
Whole Body Deletion of AMP-activated Protein Kinase �2
Reduces Muscle AMPK Activity and Exercise Capacity*□S

Received for publication, January 9, 2010, and in revised form, August 31, 2010 Published, JBC Papers in Press, September 20, 2010, DOI 10.1074/jbc.M110.102434

Gregory R. Steinberg‡§1, Hayley M. O’Neill‡§, Nicolas L. Dzamko§2, Sandra Galic§, Tim Naim¶, René Koopman¶,
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AMP-activated protein kinase (AMPK) � subunits (�1 and
�2) provide scaffolds for binding� and� subunits and contain a
carbohydrate-bindingmodule important for regulating enzyme
activity. We generated C57Bl/6 mice with germline deletion of
AMPK �2 (�2 KO) and examined AMPK expression and activ-
ity, exercise capacity, metabolic control during muscle contrac-
tions, aminoimidazole carboxamide ribonucleotide (AICAR)
sensitivity, and susceptibility to obesity-induced insulin resist-
ance. We find that �2 KO mice are viable and breed normally.
�2KOmicehad a reduction in skeletalmuscleAMPK�1 and�2
expression despite up-regulation of the �1 isoform. Heart
AMPK �2 expression was also reduced but this did not affect
resting AMPK �1 or �2 activities. AMPK �1 and �2 activities
were not changed in liver, fat, or hypothalamus. AICAR-stimu-
lated glucose uptake but not fatty acid oxidationwas impaired in
�2KOmice.During treadmill running�2KOmice had reduced
maximal and endurance exercise capacity, whichwas associated
with lower muscle and heart AMPK activity and reduced levels
of muscle and liver glycogen. Reductions in exercise capacity of
�2 KO mice were not due to lower muscle mitochondrial con-
tent or defects in contraction-stimulated glucose uptake or fatty
acid oxidation. When challenged with a high-fat diet �2 KO
mice gained more weight and were more susceptible to the
development of hyperinsulinemia and glucose intolerance. In
summary these data show that deletion of AMPK �2 reduces
AMPK activity in skeletal muscle resulting in impaired exercise

capacity and the worsening of diet-induced obesity and glucose
intolerance.

TheAMP-activated protein kinase (AMPK)5 is an evolution-
ary conserved serine/threonine protein kinase that functions as
a metabolic regulatory enzyme at both the intracellular and
whole body level (1, 2). As a metabolic stress-sensing enzyme,
AMPK is activated through phosphorylation of Thr172 in the
�-catalytic subunit by upstream kinases, liver kinase B1 (LKB1)
and calcium/calmodulin-dependent kinase kinase in response
to physiological processes that consume ATP (exercise) or
inhibit ATP production (ischemia or hypoxia) (3). Following
activation, AMPK acutely regulates lipid, protein, and carbohy-
drate metabolism through phosphorylation induced changes
that alter enzyme activities by switching off ATP consuming
anabolic pathways and switching on ATP generating catabolic
pathways (4). In addition to these acute effects, AMPK regu-
lates transcription factors to influence gene expression (4).
Modulation of AMPK activity by hormones and cytokines adds
a complex layer of regulation allowing energy supply and
demand within a cell to be integrated with the energy require-
ments of the whole organism (5).
AMPK functions as an ��� heterotrimer where the C termi-

nus of the � isoforms (�1 and �2) contains the subunit-binding
sequence that is essential for binding the � and� subunits (6, 7).
In addition to their structural role in maintaining the AMPK
heterotrimer, AMPK � subunits contain an evolutionary con-
served carbohydrate binding module that when bound with
oligosaccharides inhibits AMPK Thr172 phosphorylation (8).
Expression profiling of the AMPK � subunits has revealed that
�1 is ubiquitously expressed with highest expression levels
observed in the liver. We recently reported that whole body
deletion of �1 (�1 KO) leads to loss of hepatic AMPK � subunit
expression and consequently AMPK activity (9). TheAMPK�1
KO mice showed normal development, metabolic rate, and
physical activity comparable with wild type (WT) littermates.
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However, AMPK �1 KOmice had reduced food intake on both
low and high fat diets that resulted in reduced adiposity and
bodymass. In addition to protection fromobesity theAMPK�1
KOmice were also protected from diet-induced hyperinsuline-
mia, hepatic steatosis, and insulin resistance. In contrast to our
AMPK �1 KOmouse phenotype, Dasgupta andMilbrandt (10)
reported that deletion of �1 using a gene-trapping approach
resulted in a profound brain development defect that resulted
in postnatal death at day 21. Theirmice express a fusion protein
comprising �1(2–224)-�-galactacidase that retains the carbo-
hydrate binding module, which may account for their develop-
ment phenotype.
Studies using tissue RNA profiling (11) or AMPK �1 KO

mice (9) suggest that AMPK �2 is predominately expressed in
skeletalmuscle. Skeletalmuscle is themajor tissue contributing
to whole body energy expenditure and metabolism, and is the
principal site of insulin-stimulated glucose uptake. It is well
documented that exercise is important for the treatment of
insulin resistance and prevention of Type 2 diabetes (12, 13).
AMPK is activated by exercise in both rodents (14) and humans
(15–17) in an intensity dependentmanner (15, 17–21). Inmus-
cle the activation of AMPK is associated with increases in
GLUT4 translocation and glucose uptake (22–24). AMPK acti-
vation also increases fatty acid oxidation, due to phosphoryla-
tion and inhibition of acetyl-CoA carboxylase (ACC), which
subsequently reduces muscle malonyl-CoA levels and relieves
inhibition of carnitine palmitoyltransferase 1 (25).
Recent studies have shown that activation of AMPK by the

thienolpyridione class of drugs (26) depends on the � subunit
carbohydrate binding module and are specific for the �1 iso-
form (27). These data suggest that targeting of the � subunits
may be of therapeutic significance. Given the importance of
muscle in the maintenance of metabolic homeostasis and the
muscle-specific expression profile of the �2 subunit we gener-
atedmice with whole body deletion of �2 (�2 KO).We hypoth-
esized that �2 KO mice would have reduced skeletal muscle
AMPK activity and reduced exercise performance that may
precipitate the development of diet-induced insulin resistance.

