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Abstract

Metabolic syndrome components, including obesitysligidemia and impaired glucose
homeostasis, become a major public health issuecMsi play a predominant role in insulin-mediated
glucose uptake, and high fat diets may negativigcamuscle function and homeostasis. This work
aimed to study the time-course of muscle lipid awglation, oxidative stress and mitochondrial
dysfunction and their association to impaired ghgchomeostasis in rats fed an obesogenic diet. Male
Wistar rats were fed with a standard or a highfglf fructose (HFHFr) diet and sacrificed on 413,
16, 20 weeks. Rats fed the HFHFr diet developed mikerweight, increased liver and adipose tissue
weights and glucose intolerance. The impaired glacbhomeostasis increased gradually with the
HFHFr diet to become significant on the™and 18 weeks of diet. In parallel, the muscle lipid
composition showed an increase in the saturatgddeids and the monounsaturated fatty acids with a
marked decrease in the polyunsaturated fatty a€is.HFHFr diet also increased muscle contents of
both diacylglycerols and Ceramides. Surprisinglyi-Hffr diet did not induce major muscle
mitochondrial dysfunction or oxidative stress. Tdessults indicate that muscle lipid alteratiorss, a
well as impaired glucose homeostasis occur as aartfie 8th week of HFHFr diet, increase to reach a
plateau around the £216" weeks of diet, and then attenuate towards theoérstlidy. At these diet
treatment durations, muscle mitochondrial actityd oxidative stress remained unchanged and do

not seem to have a major role in the observed iregajlucose homeostasis.

Keywords
Free radicals, High fat/high fructose diet; Impdigtucose homeostasis; Mitochondrial function;

Muscle lipid composition; Muscle metabolism; Oxigatstress.
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1. Introduction

Metabolic syndrome components, including obesitysligidemia and impaired glucose
homeostasis, are increasing and become a majoicphdzlth issue. Indeed, increased body weight
becomes a major public health challenge in developeuntries and increasingly in developing
countries, where food supplies are abundant angigdyactivity is reduced [1]. Obesity generally
results from imbalanced energy intake and expereibél the body from a metabolic point of view.
Skeletal muscle is an essential tissue for wholyemergy metabolism and is the predominant site of
insulin-mediated glucose uptake in the post prdratéde [2]. Skeletal muscle fatty acid metabolism
subject to extensivian vivo regulation, in particular by control of fatty acétry into the cell, their
transfer into the mitochondria and the capacitythef p-oxidation cycle [3]. The balance between
uptake and utilization of fatty acids will ultimtedetermine the magnitude of lipid accumulation in
muscle cells. Consequently, high fat intake mayd léa ectopic lipid deposition in muscle and
metabolically active lipid intermediates that acclamte, such as diacylglycerols (DAG) and
sphingolipids, in particular ceramides and sphingelin. These active/toxic lipids have been
demonstrated to play essential roles in the estabknt of impaired glucose homeostasis muscle and
insulin resistance [4, 5]. Indeed, the high fatt-dimulated sphingolipid formation contributes to
dysregulated lipid accumulation, systemic insulsistance, and cytokine expression and secretion
from skeletal muscle and adipose tissues, exadegbabesity-related physiopathological conditions.
In addition, many reports have indicated that soskeletal muscle phospholipids such as
phosphatidylcholine (PC) and phosphatidylethanaten{fPE) and their fatty acyl composition, have
also a role in insulin sensitivity regulation [6110

Reactive oxygen species (ROS) are overproducedbésity and the resulting oxidative damage
could play a key role in the pathogenesis of imgzhiglucose homeostasis, diabetes and its
complications [11]. Mitochondria are one of the megllular ROS generation sites and mitochondrial
ROS production is closely associated with actigfythe respiratory chain complexes [12, 13]. The
relationship between mitochondria and insulin actie highly complex [14]. Several studies in

various models of metabolic diseases or using gatllgt manipulated mice have reported a decrease
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in mitochondrial activity, while others have repaft either no change or even an increase in
mitochondrial oxidative metabolism in obese andulins resistant humans and rodents [15-17].
Moreover, there is growing evidence that inflammatiand oxidative stress are closely related,
creating a vicious circle that may contribute topaimed glucose homeostasis installation [18].
Undeniably, one question that comes up is whenatixiel stress occurs in muscle tissue, and whether
it contributes to, or is simply a consequence bgsity and impaired glucose homeostasis instafiatio
and development in our obese animal model. Althosigime teams have addressed this issue, the
obtained results are conflictual [19, 20] and tbestion remains open.

This study aimed at determining the time-courseskdletal muscle lipid accumulation and
composition as well as mitochondrial function anddative stress in parallel to the development of

obesity and glucose intolerance in high fat/higicfose (HFHFr) diet-fed rats.

2. Materials and Methods
2.1 Animalsand diets

Seventy five 6-weeks old male Wistar rats (ChaRe®r, L'Arbresle, France) were housed (2 per
cage) under conditions of constant temperature2@@), humidity (45-50%) and a standard dark
cycle (20.00-08.00 hours). The rats were randomiamtwo groups of animals and fed for 4 to 20
weeks one of the two following semi-purified diet9: control diet, or 2) high fat/high fructose diet
(HFHFr). Seven rats from control group and 8 radenf HFHFr group were sacrificed after 4, 8, 12,
16 or 20 weeks of diet treatment.

The detailed composition of these two diets is giirethe supplementary Table 1. Roughly, the
control diet contains 4% lipids as soybean oil, sl HFHFr diet contains 35% lipids (1% soybean
0il+8.5% lard+17% palm 0il+8.5% cocoa butter an20.cholesterol) and 25% fructose. As shown in
the supplementary Table 2, the lipid fraction & dontrol diet was composed of 17.4% saturated fatt
acids (SFA), 28.1% monounsaturated fatty acids (MJUBnd 54.5% polyunsaturated fatty acids
(PUFA), and that of the HFHFr diet was composed4P% SFA, 43.2% MUFA and 12.6% PUFA.

Rats were given free access to food and tap wRgdrbody weight was determined weekly and food

4
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consumption was determined every two-three days.i@titution guidelines for the care and use of
laboratory animals were observed and all experiaignbcedures were approved by the local ethical

committee in Montpellier, France (Reference CEEA-LT02).

2.2 Oral glucose tolerance test

The oral glucose tolerance test (OGTT) was comgléter to five days before rat sacrifice and
performed as previously described [21]. Brieflyhd@urs fasting rats received by gavage 2.5 g
glucose/kg body weight. Blood was sampled throdmght&il vein of conscious rats immediately prior
to the gavage, and 20, 40, 60, 90, 120 and 18Caftemward and blood glucose was measured using
glucose strips and a commercial glucometer (AccuGkative, Roche Diagnostics, USA). The area
under the curve (AUC) was calculated by the trapezmethod [22]. The AUC values are expressed

as g glucose/L/180 min.

2.3 Sampling and routine biochemical analyses

Four to five days after the OGTT, 9 hours-fastetd (23h:00-08h:00) were anaesthetized with
pentobarbital (40 mg/kg b.w.) (Ceva Santé Animalbourne, Fr) and blood was drawn from the
abdominal artery with a heparinized syringe andrithisted into dry and heparinized tubes. Blood
tubes were centrifuged at 1000 g for 10 min at 45i@ ma or serum were collected and stored at —
80°C until analysis. Liver, heart, muscles, adiptiseue and kidney were removed, rinsed with 0.9%
NaCl, weighed and kept at -80°C until analysis,e@tca gastrocnemius that has been used for the

isolation of fresh mitochondria.

2.4 Muscle neutral lipids and diacylglycerols and ceramide species

A part of a gastrocnemius muscle was homogenizé&ta@l (9 g/L) and Triton X-100 (0.1%) and
free fatty acids (FFA), triglycerides (TG) and totholesterol levels were quantified on the muscle
homogenate by enzymatic methods with commerciad KWako-NEFA-C kit, Oxoid, Dardilly,

France; Cholesterol RTU kit and triglycerides PAR Biomérieux, Lyon, France).

5
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The muscle diacylglycerols and ceramide contenteeweeasured according to the methods
described by Blachnio-Zabielska et al. [24, 25]iefy, lipids were extracted from20 mg of soleus
muscle by the extraction mixture isopropanol/watbrn/l acetate (35/5/60; v/v/v). Quantitative
measurement of ceramides and diacylglycerols wadena@ing an Agilent 6460 triple quadrupole
mass spectrometer. Both ceramides and diacylgligcerere analyzed using positive ion electrospray
ionization source with multiple reaction monitorinthe chromatographic separation was performed
using an Agilent 1290 Infinity Ultra High Performam Liquid Chromatography. A mixture of
d17:1/8:0, d17:1/18:0, d17:1/18:1(92), d17:1/20d1,7:1/24:0 and d17:1/24:1(15Z) was used as
internal standards for ceramides and Deuterated IM&@ure | and Mixture Il were used as internal
standards for diacylglycerols (Avanti Polar Lipidslabaster, AL, USA). Concentration of each

compound was assessed against standard calibcatioss.

2.5 Phospholipids analysis of gastrocnemius muscle

Lipids from gastrocnemius muscle were extracted Bplch mixture of chloroform/methanol (2:1
v/v) in the presence of butylated hydroxytoluen@ if3g/L). The application of Folch lipid extracts on
silica gel 60 HPTLC plates 250 pum, 20*10 cm, preied with 2.3% w/v boric acid in ethanol (100%),
was automatically performed on a 4 mm band widtingust ATS4 apparatus (CAMAG, Muttenz,
Switzerland). The development was performed withthamol/acetic acid/pentane/chloroform
(15/10/30/45, by volume), which allowed the separabf phospholipids and neutral lipids on a 60
mm total migration distance. The scanning of thatgd was carried out using a TLC scanner 3
(CAMAG, Muttenz, Switzerland), operating in thelestance mode. The plates were scanned at 715
nm after dipping in a solution of Blue Spray (Bl8pray/HSO, 4.2 M/acetone, 1/2/3 viviv) and
heating for 3 min at 55 °C. The different classe$ pmhospholipids (sphingomyelin,
lysophosphatidylcholine, phosphatidylcholine, phajdylinositol, phosphatidyl-serine,
phosphatidylethanolamine, phosphatidylglycerol, gptatidic acid, cardiolipin) (SM, LPC, PC, PI,
PS, PE, PG, PA, CL respectively) were finally idiéed by comparing their retention factorRo

authentic standards and quantified using calibmatiorves of the same standards [26].

6
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2.6 Fatty acids composition of gastrocnemius muscle

An internal standard (12,5 pg C17:0/mL) was addedhe Folch lipid extracts and fatty acid
methyl esters were prepared by incubation withiaedimethanol, according to the method of Lepage
and Roy [27]. Briefly, the methylation reagent vggmerated by mixing sulphuric acid with methanol
and butylated hydroxytoluen as antioxidant (50 mgénd the sample was heated at 90°C for 45 min
to get the fatty acid methyl esters. After additmfnsodium bicarbonate, distilled water and hexane,
the sample was vortexed, centrifuged, and the uppgane layer was transferred to a glass vial,
evaporated under a nitrogen stream at 37°C, ansblded in 0.5 ml isooctane/ BHT for gas
chromatography analysis. Individual fatty acid nye#sters were identified according to the retemtio
times of standards by gas liquid chromatography witSupelco Vax capillary column, an AS-3000
autosampler and flame-ionization detector (Thernisbdt Scientific, Courtaboeuf, France). The fatty
acid methyl esters were quantified using the chtographic peak area according to the internal

standard method.

2.7 Desaturase activity and unsaturation indices of gastrocnemius muscle

Because it is very tricky to directly measure thaivity of the enzymes that catalyze the
desaturation and elongation reactions in the fatiyl metabolic pathways, results in animals have
supported the use of surrogate measures of desatactivity such as use of desaturase indices [28].
These indices are based on the ratio product toupser of individual fatty acids. The desaturase
indices were calculated as follows9 desaturase = [16:1 n-7/16:0 desaturase = [18:3 n-6/18:2 n-
6] andA5 desaturase = [20:4 (n-6)/20:3 (n-6)]. In additime have determined the gene expression of
the stearoyl-CoA desaturase 1 (SCD¥S=desaturase) in the muscle. The unsaturation ifldgxvas
calculated from the relative percentage of eacte tgp mono- and polyunsaturated fatty acid

multiplied for the number of double bonds presarthe molecule [29].

