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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 3-synthetase 3 (CBS3) nucleotide binding site within the regulatory AMPKy subunit
interacts with the flexible o-linker from the catalytic « 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 x-subunit. Both liver kinase B1 (LKB1) and Ca®*/ Calmodulin-dependent protein kinase
kinase 2 (CaMKK?2) are firmly established as physiological upstream kinases of AMPK. In addition,
transforming growth factor 3 (TGF-f3)-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.

Int. J. Mol. Sci. 2019, 20, 766; doi:10.3390/ijms20030766 1 www.mdpi.com/journal/ijms
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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 AMPK«1 mainly limits muscle growth, for
example, by inhibiting protein synthesis, whereas AMPK«2 activation may play a more important
role in muscle degradation, for example, through accelerating autophagy. Because a lack of AMPKa1
also inhibits muscle regeneration after injury, AMPK«1 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 AMPK«1 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).
Jorgensen 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
AMPXK 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 Foller
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 Ca?*-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-Gémez and Marifio [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 AMPK«x2 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 (xf3y combinations of «l1, 2, 31, 32, v1, v2, and v3)
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
apy 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 vy subunit, each, which in turn modulates the activity of AMPK’s kinase domain in its o 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; a-linker; p-linker; CBS; LKB1;
CaMKK?2; xRIM

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 a3y protein kinase. In mammals, it is encoded by two alternative o
subunits («l and «2), two alternative 3 subunits (31 and $2), and three alternative y subunits (y1, y2,
and y3) that can form up to 12 different vy isoforms [14]. The « subunits contain a canonical Ser/Thr
kinase domain (KD), an autoinhibitory domain (AID), an adenine nucleotide sensor segment termed
an «-linker, and a 3 subunit-interacting C-terminal domain («x-CTD), the latter of which contains
the ST loop, which harbors proposed phosphorylation sites for AKT [15], PKA [16], and GSK [17].

Int. ]. Mol. Sci. 2018, 19, 3534; d0i:10.3390/ijms19113534 6 www.mdpi.com/journal/ijms
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The  subunits are composed of a myristoylated, unstructured N-terminus, a glycogen-binding
carbohydrate-binding module (CBM), a scaffolding C-terminal domain (3-CTD) that interacts with
both the y subunit, and the x-CTD, and the extended f3-linker loop that connects the CBM with the
B-CTD (Figure 1A,B). The three alternative y subunits consist of N-termini of different lengths and
unknown function, followed by a conserved adenine nucleotide-binding domain that contains four
cystathione (-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.
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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 o5 31y1/991 ((B); PDB: 4CFE) and
&1 B2v1/cyclodextrin (CD) ((C); PDB: 4RER).

AMPXK is a highly dynamic complex with a stable core formed by the y subunit and the «- and
3-CTDs, in which the 3-CTD is sandwiched between the « and y 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).

A
cD

PDB: 1ZOM
Rat CBM + cyclodextrin (CD)

Core complex a,—B,CTD-y, complex

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 «;-human p,-rat v;); (D) AMP-bound,
phosphorylated rat «;—human ,CTD—rat y; 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 3-sheet and the «B and «C helices, and a larger x-helical C-terminal lobe (C-lobe; see
Figures 1B and 2B). The cleft between the lobes is the binding site for substrate peptides and Mg?*~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 «C helix in the N-lobe, which positions the ATP-binding lysine (K47 in
human «l1) and the Mg?*-binding DFG (Asp-Phe-Gly) loop; and (iii) the peptide substrate-binding
catalytic loop in the C-lobe (Figure 3) [28-30].
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loo H139 -
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substrate D11 R140
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Activation loop
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Figure 3. Active protein kinase catalytic cleft. (A) Key residues and structural elements of
phosphorylated AMP-bound «; 3,77 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 o) positions R140 and D141 from the catalytic loop for peptide substrate binding, and K62
from the C-helix for aligning the ATP-binding K47 and the Mg?*-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 aC helix (K62 in AMPK «1), the activation
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loop (N164), and the catalytic loop (R140). This conformation in turn stabilizes the «C 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 Mg?*-binding DFG loop
(F160), the aC helix (L70) and the «C-«D 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 Ca?* /calmodulin-dependent protein kinase
kinase p (CaMKK2) [38-42]. While CaMKK2 mediates Ca?*-dependent AMPK phosphorylation,
AMP binding to the y 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 vy Subunit Contains Three Functional Adenine Nucleotide Binding Sites

The structure of the yeast and mammalian AMPK core scaffolds revealed a disk-shaped y
subunit composed of four CBS sites. Each CBS consists of a strand-helix-strand-strand-helix fold
(B1-x1-p2-p3-2) with long intervening loops (Figure 4A). 31 is often incomplete, but where present,
it forms a three-stranded sheet with the two central B-strands (32 and $3). The 3-sheet of one CBS
packs parallel with the sheet of a neighboring CBS. The interface between the two sheets forms two

10



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

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.

A

CBS1
(43-103)

J CBS2
A (123-180)
"

(272-327)

2veQ

Disk Flat Surface Disk narrow Surface

E CBS-1

cBs-3

Figure 4. AMP binds three of the four CBS sites of the y subunit. (A,B) Cartoon representation of the
7y 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 y 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 y subunit,
they did not provide information on how the binding signal is transduced to the KD in the o subunit.
In 2011, the Gamblin and Carling groups crystallized an AMPK complex containing rat «1, human
2 CTD, and rat y1 [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 a-linker that connects AID and «-CTD directly bound the y subunit [34], which has been
validated in all subsequent AMP-bound AMPK complex structures with a resolved «-linker. A segment
of the linker, termed regulatory subunit-interacting motif 2 (xRIM2) [27,59], interacts with AMP at
CBS3, suggesting that «RIM2 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 aRIM2 residues
(E362 and R363 in rat «1 and human «2; E364 and R365 in human «1) 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 o-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
a-isotype-selectively (it fully activates «1-containing complexes, but only partially a2 complexes),
and this selectivity can be fully reversed by a swap of the aRIM2 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 « subunit, an interaction that is
directly modulated by AMP and ATP. In contrast, CBS1 and CBS4 do not interact with any part of the -
or 3-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 «RIM2, 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 («3)
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 y 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 Mgz*—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 y 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 y subunit residues
make AMPK constitutively inactive [59].

12



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

Figure 5. The AID is in equilibrium between KD- and y-bound conformations. (A) Cartoon structure
of the human «; KD-AID complex. (B) Overlay of the inactive KD-AID structure with the structure of
active holo-AMPK (« subunit: green; 3- and y-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,
181, 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: Mg?* ions.

A Highly Conserved Interaction Network Links xRIM2/CBS3 and AID-aRIM1/CBS2 Binding

The structure of AMP-bound AMPK «4-B,CTD-y; [34] first revealed the AID conformation in
active AMPK, in which the border of the AID and the N-terminus of the a-linker, termed oRIM1,
binds the y-subunit at the unoccupied CBS2 [27,34,51,59]. Mutational analysis by Ja-Wei Wu's group
provided a molecular pathway to link «RIM2 binding of AMP-occupied CBS3 to direct AMPK kinase
activation. They first showed that xRIM1/CBS2 interface amino acids corresponding to human o1
1335/M3364 and F342/Y343, and human y1 R171 and F179 are required for AMP-mediated relief of
AMPK autoinhibition [59]. In active, AMP-bound holo-AMPXK, the direct interaction of y1 K170 with
both AMP/CBS3 and aRIM2 «1 E364 positions three key residues at the «RIM1 interface. First, the
residue following K170, R171, forms Van der Waals interactions and a backbone hydrogen bond with
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aRIM1 o1 F342. Second, the K170-interacting residues K174 and F175 form Van der Waals bonds
with F342 and both Van der Waals and 7t-stacking interactions with y1 F179. The latter is the linchpin
of the interface and directly interacts with all four «RIM1 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,
v/CBS2-bound conformation.

