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Direct small molecule ADaM-site AMPK
activators reveal an AMPKg3-independent
mechanism for blood glucose lowering
Nicolas O. Jørgensen 1, Rasmus Kjøbsted 1, Magnus R. Larsen 1, Jesper B. Birk 1, Nicoline R. Andersen 1,
Bina Albuquerque 2, Peter Schjerling 3,4, Russell Miller 2, David Carling 5, Christian K. Pehmøller 2,
Jørgen F.P. Wojtaszewski 1,*
ABSTRACT

Objective: Skeletal muscle is an attractive target for blood glucose-lowering pharmacological interventions. Oral dosing of small molecule direct
pan-activators of AMPK that bind to the allosteric drug and metabolite (ADaM) site, lowers blood glucose through effects in skeletal muscle. The
molecular mechanisms responsible for this effect are not described in detail. This study aimed to illuminate the mechanisms by which ADaM-site
activators of AMPK increase glucose uptake in skeletal muscle. Further, we investigated the consequence of co-stimulating muscles with two
types of AMPK activators i.e., ADaM-site binding small molecules and the prodrug AICAR.
Methods: The effect of the ADaM-site binding small molecules (PF739 and 991), AICAR or co-stimulation with PF739 or 991 and AICAR on
muscle glucose uptake was investigated ex vivo in m. extensor digitorum longus (EDL) excised from muscle-specific AMPKa1a2 as well as
whole-body AMPKg3-deficient mouse models. In vitro complex-specific AMPK activity was measured by immunoprecipitation and molecular
signaling was assessed by western blotting in muscle lysate. To investigate the transferability of these studies, we treated diet-induced obese
mice in vivo with PF739 and measured complex-specific AMPK activation in skeletal muscle.
Results: Incubation of skeletal muscle with PF739 or 991 increased skeletal muscle glucose uptake in a dose-dependent manner. Co-incubating
PF739 or 991 with a maximal dose of AICAR increased glucose uptake to a greater extent than any of the treatments alone. Neither PF739 nor 991
increased AMPKa2b2g3 activity to the same extent as AICAR, while co-incubation led to potentiated effects on AMPKa2b2g3 activation. In
muscle from AMPKg3 KO mice, AICAR-stimulated glucose uptake was ablated. In contrast, the effect of PF739 or 991 on glucose uptake was not
different between WT and AMPKg3 KO muscles. In vivo PF739 treatment lowered blood glucose levels and increased muscle AMPKg1-complex
activity 2-fold, while AMPKa2b2g3 activity was not affected.
Conclusions: ADaM-site binding AMPK activators increase glucose uptake independently of AMPKg3. Co-incubation with PF739 or 991 and
AICAR potentiates the effects on muscle glucose uptake and AMPK activation. In vivo, PF739 lowers blood glucose and selectively activates
muscle AMPKg1-complexes. Collectively, this suggests that pharmacological activation of AMPKg1-containing complexes in skeletal muscle can
increase glucose uptake and can lead to blood glucose lowering.

� 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

AMP-activated protein kinase (AMPK) is a ubiquitously expressed and
highly conserved multisubstrate serine and threonine kinase [1]. It is
often referred to as an energy sensor of the cell, as cellular energy
fluctuations lead to its activation [1]. AMPK is a heterotrimeric protein
complex consisting of one a-, b-, and g-subunit [2]. The a-subunit
includes the kinase domain, while the b- and g-subunits are regulatory
in function. The b-subunit includes a sensory domain for glycogen, while
the g-subunit binds adenosine nucleotides that provide AMPK with the
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ability to sense fluctuations in glycogen content and the adenosine
nucleotide pools [2]. AMPK-subunit proteins exist in various isoforms
(a1/a2, b1/b2, and g1/g2/g3). This enables the existence of 12
different heterotrimeric complexes, but the complex expression is both
species- and tissue-specific. Three complexes exist in human skeletal
muscle, whereas mouse muscle expresses five [3,4]. In addition to
AMPKa1b2g1, AMPKa2b2g1, and AMPKa2b2g3, which are found in
humanm. vastus lateralis, AMPKa1b1g1 and a2b1g1 are also found in
mouse muscle e.g., m. extensor digitorum longus (EDL) [4]. Across
species, the AMPKg3 subunit is primarily expressed in skeletal muscle
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and only in complex with AMPKa2b2. The AMPKa2b2g3 complex is
primarily found in glycolytic skeletal muscle [4e7].
The prodrug 5-aminoimidazole-4-carboxyamide ribonucleotide (AICAR)
is phosphorylated intracellularly to ZMP (an AMP-analogue). ZMP binds
to the g-subunit of AMPK causing its activation and an increase in
skeletal muscle glucose uptake [8]. AICAR-induced muscle glucose
uptake is AMPK-dependent and independent of proximal insulin
signaling [9e11]. Furthermore, the activation of AMPK has been
shown to increase skeletal muscle insulin sensitivity [12e14]. As
AMPK signaling is not compromised in insulin-resistant human muscle
[15], these findings suggest that skeletal muscle AMPK is a relevant
target for human pharmacological glucose lowering interventions,
especially in metabolic diseases such as type-2 diabetes [16,17]. One
approach to activate AMPK is to introduce an AMP analogue like ZMP in
the muscle cell, thus mimicking energy fluctuations. Our group and
others have provided genetic evidence to support that AICAR-induced
glucose uptake in skeletal muscle is dependent on AMPKa2 [10],
AMPKb2 [18], and AMPKg3 [19]. Collectively, this suggests that
AICAR-induced glucose uptake is dependent on the muscle-specific
AMPKa2b2g3 complex, and thus particularly potent in glycolytic
skeletal muscle. However, because AMP (or ZMP) regulates several
cellular processes and the bioavailability of AICAR is low when orally
ingested [20], AICAR is not an attractive drug for human pharmaco-
logical interventions.
Structural studies of AMPK have identified the allosteric drug and
metabolite-site (ADaM-site) [21]. This highly conserved pocket be-
tween the AMPKa- and b-subunits was described as a potential
binding site for endogenous AMPK-regulating metabolite(s). One of
these metabolites was recently discovered [22]. Importantly, the
identification of the ADaM-site led to the discovery of a new class of
pharmacological compounds that directly target the ADaM-site and
activate AMPK [16,17,21,23e26]. The ADaM-site binding small
molecule pan-activators of AMPK (991, PF739, MK-8722, and SC4)
increase glucose uptake into skeletal muscle [16,17,24e26]. Impor-
tantly, both PF739 and MK-8722 are capable of lowering blood glucose
levels in diabetic rodent models and nonhuman primates [16,17], an
effect dependent on skeletal muscle AMPK [16]. As these compounds
are pan-activators of AMPK, they are expected to activate AMPK in all
cells of the body. Therefore, undesired effects of in vivo treatment have
been described e.g., cardiac hypertrophy and glycogen buildup in
cardiac muscle [17]. The mechanisms by which ADaM-site-binding
AMPK activators increase skeletal muscle glucose uptake are still
only rudimentarily understood. We anticipate that insight into these
mechanisms will illuminate a road toward the development of AMPK-
targeting drugs that specifically activate skeletal muscle AMPK; an
approach, which seems viable for glucose lowering interventions in
human metabolic diseases.
The study was aimed to illuminate the mechanisms by which the
ADaM-site activators of AMPK increase glucose uptake in skeletal
muscle. We hypothesized that ADaM-site binding AMPK activators
would increase glucose uptake through the same mechanism as AICAR
i.e., through the AMPKa2b2g3 complex. Further, we hypothesized
that AICAR in combination with the ADaM-site-binding AMPK activators
would potentiate the stimulation of AMPK activity.

