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Abstract

Transgenic (UCP1-TG) mice with ectopic expression of UCP1 in skeletal muscle (SM) show a phenotype of increased energy
expenditure, improved glucose tolerance and increase substrate metabolism in SM. To investigate the potential role of
skeletal muscle AMPKa2 activation in the metabolic phenotype of UCP1-TG mice we generated double transgenic (DTG)
mice, by crossing of UCP1-TG mice with DN-AMPKa2 mice overexpressing a dominant negative a2 subunit of AMPK in SM
which resulted in an impaired AMPKa2 activity by 9069% in SM of DTG mice. Biometric analysis of young male mice
showed decreased body weight, lean and fat mass for both UCP1-TG and DTG compared to WT and DN-AMPKa2 mice.
Energy intake and weight-specific total energy expenditure were increased, both in UCP1-TG and DTG mice. Moreover,
glucose tolerance, insulin sensitivity and fatty acid oxidation were not altered in DTG compared to UCP1-TG. Also
uncoupling induced induction and secretion of fibroblast growth factor 21 (FGF21) from SM was preserved in DTG mice.
However, voluntary physical cage activity as well as ad libitum running wheel access during night uncovered a severe
activity intolerance of DTG mice. Histological analysis showed a progressive degenerative morphology in SM of DTG mice
which was not observed in SM of UCP1-TG mice. Moreover, ATP-depletion related cellular stress response via heat shock
protein 70 was highly induced, whereas capillarization regulator VEGF was suppressed in DTG muscle. In addition, AMPKa2-
mediated induction of mitophagy regulator ULK1 was suppressed in DTG mice, as well as mitochondrial respiratory capacity
and content. In conclusion, we demonstrate that AMPKa2 is dispensable for SM mitochondrial uncoupling induced
metabolic effects on whole body energy balance, glucose homeostasis and insulin sensitivity. But strikingly, activation of
AMPKa2 seems crucial for maintaining SM function, integrity and the ability to compensate chronic metabolic stress
induced by SM mitochondrial uncoupling.
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Introduction

Skeletal muscle (SM) as a major body compartment is

responsible for about 20% of resting energy expenditure and up

to 90% of the energy expenditure during physical activity. It is

thus an important determinant of overall substrate metabolism.

The metabolic syndrome is closely associated with altered glucose

and lipid metabolism in SM [1]. Conversely, muscle specific

ectopic expression of uncoupling protein 1 (UCP1), the mito-

chondrial uncoupling protein of brown adipose tissue (BAT), leads

to increased energy expenditure, delayed diet-induced obesity

development, improved glucose homeostasis, and increased

longevity in these UCP1-TG mice [2–4]. UCP1-TG mice show

an increased substrate flux through the glycolytic pathway

paralleled by increased insulin-stimulated glucose uptake and

increased lipid metabolism in skeletal muscle [3–5]. Most

importantly, in two different transgenic mouse models it was

shown that UCP1 expression in skeletal muscle led to an increased

phosphorylation of AMP-activated protein kinase (AMPK) [4,6],

thus linking the positive metabolic effects of skeletal muscle

uncoupling to activation of AMPK.

As an intracellular energy sensor, AMPK is considered the

master regulator of cellular energy homeostasis [7]. AMPK is a

heterotrimeric serine/threonine kinase which is activated by

metabolic stress, often in response to an increased AMP/ATP

ratio [8,9]. Essential for AMPK activation is the phosphorylation

of Thr172 of the catalytic a-subunit [10]. In skeletal muscle,

AMPK is an important regulator of glucose uptake during exercise

[11]. Muscle AMPK is involved in the coordinated transcription of

genes important for lipid and glucose metabolism during exercise

and for acute control of metabolic fluxes, namely the switch from

carbohydrate to lipid oxidation [9,12–15]. In response to

endurance exercise training, AMPK appears to be important for

glycolytic to oxidative fiber-type switch [16,17]. AMPK regulates

basal VEGF expression and capillarization in muscle [18]. In

addition, mice lacking the AMPK activating upstream kinase

LKB1 or both AMPKb subunits showed dramatically impaired

exercise tolerance as well as reduced mitochondrial content and

capacity [19,20].
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Additionally, AMPK is viewed as an important regulator of

integrated signaling networks and stress resistance [21,22] which

also contributes to long term regulation of muscle turnover by

decreasing protein synthesis and activating autophagy [23]. There

is growing evidence that autophagy is a central cellular control

mechanism removing damaged proteins and organelles such as

mitochondria to maintain myofiber integrity and energy metabolic

homeostasis (reviewed in Ref. [24]). Impaired function of SM

autophagy was not only shown to be related to muscle dystrophy

and stress response activation [25,26] but also coupled to AMPK

function [27]. Recently, we could show that autophagy machinery

is induced in mitochondrial uncoupled SM of UCP1-TG [28],

suggesting an important role of AMPK as molecular checkpoint

regulating both energy homeostasis and cellular function.

Here we aimed to explore the role of AMPKa2 activation in the

beneficial metabolic effects of skeletal muscle uncoupling. To this

effect UCP1-TG mice were crossbred with transgenic mice

expressing a mutated, dominant negative ‘‘kinase-dead’’ form of

the AMPKa2 subunit which is the dominant a-subunit in SM

[11]. In these DN-AMPK mice AMPKa2 can still be phosphor-

ylated but basal and stimulated AMPK activities are several fold

decreased [29,30]. Using double transgenic (DTG) mice with both

SM UCP1 expression and AMPKa2 ablation we thus addressed

two questions: (I) What is the role of AMPKa2 in mitochondrial

uncoupled SM on regulation of whole body energy balance,

glucose homeostasis and insulin sensitivity? (II) How is muscle

function and performance of UCP1-TG mice affected by

inactivation of AMPKa2?

