#9271), pAkt-Thr308 (#9275),
pAMPKα-Thr172 (#2531), pACC-Ser79/212 (#3661), pTBC1D4-Ser588 (mouse: Ser595) (#8730), and
pTBC1D4-Thr642 (mouse: Thr649) (#8881) were from Cell Signaling Technology (Danvers, MA, USA)
Antibody against pTBC1D1-Ser231 (#NRG-1848963) was from Millipore (Burlington, MA, USA),
AMPKα2 antibody (#SC-19131) and Hexokinase II were from Santa Cruz (Dallas, TX, USA)(#SC-6521)
while GLUT4 antibody (#PA1-1065) was from Thermo Fisher Scientific (Waltham, MA, USA). ACC
protein was detected using horseradish peroxidase-conjugated streptavidin from Dako (Glostrup,
Denmark), (#P0397). TBC1D1 and TBC1D4 protein as well as phosphorylation of TBC1D4-Ser711 were
detected using antibodies as previously described [30,31].

4.5. Statistics

Data are presented as the means ± SEM unless stated otherwise. Results on cellular signaling
are presented in figures as relative to the basal or control group levels within the given experiment.
An unpaired Student’s t-test (Figure 1B) as well as three-way (Figure 3A) and two-way (remaining
figures) ANOVA with and without repeated measures were used to assess statistical differences.
The Student–Newman–Keuls test was used for post hoc testing. Main effects are indicated with lines
comprising the affected groups and symbols in Figure 4B represent post hoc test corrected p-values. *,
#, and $ indicate effects of AICAR, insulin, and serum, respectively. Statistical significance was defined
as p < 0.05.
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2-DG 2-deoxyglucose
ACC Acetyl-CoA carboxylase
AICAR 5-aminoimidazole-4-carboxamide ribonucleotide
AMPK AMP-activated protein kinase
ANOVA Analysis of variance
A.U. Arbitrary units
EDL Extensor digitorum longus
GLUT4 Glucose transporter 4
HK-II Hexokinase II
KRB Krebs Ringer buffer
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
TBC1D1 Tre-2/BUB2/CDC16-domain family member 1
TBC1D4 Tre-2/BUB2/CDC16-domain family member 4
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Abstract: Protein kinase B (Akt) is a key enzyme in the insulin signalling cascade, required for
insulin-stimulated NO production in endothelial cells (ECs). Previous studies have suggested
that AMP-activated protein kinase (AMPK) activation stimulates NO synthesis and enhances
insulin-stimulated Akt activation, yet these studies have largely used indirect activators of AMPK.
The effects of the allosteric AMPK activator A769662 on insulin signalling and endothelial function
was therefore examined in cultured human macrovascular ECs. Surprisingly, A769662 inhibited
insulin-stimulated NO synthesis and Akt phosphorylation in human ECs from umbilical veins
(HUVECs) and aorta (HAECs). In contrast, the AMPK activators compound 991 and AICAR had
no substantial inhibitory effect on insulin-stimulated Akt phosphorylation in ECs. Inhibition of
AMPK with SBI-0206965 had no effect on the inhibition of insulin-stimulated Akt phosphorylation
by A769662, suggesting the inhibitory action of A769662 is AMPK-independent. A769662 decreased
IGF1-stimulated Akt phosphorylation yet had no effect on VEGF-stimulated Akt signalling in
HUVECs, suggesting that A769662 attenuates early insulin/IGF1 signalling. The effects of A769662
on insulin-stimulated Akt phosphorylation were specific to human ECs, as no effect was observed
in the human cancer cell lines HepG2 or HeLa, as well as in mouse embryonic fibroblasts (MEFs).
A769662 inhibited insulin-stimulated Erk1/2 phosphorylation in HAECs and MEFs, an effect that
was independent of AMPK in MEFs. Therefore, despite being a potent AMPK activator, A769662 has
effects unlikely to be mediated by AMPK in human macrovascular ECs that reduce insulin sensitivity
and eNOS activation.

Keywords: AMP-activated protein kinase; protein kinase B; Akt; insulin signalling; A769662;
endothelial function

1. Introduction

Endothelial cells (ECs) are essential for modulation of vascular homeostasis and signal
transduction [1], including the production and regulation of vascular tone, modulation of inflammatory
responses and maintenance of an anti-atherogenic phenotype of vascular smooth muscle cells
(VSMCs) [1]. Being the downstream target of phosphoinositide (PI) 3-kinase (PI3K), protein kinase
B (Akt) is one of the key kinases regulating cell survival, cell-cycle progression and metabolism [2].
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Under physiological conditions, insulin [3], VEGF [4] or IGF1 [5] stimulation rapidly leads to increased
Akt activity by increasing Ser473 and Thr308 phosphorylation.

In healthy subjects, insulin acts as a vasodilator, stimulating calcium-independent NO synthesis
in cultured human aortic ECs (HAECs) through Akt-mediated phosphorylation of endothelial nitric
oxide synthase (eNOS) Ser1177 and Ser615 [6]. However, in murine models of diabetes and people with
diabetes, impaired insulin-stimulated blood flow and NO bioavailability have been demonstrated [7].
Decreased NO bioavailability leads to endothelial dysfunction in animal models and human subjects,
increasing risk of cardiovascular events and pro-inflammatory signalling in the vasculature [8].

AMP-activated protein kinase (AMPK) is a heterotrimeric serine/threonine protein kinase
sensitive to intracellular AMP levels which acts as a master regulator of energy metabolism [9,10].
AMPK is activated in response to an increase in the intracellular (AMP + ADP):ATP ratio
and simultaneous AMPKα Thr172 phosphorylation by the upstream kinases liver kinase B1 or
calcium/calmodulin-dependent protein kinase kinase β [9,10]. Activated AMPK inhibits anabolic
processes which consume ATP [9,10], reduces inflammation [11,12], inhibits endothelial cell
proliferation [13], stimulates mitochondrial biogenesis [14], and increases insulin sensitivity [9,15],
making it an attractive pharmacological target for diabetes and cardiovascular pathologies [10]. There
are 12 differentially expressed AMPK isoforms, each composed of catalytic α1/α2, and regulatory
β1/β2 and γ1/γ2/γ3 subunits [9,10], allowing a specialised cellular and systemic response to different
metabolic stimuli [10].

Previous studies have reported that AMPK activation improved insulin sensitivity and energy
homeostasis, and attenuated inflammatory signalling in insulin-sensitive tissues, such as muscle [14],
liver [16,17] and adipose tissue [11,18] as well as ECs [12,15]. Several AMPK activators have been
shown to increase NO synthesis in HAECs in an AMPK-dependent manner [10]. Nevertheless, it is
unclear whether all AMPK activators improve insulin sensitivity and vascular function, as previous
studies have largely been conducted using a variety of compounds that activate AMPK by altering
cellular nucleotide ratios, including rosiglitazone, resveratrol, metformin and canagliflozin or mimic
AMP, such as AICAR (5-amino-4-imidazolecarboxamide ribonucleoside) [12,19–22].

In the last 15 years, there has been considerable effort to develop AMPK-selective small-molecule
activators, resulting in the development of A769662 [23], the discovery of salicylate as an AMPK
activator and, more recently, the development of compound 991—a compound 5–10-fold more potent
than A769662 [24]. A769662 is an allosteric activator that binds complexes containing AMPKβ1,
also inhibiting AMPKα Thr172 dephosphorylation [24,25]. Since being first described as an AMPK
activator, some AMPK-independent effects of A769662 have been reported [26–29], yet it remains
a commonly utilised pharmacological tool for selective AMPK activation. The effects of A769662
on insulin signalling and insulin-stimulated Akt/eNOS axis activation in primary human ECs were
therefore determined.

2. Results

2.1. Insulin-Stimulated Signalling and NO Production are Reduced by A769662 in Human Endothelial Cells

Stimulation of HUVECs with concentrations of insulin above 0.1 μM robustly stimulated
phosphorylation of Akt at Ser473 and Thr308 (Supplementary Figure S1), similar to concentrations
of insulin previously demonstrated to be required for insulin-stimulated NO synthesis in cultured
endothelial cells [30]. All subsequent experiments were therefore conducted using 1 μM insulin.
To examine the effect of A769662 on HUVEC insulin signalling, cells were preincubated in the presence
or absence of A769662 prior to stimulation with insulin and NO synthesis and the extent of Akt
phosphorylation assessed. Insulin modestly increased NO synthesis, yet insulin-stimulated NO
synthesis was lost upon preincubation with A769662 (Figure 1A).
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Figure 1. The effect of A769662 on insulin-stimulated NO production and Akt phosphorylation in
HUVECs. (A) HUVECs were stimulated with A769662 (50 μM, 45 min) prior to insulin (1 μM, 15 min),
conditioned media collected and NO production assessed. Data (mean ± SEM) shown from three
independent replicates. (B–E) HUVECs were stimulated with A769662 (50 μM, 45 min) or AICAR
(2 mM, 45 min) prior to insulin (51 μM, 15 min) and cell lysates prepared. Proteins were resolved by
SDS-PAGE and immunoblotted with the antibodies indicated. (B) Representative immunoblots from
three biological replicates with molecular weight markers indicated. Phospho-Akt Thr308 protein levels
were assessed by stripping and re-probing the membranes. Densitometric quantification of (C) ACC,
(D) Akt Ser473 and (E) Akt Thr308 phosphorylation normalised to β-tubulin or Akt (mean ± SEM).
* p < 0.05, ** p < 0.01, relative to absence of insulin. # p < 0.05, ## p <0.01 relative to absence of
AMPK activator.

A769662 (50 μM, 45 min) increased AMPK activity, assessed by immunoblotting of AMPK-specific
ACC (acetyl CoA carboxylase) Ser79 phosphorylation (Figure 1B,C), yet insulin had no effect on
ACC phosphorylation. The inhibition of NO production was associated with markedly reduced
insulin-stimulated phosphorylation of Akt at Ser473 and Thr308 (Figure 1D,E). In contrast, the AMPK
activator AICAR, which is converted to the AMP mimetic ZMP in cells, increased basal and
insulin-stimulated Akt Ser473 and Thr308 phosphorylation (Figure 1D,E), despite activating AMPK
to a similar degree as assessed by ACC Ser79 phosphorylation (Figure 1C). Furthermore, the direct
AMPK activator compound 991, which allosterically activates AMPK at the same site as A769662 [31],
had no effect on basal or insulin-stimulated Akt Thr308 phosphorylation, and only modestly reduced
insulin-stimulated Akt Ser473 phosphorylation by 10% despite activating AMPK to a similar extent
(Figure 2).
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Figure 2. The effect of compound 991 on insulin-stimulated Akt phosphorylation in HUVECs.
HUVECs were stimulated with compound 991 (5 μM, 45 min) prior to insulin (1 μM, 15 min) and
cell lysates prepared. Proteins were resolved by SDS-PAGE and immunoblotted with the antibodies
indicated. (A) Representative immunoblots from three biological replicates with molecular weight
markers indicated. Phospho-Akt Thr308 protein levels were assessed by stripping and re-probing
the membranes. Densitometric quantification of (B) ACC Ser79, (C) Akt Ser473 and (D) Akt Thr308
phosphorylation normalised to ACC or Akt (mean ± SEM). *** p < 0.001, **** p <0.0001 relative to
absence of insulin. # p <0.05 relative to absence of compound 991.

To examine the relationship between AMPK activation and inhibition of insulin-stimulated
Akt phosphorylation by A769662, the concentration dependence of either effect of A769662 was
assessed. Significant A769662-mediated stimulation of ACC phosphorylation was achieved with
50–100 μM A769662 (Figure 3A,B). A769662 decreased both insulin-stimulated Akt Ser473 and
Thr308 phosphorylation in HUVECs in a concentration-dependent manner (Figure 3A), whereby
100 μM A769662 significantly inhibited Akt S473 phosphorylation and the statistical significance of
insulin-stimulated Akt phosphorylation at either site was lost at concentrations above 10 μM A769662
(Figure 3C,D).

Furthermore, the time dependence of the inhibitory effect of A769662 on insulin-stimulated Akt
phosphorylation was assessed. A769662 (50 μM) rapidly stimulated ACC phosphorylation in HUVECs
within 5 min, an effect that was sustained for at least 2 h (Figure 3E,F). The inhibitory effect of A769662
on insulin-stimulated Akt Ser473 phosphorylation occurred similarly rapidly within 5 min and was
sustained for 1 h (Figure 3E,G).

To determine whether the inhibition of insulin-stimulated Akt phosphorylation in ECs was
AMPK-dependent, similar experiments were conducted after prior incubation in the SBI-0206965,
which has recently been described as a selective inhibitor of AMPK [32]. Preincubation with 30 μM
SBI-0206965 completely inhibited A769662-stimulated ACC Ser79 phosphorylation (Figure 4A,B),
yet had no effect on the inhibition of insulin-stimulated Akt phosphorylation at Ser473 or Thr308
(Figure 4A,C,D), further indicating that the inhibitory effect of A769662 was AMPK-independent.
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Figure 3. A769662 decreases Akt phosphorylation in a concentration- and time-dependent manner in
HUVECs. HUVECs were stimulated with (A–D) the indicated concentrations of A769662 for 45 min or
(E–G) 50 μM A769662 for the indicated durations prior to insulin (1 μM, 15 min). Cell lysates were
prepared and immunoblotted with the antibodies indicated. (A,E) Representative immunoblots from
three independent biological replicates with molecular weight markers indicated. Total ACC protein
level was assessed by stripping and re-probing the membranes. Densitometric quantification of (B,F)
ACC Ser79, (C,G) Akt Ser473 and (D) Akt Thr308 phosphorylation (mean ± SEM). * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001 relative to absence of insulin. # p < 0.05, ## p < 0.01, ### p < 0.001 relative to
absence of A769662.
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Figure 4. SBI-0206965 inhibits A769662-stimulated AMPK activation without altering inhibition of
insulin-stimulated Akt phosphorylation in HUVECs. HUVECs were stimulated with A769662 (50 μM,
45 min) prior to insulin (1 μM, 15 min) after preincubation in the presence or absence of SBI-0206965 (SBI,
30 μM, 30 min) and cell lysates prepared. Proteins were resolved by SDS-PAGE and immunoblotted
with the antibodies indicated. (A) Representative immunoblots from six biological replicates with
molecular weight markers indicated. Densitometric quantification of (B) ACC, (C) Akt Ser473 and
(D) Akt Thr308 phosphorylation normalised to total ACC or Akt (mean ± SEM). * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001 relative to absence of insulin. ## p < 0.01, ### p < 0.001, #### relative to
absence of A769662. $$ p < 0.01, $$$ p < 0.001, $$$$ p < 0.0001 relative to absence of SBI-0206965.

2.2. Insulin Signalling and Insulin-Stimulated NO Production are Significantly Decreased in
A769662-Treated HAECs

To determine whether this inhibition of insulin signalling was conserved in ECs from other
regions of the vasculature, insulin-stimulated NO synthesis and signalling were assessed in HAECs.
A769662 (50 μM) markedly inhibited insulin-stimulated NO synthesis (Figure 5A), an effect associated
with reduced insulin-stimulated phosphorylation of Akt Ser473 (Figure 5B,C). To examine whether
insulin signalling through an alternative pathway independent of PI3K was influenced by A769662,
insulin-stimulated Erk1/2 phosphorylation was assessed. Intriguingly, A769662 significantly inhibited
insulin-stimulated Erk1/2 phosphorylation (Figure 5B,D).

To examine whether the inhibitory action of A769662 on insulin-stimulated Akt phosphorylation
was observed in non-endothelial cell lines, similar experiments were conducted in the HeLa tumour
and HepG2 hepatoma cell lines. Preincubation with A769662 (50 μM, 45 min) or compound 991

(5 μM, 60 min) significantly increased ACC Ser79 phosphorylation in both HeLa (Supplementary
Figure S2) and HepG2 cells (Supplementary Figure S3) to a similar extent. Unlike HUVECs,
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preincubation with A769662 had no statistically significant effect on basal or insulin-stimulated Akt
Ser473 phosphorylation in either cell line, although the statistical significance of the effect of insulin was
lost upon preincubation with A769662 in HeLa cells (Supplementary Figure S2C,D). Compound 991 did
not affect insulin-stimulated Akt Ser473 and Thr308 phosphorylation in HepG2 cells (Supplementary
Figure S3C,D) yet intriguingly did increase insulin-stimulated Akt Ser473 and Thr308 phosphorylation
in HeLa cells (Supplementary Figure S2C,D). The inhibition of insulin-stimulated Akt Ser473
phosphorylation by preincubation with A769662 therefore seems to be restricted to ECs, and it is not
observed in insulin-sensitive human cell lines.

 

Figure 5. The effect of A769662 on insulin-stimulated NO synthesis and signalling in HAECs.
(A) HAECs were stimulated with the indicated concentrations of A769662 prior to insulin stimulation
(1 μM, 15 min). Conditioned media was collected and NO production assessed. (B–D) HAECs were
incubated with 50 μM A769662 for 45 min prior to insulin stimulation (1 μM) for the indicated durations.
Cell lysates were prepared and immunoblotted with the antibodies indicated. (B) Representative
immunoblots from three independent biological replicates with molecular weight markers indicated.
(C,D) Densitometric quantification (mean ± SEM) of (C) Akt Ser473 or (D) Erk1 Thr202/Tyr204
phosphorylation normalised to total Akt or Erk1 levels respectively (mean ± SEM). * p < 0.05, ** p < 0.01
relative to absence of insulin. # p < 0.05, relative to absence of A769662.
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2.3. A769662 Inhibits Insulin-Stimulated Erk1/2 Phosphorylation in an AMPK-Independent Manner

To further assess the AMPK-dependence of the inhibition of insulin-stimulated Akt and Erk1/2
phosphorylation by A769662, SV40-immortalised wild-type (WT) or AMPK knockout (KO) mouse
embryonic fibroblasts (MEFs) [33] were stimulated with insulin after prior incubation in the presence or
absence of A769662 (Figure 6). A769662 (100 μM, 30 min) robustly stimulated ACC phosphorylation in
WT MEFs and ACC phosphorylation was undetectable in KO MEFs (Figure 6A). Insulin stimulated Akt
Ser473 and Erk1/2 phosphorylation to a similar extent in cells from either genotype, yet A769662 had
no effect on insulin-stimulated Akt Ser473 phosphorylation in either genotype (Figure 6B). In contrast,
insulin-stimulated Erk1/2 phosphorylation was significantly inhibited by preincubation with A769662
in cells of either genotype (Figure 6C), indicating an AMPK-independent effect.

 

Figure 6. The effect of A769662 on insulin-stimulated Akt and Erk1/2 phosphorylation in wild-type
and AMPK knockout MEFs. Wild-type (WT) and AMPK knockout (KO) MEFs were pre-incubated
with A769662 (100 μM, 30 min) prior to insulin stimulation (1 μM, 15 min). Cell lysates were prepared,
proteins resolved by SDS-PAGE and immunoblotted with the antibodies indicated. (A) Representative
immunoblots from four independent biological replicates with molecular weight markers shown.
(B,C) Densitometric quantification of (B) Akt Ser473 or (C) Erk2 Thr202/Tyr204 phosphorylation
normalised to total Akt or Erk2 levels respectively (mean ± SEM). ** p < 0.01, *** p < 0.001, **** p < 0.0001
relative to absence of insulin. # p < 0.05, ## p < 0.01 relative to absence of A769662.

2.4. A769662 Inhibits IGF1-Stimulated Akt Ser473 Phosphorylation but Has No Effect on VEGF Signalling

To examine whether A769662 inhibits Akt phosphorylation in response to growth factors other
than insulin in ECs, the effect of A769662 on IGF-1 and VEGF were assessed in HUVECs. VEGF
(10 ng/mL, 10 min) stimulated a significant increase in Erk1 Thr202/Tyr204 phosphorylation, yet
there was only a trend towards an increase in Akt Ser473 phosphorylation (Figure 7). In contrast,
IGF1 (25 ng/mL, 10 min) significantly stimulated Akt Ser473 phosphorylation and tended to increase
Erk1 Thr202/Tyr204 phosphorylation (Figure 7). Preincubation with A769662 significantly increased
ACC Ser79 phosphorylation (Figure 7B) and modestly inhibited IGF1-stimulated Akt phosphorylation
(Figure 7C). Although previous studies from our laboratory have shown VEGF stimulated AMPK
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activity after 5 min [34,35], stimulation with VEGF for 10 min only tended to increase ACC Ser79
phosphorylation in HUVECs (Figure 7B). This disparity may reflect the difference in incubation
time, as in previous studies, VEGF stimulated transient ACC Ser79 phosphorylation that reached a
maximum at 5 min and decreased rapidly after this point [34]. Furthermore, in contrast to the inhibitory
action of A769662 on insulin-stimulated Erk1/2 phosphorylation observed in HAECs (Figure 5), IGF-1
significantly stimulated Erk1/2 phosphorylation only in the presence of A769662 (Figure 7D).

 

Figure 7. A769662 tends to attenuate IGF1-stimulated Ser473 Akt phosphorylation but has no effect on
VEGF signalling in HUVECs. HUVECs were stimulated with A769662 (50 μM 45 min) prior to VEGF
(10 ng/mL, 10 min) or IGF1 (25 ng/mL, 10 min). Cell lysates were prepared, proteins resolved by
SDS-PAGE and immunoblotted with the antibodies indicated. (A) Representative immunoblots from
four independent biological replicates with molecular weight markers indicated. Total ACC protein
level was assessed by stripping and re-probing the membranes. (B–D) Densitometric quantification
of (B) ACC Ser79, (C) Akt Ser473 or (D) Erk1 Thr202/Tyr204 phosphorylation normalised to total
ACC, Akt or α-tubulin levels respectively (mean ± SEM). * p < 0.05, ** p < 0.01, *** p < 0.001 relative to
absence of IGF1/VEGF. # p < 0.05, #### p < 0.0001 relative to absence of A769662.

2.5. AMPK Complexes Containing α1 and β1 Isoforms Contribute the Majority of Total Cellular AMPK
Activity in HAECs

A769662 and compound 991 selectively activate AMPK complexes containing the β1 regulatory
subunit [31]. It has previously been demonstrated that HepG2 cells principally express AMPKβ1,
whereas HeLa cells express both AMPKβ1 and AMPKβ2 [36], yet the proportion of AMPKβ1/β2
complexes in endothelial cells has not been reported. The activities of AMPK complexes containing
specific AMPKβ and α isoforms was therefore assessed in HAECs. Complexes containing AMPKβ1
accounted for approximately 60% of the total cellular AMPK activity and AMPKβ2 the remaining 40%
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in HAECs. As previously reported, complexes containing AMPKα1 represent the majority (~95%) of
total cellular AMPK activity in HAECs [21] (Figure 8).

 

Figure 8. Activities of complexes containing specific AMPK isoforms in HAECs. AMPK was
immunoprecipitated from HAEC lysates (100 μg) and AMPK activity assessed in immunoprecipitates
by incorporation of 32P from [γ-32P]ATP into SAMS peptide. AMPK activity is presented as U/mg
lysate protein (1 U = 1 nmol 32P incorporated into SAMS peptide/min). Results shown are mean ± SEM
activity from three independent experiments.

3. Discussion

This study demonstrates that A769662 inhibited the effects of insulin on Akt phosphorylation
and NO synthesis in ECs, but had no substantive effect on Akt phosphorylation in MEFs, HeLa or
HepG2 cells. This action of A769662 was not attenuated when AMPK activity was inhibited, and was
not recapitulated by the alternative AMPK activators compound 991 and AICAR, suggesting this is
an AMPK-independent action of A769662. In addition, A769662 inhibited insulin-stimulated Erk1
phosphorylation in ECs and MEFs, an effect that was still apparent in MEFs lacking AMPK activity.
Taken together, these data suggest an EC-specific action of A769662 on early insulin signalling that is
independent of AMPK.

Previous studies have demonstrated multiple beneficial effects of AMPK activation on insulin
signalling, lipid and plasma glucose levels [17,23,37,38]. In ECs, AMPK activation has been reported
to stimulate NO synthesis and angiogenesis while inhibiting pro-inflammatory signalling and reactive
oxygen species synthesis [10]. Most of these studies have used AMPK activators that either indirectly
activate AMPK through the inhibition of mitochondrial ATP synthesis, such as metformin, berberine
and resveratrol or mimic AMP, such as AICAR [39]. As a consequence, these AMPK activators also have
numerous other effects that are not mediated by AMPK. In contrast, A769662 and compound 991 are
direct allosteric activators of AMPK that selectively or show a bias toward activating AMPK complexes
containing the β1 regulatory subunit isoform [31]. Few studies have examined the endothelial effects
of A769662, although it has been reported to inhibit antioxidant gene expression [40,41], viability and
proliferation [13,32] and proinflammatory signalling [12,42] in human ECs. Furthermore, compound
991 has been also reported to inhibit proinflammatory signalling in ECs [12].

It is, therefore, surprising that A769662 inhibited insulin-stimulated NO synthesis in HUVECs
and HAECs, as many studies report that AMPK activation stimulates NO synthesis [10]. Indeed,
A769662 stimulates activating eNOS Ser1177 phosphorylation in hearts and AICAR and resveratrol
have been reported to improve impaired insulin-mediated vascular responses in rodents [43–45].
Endothelial AMPK activation is not always associated with eNOS phosphorylation or NO synthesis,
however [46,47], and the lack of insulin-stimulated NO synthesis in A769662-stimulated HAECs and
HUVECs is likely to be a consequence of reduced insulin-stimulated Akt phosphorylation, since Akt
is required for the activation of eNOS by insulin [48]. A769662 also decreased IGF1-stimulated Akt
phosphorylation. Insulin and IGF1 both activate Akt [49], differing only in the initial step, as they
bind to the insulin receptor (IR) and IGF1 receptor (IGF1R) respectively. In addition, IGF1R and
IR share enough structural similarity to allow interchangeable binding of IGF1 and insulin [49,50].
Although IGF1 has a higher affinity for IGF1R, IGF1 may still bind IR and vice-versa. This may explain
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why A769662 seems to have a more modest effect on IGF1-stimulated Akt Ser473 phosphorylation,
as IGF1 signalling may recruit distinct populations of IR substrate (IRS) proteins compared to
insulin [51]. On the other hand, unlike insulin and IGF1, VEGF signalling does not utilise IRSs
to recruit PI3K and was unaffected by A769662 preincubation [52]. As both Akt Ser473 and Thr308
phosphorylation were inhibited by A769662 in ECs, this suggests that A769662 does not simply inhibit
the kinases that phosphorylate those sites, mammalian target of rapamycin complex 2 (mTORC2)
or phosphoinositide-dependent protein kinase-1 (PDK1) respectively [2]. In addition, A769662 also
inhibited insulin-stimulated Erk1/2 phosphorylation in ECs and MEFs, which is activated by a
pathway separate to that of Akt after insulin receptor activation [53]. Importantly, A769662 also
inhibited insulin-stimulated Erk1/2 phosphorylation in MEFs lacking AMPK, demonstrating that this
effect is AMPK-independent. A769662 has previously been demonstrated to have no direct effect on
the activity of Akt or PDK1, although it did inhibit the Erk1 kinase, mitogen-activated protein kinase
kinase-1 (MKK1), in vitro [54]. In contrast, IGF-1-stimulated Erk1 phosphorylation was accentuated
by A769662 in HUVECs, such that direct inhibition of MKK1 by A769662 may not simply underlie
the inhibition of insulin-stimulated Erk1/2 phosphorylation. Taken together, these data indicate that
A769662 inhibits at the level of the insulin/IGF-1 receptor or a receptor-associated protein, thereby
inhibiting both pathways.

The inhibition of insulin-stimulated Akt phosphorylation by A769662 in ECs was not recapitulated
by either compound 991 or AICAR, both of which activate AMPK to a similar degree. Compound
991 allosterically activates AMPK at a similar site to A769662 [31], whereas AICAR is phosphorylated
to the AMP-mimetic, ZMP within cells [39]. Indeed, AICAR increased basal and insulin-stimulated
Akt phosphorylation in ECs, in agreement with previous reports [15,21]. As both Akt Ser473 and
Thr308 phosphorylation increased, this likely reflects stimulation of PI3K or earlier signalling events by
AICAR, independent of AMPK activation. Given that the inhibition of Akt phosphorylation was still
observed in ECs in which AMPK activity had been completely inhibited by SBI-0206965 and the lack of
effect of compound 991 despite the similar mechanism by which compound 991 activates AMPK, these
data indicate an AMPK-independent action of A769662 on insulin-stimulated Akt phosphorylation,
although it occurs with a similar concentration to that required for AMPK activation.

Intriguingly, the inhibitory effect of A769662 on insulin-stimulated Akt activation was limited
to ECs, as it was not observed in MEFs, HeLa or HepG2 cells, although the statistical significance
of stimulation by insulin was lost in HeLa cells preincubated with A769662. A769662 (100 μM) has
been demonstrated previously to inhibit basal Akt Ser473 phosphorylation in prostate cancer cell
lines, yet stimulated Akt Ser473 phosphorylation at a lower concentration (50 μM) [55]. Indeed,
previous studies have shown no effect of A769662 on insulin-stimulated Akt activation in rat adult
cardiomyocytes, human myotubes or L6 cells [29,56,57]. In contrast to this neutral effect reported in
striated muscle cells, A769662 has also been reported to stimulate glucose uptake in muscle cells by
increasing PI3K association with IRS1, suggesting an AMPK-independent effect that increased Akt
activity [58]. In addition, high concentrations of A769662 stimulated Akt phosphorylation in a manner
sensitive to the PI3K inhibitor, wortmannin in CHO cells expressing the δ-opioid receptor [59]. It is
clear, therefore, that A769662 influences Akt differentially in different cell types, providing further
evidence that these effects are not mediated by AMPK.

In addition, we demonstrate that preincubation of HeLa cells, but not HepG2 cells or ECs, with
compound 991 increased insulin-stimulated Akt phosphorylation. These data argue for a cell-type
specific/selective effect of A769662 on insulin signalling, whereby only A769662 markedly reduces
insulin signalling in ECs and insulin-stimulated Erk1/2 phosphorylation in ECs and MEFs. This
cell-type selectivity could be related to differential expression of IR/IGF1R between cell types. HUVECs
have been previously reported to have approximately 400,000 IGF1R/cell and 40,000 IR/cell [30].
Furthermore, according to the updated version of Human Protein Atlas (https://www.proteinatlas.
org/) [60], HepG2 and HeLa cells have been reported to express 21.9 and 27.5 IGF1R transcripts per
million (TPM), respectively and 15.9 and 1.9 IR TPM respectively [61]. Higher IR levels could preserve
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insulin-stimulated Akt and Erk1 phosphorylation by increasing the number of activated receptors
and signal intensity. The high relative IR expression levels in HepG2 cells may therefore explain why
A769662 had no effect on attenuation of insulin signalling in this cell line, whereas in HUVECs and
HAECs, which have lower IR expression levels, there was such a marked effect of A769662.

It is unlikely that the differential effects of A769662 in the different cell types can be explained
by differences in AMPK isoform expression, due to the selectivity of A769662 and compound
991 [31]. Both compounds would be expected to activate AMPK complexes containing β1, and
complexes containing AMPKβ1 were found to contribute ~60% of the total cellular AMPK activity
in HAECs. It has previously been reported that HepG2 cells principally express AMPKβ1, whereas
HeLa cells express both AMPKβ1 and AMPKβ2 [36]. This further indicates that the inhibition of
insulin signalling in ECs by A769662 is an AMPK-independent effect and unrelated to differential
actions on specific pools of AMPK within ECs, as all the cell types investigated express abundant
AMPKβ1 levels. As AMPK-independent effects of A769662, including inhibition of 26S proteasome
activity in MEFs, voltage-gated Na+ channels in rat neurons and the Na+/K+ ATPase in L6
cells [26,28,29] have been reported previously, inhibition of insulin signalling in ECs may similarly be
considered AMPK-independent. In addition, A769662 was recently reported to promote vasorelaxation
in rabbit and rat arteries by reducing cytosolic Ca2+ levels, by an endothelium-dependent yet
AMPK-independent manner [62].

In conclusion, A769662 decreases insulin-stimulated NO synthesis and Akt Ser473
phosphorylation in HUVECs and HAECs in a manner likely to be independent of AMPK. Furthermore,
A769662 decreases insulin-stimulated Erk1/2 phosphorylation in a manner that is AMPK-independent
in MEFs and HAECs. Taken together, these data demonstrate that caution should be exercised when
interpreting data obtained using A769662 as a tool in cultured human endothelial cells.

4. Materials and Methods

4.1. Materials

Cryopreserved HUVECs, HAECs and MV2 medium were purchased from Promocell (Heidelberg,
Germany). SV40-immortalised wild-type and AMPKα1 and AMPKα2 knock-out MEFs were kindly
provided by Dr. B. Viollet (Institut Cochin, Paris, France) and have been described previously [33].
HeLa and HepG2 cells were obtained from ATCC (Manassas, VA, USA). IGF1, VEGF, SBI-0206965 and
porcine insulin were purchased from Sigma Aldrich (St. Louis, MO, USA). AICAR was purchased
from Toronto Research Chemicals Inc. (Ontario, ON, Canada). Compound 991 was synthetised
by MRC Technology. A769662 and mouse anti-β-tubulin (#11307) antibodies were purchased from
Abcam (Cambridge, UK). Rabbit anti-phospho-Akt Thr308 (#13038), anti-phospho-Akt Ser473 (#4058),
anti-ERK1/2 (#9102), anti-phospho-ACC Ser79 (#3661), anti-ACC (#3676), anti-α-tubulin (#2144) and
mouse anti-Akt (#2920) and anti-phospho-p44/42 Erk1/2 (Thr202/Tyr204) (#9106) antibodies were
from New England Biolabs UK (Hitchin, UK). Sheep anti-AMPKα1, anti-AMPKα2, anti-AMPKβ1
and anti-AMPKβ2 antibodies used for immunoprecipitation of AMPK complexes containing specific
subunit isoforms were a kind gift from Professor D.G. Hardie (University of Dundee) and have been
described previously [39,63,64]. IRdye680 or 800-labelled donkey anti-mouse IgG (#926-32212) and
anti-rabbit IgG (#926-68023 and #926-32213) antibodies were from LI-COR Biosciences (Lincoln, UK).
Medium 199, RPMI 1640 and DMEM (4.5 g/L glucose) were from Life Technologies (Paisley, UK).

4.2. Cell Culture and Experimental Design

HAECs and HUVECs were cultured in MV2 medium supplemented with EC growth factor mix,
5% (v/v) serum (Promocell). HUVECs and HAECs were utilised between passages 3 and 6. MEFs
and HeLa cells were cultured in DMEM supplemented with 10% (v/v) foetal calf serum. HepG2 cells
were cultured in RPMI 1640 supplemented with 10% (v/v) foetal calf serum, 1 mM sodium pyruvate.
Once cells reached 90–100% confluence, HUVECs/HAECs were incubated in serum-free Medium 199
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and HeLa cells and HepG2 cells were incubated with serum-free DMEM for 2 h and then with AMPK
activators prior to stimulation with insulin (1 μM), VEGF (10 ng/mL) or IGF1 (25 ng/mL). Cells were
placed on ice and washed with PBS prior to lysis in Triton X-100-based lysis buffer (50 mM Tris-HCl,
pH 7.4 at 4 ◦C, 50 mM NaF, 1 mM Na4P2O7, 1 mM EDTA, 1 mM EGTA, 1% (v/v) Triton-X-100, 250 mM
mannitol, 1 mM DTT, 1 mM Na3VO4, 0.1 mM benzamidine, 0.1 mM PMSF, 5 μg/mL SBTI). Cell
lysates were scraped into microcentrifuge tubes and incubated on ice for 20 min, centrifuged (5 min,
21,910× g, 4 ◦C) and the subsequent supernatants stored at −20 ◦C. Lysate protein concentrations
were determined using Bradford or BCA methods, as previously described [6,21].

4.3. SDS-Polyacrylamide Gel Electrophoresis and Immunoblotting

Cell lysate proteins were resolved by SDS-PAGE and immunoblotted with antibodies diluted in
50% (v/v) LI-COR blocking buffer in TBS containing 0.1% (v/v) Tween-20 as described previously [13].
Proteins were visualised using infrared dye-labelled secondary antibodies on a LI-COR Odyssey
infrared imaging system and analysed using the ImageJ software for densitometric quantification of
band intensity. In some cases, indicated in the figure legends, immunoblots were stripped in 0.2 M
NaOH for 10 min, washed multiple times with Tris-buffered saline (TBS) until the pH returned to 7.2,
and then blocked in TBS supplemented with 5% (w/v) milk powder prior to probing with primary
antibodies. In all other cases, immunoblots for phospho- and total protein levels of ACC, Akt and
Erk1/2 were obtained on immunoblots conducted concurrently in parallel.

4.4. NO Assay

HAECs and HUVECs were cultured in 6-well plates until 100% confluent and serum-starved
for 2 h in Medium 199 and then in the presence of Krebs-Ringer-Hepes (KRH) buffer for 20 min.
The medium was replaced and cells incubated in the presence or absence of stimuli in KRH for a
further 15–20 min. Samples of medium (50 μL) were taken at different intervals and 200 μL methanol
added to each. Samples were centrifuged (21,910× g, 4 ◦C, 20 min), and supernatants were stored
at −20 ◦C. NO concentration was determined using a Sievers 280A NO Meter (Sievers, Boulder, CO,
USA) as described previously [21].

4.5. AMPK Assay

AMPK specific isoforms were immunoprecipitated from HAECs using sheep anti-AMPKα1,
anti-AMPKα2 [63], anti-AMPKβ1 [39] or anti-AMPKβ2 [64] antibodies bound to protein G-Sepharose
(1 μg antibody and 5 μL packed volume protein G-Sepharose/immunoprecipitation) in IP buffer
(50 mM Tris-HCl (pH 7.4 at 4 ◦C), 150 mM NaCl, 50 mM NaF, 5 mM Na4P2O7, 1 mM EDTA, 1 mM
EGTA, 1% (v/v) Triton-X-100, 1% (v/v) glycerol, 1 mM DTT, 0.1 mM benzamidine, 1 mM PMSF,
5 μg/mL SBTI, 1 mM Na3VO4). Immunoprecipitates were then washed into HBD buffer (50 mM
HEPES-NaOH (pH 7.4), 0.02% (v/v) Brij-35, 1 mM DTT) and assayed for AMPK activity using SAMS
substrate peptide as described previously [12,35].

4.6. Statistical Analysis

All data is expressed as a relative change (mean ± SEM) from control baseline or normalised to
group of reference for each experiment. Prism software (GraphPad Software, San Diego, CA, USA) was
used to perform one or two-way ANOVA (with Tukey’s or Dunnett’s post hoc multiple comparison
tests), where appropriate, using p < 0.05 as significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/19/12/3886/s1.
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Abstract: AMP-activated protein kinase (AMPK) is frequently reported to phosphorylate Ser1177 of
the endothelial nitric-oxide synthase (eNOS), and therefore, is linked with a relaxing effect. However,
previous studies failed to consistently demonstrate a major role for AMPK on eNOS-dependent
relaxation. As AMPK also phosphorylates eNOS on the inhibitory Thr495 site, this study aimed to
determine the role of AMPKα1 and α2 subunits in the regulation of NO-mediated vascular relaxation.
Vascular reactivity to phenylephrine and acetylcholine was assessed in aortic and carotid artery
segments from mice with global (AMPKα−/−) or endothelial-specific deletion (AMPKαΔEC) of the
AMPKα subunits. In control and AMPKα1-depleted human umbilical vein endothelial cells, eNOS
phosphorylation on Ser1177 and Thr495 was assessed after AMPK activation with thiopental or
ionomycin. Global deletion of the AMPKα1 or α2 subunit in mice did not affect vascular reactivity.
The endothelial-specific deletion of the AMPKα1 subunit attenuated phenylephrine-mediated
contraction in an eNOS- and endothelium-dependent manner. In in vitro studies, activation of
AMPK did not alter the phosphorylation of eNOS on Ser1177, but increased its phosphorylation on
Thr495. Depletion of AMPKα1 in cultured human endothelial cells decreased Thr495 phosphorylation
without affecting Ser1177 phosphorylation. The results of this study indicate that AMPKα1 targets
the inhibitory phosphorylation Thr495 site in the calmodulin-binding domain of eNOS to attenuate
basal NO production and phenylephrine-induced vasoconstriction.

Keywords: endothelial nitric-oxide synthase; vasodilation; phenylephrine; vasoconstriction;
endothelial cells; ionomycin

1. Introduction

AMP-activated protein kinase (AMPK) is activated in response to intracellular energy depletion,
e.g., during insulin resistance when cellular glucose uptake is limited—especially in contracting skeletal
muscle [1] or in cultured cells in the absence of extracellular glucose or hypoxia [2]. Once activated,
AMPK acts to conserve energy by stimulating glucose uptake and mitochondrial biosynthesis, as well
as by stimulating autophagy to provide substrates for metabolism. At the same time, AMPK inhibits
anabolic pathways, such as cholesterol biosynthesis and fatty-acid synthesis, which are not essential
for survival (for a recent review, see Reference [3]). In addition to activation by energy-sensitive stimuli,
AMPK can also be stimulated following cell exposure to cytokines, growth factors, and mechanical
stimuli [4]. In endothelial cells, AMPK was implicated in the inhibition of cell activation [5,6], as well
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as in angiogenesis in vitro [7] and in vivo [8]. These effects are, at least partially, attributed to the
phosphorylation and stimulation of the endothelial nitric-oxide (NO) synthase (eNOS) by AMPK.
This claim was backed up by reports of AMPK-dependent phosphorylation of eNOS (on Ser1177)
following the exposure of cultured endothelial cells to agonists such as the vascular endothelial
growth factor (VEGF) [9] and adiponectin [10], or pharmacological agents including peroxisome
proliferator-activated receptor (PPAR) agonists [11] and statins [12]. Similar reports were also published
using AMPK activators such as 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) [13] and
metformin [14,15], or natural polyphenols like amurensin G [16] or resveratrol [17]. However,
the effects are generally weak and much less impressive than the stimulation seen in response to
hypoxia [7], shear stress [18–20], and thrombin [21] which result in robust AMPK activation.

Evidence for a link between AMPK- and NO-dependent alterations in vascular reactivity
is also not consistent and depends on the model studied. For example, in resistance arteries
in rat hindlimb and cremaster muscles, AICAR induces an NO- and endothelium-independent
relaxation [22]. In mice, small-molecule AMPK activators, PT-1 or A769662, elicit the vasodilation
of mesenteric arteries by decreasing intracellular Ca2+ levels and inducing depolymerization of the
actin cytoskeleton [23,24]. In other studies, AICAR was reported to impair the relaxation elicited
by sodium nitroprusside (SNP), indicating a general effect on smooth-muscle contractility [25].
In genetic models, the situation is not any clearer as the deletion of the AMPKα1 subunit did not affect
acetylcholine (ACh)-induced NO production and relaxation unless mice were treated with angiotensin
II over seven days [26]. Also, in isolated phenylephrine-contracted rings of murine aorta, AICAR
elicited a profound dose-dependent relaxation that was independent of either the endothelium or the
inhibition of eNOS, and mediated by the AMPKα1 subunit in smooth-muscle cells [27]. The most
thorough study investigating the role of endothelial AMPKα subunits on vascular function and blood
pressure reported hypertension in endothelial-specific AMPKα1 knockout mice; however, in the
mesentery artery, the effect was attributed to the opening of charybdotoxin-sensitive potassium
channels and smooth-muscle hyperpolarization [28]. The global deletion of the AMPKα2 subunit was
also reported to attenuate the ACh-induced relaxation of murine aorta. This effect was attributed to
eNOS uncoupling via an AMPKα2-mediated proteasomal degradation of the GTP cyclohydrolase [29],
which generates the eNOS cofactor, tetrahydrobiopterin. Also, other researchers failed to detect any
evidence for the AMPK-dependent activation of eNOS [30,31]. In this study, we set out to make a more
thorough analysis of the effects of AMPKα1 and AMPKα2 deletion on NO-mediated vascular function.
We also carefully studied changes in eNOS phosphorylation in cultured and native endothelial cells.

2. Results

2.1. Consequences of Global AMPKα Deletion on Vascular Responsiveness

The maximal KCl- and phenylephrine-induced contractions of isolated aortic rings were
indistinguishable between wild-type mice and their corresponding AMPKα1−/− littermates
(Figure 1A,B). However, there was a tendency toward an attenuated contraction in the aortic
rings from the AMPKα1−/− mice and −log half maximal effective concentration (pEC50) values
were −6.899 ± 0.082 and −6.711 ± 0.099 (n = 7, not significant (n.s.)) in rings from wild-type
and AMPKα1−/− mice, respectively. The endothelium- and NO-dependent relaxation elicited by
ACh (Figure 1C), as well as the endothelium-independent relaxation elicited by SNP (Figure 1D),
was identical in vessels from both strains. When experiments were repeated using carotid arteries,
samples from AMPKα1−/− mice demonstrated a slightly weaker contractile response to KCl than
the wild-type mice, as well as a slightly attenuated response to phenylephrine (pEC50 values were
−6.393 ± 0.065 and −5.895 ± 0.093, respectively, (n = 7, n.s.) in rings from wild-type and AMPKα1−/−

mice (Figure S1). Again, there was no apparent difference in relaxant responsiveness to ACh or SNP.
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Figure 1. Consequences of global AMP-activated protein kinase (AMPK) α1 deletion on
vascular reactivity. Vascular reactivity in aortic rings from wild-type (WT) and AMPKα1−/−

(α1−/−) mice. (A) Responsiveness of endothelium-intact aortic rings to KCl (80 mmol/L).
(B–D) Concentration–response curves to (B) phenylephrine (PE), (C) acetylcholine (ACh),
and (D) sodium nitroprusside (SNP). The graphs summarize data obtained from seven animals in
each group.

Similar experiments using arteries from AMPKα2−/− mice gave essentially the same results,
i.e., no significant difference in either the agonist-induced contraction or relaxation of the aorta in
either the presence or absence of a functional endothelium (Figure 2).

Figure 2. Consequences of global AMPKα2 deletion on vascular reactivity. Vascular reactivity in aortic
rings from wild-type (WT) and AMPKα2−/− (α2−/−) mice: (A) contractile response to phenylephrine
(PE) in the presence and absence (−E) of endothelium. (B) Concentration-dependent relaxation due to
acetylcholine. The graphs summarize data obtained from seven animals in each group.
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2.2. Consequence of Endothelial-Specific AMPKα Deletion on Vascular Responsiveness

As the global deletion of AMPK seemed to affect vascular smooth-muscle contraction rather
than NO-mediated relaxation, animals lacking the AMPKα1 or AMPKα2 subunits specifically in
endothelial cells (i.e., AMPKα1ΔEC and AMPKα2ΔEC mice) were generated, and the specificity of the
deletion verified in isolated cluster of differentiation 144 (CD144)-positive pulmonary endothelial cells
(Figure S2A). The deletion of endothelial AMPKα1 did not influence the expression level of AMPKα1
in whole aortic lysates (Figure S2B).

Endothelial-specific deletion of AMPKα1 did not affect the Nω-nitro-L-arginine methyl ester
(L-NAME)-induced contraction of aortic rings (Figure 3A), which is an index of basal Ca2+-independent
NO production under isometric stretch conditions [32], or that induced by KCl (not shown). However,
the ACh-induced relaxation was slightly improved by endothelial-specific AMPKα1 deletion (Figure 3B)
with pEC50 values for ACh of −7.217 ± 0.095 and −7.360 ± 0.076 (n = 14; n.s.) in rings from wild-type
and AMPKα1−/− mice, respectively. An increased production of NO was evident as a markedly impaired
contraction of aortic rings from AMPKα1ΔEC mice compared to rings from wild-type mice to phenylephrine
that was abolished by L-NAME (Figure 3C, Table 1). Similarly, removal of the endothelium with
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) also abrogated the improved
relaxation that was dependent on AMPKα1 deletion (Figure 3D, Table 1).

Figure 3. Consequences of endothelial-specific deletion of AMPKα1 on vascular reactivity. (A) Effect
of Nω-nitro-L-arginine methyl ester (L-NAME; 300 μmol/L) on the tone of aortic rings from
wild-type (WT) and AMPKα1ΔEC (α1ΔEC) mice pre-contracted to 30% of the maximal KCl-induced
contraction by phenylephrine. (B) Concentration-dependent relaxation due to acetylcholine in aortic
rings pre-constricted with phenylephrine from wild-type (WT) and AMPKα1ΔEC (α1ΔEC) mice.
(C,D) Concentration-dependent contraction of aortic rings from wild-type (WT) and AMPKα1ΔEC

(α1ΔEC) mice due to phenylephrine. Experiments were performed in the absence and presence of
L-NAME (300 μmol/L, (C) and in the presence and absence (−E) of functional endothelium (D); n = 10
to 16, ** p < 0.01 AMPKα1ΔEC versus wild type.
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Table 1. The −log half maximal effective concentration (pEC50) values relating to the consequences
of endothelial-specific deletion of AMP activated protein kinase (AMPK) α1 on vascular response to
phenylephrine. Experiments were performed in endothelium intact rings the presence of solvent or
Nω-nitro-L-arginine methyl ester (L-NAME; 300 μmol/L), as well as in endothelium-denuded (−E)
samples from the same animals; n = 10–16.

pEC50 Values Solvent L-NAME −E

Wild type −7.04 ± 0.13 −7.43 ± 0.10 −7.21 ± 0.05
AMPKΔEC −6.77 ± 0.05 * −7.31 ± 0.09 §§ −7.13 ± 0.05 §§

* p < 0.05 versus wild type; §§ p < 0.001 versus solvent.

Endothelial-specific deletion of the AMPKα2 subunit had no consequence on the
phenylephrine-induced contraction, ACh-induced relaxation, or the SNP-induced relaxation of isolated
aortic rings from wild type versus the respective AMPKα2ΔEC littermates (Figure S3).

2.3. Vascular Responses to AMPK Activators

One reason for the lack of consequence of AMPKα1 deletion on agonist-induced relaxation may
be related to the fact that the ACh-induced phosphorylation and activation of eNOS is, like that of other
agonists, largely regulated by the activity of Ca2+/calmodulin-dependent kinase II [33]. Therefore,
responses to two potential AMPK activators, i.e., resveratrol [34] and amurensin G [16], as well as
two reportedly specific small-molecule AMPK activators, 991 and PT-1, were studied.

Resveratrol elicited the almost complete relaxation of aortic rings from wild-type and AMPKα1ΔEC

mice (Figure S4A), but these responses were insensitive to NOS inhibition, and therefore, unrelated
to its activation. Amurensin G is reported to activate AMPK in endothelial cells and increase eNOS
phosphorylation [16]. While it was able to elicit the NOS inhibitor-sensitive relaxation of aortic rings
from wild-type mice, it was equally effective and equally sensitive to NOS inhibition in aortic rings
from corresponding AMPKα1ΔEC mice (Figure S4B). Thus, amurensin G exerted its relaxation in
an eNOS-dependent manner and the activity of both AMPK activators was AMPKα1-independent.
The situation was similar when PT-1 and 991 were studied. The compounds elicited phosphorylation
of AMPK in endothelial cells of murine aortic rings from wild-type cells (Figure S4E). Although these
compounds elicited vascular relaxation, the responses were slow, and although they were sensitive
to NOS inhibition, the effects were comparable in aortic rings from wild-type and AMPKα1ΔEC mice
(Figure S4C,D).

2.4. AMPKα1 and eNOS Phosphorylation

The activity of eNOS is reciprocally regulated by its phosphorylation on the activator site,
Ser1177 [35,36], and the inhibitory site, Thr495 [37–39]. The next step was, therefore, to analyze
the ability of AMPK to phosphorylate eNOS on these two residues in vitro. Wild-type (Myc-tagged)
eNOS or eNOS mutants in which Thr495 was substituted with alanine or aspartate (Thr495A, Thr495D),
or Ser1177 was substituted with alanine or aspartate (Ser1177A, Ser1177D) were overexpressed in
HEK293 cells and used as the substrate for in vitro kinase assays for recombinant AMPKα1. While the
phosphorylation of wild-type eNOS and Ser1177 mutants was clearly detectable, there was only
minimal phosphorylation of the Thr495 mutants (Figure 4A). These findings could be confirmed
using phospho-specific antibodies to assess eNOS phosphorylation on Ser1177 and Thr495 on
immunoprecipitated eNOS from human endothelial cells (Figure 4B).
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Figure 4. Endothelial nitric-oxide synthase (eNOS) is a substrate of AMPK in vitro. (A) Wild-type eNOS,
as well as Thr495 and Ser1177 mutants, was overexpressed in HEK293 cells, then immunoprecipitated
and used as substrate for AMPKα1 in in vitro kinase assays. The upper panel shows the autoradiograph
of eNOS proteins. The lower panel shows the Western blot of the immunoprecipitated (IP) eNOS protein
used as input. The graph summarizes the data from four independent experiments. (B) Wild-type
eNOS (Flag-tagged) overexpressed in human umbilical vein endothelial cells was immunoprecipitated
and used as a substrate for AMPKα1. Phosphorylation was assessed using specific antibodies for
phosphorylated Ser1177 (p-Ser1177) and Thr945 eNOS (p-Thr495). The graph summarizes the data
from five independent kinase reactions. * p < 0.05.

To transfer the observations to a more physiological system, changes in eNOS phosphorylation
were studied in response to thiopental in cultured endothelial cells. Thiopental elicited the rapid and
pronounced phosphorylation of AMPK (Figure 5A) in primary cultures of human endothelial cells.
At the same time, thiopental decreased the phosphorylation of eNOS on Ser1177 and increased eNOS
phosphorylation on Thr495 (Figure 5B). In contrast, the Ca2+-elevating agonist and NO-dependent
vasodilator, bradykinin, elicited a significant increase in the phosphorylation of Ser1177, and had no
significant effect on Thr495 phosphorylation.

Next, AMPKα1 was deleted in human endothelial cells using a “clustered regularly interspaced
short palindromic repeats” (CRISPR)/CRISPR-associated protein 9 (Cas9)-based approach. After each
passaging, protein expression levels of AMPK α1 were analyzed with Western blotting. After passages
4–5, the protein was no longer detectable (n = 6, Figure 6), and agonist-induced changes in eNOS
phosphorylation were assessed. Given that bradykinin and ACh receptors are rapidly lost during
culture, cells were stimulated with the Ca2+ ionophore, ionomycin. In AMPKα1-expressing cells,
ionomycin elicited the phosphorylation of eNOS on Ser1177 and the dephosphorylation of Thr495,
followed by a rapid re-phosphorylation on Thr495, similar to the effects of other Ca2+-elevating
agonists [39]. In AMPKα1-depleted cells, basal Thr495 phosphorylation of eNOS was significantly
impaired, and the re-phosphorylation after 2 min was also less pronounced than in control cells.
The ionomycin-induced phosphorylation of eNOS Ser1177 was not affected by the depletion of
AMPKα1 (Figure 6).
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Figure 5. Effect of AMPK activation on eNOS activity and phosphorylation. Cultured human
endothelial cells were incubated with solvent (Sol), thiopental (1 mmol/L, 5–60 min), or bradykinin
(BK; 1 μmol/L, 2 min). Thereafter, the phosphorylation of (A) AMPK and (B) phosphorylation of eNOS
at Ser1177 and Thr495 were assessed. Bar graphs summarize the data obtained in four to five different
cell batches; * p < 0.05, ** p < 0.01 versus solvent treatment.

Figure 6. Effect of AMPKα1 deletion on the ionomycin-induced phosphorylation of eNOS on Thr495
and Ser1177. The AMPKα1 subunit was deleted in cultured human cells using the “clustered regularly
interspaced short palindromic repeats” (CRISPR)/CRISPR-associated protein 9 (Cas9) system and
AMPKα1-specific guide RNAs (gRNAs), and was stimulated with ionomycin (100 nmol/L) for up to
5 min. Representative Western blots are shown of six independent experiments. Bar graphs summarize
the evaluation of p-eNOS to total eNOS (n = 6); * p < 0.05 versus control guide RNA.

133



Int. J. Mol. Sci. 2018, 19, 2753

3. Discussion

The results of the present study revealed that global deletion of the AMPKα1 or AMPKα2 subunits
in healthy animals had no major impact on the relaxant function of isolated endothelium-intact murine
aortae or carotid arteries. A small decrease in the contractile response to phenylephrine was apparent
in global AMPKα1-deficient arteries, which was much more pronounced following endothelial-specific
deletion of the AMPKα1 subunit. Moreover, the attenuated contractile response observed in arteries
from AMPKα1ΔEC mice was sensitive to L-NAME and removal of the endothelium, indicating that
an increase in NO production by the endothelium underlies the effects observed. Mechanistically,
the activity of AMPKα1 could be linked to the phosphorylation of eNOS on the inhibitory Thr495 site.

There are numerous reports describing the effects on AMPK activators on the phosphorylation of
eNOS on Ser1177, which suggests that AMPK acts as an eNOS activator [13,40]. However, most studies
linking AMPK with eNOS Ser1177 relied on compound C to inhibit AMPK, or AICAR, phenformin,
or resveratrol to activate AMPK. This is a concern as the specificity of these pharmacological tools
is questionable, with AMPK-dependent and -independent effects being attributed to both activators
and inhibitors [41]. In the present study, the previously reported AMPK activators, amurensin
G [16] and resveratrol [34], were studied together with the reportedly more specific small-molecule
activators of AMPK, PT-1 [42] and 991 [43], in vascular reactivity studies. No endothelial-specific
and AMPKα1-dependent effects were detected using any of the substances tested. Most studies
using genetically modified models that reported effects on vascular reactivity focused on global
AMPKα-deficient mice, and the defects were usually attributed to vascular smooth-muscle cells [44,45].
Effects on vascular function in global AMPKα1−/− mice were only observed in exercising or
angiotensin-II-treated mice. The protective effects of voluntary exercise on vascular function were
attributed to AMPKα1 via an effect on eNOS [26,46]. However, the only study to investigate changes
in vascular reactivity in vessels from mice lacking AMPKα subunits specifically in endothelial cells
linked changes in blood pressure with a carybdotoxin-sensitive potassium channel and endothelial-cell
hyperpolarization [28].

The majority of reports describing AMPK-mediated effects on vascular function in disease models,
as well as in healthy mice, focused on the AMPKα2 subunit, which suppresses reduced nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase activity and the production of reactive oxygen
species to inhibit 26S proteasomal activity [47]. One consequence of this was the stabilization of
GTP cyclohydrolase, the key sepiapterin biosynthetic enzyme that generates the essential eNOS
cofactor, tetrahydrobiopterin [29]. It was, therefore, somewhat surprising that no major alterations in
NO-mediated relaxation due to ACh could be detected in arteries from animals constitutively lacking
the AMPKα2 subunit. Moreover, endothelial-specific deletion of AMPKα2 also failed to affect vascular
NO production.

The enzyme eNOS can be phosphorylated on serine, threonine, and tyrosine residues, findings
which highlight the potential role of phosphorylation in regulating eNOS activity. There are
numerous putative phosphorylation sites, but most is known about the functional consequences
of phosphorylation of a serine residue (human eNOS sequence: Ser1177) in the reductase domain
and a threonine residue (human eNOS sequence Thr495) within the calmodulin (CaM)-binding
domain. Maximal eNOS activity is linked with the simultaneous dephosphorylation of Thr495 and
phosphorylation of Ser1177 [39,48].

In unstimulated cultured endothelial cells, Ser1177 is not phosphorylated, but it is rapidly
phosphorylated after the application of fluid shear stress [35], VEGF [49] or bradykinin [39].
The kinases involved in this process vary with the stimuli applied. For example, while shear
stress elicits the phosphorylation of Ser1177 by protein kinase A (PKA), insulin, estrogen,
and VEGF mainly phosphorylate eNOS in endothelial cells via protein kinase B (Akt) [50].
The bradykinin-, Ca2+ ionophore-, and thapsigargin-induced phosphorylation of Ser1177 is mediated
by Ca2+/calmodulin-dependent kinase II (CaMKII) [39]. Thr495, on the other hand, is constitutively
phosphorylated in all endothelial cells investigated to date, and it is a negative regulatory site,
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i.e., phosphorylation is associated with a decrease in enzyme activity [38,39]. The constitutively
active kinase that phosphorylates eNOS Thr495 is most probably protein kinase C (PKC) [38],
even though there is some confusion regarding the specific isoform(s) involved. AMPK can, however,
also phosphorylate Thr495 [37]. The results of this study clearly indicate a role for endothelial cell
AMPKα1 in the negative regulation of NO production and vascular tone, and as such, are in line
with a previous study that reported an increased NO component to total relaxation in the mesenteric
arteries of AMPKα1ΔEC mice compared to wild type [28], this correlated to an enhanced eNOS Thr495
phosphorylation in mesenteric arteries compared to the aorta in wild type mice [51]. Our study
also goes further to demonstrate that, in in vitro kinase assays, AMPKα1 clearly phosphorylated
eNOS on Thr495, an effect that was prevented by the mutation of Thr495 to Ala or Asp. Also,
in AMPKα1-depleted human endothelial cells, basal eNOS phosphorylation on Thr495 was decreased
and its re-phosphorylation in response to agonist stimulation was significantly delayed, an effect
that can account for the increase in NO generation by AMPKα1-deficient endothelial cells. At this
stage, it is not possible to rule out a role for AMPK in the regulation of Ser1177 phosphorylation, as
the higher basal phosphorylation of this residue in the transduced cells studied may have masked
AMPK-dependent effects. However, the functional studies using vessels from AMPKα1 knockout
mice clearly hint at an inhibitory rather than a stimulatory effect of AMPK on eNOS activity. The link
between eNOS Thr495 phosphorylation and NO production can be explained by interference with the
binding of CaM to the CaM-binding domain. Indeed, in endothelial cells stimulated with agonists such
as bradykinin, histamine, or a Ca2+ ionophore, substantially more CaM binds to eNOS when Thr495 is
dephosphorylated [39]. Analysis of the crystal structure of the eNOS CaM-binding domain with CaM
indicates that the phosphorylation of eNOS Thr495 not only causes electrostatic repulsion of nearby
glutamate residues within CaM, but may also affect eNOS Glu498, and thus, induce a conformational
change within eNOS itself [52]. AMPK activation was also linked with the phosphorylation of eNOS
on Ser1177 in isolated endothelial cells [13,37,53], but contrasted somewhat with the lack of effect
on endothelium-dependent vascular reactivity [27]. In the present study, only a small increase in
Ser1177 phosphorylation was detected in vitro using different cellular sources of eNOS (i.e., HEK cells
or human endothelial cells).

In cultured endothelial cells, we found thiopental to be an effective AMPK activator and could
demonstrate that AMPKα1 phosphorylates eNOS on Thr495, an observation that fits well with an
earlier report [37]. This phosphorylation step is generally associated with eNOS inhibition due to the
decreased binding of Ca2+/calmodulin to the enzyme [39], and implies that the activation of AMPK
in isolated vessels would act to decrease relaxation and increase vascular tone, which is exactly the
response that was observed in the vascular reactivity studies.

In addition to direct phosphorylation, there are various signaling pathways described for
AMPK to influence eNOS activity. AMPK was previously reported to prevent the estradiol-induced
phosphorylation of eNOS by preventing the association of eNOS with heat-shock protein 90 (Hsp90),
which is generally required for kinase binding to the eNOS signalosome [54]. Any link between
AMPK and Hsp90 was not addressed in the current study given the clear effect of AMPKα1 on eNOS
phosphorylation in vitro. Direct effects on eNOS activity may not be the only way via which AMPK
activation can affect NO signaling. Indeed, AMPKα1 activation could affect the bioavailability of NO by
improving mitochondrial function and stimulating the transcriptional regulation of anti-inflammatory
enzymes, such as superoxide dismutase 2, to alter the production of reactive oxygen species [55].

In summary, endothelial AMPKα subunits have no direct activating effect on eNOS in vivo.
Rather, since AMPKα1 phosphorylates eNOS on the inhibitory Thr495 site, AMPK activation attenuates
NO production. No link between AMPKα2 and phenylephrine- or ACh-induced changes in vascular
tone were detected. Moreover, while some of AMPK activators tested did affect vascular tone,
the effects were independent of the endothelial-specific deletion of AMPKα1.

135



Int. J. Mol. Sci. 2018, 19, 2753

4. Materials and Methods

4.1. Materials

The antibodies used were directed against p-Ser1177 (Cell signaling, Cat. No. 9571) and p-Thr495
eNOS (Cell signaling, Cat. No. 9574), eNOS (BD Transduction, 610296), p-Thr172 AMPK (Cell signaling,
Cat. No. 2535), AMPKα2 (Cell signaling, Cat. No. 2757), β-actin (Sigma, Cat. No. A5441),
Flag (Sigma, Cat. No. F3165), and c-Myc (Santa Cruz, Cat. No. SC-40). The AMPKα1 antibody was
generated by Eurogentec by injecting rabbits with the AMPKα1-specific peptide H2N–CRA RHT LDE
LNPQKS KHQ–CONH2. All other substances were obtained from Sigma-Aldrich (Munich, Germany).
32Pγ-ATP was obtained from Hartmann Analytics (Braunschweig, Germany).

4.2. Animals

AMPKα1−/− or AMPKα2−/− mice (kindly provided by Benoit Viollet, Paris via the
European Mouse Mutant Archive, Munich, Germany) were bred heterozygous and housed at the
Goethe University Hospital and knockouts or their respective wild-type littermates were used.
AMPKα1flox/flox and α2flox/flox mice with loxP sites flanking a coding exon (provided by Benoit Viollet)
were crossed with transgenic mouse lines overexpressing Cre recombinase under control of the vascular
endothelial (VE)-cadherin promoter to generate the appropriate endothelial-specific AMPKα deletion;
Cre+/− mice are referred throughout as AMPKα1ΔEC and AMPKα2ΔEC mice and Cre−/− mice are
referred as their respective WT littermates. The investigation conforms to the Guide for the Care and
Use of Laboratory Animals published by the European Commission Directive 86/609/EEC. For the
isolation of tissues, mice were euthanized with 4% isoflurane in air and subsequent exsanguination.

4.3. Vascular Reactivity Measurements

Aortae and carotid arteries were prepared free of adhering tissue and cut into 2.0-mm
segments. Aortic rings were mounted in standard 10-mL organ bath chambers, stretched to 1 g
tension and responses were measured in g. Carotid artery rings were mounted in 5-mL wire
myograph chambers (DMT, Aarhus, Denmark), stretched to 90% of their diameter at 100 mmHg,
and responses were measured in mN/mm segment length. Contractile responses to a high K+

buffer (80 mmol/L KCl) or cumulatively increasing concentrations of phenylephrine were assessed.
Relaxation to cumulatively increasing concentrations of ACh, resveratrol (Sigma, Munich, Germany),
2-chloro-5-[[5-[[5-(4,5-dimethyl-2-nitrophenyl)-2-furanyl]methylene]-4,5-dihydro-4-oxo-2-thiazolyl]
amino]benzoic acid (PT-1; Tocris, Biotechne, Wiesbaden, Germany), amurensin G (kindly
provided by K.W. Kang, Seoul, Korea), 5-((6-chloro-5-(1-methyl-1H-indol-5-yl)-1H-benzo
[d]imidazol-2-yl)oxy)-2-methylbenzoic acid (991; SpiroChem AG, Switzerland), or SNP was
assessed in segments pre-contracted with phenylephrine to 80% of their maximal contraction
due to KCl in the presence and absence of L-NAME. Relaxation was expressed as the percentage
of phenylephrine precontraction. Removal of the endothelium was performed by intraluminal
application of CHAPS (0.5%, 30 s) into the aortae.

4.4. Cell Culture

Human endothelial cells: Human umbilical vein endothelial cells were isolated and cultured as
previously described [56] and used up to passage 2. The use of human material in this study conforms
to the principles outlined in the Declaration of Helsinki, and the isolation of endothelial cells was
approved in written form by the ethics committee of Goethe University. For lentiviral and adenoviral
transduction, human umbilical vein endothelial cells (Promocell, Heidelberg, Germany) were used
and cultured up to passage 8 in endothelial growth medium 2 (Promocell, Heidelberg, Germany).

Murine pulmonary endothelial cells: Mouse lungs were freshly processed as previously
described [18].
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4.5. Adenoviral Transduction of Human Umbilical Vein Endothelial Cells

Adenoviral particles expressing the C-terminal Flag-tagged human full-length eNOS were used
to transduce cultured umbilical vein endothelial cells as described previously [57].

4.6. In Vitro Kinase Assay

The eNOS wild-type or mutant proteins with C-terminal myc or Flag tags were overexpressed by
transfection in HEK cells or adenoviral transduction in human umbilical vein endothelial cells, and after
two days, cells were lysed and eNOS was immunoprecipitated by c-myc or Flag immunoprecipitation
(IP). The immunoprecipitated proteins were used as a substrate for kinase assays with purified
AMPKα1/β1/γ1 subunits (Merck Millipore, Darmstadt, Germany, Cat No. 1480) [20]. The lysates
were separated by SDS-PAGE and blotted with antibodies specific for the phosphorylation sites of
eNOS. Alternatively, 32PγATP was used to radioactively label the protein. Proteins were separated by
SDS-PAGE, and the gel was exposed to X-ray film after drying.

4.7. CRISPR/Cas9-Mediated Knock-Down of AMPKα1

Human umbilical vein endothelial cells (Promocell, Heidelberg, Germany) were transduced
with lentiviral particles mediating the expression of Cas9 (Lenti-Cas9-2A-Blast was provided by
Jason Moffat (Addgene plasmid # 73310)) and selected by blasticidin (10 μg/mL). Thereafter, a second
lentiviral transduction with guide RNAs directed against AMPKα1 (Addgene numbers 76253 and
75254 provided by David Root, Cambridge, MA, USA) was performed, and puromycin (1 μg/mL)
was used to select for double-transduced cells. The efficiency of the knockdown was analyzed by
Western blotting.

4.8. Immunoblotting

Cells were lysed in Triton X-100 lysis buffer (Tris/HCl pH 7.5; 50 mmol/L; NaCl, 150 mmol/L;
ethyleneglycoltetraacetic acid (EGTA), 2 mmol/L; ethylenediaminetetraacetic acid (EDTA) 2 mmol/L;
Triton X-100, 1% (v/v); NaF, 25 mmol/L; Na4P2O7, 10 mmol/L; 2 μg/mL each of leupeptin, pepstatin
A, antipain, aprotinin, chymostatin, and trypsin inhibitor, and phenylmethylsulfonyl fluoride (PMSF),
40 μg/mL). Detergent-soluble proteins were heated with SDS-PAGE sample buffer and separated by
SDS-PAGE, and specific proteins were detected by immunoblotting. To assess the phosphorylation of
proteins, either equal amounts of protein from each sample were loaded twice and one membrane
incubated with the phospho-specific antibody and the other with an antibody recognizing total protein,
or blots were reprobed with the appropriate antibody.

4.9. Statistical Analyses

Data are expressed as mean ± standard error of the mean (SEM). Statistical evaluation was done
using Student’s t-test for unpaired data or ANOVA for repeated measures where appropriate. Values of
p < 0.05 were considered statistically significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/
9/2753/s1. Figure S1. Vascular function in carotid arteries from wild-type (WT) and AMPKα1−/− mice. (A)
Contraction induced by KCl (80 mmol/L), (B) concentration response curves to phenylephrine (PE), and relaxation
curves to (C) acetylcholine (ACh) or (D) sodium nitroprusside (SNP) in PE-contracted vessels. The graphs
summarize data obtained from 7 animals in each group. Figure S2. Endothelial cell specific deletion of AMPKα1.
(A) AMPKα1 expression in freshly isolated pulmonary endothelial cells from AMPKα1ΔEC or Cre−/− (wild-type;
WT) mice. (B) Expression of eNOS, AMPKα1 and AMPKα2 in aortic ring lysates from WT or AMPKα1ΔEC (ΔEC)
mice. (A) The blots presented are representative of 12 additional experiments using 2 mice per group. Figure
S3. Effect of endothelial specific deletion of AMPKα2 on vascular reactivity of aortic rings (A) Dose dependent
contraction to PE of wild-type (open symbols) or AMPKα2ΔEC mice (closed symbols). (B) Relaxation curves
of aortic rings to acetylcholine (ACh) after PE constriction of wild-type (open symbols) or AMPKα2ΔEC mice
(closed symbols). (C) Dose-dependent relaxation to SNP. The graphs summarize data obtained from 6 animals
in each group. Figure S4. Effect of AMPK activators on the relaxation of aortic rings. (A,B) Concentration
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dependent effects of resveratrol (A) and amurensin G (B) on vascular tone in phenylephrine preconstricted aortic
rings from wild-type (WT) and AMPKα1ΔEC (α1ΔEC) mice; n = 6 animals in each group. (C,D) Time-dependent
effects of PT-1 (30 μmol/L) and 991 (30 μmol/L) on vascular tone in phenylephrine preconstricted aortic rings
from wild-type (WT) and AMPKα1ΔEC (α1ΔEC) mice; n = 4 animals in each group. (E) Effects of the AMPK
activators on the phosphorylation of AMPK (on Thr172) and ACC (Ser79) in endothelial cells isolated from
aortic rings from wild-type mice. Experiments were performed in the absence (Basal) and presence of 991 (30
μmol/L), AICAR (0.5 mmol/L) or PT-1 (30 μmol/L) for 60 min. Comparable results were obtained in 3 additional
independent experiments.
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Abbreviations

AMPK AMP-activated protein kinase
eNOS endothelial nitric-oxide synthase
AICAR 5-aminoimidazole-4-carboxamide ribonucleotide
VEGF vascular endothelial growth factor
PPAR peroxisome proliferator-activated receptor
SNP sodium nitroprusside
ACh acetylcholine
PE phenylephrine
L-NAME Nω-nitro-L-arginine methyl ester
CRISPR clustered regularly interspaced short palindromic repeats
Cas9 CRISPR-associated protein 9
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Abstract: Suboptimal early-life conditions affect the developing kidney, resulting in long-term
programming effects, namely renal programming. Adverse renal programming increases the risk
for developing hypertension and kidney disease in adulthood. Conversely, reprogramming is
a strategy aimed at reversing the programming processes in early life. AMP-activated protein
kinase (AMPK) plays a key role in normal renal physiology and the pathogenesis of hypertension
and kidney disease. This review discusses the regulation of AMPK in the kidney and provides
hypothetical mechanisms linking AMPK to renal programming. This will be followed by studies
targeting AMPK activators like metformin, resveratrol, thiazolidinediones, and polyphenols as
reprogramming strategies to prevent hypertension and kidney disease. Further studies that broaden
our understanding of AMPK isoform- and tissue-specific effects on renal programming are needed to
ultimately develop reprogramming strategies. Despite the fact that animal models have provided
interesting results with regard to reprogramming strategies targeting AMPK signaling to protect
against hypertension and kidney disease with developmental origins, these results await further
clinical translation.

Keywords: AMP-activated protein kinase; developmental origins of health and disease (DOHaD);
hypertension; kidney disease; nutrient-sensing signals; oxidative stress; renin-angiotensin system

1. Introduction

Hypertension and kidney disease have a significant impact on morbidity and mortality worldwide.
Hypertension and kidney disease can be the cause and consequence of one another. Importantly, both
disorders can originate in early life. Kidneys play a key role in blood pressure (BP) regulation.
The developing kidney is highly vulnerable to environmental effects in fetal and infantile life,
leading to long-term programming effects on the morphology and functioning of the kidney [1,2].
Adverse renal programming increases the risk for developing hypertension and kidney disease in
adulthood [3]. This notion has become a globally recognized concept as developmental origins of
health and disease (DOHaD) [4]. Conversely, the DOHaD concept also allows reprogramming [5],
a strategy aimed at reversing the initial programming processes prior to the onset of hypertension and
kidney disease, in order to shift therapeutic interventions from adulthood to early life. A growing body
of evidence suggests that AMP-activated protein kinase (AMPK) plays a decisive role in the normal
renal physiology and pathogenesis of hypertension and kidney disease [6,7]. Based on the two aspects
of the DOHaD concept, this review will first present the evidence for the link between AMPK signaling
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and programming mechanisms that may lead to hypertension and kidney disease of developmental
origin, with a focus on the kidney. This will be followed by potential pharmacological interventions
targeting AMPK signaling that may serve as reprogramming strategies to halt the growing epidemic
of hypertension and kidney disease.

2. AMP-Activated Protein Kinase in the Renal System

2.1. The Structure and Function of AMP-Activated Protein Kinase

AMPK is a phylogenetically conserved, ubiquitously expressed serine/threonine protein kinase.
AMPK is a heterotrimer, composed of an α (α1, α2) catalytic subunit, a regulatory and structurally
crucial β (β1, β2) subunit, and a regulatory γ (γ1, γ2, γ3) subunit [8–10]. These isoforms are encoded
by distinct genes and differentially expressed, and have unique tissue-specific expression profiles,
creating the potential to generate a diverse collection of 12 αβγ heterotrimer combinations. AMPK has
a diverse range of biological functions, including cellular energy homeostasis, glucose metabolism, lipid
metabolism, protein synthesis, redox regulation, mitochondria biogenesis, autophagy, ion transport,
tumor suppression, anti-inflammation, and nitric oxide (NO) synthesis [8–11]. The structure and
function of these different isoforms have been reviewed in detail previously [8–10], and it is not within
the scope of the current review to thoroughly outline these further. However, for the purposes of the
discussion below, it is important to note that activation of AMPK leads to the biological functions that
are linked to renal pathophysiology.

2.2. Regulation of AMP-Activated Protein Kinase AMP-Activated Protein Kinase in the Kidney

AMPK is strongly expressed in the kidney, where it is involved in diverse physiological and
pathologic processes, including sensing cellular energy status, sodium and ion transport, podocyte
function, BP control, the epithelial-to-mesenchymal transition, and NO production [7–11]. In the rat
kidney, α1 and β1 subunits are predominant [7,11]. Except for the muscle-specific γ3 isoform, both
γ1 and γ2 subunits are similarly expressed in the kidney. However, little is known regarding the
differences in AMPK subunit expression between different cell types within the kidney.

The activity of AMPK is mainly regulated by the AMP and adenosine triphosphate (ATP) ratio.
AMPK is activated both allosterically and by post-translational modifications. The most well-defined
mechanisms of AMPK activation are phosphorylation at αThr172 by upstream AMPK kinases and
by AMP or adenosine diphosphate (ADP) binding to the γ subunit. So far, at least three kinases and
three phosphatases have been identified as upstream AMPK-activating kinases, including liver kinase
B1 (LKB1), TGFβ-activated kinase 1 (TAK1), Ca2+-/calmodulin-dependent protein kinase β (CaMKKβ),
protein phosphatase 2A (PP2A), protein phosphatase 2C (PP2C), and Mg2+-/Mn2+-dependent
protein phosphatase 1E (PPM1E) [12]. Additionally, AMPK can also be regulated by intracellular
calcium and oxidant signaling, as well as extracellular signaling like hormones and cytokines [13].
Furthermore, AMPK is the target of a growing number of pharmacological activators [14].

AMPK has transcriptional effects on numerous enzymes that mediate cellular energy metabolism.
AMPK can induce mitochondrial biogenesis by activating the peroxisome proliferator-activated
receptor-γ (PPARγ) coactivator-1α (PGC-1α), either directly or through the silent information
regulator transcript 1 (SIRT1) [14,15]. Additionally, AMPK and SIRT1 can mediate phosphorylation
and deacetylation of PGC-1α, respectively [15], to regulate the expression of PPAR target genes.
As reviewed elsewhere, several PPAR target genes contribute to renal programming and hypertension
of developmental origins, such as Sod2, Nrf2, Sirt7, Ren, Nos2, Nos3, and Sgk1 [16]. Another important
downstream effect of AMPK is the inhibition of the mammalian target of rapamycin (mTOR).
Both AMPK and mTOR can oppositely regulate unc-51-like kinase 1/2 (ULK1/2) activity by
phosphorylation to mediate autophagy, a cellular catabolic process in which key organelles are
transported to lysosomes for degradation. In addition to activating ULK1/2, AMPK can promote
autophagy through SIRT1 by de-acetylating several autophagy-related proteins [17]. Given that
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autophagy is involved in the pathogenesis of many kidney diseases, and that AMPK regulates
autophagic protection against kidney injury, AMPK is becoming a potential target for kidney
disease therapy [18]. Additionally, AMPK has been shown to exert anti-inflammatory, antioxidant,
and anti-apoptosis effects. Moreover, AMPK regulates many sodium and ion transport proteins in the
renal tubular cells, including the epithelial Na+ channel (ENaC) [19], the Na+–K+–2Cl− cotransporter
(NKCC2) [20], Na+/K+-ATPase (NaKATPase) [21], the vacuolar H+-ATPase (V-ATPase) [22],
and others [7,11,23]. The activation of AMPK and its biochemical pathways are illustrated in Figure 1.
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Figure 1. Schematic representation of AMP-activated protein kinase (AMPK) actions and its
biochemical functions in the kidney. ↑ = increased. ↓ = decreased.

2.3. AMP-Activated Protein Kinase in Hypertension and Kidney Disease

Emerging evidence suggests that dysfunction in the AMPK signaling pathway is involved with
the development of various cardiovascular diseases, including hypertension [6]. Despite several
AMPK activators having been assessed in a number of human studies, interventions necessary to
provide a reprogramming strategy and prove causation remain undeveloped. It is for this reason that
much of our knowledge of potential mechanisms of renal programming, the impacts of AMPK in renal
programming, and reprogramming strategies targeting AMPK signaling come from studies using
animal models.

In a genetic hypertension model of a spontaneously hypertensive rat (SHR), AMPK activation
was reduced in the aorta of the SHR, while 5-aminoimidazole-4carboxamide riboside (AICAR), a direct
AMPK activator, lowered BP [24]. Our previous report showed that metformin, a known AMPK
activator, blocks the development of hypertension in SHRs, which is associated with increased renal
NO production [25]. Like metformin, activation of AMPK by perinatal resveratrol supplementation has
been shown to mitigate the development of hypertension in adult SHRs [26]. Additionally, we recently
found that maternal plus post-weaning high-fat diets induced hypertension and reduced renal cortical
protein levels of phosphorylated AMPK2α in offspring kidneys, which was prevented by resveratrol
therapy [27]. Similarly, AMPK activator metformin was reported to protect adult offspring against
the developmental programming of hypertension induced by a maternal plus post-weaning high-fat
diet [28]. However, the reprogramming effects of the AMPK activator have not been fully assessed
in other developmental programming models for hypertension. Therefore, further investigation is
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needed to reveal the precise role of AMPK in hypertension of developmental origins, especially the
reprogramming effects of AMPK activation.

Apart from its role in the development of hypertension, as mentioned above, there have been
many studies on the effects of AMPK in kidney diseases, notably diabetic nephropathy, autosomal
dominant polycystic kidney disease, subtotal nephrectomy, lupus nephritis, and renal fibrosis [7].
Although AMPK signals have been studied in established kidney diseases, so far there remains a lack
of data on the role of AMPK in renal programming and kidney disease of developmental origin.

3. Common Mechanisms Link AMP-Activated Protein Kinase to Renal Programming

Despite the fact that several organ systems can be programmed in response to adverse
environmental exposures in early life, renal programming is considered to be decisive in the
development of hypertension, as well as kidney disease [3,5,29,30]. Thus far, a number of
proposed mechanisms, including dysregulation of the renin–angiotensin system (RAS), impaired
sodium transporters, a nutrient-sensing signal, and oxidative stress have been linked to renal
programming [3,5,29,30]. Each mechanism related to AMPK signaling will be discussed in turn.

