Adipose triglyceride lipase plays a key role in the supply
of the working muscle with fatty acids
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Abstract FAs are mobilized from triglyceride (TG) stores
during exercise to supply the working muscle with energy.
Mice deficient for adipose triglyceride lipase (ATGL-ko)
exhibit defective lipolysis and accumulate TG in adipose
tissue and muscle, suggesting that ATGL deficiency af-
fects energy availability and substrate utilization in work-
ing muscle. In this study, we investigated the effect of
moderate treadmill exercise on blood energy metabolites
and liver glycogen stores in mice lacking ATGL. Because
ATGL-ko mice exhibit massive accumulation of TG in the
heart and cardiomyopathy, we also investigated a mouse
model lacking ATGL in all tissues except cardiac muscle
(ATGL-ko/CM). In contrast to ATGL-ko mice, these mice
did not accumulate TG in the heart and had normal life
expectancy. Exercise experiments revealed that ATGL-ko
and ATGL-ko/CM mice are unable to increase circulating
FA levels during exercise. The reduced availability of FA
for energy conversion led to rapid depletion of liver gly-
cogen stores and hypoglycemia.lll Together, our studies
suggest that ATGL-ko mice cannot adjust circulating FA
levels to the increased energy requirements of the work-
ing muscle, resulting in an increased use of carbohydrates
for energy conversion. Thus, ATGL activity is required
for proper energy supply of the skeletal muscle during
exercise.—Schoiswohl, G., M. Schweiger, R. Schreiber, G.
Gorkiewicz, K. Preiss-Landl, U. Taschler, K. A. Zierler, F. P.
W. Radner, T. O. Eichmann, P. C. Kienesberger, S. Eder, A.
Lass, G. Haemmerle, T. J. Alsted, B. Kiens, G. Hoefler, R.
Zechner, and R. Zimmermann. Adipose triglyceride lipase
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Carbohydrates and FAs are the major energy substrates
in the working muscle. The use of FAs for energy conver-
sion depends, among other things, on exercise intensity
and duration. During prolonged exercise, when carbohy-
drate reserves get depleted, oxidation of FAs becomes
increasingly important (1, 2). Under these conditions, FAs
are imported from plasma sources or mobilized from in-
tramyocellular stores. Most of the body’s energy reserves
are stored in white adipose tissue (WAT) implicating that
the supply of the muscle with energy during prolonged
exercise is largely dependent on adipose lipolysis. The mo-
bilization of FAs in adipose tissue is tightly controlled by
hormones. Catecholamines and other effectors activate
lipases resulting in increased FA release into the circula-
tion (3, 4). Adipose triglyceride lipase (ATGL) and hor-
mone-sensitive lipase (HSL) are the major triglyceride
(TG) lipases in this process. HSL most efficiently hydroly-
ses diglycerides (DGs), but is also capable of degrading
several other lipid substrates including TGs, monoglycer-
ides, cholesteryl ester, and retinyl ester (5). In HSL-defi-
cient WAT, TG hydrolysis results in the accumulation of
DG, suggesting that HSL is a major DG hydrolase in vivo
(6). ATGL specifically performs the first step in lipolysis,
generating DGs and FAs (7). ATGL-deficiency in mice res-
ults in obesity caused by severely reduced TG hydrolysis in
adipose tissue. Increased deposition of TG is also observed
in many other tissues (8). In the absence of both enzymes,
hormone-induced FA release in WAT is decreased by more
than 95% (9). Together, these observations suggest that
efficient lipolysis is dependent on the coordinate action of
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acylglycerol lipases in sequential steps: ATGL generates DG,
which is subsequently hydrolyzed by HSL. In the last step of
lipolysis, monoglycerides are degraded by monoglyceride
lipase leading to the formation of glycerol and FAs (10).

To date, limited information is available about the role
of ATGL to exercise-induced TG hydrolysis. Because FAs
are an important energy source in skeletal muscle, we hy-
pothesized that defective lipolysis in ATGL-deficient mice
is associated with changes in energy availability and energy
substrate utilization in the working muscle. ATGL-ko mice
develop cardiomyopathy due to massive accumulation of
TGs in the heart. To circumvent this problem, we also inv-
estigated a mouse model lacking ATGL in all tissues ex-
cept cardiac muscle (ATGL-ko/CM). Treadmill experiments
using these mouse models revealed an important role of
ATGL in exercise-induced FA mobilization. ATGL-ko and
ATGL-ko/CM mice are not capable of mobilizing suffi-
cient FAs during moderate exercise to maintain normal
energy metabolism, which results in marked changes in
energy substrate utilization. Moreover, TG accumulation
in oxidative muscle fibers lacking ATGL suggests that, in
addition to decreased adipose lipolysis, defective mobiliza-
tion of intramyocellular TG reserves reduce the availability
of FAs for energy conversion in the working muscle.