Methods

Animals and experimental setup
Transgenic DN-AMPKa2 mice on a C57BL/6J background

[11] were kindly provided by Prof. Morris Birnbaum from the

University of Pennsylvania in Philadelphia (USA). They were

crossed with heterozygous HSA-UCP1 transgenic mice on a

C57BL/6J background with ectopic expression of UCP1 in

skeletal muscle [31] to obtain 4 genotypes: wildtype (WT), DN-

AMPKa2, UCP1-TG, and UCP1-TG/DN-AMPKa2 (double

transgenic, DTG). All experiments were performed with male

mice (9–10 per genotype). Mice were weaned at 3 weeks of age,

single caged, and fed standard chow with food and water supplied

ad libitum. At 10 weeks of age, an oral glucose tolerance test was

performed. Mice were supplied a running wheel for measurement

of voluntary activity in the 11th week of age. Simultaneously,

physical activity was monitored using infrared motion detectors

(both from TSE Systems GmbH, Germany) and food intake was

recorded. At 12 weeks of age, mice were euthanized (isoflurane) in

the morning, 3 hrs after food withdrawal, plasma and tissue

samples were collected, immediately frozen in liquid nitrogen, and

stored at 280uC until further analysis. An additional subset of

older aged mice was used for functional analysis of ex vivo skeletal

muscle glucose transport and fatty acid oxidation at 12–17 weeks

of age and ex vivo skeletal muscle mitochondrial function at 17–23

weeks of age, to be able to compare the data with prior functional

studies from our group [5,32].

Ethics Statement
Animal maintenance and experiments were approved by the

animal welfare committee of the Ministry of Agriculture and

Environment (State of Brandenburg, Germany, No. 23-2347-16-

2010).

Phenotyping and physical activity
Body weight and composition was determined weekly using

quantitative magnetic resonance (QMR) (Bruker’s Minispec

MQ10, Housten Texas, USA) as described [3]. Energy expendi-

ture of single mice was measured by indirect calorimetry over 24 h

using an open respirometric system at 11 week of age as described

before [2]. Mice were kept in normal housing cages and had free

access to food and water during the measurement. Locomotor

activity was assessed by parallel measurement of spontaneous

physical activity using an infrared method and running wheel

activity providing mice continuous voluntary access to a running

wheel counting wheel rotations (both TSE Systems GmbH,

Germany) in the same cages.

Oral glucose tolerance test (oGTT) and plasma analyses
An oGTT was performed at 10 weeks of age. Glucose (2 mg/g

body weight, 20% solution) was applied orally three hours after

food withdrawal. Insulin levels were measured before, 15, and

30 min after oral glucose application. Blood glucose was

determined in tail blood using a common glucose sensor (Bayer,

Germany), and plasma insulin was measured by an ultra-sensitive

ELISA assay (ALPCO Diagnostics, USA). Plasma FGF21 was

measured using a mouse/rat FGF-21 Quantikine ELISA Kit

(R&D Systems).

Measurement of AMPK activity
AMPK activity was measured by incorporation of 32P into a

synthetic SAMS peptide, a specific AMPK substrate [33].

Gastrocnemius muscle was first homogenized in ice-cold lysis buffer

containing 50 mM HEPES, 10% glycerol (v/v), 1 mM EDTA and

1% Triton. Catalytic subunits of AMPK were immunoprecipitated

by Dynabeads Protein G (Invitrogen, Germany) coupled anti-

AMPKa1 (Millipore) and anti-AMPKa2 (Santa Cruz, USA) for

2 h at 4uC. The AMPK assay was performed as described [34].

Briefly, the reaction was initiated by the addition of c32P-ATP/Mg

to assay buffer containing 200 mM AMP, 200 mM SAMS peptide

and 0.2% Triton. After 15 min incubation at 37uC, the reaction

was stopped by spinning down of the beads, and 15 ml of the

supernatant was spotted onto phosphocellulose paper (P81,

Whatman), which was suspended in 1% orthophosphoric acid.

P81 papers were washed 3 times in 1% acid and finally in water,

blow-dried, and radioactivity was counted in a standard scintil-

lation counter.

Analysis of glucose transport and fatty acid oxidation
Ex vivo assays were performed essentially as described [5,35–

37]. Briefly, mice were fasted for 4 hrs prior to the study. To asses

glucose uptake Extensor digitorum longus (EDL) muscles were

removed from anesthetized mice (Avertin, 2,2,2-tribromo ethanol

99% and tertiary amyl alcohol, at 20 ml/g body weight i.p) and

incubated for 30 min at 30uC in vials containing pre-gassed (95%

O2/5% CO2) Krebs-Henseleit buffer (KHB, 5 mM HEPES),

supplemented with 15 mM mannitol and 5 mM glucose. After

recovery, EDL muscle were placed into new vials and incubated

for 30 min in KHB/5 mM HEPES/15 mM mannitol/5 mM

glucose under basal condition or in the presence of 120 nM insulin

(Actrapid, Novo Nordisk, Mainz, Germany) throughout the

duration of the glucose transport experiment. Thereafter, muscles

were transferred to new vials containing pre-oxygenized KHB

supplemented with Insulin and 15 mM mannitol and incubated

for 10 min. Finally, muscles were transferred to new vials

containing KHB supplemented with 1 mM [3H]2-desoxy-glucose

(2.5 mCi/ml) and 19 mM [14C]mannitol (0.7 mCi/ml) for
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20 min. Muscle were immediately frozen in liquid nitrogen and

stored at -80uC for subsequent analysis. Cleared cytosolic lysate

were used to determine incorporated radioactivity by scintillation

counting. To evaluate palmitate oxidation, Soleus muscles were first

pre-incubated in pre-gassed KHB containing 5 mM glucose,

15 mM mannitol and 3.5% fatty acid-free BSA for 15 min.

Subsequently, muscles were transferred to new vials containing

freshly pre-gassed KHB with 4 mCi/ml [3H]palmitate and

600 mM unlabeled palmitate at 30uC for 2 hrs with or without

2 mM AICAR (5-Aminoimidazole-4-carboxamide 1-b-D-ribo-

furanoside, Biomol International). After absorption of fatty acids

to activated charcoal fatty acid oxidation was determined by

measuring tritiated water using a scintillation counter. All

incubation steps were conducted under slight agitation and

constant gassing (95% O2/5% CO2) at 30uC.

Citrate Synthase activity
Citrate Synthase (CS) activity was determined spectrometrically

as described previously [38] by monitoring the formation of

DTNB at 412 nm. Briefly, Quadriceps muscle tissue was homog-

enized in 50 mM Tris, 1 mM EDTA (pH 7.4) and 0.1% Triton

X-100 and centrifuged at 13000 g for 10 minutes at 4uC. The

supernatant was used to determine the protein content and CS

activity levels. 10 ml of 1:6 diluted tissue extract was loaded into

one well of a 96-well plate. Afterwards, 215 ml reaction buffer

(100 mM Tris, 1 mM MgCl2, 1 mM EDTA (pH 8.2) 0.1 M

DTNB), 25 ml Acetyl CoA (3.6 mM) were added. All analyses

were completed in triplicates. To start the reaction, 50 ml

Oxaloacetate (3 mM) were added, and the absorbance change at

412 nm was measured for 10 min at 37uC. The CS activity was

calculated from the slope of the linear portion and normalized to

mg tissue.