3.1. Renin–Angiotensin System

The RAS is a central regulator of BP and renal function. The RAS consists of two opposing
axes: the angiotensin converting enzyme (ACE)-angiotensin (Ang) II type 1 receptor (AT1R) classical
axis, mediated primarily by Ang II; and the ACE2-angiotensin-(1–7)-Mas receptor axis, mediated
mainly by Angiotensin-(1–7) [31]. In contrast to ACE, ACE2 appears to adjust the angiotensin II type 2
receptor (AT2R) and the angiotensin (1–7) receptor Mas in a way that opposes the development of
hypertension [31]. Over-activation of the classical RAS leads to hypertension and kidney disease [31].
Notably, this hormone-signaling pathway controls kidney development [32]. Both RAS axes and
the above-mentioned RAS components have been linked to fetal programming [33–36]. There is
a biphasic response with reduced classical RAS expression at birth that increases with age. Early-life
renal programming might activate the classical RAS, leading to hypertension and kidney disease
development in later life. Conversely, early blockade of the classical RAS has been shown to
prevent the development of hypertension and kidney disease [37–39]. Decreased renal AMPK
expression has been found in uninephretomized rats with the activation of the RAS [40], which was
prevented by the blockage of the RAS. AMPKα2 knockout mice expressed high ACE levels, resulting
in vasoconstriction [41]. Conversely, prenatal metformin therapy has been shown to restore the
maternal high-fructose plus post-weaning high-fat diet-induced increases of RAS components Ren,
Atp6ap2, Agt, Ace, and Agtr1a in the kidney cortex, resulting in protection from hypertension [28].
Given that resveratrol, an indirect AMPK activator, was reported to exert its protective effects in
association with increased expression of the AT2R and Mas receptors [42], further studies are required
to determine whether AMPK has a role in activation of the ACE2-angiotensin-(1–7)-Mas receptor
axis and AT2R to prevent hypertension, and whether this contributes to the reprogramming effects
of AMPK activators. Nevertheless, the detailed mechanisms underlying the modulation of RAS by
AMPK and its contributions to protection from programmed hypertension kidney disease still await
for further study in different models of developmental programming.

3.2. Sodium Transporters

Hypertension and kidney disease of developmental origin have been associated with enhanced
sodium reabsorption, attributed to the increased expression of sodium transporters [1,5,29,30].
Several adverse environmental impacts during early life leading to predisposition toward impaired
sodium transporters have been reported, including maternal low-protein diet, maternal high-fat diet,
maternal exposure to continuous light, and prenatal glucocorticoid exposure [1,5,29]. Several sodium
transporters have been identified in the programming processes, including Na+/Cl− cotransporter
(NCC), type 3 sodium hydrogen exchanger (NHE3), NKCC2, and NaKATPase. We previously showed
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that a maternal high-fructose diet plus a postnatal high-salt diet increased renal cortical protein levels
of NKCC2, NHE3, and NCC in a two-hit model of programmed hypertension [43]. Notably, AMPK
regulates several sodium transporters, such as NKCC2 and NaKATPase, which may account for
its beneficial effects on hypertension and kidney disease. However, there are as yet no studies
examining the role of AMPK in sodium transporters in the kidneys from animal models of programmed
hypertension and kidney disease.

3.3. Nutrient-Sensing Signals

Nutrient-sensing signals regulate fetal metabolism and development in response to maternal
nutritional input. AMPK is a well-known nutrient-sensing signal [44]. In addition to AMPK,
known nutrient-sensing signals exist in the kidney, including SIRT, PPARs, PGC-1α, and mTOR [44].
The interplay between AMPK and other nutrient-sensing signals, driven by early-life input, can
regulate PPARs and their target genes, thereby promoting programmed hypertension and kidney
disease [16,45]. Our previous work demonstrated that resveratrol, an AMPK activator, prevents
the development of hypertension programmed by maternal plus post-weaning high-fructose diets,
via regulation of nutrient-sensing signals [46], supporting the notion that nutrient-sensing signals
might be a common mechanism underlying the pathogenesis of hypertension and kidney disease of
developmental origin. Since AMPK is a crucial hub for the nutrient-sensing signals network, further
studies are required to determine whether AMPK has a role in the regulation of renal programming,
and whether AMPK activators can serve as reprogramming strategies to prevent the developmental
programming of hypertension and kidney disease.

3.4. Oxidative Stress

Oxidative stress is an oxidative shift characterized by an imbalance between oxidants (e.g., reactive
oxygen species (ROS)) and antioxidants, in favor of oxidants. The developing fetus is highly vulnerable
to oxidative stress damage, due to its low antioxidant capacity [47]. As reviewed elsewhere [29,45],
numerous pre- and peri-natal inputs have been linked to renal programming attributed to oxidative
stress, including imbalanced maternal nutrition, maternal diabetes, preeclampsia, prenatal hypoxia,
maternal nicotine exposure, maternal inflammation, prenatal glucocorticoid exposure, and a high-fat
maternal diet. Conversely, some reprogramming interventions have targeted antioxidants in order to
reduce oxidative stress, and accordingly, prevent hypertension and kidney disease of developmental
origin [30]. As nutrient-sensing is interconnected with redox regulation, AMPK has a key role in
regulating antioxidant defense during oxidative stress. AMPK has been reported to upregulate several
antioxidant genes, such as superoxide dismutase (SOD), uncoupling protein 2 (UCP2), and nuclear
factor erythroid-2-related factor (NRF2) [48]. Additionally, AMPK activation was shown to suppress
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, a primary source of ROS [49].
Furthermore, AMPK promotes autophagy. Since mitochondria are another major source of ROS
within cells, activation of mitochondrial autophagy driven by AMPK is also beneficial for reducing
oxidative stress. Thus, these findings suggest that the interplay between AMPK and oxidative stress
contributes to programmed hypertension and kidney disease.

All of these observations demonstrate a close link between AMPK and other hypothetical
mechanisms involved in renal programming. Nevertheless, there remains no definite conclusion that
AMPK plays a central role on mediating other mechanisms leading to hypertension and developmental
kidney disease.

4. Reprogramming Strategy Targeting AMP-Activated Protein Kinase Signaling

Reprogramming strategies to counterbalance the programming processes that have been
employed range from nutritional intervention and lifestyle modification to pharmacological
therapy [1,5,50]. Currently, a variety of therapeutic regimens have been reported to either activate
or inhibit AMPK activity and its downstream signaling pathway. Since AMPK inhibition, either
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by AMPK silencing or AMPK inhibitors (e.g., compound C), contributes to hypertension [51,52],
treatment modalities for AMPK activation have become more attractive reprogramming strategies.
Both indirect and direct AMPK activators have been studied in established hypertension and kidney
disease [6,13,18,53]. Modulators that cause AMP or calcium accumulation without a direct interaction
with AMPK are classified as “indirect AMPK activators”. Several kinds of indirect AMPK activators
have been studied in relation to cardiovascular and kidney disease [13], including metformin,
resveratrol, thiazolidinediones (TZDs), polyphenols, berberine, ginsenoside, α-lipoic acid, quercetin,
and so on. On the other hand, direct AMPK activators induce conformational changes in the
AMPK complex through direct interaction with a specific subunit of AMPK. While some are potent
pan-activators (e.g., AICAR) for all 12 heterotrimetric AMPK complexes, others show isoform-specific
activations for the α1 (e.g., compound-13), β1 (e.g., PF-06409577 and PF-249), β1/β2 (e.g., GSK621),
or γ1 isoforms (e.g., PT-1) [13,48]. However, present knowledge of AMPK activators in the kidney is
significantly less advanced than that for other organs, such as the liver, muscles, and heart. So far,
only one report has shown that selective AMPKβ1 activators PF-06409577 and PF-249 protect against
kidney damage in a rat model of diabetic nephropathy [54]. In the current review, we will primarily
be limited to pharmacological therapies aimed at AMPK signaling as a reprogramming strategy to
prevent hypertension and kidney disease of developmental origin. Of note, pharmacotherapies will
be narrowly restricted to those beginning prior to the onset of hypertension and kidney disease.
SHRs, for example, reveal a rise in BP starting from six weeks of age, and a steep increase between 6
and 24 weeks. We therefore restrict our discussion mainly to therapies starting before six weeks of
age, using the SHR model. These AMPK activation modalities are listed in Table 1 [25–28,46,55–62].
Because the field of DOHaD research is beginning to emerge, this list is by no means complete and is
expected to grow rapidly.

Table 1. Reprogramming strategy targeted on AMPK signaling in animal models of programmed
hypertension and kidney disease.

Animal Models Gender/Species
Age

at Evaluation
Dose and Period

of Treatment
Reprogramming

Effects
Ref.

Metformin

SHR 1 Male SHR 12 weeks
Metformin

(500 mg/kg/day) between 4
to 12 weeks of age

Prevented
hypertension [25]

Maternal high-fructose
plus post-weaning

high-fat diet
Male SD 2 rats 12 weeks

Metformin
(500 mg/kg/day) for

3 weeks during pregnancy

Attenuated
hypertension; [28]

Resveratrol and other polyphenols

SHR Male SHR 11 weeks
Resveratrol (50 mg/L) in
drinking water between

3–11 weeks of age

Attenuated
hypertension [55]

SHR Male and
female SHR 12 weeks

Resveratrol (4g/kg of diet)
between gestational day 0.5

and postnatal day 21

Attenuated
hypertension [26]

SHR Male SHR 13 weeks
Resveratrol (50 mg/L) in
drinking water between

3–13 weeks of age

Attenuated
hypertension [56]

Prenatal hypoxia and
postnatal high-fat diet Male SD rats 12 weeks Resveratrol (4g/kg of diet)

between 3–12 weeks of age
Prevented

hypertension [57]

Maternal plus
post-weaning

high-fructose diets
Male SD rats 12 weeks

Resveratrol (50 mg/L) in
drinking water from

weaning to three months
of age

Prevented
hypertension [46]

Maternal plus
post-weaning
high-fat diets

Male SD rats 16 weeks
0.5% resveratrol in drinking

water between 2 and
4 months of age

Prevented
hypertension [27]

SHR Male SHR 7 weeks Magnolol (100 mg/kg/day)
between 4 to 7 weeks of age

Attenuated
hypertension [58]

SHR Male SHR 20 weeks Berberine (100 mg/kg/day)
between 3 to 20 weeks of age

Attenuated
hypertension and
kidney damage

[59]
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Table 1. Cont.

Animal Models Gender/Species
Age

at Evaluation
Dose and Period

of Treatment
Reprogramming

Effects
Ref.

High-salt
stroke-prone SHR

Male
stroke-prone

SHR
16 weeks Genistein (0.06% wt/wt diet)

between 7 to 16 weeks of age

Attenuated
hypertension and
kidney damage

[60]

Thiazolidinediones

SHR Male SHR 7 weeks
Pioglitazone

(10 mg/kg/day) between 5
to 7 weeks of age

Attenuated
hypertension [61]

SHR Male SHR 13 weeks
Rosiglitazone

(150 mg/kg/day) between 5
to 13 weeks of age

Attenuated
hypertension [62]

1 SHR: Spontaneously hypertensive rat; 2 SD rats: Sprague–Dawley rats.

4.1. Metformin

Metformin, the most commonly prescribed first-line antidiabetic drug in the world, exerts its
beneficial effects primarily by AMPK activation. Despite a growing body of evidence indicating the
protective effects of metformin in established cardiovascular and kidney diseases [63,64], only a few
studies have been conducted to explore its reprogramming effects on programmed hypertension and
kidney disease. Early metformin treatment in the pre-hypertensive stage blocks the development of
hypertension in SHRs [25]. Additionally, maternal metformin therapy protects adult offspring against
the developmental programming of hypertension induced by a maternal plus post-weaning high-fat
diet [28]. However, a concern raised by these studies is that AMPK-independent effects on metformin
were also reported. A better understanding of the AMPK-dependent and -independent mechanisms
responsible for the protective effects of metformin on programmed hypertension and kidney disease is
therefore warranted.

4.2. Resveratrol and Other Polyphenols

Polyphenols are a large group of phytochemicals found in plant-based food. Resveratrol is
a naturally occurring polyphenol phytoalexin. It has been considered to have cardiovascular protective
effects, including against hypertension [65]. Mechanisms of activation of AMPK by resveratrol appear
to elevate AMP levels and inhibit mitochondrial ATP production. Early resveratrol therapy mitigates
the development of hypertension in adult SHRs of both sexes [26,55,56]. Using the prenatal hypoxia
and postnatal high-fat diet rat model, post-weaning resveratrol treatment protects adult offspring
against programmed hypertension [57]. Our previous report showed that a maternal plus post-weaning
high-fat diet induced hypertension and reduced protein levels of phosphorylated AMPK2α in the
offspring kidney cortex, which resveratrol therapy prevented [27]. Additionally, early post-weaning
resveratrol therapy was reported to prevent the development of hypertension of adult offspring
exposed to maternal and post-weaning high-fructose consumption [46].

Interestingly, increased AMP levels and ATP depletion leading to uric acid production
have been demonstrated as key mediators in the pathogenesis of fructose-induced metabolic
syndrome and hypertension [66]. Our previous study showed that the mechanisms underlying
the development of hypertension in offspring exposed to maternal high-fructose consumption
are different from those in adult rats fed with a high-fructose diet [67]. This may explain why
resveratrol increases AMP levels to activate AMPK, resulting in a beneficial effect on the offspring’s BP.
However, the reprogramming effect of maternal resveratrol on kidney disease has not been fully
assessed in developmental programming models. Of note is that resveratrol has multifaceted biological
functions; however, to what extent does its reprogramming effect on hypertension and kidney disease
can be attributed to AMPK activation deserves further elucidation.
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In addition to resveratrol, several polyphenols are capable of activating AMPK, including
quercetin, genistein, epigallocatechin gallate, anthocyanin, magnolol, berberine, and so on.
Early treatment with magnolol, berberine, or genistein offered protective effects against programmed
hypertension in adult SHRs [58–60], whereas quercetin did not [68]. While many polyphenols are
antioxidants and exert beneficial effects on oxidative stress-related disorders [69], evidence for their
reprogramming effects on hypertension and kidney disease as AMPK activators is equivocal. A better
understanding of the differential mechanisms of various polyphenols in the prevention and treatment
of programmed hypertension and kidney disease is therefore warranted.

4.3. Thiazolidinediones

Thiazolidinediones (TZDs) are a class of insulin-sensitizing drugs, including pioglitazone,
rosiglitazone, and troglitazone. TZDs exert their effects mainly by activating PPARγ. They are
also known to act in part through AMPK activation. TZDs that activate AMPK are associated
with the accumulation of AMP. Treatment with pioglitazone and rosiglitazone prior to the onset
of hypertension can be protective in SHRs, by attenuating the development of hypertension [61,62].
However, another study showed that perinatal pioglitazone treatment fails to confer antihypertensive
or renoprotective effects in adult fawn-hooded hypertensive rats [70]. Thus, further examination is
required to understand the protective effects of TZDs in programmed hypertension and kidney disease,
which are exerted mainly via AMPK or PPARγ signaling pathway.

4.4. Others

Despite progress made in recent years in discovering direct AMPK activators [13,53],
little is known regarding their reprogramming effects on hypertension and kidney disease of
developmental origins. The first direct AMPK activator, AICAR, has been reported to lower BP
in adult SHRs [24]. However, the reprogramming effect of AICAR on programmed hypertension
and kidney disease has not been examined yet in developmental programming models. Additionally,
oxidative modification of the AMPKα subunit appears to be a major mechanism by which AMPK is
activated under conditions of oxidative stress. Therefore, any modulators that induce intracellular
ROS generation might serve as AMPK activators. Furthermore, it is of great importance to understand
the interplay between the AMPK signaling and other mechanisms underlying renal programming;
the application of reprogramming strategies targeting the above-mentioned mechanisms is also feasible
for early intervention.

5. Conclusions and Future Perspectives

Hypertension and kidney disease in adult life can be programmed by early-life input. This concept
opens a new window for preventing or delaying the onset of hypertension and kidney disease via
reprogramming. Studies in short-lived animals, with controlled interventions across their lifespan, have
provided interesting results from reprogramming interventions to prevent programmed hypertension
and kidney disease via targeting AMPK signaling.

Regardless of recent advances in pharmacotherapies for hypertension and kidney disease, only
a few studies have targeted their potential for reprogramming. In the current review, the beneficial
effects of these treatments are all coming from indirect AMPK activators that are known to act
in both an AMPK-dependent and -independent manner. There remains a lack of data regarding
AMPK isoforms, specific knockdown models, or direct AMPK activators for renal programming
and developmental programming of hypertension. Using modern genomic techniques [71,72],
the identification of nephron segment-specific pathways regulated by AMPK isoforms will be
an emerging area of interest. Additionally, another question raised from the current review is that
the follow-up periods after the cessation of treatment in most cited reprogramming studies was
relatively short. Of note is that the reprogramming effects of some perinatal interventions seem to
persist beyond six months of age in female, but not male, SHRs [73,74]. Since sex differences appear

149



Int. J. Mol. Sci. 2018, 19, 1744

in AMPK signaling [75], we must determine the long-term effects of AMPK activators in different
programming models, and whether there is a sex-dependent response. Furthermore, a major concern
in the translation from animal model to human use of AMPK activators is the activators’ still-unknown
adverse effects. Because pharmacological activation of AMPK is required to reach a specific target
tissue, off-target effects may counter the therapeutic effects we are aiming for. For example, one possible
effect of AMPK being off-target is the stimulation of the hypothalamus to increase food intake, despite
the fact that our target organ is the kidney.

The evidence of the reprogramming effects of AMPK is just the beginning of the field. It is worth
noting that instead of fully elucidating the potential mechanisms, these studies pointed out several
key mechanisms linking AMPK to renal programming. It is clear that better understanding of the
isoform- and tissue-specific effects of AMPK for programmed hypertension and kidney disease are
required before a reprogramming strategy targeting AMPK could be translated from animal studies to
human trials.
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Abbreviations

ACE Angiotensin converting enzyme
AICAR 5-aminoimidazole-4carboxamide riboside
AMPK AMP-activated protein kinase
AT1R Angiotensin II type 1 receptor
CaMKKβ Ca2+-/calmodulin-dependent protein kinase β

DOHaD Developmental origins of health and disease
LKB1 Liver kinase B1
mTOR Mammalian target of rapamycin
NCC Na+/Cl− cotransporter
NHE3 Type 3 sodium hydrogen exchanger
NKCC2 Na-K-2Cl cotransporter
PGC-1α Peroxisome proliferator-activated receptor γ coactivator-1α
PPAR Peroxisome proliferator-activated receptor
PPM1E Mg2+-/Mn2+-dependent protein phosphatase 1E
PP2A Protein phosphatase 2A
PP2C protein phosphatase 2C
RAS Renin-angiotensin system
SD Sprague–Dawley
SHR Spontaneously hypertensive rat
SIRT Silent information regulator transcript
TAK1 TGFβ-activated kinase 1
Ulk1 Unc-51-like kinase 1
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Abstract: AMP-activated kinase (AMPK) is a serine/threonine kinase that is expressed in most cells
and activated by a high cellular AMP/ATP ratio (indicating energy deficiency) or by Ca2+. In general,
AMPK turns on energy-generating pathways (e.g., glucose uptake, glycolysis, fatty acid oxidation)
and stops energy-consuming processes (e.g., lipogenesis, glycogenesis), thereby helping cells survive
low energy states. The functional element of the kidney, the nephron, consists of the glomerulus,
where the primary urine is filtered, and the proximal tubule, Henle’s loop, the distal tubule, and the
collecting duct. In the tubular system of the kidney, the composition of primary urine is modified by
the reabsorption and secretion of ions and molecules to yield final excreted urine. The underlying
membrane transport processes are mainly energy-consuming (active transport) and in some cases
passive. Since active transport accounts for a large part of the cell’s ATP demands, it is an important
target for AMPK. Here, we review the AMPK-dependent regulation of membrane transport along
nephron segments and discuss physiological and pathophysiological implications.

Keywords: transporter; carrier; pump; membrane; energy deficiency

1. Introduction

The 5′-adenosine monophosphate (AMP)–activated protein kinase (AMPK) is a serine/threonine
protein kinase that is evolutionarily conserved and functions as an intracellular energy sensor in
mammalian cells [1–5]. It is a central regulator of energy homeostasis and affects many important
cellular functions including growth, differentiation, autophagy, and metabolism [1,2,6]. During
energy depletion when cellular AMP levels are high relative to the adenosine triphosphate (ATP)
concentration, AMPK activates energy-providing pathways including glucose uptake, glycolysis,
or fatty acid oxidation [7–10]. Simultaneously, processes consuming ATP (e.g., gluconeogenesis,
lipogenesis, or protein synthesis) are inhibited [7–10].

Being expressed in most mammalian cells, AMPK is a heterotrimeric protein consisting of
a catalytic α (α1 or α2), scaffolding β (β1 or β2), and a regulatory nucleotide-binding γ (γ1, γ2, or γ3)
subunit with the expression pattern differing from cell type to cell type [1,2,11–14]. Induction of AMPK
activity involves phosphorylation of the conserved threonine residue Thr172 within the activation
loop of the α subunit’s kinase domain by various protein kinases including the tumor suppressor liver
kinase B1 (LKB1), Ca2+/calmodulin–dependent protein kinase kinase β (CaMKKβ), and transforming
growth factor beta-activated kinase 1 [1,15–28]. AMPK activation in cellular energy depletion is
primarily mediated by an increase in the AMP/ATP or ADP/ATP ratio [8,29,30]. Thus, AMP or ADP
binding to the subunit at cystathionine-beta-synthase repeats results in conformational changes that
allows for the phosphorylation at Thr172 by LKB1. This results in an enhancement of AMPK activity
by >100-fold [1,8,12,15,31–36]. Moreover, AMP or ADP binding prevents dephosphorylation at Thr172
by protein phosphatases [8,12,37,38]. Additionally, binding of AMP, but not ADP, activates AMPK
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allosterically [8,11,12,37]. Conversely, ATP binding to the cystathionine-beta-synthase domain results
in AMPK dephosphorylation by protein phosphatases [1,8,39].

Besides LKB1-associated regulation of AMPK phosphorylation, an alternative Ca2+-involving
activation mechanisms independent of AMP exists [6,12,40,41]. Protein kinase CaMKKβ

phosphorylates AMPK at Thr172 in response to elevated intracellular Ca2+ levels which may be
caused by mediators such as thrombin or ghrelin [6,12,23,40,42,43]. Intracellular Ca2+ store depletion
detected by the Ca2+-sensing protein stromal interacting molecule-1 leads to store-operated Ca2+

entry (SOCE) involving the Ca2+ release-activated Ca2+ channel Orai1 [44–49]. Orai1-mediated
SOCE impacts on many cellular functions including cell proliferation, differentiation, migration,
and cytokine production [44,50–55]. SOCE is involved in a sort of feedback mechanism involving
AMPK: SOCE activates AMPK through CaMKKβ. AMPK in turn inhibits SOCE [45]. Moreover,
AMPK inhibits SOCE by regulating Orai1 membrane abundance (at least in UMR106 cells) [44,56].

AMPK is a major regulator of whole body energy homeostasis [10,12], impacting on a variety
of organs including liver [57–61], skeletal [62–66] and cardiac muscle [67–73], kidney [74–77], and
bone [78–80]. In the kidney, AMPK regulates epithelial transport, podocyte function, blood pressure,
epithelial-to-mesenchymal transition, autophagy as well as nitric oxide synthesis [75,76,81–83].
Not surprisingly, AMPK is highly relevant for renal pathophysiology, including ischemia, diabetic
renal hypertrophy, polycystic kidney disease, chronic kidney disease, and hypertension [40,67,74–76].
This review summarizes the contribution of AMPK to the regulation of renal transport and hence to
the final composition of excreted urine. Moreover, pathophysiological implications are discussed.

2. AMPK and Renal Tubular Transport

The kidney is particularly relevant for fluid, electrolyte, and acid–base homeostasis. In addition,
it is an endocrine organ producing different hormones such as erythropoietin, Klotho, and calcitriol,
the active form of vitamin D [84–86]. The kidneys are made up of about 1 million nephrons,
their functional elements. A nephron comprises the glomerulus surrounded by the Bowman´s
capsule, the proximal tubule, Henle’s loop, distal tubule, and the collecting duct. The primary
urine is filtered in the glomerulus. Its composition is similar to plasma. In general, large molecules
and particularly proteins >6000 Dalton are normally filtered to a low extent, if at all. The renal
tubular system modifies the primary urine by reabsorbing or secreting ions and molecules, ultimately
yielding the final urine [85–87]. Epithelial transport is mainly dependent on ATP-dependent pumps
(primary-active), secondary-or tertiary-active transporters, as well as carriers and channels (passive,
facilitated diffusion). Since active transport consumes energy by definition, it is not surprising that
it is subject to regulation by AMPK. Moreover, even passive transport involving glucose transporter
(GLUT) carriers is controlled by AMPK [74,75].

2.1. Na+/K+-ATPase

The ubiquitously expressed Na+/K+-ATPase is a primary active ATP-driven pump that mediates
the basolateral extrusion of 3Na+ in exchange of 2K+, thereby establishing a transmembrane Na+

gradient, which is the prerequisite for secondary active Na+-dependent transport (e.g., through
Na+-dependent glucose cotransporter 1 and 2 (SGLT1/2), Na+/H+ exchanger isoform 1 (NHE1),
Na+-coupled phosphate transporter (NaPi-IIa), or Na+-K+-2Cl− cotransporter (NKCC2), as discussed
below) [75,88–94]. Almost one-third of the body’s energy is consumed by this pump [95]. Therefore,
it does make sense that it is regulated by AMPK [74–76,94]: AMPK inhibits Na+/K+-ATPase in airway
epithelial cells by promoting its endocytosis [96–100]. However, AMPK stimulates Na+/K+-ATPase
membrane expression in skeletal muscle cells [101] and in renal epithelia [102], thereby counteracting
renal ischemia-induced Na+/K+-ATPase endocytosis [103]. Interestingly, AMPKβ1 deficiency was
found not to alter outcome in an ischemic kidney injury model in mice [104]. Hence, the effect of
AMPK on Na+/K+-ATPase appears to be highly tissue-specific [74,75].
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2.2. Proximal Tubule

A wide variety of luminal Na+-dependent cotransporters, which are secondary active, are involved
in epithelial transport in the proximal tubule. Secondary active transporters utilize the energy of
the transmembrane Na+ gradient generated by the primary active ATP-consuming Na+/K+-ATPase
to facilitate transport of a substrate against its concentration gradient [105,106]. These transporters
and the basolateral Na+/K+-ATPase consume substantial amounts of total cellular energy [74,75,107].
Hence, AMPK has been demonstrated to be an important regulator of proximal tubule transport [74,75].

2.2.1. Glucose Transport

Since glucose is freely filtered by the glomerulus, glucose concentration in primary urine is
similar to the plasma glucose concentration, whereas excreted urine is usually free of glucose [108–110].
The sugar is reabsorbed in the proximal tubule by the Na+-dependent glucose cotransporter 1 and
2 (SGLT1 and 2), the different expression patterns and properties of which ensure total glucose
reabsorption as long as the plasma glucose concentration is not abnormally high [89,108]. SGLT2 has
a high transport capacity but low affinity for glucose and is predominantly expressed in the kidney,
while SGLT1 is also expressed in other tissues including the small intestine. SGLT2 contributes to the
reabsorption of up to 90% of filtered glucose [108,109,111,112]. On the other hand, AMPK-regulated
SGLT1 [7,92,113] has a low transport capacity but high affinity for glucose and reabsorbs the remaining
glucose [108–110,114,115]. Glucose leaves the basolateral membrane through passive glucose carriers
GLUT1 and GLUT2 [108,116–118]. AMPK activates SGLT1-dependent glucose transport, presumably
by stimulating membrane insertion of the cotransporter as observed in colorectal Caco-2 cells [92,119].
In line with this, AMPK activation is associated with increased SGLT1 expression and glucose uptake
in cardiomyocytes [113,120]. Although the AMPK-dependent regulation of SGLT1 in the proximal
tubule has not explicitly been addressed, it is tempting to speculate that it is similar to other cell
types [92,113,119,120]. The regulation of SGLT by AMPK is a doubled-edged sword: on the one
hand, SGLT1-dependent reabsorption of glucose in proximal tubular cells requires energy which is
generated by β-oxidation of fatty acids to a large extent [121,122]. On the other hand, it prevents
the loss of energy-rich glucose [122,123], thereby maintaining the Na+/K+-ATPase-facilitated Na+

gradient for Na+-dependent transport and many other cellular processes [75,76]. SGLT1-mediated
glucose uptake is linked to the GLUT1-dependent efflux at the basolateral side [108,116]. GLUT1
activity is stimulated by AMPK in various cell types [124–131]. Therefore, it is conceivable that
renal GLUT1 might also be regulated by AMPK in order to save energy-providing glucose. In line
with this, Baldwin et al. (1997) showed enhanced glucose uptake via GLUT1 in baby hamster kidney
cells treated with AMPK activator 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) [132].
Moreover, Sokolovska et al. (2010) reported that metformin, another pharmacological AMPK activator,
increased GLUT1 gene expression in rat kidneys [133]. Also, AMPK activation was associated with
enhanced activity of GLUT2. These studies, however, found reduced SGLT1 membrane abundance
upon AMPK activation, at least in the case of murine intestinal tissue [134,135].

2.2.2. Na+/H+ Exchanger Isoform 1

The ubiquitous Na+/H+ exchanger isoform 1 (NHE1) participates in cell volume and pH
regulation by extruding one cytosolic H+ in exchange for one extracellular Na+ [136,137]. NHE1 is
expressed in all parts of the nephron, including the proximal tubule. However, it cannot be detected
in the macula densa and intercalated cells of the distal nephron [136,138,139]. In the proximal tubule,
NHE1 is particularly important for HCO3

− reabsorption [140]. In hypoxia, anaerobic glycolysis is
predominant, which results in intracellular accumulation of lactate and H+ [90]. Acidosis, however,
inhibits glycolysis [90,141,142] and would jeopardize cellular energy generation. AMPK-dependent
stimulation of NHE1 activity in human embryonic kidney (HEK) cells therefore helps cells keep up
anaerobic glycolysis in oxygen deficiency, as demonstrated by Rotte et al. (2010) [90]. Given that NHE1
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is needed for proximal tubular HCO3
− reabsorption [140], AMPK may help retain HCO3

−, thereby
alleviating acidosis in energy deficiency and hypoxia.

2.2.3. Creatine Transporter

In some organs with high metabolic activity, including skeletal muscle, heart, and brain, creatine
is used to refuel cellular ATP levels [143–145]. In the proximal tubule, creatine, a small molecule that
is freely filtered, is also reabsorbed through secondary active Na+-dependent creatine transporter
(CRT) (SLC6A8) [7,75,143,146]. AMPK has been demonstrated to downregulate CRT activity and
apical membrane expression in a polarized mouse S3 proximal tubule cell line, presumably through
mammalian target of rapamycin signaling [147]. The AMPK-dependent inhibition of CRT may
help reduce unnecessary energy expenditure [75]. Conversely, AMPK stimulates CRT-mediated
creatine transport in cardiomyocytes [148,149]. This again demonstrates that AMPK effects are
tissue-specific [148].

2.2.4. Na+-Coupled Phosphate Transporter IIa

Inorganic phosphate is mainly reabsorbed by the secondary active Na+-coupled phosphate
transporter (NaPi-IIa) (SLC34A1) in the proximal tubule [93,150–152]. Employing electrophysiological
recordings in Xenopus oocytes, it was shown that AMPK inhibits NaPi-IIa [93]. Kinetics analysis
revealed that AMPK decreases NaPi-IIa membrane expression rather than changing its properties.

The regulation of phosphate metabolism by AMPK is not restricted to NaPi-IIa: Recently,
AMPK was demonstrated to control the formation of bone-derived hormone fibroblast growth factor
23 (FGF23) [56], which induces renal phosphate excretion by extracellular-signal regulated kinases 1/2
(ERK1/2)-mediated degradation of membrane NaPi-IIa [150]. AMPK inhibits FGF23 production in
cell culture and in mice [56]. Despite markedly elevated FGF23 serum levels in AMPKα1-deficient
mice, renal phosphate excretion was not different from wild-type animals [56]. The same holds true
for cellular localization of NaPi-IIa and renal ERK1/2 [56]. Thus, it is possible that AMPK deficiency is
paralleled with some FGF23 resistance.

2.3. Loop of Henle

2.3.1. Na+-K+-2Cl− Cotransporter

The Na+-K+-2Cl− cotransporter (NKCC2), expressed in the thick ascending limb (TAL) of the
loop of Henle and macula densa, is required for the generation of a hypertonic medullary interstitium,
a mechanism needed for concentrating urine [75,76,88,91]. NKCC2 is a direct substrate of AMPK which
phosphorylates it at its stimulatory serine residue Ser-126 [153]. Moreover, exposure of murine macula
densa-like cells to low salt leads to AMPK activation and increased NKCC2 phosphorylation [154].
In addition, increased subapical expression (and apparent reduced apical expression) of NKCC2 in the
medullary TAL of the loop of Henle along with elevated urinary Na+ excretion in AMPKβ1-deficient
mice on a normal salt diet were observed [155]. This is in line with AMPK being an important regulator
of NKCC2-mediated salt retention in the medullary TAL of Henle [155]. Efe et al. (2016) recently
observed markedly increased outer medullary expression of NKCC2 in rats treated with the AMPK
activator metformin [156]. However, according to a recent in vivo study by Udwan et al. (2017), a low
salt diet induced upregulation of NKCC2 surface expression in mouse kidneys but left AMPK activity
unchanged [157]. Therefore, the exact role of AMPK in stimulating NKCC2 remains to be established.

2.3.2. Renal Outer Medullary K+ Channel

The apical renal outer medullary K+ channel (ROMK) is required for NKCC2 to work properly,
as it allows the recirculation of K+ ions taken up by NKCC2 into the lumen [75,88]. AMPK is an inhibitor
of ROMK by downregulating both channel activity and membrane abundance of the channel protein in
a heterologous expression system using Xenopus oocytes [158]. In vivo studies revealed that the AMPK
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effect on ROMK is relevant for the renal excretion of K+ after an acute K+ challenge, as upregulation
of renal ROMK1 protein expression and the ability of K+ elimination were more pronounced in
AMPKα1-deficient than in wild-type mice [158].

2.4. Distal Tubule

2.4.1. Cystic Fibrosis Transmembrane Conductance Regulator

The ATP-gated and cyclic AMP (cAMP)-dependent Cl− channel cystic fibrosis transmembrane
conductance regulator (CFTR) participates in Cl− secretion and is broadly known for its role in cystic
fibrosis, the pathophysiology of which is due to channel malfunction [74–76,159]. In the kidney,
CFTR contributes to Cl− secretion in the distal tubule and the principal cells of the cortical and
medullary collecting ducts [74,75,160]. AMPK has been demonstrated to inhibit CFTR-dependent Cl−

conductance in Xenopus oocytes [159] and to decrease CFTR channel activity in the lung [161,162] and
colon [163]. cAMP-stimulated cell proliferation and CFTR-dependent Cl− secretion play a decisive
role for epithelial cyst enlargement in autosomal dominant polycystic kidney disease (ADPKD) [164].
In line with this, AMPK activation inhibits CFTR in Madin-Darby canine kidney (MDCK) cells [165] as
well as decreases cystogenesis in murine models of ADPKD [165,166], suggesting a potential role for
pharmacological AMPK activation in the treatment of ADPKD [165,166].

2.4.2. Ca2+ Transport

Most Ca2+ is reabsorbed by passive paracellular diffusion along with other ions and water through
tight junctions in the proximal tubule and the more distal parts of the nephron [88,167]. Conversely,
only 5–10% of filtered Ca2+ is reabsorbed by transcellular transport involving the apical transient
receptor potential vanilloid 5 channel TRPV5 in the distal convoluted tubule [88]: Ca2+ enters the cell
through TRPV5, whereas basolateral Ca2+ efflux is accomplished by the Na+/Ca2+ exchanger (NCX)
and the Ca2+-ATPase [88,167,168]. AMPK has been shown to inhibit NCX and decrease Orai1-mediated
SOCE in murine dendritic cells [169]. Therefore, it is tempting to speculate that Ca2+ reabsorption
may be downregulated in the distal tubule in ATP deficiency [169,170]. Indeed, AMPK downregulates
Orai1-dependent SOCE in T-lymphocytes [171], endothelial cells [45], and in osteoblast-like cells [56].
Since renal Orai1 activity contributes to kidney fibrosis [172], AMPK-mediated Orai1 downregulation
may also be therapeutically desirable.

2.5. Collecting Duct

2.5.1. Epithelial Na+ Channel

In the collecting duct, fine tuning of Na+ and K+ homeostasis is accomplished by
epithelial Na+ channel (ENaC) and ROMK K+ channel. Both channels are controlled by the
renin-angiotensin-aldosterone system [173–175] regulating extracellular volume and hence arterial
blood pressure [173–177]. Na+ reabsorption by ENaC in the late distal convoluted tubule and cortical
collecting duct principal cells is a highly energy-demanding process, as it utilizes the electrochemical
driving force generated by the basolateral Na+/K+-ATPase [74–76,176,178]. AMPK inhibits epithelial
Na+ transport in various tissues, including lung [96,179], colonic [180], and renal cortical collecting duct
cells [180–183]. In line with this, AMPKα1-deficient mice exhibit increased renal ENaC expression [180].
In detail, AMPK downregulates ENaC surface expression by inducing the binding of the ubiquitin
ligase neural precursor cell expressed developmentally downregulated protein 4-2 (Nedd4-2) to ENaC
subunits, resulting in ENaC ubiquitination with subsequent endocytosis and degradation [177,180,184].
In line with this, activation of AMPK enhances the tubuloglomerular feedback and induces urinary
diuresis and Na+ excretion in rats [185]. However, AMPKα1−/− mice with genetic kidney-specific
AMPKα2 deletion exhibit a moderate increase in diuresis and natriuresis, possibly because NKCC2
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activity is insufficient despite upregulated ENaC activity [186]. Taken together, AMPK activity limits
ENaC-dependent energy-consuming Na+ reabsorption [177,180,181,185].

2.5.2. Voltage-Gated K+ Channel

The voltage-gated K+ channel (KCNQ1) is important for the cardiovascular system as well as
for electrolyte and fluid homeostasis and is expressed in the distal nephron including the collecting
duct [170,187–189]. Its exact role is ill-defined, although a contribution to cell volume regulation
is postulated [75,187]. Similar to ENaC, AMPK inhibits KCNQ1 via Nedd4-2, as demonstrated in
collecting duct principal cells of rat ex vivo kidney slices [187], MDCK cells [190], and Xenopus
oocytes [191].

2.5.3. Vacuolar H+-ATPase

The primary active vacuolar H+-ATPase (V-ATPase) is located at the apical membrane of proximal
tubule cells and collecting duct type A intercalated cells. It contributes to the regulation of acid–base
homeostasis by secreting H+ ions into the tubular lumen [76,192,193]. AMPK inhibits the protein
kinase A (PKA)-dependent membrane expression of V-ATPase in collecting duct intercalated cells of rat
ex vivo kidney slices [193]. Moreover, epididymal proton-secreting clear cells, developmentally related
to intercalated cells, exhibit reduced apical membrane abundance of V-ATPase after in vivo perfusion
with the AMPK activator 5-aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside (AICAR) into
rats [194]. It appears to be likely that energy deficiency limits highly energy-consuming primary
active H+ excretion in the proximal tubule, whereas secondary active NHE1-dependent H+ secretion
is maintained, thereby keeping up at least anaerobic glycolysis [192]. The opposing effects of AMPK
and PKA on V-ATPase expression and activity in kidney intercalated cells can be explained by
different phosphorylation sites, as AMPK and PKA phosphorylate the A subunit at Ser-384 and
Ser-175, respectively [195,196]. McGuire and Forgac (2018) further demonstrated that AMPK increases
lysosomal V-ATPase assembly and activity in HEK293T cells under conditions of energy depletion [197].
In cells depleted of energy, acidification of autophagic intracellular compartments by V-ATPases
enables the lysosomal degradation of proteins and lipids to generate energy substrates for ATP
production [197,198]. Thus, it appears to be likely that AMPK-regulated V-ATPase activity depends on
its concrete cellular localization and function [197].

2.5.4. Water and Urea Handling

AMPK also regulates renal urea and water handling [76,199]. In the inner medullary collecting
duct, osmotic gradients are generated by NKCC2 and urea transporter UT-A1 and water is reabsorbed
through aquaporin 2 (AQP2) [76,156,199,200]. The concentration of urine requires the antidiuretic
hormone vasopressin, which binds to vasopressin type 2 receptors of collecting duct principal
cells, resulting in cAMP-mediated activation of PKA and subsequent phosphorylation and apical
membrane insertion of AQP2 and UT-A1 [76,156,199]. Congenital nephrogenic diabetes insipidus
(NDI) is a disease primarily caused by mutations of vasopressin type 2 receptors that is characterized
by renal resistance to vasopressin and limited urine concentrating capacity [156,201]. According
to two in vivo studies using rodent models of congenital NDI, the metformin-stimulated AMPK
activation ameliorates the ability of the kidney to concentrate urine by increasing the phosphorylation
and apical membrane expression of inner medullary AQP2 and UT-A1 [156,202]. In contrast,
an ex vivo treatment of rat kidney slices with AICAR led to reduced apical membrane insertion
of AQP2 [203]. Moreover, AMPK antagonizes the desmopressin-induced AQP2 phosphorylation
in vitro, thus also suggesting an inhibitory function of AMPK on AQP2 regulation [203]. It appears
likely that AMPK-independent effects of the pharmacological AMPK agonists contribute to this
discrepancy [156,202,203]. Thus, further studies are clearly required.
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3. Conclusions and Perspectives

A growing list of studies indicates the pivotal role of AMPK as a metabolic-sensing regulator
of a multitude of transport processes in the kidney [7,74–76,170]. Particularly, AMPK activation
under conditions of energy deficiency is expected to differentially modulate renal epithelial ion
transport in order to preserve cellular energy homeostasis (Figure 1) [7,74–76,94,170]. Alongside the
above discussed function of AMPK in kidney tubular transport, a variety of other transport proteins,
which are expressed in the kidney as well, are regulated by AMPK in extrarenal tissues [7,94,170,204]
that are reviewed elsewhere [170] and [7] and summarized in Table 1. Future studies are required
to focus on the therapeutic value of pharmacological AMPK manipulation to combat kidney
disease [74–76,205,206].

 

Figure 1. Tentative model illustrating AMPK-dependent effects on renal transport along the
nephron. Cellular energy depletion (e.g., during hypoxia) leads to an elevated AMP/ATP ratio
and subsequent AMPK activation. AMPK in turn regulates a multitude of active and passive
epithelial transport processes along the renal tubular system in order to maintain cellular energy
homeostasis. Ion channels, transport proteins, and ATPases that are activated upon AMPK stimulation
are depicted as green icons, whereas red coloring indicates AMPK-dependent inhibition (see text
for details). AMP, 5’-adenosine monophosphate; AMPK, AMP-activated protein kinase; SGLT1,
Na+-dependent glucose cotransporter 1; V-ATPase, vacuolar H+-ATPase; CRT, creatine transporter;
NaPi-IIa, Na+-coupled phosphate transporter IIa; NHE1, Na+/H+ exchanger isoform 1; GLUT1,
glucose transporter 1; NKCC2, Na+-K+-2Cl− cotransporter; ROMK, renal outer medullary K+ channel;
CFTR, cystic fibrosis transmembrane conductance regulator; ENaC, epithelial Na+ channel; KCNQ1,
voltage-gated K+ channel; Nedd4-2, neural precursor cell expressed developmentally downregulated
protein 4-2; UT-A1, urea transporter A1; AQP2, aquaporin 2.
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Abbreviations

ADP Adenosine diphosphate
ADPKD Autosomal dominant polycystic kidney disease
AMPK 5′-adenosine monophosphate (AMP)–activated protein kinase
AQP2 Aquaporin 2
ATP Adenosine triphosphate
BGT1 Betaine/γ-aminobutyric acid (GABA) transporter 1
CaMKKβ Ca2+/calmodulin–dependent protein kinase kinase β

cAMP Cyclic adenosine monophosphate
ccRCC Clear cell renal cell carcinoma
CFTR Cystic fibrosis transmembrane conductance regulator
CRT Creatine transporter
EAAT3 Excitatory amino acid transporter 3
ENaC Epithelial Na+ channel
ERK1/2 Extracellular-signal regulated kinases 1/2
FGF23 Fibroblast growth factor 23
GLUT Glucose transporter
HEK Human embryonic kidney cells
hERG Human ether-a-go-go-related gene
Kca Ca2+ activated K+ channels
KCNQ1 Voltage-gated K+ channel
Kir Inwardly rectifying K+ channels
Kv Voltage gated K+ channels
LKB1 Liver kinase B1
MCT Monocarboxylate transporters
MDCK Madin-Darby canine kidney cells
NaPi-IIa Na+-coupled phosphate transporter
NCX Na+/Ca2+ exchanger
NDI Nephrogenic diabetes insipidus
Nedd4-2 Neural precursor cell expressed developmentally down-regulated protein 4-2
NHE1 Na+/H+ exchanger isoform 1
NKCC2 Na+-K+-2Cl− cotransporter
PepT1 H+-coupled di- and tripeptide transporter 1
PKA Protein kinase A
ROMK Renal outer medullary K+ channel
SGLT Na+-dependent glucose cotransporter
SMIT Na+ coupled myoinositol transporter
SOCE Store-operated Ca2+ entry
TAL Thick ascending limb
TREK-2 Tandem pore domain K+ channel 2
TRPV5 Transient receptor potential vanilloid 5 channel
UT Urea transporter
V-ATPase Vacuolar H+-ATPase
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Abstract: Tight junctions (TJ) play an essential role in the epithelial barrier. By definition, TJ are
located at the demarcation between the apical and baso-lateral domains of the plasma membrane
in epithelial cells. TJ fulfill two major roles: (i) TJ prevent the mixing of membrane components;
and (ii) TJ regulate the selective paracellular permeability. Disruption of TJ is regarded as one of the
earliest hallmarks of epithelial injury, leading to the loss of cell polarity and tissue disorganization.
Many factors have been identified as modulators of TJ assembly/disassembly. More specifically,
in addition to its role as an energy sensor, adenosine monophosphate-activated protein kinase (AMPK)
participates in TJ regulation. AMPK is a ubiquitous serine/threonine kinase composed of a catalytic
α-subunit complexed with regulatory β-and γ-subunits. AMPK activation promotes the early stages
of epithelial TJ assembly. AMPK phosphorylates the adherens junction protein afadin and regulates
its interaction with the TJ-associated protein zonula occludens (ZO)-1, thereby facilitating ZO-1
distribution to the plasma membrane. In the present review, we detail the signaling pathways up-and
down-stream of AMPK activation at the time of Ca2+-induced TJ assembly.

Keywords: AMPK; tight junctions; epithelial cells; ZO-1; par complex; MDCK; nectin-afadin;
adherent junctions

The correct establishment and maintenance of cell-cell contacts and cell polarity in multicellular
organisms are crucial for normal cell physiology and tissue homeostasis [1,2]. Epithelial cells
form barriers that protect and separate multicellular organisms from the external environment.
Such compartmentalization provides different internal and external environments with specialized
functions [3,4]. In addition to its compartmentalization role, epithelial cell membrane integrity plays
a major role in the defense against pathological organisms, as well as against disease development.
Hence, the loss of cell polarity and membrane disruption are observed in cancer, acute kidney injury,
apoptosis, and infection, as well as at the initial stages of some central nervous system neoplasia [5–9].

To maintain these two distinct regions and to protect the organism, epithelial cells are sealed
together by a junctional complex formed by four main components located along the apico-basal
axis, as follows: (1) TJ; (2) adherens junctions (AJ); (3) gap junctions; and (4) desmosomes.
Disturbances in the formation and maintenance of TJ are observed in many pathological conditions,
including cancer [10,11]. For this reason, a better understanding of their regulation may lead to
novel targeted therapies [12]. Many factors have been identified as modulators of the assembly and
disassembly of TJ. AMP-Activated protein kinase (AMPK) has emerged as one of these. Indeed,
epithelial cells are involved in electrolyte and fluid transport across the apical and basal membrane,
which consume a major part of an epithelial cell’s internal energy currency, namely its stores of
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Adenosine triphosphate (ATP) [13]. AMPK is the main energy sensor in all eukaryotic cells that regulate
their levels of ATP. During cellular stresses such as hypoxia, starvation, glucose deprivation, or muscle
contraction, the ratio of ADP/ATP or AMP/ATP will change. To restore the cellular energy balance,
AMPK will promote catabolic pathways and inhibit anabolic pathways [14]. Interestingly enough,
the depletion of ATP results in the rapid dislocation of cellular tight junctions (TJ), whereas ATP
repletion induces a recovery of tight-junction integrity [15]. As an example, in case of kidney ischemia,
TJ disassembly between proximal tubule cells allows the paracellular backleak of the ultrafiltrate into
the interstitium, which in turn aggravates the renal hypoperfusion [16]. Zhang et al. were the first to
demonstrate a role of AMPK in the regulation of epithelial tight junction assembly and disassembly.
Note that the role of AMPK in TJ regulation appears to be independent of intracellular [ATP] levels.
These observations opened new investigations into the mechanisms through which AMPK serves at
the crossroads between the regulation of cellular energy and TJ homeostasis [17].

1. TJ Are Multiprotein Complexes

The concept of TJ (also known as zonula occludens) emerged in 1963 with Farquhar and Palade’s
experiments demonstrating, by electron microscopy, the regular occurrence in various rat and pig
epithelia of a characteristic junctional complex whose components bear a relationship to each other and
to the lumen of the organ [18]. Briefly, an individual TJ strand is associated laterally with another TJ
strand on adjacent cells to form paired strands, where the extracellular space at this region is completely
obliterated [19]. TJ are the most apical constituent of the junctional complex with AJ immediately
underneath [20]. TJ can be thought of as gaskets that define and seal the most apical border of cell-cell
contacts. For several years following their morphological observation, TJ were further investigated
and major progress was achieved by Stevenson et al. in 1986. They explored the biochemical structure
of TJ and identified ZO1 as one of their protein components [21], which has gone on to serve as a
canonical marker for the assessment of TJ formation.

TJ have two main roles. First, they demarcate the apical and basolateral domains of polarized
cells by acting like a fence [22]. TJ prevent membrane proteins from diffusing freely between
the two membrane compartments. This function is absolutely required in order for apical and
basolateral domains to maintain their distinct lipid and protein compositions [23]. Second, they create
a physiological and structural paracellular barrier that regulates the selective passage and exchange
of molecules [24–27]. In many situations, various materials are selectively transported across cellular
sheets, and this occurs either by direct transcellular transport or by paracellular flux through TJ.
The selective passage of these components through TJ is mediated by aqueous pores whose structures
have yet to be fully defined [28]. In addition to these functions, TJ are connected to signaling pathways
that communicate with the cell cytoplasm and subcellular components [29]. To be able to perform
all of these diverse functions, TJ must possess a complicated architecture based upon a multiprotein
complex that is composed of more than 40 proteins that are classified either as transmembrane proteins
or as cytoplasmic proteins bound to the actin cytoskeleton [30] (Figure 1).

1.1. Transmembrane Proteins

The three main transmembrane proteins are claudins [31], occludins [32], and Junctional Adhesion
Molecules (JAMs) [33]. Both claudins and occludins contain four transmembrane regions (Tetraspans)
with their amino-and carboxyl-terminal ends directed to the cytoplasm [34]. There are two isoforms of
occludin generated by alternative splicing [35], whereas claudins comprise more than 24 members [36].
The extended C-terminus of claudins and occludins have been shown to be essential for interactions
with the soluble cytoskeletal ZO proteins. These interactions mediate the association of the ZO
proteins with the plasma membrane, which is an obligate step in the formation of TJ [37]. In vivo
studies revealed that claudins are more necessary for the structural integrity of TJ than occludins.
In occludin knock-out (KO) mice, TJ were morphologically intact [38] in comparison to claudin-KO
mice, which showed the disappearance of TJ strands [39,40]. These results indicated that claudin is
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required for the formation of TJ strands, and suggested that occludin is rather required for TJ stability.
The last category of transmembrane proteins are JAMs. They have a single transmembrane domain
and their extracellular portion is folded into two immunoglobulin-like domains. Three isoforms
are currently known: JAM-A [33], JAM-B, and JAM-C [41,42]. The three JAMs are co-distributed in
epithelial cells with the ZO-1 protein. Evidence of a role for JAMs in TJ formation is supported by
several studies. Overexpression of JAM proteins enhances the recruitment of TJ components and leads
to the increased accumulation of ZO-1 and occludin [43].

Figure 1. Molecular components of tight junctions. They are composed of three families of
transmembrane proteins that include Occludins, Claudins, and Junctional Adhesion Molecule (JAMs).
Every transmembrane protein is associated with cytoplasmic adaptor proteins such as the zonula
occludens proteins ZO-1 and ZO-2. These interactions are mediated through their cytosolic tails.
Other interactions occur between ZO proteins and additional cytoplasmic proteins (Par6, Par3,
and aPKC). ZO proteins are also connected with the actin cytoskeleton.

1.2. Cytoplasmic Proteins

The “cytoplasmic plaque of TJ” serves as a link between the transmembrane TJ proteins and the
actin cytoskeleton [44]. Most of the cytoplasmic proteins can attach to the TJ plaque via PDZ-domains.
A PDZ domain is a common structural domain that interacts with stereotypical sequences embedded
within the C-terminal regions of transmembrane proteins. PDZ domain-containing proteins can
interact with other PDZ domain-containing proteins and through these multiplexed associations can
anchor TJ membrane proteins to the cytoskeleton. PDZ domains are implicated in a variety of signaling
mechanisms [45]. The two most important PDZ-containing proteins identified at the TJ plaque are
the zonula-occludens-(ZO)1 proteins, which belong to the membrane-associated guanylate kinase
family (MAGUK), and the partitioning defective proteins (Par), members of the Par3/aPKC/Par6
polarity complex.

The MAGUK family includes three structurally related proteins: ZO-1, ZO-2, and ZO-3. ZO-1 was
the first to be associated with TJ [21,46]. They all share a similar structural organization, with an
N-terminal region containing three PDZ domains. In vitro as well as in vivo analyses showed that the
first PDZ domain (PDZ1) of the three ZO proteins has binding affinities for the C-terminal domains
of claudins [37]. This PDZ-dependent interaction with ZO proteins promotes the proper targeting
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of claudins to the TJ. Furthermore, ZO-1/ZO-2 knock-down (KD) cells show disruptions in claudin
localization associated with barrier dysfunction [47–49]. The second PDZ domain (PDZ2) is responsible
for dimerization with other ZO proteins [50]. The third PDZ domain (PDZ3) is associated with
the interaction with JAM-A [43]. Surprisingly, these three PDZ domains are not sufficient for the
recruitment of ZO proteins to TJ [51]. In addition to these three PDZ domains, ZO proteins also have
other regions that are required for their recruitment to TJ. These include SH3 and GUK domains,
which can interact with afadin and occludin, respectively [52].

Given the fact that occludin-deficient cells are able to form normal TJ, with the appropriate
distribution of ZO-1 [53], alternative interactions must necessarily be involved. One possibility would
be the interaction of ZO proteins with α-catenin, a cytoplasmic actin-binding protein that associates
with the β-catenin/E-cadherin complex at AJ [54,55]. However, α-catenin-deficient cells are able to
recruit ZO-1 to the plasma membrane, indicating that this interaction is not critical. The final hypothesis
focuses on the nectin/afadin complex and the specific interaction of the proline-rich regions of afadin
with the SH3 domain of ZO proteins. Interaction between afadin and ZO-1 during the formation
of cell-cell junctions in MDCK cells has been reported [56]. This interaction is principally observed
before TJ are formed. During and after the formation of TJ, ZO proteins appear to be dissociated
from afadin, and afadin becomes associated with nectin at AJ [57–60]. The association between TJ
components and the AJ complex (α-catenin/β-catenin/E-cadherin and nectin/afadin) thus appears to
catalyze the deposition of TJ proteins to the cell surface in the early steps of TJ formation. In summary,
ZO proteins are essential for TJ formation, as well as for the linking of TJ membrane proteins to the
actin cytoskeleton [51,61].

Besides the MAGUK family, members of the Par family play key roles in TJ assembly. Observations
on the asymmetric divisions occurring in the C. elegans zygote led to the discovery of six Par proteins
by Kemphues et al. in 1988, which are essential for the partitioning of early determinants and the
development of embryonic polarity [62]. Only Par3 (Also known as Bazooka) and Par6 were found to
be colocalized in C. elegans embryos. They both contain a PDZ domain and are able to bind to each
other [63]. Par6 contains both N-terminal and C-terminal regions and three conserved domains for
their interactions with other members of this complex. Its first domain PB1 (Phox/Bem 1) is located
at the N-terminal region and is essential for the interaction of Par6 with atypical protein kinase C
(aPKC). The second is Cdc42/Rac interaction binding (CRIB) and can be directly modulated by the
cell division control protein 42 (Cdc42). The third one is a PDZ domain located at the C-terminal
region. Accumulating evidence showed that Par3 and Par6 function together with aPKC [64]. The PB1
domain of Par6 binds the PB1 domain of aPKC to form a heterodimer. Par3 also contains N-terminal
and C-terminal regions separated by three central PDZ domains. This tripartite Par3/aPKC/Par6 is
known as the “Par complex” and is conserved from worms to vertebrates [65,66]. This interaction is a
membrane targeting signal. In the Par complex, Par3 associates with the Par6/aPKC heterodimer by a
PDZ-PDZ domain interaction at the onset of epithelial polarization [67]. Several molecules, such as
nectin and JAMs, can bind the PDZ1 domain of Par3.

2. AMPK Is a Key Regulator of Energy Balance

Each accomplish energy-requiring tasks through the hydrolysis of ATP into ADP, which serves
as their immediate source of energy [68]. Maintaining an adequate supply of energy is an essential
requirement for survival, which means that ATP levels must be kept at a sufficient concentration.
The main sensor of cellular energy status is the AMP-activated protein kinase (AMPK). When ATP
levels fall, its main function is to switch off anabolic and biosynthetic pathways that consume ATP and
to switch on catabolic pathways that produce ATP [69] (Figure 2). When the overall energy levels in
cells decrease due to increased demands or decreased availability of substrates, AMPK gets activated
through a combination of phosphorylation by upstream kinases and/or direct activation by AMP and
ADP [70,71].
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Figure 2. Structure and activation of AMP-activated protein kinase (AMPK). AMPK is a heterotrimeric
α-β-γ serine/threonine kinase. It is made up of a catalytic α-subunit complexed with regulatory
β-and γ-subunits. It can be activated through the phosphorylation of Thr-172 by two main upstream
kinases: Ca2+-Calmodulin Kinase Kinase (CaMKK) and Liver Kinase B1 (LKB1). Transforming growth
factor-β-activated kinase (TAK1) was also described as a new AMPK regulatory kinase. In addition to
its activation by upstream kinases, AMPK can also be allosterically activated by AMP. Once activated,
AMPK responds to changes in the level of Adenosine triphosphate (ATP) by switching off either
anabolic and biosynthetic pathways consuming ATP or switching on catabolic pathways that
produce ATP.

2.1. AMPK: Structure and Regulation

AMPK is a heterotrimeric serine/threonine kinase. It is made up of a catalytic α-subunit
complexed with regulatory β-and γ-subunits [72]. There are 12 unique heterotrimeric combinations of
AMPK. In mammals, the α-subunit is encoded by two isoforms, and the β-and γ-subunits are encoded
by two and three isoforms, respectively (α1, α2, β1, β2, γ1, γ2, and γ3). All these isoforms have
differential tissue-specific expression and activity [73–75].

The α-subunit possesses an N-terminal kinase domain that mediates its catalytic activity and
a C-terminal subunit-interacting domain that plays a role in the interaction with β-and γ-subunits
(βγ-subunit interacting domain-βγ-SID) [76]. The α1-subunit is expressed in many organs (kidney,
heart, brain, spleen, liver, lung, and skeletal muscle), unlike α2-subunit, which is essentially expressed
primarily in skeletal muscle [77]. In addition to their different tissue/organ expression, α1- and
α2-subunits are differentially expressed within the cell. Indeed, α1 is predominantly expressed in the
cytosol, whereas α2 is localized to the nucleus in periods of high energy demand [78]. The β-subunit
contains a central glycogen-binding domain CBM (carbohydrate-binding module) that permits the
interaction of AMPK with glycogen particles and a C-terminal region essential for the assembly of the
α β γ complex [79]. The γ-subunit contains four cystathionine-β-synthase (CBS) tandem sequence
repeats that fold to form two “Bateman domains” and can bind AMP or ATP to regulate the AMPK
activation [80] (Figure 2).

Phosphorylation of Thr-172 in the α-subunit catalytic loop is the main pathway that produces the
activation of AMPK. Nevertheless, there are three major mechanisms responsible for the AMPK
activation: (i) upstream kinases [71]; (ii) the increase of [AMP] and/or [ADP] [81,82]; and (iii)
direct binding to the γ-subunit of AMP for the allosteric activation of AMPK [83]. Beside its
activation by allosteric AMP binding and upstream kinases, AMPK has been reported to have an
autophosphorylation ability at β-subunit Thr-148 [84,85].
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2.2. AMPK: Upstream Kinase and Substrates

Two major upstream AMPK-regulatory kinases have been discovered that are both
serine/threonine kinases. The first one is the liver-kinase-B1 (LKB1) and the second one is the
Ca2+/calmodulin-dependent kinase kinase (CaMKKβ). LKB1 and CaMKK can activate AMPK in
response to energy stress as signaled by elevated AMP levels or to increases of intracellular [Ca2+]
levels in an AMP-independent manner, respectively. Other studies have also demonstrated that
transforming growth factor-β-activated kinase (TAK1) may represent a third AMPK kinase.

LKB1 phosphorylates and activates AMPK in vitro following increased cellular [AMP] levels [86].
LKB1 activity requires the binding of the scaffolding-related adaptor mouse protein 25 (MO25) and the
pseudokinase STe-20 Related ADaptor (STRAD) via the formation of the holoenzyme complex [86].
In cells lacking the expression of LKB1, the activation of AMPK in response to the increase of the
AMP/ATP ratio is abolished, suggesting that LKB1 is required for the AMPK phosphorylation
when [AMP] increases in the cell [86]. Other studies demonstrated that, in certain circumstances,
AMPK can be activated, even in the absence of LKB1 [87,88]. Hence, CaMKK emerged as another main
AMPK kinase [89]. In contrast to LKB1, the AMPK phosphorylation by CaMKK does not require a
disturbance of the ATP/AMP ratio, but rather an increase in intracellular Ca2+ [90]. The addition of
the Ca2+ ionophore A23187 activates AMPK-via the phosphorylation of Thr-172-approximately 10-fold
more in cells expressing a kinase-inactive mutant of LKB1 compared to wild-type cells. Conversely,
the AMPK activation by Ca2+ ionophore A23187 was abolished by the CaMKK inhibitor STO-609 [91].
Other studies confirmed this result and observed that the overexpression of CaMKK increases AMPK
activity, whereas the inhibition of CaMKK reduces AMPK activity [92]. These results suggest a
physiological role of LKB1 and CaMKK as AMPK regulatory kinases in mammalian cells [92].

AMPK is a modulator of several pathways [93–95]. For example, AMPK negatively regulates
two enzymes involved in lipid synthesis: HMGCR (3-hydroxy-3-methylglutaryl coenzyme A
reductase) [96] and ACC (acetyl-CoA carboxylase) [97]. AMPK also exerts a potent effect on
glucose metabolism. Glucose uptake is facilitated through the translocation of glucose transporter
4 (GLUT4) to the cell membrane and also through the regulation of GLUT4 gene expression in
response to AMPK activation [98]. AMPK also regulates glycogen metabolism. AMPK activation
phosphorylates and decreases the activation of glycogen synthase (GS), thus reducing glycogen
synthesis [99]. Thus, AMPK activation reduces the production of stored forms of metabolic
energy and diminishes the activity of energy utilizing pathways, while it increases the capacity
of cells to import energetic precursors and to produce ATP. Kishton et al. showed that AMPK
actively restrained aerobic glycolysis in cells through the inhibition of mTORC1, while promoting
oxidative metabolism and mitochondrial Complex I activity producing ATP [100]. The inhibition of
AMPK-related kinase 5 (ARK5), an upstream regulator of AMPK, leads to a collapse of cellular ATP
levels. Proteomics highlighted the down-regulation of multiple subunits of complexes I, III, and IV of
the mitochondrial respiratory chain following the depletion of ARK5 [101]. These studies suggest a
role of AMPK in the production of ATP by the mitochondrial respiratory chain. AMPK facilitates the
assembly of TJ.

3. AMPK and ZO-1

Zhang et al. [17] demonstrated in 2006 that AMPK could regulate the assembly of epithelial TJ in
the MDCK cell line. The authors used a Ca2+ switch-based model described in 1978 [102] to decipher
the role of AMPK in TJ assembly. Cell-cell adhesion, as well as TJ integrity in polarized epithelial
cells, is rapidly lost when the Ca2+ is removed from the extracellular medium. On the other hand,
the re-addition of Ca2+ into the culture medium induces the rapid assembly of cell-cell contacts and
subsequent TJ formation. Depletion of Ca2+ from the medium causes ZO-1 to translocate from the
cell periphery to the cytoplasm. Upon the re-addition of Ca2+, ZO-1 moves back to the TJ. With this
model, the authors showed that AMPK is phosphorylated during the Ca2+-induced TJ assembly,
while the total amount of AMPK remains unchanged. They also examined the AMPK activity by
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measuring the phosphorylated form of ACC, one of the principle AMPK substrates. They found
an eight-fold increase in pACC following a Ca2+-switch. It is important to note that such AMPK
phosphorylation and activation was not attributable to changes in cellular [ATP] levels during a
Ca2+-switch. To evaluate the potential effect of AMPK in TJ formation, the authors monitored the time
course of ZO-1 relocation to cell-cell junctions with or without the chemical AMPK activator AICAR
(which acts an AMP mimic) added at the time of the Ca2+ switch. The amount of ZO-1 relocated
to TJ in the presence of AICAR during the Ca2+ switch was higher in comparison to a classic Ca2+

switch. Furthermore, the addition of AICAR in Ca2+-depleted medium was sufficient to activate
AMPK and to accelerate ZO-1 relocation to TJ [17]. They also measured the paracellular flux of
70-kDa dextran in MDCK monolayers during the Ca2+-switch in the presence or absence of AICAR.
The presence of AICAR led to a slight but statistically significant decrease in the dextran flux rate
across the monolayers. Similarly to Zhang et al., Peng et al. also measured the paracellular flux by
measuring inulin in intestinal epithelial cells with or without AICAR. Incubation with AICAR led to a
significant decrease in the flux rate across the cell monolayers. These effects were also abolished by
the AMPK inhibitor, Compound C. These studies indicated that the backleak effect is decreased by
the activation of AMPK, independently of [ADP/ATP] changes. In MDCK cells expressing dominant
negative AMPK, the early initiation of TJ assembly was compromised. Still, normal-appearing TJ could
eventually form in AMPK-deficient cells over time, suggesting that AMPK activation supports the
initiation of TJ formation, but other factors, including extracellular Ca2+, are required for the long-term
stabilization of TJ. Shortly after the publication of the Zhang et al. study, Zheng et al. confirmed these
findings and in addition showed that the activation of AMPK in response to the initiation of junction
formation requires LKB1. They also generated MDCK cell lines expressing a kinase-dead mutant
form of AMPKα1 and monitored the effect of Ca2+-switch on TER, a measurement for the paracellular
barrier function and integrity of TJ [103]. Expression of kinase-dead AMPK significantly decreased
the peak level of TER, meaning that the formation of functional TJ is suppressed in the absence of
AMPK [104].

4. AMPK and Afadin-Nectin System

In the above-detailed model, the nectin-afadin system is required for the deposition of junction
components induced by AMPK activation. The involvement of the nectin-afadin complex in cell
adhesion has been described in AJ formation [105]. Still, afadin KD cells are not able to induce
the relocalization of ZO-1 and occludin at TJ sites following the addition of AICAR in low Ca2+

medium. AMPK therefore appears to be connected to afadin in the Ca2+-independent TJ formation.
Furthermore, immunoprecipitation between afadin and AMPK revealed that afadin is a direct substrate
of AMPK. The addition of Compound-C inhibited the phosphorylation of afadin, whereas the afadin
signal was increased without the AMPK inhibitor [106]. Since afadin directly binds to ZO-1 [56],
the authors investigated whether AMPK activation increases the interaction between afadin and ZO-1,
thereby facilitating the assembly of TJ. Immunoprecipitation, with or without AICAR during a Ca2+

switch, revealed an enhanced interaction between these two proteins after Ca2+-switch and even more
in the case of AICAR exposure. These results suggested that AMPK activation might facilitate TJ
assembly by phosphorylating afadin and inducing its association with ZO-1.

5. AMPK Effectors

Recent research investigated the potential of AMPK effectors to preserve the epithelial architecture.
The first study focused on the multimodular polarity scaffold protein GIV (G-alpha interacting
vesicle associated protein) [107]. This protein has been demonstrated to regulate cell polarity and
morphogenesis [108], as well as cell-cell junction formation through its ability to bind Par3 [109] and
the Cadherin-catenin complex [110]. A role for AMPK-mediated phosphorylation of GIV at serine
245 when [ATP] levels decreased was suggested. The phosphorylation of GIV at ps 245 triggered its
localization to TJ by increasing its ability to bind TJ-associated microtubules and AJ-localized protein
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complexes. The addition of Compound-C inhibited AMPK-mediated phosphorylation of GIV and
induced the destabilization of TJ and the reduction of TER. On the other hand, metformin (an AMPK
activator) and AICAR triggered GIV phosphorylation and stabilized TJ, with subsequent enhanced
TER [107].

In 2005, butyrate emerged as a new candidate to promote enhanced intestinal barrier function
as reflected by increases in TER in vitro [111]. A few years later, Peng and co-workers explored
whether the effect of butyrate on the intestinal epithelial barrier is related to AMPK. Using a model
of Ca2+ switch, with or without the addition of butyrate, they demonstrated that the amount of
pAMPK, as well as pACC, increased after the treatment with butyrate in a time-dependent manner.
The addition of AICAR in the culture medium increased TER, whereas Compound-C abolished this
effect. Butyrate also promoted a faster relocalization of ZO-1 and occludin at the cell periphery and
tightened the intestinal barrier [112]. These results further support a role for AMPK activation in TJ
formation. Additional studies using sodium butyrate further support the AMPK activation by CaMKK
due to the increasing of the intracellular concentration of Ca2+. Furthermore, the AMPK activation also
increases the phosphorylation of PKCβ, a key player in TJ regulation [65,113]. This study underscores
the putative interplay between the AMPK and PKC family in the formation of TJ [114].

Another model involving porcine intestinal epithelial cells investigated the effect of L-glutamine
(Gln) in the preservation of TJ. Gln was described as a critically important nutrient for the maintenance
of intestinal mucosal barrier integrity in humans and animals [115]. Indeed, the depletion of Gln results
in a decreased abundance of TJ-associated proteins and increased intestinal paracellular permeability,
whereas the addition of Gln resulted in increased TER, enhanced TJ-protein abundance, and the
localization of TJ proteins to the plasma membrane [116]. TJ proteins, such as claudin-1, claudin-4,
and ZO-1, are localized more abundantly at TJ sites in the presence of Gln. In addition, the abundance
of pAMPK was further enhanced by the addition of Gln. The beneficial effect of Gln, as well as
the phosphorylation of AMPK, was abrogated in a low Ca2+ medium and with the use of STO-609
(CaMKK inhibitor). Gln increased the intracellular [ATP] levels, but these were not affected by STO-609,
meaning that AMPK acts as a TJ regulator via the CaMKK pathway in a model of Ca2+-induced TJ
formation [117]. Our recent work further supports a similar role for CaMKK in the activation of AMPK
during a Ca2+ switch. This study found that the pharmacological inhibition of CaMKK or the direct
inhibition of AMPK by Compound-C hampered AMPK phosphorylation and ZO-1 relocation to the TJ
during a Ca2+ switch in MDCK cells, whereas the inactivation of LKB1 by shRNA did not significantly
influence these processes [118].

Park et al. focused their research on the beneficial effect of Theaflavins (TFs), a polyphenol
pigment in black tea, known to have anti-hyperglycemic, antioxidant, and anti-inflammatory
effects. They previously found that TFs induced AMPK activation. By measuring the fluorescein
transport across epithelial cells, they observed a decrease in its transport by pre-treatment with
TFs, thereby revealing a reduction of paracellular permeability. Moreover, the TJ-related proteins
claudin-1, occludin, and ZO-1 were significantly increased at TJ. Furthermore, Compound-C restored
the fluorescein transport and inhibited the action of TFs. The authors highlighted the AMPK-mediated
expression of claudin-1, occludin, and ZO-1 at TJ in intestinal cells by TFs [119]. Another natural agent,
i.e., Forskolin, has been demonstrated to have beneficial effects on the AMPK-mediated TJ formation.
This compound increased the phosphorylation and activation of AMPK with a comparable effect to
the addition of 2 Deoxy-D-Glucose (2-DG) in a placenta epithelial cell culture. Forskolin treatment
markedly enhanced the assembly of TJ strands, with higher ZO-1 relocation at TJ, while only weak ZO-1
staining was observed in control cells. The authors also used dominant negative AMPK transfected
cells or Compound-C to inhibit AMPK activation and examined whether or not Forskolin-induced
TJ assembly is mediated by AMPK activation. In both cases, the Forskolin effect was abrogated,
resulting in lower ZO-1 relocation at TJ [120]. Thus, the activation of AMPK by Forskolin may enhance
TJ formation.
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AMPKα-null Drosophila die before reaching adulthood, while the transgenic expression of
wild-type AMPK in AMPKα-null mutants allowed them to successfully develop into adults.
A detailed examination of the embryonic epithelial structure of AMPKα-null mutants revealed a
major disorganization of apico-basal polarity. They also assessed whether AMPK is necessary for
cell polarity in mammalian cells. 2-DG treatment of unpolarized epithelial cells, such as the LS174T
line, induced major changes in cell shape with the formation of a polarized actin cytoskeleton and a
brush-border-like structure. Interestingly, this actin polarization was suppressed by the AMPK-specific
inhibitor Compound C [121]. Furthermore, the authors have shown that AMPKα mutation in
Drosophila embryos leads to the abnormal distribution of epithelial polarity markers. The consequent
loss of polarity along with over-proliferative aberration could promote cancers [122]. In addition,
AMPK has been shown to suppress tumorigenesis and the Warburg effect [123]. Therefore, one may
speculate that AMPK-mediated TJ strengthening may help inhibit adenocarcinoma and tumorigenesis.
Additional studies involving AMPK KO mice showed higher intestinal permeability when compared
with WT mice, as indicated by decreased TER and increased paracellular FITC-dextran permeability,
indicating a leaking gut. To investigate the integrity of TJ, ZO-1 immunofluorescence staining was
analyzed and ZO-1 labeled at the tip of villi was impaired in AMPK KO mice [124].

Another role of AMPK in TJ formation and maintenance could be hypothetically linked to dietary
methionine restriction (MR). MR has been found to modify the protein composition of TJ complexes in
epithelial cells [125]. In addition, the stimulation of S-adenosyl-l-methionine, a key intermediate of
methionine metabolism, led to the consumption of both Met and ATP [126] and AMPK activation [127].
These two studies may suggest a new role of AMPK in TJ maintenance in the case of MR. Along with
other nutritional regimens modulating AMPK, Zinc has the potential to function as a TJ modifier
and selective enhancer of epithelial barrier function [128] by regulating claudin-3 and occludin [129].
Since the rapid activation of AMPK was observed after exposure of neurons to Zinc, one may speculate
an interplay between zinc-induced TJ formation and the AMPK pathway. Interestingly, Zinc-induced
AMPK activation was mediated by LKB1 in the absence of changes in intracellular AMP levels or
CaMKKβ activation [130].

6. AMPK and Co-Culture Models

The involvement of AMPK in TJ formation has also been demonstrated in several models of
direct cell-cell co-culture. Tang et al. investigated the role of lymphocytes in the modulation of the
epithelial barrier since lymphocytes are recruited by epithelial cells during infection. To mimic an
infection state, they used a direct co-culture of MDCK cells with lymphocytes and a Ca2+ switch
model to measure the TJ formation. The time course of ZO-1 relocation after Ca2+ switch was
accelerated in the co-culture compared to MDCK alone. Furthermore, lymphocytes drastically
increased AMPK phosphorylation in comparison to MDCK alone after a Ca2+-switch. To link the
increased AMPK phosphorylation and TJ formation, the authors used Compound-C and MDCK
expressing an shRNA directed against AMPKα1. In both cases, the beneficial effect of lymphocytes
was abolished and a slower TJ assembly was observed, thereby confirming the requirement for AMPK
in the TJ formation [131]. Similar experiments were performed in a co-culture model of mesenchymal
stromal cells (MSC) and MDCK cells. Bone marrow-derived MSC can modulate epithelial TJ at
the time of their Ca2+-induced assembly. The relocation of ZO-1 to MDCK cell-cell contacts was
indeed significantly accelerated in the presence of MSC compared to a MDCK cell culture alone.
Furthermore, AMPK activation and activity were also enhanced in the co-culture model. The addition
of Compound-C or STO-609 abolished this AMPK activation and ZO-1 relocation. On the other hand,
the co-culture of MSC with MDCK expressing an shRNA directed against LKB1 did not suppress the
AMPK activity and ZO-1 relocation. This work further supports a role for CaMKK in the activation of
AMPK and ZO-1 protein relocation at TJ during a Ca2+-switch, independently of LKB1 activity [118].

Patkee et al. worked on metformin and its role in airway epithelial TJ in a model of co-culture
with P. aeruginosa (a respiratory pathogen) to mimic an infection and TJ disruption with higher glucose
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permeability. The addition of P. aeruginosa into the culture of airway epithelial cells produced a
significant decrease in TER. Metformin treatment attenuated the fall in TER produced by P. aeruginosa.
AICAR pre-treatment also attenuated the P. aeuringosa-induced reduction of TER. On the other hand,
this increasing TER was prevented by pre-treatment with the AMPK inhibitor Compound-C. To explain
this increased TER phenomenon, the authors investigated the effect of P. aeruginosa and metformin
on the abundance of TJ proteins. They found a decline in claudin-1 and occludin abundance in the
co-culture with P. aeruginosa. The addition of metformin enhanced the expression of these two TJ
proteins. These data indicate a potential AMPK-dependence that may be responsible for metformin’s
ability to increase the airway epithelial barrier function [132].

7. Conclusions

TJ are key constituents of polarized epithelial cells. It is well established that the presence
of TJ is indispensable for tissue compartmentalization and cellular homeostasis. Their disruption
represents one of the earliest markers of epithelial injury and diseases. Accumulating evidence
demonstrates that AMPK is a key factor in the formation of TJ via several signaling pathways (Figure 3).
Further investigations concerning the impact of AMPK on epithelial maintenance in baseline conditions
and in diseased conditions may lead to innovative therapies.

Figure 3. Representative schema of AMPK activators and substrates.

AMPK is involved in tight junctions (TJ) formation. AMPK can be activated by two mains
upstream kinases: Ca2+-Calmodulin Kinase Kinase (CaMKK) and Liver Kinase B1 (LKB1).
Once activated, AMPK can have several effects. First, AMPK can modulate lipid metabolism by
targeting the fatty acid synthesis pathway by the phosphorylation and inhibition of Acetyl CoA
Carboxylase (ACC). Second, AMPK also exerts a potent effect on glucose metabolism trough the
translocation of glucose transporter 4 (GLUT4) to the cell membrane. Third, AMPK also regulates
glycogen metabolism. AMPK activation phosphorylates and decreases the activation of glycogen
synthase (GS), thus reducing glycogen synthesis. AMPK is involved in TJ formation. Activated AMPK
phosphorylates afadin and induces its association with ZO-1. AMPK also phosphorylates G-alpha
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interacting vesicle associated protein (GIV), which regulates cell polarity and morphogenesis, as well
as cell-cell junction formation through its ability to bind Par3 and the Cadherin-catenin complex.
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Abstract: As a cellular energy sensor and regulator, adenosine monophosphate (AMP)-activated
protein kinase (AMPK) plays a pivotal role in the regulation of energy homeostasis in both the central
nervous system (CNS) and peripheral organs. Activation of hypothalamic AMPK maintains energy
balance by inducing appetite to increase food intake and diminishing adaptive thermogenesis in
adipose tissues to reduce energy expenditure in response to food deprivation. Numerous metabolic
hormones, such as leptin, adiponectin, ghrelin and insulin, exert their energy regulatory effects
through hypothalamic AMPK via integration with the neural circuits. Although activation of AMPK
in peripheral tissues is able to promote fatty acid oxidation and insulin sensitivity, its chronic
activation in the hypothalamus causes obesity by inducing hyperphagia in both humans and rodents.
In this review, we discuss the role of hypothalamic AMPK in mediating hormonal regulation of
feeding and adaptive thermogenesis, and summarize the diverse underlying mechanisms by which
central AMPK maintains energy homeostasis.

Keywords: hypothalamus; adenosine monophosphate-activated protein kinase; adipose tissue;
food intake; adaptive thermogenesis; beiging

1. The Hypothalamus and Energy Balance

The hypothalamus, a central integrator of the central nervous system (CNS), plays a critical
role in the homeostatic regulation of appetite and energy expenditure by integrating hormonal,
neuronal, and environmental signals [1]. It senses peripheral and central nutrients availability to
modulate food intake and energy metabolism. Dysfunction of this highly-regulated system leads
to energy imbalance, which initiates the development and progression of obesity and its related
metabolic complications. There are different areas in the hypothalamus, which are believed to exert
diverse functions in energy balance. Early in 1940, Hetherington and Ranson found that electrolytic
lesions in the lateral hypothalamic area (LHA) cause inhibition of food intake, identifying LHA as
a “feeding center” in the brain [2]. Subsequent studies showed that electrical stimulation of the
LHA increases food intake [3], whereas lesions in the ventromedial hypothalamus (VMH) lead to
the similar appetite-inducing effect [4]. Follow-up works demonstrated that not only lesions in the
LHA and the VMH, but also disruption of other hypothalamic nuclei, including the arcuate nucleus
(ARC), the dorsomedial hypothalamus (DMH), and the paraventricular nucleus (PVN), results in
energy imbalance and obesity [5–8]. Among all of these regions, the ARC is critical in regulating
feeding behavior and energy metabolism. The ARC is located near the median eminence (ME),
which has abundant fenestrated capillaries that can lead to a ‘penetrable’ blood–brain barrier (BBB).
The distinguished feature of the ME facilitates ARC neurons to sense hormonal and nutritional signals
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from the periphery [9], which is the reason why the ARC serves as the integration center of central and
peripheral neural inputs.

The recent development of advanced techniques, including electrophysiology, optogenetics,
and chemogenetics, enable us to identify distinct neuronal populations in the hypothalamus in
rodents. The two best-studied neuronal populations in the ARC, which have opposite effects in
appetite regulation, are the orexigenic Neuropeptide Y (NPY) and Agouti-related protein (AgRP)
co-expressing neurons and the anorexigenic pro-opiomelanocortin (POMC) neurons. NPY/AgRP
neurons are activated under a fasting condition, which drives hunger to promote food intake [10],
whereas POMC neurons release alpha-melanocyte-stimulating hormone (α-MSH) to send satiety
signals [11]. These two neuronal populations project to many second-order neurons in the PVN, VMH,
DMH, and LHA [12–14]. The activity of these neurons is regulated by numerous neurotransmitters
and/or hormones. For instance, the neurotransmitter serotonin exerts its anorexigenic effects by
stimulating POMC neurons and suppressing NPY/AgRP neurons [15,16].