EXPERIMENTAL PROCEDURES

Generation of AMPK �2 KOMice—�2 KOmice were gener-
ated on a pure C57Bl/6 background by Ozgene Pty. Ltd. (Perth,
Australia) by standard homologous recombination techniques
using the targeting strategy illustrated in Fig. 1A to delete exons
2–4. Amplification of cDNA from wild type and AMPK �2
knock-out mouse skeletal muscle produced the expected
837-bp wild type band and the 351-bp knock-out band.
Sequencing of the AMPK �2 cDNA products confirmed that
the knock-out gene encoded for exon 1 of theAMPK�2 protein
and the frameshift mutation had occurred as expected and
exons 5, 6, and 7 no longer encoded for the AMPK �2 protein.
No evidence could be found for an in-frame exon 1-exon 6
splice variant in AMPK �2 knock-out mouse skeletal muscle as
was observed for the AMPK �1 KO mice (9). In initial experi-
ments �2 KO mice were genotyped by Southern blot using 10
�g of genomic DNA digested with EcoRI and separated on a
0.8% agarose gel overnight at 20 V. DNA was transferred to
Hybond-N membrane and probed with 15 ng of a specific 3�

DNA probe labeled with [�-32P]dCTP. Subsequently, �2 KO
mice were genotyped by PCR with primers designed to amplify
a 1123-bp fragment in wild type (WT) mice and a 1237-bp
fragment in�2KOmice. Attempts to combine all three primers
in one reaction were unsuccessful so two PCRs were performed
for every sample. For all experiments homozygous �2 KOmice
were generated from heterozygous intercross matings and
compared with their WT littermates. All procedures were
approved by the St. Vincent’s Health animal ethics committee.
Animal Experiments—Mice were housed in SPF microisola-

tors and maintained on a 12-h light/dark cycle with lights on at
7:00 a.m. For diet studies, male mice were fed a control chow
diet (4% kcal fat) for 3weeks followingweaning (until 6weeks of
age) and then maintained on this diet for 12 weeks or switched
to a high-fat diet (HFD) containing 45% kcal fat (SF-01-028,
Specialty Feeds,WA, Australia) for 12–22 weeks (18–30 weeks
of age). For food intake studies, mice were housed individually
and food weighed daily over 7 days in mice 16 weeks of age. For
serum analyses of cytokines, free fatty acids, and insulin, 6-h
fasted blood samples were collected retro-orbitally (�200 �l)
using a non-heparinized capillary tube and stored at �80 °C
until analysis as described (28).
Hyperinsulinemic-euglycaemic Clamps—Clamps were per-

formed in WT and �2 KO mice fed a HFD for 12 weeks, as
described (9). Briefly, 3 days prior to the clamp two catheters
were inserted into the right jugular vein. The clamp was con-
ducted after a 6-h fast, which commenced at the start of the
light cycle. At �60 min, a 50% dextrose solution containing
D-[3-3H]glucose was infused at a constant rate (7.5 �Ci/h, 0.12
ml/h) for 1 h for determination of basal glucose turnover. At 0
min, insulin diluted in saline was infused at a rate of 10 milli-
units/kg/min and the glucose infusion rate was adjusted to
maintain euglycemia. Once steady state was achieved, glucose-
specific activity was measured in whole blood after deprotein-
izationwithBaOHandZnSO4.Hepatic glucose production and
glucose disposal rate for the basal and clamp period were cal-
culated using Steele’s equation for steady state conditions.
Glucose Uptake Assays—Extensor digitorum longus (EDL)

muscles were dissected from anesthetized mice (6 mg of pen-
tobarbital 100 g�1 body weight) and transferred to incubation
flasks containing 2 ml of essential buffer (Krebs-Henseleit
buffer, pH 7.4, with 2.0 mM pyruvate, 8 mM mannitol, and 0.1%
BSA), gassedwith 95%O2 � 5%CO2 andmaintained at 30 °C as
described (29, 30). For all experiments, muscles were preincu-
bated for 15min in this buffer.Muscles were then incubated for
an additional 20 min with a similar medium in addition to con-
taining either 2 mM AICAR (Toronto Research Chemicals Inc.,
ON, Canada) or 2.8 �M insulin (Actrapid�, Novo Nordisk A/S,
Denmark).
For contraction experiments, EDL muscles were suspended

in incubation chambers (Radnoti, CA) and contraction was
induced by electrical stimulation (50 Hz, 60 V, 350-ms pulse
duration, 6 tetani/min) (Grass Simulator, RI). Force produced
during contraction was determined by a force transducer con-
nected to one end of the muscle by suture and recorded on a
computer using Powerlab software (AD Instruments, Colorado
Spring, CO) (31). 2-Deoxy-D-glucose (2-DG) uptake was mea-
sured by replacing the existing incubation buffer with a similar
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buffer also containing 0.50�Ciml�1 of 2-[2,6-3H]deoxy-D-glu-
cose, 1mM2-deoxy-D-glucose, and 0.20�Ci of [1-14C]mannitol
ml�1. 2-DG uptake was measured during the last 20 min of
incubation. Muscle lysates were generated as described below,
and radioactivity was measured by liquid scintillation counting
(Tri-Carb 2000, Packard Instrument Co.).
Fatty Acid Oxidation Experiments—Isolated EDL muscles

were placed in warmed (30 °C) Krebs-Henseleit buffer, pH 7.4,
containing 2 mM pyruvate, 4% fatty acid-free BSA (Bovogen,
VIC, Australia), and 0.5 mM palmitic acid (Sigma). After an
initial incubation of 20 min, the incubation buffer was replaced
with the same buffer described above supplemented with 0.5
�Ci/ml of [1-14C]palmitate (AmershamBiosciences). Basal and
AICAR (2 mM) stimulated fatty acid metabolism were mea-
sured over 60 min. In contraction experiments, fatty acid
metabolism was measured in fused tetani of EDL (50 Hz, 60 V,
350-ms pulse duration, 6 tetani/min) over 20min. Rates of fatty
acid oxidation were determined by collecting 14CO2 produced
during the intervention in benzethonium hydroxide and mea-
suring acid soluble metabolites as described (32, 33). Radioac-
tivity in these samples was then determined by liquid scintilla-
tion counting (Tri-Carb 2000, Packard Instrument Co).
Muscle Lactate—WT and �2 KO EDL muscles were prein-

cubated in pre-gassed Krebs-Henseleit buffer, pH 7.4, with 2.0
mM pyruvate, 8mMmannitol, and 0.1% BSA, at 30 °C for 10–20
min before being contracted (50 Hz, 60 V, 12 tetani/min,
350-ms pulse duration) for 5 min. Muscles were immediately
frozen in liquid nitrogen and freeze-dried overnight. Freeze-
dried samples were powdered and weighed, extracted by per-
chloric acid (70%), and neutralized by addition of 2.3 M

