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Introduction
From stapedius to sartorius, skeletal muscle accounts for about

40% of the total body mass. To produce motion, etkélmuscle
operates as a motor, which converts chemical erniatgymechanical
work and heat. Skeletal muscle consumes mainlgdijp basal state
as well as during moderate physical exercise (WeB6d1). In
modern society, reduction of physical exercise doedb to high
energy intake results in a whole body energy swiagthe form of
fat. In the context of obesity, extracellular anttacellular lipids act
as an endogenous toxicant for muscle cells. Ligotiyxis causally
associated with insulin resistance, the principsdtdre of type 2
diabetes. Recent advances allowed to identify emmamune system
and endoplasmic reticulum as key players in lipidebiced insulin

resistance.

Chapter 1: Endoplasmic reticulum: from homeostasigo

stress response

1.1.General overview

All living organisms as well as virus use proteinsvast array of
biological process. Proteins are polymers of ucetiéed amino-acids.
Linear amino-acids chain is a non-functional swuet protein
performances are attributed to their complex thieeensional shape.
In eukaryotic cells, protein folding is mainly aeted in the cytosol
and the endoplasmic reticulum (ER). ER lumen presid unique
environment enabling complex reaction which woutdrpossible in

the cytosol. This compartmentalization is essemtidbld secreted and
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membrane proteins. Inside the ER, cells have edolecomplex
machinery to maintain proteostasis (protein honasist. A quality
control system checks whether proteins are progeltied. Unfolded
proteins are degraded either through proteasomeaubophagy,
whereas correctly folded proteins are exportedchéoGolgi apparatus.
Equilibrium between protein load and folding capads delicate.
When this balance is upset by physiological or platfical process,
unfolded proteins accumulate leading to disturbammie ER

homeostasis, this disorder is known as ER stresscope with this
stress, ER triggers a homeostatic pathway knowmnésded protein
response (UPR). After describing the ER and thdifigl machinery,

we will examine UPR signaling.

1.2. Endoplasmic reticulum

ER is a vast eukaryotic organelle surrounding theeus. It forms
a network of tubules, vesicles and cisternaes delthiby a membrane
in continuity with the nucleus. One part of the ERcovered by
ribosomes which directly synthesize proteins im® ER lumen. This
type of ER is called rough endoplasmic reticulunER® since the
presence of ribosome makes it visually granulaiRREspecialized in
the folding of secreted and membrane proteins. RERore abundant
in cells which produce a large amount of secretestems (e.g.,
hepatocyte, plasmocyte, pancrediicells). In contrast to RER, the
smooth endoplasmic reticulum (SER) referred to &t¥pe that is
not covered by ribosome. The SER is mainly assediatith lipid
synthesis. The smooth and striated muscle exhibitkaype of SER,
the sarcoplasmic reticulum (SR). SR has an esseiimtion in
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muscle contraction, storing calcium and releasin@g iresponse to
action potential. Lastly, depending on the celluntext, ER
structures are dynamically interchangeable.

1.3. Endoplasmic reticulum as a protein folding faiory

A thought experiment known as Levinthal's paradghlights the
fascinating performances of the cellular foldingcimaery. A protein
of one hundred amino-acid residue, which theorlyichas 9°
possible conformation, is correctly folded on asadond timescale
(Stevens and Argon, 1999). Furthermore, the crowdeR
environment, about 100 mg.tl of macromolecules, makes
challenging the folding reaction since unfolded tpms tend to
aggregate in such a concentration (Ellis and Min2006, Stevens
and Argon, 1999). Much progress has been done sheeNobel
Prize, Christian B. Anfinsen, postulated that amamea chain
contains the native structure information (Selalgt1957). However,
neither computational science narvitro assays are currently able to
model or mimic the folding machinery. The proteaiding problem is
considered as one of the most challenging questiomolecular
biology (Ben-Naim, 2012). Its understanding regsirea
multidisciplinary approach which is beyond the seEopf this
paragraph. Herein, we will focus on the specifioitfy ER protein
folding. Three main elements drive the folding teacinto the ER: 1)
folding factors; 2) oxidative environment; 3) higlealcium

concentration.
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Protein folding reaction are catalyzed or faciéthtby a large
number of proteins. Inside the ER, around fiftytpnas work in an
assembly line called the folding pathway (Braaknsamu Bulleid,
2011). These proteins accomplish multiple functionkaperone,
cochaperone, peptidyl prolyl cis/trans isomeraseidayeductase,
glycan-binding protein, client-specific folding tac. Native proteins
typically have hydrophobic domains buried withieithcore, whereas
hydrophilic domains form a shell around the molecuDn the
contrary, the hydrophobic domains of nascent pmeteire exposed
and tend to aggregate in an amorphous structurdl (étaal., 2011).
Protein aggregation culminates with the formatidracighly toxic
structure known as amyloids fibrils (Hartl et &Q11). To maintain
proteostasis, unfolded proteins are segregatechagerone, a family
of proteins which recognize hydrophobic domainsr{Hz al., 2011).
A molecular chaperone is defined aany protein which interacts,
stabilizes or helps a non-native protein to acquire its native
conformation but is not present in the final functional structure’
(Hartl and Hayer-Hartl, 2009). These proteins antl in the ER as
well as the cytosol. Among the ER-resident chapespthe binding
immunoglobulin protein (BiP, also known as GRP78&PAS5) plays
a central role. BiP is a member of the highly conseé heat-shock
protein 70 kDa (HSP70) families, which are exprddseprobably all
eukaryotic cells (Bangs et al., 1993). One remdek&iature of ER-
resident chaperone is their ability to perform npldt functions. For
instance, BIP is involved in protein folding, UPB&gulation, protein
translocation, unfolded protein recognition, unémd protein

degradation (Hartl et al., 2011). To perform akgbl functions, BiP
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cooperates with several partners such as HSP40,9(MHSkhd
nucleotide-exchange factors (Buchberger et al.0p01

The correct folding of proteins is continually evaled by a quality
control system which drives proteins toward foldiog degradation
processes. Within the ER, N-glycosylation servesagsto mark the
state of protein folding. Most proteins are N-glyglated once they
enter into the ER. This post-translational modifma consists of the
addition of an oligosaccharide chain to asparaginthe consensus
Asn-X-Ser/Thr  sequon. N-glycosylation is performedy
oligosaccharyltransferase which catalyzes the hodif a glucose
mannosegN-acetylglucosamine glycan (Needham and Brodsky,
2013). Two glucose molecules are rapidly removedmfr N-
glycosylated proteins by the enzyme glucosidaselllg enabling the
interaction of the polypeptide with the lectin-typshaperones,
calnexin and calreticulin. The monoglycosylated tgiro follows a
cycle of deglycosylation and glycosylation mediabgdglucosidase Il
and glycoprotein glucosyl transferase respectividtive proteins are
deglycosylated and enter into the secretory pathwaipereas
monoglycosylation serves as a tag for unfoldedgmmst Unfolded
proteins are eliminated by the endoplasmic-retitussociated
protein degradation (ERAD) system, a cellular patwwhich
culminates with proteasomal degradation. It seenas aggregated
proteins are cleared by autophagy but the mecharesmains poorly
understood (Buchberger et al., 2010). Finally, gtycbinding
stabilizes the native protein structure and inaesags solubility
(Braakman and Bulleid, 2011).
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ER provides a unique environment enabling to ddiselfide bond
formation. In the cell, reduced glutathione (GSH)the principal
redox buffer (Chakravarthi et al., 2006). Compatedcytosol, ER
lumen is highly oxidant. The molar ratio of reductxd oxidized
glutathione (GSH/GSSG) ranges from 1:1 to 1:3 i BR and from
30:1 to 100:1 in the cytosol (Hwang et al.,, 199P)xidative
environment allows oxidation of two cysteines tanfo cystine,
resulting thereby in a disulfide bridge. This réawctis catalyzed by
the protein disulfide isomerase (PDI), which acsegiectrons from
thiol groups. Electrons are transferred to anothedoreductase, the
endoplasmic reticulum oxidoreductin-1-like protgiBRO1), which
uses flavin adenine dinucleotide (FAD) as a cofactdhen,
ERO1/FAD complex transfers electrons to oxygen amdduces
hydrogen peroxide (Zhang and Kaufman, 2008). Tioarce of

oxidative molecules is not often mentioned in iterdture.

Calcium concentration in the ER is several thoudaiti higher
than in the cytosol (Schroder and Kaufman, 2008)the ER of
muscle cells, the sarco/endoplasmic reticulum?*CATPase 1la
(SERCA1la) regulates calcium entrance, whereasuralexit depends
on the ryanodine receptor 1 (RyR1) and the inodtispbhosphate
receptors (IP3Rs) (Csordas and Hajnoczky, 2009)th&wmore,
folding factors largely contribute to calcium stgeadue to their
numerous binding sites for the cation (Braakman Bulieid, 2011).
For instance, it has been reported that BiP camiito 25% of the

ER calcium storage in HelLa cells (Lievremont et &4B97). More
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importantly, protein chaperone functions are highégulated by

calcium concentration (Schroder and Kaufman, 2005).

As described above, ER protein folding depends osubtle
interaction between folding factors, redox statusd acalcium
homeostasis. Any perturbation of one of these parars can disrupt
the whole folding machinery and eventually lead€® stress. The
well-known positive controls for ER stress, thapsgin and
tunicamycin, illustrate this fine regulation. Inkibn of SERCA
pumps or N-glycosylation by thapsigargin or tunigam respectively
disrupts ER homeostasis and induced a massive HEBssst

(Novosyadlyy et al., 2008).

1.4. Unfolded protein response

Accumulation of unfolded proteins into the ER lumgiggers
UPR. In eukaryotic cells, UPR includes three patysviitiated by
three proteins anchored in the ER membrane, thestEd®s sensors:
double-stranded RNA-dependent protein kinase (PH®)ER kinase
(PERK), inositol-requiring 1 (IRE1) and activatitrgnscription factor
6 (ATF6). Each of these proteins is inactivatedBiy binding. Upon
ER stress, unfolded proteins competitively rectBiP leading to
activation of the ER stress sensors (Zhang andrKanif 2008). UPR
mediates an adaptive response via: 1) protein egighnhibition; 2)
transcriptional upregulation of genes involved imtpin folding,
transport and ERAD. In the case where these homtgmsesponses
fail to restore proteostasis, UPR induced cellsiddaough apoptosis.

UPR signaling is illustrated in Figure 1.1.
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The most immediate response to ER stress is theslateonal
inhibition of protein synthesis (Kaufman, 2004). ddpER stress,
PERK homodimerizes and trans-autophosphorylatesvaied PERK
phosphorylates the eukaryotic translation-initiatiactor 2v (elF2x)
on serine 51, promoting global inhibition of preotdranslation and
selective protein translation. The mechanism by ctvhielF2:
phosphorylation prevents the initiation stage at@in synthesis have
been well described. elF2 complax, § andy) binds to methionine
transfer RNA and GTP to form the ternary complexC)T This
complex assembly is catalyzed by the guanine ntidee@xchange
factor elF2B, which converts inactive elF2 (elF2¥5Do0 active elF2
(elF2-GTP). Phosphorylation of elée2on serine 51 inhibits this
critical step by stabilizing the inactive complexelp-2-GDP-elF2B
(Sudhakar et al., 2000). As a consequence, TCadiiityy decreases,
preventing the assembly of the 43S preinitiatiomplex. Due to the
low cellular expression of elF2B compared to @lK20- to 20-fold
lower), inhibition of elF2B occurs when only 20-3086 elF2x is
phosphorylated (Kaufman et al., 2002, Kaufman, 2004
Consequently, phosphorylation of etFBB a key regulator of protein
translation.

The initiation step of translation described heraatount for the
CAP-dependent mechanism. Indeed, mRNAs are recedriy their
5’ CAP end, which successively recruits the 43$ngration complex
and the 60S ribosomal subunit to form the 80Satin complex. The
80S ribosomal subunit scans mMRNA until to reach dteet codon
(AUG) (Hashem et al., 2013). Alternatively, unusod@RNA contains

internal ribosomal entry sites (IRESs) enabling APgGndependent
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translation (Kaufman, 2004). These cis-acting el@sare recognized
by the 40S ribosomal subunit which directly stattanslation,
bypassing thereby the scanning process (HellenSamdow, 2001).
Translation of these particular mRNAs is not retpdaby elFz
phosphorylation. This is possibly the case for BIRNA, which
contains an IRES (Kaufman, 2004).

Paradoxically, elF2 phosphorylation promotes translation of
specific mMRNAs by an uncommon mechanism. In eukaryeells,
upstream open reading frames (UORFs) are shorhgaskquences
present in 5' untranslated region. In human, studevealed that
~50% of the mRNASs contain at least one uUORF (Balsisl., 2013).
Recognition and translation of UORFs are involvethe regulation of
translation initiation. Such mechanism has beemalty characterized
for the general control non-derepressible 4, thasteounterpart to
activating transcription factor 4 (ATF4). A simileegulation has been
found for ATF4 translation response to edFghosphorylation. The
MRNA sequence of ATF4 contains two uORFs, whichnmuoie
(UORF1) or prevent (UORF2) translation (Vattem aMdk, 2004).
Upon elF2 phosphorylation, the reduction in TC level incessaime
interval required for the scanning ribosome to ite@te translation at
UORF2. This delay allows the ribosomal machinerystop the
inhibitory uORF2 and instead translate the ATF4hegdregion
(Vattem and Wek, 2004). Thanks to these mechanismsingle
regulator, elFa, controls both selective translation and global
translation inhibition. In addition to translatidnaontrol, UPR

regulates ATF4 expression at a transcriptionalllébey et al., 2010).
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ATF4 is a transcription factor, which controls mao$tthe effects of
the PERK pathway (Schroder and Kaufman, 2005).

In addition to elF2, PERK phosphorylates the transcription factor
nuclear factor erythroid 2-related factor 2 (NRA2hosphorylation of
NRF2 by PERK induced its translocation into theleus.

The IRE1 pathway is the only UPR branch conservewh fyeast to
mammalian (Walter and Ron, 2011). In mammalian, tRE1l
paralogs are expressed: IREANd IREPB. IREla exhibits ubiquitous
expression, whereas IRElexpression is restricted to intestinal
epithelial cells (lwata and Koizumi, 2012). Actiat of IREln
follows a chronological step, homodimerization thenans-
autophosphorylation. These steps are required tivate both
functions of IRE#&: kinase and endoribonuclease. When activated,
IRElo triggers a subtle mechanism to regulate activity tloe
transcription factor X-box-binding protein 1 (XBRPBHuch regulation
is mediated by a splicing independent of the spboene machinery.
The unspliced XBP1 (XBP1u) mRNA contains two ORFstiplly
overlapping (Yoshida et al., 2001). In non-stressedditions, only
the first ORF (ORF1) is translated into a weak daaiption factor.
Upon ER stress, IRELRNase activity results in the splicing of 26-
base intron in the overlapping ORFs sequence, géngrthe spliced
form of XBP1 (XBP1s) (Yoshida et al., 2001). Exoisiof this
intronic sequence causes a translational frameshifich in turn
induced a partial translation of both ORFs. Theultesy protein
contains a basic leucine zipper (bZIP) domain cdoee®RF1 and a
transcriptional activating domain (TAD) encoded b®RF2
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(Nagashima et al., 2011). The presence of a TAeases drastically
XBP1 transcriptional activity (Yoshida et al., 200Although non-
intuitive, removal of bases from XBP1 transcripsuks in a protein

with a longer amino acid sequence (lwata and Koiz@01.2).

The third UPR signaling is initiated by ATF6. In manalian, all
the cells express two ATF6 isoforms, AToF&nd ATF@ (Malhotra
and Kaufman, 2007a). Upon ER stress, ATF6 transdsda the Golgi
apparatus where it is cleaved by two proteasessiteel and site-2
(S1P and S2P) proteases. The proteolysis resuliseinelease of a
fragment containing the bZIP domain of ATF6. Thisgiment
migrates to the nucleus and activates transcripi{ighang and
Kaufman, 2008).

UPR-regulated transcription factors recognize DIRftigh a bZIP
domain. They act alone or as homodimers or as daiteers, which
are themselves regulated by co-activators and messors (Schroder
and Kaufman, 2005). These trans-elements, whickd dm cis-
elements, constitute the distal step of UPR. XBRd ATF6 seem to
converge toward the consensus mammalian ER stregsonse
element (ERSE) to control the transcription of @rapes such as BiP
and the glucose-regulated protein 94 kDa (GRP94hr(#ler and
Kaufman, 2005). ATF4 binds to the activating traipmn
factor/cyclic AMP response element binding prot@i F/CREB) site
and regulates the transcription of genes encodiatgins involved in
antioxidant defense and amino acid biosynthesis|HMea and
Kaufman, 2007a, Schroder and Kaufman, 2005). AThd ATF6
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regulate ER stress-induced apoptosis through irauctf the C/EBP
homologous protein (CHOP) (Zhang and Kaufman, 2068)ally,
activation of the antioxidant response element BFRI regulates the
transcription of antioxidant proteins such as sitsusf glutathione S-
transferase and NAD(P)H:quinone oxidoreductase ibteh and
Kaufman, 2007a).

In conclusion, eukaryotic cells evolved complex heasms to
efficiently fold proteins in a highly specializedganelle, i.e., ER. In
addition, ER itself is able to defend against siesshrough a double-
edged weapon, UPR, promoting both survival andaiaptotic death

programme.

Extracellular

Intracellular
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reticulum stres:
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translation

Translation
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ml "
AN '\v /\' A,
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Figure 1.1. UPR signaling See details in the text
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Chapter 2: Potential mechanisms of lipid-induced

endoplasmic reticulum stress

2.1. Toll-like receptor 4 and endoplasmic reticulunstress

2.1.1. Historical overview of toll-like receptor dscovery

In 1985, Toll gene was first identified as crudat Drosophila
embryogenesis (Anderson et al., 1985). Mutatiothsf gene induces
dorsalized embryos. When the Nobel Laureates @mistNisslein-
Volhard observed these abnormal embryos she exxldDas war ja
toll !” which means in German “That was amazing !”, ahd gave
the name “Toll” to the mutated gene (Hansson anieléi 2005). At
the end of the 1980s, it has been found tsophila Toll gene
encodes a transmembrane protein (Hashimoto et 988).
Interestingly, this protein exposes a large exthalee domain that
contains leucine-rich repeats (LRR), a consensgsesee involved in
protein-ligand interaction (Kobe and Kajava, 200h).1996, at the
molecular and cellular biology institute of Straskg Jules Hoffman's
team showed that a deletion of tBeosophila Toll gene reduced
survival to fungal infection (Lemaitre et al., 1996 his discovery
associated for the first time Toll gene to hostedst and was recently
rewarded with a Nobel Prize. One year later, thenklu Genome
Project allowed to identify a human equivalenttod Drosophila Toll
protein, now called toll-like receptor 4 (TLR4) (Mtehitov et al.,
1997). In the wake, Poltorak et al. (1998) discedethat TLR4
mutated mice are resistant to endotoxemia induceg b

lipopolysaccharide (LPS), a gram-negative bacterall wall
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component also called endotoxin (Poltorak et aP98). This
established for the first time that LPS is a TLRyahd. All together,
these discoveries stimulated research on the innateune system
and led to identify the TLRs family. To date, teeh mammalian
TLRs have been described. The TLRs belong to e léagily of
proteins, the pattern recognition receptors (PRRch recognize
highly conserved molecules from pathogens. Thesécules are
known as microorganism associated molecular patt€¢MMAMPS)
(Kaisho and Akira, 2006).

2.1.2. Toll-like receptor 4 activation and signalig pathways
Besides its expression on immune cells, TLR4 has feund in
adipose tissue, liver and skeletal muscle (Reyra. €2008, Gustot et
al., 2006, Song et al., 2006). TLR4 is a transmambrprotein. Its
extracellular N-terminal region consists of LRR mle$ with a
horseshoe-like shape, a motif involved in LPS redogn. On the
cytosolic side of the receptor, the C-terminal oegiexposes a
Toll/interleukin-1 receptor (TIR) homology domaimnchestrating the

downstream signal (Park et al., 2009).

Activation of TLR4 by LPS requires a complex cooation of
three accessory proteins (Miyake, 2006): LPS bmgirotein (LBP),
cluster of differentiation 14 (CD14) and myeloidffeientiation
protein 2 (MD-2). Circulating LPS associates witBR, a carrier
protein synthetized by the liver and the lung. @ti-surface, LBP
transfers LPS to CD14. This co-receptor presents idPthe complex

TLR4/MD-2. Crystal structure analysis has reveal@teraction
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between LPS and the receptor complex (Park et28l09). LPS
binding to TLR4/MD-2 heterodimer induces the forroat of a
multimeric receptor composed of two TLR4/MD-2/LP8mplexes
(Figure 2.1). This complex is internalized into ttyosol, where it
initiates the downstream signaling (Kawai and Ak#@10).

Dimerization interface
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— c r,”r»‘L“’ P | R4
Primary »J) Y‘
AA

( 1 « &
interface g% ,'('j;/"‘

SRS

A4
S B, %

Figure 2.1. Crystal structure of the TLR4-LPS-MD-2complex (Park et al., 2009)

The interactions between the TIR domain of TLR4 agtbsolic
adaptor proteins initiate TLR4 signaling. ActivatedR4 recruits four
adaptor proteins: myeloid differentiation primagsponse protein 88
(MyD88), TIR domain-containing adapter protein (AR), TIR
domain-containing adapter-inducing interfefdr{dRIF), and TRIF-
related adapter molecule (TRAM). TLR4 triggers tvabstinct
pathways: MyD88-dependent and a MyD88-independethways
(also called TRIF-dependent pathway). These pathvaeg illustrated
in Figure 2.2.