2. AMPK, an Energy Sensor and Regulator

AMP-activated protein kinase (AMPK), an evolutionarily conserved serine/threonine protein
kinase, is a nutrient sensor that senses the ratio of AMP: adenosine triphosphate (ATP) or adenosine
diphosphate (ADP): ATP to maintain energy balance in both peripheral tissues and the CNS.
The heterotrimeric complex AMPK consists of three subunits, i.e., α catalytic subunit and β and
γ regulatory subunits. Each subunit has several isoforms (α1, α2, β1, β2, γ1, γ2, γ3), suggesting
12 possibilities of heterotrimer combinations [17]. Some of these isoforms are tissue-specific and
exert different functions under different physiological conditions [18,19]. For instance, heterotrimers
containing the α1 isoform mainly exist in adipose tissues and the liver, whereas those containing
α2 are predominantly expressed in skeletal muscles, the heart, and the brain [20,21]. The activity of
AMPK can be regulated by both allosteric activation and phosphorylation at threonine 172 (Thr172) in
the α-subunit. Specifically, allosteric activation is triggered by the increased intracellular AMP:ATP
(or ADP:ATP) ratio, which facilitates the binding of AMP and/or ADP to the γ-subunit [22], while
phosphorylation of AMPK is regulated by several upstream kinases, including liver kinase B1
(LKB1) [23,24], calcium-/calmodulin-dependent kinase kinase β (CaMKKβ) [25–27], TGFβ-activated
kinase 1 (TAK1) [28,29], and the phosphatases including Mg2+-/Mn2+-dependent protein phosphatase
1E (PPM1E) [30], protein phosphatase 2A (PP2A), and protein phosphatase 2C (PP2C) [31].
The activated AMPK then shuts down ATP consumption and converts to ATP-producing pathways
to stimulate carbohydrate and lipid metabolism by enhancing mitochondrial functions [21]. On the
other hand, phosphorylation of AMPK at serine 485 (Ser485) in the α1 subunit or at serine 491 (Ser491)
in the α2 subunit by protein kinase A (PKA) [32,33], autophosphorylation [32,34], or other protein
kinases (such as Akt (also known as protein kinase B) [35,36] or the 70-kDa ribosomal protein S6 kinase
(p70S6K) [37]) inhibits AMPK activity. The reduced AMPK activity in peripheral tissues, including liver,
skeletal muscle, and adipose tissue causes glucose intolerance and lower exercise capacity, resulting
in type 2 diabetes and obesity [21]. On the contrary, activation of AMPK by metabolic hormones,
such as adiponectin and leptin, or a pharmacological compound, such as metformin, promotes insulin
sensitivity and fatty acid oxidation in the peripheral tissues. Therefore, AMPK has been proposed as a
promising drug target for obesity and type 2 diabetes [38,39].

3. Hypothalamic AMPK in the Regulation of Energy Balance

Apart from its crucial role in peripheral tissues, AMPK also plays a pivotal role in theCNS,
especially in the hypothalamus. Activity of AMPK in the hypothalamus is induced by fasting but
inhibited by feeding, hypothermia, and leptin, whereas high-fat diet (HFD) feeding blunts the leptin
action and increases AMPK activity in the hypothalamus [40–43]. Specifically, AMPK activity is
increased in AgRP-expressing neurons under fasting condition [44]. Hypothalamic AMPK modulates
the functions of different neuronal populations (such as POMC and NPY/AgRP neurons), thereby
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controlling appetite and energy consumption to maintain energy homeostasis [45,46]. In addition,
hypothalamic AMPK has been shown to control dietary selection, first- and second-phase insulin
secretion, lipid metabolism, and hepatic gluconeogenesis, all of which are crucial for energy balance at
the whole-body level [47–50]. Early studies revealed that pharmacological or adenovirus-mediated
activation of AMPK in the medial hypothalamus significantly promotes food intake as a result of
increased transcriptional levels of NPY and AgRP [51,52]. On the contrary, inhibition of AMPK
by adenovirus-mediated overexpression of the dominant negative form of AMPK inhibits food
intake [53]. Genetic-specific deletion of AMPKα2 in POMC neurons reduces energy expenditure
and hence increases adiposity in mice, whereas deletion of this energy sensor in AgRP neurons
prevents age-dependent obesity by promoting the anorexigenic effect of melanocortin [54]. Oh TS et al.
recently demonstrated that AMPK regulates NPY and POMC transcription via autophagy in response
to glucose deprivation in the mouse hypothalamic cell line [55]. A knockin mouse model with an
activating mutation of AMPKγ2 (R302Q) gradually develops obesity due to elevated excitability of
AgRP neurons and its associated hyperphagia [56]. Indeed, humans carrying this activating mutation
have higher adiposity and dysregulated glucose balance [56]. Another protein-altering variant in
AMPKγ1 has been recently shown to be associated with body mass index (BMI), which is identified
by exome-targeted genotyping array [57]. Lentivirus-mediated overexpression of the constitutive
active form of AMPK in corticotropin-releasing hormone (CRH) positive neurons in PVN leads to a
food preference to a high carbohydrate diet over a HFD and obesity in mice [48]. In addition, AMPK
activates the p21-activated kinase (PAK) signaling pathway in AgRP neurons, thereby mediating
fasting-induced excitatory synaptic plasticity, neuronal activation, and feeding [44]. Apart from its
direct action on POMC, NPY, and AgRP neurons, AMPK activity is also crucial to maintain excitatory
synaptic input to AgRP neurons upon food deprivation [58]. In the following sections, we will discuss
the key hormonal factors that positively or negatively regulate hypothalamic AMPK activity to control
appetite and the underlying neuronal regulation.

4. Key Hormonal Factors That Regulate Food Intake via Hypothalamic AMPK

4.1. Leptin

Adipose tissue is an active and dynamic endocrine organ that secretes an array of hormones,
bioactive peptides, and metabolites (collectively called adipokines), which control systemic energy,
lipid and glucose homeostasis [59]. Leptin is the first identified adipokine that plays an indispensable
role in controlling food intake and energy expenditure by mediating the crosstalk between adipose
tissues and the hypothalamus [60]. The leptin receptor is abundantly expressed in POMC and
NPY neurons in different regions of the hypothalamus [61–63]. Mutations in the ob gene (which
encodes leptin) or the leptin receptor gene lead to severe obesity in humans and rodents mainly due to
hyperphagia [64–66]. Leptin stimulates AMPK activation in skeletal muscle but reduces AMPK activity
in the hypothalamus [38]. Noticeably, the inhibitory effect of leptin on AMPK activity is independent of
the classic leptin signal transducer and activator of transcription 3 (STAT3) pathway [52]. The reduction
of AMPK activity by leptin leads to an altered expression of neuropeptides, including NPY, AgRP,
and α-MSH, in the ARC and the PVN [51,52]. Leptin selectively depolarizes POMC neurons and
stimulates β-endorphin and α-MSH to inhibit AMPK activity [58,67,68]. AMPK also coordinates
with other signaling networks, including mammalian target of rapamycin complex 1 (mTORC1)
and phosphatidylinositol 3 kinase (PI3K), to fine-tune the hypothalamic actions of leptin [37,52,69].
For instance, PI3K-Akt-mTOR-p70S6K has been shown to phosphorylate AMPK at Ser485 and Ser491
in the hypothalamus upon leptin stimulation, which in turn reduces AMPK activity, leading to the
inhibitory effect on food intake [37]. A more recent study also reports that leptin activates mTORC1
to repress AMPK activity via the PI3K-Akt axis [70]. Furthermore, the well-established downstream
targets of AMPK in the peripheral tissues, such as acetyl-CoA carboxylase (ACC) and peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), have been shown to mediate
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the hypothalamic function of AMPK [71,72]. Inhibition of AMPK by leptin increases the intracellular
level of malonyl-CoA in the ARC and palmitoyl-CoA in the PVN through ACC [71]. Pharmacological
blocking of the increase of these fatty acids attenuates leptin-induced suppression of food intake.
A subsequent study demonstrated that inactivation of ACC by knocking in Serine 79 and Serine
212 with alanine in ACC impairs appetite in response to both fasting and cold in mice [73]. Genetic
deletion of PGC-1α in AgRP neurons but not POMC neurons blunts the anorexigenic effect of leptin [72].
At the molecular level, knockdown of PGC-1α significantly reduces the mRNA level of AgRP in an
AgRP-immortalized cell line under starvation but not fed state [72].

4.2. Adiponectin

Adiponectin is the most abundant adipokine that exerts multiple beneficial effects on the
cardiometabolic system mainly via its insulin-sensitizing and anti-inflammatory properties [74,75].
In contrast to the increased level of leptin, the circulating level of adiponectin is reduced in humans
with obesity and diabetes [76,77]. Adiponectin promotes glucose uptake and fatty acid oxidation in
the skeletal muscle, suppresses glucose production in the liver, and induces vasorelaxation in the
blood vessels [74,75]. These metabolic and vascular actions of adiponectin are largely mediated by
AMPK [74,75]. Apart from its endocrine actions in the peripheral tissues, adiponectin also regulates
feeding and energy expenditure via the hypothalamus [78]. Adiponectin can be detected in the
cerebrospinal fluid (CSF) of mice after intravenous injection of recombinant full-length adiponectin,
which promotes adaptive thermogenesis in brown adipose tissue (BAT) via the sympathetic nervous
system (SNS)-uncoupling protein 1 (UCP1) axis [79]. Subsequent studies demonstrate that adiponectin
is also detectable in human CSF, despite some studies having argued that adiponectin cannot
pass through the blood–brain barrier [80–83]. In stark contrast to its abundant expression in
circulation, only a trace amount of the trimeric and low-molecular-mass hexameric form (~0.1%
of serum concentration), but no high-molecular-weight form, of adiponectin can be detected in
CSF [80]. Importantly, the key signaling molecules (including the adiponectin receptors AdipoR1
and AdipoR2, the adaptor proteins containing an NH2-terminal Bin/Amphiphiphysin/Rvs domain,
a central pleckstrin homology domain, and a COOH-terminal phosphotyrosine binding domain
(APPL)1 and APPL2) mediating adiponectin actions in peripheral tissues can also be detected
in different regions of the hypothalamus [84–88]. With regard to feeding regulation, two early
studies demonstrated opposite effects of adiponectin on food intake via distinct mechanisms in
the hypothalamus [89,90]. The first study by Kubota et al. demonstrated that intravenous injection
of full-length adiponectin increases AMPK activity in the hypothalamus, which in turn promotes
food intake and decreases energy expenditure under a refeeding condition [89]. These adiponectin
actions are abolished by siRNA-mediated knockdown expression of AdipoR1 or adenovirus-mediated
overexpression of dominant negative AMPK. Genetic abrogation of adiponectin has a similar effect
on hypothalamic AMPK activity and appetite. On the contrary, the study by Coope A et al. showed
that intracerebroventricular (i.c.v.) injection of adiponectin reduces food intake via AdipoR1 in a
fasted state [90]. Such change is accompanied by activations of insulin (increased phosphorylation
of insulin receptor substrate 1[IRS1], Akt, and forkhead box protein O1 (FOXO1)) and leptin (STAT3
phosphorylation) signaling as well as an increase of AdipoR1-APPL1 interaction. Consistent with
Coope A et al.’s study, a recent study demonstrated that i.c.v. injection of adiponectin decreases body
weight as a consequence of reduced food consumption and increased adaptive thermogenesis in the
BAT, and such effect of adiponectin is diminished in rats with a nutritional imbalance during their
neonatal period [91]. On the other hand, the peroxisome proliferator-activated receptor (PPAR)γ
agonist pioglitazone, a well-established insulin-sensitizing drug, boosts food intake and reduces
energy expenditure by inducing adiponectin production in adipocytes, which in turn increases
and decreases mRNA expression of NPY and POMC in the hypothalamus, respectively, via the
AdipoR1-AMPK-dependent pathway [92]. Surprisingly, patch-clamp electrophysiology experiments
reveal that adiponectin specifically depolarizes POMC neurons and inhibits NPY neurons in a
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PI3K-dependent and AMPK-independent manner [93]. The discrepancy of adiponectin actions on
food intake and hypothalamic neuronal activity may be due to the different nutritional states and
concentrations of glucose used in the experiments. Indeed, two recent studies from Yada’s research
group show that adiponectin exerts opposite effects on feeding and POMC neuron activity under low
and high glucose concentration, despite the fact that the suppressive effect of adiponectin on NPY
neurons is independent of glucose [94,95]. In addition to its direct action on hypothalamic AMPK,
several studies report that adiponectin is able to modulate the actions of insulin and leptin on the
hypothalamus, thereby controlling energy homeostasis [89,90,93,96].

Recently, Okada-Iwabu et al. discovered an orally active synthetic small molecule of adiponectin
receptor agonist (namely AdipoRon) [97]. Treatment with AdipoRon not only improves metabolic
health but also prolongs the lifespan in obese and diabetic mouse models [97]. Intraperitoneal injection
of AdipoRon attenuates corticosterone-induced body weight gain, depression, and neuroinflammation
in mice, indicating that AdipoRon can penetrate and target the CNS [98]. Since AdipoRon has been
proposed for the treatment of type 2 diabetes, it is, therefore, interesting to investigate whether
AdipoRon has any effect on hypothalamic function, as adiponectin, in the regulation of feeding and
energy expenditure.

4.3. Ghrelin

The stomach-derived hormone ghrelin, released during fasting, is the first circulating factor
that has been reported to stimulate appetite in humans [99]. The orexigenic action of ghrelin is
mediated by NPY and AgRP peptides [100]. Central or peripheral administration of ghrelin upregulates
hypothalamic AMPK activity in both the ARC and the VMH in rats via growth hormone secretagogue
receptor [51,101–103]. AMPK activation by ghrelin can be controlled at the transcriptional level by
the transcriptional factor ALL1-fused gene from chromosome 4 (AF4), its upstream kinase CaMKKβ,
the Sirtuin 1 (SIRT1)-p53 pathway, or glucose availability [104–107]. Inhibition of AMPK activity
abolishes the orexigenic action of ghrelin [101,108–110]. On the contrary, knockin of an activating
mutation in AMPKγ2 potentiates the orexigenic action of ghrelin under a refeeding condition [56].
There are multiple downstream targets of hypothalamic AMPK to mediate the orexigenic effect of
ghrelin. First, ghrelin increases the release of intracellular Ca2+ to activate the CaMKKβ pathway,
and, thus, facilitates AMPK phosphorylation in NPY neurons in the ARC [58,111,112]. Second, ghrelin
activates AMPK and increases cytosolic Ca2+ in NPY neurons in the ARC [112]. Third, ghrelin triggers
a hypothalamic mitochondrial function via uncoupling protein 2 (UCP2), which antagonizes the
reactive oxidative species (ROS) production, allowing AMPK-mediated fatty acid oxidation for the
support of synaptic plasticity and neuronal activation of NPY neurons [108]. Fourth, López et al.
report that ghrelin inhibits fatty acid synthesis via the AMPK-ACC-dependent pathway, leading
to reduced production of malonyl-CoA (the product of ACC), which in turn promotes carnitine
palmitoyltransferase I (CPT1) activity in the mitochondria [101]. A subsequent study indicated that
the regulation of ghrelin on fatty acid metabolism only occurs in the VMH but not the ARC [102].
Lastly, like leptin, ghrelin modulates the activity of presynaptic neurons that activate NPY neurons in
AMPK-dependent and positive feedback loop manners [58].

4.4. Insulin

Insulin is exclusively produced by pancreatic β cells, and secreted in response to different
nutrient stimuli, including glucose, fatty acid, and amino acids, after a meal. Apart from its glucose
lowering and lipogenic actions, insulin also acts as an anorexigenic hormone. Insulin-deficient
animals are hyperphagia, whereas their voracious appetite could be rectified by central administration
of insulin [113,114]. Brain insulin resistance, a status in which neurons fail to respond to a
physiological concentration of insulin, causes a dysregulation of energy homeostasis and cognitive
functions [115,116]. The role of central insulin signaling in maintaining energy balance could be
verified, at least in part, using neuron-specific insulin receptor knockout (NIRKO) mice. NIRKO
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mice have an elevated plasma insulin level, increased food consumption, and are susceptible to
diet-induced obesity without alterations in brain development or neuronal survival [117]. In addition,
i.c.v. injection of insulin [118–120] or insulin analogues [121] reduces both body weight and food
intake, while intrahypothalamic infusion of an anti-insulin antibody results in opposite effects [122].
Insulin exerts a broad suppressive effect on AMPKα2 activity in different regions of the hypothalamus,
including the PVN, the ARC and the LHA [52]. Indeed, the suppressive action of insulin on AMPKα2
activity is comparable to that of leptin [52]. Streptozotocin (STZ)-induced β cell loss and subsequent
insulin deficiency lead to activation of AMPK and increase expression of NPY in the hypothalamus,
resulting in hyperphagia in rats [53]. Insulin treatment reverses STZ-induced AMPK activation in
the hypothalamus. Pharmacological or molecular inhibition of AMPK in the hypothalamus reverses
STZ-induced hyperphagia [53]. Moreover, the inhibitory effect of insulin on AMPK activity and food
intake can be further potentiated by i.c.v. injection of the amino acid taurine [123], and the effect of
insulin on AMPK activation depends on the extracellular glucose concentration [124]. On the other
hand, the anorexigenic action and the inhibitory effect of insulin on hypothalamic AMPK are largely
abolished by cold exposure [125]. Apart from its direct action, Han et al. found that hypoglycemia
triggered by insulin increases AMPKα2 activity in the hypothalamus [126]. This phenomenon was
remarkable in hypothalamic ARC, VMH, and PVN [126]. Interestingly, insulin has been shown to
inhibit AMPK activity by inducing phosphorylation of AMPK at Ser485 and Ser491 in skeletal muscle,
ischemic heart, and hepatoma HepG2 cells in an Akt-dependent manner; however, whether insulin
exerts a similar effect on hypothalamic AMPK phosphorylations in response to feeding remains
elusive [35,127].

4.5. Glucagon-Like Peptide-1 (GLP-1)

GLP-1 is not only an incretin hormone secreted by intestinal L cells [128], but also a neuropeptide
produced by preproglucagon neurons in the nucleus of the solitary tract (NTS) in the brainstem,
which projects to hypothalamic nuclei to regulate appetite [129,130]. Hypothalamic GLP-1 level is
reduced under fasting condition, while central administration of GLP-1 inhibits food intake in fasted
rats [131,132]. This anorectic effect of GLP-1 is mediated by its inhibitory effect on fasting-induced
hypothalamic AMPK activation [132,133]. HFD or central administration of fructose has been shown to
inhibit the anorectic action of GLP-1 [134,135]. In addition, expression of the proglucagon gene (which
encodes GLP-1) in the brain is regulated by transcription factor 7 like 2 (TCF7L2), which is associated
with the risk of diabetes [136]. Transgenic overexpression of the dominant negative form of TCF7L2
driven by the proglucagon promoter represses the expression of GLP-1 in the brain, leading to a
defective repression of AMPK activity in response to feeding. The defect can be reversed by treatment
with the cyclic adenosine monophosphate (cAMP)-promoting agent forskolin, indicating that GLP-1
mediates its anorectic effect via the AMPK-PKA-cAMP axis [136]. Of note, this signaling axis also
mediates the anorectic effect of the GLP-1 receptor in the hindbrain [137]. Similar to GLP-1, targeted
injection of the GLP-1 receptor agonist liraglutide or exendin-4 into the VMH inhibits food intake in
humans and rodents [138,139]. The anorexic effect of exendin-4 can be reversed by pre-injection with
the AMPK activator AICAR in the VMH [139]. Further analysis reveals that mTOR but not ACC acts
as a downstream mediator of AMPK for the hypophagic effect of exendin-4 [139].

5. The Role of Hypothalamic AMPK in the Regulation of Energy Expenditure

Total energy expenditure consists of basal metabolism, physical activity, and adaptive
thermogenesis. Among these three components, adaptive thermogenesis in response to cold
temperature or dietary intake is predominantly controlled by the hypothalamus. Adaptive
thermogenesis is mainly mediated by BAT, which dissipates heat via the mitochondrial protein UCP1
in brown adipocytes. In the past few years, great advances have been made to broaden our knowledge
on the inducible thermogenic adipocytes (beige adipocytes) in subcutaneous white adipose tissue
(sWAT). Under certain circumstances (such as cold exposure, β-adrenergic stimulation, intermittent
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fasting, or exercise), beige adipocytes could be induced within WAT, especially in sWAT [140–144].
This process is called white fat beiging or browning, and is largely regulated by the crosstalk between
the hypothalamus, the SNS, and adipose tissues. Beiging of WAT not only enhances energy expenditure,
but also improves glucose metabolism, insulin sensitivity, and hyperlipidemia to ameliorate obesity
and its related cardiometabolic complications [145–148]. The activation of BAT and beiging of WAT is,
at least in part, controlled by the hypothalamus-SNS axis [149]. As the interscapular brown adipocytes
only exist in human infants [150], and the gene expression profiles of the inducible UCP-1 positive
cells in human adults share high similarities with mouse beige adipocytes rather than classical brown
adipocytes [151,152], it is possible that induction of beige adipocytes in humans could be a potential
therapeutic target for the prevention of obesity and its related metabolic syndromes.

An early study showed that whole-body depletion of AMPKα2 leads to elevated sympathetic
activity and increased catecholamine secretion [153], suggesting the potential role of AMPK in beiging
via the SNS. Indeed, emerging evidence suggests that numerous hormonal factors regulate adipose
tissue beiging and adaptive thermogenesis via inhibition of hypothalamic AMPK activity, which will
be further discussed in the following sections.

5.1. Leptin

As mentioned above, leptin is known to inhibit AMPK activity in the hypothalamus, which is
accompanied by enhanced whole-body energy expenditure [52,60]. Mice with deletion of protein
tyrosine phosphatase 1B (PTP1B), an inhibitor of leptin signaling, have diminished activation of
hypothalamic AMPKα2, accompanied by an upregulation of UCP1 expression and mitochondrial
density in BAT [154]. Central administration of leptin increases sympathetic outflow to adipose tissues
via AMPKα2 [155]. Further studies demonstrated that sensitizing the leptin signaling in POMC
neurons by deletion of PTP1B increases energy expenditure and promotes the conversion of WAT into
BAT [156,157], although whether the inhibition of AMPK contributes to these changes is unknown.
In addition, sympathetic denervation abolishes the potentiating effect of PTP1B deletion on WAT
beiging [157]. These data collectively indicate that leptin regulates adaptive thermogenesis in adipose
tissues via the SNS.

5.2. Thyroid Hormones

Thyroid hormones, including triiodothyronine (T3) and thyroxine (T4), have been found to raise
energy expenditure via their peripheral actions in BAT or central action in the hypothalamus [158,159].
Stereotaxic injection of T3 (an active form of thyroid hormone) into the VMH (where AMPK and
thyroid hormone receptors are highly co-expressed) stimulates SNS activity and BAT thermogenesis
by inactivating hypothalamic AMPK via the thyroid hormone receptors [158]. Subsequent studies
indicate that administration of T3 in the VMH but not the ARC is able to induce beiging in sWAT and
thermogenesis via inhibition of hypothalamic AMPK activity [160,161]. Inactivation of the lipogenic
pathway in the VMH attenuates the central action of T3 on BAT thermogenesis [158]. Genetic deletion
of AMPKα1 in steroidogenic factor 1 (SF1) neurons in the VMH mimics the central effect of T3 on
BAT metabolism [162]. Ablation of UCP1 completely abolishes the thermogenic action of central
T3 administration [161]. At the molecular level, T3 relives endoplasmic reticulum (ER) stress and
ceramide level in the VMH via an AMPK-dependent pathway, which has been shown to promote
beiging in WAT and reduce obesity [162]. Substitution therapy with Levothroxin, a synthetic form
of T4, promotes the basal metabolic rate and BAT activity in human subjects with a condition of
hypothyroid state [163], but it remains unknown whether this is mediated by central or peripheral
action of AMPK.

5.3. BMP8B

Bone morphogenetic protein 8B (BMP8B), a member of transforming growth factor β, acts both
centrally and peripherally to increase BAT thermogenesis in female rodents [164]. mRNA of BMP8B
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can be detected in the brain and its receptors, including ALK4, ALK5, and ALK7, which are expressed
in the VMH and the LHA. BMP8B-deficient mice display impaired thermogenesis and reduced AMPK
activity in the VMH [164,165]. Acute i.c.v. injection of BMP8B in the VMH rather than the LHA
enhances sympathetic outflow to BAT but not to the kidney, which can be abolished by expression of
the constitutively active form of AMPK or potentiated by expression of the dominant negative form
of AMPK in the VMH, respectively [164,165]. In addition, central administration of BMP8B exerts its
thermogenic effect in BAT via upregulating orexin, a key modulator of BAT thermogenesis, in the LHA
via glutamatergic signaling [165].

5.4. GLP-1

Activation of GLP-1 receptors in the hypothalamus not only inhibits appetite but also regulates
BAT function. Stimulation of GLP-1 receptors by their agonist liraglutide in the VMH triggers both
BAT thermogenesis and WAT beiging in mice, which are mediated by AMPK inhibition [138]. Central
administration of the GLP-1 receptor agonist increases sympathetic outflow to BAT, leading to increased
ability of glucose and lipid clearance and thermogenesis in BAT [166]. Although injection of liraglutide
in DMH has no effect on BAT thermogenesis, injection of native GLP-1 in DMH increases the core
body temperature and thermogenic program in BAT [138,167]. However, whether the thermogenic
actions of native GLP-1 and exendin-4 are also mediated by AMPK signaling remains unclear, which
warrants further investigation. With regard to human studies, the effect of GLP-1 receptor agonists
and GLP-1 on energy expenditure remains inconclusive [168].

5.5. Estradiol

Estrogens are known to play a key role in the regulation of energy balance. The central action of
estradiol on BAT thermogenesis has been recently identified and linked to the AMPK pathway [169,170].
Estradiol binds to its receptor (estrogen receptor α) in the VMH to diminish AMPK activity and
enhances BAT thermogenesis without affecting feeding behavior [169]. Similar to the action of thyroid
hormone, estradiol is able to relieve endoplasmic reticulum (ER) stress and reduce ceramide synthesis
in the VMH, which in turn promotes BAT thermogenesis.

6. Conclusions and Future Perspectives

The diverse mechanisms driven by the hormonal factors convey on the hypothalamic AMPK
signaling axis, supporting a critical role of AMPK in controlling feeding behavior and energy
expenditure to maintain whole-body energy homeostasis (Table 1). AMPK in the VMH is crucial
for BAT thermogenesis and beiging of sWAT, whereas AMPK in the ARC regulates food intake.
Inhibition of AMPK activity by estradiol and thyroid hormone protects the hypothalamus from
lipotoxicity and ER stress, which are the central pathogenic pathways that contribute to insulin and
leptin resistance in obesity [171]. A recent study pinpointed that AMPK in SF1 neurons in the VMH
regulates BAT thermogenesis via the SNS [172]; however, whether other hypothalamic neuronal
population(s) mediates the inhibitory effect of AMPK activation on BAT functions remains unclear.

Considering the vital roles of hypothalamic AMPK, drugs that specifically target central AMPK
are worth developing to prevent obesity and its related metabolic syndromes. As the regulatory effects
of AMPK are differential in the periphery and centrally, the best therapeutic strategy is to specifically
target hypothalamic AMPK without altering its functions in peripheral tissues. In this respect,
the use of nanoparticles or exosomes [173], optogenetic neuromodulations [58], or chimeric proteins
(targeting peptides associated with effective molecules or steroid hormones) [174,175], drawing from
the implementations in other diseases, might be innovative strategies to achieve specific modulation of
hypothalamic AMPK activity. However, despite the high specificity, we cannot exclude the possibility
that these strategies may also affect other neuronal populations near the target hypothalamic region,
which would result in limited efficacy and undesired side effects [176]. Another important issue is
how to address the long-term influence of the altered hypothalamic AMPK activity. As AMPK is a
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canonical regulator of glucose and lipid metabolism, whether the sustained inhibition of hypothalamic
AMPK may lead to lipotoxicity or other deleterious effects in neurons still needs further investigation.
Taken together, great endeavors are required to advance our understanding of neuronal and hormonal
regulation of hypothalamic AMPK, and AMPK in the hypothalamus will be a fascinating therapeutic
target if we can address all of the above concerns properly.

Table 1. Actions of hormonal factors on hypothalamic AMPK activity, food intake, and energy expenditure.

Hormonal Factors Hypothalamic AMPK Activity Food Intake Energy Expenditure

Adiponectin ↑ ↑↓ ↑↓
Ghrelin ↑ ↑ -

Leptin ↓ ↓ ↑
Insulin ↓ ↓ ↑

GLP-1 and its analogues ↓ ↓ ↑
Thyroid hormones ↓ - ↑

BMP8B ↓ - ↑
Estradiol ↓ - ↑
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Abstract: Nutritional status provides metabolic substrates to activate AMP-Activated Protein Kinase
(AMPK), the energy sensor that regulates metabolism. Recent evidence has demonstrated that AMPK
has wider functions with respect to regulating immune cell metabolism and function. One such
example is the regulatory role that AMPK has on NLRP3-inlflammasome and IL-1β biology. This in
turn can result in subsequent negative downstream effects on glucose, lipid and insulin metabolism.
Nutrient stress in the form of obesity can impact AMPK and whole-body metabolism, leading to
complications such as type 2 diabetes and cancer risk. There is a lack of data regarding the nature
and extent that nutrient status has on AMPK and metabolic-inflammation. However, emerging
work elucidates to a direct role of individual nutrients on AMPK and metabolic-inflammation, as a
possible means of modulating AMPK activity. The posit being to use such nutritional agents to
re-configure metabolic-inflammation towards more oxidative phosphorylation and promote the
resolution of inflammation. The complex paradigm will be discussed within the context of if/how
dietary components, nutrients including fatty acids and non-nutrient food components, such as
resveratrol, berberine, curcumin and the flavonoid genistein, modulate AMPK dependent processes
relating to inflammation and metabolism.
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1. Introduction

AMP-activated protein kinase (AMPK) is a serine/threonine kinase (once thought of as solely
an energy sensor) and has since been assigned widespread roles in metabolism [1], inflammation [2]
and Type 2 Diabetes (T2D) [3]. It is responsible for adapting cellular metabolism in response to
nutritional and environmental variations. This involves activating pathways to produce energy
whilst also inhibiting energy-consuming pathways. The body uses adenosine triphosphate (ATP)
as an energy source, which is broken down to adenosine diphosphate (ADP) and then adenosine
monophosphate (AMP). When ATP levels are low, the ADP:AMP ratio increases and in turn activates
AMPK to activate pathways to replenish ATP levels and restore energy. AMPK is a heterotrimer
composed of a catalytic α (α) (α1 and α2) subunit and regulatory beta (β) (β1 and β2) and γ (γ)
(γ1, γ2 and γ3) subunits. AMPK can be activated through both allosteric and phosphorylation (p)
means. The threonine-172 (Thr-172) residue within the activation loop of the kinase domain on the
α-subunit is the main phosphorylation site for AMPK activation [4]. The upstream protein kinases,
liver kinase B1 (LKB1), Ca2+/calmodulin-dependent protein kinase kinases (CaMKK) [5] and AMPK
kinase (AMPKK) [4], are responsible for AMPK activation by phosphorylation. The allosteric activation
of AMPK occurs through AMP and helps to prevent the dephosphorylation of AMPK [6]. AMP has
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also been shown to directly increase the CaMKKβ- and LKB1-mediated α-Thr172 phosphorylation [7].
AMPK activation, in response to low energy status, re-configures glucose, lipid and mitochondrial
metabolism towards adenosine triphosphate (ATP) production and decreases anabolic pathways that
would otherwise further deplete ATP levels (Figure 1). Insulin can inhibit AMPK activity through
phosphorylation of the Ser485/491 in the α1/α2 site in multiple tissues, including skeletal muscle
and liver, without affecting Thr172 phosphorylation, through the Akt pathway [8]. One of the main
mechanisms of AMPK activation is the prevention of its dephosphorylation by AMP, especially within
the context of metabolic disease [6]. The main pathways activated are those that are involved in growth
and metabolism [9]. It activates fatty acid oxidation (FAO) to generate ATP and inhibits unnecessary
pathways, such as fatty acid synthesis [1]. Alternatively, AMPK affects the cell cycle and neuronal
membrane excitability, as a way to regulate ATP levels [10]. In this review, we will discuss how AMPK
can be activated by nutrients, such as glucose and lipids, but is mainly determined by nutrient status.
The widespread effects of AMPK on metabolism, ranging from nutrient to mitochondrial metabolism,
will be covered. In times of stress, such as obesity or direct influence by fatty acids, AMPK activation
becomes altered and leads to dysregulated metabolism. Furthermore, there is an increasing amount of
research pointing to the effect of metabolic signals on immune function and inflammation, and how a
reciprocal relationship exists. The literature to date has focused on the role of nutritional status on AMP
activation and how this affects cellular processes and metabolism. However, whilst AMPK-mediated
metabolic-inflammation is a critical biological interaction, there is a paucity of data in relation to the
nature and the extent to which individual nutrients affects cellular process and metabolism, thus this
will be a focus within the review.

Figure 1. The role of AMP-Activated Protein Kinase (AMPK) on whole-body metabolism. AMPK
is a nutrient sensor, which is activated in response to low adenosine triphosphate (ATP) levels,
and an increased adenosine diphosphate: adenosine monophosphate (ADP:AMP) ratio. As a
result, it activates pathways that produce ATP through glucose, lipid and mitochondrial metabolism
pathways, thus increasing ATP levels. Conversely, pathways that deplete ATP are inhibited by AMPK.
An ↑ arrow represents an upregulation of the process and ↓ represents a downregulation of the
process. AMPK = AMP-Activated Protein Kinase, ATP = Adenosine triphosphate, ADP = Adenosine
diphosphate, AMP = Adenosine monophosphate.
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2. AMPK Activation, Metabolism and Nutrient Status

Metabolism is fueled by the nutrients we consume and is a tightly regulated process. Nutrient
status therefore has a direct effect on the energy status of the organism. On the cellular level,
AMPK activation is dependent upon energy status in the form of low ATP levels, and an increased
ADP:AMP ratio. It is activated by energetic stress characterized by low levels of ATP. AMPK
activation re-configures cellular metabolism, switching on catabolic pathways to generate ATP and
switching off anabolic pathways that would otherwise deplete ATP. The metabolic impact of AMPK
activation/de-activation has already been thoroughly reviewed by Herzig and Shaw [11]. Briefly, as
illustrated in Figure 1, lipid and glucose metabolism are re-configured to supply energy; whilst protein
metabolism, particularly protein synthesis is shut down. AMPK activation promotes glucose
uptake and glycolysis, and activates lipolysis and oxidation, which is associated with significant
upregulation of mitochondrial metabolism, mitophagy and autophagy. Conversely, gluconeogenesis
and glycogenesis, as well as fatty acid synthesis/lipogenesis and cholesterol biosynthesis, are
attenuated. In essence, AMPK activation promotes glucose sparing and oxidative metabolism to
generate maximal ATP from cellular energy substrates. This process is used by most quiescent cells,
as opposed to the glucose dependent, glycolytic metabolism relied upon by activated immune and
proliferating cells. The current review will focus on the effects of AMPK on cellular metabolism in
the context of inflammation and whole-body responses to obesity. For more detailed reviews about
AMPK and the effects on lipid, glucose and mitochondrial metabolism, the readers are directed to the
following reviews [9,12,13]. Recent work suggests that glucose metabolites mediate AMPK activation
via non-canonical energy sensing mechanisms. Whilst it is well acknowledged that cellular glucose
status activates AMPK as described above, more recent work suggests that glucose status affects
AMPK activation, independent of increasing AMP:ATP and ADP ratios. It was initially presumed
that low glucose status activated AMPK via reduced glucose catabolism leading to ATP depletion
via the canonical energy sensing mechanism. But Zhang and colleagues recently showed that AMPK
was activated when mouse embryonic fibroblasts were transferred from high to low (below 5 mM)
glucose concentrations without any changes in cellular AMP/ATP or ADP/ATP ratios [14]. It was
demonstrated that during glycolysis, glucose is converted to fructose-1, 6-bisphosphate (FBP), which
is then processed or sensed by FBP aldolases. Such low glucose status reduces FBP-bound aldolase,
which in turn activates AMPK via LKB1 phosphorylation. Thus, metabolites such as FBP indicative of
poor glucose availability modulate FBP aldolases, which in turn sense low FBP and activate AMPK.

2.1. Nutrient Status and Impaired AMPK Action

On the whole-body level, energy status also affects AMPK activation. Obesity, in its simplest
form, is caused by a chronic energy imbalance, wherein caloric intake exceeds caloric expenditure.
This represents a metabolic stress event and hence affects AMPK activation, as illustrated in Figure 2.
Obesity is associated with reduced AMPK activation, concomitant with alterations in glycolysis, insulin
sensitivity, hepatic lipid metabolism and inflammation. The AMP metabolic stress signal results
in β-myristoylation, allowing AMPK membrane association and facilitating the phosphorylation
required for activation [7]. In man AMPK activity, as determined by its phosphorylation state,
the P-AMPK/T-AMPK ratio, was reduced in visceral adipose tissue (VAT), rather than subcutaneous
adipose tissue (SAT), of obese humans [15]. Obesity also affects immune cell AMPK status. Macrophage
phosphorylated AMPK (pAMPK) expression was 33% lower in mouse models of genetic obesity
compared to their lean counterparts [16]. Rats on a high fat diet (HFD) also show reduced renal
AMPK activity [17]. Obesity arises as a result of excess energy intake, usually excess fat with or
without surplus simple carbohydrates/sugars. Later in the review, we will deal with the impact
of different dietary components within the context of obesity. It is important to note that high fat
diets are usually preferentially enriched in saturated fatty acid (SFA), and initial data would suggest
that SFA enriched high fat diets are particularly potent with respect to reducing pAMPK expression
in adipose tissue and bone marrow derived macrophages (BMDM) [2]. Interestingly, recent data
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suggests that altered AMPK activation is not just a function of obesity but may play a role in energy
homeostasis. Chronic activation of AMPK, through a mutation in the γ2 subunit, was involved
in hyperphagia, obesity and impaired pancreatic function, which was observed in both mice and
humans [18]. Therefore, long-term, non-discriminate activation of AMPK should also be taken with
caution. It is possible that the adverse effect of obesity on pAMPK is mediated via adiponectin,
the adipokine responsible for regulating glucose levels and fatty acid synthesis, which is decreased
in obesity [19]. Adiponectin can activate AMPK via LKB1, but this is impaired in the skeletal muscle
of ob/ob mice [20]. AMPK can be pharmacologically induced through treatment with the agonist,
5′-aminoimidazole-4-carboxamide ribonucleotide (AICAR). Mice given AICAR in conjunction with an
HFD showed increased plasma adiponectin levels, reduced macrophage infiltration into the kidney,
and reduced kidney hypertrophy, but the impact on adipose tissue biology was not investigated in
this study [21].

2.2. The Involvement of AMPK in Insulin Resistance

AMPK expression is altered in insulin resistant obese individuals, with reduced expression
compared to insulin sensitive body mass index-matched counterparts [15]. AMPKβ1−/− contributes
to insulin resistance with decreased phosphorylation of protein kinase B (Akt), increased adipose
non-esterified fatty acids, hyperglycemia and hyperinsulinemia [16]. Serum leptin levels increased,
and adiponectin reduced, indicating the negative effect of AMPK signaling disruption on adipose
biology. Furthermore, in a co-culture system of AMPKα1−/− macrophages and 3T3-L1 adipocytes,
insulin stimulated phosphorylation of the insulin receptor and subsequent insulin stimulated glucose
uptake, were both decreased with the deletion of the AMPK subunit. This provides confirmation that
AMPKs anti-inflammatory effect in macrophages leads to a positive effect on adipose biology [22].
Adipocyte-specific deletion of AMPKβ subunits had a deleterious effect on glucose tolerance and
insulin sensitivity, in response to an HFD. Further analysis demonstrated that reduced energy
expenditure in brown adipose tissue and hepatic steatosis, but not white adipose tissue inflammation,
was responsible for the insulin resistant phenotype [23].

Leclerc and colleagues demonstrated that glucose could regulate and reduce AMPK activity
in both human and rodent islets, which resulted in decreased insulin secretion [24]. AMPK can
regulate insulin-induced gene expression of L-type pyruvate kinase and pre-proinsulin promotor
in islets [25]. A study by Mottillo and colleagues utilized an inducible model for deletion of the
two AMPK β subunits in adipocytes (iβ1β2AKO) [26], whereby deletion of AMPK exacerbated
the insulin resistant phenotype in terms of hepatic steatosis and glucose tolerance in response to
an HFD [23]. AMPK knockout models are associated with differing phenotypes, based on which
subunit is targeted. Those with the α1/2 subunit deficiency show increased lipolysis [27], whereas
β1/2 deficiency show reduced oxidative metabolism [23]. AMPK activation has been shown to
inhibit the first phase of adipogenesis [28] but also increase peroxisome proliferator-activated receptor
γ (PPAR-γ) expression [29] in other studies. Despite these confounding results, AMPKα1- and
AMPKα2-deficient mice display hypertrophic adiposity following an HFD [27,28,30], but these were
conducted in whole body knock-out models. Global AMPKα1−/− mice display increased adiposity,
systemic insulin resistance and increased inflammation. When the bone marrow cells were deficient in
AMPKα1, the mice had insulin resistance but no obesity, whereas adipocyte AMPKα1 deficiency had
the same phenotype as the global knockout [31]. In genetically obese ob/ob mice, improved insulin
sensitivity was a consequence of increased AMPK levels and glucose production in the liver, but no
effects were observed in the skeletal muscle of these mice [20]. When AMPK levels were increased with
metformin in HFD-rats switched to a chow diet, the metformin group had reduced weight gain and
plasma glucose and triglyceride levels compared to a diet switch alone [17]. The authors speculated
that metformin was increasing renal FAO by modulating AMPK/acetyl-CoA carboxylase (ACC)
pathway and thereby reducing renal lipotoxicity. Metformin treatment in HFD mice also improves
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glucose metabolism and decreases the adipocyte size compared to HFD fed mice alone [32], thereby
illustrating the multitude of effects that AMPK plays in whole body metabolism.

2.3. AMPK and Its Link to Cancer

As in obesity, AMPK is downregulated in cancer. AMPK has been implicated in cancer
due to its effects on cellular growth and metabolism [33,34]. Tumor cells downregulate AMPK,
and thus re-configure cellular metabolism towards glycolytic metabolism to enhance cell growth and
proliferation. The mechanistic basis of which is complex and may be related to LKB1 dependent
AMPK Thr172 phosphorylation to downregulate AMPK-mediated metabolism, over-signalling
of the insulin/IGF1-regulated protein kinase Akt/PKB pathway, and/or other mechanisms [35].
LKB, the upstream kinase of AMPK activation, is a tumor suppressor but is mutated in cancer cells.
Mammalian target of rapamycin (mTOR) controls cell growth and proliferation and is a target of AMPK.
When LKB1 is deficient in cancer cells, mTOR activity inhibition is lost and thus cell proliferation
is increased [36]. Cell growth is an ATP-consuming pathway and as such, AMPK directly inhibits
mTOR activity. Fatty acid synthesis is increased in many cancers and through AMPKs ability to
inhibit this process, AMPK is thought to have anti-cancer roles. Pharmacological AMPK activation,
with metformin or salicylate, may protect against cancer initiation and development. Aspirin treated
patients with CVD and metformin treated patients with type 2 diabetes have a lower incidence of
cancer [37,38]. Whilst these studies seem promising, it is important to note that whether AMPK is a
tumor suppressor or potential oncogene, at different cancer stages, is highly controversial and ripe for
investigation [35,39,40]. Given the important regulatory role AMPK mediates within the context of
metabolism, the next section will deal with the extent to which metabolism may alter inflammation.
Also, the impact of nutrient-derived compounds is detailed in Section 4.

3. The Intersection between Metabolism and Inflammation

It is now appreciated that there is a complex and dynamic inter-relationship between metabolism
and inflammation. Thus, rather than investigating simple pathways/biological processes, there is an
intense interest in identifying potential hubs that co-regulate metabolism and inflammation, and in this
context, AMPK is an interesting candidate. As stated previously, obesity can affect AMPK activity, but
it is difficult to know if the HFD obesogenic effect reflects energy overload or a direct impact of dietary
fatty acid (FA) composition. Interestingly, there is an increasing body of evidence that suggests that
the nature of fatty acids may co-regulate inflammation and pAMPK expression. Attenuated pAMPK
expression is associated with an inverse increase in inflammatory markers in both mouse models of
obesity [16] and in obese humans [15]. In nutrient-rich conditions, and with inflammatory stimuli,
AMPK phosphorylation and the activity of the α 1 subunit of AMPK is reduced. However, when
AMPK is activated there is a subsequent reduction in both nuclear factor kappa B (NF-κB) and tumour
necrosis factor α (TNF-α) secretion in macrophages [22].

3.1. AMPK and the NLRP3 Inflammasome

The nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3
(NLPR3) inflammasome, mediates interleukin-1β (IL-1β) production, but requires a metabolic product,
reactive oxygen species (ROS), for its complete activation. NLRP3 has been shown to play a
downstream role in metabolism, with Nlrp3−/− mice on an HFD displaying increased FAO [41].
Caspase-1 is required to process pro-IL-1β to IL-1β activation and ob/ob mice administered a caspase-1
inhibitor also display increased FAO [42]. AMPK can no longer reduce FAO when the regulatory
β-1 subunit is deleted, thereby altering the tetrameric formation of AMPK. This occurs through changes
in ACC phosphorylation and altered mitochondrial content [16]. AMPK can inhibit inducible nitric
oxide synthase production as a way to reduce inflammation [43], while AMPK inhibition blocks
autophagy increasing mitochondrial ROS production, an instrumental step in NLRP3 inflammasome
activation [44]. ROS and nicotinamide adenine dinucleotide phosphate inhibition, as well as AMPK
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activation by AICAR, can all prevent the lipopolysaccharide (LPS)- and palmitic acid (PA)- induction
of pro-IL-1β and mature IL-1β production [44]. NLRP3 inflammasome components and the activation
of caspase-1 and IL-1β were significantly upregulated in monocyte-derived macrophages from T2D
patients and were reduced following treatment with metformin, an insulin sensitizing drug that
activates AMPK. The ability of metformin to reduce NLPR3 inflammasome activation was attributed
to a reduction in mitochondrial ROS, a known activator of the inflammasome [45].

Metformin has been widely used in the treatment of T2D [3], wherein it induces not only
metabolic but also positive anti-inflammatory effects. Metformin indirectly activates AMPK by
inhibiting mitochondrial ATP synthesis [46], while decreasing the secretion of inflammatory markers,
cyclooxygenase-2 and IL-1β, in the kidney of HFD-fed rats [17]. Citrate is involved in FA synthesis
and has also been noted as being a potent inflammatory stimulus [47]. Accumulation of citrate can
inhibit phosphofructokinase and back up the glycolytic pathway. The treatment of BMDM with citrate
increased NLRP3-dependent IL-1β production and caspase-1 cleavage [48]. The isocitrate/pyruvate
cycle has also been implicated in increasing glucose-stimulated insulin secretion, but this area of
research warrants further investigation [47]. Treatment of BMDM with α-ketoglutarate has been
shown to increase interleukin-10 (IL-10) but also significantly enhance IL-1β expression compared
to LPS alone [49]. Conflicting reports however demonstrate that LPS-primed BMDM stimulated
with α-ketoglutarate derivative attenuated the LPS-induced IL-1β mRNA and IL-1β protein, through
reduced activity of prolyl hydroxylases, which is responsible for stabilising hypoxia-inducible factor
1-α (HIF-1α) protein [50].

3.2. Cellular Metabolism and Its Effect on Immune Cell Function

Early work suggested that sub-acute chronic inflammation that typified diet related diseases
including obesity, T2D and atherosclerosis disrupted metabolism [51–53], wherein cytokines impeded
a range of metabolic pathways such as insulin signaling, and reverse cholesterol transport [51–55].
However, it is now evident that there is a much more dynamic reciprocal regulatory relationship
between metabolism and inflammation, wherein the nature of cellular metabolism determines immune
cells functionality and response. At the simplest level, the cellular balance or switch between
oxidative phosphorylation (OxPHOS) versus glucose dependent glycolytic metabolism, defines
the functional nature of inactive versus activated immune and proliferating cells. Interestingly
immune cells preferentially utilize different metabolic pathways depending on their pro-inflammatory,
anti-inflammatory or resolving nature. The metabolic pathway selected reflects the functionality and
requirements of the immune cell; whether it is a rapid increase in energy to carry out an innate immune
response, or a prolonged availability of energy to enable adaptive responses, such as healing and
repair [56]. An elegant combined transcriptomic and metabolomic analysis of BMDM functionality
identified important transcriptional and metabolic rewiring during the macrophage polarization [57].
Inactive BMDM rely on the tricarboxylic acid (TCA) cycle and OxPHOS for cellular metabolism,
wherein fatty acids and glutamine, but to a lesser extent glucose, are fully oxidized for maximal ATP
generation. AMPK plays a key role in modulating metabolism and the balance between OxPHOS
and glycolytic metabolism [11]. Upon activation, pro-inflammatory immune cells shift from utilizing
the TCA cycle and generation of ATP via OxPHOS to anaerobic glycolysis [57]; this metabolic switch
favors the use of glucose as the energy substrate [58]. The pro-inflammatory gram-negative bacterial
product, LPS, is often used to induce a classically activated M1 macrophage M1 pro-inflammatory
response, as it increases glycolysis and decreases oxygen consumption [50]. This results in a decrease in
the AMP:ADP ratio, and a depletion of ATP. When this occurs, there is a shift in ATP production from
OxPHOS to glycolysis, as glycolysis produces less ATP. As a result, AMPK would thus be activated to
replenish the ATP levels [49]. Increased glycolysis is facilitated by a switch in the phosphofructokinase
isoenzymes to its’ ubiquitous isoform, leading to increased phosphorylation of fructose-6-phosphate,
the rate limiting step in glycolysis [56].
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3.3. Metabolic Reprogramming of T Cells

Metabolic reprogramming occurs in T cells, with regulatory T cells favoring OxPHOS and
T effector cells switching to glycolysis upon activation. Treg cells have increased AMPK activation
and in turn increased lipid oxidation, while T effector cells activate the opposing mTOR pathway [59].
T effector cells have significantly increased glucose transporter 1 (GLUT1) expression compared to
T regulatory cells, to deal with the increased need for glycolysis. T regulatory cells require lipid
metabolism for their differentiation which is mediated by AMPK where metformin administration
to mice increases the number of T reg cells [60]. T effector cells can switch their metabolism
under low glucose conditions by decreasing glycolysis and maintaining ATP levels by employing
glutamine-dependent OxPHOS [61]. Specifically, LKB1 is critical for multiple T cell functions including
development, viability, metabolism and activation. LKB1 was found to be involved in glucose
metabolism as T cells lacking LKB1 had increased glycolysis and glucose uptake. A consequence
of the disrupted metabolism in LKB1-deficient T cells was an increase in inflammatory CD4+ and
CD8+ cells. In vivo studies in mice lacking T-cell specific AMPKα1 confirmed that AMPK activation
was required for these processes [62]. AMPKα1 is required for T effector cells to maintain metabolic
flexibility in times of nutrient stress and for T helper cell development in response to infection [61].
When T effector cells need to revert back to metabolically quiescent memory cells, AMPKα1null
CD8 T cells were unable to make this transition, further confirming the role that AMPK plays in
T cell metabolic switching [63]. Pozanski and colleagues have reviewed T cell and natural kill cell
immune-metabolism, and recent emerging evidence suggests that AMPK may also play a role in
the metabolic phenotype of natural killer cells [64]. Given the important inter-relationship between
metabolism and inflammation, which is partly attributable to AMPK, we now address the extent to
which this is sensitive to nutritional status and/or nutritional interventions. Thus, to explore the extent
to which AMPK metabolic-inflammation may be either up- or down-regulated by different nutritional
components, and how metabolic switching can also lead to beneficial changes in the cell [65]
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Figure 2. Whole body AMPK modulation and the impact of different nutrients on AMPK activation.
Excess nutrient consumption through high fat diet (HFD) and obesity can downregulate AMP-Activated
Protein Kinase (AMPK) expression and cause dysregulated metabolism, inflammation and insulin
resistance. Nutrients, including monounsaturated fatty acids (MUFA), α linoleic acid (ALA), berberine,
resveratrol, curcumin and flavonoids can all activate AMPK and downstream positive effects in
relation to improved mitochondrial metabolism, improved liver function and reduced inflammation.
Therefore, modulation of AMPK through nutrient intervention can improve whole body metabolism.
An ↑ arrow represents an upregulation of the process or increased expression and ↓ represents a
downregulation of the process or decreased expression. AMPK = AMP-Activated Protein Kinase,
MUFA = Monounsaturated fatty acids, OA = Oleic acid, PO = Palmitoleic acid, ALA = α linoleic acid,
SREBP1 = Sterol regulatory element-binding protein 1c, FAO = fatty acid oxidation.

4. Modulation of AMPK Activation by Nutrients

4.1. Fatty Acids Differentially Affect AMPK Function

One of the main drivers of obesity is the excessive consumption of dietary fat. Dietary fat can have
widespread negative effects in relation to inflammation, insulin resistance and metabolism, depending
on the nature of the fatty acids. Briefly, fatty acids can be either saturated or unsaturated, wherein
the latter are sub-divided into monounsaturated (MUFA) or polyunsaturated (PUFA) fatty acids
depending on the number of double bonds in the carbon chain. The inclusion of double bonds and
the degree of unsaturation has very different effects on metabolism and inflammation. From the
experimental point of view, rodent high fat diets are usually enriched with lard which is rich in the
saturated fatty acid (SFA) lauric acid (C12:0) or palm oil which is enriched in another SFA palmitic acid
(PA) (C16:0). Whilst it has long been acknowledged that obesity is associated with reduced pAMPK
expression and a pro-inflammatory phenotype, the true nature of the apparent reciprocal regulation
and putative impact of different dietary components is ill defined.

In vitro studies suggest that different fatty acids modulate AMPK mediated inflammation.
AMPKβ1−/− BMDM display a predominant M1 profile, which was further exacerbated with
two saturated fatty acids, PA and stearic acid (C18:0). Hematopoietic deletion of AMPKβ1−/− was
sufficient to induce systemic inflammation in an HFD setting [16]. PA-treated macrophages display
increased inflammatory markers, but this is reduced with metformin co-treatment, a phenomenon
mimicked in vivo in HFD mice treated with metformin. When AMPK was inhibited with compound
C (CC) and included with metformin in vitro, inflammatory markers were increased, thus confirming
that metformin is mediating its anti-inflammatory effect through AMPK activation [32]. Interestingly
the AMPK activator, AICAR impeded LPS- and FA-induced cytokine response, in part through NF-κB
inhibition [16]. However, AICAR has its non-specific limitations, it can inhibit NF-κB DNA binding in
human macrophages without AMPK activation [66].
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Unsaturated fatty acid may have less of an adverse effect on AMPK mediated metabolism and
inflammation (Figure 2). Two groups have compared the impact of palmitic acid and oleic acid (OA)
on AMPK. In vitro, direct stimulation with PA reduces pAMPK expression in macrophages. In contrast
two MUFA, both palmitoleic acid (PO) (C16:1) and OA (C18:1) do not [2,67]. In vivo, feeding SFA
enriched HFD amplifies insulin resistance, inflammation and reduces pAMPK expression. In contrast,
feeding an HFD derived from the MUFA, OA did not reduce adipose pAMPK, despite obesity,
compared to an SFA enriched HFD [2]. In order to define if the apparent co-regulation of IL-1β
inflammation and AMPK was fatty acid dependent, a series of in vitro experiments using CC and
AICAR demonstrated that when AMPK was inhibited with CC, IL-1β was increased in BMDM.
Conversely, AMPK activation with AICAR in conjunction with PA could inhibit IL-1β secretion [2].
When AMPK is activated pharmacologically through AICAR or by overexpression, it reduces TNF-α-
and PA- induced increases in NF-κB expression in endothelial cells [68]. Alpha-linoleic acid (ALA)
is n-3 polyunsaturated fatty acid (n-3 PUFA) (C18:3 n-3 cis-Δ3) which acts as a naturally occurring
antioxidant and is a cofactor for mitochondrial respiratory enzymes [69]. It is important to note that
α- linoleic acid is not a fatty acid per se, but an organosulfur compound derived from the fatty acid
caprylic acid (C8:0). ALA was shown to improve both insulin-stimulated glucose uptake and FAO
in the skeletal muscle of diabetes prone, obese rats. This was attributed to AMPK activation and
reduced lipid accumulation, as dominant-negative AMPK prevented the positive effects of ALA [70].
Subsequent studies found an improvement in whole body glucose tolerance in HFD + ALA rats
but did not attribute this to an AMPK mediated lowering of intramuscular lipid [71]. Within the
liver of HFD rats, ALA can reduce hepatic lipogenesis through reduced SREBP-1 expression. As a
result, hepatic steatosis was attenuated, and this was mediated in part by AMPK activation [72]. ALA
can directly increase AMPK in hepatocytes but its lipid lowering and beneficial effects on hepatic
metabolism were not AMPK-dependent [73]. In terms of understanding the relative impact of fatty
acids versus glucose, Kratz and colleagues identified a distinct population of metabolically activated
macrophages (MMe), following a palmitate, glucose and insulin challenge within the adipose tissue.
MMe macrophages display attributes of both alternatively activated M2 anti-inflammatory markers
(lipid metabolism) but secreted M1-associted pro-inflammatory cytokines [74]. It was noteworthy that
PA was more potent in this system compared to glucose and insulin metabolic challenges.

4.2. Reversing Metabolic Inflammation through AMPK

The concept of reversing HFD induced metabolic-inflammation is intriguing and involves AMPK.
Bone marrow derived macrophages (BMDM) derived from HFD mice retained a “dietary memory”
with increased mRNA levels of TNF-α, interleukin-6 (IL-6) and nitric oxide synthase 2, compared
to those of a low-fat diet [75], which could be reversed with incubation of the n-6 MUFA, cis-PO
(C16:1 cis-Δ9). This PO mediated anti-inflammatory effect was AMPK-dependent. Both OA and
PO maintain AMPK expression, and this is thought to mediate their anti-inflammatory effects [75].
Work in Thp-1 human macrophages containing a knockdown of AMPK showed the same inflammatory
response by OA when AMPK could not function [2]. Co-incubation of PO with PA, restored pAMPK
levels to that of PO alone in BMDM. AMPK inhibition results in PO-induced increases in nitric
oxide expression [75]. PA, in a similar manner to the inflammatory stimulus LPS, can increase the
cells use of glycolysis in BMDM, while exposure to PO increased OxPHOS. Furthermore, when PO
was co-incubated with PA, they displayed similar oxygen consumption levels compared to PO
alone. This was thought to reflect the increased M2 phenotype induced through PO incubation [75].
Anti-inflammatory M2 macrophages employ the OxPHOS pathway, which is capable of producing
more ATP than glycolysis [57]. M2 macrophages rely on FA as an energy source [58]. The inhibition
of various steps of the mitochondrial OxPHOS pathway were able to reduce the expression of
arginine 1, a common M2 marker, and abrogate the anti-inflammatory potential of these cells, but
had no effect on classically activated macrophages [58]. Activation of pyruvate kinase isozymes M2
enhanced IL-10 secretion in LPS-stimulated BMDM, favouring an M2 phenotype and reduced M1
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polarisation [65]. Macrophage M1 polarisation was reduced through AMPK activation by fibronectin
type III domain-containing 5 (FNDC5), and worsened when FNDC5 was inhibited, thus lowering
AMPK levels in the adipose tissue of HFD-fed mice [76]. Palmitate-treated macrophages treated with
AICAR was able to reduce the number of M1 macrophages while subsequently increasing the M2
macrophage population [32]. Microarray analysis of adipose tissue following an 8wk SFA diet showed
upregulation of pathways involved in immune function and inflammation. Consumption of a MUFA
diet showed no change or downregulation of the same pathways [77]. MUFA-HFD mice display
increased energy expenditure compared to SFA-HFD mice, and given the role of AMPK as an energy
sensor, the involvement of AMPK in regulating this process cannot be ruled out [2].

4.3. AMPK Regulation by Resveratrol, Berberine and Curcumin

Resveratrol, a natural phytochemical, increases glucose uptake in insulin-resistant 3T3-L1
adipocytes by increasing the phosphorylation of pAkt and downstream AMPK activation. A similar
effect was noted in vivo in resveratrol treated KKAy mice who demonstrated increased pAkt and
elevated AMPK expression [78]. Resveratrol can inhibit cell proliferation in the HT-29 cancer cell line,
which was AMPK-dependent. The ability of resveratrol to increase ROS production was elucidated as
the mechanism of AMPK activation [79]. Berberine is a naturally occurring plant-derived compound
that can indirectly activate AMPK. Berberine can increase energy expenditure and improve liver
function in obese mice by stimulating fatty acid oxidation and inhibiting lipogenic genes [80]. Berberine
inhibits complex I of the mitochondria to reduce respiration in cultured myotubes and muscle
mitochondria. Furthermore, a derivative of berberine demonstrated improved insulin sensitivity
and reduced adiposity in vivo in HFD rats [81], owing to the possibility of nutrient intervention
treatments. Berberine has positive effects on cancer by inhibiting their metastatic potential and
reducing the inflammatory COX-2 pathway by increasing AMPK phosphorylation through increased
ROS production [82]. Curcumin is a naturally occurring polyphenol and is the active constituent
of turmeric. In a review by Shehzad and colleagues detailing curcumin studies over a 10-year
period, this polyphenol was found to have multiple anti-inflammatory and insulin sensitizing effects,
involving the suppression of anti-inflammatory transcription factors, upregulation of adiponectin and
interactions with glucose and insulin signal transduction pathways [83]. HFD supplemented with
0.15% curcumin reduced body weight, adiposity, serum lipid and glucose levels, and insulin resistance
in mice compared to HFD alone controls. Furthermore, beneficial effects on hepatic lipid accumulation
and metabolism were noted with reductions in ACC and fatty acid synthase but increased FAO [84].
Curcumin can also increase FAO in muscle which was mediated in part by AMPK and improved
palmitate-induced insulin resistance in L6-myotubes [85]. Curcumin demonstrates chemo preventative
properties by inducing cell death through p53 phosphorylation, but this is prevented if AMPK action
is inhibited with CC treatment in an ovarian cancer cell line [86].

4.4. AMPK Regulation by Flavonoids

Plant flavonoids are plant secondary metabolites known to have beneficial health effects [87].
Genistein, a soy isoflavone, can reduce blood glucose in a KK-Ay/Ta Jcl T2D mouse model. When used
in vitro in L6 myotubes, genistein stimulates phosphorylation of AMPK and increases glucose uptake
by increasing GLUT4 translocation to the plasma membrane, which was prevented when AMPK
was inhibited with CC [88]. Genistein has anti-inflammatory properties in macrophages through
inhibition of NF-κB mediated by AMPK [89]. In a diabetic rat model (Zucker fa/fa) fed soy protein,
AMPK and FAO were increased in the skeletal muscle and associated with decreased weight gain and
improved glucose and triglyceride levels, demonstrating the positive effect that flavonoids can have
on overall metabolism [90]. Apigenin, another member of the flavonoid family, dose-dependently
increases AMPK expression, while inhibiting adipogenic gene expression and lipolysis in 3T3-L1
adipocytes [91]. In vivo administration of apigenin to HFD-mice reduced the HFD-induced weight
gain, increased serum glucose and muscle pro-inflammatory cytokine expression. The apigenin
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treated mice displayed increased OxPHOS and citrate synthase activity compared to the muscle HFD
alone mice, through improvements in mitochondrial biogenesis and mitochondrial function [92].
Similar improvements were observed by Jung and colleagues, with additional benefits observed in
relation to improved hepatic steatosis, reduced plasma FFA, and downregulation of lipogenic genes in
the liver of apigenin + HFD mice [93]. Flavonoids have been ascribed cancer preventative roles through
the induction of apoptotic pathways mediated through AMPK signaling pathways [94]. The ability
of FA to undergo metabolic reconfiguration, combined with the anti-oxidant and anti-inflammatory
properties of nutrients and how these are involved in the diet-induced modulation of inflammation
therefore requires further investigation. FA are an important source of metabolites and no doubt
their metabolism will feed more into the immuno-metabolism circuit, however to date the nature and
extent to which dietary FA and/or nutritional status can modulate this dynamic two-way process
requires definition.

5. Conclusions and Future Perspectives

AMPK is an exciting target given its co-regulatory role with respect to metabolism and
inflammation. It is evident that Western dietary elements, which are obesogenic in nature, attenuate
AMPK, the metabolic impact of which probably explains the sub-acute pro-inflammatory phenotype
that typifies obesity, T2D and CVD. The challenge remains to discern if/how certain nutrients either
up- or down-regulate cellular AMPK status. It is evident that feeding SFA are particularly deleterious,
and therefore negatively impact upon metabolism and sub-acute chronic inflammation that typifies
obesity T2D. Speculatively it is probable that high-fructose diets will also have deleterious effect on
AMPK, given the fact that feeding fructose increases endogenous synthesis of SFA. Conversely, there is
some evidence to suggest that feeding high fat diets rich in MUFA and PUFA, or supplemented with
natural AMPK agonists, such as resveratrol and berberine, do not attenuate AMPK. Furthermore,
sirtuin 1 (SIRT) is another nutrient sensor that has widespread effects on metabolism in response to
caloric restriction and may also be involved in regulating metabolism and inflammation [95]. Whilst the
paradigm of nutritional enhancement of AMPK activity is worthy of investigation in light of the obesity
epidemic, to date the impact of these nutritional interventions have been observed in mice. Therefore,
we need to define if/how this translates to humans.
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Abbreviations

ACC Acetyl-CoA carboxylase
ADP Adenosine diphosphate
AICAR 5′-aminoimidazole-4-carboxamide ribonucleotide
Akt Protein kinase B
ALA A-linoleic acid
AMP Adenosine monophosphate
AMPK AMP-Activated Protein Kinase
AMPKK AMPK kinase
ATP Adenosine triphosphate
BMDM Bone marrow derived macrophages
CaMKK Ca2+/calmodulin-dependent protein kinase kinases
CC Compound C
CVD Cardiovascular disease
FA Fatty acid
FAO Fatty acid oxidation
FBP Fructose-1,6-bisphosphate
FNDC5 Fibronectin type III domain-containing 5
Glut1 Glucose transporter 1
HIF-1α Hypoxia-inducible factor 1-α
HFD High fat diet
IL-1β Interleukin-1β
IL-6 Interleukin 6
IL-10 Interleukin 10
LKB1 Liver kinase B1
LPS Lipopolysaccharide
Mme Metabolically activated macrophages
mTOR Mammalian target of rapamycin
MUFA Monounsaturated fatty acids
OA Oleic acid
OxPHOS Oxidative phosphorylation
P Phosphorylation
PA Palmitic acid
PO Palmitoleic acid
PPAR-γ Peroxisome proliferator-activated receptor γ
PUFA Polyunsaturated fatty acid
ROS Reactive oxygen species
SAT Subcutaneous adipose tissue
SFA Saturated fatty acid
SIRT1 Sirtuin
SREBP-1 Sterol regulatory element-binding protein 1
T2D Type 2 diabetes
TCA Tricarboxylic acid
Thr Threonine
TNF-α Tumour necrosis factor α
VAT Visceral adipose tissue
α Alpha
β Beta
γ Gamma
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Abstract: This review focuses on the role of 5′AMP-activated protein kinase (AMPK) in the effects
of resveratrol (RSV) and some RSV derivatives on hepatic steatosis. In vitro studies, performed
in different hepatic cell models, have demonstrated that RSV is effective in preventing liver TG
accumulation by activating AMPK, due to its phosphorylation. These preventive effects have been
confirmed in studies conducted in animal models, such as mice and rats, by administering the
phenolic compound at the same time as the diet which induces TG accumulation in liver. The literature
also includes studies focused on other type of models, such as animals showing alcohol-induced
steatosis or even steatosis induced by administering chemical products. In addition to the preventive
effects of RSV on hepatic steatosis, other studies have demonstrated that it can alleviate previously
developed liver steatosis, thus its role as a therapeutic tool has been proposed. The implication of
AMPK in the delipidating effects of RSV in in vivo models has also been demonstrated.

Keywords: resveratrol; AMPK; hepatocyte; liver; steatosis

1. Introduction

The most benign form of non-alcoholic fatty liver disease (NAFLD) is known as simple hepatic
steatosis, and it consists of excessive fat accumulation in the liver. This hepatic alteration is considered
to be the main contributor to chronic liver disease development in western societies. Moreover,
the prevalence of NAFLD is expected to increase with the greater incidence of metabolic syndrome and
obesity, which are closely related to hepatic steatosis [1]. Indeed, hepatic steatosis has been proposed
as the hepatic manifestation of metabolic syndrome. This health alteration is defined as an intrahepatic
triglyceride (TG) accumulation greater than 5% of the liver weight, or by ≥5% of hepatocytes showing
TG content [2].

5′AMP-activated protein kinase (AMPK) is a master regulator of energy homeostasis, activated
by low cellular energy status [3,4]. It restores energy balance during metabolic stress both at
cellular and physiological levels [5]. Under conditions of energy depletion, the activation of AMPK
leads to the inhibition of ATP-consuming pathways (e.g., fatty acid synthesis, cholesterol synthesis,
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and gluconeogenesis), and the stimulation of ATP generating processes (e.g., fatty acid oxidation
and glycolysis), thus restoring overall cellular energy homeostasis [6–8]. The activation of AMPK
is regulated by its heterotrimeric structure, which consists of a catalytic subunit α (α1 and α2),
a regulatory and structurally crucial β subunit (β1 and β2), and a regulatory subunit γ (γ1, γ2, and γ3),
with unique tissue and species-specific expression profiles [3]. Given its key role in regulating energy
balance, AMPK may have therapeutic interest for the treatment of diseases in humans, such as insulin
resistance, type 2 diabetes, obesity, NAFLD, cardiovascular diseases, and cancer [3,4,9].

Several molecules have been identified as AMPK activators. Among these molecules, resveratrol
(RSV; 3,5,4′-trihydroxy-trans-stilbene) (Figure 1), a non-flavonoid polyphenol, has generated great
interest [10]. Numerous studies have been carried out using RSV and different models of obesity and
liver steatosis in rodents [2,11]. The vast majority of preclinical studies have demonstrated that RSV is
able to prevent liver TG accumulation, although more evidence is still needed with regard to human
beings [12–14].

Figure 1. Chemical structure of trans-resveratrol (3,5,4′-trihydroxy-trans-stilbene).

As far as RSV-mediated AMPK activation is concerned, the role that is played in this process
by sirtuin 1 (SIRT1) must be highlighted. Indeed, in both cases (AMPK and SIRT1), their regulation
occurs in response to similar stimuli, namely nutrient availability and energy expenditure [15,16].
In this regard, while SIRT1 activation is enhanced by changes in the NAD+/NADH ratio (Figure 2),
the activation of AMPK is mediated by changes in the AMP/ATP ratio [16]. In fact, although it is
widely accepted that both molecules regulate the activation of each other [17], no consensus has been
reached regarding which is activated first. In this regard, while some authors have reported that SIRT1
activates AMPK through the deacetylation of liver kinase B1 (LKB1, Figure 2) [18,19], other authors
have suggested that AMPK activation results in an increased NAD+/NADH ratio, and thus, in greater
SIRT1 activation [16,20]. In a study that was carried out in brains from Alzheimer’s disease patients,
the authors observed that RSV increased cytosolic Ca2+ levels and so increased AMPK activation
via calcium/calmodulin-dependent protein kinase kinase-β (CaMKKβ, Figure 2) [21]. In line with
this study, Park et al. analyzed the metabolic diseases that are associated with aging, reporting that
RSV increased cyclic adenosine monophosphate (cAMP) through phosphodiesterase (PDE) inhibition,
without activating adenylyl cyclase activity directly. In fact, PDE inhibition prevented diet-induced
obesity by the CaMKKβ/AMPK/SIRT1 pathway (Figure 2) [22].

This review focuses on the role of AMPK in the effects of RSV and some RSV derivatives on
hepatic steatosis (Figure 2). For this purpose, in vitro and in vivo studies have been included.

2. In Vitro Studies

A wide range of in vitro studies have been performed to date using different hepatic cell models,
such as human hepatoma cells (HepG2), murine hepatocytes (Hepa 1–6), rat hepatoma cells (H4IIEC3)
or even primary hepatocytes. In some cases, hepatocyte TG accumulation was induced by including
large amounts of glucose, insulin, free fatty acid (FFA) and/or alcohol in the incubation medium.
These simulate the induction of fatty liver by following an obesogenic dietary pattern, as in the case of
studies addressed to animal models, and imitate the situation that very often takes place in humans
from western societies. In addition other models, such as hepatocytes incubated with fatty acids in the
incubation medium and hepatocytes treated with an agonist of the transcription factor liver X receptor
(LXR), have also been used (Table 1).
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Zang et al. [23] examined the effect of several polyphenols, including RSV, on AMPK activity and
lipid levels in human hepatoma HepG2 cells. In a previous in vitro study, these authors had reported
that exposing HepG2 to elevated glucose (30 mmol/L) for 24 h induced decreased AMPK and acetyl
CoA carboxylase (ACC) phosphorylation, as well as hepatocellular lipid accumulation [30]. Then, in
the following study [23], when HepG2 were incubated with RSV (10 μmol/L) for 24 h, this treatment
significantly stimulated ACC phosphorylation and the activity of AMPKα1, which is the predominant
isoform in hepatocytes. By contrast, AMPKα2 activity was not modified. Consequently, RSV induced
the phosphorylation of ACC by AMPK, rendering ACC inactive, which translates into a decrease in lipid
synthesis rates (Figure 2). This fact inhibited high-glucose–induced accumulation of TG in HepG2 cells [23].

Later, Hou et al. [18] studied the mechanisms underlying the effects of RSV on lipid accumulation
in HepG2 hepatocytes also exposed to a high concentration of glucose. These authors previously
had demonstrated that the dysfunction of hepatic AMPK induced by hyperglycemia represents a key
mechanism for hepatic lipid accumulation [23]. The results obtained indicated that RSV prevented
the impairment of AMPK phosphorylation and that of its downstream target ACC, the elevation
in fatty acid synthase (FAS) expression, and, therefore, the lipid accumulation in human HepG2
hepatocytes. All of these effects were mediated by increased SIRT1 activity, LKB1 phosphorylation,
and AMPK activity. In order to confirm these results, the authors performed further experimental
procedures. After several experimental approaches, they observed that the positive effects of RSV
on AMPK phosphorylation were largely abolished by pharmacological and genetic inhibition of
SIRT1, suggesting that the stimulation of AMPK and lipid-lowering effect of the phenolic compound
depended on SIRT1 activity. On the other hand, Hou and coworkers, after an adenoviral overexpression
of SIRT1, detected a stimulation of basal AMPK signaling in HepG2 cells. Moreover, LKB1 is required
for the activation of AMPK induced by RSV and SIRT1. The authors put forward that SIRT1 functions
as a novel upstream regulator for LKB1/AMPK signaling and it plays an essential role in the regulation
of hepatocyte lipid metabolism (Figure 2).

In another study reported by Shang et al. [24], fat accumulation was also induced in HepG2
hepatocytes by incubating these cells with large amounts of glucose and insulin in the medium.
Moreover, RSV was included in the incubation medium at a final concentration of 0.1%. This phenolic
compound prevented TG accumulation. This effect seemed to be due to the activation of AMPK and
the down-regulation of srebf1 and fasn gene expression, two important AMPK targets and two key
genes that are involved in lipogenesis, a metabolic process that allows hepatocytes to accumulate TG.

In other studies, the accumulation of TG in hepatocytes was induced by incubating cells with
fatty acids. Thus, Zhang et al. [28] used HepG2 cells incubated with palmitate, a common approach
to inducing steatosis in cell culture, to study the role of autophagy in the beneficial effect of RSV on
hepatocyte TG accumulation. For this purpose, they incubated these cells with palmitate at 0.1–0.5 mM
for 24 h, which were then treated with or without a series of RSV concentrations (10–100 μM) for
a further 24 h, or with or without RSV (40 μM) for different time intervals (6, 2, and 48 h). The optimal
condition for inducing steatosis was HepG2 incubation with palmitate (0.2 mM) for 24 h. RSV reduced
intracellular lipid content induced by palmitate in a dose-dependent manner. RSV also induced
autophagy through the up-regulation of LC3-II and the degradation of SQSTM1, as compared with
cells treated with palmitate alone, in which autophagy was inhibited by 3-MA (an inhibitor of the early
stages) pre-treatment.

The decreased hepatic lipid content stimulated by RSV was attenuated in the presence of
autophagy inhibitors (3-MA, BafA1, or CQ). In addition, RSV increased SIRT1 expression in
palmitic-stimulated-HepG2 cells in dose- and time-dependent manners. They also validated that
the intracellular lipid content reduction induced by RSV was reversed by EX-527 (an inhibitor of SIRT1)
or SIRT1 siRNA in palmitic-stimulated HepG2 cells.

By using primary mice hepatocytes, instead of a cell line culture, Tian et al. [29] carried out
an experiment where cells were incubated with different fatty acid concentrations, RSV (50 and
100 μM), nicotinamide (a SIRT1 inhibitor, 10 mM), and compound C (an AMPKα inhibitor, 10 mM).
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Hepatocyte TG content, phosphorylation levels of IκBα and NF-κB p65, as well as gene expression of
tnf -α, il-6, and il-1b were higher in fatty acid-treated hepatocytes than in control cells. Phosphorylation
of IκBα and NF-κB p65 and the inflammatory markers levels were greater in cells that were treated
with fatty acids, RSV and Compound C than in those treated with fatty acids and RSV, indicating
AMPK and SIRT1 inhibition can avoid RSV induced improvements. In addition, RSV reversed
the reduction in AMPK phosphorylation and SIRT1 protein expression (Figure 2) induced by fatty
acids. Taken as a whole, these results show that RSV inhibits the NF-κB inflammatory pathway via
AMPK-SIRT1 pathway.

Tang et al. [27] combined incubation with fatty acid and the addition of ethanol to the medium to
induce TG accumulation. Their experimental model consisted of HepG2 cells subjected to 48 h culture
with 100 μM oleic acid + 87 mM alcohol (O + A) plus the respective treatments with RSV and/or the
AMPK activator AICAR or the AMPK inhibitor compound C. The experimental groups used were
control, O + A, O + A-RSV (RSV 5, 15, 45, 135 μM), O + A-AICAR (0.5 mM AICAR), O + A-Compound
C-RSV (3 μM Compound C and RSV 45 μM). After 48 h treatment, Oil Red O staining showed that the
combination of oleic acid and alcohol increased lipid accumulation. That effect was partially reversed
by RSV 15, 45, and 135 μM, but not by RSV 5 μM. Similar results were appreciated when TG contents
were measured. All RSV doses, except 5 and 15 μM, reversed the effect induced by fat and alcohol.
To elucidate the possible mechanisms implicated in the delipidating effect of the polyphenol, 45 μM
of RSV were used in combination with AICAR or Compound C. The AMPK phosphorylation ratio
was lower in cells that were supplemented by oleic acid and alcohol as compared to control group.
The decreased AMPK phosphorylation ratio induced by O + A was reversed when AICAR was added
to cultured cells. Finally, RSV stimulated AMPK in a similar manner to AICAR. By the same token,
pACC levels were lower in the O + A group than in the control group. At the same time, these levels
were normalized by AICAR and RSV, while in the case of the AMPK inhibitor intermediate values
were observed. Greater protein expression of sterol regulatory element binding protein 1 (SREBP-1c)
and lipin1 were also found in the O + A group when compared with the control group. Again, RSV and
AICAR reversed that effect, while the AMPK inhibitor increased both protein expressions, inhibiting
the effects that were induced by the polyphenol treatment. All of these results indicated that RSV was
preventing hepatocyte lipid accumulation via AMPK-Lipin1.

Finally, a different model was used by Gao et al. [25]. These authors examined the activity of RSV
on the suppression of fat accumulation induced by a liver X receptor (LXR) activator. Due to the fact
that srebf1 and chrebp, the two master genes that are responsible for de novo lipogenesis are LXR target
genes, the activation of the latter leads to hepatic fat accumulation [31,32]. For this purpose, murine
Hepa 1–6 hepatocytes (CRL-1830) were incubated with T0901317 (an agonist and thus activator of LXR,
1 μM) with or without RSV (40 μM), and compound C (10 μM) for 24 h. The authors observed that
RSV suppressed the hepatocyte lipid droplet increase induced by the LXR agonist (Nile Red staining),
while this effect was greatly repressed by Compound C. These results demonstrated that the effect of
RSV was indeed mediated by AMPK (Figure 2). RSV prevented the hepatocyte lipid droplet increase
induced by T0901317, without reversing the increase in mRNA levels of srebf1, chrebp, acc, and fasn
induced by the LXR activator.

The effects of RSV derivatives have also been addressed in the literature. Choi et al. [26] worked
with SY-102, a synthesized derivative of RSV, which has lower cytotoxicity than the parent compound,
but similar potency. In this study, H4IIEC3 rat hepatoma cells were treated with a FFA mixture (0.5 mM,
2:1 oleic acid and palmitic acid) with or without RSV or its derivative (0, 3.3, 10, 30, or 50 μM) for
24 h. Moreover, they also used T0901317 instead of the FFA mixture, in order to activate SREBP-1
expression in cells. By these means, the involvement of the inhibition of this transcriptional factor in
the therapeutic effects of RSV and its derivatives could be investigated. The authors observed that
T0901317 treatment induced SREBP-1 maturation, and that RSV (30 μM) and SY-102 (10 μM) addition
inhibited this process in a dose-dependent manner. Consistent with these results, they also observed
that SY-102 reduced fasn gene expression induced by T0901317.
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Additionally, they examined whether inhibition of AMPK blocked the effect of SY-102 on the
T0901317-mediated SREBP-1 induction. Compound C reversed the inhibitory effect of SY-102 on srebf1
and fasn expression, confirming that SY-102 inhibits the maturation and transcriptional activation of
SREBP-1 via AMPK/LXR. Based on these data, the authors conclude that RSV and SY-102 are effective
in reducing cell lipid accumulation by inhibiting LXR agonist induced SREBP-1 activation, and thus,
reducing the expression of key genes in de novo lipogenesis (fasn). Moreover, while using AMPK
inhibitors, the authors demonstrated the involvement of this kinase in the effects mentioned.

As far as in vitro experiments are concerned, primary mice hepatocytes were cultured with
different non-esterified fatty acid (NEFA) concentrations, RSV (50 and 100 μM), nicotinamide (SIRT1
inhibitor, 10 mM), and compound C (10 mM). TG content, phosphorylation levels of IκBα and NF-κB
p65 as well as gene expressions of tnf-a, il-6, and il-1b were higher in NEFA-treated hepatocytes than in
the controls. RSV supplementation reversed NEFAs effect in a dose-dependent manner. NEFA reduced
AMPK phosphorylation and SIRT1 protein expression, whereas RSV increased it. The phosphorylation
of IκBα and NF-κB p65 and the levels of inflammatory markers were greater in the cells treated with
NEFA+RSV+Compound C than in the cells that were treated with NEFA+RSV, indicating that the
inhibition of AMPK and SIRT1 can avoid RSV mediated improvements (Figure 2). Based on these
results, it could be considered that the inhibition of the NF-κB inflammatory pathway produced by
RSV occurs through the AMPK-SIRT1 pathway.