METHODS

Animals

Mice were maintained on a regular light-dark cycle (14 h light,
10 h dark) and kept on a standard laboratory chow diet (4.5%
w/w fat). ATGL-ko mice were generated by targeted homologous
recombination as described (6, 8). To achieve cardiac specific
expression of ATGL, full-length murine ATGL was introduced
into a minigene containing the cardiac-specific promoter of the
a-myosin heavy chain (a-MHC) gene (GenBank: U71441) and
transgenic mice were created as described (11). For generation
of mice lacking ATGL in all tissues except cardiac muscle, mice
were backcrossed on the ATGL-ko background. Mice used for
experiments were 8 to 10 weeks of age, kept ad libitum, and back-
crossed at least five times on the C57BL/6] background. Animals
were anesthetized with IsoFlo/Isoflurane (Abbott, Animal
Health, Queenborough, Kent, UK) and euthanized by cervical
dislocation. The study was approved by the Austrian ethics com-
mittee, and is in accordance with the council of Europe Conven-
tion (ETS 123).

Animal experiments

Healthy male and female mice were exercised on a motorized
treadmill (IITC Inc./Life Science, Woodland, CA). Before ex-
periments, all mice were familiarized to the treadmill in a 5 min
run at 14 m/min and 0° slope for 2 days. For the experimental
run, normally fed mice ran for 60 min at a speed of 14 m/min
and 0° slope in individual treadmill lanes. These settings were
chosen because they were close to the maximal endurance capac-
ity of ATGL-ko mice. Mice that were not capable of running the
whole distance were excluded from the experiments. Treadmill
experiments were performed between 9 and 11 AM. A mild elec-
trical stimulus (100-120 V; 2 mA) was applied to mice that stepped
off of the treadmill lane. To measure spontaneous physical activ-
ity, Oy consumption, CO, production, and food intake, mice
were housed in a laboratory animal monitoring system that

allows the continuous measurement of these parameters (Lab-
Master, TSE Systems GmbH, Bad Homburg, Germany).

Blood and plasma parameters

Resting and exercised animals were anesthetized using isoflu-
rane and blood samples were collected by retro-orbital puncture.
Plasma levels of TGs, glycerol, and FAs were determined using
commercial kits (Thermo Electron Corp., Victoria, Australia;
Sigma, St. Louis, MO; Wako Chemicals, Neuss, Germany). Blood
glucose and lactate concentrations were determined using Accu-
Check glucometer and Accutrend® Plus, respectively (Roche
Diagnostics, Vienna, Austria).

Determination of liver glycogen content

Livers of resting and exercised mice were homogenized (Ultra
Turrax®, Staufen, Germany) in 0.03 N HCI (20 pl/mg tissue) on
ice. For the determination of liver total glucose concentration,
aliquots of lysates were mixed with equal volumes of 2 N HCl and
incubated for 2 h at 90°C. The hydrolysate was neutralized with
2 N NaOH. To determine free glucose concentration, aliquots
of liver lysates were mixed with equal amounts of (2 N) HCI and
immediately neutralized with 2 N NaOH. Glucose concentrations
were measured using D-Glucose-HK-Kit (Megazyme Interna-
tional Ireland Ltd, Wicklow, Ireland). The amount of liver glyco-
gen was determined by the difference of total glucose and free
glucose concentrations (12).

Determination of skeletal muscle TG content

Skeletal muscle lipids were extracted by the method of Folch
and the chloroform phase containing neutral lipids was brought
to dryness under nitrogen. For determination of skeletal muscle
TG content, the lipid pellet was solubilized in 2% Triton X-100 by
sonication and TG concentrations were determined using Infin-
ity Triglycerides Reagent (Thermo Electron Corp.).

