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Introduction

Preeclampsia (PE) is a leading cause of pregnancy complications, affecting 3-7% of pregnant women worldwide [START_REF] Roberts | If we know so much about preeclampsia, why haven't we cured the disease?[END_REF][START_REF] Phipps | Pre-eclampsia: pathogenesis, novel diagnostics and therapies[END_REF][START_REF] Uzan | Pre-eclampsia: pathophysiology, diagnosis, and management[END_REF]. The diagnosis of PE is suspected in case of de novo maternal hypertension (>140/90 mm Hg systolic/diastolic blood pressure) and proteinuria (>300 mg/24 h), observed after 20 weeks ofgestation. If untreated, PE evolves towards complications of eclampsia and HELLP syndrome (Hemolysis, Elevated Liver enzymes and Low Platelet count), kidney injury and acute respiratory distress syndrome [START_REF] Roberts | If we know so much about preeclampsia, why haven't we cured the disease?[END_REF][START_REF] Phipps | Pre-eclampsia: pathogenesis, novel diagnostics and therapies[END_REF][START_REF] Uzan | Pre-eclampsia: pathophysiology, diagnosis, and management[END_REF][START_REF] Arulkumaran | Severe pre-eclampsia and hypertensive crises[END_REF][START_REF] Garovic | Hypertension in pregnancy: an emerging risk factor for cardiovascular disease[END_REF]. The complications of PE may affect both the mother and the foetus, with an increased risk of fetal growth restriction, preterm birth, placental abruption, maternal and fetal mortality [START_REF] Phipps | Pre-eclampsia: pathogenesis, novel diagnostics and therapies[END_REF][START_REF] Uzan | Pre-eclampsia: pathophysiology, diagnosis, and management[END_REF].The clinical symptoms are alleviated with the delivery, but PE could increase the risk of developing cardiovascular diseases, type 2 diabetes, or cancers [START_REF] Garovic | Hypertension in pregnancy: an emerging risk factor for cardiovascular disease[END_REF][START_REF] Brown | Cardiovascular disease risk in women with pre-eclampsia: systematic review and meta-analysis[END_REF][START_REF] Veerbeek | Cardiovascular disease risk factors after early-onset preeclampsia, late-onset preeclampsia, and pregnancy-induced hypertension[END_REF][START_REF] Ahmed | Pre-eclampsia and future cardiovascular risk among women: a review[END_REF].

Reactive oxygen species (ROS) are physiologically generated during placentation and throughout pregnancy [START_REF] Wu | Oxidative Stress: Placenta Function and Dysfunction[END_REF][START_REF] Aouache | Oxidative Stress in Preeclampsia and Placental Diseases[END_REF][START_REF] Sánchez-Aranguren | Endothelial dysfunction and preeclampsia: role of oxidative stress[END_REF][START_REF] Jauniaux | Placental-related diseases of pregnancy: Involvement of oxidative stress and implications in human evolution[END_REF][START_REF] Jauniaux | Trophoblastic oxidative stress in relation to temporal and regional differences in maternal placental blood flow in normal and abnormal early pregnancies[END_REF]. During the early stages of pregnancy, the normal placentation requires a local low pO2 environment allowing the invasion and plug of spiral arteries by cytotrophoblasts [START_REF] Jauniaux | Placental-related diseases of pregnancy: Involvement of oxidative stress and implications in human evolution[END_REF][START_REF] Jauniaux | Trophoblastic oxidative stress in relation to temporal and regional differences in maternal placental blood flow in normal and abnormal early pregnancies[END_REF]. These conditions of relative hypoxia may prevent oxidative damages to the embryo which has low levels of antioxidant defenses in the first stages of development [START_REF] Burton | Rheological and physiological consequences of conversion of the maternal spiral arteries for uteroplacental blood flow during human pregnancy[END_REF]. At the end of the first trimester, trophoblastic plugs are progressively degraded, and spiral arteries are remodeled into low resistance vessels, allowing the passage of maternal blood in the placental intervillous chamber and the progressive increase of placental pO2 [START_REF] Burton | Rheological and physiological consequences of conversion of the maternal spiral arteries for uteroplacental blood flow during human pregnancy[END_REF][START_REF] Jauniaux | Blood biochemistry and endocrinology in the human fetus between 11 and 17 weeks of gestation[END_REF]. A number of factors including angiogenic growth factors, estrogens, or vasodilator mediators (nitric oxide, hydrogen sulfide), are involved in the remodeling of spiral arteries and placentation [START_REF] Aouache | Oxidative Stress in Preeclampsia and Placental Diseases[END_REF][START_REF] Burton | Rheological and physiological consequences of conversion of the maternal spiral arteries for uteroplacental blood flow during human pregnancy[END_REF][START_REF] Jauniaux | Blood biochemistry and endocrinology in the human fetus between 11 and 17 weeks of gestation[END_REF].

The pathophysiology of PE involves a defective trophoblastic invasion to the spiral arteries, resulting in abnormal placentation and disturbed maternal uteroplacental blood flow with abnormal conditions of hypoxia/oxygenation [START_REF] Wu | Oxidative Stress: Placenta Function and Dysfunction[END_REF][START_REF] Aouache | Oxidative Stress in Preeclampsia and Placental Diseases[END_REF][START_REF] Jauniaux | Trophoblastic oxidative stress in relation to temporal and regional differences in maternal placental blood flow in normal and abnormal early pregnancies[END_REF][START_REF] Burton | Rheological and physiological consequences of conversion of the maternal spiral arteries for uteroplacental blood flow during human pregnancy[END_REF][START_REF] Jauniaux | Blood biochemistry and endocrinology in the human fetus between 11 and 17 weeks of gestation[END_REF]. These events generate a redox imbalance and oxidative stress, as well as inflammation and release in the maternal blood of cytokines and placental-derived antiangiogenic factors (soluble fms-like tyrosine kinase-1, soluble endoglin), that generate endothelium dysfunction [START_REF] Kendall | Inhibition of vascular endothelial cell growth factor activity by an endogenously encoded soluble receptor[END_REF][START_REF] Maynard | Excess placental soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to endothelial dysfunction, hypertension, and proteinuria in preeclampsia[END_REF][START_REF] Tjoa | Angiogenic factors and preeclampsia[END_REF]. The causes of defective placentation could involve a reduced bioavailability of nitric oxide (NO) for which several possible mechanisms have been reported, including a reduced expression and polymorphism of placental eNOS, or a depletion in arginine or in tetrahydrobiopterin (BH4), leading to eNOS uncoupling and dysfunction [START_REF] Aouache | Oxidative Stress in Preeclampsia and Placental Diseases[END_REF][START_REF] Johal | The nitric oxide pathway and possible therapeutic options in pre-eclampsia[END_REF][START_REF] Lyall | Human trophoblast invasion and spiral artery transformation -The role of nitric oxide[END_REF][START_REF] Lowe | Nitric oxide dysfunction in the pathophysiology of preeclampsia[END_REF]. In the vascular wall, the activity of eNOS is regulated by post-translational modifications, including acylation, phosphorylation, S-nitrosylation or S-glutathionylation, depending on the cellular redox state [START_REF] Heiss | Regulation of eNOS enzyme activity by posttranslational modification[END_REF]. We recently reported that placental eNOS is highly S-glutathionylated in preeclamptic patients, probably consequently to oxidative stress [START_REF] Guerby | High glutathionylation of placental endothelial nitric oxide synthase in preeclampsia[END_REF].

