Research Article 1937

Glucose induces de novo lipogenesis in rat muscle
satellite cells through a sterol-regulatory-element-
binding-protein-1c-dependent pathway

Isabelle Guillet-Deniau*, Anne-Lise Pichard, Aminata Koné, Catherine Esnous, Myriam Nieruchalski,

Jean Girard and Carina Prip-Buus

Département d’Endocrinologie, Institut Cochin, Institut National de la Santé et de la Recherche Médicale (INSERM) U567, Centre National de la
Recherche Scientifiqgue (CNRS), Unité Mixte de Recherche 8104, Université René Descartes, Paris, France

*Author for correspondence (e-mail: guillet-deniau@cochin.inserm.fr)

Accepted 23 December 2003

Journal of Cell Science 117, 1937-1944 Published by The Company of Biologists 2004
doi:10.1242/jcs.01069

Summary

We previously reported that sterol-regulatory-element- minutes, SREBP-1c nuclear translocation being confirmed
binding-protein-1c ~ (SREBP-1c) mediates  insulin  using immunocytochemistry. In addition, the knockdown
upregulation of genes encoding glycolytic and lipogenic of SREBP-1 mRNA using a RNA-interference technique
enzymes in rat skeletal muscle. Here, we assessed whethertotally abrogated the glucose-induced upregulation of
glucose could regulate gene expression in contracting lipogenic enzymes, indicating that SREBP-1c mediates the
myotubes deriving from cultured muscle satellite cells. action of glucose on these genes in rat skeletal muscle.
Glucose uptake increased twofold after a 30 minute Finally, we found that glucose rapidly stimulated SREBP-
treatment with a high glucose concentration, suggesting an 1c maturation through a Jak/STAT dependent pathway. We
acute glucose-stimulated glucose uptake. Time-course propose that increased intramuscular lipid accumulation
experiments showed that, within 3 hours, glucose associated with muscle insulin resistance in obesity or type-
stimulated the expression of hexokinase I, fatty acid 2 diabetes could arise partly from de novo fatty acid
synthase and acetyl-CoA-carboxylase-2 proteins, leading synthesis in skeletal muscle.

to an increased lipogenic flux and intracellular lipid

accumulation in contracting myotubes. Furthermore,

kinetic experiments indicated that glucose upregulated Key words: Muscle satellite cells, Glucose, Srebp-1 knockdown,
SREBP-1c precursor and nuclear proteins within 30 Gene expression, Lipogenesis