aRIVA aRIM2

AMP-3

Figure 6. «RIM2/CBS3 and AID-aRIM1/CBS2 interactions are linked. Structure of human AMP-bound
AMPK «;37y1 (4RER) with key residues shown in a stick presentation; the «-linker is shown in
magenta, the y subunit in cyan, and the AID in light green. AMP bound at CBS3 and «RIM2 E364
directly interact with y1 K170, which positions the aRIM1-binding residues R171, and indirectly
through K174 and F175, F179, thus stabilizing the AID-y subunit interaction. Consistently, mutations of
the oRIM1 /7y subunit (and «RIM2/CBS3) interface residues highlighted by oval outlines (human o :
F342D/Y343D, 1335D/M336D, E364, R365; v1: 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—«-linker—AID network will require the structure
of the holo-AMPK complex, including the «-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 3-linker at the CBM border adopts a helix that packs
parallel to the xC-helix, and it has therefore been named C-interacting helix [51]. This suggested
that ADaM site ligands may activate AMPK by stabilizing «C through induced formation of the
C-interacting helix, reminiscent of the regulatable «C 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 «C [48].
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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 «1 T174) against dephosphorylation. p-T172 protection can be
demonstrated in a cell-free, reconstituted system independent of the phosphatase used (e.g., PP2C,
PP2A, A-phosphatase), and AMP does not, or only slightly inhibit the dephosphorylation of a different
substrate, casein, by PP2C« [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 «;—3,CTD-y; (PDB: 4CFH) first demonstrated
that the activation loop directly interacts with the core of AMPK [34]. Specifically, the stable 3-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 32 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 3-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 -linker is largely
resolved (e.g., f2-linker in 4RER [49], B1-linker in 5ISO [65]), p-T172 is clearly protected by the
f-linker, especially in the case of the $2-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 3-CTD binds and stabilizes the activation loop. Structure of AMP-bound, phosphorylated
AMPK o;—B,CTD—y; (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 (y subunit plus «-
and 3-CTDs), the catalytic KD, and at least four dynamic domains (AID, CBM, and the «- and {3-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 «C
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/MQO25.
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Abstract: Alongside Liver kinase B1 (LKB1) and Ca?*/ Calmodulin-dependent protein kinase kinase
2 (CaMKK?2), Transforming growth factor- (TGF-{3)-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 AMPKo
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 AMPK« subunit activates the kinase, which is dependent
on upstream kinases, called AMPK kinases, identified as LKB1 and CaMKK2 [11-14].

TAKT1 has been proposed as an alternative third AMPK kinase, which has received varying
appreciation. This is the topic of this review. TAKI 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-f receptors, tumour necrosis factor (TNF)-«, 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 1B kinase complex
(IKK). Therefore, TAK1 has been described as a regulator of nuclear factor k-light-chain-enhancer of
activated B cells (NF-«B) and MAPKSs 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
CaMKK?2, TAKI 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 Snfl; knockout of all three kinases replicates the Snfl 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 AMPKy2 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 TAKI 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 CaMKK?2, 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 AMPKo at T172 in Cell Free Assays?

In the original paper, Momcilovic et al. used a purified GST-fusion of the isolated Snfl kinase
domain that was directly incubated with an artificial construct of TAK1-TAB1 fusion protein purified
from insect cells. Snfl kinase domain was phosphorylated by a TAK1-TABI 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 x-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 TABI 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-TABI interaction, and TAB1 should be able to recruit TAK1 independent of
LKBI1. Further direct evidence for TAKI-AMPK signalling came from an unexpected pathway:
in TNF-related apoptosis-inducing ligand (TRAIL)-treated epithelial cells AMPK was activated by
TAKT1 [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 TAKI1 (as seen by IkB 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-), 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, LKBI, 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 Ca?* 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 TNFx 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-kB 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
VEGEF-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
mTORCT activity, and suppression of autophagy compared with their WT counterparts [43], suggesting
reduced AMPK function in these livers. TAKIl-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/mTORC]1 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 p38« [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 AMPK« knockdown. Taking into account the ability of AMPK to bind TAB1 [21],
and considering the role of TABI 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 TABI1 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 AMPK« 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, AMPK«l was suggested to participate in renal TAK1 activation
and TAKl-dependent signalling induced by angiotensin-II [26]. Angiotensin-II increased the
phosphorylation of TAK1 (S412) in renal tissue of AMPKal1+/+ mice but not AMPK«1—/— mice.
Notably, 5412 is targeted by PKA [46]. Furthermore, the authors also observe that angiotensin-II
upregulates the AMPK«1 isoform in renal tissue, and increased TAK1-target gene mRNA and renal
protein expression in AMPK«x1+/+ mice, but less-so in AMPK«1—/— mice [47]. Using the same
argumentation as above, if AMPK« indeed acts as a scaffold for TAB1, one could predict that TAK1
activity is downregulated in AMPK« 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 CaMKK?2, as the third genuine upstream kinase of AMPK
(Figure 1).

Energy challenge Extracellular signals  Cell survival signals

Figure 1. The three alternative AMPK kinases. Biochemical (cell-free), cell biological (in vitro) and
animal (in vivo) experimentation suggest that TAK1 can activate AMPK« 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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Abbreviations

AMPK AMP-activated protein kinase

CaMKK2 Ca”* /Calmodulin-dependent protein kinase kinase 2

LKB1 Liver kinase B1

T172 Threonine 172 residue (of AMPKa)

TAB1 TAK1 binding protein 1

TAB2 TAKI1 binding protein 2

TAB3 TAKI1 binding protein 3

TAK1 Transforming growth factor 3-activated protein kinase

TNF- Tumour necrosis factor

TRAIL Tumor necrosis factor related apoptosis inducing ligand
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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
[ 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 « subunit
and regulatory 3 and y 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 3 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 {3 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-f-synthase (CBS) domains of
the y 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 « 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  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 Ca?* concentrations via the
upstream kinase calcium/calmodulin-dependent protein kinase kinase  (CAMKK?2) 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-1«) 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].

Subunit Domains

AMPK B1

AMPK B2

Figure 1. The AMPK is a heterotrimeric protein, consisting of a catalytic a subunit and regulatory
and vy subunits. The 3 subunit (31 and 2 isoforms) possesses a glycogen-binding domain (CBM) that
mediates AMPK’s interaction with glycogen, an N-terminal myristoylation site (myr) and an oty subunit
binding sequence («y-SBS) involved in the heterotrimeric complex formation. Tissue expression of the
B1 and P2 isoforms varies between humans and mice, as the 32 isoform is predominately expressed in
both human liver and skeletal muscles, while mice predominately express the 1 isoform in the liver
and the 32 isoform in the skeletal muscles.

2.2. The AMPK B Subunit and Carbohydrate-Binding Module

The AMPK (3 subunit exists in two isoforms (81 and 2) and serves as a scaffolding subunit
that binds to the AMPK catalytic « and regulatory y subunits, playing an important role in the
physical stability of the heterotrimer (Figure 1) [9,26,27]. In human and mouse skeletal muscles, the 32
isoform is predominantly expressed (Table 1) [28]. In contrast, the liver 3 subunit isoform expression
differs across the mammalian species: the 31 isoform is predominantly expressed in mice, while (32 is
predominantly expressed in humans [29,30]. However, despite isoform differences between species,
both the 3 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 31 subunit and residues 67-163 of the 32 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 32 CBM [34,35]. This insertion is believed to have occurred early in evolutionary
history and provides the 32 CBM with a higher affinity for glycogen [33,34]. However, the reason for
this divergence in 3 subunit isoforms is unknown.

Table 1. The AMPK f 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
a-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
a-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 Ca®*,
epinephrine and cAMP concentrations [40,41]. When activated, GP degrades the «-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 «-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 x-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 Ca”* 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 umol/g wet weight in liver
and 15-20 umol 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 31 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 31 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 31 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 31 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 3 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 3-cyclodextrin and confirmed that AMPK indeed interacts with glycogen [32]. Additional
experimental approaches such as immunogold cytochemistry have also shown that the AMPK « and
(3 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 (3 subunit also physically interacts
with the kinase domain of the catalytic o subunit, forming a pocket, referred to as the allosteric drug
and metabolite (ADaM) site. Small molecule AMPK activators such as A-769662, a 31 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 & 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 « subunit [1,9,56]. The inhibitory role of the 3
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 31 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 (32 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 {3 subunits
for carbohydrates. Isolated 32 CBM has a stronger affinity for carbohydrates than the 31 CBM,
binding strongly to both branched and unbranched carbohydrates, with a preference for single
«-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 32 subunit, therefore, allowing
binding to branched carbohydrates [33,34]. In addition, the 31 CBM possesses a threonine at residue
134 which may form a hydrogen bond with the neighboring W133, restricting the ability of the 31
CBM to accommodate carbohydrates, while the 32 CBM possesses a valine which does not bond
with W133 [34]. This difference may explain the increased affinity of the 32 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 31 subunits,
which may dictate the inhibitory effect of glycogen observed in previous studies [34,56]. While the
role of AMPK {3 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 a2, but not a1, 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
AMPXK, 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 y1 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 (1 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 AMPXK 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 (1 subunit expression in the tissues studied, as this isoform has a lower affinity for
glycogen compared to the 32 subunit [74,75]. In future studies interrogating AMPK and glycogen
binding and functional interactions, considerations of the 3 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 3 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 « and (3 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 32 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]. 2 KO mice also display
reduced expression and activity of a1 and a2 subunits as well as compensatory upregulation of the 31
subunit in skeletal muscle [76]. Additional experiments utilizing this 32 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 (32 in glycogen dynamics in this model. Similarly, muscle-specific AMPK
31/p2 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 3 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 (3 subunit(s), recent studies utilizing
tissue-specific «1/«2 KO mice have provided support for the functional interactive roles of AMPK
and glycogen. Liver-specific AMPK «1/«2 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 «1/«2 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 § subunits in the functional regulation of these physiological
processes, as opposed to the ablation of the entire  subunits or 3 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 «2 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 «1 and «2 association with glycogen, along with increased AMPK
a2 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 o 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 §, 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-1« [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).