At the cellular level, oxidative stress induces damages on lipids, proteins and DNA, causing endoplasmic reticulum stress, cellular dysfunction and cell death [START_REF] Halliwell | Biochemistry of oxidative stress[END_REF][START_REF] Stadtman | Free radical-mediated oxidation of free amino acids and amino acid residues in proteins[END_REF][START_REF] Panieri | Reactive oxygen species generated in different compartments induce cell death, survival, or senescence[END_REF]. Proteins can be damaged by ROS, via a direct oxidation of amino acid residues, and indirectly via their modification by lipid oxidation products (LPP) [START_REF] Stadtman | Free radical-mediated oxidation of free amino acids and amino acid residues in proteins[END_REF][START_REF] Levine | Oxidative modification of proteins during aging[END_REF][START_REF] Castro | 4-Hydroxynonenal (HNE) modified proteins in metabolic diseases[END_REF][START_REF] Forman | An overview of mechanisms of redox signaling[END_REF][START_REF] Dalle-Donne | Protein carbonylation in human diseases[END_REF]. The oxidation of polyunsaturated fatty acids (PUFAs) generates many LPP, including aldehydes such as acrolein, 4-hydroxynonenal (HNE), malondialdehyde (MDA), or 4-oxo-2-nonenal (ONE). These LPP covalently bind to the nucleophilic sulfhydryl and primary amine groups of proteins, forming Schiff bases, Michael adducts and protein crosslinks [START_REF] Esterbauer | Chemistry and biochemistry of 4-hydroxynonenal, malonaldehyde and related aldehydes[END_REF][START_REF] Uchida | Current status of acrolein as a lipid peroxidation product[END_REF][START_REF] Sayre | Protein adducts generated from products of lipid oxidation: focus on HNE and ONE[END_REF][START_REF] Forman | The chemistry of cell signaling by reactive oxygen and nitrogen species and 4-hydroxynonenal[END_REF].

Several proteins can be targeted by LPP, particularly lipoproteins, serum albumin, growth factor receptors, mitochondrial and extracellular matrix proteins, with consequences depending on their local concentration, the nature of stressors, cell type, oxidative stress intensity and duration [START_REF] Higdon | Cell signaling by reactive lipid species: new concepts and molecular mechanisms[END_REF][START_REF] Poli | 4-hydroxynonenal: a membrane lipid oxidation product of medicinal interest[END_REF][START_REF] Negre-Salvayre | Pathological aspects of lipid peroxidation[END_REF].

LPP-adduct formation triggers various biological responses, ranging from hormesis and the induction of protective mechanisms at low concentrations, to "carbonyl stress" characterized by protein dysfunction, inflammatory responses, accelerated senescence and toxic events [START_REF] Dalle-Donne | Protein carbonylation in human diseases[END_REF][START_REF] Forman | The chemistry of cell signaling by reactive oxygen and nitrogen species and 4-hydroxynonenal[END_REF][START_REF] Higdon | Cell signaling by reactive lipid species: new concepts and molecular mechanisms[END_REF][START_REF] Poli | 4-hydroxynonenal: a membrane lipid oxidation product of medicinal interest[END_REF][START_REF] Negre-Salvayre | Pathological aspects of lipid peroxidation[END_REF][START_REF] Chapple | Effects of 4-hydroxynonenal on vascular endothelial and smooth muscle cell redox signaling and function in health and disease[END_REF]. HNE-and MDA-adducts are detected in the fetal and maternal circulation, in syncytiotrophoblasts, in endothelial cells and macrophages from pathological pregnancies [START_REF] Chapple | Effects of 4-hydroxynonenal on vascular endothelial and smooth muscle cell redox signaling and function in health and disease[END_REF][START_REF] Santoso | Localization of indoleamine 2,3-dioxygenase and 4-hydroxynonenal in normal and pre-eclamptic placentae[END_REF][START_REF] Takagi | Levels of oxidative stress and redox-related molecules in the placenta in preeclampsia and fetal growth restriction[END_REF], suggesting their possible involvement in fetal and maternal endothelial dysfunction and complications [START_REF] Negre-Salvayre | Pathological aspects of lipid peroxidation[END_REF][START_REF] Chapple | Effects of 4-hydroxynonenal on vascular endothelial and smooth muscle cell redox signaling and function in health and disease[END_REF]. As LPP may inhibit NOS activity and reduce NO generation in vascular cells, [START_REF] Chapple | Effects of 4-hydroxynonenal on vascular endothelial and smooth muscle cell redox signaling and function in health and disease[END_REF][START_REF] Whitsett | 4-Hydroxy-2-nonenal increases superoxide anion radical in endothelial cells via stimulated GTP cyclohydrolase proteasomal degradation[END_REF][START_REF] Hattori | 4-hydroxynonenal prevents NO production in vascular smooth muscle cells by inhibiting nuclear factor-kappaB-dependent transcriptional activation of inducible NO synthase[END_REF], we investigated whether LPP may affect placental eNOS activity, with possible consequences on PE pathophysiology.

