
Proceedings of the Australian Physiological Society (2008)39: 149-157 http://www.aups.org.au/Proceedings/39/149-157

©M.J. Watt 2008

Storing up trouble: does intramyocellular triglyceride accumulation
protect skeletal muscle from insulin resistance?
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Summary

1. Insulin resistance occurs when normal amounts of
insulin are inadequate to produce a normal insulin response
from cells. This is important in the context of whole-body
glucose homeostasis because skeletal muscle is the main
tissue for insulin-stimulated glucose disposal.

2. In obesity, lipid deposition in peripheral tissues
such as skeletal muscle is linked to the activation of stress
kinases and the development of insulin resistance.
Intramyocellular triglyceride (IMTG) accumulation is
positively associated with insulin resistance; however, it is
unknown whether IMTG causes insulin resistance or
protects cells from insulin resistance by preventing the
accrual of bioactive lipid metabolites.

3. The role of IMTG in the development of insulin
resistance is not resolved. Stable overexpression of the
triglyceride lipase, adipose triglyceride lipase (ATGL),
reduced IMTG content in myotubes but resulted in a
concomitant increase in diacylglycerol (DG) and ceramide,
and caused insulin resistance. Increasing TG content by
muscle-specific diacylglycerol acyltransferase (DGAT) 1
overexpression protected mice from insulin resistance.
Conversely, overexpression of DGAT2 in glycolytic muscle
resulted in TG and ceramide accumulation, and insulin
resistance in these tissues. This was sufficient to induce
whole-body insulin and glucose insensitivity.

4. IMTG are unlikely to directly cause insulin
resistance. Instead, it appears as though TG accumulates in
skeletal muscle to sequester fatty acids and to protect from
the deleterious actions of lipids such as ceramide and DG.
Whether lipase inhibitors are viable therapeutics to prevent
obesity-induced insulin resistance is unknown, but future
studies examining tissue-specific ATGL / hormone sensitive
lipase knockout will hopefully resolve this question.

Introduction

The ability to store energy in the form of triglyceride
(TG) is highly conserved and is an essential process for
survival. TGs are stored within lipid droplets that are
composed of a core of neutral lipids (primarily TGs and
cholesterol esters) surrounded by a phospholipid monolayer
and lipid-droplet associated proteins.1 Most of the body’s
TGs are stored in adipose tissue where they are sequentially
hydrolysed by the enzymes adipose triglyceride lipase
(ATGL), hormone sensitive lipase (HSL) and
monoacylglycerol lipase to produce fatty acids and
glycerol2 (Figure 1). These metabolites are released and
transported in the circulation for delivery to other tissues.

The liberated fatty acids are transported into many cell
types where they undergo several fates including
β-oxidation for ATP production and storage as
phospholipids and other lipid types. TG is also synthesised
in cellsvia the glycerolipid pathway (Figure 1).

Figure 1. Control of skeletal muscle triglyceride
metabolism. Triglyceride synthesis is initiated by several
glycerol-3phosphate acyltransferases (GPAT1-4) that syn-
thesise lysophosphatidic acid (LPA) from long chain fatty
acyl-CoA and glycerol-3-phosphate substrates. LPA is acy-
lated to form phosphatidic acid (PA) and lipin converts PA
to DAG. Diacylglycerol acyltransferase (DGAT) 1 and 2
acylate DAG to form TAG. Both adrenaline and contrac-
tion-mediated events mediate TG hydrolysis. Adipose
triglyceride lipase (ATGL) cleaves the first fatty acid to cre-
ate DAG. DAG is hydrolysed to monoacylglycerol by hor-
mone sensitive lipase (HSL), which is regulated by several
activating (e.g. protein kinase A, extracellular regulated
kinase) and deactivating (e.g. 5-AMP activated protein
kinase) protein kinases. Monoacylglycerol lipase (MGL)
cleaves the final fatty acid to produce free glycerol.

TGs are also stored in non-adipose tissues where they
can provide fatty acid substrate for metabolic processes.
Skeletal muscle is an important peripheral tissue that is
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central to whole-body metabolic homeostasis. Skeletal
muscle accounts for∼40% of body mass, is the major tissue
contributing to energy expenditure,3 mediates a large
proportion of FA uptake and oxidation3 and in humans
contributes∼80% of whole body insulin-stimulated glucose
disposal.4 The amount of IMTG found within individual
muscle fibres, between different muscle fibre types (type I >
type II) and between muscle groups is variable, and ranges
between 2 and 10 mmol/kg mass.5 Transmission electron
microscopy rev eals that lipid droplets containing TG are
stored throughout the muscle fibre with∼60% in close
contact with mitochondria,6 suggesting a role for TGs in
energy homeostasis. Indeed, skeletal muscle TG is an
important energy substrate during physical stress, with the
liberated fatty acids accounting for∼20% of the total
energy expenditure during moderate intensity exercise.7,8

Although skeletal muscle TG is an important energy
substrate, excessive accumulation has been linked to
systemic insulin resistance.9,10 While the understanding of
TG catabolism in adipose tissue has expanded rapidly in
recent years,11,12 the cellular and molecular mechanisms
mediating skeletal muscle TG storage and breakdown, and
the metabolic consequences of these processes are
incompletely described.