Introduction A regulation of SREBP-1c expression by insulin has also

Sterol-regulatory-element-binding proteins (SREBPs) regulateeen reported in other insulin-responsive tissues. In mouse
the transcription of genes involved in cholesterol and fatty aci@dipose tissue, the expression of SREBP-1c and its nuclear
metabolism (Brown and Goldstein, 1997). Three members of tibundance are positively controlled by insulin, and SREBP-1c
SREBP family have been described in mammalian specieglediates the effect of insulin on tHAS gene (Kim et al.,
SREBP-1a and SREBP-1c are encoded by a single gene akP8). In skeletal muscle, SREBP-1c transcript predominates
produced through alternative splicing and the use of alternati@ver SREBP-1a in human and rodent species (Ducluzeau et al.,
promoters (Hua et al., 1995), whereas SREBP-2 derives from2801; Guillet-Deniau et al., 2002). Its expression in skeletal
different gene. SREBPs are synthesized as precursor forriguscle was reported to be regulated by the nutritional status
anchored in endoplasmic reticulum and nuclear membrane@izeau et al., 2003) and dramatically decreased in
After proteolytic cleavage, a transcriptionally active mature fornstreptozotocin-induced diabetic animals (Guillet-Deniau et al.,
enters the nucleus, where it can bind both sterol regulato002). Using primary cultures of muscle satellite cells, which
elements and E-boxes (Kim et al., 1995). SREBP-2 cleavagerm spontaneously contracting myotubes within 10 days,
occurs in response to low sterol levels, whereas factors triggeritge have shown that insulin upregulated the expression of
the cleavage of SREBP-1c remain unknown. In the liver, insulibexokinase Il (HKII), FAS and ATP-citrate lyase through
upregulates SREBP-1c expression, and SREBP-1c has be8REBP-1c, these effects being mimicked by adenovirus-
proposed to mediate the transcriptional effects of insulin omediated expression of a transcriptionally active form of
lipogenic and glycolytic enzymes, such as fatty acid synthaseREBP-1c (Guillet-Deniau et al., 2002). However, several
(FAS), acetyl-CoA carboxylase (ACC), Spot 14 or pyruvateglycolytic and lipogenic genes in the liver require both insulin
kinase (L-PK) (Foufelle and Ferre, 2002). The effects of insulimnd glucose to be expressed, insulin by itself failing to induce
on SREBP-1c have been corroborated by in vivo studies showirgxpression in the absence of glucose. In fact, in vivo and in
that SREBP-1c expression and nuclear abundance were lowvitro experiments have demonstrated that glucose can
the liver of streptozotocin-induced diabetic rats, and markedlypregulate ACC, FAS and stearoyl-CoA desaturase expression
increased after insulin treatment (Shimomura et al., 1999). in adipose tissue (Foufelle et al., 1992; Jones et al., 1998), and
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L-PK, FAS and ACC expression in both liver (Decaux et al.under rotational agitation. Total cell lysates were recovered after
1989; Prip-Buus et al., 1995) and pancrediicell lines  centrifugation at 16,009 for 30 minutes at 4°C. Cytoplasmic and
(Andreolas et al., 2002; Brun et al., 1993; Marie et al., 1993uclear protein extracts were prepared using the NE-PERclear
Roche et al., 1998). Although glycolytic and lipogenic gene§”d C_:yt’op_lasmic Extraction Reagents kit (Pierce) according to the
are expressed in skeletal muscle, their regulation by glucose dpplier's instructions. Protein concentration was determined using
poorly understood. the Bradford method.

In the present study, we demonstrate, using contracting
myotubes deriving from rat muscle satellite cells, that glucosg/estern blot analysis

alone stimulates more rapidly than insulin the expression ansloteins (30 pg) were separated by sodium-dodecyl-sulphate
maturation of SREBP-1c as well as lipogenic gene expressiopoelyacrylamide-gel electrophoresis (SDS-PAGE) in a 7% gel and
leading to an increased lipogenic flux and intracellular lipicelectrotransferred onto nitrocellulose membrane. Membranes were
accumulation. Moreover, successful knockdown of SREBP-blotted with the relevant antibody and then revealed using the
by small interfering RNAS (siRNAs) totally abolished enhanced chemiluminescence system (Supersignal; Pierce). Signals
suggesting that glucose-induced SREBP-1c expression afyngene).

maturation could be implicated in muscle lipotoxicity.

Antibodies

. The precursor and mature forms of SREBP-1c were detected using a

Mgterlals and Methods monoclonal antibody raised against the N-terminus (amino acids 301-

Animals 407) of human SREBP-1 (NeoMarkers). The anti-human-HKIl

Eight-week-old Sprague Dawley male rats fed ad libitum with aantibody was purchased from Santa Cruz Biotechnology. Anti-rat-FAS

standard laboratory chow diet were housed at 22°C with light fronand -CPT2 polyclonal antibodies were gifts from I. Dugail (Unité

7:00 am to 7:00 pm. All procedures were performed in accordand®SERM 465, Paris, France) and J. D. McGarry (University of

with the guidelines established by the European Convention for thBouthwestern Medical Center, Dallas, USA), respectively. ACC2 and

Protection of Laboratory Animals. Ser? phospho-ACC polyclonal antibodies were from Alpha Diagnostic
International. Active mitogen-activated-protein kinase (pTEpY) was

) ] detected using a polyclonal antibody (Promega). Polyclonal antibodies

Primary culture of muscle satellite cells against phospho-STAT3 (T or Sef27) and phospho-STAT1 (THY)

Satellite cells from rat hindlimb muscle fibres were prepared andvere purchased from Upstate Biotechnology.