Altered AMPK membrane
and organelle targeting?

Eifects on glycogen storage
dynamics in cellular energy
stress and energy excess?

Impacts on metabolism an
mitochondrial function?

Effects on signaling pathway
crosstalk and protein turnover?

Altered AMPK nuclear transloca;ion |
and regulation of gene expression?

S

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 al/x2 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 «2 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 3 subunit
glycogen binding is challenging when additional functions are altered in the presence of subunit
deletion, as AMPK activity is impaired when the scaffolding 3 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 3 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 5108 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 vy 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 3 subunit, mutations in the y subunit also result in alterations in AMPK activation and
glycogen metabolism. The y2 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 y3 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 y subunit mutations promotes
glycogen synthesis by increasing glucose uptake. As mentioned above, the CBM interacts with the
a subunit, forming the ADaM site and stabilizing the kinase domain of the o« 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 32 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  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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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-1x Peroxisome proliferator-activated receptor gamma coactivator 1-o
Raptor Regulatory associated protein of mechanistic target of rapamycin
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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
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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 AMPK«1 playing a prominent role in stimulating
anabolism and in regulating satellite cell dynamics during regeneration, and AMPK«2 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 ATDP, 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: «, 3, and y.
The actual kinase domain is contained within the « subunit, along with the predominant regulatory
phosphorylation site, Thr172, which must be phosphorylated to produce any significant activity. The «
and 'y subunits serve scaffolding and regulatory roles. The y subunit confers AMP sensitivity to the
enzyme through four cystathionine $-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 « (x1 and «2), two 3 (1 and 32),
and three v (v1, 2, and y3) isoforms result in the possibility of up to 12 distinct AMPK configurations.
In human skeletal muscle, however, these configurations are likely limited to «2/32/y1 (most
abundant), «2/$2/v3, and «1/p2/v1 [10]. Of these three, «2/f32/v3 accounts for the majority
of AMPK activation due to high-intensity exercise [11]. In contrast to human muscle, mouse muscle
contains 1 trimers («1B1y1 and x2p1y1), 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 AMPK«&2 activation, since AMPK«1 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
B-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 AMPK«x2-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 AMPK«2 activity is readily increased by exercise and muscle contraction in rodents [27],
increases in AMPKa1 activity after exercise/contraction are less consistent. For example, AMPKa1
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
AMPK«2 in mouse skeletal muscle, but not AMPK«1, while running at 70% of maximum activated
both isoforms [30]. In vitro contraction of the extensor digitorum longus (EDL) muscle for 25 min
activated AMPK«1, 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 AMPKal [24], while a single 30 s sprint [31] or high intensity interval cycling
(4 x 30 s bouts of cycle sprints) [32] activated both AMPKa1 and «2 isoforms. Thus, activation of
AMPKa1 isoforms by exercise requires greater intensity work and/or duration than for the activation
of AMPK«2. As discussed below, this has important implications in relation to AMPK’s impact on
muscle growth and repair, as AMPKa1 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 AMPKa&2 but not AMPKa1 in
rat gastrocnemius [7]. Furthermore, AICAR-stimulated glucose uptake is eliminated in AMPK«x2
knockout muscle, but not in AMPKa1 knockouts [36], suggesting that at least some of AICAR'’s
metabolic effects are specifically AMPKa2 dependent. Nonetheless, AICAR can activate AMPK«1,
since incubation of isolated rat epitrochlearis muscle with 2 mM AICAR activated AMPK«1, albeit to a
lesser degree than AMPK«2 [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 AMPK«2 (but not AMPK«1) 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 AMPKa1 and &2 activity,
while treatment of isolated epitrochlearis and soleus (SOL) muscle ex vivo with 10 mM (but not 2 mM)
metformin markedly activated AMPKa1 and «2 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 31-containing AMPK trimers, and in skeletal muscle only activates the
scarcely-expressed a1l 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 mTORCT1 activity through multiple mechanisms. First, AMPK
phosphorylates mTOR, a key component of the mTORC1 complex, at Thr2446 [53], which is thought
to impair mTORCT1 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 Iysosomal
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 mTORCT1 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
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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-«B (NF-«kB) [69].

AMPK stimulates FoxO activity. AICAR injection into mice increases FoxOl and FoxO3
expression [28,70], although AICAR’s upregulation of FoxO1l is not impacted by knockout
of AMPK«2 [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 AMPK«?2 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 AMPK«1 and «2 double
knockout (AMPKa1/ a2 dKO) soleus muscles were larger by mass and fiber diameter compared to
WT muscles [78]. Myotubes derived via primary muscle cell cultures from these AMPKa1/ a2 dKO
muscles were likewise larger than from those from WT muscles [78]. On the other hand, muscle-specific
AMPKf1/p2 double knockout (AMPKR1/32 dKO) SOL and EDL muscles were reportedly not
different in size compared to WT muscles [79]. Why the double knockout of 3 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 AMPK(1/ 2 dKO mice, the muscle creatine kinase (MCK;
cardiac and skeletal muscle specific) promoter was used, while in the AMPK«1/«2 dKO mice it was
the human skeletal muscle actin (HSA; skeletal muscle specific) promoter. Alteration of AMPK activity
in the heart in the AMPK(1/32 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 AMPKa1 knockout mice are smaller than those from WT mice [80]. The lack
of AMPK«1 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 AMPK«1 in other tissues may have impacted muscle
size (e.g., by decreasing systemic growth factors or other humoral inputs). Furthermore, the lack of
AMPKa1 was associated with compensatorily elevated AMPK«2 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 AMPK(32 knockout mice [81]. The TA muscles from the aforementioned cardiac/skeletal
muscle AMPK 31/$2 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 AMPK«1 knockout mice.
After 7-21 days of overload, AMPK«1 expression and activity was significantly increased in WT
mice (but not AMPK«1-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 AMPKa1 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 AMPK«x1-KO muscles. Importantly, this occurred
despite a compensatory increase in AMPK«2 activity basally and at 7 and 21 days after overload in
the KO muscles, demonstrating that AMPK«1 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. AMPK a2 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 AMPK«?2 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, AMPK«1 activity increased after stimulation only
in old muscle, and not young, suggesting that old muscle may be hypersensitive to exercise-induced
AMPKal1 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 14 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 AMPKa1 and
AMPKoa2 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 AMPK«2
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, AMPK«1 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 AMPK«?2 activity. Similarly, atrophy in denervated TA muscles
from AMPK«2-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 AMPK«2-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 AMPKa1’s role in inhibiting skeletal muscle mTOR
and hypertrophy, the presence of AMPK«?2 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 AMPK«x2 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 AMPKa?2 activity [14,18,19] and overall AMPK phosphorylation [13,16,108-110],
while it has little [13,14] to no [17,18] effect on AMPK«1 activity, which is an important consideration
since. AMPKa1 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
AMPXK 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 AMPKa1 (but not «2) 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 &1 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 AMPK«1-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 y coactivator-1 «, 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]. Apro et al. showed in trained male subjects that activation AMPK«2 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, AMPK a1 was not
activated by either exercise bout in this case. Since AMPK«1 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 1 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 AMPK«1
protein content and activity. Twelve weeks of treadmill training (90 min/day, 5 days/week) elevated
both AMPK«1 and a2 protein content in rat muscle [120]. Similarly, in humans, AMPK«1 (but not
AMPK«2) protein concentration [118,121,122] and basal AMPK«1 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 AMPK«l 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 AMPK«2 but not AMPK«1 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 «2, y2, and y3 AMPK isoforms, but minimal expression of a1, $1, 32, and y1 isoforms.
Differentiation of the myoblasts into myotubes by exposure to low-serum media, however, induces the
expression of all isoforms except for y1 [129]. Consistent with the lack of § 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 3
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 CamKKJ, 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. AMPKo1
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 AMPK«1-KO mice,
as well as in mice with AMPK«1-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, AMPKx1-KO satellite cells have diminished myogenic capacity when
transplanted into WT muscles, showing that the defect in regeneration is mediated by the lack of
AMPK«l1 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 AMPK«1-KO.
Fu et al. reported that satellite cells lacking AMPK«1 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 AMPKa1-KO impairs muscle regeneration [135].
They showed that when SCs from AMPK«1 knockout mice (but not AMPKa&2 knockouts) were
collected and differentiated, the lack of AMPK«l resulted in increased self-renewal instead of
differentiation [135]. Similarly, deletion of AMPK«1 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
AMPK«1-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 AMPK«1 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
AMPKa1 also regulates self-renewal in a LKB1l-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 AMPK«1 subunit, has emerged as a
key factor that limits muscle size and capacity for hypertrophy. AMPK«2, on the other hand, may play
a more substantial role in promoting muscle atrophy than AMPK«1 through its actions on autophagy
and protein degradation (summarized in Figure 1). AMPK also limits myogenesis and regeneration
after injury, although the loss of AMPK«1 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 AMPK«1-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.
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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 AMPKa2 via liver kinase B1 (LKB1), while AMPK«1 is only activated by
highly-intense or prolonged exercise. Basal AMPK a1 content and activity is also increased by long-term
endurance training, perhaps via Calcium/calmodulin-dependent protein kinase (CamKK) action,
or other AMPK kinases. AMPKoa2 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. AMPKal 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 AMPK«1 independent of LKB1 (perhaps via CamKK or other means), limiting the
hypertrophic growth. 1: 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 B-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

