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Storing up trouble: doesintramyocellular triglyceride accumulation
protect skeletal muscle from insulin resistance?
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Summary The liberated fatty acids are transported into ynaell

) ) types where the undego seeral fates including
1. Insulin resistance occurs when normal amounts ‘Bf-oxidation for ATP production and storage as

insulin are inadequate to produce a normal insulin respon§ifospholipids and other lipid types. TG is also synthesised
from cells. This is important in the context of whole-bodyy, celisvia the glycerolipid pathway (Figure 1).

glucose homeostasis becauselstal muscle is the main

tissue for insulin-stimulated glucose disposal. Fatty acid
2. In obesity lipid deposition in peripheral tissues _Interstitialspace |
such as skeletal muscle is letkto the actiation of stress Cytosel '
Fatty acyl CoA Fatty acyl CoA

kinases and the ddopment of insulin resistance.

Intramyocellular triglyceride (IMTG) accumulation is Glycerol-3-P
positively associated with insulin resistancewawer, it is / —
unknovn whether IMTG causes insulin resistance or L GPATS |

— LPA \

LPA

protects cells from insulin resistance by varging the 02w
accrual of bioactie lipid metabolites.

3. The role of IMTG in the dedlopment of insulin
resistance is not resolved. Stableerexpression of the
triglyceride lipase, adipose triglyceride lipaseT@L),
reduced IMTG content in myotubesutbresulted in a
concomitant increase in didglycerol (DG) and ceramide,
and caused insulin resistance. Increasing TG content b
muscle-specific diacylglycerol gtransferase (DGAT) 1  Glycerol
oveexpression protected mice from insulin resistance. T~
Corversely, overexpression of DGAT2 in glycolytic muscle MGL
resulted in TG and ceramide accumulation, and insulin ;
resistance in thgse tissues. Thls Wa§_§uﬁ|C|ent to induc
whole-body insulin and glucose insensitivity. g@ —

4. IMTG are unlikely to directly cause insulin ek — (MR — enx
resistance. Instead, it appears as though TG accumulates in
skeletal muscle to sequestettly acids and to protect from Figure 1. Control of skeletal muscle triglyceride
the deleterious actions of lipids such as ceramide and Dfdetabolism. Triglyceride synthesis is initiated byveeal
Whether lipase inhibitors are viable therapeutics togmte glyceol-3phosphate acylansfeases (GRT1-4) that syn-
obesity-induced insulin resistance is unknown, but fututkesise lysophosphatidic acid (LPA) from long chain fatty
studies examining tissue-specific ATGL / hormone semsiti acyl-CoA and glycei-3-phosphate substrates. ARs acy-

ATP+

Fatty acyl CoA ——>l

Fatty acyl CoA

Mitochondria

lipase knockout will hopefully resoimhis question. lated to form phosphatidic acid A and lipin converts R
) to DAG. Diacylglycepnl acyltransfease (DGAT) 1 and 2
Introduction acylate DAG © form TAG. Both adrenaline and corsc-

The ability to store energy in the form of triglyceridelion-mediated eents mediate TG hydrolysis. Adipose

(TG) is highly conserved and is an essential process fojglyceride lipase (ATGL) cleaves thesfifatty acid to c-
surviva. TGs are stored within lipid droplets that are?® DAG. DAG is tydrolysed to monoacylglycerol by Ror

composed of a core of neutral lipids (primarily TGs ang'one sensitive lipase (HSL), whits regulated by seeral

cholesterol esters) surrounded by a phospholipid monola;ié?tivating €.g. protein kinase A, xiracellular requlated
inase) and deactivatinge(. 5-AMP activated ptein

and lipid-droplet associated proteindlost of the bodys X e )
TGs are stored in adipose tissue wherg the sequentially <inase) potein kinases. Monoacylglycerol lipase (MGL)
Lleaves the final fatty acid to produce free glycerol.