cultured as previously described (Guillet-Deniau et al., 1994). Cells

were plated onto growth-factor-reduced Matrigetoated flasks ] ) o ]

(BD-Biosciences) in Dulbecco’s modified Eagle’s medium (DMEM) Lipogenesis and intracellular lipid accumulation

containing 10% (v/v) horse serum, 5 mM glucose, antibiotics an€ontracting myotubes were cultured for 24 hours in a serum-free

2 mM glutamine. Cells were fed fresh medium the day after platingnedium containing 5 mM glucose in the absence or presence of 100

and every other day. At day 6, the medium was replaced bgM insulin. Lipogenesis rate from [#Clacetate (5 mM, 1QCi per

a differentiation medium (2% horse serum) and myoblastglask; Amersham Pharmacia Biotech) was determined in duplicate

differentiated into spontaneously contracting myotubes within 3 daysn the absence or presence of 25 mM glucose anaM55-

then serum was totally removed. tetradecyloxy-2-furoic acid (TOFA) during the last 3 hours of
culture. Cells were rinsed twice with ice-cold PBS, immediately
frozen in liquid nitrogen and then scrapped off in 30% KOH.

Glucose uptake Labelled fatty acids were extracted as described by Stansbie et al.

The uptake assay was performed as previously described (GuillgtStansbie et al., 1976). Lipid accumulation was detected in myotubes

Deniau et al., 1994). Cells were grown on 13 mm Matrigel-coatedising Oil Red-O staining following fixation in 3% paraformaldehyde

Thermanox coverslips (Nunc) placed in 24-well plates. Coverslipaccording to Koopman et al. (Koopman et al.,, 200Ajter

were washed three times in warm PBS and then incubated at 37°C favunterstaining of nuclei with DAPI (Molecular Probes),

30 minutes in 1 ml Krebs-Ringer phosphate buffer (KRP) (130 mMluorescence of Oil Red-O was observed as described below.

NacCl, 5 mM KCl, 1.3 mM CagC| 1.3 mM MgsSQ, 10 mM NaHPQOy,

pH 7.4) supplemented with either glucose (5 mM or 25 mM) or o ) )

mannitol (25 mM). Myotubes were rinsed and 10 mM 2-deoxy-D-Localization of SREBP-1c by immunocytochemistry

glucose (2-DG) containing YCi mi! 2-deoxy-D-[13H]glucose  Muscle satellite cells were cultured on Matrigel-coated Permanox

(13.9 Ci mmolel; Amersham Pharmacia Biotech) was added. Uptakdour-chamber slides (Lab-Tek, Nunc) for 11 days (contracting

was measured for 15 minutes at 37°C, then coverslips were rinseayotubes). Cells were incubated for 0 minutes, 15 minutes, 30

three times in cold PBS, immediately immersed in scintillant liquidminutes or 60 minutes in the presence of 25 mM glucose, immediately

and counted. Six coverslips were used for each experimentalashed three times with cold PBS and fixed with 3%

condition. Proteins were measured using the Bradford methoparaformaldehyde for 20 minutes. After an extensive PBS wash and

(Bradford et al., 1976). quenching for 10 minutes with 50 mM NEI, cells were
permeabilized with 0.1% Triton X-100 in PBS for 4 minutes.

) ] Myotubes were incubated overnight at 4°C with the anti-SREBP-1
Preparation of total cell lysates, cytoplasmic and nuclear antibody, washed three times with PBS and then treated for 1 hour
protein extracts with Alexa-488-conjugated goat-anti-mouse immunoglobulin G
Cells were rinsed three times with cold PBS, immediately frozen ifMolecular Probes). Nuclei were counterstained with DAPI
liquid nitrogen, scraped on ice in lysis buffer (50 mM Tris-HCI, pH (Molecular Probes). Slides were mounted in Cityfluor mounting
7.5, 150 mM NaCl, 5 mM EDTA, 50 mM NaF, 30 mM #®a07, 1% medium (BioRad) and pictures were taken using a Nikon TS100
Triton X-100, 0.1 mM NgvOa, 1 mM PMSF, Jug mt1 pepstatin A,  fluorescence microscope equipped with a CF1 APO PLAM1660
2 ug mttleupeptin, Sug mt1aprotinin) and lysed for 2 hours at 4°C oil objective and a Coolpix digital camera (Nikon, Tokyo, Japan).
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SiRNA preparation and transfection of myotubes 2

