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Key points

• In skeletal muscle hormone-sensitive lipase (HSL) is considered the only enzyme responsible
for breakdown of intramyocellular triacylglycerol (IMTG) during contractions. This notion is
based on indirect measures in which important cellular events are not taken into account.

• Using two histochemical techniques to measure breakdown of IMTG during contractions in
isolated skeletal muscles we found that IMTG was decreased (1) in rat muscles during acute
pharmacological blockade of HSL, and (2) in muscles of HSL knockout mice.

• We demonstrated that adipose triglyceride lipase (ATGL) and HSL collectively account for at
least 98% of the total TG lipase activity in mouse muscle, and other TG lipases accordingly
seem of negligible importance for breakdown of IMTG.

• In conclusion, breakdown of IMTG occurs in the contracting muscle in the absence of HSL
activity. Our data suggest that ATGL is activated during contractions and plays a major role in
breakdown of IMTG.

Abstract In skeletal muscle hormone-sensitive lipase (HSL) has long been
accepted to be the principal enzyme responsible for lipolysis of intramyocellular
triacylglycerol (IMTG) during contractions. However, this notion is based on
in vitro lipase activity data, which may not reflect the in vivo lipolytic activity. We investigated
lipolysis of IMTG in soleus muscles electrically stimulated to contract ex vivo during acute
pharmacological inhibition of HSL in rat muscles and in muscles from HSL knockout
(HSL-KO) mice. Measurements of IMTG are complicated by the presence of adipocytes located
between the muscle fibres. To circumvent the problem with this contamination we analysed
intramyocellular lipid droplet content histochemically. At maximal inhibition of HSL in rat
muscles, contraction-induced breakdown of IMTG was identical to that seen in control muscles
(P < 0.001). In response to contractions IMTG staining decreased significantly in both HSL-KO
and WT muscles (P < 0.05). In vitro TG hydrolase activity data revealed that adipose triglyceride
lipase (ATGL) and HSL collectively account for ∼98% of the TG hydrolase activity in mouse
skeletal muscle, other TG lipases accordingly being of negligible importance for lipolysis of
IMTG. The present study is the first to demonstrate that contraction-induced lipolysis of IMTG
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occurs in the absence of HSL activity in rat and mouse skeletal muscle. Furthermore, the results
suggest that ATGL is activated and plays a major role in lipolysis of IMTG during muscle
contractions.
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Introduction

In most mammalian cell types triacylglycerol (TG) is
stored in lipid droplets (LDs), which until recently were
viewed as inert depots of fat. However, these LDs are now
recognized as functional organelles consisting of a core
of TG and cholesteryl esters surrounded by a phosholipid
monolayer and with several regulatory proteins associated
with the LD surface (reviewed by Walther & Farese, 2009).
In skeletal muscle, fatty acids (FAs) for oxidation can
be derived from uptake of plasma albumin-bound FAs,
from FAs liberated from very low-density lipoprotein-TG
or from lipolysis of intramyocellular TG (IMTG) (Kiens,
2006). Lipolysis of IMTG has been found in skeletal
muscle in response to adrenaline, exercise and during
contractions of isolated muscles (Bergstrom et al. 1973;
Spriet et al. 1986; Peters et al. 1998; Roepstorff et al.
2005). Furthermore, in skeletal muscle TG lipase activity
is increased both by adrenaline and by local factors in
response to contractions (Langfort et al. 1999, 2000).

Hormone-sensitive lipase (HSL) was long considered
the only and rate-limiting enzyme responsible for lipolysis
of TG in adipose tissue and in most other tissues
(Zechner et al. 2009). However, studies on HSL-deficient
mice (HSL-knockout (KO)) revealed that these animals
accumulated diacylglycerol (DAG) rather than TG in
adipose, muscle and testis tissues in response to fasting
(Osuga et al. 2000; Haemmerle et al. 2002). Thus,
these studies suggested that TG lipases other than HSL
exist. In line with this, three groups independently
discovered a novel lipase called adipose triglyceride lipase
(ATGL, also named desnutrin and calcium-independent
phospholipase A2ζ (iPLA2ζ)) (Zimmermann et al. 2004;
Villena et al. 2004; Jenkins et al. 2004). The specific
activity of ATGL for TG is 10 times higher than that
for DAG (Zimmermann et al. 2004), while HSL pre-
ferentially hydrolyses DAG with a 10-fold higher lipolytic
rate compared to TG (Fredrikson et al. 1981). The current
view of lipolysis in adipose tissue is that the lipases act
sequentially to regulate TG hydrolysis: ATGL hydrolyses
the first ester bond on TG, HSL then cleaves the next FA
from DAG, and finally monoacylglycerol lipase (MGL)

hydrolyses the last ester bond on monoacylglycerol to
release FA and glycerol (Zechner et al. 2009).

In skeletal muscle HSL accounts for 20–60% of TG
hydrolase activity during resting conditions (Langfort
et al. 1999, 2000; Roepstorff et al. 2004; Watt et al.
2004b; Alsted et al. 2009) but HSL is considered the
primary lipase activated by contractions and adrenaline
stimulation (Langfort et al. 1999, 2000; Watt et al. 2004b;
Roepstorff et al. 2004). This notion is based on in
vitro activity measurements, where the contraction or
adrenaline-induced increase in TG lipase activity was
completely blocked when adding an HSL antibody to the
assay media (Langfort et al. 1999, 2000; Watt et al. 2004b).
However, the in vitro activity assay does not include
changes in important regulatory events such as trans-
location of lipases to the lipid droplets and interaction
with lipid droplet-associated proteins, and therefore may
not entirely reflect the acute activation of muscle TG
lipases in vivo. Indeed, HSL translocation to the lipid
droplets has been demonstrated in rat skeletal muscle
during contractions (Prats et al. 2006). In addition, in
several human studies dissociations between in vitro HSL
activity and net change in IMTG content during exercise
have been observed, as increased HSL activity was not
always accompanied by a decrease in IMTG (Roepstorff
et al. 2004; Watt et al. 2004a, 2006). This may reflect the
fact that lipases other than HSL are at play or alternatively
that the in vitro activity measurement is not the correct
approach to evaluate acute TG lipase activation in skeletal
muscle. In addition, no direct evidence of HSL being
the principal contraction-activated TG lipase exists, as
lipolysis of IMTG during contractions has not been studied
using muscles of HSL-KO mice.

