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Triacylglycerol accumulation in insulin target tissues is asso-
ciated with insulin resistance. Paradoxically, mice with global
targeteddeletionof adipose triglyceride lipase (ATGL), the rate-
limiting enzyme in triacylglycerol hydrolysis, display improved
glucose tolerance and insulin sensitivity despite triacylglycerol
accumulation in multiple tissues. To determine the molecular
mechanisms for this phenotype, ATGL-deficient (ATGL�/�)
andwild-typemicewere injectedwith salineor insulin (10units/
kg, intraperitoneally), and then phosphorylation and activities
of key insulin-signaling proteinswere determined in insulin tar-
get tissues (liver, adipose tissue, and muscle). Insulin signaling
and/or glucose transport was also evaluated in isolated adipo-
cytes and skeletal muscle ex vivo. In ATGL�/� mice, insulin-
stimulated phosphatidylinositol 3-kinase and Akt activities as
well as phosphorylation of critical residues of IRS1 (Tyr(P)-612)
and Akt (Ser(P)-473) were increased in skeletal muscle in vivo.
Insulin-stimulated phosphatidylinositol 3-kinase activity and
total insulin receptor and insulin receptor substrate 1, but not
other parameters, were also increased in white adipose tissue in
vivo. In contrast, in vivo measures of insulin signaling were
decreased in brown adipose tissue and liver. Interestingly, the
enhanced components of insulin signaling identified in skeletal
muscle and white adipose tissue in vivo and their expected
downstream effects on glucose transport were not present ex
vivo. ATGL deficiency altered intramyocellular lipids as well as

serum factors known to influence insulin sensitivity. Thus, skel-
etal muscle, rather than other tissues, primarily contributes to
enhanced insulin sensitivity in ATGL�/� mice in vivo despite
triacylglycerol accumulation, and both local and systemic fac-
tors contribute to tissue-specific effects of global ATGL defi-
ciency on insulin action.

Triacylglycerols (TAGs)4 are the predominant form of
energy storage in animals. The ability to store and release this
energy in response to variable energy availability requires a
carefully regulated balance betweenTAG synthesis and hydrol-
ysis. In the setting of chronic energy excess, however, TAGs and
other lipidmetabolites accumulate in adipose tissue aswell as in
metabolically relevant non-adipose tissues where they have
been proposed to contribute to cellular dysfunction via a proc-
ess known as lipotoxicity (1–3). Indeed, intracellular TAG
accumulation has been repeatedly associated with metabolic
dysfunction, a relationship that is particularly strong for insulin
resistance (1–3). Despite this strong association, however,
intracellular TAG accumulation is not always associated with
insulin resistance (4) and may even be associated with insulin
sensitivity, as is the case with highly trained endurance athletes
(the so-called “athlete paradox”) (5). Thus, the contribution of
intracellular TAGs and TAG metabolism per se to lipotoxicity
remains controversial. What is clear is that lipid-induced insu-
lin resistance is a major risk factor for morbidity and mortality
from a variety of causes, including overt diabetes mellitus, non-
alcoholic fatty liver disease, and cardiovascular disease. Hence,
understanding the mechanisms by which dysregulated TAG
metabolism contributes to steatosis, lipotoxicity, and insulin
resistance is essential to understanding and treating these
increasingly prevalent disorders.
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Although no mechanistic data have been identified directly
linking intracellular TAGs per se to insulin resistance, lipotox-
icity may occur when the capacity of the lipid droplets to effec-
tively store TAGs is exceeded. Several other lipid metabolites
that are products of TAGhydrolysis (i.e. diacylglyerols (DAGs),
fatty acids (FAs), fatty acyl-CoAs (FA-CoAs), and ceramides)
have been shown to directly or indirectly interfere with insulin
signaling and glucose transport via a variety of mechanisms
(6–9). Under normal physiological circumstances, insulin
binds to the insulin receptor (IR), thereby triggering its intrinsic
protein-tyrosine kinase activity. The subsequent autophospho-
rylation of several IR tyrosine residues promotes the recruit-
ment and tyrosine phosphorylation of IR substrates (IRSs) fol-
lowed by activation of phosphatidylinositol 3-kinase (PI3K) and
Akt, which in turn promote the pleiotrophic downstream
effects of insulin. The above lipid metabolites have been shown
to increase serine/threonine phosphorylation and decrease
tyrosine phosphorylation of IRS1, decrease serine/threonine
phosphorylation of Akt, decrease IRS1-associated PI3K activity
and Akt activity, and decrease Glut4 translocation (6–9). Pos-
sible mechanisms by which these lipid metabolites may influ-
ence glucose homeostasis and insulin action include competi-
tion for substrate oxidation, interference with cellular energy
sensing, regulation of gene expression, promotion of oxidative
stress andmitochondrial dysfunction, and activation of inflam-
matory and apoptotic pathways (6–9). However, most studies
evaluating the role of lipotoxicity in insulin resistance have
focused on cellular lipid uptake or oxidation, both of which
produce unidirectional changes in intracellular TAGs and
other intracellular lipid metabolites and hence do not ade-
quately address the role of intracellular TAGs and TAGmetab-
olism per se to this process.

Understanding the role of TAG metabolism in lipotoxicity
and insulin resistance has been further complicated by the fact
that the rate-limiting enzyme for TAG hydrolysis, adipose trig-
lyceride lipase (ATGL), has only recently been identified (10–
12). ATGL has been most extensively studied in adipose tissue
where it mediates the hydrolysis of long chain fatty acyl TAGs
(10). ATGL is also expressed in other tissues, including liver,
muscle, and pancreas (13), where its contribution to tissue-
specific and systemic metabolism is less well understood. Mice
with global targeted deletion of ATGL (ATGL�/� mice) have
severe defects inTAGhydrolysis, leading toTAGaccumulation
in virtually all tissues (14). Surprisingly, despite increased adi-
posity and “ectopic” TAG accumulation, which are character-
istically associated with insulin resistance, ATGL�/� mice par-
adoxically exhibit enhanced glucose tolerance and insulin
sensitivity (14). This finding has largely been attributed to the
effect of reduced systemic FA delivery on energy substrate
availability (14). However, the contribution of altered tissue-
specific insulin action to this phenotype has not been evaluated.
ATGL�/� mice represent a unique model for examining the

contribution of intracellular TAG accumulation to glucose
homeostasis and insulin action because intracellular TAG
accumulation is dissociated from systemic FA delivery, and
presumably also from the production/accumulation of other
intracellular lipid metabolites. In addition, ATGL�/� mice dif-
fer from the other models in which increased adiposity is para-

doxically associated with insulin sensitivity in that enhanced
expansion of adipose tissue mass and reduced systemic FA deliv-
ery do not protect against ectopic lipid deposition in ATGL�/�

mice (15, 16). The aims of this study were to evaluate the mecha-
nisms by which impaired TAG hydrolysis and intracellular TAG
accumulation because of globalATGLdeficiency promotewhole-
body glucose tolerance and insulin sensitivity and to define the
contribution of tissue-specific changes in insulin action to this
phenotype. Here we demonstrate that global ATGL deficiency in
mice not only reduces energy substrate availability but also pro-
duces tissue-specific changes in insulin action.