Target-specific SIRNA duplex was designed by selecting sequences ‘Eg 2.5 *

the type AANUU from the open reading frame Rattussp.ADD1 : S a2p

MRNA (GenBank accession number L16995) (Tontonoz et al., 199: 2 g 5

in order to obtain a 21-nucleotide sense and a 21-nucleotide antiser 8 % )

strand with symmetric 2-nucleotide’ 2verhangs of identical E% 1.0 ﬂ ﬂ
sequence. The siRNA targeting SREBP-1 was from position +455 1 3E o5

+476 relative to the start codon. The selected siRNA sequence w 8~ o

submitted to a BLAST search against the rat genome sequence &

ensure that only SREBP-1 was targeted. Double-stranded 2. G5 G25 Mannitol

nucleotide siRNA was purchased from Dharmacon (Lafayette, CO) iRig. 1. Glucose increases glucose uptake in contracting myotubes.
deprotected and desalted form. Contracting myotubes were cultur@dter 48 hours in serum-free medium containing 5 mM glucose, 2-
in six-well plates in DMEM without serum, and the medium wasdeoxyglucose (2-DG) uptake was measured after a 30 minute
changed to antibiotic-free medium the day before transfectiorincubation of the cells with 5 mM glucose (G5), 25 mM glucose
Transfection of myotubes with pEGFP-C3 plasmid (Clontech, Pal¢G25) or 25 mM mannitol. Results are the meansz*s.e.m of 10-13
Alto, CA) encoding green fluorescent protein (GFP) indicated thaindependent experiments?%0.05 versus G5.

over 70% of the cells were transfected. siRNAs (50 pmol per well)

were transfected using Lipofectamine 2000 according to the

manufacturer's instructions  (Invitrogen). Experiments were A

performed 48 hours after transfection of the cells. Hours 0 05 1 2 3 4 6 8 24

kDa

ACC2 ‘——-——-—————-—-—-—--‘—zsu

Statistical analysis

Results are expressed as meansts.e.m. Statistical significance v FAS ‘ o T -
evaluated using analysis of variance. ‘

-210

HKIl |~ o = e e ‘—105
Results CPT2 ‘ —— — — ————— ‘— 68
Glucose increases glucose uptake in contracting
myotubes P-ACC [ ik oo g i ‘_ 250

We first assessed the effect of glucose concentration on glucc

uptake by incubating myotubes for 30 minutes with 25 mV

glucose in absence of insulin. This resulted in a twofolc B
increase in 2-DG uptake, whereas mannitol was inefficien

ruling out an osmotic effect of glucose (Fig. 1). Thus, higt

glucose concentration induced in contracting myotubes a rap

increase in glucose uptake.

w £

ACC2/P-ACC
(Arbitrary units)
nN

-

Time-course effects of glucose on the expression of "~k
lipogenic and glycolytic enzymes O . .

ACC catalyses the carboxylation of acetyl-CoA to malonyl- Hows 081 2 3 4 & & 2

CoA, a major precursor for de novo fatty acid synthesi§ig. 2. Time course of the effect of 25 mM glucose on lipogenic
(Hardie, 1989). Two ACC isoforms with molecular masses ofnzymes in myotubes. After 48 hours in serum-free medium

265 kDa (ACC1) and 280 kDa (ACC2) were described thé&ontaining 5 mM glucose, contracting myotubes were incubated for

latter being dominant in heart and skeletal muscle. Tg:e indicated times with 25 mM glucose. Total protein content was
. ._fhen extracted, separated by SDS-PAGE and analysed for ACC2,

determ|r_1e the e:;fects of glucodse '?1”259enl\ejl elxpresafo AS, HKIl and CPT2 protein levels, and for the phosphorylation

contracting myotubes were treated wit MVl gluCOSe 10L410 of ACC protein (A). (B) ACC activity, deduced from the ratio

times ranging from 30 minutes to 24 hours. Within 3 hourspeqyeen ACC2 and phosphorylated ACC protein level. Western blots
g|UCOS€ increased three- to fourfold ACC2, FAS and HK“represent three independent experiments.

protein levels, whereas the mitochondrial carnitine

palmitoyltransferase 2 (CPT2) remained constant (Fig. 2A).