Knowledge of ATGL in skeletal muscle is limited,
but ATGL protein expression and activity have been
demonstrated in both rodent and human skeletal muscle
(Lass et al. 2006; Alsted et al. 2009; Jocken et al. 2008). The
functional importance of ATGL for basal TG hydrolysis
in skeletal muscle is highlighted by the finding of massive
IMTG accumulation in ATGL-KO mice (Haemmerle et al.
2006) and is supported by findings of an increased
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TG hydrolase activity and decreased TG content in
myotubes overexpressing ATGL (Badin et al. 2011). In
addition, mutations of the human genes of both ATGL
and comparative gene identification 58 (CGI-58, also
named α/β-hydrolase fold domain-containing protein
5, ABHD5), an activating protein of ATGL, have been
found in patients with neutral lipid storage disease with
myopathy, which is characterized by TG accumulation
in various tissues including skeletal muscle (Chanarin
et al. 1975; Lefevre et al. 2001; Fischer et al. 2007;
Kobayashi et al. 2008) suggesting a defect of ATGL
function. These data strongly suggest that ATGL has
an important role for skeletal muscle TG hydrolysis. In
a recent study an increased co-immunoprecipitation of
CGI-58 with ATGL was found in response to contra-
ctions in isolated rat skeletal muscle, indicating that
ATGL was activated (MacPherson et al. 2013). However,
the functional significance of this interaction was not
demonstrated and direct evidence of ATGL being activated
during skeletal muscle contractions is lacking.

The assessment of IMTG content in mice and rats, using
a biochemical approach, involves technical difficulties
due to the presence of adipocytes located between the
fibres (Donsmark et al. 2005). This exogenous adipose
tissue is not easily dissected from rodent muscles and
may contaminate the sample, thus making changes in
IMTG content hard to detect (Donsmark et al. 2005). To
circumvent the problem we analysed IMTG content using
two histochemical techniques to measure lipolysis during
acute electrically stimulated contractions.

In the present study we investigated whether
contraction-induced lipolysis of IMTG occurs in the
absence of HSL activity in skeletal muscle. Our hypothesis
was that lipases other than HSL (such as ATGL) contribute
significantly to contraction-induced lipolysis of IMTG.

Methods

Ethical approval

All experiments were approved by the Danish Animal
Experimental Inspectorate and complied with the
‘European Convention for the Protection of Vertebrate
Animals used for Experiments and other Scientific
Purposes’ (council of Europe no. 123, Strasbourg, France,
1985).

Animals

Male Wistar rats and C57Bl/6J/SV129 hybrid mice
were used for the ex vivo experiments. HSL-KO and
ATGL-KO mice were generated by targeted homologous
recombination of the HSL and ATGL genes, respectively, as
previously described (Grober et al. 2003; Haemmerle et al.

2006). ATGL-KO mice were backcrossed onto a C57Bl/6J
background for more than 10 generations. Mice that were
used in the ex vivo experiments were males, littermates
with a mixed genetic background (C57Bl/6J and SV129)
(Mulder et al. 2003). The animals were kept on a 12/12 h
light–dark cycle and received a standard chow diet and
water ad libitum. Two days prior to the experiments the
rats received a fat-rich diet (60% energy of fat; D12492,
Research Diets, Inc., New Brunswick, NJ, USA). The
selection of 2 days of high fat diet feeding was chosen
during the optimization of the experimental protocol to
induce an increased fat metabolism during contractions.
Animals were fed ad libitum prior to all experiments.

Ex vivo muscle incubations. For time course and HSL
inhibitor experiments fed male Wistar rats (55–65 g)
were anaesthetized by I.P. injection of sodium pento-
barbital (6 mg/100 g body weight). Following induction of
anaesthesia, the soleus (SOL) muscles with intact tendons
tied with silk sutures were dissected free, the adipose tissue
surrounding the tendons carefully removed and the iso-
lated muscles were transferred to incubation chambers
(Multi Myograph system 610 M; Danish Myo-Technology
A/S, Aarhus, Denmark) where they were attached to
hooks connected to a force transducer. In the incubation
chambers the muscles were suspended at resting tension
and preincubated for 60 min in warmed (30◦C), gassed
(95% O2 and 5% CO2) Krebs-Ringer-Henseleit buffer
containing 5 mM glucose, 1 mM pyruvate and 0.1% FA-free
bovine serum albumin (BSA). In the HSL inhibitor
experiments the muscles were preincubated for 60 min
in the presence of either a mono-specific, small molecule
inhibitor of HSL (76-0079, Novo Nordisk, Bagsvaerg,
Denmark) or corresponding concentrations of vehicle
(DMSO, 0.4%). This inhibitor is highly specific towards
HSL as previously shown in mouse white adipose tissue
extracts, intact fat pads and liver extracts (Schweiger
et al. 2006; Reid et al. 2008). In addition, in the present
study the specificity of the inhibitor in muscle lysates was
demonstrated (see below). Following the preincubation
period the medium was changed, and one muscle of
each animal was stimulated electrically (D330 MultiStim
System, Digitimer Ltd, Welwyn Garden City, UK) every
second with 200 ms trains of 0.2 ms impulses delivered
at 100 Hz (30–40 V) for 20 min to induce maximal
tetanic contractions. During the first few seconds of the
electrical stimulation, the length of the muscle and the
voltage of stimulation were adjusted to achieve maximal
power output (recorded using Chart 5.0 software, AD
Instruments, Sydney, NSW, Australia), which indicates
that the entire fibre population was recruited to a maximal
extent.

