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Background

Nowadays, current development and use of nanotechnologies increase the production of engineered nanomaterials, including nanoparticles (NPs). As a consequence, health risks of human exposure are also increasing, especially for workers and consumers [START_REF] Schulte | Issues in the development of epidemiologic studies of workers exposed to engineered nanoparticles[END_REF][START_REF] Bergamaschi | Impact and effectiveness of risk mitigation strategies on the insurability of nanomaterial production: evidences from industrial case studies[END_REF]. A large variety of NPs are produced, in huge quantities, worldwide, such as titanium dioxide, carbon black, alumina, multi-walled carbon nanotubes (MWCNT), amorphous silica, iron oxide, etc. [START_REF] Borm | The potential risks of nanomaterials: a review carried out for ECETOC[END_REF][START_REF] Wu | Review of the effects of manufactured nanoparticles on mammalian target organs[END_REF]. Carbon black NPs, mainly composed of elementary carbon, are potentially more harmful than larger-sized particles because of their high surface reactivity, physical properties and large surface area leading to greater interactions with biological systems [START_REF] Monteiller | The pro-inflammatory effects of low-toxicity low-solubility particles, nanoparticles and fine particles, on epithelial cells in vitro: the role of surface area[END_REF][START_REF] Hussain | Oxidative stress and proinflammatory effects of carbon black and titanium dioxide nanoparticles: role of particle surface area and internalized amount[END_REF]. There are differences between manufactured carbon black NPs and unwanted soot NPs produced by incomplete hydrocarbons combustion processes. Purity and capacity of aggregation are higher in carbon black NPs as compared to soot NPs [START_REF] Watson | Carbon black and soot: two different substances[END_REF]. This study, thus, focuses on the effect of manufactured carbon black NPs owing to their large variety of applications (rubber, pigment industry, bicycle and drone manufacturing…) and, hence, their risk of causing human exposure [START_REF] Boland | Carbon black and titanium dioxide nanoparticles induce distinct molecular mechanisms of toxicity[END_REF]. After inhalation, the deposition of NPs into the lung is greater than that of larger-sized particles, and the former may accumulate into pulmonary alveoli and lung parenchyma, close to pulmonary arteries. NPs also cross more efficiently the pulmonary epithelial barrier to reach the pulmonary circulation where they can be in direct contact with endothelial cells (EC) lining the inner surface of arteries [START_REF] Nemmar | Passage of inhaled particles into the blood circulation in humans[END_REF]. EC play a key role in the physiology of the pulmonary circulation and regulate vascular function [START_REF] Goldenberg | Endothelial cell regulation of pulmonary vascular tone, inflammation, and coagulation[END_REF]. These cells are involved in different biological processes to adapt vascular tone, to control coagulation and vascular barrier integrity and to maintain intracellular calcium homeostasis [START_REF] Vanhoutte | Endothelial dysfunction and vascular disease-a 30th anniversary update[END_REF]. It has been reported that endothelial injury is a critical mechanism by which inhaled NPs induce vascular diseases [START_REF] Miller | Inhaled nanoparticles accumulate at sites of vascular disease[END_REF]. Various experimental studies have related exposure to nano-sized carbon black particles to cardiovascular diseases [START_REF] Mossman | Mechanisms of action of inhaled fibers, particles and nanoparticles in lung and cardiovascular diseases[END_REF]) including cardiac arrhythmia [START_REF] Yamawaki | Mechanisms underlying nano-sized airpollution-mediated progression of atherosclerosis: carbon black causes cytotoxic injury/inflammation and inhibits cell growth in vascular endothelial cells[END_REF], atherosclerosis [START_REF] Niwa | Nano-sized carbon black exposure exacerbates atherosclerosis in LDL-receptor knockout mice[END_REF], cardiac cell damages [START_REF] Helfenstein | Effects of combustion-derived ultrafine particles and manufactured nanoparticles on heart cells in vitro[END_REF]) and vascular reactivity alterations [START_REF] Vesterdal | Pulmonary exposure to carbon black nanoparticles and vascular effects[END_REF]. It is well known that oxidative stress and alteration in calcium signaling are critical events involved in the physiopathology of cardiovascular diseases [START_REF] Guibert | Modulation of ion channels in pulmonary arterial hypertension[END_REF][START_REF] Lai | Ca( 2+ ) and ion channels in hypoxia-mediated pulmonary hypertension[END_REF]. The cross-talk between oxidative stress and calcium signaling can be considered as bidirectional, since reactive oxygen species (ROS) regulate intracellular calcium signaling; whereas, calcium signaling also regulates ROS production [START_REF] Gordeeva | Cross-talk between reactive oxygen species and calcium in living cells[END_REF]. Impairment in ROS production might play a role in calcium signaling and can alter cell homeostasis [START_REF] Touyz | Reactive oxygen species as mediators of calcium signaling by angiotensin II: implications in vascular physiology and pathophysiology[END_REF]. Moreover, some studies have reported, in various human cell types (epithelial cells, monocytes, macrophages and umbilical vein endothelial cells), that nano-sized carbon black particles trigger oxidative stress with overproduction of ROS associated with a pro-inflammatory response leading to an endothelial dysfunction [START_REF] Calderon-Garciduenas | Canines as sentinel species for assessing chronic exposures to air pollutants: part 1. Respiratory pathology[END_REF][START_REF] Vesterdal | Pulmonary exposure to carbon black nanoparticles and vascular effects[END_REF][START_REF] Vesterdal | Carbon black nanoparticles and vascular dysfunction in cultured endothelial cells and artery segments[END_REF][START_REF] Cao | Carbon black nanoparticles promote endothelial activation and lipid accumulation in macrophages independently of intracellular ROS production[END_REF][START_REF] Yan | Carbon black aggregates cause endothelial dysfunction by activating ROCK[END_REF]. A study by [START_REF] Brown | Interaction between nanoparticles and cytokine proteins: impact on protein and particle functionality[END_REF] has also reported an alteration in calcium (Ca 2+ ) homeostasis in A549 epithelial cells and macrophages after exposure to carbon black NPs. Nevertheless, the link between ROS production and Ca 2+ signaling has not yet been reported after carbon black NPs exposure. Endothelial dysfunction is thus believed to contribute to cardiovascular diseases, and is often associated with ROS production as well as calcium signaling and mitochondrial impairment [START_REF] Davidson | Endothelial mitochondria: contributing to vascular function and disease[END_REF]). An alternative origin of ROS production is the mitochondrion, which also plays a key role in calcium homeostasis, cell proliferation and apoptosis [START_REF] Quintero | Mitochondria as signaling organelles in the vascular endothelium[END_REF]. Therefore, mitochondria are potential target organelles for NPs-induced toxic effects [START_REF] Shen | Carbon black suppresses the osteogenesis of mesenchymal stem cells: the role of mitochondria[END_REF] along with other organelles such as endoplasmic reticulum (ER) [START_REF] Zhang | Endoplasmic reticulum stress signaling is involved in silver nanoparticles-induced apoptosis[END_REF][START_REF] Simon | In situ quantification of diverse titanium dioxide nanoparticles unveils selective endoplasmic reticulum stressdependent toxicity[END_REF]. However, despite the major role of endothelial dysfunction in the pathogenesis of vascular disease, the underlying mechanisms and cellular and molecular pathways by which engineered carbon black NPs alter calcium signaling in human pulmonary vascular cells have not yet been reported. Thus, because of the potential increase in human exposure to carbon black NPs, it is crucial to evaluate their toxic effects for risk assessment of workers and consumers. In this context, the objectives of the present study were to assess in human pulmonary artery endothelial cells (HPAEC): (i) the effect of FW2 NPs exposure on calcium signaling, mitochondria and apoptosis; and (ii) the role of oxidative stress on this effect. Different endpoints were studied such as: (i) intracellular ROS production; (ii) intracellular calcium signaling; (iii) mitochondrial damages and (iv) apoptosis.