Control of skeletal muscle triglyceride metabolism

Intramuscular lipolysis

The key lipolytic enzymes of adipose TG lipolysis,
HSL and ATGL, are expressed in skeletal muscle.13,14

Conversely, the scaffold protein, perilipin A, which is
essential for regulating adipose tissue lipolysis,11 is not
expressed in skeletal muscle, highlighting a critical
difference between adipose and muscle lipolysis. Other
lipid droplet associated proteins from the PAT family are
expressed in skeletal muscle and include adipocyte
differentiation-related protein (ADRP) and tail-interacting
protein of 47 kDa (TIP-47).15 Immuno-inhibition studies
indicate that HSL accounts for∼60% of total TG lipase
activity in skeletal muscle at rest and almost all activity
during contractions and adrenergic stimulation.14,16,17

Adrenaline is a key activator of HSL and lipolysis.
Adrenaline is elevated during exercise and results in
β2-adrenergic receptor stimulation, PKA activation,
phosphorylation of Ser 563 and Ser 660 on HSL18 and
increases in HSL activity.14,19,20 HSL is also regulated by
contraction-generated signals. Protein kinase C can
stimulate HSL activity via extracellular regulated kinase
(ERK) activation during muscle contractions,20,21 which is
consistent with an activating role of ERK in adipose
tissue,22 while calcium calmodulin dependent kinase II is
suggested to block HSL activation and IMTG lipolysis.23,24

The cellular energy sensor 5′-AMP activated protein kinase
(AMPK) negatively regulates HSL in skeletal
muscle.17,18,20,25 Intracellular trafficking of lipolytic
enzymes in response to lipolytic stimuli is an essential
regulatory control point in adipocytes.12 Morphological
analysis of single muscle fibres reveals that HSL
translocates to lipid droplets within myocytes in response to

adrenaline and contraction and that ADRP and TIP-47 are
localised to lipid droplets.15 HSL association with ADRP
may be essential for lipolytic control in skeletal muscle
given the absence of perilipin A in this tissue. The role of
PAT proteins in skeletal muscle requires further study.

Studies in HSL null mice reveal the maintenance of
TG lipase activity and DG accumulation in skeletal muscle,
suggesting the presence of other TG lipases.26 ATGL, is
expressed in skeletal muscle and ATGL null mice have
reduced TG lipase activity and accumulate TG in muscle.13

ATGL overexpression increases TG lipase activity and
reduces TG content in both cultured myotubes and rodent
skeletal muscle.27 The posttranslational regulation of ATGL
is not currently understood. Collectively, these studies
indicate that ATGL may be an important TG lipase at rest,
but HSL appears to regulateβ2-adrenergic and contraction-
induced TG mobilizationvia phosphorylation, translocation
to the lipid droplet and possibly association with ADRP and
TIP-47 (Figure 1).

Intramuscular esterification

Tw o key proteins involved in the TG biosynthetic
pathway are glycerol-3-phosphate (GPAT) and
diacylglycerol acyltransferase (DGAT), which catalyse the
first and last steps in TG synthesis, respectively (Figure 1).
Glycerol-3-phosphate acyltransferase (GPAT) catalyses the
acylation of sn-glycerol-3-phosphate at thesn-1 position to
form lysophosphatidicacid as the initial and committed
step in thede novo synthesis of glycerolipids. There are
four GPAT isoforms, mitochondrial (GPAT 1 and 2) and
microsomal (GPAT 3 and 4), and little is known about their
expression and regulation. MitochondrialGPAT protein
expression and enzyme activity is higher in slow-twitch vs
fast twitch muscle fibres, which is consistent with the
increased IMTG content in this fibre type.28 Mitochondrial
GPAT does not appear to be regulated during exercise in
humans.29 Total GPAT protein expression is increased in
human skeletal muscle after exercise,30 however, GPAT
activity is decreased in rodents after exercise.30,31 This
discrepancy is difficult to explain but suggests that
posttranslational modification may play a role in GPAT
regulation. In this regard, studies in myotubes demonstrate
that AMPK decreases GPAT activity by phosphorylation,32

which is consistent with AMPKs role as an energy sensor
that promotes fatty acid oxidation for ATP production
rather than fatty acid storage.

DGAT catalyses the final step of TG synthesis, a
reaction that covalently links DG and fatty acyl-CoA
substrates. DGAT1 and 2 bear no sequence homology to
each other and do not belong to the same gene family.33

DGAT2 is more potent34 and specific35 for triglyceride
biosynthesis. Like GPAT, there is a paucity of data
regarding DGAT expression and regulation. DGAT1 and 2
are expressed in skeletal muscle. DGAT1 mRNA36 and
protein30 expression are increased by exercise, consistent
with the increased IMTG observed in recovery from
exercise. DGAT activity does not appear to be regulated by
AMPK.32
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Fatty acid-induced insulin resistance

Insulin signal transduction

Insulin resistance occurs when normal amounts of
insulin are inadequate to produce a normal insulin response
from cells. This is important in the context of whole-body
glucose homeostasis because skeletal muscle is the main
tissue for insulin-stimulated glucose disposal. Insulin
resistance is largely mediated by interference of insulin
signal transduction within tissues. Insulin signaling involves
a complex signaling cascade with the major pathway being
the phosphatidylinositol 3-kinase (PI3K)-Akt (PKB)
pathway (Figure 2).Activation of the insulin receptor leads
to tyrosine phosphorylation of insulin receptor substrates
(IRS) 1-4, of which IRS-1 appears to be the most important
in skeletal muscle. IRS-1 propagates signal transduction by
stimulation of PI3K, leading to phosphorylation/activation
of Akt, phosphorylation of Akt-substrate of 160 kDa
(AS160) and glucose transporter (GLUT) 4 translocation.
An alternate pathway for GLUT4 translocation involves
insulin-mediated stimulation of atypical PKC isoforms.
Indeed, muscle-specific knockout of the major murine
atypical PKC, PKC-λ, is sufficient to induce local and
systemic insulin resistance.37 When IRS-1 is alternatively
phosphorylated at various serine residues (e.g. serine 307),
its downstream signaling is diminished resulting in reduced
glucose uptake. Serine/threonine kinases that phosphorylate
these serine residues include the stress kinases c-jun
terminal amino kinase (JNK),38 IκB kinase-β (IKK- β)39 and
conventional PKC isoforms.40,41 Insulin signaling can also
be disrupted at Akt (discussed below).