Gene expression analysis
RNA isolation and quantitative real-time PCR (qPCR) was

performed as described before [5]. Quadriceps muscle was used for

analysis of SM gene expression.

Histology
SM was fixed in 4% formaldehyde, embedded in paraffin and

cut into 2 mm slices. Hematoxylin-eosin (H&E) staining (Roth,

Fluka) was performed to visualize nuclear and cytoplasmic sections

within the cell. Quantification of cross-sectional area was

performed using Adiposoft (1.0) (Center for Applied Medical

Research (CIMA) of the University of Navarra, Spain) [39].

Western blot analysis
Protein was prepared from frozen skeletal muscle (Quadriceps

muscle). Protein isolation, immunoblotting and detection were

performed as previously described [5]. Immunoblots were

performed using primary antibodies from Abcam against PGC-

1a+b (#ab72230) and UCP1 (uncoupling protein 1, #ab23841);

from BD Biosciences against CaMK-IV (Ca2+/calmodulin-

dependent protein kinase IV), #610275); from Cell Signaling

against ACC (#3662), AMPKa (AMP-activated protein kinase

alpha, #2603), p-AMPKa (#2531), ATF4 (activating transcrip-

tion factor 4, #11815), p-eIF2a (phospho-eukaryotic initiation

factor 2 alpha, #3597), eIF2a (#5324), p-ERK1/2 (phospho-

p44/42 MAPK, #4377), ERK1/2 (p44/42 MAPK, #4695),

GLUT4 (glucose transporter 4, #2213), Hexokinase II (#2106),

MFN2 (Mitofusin-2, #9482), p-Raptor (#2083), Raptor (#2280),

p-ULK1 (#5869), ULK1 (#8054); from Enzo Life Sciences

against HSP25 (heat shock protein 25, #ADI-SPA-801) and

HSP70 (#ADI-SPA-810); from Gentaur against c-MYC (#04-

CMYC-9E10); from Millipore against AMPKa1 (#07-350); from

Progen against P62 (SQSTM1, #GP62-C); from MitoSciences

against OXPHOS (MitoProfile total OXPHOS protein,

#MS604); from R&D Systems against CD36 (#MAB2519),

FGF21 (Fibroblast growth factor 21, #AF3057); from Santa Cruz

against p-ACC2 (#sc-30446-R), AMPKa2 (sc-19131); and against

GLUT1 (glucose transporter 1, kindly provided by Prof. Annette

Schuermann (Department of Experimental Diabetology, DIfE,

Potsdam-Rehbruecke, Germany). Protein expression was normal-

ized to MFN2 which was not differentially expressed either on

gene or on protein level between the 4 groups. Expression of the

most frequently used housekeeper, the cytoskeleton protein a-

Tubulin, was significantly increased in analyzed Quadriceps muscles

of DTG mice (data not shown), a phenomenon also discussed for

other experimental models with muscular dysfunction [40,41].

Skeletal muscle mitochondrial respiration
Soleus muscles were rapidly excised from isoflurane anesthetized

mice and immediately placed in ice-cold biopsy preservation

medium processed as described here [42]. Briefly, muscle samples

were gently dissected with a pair of fine-tipped forceps and

separated fibers were permeabilized with saponin (50 mg/ml) for

30 min at 4uC [43]. Muscle fibers were washed with mitochon-

drial respiration medium (MiR05, pH 7.1) containing 0.5 mM

EGTA, 3 mM MgCl2N6H2O, 60 mM K-lactobionate, 20 mM

Taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM Sucrose,

1 g/l BSA (fatty acid free) for 10 min at 4uC. Oxygen

consumption was quantified polarographically at 37uC using the

high-resolution Oxygraph-2k (OROBOROS Instruments, In-

nsbruck, Austria). For normalization of oxygen flux (O2/s*mg

fiber), muscle wet weight of dry blotted fiber bundles was

determined (AT200 scale, METTLER TOLEDO, Switzerland)

prior to every tracing. Basal state 2 respiration of fibers in the

absence of adenylates (ADP) was induced with the addition of

2 mM malate (M) and 0.2 mM octanoyl carnitine (O). Subse-

quently, coupled state 3 respiration was determined stepwise by

adding 5 mM ADP (MO, maximal fatty acid oxidative capacity),

followed by 5 mM pyruvate and 10 mM glutamate (MOPG,

submaximal state 3 via complex I) and 10 mM succinate

(MOPGS, maximal state 3). As an internal control of the outer

mitochondrial membrane integrity, 10 mM cytochrome c was

added upon maximal coupled respiration (Data not shown) [44].

Finally, 0.5 mM of the chemical uncoupler FCCP was added to

evaluate the maximal capacity of the electron transport chain

(state U, uncoupled respiration). All experiments were carried out

in a hyperoxygenated environment to prevent potential oxygen

diffusion limitation [45].

Data analysis
Statistical analyses were performed using Stat Graph Prism

(5.0). Data are reported as mean 6 SEM. 1way ANOVA and

Bonferroni’s multiple comparisons test was used to evaluate

differences between the genotypes. Statistical differences between

the genotypes are indicated by superscript letters. Means

annotated with different letters are significantly different. Statis-

tical significance was assumed at P,0.05.

Results

Phenotypic characterization of DTG mice
Figure 1A shows protein expression of UCP1 and catalytic

AMPK subunits in skeletal muscle of the 4 different genotypes.

UCP1 was only detectable in UCP1-TG and DTG mice. The
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mutated inactive AMPKa2 contains a myc tag resulting in a

higher molecular mass [29] evident in DN-AMPKa2 and DTG

mice. Protein expression of AMPKa1, the second, minor isoform

present in muscle is further decreased in DN-AMPKa2 and DTG

mice, probably due to the increased abundance of the transgenic

a2 subunit and the displacement of endogenous AMPKa1 from

the bc heterotrimer as previously suggested [29]. Published

evidence for a UCP1 induced activation of AMPK in SM so far

relies on the demonstration of AMPK phosphorylation only [4,6].