Initially the effect of the HSL inhibitor was tested
by measuring the increase of DAG content in muscles
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contracted for 15 min with increasing concentrations
(1–3 mM) of the inhibitor in the medium. The inhibition
was considered maximal when adding a higher dose of
the inhibitor to the incubation medium did not elevate
DAG content further. In addition, control experiments
with volumes of DMSO corresponding to the volume
of the inhibitor or incubation with no additions to the
media were conducted. In other experiments, the effect of
contraction time on IMTG hydrolysis was determined by
stimulating the muscles for 5 or 20 min. In all experiments,
the SOL muscle of one leg of the animal was used for
electrical stimulation while the muscle from the contra-
lateral leg served as a basal control.

At the end of the stimulation period the muscles
were either mounted in Tissue-Tek (Sakura Finetek,
Zoeterwoude, the Netherlands) and frozen in isopentane
for histochemical analyses or directly frozen in liquid
nitrogen for Western blotting and glycogen measurements.
All samples were stored at −80◦C.

To further investigate skeletal muscle lipolysis of IMTG
in the absence of HSL, SOL muscles from HSL-KO and
WT littermate mice were excised, preincubated for 30 min
and electrically stimulated every 2 s with 200 ms trains of
0.2 ms impulses delivered at 100 Hz (30–40 V) for 15 min.
Using the same stimulation protocol for mouse muscles as
for rats resulted in no or a very low force output (<20 mN)
in the last 5–7 min. Therefore, the stimulation protocol
was modified for the mouse muscles.

At the end of the stimulation period the mouse muscles
were either pinned down with intact tendons and fixed
in ice cold fixative as described below (Morphological
quantification of IMTG in mouse skeletal muscles) or
directly frozen in liquid nitrogen for Western blotting and
glycogen measurements. The latter samples were stored at
−80◦C.

After muscle excision the animals were killed by cervical
dislocation while anaesthetized.

All materials were from Sigma-Aldrich (St Louis, MO,
USA) unless stated otherwise.

Analyses

Morphological quantification of IMTG in rat skeletal
muscles. To avoid contamination by exogenous adipose
tissue surrounding the muscle fibres, which is often found
with biochemical analyses of IMTG, a morphological
approach to determine IMTG content was used. In a
previous study, this analysis was performed on single
fibres of rat SOL muscles, showing that cytoplasmic LDs
are homogeneously distributed between the regions just
beneath the sarcolemma and between the myofilaments
and respond similarly to contraction and epinephrine
stimulations (Prats et al. 2006). In the present study,
the analysis was applied to muscle cross sections, to be

able to include more fibres in the analysis and be able
to distinguish between type I and type II fibres in terms
of IMTG turnover. The muscles mounted in Tissue-Tek
were cut in 10 μm thick transverse sections using a
microtome cryostat at −25◦C (HM 500 OM, Microm
Laborgeräte GmbH, Walldorf, Germany), collected on
Superfrost Plus glass slides (Thermo Fisher Scientific,
Waltham, MA, USA) and immediately transferred to ice
cold fixative (4% formaldehyde and 0.15% picric acid)
(Stefanini et al. 1967) in which they remained for 1 h.
The muscle sections were washed three times for 10 min
in PBS and incubated for 1 h at room temperature with
4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-
indacene (BODIPY 493/503; 20 μg ml−1 in PBS)
(Invitrogen, Eugene, OR, USA) and a mouse monoclonal
anti-myosin heavy chain I antibody (M 8421) labelled with
a Zenon Mouse IgG labelling kit (Z25006, Invitrogen)
followed by another three 10 min washes in PBS. After
the final wash the muscle sections were mounted in
Vectashield (H-1000, Vector Laboratories, Burlingame,
CA, USA) and analysed by confocal microcopy.

Confocal microscopy imaging and quantification. Images
were obtained on a Leica confocal microscope (TCS SP2,
Leica Microsystems, Mannheim, Germany) using an HCX
plan APO ×63/1.32 oil objective. Confocal images were
taken with a separation of 0.35 μm in the z-plane. For
quantification, an average projection of four planes was
taken from each area, and for visualization a maximal
projection of four planes was used. From each muscle
section a minimum of 120 fibres were analysed by drawing
a line around each fibre and measuring fluorescence
within each fibre. Quantification of lipid droplet staining
was performed on TIFF mages using the freeware image
software ImageJ 1.45e. A threshold value for the intensity
of staining was established for all images and lipid droplets
were quantified as total positive staining per muscle fibre
area (total lipid staining per area), average area of the
LDs (average LD size) and the number of positive IMTG
stainings per fibre area (number of LDs per 200 μm2).

Morphological quantification of IMTG in mouse skeletal
muscles. The method that was used to fix and stain LDs
in rat skeletal muscle gave only very little or no staining
in samples from mouse skeletal muscle. Fixation and
staining of intracellular LDs in various tissues for imaging
by electron microscopy has previously been performed
with glutaraldehyde and osmium tetroxide (OsO4) in
combination with p-phenylenediamine (PPD). As an
example, PPD enhanced the staining intensity of LDs fixed
by OsO4 in rat uterine epithelium (Boshier et al. 1984). In
the present study we adopted this technique for staining of
LDs in cross sections of plastic embedded mouse skeletal
muscle and imaging by light microscopy.