Linking fatty acids to insulin resistance

Intramuscular lipid accumulation is associated with
insulin resistance9,10 and experimentally increasing
intramuscular lipids with lipid infusions40,42 or genetic
modifications such as muscle specific overexpression of
lipoprotein lipase and fatty acid translocase/CD3643,44

causes insulin resistance. The metabolic events connecting
fatty acid oversupply to stress kinase activation (e.g. JNK,
IKK- β) and insulin resistance are incompletely defined;
however, sev eral lipid metabolites appear to be involved
(Figure 2). DG accumulates in skeletal musclevia shuttling
of fatty acids through the glycerolipid synthesis pathway
and from TG degradation. DG accumulates in the skeletal
muscle of obese rodents45,46 and humans47 and many
studies have shown temporal associations between acute
elevation of plasma free fatty acids, DG accumulation and
insulin resistance.40 DG is thought to induce
serine/threonine phosphorylation of IRS-1 at Ser307 due to
activation of PKCθ and IKKβ,48,49 however, others have
shown that genetic disruption of IKKβ or PKCθ does not
protect against obesity-induced insulin resistance.50,51

Experimental approaches that selectively manipulate
intracellular DG levels are required to determine whether
DGs are in fact a critical regulator of fatty acid-induced
insulin resistance.

Figure 2. Fatty acid mediators on insulin resistance. Sev-
eral fatty acids interfere with insulin signal transduction.
DAG results in activation of several PKC isoforms that may
induce serine phosphorylation of insulin receptor substrate
(IRS)-1. The fatty acids liberated from TAG breakdown can
be used forde novo ceramide synthesis. Ceramide activates
protein phosphatase 2A (PP2A) that in turn dephosphory-
lates (T308, S472) and deactivates Akt. By activating pro-
tein kinase Cζ, ceramide induces phosphorylation of Akt
(T43) that prevents its translocation. Ceramide also acti-
vates JNK and IκKβ, which inhibits insulin signal transduc-
tion by serine phosphorylation of IRS-1. These events ulti-
mately lead to reduced glucose transporter 4 (Glut4)
translocation to the plasma membrane and less glucose
transport.

Ceramides are composed of a sphingosine backbone
and fatty acid side chain, and their synthesis is driven by
increased levels of the saturated fatty acid palmitate. They
accumulate in skeletal muscle of obese, insulin-resistant
humans52 and rodents,46 and are negatively correlated with
insulin sensitivity.53 Ceramides are linked to insulin
resistance induced by saturated, but not unsaturated fatty
acids, and chemical inhibition of ceramide synthesisin vivo
improves glucose tolerance.54 Ceramides inhibit insulin
signaling at Akt and possibly at IRS-1. The principal site of
inhibition involves Akt: first by dephosphorylation
mediated by protein phosphatase 2A55 and second by
preventing translocation of Akt, possibly by PKCζ
mediated phosphorylation at Thr-34.56 Inhibition of IRS-1
tyrosine phosphorylation occurs when cultured cells are
incubated with short-chain ceramide analogues.57 Mixed
linage kinase (MLK) 3 is a putative link in this process as it
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is activated by ceramides and is an upstream kinase of
JNK,58,59 however, sev eral studies do not report inhibition
of IRS-1 by ceramides.54 Ceramide derivatives such as
sphinosine and ganglioside GM3 may be involved in the
pathogenesis of lipid-induced insulin resistance, but this
aw aits further experimental clarification.60

LCFACoA accumulates in skeletal muscle with
obesity61 and with acute fatty acid-induced insulin
resistance.40 LCFACoAs effect glucose utilization by
directly inhibiting hexokinase activity and through indirect
mechanisms involving PKC activity and by acting as a
substrate for DG and ceramide generation.62 Recent studies
indicate that specific phosphatidic acid species (i.e.
dilinoleoyl) contribute to insulin resistance in muscle
cells.60

Role of triglycerides in muscle metabolism and insulin
resistance: Recent advances

Increased TG deposition in skeletal muscle is
positively associated with insulin resistance,9,10,42,63-65

however, it is not currently known whether IMTG causes
insulin resistance. This uncertainly results from two
observations. Firstly, in contrast to the positive association
between IMTG and insulin resistance in obesity and type 2
diabetic patients, endurance trained athletes are highly
insulin sensitive despite elevated IMTG deposition.66,67The
reason for this “athletes paradox” is unknown but may be
due to an increase in lipid droplet-to-mitochondria contact6

and an enhanced oxidative capacity of athletes to oxidize
TG-derived fatty acids66 and thereby prevent the
accumulation of insulin resistance-inducing fatty acid
metabolites. Secondly, studies that have altered IMTG
levels through various perturbations (e.g. diet, lipid and
heparin infusion, exercise) have concomitantly changed
other lipid metabolites such as DG, ceramides and long
chain acyl-CoAs, making it impossible to discern specific
IMTG effects. Thereis an alternative view that IMTG
provides a protective role in skeletal muscle by preventing
the accumulation of so-called bioactive lipid species such as
ceramides and DG, factors known to cause cellular
“lipotoxicity” 68 and insulin resistance. The cellular
localisation of TGs within lipid droplets supports this view.
Moreover, the reversal of fatty acid-induced insulin
resistance in humans after exercise is accompanied by an
enhanced lipogenic capacity of skeletal muscle, increased
IMTG synthesis and concomitant reductions in lipid
metabolites and proinflammatory signalling.30 To overcome
these methodological issues, recent studies have
implemented several experimental designs in mice to
investigate the role of IMTG content on skeletal muscle
insulin resistance.

ATGL overexpression

ATGL was recently cloned and was demonstrated to
be essential for efficient TG metabolism in adipose
tissue.69-72 ATGL shares several common motifs with other
known TG lipases including a GXSXG motif with an active
serine at position 47, anα/β hydrolase fold and an N-

terminal “patatin” homology domain, which is common to
plant and mammalian proteins with acyl-hydrolase activity
on phospholipid, monoglyceride and DG substrates.72,73 It
exerts a key role in lipid droplet degradation in adipocytes
and non-adipocyte cells70,74,75 and ATGL null mice are
obese due to defective lipolysis.13 ATGL exhibits high
substrate specificity for TGs69,72 and full activation appears
to require interaction with the regulator CGI-58.76 Given
the substrate specificity of ATGL, we reasoned that one
approach for examining the effect of TG on insulin
sensitivity was to overexpress ATGL in skeletal muscle. We
anticipated that DG would not accumulate because HSL has
a high substrate affinity for DG.77

