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Defective Lipolysis and Altered Energy
Metabolism in Mice Lacking Adipose

Triglyceride Lipase
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Fat tissue is the most important energy depot in vertebrates. The release of free fatty acids (FFAs)
from stored fat requires the enzymatic activity of lipases. We showed that genetic inactivation of
adipose triglyceride lipase (ATGL) in mice increases adipose mass and leads to triacylglycerol
deposition in multiple tissues. ATGL-deficient mice accumulated large amounts of lipid in the heart,
causing cardiac dysfunction and premature death. Defective cold adaptation indicated that the
enzyme provides FFAs to fuel thermogenesis. The reduced availability of ATGL-derived FFAs leads to
increased glucose use, increased glucose tolerance, and increased insulin sensitivity. These results
indicate that ATGL is rate limiting in the catabolism of cellular fat depots and plays an important

role in energy homeostasis.

dipose tissue mass in mammals is
A determined by the dynamic equilibri-

um of lipid synthesis and lipid catab-
olism. Disruptions of this balance underlie
metabolic diseases such as obesity and type
II diabetes (/—3). Hormone-sensitive lipase
(HSL) was once thought to be the major
enzyme responsible for the lipolytic break-
down of cellular fat stores (4-6). However,
HSL-deficient mice are lean, and they efficient-
ly mobilize FFAs from triacylglycerol (TG)
stores (7, &), suggesting that other TG hydro-
lases play an important role. Recently, we and
others reported the discovery of an enzyme
that we named in accordance with its phys-
iological activity: adipose triglyceride lipase
(ATGL) (9-11). Other designations for this
enzyme have been: transport secretion protein
(TTS), desnutrin (/0), calcium-independent
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phospholipase A2z (iPL-A2z) (11), adiposome
triglyceride lipase (ATGL) (/2), and patatin-like
phospholipase domain—containing protein 2
(PNPLP2). ATGL specifically hydrolyses
long-chain fatty acid TG (9, /1) and is pre-
dominantly expressed in adipose tissue and,
to a lesser extent, in cardiac muscle, skeletal
muscle, testis tissue, and other tissues. The
finding that ATGL mRNA expression is
regulated by fasting/feeding (/0) as well as
hormones and cytokines (/3, 14), and that the
inhibition of ATGL in vitro (9, 12) markedly
decreases TG catabolism, imply that the en-
zyme plays an important role in lipolysis.

To elucidate the physiological function of
ATGL during lipid mobilization in vivo, we
inactivated the Argl gene in mice by replacing
the first exon, including the translational start
codon and the lipase consensus sequence motif
(GXSXG, where G is Gly, S is Ser, and X is
any amino acid), with a neomycin expression
cassette (fig. S1). Atgl(—/—) mice showed
accumulation of neutral lipid to supraphysio-
logical levels in most tissues, suggesting an
essential role for ATGL in cellular TG
catabolism (table S1). The TG content in tissues
of Atgl(+/—) mice resembled that of wild-type
(WT) mice, except for cardiac muscle where

there was a twofold increase. Compared with
WT mice, Atgl(—/—) animals were heavier
(Fig. 1A and fig. S2A), displayed a twofold in-
crease in whole body fat mass, and exhibited
enlarged adipose fat depots (Fig. 1B and fig.
S2, B and C). The mutants had an increased
wet weight of gonadal (2.1-fold) and inguinal
white adipose tissue (WAT) (1.6-fold), as well
as intrascapular brown adipose tissue (BAT)
(8.5-fold). Ad libitum food intake [3.6 £ 0.6 g
in Atgl(—/—) mice and 3.3 £ 0.7 g in WT mice]
and lean body mass (Fig. 1A) were similar in
mice of both genotypes. Consistent with in-
creased adipose weight, plasma leptin levels
were elevated in fed (2.1-fold) and fasted (4.4-
fold) Atgl(—/—) mice (table S2). The leptin/fat
mass ratio, however, was similar in mutant and
control mice. Morphological analyses of adipose
tissue from A7gl(—/—) mice (fig. S2C) revealed
enlarged lipid droplets in white [4690 + 235
pm? for Atgl(—/—) versus 3382 + 90 um? for
WT] and brown adipocytes [1395 + 119 pum?
for Atgl(—/—) versus 67 + 10 um? for WT; n =
100 cells analyzed, P < 0.001]. The multilocular
lipid droplets normally observed in BAT became
unilocular and strongly resembled white fat in
appearance. Thus, the absence of ATGL in mice
causes fat cell hypertrophy and mild obesity.