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society



J Physiol 591.20 Lipolysis of IMTG in the absence of HSL activity 5145

Mouse soleus muscles were pinned down with intact
tendons and fixed in ice cold 2% glutaraldehyde in 0.15 M

sodium phosphate buffer (pH 7.35). The muscles were
transferred to fresh fixative and incubated overnight and
washed for 2 days in 0.1 M sodium phosphate buffer. Post
fixation was performed with 2% OsO4 (0972B, Poly-
sciences Inc., Warrington, PA, USA) in 0.1 M sodium
phosphate buffer for 2.5 h at room temperature followed
by washing in 0.1 M sodium phosphate buffer. The samples
were washed twice for 5 min in 50% acetone and en
block mordanted with 2% uranyl acetate in 50% acetone
for 20 min. Dehydration was performed using increasing
concentrations of acetone (50, 70 and 90% and twice
100%) for 5 min each. The samples were infiltrated and
embedded in epoxy resin (Poly/Bed 812, 08791, Poly-
sciences Inc.) followed by polymerization at 55–60◦C
for 3 days. Transverse sections of 2 μm thickness were
cut using an ultramicrotome (Leica Ultracut UCT) and
mounted on Superfrost Plus glass slides (Thermo Fisher
Scientific). The sections were post stained with 1%
PPD (P-6001) in 2-propanol and methanol (1:1) for
10 min, followed by two washes in methanol for 15 and
10 s, respectively. The sections were air dried overnight
and mounted in Eukitt (Electron Microscopy Sciences,
Hatfield, PA, USA). Examination and imaging of the
sections were performed with a Leica DMRXE microscope
(Leica Microsystems, Ballerup, Denmark) using an HCX
plan APO ×63/1.32 oil objective and Leica application
suite software version 2.8.1.

From each section a minimum of 85 muscle fibres were
analysed by drawing a line around each fibre and analysing
LD staining inside the muscle fibre. A threshold value for
the intensity of staining was established for all images and
LDs were quantified as total positive staining per muscle
fibre area (total lipid staining per area), average area of the
LDs (average LD size) and as the number of positive IMTG
stainings per fibre area (number of LDs per 200 μm2).
Images were analysed using the freeware software ImageJ
1.45e (http://rsbweb.nih.gov/ij/index.html).

DAG content. Muscle DAG content was determined in
freeze dried and dissected muscle tissue using the method
of Folch et al. (1957) and as previously described (Hoeg
et al. 2011). Briefly, lipids were extracted by homo-
genizing 1 mg of freeze dried and dissected muscle
tissue in 1 ml methanol and 2 ml chloroform using a
polytron homogenizer (Kinematica, PT 1200, Lucerne,
Switzerland) followed by addition of 3 ml NaCl (0.9%,
w/v) to the extraction mixture. After centrifugation
for 10 min at 1922g, the lower phase was collected
and evaporated under a steam of nitrogen and the
resulting pellet was dissolved in chloroform. The lipids
were then separated by thin layer chromatography
(TLC) by loading the dissolved pellet along with

an internal DAG standard on silica plates (Merck,
Darmstadt, Germany) and consecutively immersing these
in two separate solvents, chloroform/methanol/acetic
acid/water (50:50:5:5) followed by petroleum ether/diethyl
ether/acetic acid (120:25:1.5), each containing butylated
hydroxytoluene (50 mg l−1). The DAG bands were
visualized by immersing the plate in a 10% copper
sulphate pentahydrate and 8% phosphoric acid solution.
Lipid bands were developed at 120◦C and quantified
using a Kodak Image station (2000MM, Kodak, Glostrup,
Denmark) according to internal standards.

Muscle lysate preparation. Freeze dried and dissected
muscle tissue was homogenized in an ice-cold
buffer (1:80 w/v) containing 50 mM Hepes (pH
7.5), 150 mM NaCl, 20 mM sodium pyrophosphate,
20 mM β-glycerophosphate, 10 mM NaF, 2 mM sodium
orthovanadate, 2 mM EDTA, 1 mM EGTA, 1% Nonidet
P-40, 10% glycerol, 2 mM phenylmethanesulfonyl fluoride,
10 μg ml−1 leupeptin, 10 μg ml−1 aprotinin and 3 mM

benzamidine using a tissue lyser (TissueLyser II, Retsch
GmbH, Haan, Germany). Muscle lysates were prepared
as previously described (Alsted et al. 2009) and stored
at −80◦C until analysis. The lysate protein content was
assessed using the bicinchoninic acid method (Pierce,
Rockford, IL, USA).

Western blotting. Protein expression and phosphory-
lation were determined using SDS-PAGE and Western
blotting techniques. For these purposes the following anti-
bodies were used: anti-ATGL (AF5365, R&D Systems,
Minneapolis, MN, USA), anti-CGI-58 (NB110–41576,
NOVUS Biologicals, Littleton, CO, USA), anti-HSL
(kindly donated by Dr Cecilia Holm, Department
of Cell and Molecular Biology, University of Lund,
Sweden), anti-G(0)/G(1) switch gene 2 (G0S2) protein
(HPA010016), anti-phospho-Thr172-AMP-activated pro-
tein kinase (AMPK) (2531, Cell Signaling Technology,
Beverly, MA, USA), anti-AMPKα2 (kindly donated
by Dr. G. Hardie, Division of Molecular Physiology,
University of Dundee, Dundee, UK), anti-phospho-Thr56

eukaryotic elongation factor 2 (eEF2) (2331, Cell
Signaling Technology), anti-eEF2 (sc-13003, Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA),
anti-phospho-Ser221-acetyl-CoA-carboxylase-β (ACCβ)
(07–303, Millipore, Billerica, MA, USA) and anti-Actin
(Cat. No. A 2668). Total ACCβ was stained with
horseradish peroxidase (HRP)-conjugated streptavidin
and for other protein membranes were incubated
with appropriate HRP-conjugated secondary anti-
bodies. Antigen–antibody complexes were visualized
using enhanced chemiluminescence (IMMOBILIONTM

Western, Millipore) and quantified using a Kodak Image
station 2000MM.