Except TLR3, all TLRs activate the MyD88-dependpathway
(Patel et al.,, 2012). Indeed, the production ofesavcytokines is
blocked in MyD88 knockout mice stimulated with TLRyands
(Takeda and Akira, 2004). MyD88-dependent cascadeicates
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with the activation of two pro-inflammatory trangtion factors:
nuclear factoneB (NF-«B) and activator protein 1 (AP-1). These final
effectors control the transcription of cytokinegIsuas tumor necrosis
factora (TNFa), interleukin 1 (IL-1) and interleukin 6 (IL-6) @keda
and Akira, 2004).

LPS binding to TLR4 leads to the recruitment obaplex formed
by MyD88 and TIRAP. This complex associates witho twther
partners, the interleukin-1 receptor-associatedaden 1 and 4
(IRAK1/4). Phosphorylation of IRAK1 by the kinasRAK4 enables
the association of IRAK1 with the TNF receptor asated factors 6
(TRAF6). The IRAKL/TRAF6 complex separates from tleeeptor
and binds with the transforming growth facfaactivated kinase 1
(TAK1) and the TAK-binding proteins, TAB1 and TABActivation
of TAK1 by TRAF6 is mediated by the ubiquitin-cogating
enzymes, Ubcl3 and UevlA (Wang et al.,, 2001). Attd TAK1
stimulates NR¢B and AP-1 activity through phosphorylation of the
kB kinase (IKK) and the mitogen-activated proteindges (MAPKS)
respectively. The MAPKs family consists of threadge subfamilies:
extracellular signal-regulated kinases (ERKS), ©-dmino-terminal
kinases (JNKs) and p38. Activation of TAK1 (alsdled MAP3K7)
leads to the MAPK phosphorylation which in turn mpaies AP-1
transcriptional activity (Karin, 1995). In the cgw, NF«xB binds to
the NF«B inhibitor alpha (kBa) preventing its nuclear translocation.
Activated TAK1 phosphorylates IKK complex (IKK IKKB, IKKY),
which in turn phosphorylateskBa. Subsequently, phosphorylated
[kBa is polyubiquitinated and then degraded by the gambdme
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system. Once liberated fromxBa, NF«B can translocate to the

nucleus and acts as a transcription factor (TakedaAkira, 2004).

MyD88 adaptor does not mediate all the TLR4 dovasstr
signaling. In MyD88 knockout macrophages, LPS imduche
production of interferon gamma (IfFN(Kawai et al., 2001). It is now
well established that TLR4 activates the interferegulatory factor 3
(IRF3) through a MyD88-independent pathway. In oese to LPS,
TLR4 recruits TRAM and TRIF through their TIR-domailhis event
initiates a signaling cascade resulting in thevation the IKK-related
kinases IKk and the TRAF associated N activator TANK-
binding kinase 1 (TBK1). These kinases phosphaylRF3 leading
to its nuclear translocation, where it promotes ttla@scription IFN-
inducible genes such as IBMnd IFN (Clark et al., 2011).

Finally, TLR4 activation induced a delayed actigatiof NF«B
and AP-1 known as the late-phase response. In othend,
redundancy exists between the MyD88-dependent mupendent
pathways. TRIF recruits TRAF6 and the receptorradeng protein 1
(RIP-1) leading to NReB and AP-1 activation (Kawai and Akira,
2010).
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Figure 2.2. TLR4 signaling pathwaysSee details in the text.

2.1.3. Activation of toll-like receptor 4 by saturded lipids
As its name suggests, LPS is made of lipid and aglycThis

biomolecule comprises three parts covalently link@ehntigen, core
polysaccharide and lipid A. Lipid A is responsildta most of the
biological activities of LPS. Biologic or synthetiipid A reproduces
the effect of LPS. Lipid A structure is highly cemged among gram-
negative bacteria; typically two glucosamines plhosplated and
acylated by four lipid chains, two of them are atgtl with two other
lipids (Figure 2.3). Lipid A contains six lipid riesies, all of them are
saturated (Raetz, 1990).
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Figure 2.3.LPS from Brucella spp (Cardoso et al., 2006)

This hydrophobic region plays a key role in LPSoggution by
TLR4 since deacylated lipid A loses its endotoxitivaty (Munford
and Hall, 1986). All together, these observatioad Buggested that
saturated lipids could be a TLR4 ligand. In 2001, study
demonstrated for the first time that saturatedrmitunsaturated non-
esterified fatty acids (NEFA) activate TLR4 in ra&64.7
macrophages (Lee et al.,, 2001). This result wasfirooed and
extended to 3T3-L1 preadipocytes (Shi et al., 20062009, Errige et
al. (2009) casts a doubt on NEFA recognition by ZLR vitro
(Erridge and Samani, 2009). The authors showedhbwihe serum
albumin (BSA), widely mixed with NEFA in cells cule, is
contaminated with TLR4 ligands. The authors conetldLPS and
lipopeptide contamination of the widely used reagent fatty-acid-free
BSA explains the previously reported stimulation of TLR2 and TLR4
by SFAS’. This conclusion hides important nuances. In tigdy,
three different BSA were used: low endotoxin BSAtty acid-free
BSA and standard BSA. Only the fatty acid-free BS#mulated
TLRs signaling. Since Lee et al. (2001) used fattid-free and low
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endotoxin BSA, their findings are probably not arefact due to BSA
contamination. Furthermore, in our lab, we showedt tpalmitate
(16:0) without BSA stimulates TLR4 signaling in CEZ myotubes
(Zbinden-Foncea et al., 2012). Similar results weeported in
RAW264.7 macrophages (Huang et al., 2012).

NEFA recognition by TLR4 is also supported by vivo
experiments. Some studies showed that TERéockout mice are
protected against insulin resistance induced kg lipfusion or high-
fat diet (HFD) (Shi et al., 2006, Tsukumo et aQ02).

The mechanism by which NEFA binds to TLR4 remairgsive
until 2012. In 2001, Lee et al. (2001) already ssed the presence
of an intermediate molecule between NEFA and TLR&hether
saturated fatty acids can directly interact with TLR4 or they interact
with molecules associated with either extracellular or intracellular
domains of TLR4 remains to be determined’. Recently, such
intermediate molecule has been identified. Pal &t (2012)
demonstrated that NEFA alone did not bind to TL®Rs interaction
needs a third partner called fetuin-A (FetA) (Piahle 2012). In mice
adipocytes, FetA as well as TLR4 knockdown preveNEFA-
induced cytokines production and MNB- activation. In addition,
absence of FetA blocks NEFA-induced IL-6 upregolatin RAW
264.7 macrophages. In the TLR4 protein, site-da@anutagenesis
revealed that LRR2 and LRR6 are essential for thdihg with the
NEFA-FetA complex. FetA appears to be the equivatérLBP for
LPS. As LBP, FetA is produced by the liver and aets an
endogenous presenter of NEFA to TLR4.
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2.1.4. Regulation of endoplasmic reticulum stress ybtoll-like
receptor 4

Host defense against pathogen invasion activatesralestress
pathways to orchestrate adaptive response. It eppbat TLR4
engagement disrupts ER homeostasis. LPS inducedstERs in
different cell types and tissues including lungseti adipocytes,
human B cells, THP-1 cells and intestinal cellsd&ret al., 2006,
Kuribayashi et al., 2008, Kozlov et al., 2009, Ceogt al., 2012,
Afrazi et al., 2014, Alhusaini et al., 2010). Toetlbest of our
knowledge, such experiments have not been carnigdnoskeletal
muscle.

The mechanism by which TLR4 mediates ER stresstils s
unknown, but probably arises from an increase ofpEdRein load. In
the ER, a greater flux of nascent protein coulchterean imbalance
between protein load and folding capacity leadiogeR stress. In
skeletal muscle as well as immune cells, TLR4 diggacascade
culminates with the production of a large amountsetreted and
membrane proteins including cytokines and TLR4 peme In C2C12
myotubes, palmitate and LPS induced a large promuaif IL-6 in
C2C12 (Frost et al., 2006, Jove et al., 2005). TL&¥pression
increases in human myotubes incubated with palenitat lipid A
(Reyna et al., 2008).

Furthermore, TLR4-dependent cytokines could indiyedisrupt
ER homeostasis. TNFand IL-18 induced ER stress in L929 cells and
liver respectively (Xue et al., 2005, Zhang et 2006).

Finally, TLR4 activation could disrupt the foldirgapacity. It is
well established that LPS stimulation is associateth oxidative
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stress. In mice injected with LPS, oxidative stieas been detected in
skeletal muscle as shown by TBARS assay and GSHBG&SE0
(Cruzat et al., 2014). In the next part, we wikaliss the mechanism

by which oxidative stress could induce ER stress.

2.2. Oxidative stress and endoplasmic reticulum s#iss in muscle
cells

2.2.1. Hydrogen peroxide homeostasis

About 2.8 billion years ago, cyanobacteria start rwdify
atmosphere composition. Thanks to their photosyiatipeocess, they
had converted carbon dioxide into dioxygen leadng turning point
of the evolution. The rise of dioxygen concentnatiorced life to
adapt biochemical processes. Most aerobic organis®d oxygen as
a final electron acceptor in a complex chain reacttoupled with
energy production. Paradoxically, dioxygen consuompt is
accompanied by the production of toxic moleculesctviare involved

in most human disorders.
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Dioxygen possesses an unusual electron configarat@ground
state dioxygen contains two unpaired electrons pattallel spins, it is
a triplet diradical species. To fill its valenceehdioxygen tends to
attract electrons, producing thereby radical spedie other words,
dioxygen is an oxidizing agent. In eukaryotic cellsequential
univalent reduction of dioxygen produces moleculesown as

reactive oxygen species (ROS) (Figure 2.4).

H,O
+er +e +e re
0, —» 0, —» H202—4‘ HO — H,0
+2H* +H+ +H*

Triplet Superoxide Hydrogen  Hydroxyl

Oxygen anion Peroxide Radical Water

Figure 2.4. Successive monovalent reduction of diggen

Among ROS, hydrogen peroxide appears a key molaoutell
physiology and pathology. Because of its relatiwegl half-life and
high diffusion capacity, hydrogen peroxide passhsough the
membrane and, it is recognized as a signaling ratderegulating
many physiological processes such as immune resp@poptosis,
mitochondria biogenesis, autophagy and differeiotiatPowers et al.,
2010, Barbieri and Sestili, 2012). On the other dhannivalent
reduction of hydrogen peroxide produces hydroxdical, the most
aggressive ROS (Barbieri and Sestili, 2012). Hydrogperoxide
concentration is tightly regulated by a balancevieen production and
clearance.
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The scavenging of hydrogen peroxide depends maimty
glutathione peroxidase (GPx), GSH level and to ssde extent
catalase (Csordas and Hajnoczky, 2009). On thesmigpsuperoxide
dismutation is the principal source of hydrogenop&te, a reaction
catalyzed by the superoxide dismutase (SOD) (Figuse

2H,0 + O,
4H 20, Catalase

4 .02. g’ 2H202 or 4GSH

SOD
2GSSG
GPx

4H,0

Figure 2.5. Scavenging of hydrogen peroxide by cdtese and GPx

Skeletal muscle is particularly exposed to ROSeéuj aerobic
contraction increases superoxide production duehigh oxygen
consumption. In muscle cells, superoxide is produdsy: 1)
mitochondria; 2) nicotinamide adenine dinucleotigdhosphate
(NADPH) oxidase (NOX); 3) phospholipase A2 (PLA2); xanthine
oxidase (XO).

In the mitochondria, electrons from NADH ardADH, are
transferred from electron donor to electron acaeptolecules in a
process coupled with energy production. Electrores teansported
through four enzymatic complexes known as electt@arsport chain.
In the cytochrome c oxidase or complex IV, dioxygemdergoes
tetravalent reduction to produce water. Howevemeelectrons leak

before reaching complex IV, this occurs mainly amplex 1 and Il



Potential mechanisms of lipid-induced endoplasmiiculum stress 31

(Powers and Jackson, 2008). Free electrons aresféraed to
dioxygen to produce superoxide. In skeletal musidlehas been
reported that ~0.15% of dioxygen consumed by maadhia give rise
to hydrogen peroxide, this result remains contreraérand probably
depends on fiber types and oxidized substratesh{@arand Sestili,
2012, St-Pierre et al., 2002).

The enzymatic complex NOX transfers electron froMD¥H to
dioxygen to produce superoxide. Immune cells suchmeutrophils
and macrophages highly express the phagocyte NAD#&iase now
called NOX2. In these cells, NOX2 is used as a esupde gun» to
kill pathogen during phagocytosis (Csordas and étsghky, 2009).
Recently, six non-phagocytic NOXs have been folNi@dX1, NOX3,
NOX4, NOX5, DUOX1 and DUOX2 (Kleniewska et al., Z)1
Skeletal muscle expressed both NOX2 and NOX4 I|dcate the
sarcoplasmic reticulum, the sarcolemma and trassveubules
(Cheng et al., 2001, Powers and Jackson, 2008asltbeen reported
that NOX4 is constitutively active and producededity hydrogen
peroxide (Nisimoto et al., 2010). In skeletal mesdNOX clearly
contributes to ROS production at rest and durirey@se (Powers and
Jackson, 2008). However, the physiological funct@nNOXs in

muscle cells remains poorly understood.

PLAZ2 hydrolyses membrane phospholipid and releassshidonic
acid. This NEFA is a substrate for the lipoxygesasehich reduce

dioxygen to produce superoxide. Furthermore, PLAQId stimulate
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NOXs and mitochondria superoxide production (Baraed Sestili,
2012).

XO catalyzed the oxidation of hypoxanthine and tRare to
produce xanthine and acid uric, respectively. leséh reactions,
dioxygen is converted into superoxide. XO contmsuto superoxide
production in skeletal muscle of rat (Gomez-Cabedral., 2005). In
human skeletal muscle, generation of superoxidé®@ys unclear due

to the low expression of this enzyme (Powers acista, 2008).

Finally, ER produces directly hydrogen peroxideimgirdisulfide

bond formation (chapter 1).

2.2.2. Induction of oxidative stress by lipids

Oxidative stress results from imbalance between léwel of
oxidative and antioxidant molecules. In muscle s;etheasures of
ROS production and oxidative damage demonstratedithd excess
induced oxidative stresa vitro, ex vivo andin vivo. In L6 myotubes,
palmitate increased mitochondrial ROS production an dose-
dependent manner (Yuzefovych et al., 2010)sdieus and extensor
digitorum longus from rat, palmitate induced ROS production through
mitochondria and NOXs but not XO (Lambertucci et, &008).
Anderson et al. (2009) shown that mitochondrial rbgen peroxide
emission increases irgastrocnemius from rats fed with HFD
(Anderson et al., 2009). In a similar model, it te®n reported that
muscle protein carbonyl content, a marker of oxatprotein

damage, increases with HFD (Paglialunga et al.2p0ah human fed
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with a high-fat meal, mitochondrial hydrogen pediproduction
increases Iin thevastus lateralis from lean and obese subjects
(Anderson et al., 2009)n addition, the lipid peroxidation content of
vastus lateralis, a marker of lipid oxidative damage, was 3-foldHar

in obese than lean subjects (Russell et al., 2003).

In vitro studies revealed that only saturated NEFA indliR€S
production in muscle cells. ROS levels increased_6énhmyotubes
exposed to palmitate but not palmitoleate (C16P1lJdn et al., 2012).
In addition, oleate (C18:1) did not change mitochaal ROS
production in L6 myotubes (Yuzefovych et al., 2010pid excess is
either stored as triglycerides (TG) or convertdd iipid-derived toxic
metabolites such as diacylglycerides (DAG) androatas. The latter
appears a good candidate linking saturated NEHRQ& production.
Ceramides constist of sphingosine amine linked t&EFAL
Importantly, ceramide content increases in skeletadcle from obese
subjects and HFD-fed rats (Adams et al., 2004, ZemdPiotrowska
et al.,, 2006). As ROS production, ceramide syntheseems
specifically stimulated by saturated NEFA. In C2Qit¥otubes as
well as human myoblast, palmitate but not oleateeiases ceramide
levels (Pickersgill et al., 2007, Chavez et al.020 Similar results
were found in L6 myotubes (Lee et al., 2006). Ttiect of palmitate
on ROS production seems largely mediated by cemsnid;-
ceramide, an analogue of ceramides, increases dipsxdently
mitochondrial ROS production in L6 myotubes (Yuzsfch et al.,
2010). In the same study, the authors showed thlatifate-induced
mitochondrial ROS accumulation is blocked by funsomiBl1, an
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inhibitor of de novo ceramide synthesis. All together, these results
indicated that saturated NEFA, ceramides and RQ@fugtion are
closely associated in skeletal muscle.

2.2.3. Oxidative stress and endoplasmic reticuluniress: a vicious
circle

The used of antioxidant strategies highlighted tress-talk
between oxidative stress and ER stress in diffezelhttypes. In L929
fibroblast cells, TNk induced ER stress in a ROS-dependent manner
(Xue et al., 2005). TNé-as well as tunicamycin activated the PERK
and IRE1 pathway as shown by the increase of plmwsfi# and
XBP1s mRNA, respectively. These effects were coteptgrevented
by butylated hydroxyanisole, an antioxidant moleclWfurthermore,
dilatation of ER induced by TNFand tunicamycin was inhibited by
butylated hydroxyanisole. In H9c2 rat cardiomyotdas the
antioxidant a-tocopherol partially prevents the upregulation BIP
and CHOP protein induced by palmitate exposure réiglaile et al.,
2006). The link between oxidative stress and EBsstis supported in
other cell types including murine mesencephaliclscd MN9D),
human retinal pigment epithelium (RPE) cells and.&leells (Holtz
et al., 2006, He et al., 2008, Pallepati and Als&dtes, 2011). Other
report suggested that oxidative stress is uncoujpted ER stress. In
endothelial cells, the antioxidantstocopherol and ascorbic acids
inhibited ROS generation but not ER stress indunedlucotoxicity
(Sheikh-Ali et al., 2010). The relation betweendative stress and

ER stress seems cell types-dependent.
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In vivo, oxidative stress was induced in mice by addinidpibnine
sulfoximine, a GSH synthase inhibitor, in drinkingiter (Guo et al.,
2009). After two weeks, ER stress was detectedardiac muscle as
shown by the increase of BiP, phospho-elFZalreticulin and
phospho-IRE&. These effects were abolished in mice with cardiac
specific overexpression of the antioxidant methllmein (Guo et al.,
2009). Although skeletal muscle produces a largeushof ROS, the
effect of oxidative stress on ER homeostasis haseen investigated

in this organ.

The mechanism by which oxidative stress promotessiEess is
still under investigation. Recently, studies sugg@shat proximity
between ER and mitochondria enables local commtioicaMore
precisely, ROS from mitochondria targets ER-basgdiwmn channels
leading to leak of calcium from ER. The increaseyibsolic calcium
stimulates mitochondria metabolism to produce nmRE@S, resulting
in a vicious circle (Malhotra and Kaufman, 2007Bs noted in
chapter 1, calcium concentration tightly reguld&sprotein folding.

In different cell types, the gap between ER andahiondria did
not exceed 50 nm (Csordas and Hajnoczky, 2009)odWdndria
appears partially engulfed by ER network as shownelectron
microscopy (Mannella, 2000). Cell fractionation derstrated
physical contact between ER and mitochondria. ®01¥ance found
that mitochondria copurifies with some part of te in differential
centrifugation, this fraction was originally calledfraction X»
(Vance, 1990). Membrane contact site between ERnaitmchondria

now referred to mitochondria-associated ER memb(i&h#eM). This
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space enables mouth-to-mouth exchange of multipleecules
including calcium and ROS.

ROS from mitochondria can rapidly interact with ER
transmembrane protein such as calcium channelsda@on of
calcium channel in specific Cys thiol group highlggulates their
activity (Csordas and Hajnoczky, 2009). ROS inageake activity of
RyR1, the calcium release channel essential foitagdan-contraction
coupling in skeletal muscle (Lanner et al., 2010)rabbit skeletal
muscle, catalase reduced RyR1 activity in a dopestdent manner
(Sun et al., 2011). In C2C12 myotubes, inhibitidMN®X4 by siRNA
or pharmacological agent abolished RyR1 activitduced by
NADPH and high p®@ (Sun et al., 2011). Calcium flux measurement
confirmed these results. Similarly, in cardiac nesoxidation of
certain thiol groups resulted in irreversible aation of the ryanodine
receptor (Xu et al., 1998). Regulation of RyR1 bR seems
dependent on their concentration. In skeletal neusodm rabbit,
hydrogen peroxide up to 10 mM stimulates dose-dégetly RyR1
activity while 100 mM totally inhibits the calciunelease channel
(Favero et al., 1995). Oxidative stress also targERCA pumps,
IP3Rs and their regulatory partner. Full details presented in the
review by Csordas and Hajnoczky (Csordas and Hakyp@009).

2.3. Membrane lipid composition and endoplasmic reétulum
stress

Cells membranes have been modeled as a “fluid wipsahere
the phospholipid (PL) bilayer and the anchored @anst represent the
fluid and mosaic tiles, respectivelibinger and Nicolson, 1972).