EXPERIMENTAL PROCEDURES

Animals—Mice were housed under standard conditions at
25 °C with a 14:10 h light/dark cycle with ad libitum access to
water and standard chow diet (Harlan Teklad RD 8664). Mice
were handled in accordance with guidelines established by the
National Institutes of Health. Experimental procedures were
approved by the Institutional Animal Care and Use Committee.
ATGL�/� mice were generated on a mixed genetic background
(50% C57BL/6 and 50% 129/Ola) as described (14). The targeted
ATGL allele was then backcrossed onto the obesogenic/diabeto-
genic C57BL/6 background strain for �10 generations. Experi-
mental mice were generated by breeding ATGL�/� or ATGL�/�

males toATGL�/� females. BecauseATGL�/�micedeveloppre-
mature morbidity andmortality as well as profound hypothermia
and hypometabolism (torpor) in response to prolonged fasting
(14), studieswere performedundermore physiological conditions
(short term fasting of 6–8 h) usingmice less than 14weeks of age.
Body Composition and Metabolic Measurements—Body

composition was determined in awake mice using EchoMRI
(Echo Medical Systems). Plasma glucose was measured using a
One-touch FastTake glucometer (Lifescan). For insulin and
glucose tolerance tests (ITT and GTT, respectively), awake
mice were injected intraperitoneally with human insulin
(HumulinR; Lilly) at 0.75 units per kg of body weight (ITT) or
with 20% D-glucose at 1.5 g per kg of body weight (GTT) fol-
lowed by blood sampling at the times indicated.
Analysis of Serum Insulin, Adipokines, and Lipids—Serum

insulin was determined using the rat insulin enzyme-linked
immunosorbent assay kit (Crystal Chem). Serum resistin and
adiponectin were determined using Lincoplex enzyme-linked
immunosorbent assay kits (Millipore). Serum retinol-binding
protein 4 (RBP4) was determined using anti-humanRBP4 poly-
clonal antibody (Dako) as described (17). Serum nonesterified
fatty acids (NEFAs) and TAGs were determined using the HR
Series NEFA-HR(2) colorimetric assay (WakoChemical Indus-
tries) and the Triglyceride Liquicolor colorimetric assay (Stan-
Bio Laboratory), respectively.
Liver Glycogen Determination—Liver glycogen was assayed

according toAdamoandGraham (18)withmodifications. Liver
was homogenized on ice in 0.03 M HCl per 100 mg of tissue. Ali-
quots of 500 �l were mixed with equal volumes of 2 M HCl and
then neutralized by adding 500 �l of 2 M NaOH for the determi-
nation of free glucose or subjected to continued incubation for 2 h
at 99 °C todetermine total glucose. Sampleswere then centrifuged
for 30 min at 14,000 � g, 4 °C, and glucose concentration in the
supernatant was measured using Thermo Trace glucose oxidase
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reagent (Thermo Electron). Glycogen-derived glucose was calcu-
lated by subtracting free from total glucose.
Insulin Signaling Studies—For insulin signaling studies in

vivo, 6-h fasted mice were injected intraperitoneally with insu-
lin at 10 units per kg body weight. Tenmin thereafter, mice were
sacrificed by cervical dislocation, and tissues were collected. For
muscle insulin signaling studies ex vivo, soleus muscles were rap-
idly dissected from6-h fastedmice after sacrifice by cervical dislo-
cation and preincubated for 30 min in pre-gassed (95% O2, 5%
CO2) Krebs-Henseleit bicarbonate buffer, pH 7.4, containing 5
mM Hepes (KHB � Hepes) at 35 °C. Contralateral muscles were
then incubated for 10min in buffer with or without 33 nM insulin.
Muscles were removed, blotted dry, snap-frozen in liquid nitro-
gen, and stored at �80 °C until processing.
Immunoblotting Analysis—Tissues were homogenized in

ice-cold lysis buffer (20 mM Tris-HCl, pH 7.4, 5 mM EDTA, 10
mM Na4P2O7, 100 mM NaF, 1% Nonidet P-40, 2 mM Na3VO4, 1
mM phenylmethylsulfonyl fluoride, 14 �M leupeptin, 1 �M

aprotinin). Lysates were centrifuged at 14,000 � g for 30 min at
4 °C, and supernatants were stored at �80 °C until analysis.
Lysate protein was resolved by SDS-PAGE (Criterion, Bio-Rad)
and transferred to nitrocellulose membranes (Whatman Prot-
ran, Fisher). Phosphorylated and total proteins were identified
by immunoblotting using the following primary antibodies:
anti-pIR (Tyr(P)-1162/ Tyr(P)-1163) polyclonal, anti-pIR
(Tyr(P)-972) polyclonal, and anti-pIRS1 (Tyr(P)-612) poly-
clonal (Invitrogen); anti-IR� polyclonal and anti-IR� poly-
clonal (Santa Cruz Biotechnology); anti-IRS1 polyclonal, anti-
pAkt (Ser(P)-473) monoclonal, and anti-Akt polyclonal
(Millipore); anti-pAkt (Thr(P)-308) monoclonal (Cell Signal-
ing); anti-GAPDH polyclonal (Imgenex); and anti-Ran GTPase
monoclonal (BD Biosciences). Immunoblots were developed
using aWestern blot chemiluminescence reagent (PerkinElmer
Life Sciences). Densitometric analysis was performed using
ImageJ software (National Institutes of Health).
PI3K and Akt Activity Assays—For PI3K activity, tissue

lysates (liver and gastrocnemius muscle, 500 �g of protein;
white and brown adipose, 300 �g; soleus muscle, 100 �g) were
subjected to immunoprecipitation overnight at 4 °C with 4 �g
of polyclonal anti-IRS1 antibody (Millipore) or 2 �l of poly-
clonal anti-IRS2 (gift from Morris White, Joslin Diabetes Cen-
ter, Boston) coupled to protein A-Sepharose beads (Sigma). For
Akt activity, tissue lysates were subjected to immunoprecipita-
tion for 4 h at 4 °C with 4 �g of anti-Akt monoclonal antibody
(Millipore) coupled to protein G-Sepharose beads (GE Health-
care). The immune complexes were washed, and PI3K and Akt
activities were determined as described previously (19).
Muscle 2-[3H]Deoxyglucose Transport ex Vivo—Glucose