hydrolysed by the enzymes adipose triglyceride lipa
(ATGL), hormone sensite lipase (HSL) and
monoaglglycerol lipase to produce fatty acids and TGs are also stored in non-adipose tissues wheye the
glycerof (Figure 1). These metabolites are released amr@n provide dtty acid substrate for metabolic processes.
transported in the circulation for dedry to other tissues. Skeletal muscle is an important peripheral tissue that is
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central to whole-body metabolic homeostasisel&al adrenaline and contraction and that ADRP and TIP-47 are
muscle accounts fa0% of body mass, is the major tissudocalised to lipid droplet® HSL association with ADRP
contrituting to enegyy expenditure® mediates a lge may be essential for lipolytic control in elktal muscle
proportion of A uptake and oxidatiod and in humans given the absence of perilipin A in this tissue. The role of
contributesT80% of whole body insulin-stimulated glucosePAT proteins in skeletal muscle requires further study.
disposalt The amount of IMTG found within indidual Studies in HSL null mice weal the maintenance of
muscle fibres, between different muscle fibre types (type ITG lipase actiity and DG accumulation in skeletal muscle,
type 1) and between muscle groups is variable, and rangasygesting the presence of other TG lip88eSTGL, is
between 2 and 10 mmol/kg massransmission electron expressed in skeletal muscle and ATGL null miceveha
microscoy reveals that lipid droplets containing TG arereduced TG lipase agiy and accumulate TG in musdie.
stored throughout the muscle fibre witl80% in close ATGL overexpression increases TG lipase wtyi and
contact with mitochondri&,suggesting a role for TGs in reduces TG content in both cultured myotubes and rodent
enegy homeostasis. Indeed, es&tal muscle TG is an skeletal musclé’ The posttranslational regulation oT@L
important energy substrate duringypltal stress, with the is not currently understood. Colleddly, these studies
liberated fatty acids accounting fd20% of the total indicate that AGL may be an important TG lipase at rest,
enegy expenditure during moderate intensityereise’®  but HSL appears to grilate3,-adrenegic and contraction-
Although skeletal muscle TG is an important @yer induced TG mobilizatiowia phosphorylation, translocation
substrate, xcessie acumulation has been liel to to the lipid droplet and possibly association with ADRP and
systemic insulin resistané® While the understanding of TIP-47 (Figure 1).

TG catabolism in adipose tissue haganded rapidly in o

recent yearl!? the cellular and molecular mechanismdntramuscular esterification

mediating skeletal muscle TG storage and breakdand Two key proteins ivolved in the TG biosynthetic

the metabolic consequences of these processes Bifhvay are  glycerol-3-phosphate (8B  and
incompletely described. diagylglycerol acyltransferase (DGAT), which catalyse the

Control of skeletal muscle triglyceride metabolism first and last steps in TG synthesis, respelgti(Figure 1).
Glycerol-3-phosphate acyltransferase AGPcatalyses the
Intramuscular lipolysis ag/lation of sn-glycerol-3-phosphate at thel position to

] ) ) . . form lysophosphatidiacid as the initial and committed

The ley lipolytic enzymes of adipose TG lipolysis, step in thede nao synthesis of glycerolipids. There are
HSL and ATGL, are xpressed in skeletal muscel® o GET isoforms, mitochondrial (GF 1 and 2) and
Conversely the scaffold protein, perilipin A, which is microsomal (GBT 3 and 4), and little is knen about their
essential for regulating adipose tissue lipolysiss not expression and gulation. Mitochondrial GPAT protein
emressed in sietal muscle, highlighting a gritical expression and enzyme adty is higher in slav-twitch vs
difference between adipose and muscle lipolysis. Othgist twitch muscle fibres, which is consistent with the
lipid droplet associated proteins from th&TPfamily are  j,creased IMTG content in this fibre tyBeMitochondrial
expressed in skeletal muscle and include adifOC GEAT does not appear to be regulated duringr@se in
differentiation-related protein (ADRP) and tail-interacting,,man<® Total GRAT protein epression is increased in
protein of 47 kDa (TIP-47)2 Immuno-inhibition studies 1 man skeletal muscle aftexeecise® however, GPAT
indicate that HSL accounts fdi60% of total TG lipase activity is decreased in rodents aftexemise3%3! This
actvity in skeletal muscle at rest and almost all\aiti  giscrepany is difficult to eplain but suggests that
during contractions and adrenergic - stimulafibf'’  postiransiational modification may play a role inAGP
Adrenaline is a &y ativator of HSL and lipolysis. regyation. In this rgard, studies in myotubes demonstrate
Adrenaline is efeated during gercise and results in o AMPK decreases @P activity by phosphorylatio?
B,-adrenegic receptor stimulation, PKA aution, \yhich is consistent with AMPKs role as an energy sensor
phosphorylation of Ser 563 and Ser 660 on HSind ihat promotes fatty acid oxidation forTR production
increases in HSL aefity.**192°HSL is also rgulated by |5ther than fatty acid storage.
contraction-generated signals. Protein kinase C can pgaT catalyses the final step of TG synthesis, a
stimulate HSL actity via extracellular regulated kinase ygsction that cealently links DG and fatty ad-CoA
(ERK) actvation during muscle contractiod$?! which is ¢ pstrates. DGAT1 and 2 bear no sequence homology to
consistent with an aetiting role of ERK in adipose g5cn other and do not belong to the same gamelyf®
tissue?? while calcium calmodulin dependent kinase Il isHGAT2 is more potet and specifi® for triglyceride
suggested to block HSL aeation and IMTG lipolysiS®**  pigeynthesis. Lik GPAT, there is a paucity of data
The cellular energy sensor-AMP actvated prptein kinase regarding DGAT expression and regulation. DGAT1 and 2
(AMPK)  negaively ~regulates HSL in sdetal 4re expressed in skeletal muscle. OGAMRNA3 and
muscle"1#202 Intracellular  traficking of lipolytic  proteirf0 expression are increased byesise, consistent
enzymes in response to lipolytic stimuli is an essentigliih the increased IMTG observed in reey from