Methods

Reagents and chemicals

The standard physiological salt solution (PSS) was composed of: 130-mM NaCl, 5.6-mM KCl, 8-mM HEPES, 11-mM Glucose, 1-mM Mg 2+ and 2-mM Ca 2+ , adjusted at pH = 7.4 with NaOH. All the fluorescent probes were obtained from ThermoFischer Scientific, Invitrogen™ (Illkirch, France), except Rhod-2, AM red dye which was obtained from Euromedex (Souffelweyersheim, France). All the probes were diluted in DMSO. All of the following chemical reagents were purchased from Sigma-Aldrich (St-Quentin-Fallavier, France) and used as follows: 1,2-bis(oaminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA-AM) as a specific calcium intracellular chelator, diluted in culture medium (5 µM); adenosine triphosphate (ATP) as an activator of the phospholipase C beta/Inositol triphosphate pathway which induces Ca 2+ release from the ER to cytosol, diluted in PSS (20 µM); carbonyl cyanide 3-chlorophenylhydrazone (CCCP) as a mitochondrial fission inductor, diluted in culture medium (5 µM); ethylene glycol-bis(β-aminoethyl ether)-N,N,N,N-tetraacetic acid (EGTA) as a chelator of extracellular calcium, diluted in culture medium (5 mM); thapsigargin as a non-competitive inhibitor of the sarco/ endoplasmic reticulum Ca 2+ ATPase, diluted in PSS (1 µM); superoxide dismutase-polyethylene glycol (PEG-SOD) and catalase-polyethylene glycol (PEG-CAT) as antioxidants enzymes, diluted in culture medium (300 U/mL and 600 U/ mL, respectively).

NPs characterization

Carbon black nanoparticles (FW2 NPs) were acquired from Degussa (Evonik Industries, Essen, Germany). FW2 NPs physical and chemical properties have been previously described by L 'Azou et al. (2008). These consist in elemental amorphous carbon and have the following characteristics: a mean aerodynamic diameter of 13 nm, surface area of 350 m 2 /g and pH = 2.5. FW2 NPs were suspended in Endothelial Cell Growth Medium (ECGM) at a final concentration of 2 mg/mL and stored at 4 °C until use. Immediately prior use, stock suspensions were vortexed, sonicated at 3 × 30 s (Vibracell 75186,130 W,(56)(57)(58)(59)(60), and freshly diluted at appropriate concentrations (1-10 µg/ cm 2 ) in ECGM.

FW2 NPs hydrodynamic size in endothelial cell growth medium

The hydrodynamic size of FW2 NPs at two concentrations (5 and 10 µg/cm 2 ) in ECGM was assessed using a VASCO particle size analyzer from Cordouan Technologies. Both samples were sonicated on an ultrasonic bath for 5 min before measurements. Then, a volume of 800 µL of the dilute particle solution was dropped off onto the measurement cell. The laser diode intensity of 658 nm was adjusted and the sample was cooled to a temperature of 20 °C. The value of refractive index and viscosity of the solvent, i.e., 1.331 and 0.888 cP, as well as that of the refractive index of the carbon black particles (m = 2 -1.0 i) [START_REF] Janzen | The refractive index of colloidal carbon[END_REF] were entered into the NanoQ software which then controlled the subsequent measurements. A real-time signal was measured; acquisitions were implemented every 30 s if the noise of the signal did not exceed 1.06%, and 8 acquisitions were accomplished during 16 min. Size distributions of the nanoparticles in ECGM were analyzed by Sparse Bayesian Learning (SBL) algorithm, dedicated to multimodal distribution size analysis, provided by NanoQ software.

Cell culture

HPAEC human pulmonary endothelial cells were isolated from pulmonary artery main branch of a 23-year-old male Caucasian donor. HPAEC were acquired from PromoCell ® (Heidelberg, Germany), and cultured in ECGM (with phenol red) supplemented with a Supplement Mix [2% fetal bovine serum (FBS), 0.4% endothelial cell growth factor (ECGF), 0.1 ng/mL epidermal growth factor (EGF), 1 ng/ mL basic fibroblast growth factor (BFGF), 90 µg/mL heparin, and 1 µg/mL hydrocortisone, PromoCell ® ] in humidified atmosphere with 5% CO 2 at 37 °C. All experiments were done on HPAEC from passages 2 to 8.

Cytotoxicity assay

Cell viability was assessed using the WST-1 (Water Soluble Tetrazolium) cell proliferation reagent (Roche, France), according to the manufacturer's recommendations. Cells were seeded in a 96-well culture plate, at 20,000 cells/cm 2 for 24 h. Cells were then exposed to 1-10 µg/cm 2 FW2 NPs for 24 h, at 37 °C and 5% CO 2 . Following exposure, 20 µL of WST-1 reagent was added to the wells for 3 h. The absorbance was measured at 450 nm by spectrophotometry using a microplate spectrophotometer reader (SPECTROstar-Nano2.10, BMG Labtech ® , Germany). The working concentrations for all further experiments were determined by this test (mortality rate less than 25%).

