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Intramyocellular triacylglycerol (IMTG) accumulation is highly
associated with insulin resistance and metabolic complications of
obesity (lipotoxicity), whereas comparable IMTG accumulation
in endurance-trained athletes is associated with insulin sensitivity
(the athlete’s paradox). Despite these findings, it remains unclear
whether changes in IMTG accumulation and metabolism per se
influence muscle-specific and systemic metabolic homeostasis
and insulin responsiveness. By mediating the rate-limiting step
in triacylglycerol hydrolysis, adipose triglyceride lipase (ATGL)
has been proposed to influence the storage/production of delete-
rious as well as essential lipid metabolites. However, the physio-
logical relevance of ATGL-mediated triacylglycerol hydrolysis in
skeletal muscle remains unknown. To determine the contribution
of IMTG hydrolysis to tissue-specific and systemic metabolic phe-
notypes in the context of obesity, we generated mice with tar-
geted deletion or transgenic overexpression of ATGL exclusively
in skeletal muscle. Despite dramatic changes in IMTG content on
both chow and high-fat diets, modulation of ATGL-mediated IMTG
hydrolysis did not significantly influence systemic energy, lipid,
or glucose homeostasis, nor did it influence insulin responsive-
ness or mitochondrial function. These data argue against a role
for altered IMTG accumulation and lipolysis in muscle insulin
resistance and metabolic complications of obesity. Diabetes
62:3350–3361, 2013

O
besity is a global public health problem and
a major risk factor for insulin resistance and
type 2 diabetes. These disorders are charac-
terized by excess lipid accumulation in multiple

tissues, primarily as triacylglycerols (TAGs). The lipo-
toxicity hypothesis suggests that this lipid excess pro-
motes cellular dysfunction and cell death, which ultimately
contribute to insulin resistance and metabolic disease (1).
However, intracellular TAG accumulation is not always
associated with adverse metabolic outcomes, suggesting

that TAGs themselves are not pathogenic (2). In contrast,
other non-TAG lipid metabolites such as fatty acids (FAs),
diacylglycerols (DAGs), and ceramides have been shown
to influence glucose homeostasis and insulin action by
interfering with insulin signaling and glucose transport,
promoting endoplasmic reticulum stress and mitochon-
drial dysfunction, and activating inflammatory and apo-
ptotic pathways (reviewed in ref. 3). Nevertheless, the
precise identities and sources of these bioactive lipid
intermediates remain elusive (4,5). Furthermore, whether
intracellular TAGs serve as a protective sink or a toxic
source of deleterious lipid metabolites that contribute to
insulin resistance remains unclear (6).

Since skeletal muscle is the major contributor to insulin-
mediated glucose disposal, lipid excess in this tissue could
have serious implications for systemic glucose homeo-
stasis and insulin responsiveness (7). Indeed, numerous
studies have demonstrated a strong association between
intramyocellular triacylglycerol (IMTG) accumulation and
insulin resistance (reviewed in ref. 8). In contrast, endur-
ance exercise training is characterized by IMTG accumu-
lation and insulin sensitivity (the athlete’s paradox) (2).
This variable association between IMTG accumulation and
insulin responsiveness has largely been attributed to dif-
ferences in the balance between lipid delivery and muscle
oxidative capacity (8–10). Not surprisingly then, most
studies have focused on the impact of muscle FA uptake
and/or oxidation on glucose homeostasis and insulin ac-
tion (11). However, experimental manipulations of these
parameters cannot distinguish among the effects of IMTGs,
IMTG metabolism, and other lipid intermediates. Further-
more, accumulating evidence suggests that muscle oxida-
tive capacity cannot entirely explain differences in IMTGs
or insulin responsiveness (12). These findings have led to
speculation that dynamic IMTG metabolism (i.e., TAG
synthesis or hydrolysis) may be critically involved in lipid-
induced insulin resistance (6). However, few studies have
specifically addressed the contribution of IMTG metabo-
lism per se to this process.

The regulated storage and release of IMTGs remain
poorly understood, but require the coordinated action of
synthetic enzymes (i.e., diacylglycerol acyltransferases
[DGATs]), hydrolytic enzymes (i.e., adipose triglyceride
lipase [ATGL] and hormone sensitive lipase [HSL]), and
other lipid droplet proteins (6). Specifically, modulating
IMTG synthesis in murine skeletal muscle alters IMTG
content and systemic glucose homeostasis, supporting
a role for IMTG metabolism in metabolic disease (13–15).
However, the metabolic impact of modulating IMTG hy-
drolysis in vivo remains unclear. Global deletion of either
ATGL (16–19) or HSL (20) has produced variable results.
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The former, but not the latter, results in massive IMTG
accumulation with improvement in systemic glucose ho-
meostasis, suggesting that inhibition of ATGL-mediated
TAG hydrolysis protects against insulin resistance. In
contrast, recent studies in cardiac muscle (21) and other
tissues (22,23) indicate that ATGL-mediated TAG hydro-
lysis is required for mitochondrial function such that en-
hancing, rather than inhibiting, ATGL action may improve
metabolic outcomes. Nevertheless, the autonomous role
of skeletal muscle TAG catabolism in influencing muscle-
specific and systemic metabolic phenotypes remains
unknown.