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society



5146 T. J. Alsted and others J Physiol 591.20

TG hydrolase activity assay. TG hydrolase activities were
performed as previously described with modifications
(Alsted et al. 2009). Briefly, quadriceps muscles from mice
(ATGL-KO, HSL-KO and their respective WT littermates)
were homogenized on ice in a buffer containing
0.25 M sucrose, 1 mM EDTA, 1 mM dithiothreitol, 40 mM

β-glycerophosphate, 10 mM sodium pyrophosphate,
20 μg ml−1 leupeptin, 20 μg ml−1 antipain, 6.25 μg ml−1

pepstatin A and 0.31 μM okadaic acid (pH 7.0). The super-
natant was recovered after centrifugation of the homo-
genate at 18,500g at 4◦C for 45 s and used for TG hydrolase
activity measurements. The substrate containing triolein
and tri [9,10 (n)-3H]-olein (NET-431, PerkinElmer Life
Sciences, Boston, MA, USA) was emulsified with
phosphatidylcholine/phosphatidylinositol (3:1) in 3 ml of
0.1 M potassium phosphate buffer (pH 7.0) and 1 ml of
20% FA-free BSA in 0.1 M potassium phosphate buffer (pH
7.0) by sonication (Branson digital sonifier 250, Danbury,
CT, USA). For TG hydrolase activities, 50 μg of a lysate
pool of eight animals was preincubated for 30 min with
different concentrations of the HSL inhibitor (76-0079,
Novo Nordisk) or corresponding concentrations of DMSO
as vehicle. The mixture was then incubated in a shaking
water bath for 60 min at 37◦C with 100 μl [3H]-triolein
substrate (167 nmol, 1.25 × 104 c.p.m.), enzyme dilution
buffer (20 mM potassium phosphate, pH 7.0, 1 mM EDTA,
1 mM dithioerythritol and 0.02% FA-free BSA) in a total
volume of 200 μl. All samples were run in triplicate
and the results are representative of three independent
experiments. The reaction was terminated by adding
3.25 ml of methanol/chloroform/heptane (10:9:7) and
1 ml of 0.1 M potassium carbonate, 0.1 M boric acid, pH
10.5. After the mixture was centrifuged at 1100g for
20 min, 1 ml of the upper phase was removed and the
radioactivity of the released 3H-labelled fatty acids was
determined by liquid scintillation counting (Tri-Carb 2500
TR, PerkinElmer, Waltham, MA, USA).

Glycogen. Muscle glycogen content was measured on
rat muscle homogenates (200 μg) and on whole mouse
muscles and determined as glycosyl units after acid hydro-
lysis (Lowry & Passonneau, 1972).

Calculations and statistics. The total lipid droplet staining
intensity per muscle area as well as the number and size
of the LDs were obtained from 6–7 different areas of the
fibre cross sections and were used to calculate the mean
values of the whole muscle. Statistical evaluations were
performed either by a one-way or two-way ANOVA with or
without repeated measures where appropriate. When the
test indicated significant differences, the Tukey’s post hoc
test was used for further analysis (Sigma Stat 11.0). Data
are expressed as mean ± SEM. Differences between groups
were considered statistically significant at P < 0.05.

Results

Effects of contraction time on IMTG content in rat
skeletal muscle

A morphological approach using BODIPY 493/503
staining of LDs and confocal microscopy imaging was
used to determine IMTG content. To evaluate the effect
of contraction time on changes in IMTG content, rat SOL
muscles were stimulated to contract for either 5 or 20 min
and the intensity of the LD staining per area was used as
a measure of IMTG content. In response to contraction a
significantly decreased IMTG content was observed after
5 min (20%, P < 0.05) and a further decrease was observed
after 20 min (77%, P < 0.05; Fig. 1A, B). The number of
LDs per fibre area was unchanged from basal to 5 min
of contractions while it was decreased to 55% of basal
after 20 min (P < 0.05 vs. basal and 5 min; Fig. 1C). The
average size of the LDs was decreased to a similar extent
after 5 min and 20 min of stimulation (P < 0.05; Fig. 1D).
Fibre type-specific analysis revealed a similar pattern of
reductions in total IMTG content, number of LDs per
area and average LD size in both type I and type II fibres
(Table S1). Thus, the small decrease in IMTG after 5 min
could be ascribed to a reduction in the LD size, while
the further decrease in IMTG content following 20 min of
contraction was due to a reduction in the number of lipid
droplets.

The NNC 76-0079 is specific for HSL in skeletal muscle
and inhibits HSL ex vivo

To test the specificity of the NNC 76-0079 inhibitor for
HSL (76-0079) in skeletal muscle, in vitro TG hydro-
lase activity was assayed in lysates of quadriceps muscles
from WT and HSL-KO mice in the presence of increasing
concentrations of the inhibitor. In lysates from WT mice
the inhibitor reduced TG hydrolase activity to levels
seen in lysate from HSL-KO mice (40% of WT control,
P < 0.001), whereas the inhibitor had no effect in lysate
from HSL-KO mice (Fig. 2A). During contractions of rat
soleus muscles ex vivo the inhibition of HSL upon addition
of the NNC 76-0079 was demonstrated as an increase
in muscle DAG content. In contracted muscles, which
were preincubated with 76-0079, a modest but significant
increase in DAG content compared to the contralateral
basal muscle was observed (P < 0.05; Fig. 2B). The DAG
content was increased by 7–12% when using inhibitor
concentrations of 1–3 mM, whereas no increase in DAG
content was found in muscles preincubated with either
DMSO (vehicle, VEH) or without either inhibitor or
vehicle. These data indicate that HSL was maximally
inhibited at the 2 mM concentration of the inhibitor
ex vivo; hence, this concentration was used in further
experiments.
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Acute inhibition of HSL does not influence
contraction-induced IMTG breakdown, glycogen
breakdown or muscle contractile properties in rat
skeletal muscle