Phosphorylation of ACC by cAMP-dependent protein kinaseesults revealed that glucose rapidly upregulated ACC, FAS
or AMP kinase resulted in the inactivation of the enzymeand HKIl enzymes in rat skeletal muscle cells.

(Munday et al., 1988). The phosphorylation state of ACC was

assessed using a specific antibody raised against tf& Ser ) . o )

phospho-ACC. After a transient increase within the first Z5lucose stimulates lipogenesis in contracting myotubes
hours of glucose challenge, ACC phosphorylation decreased @onsistent with the stimulation of ACC and FAS expression,
an undetectable level between 4 hours and 6 hours (Fig. 285 mM glucose increased de novo fatty acid synthesis within
From these time-course experiments, we evaluated the activiy hours at a rate similar to that observed after a 24-hour
of ACC2 through the ACC2/P-ACC ratio. This ratio showed areatment with 100 nM insulin (Fig. 3A). The glucose-
drastic increase in response to glucose, corresponding to atimulated lipogenesis was not significantly potentiated by
equivalent rise in the active form of ACC2 (Fig. 2B). Thesensulin. Both basal and stimulated lipogenesis were inhibited
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A 2-DG (10 mM) had no effect (not shown). However, the
glucose-induced increase in the precursor and mature forms of
SREBP-1c was not consecutive to an upregulaticBREBP-

- G5 G25 1 gene expression because no variatiolSREBP-ImRNA
b ! ! ! : L level was observed within 2 hours of the application of a high
DS 15 * " glucose concentration (not shown). The nuclear translocation
& 2 of SREBP-1c detected by immunofluorescence staining is
gg 10 — shown in Fig. 4B,C. In absence of 25 mM glucose, SREBP-1c
o% was mainly observed in the cytoplasm. 30 minutes after the
%g 5 addition of glucose, SREBP-1c was detected into the nucleus,
=~ l_*ll and it remained nuclear for at least 60 minutes (Fig. 4C). Thus,
o glucose rapidly increased the precursor form of SREBP-1c and
Insulin * % = o g the nuclear translocation of the mature form.
TOFA - -+ =+ =+

(v

Silencing of SREBP-1 in contracting myotubes

In order to confirm the role of SREBP-1c, myotubes were
transfected with a SREBP-1 siRNA duplex, and the effects of
glucose on the expression of lipogenic enzymes were assessed
48 hours later (Fig. 5)SREBP-ImRNA (not shown) and
protein (Fig. 5) were hardly detectable in siRNA-transfected
myotubes compared with control cells, indicating an efficient
knockdown of SREBP-lexpression. Under these conditions,
g the basal protein levels of FAS and ACC2 were also decreased,
G5 G25 i e whereas CPT2 expression was not affected (Fig. 5).
Fig. 3.Glucose induces de novo lipogenesis and lipid accumulation Furthermore, a high glucose concentration failed to upregulate
an SREBP-1c, FAS and ACC2 proteins upon silencing of SREBP-

in contracting myotubes. (A) After 48 hours in serum-free medium . .
containing 5 mM glucose (G5), cells were treated or not with 1. These results demonstrate that glucose-induced upregulation