Materials and Methods

Materials

Anti-eNOS (ab5589) used for immunohistochemistry, anti-acrolein (ab48501) and ONE were from Abcam (Paris, France). Anti-4-HNE Michael adduct antibody (24327) was purchased from Oxis Research (Tebu-Bio, France). The anti-ONE-lysine antibody was prepared as reported [START_REF] Shibata | Lipid peroxidation modification of protein generates Ne-(4oxononanoyl)lysine as a pro-inflammatory ligand[END_REF].

Recombinant eNOS was from Enzo-Life Science (Villeurbanne, France). Secondary Alexa Fluor antibodies (488 and 546) were from Life Technologies (Courtaboeuf, France). DAF-FM diacetate (4amino-5-methylamino-2',7'-difluorofluorescein diacetate), VEGF and DAPI (4,6-Diamidino 2phenylindole dihydrochloride) were from Sigma-Aldrich (Saint Quentin Fallavier, France). NOC-18 (diethylene-triamine/nitric oxide adduct; DETA NONOate) was from Santa Cruz Biotechnology (Clinisciences, France).

Placental Tissue Collection

Human placentas were recovered through caesarean delivery (University Hospital Center of Toulouse, France) and analyzed upon approval by the Research Ethic Committee of Toulouse Hospitals (CER number 03-0115), as reported [START_REF] Guerby | High glutathionylation of placental endothelial nitric oxide synthase in preeclampsia[END_REF]. Two groups of placentas were analyzed, one group from normotensive pregnant women (n=9), one with severe and very severe PE features (n=13). PE parameters were defined according to the American College of Obstetricians and Gynecologists as the presence of a systolic blood pressure (SBP) higher than or equal to 140 mm Hg, or a diastolic blood pressure (DBP) higher than or equal to 90 mm Hg and a proteinuria higher than or equal to 300 mg per 24-hours urine collection after 20 weeks of gestation.

Immediately after their recovery, placentas were carefully rinsed in ice-cold PBS, one sample was fixed into 4% paraformaldehyde for immunofluorescence analysis. Another sample was kept frozen at -80°C until use. Placental homogenates for biochemistry analysis, were prepared as described [START_REF] Guerby | High glutathionylation of placental endothelial nitric oxide synthase in preeclampsia[END_REF].

Cell culture and cell viability

HTR-8/SVneo cells (HTR8) were a generous gift from Dr. Charles Graham (Kingston, Canada), and were cultured in RPMI supplemented with 5% fetal bovine serum (FBS) (5% CO2, 20% O2, 37°C) [START_REF] Graham | Establishment and characterization of first trimester human trophoblast cells with extended lifespan[END_REF].

Before experiments, subconfluent HTR8 were incubated in FBS-free RPMI w/wo aldehydes, as indicated in the text and legends to figures, and put in a hypoxic chamber (5% CO2, 1% O2, 37°C), as reported [START_REF] Guerby | High glutathionylation of placental endothelial nitric oxide synthase in preeclampsia[END_REF]. Cell viability was estimated using the MTT [3-(4,5dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide] assay.

Carbonylated protein content

The carbonylated protein content was measured using the Protein Carbonyl ELISA kit (Enzo LifeSciences, Villeurbanne, France) according to the instructions of the manufacturer. The absorbance was read at 450 nm (spectrophotometer microplate reader TECAN France).

Immunofluorescence studies

Immunofluorescence experiments were carried out on 3 µm thin sections of placentas. The accumulation of aldehyde-adducts and the modification of placental eNOS were evaluated by coimmunostaining experiments using as primary antibodies, anti-human eNOS polyclonal rabbit antibody, anti-ONE-lysine monoclonal [START_REF] Shibata | Lipid peroxidation modification of protein generates Ne-(4oxononanoyl)lysine as a pro-inflammatory ligand[END_REF], anti-acrolein monoclonal, or anti HNE-adduct monoclonal mouse antibodies, and secondary anti-mouse Alexa fluor-488 and anti-rabbit Alexa fluor-546conjugated antibodies. Nuclei were stained with DAPI (1 µg/mL). The slides were analyzed by confocal microscopy (Zeiss LSM780). The percentage of eNOS overlapping with aldehydes was determined using the plug-in JACoP of ImageJ software, by evaluating the Mander's coefficient [START_REF] Manders | Measurement of co-localization of objects in dual-colour confocal images[END_REF].

Wound closure assay

The invasive potential of HTR8 was evaluated by the wound closure assay, as reported [START_REF] Guerby | High glutathionylation of placental endothelial nitric oxide synthase in preeclampsia[END_REF].

Confluent HTR8 were preincubated for 2 hours with HNE 10 µM or ONE 1µM. A scratch was made with a pipette tip, the medium was replaced by fresh FBS-free medium containing (or not) the NO donor NOC-18 (5 µM), and cells were put in a hypoxic chamber ( 1% O2) for 48h as reported [START_REF] Guerby | High glutathionylation of placental endothelial nitric oxide synthase in preeclampsia[END_REF]. At the end, cells were fixed with 4% paraformaldehyde, and permeabilized for 5 min with 0.25% Triton X-100 in PBS, DAPI-stained and observed by fluorescence microscopy.

Determination of NO production by HTR8 trophoblasts

The production of NO by HTR8 was determined with the DAF-FM diacetate probe (5 µM), in the conditions given by the manufacturer [START_REF] Guerby | High glutathionylation of placental endothelial nitric oxide synthase in preeclampsia[END_REF]. Alternatively, eNOS activity was determined by measuring the nitrite/nitrate production, using the Nitric oxide Synthase activity Assay kit (Abcam, France).