NEF-«B 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 3-activated protein kinase
TBC1D7 TBC1 domain family member 7

TGFp transforming growth factor 3

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 Ila 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(f3), 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 x2
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 Ca®* 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.

P
AMPKa o
HDACIIA mTOR/
p70S6K

Regulation of MyHc  Regulation of protein
genes expressi and

Figure 1. Key physiological regulators of 5" adenosine monophosphate -activated protein kinase (AMPK)
activity in skeletal muscle and physiologically-relevant AMPK targets. (original scheme)



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

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: a-subunit, which has its own kinase activity, and two regulatory subunits,
3 and vy [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 x-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 y-subunit of AMPK, promoting Thr172 phosphorylation at the x-subunit. The combined
effect of Thr172 phosphorylation of the o-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, HDACS5, HDAC?), 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.
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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 AMPK«x2 significantly attenuated denervation-induced
skeletal muscle wasting and protein degradation [51]. In human skeletal muscle with recent complete
cervical spinal cord injury, AMPK«2 protein abundance decreased by 25% during the first year after
injury, without significant change in AMPK«1 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 AMPK a1 1 AMPK«?2 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 mMTOR/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 mTORCI 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 mTORCI-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

71



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

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).

At the early stage of
gravitational unloading

activationiofproteolysis

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 1) 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, HDAC?), 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 () pre-mRNA expression and a pronounced tendency to a decrease in the mature MyHC I(j3)
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(p)
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/HDACS5) phosphorylation
status [49,50], it was hypothesized that a significant decrease in AMPK Thr172 phosphorylation
after one-day HS would result in HDAC4 and HDACS nuclear accumulation [83]. This hypothesis is
supported by a previous report that showed a significant deacetylation of histone H3 at the MyHC I (§3)
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 HDACS5, even a
slight increase in AMPK activity in the control AICAR-pretreated rat was accompanied by a decrease
in HDACS5 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 HDACS5 phosphorylation and subsequent nuclear export. HDACS5 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 HDACS. 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 (PGCl«), the most important regulator of the expression and activity of signaling
proteins. In particular, PGCl« is involved in the control of the expression of the slow isoform of
MyHC [105]. A significant decrease in PGClx expression was found in mouse soleus after four days
of hindlimb unloading [106]. However, Vilchinskaya et al. (2017) found no changes in PGC1lae mRNA
expression after 24-h HS [98]. AMPK activation by AICAR pretreatment also did not induce any
changes in PGCl«x 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 PGCl«.

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(f3) 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 Ila 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 (3) expression demonstrate that a reduction in MyHCI () 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’ (NnAChRs) 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-1«, a key regulatory protein in skeletal muscle adaptation
to physical activity. PGC-1o 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 «2
Na,K-ATPase isozyme has been suggested [22,140]. Notably, both the nAChRs and the x2 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 a2 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 B-Guanidinopropionic acid

HS hindlimb suspension

mTOR mammalian/mechanistic target of rapamycin

p70S6K ribosomal protein S6 kinase beta-1

CaMKKp  Ca(2+)/calmodulin-dependent protein kinase kinase 3
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

PGCla 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 AMPK a1 (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 AMPKa2 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 Ila/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-o (PGCl«); 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 Ila, type IIx, and type IIb. The four muscle
fibers, respectively, contain protein isoforms of myosin heavy chain (MyHC) I, Ila, 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 Ila/x isoforms is attenuated in AMPKo2-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.

AMPXK 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-a (PGClw) 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 PGCla-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, PGCl«, 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
AMPK«1 (AMPK-DN) (Figure 1) [22]. AMPK is a heterotrimeric kinase, consisting of a catalytic
a-subunit and two regulatory subunits, 3 and y. Two distinct a-isoforms (a1 and «2) exist in skeletal
muscle. These mice exhibit almost complete depletion in AMPK«&2 activity and moderate depletion in
AMPKal activity [22-25].

Pre RO R7 R14
Hindlimb suspension Ambulation recovery
I I : I
-14 0 7 14

Experimental period (days)

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. AMPKal1 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 AMPK«1 activity
(Figure 2A). AMPK«2 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).
AMPK«2 activity decreased in response to 7 days of reloading, and remained suppressed after 14 days
of reloading (Figure 2B).
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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) AMPK«1 activity. (B) AMPKa2
activity. Values are means + SE; n = 7-8 per group. Statistical results of two-way ANOVA (genotype,
time, and genotype X 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 x time) are described in the Figure. *, significant difference between genotypes at same time
point. 1, significant difference from Pre independent of genotype. |, significant difference from RO
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, Ila and IIx MyHC phenotypes were expressed as
ITa/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 Ila/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
Ila/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 X time) are described in the
Figure. t, significant difference from Pre independent of genotype.

2.4. Sirtuin 1 (SIRT1) Activity and Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1-a
(PGC1a) mRNA Levels

To clarify the role of SIRT1 and PGCle in the changes in the AMPK-mediated phenotype during
muscle mass change, SIRT1 activity and PGCla 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 PGCla mRNA level between WT and AMPK-DN mice during the
overall experimental period (Figure 5B). The PGCla 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 (PGClx) 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) PGClax mRNA; n = 8 per group. Values
are means + SE. Statistical results of two-way ANOVA (genotype, time, and genotype x time) are
described in the Figure. t, significant difference from Pre independent of genotype. |, significant
difference from RO 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 X time) are
described in the Figure. t, significant difference from Pre independent of genotype. |, significant
difference from RO 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, AMPK«2 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 PGC1x 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
AMPK«1 and a2 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 AMPK«?2 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 «2) 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.
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The soleus muscles of adult mice have high levels of slow-type I and fast-type Ila 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 Ila 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 Ila/x (Figure 4B). These results indicate
that lack of AMPK activity (mainly «2) 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 PGC1« [30]. Previous studies have shown that AMPK regulates muscle formation
through SIRT1- or PGCla-dependent mechanisms [20,21]. Moreover, SIRT1 and PGCl«x 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 PGC1lx 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 PGCla expression and activity are
controlled by posttranslational modifications [33], more detailed experiments are needed to make clear
the involvement of SIRT1 and PGC1a 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 AMPK«1 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 ng) 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 B-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 Image] (National Institutes of Health,
Bethesda, MD, USA). The level of 3-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

94



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

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: PGCla (Ppargcla), 5-GCTGCATGGTTCTGAGTGCTAAG-3' (forward) and
5'-AGCCGTGACCACTGACAACGAG-3 (reverse); 185 rRNA, 3'-ACTCAACACGGGAAACCTCA-5
(forward) and 3'-AACCAGACAAATCGCTCCAC-5 (reverse).

4.5. Myosin Heavy Chain (MyHC) Isoform Detection

Analysis of MyHC isoform (I, Ila, IIx, and IIb) levels was performed using a previously described
method, albeit with a modification [40,41]. Briefly, the homogenate sample proteins (5 pug) 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 Image].