The goal of the current study was to understand the
contribution of IMTG hydrolysis to tissue-specific and
systemic metabolic phenotypes, particularly glucose ho-
meostasis and insulin action, in the context of obesity. We
therefore generated animal models with decreased (skel-
etal muscle-specific ATGL knockout [SMAKO] mice) and
increased (muscle creatine kinase [Ckm]-ATGL transgenic
[Tg] mice) ATGL action exclusively in skeletal muscle, and
assessed the metabolic consequences at baseline and in
response to chronic high-fat feeding. Interestingly, modu-
lation of IMTG hydrolysis via ATGL action did not signifi-
cantly influence glucose homeostasis, insulin action, or
other metabolic phenotypes in the context of obesity de-
spite dramatic changes in IMTG content.

RESEARCH DESIGN AND METHODS

Animals. SMAKO mice were generated by crossing B6.129-Pnpla2tm1Eek (ATGL-
flox) mice with Myo-Cre mice (24). Ckm-ATGL Tg mice were generated by cloning
murine ATGL in front of the Ckm promoter (25). B6.129-Pnpla2tm1Eek, SMAKO,
and Ckm-ATGL mice were generated as described in Figs. 2A and 5A and the
Supplementary Data online. Male ATGLflox/flox Cre/+ mice were mated to female
ATGLflox/flox+/+ mice to generate ATGLflox/flox Cre/+ (SMAKO) and ATGLflox/flox +/+
(control) mice. Male Ckm-ATGL Tg mice were mated to female wild-type (WT)
mice to generate Tg and WT mice. Global ATGL knockout (ATGL2/2 or GAKO)
mice have been previously reported (16,17). Mice were housed under standard
conditions (25°C, 14:10-h light/dark cycle) with ad libitum access to chow
(Prolab Isopro RMH 3000; 14 kcal% fat) or high-fat diet (HFD; Research Diets
D12451i, 45 kcal% fat). Body composition, energy expenditure, and metabolic
parameters were performed as described (26). Experiments were approved by
the University of Pittsburgh Institutional Animal Care and Use Committee and
conducted in conformity with the Public Health Service Policy for Care and Use
of Laboratory Animals.
Lipid analyses. DAGs (27), ceramides (27), and long-chain FA-CoAs (28) as
well as TAG hydrolase activities (26) and radiolabeled palmitate oxidation (29)
were determined in muscle homogenates and normalized to tissue wet weight
or protein content.
Mitochondrial respiration. Respirometry was performed in permeabilized
myofiber bundles using an Oxygraph-2K (Oroboros) (30). Assays were run at
37°C in oxygen-saturated (;150–220 mmol O2) buffer (105 mmol K-MES,
30 mmol KCl, 10 mmol KH2PO4, 5 mmol MgCl2, 5 mg/mL BSA, and 1 mmol
EGTA [pH 7.4]) containing 25 mmol blebbistatin using the following titration
protocol: 20 mmol palmitoylcarnitine, 2 mmol malate, 4 mmol ADP, 5 mmol
glutamate, 10 mmol succinate, 10 mmol cytochrome c, 10 mg/mL oligomycin,
and 2 mmol carbonylcyanide-p-trifluoromethoxyphenylhydrazone. Respiration
rates were normalized to myofiber dry weight.
Insulin signaling and protein expression. Insulin signaling studies were
performed (17) using the following primary antibodies: anti-pAkt (pT308)
(4056S; Cell Signaling Technology), anti-pAkt (pS473), and anti-Akt (total)
(05-736 and 07-416; EMD Millipore). For protein expression under non–insulin-
stimulated conditions, the following antibodies were used: MitoProfile
Antibody Cocktail (MS604; Mitosciences), anti-HSL (4017s; Cell Signaling
Technology), anti-pHSL (S565 and S660) (4137S and 4126S; Cell Signaling
Technology), antiperilipint (Plin)2 (20R-AP002; Fitzgerald Industries), anti-
Plin5 (03-GP31; American Research Products), anti-ATGL (2439; Cell Signaling
Technology), and anti-CGI58 (NB110-41576; Novus Biologicals). For loading
controls, the following antibodies were used: anti-Ran GTPase (610340; BD
Biosciences) or b-actin (4970; Cell Signaling Technology). Visualization was
performed with Immun-Star WesternC Chemiluminescent Kit in a VersaDoc
System and quantified using Quantity One 1-D software (Bio-Rad).

Tissue imaging.Muscles were frozen in isopentane in OCT and cut into 10-mm
sections. For muscle morphology, sections were stained with hematoxylin and
eosin (H&E). Alternatively, sections were processed for neutral lipid content
(using Oil Red O [ORO]) and/or expression of specific proteins (using ATGL or
other antibodies noted above) either alone or in combination with fiber type–
specific antibodies from the Developmental Studies Hybridoma Bank (A4.840
[1], A4.74 [2A], 6H1 [2X], 10F5 [2B]) followed by secondary antibodies (A21044
and A10035; Invitrogen) (31). At least four random areas were visualized
(DM4000B; Leica Microsystems), digitally captured (Retiga-2000R; QImaging),
and quantified (Northern Eclipse; Empix Imaging). For transmission electron
microscopy (TEM), muscles were fixed in 2.5% glutaraldehyde, postfixed in 1%
osmium tetroxide, dehydrated, embedded in epon, and evaluated by TEM
(JEM-1011; JEOL).
Gene expression. RNA extraction, reverse transcription, and gene expression
analysis were performed using an Eppendorf Realplex System in accordance
with Minimum Information for Publication of Quantitative Real-Time PCR
Experiments (MIQE) guidelines (17,26).
Statistical analysis. Results are expressed asmean6 SEM. Comparisons were
made by unpaired two-tailed Student t test or factorial ANOVA followed by
determination of simple effects for pairwise comparisons. If indicated, compar-
isons were made by two-way ANOVA with repeated measures. For energy ex-
penditure data, comparisons were made using generalized estimate equations.
P values of ,0.05 were considered statistically significant.