2.8 Mitochondrial isolation and characteristics of gastrocnemius muscle

7
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Mitochondrial isolation: muscle mitochondria were extemporaneously isolbtethe differential
centrifugation technique [30]. Briefly, a whole gasnemius muscle (2-3 g) was homogenized on ice
(1 g wet tissue for 9 volumes of sucrose buffecr8se 0.25 M, Tris 10 mM, EDTA 0.5 mM, pH 7.5)
using a Polytron homogenizer. The homogenate watsittgged at 900 g for 10 min at 4°C. The pellet
was discarded and the supernatant was centrifugd® #00 g for 10 min at 4°C. The obtained
mitochondrial pellet was suspended and washed 2uitth of sucrose buffer and centrifuged at 10 000
g for 10 min at 4°C. The final mitochondrial peleas suspended in 1 ml MIRO5 buffer (Sucrose 110
mM, Hepes 20 mM, KH2PO4 10 mM, Taurine 20 mM, K-ladionate 60 mM, MgGI3 mM EGTA
0.5 mM, BSA 1 g/l, pH 7)Jland aliquoted for mitochondrial function measureteeProtein content
was determined according to Bradford with bovirneisealbumin as the standard [31].

Membrane fluidity measurement: muscle mitochondria underwent three cycles ofzregthawing
to fragment and expose the mitochondrial membrafies.muscle mitochondrial membrane fluidity
was assessed by electron spin resonance as pigvibescribed [30], using two spin labels: 5-
nitroxide stearate (5-NS) and 16-nitroxide steata6NS). These both labels allow the measurement
of the fluidity at both the surface of- and insitee lipid bilayer membrane of mitochondria,
respectively.

Membrane potential measurement: mitochondrial membrane potential was monitoredetiog to
the method described by Baracca et al [32] usingd@mine (RH-123) as a probe. Mitochondrial
potential (Aw) changes have been evaluated by measuring RH-128$8cence quenching at the
following steps: with RH-123 label alone (2 uM) MIRO5 buffer plus muscle fresh mitochondria
(0.25 mg proteins), plus glutamate/malate/succir{@té/5/5 mM), plus ADP (0.5 mM). RH-123
fluorescence was measured at 495 nm (excitatiamhbah nm (emission) under continuous stirring.

Mitochondrial oxygen consumption: mitochondrial respirationwas determined by measuring
mitochondrial oxygen consumption in two 2 ml aghi thermo-stated chambers of high resolution
Oxygraph (Oroboros Oxygraph Autriche) [30]. The chambers were equilibratedhwthe MIRO5

respiration buffer at 37°C and fresh mitochondriarevthen added (0.4 mg protein) followed by
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substrates malate/glutamate/succinate 2.5/5/5 niéde(¢l) and ADP 0.5 mM (state 3). Respiratory
coefficient ratio (RCR) was calculated as the rafistate 3 to state 4 rates of respiration.
Mitochondrial ROS production: mitochondrial ROS production was measured on fresh
mitochondria as previously described [33]. Brieftgaction mixtures (2 ml), containing MIRO5
buffer, dihydrodichlorofluorescein (10 M) and pddase (2 IU/ml), were incubated with 60 pg of
mitochondrial proteins with or without substratemalate/glutamate/succinate 2.5/5/5 mM,
respectively) and with or without ADP (0.5 mM). Bhescence was measured 60 minutes after

reaction initiation at 490/525nm excitation and gsion, respectively.

2.9 Mitochondrial enzymatic activities of gastrocnemius muscle

Citrate synthase (CS) activity was measured acegriti Srere [34]: the activity of the enzyme is
measured by following the color of 5-thio-2-nitrelzeic acid, which is generated from 5,5’-dithiobis-
2-nitrobenzoic acid present in the reaction ofatérsynthesis, and caused by the deacetylation of
acetyl-CoA. The activity of the different mitochoral respiratory complexes was determined as
previously described [35]. Mitochondrial complexdtivity was measured spectrophotometrically at
600 nm during 45 sec by following the reduction2p8-dichloroindophenadby electrons accepted
from decylubiquinol, itself reducedfter oxidation of NADH by complex | [36]. Compldk (CII)
activity was measured spectrophotometrically at 608 by following the reduction of 2,6-
dichloroindophenolby the succinate during 120 sec. Complex I+l 1¢@III) activities were
measured spectrophotometrically by following théuetion of cytochrome C at 550 nm during 90 sec
[37]. Cytochrome c oxidase (CIV) activity was measli spectrophotometrically by following the
oxidation of reduced cytochrome C at 550 nm duB@gec [38].

In addition, mitochondriaB-hydroxyacyl-CoA dehydrogenasp-HAD), a marker of last step of
mitochondrialB-oxidation activity, was determined spectrophotaineally according to Clayton et al.
[39]. Briefly, muscle mitochondria suspension (2§ protein) were mixed with NADH and
acetoacetyl CoA in 1 ml of 50 mM Tris-HCI buffetd .0, and absorbance was followed at 340 nm

for 60 seconds at 30°C.
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210 Oxidative stress status of gastrocnemius muscle

A part of a gastrocnemius muscle was homogenizehasphate buffer (50 mM, pH 7) 1 g for 9
ml buffer, using a Polytron homogenizer. The musitiebarbituric acid reactive substances (TBARS)
and total glutathione (GSH) levels were measureduscle homogenate according to Sunderman [40]
and Griffith [41], respectively. The remaining hogemate was centrifuged at 1000 g for 10 min at
4°C and the supernatant was used for the otheyseslbf oxidative stress. Protein oxidation was
assessed in muscle supernatant by measuremernolafribups as previously described [42]. Catalase
activity was measured in muscle supernatant acogrdo Beers and Sizer [43]. Glutathione
peroxidase (GPx) was measured in muscle supernataotding to Flohe and Gunzler [44]. Total

superoxide dismutase (SOD) was measured in muggigatant according to Marklund [45].

211 Proteinisolation and western blotting analysis of gastrocnemius muscle

Frozen gastrocnemius muscle samples were homogemsieg an Ultra Turax homogenizer in an
ice cold extraction buffer containing 20 mM Tris-HCL50 mM NaCl, 1 mM EDTA, 0.5% Triton X-
100, 0.1% SDS, 1 mM PMSF, 10 uM leupeptin, and 1pddstatin. Proteins (50 pg) were separated
with 10% SDS-PAGE and then transferred to a nittolose membrane (45 min, 200 V). Membranes
were blocked in 5% fat-free milk for 1 hour at roeemperature. Then, membranes were incubated
overnight with primary antibody against one of tfidlowing proteins: acetyl-CoA carboxylase
(ACC), phosphorylated acetyl-CoA carboxylase fgeACC), acyl-CoA synthetase long chain family
member 1 (ACSL1), cardiolipin synthase (CLS), mesChrnitine palmitoyltransferase | (m-CPT1),
fatty acid synthase (FAS), cluster of differentiati36 (fatty acid translocase) (FAT/CD36), fattydac
transporter protein 1 (FATP1) and peroxisome peodifor-activated receptor-gamma coactivaior-1
(PGC-1n) in blocking buffer (supplementary Table 3).

After washes in TBS/Tween under gentle agitatiormoranes were incubated for 1 hour with
horseradish peroxidase-labeled antibody. Afterhirtwashes, blots were treated with enhanced

chemiluminescence detection reagents (ThermoFis8tientific, Illkirch, France)B—-actin was used
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as loading references, and blot intensities werasored using Image Lab™ Software 5.2.1 (Bio-Rad
Laboratories, France)rhe blots showing the strips scanned by densitgnfet the gastrocnemius

muscle proteins of the ten investigated groupgereided in the supplementary Figure 1.

212 Total RNA isolation and real-time RT-PCR analysis of gastrocnemius & soleus muscles

Real-time Quantitative Polymerase Chain ReactioRrRCR) was used to measure target genes
MRNA expression in thgastrocnemius & soleus muscles. Total RNA was extracted with Trizol
reagent (Invitrogen Life Technologies, Cergy PosgpiFrance). Reverse transcription reaction was
performed with 2ug total RNA. cDNA was synthesized with the use ofp&Script || Reverse
Transcriptase for first strand cDNA synthesis ardigi@d(dT) primers (Invitrogen Life Technologies,
Cergy Pontoise, France). The mRNA expressionsrgétayenes were determined by RT-gPCR, using
IQTM SYBR Green Supermix with a MiniOpticon detectisystem (Biorad, Hercules, CA, USA).
Data were normalized to RPS§aétrocnemius musgler Hprt (soleus muscle) used as reference
genes. The mean expression levels and the staddsiations of the housekeeping RPS9 rRNA gene
were as follows: 2340.8; 24.91.4; 24.51.4; 24.@1.7; 24.31.9; for control groups (4, 8, 12, 16 &
20 weeks, respectively) and 28170; 24.41.5; 23.21.5; 23.21.6 and 23.22.0 for HFHFr groups
(4, 8,12, 16 & 20 weeks, respectively). The megression levels and the standard deviations of the
housekeeping Hprt rRNA gene were as follows: 28.0; 24.81.1; 24.41.6; 24.30.5; 24.20.3 for
control groups (4, 8, 12, 16 & 20 weeks, respebtjvand 24.81.2; 24.50.9; 24.20.4; 24.%0.9 and
24.1+0.2 for HFHFr groups (4, 8, 12, 16 & 20 weeks, extipely)- The primer sequences used for

RT-gPCR analysis are shown in the supplementarieab

213 Satidtical analysis

The sample size was calculated from the expecti#ereince in the AUC of the OGTT between
the control group and the HFHFr groups. We expeatedUC about 1.20 times greater in the HFHFr
groups than in the control group. A standard deviabf 15% of the higher value could be allowed.
For a type 1 riskx of 0.05 and power (f) of 80%, the sample size required was eight peumgr

11



293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

Results were expressed as means+SD, n=7 animat®piol group and 8 animals per HFHFr group
per each treatment duration.

All the groups were tested for the effects of ditatment duration, and their interaction using a
two-way ANOVA test. When the effect of diet wasrsficant, the unpaired student'sest was used
to analyze the effect of HFHFr diet compared totemrdiet within each diet treatment duration. The
OGTT, mitochondrial characteristics parameters #mel western blot analyses were carried out
separately for each diet treatment duration. Stisttal analysis for these parameters was madg onl
between HFHFr and control diets, inside of eaclh gatment duration, by the unpaired studefat’s
test. Correlations between parameters were performed thigh Spearman method. The limit of
statistical significance was set at p<0.05. HFHEt ds control diet: *p<0.05, **p<0.01, ***p<0.001.

Statistical analyses were performed using the $at\yrogram (SAS Institute, Cary, NC, USA).

3. Results
3.1 Rat characteristics and blood biochemical parameters

Both dietary and energy intakes were increasedugimout the study in both rat groups but the
dietary intake was largely lower from the HFHFrtdiempared to the control diet. Nevertheless,af th
energy intake in both groups was overall similawas lower on 4 wks and higher on 12 and 16 wks
from the HFHFr diet compared to the control diealfle 1). In addition to a moderate but significant
increase in body weight of HFHFr diet-fed rats (l€ab), the HFHFr rats exhibited higher liver and
adipose tissue weights with lower gastrocnemiugyiateihan control rats (Figure 1). These effects
were further accentuated when expressed in relatioat body weight (Figure 1). In addition, the
two-way ANOVA analysis showed a slight but sigrdgifit decrease in the weight of soleus, tibialis and
extensor digitorum longus in the HFHFr rats comgati@ the control rats, although no significant
difference was observed at any diet treatment murdtetween control and HFHFr rats. Finally, the

heart and kidney weights remained unchanged (Tigble
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The time-course of OGTT for control and HFHFr ragsshown in Figure 2A and 2Abis
respectively. The AUC of the OGTT showed that impaiglucose homeostasis was increased in the
HFHFr rats compared to the control rats, reachingaaimum at 12 wks of diet intake (Figure 2B).