Mass spectrometry

Recombinant human eNOS (ALX-201-853, 1µg) (Enzo LifeSciences, Villeurbanne, France) was modified by ONE (1 mM, overnight at 37°C) [START_REF] Zhu | Covalent cross-linking of glutathione and carnosine to proteins by 4-oxo-2-nonenal[END_REF]. eNOS in-solution digestion. eNOS samples were dried in a concentrator and digested overnight at 37°C with 400 ng of sequencing-grade porcine trypsin (Promega) diluted in 20 µL of NH4HCO3 (100 mM). Peptides were dried and diluted in 10% acetonitrile 0.05% TFA before injection in LC-MS run.

eNOS LC-MS analysis. The peptides digested from eNOS were measured on an SCIEX 5600+ TripleTOF mass spectrometer operated in DDA mode. A Dionex Ultimate 3000 nanoLC HPLC system and a Hypersil GOLD 150x0.32 mm column (Thermo Scientific), packed with C18 3 μm 175 Å material, were used for peptide separation. For the HPLC method, the buffer A used was 0.1% (v/v) formic acid, and the buffer B was 0.1% (v/v) formic acid, 90% (v/v) acetonitrile. The gradient was 4-45% of buffer B in 24 min with a flow rate of 5 µL/min. For MS method, a survey scan at the MS1 level (350-1600 m/z) was first carried out with 250 ms per scan. The Top20 most intense precursors, whose charge states are 2-4 were fragmented. Signals exceeding 75 counts per second were selected for fragmentation and MS2 spectra generation. MS2 spectra were collected in the mass range 100-1600 m/z for 80 ms per scan. The dynamic exclusion time was set to 10 s.

LC-MS data analysis.

To identify eNOS peptides, profile-mode.wiff files from data acquisition were centroided and converted to mzML format using the AB Sciex Data Converter v.1.3 and submitted to Mascot [START_REF] Perkins | Probability-based protein identification by searching sequence databases using mass spectrometry data[END_REF] (version 2.5) database searches against UniProtSwiss-Prot human database [START_REF] Berman | The Protein Data Bank[END_REF]. ESI-Quad-TOF was chosen as the instrument, trypsin/P as the enzyme and 2 missed cleavages were allowed. Peptide tolerances at MS and MS/MS level were set to be 20 ppm and 0.2 Da, respectively.

Peptide variable modifications allowed during the search are shown in Table I. To calculate the false discovery rate (FDR), the search was performed using the "decoy" option in Mascot.

Table I

Name

Delta mass

4-ONE (K) 154,09938 4-ONE+Delta:H(-2)O(-1)(K) 136,088815
Peaks heights of peptides MS1 spectra were measured using the Proline v2.0 software (http://www.profiproteomics.fr/proline/). The percentage of modified peptide on total peptide was calculated by the ratio of the cumulative peak heights of modified peptide peaks on the sum of all peptide heights (modified + unmodified) x100. These data are given as indicative because peptide modification by ONE can affect the peptide sensitivity and induce a missed cleavage.

In silico studies

The RX structures of NOS isozymes (neuronal nNOS from rat and inducible iNOS from human) were obtained on the PDB (http://www.rcsb.org/) database [START_REF] Pieper | MODBASE, a database of annotated comparative protein structure models and associated resources[END_REF]. The endothelial NOS (eNOS, human) structures were issued from ModBase, a database of comparative protein structure models [START_REF] Garcin | Structural basis for isozyme-specific regulation of electron transfer in nitric-oxide synthase[END_REF]. Two homology models of eNOS (using 1TLL PSB structure [START_REF] Pettersen | UCSF Chimera--a visualization system for exploratory research and analysis[END_REF] as template) were available on ModBase, model 7e09b (short form of 7e09b90c4f6474771f6bc4e8d2370945) was chosen. Molecular graphics were performed with the UCSF Chimera package [START_REF] Xia | Regulation of interdomain interactions by calmodulin in inducible nitric-oxide synthase[END_REF]. Chimera (http://www.rbvi.ucsf.edu/chimera/) is developed by the Ressource for Biocomputing, Visualization, and Informatics at the University of

Results

Accumulation of lipid oxidation-derived aldehydes in PE placenta

The detection of protein-adducts implicating aldehydes generated through the peroxidation of polyunsaturated fatty acids, is a hallmark of oxidative stress [START_REF] Dalle-Donne | Protein carbonylation in human diseases[END_REF][START_REF] Fedorova | Protein and lipid carbonylation in cellular model of nitrosative stress: mass spectrometry, biochemistry and microscopy study[END_REF], which led us to check whether such adductscould be detected in the placentas of PE-affected women, as reported [START_REF] Chapple | Effects of 4-hydroxynonenal on vascular endothelial and smooth muscle cell redox signaling and function in health and disease[END_REF]. As shown in Fig. 1A, a significant increase in carbonylated protein content was observed in homogenates from PE placentas, indicative of an amino-acid modification by reactive carbonyl compounds [START_REF] Fedorova | Protein and lipid carbonylation in cellular model of nitrosative stress: mass spectrometry, biochemistry and microscopy study[END_REF][START_REF] Näsström | The lipid peroxidation metabolite 4-oxo-2-nonenal cross-links α-synuclein causing rapid formation of stable oligomers[END_REF].

Immunofluorescence staining and confocal microscopy studies pointed out a strong accumulation of HNE-, acrolein-and ONE-aldehyde adducts in PE placentas, by comparison with placentas from normal pregnancies(Fig. 1B and1C).

Modification of eNOS by lipid oxidation products

Several evidences indicate that oxidative stress is associated with eNOS uncoupling or decreased expression, leading to its dysfunction [START_REF] Chapple | Effects of 4-hydroxynonenal on vascular endothelial and smooth muscle cell redox signaling and function in health and disease[END_REF][START_REF] Whitsett | 4-Hydroxy-2-nonenal increases superoxide anion radical in endothelial cells via stimulated GTP cyclohydrolase proteasomal degradation[END_REF]. However, whether LPP could alter eNOS activity is not known [START_REF] Chapple | Effects of 4-hydroxynonenal on vascular endothelial and smooth muscle cell redox signaling and function in health and disease[END_REF]. As various post-translational modifications may regulate eNOS activity [START_REF] Heiss | Regulation of eNOS enzyme activity by posttranslational modification[END_REF], we checked whether LPP may modify eNOS.