Potential mechanisms of lipid-induced endoplasmiiculum stress 37

Motions of these proteins depend on the membrandit}, i.e., the
intermolecular attractive forces of the fluid. Threchanical property
is influenced, among others, by the type of NEF&onmporated into
PL. More precisely, saturation and length of theE#A are inversely
related to membrane fluidity. Modifications in meraibe property are
involved in physiological and pathological processéndeed, the
functioning of membrane-bound proteins is highhgulated by
membrane fluidity (Lenaz, 1987). Recently, it haspeared that
changes in the composition of ER membrane lipiddccbe another
mechanism by which NEFA disrupts ER homeostasisddfxes of
such a regulation have been demonstrated thanksatopulation of
the stearoyl-CoA-desaturases (SCD). These enzyraasucial to the
biosynthesis of oleate and the formation of unsaéar membrane PL
(Lyn et al., 2014). InCaenorhabditis elegans, SCD depletion
increased BIP expression. This effect was reverbgd oleate
supplementatior{(Hou et al.,, 2014). Similar results were found in
293T cells (Volmer et al., 2013). In addition, PER#&ivity increased
with PL saturation in proteoliposomes (Volmer et &013). This
suggests an alternative mechanism by which lipisiticularly
saturated NEFA, could disrupt ER homeostasis. Suchechanism
could be physiologically relevant given that digtdipid intake
regulates membrane composition (Abbott et al., 2012

However, this mechanism seems independent of [stateis-
imbalance. Indeed, SCD depletion did not inducdgimoaggregation
(Hou et al., 2014). Furthermore, deletion of thenilal unfolded
protein stress-sensing domain of IREdnd PERK prevented their

activation by thapsigargin but not by membranedligaturation
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(Volmer et al., 2013). IfCaenorhabditis elegans, ~90% of the UPR-
inducible genes are not regulated through modiboabf membrane
lipid composition, showing thereby an incompleteRJE ollectively,

these results highlight a new type of ER stressldPR, which are not
related to proteostasis. In order to avoid confusactivation of the
ER stress response induced by membrane lipid satrshould bear
another name than UPR.

In conclusion, ER is sensitive to various stressmvironments
including those caused by ROS, innate immune systegagement
and changes in membrane lipid content. In thisinggttoxidative
stress, TLR4 activation and membrane lipid satomatappear as

potential mechanisms of NEFA-induced ER stress.



Mechanisms of lipid-induced insulin resistance iuscie cells 39

Chapter 3: Mechanisms of lipid-induced insulin

resistance in muscle cells

3.1. Regulation of glucose uptake by insulin

Insulin is the master regulator of glycaemia intgosndial state.
After a meal, increase of glycaemia stimulateslinsecretion by the
pancreatid3-cells. Insulin promotes glucose uptake mainly igams
widely expressing the insulin sensitive glucosengporter 4
(GLUT4), i.e., skeletal muscle, adipose tissue aaddiac muscle.
Insulin action is mediated by several effectors amidhinates with the
translocation of GLUT4 to the membrane, allowingrédby the entry
of glucose into the cell (Figure 3.1).

Insulin binds to its transmembrane receptor, thailin receptor
(IR). IR is a heterotetramer composed by two exltalar o subunits
and two transmembrarfe subunits linked to each other by disulfide
bridges (Chang et al., 2004). Insulin interactiomthvthe oo subunits
activates the tyrosine kinase domain of fheubunits, resulting in
autophosphorylation of several tyrosine residuesatkd in the
juxtamembrane region and intracellular C-tail (Véhiand Kahn,
1994). Tyf® of IR is a key residue for the regulation of irsul
stimulated glucose transport (White and Kahn, 1994)s docking
site recruits proteins which contain a phosphoip®$inding (PTB)
domain. Among these proteins, the insulin recepttistrates 1 and 2
(IRS-1 and IRS-2) mediate most of the insulin éfedRS-1/2
contains a PTB domain next to a pleckstrin homol{@y) domain
(White, 2003). Due to its high affinity for phospipads, the PH

domain of IRS1/2 stabilizes the protein at the memé and
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facilitates the phosphorylation of its PTB domainy HR.
Phosphorylated IRS1/2 on tyrosine residue recrthits regulating
subunit (p85) of phosphatidyl inositol 3-kinase3R) through its Src
homology 2 (SH2) domains. This interaction leadthtactivation of
PI3K catalytic subunit (p110), which catalyzes tbemation of the
membrane phospholipid phosphatidylinositol  3,4i§ptiosphate
(PIPs) from phosphatidylinositol 4,5-diphosphate (BIf€hang et al.,
2004). PIR recruits Akt (also known as protein kinase B) and
phosphoinositide-dependent kinase-1 (PDK1) to thembrane
through their PH domains.

The serine/threonine kinase Akt contains a PH donnmaiits N-
terminal end, a kinase domain and a C-terminal dphiobic domain.
In mammalian, three isoforms of Akt have been idiedt Aktl, Akt2
and Akt3. Aktl is widely expressed, whereas Akt3principally
found in brain and testes. Akt2 expression is pmadant in
adipocytes and myocytes, where it is responsiblglotose uptake
(Hers et al., 2011). In the cytosol, Akt is maingd in an inactive
state through an association between its kinase Rthddomains.
When recruited to the membrane by IRkt is phosphorylated by
PDK1 and mammalian target of rapamycin complex ZQRC2) on
Thr*® (kinase domain) and Sét (C-terminal domain), respectively.
Akt activity increases by 100-fold when phosphaoigthon Thi%® but
full activation requires S&F phosphorylation (Hers et al., 2011).
Activated Akt returns to the cytosol and phosphatgs the TBC1
family member 1 (TBC1D1) and 4 (TBC1D4, formerlyokvn as Akt
substrate 160, AS160). TBC1D1/TBC1D4 proteins h&EPase

activity toward several Rab proteins (G proteinsyomiated with



Mechanisms of lipid-induced insulin resistance insaie cells 41

GLUT4 storage vesicles (GSVs). This GTPase actigityhibited by
Akt phosphorylation, leading to an increase of #dutive forms of
Rab, i.e., Rab GTP-bound form (Sakamoto and Holn20(8).
Activated Rab promotes all the steps of GLUT4 exasig: approach,
tethering, docking and fusion (Stockli et al., 2p1h muscle cells, it
seems that Rab8A-Rab13 and Rab14 are under thekcohTBC1D4
and TBC1D1, respectively (Klip et al., 2014). Actied Rab8A
associated with the myosin Va, a processive motachvpromotes
GSVs displacement on actin filaments. It seems Rai13 regulates
the tethering of GSVs to the plasma membrane. étetkl muscle, the
role of Rabl4 is still unknown. More generally, ntiécation,
regulation and individual functions of theses insslensitive Rab
proteins remain elusive (Klip et al., 2014).

Recently, actin reorganization has appeared assangal step of
GLUT4 traffic. Independently of Akt downstream saging, insulin
regulates cytoskeletal remodeling through Racl the@moG protein
(Chiu et al., 2011). Upon insulin stimulation, PI3Kosphorylation
leads to Racl GTP loading by a not yet defined @eism (Klip et
al., 2014). Activated Racl induces branching of tloetical actin.
Actin dynamics regulation seems to promote theetatly of GSVs

and insulin effectors to the plasma membrane (€hal., 2011).

The scientific knowledge described in this paragrap highly
dynamic and not homogenous. The signaling fromolRkt has been
well established, whereas regulation of GLUT4 exosig by Akt-
dependent and -independent mechanisms is less stoo@ér and

required further explorations.
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Figure 3.1. Regulation of glucose uptake by insulirBee details in the text.

3.2. Inhibition of insulin-stimulated glucose uptale by lipids: the
never ending story

Insulin resistance is generally defined as a redlatdity of insulin
to stimulate glucose uptake and to inhibit hepglicose production.
This pathologic state is associated with obesityl anetabolic
syndrome. Obesity is characterized by an excesnefgy stored as
lipids in adipocytes, but also in ectopic tissueshsas liver and
skeletal muscle. In addition to intracellular depgsfat accumulates
in blood (e.g., NEFA, triglycerides, ceramides amblesterol). The
causal relationship between fat accumulation asdlim resistance is
now well established.

In a famous paper published in The Lancet, Rantdial.€1963)
were the first to propose that lipids inhibit glseometabolism, a
mechanism known as glucose-fatty acid cycle or Racytle(Randle
et al., 1963). According to the authors, lipid @tidn alters glucose
utilization and conversely. At first sight, it ish@appy ending story.

Competition between lipids and glucose for oxidatiadapts the
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energetic substrates to diet composition, regudatiereby lipids and
glucose homeostasis. However, Randle et al. (1888ady pointed
out that glucose-fatty acid cycle could participate glucose
metabolism disorder such as insulin resistancedRast al., 1963).
Fifty-years later, much progress have been dong,ven learned
that insulin resistance physiopathology differswesn liver, muscle
and adipose tissue. Herein, we will focus on lipiduced insulin
resistance in skeletal muscle. In human, skeletedahe accounts for
~80% of insulin-mediated glucose uptake (DeFronzale 1981).
This indicates that hyperglycemia, the hallmarktyge 2 diabetes,
strongly depends on the capacity of skeletal musciemove glucose

from the circulation.

According to the mechanism proposed by Randled ligkcess
increases acetyl-CoA and citrate concentrationsultiag in the
inhibition of pyruvate dehydrogenase (PDH) and pho$ructokinase
1, respectively(Randle, 1998). Then, accumulation of glucose-6-
phosphate inhibits hexokinase Il and subsequergtyedses glucose
uptake. This hypothesis was not confirmed in skéletuscle. In
human submitted to an euglycemic-hyperinsulinemitame,
lipid/heparin infusion inhibited glucose oxidatiobut failed to
increase citrate concentration and to inhibit POitdvely in muscle
biopsies (Boden et al., 1991, Saloranta et al.319®nother argument
against the Randle hypothesis came from Roden.gtl896) and
(1999). They used'P NMR spectroscopy to continuously monitor
gastrocnemius  glucose-6-phosphate  concentration in  healthy

volunteers during euglycemic-hyperinsulinemic cla®oden et al.,
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1996, Roden et al., 1999). Lipid infusion increasiete-dependently
plasma NEFA concentrations and drastically redueduble-body
glucose disposal. In contrast to the Randle hymmheglucose-6-
phosphate decreased rapidly after lipid infusiamil@r results were
found in type 2 diabetic subjects (Rothman etl&195). Collectively,
these results clearly indicated that the Randleothgsis does not
apply to skeletal muscle. However, it does notlipexclude a direct
effect of lipids on glucose metabolism. Indeedjdigpcould inhibit
hexokinase Il, causing a decrease of glucose-6ghtlats and an
increase of glucose concentration. To test thiothgsis, Dresner et
al. (1999) measured intracellular glucose"y NMR spectroscopy in
muscle biopsies of healthy volunteers submitted etaglycemic-
hyperinsulinemic clamp (Dresner et al., 1999). s tstudy, lipid
infusion reduced intracellular glucose, suggestimag hexokinase Il
was not inhibited. This indicates that lipids inhiglucose transport
rather than glucose metabolism in skeletal musbiéibition of
glucose oxidation and glycogen synthesis by lipisisprobably a
consequence of a primary defect in glucose tramsfias now well
accepted that lipids impair GLUT4 translocation,imhadue to an
inhibition of insulin signaling.

Extracellular lipids can disrupt insulin signalittgough TLR4, this
will be discussed in chapter 8. Furthermore, irgiatar lipids are
also associated with insulin resistance. In thisrgg the case of TG,
DAG and ceramides in skeletal muscle will be disedsherein.

Intramyocellular triglycerides (IMTG) concentratnlo not seem

associated with insulin sensitivity as shown by*“tdiélete's paradox”.
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Endurance-trained athletes are considered highigithee to insulin,
despite an increase of IMTG levels to the samengxdé obese and
insulin-resistant subjects (Russell et al., 2008)though IMTG

concentration does not seem a key factor, thewxi@ation deserves
a particular attention. In theastus lateralis, IMTG peroxidation
levels are 6-fold higher in obese subjects thamrndurance-trained
athletes (Russell et al., 2003). However, a ratatigp with insulin

resistance remains hypothetical.

In vitro experiments demonstrated that saturated NEFAKeunli
unsaturated NEFA impairs insulin signaling in C2CaRd L6
myotubes (Yuzefovych et al.,, 2010, Coll et al., 20@Peng et al.,
2011). The effect of saturated NEFA on insulin path seems
partially mediated by lipid-derived toxic metabe$itsuch as DAG and

ceramides.

The effect of DAG on insulin signaling could be ragdd by the
novel protein kinase C theta (PR the most abundant isoform of
PKC in muscle cells (Li et al., 2004). DAG is wktiown to activate
(PKC9), which in turn phosphorylates IRS-1 on an inlubytserine
residue (Sef™) (Li et al., 2004). Alternatively, PK€could act on
IKK and JNK as it has been found in T-cells (Altmainal., 2000).
Both of these kinases phosphorylate IRS-1 on aibitolny serine
residue, S&P’ in rodent and S&F in human(Morino et al., 2006).
Interestingly, HFD increased PKCs activation ad weIDAG content
in skeletal muscle from rats (Schmitz-Peiffer et, @997). In

euglycemic-hyperinsulinemic clamp experiment, PK®nockout
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mice were protected against lipid-induced insudisistance in skeletal
muscle (Kim et al., 2004). However, mice with muasspecific
expression of a dominant-negative RK@re obese and insulin-
resistant (Serra et al., 2003). Consequently, ikielvement of PK@
in lipid-induced insulin resistance seems contrenakr

The implication of DAG in insulin resistance renmmianclear in
muscle cells. In C2C12 myotubes, palmitate incréd3AG content
by 6-fold and disrupted insulin signaling. Howevarhibition of
ceramide synthesis restored insulin signal but ia&ffect on DAG
concentration (Chavez et al., 2003). Consequeintlyhis study high
DAG level were not associated with insulin resis&@anin addition,
DAG content in skeletal muscle is higher in endueatrained athletes
than obese subjects (Amati et al., 2011). UnexpgcteDAG
concentration was increased in tibialis anterioraté overexpressing
the acylCoA:diacylglycerol acyltransferase-1 (DGAT&n enzyme
that catalyzes the formation of TG from DAG (Timset al., 2011).
Upon HFD, the insulin-dependent glucose uptakehialts anterior
was higher in those rats compared to control wistogether, these
results demonstrate a disconnection between DA@nband insulin
sensitivity in skeletal muscle. However, the biotad effects of DAG
depend on their composition, i.e., the length atdration of the fatty
acid chains. Further studies are needed to evatbateontribution of
each DAG species to skeletal muscle insulin rasigta Indeed, if
DAG mediates insulin resistance in skeletal mustte, underlying

mechanism is unresolved.
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Ceramides are important mediators of lipid-inducexdulin
resistance in skeletal muscle. Contrary to DAG dNT G, the
“athlete's paradox” does not applies to ceramitieskeletal muscle,
ceramide content is higher in obese than lean s$agerand
endurance-trained athletes (Amati et al., 2011)CRC12 myotubes,
palmitate as well as ceramides prevented insuiineated Akt
phosphorylation (Chavez et al., 2003, Hage Hassah.,e2012). On
the other hand, the inhibitory effect of palmitate Akt was restored
by the inhibition ofde novo ceramide synthesis. Importantly, similar
results were found with three different inhibito®ose molecules
were myriocin  and cycloserine, which inhibit serine
palmitoyltransferase (SPT), and fumonisin B1 (FBd)ich acts on
ceramide synthase (Chavez et al., 2003, Hage Hassdn 2012).

At a signaling level, ceramides are well known iibit Akt
through the protein phosphatase 2A (PP2A) and theical PKC
(Martins et al.,, 2012). It seems that PKdid not impair Akt
phosphorylation in muscle cells (Cazzolli et alQ02). In C2C12
myotubes, inhibition of PP2A with okadaic acid betSV40 small
antigen prevented the inhibitory effect of palmetabn insulin-
stimulated Akt phosphorylation (Chavez et al., 200azzolli et al.,
2001). However, in L6 myotubes, okadaic acid failedestore a loss
of Akt phosphorylation and activity induced by aardes (Hajduch et
al., 2001). The role of ceramides in lipid-indudedulin resistance
has been assessadvivo by injection of myriocin in HFD-fed and
db/db mice(Ussher et al., 2010). In both models, myriocinvereed
insulin  resistance. However, myriocin increased o alenergy

expenditure. Consequently, it was not clear whethgriocin acted
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through ceramides synthesis and/or energetic miaboAlthough
ceramides clearly alter insulin signaliig vitro, the lack ofin vivo
experiments does not allow strong conclusions.

Alternatively, ceramides could induce insulin remige via
oxidative stress. Indeed, ceramides increase RO@uption (chapter
2), and oxidative stress is well known to disrupulin signaling in
skeletal muscle (Martins et al., 2012). Howevers tis beyond the

scope of this thesis.

3.3. Inhibition of insulin pathway by endoplasmic eticulum stress

In the last decade, ER stress appeared as a key iactthe
development of insulin resistance. ER stress has beported in liver
and adipose tissue from leptin deficient (ob/obfenand HFD-fed
mice (Ozcan et al., 2004). In human, ER stresshean related to
body weight (Gregor et al.,, 2009). Markers of ERest were
measured before and one year after gastric bypagsrg in morbidly
obese subjects. After 39% weight loss, phosphoegIXBP1s and
BiP mRNA were reduced in adipose tissue, whereas
immunochemistry showed that phospho-elFihd BiP levels were
decreased in liver. Interestingly, whole-body imswensitivity was
drastically increased by gastric bypass surgeryslaswvn by the
reduction (70%) of the HOMA-IR.

Ozcan et al. (2004) were the first to causally liBR stress to
insulin resistance (Ozcan et al., 2004). In Faerlisells, they showed
that ER stress induced by tunycamicin inhibitedulimssignaling at

the level of IRS-1 and Aktn vivo, deletion of an XBP1 allele in mice
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was used to induce ER stress. After 16-weeks HFBPX' mice
became more insulin-resistant than WT mice as showaral glucose
tolerance test (OGTT) and insulin tolerance tesT)I(Ozcan et al.,
2004). In the following study, Ozcan et al. (20@pé¢vented liver ER
stress in ob/ob mice by oral administration of themical chaperones
tauroursodeoxycholic acid (TUDCA) or 4-phenyl butyacid (PBA)
(Ozcan et al.,, 2006). Upon TUDCA or PBA administnas, ob/ob
mice did not developed whole-body insulin resiséanto determine
the contribution of each organ, Ozcan et al. (20p&)formed
euglycemic-hyperinsulinemic clamps. They showed likar, adipose
tissue and skeletal muscle were protected agaisslim resistance.

In the paper from Ozcan et al. (2004), ER stress mvaasured in
liver and adipose tissue (Ozcan et al., 2004). Thejcated in
unpublished observationsnd indication for ER stress was evident in
the muscle tissue of obese animals’. In 2006, they showed in ob/ob
mice that TUDCA and PBA increased largely skeletakcle glucose
disposal during euglycemic-hyperinsulinemic clan@zg¢an et al.,
2006). Thus, this suggests that ER stress is iedohn the
physiopathology of skeletal muscle insulin resiseanLater, studies
from our lab as well as others have demonstratedtourrence of ER
stress in muscle cells exposed to high lipid cotraéion. In C2C12
myotybes, 17 h palmitate (1 mM) incubation increlgdospho-
PERK, BiP and IREd proteins as well as ATF4, CHOP and XBP1s
MRNA levels (Deldicque et al., 2010). Similar reswiere reported in
L6 myotubes and human primary myotubes (Hage Hastsah, 2012,
Peter et al., 2009, Peng et al., 2011). Furthermaiter HFD, ER
stress was present in skeletal muscle of mice {Ceplé et al., 2010,
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Rieusset et al., 2012). However, it seems thattd¢bon HFD did not
induce ER stress in human skeletal muscle. In Imgaiblunteers, 6-
weeks HFD diet failed to upregulate ER stress nrarke thevastus

lateralis (Deldicque et al., 2011b).

In muscle cells, ER stress seems implicated irdtheelopment of
insulin resistance. In C2C12 myotubes, tunicamyatatked insulin-
dependent Akt phosphorylation and glucose uptaletdibgue et al.,
2011a, Panzhinskiy et al., 2013). These deleterieffiscts were
prevented by TUDCA (Panzhinskiy et al., 2013). $amresults were
found with PBA in C2C12 myoblast (Peng et al., 20However,
these findings seem inconsistent with two othemorsp In C2C12
myotubes, BiP overexpression as well as TUDCA oARERatment
did not protect against palmitate-induced insulesistance (Hage
Hassan et al., 2012, Rieusset et al., 2012). Goédy, this suggests
that only supraphysiological ER stress could indueeilin resistance

in muscle cells.

At a mechanistic level, connections have been tedobetween
UPR and mediators of insulin resistance: JNK/IKKd @he tribbles
homolog 3 (TRB3). The Figure 3.2 exhibits the pt#rconnections
between UPR and insulin signaling.