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 xl-containing AMPK complex (AMPK«1) and a2-containing AMPK
complex (AMPK«2) were measured as described previously [39]. The supernatants from the muscle
homogenates (50 ug protein) were incubated with either the anti-«1 or -a2 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, RO, R7, and R14). If there were any significant interactions (genotype
x 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 AMPK«1

AMPKal al-containing AMPK complex

AMPK«x2 a2-containing AMPK complex

ANOVA analysis of variance

HSP72 72-kDa heat shock protein

MyHC myosin heavy chain

PGClx 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).
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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 f-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 AMPK«&2 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 C57B1/6
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. 1 = 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. = 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 AMPK«2, ACC, TBC1D1, Glucose transporter 4 (GLUT4), and Hexokinase II (HK-II)
was found 6 h into recovery from acute AICAR stimulation.
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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 C57Bl1/6 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. 12 =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.
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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. ## 1 < 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 C57B1/6 mice 6 h after prior AICAR stimulation in KRB;
(D) Representative immunoblots. Data were analyzed by a two-way repeated-measures ANOVA.
### 1 < 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 «2(32y3 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 «232y3 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 «2(32y3 complex is found during both conditions
supporting the notion that AICAR and contraction improve muscle insulin sensitivity via the AMPK
a2[32y3 complex.

TBC1D#4 is a Rab GTPase-activating protein involved in the regulation of GLUT#4 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 «232y3 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/6] 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/m?, 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 ptU/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
[®H]2-DG (0.028 MBq/mL) and 7 mmol/L [*#C]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),
PAMPK«-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),
AMPKoa2 antibody (#5C-19131) and Hexokinase II were from Santa Cruz (Dallas, TX, USA)#SC-6521)
while GLUT4 antibody (#°A1-1065) was from Thermo Fisher Scientific (Waltham, MA, USA). ACC
protein was detected using horseradish peroxidase-conjugated streptavidin from Dako (Glostrup,
Denmark), (#20397). 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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Abbreviations

2-DG 2-deoxyglucose

ACC Acetyl-CoA carboxylase

AICAR 5-aminoimidazole-4-carboxamide ribonucleotide
AMPK AMP-activated protein kinase

ANOVA Analysis of variance

AU. 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
(HUVECsS) 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 AMPK« Thr172 phosphorylation by the upstream kinases liver kinase Bl or
calcium/calmodulin-dependent protein kinase kinase (3 [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 al/«2, and regulatory
1/p2 and y1/vy2/v3 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 AMPKf1,
also inhibiting AMPK« 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 uM 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 uM 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 1M, 45 min) prior to insulin (1 M, 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 uM, 45 min) or AICAR
(2 mM, 45 min) prior to insulin (51 uM, 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 3-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 uM, 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 uM, 45 min) prior to insulin (1 uM, 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 uM 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 uM A769662 significantly inhibited Akt 5473 phosphorylation and the statistical significance of
insulin-stimulated Akt phosphorylation at either site was lost at concentrations above 10 tM A769662
(Figure 3C,D).

Furthermore, the time dependence of the inhibitory effect of A769662 on insulin-stimulated Akt
phosphorylation was assessed. A769662 (50 uM) 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 uM
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 uM A769662 for the indicated durations prior to insulin (1 uM, 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 uM,
45 min) prior to insulin (1 1M, 15 min) after preincubation in the presence or absence of SBI-0206965 (SBI,
30 uM, 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 4 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 uM) 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 uM, 45 min) or compound 991
(5 uM, 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.
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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 uM, 15 min). Conditioned media was collected and NO production assessed. (B-D) HAECs were
incubated with 50 uM A769662 for 45 min prior to insulin stimulation (1 M) 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) Erkl 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 1M, 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.
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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 uM, 30 min) prior to insulin stimulation (1 uM, 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 Erkl 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).
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Figure 7. A769662 tends to attenuate IGF1-stimulated Ser473 Akt phosphorylation but has no effect on
VEGEF signalling in HUVECs. HUVECs were stimulated with A769662 (50 uM 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) Erkl Thr202/Tyr204 phosphorylation normalised to total
ACC, Akt or a-tubulin levels respectively (mean & SEM). * p < 0.05, ** p < 0.01, *** p < 0.001 relative to
absence of IGF1/VEGE. # p < 0.05, #### p < 0.0001 relative to absence of A769662.

2.5. AMPK Complexes Containing a1 and B1 Isoforms Contribute the Majority of Total Cellular AMPK
Activity in HAECs

A769662 and compound 991 selectively activate AMPK complexes containing the 31 regulatory
subunit [31]. It has previously been demonstrated that HepG2 cells principally express AMPK(1,
whereas HelLa cells express both AMPKf(1 and AMPKf2 [36], yet the proportion of AMPK31/32
complexes in endothelial cells has not been reported. The activities of AMPK complexes containing
specific AMPKf and o isoforms was therefore assessed in HAECs. Complexes containing AMPK{31
accounted for approximately 60% of the total cellular AMPK activity and AMPKf{2 the remaining 40%
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in HAECs. As previously reported, complexes containing AMPKo1 represent the majority (~95%) of
total cellular AMPK activity in HAECs [21] (Figure 8).
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Figure 8. Activities of complexes containing specific AMPK isoforms in HAECs. AMPK was
immunoprecipitated from HAEC lysates (100 ug) and AMPK activity assessed in immunoprecipitates
by incorporation of 32P from [y-3?P]ATP into SAMS peptide. AMPK activity is presented as U/mg
lysate protein (1 U = 1 nmol 3P 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 31 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
HUVEC:s 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, IGFIR 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 (mTORC?2)
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 uM) 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 uM) [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 §-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/IGFIR 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 IGFIR 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 Erkl 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 31, and
complexes containing AMPKf31 were found to contribute ~60% of the total cellular AMPK activity
in HAECs. It has previously been reported that HepG2 cells principally express AMPKf(1, whereas
HeLa cells express both AMPKf31 and AMPK(2 [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
AMPKp1 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 Ca?* 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 AMPKax1 and AMPKa&2 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, VEGE, 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-3-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-x-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-AMPK«1, anti-AMPK«2, anti-AMPKf1
and anti-AMPKf2 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 pM), 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-HCI,
pH74at4°C, 50 mM NaF, 1 mM NayP,07, 1 mM EDTA, 1 mM EGTA, 1% (v/v) Triton-X-100, 250 mM
mannitol, 1 mM DTT, 1 mM NazVOy, 0.1 mM benzamidine, 0.1 mM PMSE, 5 pug/mL SBTI). Cell
lysates were scraped into microcentrifuge tubes and incubated on ice for 20 min, centrifuged (5 min,
21,910x 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 Image] 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 uL) were taken at different intervals and 200 pL methanol
added to each. Samples were centrifuged (21,910x 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-AMPK«1,
anti-AMPKoa2 [63], anti-AMPK{1 [39] or anti-AMPKf32 [64] antibodies bound to protein G-Sepharose
(1 pg antibody and 5 uL packed volume protein G-Sepharose/immunoprecipitation) in IP buffer
(50 mM Tris-HCI (pH 7.4 at 4 °C), 150 mM NaCl, 50 mM NaF, 5 mM NayP,0O7, 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 PMSEF,
5 ug/mL SBTI, 1 mM NazVOy). 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 4 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 AMPK«1 and a2 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 (AMPKa~/ ) or endothelial-specific deletion (AMPK& EC) of the
AMPKa subunits. In control and AMPK«1-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 AMPK«1 or «2 subunit in mice did not affect vascular reactivity.
The endothelial-specific deletion of the AMPK«xl 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 AMPKa1 in cultured human endothelial cells decreased Thr495 phosphorylation
without affecting Ser1177 phosphorylation. The results of this study indicate that AMPK«1 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,
AMPXK 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,
AMPXK 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 Ca?* 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 AMPK a1 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 AMPK«x1 subunit in smooth-muscle cells [27]. The most
thorough study investigating the role of endothelial AMPK« subunits on vascular function and blood
pressure reported hypertension in endothelial-specific AMPK«1 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 AMPKa?2 subunit was
also reported to attenuate the ACh-induced relaxation of murine aorta. This effect was attributed to
eNOS uncoupling via an AMPK«2-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 AMPK«1 and AMPK«2 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 AMPKa Deletion on Vascular Responsiveness

The maximal KCI- and phenylephrine-induced contractions of isolated aortic rings were
indistinguishable between wild-type mice and their corresponding AMPKal~/~ littermates
(Figure 1A,B). However, there was a tendency toward an attenuated contraction in the aortic
rings from the AMPKal1~/~ mice and —log half maximal effective concentration (pECsy) values
were —6.899 £ 0.082 and —6.711 £ 0.099 (n = 7, not significant (n.s.)) in rings from wild-type
and AMPK«l1~/~ 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 AMPK«1~/~ mice demonstrated a slightly weaker contractile response to KCl than
the wild-type mice, as well as a slightly attenuated response to phenylephrine (pECs) values were
—6.393 + 0.065 and —5.895 + 0.093, respectively, (1 = 7, n.s.) in rings from wild-type and AMPKo1~/~
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) «1 deletion on
vascular reactivity. Vascular reactivity in aortic rings from wild-type (WT) and AMPKa«l~/~
(a17/7) 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 AMPKa2~/~ 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).