Determination of TG hydrolase activity

WAT and skeletal and cardiac muscle from resting animals were
homogenized in buffer A (0.25 M sucrose, 1 mM EDTA, 1 mM di-
thiothreitol, 20 pg/ml leupetine, 2 pg/ml antipain, 1 pg/ml pep-
statin, [pH 7.0]) on ice using an Ultra Turrax®. Thereafter, the
homogenate was centrifuged at 20,000 g, 4°C for 30 min and the
fat-poor infranatant was used for TG hydrolase activity assays. For
that purpose, tissue lysates were incubated in a total volume of 100
wl buffer A with 100 pl substrate in a water bath at 37°C for 60 min.
After incubation, the reaction was terminated by adding 3.25 ml of
methanol/chloroform/heptane (10:9:7) and 1 ml of 0.1 M potas-
sium carbonate, 0.1 M boric acid, (pH 10.5). After centrifugation
(800 g, 15 min), the radioactivity in 1 ml of the upper phase was
determined by liquid scintillation counting. Stimulation of ATGL
was achieved by coincubation of the tissue preparations with puri-
fied murine GST-CGI-58 (CGI-58) (9, 13). The substrate was pre-
pared by emulsifying 330 uM triolein (40,000 cpm/nmol) and 45
M phosphatidylcholine/phosphatidylinositol (3:1) in of 0.1 M
potassium phosphate buffer (pH 7.0) by sonication, followed by
the addition of 5% defatted BSA.

Histology

Muscles (Musculus gastrocnemius) were prepared from the hind
leg and frozen in liquid nitrogen or fixed in 4% buffered formal-
dehyde and embedded in paraffin. To visualize neutral lipids, sec-
tions from frozen muscles were stained with Sudan III or Oil Red
O (Sigma-Aldrich) and nuclei were counterstained with hem-
alaun (Roth, Karlsruhe, Germany) following standard protocols.
To differentiate between oxidative and non-oxidative muscle fi-
bers, sections of skeletal muscle were stained with NADH tetrazo-

Role of ATGL in exercise-induced lipolysis 491



A

activity (counts)

VO, (mifh*kg)

VCO, (mifh*kg)

O

food consumption (g)

492

1000 1

2000

1500

0,22
0,20
0,18
0,16
0,14
0,12
0,10
0,08
0,06
0,04

0,02

—— wild-type

1 = ATGL-ko

Y.
y'y

0,00 PRI

Journal of Lipid Research Volume 51, 2010

25

30

35
time (h)

Lol
1”
u.‘i-.“'l.'mé.

hJ‘ m

75

activity (counts/d)

—

VO, (ld*kg)

VCO, (l/d*kg)

food consumption (g/d*kg)

—

45000

40000

35000

30000

25000

20000

15000

10000

5000

100 1

80 1

60 7

40 4

20 4

100 1

90 1

80 1

70 1

60 1

50 1

40 1

30 1

20 1

300

250

200

150

100

50

wild-type

ATGL-ko

wild-type

ATGL-ko

wild-type

ATGL-ko

wild-type

ATGL-ko



A

wild-type
cardiac muscle

ATGL-ko
cardiac muscle

wild-type/CM
cardiac muscle

ATGL-ko/CM
cardiac muscle

ATGL-ko
skeletal muscle

wild-type
skeletal muscle

] Pt sy e il

P
wild-type/CM
skeletal muscle

ATGL-ko/CM
skeletal muscle

Fig. 2. Accumulation of neutral lipids in heart and skeletal muscle of ATGL-deficient mice. To visualize neutral lipids, cross-sections from
frozen cardiac muscle (A) and skeletal muscle (M. gastrocnemius) (B) derived from wild-type and mutant mice were stained with Sudan III.

Nuclei were stained with hemalaun.

lium reductase or myosin adenosine triphosphatase (ATPase, pH
4.3) according to standard protocols.

Statistical analysis
Statistical significance was determined by the Student’s un-

paired ttest (two-tailed). Group differences were considered sig-
nificant for p < 0.05 (*), p < 0.01 (**), and p < 0.001 (¥+%).