In response to contractions the IMTG content in rat soleus
muscles decreased to the same extent in the presence of
the HSL inhibitor or VEH (72 and 75%, respectively,
P < 0.001; Fig. 3A). In addition, the number of LDs per
area and the average LD size were significantly decreased
(P < 0.001), with no differences observed between the
groups (Fig. 3B and C). Furthermore, in type I and type II
fibres of the contracted muscles, IMTG degradation as well
as reductions in the number of LDs per area and average
LD size were identical regardless of whether the HSL
inhibitor or VEH was present in the incubation medium
(P < 0.05) (Table S2). Glycogen content was reduced in
contracted muscles (P < 0.05) to the same extent in the
presence of the HSL inhibitor or VEH (Fig. 3D). Force
production by the muscles throughout the 20 min of

stimulation was identical in the inhibitor and the VEH
incubated muscles (Fig. 3E) and no differences in time
to peak tension or total relaxation time were observed
(Table S3).

Contraction-induced IMTG breakdown is slightly
impaired while glycogen breakdown and muscle
contractile properties are not affected in HSL-KO mice

To further investigate lipolysis of IMTG in the absence
of HSL, we measured IMTG staining before and after
contractions ex vivo in soleus muscles of HSL-KO mice.
As the method that was used to fix and stain LDs in
rat skeletal muscle resulted in very little or no staining
in samples from mouse skeletal muscle, we adopted and
developed a technique based on a previously used electron
microscopy protocol for LD staining in cross sections of
mouse skeletal muscle, to image LDs with bright-field light
microscopy. A representative image of LD staining in cross
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sections from basal and ex vivo stimulated soleus muscles
of HSL-KO mice and WT littermates is shown in Fig. 4A.
IMTG content decreased significantly with contractions
in muscles of both HSL-KO and WT mice (P < 0.05),
the decrease being slightly less in the former (53 and
63% decrease for HSL-KO and WT, respectively, P < 0.05;
Fig. 4B). In addition, the average LD size and the number
of LDs per fibre area were significantly reduced (P < 0.05),
but no differences between genotypes were observed
(Fig. 4C and D). Likewise, glycogen content in response to
contractions was decreased (P < 0.05) to a similar extent
in muscles of HSL-KO and WT littermates (Fig. 4E).
Muscle force production during electrical stimulation did
not differ between genotypes (Fig. 4F). In addition, no
differences in time to peak tension or total relaxation time
were found (Table S4).

Activation of contraction responsive signalling
pathways in rat and mouse skeletal muscle

To examine whether the HSL inhibitor exerted any
unspecific effects and if any side effects due to the
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Figure 2. Effects of HSL inhibition in vitro and ex vivo
A, TG hydrolase activity in lysates of quadriceps muscles from
HSL-KO and wild type (WT) mice incubated with vehicle (VEH) or
increasing doses of a mono-specific, small molecule HSL inhibitor
(76-0079). Data are expressed as mean ± SEM. B, effect of HSL
inhibition on muscle DAG content in electrically stimulated rat soleus
muscles (n = 6). Data are expressed as mean percentage of the basal
control muscle ± SEM. ∗P < 0.001 compared with VEH within WT;
#P < 0.05 compared with HSL-KO at the corresponding dose;
‡P < 0.05 compared with ES 0 and VEH.

lack of HSL activity occurred, the phosphorylation
status of three known contraction responsive proteins,
AMPK, ACCβ (a downstream target of AMPK) and
eEF2 (a downstream target of eEF2 kinase) was
assessed. Muscle contraction-induced significant increases
in phosphorylations of AMPK Thr172 (P < 0.001),
ACCβ Ser218 (P < 0.001) and eEF2 Thr56 (P < 0.001)
(Fig. 5A–D). These changes were similar in the inhibitor
and VEH incubated rat soleus muscles. In mouse soleus
muscles contraction increased phosphorylations of AMPK
Thr172 (P < 0.001), ACCβ Ser212 (P < 0.01) and eEF2
Thr56 (P < 0.01) to a similar extent in HSL-KO and WT
littermates (Fig. 5E–H). Thus, neither absence of HSL
activity nor the HSL inhibitor per se seemed to influence
contraction-induced changes in protein signalling in
skeletal muscle.

TG hydrolase activity and protein expressions in
mouse skeletal muscle

To investigate whether lipases other than ATGL and HSL
could contribute to lipolysis of IMTG, we analysed TG
hydrolase activities in lysates of quadriceps muscles from
ATGL-KO and WT in the presence of the HSL inhibitor or
VEH (Fig. 6A). At maximal inhibition of HSL in ATGL-KO
lysates, TG hydrolase activity was below 2% of WT control
lysates (P < 0.001). Thus, collectively ATGL and HSL
account for at least 98% of the TG hydrolase activity
in mouse skeletal muscle, and other TG lipases seem of
little or no importance for lipolysis of IMTG. The finding
that lipolysis of IMTG was intact in HSL-KO mice might
suggest compensatory changes in protein expressions of
ATGL or co-regulatory factors. However, no differences in
the protein expression of ATGL between HSL-KO and WT
littermates were found (Fig. 6B and C). In addition, the
protein expressions of CGI-58 and G0S2 protein, which
are positive and negative regulators of ATGL activity,
respectively, did not differ between genotypes (Fig. 6D
and E).