Here we show for the first time that basal AMPKa2 activity is

indeed significantly upregulated in SM muscle of UCP1-TG mice

(Figure 1B). Expression of the kinase dead AMPKa2 almost

completely abolished AMPKa2 activity in SM of DN-AMPKa2 as

well as DTG mice. Importantly, AMPKa1 activity was not

affected in muscle of DN-AMPKa2 and DTG mice (Figure 1B),

revealing no compensatory induction of AMPKa1 as observed in

SM of AMPKa2 whole-body knockout mice [46]. As previously

shown, UCP1-TG mice were significantly smaller than WT as

evident by a decreased body length, lean mass, fat mass and thus

decreased total body weight (Figure 1C–E, table 1). This was

preserved in DTG mice which even had a significantly reduced

body length compared to all other groups (table 1) which was most

likely due to a severe kyphosis observed in DTG mice (data not

shown). DN-AMPKa2 had no major effects on body size, body

composition, and energy balance (Figure 1C–E, table 1). Interest-

ingly, due to the decreased relative lean and muscle mass, % body

fat was greater in UCP1-TG and DTG mice than in WT and DN-

AMPKa2 mice (table 1). Weight specific energy intake and

expenditure were increased to the same extent in UCP1-TG and

DTG mice compared to WT and DN-AMPKa2 mice (table 1).

Moreover, the similar reduction of body weight in UCP1-TG and

DTG mice compared to WT and DN-AMPKa2 mice under

standard chow diet was preserved up to 35 weeks of age (Figure

S1).

Improved systemic glucose homeostasis independent of
AMPKa2 activation

Previously we have shown a diet independent increase in insulin

sensitivity [2] and an increased basal and insulin activated glucose

uptake in skeletal muscle from UCP1-TG mice [4]. UCP1-TG

and DTG mice showed unchanged blood glucose levels but

decreased plasma insulin compared to WT (table 1). For more

detailed elucidation of glucose homeostasis we performed an oral

glucose tolerance test (oGTT) and determined ex vivo glucose

uptake into glycolytic EDL muscles as shown in Figure 2.

Consistent with the finding that impairment of AMPKa2

activation affects SM glucose uptake [29], we observed slightly

increased blood glucose levels (table 1) and reduced glucose

tolerance (Figure 2A) in DN-AMPKa2 mice. All other genotypes

showed very similar development of plasma glucose after glucose

administration (Figure 2A). Notably, both UCP1-TG and DTG

mice showed the same significantly reduced insulin levels

compared to WT (Figure 2B). Together, these data suggest that

positive effects of SM uncoupling on systemic glucose homeostasis

occur independent of AMPKa2 activation. Exploration of glucose

uptake in SM muscle itself showed, as expected, reduced basal and

insulin stimulated ex vivo glucose uptake in DN-AMPKa2 mice

(Figure 2C). UCP1-TG mice showed an increased basal glucose

uptake compared to all other genotypes in line with increased gene

expression of the basal glucose transporter GLUT1 (data not

shown). Interestingly, the uncoupling induced increase in basal

glucose uptake was completely abolished in SM of DTG mice,

whereas the presence of UCP1 restored insulin induced glucose

uptake in AMPKa2 ablated mice. In general, glucose uptake in

SM is dpendent on glucose transporters, mainly GLUT4 and

GLUT1, as well as on intracellular phosphorylation through

hexokinase II [47]. However, Western blot analysis of glucose

transporters showed no effect on GLUT1 protein levels but an

increased GLUT4 protein expression in UCP1-TG which was

curiously even higher in DTG mice (Figure S2). In addition,

analysis of hexokinase II protein expression showed no differences

between the genotypes (Figure S2).

ACC phosphorylation and induction of CD36 is
maintained in DTG mice

It has been shown that fatty acid oxidation is upregulated in SM

of UCP1-TG mice [5] but only little is known about basal fatty

acid metabolism in the DN-AMPKa2 mouse model. AMPK is

thought to inhibit fatty acid synthesis and induce fatty acid

oxidation through direct phosphorylation of the metabolic enzyme

ACC2 [48,49]. Controversially, recent published data suggest that

AMPKa2 activation is not necessary for skeletal muscle fatty acid

oxidation [50,51]. As shown in Figure 3A, we found basal as well

as AICAR stimulated fatty acid (palmitate) oxidation to be largely

reduced in isolated SM of DN-AMPKa2 mice whereas UCP1-TG

muscle showed increased AICAR stimulated but not basal fatty

acid oxidation. This AICAR stimulated increase was abolished in

DTG. On the other hand, UCP1 expression in DTG mice

restored basal fatty oxidation to WT levels (Figure 3A). This was

associated with an UCP1 induced, AMPKa2 independent

increase in protein expression of CD36 (Figure 3B), a fatty acid

transporter thought to be involved in cellular lipid oxidation

[52,53]. However, gene expression of CPT1B, a marker of

mitochondrial fatty acid uptake was not different between the

genotypes (data not shown). We further examined the phosphor-

ylation of ACC2, a known downstream target of AMPK. Whereas

phosphorylation tended to be lower in DN-AMPKa2 mice, we

detected increased phosphorylation in UCP1-TG muscle as shown

previously [5] which was preserved in DTG mice (Figure 3B).

Impaired activity tolerance and skeletal muscle
morphology in DTG mice

In order to assess muscle function and integrity we measured

physical activity and performed SM histology. Both overall cage

activity and voluntary running wheel activity were reduced in

DTG mice (Figure 4A+B, Figure S3A). Remarkably, running

wheel activity was almost absent in DTG mice, suggesting a

severely compromised exercise capacity. Contrary to previous

observations [29], we did not observe any differences in locomotor

activity in DN-AMPKa2 mice compared to wildtype, whereas

UCP1-TG mice showed slightly, but not significantly reduced

running wheel activity (Figure 4B, Figure S3A). Overall skeletal

muscle morphology was not affected in DN-AMPKa2 and UCP1-

TG mice, although the latter as well as DTG mice displayed

significantly smaller muscle fiber bundles (Figure 4C+D) consistent

with reduced lean and muscle mass already observable at young

age of 4 weeks (table 1, Figure S3D). Strikingly, DTG muscles

showed severe degenerative changes in SM morphology, charac-

terized by approximately 20% centronuclear myofibers (Figure 4C,

Figure S3B). However, morphological changes in DTG muscle

where independent of myogenin (MYOG) induction, a cellular

marker indicative of myogenesis and regenerative processes in

muscle [54], which was increased in both UCP1-TG and DTG

mice (Figure S3C). Taken together, these data demonstrate the

onset of a severe muscle dysfunction when UCP1 expression is

combined with ablation of AMPKa2 activity. In addition, it has

been reported that UCP1 expression in SM leads to a fast to slow
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fiber type switch by decreasing type IIb and increasing type IIa