All of these studies demonstrate that RSV is effective in preventing TG accumulation in different
hepatocyte models by activating AMPK, due to its phosphorylation (Figure 2). According to the
experimental designs used, this ability takes place under different metabolic conditions. Furthermore,
depending on the used experimental conditions, the beneficial effects of RSV occurs in a dose range of
15 and 135 μM. Moreover, this steatosis preventive effect has also been demonstrated by some RSV
derivatives, such as SY-102 and Z-TMS.

Figure 2. Effects of resveratrol (RSV) on hepatic steatosis improvement through 5′AMP-activated
protein kinase (AMPK) activation. ACC: acetyl-CoA-carboxylase, AMPK: 5′AMP-activated protein
kinase, AMP: adenosine monophosphate, ATP: adenosine triphosphate, cAMP: cyclic adenosine
monophosphate, CaMKKβ: Ca2+/calmodulin-dependent protein kinase kinase β, CPT1: carnitine
palmitoyltransferase 1, FA: fatty acid, FAS: fatty acid synthase, LKB1: liver kinase B1, NAD+:
oxidized nicotinamide adenine dinucleotide, NADH: reduced nicotinamide adenine dinucleotide,
PDE: phosphodiesterases, RSV: resveratrol, SIRT1: silent information regulator 1. (+: activation,
−: inhibition, : regulation direction; : regulation inhibition).
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3. In Vivo Studies on Hepatic Steatosis Prevention

Studies that were conducted to analyze the preventive effect of RSV on hepatic steatosis
development have been carried out in mice or rats, by administering the phenolic compound at
the same time as the diet that induces TG accumulation in liver (Table 2). There are also studies in the
literature focused on other types of models, such as animals showing alcohol steatohepatitis or even
steatosis induced by administering chemical products.

The first study devoted to analyzing the effects of RSV on liver steatosis induced by diet, as well
as the involvement of AMPK, was carried out by Baur et al. [33]. In that study, the authors used
middle-aged (one-year-old) male C57BL/6NIA mice fed either a standard diet (SD) or an equivalent
high-calorie diet (60% of calories from fat, HC) supplemented or not with RSV at a dose of
22.4 mg/kg/day (0.04%; HCR) for six months. At 18 months of age, the high-calorie diet greatly
increased the size and weight of livers, which was associated with fatty liver, whereas RSV prevented
these alterations. Indeed, in the histological examination of liver sections, they observed a loss of
cellular integrity and the accumulation of large lipid droplets in the livers of the HC but not the
HCR group. Searching for a mechanistic explanation to this effect, the authors demonstrated that
RSV-treated mice showed a strong tendency towards inducing phosphorylation of AMPK, as well
as phosphorylation of ACC at Ser79, thereby decreasing its activity, and decreased expression of
fasn gene [33].

Moreover, the livers of the RSV-treated mice exhibited considerably more mitochondria than those
of mice from HC controls and were not significantly different from those of the SD group. Due to the
lack of tissue availability, the authors performed a parallel experiment in the same cohort of animals,
but supplemented for six weeks with 186 mg/kg/day. In this case, the authors also observed increased
mitochondrial biogenesis in liver through the deacetylation of PGC-1α (peroxisome proliferator
activated receptor gamma, coactivator 1α), a master regulator of this process. It has been reported that
AMPK promotes PGC-1α activation with the involvement of SIRT1 [34], and in turn, the acetylation
status of PGC-1α is considered a marker of SIRT1 activity in vivo. Importantly, since Baur et al. did not
find changes in SIRT1 protein levels in RSV-treated mice. As a result of the increase in mitochondrial
number and PGC-1α activation, these authors suggested that SIRT1 enzymatic activity was enhanced
by RSV [33].
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In the work reported by Tian et al. [29], the authors not only evaluated the effect of RSV on TG
accumulation, but they also extended the study to inflammatory markers. For this purpose, they fed
C57BL/6 mice a high-fat (HF) diet (60% fat) for 60 days, treated or not with RSV (30 mg/kg body
weight/day). Resveratrol-treated mice showed decreased liver weight and reduced hepatic TG content
to an intermediate level between that found in mice fed the HF diet and those observed in a control
group fed a standard diet. Regarding plasmatic levels, reduced levels of transaminases were also
observed. Moreover, RSV supplementation avoided the inactivation of AMPKα induced by the HF
diet, as shown by the increased pAMPKα/AMPKα ratio. Moreover, SIRT1 expression followed the
same trend. As far as inflammation markers are concerned, phosphorylated IkBα and NF-kB p65,
IL-1β, Il-6, and TNF-α were overexpressed in HF diet-fed mice. However, this effect was avoided
by RSV.

Other studies reported in the literature have been performed in rats. In a study that was carried out
by our group we fed Sprague-Dawley rats a high-fat high-sucrose diet supplemented or not with the
amount of RSV needed to achieve a dose of were 30 mg/kg body weight/day for six weeks. RSV did
not reduce liver weight or serum ALT and AST concentrations, but did prevent increased hepatic fat
infiltration. To elucidate the mechanisms involved in the delipidating effect we analyzed some the
activity of enzymes involved in lipogenesis and fatty acid oxidation, as well as other mitochondrial
markers. The polyphenol limited hepatic lipogenesis as shown by the reduction in ACC activity,
although no changes were observed in FAS, malic enzyme (ME), and glucose-6P-dehydrogenase
(G6PDH) activities, or in gene expression of srebf1, a transcriptional factor that regulates FAS. Moreover,
RSV increased carnitine-palmitoyl-1a (CPT1a) and acyl-CoA oxidase (ACO) activities and activated
PGC-1α, indicating an increase in mitochondrial and peroxisomal fatty acid oxidation, even though
the gene expression of pparγ and pgc1α was not modified. Tfam and cox2 expression, two indicators
of mitochondrial genesis and oxidative phosphorylation respectively, remained unaltered by RSV
treatment. In view of these results, we proposed that increased CPT1a activity was not due to increased
mitochondria number. As far as AMPK was concerned, in this study RSV increased its activity since
phosphorylated AMPK/total AMPK protein ratio was augmented. For that reason we proposed the
potential involvement of the AMPK in RSV reducing fatty liver infiltration effect [36].

The influence of RSV on imprinting has also been analyzed. This term refers to the fact that
nutritional and other environmental factors in early life have a profound influence on lifelong health.
Tanaka et al. [38] carried out a study devoted to investigating whether maternal RSV administration
affected lipogenesis in male offspring, by means of lactation, once they reached adult age. If this
was the case, the authors also wanted to determine the mechanisms that are involved in the effects
observed. For this purpose, pregnant Wistar rats were divided into two groups fed a control diet with
RSV or not. The group supplemented with the polyphenol received a RSV dose of 20 mg/kg body
weight/day by gavage during lactation (three weeks), while the control group received the vehicle.
Once the lactation period was completed, six male pups for each group (control and RSV-treated group)
were fed a standard diet. Animals were sacrificed when they were 36 week-old. When liver sections
of the animals in both groups were stained (hematoxylin-eosin), the lipid droplet amount found in
the samples of the RSV group was lower than that found in the control group. No information was
reported regarding liver weight or liver TG content. Using the western-blot technique, a significant
increase in the pAMPK/AMPK ratio was found in the RSV-treated group. In the same way, greater
SIRT1 protein expression was also found in the animals of this group when compared with the control
group. Moreover, when analyzing ACC and FAS, the two key enzymes of lipogenesis, lower activities,
and protein expressions were found. Finally, the authors also measured the proteolytic processing
of SREBP-1c, which is the transcriptional factor that regulates acc and fasn gene expression. In this
case, a significantly lower SREBP-1c active form/precursor form ratio was found in the RSV group,
suggesting that, in this case, the activation of this transcriptional factor was lower. Based on the results
obtained, the authors concluded that maternal RSV intake during lactation effectively down-regulated
hepatic lipogenesis in adult male rats. Moreover, the authors suggested that such effects could be due
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to epigenetic modifications induced by the polyphenol. The lipid lowering effects that were observed
in the animals from the RSV group seemed to be mediated, at least in part, by the greater AMPK-SIRT1
axis activation induced by the compound (Figure 2).

In addition to non-alcoholic liver steatosis, hepatic TG accumulation can also be induced in
humans by chronic high intake of ethanol. Thus, animal models imitating this situation have been
developed, and the effectiveness of RSV on ethanol-induced steatosis has been addressed. In this
context, Ajmo et al. [35] performed a study in mice that were fed a low-fat diet supplemented with
ethanol (29% of total calories). Mice were divided into three experimental groups: (1) low-fat diet plus
ethanol, (2) low-fat diet plus ethanol and 200 mg/kg body weight RSV (E+R200), and (3) low-fat diet
plus ethanol and 400 mg/kg body weight/day RSV (E+R400). RSV was added to the diets during the
last two weeks of the study.

RSV treatment increased SIRT1 expression levels and stimulated AMPK activity in livers of
ethanol-fed mice. The protective action of RSV was in whole or in part mediated through the
up-regulation of a SIRT1-AMPK signaling system (Figure 2) in the livers of ethanol-fed mice. The final
conclusion was that RSV treatment led to reduced lipid synthesis and increased rates of fatty acid
oxidation, thus preventing alcoholic liver steatosis and so it might represent a promising agent for the
prevention and treatment of human alcoholic fatty liver disease.

Finally, Gao et al. [25] examined the effect of RSV on the suppression of fat accumulation induced
by the activation of LXR, a transcriptional factor that facilitates TG accumulation through a compound
known as T0901317, as they carried out with murine Hepa 1–6 hepatocytes. They divided C57BL/6
mice into three groups: the carrier solution-treated control group, a group treated intraperitoneally
with T0901317 (5 mg/kg body weight/day), a group treated intraperitoneally with T0901317 (5 mg/kg
body weight/day) and orally with RSV (200 mg/kg body weight/day) for a short period (five days).
In the T0901317-treated group the liver became bigger, with higher lipid and number of bright red
spots in tissue sections, analyzed by staining in tissue sections, and increased serum TG and cholesterol
levels. RSV prevented liver size increase and reduced hepatic TG amounts. Moreover, it completely
blocked serum TG and cholesterol levels elevation. By contrast, transaminase levels were not affected
by treatments.

When gene expression analysis was carried out, it was observed that T0901317 markedly increased
the expression of acc, srebf1 and chreb, but RSV did not have any impact on these genes. However,
treating with RSV alone, acc, srebf1, and chreb gene expression decreased. Immunohistochemistry
and western analysis revealed that mice treated at the same time with T0901317 and RSV showed
a marked increase in pAMPK (Thr-172) and pACC (Ser-79, inactivation) as compared to mice treated
with T0901317 alone. The conclusion of this study is that RSV activated AMPK by increasing its
phosphorylation at the post-translational level, and consequently reduced carboxylase activity of ACC,
thus suppressing lipogenesis and fat accumulation in the liver (Figure 2).

As in the case of in vitro studies, the effects of RSV derivatives have also been analyzed in animal
models. Tung et al. carried out a study aimed at analyzing the inhibitory effect of piceatannol,
a natural stilbene that is an analog and a metabolite of RSV, on HF diet-induced obesity in C57BL/6
mice [37]. The authors also included in the experimental design a group supplemented with RSV.
For this purpose, five week-old male C57BL/6 mice were fed a HFD (45% of the energy as fat) for
18 weeks, alone or supplemented with RSV (0.1% w/w) or piceatannol (0.1% or 0.25% w/w). At the
end of the experimental period, lower liver weights were found in the two groups supplemented
with piceatannol when compared with the HF group, while this parameter remained unchanged in
the group receiving RSV. As far as serum transaminases is concerned, aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) levels remained unchanged in all of the treated groups
when compared with the HF group. The activation of AMPK in the liver, along with the expression of
different adipogenic proteins, was assessed by means of western-blot. Greater AMPK phosphorylation
(in threonine 172 residue) was found in all of the groups treated (with no difference among them) in
comparison with the group fed the HFD alone. This means that RSV and piceatannol significantly
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enhanced the activation of this kinase. Moreover, a similar phosphorylation pattern was also observed
in the case of acetyl CoA carboxylase (ACC) (in serine 79 residue) (Figure 2). In this case, the greater
phosphorylation resulted in a lower activation of this lipogenic enzyme. Finally, the authors also found
a significant reduction in the protein expression of FAS in the groups in which RSV and piceatannol
were administered. Based on those results, it could be stated that, under these experimental conditions,
both RSV and piceatannol are effective in inducing the activation of AMPK in the liver of mice that were
fed an obesogenic diet. Moreover, a concomitant reduction in the activation or protein expression of key
lipogenic proteins (ACC and FAS) was also described. Nevertheless, in these conditions piceatannol
seemed to be more effective than RSV in reducing liver lipid content. Although the activation of AMPK
may be involved in the effects observed, due to the fact that the activity of enzymes that are involved
in fatty acid oxidation (such as CPT1a) was not measured by the authors, no conclusion can be drawn
in this respect.

Altogether, these studies confirm the results obtained in in vitro studies using isolated hepatocytes.
In fact, when RSV administration takes place at the same time as the cause inducing TG accumulation,
this phenolic compound prevents partial or totally this alteration. This beneficial effect has been
reported in a very huge range of doses, from 22.4 to 400 mg/kg body weight/day and using
experimental periods, from two weeks to six months. As in the case of in vitro studies, it seemed that
the activation of AMPK was mediating, at least in part, the hepatic delipidating effect. Moreover,
piceatannol, a RSV derivative that shows two hydroxyl groups in the benzene ring, instead of three as
in the case of RSV, shows the same effect but it was even more effective that its parent compound.

4. In Vivo Studies on Hepatic Steatosis Treatment

There are also studies devoted to analyzing the effect of RSV on previously developed liver
steatosis in the literature, in other words, studies that address its therapeutic effects on this hepatic
metabolic alteration (Table 3). Shang et al. [24] carried out an experiment by feeding rats HF-diet (59%
calorie from lard fat, 21% from protein, 20% from carbohydrate) for six weeks. At the end of this period,
half of the HF group was treated orally with RSV (100 mg/kg body weight/day; HR group), and the
other half was treated with saline. At the end of the 16th week, all of the animals were sacrificed.
Liver histology showed that rats fed the HF diet developed liver steatosis and insulin resistance,
which were markedly improved by 10 weeks of RSV administration. In addition, this compound
promoted the phosphorylation of AMPK, which in this study suppressed the expression of genes that
are related to lipogenesis, thus contributing to the improvement of liver steatosis and insulin resistance.
The authors concluded that, by reducing TG accumulation and improving insulin resistance through
AMPK activation, RSV could protect the liver from NAFLD.
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In another study, Lee et al. [44] fed C57BL/6J mice a standard or a HF diet (45% fat), and then
continued the experiment for four additional weeks treating mice with RSV (8 mg/kg body
weight/day) or vehicle (control group), administered by using an osmotic pump. The aim of this study
was to analyze both the relationship between adiponectin and fetuin-A and whether RSV alters both
cytokines and several related factors.

At the end of the treatment, liver weight and hepatic index were reduced by RSV supplementation.
Serum TG and ALT were also normalized to control levels, but serum AST, increased by the HF diet,
was not re-established by the polyphenol. These data indicate that this polyphenol improved liver
function, which is apparently mediated by fetuin-A, a hepatokine that mediates fatty liver-induced
cardiometabolic diseases. As occurred in serum, hepatic fetuin-A gene expression and protein levels
were significantly increased by the HF diet, and RSV re-established control values. Gene expression of
ampk in liver was reduced by the HF diet and highly increased in RSV-treated mice, to a level even
higher than that observed in the controls. In addition, nf-κb gene expression, a downstream target of
fetuin-A, was higher in HF animals. Taking these results into account, the authors concluded that under
their experimental conditions RSV probably improved the steatosis by the AMPK-NF-κB-fetuin-A axis.

Choi et al. [26] who evaluated the effect of SY-102, a synthesized derivative of RSV, on cell cultures
also carried out an experiment in ICR mice with this compound. Animals were randomly assigned to
six groups: a control group fed a purified diet for five days and the other groups were fed a HF diet
(27% safflower oil; 59% fat-derived calories) for five days. During the last two days of the experimental
treatment, mice were treated daily with the RSV or the RSV derivative (SY-102) by oral injection (15 and
45 mg/kg body weight/day, respectively). Liver TG content increased by two-fold in the HF group,
which decreased back to the control level by treatment with SY-102. This compound also recovered
the impaired AMPK phosphorylation caused by the HF, in a dose-dependent manner and prevented
the increase srebf1 and fasn mRNA levels induced by HF diet. The authors concluded that SY-102
improved HF-induced fatty liver in mice through the AMPK/LXR pathway.

Zhang et al. [28] determined the role of autophagy in the beneficial effect of RSV on hepatic
steatosis. The authors used 129/SvJ mice (eight-week-old) that were fed a HF diet (containing 60%
fat) or chow diet (10% fat) for four weeks to induce hepatic steatosis. After this period, HF-fed mice
were further divided into two subgroups, which were fed chow diet (HF+chow group) or chow diet
containing RSV (0.4%) (HF+RSV group) for four additional weeks. The authors observed that after
four weeks of treatment, RSV reduced the weight of HF-fed mice, without significant changes in food
intake. The HFD+chow group showed increases in lipid content in the liver compared with the control
group, which were markedly attenuated by the addition of RSV (0.4%) (HFD+RSV group) to the diet
for a further four weeks. RSV significantly increased SIRT1 activity, the pAMPK and pPRKA (protein
kinase A) levels in liver tissues of mice fed with HFD (HFD+RSV group). RSV also increased adenylate
cyclase expression and cAMP levels in liver tissues of HFD-fed mice (HFD+RSV group). In conclusion,
RSV-induced autophagy in response to hepatic steatosis through the cAMP-PRKA-AMPK-SIRT1
signaling pathway (Figure 2).

Recently, in a study carried out in our group [1], we fed rats a high-fat high-sucrose diet for
six weeks. At the end of this period, nine animals were sacrificed in order to determine whether
hepatic steatosis had been induced. The liver lipid content of these rats was compared with that of
a matched group of rats fed a standard diet for six weeks. Once the development of hepatic steatosis
was confirmed, the remaining rats were shifted to a standard diet (STD) supplemented with RSV
(30 mg/kg body weight/day) or not for six additional weeks. At the end of the experimental period
(12 weeks), significantly lower hepatic TG levels were found in the group treated with RSV. In order to
know the mechanisms that are involved in this hepatic lipid lowering effects of RSV, the activities of
several enzymes involved in lipid metabolism were assessed. CPT1a and citrate synthase (CS) activities
were observed in the group receiving the compound, which points toward increased mitochondrial
fatty acid oxidation and density (respectively). Moreover, when measuring the effects of RSV on
microsomal triacylglycerol transfer protein (MTP) activity, a greater activation of this enzyme was
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appreciated when the polyphenol was administered to the animals, suggesting that, in this group,
the plasma TG release from the liver was enhanced. The activations of AMPK and ACC, as well as
the protein levels of fatty acid transport protein 5 (FATP5) were studied by means of western-blot.
RSV significantly increased AMPK phosphorylation (in threonine 172 residue) and thus activation,
while decreasing the protein expression of FATP5. In the case of ACC, although no significant
differences were found between both groups, a trend towards an increased phosphorylation status
(the serine 79 residue) was observed in the animals that were supplemented with RSV. Based on the
data obtained, we concluded that RSV was effective in reducing hepatic steatosis that was previously
induced by an obesogenic feeding pattern. It could be suggested that the increased AMPK activation
found in the group receiving RSV could, to some extent, influence the greater fatty acid oxidation
through the reduction of ACC activity, and thus malonyl-CoA production (an inhibitor of CPT1a).

Kang et al. [41] hypothesized that RSV action on insulin signaling could depend on the metabolic
state of cells and that it is tissue specific. Thus, they evaluated the effect of RSV on insulin action
in insulin-sensitive tissues in mice fed a HF diet. For that purpose, they treated diet-induced obese
C57BL/6N mice with RSV, at a dose of 30 mg/kg body weight/day for two weeks. RSV did not
affect body weight in HF-fed mice, but reduced both fasting glucose and insulin levels, suggesting
an insulin-sensitizing effect. In order to explain this effect, they assessed insulin signaling pathway
and the activation state of AMPK in liver. RSV restored diminished insulin signaling induced by
phosphorylation of AKT in Ser473 and Thr308 residues. By contrast with the most common studies in
the literature, AMPK was more active in HF mice when compared to control mice and this activation
was partially reverted after RSV treatment (not to the level of control mice).

After a histological examination of the liver, fat increase induced by the HF diet was reversed by
the short-term RSV treatment. It is important to point out that this effect was independent of body
weight change that, as previously indicated, was not significantly reduced after RSV treatment.

In addition to works addressing models of liver steatosis that are associated to diet, other
experiments have been performed by using genetically models of obesity or diabetes. Rivera et al. [39]
treated obese Zucker rats (Zucker fa/fa rats), which show a strong liver steatosis early in life, and their
heterozygous lean littermates (Zucker Fa/Fa) with RSV at a dose of 10 mg/kg body weight/d for eight
weeks. Food intake, body weight, liver weight, as well as hepatic TG and cholesterol content were
notably greater in obese rats than in their lean littermates. RSV treatment attenuated the increase
in hepatic TG content, by reducing it by half and cholesterol content, which reached lean levels.
These reductions seemed to be due to AMPK activation by phosphorylation of its Thr172 residue and
the consequent ACC inactivation by phosphorylation (Figure 2).

Do et al. [40] analyzed the effects of RSV on steatosis in a model of diabetic mice (db/db mice).
In this study, they distributed animals into four experimental groups: control group, a group treated
with 0.001% (w/w) of the hypoglycemic agent rosiglitazone, a group treated with 0.005% (w/w) RSV,
and a group treated with 0.02% (w/w) RSV for six weeks. This review will focus only on the effects
of RSV. Regarding hepatic lipid content, only the highest dose of this phenolic compound reduced
TG when mice were compared with the controls, but it did not affect hepatic cholesterol levels. With
regard to protein levels, no quantification figures appear in the publication and only protein bands can
be observed; consequently, only data commented by authors can be discussed. Phosphorylated ACC,
measured as an indicator of de novo lipogenesis, was reduced by RSV and the protein expression was
lower with the highest dose of RSV compared with the lowest one. Moreover, 0.02% RSV increased
srebf1 gene and PPARα protein expression, although no differences were observed in pparα gene
expression. As far as fatty acid β-oxidation is concerned, RSV increased UCP2 protein expression,
which is regulated by PPARα. When they determined AMPK activation, they observed higher
phosphorylated AMPK protein levels in RSV-treated mice compared with control mice; this activation
was higher at a dose of 0.005% of RSV. Authors concluded that RSV was able to reduce liver steatosis
in their experimental model of type 2 diabetes by activating AMPK signaling.
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Lin et al. [42] studied the effects of RSV on hepatitis B virus (HBV) associated fatty livers
at an early stage of pathogenesis. The work was carried out in C57BL/6 transgenic mice, which
spontaneously develop hepatocellular carcinoma at the age of 13–16 months because they express the
HBV X protein, specifically in hepatocytes, and in wild type mice. Animals received orally RSV at
a dose of 30 mg/kg body weight/day and they were sacrificed at 2, 3, 7, and 14 days. In the transgenic
animals, microsteatosis, pleomorphic and bizarre nuclei, ballooning and abnormal arrangements of
the sinusoids were observed at 4–6 weeks. The polyphenol mitigated liver impairment and reverted
histopathological alterations. After 14 days of treatment, RSV-treated mice had no fatty liver and serum
ALT was significantly reduced. Regarding the mechanism of action, RSV reduced srebf1 and lxrα but
no lxrβ gene expressions on day 2. The ratio of phosphorylated AMPK/total AMPK, as representative
of its activation, was increased on day 3, and the gene expression of pparγ and acc was decreased.
Moreover, SIRT1 was activated, its protein expression increased and fasn gene expression decreased on
day 7 of treatment with RSV. Finally, no changes were observed in phosphorylated AKT/total AKT
ratio, as representative of AKT activation, and scd1 gene expression but no changes were observed.
When considering these results, it can be observed that the reduction in hepatic lipid content was,
at least in part, due to a reduction in the lipogenic pathway; probably the down-regulation of srebf1
decreased acc and fasn gene expression, but the reduction in srebf1 was not due to the AMPK pathway.

Finally, Zhu et al. [43] investigated the potential benefits of RSV on the amelioration of oxidative
stress and hepatic steatosis in a model of genetic obesity, the KKAy mouse. In this study, C57BL/6J
mice were used as controls. The KKAy mice were randomly divided into three groups: a standard
group that was fed a chow diet (KKAy group), a group that was treated with a low dose of RSV
(KKAy + Low RSV), and a group treated with a high dose of RSV (KKAy + High RSV). The control
and KKAy groups were fed a standard AIN93G diet, while the Low RSV and High RSV groups were
fed a standard AIN93G diet supplemented with RSV at doses of 2 and 4 g/kg diet, respectively, for
12 weeks. They observed that in the KKAy group body weight and hepatic index were higher in
comparison to values observed in C57BL/6J mice, but they were reversed in the KKAy+high RSV
group. Serum levels of FFA and malonaldehyde (MDA) in KKAy mice were higher than those in
C57BL/6J mice, while the superoxide dismutase (SOD) level was decreased. MDA levels in the RSV
treatment group were significantly decreased when compared with the KKAy group. ROS level
was decreased by RSV, while levels of glutathione (GSH), glutathione peroxidase (GPx), and SOD
were increased.

The authors also carried out a histological study of liver, where they noticed fresh bright red liver
tissue in C57BL/6J mice, but in non-treated KKAy mice. The degree of hepatic steatosis evaluated by
Oil Red was significantly alleviated by RSV. Similarly, the liver TG level was reduced in RSV-treated
mice as compared with non-treated KKAy mice, whereas there was an insignificant change in TC level.
hsl and atgl mRNA levels were decreased in KKAy mice compared with C57BL/6J, and this decrease
was reversed by high RSV treatment. Moreover, pHSL protein was highly expressed in both the low
and high RSV treatment groups and SIRT1, pAMPK α, pFOXO1 and FOXO1 (cytoplasm) in KKAy
mice was reversed by RSV treatment, when compared with C57BL/6J mice. The authors concluded
that RSV ameliorated hepatic steatosis inducing up-regulation of SIRT1 and AMPK.

The studies described demonstrate that, in addition to its preventive effect, RSV is also able
to reduce hepatic TG accumulation, independently of the steatosis model used, thus representing
a potential interesting approach to treat liver lipid alteration. As well as in the case of steatosis
prevention, the improvement that was observed in steatosis previously developed is also due, at least
in part, to increased AMPK activation.
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Abbreviations

ACC acetyl-CoA-carboxylase
ACOX1 Acyl-Coenzyme A oxidase 1
AICAR 5-Aminoimidazole-4-carboxamide ribonucleotide
AKT Protein kinase B
ALP Alkaline phosphatase,
ALT Alanine aminotransferase
AMP Adenosine monophosphate
AMPK 5′AMP-activated protein kinase
AST Aspartate aminotransferase
ATGL Adipose triglyceride lipase
ATP Adenosine triphosphate
BW Body weight
CaMKKβ Ca2+/calmodulin-dependent protein kinase kinase β

cAMP Cyclic adenosine monophosphate
CHREBP Carbohydrate response element binding protein
CPT Carnitine palmitoyl transferase
CS Citrate synthase
FAS Fatty acid synthase
FATP5 Fatty acid transport protein 5
FFA Free fatty acid
FOXO 1 Forkhead box protein O1
GGT Gamma glutamil transpeptidase
GPAT1 Glycerol-3-phosphate acyltransferase 1
G6PDH Glucose-6P-dehydrogenase
GSH Glutathione
GPx Glutathione peroxidase
HBV Hepatitis B virus
HFD High-fat diet
HFHS High-fat high-sucrose diet
HSL Hormone sensitive lipase
IkBα Inhibitor of nuclear factor kappa subunit α
IL Interleukin
LDH Lactate dehydrogenase
LFD Low fat diet
LKB1 Liver kinase B1
LXR Liver X receptor
MCAD Mitochondrial medium-chain acyl-CoA dehydrogenase
MDA Malonaldehyde
ME Malic enzyme
MTP Microsomal triglyceride transfer protein
NAD+ Oxidized nicotinamide adenine dinucleotide
NADH Reduced nicotinamide adenine dinucleotide
NAFLD Non-alcoholic fatty liver disease
NF-kB p65 Nuclear factor kappa-light-chain-enhancer of activated B cells
O+A Oleic acid plus alcohol
PDE Phosphodiesterase
pIkBα Phospho-inhibitory subunit of NF-KBα
PPAR Peroxisome proliferator-activated receptor
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PRKA Protein kinase A
ROS Reactive oxygen species
RSV Resveratrol
si RNA Small interfering RNA
SIRT1 Silent information regulator 1; Surtuin-1
SCD Stearoyl-Coenzyme A desaturase 1
SQSTM1 Sequestosome 1
SOD Superoxide dismutase
SREBF Sterol regulatory element-binding transcription factor
SREBP Sterol regulatory element-binding protein
STD Standard diet
TG Triglyceride
TNF-α Tumor necrosis factor- α
UCP Uncoupling protein
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Abstract: The energy sensor AMP-activated protein kinase (AMPK) is a key player in the control of
energy metabolism. AMPK regulates hepatic lipid metabolism through the phosphorylation of its
well-recognized downstream target acetyl CoA carboxylase (ACC). Although AMPK activation is
proposed to lower hepatic triglyceride (TG) content via the inhibition of ACC to cause inhibition of
de novo lipogenesis and stimulation of fatty acid oxidation (FAO), its contribution to the inhibition
of FAO in vivo has been recently questioned. We generated a mouse model of AMPK activation
specifically in the liver, achieved by expression of a constitutively active AMPK using adenoviral
delivery. Indirect calorimetry studies revealed that liver-specific AMPK activation is sufficient to
induce a reduction in the respiratory exchange ratio and an increase in FAO rates in vivo. This led
to a more rapid metabolic switch from carbohydrate to lipid oxidation during the transition from
fed to fasting. Finally, mice with chronic AMPK activation in the liver display high fat oxidation
capacity evidenced by increased [C14]-palmitate oxidation and ketone body production leading to
reduced hepatic TG content and body adiposity. Our findings suggest a role for hepatic AMPK in the
remodeling of lipid metabolism between the liver and adipose tissue.

Keywords: AMPK; liver; lipid metabolism; fatty acid oxidation; indirect calorimetry

1. Introduction

AMP-activated protein kinase (AMPK) is a phylogenetically conserved serine/threonine protein
kinase viewed as a fuel gauge monitoring systemic and cellular energy status which plays a crucial
role in protecting cellular function under energy-restricted conditions [1]. AMPK is a heterotrimeric
protein consisting of a catalytic α-subunit and two regulatory subunits, β and γ, with each subunit
existing as at least two isoforms. AMPK is activated in response to a variety of metabolic stresses
that typically change the cellular AMP:ATP ratio caused by increasing ATP consumption or reducing
ATP production, as seen following glucose deprivation and inhibition of mitochondrial oxidative
phosphorylation as well as exercise and muscle contraction. Activation of AMPK initiates metabolic
changes to reprogram metabolism by switching cells from an anabolic to a catabolic state, shutting
down the ATP-consuming synthetic pathways and restoring energy balance. This regulation involves
AMPK-dependent phosphorylation of key regulators of many important pathways [2,3].

One of the first identified AMPK targets is acetyl CoA carboxylase (ACC), playing a role in
the control of fatty acid metabolism via the regulation of malonyl-CoA synthesis [4]. Malonyl-CoA
is both a critical precursor of biosynthesis of fatty acids and an inhibitor of fatty acid uptake into
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mitochondria via the transport system involving carnitine palmitoyltransferase-1. By inhibiting ACC
and lowering the concentration of its reaction product malonyl-CoA, AMPK activation is expected to
coordinate the partitioning of fatty acids between oxidative and biosynthetic pathways by increasing
fatty acid oxidation (FAO) capacity and inhibiting de novo lipogenesis (DNL), respectively. For these
reasons, AMPK has emerged as a promising therapeutic target to treat metabolic disorders that occur
in conditions such as nonalcoholic fatty liver disease (NAFLD). There is now literature precedence
demonstrating the impact of hepatic AMPK activation in the setting of NAFLD [5]. In addition,
recent advances in the development of allosteric and isoform-biased small-molecule AMPK activators
have reinforced the potential for the pharmacological activation of AMPK as a treatment modality
for hepatic steatosis [6–9]. Recent evidences showed that regulation of hepatic lipogenesis by AMPK
activation mainly resides in the phosphorylation and inactivation of ACC, but not in the control of
lipogenic gene expression [7,8,10]. Accordingly, genetic mouse models of hepatic AMPK deficiency and
ACC with knock-in phosphorylation mutations confirmed the importance of the activation of AMPK
and phosphorylation of ACC for the improvement of fatty liver disease induced by AMPK-activating
drugs [7,8,11]. These studies also provided in vitro and in vivo evidence for the contribution of both
hepatic FAO and DNL in the reduction of hepatic triglyceride (TG) accumulation mediated through
pharmacological AMPK activation. However, one study recently questioned the effect of liver-specific
activation of AMPK on FAO rates in vivo [10]. In that study, by using a genetic mouse model expressing
in the liver a gain-of-function AMPKγ1 mutant, Woods et al. demonstrated that the effect of hepatic
AMPK activation in the protection against hepatic steatosis is largely dependent on the suppression of
de novo lipogenesis, but not on the stimulation of hepatic fatty acid oxidation [10]. Therefore, in the
present study, we examined the impact of AMPK activation in the liver on hepatic lipid metabolism
and determined its effect on FAO rates in vivo, measured by indirect calorimetry.

2. Results

As a first step to elucidating the impact of AMPK activation in the liver on hepatic lipid metabolism
in vivo, we generated a mouse model in which AMPK activation specifically in the liver is achieved
by expression of a constitutively active AMPK. Mice were injected intravenously with an adenovirus
expressing a constitutively active form of AMPKα2 (Ad AMPK-CA) or GFP as a control (Ad GFP).
This resulted in AMPK-CA expression restricted to the liver and undetectable in all other tissues
(Figure 1A and data not shown). High levels of hepatic AMPK-CA expression were maintained
until day 8, with no change in endogenous AMPKα expression (Figure 1A). ACC protein levels
were low in Ad AMPK-CA livers, but the phospho-ACC/total ACC ratio was twice that in control
livers, demonstrating an increase in ACC phosphorylation and therefore AMPK activation following
AMPK-CA expression (Figure 1B). Decreased hepatic malonyl CoA levels in Ad AMPK-CA compared
to Ad GFP livers also confirmed inhibition of ACC activity (Figure 1C). The levels of carnitine
palmitoyltransferase (CPT)-1a and -2 mRNA expression were similar in the liver of Ad GFP and
AMPK-CA mice (Figure 1D). There were no significant changes in body weight and food intake during
the week following the injection of AMPK-CA or GFP adenoviruses (Figure 1E,F).

We studied the metabolic consequences of AMPK activation in the liver by monitoring energy
expenditure and respiratory exchange ratio (RER) during a 22-h fasting period, determined by indirect
calorimetry. The values of RER provide an approximation of carbohydrate and lipid oxidation to
generate energy, ranging from 1.0 to approximately 0.7, respectively. In fed mice, the RER associated
with the total and resting metabolism rates was lower in Ad AMPK-CA than in Ad GFP mice. During
fasting, Ad AMPK-CA mice reached maximal rates of lipid oxidation after only 3 h of fasting, whereas
such rates were not achieved until 12 h in Ad GFP mice (Figure 2, upper panel). Thus, AMPK activation
in the liver enhances lipid oxidation, leading to a more rapid metabolic switch from carbohydrate
to lipid oxidation during the transition from fed to fasting. Thereafter, RER stabilized at the same
values in Ad GFP and Ad AMPK-CA mice, suggesting that the rate of lipid oxidation reached the same
maximum intensity in both groups. Total and resting metabolic rates and spontaneous activity were
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similar in Ad GFP and Ad AMPK-CA mice (Figure 2, middle and lower panels). All mice exhibited a
period of intense activity during the night period between 00:00 and 06:00 h. According to previous
observations of fed mice, this hyperactivity was probably related to the fact that the mice were fasted
and seeking for food. Analysis of the changes in total metabolism and RER induced by bursts of
spontaneous activity that occurred during the light period (i.e., when RER was lower in Ad AMPK-CA
than in control Ad GFP mice) showed that the utilization of glucose and lipids by the working muscles
was very similar in both groups (same changes in RER). These observations agree with the conclusion
that the rapid mobilization and utilization of lipids in Ad AMPK-CA mice in response to fasting is
probably specific to the constitutive activation of AMPK in the liver.

 

Figure 1. Effects of the expression of an active form of AMP-activated protein kinase (AMPK) in
the liver on body weight and food intake. Ten-week-old male C57BL/6J mice received injections
of adenovirus (Ad) expressing the green fluorescent protein (GFP) or a constitutively active form
of AMPKα2 (AMPK-CA) and were studied for the indicated times after adenovirus injection and
in the indicated nutritional state. (A) Western blot analysis of liver lysates with antibodies raised
against pan-AMPKα and myc-tagged AMPK-CA was performed on days 2 and day 8 after adenovirus
administration; (B) Western blot analysis of liver lysates from fed mice 48 h after the injection of Ad GFP
or Ad AMPK-CA, with the antibodies indicated. Each lane represents a liver sample from an individual
mouse. The panel on the right shows Ser79 phosphorylated acetyl CoA carboxylase/ total acetyl CoA
carboxylase (P-ACC/ACC) ratios from the quantification of immunoblot images (n = 5); (C) Hepatic
malonyl-CoA levels in 8 h-fasted mice 48 h after the injection of Ad GFP or Ad AMPK-CA (n = 5);
(D) Effect of AMPK activation in the liver on the expression of Cpt1a and Cpt2 genes. Total RNA was
isolated from the liver of 24 h-fasted mice 48 h after the injection of Ad GFP or Ad AMPK-CA (n = 6).
The expression of Cpt1a and Cpt2 genes was assessed by real-time quantitative RT-PCR. Relative mRNA
levels are expressed as fold-activation relative to levels in Ad GFP livers; (E) Body weight changes and
(F) cumulative food intake measured for 8 days after adenovirus administration (n = 11–12 per group).
Data are means ± standard error of mean (SEM). * p < 0.05, ** p < 0.01 versus Ad GFP mice by unpaired
two-tailed Student’s t-test (B–D,F) or by one-way ANOVA with Bonferroni post-hoc test (E).

253



Int. J. Mol. Sci. 2018, 19, 2826

 

Figure 2. Effects of the expression of an active form of AMPK in the liver on respiratory exchange ratio.
Whole-animal indirect calorimetry was used to assess oxygen consumption (VO2) and carbon dioxide
production (VCO2) in mice infected with Ad GFP or Ad AMPK-CA for 48 h. Fed adenovirus-infected
mice were placed in a metabolic chamber at 10:00 h. They were kept in the cage for 22 h, with free
access to water but no food. Upper panel: The respiratory exchange ratio (RER = VO2/VCO2) was
calculated from VO2 and VCO2 data and plotted at 15-min intervals. An RER of 1.0 is expected for
glucose oxidation and an RER of 0.7 corresponds to lipid oxidation. The right panel shows mean RER
results for Ad GFP and Ad AMPK-CA mice (n = 6 per group) during light or dark periods. Middle
panel: Total metabolic rate. The right panel shows mean metabolic rates for Ad GFP and Ad AMPK-CA
mice (n = 6 per group) during light and dark periods. Lower panel: Locomotor activity. The right panel
shows the mean locomotor activity results for Ad GFP- and Ad AMPK-CA mice (n = 6 per group)
during light and dark periods. Data are means ± SEM. * p < 0.05 versus Ad GFP mice by one-way
ANOVA with Bonferroni post-hoc test.

We then investigated whether AMPK activation mediated increased hepatic fatty acid oxidation,
by measuring the rate of β-oxidation through assays of [14C]-palmitoyl-CoA oxidation in the liver
(Figure 3A). Rates of palmitoyl-CoA oxidation were ~25% higher in Ad AMPK-CA mice than in
control Ad GFP mice. Indirect support for the increase in FAO is provided by the increase in plasma
ketone bodies in Ad AMPK-CA mice (Figure 3B) and a corresponding decrease in plasma triglyceride
(TG) and free fatty acid (FFA) concentrations (Figure 3C,D). To determine whether AMPK activation
increased fatty acid utilization, [C14]-palmitate was injected into Ad AMPK-CA and Ad GFP mice and
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its incorporation into lipids measured. AMPK activation was associated with an increase in hepatic
fatty acid uptake of ~25% (Figure 3E). These findings were correlated with increased expression of the
fatty acid transporters Slc27a4 (fatty acid transport protein 4, Fatp4), Cd36 (fatty acid translocase, Fat),
and Fabp4 (fatty acid binding protein 4) (Figure 3F).

Figure 3. Long-term adenovirus-mediated expression of an active form of AMPK in the liver increases
hepatic lipid oxidation and fatty acid uptake. Ten-week-old male C57BL/6J mice received injections of
Ad GFP or Ad AMPK CA and were studied at the indicated times after adenovirus injection and in the
indicated nutritional state. (A) Hepatic [1-14C]-palmitate oxidation in fed mice 48 h after the injection
of Ad GFP or Ad AMPK-CA (n = 4); (B) Plasma β-hydroxybutyrate levels in 24 h-fasted mice 48 h after
the injection of Ad GFP or Ad AMPK-CA (n = 6); (C) Plasma triglyceride (TG) and (D) plasma free
fatty acid (FFA) levels in overnight-fasted mice 8 days after the injection of Ad GFP or Ad AMPK-CA
(n = 12); (E) Hepatic [1-14C]-palmitate uptake in 24 h-fasted mice 48 h after the injection of Ad GFP
or Ad AMPK-CA (n = 5); (F) Effect of AMPK activation in the liver on the expression of the fatty acid
transporters. Total RNA was isolated from the liver of 24 h-fasted mice 48 h after the injection of Ad
GFP or Ad AMPK-CA (n = 5). The expression of Slc27a4 (Fatp4), Cd36, and Fabp4 genes was assessed
by real-time quantitative RT-PCR. Relative mRNA levels are expressed as fold-activation relative to
levels in Ad GFP livers. Data are means ± SEM. * p < 0.05, ** p < 0.01 versus Ad GFP-infected mice by
unpaired two-tailed Student’s t-test.
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Long-term (8 days) expression of AMPK-CA in liver was sufficient to modify hepatic lipid content
and lowered TG levels by ~45% and cholesterol levels by ~10% (Figure 4A,B). This is in line with low
abundance of lipid droplets in hepatocytes from Ad AMPK-CA compared to Ad GFP mice revealed
by liver ultrastructure changes using transmission electron microscopy (Figure 4C). The increase in
hepatic β-oxidation was related to systemic changes in adiposity and resulted in a significant decrease
in body fat mass (Figure 5A). This decrease was confirmed by the careful weighing of adipose tissue
from epidydimal and inguinal fat pads (Figure 5B). The epidydimal fat pads were much smaller, as was
adipocyte diameter (Figure 5C–E). As a result, plasma leptin concentration, a marker of adiposity,
was halved in Ad AMPK-CA mice (Figure 5F).

 

Figure 4. Long-term adenovirus-mediated expression of an active form of AMPK in the liver reduces
hepatic lipid accumulation. Ten-week-old male C57BL/6J mice received injections of Ad GFP or Ad
AMPK-CA. Fed mice were studied on day 8 after adenovirus administration. (A) Liver triglyceride
content and (B) liver cholesterol content (n = 9–10). Data are means ± SEM. * p < 0.05, ** p < 0.01
versus Ad GFP-infected mice by unpaired two-tailed Student’s t-test; (C) Representative images of
transmission electron microscopy showing the ultrastructure change in Ad GFP and Ad AMPK-CA
livers. Scale bar: 10 μm. Black arrowheads in insets depict lipid droplets.
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Figure 5. Long-term adenovirus-mediated expression of an active form of AMPK in the liver diminishes
peripheral adiposity. Ten-week-old male C57BL/6J mice received injections of Ad GFP or Ad
AMPK-CA. Fed mice were studied on day 8 after adenovirus administration. (A) Body fat content was
measured by dual X-ray absorptiometry (n = 10 per group); (B) Epididymal and inguinal subcutaneous
fat-pad weight (n = 10 per group); (C) Representative epididymal white fat pads fixed in formalin.
Scale bar: 1 cm; (D) Representative hematoxylin-and-eosin-stained sections of epididymal adipose
tissues. Scale bars: 50 μm; (E) Mean adipocyte size in epididymal white adipose tissues. The diameter
of at least 200 cells per sample was determined (n = 4 mice per group); (F) Plasma leptin levels in
fed mice (n = 10 per group). Data are means ± SEM. * p < 0.05, ** p < 0.001 versus Ad GFP mice by
unpaired two-tailed Student’s t-test.
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3. Discussion

Activation of AMPK has been reported to reduce hepatic lipid content in many preclinical studies,
yet the importance of hepatic FAO and DNL for its TG-lowering effect has been unclear [6–10]. Here,
we report that AMPK activation in the liver is capable of significant reduction in liver TG through
the stimulation of fatty acid utilization, as evidenced by a reduction of RER and increased palmitate
oxidation and ketone body production. These results are reminiscent of the acute effect of the direct
AMPK activator A-769662, showing a concurrent drop in RER in fed rats and leading to the reduction
in liver TGs after chronic treatment of obese mice [9]. Importantly, it has been demonstrated that
A-769662 acts in an AMPK-dependent manner to induce fat utilization [12]. We also recently confirmed
that A-769662 was capable to restore hepatic fatty acid oxidation after chronic treatment of a fatty
liver mouse model [8]. Further support for a significant role of lipid oxidation following hepatic
AMPK activation recently came from a study investigating the therapeutic beneficial of the β1-biased
activator PF-06409577 in a high-fat-fed mouse model, where the contribution of de novo lipogenesis
is essentially negligible for hepatic TG accumulation [7]. Acute or 42 days’ dosing with PF-06409577
resulted in a large increase in circulating β-hydroxybutyrate and lower hepatic TG, an effect that was
lost in mice lacking AMPK specifically in the liver [7]. In addition to the impact on FAO, activation
of AMPK in the liver has also been largely documented as a source of inhibition of DNL [6–10].
Thus, our results substantially contribute to the current view that following hepatic AMPK activation,
lowering of hepatic TGs may arise through the capacity of AMPK to combine between both inhibition
of TG synthesis and stimulation of lipid utilization [5,7,8]. Definitive evidence for a dual effect
of hepatic AMPK activation on lipid synthesis and utilization is provided by in vitro and in vivo
studies with AMPK-deficient mouse models and primary culture of hepatocytes treated with various
pharmacological activators of AMPK [7,8]. The balance and contribution between inhibition of DNL
and stimulation of FAO may depend on the source of hepatic TGs at the origin of the development
of hepatic steatosis. Consistent with this notion, pharmacological AMPK-induced inhibition of DNL
has been suggested to play a significant role in the improvement of hepatic steatosis of animal
models where DNL mainly contributes to hepatic TG accumulation [7,8]. Similarly, transgenic mice
expressing specifically in the liver a naturally occurring gain-of-function AMPKγ1 mutant were
completely protected against hepatic steatosis when fed a high-fructose diet, known to increase hepatic
lipogenesis [10]. In that study, the effect of AMPK activation was relying exclusively on the inhibition
of DNL, because no difference in FAO and RER was detected, despite hepatic AMPK activation.
However, it is possible that mice fed a high-sucrose diet preferentially oxidize carbohydrates as their
primary source of energy and this obscures the effect of AMPK activation on fat oxidation due to
the competition between glucose and fat for substrate oxidation [13]. Intriguingly, in the same study,
these mice expressing a gain-of-function AMPKγ1 mutant in the liver failed to stimulate FAO and
reduce hepatic lipids when fed a high-fat diet [10]. These results contrast with the effectiveness of the
AMPKα2-CA mutant used in the present study and various direct AMPK activators in stimulating
hepatic FAO and reducing hepatic TG accumulation in vivo [7,8]. What causes this discrepancy is
unclear, but we speculate that basal AMPK activity increased by mutation of the AMPKγ1 subunit is
insufficient to fully phosphorylate and inactivate ACC and therefore presumably to stimulate FAO
in vivo. Given the observation of the lowering in AMPK activity in the liver of high-fat-fed mice and
fatty liver mouse models [8,14–16], AMPK activation probably needs to reach a higher threshold before
the stimulation of FAO can be effective [8], providing an alternative explanation for the absence of a
significant effect on hepatic lipid content in mice expressing the gain-of-function AMPKγ1 mutant on
a high-fat diet.

AMPK has been proposed as a potential pharmacological target for the treatment of NAFLD due
to its capacity to increase FAO and inhibit DNL in the liver [5]. One mechanism by which AMPK
regulates the partitioning of fatty acids between oxidative and biosynthetic pathways is accomplished
by the phosphorylation and inactivation of ACC, the rate-controlling enzyme for the synthesis of
malonyl-CoA, which is both a critical precursor for biosynthesis of fatty acids and a potent inhibitor
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of long-chain fatty acyl-CoA transport into mitochondria for β-oxidation. This is supported by the
observation of increased fatty acid synthesis and reduced FAO in the liver of mice lacking AMPK
phosphorylation sites on ACC1/ACC2 [11]. In addition, these mice are resistant to the inhibition of
lipogenesis in vivo induced by the AMPK-activating drugs metformin and A-769662 [11]. The effects of
metformin and the direct AMPK activator PF-06409577 on lipid synthesis are abolished in hepatocytes
isolated from these mice as well as liver AMPK-deficient mice [7,8,17]. The direct AMPK activator
A-769662 also failed to increase fatty acid oxidation in these hepatocytes with mutation at the AMPK
phosphorylation sites on ACC isoforms [11]. Thus, the action of AMPK in the improvement of
hepatic steatosis is likely mediated through the phosphorylation of ACC to increase FAO and suppress
DNL [11]. Recent studies performed in mice and humans treated with pharmacological inhibitors
of ACC support the concept that direct inhibition of ACC is a promising therapeutic option for the
management of fatty liver disease [18,19].

We have previously shown that short-term (48 h) expression of AMPK-CA in the liver
paradoxically induced a concomitant hepatic lipid accumulation and increase in fatty acid
oxidation [20]. Interestingly, a similar phenotype is observed during the physiological response
to fasting, where hepatic TG contents rise significantly [21]. We hypothesized that in response to
short-term AMPK activation, the hepatic lipid oxidation capacity is overloaded by the uptake of
mobilized fatty acids from adipose tissue, which are stored temporarily as TGs in the liver until they
are oxidized [20]. As anticipated, we report here that long-term (8 days) expression of AMPK-CA
finally leads to a decrease in hepatic lipid content, but also in a reduction of body adiposity. However,
body weight of Ad AMPK-CA mice was not significantly altered due to the small amount of fat mass
loss compared to total body weight. Our data are corroborated with the effect of chronic treatment
with the AMPK activators metformin, AICAR, or A-769662 in mice, which are associated with reduced
fatty liver and fat pad weight [9,22–24], although no change in body composition was reported in
diet-induced obese (DIO) mice treated with the AMPK β1-biased activator PF-06409577 [7]. Overall,
these observations suggest a role for hepatic AMPK in the remodeling of lipid metabolism through
crosstalk between liver and adipose tissue. However, the nature of the hepatic signal triggering the
mobilization of fatty acids from adipose tissue to the liver remains to be elucidated. One possibility
is the secretion of liver-derived proteins known as hepatokines, which could act on adipose tissue
to stimulate lipolysis. FGF21 and Angptl3 are reasonable candidates playing important roles in the
regulation of lipid metabolism [25,26]. Interestingly, FGF21 expression is induced by metformin and
AICAR in hepatocytes [27].

In conclusion, chronic AMPK activation in the liver increases lipid oxidation, thereby decreasing
hepatic lipid content and body adiposity, suggesting a role for hepatic AMPK in the remodeling of
lipid metabolism between the liver and adipose tissue. Overall, our data emphasizes the potential
therapeutic implications for hepatic AMPK activation in vivo.

4. Material and Methods

4.1. Reagents and Antibodies

Adenovirus expressing GFP and a myc epitope-tagged constitutively active form of AMPKα2
(AMPK-CA) were generated as previously described [20]. Primary antibodies directed against total
AMPKα (#2532), total acetyl-CoA carboxylase (ACC) (#3676), and ACC phosphorylated at Ser79
(#3661) were purchased from Cell Signaling Technology (Danvers, MA, USA) and myc epitope tag
(clone 9E10) from Sigma (Saint-Quentin-Fallavier, France). HRP-conjugated secondary antibodies were
purchased from Calbiochem (Burlington, MA, USA).

4.2. Animals

Animal studies were approved by the Paris Descartes University ethics committees
(no. CEEA34.BV.157.12) and performed under a French authorization to experiment on vertebrates

259



Int. J. Mol. Sci. 2018, 19, 2826

(no. 75-886) in accordance with the European guidelines. C57BL/6J mice were obtained from Harlan
France (Gannat, France). All mice were maintained in a barrier facility under a 12-h light/12-h dark
cycle with free access to water and standard mouse diet (in terms of energy: 65% carbohydrate, 11% fat,
24% protein).

4.3. Metabolic Parameters

Blood was collected into heparin-containing tubes, and centrifuged to obtain plasma.
Plasma leptin levels were assessed using mouse ELISA kit (Crystal Chem, Elk Grove Village, IL, USA).
Plasma triglyceride, free fatty acid, and β-hydroxybutyrate levels were determined enzymatically
(Dyasis, Grabels, France).

4.4. Liver Triglyceride, Cholesterol, and Malonyl-CoA Contents

For the extraction of total lipids from the liver, a portion of frozen tissue was homogenized in
acetone (500 μL/50 mg tissue) and incubated on a rotating wheel overnight at 4 ◦C. Samples were
centrifuged at 4 ◦C for 10 min at 5000× g, and the triglyceride and cholesterol concentrations of the
supernatants were determined with enzymatic colorimetric assays (Diasys, Grabels, France). Hepatic
malonyl CoA ester content was measured using a modified high-performance liquid chromatography
method [28].

4.5. Indirect Calorimetry

Mice were placed in a metabolic cage from 10:00 h until 08:00 h the next day (22 h). The metabolic
cage was continuously connected to an open-circuit, indirect calorimetry system controlled by a
computer running a data acquisition and analysis program, as previously described [29]. Mice were
housed with free access to water but no food. Air flow through the chamber was regulated at 0.5 L/min
by a mass flow-meter, and temperature was maintained close to thermoneutrality (30 ◦C ± 1 ◦C).
Oxygen consumption (VO2) and carbon dioxide production (VCO2) were recorded at one-second
intervals. Spontaneous activity was measured by means of 3 piezo-electric force transducers
positioned in triangle under the metabolic cage, with sampling of the electrical signal at 100 Hz.
Data were averaged every 10 s and stored on a hard disk for further processing. Computer-assisted
processing of respiratory exchanges and spontaneous activity signals was performed to extract the
respiratory exchanges specifically associated with spontaneous activity (Kalman filtering method) [29].
This separation provided information about total, resting, and activity-related O2 consumption
and CO2 production. The respiratory exchange ratio (RER) was calculated as the ratio of VCO2

produced/VO2 consumed.

4.6. Assessment of Fatty Acid Oxidation in Liver Homogenates

The rate of mitochondrial palmitate oxidation was measured in fresh liver homogenate from
fed mice anesthetized with a xylamine/ketamine mixture via intraperitoneal injection according
to a modified version of the method described by Yu et al. [30]. The rate of palmitate oxidation
was assessed by collecting and counting the radiolabeled acid-soluble metabolites (ASMs) produced
from the oxidation of [1-14C]-palmitate. Briefly, a portion of liver (200 mg) was homogenized in 19
volumes of ice-cold buffer containing 250 mM sucrose, 1 mM EDTA, and 10 mM Tris–HCl pH 7.4.
For the assessment of palmitate oxidation, 75 μL of liver homogenate was incubated with 425 μL of
reaction mixture (pH 7.4) in a 25 mL flask. The reaction mixture contained 100 mM sucrose, 10 mM
Tris–HCl, 80 mM KCl, 5 mM K2HPO4, 1 mM MgCl2, 0.2 mM EDTA, 1 mM dithiothreitol, 5.5 mM ATP,
1 mM NAD, 0.03 mM cytochrome C, 2 mM L-carnitine, 0.5 mM malate, and 0.1 mM coenzyme A.
The reaction was started by adding 120 μM palmitate plus 1.7 μCi [1-14C]-palmitate (56 mCi/mmol)
complexed with fatty acid-free bovine serum albumin in a 5:1 molar ratio. Each homogenate was
incubated in triplicate in the presence or absence of 75 μM antimycin A plus 10 μM rotenone to inhibit
mitochondrial β-oxidation. After 30 min of incubation at 37 ◦C in a shaking water bath, the reaction
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was stopped by adding 200 μL of ice-cold 3 M perchloric acid. The radiolabeled ASMs produced
from the oxidation of [1-14C]-palmitate were assayed in the supernatants of the acid precipitate.
ASM radioactivity was determined by liquid scintillation counting. Mitochondrial β-oxidation was
calculated as the difference between the total β-oxidation rate and the peroxisomal β-oxidation rate,
which was determined following incubation of the homogenate with antimycin A and rotenone. Data
are expressed in nanomoles of radiolabeled ASM produced per gram of liver per hour.

4.7. Palmitate Uptake by the Liver

The in vivo uptake of palmitate by the liver was assessed by injection of 10 μCi [1-14C]-palmitate
(56 mCi/mmol) complexed with 1% fatty acid-free bovine serum albumin in a final volume of 200 μL
PBS via the inferior vena cava in anesthetized 24 h-fasted mice by the intraperitoneal injection of a
xylamine/ketamine mixture. Four minutes after injection, the superior vena cava was clamped and the
hepatic portal vein was sectioned. A needle was inserted into the inferior vena cava toward the liver,
and 10 mL of ice-cold PBS was injected under pressure with a syringe. At the end of this procedure,
the liver was pale and the fluid emerging from the portal vein was clear. The liver was removed and
used for lipid extraction and for the measurement of radioactivity by scintillation counting. Rates of
palmitate uptake are expressed as disintegrations per minute (dpm) per gram of protein per hour.

4.8. Fat Mass and Histomorphometry

The total body fat content of mice was determined by dual energy X-ray absorptiometry
(Lunar PIXImus2 mouse densitometer; GE Healthcare, Chicago, IL, USA), in accordance with the
manufacturer’s instructions. Body weight was determined and the left and right epididymal and
inguinal white fat pads were harvested and weighed. Epididymal fat pads were then fixed in 10%
neutral buffered formalin and embedded in paraffin. Tissues were cut into 4-μm sections and stained
with hematoxylin and eosin. For the determination of adipocyte size, photomicrographs of the
stained sections were obtained at ×100 magnification. Mean adipocyte diameter was calculated from
measurements of at least 200 cells per sample.

4.9. Injection of Recombinant Adenovirus

Male C57BL/6J mice were anesthetized with isoflurane before the injection (between 9:00 and
10:00 h) into the penis vein of 1 × 109 pfu of either Ad GFP or Ad AMPK-CA in a final volume of
200 μL of sterile 0.9% NaCl. Mice were sacrificed 48 h or 8 days after adenovirus injection, as indicated
in the figure legends. For the eight-day studies, mouse weight and food intake were measured daily.

4.10. Isolation of Total mRNA and Quantitative RT-PCR Analysis

Total RNA from mouse liver tissue was extracted using Trizol (Invitrogen, Carlsbad,
CA, USA), and single-strand cDNA was synthesized from 5 μg of total RNA with random
hexamer primers (Applied Biosystems, Foster City, CA, USA) and Superscript II (Life
Technologies, Carlsbad, CA, USA). Real-time RT-PCR reactions were carried out in a final
volume of 20 μL containing 125 ng of reverse-transcribed total RNA, 500 nM of primers,
and 10 μL of 2× PCR mix containing Sybr Green (Roche, Meylan, France). The reactions
were performed in 96-well plates in a LightCycler 480 instrument (Roche) with 40 cycles.
The relative amounts of the mRNAs studied were determined by means of the second-derivative
maximum method, with LightCycler 480 analysis software and 18S RNA as the invariant
control for all studies. The sense and antisense PCR primers used, respectively, were as
follows: for Cpt1a, 5′-AGATCAATCGGACCCTAGACAC-3′, 5′-CAGCGAGTAGCGCATAGTCA-3′;
for Cpt2, 5′-CAGCACAGCATCGTACCCA-3′, 5′-TCCCAATG CCGTTCTCAAAAT-3′; for Cd36,
5′-TGGCTAAATGAGACTGGGACC-3′, 5′-ACATCACCACTCCAATCCCAAG-3′; for Slc27a4 (Fatp4),
5′-GCACACTCAGCCGCCTGCTTCA-3′, 5′-TCACAGCTTCTCCTCGCCTGCCTG-3′; for Fabp4, 5′-GT
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GATGCCTTTGTGGGAACCT-3′, 5′-ACTCTTGTGGAAGTCGCCT-3′; for 18S, 5′-GTAACCCGTTGAA
CCCCATT-3′, 5′-CCATCCAATCGGTAGTAGCG-3′.

4.11. Western Blot Analysis

After the indicated incubation time in the figure legends, cultured hepatocytes were lysed in
ice-cold lysis buffer containing 50 mM Tris, pH 7.4, 1% Triton X-100, 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 10% glycerol, 50 mM NaF, 5 mM sodium pyrophosphate, 1 mM Na3VO4, 25 mM
sodium-β-glycerophosphate, 1 mM DTT, 0.5 mM PMSF and protease inhibitors (Complete Protease
Inhibitor Cocktail; Roche). Lysates were sonicated on ice for 15 s to shear DNA and reduce viscosity.
The tissues were homogenized in ice-cold lysis buffer using a ball-bearing homogenizer (Retsch, Eragny,
France). The homogenate was centrifuged for 10 min at 10,000× g at 4 ◦C, and the supernatants were
removed for determination of total protein content with a BCA protein assay kit (Thermo Fisher
Scientific, Waltham, MA, USA). Fifty micrograms of protein from the supernatant were separated
on 7.5% or 10% SDS-PAGE gels and transferred to nitrocellulose membranes. The membranes were
blocked for 30 min at 37 ◦C with Tris-buffered saline supplemented with 0.05% NP40 and 5% nonfat
dry milk. Immunoblotting was performed following standard procedures, and the signals were
detected by chemiluminescence reagents (Thermo). X-ray films were scanned, and band intensities
were quantified by Image J (NIH) densitometry analysis.

4.12. Transmission Electron Microscopy

Livers were fixed in 3% glutaraldehyde, 0.1 M sodium phosphate buffer (pH 7.4) for 24 h at 4 ◦C,
postfixed with 1% osmium tetroxide, dehydrated with 100% ethanol, and embedded in epoxy resin.
For ultrastructure analysis, ultrathin slices (70–100 nm thick) were cut from the resin blocks with a
Reichert Ultracut S ultramicrotome (Reichert Technologies, Depew, NY, USA), stained with lead citrate
and uranyl acetate, and examined in a transmission electron microscope (model 1011; JEOL, Tokyo,
Japan) at the Cochin Institute electron microscopy facility.

4.13. Statistical Analysis

Results are expressed as means ± standard error of mean (SEM). Comparisons between groups
were made by unpaired two-tailed Student’s t-test or ANOVA for multiple comparisons where
appropriate. Differences between groups were considered statistically significant when p < 0.05.
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Abstract: Activated by AMP-dependent and -independent mechanisms, AMP-activated protein
kinase (AMPK) plays a central role in the regulation of cellular bioenergetics and cellular
survival. AMPK regulates a diverse set of signaling networks that converge to epigenetically
mediate transcriptional events. Reversible histone and DNA modifications, such as acetylation
and methylation, result in structural chromatin alterations that influence transcriptional
machinery access to genomic regulatory elements. The orchestration of these epigenetic events
differentiates physiological from pathophysiological phenotypes. AMPK phosphorylation of histones,
DNA methyltransferases and histone post-translational modifiers establish AMPK as a key player in
epigenetic regulation. This review focuses on the role of AMPK as a mediator of cellular survival
through its regulation of chromatin remodeling and the implications this has for health and disease.
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1. Introduction

Epigenetic regulation gives rise to a spectrum of cellular phenotypes observed in a single organism
independent of primary DNA sequence. Such regulation is hereditable and stable, as occurs in
the determination of cell type, but also transient, producing a particular phenotypic outcome to
ensure survival [1–3]. Influencing gene expression, epigenetics promotes organismal adaption by
offering substantial functional variability in response to environmental stimuli [1–3]. This regulation
occurs, in part, through nucleosomal remodeling as a result of histone, DNA, and DNA-binding
protein modifications that include: phosphorylation, acetylation, O-GlcNAcylation, ribosylation,
and methylation. Such signature modifications or marks characterize nucleosome remodeling and
determine the degree of gene activation or silencing. At a fundamental level, stressors such as nutrient
deprivation or heightened physical activity trigger dynamic epigenetic markings that orchestrate
adaptive gene regulation to improve survivability [4–7].

AMP-activated protein kinase (AMPK), a master regulator of energy homeostasis and a key
mediator of adaptation and cell survival, is activated by conditions that produce energy deprivation
such as hypoxia, exercise, nutrient starvation, and infection [8]. AMPK functions as a heterotrimeric
serine/threonine protein kinase composed of a catalytic α-subunit, a scaffolding β-subunit, and a
regulatory γ-subunit. Both α and β-subunits exist in two isoforms (α1, α2, and β1, β2), while the
regulatory γ-subunit exists in three isoforms (γ1, γ2, γ3). The combination of α, β, and γ isoforms can
form 12 different heterotrimeric complexes, each demonstrating unique functions and subcellular or
tissue-specific distributions [9–11]. Once activated, AMPK phosphorylates targets with well-defined
consensus sequences to regulate bioenergetics by modulating metabolic pathways that promote
ATP production and limit energy expenditure [12]. Such roles of AMPK in cellular homeostasis
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are facilitated by gene regulation as a result of chromatin conformational dynamics. To that end,
AMPK orchestrates these changes by phosphorylating several histones and proteins involved in
nucleosome remodeling that enhance mitochondrial biogenesis and function [13]. Additionally,
during acute metabolic stressors, such as fasting or exercise, AMPK associates with chromatin at
promoters of genes involved in lipid and glucose metabolism [14].

Chronic AMPK activation plays a role in cellular and organismal inheritance, evidenced by its
multi-isoform 2R-ohnologue characteristics, which are often evolutionarily conserved in gene coding
regions to support basic survival functions and to increase the possibility for complex tissue diversity
and adaptation [15–17]. Such adaptation for survival early in life initiates epigenetic programming that
correlates with AMPK activation and determines predisposition to disease. For example, insults during
development, such as placental insufficiency or maternal metabolic disorders, increase the probability
of adverse metabolic disorders in later stages of life, such as diabetes mellitus, metabolic syndrome,
insulin resistance, hypertension, vascular disease, and cancer [18]. Furthermore, metabolic disorders,
such as maternal obesity, are often associated with reduced AMPK expression or activity and
concomitant loss of its epigenetic mechanisms associated with adaptation and survival [19,20].
Although the mechanistic basis for this regulation, as well as its implications for inheritance, is still
under exploration, these collective observations point to a fundamentally important role of AMPK as
an epigenetic regulator.

2. Histone Modification

Histones are nuclear-localized, primarily positively charged proteins. However, a number of
histone splice variants have been described with broad cellular functions and localizations [21,22].
Within the nucleus, histones are packaged into an octamer consisting of two H2A, H2B, H3, and H4 [23].
These octameric histone complexes associate via charge–charge interactions with DNA and make up a
nucleosome, which is linked to other nucleosomes by histone H1. Given their tight association with
DNA, histones serve as mediators between stress response signaling cascades and the regulation of
nucleosomal structure that ultimately influence gene expression and cellular survival [24]. AMPK,
both directly and indirectly, regulates the post-translational modification (PTM) status of histones that
play a major role in the regulation of nucleosome structure.

2.1. Histone Phosphorylation

Bioinformatic analysis has identified several histones that contain an AMPK phosphorylation
consensus sequence. These include: H1FX, H2AFX, H2AFY, H2AFY2, H2AFZ, H2BFM, and H3F3B [25],
suggesting that AMPK plays an important role in epigenetic regulation through histone
phosphorylation. Ultimately, such histone phosphorylation promotes cross-talk between epigenetic
regulators to facilitate spatio-temporal nucleosome structural changes that influence transcriptional
machinery [24]. For example, activation by glucose deprivation or UV radiation results in the
colocalization of AMPK and phosphorylating serine 36 in H2B (H2BS36) throughout the carnitine
palmitoyltransferase 1C (CPT1C) and cyclin-dependent kinase inhibitor (p21) promoter regions and gene
bodies. This exposes TP53 or tumor protein (p53) DNA binding sites and subsequent association with
RNA polymerase II (Figure 1) [26,27]. These events enhance CPT1C and p21 expression, which play
a role in cellular survival via activating autophagy and transporting long-chain fatty acids to the
mitochondria, collectively enhancing β-oxidation and energy production [28–30]. Related to cellular
survival, charged multivesicular body protein 1B (CHMP1b) is phosphorylated by AMPK, forms a
“shell” around nucleosomes enriched with H3 phosphorylation and acetylation, and influences gene
transcription [25]. This might play a role in the transition of active and inactive nucleosome regions
and potentially heritable epigenetic marks [31].
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Figure 1. AMPK (AMP-activated protein kinase) promotes cell survival through histone
phosphorylation. AMPK phosphorylates H2B to promote chromatin relaxation at tumor protein
p53 (p53) recognized promoters and transcription of carnitine palmitoyltransferase 1C (cpt1c) and
cyclin-dependent kinase inhibitor (p21) to enhance cell survival.

2.2. Histone Acetylation

Lysine acetylation of the N-terminal tails of histones disrupts the charge–charge interactions
between DNA and histone tails, producing a euchromatin, a relaxed and active, chromatin state.
This reaction changes histone–DNA associations, histone–histone associations between adjacent
nucleosomes, and histone–regulatory protein interactions [32]. Histone acetylation occurs via
transfer of an acetyl group from acetyl coenzyme-A (acetyl-CoA) to the to the ε-ammonium (NH3

+)
group of lysine catalyzed by histone acetyltransferases (HATs). HAT families are diverse and
promote a spectrum of interactions and functions. Histone deacetylation restores the DNA-histone
interaction promoting a heterochromatic, a condensed and silent chromatin state [33]. Antagonistically,
histone deacetylation, catalyzed by histone deacetylases (HDACs), restores the DNA-histone
interaction promoting a euchromatic chromatin state [33]. AMPK regulates the activity of both
HATs and HDACs by influencing cofactor or substrate availability through direct phosphorylation.

Indirectly, 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) activation of AMPK
affects global HAT activity by increasing available acetyl-CoA levels through several mechanisms.
AMPK phosphorylates acetyl-CoA carboxylase (ACC) to prevent the conversion of acetyl-CoA to
malonyl-CoA increasing available acetyl donating groups for HATs (Figure 2A). AMPK also increases
the formation of acetyl-CoA by phosphorylating acetyl-CoA synthetase short-chain family member
2 (ACSS2), causing its nuclear translocation for the conversion of acetate, the byproduct of HDAC
histone deacetylation, to acetyl-CoA (Figure 2A). This mechanism has been shown to increase HAT
acetylation of H3 at transcription factor EB (TFEB)-responsive promoters to activate genes important
for autophagy and lysosomal function [34,35]. Yet, in general, increased acetyl-CoA levels in response
to AICAR results in increased H3 acetylation at lysine 14 (H3K14) and H4 acetylation at lysines
5,8,12,16 (H4K5,8,12,16) [36]. AMPK activated by metformin regulates histone acetylation in a metabolic
state-dependent manner. For example, metformin reduces H3 acetylation by decreasing bioavailability
of mitochondrial acetyl-CoA in breast cancer, bringing acetylation status to normal in promoters of
cancer-specific genes [37].

AMPK also regulates substrate availability of HDACs. The class III HDACs, sirtuins (SIRTs),
couple deacetylation with nicotinamide adenine dinucleotide (NAD+) hydrolysis to produce
O-acetyl-ADP-ribose [38]. AMPK indirectly activates SIRT1, in part, by increasing the NAD+/NADH
ratio [38,39]. Once activated, SIRT1 plays a fundamental role in chromatin organization by interacting
with and deacetylating a variety of transcription factors and coregulators [40]. However, in contrary to
activating the SIRTs, AMPK indirectly inhibits class I and II HDACs by increasing β-hydroxybutyrate
(βOHB) during fatty acid oxidation. βOHB acts similarly to the HDAC inhibitor butyrate,
increasing global histone acetylation (Figure 2B) [41]. However, in addition to globally inhibiting class
I and class II HDACs, AMPK activation also promotes HDACs 4, 5, and 7 hyperphosphorylation and
translocation from the nucleus (Figure 2B) [42]. Both of these events increase global histone acetylation.
However, despite these global effects, the regulation of gene expression is often promoter- and gene
cluster-specific, suggesting the importance of direct phosphorylation events of AMPK on specific HATs
and HDACs.
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Figure 2. AMPK activation increases acetyl-CoA and promotes histone acetylation. (A) Through
phosphorylation, AMPK inhibits acetyl-CoA carboxylase (ACC) while activating acetyl-CoA synthetase
short-chain family member 2 (ACSS2) to increase acetyl-CoA availability for acetylation; (B) AMPK
increases β-hydroxybutyrate (βOHB) to inhibit histone deacetylases (HDACs) and promotes HDAC
nuclear export via hyperphosphorylation. Both of these events increase histone acetylation.

Investigations into epigenetically regulated networks identified HAT1 and retinoblastoma binding
protein 7 (RBBP7) as direct targets of AMPK that dimerize following phosphorylation. This results in
enhanced euchromatin structure at the promoters of peroxisome proliferator–activated receptor gamma
coactivator–1α (PGC-1α), transcription factor A (Tfam), nuclear respiratory factors 1 and 2 (NRF1 and
NRF2), and uncoupling proteins 2 and 3 (UCP2 and UCP3). The corresponding induction of these
genes produces enhanced mitochondrial function (Figure 3A) [13]. In addition to HAT1 and RBBP7,
AMPK phosphorylates HDAC5, promoting its dissociation from the promoters releasing its suppressive
effects to increase expression of an array of metabolic genes, including glucose transporter type 4
(GLUT-4) (Figure 3B) [43].

Although less characterized, it is likely that AMPK phosphorylates an array of HATs
including transcription regulator family member A (SIN3), CREB binding protein (CREBBP),
elongator acetyltransferase complex subunits (ELP) 2, 3, and 4, and K(lysine) acetyltransferases
(KAT) 2A, 2B, 6A, 6B, 7, and 8, and HDACs 1–5, 8–9, and 10, 11, as well as SIRTs 2, 3, 4, 5, 6, and 7;
all of which contain AMPK consensus sequences and are opportune for future study [13].

2.3. Histone Methylation

Histone methylation occurs on lysine and arginine, and its effects on gene expression
are dependent upon the site and degree of methylation. For example, methylation of H3K4,
H3K36, and H3K79 promotes an active euchromatin state; while methylation of H3K9 and H3K27

promotes a silent heterochromatic state [44–46]. Both lysine-specific and arginine-specific histone
methyltransferases use S-adenosyl methionine (SAM) as cofactors and methyl donor catalyzing the
transfer of one, two, or three methyl groups. The demethylases, however, serve a variety of functions
and include two primary classes: flavin adenine dinucleotide (FAD)-dependent amine oxidase and
Fe(II) and α-ketoglutarate-dependent hydroxylase. The regulation of demethylases via α-ketoglutarate,
a tricarboxylic acid (TCA) cycle intermediate, suggests that AMPK may play a role in regulating
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histone methylation and demethylation because AMPK is activated by conditions where TCA cycle
intermediates are depleted and, once activated, these intermediates are restored. For example,
enhanced amino acid, fatty acid, or glycogen catabolism by AMPK increases α-ketoglutarate, which,
in turn, may increase histone demethylase activity [47]. In addition to restoring α-ketoglutarate
levels, AMPK phosphorylates and inhibits fumarase a TCA cycle enzyme that converts fumarate
to malate. Subsequently, elevated fumarate levels inhibit lysine-specific demethylase 2A (KDM2A),
restoring H3K36 dimethylation (H3K36me2) at promoters of genes mediating cell growth (Figure 4A) [48].
In addition to these indirect effects, AMPK activates the demethyltransferase lysine demethylase
5 (KDM5) and lysine-specific histone demethylase-1 (LSD1) that remove H3K4 trimethylation
(H3K4me3) [49]. Although AMPK activates histone demethyltransferase activity, it inhibits several
complexes that regulate methyltransferase activity including the methylation complex polycomb
repressive complex 2 (PRC2) and the histone methyltransferase-containing COMPASS complex
(complex proteins associated with Set1) [20,50]. While the inhibition of PRC2 occurs through the
phosphorylation of histone methyl transferase enhancer of zeste homolog 2 (EZH2), which decreases
H2K27 monomethylation (H2K27me1), inhibition of the COMPASS complex by AMPK decreases
H3K4me3, a marker of transcriptional activation (Figure 4B) [50–52]. Globally, inhibition of PRC2
results in the upregulation of tumor suppressor PRC2 target genes and suppression of tumor growth,
while COMPASS complex inhibition is a protective mechanism that halts chromatin marking in the
presence of nutrient deficiency to promote stress tolerance (Figure 4B) [20,50–52].

However, the orchestration between the methylation and demethylation activities of AMPK
is promoter-specific. For example, AMPK recruits PRC2 and LSD1 to the promoter of caudal
type homeobox2 (Cdx2), increasing H3K4me3 but not H3K27me3 [53]. This increases CDX2 expression,
which transactivates solute carrier family 5 member 8 (SLC5A8) to increase immune function and cell
survival under several stress conditions (Figure 4C) [54,55].
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Figure 3. AMPK inhibits histone deacetylase activity to promote histone acetylation. (A) AMPK
phosphorylates histone acetylase1 and retinoblastoma binding protein 7 (RBBP7) to form a complex
that acetylates histones at promoters of peroxisome proliferator-activated receptor gamma coactivator-1α

(PGC-1α), uncoupling proteins (UCPs) to increase mitochondrial biogenesis and function; (B) AMPK
phosphorylates and inhibits HDAC5 enhancing acetylation at the glucose transporter type 4 (GLUT-4)
promoter increasing its transcription.
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Figure 4. AMPK regulates histone methylation. (A) AMPK phosphorylates fumarase increase fumarate,
which inhibits lysine-specific demethylase 2A (KDM2A), increasing histone methylation at cell growth;
(B) AMPK decreases histone methylation through inhibition of polycomb repressive complex 2 (PRC2)
and complex proteins associated with set1 (COMPASS complex); (C) AMPK modulates histone 3
methylations status to increase caudal type homeobox2 [cell differentiation]) (Cdx2) expression and
metabolic homeostasis. LSD1: lysine-specific histone demethylase-1; EZH2: zeste homolog 2.

2.4. Histone O-GlcNAcylation

O-GlcNAcylation is the addition of an O-linked N-acetylglucosamine (O-GlcNAc) group to
a serine or threonine by O-GlcNAc transferase (OGT). The donor substrate for O-GlcNAcylation,
uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), is a product of the hexamine biosynthetic
pathway (HBP) in which glucose, fatty acid, amino acid, and ATP metabolism converge
implicating its role as a nutrient and stress sensor [56]. O-GlcNAcase (OGA) removes O-GlcNAc
through hydrolysis. The dynamics of histone O-GlcNAcylation regulate a variety of activities
including other histone PTMs such as acetylation, methylation, and phosphorylation, and is
highly sensitive to a spectrum of cellular stressors such as hypoxia, heat shock, and starvation
(Figure 5A) [57]. AMPK phosphorylates O-GlcNAc transferase (OGT) promoting its dissociation
from chromatin. This inhibits its O-GlcNAcylation of H2BS112 in response to extracellular glucose
through the hexosamine biosynthesis pathway (HBP) and promotes H2BK120 mono-ubiquitination
and transcriptional activation (Figure 5B) [56].

2.5. Histone Ribosylation

Histone ADP-ribosylation can occur as addition of mono- or poly-ADP-ribosylation units
by mono-ADP ribosyltransferases (ARTs) or poly-(ADP-ribose) polymerases (PARPs), respectively.
NAD+ serves as the main source for histone ADP-ribosylation, which can occur on many amino
acids restructuring chromatin into a euchromatin state [58,59]. AMPK phosphorylates and activates
PARP1 [60,61]. Substrates of PARP1 include PARP1 itself and the tail of histones H1, H2A, H2B,
H3, and H4, creating a poly(ADP-ribose)ylated mark at transcription start sites in transcriptionally
necessary genes during metaphase [62]. Contrarily, when PARP1 is not active as a polymerase,
it binds to DNA and promotes a heterochromatin state [59]. This is underscored by AMPK’s
phosphorylation of PARP1, causing its dissociation from the B-cell lymphoma protein 6 (Bcl-6) to
increase its expression [61].
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Figure 5. AMPK regulates histone O-GlcNAcylation and ADP-ribosylation. (A) O-GlcNAc transferase
adds O-GlcNAc to a serine or threonine to produce O-GlcNAcylation. Nutrient and stress sensor
stimulates hexosamine biosynthetic pathway (HBP) to create UDP-GlcNAc, which is a donor
substrate for O-GlcNAcylation. Histone O-GlcNAcylation regulates acetylation, methylation,
and phosphorylation; (B) AMPK phosphorylates O-GlcNAc transferase and inhibits O-GlcNAcylation
to increase transcription. OGA: O-GlcNAcase; OGT: O-GlcNAc transferase.

3. DNA Modification

More abundantly enriched in promoter regions, cytosine-guanine dinucleotides (CpG) are
susceptible to methylation at the 5’ cytosine position by a family of DNA methyltransferases (DNMTs).
Each DNA methyltransferase member has a slightly different functional role in the global regulation of
global DNA methylation. While DNMT 3a and 3b create the methyl “marks” that are carried through
mitosis, DNMT1 maintains these methylation marks and regulates the dynamics of DNA modification
and nucleosomal remodeling [63]. Following methylation, a number of functional changes occur.
Due to its electron donating effects, methylation weakens Watson–Crick base pairing and recruits
methyl-CpG binding domain proteins (MBDs), HDACs, and transcriptional repressors that collectively
organize chromatin into a heterochromatic, a transcriptionally inactive conformation. These CpG
methylations are highly dynamic- and stimulation-dependent. Removal of the CpG methylation
requires oxidation of 5-methycytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC), which is then
converted to 5-formylcytosine (5-fC), and 5-carboxylcytosine (5-caC) followed by complete removal
of the functional group by ten-eleven translocation hydroxylases (TETs) [64,65]. Although TETs are
required to actively remove CpG methyl groups, the process occurs passively and semi-conservatively
during DNA replication [66].