RESULTS

Endogenous ATGL expression in murine skeletal muscle
is fiber type–specific and regulated byHFD feeding. Fiber
type–specific quantitative immunofluorescence (IF) revealed
that endogenous ATGL was predominantly expressed in type
2A and 2X fibers with lower expression in type 1 fibers and
minimal expression in type 2B fibers (Fig. 1A and C and
Supplementary Fig. 1A and B). Conversely, global deletion of
ATGL resulted in fiber type–specific accumulation of IMTGs
in types 2A, 2X, and 1 fibers (Fig. 1B and Supplementary
Fig. 1C). The distribution of these fibers differs among
murine muscles (Supplementary Fig. 1D). Endogenous
ATGL protein directly correlated with IMTG content (Fig. 1E)
and also increased in parallel with IMTGs following HFD
feeding (Fig. 1C–E). Thus, endogenous ATGL is expressed
and functional in type 2A. 2X. 1 murine muscle fibers and
increases with diet-induced obesity.
Reducing IMTG hydrolysis via ATGL deletion
increases IMTG content and subspecies of DAGs, but
does not significantly influence other intramyocellular
lipids or systemic lipid homeostasis. To reduce IMTG
hydrolysis, SMAKO mice were generated by crossing ATGL-
flox mice with Myo-Cre mice (24) (Fig. 2A). SMAKO mice
had reduced ATGL mRNA (Fig. 2B) and protein (Fig. 2C) in
skeletal but not cardiac muscle or other tissues. Accord-
ingly, TAG hydrolase activity in skeletal muscle of SMAKO
mice was dramatically reduced, could not be stimulated
with the ATGL coactivator CGI-58, and was completely
blunted in the presence of an HSL inhibitor (Fig. 2D).
General muscle morphology did not differ between geno-
types (Fig. 2E, top). Fiber type–specific quantitative IF of
IMTG content, which is more sensitive and specific than
whole-muscle biochemical IMTG analysis, revealed a dra-
matic fiber type–specific (2A. 2X. 1, but not 2B) increase
in IMTGs in skeletal muscle of SMAKO mice that was
comparable to GAKO mice (Fig. 2E and F). Cardiac muscle,
in contrast, was unaffected (Supplementary Fig. 2). Lip-
idomic analysis of skeletal muscle (Fig. 2G) revealed no
significant genotype effect on total DAGs, ceramides, or
FA-CoAs. However, there was a trend toward increased
total DAGs similar to GAKO mice (17). A detailed analysis of
lipid classes in skeletal muscle revealed an effect of ge-
notype on a few subspecies of DAGs (C14:0/C16:0-DAG,
C14:0/C18:0-DAG, and C16:0/C18:0-DAG) and FA-CoAs
(C14:0 and C16:0) (Supplementary Fig. 3). Finally, serum
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TAGs (Control-HFD 60 6 5 vs. SMAKO-HFD 62 6 5 mg/dL)
and nonesterified FAs (Control-HFD 0.59 6 0.05 vs.
SMAKO-HFD 0.65 6 0.06 mEq/L) did not differ between
genotypes. Thus, decreasing IMTG hydrolysis via ATGL
increases certain subspecies of DAGs and tends to increase
total DAGs, but does not produce significant changes in
other non-TAG intramyocellular lipids or systemic lipid
homeostasis despite dramatic increases in IMTG content.
Reducing IMTG hydrolysis via ATGL deletion
increases lipid droplet proteins but does not influence
mitochondrial phenotypes. Skeletal muscle FA oxidation
increased with HFD feeding but was unaffected by genotype
(Fig. 3A). Likewise, mitochondrial respiration in isolated

muscle fibers failed to identify any genotype effects in basal,
substrate-stimulated, or uncoupled conditions (Fig. 3B).
Consistent with these results, expression of mitochondrial
oxidative phosphorylation proteins was not different be-
tween genotypes (Fig. 3C). Furthermore, imaging by TEM
(Fig. 3D) and confocal microscopy (Supplementary Fig. 4)
revealed no differences between genotypes for mitochon-
drial morphology or number, despite massive increases in
lipid droplet size and number. Gene expression analysis
revealed an increase in peroxisome proliferator–activated
receptor (PPAR) a expression in chow- but not HFD-fed
SMAKO mice (although threshold cycle was .35 using un-
diluted cDNA), but no effect of genotype on PPARd, PPARg