transport into muscle ex vivowas determined according to Zis-
man et al. (20) with modifications. Soleus and extensor digito-
rum longus (EDL) muscles were rapidly dissected from 6-h
fasted mice after sacrifice by cervical dislocation. Muscles were
then preincubated for 1 h in KHB � Hepes supplemented with
10 mM D-glucose at 35 °C, and rinsed by incubation for 10 min
in KHB � Hepes supplemented with 10 mM D-mannitol. Glu-
cose transport was assessed by subsequent incubation in
KHB � Hepes containing 1 mM 2-deoxyglucose, 9 mM manni-
tol, 1.5 �Ci/ml 2-deoxy-D-[1,2-3H]glucose (American Radiola-

beled Chemicals), and 0.3 �Ci/ml D-[1-14C]mannitol (Ameri-
can Radiolabeled Chemicals) for 20min at 29 °C. To determine
basal and insulin-stimulated glucose transport in contralateral
muscles, all buffers were pre-gassed with 95% O2, 5% CO2 and
supplemented with equal volumes of saline or 33 nM insulin,
respectively. After the final incubation, muscles were removed,
blotted dry, trimmed, and snap-frozen in liquid nitrogen. Later,
the muscles were weighed and digested for 30 min in 300 �l of
1 M NaOH at 65 °C and centrifuged at 13,000 � g for 10 min at
ambient temperature. Radioactivity in the supernatant was
determined by liquid scintillation counting for dual labels, and
glucose transport into myotubes was calculated.
[14C]Glucose Transport into Isolated Adipocytes—Glucose

uptake in isolated adipocytes was determined using conditions
in which glucose uptake is directly proportional to transport as
described previously (21). Briefly, adipocytes were isolated
from epididymal fat pads by collagenase (1 mg/ml) digestion. A
fraction of isolated adipocytes was used to determine the aver-
age cell number and volume (�g of lipid/cell) (22). The remain-
ing adipocytes were incubated at 37 °C with constant agitation
in a 10% (v/v) suspension of Krebs-Ringer bicarbonate buffer,
pH 7.4, containing 20 mM Hepes, 2.5% bovine serum albumin
(fraction V), and 200 nM adenosine for 30 min with 0, 0.2, 0.3,
0.4, 0.6, 1, 5, or 100 nM insulin. Glucose uptake into adipocytes
was assayed by the subsequent incubation with 3 mM

[U-14C]glucose (286 mCi/mmol; Amersham Biosciences) for
30 min. The reaction was terminated by brief centrifugation
over dinonyl phthalate oil, and the radioactivity in the cell layer
(supernatant) was determined by liquid scintillation counting.
Muscle LipidAnalysis—Oil RedO staining of neutral lipids in

skeletal muscle was performed as described (23). For biochem-
ical analysis of TAGs, DAGs, and ceramides, soleus muscle lip-
ids were extracted using the method of Folch et al. (24). The
organic solvent was evaporated under a stream of nitrogen, and
lipid extracts were stored at �20 °C until processing. For TAG
analysis, lipids were resuspended in ice-cold 1% Triton X-100
by sonication. TAG concentration was determined using a col-
orimetric kit assay (Thermo Trace; Thermo Scientific). To
determine ceramide concentrations, lipid extracts were redis-
solved in 400�l of CHCl3/MetOH/H2O (16:16:5, v/v), followed
by addition of 400�l of 0.2 Nmethanolic NaOH and incubation
for 45 min at ambient temperature under constant shaking.
Thereafter, 400 �l of 0.5 M EDTA and 150 �l of 1 N acetic acid
were added (25). After lipid extraction usingCHCl3, the organic
solvent was evaporated under a stream of nitrogen, and lipids
were redissolved in acetonitrile/isopropyl alcohol (5:2, v/v)
containing 1% NH4 acetate and 0.1% formic acid for high pres-
sure liquid chromatography-MS/MS analysis. Ceramides were
analyzed by tandem mass spectroscopy using a Quantum TSQ
(Thermo Electron) coupled to the Accela UPLC system
(Thermo Electron). For DAG analysis, lipid extracts were
directly redissolved in acetonitrile/isopropyl alcohol (5:2, v/v)
containing 1% NH4 acetate and 0.1% formic acid and analyzed
using the Accela UPLC-LTQ-FT MS system (Thermo Elec-
tron). FA-CoAs were determined by on-line SPE-LC-MS
according to the method of Magnes et al. (26).
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RNA Extraction, Reverse Transcription, and Gene Expression
Analysis—Total RNAwas extracted from homogenized tissues
using RNeasy lipid tissuemini kit with on-columnDNase treat-
ment (Qiagen). Reverse transcription of 1 �g of total RNA was
performed using randomdecamers (RETROscript kit, Ambion,
Inc.). Gene expression was determined by quantitative PCR
(7300 real time PCR system, Applied Biosystems). Reactions
were performed in triplicate in 25 �l containing 2.5 �l of 1:100
diluted cDNA, 1�TaqmanUniversal PCRmastermix (Applied
Biosystems), and gene-specific primer-probe sets (Taqman
Gene Expression Assays, Applied Biosystems). Reactions were
run at 95 °C for 10 min followed by 40 cycles of 95 °C for 15 s
and 60 °C for 1 min. Gene expression was determined by the
standard curve method and normalized to expression of
cyclophilin as reference gene (forward 5�-GGTAGGAGAGC-
ACCAAGACAGA, reverse 5�-GCCGGAGTCGACAATAGA-
TAG, and probe 5�-AGCCGGGACAAGCCACTAGAAG-
GAT). Appropriate analysis was performed to determine that
expression of control genes was unchanged under the experi-
mental conditions described. Accuracy of RNA quantification
was optimized by DNase treatment of samples, use of gene-
specific primer-probe sets that span intron-exon boundaries,
and verification of lack of amplification in no-reverse tran-
scriptase and no-template controls.

Statistical Analysis—Results are expressed as means � S.E.
Comparisons between groups were made by unpaired two-
tailed Student’s t test or one-way analysis of variance
(ANOVA), as appropriate. Where differences were found by
ANOVA, post hoc analysis was performed using Bonferroni’s
multiple comparison test. For glucose transport into isolated
adipocytes, nonlinear regression was used to generate a best fit
concentration-response curve using a variable slope sigmoidal
(Hill) equation with no constraints. For all analyses, p values of
�0.05 were considered statistically significant.