2. METHODS

2.1. Animals
All mice had free access to standard rodent chow and drinking water,
and were maintained on a 12:12 h lightedark cycle in a temperature-
controlled room (20e22 �C). All mice used were females aged 12e25
2 MOLECULAR METABOLISM 51 (2021) 101259 � 2021 The Authors. Published by Elsevier GmbH. T
weeks. All experiments were approved by the Danish Animal Experi-
ments Inspectorate (License #2014-15-2934-01037 and #2019-15-
0201-01659) and complied with the European Union guidelines for the
protection of vertebra animals used for scientific purposes.
PRKAG3 KO (from here on AMPKg3 KO) mice were generated by the
CRISPR-Cas9 method at Jackson Laboratories (Bar Harbor, ME, USA) in
the C57BL/6J background strain using the Prkag3exon6 sgRNA
(CATGGTGGCCAACGGTGTGA). Founder animals were screened by PCR
amplification and sequencing to confirm a frameshift deletion resulting
in a premature stop codon (Figure S1A-B). Founder animals were bred
with C57BL/6J mice for >8 generations before reported experiments.
The experimental cohorts were bred as homozygotes and represented
the F1 and F2 generations. The genotype of all wild-type (WT) and
AMPKg3 KO mice were determined from the DNA of ear clips using
qPCR with primers for WT (CCATGGTGGCCAACGGTGTG and
GAGGTCCAGCCACCTCTCCTCA) and KO (CCATGGTGGCCAACAGCTCC
and CACCCACAAAGCTCTGCTTCTTGCT) in parallel reactions.
In this study, the constitutive muscle-specific AMPKa1a2 double
knockout mouse model (AMPKa1a2 mdKO) [27,28] and the inducible
muscle-specific AMPKa1a2 double knockout mouse model (AMP-
Ka1a2 imdKO) [11] were also used. Tamoxifen was injected thrice
within one week to initiate gene deletion. The animals were injected
three weeks before the experiments [11]. The WT mice corresponding
to the AMPKa1a2 mdKO and imdKO are double-floxed for AMPKa1
and AMPKa2, but lack the Cre expression. WT mice for imdKO were
also treated with tamoxifen.

2.2. Ex vivo compound-stimulated glucose uptake in mouse
muscle
Fed mice were anesthetized by an intraperitoneal injection of a mix of
pentobarbital (100 mg/kg body weight) and xylocaine (5.0 mg/kg body
weight) before both m. soleus (Sol) and/or m. extensor digitorum
longus (EDL) muscles were excised from the hindlimbs. The muscles
were suspended at resting tension (z0.5 mN) in incubation chambers
(Danish MyoTechnology, Denmark). Before muscle incubation, the
chambers were filled with preheated (30 �C) KrebseRinger buffer
(117 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM
MgSO4, 24.6 mM NaHCO3, pH¼ 7.4) supplemented with 0.1% bovine
serum albumin, 2 mM Na-pyruvate, and 8 mM mannitol. Throughout
the entire incubation protocol, the buffer was gassed with 95% O2 and
5% CO2. The muscles were allowed to recover from dissection for
10 min in the incubation chambers before the buffer medium was
replaced and stimulation was initiated. Muscles were stimulated with
DMSO-dissolved PF739 and 991 for 40 and 60 min, respectively.
Within a given experiment, the DMSO concentration used was equal
between treatments and always less than 0.08%. During the last
10 min of stimulation, 1 mM [3H]-2-deoxyglucose (0.028 MBq/mL) and
7 mM [14C]mannitol (0.0083 MBq/mL) were added to the incubation
medium. After incubation, the muscles were harvested, washed in cold
(4 �C) KrebseRinger buffer, blotted dry on filter paper, and frozen in
liquid nitrogen. Glucose uptake was determined from muscle lysate as
previously described [13].

2.3. In vivo treatment of PF739 of diet-induced obese mice
PF739 was suspended in 20% (2-hydroxypropyl)-b-cyclodextrin
(HPBCD) as a solution in isotonic saline (20 mg/mL). The mice were 15
weeks old C57BL/6J mice and had been fed a diet of 60% fat, 20%
carbohydrates, and 20% protein (D12492, Research Diets Inc.) for 9
weeks before the experiment. The mice were dosed subcutaneously
with 100 mg/kg bodyweight of PF739 or vehicle. One hour after
treatment, the mice were anesthetized with isoflurane-O2 and muscle
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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tissues were harvested and frozen in liquid nitrogen immediately, using
cooled metal clamps. Glucose levels were determined in tail blood
before and 1 h after treatment of the animals.

2.4. Muscle homogenization
Muscles, cold steel beads, and cold (4 �C) homogenization buffer (10%
glycerol, 50 mM HEPES, 1% NP40, 20 mM Na4P2O7, 150 mM NaCl,
2 mM PMSF, 1 mM EDTA, 1 mM EGTA, 3 mM benzamidine, 10 mg/mL
leupeptin, 10 mg/mL aprotinin, 2 mM Na3VO4, pH¼ 7.5) were added to
Eppendorf tubes. The muscles were homogenized at 30 Hz for
2 � 45 s (TissueLyser II, Qiagen, Germany) and were subsequently
rotated end-over-end for 1 h at 4 �C. Next, the homogenates were
spun for 20 min at 16.000 g and 4 �C, and the lysates (supernatant)
were collected and frozen at �80 �C until further analyses. Protein
concentration in the lysates was determined using the bicinchoninic
acid method as described by the manufacturer (Pierce Biotechnology,
Thermo Fisher, MA, USA).