IREla is known to activate JNK and IKK through the adapt
protein TRAF2. Both of these kinases phosphoryl&8-1 on an
inhibitory serine residue. IRET fibroblasts were protected against
JNK activation and IRS-1 serine phosphorylation ucetd by

tunicamycin (Ozcan et al., 2004). In a breast caoek line (MCF-7),
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IRElo knockdown prevented IKK activation induced by tiamycin
or thapsigargin (Hu et al., 2006). Similar resultere found in
fibroblasts (Hu et al., 2006). However, no studyeistigated whether
JNK and IKK are activated by IRElin muscle cells. In addition,
these mechanisms have been demonstrated only Wwimical ER
stress inducers.

Recently, TRB3 emerged as a candidate for ER sindssed
insulin resistance. Under ER stress, ATF4 and CHO®6perate to
upregulate TRB3 (Ohoka et al., 2005). Studies destnated that
TRB3 prevents Akt phosphorylation. TRB3 possessésnase-like
domain, but lack the ATP binding site and the casas motif of the
catalytic core domain H/'Y R D L K/R X X N (Mayumi-dsuda et
al., 1999). Therefore, TRB3 belongs to the pseuttde family. It has
been showed that TRB3 inhibits insulin-stimulated kt A
phosphorylation in the liver (Du et al., 2003) ths study, the authors
demonstrated that TRB3 binds preferentially with e th
unphosphorylated kinase domain of Akt. Later, daraction between
TRB3 and the PH domain of Akt has been repofitézl et al., 2006).
Furthermore, a higher TRB3 expression correlatatl widecrease of
Akt translocation to the membrane. This effect westored by TRB3
knockdown (He et al., 2006). Consequently, He e{28106) proposed
that TRB3 sequesters Akt in the cytosol, preventihgreby its
migration to the membrane and subsequent activatitowever,
interaction of TRB3 with Akt remains controversial. hepatocytes,
TRB3 overexpression did not inhibit insulin-depemtdeAkt
phosphorylation (lynedjian, 2005).
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Interestingly, TRB3 seems involved in the physibpéigy of
insulin resistance. TRB3 knockout mice were lessa@ge intolerant
than WT mice after a HFIKoh et al., 2013). Furthermore, the
expression of TRB3 in the skeletal muscle has lssociated with
insulin resistance. TRB3 protein expression is aked in skeletal
muscle from obese subjects, type 2 diabetic patidaptin receptor
deficient (db/db) mice, Zucker fatty rats and stoeptocin-induced
diabetic rats(Liu et al., 2010, Koh et al., 2013). Altogethenese
results seem to indicate that TRB3 could be impddain the
development of insulin resistance. Nevertheless,raie in lipid-

induced insulin resistance has not been evaluatatiscle cells.
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Figure 3.2. Potential connections between UPR andsulin signaling. See details
in the text.
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Chapter 4: Aim of the thesis

Lipid excess is well known to cause ER stress imynargans
including those regulating glucose homeostasisn{fant et al.,
2012). However, the mechanism by which lipids di$riER
homeostasis remains poorly understood. Interesting?S, a ligand
of TLR4 induced ER stress in different cell typehapter 2). In
addition to exogenous ligands, TLR4 recognizes gedous
molecules such as saturated NEFA. The fifth chapi#érpresent a
study designed to test whether TLR4 mediates lipiliced ER stress
in vivo. This experiment was carried out in WT and TI'Reice
submitted to chow or HFD. After HFD, ER stress wmasasured in
skeletal muscle, liver and adipose tissue. In neusmlls, it is
particularly unclear how metabolic factors influenER functions
(Hotamisligil, 2010). As noted in chapter 2, higbncentrations in
lipids is known to trigger oxidative stress, ane tise of antioxidant
molecules reduced ER stress induced by variousitwomsl Since
muscle cells are great ROS providers, lipids coalter ER
equilibrium due to oxidative stress. Chapter smsato assess whether
oxidative stress by itself induces ER stress in 2@yotubes.

The inhibitory effect of lipids on glucose uptalsekinown for over
fifty years (Randle et al., 1963), but the undewyimechanisms are
not fully unraveled. Although UPR appears as arkegiator of lipid-
induced insulin resistance in hepatocytes and agitps, this
mechanistic link remains controversial in musclésc&€hapter seven
will present a study design to evaluate the conmestbetween UPR

and insulin signaling in muscle cells.
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Abstract

The purpose of this study was to investigate whetblklike receptor

4 (TLR4) is implicated in the development of endgphic reticulum
stress (ER stress) observed after a high-fat HiED] in liver, skeletal
muscle and adipose tissue. TUR4nd C57BL/6J wild-type mice
(WT) were fed with chow or HFD (45% calories froat)fduring 18
weeks. An oral glucose tolerance-test was perforniée animals
were sacrificed in a fasted state and the tissies vemoved. TLR4
deletion protected from body weight gain and glecastolerance
induced by HFD whereas energy intake was high&maimsgenic mice
suggesting larger energy expenditure. HFD induaedER stress in
skeletal muscle, liver and adipose tissue of WTen@s assessed by
BiP, CHOP, spliced and unspliced XBP1 and phosphaee TLR4"
mice were protected against HFD-induced ER strd$gen, we
investigated the main signaling downstream of TlRénely the NF-
kB pathway, expecting to identify the mechanism byol TLR4 is
able to activate ER stress. The mRNA levels of kiyies regulated by
NF-xB namely TNk, IL-18 and IL-6, were not changed after HFD
and phosphowB-a (ser 32) was not changedur results indicate that
TLR4 is essential for the development of ER stmedated to HFD.
Nevertheless, the NFB pathway does not seem to be directly
implicated. The reduced fat storage in TC'Rehice could explain the

absence of an ER stress after HFD.
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Introduction

Obesity is often associated with a chronic low gradlammatory
state (Greenberg and Obin, 2006, Wellen and Hotmmhis2005),
which in turn contributes to the development ofimas metabolic
diseases such as insulin resistance (Kim et &4,20uan et al., 2001,
Hirosumi et al.,, 2002, Hotamisligil et al., 199@)uring the last
decade, major advances were made for identifyireg rtiolecular
mechanisms leading to lipotoxicity in various csipes (Schaffer,
2003). A high level of circulating non-esterifieaktlyy acids (NEFA) is
able to induce insulin resistance within a few Isoum healthy
volunteers suggesting that an alteration in inthalee lipid
metabolism may impair insulin signaling (Roden ket #0999, Roden
et al., 1996). Ceramides and diacylglycerol (DA®) hpid-derived
toxic metabolites inhibiting insulin signal via degsphorylation of
protein kinase B (PKB) and phosphorylation of airgeresidue on
insulin receptor substrate (IRS) (Summers, 2006s let al., 2001).
However, one may not exclude that circulating NEbeA se are able
to act on insulin sensitivity through binding tare@mbrane receptor
and activating a downstream cascade of eventswbald crosstalk
with insulin signaling. Indeed, previous observasiosuggest that
circulating NEFA can bind a plasma membrane recepi@mely the
toll-like receptor 4 (TLR4), and its co-receptor®T2 and MD-2 (Shi
et al., 2006, Lee et al., 2001).

The TLR are members of the pattern-recognition paefamily
that play a key role in the innate immune systeraigho and Akira,
2006). To date, thirteen mammalian TLR have beentitied (Kaisho
and Akira, 2006). TLR4, a subclass of TLR, is aatdd by the lipidic
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domain of lipopolysaccharide (LPS), a gram-negatiaeterial cell
wall component (Miyake, 2004). Ablation of TLR4timnsgenic mice
confers partial protection against insulin resiseamduced by lipid
infusion or high-fat diet (HFD) (Shi et al., 200Badin et al., 2008,
Tsukumo et al., 2007, Kim et al., 2007, Davis et2008, Poggi et al.,
2007). Therefore, TLR4 could be the missing linkween high
circulating lipids and insulin resistance.

Lipid excess is known to cause another cell stigsswn as
endoplasmic reticulum (ER) stress (Boden, 2009%tiaiand Tsigos,
2006, Zhang and Kaufman, 2008, Deldicque et alLDP@hich is the
consequence of a disequilibrium between the foldiagacity of ER
and the amount of proteins to be folded. To copth Wiis stress, the
cell triggers a series of signal transduction knoasnthe unfolded
protein response (UPR), which is initiated at tbeel of three ER
stress sensors: inositol-requiring §RE1a), double-stranded RNA-
dependent protein kinase (PKR)-like ER kinase (PER&d
activating transcription factor 6 (ATF6). Each dfese sensors is
associated with the protein chaperone immunoglokhdiavy-chain-
binding protein (BiP). Upon accumulation of unfdderoteins in the
ER lumen, BIiP is released from PERK, IREANnd ATF6 leading to
their activation and downstream signaling. Thesthvays initiate a
homeostatic response via: 1) protein synthesisitiin through the
phosphorylation of eukaryotic translation-initiatitactor 21 (elF2y);
2) transcriptional up-regulation of genes involiadprotein folding,
transport and ER-associated protein degradation; appptosis
mediated by C/EBP homologous (CHOP) (Zhang and tkanf
2008).
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ER stress was observed in liver of ob/ob and hajlefd mice and
was proposed to be involved in the pathophysiolagyinsulin
resistance through an interaction between UPR afldmmation
signaling (Ozcan et al., 2004). Indeed, a growingybof evidence
suggests that UPR and insulin resistance are oriaected through at
least 2 mechanisms: 1) IR&lpathway induces c-Jun N-terminal
kinase (JNK) phosphorylation which inhibits IRS; PERK and
IRElo pathway activate transcription factors such adeaucfactor-
kB (NF«B) and activator protein 1 (AP-1) which migrate ttoe
nucleus and induce the transcription of cytokineswn to contribute
to the development of insulin resistance (Zhang lkadfman, 2008,
Urano et al., 2000, Ozcan et al., 2004).

ER stress and TLR4 signaling are both major playarghe
development of insulin resistance induced by lipictess. Whether
those two actors act independently or are caudalked is still
unknown. In the present study, we hypothesized Th&4 signaling
would mediate lipid-induced ER stress via activataf the NF«kB
pathway. To test this hypothesis, TLR4 knockoutR#L) and wild-
type (WT) mice were fed with a HFD and the activatof ER stress
in liver, skeletal muscle and adipose tissue waasmed. Our results
show that ER stress is activated by a HFD in WTreae it is not in
TLR4™ mice.

Materials and methods
Animal care and protocol
All protocols were approved by the ethical comneitter animal

use of the Université catholique de Louvain (Baigjuand the
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housing conditions were as specified by the Belgiaw of April 6,
2010 on the protection of laboratory animals (agrest n° LA
1220548). 14-16-week-old male TLR4Hoshino et al., 1999)and
C57BL/6J wild-type mice (WT) were purchased fromafisgenose
Institute (CNRS, Orléans, France) and the LaboyatbExperimental
Surgery (UCL, Woluwé, Belgium), respectively. TLR4enotype
was confirmed by PCR. Animals were housed in cagest-5 in a
controlled environment (22-23 °C, 14/10 h lightidarycle). Mice
were fedad libitum with one of the two experimental diets during 18
weeks: standard chow (chow) or high-fat diet (HFDhey were
divided in four groups: WT mice fed with chow (ril8) or HFD (n =
9), TLR4" mice fed with chow (n = 9) or HFD (n = 8). Stardiahow
(10% calories from faf 4% calories from sucrose (Cani et al., 2004))
and HFD (45% calories from fat17% calories from sucrose) were
purchased from SAFE (A04, Augy, France) and Rebedts
(D12451, New Brunswick, USA), respectively. Foodake was
recorded weekly during the 18 weeks of the nutrdlointervention.
At the end of the protocol, 6-h-fasted mice werestmetized with an
intraperitoneal injection of a solution (4 ml:Rgcontaining ketamine
(40 mg.mtY) and xylazine (4 mg.kb to preserve organ perfusion
during dissection. The depth of anaesthesia wasesssd by the

absence of eyelid and pedal withdrawal reflexes.

Generated by homologous recombination, the codingence of the transmembrane and cytoplasmic
regions of TLR4 (amino acid residue 86-835) wasaegd by a neomycin resistance gene.

%Lipids composition HFD Chow
% calories from saturated NEFA 17 2.1
% calories from monounsaturated NEFA 21 1.6

% calories from polyunsaturated NEFA 7 5.2
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The right and left gastrocnemius muscles, theldéie of the liver, the
subcutaneous and visceral adipose tissues werdlyapmoved and
immediately frozen in liquid nitrogen. At the enél tbe procedure,
mice were Killed by cervical dislocation. Samplesrevstored at -80

°C until processed.

Non-esterified fatty acids measurement
Blood samples were taken from portal vein and fnoae-20 C°.
NEFA were measured by colorimetric assay accordiaogthe

manufacturer’s guidelines (Diagnostic Systems, Reiln, Germany).

Protein extraction and Western blotting

Liver (~50 mg), gastrocnemius (~50 mg) and subadas adipose
tissue (~100 mg) were ground using a mortar aneésile (Bel-Art
Products, Pequannock, NJ, USA). Liver and gastioame were
homogenised in ice-cold and pH 7.0 buffer [20 mMs,T270 mM
sucrose, 5 mM EGTA, 1 mM EDTA, 1% Triton X-100, vhsodium
orthovanadate, 50 mM sodiufirglycerophosphate, 5 mM sodium
pyrophosphate, 50 mM sodium fluoride, 1 mM 1,4-dithreitol
(DTT), and 10% protease inhibitor cocktail 10X (RecApplied
Science, Vilvoorde, Belgium)]. Subcutaneous adiptissue was
homogenised in ice-cold pH 7.4 RIPA buffer [50 mMsTHCI, 150
mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% deoxycholicdic2 mM
sodium orthovanadate, 5 mM phenylmethylsulfonylofide and a
protease inhibitor cocktail (Roche Applied Sciefcé)omogenates
were centrifuged at 10,009 for 10 min, at 4 °C. Supernatants were

immediately stored at -80 °C. Protein concentrati@as determined
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using the DC protein assay kit (Bio-Rad Laboragridlazareth,
Belgium) with bovine serum albumin as a standardtdmhs lysates
(40-60 pg) were combined with Laemmli buffer angbasated by
SDS-PAGE (10-12%) for 1 h at a constant intensity40 maA.
Proteins were then transferred to PVDF membranes2i8 h at
constant voltage of 80 V. Membranes were blockedlfd in Tris-
buffered saline with 0.1% Tween 20 (TBST) containbf non-fat
dried milk. Then, membranes were incubated ovetnagh4 °C in
TBST containing 1% bovine serum albumin and on#heffollowing
primary antibodies (1:500 or 1:1000 dilution): Biphosphorylated-
elF2o (p-elFar, Ser 51), phosphorylated-JNK (Thrl83/Tyr185),
phosphorylated ERK1/2 (Thr202/Tyr204), phosphogdat p-38
(Thrl80/Tyr182), «B-a, phosphorylatedkB-o (Ser 32) and eEF2
(eukaryotic elongation factor 2). All primary ardiies were obtained
from Cell Signaling Technology (Leiden, The Netheds).
Membranes were washed three times with TBST theubated 1 h at
room temperature with a secondary antibody (1:X0,60 1:5,000
diluted in 5% non-fat dry milk) conjugated to haesdish peroxidase
(Sigma, Bornem, Belgium). After three additional shes,
chemiluminescent detection was carried out using=@h Western
blotting kit (Amersham ECL Plus, GE Healthcare, gaim, Belgium).
Pictures were taken with a charge-coupled devicEQ)Ccamera
(Gbox, Syngene, The Netherlands). Signal quantiina was
determined by GeneTool software (Syngene). All lteswere
normalized to eEF2 protein then expressed relaiivehe control

group (WT mice fed with chow).



TLR4" mice are protected against ER stress inducedHf5a 73

RNA extraction and quantitative Real-time PCR

Total RNA extraction from frozen gastrocnemius (~+8@), liver
(=30 mg) and subcutaneous adipose tissue (~70 rag)dane with
Trizol® (Invitrogen, Vilvoorde, Belgium), accordingto the
manufacturer’s instructions. The RNA quality andantity were
assessed by 1.5% agarose gel electrophoresis ambdiog’
spectrophotometry. Reverse transcription was pedrwith iScript
cDNA synthesis kit (Bio-Rad) from 1 pg total RNAe& time PCR
experiments were done on a MylQ2 thermocycler ([Bam) using the
following conditions: 3 min at 95 °C, followed by &ycles of 30 s at
95 °C, 30 s at 60 °C and 30 s at 72 °C. Sampleg wralyzed in
duplicate in 10ul reaction volume containing 4.8 1QSybrGreen
SuperMix (Bio-Rad), 0.1l of each primer (100 nM final) and |d
cDNA. Primers sequences are reported in TableMelting curves
were systematically analyzed to ensure the spéygifiof the
amplification process. Target genes were normaliasthg three
reference genes according to geNorm analysis (\&mdeele et al.,
2002) and finally expressed relatively to the cointgroup. The
references genes were ribosomal protein L19 (RBL&glophilin
(CPHN) and hypoxanthine phosphoribosyltransfera@¢PRT1).
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Table 5.1.Sequences of primers (5'-3)
Genes Forward Reverse
XBP1ls TGAGAACCAGGAGTTAAGAACACGC CCTGCACCTGCTGCGGAC
XBP1lu TGAGAACCAGGAGTTAAGAACACGC CACATAGTCTGAGTGCTGCGG

CHOP CCTGAGGAGAGAGTGTTCCAG CTCCTGCAGATCCTCATACCA
RPL19 GAAGGTCAAAGGGAATGTGTTCA CCTTGTCTGCCTTCAGCTTGT
CPHN CGTCTCCTTCGAGCTGTTTG CCACCCTGGCACATGAATC
HPRT1 AGGCCAGACTTTGTTGGATTT CAGGACTCCTCGTATTTGCAG
IL-6  ACTTCCATCCAGTTGCCTTCT GAATTGCCATTGCACAACTCT
IL-1p  GTCTGAAGCAGCTATGGCAAC TTTGAAGCTGGATGCTCTCAT
TNFa CCAGACCCTCACACTCAGATCA CACTTGGTGGTTTGCTACGAC

XBP1s: X-box-binding protein 1 spliced, XBP1u: Xxbbinding protein 1 unspliced, CHC
C/EBP homologous, RPL19: Ribosomal protein L19, ®P8yclophilin, HPRT1: Hypoxanthin:
phosphoribosyltransferase 1, IL-6: interleukin-6;1B: interleukin-B TNFa: tumor necros
factoro.

Oral glucose tolerance test

Seventeen weeks after the beginning of the prota@di-fasted
mice were force-fed with a glucose solution (1 &.lgjucose, 40%
glucose solution). Plasma glucose concentrationdessrmined with
a glucose meter (Roche Diagnostics) on 3.5 pladdbicollected from
the tip of the tail vein, 30 min before and 0, B9, 60, 90 and 120
min following glucose gavage. Areas under the cUAEC) were

calculated according to the trapeze method.

Statistical analysis

Results are presented as means + SEM. Two-way ANQMA
used to assess statistical differences amongst snedvihen
appropriate, the Bonferroni test was used as alpmstnalysis. The

significative threshold was set folPavalue < 0.05.
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Results
TLR4 deficiency protects from obesity due to 18-wée high-fat
diet without reducing energy intake

In basal conditions, body weight of TLR4wvas higher than WT
mice (~2.5 g,P < 0.001). After 18-weeks chow, body weight was
increased by 5.4 + 0.3 g in WT and 5.4 + 0.4 gliRZ"~ mice (Figure
5.1A). This gain was 81% higher upon HFD in comgami with chow
in WT (P < 0.001) but was not different in TLR4mice (Figure
5.1A). Compared to chow, visceral and subcutaneolsose tissues
were larger after HFD in WT (79% and 160% respetyiW° < 0.001)
but not in TLRZ" mice (Figure 5.1C and 5.1D). When fad libitum
with chow, TLR4"™ mice ingested more energy than WT (12.6
kcal.week!, P < 0.001) (Figure 5.1B). Upon HFD, the increase
weekly energy intake was larger in TLR4nice (26%) than in WT
(15%,P < 0.001) (Figure 5.1B). All together these resaliggest that
the energy expenditure of TLR4s higher than WT mice.



76 Chapter 5

A B
12 4 . 150 -
L ek
Cll ) 120 a5
c i - Frey
‘s 8 £
o zg
5 61 5 3
® £ R ]
2 4 N £ 60
§' 3
[ 24 = 30
0 = 0 -
WT TLR4 ™ WT TLR4
C D
40 16 -

3.2

. L. N wan
1.2

24
0.8 4

1.6

0-8 l . 0.4 | l

0.0 0.0

WT WT

TLRa ™" TLR4 "

(% body weight)
Visceral adipose tissue
(% body weight)

Subcutaneous adipose tissue

Chow[ ]  HFD NN

Figure 5.1. TLR4 deficiency protects from obesity whout reducing energy
intake. (A) Body weight gain calculated as the body weidifference between the
end (18 weeks) and the beginning of the diet. (BaMenergy intake expressed in
kcal.week" (C) Subcutaneous adipose tissue weight expreageefcentage of body
weight. (D) Visceral adipose tissue weight exprdssepercentage of body weight.
Values are expressed as means + SEM (n = 8-1@% 0.05, *P < 0.01, ** P <
0.001

TLR4 deficiency protects from ER stress induced bya high-fat
diet

BiP expression increased in skeletal muscle (88%0.002), liver
(150%,P = 0.031) and adipose tissue (18826 0.039) of WT mice
fed with a HFD, whereas TLR4mice were completely resistant to
HFD-induced BIP expression (Figure 5.2). The umsgpli form of
XBP1 mRNA (XBP1lu) increased by 38% (= 0.041) in skeletal
muscle and by 48% (= 0.01) in liver of WT mice upon HFD (Figure
5.3). Unexpectedly, XBP1u transcripts decreasec;# = 0.008) in
adipose tissue of WT mice upon HFD (Figure 5.3) Epliced form
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of XBP1 mRNA (XBPL1s) increased by 34% € 0.026) in skeletal
muscle of WT mice upon HFD (Figure 5.3). CHOP tcaimds were
up-regulated by HFD in skeletal muscle (274 0.041), liver (29%,
P = 0.016) and adipose tissue (56P0= 0.006) of WT mice (Figure
3). HFD did not induce any change in ER stress erarin TLR4"
mice (Figure 5.2 and Figure 5.3).
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Figure 5.2. ER stress protein markers are not indued in TLR4™ mice after a
high-fat diet. (A) Protein expression of BiP and phosphorylatdelelin skeletal
muscle, liver and subcutaneous adipose tissue tdf-type (WT) and TLR4
knockout (TLR4) mice fed with a standard (chow) or a high-fatt dielFD).