NaHC03. Muscle extract, standard and reaction mixtures (100
mM hydrazine, 100mM glycine, 0.5 mMNAD�) were added to a
96-well plate and background fluorescence was measured
(excitation, 340 nm; emission, 460 nm). Lactate dehydrogenase
(8 units/ml) (Roche Applied Sciences) was added and fluores-
cence was measured again after 1 h.
Treadmill Running Experiments—Prior to the exercise

experiments, all mice were acclimatized to treadmill running at
days�3 and�2 by placing animals on the treadmill (Columbus
Instruments International, Exer4) for 10 min before running at
a 10% slope for 5 min at 10 m/min and 1 min at 15 m/min as
described (34). To measure exercise and endurance capacity
the experimenter was blinded to themouse genotype. For exer-
cise capacity testing, mice (14–16 weeks of age) ran at a 10%
grade at 10m/min for 10min. After this initial warm-up period,
exercise intensity was increased by 0.5 m/min every 30 s until
mice could not be prompted to continue running by stimula-
tion of the tail. The following week mice exercise trials were
conducted for endurance, which after a 10-min warm-up at 10
m/min consisted of running at 15 m/min and 0% gradient until
mice could not be prompted to continue running. The next
week mice were exercised at the same relative intensity (70%
workloadmaximum) as determined from themaximal exercise
intensity test. After completing 30 min or exhaustion (which
ever came first) mice were euthanized by cervical dislocation
and tissues were rapidly collected and snap-frozen in liquid
nitrogen for analysis of AMPK activities, ACC phosphoryla-
tion, and muscle glycogen.

Protein Extraction and Immunoblotting—Tissues were
homogenized in ice-cold buffer (50 mMHepes, pH 7.4, 150 mM

NaCl, 10mMNaF, 1mM sodiumpyrophosphate, 0.5mMEDTA,
250 mM sucrose, 1 mM dithiothreitol, 1% Triton X-100, 1 mM

Na3VO4, and 1 Roche protease inhibitor tablet per 50 ml of
buffer) using an electrical homogenizer. Protein content in
lysates was measured by the bicinchoninic acid method
(Pierce). Expression or phosphorylation of investigated pro-
teins was determined in muscle lysates by SDS-PAGE and
immunoblotting using the following primary antibodies:
AMPK �1, �2, phospho-AMPK Thr172, and phospho-ACC
Ser221 (as described (35)), AMPK �1 and �2 (Epitomics, Burl-
ingame, CA), Akt, and phospho-Akt Ser473 and Thr308 (Cell
Signaling Technology Inc.). Mitochondrial enzymes were
detected using an antibody mixture that detects 30-kDa Com-
plex II subunit (C2), Complex III subunit Core 2 (C3), and
Complex IV Cytochrome oxidase-2 (C4) (OXPHOS AB mix-
ture, MitoSciences, OR) as described (29). A horseradish-con-
jugated protein G (Bio-Rad) was used for a secondary antibody.
AMPK Activity Assay—For the determination of AMPK

activity we incubated lysates with AMPK �1 and AMPK
�2-specific antibody-bound protein A-agarose beads for 2 h,
washed the immunocomplexes, and determined enzyme activ-
ities in the presence of 200mMAMPusing the SAMSpeptide as
described (36).
Lipid and Glycogen Analysis—Lipids were extracted from

freeze-dried, powdered muscle using chloroform, methanol,
PBS � 0.2% SDS (1:2:0.8). Diacylglycerol kinase and [32P]ATP
(15mCi/mmol of coldATP)were added to lysates preincubated
with cardiolipin/octyl glucoside, and the reaction was stopped
after 2 h by the addition of chloroform:methanol (2:1). Samples
were spotted onto thin-layer chromatography plates, scraped,
and radioactivity determined using a liquid scintillation coun-
ter. Muscle and liver glycogen were determined using a glyco-
gen assay kit according to the manufacturer’s directions
(Sigma).
Real Time Quantitative PCR—RNA was isolated using the

RNeasy mini kit (Qiagen), reverse transcribed using the ther-
moscript RT-PCR system (Invitrogen), and analyzed via quan-
titative real time PCR on the Rotorgene 3000 (Corbett
Research) using Assay-on-Demand gene expression kits
(Applied Biosystems) following themanufacturer’s recommen-
dations. Assays were normalized using 18 S ribosomal RNA.
Expression levels were calculated using the comparative critical
threshold (Ct) method.
EDL Muscle Fiber Typing—Serial sections (5 �m) were cut

transversely through the EDL muscle using a refrigerated
(�20 °C) cryostat. Sections were stained using laminin (Sigma)
andN2.261 (developed byDr.HelenM. Blau, obtained from the
Developmental Studies Hybridoma Bank developed under the
auspices of the NICHD and maintained by The University of
Iowa, Department of Biology, Iowa City, IA) antibodies to
assess the fiber type-specific cross-sectional area and the per-
centage of myosin IIa isoforms and succinate dehydrogenase
(SDH) activity to determine fiber type proportions (37, 38).
Digital images were obtained using an uprightmicroscope with
a camera (Axio Imager D1, Carl Zeiss, Wrek Göttingen, Ger-
many), controlled by AxioVision AC software (AxioVision AC
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Rel. 4.7.1, Carl Zeiss Imaging Solutions, Wrek, Wrek Göttin-
gen, Germany). Images were quantified using AxioVision 4.7.1
software. The optical density of succinate dehydrogenase stain-
ing was determined after 6 min of reactivity for all samples and
stained sections were captured in full color using bright field
light microscopy. Digitally captured images (�20 objective)
with a minimum of four fields of view per muscle cross-section
were analyzed. The bright field images of succinate dehydro-
genase reactivity were converted post hoc to grayscale values.
The mean optical density of the succinate dehydrogenase-
raised signal per individual fiber was determined by averaging
the optical densitymeasured in every pixel in the cell, corrected
for the mean optical density of the background stain measured
in a field of view containing no muscle fibers. Succinate dehy-
drogenase activity was expressed as optical density.
Statistical Analysis—All data are reported as mean � S.E.