FIG. 1. Fiber type–specific expression of endogenous ATGL in murine skeletal muscle and regulation by HFD feeding. ATGL protein expression
(ATGL IF in 2B fibers of GAKO mice set to 0) (A) and IMTG content by ORO staining (ORO IF of 2B fibers of WT mice set to 1) (B) in skeletal
muscle fibers of chow-fed WT versus GAKO mice (♀, chow, 10 weeks, C57BL/6, gastrocnemius-plantaris-soleus [GPS] complex; n = 3 to 4/group).
ATGL protein expression (ATGL IF in 2B fibers of WT-chow mice set to 1) (C) and IMTG content by ORO staining (ORO IF in 2B fibers of WT-chow
mice set to 1) (D) in skeletal muscle fibers of chow- versus HFD-fed WT mice (♀, 22 weeks FVB, GPS complex; n = 3 to 4/group). E: Relationship
between ATGL and IMTG (data from C and D). F: Representative images of ATGL and ORO IF in chow- and HFD-fed mice demonstrating overlap and
enhanced staining with HFD. For overall effects having P < 0.05: D, diet; F, fiber type; G, genotype. For specific comparisons having P < 0.05: #for
effect of diet; *for effect of genotype. AU, arbitrary units.
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FIG. 2. Skeletal muscle–specific ATGL deletion and its impact on lipid homeostasis in SMAKO mice. A: The LoxP-modified ATGL construct. B: ATGL mRNA
expression relative to 18S control gene by quantitative PCR in muscle and nonmuscle tissues with endogenous ATGL expression in quadriceps arbitrarily set
to 1 (♀, 10 weeks, chow, fasted 12 h; n = 5 to 6/group). Percent decrease in ATGLmRNA expression in SMAKO relative toWTmice for select muscle tissues is
shown in the table (bottom). C: ATGL protein expression relative to Ran GTPase (RAN) control in skeletal versus cardiac muscle (♀, 10 weeks, chow, fasted
12 h, gastrocnemius and heart; n = 5 to 6/group). D: TAG hydrolase activity at baseline and in the presence of the HSL-specific inhibitor 76-0079, the ATGL-
specific activator CGI-58, orHSL inhibitor plus CGI-58 (♂, 28weeks, chow, fasted 12 h, red gastrocnemius; n = 6/group).E: Skeletalmuscle histology of control
(left), SMAKO (middle), and GAKO (right) mice including general morphology by H&E staining (top) and IMTG content by ORO staining (bottom) (♂, 28
weeks, chow, fasted 12 h, gastrocnemius-plantaris-soleus [GPS] complex). F: IMTG content by ORO staining using quantitative IF (♂, 28 weeks, fasted 12 h,
GPS complex, average of fourmuscle areas each; n = 4/group). Type 2B fibers of chow-fedWTmice are arbitrarily set to 1.G: Intramyocellular DAG, ceramide,
and FA-CoA content using biochemical analysis of whole muscle (♂, 28 weeks, fasted 12 h, quadriceps; n = 3 to 4/group). For overall effects having P< 0.05: D,
diet; F, fiber type; G, genotype; T, treatment (with HSL-inhibitor or CGI-58). For specific comparisons having P < 0.05: #for effect of diet; *for effect of
genotype; and @for effect of treatment. AU, arbitrary units; BAC, bacterial artificial chromosome; BAT, brown adipose tissue; D, diet; EDL, extensor digitorum
longus; ES, embryonic stem; Gas, gastrocnemius; Hrt, heart; PGAT, perigonadal adipose tissue; Quad, quadriceps; Sol, soleus; TA, tibialis anterior.
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coactivator (PGC) 1a, or PPAR target genes (Fig. 3E). ATGL
mRNA expression was clearly decreased (.90%) in SMAKO
muscle (Fig. 3F ). However, expression of total HSL mRNA
(Fig. 3F) and protein (Fig. 3G) as well as phosphorylation of
HSL at Ser565 (AMPK target site, negative regulator of HSL
action) and Ser660 (ERK target site, positive regulator of
HSL action) (Fig. 3G) were unchanged. Likewise, no effects
of genotype were identified on mRNA expression for genes
involved in lipid uptake (FATP1 and CD36) or synthesis
(DGAT1 and DGAT2). In contrast, CGI-58 and Plin2/Adrp
mRNA (Fig. 3F ) as well as CGI-58, Plin2/Adrp, and Plin5/
Oxpat protein (Supplementary Fig. 5) were increased in
SMAKO mice. However, these mechanisms were clearly

inadequate to compensate for loss of ATGL. Thus, reduced
TAG hydrolysis in skeletal muscle does not influence lipid
oxidation or mitochondrial phenotypes.
Reducing IMTG hydrolysis via ATGL deletion does
not influence systemic energy homeostasis, glucose
homeostasis, or insulin action. As expected, HFD
feeding increased adiposity (Fig. 4A and B), altered energy
substrate utilization (Fig. 4E ), and impaired both glucose
tolerance (Fig. 4F ) and insulin sensitivity (Fig. 4G–K ). In
contrast, there were no effects of genotype on body weight
(Fig. 4A), fat mass (Fig. 4B), lean mass (Fig. 4C ), individual
muscle weights (Fig. 4D), nonmuscle tissue weights (data
not shown), or total energy intake and expenditure (data

FIG. 3. Skeletal muscle mitochondrial function and expression of genes/proteins regulating lipid homeostasis in SMAKO mice. A: FA oxidation
(♂, 28 weeks, fasted 12 h, red gastrocnemius; n = 6/group).

