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Abstract
Aims/hypothesis Hepatic steatosis is characterised by exces-
sive triacylglycerol accumulation and is strongly associated
with insulin resistance. An inability to efficiently mobilise
liver triacylglycerol may be a key event mediating hepatic
steatosis. Adipose triacylglycerol lipase (ATGL) is a key
triacylglycerol lipase in the liver and we hypothesised that
liver-specific overproduction of ATGL would reduce steatosis
and enhance insulin action in obese rodents.
Methods Studies of fatty acid metabolism were conducted
in primary hepatocytes isolated from wild-type and Atgl
(also known as Pnpla2)−/− mice. An ATGL adenovirus was
utilised to overproduce ATGL in the livers of obese insulin-
resistant C57Bl/6 mice (Ad-ATGL). Blood chemistry, hepatic
lipid content and insulin sensitivity were assessed in mice.
Results Triacylglycerol content was increased in Atgl−/−

hepatocytes and was associated with increased fatty acid
uptake and impaired fatty acid oxidation. ATGL adenovirus
administration in obese mice increased the production of
hepatic ATGL protein and reduced triacylglycerol, diacylgly-
cerol and ceramide content in the liver. Overproduction of
ATGL improved insulin signal transduction in the liver but did

not affect fasting glycaemia or insulinaemia. Inflammatory
signalling was not suppressed by ATGL overproduction.
While ATGL overproduction increased plasma non-esterified
fatty acids, neither lipid deposition nor insulin-stimulated
glucose uptake were affected in skeletal muscle.
Conclusions/interpretation Liver ATGL overproduction
decreases hepatic steatosis and mildly enhances liver insulin
sensitivity. These effects are not sufficient to improve fasting
glycaemia or insulinaemia in rodent obesity.
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Abbreviations
ATGL Adipose triacylglycerol lipase
ALT Alanine aminotransferase
CGI Comparative gene identification
JNK c-Jun N-terminal kinase
FOXO Forkhead box O
G6Pase Glucose-6-phosphatase
HGP Hepatic glucose production
HSL Hormone sensitive lipase
NAFLD Non-alcoholic fatty liver disease
PEPCK Phosphoenolpyruvate kinase
PKC Protein kinase C
SREBP Sterol regulatory element binding protein
TAG Triacylglycerol
TGH Triacylglycerol hydrolase
Wt Wild type

Introduction

Obesity is accompanied by the accumulation of triacylgly-
cerol (TAG) and other lipids in non-adipose tissues,
including the skeletal muscle, pancreas and liver [1, 2].
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Hepatic steatosis is the accumulation of TAG in the liver
and is a major element of non-alcoholic fatty liver disease
(NAFLD). NAFLD affects ~20% of the adult population
and is found in over two-thirds of obese people [3]. Hepatic
steatosis is strongly associated with insulin resistance,
which is characterised by an inability of insulin to suppress
hepatic glucose production (HGP) and stimulate glucose
uptake into peripheral tissues such as skeletal muscle [4].
Elevated HGP due to the defective suppression of gluco-
neogenesis and impaired glucose uptake are primary defects
contributing to fasting hyperglycaemia in type 2 diabetes
[5, 6]. The majority of studies in humans and animals have
shown that insulin-resistant states can be accompanied by
hepatic steatosis. For example, rodents fed a high-fat diet,
ob/ob mice and lipodystrophic mice all develop hepatic
steatosis and insulin resistance [7–9]. However, recent data
suggest that hepatic TAG accumulation per se is not
sufficient to cause insulin resistance [10–12]; instead, it is
the inflammation that often accompanies hepatic steatosis
that is likely to be the actual cause of the insulin resistance.

The liver plays a key role in systemic lipid homeostasis
through its ability to synthesise and store fatty acids as
TAG, and to secrete TAG in the form of VLDL. Hepatic
fatty acids are derived from several sources, including
adipose tissue lipolysis, chylomicron-TAG lipolysis and de
novo lipogenesis, and can be stored as TAG in lipid
droplets located within the cytosol [13]. Hepatic lipases
mobilise the fatty acids from these TAGs for oxidation, or
for re-esterification to TAG at the endoplasmic reticulum
where the TAG is packaged into an apolipoprotein-B-
containing VLDL precursor for secretion [13–15]. The
regulation of these key processes of hepatic TAG homeo-
stasis remains poorly defined.