Results are presented as means + SEM (n = 8-} 0.05, *P < 0.01, ** P <

0.001. (B) lllustration of the data presented ingd@A.
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after a high-fat diet. mRNA level of XBP1u (X-box-binding protein 1 unspliced),
XBP1s (X-box-binding protein 1 spliced) and CHOP/EBP homologous) in
skeletal muscle, liver and subcutaneous adiposeetisf wild-type (WT) and TLR4
knockout (TLR4) mice fed with a standard (chow) or a high-fatt dielFD).
Results are expressed as means + SEM (n = 8-1¥% 6.05, *P < 0.01, ** P <
0.001



TLR4" mice are protected against ER stress inducedHf5a 79

TLR4 downstream signaling after a high-fat diet

Since our results suggested that ER stress indogeal HFD is
dependent upon TLR4, we decided to investigate gsiymaling
downstream of TLR4 expecting to identify the mecgkiamby which
TLR4 is able to activate ER stress. TLR4 leadh#dctivation of the
NF-xB pathway, which regulates the transcription ob&ytes such as
IL-6, TNFo and IL-18. Inflammation is known for inducing ER stress
(Zzhang and Kaufman, 2008). None of the cytokines e measured
was increased after HFD (Figure 5.4A). Furthermtire,HFD did not
increase the phosphorylation stateid-o and did not decreaseB-a
protein level (Figure 5.4B). Nevertheless, in tgase tissue xB-a
was 70% higher in TLR4 than in WT mice as evidenced by the
significant between-strain effect of the ANOVA dgsiP = 0.027). In
the same tissue, the level of phospkB-bi was undetectable in all

conditions.
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The phosphorylation state of the mitogen-activatestein kinases
(MAPK) is under the control of the TLR4 pathway {fkand Sato,
2003). HFD did not change the phosphorylation stditp-38 in all
investigated organs (Figure 5.5). In skeletal mwysclthe
phosphorylation state of ERK1/2 was 44% lower inRBL than in
WT mice (between-strain effecB = 0.033). The phosphorylation
state of ERK1/2 decreased in skeletal muscle (-52%,0.016) and
liver (-35%, P = 0.019) of WT mice upon HFD whereas it was not
affected in TLR4" mice (Figure 5.5). After HFD, the phosphorylation
state of ERK1/2 was 95% higher in adipose tissu&/®fthan TLRZ"
mice @ = 0.025) (Figure 5.5). The phosphorylation statd¥K did
not change in skeletal muscle and liver, whereagad dramatically
increased by 169% in adipose tissue of WT mice udéb (P <
0.001) (Figure 5.5). The phosphorylation state WK Jremained
unaffected in TLR4 mice (Figure 5.5). These results emphasize the
fact that HFD regulates MAPK activity mainly at tihevel of the

adipose tissue.
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Oral glucose tolerance test and plasma NEFA

To assess glucose tolerance, we performed an drelosp
tolerance test (OGTT). After 18-weeks chow, AUC wstightly but
not significantly larger in TLR% than in WT mice (Figure 5.6A). WT
mice fed with HFD developed glucose intoleranced@monstrated by
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a higher AUC (45%pP = 0.01), whereas no significant change was
observed in TLR4 mice (Figure 5.6A). The circulating NEFA
measured in a fasted state were not significanthet in TLR4™ mice
and were not affected by the HFD (Figure 5.6B).
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Figure 5.6. OGTT and circulating NEFA after a highfat diet in wild-type and

TLR4™ mice. (A) Plasma glucose concentration following an ayhicose load.
Wild-type mice upon chowd, wild-type mice upon a high-fatd diee); TLR4

knockout mice upon chowM), TLR4 knockout mice upon a high-fat di¥). The

inset represents tharea under the curve (AUC) expressed in arbitraits (A.U.).

(B) Fasting NEFA concentrations expressed in mmbl.L

Discussion
TLRA4 deficiency protects against ER stress induceby a HFD

The main finding of the present study is that TLBdficiency
protects against ER stress induced by a HFD. Bd&dBaperone that
plays a key role in activating cell response to HEirRess and its
expression is highly regulated by the UPR (Lee, 12000 WT mice,
BiP was increased during HFD in skeletal muscleerliand adipose
tissues whereas TLR4mice did not show any change. The three
branches of the UPR are able to regulate BiP, wisckherefore

considered as the endpoint marker of the UPR whatie activated
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signaling cascade. Consequently, our results cantire presence of
an ER stress in skeletal muscle, liver and adipigsaes of WT mice
after a HFD (Deldicque et al., 2010, Ozcan et 2004). BiP was
unaffected in TLR4 mice fed with a HFD suggesting that this
receptor contributes to the development of ER stieduced by lipid
excess.

CHOP is another well-recognized ER stress markdrichv is
coordinately regulated with BiP (Wang et al., 1996HOP is a
family member of the ER stress-inducible genes,tthescription of
which is regulated both by ATF6 and ATF4, the latteing a
downstream effector of the PERK/etF2pathway (Zhang and
Kaufman, 2008). In WT, CHOP mRNA was increasedradtelFD in
the three organs analysed in the present studychNmges were
observed in TLR% mice supporting the results obtained on BiP.

XBP1u is also a member of the ER stress-inducieleegfamily,
which is regulated by ATF6 (Yoshida et al., 200&¢let al., 2002). In
skeletal muscle and liver, XBP1u mRNA was increaiseWT after
HFD whereas this change was completely abolisheELR4™ mice.
These results suggest that the ATF6 pathway wasaciptated in
skeletal muscle and liver of TLR4mice while it was in WT mice.
XBP1lu seems regulated differently in adipose tissugon chow,
XPB1u mRNA was lower in TLR4 than in WT mice. It decreased in
WT after HFD and remained unchanged in TURaice. This clearly
indicates that the regulation of the UPR by a HEDssue-specific.

XBP1s was undetectable in adipose tissue. In aiditions, the
values of cycle threshold (Ct) were higher tharaB8 therefore, were

not accurate enough for interpretation (Nolan et2006). This was
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not the case in skeletal muscle wherein XBP1s waased in WT
upon HFD, but not in TLR4 mice. This indicates that the IRE1
pathway was likely activated in WT and that thidivation was
lacking in TLR4™ mice. No changes were observed in XPBIs mRNA
in liver of WT and TLRZ mice. This provides an additional
argument for a tissue-specific regulation of theRU¥ a HFD (Ye et
al., 2010).

We measured the phosphorylation state of ei&2a marker of the
PERK pathway activation. In our experimental coiodis, phospho-
elF20 was affected neither by the mice strain, nor leydiet.

In WT mice fed with HFD, several ER stress markermsre
increased while others did not change. A distimctioust be made in
the interpretation of ER stress marker changes.o@®a hand, the
phosphorylation of elrand the splicing of XBP1 are direct markers
of UPR activation (Malhotra and Kaufman, 2007). tBa other hand,
BiP, CHOP and unspliced XBP1 are called ER stredadible genes,
meaning that they are the consequence of UPR. fidpgsent a long
term adaptation to a stress condition and may betiraeously
overexpressed to cope with ER stress. On the egnX&P1 splicing
and elF2 phosphorylation seem to be transiently activatedr
example, the activation of the PERK pathway is depat on the
acute nutritional status (Oyadomari et al., 20@Byadomariet al.
(2008) shown that the phosphorylation of el barely detectable in
the liver of fasted animals and increased 4 hoftes teeding standard
diet; this effect was higher in animals fed with HFSince the
animals used in the present experiment were saerlifafter a fasted

period of 6 hours, it is possible that we missaddrent changes in the
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phosphorylation state of elk2 Furthermore, caution must be taken
when interpreting result from elkhosphorylation as a consequence
of ER stress. Beside the control of PERK, elFean also be
phosphorylated by three other kinases, namely PptRtdin kinase
R), GCN2 (general control nonrepressed 2), HRI (eleegulated
inhibitor kinase) and dephosphorylated by GADD34ro{éin
phosphatase 1 regulatory subunit 15A) (Novoa eabD1, Williams,
1999, Berlanga et al., 1999).

NFxB pathway is not implicated in HFD-induced ER stres

The results of the present study support the poeseaf
interdependency between TLR4 and ER stress. Wd taefurther
understand how the absence of TLR4 could down-ategHR stress.
Our first hypothesis was based on a reduced aictivalf the NF«B
pathway in TLRZ mice after a HFD, which would reduce the
inflammatory state and consequently ER stress. fiyythesis was
not corroborated as the NdB pathway was not activated after a HFD
in WT and TLRZ" mice in our conditions. The mRNA level of
cytokines regulated by NkB, namely TNF, IL-1p and IL-6 (Zhang
and Kaufman, 2008), was not changed arB-d, an inhibitory
protein of NF«B, was not decreased after HFD and it phosphooyiati
state was not affected.

It has been reported that circulating LPS, the nTdiR4 ligand,
was increased after a HFD likely because of a reaiey gut (Cani et
al., 2007, Cani et al., 2008, Kim et al., 2012ud#ts showed that LPS
induced ER stress in lung (Endo et al., 2006), hunia cells
(Kuribayashi et al., 2008) and liver (Kozlov et, &009). Plasma LPS
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was not measured in the present study. Therefaranay not rule out
that circulating LPS induced ER stress in WT antdim@LR4" mice.
Nevertheless, this hypothesis seems unlikely becafighe lack of
NF-kB activation in TLRZ and WT mice.

In vitro andin vivo studies suggest that TLR4 recognizes NEFA in
addition to LPS (Shi et al., 2006, Lee et al., 20Qlike others
(Garbow et al., 2011, Gao et al.,, 2010), we did observe any
difference in plasma NEFA concentration after a Hi¥Buing against
a NEFA-dependent activation of TLR4 during a HFDevHrtheless,
the blood samples were taken in a fasted statdaledfore, we may
not exclude a transitory increase of circulating AAEduring the

postprandial phase.

TLR4 deficiency protect against body weight gain ad adipose
tissue extension induced by a HFD

In addition to the protection from ER stress, athemnd we
observed that the deletion of the gene coding fdR4l'provides also a
protection against obesity (Radin et al., 2008,Klisw et al., 2007,
Saberi et al.,, 2009), probably because of a moverdéble energy
balance. In parallel to body weight gain, we anigdecd showed that
TLR4 deficiency protects from visceral and subcatars adipose
tissue expansion induced by a HFD (Tsukumo et2@07, Davis et
al., 2008, Radin et al., 2008). Upon chow, the gyneantake was
higher in TLR4" than in WT mice whereas the body weight gains
were similar. Upon HFD, both genotypes increasedrgn intake,
which was the largest in TLR4 mice as previously reported
(Tsukumo et al., 2007, Davis et al., 2008). Sirmeeliody weight gain
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was lower in TLR4 than in WT mice, it is likely that fat absorption
and/or energy expenditure were altered. To the dfestir knowledge,
no results have been reported regarding an impé&ateabsorption in
TLR4 deficient mice submitted to a HFD. Indirectlactanetry
measurements demonstrated that energy expendidrdatty acids
utilization were increased upon a HFD in mice vatloss of function
mutation of the gene coding for TLR4 (C3H/HeJ) [ismo et al.,
2007). Frisardet al. (2010) showed that the skeletal muscle of
C3H/HeJ mice exhibits an increased fatty acid dioda citrate
synthase activity and beta-hydroxyacyl CoA dehydrage activity
(Frisard et al., 2010). Therefore, the metabolicsemuences related to
fat storage could explain the presence of an E&sstin WT after a
HFD without a direct implication of the NEB pathway. In TLRZ
mice, the metabolic changes towards greater enexggnditure and

reduced body fat content would be protective.

TLR4 deficiency protects from glucose intolerancenduced by a
HFD

Recent findings showed that high glucose level aeduER stress,
probably via the glucosamine pathway (Srinivasaal.e2009, Buse,
2006). Indeed, an elevated glucose level causestieRs in primary
cardiomyocytes (Younce et al., 2010), endothelkdlsqSheikh-Ali et
al., 2010), liver (Beriault et al., 2011) and adipi@s (Alhusaini et al.,
2010). Glucose level was slightly increased in fingted state after
HFD, but the concentrations were not different lssw WT and
TLR4" mice. In the present study, glucose toleranceagasssed by

an OGTT test. In the chow condition, there was natisgical
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difference between WT and TLR4 After having received a HFD,
WT mice became glucose intolerant whereas no difiee was
observed in TLR4 mice. This confirms other studies showing that
TLR4 deficient mice are protected from insulin sésnce induced by
lipid infusion or a HFD (Shi et al., 2006, Radinagt 2008, Tsukumo
et al., 2007, Kim et al., 2007, Davis et al., 20B8ggi et al., 2007).
High sucrose diet has also been linked to inswsistance (Dutta et
al., 2001, Pagliassotti et al., 1994). In the HFE&diin the present
experiment, the sucrose content was higher thahom (17 kcal%vs
4 kcal%), but far from the 60-70 kcal% usually usadthe high
sucrose diets (Omar et al., 2012, Dutta et al. 1p00herefore, it is
likely that ER stress and insulin resistance obegim WT and not in
TLR4" mice after HFD is mostly due the fat content af thet even
if we may not rule out a partial indirect contrilauit of sucrose.

In human, TLR4 is more expressed in skeletal musictdese type
2 diabetic patients than lean healthy subjects iRest al., 2008).
These results are associated with a positive eatioel between TLR4
protein content and insulin resistance, suggeshag TLR4 might be
an actor of the process linking inflammation ansuim resistance in
mice as well as in human. A broad spectrum of exgdesuggests that
TLR4 controls its own expression. For example, bation of human
primary myotubes with palmitate or lipid A, the LiB#iding domain
of TLR4, increases its expression (Reyna et alQ8200n the
contrary, TLR4 mRNA is reduced in skeletal musclefrail obese
elderly patients after 12 weeks exercise trainibgnibert et al.,
2008). Endoplasmic reticulum dysfunction due tadlipxcess is also

known to disrupt insulin signal in mice (Ozcan let2004). In human,
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ER stress was observed in liver and adipose tisfwbese patients
(Puri et al., 2008, Boden et al., 2008) and it wakiced after weight
loss (Gregor et al., 2009). All together these ltesand those reported
in the present paper suggest that a down-regulaifomLR4 or a
reduced stimulation of this receptor by nutritignaharmacological
and/or exercise interventions could reveal a nosthtegy for
reducing low grade inflammation and ER stress-iedugnsulin

resistance.

TLR4 deficiency protects from HFD-induced JNK activation in
adipose tissue

TLR4 appears to mediate the signal linking obesityinsulin
resistance. However, the underlying mechanismsiackear and seem
to be organ-dependent (Kim and Sears, 2010). Iptdsent study, we
found that TLR4 was essential for inducing ER stnesthe insulin-
sensitive tissues during a HFD. ER stress is novogeized as a
central mechanism responsible for insulin resisgaf£hang and
Kaufman, 2008). Indeed, activated IREfdecruits TRAF2 (tumour-
necrosis factor-receptor-associated factor 2) and triggers JNK
phosphorylation (Urano et al., 2000). The phosplation of JNK
mediates in turn the phosphorylation of IRS1 (imsubceptor
substrate 1) on serine residues which is known mdibit
phosphorylation of IRS1 on tyrosine residues capsinsulin
resistance (Hirosumi et al., 2002). In our studhg phosphorylation
state of JNK was only affected in adipose tissué\df mice after
HFD whereas this effect was completely abolished TibR4".
Consequently, it is likely that TLR4 contributes tdNK
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phosphorylation through ER stress in adipose tisdues result
supports the idea that the mechanism by which Tixiediates insulin
resistance is organ-dependent. XBP1ls mRNA was eca@dte in
adipose tissue and therefore we have no direct urmagnt of the
activation of IRE& in this tissue.

Independently of the UPR, ER stress induces areaser of lipid
droplets (Zhang and Zhang, 2012). The intracelluligpid
accumulation is known to disrupt insulin pathwayotigh the
generation of lipid-derived toxic metabolites seelnamides and DAG
(Summers, 2006, Idris et al., 2001). Intracellul@ids were not
measured in this study. Consequently, we may nt¢ out an
implication of intracellular lipids in the link beeen TLR4

dependent-ER stress and insulin resistance.

Conclusion

TLR4 deficiency protects from obesity and glucoselerance
induced by a HFD as well as from ER stress in tlannorgans for
glucose and lipid metabolism (skeletal muscle, rliaad adipose
tissue). Contrary to our hypothesis this phenomeisonot directly
regulated by the NkB pathway but seems rather to be the indirect
consequence of metabolic changes in TCRdice which lead to less

fat accumulation.
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Abstract

The purpose of this study was to examine the lietewben oxidative
stress and endoplasmic reticulum (ER) stress ingeya cells.
C2C12 myotubes were incubated with hydrogen pesoitiO,, 200
HM) and harvested 4 h or 17 h after the inductibths oxidative
stress. A massive upregulation of binding immunbglm protein
(BiP) was found, indicating the presence of ERsstréNevertheless,
the three branches of the unfolded protein resp@d&&) were not
activated to the same extent. The double-stranddéd-&ependent
protein kinase (PKR)-like ER kinase (PERK) branchswthe most
activated as shown by the increase of phospho-gotartranslation-
initiation factor 2v (elF2u, Ser51) and the mRNA levels of activating
transcription factor 4 (ATF4), C/EBP homologous @P) and
tribbles homolog 3 (TRB3). The slight increasehe spliced form of
X-box binding protein 1 (XBP1s) together with thecdease of the
unspliced form (XBP1u) indicated a higher endorilbdease activity
of inositol-requiring & (IRElo). The transcriptional activity of
activating transcription factor 6 (ATF6) remainedchanged after
incubation with HO,. The mechanisms by which the three branches
of UPR can be specifically regulated by oxidatittress are currently

unresolved and need further investigations.

Keywords

Unfolded protein response (UPR), oxidative stressnding
immunoglobulin protein (BiP), activating transcrgst factor 6
(ATF6), X-box binding protein 1 spliced (XBP1s), kawyotic
translation-initiation factor @ (elF2u)
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Introduction

Oxidative stress is due to an imbalance betweer faalical
production and antioxidant capacity of the celltddhondria produce
reactive oxygen species (ROS) like superoxide, Wl converted
into hydrogen peroxide @D,) by the reaction catalysed by
superoxide dismutase (SOD). ROS are recognized igisling
molecules regulating physiological and pathologieaénts (Veal et
al., 2007). Nowadays, endoplasmic reticulum (ERJeaps to be a key
player in the integration and sensing oxidativenalg (Malhotra and
Kaufman, 2007b).

ER is a vast membranous network surrounding théensic This
organelle provides an oxidizing and high calciumiemment where
most secreted and membrane proteins are folded n¢gZhend
Kaufman, 2008). Increasing protein load relative the folding
capacity of the ER leads to accumulation of unfdigeoteins, a
condition known as ER stress. To cope with thiessty eukaryotic
cells have developed an adaptive response caledrtfolded protein
response (UPR). Unfolded proteins are sensed bgethER
transmembrane proteins: inositol-requiringt {IREla), double-
stranded RNA-dependent protein kinase (PKR)-like KRase
(PERK) and activating transcription factor 6 (ATF6Ynder
unstressed conditions, each of these ER stresersaasnaintained in
an inactive state through binding with the protelmaperone binding
immunoglobulin protein (BiP). Upon ER stress, Bi® released,
leading to activation of the three sensors and doneam signaling.
UPR pathways rapidly inhibit protein synthesis tlgb the
phosphorylation of eukaryotic translation-initiatifactor 2v (elF2u).
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This step is followed by a transcriptional upregiola of specific
genes coding for proteins implicated in foldingansport and ER-
associated degradation (ERAD). If these adaptispaeses fail to
restore ER homeostasis, an apoptotic response teeédiy C/EBP
homologous (CHOP) is induced (Zhang and Kaufma@8320

High concentrations in lipids activate ER stresvamious organs
like pancreas, liver and adipose tissue (Ozcarh.,e2@04, Laybutt et
al., 2007), but also in C2C12 myogenic cells aneletl muscle of
mice (Pierre et al., 2013, Deldicque et al., 2010)human muscle,
ER stress has been observed in sporadic inclustaly Imyositis,
polymyositis, and type 2 diabetes (Vattemi et 2004, Koh et al.,
2013). The mechanisms triggering ER stress in reusells are still
incompletely resolved. Recent studies have showgsipal and
biochemical interactions between mitochondria aRd(Esordas and
Hajnoczky, 2009). On the one hand, ER and mitochandre
physically associated at the level of a sub-compamt called
mitochondria-associated ER membrane (MAM). On ttieelohand,
calcium and ROS are key molecules involved in themunication
between mitochondria and ER. For example, mitochah®OS can
target ER-based calcium channels leading to calcelease from the
ER to the cytosol. The perturbation of ER calciummieostasis
disrupts protein folding and induces ER strg€3sordas and
Hajnoczky, 2009). It has been shown that oxidasivess induces ER
stress in murine fibrosarcoma cells (L929), murmesencephalic
cells (MN9D), human retinal pigment epithelium (RRElls, Chinese
hamster ovary (CHO) cells, HeLa cells and heaits ¢e19c2) (Xue et
al., 2005, Holtz et al., 2006, He et al., 2008, rBdaile et al., 2006,
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Pallepati and Averill-Bates, 2011). However, thetgra of UPR
activation seems dependent on cell types. In Heklbs,c HO,
activates the three UPR pathways (Pallepati andilBates, 2011)
whereas in L929 cells, J, activates the PERK pathway but not the
IRE1 pathway (Xue et al., 2005).