100 nM insulin for the last 24 hours. The lipogenesis rate from of lipogenic enzymes was mediated by SREBP-1c in
[2-14C]acetate (5 mM) was measured in the presence or absence ofcontracting myotubes.
25 mM glucose (G25) and/or BVl TOFA during the last 3 hours of
culture. Results are the meansts.e.m. of 3-13 independent
experiments. P<0.05 compared with G5; £<0.01 compared with ~ SREBP-1c processing by glucose is dependent on
the respective controls. (B) After a 24-hour treatment with 100 nM  phosphorylation of STAT3
:233“8 (tJr 35tm'\t/'tﬁ'”005e (625)%m¥°t“b”esl W?r?dséa'“eldtw'tﬁ O:' . STAT proteins are latent cytoplasmic-signal-dependent
Wgre Cogmgrifaineed%iiegg%? S'Z;ﬁfﬁaﬂgﬁ'p' roplets. NUclel - transcription factors that are phosphorylated by Janus kinase
' (Jak) proteins. Through the Jak/STAT pathway, extracellular
molecules bound to cell-surface receptors can change nuclear
gene expression patterns within minutes (Levy and Darnell,
by 90% by TOFA, a specific inhibitor of ACC (Panek et al.,2002). We have already shown that glucose uptake could be
1977). Moreover, intracellular lipid accumulation was detecteénhanced through a Jak2/STAT3 pathway in contracting
following a 24-hour treatment with either 25 mM glucose omyotubes (Guillet-Deniau et al.,, 1997). Therefore, we
insulin, whereas very few lipid droplets could be detected imletermined whether the Jak/STAT pathway was involved in
myotubes cultured under basal conditions (Fig. 3B). Takethe glucose-induced upregulation of SREBP-1c expression.
together, these results suggest that accumulation dffter 15 minutes of glucose challenge, cytoplasmic and
intracellular lipids resulted from increased de novo lipogenesisuclear STAT3 were phosphorylated on Py nuclear
in contracting myotubes. STAT3 phosphorylation increasing up to 3 hours (Fig. 6A).
By contrast, no Sé#’ phosphorylation of STAT3 (not shown)
) . or STAT1 phosphorylation (Fig. 6A) occurred. Furthermore,
SREBP-1c expression and processing are regulated by the phosphorylation state of Erk1/Erk2 proteins remained
glucose unaffected by glucose (Fig. 6A). When myotubes were
We have previously shown that insulin increased both thencubated with 25 mM glucose in the presence of AG490,
precursor and mature forms of SREBP-1c within 3 hours im specific inhibitor of Jak2 phosphorylation, no
contracting myotubes, leading to the upregulation of FASphosphorylation of STAT3 occurred and nuclear SREBP-1c
ATP-citrate lyase and HKII proteins (Guillet-Deniau et al.,was barely detectable, although SREBP-1c precursor was still
2002). We then tested whether the glucose-inducethcreased (Fig. 6B). In contrast to AG490, PD98059 (a
upregulation of lipogenic enzymes could also be mediated bspecific inhibitor of MEK phosphorylation) had no inhibitory
SREBP-1c. Indeed, the precursor form of SREBP-1c wasffect on the glucose-induced processing of SREBP-1c (Fig.
enhanced two- to threefold after a 30-minute exposure to 28B). Taken together, these results show that glucose induced
mM glucose, concomitant with a threefold increase in théhe processing of SREBP-1c through the Jak2/STAT3
nuclear mature form (Fig. 4A), whereas mannitol (25 mM) angbathway.
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A

G25
I 1
Minutes 0 15 30 60 KkDa
Cytoplasm P | == — c— e |-125
Nucleus m- — e | 6B

SREBP-1c

B C
SREBP-1c  + DAPI SREBP-1ic + DAPI

Fig. 4. Glucose induces the processing of SREBP-1c precursor (p) and the nuclear translocation of the mature form (m). Contramtisig myot
were cultured in 5 mM glucose without serum for 48 hours. (A) Cytoplasmic (top) and nuclear (bottom) extracts were p€epéanetkat

15 minutes, 30 minutes or 60 minutes after the addition of 25 mM glucose. The western blots represent three separate.experiments

(B,C) Detection of the precursor and nuclear forms of SREBP-1c¢ by immunofluorescence in contracting myotubes. In absence of 25 mM
glucose, SREBP-1c precursor (green) was observed in the cytoplasm (a,b,g,h). Following the addition of 25 mM glucosensladatioh

of SREBP-1c was detected in myotubes after 30 minutes (c,d,i,j) and remained up to 60 minutes (e,fk,l). Nuclei werdreedimighsta

DAPI. Scale bars, 20m (B), 5um (C).