2.5. SDS-PAGE and western blotting
Lysate from muscle samples were denatured in Laemmli buffer (final
concentrations: 1.8% SDS, 56.7 mM tris (pH ¼ 6.8), 37.5 mM DTT,
3.3% glycerol, and 0.008% bromphenol blue) and heated at 96 �C for
5 min. Equal amounts of protein were loaded on 5e7% polyacrylamide
gels for separation. The proteins separated in the gel were transferred
to ethanol-activated polyvinylidene fluoride membranes, by semidry
western blotting. The membranes were blocked in TBST (10 mM tris,
150 mM NaCl, and 0.05% Tween20, pH¼ 7.4) supplemented with 2%
skimmed milk powder except for membranes used to detect ACC total,
for which 3% bovine serum albumin was used. Thereafter, the
membranes were incubated with specific primary total- or phospho-
antibodies overnight on a rocking table at 4 �C. The probed mem-
branes were washed in TBST before incubation with relevant sec-
ondary antibodies for 45 min at room temperature on a rocking table.
Following yet another wash in TBST, the membranes were visualized
by chemiluminescence and a digital imaging system (ChemiDoc
XRSþ, BioRad, USA).

2.6. Complex-specific AMPK activity
Complex-specific AMPK activity was measured as previously described
[29]. Muscle lysate (150 mg protein) underwent sequential immuno-
precipitations of first AMPKg3, then AMPKa2, and lastly AMPKa1
using in-house validated AMPK subunit-specific antibodies bound to G-
protein coupled agarose beads (Merck, Darmstadt, Germany) in an IP-
buffer (20 mM tris (pH ¼ 7.4), 50 mM NaCl, 1% (v/v) Triton X-100,
50 mM NaF, 5 mM Na4P2O7, 500 mM PMSF, 2 mM DTT, 4 mg/mL
leupeptin, 50 mg/mL soybean trypsin inhibitor, 6 mM benzamidine,
250 mM sucrose). The first immunoprecipitation was rotated end-
over-end at 4 �C overnight, where after the beads were spun down
(1 min at 500 g, 4 �C) and the supernatant was removed and used for
the next immunoprecipitations. The beads were washed once in the IP-
buffer, once in cold 6x assay buffer (240 mM HEPES (pH ¼ 7.0),
480 mM NaCl) and twice in cold 3x assay buffer (120 mM HEPES
(pH ¼ 7.0), 240 mM NaCl), where after the supernatant was removed
leaving only the beads. The activity assays were performed for 30 min
at 30 �C in a kinase reaction buffer (40 mM HEPES (pH¼ 7.0), 80 mM
NaCl, 833 mM DTT, 100 mM AMARA-peptide, 5 mM MgCl2, 200 mM
ATP) including 60 mCi/mL [33Pg]-labelled ATP tracer (Perkin Elmer,
Waltham, USA). The kinase reaction was stopped by the addition of 1%
phosphoric acid to the reaction. The reactions were spotted on P81
filter paper and excess phosphate tracer was washed off the paper by
incubation with 1% phosphoric acid for 3 � 15 min. The [33P] activity
MOLECULAR METABOLISM 51 (2021) 101259 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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was analyzed on dry filter paper, using a Typhoon FLA 700 IP Phos-
phorImager (GE Healthcare, Denmark), and related to the specific
activity of the reaction buffer that was measured using liquid scintil-
lation counting. This process was repeated for the a2- and a1-
immunoprecipitation to provide activity measurements for the
remaining AMPK complexes. In the present study, the AMPKg3 activity
and the remnant activity that can be precipitated by subsequent pre-
cipitations using AMPKa2 and -a1 antibodies are reported. The latter
activities are presented as the sum of the two AMPKa precipitations,
and for simplicity, we termed this as AMPKg1 activity since skeletal
muscle does not contain AMPKg2 [4].

2.7. Insulin and glucose tolerance tests
Before testing, 12e13-week-old mice were weighed and placed in
individual cages with access to drinking water, but not food. The mice
were subjected to fasting for 4 or 16 h before the insulin (ITT) and
glucose tolerance test (GTT), respectively. For the ITT, the mice were
injected i.p. with 0.75 U/kg body weight of insulin (Actrapid, Novo
Nordisk, Denmark) dissolved in physiological saline (0.9%) and blood
samples were obtained from the tail before injection and 15, 30, 60,
and 120 min into the ITT. For the GTT, the mice were injected i.p. with
2 g/kg bodyweight of D-glucose dissolved in physiological saline (20%
glucose solution). Blood samples were obtained from the tail before
and 15, 30, 60, and 120 min following the glucose injection. Blood
glucose concentrations were determined by using a glucometer
(Contour XT, Bayer, Germany).

2.8. Primary and secondary antibodies
Primary antibodies used for western blotting were as follows:
Phospho-specific antibodies recognizing pAMPKa Thr172 (#2531) and
pACC Ser212 (#3661) were from Cell Signaling Technology (Danvers,
MA, USA); phospho-specific antibody recognizing pTBC1D1 Ser231
was from Millipore (#07e2269); total AMPKa1 was custom and a gift
from Prof. Göransson (Lund University, Sweden); AMPKa2, and
AMPKb1 were from Santa Cruz Biotechnology (#SC-19131 and #SC-
100357, Santa Cruz, CA, USA); AMPKb2 was custom and a gift from
Prof. Hardie (Dundee University, UK); AMPKg1 and TBC1D1 were from
Abcam (#32508 and #ab229504, Cambridge, UK); and AMPKg3 was
custom made at Yenzym (YZ-6229, San Francisco, CA, USA). Total ACC
was measured using HRP-conjungated streptavidin from either DAKO
(#P0397, Glostrup, Denmark) or Jackson ImmunoResearch Labora-
tories (#108001, West Grove, PA, USA).
Secondary antibodies used in this study were all horseradish
peroxidase-conjugated species-specific immunoglobulins and included
antirabbit (#111-035-045), antimouse (#115-035-062), and antigoat
(#305-035-003) from Jackson ImmunoResearch Laboratories.
Antibodies used for immunoprecipitations (IP) as a part of the AMPK
activity assay were as follows: AMPKa1 was precipitated with a custom
antibody from Genscript (Genscript 2015, ID# 03302_1, New Jersey,
USA), and AMPKa2 (YZ-7205) and AMPKg3 (YZ-6229) were precipi-
tated with custom antibodies from Yenzym (San Francisco, CA; USA).