14
C-labeled incorporation into CO2 and acid-soluble metabolites (ASMs) represent

complete and incomplete oxidation, respectively. B: Mitochondrial respiration in permeabilized muscle fibers (♂, 28 weeks, fasted 12 h, soleus; n =
6/group). Oxygen consumption was measured following the sequential addition of the following substrates: palmitoylcarnitine (P), malate (M),
ADP (D), glutamate (G), succinate (S), and cytochrome c, oligomycin, and carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP). The
corresponding respiratory states are noted: ADP-driven respiration (state 3), respiration in the absence of ADP (state 4), and uncoupled respi-
ration (state U). C: Expression of oxidative phosphorylation proteins in complexes I–V (NDUFB8 [complex I], SDHB [complex II], UQCRC2
[complex III], MTCO1 [complex IV], and ATP5A [complex V]) (♂, 28 weeks, fasted 12 h, tibialis anterior; n = 6/group). Data are normalized to
protein expression of b-actin. D: TEM of skeletal muscle (♂, 28 weeks, fasted 12 h, red quadriceps, representative images). mRNA expression of
PPARa/PGC1a and their target genes (E) and genes for lipid breakdown (lipolysis), uptake, and synthesis as well as lipid droplet–associated
proteins (LDAPs) of the Plin family (F) relative to cyclophilin control with expression in WT-chow normalized to 1 (♂, 28 weeks, tibialis anterior;
n = 9–13/group). G: Protein expression of total HSL normalized to Ran GTPase (RAN) control (left), phosphorylated HSL normalized to total HSL
(middle), and representative immunoblots (right) (♂, 28 weeks, tibialis anterior; n = 4/group). For mRNA and protein expression, samples were
confirmed to have low or no expression of Plin1, thereby confirming absence of significant fat contamination. For overall effects having P < 0.05:
D, diet; G, genotype. Where an interaction was identified, specific comparisons having P < 0.05: *for effect of genotype.
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not shown). Although alterations in IMTGmetabolism could
influence metabolic flexibility without affecting overall en-
ergy homeostasis, energy utilization (respiratory exchange
ratio) during ad lib feeding, fasting, and refeeding tran-
sitions was likewise unchanged between genotypes (Fig.
4E). In addition, no differences in serum glucose were
identified between genotypes following a physiological (4-h)
fast (Fig. 4G, time 0 of insulin tolerance test [ITT]), a pro-
longed (12-h) fast (Fig. 4F, time 0 of glucose tolerance test
[GTT]), an intraperitoneal glucose challenge (Fig. 4F, GTT),
or an intraperitoneal insulin challenge (Fig. 4G, ITT). Con-
sistent with these findings, diet but not genotype effects
were identified in skeletal muscle–specific insulin-stimulated
phosphorylation of key proteins in the insulin signaling
cascade including insulin receptor substrate 1 (data
not shown) and Akt (Akt pS473 or Akt pT308) (Fig. 4H–K).
Thus, decreasing IMTG hydrolysis via ATGL deletion
does not influence systemic energy homeostasis in the
setting of acute or chronic nutritional challenges, nor does

it influence systemic or muscle-specific glucose homeo-
stasis and insulin action.
Increasing IMTG hydrolysis via ATGL overexpression
decreases IMTG content but does not change other
intramyocellular lipids or systemic lipid homeostasis.
To increase IMTG hydrolysis, we generated skeletal
muscle–specific Ckm-ATGL Tg mice (Fig. 5A). Tg founder
lines had increased ATGL mRNA (Fig. 5B) and protein
(Fig. 5C) in skeletal but not cardiac muscle or other tis-
sues. Notably, skeletal muscle ATGL mRNA expression in
Tg mice was comparable to endogenous ATGL expres-
sion in adipose tissue (32). IF analysis confirmed an in-
crease in ATGL protein expression within all skeletal
muscle fiber types of Tg mice (Fig. 5D and E ). Thus,
ATGL transgene expression overlaps with endogenous
ATGL expression. Tg muscle TAG hydrolase activity also
increased in an ATGL-specific manner since it was in-
creased in the presence of an HSL inhibitor (Fig. 5F ).
General muscle morphology did not differ between

FIG. 4. Energy/glucose homeostasis and insulin action in SMAKO mice. Body weight (A), fat mass (B), and lean mass (C) (♂, 3–28 weeks; n ‡
19/group). D: Muscle weights. With the exception of heart, data represent the average weight for both muscles from each mouse (♂, 28 weeks,
fasted 12 h; n ‡ 19/group). EDL, extensor digitorum longus; Gas, gastrocnemius; Hrt, heart; Plant, plantaris; Quad, quadriceps; Sol, soleus; TA,
tibialis anterior. E: RER using a Comprehensive Lab Animal Monitoring System (CLAMS) (♂, 11 weeks, weight-matched; n = 4/group). F: GTT at 19
weeks with 1.875 g/kg glucose i.p. (♂, fasted 12 h; n = 17–20/group). G: ITT at 20 weeks with 1.1 units/kg insulin i.p. (♂, fasted 4 h; n = 17–20/group).
H–K: Insulin signaling studies: mice were fasted for 12 h, injected i.p. with saline or insulin at 10 units/kg body weight, and killed 10 min thereafter
(♂, 28 weeks, tibialis anterior; n = 5–7/group). Representative immunoblots (H) and associated quantification of stoichiometric phosphorylation of
Akt pS

473
/Akt total (I), Akt pT

308
/Akt total (J), and total Akt/Ran GTPase (RAN) control (K). Fold change in response to insulin treatment is