RESULTS

ATGL�/� Mice on a Pure C57BL/6 Background Have
Improved Glucose Tolerance and Insulin Sensitivity Despite
Increased BodyWeight and FatMass—Because previous obser-
vations of improved glucose tolerance and insulin sensitivity
were identified in anesthetized ATGL�/� mice on a mixed
genetic background (14), we first confirmed the effect of global
ATGL deficiency on body weight, body composition, glucose
tolerance, and insulin sensitivity in awake mice on a pure
C57BL/6 background. ATGL�/� mice on a C57BL/6 back-
ground developed significantly increased body weight com-
pared with wild-type (WT) mice as early as 5–6 weeks of age
(Fig. 1A), much earlier than mice on a mixed background (14).
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This increase in body weight was entirely due to increased fat
mass (Fig. 1B) and not due to altered lean mass (Fig. 1C). The
GTT, which reflects both insulin-independent and -dependent
glucose disposal, revealed reduced serum glucose in ATGL�/�

mice at 0, 15, and 120 min following glucose injection (Fig. 1D)
as well as a reduced area under the curve (Fig. 1D, inset), con-
sistent with improved glucose tolerance. Interestingly, meas-
urement of serum insulin during the GTT revealed drastically
reduced serum insulin at all time points, suggesting that
enhanced glucose tolerance in ATGL�/� mice under these
conditions is in part due to non-insulin-mediated mechanisms
and that ATGL deletion may additionally impair beta cell insu-
lin secretion in response to a glucose challenge (Fig. 1E). The
ITT, which primarily reflects insulin-mediated glucose dis-
posal, revealed reduced serum glucose in ATGL�/� mice at all
time points following intraperitoneal insulin injection (Fig. 1F)
as well as a reduced area under the curve (Fig. 1F, inset), sug-
gesting improved insulin sensitivity. These GTT and ITT
results were preserved even after correcting for the initial dif-
ferences in basal glucose. Similar GTT and ITT results were
also obtained in female mice (data not shown).
Reduced Energy Substrate Availability Contributes to

Increased Glucose Tolerance in ATGL�/� Mice—To determine
the contribution of substrate availability to glucose homeosta-
sis in ATGL�/� mice, we evaluated serum glucose during fast-
ing (0–16 h), hepatic glycogen content during ad libitum feed-
ing and following a physiological fast (6 h), and serum lipids
following a physiological fast (6 h). Serum glucose concentra-
tions during ad libitum feeding and after a prolonged fast did

not differ between ATGL�/� and WT mice, consistent with
previous reports (Fig. 2A) (14). However, although normal
serum glucose was maintained in WT mice through 8–10 h of
fasting, serum glucose decreased almost immediately in
ATGL�/� mice and became significantly lower than WT mice
within 4 h of fasting. Not surprisingly, availability of serum lipid
substrates (FAs and TAGs) was reduced in ATGL�/� mice fol-
lowing a 6-h fast (Fig. 2, B and C, respectively). Consistent with
enhanced reliance on hepatic glucose production, hepatic gly-
cogen content was reduced in ATGL�/� mice compared with
WTmice in both fed and fasted states (Fig. 2D). Thus, a reduc-
tion in both lipid and carbohydrate substrate contributes to the
apparent glucose tolerance in ATGL�/� mice.
Insulin Action Is Impaired in Liver of ATGL�/� Mice—To

better understand how global ATGL deficiency contributes to
hepatic insulin action and glucose homeostasis in ATGL�/�

mice, we evaluated insulin signaling in liver. Insulin-stimulated
phosphorylation of the IR at sites Tyr-1162/1163 (p� 0.06) and
Tyr-972 as well as Akt Ser-473 were not different in ATGL�/�

mice (Fig. 3, A and B). However, insulin-stimulated phospho-
rylation of IRS1 Tyr-612 and Akt Tyr-308 was decreased in
ATGL�/� mice (Fig. 3, A and B). Expression of total proteins
relative to Ran GTPase control gene was unchanged between
genotype groups (quantification not shown). Furthermore,
although insulin-stimulated IRS1- and IRS2-associated PI3K
activities were unchanged (Fig. 3, C and D), insulin-stimulated
Akt activity was decreased in ATGL�/� mice (Fig. 3E). These
findings suggest that ATGL deficiency contributes to distal
impairment in hepatic insulin signaling at the level of Akt, indi-
cating that enhanced insulin signaling in liver does not contrib-
ute to whole-body insulin sensitivity in ATGL�/� mice.
Insulin-stimulatedGlucose Transport and Insulin Action Are

Not Impaired in White Adipose Tissue of ATGL�/� Mice
Despite Increased Adipocyte Lipid Content—To better under-
stand howATGLdeficiency influences adipocyte insulin action
and glucose homeostasis in ATGL�/� mice, we evaluated insu-
lin signaling in brown and white adipose tissue in vivo as well as
glucose uptake into isolated white adipocytes ex vivo. Evalua-
tion of insulin signaling in brown adipose tissue (BAT) of
ATGL�/� mice revealed a similar pattern as was observed for
liver, i.e. reduced insulin-stimulated phosphorylation of IRS1 at
Tyr-612 andAkt activity but no difference in PI3K activity (data
not shown), consistent with impaired insulin signaling down-
stream of the IR. In contrast, in perigonadal white adipose tis-
sue (WAT) in vivo, insulin-stimulated phosphorylations of the
IR at sites Tyr-1162/1163, IRS1 at Tyr-612, as well as phospho-
rylation of Akt at Ser-473 were unchanged in ATGL�/� mice
(Fig. 4,A and B). Despite no change in stoichiometric phospho-
rylation of these sites, total IR and IRS1 protein relative to
GAPDH control were increased in ATGL�/� mice (Fig. 4C).
This increase in total IR an IRS1 was associated with increased
insulin-stimulated IRS1-associated PI3K activity (Fig. 4D) but
not Akt activity (Fig. 4E) in ATGL�/� mice. These data suggest
that, in contrast to liver and BAT, insulin action was not
impaired (and may even be improved) in WAT of ATGL�/�

mice.
To further clarify these findings, we next evaluated ex vivo

glucose transport in isolated white adipocytes. Lipid content

FIGURE 2. Blood glucose, serum lipids, and liver glycogen. A, plasma glu-
cose during fasting in 6-10-week-old female mice (n � 10 –18 per group).
B, serum NEFAs, and C, TAGs in 7–10-week-old mice following a 6-h fast (n �
8 per group). D, liver glycogen in ad libitum-fed and 6-h-fasted, 7-14-week-old
mice of mixed gender (n � 3– 4 per group). Data are expressed as means �
S. E. *, p � 0.05; **, p � 0.01; ***, p � 0.001 for effect of genotype or feeding
status as determined by unpaired two-tailed Student’s t test.
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per adipocyte (Fig. 5A) and basal glucose transport (Fig. 5B)
were both increased in ATGL-deficient adipocytes, consistent
with previous reports demonstrating a positive correlation
between basal glucose transport/cell and adipocyte size (27).
However, maximal insulin-stimulated glucose transport rates
(Vmax � 32.45 � 1.51 amol/min/cell for WT; 32.89 � 1.77
amol/min/cell for ATGL�/�) and the half-maximal effective
concentrations for insulin (EC50 � 0.2983 nM for WT; EC50 �
0.2563 nM for ATGL�/�) were not different between groups
(Fig. 5C), even after correcting for differences in basal glucose
transport (Fig. 5D). These data suggest that enhanced basal glu-
cose transport into white adipocytes contributes to improved
glucose homeostasis in ATGL�/� mice and that insulin-stim-
ulated glucose transport is not impaired despite increased adi-
pocyte lipid content. These data also indicate that the increase
in PI3K activity observed in vivo does not translate into
improved insulin-stimulated glucose transport into adipocytes
ex vivo.
Insulin Action Is Enhanced in Skeletal Muscle of ATGL�/�

Mice in Vivo butNot ex Vivo—Tobetter understand how global
ATGL deficiency contributes to skeletal muscle insulin action
and glucose homeostasis, we evaluated insulin signaling in skel-
etal muscle in vivo and ex vivo as well as glucose transport in
skeletal muscle ex vivo. We first confirmed that ATGL was
comparably expressed in all muscles examined (relative expres-

sion of ATGL/cyclophilin by quantitative PCR was 1.00 � 0.10
for gastrocnemius, 1.12 � 0.28 for EDL, and 1.15 � 0.18 for
soleus). In skeletal muscle (gastrocnemius) in vivo, insulin-
stimulated IR Tyr-1162/1163 phosphorylation was unchanged
in ATGL�/� mice. However, phosphorylation of IRS1 at Tyr-
612 and Akt at Ser-473 was increased, and Akt Thr-308 phos-
phorylation tended to be increased (p� 0.06) (Fig. 6,A andB) in
ATGL�/� mice. Expression of total proteins relative to Ran
GTPase control gene was unchanged between genotype groups
(quantification not shown). The increase in IRS1 andAkt phos-
phorylation was associated with increased insulin-stimulated
IRS1-associated PI3K andAkt activities (Fig. 6,C andD, respec-
tively) as well as increased glucose transporter 4 (Glut4) protein
expression (Fig. 6E) in skeletalmuscle ofATGL�/�mice. These
findings suggest that increased in vivo insulin signaling in skel-
etal muscle contributes to enhanced whole-body insulin sensi-
tivity in ATGL�/� mice.
Interestingly, evaluation of insulin signaling in skeletal mus-

cle (soleus) ex vivo revealed that insulin-stimulated phospho-
rylation of IR Tyr-1162/1163, Akt Tyr-308, and Akt Ser-473
was unchanged or reduced in ATGL�/� mice (Fig. 7, A and B).
In addition, the previously observed increases in insulin-stim-
ulated IRS1-associated PI3K and Akt activities in skeletal mus-
cle in vivo disappearedwhen insulin stimulationwas performed
in skeletal muscle ex vivo (Fig. 7, C and D). Furthermore,

FIGURE 3. Liver insulin signaling in vivo. Male mice at 10 –12 weeks of age were fasted for 6 h, injected intraperitoneally with saline or insulin at 10 units/kg
of body weight, and sacrificed 10 min thereafter. A and B, insulin-stimulated site-specific phosphorylation of IR, IRS1, and Akt as assessed by immunoblotting
analysis (n � 3–5 per group). For quantification, phosphoproteins were normalized to the corresponding total proteins. Ran GTPase served as loading control.
C, IRS1-associated PI3K activity; D, IRS2-associated PI3K activity; and E, Akt activity (n � 3–7 per group). IP, immunoprecipitation. Data are expressed as mean �
S.E. *, p � 0.05 for effect of genotype as determined by unpaired two-tailed Student’s t test (B) or one-way ANOVA (C–E).
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although basal glucose uptake in skeletal muscle was enhanced
in vivo (14), basal glucose transport was unchanged, and insu-
lin-stimulated glucose transport was reduced in ATGL�/�

mice ex vivo (Fig. 7E). Similar results were observed for EDL
(data not shown), indicating that differences between in vivo
and ex vivo findings are not likely because of differences inmus-
cle fiber-type composition or fiber-type specific expression of
ATGL. Taken together, these data suggest that tissue-specific
as well as systemic effects influence glucose homeostasis and
insulin action in skeletal muscle of ATGL�/� mice.
Local and Systemic Factors May Contribute to the Dissocia-

tion of in Vivo and ex Vivo Insulin Action in Skeletal Muscle of
ATGL�/� Mice—To further explore the mechanisms underly-
ing the differences between in vivo and ex vivo insulin action in
skeletalmuscle of ATGL�/�mice, we evaluated the role of both
local and systemic factors in this phenotype. With regard to
local factors, we characterized the intramyocellular lipid phe-
notype of ATGL�/� mice. As expected, intramyocellular TAG
concentrations were substantially increased in ATGL�/� mice
as demonstrated by Oil Red O staining of neutral lipid within
skeletal muscle fibers (Fig. 8A) and using biochemical methods
(Fig. 8B). However, although the absence of ATGL-mediated
TAGhydrolysis would be expected to reduce other lipidmetab-
olites, DAG concentrations were surprisingly increased (Fig.
8C). In contrast, ceramides were unchanged in ATGL�/� mice
(Fig. 8D), and both total and species-specific long chain FA-
CoAs were reduced in ATGL�/� mice with the exception of

palmitoyl-CoA, which was unchanged (Fig. 8E). Because DAGs
have been implicated in skeletal muscle insulin resistance, we
evaluated possible mechanisms for their elevation by perform-
ing gene expression analysis of enzymes involved in their syn-
thesis (glycerol-3-phosphate acyltransferase (GPAT1)), acyla-
tion (diacylglycerol acyltransferases 1 and 2 (DGAT1 and
DGAT2, respectively)), and/or hydrolysis (hormone-sensitive
lipase (HSL)). Compared with expression inWTmice, GPAT1
and DGAT2 were reduced, whereas HSL and DGAT1 were
unchanged in ATGL�/� mice (Fig. 8F). These data suggest that
reducedDGAT2-mediated acylation ofDAG toTAGand/or an
impaired compensatory increase in HSL-mediated DAG
hydrolysis may contribute to increased DAGs in ATGL�/�

mice.
With regard to systemic factors, we characterized the levels

of circulating factors known to effect glucose homeostasis and
insulin sensitivity (i.e. adipokines). RBP4, a proposed mediator
of skeletal muscle insulin resistance, was decreased in serum of
ATGL�/� mice (Fig. 8G). In contrast, serum resistin and adi-
ponectinwere unchanged between genotypes (data not shown).
Thus, in addition to reduced serumNEFAs, reduced RBP4may
contribute to increased in vivo insulin action in skeletal muscle
of ATGL�/� mice.