2.9. Statistical analyses
Data are presented as means þ SEM, unless stated otherwise. Dif-
ferences between doses, treatments, or genotypes were analyzed
either using unpaired two-tailed student t-tests or one-way or two-way
ANOVA with or without repeated measures when relevant. The specific
use of statistical tests is explicitly described in the figure legends. The
StudenteNewmaneKeuls test was used for post hoc testing with
p< 0.05 as the significance level. Statistical analyses were carried out
using the software GraphPad Prism (version 9.1, San Diego, CA, USA).
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3. RESULTS

3.1. Knockout of AMPKg3 by CRISPR-Cas9 induces changes in
protein expression of other AMPK subunits and ablates
AMPKa2b2g3 activity
To investigate the involvement of AMPKg3 in mechanisms relevant for
pharmacological regulation of glucose uptake, AMPKg3 KO mice were
generated by the CRISPR-Cas9 technique (Figure S1A-B). The AMPKg3
KO mice were equal in size when compared with their WT counterparts
(data not shown). AMPKg3 protein was detected in glycolytic skeletal
muscle such as m. extensor digitorum longus (EDL), m. gastrocnemius
(Gast),m. tibialis anterior (TA), andm. quadriceps (Quad), but very low or
undetectable in oxidative muscle m. soleus (Sol), heart muscle, or liver
(Figure 1Aþ I). As expected, AMPKg3 protein expression was ablated in
the muscles of the AMPKg3 KO mice (Figure 1Aþ I). The expression of
AMPKa2 and -b2 protein, which assemble in a protein complex with
AMPKg3, was significantly lower in Gast, TA, and Quad muscles of the
AMPKg3 KO compared to WT mice (Figure 1B, C þ I). AMPKa1, -b1,
and -g1 protein were detected in all tissues with no or minor differences
between genotypes (Figure 1DeF þ I). Basal AMPKa2b2g3 activity
was not detectable in muscles from AMPKg3 KO mice (EDL, Sol, and TA,
Figure 1G). There were no significant differences in basal AMPKg1
complex activity between genotypes (Figure 1H).
Fasted WT and AMPKg3 KO mice were subjected to insulin and
glucose tolerance tests (Figure 1JeK). Fasted blood glucose levels
were unaffected by the AMPKg3 deficiency and the blood glucose
lowering effect of insulin was similar between genotypes (Figure 1J).
The response to a glucose tolerance test was also comparable be-
tween genotypes (Figure 1K).

3.2. PF739 and AICAR co-stimulation potentiates the effect on
glucose uptake and AMPK activity
The ex vivo doseeresponse relationship between increasing doses of
PF739 and glucose uptake was investigated in EDL (Figure 2A) and Sol
(Figure 2B) muscle excised from C57BL/6J mice. Glucose uptake in
EDL muscle increased in a dose-dependent manner, while glucose
uptake in Sol remained unaffected, even when the dose of PF739 was
10-fold higher than that used for EDL. Similarly, stimulation of the
muscles with a maximal dose of AICAR (2 mM) [13] increased glucose
uptake in EDL, but not in Sol (Figure 2AeB).
In a separate experiment, glucose uptake was investigated in EDL
muscles stimulated ex vivo with either maximal PF739 (3 mM),
maximal AICAR (2 mM), or co-incubated with PF739 (3 mM) and AICAR
(2 mM) (Figure 2C). PF739 and AICAR treatment increased glucose
uptake 2-fold, but surprisingly, the combination of the two AMPK
activators potentiated the effect on glucose uptake. PF739 treatment
did not induce any significant activation of AMPKa2b2g3, while AICAR
led to a 3-fold increase. The co-stimulation with PF739 and AICAR
activated AMPKa2b2g3 to even higher levels compared to AICAR
alone (more than 6-fold) (Figure 2D) indicated potentiating effects
when the two compounds were combined.

3.3. The potentiating effect of PF739 and AICAR co-stimulation on
muscle glucose uptake is dependent on AMPK catalytic activity
We investigated whether the potentiating effect of PF739 and AICAR
co-stimulation on glucose uptake was dependent on AMPK catalytic
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activity by introducing the AMPKa1a2 imdKO mouse model that lacks
all AMPKa protein expression and activity in skeletal muscle cells [11].
EDL muscles were stimulated with PF739 (3 mM), AICAR (2 mM), or a
combination of the two compounds. While glucose uptake in vehicle-
treated muscle was equivalent between WT and AMPKa1a2 imdKO
mice, the increase in glucose uptake observed in WT muscle stimulated
with PF739, AICAR, and the combination of PF739 and AICAR was
completely absent in the muscle from the AMPKa1a2 imdKO mice
(Figure 3A). In WT muscle, AMPKa2b2g3 activity was not increased
significantly by PF739 treatment, though AICAR stimulation led to a
substantial activation (Figure 3B). Also, in this experiment, co-
incubation with PF739 and AICAR led to an even greater increase in
AMPKa2b2g3 activity compared to the isolated effect of AICAR, sug-
gesting potentiating effects of the co-stimulation. As expected, AMP-
Ka2b2g3 activity was not detected in the muscle from AMPKa1a2
imdKO mice by any of the treatments (Figure 3B). In WT muscle, AMPK
Thr172 phosphorylation followed the pattern of the AMPKa2b2g3
activity (Figure 3C þ F). Phosphorylation of the AMPK downstream
target ACC Ser212 (Figure 3D þ F ) was increased by PF739, and to a
greater extent by AICAR and the co-incubation. Phosphorylation of
TBC1D1 Ser231 (Figure 3EeF) was increased to similar levels among
treatments. The increases observed in phosphorylation of ACC Ser212
and TBC1D1 Ser231 in muscle from AMPKa1a2 imdKO mice are likely
due to the activation of AMPKa1 complexes present in nonmuscle cells
(Figure 3DeF, S2A) [11]. In line, AMPKa1 protein was detected during
analysis of the muscle protein lysate from the AMPKa1a2 imdKO mice,
while AMPKa2 protein was not detectable (Figure S2A).

