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Resveratrol protects against protease inhibitor-induced reactive oxygen species production, reticulum stress and lipid raft perturbation.

Introduction

HIV protease inhibitors (PIs) have been successfully used in highly active anti-retroviral therapy (HAART) of HIV-1 infection, the most effective treatment currently available.

Incorporation of PIs in HAART has significantly reduced the morbidity and mortality and prolonged the lifespan of patients with HIV infection. PI benefits are unfortunately compromised by a number of clinically important adverse side effects [START_REF] Hui | Effects of HIV protease inhibitor therapy on lipid metabolism[END_REF]. Most patients on HAART develop a metabolic syndrome associated with partial lipodystrophy, hyperlipidemia, insulin resistance, premature atherosclerosis and myocardial infarction [START_REF] Beregszaszi | Severe insulin resistance contrasting with mild anthropometric changes in the adipose tissue of HIV-infected children with lipohypertrophy[END_REF][START_REF] Bongiovanni | Lopinavir/ritonavir vs. indinavir/ritonavir in antiretroviral naive HIVinfected patients: immunovirological outcome and side effects[END_REF][START_REF] Carr | A syndrome of peripheral lipodystrophy, hyperlipidaemia and insulin resistance in patients receiving HIV protease inhibitors[END_REF][START_REF] Holmberg | Trends in rates of myocardial infarction among patients with HIV[END_REF][START_REF] Koster | HIV protease inhibitors acutely impair glucose-stimulated insulin release[END_REF]. Moreover, these patients face a growing number of other age-related comorbidities, such as neurodegeneration, osteopenia and malignancies [START_REF] Kohli | Aging and HIV infection[END_REF][START_REF] Senior | Growing old with HIV[END_REF]. The cellular and molecular mechanisms underlying PI-associated metabolic abnormalities remain elusive but they seem to be related to overproduction of reactive oxygen species (ROS) [START_REF] Mondal | HAART drugs induce oxidative stress in human endothelial cells and increase endothelial recruitment of mononuclear cells: exacerbation by inflammatory cytokines and amelioration by antioxidants[END_REF], induction of endoplasmic reticulum (ER) stress and activation of the unfolded protein response (UPR) [START_REF] Gills | Nelfinavir, A lead HIV protease inhibitor, is a broad-spectrum, anticancer agent that induces endoplasmic reticulum stress, autophagy, and apoptosis in vitro and in vivo[END_REF][START_REF] Pyrko | HIV-1 protease inhibitors nelfinavir and atazanavir induce malignant glioma death by triggering endoplasmic reticulum stress[END_REF].