Serum levels of both TG and total cholesterol wgnadually and significantly increased in both
diet groups whereas HFHFr diet had no significdfece on these parameters. Surprisingly, serum

FFA levels were significantly decreased with theHfiF diet compared to control diet (Figure 3).

3.2 Gastrocnemius muscle neutral lipids and soleus muscle DAG and ceramides contents

The gastrocnemiusnusclelevels of FFA and TG were increased with the HFidiet, whereas
that of cholesterol remained unchanged (Figure 43pecifically, FFA and TG levels were
significantly increased at 12 wks of HFHFr diet tigmparison to control diet. Indeed, the muscle
triglycerides content was highly increased (2.2e8nmcreased compared to control rats at 12 wks of
diet), whereas free fatty acids were only modeyaitetreased (+24% increase compared to control
rats at 12 wks of diet).

Total DAG content in thsoleusmuscle was increased since the 4th wk of diet tighHFHFr
diet compared to controls. In particular, it wagngicantly increased at thel6th wk of HFHFr digt b
comparison to control diet (Figure 4B). All mus&&G species C16- C16, C16- C18.1, C16- C18,
C18.1- C18.1 and C18- C18.1 were significantly éased, except C16- C18.2 (decreased) and C18.1-

18.2 (unchanged), with the HFHFr diet comparedhéocontrol diet (Table 2).

Total ceramide content in tleleusmuscle was also increased with the HFHFr diet @retbto
controls. In particular, it was significantly inesed at 4 and 12 wks of HFHFr diet by comparison to
control diet (Figure 4B). This increase was dueitifieease in four important ceramide species, the
sphingosine and sphinganine, as well as ceramid8sa@d C20, despite the fact that the content of

the five other ceramides, namely, C16, C18.1, €22.1 and C24 remained unchanged (Table 3).

Because lipid droplets are the major cellular oefjas for the storage of neutral lipids, we have
investigated the gene expression level of key ptaiyesolved in lipid droplets dynamics in the saeu

e.i., PLIN2, DGAT1, ATGL, CD36 and LPL. As shown Kigure 5, the two-way ANOVA test
13
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showed that only the gene expression of CD36 wgsifgiantly increased with the HFHFr diet
compared to the control diet, particularly on ti6& wk of diet. In addition, when only studentest
was applied on the fétreatment duration, the gene expression of bottNPland ATGL appeared

also increased with the HFHFr diet compared tactirerol diet.

3.3 Phosphoalipids distribution and fatty acid composition in the gastrocnemius muscle

The muscle content of total phospholipids remaiskdiistically similar with HFHFr and control
diet. Individually, the percentage of different gpbolipid classes remained also statistically simil
with HFHFr and control diet (Supplementary TablelB)particular, the percentage of cardiolipin,ttha
is considered as a biomarker of mitochondrial conf#6], was not modified.

As expected, the percentage of muscle total SFAim@esased under the HFHFr diet, which was
due to the increase in both palmitic and stearid, axcept at 8 wks and 12 wks of diet where SFA
percentage was unchanged between controls and HFi:r(Figure 6, Table 4). In addition, the
percentage of muscle total MUFAs was also increagddthe HFHFr diet, in particular on 8 and 12
wks of diet intake (Figure 6). Indeed, the percgataf the minor MUFAs, namely, C16:1 n-7 and
C18:1 n-7, was significantly decreased whereasdh#ite major MUFA, C18:1 n-9, has more than
doubled (Table 4). Finally, the percentage of mrgotal PUFA was markedly decreased under the
HFHFr diet compared to the control diet (Figure ®)ecifically, the percentage of linoleic acid @.8:
n-6), a major PUFA, and docosahexaenoic acid (23)&mas decreased whereas that of another major
PUFA, arachidonic acid (20:4n-6), remained unchdngih the HFHFr diet compared to the control
diet (Table 4).

Consequently, the unsaturation index of muscley fatids was decreased with the HFHFr diet
compared to the control diet (Table 4). Indeeds ttiécrease in the unsaturation index was in
agreement with the decrease in the percentage &ARWNder the HFHFr diet compared to the
control diet. In addition, the fatty acid desaterdsdices of the three important desaturageks £
[16:1n-7/16:0],A6 = [18:3n-6/18:2n-6] and\5 = [20:4n-6/20:3n-6]) were all decreased with the

HFHFr diet compared to the control diet (Table Bhis is in agreement with the above reported
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decreases in the percentage of PUFAs and in theguration index. Moreover, this was confirmed
with gene expression of SCD1, the stearoyl-CoA tiease (o\-9-desaturase) that catalyzes the rate-
limiting step in the formation of oleate and pabigate from stearoyl-CoA and palmitoyl-CoA,
respectively. In fact, SCD1 gene expression wasifggntly decreased with the HFHFr diet

compared to the control diet (Table 4).

3.4 Lipid signalling pathways and mitochondrial activity in the gastrocnemius muscle

In order to explain the obtained results, we stlidee muscle expression of several actors of lipid
metabolism. To begin with the lipid uptake, thetpio abundance of both FAT/CD36 and FATP1,
two fatty acid transporters, remained unchangedtl€Ea5), whereas the gene expression of FABP3,
another fatty acid transporter, was increased thiehHFHFr diet compared to the control diet (Table
6). Protein expression of the long chain acyl-CgAtketase (ACSL1), that activates the conversion of
12 to 20 carbon fatty acids into acyl-CoA thioesteemained unchanged, except on 12 wks of diet.
The muscle gene expression of PRARPPAR/ and Srebp-1c, three key regulators of lipid
metabolism, as well as the gene and protein expressf PGC-1a, a key regulator of energy
metabolism, remained unchanged (Tables 5, 6). lditiad, protein abundance of mCPT-1, a
mitochondrial fatty acids transporter, remained alichanged. Regarding lipogenesis, the muscle
protein abundance of total acetyl CoA carboxylaseQ), a lipogenic enzyme providing the malonyl-
CoA substrate for fatty acid synthesis and’*eeACC, its inactivated form, remained unchanged
whereas protein abundance of muscle fatty acidhsget (FAS), a multifunctional enzyme that
synthesizes palmitic acid, was significantly andrkedly decreased all along the study with the

HFHFr diet compared to the control diet (Table 5).

3.5 Mitochondrial characteristics and enzymatic activity in the gastrocnemius muscle

The main musclgastrocnemiusnitochondrial parameters characterising mitochiahdunction,
that is, membrane potential, membrane fluidity aespiration, remained unchanged in the HFHFr
diet-fed rats compared to the control rats (TablelrY addition, the enzymatic activities of citrate
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synthase, a renowned biomarker of mitochondriatemn[46], and mitochondrial respiratory chain
complexes (complex I, complex I, complex I+l amdmplex V) as well a$3-hydroxybutyryl
coenzyme A dehydrogenagg-KIAD), involved in fatty acidp-oxidation, remained unchanged with
the HFHFr diet compared to the control diet (TaB)e Because cardiolipin play a key role in the
mitochondrial bionenergetic, in particular in mibondrial respiratory chain complexes assembly and
activity, we have determined the gene expressiah the protein abundance of the cardiolipin
synthase (CLS) as well as the gene expression efCIDP-Diacylglycerol Synthase 1 (CDS1), a
critical enzyme that catalyzes the formation of Gii&cylglycerol from phosphatidic acid for de novo
cardiolipin synthesis. The gene expression butthetprotein abundance of CLS was slightly but
significantly decreased with the HFHFr diet compaieethe control diet, whereas the gene expression

of CDS1 remained unchanged (Table 8).

3.6 Mitochondrial ROS production and oxidative stress status in the gastrocnemius muscle

Mitochondrial ROS production ofjastrocnemiusmuscle challenged with substrates alone
(malate+glutamate+succinate) or with substrates pIDP, remained unchanged throughout the study
between HFHFr and control rats (Table 9). In additiseveral long-established oxidative and anti-
oxidative markers were determined in this studye géstrocnemiumuscle levels of TBARS (marker
of lipid peroxidation), sulfhydryl groups (markef protein oxidation) and GSH (a major cellular
antioxidant) as well as the enzymatic activities thie antioxidant enzymes SOD, catalase and GPx

remained unchanged with the HFHFr diet comparetdaontrol diet (Table 9).

3.7 Correlation of glucose intolerance with lipid composition, mitochondrial activity and oxidative
stress parameters
The TG, cholesterol and FFA contents gafstrocnemiusnuscle were only slightly positively
correlated with glucose intolerance. However, a enaté positive correlation was observed between
soleus muscle DAGs content and glucose intolerdmtenot with soleus muscle ceramides content
(Figure 7). Specifically, several major DAG specig3l6/C18:1, C16/C18, C18:1/C18:1) were
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positively correlated with glucose intolerance. &eling muscle FA composition, the muscle SFAs
were not correlated whereas both MUFAs and PUFA= wespectively positively and negatively
correlated with glucose intolerance (Figure 8). Teéermination of mitochondrial activity and ROS
production showed that the enzymatic activitieshe respiratory chain complexes | and IV were
positively, whereas ROS production was negativelgratated with glucose intolerance (Figure 9).
Finally, we observed no significant correlationvbetn glucose intolerance and several measured
oxidative stress parameters in tig@strocnemiusnuscle, namely, TBARS, sulfhydryl groups, GSH,

SOD, catalase and GPx, monitored in this studya(dat shown).

4. Discussion

It is well known that fatty acid composition of tliet can influence membrane fatty acid
composition and then cellular activity and homesist§47]. Indeed, many reports have shown that
high intake of dietary saturated fat significantiypaired glucose homeostasis and thus worsen
insulin-resistance [7]. However, changes over tiime skeletal muscle lipid accumulation,
mitochondrial function and oxidative stress, alomigh the onset of obesity and impaired glucose
homeostasis, remain crucial and interesting questio animal models of obesity. In this study, rats
were fed an experimental diet with a blend of fith a high percentage of saturated fats, in paleic
palmitic acid. This diet was efficient in inducimgoderate overweight, increasing liver and adipose
tissue weights. These marked modifications of taracteristics were clearly accompanied with

muscle lipid accumulation and impaired glucosertiee since the 8th week of diet.

4.1 Muscle lipid accumulated with HFHFr diet with a maximum at 12th week of diet

Muscle lipid accumulation and/or lipid metabolisiteeation is known to play an important role in
the development of glucose intolerance in HF fegditodels [48]. However, there is an ongoing
debate on which of the lipid species plays the male in inducing muscle insulin resistance angsth
impaired glucose homeostasis. Although many studiase reported increased muscle lipid

accumulation in mice/rats fed HF diets, it is the&dcellular lipotoxic metabolites (fatty acyl CoA,
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DAG and ceramides) that are considered the trueritallresponsible for the installation and
development of muscle metabolic perturbations dmb impaired glucose homeostasis. Indeed, in
addition to the increased muscle TG, cholesterdl RIRA contents, our results indicated that muscle
DAG and ceramides were markedly increased wititHREIFr diet compared to the control diet. This
could result from fatty acid storage within lipidoplets of skeletal muscle reflected by a sustained
higher gene expression of FAT/CD36 during the ecewsHFHFr diet. In addition, total DAG and
several individual species (C16/C18 and C18:1/Q18&$% well as TG, cholesterol and FFA, were
positively correlated with glucose intolerancehirststudy. In accordance, muscle DAG accumulation
in both animals and humans has been linked to imswsistance [49]. Although the cellular
mechanisms underlying this relationship are stilldebatesthe connection between muscle DAG
accumulation and insulin resistance could be aftteith to activation of protein kinase C signalin@][5

In addition, ceramides are important second megssribat interact with several pathways involved
in insulin resistance, oxidative stress, inflammatand apoptosis [51]. Indeed, the ceramides have
been shown to inhibit several distinct intermediaite the insulin signaling pathway, by regulating
IRS-1, PI3-kinase, and Akt/PKB [52]. It was shownattthe muscle ceramide (C18:1/C18:0) was the
only higher lipid in insulin resistance independemtoverweight/obesity [53]. In addition, muscle
insulin resistance was predominantly associatel higher C18:0 ceramide [5]. However, although
the accumulation of muscle stearoyl-ceramide sp€€i@8:0) is considered having the greatest impact
on skeletal muscle insulin sensitivity [53], noamide species was correlated with impaired glucose
homeostasis in the present study.