RESULTS

Locomotion and energy expenditure of ATGL-ko mice

ATGL-ko mice were reported to exhibit reduced oxygen
(Oy) consumption and hypothermia in response to fasting
(6). To investigate whether these mice also show changes
in physical activity and energy expenditure under non-
fasted conditions, mice were housed in an animal metabo-
lism research system (Lab Master) for 72 h where they had
free access to food. As shown in Fig. 1, we could not ob-
serve significant differences between wild-type and ATGL-
ko animals in locomotion (Fig. 1A, E), O, consumption
(VOy; Fig. 1B, F), CO, production (VCOy; Fig. 1C, G), and
food consumption (Fig. 1D, H). Thus, ATGL-deficiency is
not associated with severe changes in physical activity or
energy expenditure when mice are fed ad libitum.

Histological and biochemical characterization of
mutant mice

ATGIL-ko mice exhibit reduced TG hydrolase activities
in most tissues including heart, skeletal muscle, and adipose

tissue (8). These mice accumulate large amounts of TG in
cardiomyocytes, which causes cardiomyopathy starting at
the age of ~3 months. To exclude the possibility that heart
abnormalities affect exercise performance, we generated
mice overexpressing ATGL specifically in the heart (wild-
type/CM) and crossed them on the ATGL-ko background
(ATGL-ko/CM). In contrast to ATGIL-ko mice, ATGL-ko/
CM animals did not accumulate TG in cardiac muscle (Fig.
2A) whereas skeletal muscle sections of ATGIL-ko/CM ani-
mals stained positive for neutral lipids to an extent compa-
rable to ATGL-ko mice (Fig. 2B). TG hydrolase assays using
tissue lysates of ATGL-ko mice revealed significantly re-
duced activities in cardiac muscle, skeletal muscle, and
WAT compared with wild-type (Fig. 3). Wild-type/CM and
ATGIL-ko/CM animals exhibited an ~10-fold increase in
TG hydrolase activity in cardiac muscle compared with
wild-type mice. In skeletal muscle and WAT, wild-type/CM
mice exhibited TG hydrolase activities comparable to the
values obtained for wild-type controls. ATGL-ko/CM ani-
mals exhibited reduced activities in skeletal muscle and
WAT similar as observed in ATGI-ko animals. These data
demonstrate that the ATGL transgene is active in vivo and
specifically expressed in the heart.

To further investigate the role of ATGL in skeletal mus-
cle, we measured TG hydrolase activity in the presence of
CGI-58 (comparative gene expression protein-58, also
known as o /B hydrolase domain containing protein 5, ABHD5),
the activator protein of ATGL (Fig. 4A) (13). The addi-
tion of CGI-58 to wild-type muscle lysates led to a dose-

Fig. 1. Physical activity, energy expenditure, and food consumption of wild-type and ATGL-ko mice. Male mice were housed in a labora-
tory animal monitoring system (LabMaster, TSE Systems), which allows the simultaneous measurement of physical activity, Oy consumption
(VOy), COq production (VCOy), and food consumption. A-D: Mean changes in these parameters during light and dark periods (n = 4 for
each genotype). E-H: Daily activity, VO,, VCO,, and food consumption were calculated from data obtained from single mice during the

whole 72 h monitoring period. Data are presented as mean + SD.
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Fig. 3. TG hydrolase activity in tissues of wild-type and mutant mice. TG hydrolase activity was determined in
lysates (20.000 g infranatant) of cardiac muscle, skeletal muscle, and white adipose tissue using an artificial radio-
labeled triolein substrate. Data are presented as mean + SD (n = 5 for each genotype; ** p < 0.01, *** < 0.001).

dependent increase in TG hydrolase activity up to ~3-fold,
implicating that ATGL in muscle lysates is incompletely
activated by endogenous CGI-58. In ATGL-deficient mus-
cle preparations, this increase was completely blunted,
suggesting that ATGL is the sole CGI-58 activated lipase in
skeletal muscle. For comparison, we also determined TG
hydrolase activities of wild-type and ATGL-ko WAT in the
presence of various concentrations of CGI-58 (Fig. 4B).
The addition of CGI-58 resulted in an increase of lipolytic
activity up to ~~1.5-fold in adipose tissue of wild-type mice
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combinant GST-tagged CGI-58. Values are means + SD of triplicate
determinations and are representative for three independent exp-
eriments (¥¥* p<0.001).
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whereas no stimulation was observed in ATGL-ko WAT ly-
sates. The lower increase in TG hydrolase activity in WAT
in response to CGI-58 addition can probably be explained
by higher endogenous levels of CGI-58 in WAT than in
skeletal muscle.