DNA Methylation

AMPK regulates global methylation by changing the substrates required for DNMT and
TET activity. For example, SAM, the methyl donor for DNMT3a and DNMT3b, is converted to
S-adenosylhomocysteine (SAH) upon CpG methylation [67]. Therefore, while SAM is required for
DNMT3a and DNMT3b activity, SAH has an opposing inhibitory effect [67]. Supporting DNMT3a and
DNMT3b activation, AMPK increases mitochondrial function and serine hydroxymethyltransferase
2 (SHMT2). Once activated, SHMT2 facilitates the one carbon transfer from folate to SAH,
making SAM, and increasing the SAM/SAH ratio [67]. AMPK also increases the SAM/SAH ratio by
transactivating let-7 micro RNA that subsequently degrades H19, relieving a direct inhibitory effect
on S-adenosylhomocysteine hydrolase (SAHH). Subsequent activation of SAHH enables DNMT3b
activation [68]. Taken together, these studies indicate that AMPK increases the SAM/SAH ratio that
has an activating effect on DNMT3a and DNMT3b. These AMPK-dependent shifts in methylation
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also correlate to metabolic adaptive situations. For example, promoter methylation of cytochrome
C oxidase subunit 4I1 (COX4I) and fatty acid binding protein 3 (FABP3) increases during exercise,
while peroxisome proliferator-activated receptor δ (PPARδ) promoter methylation increases after fasting
(Figure 6A) [69]. However, the overall effect AMPK has on DNA methylation is likely to be stimulation-,
tissue-, promoter-, and DNMT isoform-specific. Paralleling its role as an epigenetic metabolic
regulator in histone acetylation through HAT1 and RBBP7, AMPK also phosphorylates DNMT1S730,
inhibiting methyl CpG in PGC-1α, Tfam, NRF1, NRF2, UCP2 and UCP3 promoters [13]. This results in
improved mitochondrial function, a requirement for cell survival [13,70].
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Figure 6. AMPK regulates DNA methylation. (A) AMPK activates serine hydroxymethyltransferase
2 (SHMT2) and Let-7 to increase SAM:SAH ratio providing substrate for DNA methyltransferase
3 (DNMT3) methylation of promoters such as COX4I and FABP3; (B) AMPK directly regulates isocitrase
dehydrogenase 2 (IDH2) to yield α-ketoglutarates to promote ten-eleven translocation hydroxylases
(TETs) activation. AMPK likely also directly regulates TETs catalyzing the conversion of 5-mc to
unmethylated cytosine while inhibiting DNA methyltransferase 1 (DNMT1). These actions result in
decreased promoter methylation of PR domain containing 16 (Prdm16), PGC-1α, and the uncoupler proteins.

In addition to the DNMTs, AMPK also regulates TETs, which, in turn, govern loci-specific
CpG methylation. The effect of AMPK on TETs occurs through its regulation of TCA cycle
intermediates. For example, AMPK regulates isocitrase dehydrogenase 2 (IDH2) to increase the levels
of α-ketoglutarate, an activator of TET1–TET4 resulting in CpG demethylation [47,71]. Activation of
TET1–TET4 results in transactivation of the PR domain containing 16 (Prdm16) gene in progenitor cells
that promotes brown adipogenesis, therefore supporting AMPK’s role as an epigenetic regulator of
metabolic function (Figure 6B) [47].

4. Approaches to Elucidating the AMPK-Modulated Epigenetic Landscape

Although biochemical studies have resolved a number of mechanistic insights into the role AMPK
plays in the epigenetic regulation of chromatin structure, the study of AMPK on epigenetic function
is still in its infancy. A number of predictive algorithms and studies have identified a potential role
of AMPK on a number of epigenetic regulators. However, the role they may play under different
physiological stimulations and their tissue specificity are still unknown. Because of the interconnected
nature between regulatory cascades, the study of AMPK on epigenetic function in a disease-relevant
capacity requires systems biological and bioinformatics approaches.

Scientific advances in the computational and Big Data arenas have resulted in novel experimental
approaches, databases, and bioinformatics techniques that can be used in the exploration of AMPK
epigenetic-regulated signaling pathways. Examples of tools used to explore chromatin characteristics
include H3K27 acetylation H3K4 and monomethylation (H3K4me1) immunoprecipitation sequencing
(IP-Seq); assay for transposase-accessible chromatin using sequencing (ATAC-seq); assay for
transposase-accessible chromatin using sequencing (ATAC-seq); and Hi-C [72]. The relationship
between DNA, histone modifications, histone remodeling, followed by Hi-C structural mapping,
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provides an integrative understanding of how AMPK can influence chromatin architecture.
The identification of AMPK-regulated networks can be explored using consensus sequence mapping
and machine learning in computing environments such as R/Bioconductor computing [25,73–75].
The expression of effected genes and loci and their application of these loci to disease-relevant stimuli
can be further explored via cross-referencing with expression profiles housed in the Gene Expression
Omnibus (GEO) database, Sequence Read Archive (SRA), Single Nucleotide Polymorphism database
(dbSNP), 3D Genome database C (3DGD), and CR2Cancer [76–79]. Integration of these datasets can
provide a comprehensive picture of the influence AMPK has on epigenetic signaling cascades in
addition to their genetic loci and disease-specific regulation (Figure 7).

 

Figure 7. Methods for resolving disease-relevant AMPK-regulated epigenetic networks. Developed
sequencing technologies are listed on the left-hand figure panels. Publicly available data repositories
are listed on the right. Computing platforms R and relevant Bioconductor packages including
Genomic interactions, SystemPipeR, Genomic Ranges, and BioMart can be used to integrate
sequencing technologies, publicly available datasets, and AMPK target predictions as illustrated
in the center panels.

5. Conclusions

AMPK’s role as an epigenetic landscape modulator is underscored by its multifunctional kinase
effects that regulate histones and epigenetic enzymes to mediate histone and DNA modifications.
AMPK is crucial for cell survival and adaptation as evident by its activation upon nutrient depletion
and stressors resulting in histone phosphorylation, acetylation, methylation, O-GlcNAcylation,
and ribosylation. Additional, AMPK regulates DNA methylation mediated by influencing the
SAM/SAH ratio, TET regulation and inhibition of DNMT1. Technological advances in data analysis
continue to reveal the remarkable and diverse roles of AMPK in signaling pathways and epigenetic
regulation, providing opportunities to exploit novel therapies relating to health and disease.
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Abbreviations

AMPK AMP-activated protein kinase
CPT1C carnitine palmitoyltransferase 1C
p21 cyclin-dependent kinase inhibitor
p53 TP53 or tumor protein
HAT histone deacetylases
acetyl-CoA acetyl coenzyme-A
HDAC histone deacetylases
AICAR 5-Aminoimidazole-4-carboxamide ribonucleotide
ACC acetyl-CoA carboxylase
ACSS2 acetyl-CoA synthetase short-chain family member 2
TFEB transcription factor EB
SIRT sirtuin
NAD+ nicotinamide adenine dinucleotide
βOHB β-hydroxybutyrate
RBBP7 retinoblastoma binding protein 7
PGC-1α peroxisome proliferator-activated receptor gamma coactivator-1α
Tfam transcription factor A
NRF nuclear respiratory factors
UCP uncoupling proteins
SAM S-adenosyl methionine
GLUT-4 glucose transporter type 4
KDM2A lysine-specific demethylase 2A
KDM5 demethyltransferase lysine demethylase 5
LSD1 lysine-specific histone demethylase-1
PRC2 polycomb repressive complex 2
COMPASS complex proteins associated with Set1
EZH2 enhancer of zeste homolog 2
Cdx2 caudal type homeobox2
SLC5A8 solute carrier family 5 member 8
O-GlcNAc O-linked N-acetylglucosamine
OGT O-GlcNAc transferase
UDP-GlcNAc uridine diphosphate N-acetylglucosamine
HBP hexosamine biosynthesis pathway
ART mono-ADP ribosyltransferase
PTM Post translational modification
PARP poly-(ADP-ribose) polymerase
Bcl-6 B-cell Lymphoma protein 6
CpG cytosine-guanine dinucleotides
DNMT DNA methyltransferase
MBD methyl-CpG binding domain proteins
5-mC 5-methycytosine
5-hmC 5-hydroxymethylcytosine
5-fC 5-formylcytosine
5-caC 5-carboxylcytosine
TETs ten-eleven translocation hydroxylases
SAH S-adenosylhomocysteine
SHMT2 serine hydroxymethyltransferase 2
SAHH S-adenosylhomocysteine hydrolase
COX4I cytochrome C oxidase subunit 4I1
FABP3 fatty acid binding protein 3
PPARδ peroxisome proliferator-activated receptor δ
TCA tricarboxylic acid
IDH2 isocitrase dehydrogenase 2
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IP-Seq immunoprecipitation sequencing
ATAC-seq assay for transposase-accessible chromatin using sequencing
GEO gene expression omnibus
SRA sequence read archive
dbSNP single nucleotide polymorphism database
3DGD 3D genome database
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Abstract: Adenosine monophosphate (AMP)-activated protein kinase (AMPK) serves as an energy
sensor and master regulator of metabolism. In general, AMPK inhibits anabolism to minimize energy
consumption and activates catabolism to increase ATP production. One of the mechanisms employed
by AMPK to regulate metabolism is protein acetylation. AMPK regulates protein acetylation by at
least five distinct mechanisms. First, AMPK phosphorylates and inhibits acetyl-CoA carboxylase
(ACC) and thus regulates acetyl-CoA homeostasis. Since acetyl-CoA is a substrate for all lysine
acetyltransferases (KATs), AMPK affects the activity of KATs by regulating the cellular level of
acetyl-CoA. Second, AMPK activates histone deacetylases (HDACs) sirtuins by increasing the cellular
concentration of NAD+, a cofactor of sirtuins. Third, AMPK inhibits class I and II HDACs by
upregulating hepatic synthesis of α-hydroxybutyrate, a natural inhibitor of HDACs. Fourth, AMPK
induces translocation of HDACs 4 and 5 from the nucleus to the cytoplasm and thus increases
histone acetylation in the nucleus. Fifth, AMPK directly phosphorylates and downregulates p300
KAT. On the other hand, protein acetylation regulates AMPK activity. Sirtuin SIRT1-mediated
deacetylation of liver kinase B1 (LKB1), an upstream kinase of AMPK, activates LKB1 and AMPK.
AMPK phosphorylates and inactivates ACC, thus increasing acetyl-CoA level and promoting LKB1
acetylation and inhibition. In yeast cells, acetylation of Sip2p, one of the regulatory β-subunits of the
SNF1 complex, results in inhibition of SNF1. This results in activation of ACC and reduced cellular
level of acetyl-CoA, which promotes deacetylation of Sip2p and activation of SNF1. Thus, in both
yeast and mammalian cells, AMPK/SNF1 regulate protein acetylation and are themselves regulated
by protein acetylation.

Keywords: AMP-activated protein kinase; epigenetics; protein acetylation; KATs; HDACs;
acetyl-CoA; NAD+

1. AMPK Links Metabolism and Signaling with Protein Acetylation, Epigenetics, and
Transcriptional Regulation

AMP-activated protein kinase (AMPK) is highly conserved across eukaryotes and serves as an
energy sensor and master regulator of metabolism, functioning as a fuel gauge monitoring systemic
and cellular energy status [1–3]. Activation of AMPK occurs when the intracellular AMP/ATP ratio
increases. In general, AMPK inhibits anabolism to minimize energy consumption and activates
catabolism to increase ATP production.

AMPK is a heterotrimeric complex composed of subunit and two regulatory subunits, α and γ.
The human genome contains two genes encoding two distinct subunits, 1 and 2, two α subunits, β1
and β2, and three γ subunits, γ1, γ2, and γ3 [1–3]. Different combinations of α, β, and γ subunits can
produce 12 distinct AMPK complexes; however, it is not known whether these complexes differ in
substrate specificities, subcellular localization, or other aspects of regulation. The subunit features the
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catalytic protein kinase domain, the α subunit contains a carbohydrate-binding domain that allows
AMPK to interact with glycogen [4], and the γ subunit contains domains that bind AMP and thus
impart AMPK regulation by cellular energy state [5–7].

The AMPK complex is activated more than 100-fold by phosphorylation on Thr172 of the catalytic
α subunit [8]. The major upstream kinase targeting this site is the tumor suppressor liver kinase B1
(LKB1) [9–11]. LKB1 is responsible for most of AMPK activation under low energy conditions in the
majority of tissues, including liver and muscle [2,12–14]. LKB1 is also responsible for AMPK activation
in response to mitochondrial insults [15].

AMPK targets a number of metabolic enzymes and transporters, such as glucose
transporter (GLUT) 1 and GLUT4, glycogen synthase (GS), acetyl-CoA carboxylase (ACC),
and hydroxymethylglutaryl-CoA reductase (HMGCR) [16–18]. AMPK also regulates metabolism
at the transcriptional level by phosphorylating sterol regulatory element-binding protein 1 (SREBP1),
carbohydrate-responsive element-binding protein (ChREBP), transcriptional coactivator peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC1) and transcriptional factor forkhead
box O3 (FOXO3) [19–22].

One of the most important targets of AMPK is mechanistic target of rapamycin
complex 1 (mTORC1). mTOR is a conserved serine/threonine protein kinase from the
phosphatidylinositol-3-kinase (PI3K) family. mTOR is found in all eukaryotes and forms the catalytic
subunit of mTORC1 and mTORC2. mTORC1 is regulated by nutrients and growth factors, and
functions as a master regulator of cell growth and metabolism by phosphorylating a host of targets [23].
The AMPK-dependent mechanisms of mTORC1 inhibition are mediated by phosphorylation of the
tuberous sclerosis complex (TSC) and raptor subunit of mTORC1 [24,25]. TSC functions as a GTPase
activating protein (GAP) for the small GTPase Rheb, which directly binds and activates mTORC1.
Thus, by downregulating Rheb, TSC inhibits mTORC1 and downregulation of TSC, which therefore
leads to activation of mTORC1. In addition to integrating signals from several growth factor pathways,
TSC is also regulated by AMPK. Activated AMPK directly phosphorylates TSC2 on serine residues that
are distinct from those regulated by growth factor pathways, resulting in TSC activation and mTORC1
inhibition. In addition to TSC2, AMPK also phosphorylates mTORC1 subunit Raptor, leading again
to mTORC1 inhibition [23,25]. Under low energy conditions, AMPK assembles in a complex with
v-ATPase, Ragulator, scaffold protein Axin, and LKB1 on the lysosome surface, resulting in AMPK
activation. At the same time, mTORC1 dissociates from the Ragulator and lysosome, resulting in
mTORC1 inhibition [26,27]. These results further illustrate that AMPK and mTORC1 are inversely
regulated and represent a molecular switch between catabolism and anabolism.

This review focuses on the previously little explored role of AMPK in regulation of acetyl-CoA and
NAD+ homeostasis and on reciprocal regulation of AMPK and protein acetylation, which places AMPK
at the interface between metabolism and other essential cellular functions, including transcription,
replication, DNA repair, and aging [14,28–30].

2. Protein Acetylation

Protein acetylation is a posttranslational protein modification in which the acetyl group from
acetyl-CoA is transferred onto ε-amino group of lysine residues. Histones were the first proteins
known to be acetylated. More recently, genomic and proteomic approaches in bacteria, yeast,
and higher eukaryotes identified many non-histone proteins that are acetylated, suggesting that
acetylation extends beyond histones. A number of proteomic studies show that acetylation occurs
at thousands of sites throughout eukaryotic cells and that the human proteome contains at least
~2500 acetylated proteins [31–34]. In comparison, similar analyses of human and mouse proteins
identified ~2200 phosphoproteins [35,36]. Thus, it appears that protein acetylation is as widespread
as phosphorylation [37]. In human cells, acetylated proteins are involved in the regulation of diverse
cellular processes, including chromatin remodeling, the cell cycle, RNA metabolism, cytoskeleton
dynamics, membrane trafficking, and key metabolic pathways, such as glycolysis, gluconeogenesis,
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and the citric acid cycle [32,34]. In general, protein acetylation can both activate and inhibit enzymatic
activity of proteins as well as interactions between proteins [28,29,38,39]. Acetylation of histones affects
the chromatin structure and transcriptional regulation by two mechanisms. It neutralizes positive
charges of lysines and thus diminishes interaction of histone tails with DNA. By forming acetyllysines,
histone acetylation creates sites that are recognized and bound by proteins and protein complexes
that contain bromodomains. Many of these bromodomain-containing protein complexes covalently or
noncovalently modify chromatin structure and thus regulate transcription [40,41].

2.1. KATs and HDACs

The enzymes that catalyze protein acetylation were originally called histone acetyltransferases
(HATs) [40]. With the realization that histones are not the only substrates, these enzymes are now
more commonly referred to as lysine acetyltransferases (KATs) [41–45]. The human genome contains
22 genes that encode proteins currently known to possess protein acetyltransferase activity [39].
The KATs can be classified into three major groups: The GNAT, MYST, and p300/CBP families. Most
KATs are catalytic subunits of multiprotein complexes; the noncatalytic subunits of these complexes
are typically responsible for substrate recognition, regulation, and subcellular localization.

Protein acetylation is a dynamic modification. The acetyl groups are removed from proteins by
histone deacetylases (HDACs), sometimes also called lysine deacetylases (KDACs) to indicate that
acetylated histones are not the only substrates [39]. However, the name HDACs is still more commonly
used. HDACs hydrolyze the amide linkage between the acetyl group and amino group of lysine
residues, yielding acetate. HDACs are grouped into four classes. Class I, II, and IV are Zn2+-dependent
amidohydrolases, while class III uses NAD+ as a cosubstrate [46]. Class III HDACs are known as the
sirtuins [47].

The dynamic balance between protein acetylation and deacetylation, mediated by the activities
of KATs and HDACs, is well regulated in healthy cells, but is often dysregulated in cancer and other
pathologic conditions. For example, change in the acetylation status of chromatin histones alters the
structure of chromatin and expression pattern of genes in cancer cells [43].

2.2. Nonenzymatic Acetylation of Mitochondrial Proteins

The reactivity of metabolites depends on the presence of nucleophilic or electrophilic groups.
The carbonyl group is electrophilic and can be further enzymatically activated by adding
electronegative groups, such as thiols or phosphates. Compounds containing a reactive thioester
group in the form of CoA are common in many metabolic pathways and reactions, involving fatty
acid synthesis, tricarboxylic acid cycle, amino acid metabolism, and protein acetylation [48]. Protein
acetylation by KATs employs a common catalytic mechanism which involves the formation of a
ternary complex of KAT-acetyl-CoA-histone and the deprotonation of the ε-amino group of lysine by a
glutamate or aspartate residue within the active site of a KAT, followed by a nucleophilic attack on the
carbonyl group of acetyl-CoA [42].

High concentration of acetyl-CoA coupled with high pH, conditions that exist in the mitochondrial
matrix, create a permissive environment for non-enzymatic acetylation of proteins [49,50].
In Saccharomyces cerevisiae, about 4000 lysine acetylation sites were identified, many of them on
mitochondrial proteins [49,51]. The acetylation of mitochondrial proteins correlates with acetyl-CoA
levels in mitochondria, as demonstrated by the fact that acetylation of mitochondrial proteins is
dependent on PDA1, encoding a subunit of the pyruvate dehydrogenase (PDH) complex [49].
The acetylation of mitochondrial proteins was also elevated by introducing the cit1Δ mutation.
CIT1 encodes mitochondrial citrate synthase; cit1Δ mutants are not able to utilize acetyl-CoA for
citrate synthesis and probably have an elevated level of mitochondrial acetyl-CoA. These results
suggest that most of the mitochondrial acetyl-CoA in exponentially growing cells is derived from
glycolytically-produced pyruvate that was translocated into mitochondria and converted to acetyl-CoA
by the PDH complex. Inactivation of the PDH complex results in about a 30% decrease in cellular
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acetyl-CoA; this indicates that mitochondrial acetyl-CoA represents about 30% of the cellular
pool. However, since mitochondria occupy only 1–2% of the cellular volume in S. cerevisiae [52],
the mitochondrial acetyl-CoA concentration is about 20–30-fold higher than the concentration in the
nucleocytosolic compartment and is probably within the millimolar range [49,50,53,54]. Due to the
extrusion of protons across the inner mitochondrial membrane, the pH of the mitochondrial matrix
is higher than the pH in the cytosol or nucleus, about 8.0 [50,55]. The high pH coupled with the
high concentration of acetyl-CoA in the mitochondrial matrix create a permissive environment for
non-enzymatic acetylation of mitochondrial proteins [49,50]. However, these considerations do not
exclude the possibility that at least some protein acetylation in the mitochondria is catalyzed by
KATs. In addition, some acyl-CoAs, such as 3-hydroxy-3-methylglutaryl-CoA, and glutaryl-CoA,
are sufficiently reactive under the in vivo conditions and are able to non-enzymatically modify
proteins [56].

3. AMPK Regulation of Protein Acetylation

AMPK regulates protein acetylation by at least five distinct mechanisms (Figure 1). First,
AMPK phosphorylates and inhibits ACC and thus regulates acetyl-CoA homeostasis. Second, AMPK
activates sirtuin SIRT1 by increasing the cellular concentration of NAD+, a cofactor of sirtuins. Third,
AMPK inhibits class I and II histone deacetylases (HDACs) by upregulating hepatic synthesis of
α-hydroxybutyrate, a natural inhibitor of HDACs. Fourth, AMPK induces translocation of HDACs 4
and 5 from the nucleus to the cytoplasm and thus increases histone acetylation in the nucleus. Fifth,
AMPK directly phosphorylates and downregulates p300 KAT.

Figure 1. AMP-activated protein kinase (AMPK) regulates protein acetylation by several different
mechanisms: (i) AMPK phosphorylates and inhibits acetyl-CoA carboxylase (ACC) and thus elevates
acetyl-CoA level and activity of lysine acetyltransferases (KATs); (ii) AMPK increases the cellular
concentration of NAD+ and thus activates sirtuins; (iii) AMPK upregulates hepatic synthesis of
α-hydroxybutyrate, and thus inhibits histone deacetylases (HDACs) and promotes histone acetylation;
(iv) AMPK increases histone acetylation in the nucleus by inducing nuclear export of HDACs;
(v) AMPK directly phosphorylates and downregulates p300 KAT. Arrows denote activation and
t-bars denote inhibition.
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3.1. Acetyl-CoA Level Regulates Protein Acetylation

Acetyl-CoA is the donor of acetyl groups for protein acetylation and KATs depend on
intermediary metabolism for supplying acetyl-CoA in the nucleocytosolic compartment (Figure 1).
Acetyl-CoA is thus a key metabolite that links metabolism with signaling, chromatin structure,
and transcription [29,30,45,53,57–59]. Changing metabolic conditions drive fluctuations of the
cellular level of acetyl-CoA to the extent that the activity of KATs is regulated by the availability
of acetyl-CoA, resulting in dynamic protein acetylations that regulate a variety of cell functions,
including transcription, replication, DNA repair, cell cycle progression, and aging. Acetyl-CoA can
freely diffuse through the nuclear pore complex and changes in the pool of available acetyl-CoA in
the cytoplasm cause changes in protein acetylation in both the nucleus and cytoplasm. However, the
mitochondrial pool of acetyl-CoA is biochemically isolated and cannot be used for histone acetylation
in the nucleocytosolic compartment [60]. In mammalian cells, glycolytically produced pyruvate
is translocated from the cytosol into mitochondria, where pyruvate dehydrogenase converts it into
acetyl-CoA. Acetyl-CoA then enters the tricarboxylic acid (TCA) cycle and condenses with oxaloacetate,
producing citrate. Citrate can be subsequently exported from the mitochondrial matrix into the cytosol,
where ATP-citrate lyase (ACL) converts it into acetyl-CoA and oxaloacetate. This acetyl-CoA is then
used by KATs for protein acetylation in the nucleocytosolic compartment [61], in addition to being
a precursor of several anabolic pathways, including de novo synthesis of fatty acids. Since ACL
generates acetyl-CoA from glucose-derived citrate, glucose availability affects histone acetylation in
an ACL-dependent manner, and when the synthesis of acetyl-CoA is compromised, rapid histone
deacetylation ensues [60,61].

Translocation of pyruvate dehydrogenase complex (PDH) from the mitochondria to the nucleus
provides an alternative mechanism for synthesis of acetyl-CoA in the nucleus. PDH translocated to
the nucleus in a cell-cycle-dependent manner and in response to serum, epidermal growth factor, or
mitochondrial stress. Inhibition of nuclear PDH decreased acetylation of specific lysine residues in
histones and transcription of genes important for G1-S phase progression [62]. In addition to ACL
and nuclear PDH, direct de novo synthesis of acetate from pyruvate for acetyl-CoA production occurs
under conditions of nutritional excess [63]. The conversion of pyruvate to acetate takes place either
by coupling to reactive oxygen species (ROS) or by the activity of keto acid dehydrogenases, which
function under certain conditions as pyruvate decarboxylase [63].

Since nucleocytosolic acetyl-CoA is also used for de novo synthesis of fatty acids, histone
acetylation and synthesis of fatty acids compete for the same acetyl-CoA pool. ACC catalyzes the
carboxylation of acetyl-CoA to malonyl-CoA, the first and rate-limiting reaction in the de novo
synthesis of fatty acids. The ACC activity affects the concentration of nucleocytosolic acetyl-CoA.
Attenuated expression of yeast ACC encoded by the ACC1 gene, increases global acetylation of
chromatin histones as well as non-histone proteins, and alters transcriptional regulation [64]. Direct
pharmacological inhibition of ACC in human cancer cells also induces histone acetylation [65,66].
ACC is phosphorylated and inhibited by AMPK. In yeast, inactivation of the SNF1 complex, the
budding yeast ortholog of mammalian AMPK [67–69], results in increased Acc1p activity, reduced
pool of cellular acetyl-CoA, and globally decreased histone acetylation [70]. Activation of AMPK
with metformin or with the AMP mimetic 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR)
increases the inhibitory phosphorylation of ACC, and decreases the conversion of acetyl-CoA to
malonyl-CoA, leading to increased protein acetylation and altered gene expression in prostate and
ovarian cancer cells [65].

3.2. NAD+ Synthesis Regulates Protein Acetylation

NAD+ is a cofactor used by many oxidoreductases to carry electrons in redox reactions.
In addition, NAD+ is used as a cosubstrate by a group of HDACs called sirtuins, named after the
budding yeast protein Sir2. In mammals, there are seven NAD+-dependent sirtuins. Similar to
the dependence of KATs on acetyl-CoA level, the activity of sirtuins is regulated by metabolically
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driven changes in the cellular level of NAD+ [71,72]. AMPK activation induces expression of
nicotinamide phosphoribosyltransferase (NAMPT), the rate-limiting enzyme in the NAD+ salvage
pathway that converts nicotinamide to nicotinamide mononucleotide to enable NAD+ biosynthesis.
AMPK activation thus increases NAD+ level, elevating SIRT1 activity [73,74]. SIRT1-mediated protein
deacetylation subsequently activates downstream targets, including peroxisome proliferator-activated
receptor gamma coactivator 1-α (PGC-1α) and forkhead box protein O1 (FOXO1) [74]. In addition,
AMPK directly phosphorylates SIRT1 at T344, which results in dissociation of SIRT1 from the
inhibitory bladder cancer protein 1 (DBC1), and SIRT1-mediated deacetylation of p53 and inhibition
of its transcriptional activity [75]. Yet another mechanism for SIRT1 activation by AMPK involves
phosphorylation of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) by AMPK, leading to
nuclear translocation of GAPDH and GAPDH-dependent dissociation of SIRT1 from DBC1 [76].

3.3. α-Hydroxybutyrate Synthesis Regulates Protein Acetylation

The ketone body α-hydroxybutyrate is structurally similar to butyrate, an effective inhibitor of
class I and II HDACs [77]. Ketone bodies, including α-hydroxybutyrate, are produced during starvation
or prolonged exercise, when liver switches the metabolic mode from catabolism of glucose to catabolism
of triacylglycerols and fatty acids. This metabolic switch is partly orchestrated by AMPK and
activation of AMPK increases fatty acid oxidation, leading to production of ketone bodies, including
α-hydroxybutyrate [77]. Administration of exogenous α-hydroxybutyrate or inducing catabolism of
fatty acids by calorie restriction increased global histone acetylation in mouse tissues [77]. Acetylation
of histones in the promoters of genes required for protection against oxidative stress was also increased,
leading to increased expression of the corresponding genes and elevated protection against oxidative
stress [77]. These results indicate that AMPK activation induced by calorie restriction or prolonged
exercise leads to α-hydroxybutyrate-mediated inhibition of HDACs and globally increased histone
acetylation, and may represent one of the health-promoting mechanisms of calorie restriction.

3.4. AMPK Induces Nuclear Export of HDACs

Type II HDACs belong into two subgroups, IIa and IIb. HDACs of the IIa subgroup, HDAC4,
HDAC5, HDAC7, and HDAC9, are able to shuttle between the nucleus and cytoplasm [78–81]. AMPK
phosphorylates HDAC5 at Ser259 and Ser498, which promotes export of HDAC5 from the nucleus to
the cytoplasm. This removal of HDAC5 from the nucleus results in decreased occupancy of HDAC5
and increased histone acetylation at promoters of glucose transporter member 4 (GLUT4), myogenin,
and α-catenin genes, leading to increased transcription of the corresponding genes [82–86]. It appears
that AMPK regulates expression of host of genes involved in differentiation or development by
phosphorylating HDAC5 and HDAC4 and promoting their export from the nucleus. AMPK also
mediates nuclear accumulation of transcription factor hypoxia-inducible factor 1α (HIF-1α) by a
mechanism that involves HDAC5. Activation of nuclear AMPK promotes nuclear export of HDAC5,
presumably by directly phosphorylating HDAC5. Cytosolic HDAC then deacetylates heat shock
protein 70 (HSP70), triggering dissociation of HSP70 from HIF-1 and nuclear transport of HIF-1α [84].
Depending on their phosphorylation level, also HDAC7 and HDAC9 shuttle between nucleus and
cytoplasm. However, it is not known whether they are AMPK substrates and whether AMPK regulates
their nucleocytosolic shuttling.

3.5. AMPK Phosphorylates p300 KAT and Histone H3

AMPK directly phosphorylates transcriptional coactivator p300 KAT on Ser89, which inhibits
the interaction of p300 with peroxisome proliferator-activated receptor γ (PPAR-γ) and retinoid acid
receptor [19]. The AMPK-mediated phosphorylation of p300 also results in decreased acetylation and
reduced activity of transcription factors nuclear factor kappa B (NFκB) and SMAD3 [87,88]. AMPK also
promotes histone acetylation indirectly through phosphorylation of histone H2B at Ser36, particularly
at promoters occupied by p53. During metabolic or genotoxic stress, AMPK translocates to the nucleus,
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binds to chromatin, and phosphorylates histone H2B at Ser36. This phosphorylation leads to increased
assembly and recruitment of KATs to specific promoters, associated with increased transcription [89].
An analogous situation was described also in yeast. SNF1, the yeast AMPK ortholog, phosphorylates
histone H3 at Ser10, which results in increased acetylation of Lys14 of histone H3 by KAT Gcn5 in
the promoter of the INO1 gene [90]. It appears that SNF1-mediated phosphorylation of Ser10 of
histone H3 does not represent a general mechanism of histone acetylation. Rather, inactivation of SNF1
results in decreased nucleocytosolic level of acetyl-CoA by increasing conversion of acetyl-CoA into
malonyl-CoA, which results in globally reduced acetylation of histone and non-histone proteins [70].

4. AMPK Is Regulated by Protein Acetylation

AMPK activity is regulated by an upstream kinase LKB1, which activates AMPK by
phosphorylating it on Thr172. LKB1 is a low energy sensor that regulates tumorigenesis and apoptosis
by regulating AMPK and mechanistic target of rapamycin (mTOR) pathways [10]. LKB1 is acetylated
and the acetylation reduces its ability to activate AMPK (Figure 2). Deacetylation of LKB1 by SIRT1
activates LKB1 and AMPK and increases inhibitory phosphorylation of ACC [91]. Inhibition of
ACC increases acetyl-CoA level and protein acetylation [65] and presumably should also promote
LKB1 acetylation and reduced activation of AMPK (Figure 2). It is tempting to speculate that LKB1
acetylation and diminished activation of AMPK form a regulatory loop with ACC, which contributes
to regulation of acetyl-CoA homeostasis and protein acetylation [70]. Increased acetyl-CoA level would
promote LKB1 acetylation and diminished activation of AMPK. Decreased activity of AMPK would
result in lower AMPK-mediated phosphorylation and inhibition of ACC, increased conversion of
acetyl-CoA to malonyl-CoA, decreased acetyl-CoA level and decreased protein acetylation. Decreased
acetyl-CoA level would also result in hypoacetylation of LKB1 and increased activation of AMPK.
This, in turn, would lead to increased phosphorylation and inhibition of ACC, decreased conversion
of acetyl-CoA to malonyl-CoA, increased acetyl-CoA level, and increased protein acetylation. In
addition, activation of AMPK would promote NAD+ synthesis, leading to elevated SIRT1 activity
(Figure 2). This homeostatic mechanism would contribute to the regulation of the nucleocytosolic
level of acetyl-CoA and NAD+ within certain limits and would prevent gross hypoacetylation or
hyperacetylation of proteins, a condition that might alter regulation of many essential processes. It
also appears that SIRT1 and AMPK mediate the positive effect of some dietary compounds, such
as resveratrol and other polyphenols. Resveratrol increases SIRT1 activity, which activates AMPK
signaling, presumably by deacetylating LKB1. Activated AMPK then suppresses lipid accumulation in
hepatocytes [92].

Figure 2. Model of the feedback regulation of AMPK by protein acetylation. AMPK phosphorylates
and inhibits ACC, thus increasing acetyl-CoA cellular level and promoting KAT-mediated protein
acetylation. Acetylation of liver kinase B1 (LKB1) inhibits the ability of LKB1 to activate AMPK. AMPK
also promotes synthesis of NAD+, thus activating SIRT1 and other sirtuins and promoting protein
deacetylation. SIRT1 deacetylates and activates LKB1, resulting in AMPK activation. Arrows denote
activation, t-bars denote inhibition, and dashed arrow indicates multistep pathway.
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An analogous regulatory loop seems to operate in yeast. The yeast SNF1 complex consists of the
catalytic α subunit Snf1p, one of three different regulatory α subunits, Sip1p, Sip2p, or Gal83p, and the
stimulatory γ subunit Snf4p [93]. Acetylation of Sip2p, one of the regulatory α-subunits of the SNF1
complex, results in inhibition of SNF1. The level of Sip2p acetylation depends on the nucleocytosolic
level of acetyl-CoA and is increased when ACC1 transcription is repressed [64] and decreased in snf1Δ
cells [70]. The acetylation of Sip2p increases its interaction and inhibition of Snf1p [94]. This results in
activation of the ACC1 gene and reduced cellular level of acetyl-CoA, which promotes deacetylation of
Sip2p and activation of SNF1. Thus, in both yeast and mammalian cells, AMPK/SNF1 regulate protein
acetylation and are themselves regulated by protein acetylation. Since SNF1 also phosphorylates Sch9,
a yeast ortholog of the Akt kinase, inhibition of SNF1 by Sip2p results in reduced phosphorylation of
Sch9, ultimately leading to extended life span. Acetylation of Sip2p thus promotes life span extension
and Sip2p acetylation mimetics are more resistant to oxidative stress [94].

5. Conclusions

AMPK is an energy sensor and master regulator of metabolism, functioning as a fuel gauge.
AMPK phosphorylates and regulates a number of metabolic enzymes and transporters, as well as
transcription factors. In this review article, we have focused on the role of AMPK in regulation of
protein acetylation and on regulation of AMPK by protein acetylation. Taken together, AMPK regulates
protein acetylation by regulating synthesis of acetyl-CoA, NAD+, and α-hydroxybutyrate, as well as
by directly phosphorylating and regulating KATs and HDACs. Using these two general mechanisms,
AMPK contributes to the global regulation of protein acetylation and connects epigenetic chromatin
modifications with the cellular metabolic state. Since protein acetylation appears to be as widespread
as protein phosphorylation, it endows AMPK with yet another mechanism of regulation of cellular
and organismal physiology.
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Abstract: Autophagy is involved in the development and differentiation of many cell types.
It is essential for the pre-adipocytes to respond to the differentiation stimuli and may contribute to
reorganizing the intracellulum to adapt the morphological and metabolic demands. Although AMPK,
an energy sensor, has been associated with autophagy in several cellular processes, how it connects
to autophagy during the adipocyte differentiation remains to be investigated. Here, we studied
the interaction between AMPK and autophagy gene products at the mRNA level during adipocyte
differentiation using public-access datasets. We used the weighted-gene co-expression analysis
to detect and validate multiple interconnected modules of co-expressed genes in a dataset of
MDI-induced 3T3-L1 pre-adipocytes. These modules were found to be highly correlated with the
differentiation course of the adipocytes. Several novel interactions between AMPK and autophagy
gene products were identified. Together, it is possible that AMPK-autophagy interaction is temporally
and locally modulated in response to the differentiation stimuli.

Keywords: AMPK; autophagy; co-expression; microarrays; 3T3-L1; adipocyte; differentiation

1. Introduction

Autophagy is essential for the white adipocyte differentiation. The knockdown of Atg5 and/or
Atg7 gene in the 3T3-L1 pre-adipocyte prevents its maturation upon the chemical induction [1,2].
Secondary to that, the pre-adipocyte fails to accumulate triglycerides and to form the fat droplets,
which is a characteristic of mature white adipocytes [3]. This is yet to be reconciled with another
observation in cells known to contain large quantities of lipids (e.g., hepatocytes) where autophagy
takes part in lipid degradation [4]. AMP-activated protein kinase (AMPK), which can be activated
at the low level of energy such as starvation, stimulates autophagy through the inhibition of the
mTOR activity [5,6] and/or the direct phosphorylation of ULK1 [7,8]. Autophagy and AMPK regulate
several aspects of the lipid metabolism and the cell response to changing energy levels. Therefore,
the AMPK-autophagy interaction could be consequential in the context of adipocyte differentiation.

3T3-L1 pre-adipocyte is a mouse fibroblast with the potential to differentiate into
a mature adipocyte when treated with the MDI differentiation induction medium (160 nM
insulin, 250 nM dexamethasone, and 0.5 mM 1-methyl-3-isobutylxanthine) [9]. Upon induction,
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the pre-adipocyte undergoes multiple metabolic and morphological changes to reach maturation.
Evidently, several of these changes can be observed at the transcription level of multiple adipogenic
and lipogenic markers [10,11].

The aim of this work is to identify the potential AMPK-autophagy connections, in the broad
sense of the pathways, that are both novel and consequential in the adipocyte differentiation, mainly
using the weighted-gene co-expression network analysis (WGCNA) [12]. This approach focuses
on identifying co-expressed pairs of genes across the differentiation stages, and enables the direct
use of similar datasets to test and validate the findings even though they might be performed on
different platforms.

In this study, we applied the WGCNA approach to a microarrays dataset of MDI-induced
adipocyte at eight different time points corresponding to three differentiation stages. We identified
two networks/modules among autophagy and AMPK gene products that were correlated with the
differentiation course. By analyzing these modules in one of the datasets, we were able to specify
several potential novel AMPK-autophagy interactions and connect these to candidate functions
through the known annotations. Finally, we checked these findings in three independent datasets of
similar design and found the networks/modules to be well preserved.

2. Results

2.1. Preparing Data and Annotations

First, we retrieved several microarray datasets from the Gene expression omnibus (GEO) [13].
We sought arrays of MDI-induced 3T3-L1 pre-adipocytes at three or more time points. After excluding
the ones with varying designs and limited annotations, four datasets were included in the analysis
(Table 1); one dataset (GSE34150) was chosen for the main analysis, and the rest were reserved for
testing and validation. In GSE34150, the total RNA from 24 samples of MDI-induced pre-adipocytes
were collected at eight different time points corresponding to three adipocyte differentiation stages
(0 day, undifferentiated; two and four days, differentiating; 6–18 days, maturating). The initial
quality assessment included checking the distribution of the intensities from all probes at the log
scale, hierarchal clustering and multi-dimensional scaling analysis (MDS). Groups of samples from
different stage of differentiation showed similar distributions, appropriate clustering and separation
across the two different dimensions of MDS. Furthermore, to ensure the reliability of the analysis,
we examined the expression of a number of differentiation and lipogenesis markers (Appendix A).
The Pparg, Cebpa and Lpl genes, essential factors for adipocyte differentiation, were highly expressed in
differentiating and maturing cells compared to the undifferentiated cells. Expression of most lipogenic
genes (Pparg, Cebpa, Lpl, Scd1, Scd2, Dgat1, Dgat2 and Fasn) was correlated with the development of
3T3-L1 pre-adipocytes into mature adipocytes.

Table 1. MDI-induced 3T3-L1 microarrays’ datasets.

Series ID Platform ID Samples Included (Contact, Year) Reference

GSE15018 GPL6845 54 18 (Chin, 2009) [14]
GSE20696 GPL1261 8 8 (Mikkelsen, 2010) [15]
GSE34150 GPL6885 24 24 (Irmler, 2011) [16]
GSE69313 GPL6246 48 12 (Renbin, 2015) [17]

The gene ontology (GO) terms: AMP-activated protein kinase activity (AMPK) and autophagy
were used to identify 14 and 167 genes of known functions in the corresponding biological processes
(BP), respectively. A total of 181 genes was used in the downstream analysis to limit the input
to WGCNA, over-representation and defining novel interactions between and among AMPK and
autophagy pathways. GO was also used to define the terms involving these interacting gene products
and link them to known molecular functions (MF) and cellular components (CC). Appendix A
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contains a detailed discussion for the data inclusion criteria, quality assessment and obtaining the
GO annotations.

2.2. Detecting Co-Expression Modules of AMPK and Autophagy Genes in Differentiating Adipocytes

Constructing co-expression networks is a multi-step process. First, the Pearson’s correlation
coefficient was calculated between each pair of the genes of interest (n = 181) across all samples
(n = 24). Second, these correlations were raised to the power 5 to obtain an adjacency matrix of all
possible pairs. Third, the adjacency matrix was used to calculate the Topological Overlap Matrix (TOM)
as a reliable similarity measure. Finally, TOM similarity between pairs of genes were used to calculate
the weight of their connection in a network of all possible pairs and a distance (1 - TOM) to cluster the
pairs into highly interconnected modules/colors (Figure 1). Appendix B provides a detailed discussion
of the previous steps and the rationale for the different choices that were made in this analysis.

Figure 1. Clustering of AMPK and autophagy genes by their pairwise distances. Pairwise topological
overlap matrix (TOM) similarities of AMPK and autophagy genes (n = 181) were calculated from their
expression values in the GSE34150 dataset. Distances between each pair of genes were derived as
1 - TOM and shown as color values (small, red or large, yellow). A hierarchal tree and colored segments
of the clusters were shown on the top and side.

Among all possible pairwise correlations between the 181 genes of interest, two groups/modules
of highly co-expressed gene products were formed (blue, 42; turquoise, 66), and the rest were
unassigned (gray, 10). Genes that code for the subunits of the AMPK complex fell into different
modules; four AMPK genes, Prkaa2, Prkab2, Prkag2 and Prkag3, in the blue module along with 38 of
the genes involved in autophagy; and two AMPK genes, Prkab2 and Prkag1, in the turquoise module
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together with 63 of the autophagy genes (Table 2). In the following sections, we describe the significance
and the interactions of the individual members of these modules.

Table 2. AMPK and autophagy genes in different modules/colors.

Module/Color AMPK Autophagy

blue

Acbd5, Atg5, Atm, Bmf, Bok, Casp1, Cln3, Dapk1,
Dhrsx, Fbxl2, Fbxo7, Fis1, Hif1a, Lep, Map1lc3a,

Prkaa2, Prkab1, Mcl1, Mid2, Optn, Pik3c2a, Pink1, Prkaa2, Rab39b,
Prkag2, Prkag3, Smok3b Rab8a, Rragc, Sh3bp4, Sh3glb1, Sqstm1, Tbc1d5, Tnfaip3,

Tpcn1, Tpcn2, Trim8, Trp53inp2, Vcp,
Wdr45, Yod1, Zc3h12a, Zfyve1

turquoise 4921509C19Rik, Prkab2, Prkag1

Ager, Akt1, Bcl2, Becn1, Capn10, Cdkn2a,
D17Wsu92e, Dap, Dcn, Depdc5, Ei24, Eif4g1, Eif4g2,
Foxo1, Fundc1, Fundc2, Hmgb1, Hspa8, Htr2b,
Ifng, Lamp2, Lars, Lmx1b, Lrrk2, Map1lc3b, Map2k1,
Mapt, Mt3, Nbr1, Nlrp6, Pik3c3, Pik3r2,
Pik3r4, Pim2, Plaa, Plekhf1, Plk2, Pycard,
Rasip1, Rnf5, Rraga, Rragb, Sirt2, Smcr8,
Smurf1, Stk11, Tcirg1, Tmem74, Trim21, Trp53inp1,
Tsc2, Ubqln1, Ulk1, Usp10, Usp13, Usp30,
Usp33, Vps4a, Vps4b, Wdr6, Wipi1, Wipi2, Xbp1

2.3. Correlating the Detected Modules to the Stage of Differentiation

To establish the biological significance of these modules, we used the expression values of their
individual members to calculate a representative summary—the first principal component (PC)—for
each module. Then, we calculated the Pearson’s correlation coefficient for the first PC with the stage
of differentiation (undifferentiated, differentiating or maturating) of all 24 samples. Both modules
showed a reasonable correlation with sample stages (>0.8 for the blue and >0.3 for the turquoise
module) (Figure 2A). In other words, the expression values of the members of the blue module, and to
a less extent the turquoise, capture a lot of the observed differences between the cells as they progress
from a differentiation stage to the next.

Figure 2. Correlations and over-representation of the detected modules in differentiation
stages. The expression values of the members of the detected modules in the GSE34150 dataset
(42, blue; 10, gray; and 66, turquoise) were used to calculate two representative summary statistics.
(A) the first principal component (PC) across samples were correlated to the sample stages using
Pearson’s correlation (bars); (B) the fraction of differentially expressed (DE) genes across differentiation
stages (bars).
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2.4. Testing the Over-Representation of the Modules over the Differentiation Course

Again, we considered the expression values of the individual members of each module to calculate
the fraction of the differentially expressed genes (DE) across differentiation stages. Both blue and
turquoise modules had a significant fraction of their member genes (>0.5) either up or downregulated
at the differentiating or maturating stage compared to the control undifferentiated cell stage (Figure 2B).
These fractions were significantly higher than the expected fractions of DE genes in randomly selected
modules of the corresponding sizes. The calculated p-values were adjusted for multiple testing using
the False Discovery Rate (FDR). Adjusted p-values less than 0.1 were considered significant.

2.5. Visualizing Modules and Identifying Novel AMPK-Autophagy Interactions

To visually explore the detected modules, we treated each of their members as a node in a network
graph. Nodes were divided into two networks based on the module to which they belong. Each pair
of nodes was connected by an edge that has a weight calculated from the TOM similarity measure
between the corresponding pair of genes. Edges with weights less than a minimum threshold (0.1)
were excluded to obtain a less condense network (Figure 3). Evidently, some nodes did not share edges
that passes this threshold and were not included in the network graph. In addition, nodes were labeled
with the corresponding official gene symbol and colored as AMPK or autophagy genes; and the edges
were colored by the novelty of the connection. The latter was determined mainly based on previous
reports in the STRING database (textmining evidence), which is evidence extracted from abstracts of
scientific literature.

Figure 3. Network representation of the AMPK and autophagy modules. Members of the blue (A) and
turquoise (B) modules are shown as a nodes. Each pair of nodes is connected by an edge if the
corresponding pairwise topological overlap matrix (TOM) similarity/weight is above the threshold 0.1.
Nodes are colored by gene category (AMPK, green or autophagy, gray). Edges are colored by type of
interaction (STRING, red or Novel, gray).

By representing the modules in graphs, we were able to calculate different statistics to identify
influential genes/nodes and important interactions/edges. Considering various centrality measures,
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we ranked the genes in each module by their influence on the modules (Table 3). Trp53inp2, Map1lc3a,
Wadr45, Pink1 and Dapk1 genes were the most influential nodes in the graph of the blue module
with a hub score more than 0.95, while Foxo1, Dcn and Xbp1 genes had the highest scores in the
turquoise module. Edges between AMPK and autophagy nodes that were not previously reported in
the STRING database (text-mining evidence) were considered novel potential interactions (Table 4).
The protein kinase AMP-activated non-catalytic subunit beta 1 (Prkab1) showed a potential interaction
with several autophagy gene products including Bcl2-modifying factor (Bmf), death associated protein
kinase 1 (Dapk1), Ras-associated protein Rab8a (Rab8a), SH3 domain, GRB2-like, endophilin B1
(Sh3glb1) and transformation related protein 53 inducible nuclear protein 2 (Trp53inp2) as part of
the blue module. Similarly, the gamma subunit 1 (Prkag1) in the turquoise module revealed a novel
binding ability to some well-known autophagy-related gene products such as Becn1, Fundc1, Lamp2 or
Map1lc3b and also showed a novel interaction with some other gene products including calpain-like
cysteine protease (Capn10), cyclin-dependent kinase inhibitor 2a (Cdkn2a) for p16INK4a and p14ARF,
and ubiquitin-associated proteins (Trp53inp1, Nbr1, Usp33). In addition, there were some novel
interactions between AMPK and autophagy gene products across the two modules, indicated as
“inbetween” in Table 4.

Table 3. Top five hubs in the different module networks.

Module/Color Gene Degree Betweenness Closeness Hub Score

blue Trp53inp2 19 14.67 0.16 1
Map1lc3a 19 22.71 0.16 0.99
Wdr45 18 11.23 0.16 0.98
Pink1 18 12.91 0.16 0.97
Dapk1 18 14.48 0.16 0.96

turquoise Foxo1 28 70.89 0.28 1
Dcn 25 36.23 0.28 0.96
Xbp1 24 29.59 0.28 0.93
Plk2 24 60.28 0.27 0.9
Eif4g1 24 41.01 0.27 0.9

Table 4. Summary of reported and novel AMPK-autophagy interactions.

Module/Color AMPK Autophagy

blue Prkab1 Bmf, Dapk1, Rab8a, Sh3glb1, Trp53inp2
Prkag3 Rragc 4

inbetween
Prkab1 Tsc2 2,4, Ubqln1, Wipi1
Prkab2 Zc3h12a
Prkag3 Usp33

turquoise Prkag1
Akt1 1,3,4, Bcl2, Becn1, Capn10, Cdkn2a, Dcn 3,4, Eif4g1, Foxo1 2,
Fundc1, Lamp2, Lars, Map1lc3b, Nbr1, Plk2, Sirt2 3,4, Trim21,
Trp53inp1, Usp33, Vps4a, Wipi2 3,4, Xbp1

1 Coexpression in the same or in other species (transferred by homology). 2 Database gathered from curated
databases. 3 Experiments gathered from other protein–protein interaction databases. 4 Textmining extracted from
the abstracts of scientific literature.

2.6. Testing for Molecular Functions and Cellular Components Enrichment by the Detected Modules

We used a list-based enrichment to specify the contributions of the modules to the differentiation
process. The mouse gene ontology Molecular Function (MF) and Cellular Components (CC) terms were
submitted to an enrichment analysis by the gene members of the detected modules (42 for blue and 66 for
turquoise). The significant terms (FDR < 0.1) are shown in Figure 4 stratified by the category (MF/CC)
and the module (blue/turquoise). As expected, the two modules share a number of MF terms, namely;
ubiquitin-like protein binding, ubiquitinyl hydrolase activity and phospholipid binding. At the same
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time, several terms had significance by mutually exclusive enrichment by the modules. This includes the
nucleoside binding and the ubiquitin-like protein transferase activity by the blue module; and a few protein
kinase terms by the turquoise module. Similarly, two of the CC terms; extrinsic component of membrane
and outer membrane were enriched by both modules, while others related to only one of the two modules.

Figure 4. Enrichment of the gene ontology terms by the detected modules. The list of genes in the two
detected modules (42, blue and 66, turquoise) were used to test for gene ontology terms enrichment.
All terms in the Molecular Function (MF) and the Cellular component (CC) categories of the gene
ontology were considered. Only significant terms at a false discovery rate (FDR) less than 0.1 are
shown. For each term, the count (n) and the fractions of hits (bars) in the module are shown.
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Building on these two pieces of the analysis, the suggested novel AMPK interactions and the
gene ontology enrichment by the members of the modules, we set out to specify the kind of functions
that the AMPK-autophagy interactions were likely to be involved in. Table 5 shows how AMPK is
functionally connected to autophagy gene products through several gene ontology terms such as
membrane components, and regulation of kinases, enzymatic and ubiquitin activity. For examples,
Prkab1 interacts with Sh3glb1, a Bax-interacting protein at the mitochondrial outer membrane and also
with Trp53Inp2 for the uniquitin-like activity. In addition, Prkag1 associates with many autophagy
gene products such as Usp33 for the uniquitin activity at the membrane anchoring junction, Cdkn2a
for the regulation of kinase activity, and other cellular components for their molecular functions.

Table 5. AMPK and autophagy interactions by gene ontology term.

Module/Color Ontology AMPK Term Autophgy

blue

CC Prkab1 outer membrane Sh3glb1

MF nucleoside binding Dapk1, Rab8a
ubiquitin-like protein binding Trp53inp2

Prkag3 nucleoside binding Rragc

turquoise

CC Prkag1 anchoring junction Usp33
extrinsic component of membrane Becn1, Wipi2
Flemming body Vps4a
intrinsic component of organelle membrane Fundc1, Lamp2
midbody Sirt2, Vps4a
mitochondrial membrane part Fundc1
outer membrane Bcl2, Capn10, Fundc1
phosphatidylinositol 3-kinase complex Becn1

MF 14-3-3 protein binding Akt1
enzyme activator activity Lars
kinase regulator activity Cdkn2a, Dcn
nucleoside-triphosphatase regulator activity Lars
p53 binding Cdkn2a
phosphatidylinositol 3-kinase binding Becn1, Xbp1
phospholipid binding Akt1, Wipi2
protein N-terminus binding Cdkn2a, Dcn
ubiquitin-like protein binding Nbr1, Sirt2
ubiquitinyl hydrolase activity Usp33

2.7. Preservation of AMPK-Autophagy Networks across Independent Datasets

Finally, we validated these findings in three independent datasets of similar MDI-induced 3T3-L1
cells at different time points or differentiation stages. Three GEO microarray datasets (GSE15018,
GSE20696 and GSE69313) were used to perform this step of the analysis (Table 1). The average log
expression of the 181 genes of interest from the three datasets were first compared to these in the
main dataset (Figure 5). As expected, the averages are highly correlated between the datasets (>0.74),
a pre-requisite for the following module preservation analysis. A moderate to high preservation of
the modules was observed in the three independent datasets (Figure 6). Generally, modules with
a Z summary values between 5 and 10 are considered moderately preserved and these above 10
are considered highly preserved. In fact, the two modules: blue and turquoise, showed a summary
statistics in that first category with at least 6 and 7, respectively, indicating that the interaction modules
of the main dataset are well preserved in other independent datasets.
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Figure 5. Average expression of AMPK and autophagy in multiple MDI-induced 3T3-L1 microarrays
datasets. The log average expression values of AMPK and autophagy genes (n = 181) in the
MDI-induced 3T3-L1 datasets (GSE15018, GSE20696 and GSE69313) are compared to the corresponding
averages in the main dataset (GSE34150). Individual values are shown as colored points by their
assigned modules. The Pearson’s correlation coefficient of the corresponding values is shown on top.

Figure 6. Module preservation Z summary across multiple MDI-induced 3T3-L1 microarrays datasets.
The GSE34150 dataset was used to detect the highly co-expressed modules among AMPK and
autophagy genes (42, blue; 66, turquoise; 10, gray, unassigned; and 55, gold , randomly assigned).
The detected modules were used as a reference to calculate several preservation statistics in three
independent datasets of similar design (GSE15018, GSE20696 and GSE69313). Z summary statistics
and sizes of four modules are shown as colored points.

2.8. Validation of Selected Gene Products Correlations with Prkab1 and Prkag1

We selected several autophagy gene products that are highly correlated with the AMPK subunits
for experimental validation using RT-qPCR (Figure 7A,B). The relative mRNA level of each group of
genes were used to calculate the Pearson’s correlation coefficients with two AMPK subunits: Prkab1
and Prkag1. Although the resulting coefficient may vary, these calculated earlier due to the different
sensitivities between microarrays and RT-qPCR, the directions of the correlation were the same as ones
that we observed in the dataset (Figure 7C,D). In agreement with the suggested potential interaction of
Prkab1 with Wipi1, Rab8a and Trp53inp2, strong correlations were validated. Prkag1 showed strong
to moderate correlations with Becn1, Sirt2 and Trim21 as previously predicted by WGCNA.
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Figure 7. Validation of selected gene products expression and co-expression with AMPK subunits.
Three independent samples of MDI-induced 3T3-L1 cells at four different time points corresponding
to confluent, undifferentiated, differentiating and maturating stages were used to check the mRNA
level of several gene products. (A,B) the ΔΔCt values of five and four gene products, respectively,
normalized by 18S and relative to the confluent cell stage are shown as points; (C,D) the Pearson’s
coefficient of four and three gene products with Prkab1 and Prkag1, respectively, are shown as bars.

3. Discussion

The adipocyte differentiation is a well regulated complex process. On one hand, this complexity
allows for flexibility in response to different stimuli. For example, the over-expression of LC3 in 3T3-L1
pre-adipocytes produced a downstream activation of key regulators of adipogenesis and resulted in
a differentiation pattern similar to that of the MDI induction [18]. On the other hand, this process likely
involves a wide range of changes in transcription, translation and protein modification. In a previous
study from our laboratory, we suggested that many autophagy genes were functionally associated with
adipocyte differentiation using the RNA-Seq expression data [19]. We also showed that the mRNA
level of key autophagy genes is specifically regulated at different time points, and clusters of these
genes respond to the differentiation stimulus in a time-dependent manner. In particular, the subsets of
organelle specific autophagy (e.g., mitophagy, reticulophagy, etc.) are highly regulated, suggesting
a role in reorganizing the interacellulum and removing parts of the cell to adapt the morphological
and metabolic changes of the mature adipocyte. Here, we explore the connection between autophagy
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and AMPK, which was established in conditions such as starvation, as it applies to the pre-adipocytes
response to differentiation stimuli.

One aspect of this connection can be deduced from the observed positive correlation of the
detected modules with the differentiation course (Figure 2A). In addition, the blue and the turquoise
modules scores a significant (p-value < 0.001) protein–protein interaction (PPI) enrichment with
an average clustering co-efficient of 0.4 and 0.5, respectively (STRING web interface). Although
a detailed molecular link would be less clearer, AMPK gene products were evenly split among these
modules, and had multiple edges with highly influential nodes (hubs) of well studied autophagy genes
(Tables 3 and 4). Thus, AMPK gene products are part of biologically connected autophagy modules,
which seem to be fairly consequential in the process of adipocyte differentiation.

The AMPK complex is formed of one catalytic subunit (α) and two non-catalytic regulatory
subunits (β and γ), each has more than one isoform encoded by a separate gene [20]. The different
subunits contribute to the stability and activity of the complex, whereas the combinations of the
different isoforms give rise to complexes that behave differently and/or are specific to certain
tissues [21,22]. Probes corresponding to the genes that code the different isoforms of the subunits were
consistently expressed at different levels. Moreover, they showed varying correlations with the cell
differentiation stage (data not shown). We considered the subunits and the isoforms of the AMPK
complex individually. Prkab1 and Prkag1 were expressed at higher levels, and they, therefore, are the
main AMPK side of the reported interaction with the autophagy pathway (Tables 4 and 5).

The adipocyte differentiation is characterized by events of increased lipogenesis and intracellular
remodeling. AMPK is known for inhibiting the former and stimulating the latter. The absence
of a reliable signal from the catalytic subunits of AMPK in our analysis may only enable a partial
view. Nevertheless, we observe enrichment of ubiquitin activity and certain cellular component
terms, probably akin to a form of localization, by autophagy genes co-expressed with the regulatory
(β and γ) subunits of AMPK (Figure 4). One of these terms, ubiquitin-like protein binding, includes
two gene products, Trp53inp2 and Nbr1. Both are known to help the formation of autophagosome
and the selective removal of ubiquitinated proteins through binding to LC3 [23–25]. Few other terms
related to the organelle membranes appear interesting. Perhaps, the localization of AMPK at certain
intracellular locations mediates the autophagy selectivity, as suggested before [26]. This is consistent
with the description of two emerging mechanisms of AMPK regulation, namely by ubiquitination and
sub-cellular distribution [27].

Together, it is possible that AMPK-autophagy connection is determined by the energy supply and
demand of the differentiating cells. It is more likely that the two pathways interact dexterously with
some temporospatial agility. For example, AMPK activates autophagy early in the differentiation course
in response to the differentiation stimulus. In a later stage, autophagy might remove ubiquitinated
AMPK to allow the accelerated fat accumulation. Finally, the localization of AMPK to certain
intracellular organelles could guide their recycling or removal by selective autophagy. The implications
of these features do not escape us, both AMPK and autophagy are involved in disorders such as obesity
and diabetes [28,29]. The manipulation of one pathway could affect the outcomes controlled by the
other. In addition, the timely intervention during adipocyte differentiation could preferentially favor
certain consequences of the pathways’ interplay.

Nassiri and colleagues provided a system view of the adipogenesis and ranked the involved
biological processes to identify the coordinated activity among them using the NASFinder method
of publicly available omics data [30]. According to their analyses, the translational machinery,
mitochondrial associated pathways, PPAR signaling, insulin and leptin signaling, and some membrane
associated complexes are coordinately upregulated after adipocyte induction. Although they might be
associated with AMPK or autophagy at the broad concept, they do not show any specific coordination
between AMPK pathway and autophagy process. Here, we used the widely known WGCNA method
to detect the conserved genetic networks of AMPK-autophagy gene products that might contribute
to the process of differentiation [31,32]. Typically, it needs to input the list of differentially expressed
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genes among three or more experimental conditions [12]. In this study, we limited the analysis to the
probes that mapped uniquely to AMPK and autophagy genes as defined in their gene ontology terms.
The downside of limiting the analysis to a predefined set of genes is that the prospective findings
would be limited to the available annotation, potential loss of signals from probes that map to genes
not in the predefined gene set and the inclusion of probes that map to genes that are not actively
changing among the conditions. On the other hand, this approach allows for simplifying the analysis
steps and the interpretation of the results. The detected networks are more likely to have biologically
meaningful consequences since they are formed of nodes that are known for certain functions in
their pathways/gene sets. In addition, this allows for including genes that are highly correlated even
though they don’t show the highest degree of differentiation among conditions. Certainly, some of
these genes are involved in the biology of adipocyte differentiation either by maintaining essential
cellular processes or they show subtle changes that wouldn’t be typically picked by the differential
expression approach.

4. Materials and Methods

4.1. Data and Annotation Sources

4.1.1. Gene Ontology

The Gene Ontology (GO) terms AMP-activated protein kinase (AMPK) (GO:0004679) and
autophagy (GO:0006914) were used to identify the gene products (14 and 167, respectively) with
known functions in the corresponding biological processes [33]. Similarly, GO was used to identify the
molecular function (MF) and cellular component (CC) terms containing these gene products. GO was
accessed through the GO.db and the mouse organism package org.Mm.eg.db [34,35].

4.1.2. Microarrays Expression Data

To identify the relevant datasets, we queried the NCBI Gene Expression Omnibus (GEO) metadata
by GEOmetadb [36]. The term ‘3T3-L1’ was used to search the titles of all entries, the query results
were then searched manually and datasets of similar induction time-course design were included.
The expression and the annotation data were then obtained using a GEOquery [37]. Table 1 summaries
the four datasets that were used in this analysis. GSE34150 consists of 24 samples of MDI-induced
3T3-L1 pre-adipocytes at eight different time points corresponding to three differentiation stages (0 day,
undifferentiated; two and four days, differentiating; 6–18 days, maturating).

4.1.3. Protein–Protein Interactions

The STRING database was used to query all possible AMPK-autophagy protein–protein
interactions that are reported with different evidence types [38]. The HUGO symbols of 181 genes
were mapped to the ENSEMBL IDs before querying the database. STRINGdb was used to do the
mapping, construct the query and obtain the results. The interactions were matched against the edges
of the co-expression networks of the detected modules to label the edges with the type of evidence
when they were previously reported.

4.2. Weighted-Gene Co-Expression Network Analysis

The package WGCNA was used to apply most of the necessary steps for weighted-gene
co-expression network analysis on the GSE34150 dataset as described in the original publications [39].
Briefly, a co-expression measure (Pearson’s correlation coefficient) was calculated between each pair
of genes. The coefficients were raised to the power of 5 to form an adjacency matrix. The adjacency
matrix was then used to calculate the topological overlap similarity matrix (TOM). To detect modules
and assign genes to them, a dissimilarity matrix is obtained (1 − TOM) and used as distances between
genes. A hierarchical clustering was then performed and a gene tree is built. Upon cutting the tree
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at a certain height, genes nearby are assigned to modules, referred to as colors (names are arbitrarily
assigned). The detected modules were then used to find the correlation with the phenotype and
the preservation in independent datasets. To correlate the modules to the sample phenotypes or
to each other, an eigengen or the principal components (PC) were calculated from the expression
of their respective members and used as a representative summary. Finally, a module preservation
analysis was performed by calculating various summary statistics on the detected modules in the test
datasets [40].

4.3. Network Visualization and Analysis

The igraph package was used to visualize and analyze the detected modules [41]. The genes
of interest were treated as nodes in a network graph and were connected by an edge if its
weight—calculated from the TOM similarity between each pair of genes—passed a minimum
threshold. Several graph statistics were used to determine the importance/centrality of genes and
their interactions.

4.4. Gene Modules Over-Representation

The limma package was used to test for the over-representation of the detected modules in the
GSE34150 dataset [42]. An index of the modules as gene sets, the expression data and comparison
matrix based on the differentiation stage were used as input. A gene set is considered over-represented
when it has a significantly higher fraction of differentially expressed genes than a randomly selected
module of the same size. The clusterProfiler package was used to apply a similar list-based enrichment
of GO terms by the detected modules [43]. Tests were adjusted for multiple testing using the False
Discovery Rate (FDR) and a cutoff (0.1) was applied.

4.5. Cell Culture and RT-qPCR

3T3-L1 pre-adipocytes were cultured and induced for differentiation using MDI protocol as
described before [19]. Total RNA was collected at four different time points corresponding the
the major differentiation stages of the adipocytes (−2 day, full confluence; 0 day, undifferentiated;
10 h differentiating; and −6 day, maturating). The list of the primers that were used in the reaction are
provided in (Appendix A). The Ct values from the RT-qPCR reaction were normalized by a reference
gene 18S and calibrated by the confluent samples (ΔΔCt) using the pcr R package [44].

4.6. Software Environment and Reproducibility

The data were obtained, processed and analyzed in an R environment and using multiple
Bioconductor packages [45,46]. The full analysis was done and reproduced in an isolated environment
based on docker (bioconductor/release_base2) [47]. The scripts for reproducing the analysis, figures
and tables are available at https://github.com/MahShaaban/aacna. The instructions for reproducing
the analysis are described in Appendix C.

5. Conclusions

In summary, we used the WGCNA to investigate the interactions of AMPK and autophagy gene
products in the context of adipocyte differentiation. Two co-expression networks were found to be
highly correlated with the time course of differentiation. We were able to validate the case of these
networks in other independent datasets of similar experimental designs. These networks appear to be
consequential in the response of the pre-adipocyte to the differentiation stimulus. Finally, we present
several novel potential interactions between AMPK and autophagy gene products and link them to
potential functions and cellular sites.
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Appendix A. Datasets and Annotations

This appendix contains details of the datasets and the gene annotation used in the study.

Appendix A.1. Time Point of Samples in the Microarrays Datasets

We queried the metadata of the Gene Expression omnibus (GEO) for microarrays datasets of MDI-induced
3T3-L1 pre-adipocytes at different time points that covers the various differentiation stages. The datasets were
then manually checked for containing sufficient phenotype and annotation data. A few datasets were generated
using custom microarrays chips of a few thousand probes and were excluded for not containing a sufficient
number of the probes of interest. In Table A1, we listed four datasets included in this study and the time points (in
hours) of their samples.

Table A1. Sample time points in the different datasets.

Time Point (hours) GSE15018 GSE20696 GSE34150 GSE69313

−48 2
0 2 3 3
1 1
2 1
3 1
4 1
5 1
6 1 3
7 1
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Table A1. Cont.

Time Point (hours) GSE15018 GSE20696 GSE34150 GSE69313

8 1
9 1
10 1
11 1
12 1
13 1
14 1
15 1
16 1
17 1
18 1
24 3
48 2 3
72 3
96 3

144 3
168 2
192 3
240 3
336 3
432 3

Appendix A.2. Comparing the Average Expression in Four Datasets

To ensure that the different datasets are exhibiting comparable probe expression, we compared the average
expression of all common probes in three datasets (GSE15018, GSE20696 and GSE69313) with the main (GSE34150)
dataset (Figure A1).

Figure A1. Average expression of all probes in multiple MDI-induced 3T3-L1 microarrays datasets.
The log average expression values of all probes in the MDI-induced 3T3-L1 datasets (GSE15018,
GSE20696 and GSE69313) are compared to the corresponding averages in the main dataset (GSE34150).
Individual values are shown as points. The Pearson’s correlation coefficient of the corresponding
values is shown on top.

Appendix A.3. Data Quality Assessment

The accession number (GSE34150) was used to obtain the expression matrix and the metadata of the dataset.
Several quality assessment measures were applied to ensure the suitability of the data for the downstream analysis
(Figure A2).
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Figure A2. Quality assessment and exploration of the main microarrays dataset. Twenty-four samples
of MDI-treated 3T3-L1 cells of the microarray series (GSE34150) were obtained from GEO along with
the corresponding annotation data (GPL6885); (A) the distribution of the log expression of (n = 25,697)
probes from all samples as box plots; (B) hierarchical clustering based on the euclidean distances of
all samples; (C) multi-dimensional scaling (MDS) of all samples. Colors represent the cell stage/time
point (green, undifferentiated; dark green, differentiating and red, maturating).

Appendix A.4. Confirming Differentiation and Lipogenesis

Several adipogenic and lipogenic of markers transcriptional changes are expected during the course of the
3T3-L1 cell differentiation. Figure A3 show the log expression level of some of these markers at different stages in
the GSE34150 dataset.

Figure A3. Differentiation and lipogensis markers in differentiating adipocytes. Average log expression
values from 24 samples of MDI-induced 3T3-L1 cells (GSE34150) at 3 differentiation stages and 8 time
points (0 day, undifferentiated (red); 2 and 4 days, differentiating (green); 6–18 days, maturating (blue))
from (A) differentiation markers and (B) lipogenesis markers are shown as bars and lines, respectively.
Cebpa, CCAAT/enhancer binding protein (C/EBP), alpha; Lpl, lipoprotein lipase; Pparg, peroxisome
proliferator activated receptor gamma; Acly, ATP Citrate Lyase; Dgat, Diacylglycerol O-Acyltransferase;
Elov6, Fatty Acid Elongase 6; Fasn, Fatty Acid Synthase; Scd, Stearoyl-CoA Desaturase.
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Appendix A.5. RT-qPCR Primer Sequences

The following nine primers were used to validate the expression and correlations of the corresponding genes
products with the subunits of AMPK during the time course of 3T3-L1 differentiation (Table A2).

Table A2. RT-qPCR primer sequences.

Name Forward (5′ to 3′) Reverse (3′ to 5′)
18S ACCGCAGCTAGGAATAATGGA GCCTCAGTTCCGAAAACCA
Becn1 CAGGAACTCACAGCTCCATTAC CCATCCTGGCGAGTTTCAATA
Prkab1 GAGATCAAGGCTCCAGAGAAAG GTTGAAGGACCCAGACAAGTAG
Prkag1 GAACTGGAGGAGCACAAGATAG GGGAGCCTGTGGATCTTATTT
Rab8a GCTCGATGGCAAGAGGATTA CTGTAGTAGGCTGTCGTGATTG
Sirt2 CATAGCCTCTAACCACCATAGC GTAGCCTGTTGTCTGGGAATAA
Trim21 GATAGCCCAGAATACCAAGAAGAG GCCCATCTTCCTCACAGAATAG
Trp53inp2 GGTGAAGCGCTGGAACAT CACAACTACCTCAGCGCAGC
Wipi1 GTGTGTCTAGACGACGAGAATG GACTTCTGAGGTAGGCTTCTTG

Appendix A.6. Gene Ontology Annotation

To define the sets of genes involved in the AMPK and autophagy pathways, we turned to the gene ontology
(GO) annotations. GO identifies the AMP-dependent protein kinase activity (GO:0004679) as catalysis of the
reaction: ATP + a protein = ADP + a phosphoprotein. In total, 14 genes were identified to be involved in the
pathway and its regulation and are referred to as AMPK genes in the manuscript. Similarly, GO defines the term
autophagy (GO:0006914) as the catabolic process in which the cells digest parts of their own cytoplasm. It contains
10 children/subcategory terms and 167 genes. The gene symbols of AMPK and autophagy gene sets are listed in
Table A3.
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Appendix B. Rational of Analysis Directive

This appendix contains a brief discussion of some of the decision that were made at different steps of the
analysis and the rationals behind them. Specifically, we describe the steps of constructing the co-expression
networks and the centrality measures that were applied to them.

Appendix B.1. Choosing the Network Power Threshold

A critical choice in constructing the co-expression networks is setting the soft threshold (power) to which the
adjacency matrix is raised. A Scale Free Topology (SFT) measure is calculated by multiplying the a slope and a
fitted R square and a mean connectivity of the networks at different power values (Figure A4). A power value of 5
was chosen to satisfy the SFT the most.

Figure A4. Scale free topology for multiple power values. Expression data from 24 samples (GSE34150)
MDI-induced 3T3-L1 at different time points were used to calculate an (n × n) similarity matrix
(n = 181 genes), which were used to obtain the weighed networks by raising them to multiple power
values. For each value, a scale free topology index was calculated. (A) the fit indices, the slopes
multiplied by the R squared R2 values, are shown for each power value as points; (B) the mean
connectivity, average edges shared by a node, for the resultant network at each power value are shown
as points. Red lines represent the choice of power that satisfy both high R squared R2 values and
high connectivity.

Appendix B.2. Steps of Constructing the Weighed Co-Expression Networks

In this section, we discuss the different steps for calculating the similarity measures that was used in
constructing the networks as well as comparing to the intermediary forms in representing the notation of
co-expression. Particularly, the issue of penalizing the low correlation values. Three main steps are necessary:

• The absolute values of either Pearson’s (default) or Spearman’s coefficient can be used to provide an initial
similarity measure sij between each pair of nodes (ij) as in: sij =| cor(ij) |.

• The similarity matrix is then transformed to and adjacency matrix by elevating it to a selected power β as in:
aij = sβ

ij.• This matrix is then used to calculate the connectivity/weight of each pair of nodes as follows:

wij =
lij + aij

min{ki + kj}+ 1 − aij
,

where lij = ∑u aiuauj and ki = ∑u aiu. These weights (also not shown) are finally used to calculate a
dissimilarity measure for clustering and detecting the gene modules as in: dw

ij = 1 − wij.

Figure A5A shows the cumulative distribution functions of the final TOM similarity measure and the two
intermediaries; Pearson’s correlation and the adjacency (after being raised to the power of 5).
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Figure A5. Gene similarity and node centrality measures. (A) the cumulative distribution function
(CDF) of three correlation/similarity measures of AMPK and autophagy genes (n = 181) are shown
as colored lines (green, Pearson’s correlation coefficients; red, adjacency; and blue, TOM); (B) three
centrality measures for all nodes in the two detected modules are as points. The degree centrality on
the x-axis, the betweenness centrality on the y-axis and the hub score as the point size.

Appendix B.3. Node Centrality Measures

To determine the importance of each node/gene in the networks, we relied on multiple measures of centrality
or node influence. These measures are calculated as follows:

• Degree Centrality: the number of edges/connections shared by a node. The Degree of a node v is given by:

Degree(v) = ∑
j

av,j,

where av,j is the adjacency matrix of the network or the sum of the corresponding row.
• Betweenness Centrality: The number of the occasion of a node falls on the shortest between two other nodes.

The Betweenness of a node v is given by:

Betweenness(v) = ∑
s 
=v 
=t∈V

σst(v)
σst

or the fraction of the shortest paths between each pair of nodes (s, t) that passes through v.
• Hub Score/Eigenvector: a measure of the influence of a given node in a network. The Eigenvector of a node

v is given by:

Eigenvector(v) =
1
λ ∑

t∈M(v)
xt =

1
λ ∑

t∈G
avtxt

or the sum of the scores xi of its neighboring nodes M(v) in the network G.

Figure A5B shows the different centrality measures and the correlations between them. Specifically, we
found that the degree centrality is highly correlated with the hub scores (Pearson’s coefficient about 0.73) and less
so with the betweenness centrality (Pearson’s coefficient about 0.44).
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Appendix B.4. Network Preservation

The authors of the WGCNA method suggests using composite preservation summaries to evaluate the
evidence of the preservation of the detected modules in the test dataset/s as opposed to using individual statistics
as they measure different aspect of the preservation. In the main text, we showed the Zsummary for the preservation
of the two detected modules in three test datasets. Here, we briefly expand on what this statistics composed of
and show additional statistics supporting the preservation of the modules.

The Zsummary statistics is given by:

Zsummary =
Zconnectivity + Zdensity

2
.

Each of the two Z summaries are further composed of several statistics, the details of which are provided in
the references.

As opposed to the Zsummary as evidence for module preservation, the median rank of the preservation is
more robust to the module sizes. However, it is more informative in comparing preservation of modules relative to
each other, as it is based on the ranks of the observed preservation statistics of the module. The lower the median
rank of the module, the more preservation it exhibits in the test set. Figure A6 shows the median ranks/relative
preservation of the modules with their sizes.

Figure A6. Module preservation ranks across multiple MDI-induced 3T3-L1 microarrays datasets.
The GSE34150 dataset was used to detect the highly co-expressed modules among AMPK and
autophagy genes (42, blue; 66, turquoise; 10, gray, unassigned; and 55, gold, randomly assigned).
The detected modules were used as a reference to calculate several preservation statistics in three
independent datasets of similar design (GSE15018, GSE20696 and GSE69313). The median ranks of the
preservation statistics and the sizes of four modules are shown as colored points.

Appendix C. A Note on Reproducing the Analysis

This is a detailed description of the details required to reproduce the analysis from the source code. We first
introduce the way to obtain the source code, the software environment and the commands to run the analysis
script and generate the figures and tables that appear in this manuscript. In Figure A7, we show the workflow of
the study listing the steps, datasets and software packages that were used in the analysis.
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Figure A7. Workflow of the study.

Appendix C.1. Setting up the Docker Environment

The analysis was run on a docker image based on the the latest bioconductor/release_base2. Other R
packages were added to the image and were made available as an image that can be obtained and launched on
any local machine running docker:

$ docker pul l mahshaaban/ a n a l y s i s _ c o n t a i n e r s : bioc_wgcna ,
$ docker run − i t mahshaaban/ a n a l y s i s _ c o n t a i n e r s : bioc_wgcna bash .

Appendix C.2. Obtaining the Source Code

The source code is hosted publicly on a repository on github in a form of research compendium. This
includes the functions used throughout the analysis as an R package, the scripts to run the analysis and finally
the scripts to reproduce the figures and tables in this manuscript. From within the container, git can be used to
cloned the source code. The cloned repository contains a sub-folder called ’analysis/scripts’, which can be used to
reproduce the analysis from scratch:

• 01.analysis.R This script loads the required libraries, download the data and run all the steps of the analysis
described in the manuscript,

• figures/A sub-folder with a separate file for each graph in the manuscript,
• tables/A sub-folder with a sepearte file for each table in the manuscript.

The following code clones the repository containing the source code:

$ g i t c lone http :// github . com/MahShaaban/aacna .
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Appendix C.3. Running the Analysis

The analysis scripts is organized to be ran using a single ’make’ command. This will first load the necessary
functions and run the main analysis and save the data in an R object ’wgcna.rda’. This will be used to generate the
figures and graphs. In addition, a log file is generated in the sub-folder ’log/’ for each script that can be used for
troubleshooting.

To do that, the ’make’ command should be invoked from withing the ’analysis/’ sub-folder.

$ cd aacna/ a n a l y s i s /
$ make

Appendix C.4. Details of the R Environment

The version of R that was used to perform this analysis is the 3.4.2 (28 September 2017) on
x86_64-pc-linux-gnu. The ’DESCRIPTION’ file in the main repository contains further details about the
dependencies and the license of this work.
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Abstract: Eukaryotic cells have developed mechanisms that allow them to link growth and proliferation
to the availability of energy and biomolecules. AMPK (adenosine monophosphate-activated protein
kinase) is one of the most important molecular energy sensors in eukaryotic cells. AMPK activity
is able to control a wide variety of metabolic processes connecting cellular metabolism with energy
availability. Autophagy is an evolutionarily conserved catabolic pathway whose activity provides
energy and basic building blocks for the synthesis of new biomolecules. Given the importance of
autophagic degradation for energy production in situations of nutrient scarcity, it seems logical that
eukaryotic cells have developed multiple molecular links between AMPK signaling and autophagy
regulation. In this review, we will discuss the importance of AMPK activity for diverse aspects of
cellular metabolism, and how AMPK modulates autophagic degradation and adapts it to cellular
energetic status. We will explain how AMPK-mediated signaling is mechanistically involved in
autophagy regulation both through specific phosphorylation of autophagy-relevant proteins or by
indirectly impacting in the activity of additional autophagy regulators.

Keywords: AMPK; autophagy; metabolism; mTOR; ULK

1. Introduction

Eukaryotic cells are able to adapt to adverse fluctuations in the cellular environment. In order
to do so, cells have developed molecular sensors, which react to circumstances that may perturb
cell homeostasis. AMPK (adenosine monophosphate-activated protein kinase) is one of the main
cellular sensors able to link a variety of cellular functions and processes to energy availability.
AMPK is an evolutionarily conserved protein kinase, present both in unicellular organisms, such as
baker’s yeast, and also in more complex multicellular eukaryotes, as mammals. In 1981, the role
for AMPK yeast ortholog, SNF1 (Sucrose Non-fermenting 1) as the main energy sensor in this
organism was described [1]. This kinase is responsible for activating alternate metabolic pathways
when the main carbon or nitrogen sources change, thus adapting cellular metabolism to oscillations
in the cellular environment. In higher eukaryotes, AMPK is activated when AMP (adenosine
monophosphate):ATP (adenosine triphosphate) and/or ADP (adenosine diphosphate):ATP ratios
increase [1,2]. Once activated, AMPK maintains energy homeostasis by two complementary actions,
an inhibition of ATP-consuming anabolic processes coupled with an activation of ATP-generating
catabolic processes [3]. Due to its importance for cellular energy homeostasis, the activity of AMPK
is tightly controlled by multiple upstream regulators, which contributes to link cellular metabolism
with oscillating parameters in the cellular environment and also with changes in cellular nutritional
and energetic requirements [4]. Moreover, AMPK signaling pathways are involved in numerous
physiological processes apart from their main metabolic functions, such as cytoskeleton remodeling and
transcriptional control or regulation of essential cellular processes, such as apoptosis or autophagy [5].
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Autophagy is the cellular process by which organelles, proteins, and different macromolecules
are delivered to the lysosomes for degradation [6]. This process can be classified into at least three
different pathways: Macroautophagy (which we will refer to as autophagy), microautophagy, and
chaperone-mediated autophagy, which mainly differ in the way in which autophagic cargo is transferred
to the lysosome [7–9]. Autophagy plays essential roles in all eukaryotic cells and has been implicated
in multiple processes, such as cell differentiation, cell death, and regulation of innate and adaptive
immune responses or antigen presentation, among many other processes in high eukaryotes [10,11].
Despite all these functions, autophagy’s most evolutionarily conserved role, from yeast to mammals,
is to sustain energy balance in the cell by providing ATP and building blocks (lipids, amino acids,
nucleotides, etc.) out of the degradation of non-essential or damaged cellular structures. Although
autophagy regulation is complex and a variety of signaling cascades and regulatory mechanisms
modulate autophagic activity, AMPK is probably the most conserved autophagy inducer through
evolution. AMPK activity is linked to autophagic degradation in almost all eukaryotic cells.