and IIx fiber content [55] which was confirmed here in Quadriceps

muscle (Figure 4E). Except of an increased MHC-IIa expression,

these changes in muscle fiber type markers were mainly preserved

in DTG whereas DN-AMPKa2 mice did not show any differences

in muscle fiber type compared to WT (Figure 4E). This suggests

that AMPKa2 activation is not necessary for the mitochondrial

uncoupling induced fiber type shift towards more oxidative fibers.

Figure 1. Phenotypic characterization of DTG mice. (A) Representative western blots of Quadriceps muscle from 12-wk-old WT, DN-AMPKa2,
UCP1-TG and DTG mice, Mitofusin-2 (MFN2) was used as a loading control (n = 2 out of 6–8 analyzed per group). (B) Activity assay of catalytic AMPKa1
and AMPKa2 subunits in Gastrocnemius muscle from 12-wk-old WT, DN-AMPKa2, UCP1-TG and DTG mice (n = 5 per group). (C–E) Development of
body weight and body composition from week 4 up to week 12 of age (n = 9–10 per goup). Data are the mean 6 SEM. Means with different letters
are significantly different (1way ANOVA and Bonferroni’s multiple comparisons test, p,0.05).
doi:10.1371/journal.pone.0094689.g001

Table 1. Biometrical data and energy balance*.

WT DN-AMPKa2 UCP1-TG DTG p-value

Body weight (g) 24.260.5a 22.960.4a 16.760.2b 15.360.4b p,0.0001

% body fat 25.960.5a 26.360.5a 31.160.7b 30.560.8b p,0.0001

% lean mass 74.260.5a 73.760.5a 68.960.7b 69.560.8b p,0.0001

Body length (cm) 10.060.1a 9.960.1a 9.460.1b 8.860.1c p,0.0001

Energy intake (kJ/g/d) 3.4 60.1a 3.560.1a 4.260.1b 4.260.1b p,0.0001

Energy expenditure (kJ/g/d) 1.860.02a 1.860.04a 2.060.02b 2.260.06b p,0.0001

Quadriceps muscle weight (mg) 363.169.3a 340.8611.6a 119.264.9b 119.165.1b p,0.0001

Blood glucose (mmol/l) 6.060.3a 7.660.3b 6.660.2a,b 6.860.3a,b p,0.01

Insulin (mg/l) 0.360.02a 0.460.03a 0.260.02b 0.260.02b p,0.01

*All data are from week 11 except body length and muscle weight which were measured in week 12 after sacrificing mice. n = 9–10. Means with different letters within
one row are significantly different (1way ANOVA and Bonferroni’s multiple comparisons test, p,0.05).
doi:10.1371/journal.pone.0094689.t001
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Figure 2. Improved systemic glucose homeostasis is independent of AMPKa2 activation. (A) Blood glucose levels, area under curve (AUC)
of blood glucose and (B) plasma insulin levels during an oral glucose tolerance test (oGTT) in 10-wk-old WT, DN-AMPKa2, UCP1-TG and DTG mice
(n = 9–10 per group). (C) Ex vivo basal and insulin-stimulated glucose uptake in intact Extensor digitorum longus (EDL) muscle from 12- to 17-wk-old
WT, DN-AMPKa2, UCP1-TG and DTG mice (n = 10–15 per group). Data are the mean 6 SEM. Means with different letters are significantly different
(1way ANOVA and Bonferroni’s multiple comparisons test, p,0.05).
doi:10.1371/journal.pone.0094689.g002

Figure 3. Fatty acid utilization is not disturbed in DTG mice. (A) Ex vivo basal and AICAR-stimulated fatty acid (FAO, [3H]-palmitate) oxidation
in isolated intact Soleus muscle from 12- to 17-wk-old WT, DN-AMPKa2, UCP1-TG and DTG mice (n = 10-15 per group). (B) Representative western
blots of Quadriceps muscle from 12-wk-old WT, DN-AMPKa2, UCP1-TG and DTG mice, Mitofusin-2 (MFN2) was used as a loading control (n = 2 out of
6–8 analyzed per group). Means with different letters are significantly different (1way ANOVA and Bonferroni’s multiple comparisons test, p,0.05).
doi:10.1371/journal.pone.0094689.g003
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Increased cellular stress response and suppressed
AMPKa2-dependent induction of mitophagy regulator
ULK1 in DTG mice

Assessment of the gene expression profile of different AMPK

and stress-related myokines [18,56,57] showed a significantly

decreased expression of exercise-related FNDC5/irisin in line with

the decreased physical activity of DTG mice (Figure S4).

Moreover, gene expression of vascular endothelial growth factor

beta (VEGF), an important AMPKa2-dependent regulator of

basal capillary maintenance [18], was significantly decreased in

DTG mice whereas IL15 and IL6 gene expression was not affected

(Figure S4). We recently demonstrated that UCP1 expression in

SM leads to an activation of the integrated stress response (ISR)

evident by activation of the eukaryotic initiation factor 2 alpha

(p-eIF2a)/activating transcription factor 4 (ATF4) cascade which

in turn induces FGF21 gene expression and secretion [28]. As

shown in Figure 5A, FGF21 gene and protein expression as well as

circulating FGF21 in plasma was increased to the same extent in

SM of UCP1-TG and DTG mice (Figure 5A+B). Furthermore,

ISR induction was the same in UCP1-TG and DTG mice as

evidenced by increased levels of p-eIF2a and ATF4. This shows

that AMPKa2 activation is not required for this stress induced

FGF21 induction. To assess markers of cellular stress status we

measured heat shock protein (HSP) expression in SM. An

increased expression of HSP25 and HSP70 in muscle of UCP1-

TG was shown previously by our group [5]. This expression was

even higher in muscles DTG mice (Figure 5C), indicating an

elevated cellular stress level in SM of DTG mice.