Discussion

HSL has long been considered the only lipase activated
during muscle contractions. However, the present study
is the first to investigate the effect of acute HSL
inhibition and deletion of the HSL gene, respectively, on
contraction-induced lipolysis of IMTG in intact skeletal
muscle. At maximal pharmacological inhibition of HSL
in rat skeletal muscles ex vivo, contraction-induced
lipolysis of IMTG was identical to that seen in control
muscles. This was so in both type I and type II fibres.
In addition, IMTG staining decreased significantly with
contractions in muscles of both HSL-KO and WT, the
decrease being slightly less in the former. In vitro TG
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lipase activity measurements revealed that ATGL and
HSL collectively account for at least 98% of the TG
hydrolase activity in mouse skeletal muscle, and other
TG lipases accordingly seem of negligible importance
for lipolysis of IMTG. The present study is the first to
demonstrate that contraction-induced lipolysis of IMTG
occurs and is almost intact in the absence of HSL activity
in rat and mouse skeletal muscle. Together, these data
strongly suggest that ATGL-mediated lipolysis of IMTG,
although not directly measured, plays a physiologically
significant role in contraction-induced lipolysis in skeletal
muscle.

The finding of maintained contraction-induced
lipolysis of IMTG when HSL was acutely inhibited or in
muscles of HSL-KO mice suggests that HSL is not the
only TG lipase activated by contractions in rat skeletal
muscle. This result is in contrast to the general view of HSL
being entirely responsible for the contraction-induced
lipolytic activity (Langfort et al. 2000; Roepstorff et al.
2004; Watt et al. 2004b). This notion, however, is based
on in vitro activity measurements, where the increase in
TG lipase activity, measured in homogenates of contra-
cted or adrenaline-stimulated muscles, was blocked when
adding an anti-HSL antibody to the assay media (Langfort

et al. 1999, 2000; Watt et al. 2004b). However, the in
vitro TG lipase assay may not fully reflect the acute
activation of muscle TG lipases and lipolytic activity in
vivo, which is illustrated by comparing two previously
published papers. Thus, Langfort et al. (2000) found
that HSL activity, although increased after 5 min, was
not increased above basal in homogenates of rat skeletal
muscle, contracted for 10 and 60 min. By contrast, using
the same experimental setup Prats et al. (2006) found that
HSL translocated to one-third of the LDs and colocalized
with Adipose differentiating related protein (ADRP) in
parallel with a 60% reduction of IMTG content after
15 min of contractions. These findings suggest either that
HSL was activated, but this could not be detected in the in
vitro activity assay in the study by Langfort et al. (2000),
or that other lipases than HSL are activated during contra-
ctions. In addition, while the protein kinase A-mediated
phosphorylation of HSL increases the in vitro activity of
the enzyme approximately 2-fold, this cannot account
for the 50–100-fold release of FA and glycerol upon
β-adrenergic stimulation of adipocytes (Nilsson et al.
1980; Fredrikson et al. 1981), suggesting that translocation
and allosteric mechanisms are important for regulation of
lipolytic activity.
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Figure 3. Acute inhibition of HSL does not impair contraction-induced IMTG breakdown, glycogen
breakdown or force production
A–C, rat soleus muscles were stimulated electrically to contract (ES) for 20 min or remained in the basal state
in the presence of the specific HSL inhibitor 76-0079 (2 mM) or vehicle (VEH). Results are expressed as total LD
staining per area (A), number of LDs per 200 μm2 muscle fibre area (B) and average LD size (nm2) (C) (n = 9). D
and E, glycogen content before and after ES (n = 9) (D) and force production during ES (n = 18) (E) in rat soleus
muscles in the presence of the specific HSL-inhibitor 76-0079 (2 mM) or VEH. Data are expressed as mean ± SEM.
∗P < 0.001 compared with corresponding basal.
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The results of the present study imply that ATGL was
activated during contractions in rat skeletal muscle. This
interpretation is based on the findings that only 2% of
total TG lipase activity remained when HSL was maximally
inhibited in muscle lysates of ATGL-KO mice. Thus, ATGL
and HSL collectively account for at least 98% of the
TG lipase activity in mouse skeletal muscle, and other
TG lipases accordingly are of negligible importance for
lipolysis of IMTG. This finding is in line with results
obtained in white adipose tissue, showing that ATGL and
HSL together account for more than 95% of the TG
lipase activity (Schweiger et al. 2006). In adipose tissue
ATGL activity has been found to be regulated positively

by CGI-58 (Lass et al. 2006) and negatively by G0S2 (Yang
et al. 2010) and it could be hypothesized that the expression
of these proteins was altered in the present study to
compensate for the absence of HSL activity. However,
neither ATGL, CGI-58 nor G0S2 protein contents differed
between muscles of HSL-KO and WT mice. These analyses
were performed on samples from muscle tissue dissected
free from visible adipose tissue. Contamination from
adipose tissue could, however, remain a possibility, as
we may have missed a difference between genotypes in
expression of these proteins. In adipose tissue, ATGL was
previously thought to be important for lipolysis only in the
basal state (Langin et al. 2005). However, ATGL is now also
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Figure 4. Contraction-induced IMTG breakdown is slightly impaired while glycogen breakdown and
muscle contractile properties are not altered in HSL-KO mice
A, representative images of LDs stained in cross sections from basal and electrically stimulated (ES) muscles of
HSL-KO mice and WT littermates. Results are expressed as total LD staining per area (B), average LD size (nm2)
(C) and number of LDs per 200 μm2 muscle fibre area (D) (n = 8). E and F, glycogen content (n = 8) before and
after ES (E) and force production (n = 16) during ES (F) in soleus muscles of HSL-KO and WT littermates. Data
are expressed as mean ± SEM. ∗P < 0.05 compared with corresponding basal; #P < 0.05 compared with HSL-KO,
same condition; §P < 0.001 interaction between genotype and ES; ‡P < 0.001 main effect of ES.
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considered important for adrenaline-stimulated lipolysis
in adipose tissue as demonstrated both in adipocytes
in vitro (Haemmerle et al. 2006; Schweiger et al. 2006) and
by an apparent defect in FA release from the adipose tissue
to the circulation during treadmill running in ATGL-KO
compared to WT mice (Huijsman et al. 2009; Schoiswohl
et al. 2010). In addition, a study on human adipocytes
showed that ATGL activity was rate limiting for TG
hydrolysis in the basal condition and during adrenaline
stimulation (Bezaire et al. 2009). Thus, the result of the
present study indicating that ATGL is activated during
contractions in skeletal muscle suggests that ATGL is not
merely a basal lipase.