In many cell models, such as pancreatic insulinoma cells, cultured vascular smooth muscle cells or fibroblasts, PIs induce intracellular ROS production that is prevented by co-treatment with the antioxidants thymoquinone [START_REF] Chandra | HIV-1 protease inhibitor induced oxidative stress suppresses glucose stimulated insulin release: protection with thymoquinone[END_REF] or N-acetyl cysteine [START_REF] Ben-Romano | Nelfinavir induces adipocyte insulin resistance through the induction of oxidative stress: differential protective effect of antioxidant agents[END_REF]. In rat pancreatic insulinoma cells, a direct role of ROS in the inhibition of insulin secretion by nelfinavir is suggested because thymoquinone reverses the suppressive effect of nelfinavir [START_REF] Chandra | HIV-1 protease inhibitor induced oxidative stress suppresses glucose stimulated insulin release: protection with thymoquinone[END_REF]. However, the clear implication of oxidative stress in PI-induced metabolic syndrome remains to be established. PIs also affect the overall functions of ER compartments in human fibrosarcoma [START_REF] Kraus | Ritonavir induces endoplasmic reticulum stress and sensitizes sarcoma cells toward bortezomib-induced apoptosis[END_REF] and myeloma cells [START_REF] Kraus | Ritonavir induces endoplasmic reticulum stress and sensitizes sarcoma cells toward bortezomib-induced apoptosis[END_REF] and in mouse macrophages [START_REF] Zhou | HIV protease inhibitors activate the unfolded protein response in macrophages: implication for atherosclerosis and cardiovascular disease[END_REF]. Specifically, they deplete ER calcium stores and induce ER stress leading to UPR activation and expression of the ER stress markers X-box Binding Protein 1 (XBP-1), activating transcription factor 4 (ATF-4) and C/EBP Homologous Protein (CHOP) [START_REF] Zhou | HIV protease inhibitors activate the unfolded protein response in macrophages: implication for atherosclerosis and cardiovascular disease[END_REF]. These transcription factors operate as downstream components of UPR to protect ER against accumulation of unfolded/misfolded proteins (reviewed in [START_REF] Kim | Cell death and endoplasmic reticulum stress: disease relevance and therapeutic opportunities[END_REF]). UPR hinders accumulation of misfolded proteins in ER by facilitating the expression of ER chaperones, inhibiting protein entry into ER through mRNA translation arrest and by increasing the efficiency of the ER-associated machinery for protein degradation (ERAD) [START_REF] Kim | Cell death and endoplasmic reticulum stress: disease relevance and therapeutic opportunities[END_REF]. Sarcoplasmic reticulum (SR) and ER are crucial for proper folding and post-transcriptional modifications of many cell surface proteins, including lipid raft microdomains, which are important cell signaling platforms (reviewed in [START_REF] Fantini | Lipid rafts: structure, function and role in HIV, Alzheimer's and prion diseases[END_REF]. In osteoclasts, recruitment of c-src and TNF receptor-associated factor 6 (TARF-6) to lipid rafts is inhibited by ritonavir treatment through an unknown mechanism, which could be linked to ER stress [START_REF] Wang | The HIV protease inhibitor ritonavir blocks osteoclastogenesis and function by impairing RANKL-induced signaling[END_REF].

Whether PIs inhibit protein localization at lipid rafts in other tissues and how PIs lead to accumulation of unfolded/misfolded proteins in ER lumen remain important questions to be elucidated as well as the precise implication of ROS production in these deleterious processes. To elucidate these questions, we treated cultures of primary human myoblasts after they fused to form mature differentiated myotubes with the PIs atazanavir, lopinavir, ritonavir and saquinavir. Such treatment increased ROS production, modified SR/ER morphology and induced SR/ER stress in myotubes.

Moreover, these PIs decreased the expression and localization at lipid rafts of Caveolin 3 and Flotillin 1, two major components of lipid raft microdomains [START_REF] Babuke | Dissecting the molecular function of reggie/flotillin proteins[END_REF][START_REF] Bickel | Flotillin and epidermal surface antigen define a new family of caveolae-associated integral membrane proteins[END_REF][START_REF] Morrow | Flotillin-1/reggie-2 traffics to surface raft domains via a novel golgi-independent pathway. Identification of a novel membrane targeting domain and a role for palmitoylation[END_REF][START_REF] Williams | The caveolin proteins[END_REF]. To evaluate the role of ROS production in these deleterious effects, we used the antioxidant resveratrol, a stilbene found naturally in various plants with the highest concentration in grape skin and peanuts [START_REF] Naylor | Cellular effects of resveratrol in skeletal muscle[END_REF][START_REF] Penumathsa | Resveratrol: a promising agent in promoting cardioprotection against coronary heart disease[END_REF]. Resveratrol supplementation protects against ischemia/reperfusion injury [START_REF] Das | Resveratrol in cardioprotection: a therapeutic promise of alternative medicine[END_REF][START_REF] Imamura | Pharmacological preconditioning with resveratrol: an insight with iNOS knockout mice[END_REF][START_REF] Ray | The red wine antioxidant resveratrol protects isolated rat hearts from ischemia reperfusion injury[END_REF] and attenuates many age-related illnesses [START_REF] Das | Resveratrol in cardioprotection: a therapeutic promise of alternative medicine[END_REF][START_REF] Bureau | Resveratrol and quercetin, two natural polyphenols, reduce apoptotic neuronal cell death induced by neuroinflammation[END_REF][START_REF] Howitz | Small molecule activators of sirtuins extend Saccharomyces cerevisiae lifespan[END_REF][START_REF] Sun | Anti-cancer effect of resveratrol is associated with induction of apoptosis via a mitochondrial pathway alignment[END_REF], such cardiovascular disease, various types of cancers, neurodegeneration and type II diabetes, making of it a particularly attractive molecule to attenuate PI-induced cellular damage. Following co-treatment with resveratrol, PI deleterious effects on myotubes were inhibited, suggesting that SR/ER stress and lipid raft perturbation depend on ROS overproduction.