Results were analyzed using analysis of variance or Kaplan
Meier statistics (Running Survival Curves) using Graphpad
Prism software. A two-way repeated measure for analysis of
variance was used to assess differences in body mass over time.
ATukey post hoc testwas used to test for significant differences

revealed by the analysis of variance. Significance was accepted
at p � 0.05.

RESULTS

�2 KO Mice Have Muscle-specific Reductions in AMPK
Activity—Digest of genomic DNA with EcoRI produced a
14.1-kb fragment for the wild type locus and a 4.2-kb fragment
for the complete Cre-deleted knock-out locus, whereas het-
erozygous mice contained one copy of each locus (Fig. 1, A and
B). Loss of the AMPK �2 protein was confirmed by immuno-
blot in heart, red and white vastus muscles (Fig. 1C). AMPK �2
could not be detected by immunoblot in liver, white adipose
tissue, or the hypothalamus (data not shown). Substantial com-
pensatory increases of �1 protein were detected in red vastus
(Red Vast; �50%), white vastus (White Vast; 90%), and EDL
(�218%) muscle but not the heart of �2 KO mice (Fig. 1D).
Despite up-regulation of the �1 isoform, AMPK �1 and �2
expressionwere dramatically reduced in allmuscle types exam-
ined (Fig. 1D). In the heart, �2 KO mice had a 40% reduction
in AMPK �2 expression but AMPK �1 expression was
unchanged. AMPK �1 or �2 protein were not altered in liver,

FIGURE 1. Muscle-specific reductions in AMPK activity and subunit expression in AMPK �2 KO mice. A, gene targeting strategy for generation of �2 KO
mice. B, genotyping of �2 KO mice by Southern blot. WT mice showed the expected 14.1-kb fragment (lane 1) and �2 KO mice the expected 4.2-kb fragment
(lane 2). Heterozygous (HET) mice had one copy of each allele (lane 3). C, �2 protein expression in heart and red vastus (RV) of WT and �2 KO mice. D, percent
of WT protein expression of AMPK �1, �1, �2 in heart, red, and white vastus and EDL muscles of �2 KO mice (representative blot above, densitometry below).
E, percent of WT AMPK �1 and �2 activities and AMPK Thr172 and ACC Ser221 phosphorylation in heart, RV and WV muscles of �2 KO mice. Values are mean �
S.E., n � 4 –7, ND, not determined. *, p � 0.05 compared with wild type.
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white adipose tissue or hypothalamus (data not shown). In gas-
trocnemius muscle from �2 KOmice, immunoprecipitation of
AMPK �1 and �2 co-immunoprecipitated the �1 subunit,
demonstrating that the remaining � isoforms were associated
with the �1 subunit (supplemental Fig. S1).

Reductions in AMPK � expres-
sion in skeletal muscle were associ-
ated with reduced AMPK �1 and �2
activities and AMPK Thr172 and
ACC Ser221 phosphorylation (Fig.
1E). The reduced heart �2 expres-
sion in �2 KO mice did not alter
basal AMPK �1 and �2 activities or
AMPK Thr172 and ACC Ser221
phosphorylation (Fig. 1E). Liver,
white adipose tissue and hypotha-
lamic AMPK �1 or �2 activities or
AMPK Thr172 and ACC Ser221
phosphorylation were not altered
in �2 KO mice (data not shown).
These data indicate that whole body
deletion of the �2 isoform reduces
AMPK �1 and �2 protein and activ-
ity in skeletal muscle and �2 protein
in the heart without altering AMPK
activity in other tissues.
Skeletal Muscle from �2 KOMice

Is Insensitive to AICAR-stimulated
Glucose Uptake but Not Palmitate
Oxidation—Pharmacological acti-
vation of AMPK by AICAR in-
creases skeletal muscle glucose
uptake (22, 25, 39) and this effect is
dependent on AMPK �2 (24, 40)
and �3 (41). To examine whether
there was a specific � isoform
required for the effects ofAICARwe
incubated WT and �2 KO EDL
muscles with and without AICAR.
We found that AICAR increased
AMPK Thr172 phosphorylation in
EDL muscles from WT mice but
this effect was markedly blunted in
muscles from �2 KOmice (Fig. 2A).
Basal glucose uptake was not differ-
ent between WT and �2 KO mice
(Fig. 2B). AICAR increased glucose
uptake in EDL muscle by �270% in
WT mice, but this effect was elimi-
nated in �2 KO mice (Fig. 2B).
Reductions in AICAR-stimulated
glucose uptake did not appear to be
due to reduced GLUT4 expression,
which was not different between
wild type and �2 KO muscle (sup-
plemental Fig. S2). To examine
whether refractiveness to AICAR
was also observed in vivo, we

injected mice with AICAR. Because AICAR reduces blood glu-
cose by both suppressing hepatic glucose output and increasing
skeletal muscle glucose uptake we hypothesized that given the
expression profile of �2 that hepatic glucose output would be
normal in �2 KOmice, whereas skeletal muscle glucose uptake