Because muscle cells are great ROS providers (&admd Sestili,
2012), oxidative stress is a potential regulatolE8¥ stress in these
cells. Therefore, the purpose of this study wamvestigate whether
oxidative stress could induce ER stress in the @2@%ogenic cell
line and to identify which signaling pathways of RIRre specifically
activated.

Materials and Methods
Cell culture

C2C12 mouse myoblasts (ATCC, USA) were culturegi7atC in a
humidified incubator containing 5% GOCells were seeded in 8.8
cn? culture dishes (Nunc, Belgium) and grown in a higicose (4.5
g/L) Dulbeccos’s Modified Eagle Medium (DMEM, Life
Technologies, USA) supplemented with 10% (v/v) &bebovine
serum, 100 U/ml penicillin and 100 pg/ml streptomydLife
Technologies). When cells reached confluence (48m@dium was
replaced by a differentiation medium containing DMIE2% (v/v)
horse serum (Lonza, Belgium), 100 U/ml penicillindal00 pg/mi
streptomycin. After 96 h of differentiation, 200 pMydrogen
peroxide (Sigma-Aldrich, Belgium) or 1 pM thapsigar (Tocris
Bioscience, UK) or appropriate solvent in contrandition (i.e.,
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water for hydrogen peroxide and DMSO for thapsiggravas added
to the dishes. Cells were harvested after 4 or.17 h

Western blotting

Cells were lysed in ice-cold and pH 7.0 lysis buffentaining 20
mM Tris, 270 mM sucrose, 5 mM EGTA, 1 mM EDTA, 1 mM
sodium orthovanadate, 50 mtglycerophosphate, 5 mM sodium
pyrophosphate, 50 mM sodium fluoride, 1 mM DTT (1,4
dithiothreitol), 0.1% (v/v) Triton X-100 and 10% qgtease inhibitor
cocktail (Roche Applied Science, Belgium). The hgemates were
then centrifuged at 10,0@Pfor 10 min, at 4 °C. Protein concentration
was determined using the Detergent Compatible (P@jein assay
kit (Bio-Rad Laboratories, Belgium). Cell lysateen& separated by
SDS/PAGE and transferred to polyvinylidene fluoridBVDF)
membrane (GE Healthcare, Belgium). Membranes wieieked for 1
h in a Blotto solution containing Tris-buffered isal with 0.1% (v/v)
Tween 20 (TBST) with 5% (w/v) non-fat dried milk. hén,
membranes were incubated overnight at 4 °C with follewing
primary antibodies: eukaryotic elongation factor (REF2), BIP,
IREla, protein disulfide isomerase (PDI), phosphorylatéelo
(Ser51), phosphorylated-JNK  (Thrl83/Tyr1l85). All inpary
antibodies were from Cell Signaling Technology (Thetherlands).
Then membranes were incubated for 1 h at room teahpe with a
secondary antibody. Proteins were finally deteatsthg Enhanced
Chemiluminescence (ECL) Western blotting Detect®ystem Plus
(GE Healthcare). The films were then scanned onnsgeScanner

using the Labscan software and quantified withlthage Master 1D
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Image Analysis Software (GE Healthcare). All resulivere
normalized to eEF2 protein and finally expressddtirely to the

control condition.

RNA extraction and quantitative Real-Time PCR

Total RNA extraction from cells was done with Tiiz(Life
Technologies), according to the manufacturersucstons. The RNA
quality was assessed by 1.5% (w/v) agarose gdirefgmoresis, while
the quantity and purity were measured by NanoDrop®
spectrophotometer (Isogen Life Science, Belgium)eveRse
transcription was performed with iScript cDNA syesis kit (Bio-
Rad) from 1 pg total RNA. Real time PCR experimemése done on
a MylQ2 thermocycler (Bio-Rad). Samples were aredyin duplicate
in 10 pl reaction volume containing 4.8 IQSybrGreen SuperMix
(Bio-Rad), 0.1ul of each primer (100 nM final concentration) angl5
of cDNA. Primers sequences are reported in TaldleMelting curves
were systematically analyzed to ensure the spdyifiof the
amplification process. Relative quantities werecglated with the
standard curve method. Target genes were normalizet) three
reference genes according to the geNorm analysasd®sompele et
al., 2002) and finally expressed relatively to tmntrol group. The
reference genes were cyclophilin (CPHN), glycenaydie-3-
phosphate dehydrogenase (GAPDH) and beta-2-midvaljo
(B2M3).
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Table 6.1.Sequences of primers (5'-3")

Primers Forward Reverse
BiP CTATTCCTGCGTCGGTGTGT GCAAGAACTTGATGTCCTGCT
CHOP CCTGAGGAGAGAGTGTTCCAG CTCCTGCAGATCCTCATACCA

XBP1u TGAGAACCAGGAGTTAAGAACACGC CACATAGTCTGAGTGCTGCGG
XBP1s TGAGAACCAGGAGTTAAGAACACGC CCTGCACCTGCTGCGGAC

ATF4 GAGCTTCCTGAACAGCGAAGTG TGGCCACCTCCAGATAGTCATC
TRB3 TGTGAGAGGACGAAGCTGGTG TCGTGGAATGGGTATCTGCC
CPHN CGTCTCCTTCGAGCTGTTTG CCACCCTGGCACATGAATC
GAPDH  TGGAAAGCTGTGGCGTGAT TGCTTCACCACCTTCTTGAT
B2M3 AAGCCGAACATACTGAACTGC CGTCTACTGGGATCGAGACAT

Uncpliced, XBP1S: X box-binding protein 1 splcadF4: acivaiing tanserption facto 4 TRE:
Tribbles homolog 3, CPHN: Cyclophilin, GAPDH: Glyatlehyde-3-phosphate dehydrogenase,

B2M3: Beta-2-microglobulin.

Plasmids and cell transfection

ATF6 transcriptional activity has been detectedhwiticiferase

reporter genes. p5xATF6-GL3 plasmid (Addgene pldsmhi976)
contains five repeats of the ATF6 binding site eldnnto a minimal
promoter preceding the firefly luciferase gene (@aat al., 2000).
Renilla plasmid was used to normalize transfection efficie
Plasmids were amplified in XL1-Blue (Stratagene AYy&nd purified
with the NucleoBond Xtra Maxi Plus Kit (Macherey-\d, Belgium).
C2C12 myoblasts were co-transfected (Amaxa Nuctofé”
Technology, Lonza) at 50-60% confluence according the
manufacturer’s instructions. C2C12 myoblasts (3).#@re suspended
in 100 ul of mouse neuron Nucleofector solution (Lonza)wits pg
of p5xATF6-GL3 and 2.5 pg oRenilla plasmid. Then, cells were
nucleofected and cultivated as described aboveerAdippropriate
treatment, cells were lysed with Passive Lysis &ufPromega, The

Netherlands) and assayed for firefly aRehilla luciferase activities
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using the Dual Luciferase Reporter Assay Systeranflega). Firefly
luciferase activity was reported Renilla luciferase activity.

Statistical analysis

All results were expressed relatively to the cdntymup and are
presented as means = SEM. Three independent culwere used. In
each culture, the results were generated in duplica triplicate.
Student test or one-way ANOVA was used to asseasstutal
differences amongst means. When appropriate, thme@&tis method
was used as a post-hoc analysis. The significdeshold was set for
a P-value < 0.05. Statistical significance is indichte figures with *
(P <0.05) and ** P < 0.01).

Results
H.O increases the transcription of UPR-inducible genes
Transcripts coding for several proteins involved WPR were
regulated upon pD, in C2C12 myotubes. Four hours aftepGd
exposure, the spliced form of X-box binding protein(XBP1s)
increased by 64%P(< 0.01) whereas the unspliced form (XBP1u)
decreased by 23%° (= 0.021) (Figure 6.1A). The two forms of XBP1
were not modified 17 h after B, exposure (Figure 6.1B). Short- (4
h) and long-term (17 h) response teCd exposure increased the
transcript coding for the chaperone BiP (69%s 0.01 and 98%R =
0.014; respectively) (Figure 6.1). Four hours akteO, treatment,
activating transcription factor 4 (ATF4), CHOP amnitbbles homolog
3 (TRB3) mRNA increased by 82% & 0.01), 331%R < 0.01) and
165% @ < 0.01) respectively (Figure 6.1A). A longer periiL7 h)
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induced a higher increase of ATF4 (14P4& 0.011) CHOP (17-fold,
P <0.01) and TRB3 (34-fold? < 0.01) mRNA (Figure 6.1B).

A B
10 50 o
[ JetrL [ Jetre ]
I +h 1,0, 407 17 H0,
8 -
30 o =
20 | L

mRNA level (fold basal)
mRNA level (fold basal)

*
*
2 ns Iﬁl F |_‘
0
XBP1u XBP1s BiP ATF4 CHOP TRB3 XBP1u XBP1s BiP ATF4 CHOP TRB3

Figure 6.1. mRNA levels of XBP1u, XBP1s, BiP, ATF4, CHOP and BR
measured in C2C12 myotubes after 4 h (A) or 17 haofBH,0, exposure. Results
are expressed as means + SEM (n = 3); ns, noffisigmi (P = 0.05); *P < 0.05; **
P <0.01.

H,O; increases the expression of ER stress protein magks

The protein chaperone BiP was increased 4 h (683200.01) and
17 h after HO, exposure (674% < 0.01) (Figure 6.2). These results
confirm those obtained by mMRNA analysis (Figure)6.The
phosphorylation state of elkdncreased 5-foldR = 0.02) 4 h after
H2O, exposure and was maintained until 17 h (338%, 0.01). The
protein expression of IRk1did not change 4 h after,8, exposure
whereas it increased by almost 8-foRl € 0.01) after 17 h. Finally,
PDI protein and the phosphorylation state of JNKemgot modified
by H,O, (Figure 6.2).
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Figure 6.2. Protein expression of BiP, IRE1PDI, phosphorylation state of ekk2
and JNK measured in C2C12 myotubes after 4 h dr @7H,O, exposure. Results
are expressed as means + SEM (n = 3); ns, noftfisigmi (P = 0.05); *P < 0.05; **
P <0.01.

H,O, does not activate the ATF6 pathway

The activation of the ATF6 branch of UPR was assksy
measuring the transcriptional activity of this giot Four hours and
17 h after HO, exposure, the transcriptional activity of ATF6 dhat
change (Figure 6.3). In contrast, it was incredse@-fold (P < 0.01)
after 4 h thapsigargin treatment and by 24-fétd<(0.01) after 17 h
(Figure 6.3A and 6.3B).
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Figure 6.3. Relative ATF6 activity measured by the p5xATF6-GlpBasmid
luciferase activity normalized to theenilla luciferase activity in C2C12 myotubes
after 4 h (A) or 17 h (B) of JD, exposure. Results are expressed as means + SEM
(n = 3); ns, not-significan= 0.05); *P < 0.05; *P < 0.01.

Discussion

Muscle cells are highly exposed to oxidant molesule this
context, detection and response to oxidative stiessitical for cell
survival. In this study, we show that ER of C2C1%otbes senses
and responds to oxidative stress. IndeegD Hreatment activates
UPR and increases the level of BiP, a well-recagphimarker of ER
stress (Lee, 2005). Due to its diffusion capacity acrossll c
membranes, D, has been widely used as a model of oxidative stres
(Veal et al., 2007). Nevertheless, the highly rneachature of ROS
implicates a rapid disappearance of the stresscerd@ilden et al.
(2010) showed that 4D, (200 uM) was almost completely eliminated
from the culture medium of C6 glioma cells afteh IGulden et al.,
2010). In this study, we decided to investigateharts (4 h) and a
long-term (17 h) response after an oxidative stiredsced by 200 pM
H,0,. Preliminary experiments (data not shown) andlte$tom the
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literature (Nishida et al., 2007) led us to chotisis concentration
because it was the best compromise between cellivalrand
activation of the UPR.

IRE1 pathway is the only common branch of UPR betwiower
eukaryotes and metazoans (Walter and Ron, 2011gnWinfolded
proteins accumulate into ER, BiP dissociates fr&&1n leading to
its homodimerization and trans-autophosphorylatibat in turn,
activates its kinase and endoribonuclease (RNAse)aths. IRE1
RNAse cleaves an intron from XBP1 mRNA, which inesica
translational frame shift. The isoform resultingrfr XBP1s mRNA
translation is a potent transcription factor thetds to the consensus
mammalian ER stress response element (ERSE) (Zrah&aufman,
2008). Consequently, the spliced form of XBP1 mR(¥8P1s) is a
proximal and specific marker of the IRE1 pathwayur Qesults
showed an increase of XBP1ls afteg( exposure as well as a
decrease of the unspliced form giving argumentsaforctivation of
the IRE1 branch of UPR.

Our results confirm a recent study showing an atitm of IRE1
by H,O, in HelLa cells(Pallepati and Averill-Bates, 2011) but not
those reported by Xue et §2005) who did not observe any change of
XBP1s upon HO, treatment (1 mM for 1-8 h) in L929 fibroblasts
(Holtz et al., 2006). In the latter study, XBP1s N/Rwas measured
by Northern blot, a technique possibly not sensitmough to detect
the slight (64%), but significant increase thatabserved.

In response to ER stress, activated IREdcruits TRAF2 (tumor-
necrosis factor-receptor-associated factor 2). This complex induce

the phosphorylation of JNK linking ER stress tolanfmation
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pathways (Urano et al., 2000). In our study, wewsdtban activation
of the IREL pathway but no change was observed in the
phosphorylation state of JNK. This inconsistentuitesould be
explained by three hypotheses: 1) we missed a rapdl transient
phosphorylation of JNK that could occur before £hthe activation
of the IRE1 pathway is too weak to induce JNK plhasplation.
Indeed, XBP1s, a direct marker of IRE1 pathwayraased slightly in
comparison to others UPR markers; 3) IRE1 medidbdd-activation
is not present in C2C12 myotubes. To the best okonawledge, this
pathway has not been demonstrated in muscle cells.

The most immediate response to ER stress is theslatsonal
inhibition of protein synthesis. Upon ER stressRREhomodimerizes
to promote its trans-autophosphorylation. The atim of PERK
induces the phosphorylation of el2 which inhibits global
translation while activating selective translatihu et al., 2004). In
agreement with previous results obtained in otledlr tgpes (Xue et
al., 2005, Holtz et al., 2006), we observed thagDHnduced elFa
phosphorylation in C2C12 myotubes. However, we matyexclude
that elF2. could be phosphorylated independently of PERK upon
oxidative stress. Four different kinases are kndwmphosphorylate
elF20: PERK, general control non repressed 2 kinase (&Cheme-
regulated inhibitor kinase (HRI) and interferondiced double-
stranded RNA-dependent protein kinase (PKR). Theade that
phosphorylates elf2 under oxidative stress is still under debate.
Some authors suggested the existence of anotheZa-kiRase
specifically induced by oxidative strefRon, 2002, Harding et al.,
2003). Recently, a higher phosphorylation stateEiRK was reported
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upon HO, exposure in HelLa cells but on the opposite, in 992
fibroblasts, other authors reported, no change IERR
phosphorylation state while the phosphorylatiortestat elF2. was
increased (Xue et al.,, 2005, Pallepati and Av@&dtes, 2011).
Consequently, elF2 phosphorylation induced by .8, is possibly
mediated by PERK but we may not exclude a contiobubf another
kinase.

ATF4 transcript is the most investigated UPR dovessh effector
translated under elle2 phosphorylation. This transcription factor
upregulates CHOP, the main mediator of ER-mediafexptosis (Wu
and Kaufman, 2006). Furthermore, ATF4 cooperatedh WHOP to
induce the transcription of TRB@®hoka et al., 2005). Consistently
with the activation of the PERK branch of UPR, vi®wed that the
MRNA levels of ATF4, CHOP and TRB3 increased aft&O,
exposure in C2C12 myotubes.

The ER lumen provides an oxidizing environment, claihallows
the formation of disulfide bonds. At the end of ddeoxidation
reactions, the electrons are finally transferredxggen to form HO,
inside ER. Therefore, a higher folding rate incesathe production of
H,0, (Zhang and Kaufman, 2008), which subsequently cdivade
ER stress and UPR as shown in the present studiheédopposite, ER
stress also regulates antioxidant defences (Hareliral., 2003). For
example, the PERK pathway activates the transonpti glutathione
S-transferase subunits favouring the redox buff@pacity of ER
(Malhotra and Kaufman, 2007a). The activation & BERK branch

after O, exposure that we observed is compatible with diea ithat
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ER has the capacity of sensing oxidative envirortnagia to trigger
antioxidant response.

The third branch of UPR is initiated by the tramsiiton of ATF6
to the Golgi apparatus where it is cleaved by twotgases. The
proteolysis releases a fragment containing a bagjon and leucine
zipper (bZIP) domain, which migrates to the nucléairds to ERSE
and induces the transcription of UPR-inducible geghang and
Kaufman, 2008). Activation of ATF6 can be assedsgdneasuring
BiP dissociation, ATF6 translocation, ATF6 cleavage ATF6
transcriptional activity. The last strategy, usadour experiments, is
recognized as a very sensitive method (Shen anad3ry2005). The
lack of changes in the ATF6 transcriptional acyivieported in the
present study provides evidence against the aictivatf the ATF6
branch of UPR by kD, in C2C12 myotubes. This is an apparent
contradiction with the upregulation of the cleavadTF6 found in
HelLa cells after KD, exposure (Pallepati and Averill-Bates, 2011).
Therefore, in our study, we may not rule out a \ceg of ATF6
without changing its transcriptional activity.

In conclusion, ER of C2C12 myotubes appears tohbe ta sense
and respond to oxidative stress. Nevertheles®,thduced oxidative
stress does not activate the three branches of toRtie same extent.
The downstream effectors of PERK i.e. elFATF4, CHOP and
TRB3 are highly responsive to oxidative stress. TRIE1 pathway is
slightly activated whereas the transcriptional \amti of ATF6
pathway is not modified. The mechanisms by whic@nbhes of UPR
can be specifically activated by oxidative stresge a&urrently

unresolved and need further investigations.
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Chapter 8: Discussion, limitations and conclusion

8.1. Discussion

8.1.1. Regulation of endoplasmic reticulum stresgody mass, and

insulin sensitivity by toll-like receptor 4

TLR4 and ER stress

High concentrations in lipids induce ER stress iangncell types
including myocytes, hepatocytes and adipocytesni{flant et al.,
2012). In those cells, disruption of ER homeosthsas been causally
linked to insulin resistance physiopathology (Ozanal., 2006).
However, little is known about the mechanism byahkhlipids act on
ER. In the study presented in chapter 5, we hypmtbkd that TLR4
mediates circulating NEFA-induced ER stress. Tottas hypothesis,
WT and TLR4" mice were fed with chow or HFD. Our results
indicated that TLRZ mice were protected against ER stress in
skeletal muscle, liver and adipose tissue. To itgate how TLR4
regulates ER stress, we measured the TLR4 downstedtectors.
Surprisingly, neither NkB nor MAPK pathways were activated by
HFD. Except for the phosphorylation state of JNKautfipose tissue,
none of the markers of the TLR4 pathway were udetgd by HFD
in WT and TLRZ™ mice. Furthermore, no change was observed in
circulating NEFA concentrations after HFD. Theseuits argue
against a direct regulation of ER stress by TLRyhaling. However,
we cannot exclude that 1) NB and MAPK pathways were

transiently activated after an acute elevation io€utating NEFA
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concentrations caused by a high-fat meal, so weedithese changes
because tissue and blood samples were taken istedfatate; 2) our
markers were not sensitive enough to detect awadictn of the TLR4

downstream effectors.