DISCUSSION

Intracellular TAG accumulation in insulin target tissues is
generally associated with impaired insulin signaling leading to

FIGURE 4. WAT insulin signaling in vivo. A–E, for insulin signaling in WAT in vivo, male mice at 10 –12 weeks of age were fasted for 6 h, injected intraperitoneally
with saline or insulin at 10 units/kg of body weight, and sacrificed 10 min thereafter. A and B, insulin-stimulated site-specific phosphorylation of IR, IRS1, and
Akt as assessed by immunoblotting analysis (n � 3–5 per group). For quantification, phosphoproteins were normalized to the corresponding total
proteins. GAPDH served as loading control. A and C, expression of total IR and IRS1 relative GAPDH control. D, IRS1-associated PI3K activity; and E, Akt
activity (n � 3–7 per group). Data are expressed as mean � S.E. *, p � 0.05 for effect of genotype as determined by unpaired two-tailed Student’s t test
(B and C) or one-way ANOVA (D and E).
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insulin resistance and overt diabetes. However, the paradoxical
association of intramyocellular TAGs with insulin sensitivity in
endurance-trained athletes challenges the notion that TAG
accumulation per se is causal in this process (5). Thus, the
mechanisms by which intracellular TAG accumulation affects
tissue insulin action and the role of ATGL-mediated TAG
metabolism in this process remain unclear. Mice with global
targeted deletion of ATGL have improved glucose tolerance
and insulin sensitivity despite increased adiposity and ectopic
TAG accumulation in insulin target tissues such as liver and
muscle. Thus, ATGL�/�mice represent a uniquemodel to bet-
ter understand the relationship between intracellular TAG
metabolism and insulin resistance. Here we demonstrate that
improved glucose tolerance and insulin sensitivity in ATGL�/�

mice is not only due to reduced energy substrate availability but
also due to tissue-specific changes in insulin action.We further
demonstrate that skeletal muscle primarily contributes to
improvedwhole-body insulin sensitivity in ATGL�/� mice and
that both local and systemic factors influence tissue-specific
insulin action in the setting of ATGL deficiency.
ATGL�/�mice on a pureC57BL/6 background demonstrate

enhanced glucose tolerance and insulin sensitivity despite
increased adiposity in accordance with previous findings in

mice on a mixed genetic back-
ground (14). Both insulin-indepen-
dent and -dependent mechanisms
may contribute to this phenotype.
In support of the former, glucose
disposal is enhanced in ATGL�/�

mice following a glucose challenge
despite the absence of a concurrent
insulin secretory response. The
reduced availability of serum lipid
substrates in ATGL�/� mice, even
in the ad libitum fed state, likely
enhances reliance on glucose as
energy substrate as supported by
an increased respiratory quotient
and accelerated depletion of tissue
glycogen and serum glucose during
fasting and exercise (14, 28). This
depletion of lipid and glucose sub-
strate may also impair counter-reg-
ulatory responses to hypoglycemia.
Previous studies demonstrating
enhanced in vivo 2-[3H]deoxyglu-
cose uptake inmuscle and liver sup-
port a role for these tissues in non-
insulin-mediated glucose disposal
in ATGL�/� mice (14). Our data in
isolated adipocytes ex vivo further
suggest that adipose tissue contrib-
utes to this process as well. Interest-
ingly, the dramatic impairment in
insulin secretion in ATGL�/� mice
additionally implicates ATGL in
glucose-stimulated insulin secre-
tion from pancreatic beta cells.

Indeed, Peyot et al. (29) have recently shown that ATGL is
highly expressed in beta cells where itmediates TAGhydrolysis
and influences fuel- and non-fuel-stimulated insulin secretion
both in vitro and in vivo. Furthermore, biochemical data dem-
onstrating increasedTAGcontent in pancreas (14) and isolated
islets (29) derived from ATGL�/� mice suggest that primary
alterations in the islet lipid phenotype contribute to the
observed impairments in beta cell function. Thus, ATGL�/�

mice exhibit both enhanced non-insulin-mediated glucose dis-
posal and impaired glucose-stimulated insulin secretion.
Although it is clear that ATGL�/� mice have improved glu-

cose tolerance, the effect of ATGL deficiency on insulin sensi-
tivity is more complex, likely involving competing mechanisms
with dichotomous effects in different tissues. Whole-body
insulin sensitivity is determined by the net effect of insulin
action in insulin target tissues such as adipose tissue, liver, and
skeletal muscle. Importantly, the effect of a given metabolic
milieu on insulin action and vice versa can be very different for
each of these tissues (30–32). This is clearly true in ATGL�/�

mice in which insulin signaling in vivo is increased in skeletal
muscle, unchanged or possibly increased in WAT, and
decreased in BAT and liver. These data indicate that enhanced
insulin signaling in skeletal muscle, rather than other tissues, is

FIGURE 5. Glucose transport in isolated white adipocytes. For glucose transport into isolated adipocytes ex
vivo, adipocytes were isolated from perigonadal WAT of 6- to 8-week-old male mice following a 6-h fast (n �
3– 8 per group) and then assayed for uptake of [U-14C]glucose in the presence of 0, 0.2, 0.3, 0.4, 0.6, 1, 5, or 100
nM insulin. A, lipid content per adipocyte. B, basal glucose transport in the absence of insulin. C, absolute values
for the effect of insulin on glucose transport. D, transformed values for the effect of insulin on glucose transport
after correcting for differences in basal glucose transport. Data are expressed as mean � S.E. Curves were
generated by nonlinear regression with no constraints (C and D). **, p � 0.01 for effect of genotype as deter-
mined by unpaired two-tailed Student’s t test (A and B).