The metabolic events leading to the development of
hepatic steatosis are unresolved. While decreases in fatty
acid oxidation [16] or increases in fatty acid uptake [17] play
important roles, another possibility is that TAG accumulates
as a consequence of an inability to mobilise the stored TAG
in the presence of increased fatty acid import and bio-
synthesis [14]. The first step in the mobilisation of TAG is
catalysed by several lipases, which include adipose triacyl-
glycerol lipase (ATGL), hormone sensitive lipase (HSL) and
triacylglycerol hydrolase (TGH). ATGL is an essential TAG
lipase in many cell types [18] and Atgl (also known as
Pnpla2)−/− mice store vast quantities of TAG in the major
metabolic tissues, including the liver [19]. Post-translational
regulation of ATGL TAG lipase activity is mediated by
ATGL association with comparative gene identification
(CGI)-58 [20], which enhances ATGL activity and its
association with lipid droplets [21]. While hepatic ATGL
content is low, it is proposed to account for a third of TAG
lipase activity [22] and Atgl overexpression (>200-fold) in a
hepatoma cell line or the livers of ob/ob mice reduces TAG

levels [22]. Similarly, CGI-58 enhances the use of stored
TAG in hepatoma cells by facilitating the packaging of TAG
into lipoprotein particles [23, 24].

Some clinical observations suggest a regulatory role of
ATGL TAG lipase activity in steatosis and insulin resis-
tance. ATGL and CGI-58 protein abundance is reduced in
the livers of insulin-resistant patients with NAFLD [25] and
genetic variations within the ATGL gene are associated with
type 2 diabetes and plasma TAG [26]. Together, these
findings suggest that enhancing ATGL-mediated lipolysis
in the liver may be a novel treatment for NAFLD and hepatic
insulin resistance. We tested the hypothesis that ATGL is an
important control point for TAGmobilisation in hepatocytes,
and that overproduction of ATGL would reduce steatosis and
enhance insulin action in the setting of obesity.

Methods

Animals Male C57Bl/6 and ob/ob mice aged 10 weeks
were purchased from Monash Animal Services (Clayton,
VIC, Australia). Atgl−/− mice were generated by targeted
homologous recombination as described by Haemmerle et
al. [19]. Mice were maintained on a 12 h light/dark cycle
and had free access to regular chow and water. Male
C57Bl/6 mice were fed a high-fat diet (59% energy from
fat; Specialty Feeds, Glen Forrest, WA, Australia) for 24–
28 weeks prior to experiments. Body composition was
determined by dual-energy X-ray absorptiometry (Lunar
PIXImus2 mouse densitometer; GE Healthcare, Piscataway,
NJ, USA). The Monash University School of Biomedical
Sciences Animal Ethics Committee approved all procedures
and the principles of laboratory animal care were followed.

Primary hepatocyte isolation Atgl−/− mice (n=6) and sex-
matched wild-type (Wt) littermates (n=6) aged 6–8 weeks
were killed and hepatocytes isolated [27]. Hepatocytes were
maintained in Medium 199 (Gibco, Invitrogen, Mulgrave,
VIC, Australia) containing 20 ng/ml dexamethasone, 10 ng/ml
epidermal growth factor, 10% (vol./vol.) fetal bovine serum
and 1% glutamine and penicillin. Experiments were performed
within 3 days of isolation.

Assessment of hepatocyte fatty acid metabolism and insulin
sensitivity Hepatocytes were incubated for 6 h with
Medium 199 containing 2% fatty-acid-free bovine serum
albumin, [1-14C]oleic acid (18.5 MBq/ml; GE Healthcare,
Piscataway, NJ, USA) and 0.5 mmol/l unlabelled oleate to
determine exogenous fatty acid oxidation. To determine
endogenous fatty acid oxidation, hepatocytes were ‘pulsed’
for 24 h with the fatty acid medium described above to load
endogenous lipid pools with [14C]oleate. The hepatocytes
were washed with PBS then incubated for 6 h in fresh
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unlabelled fatty acid medium. Fatty acid oxidation was
determined by measuring 14CO2 in the culture media and
acid soluble metabolite production. Fatty acid incorporation
into TAG was assessed by a Folch extraction of cellular
lipids followed by thin layer chromatography [28]. Fatty
acid uptake was calculated as the sum of [14C]oleate
oxidation and 14C incorporation into all lipids. Hepatic
insulin sensitivity was assessed by measuring hepatic
glucose output and the suppression of Pepck and G6Pase
(also known as G6pc) mRNA expression with insulin.
Hepatocytes were incubated without or with increasing
concentrations of insulin for 4 h before lysing in Qiazol
lysis reagent (Qiagen, Doncaster, VIC, Australia).