Methods

Reagents

Saquinavir, ritonavir, lopinavir and atazanavir were purchased from Sequoia Research Products (Pangbourne, United Kingdom). Thapsigargin and resveratrol were purchased from Sigma Aldrich (St.Quentin Fallavier, France), Nitro-Blue-Tetrazolium (NBT) from Merk (Darmstadt, Germany) and CM-H2DCFDA derivatives (5 (and 6) chloromethyl-2',7'dichlorodihydrofluorescein diacetate, acetyl ester) from Invitrogen (Cergy Pontoise, France).

Anti-α Tubulin monoclonal antibody (mAb) was from Sigma Aldrich (St Quentin Fallavier, France); anti-CHOP mAb was from Cell Signaling Technology (Ozyme, Montigny, France); anti-Bip/GRP78, -Flotillin-1, -Caveolin-3 were from BD Transduction Laboratories (Franklin Lakes, New Jersey, USA). The Alexa Fluor secondary antibodies were from Invitrogen (Cergy Pontoise, France).

Primary cell cultures

Primary human myoblasts were isolated as described previously [START_REF] Coisy-Quivy | TC10 controls human myofibril organization and is activated by the sarcomeric RhoGEF obscurin[END_REF] from quadriceps muscle biopsies obtained from the "AFM-BTR Banque de Tissus pour la Recherche" (Hôpital de la Pitié-Salpêtrière, 75013 Paris). 30 000 myoblasts/ml were grown in DMEM (Cambrex, Lonza, Verviers, Belgium) supplemented with 10% fetal calf serum (FCS) (Perbio Science, Brebieres, France), 1% UltroserG (Biosepra CI Pherben, Cergy St. Christophe, France) and Penicillin/Streptomycin (Cambrex, Lonza, Verviers, Bergium) for five days. At day 5, myoblasts started to fuse and cultures were switched to differentiation medium (DM) composed of DMEM supplemented with 10% FCS and Penicillin/Streptomycin for 4 days to obtain terminally differentiated myotubes that were then used for all the experiments. PIs were dissolved in dimethyl sulfoxide (DMSO) with 0.05% BSA and the final concentration of DMSO in DM was <0.1%; resveratrol was dissolved in ethanol and the final concentration of ethanol in DM was <0.1%. In control, cells were incubated with DMSO and/or ethanol. Cell viability was assessed by measuring cellular ATP levels using the ATPLite luminescence assay (PerkinElmer, Courtaboeuf, France).

ROS production

ROS production was detected by measuring NBT reduction. Cells were treated with PIs and 25 and 50 µM resveratrol, or not, for 18 hours before incubation with 0.2% NBT in DMEM for 90 minutes. Then cell extracts were prepared as described previously [START_REF] Causeret | N-cadherin association with lipid rafts regulates its dynamic assembly at cellcell junctions in C2C12 myoblasts[END_REF] and the amount of dark-blue reduced NBT in extracts in 50% acetic acid was assessed at 560 nm and the optical density values were normalized to protein concentration measured with the bicinchoninic acid assay. We also used CM-H2DCFDA as cellpermeant indicator for ROS. Myotubes were cultured in 6-well plates, treated with PIs and 25 µM resveratrol, or not, for 8 hours, before being incubated with 5 µM CM-H2DCFDA and DAPI in PBS at 37°C in the dark for 60 min. Cells were then washed with PBS three times, fixed in 4% paraformaldehyde and stored at 4°C for up to 16 h before image acquisition. Images were taken of at least 10 different regions with a Zeiss fluorescent microscope (AxioCamMRm equipped with a charged-coupled device camera Zeiss AxioCam MRm) and fluorescence quantification was performed using Image J (available at: rsb.nih.gov/ij/). All experiments were performed in triplicate.