regulatory control point in adipgtes!? Morphological aygcise. DGA activity does not appear to begidated by
analysis of single muscle fibres veals that HSL appk 32

translocates to lipid droplets within myocytes in response to
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Fatty acid-induced insulin resistance

Insulin signal transduction e . A A
Insulin A" Glucose
IR "

Glut4

Insulin resistance occurs when normal amounts of
insulin are inadequate to produce a normal insulin response
from cells. This is important in the corteof whole-body
glucose homeostasis because skeletal muscle is the mai
tissue for insulin-stimulated glucose disposal. Insulin A
resistance is lgely mediated by interference of insulin
signal transduction within tissues. Insulin signalingpives IRS-1

a omplex 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 importan

in skeletal muscle. IRS-1 propagates signal transduction b Akt @—_
stimulation of PI3K, leading to phosphorylation/aation PP2A
of Akt, phosphorylation of Akt-substrate of 160 kDa PKC IkKB JNK PKCT

(AS160) and glucose transporter (GLUT) 4 translocation. -

An alternate pathway for GLUT4 translocatiornvalves Ceramide
insulin-mediated stimulation of atypical PKC isoforms. FA

Indeed, muscle-specific knoamkt of the major murine TAG
atypical PKC, PKCx, is afficient to induce local and \ DAG

systemic insulin resistanéé When IRS-1 is alternatily

phosphorylated at various serine residugeg. (serine 307),

its downstream Signaling is diminished resulting in rEducqfigure 2. Fatty acid mediators on insulin resistance. Sev-
glucose uptake. Serine/threonine kinases that phosphorylara| fatty acids interfex with insulin signal tansduction.
these serine residues include the stress kinases C-AG results in activation of seral PKC isoforms that may
terminal amino kinase (JNK,1kB kinasep (IKK-B)**and  induce serine phosphorylation of insulin receptor stistr
corventional PKC isoformg%4! Insulin signaling can also (IRS)-1. The fatty acids libated from RG reakdown can
be disrupted at Akt (discussed below). be used fode nwo ceramide synthesis. Ceramide activates
protein phosphatase 2A (PP2A) that in turn dephosphory-
lates (T308, S472) and deactivates Akt. By activating pr
Intramuscular lipid accumulation is associated wit€in kinase € ceramide induces phosphorylation of Akt
insu"n resistanc%lo and experimenta”y increasing (T43) that DE\BntS |tS translocation. Ceramide a|SO aCti-
intramuscular lipids with lipid infusiof®42 or genetic Vvates JNK and«Kz, which inhibits insulin signal &nsduc-

modifications such as muscle specificerexpression of tion by serine phosphorylation of IRS-1. Thegenés ulti-
lipoprotein lipase and fatty acid translocase/Ct336 mMately lead to educed glucose transporter 4 (Glut4)
causes insulin resistance. The metabolients connecting translocation to the plasma membrane and less glucose
fatty acid oversupply to stress kinase aetion (e.g.JNK, transport.