As shown above (Fig. 2B), substantial lipid accumula-
tion was present in skeletal muscle of ATGL-ko mice
whereas no accumulation was visible in wild-type mice.
Neutral lipids were detected only in specific fibers whereas
others seemed unaffected. Most of these lipid accumulat-
ing fibers also stained positive for ATPase (at pH 4.3) and
for NADH-tetrazolium reductase (NADH-TR) (Fig. 5A)
demonstrating that TG accumulation occurs predomi-
nantly in oxidative fibers. To investigate whether the re-
duced TG hydrolase activity in ATGL-deficient skeletal
muscle affects the mobilization of endogenous TG
sources, we compared neutral lipid accumulation in sec-
tions obtained from skeletal muscle of wild-type and mu-
tant mice at rest and after exercise. Interestingly, TG
accumulation in ATGL-ko mice was present in resting and
exercised mice implicating that TG was not mobilized in
response to exercise. Biochemical analysis of muscle TG
levels revealed an ~3-fold increase in muscle TG content
in ATGL-ko mice compared with wild-type controls. TG
levels in both genotypes were similar before and after ex-
ercise (Fig. 5C). Identical observations were made in
ATGL-ko/CM mice (not shown). Together, our data indi-
cate that the lack of ATGL substantially affects TG mobili-
zation not only in adipose tissue (8) but also in oxidative
fibers of skeletal muscle.

Plasma lipid profile, carbohydrate levels, and liver
glycogen content at rest and after exercise

To investigate how the lack of ATGL affects lipolysis and
energy substrate mobilization/utilization in response to
exercise, we determined blood metabolites and glycogen
levels in resting and exercised animals. The relative
changes in mutant mice in comparison to their respective
controls were calculated from the values shown in Table 1
and are summarized in Fig. 6. In the basal state, ATGL-ko
mice exhibited reduced plasma FA, plasma glycerol, and
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was visualized using Sudan III staining. Nuclei were stained with
hemalaun. Images are representative for cryosections obtained
from three different mice. C: TG content of skeletal muscle (M.
gastrocnemius) of wild-type and ATGL-ko mice at rest and after
treadmill exercise.

liver glycogen levels (—32%, —48%, and —42%, respec-
tively). Plasma TG, blood glucose, and blood lactate values
were not different (Fig. 6A). In exercised animals, the dif-
ferences between wild-type and mutant mice were more
pronounced. Plasma FA and glycerol levels in ATGIL-ko
were reduced by 65% and 52%, respectively. Liver glyco-
gen was almost depleted (—91%) and blood glucose levels
were decreased by 49% (Fig. 6A). We also determined
muscle glycogen concentrations at rest and after exercise.
In the basal state, we observed a reduction by 30% in
ATGIL-ko animals (p < 0.05). In exercised animals, glycogen
levels were below the detection limit of our method and
we could not detect glycogen in wild-type and ATGL-ko
skeletal muscle (not shown). Values shown in Fig. 6 were
calculated from data obtained from male and female mice.
Very similar changes in blood parameters and liver glyco-
gen content of mutant mice were observed independent
of sex. The values for male and female mice are shown
separately in Table 1.

Similar observations as shown for ATGIL-ko animals
were made in ATGL-ko/CM mice (Fig. 6B). In compari-
son to the wild-type/CM controls, these animals exhibited
decreased plasma FA (—52%) and glycerol (—45%) levels
in the basal state. Plasma TG, blood glucose, and blood
lactate levels were unchanged. In contrast to ATGL-ko
animals, basal liver glycogen content was not decreased,
which possibly reflects the recovered ability of the heart to
use FAs from TG stores for energy conversion. In exer-
cised ATGL-ko/CM animals, plasma FA, plasma glycerol,
and blood glucose levels were decreased by 72%, 63%,
and 46%, respectively. No differences were observed in
TG and lactate values. Liver glycogen was again almost
depleted (—84%).