FIGURE 2. Skeletal muscle of AMPK �2 KO mice have reduced glucose uptake but normal palmitate
oxidation in response to AICAR. A, reduced AMPK Thr172 phosphorylation in EDL muscle of �2 KO mice both
basally and following 50 min incubation with AICAR. B, �2 KO mice are insensitive to the stimulatory effects of
AICAR on 2-deoxyglucose uptake in EDL muscles. C, AICAR reduces blood glucose in both WT and �2 KO mice
but this reduction in glucose uptake is blunted in �2 KO mice at time points after 40 min. Inset, blood glucose
area under the curve following AICAR injection. D, palmitate oxidation in isolated EDL muscle treated with or
without 2 mM AICAR. E, ACC phosphorylation in isolated EDL muscle treated with or without 2 mM AICAR.
Values are mean � S.E., n � 6 –15. *, p � 0.05 compared with wild type. #, p � 0.05 compared with basal.
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would be blunted. We found that whereas AICAR reduced
blood glucose levels in bothWT and�2KOmice this effect was
blunted in �2 KOmice, which was consistent with the reduced
AICAR-stimulated glucose uptake observed ex vivo (Fig. 2C).
We also examined the effects of AICAR on fatty acid oxidation
and found that in contrast to the �2-dependent effects on glu-
cose uptake, AICAR-stimulated fatty acid oxidation (Fig. 2D)
and ACC phosphorylation (Fig. 2E) were maintained in �2 KO
mice. These data suggest that AICAR-stimulated glucose
uptake but not fatty acid oxidation is dependent on the pres-
ence of the AMPK �2 isoform in skeletal muscle.

�2 KO Mice Have Reduced Exercise Capacity—In mice, the
chronic activation of skeletal muscle AMPK increases exercise
capacity (42, 43), whereas the inverse is observed with reduced
AMPK signaling in heart and skeletal muscle (24, 44, 45). Given
the substantial reductions in skeletal muscle AMPK activity in
�2KOmicewe hypothesized that thesemicemay have reduced
exercise capacity. During an incremental progressive treadmill
running exercise stress test �2 KO mice had a 20% reduction
(p � 0.001) in maximal running speed (Fig. 3, A and B). As this
test is predominately a measure of maximal aerobic exercise
capacity we then tested the ability of the mice to perform
endurance exercise over a prolonged period of time at a lower
workload (0% grade and 15 m/min) and found that exercise
endurance was also dramatically reduced (��50%) in �2 KO
mice (p � 0.001) (Fig. 3, C and D).

�2 KOMice Have ReducedMuscle andHeart AMPKActivity
at the Completion of Treadmill Exercise—At the completion of
30 min of exercise, gastrocnemius AMPK � expression, and
Thr172 phosphorylation were reduced in �2 KOmice by 64 and
81%, respectively (p � 0.001) (Fig. 4A), and this corresponded
with a reduction in AMPK �2 (p � 0.033) but not AMPK �1
activity (p � 0.11) (Fig. 4B). Because AMPK �2 expression was
also reduced in the heart of�2 KOmice, wemeasuredAMPK�
expression, phosphorylation and activity at the completion of
exercise. Consistent with resting data showing�50% reduction
in�2 but not�1 expression (Fig. 1A) we found that total AMPK
� expression was reduced by �36% (Fig. 4A). However, in con-
trast to the resting condition where no reduction in Thr172
phosphorylation was detected, at the completion of exercise
Thr172 phosphorylation (Fig. 4A) and AMPK �1 and �2 activi-
ties (Fig. 4C) were substantially reduced in �2 KO mice. We
then measured ACC phosphorylation and found that it was
significantly reduced in the heart but not skeletal muscle of �2
KOmice (Fig. 4D). These data suggest that a reduction in heart
andmuscle AMPK activitymay contribute to the reduced exer-
cise tolerance of �2 KO mice.

�2 KO Mice Have Normal Expression of Markers of Mito-
chondrial Capacity but Have Reduced Muscle and Liver
Glycogen—Because oxidative phosphorylation can be limiting
for exercise and AMPK �2 null mice have reduced mitochon-
drial content (36) and AMPK �2-kinase dead (KD) mice have
reducedmitochondrial complex activity (46) we examined pro-
tein and mRNA expression of key mitochondrial enzymes. We
found that mRNA of peroxisome proliferator-activated recep-
tor � co-activator 1�, carnitine palmitoyltransferase-1, and
uncoupling protein-3 were not significantly altered in �2 KO
mice (Fig. 4E). Similarly, protein expression of mitochondrial
electron transport chain proteins Complex II subunit 30 kDa
(C2), Complex III subunit Core 2 (C3), and Complex IV Cyto-
chrome oxidase-2 (C4) (Fig. 4F) were unaltered in �2 KOmice
relative to their WT littermates.
Glycogen in muscle and liver is an important substrate dur-

ing endurance exercise. Glycogen levels have been claimed to
regulate AMPK activity (47), an effect mediated through inter-
action with the carbohydrate binding module of the � subunit
(8) (reviewed in Ref. 1). We found that both muscle (Red Vas-
tus) and liver glycogen in �2 KO mice were reduced before
exercise (Fig. 4G). After 30min of treadmill running at the same
relative workload (70% of VO2max) liver glycogen was lower in
�2 KO mice than wild type littermates (Fig. 4H). These data
suggest that lower starting levels of glycogen in �2 KO mice
may have contributed to the premature fatigue.

�2 KO Mice Have Normal Rates of Contraction-stimulated
Glucose Uptake and Fatty Acid Oxidation but Generate Lower
Muscle Force Potentially Due to Smaller Fiber Size—To dissect
out the potential muscle-specific effects contributing to the
reduced exercise capacity of �2 KOmice, we conducted exper-
iments in isolated EDL muscles ex vivo. We found that there
was a 15% reduction inmuscle force production in �2 KOmice
(Fig. 5,A andB).We initially hypothesized that this reduction in
muscle force may be due to impaired skeletal muscle glucose
uptake or fatty acid oxidation. However, contraction-stimu-
lated glucose uptake (Fig. 5C) or fatty acid oxidation (Fig. 5D)