IKK-B) and insulin resistance are incompletely defined;

hqwe/er, sveaal lipid metabqlites appear tQ bEleh{Ed Ceramides are composed of a sphingosine backbone
(Figure 2)..DG accumulates in skelgtgl musnheshuttllng and ftty acid side chain, and their synthesis isegriby
of fatty acids through the glycerolipid synthesis p@yWw j,creased heels of the saturatedafty acid palmitate. Tlye
and from TG dgradation. DGG accumulates in theeal  accumulate in skeletal muscle of obese, insulin-resistant
muscle of obese rodefits® and humarﬂg and ma¥  hyman& and rodenté® and are ngatively correlated with
studies hee $own temporal associations between acutg,giin sensitiity.5® Ceramides are linked to insulin
elevation of plasma free fatty acids, DG accumulation anfhgistance induced by saturated, but not unsaturated f
insulin re5|§tancé9 DG is thought to induce zcigs and chemical inhibition of ceramide synthsigvo
serine/threonine phosphorylati'gggOf IRS-1 at Ser307 dueifproves gucose toleranc® Ceramides inhibit insulin
actation of PK® and IKKB,*™ however, athers h&e  gjgnaling at Akt and possibly at IRS-1. The principal site of
shawn that genetic disruption of IKKor PK® does not jppipition involves Akt: first by dephosphorylation
proteqt against obesity-induced msulm resgéﬁé. mediated by protein phosphatase 52/&nd second by
Experimental approaches that selsyi manipulate preventing translocation of Akt, possibly by PRC
intracellular DG lgels are required to determine whethery,qgiated phosphorylation at F8456 Inhibition of IRS-1
DGs are in fact a critical regulator of fatty acid-inducegyosine phosphorylation occurs when cultured cells are
insulin resistance. incubated with short-chain ceramide analogifeslixed
linage kinase (MLK) 3 is a putag link in this process as it

Linking fatty acids to insulin resistance
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is actvated by ceramides and is an upstream kinase t#rminal “patatin” homology domain, which is common to
INK 5859 however, sevaal studies do not report inhibition plant and mammalian proteins withyabiydrolase actiity
of IRS-1 by ceramide¥. Ceramide devitives suich as on phospholipid, monoglyceride and DG substr&tés. |t
sphinosine and ganglioside GM3 may bgolned in the exeats a ley ole in lipid droplet degradation in adipdes
pathogenesis of lipid-induced insulin resistance, but thad non-adipocyte cell8’47> and ATGL null mice are
awats further experimental clarificatidi. obese due to defeet lipolysisl® ATGL exhibits high
LCFACOA accumulates in skeletal muscle withsubstrate specificity for T&%2and full actvation appears
obesity? and with acute fatty acid-induced insulinto require interaction with the regulator CGI-%$8 Given
resistancé® LCFACoAs effect glucose utilization by the substrate specificity of /&L, we reasoned that one
directly inhibiting hecokinase activity and through indirectapproach for examining the effect of TG on insulin
mechanisms wolving PKC activity and by acting as a sensitvity was to @erexpress AGL in skeletal muscle. &/
substrate for DG and ceramide generaffoRecent studies anticipated that DG would not accumulate because HSL has
indicate that specific phosphatidic acid specié®. ( a hgh substrate affinity for D&’

dilinoleoyl) contribute to insulin resistance in muscle ATGL protein expression is reduced inekial
cells80 muscle of obese insulin resistant mice, and igaingly
) o ) ) _ associated with IMTG content, indicating a potential role of
Roleof triglyceridesin muscle metabolism and insulin ATGL in IMTG metabolism. The effects of ATGL were
resistance: Recent advances tested in tw models: retroviral werexpression in L6
Increased TG deposition in skeletal muscle igqyotubes and acute electroporation-mediated

resistantt 42.63-65 overexpression in rat tibialis anterioin vivo2’ Both

' approaches increased @L protein expression, TG lipase

activity and reduced IMTG contentSurprisingly DG

accumulated in muscle suggesting that the catalytigitgycti
HSL could not match the increased supply of DG
bstrate produced with ATGLverexpression. Ceramides

positively associated with insulin
however, it is not currently knan whether IMTG causes
insulin resistance. This uncertainly results fromo tw
obsenrations. Firstly in contrast to the posite asociation

between IMTG and insulin resistance in obesity and type

diabetic patients, endurance trained athletes are hig S )
insulin sensitie cespite eleated IMTG depositio57 The also accumulated indicating that the increased flux of TG-
' derived fatty acids was fcilitating de nao ceramide

reason for this “athletes paradox” is unlwmobut may be . :

due to an increase in lipid droplet-to-mitochondria coﬁtacfynthes's Th.ere was pd@ft of ATGL overexpression on

and an enhanced oxidati apacity of athletes to oxidize in vivo insulin sensitiity as assessed by euglycemic-
hyperinsulinemic clamp. While these studies showed that