In cardiac muscle, ATGL deficiency caused
severe TG accumulation (Fig. 1, C and E). At
the age of 12 weeks, mice had a TG content
in myocytes more than 20 times higher in
Atgl(—/—) mice than in WT controls, causing a
1.4-fold increase in heart weight [193 £ 18 mg
for Atgl(—/—) versus 131 + 12 mg for WT, P <
0.001, n = 8]. Histological analyses revealed an
age-dependent increase of lipid droplets in
number and size in cardiomyocytes, starting
with microvesicular lipid accumulation at the
age of 6 weeks and progressing to the accu-
mulation of large droplets at the age of 18
weeks (Fig. 1E). This massive lipid buildup led
to severe cardiac insufficiency. In echocardiog-
raphy (Fig. 1E and table S3), the ejection
fraction of the left ventricle was drastically
reduced in Argl(—/—) mice (40.2 + 26.5%)
compared with WT (80.5 = 17.1%, P < 0.001).
Additionally, a marked disturbance of cardiac
texture and increased fibrosis was noted (Fig.
1E). The interventricular septum (1.9 £ 0.6 mm)
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0 ; mass analysis was determined from 11- to 13-week-old female WT (n =
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16 11) and Atgl(—/—) (n = 11) mice by dual energy x-ray absorptiometry

(DEXA). (B) Fat depot analysis of BAT, gonadal, and inguinal WAT
dissected from 14- to 16-week-old WT (n = 12) and Atgl(—/—) mice (n = 11). Data in (A) and (B) are shown as mean * SD. Statistical significance was
determined by a two-tailed Student’s ¢-test comparing WT and Atgl(—/—) mice (**P < 0.01, ***P < 0.001). (C) Photographs of hearts from 14-week-old
WT and Atgl(—/—) mice. Note the yellow discoloration due to lipid accumulation in the heart of Atgl(—/—) mice. (D) Kaplan-Meier plot showing the
cumulative survival of WT (m, males n = 53; f, females n = 33) and Atgl(—/—) mice, (males n = 30, females n = 34) over a period of 24 weeks. (E)
Heart histology and echocardiographic analysis. Atgl(—/—) mice show progressing triglyceride accumulation in cardiomyocytes (hematoxilin/eosin
stain, top row) and myocardial fibrosis indicated by fiber specific staining (chromotrope aniline blue stain, dark blue, middle row) increasing with age.
WT animals show none of these alterations (right column). Echocardiography of Atgl(—/—) mice revealed increasing concentric left-ventricular
hypertrophy and impairment of left-ventricular systolic function (M-mode imaging, bottom row).
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hours

and the posterior wall of the left ventricle (1.8 +
0.6 mm) were significantly thicker in Azgl(—/—)
hearts than in controls (1.2 + 0.2 mm, P <
0.005, and 1.2 £ 0.4 mm, P < 0.05, respec-
tively) and increased with age. Consistent with
tissue damage, a moderate (less than 1% of
cells) induction of apoptosis was noted in
Atgl(—/—) mice by caspase 3 immunohisto-
chemistry (fig. S3A). Signs of inflammation

were not detected. The pronounced cardiac
dysfunction resulted in premature death of male
and female Azgl(—/—) mice. As shown in the
Kaplan-Meier plot (Fig. 1D), the first Azgl(—/—)
mice died around 12 weeks after birth. Male
mice died earlier (50% after 16 weeks) than
females (50% after 20 weeks). In contrast, male
and female Atgl(4-/—) mice had a normal life
expectancy. At dissection, deceased Azgl(—/—)

mice exhibited typical features of congestive
heart failure. These included marked dilatation
of both left and right ventricles, congestion of
pulmonary blood vessels and edema (fig. S3),
pleural as well as cardiac effusions (fig. S4),
and extensive blood congestion of organs (fig.
S3). None of these features were present in
control animals or A7gl(—/—) mice analyzed
morphologically before the age of 14 weeks.
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Table 1. Comparison of plasma parameters in WT mice, heterozygous [Atgl(++/—)],
and homozygous ATGL-deficient [Atgl(—/—)] mice. Plasma lipids, glucose, insulin,
and metabolites were measured in fed or fasted (overnight fast) female 10- to 12-
week-old mice. Essentially similar data were observed for male Atgl(—/—) mice.
FFA, free fatty acids; TG, triacylglycerols; KB, ketone bodies; TC, total cholesterol.