indicated above the black bars. For overall effects having P < 0.05: D, diet; G, genotype; N, nutritional status (i.e., fasting/refeeding); T, treatment
(i.e., with insulin). For clarity, only overall effects are shown.
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FIG. 5. Skeletal muscle–specific overexpression of ATGL and its impact on lipid homeostasis. A: The Ckm-ATGL transgene construct. B: ATGL
mRNA expression relative to 18S control gene by quantitative PCR in muscle and nonmuscle tissues with endogenous ATGL expression in
quadriceps arbitrarily set to 1 (Line 1, ♀, 8 weeks, chow, fasted 12 h; n = 4–5/group). The fold-increase in ATGL mRNA expression in Tg relative to
WT mice for select muscle tissues in each of two founder lines is shown in the table (bottom). C: ATGL protein expression relative to Ran GTPase
(RAN) control as determined by immunoblotting in skeletal versus cardiac muscle (Line 1, ♀, 17 weeks, chow, fasted 12 h, gastrocnemius and
heart; n = 6/group). D: ATGL IF in skeletal muscle (Line 1, ♂, 17 weeks, chow, fasted 12 h, gastrocnemius). E: Quantitative fiber type–specific
ATGL protein expression by IF (Line 1, ♂, 28 weeks, chow and HFD, fasted 12 h, gastrocnemius-plantaris-soleus [GPS] complex, average of four
muscle areas each; n = 4/group). Type 2B fibers of chow-fed WT mice are arbitrarily set to 1. F: TAG hydrolase activity in the absence (basal) and
presence of the HSL-specific inhibitor 76-0079 (Line 1, ♂, 12 weeks, chow, fasted 12 h, gastrocnemius; n = 3/group). G: Skeletal muscle histology of
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genotypes (Fig. 5G, top). However, IMTGs were dramati-
cally decreased in Tg mice with the greatest reduction in
type 2A and 2X fibers (Fig. 5G and H). Lipidomic analysis
of skeletal muscle (Fig. 5I) revealed no genotype effects
on total DAGs, ceramides, or FA-CoAs. Furthermore, there
was an effect of diet but not genotype on multiple sub-
species of DAGs, ceramides, and FA-CoAs, with the only
exceptions being reduced C16:0 ceramide and sphingosine
(Supplementary Fig. 6). Furthermore, serum concentrations
of TAGs (WT-HFD 122 6 12 vs. Tg-HFD 126 6 12 mg/dL)
and nonesterified FAs (WT-HFD 0.62 6 0.05 vs. Tg-HFD
0.59 6 0.07 mEq/L) did not differ between genotypes. Thus,
increasing IMTG hydrolysis via ATGL overexpression does
not produce major changes in non-TAG intramyocellular
lipids or systemic lipid homeostasis despite dramatic reduc-
tions in IMTG content.
Increasing IMTG hydrolysis via ATGL overexpression
does not influence other pathways of lipid metabolism
or mitochondrial phenotypes. As with SMAKO mice, FA
oxidation was increased by HFD feeding but was un-
affected by genotype (Fig. 6A). Likewise, mitochondrial
respiration in isolated muscle fibers (Fig. 6B) and ex-
pression of mitochondrial proteins (Fig. 6C) did not differ
between genotypes. Furthermore, TEM revealed no differ-
ences between genotypes for mitochondrial morphology
or number, despite a clear reduction in lipid droplet size
and number (Fig. 6D). Gene expression analysis revealed
diet but not genotype effects on PPARa, PPARd, PGC1a,
and their target genes (Fig. 6E). ATGL mRNA expression
was clearly increased (.12-fold) in skeletal muscle of Tg
mice (Fig. 6F). However, expression of total HSL mRNA
(Fig. 6F) and protein (Fig. 6G) as well as phosphorylation
of HSL at Ser565 and Ser660 (Fig. 6G) were unchanged in
Tg mice. Likewise, expression of other genes involved in
lipid uptake, lipid synthesis, and/or modulation of ATGL
action were not affected by genotype. Thus, in striking
contrast to adipocyte-specific overexpression of ATGL (23),
increasing IMTG hydrolysis via ATGL overexpression has
minimal to no effect on other lipid metabolic pathways or
mitochondrial phenotypes.
Increasing IMTG hydrolysis via ATGL overexpression
does not influence systemic energy homeostasis, glucose
homeostasis, or insulin action. Again, the expected
effects of HFD feeding were noted. However, there were
no effects of genotype on body weight (Fig. 7A), fat mass
(Fig. 7B), lean mass (Fig. 7C), individual muscle weights
(Fig. 7D), nonmuscle tissue weights (data not shown),
total energy intake and energy expenditure (data not
shown), or respiratory exchange ratio (RER) during fed-
fasted-refed conditions (metabolic flexibility) (Fig. 7E ).
In addition, no differences in serum glucose were identified
between genotypes following a physiological (4-h) fast
(Fig. 7G, time 0 of ITT), a prolonged (12-h) fast (Fig. 7F,
time 0 of GTT), an intraperitoneal glucose challenge
(Fig. 7F, GTT), or an intraperitoneal insulin challenge (Fig.
7G, ITT). Consistent with these findings, diet but not ge-
notype effects were identified in skeletal muscle–specific

insulin-stimulated phosphorylation of key proteins in the
insulin signaling cascade including insulin receptor sub-
strate 1 (data not shown) and Akt (Akt pS473 or Akt pT308)
(Fig. 7H–K). Thus, increasing IMTG hydrolysis via ATGL
overexpression does not influence systemic energy ho-
meostasis or either systemic or muscle-specific glucose
homeostasis and insulin action.

DISCUSSION

The goal of the current study was to determine the role
of IMTGs and IMTG hydrolysis in skeletal muscle and
whole-body metabolism at baseline and in response to
diet-induced obesity. Remarkably, we demonstrate that
modulation of IMTG content and hydrolysis by altering
ATGL action in skeletal muscle does not influence sys-
temic energy, lipid, or glucose homeostasis, nor does it
influence muscle-specific insulin action or mitochondrial
function. The absence of profound metabolic phenotypes
in skeletal muscle–specific ATGL mutant mice is striking
considering the dramatic changes in IMTG hydrolysis and
accumulation. These data provide compelling evidence
that IMTG content, while often highly associated with in-
sulin resistance and metabolic disease, is not causal in
these disorders. These data further indicate that modulat-
ing IMTG hydrolysis neither promotes nor protects against
deleterious metabolic consequences of obesity.