TG-derved fatty acid€® and thereby prent the . . . .
accumulation of insulin resistance-inducingtty acid ATGL is an important TG lipase in muscle that altensyf

metabolites. Secondlystudies that hee dtered IMTG acid storage and oxi_dation, reducing T.G c.:ont.enDﬁg %
levels through various perturbationg.g. diet, lipid and was unable to preent insulin resistance, indicating that TG

heparin infusion, xercise) hae mncomitantly changed per se is r_10t an importantdctqr in_directly mediating
other lipid metabolites such as DG, ceramides and Ior"@'SUIIn re_ssta_nce.Rather excessve TG dggad_an_n may
chain agl-CoAs, making it impossible to discern speciﬁcD omote |_nsuI|n resistance Whef‘ fatty acid QX|dat|9n cannot
IMTG effects. Thereis an alternatie view that IMTG match mtracellu_lar _product_lon, resgltmg in- the
provides a protecée wle in skeletal muscle by prenting accumulation of bioaate fatty acid metabolites.

the accumulation of so-called bioaetilipid species such as pgar overexpression

ceramides and DG, factors known to cause cellular

“lipotoxicity” 8 and insulin resistance. The cellular An alternatve grategy for examining the role of TG
localisation of TGs within lipid droplets supports thiswie on insulin resistance is to enhance its storage Ecent
Moreover, the reversal of fatty acid-induced insulin studies hee described the phenotypes of mice where TG
resistance in humans aftexescise is accompanied by anaccumulation was drén by smilar transgenic approaches.
enhanced lipogenic capacity ofed&tal muscle, increased DGAT catalyses the formation of TG from DG aratty
IMTG synthesis and concomitant reductions in lipicacyl-CoA. Two DGAT isoforms ist, with DGAT2 being
metabolites and proinflammatory signalliffglo overcome more potert* and specifit® than DGAT1. In the first study
these methodological issues, recent studiesve haby Liu et al,’® transgenic werexpression of DGAL in
implemented sesral experimental designs in mice tomouse skletal muscle increased IMTG byB0% and
investigate the role of IMTG content on skeletal musclgrotected mice from high af diet-induced insulin

insulin resistance. resistance. The heightened insulin sensitivityasw
) associated with a reduction in DG and ceramide contents,
ATGL ovemxpression and reduced serine kinase wation. This channelling of

fatty acids in myogtesin vivowas consistent with préous
work demonstrating that DGAT1 promotes the \e@gion
of saturated fatty acids to TG and protects mammalian cells
from lipid-induced-apoptosi®. In this regard, ATGL null
mice that are unable tofigfently hydrolyse TG xhibit

ATGL was recently cloned andas demonstrated to
be essential for #@fient TG metabolism in adipose
tissue®72 ATGL shares seeral common motifs with other
known TG lipases including a GXSXG motif with an &eti
serine at position 47, an/f hydrolase fold and an N-
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whole body insulin sensitivity despite marked IMTGtissue-specific ATGL / HSL knockit will hopefully
accumulatiort3 Together these studies indicate thatvdng resohe this question. Haever, the consequences of
fatty acids into TG and/or pventing their release protects continued TG storage may present xpexted
from obesity-induced insulin resistance. complications, especially in sedentary iniduals where the

We recently completed similar xperiments, bt capacity to clear excess TG-ded fatty acids is impaired
instead focussed on the role of DGAT2 when iasw and lipotoxicity may result. Clarifying the cellular and
overexpressed in glycolytic (type 1) muscle fibrés. molecular factors modulating the xpression and
Skeletal muscle is composed mainly ofotwifferent fibore posttranslational control ofely proteins in TG metabolism
types: oxidatie (ype I, slow-twitch, red) and glycolytic may unmask neel approaches to safely manipulate TG
(white, type Il, &st-twitch, white) fibres. It is unkmm content in health and disease.
whether the type of muscle fibre is an important
consideration in TG associated insulin resistance. OxilatiAcknowledgements
muscle stores more P&and is more insulin-sensié than
glycolytic muscle?? Moreover, endurance training increases
both TG content and insulin sensity in oxidative
muscle®® This suggests that increased lipid content i
oxidative muscle may not be detrimentalDn the other
hand.,_glycolytlc mu;clg stores less TG and S less insu fhtional Health and Medical Research Council of Australia
sensitve tan oxidatte rmnuscle. Accordingly we -
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