ATGL Deficiency Affects Tissue-specific Insulin Signaling

OCTOBER 30, 2009 • VOLUME 284 • NUMBER 44 JOURNAL OF BIOLOGICAL CHEMISTRY 30225



the primary contributor to whole-body insulin sensitivity in
ATGL�/� mice. Potential mechanisms contributing to the
observed tissue-specific changes in insulin action include the
physiological response to reduced energy substrate availability,
primary tissue-specific effects resulting from reduced ATGL-
mediated TAG hydrolysis (i.e. changes in the intracellular lipid
phenotype), or secondary systemic effects resulting from tis-
sue-specific responses to the above (i.e. release of circulating
factors such as adipokines or lipids themselves).
The interaction of these factors ismost clearly exemplified by

the effect of globalATGLdeficiency on insulin action in skeletal
muscle. Skeletal muscle is the primary site for insulin-mediated
glucose disposal. Intramyocellular TAG accumulation is fre-
quently associated with impairment of this process (i.e. insulin
resistance) (33). Using both histological and biochemicalmeth-
ods, we confirm that TAGs indeed accumulate within skeletal
muscle in ATGL�/� mice. Despite this intramyocellular TAG
accumulation, in vivo insulin signaling is enhanced in skeletal
muscle of ATGL�/� mice as indicated by increased phospho-
rylation of signalingmolecules downstream of the IR (IRS1 and
Akt), increased activity of PI3K and Akt, as well as increased
expression of Glut4 protein. These findings are even more
impressive in the context of relative energy substrate defi-
ciency, which should favor peripheral insulin resistance to pre-
serve glucose for vital organs. Interestingly, these changes in
skeletalmuscle insulin signaling disappear (or are even reversed

in the case of Akt serine phosphorylation) under ex vivo condi-
tions. Moreover, although basal glucose uptake into skeletal
muscle is increased in vivo (14), basal glucose transport is
unchanged, and insulin-stimulated glucose transport is
decreased in ATGL�/� mice ex vivo. These differences in in
vivo versus ex vivo results are not likely to be due to differences
in muscle fiber-type composition or fiber-type specific expres-
sion of ATGL because ATGL expression was comparable in all
muscles examined, and ex vivo findings were similar in muscles
of divergent fiber types. These data have two important impli-
cations as follows: 1) primary effects of ATGL deficiency on
intramyocellular lipid metabolism can negatively influence
insulin action and decrease glucose transport into skeletalmus-
cle; and 2) secondary systemic effects mediate the observed in
vivo effects of ATGL deficiency on insulin action in skeletal
muscle and are sufficient to overcome the primary local effects.
ATGL deficiency has several primary local effects on skeletal

muscle lipid metabolism that may influence insulin action in
that tissue. Importantly, ATGL deficiency results in dramatic
intramyocellular TAG accumulation, even in the setting of
reduced systemic FA delivery, consistent with a critical role for
ATGL in intramyocellular TAG hydrolysis. Reduced TAG
hydrolysis and FA delivery would also be expected to decrease
(or at least not increase) other lipid metabolites, as is observed
for FA-CoAs and ceramides. Interestingly, DAGs are unexpect-
edly increased in skeletal muscle of ATGL�/� mice. It is worth

FIGURE 6. Skeletal muscle insulin signaling in vivo. Male mice at 10 –12 weeks of age were fasted for 6 h, injected intraperitoneally with saline or insulin at 10
units/kg of body weight, and sacrificed 10 min thereafter. A and B, insulin-stimulated site-specific phosphorylation of the IR, IRS1, and Akt as assessed by
immunoblotting analysis (n � 3–5 per group). For quantification, phosphoproteins were normalized to total proteins. Ran GTPase served as loading control.
C, IRS1-associated PI3K activity, and D, Akt activity (n � 3–7 per group). E, Glut4 protein expression relative to Ran GTPase control as determined by Western blot
analysis. Data from gastrocnemius muscle are shown. Data are expressed as mean � S.E. *, p � 0.05; **, p � 0.01 for effect of genotype as determined by
unpaired two-tailed Student’s t test (B and E) or one-way ANOVA (C and D).
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noting that skeletal muscle-specific
transgenic overexpression of
DGAT2, which increases TAGs and
concomitantly decreases DAGs,
promotes insulin resistance (34). In
contrast, skeletal muscle-specific
transgenic overexpression of
DGAT1, which also increases TAGs
and decreases DAGs, promotes
insulin sensitivity (4). In addition,
global deletion of HSL results in
accumulation of intramyocellular
DAGs but not TAGs (35–37). Thus,
different enzymes involved in TAG
metabolism can have very different
effects on skeletal muscle insulin
action despite similar effects on
intracellular TAG content. These
data support the notion that ATGL
deficiency produces additional cel-
lular changes independent of its
effect on TAG content per se that
may influence insulin action. Our
data further suggest that inhibition
of DGAT2-mediated acylation of
DAGs and/or an impaired com-

FIGURE 7. Skeletal muscle insulin signaling and glucose transport ex vivo. A–D, for analysis of insulin signaling in skeletal muscle ex vivo, soleus
muscles were dissected from 6- to 10-week-old female mice following a 6-h fast and incubated in the presence or absence of 33 nM insulin. A and B,
insulin-stimulated site-specific phosphorylation of the IR, IRS1, and Akt as assessed by immunoblotting analysis (n � 3–5 per group). For quantification,
phosphoproteins were normalized to total proteins. Ran GTPase served as loading control. C, IRS1-associated PI3K activity; and D, Akt activity (n � 3–9
per group). E, for analysis of glucose uptake into skeletal muscle ex vivo, soleus muscles were dissected from 9- to 13-week-old female mice following a
6-h fast (n � 9 –11 per group) and assayed for uptake of 2-[3H]deoxyglucose in presence or absence of 33 nM insulin. Similar results were observed for
EDL. Data are expressed as mean � S.E. *, p � 0.05 for effect of genotype as determined by unpaired two-tailed Student’s t test (B) or one-way ANOVA
(C–E).