Immunofluorescence and confocal microscopy studies highlighted a significant and strong modification of eNOS by ONE on Lys residues, (using an anti-ONE-Lys mAb [START_REF] Shibata | Lipid peroxidation modification of protein generates Ne-(4oxononanoyl)lysine as a pro-inflammatory ligand[END_REF]) in PE placentas (Fig. 2, lower right panel). The modification of eNOS by HNE, was much weaker, though significant, and acrolein-adducts were not detected (Fig. 2, upper and middle right panels), though both HNE-and acrolein-adducts were abundantly expressed in PE placentas (Fig1B,C). The modification of eNOS by LPP was low in placentas from normal pregnancies(Fig. 2, left panels). No variation in total eNOS expression was observed between normal and PE placentas (Supp. Fig. I), as previously reported [START_REF] Guerby | High glutathionylation of placental endothelial nitric oxide synthase in preeclampsia[END_REF].

These immunofluorescence findings indicate that ONE forms adducts on placental eNOS in PE pregnancies. To confirm that ONE-adducts can be formed on eNOS and to identify which Lys residues could be targeted, MS studies were carried out on ONE-modified recombinant eNOS.

LC-MS/MS analysis of recombinant eNOS modified by ONE-

Recombinant human eNOS (1 µM) was incubated with ONE (1 mM, overnight at 37°C), prior to proteolytic digestion and liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.

Modified peptides were detected by LC-MS and their primary sequence was determined by MS/MS.

In contrast to unreacted eNOS, the MS analysis of tryptic peptides from ONE-incubated eNOS allowed to identify several ONE-modified Lys(K) residues, in the oxygenase and reductase domains, the sequences being confirmed by MS/MS spectra (Fig. 3A and Supp. Fig. II).

The modification of recombinant eNOS by ONE, significantly reduced its enzymatic activity (Fig. 3B), so that we used molecular modelling to predict the three-dimensional structure of eNOS and the location of ONE-modified Lys-residues (Fig. 3C). This 3D-modelling allowed to predict that most ONEmodified Lys-residues are located at the surface of the reductase and oxidase domains, and that at least two Lys-residues, K519 and K1085, could modulate eNOS activity. Lys(K)519 is located near the calmodulin (CaM)-binding domain [START_REF] Venema | Identification, characterization, and comparison of the calmodulin-binding domains of the endothelial and inducible nitric oxide synthases[END_REF], which suggests that its modification by ONE may alter the Ca 2+ and CaM-dependent activation of the enzyme. Beside, Lys(K)1085 is located near the FAD/NADPH-containing domain [START_REF] Zhang | Crystal structure of the FAD/NADPH-binding domain of rat neuronal nitric-oxide synthase. Comparisons with NADPH-cytochrome P450 oxidoreductase[END_REF], so that its modification by ONE could alter the transfer of electrons between the flavins, and inhibit enzyme activity (Fig. 3C).

ONE alters the production of NO by HTR8 human trophoblasts

The effects of ONE were investigated on eNOS activity and NO production in cultured HTR8 human trophoblasts [START_REF] Graham | Establishment and characterization of first trimester human trophoblast cells with extended lifespan[END_REF]. HTR8 were incubated under hypoxic conditions (1% O2), in FBS-free medium, these conditions being convenient to evaluate HTR8 proliferation and migration [START_REF] Guerby | High glutathionylation of placental endothelial nitric oxide synthase in preeclampsia[END_REF]. Immunofluorescence and confocal microscopy analysis elicited on HTR8 (after 2h preincubation with ONE, 1 µM), allowed to detect the presence of ONE-adducts, particularly on eNOS (Fig. 4A). These conditions generated a significant decrease in NO production (Fig. 4B), and of eNOS enzymatic activation by VEGF (10 ng/mL) (Fig. 4C). The preincubation of HTR8 with ONE did not elicit any loss of viability, up to 72h incubation in hypoxia (data not shown).

ONE inhibits the migration of HTR8 in the wound closure assay. Restoration by NOC-18

We then investigated whether ONE affects the invasive potential of HTR8 trophoblasts in the wound closure assay, and the role of NO. Under standard conditions, HTR8 maintained in low pO2 conditions (1% O2), and in serum-free medium, migrated within the wound (Fig. 5, upper panel). In contrast, the migration of HTR8 was significantly inhibited when cells were preincubated with ONE, under conditions inhibiting NO production (Fig. 5). The NO-donor, NOC-18 (5 µM) [START_REF] Shimaoka | NOC, a nitric-oxide-releasing compound, induces dose dependent apoptosis in macrophages[END_REF], significantly restored the migration of HTR8 exposed to ONE, thereby emphasizing the role of NO in the invasive potential of trophoblasts, in agreement with [START_REF] Guerby | High glutathionylation of placental endothelial nitric oxide synthase in preeclampsia[END_REF].

Altogether, these data indicate that ONE exogenously added to HTR8 culture medium, form Lysadducts on eNOS, this resulting in a decreased NO production and altered trophoblast migration.

These data support the hypothesis that ONE-Lys adducts generated on eNOS in PE placentas, could locally contribute to its dysfunction, with possible consequences on the invasive capacity of cytotrophoblasts and throughout pregnancy.

Discussion

NO produced by placental eNOS plays a key-role throughout pregnancy, whether in the early stages of placentation, trophoblast invasion and spiral artery remodeling, in embryo development, in the maternal/foetal vascular tone, and in the vasculogenic and angiogenic signalling evoked by growth factors (VEGF, TGFβ, angiopoietin-1/2...) and their receptors [START_REF] Krause | Role of nitric oxide in placental vascular development and function[END_REF]. A close relationship has been established between oxidative stress and the decreased NO bioavailability which characterizes the pathophysiology of PE, with consequences on systemic endothelial dysfunction [START_REF] Aouache | Oxidative Stress in Preeclampsia and Placental Diseases[END_REF][START_REF] Jauniaux | Placental-related diseases of pregnancy: Involvement of oxidative stress and implications in human evolution[END_REF][START_REF] Matsubara | Nitric oxide and reactive oxygen species in the pathogenesis of preeclampsia[END_REF]. We recently reported that eNOS undergoes high levels of S-glutathionylation in PE placentas [START_REF] Guerby | High glutathionylation of placental endothelial nitric oxide synthase in preeclampsia[END_REF], a mechanism linked to oxidative stress and known to trigger eNOS uncoupling and reduced NO production [START_REF] Chen | S-glutathionylation uncouples eNOS and regulates its cellular and vascular function[END_REF]. In the present article, we show that eNOS undergoes post-translational modifications elicited by the highly reactive lipid oxidation-derived aldehyde ONE, in PE placentas and in cultured HTR8 trophoblasts, with consequences on NO production and the invasive potential of trophoblasts.