Interestingly, maximal lipid accumulation under tHEHFr diet was observed at™26"™ wk of
diet. This is particularly notable for TG and DA®ut also for cholesterol and FFA. This was
associated with higher gene expression of muscl&/€R36, a major player of cellular lipid storage
and trafficking. In accordance, other parametersewaodified maximally at this time of the diet, in
particular OGTT, plasma glucose and HOMA-IR indegflecting maximal impaired glucose
tolerance. A previous study from our laboratoryoatlemonstrated that hepatic steatosis and many

biochemical modifications plateaued at 8-12 wedkBllEHFR diet in rats with slight amelioration
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afterwards [54]. It is likely that adaptive mechang are initiated to attenuate the effect of thélAF
diet after some weeks of diet. However, none of ghateins from the lipid metabolism signaling

pathways we have explored has allowed us to explath observation.

4.2 Muscle fatty acid composition was altered as soon as 4 weeks of HFHFr diet

The fatty acid composition of the gastrochemius gleugras modified as early as 4 weeks of diet.
The percentage of both major SFAs, C16 and C18,ima@eased with HFHFr diet compared to the
control diet. However, there was no significantretation between total SFA or individual SFAs with
glucose intolerance. The intake of the HFHFr diet &lso to an overall increase in muscle MUFA, in
particular the major MUFA, C18:1 n-9. This resutsm the dietary C18:1 n-9 and not framvivo
conversion of saturated fatty acids into monouns#dd fatty acids, which serve as the preferred
substrate for synthesis of stored lipids [55, 36],SCD1 gene and activity were decreased with the
HFHFr diet. Such a result may contradict the ide&t MUFAs are rather beneficial in improving
insulin sensitivity compared to a high-saturatetddiat [57]. Another consequence of this HFHFr diet
was a significant decrease in the percentage otleUBUFASs, in particular in the metabolically
important linoleic acid whereas the arachidoniagoercent remained unchanged. Interestingly, the
muscle total PUFA as well as many of individualsHAd, among which n-6 and n-3 PUFA, were
negatively correlated with glucose intolerance sTdtiservation reinforces the concept that PUFAs are
beneficial for insulin sensitivity [58]. Indeed,ed$ rich in SFAs induce impaired glucose homecstasi
with concomitant increases in muscle DAG whereassdiich in PUFAs appear to prevent glucose

intolerance by directing fat into TG formation ratlithan in other toxic lipid metabolites [59].

4.3 Dysfunction of the muscle mitochondria is not mainly involved in glucose intolerance

Skeletal muscle mitochondria may play a key rolehigh fat or HF/HFr diet induced insulin
resistance [60]. Two mechanisms by which mitoch@mhdunction could be involved in skeletal
muscle IR are debated [61]. The first suggestsrttisichondrial dysfunction causes intramyocellular

lipid accumulation leading to IR, while the secdngolves excess fuel within mitochondria in the
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absence of increased energy demand, stimulatirachahdrial oxidant production and emission, and
ultimately leading to the development of IR. Thestfimechanism may be more privileged but not in a
significant way as both the content and charadiesiof muscle mitochondria and mitochondrial
activity remained unchanged in this study. Howetlee, study of mitochondrial activity showed that
the enzymatic activities of respiratory chain coexgls | and IV were positively correlated with
impaired glucose homeostasis, probably indicathrg tnitochondrial activity was impacted by the
HFHFr diet although this was not appearing withgtatistical analysis between the control group and
the HFHFr group. Moreover, our results do not edelupossible important modifications of
mitochondrial content and function in other tissuiesparticular pancreas. In agreement with our
results, Holloszy [62] has reported that the obsgmeduction in muscle content of mitochondria in
patients with types 2 diabetes is not responsiiénsulin resistance.

The other mechanism involving production and redezfsmitochondrial oxidants that may induce
insulin resistance is not supported by our presestlts. Indeed, the muscle mitochondrial ROS
production was not modified by the HFHFr diet. biddion, the muscle oxidative and anti-oxidative
stress parameters remained unchanged under the rHketFcompared to the control diet and this
throughout the study. ROS production from musclsahiondria were even negatively correlated with
impaired glucose homeostasis. These results arsistent with many of our earlier findings of
marked oxidative stress in the blood and/or liert, not in skeletal muscle with HFHFr diet [54, 63]
Moreover, many studies have reported oxidativesstr@nset in liver, intestine, adipose tissue or
pancreas but rarely in skeletal muscle and/or heawts fed high-caloric diets [64, 65]. In linetkw
this and in a very nice proteomic study, Mendeald66] have reported that long-term HFHS diet
consumption increased protein oxidation in plasmd &ver, meanwhile protein carbonyls from
skeletal muscle did not change. Unlike the livkelstal muscle is a second target of nutrients,iand

therefore less exposed than the liver to diredadyechanges, including high calorie diets.

5. Conclusion
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The present results indicate that muscle lipidratiens, as well as impaired glucose homeostasis
occur as early as the 4-8th week of HFHFr diet;dase to reach a plateau around tH_vigeks, and
then attenuate towards the end of study”(@@eks). In addition, at these diet treatment domat
muscle mitochondrial activity and oxidative stressnained unchanged and do not seem to play a
major role in the development of glucose intoleenehile accumulation of lipids and intracellular

lipotoxic metabolites may rather be involved witlolpable species specificity.
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cardiolipin synthase; DGAT1: diacylglycerol O-acgiisferase 1; FAS: fatty acid synthase;
FAT/CD36: cluster of differentiation 36 (fatty adichnslocase); FATPL1: fatty-acid-transporter protei
1; GPx: Glutathione peroxidase; GSH: GlutathiofeHAD: B-hydroxyacyl-CoA dehydrogenase;
HFHFr: high fat high fructose; HPTLC: High perfornte thin layer chromatography; LPC:
lysophosphatidylcholine; LPL: lipoprotein lipase:@®T1: muscle-Carnitine palmitoyltransferase I;
MUFA: monounsaturated fatty acids; NAFLD: non-alobt fatty liver disease; 5-NS: 5-nitroxide
stearate; 16-NS, 16-nitroxide stearate; OGTT: ghatose tolerance test; PA: phosphatidic acid; PC:
phosphatidylcholine; PE: phosphatidylethanolami®@; phosphatidylglycerol; PGGxi peroxisome
proliferator-activated receptor-gamma coactivatoy-PI: phosphatidylinositol; PLIN2: perilipin 2;
PS: phosphatidyl-serine; PUFA: polyunsaturated/fatids; Rf: retention factor; gPCR: quantitative-
polymerase chain reaction; RNS: reactive nitrogeeces; ROS: reactive oxygen species; SCD1.:
stearoyl-CoA desaturase 1; SFA: saturated fattylsac6M: sphingomyelin; SOD: superoxide
dismutase; TBARS: Thiobarbituric acid reactive sabses; TLC: thin layer chromatography; WB:

western blotting.

Figure legends

Figure 1: Weight of liver, adipose tissue and gasbticnemius and their ratios to rat body weight in
rats fed control or HFHFr diets for 4 to 20 weeks

Results were expressed as means + SD, n=6-8 arperaigoup per diet treatment duration, rats liver
(A), adipose tissue (B) and gastrocnemius (C) wsigind their ratio to rat body weight. All the
groups were tested for the effects of diet, treatnduration, and their interaction by two-way
ANOVA test. When the effect of diet was significatiite unpaired studenttdest was used to analyse
the effect of HFHFr diet within each treatment diara The limit of statistical significance was st

p<0.05. HFHFr diet vs control diet: *p<0.05, *p<4d, ***p<0.001.
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Figure 2: Time-course of oral glucose tolerance te rats fed control or HFHFr diets for 4-20
weeks

A period of 6-h fasting rats received by gavage @.§lucose/kg body weight. Blood was sampled
through the tail vein of conscious rats immediatedjore the gavage, and 20, 40, 60, 90, 120 and 180
min afterwards and blood glucose was measured guapse strips and a commercial glucometer.
Changes in blood glucose after oral glucose loadsaown for control (A) and HFHFr (Abis) rat
groups. Total cumulative glucose levels for eadattnent group are reported as AUC and were
calculated by the trapezium method and expressegl gisicose/l per 180 min (B). Results were
expressed as means + SD, n=6-8 animals per grougigiereatment duration. All the groups were
tested for the effects of diet, treatment duratenng their interaction by two-way ANOVA test. When
the effect of diet was significant, the unpairagent’st-test was used to analyse the effect of HFHFr
diet within each treatment duration. The limit tdtsstical significance was set at p<0.05. HFHF&t di
vs control diet: *p<0.05, **p<0.01, **p<0.001. AUCarea under the curve; OGTT: oral glucose

tolerance test.

Figure 3: Blood lipid levels in rats fed control orHFHFr diets for 4 to 20 weeks

Results were expressed as means + SD, n=6-8 aneratgoup per diet treatment duration. All the
groups were tested for the effects of diet, treatnduration, and their interaction by two-way
ANOVA test. When the effect of diet was significatiite unpaired studenttdest was used to analyse
the effect of HFHFr diet within each treatment diara The limit of statistical significance was st

p<0.05. HFHFr diet vs control diet: *p<0.05, *p<4d, ***p<0.001.

Figure 4: Muscle neutral lipid accumulation in ratsfed control or HFHFr diets for 4 to 20 weeks
Results were expressed as means + SD, n=6-8 areratgoup per diet treatment duration. Muscle
gastrocnemius TG, cholesterol and FFA (A), and heusopleus DAG and Ceramides putative
mediators of lipid-induced hepatic insulin resis&@rB). All the groups were tested for the effesits
diet, treatment duration, and their interactiontlwp-way ANOVA test. When the effect of diet was

significant, the unpaired student'sest was used to analyse the effect of HFHFr dighin each
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treatment duration. The limit of statistical sigoince was set at p<0.05. HFHFr diet vs contrat die

*p<0.05, **p<0.01, **p<0.001. DAG: diacyglycerol$:FA: free fatty acids; TG: triglycerides.

Figure 5: Gene expression of the major players inhie formation of lipid droplets in the soleus
muscle in rats fed control or HFHFr diets for 4 t020 weeks

Results were expressed as means + SD, n=6-8 aneratgoup per diet treatment duration. All the
groups were tested for the effects of diet, treatnduration, and their interaction by two-way
ANOVA test. When the effect of diet was significatiite unpaired studenttdest was used to analyse
the effect of HFHFr diet within each treatment diara The limit of statistical significance was st
p<0.05. HFHFr diet vs control diet: *p<0.05, **p€d, ***p<0.001. ATGL: adipose triglyceride
lipase; CD36: cluster of differentiation 36 (fathcid translocase); DGATL: diacylglycerol O-

acyltransferase 1; LPL: lipoprotein lipase; PLIN2rilipin 2.

Figure 6: Fatty acid classes in the gastrocnemiususcle from rats fed control or HFHFr diets
for 4 to 20 weeks

Results were expressed as means + SD, n=6-8 aneratgoup per diet treatment duration. All the
groups were tested for the effects of diet, treatnduration, and their interaction by two-way
ANOVA test. When the effect of diet was significatiite unpaired studenttdest was used to analyse
the effect of HFHFr diet within each treatment diara The limit of statistical significance was st
p<0.05. HFHFr diet vs control diet: *p<0.05, **p€Q., **p<0.001. MUFA: monounsaturated fatty

acids; PUFA: polyunsaturated fatty acids; SFA: iid fatty acids.