Discussion glucose concentration was an acute increase in glucose uptake,
The present study provides the first demonstration that glucossyggesting that increased glucose uptake is a prerequisite for
in the absence of insulin, regulates both the expression agtucose action on SREBP-1c. In liver, glucose must be
processing of SREBP-1c protein in skeletal muscle. This is imetabolized in order to generate a signal metabolite that
contrast to what occurs in liver, where insulin, but not glucosenediates its hormone-independent transcriptional effects
induced SREBP-1c expression (Foretz et al., 1999)XDecaux et al., 1989; Prip-Buus et al., 1995). Recently, the
Furthermore, glucose effects occurred rapidly in muscle cellsarbohydrate-responsive-element-binding protein (ChREBP)
compared with those induced by insulin (30 minutes versus @oned in rat liver (Yamashita et al., 2001) and xylulose-5-
hours) (Guillet-Deniau et al., 2002). In pancrefticell lines, phosphate (Kabashima et al., 2003) were proposed to be a
a stimulation oSREBP-1&xpression by glucose has also beerglucose-responsive transcription factor and a signal metabolite
reported (Andreolas et al., 2002; Wang et al., 2003). Howeveresponsible for L-PK gene regulation in liver, respectively. The
this required a long exposure to glucose (6-48 hours) argliggested scenario is that glucose activates ChREBP through
SREBP-1c processing ifi-cells was unresponsive to acute dephosphorylation catalysed by xylulose-5-phosphate-
glucose stimulation (Wang et al., 2003), unlike what we reporactivated protein phosphatases (Kabashima et al., 2003). Such
here in myotubes. a glucose signal metabolite is likely to exist in skeletal muscle
The early response made by contracting myotubes to a hidfut remains to be identified. By contrast, ChREBP is unlikely
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G25 G25 Fig. 5. Silencing of SREBP-1 protein in contracting
r 1 : \ myotubes. After 48 hours in serum-free medium containing
Hours 0 1 2 3 0 1 2 3 Da 5 mM glucose, myotubes were transfected wiSREBP-1
siRNA duplex. After 48 hours, total protein extracts were
SREBP-1c| ™ /= s s <D -125  prepared at 0 hours, 1 hour, 2 hours or 3 hours after the

addition of 25 mM glucose (G25). Western blotting was
performed to detect SREBP-1c precursor (p), FAS, ACC2
FAS | o s o -210  and CPT2 proteins. Representative western blots of three
independent experiments are shown.

ACC2 | === s a— -280
and processing in skeletal muscle. In liver, the effects
CPT2 | ™ e e e — e e e |— 68 Of insulin on SREBP-1c expression and synthesis
involved mainly the phosphatidylinositol-3-kinase
SREBP-1 - - - - + + + 4+ pathway (Azzout-Marniche et al., 2000; Matsumoto et
siRNA al., 2002) but the identity of the downstream effector is

controversial. In our study, glucose-induced maturation
of SREBP-1c was prevented by neither wortmannin, an
to be the mediator of glucose effects in contracting myotubeshibitor of phosphatidylinositol-3-kinase (I. Guillet-Deniau,
because its expression was not detected in skeletal musciepublished), nor by PD98059, an inhibitor of the mitogen-
(Yamashita et al., 2001). Nevertheless, the existence of attivated-protein-kinase (MAPK) pathway, confirming that
unidentified ChREBP isoform in skeletal muscle cannot bé¢hese pathways are not involved. Conversely, processing of
ruled out. SREBP-1c by glucose in myotubes specifically required®Tyr
The present study allows new insights into the signallingphosphorylation of STAT3. This result strengthens previous
pathway involved in the regulation of SREBP-1c expressiomvidence that glucose can stimulate the Jak/STAT pathway.
Indeed, in vascular smooth muscle cells
A (VSMCs), a high glucose concentration has
been shown to potentiate angiotensin I
, G25 | , G25 | induction of VSMC proliferation by
Minutes 0 15 30 60 180 0 15 30 60 180 increasing signal transduction through the
Jak/STAT pathway (Amiri et al., 1999). More
SREBP-1c | = " e <D - e <M recently, in glomerular mesanglial cells,
Wang et al. provided direct evidence for
P-STAT3 e —— e |- 91— SRS linkages between Jak2/STAT1 and the
glucose-induced overproduction of
- -92- transforming growth factof3 as well as
P-STATY fibronectin, two factors involved in the