FIGURE 8. Local and systemic factors contributing to skeletal muscle insulin action. Lipid analysis was
performed in skeletal muscle of 7–9-week-old mice following a 6-h fast. A, Oil Red O staining for neutral lipids
in gastrocnemius of ATGL�/� and WT mice. B, TAG concentrations in soleus muscle of female mice (n � 4 per
group). C, DAG; and D, ceramide contents in soleus muscle of mice of mixed gender (n � 3–5 per group). E, long
chain FA-CoA concentrations in soleus muscle of male mice (n � 6). All lipid levels were normalized to tissue
wet weight. F, gene expression analysis in skeletal muscle of 8-week-old female mice following a 6-h fast (n �
8 –12). G, serum RBP4 in 7–10-week-old mice following a 6-h fast (8 –16 per group) determined by immunoblot
analysis. Data are expressed as mean � S.E. *, p � 0.05; **, p � 0.01; ***, p � 0.001 for effect of genotype as
determined by unpaired two-tailed Student’s t test.
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pensatory increase inHSL-mediatedDAGhydrolysismay con-
tribute to this increase in DAGs in ATGL�/� mice. As yet,
however, very little is known about the relationship between
ATGL, HSL, and other enzymes contributing to lipolysis in
skeletal muscle. Likewise, an increasing number of proteins
such as the ATGL co-activator protein, CGI-58 (38), and lipid
droplet proteins of the PAT family (named after perilipin, adi-
pophilin, and TIP47 (tail-interacting protein of 47 kDa)) have
been shown to interact with ATGL in adipocytes (39), but their
role in skeletal muscle TAG metabolism and insulin action
remains unclear. Unlike TAGs, DAGs have been directly impli-
cated in lipid-induced insulin resistance via activation of novel
protein kinase C and subsequent protein kinase C-mediated
inhibition of insulin-stimulated IRS1 tyrosine phosphorylation
and PI3K activity (40). However, it has been suggested that the
specific metabolic pathways contributing to cellular DAG con-
tent and/or the specific subtypes of DAGs present also influ-
ence the overall effect of DAGs on insulin sensitivity (40). Thus,
it remains unclear whether increased TAGs, DAGs, DAG sub-
types, or a combination of these factors underlie the reduced ex
vivo glucose transport in skeletal muscle of ATGL�/� mice.

In addition to the above local effects, global ATGL deficiency
produces systemic effects that secondarily influence tissue-spe-
cific insulin action. As noted above, the presence of increased
insulin signaling in skeletal muscle in vivo but not ex vivo impli-
cates circulating factors in these effects. Evaluation of circulat-
ing factors known to influence insulin sensitivity revealed a
decrease in serumRBP4 but no changes in adiponectin or resis-
tin in ATGL�/� mice. RBP4 is an adipokine that has been
linked to insulin resistance (41). Experimental conditions that
increase RBP4 promote insulin resistance, whereas conditions
that reduce RBP4 (i.e. genetic deletion) enhance insulin sensi-
tivity (17). Thus, a reduction in RBP4 may contribute to the
enhanced in vivo insulin action in skeletal muscle of ATGL�/�

mice. In addition, chronically decreased levels of serumNEFAs
or other lipids may themselves positively influence skeletal
muscle in vivo insulin action in ATGL�/� mice by contributing
to the reduction in intramyocellular FA-CoAs. Finally, we can-
not rule out an effect of other systemic factors that have not yet
been identified.
It is reasonable to assume that the above systemic effects

result from tissue-specific changes induced by ATGL defi-
ciency. Because adipokines potentially mediate these effects, it
is worth noting that ATGL deficiency also has complex and
unexpected consequences on insulin action in adipose tissue.
Adipose tissue is the primary site for TAG storage and plays a
crucial role in sensing the status of energy stores. Our data
demonstrate that phosphorylation of insulin signaling mole-
cules andAkt activity are unchanged, yet total expression of the
IR and IRS1 as well as PI3K activity are increased in WAT in
vivo. Thus, insulin action is unchanged or possibly even
increased in WAT of ATGL�/� mice in vivo. The absence of
any difference in insulin sensitivity (ED50) or insulin respon-
siveness (Vmax) in adipocytes ex vivo suggests that a positive
effect of ATGL deficiency on insulin action is not significant ex
vivo. In contrast, basal glucose transport is clearly increased in
adipocytes. It has been shown that non-insulin-mediated glu-
cose transport is proportional to adipocyte size (27); however,

insulin-mediated glucose transport is generally inversely pro-
portional to adipocyte size. Thus, the mere absence of insulin
resistance in adipose tissue and isolated adipocytes of
ATGL�/�mice, despite increased adiposity and adipocyte lipid
content, is itself surprising. These data suggest that the ability of
adipocytes to accurately assess the status of TAG stores is
impaired in ATGL deficiency and that TAG accumulation in
adipocytes is not necessarily detrimental to adipocyte insulin
action.
Remarkably, in contrast toWAT,ATGLdeficiencymarkedly

impairs in vivo insulin signaling in BAT, the primary site of
uncoupled lipid oxidation for thermogenesis. Specifically,
phosphorylation of Akt and Akt activity are all decreased in
BATofATGL�/�mice.Notably, BAT is one of the tissuesmost
profoundly affected by TAG deposition because of ATGL defi-
ciency, resulting in severely impaired thermogenesis and adap-
tation to cold (14). Interestingly, changes in in vivo insulin sig-
naling in liver are virtually identical to those identified in BAT,
suggesting a common underlying mechanism. Whether
increased TAG accumulation per se or some other factor con-
tributes to the in vivo insulin resistance in these tissues was not
extensively evaluated in this study as theywere for skeletalmus-
cle above. Nevertheless, it is clear that neither BAT nor liver
contribute to the enhanced insulin sensitivity of ATGL�/�

mice.
In conclusion, these data suggest that ATGL deficiency leads

to profound changes in the insulin signaling pathway that are
distinct in different insulin target tissues. Specifically, insulin
signaling in vivo is increased in skeletal muscle, unchanged or
possibly increased in WAT, and decreased in BAT and liver.
Thus, increased insulin action in skeletal muscle, rather than
other insulin target tissues, primarily contributes to improved
insulin sensitivity in ATGL�/� mice in vivo. Furthermore, dif-
ferences in skeletal muscle insulin action in vivo versus ex vivo
suggest that both local (tissue-specific) and systemic factors
contribute to these effects. Importantly, ATGL deficiency pro-
duces additional cellular changes independent of its effect on
TAG content per se that may influence lipid metabolism and
insulin action. Further studies using animalmodels with tissue-
specific alterations in ATGL are essential to further clarifying
the specific role of ATGL in these fundamental metabolic pro-
cesses. In addition, studies that explore the relationship
between ATGL with other cellular proteins involved in intra-
cellular TAG metabolism (i.e. HSL, CGI-58, and PAT family
proteins) may provide critical insights into the mechanisms by
which intracellular TAG metabolism contributes to glucose
homeostasis and insulin action. These studies will be instru-
mental in promoting the understanding and treatment of lipo-
toxic metabolic disease.
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