3.4. AMPKg3 is not necessary for PF739-stimulated glucose
uptake
We used the AMPKg3 KO model to investigate the AMPK-dependent
mechanism by which PF739 increases glucose uptake. Furthermore,
it was investigated if the potentiating effects observed by PF739 and
AICAR co-incubation were caused by AMPKg3-dependent regulation.
In EDL muscle from WT mice, glucose uptake increased in response to
ex vivo PF739 and AICAR stimulation (Figure 4A) in a similar pattern as
observed in the previous experiments (Figures 2C and 3A). Surprisingly,
PF739-stimulated glucose uptake was intact in muscle from AMPKg3
KO mice, while AICAR stimulation did not affect glucose uptake. Even
though AICAR did not increase glucose uptake in AMPKg3 KO muscle,
the co-stimulation with PF739 and AICAR still increased glucose uptake
to a greater extent than that of PF739 alone, suggesting that AICAR still
potentiates the effect of PF739 on glucose uptake (Figure 4A). Here,
PF739 increased the AMPKa2b2g3 activity to a small extent, whereas
AICAR and the co-incubation activated the complex 5- and 10-fold,
respectively, exceeding the PF739 effect substantially (Figure 4B).
AMPKa2b2g3 activation was not detected in muscle from AMPKg3 KO
mice (Figure 4B). The AMPKg1-complex activity was increased signif-
icantly only by the co-incubation in WT muscle, while it was also acti-
vated by AICAR and the co-incubation in AMPKg3 KO muscle
(Figure 4C). AMPK Thr172 phosphorylation was increased by PF739 in
WT muscle. AICAR stimulation induced an even higher degree of
phosphorylation, whereas the co-incubation led to the most potent
phosphorylation of AMPK Thr172 (Figure 4D þ G). In AMPKg3 KO
muscle, PF739 stimulation did not increase the AMPK Thr172 phos-
phorylation levels significantly, but AICAR did. Further, the co-incubation
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 1: CRISPR-Cas9 guided deletion of AMPKg3 protein in adult mice. The CRISPR-Cas9 system was used for specific deletion of AMPKg3 protein expression in mice. AeF:
Protein expression levels of (A) AMPKg3, (B) AMPKa2, (C) AMPKb2, (D) AMPKa1, (E) AMPKb1, and (F) AMPKg1 in extensor digitorum longus (EDL), soleus (Sol), gastrocnemius
(Gast), tibialis anterior (TA) and quadriceps (Quad) muscle along with heart muscle, and liver from adult female WT and AMPKg3 KO mice. Protein levels were measured by western
blotting. Data are normalized to WT EDL levels. Data are given as means þ SEM (n ¼ 5 in all groups). GeH: In vitro complex-specific AMPK activity of G) AMPKa2b2g3-and (H)
AMPKg1-complex activity was measured in EDL, Sol, and TA from basal WT and AMPKg3 KO mice. The AMPK activity was measured after sequential immunoprecipitation from
muscle lysates in the order AMPKg3, AMPKa2, and AMPKa1. The latter two are added together for simplicity. Data are given as means þ SEM (n ¼ 8 in EDL and Sol, n ¼ 12 in
TA). I: Representative blots of the proteins measured in A-F. Liver measurements were performed on the same membrane as skeletal and heart muscle. WT and AMPKg3 KO are
indicated with white and red bars, respectively. An unpaired students t-test was applied to compare WT and AMPKg3 KO within each muscle. *p < 0.05, #p < 0.05, ##p < 0.01,
and ###p < 0.001 for differences in AMPKg3 KO compared to WT. JeK: (J) Intraperitoneal insulin tolerance test (ITT, 0.75 U/kg body weight) and (K) intraperitoneal glucose
tolerance test (GTT, 2 mg/kg body weight) were performed in WT and AMPKg3 KO mice. Data are given as means þ/� SEM (n ¼ 4e9). WT and AMPKg3 KO mice are indicated
with black and red dots and lines, respectively. A two-way RM ANOVA was used to compare WT and AMPKg3 KO mice. **p < 0.01, ***p < 0.001 indicates main effects of time.
A.U., Arbitrary Units. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
led to even higher levels of AMPK Thr172 phosphorylation, compared to
AICAR alone (Figure 4Dþ G ). Phosphorylation of ACC Ser212 increased
in muscle from both WT and AMPKg3 KO mice in response to all
MOLECULAR METABOLISM 51 (2021) 101259 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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treatments, though the co-stimulation increased the phosphorylation to a
greater extent compared to the isolated effects of PF739 and AICAR
(Figure 4Eþ G ). In WT muscle, AICAR and co-incubation increased the
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Figure 2: Co-stimulation with PF739 and AICAR causes potentiation of glucose uptake in skeletal muscle. AeB: M. extensor digitorum longus (EDL) and m. soleus (Sol) were
dissected from C57BL/6J mice and incubated ex vivo for 40 min with varying doses of PF739 with vehicle (DMSO) and AICAR (2 mM) as negative and positive controls, respectively.
Muscle glucose uptake was determined in (A) EDL and (B) Sol muscles by measuring the intracellular accumulation of [3H]-2-deoxyglucose-6-phosphate during the last 10 min of
compound stimulation (n ¼ 6e12). CeD: EDL muscles were dissected from C57BL/6J mice and incubated ex vivo for 40 min with either vehicle (DMSO), PF739 (3 mM), AICAR
(2 mM), or a combination of PF739 (3 mM) and AICAR (2 mM). (C) Muscle glucose uptake was determined as described above. (D) In vitro complex-specific AMPK-activity of
AMPKa2b2g3 was measured after immunoprecipitation of AMPKg3 in muscle lysates (n ¼ 8e12). Data are given as means þ SEM. Vehicle, PF739, AICAR, and PF739 þ AICAR
treatment are indicated with white, light grey, dark grey, and black bars, respectively. An unpaired one-way ANOVA was used to compare treatment groups with vehicle (AeB) and
between all groups (CeD). *p < 0.05, **p < 0.01, ***p < 0.001 for differences compared to vehicle, #p < 0.05, ##p < 0.01, ###p < 0.001 for differences compared to
PF739, $$p < 0.01, $$$p < 0.001 for differences compared to AICAR alone. A.U., Arbitrary Units.

Original Article
phosphorylation of TBC1D1 Ser231. In contrast, in the AMPKg3 KO
muscle, PF739 and the co-stimulation increased the phosphorylation of
TBC1D1 Ser231 significantly (Figure 4FeG).