Immunoblotting, immunofluorescence, electron microscopy

Cell extracts prepared as described previously [START_REF] Coisy-Quivy | TC10 controls human myofibril organization and is activated by the sarcomeric RhoGEF obscurin[END_REF] were subjected to SDS-PAGE, blotted onto nitrocellulose membranes and probed with the indicated antibodies. Bound antibodies were detected with a chemiluminescence detection kit (PerkinElmer, Courtaboeuf, France). Analysis and quantification were performed with Kodak 1D3.6 software. For immunofluorescence, cells were fixed in 4% paraformaldehyde in PBS and permeabilized with 0.1% Triton X-100 in PBS. Cells were incubated with primary antibodies for 2h, followed by Alexa Fluor secondary antibodies and DAPI staining.

Cell imaging was performed at the "Centre Regional d'Imageries Cellulaire de Montpellier" with a Leica DM6000 microscope (Wetlar, Germany) using a 40x/1.30 EC Plan-Neofluar grade oil objective. Images were captured as 16 TIFF files with a Micro Max 1300 CCD camera (RS-Princeton Instruments Inc.) driven by MetaMorph (version 7; Universal Imaging Corp.). Images were processed using ImageJ.

For ultrastructural evaluation, primary human myotubes were immersed in a solution of 3.5% glutaraldehyde in Sorensen's buffer (0.1M, pH 7.4) at 4°C overnight. They were then rinsed in Sorensen's buffer and post-fixed in 1% osmic acid and 0.8% potassium ferrocyanide in the dark and at room temperature for 2 h. After two rinses in Sorensen's buffer, cells were dehydrated in a graded series of ethanol solutions (30-100%) and then embedded in EmBed 812. Thin sections (85 nm; Leica-Reichert Ultracut E) were cut at different levels of each block, counterstained with uranyl acetate and observed using a Hitachi 7100 transmission electron microscope at the Centre de Ressources en Imagerie Cellulaire de Montpellier (France).

Isolation of detergent-resistant membrane (DRM) fractions

Ten 10cm dishes of myotubes were harvested, then centrifuged and cell pellets suspended in ice-cool lysis buffer containing 1% Triton X-100. After measurement of the total protein concentration with the bicinchoninic acid assay, cell extracts were fractionated on a 4 ml sucrose gradient [START_REF] Iwabuchi | Separation of "glycosphingolipid signaling domain" from caveolin-containing membrane fraction in mouse melanoma B16 cells and its role in cell adhesion coupled with signaling[END_REF]. Ten fractions were collected from the top.

Thirty microliters of each fraction was analyzed by immunoblotting for Caveolin 3, Flotillin 1, Tubulin α and Actin expression.

Statistical analysis

All quantitative data are presented as means ± s.e.m. Statistical analysis to determine significance was performed using the Student's t-test. Values of P ≤ 0.05 were considered significant.

Results

Resveratrol protects against PI-induced production of ROS in human myotubes.

As ROS induce cellular damage that could mediate PI-mediated metabolic syndrome, ROS production was investigated in cultures of primary human myoblasts that fused in vitro to form mature differentiated myotubes. Myotubes were treated with four PIs (20 µM atazanavir, 20 µM lopinavir, 40 µM ritonavir and 20 µM saquinavir) for 18 hours and ROS production was evaluated indirectly by measuring NBT reduction. ROS production was significantly increased in PI-treated cells in comparison to untreated control cells (Fig. 1A). Moreover, ROS production in PI-treated myotubes was inhibited by co-incubation with resveratrol in a dose-dependent manner (Fig. 1A), using noncytotoxic resveratrol concentrations (data not shown). These results were confirmed using the fluorescent probe CM-H2DCFDA. Dichloro-fluorescein oxidation increased twofold in myotubes treated with PIs for 8 hours compared to control cells (Fig. 1B) and again this effect was significantly inhibited by anti-oxidant treatment with 25 µM resveratrol (Fig. 1B), suggesting that resveratrol could protect against ROS-mediated iatrogenic effects of PIs.