[ACh] (log mol/L)
9 8 7 6 5

>
oe]

o WT-E ' '
i 0 '
e a2 -E _
x ‘EILJ 20+
1004
é &\o, 40
g 5
£ 504 T 60
3 3
© + WT g) god T WT
0- - o2 -+ 27

T T T 100-
9 -8 -7 -6 -5

[PE] (log mol/L)

Figure 2. Consequences of global AMPK«2 deletion on vascular reactivity. Vascular reactivity in aortic
rings from wild-type (WT) and AMPK&2 /= («2~/~) 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 AMPKa 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 AMPK«1 or AMPK«2 subunits specifically in
endothelial cells (i.e., AMPKa12EC and AMPKa2”EC 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 AMPK a1 did not influence the expression level of AMPKo1
in whole aortic lysates (Figure S2B).

Endothelial-specific deletion of AMPK«1 did not affect the N“-nitro-L-arginine methyl ester
(L-NAME)-induced contraction of aortic rings (Figure 3A), which is an index of basal Ca?*-independent
NO production under isometric stretch conditions [32], or that induced by KCI (not shown). However,
the ACh-induced relaxation was slightly improved by endothelial-specific AMPK«1 deletion (Figure 3B)
with pECs) values for ACh of —7.217 4 0.095 and —7.360 £ 0.076 (1 = 14; n.s.) in rings from wild-type
and AMPKa1~/~ mice, respectively. An increased production of NO was evident as a markedly impaired
contraction of aortic rings from AMPKa12F€ 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 AMPKo1 deletion (Figure 3D, Table 1).

A B [ACh] (log mol/L)
801 9 8 7 6 -5
=601 —T—
o —~
X w 20
&\0,40_ %
3 z 40
g S
L 204 g 60
K]
Q
0 c 801 o5 wr
WT a1AEC 1004 & «1AEC
O WT 4+ WT+L-NAME D owr o wre
- o1AEC - o1AEC + L-NAME - o1AEC - «1AEC -E
200 200
€ 150 ns 150 ns
S IS
5100 ** 5100 ok
3] ©
o o
S 50 € 50
(@] (]
0 0
- T T T T -—TTTr T
9 8 -7 -6 -5 9 8 -7 6 -5
[PE] (log mol/L) [PE] (log mol/L)

Figure 3. Consequences of endothelial-specific deletion of AMPK«1 on vascular reactivity. (A) Effect
of N®-nitro-L-arginine methyl ester (L-NAME; 300 umol/L) on the tone of aortic rings from
wild-type (WT) and AMPKa12EC («1AEC) 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 AMPK«14EC (x1AEC) mice.
(C,D) Concentration-dependent contraction of aortic rings from wild-type (WT) and AMPKa12EC
(¢1AEC) mice due to phenylephrine. Experiments were performed in the absence and presence of
L-NAME (300 umol/L, (C) and in the presence and absence (—E) of functional endothelium (D); n = 10
to 16, ** p < 0.01 AMPK«12EC versus wild type.
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Table 1. The —log half maximal effective concentration (pECsp) values relating to the consequences
of endothelial-specific deletion of AMP activated protein kinase (AMPK) «1 on vascular response to
phenylephrine. Experiments were performed in endothelium intact rings the presence of solvent or
N®-nitro-L-arginine methyl ester (L-NAME; 300 umol/L), as well as in endothelium-denuded (—E)
samples from the same animals; n = 10-16.

PECs( Values Solvent L-NAME —E
Wild type —7.04 4+ 0.13 —7.43 4+ 0.10 —7.21 4+ 0.05
AMPKAEC —6.77+£0.05 * —-7314+0.09 8§ -7.13+0.05 §§

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

Endothelial-specific deletion of the AMPK«a2 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 AMPKa22EC littermates (Figure S3).

2.3. Vascular Responses to AMPK Activators

One reason for the lack of consequence of AMPK«1 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 Ca?*/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 AMPKo14F¢
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 AMPK«12EC mice (Figure S4B). Thus, amurensin G exerted its relaxation in
an eNOS-dependent manner and the activity of both AMPK activators was AMPK«1-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 AMPKa12FC
(Figure S4C,D).

mice

2.4. AMPKa1 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 Serl177 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 AMPKo1. 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 AMPKa1 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 AMPK«1. 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 Ca?*-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, AMPK«1 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 «1 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 CaZ* ionophore, ionomycin. In AMPKaxl-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 Ca?*-elevating
agonists [39]. In AMPK«1-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
AMPK«1 (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 pmol/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
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Figure 6. Effect of AMPKa1 deletion on the ionomycin-induced phosphorylation of eNOS on Thr495
and Ser1177. The AMPKa1 subunit was deleted in cultured human cells using the “clustered regularly
interspaced short palindromic repeats” (CRISPR)/CRISPR-associated protein 9 (Cas9) system and
AMPK«l-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 (1 = 6); * p < 0.05 versus control guide RNA.
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3. Discussion

The results of the present study revealed that global deletion of the AMPKo1 or AMPK &2 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 AMPK«1-deficient arteries, which was much more pronounced following endothelial-specific
deletion of the AMPKa1 subunit. Moreover, the attenuated contractile response observed in arteries
from AMPK 12 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 AMPK«1 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 AMPK«1-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
AMPK«-deficient mice, and the defects were usually attributed to vascular smooth-muscle cells [44,45].
Effects on vascular function in global AMPK«l~/~ mice were only observed in exercising or
angiotensin-II-treated mice. The protective effects of voluntary exercise on vascular function were
attributed to AMPK«1 via an effect on eNOS [26,46]. However, the only study to investigate changes
in vascular reactivity in vessels from mice lacking AMPKa 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 AMPK«2 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 AMPK«2 subunit. Moreover, endothelial-specific deletion of AMPK«2 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-, Ca>* ionophore-, and thapsigargin-induced phosphorylation of Ser1177 is mediated
by Ca%*/ 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
AMPK«l1 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 AMPKa12EC 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, AMPK«l1 clearly phosphorylated
eNOS on Thr495, an effect that was prevented by the mutation of Thr495 to Ala or Asp. Also,
in AMPK«l1-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 AMPKa1-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 AMPK«1 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 Ca>* 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 AMPKa1 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 Ca?* /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
AMPXK 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 AMPKo1 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, AMPK«1 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 AMPK« subunits have no direct activating effect on eNOS in vivo.
Rather, since AMPK«1 phosphorylates eNOS on the inhibitory Thr495 site, AMPK activation attenuates
NO production. No link between AMPK«2 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 AMPKa1.
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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), AMPKa2 (Cell signaling, Cat. No. 2757), -actin (Sigma, Cat. No. Ab5441),
Flag (Sigma, Cat. No. F3165), and c-Myc (Santa Cruz, Cat. No. SC-40). The AMPK«1 antibody was
generated by Eurogentec by injecting rabbits with the AMPK«1-specific peptide H,N-CRA RHT LDE
LNPQKS KHQ-CONHj;. All other substances were obtained from Sigma-Aldrich (Munich, Germany).
32Py-ATP was obtained from Hartmann Analytics (Braunschweig, Germany).

4.2. Animals

AMPKa1~/~ or AMPKa2~/~ 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.
AMPK 1 10x/flox and ¢2flox/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 AMPK« deletion;
Cre*/~ mice are referred throughout as AMPK«1%F€ and AMPKa225C 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
AMPK«1/p31/v1 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, 3Py ATP 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 AMPKa1

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 pug/mL). Thereafter, a second
lentiviral transduction with guide RNAs directed against AMPK«1 (Addgene numbers 76253 and
75254 provided by David Root, Cambridge, MA, USA) was performed, and puromycin (1 pug/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; NasP>Oy, 10 mmol/L; 2 pg/mL each of leupeptin, pepstatin
A, antipain, aprotinin, chymostatin, and trypsin inhibitor, and phenylmethylsulfonyl fluoride (PMSE),
40 ug/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 AMPK«x1~/~ mice. (A)
Contraction induced by KCI (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 AMPKa1.
(A) AMPK«1 expression in freshly isolated pulmonary endothelial cells from AMPK«x12EC or Cre=/~ (wild-type;
WT) mice. (B) Expression of eNOS, AMPK«1 and AMPK«&2 in aortic ring lysates from WT or AMPK«14EC (AEC)
mice. (A) The blots presented are representative of 12 additional experiments using 2 mice per group. Figure
S3. Effect of endothelial specific deletion of AMPK«&2 on vascular reactivity of aortic rings (A) Dose dependent
contraction to PE of wild-type (open symbols) or AMPKa22EC mice (closed symbols). (B) Relaxation curves
of aortic rings to acetylcholine (ACh) after PE constriction of wild-type (open symbols) or AMPK&22EC 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 AMPKa12EC (12EC) mice; n = 6 animals in each group. (C,D) Time-dependent
effects of PT-1 (30 pmol/L) and 991 (30 pmol/L) on vascular tone in phenylephrine preconstricted aortic rings
from wild-type (WT) and AMPK&12EC (412EC) mice; 1 = 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
umol/L), AICAR (0.5 mmol/L) or PT-1 (30 pumol/L) for 60 min. Comparable results were obtained in 3 additional
independent experiments.