ATGL protein expression is reduced in skeletal
muscle of obese insulin resistant mice, and is negatively
associated with IMTG content, indicating a potential role of
ATGL in IMTG metabolism. The effects of ATGL were
tested in two models: retroviral overexpression in L6
myotubes and acute electroporation-mediated
overexpression in rat tibialis anteriorin vivo.27 Both
approaches increased ATGL protein expression, TG lipase
activity and reduced IMTG content.Surprisingly, DG
accumulated in muscle suggesting that the catalytic activity
of HSL could not match the increased supply of DG
substrate produced with ATGL overexpression. Ceramides
also accumulated indicating that the increased flux of TG-
derived fatty acids was facilitating de novo ceramide
synthesis. There was no effect of ATGL overexpression on
in vivo insulin sensitivity as assessed by euglycemic-
hyperinsulinemic clamp. While these studies showed that
ATGL is an important TG lipase in muscle that alters fatty
acid storage and oxidation, reducing TG content by∼50%
was unable to prevent insulin resistance, indicating that TG
per se is not an important factor in directly mediating
insulin resistance.Rather, excessive TG degradation may
promote insulin resistance when fatty acid oxidation cannot
match intracellular production, resulting in the
accumulation of bioactive fatty acid metabolites.

DGAT overexpression

An alternative strategy for examining the role of TG
on insulin resistance is to enhance its storage. Two recent
studies have described the phenotypes of mice where TG
accumulation was driven by similar transgenic approaches.
DGAT catalyses the formation of TG from DG and fatty
acyl-CoA. Two DGAT isoforms exist, with DGAT2 being
more potent34 and specific35 than DGAT1. In the first study
by Liu et al.,78 transgenic overexpression of DGAT1 in
mouse skeletal muscle increased IMTG by∼30% and
protected mice from high fat diet-induced insulin
resistance. The heightened insulin sensitivity was
associated with a reduction in DG and ceramide contents,
and reduced serine kinase activation. This channelling of
fatty acids in myocytesin vivowas consistent with previous
work demonstrating that DGAT1 promotes the conversion
of saturated fatty acids to TG and protects mammalian cells
from lipid-induced-apoptosis.79 In this regard, ATGL null
mice that are unable to efficiently hydrolyse TG exhibit
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whole body insulin sensitivity despite marked IMTG
accumulation.13 Together, these studies indicate that driving
fatty acids into TG and/or preventing their release protects
from obesity-induced insulin resistance.

We recently completed similar experiments, but
instead focussed on the role of DGAT2 when it was
overexpressed in glycolytic (type II) muscle fibres.80

Skeletal muscle is composed mainly of two different fibre
types: oxidative (type I, slow-twitch, red) and glycolytic
(white, type II, fast-twitch, white) fibres. It is unknown
whether the type of muscle fibre is an important
consideration in TG associated insulin resistance. Oxidative
muscle stores more TG81 and is more insulin-sensitive than
glycolytic muscle.82 Moreover, endurance training increases
both TG content and insulin sensitivity in oxidative
muscle.66 This suggests that increased lipid content in
oxidative muscle may not be detrimental.On the other
hand, glycolytic muscle stores less TG and is less insulin
sensitive than oxidative muscle. Accordingly, we
hypothesised that TG accumulation in glycolytic muscle
would induce insulin resistance. DGAT2 was overexpressed
in glycolytic muscle by using the muscle creatine kinase
(MCK) promoter. MCK-DGAT2 mice stored more TG in
glycolytic muscle and less DG compared with wild-type
control mice. Surprisingly, MCK-DGAT2 mice
accumulated ceramide and LCFACoA in glycolytic muscle
and this was associated with inhibition of IRS-1 / PI3K and
PKC-λ activity and insulin-stimulated glucose disposal.
Significantly, reducing insulin sensitivity in glycolytic
muscle was sufficient to induce whole-body glucose
intolerance and insulin resistance. While these studies show
that DGAT2 overexpression in glycolytic muscle caused
insulin resistance, a definitive role for TG could not be
ascertained due to concomitant increases in muscle
ceramide and LCFACoA.

The discordant findings between the DGAT1 and
DGAT2 overexpression studies support the premise that
oxidative capacity, or the ability to efficiently oxidise fatty
acids (i.e., type I > type II muscle fibres), may be an
important factor determining whether a muscle cell is likely
to become insulin resistant. In other words, storing TG in
muscle that is not programmed to oxidize it may be
problematic. Alternatively, there may be intrinsic
differences between the myocellular TG pool that results
from DGAT2 vs DGAT1 overexpression, with the former
promoting signaling programs that interfere with insulin’s
effects.

Summary and future directions

Muscle TG are implicated in the development of
insulin resistance; however, they are unlikely to directly
cause insulin resistance primarily because they are located
within lipid droplets. Instead, it appears as though TG
accumulates in skeletal muscle to protect muscle cells from
the deleterious actions of fatty acid species such as
ceramide, DG and LCFACoA. Whether lipase inhibitors are
viable therapeutics to prevent obesity-induced insulin
resistance is unresolved, but future studies examining

tissue-specific ATGL / HSL knockout will hopefully
resolve this question. However, the consequences of
continued TG storage may present unexpected
complications, especially in sedentary individuals where the
capacity to clear excess TG-derived fatty acids is impaired
and lipotoxicity may result. Clarifying the cellular and
molecular factors modulating the expression and
posttranslational control of key proteins in TG metabolism
may unmask novel approaches to safely manipulate TG
content in health and disease.

Acknowledgements

I would like to acknowledge members of the lab and
the collaborators that conducted much of this research, with
particular thanks to Drs.Malin Levin, Mara Monetti and
Robert Farese from the Gladstone Institute, USA. MJW is
supported by a R Douglas Wright Fellowship from the
National Health and Medical Research Council of Australia
and is a Monash Fellow.

References

1. MartinS, Parton RG. Lipid droplets: a unified view of a
dynamic organelle. Nat. Rev. Mol. Cell Biol. 2006;
7: 373-8.

2. Arner P. Human fat cell lipolysis: biochemistry,
regulation and clinical role.Best Pract. Res. Clin.
Endocrinol. Metab.2005;19: 471-82.