Figure 7: Spearman correlations between glucose ttance test and accumulation of key lipids

in gastrocnemius and soleus muscles

Results were expressed as means + SD, n=6-8 anpealgroup per diet treatment duration.
Correlations were performed with the Spearman ntett@®ucose tolerance test was negatively
correlated with muscle TG levels but positivelyretated with muscle DAG levels. AUC: area under

the curve; DAG: diacyglycerols; TG: triglycerides.
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Figure 8: Spearman correlations between glucose tiance test and gastrocnemius muscle fatty
acid composition

Results were expressed as means + SD, n=6-8 anpealgroup per diet treatment duration.
Correlations were performed with the Spearman miktiiJC: area under the curve; MUFA:

monounsaturated fatty acids; PUFA: polyunsaturtdtgi acids.

Figure 9: Spearman correlations between glucose ttance test and mitochondrial activity
markers in the gastrocnemius muscle

Results were expressed as means + SD, n=6-8 anpealgroup per diet treatment duration.
Correlations were performed with the Spearman nietB®P: adenosine diphosphate; AUC: area
under the curve; CI: complex [, COX: complex IVieghrome oxidase; MGS:

malate/glutamate/succinate; ROS: reactive oxygenisp.

References

[1] Barness LA, Opitz JM, Gilbert-Barness E. Obgsifenetic, molecular, and environmental
aspects. Am J Med Genet A. 2007;143:3016-34.

[2] DeFronzo RA, Tripathy D. Skeletal muscle insulesistance is the primary defect in type
2 diabetes. Diabetes Care. 2009;32 Suppl 2:S157-63.

[3] Kraegen EW, Cooney GJ, Turner N. Muscle insuliesistance: a case of fat
overconsumption, not mitochondrial dysfunction.dMatl Acad Sci U S A. 2008;105:7627-
8.

[4] Holland WL, Summers SA. Sphingolipids, insutiesistance, and metabolic disease: new
insights from in vivo manipulation of sphingolipidetabolism. Endocr Rev. 2008;29:381-

402.
25



669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

[5] Tonks KT, Coster AC, Christopher MJ, ChaudhBRti Xu A, Gagnon-Bartsch J, et al.

Skeletal muscle and plasma lipidomic signaturesmsilin resistance and overweight/obesity
in humans. Obesity (Silver Spring). 2016;24:908-16.

[6] Borkman M, Storlien LH, Pan DA, Jenkins AB, Gholm DJ, Campbell LV. The relation

between insulin sensitivity and the fatty-acid casipon of skeletal-muscle phospholipids. N
Engl J Med. 1993;328:238-44.

[7] Riccardi G, Giacco R, Rivellese AA. Dietary fansulin sensitivity and the metabolic

syndrome. Clin Nutr. 2004;23:447-56.

[8] Clore JN, Li J, Gill R, Gupta S, Spencer R, Amr A, et al. Skeletal muscle

phosphatidylcholine fatty acids and insulin sewgitiin normal humans. Am J Physiol.

1998;275:E665-70.

[9] Funai K, Lodhi IJ, Spears LD, Yin L, Song H, dfh S, et al. Skeletal Muscle

Phospholipid Metabolism Regulates Insulin Sensjtignd Contractile Function. Diabetes.
2016;65:358-70.

[10] Newsom SA, Brozinick JT, Kiseljak-Vassiliadks Strauss AN, Bacon SD, Kerege AA,

et al. Skeletal muscle phosphatidylcholine and phasdylethanolamine are related to
insulin sensitivity and respond to acute exercisehumans. J Appl Physiol (1985).

2016;120:1355-63.

[11] Victor VM, Rocha M, Herance R, Hernandez-Mgar A. Oxidative stress and

mitochondrial dysfunction in type 2 diabetes. GRinarm Des. 2011;17:3947-58.

[12] Turrens JF. Mitochondrial formation of reaeivoxygen species. J Physiol.
2003;552:335-44.

[13] Valko M, Leibfritz D, Moncol J, Cronin MT, Maz M, Telser J. Free radicals and
antioxidants in normal physiological functions amgman disease. Int J Biochem Cell Biol.

2007;39:44-84.
26



694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

[14] Montgomery MK, Turner N. Mitochondrial dysfutien and insulin resistance: an
update. Endocr Connect. 2015;4:R1-R15.

[15] Keung W, Ussher JR, Jaswal JS, Raubenheimedralh, VH, Wagg CS, et al. Inhibition
of carnitine palmitoyltransferase-1 activity allates insulin resistance in diet-induced obese
mice. Diabetes. 2013;62:711-20.

[16] Ahn J, Lee H, Im SW, Jung CH, Ha TY. Allyl igwocyanate ameliorates insulin
resistance through the regulation of mitochondualction. J Nutr Biochem. 2014;25:1026-
34.

[17] Martins AR, Crisma AR, Masi LN, Amaral CL, Marca-Nassr GN, Bomfim LHM, et
al. Attenuation of obesity and insulin resistangdish oil supplementation is associated with
improved skeletal muscle mitochondrial functiomiice fed a high-fat diet. J Nutr Biochem.
2018;55:76-88.

[18] Bai J, Zheng S, Jiang D, Han T, Li Y, Zhang ef,al. Oxidative stress contributes to
abnormal glucose metabolism and insulin sensitivitiwvo hyperlipidemia models. Int J Clin
Exp Pathol. 2015;8:13193-200.

[19] Das N, Mandala A, Bhattacharjee S, MukherjeeBBndyopadhyay D, Roy SS. Dietary
fat proportionately enhances oxidative stress dodoge intolerance followed by impaired
expression of the genes associated with mitochahbidgenesis. Food Funct. 2017;8:1577-
86.

[20] Lionetti L, Mollica MP, Crescenzo R, D'André&g Ferraro M, Bianco F, et al. Skeletal
muscle subsarcolemmal mitochondrial dysfunctiorhigh-fat fed rats exhibiting impaired
glucose homeostasis. Int J Obes (Lond). 2007;36-54.

[21] Feillet-Coudray C, Fouret G, Ebabe Elle R, Ri®et J, Bonafos B, Chabi B, et al. The

mitochondrial-targeted antioxidant MitoQ ameliosatenetabolic syndrome features in

27



718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

obesogenic diet-fed rats better than Apocynin doAlrinol. Free Radic Res. 2014;48:1232-
46.

[22] Jenkins DJ, Wolever TM, Kalmusky J, Giudici Siordano C, Wong GS, et al. Low
glycemic index carbohydrate foods in the managemoérityperlipidemia. Am J Clin Nutr.
1985;42:604-17.

[23] Matthews DR, Hosker JP, Rudenski AS, Naylor ,BRreacher DF, Turner RC.
Homeostasis model assessment: insulin resistartc®éeta-cell function from fasting plasma
glucose and insulin concentrations in man. Dialogial 1985;28:412-9.

[24] Blachnio-Zabielska AU, Persson XM, Koutsari Zabielski P, Jensen MD. A liquid
chromatography/tandem mass spectrometry methochéasuring the in vivo incorporation
of plasma free fatty acids into intramyocellularasmides in humans. Rapid Commun Mass
Spectrom. 2012;26:1134-40.

[25] Blachnio-Zabielska AU, Zabielski P, Jensen MDtramyocellular diacylglycerol
concentrations and [U-(1)(3)C]palmitate isotopicrieginment measured by LC/MS/MS. J
Lipid Res. 2013;54:1705-11.

[26] Coudray C, Fouret G, Lambert K, Ferreri C, i&get J, Blachnio-Zabielska A, et al. A
mitochondrial-targeted ubiquinone modulates musdipid profile and improves
mitochondrial respiration in obesogenic diet-fe.r&r J Nutr. 2016;115:1155-66.

[27] Lepage G, Roy CC. Direct transesterificatiohadl classes of lipids in a one-step
reaction. J Lipid Res. 1986;27:114-20.

[28] Warensjo E, Riserus U, Gustafsson 1B, MohserCBderholm T, Vessby B. Effects of
saturated and unsaturated fatty acids on estindesdturase activities during a controlled

dietary intervention. Nutr Metab Cardiovasc Dis02(18:683-90.

28



741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

[29] Aoun M, Fouret G, Michel F, Bonafos B, Ramo<iistol JP, et al. Dietary fatty acids
modulate liver mitochondrial cardiolipin contentdaits fatty acid composition in rats with
non alcoholic fatty liver disease. J Bioenerg Biombe. 2012;44:439-52.

[30] Aoun M, Feillet-Coudray C, Fouret G, Chabi ®rouzier D, Ferreri C, et al. Rat liver
mitochondrial membrane characteristics and mitodhah functions are more profoundly
altered by dietary lipid quantity than by dietaiygid quality: effect of different nutritional
lipid patterns. Br J Nutr. 2011;107:647-59.

[31] Bradford MM. A rapid and sensitive method fbe quantitation of microgram quantities
of protein utilizing the principle of protein-dyénbling. Anal Biochem. 1976;72:248-54.

[32] Baracca A, Sgarbi G, Solaini G, Lenaz G. Rhoitee 123 as a probe of mitochondrial
membrane potential: evaluation of proton flux thglou=(0) during ATP synthesis. Biochim
Biophys Acta. 2003;1606:137-46.

[33] Barja G. The quantitative measurement of H2f@Reration in isolated mitochondria. J
Bioenerg Biomembr. 2002;34:227-33.

[34] Srere P. Citrate synthase. Methods enzym@91B:3-11.

[35] Feillet-Coudray C, Sutra T, Fouret G, Ramos\dutniak-Cabello C, Cabello G, et al.
Oxidative stress in rats fed a high-fat high-suerdget and preventive effect of polyphenols:
Involvement of mitochondrial and NAD(P)H oxidasest®ms. Free Radic Biol Med.
2009;46:624-32.

[36] Janssen AJ, Trijbels FJ, Sengers RC, Smeitiakvan den Heuvel LP, Wintjes LT, et al.
Spectrophotometric assay for complex | of the magpiy chain in tissue samples and
cultured fibroblasts. Clin Chem. 2007;53:729-34.

[37] Rustin P, Chretien D, Bourgeron T, Gerard BotiR A, Saudubray JM, et al.
Biochemical and molecular investigations in redpina chain deficiencies. Clin Chim Acta.

1994,228:35-51.
29



766

767

768

769

770

771

772

773

774

775

776

77

778

779

780

781

782

783

784

785

786

787

788

789

790

[38] Wharton D, Tzagoloff A. Cytochrome oxidaserfrdeef heart mitochondria. Methods
enzymol. 1967;10:245-50.

[39] Clayton PT, Eaton S, Aynsley-Green A, Edgintdn Hussain K, Krywawych S, et al.
Hyperinsulinism in short-chain L-3-hydroxyacyl-Cakfehydrogenase deficiency reveals the
importance of beta-oxidation in insulin secretidrClin Invest. 2001;108:457-65.

[40] Sunderman FW, Jr., Marzouk A, Hopfer SM, ZahaD, Reid MC. Increased lipid
peroxidation in tissues of nickel chloride-treatats. Ann Clin Lab Sci. 1985;15:229-36.

[41] Griffith OW. Determination of glutathione arglutathione disulfide using glutathione
reductase and 2-vinylpyridine. Anal Biochem. 198@;207-12.

[42] Faure P, Lafond J. Measurement of plasma gditft and carbonyl groups as a possible
indicator of protein oxidation. In: Favier A, CadktKalyanaraman B, Fontecave M, Pierre J,
editors. Analysis of Free Radicals in Biologicals&ms. Basel (Switzerland): Birkhauser
Verlag 1995. p. 237-48.

[43] Beers RF, Jr., Sizer IW. A spectrophotometniethod for measuring the breakdown of
hydrogen peroxide by catalase. J Biol Chem. 1952 1138-40.

[44] Flohe L, Gunzler WA. Assays of glutathione g@ddase. Methods Enzymol.
1984;105:114-21.