In the present study the specificity of the NNC 76-0079
inhibitor for HSL was tested using an in vitro TG hydro-
lase activity assay in skeletal muscle lysates of HSL-KO
mice and WT littermates. In lysate from WT mice the
inhibitor reduced TG hydrolase activity to levels seen
in lysate from HSL-KO mice, whereas the inhibitor had
no effect in lysate from the latter. These data are in line
with previously published results, showing a potent effect
of the inhibitor in white adipose tissue lysates, isolated
fat pads and liver lysates from ATGL-KO mice, with no
effects on HSL-KO fat tissue or extracts (Schweiger et al.

2006; Reid et al. 2008). In muscles incubated ex vivo,
inhibition of HSL resulted in an increased DAG content
during contractions. Importantly, the HSL inhibitor did
not have non-specific effects on force production, rate of
fatigue, calcium signalling as determined by eEF2 Thr56

phosphorylation or AMPK signalling, which are factors
known to be influenced by skeletal muscle contractions
(Winder & Hardie, 1996; Rose et al. 2005) Therefore, we
conclude that the compound NNC 76-0079 inhibits HSL
in skeletal muscle and does not exert unspecific effects in
contracting muscles ex vivo.

Using a morphological approach, IMTG content was
found to decrease with time during contractions. After
20 min of electrically stimulated contractions, IMTG
content, the number of LDs per muscle area and the
average LD size were all decreased significantly. This is
in line with a previous study in rats, in which a decrease
of IMTG content was found after 15 min of contractions,
assessed by staining of LDs in single fibres (Prats et al.
2006). The extent to which IMTG was degraded ex vivo
is above what is normally found during in vivo exercise
in human skeletal muscle (Watt et al. 2004a; Roepstorff
et al. 2005). This can be explained by the high intensity
of the contractions performed by the muscles and by
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Figure 5. Effects of contractions on muscle signalling proteins
Immunoblotting of rat soleus muscles before and after 20 min of electrically stimulated (ES) contractions in the
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(E–H) before and after ES. Values for protein phosphorylation are corrected for the corresponding total protein.
Data are expressed as mean ± SEM, n = 8–9 per group. ‡P < 0.01 main effect of ES. AU, arbitrary units.
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FA being absent from the incubation media, which may
enhance lipolysis of IMTG, as previously found in human
skeletal muscle (Watt et al. 2004a). In the present study,
muscle glycogen was broken down to a similar extent
in muscles treated with either HSL inhibitor or vehicle,
which supports the findings that IMTG was degraded
to a similar extent in these muscles. Because muscle
force production was similar, a compensatory increase
of glycogen utilization would be expected to occur if
lipolysis of IMTG was attenuated. Corresponding with
these findings, glycogen degradation and force production
in muscles of HSL-KO mice were similar to findings in WT
mice, while lipolysis of IMTG was almost intact. Enhanced
utilization of glycogen was previously observed in muscles
of HSL-KO mice during low-intensity treadmill running
(Huijsman et al. 2009). In another study, no difference
in muscle glycogen utilization between HSL-KO and WT
mice was observed during high-intensity running until
exhaustion (Fernandez et al. 2008). Thus, the present
findings of a maintained force production and similar
glycogen degradation during contractions support that
IMTG breakdown was intact in the absence of HSL
activity.

In response to contractions, an increased phospho-
rylation of AMPK Thr172 and its downstream target

ACCβ Ser218/212 was found in both rat and mouse skeletal
muscles, indicating AMPK activation (Park et al. 2002).
AMPK is thought to be a negative regulator of lipolysis by
phosphorylating HSL on Ser565 (Garton et al. 1989), and
this phosphorylation has been demonstrated in skeletal
muscle (Donsmark et al. 2004; Roepstorff et al. 2004;
Watt et al. 2006). However, increased AMPK activity
in parallel with increased hydrolysis of IMTG has been
demonstrated before (Watt et al. 2004b; Smith et al.
2005), and conflicting results regarding the role of HSL
Ser565 phosphorylation for contraction-induced lipolysis
of IMTG exist (Donsmark et al. 2004; Roepstorff et al.
2004; Watt et al. 2006). In addition, it was recently found
that AMPK can phosphorylate ATGL in vitro at Ser406, and
that this phosphorylation increases lipolysis in adipocytes
(Ahmadian et al. 2011). However, in mixed human skeletal
muscle, ATGL Ser404 phosphorylation was not affected
by a submaximal exercise bout, and pharmacological
activation of AMPK in C2C12 myotubes did not affect
ATGL phosphorylation at Ser406, suggesting that AMPK
is not an upstream kinase of ATGL in skeletal muscle
(Mason et al. 2012). Nevertheless, the results of the present
study suggest that AMPK does not exert a major negative
effect on lipolysis in skeletal muscle during high-intensity
contractions.
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Figure 6. TG hydrolase activities and protein expressions
A, TG hydrolase activity in lysates of quadriceps muscles from ATGL-KO and wild-type (WT) littermates incubated
with the specific HSL inhibitor 76-0079 or vehicle (VEH). B–E, protein expression of ATGL (C) and ATGL activity
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In summary, the present study shows that contraction
induced lipolysis of IMTG occurs in the absence of
HSL activity. The fact that this was seen during acute
pharmacological blockade of HSL in rat skeletal muscle
as well as in HSL gene deficient mouse muscle indicates,
for the first time, that HSL is not the only lipase activated
by contractions and that ATGL seems to be activated as
well.
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