Adenoviral vectors and administration The recombinant
adenoviral vectors were Ad-ATGL expressing wild-type
Atgl (1.7×1011 pfu/ml) and Ad-GFP (2.9×1011 pfu/ml). See
Electronic supplementary material (ESM) for cloning and
adenovirus production. Adenovirus was injected into the
jugular vein of anaesthetised mice (2.2% [vol./vol.]
isoflurane in O2) at a final concentration of 1.5×109 pfu/g.

Insulin and pyruvate tolerance tests Insulin tolerance tests
were conducted 12 days after adenovirus administration.
Mice were fasted for 4 h and insulin (1.0 U/kg body mass,
Actrapid; Novo Nordisk, Baulkham Hills NSW, Australia)
or pyruvate (0.35 or 2 mg/kg) were injected into the
intraperitoneal cavity. Blood glucose levels were measured
from a tail cut (Accu-Chek; Roche, Mannheim, Germany).

Glucose uptake in isolated skeletal muscle Mice were
fasted for 4 h and anaesthetised with an i.p. injection
(60 mg/kg) of pentobarbital sodium. The soleus muscles
were excised and glucose uptake was assessed for 10 min
using 2-deoxy-D-[2,6-3H]glucose (1 mmol/l, 18.5 MBq/ml)
in the presence or absence of 10 nmol/l insulin.

Plasma biochemistry Plasma insulin was determined using
a rat/mouse insulin ELISA (Millipore, Billerica, MA,
USA). Plasma NEFA (Wako Chemicals, Wako, VA, USA)
and TAG (Triacylglycerol E kit; Wako Chemicals) were
determined by enzymatic colorimetric assays. Fasting
plasma levels of alanine aminotransferase (ALT) was
determined using ALT assay kits (Thermo Electron,
Melbourne, VIC, Australia). TAG secretion was performed
as described by Reid et al. [22].

Quantitative real-time PCR RNAwas extracted from whole
liver or hepatocytes using Qiazol and 1 μg mRNA was
reverse transcribed (iScript cDNA Synthesis Kit, BioRad
Laboratories, Hercules, CA, USA). Quantitative real-time
PCR was performed on a realplex Mastercycler (Eppendorf,
North Ryde, NSW, Australia) using the TaqMan Universal

PCR Master Mix and TaqMan Gene Expression Assays
(Applied Biosystems, Foster City, CA, USA; ESM Table 1).
The relative quantification was calculated using the ΔΔCt

method, normalising values to Ad-GFP (in vivo studies) or
Wt (in vitro studies).

Western blotting Tissues were rapidly dissected and frozen
in liquid N2. Tissues were homogenised in ice cold RIPA
lysis buffer, centrifuged and the supernatant fraction was
resolved by SDS-PAGE and immunoblotted. See the ESM
for detailed methods.

Tissue lipid analysis Livers were sectioned and stained for
Oil Red O. For TAG quantification, lipids were extracted
by a Folch extraction, the lipid reconstituted in 100%
ethanol and TAG content determined using the TG-GPO-
PAP reagent (Roche). Diacylglycerol and ceramide content
was determined by an [32P]ATP-linked enzymatic method
as described by Watt et al. [29].

Statistics Values are expressed as means ± SEM. Differences
were tested by unpaired two-tailed t tests or two-way
analysis of variance with Bonferroni post hoc analysis
(GraphPad Prism version 5.02). Statistical significance was
set a priori at p<0.05.

Results

ATGL is decreased in the livers of obese mice Liver TAG
was elevated in high-fat-fed and ob/ob mice (Fig. 1a).
High-fat-fed mice exhibited a marked reduction in liver
Atgl (Fig. 1b), but there were no changes in the expression
of other important TAG lipases, Hsl (also known as Lipe;
Fig. 1c) or Tgh (also known as Ces3; Fig. 1d). Similar
expression patterns were noted in the livers of ob/ob mice
compared with lean littermates (Fig. 1e–g). TAG content
was increased in the liver of Atgl–/– mice, indicative of an
important role for ATGL in modulating liver TAG content
(Fig. 1h).