Resveratrol protects against PI-induced sarco/endoplasmic reticulum stress in human myotubes.

Accumulation of Prelamin A following PI-dependent inhibition of the ER metalloproteinase ZMPSTE24 was proposed to mediate PI-associated iatrogenic effects in fibroblasts. Thus, maturation of Lamin A was assessed in proliferating myoblasts and differentiated myotubes. Treatment with 20 µM lopinavir, 40 µM ritonavir and 20 µM saquinavir for 18 hours induced Prelamin A accumulation in myoblasts (Fig. 2A), like in fibroblasts, but not in myotubes (Fig. 2A), suggesting that PI-induced iatrogenic effects are independent of Prelamin A accumulation in human myotubes. Next, we analyzed PI effects on SR/ER integrity because ROS can alter cellular redox reactions that interfere with protein disulphide bonding and result in protein misfolding leading to SR stress and UPR activation (reviewed in [START_REF] Kim | Cell death and endoplasmic reticulum stress: disease relevance and therapeutic opportunities[END_REF]). Following incubation with atazanavir, lopinavir, ritonavir and saquinavir (same concentrations as before) and 25µM resveratrol, or not, SR/ER distribution was monitored by immunodetection of BiP, a major ER chaperone protein and by high-resolution electron microscopy. In untreated myotubes, BiP was detected in the entire cell confirming the broad distribution of SR/ER (Fig. 2B) and electron microscopy showed the typical SR/ER morphology as flattened sacs (Fig. 2C). In myotubes treated with PIs for 18 hours or with 100 nM of thapsigargin (TG), an irreversible inhibitor of the ER Ca2+-ATPase that induces SR/ER stress, for 4 hours (Fig. 2B and2C) the broad expression of BiP was lost. Moreover, SR/ER vacuolization, observed in the immunofluorescence images (arrows in Fig. 2B: addition of arrows will facilitate reading), was confirmed by electron microscopy (arrows in Fig. 2C). On the other hand, co-incubation with resveratrol protected against PI-induced SR/ER morphological alterations (Fig. 2B and2C), suggesting that they, at least in part, are due to ROS overproduction.

We next tested whether PIs could induce SR/ER stress and activate UPR in human myotubes. To this aim, myotubes were incubated with PIs for 18 hours and with TG for 4 hours. Expression of CHOP, which is a key downstream transcription factor of UPR activated during SR/ER stress (Fig. 3A), strongly increased in TG-and in PI-treated myotubes. Co-incubation with 25 µM resveratrol (Fig. 3B), however, inhibited CHOP upregulation in PI-treated myotubes (from 80-90% of CHOP-positive nuclei to 9-13%).

Thus, induction of SR/ER stress by PIs is hindered by resveratrol.

Resveratrol protects against PI-dependent inhibition of Caveolin 3 and Flotillin expression and localization to lipid rafts.

In an initial step to reestablish homeostasis and normal SR/ER function, UPR leads to the export of unfolded or misfolded SR/ER proteins to the cytosol for degradation. As SR/ER is crucial for proper folding and post-transcriptional modifications of many cell surface proteins, including lipid raft microdomains, which are important cell signaling platforms, we assessed the effect of PIs on the expression of Caveolin 3 and Flotillin 1, two lipid raft components. Treatment with different concentrations (from 5 to 20 µM) of PIs for 18 and 24 hours reduced expression of Caveolin 3 and Flotillin 1 in myotubes (Fig. 4A for atazanavir and data not shown for the other PIs). Moreover, this decrease was dose-and time-dependent in human myotubes and was obtained at therapeutic concentrations (Fig. 4B). As for the previously described PI effects, co-treatment with different concentrations (from 5 to 25 µM) of resveratrol for 18 hours inhibited reduction of Caveolin 3 expression in myotubes in a dose-dependent manner (Fig. 4C and 4D).