In this review, we describe the main metabolic regulatory functions of AMPK, including its
prominent role in autophagy regulation. We will discuss how AMPK activity is key to the coordination
of catabolic pathways which produce energy and micro-molecules with anabolic processes, which use
energy and micro-molecules to synthesize new macro-molecules which may be essential to sustain cell
viability when cells face significant alterations in the intracellular/extracellular environment.

2. AMPK: Structure and Activation Mechanism

Evolutionarily, AMPK is a highly conserved serine/threonine protein kinase, and a member
of the AMPK-related kinase family, which is comprised of thirteen kinases in the human genome.
In mammalian cells, AMPK exists as a heterotrimeric complex formed by a catalytic α subunit and
regulatory β and γ subunits [12]. There are multiple isoforms for each subunit encoded by different
genes, PRKAA (5′-AMP-activated protein kinase catalytic subunit alpha), PRKAB (5′-AMP-activated
protein kinase subunit beta) and PRKAG (5′-AMP-activated protein kinase subunit gamma). In humans,
there are seven genes encoding AMPK subunits: Two isoforms for the α subunit (α1 and α2), encoded
by the genes PRKAA1 and PRKAA2, two isoforms of the β subunit (β1 and β2), encoded by PRKAB1,
and three isoforms of the γ subunit (γ1, γ2 and γ3), encoded by PRKAG1, PRKAG2 and PRKAG3,
respectively [13]. Each AMPK complex is composed by one α-subunit, one β-subunit, and one
γ-subunit (Figure 1). The fact that all combinations are possible leads to twelve different conformations
in which α, β and γ subunits may constitute a functional AMPK complex, which are normally
associated with a specific tissue or a determined cell type, or determined subcellular localizations
inside cells [14].

The α-subunit presents a serine/threonine kinase domain at the N-terminal region and a critical
residue, Thr172. This conserved residue can be phosphorylated by several different upstream
kinases, which constitutes the main mechanism by which AMPK activity is regulated at the short
term. Different groups have shown that the LKB1 (Liver kinase B1) kinase is able to phosphorylate
Thr172 in response to a variety of signals [15,16]. Furthermore, Thr172 can be phosphorylated by
CAMKK2 (Calcium/calmodulin-dependent protein kinase kinase 2) kinase in response to calcium
flux, independently of LKB1 [17]. Several other studies have suggested that the MAPKKK family
member TAK1/MAP3K7 (Transforming growth factor beta-activated kinase 1)/(Mitogen-activated
protein kinase 7) might also phosphorylate Thr172 [18,19]. Apart from the direct regulation of AMPK
activity by phosphorylation, its γ-subunit acts a sensor that enables AMPK to respond to changes
in AMP/ATP or ADP/ATP levels [20]. Moreover, AMP alone is able to directly modulate AMPK
activity through three distinct mechanisms. First, AMP may stimulate the phosphorylation of Thr172
by acting directly on upstream kinases [21]. Second, through allosteric modulation, AMP allows
AMPK to be a more attractive substrate for its upstream kinases [22]. Third, AMP could inhibit Thr172
dephosphorylation by protecting it from phosphatases activity, or also increase AMPK activity once
Thr172 is phosphorylated, also in an allosteric fashion [23,24].
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Figure 1. The domain structure of AMPK (adenosine monophosphate-activated protein kinase)
heterotrimer. Functional AMPK complexes consist of one catalytic and two regulatory subunits.
When activated, AMPK acts by decreasing energy-consuming anabolic processes (lipid synthesis,
glycogen storage, gluconeogenesis, and protein synthesis) and increasing energy-providing catabolic
processes that provide ATP (glucose metabolism, lipid oxidation, mitochondrial biogenesis
and autophagy).

3. AMPK as an Energy-Sensing Kinase for Metabolic Regulation

AMPK is one of the main energy-sensing kinases in eukaryotic cells, able to regulate a wide variety
of metabolic processes either by directly acting on metabolically-relevant proteins or by indirectly
influencing gene expression [4,25]. During energy stress, AMPK directly activates metabolic enzymes
and regulates different energy-consuming/producing pathways, (i.e., lipid or glucose metabolism,
or mitochondrial biogenesis) in order to maintain an adequate energy balance. Moreover, AMPK
can inhibit the activity of several transcription factors involved in anabolic routes, such as lipid,
protein, and carbohydrate biosynthesis, to minimize ATP consumption. By contrast, AMPK promotes
the activity of numerous transcription factors implicated in catabolism pathways to stimulate ATP
production such as glucose uptake and metabolism (Figure 2) [26].

3.1. Lipid Metabolism

AMPK is a major regulator of cellular lipid metabolism. Once activated, AMPK is able to
reduce the activity of essential enzymes for lipid synthesis and related processes, in order to couple
their activity to cell energy levels. One of the best-studied AMPK functions in this context is the
inhibitory phosphorylation of ACC1 (acetyl-CoA carboxylase 1) and ACC2 (acetyl-CoA carboxylase 2),
which catalyze the first step in lipid synthesis. Several studies using animal models have shown
that AMPK-mediated phosphorylation of Ser79 in ACC1 and Ser221 in ACC2 are mechanistically
involved in the regulation of lipid homeostasis by AMPK [27]. Similarly, AMPK inhibits HMGCR
(3-hydroxy-3-methylglutaryl-coenzyme A reductase), which catalyzes an essential step in cholesterol
synthesis [28]. Conversely, AMPK positively promotes triglyceride conversion to fatty acids by
stimulating lipases such as ATGL (adipocyte triglyceride lipase) and HSL (hormone-sensitive
lipase) [29]. When cellular energy is low, free fatty acids can be imported into mitochondria for
β-oxidation. This process requires the activity of the acyl-transferases form the CPT1 (Carnitine
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palmitoyl-transferase 1) family [30]. AMPK indirectly participates in the regulation of CPT1 because
malonyl-CoA generated by ACC1 and ACC2 is a potent inhibitor of CPT1 activity. Therefore, AMPK
activity directly decreases lipid synthesis and indirectly increases fatty acid import into mitochondria
for β-oxidation [31,32].

Figure 2. AMPK regulates different metabolic key targets. The metabolic pathways modulated by
AMPK can be classified into three general categories: Lipid metabolism, mitochondrial metabolism,
and glucose metabolism. The arrow indicates key targets for AMPK involved in these three metabolic
categories. Transcriptional regulators are shown in dark squares.

In addition to its direct activity, AMPK is able to modulate lipid metabolism by regulating
the activity of several transcription factors involved in lipid synthesis and associated processes.
Specifically, AMPK phosphorylation inhibits the transcriptional activity of SREBP1 (sterol regulatory
element binding protein 1), ChREBP (carbohydrate-responsive element binding protein) or HNF4α
(hepatocyte nuclear factor 4α) [33–36]. Thus, by inhibiting phosphorylation of these transcription
factors, AMPK negatively regulates lipogenic processes through the modulation of lipid-specific
transcriptional programs.

3.2. Glucose Metabolism

In parallel to its inhibitory role for lipid synthesis, AMPK activity contributes to ATP
generation through the modulation of a variety catabolic and anabolic pathways involved in glucose
metabolism [37]. AMPK promotes glucose uptake by its inhibitory phosphorylation on TBC1D1
(TBC domain family member 1) and TXNIP (thioredoxin-interacting protein). These two factors
respectively inhibit translocation of glucose transporters GLUT1 (Glucose transporter 1) and GLUT4
(Glucose transporter 4) to the plasma membrane. Thus, a high AMPK activity is associated to an
increased presence of GLUT1 and GLUT4 glucose transporters in the plasma membrane [38,39].
Consistently, AMPK positively regulates glycolysis by phosphorylating PFKFB3 (6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase) [40]. Moreover, AMPK also inhibits glucose conversion into
glycogen by inhibitory phosphorylation on different isoforms of GYS (glycogen synthase) [41,42].
Paradoxically, AMPK is involved in the regulation of glycogen supercompensation in skeletal
muscle. Under conditions of prolonged physical exercise, sustained activation of AMPK boosts
glycogen synthesis, especially in skeletal muscle. This is produced as a result of an increase in
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glucose uptake, which leads to an accumulation of intracellular G6P (glucose 6 phosphate) that
allosterically activates the GYS, thus bypassing the inhibitory action of AMPK on this enzyme [43,44].
In parallel to its direct action on specific enzymes, AMPK also modulates glucose metabolism in a
transcriptional fashion. This is the case for gluconeogenesis, which is activated during fasting or
reduced glucose intake to maintain blood glucose levels. After re-feeding, a surge in insulin levels
leads to phosphorylation of liver AMPK by either AKT (RAC-alpha serine/threonine-protein kinase)
or LKB1 kinases, which in turn leads to transcriptional inhibition of gluconeogenesis key genes.
This effect is partially achieved by AMPK-dependent phosphorylation and nuclear exclusion of CRTC2
(cyclic-AMP-regulated transcriptional co-activator 2) and HDACs (class IIA histone deacetylases),
which are all essential co-factors for the transcription of gluconeogenic genes [45,46]. Thus, AMPK
can influence glucose metabolism either by direct regulation of specific proteins or by transcriptional
regulation of key genes involved in glucose metabolism [47].

3.3. Mitochondrial Biogenesis

AMPK activity is also important for maintaining mitochondrial function. In situations of energy
imbalance, AMPK contributes to mitochondrial biogenesis in order to increase ATP production.
During this process, cells increase their individual mitochondrial mass, which requires an increase
in the expression of mitochondrial protein genes [48]. One of the main regulators of this process
is PGC1-α (peroxisome proliferator-activated receptor-gamma coactivator), which transcriptionally
controls the expression of a wide variety of mitochondrial genes. Overexpression of PGC1-α in
muscle contributes to the conversion of type IIb fibers into type II and type I fibers, which are rich in
mitochondria [49]. PGC1-α interacts with PPAR-γ (peroxisome proliferator-activated receptor-γ) and
ERRs (estrogen-related receptors) and is regulated by numerous post-translational mechanisms [50].
These mechanisms include methylation, acetylation, and phosphorylation by upstream kinases.
Different in vitro studies indicate that PGC1-α harbors two sites susceptible of being phosphorylated
by AMPK, specifically Thr177 and Ser538. In addition, AMPK can indirectly regulate PGC1-α through
phosphorylation of additional targets, such as HDAC5, SIRT1 and p38 MAPK. Moreover, AMPK
promotes the activity of TFEB (transcription factor EB), which activates the gene encoding PGC1-α,
PPARGC1A, as well as different genes involved in autophagy [51–54].

AMPK-dependent mitochondrial biogenesis has been specifically studied in skeletal muscle in
response to exercise. Exercise activates AMPK in myocytes, leading to mitochondrial biogenesis
upregulation [55]. Several studies have shown that overexpression of a constitutively active AMPK
γ3-subunit induces mitochondrial biogenesis in mice [56]. In addition, AMPK activation improves
muscle regeneration and protects muscle from age-related pathologies, in part by increasing autophagic
activity [57].

4. AMPK: Regulation of Autophagy

4.1. Autophagy Regulation

Autophagy is an essential catabolic pathway conserved in all known nucleated cells [7,58].
Although autophagic degradation is constitutively active at basal levels, the main physiological
autophagy inducer is nutrient deprivation and/or energy scarcity. This intrinsic characteristic has
remained unaltered in organisms ranging from yeast to humans, which makes the involvement of
AMPK in the regulation of this process logical.

An autophagy pathway starts with the formation of double-membrane vesicles called
autophagosomes. These autophagosomes sequester cytoplasmic cargo (both through specific and
non-specific mechanisms) and move along the cellular microtubule network until they eventually fuse
with lysosomes [59]. Autophagosome-lysosome fusion allows for the degradation of autophagosome
cargo and the autophagosomal inner membrane. Once degradation has occurred, the resulting
biomolecules, such as amino acids, lipids, or nucleotides are recycled back to the cytoplasm and will be
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reused by the cell to synthesize new biomolecules [60]. From a molecular perspective, the autophagy
pathway requires the involvement of a group of evolutionarily conserved genes/proteins called ATG
(AuTophaGy-related) proteins [61]. These proteins were originally described in yeast and are required
for autophagosome formation, maturation, transport, or degradation, being involved in the different
steps of the autophagic pathway in a hierarchical and temporally-coordinated fashion (Figure 3) [61,62].

Figure 3. Scheme of the main steps for autophagy and their regulation by AMPK. An autophagy
pathway starts with the formation of the isolation membrane, also known as phagophore.
The autophagy implicates the coordinated temporal and spatial activation of numerous molecular
components. (A): The ULK1-FIP200-ATG13-ATG101 complex is responsible for initiating the autophagic
process. The activity of this protein complex is antagonistically regulated by mTORC1 (inhibitory
phosphorylation) and by AMPK, which both activates the ULK1 complex as well as inhibits the
activity of the mTORC1 complex. (B): The ClassIII PI3K complex formed by VPS34, Beclin1, ATG14,
AMBRA1, and other subunits creates a membrane domain enriched in PtsIns3P, which drives the
nucleation of ATG (AuTophaGy-related) proteins in the phagophore, either directly or indirectly.
AMPK is able to increase the pro-autophagic function of this complex and to enhance its formation,
whereas mTORC1 activity negatively regulates its function. (C): Two different transmembrane proteins,
the vacuole membrane protein 1 (VMP1) and ATG9 participate in the recruitment of membranes
to the phagophore. AMPK is able to phosphorylate ATG9, which increases its recruitment towards
autophagosome formation sites. (D): Two ubiquitin-like (UBL) protein conjugation systems (ATG12-
and LC3- UBLs) involving the participation of ATG4 cysteine proteinases (which activate LC3 by
cleaving its carboxyl terminus), the E1-like enzyme ATG7 (common to both conjugation systems),
and the E2-like enzymes ATG10 (ATG12 system), and ATG3 (LC3 system). In coordination, the activity
of both systems is required to conjugate LC3 (and other members of this protein family homologous
to yeast ATG8) to a phosphatidyl-ethanolamine lipid at the nascent pre-autophagosomal membrane.
(E): Upon completion, fully-formed autophagosomes move along the microtubule network, eventually
fusing with a lysosome, thus acquiring hydrolytic activity, and thus becoming autolysosomes.
Several SNARE-like proteins (i.e., Syntaxin17 and VAMP8, among others) are required for efficient
fusion between lysosomes and autophagosomes. Once content and inner membrane are degraded by
acidic hydrolases, the resultant molecules (amino acids, nucleotides, lipids, etc.) are recycled back to
the cytoplasm by membrane permeases.
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In mammalian cells, autophagosome biogenesis requires the combined activity of two
protein complexes, namely the Class III PI3-Kinase protein complex and ULK1/2 (unc-51-like
kinase1/2)-containing complexes, which are recruited to autophagosome forming sites during
autophagy initiation [63–65]. Mammalian ULK proteins are a family of serine/threonine kinases
which are the orthologues of yeast ATG1 and whose activity is essential for the recruitment of
autophagy-relevant proteins involved in autophagosome biogenesis [66,67]. There are four members
of the ULK family in mammalian cells (ULK1-4). ULK1 is the main ATG1 functional orthologue in
mammalian cells [68], although ULK2 has been shown to compensate for ULK1 loss. By contrast,
ULK3 and ULK4 seem to have evolved to perform biological functions unrelated to autophagy [68].
ULK1 is part of a protein complex containing ATG13, FIP200, also known as RB1CC1 (RB1-inducible
coiled-coil protein 1), and ATG101. As we will discuss later, the autophagy-promoting activity of this
protein complex can be modulated through specific phosphorylation of its subunits.

The activity of ULK1 is not enough to promote efficient autophagosome biogenesis. In fact,
the activity of the Class III PI3-Kinase protein complex, which contains the catalytic subunit VPS34
(Vacuolar protein sorting 34) and other variable regulatory subunits, is also required for autophagosome
formation. This protein complex, which acts as a lipid kinase, generates PIP3P-enriched membrane
domains at the site of autophagosome formation, which are required to recruit essential factors for
autophagosome formation. Apart from the autophagy-relevant Class III PI3K complex, which is formed
by VPS34, VPS15, Beclin1 (Coiled-coil, myosin-like BCL2 interacting protein), ATG14, and AMBRA1
(Activating molecule in Beclin1-regulated autophagy protein 1), VPS34 can form part of other
Class III PI3K complexes. These alternative VPS34 protein complexes are comprised of different
subunits and regulate vesicular trafficking in processes such as endocytosis or Golgi-mediated protein
secretion [69,70]. The relative abundance of these different VPS43-containing complexes is variable
and will be regulated according to cellular needs. Thus, in conditions of autophagy induction, most
VPS34-containing complexes will consist of autophagy-relevant subunits. Thus, autophagy regulation
at this level is achieved both by direct modulation of VPS34 kinase activity and by increasing the
formation of autophagy-relevant VPS34-containing complexes.

In addition to the activity of these protein complexes and other ATG proteins, which are
specifically involved in autophagy execution, multiple signaling cascades are able to regulate
autophagic activity. The relative importance of the different regulatory inputs for autophagy
execution is, in many cases, cell type-specific and tissue-dependent. However, there are some major
autophagy regulatory circuits which have remained conserved through evolution and are present in
most tissues/cell types from most multicellular organisms, including mammals, such as AMPK or
mTORC1 [59,71].

4.2. AMPK Antagonizes mTORC1 to Regulate ULK Complex Activity

In mammalian cells, although many different pathways or signaling events may influence
autophagy, the two main regulators for autophagic degradation are mTOR (mechanistic/mammalian
Target Of Rapamycin) and AMPK kinases [72,73]. mTOR can be found forming two protein complexes,
mTORC1 and mTORC2. Although mTORC2 involvement in autophagy dynamics is not totally
neglectable, its contribution to autophagy regulation is marginal. By contrast, mTORC1 can be
considered as the main autophagy suppressor in mammalian cells. mTORC1 is normally active in
situations of high energy levels, high amino acid cellular content, or growth factors stimulation, all of
which have a negative impact in autophagic degradation [74]. By contrast, AMPK activation positively
regulates autophagic activity, as one may expect due to its pro-catabolic functions. Due to their
antagonistic roles, mTORC1 and AMPK activities are molecularly connected, inhibition of mTORC1
activity being one of the main mechanisms by which AMPK increases autophagic degradation and
vice versa.
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When energy/growth factors or amino acids are abundant, mTORC1 represses autophagy through
inhibitory phosphorylation of ATG13, which reduces the activity of the ULK1 complex, thus decreasing
the rate of autophagosome formation [75,76]. In the same sense, ULK1 itself is a direct target of
mTORC1, so mTORC1 can inhibit the autophagic process by acting both on ULK1 and ATG13 [75].
AMPK plays an opposite role to mTORC1 regarding ULK1 complex activity, thus positively regulating
the first steps of autophagosome formation in response to a variety of pro-autophagic stimuli [77,78].
In fact, AMPK increases ULK1 activity by directly phosphorylating Ser467, Ser555, Thr574, and Ser637,
which increases the recruitment of autophagy-relevant proteins (ATG proteins) to the membrane
domains in which autophagosome formation takes place [79].

In addition, AMPK negatively regulates mTORC1 activity, which blocks its inhibitory effect on
ULK1 by two complementary actions [74]. First, AMPK activates TSC2 (Tuberous sclerosis complex 2)
by phosphorylating Thr1227 and Ser1345 residues, thus favoring the assembly of TSC1/TSC2
heterodimer, which negatively impacts mTORC1 activity [80]. Second, AMPK can inhibit mTORC1
by direct phosphorylation of RAPTOR (regulatory-associated protein of mTOR) Ser722 and Ser792
residues [81]. In addition, AMPK is able to promote autophagy by acting differentially at different levels
of autophagy regulation, through specific phosphorylation in components of autophagy-initiating
protein complexes. Again, the activities of AMPK and mTORC1 are antagonistic in relation to
autophagy regulation, and they act together to couple autophagy regulation with multiple signaling
pathways, with the ULK1 complex being one of the main checkpoints for the regulation of autophagy
initiation (Table 1).

Table 1. Regulation of autophagy relevant proteins by AMPK. H, human; M, mouse; R, rat.

Protein
Phosphorylation

Site(s)
Stage of Autophagy Autophagy Function Ref.

ATG9 Ser761(H, M, R) Autophagosome
elongation

Participates in the recruitment of
lipids to the isolation membrane [82]

BECN1 Ser91(M, R)
Ser94(M, R)

Autophagosome
biogenesis Part of the III PI3KC3 complex [83]

mTOR (RAPTOR) Ser722(H, M)
Ser792(H, M)

Regulation of
Autophagy Negative regulator of Autophagy [81]

mTOR Thr2446(H) Regulation of
Autophagy Negative regulator of Autophagy [84]

PAQR3 Thr32(H, M) Autophagosome
biogenesis

Facilitates the formation of
pro-autophagic PI3KC3 III complex [85]

RACK1 Thr50(H, M, R) Autophagosome
biogenesis

Promoting the assembly of the III
PI3KC3 complex [86]

TSC2 Ser1387(H, M, R)
Thr1271(H, R)

Regulation of
Autophagy Negative regulator of Mtor [80,87]

ULK1

Ser555(M, R)
Ser467(H, M, R)

Thr574(M, R)
Ser637(M, R)

Autophagy Initiation Part of the ULK1-complex/early steps
of autophagosome biogenesis [79]

VPS34 Thr163(H, M, R)
Ser165(H, M, R)

Autophagosome
biogenesis Part of the III PI3KC3 complex [83]

4.3. AMPK Regulates Class III PI3K Complex Activity

Apart from its role in regulating ULK1 activity, AMPK is also involved in the regulation of
Class III PI3K complex activity. ULK1 itself exerts its pro-autophagic activity by phosphorylating
several components of this complex, including Beclin1, AMBRA1, or the catalytic subunit VPS34 [65].
Interestingly, mTORC1 also inhibits autophagosome biogenesis through phosphorylation of ATG14L,
an essential component of the pro-autophagic VPS34 complex [64].

AMPK regulation of autophagy also operates through phosphorylation in different subunits
of the different Class III PI3K complexes, including VPS34 itself, which modifies their affinity for
other components of the complex. Thus, AMPK regulates the relative abundance of the different
VPS34-containing complexes, thus connecting the activity of processes involving vesicle trafficking to
cellular energy status. In this regard, different biochemical studies have shown how AMPK regulates
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the composition of the Class III PI3K complex. For example, AMPK phosphorylation of Beclin1 at
Thr388 increases Beclin1 binding to VPS34 and ATG14, which promotes higher autophagy activity
upon glucose withdrawal than the wild-type control [83,88]. Similarly, AMPK phosphorylation of
mouse Beclin1 at Ser-91 and Ser-94 increases the rate of autophagosome formation under nutrient stress
conditions [83]. Apart from its activity towards components of the different Class III PI3K complexes,
AMPK can also influence their composition by phosphorylating other proteins, which are relevant for
the formation/stability of VPS34-containing complexes. Thus, AMPK-mediated phosphorylation of
Thr32 on PAQR3 (progestin and adipo-Q receptors member 3), an ATG14L/VPS34 scaffolding protein,
or that of Thr50 on the VPS34 associated protein RACK1 (Receptor for activated C kinase 1) has also
been shown to enhance stability and pro-autophagic activity of Class III PI3K complexes [85,86].

In parallel to its activating phosphorylation in diverse components of the pro-autophagic VPS34
complexes, AMPK inhibits VPS34 complexes that do not contain pro-autophagic factors and are thus
involved in different cellular vesicle trafficking processes, by direct phosphorylation of VPS34 on
Thr163 and Ser165 [83]. Hence, in autophagy-promoting conditions, AMPK activation both enhances
the activity of pro-autophagic VPS34 complexes and inhibits the formation of other different Class III
PI3K complexes involved in autophagy-independent processes.

4.4. Additional AMPK Regulation of Autophagy

Apart from its direct activity towards autophagy-initiating complexes, AMPK can also influence
autophagic activity by specific phosphorylation of ATG9, a transmembrane protein involved in
autophagosome biogenesis by supplying vesicles which contribute to autophagosome elongation.
In fact, AMPK-mediated phosphorylation in Ser761 of ATG9 increases recruitment of ATG9A
(and ATG9-containing vesicles) to LC3-positive autophagosomes, thus enhancing autophagosome
biogenesis [82].

Additionally, AMPK is able to influence autophagic activity in a transcriptional fashion (Table 2).
In fact, under stress situations, AMPK directly phosphorylates the FOXO3 (Forkhead box O3)
transcription factor, which regulates genes implicated in autophagy execution [89]. This activity
antagonizes that of the mTOR, which on the other hand phosphorylates other members of the FOX
(Forkhead box) family, such as FOXK2 (Forkhead box protein K2) and FOXK1 (Forkhead box protein
K1), which compete with FOXO3 to repress genes implicated in autophagy [90]. A similar situation in
which AMPK and mTOR activities antagonize each other can be found in relation with TFEB/TFE
transcription factors, which control the expression of a variety of genes involved in lysosomal
biogenesis and autophagy [91].

In situations of high energy, mTOR phosphorylates these factors of transcription and inhibits
their function. By contrast, recent reports have shown that TFEB/TFE nuclear translocation is highly
reduced either in cells deficient for AMPK or treated with AMPK inhibitors [92,93]. Consistently, it has
been recently reported that AMPK activity is required for efficient dissociation of the transcriptional
repressor BRD4 (Bromodomain-containing protein 4) from autophagy gene promoters in response to
starvation [94].

Apart from its ability to regulate autophagy-relevant transcription factors through direct
phosphorylation, AMPK also regulates different transcriptional regulators, such as EP300 [95] or
Class IIa HDACs [47], which are involved in metabolism, autophagy and lysosomal functions (Table 2).
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Table 2. Transcriptional regulation of autophagy through AMPK phosphorylation. H, human;
M, mouse; R, rat.

Transcription Factor Phosphorylation Site(s) Target Gene (s) Ref.

CHOP Ser30(H, M, R) ATG5, MAP1LC3B [96]

FOXO3

Thr179(H)
Ser399(H) Ser413(H)

Ser555(H)
Ser588(H)
Ser626(H)

ATG4B, GABARAPL1, ATG12,
ATG14, GLUL, MAP1LC3,

BECN1, PIK3CA, PIK3C3, ULK1,
BNIP3, FBXO32

[89]

HSF1 Ser121(H, M, R) ATG7 [97]
Nrf2 Ser558(H, M) SQSTM1 [98]

p53 Ser15(H, R)

AEN, DRAM1, BAX, IGFBP3, BBC3,
C12orf5, PRKAB1, PRKAB2,

CDKN2A, SESN1, SESN2, DAPK1,
BCL2, MCL1

[99]

p73 Ser426(H) ATG5, DRAM1, ATG7, UVRAG [100]

4.5. Selective Degradation of Mitochondria by Autophagy

Apart from its general role in the regulation of bulk autophagic degradation, AMPK specifically
participates in the regulation of mitophagy, the selective elimination of defective mitochondria through
autophagy [101]. Mitochondria are organized in a dynamic network that changes its morphology
through the combined actions of fission and fusion. Thus, mitochondria can be found in different
distributions ranging from a single closed network to large numbers of small fragments. Recent studies
have shown that an increase in mitochondrial fission is required in order to facilitate mitophagy [102].
This renders mitochondria susceptible to being engulfed by pre-autophagosomal isolation membranes,
thus allowing mitophagy to take place. Consistently, mitochondrial stressors, such as electron transport
chain poisons, or other stressors that damage mitochondria (and thus would increase mitophagy)
have been shown to increase mitochondrial fission [103]. AMPK activation by energy imbalance
and also a variety of other cellular and mitochondrial stressors promotes mitochondrial fission,
thus coupling mitochondrial dynamics with mitophagic degradation [104]. This effect mainly relies
on the ability of AMPK to phosphorylate and to activate the MFF (mitochondrial fission factor).
MFF is a mitochondrial outer-membrane protein, which recruits cytoplasmic DRP1 (dynamin 1
like protein) to the mitochondrial outer membrane [105]. DRP recruitment to the mitochondrial
outer-membrane increases mitochondrial fission, enabling the resulting fragmented mitochondria to
undergo mitophagy [106].

In this context, AMPK phosphorylation of ULK1 on Ser555 has been shown to be critical for the
development of exercise-induced mitophagy [107]. Thus, through its combined actions on key factors
for autophagy regulation (by acting on ULK1 and other major autophagy regulators) and mitochondrial
network dynamics (by specifically activating MFF), AMPK is able to coordinate autophagosome
formation and mitochondrial size in order to enable efficient autophagic degradation of mitochondria.

5. Conclusions and Future Perspectives

Autophagy regulation has become increasingly complex in high eukaryotes, in which multiple
signaling cascades are connected to autophagy key factors. However, AMPK probably remains
as the major molecular autophagy inducer, counteracting the activity of mTORC1, which has also
evolutionarily remained as the main molecular autophagy inhibitor. In parallel to its function in
autophagy regulation, AMPK’s role of adapting cellular metabolism to energetic availability has
also been conserved in a diversity of organisms, from yeast to mammals. Thus, it is not surprising
that substantial efforts have been made to identify new pharmacological AMPK activators. Recently,
a variety of compounds able to increase AMPK activity, such as AICAR, Compound-13, PT-1, A769662
or benzimidazole have been identified [108]. Many of these drugs have shown great potential as
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research tools to modulate AMPK activity, and some of them have been successfully tested in animal
models. However, and despite the substantial advances in this field, metformin (clinically developed
in the late 1950s) is still the only AMPK-activating drug widely used in human patients. Interestingly,
therapeutic AMPK modulation by metformin has shown promising results in the context of diverse
metabolic conditions such as type II diabetes, fatty liver diseases, Alzheimer’s, and in diverse types
of cancers [109]. In fact, the beneficial effects of metformin are sometimes beyond the scope of its a
priori potential. The fact that AMPK plays a pivotal role in autophagy regulation, together with the
wide variety of processes for which autophagic activity is beneficial, suggests a potential mechanistic
involvement of autophagy for some of the positive effects of AMPK activation. Future studies aimed
at dissecting the precise molecular mechanisms by which AMPK exerts its wide variety of beneficial
effects for human health will shed more light into these questions.
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Abbreviation

AID autoinhibitory domain
AMPK AMP-activated protein kinase
CBM carbohydrate-binding module
CBS cystathionine β-synthase repeats
ChREBP carbohydrate-responsive element-binding protein
CREB cAMP response element-binding protein
CTD C-terminus domain
DEPTOR DEP domain-containing mTOR-interacting protein
FOXO forkhead box protein O
HDAC histone deacetylase
HMGCR HMG-CoA reductase
HNF4α hepatocyte nuclear factor 4α
MCL1 myeloid cell leukaemia sequence 1
mLST8 mammalian lethal with SEC13 protein
NTD N-terminus domain
PGC1α peroxisome proliferator-activated receptor-γ co-activator 1α
PLD1 phospholipase D1
PRAS40 40 kDa Pro-rich AKT substrate
RAPTOR regulatory-associated protein of mTOR
RIM regulatory-subunit-interacting motif
SREBP1 sterol regulatory element-binding protein 1
ST-loop serine/threonine enriched loop
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Abstract: AMP-activated protein kinase (AMPK) is a heterotrimeric serine/threonine kinase
consisting of the arrangement of various α β, and γ isoforms that are expressed differently depending
on the tissue or the cell lineage. AMPK is one of the major sensors of energy status in mammalian cells
and as such plays essential roles in the regulation of cellular homeostasis, metabolism, cell growth,
differentiation, apoptosis, and autophagy. AMPK is activated by two upstream kinases, the tumor
suppressor liver kinase B1 (LKB1) and the calcium/calmodulin-dependent protein kinase kinase 2
(CAMKK2) through phosphorylation of the kinase on Thr172, leading to its activation. In addition,
AMPK inhibits the mTOR pathway through phosphorylation and activation of tuberous sclerosis
protein 2 (TSC2) and causes direct activation of unc-51-like autophagy activating kinase 1 (ULK1) via
phosphorylation of Ser555, thus promoting initiation of autophagy. Although it is well established
that AMPK can control the differentiation of different cell lineages, including hematopoietic stem
cells (HSCs), progenitors, and mature hematopoietic cells, the role of AMPK regarding myeloid cell
differentiation is less documented. The differentiation of monocytes into macrophages triggered by
colony stimulating factor 1 (CSF-1), a process during which both caspase activation (independently
of apoptosis induction) and AMPK-dependent stimulation of autophagy are necessary, is one
noticeable example of the involvement of AMPK in the physiological differentiation of myeloid
cells. The present review focuses on the role of AMPK in the regulation of the physiological and
pathological differentiation of myeloid cells. The mechanisms of autophagy induction by AMPK will
also be addressed, as autophagy has been shown to be important for differentiation of hematopoietic
cells. In addition, myeloid malignancies (myeloid leukemia or dysplasia) are characterized by
profound defects in the establishment of proper differentiation programs. Reinduction of a normal
differentiation process in myeloid malignancies has thus emerged as a valuable and promising
therapeutic strategy. As AMPK seems to exert a key role in the differentiation of myeloid cells,
notably through induction of autophagy, we will also discuss the potential to target this pathway as a
pro-differentiating and anti-leukemic strategy in myeloid malignancies.

Keywords: AMPK; monocytes; macrophages; differentiation; autophagy; AML; MDS; CML; CMML

1. Introduction

AMPK is an essential regulator and sensor of cellular energy status in mammalian cells.
This kinase integrates changes in the AMP/ATP and ADP/ATP ratios, fine-tuning the balance between
ATP consumption and synthesis [1,2]. AMPK acts to increase the rate of catabolic process and
to decrease the rate of anabolic process to sustain intracellular energy homeostasis [3]. AMPK is
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activated by a wide range of stimuli, such as nutrient deprivation [4], cellular stresses [5], fasting
or caloric restriction [6], caloric restriction mimetics [7–10], and nucleoside analogues such as
(5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside; AICAR) [11], and has been evaluated in
clinical trials for the treatment of metabolic diseases and cancers, including both hematopoietic
malignancies and solid tumors [12–15]. In addition to its well-established role in maintaining energy
homeostasis, AMPK is also extensively involved in promoting autophagy [16–18], longevity, and tumor
suppression [19–22].

AMPK is a highly conserved heterotrimeric serine/threonine kinase that phosphorylates a
plethora of cellular substrates implicated in numerous metabolic pathways through rapid or
long-term adaptive responses to different metabolites [23]. The first thoroughly characterized AMPK
substrate was acetyl-CoA-carboxylase, which catalyzes the carboxylation of acetyl-CoA to produce
malonyl-CoA, highlighting an essential role for this kinase in the induction of fatty acid oxydation [24].
More generally, AMPK intervenes at the crossroad of different key cellular signaling pathways,
monitoring cellular energy status, cell proliferation, differentiation and autophagy, notably through its
negative control of the PI3K/AKT/mTOR pathway and its stimulatory effect on autophagy through
direct phosphorylation of ULK1 (ATG1, a serine threonine kinase involved in the initiation of this
catabolic process) [25–27]. AMPK negatively regulates energy-consuming cell proliferation/growth,
whereas it induces an energy compensating program, such as autophagy. It is well established that
AKT signaling favors glucose uptake and glycolysis, therefore increasing ATP production and reducing
AMPK activation. To that end, AKT directly phosphorylates AMPK on ser487, hindering the activation
of AMPK by LKB1 [28]. AKT signaling through mTORC1 stimulates ATP-consuming anabolic
processes, whereas AMPK blocks anabolic metabolism to favor catabolic processes. In addition,
AKT and AMPK exert opposing effects on mTORC1 signaling as well as nutrient and glycogen
synthesis. In addition to regulating cell proliferation, AKT, through mTORC1, inhibits autophagy.
Indeed, ULK1 activity is repressed by mTORC1 complex leading to autophagy inhibition. By contrast,
phosphorylation of TSC2 by AMPK increases its activity, leading to mTORC1 inhibition and indirectly
to autophagy induction. Finally, AMP directly phosphorylates ULK1 on ser555 to promote induction of
autophagy. In conclusion, cross-talk between these two kinases is critical to switch from the catabolic
to the anabolic states (and vice versa) and to balance autophagy [29].

Recent findings also indicate that AMPK can sense glucose availability independently of adenine
nucleotide binding through the formation of a complex with axin at the lysosomal membrane [30,31].
Finally, in addition to its essential role in the regulation of cellular metabolism and autophagy, AMPK also
plays a critical role in the regulation of anti-inflammatory responses [32,33] and cell growth and
differentiation [4,16,34]. In this context, modulation of the AMPK pathway has emerged as a promising
strategy in a wide range of human pathologies, including metabolic and inflammatory diseases and cancer.

There is increasing evidence that AMPK is also required for many types of cellular differentiation
processes by providing through different mechanisms (increased metabolism and activation of
autophagy, for instance) the fuel and nutrients (glucose, amino acids, lipids, and sugars) that sustain
the modification of the transcription programs necessary for the completion of cellular differentiation.
The present review emphasizes the role of AMPK in the differentiation of hematopoietic cells, with a
special focus on the physiological and pathological differentiation of myeloid cells. The opportunity
to use recently developed AMPK activators for the treatment of myeloid malignancies, including
myelodysplastic syndrome (MDS), acute myeloid leukemia (AML), chronic myelogenous leukemia
(CML), and chronic myelomonocytic leukemia (CMML) will also be addressed.
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2. AMPK Structure and Activation

The structure and activation modalities of AMPK have been excellently reviewed recently [34,35].
Briefly, the AMPK catalytic subunits (α1 and α2) are encoded by two different genes called PRKAA1
and PRKAA2. The α subunits consist, from their N- to C-termini, of N- and C-lobes, which together
form the kinase domain (α-KD) typical of serine/threonine kinases, an auto-inhibitory domain (α-AID),
an α-linker domain, and finally a globular C-terminal domain (α-CTD). The scaffolding beta subunits
(β1 or β2) are encoded by two different genes (PRKAB1 and PRKAB2). They display a myristoylated
N-terminal region involved in the recruitment of AMPK to the membrane of mitochondria or
phagophores, followed by a central carbohydrate-binding module domain (β-CBM) and a C-terminal
subunit interaction domain (β-SID). The γ regulatory subunits (γ1, γ2, or γ3) are encoded by
three different genes: PRKAG1, PRKAG2, and PRKAG3. The γ subunits are characterized by an
N-terminal region of variable length and the presence of four tandem cystathionine-beta-synthase
repeats (CBS1 to CBS4), that are involved in the binding of the regulatory nucleotides AMP, ADP, and
ATP (Figure 1). The α, β, and γ AMPK subunits assemble into different heterotrimeric serine/threonine
kinases depending on their tissue distribution and on the representativeness of the various isoforms
(Figure 1). In myeloid cells, the α1β1γ1 complex is predominantly expressed. Of note, AMPK
complexes composed of different gamma subunit isoforms (γ1 to γ3) exhibit exquisite variations in
their sensitivity to increased AMP and ADP levels that enable subtle variations in the regulation of
the kinase activity. This suggests that AMPK could respond differently and selectively to changes
in adenine nucleotide depending on the nature of the γ subunit present in the complex [36]. AMPK
is activated by phosphorylation at Thr172 in the C-lobe domain, an event that is achieved by one
of the three main upstream kinases, the tumor suppressor LKB1, CaMKK2, or TAK1 [37]. Other
regulatory sites, such as Ser487 in the α1 subunit and Ser491 in the α2 subunit, that are phosphorylated
by either protein kinase A, protein kinase B (AKT), or ribosomal S6 kinase are implicated in the
negative regulation of AMPK and thus favor activation of the mTOR pathway. Once activated, AMPK
phosphorylates a plethora of protein substrates that are involved in the regulation of cell energetic
metabolism, autophagy, modulation of proliferation, regulation of inflammatory responses, and
differentiation [38]. Thus far, more than 50 AMPK substrates have been identified in mammalian cells
that are involved in energy homeostasis but also in other functions not directly linked to metabolism
regulation [39]. However, the phosphorylome of AMPK is far from completely known, as recently
attested by the identification of TET2 (Tet-eleven translocation 2) phosphorylation by AMPK linking
diabetes to cancer [40].
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Figure 1. Structure of mammalian AMPK subunits. AMPK is a heterotrimeric protein consisting
of 1 catalytic subunit (α subunit) and 2 regulatory subunits (β and γ subunits). The α subunit
contains a kinase domain (α-KD), the activity of which relies on the phosphorylation of Thr172
by upstream AMPK kinases. The kinase domain is followed by an autoinhibitory domain (α-AID)
that is joined to the COOH-terminal domains (α-CTD) by a less well conserved linker. The α-CTD
domain binds to the C-terminal domain of the β subunit. The β-subunit contains two conserved
regions: (1) a carbohydrate-binding module (β-CBM) that causes the mammalian complex to bind
to glycogen particles and (2) a COOH- terminal subunit interaction domain (β-SID) that provides
the bridge between the α- and γ-subunits. The γ-subunit contains variable NH2-terminal regions
followed by a short sequence involved in binding to the β-subunit and by four tandem repeats of a
cystathionine-β-synthase (CBS) motif that act in pairs to form the binding sites for adenine nucleotides
(ATP, ADP and AMP).

3. AMPK and Differentiation of Hematopoietic Stem Cells

Hematopoietic stem cells (HSCs) are multipotent, self-renewing progenitor cells that can
replenish all blood cell types in a process called “hematopoiesis.” HSCs differentiate into two
lineage-restricted, lymphoid and myelo-erythroid, oligopotent progenitor cells that will ultimately
give rise to lymphocytes, granulocytes, macrophages, erythrocytes, and platelets. An alternative,
“myeloid-based” model for blood lineage differentiation also implies a common myelo-lymphoid
progenitor cell that generates progeny from both lineages. The mechanisms controlling HSC
self-renewal and differentiation are influenced by a diverse set of cytokines, chemokines, receptors,
and intracellular signaling molecules. Producing 500 billion cells a day from a limited number of HSCs
is a highly energy-consuming process. How hematopoietic stem cells (HSCs) accommodate their energy
requirement during growth and differentiation stages remains poorly understood. Recent studies in
the literature have established that the LKB1 tumor suppressor, one of the AMPK upstream kinases, is
critical for the maintenance of energy homeostasis in HSCs. In different studies, Lkb1 invalidation in
mice has been shown to cause loss of HSC quiescence, division, rapid depletion, and pancytopenia [41].
In addition, Lkb1-deficient bone marrow cells display drastic mitochondrial defects, defaults in lipid
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and nucleotide metabolism, and, as a consequence, decreased ATP consumption. Nevertheless,
AMPK seems to exert only a marginal role in HSC depletion. While HSC exhaustion appears to
occur largely independently of AMPK, the defects in mitochondrial function are also observed in
Ampk-deficient mice [41], suggesting that AMPK can act in concert with LKB1 to regulate mitochondrial
fitness but not HSC depletion. These data highlighted an essential role for LKB1 as an inhibitor of
HSC proliferation but a likely more minor role of AMPK and mTOR in this process [42]. As mentioned
previously, the LKB1/AMPK pathway is one of the main activators of autophagy [25,43]. It is therefore
possible that the changes in mitochondrial mass and decreased ATP levels observed in the absence of
LKB1 and AMPK could reflect alteration in the rates of autophagy in deficient mice.

Differentiation of HSCs into their different progeny, including myeloid precursors, requires high
energy status levels. Recent studies have highlighted the crucial role of mitochondrial oxidative
phosphorylation for the differentiation of HSCs. Indeed, specific invalidation of the PTEN-like
mitochondrial phosphatase PTPMT-1 in HSCs resulted in an increase of the HSC pool and a block in
differentiation [44]. Importantly, reintroduction of catalytically active PTPMT1, but not catalytically
inactive PTPMT1 or PTPMP1 lacking mitochondrial localization signal, restores the differentiation
capabilities of PTPMT1-deficient HSCs. This blockade in differentiation potential of HSCs is linked to
altered mitochondrial metabolism in the absence of PTPMT1. While PTPMT1 seems to be essential
for HSC commitment, depletion of PTPMT1 in myeloid or lymphoid progenitors failed to cause any
defect in lineage-specific knock-out mice. It is likely that the altered mitochondrial metabolism caused
by PTPMT1 deficiency is sensed by AMPK and then relayed to the p53-p21/p57 pathway, as p21 and
p57 expression was significantly upregulated in PTPMT1 depleted stem cells and early progenitors.
AMPK on its own could exert its effect on mitochondria through phosphorylation and activation of
PGC-1α and β, which are master transcriptional regulators of mitochondrial biogenesis [45].

4. AMPK and Physiological Monocyte Differentiation

Beyond their originally described role as conveyors of programmed cell death and inflammation,
caspases are involved in a number of other cellular functions, the most prominent being cell
differentiation, a conserved property across a plethora of cell types in divergent metazoan organisms
(Figure 2). Caspases mediate DNA damage and morphological changes that are common to different
cell fates. The specificity of their action may be controlled by a diversity of mechanisms, including
protein–protein interactions, post-translational modifications, subcellular localization, and interaction
with other fundamental cell processes such as autophagy and proteostasis. Macrophages, which are
mainly derived from monocytes, are essential components of mammal tissue homeostasis. Some are
seeded into tissues before birth, while others are continually replenished from blood monocytes.
Monocytes are circulating blood leukocytes [46] that migrate into tissues where they differentiate
into morphological and functionally heterogeneous cells, including macrophages, myeloid dendritic
cells, and osteoclasts [47]. Their differentiation can be recapitulated ex vivo by incubation with
cytokines, e.g., they differentiate into macrophages upon exposure to colony stimulating factor-1
(CSF-1) [48]. The biologic effects of CSF-1 are typically mediated by plasma membrane associated
CSF-1R [49]. Downstream signaling pathways include PI3K-AKT and AMPK, which mediate caspase
activation and autophagy, respectively [50,51]. We have depicted these two pathways in more detail.
Monocyte differentiation triggered by CSF-1 receptor (CSF-1R) engagement is critically dependent
on the oscillatory activation of the kinase AKT, leading within 2–3 days to the formation of a
multi-molecular platform. This molecular complex includes the adaptor molecule Fas-associated
death domain (FADD), the serine-threonine kinase receptor-interaction protein kinase1 (RIP1), the long
and short isoforms of flice inhibitory protein (FLIP), and procaspase-8 [52,53]. In turn, active caspase-8
provokes a spatially restricted activation of caspase-3 and -7 that cleaves selected intracellular proteins
to generate a resting macrophage phenotype. This proteolytic machinery is inhibited as soon as
macrophages are activated with lipopolysaccharides, a condition that also impairs autophagy induction.
Engaged CSF-1R also promotes autophagy [50] through increasing the expression of the purinergic
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receptor P2RY6 that activates the CAMKK2-AMPK-ULK1 pathway [51]. Caspase activation and
autophagy induction are both required for proper generation of macrophages upon CSF-1 stimulation
(Figure 3 provides a schematic view of signaling network involved). The molecular links between
caspase activation and autophagy require further investigation. One possible hypothesis is that
post-translational modifications of caspases and differentiation-specific cleavage sites in cellular protein
targets may be instrumental in connecting caspases to autophagy in cells undergoing differentiation.
Thus, the CAMKK2/AMPK/ULK1 axis appears essential for proper differentiation of monocytes
into macrophages.

Figure 2. Role of LKB1 and AMPK in HSC maintenance and hematopoietic cell differentiation. There is
genetic evidence that LKB1 is required for HSC maintenance since Lkb1 depletion in mice results in loss
of HSC quiescence, division and rapid depletion that contributes to pancytopenia. AMPK for its own is
required for the early steps of erythroid differentiation, the production of functional macrophages from
monocytes and the differentiation of HSCs into megakaryocytes and ultimately functional platelets.

Of note, in freshly isolated monocytes there is limited if any expression of AMPK subunit proteins.
During CSF-1-mediated differentiation of monocytes into macrophages, there is a time-dependent
increase in AMPKα1 expression and phosphorylation on Thr172 and a concomitant increase in
ULK1 level and phosphorylation on Ser555 [51]. Increase in AMPKα1 and ULK1 expression at
the protein but not the mRNA level, by a still unknown mechanism, does not rely on inhibition of the
proteasome activity. This increase in AMPKα1 protein expression is further accompanied by elevated
phosphorylation and activation of AMPK and ULK1 and correlates with the induction of autophagy
and myeloid differentiation.
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Figure 3. A schematic molecular view of the pathway involved in macrophagic differentiation.
Engagement of the CSF-1 tyrosine kinase receptor by CSF-1 activates the PI3K/AKT pathway
and induces caspase-8 activation within a FADD/RIP/FLIP multimolecular complex. In turn,
active caspase-8 triggers a spatially restricted activation of caspase-3 and -7 that cleave selected
intracellular proteins to generate a resting macrophage phenotype. Engaged CSF-1R also promotes
autophagy through increasing the expression of the purinergic receptor P2RY6 that activates the
CAMKK2-AMPK-ULK1 pathway. Caspase activation and autophagy induction are both required for
proper generation of macrophages upon CSF-1 stimulation.

Other evidence for AMPK implication in myeloid cell differentiation comes from additional
experiments performed in U937 and HEL acute myeloid leukemia (AML) cell lines, in which low doses
of cytarabine were found to trigger the autophagy necessary for myeloid differentiation, as shown
by increased expression of CD11b and morphologic features of differentiation. Inhibition of the
mTOR pathway, likely independent of AMPK, was associated with cytarabine-mediated myeloid
differentiation [54]. A last example of a role for AMPK in autophagy-mediated differentiation stems
from in vivo experiments conducted with AMPKα1 mice. Indeed, AMPKα1 deficiency was shown to
impair autophagy-mediated differentiation and decrease monocyte macrophage survival [55]. Finally,

339



Int. J. Mol. Sci. 2018, 19, 2991

α1 and α2 AMPK isoforms appeared to display functional differences in the regulation of osteogenesis
and osteoblast-associated induction of osteoclastogenesis [56].

5. The Role of AMPK in Hematological Cancers

AMPK has been reported to inhibit the growth of various hematological cancers. Indeed, in acute
lymphoblastic leukemia (ALL) cell lines, AICAR triggered dose- and time-dependent inhibition of cell
growth [57,58]. The pro-apoptotic effect of AMPK is mediated by activation of the p38 MAPK pathway,
increased expression of cell-cycle inhibitors such as p27 and p53, and the downstream effects of the
mTOR pathway. In B-cell chronic lymphocytic leukemia (B-CLL) cells, AMPK triggered apoptosis
in a p53-independent manner [13]. In mantle cell lymphoma (MCL), AICAR-mediated stimulation
of AMPK activity dampened phosphorylation of critical downstream effectors of mTOR signaling,
such as 4E-BP1 and ribosomal protein S6, leading to cell growth inhibition [59]. In chronic myeloid
leukemia (CML) and Philadelphia chromosome positive ALL, metformin and AICAR suppressed the
mTOR activity and cell growth [58,60]. In myelodysplastic syndromes (MDS) and some acute myeloid
leukemia (AML) cell lines, AICAR induced suppression of cell growth independently of apoptosis
induction and AMPK activation [12]. Globally, indirect activators of AMPK induced suppression of
cell growth and activation of cell death through both AMPK dependent and independent mechanisms
in different hematological malignancies.

6. AMPK in the Regulation of Pathological Myeloid Differentiation

6.1. Myelodysplastic Syndromes

Myelodysplastic syndromes (MDS) constitute a set of myeloid progenitor cell diseases
characterized by an ineffective production of mature and differentiated myeloid cells. This pathology
strongly impacts the elderly, with an incidence of 20/100,000 people affected at 60 years and up to
50/100,000 at 80 years. This heterogeneous pathology is a multistep disease, the first stage being
characterized by the appearance of abnormal cells in the bone marrow that are unable to differentiate
and therefore to produce mature and functional cells in peripheral blood. At this stage, the disease is
considered low-risk MDS and characterized by excessive apoptotic cell death of CD34-positive cells.
In the next stage, CD34-positive progenitors accumulate mutations and hypermethylation of their
DNA [61]. These genetic and epigenetic modifications render MDS cells less sensitive to apoptotic
signals and contribute to abnormal cell growth. At this stage, the disease is defined as high-risk MDS
and associated with an increase in medullar blast count, a higher probability for transformation to
AML and a worse prognosis. Each stage of the disease is correlated with survival expectancy and
probability for AML transformation by the Revised—International Prognostic Scoring System (IPSS-R).
For classification of patients, IPSS-R takes into account the percentage of medullar blasts, the number
of cytopenias and the cytogenetic status [62]. The recommended treatment in lower-risk MDS is the
management of transfusion needs, whereas in high-risk MDS and AML, the only curative treatment
remains bone marrow allograft, but few patients are eligible for this therapeutic option due to their
advanced age. For non-eligible MDS and AML patients, the conventional chemotherapy consists
of demethylating agents, including azacytidine or decitabine [63–65], or high-doses of cytarabine.
Unfortunately, most patients fail to respond durably to these drugs, and there is currently no effective
second-line option.

To adapt to the oxygen, nutrient, and glucose deprivation found during the different steps of
tumor development, cancer cells modify their energetic needs through the fine-tuning of AMPK
activity, a key metabolic sensor. As previously mentioned, AMPK is the master gene for the regulation
of energy homeostasis. Its involvement in the regulation of apoptosis, autophagy and cell growth
make this serine/threonine protein kinase a target of choice for the treatment of cancers in general and
leukemia in particular [16,66,67]. Azacytidine-resistant MDS cell lines exhibited an altered response to
apoptotic stimuli but displayed functional autophagy. Hence, triggering autophagy in resistant MDS
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cells induced autophagic cell death and bypassed the insensitivity to apoptosis [68,69]. Of note, it has
recently been reported that the knockdown of sf3b1, a splicing factor mutated in 16% of MDS cases,
deregulates the AMPK pathway [70]. This observation is of great interest since mutations of sf3b1 are
associated with good prognosis in MDS patients. Finally, cells issued from high-risk MDS patients
exhibited a strong decrease of AMPK mRNA levels compared to those coming from low-risk MDS or
healthy patients. This observation could explain the lower sensitivity of highly transformed MDS cells
to variations in their energy environment.

6.2. Acute Myeloid Leukemia

The involvement of AMPK in the genesis and development of AML is well documented. Indeed,
Saito et al. reported that leukemia initiating cells (LICs) responsible for the genesis of myeloid
leukemia are protected from metabolic stress in the bone marrow through an AMPK-dependent
mechanism [71]. This study clearly shows that dietary restriction induces metabolic cell survival.
In contrast, depletion of AMPK expression in LIC reduces this cell population in the hypoxic bone
marrow environment. Interestingly, human bone marrow stromal cells appear independent of the
AMPK pathway, as knockout of AMPKα fails to sensitize these cells under dietary restriction or
metformin treatment. Targeting AMPK depletes myeloid leukemia cells by disruption of glucose
metabolism. In AML cell lines, exhibiting a high level of MAP kinase activation, AMPK activation was
impaired. Indeed, Kawashima et al. demonstrated that glucose deprivation or metformin treatment
could activate the AMPK pathway only in cells where ERK is weakly activated [72]. Moreover, in AML
cells in which the MAP kinase pathway is overactivated, U0126, a MEK-specific inhibitor, was able to
restore sustained AMPK activation under metformin treatment. The combination of an inhibitor of the
MAPK pathway and an activator of the AMPK pathway leads to a significant decrease in cell growth
and an increase in cell death in AML cells. This study suggests that both inhibition of an oncogenic
pathway and activation of AMPK are necessary to trigger a strong anti-leukemic effect. The potent
tumor suppressor role of the LKB1/AMPK pathway has been established in AML cells [73]. In this
study, the authors showed that metformin activates the LKB1/AMPK pathway in AML and reduces
tumor size in a mice xenograft model through the repression of mTOR-dependent oncogenic mRNA
translation (c-MYC, CYCLIN-D, BCL-XL). It was recently demonstrated that co-activation of AMPK
and mTORC1 could represent a good therapeutic strategy for AML [74]. Indeed, Sujobert et al. showed
that GSK621, an AMPK direct activator, was highly cytotoxic for AML cells exhibiting a constitutive
activation of mTORC1. As expected, this autophagy-dependent cell death induced by two concomitant
signals was inhibited by rapamycin, an mTORC1 inhibitor.

Finally, although the strategy consisting of the use of AMPK agonists mimicking caloric restriction
seems very promising, the development of an optimized and personalized therapy will need to block
the predominant oncogenic pathway (overactivation due to mutations or translocation) and to activate
AMPK in a concomitant manner. These complementary signals that will better impair cell growth and
cell viability in AML will undoubtedly be a valuable option for patients in therapeutic failure.

6.3. Chronic Myelogenous Leukemia

Chronic myelogenous leukemia (CML) is a myeloproliferative syndrome linked to a hematopoietic
stem cell disorder leading to increased production of granulocytes at all stages of differentiation.
CML accounts for 15–20% of all cases of leukemia in adults [75] and is due to the t(9;22)(q34;q11)
translocation, which encodes for the chimeric protein p210 BCR-ABL, a constitutively activated
tyrosine kinase [76]. BCR-ABL expression leads to the engagement and activation of multiple
pro-proliferative and anti-apoptotic cascades in transformed cells, including PI3K/AKT/mTOR and
MAPK pathways [77–79]. Before the advent of targeted therapy, the gold standard for pharmacologic
treatment of CML was α-interferon, but this treatment was associated with not-negligible toxicity
and a median survival time of approximately five years [80]. In 2001, the identification of imatinib
(Gleevec) as a small molecule ATP-pocket inhibitor of BCR-ABL dramatically re-defined the treatment
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of CML and had a major impact on the survival of patients with CML [81–83]. Imatinib mesylate along
with second- (nilotinib, dasatinib, and bosutinib) and third-generation (ponatinib) tyrosine inhibitors
(TKIs) have revolutionized the natural history of CML and have provided important treatment options
for this leukemia that in the past was uniformly fatal [84]. Unfortunately, mutations rendering CML
patients non-responsive to TKIs have been identified, including the threonine 315 to isoleucine (T315I)
mutation and several others, which prevent binding of different TKIs to the active site of the ABL kinase,
thereby avoiding its inhibition [85,86]. At present, more than 50 different mutation hotspots have
been identified. BCR-ABL-independent mechanisms of resistance have also been reported to occur
in tyrosine kinase inhibitor (TKI)-treated patients. In this regard, overexpression or hyperactivation
of some members of the SRC family of kinases (LYN and HCK) have been described in cell lines
and in some imatinib- and nilotinib-resistant patients [87–89]. Knowing that the PI3K/AKT/mTOR
pathway is hyperactive in CML, indirect suppression of mTOR function by modulation of the AMPK
pathway was proposed as an alternative therapeutic approach to overcome TKI resistances. Indeed,
AMPK activation leads to mTOR inhibition through the phosphorylation and activation of the TSC1/2
complex [73,90] and/or a direct phosphorylation of the Raptor subunit on serines 722 and 792 [91],
resulting in inactivation of the TORC1 complex. Most of the tested compounds that activate the AMPK
pathway in the CML context are indirect activators. Among them, resveratrol, a naturally occurring
substance found in grapes, triggers both apoptosis and autophagy in CML cells and is therefore able
to overcome imatinib resistance [92,93]. Resveratrol-mediated autophagy is independent of BECLIN1
but mediated by a conjoint activation of AMPK and transcriptional upregulation of p62/SQSTM1 [93].
Interestingly, among the resistant cells that were sensitive to resveratrol, there were also cells expressing
the T315I BCR-ABL mutant. Other studies have also pinpointed the anti-leukemic effects of AICAR or
metformin on BCR-ABL transformed cells [12,60,94]. Unexpectedly, the effects of these compounds
are often independent of AMPK activation. It has been established that the anti-leukemic effect of
AICAR is dependent on protein kinase C-mediated autophagic cell death but independent of AMPK
and apoptosis [12]. In conclusion, approaches to target cellular effectors of BCR-ABL, such as the
PI3K/mTOR pathway, may provide alternative strategies to the use of TKIs to overcome resistance in
refractory CML. The effect of direct AMPK activators on both TKI-sensitive and resistant CML cells
has not been yet investigated.

6.4. Chronic Myelomonocytic Leukemia

Chronic myelomonocytic leukemia (CMML) is a paradigmatic chronic myeloid malignancy
that associates features of myelodysplastic syndromes (MDS) and myeloproliferative neoplasms
(MPN) [95]. CMML is a clonal disease of the hematopoietic stem cell characterized by a persistent
monocytosis (>1 × 109/L), due to an accumulation of classical monocytes [96], and the aleatory
presence of immature dysplastic granulocytes (PolyMorphoNuclear-MDSC or PMN-MDSC) in the
peripheral blood of CMML patients [97]. These PMN-MDSCs that belong to the same clone as
the leukemic monocytes appear to have immunosuppressive properties resembling those of the
myeloid-derived suppressor cells (MDSCs), widely described in solid tumors. Whether these immature
granulocytes contribute to autoimmune manifestations or immune-escape and progression of CMML
is a conundrum and remains to be investigated. In recent years, large numbers of gene mutations have
been discovered in CMML, none of which are specific to this condition, as they can be encountered
with different frequencies in other myeloid neoplasms. These mutated genes encode signaling
proteins (NRAS, KRAS, CBL, JAK2, FLT3, and several members of the Notch pathway), epigenetic
regulators (TET2, ASXL1, EZH2, IDH1, and IDH2), and splicing factors (SF3B1, SRSF2, and ZRSF2) [98].
Mutations in the transcription regulators RUNX1, NPM1, and TP53 have also been reported in
CMML. However, the role of these mutations in leukemogenesis is still unclear. Allogeneic stem
cell transplantation is the only potentially curative option in patients suffering CMML, but it is
associated with significant morbidity and mortality. Consequently, CMML patients are often treated
like MDS patients with supportive care and hypomethylating agents, such as 5-azacitidine and
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decitabine, with overall response rates of 30–40% and complete remission rates of 7–17%, although
with no impact on mutational allele burdens [99–101]. To improve their efficacy, azacytidine and
decitabine have been combined with another drug, typically in “pick the winner” clinical trials
with DNA-damaging drugs, immune-modulating drugs and histone deacetylase inhibitors, but
none of these strategies has proven effective, and several were even found to be toxic [102,103].
There is therefore a strong need for alternative strategies aiming at increasing CMML patient overall
survival. In a recent study, we have shown that CMML is characterized by defects in monocyte to
macrophage differentiation [97]. These differentiation defects can be partly attributed to the presence
of PMN-MDSCs that secrete high levels of alpha-defensins HNP1-3, which antagonize the purinergic
receptor P2RY6 and inhibit AMPK-mediated autophagy in CMML patients [51]. Interestingly,
we demonstrated that the physiological P2RY6 ligand UDP and the specific P2RY6 agonist MRS2693
can restore normal monocyte differentiation through re-induction of AMPK-dependent autophagy in
primary myeloid cells from some, but not all, CMML patients (Figure 4). These results highlight an
essential role for P2RY6-mediated autophagy through AMPK activation during the differentiation of
human monocytes and pave the way for future therapeutic interventions for CMML. The use of direct
AMPK activator in the CMML context could therefore be a promising therapeutic strategy.

Figure 4. Mode of action for PMN-MDSC in the CMML context. In some CMML patients, PMN-MDSC
secretes high levels of alpha-defensins, which antagonize the P2Y6 receptor, block autophagy activation,
and inhibit the macrophagic differentiation of monocytes isolated from CMML patients. Alpha-defensin
acts as a competitive inhibitor of UDP, the natural ligand of the P2Y6 receptor.

7. AMPK Modulators for the Treatment of Hematopoietic Malignancies

Due to its implication at the crossroad of cellular metabolism and proliferation, AMPK has
emerged as an attractive and promising target for a great number of human pathological situations,
including metabolic diseases and cancer. Pharmacological compounds, such as 5-aminoImidazole-
4-carboxamide-1-β-D-ribofuranoside (AICAR), metformin, and natural occurring compounds such
as resveratrol and spermidine, activate AMPK by direct or indirect mechanisms. It has been reported
that metformin, AICAR, or resveratrol exert potent antitumoral effects in both solid tumors and
hematopoietic malignancies either sensitive or resistant to their treatment of reference [12,60,93,104–106].
However, the anti-leukemic effects of some but not all of these molecules were linked to AMPK
activation, making some natural AMPK activators promising molecules for the treatment of
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hematopoietic malignancies. Due to the potential therapeutic benefit of AMPK modulators in
numerous diseases, direct and more specific modulators of AMPK have been developed that
mainly target the β subunits, and less frequently the α and γ subunits (please refer to [35,107] for
detailed reviews). These inhibitors included β1-selective compounds such as A-769662, PF-06409577,
and GSK621. A-769662 has been evaluated in different settings and although efficient, appeared to
exhibit off-target effects and cannot be considered per se as a specific AMPK activator. MT47-100 is
an allosteric modulator of AMPK that activates the AMPK complexes containing the β1 isoform and
inhibits those comprising the β2 subunits (Table 1). All these inhibitors have been tested in different
settings, including cancers, with variable efficacy. Among the direct activators of AMPK, only GSK621,
which selectively binds to the β1 subunit, has been studied in hematopoietic malignancies. Indeed,
it was reported that GSK621 selectively kills AML cell lines and AML primary cells, sparing normal
hematopoietic progenitors [74]. The lethality of GSK621 was abrogated by chemical inhibition or
genetic ablation of mTORC1, suggesting a preferential effect in AML cells with over-activation of
the mTORC1 pathway. Finally, the GSK621 cytotoxicity in AML cells was strictly dependent on the
eIF2α/ATF4 signaling pathway activated through mTORC1. Although it is premature to speculate
that activation of AMPK could represent a new strategic therapy for all myeloid malignancies,
these promising findings strongly suggest that specific activators of AMPKα1, such as GSK621,
may represent a therapeutic opportunity in AML and likely more globally in cancers in which mTORC1
is over-activated.

Table 1. AMPK activators include well-known pharmacological compounds, such as AICAR and
metformin that act by increasing the AMP/ATP ratio, small molecules including A-769662, PF-06409577
and GSK621 that behave as AMPKβ1 subunit activator, and MT47-100, an AMPKβ1 activator and
AMPKβ2 inhibitor. AMPK is also activated by a set of natural compounds including resveratrol and
spermidine that indirectly increase the AMP/ATP ratio.

AMPK Activator

Pharmacological Compounds

AICAR AMP:ATP ratio (up)
Metformin

A-769662
AMPKβ1 subunit activatorsPF-06409577

GSK621

MT47-100 AMPKβ1 subunit activator
AMPKβ2 subunit inhibitor

Natural Compounds

resveratrol AMP:ATP ratio (up)
spermidine

8. Conclusions and Outlook

In this review, we have discussed how AMPK is involved and regulated during myeloid lineage
differentiation and how it can impact myeloid cell pathophysiology. As autophagy is known to
play an important role in the process of hematopoietic cell differentiation [108], it was expected
that AMPK would be a regulator of this process. However, the role of the AMPK pathway as an
important actor of the metabolic modifications necessary for myeloid differentiation is just emerging.
As an energy-consuming process, physiological myeloid differentiation requires adaptation of AMPK
expression and activity in part to sustain autophagy that is necessary for this process. Hematopoietic
malignancies are systematically characterized by profound defects in cell differentiation. Restoration of
an effective differentiation process in myeloid malignancies has thus emerged as a pertinent therapeutic
strategy. This notion is particularly well exemplified by the successful use of arsenic trioxide to
promote acute promyelomonocytic leukemia redifferentiation, even leading to cure in a majority of
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patients. Alteration of AMPK expression and/or activity is found in hematological malignancies
such as CMML, and activation of the AMPK pathway appears to restore normal differentiation in
some CMML patients [51]. Beside myeloid differentiation, recent evidence in the literature indicates
that AMPK could also play a key role during normal erythroid cell differentiation (Ladli, M et al.,
2018, Haematologica, in press). While using small molecule AMPK activators to treat a panel of
human metabolic and neurodegenerative diseases now appears achievable, further investigations
should be carried out before such activators, direct or indirect, reach the clinic for the treatment of
myeloid malignancies.
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Abstract: Long-term memory formation depends on the expression of immediate early genes
(IEGs). Their expression, which is induced by synaptic activation, is mainly regulated by the
3′,5′-cyclic AMP (cAMP)-dependent protein kinase/cAMP response element binding protein
(cAMP-dependent protein kinase (PKA)/ cAMP response element binding (CREB)) signaling
pathway. Synaptic activation being highly energy demanding, neurons must maintain their energetic
homeostasis in order to successfully induce long-term memory formation. In this context, we
previously demonstrated that the expression of IEGs required the activation of AMP-activated
protein kinase (AMPK) to sustain the energetic requirements linked to synaptic transmission. Here,
we sought to determine the molecular mechanisms by which AMPK regulates the expression of
IEGs. To this end, we assessed the involvement of AMPK in the regulation of pathways involved
in the expression of IEGs upon synaptic activation in differentiated primary neurons. Our data
demonstrated that AMPK regulated IEGs transcription via the PKA/CREB pathway, which relied
on the activity of the soluble adenylyl cyclase. Our data highlight the interplay between AMPK and
PKA/CREB signaling pathways that allows synaptic activation to be transduced into the expression
of IEGs, thus exemplifying how learning and memory mechanisms are under metabolic control.

Keywords: AMPK; synaptic activation; PKA; CREB; soluble Adenylyl cyclase; Immediate early
genes; transcription

1. Introduction

Long-term memory formation as well as long lasting forms of synaptic plasticity depend on
the expression of new genes and proteins. These activity-regulated genes, referred to as immediate
early genes (IEGs), encode for transcription factors and proteins that have the potential to transduce
synaptic activity directly into immediate changes of neural function. They include, for example,
Arc/Arg3.1, EgrI/Zif268, and c-Fos. These genes are indirect markers of neuronal activity and are
used to map neuronal networks and circuits engaged in information processing and plasticity [1].
For instance, Arc (activity-regulated cytoskeleton-associated protein) is a cytosolic protein found
in post-synaptic densities that regulates the endocytosis of AMPA receptors [2], Notch signaling,
spine density, and morphology [3] through actin remodeling [4]. Arc knock-out (KO) mice display
impairments in the formation of long-term memories while short-term memory is not affected [5].
EgrI/Zif268 and c-Fos interact with an array of other transcription factors to regulate gene expression.
EgrI and c-Fos KO animals display deficits in complex behavioral tasks and memories [6,7].
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Signaling pathways involved in activity-driven regulation of transcription and translation have
been the object of many studies, however, not all the components have been elucidated. One of the most
studied mediators of these transcriptional changes is the transcription factor 3′,5′-cyclic AMP (cAMP)
response element-binding (CREB) protein [8]. Indeed, many of the IEGs contain cAMP response
elements (CRE) and thus are regulated by the transcription factor CREB. CREB signaling is regulated by
phosphorylation on its Ser133, a key regulatory site where phosphorylation ensures the transcriptional
function of CREB [9,10]. While several signaling pathways and kinases are known to induce CREB
phosphorylation, the most important CREB kinase is the 3′,5′-cyclic AMP (cAMP)-dependent protein
kinase (PKA). PKA activity, in turn, is known to be regulated upstream by signaling pathways leading
to the increase of intracellular cAMP levels, and thus by the activity of adenylyl cyclases (ACs), the best
characterized of which being the G protein-coupled receptors (GPCRs) [11].

Altogether, these processes are induced by synaptic activation and in particular by glutamatergic
neurotransmission. Importantly, glutamatergic transmission is a highly energy-consuming
process [12,13]. Within neurons, energy levels are regulated by the AMP-activated protein kinase
(AMPK). AMPK is a Ser/Thr protein kinase, which is an important intracellular energy sensor and
regulator. AMPK is composed of a catalytic subunit α and two regulatory subunits β and γ [14]. AMPK
activity is regulated by the intracellular levels of adenine nucleotides AMP and ATP [15,16] and by
the phosphorylation of its α subunit on Thr172 [17–19]. Interestingly, we recently reported that AMPK
was necessary to maintain energy levels in neurons during synaptic activation [20]. Indeed, following
glutamatergic synaptic stimulation we showed that AMPK activity was necessary to up-regulate
glycolysis and mitochondrial respiration in order to maintain ATP levels within neurons. Failure to
maintain energy homeostasis, through AMPK inhibition, prevented IEGs protein expression, synaptic
plasticity, and hence long-term memory formation. This evidence strongly suggested that AMPK
might act as a gatekeeper inside the neurons to allow signal transduction only in conditions where
energy supplies are sufficient.

The goal of the present study was to determine the signaling pathway regulated by AMPK that
allows the expression of IEGs. To this end, synaptic activation was induced in primary neurons,
and AMPK and PKA signaling pathways were studied in these conditions. Our results showed that
both signaling pathways were required for the expression of IEGs to occur. Interestingly, we also
showed that the soluble adenylyl cyclase (AC) was responsible for PKA activation. Finally, inhibition
of AMPK led to a downregulation of PKA pathway activation. Altogether, these data show how AMPK
and PKA pathways interplay to regulate the expression of IEGs following synaptic activation.

2. Results

2.1. AMPK Activity is Required for Synaptic Activity-Induced IEGs Transcriptional Regulation

In order to determine the signaling pathway regulated by AMPK that allows for the expression
of IEGs, we used primary neuronal cultures at 15 days in vitro (DIV) in which glutamatergic
synaptic activation was induced using bicuculline and 4-aminopyridine (Bic/4-AP) as previously
described [20–22]. As we recently showed, synaptic activation (SA) in this model led to the rapid
activation of AMPK, as indicated by the increased phosphorylation of AMPK at Thr172, and of its direct
target, the Acetyl-CoA carboxylase (ACC), at Ser79. Additionally, after 2 h of SA, a significant increase
of the IEGs Arc, EgrI, and c-Fos expression was observed (Figure 1a, b). Further, AMPK inhibition
using Compound C (Cc) prevented the expression of IEGs following SA (Figure 1c). These data
demonstrated, as we previously reported [20], that proper AMPK activation is necessary for the
expression of IEGs.
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Figure 1. AMP-activated protein kinase (AMPK) is required for the expression of immediate early genes
(IEGs) following glutamatergic activation. (a) Primary neurons at 15 days in vitro (DIV) treated with
bicuculline and 4-aminopyridine (Bic/4-AP) (50μM/2.5mM) for the indicated time were subjected to
immunoblotting with anti- phospho-AMPK (pAMPK), phospho-acetyl-CoA carboxylase (pACC),
acetyl-CoA carboxylase (ACC), total AMPK, Arc, c-Fos, EgrI, and actin antibodies. Results are
representative of at least four experiments. (b) Quantification of Western blot (WB) as in (a) showing
Arc, c-Fos, and EgrI expression. Results show mean ± SD (n = 4). One-way ANOVA followed by
Bonferroni’s post-hoc test were used for evaluation of statistical significance, * p < 0.05, *** p < 0.001
compared to control condition. (c) Primary neurons at 15 DIV were pre-treated for 20 min in presence
or absence of the AMPK inhibitor Compound C (Cc, 10 μM) prior to being treated with Bic/4-AP
(50μM/2.5mM, 2 h). Cell lysates were subjected to immunoblotting with anti-Arc, c-Fos, EgrI, and actin
antibodies. Results are representative of at least four experiments.

IEGs protein expression relies on the transcription of new genes, however, it was also proposed
that it could result from the translation of a pre-existing pool of messenger RNA (mRNA) that is
dendritically localized [23]. Therefore, we next thought to determine whether the expression of IEGs in
our system was dependent on new mRNA expression or whether a pre-existing pool of mRNA could
be sufficient to allow for the expression of IEGs following SA. To this end, translation was inhibited
using anisomycin A and transcription inhibited using the RNA polymerase inhibitor actinomycin
D. Both anisomycin A and actinomycin D repressed the expression of IEGs’ proteins induced by SA
(Figure 2a), showing that both de novo translation and transcription were necessary for the expression
of IEGs. Altogether, these data implied that the expression of IEGs required new mRNA synthesis
following SA. Indeed, Bic/4-AP stimulation led to a significant up-regulation of Arc, c-Fos, and EgrI
mRNA (Figure 2b–d). We next assessed whether AMPK was required for this increased transcription
to occur. Pre-treatment with the AMPK inhibitor Cc prevented the expression of IEGs, demonstrating
that AMPK repression led to an inhibition of the activity-mediated IEG’s mRNA levels of induction
(Figure 2b–d). Altogether, these results showed that AMPK activity is involved in the transcriptional
regulation of IEGs.
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Figure 2. Expression of IEGs required de novo messenger RNA (mRNA) transcription and translation.
(a) Primary neurons at 15 DIV co-treated with Bic/4-AP (50μM/2.5 mM) and the translation inhibitor
anisomycin A (Aniso, 25 μM) or the transcription inhibitor actinomycin D (Actino, 10 μM) for 2 h were
subjected to immunoblotting with anti-Arc, c-Fos, EgrI, and actin antibodies. Results are representative
of at least four experiments. Results demonstrate that both translation and transcription are required
for the expression of IEGs following synaptic activation (SA). (b–d) mRNA levels of Arc, c-Fos,
and EgrI were determined by quantitative PCR in primary neurons at 15 DIV treated with Bic/4-AP
(50μM/2.5mM, 30 min) after 20 min with or without pre-treatment with the AMPK inhibitor Compound
C (Cc, 10 μM). Results show mean ± SD (n = 4–6). One-way ANOVA followed by Bonferroni’s post-hoc
test were used for evaluation of statistical significance, *** p < 0.001.

2.2. PKA Pathway Is Activated Following SA and Is Required for The Expression of IEGs

As the main pathway involved in the regulation of IEGs transcription is the PKA/CREB pathway,
we questioned whether AMPK could cross-talk with this signaling pathway. We first assessed the
activation of the PKA/CREB pathway following SA. To this end, we used an anti-phospho-PKA
substrate antibody that detects proteins containing a phosphorylated Ser/Thr residue within the
consensus sequence for PKA, thus giving an indirect readout of PKA activation status. Bic/4-AP
stimulation led to a rapid and sustained activation of PKA, as observed using the anti-phospho-PKA
substrate antibody as well as to the phosphorylation of CREB at Ser133, a direct target of PKA
(Figure 3a–c). Altogether, these data demonstrated that the PKA pathway was rapidly activated
following SA and led to the activation of CREB.

We next determined whether the PKA pathway was required for the expression of IEGs following
SA. To this end, primary neurons were pre-treated with the pharmacological PKA inhibitor H89,
prior to being treated with Bic/4-AP (Figure 3d–f). Additionally, as H89 was reported to display
off-target effects, to further validate the implication of PKA, we also used PKI 14–22 amide, a specific
PKA peptide inhibitor (PKI) (Figure 3g–i). Results showed that both H89 and PKI prevented the
PKA-substrate and CREB phosphorylation induced by SA (Figure 3d–i). Furthermore, our results
showed that PKA inhibition by H89 or PKI led to a significant reduction of the expression of IEGs
(Figure 3j,k). Consistent with previous reports, the present results show that PKA activation during SA
is required for the expression of IEGs.
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Figure 3. The cAMP-dependent protein kinase (PKA) pathway is rapidly activated following synaptic
activation and is required for the expression of IEGs. (3′,5′-cyclic AMP = cAMP) (a) Primary neurons at
15 DIV treated with Bic/4-AP (50μM/2.5mM) for the indicated times were subjected to immunoblotting
with anti- phospho-PKA substrate (pPKA sub), phospho-CREB (pCREB), total CREB, and actin antibodies.
(cAMP response element binding = CREB) (b, c) Quantification of WB as in (a) showing the ratios pPKA
sub/actin (b) and pCREB/CREB (c) expressed as a percentage of control (n = 3). (d–g) Primary neurons
at 15 DIV treated with Bic/4-AP (50μM/2.5mM, 10 min) with or without 20 min pre-treatment with
the PKA inhibitors H89 (20 μM, d–f) or PKA peptide inhibitor (PKI) (50 μM, g–i) were subjected to
immunoblotting with anti- pPKA sub, pCREB, total CREB, and actin antibodies (d,i). Quantification of WB
as in (d) and (g) showing the ratios pPKA sub/actin (e,h) and pCREB/CREB (f,i) expressed as a percentage
of control (n = 4). (j,k) Primary neurons at 15 DIV treated with Bic/4-AP (50μM/2.5mM, 2 h) with or
without 20 min pre-treatment with the PKA inhibitors H89 (20 μM, j) or PKI (50 μM, k) were subjected to
immunoblotting with anti-Arc, cFos, EgrI, and actin antibodies. Results are representative of at least four
experiments. Results show mean ± SD. One-way ANOVA followed by Bonferroni’s post-hoc test were
used for evaluation of statistical significance. * p < 0.05, ** p < 0.01, *** p < 0.001.

2.3. PKA Activation Following Synaptic Activation is Mediated by the Soluble AC

PKA is activated by the second messenger cAMP that is produced from ATP by AC. We next
determined which of the ACs were responsible for PKA activation. To this end, neurons were
pre-treated with various inhibitors of ACs, including inhibitors directed against the membrane bound
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ACs, (SQ22536 or NKY80), or the specific inhibitor of the soluble AC (sAC) KH7 before Bic/4-AP
stimulation [24]. Results showed that only KH7 inhibited PKA-substrate and CREB phosphorylation
following SA (Figure 4a,c,d) and hence inhibited the expression of IEGs (Figure 4b). Thus, PKA was
activated following SA-regulated expression of IEGs via the sAC activity, since only KH7 pre-treatment
repressed PKA activation and the expression of IEGs.

 

Figure 4. PKA activation following SA is dependent on soluble adenylyl cyclase (sAC). (a) Primary
neurons at 15 DIV treated with Bic/4-AP (50μM/2.5mM, 10 min) with or without 20 min pre-treatment
with the adenylyl cyclase (AC) inhibitors KH7 (20 μM), SQ22536 (SQ, 20 μM), and NKY80 (NKY, 20 μM)
were subjected to immunoblotting with anti- phospho-PKA substrate (pPKA sub), phospho-CREB
(pCREB), total CREB, and actin antibodies. (Ctrl was without pre-treatment) (b) Quantification of WB
as in (a) showing the ratios pPKA sub/actin (c) and pCREB/CREB (d) expressed as a percentage of
control (n = 4). (c) Primary neurons at 15 DIV treated with Bic/4-AP (2 h) with or without 20 min
pre-treatment with the AC inhibitors KH7 (20 μM), SQ (20 μM), and NKY (20 μM) were subjected to
immunoblotting with anti- Arc, c-Fos, EgrI, and actin antibodies. Results are representative of at least
four experiments. Results show mean ± SD. One-way ANOVA followed by Bonferroni’s post-hoc test
were used for evaluation of statistical significance. * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.4. AMPK Regulates PKA Activation Following SA

To determine whether AMPK could be involved in the regulation of the PKA pathway, neurons
were pre-treated with Cc as described above. Interestingly, Cc-pre-treatment prohibited PKA activation
mediated by Bic/4-AP, as both PKA substrate and CREB were no longer phosphorylated (Figure 5a–c).
Further experiments using short hairpin RNA (shRNA) directed against AMPK were performed.
AMPK expression was down-regulated in primary neurons using shRNA directed against the α1
and α2 AMPK catalytic subunits (shAMPK) (Figure 5d,e). In these conditions, shAMPK reduced
the phosphorylation of ACC following SA, confirming its inhibitory effect on AMPK signaling
(Figure 5d). Moreover, following SA, shAMPK led to a significant reduction of PKA-substrate and
CREB phosphorylation as compared to the control non-targeting shRNA (shNT) (Figure 5d,f,g),
thus validating the results obtained with Cc.