Global reactive oxygen species production

Intracellular ROS production was measured using the CM-H 2 DCFDA probe (Fisher Scientific ® ), according to the manufacturer's recommendations and using the method adapted from previous studies [START_REF] Wang | Quantifying cellular oxidative stress by dichlorofluorescein assay using microplate reader[END_REF][START_REF] Chen | 2',7'-Dichlorodihydrofluorescein as a fluorescent probe for reactive oxygen species measurement: forty years of application and controversy[END_REF]. HPAEC cells were seeded at 50,000 cells/cm 2 in a 24-well plate and cultured for 24 h, at 37 °C and 5% CO 2 . Cells were rinsed with Hank's Balanced Salt Solution (HBSS), and were pre-incubated for 20 min with CM-H 2 DCFDA probe (final concentration 20 µM) in HBSS. Cells were then rinsed with HBSS before a 4-h exposure with FW2 NPs, at different concentrations (5-10 µg/cm 2 ) at 1 3 37 °C. Fluorescence intensity was measured at ƛ ex = 485 nm and ƛ em = 520 nm with spectrofluorimetry using FLUOstar Omega 2.10 plate reader, and the analyses were performed with the MARS Data Analysis Software 2.30 R3 (BMG Labtech ® ).

Superoxide anion detection by electron paramagnetic resonance (EPR)-spin trapping

EPR assay was performed as previously described [START_REF] Billaud | Vascular smooth muscle modulates endothelial control of vasoreactivity via reactive oxygen species production through myoendothelial communications[END_REF][START_REF] Deweirdt | Involvement of oxidative stress and calcium signaling in airborne particulate matter-induced damages in human pulmonary artery endothelial cells[END_REF]. HPAEC cells were seeded at 50,000 cells/cm 2 in a 12-well plate and cultured for 24 h, at 37 °C and 5% CO 2 . After a 4-h exposure with FW2 NPs at different concentrations (5-10 µg/cm 2 ), at 37 °C and 5% CO 2 , cells were incubated for 20 min with the spinprobe mix containing CMH (1 mM), diethyldithiocarbamate (5 µM) and deferoxamine (25 µM) in Krebs-HEPES Buffer solution. Then, cells were scraped, homogenized and frozen in a syringe in liquid nitrogen before EPR analysis. All EPR spectra were recorded using a Spectrometer X Miniscope MS200 (Magnettech ® , Berlin, Germany). After reading of EPR spectra, protein quantities were measured by Lowrytest (Lowry reagent, Sigma Aldrich), according to the manufacturer's recommendations. The results were normalized to protein quantities and expressed in EPR signal amplitude, in arbitrary units (AU)/mg/mL of protein.

Cytosolic calcium measurement by confocal microscopy

Variation in intracellular cytosolic calcium [Ca 2+ ] i was detected using the Fluo-4, AM green dye (1- [2-amino-5-(2,7-difluoro-6-hydroxy-3-oxo-9-xanthenyl)phenoxyl]-2-(2-amino-5-methylphenoxy) ethane-N,N,N,N-tetraacetic acid, pentaacetoxymethyl ester) (ThermoFischer ® ), according to the manufacturer's recommendations. HPAEC cells were seeded at 20,000 cells/cm 2 in a 96-well plate and cultured for 24 h, at 37 °C and 5% CO 2 . Then, HPAEC were exposed to the FW2 NPs suspension (5-10 µg/cm 2 ) for 4 h. After, cells were incubated for 30 min (in the dark, at 37 °C) with 1 µM Fluo-4, AM probe in the PSS. At last, to measure the acute responses to ATP and thapsigargin, cells were rinsed with the PSS and 100 µL of this solution was added in each well. In some experiments, Fluo-4, AM probe was co-incubated with a nucleus probe (Hoeschst 33342, at final concentration of 2 µM). The plates were observed at X200 magnification with an oil immersion objective on a laser scanning confocal microscope (TE 2000, Nikon). Fluorescence intensity was measured for Fluo-4, AM at 488/515 nm, and for Hoeschst at 408/450 nm. Analyses were performed using NIS-Elements AR software 3.0, and Microsoft Office Excel 2007.