Atgl−/− hepatocytes exhibit defects in fatty acid metabolism
and are steatotic Isolated hepatocytes from Atgl−/− mice
exhibited marked TAG accumulation (Fig. 2a). Diacylgly-
cerol was increased (1.00±0.05 vs 1.97±0.12 arbitrary units,
p<0.05) and ceramide decreased (1.00±0.04 vs 0.77±0.06
arbitrary units, p<0.05) in Atgl–/– hepatocytes. Fatty acid
uptake was increased in Atgl–/– hepatocytes (Fig. 2b) but
fatty acid oxidation was decreased (Fig. 2c). The reduction
in fatty acid oxidation was not due to defects in the contents
of key mitochondrial enzymes or regulators of mitochon-
drial transcription, which were, surprisingly, increased
(Fig. 2d). Activating phosphorylation of 5′-AMP-activated
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protein kinase on T172 of the α-subunit was not different
(Fig. 2e). Instead, the decreases in fatty acid oxidation were
associated with increased fatty acid incorporation into TAG
(Fig. 2f). This was not explained by increased levels of
transcripts for proteins involved in fatty acid uptake, storage
or TAG lipolysis (Fig. 2g). We investigated whether fatty
acids stored within TAG could be efficiently catabolised in
the absence of ATGL. TAG-derived fatty acid oxidation
was reduced by 85% in Atgl−/− hepatocytes (Fig. 2h). TAG
secretion was not affected by Atgl ablation (Fig. 2i). This
finding indicates that ATGL is a rate-limiting TAG lipase in
hepatocytes that is important for providing substrate for
fatty acid oxidation, but not TAG synthesis or export [22].

Atgl−/− hepatocytes are not insulin resistant Despite storing
vast quantities of TAG in most tissues, whole-body Atgl−/−

mice were originally reported to be insulin sensitive in
multiple tissues including the liver [19]; however, more
recent studies indicate that the liver of Atgl−/− mice may in
fact be insulin resistant [30]. We examined insulin sensitivity
in hepatocytes isolated from Atgl−/− and Wt mice, which
precludes interference from systemic factors and local
inflammatory mediators (e.g. Kupffer cells and mast cells).
Insulin-stimulated phosphorylation of Akt at S473 and T308
was not different between genotypes (Fig. 3a, b). Consistent
with this notion, the capacity of insulin to suppress
phosphoenolpyruvate kinase (Pepck) and glucose-6-

phosphatase (G6Pase) mRNA expression was not different
(Fig. 3c, d). HGP was lower in Atgl−/− hepatocytes (main
effect, p<0.05) and was decreased by insulin in both
genotypes (Fig. 3e). Suppression of HGP by insulin was
not different between genotypes (Fig. 3f). Insulin-stimulated
Akt phosphorylation was not affected in mice injected with
insulin in vivo (ESM Table 2). Together, these findings
indicate that despite inducing marked steatosis, Atgl ablation
does not influence insulin sensitivity in hepatocytes.

ATGL overproduction in the livers of mice alters hepatic
lipid metabolism We next tested the hypothesis that
increasing ATGL production in the liver modulates lipid
and glucose metabolism in vivo. Adenoviral ATGL over-
production was restricted to the liver, where it increased
Atgl mRNA (Fig. 4a) and ATGL protein content (Fig. 4b).
Hsl mRNA expression was decreased (31%, p=0.02) and
Tgh mRNA tended to increase (50%, p=0.10) with Ad-
ATGL (data not shown). Adenoviral overexpression of Atgl
in the liver did not affect food intake (Table 1). Similarly,
body mass and fat mass in Ad-ATGL (Ad-GFP, 33.7±1.2%
body mass; Ad-ATGL, 32.7±1.8%, n=4, p=0.69) were not
different from mice treated with Ad-GFP (Table 1). Serum
ALT levels were not different between groups (Table 1).

Overproduction of ATGL reduced liver steatosis in obese
mice as denoted by less Oil Red O staining of neutral lipids
(Fig. 4c). The lipid droplets containing TAG appeared
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Fig. 1 ATGL is dysregulated in obese insulin-resistant rodents. a
Liver triacylglycerol content in C57Bl/6 mice fed a chow or high-fat
diet (HFD) and ob/ob mice. *p<0.05, n=4 per group. (b) Atgl, (c) Hsl
and (d) Tgh mRNA expression in lean mice fed a chow diet and age-
matched littermates made obese by feeding a high-fat diet. *p<0.05,

n=4–10 per group. (e) Atgl, (f) Hsl and (g) Tgh mRNA expression in
obese ob/ob mice and lean littermates. *p<0.05, n=5 per group.
h Liver triacylglycerol content in Atgl−/− mice and wild-type age-
matched littermates. *p<0.05, n=3 per group
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larger in Ad-GFP compared with Ad-ATGL mice and
quantitative biochemical analysis of liver revealed a marked
reduction in the intracellular TAG content of Ad-ATGL
mice (Fig. 4d). Mediators of fatty acid storage, including
sterol regulatory element-binding protein 1, stearoyl-
coenzyme A desaturase 1 and fatty acid synthase were
concomitantly decreased with Ad-ATGL (Fig. 4e). The
lipids diacylglycerol (32%) and ceramide (34%) were
reduced with Ad-ATGL (Fig. 4f, g). Interestingly, fasting
plasma NEFA was increased in Ad-ATGL (Table 1) despite
no change in basal and β-adrenergic lipolytic capacity as
assessed in adipose tissue explants ex vivo (data not
shown). While an increase in plasma NEFA positively
correlates with TAG accumulation in ectopic tissues [29],
we detected no increase in intracellular TAG deposition in
skeletal muscle or heart with Ad-ATGL (Table 1). TAG
secretion rate and plasma TAGs were not increased in Ad-
ATGL compared with Ad-GFP (Table 1). Plasma β-