[45] Marklund S. Spectrophotometric study of spaetaus disproportionation of superoxide
anion radical and sensitive direct assay for supéeo dismutase. J Biol Chem.
1976;251:7504-7.

[46] Larsen S, Nielsen J, Hansen CN, Nielsen LBbnfid F, Stride N, et al. Biomarkers of
mitochondrial content in skeletal muscle of healygung human subjects. J Physiol.
2012;590:3349-60.

[47] Abbott SK, Else PL, Hulbert AJ. Membrane fadiyid composition of rat skeletal muscle

is most responsive to the balance of dietary neBra PUFA. Br J Nutr. 2009:1-8.
30



791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

[48] van Herpen NA, Schrauwen-Hinderling VB. Lipgdtcumulation in non-adipose tissue
and lipotoxicity. Physiol Behav. 2008;94:231-41.

[49] Finck BN, Hall AM. Does Diacylglycerol Accumatiion in Fatty Liver Disease Cause
Hepatic Insulin Resistance? Biomed Res Int. 201552004132.

[50] Jornayvaz FR, Shulman GI. Diacylglycerol aatien of protein kinase Cepsilon and
hepatic insulin resistance. Cell Metab. 2012;15:8%4

[51] Pagadala M, Kasumov T, McCullough AJ, Zein Nfitwan JP. Role of ceramides in
nonalcoholic fatty liver disease. Trends Endocrideltab. 2012;23:365-71.

[52] Summers SA. Ceramides in insulin resistancé #potoxicity. Prog Lipid Res.
2006;45:42-72.

[53] Blachnio-Zabielska AU, Chacinska M, VendelbddMzZabielski P. The Crucial Role of
C18-Cer in Fat-Induced Skeletal Muscle Insulin Risice. Cell Physiol Biochem.
2016;40:1207-20.

[54] Fouret G, Galillet S, Lecomte J, Bonafos B, ligjo F, Barea B, et al. 20-Week follow-up
of hepatic steatosis installation and liver mitaathoal structure and activity and their
interrelation in rats fed a high-fat-high-fructadiet. Br J Nutr. 2018;119:368-80.

[55] Dobrzyn A, Ntambi JM. The role of stearoyl-Codesaturase in the control of
metabolism. Prostaglandins Leukot Essent Fatty A&@605;73:35-41.

[56] Dobrzyn P, Jazurek M, Dobrzyn A. Stearoyl-Cdésaturase and insulin signaling--what
is the molecular switch? Biochim Biophys Acta. 2(1M®7:1189-94.

[57] Riccardi G, Rivellese AA. Dietary treatment thfe metabolic syndrome--the optimal
diet. Br J Nutr. 2000;83 Suppl 1:S143-8.

[58] Riserus U. Fatty acids and insulin sensitivigurr Opin Clin Nutr Metab Care.

2008;11:100-5.

31



815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

[59] Lee JS, Pinnamaneni SK, Eo SJ, Cho IH, PyoKlhh, CK, et al. Saturated, but not n-6
polyunsaturated, fatty acids induce insulin resista role of intramuscular accumulation of
lipid metabolites. J Appl Physiol. 2006;100:1467-74

[60] Lark DS, Fisher-Wellman KH, Neufer PD. Hight-f'oad: mechanism(s) of insulin
resistance in skeletal muscle. Int J Obes Supfl2;20S31-S6.

[61] Putti R, Migliaccio V, Sica R, Lionetti L. Sletal Muscle Mitochondrial Bioenergetics
and Morphology in High Fat Diet Induced Obesity dnsulin Resistance: Focus on Dietary
Fat Source. Front Physiol. 2015;6:426.

[62] Holloszy JO. "Deficiency" of mitochondria inuscle does not cause insulin resistance.
Diabetes. 2013;62:1036-40.

[63] Feillet-Coudray C, Aoun M, Fouret G, Bonafos Bamos J, Casas F, et al. Effects of
long-term administration of saturated and n-3 fattyd-rich diets on lipid utilisation and
oxidative stress in rat liver and muscle tissueas] Rutr. 2013;110:1789-802.

[64] Johnson AR, Wilkerson MD, Sampey BP, TroedWh, Hayes DN, Makowski L.
Cafeteria diet-induced obesity causes oxidative atmmn white adipose. Biochem Biophys
Res Commun. 2016;473:545-50.

[65] Pirozzi C, Lama A, Simeoli R, Paciello O, PagaTB, Mollica MP, et al.
Hydroxytyrosol prevents metabolic impairment redigchepatic inflammation and restoring
duodenal integrity in a rat model of NAFLD. J N&iochem. 2016;30:108-15.

[66] Mendez L, Pazos M, Molinar-Toribio E, Sanchdartos V, Gallardo JM, Rosa Nogues
M, et al. Protein carbonylation associated to Hagh-high-sucrose diet and its metabolic

effects. J Nutr Biochem. 2014;25:1243-53.

32



Figure 1: Weight of liver, adipose tissue and gastrocnemius and their ratios to rat body weight in rats fed control or

HFHFr diets for 4 to 20 weeks
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Figure 2: Time-course of oral glucose tolerance test in rats fed control or HFHFr diets for 4-20 weeks
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Figure 3: Blood lipid levels in rats fed control or HFHFr diets for 4 to 20 weeks

ANOVA diet NS; time <0,0001; interaction NS ANOVA diet NS; time <0,0001; interaction NS
180 1 mcoNT  HFHFr 85 1 EMCONT = HFHFr .
|
R
g
_I —_
S 140 - =
5 2 70 |
n D _
S ]
€ 100 - / J g
> | i
2 T/ 2 55 l
= - £
< 60
& : 3
© - o
o L
Diet treatment duration, weeks Diet treatment duration, weeks

N
o
Y
o

4 8 12 16 20 4 8 12 16 20

Plasma free fatty acids, mg/dL

ANOVA diet <0,0001; time NS; interaction NS
B CONT = HFHFr

T

\;

[EnY
o
1

*kx

10 4

Diet treatment duration, weekl

4 8 12 16 20



Figure 4: Muscle neutral lipid accumulation in rats fed control or HFHFr diets for 4 to 20 weeks
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Figure 5: Gene expression of the major players in the formation of lipid droplets in the soleus muscle in rats fed control or HFHFr
diets for 4 to 20 weeks
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Figure 6: Fatty acid classes in the gastrocnemius muscle from rats fed control or HFHFr diets for 4 to 20 weeks
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Figure 7: Spearman correlations between glucose tolerance test and accumulation of key lipids in gastrocnemius and soleus

muscles
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Figure 8: Spearman correlations between glucose tolerance test and gastrocnemius muscle fatty acid composition
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Figure 9: Spearman correlations between glucose tolerance test and mitochondrial activity markers in the
gastrocnemius muscle
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Table 1: Food consumption and rat body and orgaghie

Parameters Diet 4 wks 8 wks 12 wks| 16 wkg 20 wks b p
Diet Time | time*diet

Dietary intake, g/d Control 19.1+0.3 19.5+0.6 19.3+0.4 19.9+0.6 21.440.9

HFHFr | 12.2+0.1** | 14.1+0.1** | 15.04+0.5*** | 15.1+0.3*** | 15.3+0.8*** | <0.0001| <0.0001| 0.0002
Energy intake, kCal/d| Control 73.6+1.3 75.242.2 74.6£1.6 76.7+2.4 82.6+3.5

HFHFr | 65.1+0.4** | 75.3+0.5 | 80.3+2.6* | 80.5+1.5* 81.7+4.2 NS 0.0001 | <0.0001
Initial body weight, g Control 10248 106+10 96+6 10149 10546

HFHFr 10249 105+3 99+9 10146 103+11 NS NS NS
Final body weight, g Control 276+21 362 + 32 421+41 471+35 543+53

HFHFr 252423 379+44 474+40% 517+46* 561+60 0.0300 | <0.0001] NS
Tibialis, g ww Control 0.73+0.06 | 0.94+0.08 | 1.03+0.10 | 1.27+0.19 | 1.44+0.15

HFHFr 0.64+0.08 | 0.90+0.13 | 1.01+0.14 | 1.24+0.12 | 1.32+0.18 | 0.0347 | <0.0001| NS
Soleus, mg ww Control 1096 151423 158+15 192+18 215+21

HFHFr 94+13 130416 163428 181425 205+30 0.0396 | <0.0001| NS
EDL, mg ww Control 120+10 155+15 172416 197425 220426

HFHFr 108+13 143425 169427 195421 198+32 0.0465 | <0.0001| NS
Heart, g ww Control 0.85+0.08 | 1.03+0.22 | 1.07+0.12 | 1.11+0.13 | 1.25+0.12

HFHFr 0.76+0.06 | 0.96+0.11 | 1.08+0.13 | 1.10+0.07 | 1.24+0.16 NS |<0.0001] NS
Kidney, g ww Control 0.98+0.09 | 1.05+0.16 | 1.11+0.06 | 1.13+0.10 | 1.40+0.15

HFHFr 0.84+0.09 | 1.07+0.19 | 1.22+0.15 | 1.32#0.25 | 1.30+0.20 NS |<0.0001| 0.0269

Results were expressed as meanstSD, n=6-8 anieraigquip per diet treatment duration. All the gwere

tested for the effects of diet, treatment duratam their interaction by two-way ANOVA test. Whitre effect

of diet was significant, the unpaired studeiiest was used to analyse the effect of HFHFrwligtin each diet

treatment duration. The limit of statistical sigo#ince was set at p<0.05. HFHFr diet vs contrai: dig<0.05,

**p<0.01, **p<0.001. NS: not significant. EDL: eghsor digitorum longus; ww: wet weight.




Table 2: Content of diacylglycerols species ingbkusmuscle (Lg/g ww)

Parameters Diet 4 wks 8 wks 12 wks 16 wks 20 wks p p p
Diet Time time*diet

Diacylglycerols species

C16-18.2 Control 119+89 171+164 219 #181 133+104 177157

(PM=592.5) HFHFr 115+101 75+81 110472 89452 14987 0.0367 NS NS

C18.1-18.2 Control 2124207 267+338 299+243 178+124 260+276

(PM=618.5) HFHFr 187171 126+131 155+96 184+111 319278 NS NS NS

C16-16 Control 53+23 51+34 52434 2817 48+28

(PM=568.4) HFHFr 63+24 53128 61+18 59+26* 65+25 0.0267 NS NS

C16-18.1 Control 195489 232+141 298+224 14797 249+131

(PM=594.5) HFHFr 426289 347+322 492+301 408+269* 316+174 0.0012 NS NS

C16-18 Control 199+92 239+142 252+159 153+100 268+144

(PM=596.4) HFHFr 452313 373+356 517+316 431+284* 332£175 0.0004 NS NS

C18.1-18.1 Control 104466 122+89 169+120 94164 143489

(PM=620.5) HFHFr 325+270 2594294 392+278 335+258* 225+186 0.0002 NS NS

C18-18.1 Control 2348 18+6 24412 127 2246

(PM=622.5) HFHFr 117+68** 92+79*% 123+80** 106+65* 77+81 <0.0001 NS NS

Results were expressed as meanstSD, n=6-8 anieraigquip per diet treatment duration. All the gwere

tested for the effects of diet, treatment duratamy their interaction by two-way ANOVA test. Whire effect

of diet was significant, the unpaired studemsst was used to analyse the effect of HFHFrwlitin each diet

treatment duration. The limit of statistical sigo#fnce was set at p<0.05. HFHFr diet vs contrdi: di@<0.05,

**p<0.01. NS: not significant. ww: wet weight.




Table 3: Content of ceramides species insthleusmuscle (ug/g ww)