FIGURE 3. AMPK �2 KO mice have reduced maximal exercise capacity and
endurance. A, survival plot indicating the percent of wild type and �2 KO
mice running at the indicated speed during a short duration incremental VO2
max style test. B, mean maximal running speed of wild type and �2 KO mice
during the short duration incremental VO2 max style test. C, survival plot
indicating percent of wild type and �2 KO mice running at the indicated time
during a low intensity treadmill running test (15 m/min, 0% gradient).
D, mean running time of wild type and �2 KO mice during the low intensity
treadmill running test (15 m/min, 0% gradient). Survival plots data are indi-
vidual data points. Other figures are mean � S.E., n � 10 –15, *, p � 0.05
compared with wild type.
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was not altered betweenWT and �2 KO EDL muscles. Lactate
concentrations were also similar betweenWT and �2 KO EDL
muscles after 5 min of muscle contraction (WT � 37.5 � 6.5
�mol/g dry weight versus �2 KO � 37.8 � 4.9 �mol/g dry
weight) consistent with normal rates of substrate utilization
and/or metabolic control.
Recent studies have suggested that reduced muscle AMPK

may invoke a fiber-type switch (48) or alter muscle size (49).
Therefore, to investigate whether this was the cause for the
reducedmuscle force during contractions we analyzed the fiber
composition of EDLmuscle and found that there was no differ-
ence in the ratio of type IIA (WT� 12� 2%,�2KO� 10� 3%)
to type IIB fibers (WT� 88� 1%,�2KO� 90� 3%). However,
consistent with lower force production we found that fibers
from �2 KO mice were smaller than WT littermates (Fig. 5E).
Taken together, these data suggest that smaller muscle fibers,
but not defects in substrate oxidation, may contribute to the
reduced muscle force of �2 KO mice during ex vivo muscle
contractions.

�2 KO Mice Have Increased Susceptibility to Diet-induced
SkeletalMuscle Insulin Resistance—Given the reduced exercise
capacity of �2 KO mice we hypothesized that they would be
more susceptible to the development of obesity andwhole body
insulin resistance. To test this hypothesis we fed mice either a
control chow diet or a HFD and monitored body mass and
whole body and skeletal muscle insulin sensitivity. On a chow
diet �2mice tended to be lighter but this did not achieve statis-
tical significance (p � 0.08, Fig. 6A). When fed a HFD over 30
weeks body mass was not significantly different at any single
data point but over time �2 KO mice weight gain was greater
thanWT littermate controls (p � 0.001) (Fig. 6A). Caloric con-
sumption was greater on a HFD diet compared with chow (p �
0.0125) but therewas no significant difference between genotypes
(Table1).Thesedata suggest that increasedweightgain inHFD�2
KO mice may be potentially due to reduced energy expenditure
and activity levels as previously reported inmicewithmuscle- and
heart-specific overexpression of a dominant-negativeAMPK (45),
however, this requires further investigation.

FIGURE 4. AMPK �2 KO mice have lower heart and skeletal muscle AMPK activity after exercise, normal expression profile of mitochondrial markers
but reduced levels of liver and muscle glycogen. Skeletal muscle and heart (A) AMPK � expression and Thr172 phosphorylation, AMPK �1 and �2 activities
(B and C) and ACC phosphorylation (D) after 30 min of treadmill running at the same relative intensity (70% of maximal treadmill running speed). AMPK �2 KO
mice have normal (E) mRNA and (F) protein levels of mitochondrial markers. Muscle and liver glycogen before (G) and after (H) 30 min of treadmill running at
the same relative intensity. PGC1�, PPAR� co-activator 1�; CPT1, carnitine palmitoyltransferase-1; UCP3, uncoupling protein 3; C2, mitochondrial complex II; C3,
mitochondrial complex III; C4, mitochondrial complex IV cytochrome oxidase-2. Data are mean � S.E., n � 8. *, p � 0.05 compared with wild type; ***, p � 0.001
compared with wild type.
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In chow-fed mice, glucose, non-
esterified free-fatty acids and the
adipokines resistin, TNF�, IL-6 and
leptin were comparable between
WT and �2 KOmice (Table 1). The
HFD increased serum leptin, resis-
tin, and plasma glucose levels but
there was no difference between
genotypes (Table 1). Insulin levels
were comparable between chow-fed
WTand�2KOmice (Fig. 6B) and as
expected the HFD increased serum
insulin levels, but this effect was
much more pronounced in �2 KO
mice (Fig. 6B). We then conducted
glucose tolerance tests and found
that although glucose tolerance was
similar between WT and �2 KO
mice when fed a chow diet (Fig. 6,
C and D), when fed a HFD �2 KO
mice had glucose intolerance rela-
tive to WT littermates (Fig. 6, C
and D) despite similar insulin lev-
els 20 min after the bolus of glu-
cose (Fig. 6E). Insulin tolerance
tests also demonstrated that HFD
but not chow-fed �2 KO mice
were insulin resistant as assessed
by higher glucose levels (Fig. 6F)
and greater area under the curve
(Fig. 6G).
To assess whether reduced insu-

lin sensitivity in �2 KO mice was
due to peripheral or hepatic insulin
sensitivity we conducted hyperinsu-
linemic euglycemic clamps in a
cohort of WT and �2 KO mice fed
the HFD for 12 weeks. Serum glu-
cose concentrations before and dur-
ing the clamp were not different
between WT and �2 KO mice
(Table 2). Basal glucose disposal rate
was reduced in �2 KO mice (Fig.
7A). However, during insulin infu-
sion there was no difference in glu-
cose infusion rate, hepatic glucose
output, suppression of hepatic glu-
cose output, or glucose disposal
rate, suggesting a similar degree of
insulin resistance between WT and
�2 KO mice (Table 2). To examine
whether the reduction in basal glu-
cose disposal rate involved changes
in skeletalmuscle glucose uptakewe
then incubated EDLmuscles ex vivo
with or without submaximal con-
centrations of insulin, and mea-
sured 2-DG uptake. We found that

FIGURE 5. AMPK �2 KO mice have reduced muscle function ex vivo, an effect that is not associated with
reductions in glucose uptake or fatty acid oxidation but decreased muscle fiber size. A, reduced muscle
force over time in isolated EDL muscles from WT and �2 KO mice contracted ex vivo. B, average muscle force in
WT and �2 KO mice over a 10-min contraction period. Contraction-stimulated (C) glucose uptake and (D) fatty
acid oxidation were not different between WT and �2 KO mice. E, EDL muscles from �2 KO mice have smaller
Type IIA and IIB muscle fibers compared with WT littermates. Values are mean � S.E., n � 6 –15. *, p � 0.05
compared with wild type. #, p � 0.05 compared with basal.