hydroxybutyrate was elevated in Ad-ATGL mice (Table 1),
suggesting enhanced β-oxidation in the liver.

Hepatic ATGL overproduction mildly increases hepatic
insulin sensitivity Because Ad-ATGL induced a marked
reduction in hepatic steatosis, we postulated that insulin
sensitivity may be improved in these mice. Fasting blood
glucose tended to be lower in Ad-ATGL (12%, p=0.08)
and plasma insulin was not different between groups
(decreased by 33% in Ad-ATGL, p=0.17, Table 1) 2 weeks
after adenovirus administration. Whole-body insulin sensi-
tivity was mildly improved with Ad-ATGL (Fig. 5a), but
these changes were not accompanied by enhanced skeletal
muscle insulin responsiveness assessed ex vivo (Fig. 5b).
The mild changes in whole-body glucose metabolism were
accompanied by the suppression of hepatic Pcg-1α (also
known as Ppargc1a; Fig. 5c), which stimulates the
production of gluconeogenic enzymes [31]. Consistent with
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Fig. 2 Atgl deletion alters
hepatic lipid metabolism in
vitro. Hepatocytes isolated from
Wt and Atgl−/− mice were
cultured for 2–3 days prior to
functional analysis of fatty acid
metabolism using radiolabelled
oleate. a Hepatocyte triacylgly-
cerol content (n=6 per group).
(b) Uptake and (c) oxidation of
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d The mRNA of oxidative
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biogenesis proteins was quanti-
fied by qRT-PCR and normalised
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between groups (Wt: 20.3±0.4
vs Atgl−/−: 19.6±0.6 AU,
p=0.34). e 5′-AMP protein
kinase T172 phosphorylation
(n=3–4 per group). f Fatty acid
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fatty acids into intracellular
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group). g The mRNA content
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this effect, Pepck mRNA was suppressed in livers of Ad-
ATGL mice (Fig. 5c). There was no difference in G6Pase
mRNA. We tested the role of Ad-ATGL in modulating
gluconeogenesis in vivo by examining glucose levels after
the i.p. administration of pyruvate. The glucose area under
the curve tended (p=0.09) to be reduced in Ad-ATGL after
a high pyruvate load (2 mg/kg), suggestive of reduced
gluconeogenesis (Fig. 5d). We repeated this experiment
with a lower pyruvate dose (0.35 mg/kg) to determine the
sensitivity of the gluconeogenic response and detected a
reduced glucose excursion with Ad-ATGL (Fig. 5e). Also,
the phosphorylation of Akt and its downstream target
forkhead box O (FOXO)1 (Fig. 5f–h) were increased in
Ad-ATGL mice vs Ad-GFP. Collectively, these data
demonstrate that enhanced hepatic insulin sensitivity in
Ad-ATGL mice contributes to a subtle enhancement of
whole-body insulin action.

Hepatic ATGL overproduction has no effect on inflammatory
signalling Hepatic steatosis can be accompanied by inflam-

mation that is likely to contribute to insulin resistance [32].
We examined several markers of intracellular inflammation
in the livers of mice. The mRNA expression of the pro-
inflammatory cytokine TNF-α was reduced (p=0.06) in
Ad-ATGL vs Ad-GFP (ESM Fig. 1a), whereas Il6 and
suppressor of cytokine signalling 3 expression were not
different between groups (ESM Fig. 1a). There was no
difference in CD68 protein content, suggesting no effect of
Ad-ATGL on Kupffer cell numbers (ESM Fig. 1a).