 

Figure 5. AMPK regulates PKA activation following SA. (a) Primary neurons at 15 DIV treated with
Bic/4-AP (50μM/2.5mM, 10 min) with or without 20 min pre-treatment with the AMPK inhibitor
Compound C (Cc, 10 μM) were subjected to immunoblotting with anti- phospho-AMPK (pAMPK),
phospho-ACC (pACC), phospho-PKA substrate (pPKA sub), phospho-CREB (pCREB), total AMPK,
ACC, CREB, and actin antibodies. (b,c) Quantification of WB as in (a) showing the ratios pPKA
sub/actin (b) and pCREB/CREB (c) expressed as a percentage of control (n = 6). (d) 15 DIV
primary neurons transduced for seven days with control non-targeting short hairpin RNA (shRNA)
non-targeting shRNA (shNT) or with AMPK shRNA (shAMPK) were stimulated with Bic/4-AP
(10 min) and subjected to immunoblotting with anti- pACC, pPKA sub, pCREB,total AMPK, ACC,
CREB, and actin antibodies. (e,f,g) Quantification of WB as in (d) showing the ratios AMPK/actin
(e), pPKA sub/actin (f), and pCREB/CREB (g) expressed as percentage of control (n = 3). Results
show mean ± SD. One-way ANOVA followed by Bonferroni’s post-hoc test were used for evaluation
of statistical significance. * p < 0.05, ** p < 0.01, *** p < 0.001 as compared to Ctrl (b,c) or shNT (e,f,g),
# p < 0.05 as compared to shNT + Bic/4-AP condition (e,f).
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Altogether, these results show for the first time that AMPK activation cross-talks with the PKA
pathway to regulate the expression of IEGs following SA.

3. Discussion

Changes in the expression of IEGs is an important process mediated by synaptic activity that
is necessary for the conversion of short-term memory to long-term memory. With the present study,
we extended on our previous data to determine the mechanism by which AMPK activity following
synaptic activation led to the expression of IEGs. Here, we showed that SA led to the activation of the
PKA/CREB pathway in an AMPK-dependent manner.

Whether AMPK directly or indirectly regulated the PKA/CREB pathway remains to be explored.
However, in a previous report, we demonstrated that AMPK was required during SA to maintain
intracellular ATP levels [20], therefore, it is possible that AMPK indirectly regulated the PKA pathway
via controlling ATP levels. ATP, indeed, is converted by AC into cAMP, the second messenger that
regulates PKA. Therefore, it is possible that the drop of ATP levels, due to AMPK inhibition, could
lead to a parallel decrease of cAMP production, and eventually to a decrease of the signaling systems
dependent on PKA.

Interestingly, our data showed that membrane-bound AC are not responsible for PKA activation
following SA. Rather, it is the unconventional sAC (ADCY10) that is involved. sAC is distributed
throughout the cytoplasm and in cellular organelles including the nucleus and mitochondria.
Its functions are distinct from those of the transmembrane AC. For instance, it is insensible to G-proteins
and forskolin regulation. However, in neuronal cells sAC activity can also be activated by intracellular
Ca2+ elevations that increase its affinity for ATP [23] but also by bicarbonate anions (HCO3

−) that
increase the enzyme’s Vmax. Importantly, HCO3

− can be metabolically generated within the cells
under the action of carbonic anhydrases (CA), hence sAC activity can be modulated by metabolically
generated HCO3

− within the mitochondria [25–27]. Thus, mitochondrial metabolism regulated by
AMPK could be another level of regulation of sAC, and hence cAMP production. Finally, we cannot
exclude the possibility that AMPK could also regulate in a more direct fashion the sAC, through
phosphorylation for instance. Finally, recent results have reported that activation of the mitochondrial
cannabinoid receptor (mtCB1) caused inhibition of mitochondrial sAC, which resulted in reduction of
PKA-dependent regulation of mitochondrial respiration, and eventually amnesic effects [28].

It is also interesting to note that AMPK was reported to be regulated by phosphorylation
on Ser485/491 on its catalytic subunits, respectively to α1 and α2. This phosphorylation occurs in
response to agents that elevate intracellular cAMP, such as forskolin and isobutylmethylxanthine,
and is likely to be mediated by PKA. These agents, however, act via membrane bound AC.
Therefore, further investigations would be required to determine whether the sAC could also
regulate PKA-mediated phosphorylation of AMPK. Interestingly, this phosphorylation of AMPK
could be implicated in attenuating its activity given that it is associated with a down-regulation of its
phosphorylation on Thr172 [29]. Further, in adipocytes, PKA was found to phosphorylate Ser173 on
the AMPK α subunit to regulate lipolysis in response to PKA-activating signals [30]. Altogether these
studies show that PKA can negatively regulate AMPK activity. It is therefore possible that PKA
activation could in return repress AMPK activity, which could be an interesting mechanism to recover
a basal AMPK activity state following SA.

Importantly, our data ([20], this study) suggest that neuronal energetic status may influence
the formation of long-term memory. The hypothesis that AMPK influences these processes by
maintaining ATP levels raises the question of long-term memory formation in an energetic stress
environment. Metabolic disorders such as obesity and diabetes are characterized by peripheral metabolic
dysfunction, but also cognitive deficits [31], elevated neurodegerenative disease risk, especially for
Alzheimer’s disease [32], and have recently been associated with central metabolic perturbations [33].
Interestingly, other studies have shown that several neurodegenerative diseases, including Alzheimer’s
disease, are not only associated with hypometabolism, but also to an activation of AMPK [34].
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In conclusion, our study adds a player in the induction of signaling pathways involved in the
regulation of the expression of IEGs, and hence memory formation. Altogether, our data suggest
that through energy levels regulation, AMPK might indirectly control the activity of other signaling
pathways, including those regulated by the second messenger cAMP.

4. Materials and Methods

4.1. Chemicals and Reagents/Antibodies

Antibodies directed against AMPKα (1/1000, Rabbit), ACC (1/1000, Rabbit), phospho-Ser79ACC
(1/1000, Rabbit), phospho-PKA substrate (RRXS*/T*) (1/2000, Rabbit), phospho-AMPK substrate
(1/1000, Rabbit), and phospho-Ser133CREB (1/1000, Rabbit) were obtained from Cell Signaling
technology (Danvers, MA, USA). Anti phospho-Thr172AMPKα (1/1000, Rabbit), CREB (1/500, Rabbit),
Arc (1/500, Mouse), c-Fos (1/500, Mouse), and EgrI (1/500, Rabbit) antibodies were from Santa-Cruz
(Dallas, TX, USA). Anti-actin (1/15 000, Mouse) antibody was from BD Bioscience (Franklin Lakes,
NJ, USA). HRP-coupled secondary antibodies directed against the primary antibodies’ hosts were
obtained from Cell Signaling technology. Bicuculline (Bic), H 89, PKI 14-22 amide, NKY 80, SQ 22536,
and KH 7 were purchased from Tocris (Bristol, UK), 4-aminopyridine (4-AP) was purchased from
Sigma (St Louis, MO, USA), and Compound C (Cc) was from Santa Cruz (Dallas, TX, USA).

4.2. Primary Neuronal Cell Culture and Treatments

All animal experiments were performed according to procedures approved by the local Animal
Ethical Committee following European standards for the care and use of laboratory animals
(agreement APAFIS#4689-2016032315498524 v5 from CEEA75, Lille, France; approved on Oct 11,
2016). Primary neurons were prepared as previously described [35]. Briefly, fetuses at stage E18.5 were
obtained from pregnant C57BL/6J wild-type female mice (The Jackson Laboratory, Bar Harbor, ME,
USA). Forebrains were dissected in ice-cold dissection medium composed of Hanks’ balanced salt
solution (HBSS) (Invitrogen, Carlsbad, CA, USA) supplemented with 0.5 % w/v D-glucose (Sigma, St
Louis, MO, USA) and 25 mM Hepes (Invitrogen, Carlsbad, CA, USA). Neurons were dissociated and
isolated in ice-cold dissection medium containing 0.01 % w/v papain (Sigma, St Louis, MO, USA), 0.1
% w/v dispase (Sigma, St Louis, MO, USA), and 0.01 % w/v DNaseI (Roche, Rotkreuz, Switzerland),
and by incubation at 37 ◦C for 15 min. Cells were spun down at 220 x g for 5 min at 4 ◦C, resuspended
in Neurobasal medium supplemented with 2% B27, 1 mM NaPyr, 100 units/mL penicillin, 100 μg/ml
streptomycin, and 2 mM Glutamax (Invitrogen, Carlsbad, CA, USA). For Western blots experiments,
12-well plates were seeded with 500,000 neurons per well and for RT-qPCR experiments, 6-well plates
were seeded with 1,000,000 neurons per well. Fresh medium was added every 3 days (1:3 of starting
volume). Cells were then treated and collected between DIV 14 to 17. For shRNA transduction, shRNA
vectors from the TRC-Mm1.0 (Mouse) library, shAMPK α1 (CloneID:TRCN0000024000) shAMPK
α2 (CloneID:TRCN0000024046), and non-targeting control shRNA (RHS6848) were obtained from
Dharmacon, Lafayette, CO, USA. For the lentiviral production, HEK 293T cells were transfected for
72 h before collecting the supernatant as previously described [20]. Supernatant was concentrated
using Amicon® Ultra 15-mL Centrifugal Filters (EMD Millipore, Burlington, MA, USA). Primary
neuronal cultures were transduced with both AMPK α1 and AMPK α2 shRNA or the non-targeting
shRNA at DIV 7, 7 days before performing experimentation.

4.3. Immunoblotting

For Western blot (WB) analysis, 15 μg of proteins from total cell lysates were separated in 8–16%
Tris-Glycine gradient gels and transferred to nitrocellulose membranes. Membranes were then blocked
in 5% fat-free milk in Tris Buffer Saline-0.01% Tween-20, and incubated with specific primary antibodies
overnight at 4 ◦C. Proteins were thereafter detected via the use of Horseradish Peroxidase-conjugated
secondary antibodies and electrochemiluminescence detection system (ThermoFisher Scientific,
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Waltham, MA, USA). The Western blot bands corresponding to proteins of interest, or smears for
phosphorylated-PKA substrate, were analyzed using the FIJI software v1.51n [36].

4.4. Quantitative Real-Time RT-PCR for the Expression of IEGs

Total RNA was isolated using the NucleoSpin® RNA kit (Macherey-Nagel, Düren, Germany)
according to the manufacturer’s instructions. One microgram of total RNA was reverse-transcribed
using the Applied Biosystems High-Capacity cDNA reverse transcription kit (ThermoFisher Scientific,
Watham, MA, USA). Real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR)
analyses were performed using Power SYBR Green PCR Master Mix (ThermoFisher Scientific,
Watham, MA, USA) on a StepOneTM Real-Time PCR System (ThermoFisher Scientific, Watham,
MA, USA) using the following primers: β-actin forward: 5′-CTAAGGCCAACCGTGAAAAG-3′,
reverse: 5′-ACCAGAGGCATACAGGGACA-3′; Arc forward: 5′-GGTGAGCTGAAGCCACAAAT-3′,
reverse: 5′-TTCACTGGTATGAATCACTGCTG-3′; EgrI forward: 5′-AAGACACCCCCCCATGAA-C-3′,
reverse: 5′-CTCATCCGAGCGAGAAAAGC-3′; and c-Fos forward: 5′-CGAAGGGAACGGAATAAG-3′,
reverse: 5′-CTCTGGGAAGCCAAGGTC-3′. The thermal cycler conditions were as follows: hold for
10 min at 95 ◦C, followed by 45 cycles of a two-step PCR consisting of a 95 ◦C step for 15 s followed by
a 60 ◦C step for 25 s. Amplifications were carried out in triplicate, and the relative expression of target
genes was determined by the ΔΔCT method using β-actin for normalization.

4.5. Statistical Analyses

All statistical analyses were performed using GraphPad Prism (Prism 5.0d, GraphPad Software
Inc, La Jolla, CA, USA).
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AC Adenylyl cyclase
ACC Acetyl-CoA carboxylase
AMPK AMP-activated protein kinase
Arc Activity-regulated cytoskeleton-associated protein
Bic/4-AP Bicuculline/4-aminopyridine
cAMP 3′,5′-cyclic AMP
Cc Compound C
CREB cAMP response element binding
DIV Days in vitro
GPCRs G protein-coupled receptors
IEGs Immediate Early Genes
KO Knock-out
PKA cAMP-dependent protein kinase
SA Synaptic activation
sAC Soluble adenylyl cyclase
shRNA Short hairpin RNA
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Abstract: The AMP-activated protein kinase (AMPK) is a sensor of cellular energy status that has
a dual role in cancer, i.e., pro- or anti-tumorigenic, depending on the context. In medulloblastoma,
the most frequent malignant pediatric brain tumor, several in vitro studies previously showed
that AMPK suppresses tumor cell growth. The role of AMPK in this disease context remains
to be tested in vivo. Here, we investigate loss of AMPKα2 in a genetically engineered mouse
model of sonic hedgehog (SHH)-medulloblastoma. In contrast to previous reports, our study
reveals that AMPKα2 KO impairs SHH medulloblastoma tumorigenesis. Moreover, we performed
complementary molecular and genomic analyses that support the hypothesis of a pro-tumorigenic
SHH/AMPK/CNBP axis in medulloblastoma. In conclusion, our observations further underline the
context-dependent role of AMPK in cancer, and caution is warranted for the previously proposed
hypothesis that AMPK agonists may have therapeutic benefits in medulloblastoma patients. Note:
an abstract describing the project was previously submitted to the American Society for Investigative
Pathology PISA 2018 conference and appears in The American Journal of Pathology (Volume 188, Issue
10, October 2018, Page 2433).

Keywords: medulloblastoma; sonic hedgehog; AMPK

1. Introduction

Medulloblastoma is an embryonal tumor of the cerebellum and is the most common malignant
brain tumor of childhood [1,2]. Genomics applied to medulloblastoma defined four medulloblastoma
subgroups, each characterized by a distinct molecular/genetic signature, distinct patient demographics,
and a distinct clinical profile (WNT, Sonic Hedgehog or SHH, Groups #3 and #4) [3,4]. More recently,
integrative genomic analyses further underscored the highly heterogeneous and complex nature of
medulloblastoma with a large spectrum of molecularly distinct consensus subgroups and subtypes
within them [5–7]. Current therapeutic approaches to medulloblastoma are based on surgery, radiation,
and non-targeted chemotherapy and are indistinguishably applied to all medulloblastoma subgroups.
These therapies have led to significant improvements, with a 73% survival rate [1], but these results are
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achieved at a high cost to quality of life, e.g., neurocognitive or hormonal deficiencies [8,9]. Alternative
therapeutic approaches are needed.

The AMP-activated protein kinase (AMPK) is a crucial energy sensor that controls cell metabolism
and growth in response to low energy levels by phosphorylating a variety of substrates [10]. AMPK
forms a heterotrimeric protein complex composed of three subunits that exist as multiple isoforms:
a catalytic subunit (α1 or α2), a scaffolding subunit (β1 or β2), and an AMP-sensing subunit (γ1,
γ2, or γ3) [10]. AMPK is allosterically activated by an increased AMP/ATP ratio when cells are
metabolically starved. Upon metabolic stress, AMPK activation results in both the inhibition of
anabolic, energy-consuming mechanisms (e.g., biosynthetic pathways and the cell cycle) and the
activation of catabolic processes (e.g., the promotion of mitochondrial biogenesis and glycolysis) [10].
As the master metabolic guardian, AMPK modulates numerous targets, including both oncogenes and
tumor suppressors [11,12]. Thus, AMPK has a dual role in cancer, tumor-suppressive, or pro-oncogenic,
depending on the cellular or tissue context [13–15]. For example, as an inhibitor of the cell cycle and as
a target of the LKB1 kinase [16–18], AMPK has long been considered an essential mediator of LKB1’s
tumor-suppressive effect in cancer [13,19]. The tumor suppressor role of AMPK is also exemplified
by the observation that inactivation of AMPKα1 in murine B-cell lineages promotes Myc-driven
lymphomagenesis [20] and that AMPKα2 suppresses murine embryonic fibroblast transformation
and tumorigenesis [21]. Yet, loss of AMPKα impairs tumor growth in vivo in various carcinogenic
contexts [22–27]. Indeed, maintenance of the metabolic balance by AMPK is likely a critical process for
survival during the metabolic stress that can occur in the tumor microenvironment [13,14,26].

In SHH-driven medulloblastoma tumorigenesis, several studies support a tumor-suppressive
role for AMPK [28–33]. First, in medulloblastoma cells, AMPK phosphorylates the SHH pathway
transcription factor GLI1, promoting its proteasomal degradation, thus inhibiting SHH signaling and
SHH-driven medulloblastoma [28–30,33]. Second, a potential tumor-suppressive role for AMPK in
SHH-driven medulloblastoma was also inferred by the fact that the increased survival observed upon
Hk2 KO in a mouse model of medulloblastoma is accompanied by a gain of AMPK activity [31,32].
In light of these observations, AMPK agonists could have therapeutic value for the treatment of SHH
medulloblastoma patients. As noted above, though, the multifaceted role of AMPK in cancer warrants
caution [13–15]. As a matter of fact, D’amico et al. recently proposed that a non-canonical SHH/AMPK
axis promotes medulloblastoma via activation of CCHC type nucleic acid binding protein (CNBP),
ornithine decarboxylase 1 (ODC1), and polyamine metabolism [34]. Though indirectly inferred, this
study supports a putative pro-tumorigenic role for AMPK in SHH medulloblastoma [34]. Importantly,
in all of the aforementioned studies, the role of AMPK in medulloblastoma was only investigated
in vitro in medulloblastoma cells.

The potential role of AMPK as a promoter or as a suppressor of medulloblastoma tumorigenesis
warrants further investigation and remains to be tested in vivo. Here, we describe the analysis
of loss of AMPKα2 in a genetically engineered mouse model of SHH-driven medulloblastoma.
Remarkably, in disagreement with the previous studies supporting a tumor-suppressive role for
AMPK in medulloblastoma tumorigenesis [28–33], our analysis reveals that loss of AMPKα2 impairs
SHH-driven medulloblastoma tumorigenesis.

2. Results

2.1. AMPKα2 Is Required for SHH-Driven Medulloblastoma In Vivo

We investigated the role of AMPKα2 in vivo in medulloblastoma using the [GFAP-tTA;TRE-SmoA1]
genetically engineered mouse model of SHH-driven medulloblastoma [35,36] in combination with
the AMPKα2 KO mouse [37]. We note that, as previously described [37], AMPKα2 KO mice are born
with the expected Mendelian ratio, are fertile, appear indistinguishable from their WT littermates, and
have a normal lifespan. Accordingly, AMPKα2 KO mice exhibit normal cerebellar development with
properly tri-laminated cerebellar cortex (molecular, Purkinje cell and internal granular cell layers).
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Three groups of C57BL/6 mice were analyzed: (a) TRE-SmoA1 mice: the oncogenic gain-of-function
allele of Smo, i.e., SmoA1, is not expressed in the absence of GFAP-tTA in these negative control group
mice; (b) [GFAP-tTA;TRE-SmoA1] mice: all mice develop medulloblastoma in this positive control
group; (c) [GFAP-tTA;TRE-SmoA1;AMPKα2−/−] mice: this test group allows us to assess the extent to
which AMPKα2 KO modulates tumor incidence. Genotyping data for each group is shown in Figure S1.
For each study group, we performed histological (Figure 1) and survival (Figure 2) analyses.

Figure 1. Loss of AMPKα impairs SHH medulloblastoma tumorigenesis in vivo. Histopathological
examination of the cerebellums of (a) a Postnatal Day 63 (P63) TRE-SmoA1 mouse, (b) a P56
[GFAP-tTA;TRE-SmoA1] mouse, (c) a one-year-old [GFAP-tTA;TRE-SmoA1;AMPKα2−/−] mouse
representative of the 7/17 (41%) [GFAP-tTA;TRE-SmoA1;AMPKα2−/−] mice that do not show any
evidence of tumor upon histological analysis, and (d) a P30 [GFAP-tTA;TRE-SmoA1;AMPKα2−/−]
mouse representative of the 10/17 (59%) [GFAP-tTA;TRE-SmoA1;AMPKα2−/−] mice that show a tumor.
The histological analysis includes H&E staining as well as Ki67 (marker of proliferation) and NeuN
(marker of neuronal differentiation) immunohistochemistry (magnification: 4× and 40×). The different
cell layers of the cerebellum, i.e., the molecular (ML), Purkinje cell (PC), and internal granular cell (IGL)
layers are labeled in the 40× TRE-SmoA1 control H&E picture. Scale bars: 200 μm (4×) or 25 μm (40×).
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Figure 2. Loss of AMPKα increases survival in SmoA1 mouse model of SHH medulloblastoma.
Survival analysis of AMPKα2 KO in SmoA1-driven medulloblastoma. Three groups of C57BL/6 mice
were assessed for survival: (i) TRE-SmoA1, (ii) [GFAP-tTA;TRE-SmoA1], and (iii) [GFAP-tTA;TRE-
SmoA1;AMPKα2−/−]. The AMPKα2 KO mice have a significantly lower chance than the AMPKα2 WT
mice of developing medulloblastoma [59% (10/17) for AMPKα2 KO versus 100% (12/12) for AMPKα2
WT; p = 0.0027, likelihood ratio chi-square test]. For the log-rank test, which is designed to be most
powerful when hazards are proportional, we obtained p = 0.108. Indeed, the AMPKα2 KO mice that
develop medulloblastoma succumb to the tumor at the same pace as WT mice in the first 60 days.

Cerebellar development is normal in the TRE-SmoA1 control mice. Indeed, as expected for adult
mice, we observe properly tri-laminated molecular, Purkinje cell, and internal granular cell layers, but
no external granular cell layer. The strong staining for the neuronal marker NeuN indicates the presence
of normal cerebellar neurons in the internal granular layer. The absence of staining for Ki-67 indicates
that cells are in a quiescent, non-proliferative stage (Figure 1a). As previously described [35,36],
all [GFAP-tTA;TRE-SMOA1] mice develop large medulloblastoma tumors that can extend along the
entire rostral-caudal length of the cerebellum, account for more than a quarter of the total cerebellar
volume, express NeuN, indicative of neuronal origin, and show marked proliferative activity (positive
for Ki67) (Figure 1b). The vast majority (11/12) of the [GFAP-tTA;TRE-SMOA1] mice succumb to the
tumor within 80 days (Figure 2), as previously described [35,36]. One [GFAP-tTA;TRE-SMOA1] mouse
survived beyond 200 days with a very large tumor mass identified post-mortem (Figure S2). We note
that, apart from medulloblastoma formation, no other types of tumors can be detected in the brain or
the other organs of [GFAP-tTA;TRE-SMOA1] mice.

In contrast, 41% (7/17) of the [GFAP-tTA;TRE-SmoA1;AMPKα2−/−] mice survived beyond one
year (Figure 2) and do not show any evidence of tumor upon histological analysis (Figure 1c). Two of
these seven mice show focal, microscopic remnants of external granular cell (EGC) neurons in groups
no larger than 10 cells, which were non-proliferative and non-neoplastic (Figure S3). These cells likely
correspond to granular cell neurons that have failed to properly migrate into the internal granular
layer, a process that is dependent on SHH signaling inhibition [38]. Thus, the AMPKα2 KO mice
have a significantly lower chance of developing medulloblastoma compared to the AMPKα2 WT
mice [59% (10/17) for AMPKα2 KO versus 100% (12/12) for AMPKα2 WT; p = 0.0027]. Our results
demonstrate the pro-tumorigenic role of AMPKα2 in medulloblastoma. We note that the number of
pyknotic cells undergoing apoptosis in either the normal cerebellar tissues (very rare occurrence, <1%)
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or the tumorigenic tissues (~10–20%) remains the same in the AMPKα2 WT and KO mice. Thus, the
effect of AMPKα2 on apoptosis is not a likely to be a major factor underlying the pro-tumorigenic role
of AMPKα2 in medulloblastoma. Below, we explore the potential effect of AMPKα2 KO on CNBP.

2.2. Loss of AMPKα2 Results in the Decreased Expression of the CNBP Protein

In response to SHH signaling, AMPK phosphorylates CNBP, thus promoting its interaction
with SUFU and its stabilization [34]. Subsequently, the increased level of CNBP protein expression
results in the increased translation of ODC1 and associated activation of polyamine metabolism,
which is essential for the SHH-dependent proliferation of medulloblastoma cells [34]. In their study,
D’amico et al. also showed that targeting CNBP or ODC1 impairs SHH-driven medulloblastoma
and thus indirectly inferred that AMPK may be required for tumor formation in this context [34].
Our observation that AMPKα2 KO impairs tumor progression in the SmoA1 mouse model of
medulloblastoma directly verifies this hypothesis (Figures 1 and 2). To further assess the relevance
of this SHH/AMPK/CNBP axis in SHH medulloblastoma, we investigated the level of protein
expression of CNBP in both normal and tumorigenic cerebellums in the presence or in the absence
of AMPKα2. We observed that, in both physiological (SmoA1−) and pathophysiological (SmoA1+)
contexts, the loss of AMPKα2 resulted in lower levels of the CNBP protein (Figure 3a). In conclusion,
notwithstanding that other AMPK substrates [11,12] may also contribute to the pro-tumorigenic role
of AMPKα2 in medulloblastoma, these results further support the hypothesis of a critical role for the
SHH/AMPK/CNBP axis in SHH-driven medulloblastoma.

Loss of AMPKα2 can be associated with a compensatory increase in AMPKα1 protein, e.g., in the
muscle [39]. We investigated this effect in the cerebellum. While the level of expression of AMPKα1 is
higher in the SmoA1+ mice than in the SmoA1− mice, it remains the same in the control and the AMPKα2
KO mice in both the SmoA1− and SmoA1+ contexts (Figure 3b). Thus, in both normal and tumorigenic
cerebellums, the deficiency in AMPKα2 was not compensated for by AMPKα1 overexpression.

Similarly, we investigated the level of expression of phosphorylated acetyl-CoA carboxylase
alpha (pACC1) in both normal and tumorigenic cerebellums in the presence or in the absence of
AMPKα2. ACC1 is a key enzyme in the fatty acid synthesis pathway that mediates the conversion
of acetyl-CoA to malonyl-CoA. ACC1 phosphorylation by AMPK results in its inactivation, thus
inhibiting lipogenesis [40,41]. We observed that, in the SmoA1+ context, the loss of AMPKα2 resulted
in lower levels of the pACC1 protein (Figure 3c). This analysis of pACC1 suggests a potential impact
associated with AMPKα2 KO on lipogenesis. Interestingly, while a pro-tumorigenic role of ACC1 has
been previously described in various contexts [42], a tumor-suppressive role has also been suggested.
Indeed, ACC1 inhibition by AMPK is required to maintain NADPH levels and in vivo growth of lung
and breast tumor xenografts [23]. Similarly, impaired inhibition of ACC1 upon AMPKα2 KO may
result in low NADPH levels in medulloblastoma cells and thus may contribute to the pro-tumorigenic
role of AMPKα2 in medulloblastoma.
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Figure 3. Loss of AMPKα2 results in lower level of expression of the CNBP and pACC1
proteins in both physiological (SmoA1−) and pathophysiological (SmoA1+) contexts. Western blot
analyses of the AMPKα2 (a), AMPKα1 (b), CNBP (a), pACC1 (c), and β-Actin proteins in whole
cerebellum protein extracts obtained from WT, AMPKα2−/−, [GFAP-tTA;TRE-SmoA1; AMPKα2−/−],
and [GFAP-tTA;TRE-SmoA1] Postnatal Day 16 (P16) littermate mice. Below each Western blot band, we
show the ratio of the band intensity of the targeted protein over the band intensity of β-Actin.

2.3. Frequent Copy Number Gains for the AMPK, CNBP, and ODC1 Genes in SHH and Group #3
Medulloblastoma Patients

We analyzed the publicly available copy number data for 345 medulloblastoma samples [5]
(Figure 4). Notably, AMPK genes do not have frequent copy number losses in medulloblastoma, the sole
exception being the loss of AMPKγ3 in 6% of Group #4 tumors. In contrast, AMPK genes tend to have
frequent copy number gains in medulloblastoma in general, and particularly in Group #3 tumors, which
have frequent gains for the AMPKα1 (30%), AMPKβ2 (38%), and AMPKγ2 (43%) genes. AMPKα2 also
has frequent copy number gains in Group #3 tumors (11%) (Figure 4a,b). These observations resonate
with the previous report that Group #3 medulloblastoma has frequent chromosome 1 gains [43]. In SHH
medulloblastoma patients, we observed frequent copy number gains for AMPKβ2 (6%), AMPKγ2
(5%) and AMPKγ3 (10%). Interestingly, strong copy number gains are also observed for CNBP and
ODC1 in SHH medulloblastoma (19% and 11%, respectively), as well as in Group #3 medulloblastoma
(10% and 22%, respectively). These observations draw yet another interesting parallel with the
D’amico et al. study in that their immunohistochemistry analysis of CNBP and ODC1 in a cohort of 42
medulloblastoma patients revealed high levels of expression of both proteins in both SHH and Group
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#3 medulloblastoma [34]. The extent to which genetic events co-occur or not in patients can reveal
functional relationships between genes, e.g., dependence or redundancy [44]. We found that the copy
numbers for the nine genes under investigation are often positively correlated, with a remarkable 21
out of 33 non-syntenic pairs of genes having significant (p < 0.01) positive correlations (Figure 4c).
In other words, not only are AMPK, CNBP, and ODC1 genes frequently gained in medulloblastoma,
but these gains tend to co-occur more often than expected at random, suggesting that the co-occurrence
of these gains may provide a synergistic advantage. Together, these observations are in agreement
with a pro-tumorigenic role for the SHH/AMPK/CNBP axis in medulloblastoma.

Figure 4. Frequent copy number gains for the AMPK, CNBP, and ODC1 genes in SHH and Group #3
medulloblastoma patients. (a) Estimated ratio of copy number to modal copy number for each tumor
for 345 medulloblastomas, including 26 WNT, 98 SHH, 82 Group #3, and 139 Group #4 samples. Modal
copy number estimates are shown in the first row and the rows for individual genes show copy number
estimates normalized to the modal copy number. The “sum of all genes” row was computed from the
sum of the log-transformed ratios for the nine genes and was used to determine the sorting of samples
in each group. (b) The percentage of tumors within each of the four subgroups with copy number
gains [log2( copy number

modal copy number ) > 0.4] or losses [log2( copy number
modal copy number ) < −0.4]. Gains or losses in greater

than 5% of the tumors in a given group are highlighted with red or green background, respectively.
Similarly, p values < 0.01 are highlighted. (c) Analysis of the correlations of log-transformed normalized
copy number estimates shows that positive correlations are frequent. Pearson correlations are shown
as numbers in white, while their significance is indicated by the color of the background in each cell.
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3. Discussion

In this study, we demonstrate that loss of AMPKα2 impairs SHH-driven medulloblastoma
tumorigenesis. This is a surprising observation given the previous reports supporting a
tumor-suppressive role for AMPK in medulloblastoma tumorigenesis [28–33] and the fact that the
subunit AMPKα2 alone can suppress tumorigenesis in other contexts [21,45,46]. In fact, together with
a previous analysis of AMPKα2 in mammary carcinoma [25], our analysis represents the first in vivo
evidence that the loss of AMPKα2 alone can impair oncogenesis.

Several reasons may underlie this apparent AMPK paradox, both in cancer in general and
in medulloblastoma in particular. As previously reviewed, AMPK modulates numerous targets
both to inhibit anabolism and to promote catabolism. As such, AMPK has a dual role in
cancer, tumor-suppressive or pro-tumorigenic, depending on the cellular or tissue context [13–15].
For example, on the one hand, as an inhibitor of the mTOR complex 1 and the cell cycle, AMPK can be
tumor-suppressive [19,20]. On the other hand, maintenance of the metabolic balance by AMPK may
be critical for survival during metabolic stress that can occur in the tumor microenvironment—hence
the requirement for AMPK activity in some cancer cells [22–27]. Similarly, in medulloblastoma,
the role of AMPK as both an inhibitor of GLI1 and SHH signaling [28–30,33] (tumor-suppressive
effect) as well as a promoter of CNBP and polyamine metabolism (pro-tumorigenic effect) supposes
a dual role for AMPK in this disease context. In agreement with the observation that CNBP protein
levels are decreased in the absence of AMPKα2, we observed that the pro-tumorigenic function of
AMPKα2 prevails in the context of the highly penetrant [GFAP-tTA;TRE-SMOA1] mouse model of
medulloblastoma. It would be interesting, though, to assess the loss of AMPKα2 in other mouse
models of medulloblastoma with lower incidence/longer latency [47,48], in order to investigate which
of AMPKα2’s roles, tumor-suppressive or pro-tumorigenic, prevails in these contexts.

The apparent discrepancy between our results observed in mouse and the previously described
tumor-suppressive role of AMPK in human medulloblastoma cell lines [28–30,33] could be due to
the species-specific role of AMPK in the cerebellum. While all studies in which the role of AMPK
has been directly tested genetically in human medulloblastoma cells agree, i.e., AMPK suppresses
SHH-driven cell growth, the role of AMPK in mouse cell lines is debated [28–30,33]. For example,
several studies by the Yang laboratory showed that AMPK phosphorylates GLI1 at multiple sites and
targets it for proteasomal degradation in murine cells [28,29,33]. Yet, Di Magno et al. argue that AMPK
phosphorylates GLI1 at the unique residue Ser408, which is conserved only in primates but not in other
species [30]. If the regulation of GLI1 by AMPK does not occur in mouse, as suggested by Di Magno et
al., this species-specific difference could explain why our observations obtained in mouse contradict
the previous reports that AMPK suppresses growth in human SHH medulloblastoma [28–33]. Further
investigation of the species-specific effect of AMPK on GLI1 and medulloblastoma is warranted.

In some contexts, AMPKα1 and AMPKα2 mediate specific, non-redundant functions, e.g.,
AMPKα2−/− but not AMPKα1−/−, mice are resistant to hypoglycemic AICAR effects [37,49]. In other
contexts, AMPKα1 and AMPKα2 are genetically redundant, e.g., while both AMPKα1 and AMPKα2
are dispensable for development, the combined loss of both genes is embryonic lethal at E10.5 [50].
While we cannot exclude the possibility that a complete KO of AMPKα may have an even more
dramatic effect on medulloblastoma tumorigenesis and survival, our results suggest that AMPKα2 has
a specific function in this context. This lack of genetic redundancy may underlie various mechanisms,
as previously reviewed [51,52]. Could this be due to different biochemical function for AMPKα1- and
AMPKα2-containing heterotrimeric complexes? AMPKα2 may be the target of different regulators
and/or AMPKα2 may target different substrates. In that regard, it would be interesting to assess
whether CNBP is specifically targeted by AMPKα2- but not by AMPKα1-containing heterotrimeric
complexes. Could this be due to variations in the spatio-temporal expression for AMPKα1 and
AMPKα2? Cell types may express one gene, but not the other. In agreement with an AMPKα2-specific
function in SHH medulloblastoma and the fact that the cerebellar granular neuron progenitor cell
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(CGNP) is the “cell of origin” in SHH-driven medulloblastoma [53], AMPKα2 is expressed at higher
level than AMPKα1 in cerebellar granule neurons [54].

Genomics applied to medulloblastoma defined four medulloblastoma subgroups (WNT, SHH,
and Groups #3 and #4) [3,4] and, more recently, different subtypes within them [5–7]. D’amico et al.
previously showed that targeting CNBP or ODC1 impairs SHH-driven medulloblastoma and inferred
that the SHH/AMPK/CNBP axis may be pro-tumorigenic in this context [34]. Notwithstanding the
debate on the nature of the effect (pro- versus anti-tumorigenic) [28–34], our observation that AMPKα2
impairs tumor progression in the SmoA1 mouse model of medulloblastoma validates this hypothesis.
Is AMPK functionally relevant in other medulloblastoma subgroups? We observed high copy numbers
for the AMPK, CNBP, and ODC1 genes not only in SHH but also in Group #3 medulloblastoma. Taken
together with the complementary report that both SHH and Group #3 medulloblastomas show a
high level of expression of CNBP and ODC1 proteins [34], the SHH/AMPK/CNBP axis could then
have a critical role in both the SHH and Group #3 subgroups. Group #3 medulloblastomas account
for ~25% of all medulloblastomas, are characterized by a transcriptional signature associated with
photoreceptors and gamma aminobutyric acid–secreting (GABAergic) neurons, and are associated with
a poor prognosis [3]. Though differences in the metabolic profiles between medulloblastoma subgroups
have not yet been comprehensively examined, the higher degree of aggressiveness associated with
Group #3 medulloblastomas may translate to a higher need for energy and thus a higher sensibility
to the proper maintenance of the metabolic balance by AMPK under metabolic stress conditions.
Investigation of AMPK KO in mouse models of Group #3 medulloblastoma, when they become
available, is warranted.

Our study reveals a pro-tumorigenic role for AMPKα2 in SHH medulloblastoma. In light of the
previous reports on the tumor-suppressive role of AMPK in SHH medulloblastoma, this observation
further underscores the multifaceted role of AMPK in cancer. It also warrants caution to the previously
proposed use of AMPK agonists for the treatment of cancer patients in general, and in medulloblastoma
patients in particular.

4. Materials and Methods

4.1. [GFAP-tTA;TRE-SmoA1] Mouse Model

We studied medulloblastoma tumorigenesis in the absence or presence of AMPKα2 in the
previously published bitransgenic [GFAP-tTA;TRE-SmoA1] model [35,36], where the expression of the
tetracycline-regulated transactivator (tTA) is driven by a GFAP promoter and the expression of oncogenic
SmoA1 is under the control of the tetracycline responsive element (TRE). The experimental breeders used
in this study were an AMPKα2 KO mouse [37], a TRE-SmoA1 mouse [35], and a GFAP-tTA mouse [55],
all of which were maintained on a C57/BL6 background for at least five generations prior to initiating
experiments. TRE-SmoA1, [GFAP-tTA;TRE-SmoA1], and [GFAP-tTA;TRE-SmoA1;AMPKα2−/−] mouse
littermates were generated by crossing [GFAP-tTA;AMPKα2+/−] mice with [TRE-SmoA1;AMPKα2+/−]
mice. Animals that meet the guidelines for end-stage illness and/or found to be at protocol endpoint
(evidence of large tumor formation, enlarged dome head, and/or severe neurological dysfunction) were
humanely euthanized in accordance with the institutional guidelines for the welfare of experimental
animals. Maintenance of mouse colonies and experimental procedures were approved by the
University of Michigan Committee on the Use and Care of Animals.

4.2. Mouse Genotyping

The mouse genotyping experiments were performed as previously described [36], with minor
modifications. Genotyping experiments were performed by PCR analysis using tail genomic
DNA obtained from pups at Postnatal Days 10 (P10) and 14 (P14). Genotyping of AMPKα2 was
determined by PCR using the following oligonucleotides: forward: 5′-gcttagcacgttaccctggat-3′

and WT reverse: 5′-gtcttcactgaaatacatagca-3′ or mutant reverse: 5′-gcattgaaccacagtccttcctc-3′.
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Genotyping of the GFAP-tTA transgene was determined by PCR using the following oligonucleotides:
forward: 5′-ctcgcccagaagctaggtgt-3′ and reverse: 5′-ccatcgcgatgacttagt-3′. Genotyping of the
TRE-SmoA1 transgene was determined by PCR using the following oligonucleotides: forward:
5′-ggaactgatgaatgggagca-3′ and reverse: 5′-gggaggtgtgggaggttt-3′. For internal control genotyping, we
used the following primers (forward: 5’-caaatgttgctgtctggtg-3’ and reverse: 5’-gtcagtcgagtgcacagttt-3’).

4.3. Immunohistochemistry

Immunohistochemistry (IHC) experiments were performed as previously described [36].

4.4. Western Blot Analyses

Whole cerebellum protein samples were prepared using RIPA buffer, sonicated three times
on ice, and supernatants were collected after centrifugation. The resulting cerebellum protein
extracts were separated on acrylamide gels, transferred to PVDF membranes, and proteins were
detected using standard immunoblotting techniques. The following antibodies were used: AMPKα1
(Bethyl Laboratory®, Montgomery, TX, USA; Cat# A300-507A), AMPKα2 (Bethyl Laboratory®, Cat#
A300-508A), pACC1 (Cell Signaling®, Danvers, MA, USA; Cat# 11818), β-actin (Cell Signaling®, Cat#
5125), and goat α-rabbit IgG (Jackson Immunoresearch Laboratory®, West Grove, PA, USA; Cat#
111-035-045). The CNBP antibody [34] was a gift from Dr. Gianluca Canettieri, Sapienza University of
Rome, Italy. The intensities of Western blot signal bands were quantified using Gel Analysis in ImageJ.

4.5. Copy Number Variations in Medulloblastoma Patients

We analyzed the publicly available copy number data for medulloblastoma samples estimated
from short-read DNA sequencing [5]. We downloaded a single segment file holding estimated
log2( copy number

2 ) data from PedcBioportal (http://pedcbioportal.org/). Following the methods of
the original paper [5], we excluded 16 samples and analyzed the remaining 345. Many tumors
had chromosome doublings, so we normalized our data by first computing the average of the
log2( copy number

2 ) estimates for each chromosome and then counted how many chromosomes gave
estimates within 0.1 unit of each possible log-transformed integer copy number. We then selected the
most common integer chromosomal copy number for each tumor, after excluding those chromosomes
with the most frequent copy number changes (Chr. 6, 7, 8, and 17, X and Y), and referred to this as the
modal copy number. Among the 345 tumors, we observed 212 tumors with a 2-modal copy number,
19 tumors with a 3-modal copy number, 91 tumors with a 4-modal copy number, 2 tumors with a
5-modal copy number, and 21 tumors with a 6-modal copy number. Our final estimates of the relative
gene copy numbers were of log2( copy number

modal copy number ).

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/19/11/
3287/s1.
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Abstract: 5′-AMP-activated protein kinase (AMPK) plays diverse roles in various physiological and
pathological conditions. AMPK is involved in energy metabolism, which is perturbed by infectious
stimuli. Indeed, various pathogens modulate AMPK activity, which affects host defenses against
infection. In some viral infections, including hepatitis B and C viral infections, AMPK activation is
beneficial, but in others such as dengue virus, Ebola virus, and human cytomegaloviral infections,
AMPK plays a detrimental role. AMPK-targeting agents or small molecules enhance the antiviral
response and contribute to the control of microbial and parasitic infections. In addition, this review
focuses on the double-edged role of AMPK in innate and adaptive immune responses to infection.
Understanding how AMPK regulates host defenses will enable development of more effective
host-directed therapeutic strategies against infectious diseases.

Keywords: AMPK; infection; mycobacteria; host defense

1. Introduction

5′-AMP-activated protein kinase (AMPK) is an intracellular serine/threonine kinase and a key
energy sensor that is activated under conditions of metabolic stress [1–3]. It governs a variety of
biological processes for the maintenance of energy homeostasis in response to metabolic stresses such
as adenosine triphosphate (ATP) depletion [2]. Due to its critical function in metabolic homeostasis,
much research has focused on the roles of AMPK in metabolic diseases and cancers [4–6]. However,
much less is known about the function of AMPK in infection [7]. Due to the energetic demands of
infected cells, most infections by intracellular pathogens are associated with activation of host AMPK,
presumably to promote microbial proliferation [8]. AMPK functions as a modulator of host defenses
against intracellular bacterial, viral, and parasitic infections [9–12]. Indeed, numerous viruses have the
ability to trigger metabolic changes, thereby modulating AMPK activity and substrate selection [13],
and AMPK signaling could facilitate or inhibit intracellular viral replication depending on the virus
infection [14].

This review focuses on the double-edged role of AMPK in the regulation of host antimicrobial
defenses in infections of viruses, bacteria, and parasites. In this review, we describe the existing
evidence for the defensive and inhibitory roles of AMPK and the mechanisms underlying its regulation
of innate and inflammatory responses. Finally, we describe AMPK-targeting agents that enhance host
defenses against infection or control harmful inflammation.

Int. J. Mol. Sci. 2018, 19, 3495; doi:10.3390/ijms19113495 www.mdpi.com/journal/ijms377
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2. Overview of AMPK

5′-AMP-activated protein kinase (AMPK), a serine/threonine kinase, is a key player in
bioenergetic homeostasis to preserve cellular ATP [1]. AMPK is activated in response to an increased
cellular adenosine monophosphate (AMP)/ATP or adenosine diphosphate (ADP)/ATP ratio, thus
promoting catabolic pathways and suppressing biosynthetic pathways [1–3]. Mammalian AMPK
exists as a heterotrimeric complex comprising a catalytic subunit α (α1 and α2), a scaffolding β subunit
(β1 and β2), and a regulatory γ subunit (γ1, γ2, and γ3) (Figure 1A) [15]. Multiple isoforms of AMPK
are encoded by distinct genes of the subunit isotypes, depending on the cell/tissue or species [16].
The AMPK subunit composition and ligand-induced activities of each AMPK isoform complex can
differ among cell types, although the α1, β1, and γ1 isoforms are ubiquitously expressed [16,17].

Figure 1. Domain structures of the 5′ AMP-activated protein kinase (AMPK) subunits and the
mechanisms that regulate activation of AMPK signaling pathways. (A) Conserved domain structure of
AMPK subunits consisting of a catalytic α subunit, scaffolding β subunit, and regulatory γ subunit.
AID, autoinhibitory domain; CBM, carbohydrate-binding module; CBS, cystathionine-beta-synthase;
CTD, C-terminal domain. (B) AMPK is activated by the upstream kinases LKB1, CAMKK2 and TAK1
associated with the canonical pathway (triggered by an increased cellular AMP/ATP ratio) or the
non-canonical pathway (triggered by an increased intracellular Ca2+ concentration or infection/TLR
activation). Activated AMPK modulates cellular homeostasis, such as energy metabolism and
autophagy, and mitochondrial homeostasis. (black arrow indicate activation/increase; bar-headed
red arrow indicates inhibition/decrease). CAMKK2, calcium/calmodulin-dependent kinase kinase 2;
LKB1, liver kinase B1; TAK1, Transforming growth factor-β-activated kinase 1; TLR, Toll-like receptor.
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The AMPK α subunit contains a kinase domain at the N terminus, which is activated by
phosphorylation of Thr-172 by the major upstream liver kinase B1 (LKB1) [18,19]. In contrast to LKB1,
the upstream Ca2+-calmodulin-dependent kinase kinase (CaMKK) activates AMPK in response to an
increased intracellular Ca2+ concentration in the absence of significant changes in ATP/ADP/AMP
levels [20]. The regulatory β subunit of AMPK contains a glycogen-binding domain that can sense
the structural state of glycogen [21]. Four consecutive cystathionine-β-synthase domains in the
regulatory γ subunit are essential for binding to adenosine nucleotides to form an active αβγ complex
(Figure 1B) [22,23].

Different AMPK isoforms may have distinct biological functions in different physiological and
pathological systems. AMPK governs the cellular energy status by acting as a crucial regulator of
energy homeostasis in response to various metabolic stresses, including starvation, hypoxia, and
muscle contraction. AMPK activity can be altered by numerous factors, including hormones, cytokines,
and nutrients, as well as diverse pathological changes such as metabolic disturbances [24,25]. Because
AMPK is important in the adaptation to energy stress, dysregulation of or decreased AMPK activation is
implicated in the development of metabolic disorders associated with insulin resistance [6]. In addition
to its primary role in the regulation of energy metabolism, AMPK signaling plays a critical role in
host–microbial interactions [7]. Furthermore, infections by several viruses result in dysregulation or
stimulation of AMPK activity [13]. In mycobacterial infections, AMPK activation promotes activation
of host defenses in macrophages and in vivo [12,26]. However, much less is known about the
function of AMPK in innate host defenses compared with that in the regulation of metabolism and its
mitochondrial function.

3. Multifaceted Role of AMPK in Antimicrobial Responses

Viruses have evolved strategies to manipulate the AMPK signaling pathway to escape host
defenses. Indeed, several pathogens can modulate the activity of AMPK/mTOR to obtain sufficient
energy for their growth and proliferation [8]. In this review, we discuss microbial manipulation of
AMPK activity to affect host defenses against infections. Figure 2 summarizes the multiple roles of
AMPK in the viral and bacterial infections addressed in this review. The detailed mechanisms and
outcomes of host–pathogen interactions in terms of AMPK modulation are described in Tables 1–4.
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Figure 2. Multifaceted roles of AMPK in viral and bacterial infections. A variety of viruses and bacteria
modulate host AMPK activity to promote their growth in host cells. Activation of the AMPK signaling
pathway has been implicated in both beneficial antiviral (left upper) and detrimental proviral (right

upper) responses. In addition, AMPK activation promotes the host response to infections by various
bacteria (left lower) but, in some cases, promotes a detrimental response (right lower). The detailed
mechanisms by which AMPK activation/inhibition affects infection outcomes are listed in Tables 1–4.

3.1. Roles of AMPK in Viral Infections

3.1.1. Beneficial Effects of AMPK on Virus Infections

Hepatitis C virus (HCV) is a major etiologic agent of chronic liver disease worldwide. HCV
infection inhibits AMPKα phosphorylation and signaling [27], and the AMPK agonist metformin
suppresses HCV replication in an autophagy-independent manner [28]. Moreover, HCV core protein
increases the levels of reactive oxygen species (ROS) and alters the NAD/NADH ratio to decrease
the activity and expression of sirtuin 1 (SIRT1) and AMPK, thereby altering the metabolic profile of
hepatocytes. This mechanism is implicated in the pathogenesis of hepatic metabolic diseases [29].
As AMPK is a crucial regulator of lipid and glucose metabolism, pharmacological restoration of
AMPK activity inhibits lipid accumulation and viral replication in HCV-infected cells [27]. In addition,
metformin enhances type I interferon (IFN) signaling by activating AMPK, resulting in inhibition of
HCV replication [30]. AMPK inhibition resulted in the downregulation of type I IFN signaling and
rescue of the metformin-mediated decrease in the HCV core protein level [30]. Moreover, the AMPK
activator 5-aminoimidazole-4-carboxamide 1-β-D-ribofuranoside (AICAR) inhibits HCV replication
by activating AMPK signaling, although the anti-HCV effect of metformin is independent of AMPK
activation [31]. In chronic HCV infection, the expression of Sucrose-non-fermenting protein kinase
1/AMP-activated protein kinase-related protein kinase (SNARK), an AMPK-related kinase, is increased
to promote transforming growth factor β signaling, which is critical for hepatic fibrogenesis [32].
A more recent study showed that HCV-mediated ROS production triggers AMPK activation to
attenuate lipid synthesis and promote fatty acid β-oxidation in HCV-infected cells [33]. These data
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suggest that HCV inhibits AMPK activation to promote its replication, and that the restoration of
AMPK activity may be an effective therapeutic modality for HCV infection that acts by metabolic
reprogramming or modulation of type I IFN production in host cells [27,28,30,33].

In hepatitis B viral (HBV) infection, AMPK can promote or inhibit viral replication.
The detrimental effects of AMPK are described in the following section. Xie et al. reported that
AMPK, which is activated by HBV-induced ROS accumulation, suppresses HBV replication [9].
Mechanistically, AMPK activation leads to HBV-mediated autophagic activation, which enhances
autolysosome-dependent degradation to restrict viral proliferation [9]. AMPK activity is also involved
in the defense against vesicular stomatitis virus, the causal agent of an influenza-like illness, by
activating stimulator of IFN genes (STING) [10]. Treatment of mouse macrophages or fibroblasts
with an AMPK inhibitor suppressed the production of type I IFN and TNF-α in response to a
STING-dependent ligand or agonist, suggesting a role for AMPK in STING signaling [10]. AMPK
plays a role in the excessive inflammatory cytokine/chemokine levels in Mint3/Apba3 depletion
models of severe pneumonia due to influenza virus [34]. Indeed, food-derived polyphenols, such as
epigallocatechin gallate and curcumin, are useful for controlling viral and bacterial infections [35].
Although a review of AMPK-modulating polyphenols is beyond our scope, we highlight the
therapeutic promise of polyphenols against infection. For example, curcumin from Curcuma longa
inhibits influenza A viral infection in vitro and in vivo, at least in part by activating AMPK [36].
The polyphenol epigallocatechin gallate attenuates Tat-induced human immunodeficiency virus
(HIV)-1 transactivation by activating AMPK [37]. Further studies should examine the ability of
food-derived polyphenols to activate AMPK signaling to control viral replication in host cells.

Human adenovirus type 36, which is associated with obesity, inhibits fatty acid oxidation and
AMPK activity and increases accumulation of lipid droplets in infected cells [38]. The AMPK signaling
pathway and its upstream regulator LKB1 repress replication of the bunyavirus Rift Valley Fever virus
(RVFV), a re-emerging human pathogen [39]. The mechanisms of the antiviral effects of AMPK on
RVFV and other viruses are mediated by AMPK inhibition of fatty acid synthesis [39]. Pharmacologic
activation of AMPK suppresses RVFV infection and reduces lipid levels by inhibiting fatty acid
biosynthesis [39]. In addition, the AMPK/Sirt1 activators resveratrol and quercetin significantly reduce
the viral titer and gene expression, as well as increase the viability of infected neurons, in herpes simplex
virus type 1 (HSV-1) infection [40]. Moreover, coxsackievirus B3 (CVB3) infection triggers AMPK
activation, which suppresses viral replication in HeLa and primary myocardial cells [41]. The AMPK
agonists AICAR and metformin suppress CVB3 replication and attenuate lipid accumulation by
inhibiting lipid biosynthesis [41]. Thus, regulation of fatty acid metabolism by AMPK signaling is an
essential component of cell autonomous immune responses [39].

Latent membrane protein 1 (LMP1) of Epstein-Barr virus (EBV) inactivates LKB1/AMPK,
whereas AMPK activation by AICAR abrogated LMP1-mediated proliferation and transformation of
nasopharyngeal epithelial cells, suggesting therapeutic potential for EBV-associated nasopharyngeal
carcinoma [42]. Moreover, constitutive activation of AMPK inhibited lytic replication of Kaposi’s
sarcoma-associated herpesvirus in primary human umbilical vein endothelial cells [43]. These
data suggest that AMPK suppresses cell transformation and infection-related tumorigenesis in a
context-dependent manner. The roles of AMPK in viral infection are listed in Table 1.

3.1.2. Detrimental Effects of AMPK on Virus Infections

Several viruses manipulate AMPK signaling to promote their replication. Genome-scale
RNA interference screening of host factors in rotaviral infection identified AMPK as a critical
factor in the initiation of a rotavirus-favorable environment [44]. In dengue viral infections, the
3-hydroxy-3-methylglutaryl-CoA reductase (HMGGR) activity elevated by AMPK inactivation resulted
in generation of a cholesterol-rich environment in the endoplasmic reticulum, which promoted
formation of viral replication complexes [45]. Also, dengue viral infection stimulates AMPK activation
to induce proviral lipophagy, thereby enhancing fatty acid β-oxidation and viral replication [46].

381



Int. J. Mol. Sci. 2018, 19, 3495

T
a

b
le

1
.

Be
ne

fic
ia

lE
ff

ec
ts

of
A

M
PK

in
vi

ra
li

nf
ec

ti
on

.

P
a
th

o
g

e
n

S
m

a
ll

M
o

le
cu

le
s/

C
h

e
m

ic
a
ls

A
g

o
n

is
t/

A
n

ta
g

o
n

is
t

In
v

o
lv

e
m

e
n

t
o

f
A

M
P

K
O

u
tc

o
m

e
(I

n
V

it
ro

/I
n

V
iv

o
)

R
e
f.

H
ep

at
it

is
C

vi
ru

s
(H

C
V

)

H
C

V
-

H
C

V
in

fe
ct

io
n

in
hi

bi
tA

M
PK

α
ph

os
ph

or
yl

at
io

n
an

d
A

kt
-T

SC
-m

TO
R

C
1

pa
th

w
ay

A
M

PK
in

hi
bi

ti
on

is
re

qu
ir

ed
fo

r
H

C
V

re
pl

ic
at

io
n

(i
n

vi
tr

o)
[2

7,
28

]

A
IC

A
R

,M
et

fo
rm

in
,A

76
96

62
A

go
ni

st
R

es
to

ra
ti

on
of

A
M

PK
α

ac
ti

vi
ty

A
nt

iv
ir

al
ef

fe
ct

s
(i

n
vi

tr
o)

[2
7,

28
]

M
et

fo
rm

in
A

go
ni

st
Ty

pe
Ii

nt
er

fe
ro

n
si

gn
al

in
g

th
ro

ug
h

A
M

PK
pa

th
w

ay
ac

ti
va

ti
on

In
hi

bi
ts

H
C

V
re

pl
ic

at
io

n
(i

n
vi

tr
o)

[3
0]

A
IC

A
R

A
go

ni
st

A
M

PK
ac

ti
va

ti
on

(I
nd

ir
ec

te
ff

ec
ts

co
un

te
ra

ct
ed

by
co

m
po

un
d

C
)

Su
pp

re
ss

io
n

of
H

C
V

re
pl

ic
at

io
n

(i
n

vi
tr

o)
[3

1]

H
ep

at
it

is
B

vi
ru

s
(H

BV
)

H
BV

-
R

O
S-

de
pe

nd
en

tA
M

PK
ac

tiv
at

io
n

in
H

BV
-p

ro
du

ci
ng

ce
lls

N
eg

at
iv

el
y

re
gu

la
te

s
H

BV
pr

od
uc

ti
on

[9
]

A
IC

A
R

co
ns

ti
tu

ti
ve

ac
ti

ve
A

M
PK

α
A

go
ni

st
A

M
PK

ac
ti

va
ti

on
,a

ut
op

ha
gi

c
flu

x
ac

ti
va

ti
on

In
hi

bi
ts

H
BV

pr
od

uc
ti

on
(i

n
vi

tr
o)

[9
]

C
om

po
un

d
C

do
m

in
an

t-
ne

ga
ti

ve
A

M
PK

α
A

nt
ag

on
is

t
A

M
PK

in
hi

bi
ti

on
En

ha
nc

es
H

BV
pr

od
uc

tio
n

(i
n

vi
tr

o
an

d
in

vi
vo

)
[9

]

Ve
si

cu
la

r
st

om
at

it
is

vi
ru

s
(V

SV
)

A
IC

A
R

A
go

ni
st

ST
IN

G
-d

ep
en

de
nt

si
gn

al
in

g
ac

ti
va

ti
on

Ty
pe

II
FN

pr
od

uc
ti

on
an

d
an

ti
vi

ra
l

re
sp

on
se

s
(i

n
vi

tr
o)

[1
0]

C
om

po
un

d
C

A
nt

ag
on

is
t

In
hi

bi
ti

on
of

ST
IN

G
-d

ep
en

de
nt

si
gn

al
in

g
Su

pp
re

ss
io

n
of

IF
N

-β
pr

od
uc

ti
on

(i
n

vi
tr

o)
[1

0]

In
flu

en
za

vi
ru

s

M
in

t3
de

pl
et

io
n

-
A

M
PK

ac
ti

va
ti

on
A

tt
en

ua
te

s
se

ve
re

pn
eu

m
on

ia
by

in
flu

en
za

in
fe

ct
io

n
(i

n
vi

vo
)

[3
4]

A
IC

A
R

A
go

ni
st

A
M

PK
ac

ti
va

ti
on

in
M

in
t3

de
pl

et
io

n
m

od
el

D
ec

re
as

es
in

fla
m

m
at

or
y

cy
to

ki
ne

pr
od

uc
ti

on
in

M
in

t3
-d

efi
ci

en
t

m
ac

ro
ph

ag
es

(i
n

vi
tr

o)
[3

4]

C
ur

cu
m

in
A

ct
iv

at
or

A
M

PK
ac

ti
va

ti
on

In
hi

bi
ts

in
flu

en
za

A
vi

ru
s

in
fe

ct
io

n
(i

n
vi

tr
o

an
d

in
vi

vo
)

[3
6]

H
um

an
im

m
un

od
efi

ci
en

cy
vi

ru
s-

1
Ep

ig
al

lo
ca

te
ch

in
ga

lla
te

A
ct

iv
at

or
A

M
PK

ac
ti

va
ti

on
A

tt
en

ua
ti

on
of

Ta
t-

in
du

ce
d

hu
m

an
im

m
un

od
efi

ci
en

cy
vi

ru
s

1
(H

IV
-1

)
tr

an
sa

ct
iv

at
io

n
[3

7]

H
um

an
ad

en
ov

ir
us

A
de

no
vi

ru
s

-
In

hi
bi

tA
M

PK
ac

ti
vi

ty
/s

ig
na

lin
g

V
ir

us
in

du
ce

s
lip

id
dr

op
le

ts
,

pr
es

um
ab

ly
as

so
ci

at
ed

w
it

h
ob

es
it

y
(i

n
vi

tr
o)

[3
8]

R
if

tV
al

le
y

Fe
ve

r
V

ir
us

(R
V

FV
)

A
76

96
62

,2
-d

eo
xy

-D
-g

lu
co

se
(2

-D
G

)
A

go
ni

st
LK

B1
/A

M
PK

si
gn

al
in

g
ac

tiv
at

io
n;

In
hi

bi
tio

n
of

fa
tt

y
ac

id
sy

nt
he

si
s

R
es

tr
ic

ti
on

of
vi

ra
li

nf
ec

ti
on

(i
n

vi
tr

o)
[3

9]

H
er

pe
s

si
m

pl
ex

vi
ru

s
ty

pe
1

(H
SV

-1
)

A
IC

A
R

,R
es

ve
ra

tr
ol

,Q
ue

rc
et

in
A

ct
iv

at
or

/a
go

ni
st

A
M

PK
/S

ir
t1

ac
ti

va
ti

on
R

ed
uc

es
vi

ra
lt

it
er

an
d

th
e

ex
pr

es
si

on
of

vi
ra

lg
en

es
(i

n
vi

tr
o)

[4
0]

382



Int. J. Mol. Sci. 2018, 19, 3495

T
a

b
le

1
.

C
on

t.

P
a
th

o
g

e
n

S
m

a
ll

M
o

le
cu

le
s/

C
h

e
m

ic
a
ls

A
g

o
n

is
t/

A
n

ta
g

o
n

is
t

In
v

o
lv

e
m

e
n

t
o

f
A

M
P

K
O

u
tc

o
m

e
(I

n
V

it
ro

/I
n

V
iv

o
)

R
e
f.

C
ox

sa
ck

ie
vi

ru
s

B3
(C

V
B3

)

-
-

A
M

PK
ac

ti
va

ti
on

by
C

V
B3

R
es

tr
ic

tio
n

of
vi

ra
lr

ep
lic

at
io

n;
re

ve
rs

ed
by

si
R

N
A

ag
ai

ns
tA

M
PK

[4
1]

A
IC

A
R

,A
76

96
62

,M
et

fo
rm

in
A

go
ni

st
A

M
PK

ac
ti

va
ti

on
R

es
tr

ic
ti

on
of

vi
ra

lr
ep

lic
at

io
n;

im
pr

ov
e

th
e

su
rv

iv
al

ra
te

of
in

fe
ct

ed
m

ic
e

(i
n

vi
tr

o
an

d
in

vi
vo

)
[4

1]

Ep
st

ei
n-

Ba
rr

vi
ru

s
(E

BV
)

LM
P1

of
EB

V
-

LK
B1

-A
M

PK
in

ac
ti

va
ti

on

A
M

PK
in

ac
ti

va
ti

on
le

ad
s

to
pr

ol
if

er
at

io
n

an
d

tr
an

sf
or

m
at

io
n

of
ep

it
he

lia
lc

el
ls

as
so

ci
at

ed
w

it
h

EB
V

in
fe

ct
io

n
(i

n
vi

tr
o)

[4
2]

A
IC

A
R

A
go

ni
st

A
M

PK
ac

ti
va

ti
on

In
hi

bi
ti

on
of

pr
ol

if
er

at
io

n
of

na
so

ph
ar

yn
ge

al
ep

it
he

lia
lc

el
ls

(i
n

vi
tr

o)
[4

2]

K
ap

os
i’s

sa
rc

om
a-

as
so

ci
at

ed
he

rp
es

vi
ru

s
(K

SH
V

)

A
IC

A
R

,M
et

fo
rm

in
,C

on
st

it
ut

iv
e

ac
ti

ve
A

M
PK

A
go

ni
st

A
M

PK
as

a
K

SH
V

re
st

ri
ct

io
n

fa
ct

or
In

hi
bi

ts
th

e
ex

pr
es

si
on

of
vi

ra
ll

yt
ic

ge
ne

s
an

d
vi

ri
on

pr
od

uc
ti

on
(i

n
vi

tr
o)

[4
3]

C
om

po
un

d
C

,K
no

ck
do

w
n

of
A

M
PK

α
1

A
nt

ag
on

is
t

A
M

PK
in

hi
bi

ti
on

En
ha

nc
es

vi
ra

ll
yt

ic
ge

ne
ex

pr
es

si
on

an
d

vi
ri

on
pr

od
uc

ti
on

(i
n

vi
tr

o)
[4

3]

383



Int. J. Mol. Sci. 2018, 19, 3495

In HBV infection, the HBV X protein activates AMPK, and inhibition of AMPK reduces HBV
replication in rat primary hepatocytes [47]. Inhibition of AMPK led to activation of mTORC1,
which is required for inhibition of HBV replication in the presence of low AMPK activity [47].
The crosstalk between AMPK and mTORC1 may enable development of therapeutics that suppress
HBV replication and thus also hepatocellular carcinoma (HCC) development [47]. However, as
described in Section 3.1.1, AMPK activation by AICAR inhibits extracellular HBV production in
HepG2 cells [9]. The discrepancy may be attributed to the use of different cell lines in the two
studies [9,47]. Further work should address the role of AMPK in HBV infection in vitro and in vivo.
In infection by Zaire Ebolavirus (EBOV), the expression levels of the γ2 subunit of AMPK are correlated
with EBOV transduction in host cells. In mouse embryonic fibroblasts treated with a small-molecule
inhibitor of AMPK (compound C), it was shown that AMPK activity is required for EBOV replication
in host cells and EBOV glycoprotein-mediated entry/uptake [48]. In addition, Avian reoviral infection
upregulates AMPK phosphorylation, which leads to activation of mitogen-activated protein kinase
(MAPK) p38 in Vero cells, which enhances viral replication [49]. The nonstructural protein p17 of avian
reovirus positively regulates AMPK activity, inducing autophagy and increasing viral replication [50].

In HSV-1 infection, the activated AMPK/Sirt1 axis inhibits host-cell apoptosis during early-stage
infection, which promotes viral latency and protects neurons [51]. However, during the later stages of
infection, HSV-1 induces apoptosis of host cells concomitantly with Sirt1 activation [51]. In HIV-infected
cocaine abusers, AMPK signaling plays a role in energy deficit and neuronal dysfunction, which are
associated with the development of neuroAIDS [52]. These data suggest that differential regulation of
AMPK signaling is a determinant of the viral infection course.

Using a kinome-profiling approach, AMPK and related kinases were found to be effectors of
human cytomegalovirus (HCMV) replication [53,54]. HCMV infection induces AMPK and CaMKK2
(upstream activator of AMPK)-dependent remodeling of core metabolism, both of which are required
for optimal yield and replication of HCMV [53,54]. Notably, inhibition of AMPK activity by
short-interfering RNA-mediated AMPK knockdown or an AMPK antagonist (compound C) prevents
viral gene expression, providing valuable insight into the mechanisms of HCMV infection [53].
In addition, the AMPK activation-dependent modulation by HCMV of host-cell metabolism is
associated with HCMV replication [55]. HCMV-mediated AMPK activation is dependent on CaMKK,
and inhibition of AMPK activity abrogated HCMV replication and DNA synthesis [55]. Furthermore,
the cardiac glycoside digitoxin induces phosphorylation of AMPK/ULK1, whereas it suppresses mTOR
activity to increase autophagic flux and inhibit HCMV replication [56]. Moreover, HCMV induces
production of the host protein viperin [57], which is required for AMPK activation, transcriptional
activation of GLUT4 and lipogenic enzymes, and lipid synthesis [58]. The enhanced lipid synthesis
promotes formation of the viral envelope and production of HCMV virions [58].

In infection, host-cell autophagy plays an important role in host defense and virus survival.
Several viruses can manipulate or subvert the autophagic machinery to favor viral replication.
For example, respiratory syncytial virus activates autophagy via the AMPK/mTOR signaling pathway
to enhance its replication by inhibiting host-cell apoptosis [59]. Bluetongue virus, a double-stranded
segmented RNA virus, also induces host-cell autophagy by activating AMPK [60]. Moreover, AMPK
is an upstream regulator of rabies virus-induced incomplete autophagy to provide the scaffolds for
viral replication [61]. In Sendai viral infection, AMPK activity is required for autophagic initiation
to promote viral replication [62]. In oncogenic EBV infection, the increased cell survival caused by
AMPK-mediated autophagic activation maintains early hyperproliferation of infected cells [63]. These
data suggest AMPK activity to be a therapeutic target for the development of novel antiviral agents.

Importantly, type I IFN, a critical effector in the antiviral response, attenuates AMPK
phosphorylation and increases the intracellular ATP level [64]. In addition, IFN-β-mediated glycolytic
metabolism is important for the acute phase of the antiviral response to CVB3 [64]. The antiviral
cytokine IFN-β regulates host-cell metabolism to enhance glucose uptake and ATP generation, which
promote the antiviral response [64]. In infection by snakehead vesiculovirus, miR-214 targeting AMPK

384



Int. J. Mol. Sci. 2018, 19, 3495

suppressed viral replication and upregulated IFN-α expression [65]. Thus, regulation of AMPK activity
by the host–pathogen interaction mediates diverse metabolic effects, which modulate viral replication
and the host defense response. The beneficial and detrimental effects of AMPK on viral infections are
summarized in Tables 1 and 2, respectively.

3.2. Bacterial Infections and AMPK Activation

Intracellular pathogens manipulate the AMPK signaling pathway to alter their metabolic
environment to favor bacterial survival or pathogenesis. Mitochondrial dysfunction triggers AMPK
signaling, thus enhancing the proliferation of Legionella pneumophila, a respiratory pathogen, in
Dictyostelium cells [66]. Inhibition of AMPK activation reversed the increased Legionella proliferation
in host cells with mitochondrial disease [66]. However, the AMPK activator metformin triggers
mitochondrial ROS generation and activates the AMPK signaling pathway to enhance the host
response to L. pneumophila in macrophages and promote survival in a murine model of L. pneumophila
pneumonia [67]. Thus, the role of AMPK activation in bacterial infections differs depending on the
host species.

Salmonella typhimurium degrades SIRT1/AMPK to evade host xenophagy [68]. In addition,
cytosolic Salmonella is ubiquitinated and targeted for xenophagy by AMPK activation [69,70]. AMPK
activation by AICAR induces autophagy and colocalization of Salmonella-containing vacuoles with
LC3 autophagosomes [68], whereas inhibition of AMPK by compound C increases bacterial replication
by suppressing autophagy [69]. In Salmonella-infected cells, AMPK activation is mediated through
toll-like receptor-activated TGF-β-activated kinase 1 (TAK1) [69] which is a direct upstream kinase of
AMPK in addition to LKB1 and CaMKK2 [71]. In Brucella abortus infection, AMPK activation enhances
intracellular growth of B. abortus by inhibiting nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase-mediated ROS generation [72]. In models of Escherichia coli sepsis, ATP-induced pyroptosis is
blocked by piperine, a phytochemical present in black pepper (Piper nigrum Linn) [73]. The inhibitory
effects of piperine on pyroptosis and systemic inflammation are mediated by regulation of the AMPK
signaling pathway, as shown by suppression of ATP-mediated AMPK activation by piperine treatment
in vitro and in vivo [73]. These data suggest that AMPK plays multiple roles in bacterial infections.

AMPK activation promotes host defenses against infections by several microbes. Transcriptomic
and proteomic analyses of a Caenorhabditis elegans model indicated that AMPKs function as regulators
and mediators of the immune response to infection by, for example, Bacillus thuringiensis [74]. Several
small-molecule AMPK activators exert protective effects against Helicobacter pylori-induced apoptosis
of gastric epithelial cells [70,75]. The AMPK agonists A-769662 and resveratrol, as well as AMPKα

overexpression, inhibit apoptosis in H. pylori-infected gastric epithelial cells [76]. The AMPK activator
compound 13 ameliorates H. pylori-induced apoptosis of gastric epithelial cells by modulating ROS
levels via the AMPK-heme oxygenase-1 axis [76]. Blockade of AMPK signaling significantly abrogates
the protective effect of compound 13 against H. pylori within gastric epithelial cells [76].

Metformin and AICAR repress infection by Pseudomonas aeruginosa, an important opportunistic
pathogen, of airway epithelial cells by inhibiting bacterial growth and increasing transepithelial
electrical resistance [77]. AMPKα1 depletion increased the susceptibility to Staphylococcus aureus
endophthalmitis in mice [78], suggesting a protective role for AMPK in bacterial retinal inflammation.
Moreover, AMPK activation by AICAR enhances its anti-inflammatory effects, phagocytosis, and
bactericidal activity against S. aureus infection of various phagocytic cells including microglia,
macrophages, and neutrophils [78]. Epigallocatechin gallate, a polyphenol in green tea, inhibits the
viability of Propionibacterium acnes, a pathogen associated with acne, and exerted an antilipogenic effect
in SEB-1 sebocytes by activating the AMPK/sterol regulatory element-binding protein pathway [35].
Moreover, Acinetobacter baumannii, an emerging opportunistic pathogen, activates autophagy via the
AMPK/ERK/mTOR pathway to promote an antimicrobial response to intracellular A. baumannii [79].
The roles of AMPK in bacterial infection are summarized in Table 3.
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3.3. Roles of AMPK in Mycobacterial Infection

The seminal study by Singhal et al. addressed the effect of metformin as an adjunctive therapy for
tuberculosis. Importantly, metformin suppressed the intracellular growth of Mycobacterium tuberculosis
(Mtb) in vitro, including drug-resistant strains, by activating the AMPK signaling pathway [80].
In vivo, metformin attenuated the immunopathology and enhanced the immune response and showed
a synergistic effect with conventional anti-TB drugs in Mtb-infected mice [80]. The microbicidal
effect of metformin in macrophages is due, at least in part, to mitochondrial ROS generation, which
is associated with AMPK signaling [80]. Type 2 diabetes mellitus (DM) is re-emerging as a risk
factor for human tuberculosis, thus candidate host directed therapeutic targets for tuberculosis
combined with DM should be identified [85]. Human cohort studies showed that metformin
treatment for DM is associated with a decreased prevalence of latent tuberculosis compared with
alternative DM treatments, suggesting metformin to be a candidate HDT for tuberculosis patients with
type 2 DM [80,85]. Indeed, Mtb infection inhibits AMPK phosphorylation but increases mTOR
kinase activation in macrophages [12]. The AMPK activator AICAR via autophagic activation
enhances phagosomal maturation and antimicrobial responses in macrophages in Mtb infection [12].
In human monocytes/macrophages, vitamin D-mediated antimicrobial responses are mediated by
the antimicrobial peptide LL-37 via AMPK activation [81]. In addition, LL-37-induced autophagy
by phenylbutyrate, alone or in combination with vitamin D, promotes intracellular killing of Mtb in
human macrophages via AMPK- and PtdIns3K-dependent pathways [82]. Recent findings revealed
the role of gamma-aminobutyric acid (GABA) in AMPK activation to enhance the autophagy and the
antimicrobial responses [83]. Silencing of AMPK by a lentiviral short hairpin RNA (shRNA) specific to
AMPK reduces GABA-induced autophagic activation as well as phagosomal maturation during Mtb
infection [83].

MicroRNAs are small non-coding RNAs involved in the regulation of diverse physiological and
pathological processes, including Mtb infection. Mycobacterial infection of macrophages upregulates
miR-33 and miR-33*, which target and suppress AMPKα [86]. Interestingly, miR-33/miR-33*
regulates autophagy by suppressing AMPK-dependent activation of the transcription of autophagy-
and lysosome-related genes and promoting accumulation of lipid bodies in Mtb infection [86].
Mtb infection increases the expression of MIR144*/has-miR-144-5p, which targets DNA damage
regulated autophagy modulator 2 (DRAM2), to inhibit the antimicrobial responses to Mtb infection
in human monocytes/macrophages. In contrast, autophagic activators enhance production of the
autophagy-related protein DRAM2 by activating the AMPK signaling pathway; this contributes to
host defenses against Mtb in human macrophages [87].

Although AMPK may play a protective role in tuberculosis, it has also been reported to exert
an immunopathological effect by driving the secretion of neutrophil matrix metalloproteinase-8
(MMP-8), resulting in matrix destruction and cavitation, which enhance the spread of Mtb [84].
Neutrophil-derived MMP-8 secretion is upregulated in Mtb infection and neutrophils from
AMPK-deficient patients express lower levels of MMP-8, suggesting a key role for MMP-8 in
tuberculosis immunopathology [84]. Because the pathogenesis of tuberculosis is complex, further
information on the function of AMPK in the immune response to Mtb infection is needed for
development of improved therapeutic strategies [88]. The roles of AMPK in mycobacterial infection
are listed in Table 3.

3.4. Roles of AMPK in Parasite Infections

The immune response to parasitic helminths involves M2-type cells, CD4(+) Th2 cells, and
group 2 innate lymphoid cells. AMPK activation regulates type 2 immune responses and ameliorates
lung injury in response to hookworm infections [89]. Mice deficient in AMPK α1 subunit exhibited
impaired type 2 responses, an increased intestinal worm burden, and exacerbated lung injury [89].
In Leishmania-infected macrophages, Leishmania infantum causes a metabolic switch to enhance
oxidative phosphorylation by activating LKB1/AMPK and SIRT1 [90]. Impairment of metabolic
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reprogramming by SIRT1 or AMPK suppresses intracellular growth of the parasite, suggesting a role
for AMPK/SIRT1 in intracellular proliferation of L. infantum [90]. In Schistosoma japonicum egg antigen
(SEA)-mediated autophagy, which is modulated by IL-7 and the AMPK signaling pathway, ameliorate
liver pathology, suggesting AMPK to be a therapeutic target factor for schistosomiasis [91].

Notably, host AMPK activity is decreased by hepatic Plasmodium infection. Activation of the
AMPK signaling pathway by AMPK agonists, including salicylate, suppresses the intracellular
replication of malaria parasites, including that of the human pathogen Plasmodium falciparum [92]. These
data suggest that host AMPK signaling is a therapeutic target for hepatic Plasmodium infection [92].
In addition, resveratrol protects cardiac function and reduces lipid peroxidation and trypanosomal
burden in the heart by activating AMPK, suggesting a role for AMPK in Chagas heart disease [93].
The roles of AMPK in parasitic infections are listed in Table 4.

Table 4. The role of AMPK in parasitic infection.

Pathogen
Small

Molecules/Chemicals
Agonist/Antagonist

Involvement of AMPK
(Direct/Indirect)

Outcome (In
Vitro/In Vivo)

Ref.

Hookworm
Nippostrongylus

brasiliensis
-

AMPKα1 deficiency
inhibit IL-13 and CCL17,
and defective type 2
immune resistance
(Direct effects using by
AMPKα1 knockout
mice)

AMPKα1 suppresses
lung injury and
drives M2
polarization during
infection

[89]

L. infantum - -

Infection leads to a
metabolic switch to
activate AMPK through
the SIRT1-LKB1 axis
(Direct effects using by
AMPKα1 knockout
mice)

Ablation of AMPK
promotes parasite
clearance in vitro
and in vivo

[90]

S. japonicum

Infection-driven
IL-7-IL-7R signaling
inhibits autophagy;
IL-7 inhibits macrophage
autophagy via AMPK

Anti-autophagic IL-7
increases liver
pathology (in vivo) [91]

Metformin Agonist

Decreases the
autophagosome
formation in
macrophages

in vitro

Compound C
siAMPKα

Antagonist

Increases
autophagosome
formation in
macrophages (Direct
effects by siAMPKα)

in vitro

P. falciparum - -
AMPK activity is
suppressed upon
infection

Decreases
Plasmodium hepatic
growth [92]

Salicylate Metformin
A769662 Agonist

AMPK activation
impairs the intracellular
replication of malaria

Antimalarial
interventions
(in vitro and in vivo)

Trypanosoma cruzi Resveratrol,
Metformin Agonist

AMPK activation
reduces heart oxidative
stress (Indirect effects)

Reduces heart
parasite burden;
Protects heart
function in Chagas
heart disease
(in vivo)

[93]

3.5. AMPK in Fungal Infection

A recent phosphoproteomic analysis of Cryptococcus neoformans (Cn) infection showed that
AMPK activation is triggered by fungal phagocytosis and is required for autophagic induction.
Interestingly, AMPK depletion in monocytes promoted host resistance to fungal infection in mouse
models, suggesting that AMPK represses the immune response to Cryptococcus infection [94].
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4. Roles of AMPK in Innate and Adaptive Immune Responses

The roles of AMPK in modulation of the mitochondrial network and energy metabolism, which
are associated with the immune response, have been investigated [95]. Here, we briefly review recent
data on AMPK regulation of innate and adaptive immune responses in infection and inflammation.
Figure 3 summarizes the regulatory roles and mechanisms of a variety of small-molecule AMPK
activators in terms of innate immune and inflammatory responses.

The data must be interpreted cautiously, as the small-molecule activators (e.g., AICAR, metformin,
and compound C) function via off-target mechanisms, such as AMPK-independent pathways or
inhibition of protein kinases other than AMPK [31,96,97]. The beneficial effects of these compounds
remain to be fully determined. Thus, selective compounds such as MK-8722 [98] and SC4 [99]
and the selective inhibitor SBI-0206965 [100] should be considered for future AMPK-targeted
treatment strategies.

Figure 3. Regulatory effects and underlying mechanisms of small-molecule AMPK activators on the
innate immune and inflammatory responses. (red upward arrows indicate activation/increase and
blue downward arrows indicate inhibition/decrease)

4.1. Role of AMPK in Regulation of the Innate Immune Response

AMPK is involved in regulation of the innate immune response. For example, the innate-immune
stimulator toll-like receptor (TLR) 9 inhibits energy substrates (intracellular ATP levels) and activates
AMPK, which enhances stress tolerance in cardiomyocytes and neurons, while stimulation by the TLR9
ligand induces inflammation [101]. The AMPK activator AICAR suppresses the lung inflammation
induced by lipoteichoic acid, a major component of the cell wall of Gram-positive bacteria [102].
Natural killer (NK) cells are crucial in the innate immune response to viral infections and transformed
cells. Activation of the AMPK signaling pathway or inhibition of mTOR is associated with enhanced
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mitophagy and an increased number of memory NK cells in antiviral responses [103]. In contrast,
increased expression of the inhibitory killer cell lectin-like receptor G1 in aged humans is related to
AMPK activation, which has been implicated in disruption of NK cell function [104]. In addition,
AMPK activation contributes to CD1d-mediated activation of NK T cells, an important cell type in the
innate immune response [105]. The findings above suggest that AMPK plays a pleiotropic role in the
regulation of the innate immune response depending on the stimulus and cell type in question.