The effect of exercise on the lipolytic parameters FA
and glycerol as well as on blood glucose and liver glycogen
levels in these animal models is summarized in Fig. 7.
Compared with resting conditions, FA and glycerol levels
were significantly increased in wild-type (37% and 25%,
respectively; Fig. 7A) as well as in wild-type/CM mice (80%
and 35%, respectively; Fig. 7B). Conversely, plasma FA
and glycerol levels were decreased or unchanged in ATGL-
ko or ATGL-ko/CM animals. This implicates that adipose
tissue lacking ATGL cannot adjust circulating FA levels to
the increased energy requirements during exercise. The
low exercise intensity settings in this experiment did not
affect liver glycogen and blood glucose levels of wild-type
and wild-type/CM animals. Yet under these moderate con-
ditions, liver glycogen and blood glucose were substan-
tially reduced in ATGL-ko (—85% and —42%, respectively;
Fig. 7A) and ATGL-ko/CM animals (—88% and —43%,
respectively; Fig. 7B). An increase in working intensity to
16 m/min (5% inclination) resulted in an ~40% decrease
in liver glycogen of wild-type animals (not shown). How-
ever, these settings were not chosen because only a few
ATGL-ko animals were capable of running the whole dis-
tance under these conditions. Together, our observations
strongly indicate that the lack of ATGL in adipose tissue
leads to an undersupply of the muscle with FA, which is
compensated by an increased use of carbohydrates for en-
ergy conversion. The data obtained for ATGL-ko/CM
mice largely resembled the values obtained for mice to-
tally lacking ATGL. Thus, heart abnormalities do not af-
fect exercise performance of ATGL-ko mice, atleast under
the applied moderate working intensity conditions.

DISCUSSION

The present study demonstrates that mice lacking ATGL
cannot adjust circulating FA levels to the increased energy
consumption of the body during exercise. So far, most of
the published experimental work on exercise-induced lipol-
ysis was focused on the role of HSL in this process. A num-
ber of studies demonstrate that this enzyme is involved in
the mobilization of FAs in muscle and adipose tissue during
exercise (14-17). Moreover, in a very recent study, HSL was
shown to be important for normal mobilization of FAs dur-
ing exercise (18). Treadmill experiments with HSI-ko mice
revealed decreased plasma FA levels, a faster depletion of
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TABLE 1. Blood energy metabolites and liver glycogen stores at rest and after exercise

Male Resting Wild-Type (n = 6) ATGLko (n = 6) Wild-Type/CM (n = 5) ATGLko/CM (n = 9)
TG (mg/dl) 897" 30 817" 34 66779 5277 27

FA (mmol/L) 0.39770.12 0.28"70.05 0.54 "7 0.22 0.22 /7 0.04
Glycerol (mmol/L) n.d. n.d. 0.52"70.17 0.24 7/ 0.09%*
Glucose (mg/dl) 16477 30 1647 31 1647729 160 /7 42
Lactate (mmol,/L) 4.4%7 17 43%707 457709 3977 1.1
Glycogen (mg glucose/g) 31.5"77 1238 1817797 36.4"7711.8 32,577 13

Male Exercise Wild-Type (n =5) ATGLko (n=4) Wild-Type/CM (n = 7) ATGL-ko/CM (n=7)
TG (mg/dl) 417716 27779 717719 447 16w

FA (mmol/L) 0.5270.16 0.19 %/~ 0.05%* 0.97 7 0.28 0.25 %7 0,075
Glycerol (mmol/L) n.d. n.d. 0.70 77 0.21 0.23 "7 0.075
Glucose (mg/dl) 18577 26 75 /7 g 19877 26 108 /7 g7
Lactate (mmol/L) 417704 3.6"770.4 2977 1.3 337711
Glycogen (mg glucose/g) 2677 13.2 97 gk 28 77 12.1 4.7 pgp
Female Resting Wild-Type (n = 6) ATGLko (n=6) Wild-Type/CM (n = 6) ATGLko/CM (n=7)
TG (mg/dl) 857729 667" 23 55 7720 477712

FA (mmol/L) 0.40 77 0.11 0.26 77 0.04 0.54 77 0.12 0.27 /7 0.075x
Glycerol (mmol/L) 0.28 7 0.07 0.14 /7 0.08%* 0.51 7 0.09 0.33 77 0.16%
Glucose (mg/dl) 146 7/~ 32 12577 28 203"/~ 32 197 77 27
Lactate (mmol/L) 427709 427715 377705 3.4770.3
Glycogen (mg glucose/g) 314777 18.1 77 p 23977 8.3 29.2"77 9.4
Female Exercise Wild-Type (n = 6) ATGLko (n=4) Wild-Type/CM (n = 7) ATGL-ko/CM (n=7)
TG (mg/dl) 477711 337713 767720 35 /7 g