Parameters Diet 4 wks 8 wks 12 wks 16 wks 20 wks p p p
Diet Time time*diet

Ceramides species

Sphingosine Control | 0.3120.04 0.300.04 0.27:0.04 0.130.04 0.300.15

(PM=299.3) HFHFr | 0.41:0.10% | 0.290.08 0.300.05 0.24+0.06* 0.33:0.49 | 0.0023 | <0.0001 | NS

Sphinganine Control | 0.050.01 | 0.04:0.01 0.04£0.01 0.04£0.02 0.05£0.05

(PM=301.3) HFHFr | 0.07$0.03 | 0.05:0.02 | 0.0740.02* 0.0520.02 007014 | 0.0003 NS NS

C16 Control | 4.91#129 | 4.64%2.21 3.85+1.86 3.31+1.55 5.1744.65

(PM=537.3) HFHFr | 5.30£1.06 3.9943.12 3.06+1.06 3.40+1.90 5.5343.10 NS 0.0186 NS

C18.1 Control | 0.05:0.01 | 0.04£0.01 0.030.02 0.0720.01 0.0420.01

(PM=563.3) HFHFr | 0.07:0.06 | 0.03+0.01* 0.03£0.01 0.040.05 0.0420.02 NS NS NS

c18 Control 25.9+4.4 27.4+16.3 17.8+3.7 12.7+5.6 33.3:30.9

(PM=565.3) HFHFr | 34.822.3%* 25.316.3 30.9+9.0 25.3+8.3% 39.0+13.0 | 00012 | 0.0002 NS

€20 Control |  0.140.05 0.10£0.04 0.10£0.03 0.080.06 0.1120.07

(PM=593.3) HFHFr |  0.20£0.09 0.13:0.03 0.140.03* 0.150.06* 0.20:0.11* | <0.0001 | 0.0131 NS

c22 Control | 1.50#0.35 1.01#0.25 0.9720.32 1.0241.11 1.12+0.66

(PM=621.3) HFHFr | 1.58:0.71 | 0.9720.16 0.89:0.19 1.0920.57 1.49:0.71 NS 0.0210 NS

c24.1 Control | 1.970.50 1.31+0.52 1.35:0.52 1.53+1.74 1.44+0.65

(PM=647.3) HFHFr |  1.89:0.84 1.26+0.58 1.000.28 1.360.82 1.75:0.81 NS NS NS

c24 Control | 1.720.27 1.570.19 1.310.29 3.3246.56 1.67+0.38

(PM=2649.3) HFHFr | 2.68+41.40 | 1.2740.25* 1.29:0.38 1.99 +2.50 2.16+1.89 NS NS NS

Results were expressed as meanszSD, n=6-8 anieraigqup per diet treatment duration. All the gmwere

tested for the effects of diet, treatment duratam their interaction by two-way ANOVA test. Whitne effect

of diet was significant, the unpaired studetifest was used to analyse the effect of HFHFrwligtin each diet

treatment duration. The limit of statistical sigo#éince was set at p<0.05. HFHFr diet vs contrai: dig<0.05,

**p<0.01, **p<0.001. NS: not significant. ww: weateight.




Table 4: Fatty acid composition (%) of muscle Igid thegastrocnemiususcle

Parametel Diet 4 wks 8 wks 12 wks 16 wks 20 wks p p p
Diet Time | time*diet

C14:0 Control 1.6520.21 2.20%1.37 1.92:0.44 2.0520.76 1.6620.31

HFHFr 1.15%0.11 2.00+1.06 1.21#0.30 1.43+0.24 1.30£0.14 0.0032 NS NS
C16:0 Control 27.9:0.7 28.1#1.2 27.240.7 27.741.2 26.240.9

HFHFr 29.0£0.8% 28.9+0.6 26.8+0.6 30.0£0.7+ 29.940 5+ <0.0001 | <0.0001 | <0.0001
C18:0 Control 11.7+1.1 10.8+1.2 0.3242.52 10.5+1.6 8.4+2.6

HFHFr 13.6£1.0% 11.041.2 0.7242.19 12.741.3% 12.4+1.4% 0.0002 | 0.007 NS
C16:1 n-7 Control 2.55£0.87 3.07+1.34 451+2.56 3.16+1.09 4.702.23

HFHFr 0.78+0.23** 1.3240.49% 1.74+0.63* 0.8420.36%* 0.99:0.49* <0.0001 | 0.0403 NS
C18:1 n-9 Control 10.6£1.9 10.3%2.2 14.243.6 9.95+2.53 14.645.7

HFHFr 16.3+3.0% 23.845.6%+ 31.449.3%+ 16.245.2* 17.245.1 <0.0001 | <0.0001 | 0.0023
c18:1 n-7 Control 3.85:0.15 3.88:0.16 4.10:0.38 4.060.39 4.28+0.33

HFHFr 2.1740.11%* 2.14+0.15* 2.08:0.13*+* 1.95£0.11%%* 1.9420.09%* | <0.0001 NS 0.0076
C18:2 n-6 Control 175411 16.6+1.7 16.5+1.6 16.4+1.5 17.543.1

HFHFr 13,620 5+ 11,940 5%+ 111412 12.441.1%+ 12.240.8* <0.0001 NS NS
C18:3 n-6 Control 0.066+0.009 0.0600.010 0.04940.012 0.056+0.012 0.066+0.005

HFHFr 0.040£0.006** | 0.032+0.004*** 0.029+0.004** 0.030£0.006** | 0.032+0.004** | <0.0001 | 0.0005 NS
C18:3n-3 Control 0.46020.121 0.462+0.169 0.581+0.295 0.421#0.0178 0.727+0.392

HFHFr 0.142+0.048** | 0.188+0.050* 0.214+0.067* 0.111#0.038** 0.112:0.03* | <0.0001 NS NS
C20:3 n-6 Control 0.530£0.035 0.428+0.054 0.359+0.098 0.391+0.034 0.30740.120

HFHFr 0.622+0,081*+ 0.537+0.158 0.409+0.212 0.6070.104* | 059740138 | <0.0001 | 0.0039 NS
C20:4 -6 Control 11.241.4 10.9+1.4 8.73+2.30 10.6£1.7 9.06+3.55

HFHFr 11.241.3 8.96+2.57 7.09+3.74 11.842.5 11.6+2.3 NS 0.0064 NS
C22:6 n-3 Control 5.05£0.41 6.17+1.20 5.68+1.89 7.27+1.48 6.54%3.18

HFHFr 4.54+0,59 3.46+1.22% 3.14 + 1.50* 5.25+0.79* 5.21%0.75 <0.0001 | 0.0130 NS
n-6 Control 30.1#1.3 28.7+1.3 26.2+1.3 27.7+1.6 27.1%1.6

HFHFr 26.6+1.4 22.243.3 19.3+4.7 25.043.0 24.6+3.1 <0.0001 | <0.0001 NS
n-3 Control 7.7820.48 8.80+1.39 7.98+1.98 9.99+1.45 8.94+3.43

HFHFr 6.2340.70 4.96+1.49 4.46+2.09 7.13+1.01 7.03+1.04 <0.0001 | 0.0074 NS
Unsaturation Index Control 14545 148+9 140413 152+9 148+22

HFHFr 134£7* 120£14% 116+19* 135+11% 134%11 <0.0001 | 0.0233 NS
A9-desaturase (C16:1f- Control 9.1242.96 10.88+4.66 16.64+9.69 11.45+4.02 18.13+8.86
7/C16:0) x 100 HFHFr 2.70+0.80%* 4.55+1.76* 6.50+2.42% 2.8141.24%+* 3.28+1.62% <0.0001 | 0.0260 NS
A6-desaturase (C18:3f- Control 0.37:0.05 0.340.04 0.30£0.07 0.35:0.08 0.38:0.04
6/C18:2n-6) x 100 HFHFr 0.30:0.05* 0.28+0.04* 0.2540.06 0.250.04%+* 0.27£0.04** | <0.0001| 0.0538 NS
AS-desaturase (C20:4f- Control 21.0£2.3 25.9+4.7 24.6+3.6 27.042.6 29.1%2.7
6/C20:3n-6) HFHFr 18.0£1.3% 16.9+1.8%+ 17.443.4% 19.5:3.2%* 19.742 2%+ <0.0001 | 0.0009 NS
SCD1/RPS9, gPCR Control 100452 252+142 159+102 161+83 225+84

HFHFr 11659 1854101 92425 107437 140+75* 0.0085 | 0.0028 NS

Results were expressed as meanszSD, n=6-8 anieraigqup per diet treatment duration. All the gwere

tested for the effects of diet, treatment duratam their interaction by two-way ANOVA test. Whitre effect

of diet was significant, the unpaired studemsst was used to analyse the effect of HFHFrwli#tin each diet

treatment duration. The limit of statistical sigo#éince was set at p<0.05. HFHFr diet vs contrai: dig<0.05,

**p<0.01, **p<0.001. NS: not significant. MUFA: mwunsaturated fatty acids; PUFA: polyunsaturatety fa

acids; gPCR: quantitative-polymerase chain react®@D1: stearoyl-CoA desaturase 1; SFA: saturahtty f

acids.

Unsaturation index = (% monoenoic x1) + (% diend} + (% trienoic x3) + (% tetraenoic x4) + (% paeroic

x5) + (% hexaenoic x6).




Table 5: Protein abundance of major actors of lipetabolism in thgastrocnemiususcle

Parameters Diet 4 wks 8 wks 12 wks 16 wks 20 wks
CD36p-actin Control 1.0040.17 1.00+0.15 1.00+0.36 1.00+0.36 1.00+0.12
HFHFr 1.09+0.34 1.20+0.47 0.97+0.39 0.85+0.25 0.85+0.26
FATP1p-actin Control 1.00+0.20 1.00+0.8 1.00+0.16 1.00+0.18 1.00+0.70
HFHFr 0.97+0.38 1.04+0.20 1.24+0.33 1.20+0.39 0.54+0.41
ACSL1B-actin Control 1.00+0.28 1.00+0.21 1.00+0.16 1.00+0.20 1.00+0.12
HFHFr 0.89+0.16 0.82+0.30 1.39+0.38* 1.05+0.39 1.10+0.31
PGC1aB-actin Control 1.00+0.12 1.00+0.11 1.00+0.30 1.00+0.32 1.00+0.76
HFHFr 0.99+0.18 0.79+0.35 1.34+0.47 0.77+0.32 0.81+0.48
mCPT1p-actin Control 1.00+0.27 1.00+0.37 1.00+0.28 1.00+0.09 1.00+0.22
HFHFr 0.98+0.24 1.04+0.38 0.90+0.38 1.10+0.44 0.91+0.16
ACC/R-actin Control 1.00+0.07 1.00+0.07 1.00+0.24 1.00+0.36 1.00+0.33
HFHFr 0.88+0.21 0.84+0.27 1.27+0.30 0.93+0.35 1.07+0.18
p-ACCR-actin Control 1.00+0.36 1.00+0.37 1.00+0.35 1.00+55 1.00+0.39
HFHFr 0.99+0.38 0.63+0.32* 1.20+0.25 0.89+0.41 0.96+0.55
FASPB-actin Control 10040.73 1.00+0.55 1.00+1.27 1.00+1.29 1.00+0.35
HFHFr 0.68+0.35 0.36+0.35* 0.18+0.16 0.50+0.27 0.58+0.46*

Results were expressed as meanstSD, n=6-8 animalgrgup per diet treatment duration. Because weste
blotting assay was performed separately on eactintent duration, the unpaired studertttest was used to
analyse the effect of HFHFr diet within each dieatment duration. The limit of statistical sigo#nce was set
at p<0.05. *p<0.05. ACC: acetyl-CoA carboxylase; 3Q: acyl-CoA synthetase long chain family member 1
CD36/FAT: cluster of differentiation 36 (fatty acttanslocase); FAS: fatty acid synthase; FATPltyfatid-
transporter protein; mCPT1: muscle carnitine pagiitansferase |; PGCett peroxisome proliferator-activated

receptor g coactivatore

The WB results were obtained as blot intensityhef studied protein divided by blot intensity ®factin and
normalised by the blot intensity of one controlereihce in the same gel: (protein blot intensityiatiot
intensity)/(protein blot intensity/actin blot int&ity)control reference 1heN all the results were normalized by the

mean value obtained for the control group insideasth diet treatment duration.