4.2. AMPK Regulation of Local and Systemic Inflammation

AMPK activators enhance neutrophil chemotaxis, phagocytosis, and bacterial killing to protect
against peritonitis-induced sepsis [106]. Indeed, AMPK activators including metformin inhibit
injurious inflammatory responses, including neutrophil proinflammatory responses and injury
to multiple organs such as the lung, liver, and kidney [107–109]. Pharmacologic activation of
AMPK by metformin, berberine, or AICAR dampens excessive TLR4/NF-κB signaling, M2-type
macrophage polarization, and the production of proinflammatory mediators in vitro and in models
of sepsis [110–115]. The anti-inflammatory effect of metformin in mice with lipopolysachharide
(LPS)-induced septic shock and in ob/ob mice is mediated at least in part by AMPK activation [116].
In septic mice, AMPK activation by AICAR or metformin reduces the severity of sepsis-induced
lung injury, enhances AMPK phosphorylation in the brain, and attenuates the inflammatory
response [117,118].

Treatment with trimetazidine protects against LPS-induced myocardial dysfunction, exerts an
anti-apoptotic effect, and attenuates the inflammatory response due to its effect on the SIRT1/AMPK
pathway [119]. Moreover, the flavonoid naringenin dampens inflammation in vitro and protects
against murine endotoxemia in vivo; these effects are mediated by AMPK/ATF3-dependent inhibition
of the TLR4 signaling pathway [120]. In severe acute HBV infection, halofuginone, a plant
alkaloid, inhibits viral replication by activating AMPK-mediated anti-inflammatory responses [121].
AMPK activation also enhances the phagocytic capacities of neutrophils and macrophages [122].
Transient receptor potential melastatin 2, an oxidant sensor cation channel, promotes extracellular
trap formation by neutrophils via the AMPK/p38 MAPK pathway, enhancing their antimicrobial
activity [123]. AMPK activation not only modulates the acute inflammatory response but also promotes
neutrophil-dependent bacterial uptake and killing [106].

In perinatal hypoxic–ischemic encephalopathy, prolonged activation of AMPK signaling
suppresses the response to oxygen/glucose deprivation and promotes neonatal hypoxic–ischemic
injury [124]. Although AMPK inhibition increases neuronal survival, blockade of AMPK prior to
oxygen/glucose deprivation increases cell damage and death [124]. Therefore, the clinical implications
of AMPK activation are complex, and further preclinical and clinical data are needed to enable
therapeutic use of AMPK activators in patients with acute or chronic inflammation.

4.3. Role of AMPK in Inflammasome Activation

AMPK is implicated in modulation of NLRP3 inflammasome activation. The bactericidal activity
of the isoquinoline alkaloid berberine exerts a bactericidal effect by augmenting inflammasome
activation via AMPK signaling [125]. However, metformin increases mortality of mice with bacteremia,
likely via an AMPK-mediated increase in ATP-induced inflammasome activation and pyroptosis [126].

AMPK is implicated in the inhibition of palmitate-induced inflammasome activation [127].
The AMPK activator AICAR inhibits palmitate-induced activation of the NLRP3 inflammasome
and IL-1β secretion by suppressing ROS generation [127]. In addition, NLRP3 inflammasome
activation and production of IL-1β are upregulated in the peripheral mononuclear cells of drug-naïve
type-2 diabetic patients, suggesting a role of the inflammasome in the pathogenesis of type-2
diabetes [128]. Interestingly, AMPK activation is responsible for the significantly reduced mature
IL-1β level in peripheral myeloid cells from type-2 diabetic patients after two months of metformin
therapy [128]. In a model of hyperalgesia, which is associated with NLRP3 inflammasome
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activation, metformin attenuated the clinical symptoms and improved the biochemical parameters,
whereas blockade of AMPK activation by compound C provoked hyperalgesia and increased the
levels of IL-1β and IL-18 [129]. Furthermore, pharmacological activation of AMPK inhibits the
monosodium urate (MSU) crystal-induced inflammatory response, suggesting a role for AMPK
in gouty inflammation. Moreover, colchicine, an inhibitor of microtubule assembly used to treat
gouty arthritis, enhances AMPKα-mediated phosphorylation, thereby inhibiting inflammasome
activation and IL-1β release [130]. Further studies on the efficacy of AMPK activators against
inflammasome-associated diseases are thus warranted.

4.4. Role of AMPK in the Regulation of the Adaptive Immune Responses

AMPKα1 is a key regulator of the adaptive immune response, particularly T helper (Th1) 1 and
Th17 cell differentiation and the T-cell responses to viral and bacterial infections [131]. In addition,
in models of simian immunodeficiency viral infection, AMPK activation is associated with the
virus-specific CD8(+) cytotoxic T-lymphocyte population and control of Simian Immunodeficiency
Virus (SIV) [132]. The mechanism(s) by which AMPK signaling activates innate and adaptive immune
responses and controls excessive inflammation must be determined if the potential of AMPK-targeted
therapy is to be realized.

5. Conclusions

Although much research has focused on the role of AMPK in the regulation of mitochondrial
and metabolic homeostasis, several issues remain to be addressed. Further work should focus on the
mechanism(s) by which AMPK modulates host defenses against infections in vivo. Several pathogens
modulate the host metabolic environment to promote their survival and replication. Because of its
role in regulating mitochondrial metabolism, dynamics, and biogenesis, AMPK signaling can provide
energy to the pathogen and/or host, benefitting either. Stimulation of AMPK activity enhances host
defenses against diverse viruses, bacteria, and parasites, notably Mtb. Moreover, AMPK links the
innate and adaptive immune responses to infection. However, the molecular mechanisms underlying
AMPK regulation of innate and adaptive immunity are unclear. AMPK-targeted small molecules
have potential as antimicrobial agents as well as metabolic drugs. Further work is needed to enable
development of therapeutics that target AMPK to control inflammation and promote host defenses
against infection. This work should focus on elucidating the mechanisms by which AMPK and/or
AMPK-targeting compounds modulate host defenses against infection.
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ADP Adenosine diphosphate
AICAR 5-aminoimidazole-4-carboxamide 1-β-D-ribofuanoside
AMP Adenosine monophosphate
AMPK 5′-AMP-activated protein kinase
ATF3 Activating transcription factor 3
ATP Adenosine triphosphate
CaMKK Ca2+/calmodulin-dependent protein kinase kinases
CCL17 Chemokine ligand 17
CVB3 Coxsackie virus B3
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DM Diabetes mellitus
EBOV Zaire Ebolavirus
EBV Epstein-Barr Virus
GABA Gamma-aminobutyric acid
HBV Hepatitis B virus
HCC Hepatocellular carcinoma
HCMV Human cytomegalovirus
HCV Hepatitis C virus
HIV Human immunodeficiency virus
HMGCR 3-hydroxy-3-methylglutaryl-CoA reductase
HSV-1 Herpex Simplex Virus Type 1
IFN Interferons
IL-17 Interleukin-17
IL-1β Interleukin-1β
IL-37 Interleukin-37
IL-7 Interleukin-7
KSHV Kaposi’s sarcoma-associated herpesvirus
LKB1 Liver kinase B1
LMP1 Latent membrane protein 1
MAPK Mitogen-activated protein kinase
MMP-8 Matrix metalloproteinase-8
mTOR Mammalian target of rapamycin
mTORC1 Mammalian target of rapamycin complex 1
NADPH Nicotinamide adenine dinucleotide phosphate
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
PPARGC1A Peroxisome proliferator-activated receptor-gamma, coactivator 1α
ROS Reactive oxygen species
RVFV Rift Valley Fever Virus
SIRT1 Sirtuin 1
SIV Simian immunodeficiency virus
SNARK Sucrose-non-fermenting protein kinase 1/AMP-activated protein kinase-related protein kinase
STING Stimulator of IFN genes
TAK1 Transforming growth factor (TGF)-β-activated kinase 1
TLR Toll-like receptor
TSC Tuberous sclerosis complex
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Abstract: AMP-activated protein kinase AMPK regulates cellular energy by controlling metabolism
through the inhibition of anabolic pathways and the simultaneous stimulation of catabolic pathways.
Given its central regulator role in cell metabolism, AMPK activity and its regulation have been the
focus of relevant investigations, although only a few studies have focused on the AMPK function in
the control of spermatozoa’s ability to fertilize. This review summarizes the known cellular roles of
AMPK that have been identified in mammalian spermatozoa. The involvement of AMPK activity is
described in terms of the main physiological functions of mature spermatozoa, particularly in the
regulation of suitable sperm motility adapted to the fluctuating extracellular medium, maintenance
of the integrity of sperm membranes, and the mitochondrial membrane potential. In addition,
the intracellular signaling pathways leading to AMPK activation in mammalian spermatozoa are
reviewed. We also discuss the role of AMPK in assisted reproduction techniques, particularly during
semen cryopreservation and preservation (at 17 ◦C). Finally, we reinforce the idea of AMPK as a key
signaling kinase in spermatozoa that acts as an essential linker/bridge between metabolism energy
and sperm’s ability to fertilize.

Keywords: AMP-activated protein kinase (AMPK); spermatozoa; motility; mitochondria; membranes;
signaling; stress; assisted reproduction techniques

1. Introduction

The AMP-activated protein kinase (AMPK) acts as a sensor molecule of cellular energy charge
that maintains energy homeostasis at both the whole-body and cellular levels [1,2] by controlling key
anabolic and catabolic pathways under different energy or stressful conditions. Thus, AMPK can
be activated by physiological conditions, mediated by metabolic hormones, by different cell stress
conditions, and also by pharmacological molecules [1,2]. This kinase is highly conserved in eukaryotic
species and is ubiquitously expressed. Structurally, AMPK is a heterotrimeric protein including an
alpha (α) catalytic subunit, a scaffolding beta (β), and regulatory gamma (γ) subunits, which are
encoded by seven genes, allowing the formation of different heterotrimer combinations of α, β, and γ

isoforms of AMPK (Figure 1).
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Figure 1. Structure of AMP-activated kinase (AMPK). AMPK is a heterotrimeric protein with
3 differents subunits: catalytic α (blue), scaffolding β (green) and regulatory γ (yelow), each one can be
expressed as different isoforms, enabling distinct heterotrimeric combinations of AMPK. Regulatory
subunit γ controls the activity of the α subunit through 4 tandem repeats of the motif CBS (cystathionine
β-synthase) that bind adenosine nucleotides (AMP, ADP, ATP) with high affinity. AMPK remains
inactive in presence of high levels of ATP, whereas during starvation or when ATP level decreases, CBS
domains bind AMP, which favors the phosphorylation at Thr172 (catalytic α subunit) and subsequently
leading to AMPK activation.

Given its central regulator role in metabolism and its pleiotropic action in many cellular processes,
AMPK has received enormous interest as a therapeutic target, and therefore, there has been a great
effort to develop pharmacological activators. In addition, AMPK has been the focus of relevant works,
although the majority of them have been conducted in somatic cells. However, the ability to preserve
energy homeostasis under fluctuating extracellular nutrients or conditions that physiologically occur
through the female reproductive tract is a necessary characteristic of spermatozoa. As mentioned
before, the direct molecular connector between the substrate’s supply and energy requirement is
AMPK. In 2012, two different research groups identified for the first time the presence of AMPK
in mammalian spermatozoa [3,4]. Since then, interesting scientific efforts have been performed
to elucidate the functions of AMPK in these male gametes in several species, including human,
using different experimental approaches, including the use of α1AMPK knockout mice [3], and
the pharmacological inhibitor and activators. To date, availability of AMPK inhibitors is very
restricted and the most widely-used inhibitor of AMPK is the pyrazolopyrimidine derivate compound
C or dorsomorphin (CC) that binds to the active site of AMPK and acts as an ATP-competitive
inhibitor [5]. Very recently, a new pyrimidine derivative, SBI-0206965, has been discovered as a
direct AMPK inhibitor with greater potency (40 fold) and lower kinase promiscuity than CC [6].
Regarding AMPK activators, great effort has been performed for the last few years in the development
of direct small molecules and also in their mechanisms of action. The classical activator is the
5-aminoimidazol-4-carboxamide-1-B-D-ribofuranoside (AICAR), although its therapeutic use is not
warranted in humans because of its elevated threshold for AMPK activation [7]. The first direct
AMPK activator available to scientists was A769662, which activates AMPK both allosterically and by
inhibiting AMPKα Thr172 dephosphorylation through binding at the ADaM site, and displays high
specificity for complexes containing AMPK-β1 isoforms compared to AMPK-β2 [7]. An exhaustive
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review about other AMPK activators has been recently published [7] and includes cyclic benzimidazole
derivatives (compound 991, PF-739, and MK-8722), the compound C2, the iminothiazolidione PT-1
and its optimized C24, the bi-quinoline JJO-1 and dihydroxyquinoline MT47-100, and recently indole-
and indazole-acid-based AMPK synthetic activators, as well as two novel small activators, PXL770
and O304, which successfully completed phase I of clinical trials [7]. To date, the most clinically-used
activator of AMPK is metformin and although its action was originally thought to be mediated by
AMPK [8], likely through inhibition of AMP desaminase [9], it is currently established that many
of metformin effects are AMPK-independent [10–16]. Thus, besides effects on glucose metabolism,
metformin also directly inhibits complex I (NADH:ubiquinone oxidoreductase) of the mitochondrial
electron transport chain [17,18] with obvious consequences in cell energy production. Overall, we
believe that the modulation of AMPK activity would be an interesting tool for the future knowledge
about exact roles of AMPK in mammalian spermatozoa, as well as for development of novel protocols
for male fertility and/or sperm preservation in vitro.

In this review, we provide the current knowledge about AMPK function in spermatozoa
under physiological and different extracellular conditions. AMPK activity is involved in the
main physiological functions of mature spermatozoa, in particular in the maintenance of proper
sperm motility, the integrity of sperm membranes, and the mitochondrial membrane potential,
all of them adapted to the fluctuating medium of the female reproductive tract. Moreover, the
intracellular signaling pathways leading to AMPK activation in mammalian spermatozoa are reviewed.
We also discuss the role of AMPK in assisted reproduction techniques, particularly during semen
cryopreservation and preservation at low temperature. Finally, we reinforce the idea of AMPK as a
key signaling kinase in spermatozoa that acts as an essential connector between metabolism energy
and sperm ability to fertilize.

2. Role of AMPK in Male Gonads and Spermatogenesis

Fertility can be affected by nutrition and energy metabolism; in this sense, AMPK plays an
important role in the reproductive function, connecting, among other physiological regulators, the
hypothalamus–pituitary–gonadal axis with energy balance [19]. Germ cells production in the testis
occurs through spermatogenesis and terminates when the mature spermatozoa are released into the
lumen of the seminiferous tubules. A proper energy balance is necessary for spermatozoa production
in the testis, as well as for sperm function and quality after ejaculation. Nonetheless, only a few studies
have focused on the role of AMPK in the control of male fertility.

In 2008, Towler et al. [20] indicated that kinases related to AMPK exert physiological functions
in mammalian spermatozoa. Thereby, a shorter isoform of the tumor suppressor LKB1 (LKB1s)
was shown to be mainly expressed in haploid spermatids [20] where it plays an essential role in
spermiogenesis and in its fertilizing ability. LKB1s knockout mice have a high reduction in the number
of mature spermatozoa in the epididymis, and the few spermatozoa produced are not motile and have
abnormal head morphology, which causes sterile mice [20]. These data suggested that this variant of
the LKB1 has a crucial role in spermiogenesis and fertility in mice. A new recent study has confirmed
these results, where Kong et al. have shown that although LKB1s is the dominant isoform expressed in
mice testis and plays a crucial role in spermiogenesis, the long isoform of the tumor suppressor LKB1L

was also required [21]. This group suggests an indispensable role of LKB1L in spermatogonial stem cell
maintenance and the cooperative regulations of both LKB1 isoforms in spermatids differentiation [21].
On the other hand, deletions of TSSK1 and TSSK2, two members of testis specific TSSK family or
Ser/Thr kinases, which belong to AMPK branch in the human kinome tree, cause infertility in chimera
mice due to haploinsufficiency [22]. The above-mentioned studies point out that some AMPK-related
kinases might play a key role in the spermatozoa production and function.

Male gonadal somatic cells include Sertoli (SCs) and Leydig cells (LCs). Proliferation and survival
of somatic cells of the testis are crucial for fertility. In fact, testis size and sperm production are directly
correlated to the total number of adult Sertoli cells. These cells play a central role in spermatogenesis
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by providing support and nutrition for spermatogenic cells; however, each SC nourishes a limited
number of differentiating germ cells [23]. SCs maintain the blood–testis barrier, an essential feature
of seminiferous tubules, which creates the proper environment for the spermatogenic process to be
held [24]. It was demonstrated that maintenance of SCs cytoskeletal dynamics, polarity, and junctional
communications are essential for fertility [25], and that disorders on their apical extensions, which
direct migration of differentiating germ cells towards the lumen, leads to premature germ cell loss [26].
In 2012, Tanwar et al. showed the importance of the upstream AMPK kinase LKB1 signaling in rats
SCs biology and spermatogenesis. They demonstrated that aberrant AMPK-mTOR signaling causes
disruption of SCs polarity and spermatogenesis [27]. In the same year, Riera et al. demonstrated
that the follicle-stimulating hormone (FSH) regulates SCs proliferation with the participation of
the PI3K/Akt/mTORC1 pathway and that AMPK activation may be involved in the detention of
proliferation by, at least in part, a decrease in mTORC1 signaling and an increase in cyclin-dependent
kinase inhibitor (CDKI) expression [28]. Thus, well-coordinated AMPK-mTOR signaling is essential
for SCs functions and survival in rats [27,28]. According to a recent study, heat treatment could
reversibly perturb the expression of tight junction proteins in immature porcine SCs by inhibiting the
AMPK signaling pathway [29]. The use of the AMPK activator AICAR can affect adhesion molecule
expression and influences junction complex integrity in rat SCs, as it has been described in 2010
by Galardo et al. [30]. This group also suggested an important role of AMPK in modulating the
nutritional function of SCs. They demonstrated that AMPK stimulation with AICAR increased lactate
production and glucose transport [31]. On the other hand, the inactivation of α1AMPK in mice SCs
reduces the expression of mitochondrial markers (cytochrome c and PGC1-α) and the ATP content, and
conversely, increases the lactate production and lipid droplets [32]. Specific deletion of the α1AMPK
gene in mice SCs resulted in a 25% reduction in male fertility associated with abnormal spermatozoa
with a thin head. Testes showed no clear alterations of morphology or modification in the number
of SCs in vivo, but a deregulation in energy metabolism in SCs was observed [32]. These authors
suggested that deregulation of the energy-sensing machinery through disruption of α1AMPK in SCs
leads to a reduction in the quality of germ cells and fertility [32]. These results supported those
obtained by Tartarin et al. performed in mice, where the indirect AMPK activator metformin decreased
testosterone production in vitro and reduced the testicular size and the population of SCs in vivo [3].
The involvement of AMPK activity has also been studied in SCs under different stimuli/conditions and
from other species such as boar. Thus, Jiao et al., reported that 17β-estradiol inhibited immature boar
SCs viability and cell cycle progression by activating the AMPK signaling pathway. Furthermore, they
showed that AMPK activation by AICAR inhibited SCs viability, while the AMPK inhibitor compound
C attenuated the effects of 17β-estradiol on SCs [33]. Besides these findings in mammalian testes, it
has been reported that AMPK activity also exerts regulatory functions in avian gonads, as metformin
treatment also reduced SCs proliferation and increased lactate secretion in chickens [34].

The precise composition of the extracellular environment of germinal cells in the seminiferous
tubules remains unknown, but it is well established that SCs secrete molecules that are crucial for the
spermatogenic process [35]. In this sense, SCs secrete proteins and cytokines, which participate in the
control of spermatozoa movement from the testis to the epididymis, and in the control of the pH of the
seminiferous fluid [36]. During spermatogenesis, lactate is the preferred substrate of spermatocytes
and spermatids. Lactate production from glucose in SCs is an important point for the control of
spermatogenesis [37]. Recently, it has been demonstrated that AMPK reduces heat-induced lactate
secretion by decreasing the expression levels of the glucose transporter GLUT3, LDHA, and MCT1 [38].
This work also suggested that AMPK is a negative regulator of heat treatment-induced lactate secretion
in cultured boar SCs [38].

It has been demonstrated that AMPK is involved in the regulation of spermatozoa quality through
its action, not only on the proliferation of SCs, but also in another type of testicular somatic cells, Leydig
cells (LCs), (Figure 2) which are responsible for producing testicular androgens, such as testosterone,
for the paracrine regulation of spermatogenesis within the testis in adult life [39].
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Figure 2. AMPK functions in male gonads and spermatozoa production. AMPK activity is involved in
the control of the male gonad function, spermatozoa production and quality by its action also on the
male gonadal somatic cells (Sertoli and Leydig cells).

Steroid hormones regulate essential physiological processes, thus, testosterone is also responsible
for the differentiation and development of male reproductive organs, as well as for maintaining
secondary sex characteristics and sexual function. Within the testis, the functions of the LCs are mainly
controlled by the hypothalamus–pituitary axis. An α1AMPK knockout mice model has been studied
by Tartarin et al. [3]. The male α1AMPK−/− mice have high levels of testosterone due to hyperactive
LCs [3]. Indeed, the LCs of these animals have an increased volume, an altered endoplasmic reticulum
area, a high intratesticular cholesterol concentration, and a greater expression of proteins involved
in steroid production [3]. In agreement with this data, Abdou et al. identified AMPK as a molecular
rheostat that actively represses steroid hormone biosynthesis to preserve cellular energy homeostasis
and prevent excess steroid production in LCs [40]. Recently, the role of AMPK in steroidogenesis has
also been investigated in vivo in ovine testis by Taibi et al. These authors report that active AMPK is
expressed in this gonad, and more importantly, they demonstrated that AMPK activity is regulated by
nutritional status [41]. However, to date, the expression patterns of the different AMPK isoforms in
spermatozoa are unknown. One of the most recent studies revealed that resveratrol enhanced AMPK
phosphorylation and may exert its cytoprotective role against oxidative injury by the activation of
autophagy via AMPK/mTOR pathway in LCs [42]. Beside mammals, the effect of metformin has
also been studied in avian species; thus in 6-week-old chickens, metformin induces a decrease in
testosterone levels and reduces testis size [34].

To date, AMPK has also been studied in male gonads from other mammal species such as
rats [28,43–48], mice [49–55], lambs [56], monkeys [48], and humans [57]. Taking into account all the
aforementioned articles, it can be concluded that the AMPK pathway is involved in the control of the
male gonad function, spermatozoa production, and quality by its action also on the male gonadal
somatic cells and point out AMPK as a novel gatekeeper of steroidogenesis and a target for modulating
steroid hormone production. Therefore, AMPK appears as a key signaling protein for the spermatozoa
and male fertility control.
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3. Localization of AMPK in Mammalian Spermatozoa

The presence of the AMPK protein in mature spermatozoa was demonstrated independently in
2012 in two mammalian species, boar [4] and mouse [3]. Later, AMPK protein localization has been
confirmed in mouse cauda epididymal spermatozoa [58] and also in spermatozoa from stallions [59,60],
rats [61], and very recently, goats [62] and humans [63,64]. Immunolocalization techniques reveal that
AMPK localization in spermatozoa slightly varies between species. AMPK is localized at the entire
acrosome and in the midpiece of flagellum in boar spermatozoa [65]. Interestingly, in this species,
when AMPK becomes phosphorylated at Thr172 (active) is specifically restricted to the most apical
part of the acrosome and to the subequatorial segment, remaining in the midpiece of the flagellum [65].
In human spermatozoa, AMPK is localized at the entire acrosome, the midpiece and along the tail of
the flagellum [63,64], whereas its active form is found only at the most apical part of the acrosome
and along the entire tail, with very slight amounts in the post-acrosomal region and in the midpiece
of the flagellum [63]. In stallion spermatozoa, active AMPK is mainly detected in the subequatorial
region in the head and in the principal piece of the tail [59]. AMPK localization has also been studied
in spermatozoa from avian spermatozoa [66]. Thus, in chicken spermatozoa, AMPK is present in the
acrosome, the intermediate part, and the whole flagellum, whereas active AMPK is mainly localized in
the flagellum and the acrosome [66].

4. Functions of AMPK in Mammalian Spermatozoa

4.1. Role of AMPK in the Regulation of Spermatozoa Motility

Sperm metabolic plasticity, and particularly the capacity to switch substrates and also to respond
to stimuli, renders a transcendent adaptation to sperm extracellular medium fluctuations, which
might include exhausted energy, high-energy demand, and low oxygen availability. AMPK plays
a central role in the regulation of energy metabolism homeostasis [1,2], and therefore, this kinase
has recently emerged as a new signaling pathway that exerts a necessary control of sperm function.
The specific and primordial function of spermatozoa fertilization is highly dependent on the proper
sperm motility. Motility is a characteristic sperm functional process that is tightly regulated in response
to the spermatozoa environment and to the subsequent changes in energy demands during its transit
trough the female reproductive tract. AMPK involvement on sperm motility has been demonstrated
by different experimental approaches that were independently performed in two mammalian species,
boar [4] and mice [3]. Thus, transgenic mice lacking the catalytic subunit α1 gene (α1AMPK knockout)
have a dramatic reduction in sperm motility and curvilinear velocity [3]. Similarly, a pharmacological
approach in boar spermatozoa demonstrates that AMPK inhibition by CC significantly decreases
the percentage of motile spermatozoa, the sperm curvilinear velocity and subsequently diminishes
the percentage of rapid spermatozoa (with average velocity >80 μm/s), also affecting other motility
parameters and coefficients evaluated specifically using a computer-assisted sperm analysis system [4].
Later, the important regulatory role of AMPK in spermatozoa motility was demonstrated for other
mammalian species such as human [63,64], rat [61], stallion [60], and goat [62]. This clear role of
AMPK in sperm motility suggests that this kinase might phosphorylate downstream substrates
including proteins of the axoneme or in other related structures that are indispensable for sperm
flagellar motility, as it has been previously demonstrated for the AMPK related kinase TSSK2 [67].
Thus, sperm TSKK2 phosphorylates the axoneme protein SPAG16L (sperm associated antigen 16)
in vitro, a protein necessary for flagellar motility in mouse spermatozoa [68]. Surprisingly, by using a
specific pharmacological AMPK activator, A769662 [69], it has been shown that an increase in AMPK
activity above physiological levels also adversely influences sperm motility in two mammalian species,
boar [70] and human [71]. Therefore, it has been proposed [70,72] that either up or down fluctuations
of sperm AMPK activity (away from energy charge-regulated physiological levels) cause a negative
role in mammalian sperm motility. A range of physiological levels of AMPK activity is essential to
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accomplish optimal sperm motility (Figure 3) that must adapt to the fluctuating extracellular conditions
that spermatozoa can be physiologically exposed to [19,70,72].

 

Figure 3. Different AMPK activity levels control spermatozoa motility. In vivo, during the spermatozoa
transit trough the female reproductive tract, fluctuating levels of AMPK activity might occur in
spermatozoa depending on the sperm energy demands. A physiological range of energy-charge
regulated levels of AMPK activity is essential to accomplish optimal sperm motility that is adapted to
the fluctuating extracellular conditions within the female reproductive tract. Up or down fluctuations
of sperm AMPK activity cause a negative role in mammalian sperm motility.

In vivo, during the sperm transit trough the female reproductive tract, fluctuating levels of
AMPK activity might occur in spermatozoa depending on the sperm energy demands. Whenever
environment-depending demands of energy lead to a lower sperm AMPK activity that falls below
the so-called physiological range, inactive AMPK is unable to adjust sperm metabolic pathways to
control and maintain energy levels required for spermatozoa motility, which is negatively affected,
as demonstrated in several species [3,4,62,63]. The proposal that a physiological range of AMPK
activity is necessary for appropriate sperm motility is firmly supported by a study performed in
transgenic mice lacking the catalytic subunit α1 gene [α1AMPK knockout (KO)] which presents a great
reduction in sperm motility and curvilinear velocity [3]. Whenever environment-depending demands
of energy lead to a sustained sperm AMPK activity raised above the physiological range (i.e., sperm
stresses), the sustained AMPK activity would lead to a deregulation of sperm metabolism caused
by a prolonged stimulation of ATP-generating catabolic pathways and by a sustained inhibition of
ATP-consuming anabolic pathways (Figure 3). Thus, the deregulation of sperm metabolic pathways is
not suitable to accomplish proper sperm motility under any extracellular conditions, as demonstrated
in A769662-treated spermatozoa from boars [70] and humans [71]. In accordance with these findings,
it has been demonstrated that spermatozoa exposure to stress stimuli, such as pollutants like hydrogen
sulfide and/or ammonia, which lead to AMPK activation, causes a decline in boar spermatozoa
motility [73]. In addition, this proposal is also supported by recent results obtained using a more
physiological method of arresting the motility activation of rat caudal spermatozoa by isolating and
lowering temperature (0–2 ◦C) without freezing [61]. AMPK activity in rat quiescent spermatozoa is
higher than in motile spermatozoa [61], which supports the idea that AMPK is effectively regulating
sperm motility by allowing these male gametes to adapt to extracellular-driven changes in sperm
energy charge. Thus, the potent activation of AMPK in rat quiescent spermatozoa guarantees the most
efficient pathways of energy metabolism and promotes their survival under a low energy-starved
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status with very limited energy resources [61]. Under these circumstances of an elevated AMPK
activation, rat quiescent spermatozoa are not motile. When sperm substrates/stimuli become available
during the initiation of sperm motility after ejaculation, AMPK activity levels diminish compared
with quiescent spermatozoa [61], although they are still detectable and likely remain at the so-called
physiological range of AMPK activity in rat spermatozoa. This female tract environment-driven shift
in AMPK activity to a physiological level is necessary to adjust the proper sperm motility under these
new requirements in energy demand [61].

However, very recently, one study found that other AMPK activators, such as AICAR and
metformin, improve progressive motility in goat spermatozoa [62]. It is important to mention several
arguments that might account for the different results found in this species: (a) The increase in
phospho-AMPK levels obtained by AICAR and metformin in goat spermatozoa is very slight [62]
compared with the high AMPK activity levels observed in boar [70] or rat [61] that lead to inhibition
of sperm motility. Moreover, these two activators, AICAR and metformin, fail to activate AMPK
in spermatozoa from other species such boar [70], where only A769662 was found to be effective
activating AMPK. In addition, metformin also fails to effectively increase AMPK phosphorylation in
human spermatozoa [71]. (b) It is reasonable to assume that besides great differences in the intensity of
AMPK activation and the differences attributable to spermatozoa from distinct species, the specificity
and effectiveness of each pharmacological activator should be kept in mind, also for further studies.
This review tries to summarize the current knowledge about the role of AMPK activity in the regulation
of sperm motility, and it seems clear that future research in this area is needed to elucidate the exact
molecular mechanism by which AMPK exerts this regulation in sperm cells and also to discover AMPK
protein substrates that belong to the intracellular signaling pathways controlling sperm motility.

4.2. Role of AMPK in the Regulation of Spermatozoa Mitochondrial Activity

As an energy regulator protein, AMPK has additionally been pointed out as important
pathway that contributes to the maintenance of the mitochondrial membrane potential (ΔΨm) in
spermatozoa [3,65]. Different experimental approaches designed to inactivate sperm AMPK cause a
decrease in sperm ΔΨm in different species: goat [62], boar [65], stallion [60], and α1AMPK knockout
mouse [3]. Besides a fall (50%) in sperm ΔΨm, α1AMPK knockout (KO) mice exhibited a lower number
of mitochondria and had a significant lower consumption (60%) of basal oxygen [3]. Furthermore, a
short up-activation of sperm AMPK using A769662 prevents the decrease in the number of Ca2+ and
bicarbonate-stimulated spermatozoa presenting high ΔΨm in boar [70], whereas it has no significant
effect in ΔΨm of human spermatozoa [71]. However, the indirect activator of AMPK resveratrol
significantly increased ΔΨm in frozen–thawed human spermatozoa [64]. In mouse fresh spermatozoa,
another indirect activator of AMPK metformin causes a concentration-dependent decrease of ΔΨm [74].
Thus, AMPK activity seems to be involved in the regulation of sperm ΔΨm, although there are
differences between species, the (direct or indirect) pharmacological compound used to activate
AMPK and the cell status of spermatozoa (fresh or frozen–thawed). In any case, the effect of AMPK
in sperm ΔΨm, when demonstrated, is clearly dependent on sperm extracellular stimuli [70,72],
pointing out AMPK as a metabolic checkpoint by integrating stimuli-induced signaling with sperm
metabolism [70]. Therefore, it has been proposed that AMPK activity (at specific levels) is essential
to maintain sperm mitochondrial membrane potential [70,72]. Thus, AMPK contributes to modulate
the mitochondrial membrane potential according to extracellular stimuli or conditions-derived sperm
energy, and subsequently promotes the proper sperm motility, at least in some species. The involvement
of AMPK in the modulation of sperm ΔΨm is further supported by the localization of important
amounts of active AMPK (Thr172 phosphorylated) at the midpiece of mammalian spermatozoa where
mitochondria are located, as it has been demonstrated in boar [65], goats [62], stallions [60], and
humans [63].
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4.3. Role of AMPK in the Regulation of Spermatozoa Membranes

Mammalian spermatozoa need a tight modulation of energy also to maintain cellular structure,
stability, and physiology of membranes during fluctuating extracellular conditions within the female
reproductive tract that ultimately allow them oocyte fertilization [75,76]. An important factor that
contributes to the correct function of spermatozoa is the degree of lipid organization of their plasma
membrane. In fact, the energy charge-sensor kinase AMPK plays a role in the maintenance of sperm
plasma membrane fluidity and lipid organization as it has been demonstrated in some species such
as boar [65] and goat [62]. Thus, experiments using either an AMPK inhibitor (CC) in boar [65]
and goat spermatozoa [62], or the activator A769662, demonstrated a significant increase in plasma
membrane lipid disorganization [70]. Importantly, this effect of AMPK is clearly dependent of the
stimuli present in the extracellular medium, as sperm plasma membrane disorganization is ≈3-fold
higher when boar spermatozoa are incubated in the presence of capacitating stimuli (Ca2+, bicarbonate,
and serum albumin) than in a stimuli-free medium [65]. All together, these findings suggest that
specific physiological levels of AMPK play a regulatory role in the preservation of the proper lipid
organization and fluidity in sperm plasma membrane according to extracellular stimuli [65,77].
Furthermore, physiological levels of bicarbonate cause a quick collapse of the asymmetry of the
sperm plasma membrane attributable to the scramblases activation, which translocate phospholipids
such as phosphatidylethanolamine and phosphatidylserine (PS) outward of plasma membrane [78].
The PS externalization evidences plasma membrane scrambling which physiologically takes place in
important sperm processes. Interestingly, AMPK inhibition in spermatozoa incubated in the presence
of bicarbonate result in a significant inhibition of the outward exposure of PS in plasma membrane,
suggesting that inhibition of AMPK, at least over a short time (4 h), could be causing a downstream
inhibition of scramblases activity [65]. Moreover, an enhanced AMPK activity (for 24 h) induces a
significant PS externalization in boar sperm plasma membrane [70]. These functional consequences of
AMPK in boar sperm plasma membrane, which are lipid disorganization and the PS translocation, are
presumably taking place at the plasma membrane surrounding the most apical acrosome region, where
most of active phospho-Thr172 AMPK is restricted in this specie [65]. The involvement of AMPK in
boar sperm membranes organization is supported by the finding that AMPK is downstream of the
cAMP/PKA pathway [79], which is an essential regulatory pathway for the lipid architecture of the
sperm plasma membrane [80,81].

Besides the regulatory role at the sperm plasma membrane, AMPK also regulates acrosome
membrane integrity under capacitating conditions [65], which is additionally supported by the fact that
high levels of active phospho-Thr172-AMPK are situated at this part of acrosome under physiological
conditions [65]. By using different experimental approaches it has been demonstrated that any
oscillation either up (A769662) or down (CC) of the AMPK activity outside of physiological levels
lead to a loss of the outer acrosome membrane integrity [65,70]. In summary, physiological sperm
AMPK activity is also essential to keep the integrity of acrosome membrane at a level suitable to the
fluctuating extracellular conditions at which spermatozoa are physiologically exposed.

4.4. Role of AMPK in the Regulation of Spermatozoa Acrosome Reaction

Mammalian spermatozoa need to acquire the ability to reach the oocyte, penetrate the
cumulus oophorus, and to bind to the zone pellucida of the oocyte, which subsequently triggers
the acrosome reaction that leads to egg fertilization [76]. The acquisition of these spermatozoa
functional competences occurs through important physiological and biochemical modifications that
are collectively named sperm capacitation. Spermatozoa processes that necessarily must occur during
capacitation are dependent on the energy levels of this gamete [82,83]. Therefore, it might be reasonable
to assume that the energy charge-sensitive AMPK should be somehow involved in the acquisition of
these sperm processes, although to date, few works have considered this issue. In fact, the activity of the
energy charge-sensitive AMPK is regulated under capacitating conditions (including Ca2+, bicarbonate,
and serum albumin) in boar spermatozoa [65]. The inhibition of AMPK activity significantly reduces
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the integrity of the acrosomal membrane in a boar sperm-capacitating medium, whereas it has no
effect in a stimuli-free medium [65]. These results indicate that AMPK is involved in the regulation of
sperm events that take place at acrosome membrane during capacitation, at least in boar spermatozoa.
However, although AMPK contributes to the maintenance of acrosome membrane integrity, is not
likely involved in the sperm process of acrosome reaction, as the inhibition of AMPK in capacitated
boar spermatozoa did not affect the acrosome reaction triggered by the calcium ionophore A23187 [65].
This lack of effect of AMPK activity in the acrosome reaction has been demonstrated also in fresh mouse
spermatozoa using the indirect activator of AMPK metformin [74]. Moreover, AMPK up-activation
does not affect the integrity of the sperm acrosome membrane. Thus, it has been demonstrated that the
activator A769662 has no measurable effect in the integrity of the acrosome membrane in human [71]
or boar spermatozoa, independently of stimuli present in the medium [79]. However, the effect of
A769662 in boar seems to be dependent on the stimulation time as a sustained AMPK activity over
24 h causes a significant loss of outer acrosome membrane integrity [79]. In contrast to mammals, few
works performed in avian sperm show that AMPK activity plays a role in the acrosome reaction [66,84].
These differences between mammals and avian spermatozoa highlight the importance of further
research about the functional role of AMPK in the acrosome reaction. To date, it can be concluded
that in parallel to modulate physiological changes (lipids organization) that occurs at the mammalian
plasma membrane during the sperm capacitation, AMPK activity contributes to the maintenance of the
outer acrosome membrane integrity, where a majority of phospho-Thr172-AMPK active is localized at
physiological conditions [4].

5. Signaling Pathways Leading to AMPK Activation in Spermatozoa

The function of AMPK as a key regulatory molecule of the essential processes that contribute to
the spermatozoa function of fertilization has been reviewed above. Therefore, an important issue in
spermatozoa physiology is to elucidate the signaling pathways leading to AMPK activity (Figure 4).
Several works using different experimental approaches demonstrate that soluble adenylate cyclase
(sAC), cAMP [4], and cAMP-dependent protein kinase (PKA)-mediated pathway lie upstream of
AMPK activity in boar spermatozoa [65,79].

The sperm cAMP/PKA pathway might promote AMPK activation through its upstream kinase
LKB1, as it occurs in somatic cells [85], where it is reported that LKB1 can be directly phosphorylated
at Ser431 by PKA in response to activation of adenylate cyclase by forskolin [86,87] or IBMX [86]. It has
been demonstrated that the short splice variant of LKB1S is highly expressed in haploid spermatids
in mice testis [20], where it is critically involved in spermiogenesis and fertility [88]. The knocking
out LKB1S in male mice causes important reproductive consequences: sterility, a marked decrease in
the number of mature spermatozoa, spermatozoa showing an abnormal head morphology, and are
non-motile. An increase in cAMP concentration might also lead to AMPK activation trough cAMP
degradation to AMP by phosphodiesterases, as occurs in somatic cells [89]. Thus, any sperm stimulus
that increases intracellular cAMP levels could promote AMPK activation either (i) by direct (allosteric)
activation of PKA, or (ii) by indirect activity of phosphodiesterases, which increase AMP levels that
allosterically activate AMPK, or (iii) by both pathways.

The intracellular messenger Ca2+ is also an essential regulator of spermatozoa functional processes.
Intracellular Ca2+ activates the specific sperm sAC and its downstream signaling through PKA,
therefore potently activates AMPK in boar spermatozoa under physiological conditions [65,79].
However, spermatozoa from the same species under conditions considered high extracellular Ca2+

concentrations (>3 mM), sperm AMPK phosphorylation decreases [90]. The involvement of Ca2+ as
an upstream regulator of AMPK activity has also been demonstrated in avian spermatozoa, as Ca2+

entry via store-operated Ca2+ channel (SOC) activates AMPK [84]. Moreover, Ca2+ can also lead to the
activation of boar sperm AMPK through the activation of Ca2+-calmodulin dependent kinase kinases
II and CaMKKα/β as demonstrated in spermatozoa from boar [79] or chicken [91], which lie upstream
of AMPK in somatic cells [92,93].
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Figure 4. Signaling pathways underlying the regulation of AMPK activity in mammalian spermatozoa.
This Figure summarizes the intracellular kinases and mechanisms that have been demonstrated to
be involved in AMPK activation by Thr172 phosphorylation: soluble adenylyl cyclase (sAC), cAMP,
protein kinase A (PKA), protein kinase C (PKC), intracellular Ca2+, calcium and calmodulin kinase
kinases α/β (CaMKK α/β) and different types of cell stresses detailed in the text (absence of Ca2+ by
BAPTA-AM, hyperosmotic stress, inhibition of mitochondrial activity). Pharmacological inhibitors of
different AMPK upstream kinases (H89, IBMX, STO-609 and Ro-0432) are also indicated with red lines.

Sperm AMPK phosphorylation is also stimulated by direct activation of PKC with phorbol
12-myristate 13-acetate (PMA), whereas the PKC inhibitor Ro-32-0432 inhibits HCO3

− and
Ca2+-induced AMPK activation in boar spermatozoa [79]. These findings indicate that at least
one isoform of PKC is upstream of sperm AMPK. Several isoforms of PKC have been identified
in mammalian spermatozoa: PKCα and PKCβI in bovines [94], PKC-zeta in hamsters [95], and mouse
spermatozoa [96]. It is therefore plausible that some of these PKC isoforms might exert in spermatozoa
a similar function than in somatic cells by phosphorylating LKB1 and subsequently leading to AMPK
activation. Thus, it has been demonstrated that PKC-zeta phosphorylates LKB1 at Ser 307 [97] and
PKCζ phosphorylates LKB1 at Ser 399 [98]. An alternative explanation describing the pathway by
which PKC is upstream of sperm AMPK activity is based on the fact that PKC activity lies downstream
of PKA in the control pathway of boar sperm motility [99]. Previously, Harayama and Miyake (2006)
demonstrated that cAMP/PKA signaling can induce the activation of calcium-sensitive PKCs, which
are responsible for boar sperm hyperactivation [100]. Thus, it is proposed that another PKC isoform(s)
besides PKC-zeta, which is not calcium sensitive, could likely be involved in AMPK activation, at least
in response to an elevation of cAMP levels in boar spermatozoa [79].

In addition to the mentioned physiological mimicking conditions, AMPK becomes markedly
activated in boar spermatozoa under different stimuli considered to be cell stress (Figure 1), such
as inhibition of spermatozoa mitochondrial activity by blocking electron transport chain and
sorbitol-induced hyperosmotic stress [79]. In somatic cells, cell stress-induced AMPK activation can be
mediated by (i) an increase in AMP levels, and/or (ii) reactive oxygen species ROS generation that act
as signaling molecules to activate AMPK [101] through LKB1 and CaMKKs pathways. Surprisingly,
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the incubation with the intracellular calcium chelator BAPTA-AM in a Ca2+-free medium leads to a
strong increase in AMPK activity [79], which may be mediated through an increase in nitric oxide NO·
production. In this sense, de Lamirande et al. (2009) demonstrated in human sperm that BAPTA-AM
promotes the production of a reactive oxygen specie, the nitric oxide NO· [102]. Accordingly, AMPK
activation is also directly influenced by cellular redox status in somatic cells, as H2O2 activates AMPK
through oxidative modification of cysteine residues in the AMPKα subunit [103]. An alternative or
simultaneous explanation is that NO· produced by BAPTA-AM in boar spermatozoa might interacts
with the cAMP pathway, as it occurs in human [102], leading to AMPK activity.

Moreover, other different types of stimuli that activate AMPK in mammalian spermatozoa
have recently been described. Thus, pharmacological compounds, such as the anti-diabetic drug
rosiglitazone, increase AMPK phosphorylation in stallions [60]. Also, some toxicant compounds that
cause a marked reduction in sperm motility, such as the heavy metal cadmium, a major environmental
toxicant, affected AMPK activity in mouse spermatozoa [104], or the air pollutants hydrogen sulfide
and ammonia that activated AMPK activity in boar spermatozoa [73]. Additionally, the common
natural mycotoxin ochratoxin A triggers AMPK activation to cause a clear decrease in boar sperm
motility [105]. Based on all above-mentioned works, the exact molecular mechanisms involved in
the signaling pathway(s) triggered by a variety of stimuli that lead to AMPK activity as well as the
identity of AMPK downstream targets that ultimately control sperm function, undoubtedly deserve
future investigations.

6. Role of AMPK during Assisted Reproduction Techniques: Semen Preservation

Assisted reproduction techniques (ART) include a wide range of technologies used to improve
the chances to achieve pregnancy after the collection and handling of oocytes, sperm, and embryos
in in vitro conditions. Nowadays, around 1.5 million human ART cycles are performed each year
worldwide, with a reported 333,000 babies born. Data from human spermiograms show a decrease of
sperm quality in the last decades [106–108], and as a consequence, an increase of the use of ART, such
as intracytoplasmatic sperm injection (ICSI), sperm cryopreservation, in vitro fertilization (IVF), or the
use of spermatozoa from testicle biopsies are the most commonly used ART. In the animal field, the
use of ART is mostly aimed to quickly spread genetic material of selected animal to preserve gametes
from endangered species, also to reduce disease transmission risk or to increase animal breading. This
current and future reality leads to an increasing ART use and develop of new technical strategies to
overcome fertility problems.

6.1. Why AMPK Protein Is Important in ART?

As mentioned before, sperm capacitation is a mandatory process to fertilize oocytes and the events
related with sperm capacitation (i.e.,: hypermotility, acrosome reaction, protein phosphorylation, etc.)
consume large amounts of energy (ATP). It was also stated that AMPK acts as an energy sensor and it is
activated under physiological and/or stressful sperm conditions. Therefore, there is a growing interest
in this kinase to improve ART procedures where gametes are handled and subjected to different types
of stress such as mechanical (centrifugation, pipetting), changes in temperature, levels of CO2 and O2,
medium composition, extracellular matrix (solids, plastics), or to light exposure [109] (Figure 5).
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Figure 5. Effects of the modulation of AMPK activity (up or down) in spermatozoa during Assisted
Reproduction Techniques (ART), including In Vitro Fertilization (IVF). During ART, spermatozoa are
subjected to different stress conditions (non-physiological temperature and media, light exposure,
mechanical handling, centrifugation or constant levels of CO2 and O2) that might modify AMPK
activity. This figure summarizes the reported (beneficial or detrimental) actions in spermatozoa
when extender media used in ART were supplemented with AMPK inhibitor (CC), AMPK activators
(A769662 and AICAR) or indirect AMPK activators such as metformin and resveratrol (RSV).

6.2. AMPK as a Tool to Improve ART

The sector of animal farm is very interested in ART since livestock genetic background can be
easily and successfully improved by the use of these techniques. Artificial Insemination (AI) was
the first widely accepted ART for livestock. This technology allows genetically superior males to
produce more offspring than it would be possible through conventional mating. More than 90% of
western Europe’s pig industry performs AI using boar seminal doses preserved at 17 ◦C as a routine
technique [110]. The temperature decrease during this type of preservation is aimed to reduce sperm
metabolism, which subsequently leads to lower rates of both acidification and reactive oxygen species
(ROS) production in the storage extender, both derived from accumulation of CO2 and lactic acid from
oxidative phosphorylation and glycolysis respectively, obtaining the so called “quiescent spermatozoa”.
Based on the principle that AMPK acts as a stress and energy regulator, it was reported that AMPK
becomes activated when quiescent rat spermatozoa are subjected to decreasing temperatures down
to 4 ◦C [61]. Several works have studied AMPK with the aim to improve ART when spermatozoa
are stored under non-physiological temperature during semen preservation techniques. A study
about boar seminal doses conservation at a non-physiological temperature (17 ◦C), demonstrated that
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before semen preservation (day 0), sperm AMPK phosphorylation was undetectable but sperm AMPK
activity increased during the following days of preservation, reaching a maximum phosphorylation
at day 7 [77]. Therefore, during semen preservation at 17 ◦C, at least in boar spermatozoa, the
activity of AMPK fluctuates according to extracellular conditions that include stress, and is tightly
regulated during the conservation period. This AMPK activation could be associated with a decrease
of intracellular ATP levels described during boar sperm conservation [111,112]. Effects of different
pharmacological drugs that influence AMPK activity (anti-diabetic compounds, such as metformin
and rosiglitazone, or the inhibitor CC) during semen preservation, have been studied in different
species [60,77,113]. In boar spermatozoa, only the percentage of motile spermatozoa was improved
after a short preservation period (<4 days) when compound C was added to the extender [77]. However,
other beneficial effects in semen quality were not found with the addition of CC [77] or metformin [113]
to the boar semen preservation media. Both pharmacological approaches (metformin and CC) used
during boar sperm conservation for 10 days cause similar negative effects: a reduction of sperm motility
and lower mitochondria membrane potential [77,113]. Therefore, as mentioned before, any alteration
of AMPK activity away from physiological levels during semen preservation leads to a detrimental
effect on the main sperm functions [72,77]. These results in boar have been supported by a recent work
in equine spermatozoa where compound C had a detrimental effect by decreasing sperm motility [60].
However, incubation of equine spermatozoa at physiological temperature with rosiglitazone, another
antidiabetic compound that activates AMPK [114], increases the percentages of motile and rapid
spermatozoa [60]. These authors suggest that rosiglitazone either protects and enhances mitochondria
metabolism or induces a shift in stallion spermatozoa to a glycolytic metabolism (glucose uptake is
increased), subsequently decreasing ROS and increasing intracellular ATP levels [60]. These positive
effects in sperm motility led to authors to test rosiglitazone effect on stallion seminal doses preserved
at 24 ◦C and results showed an improvement of equine sperm motility, suggesting its addition to
stallion extender during preservation [60].

Sperm cryopreservation is other ART widely used that allows preserved indefinitely spermatozoa.
Nevertheless, this procedure is harmful to the cells causing mainly structural damages to sperm
membrane, DNA fragmentation and metabolic changes that restrict its fertilization chances [115].
These deleterious effects during cryopreservation are caused by cold shock, intracellular ice formation,
oxidative stress, hypertonic damage, and combinations of these and others stressful conditions [115].
Many studies have tried to improve male gamete cryopreservation by adding antioxidants to the
semen extender to reduce oxidative stress [116]. In this regard, the natural compound resveratrol that
activates AMPK in some somatic cell types, when added to cryopreservation media, had positive effects
on human spermatozoa [64,117]. Thus, AMPK was activated and ROS levels were reduced in human
spermatozoa cryopreserved in the presence of resveratrol [64]. Moreover, DNA damage on human
cryopreserved spermatozoa was ameliorated when resveratrol was added before cryopreservation,
likely mediated by AMPK [117]. However, when resveratrol was added to boar seminal doses
preserved at 17 ◦C, no improvement was detected in any quality sperm parameter analyzed, and
negative effects were reported in mitochondria membrane potential, intracellular ATP content and
motility [118]. Thus, the possible beneficial effects of resveratrol during semen preservation seem
to be dependent on the species studied or the preservation protocol, where different actions of
resveratrol might preponderate depending of the temperature, i.e., at −196 ◦C, the scavenging
capacity preponderates, while at 17 ◦C, resveratrol negative actions might be due to Ca2+ mobilization
over time. Besides mammalian spermatozoa, the effects of the classical AMPK activator AICAR
or the indirect activator metformin were studied in avian spermatozoa. Thus, chicken spermatozoa
cryopreserved in the presence of AICAR or metformin had stimulated sperm anti-oxidative defenses by
partially restoring superoxide dismutase, glutathione peroxidase, and glutathione reductase activities,
which subsequently decreased ROS levels and lipid peroxidation, leading to an improved sperm
cryopreserved quality [119]. Also, in order to decrease oxidative stress, metformin was added (5 to
5000 μM) before mouse spermatozoa cryopreservation [74]. Although only the higher concentration of
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metformin activated AMPK, any concentration tested doubled sperm survival, motility, and percentage
of motile spermatozoa, as well as the fertilization rate and embryo development without any reduction
in membrane lipid peroxidation [74]. These results observed in mice are surprising since it is assumed
that mitochondria is the major cellular target of metformin that leads to an inhibition of mitochondrial
respiration [120]. In fact, boar spermatozoa preserved at 17 ◦C in the presence of metformin effectively
had lower mitochondria membrane potential and also inhibited sperm motility [113]. Interestingly, the
quality of cryopreserved stallion spermatozoa was not improved when AMPK activity was modified
by any drugs tested: CC, AICAR, or metformin [59]. No significant improvement was observed in
stallion sperm survival, total motility, progressive motility or live sperm with a structurally intact
acrosome [59].

In general, the effects of the manipulation (up or down) of AMPK activity during ART protocols
seem contradictory and are basically dependent on the pharmacological agent, species, and/or the
ART protocol studied. As an example, whereas resveratrol did not have any positive effect during
boar spermatozoa preservation at 17 ◦C [118], positive effects were described in cryopreserved
human spermatozoa [64,117]. While metformin did not have any positive effect during stallion
spermatozoa cryopreservation [59], very positive outcomes were described for cryopreserved mouse
spermatozoa [74]. Moreover, it should be kept in mind that the effects of the different AMPK activators
in spermatozoa from the same species vary according to the ART used. For instance, AICAR or
metformin do not exert any beneficial effect in stallion spermatozoa cryopreserved for a long period
of time at −196 ◦C [59], whereas the indirect activator rosiglitazone has some positive actions when
spermatozoa are preserved a room temperature [60]. Therefore, we cautiously suggest that experiments
designed with pharmacological agents that act through modification of sperm AMPK activity should
be performed in each particular animal species and also under each specific conditions of ART used in
order to address stress-associated problems originated by ART protocols and that ultimately lead to a
decrease in sperm quality.

Effects of the AMPK inhibitor CC supplementation to sperm conservation media during ART
protocols are described in Table 1.

Table 1. Effects of the use of AMPK inhibitor C (compound C) in spermatozoa functions of several
species during Assisted Reproduction Techniques (ART).

Specie ART/Stress Sperm Effects Reference

Boar Preserved (17 ◦C)

1. At short period (<4 days): Improves the % of motile sperm
2. At long period (≥4 days):

Decreases sperm MMP
Decreases acrosome membrane integrity

Increases plasma membrane disorganization

[77]

Stallion Cryopreserved (−196 ◦C) No effect described [59]

Chicken Cryopreserved (−196 ◦C) Decreases motility and antioxidant capacity [119]

Stallion Preserved (RT) Reduces sperm motility [60]

Human Cryopreserved (−196 ◦C) Deleterious effect in sperm motility and mitochondria
Increases apoptotic-like spermatozoa [64]

As expected, negative effects were found in spermatozoa when the AMPK pathway is inhibited
by CC such as reduced mitochondrial membrane potential (by 50%) and basal oxygen consumption
(by 60%) in AMPKα1 knock out mice [3], and detrimental effects on important sperm functions in
refrigerated boar spermatozoa [77], human cryopreserved spermatozoa [64], chicken cryopreserved
spermatozoa [119], or room temperature preserved stallion spermatozoa [60]. These negative effects
can be summarized as: (i) decrease of mitochondrial membrane potential; (ii) sperm motility inhibition;
(iii) loss of acrosomal membrane integrity; (iv) increase of plasma membrane disorganization; and
(v) increase of apoptotic-like spermatozoa (Table 1).
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Nevertheless, although differences were observed between species and depending on the ART
used, in general, beneficial effects were found when AMPK was shown to be over-activated by
metformin in cryopreserved mouse spermatozoa [74], rosiglitazone in stallion spermatozoa preserved
at room temperature [60], AICAR in cryopreserved chicken spermatozoa [119] and resveratrol in
cryopreserved human spermatozoa [64,117]. The positive effects observed were: (i) improvement of
sperm survival, motility, and velocity; (ii) improvement of sperm antioxidant defense and decrease of
lipid peroxidation (LPO); and (iii) improvement of embryo quality (Table 2).

Table 2. Demonstrated effects of direct (AICAR) or indirect AMPK activators (resveratrol, metformin
and rosiglitazone) in the spermatozoa functions of different species during Assisted Reproduction
Techniques (ART). Cryopreservation was always at −196 ◦C. * It has not been showed that the indicated
compound effectively activates AMPK in spermatozoa from the indicated specie.

Compound Specie ART/Stress Sperm Effects Ref.

Resveratrol * Boar Preserved (17 ◦C) Decreases sperm motility, MMP and ATP [118]

Metformin * Stallion Cryopreserved No effect described [59]

AICAR * Stallion Cryopreserved No effect described [59]

Metformin Mouse Cryopreserved Increases sperm motility and viability
Increases fertility rate and quality of embryos [74]

AICAR Chicken Cryopreserved Protects against ROS and lipid peroxidation
Improves motility and % rapid spermatozoa [119]

Metformin Chicken Cryopreserved Protects against ROS and lipid peroxidation
Improves motility and % rapid spermatozoa [119]

Rosiglitazone Stallion Preserved (RT)
Improves % motile and % rapid spermatozoa

Shifts to glycolytic metabolism, increases glucose
uptake and reduces ROS

[60]

Resveratrol Human Cryopreserved Reduces ROS and apoptosis-like spermatozoa [64]

Resveratrol Human Cryopreserved Protects against apoptotic-like spermatozoa and
MMP damage [117]

Metformin * Boar Preserved (17 ◦C) Reduces sperm motility and MMP [113]

However, this issue seems controversial, as negative effects have also been demonstrated, at least
regarding metformin supplementation. Thus, sperm motility and mitochondrial membrane potential
are negatively affected in boar spermatozoa preserved at 17 ◦C in the presence of metformin [113].
Above all, AMPK protein should be considered a suitable target to effectively improve assisted
reproduction technologies’ outcomes where spermatozoa are subjected to different types of stress.

7. AMPK in Spermatozoa: A Physiological Link between Fertility and Energy Metabolism

The central role of AMPK in energy metabolism is well known, although its involvement in
fertility control has only recently been pointed out. AMPK is present in female and male gonads
and seems to contribute to the different stages of maturation of germ cells and spermatozoa by
modulating hormone production (steroidogenesis) and their interaction with nourishing gonadal
somatic cells. In mature mammalian spermatozoa, the ability to preserve energy homeostasis under
fluctuating extracellular nutrients, physiological stimuli, or even stress conditions that occur through
the female reproductive tract is a necessary characteristic of successful spermatozoa. Moreover, the
energy charge-sensitive kinase, AMPK, performs an important and essential regulator of the main
physiological processes of spermatozoa and therefore represents a proper target to improve assisted
reproduction technologies. The increasing scientific evidence about AMPK in the male fertility area
points out AMPK as the physiological link between reproduction and energy metabolism.

Moreover, considerable progress has been performed recently in the molecular development
of direct AMPK activators/inhibitors. A future scientific challenge will be to integrate some of
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these promising therapeutic compounds derived from pre-clinical animal studies into practical
improvements in the field of assisted reproduction in animals and human.
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Abbreviations

AMPK AMP-activated protein kinase
ART Assisted reproduction techniques
ICSI Intracytoplasmatic sperm injection
IVF In Vitro Fertilization
SC Sertoli cells
LC Leydig cells
sAC Soluble adenylate cyclase
cAMP Cyclic adenosine mono phosphate
PKA cAMP-dependent protein kinase
PKC Protein kinase C
LKB1 Liver kinase B1
CaMKKα/β Ca2+-calmodulin dependent kinase kinases II
TSSK1/2 Testis specific serine/threonine kinases 1/2
AICAR 5-aminoimidazol-4-carboxamide-1-B-D-ribofuranoside
CC Compound C or dorsomorphin
ΔΨm Mitochondrial membrane potential
PMA Phorbol 12-myristate 13-acetate
ROS Reactive oxygen species
RSV Resveratrol
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Abstract: Although the global maternal mortality ratio has been consistently reduced over time,
in 2015, there were still 303,000 maternal deaths throughout the world, of which 99% occurred in
developing countries. Understanding pathophysiology of pregnancy complications contributes
to the proper prenatal care for the reduction of prenatal, perinatal and neonatal mortality and
morbidity ratio. In this review, we focus on AMP-activated protein kinase (AMPK) as a regulator of
pregnancy complications. AMPK is a serine/threonine kinase that is conserved within eukaryotes.
It regulates the cellular and whole-body energy homeostasis under stress condition. The functions
of AMPK are diverse, and the dysregulation of AMPK is known to correlate with many disorders
such as cardiovascular disease, diabetes, inflammatory disease, and cancer. During pregnancy,
AMPK is necessary for the proper placental differentiation, nutrient transportation, maternal and
fetal energy homeostasis, and protection of the fetal membrane. Activators of AMPK such as
5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR), resveratrol, and metformin restores
pregnancy complications such as gestational diabetes mellitus (GDM), preeclampsia, intrauterine
growth restriction, and preterm birth preclinically. We also discuss on the relationship between
catechol-O-methyltransferase (COMT), an enzyme that metabolizes catechol, and AMPK during
pregnancy. It is known that metformin cannot activate AMPK in COMT deficient mice, and that
2-methoxyestradiol (2-ME), a metabolite of COMT, recovers the AMPK activity, suggesting that
COMT is a regulator of AMPK. These reports suggest the therapeutic use of AMPK activators for
various pregnancy complications, however, careful analysis is required for the safe use of AMPK
activators since AMPK activation could cause fetal malformation.

Keywords: pregnancy; catechol-O-methyltransferase; 2-methoxyestradiol; preeclampsia; gestational
diabetes mellitus

1. Introduction

Although the global maternal mortality ratio has been consistently reduced, in 2015 there were
still 303,000 maternal deaths worldwide, 99% of which occurred in developing countries {Alkema,
2016 #3}. Among those countries, accelerated reduction of the maternal mortality rate was observed
in countries that improved their transportation systems, health facilities (including the number of
free-standing health facilities), training of health-care providers as well as education [1]. The proper
prenatal care has a significant impact on educating the expectant mothers and their family members as
well as the prevention of pregnancy complications. Pregnancy complications have two aspects, one is
maternal complications such as gestational diabetes mellitus (GDM), and preeclampsia, the other is
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fetal complications such as intrauterine growth restriction (IUGR), and the risk of preterm birth (PTB).
Many of those complications have previously reported to be associated with AMP-activated protein
kinase (AMPK), a stress-induced enzyme.

AMPK is a serine/threonine kinase that is conserved within eukaryotes. It is formed of
a heterotrimeric complex, which consists of a catalytic α subunit and regulatory β, γ subunits. Two
isomers exist for the α and β subunits, (α1, α2), (β1, β2), and three isomers for the γ subunit (γ1,
γ2, γ3), and the combinations are highly tissue specific [2–5]. Each subunit isoform is encoded by
specific gene such as PRKAA1 for AMPK α1, and PRKAB1 for AMPK β1. AMPK regulates the cellular
and whole-body energy homeostasis under stress condition. When cells are stressed, consumption of
ATP increases, subsequently resulting in elevation of the AMP/ATP ratio [2]. This elevation of the
AMP/ATP ratio activates AMPK via phosphorylation of αThr172 [3]. Activated AMPK shifts the cell
metabolism from anabolism to catabolism to increase the cellular ATP concentration [2]. AMPK is also
activated by intracellular calcium and oxidant signaling as well as extracellular signaling by hormones
and cytokines [4]. The functions of AMPK are diverse and include glucose and lipid metabolism,
protein synthesis, mitochondrial biogenesis, redox reaction, anti-inflammation, anti-oxidative stress,
anti-apoptosis, and nitric oxide synthesis [5–7]. Due to its many functions as a regulator of energy
balance, many disorders have been known to correlate with AMPK such as cardiovascular disease,
diabetes, inflammatory disease, and cancer [5,8,9].

Activated AMPK exists in placental tissue and the uterine artery of humans and mice, contributing
to placental differentiation and fetal growth [10]. On the other hand, AMPK activity is decreased
during gestation in the hypothalamus, the brain area that maintains whole body energy balance.
In non-pregnant rats, when energy balance was negative, AMPK activation increased, as well as
fatty acid synthase (FAS) and the anorectic signal, malonyl-CoA, decreased in the hypothalamus to
induce food intake. However, in pregnant rats, hypothalamic AMPK activation and FAS expression
decreased and malonyl-CoA increased although food intake is enhanced, suggesting resistance to
anorectic signals during gestation [11] (Table 1). Pregnancy changes the metabolic balance to maintain
the energy demand for the embryonic growth. In this review, we focus on the relationship between
AMPK activity and pregnancy complications.
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2. Intrauterine Growth Restriction (IUGR)

IUGR is one of the leading causes of perinatal mortality [26,27]. Except for genetic factors, fetal
growth depends on maternal and utero-placental factors. Maternal factors are represented by maternal
nutrition and hypoxia. Caloric restriction decreases maternal circulating insulin-like growth factor
1 (IGF-1), leptin, insulin, and increases cortisol in humans and animals. These maternal hormones
are known as regulators for placental nutrient transport. In human IUGR, the activity of amino acid
transporter system A (system A) is low in the microvillous membrane of the syncytiotrophoblast [28,29].
In vivo experiments using rodent and sheep suggested that IGF-1, leptin and insulin stimulated the
activity of system A, whereas cortisol reduced placental nutrient transport [30,31]. This activation of
system A by maternal hormones is known to be mediated by activated mammalian target of rapamycin
(mTOR) signaling. mTOR induces cell growth and proliferation in a nutrition rich environment by
sensing nutrient availability [32]. In human trophoblast cells, mTOR positively correlated with system
A activation [28,32]. Human, baboon, and rodent studies also supported that calorie restriction reduced
placental mTOR activity, resulting in decreasing nutrient transport and increasing the risk of IUGR.
AMPK is an inhibitor of mTOR, however, baboon placental AMPK activity was unchanged in caloric
restriction studies [28,32,33].

Sufficient oxygen supply is also required for nutrient transport [34]. Women living at higher
altitudes have a decreased ability for placental nutrition exchange compared to women living at
lower altitudes [35]. Under maternal hypoxia, utero-placental oxygen supply decreases regardless
of defensive adaptation against low oxygen such as fetal polycythemia, resulting in a higher rate of
IUGR [36,37]. Among utero-placental factors, uterine factors such as uterine malformation, uterine
myoma, and adenomyosis directly obstruct uterine expansion and placental factors obstruct nutrient
transport due to improper placental differentiation or reduced blood supply. Blood supply is essential
for the fetus to acquire nutrients through the placenta. In vivo experiment of impaired utero-placental
blood flow by ligating the uterine artery decreased the glucose and amino acid transportation in
rats [12] (Table 1). The cellular mTOR signaling was inhibited under hypoxic condition via activation
of AMPK in HEK293 cells and mouse embryonic fibroblasts (MEF) cells [38]. Indeed, placental mTOR
expression is inhibited in pregnant women at high altitude who are known to have less ability for
placental nutrient transport [39]. In vivo study revealed that activated AMPK increased uterine artery
blood flow velocity either by inhibition of vasoconstriction prostanoids or by increasing nitric oxide
production [12]. Resveratrol, the natural polyphenol that is found in grapes, cranberries, and red
wine, is known to activate AMPK. Administration of resveratrol to the pregnant mice under severe
hypoxic condition improved fetal survival and fetal growth [13] (Table 1). AMPK knockdown SM10
cells (mouse trophoblast progenitor cells), created by infecting lentivirus containing AMPK α1/2
shRNA, were shown to have less ability of cell growth (<50%). In addition, TGF-β induced SM10 cell
differentiation was inhibited by AMPK knockdown. In terms of nutrient transport, AMPK knockdown
reduced glucose transport by inhibiting expression of glucose transporter 3 (GLUT3) in SM cells.
Immunohistochemistry revealed that the normal cellular localization of GLUT3 was mainly on the
cell surface, indicating the proper glucose transportation, whereas AMPK knockdown cells exhibited
GLUT3 localized near the nucleus [10].

These reports clearly demonstrate that AMPK activation is important for nutrient transport both
by increasing uterine blood flow and increasing glucose receptor on cell surface.

3. Gestational Diabetes Mellitus (GDM)

GDM is defined as glucose intolerance that is first diagnosed after conception. The frequency
of GDM differs depending on the ethnicity, but it is reported as 2–5% worldwide [15]. Obesity
and family history of diabetes are the risk factors of GDM. GDM increases the risk of hypertensive
disorders of pregnancy (HDP), large for gestational age, shoulder dystocia, nerve palsies, neonatal
hypoglycemia, hyperbilirubinemia, and polycythemia. More than 90% of GDM resolves soon after
the delivery, however, the long-term morbidity of type-2 diabetes is seven-times more frequent than
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women without GDM [40]. Prevention and treatment of GDM is important both for mothers and
their offspring.

During pregnancy, the placenta produces hormones such as human placental lactogen (hPL),
which decreases maternal insulin sensitivity and maternal glucose utilization to transport sufficient
glucose through the placenta to the fetus. GDM develops when maternal insulin production by
pancreatic β cells does not match with the insulin sensitivity of the organs [41,42].

In the first trimester, the development of the placenta induces drastic alternations in the
trophoblast environment. Placenta and trophoblast are grown under a hypoxic environment in
the beginning of gestation, however, once the spiral artery develops, the oxygen level increases, which
results in an increase in the oxidative stress [43]. If GDM develops in the first trimester, the embryo is
damaged both by oxidative and hyperglycemic stress, resulting in growth restriction of the placental
embryonic unit [44,45]. In the mid and late trimester, fetal demand of oxygen is higher in GDM due to
the enhanced metabolism by fetal high insulin levels. To meet the demand from the fetus, the placenta
increases its volume and promotes angiogenesis to supply more oxygen, and erythropoiesis along
with fetus growth [46,47]. Similar to in the first trimester, high oxygen supply induces oxidative stress
as well as hyperglycemic stress in the fetal environment during the mid-late trimester. The maternal
hyperglycemic environment enriches cellular ATP which inactivates AMPK and activates mTOR in the
liver of humans, and mice [14,16] (Table 1). In the placenta, gene expression of AMPK is suppressed,
and m-TOR activation is enhanced in GDM women [48] (Table 1).

There were several reports that AMPK activation by chemical compounds, such as
resveratrol, 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR), and metformin, cured GDM
preclinically [16,49,50]. Resveratrol was known to reduce high-glucose induced oxidative stress
by activation of AMPK in type-2 diabetic animal models [51]. In GDM model mice, resveratrol
increased phosphorylated AMPK (p-AMPK) in the maternal liver and lowered the maternal insulin
resistance and the fetal body weight while increasing the fetal survival rate via increasing the activity
of glucose-6-phosphatase in both mother and offspring [16]. Metformin is known to decrease hepatic
glucose production, to increase glucose uptake in peripheral tissues, and to lower plasma triglyceride
and free fatty acids. Metformin activates AMPK directly by phosphorylating Th172 on the α subunit,
or indirectly by inhibiting mitochondrial complex I which increases the AMP/ATP ratio [52,53]. Active
AMPK in skeletal muscle enhanced insulin-stimulated GLUT4 expression to increase glucose uptake,
while in the hepatic tissue, gluconeogenic genes were inhibited by active AMPK [54,55]. Active AMPK
also stimulated glucose uptake in skeletal muscle independent of insulin [56,57]. One concern about
taking medication by pregnant women is placental transportability. It is known that embryonic AMPK
activation stimulated by hyperglycemic and oxidative stress in GDM patients causes neural tube defect
(NTD) through inhibiting the expression of pax3, an essential gene for neural tube closure [58]. Ex vivo
study showed that metformin-treated mouse embryonic stem cell-derived neural progenitor cells
increased activated AMPK and reduced pax3 expression [59]. However, in in vivo studies, metformin
did not increase active AMPK in the embryos of pregnant mice [59]. It was reported that metformin did
not pass through to the embryo due to insufficient expression of the metformin transporter, Oct3/Slc22,
on the embryo during the period of organogenesis [59,60]. On the other hand, the placenta had sufficient
expression of Oct3/Slc22, and some clinical studies reported that there were no significant differences in
incidence of LGA, mean birthweight, and neonatal morbidity with metformin treatment and insulin
treatment of GDM women [61,62]. Further study is expected for the safety of metformin in GDM.

In summary, activation of maternal AMPK ameliorates maternal diabetic features and normalizes
fetal growth as a result. The safety of AMPK activators should be further studied.

4. Preeclampsia

HDP affects about 10% of all pregnancies in the world [63]. HDP is a group of four diseases,
gestational hypertension, chronic hypertension, preeclampsia, and eclampsia. Among them, preeclampsia
is the leading cause of maternal and perinatal mortality and morbidity. Preeclampsia is defined as
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development of new-onset hypertension with proteinuria after 20 weeks of gestation. The progression of
preeclampsia results in placental insufficiency, which induces IUGR, and maternal organ dysfunction
such as HELLP syndrome, a complication of pregnancy characterized by hemolysis, elevated liver
enzymes, and low platelet counts, and eclampsia [63]. Although pathogenesis of preeclampsia is only
partially understood, failure in placentation during the early stage of pregnancy has been thought to
be a crucial factor that exposes the placenta and embryo to oxidative and inflammatory stress [64,65].
The mal-placentation causes a hypoxic environment, which induces angiogenic imbalance (vascular
endothelial growth factor; VEGF< soluble fms-like tyrosine kinase-1; sFlt-1) and hypertension [64,66].
As mentioned in the IUGR section, AMPK activation is required for placental differentiation and
vasodilation of uterine artery blood flow. Treatment of hypertension with AICAR restored blood pressure
(BP) and angiogenic balance (VEGF > sFlt-1) in rats [19] (Table 1). Metformin exerted the reduction of
sFlt-1 secretion on endothelial cells, villous cytotrophoblast cells, and preterm preeclamptic placental
villous explants in primary human tissues [17] (Table 1). Metformin also improved vasorelaxation of
human omental blood vessels which were cultured in placental villous explants obtained from patients
with severe early onset preeclampsia, to the level of vessels cultured in normal media. Metformin
also restored the outgrowth of omental vessel rings which was reduced when it was treated solely with
sFlt-1 [17] (Table 1). Another study indicated that in preeclamptic maternal serum, p-AMPK was positively
correlated with the severity of preeclampsia and BP, while it was negatively correlated with gestational
week at delivery and birth weight [18] (Table 1). In summary, lack of AMPK induces mal-placentation,
which results in angiogenic imbalance. The increase in serum AMPK in severely preeclamptic women
suggests a compensatory mechanism for the angiogenic imbalance. AMPK activators ameliorate the
preeclamptic symptoms, which indicates AMPK as a potential therapeutic target of preeclampsia

In the immunological view, imbalance between regulatory T (Treg) cells and Th17 cells is reported
in preeclamptic women. Treg cells exhibit immunological tolerance during pregnancy. Th17 cells, on
the other hand, induce inflammation. In normal pregnancies, increase in Treg cells and decrease in Th17
cells are found in peripheral blood compared to non-pregnant women [67]. However, in preeclampsia,
Treg cells decrease and Th17 cells increase compared to non-pregnant levels [68,69]. AMPK activation
restored the normal balance between Treg and Th17 cells and cured such an imbalance. Active AMPK
is reported to induce Treg cells development and reduce Th17 cells differentiation, as a result, systemic
inflammation improves, and immunological homeostasis is maintained [70].

5. Preterm Birth (PTB)

Complications of PTB are the major cause of neonatal deaths, and second leading cause of death
among children under five years old. Many of the survived children suffer from lifelong disabilities [71].
Lowering the rate of PTB is in great demand in the world.

The common risk factors of PTB are inflammation and oxidative stress. By generating uterine
specific depletion of p53 mice, the model mice of PTB, several studies have found that the activation of
mTOR signaling induced decidual senescence during early pregnancy and phosphorylated mTOR
increased COX2-derived prostaglandins, which resulted in spontaneous PTB in 50–60% of p53 depleted
mice [21] (Table 1). In addition, AMPK activators, metformin and resveratrol, improved the decidual
health and the rate of PTB was reduced in PTB model mice [21] (Table 1). In human fetal membranes,
AMPK and p-AMPK exist in amnion epithelium, chorionic trophoblasts and decidua. A study
reported that p-AMPK was significantly lower in fetal membrane of spontaneous labor at term
compared to caesarean delivery at term and that p-AMPK levels in fetal membranes with pre-labor
rupture of membrane was significantly lower compared to intact membranes. Preincubation of AMPK
activators, AICAR, phenformin, A769662, decreased inflammatory cytokines such as TNF-α, IL-6,
IL1-β, IL-8 levels when human fetal membranes were treated with LPS. These data suggested the
anti-inflammatory effect of p-AMPK on fetal membranes [20] (Table 1).
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6. Reprogramming

For decades, many reports have shown that adverse uteroplacental environments have strong
associations with metabolic diseases, cardiovascular diseases, skeletal muscle deformity, and cognitive
impairments in adult offspring; this concept is known as the developmental origin of health and disease
(DOHaD) [72,73]. The DOHaD concept offers a reprogramming strategy that shifts the therapeutic
intervention from adulthood to early-life [74]. IUGR rats had higher p-AMPK in hypothalamus
regardless of feeding compared to appropriate for gestational age (AGA) rats. It has also been shown
that IUGR rats expressed increased orexigenic and decreased anorexigenic mRNA expression in the
hypothalamus, resulting in enhanced appetite drive, which contributes to adult obesity [22] (Table 1).
On the other hand, there were reports in rats that offspring who were grown under a mal-uteroplacental
environment such as mal-nutrition, hyperglycemia, and oxidative stress had reduced hepatic p-AMPK
after several weeks from birth [23,24] (Table 1). Many studies have reported that administration of
AMPK activators such as resveratrol, metformin and natural polyphenol containing foods (azuki bean,
green tea etc.) to the pregnant mice or mice under lactation improved the offspring’s outcome [24,25]
(Table 1). Moreover, in rodents, resveratrol applied directly to the offspring also improved their adverse
effects of growing under a mal-uteroplacental environment [8,75]. Growth hormone also reversed the
dyslipidemia in small for gestational age (SGA) rat offspring grown under mal-nutrition. Hepatic
p-AMPK, which was a regulator of lipid and glucose metabolism in the liver, showed no significant
difference between SGA rats and AGA rats on neonatal day 1, however, it was significantly lower in
SGA rats compared to AGA rats after three weeks from birth. The level of serum triglyceride was
also identical between AGA rats and SGA rats at birth, but it significantly increased in the SGA rats at
10 weeks of age. Administration of growth hormone restored the level of hepatic p-AMPK as well as
serum triglyceride level and body weight [23] (Table 1). Apparently, maternal environment gives both
positive and negative impacts on intra-uterine environment through the placenta, and AMPK activity
is key to reversing metabolic imbalance in offspring. Although earlier modification is better, too much
activation of AMPK could result in the development of a fetal developmental anomaly such as NTD.
Further study is needed for the timing and dose of AMPK activation treatment for both mothers and
their offspring.

7. Perspective: Catechol-O-Methyltransferase and Pregnancy

Catechol-O-methyltransferase (COMT) is an enzyme that metabolizes catechol such as
catecholamines and 2-hydroxyestradiol (2HE), one of the catechol estrogens. 2HE is converted into
2-methoxyestradiol (2-ME) by COMT [76]. In humans, the COMT single-nucleotide polymorphism
(SNP) rs4680 (COMT158Val-Met) exhibits reduction of enzymatic activity and stability in the Met
allele carriers. COMT158Val-Met is associated with many diseases including diabetes, obesity and
hypertension [77,78]. Indeed, in preeclamptic women, COMT protein levels and activity have shown
to be lower and the COMT-mediated metabolite 2-ME was suppressed in the plasma. As a topic in
the AMPK regulation, we would like to introduce our recent findings about the AMPK activation
from the view of COMT/2-ME axis (Figure 1). We have recently shown that COMT is an essential
enzyme to liver AMPK activity. COMT deficiency either created by a high-fat diet (HFD), COMT
inhibitor or siRNA mediated knockdown, induced glucose tolerance defects associated with liver
AMPK suppression in mice [79]. Such COMT deficient-associated metabolic defects and suppression
of AMPK activation were ameliorated by 2-ME. Metformin recovered the activity of liver AMPK
in HFD-treated mice, however, co-administration of the COMT inhibitor suppressed liver AMPK
activation [79]. In addition, metformin increased COMT protein expression, suggesting that COMT
could be involved in metformin-induced AMPK activation [79]. As well, 2-ME activated AMPK and
induced insulin secretion in the cultured insulinoma cell line; MIN-6. The biological significance of
such 2-ME-induced AMPK in the insulin secretion is a debatable issue; however in our analysis, AMPK
suppression by siRNA in MIN-6 cells abolished 2-ME-induced insulin secretion [79]. A conundrum
of this study is that while AMPK is needed for 2-ME-induced insulin secretion; AMPK activator
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AICAR did not induce insulin secretion in MIN-6 [79]. In the pregnant mice, COMT deficiency is also
associated with elevated BP, higher rate of preterm-birth, larger number of fetal wastages, and smaller
placentae/decidua [76], all of which are related with lack of p-AMPK. The histological study of COMT
deficient placenta showed vascular damage. The elevated BP in COMT deficient mice was explained
by increase in angiotensin II receptor type 1 (ATR1) expression, which leads to the hypersensitivity
of vascular smooth muscle cells to angiotensin II (AgII). 2-ME suppresses ATR1 expression, and
normalizes BP [80]. AgII treatment in mice increased systolic BP and reduced urinary sodium excretion
and p-AMPK level in kidney. The AgII antagonist, losartan, and metformin lowered systolic BP and
increased urinary sodium excretion and p-AMPK level in kidney in mice [81]. Ex vivo experiments
with embryonic rat cardiomyocytes also showed that metformin inhibited AgII-induced upregulation
of AgII receptor [82]. Resveratrol was reported to regulate vascular smooth muscle contraction and BP
by inhibiting AgII activity [75].

AgII-induced hypertension was ameliorated both by 2-ME and AMPK activators, indicating
the close relationship between COMT and AMPK. Further study is required to identify the precise
molecular mechanisms of COMT/2-ME axis-associated AMPK activation.

Figure 1. Catechol-O-methyltransferase (COMT) is an essential enzyme for the production of
2-methoxyestradiol (2-ME). 2-ME, a metabolite of COMT, induces activation of various molecular
pathways, including activation of AMPK. ↑: Increase in activity. ↓: Decrease in activity.

8. Conclusions

AMPK maintains the maternal metabolic balance and protects fetal growth from diverse types of
stress throughout the pregnancy. Pregnancy complications that are listed in this review have large
impacts on maternal or fetal morbidity and mortality. Moreover, they also affect maternal health
problems after labor, as well as their offspring’s health problems in adolescence. Supplementation of
AMPK activators seems effective for improving both maternal symptoms and fetal growth by restoring
the metabolic balance. However, inappropriately activated AMPK in fetus could cause congenital
developmental disorders. Thus the timing and the types of AMPK activators should be further studied
for safe use.
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