To determine whether PIs also affected Caveolin 3 and Flotillin 1 localization at lipid raft microdomains, Triton X-100 lysates of human myotubes, which had been treated with 20 µM of atazanavir and 25 µM of resveratrol (or not), were fractionated on sucrose density gradients. Buoyant density and resistance to solubilization by Triton X-100 at 4°C are widely used to isolate raft membranes. In these preparations, Caveolin and Flotillin 1 retain their association with lipids and they are frequently used as lipid raft markers. Indeed they strongly accumulated in fractions 3-5 (DMR fractions) of control cells (DMSO alone) (Fig. 5A), but less in those of atazanavir-treated myotubes (Fig. 5A). Again, resveratrol reduced this PI effect (Fig. 5A). Western blot analysis of pooled fractions 3-5 (LR: lipid raft fractions) and pooled fractions 8-10 (NR: no raft fractions) (Fig. 5B) confirmed that localization of Caveolin 3 and Flotillin 1 at lipid rafts was impaired in myotubes treated with atazanavir, lopinavir, ritonavir and saquinavir and that this PI effect was hindered by resveratrol (Fig. 5B). These results indicate that PIs decrease the expression and membrane localization of two important components of lipid raft microdomains. Moreover, resveratrol protects against PIinduced loss of these proteins in lipid raft microdomains, suggesting that this antioxidant could attenuate PI-mediated iatrogenic effects.

Discussion

In this work we show that PI treatment induces ROS production, SR/ER damage, SR stress and reduces Caveolin 3 and Flotillin 1 localization at lipid rafts. Co-treatment with the anti-oxidant resveratrol protects against these effects.

Our results suggest that, at least in myotubes, PI side effects are not due to defects in Prelamin A conversion. A role for Lamin A/C metabolism in PI-associated metabolic/lipodystrophy syndrome and premature ageing was proposed because PIs block the zinc metalloproteinase ZMPSTE24, an ER protein localized at the cytosolic surface of ER membranes, thus causing accumulation of farnesylated Prelamin A [START_REF] Caron | Human lipodystrophies linked to mutations in A-type lamins and to HIV protease inhibitor therapy are both associated with prelamin A accumulation, oxidative stress and premature cellular senescence[END_REF][START_REF] Coffinier | HIV protease inhibitors block the zinc metalloproteinase ZMPSTE24 and lead to an accumulation of prelamin A in cells[END_REF][START_REF] Coffinier | A potent HIV protease inhibitor, darunavir, does not inhibit ZMPSTE24 or lead to an accumulation of farnesyl-prelamin A in cells[END_REF]. Retention of the farnesylated residue confers toxic properties to the partially processed Prelamin A [START_REF] Fong | Prelamin A and lamin A appear to be dispensable in the nuclear lamina[END_REF][START_REF] Fong | Heterozygosity for Lmna deficiency eliminates the progeria-like phenotypes in Zmpste24-deficient mice[END_REF][START_REF] Young | Prelamin A, Zmpste24, misshapen cell nuclei, and progeria--new evidence suggesting that protein farnesylation could be important for disease pathogenesis[END_REF] and genetic defects in the conversion of Prelamin A to mature Lamin A (e.g., ZMPSTE24 deficiency) cause lipodystrophy and premature ageing syndromes, including the Hutchinson-Gilford progeria syndrome [START_REF] Agarwal | Zinc metalloproteinase, ZMPSTE24, is mutated in mandibuloacral dysplasia[END_REF][START_REF] Moulson | Homozygous and compound heterozygous mutations in ZMPSTE24 cause the laminopathy restrictive dermopathy[END_REF][START_REF] Navarro | Loss of ZMPSTE24 (FACE-1) causes autosomal recessive restrictive dermopathy and accumulation of Lamin A precursors[END_REF]. However, our results suggest that, at least in myotubes, PI side effects are due to another mechanism.