Endoplasmic reticulum calcium measurement by confocal microscopy

ER calcium [Ca 2+ ] was detected, as above described, using the Fluo-4FF, AM green dye at 10 µM (ThermoFischer ® ). Cells were incubated for 30 min (in the dark, at 37 °C) with 10-µM Fluo-4FF, AM probe in the PSS. In some experiments, Fluo-4FF, AM probe was co-incubated with an ER specific probe (ER-tracker, at final concentration of 2 µM) for colocalization experiments. Fluorescence intensity was measured at 488/515 nm, and for ER-tracker at 408/450 nm (excitation/emission).

Mitochondrial calcium measurement by confocal microscopy

Mitochondrial calcium [Ca 2+ ] m was assessed, as above described, using Rhod-2, AM red dye (Euromedex), according to the manufacturer's recommendations. Cells were incubated for 30 min (in the dark, at 37 °C) with 1 µM Rhod-2, AM probe in the PSS. Fluorescence intensity was measured at 543/605 nm.

Mitochondrial superoxide anion production by confocal microscopy

Mitochondrial superoxide anion O 2 -formation was assessed, as above described, using MitoSOX™ red dye (ThermoFischer ® ) according to the manufacturer's recommendations. Cells were incubated for 10 min (in the dark, at 37 °C) with 5-µM MitoSOX™ probe in the PSS. In some experiments, MitoSOX™ probe was co-incubated with a mitochondrial probe (Mitotracker green, at final concentration of 1 µM) for colocalization experiments. Fluorescence intensity was measured for MitoSOX at 543/605 nm, and for Mitotracker at 488/515 nm.

Mitochondrial membrane potential measurement by confocal microscopy

Mitochondrial membrane potential (ѰMP) was measured, as above described, by TMRM red dye (Tetramethylrhodamine, Methyl Ester, Perchlorate) (ThermoFischer ® ), according to the manufacturer's recommendations. Cells were incubated for 20 min (in the dark, at 37 °C) with 100-nM TMRM probe in the PSS. Fluorescence intensity was measured at 543/605 nm.

NPs internalization studies

Cells were seeded at 20,000 cells/cm 2 on plastic Lab-Tek chambers (Dutscher, France), and cultured in supplemented ECGM for 24 h, at 37 °C and 5% CO 2 . Cells were then exposed or not (control cells) to FW2 NPs at 7.5 µg/cm 2 , for 1 h at 37 °C and 5% CO 2. Finally, cells were fixed with 1.6% paraformaldehyde and 2% glutaraldehyde in 0.08-M cacodylate buffer (pH 7.4) during 2 h, at room temperature (RT). After washing in 0.1 M cacodylate buffer, cells were post-fixed in a mix 1% osmium tetroxide (v/v)/1% potassium ferricyanide K 3 Fe(CN) 6 (p/v) in the same cacodylate buffer, during 2 h on ice in the dark. Then, samples were washed in pure water (RiOs-DI type II water purification system (resistivity > 10 MΩ cm), and stained in block in 0.5% aqueous uranyl acetate solution during 30 min, at RT in the dark. Subsequently, cells were washed and dehydrated through a series of graded ethanol, and embedded in a mixture of pure ethanol and epoxy resin 50/50 (v/v) (Epon 812; Delta Microscopie, Toulouse, France) during 2 h, and then in 100% resin overnight at RT. The polymerization of the resin was carried out during 48 h at 60 °C. Samples were then sectioned using a diamond knife (Diatome, Biel-Bienne, Switzerland) on an ultramicrotome (EM UCT, Leica Microsystems, Vienna, Austria). Ultrathin sections (65 nm) were picked up on copper grids, and then stained with Uranyless (Delta Microscopies, Toulouse, France) and lead citrate. Grids were examined with a Transmission Electron Microscope (H7650, Hitachi, Tokyo, Japan), at 80 kV.

Mitochondrial dynamic imaging

Mitochondrial dynamic was assessed, as above described, using Mitotracker green dye (ThermoFischer ® ), according to the manufacturer's recommendations. Cells were incubated for 30 min (in the dark, at 37 °C) with 1-µM Mitotracker probe in the PSS, co-incubated with a nucleus probe (Hoeschst 33342, at final concentration of 2 µM). Fluorescence intensity was measured for Mitotracker at 488/515 nm and for Hoeschst at 408/450 nm (excitation/emission).