P-Erk1/Erk2 | = == == =— —— :gg: ——————— mechanism of diabetic nephropathy (Wang

kDa
Cytoplasm Nucleus Fig. 6. Processing of SREBP-1c by glucose
depends on the phosphorylation of STAT3.
B Contracting myotubes were cultured for 48 hours
in 5 mM glucose without serum.
G5 G25 G5 G25 (A) Cytoplasmic and nuclear extracts were
; x ; ) prepared at 0 minutes, 15 minutes, 30 minutes,
kDa 60 minutes and 180 minutes after the addition of
_198_ 25 mM glucose (G25). The western blots were
p>| - - - 125 probed using antibodies against SREBP-1c
precursor (p) and mature (m) forms, 8
phosphorylated STAT3, T¥#1-phosphorylated
SREBP-1c — 68| waun W - <m STAT1 or phosphorylated Erk1/Erk2 proteins.
(B) Contracting myotubes were incubated in
5 mM (G5) or 25 mM (G25) glucose for
30 minutes in the absence or presence of AG490
(a specific inhibitor of Jak2 phosphorylation) or
PD98059 (an inhibitor of MAPK

P-STAT3 > - el BN Lo - phosphorylation). Cytoplasmic and nuclear
: o extracts were prepared, analysed by SDS-PAGE
AG 490 - - + - - - + - and immunoblotted using antibodies against
PD 98059 - - - % - - - ¥ SREBP-1c and phosphorylated-STAT3. Western

blots are representative of three separate
Cytoplasm Nucleus experiments.



SREBP-1c mediates lipogenesis in muscle cells 1943

et al., 2002). Nevertheless, the glucose effects observed in botlduced increase in SREBP-1c expression and maturation
studies were long-term effects (24-48 hours) compared witmight play an important role in muscle lipotoxicity by
the findings reported here (30 minutes). However, insulin andromoting de novo lipogenesis. This opens new possibilities
an osmotic shock have both been reported to activate STAT8r unravelling the cellular mechanisms involved in ectopic
on Sef2’through a MEK-dependent pathway in CHO/IR cells, lipid deposition in skeletal muscle during obesity and type-2
whereas no tyrosine phosphorylation occurred (Ceresa et aliabetes.
1997). In our study, the glucose-induced processing of SREBP-
1c was prevented by an inhibitor of Jak2 phosphorylation blﬁ
o . .References
not by PD98059, confirming that glucose-induced tyrosing .
hosphorylation of STAT3 is independent of the MAPK " F., venema, V. J., Wang, X., Ju, H., Venema, R. C. and Marrero,
phospnory p M. B. (1999). Hyperglycemia enhances angiotensin ll-induced janus-
pathway in myotubes. Thus, glucose regulates SREBP-1Cactivated kinase/STAT signaling in vascular smooth muscle celBiol.
expression in skeletal muscle cells through a pathway differentChem 274 32382-32386. o '
from the one described for insulin in liver. The mechanisms bﬁ”fgzg'za%ag-lia‘;a I:S"Vé‘e:::“gﬂ (éau%rlg's?:nva';a ZF:‘li?érCé VZ‘E 2882?"
which glucose.’ ora Slgnal _metabollte, StlmUIateS the_Jak/STAT Stimulation of éceiS/I—CoA ’cafboxylase giené expressionyby Qlucose réquires
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