A first observation is that PE placentas exhibit high levels of carbonyl proteins, a hallmark of oxidative stress and lipid peroxidation [START_REF] Levine | Oxidative modification of proteins during aging[END_REF][START_REF] Dalle-Donne | Protein carbonylation in human diseases[END_REF][START_REF] Fedorova | Protein and lipid carbonylation in cellular model of nitrosative stress: mass spectrometry, biochemistry and microscopy study[END_REF]. The carbonylation of proteinsresults from their irreversible post-translational modification by reactive carbonyl compounds (ketones, aldehydes), generated through lipid peroxidation, this resulting in protein dysfunction, or "carbonyl stress" [START_REF] Fedorova | Protein and lipid carbonylation in cellular model of nitrosative stress: mass spectrometry, biochemistry and microscopy study[END_REF][START_REF] Doria | Relationship between human aging muscle and oxidative system pathway[END_REF].

Carbonyl stress links oxidative stress to disease progression and age-related disorders, that are associated with increased levels of carbonylated proteins [START_REF] Baraibar | Oxidative proteome modifications target specific cellular pathways during oxidative stress, cellular senescence and aging[END_REF]. As a matter of fact, the increased carbonyl protein level detected in PE placentas, may play a role in the premature senescence of this tissue, in agreement with recent evidence showing a role for oxidative stress in premature placental aging and PE pathophysiology [START_REF] Cindrova-Davies | Evidence of oxidative stressinduced senescence in mature, post-mature and pathological human placentas[END_REF]. Confocal microscopy pictures of PE placentas emphasized the abundant accumulation of ONE-, HNE-and acrolein-adducts, in agreement with previous reports showing an increased staining of HNE-and MDA-adducts in placentas from pathological pregnancies, in syncytiotrophoblasts, endothelial cells and macrophages [START_REF] Negre-Salvayre | Pathological aspects of lipid peroxidation[END_REF][START_REF] Chapple | Effects of 4-hydroxynonenal on vascular endothelial and smooth muscle cell redox signaling and function in health and disease[END_REF][START_REF] Hnat | Heat shock protein-70 and 4-hydroxy-2-nonenal adducts in human placental villous tissue of normotensive, preeclamptic and intrauterine growth restricted pregnancies[END_REF][START_REF] Rudra | A prospective study of early-pregnancy plasma malondialdehyde concentration and risk of preeclampsia[END_REF], together with other features of oxidative stress, including an imbalance of the GSH/GSSG content, protein glutathionylation [START_REF] Guerby | High glutathionylation of placental endothelial nitric oxide synthase in preeclampsia[END_REF], and decreased activities of antioxidant enzymes (SOD, catalase, glutathione peroxidase) [START_REF] Aouache | Oxidative Stress in Preeclampsia and Placental Diseases[END_REF][START_REF] Chapple | Effects of 4-hydroxynonenal on vascular endothelial and smooth muscle cell redox signaling and function in health and disease[END_REF][START_REF] Watson | Variations in expression of copper/zinc superoxide dismutase in villous trophoblast of the human placenta with gestational age[END_REF].

The post-translational modification of proteins by aldehyde-adducts may (or not) induce their dysfunction, with gain or loss of activity, depending on protein abundance, subcellular location, accessibility, and the nature of the modified residues [START_REF] Fedorova | Protein and lipid carbonylation in cellular model of nitrosative stress: mass spectrometry, biochemistry and microscopy study[END_REF]. Baraibar et al [START_REF] Baraibar | Oxidative proteome modifications target specific cellular pathways during oxidative stress, cellular senescence and aging[END_REF] recently identified more than 183 cellular and extracellular proteins susceptible to be carbonylated, in the cytosol, mitochondria, and at the plasma membrane. In the present study, we show that placental eNOS is a target of carbonyl stress, as assessed by confocal microscopy showing its colocalization with ONE-Lys adducts. Supporting this observation, thestructural analysis of recombinant eNOS confirmed that ONE may bind several Lys-residues. Surprisingly, we did not find any modification of Cys residues by ONE, whereas Cys is a target of ONE [START_REF] Doorn | Covalent adduction of nucleophilic amino acids by 4-hydroxynonenal and 4-oxononenal[END_REF], and several Cys can be modified by S-glutathionylation [START_REF] Guerby | High glutathionylation of placental endothelial nitric oxide synthase in preeclampsia[END_REF][START_REF] Chen | S-glutathionylation uncouples eNOS and regulates its cellular and vascular function[END_REF]. Anyway, ONE-Lys adducts generated on recombinant eNOS, should affect its enzymatic activity. Indeed, the 3D-modelling of eNOS shows that two Lys residues modified by ONE are close the Ca2 + -calmodulin (K519), or the FAD/NADPH (K1085) domains, which may alter the enzymatic activity of recombinant eNOS. As a matter of fact, the addition of ONE to HTR8 trophoblasts, resulted in a decreased production of NO by these cells, and a decreased eNOS activity, that could partly result from the formation of ONE-Lys adducts on eNOS (Fig. 4A). To our knowledge, this is the first report showing that eNOS is targeted by LPP, more precisely ONE, in addition to its previously reported post-translational modifications, including phosphorylation, nitrosylation, ubiquitination, sumoylation, glutathionylation, that may regulate the activity of neuronal, endothelial or inducible NOS [START_REF] Heiss | Regulation of eNOS enzyme activity by posttranslational modification[END_REF][START_REF] Sharma | Post-translational Regulation of Neuronal Nitric Oxide Synthase: Implications for sympatho-excitatory states[END_REF]. Interestingly, a modification of eNOS by carbonyl stress was observed by Du et al [START_REF] Du | Hyperglycemia inhibits endothelial nitric oxide synthase activity by posttranslational modification at the Akt site[END_REF],

who reported that high glucose levels inhibit eNOS activity in BAEC and in the aorta of diabetic rats, via an O-linked N-acetylglucosamine post-translational modification at the Akt site, impairing the phosphorylation and activation of eNOS. Placental eNOS is exposed to redox variations occurring throughout pregnancy, particularly in PE, in which altered trophoblast invasion and defective placentation lead to ischemia/reperfusion waves, and massive ROS production [START_REF] Wu | Oxidative Stress: Placenta Function and Dysfunction[END_REF][START_REF] Aouache | Oxidative Stress in Preeclampsia and Placental Diseases[END_REF][START_REF] Jauniaux | Placental-related diseases of pregnancy: Involvement of oxidative stress and implications in human evolution[END_REF][START_REF] Jauniaux | Trophoblastic oxidative stress in relation to temporal and regional differences in maternal placental blood flow in normal and abnormal early pregnancies[END_REF][START_REF] Matsubara | Nitric oxide and reactive oxygen species in the pathogenesis of preeclampsia[END_REF]. Sglutathionylation of eNOS induces its uncoupling which converts its activity in a ROS generating enzyme that may contribute to locally increase oxidative stress, lipid peroxidation and the generation of LPP, able to rapidly react on proteins (including eNOS itself) or its substrates (Arginine).