Data are shown as mean = SD from at least six mice per genotype and
measurement condition. Mean values of each plasma component are compared
between WT and Atgl(—/—) mice and WT and Atgl(+/—) mice, respectively.
Statistical significance was determined by a two-tailed Student’s t-test (*P < 0.05,
**p < 0.01, **P < 0.001). n.d., not determined.

Wt Atgl(+-/-) Atgl(—/—-)
Fed Fasted Fed Fasted Fed Fasted

FFA (mmol/L) 0.40 = 0.07 0.79 £ 0.32 0.37 £0.14 0.93 £ 0.35 0.28 + 0.05* 0.30 + 0.08**
TG (mg/dl) 81.5 £ 14.7 60.5 £ 19.6 84.7 £ 28.5 48.6 = 15.6 79.8 £13.6 20.2 + 8.0**
KB (mmol/L) n.d. 2.09 £ 0.30 n.d. 1.72 + 0.37 n.d. 0.60 + 0.25***
TC (mg/dl) 105.8 £ 21.1 91.9 + 10.5 94.1 £ 12.6 95.1 £ 6.0 98.1 £19.0 715 £ 12.1*
Glucose (mg/dl) 142.1 £ 8.6 82.2 £10.8 140.6 £ 9.5 81.6 £5.1 136.6 £ 16.4 78.6 £11.8
Insulin (ng/ml) 0.82 + 0.28 0.20 + 0.06 0.93 + 0.46 0.24 £ 0.11 0.48 + 0.21* 0.25 + 0.11
A Glucose Tolerance Insulin Tolerance B . SM cM Liver
- = * 1600 500, -
3 0 o-wt %200 owt ,'aé; 100 * 400)
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Fig. 3. Glucose homeostasis and energy metabolism. (A) % Respiratory Quotient (RQ) Oxygen Consumption
Glucose and insulin tolerance tests were performed in mice 160 - wt
fasted for 6 hours and 4 hours, respectively. Blood glucose 1,00, ot ] - Algltr)

- A g - -+ Atgl(-/) 140

levels were determined at the indicated time-points after 09514
the intraperitoneal administration of glucose (3 g per kg 090 # 7 g
body weight) or human insulin [1 international unit (IU) per 9 oss eﬂéﬁﬁw‘“‘,“u&.wu %
kg body weight] in anesthetized, 11- to 12-week-old female )

0.80-

WT and Atgl(—/—) mice (n = 6). Data are also represent-

ative for males. (B) Tissue-specific glucose uptake was o781

0.70

determined in 12-week-old female WT and Atgl(—/—) mice
(n = 6) using [2-3H]deoxyglucose as a radioactive tracer.
Glucose and [2-3H]deoxyglucose were injected intra-
peritoneally under the conditions described for the glucose
tolerance test, and the accumulation of [2-3H]deoxyglucose-6-phosphate
([2-H]DGP) was determined in skeletal muscle (SM), cardiac muscle
(CM), and the liver. (C) Time course of the RQ and oxygen consumption
(VO,) in 12- to 13-week-old female WT and Atgl(—/—) mice (n = 8)
during 18 hours of food deprivation at 24°C. Mean RQ + SD values were
significantly lower in WT mice than in Atgl(—/—) mice (P < 0.01) after 3
hours of food removal. VO, (measured every 5 min) was significantly
decreased in Atgl(—/—) mice compared with WT mice (P < 0.01) after 5

2:00 PM
330PM |

500PM -

6:30PM |
800PM
930PM |
11:00PM
1230AM |
200AM
330AM |
5:00 AV
6:30AM |
800AM -
3:30 PM
5:00 PM
6:30 PM
8:00 PM
9:30 PM
11:00 PM
12:30 AM
2:00 AM
3:30 AM

hours of food removal. A representative plot for one Atgl(—/—) and one
WT mouse is shown for VO,. Hypometabolism is also reflected by
decreased rectal temperature (7)) in Atgl(—/—) mice mesasured
immediately after removal of the mice from the metabolic cage. Data
are shown as mean = SD. Statistical significance was determined in a two-
tailed Student’s t-test (for glucose measurements) or by analysis of
variance (ANOVA) (RQ and VO, analysis) (*P < 0.05, **P < 0.01, ***P <
0.001).