FIGURE 6. High-fat diet fed AMPK �2 KO mice gain more weight over time and are more susceptible to
glucose intolerance and hyperinsulinemia. A, body mass over time in WT and �2 KO mice. B, hyperinsuline-
mia in AMPK �2 KO mice fed a HFD. C and D, impaired glucose tolerance in �2KO mice fed a HFD. E, serum
insulin levels in chow and HFD-fed mice 20 min after injection with glucose (1 mg/kg). F and G, whole body
insulin sensitivity following a bolus of insulin (0.75 units/kg). Values are mean � S.E., n � 7–13. *, p � 0.05
compared with wild type. #, p � 0.05 compared with chow diet.
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in the absence of insulin, 2-DG uptake was not different
between WT and �2 KO mice fed either a chow or HFD (Fig.
7B). Insulin-stimulated 2-DG uptake was similar between WT
and �2 KO mice fed a control chow diet (Fig. 7B) and whereas
the HFD suppressed insulin-stimulated 2-DG uptake in both
genotypes this effect was greater in �2 KO mice (Fig. 7B).
Intramuscular lipids such as diacylglycerol and ceramide can

impair basal- and insulin-stimulated glucose disposal (50),
therefore we measured these lipid species in tibialis anterior
muscles from mice fed a HFD. Consistent with a reduction in
glucose uptake we found significantly higher levels of ceramide
but not diacylglycerol in muscle from �2 KO mice (Fig. 7C).
Ceramide has been shown to inhibit glucose uptake by reducing
Akt Thr308 phosphorylation (50), therefore wemeasured phos-
phorylation of Akt Thr308 (Fig. 7D) and Ser473 (Fig. 7E) in basal-
and insulin-treated EDL muscles from chow- and HFD-fed
mice. We found that there was no difference in total Akt
expression irrespective of genotype or diet (representative blot
Fig. 7, D and E, and data not shown) and although the HFD
suppressed insulin-stimulated Akt phosphorylation there was
no difference between WT and �2 KO mice (Fig. 7, D and E).

DISCUSSION

Genetic deletion of AMPK �2 resulted in decreased AMPK
�1 and�2 expression in skeletalmuscle and reduced�2 expres-
sion in the heart. This reduction in AMPK �1 and �2 expres-
sion resulted in reduced AMPK Thr172 phosphorylation and
AMPK �1 and �2 activities in skeletal muscle but not other
tissues. These studies are in agreement with previous reports
demonstrating high expression of the �2 isoform in skeletal
muscle (11, 51) and recent studies from our laboratory (9) dem-
onstrating that �1 KO mice had reduced AMPK activity in the
liver, hypothalamus, and adipose tissue but not muscle. Impor-

tantly, reductions in skeletal muscle AMPK activity may have
been evenmore substantial had there not been significant com-
pensatory up-regulation of the �1 isoform. This is different
from the �1 KO where despite the loss of greater than 90% of
AMPK activity in the liver there was no compensatory up-reg-
ulation of�2 (9). These data are suggestive of either an essential
role for AMPK in skeletal muscle but not liver or perhaps dif-
ferential transcriptional regulation of the two � isoforms.

We demonstrate that both maximal treadmill running speed
and running endurance in �2 KO mice are reduced compared
withWT littermates. This reduction in exercise capacity is sim-
ilar to data fromAMPK �2 kinase-dead (KD) and LKB1muscle
KOmice (44, 45, 52). Both KD (53) and LKB1 muscle KOmice
(54) have a greater than 95% reduction in heart AMPK�2 activ-
ity at rest. Even despite this dramatic reduction in AMPK �2
activity, recent studies suggest that KDmice have normal rates
of cardiac glucose and long-chain fatty acyl-CoA uptake, heart
rate, and cardiac output during treadmill exercise (46). So
although heart AMPK activity is reduced in �2 KOmice during
exercise we consider that this is not the primary cause of their
reduced exercise capacity, however, future studies examining
the role of �2 in cardiac function are certainly warranted.
Amajor finding of this studywas the absolute requirement of

the AMPK �2 subunit for AICAR-stimulated glucose uptake.
This elimination of AICAR-stimulated glucose uptake was
associated with a marked reduction in AMPK Thr172 phos-
phorylation following AICAR treatment. This observation
when combined with results from previous studies showing
that the AMPK �2 (40) and AMPK �3 (41) but not �1 (40) and
�1 (27) subunits are required for AICAR-stimulated glucose
uptake, demonstrates that AICAR increases in glucose uptake
is isoform-specific via an �2�2�3 heterotrimer. Because
AICAR is effective in lowering blood glucose in type 2 diabetics
the development of drugs that target the �2 subunit containing
isoforms may be effective in restoring glucose homeostasis in
this population.
Despite the complete elimination of AICAR-stimulated glu-

cose uptake in �2 KO mice contraction-stimulated glucose
uptake was not impaired. We also find that AICAR and con-
traction-stimulatedACCphosphorylation and fatty acid oxida-
tion were indistinguishable between WT and �2 KO mice.
These findings are consistent with previous reports in �2 KO
(40), �3 KO (41), and KD mice (31). Taken together these data
suggest one of three possibilities for the maintenance of con-
traction-stimulated glucose uptake and fatty acid oxidation: 1)

TABLE 1
Caloric intake and serum measurements in chow and HFD-fed wild type and �2 KO mice 18 weeks of age
Blood was collected by retro-orbital bleed using non-heparinised capillary tubes after a 6-h fast. Values are mean � S.E., n � 6–8.