Figure 4. Impaired activity tolerance and skeletal muscle morphology in DTG mice. (A) Cage activity and (B) voluntary running wheel
activity over 24 hrs of 11-wk-old WT, DN-AMPKa2, UCP1-TG and DTG mice (n = 6–10 per group). (C) Representative H&E staining of M. tibialis anterior
(TA) muscle from 20-wk-old WT, DN-AMPKa2, UCP1-TG and DTG mice showing progressive muscle degeneration, including central nuclei (black
arrows) in DTG mice, (scale bars 50 mm). (D) Quantification of cross-sectional area (CSA) of myofibers (n = 3 per group). (E) Gene expression analysis of
muscle fiber-type markers in Quadriceps muscle of 12-wk-old WT, DN-AMPKa2, UCP1-TG and DTG mice by quantitative RT-PCR (n = 8 per group).
Means with different letters are significantly different (1way ANOVA and Bonferroni’s multiple comparisons test, p,0.05).
doi:10.1371/journal.pone.0094689.g004
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We further measured AMPKa2-dependent regulators of SM

autophagy. Phosphorylation of the unc-51-like kinase 1 (ULK1) by

AMPK at Ser555 is critical for starvation-induced mitophagy, cell

survival under conditions of low nutrients and energy, and

mitochondrial homeostasis [58]. Mitophagy promoting AMPK-

dependent phosphorylation of raptor and ULK1 was increased in

SM of UCP1-TG mice (Figure S5), in line with our previous study

showing induction of overall autophagy machinery in muscle

UCP1-TG mice [28]. Strikingly, raptor and ULK1 phosphoryla-

tion was completely abolished in muscle of DN-AMPKa2 and

DTG mice, likely due to the inactivation of AMPKa2 (Figure S5).

However, the established marker for impaired autophagy, P62

[59], was not accumulated in muscles of DTG mice but rather

decreased (Figure S5), indicating no general suppression of skeletal

muscle autophagy flux.

Reduced muscle mitochondrial function in DTG mice
Skeletal muscle integrity and performance is dependent on

oxidative metabolism and mitochondrial function. Moreover,

AMPK seems to be important for regulation of mitochondrial

biogenesis in response to energy deprivation, particularly via two

master regulators of mitochondrial biogenesis, peroxisome pro-

liferator-activated receptor gamma coactivator 1-alpha (PGC-1a)

and calcium/calmodulin-dependent protein kinase IV (CaMK-IV)

[60,61]. To assess whether the observed morphological differences

in SM and the severe activity intolerance of DTG mice are due to

a reduced mitochondrial function, we studied functional respira-

tory capacity of isolated permeabilized muscle fibers of Soleus

muscle. Here we show that inactivation of AMPKa2 without any

intervention or challenge had no effect on skeletal muscle fiber

respiration of DN-AMPKa2 mice (Figure 6A–C). Furthermore,

UCP1-TG showed no impairment of respiratory chain capacity

(Figure 6B+C), and under state 2 conditions an even increased

respiration (Figure 6A), due to the uncoupling via UCP1. On the

other hand, muscle fibers of DTG mice overall showed

significantly lower state 3 and uncoupled respiratory capacities

(Figure 6B+C) in line with suppressed muscle citrate synthase

activity (Figure 6D) and impaired SM morphology. Additionally,

the Induction of OXPHOS protein expression in UCP1-TG

muscle, also shown previously [5], was completely abolished in

DTG mice (Figure 7A). Interestingly, protein expression of PGC-

1a and CaMK-IV were significantly increased in both UCP1-TG

and DTG mice (Figure 7B).

Figure 5. Increased cellular stress response in muscle of DTG mice. (A) Gene expression analysis of FGF21 in Quadriceps muscle by
quantitative RT-PCR (n = 8 per group) and (B) FGF21 plasma concentration of 12-wk-old WT, DN-AMPKa2, UCP1-TG and DTG mice (n = 9–10 per
group). (B) Representative western blots of proteins involved in integrated stress response and FGF21 induction and (C) of cellular stress response
markers HSP25 and HSP70 in Quadriceps muscle from 12-wk-old WT, DN-AMPKa2, UCP1-TG and DTG mice, Mitofusin-2 (MFN2) was used as a loading
control (n = 2 out of 6–8 analyzed per group). Means with different letters are significantly different (1way ANOVA and Bonferroni’s multiple
comparisons test, p,0.05).
doi:10.1371/journal.pone.0094689.g005
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Discussion

Recently we have demonstrated that SM mitochondrial

uncoupling increases muscle substrate metabolism and longevity

in mice [3,5]. Moreover, improved glucose homeostasis, i.e.

increased insulin sensitivity accompanied by decreased insulin

levels and increased muscle glucose uptake is very robust

metabolic phenotype of the UCP1-TG model. In addition, it

was shown that UCP1 expression in skeletal muscle leads to an

increased phosphorylation of AMPK [4,6], thus linking the

metabolic improvements of skeletal muscle uncoupling to an

activated AMPK signaling.

Using double transgenic (DTG) mice with both SM UCP1

expression and AMPKa2 ablation, we show here that AMPKa2 is

in fact dispensable for SM mitochondrial uncoupling induced

beneficial metabolic effects on whole body energy balance, glucose

homeostasis and basal fatty acid metabolism. This is in line with

numerous studies reporting controversial data concerning the

importance of AMPKa2 for regulation of glucose uptake and fatty

acid oxidation, particularly when studied in SM [51,62–64].

Inactivation of AMPKa2 in SM of young DTG mice had no

effect on in vivo glucose tolerance or ex vivo maximum insulin-

stimulated glucose transport of EDL muscle but abolished the

uncoupling induced increase in basal glucose uptake. GLUT1 is

thought to be primarily responsible for basal, constitutive glucose

transport [65] but its muscle protein expression was similar in all

four genotypes suggesting that GLUT1 overall abundance is not

linked to differences in basal glucose transport. We observed an

increased GLUT4 protein expression in muscle of UCP1-TG mice

which was preserved or even higher in DTG mice. Additionally to

glucose transporter expression, the expression of hexokinase II is

thought to play an necessary role in regulation of glucose transport

in muscle [66], whereas a possible regulation via AMPK activity is

controversally discussed [16,46]. However, we did not observe any

differences in hexokinase II protein expression, excluding it’s

relevance here in UCP1-TG mice. Hence, further studies

examining the molecular mechanisms responsible of basal glucose

uptake in muscle of UCP1-TG mice are warranted.