Author Contributions: N.Z.,, AE.L., HS., VR, and B.E. performed the experiments and interpreted the data.
LF. and B.E. planned the study and wrote the manuscript.

funding: This work was supported by the Deutsche Forschungsgemeinschaft (SFB834/2 A9, SFB834/3 A5 and
Exzellenzcluster 147 “Cardio-Pulmonary Systems”).

Acknowledgments: The authors are indebted to Isabel Winter, Katharina Bruch, Mechtild Pipenbrock-Gyamfi,
and Katharina Herbig for expert technical assistance.

Conflicts of Interest: The authors have no relationships to disclose.

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  N@-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 « («1, «2) catalytic subunit, a regulatory and structurally
crucial § (31, 32) subunit, and a regulatory y (y1, y2, v3) 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 3y 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, «1 and 31 subunits are predominant [7,11]. Except for the muscle-specific y3 isoform, both
Y1 and y2 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.
AMPXK is activated both allosterically and by post-translational modifications. The most well-defined
mechanisms of AMPK activation are phosphorylation at «Thr!”? by upstream AMPK kinases and
by AMP or adenosine diphosphate (ADP) binding to the y subunit. So far, at least three kinases and
three phosphatases have been identified as upstream AMPK-activating kinases, including liver kinase
B1 (LKB1), TGFB-activated kinase 1 (TAK1), Ca®*-/ calmodulin-dependent protein kinase 3 (CaMKK}),
protein phosphatase 2A (PP2A), protein phosphatase 2C (PP2C), and Mg?*-/Mn?*-dependent
protein phosphatase 1E (PPMI1E) [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-y (PPARy) coactivator-loe (PGC-1«x), either directly or through the silent information
regulator transcript 1 (SIRT1) [14,15]. Additionally, AMPK and SIRT1 can mediate phosphorylation
and deacetylation of PGC-1«, 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, Ntf2, 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. 1 = 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 AMPK2« 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. AMPK«2 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,
Atpbap2, Agt, Ace, and Agtrla 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
(NCCQ), 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-1«, 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, a-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 «1 (e.g., compound-13), 31 (e.g., PF-06409577 and PF-249), 31/32 (e.g., GSK621),
or y1isoforms (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 AMPKf1 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.

. . Age Dose and Period Reprogramming
Animal Models Gender/Species at Evaluation of Treatment Effects Ref.
Metformin
1 Metformin Prevented -
SHR Male SHR 12 weeks (500 mg/kg/day) between 4 hypertension [25]
to 12 weeks of age P! St
Maternal high-fructose Metformin Attenuated
plus post-weaning Male SD 2 rats 12 weeks (500 mg/kg/day) for h tension: [28]
high-fat diet 3 weeks during pregnancy ypertension;
Resveratrol and other polyphenols
Resveratrol (50 mg/L) in
SHR Male SHR 11 weeks drinking water between Atenuated. 1551
3-11 weeks of age VP!
Resveratrol (4g/kg of diet)
SHR fl\r/[nalle asr;cliR 12 weeks between gestational day 0.5 hAtterr:u:teizdn [26]
emate and postnatal day 21 ypertensio
Resveratrol (50 mg/L) in
SHR Male SHR 13 weeks drinking water between hA”e::“itfdn 1561
3-13 weeks of age ypertensio
Prenatal hypoxia and Resveratrol (4g/kg of diet) Prevented -
postnatal high-fat diet Male SD rats 12 weeks between 3-12 weeks of age hypertension 1571
Maternal plus Resv‘eraAtrol (50 mg/L) in
B drinking water from Prevented
post-weaning Male SD rats 12 weeks - . [46]
. 2 weaning to three months hypertension
high-fructose diets
of age
Maternal plus 0.5% resveratrol in drinking Prevented
ost-weanin Male SD rats 16 weeks water between 2 and . [27]
p 3 hypertension
high-fat diets 4 months of age
SHR Male SHR 7 weeks Magnolol (100 mg/kg/day) Attenuatgd 58]
between 4 to 7 weeks of age hypertension
. Attenuated
SHR Male SHR 20 weeks Berberine (100 mg/kg/day) hypertension and [59]
between 3 to 20 weeks of age K
kidney damage
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Table 1. Cont.

Age Dose and Period Reprogramming

Animal Models Gender/Species at Evaluation of Treatment Effects Ref.
High-salt Male Genistein (0.06% wt/wt diet) h Attenu‘ated
troke-prone SHR stroke-prone 16 weeks between 7 to 16 weeks of age ypertension and 1601
s SHR - kidney damage
Thiazolidinediones

Pioglitazone

SHR Male SHR 7 weeks (10mg/kg/day) between 5 Attenuate?d [61]
hypertension
to 7 weeks of age

Rosiglitazone

SHR Male SHR 13weeks  (150mg/kg/day) between 5 Attenuated [62]

to 13 weeks of age hypertension

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
anaturally 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 AMPK2« 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 PPARy. 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 PPARY 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 AMPK« 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
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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

ATIR Angiotensin II type 1 receptor

CaMKKp Ca%*-/calmodulin-dependent protein kinase 3
DOHaD Developmental origins of health and disease
LKB1 Liver kinase Bl

mTOR Mammalian target of rapamycin

NCC Na*/Cl™~ cotransporter

NHE3 Type 3 sodium hydrogen exchanger

NKCC2 Na-K-2Cl cotransporter

PGC-1x Peroxisome proliferator-activated receptor y coactivator-1a
PPAR Peroxisome proliferator-activated receptor
PPMI1E Mg?*-/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 TGFB-activated kinase 1

Ulkl 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 Ca®*. In general,
AMPXK 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 « (a1 or «2), scaffolding 3 (31 or 32), and a regulatory nucleotide-binding v (y1, y2, or v3)
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 o subunit’s kinase domain by various protein kinases including the tumor suppressor liver
kinase B1 (LKB1), CaZt/ calmodulin—dependent protein kinase kinase 3 (CaMKKf), 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 Ca?*-involving
activation mechanisms independent of AMP exists [6,12,40,41]. Protein kinase CaMKKp
phosphorylates AMPK at Thr172 in response to elevated intracellular Ca®* levels which may be
caused by mediators such as thrombin or ghrelin [6,12,23,40,42,43]. Intracellular Ca?* store depletion
detected by the CaZ*-sensing protein stromal interacting molecule-1 leads to store-operated Ca®*
entry (SOCE) involving the Ca?* release-activated CaZ* channel Orail [44-49]. Orail-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 CaMKKf. AMPK in turn inhibits SOCE [45]. Moreover,
AMPK inhibits SOCE by regulating Orail 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-Ila), or Na*-K*-2C1™~ 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, AMPKf{1 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 -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,
NHETL 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 NHEI1 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) (SLC6AS) [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 Ila

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

The regulation of phosphate metabolism by AMPK is not restricted to NaPi-Ila: 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 AMPK«1-deficient
mice, renal phosphate excretion was not different from wild-type animals [56]. The same holds true
for cellular localization of NaPi-Ila 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*-2C1~ 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 AMPK31-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 NKCC?2 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 ROMKI1 protein expression and the ability of K* elimination were more pronounced in
AMPKal1-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 C1~ channel cystic fibrosis transmembrane
conductance regulator (CFTR) participates in C1~ 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 CI™ 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 C1~
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 C1~ 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. Ca®* Transport