3. Van Der Vusse GJ, Reneman RS. Lipid metabolism in
muscle. Handbook of Physiology: Exercise:
Regulation and integration of multiple systems 1996:
952-94.

4. BaronAD, Brechtel G, Wallace P, Edelman SV. Rates
and tissue sites of non-insulin- and insulin-mediated
glucose uptake in humans. Am. J. Physiol. 1988;
255: E769-74.

5. Watt MJ, Heigenhauser GF, Spriet LL. Intramuscular
triacylglycerol utilization in human skeletal muscle
during exercise: is there a controvesy? J. Appl.
Physiol.2002;93: 1185-95.

6. Tarnopolsky MA, Rennie CD, Robertshaw HA, Fedak-
Tarnopolsky SN, Devries MC, Hamadeh MJ.
Influence of endurance exercise training and sex on
intramyocellular lipid and mitochondrial
ultrastructure, substrate use, and mitochondrial
enzyme activity. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2007;292: R1271-8.

7. van Loon LJ, Koopman R, Stegen JH, Wagenmakers AJ,
Keizer HA, Saris WH. Intramyocellular lipids form
an important substrate source during moderate
intensity exercise in endurance-trained males in a
fasted state.J. Physiol.2003;553: 611-25.

8. Watt MJ, Heigenhauser GJ, Dyck DJ, Spriet LL.
Intramuscular triacylglycerol, glycogen and acetyl
group metabolism during 4 h of moderate exercise in
man. J. Physiol.2002;541: 969-78.

9. KrssakM, Falk PK, Dresner A, DiPietro L, Vogel SM,
Rothman DL, Roden M, Shulman GI.
Intramyocellular lipid concentrations are correlated

Proceedings of the Australian Physiological Society (2008)39 153



Muscle triglycerides and insulin resistance

with insulin sensitivity in humans: a 1H NMR
spectroscopy study. Diabetologia1999;42: 113-6.

10. Pan DA, Lillioja S, Kriketos AD, Milner MR, Baur LA,
Bogardus C, Jenkins AB, Storlien LH. Skeletal
muscle triglyceride levels are inversely related to
insulin action.Diabetes1997;46: 983-8.

11. BrasaemleDL. Thematic review series: Adipocyte
Biology. The perilipin family of structural lipid
droplet proteins: stabilization of lipid droplets and
control of lipolysis. J. Lipid. Res. 2007; 48:
2547-59.

12. GrannemanJG, Moore HP, Granneman RL, Greenberg
AS, Obin MS, Zhu Z. Analysis of lipolytic protein
trafficking and interactions in adipocytes. J. Biol.
Chem.2007;282: 5726-35.

13. HaemmerleG, Lass A, Zimmermann R, Gorkiewicz G,
Meyer C, Rozman J, Heldmaier G, Maier R, Theussl
C, Eder S, Kratky D, Wagner EF, Klingenspor M,
Hoefler G, Zechner R. Defective lipolysis and
altered energy metabolism in mice lacking adipose
triglyceride lipase.Science2006;312: 734-7.

14. LangfortJ, Ploug T, Ihlemann J, Saldo M, Holm C,
Galbo H. Expression of hormone-sensitive lipase
and its regulation by adrenaline in skeletal muscle.
Biochem. J.1999;340: 459-65.

15. PratsC, Donsmark M, Qvortrup K, Londos C, Sztalryd
C, Holm C, Galbo H, Ploug T. Decrease in
intramuscular lipid droplets and translocation of
HSL in response to muscle contraction and
epinephrine.J. Lipid. Res.2006;47: 2392-9.

16. LangfortJ, Ploug T, Ihlemann J, Holm C, Galbo H.
Stimulation of hormone-sensitive lipase activity by
contractions in rat skeletal muscle.Biochem. J.
2000;351: 207-14.

17. Watt MJ, Steinberg GR, Chan S, Garnham A, Kemp
BE, Febbraio MA. β-adrenergic stimulation of
skeletal muscle HSL can be overridden by AMPK
signaling. Faseb. J. 2004;18: 1445-6.

18. Watt MJ, Holmes AG, Pinnamaneni SK, Garnham AP,
Steinberg GR, Kemp BE, Febbraio MA. Regulation
of HSL serine phosphorylation in skeletal muscle
and adipose tissue.Am. J. Physiol. Endocrinol.
Metab.2006;290: E500-8.

19. KjaerM, Howlett K, Langfort J, Zimmerman-Belsing
T, Lorentsen J, Bulow J, Ihlemann J, Feldt-
Rasmussen U, Galbo H. Adrenaline and
glycogenolysis in skeletal muscle during exercise: a
study in adrenalectomised humans.2000; 528:
371-8.

20. Watt MJ, Stellingwerff T, Heigenhauser GJ, Spriet LL.
Effects of plasma adrenaline on hormone-sensitive
lipase at rest and during moderate exercise in human
skeletal muscle.J. Physiol.2003;550: 325-32.

21. DonsmarkM, Langfort J, Holm C, Ploug T, Galbo H.
Contractions activate hormone-sensitive lipase in rat
muscle by protein kinase C and mitogen-activated
protein kinase.J. Physiol.2003;550: 845-54.

22. Greenberg AS, Shen WJ, Muliro K, Patel S, Souza SC,
Roth RA, Kraemer FB. Stimulation of lipolysis and

hormone-sensitive lipase via the extracellular signal-
regulated kinase pathway. J. Biol. Chem. 2001;
276: 45456-61.

23. Garton AJ, Campbell DG, Carling D, Hardie DG,
Colbran RJ, Yeaman SJ. Phosphorylation of bovine
hormone-sensitive lipase by the AMP-activated
protein kinase. A possible antilipolytic mechanism.
Eur. J. Biochem.1989;179: 249-54.

24. Watt MJ, Steinberg GR, Heigenhauser GJ, Spriet LL,
Dyck DJ. Hormone-sensitive lipase activity and
triacylglycerol hydrolysis are decreased in rat soleus
muscle by cyclopiazonic acid.Am. J. Physiol.
Endocrinol. Metab.2003;285: E412-9.