Thus, the functional, histological, and patho-
logical observations indicate that Azgl(—/—)
mice die from cardiac insufficiency caused by a
mechanical contraction defect resulting from
the massive accumulation of lipids.

In other nonadipose tissues, the most
pronounced accumulation of TG (>10-fold)
occurred in the testis and kidney (table S1),
although smaller increases in fat content (1.5-
to 4-fold) were observed in essentially all
tissues, including the liver. Thus, an impor-
tant lipolytic function of ATGL is generally
implied for nonadipose tissues. TG deposi-
tion in the kidney was not associated with
lipiduria or increased plasma creatinine or urea

736

levels in Atgl(—/—) mice, indicating normal
renal function.

To identify the biochemical defect caused
by ATGL-deficiency, we analyzed the f-
adrenergic stimulated lipolytic capacity of
normal and ATGL-deficient WAT. Explants
of gonadal white fat were incubated in the
presence or absence of isoproterenol, and the
release of FFAs and glycerol was determined
hourly. As shown in Fig. 2A, the basal release
of FFAs and glycerol from Afgl(—/—) WAT
was similar to that from WT tissue. In contrast,
isoproterenol-stimulated lipolysis was drastical-
ly reduced in Atgl(—/—) WAT. After a 2-hour
incubation period, 74% fewer FFAs and 78%

less glycerol were released from mutant versus
WT WAT. Similarly, the TG hydrolase activity
in Atgl(—/—) WAT and BAT was decreased by
82% and 85%, respectively (Fig. 2B). Lipolytic
activities were also reduced in cardiac muscle
(-31%), skeletal muscle (—44%), the testis
(-69%), and the liver (=73%) of Atgl(—/—)
mice. Thus, alternative lipases such as HSL
or triglyceride hydrolase (TGH) (/5) cannot
efficiently compensate for the absence of
ATGL in adipose and other peripheral tis-
sues. These results also support the hypoth-
esis that HSL might be more important as a
diacylglycerol hydrolase than as a TG hy-
drolase (9, 16).
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Impaired catabolism of TG in BAT caused
a severe defect in thermoregulation in A#gl(—/—)
mice. Upon cold exposure for 5 hours, A1gl(—/—)
mice suffered from life-threatening hypother-
mia (body temperature, 25°C) (Fig. 2C). This
phenotype resembles that of B-adrenergic
receptor—deficient mice (/7) and suggests that
in the absence of ATGL, insufficient amounts
of FFAs are released as energy substrate for
uncoupled mitochondrial respiration. Consistent
with the observed defect in adaptive ther-
mogenesis, peroxisome proliferator activated
receptor-y coactivator-lo, (PGC-10) and un-
coupling protein-1 (UCP-1) expression were
decreased by 80% and 53% in A7gl(—/—) mice
compared with WT mice, respectively (fig. S5).
Thus, HSL cannot compensate for the defective
lipolysis in BAT of Atgl(—/—) mice. In
contrast, HSL-deficient mice expressing normal
amounts of ATGL are not cold sensitive (7),
indicating that ATGL provides adequate
amounts of FFAs for thermogenesis. Addition-
ally, both male and female A7g/(—/—) mice are
fertile, whereas HSL-deficient male mice are
sterile (18).

Table 1 summarizes measurements of plas-
ma lipid metabolism and carbohydrate metab-
olism in Argl(—/—), Atgl(+/—), and WT mice.
Coherent with the observed defective lipolysis
in WAT, Argl(—/—) mice exhibited reduced
plasma FFA concentrations in both the fed and
in the fasted state (—30 and —62%, respectively).
Plasma concentrations for TG (-66%), B-
hydroxy-butyrate (—71%), and total cholesterol
(22%) were also lower in fasted Azgl(—/—)
mice. The decrease in plasma TG and choles-
terol concentrations in Afgl(—/—) mice was due
to reduced plasma very low—density lipoprotein
(VLDL) and high-density lipoprotein levels
(HDL), respectively (fig. S6). Reduced FFA,
TG, VLDL, and B-hydroxy-butyrate levels
were also reported for HSL-deficient mice
(19) and might result from lower transport rates
of FFAs to the liver in both animal models,
leading to decreased hepatic VLDL synthesis and
ketogenesis (/9). In contrast with HSL-deficient
mice exhibiting increased HDL-cholesterol lev-
els, Atgl(—/—) animals had reduced plasma
concentrations of HDL cholesterol.