Though HNE-and acrolein-adducts were detected in PE placentas, our data indicate that eNOS is only slightly modified by these LPP. This is in agreement with report from Whitsett et al, showing that the inhibitory effect of HNE on eNOS is not attributed to the modification of eNOS residues, but rather to the depletion in BH4 and/or an inhibition of serine 1179 phosphorylation on eNOS [START_REF] Whitsett | 4-Hydroxy-2-nonenal increases superoxide anion radical in endothelial cells via stimulated GTP cyclohydrolase proteasomal degradation[END_REF]. Previous studies have shown that ONE is much more reactive than HNE on protein nucleophiles, particularly on Lys, as it rapidly forms readily reversible Schiff base adducts on Lys, that can be oxidized to stable 4-ketoamide adducts for longer time of exposure [START_REF] Doorn | Covalent adduction of nucleophilic amino acids by 4-hydroxynonenal and 4-oxononenal[END_REF][START_REF] Lee | Characterization of 4-oxo-2-nonenal as a novel product of lipid peroxidation[END_REF][START_REF] Lin | 4-Oxo-2-nonenal is both more neurotoxic and more protein reactive than 4-hydroxy-2-nonenal[END_REF][START_REF] Stewart | Residue-specific adduction of tubulin by 4-hydroxynonenal and 4-oxononenal causes cross-linking and inhibits polymerization[END_REF]. ONE shares structural similarities with HNE, of which it differs by the carbonyl group in C4 position (instead of the hydroxyl group in HNE) [START_REF] Lee | Characterization of 4-oxo-2-nonenal as a novel product of lipid peroxidation[END_REF], which increases its cross-linking potential, and particularly the formation of Lys-Lys cross-links, thus it is considered as more reactive and more toxic than HNE [START_REF] Näsström | The lipid peroxidation metabolite 4-oxo-2-nonenal cross-links α-synuclein causing rapid formation of stable oligomers[END_REF][START_REF] Doorn | Covalent adduction of nucleophilic amino acids by 4-hydroxynonenal and 4-oxononenal[END_REF][START_REF] Lee | Characterization of 4-oxo-2-nonenal as a novel product of lipid peroxidation[END_REF][START_REF] Lin | 4-Oxo-2-nonenal is both more neurotoxic and more protein reactive than 4-hydroxy-2-nonenal[END_REF].

The modification of eNOS by ONE triggers its dysfunction, as reported for other protein targets, such as an inhibition of tubulin polymerization [START_REF] Stewart | Residue-specific adduction of tubulin by 4-hydroxynonenal and 4-oxononenal causes cross-linking and inhibits polymerization[END_REF], α-synuclein oligomerization [START_REF] Näsström | The lipid peroxidation metabolite 4-oxo-2-nonenal cross-links α-synuclein causing rapid formation of stable oligomers[END_REF],or the formation of adducts on histones [START_REF] Galligan | Stable histone adduction by 4-oxo-2-nonenal: a potential link between oxidative stress and epigenetics[END_REF]. In our study, the exposure of HTR8 to exogenous ONE inhibited their invasive capacity to migrate in the wound closure model, via mechanisms possibly resulting (at least in part), from eNOS modification and subsequent decreased NO production, since the NO donor NOC-18, significantly restored cell migration. Various NO-mediated signaling mechanisms have been shown to play a role in the invasive potential of trophoblasts. For instance, NO regulates the expression and activity of matrix metalloproteases (MMP2), which stimulate the migration and proliferation of human trophoblasts, including in HTR8 [START_REF] Novaro | Regulation of metalloproteinases by nitric oxide in human trophoblast cells in culture[END_REF][START_REF] Zhang | Regulation of matrix metalloproteinases (MMPS) and their inhibitors (TIMPS) during mouse peri-implantation: role of nitric oxide[END_REF]. NO, cGMP and Sildenafil (an inhibitor of phosphodiesterase 5) promote the switching of trophoblast integrins from a stationary (α6β4) to a more invasive (α1β1) phenotype, which is an important step for initiating trophoblast invasion during placentation [START_REF] Bolnick | Sildenafil stimulates human trophoblast invasion through nitric oxide and guanosine 3',5'-cyclic monophosphate signaling[END_REF][START_REF] Zhou | Human cytotrophoblasts adopt a vascular phenotype as they differentiate. A strategy for successful endovascular invasion?[END_REF]. Likewise, NO and cGMP regulate the expression of growth factors such as HGF, an essential factor of placentation and trophoblast invasion [START_REF] Cartwright | Hepatocyte growth factor regulates human trophoblast motility and invasion: a role for nitric oxide[END_REF], and VEGF which, beside its implication in vasculogenesis and angiogenesis, may contribute to trophoblast motility [START_REF] Lash | Vascular endothelial growth factor is a chemoattractant for trophoblast cells[END_REF].