25. SmithAC, Bruce CR, Dyck DJ. AMP kinase activation
with AICAR further increases fatty acid oxidation
and blunts triacylglycerol hydrolysis in contracting
rat soleus muscle.J. Physiol.2005;565: 547-53.

26. HaemmerleG, Zimmermann R, Hayn M, Theussl C,
Waeg G, Wagner E, Sattler W, Magin TM, Wagner
EF, Zechner R. Hormone-sensitive lipase deficiency
in mice causes diglyceride accumulation in adipose
tissue, muscle, and testis.J. Biol. Chem.2002;277:
4806-15.

27. Watt MJ, van Denderen BJ, Castelli LA, Bruce CR,
Hoy AJ, Kraegen EW, Macaulay L, Kemp BE.
Adipose triglyceride lipase regulation of skeletal
muscle lipid metabolism and insulin responsiveness.
Mol. Endocrinol.2008:

28. Lewin TM, Granger DA, Kim JH, Coleman RA.
Regulation of mitochondrial sn-
glycerol-3-phosphate acyltransferase activity:
response to feeding status is unique in various rat
tissues and is discordant with protein expression.
Arch. Biochem. Biophys.2001;396: 119-27.

29. Watt MJ, Holmes AG, Steinberg GR, Mesa JL, Kemp
BE, Febbraio MA.Reduced plasma FFA availability
increases net triacylglycerol degradation, but not
GPAT or HSL activity, in human skeletal muscle.
Am. J. Physiol. Endocrinol. Metab. 2004; 287:
E120-7.

30. Schenk S, Horowitz JF. Acute exercise increases
triglyceride synthesis in skeletal muscle and prevents
fatty acid-induced insulin resistance.J. Clin. Invest.
2007;117: 1690-8.

31. Park H, Kaushik VK, Constant S, Prentki M,
Przybytkowski E, Ruderman NB, Saha AK.
Coordinate regulation of malonyl-CoA
decarboxylase, sn-glycerol-3-phosphate
acyltransferase, and acetyl-CoA carboxylase by
AMP-activated protein kinase in rat tissues in
response to exercise. J. Biol. Chem. 2002; 277:
32571-7.

32. Muoio DM, Seefeld K, Witters LA, Coleman RA.
AMP-activated kinase reciprocally regulates
triacylglycerol synthesis and fatty acid oxidation in
liver and muscle: evidence that sn-
glycerol-3-phosphate acyltransferase is a novel
target. Biochem. J.1999;338: 783-91.

33. CasesS, Stone SJ, Zhou P, Yen E, Tow B, Lardizabal

154 Proceedings of the Australian Physiological Society (2008)39



M.J. Watt

KD, Voelker T, Farese RV, Jr. Cloning of DGAT2, a
second mammalian diacylglycerol acyltransferase,
and related family members.J. Biol. Chem. 2001;
276: 38870-6.

34. Stone SJ, Myers HM, Watkins SM, Brown BE,
Feingold KR, Elias PM, Farese RV, Jr. Lipopenia
and skin barrier abnormalities in DGAT2-deficient
mice. J. Biol. Chem.2004;279: 11767-76.

35. Yen CL, Monetti M, Burri BJ, Farese RV, Jr. The
triacylglycerol synthesis enzyme DGAT1 also
catalyzes the synthesis of diacylglycerols, waxes,
and retinyl esters.J. Lipid Res.2005;46: 1502-11.

36. Ikeda S, Miyazaki H, Nakatani T, Kai Y, Kamei Y,
Miura S, Tsuboyama-Kasaoka N, Ezaki O. Up-
regulation of SREBP-1c and lipogenic genes in
skeletal muscles after exercise training. Biochem.
Biophys. Res. Commun.2002;296: 395-400.

37. Farese RV, Sajan MP, Yang H, Li P, Mastorides S,
Gower WR, Jr., Nimal S, Choi CS, Kim S, Shulman
GI, Kahn CR, Braun U, Leitges M.Muscle-specific
knockout of PKC-l impairs glucose transport and
induces metabolic and diabetic syndromes.J. Clin.
Invest.2007;117: 2289-301.

38. AguirreV, Uchida T, Yenush L, Davis R, White MF.
The c-Jun NH(2)-terminal kinase promotes insulin
resistance during association with insulin receptor
substrate-1 and phosphorylation of Ser(307).J.
Biol. Chem.2000;275: 9047-54.

39. GaoZ, Hwang D, Bataille F, Lefevre M, York D, Quon
MJ, Ye J. Serine phosphorylation of insulin receptor
substrate 1 by inhibitorκB kinase complex. J. Biol.
Chem.2002;277: 48115-21.

40. Yu C, Chen Y, Cline GW, Zhang D, Zong H, Wang Y,
Bergeron R, Kim JK, Cushman SW, Cooney GJ,
Atcheson B, White MF, Kraegen EW, Shulman GI.
Mechanism by which fatty acids inhibit insulin
activation of insulin receptor substrate-1
(IRS-1)-associated phosphatidylinositol 3-kinase
activity in muscle. J. Biol. Chem. 2002; 277:
50230-6.

41. Li Y, Soos TJ, Li X, Wu J, DeGennaro M, Sun X,
Littman DR, Birnbaum MJ, Polakiewicz RD. Protein
Kinase C θ Inhibits insulin signaling by
phosphorylating IRS1 at Ser1101.J. Biol. Chem.
2004;279: 45304-7.

42. BodenG, Lebed B, Schatz M, Homko C, Lemieux S.
Effects of acute changes of plasma free fatty acids
on intramyocellular fat content and insulin resistance
in healthy subjects.Diabetes2001;50: 1612-7.

43. IbrahimiA, Bonen A, Blinn WD, Hajri T, Li X, Zhong
K, Cameron R, Abumrad NA. Muscle-specific
overexpression of FAT/CD36 enhances fatty acid
oxidation by contracting muscle, reduces plasma
triglycerides and fatty acids, and increases plasma
glucose and insulin.J. Biol. Chem. 1999; 274:
26761-6.