In C2C12 myotubes, we clearly found a disconnecbetween
TLR4 activation and ER stress (data not shown). A kRockdown by
SiRNA failed to reduce ER stress induced by patmit®n the other
hand, in a time-course experiment (0-24 h), LPSu@iml) did not
increase the mRNA levels of ATF4, CHOP, TRB3, XBRisl BiP.
On the contrary, LPS drastically increased the lagtes IL-6 (160-
fold) and monocyte chemotactic protein 1 (MCP1)7(i®d). In our
experiment, the activation of TLR4 induced by LP&s not seem
comparable with physiological conditions. For imsta, IL-6 mMRNA
Is upregulated no more than 3-fold in testus lateralis from obese
subjects (Reyna et al., 2008), as well as in s&ketetiscle of HFD-fed
mice (Cani et al.,, 2007). This suggests that eWehPS and/or
circulating NEFA activate TLR4, this regulation mobably not
sufficient to trigger ER stress in muscle cells.n€sguently, we
propose that TLR4 does not act directly on ER ha@tasis in muscle
cells. This observation is probably cell-type speciindeed, LPS
does induce ER stress in numerous cell types (ehat More
generally, cells with high secretory activity colld more sensitive to
ER stress than those that are not specializedoteiprsecretion such
as muscle cells. In most eukaryotic cells, aboue-tird of the
proteins are synthetized in the ER (Hetz, 2012)wéier, the ER

folding machinery of specialized secretory cellgy(ehepatocytes, B
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lymphocytes, pancreati cells, macrophages) faces additional
challenges due to the high protein demand (Hetz2R(~or instance,
~80% of the proteins synthetized in pancrefticells are exported
(Kramer and Poort, 1972) and, liver cells secreitboms proteinsper
minute (Hotamisligil, 2010). Consequently, we camagine a

threshold of ER stress adapted to cell functions.

In our study, a direct relationship between TLR4l &R stress
seems unlikely. However, TLR4 is associated with HEiRess as
demonstrated by the use of knockout mice. Like rsthe@e found that
TLR4 deficiency protects against HFD-induced olye€lisukumo et
al., 2007, Radin et al., 2008). Therefore, theguide effect observed
on ER stress could be related to leanness ratlaer dahdirect TLR4
signaling. Obesity is associated with numerousrdes that can alter
ER homeostasis (e.g., inflammation, oxidative stresitochondrial
dysfunction, lipotoxicity and glucotoxicity). In ostudy, obesity is a

confounding factor that makes the results difficalinterpret.

When lipids accumulate in the cytosol, more pratere needed to
store fat in lipid droplets (Hotamisligil, 2006).068sequently, ER
stress could be due to an increase of protein egigthAlternatively,
lipotoxicity can disrupt the folding capacity. Lipexcess is associated
with ROS production in muscle cells, and it hasrbpeoposed, in
other cell types, that oxidative stress inducessEBss (chapter 2). In
the study reported in the chapter 6, we tested lvehnaixidative stress
per se could induce ER stress in C2C12 myotubes. Intewgdgt we
showed that kKD, triggers ER stress in C2C12 myotubes. We can



118 Chapter 8

suppose that, like thapsigargin, oxidative stre#®rsa calcium
homeostasis by targeting ER-based calcium chancigpfer 2).
However, we did not measure the calcium releasm &R, thus we
may not exclude the presence of another mechafisninstance, the
folding capacity and the ERAD system could be ovatwed by the
presence of proteins damaged by ROS. Whatever ¢lohanisms, our
results provide an argument for the involvementR&®S in lipid-
induced ER stress in muscle cells. Recently, Nyéoedteine and
ebselen antioxidant molecules alleviated ER stirdisced by NEFA
in 3T3-L1 adipocytes (Kawasaki et al., 2012). Hoerewsing the
natural antioxidant tetramethylpyrazine, we wereahla to block
palmitate-induced ER stress in C2C12 myotubes (aaitahown). At
the present time, we cannot propose that ROS armtbrmediates by
which lipids disrupt ER homeostasis in muscle cdllsre research is
required to test other antioxidant agents, and ablbb specific
molecules targeting mitochondrial ROS could be tutlpindeed,
lipid-stimulated ROS production seems to be relatechitochondrial
dysfunction (chapter 2). In different cell-typesetuse of antioxidant
agents enabled to reduce ER stress induced byugagonditions
(chapter 2), suggesting that oxidative stress cddda common

mediator by which metabolic factors are sensedRy E

Modulation of energetic metabolism by TLR4

The protective effect of TLR4 deficiency on obessgems to be
related to a higher energy expenditure rather ¢hdacrease of energy
intake. However, a reduction of fat absorption cdrve excluded in

TLR4 deficient mice. To the best of our knowledtgs has not been
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investigated yet. In agreement with Tsukumo e{2007), we found
that energy intake increased in WT as well as TLRaice submitted
to HFD (Tsukumo et al., 2007). On the other handasarements of
oxygen consumption showed that, upon HFD, energyerditure
increases in TLR4 deficient compared to controlenf€sukumo et
al., 2007). Consequently, TLR4 is probably not iwed in the
regulation of appetite and satiety. Neverthelessitrasting results
have been reported. In HFD-fed mice, TLR4 or MyD&tdckdown
reduced the caloric intake, suggesting that TLRgulees appetite
(Galbo et al.,, 2013). These conflicting results aemdifficult to

explain.

Interestingly, regulation of energetic metabolismeeges as a new
function of TLR4 (Pang et al., 2010). Upon HFD tyacid oxidation
increases in TLR4 deficient mice as shown by tlgucgon in the
respiratory exchange ratio; this is not the casethem WT mice
(Tsukumo et al., 2007). According to this finding,.R4 deficient
mice could adapt energetic substrate to diet coitiposin line with
Tsukumo et al. (2007), it has been reported a higaty acid
oxidation capacity, beta-hydroxyacyl CoA dehydragg and citrate
synthase activity in the skeletal muscle of TLR4figlent mice
(Frisard et al., 2010). Intraperitoneal injectioh L&*S in WT mice
produced both an increase of glucose oxidation amdduction of
fatty acid oxidation in skeletal muscle (Frisardakf 2010). In C2C12
myotubes, IKK inhibitor prevented the shift in egetic substrate
induced by low dose of LPS (50 pg/ml), suggestingnaplication of
NF-«xB (Frisard et al., 2010). More investigations aeeced to better
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understand how TLR4 regulates energetic metabolism.

In the context of HFD, not all studies found an licgtion of
TLR4 in body weight gain. The reason of this dipamcy is unclear
but a sex-dependent effect has been proposed Skicet al. (2006)
reported that, upon HFD, female TLR4nice gain more weight than
female WT mice (Shi et al., 2006). However, in &eotstudy, male
TLR4" mice were not protected from body weight gain teth by
HFD, suggesting no sex-dependent effect (Kim e2a07).

Some authors proposed that the different genetieragions
existing in the TLR4 deficient mice could explaretdivergent results
obtained concerning obesity (Saberi et al., 2008ykiimo et al.,
2007). Three models of TLR4 deficient mice are kade. Two of
them are natural loss-of-function mutation (C3H/He# natural
deletion (C57BL/10ScN). The third one, TLR4nice, used in our
study, have been generated by homologous recondrn@toshino et
al., 1999). The hypothesis of a specific adaptatielated to the
different genetic alterations might also be ruletl in our study, male
TLR4” mice were protected against body weight gain ieduby
HFD, whereas another study did not find such effém et al.,
2007). Similarly, conflicting results are presemt the literature
regarding C3H/HeJ mice (Tsukumo et al., 2007, Pegal., 2007)
and C57BL/10ScN mice (Radin et al., 2008, Davialgt2008). It is
currently difficult to explain such contradictorgsults, but differences
in circulating LPS could be involved. InterestinglFD increases
circulating LPS, and chronic infusion of LPS indsiaesity in mice
(Cani et al., 2007). As a consequence, LPS coul@f@monsible of the
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pathological adaptation discussed above. We carculgie that
circulating LPS concentrations depend on HFD contipos and
period, inducing thereby differences in body weigidin. In the
studies described in this paragraph, the percemthgalories from fat
ranged from 45 to 60%, and the HFD period rangedhfi7 to 36
weeks. Complementary to this hypothesis, the sooiréat could also
be critical. Indeed, saturated NEFA, unlike unsztest NEFA, are
known to activate TLR4 (chapter 2). Thus, HFD cosipon could
influence the concentration of circulating satudladEFA, which in
turn might regulate TLR4-induced obesity. In conimec with this
hypothesis, high-fat palmitate, unlike HFD contropregulates IL-6
and TNFe in mice adipose tissue (Davis et al., 2008). Unizately,

the origin of fat is rarely indicated in the stuglie

Regulation of insulin sensitivity by TLR4

In the last decade, TLR4 emerged as a candid&tiadjrdietary fat
intake to insulin resistance. However, results frome literature
remain unclear. In HFD-fed mice, two studies regara protective
role of TLR4 deficiency on insulin resistance (S#ti al., 2006,
Tsukumo et al., 2007), whereas two others did mat such effect
(Poggi et al., 2007, Radin et al., 2008). Thesdlioting results could
be explained by differences in HFD composition getiod (see
above), and/or techniques used to evaluate inselsitivity. Indeed,
OGTT (Tsukumo et al., 2007), ITT (Shi et al.,, 206&din et al.,
2008) or euglycemic-hyperinsulinemic clamp (Podgale 2007) has
been performed. In our study, we found that T{:Rdice are slightly

less glucose intolerant than their WT counterpaftisr HFD. This is
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in agreement with Tsukumo et al. (2007) although #ifect on
glucose tolerance was much more pronounced irstbdl. However,
it is hazardous to compare our results with thostioned in that
report due to differences in the HFD models. Fetance, after only 8
weeks on HFD, the body weight of WT mice increadgd~50%
compared to control mice. In our study, 8 weeksH&D did not
change body weight (data not shown), this highsighhajor
differences in HFD models.

Inflammation seems to be the obvious mechanism tighwTLR4
mediates insulin resistance. In line with this hjyesis, TLR4
deficient mice were protected against HFD-indugelilin resistance
and inflammation in skeletal muscle, liver and adg tissue (Shi et
al.,, 2006, Tsukumo et al., 2007). However, in odudg the
inflammation markers were not upregulated by HFDhisT
discrepancy could be due to the severity of HFDuosdl obesity. As
mentioned above, body weight was drastically ineedaafter HFD in
the study of Tsukumo et al. (2007). Likewise, ia #tudy of Shi et al.
(2006) body weight increased by 60-70% in WT mitteraHFD. In
our experiment, body weight was increased by 18%/inmice after
HFD (data not shown). In another study, increasbaafy mass was
limited to ~10% after HFD and, no change was olesrin the
MRNA levels of TNk, MCP1 and IL-6 cytokines in the adipose
tissue (Davis et al., 2008). Altogether, this sigggehat only extreme
models of HFD are associated with obesity-indugdihmmation in
mice. The link between TLR4, inflammation and imsulesistance

remains to be demonstrated in more physiologicatlitimns.
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ER stress could also mediate the action of TLR4 imsulin
sensitivity. As described in chapter 3, ER stressecognized as a
central mechanism of insulin resistance physiopgatyo
Interestingly, we found that TLR4mice were protected against ER
stress induced by HFD in the main organs for glacao®tabolism.
However, the results obtained do not allow to dsflata link between
ER stress and insulin resistance. Firstly, insuésistance has not
been demonstrated since insulin concentration guoiGTT was not
measured, and ITT was not performed. Secondly, than
intermediate of ER stress-induced insulin resisane., JNK (chapter
3), was not activated by HFD except in the adiptisgue. In this
tissue, the other markers of TLR4 signaling weré¢ umaregulated,
supporting the idea of an ER stress-dependent adictiv of JNK.
Regarding liver, ER stress stimulates lipogendsisuigh activation of
the transcription factor sterol regulatory elembirtding protein 1c
(Kammoun et al., 2009). This mechanism has beesadigtassociated
with liver insulin resistance (Kammoun et al., 2D0B our study,
liver ER stress could potentially participate taiggise intolerance
induced by HFD. The role of ER stress in skeletaisae insulin
resistance is particularly unclear. It will be dissed in the next
subpart.

Alternatively, ceramides could account for TLR44cdd insulin
resistance. Until recently, it was well acceptedt thaturated NEFA
inducedde novo ceramides synthesis by providing a substrate Rar, S
the rate limiting enzyme of ceramide synthesis.apgy published in
The Journal of Clinical Investigation demonstratit saturated

lipids also promotede novo ceramide synthesis through TLR4
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(Holland et al., 2011). The authors provide evigenthat can be
summarized as follows: 1) LPS time-dependentlyaased ceramides
content in isolated raileus; 2) In soleus, TLR4 deficient mice were
protected against accumulation oéramides induced by lard oll
infusion or palmitate treatment; 3) LPS as well palmitate
upregulated enzymes driving ceramide biosynthesth sas SPT2,
ceramide synthase 1 (CerS1), CerS2 and CerS6 inZagyotubes.
As mentioned in chapter 3, ceramides are mediatblipid-induced
insulin resistance. Collectively, these observaiosuggest the
existence of another mechanism by which TLR4 caddon insulin

sensitivity.

The use of global deficiency in TLR4 leads to difities when
interpreting the results: 1) confounding effectsibe 2) identification
of the tissue responsible for the protective effelaserved. A well-
designed study tried to overcome these drawbac&sefJal., 2014).
Liver-specific TLR4 null mice (TLR4®) were generated thanks to a
Cre-LoxP system. Under HFD, TLE® mice became obese as WT
mice, suppressingde facto the confounding factor of obesity.
Interestingly, HFD-induced insulin resistance watterauated in
TLR4"C. Consequently, liver seems a key organ in whiclRZL
exerts its deleterious effects on insulin signalingowever,
contradictory results were reported (Galbo et24l13). Indeed, in this
study, TLR4 deficient mice were not protected agfaliver insulin
resistance induced by HFD. This suggests majoermdiffces in the
physiopathology of insulin resistance between dloaad liver-

specific TLR4 knockout.
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Macrophage infiltration is well known to play a tet role in the
development of insulin resistance (Shoelson et 2006). In the
context of obesity, proinflammatory cytokines cam Ilmainly
produced by the infiltrated macrophages. For irganTNF is
essentially synthetized by macrophages in adipgsad from ob/ob
mice (Weisberg et al., 2003). Given that macropbdudghly express
TLR4 and contribute to insulin resistance, myelgpecific TLR4 null
mice (TLR4™) were generated (Jia et al., 2014). Unexpectexdigr
HFD, TLR4™ were not protected against insulin resistance and,
circulating inflammatory cytokines were elevatedn Imice,
hematopoietic cell-specific deletion of TLR4 prosdd divergent
results (Saberi et al., 2009). According to thisatation, TLR4 from
lymphoid-derived cells rather than from macrophagesld be

involved in the physiopathology of insulin resistan

In response to high level of circulating NEFA, niethc tissues
trigger an inflammatory response which in turn s insulin
signaling. Interestingly, a plasma membrane recepfothe innate
immune system, TLR4, induces inflammation in reggoto saturated
NEFA. In the wake of this discovery, studies deniated the
implication of TLR4 in the development insulin r&since. However,
it remains to unravel the tissues and cells coutirly to this

mechanism.
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8.1.2. Insulin resistance induced by endoplasmic tieulum stress

in muscle cells: what is wrong?

UPR, inflammation and insulin resistance

In the context of obesity, extracellular and ingladar lipids
appear to initiate the development of metainflamomat i.e.,
inflammation induced by metabolic factors. This @ional
inflammation, also called low-grade inflammation, ush be
distinguished from the normal response to pathagkttion. In type
2 diabetes, the development of insulin resistasdatimately linked
to metainflammation (Hotamisligil, 2005), this caligelationship has
been discovered for over a hundred years. Indeed,8v6 Ebstein
observed that sodium salicylate reduced glycosariBabetic subjects
(Shoelson et al., 2006). However, the mechanismshgh metabolic
signals are transduced into inflammatory respoas®in unclear and
belong to the emerging field of immunometabolisrecéntly, it has
been proposed that ER could be an integration cewtéch senses
metabolic stress and triggers an inflammatory dighimtamisligil,
2010, Hotamisligil, 2006). More precisely, UPR sling is coupled
with the NFxB and MAPK inflammatory pathways (Zhang and
Kaufman, 2008). In the next paragraphs, we willukbcon the

experiments that revealed this mechanism.

Urano et al. (2000) treated rat pancreatic AR42ls ceith
tunicamycin and thapsigargin (Urano et al., 200Bey observed that
JNK activity was drastically increased by both cie@hER stress
inducers. Upon ER stress, IREfecruits the adapter protein TRAF2,
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the complex IRE&-TRAF2 activates JNK. This was the first time that
ER stress was connected to JNK. These findings wetended to
fibroblasts and liver cells (Ozcan et al., 2008Ela™ fibroblasts
were protected against JNK activation induced bgicamycin.
Because JNK is well known to phosphorylate IRS-laannhibitory
serine residue (S&), insulin pathway was also investigated. In Fao
liver cells, tunicamycin disrupts insulin signalireg shown by the
increase of phospho-IRS-1 (8¥), and the reduction of both
phospho-Akt and phosphotyrosine-IRS-1 levels. Additof a JNK
inhibitor, SP600125, to tunicamycin restored insusignaling. In
wild-type fibroblasts, tunicamycin blocked insulmduced IRS-1
phosphorylation on tyrosine residue, whereas sutdctewas not
found in IREL” fibroblasts. All together, these results have
established the principal mechanistic basis by WHPR disrupts
insulin signaling, a pathway that we can called 1RERAF2-JNK-
IRS-1.

In addition to JNK, UPR has been connected toxdBFpathway
(Hu et al., 2006). Similar to the mechanism desdtibbove, IRElL
activation leads to the formation of a complex IRHRAF2-IKK,
resulting in the activation of IKK, another inflanatory kinase well
known to impair insulin signaling through IRS-1 iser
phosphorylation (chapter 3). In different cancdl lages, tunicamycin
as well as thapsigargin activate IKK as shown by iicrease of
phospho-+tBa and the decrease okBa levels. IREk knockdown
protected against IKK activation, demonstrating t tHRElo is
upstream of IKK.

JNK and IKK are at the interface between UPR ansulin
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signaling. However, activation of JNK and IKK by HRx has been
demonstrated only with non-physiological ER stresslucers.
Furthermore, such connection has not been explanedkeletal

muscle, a major site of insulin resistance.

In our study, ER stress was induced by palmitateé we used
C2C12 myotubes as a model of muscle cells. In C2@14@ L6
myotubes, numerous studies demonstrated that pééminhibits
insulin signaling, glucose uptake and glycogen hsysis (Hage
Hassan et al., 2012, Yuzefovych et al., 2010, Chaateal., 2003,
Chavez and Summers, 2003, Lee et al., 2006). Orotiner hand,
results from our lab and others demonstrated thahipate induces
ER stress in C2C12 myotubes (Deldicque et al., 28a0vado et al.,
2013, Hage Hassan et al.,, 2012). Our experimenfirom these
findings. In addition, palmitate activated the IREINK pathway in
C2C12 myotubes. Indeed, palmitate increased thespgbtuoylation
state of the JNK downstream target c-Jun and, tREKEiockdown
prevented this effect. However, palmitate did naidify phospho-
JNK level. This apparent discrepancy seems relatadifferences in
the duration of the phosphorylation states. Fortamse, JNK
phosphorylation induced by interleukind lis transient (30 min),
whereas the phosphorylation state of c-Jun peritds 2 h in smooth
muscle (Zhang et al., 2012). Although IREERnockdown protected
against JNK activation, it did not prevent the btory effect of
palmitate on Akt. This suggests that JNK do not awt insulin
pathway in C2C12 myotubes. As a consequence, tB&uHRNK-IRS-
1 pathway probably does not exist in muscle cells.
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Early studies on JNK and metabolism pointed outciwetral role
of this kinase in the physiopathology of insulisistance (Hirosumi et
al., 2002, Hotamisligil, 2005). Remarkably, inflamtion, ER stress
and oxidative stress converge toward JNK. JNK dgtig drastically
increased in liver, adipose tissue and skeletalctausf obese mice
(Hirosumi et al., 2002). JNK1 knockout ob/ob miace mbt develop
insulin resistance. However, those mice are alsmepted against
body weight gain, probably via effects on energypenditure
(Hirosumi et al., 2002). Once again, the confougdactor of obesity
makes difficult to identify the mechanism by whidhNK1 acts on
insulin signaling. Interestingly, in HFD-fed micagstivation of JNK in
skeletal muscle was less clear than in adiposeudisand liver
(Hirosumi et al., 2002). Furthermore, phospho-JNKel was not
upregulated in skeletal muscle of type 2 diabaticjexts and HFD-
fed mice (Koh et al., 2013). In relation with thesgservations, the
role of JNK in skeletal muscle insulin resistan@es lbeen recently
challenged (Pal et al., 2013). Indeed, muscle-fipemieractivation of
JNK failed to disrupt insulin signaling and to miydihe OGTT
response in mice. On the other hand, muscle-spel¥K1 deficient
mice were not protected against HFD-induced instdigsistance as
shown by OGTT, ITT and insulin-stimulated Akt phbepylation in
skeletal muscle. However, in a similar experimecintradictory
results have been reported (Sabio et al., 2010ps€yently, the
contribution of JNK to skeletal muscle insulin stance is not clear at

the moment.
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In the study from Hage Hassan et al. (2012), thkaas suggested
that only non-physiologic ER stress can disruptlinssignaling in
muscle cells. Indeed, chemical chaperone prevansedin resistance
induced by tunicamycin but not by palmitate. To s this finding,
they showed that both IRRland JNK phosphorylation states
increased much more with tunicamycin than palmitetage Hassan
et al., 2012). To test whether non-physiologic ERRss could activate
IRElo-JNK pathway in a higher extent, we used thapsigafdata
not shown). It has been showed in our lab thatdigapgin (17 h, 200
nM) induces a higher level of ER stress than palt@i(17 h, 1 mM)
in C2C12 myotubes (Deldicque et al., 2010). In experiment, 1 pM
thapsigargin for 17 h increased 2-fold more XBPiant palmitate.
Although short (1-4 h) and long period (17 h) otubation with
thapsigargin produced a massive ER stress, JNKneasctivated.
Indeed, the phosphorylation state of JNK was nodlifrenl, whereas
phospho-c-Jun level was drastically reduced malmgause of a
decrease of its total form. As shown by the useRNA, the effect of
thapsigargin on phospho-c-Jun was independent o0E1dR
Consequently, insulin resistance induced by thapgig is unlikely
related to IRE&-JNK pathway. Nevertheless, tunicamycin for 16 h or
24 h increased the phosphorylation state of INK2€12 myotubes
(Hage Hassan et al., 2012, Panzhinskiy et al., R0OABcording to
these observations, two different chemical ER stiegducers regulate
JNK in an opposite way. Although difficult to explathese results
indicate that ER stress response would greatlyritepe the stressor

agent.
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In the study presented in chapter 7, we have alstuated the
connection between IRk1and NF«xB pathway (data not shown). In
order to test the causal relationship between tR&id IKK in C2C12
myotubes, we measured two downstream target of IKEq and the
p65 subunit of NReB (data not shown). Upon IKK activatiorkBa is
degraded and the p65 subunit of NB-is phosphorylated on S&¢
(Sakurai et al., 2003). Although 17 h thapsigardetreased«Ba
level, IRETn knockdown did not modify this effect. Furthermotiee
phosphorylation state of NEB p65 was not changed by 1-4 h and 17
h incubation with thapsigargin. Collectively, owsults suggest no
link between IREd& and NF«B pathway in C2C12 myotubes.
However, we did not measure other markers of thexBlfpathway
such as phospha#Ba, phospho-IKKi/f and NFkB DNA binding
activity. Therefore, we cannot definitively conctuthat the NReB
pathway is not under the control of IRE1Further researches are
needed to describe more clearly the relationshipvden IREL and

the NF«xB pathway in muscle cells.