Our work indicates that ROS overproduction, SR/ER stress and lipid raft perturbation were co-induced by PI treatment in human primary myotubes. The deleterious effects of HIV PIs had been previously associated with ROS overproduction and ER stress but the hierarchy between these two events was not known. In human aortic endothelial cells, PIs alone and as part of HAART regimens increase ROS production [START_REF] Mondal | HAART drugs induce oxidative stress in human endothelial cells and increase endothelial recruitment of mononuclear cells: exacerbation by inflammatory cytokines and amelioration by antioxidants[END_REF]. Nelfinavir induces oxidative stress and can also lead to adipocyte necrosis [START_REF] Vincent | Nelfinavir induces necrosis of 3T3F44-2A adipocytes by oxidative stress[END_REF] and premature senescence in human fibroblasts [START_REF] Caron | Human lipodystrophies linked to mutations in A-type lamins and to HIV protease inhibitor therapy are both associated with prelamin A accumulation, oxidative stress and premature cellular senescence[END_REF]. The clear implication of oxidative stress in PIinduced cellular damages is demonstrated by co-treatment with antioxidants. In 3T3-L1 adipocytes, the superoxide dismutase-mimetic antioxidant MnTBAP protects against nelfinavir-induced insulin resistance and cleavage of poly ADP ribose polymerase, a marker of apoptosis [START_REF] Ben-Romano | Nelfinavir induces adipocyte insulin resistance through the induction of oxidative stress: differential protective effect of antioxidant agents[END_REF]. In rat pancreatic insulinoma cells, nelfinavir-dependent inhibition of glucose-stimulated insulin secretion is prevented by thymoquinone [START_REF] Chandra | HIV-1 protease inhibitor induced oxidative stress suppresses glucose stimulated insulin release: protection with thymoquinone[END_REF], a component of black seed oil with potent antioxidant properties. Similarly, we show that atazanavir, lopinavir, ritonavir and saquinavir induce ROS overproduction and SR/ER stress (SR/ER swelling, CHOP expression and loss of Caveolin 3 and Flotillin 1 expression) in differentiated myotubes. Induction of ER stress by PIs was already shown in cancer cell lines [START_REF] Gills | Nelfinavir, A lead HIV protease inhibitor, is a broad-spectrum, anticancer agent that induces endoplasmic reticulum stress, autophagy, and apoptosis in vitro and in vivo[END_REF][START_REF] Pyrko | HIV-1 protease inhibitors nelfinavir and atazanavir induce malignant glioma death by triggering endoplasmic reticulum stress[END_REF][START_REF] Kraus | Ritonavir induces endoplasmic reticulum stress and sensitizes sarcoma cells toward bortezomib-induced apoptosis[END_REF] and in macrophages [START_REF] Zhou | HIV protease inhibitors activate the unfolded protein response in macrophages: implication for atherosclerosis and cardiovascular disease[END_REF], but the potential implication of ROS production on the induction of ER stress was not investigated in these studies. Our results clearly suggest that PI-induced SR/ER stress and UPR are mediated by ROS overproduction because the antioxidant resveratrol protects against SR/ER swelling, CHOP upregulation and loss of Caveolin 3 and Flotillin 1 expression. PI-induced oxidative stress could induce SR/ER stress through different mechanisms.