44. Kim JK, Fillmore JJ, Chen Y, Yu C, Moore IK, Pypaert
M, Lutz EP, Kako Y, Velez-Carrasco W, Goldberg IJ,
Breslow JL, Shulman GI. Tissue-specific

overexpression of lipoprotein lipase causes tissue-
specific insulin resistance.Proc. Natl. Acad. Sci.
U.S.A. 2001;98: 7522-7.

45. Turinsky J, O’Sullivan DM, Bayly BP.
1,2-Diacylglycerol and ceramide levels in insulin-
resistant tissues of the rat in vivo. J. Biol. Chem.
1990;265: 16880-5.

46. Watt MJ, Dzamko N, Thomas WG, Rose-John S, Ernst
M, Carling D, Kemp BE, Febbraio MA, Steinberg
GR. CNTF reverses obesity-induced insulin
resistance by activating skeletal muscle AMPK.
Nat. Med.2006;12: 541-8.

47. ItaniSI, Ruderman NB, Schmieder F, Boden G. Lipid-
induced insulin resistance in human muscle is
associated with changes in diacylglycerol, protein
kinase C, and IκB-α. Diabetes2002;51: 2005-11.

48. CaiD, Yuan M, Frantz DF, Melendez PA, Hansen L,
Lee J, Shoelson SE. Local and systemic insulin
resistance resulting from hepatic activation of IKK-β
and NF-κB. Nat. Med.2005;11: 183-90.

49. Kim JK, Fillmore JJ, Sunshine MJ, Albrecht B,
Higashimori T, Kim DW, Liu ZX, Soos TJ, Cline
GW, O’Brien WR, Littman DR, Shulman GI.
PKC-θ knockout mice are protected from fat-
induced insulin resistance.J. Clin. Invest. 2004;
114: 823-7.

50. Rohl M, Pasparakis M, Baudler S, Baumgartl J,
Gautam D, Huth M, De Lorenzi R, Krone W,
Rajewsky K, Bruning JC. Conditional disruption of
IkappaB kinase 2 fails to prevent obesity-induced
insulin resistance. J. Clin. Invest. 2004; 113:
474-81.

51. SerraC, Federici M, Buongiorno A, Senni MI, Morelli
S, Segratella E, Pascuccio M, Tiv eron C, Mattei E,
Tatangelo L, Lauro R, Molinaro M, Giaccari A,
Bouche M. Transgenic mice with dominant negative
PKC-θ in skeletal muscle: a new model of insulin
resistance and obesity. J. Cell. Physiol. 2003;196:
89-97.

52. AdamsJM, 2nd, Pratipanawatr T, Berria R, Wang E,
DeFronzo RA, Sullards MC, Mandarino LJ.
Ceramide content is increased in skeletal muscle
from obese insulin-resistant humans.Diabetes
2004;53: 25-31.

53. Straczkowski M, Kow alska I, Nikolajuk A, Dzienis-
Straczkowska S, Kinalska I, Baranowski M,
Zendzian-Piotrowska M, Brzezinska Z, Gorski J.
Relationship between insulin sensitivity and
sphingomyelin signaling pathway in human skeletal
muscle.Diabetes2004;53: 1215-21.

54. Holland WL, Brozinick JT, Wang LP, Hawkins ED,
Sargent KM, Liu Y, Narra K, Hoehn KL, Knotts TA,
Siesky A, Nelson DH, Karathanasis SK, Fontenot
GK, Birnbaum MJ, Summers SA. Inhibition of
ceramide synthesis ameliorates glucocorticoid-,
saturated-fat-, and obesity-induced insulin
resistance.Cell Metab.2007;5: 167-79.

55. Schmitz-Peiffer C, Craig DL, Biden TJ. Ceramide
generation is sufficient to account for the inhibition

Proceedings of the Australian Physiological Society (2008)39 155



Muscle triglycerides and insulin resistance

of the insulin-stimulated PKB pathway in C2C12
skeletal muscle cells pretreated with palmitate.J.
Biol. Chem.1999;274: 24202-10.

56. CazzolliR, Carpenter L, Biden TJ, Schmitz-Peiffer C.
A role for protein phosphatase 2A-like activity, but
not atypical protein kinase Cζ, in the inhibition of
protein kinase B/Akt and glycogen synthesis by
palmitate.Diabetes2001;50: 2210-8.

57. Kanety H, Hemi R, Papa MZ, Karasik A.
Sphingomyelinase and ceramide suppress insulin-
induced tyrosine phosphorylation of the insulin
receptor substrate-1.J. Biol. Chem. 1996; 271:
9895-7.

58. Sathyanarayana P, Barthwal MK, Kundu CN, Lane
ME, Bergmann A, Tzivion G, Rana A. Activation of
the drosophila MLK by ceramide reveals TNF-a and
ceramide as agonists of mammalian MLK3.
Molecular. Cell 2002;10: 1527-33.

59. Watt MJ, Hevener A, Lancaster GI, Febbraio MA.
Ciliary neurotrophic factor prevents acute lipid-
induced insulin resistance by attenuating ceramide
accumulation and phosphorylation of JNK in
peripheral tissues. Endocrinology 2006; 147:
2077-85.

60. Cazzolli R, Mitchell T, Burchfield J, Pedersen D,
Turner N, Biden T, Schmitz-Peiffer C. Dilinoleoyl-
phosphatidic acid mediates reduced IRS-1 tyrosine
phosphorylation in rat skeletal muscle cells and
mouse muscle.Diabetologia2007;50: 1732-42.

61. Hulver MW, Berggren JR, Cortright RN, Dudek RW,
Thompson RP, Pories WJ, MacDonald KG, Cline
GW, Shulman GI, Dohm GL, Houmard JA. Skeletal
muscle lipid metabolism with obesity. Am. J.
Physiol. Endocrinol.Metab.2003;284: E741-32.

62. Cooney GJ, Thompson AL, Furler SM, Ye J, Kraegen
EW. Muscle Long-chain acyl CoA esters and insulin
resistance.Ann. NY. Acad. Sci.2002;967: 196-207.

63. BachmannOP, Dahl DB, Brechtel K, Machann J, Haap
M, Maier T, Loviscach M, Stumvoll M, Claussen
CD, Schick F, Haring HU, Jacob S.Effects of
intravenous and dietary lipid challenge on
intramyocellular lipid content and the relation with
insulin sensitivity in humans.Diabetes2001; 50:
2579-84.