Our data confirm the role of NO in trophoblast invasiveness, and emphasize oxidative stress as a cause of post-translational modification of eNOS, by S-glutathionylation [START_REF] Guerby | High glutathionylation of placental endothelial nitric oxide synthase in preeclampsia[END_REF], and by lipid peroxidation-derived aldehydes such as ONE, which finally reduces NO production, thereby contributing to aggravate the pathological process of PE. measures the linear relationship between two signal intensities and allows to correlate the intensity distribution between the red channel (eNOS) and the green channel (aldehyde). We used the JACoP tool to analyse the Pearson's correlation coefficient [START_REF] Hinkle | Applied Statistics for the Behavioral Sciences[END_REF][START_REF] Mukaka | Statistics corner: A guide to appropriate use of correlation coefficient in medical research[END_REF].ONE-eNOS displayed the higher degree of colocalization (0.72 ± 0.09 vs 0.34 ± 0.10 for normal pregnancies), being closer to 1. Comparatively, HNE-eNOS colocalization was weaker (0.57 ± 0.02 vs 0.46 ± 0.05 for normal placentas) and acrolein-eNOS even lower (0.44 ± 0.02 vs 0.41 ± 0.02).

Legends to the Figures

These pictures are representative of 4 control and 4 PE separately analyzed placentas. The data were expressed as medians with interquartile range and the statistical analysis was assessed using a Mann-Whitney test. *p<0.05; ns, non significant. 

Figure 1 .

 1 Figure 1. Protein carbonyl content and aldehyde-adduct accumulation in placentas A, quantification of the protein carbonyl content (Enzo LifeSciences), in normal (n=4) and PE (n=4) placenta homogenates. Data are expressed as means ± SEM and statistical analysis was assessed using a Mann-Whitney test. **p<0.01 B,C, Immunofluorescence staining and confocal microscopy in normal (upper panels) and PE (lower panels) placentas, of acrolein-(left), HNE-(middle) and ONE-(right) adduct staining (in green), and nuclei DAPI staining (blue) (scale bar 20 µm), and chemical formulae of acrolein, HNE and ONE. The statistical quantification of adduct formation was expressed as fluorescence intensity vs DAPI staining. These pictures are representative of 4 control and 4 PE placentas separately analyzed. The data were expressed as medians with interquartile range and the statistical analysis was assessed using a Mann-Whitney test. *p<0.05.

Figure 2 .

 2 Figure 2. eNOS is modified by LPO in PE placentas Coimmunofluorescence staining and confocal microscopy in normal (left) and PE (right) placentas, of aldehyde-adduct (green), eNOS (red) and merge (yellow), and nuclei Dapi staining (blue) (scale bar 20 µm). Acrolein-adduct (upperpanels), HNE-adduct (HNE, middle panels), ONE-adduct (lower panel), and statistical quantification of adduct formation on eNOS for each aldehyde (middle graphes showing Pearson's coefficient or PCC, in front of each aldehyde/eNOS adduct detection). PCC
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 3 Figure 3. Recombinant eNOS modification by ONE

Figure 4 .

 4 Figure 4. eNOS modification by ONE in HTR8 and effect on NO production

  

  

  

  

  

  

Acknowledgements

The authors wish to thank Pr. Charles H. Graham (Queen's University, Ontario, Canada), for giving us the HTR8/svNeo cytotrophoblast cell line. The cell Imaging Facility at INSERM U1048-I2MC and Proteomics platform (PôleTechnologique du CRCT) are gratefully acknowledged.

Fundings

This work was supported by INSERM (Institut National de la Santé et de la Recherche Médicale), and University Paul Sabatier Toulouse.

Declarations of interest: none

California, San Francisco (supported by the NIGMS P41-GM103311). The protein structures (1TLL [START_REF] Garcin | Structural basis for isozyme-specific regulation of electron transfer in nitric-oxide synthase[END_REF], 3HR4 [START_REF] Xia | Regulation of interdomain interactions by calmodulin in inducible nitric-oxide synthase[END_REF]), used in this paper were structurally aligned using UCSF Chimera/Matchmaker program [START_REF] Meng | Tools for integrated sequence-structure analysis with UCSF Chimera[END_REF].The PDB structure 1TLL (chain A) was chosen as reference for the structural set (1TLL [START_REF] Garcin | Structural basis for isozyme-specific regulation of electron transfer in nitric-oxide synthase[END_REF], 3HR4 [START_REF] Xia | Regulation of interdomain interactions by calmodulin in inducible nitric-oxide synthase[END_REF], model 7e09b) of eNOS reductase domain. The PDB structure 4D1O (chain A) was chosen as reference for the structural set (4D1O [START_REF] Li | Structures of Human Constitutive Nitric Oxide Synthases[END_REF], 5VVD [START_REF] Pensa | Potent, and Selective 7-Substituted 2-Aminoquinolines as Improved Human Neuronal Nitric Oxide Synthase Inhibitors[END_REF]) of eNOS oxygenase domain. The protein structures were prepared (structure checks, chain splitting) using Accelrys (Discovery Studio Modeling Environment, Release 4.0, San Diego: Accelrys Software Inc., 2013) Discovery Studio Visualizer 4.0 (DSV) and UCSF Chimera.

Statistical analysis

The results are expressed as mean ± SEM. For normally distributed data, Student's t-test was used, otherwise nonparametric Mann-Whitney U-test was employed. Statistical calculations were carried out using the software Graphpad Prism, version 6.01 (Graph Pad Software Inc., CA, USA). A p-value <0.05 was considered to indicate statistical significance. medium, cells were stimulated with VEGF (20 ng/mL, 15 min). The enzymatic activity of eNOS was performed on cell homogenate using the Nitric Oxide Synthase Assay Kit as described in the Methods Section.

Means ± SEM of 3 separated experiments, statistical analysis with a Student t-test. *p<0.05; ***p<0.001.

Figure 5. ONE inhibits the invasive capacity of HTR8. Protection by NOC-18

The wound-closure assay was done as described in the Methods Section. Confluent HTR8 were preincubated with ONE, in the conditions described in the legend to Fig. 4. At the end, the medium was removed, and a scratch was made on confluent HTR8. Cells were maintained in hypoxia for 48h, in the absence or presence of the NO donor, NOC-18 (5 µM). After fixation, the slides were stained with DAPI and the migration of HTR8 into the wounded area was quantified. In A, representative images of HTR8 invasion and effect of NOC-18 in control hypoxia conditions (upper panels), and in HTR8 preincubated with ONE (lower panel). Scale bar = 100 µm. In B, quantification of cell having invaded the wound in each condition, and effect of NOC-18. Mean±SEM of 4 separate experiments, statistical analysis with a Student t-test. *p<0.05; ***p<0.001.