FA (mmol/L) 0.57 7 0.09 0.19 7/~ 0.08#x 0.99 77 0.13 0.30 /7 0,05
Glycerol (mmol/L) 0.38 7 0.06 0.17 /7 0.02 0.68"70.19 0.28 /7 0.15%%
Glucose (mg/dl) 146 7~ 26 89 7/~ 38 16877 15 94 /7 4k
Lactate (mmol/L) 33709 377707 2.5%70.8 237703
Glycogen (mg glucose/g) 317712 3.4 77 4.1%% 19773 2.6 77 3.4

Blood metabolites and liver glycogen concentrations were determined in resting and exercised male and female mice (1 h, 14 m/min, 0%
angle). Values of ATGL-ko and ATGL-ko/CM mice were compared with the values obtained for wild-type and wild-type/CM animals, respectively.
Data are presented as mean + SD (* p < 0.05, ¥* p < 0.01, *** p < 0.001); (n.d., not determined). Relative differences between control animals and

mice lacking ATGL as well as exercise-induced changes are summarized in Figs. 6 and 7, respectively.

liver carbohydrate stores, and reduced endurance capacity
compared with wild-type controls. These findings demon-
strate that HSL contributes to exercise-induced lipolysis in
adipose tissue (6). However, observations in mice (8, 9) and
recent human data (19) strongly suggest that ATGL initiates
TG hydrolysis in adipose tissue of rodents as well as in hu-
mans. The resulting DGs are subsequently hydrolyzed by
HSL implicating that HSI-mediated FA mobilization is
largely dependent on ATGL activity.

Very recently, a manuscript was published that com-
pares energy metabolism and exercise performance of
ATGL-ko and HSL-ko mice (20). This study demonstrates
that maximal running velocity and endurance capacity
were reduced in ATGL-ko mice but not HSL-ko mice. In
accordance with our observations, authors also demon-
strate that the reduced availability of FAs results in more
rapid depletion of glycogen stores in ATGL-ko animals.
However, mice totally lacking ATGL accumulate excess
TGs in the heart, which leads to cardiac abnormalities and
premature death starting at the age of ~3 months. Particu-
larly during exercise, cardiomyopathy could prevent the
cardiac output from rising sufficiently to meet tissue needs.
To exclude the possibility that heart abnormalities or car-
diac stress affect energy metabolism in resting or exercised
animals, we generated mice overexpressing ATGL in car-
diac muscle. These mice are protected from TG accumula-
tion specifically in the heart and have normal life
expectancy (not shown). However, the data obtained for
ATGL-ko/CM mice largely resembled the values of mice
totally lacking ATGL, implicating that cardiac abnormal-
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ities do not substantially affect blood metabolite concen-
trations at rest or under the applied moderate working
conditions. In both animal models, the lack of ATGL activ-
ity has severe implications on energy metabolism. Notably,
the working intensity settings in this study (14 m/min, 0%
grade, 60 min) were very low in comparison to the maxi-
mal endurance capacity of wild-type mice. At a speed of 20
m/min and 5% inclination, C57Bl6 mice become ex-
hausted after approximately 85 min (21). Yet, under the
low intensity conditions applied in this study that did not
affect liver glycogen levels in wild-type animals, liver glyco-
gen stores in ATGL-ko and ATGL-ko/CM mice were al-
most depleted. These results implicate that the reduced
availability of FA is compensated by an increased use of
liver carbohydrates for energy conversion. Very similar
metabolic changes as observed in exercised animals have
been made in fasted ATGL-ko mice (8). It has been shown
that fasting increases plasma FA in wild-type mice but not
in ATGL-ko mice. With increasing fasting time, a gradual
decrease in oxygen (O,) consumption was observed in
ATGIL-ko mice starting after ~8 h, which suggests reduced
energy expenditure presumably caused by insufficient FA
supply. Simultaneously, the respiratory quotient of ATGL-
ko mice was elevated in comparison to wild-type mice in-
dicative of an increased use of carbohydrates for energy
conversion. Thus, mice lacking ATGL cannot mobilize suf-
ficient energy during exercise or under fasting conditions
to maintain normal energy metabolism. Conversely, physi-
cal activity and energy expenditure of fed ATGL-ko mice
are within the normal range.
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Fig. 6. Blood energy metabolites and liver glycogen stores at rest and after exercise. Values were obtained
at rest and after treadmill exercise (1 h, 14 m/min, 0% angle). Relative changes were calculated from the
absolute values of male and female mice presented in Table 1. A: Differences between wild-type controls and
ATGL-ko mice at rest and after exercise. B: Differences between wild-type/CM and ATGL-ko/CM mice at
rest and after exercise. Data are presented as mean + SD (* p < 0.05, ¥* p < 0.01, ¥** p<0.001).