64. He J, Watkins S, Kelley DE. Skeletal muscle lipid
content and oxidative enzyme activity in relation to
muscle fiber type in type 2 diabetes and obesity.
Diabetes2001;50: 817-23.

65. Virkamaki A, Korsheninnikova E, Seppala-Lindroos A,
Vehkavaara S, Goto T, Halavaara J, Hakkinen AM,
Yki-Jarvinen H. Intramyocellular lipid is associated
with resistance to in vivo insulin actions on glucose
uptake, antilipolysis, and early insulin signaling
pathways in human skeletal muscle.Diabetes2001;
50: 2337-43.

66. GoodpasterBH, He J, Watkins S, Kelley DE. Skeletal
muscle lipid content and insulin resistance: evidence
for a paradox in endurance-trained athletes.J. Clin.
Endocrinol. Metab.2001;86: 5755-61.

67. ThamerC, Machann J, Bachmann O, Haap M, Dahl D,
Wietek B, Tschritter O, Niess A, Brechtel K,
Fritsche A, Claussen C, Jacob S, Schick F, Haring
HU, Stumvoll M. Intramyocellular lipids:
anthropometric determinants and relationships with
maximal aerobic capacity and insulin sensitivity. J.
Clin. Endocrinol. Metab. 2003;88: 1785-91.

68. Turpin SM, Lancaster GI, Darby I, Febbraio MA, Watt
MJ. Apoptosis in skeletal muscle myotubes is
induced by ceramides and is positively related to
insulin resistance. Am. J. Physiol. Endocrinol.
Metab. 2006;291: E1341-50.

69. JenkinsCM, Mancuso DJ, Yan W, Sims HF, Gibson B,
Gross RW. Identification, cloning, expression, and
purification of three novel human calcium-
independent phospholipase A2 family members
possessing triacylglycerol lipase and acylglycerol
transacylase activities. J. Biol. Chem.2004; 279:
48968-75.

70. Kershaw EE, Hamm JK, Verhagen LA, Peroni O, Katic
M, Flier JS. Adipose triglyceride lipase: function,
regulation by insulin, and comparison with
adiponutrin.Diabetes2006;55: 148-57.

71. Villena JA, Roy S, Sarkadi-Nagy E, Kim KH, Sul HS.
Desnutrin, an adipocyte gene encoding a novel
patatin domain-containing protein, is induced by
fasting and glucocorticoids: ectopic expression of
desnutrin increases triglyceride hydrolysis. J. Biol.
Chem.2004;279: 47066-75.

72. Zimmermann R, Strauss JG, Haemmerle G,
Schoiswohl G, Birner-Gruenberger R, Riederer M,
Lass A, Neuberger G, Eisenhaber F, Hermetter A,
Zechner R. Fat mobilization in adipose tissue is
promoted by adipose triglyceride lipase.Science
2004;306: 1383-6.

73. Zechner R, Strauss JG, Haemmerle G, Lass A,
Zimmermann R. Lipolysis: pathway under
construction. Curr. Opin. Lipidol. 2005; 16:
333-40.

74. Gronke S, Mildner A, Fellert S, Tennagels N, Petry S,
Muller G, Jackle H, Kuhnlein RP. Brummer lipase is
an evolutionary conserved fat storage regulator in
Drosophila.Cell Metab.2005;1: 323-30.

75. Steinberg GR, Kemp BE, Watt MJ. Adipocyte
triglyceride lipase expression in human obesity. Am.
J. Physiol. Endocrinol. Metab. 2007;293: E958-64.

76. LassA, Zimmermann R, Haemmerle G, Riederer M,
Schoiswohl G, Schweiger M, Kienesberger P,
Strauss JG, Gorkiewicz G, Zechner R. Adipose
triglyceride lipase-mediated lipolysis of cellular fat
stores is activated by CGI-58 and defective in
Chanarin-Dorfman Syndrome.Cell Metab. 2006;3:
309-19.

77. FredriksonG, Tornqvist H, Belfrage P. Hormone-
sensitive lipase and monoacylglycerol lipase are
both required for complete degradation of adipocyte
triacylglycerol. Biochim. Biophys. Acta.1986;876:
288-93.

78. Liu L, Zhang Y, Chen N, Shi X, Tsang B, Yu YH.

156 Proceedings of the Australian Physiological Society (2008)39



M.J. Watt

Upregulation of myocellular DGAT1 augments
triglyceride synthesis in skeletal muscle and protects
against fat-induced insulin resistance.J. Clin.
Invest.2007;117: 1679-89.

79. Listenberger LL, Han X, Lewis SE, Cases S, Farese
RV, Jr., Ory DS, Schaffer JE. Triglyceride
accumulation protects against fatty acid-induced
lipotoxicity. Proc. Natl. Acad. Sci. U.S.A. 2003;
100: 3077-82.

80. Levin MC, Monetti M, Watt MJ, Sajan MP, Stevens
RD, Bain JR, Newgard CB, Farese RV, Sr., Farese
RV, Jr. Increased lipid accumulation and insulin
resistance in transgenic mice expressing DGAT2 in
glycolytic (type II) muscle. Am. J. Physiol.
Endocrinol. Metab. 2007;293: E1772-81.

81. van Loon LJ. Use of intramuscular triacylglycerol as a
substrate source during exercise in humans.J. Appl.
Physiol.2004;97: 1170-87.

82. Megeney LA, Elder GC, Tan MH, Bonen A. Increased
glucose transport in nonexercising muscle. Am. J.
Physiol.1992;262: E20-6.

Received 17 March 2008, in revised form 9 July 2008.
Accepted 11 July 2008.
© M.J. Watt 2008.

Author for correspondence:

Matthew J. Watt,
Department of Physiology,
Monash University,
Clayton, Victoria 3800,
Australia.

Tel: +61 3 9905 2584
Fax: +61 3 9905 2547
E-mail: matthew.watt@med.monash.edu.au

Proceedings of the Australian Physiological Society (2008)39 157