Increased TNFα [33] and lipid accumulation leads to
activation of serine/threonine kinases that can decrease insulin
signalling [32]. Despite the reduced hepatic TNFα content
and lipid accumulation in Ad-ATGL, the phosphorylation
levels of c-Jun N-terminal kinase (JNK; ESM Fig. 1b) and
activation of the nuclear factor-kappa B (NFκB) pathway, as
indicated by nuclear factor of kappa B inhibitor alpha
(IκBα) degradation (ESM Fig. 1c), were not different.
Protein kinase C (PKC)ε is activated by diacylglycerol and
has been implicated in the development of hepatic insulin
resistance [34]. There was no difference in the membrane to
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Fig. 3 Atgl ablation does not
appreciably influence insulin
action in primary hepatocytes.
Hepatocytes isolated from Wt
and Atgl−/− mice were cultured
for 2–3 days prior to assays.
(a) Akt phosphorylation at S473
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stimulation (n=3–4 per condi-
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Pepck (c) and G6Pase (d)
mRNA was determined by
qRT-PCR (n=4–12 per condi-
tion). e Hepatic glucose output
was assessed in Wt (white bars)
and Atgl−/− hepatocytes
(black bars) under basal and
insulin stimulated conditions
(n=6 per group). f Hepatic glu-
cose output reported as % sup-
pression by insulin. Wt (white
bars) and Atgl−/−

(black bars) (n=6 per group)
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cytosolic ratio (marker of PKC activity) of PKCε (ESM
Fig. 1d) or PKCθ (data not shown). Thus, the improvement
in hepatic insulin action with ATGL overproduction was not
a consequence of diminished inflammatory pathway activa-
tion in the liver.

Discussion

ATGL is a critical regulator of triacylglycerol hydrolysis in
most metabolic tissues [19] and truncated ATGL induces
clinical symptoms including hepatic TAG accumulation and
hepatomegaly [21]. The goal of this study was to directly
assess the role of ATGL in hepatic lipid metabolism and
insulin sensitivity. We show that ablation of Atgl in
hepatocytes increased TAG storage by reducing the
capacity to mobilise TAG-derived fatty acids for oxidation,
without affecting TAG secretion. Surprisingly, insulin
sensitivity was not impaired in Atgl-null hepatocytes
despite the marked lipid accumulation. Hepatic overpro-
duction of ATGL in obese mice reduced hepatic lipid
content without influencing macrophage infiltration or local

inflammation. ATGL overproduction led to subtle improve-
ments in hepatic insulin responsiveness that did not
translate into notable changes in whole-body insulin
sensitivity, fasting blood glucose or insulin levels. These
findings provide novel insights into the role of ATGL in
hepatic TAG metabolism and provide specific evidence that
ATGL is not a major mediator of hepatic insulin sensitivity.

Steatosis is characterised by TAG deposition and a major
contributor is enhanced fatty acid availability from dysre-
gulated adipose tissue lipolysis [35]. The susceptibility of
the liver to fatty acid fluxes is hardly surprising, as visceral
fat directly drains fatty acids into the liver via the portal
vein. While this is less studied, a growing body of evidence
indicates that the modification of TAG synthesis or
degradation processes contributes to steatosis development
[11, 22, 36–38].

Unlike a previous study [22], we closely examined
ATGL loss of function in isolated hepatocytes to avoid the
potential for confounding regulation introduced by neural,
hormonal and inflammatory factors. Atgl deletion induced
several alterations in fatty acid handling that resulted in TAG
accumulation. An important implication of our studies is that
decreased fatty acid oxidation contributes to steatosis in
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Fig. 4 Hepatic Atgl expression
reduces lipid deposition in
livers of obese mice. Adeno-
virus containing GFP (white
bars) or ATGL (black bars) was
intravenously administered to
mice and tissues were collected
after 14 days. a Atgl mRNAwas
determined by qRT-PCR
(n=10–13). b Representative
immunoblot showing ATGL
(54 kDa) and ATGL-GFP
(76 kDa). c Sectioned livers
stained with Oil Red O demon-
strate marked steatosis in
Ad-GFP mice and a reduction in
staining with Ad-ATGL.
d Liver triacylglycerol was
assessed biochemically (n=8–9
per group). e Srebf1, Scd1 and
Fas mRNA were assessed by
qRT-PCR (n=3–8 per group).
†p=0.06. Liver diacylglycerol
(DAG) (f) and ceramide (g)
were determined in Ad-GFP and
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group). *Different from Ad-GFP,
p<0.05
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Atgl−/− hepatocytes. Gene expression of proteins involved in
mitochondrial fatty acid oxidation was actually increased in
Atgl−/− hepatocytes, suggesting that the defect in hepatic fatty
acid oxidation was independent of defective protein produc-
tion. Instead, the oxidation of fatty acids derived from intra-
and extracellular sources was reduced by 58% and 85%,
respectively, supporting the premise that most of the fatty
acids entering the liver are first incorporated into TAG prior to
oxidation. Thus, the critical and novel observation is that an
inability to mobilise TAG-derived fatty acids contributes to
the reduction in oxidation and steatosis. In support of this idea,
ATGL overproduction in rat hepatoma cells decreased cellular
TAG and increased fatty acid oxidation [22]. Also, down-
regulation of the ATGL co-activator CGI-58 reduced fatty
acid oxidation whereas CGI-58-mediated TAG hydrolysis
was coupled to enhanced fatty acid oxidation in HepG2 cells
[23]. The concept that plasma-derived fatty acids first enter
the TAG pool within intracellular lipid droplets before their
eventual oxidation was suggested by Gibbons et al. [14] and
experimentally shown in skeletal muscle [39]. A second
implication from these studies is that hepatocytes continue to
take up fatty acids despite marked steatosis. The absence of a
powerful negative feedback loop may reflect the requirement
of the liver to utilise fatty acid substrate for gluconeogenesis,
which occurs during starvation with concurrent hepatic lipid
accumulation [40], or may reflect the requirement of the liver
to clear and package excess plasma NEFA that are invariably
toxic to most tissues [2].