A reciprocal relationship exists between the
use of FFAs and glucose as substrates for
energy production (20). Elevated uptake, stor-
age, and oxidation of FFAs in muscle is as-
sociated with increased insulin resistance,
resulting in increased plasma glucose and in-
sulin levels (2/-23). This adverse effect of FFAs
in nonadipose tissues is commonly referred to as
“lipotoxicity” (24, 25). According to the view
that FFAs and acyl-coenzyme A (CoA) deriv-
atives, and not fat per se, exert “lipotoxic”
effects (26, 27), the reduced release of FFAs
from stored fat in adipose tissue and (cardiac)
muscle of ATGL-deficient mice should pro-
mote “antilipotoxic” effects, such as de-
creased FFA oxidation, increased glucose

use, and increased glucose tolerance. Consist-
ent with this hypothesis, in fed Azgl(—/—)
mice, plasma insulin levels were reduced by
42%, whereas plasma glucose concentrations
were similar to those in WT animals (Table
1). No significant changes in glucose or
insulin levels were observed in heterozygous
Atgl(+/—) mice when compared with control
animals. In the fasted state (overnight fast),
insulin and glucose concentrations were
similar in mice of all three genotypes. In
glucose tolerance tests (Fig. 3A), 6-hour
fasted Atgl(—/—) mice exhibited significantly
lower basal glucose values and displayed a
markedly improved glucose tolerance compared
with WT mice. In insulin tolerance tests (Fig.
3A), the maximal decline of blood glucose
levels was more pronounced in Atgl(—/—) mice
(34 mg/dl) than in WT mice (53 mg/dl) and
persisted over the whole measurement period of
3 hours. In WT mice, a rebound of glucose
values occured after 60 min. Glucose uptake
experiments revealed that the accumulation of
2-deoxyglucose was markedly elevated in skel-
etal muscle (68%), cardiac muscle (54%), and in
the liver (78%) (Fig. 3B) of Azgl(—/—) mice.
Thus, glucose uptake and insulin sensitivity/
resistance may be determined by the capacity
of ATGL to mobilize FFA.

Consistent with increased glucose uptake
and utilization, the respiratory quotient (RQ)
of Atgl(—/—) mice deviated from that of WT
during fasting (Fig. 3C). During ad libitum
feeding and the first 2 hours of fasting, RQ
values were similar in A7gl(—/—) and WT
mice. With increasing fasting time, the RQ in
WT mice decreased further, which is indica-
tive of increased lipid oxidation, whereas the
RQ in Atgl(—/—) mice remained at a constant
elevated level. Simultaneously, a gradual
decrease in oxygen consumption indicating
reduced energy expenditure was observed in
Atgl(—/—) mice (Fig. 3C). After 18 hours of
fasting, oxygen consumption was only 25%
of that found in control mice. Furthermore,
the body temperature dropped to 28.4 +2.2°C
in Atgl(—/—) mice, compared with 35.4 +
1.8°C in WT mice in response to prolonged
fasting.

Our studies suggest that in mice, ATGL is
the rate-limiting enzyme for the initiation of
TG catabolism in adipose and many non-
adipose tissues. The association of ATGL
deficiency with increased glucose tolerance,
increased insulin sensitivity, and increased RQ
during fasting provides compelling evidence
that the decreased availability of FFAs pro-
motes the use of glucose as metabolic fuel
despite the presence of massive amounts of fat
in adipose tissue and muscle. The inability to
mobilize these fat stores leads to energy
starvation, resulting in reduced energy expend-
iture, a decline in body temperature, and
premature death when A7g/(—/—) animals are
stressed by cold exposure or food deprivation.

REPORTS

Thus, ATGL plays a crucial role in energy
homeostasis in mice. The observations that
ATGL contributes to adipocyte lipolysis in
human adipose tissue (28) and that genetic
variation in the human A7GL gene is asso-
ciated with plasma FFA, TG, and type II
diabetes (29) suggest that our findings in mice
may also be relevant for human physiology.
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