In humans, mutations in the ATGL gene (PNPLA2) are
associated with a rare inherited disorder annotated as
neutral lipid storage disease with myopathy (NLSD-M)
(22-24). Affected individuals exhibit systemic TG accumu-
lation and suffer from myopathy, cardiac abnormalities,
and hepatomegaly. Similar as observed in ATGL-ko mice,
excess accumulation of TGs in the heart causes cardiac ab-
normalities in humans (25). Most of the mutations re-
ported so far lead to the expression of truncated versions
of ATGL, which are enzymatically active in vitro (24, 26).
However, truncated variants of the enzyme are predomi-
nantly localized in the cytoplasm and show less association
with lipid droplets, suggesting that the lipolytic defect in
these patients is caused by mislocalization of ATGL (24).
Mutations in CGI-58 in humans are also associated with
systemic TG accumulation, mild myopathy, and hepato-
megaly (27). A common feature also associated with CGI-58
mutations is ichthyosis, which is not present in NLSD-M.
This disease is long known as Chanarin-Dorfman syn-
drome or NLSD with ichthyosis (NLSD-I) (28, 29). CGI-58
functions as activator protein of ATGL and exhibits no in-
trinsic TG hydrolase activity (13). Mutations associated

with NLSD-I lead to the expression of mutant forms of
CGI-58 that are not capable of stimulating ATGL activity
implying that fat deposition in tissues occurs due to defec-
tive ATGL function (13).

In human skeletal muscle, reduced ATGL activity caused
by mutations in either the ATGL or CGI-58 gene is always
associated with increased fat deposition in myocytes sug-
gesting an important function of these proteins not only in
WAT but also in muscle lipolysis. Recently, it was demon-
strated that ATGL is expressed in type I fibers, which gen-
erates energy mainly through aerobic metabolism (30) and
that the enzyme is upregulated in human skeletal muscle
by exercise training (31). Consistent with these observations
in humans, we found that skeletal muscles of ATGL-ko
mice accumulate TGs mostly in oxidative fibers. Moreover,
we show that the stimulatory effect of CGI-58 on TG hydro-
lase activity is completely blunted in ATGL-deficient skele-
tal muscle, implicating that ATGL is the sole TG lipase
activated by CGI-58 in this tissue. Notably, accumulation of
TGs in muscle fibers of ATGL-ko mice was present in rest-
ing as well as in exercised animals, indicating that TG stores
in muscle are not mobilized during exercise. Together,
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Fig. 7. Exercise-mediated changes of blood energy metabolites
and liver glycogen stores. Values were obtained at rest and after
treadmill exercise (1 h, 14 m/min, 0% angle). Relative changes
were calculated from the absolute values of male and female mice
presented in Table 1. A: Exercise-mediated changes in comparison
to resting conditions in wild-type and ATGL-ko mice. B: Exercise-
mediated changes in comparison to resting conditions in wild-
type/CM and ATGL-ko/CM mice. Data are presented as mean *
SD (* p<0.05, ¥* p<0.01, *** p<0.001).

these observations indicate that ATGL-deficiency is associ-
ated with impaired hydrolysis of intramyocellular TG
stores. On the other hand, TG content was not decreased
in wild-type mice during exercise, either. However, in these
mice, exercise resulted in increased circulating FA levels,
suggesting that availability of plasma FA was sufficient to
cover lipid utilization in muscle.

In summary, our data demonstrate that ATGL-ko mice
are not capable of mobilizing sufficient energy in the form
of FAs to maintain normal energy substrate utilization dur-
ing moderate exercise. These changes are presumably
caused by defective lipolysis in adipose tissue and skeletal
muscle. The reduced availability of FAs is compensated by
an increased use of carbohydrates for energy conversion
leading to rapid depletion of liver glycogen stores during
exercise. Our observations are consistent with the sup-
posed role of ATGL as a major TG lipase, which is acti-
vated under conditions of increased energy demand like
exercise or fasting Hli
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