TRB3 and insulin resistance

Alternatively to the hypothesis tested above, Hesstcan disrupt
insulin signaling through the upregulation of TR@Bapter 3). In our
experiment, we observed an inverted relation betwERB3 mRNA
level and insulin signaling under palmitate treattné€Consequently,
we decided to downregulate TRB3 to evaluate ite ol palmitate-
induced insulin resistance. TRB3 siRNA did not oest Akt
inhibition, suggesting no link between TRB3 expr@ssand Akt
phosphorylation state in C2C12 myotubes treatel paimitate. This
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finding is in disagreement with those reported wlere. The
interaction between TRB3 and Akt has been confirnmedmice
skeletal muscles (Koh et al., 2006). Furthermoremiice tibialis
anterior, TRB3 overexpression inhibited the insulin pathwkgh et
al., 2013). However, the results obtained in thatly are not totally
convincing. In Figure 2d, the reduction of phosptia-(Thr*®) level
induced by TRB3 overexpression is only a trendsupplementary
Figure S3, TRB3 overexpression did not reduce phogxkt (Sef’d
level after insulin stimulation. In the same stuthg authors showed
that TRB3 siRNA restored the inhibitory effect aintcamycin on
insulin-induced glucose uptake in C2C12 myotubeswéler, the
action of TRB3 siRNA on Akt phosphorylation sateswaot shown
despite the fact that TRB3 is known to inhibit thder. The authors
demonstrated a new inhibitory interaction of TRB3thwIRS-1.
Consequently, the mechanism by which TRB3 redutecbge uptake
upon tunicamycin treatment could be due to IRS-H/@n Akt
inhibition. In our study, we did not measure insudignaling at the
level of IRS-1, so we cannot know whether TRB3 amtsIRS-1.
However, given that IRS-1 is upstream of Akt, wa& cappose that
TRB3 did not inhibit IRS-1 in our model.

Strikingly, one year after the report from Koh ét @013), the
same laboratory published a paper showing cont@gicesults (An
et al., 2014). In this study, TRB3 was overexpréssgecifically in
skeletal muscles of mice. Surprisingly, those mi@e not insulin-
resistant as shown by OGTT, ITT, and insulin-stimbed Akt and
IRS-1 tyrosine phosphorylation in skeletal muséecording to the

authors, these conflicting results could be expgldiby a chronic vs
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acute adaptation to TRB3 overexpression.

Although some conflicting results appear in therature, TRB3
overexpression inhibits insulin-stimulated Akt ppberylation and
glucose uptake in muscle cell lines (Liu et al.J@0Koh et al., 2006).
Furthermore, as noticed above, TRB3 siRNA revets@itamycin-
induced insulin resistance (Koh et al., 2013). Bfasdings are not in
agreement with our study. However, differenceshi level of TRB3
induction could explain such conflicting resultedéed, in C2C12
myotubes, TRB3 mRNA was much more increased witiceumycin
than palmitate (Hage Hassan et al., 2012). On tteerohand,
overexpression techniques produce a drastic u@egul of TRB3
protein (Liu et al., 2010, Koh et al., 2006). Aadimig to western blot
detection, Akt is much more expressed than TRB3CiRC12
myotubes. Indeed, TRB3, unlike Akt, is never detddn the control
condition (Koh et al., 2013). Consequently, we saagine that only
a massive induction of TRB3 is able to block Akithdugh TRB3
increases with palmitate, Akt expression could rema a large
excess compared to TRB3. In this unfavorable stomhtry, TRB3
might not be able to inhibit Akt.

We cannot exclude that TRB3 do not interact witht.Akdeed, a
study published in the Biochemical Journal castkabt (lynedjian,
2005). In hepatocytes, TRB3 was overexpressed avitiolar excess
of ~25-fold over Akt. This drastic increase of TRBRI not affect
insulin-stimulated Akt phosphorylation (TAf and Set¥. These
results are in opposition with those reported byddal. (2003) who
were the first to show an interaction between TRB8 Akt (Du et

al., 2003). It remains difficult to explain sucldigcrepancy.
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In our experiment, the results obtained are incetepkince we
were unable to detect the protein level of TRB3.BBRwas
undetectable despite the use of three commercigbaaines (Santa
Cruz, Calbiochem and Atlas). We tested them withsitp@
(thapsigargin, palmitate and tunicamycin) and negat(TRB3
siRNA) controls without success. As a consequeiéB3 protein
knockdown is maybe too weak to restore insulin @igg.

In addition, conclusions of our study are limitegthe absence of
physiological measures such as glucose uptakeyoogén synthesis.
We measured glucose uptake, but the effect of imswhs weak
(~40%) (data not shown). When we added palmitateséRNA, intra-
and inter-variability were increased and the resultere not
interpretable. As already reported, insulin slighticreases glucose
uptake in C2C12 myotubes, maybe because thesedoetist have the
complete machinery for glucose transport (Chaved Sammers,
2003).

ER stressand insulin resistance

Our study supports recent results demonstratindinkobetween
physiological ER stress and insulin resistance uscte cells. Indeed,
insulin resistance induced by palmitate is not pneed by PBA,
TUDCA, or BiP overexpression in C2C12 myotubes (#latassan et
al., 2012, Rieusset et al., 2012). This is notria Wwithin vivo data. In
ob/ob mice, chemical chaperones increased gluquisdel in skeletal
muscle (Ozcan et al., 2006). A systemic effect @gatoncilein vitro

and in vivo data. Indeed, chemical chaperones reduce glycaemia
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insulinemia and maybe inflammatory cytokines. Thgyht affect
skeletal muscle insulin sensitivity independently BR stress.
Furthermore, in the study from Ozcan et al. (20&#5,stress was not
assessed in skeletal muscle. Consequently, it is possible to
associate glucose uptake to ER stress in thisetissu

Contrary to physiological ER stress, chemicallydoedd ER stress
is well known to impair insulin action in muscle llse Indeed,
TUDCA reduced insulin signaling impairment induceby
tunicamycin in C2C12 myotubes (Hage Hassan et 20]12).
According to these findings, the authors propo$ed only a massive
ER stress induces insulin resistance in muscls.detiportantly, these
observations challenge the conclusions drawn irvipus studies
using chemical ER stress inducers. What is the iploggcal
relevance of the results obtained with these agehssalready noticed
in this chapter and the chapter i8, vitro, the link between UPR,
inflammation, and insulin signaling is based on exkpents using
tunicamycin or thapsigargin. The conclusions frohese studies
should be carefully compared to physiological megras. Although
Hotamisligil is probably the author who contributéide most to
establish the relationship between UPR and inssignaling, he
recently wrote: Notably, the extreme level of ER stress induced by
tunicamycin is not physiological and is beyond what the liver
experiences during metabolic fluctuations or even in most disease
states’, further: “We may be able to better understand the metabolic
impact of ER stress by distinguishing between a physiological setting
for the UPR (high glucose, dietary exposure, or lactation) and an

extreme, death-inducing UPR (for example, liver cells treated with
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tunicamycin)”  (Hotamisligil, 2010). In line with these
recommendations, chemical ER stress inducers sHmrildsed as a
positive control and not as a model of physiololgiefa stress.
Independently of ER stress, intramuscular ceramitiege been
proposed to mediate saturated NEFA-induced instdsistance in
muscle cells (Hage Hassan et al., 2012, SchmitifePeit al., 1999).
Upon saturated NEFA exposure, ceramides contergases through
de novo synthesis and maybe through an indirect regulatiediated
by TLR4 (see 8.1.1). In muscle cells, ceramideskamvn to inhibit
insulin signaling at the level of Akt (chapter 3n addition to
intramuscular ceramides, recent findings suggestedrole of
circulating ceramides in skeletal muscle insulisisgnce. Circulating
ceramides are elevated in type 2 diabetic patidaoit et al., 2013).
In lean mice, infusion of low density lipoproteiassociated with
ceramides induced insulin resistance specificatly the skeletal
muscle (Boon et al., 2013). However, transportul@gn and action

mechanism of circulating ceramides remain poorlganstood.

8.1.3. Immunometabolism: an evolutionary point of iew

Host defense and metabolism have been historisaign as two
distinct disciplines. In education, this separatisrused for didactic
purposes, but this hides a highly integrated systéme research field
of immunometabolism studies the mechanism by whmmune
system influences metabolism and vice versa. Imnamntemetabolic
responses share numerous signaling pathways. Btanioe, TLR4 is
expressed in non-immune cells and recognizes exogeas well as

endogenous ligands. In addition to inflammatorypoese, TLR4
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engagement leads to metabolic changes in these &k above).
Some proinflammatory cytokines possesses their res@ptor in non-
immune cells, for instance, the tumor necrosisoiatceptor (TNFR)
for TNFo. TNFR activation induces insulin resistance thfoug
JNK/IKK (Hotamisligil, 2005). Furthermore, metaboltissues are
infiltrated by numerous immune cells. In liver, S8btotal cells are
the resident macrophages Kupffer cells (Shoelsoralgt 2006).
Macrophage infiltration in adipose tissue seems itotiate
inflammation-induced insulin resistance (Shoelsdn ak, 2006).
Finally, ER appears as a key integrator, whichdmaces metabolic
signal into inflammatory signal (Hotamisligil, 2006

Strikingly, in this work we found two examples show no
relationship between immune and metabolic systemmuscle cells.
First, ER stress was not present after LPS treatn8actond, IRE1-
JNK pathway does not seem related to insulin @st&. In
hepatocytes and adipocytes these two mechanisnes iemn shown
(Alhusaini et al., 2010, Zhang et al., 2006, Ozegaml., 2004). Why
does it not work in muscle cells? To speculate lie guestion, it
could be interesting to take into account the evmhuof species.
Sensing nutrients as well as defense against pathagpear the most
fundamental requirements for living organisms.dwer species both
systems are integrated. For instance, adiposeetissm Drosophilia
contains immune cells and the equivalent of mananalliver
(Hotamisligil, 2006). This structure is known ast‘fody”. In more
evolved species, liver and adipose tissue are gmgnt organs,
whereas immune cells are ubiquitous. Thus, we oayine a close

relation between immune system and metabolisnver ks well as in
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adipose tissue. This interaction could be less mapd in skeletal
muscle. In the literature some observations suppart idea, but this
remains hypothetical. In mice, hematopoietic cpéeific deletion of
TLR4 protected against insulin resistance in liged adipose tissue,
but not in skeletal muscle (Saberi et al., 2009)isTsuggests that
interactions between immune cells and muscle @ksnot a main
component of insulin resistance in this tissuelia with this result,
skeletal muscle is less infiltrated by macrophatgen liver and
adipose tissue (Saberi et al., 2009). Interestintilg key proteins
linking inflammation to insulin resistance (IKKNF«B, PKO® and
JNK) were specifically altered in skeletal musclg Igenetic
manipulation. Contrary to heterozygous IKKnice, muscle-specific
knockout mice for IKK3 were not protected against obesity-induced
insulin resistance (Rohl et al., 2004, Yuan et 2001). In mice,
muscle-specific inhibition of NkB did not prevent insulin resistance
induced by HFD. Furthermore, overactivation of K&-in skeletal
muscle does not lead to insulin resistance (Caalgt2004). As
noticed in chapter 3, mice expressing a muscledspetominant-
negative of PK@ are obese and insulin-resistant. Finally, JNK
muscle-specific deficiency furnished controversesults (see 8.1.2).
Taken together, these observations suggest thdetakemuscle
inflammation is not a major component of insulinsistance

physiopathology.

It would be interesting to compare immunometabolistwork in
each cell types in order to better understand imsekistance. It will

probably lead to unravel many distinct types ofilimsresistance.
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8.2. Limitations

In almost all the studies found in the literatume;luding those
presented herein, UPR is used as marker of ERsst@@nsequently,
we make the hypothesis that UPR or ER stress ei@ul@ads to the
same result. This assumption can be formulatedlisyMs: ER stress
activates UPR and, accordingly, ER homeostasisbeaassessed by
measuring UPR. Is it always true? The questionrgdeseo be asked
and a preliminary answer will be exposed in thet paxagraphs.

The main mechanism of UPR activation is based err¢lease of
BiP from the ER stress sensors (PERK, IREAnd ATF6) when
unfolded proteins accumulate inside the ER (chapterhis is clearly
an oversimplification and additional mechanismsehbeen proposed
(Hotamisligil, 2010). Nevertheless, BiP detachmactives the three
ER stress sensors. Consequently, if ER stresesept, the three UPR
pathways should be activated. However, some studipsrted a
selective activation of UPR branches, suggestingrethy a
disconnection between ER stress and UPR, and/atiaagd sensing
mechanisms of ER stress.

In macrophages, TLR4 or TLR2 activation induced gpkcing of
XBP1 independently of ER stress as shown by theradesof effect
on phospho-PERK, cleaved ATF6 protein levels arf®, BiDI, CHOP
MRNA levels (Martinon et al., 2010). In L929 fibtabts, HO, or
arsenite induces the phosphorylation of @lR&hereas no change was
observed in the phosphorylation state of PERK #&medspliced form
of XBP1 (Xue et al., 2005). Collectively, thesedimgs suggest that,
in particular conditions, UPR could be activatedependently of ER

stress.
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Furthermore, UPR signaling is subject to regulatielF2x and
ATF6 activations can be uncoupled from ER stressaddition to
PERK, three kinases are upstream of elF2CN2, HRI and PKR.
HRI function is restricted to erythroid cells, whas GCN2 is
activated by amino acid deprivation and UV irraidiat(Dey et al.,
2010). In addition to double-strand RNA, PKR regp®to ER stress,
inflammatory mediators and nutrient®Nakamura et al.,, 2010,
Hotamisligil, 2010). Consequently, this kinase gntges multiple
signals and can activate eltFthdependently of ER stress. Regarding
ATF®6, it has been reported that p38 phosphorylttescleaved form
of ATF6 and enhances its transcriptional activilyHEK-293 cells
and primary ventricular myocytes (Luo and Lee, 200%uerauf et al.,
1998). It has also been reported that peroxisomidgnators-activator
receptor gamma coactivator-1 alpha (PG(-Imodulates UPR
through coactivation of ATF6 transcriptional adyvin mice skeletal
muscle(Wu et al., 2011). More generally, ATF4/ATF6/XBParm
dimers with numerous partners, which are eithervaitrs or
repressors (Schroder and Kaufman, 2005). Accordingthese
observations, two limitations appear when UPR edu® monitor ER
stress: 1) phosphorylation of elb not specific to PERK activation;
2) UPR-inducible genes can be regulated indepelydehER stress.
Therefore, care must be taken when interpreting dBR marker of
ER stress. Nevertheless, the spliced form of XB&dns to be the
more specific marker of ER stress, except in mdtagps (see above).

In the study presented in chapter 6, the patterdRIR activation
deserves a particular attention. To the best of kmowledge, the

splicing of XBP1 by IRE& is specifically dependent on ER stress in
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muscle cells. Consequently, we supposed thék thduced ER stress
in C2C12 myotubes. However, we found a partial amskqual
activation of UPR, the PERK signaling was much nmam®vated than
the IREX branch, while the AT6 pathway was probably unaéddy
H.O.. In a general view, sensing and responding to ROiBe level
of ER is a well-adapted mechanism to manage oxelastress
induced by protein folding reactions (chapter 1gcérding to our
results, the PERK branch is probably specializethendetection of
oxidative stress. This is consistent with the adtiant response
triggered by this pathway (chapter 1). In our studg supposed that
PERK is activated by ER stress, and in turn phogpaies elF2.
Because we were not able to measure phospho-PERpiteleising
positive control (data not shown), we cannot rule tbe involvement
of other kinases. Results from the literature case gome clues. No
evidences indicate an activation of GCN2 by oxdatistress.
Although PKR does not seem activated by oxidattvess, one study
reported that bD, upregulates its expression at the transcriptional
level in human T lymphocyte cells (Pyo et al., 2008wus, instead or
in addition to PERK this kinase could be involvedH,O.-induced
elF2o. phosphorylation. A fifth kinase of elk2specifically activated
by oxidative stress, has been proposed by David (Ram, 2002).
This kinase has currently not been identified. PERKprobably
activated under oxidative stress, but this remaostroversial. In
fibroblast cells, HO, induced elF2 phosphorylation without PERK
activation (Xue et al., 2005). However, PERK is gptworylated after
H.O, treatment in HelLa cells (Pallepati and Averill-8st2011). The

mechanism by which ER senses oxidative stresdlisirstlear. In our
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study, the pattern of UPR activation suggests HRt possesses a
specific mechanism to detect oxidative stress. Hewethe absence
of data on PERK and PKR is clearly a limitation éorr study.

It should be interesting to comparesitu ER homeostasis to UPR
signaling under various stresses. Interestinglgeaechers used the
secreted alkaline phosphatase (SEAP) system totondfiR stressn
situ (Hiramatsu et al., 2006). Cells were transfecteth \&@ reporter
gene coding for a truncated form of the human pitdealkaline
phosphatase. This protein is secreted due to theowa of the
membrane anchoring domain. Then, the activity okalale
phosphatase is measured by chemiluminescence Idirect the
medium. SEAP activity is dose-dependently reducedhemical ER
stress inducers. Alternatively, morphological mmdifion of ER has
already been used to estimate ER stress in panatlelUPR markers.
Indeed, ER is dilated when unfolded proteins acdataunside it. For
instance, TNE as well as tunicamycin induce ER dilatation asasho
by electron microscopy (Xue et al., 2005). To edtear knowledge
on ER stress, it will be interesting to develop revategies allowing

to monitor the amount of unfolded proteins.

Another limitation of this work is the use of patate in non-
physiological conditions (chapter 7). Palmitatehie most abundant
saturated NEFA in the blood (Chavez and Summef33)20n human,
the plasmatic concentration of palmitate rangesnfrel00 uM
(healthy subjects) to ~200 uM (obese subjects) divial., 2007).

Although these values are subject to large intériddal variability,
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the concentration of palmitate used in our studyn{ll) exceeds the
physiological range.

Furthermore, interaction between saturated andturagad NEFA
metabolism regulates their effect on insulin pathwi C2C12
myotubes, palmitate alone induces insulin resigamnhereas this
deleterious effect is prevented by addition of wegbalvado et al.,
2013, Coll et al., 2008). Interestingly, palmitateorporation into
lipid-derived toxic metabolites, such as ceramidasd DAG,
decreases when it is co-supplemented with unsaturBtEFA. In
human myoblast exposed to palmitate, addition eat@ preventes
ceramides and DAG increase, two well-known medsatoir lipid-
induced insulin resistance (chapter 3) (Pickersgill al., 2007).
Consequently, the use of palmitate without uns&dralEFA is far to

mimic perfectly the real physiological conditions.
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8.3. Conclusion

In the context of obesity, extracellular and ingihdar lipids exert
dramatic effects on cellular processes. Here, weestigated the
mechanism by which lipids disrupt ER homeostasis. 3how that a
receptor of the innate immune system, TLR4, conttirectly mediate
lipid-induced ER stress in skeletal muscle, lived adipose tissue. In
addition, our work highlights that ER stress ishated by oxidative
stress in muscle cells. This provides an argumemropose ROS as
common intermediates by which metabolic factorseralER
homeostasis.

In muscle cells challenged with lipid, we were nesged by the
consequence of ER stress on insulin signaling. odigin ER
homeostasis plays a central role in insulin rest#ghysiopathology,
results from the literature are particularly cortfig in muscle cells.
We show that, contrary to other cell types, muselés do not seem to
possess the signaling mechanism linking UPR tdimsesistance.
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