Chow HFD
WT �2 KO WT �2 KO

Caloric intake (kcal/day) 11.18 � 0.60 11.40 � 0.62 12.28 � 0.84a 13.84 � 0.59a
Serum glucose (mM) 9.12 � 0.33 8.45 � 0.41 10.20 � 0.42a,b 9.61 � 0.43a
Non-esterified free fatty acids (mM) 1.41 � 0.07 1.33 � 0.06 1.30 � 0.09 1.24 � 0.05
Leptin (ng/ml) 3.49 � 0.44 3.55 � 0.48 12.35 � 0.14a 11.20 � 0.76a
TNF� (pg/ml) 2.50 � 0.96 2.34 � 0.17 3.59 � 0.48 3.26 � 0.47
IL-6 (pg/ml) 4.53 � 0.95 4.91 � 1.30 5.54 � 2.10 5.43 � 1.20
Resistin (ng/ml) 1.79 � 0.1 1.50 � 0.22 3.4 � 0.25a 3.69 � 0.44a

a p � 0.05 compared to chow fed.
b p � 0.05 compared to WT.

TABLE 2
Body mass and hyperinsulinemic-euglycemic clamp parameters in
male �2 KO mice fed a high-fat diet for 12 weeks
Values are mean � S.E.

WT (n � 4) �2 KO (n � 6) p

Body mass (g) 36.65 � 1.02 38.48 � 1.06 0.136
Pre-clamp glucose (mM) 7.48 � 0.77 7.78 � 0.55 0.481
Clamp glucose (mM) 6.12 � 0.16 5.80 � 0.16 0.065
Insulin-stimulated glucose
infusion rate (mg/kg/min)

50.96 � 5.18 46.05 � 2.12 0.205

Insulin-stimulated glucose
disposal rate (mg/kg/min)

54.07 � 5.19 50.82 � 2.12 0.195

Hepatic glucose output
(mg/kg/min)

4.84 � 0.45 4.78 � 0.16 0.348

% Suppression 82.53 � 1.68 80.31 � 1.12 0.186
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�1 containing heterotrimers are capable of compensating; 2)
AMPK independent pathways activated by muscle contraction
such as calcium/calmodulin-dependent kinase II may be
important (55, 56); or 3) because contraction-stimulated glu-
cose uptake is reduced in muscle-specific LKB1 null mice (57)
these data may indicate that AMPK-related kinases may be
important for controlling contraction-stimulated glucose
uptake and fatty acid oxidation. Future studies in mice with
muscle-specific deletion of both �1 and �2 should help deter-
mine more directly the importance of AMPK in regulating
metabolism during muscle contractions.
Because contraction-stimulated glucose uptake and fatty

acid oxidation are not altered in �2 KO mouse muscle, then
what is the cause for their reduced exercise capacity? Glycogen
is an important substrate during exercise and �2 KO mice had
lower levels of muscle and liver glycogen at rest. AMPK�2 (58)
and �3 KOmice (41) also have lower levels of muscle glycogen,
however, to our knowledge, liver glycogen has not been
reported. The reason for the reduced glycogen levels in �2 KO
mice is not currently known but deserves further study.
We also detected that EDL muscles generated lower muscle

forces, a factor that would be independent of muscle glycogen,
but is in agreement with findings in KD mice (59, 60). One

possibility for this reduction in muscle force could be the
smaller muscle fibers of �2 KO EDL, a finding consistent with a
recent report in LKB1muscle KOmice (49). Further studies are
required to determine the cause of the reduced exercise capac-
ity andmuscle force of �2 KOmice and othermodels of muscle
AMPK deficiency.
AMPK �2 KO mice develop whole body insulin resistance,

on a chow diet independent of obesity due to overactivation of
the sympathetic nervous system (58). In contrast, �2 KO mice
on a chow diet appear to be phenotypically normal and do not
display hyperinsulinemia, insulin resistance, or glucose intoler-
ance. These findings are in agreement with studies from KD
mice (29, 61) suggesting a specific role for the �2 subunit in
controlling SNS activation.
When challenged with a HFD, �2 KO mice gained more

weight over time, which is a finding similar to �2 KOmice (62).
However, in contrast to HFD-fed �2 KO mice �2 KOs also
developed more pronounced hyperinsulinemia and glucose
intolerance compared with WT littermates. This effect was
associated with lower basal but not insulin-stimulated glucose
disposal rates during a hyperinsulinemic-euglycemic clamp
and reductions in insulin-stimulated 2-DG uptake in isolated
skeletal muscles. The impaired basal glucose disposal in vivo

FIGURE 7. High-fat diet fed AMPK �2 KO mice have reduced glucose uptake and increased levels of muscle ceramide. A, basal glucose disposal rate (GDR)
during hyperinsulinemic-euglycemic clamp in HFD-fed WT and �2 KO mice (n � 5– 6). B, 2-deoxyglucose uptake in isolated EDL muscles from chow and
HFD-fed WT and �2 KO mice treated with or without insulin. C, diacylglycerol (DAG) and ceramide levels in tibialis anterior muscle from HFD-fed WT and �2 KO
mice (n � 6). Akt (D) Thr308 and (E) Ser473 phosphorylation in isolated EDL muscles from chow and HFD-fed WT and �2 KO mice treated with or without insulin.
Values are mean � S.E., n � 7–13. *, p � 0.05 compared with wild type. #, p � 0.05 compared with chow diet.
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but not in isolated muscles could reflect the importance of the
�2 subunit in controlling insulin-independent glucose uptake
by a cytokine such as IL-6, which has been shown to increase
glucose uptake via an AMPK dependent pathway (63).
In conclusion these results demonstrate that the AMPK �2

isoform is essential for the maintenance of muscle AMPK �
expression and activity. The deletion of AMPK �2 results in
insensitivity to AICAR-stimulated glucose uptake and reduces
exercise performance despite normal rates of contraction-stim-
ulated glucose uptake and fatty acid oxidation. Instead the
reduction in exercise performance may be related to lower
starting levels of muscle and liver glycogen or muscle fiber size.
Lastly, we demonstrate that�2KOmice have increased suscep-
tibility to weight gain and develop glucose intolerance and
hyperinsulinemia when fed a HFD. Thus far, compounds that
activate AMPK �1 containing complexes have been found (26,
27). Our data suggest that the selective activation of �2-con-
tainingAMPK isoformsmay increase exercise capacity and glu-
cose uptake.
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