Although the effects of skeletal muscle lipid uptake and
oxidation on glucose homeostasis and insulin action have
been extensively studied (11), the metabolic consequences
of IMTG metabolism itself remain less well-understood (6).
With regards to IMTG synthesis, increasing muscle DGAT1
in vivo promotes insulin sensitivity (13,14), whereas increasing
DGAT2 promotes insulin resistance (15). While both inter-
ventions similarly increase IMTG content, they differentially
affect other non-TAG lipid metabolites (ceramides), sug-
gesting that the latter rather than the former influences
metabolic phenotypes. Thus, different proteins may have
different metabolic effects, despite affecting similar meta-
bolic pathways. With regards to IMTG hydrolysis, acutely
modulating ATGL or HSL action in cultured human myo-
tubes alters DAGs and disrupts glucose homeostasis and
insulin action (33). However, the current study indicates
that chronically modulating ATGL action in murine skeletal
muscle in vivo fails to influence metabolic phenotypes.
Several potential adaptations (i.e., increased CGI-58, Plin2,
and Plin5 in SMAKO mice) may protect against lipid-
induced insulin resistance but are clearly not sufficient to
fully compensate for altered IMTG hydrolysis. These data
indicate that changing IMTG content by altering IMTG hy-
drolysis is not pathogenic. The validity of these conclusions
is supported by the finding that comparable changes in
IMTG content by altering IMTG synthesis are sufficient to
influence metabolic outcomes (13–15), whereas changes in
IMTG hydrolysis are not.

Interestingly, enhancing IMTG hydrolysis in vivo has
minimal effect on non-TAG lipid metabolites, and inhibiting

control (left) and Tg (right) mice including general morphology by H&E staining (top) and IMTG content by ORO staining (bottom) (Line 1, ♂,
12 weeks, HFD for 4 weeks, fasted 12 h, GPS complex). H: IMTG content by ORO staining using quantitative IF (Line 1, ♂, 28 weeks, chow and
HFD, fasted 12 h, GPS complex, average of four muscle areas each; n = 4/group). Type 2B fibers of chow-fed WT mice are arbitrarily set to 1.
I: Intramyocellular DAG, ceramide, and FA-CoA content using biochemical analysis of whole muscle (Line 1, ♂, 28 weeks, chow and HFD, fasted
12 h, quadriceps; n = 3/group). For overall effects having P < 0.05: D, diet; F, fiber type; G, genotype; T, treatment (with HSL-inhibitor). For
specific comparisons having P < 0.05: #for effect of diet; *for effect of genotype; and @for effect of treatment. AU, arbitrary units; BAT, brown
adipose tissue; EDL, extensor digitorum longus; Gas, gastrocnemius; Hrt, heart; Panc, pancreas; PGAT, perigonadal adipose tissue; Quad, quad-
riceps; Sol, soleus; TA, tibialis anterior.
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IMTG hydrolysis increases certain subspecies of DAGs
and tends to increase rather than decrease total DAGs. The
lack of DAG accumulation with ATGL overexpression is
likely due to sufficient residual capacity to further me-
tabolize DAGs relative to the amount produced by IMTG
hydrolysis. Furthermore, recent evidence suggests that
the specific DAG species generated by ATGL cannot be
directly used for phospholipid synthesis or activation of
protein kinase C, mechanisms by which DAGs have been
shown to influence glucose homoeostasis and insulin ac-
tion (34). The reason why DAGs accumulate with ATGL
deletion is less clear but also occurs in mice with global
deletion of ATGL (17) and knockdown of the ATGL
coactivator CGI-58 (35). Studies of the latter suggest that
the increase in DAGs may result from compensatory
increases in DAG synthesis without concomitant increases
in TAG synthesis (35) and further suggests that the lack of

a physiological effect likely results from their subcellular
localization to lipid droplets rather than membranes (35).
Besides subcellular localization, the type of DAG stereo-
isomer (i.e., sn-1–2 vs. sn-1–3 vs. sni-2–3) and FA compo-
sition may also contribute to the dissociation between DAG
concentrations and insulin responsiveness (5). Hence,
modulating IMTG hydrolysis in vivo may not influence glu-
cose homeostasis and insulin responsiveness because it
does not produce physiologically relevant changes in the
amount or cellular localization of specific bioactive non-
TAG lipid metabolites.

In contrast, altering TAG hydrolysis could also affect
metabolic phenotypes by influencing mitochondrial func-
tion via activation of PPAR nuclear transcription factors.
A role for ATGL-mediated TAG hydrolysis in ligand-
dependent (36) and ligand-independent (37,38) PPARa
activation has been demonstrated in nonskeletal muscle

FIG. 6. Skeletal muscle mitochondrial function and expression of genes/proteins regulating lipid homeostasis in Ckm-ATGL mice. A: FA oxidation
(♂, 28 weeks, fasted 12 h, red gastrocnemius; n = 5–8/group). B: Mitochondrial respiration in permeabilized muscle fibers (♂, 34 weeks, fasted 12 h,
extensor digitorum longus; n = 3–6/group). C: Expression of oxidative phosphorylation proteins in complexes I–V (♂, 34 weeks, fasted 12 h, tibialis
anterior; n = 4–7/group). Data are normalized to protein expression of b-actin. D: TEM of skeletal muscle (♂, 34 weeks, fasted 12 h, red quadriceps,
representative images). mRNA expression of PPARa/PGC1a and their target genes (E) and genes for lipid breakdown (lipolysis), uptake, and
synthesis as well as lipid droplet–associated proteins (LDAPs) of the Plin family (F) relative to cyclophilin control with expression in WT-chow
normalized to 1 (♂, 34 weeks, tibialis anterior; n = 7–21/group). G: Protein expression of total HSL normalized to Ran GTPase (RAN) control (left),
phosphorylated HSL normalized to total HSL (middle), and representative immunoblots (right) (♂, 34 weeks, tibialis anterior; n = 5–7/group). For
mRNA and protein expression, samples were confirmed to have low or no expression of Plin1, thereby confirming absence of significant fat
contamination. For overall effects having P < 0.05: D, diet; G, genotype.
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cells. The physiological relevance of these findings has
been corroborated in vivo in adipose tissue (23,39) and
cardiac muscle (21). More recently, it has been shown that
indirect modulation of ATGL action via its coactivator CGI-
58 in human myotubes (40) or via Plin5 in rat muscle (41)
influences PPAR target genes and mitochondrial function.
Unexpectedly, changes in ATGL-mediated TAG hydrolysis
in skeletal muscle in vivo do not significantly impact these
parameters. These results are consistent with reports dem-
onstrating IMTG accumulation but unaltered in vivo mito-
chondrial function in skeletal muscle of GAKO (42) and
muscle-specific CGI-58 knockout mice (43). Thus, in strik-
ing contrast to cardiac muscle (21), in vivo modulation of
TAG hydrolysis in skeletal muscle does not influence
PPAR target genes or mitochondrial phenotypes.