Apart from potential regulation of glucose homeostasis, AMPK

has been suggested as a key regulator of skeletal muscle fatty acid

metabolism [48,67]. Performing ex vivo analysis using oxidative

Figure 6. Diminished skeletal muscle mitochondrial respiratory capacity in DTG mice. (A–C) Ex vivo mitochondrial function assessed by
measuring oxygen consumption of permeabilized muscle fibers of Soleus muscle from 17- to 23-wk-old WT, DN-AMPKa2, UCP1-TG and DTG mice; (A)
upon substrates only (MO, malate + octanoylcarnitine, state 2 respiration), (B) ADP-stimulated respiration (state 3 respiration) fuelled by different
substrates for complex I (MOPG, MO + pyruvate + glutamate) and complex II (MOPGS, MOPG + succinate), and (C) maximal uncoupled respiration
(state U) after addition of the chemical uncoupler FCCP (n = 6–8 per group). (D) Citrate synthase (CS) activity in Quadriceps muscle of same mice as
indicator of total mitochondrial capacity (n = 5–6 per group). Means with different letters are significantly different (1way ANOVA and Bonferroni’s
multiple comparisons test, p,0.05).
doi:10.1371/journal.pone.0094689.g006

AMPK Function in Respiratory Uncoupled Muscle

PLOS ONE | www.plosone.org 9 April 2014 | Volume 9 | Issue 4 | e94689



Soleus muscles, we demonstrated that young DN-AMPKa2 mice

had a highly suppressed basal and AICAR stimulated fatty acid

(palmitate) oxidation. Strikingly, this was completely (basal) or

partially (AICAR stimulated) recovered by increased mitochon-

drial uncoupling in DTG mice, despite a highly suppressed

AMPKa2 activity and AMPKa1 protein expression as well as no

compensatory increase in AMPKa1 activity. Other kinases have

been suggested to play a role in skeletal muscle fatty acid uptake,

such as the extra cellular signaling receptor kinase (ERK1/2) [68].

Expression and translocation of CD36 in rodent SM seems to

require activation of ERK1/2 signaling [68]. We recently showed

that ERK2 is activated in SM of UCP1-TG mice [5]. This

increased phosphorylation of ERK2 was entirely preserved in

DTG mice (Figure S6). However, Dzamko et al. demonstrated

that ERK2 is not able to phosphorylate ACC2 at Ser221 [51] and

further AMPK-independent acting kinases involved in muscle fatty

acid oxidation are still not identified.

Generally, we cannot rule out completely that residual

AMPKa2 or endogenous AMPKa1 activities in muscle of DTG

mice are sufficient for the increased phosphorylation of ACC2,

and for coordination of glucose homeostasis. However, we could

not detect any compensatory increase of AMPKa1 protein

expression or AMPKa1 activity in DTG mice, which were both

described in AMPKa2 knockout mice [69]. Importantly, only

AMPKa2 activity was highly induced in muscle of UCP1-TG

mice, suggesting a higher relevance of the a2 subunit rather than

a1 in response to chronic metabolic stress in SM.

Intriguing, fragility of DTG mice with reduced overall tonicity

and observed muscle degenerative changes demonstrate that SM

indeed highly suffered from reduction of AMPKa2 activity when

exposed to chronic increase in metabolic demand. DTG mice

behaved lazy and extremely activity intolerant, even in young age

and under sedentary conditions. This could be interpreted as a

compensatory behavior, where low AMPKa2 activity is sufficient

to maintain whole body energy balance. This impairment of

overall muscle function was already observable at week 4 up to

week 12 of age simple by handling DTG mice, suggesting a rather

early disturbance of muscle homeostasis and integrity. In order to

assess whether there is a progressive decline of muscle function,

time course analysis of muscle morphology and mitochondrial

function would be highly supportive. However, we consider from

our data presented here, that congenitally chronic metabolic stress

leads to an early muscular dysfunction when activation of

AMPKa2 is disturbed.

What might be the molecular mechanisms for the impaired

muscle integrity? Interestingly, we found a massive induction of

HSP70 exclusively in SM of DTG mice. Various perturbations

such as exercise [70], muscle injury and regeneration [71] are

Figure 7. Suppressed mitochondrial OXPHOS induction in DTG mice. (A) Representative western blots and relative quantification of
OXPHOS proteins and (B) of key regulators of mitochondrial biogenesis in Quadriceps muscle from WT, DN-AMPKa2, UCP1-TG and DTG mice.
Mitofusin-2 (MFN2) was used as a loading control (n = 2 out of 6–8 analyzed per group). Means with different letters are significantly different (1way
ANOVA and Bonferroni’s multiple comparisons test, p,0.05).
doi:10.1371/journal.pone.0094689.g007
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related to an induction of HSP70 in skeletal muscle. Contrary,

reduction of HSP70 abundance is associated with reduced muscle

mass and force [72,73]. Interestingly, DTG mice represent both

phenotypes; (I) muscle injury/regeneration, reflected by increased

centronuclear myofibers, and (II) a reduced muscle mass.

Importantly, induction of HSP70 is also discussed as an adaptive

response to severe depletion of ATP and increased cellular

proteotoxic stress [74], suggesting that dysfunction of AMPKa2 in

muscles of DTG mice does disturb cellular energy balance and

integrity. Moreover, it has been proposed that SM capillarization

is regulated by metabolic demands for maintaining cellular energy

homeostasis [75,76], which is also under basal control of AMPKa2

via induction of VEGF [18]. Strikingly, whereas UCP1-TG mice

showed a slightly increased VEGF gene expression, in line with

our recently published data [28], VEGF expression was signifi-

cantly reduced in SM of DTG mice, suggesting a diminished

angiogenesis in response to muscle respiratory dysfunction. It will

be of future interest to delineate the role of VEGF-mediated

muscle capillary density and the relevance for regulating SM

plasticity under conditions of increased chronic metabolic stress.

Despite severe morphological changes in SM of DTG mice and

reduced AMPKa2 activity there was no evidence for a general

inhibition of autophagy in muscle of DTG mice. This is likely due

to the activation of other major autophagy inducing signaling

cascades, such as the ER-stress/eIF2a pathway [77] or the

mitogen-activated protein kinases (MAPK), including JNK1 [78]

which we previously found to be activated in UCP1-TG mice [5].