3.5. The effect of 991 on glucose uptake is dependent on AMPKa,
independent of AMPKg3, and potentiates the effect of AICAR
To confirm that the difference in mechanism and the potentiation of
AICAR and PF739 are caused by different modes of binding to AMPK,
we compared the effect of AICAR with 991 that also activates AMPK via
the ADaM-site.
The doseeresponse relationship between increasing doses of 991
on glucose uptake was investigated ex vivo in EDL muscle from
C57BL/6J mice. 991 increased muscle glucose uptake in a dose-
dependent manner and to levels comparable to that of a maximal
6 MOLECULAR METABOLISM 51 (2021) 101259 � 2021 The Authors. Published by Elsevier GmbH. T
concentration of AICAR (Figure 5A). The effect of 991 stimulation on
glucose uptake was dependent on AMPKa as no increase in glucose
uptake was observed in muscle from AMPKa1a2 mdKO mice
(Figure 5B, S5A).
We isolated and treated EDL muscles from WT and AMPKg3 KO mice
with a high 991 dose (40 mM), maximal AICAR dose (2 mM), or co-
incubated with 991 (40 mM) and AICAR (2 mM). We did this, firstly,
to investigate whether 991 and AICAR co-stimulation potentiates the
regulation of glucose uptake, and secondly, to investigate if the effect
of 991 on glucose uptake is AMPKg3-dependent. Interestingly, 991
and AICAR increased glucose uptake approximately 3-fold, while the
co-stimulation increased glucose uptake even more (Figure 5C).
Additionally, the increase in glucose uptake stimulated by 991 was not
dependent on AMPKg3, as glucose uptake was increased to
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: The potentiating effect of PF739 and AICAR co-stimulation on glucose uptake in skeletal muscle is dependent on AMPK catalytic activity. AeF: M. extensor digitorum
longus (EDL) was dissected from WT and AMPKa1a2 imdKO mice and incubated ex vivo for 40 min with either vehicle, PF739 (3 mM), AICAR (2 mM), or a combination of PF739
(3 mM) and AICAR (2 mM). (A) Muscle glucose uptake was determined by measuring the intracellular accumulation of [3H]-2-deoxyglucose-6-phosphate during the last 10 min of
compound stimulation. (B) In vitro complex-specific AMPK-activity of AMPKa2b2g3 was measured in WT and AMPKa1a2 imdKO mice in all treatment conditions. The AMPK
activity was measured after immunoprecipitation of AMPKg3 from muscle lysates (n ¼ 8). Phosphorylation levels of (C) AMPK Thr172, (D) ACC Ser212, and (E) TBC1D1 Ser231
were measured in lysates by western blotting (n ¼ 8). (F) Representative blots of the proteins measured in C-E, total proteins are given in Figure S2A. Data are given as
means þ SEM. WT and AMPKa1a2 imdKO mice are indicated with white and green bars, respectively. A two-way ANOVA was used to compare treatment groups within genotype.
*p < 0.05, **p < 0.01, ***p < 0.001 for difference compared to vehicle, ##p < 0.01, ###p < 0.001 for difference compared to PF739 and $$$p < 0.001 for difference
compared to AICAR treatment. A.U., Arbitrary Units. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Figure 4: In contrast to AICAR, the effect of PF739 on glucose uptake in skeletal muscle is not dependent on AMPKg3. AeG: M. extensor digitorum longus (EDL) was dissected
from WT and AMPKg3 KO mice and incubated ex vivo with either vehicle, PF739 (3 mM), AICAR (2 mM), or a combination of PF739 (3 mM) and AICAR (2 mM) for 40 min. (A) Muscle
glucose uptake was determined by measuring the intracellular accumulation of 3[H]-2-deoxyglucose-6-phosphate during the last 10 min of compound stimulation (n ¼ 10). In vitro
complex-specific AMPK-activity of (B) AMPKa2b2g3 and (C) AMPKg1 was measured in WT and AMPKg3 KO mice in all treatment conditions. The AMPK activity was measured
after sequential immunoprecipitation from muscle lysates in the order AMPKg3, AMPKa2, and AMPKa1. The latter two are added together for simplicity (n ¼ 10). (D) Phos-
phorylation levels of AMPK Thr172, (E) ACC Ser212, and (F) TBC1D1 Ser231 were measured in lysates by western blotting (n ¼ 10). (G) Representative blots of the proteins
measured in D-G, total proteins are given in Figure S3A. Data are given as means þ SEM. WT and AMPKg3 KO are indicated with white and red bars, respectively. A two-way
ANOVA was used to compare treatment groups within genotype. *p < 0.05, **p < 0.01, ***p < 0.001 for differences compared to vehicle, #p < 0.05, ##p < 0.01,
###p < 0.001 for differences compared to PF739, $p < 0.05 $$p < 0.01 and $$$p < 0.001 for differences compared to AICAR treatment. A.U., Arbitrary Units. . (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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comparable levels between genotypes. Importantly, the potentiating
effect of co-incubation with 991 and AICAR was present both in WT
and AMPKg3 KO muscles (Figure 5C). AMPKa2b2g3 activation was
increased significantly by 991, and to a larger extent by AICAR stim-
ulation, while the co-incubation led to a potentiated activation of the
AMPKa2b2g3 complex (Figure 5D). AMPKg1-complex activity was
only increased significantly by co-incubation of 991 and AICAR, but
neither of the compounds alone led to any significant activation. The
increase in activities was comparable between genotypes (Figure 5E).
8 MOLECULAR METABOLISM 51 (2021) 101259 � 2021 The Authors. Published by Elsevier GmbH. T
The phosphorylation of AMPK Thr172 was increased with 991, AICAR,
and to a larger extent with co-incubation in WT muscle (Figure 5F þ I).
This potentiation was also found in the AMPKg3 KO muscle
(Figure 5F þ I). In WT muscle, AICAR increased the phosphorylation of
ACC Ser212 to a greater extent than 991, but this increase was not
augmented further by the addition of 991 (Figure 5Gþ I). In the muscle
from AMPKg3 KO, the increase in phosphorylation of ACC Ser212 was
equal in all intervention groups as compared to the vehicle level. The
phosphorylation of TBC1D1 Ser231 was not increased significantly in
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: The effect of ADaM-site activator 991 on glucose uptake is also AMPKa- but not AMPKg3-dependent. A: M. extensor digitorum longus (EDL) was dissected from C57BL/
6J mice and incubated ex vivo for 60 min with varying doses of 991 with vehicle (DMSO) and AICAR (2 mM) as negative and positive controls, respectively. Muscle glucose uptake
was determined by measuring the intracellular accumulation of [3H]-2-deoxyglucose-6-phosphate during the last 10 min of compound stimulation (n ¼ 4e6). Vehicle, 991, and
AICAR treatments are indicated with white, light grey, and dark grey bars, respectively. B: EDL muscles were dissected from WT and AMPKa1a2 mdKO and incubated ex vivo for
60 min with either 20 or 40 mM 991 with vehicle (DMSO) as negative control (n ¼ 3e6). Muscle glucose uptake was determined as described above. WT and AMPKa1a2 mdKO
are indicated with white and yellow bars, respectively. CeI: EDL muscles were dissected from WT and AMPKg3 KO mice and incubated ex vivo for 60 min with either vehicle
(DMSO), 991 (40 mM), AICAR (2 mM), or a combination of 991 (40 mM) and AICAR (2 mM) (n ¼ 10e12). (C) Muscle glucose uptake was determined as described above. In vitro
complex-specific AMPK-activity of (D) AMPKa2b2g3 and (E) AMPKg1 was measured in WT and AMPKg3 KO mice in all treatment conditions. The AMPK activity was measured
after sequential immunoprecipitation from muscle lysates in the order AMPKg3, AMPKa2, and AMPKa1. The latter two are added together for simplicity. Phosphorylation levels of
(F) AMPK Thr172, (G) ACC Ser212, and (H) TBC1D1 Ser231 were measured in lysates by western blotting (n ¼ 10e12). Representative blots of these are given in (I), total proteins
are given in Figure S3B. Data are given as means þ SEM. WT and AMPKg3 KO are indicated with white and red bars, respectively. One-way ANOVA (A) and two-way ANOVA (BeH)
were used to compare treatment groups with vehicle and within genotypes, respectively. A: ***p < 0.001 for differences compared to vehicle. B: **p < 0.01, ***p < 0.001 for
differences compared to vehicle and #p < 0.01 for differences compared to 20 mM treatment. CeH: *p < 0.05, **p < 0.01, ***p < 0.001 for differences compared to vehicle,
#p < 0.05, ##p < 0.01, ###p < 0.001 for differences compared to 991 and $$p < 0.01, $$$p < 0.001 for differences compared to AICAR. A.U., Arbitrary Units. . (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

MOLECULAR METABOLISM 51 (2021) 101259 � 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

9

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article
WT muscle, while all interventions led to a significant increase in the
muscle from AMPKg3 KO mice (Figure 5HeI).