The divergent consequences of altering IMTG hydro-
lysis in cardiac versus skeletal muscle may be due to

differences in metabolic flux (10,44). In cardiac muscle
(variable energy supply, chronically high energy demand),
it has been proposed that FAs are preferentially directed to
IMTG storage followed by coordinated ATGL-mediated
release as energy substrates and PPAR ligands, thereby
coupling hydrolysis to oxidation (21). In skeletal muscle
(variable energy supply and demand), the above processes
may only become physiologically relevant during func-
tional but not nutritional stresses. Interestingly, enhancing
TAG synthesis (via DGAT1) in rodent skeletal muscle
(14,45) or TAG hydrolysis (via ATGL) in rodent adipose
tissue are sufficient to drive FA oxidation (23) in the ab-
sence of functional stress, whereas enhancing TAG hy-
drolysis (via ATGL) in rodent skeletal muscle is not. While
prior studies have suggested that ATGL-mediated TAG
hydrolysis is important for working muscle (19,46), these
studies were performed using GAKO mice, which have

FIG. 7. Energy/glucose homeostasis and insulin action in Ckm-ATGL mice. Body weight (A), fat mass (B), and lean mass (C) (Line 1, ♂, 3–26 weeks;
n ‡ 12/group). D: Muscle weights (nonmuscle tissue weights also showed no genotype effects; data not shown). With the exception of heart, data
represent the average weight for both muscles from each mouse (Line 1, ♂, 28 weeks, fasted 12 h; n ‡ 24/group). EDL, extensor digitorum longus; Gas,
gastrocnemius; Hrt, heart; Quad, quadriceps; Sol, soleus; TA, tibialis anterior. E: RER using a Comprehensive Lab Animal Monitoring System (CLAMS)
(Line 1,♂, 9 weeks, weight-matched; n = 4/group). F: GTT at 22 weeks with 1.0 g/kg glucose i.p. (♂, fasted 12 h; n = 7–22/group). G: ITT at 25 weeks with
1.6 units/kg insulin i.p. (Line 1,♂, fasted 4 h; n = 7–22/group).H–K: Insulin signaling studies: Mice were fasted for 12 h, injected i.p. with saline or insulin
at 10 units/kg body weight, and killed 10 min thereafter (♂, 34 weeks, tibialis anterior; n = 5–7/group). Representative immunoblots (H) and associated
quantification of stoichiometric phosphorylation of Akt pS

473
/Akt total (I), Akt pT308

/Akt total (J), and total Akt/Ran GTPase control (K). Fold change
in response to insulin treatment is indicated above the black bars. For overall effects having P < 0.05: D, diet; N, nutritional status (i.e., fasting/
refeeding); T, treatment (i.e., with insulin). For clarity, only overall effects are shown. For simple effects in D, #P < 0.05 for effect of diet.
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significant cardiac morbidity and defects in TAG catabo-
lism in multiple tissues. Therefore, additional studies are
required to determine the relative contribution of extra-
versus intramyocellular TAG hydrolysis to skeletal muscle
metabolism/function during functional stresses such as
endurance or resistance exercise, which are believed to
increase flux through the IMTG pool.

The regulated storage and release of both essential and
deleterious lipid metabolites from intracellular TAG stores
are among the most fundamental processes in metabolism.
The complex relationship between intracellular TAGs
and metabolic phenotypes is best exemplified in skeletal
muscle, where IMTG accumulation is variably associated
with insulin resistance (i.e., obesity) or insulin sensitivity
(i.e., endurance exercise). The resolution of how IMTG
metabolism contributes to these divergent phenotypes
holds the key to understanding how these processes may
be exploited for therapeutic benefit. Our study provides
convincing evidence that IMTGs neither cause nor prevent
insulin resistance and that manipulation of IMTG hydro-
lysis via altered ATGL action does not influence metabolic
consequences of HFD-induced obesity. Additional func-
tional studies will further enhance our understanding of
TAG hydrolysis in muscle and whole-body physiology.
Importantly, with few exceptions (21,47), tissue-specific
modulation of ATGL-mediated TAG hydrolysis has largely
produced beneficial effects (23,39,48–50). Thus, the lack of
adverse metabolic consequences of altering ATGL action
in skeletal muscle indicates that modulating TA hydrolysis
may still be a viable therapeutic strategy for treating
metabolic disorders. Additional studies in other metaboli-
cally relevant tissues are still required to more fully un-
derstand the health implications of TAG hydrolysis in
normal physiology and disease.
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