A previous study reported reduced TAG content in obese
mice after massive (200-fold) ATGL and HSL adenovirus
administration [22]. We also found that modest ATGL
overproduction reduced TAG content in the livers of obese
mice. The decrease in TAG content was most likely due to
increased TAG lipolysis and oxidation of the liberated fatty
acids. Consistent with increased rates of fatty acid oxidation
in livers of Ad-ATGL mice, we detected elevated fasting
plasma β-hydroxybutyrate. Our results showing no increase
in circulating TAG or lipid deposition in other ectopic
tissues (skeletal muscle, heart, adipose tissue) with Ad-
ATGL are consistent with the notion that TAG export is
unaffected by hepatic ATGL overproduction in vivo
(Table 1) [22] or hepatic ATGL ablation in vitro (Fig. 2i).
We were unable to complete these measures in Atgl−/− mice
because of unacceptable mortality. Collectively, these data
indicate that ATGL directs TAG-derived fatty acids towards
oxidation. In contrast, the other major TAG lipase, TGH,
preferentially directs fatty acids from TAG towards VLDL
production [41]. Thus, while ATGL and TGH both possess
TAG lipase activity, they appear to channel the liberated fatty
acids towards oxidation and VLDL packaging, respectively.

The fatty liver of insulin-resistant mice is attributed in part
to increased production and activity of sterol regulatory
element binding protein (SREBP)-1c and subsequent upregu-
lation of lipogenic gene expression [42]. Our findings of
reduced SREBP-1c, and its downstream targets FAS and
SCD1, and a tendency for reduced fasting plasma insulin
support the possibility that TAG synthesis rates were reduced
with Ad-ATGL. A major issue of clinical relevance is
whether providing metabolic relief by directing lipids away
from the liver is a sound approach for the treatment of
steatosis/fatty liver and insulin resistance, or whether such an
approach would give rise to compensatory lipid storage in
other tissues and the induction of secondary complications
[43]. A critical finding from this study is that hepatic
ATGL overproduction does not result in the redistribution/
partitioning of lipids into other tissues, supporting the
practicality of enhancing ATGL production by pharmaco-
logical manipulation for treating fatty liver.

The role of ATGL in hepatic insulin action is unresolved,
with reports of increased [19] and decreased [30] insulin
sensitivity in whole-body Atgl−/− mice. Here, we directly
examined the effect of ATGL on hepatic insulin sensitivity.
Studies in isolated hepatocytes demonstrated normal insulin
sensitivity in Atgl−/− hepatocytes despite marked TAG
accumulation. This is consistent with recent studies demon-
strating a mismatch between steatosis and insulin sensitivity
[10–12, 22] and suggests that lipid accumulation per se is
not sufficient to induce insulin resistance. In contrast,
increasing liver ATGL mildly improved hepatic insulin
action in obese insulin-resistant mice. These functional
outcomes were mechanistically underpinned by suppression

Table 1 Metabolic characteristics of obese C57Bl/6 mice treated with
Ad-GFP and Ad-ATGL