3.6. In vivo treatment with PF739 increases AMPKg1 complex-
associated activity
To investigate the whole-body transferability of the ex vivo studies, we
tested the effect of in vivo treatment with PF739 on blood glucose
levels, AMPK-complex-specific activity, and AMPK downstream regu-
lation in muscle of HFD fed mice. Blood glucose levels were significantly
higher in vehicle-treated mice. This might reflect a minor stress
response owing to the handling of the animals. Nevertheless, blood
glucose levels were lower in PF739-dosed mice compared to predosing
levels and vehicle level 1 h after treatment (Figure 6A). AMPKa2b2g3
activity in m. gastrocnemius did not increase in response to PF739
treatment. In contrast, the activation of AMPKg1-complexes was
increased by more than 2-fold, following PF739 dosing (Figure 6B). The
phosphorylation of ACC was more than 3-fold higher in m. gastroc-
nemius than that of PF739-treated mice (Figure 6C).

4. DISCUSSION

Blood glucose-lowering pharmacological interventions are highly
relevant, given the increase in prevalence of metabolic diseases
worldwide. For more than two decades, it has been known that AMPK
activation in skeletal muscle is sufficient to increase muscle glucose
uptake [8]. Since then, a direct and safe way of pharmacologically
targeting this kinase for blood glucose-lowering effects in humans has
been striven for. Recently, it was revealed that ADaM-site binding
small molecule pan activators of AMPK are capable of lowering blood
glucose levels in diabetic rodent models through AMPK in skeletal
muscle [16,17,24e26]. Unfortunately, nonskeletal muscle AMPK is
also activated leading to unwanted side effects [17]. In this study, the
mechanisms by which ADaM-site-binding AMPK activators increase
glucose uptake in skeletal muscle were investigated. The study aimed
to provide mechanistic insight that can lead to even better and more
specific drug designs in the future.
We have previously shown that PF739 increases glucose uptake in
glycolytic skeletal muscle [16]. We show here that combining two
different ADaM-site activators (PF739 and 991) with AICAR potentiates
the effect on glucose uptake in skeletal muscle ex vivo. These data
indicate that ADaM-site activators and activators targeting the AMP-
binding sites of the CBS domains increase glucose uptake by sepa-
rate mechanisms. The mechanisms by which co-incubation causes
Figure 6: In vivo treatment with PF739 lowers blood glucose and increases AMPKg1 a
subcutaneous dose of either vehicle or PF739 (100 mg/kg) (n ¼ 11e12). (A) Blood glucose
mice were anesthetized and muscles were harvested. In vitro complex-specific activity o
cipitation from m. gastrocnemius lysate in the order AMPKg3, AMPKa2, and AMPKa1. The
measured in m. gastrocnemius. The paired individual data are indicated with dots and a
treatment are indicated with white and grey bars, respectively. A two-way ANOVA with RM
was used in (BeC) to compare the effect of treatments. In (A) **p < 0.01 indicates differe
vehicle and PF739 treatment. A.U., Arbitrary Units.
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potentiated AMPK complex activation are still unresolved. In a study in
C2C12 muscle cells, it has been found that co-incubation of the ADaM-
site binding compound A769662 and AICAR leads to a synergistic
increase in the phosphorylation of AMPKa Thr172. This was ascribed
to be partly due to conformational changes of AMPK since the com-
pounds bind at two separate regions of AMPK, which increases the
protection of AMPK from protein phosphatases [30]. Here, we show
that the phosphorylation of AMPK Thr172 is indeed potentiated when
co-stimulating muscle with PF739/991 and AICAR. In further support of
this, maximal doses of the ADaM-site- and CBS-domain-binding
compounds lead to a potentiated activation of AMPKa2b2g3 and
AMPKg1-complexes, which may also indicate decreased accessibility
of protein phosphatases towards AMPKa Thr172. However, further
studies are needed to clarify the direct role of phosphatases in this
regulation. Previously, additive effects on muscle glucose uptake and
AMPK activation by co-incubation with 991 and AICAR have been re-
ported [26]. However, since only submaximal doses were applied, an
interpretation of the mechanisms involved was difficult. Importantly, in
this study, for all used compounds or their combinations, the increase
in glucose uptake observed in WT muscle was entirely ablated in
AMPKa1a2-deficient muscle. Thus, the separate mechanisms by
which the two compounds increase glucose uptake are fully AMPK-
dependent and the co-incubation does not trigger any AMPK-
independent effects on glucose uptake.
The effect of AICAR on glucose uptake in skeletal muscle is dependent
on the AMPKa2b2g3 complex [10,18,19] which is highly activated by
AICAR treatment. The ability of AICAR to increase AMPKg1-complex
activity was present after 40 min of stimulation but absent after
60 min. Such time-dependency has not been exhibited in the skeletal
muscle, whereas it has previously been reported in hepato- and adi-
pocytes [31]. The mechanism underlying this attenuation is still un-
resolved. Nevertheless, our data strongly support that AMPKa2b2g3
activation is necessary for AICAR-induced glucose uptake in skeletal
muscle. As reasoned above, this data suggest that ADaM-site acti-
vators and AICAR increase glucose uptake by separate mechanisms.
To seek genetic evidence for such a notion, EDL muscle of the
AMPKg3 KO mouse model was studied ex vivo. Remarkably, the effect
of the ADaM-site activators on glucose uptake persisted in AMPKg3-
deficient muscle, whereas AICAR-stimulated glucose uptake was
lost. These findings support that PF739- and 991-induced glucose
uptake occur independently of the AMPKa2b2g3 complex. The small
molecule AMPK activator SC4 has been found to increase glucose
uptake in muscle by an AMPKb2-complex dependent mechanism [24].
ctivity in skeletal muscle from diet-induced obese mice. HFD fed mice were given a
levels were measured before and 1 h after treatment. (B) One hour after treatment the