Nitric oxide (NO) and other ROS may modify oxidizable residues (cysteine, tyrosine) of SR-associated calcium channels, such as RyR (S-nitrosylation), and SR/ER Ca 2+ ATPases (by tyrosine nitration) leading to SR/ER calcium depletion, which is a cause of protein misfolding [START_REF] Viner | Protein modification during biological aging: selective tyrosine nitration of the SERCA2a isoform of the sarcoplasmic reticulum Ca2+-ATPase in skeletal muscle[END_REF][START_REF] Xu | Nitric oxide synthase in cardiac sarcoplasmic reticulum[END_REF][START_REF] Xu | Activation of the cardiac calcium release channel (ryanodine receptor) by poly-S-nitrosylation[END_REF] and consequently of SR/ER stress. Such mechanism could explain how ritonavir, atazanavir and indinavir decreased ER calcium content in a dosedependent manner in mouse macrophages [START_REF] Zhou | HIV protease inhibitors activate the unfolded protein response in macrophages: implication for atherosclerosis and cardiovascular disease[END_REF]. In addition, production of NO, a mediator of protein nitrosylation, and of other ROS that alter cellular redox-dependent reactions interferes with protein disulphide bonding and results in misfolding of proteins which accumulate in ER lumen [START_REF] Gotoh | Nitric oxide and endoplasmic reticulum stress[END_REF]. Interestingly, our results show that PIs inhibit localization of Caveolin 3 and Flotillin 1 at lipid raft microdomains. These two proteins are palmitoylated on cysteine residues in association with the ER and this post-translational modification is needed for their localization at lipid rafts microdomains (reviewed in [START_REF] Babuke | Dissecting the molecular function of reggie/flotillin proteins[END_REF][START_REF] Fruhbeck | Role of caveolins in body weight and insulin resistance regulation[END_REF]. Caveolin 3 and Flotillin 1 are two major components of lipid rafts and are implicated in insulin signaling to trigger glucose transporter redistribution in adipocytes and myotubes [START_REF] Fecchi | Spatial and temporal regulation of GLUT4 translocation by flotillin-1 and caveolin-3 in skeletal muscle cells[END_REF]. Thus, inhibition of their recruitment to lipid rafts by PIs could play an important role in PI-induced insulin resistance. The PI effect on lipid rafts is not restricted to myotubes and it has been described also in osteoclast precursors [START_REF] Wang | The HIV protease inhibitor ritonavir blocks osteoclastogenesis and function by impairing RANKL-induced signaling[END_REF].

Ritonavir blocks osteoclastogenesis and osteoclast function by disrupting the recruitment of TARF6/c-Src complex to lipid rafts by an unidentified mechanism [START_REF] Wang | The HIV protease inhibitor ritonavir blocks osteoclastogenesis and function by impairing RANKL-induced signaling[END_REF].

In myotubes, resveratrol protects against degradation and mislocalization of Caveolin 3 and Flotillin 1 induced by PIs, suggesting that these cellular damages are mediated by SR/ER stress and oxidative stress. Resveratrol holds a number of reported health benefits (cardioprotective, antiaging, neuroprotective, antiviral and anticancer) [START_REF] Das | Resveratrol in cardioprotection: a therapeutic promise of alternative medicine[END_REF][START_REF] Imamura | Pharmacological preconditioning with resveratrol: an insight with iNOS knockout mice[END_REF][START_REF] Ray | The red wine antioxidant resveratrol protects isolated rat hearts from ischemia reperfusion injury[END_REF][START_REF] Bureau | Resveratrol and quercetin, two natural polyphenols, reduce apoptotic neuronal cell death induced by neuroinflammation[END_REF][START_REF] Howitz | Small molecule activators of sirtuins extend Saccharomyces cerevisiae lifespan[END_REF][START_REF] Sun | Anti-cancer effect of resveratrol is associated with induction of apoptosis via a mitochondrial pathway alignment[END_REF] that make of it a particularly attractive molecule to attenuate PI-induced side effects.

Using the antioxidant resveratrol, we show that inhibition of PI-induced ROS overproduction protects against PI-induced SR/ER stress and mislocalization of lipid raft proteins in human myotubes. These results strongly suggest that resveratrol treatment may be used as a potential therapeutic agent to attenuate PI-induced side effects. (C) Human myotubes were treated as described in (B) and after 18 hours, cells were fixed and analyzed by electron microscopy (X 10,000). Scale bar: 500 nm. 
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 1 Figure 1: Increased production of ROS in myotubes treated with PIs.
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 2 Figure 2: Resveratrol protects against PI-induced SR/ER vacuolization.
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 3 Figure 3: Resveratrol protects against PI-induced CHOP expression.
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 4 Figure 4: Resveratrol protects against PI-induced inhibition of Caveolin 3
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