However, it is suggested that AMPK is involved in the specific

turnover of mitochondria through regulation of mitophagy, a

special form of autophagy [8]. A major signaling pathway in

AMPK-induced skeletal muscle mitophagy concerns the activation

of the ULK1, which promotes the initial steps of mitophagy

induction [79,80], thus triggering that damaged or defective

mitochondria are engulfed and degraded by autophagosomes, and

their contents recycled for re-use [81–83]. Strikingly, increased

ULK1 induction in muscle of UCP1-TG mice was completely

abolished in SM of DN-AMPKa2 and DTG mice, suggesting that

this is dependent on AMPKa2. Again, suppression of AMPK-

dependent mitophagy might be dispensable for young healthy

DN-AMPKa2 mice housed under sedentary conditions, whereas it

should be much more detrimental for DTG mice which are

exposed to a chronic cellular stress response. Among the signaling

pathways of mitophagy induction in UCP1-TG mice, AMPKa2

thus could play a role as housekeeper for cellular or rather

mitochondrial quality control to maintain energy homeostasis and

cell survival following starvation, which should be addressed in

future studies.

Finally, skeletal muscle integrity and performance is dependent

on mitochondrial oxidative metabolism and function. Without any

metabolic challenge, young DN-AMPKa2 mice showed no

impairment of muscle morphology or mitochondrial respiratory

function and content, as already proposed in the literature [69,84].

Strikingly, we show here that total mitochondrial respiratory

capacity measured ex vivo in isolated skeletal muscle fibers was

severely decreased in DTG mice, but not in DN-AMPKa2 or

UCP1-TG mice. Moreover, mitochondrial OXPHOS protein

content was impaired in DTG mice, suggesting a detrimental

outcome of AMPKa2 inactivation in respiratory uncoupled

muscle. Interestingly, reduction of mitochondrial respiratory

capacity and OXPHOS protein content in DTG mice occurred

despite an induction of both master regulators CaMK-IV and

PGC-1a. Regarding the mitochondrial uncoupling induced PGC-

1a activity this suggests that AMPK-mediated posttranslational

modifications, such as phosphorylation or deacetylation are

important [14,85], as already shown previously in response to

SM respiratory uncoupling [6]. Although there are additional

factors that appear to regulate PGC-1a activation such as the p38

MAPK pathway [86], further studies determining the mechanisms

mediating this effect are required.

Conclusion

In this study, we found that AMPKa2 is dispensable for SM

mitochondrial uncoupling induced beneficial effects on whole

body energy balance, glucose homeostasis and insulin sensitivity.

Very recently we reported that many of the beneficial whole body

metabolic effects of SM uncoupling can be linked to increased

secretion of endocrine acting fibroblast growth factor 21 (FGF21)

from skeletal muscle of UCP1-TG mice [28]. This is induced

through an activation of the integrated stress response [25,28]

apparently independent of AMPKa2 activation as shown here.

However, our data demonstrated that activation of AMPKa2

participate in the fine tuning of cellular adaptation to chronic

metabolic stress in muscle particularly by maintaining mitochon-

drial respiratory capacity and cellular homeostasis. Overall, the

orchestration of SM energy metabolism and metabolic improve-

ments in UCP1-TG mice seems not to be dependent on a single

master switch such as AMPKa2, but rather it consists of a complex

not yet fully understood signaling network which precisely senses

and integrates energy demand, substrate oxidation and cellular

stress resistance of skeletal muscle.

Supporting Information

Figure S1 Similar body weight development of UCP1-
TG and DTG mice during aging. n = 3–16 per group. Data

are the mean 6 SEM. Means with different letters are significantly

different (1way ANOVA and Bonferroni’s multiple comparisons

test, p,0.05).

(TIF)

Figure S2 Protein expression of glucose transporters
and hexokinase II (HK II) in SM of UCP1-TG and DTG
mice. Representative western blots and relative quantification of

Quadriceps muscle from WT, DN-AMPKa2, UCP1-TG and DTG

mice, Mitofusin-2 (MFN2) was used as a loading control (n = 2 out

of 6-8 analyzed per group). Means with different letters are

significantly different (1way ANOVA and Bonferroni’s multiple

comparisons test, p,0.05).

(TIF)

Figure S3 Characterization of in muscle function,
myofiber morphology, myogenesis and early lean mass
development. (A) Quantification of locomotor activity during

night at 11 wks of age (n = 6–10 per group). (B) Percentage of

centronuclear myofibers of M. tibialis anterior (TA) muscle from a

20-wk-old WT, a DN-AMPKa2, a UCP1-TG and a DTG mouse

(n = 3 per group). (C) Gene expression analysis of myogenesis

marker MYOG in Quadriceps muscle of 12-wk-old WT, DN-

AMPKa2, UCP1-TG and DTG mice by quantitative RT-PCR

(n = 8 per group). (D) Means with different letters are significantly

different (1way ANOVA and Bonferroni’s multiple comparisons

test, p,0.05).

(TIF)

Figure S4 Decreased FNDC5 (irisin) and VEGFB myo-
kine expression in SM of DTG mice. Gene expression

analysis of selected myokines in Quadriceps muscle of 12-wk-old

WT, DN-AMPKa2, UCP1-TG and DTG mice by quantitative

RT-PCR (n = 8 per group). Means with different letters are
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significantly different (1way ANOVA and Bonferroni’s multiple

comparisons test, p,0.05).

(TIF)

Figure S5 Suppressed induction of AMPK downstream
targets important for mitophagy regulation in SM of
DTG mice. Representative western blot showing expression of

key proteins (and AMPK targets) involved in mitophagy regulation

in Quadriceps muscle from 12-wk-old WT, DN-AMPKa2, UCP1-

TG and DTG mice, Mitofusin-2 (MFN2) was used as a loading

control (n = 2 out of 6-8 analyzed per group).

(TIF)

Figure S6 Activation ERK2 signaling in SM of UCP1-TG
and DTG mice. Representative western blot of Quadriceps muscle

from 12-wk-old WT, DN-AMPKa2, UCP1-TG and DTG mice,

Mitofusin-2 (MFN2) was used as a loading control (n = 2 out of 6-8

analyzed per group).

(TIF)
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