f AMPKa2b2g3 and AMPKg1-complexes was measured after sequential immunopre-
two latter are added together for simplicity. (C) Phosphorylation level of ACC Ser212 was
connective line in (A). Data are given as means þ SEM in (BeC). Vehicle and PF739
was used in (A) to compare the effect of time and treatment. An unpaired students t-test
nce within treatment group and In (BeC) ***p < 0.001 indicates differences between
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The structure of SC4 is slightly different from that of PF739 and 991,
but SC4 also binds to the ADaM-site. If the AMPKb2-selectivity holds
true for all ADaM-site-binding compounds that increase muscle
glucose uptake, then our data combined with that of Ngoei and col-
leagues [24], point toward the AMPKa2b2g1 complex as a mediator of
the glucose uptake as observed in response to ADaM-site-binding
AMPK activators in general.
When ADaM-site activators are administered systemically to diabetic
rodent models, blood glucose levels are lowered in a skeletal muscle
AMPK-dependent manner [16,17]. Importantly, we show here that the
AMPKg1-complex activity is increased more than 2-fold, while the
activity of AMPKa2b2g3 is unchanged in muscle from mice treated
with PF739 in vivo. In isolated muscles, the activation of AMPKg1 was
modest and did not reach statistical significance (PF739) or tended to
be significant (991) in the muscles of both WT and AMPKg3 KO. The
reasons for these modest effects are unclear, especially since 991 has
previously been demonstrated to increase AMPKg1 activity [26].
Nevertheless, since AMPKg2 has not been detected in skeletal muscle
[4], we interpret our in vivo data to support the notion that treatment
with ADaM-site activators uses a skeletal muscle AMPKg1-dependent
mechanism to increase glucose uptake and that this mechanism ap-
pears viable for effective treatment in vivo. It would be interesting to
challenge this hypothesis in a muscle-specific AMPKg1 KO model. To
our knowledge, such a model has not yet been generated.
The reason why different modes of action exist for CBS-domain-
binding compounds and ADaM-site activators to regulate glucose
uptake is not known. It is tempting to consider that the difference might
stem from the difference in the protein structure of the AMPKg-iso-
forms i.e., the length of the N-terminal extension [32]. In a recent cell-
based study, it was described that the level of activation induced by
991 was dependent on the g-subunit expression [33]. Thus, it can be
speculated that ADaM-site activators can only cause relevant levels of
AMPK activation of certain AMPK complexes due to the structural
differences of the AMPKg-subunit proteins. Simultaneously, the CBS
domains that are shared among the three AMPKg proteins, are not
equally sensitive to nucleotides [33e35]. This difference might affect
the overall propensity of the different complexes to undergo necessary
regulation by the ADaM-site activators to effectively regulate glucose
transport. AMPKg1 has been demonstrated to be highly nucleotide-
sensitive, which may indicate that at physiological AMP levels, only
AMPKg1-complexes are primed for ADaM-site activators to be effi-
cacious [34,35]. Lastly, evidence from cells also support the notion that
different subcellular pools of AMPK are activated hierarchically under
different conditions [36]. It is a reasonable explanation that our ob-
servations stem from the compounds activating different subcellular
pools of AMPK, and that these are dominated by AMPKg1 and
AMPKg3 for PF739/991 and AICAR, respectively. Thus, it could be
speculated that the pools of AMPKg1 activated by PF739 and AICAR
are different and only the pool activated by PF739 regulates glucose
transport. However, evidence of such subcellular pools in skeletal
muscle tissue has to be established.
The lack of AICAR responsiveness that is often, but not always, re-
ported in Sol muscle [10,13,37,38], has been linked to a very low or
undetectable expression of AMPKg3 protein [5]. However, it is difficult
to understand why an ADaM-site binding activator such as PF739 that
regulates glucose uptake through an AMPKg3-independent mecha-
MOLECULAR METABOLISM 51 (2021) 101259 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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nism, does not increase glucose uptake in Sol muscle, where AMPKg1
protein is also highly expressed. In speculation, such discrepancy in
pharmacologically-induced glucose uptake could be related to differ-
ences in glucose transport machinery between glycolytic (e.g. EDL)
and oxidative (e.g. Sol) muscles, rather than differences at the level of
AMPK. One example of such discrepancy is the AMPK-downstream
target TBC1D1, the expression of which differs markedly between
glycolytic and oxidative rodent muscles [39].
Collectively, our data suggest that several AMPK-heterotrimeric com-
plexes in skeletal muscle are viable targets for glucose lowering
pharmacological interventions. To date, the research field has focused
mostly on AMPKg3 in the skeletal muscle. The reasons for this partly
relate to the vast amount of studies based on AICAR as a pharmaco-
logical research tool, and partly because of the tissue-specific
expression of AMPKg3, which makes AMPKg3-drug targeting in-
terventions muscle-specific, and thereby, less likely to cause major
unwanted and deleterious side effects. However, with our findings in
mind, an efficacious intervention does not need to be AMPKg3-specific,
provided it minimizes putative adverse effects of AMPK activation in
nonmuscle tissues through other mechanisms. It has previously been
demonstrated that 991 potently activates AMPKg2-complexes in vitro
[33], and furthermore, in vivo administration of an ADaM-site activator
has been reported to lead to glycogen accumulation in cardiac muscle
where AMPKg2 is highly expressed [17]. These findings underline that
skeletal muscle-specific targeting is of high importance for a future
drug to be beneficial on a whole-body level. However, if an ADaM-site
activator could be designed to target the muscle fiber only, the data
provided here indicate that a glucose lowering effect through AMPKg1-
complexes would be just as effective as an AMPKg3-specific activator.
When this study was in the final stage of editing for submission, Rhein
and colleagues verified the findings presented here in a similar
approach, using similar experimental settings, but including different
compounds and transgenic mouse models [40].

5. LIMITATIONS OF THIS STUDY

The AMPKg3 KO mice used for the present study were backcrossed
to a C57BL/6J background and bred as homozygotes for two gen-
erations. Thus, the reader should bear in mind the potential but minor
risk of genetic drift in the cohorts. Pilot studies in mice of the inbred
C57BL/6J strain revealed effect sizes equivalent to what is reported
here. Furthermore, our data align with those of Rhein et al. [40] using
a different AMPKg3 model. Thus, although theoretically possible,
there is no evidence to support that genetic drift has influenced our
study or data interpretation.

6. CONCLUSION

We conclude that ADaM-site small molecule pan-AMPK activators
regulate glucose uptake independently of AMPKg3 in skeletal muscle.
Furthermore, we conclude that ADaM-site activators and the prodrug
AICAR increase glucose uptake through parallel mechanisms and this
likely explains the potentiating effect observed on glucose uptake when
these drugs are used in combination. We also observed compound
potentiation of AMPKa2b2g3 activation, though the nature behind this
remains unresolved. Although we do not provide direct evidence for the
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involvement of the AMPKg1-complexes for ADaM-site-regulated
glucose uptake, our data do suggest that stimulation of skeletal
muscle glucose uptake can occur through different AMPK complexes.
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