Characteristic Ad-GFP Ad-ATGL

Body mass (g) 39.1±1.3 39.6±1.0

Lean mass (g) 27.3±0.5 26.5±0.5

Fat mass (g) 13.9±1.0 13.0±1.2

Liver mass (g) 1.51±0.09 1.49±0.11

Food intake (g/day) 2.3±0.2 2.2±0.2

Serum ALT (U/l) 168±24 230±22

Plasma glucose (mmol/l) 8.98±0.44 7.95±0.36

Plasma insulin (pmol/l) 117±22 78±15

Plasma NEFA (mmol/l) 0.64±0.07 0.84±0.05*

Plasma TAG (mmol/l) 0.79±0.12 0.91±0.12

TAG secretion rate (mmoll−1h−1) 0.68±0.37 0.31±0.10

Plasma β-hydroxybutyrate (μmol/l) 171±30 420±109*

Skeletal muscle TAG (μmol/g) 37.3±8.2 31.3±9.3

Heart TAG (μmol/g) 16.8±1.4 15.7±1.3

All measures were obtained in mice fasted for 4 h. Body mass and fat
mass were determined on day 14. Food intake was measured daily
from day 10 to day 14.

Values are mean ± SEM, n=4–13

*p<0.05 vs Ad-GFP
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of PGC-1α and phosphoenolpyruvate kinase (PEPCK) in
fasting mice, improved insulin signal transduction and
suppression of gluconeogenesis following pyruvate expo-
sure. These changes were not sufficient to reduce fasting
glycaemia and insulinaemia.

Hepatic steatosis is closely linked to insulin resistance;
however, TAGs are unlikely to directly cause insulin
resistance because they are stored within lipid droplets. Also,
TAG accumulates during fasting when insulin sensitivity is
not impaired, refuting the likelihood of a causal negative
relationship. Other metabolically active lipid intermediates,
such as diacylglycerol and ceramide, are mechanistically
linked to defective insulin signal transduction. There is
considerable associative evidence to support a role for
diacylglycerol in mediating hepatic insulin resistance, with
the demonstration of concurrent reductions in diacylglycerol,
PKCε activity and improved insulin receptor substrate
signalling following various experimental manipulations
[34, 36, 37]. While we showed that ATGL overproduction

reduced liver diacylglycerol by ~30%, PKCε membrane
translocation was unaffected. Other serine/threonine kinases
such as JNK and inhibitor of kappa kinase are implicated in
the development of insulin resistance [44, 45], yet neither
kinase was attenuated with ATGL overproduction. Ceramide
inhibits insulin signalling at Akt by dephosphorylation
mediated by protein phosphatase 2A [46] and by preventing
the translocation of Akt [47]. Pharmacological and genetic
interference of ceramide biosynthesis is associated with
enhanced insulin sensitivity [48]. Our studies show that
ATGL overproduction reduced ceramide content and increased
Akt phosphorylation in the liver of obese mice, supporting the
concept that ATGL influences distal hepatic insulin signalling
[30]. Interestingly, ceramide was not increased in Atgl−/−

hepatocytes, which may explain the maintenance of insulin
sensitivity in these cells.

In summary, this study demonstrates that hepatic ATGL
production is reduced in several models of rodent obesity
and that ATGL ablation leads to pronounced steatosis that
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Mice treated with Ad-GFP or
Ad-ATGL were injected i.p.
with 1 U/kg insulin and blood
glucose was monitored for
120 min. White circles, Ad-
GFP; black circles, Ad-ATGL
(n=11–13 per group).**p<0.05
for main effect for treatment.
b Glucose uptake into soleus
muscle was determined ex vivo
under basal or insulin stimulated
(10 nmol/l) conditions
(n=6–8 per condition); *p<0.05
vs basal within the same treat-
ment. c Pepck, G6Pase and
Pgc-1α (also known as
Ppargc1a) mRNA in the liver
of mice after a 4–6 h fast.
(d, e) Mice were injected i.p.
with a high (2 g/kg) (d) or low
(0.35 g/kg) (e) pyruvate load,
and blood glucose was assessed
for 60–90 min. White circles,
Ad-GFP; black circles,
Ad-ATGL (n=3–6 per group).
f–h Mice were anaesthetised
with isoflurane and injected i. v.
with 5 U/kg dose insulin. Livers
were freeze clamped after
10 min and insulin sensitivity
was assessed by measuring (f)
pAkt (S473) and (g) pFOXO1
(S256). *p<0.05, †p=0.058 vs
Ad-GFP. Representative blots
are shown in (h) (n=7–8 per
group)

154 Diabetologia (2011) 54:146–156



is characterised by an impairment in fatty acid oxidation.
Increasing ATGL production in the liver reduces hepatic
steatosis and mildly enhances liver insulin sensitivity.
These effects are not sufficient to improve fasting glycaemia
or insulinaemia in rodent obesity, suggesting that ATGL
represents a pharmacological therapeutic target for fatty liver
disease but not type 2 diabetes.
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