Table 6: Gene expression of major actors of lipetabolism in thgastrocnemiumuscle

Parameters Diet 4 wks 8 wks 12 wks$ 16 wks 20 wkp I p P
Diet Time | time*diet

FABP3/RPS9 | Control | 1.00+0.55| 0.76+0.23| 0.79+0.28| 0.75+0.46| 0.64+0.0.34
HFHFr | 1.26+0.65| 0.82+0.28| 0.96+0.38| 0.84+0.20| 1.06+0.39* | 0.0419 NS NS
PPARN/RPS9 | Control | 1.00+0.27| 0.71+0.37| 0.97£0.31| 1.00+0.31| 0.91+0.27
HFHFr | 1.22+0.27| 0.79+0.21| 0.88+0.29| 0.89+0.19| 0.86+0.22 NS 0.0167 NS
PPAR/RPS9 Control | 1.00+0.48| 0.60+0.35| 0.75+0.30| 0.80+0.17| 0.64+0.17
HFHFr | 1.43+0.65| 0.80+0.32| 0.85+0.40| 0.74+0.29| 0.76+0.33 NS 0.0017 NS
PGC-Ti/RPS9 | Control | 1.00+0.36| 1.68+0.41| 1.22+0.27| 1.17+0.46| 1.31+0.40
HFHFr | 1.08+0.33| 1.33+0.32| 0.95+0.32| 0.86+0.19| 1.10+0.51 | 0.0145 | 0.0040 NS
Srebp-1c/RPS9| Control | 1.00£0.45| 0.74+0.36| 1.46+0.52| 1.52+0.78| 1.60+0.91
HFHFr | 1.22+0.34| 1.40+0.83| 1.52+0.47| 1.59+0.46| 1.33+0.38 NS NS NS

Results were expressed as meanszSD, n=6-8 anieraigqup per diet treatment duration. All the gowere
tested for the effects of diet, treatment duratemmg their interaction by two-way ANOVA. When thiéeet of
diet was significant, the unpaired studenitest was used to analyse the effect of HFHFr wi#iin each diet
treatment duration. The limit of statistical sigoéince was set at *p<0.05. NS: not significant. P3B fatty-
acid-binding protein 3; PGCet peroxisome proliferator-activated receptor g tivator-la; PPAR:
peroxisome proliferator activated receptor alphBARy: peroxisome proliferator activated receptor gamma;

Srebp-1c: Sterol regulatory element-binding traipsion factor 1c.

The C]PCR results were obtained as: (ékﬂ'f(t) of GENE standard-C(t) of GENFel_'_ERPSg(C(t) of RPS9 standard-C(t) of RPS%ith
E: efficiency of the gene and C(t): cycle thresholotained by relative gPCR. Then all the resultsewe
normalized by the mean value obtained for the obigoup at 4 weeks. In such a case, all the ajfaups were

relative to the control group at 4 weeks of diet.



Table 7: Characterization of mitochondrial functbity in thegastrocnemiusnuscle

Parameters Diet 4 wks 8 wks 12 wks 16 wkg 20 wkss b p
Diet Time | time*diet

Membrane fluidity
With 5-NS label, AU | Control | 1.77+0.05 | 1.74+£0.02 | 1.97+0.06 | 1.99+0.06 | 1.82+0.14
HFHFr | 1.82+0.12 | 1.82+0.05 | 1.99+0.08 | 2.02+0.12 | 1.78%0.06 NS |<0.0001f NS
With 16-NS label, AU Control | 0.99+0.07 | 1.18+0.09 | 1.69+0.37 | 1.64+0.53 | 1.05+0.11
HFHFr | 1.15+0.10 | 1.63+0.78 | 1.60+0.48 | 1.68+0.41 | 1.10+0.07 NS 0.0006 NS
Membrane potential
Mitoch alone, AU Control | 0.25+0.04 | 0.28+0.07 | 0.32+0.07 | 0.27+0.08 | 0.21+0.08

HFHFr | 0.23+0.06 | 0.26%0.05 | 0.31+0.03 | 0.27+0.06 | 0.19+0.06 NS NS NS
Mitoch+MGS, AU Control | 0.45+0.04 | 0.53+0.06 | 0.52+0.08 | 0.57+0.06 | 0.43%0.08

HFHFr | 0.43+0.10 | 0.51+0.07 | 0.55+0.04 | 0.55+0.09 | 0.44+0.08 NS NS NS
Mitoch+MGS+ADP, | Control [ 0.33+0.02 | 0.38+0.03 | 0.35+0.06 | 0.34+0.05 | 0.27+0.05
AU HFHFr | 0.32+0.05 | 0.37+0.04 | 0.37+0.03 | 0.33+0.07 | 0.27+0.04 NS NS NS
Mitoch. respiration
Mito+MGS, pmol Control | 0.97+0.29 | 1.23+0.40 | 1.13+0.37 | 1.34+0.33 | 1.60+0.46
O/sec/ug protein HFHFr | 0.79+0.22 | 1.15+0.42 | 0.94+0.44 | 11.26+0.35| 1.65+0.26 NS NS NS
Mito+MGS+ADP, Control | 2.33+0.81 | 3.97+1.28 | 4.12+1.47 | 5.31+1.86 | 3.66+1.48
pmol Ofsec/ug prot. | HFHFr | 1.88+0.71 | 3.36+1.15 | 3.15+1.78 | 4.80+1.39 | 3.801.27 NS NS NS
Mitochondrial RCR | Control | 2.38+0.43 | 3.29+0.50 | 3.65+0.95 | 3.95+1.08 | 2.31+0.85

HFHFr | 2.33+0.56 | 3.14+0.97 | 3.03+0.98 | 3.89+0.89 | 2.302+0.74| NS NS NS

Results were expressed as meanszSD, n=6-8 anieraigqup per diet treatment duration. All the gwere
tested for the effects of diet, treatment duratam their interaction by two-way ANOVA test. Whitre effect
of diet was significant, the unpaired studeiifest was used to analyse the effect of HFHFrwligtin each diet
treatment duration. The limit of statistical sigoéince was set at p<0.05. NS: not significant. AB&enosine
diphosphate; AU: arbitray units; MGS: malate/glugaedsuccinate; 5-NS: 5-nitroxide stearate; 16-N&; 1

nitroxide stearate; RCR: respiratory coefficieniaa



Table 8:Gastrocnemiusmitochondrial respiratory chain complexes actigtand cardiolipin synthesis

Parameters Diet 4 wks 8 wks 12 wks 16 wkg 20 wks p
Diet Time | time*diet

Citrate synthase, Control 549+80 539461 529459 46970 518184
muU/mg protein HFHFr 576+61 591+105 486+91 482451 42577 NS 0.0007 NS
Complex I, mU/mg | Control 76.0£10.5 64.946.9 82.3+14.9 69.7£16.2 | 77.5+18.4
protein HFHFr 85.3+13.6 72.7+¥19.6 78.2+£18.2 75.4+14.1 | 59.2+17.0 NS NS NS
Complex Il, mU/mg| Control 116421 907 137415 115427 140431
protein HFHFr 124420 104433 126428 122423 111429 NS 0.0059 NS
Complexes I+l Control 18.3+3.2 14.2+2.7 19.845.4 20.145.9 20.545.3
mU/mg protein HFHFr 16.5+3.4 15.1+3.2 17.7+2.5 18.7+4.0 18.2+3.7 NS 0.0138 NS
Complex 1V, Control 124422 95+17 138+17 119424 132420
mU/mg protein HFHFr 93+35 104+13 135429 138+30 127+14 NS | <0.0001| 0.0426
B-HAD, mU/mg Control 169429 178+29 205+21 185+38 171442
protein HFHFr 196+32 21646 205+44 21534 20345 NS NS NS
CDS1/RPS9, gPCR Control 1.00+0.42 0.34+0.16 0.81+0.38 0.75+0.45 | 0.82+0.43

HFHFr 1.09+0.42 0.72+0.44 0.97+0.42 0.82+0.43 | 0.71+0.38 NS 0.0240 NS
CLS/RPS9, gPCR | Control 1.00+0.33 1.52+0.33 1.32+0.42 1.27+0.50 | 1.59+0.70

HFHFr 1.06+0.25 1.29+0.37 0.94+0.22 0.99+0.37 | 1.24+0.63 | 0.0196 NS NS
CLS/B-actin, WB Control 1.00+0.24 1.00+0.46 1.00+0.49 1.00+0.41 1.00+0.32

HFHFr 1.40+0.66 0.99+0.42 1.32+0.49 1.00+0.46 | 1.00+0.44 | t-test t-test t-test

Results were expressed as meanszSD, n=6-8 anieraigqup per diet treatment duration. All the gmwere

tested for the effects of diet, treatment duratam their interaction by two-way ANOVA test. Whitre effect

of diet was significant, the unpaired studertitest was used to analyse the effect of HFHFr di#tin each

treatment duration. Because western blotting as$a@LS was performed separately on each diet treatm

duration, the unpaired student$est was used to analyse the effect of HFHFr wi#tin each diet treatment

duration. The limit of statistical significance wsst at p<0.05. NS: not significant. CDS1: CDP-yliglycerol

synthase 1; CLS: cardiolipin synthafetHHAD: B-hydroxyacyl coenzyme A dehydrogenase; qPCR: gzdivie-

polymerase chain reaction; WB: western blotting.




Table 9: ROS production and oxidative stress parar®én thegastrocnemiusnuscle

Parameters Diet 4 wks 8 wks 12 wks 16 wks 20 wkss p p
Diet Time | time*diet

Mito ROS production

Mito+MGS, AU Control | 29.1£8.1 25.3+4.8 26.7+5.3 60.1+13.3 | 96.0+31.2

HFHFr | 30.6+£9.1 29.9+5.6 | 32.1+13.2 | 51.6£11.5 | 91.5#39.1 | NS NS NS
Mito+MGS+ADP, AU | Control 6.1+4.0 8.8+5.3 8.8+3.9 15.7+5.9 19.4+17.0

HFHFr 8.5+4.3 12.9+4.6 9.7483.1 14.45.2 17.0£16.7 | NS NS NS

Oxidative stress
TBARS, nmol/gww | Control | 41.2+3.6 45.0+3.4 46.9+3.0 42.7+4.9 37.2+6.4
HFHFr | 40.9+3.3 43.2+4.5 45.6+9.3 39.2+3.2b 35.746.3 NS | <0.0001 NS

Thiols, nmol/mg Control 176122 183+13 194415 184+19 185+22
protein HFHFr | 1759 182413 191424 193£23 175+23 | NS NS NS
Total GSH, nmol/lg | Control | 832+160 | 706269 671280 693157 708280
ww HFHFr | 821:80 | 712499 66899 69594 68482 | NS | 0.0002| NS

SOD, U/mg protein Control | 5.75+0.75 | 7.71+1.05| 9.24+0.58 | 8.83+1.17 | 8.96+0.97
HFHFr | 6.20+0.60 | 7.37+0.56 | 9.10+1.41 | 9.01+1.05 | 7.95+1.18 | NS | <0.0001 NS
Catalase, U/mg proteip Control | 24.3+3.9 21.0+3.8 21.4+4.2 21.0+4.8 23.2+7.3
HFHFr | 24.745.2 25.3+4.0 21.9+4.1 25.745.3 24.0+8.0 NS NS NS
GPx, mU/mg protein | Control 521164 756192 10724147 | 10694262 | 1097+235
HFHFr 594+88 7594138 | 10194200 | 1044+199 | 913+240b | NS | <0.0001 NS

Results were expressed as means + SD, n=6-8 anfalgroup per diet treatment duration. All theup®
were tested for the effects of diet, treatment tloma and their interaction by two-way ANOVA testhen the
effect of diet was significant, the unpaired stutettest was used to analyse the effect of HFHFr wi#tin
each diet treatment duration. The limit of stat@tisignificance was set at p<0.05. NS: not sigaift. ADP:
adenosine diphosphate; GSH: glutathione; GPx: tlitae peroxidase; MGS: malate/glutamate/succinate;
SOD: superoxide dismutase; TBARS: thiobarbituritdaeactive substances; Thiols: sulfhydryl groupsy:

wet weight.