Most Ca®* 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 Ca®* is reabsorbed by transcellular transport involving the apical transient
receptor potential vanilloid 5 channel TRPV5 in the distal convoluted tubule [88]: Ca?* enters the cell
through TRPV5, whereas basolateral Ca* efflux is accomplished by the Na*/Ca?* exchanger (NCX)
and the Ca?*-ATPase [88,167,168]. AMPK has been shown to inhibit NCX and decrease Orail-mediated
SOCE in murine dendritic cells [169]. Therefore, it is tempting to speculate that Ca?* reabsorption
may be downregulated in the distal tubule in ATP deficiency [169,170]. Indeed, AMPK downregulates
Orail-dependent SOCE in T-lymphocytes [171], endothelial cells [45], and in osteoblast-like cells [56].
Since renal Orail activity contributes to kidney fibrosis [172], AMPK-mediated Orail 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, AMPK«1-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, AMPKa1~/~ mice with genetic kidney-specific
AMPK«2 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-Al [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].
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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-Ila, Na*-coupled phosphate transporter Ila; 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 Al; 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/y-aminobutyric acid (GABA) transporter 1
CaMKKp Ca”* /calmodulin-dependent protein kinase kinase 3
cAMP Cyclic adenosine monophosphate

ccRCC Clear cell renal cell carcinoma

CFIR 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 Ca®* 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-Ila Na*-coupled phosphate transporter

NCX Na*/CaZ* 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 Ca”* 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 (T]) play an essential role in the epithelial barrier. By definition, T] 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) T] prevent the mixing of membrane components;
and (ii) TJ] regulate the selective paracellular permeability. Disruption of T] 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 T] 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
a-subunit complexed with regulatory 3-and y-subunits. AMPK activation promotes the early stages
of epithelial T] 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 Ca?*-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 T]. 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 T] 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]. T] 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, T] 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 T] formation.

T] 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 T] is mediated by aqueous pores whose structures
have yet to be fully defined [28]. In addition to these functions, T] 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, T] 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 T] than occludins.
In occludin knock-out (KO) mice, T] were morphologically intact [38] in comparison to claudin-KO
mice, which showed the disappearance of T] strands [39,40]. These results indicated that claudin is
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required for the formation of T] 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 T] components and leads
to the increased accumulation of ZO-1 and occludin [43].
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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 T]” 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 T] 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 T] 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/Z0O-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 T] [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 x-catenin, a cytoplasmic actin-binding protein that associates
with the -catenin/E-cadherin complex at AJ [54,55]. However, x-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 A] complex (a-catenin/ 3-catenin/E-cadherin and nectin/afadin) thus appears to
catalyze the deposition of T] proteins to the cell surface in the early steps of T] formation. In summary,
Z0 proteins are essential for T] formation, as well as for the linking of T] membrane proteins to the
actin cytoskeleton [51,61].

Besides the MAGUK family, members of the Par family play key roles in T] 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
a-B-y serine/threonine kinase. It is made up of a catalytic a-subunit complexed with regulatory
-and y-subunits. It can be activated through the phosphorylation of Thr-172 by two main upstream
kinases: Ca*-Calmodulin Kinase Kinase (CaMKK) and Liver Kinase B1 (LKB1). Transforming growth
factor-B-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 x-subunit
complexed with regulatory 3-and y-subunits [72]. There are 12 unique heterotrimeric combinations of
AMPK. In mammals, the x-subunit is encoded by two isoforms, and the 3-and y-subunits are encoded
by two and three isoforms, respectively («1, «2, 1, 2, v1, y2, and y3). All these isoforms have
differential tissue-specific expression and activity [73-75].

The a-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 -and y-subunits
(By-subunit interacting domain-fy-SID) [76]. The x1-subunit is expressed in many organs (kidney,
heart, brain, spleen, liver, lung, and skeletal muscle), unlike x2-subunit, which is essentially expressed
primarily in skeletal muscle [77]. In addition to their different tissue/organ expression, «1- and
a2-subunits are differentially expressed within the cell. Indeed, 1 is predominantly expressed in the
cytosol, whereas «?2 is localized to the nucleus in periods of high energy demand [78]. The -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
o B y complex [79]. The y-subunit contains four cystathionine-3-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 x-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 y-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 -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
Ca%t/ calmodulin-dependent kinase kinase (CaMKKf). LKB1 and CaMKK can activate AMPK in
response to energy stress as signaled by elevated AMP levels or to increases of intracellular [Ca®*]
levels in an AMP-independent manner, respectively. Other studies have also demonstrated that
transforming growth factor-p-activated kinase (TAK1) may represent a third AMPK kinase.

LKB1 phosphorylates and activates AMPK in vitro following increased cellular [AMP] levels [86].
LKBI 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 Ca?* 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 Ca?* 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 mMTORC1, while promoting
oxidative metabolism and mitochondrial Complex I activity producing ATP [100]. The inhibition of
AMPK-related kinase 5 (ARKS5), 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 ARKS5 [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 Ca%* 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 Ca®* is removed from the extracellular medium. On the other hand,
the re-addition of Ca?* into the culture medium induces the rapid assembly of cell-cell contacts and
subsequent TJ formation. Depletion of Ca?* from the medium causes ZO-1 to translocate from the
cell periphery to the cytoplasm. Upon the re-addition of Ca?*, ZO-1 moves back to the TJ. With this
model, the authors showed that AMPK is phosphorylated during the Ca**-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 Ca®*-switch. It is important to note that such AMPK
phosphorylation and activation was not attributable to changes in cellular [ATP] levels during a
CaZ*-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 Ca?* switch. The amount of ZO-1 relocated
to TJ in the presence of AICAR during the Ca®* switch was higher in comparison to a classic Ca®*
switch. Furthermore, the addition of AICAR in Ca?*-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 Ca?*-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 T] 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 Ca?*, 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 AMPK«1 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 Ca®*
medium. AMPK therefore appears to be connected to afadin in the Ca?*-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 Ca®*
switch, revealed an enhanced interaction between these two proteins after Ca>*-switch and even more
in the case of AICAR exposure. These results suggested that AMPK activation might facilitate T]J
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 T] 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 Ca?* 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 Ca?*. Furthermore, the AMPK activation also
increases the phosphorylation of PKCf, 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
(GIn) in the preservation of T]. 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 GIn results
in a decreased abundance of TJ-associated proteins and increased intestinal paracellular permeability,
whereas the addition of GIn resulted in increased TER, enhanced T]-protein abundance, and the
localization of TJ proteins to the plasma membrane [116]. T] proteins, such as claudin-1, claudin-4,
and ZO-1, are localized more abundantly at T] sites in the presence of GIn. 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 Ca?* 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 Ca?*-induced TJ
formation [117]. Our recent work further supports a similar role for CaMKK in the activation of AMPK
during a Ca?* 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 Ca?* 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 T]-related proteins
claudin-1, occludin, and ZO-1 were significantly increased at T]. 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 T] 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 T] [120]. Thus, the activation of AMPK by Forskolin may enhance
TJ formation.
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AMPKo-null Drosophila die before reaching adulthood, while the transgenic expression of
wild-type AMPK in AMPKa-null mutants allowed them to successfully develop into adults.
A detailed examination of the embryonic epithelial structure of AMPKo-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 AMPK« 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 T], 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 T] 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 T] maintenance in the case of MR. Along with
other nutritional regimens modulating AMPK, Zinc has the potential to function as a T] 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
CaMKKS 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 Ca?* switch
model to measure the TJ formation. The time course of ZO-1 relocation after Ca%* switch was
accelerated in the co-culture compared to MDCK alone. Furthermore, lymphocytes drastically
increased AMPK phosphorylation in comparison to MDCK alone after a Ca?*-switch. To link the
increased AMPK phosphorylation and TJ formation, the authors used Compound-C and MDCK
expressing an shRNA directed against AMPK«1. 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 T] at
the time of their Ca?*-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 T] during a Ca?*-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 T] 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.
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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: Ca”*-Calmodulin Kinase Kinase (CaMKK) and Liver Kinase Bl (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 T] 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 (x-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., « catalytic subunit and  and
v regulatory subunits. Each subunit has several isoforms («1, «2, 1, 2, v1, y2, v3), 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 «1 isoform mainly exist in adipose tissues and the liver, whereas those containing
a2 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 «-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 y-subunit [22], while
phosphorylation of AMPK is regulated by several upstream kinases, including liver kinase B1
(LKB1) [23,24], calcium-/calmodulin-dependent kinase kinase $ (CaMKKp) [25-27], TGFB-activated
kinase 1 (TAK1) [28,29], and the phosphatases including Mg?*-/Mn?*-dependent protein phosphatase
1E (PPMI1E) [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 a1 subunit or at serine 491 (Ser491)
in the &2 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 AMPKa2 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 AMPKy2 (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
AMPKy1 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 p21l-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 «-MSH, in the ARC and the PVN [51,52]. Leptin selectively depolarizes POMC neurons and
stimulates B-endorphin and «-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-1«x), 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-1ax in AgRP neurons but not POMC neurons blunts the anorexigenic effect of leptin [72].
At the molecular level, knockdown of PGC-1« 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 hu