Apoptosis induction

Apoptosis induction was assessed, as above described, using FAM-FLICA ® Caspase 9 Assay Kit (EnzoLifeScience ® ), according to the manufacturer's recommendations. Cells were incubated for 30 min (in the dark, at 37 °C) with 30× Flica into aqueous buffers. The plates were observed at 600× magnification. Fluorescence intensity was measured for Caspase-9 probe at 488/610 nm, and for Hoeschst at 408/450 nm (excitation/emission).

Statistical analysis

Each experimental condition was independently repeated three times, and for each independent experiment, 3-8 replicates (wells) per condition were tested. Data are expressed as mean ± standard error of the mean (SEM), for three independent experiments (n = 3). Statistical analyses were performed using one-way ANOVA with Tukey's post-test for multiple comparisons (n > 30), and by Kruskal-Wallis test with Dunn's post-test (n < 30) (*P value < 0.05; **P value < 0.01; ***P value < 0.001) using GraphPad statistics software. P values < 0.05 were considered significant.

Results

FW2 NPs hydrodynamic size in endothelial cell growth medium

Dynamic light scattering measurement (DLS) was implemented to assess the colloidal stability state of carbon black NPs in the cell culture growth medium. The results show that FW2 NPs flocculate immediately after dispersion in Endothelial Cell Growth Medium (ECGM). For this reason, FW2 NPs were sonicated just before the measurements. The size distribution data were analyzed using a probabilistic self-learning algorithm, so-called Sparse Bayesian Learning (SBL) adapted for very poly-dispersed particle suspensions to improve the resolution of multimodal size distributions. Both samples displayed quite the same results whatever their concentrations (5 or 10 µg/cm 2 ) with two peaks detected around 130 ± 20 nm and 525 ± 40 nm, showing the flocculation state of FW2 NPs of 13-nm unit size (Fig. 1a). The two distribution peaks can be explained by the effect of sonication on large aggregates formed after addition of the FW2 NPs in the culture medium and, eventually, by the stabilization of nanoparticle clusters by serum proteins. These results show hydrodynamic sizes weighted in intensity of scattering signal, and do not represent the distribution in number of all sizes of the nanoparticle aggregates. For this reason, the Mie correction was apply to convert scattered intensity to relative particle numbers (Fig. 1b). After this numerical correction, the first peak corresponded to aggregates of 130 nm representing 86% in number; whereas, the second of 525 nm represented only 14% of the overall number of aggregates.

FW2 NPs decrease HPAEC viability

To understand the mechanism of FW2 NPs-induced effect in HPAEC, the non-toxic range of FW2 NPs concentration (mortality rate < 25%) was first investigated by the WST-1 test. Cytotoxic assay was performed after a 24-h treatment with NPs. The results show that exposure of HPAEC to FW2 NPs (1-10 µg/cm 2 ) for 24 h, decreased concentrationdependently cell viability (Fig. 2a). A statistically significant reduction in cell viability was observed for a concentration of 5 µg/cm 2 (90.2%, P < 0.05) and above. These results also show that mitochondrial activity of HPAEC decreased in a concentration-dependent manner upon FW2 NPs exposure.
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FW2 NPs increase intracellular ROS production

Figure 2b shows that a 4-h exposure of HPAEC to FW2 NPs (1-10 µg/cm 2 ) induced a significant concentrationdependent increase in intracellular global ROS production from 5 µg/cm 2 (37.8%, P < 0.001). The ability of FW2 NPS to specifically generate cytoplasmic superoxide anion (O 2 -) production in HPAEC (Fig. 2c) was then investigated by EPR. A 4-h exposure to FW2 NPs significantly 

FW2 NPs increase cytosolic calcium concentration

In a first set of experiments, it was investigated, by calcium imaging (Fluo-4, AM probe), whether a 4-h exposure to FW2 NPs increases cytoplasmic calcium concentration. Figure 3a shows in HPAEC, a statistically significant and concentration-dependent increase (5, 7.5 and 10 µg/cm 2 ) in the basal intracellular calcium ion level [Ca 2+ ] i (50.2%, 68.8% and 78.6%, P < 0.001). However, no effect on basal Ca 2+ concentration was observed upon acute FW2 NPs exposure (5-10 min, data not shown). In a second set of experiments, to elucidate whether the FW2 NPs-induced impairment in intracellular calcium homeostasis was correlated to an increase in ROS production, the same experiments were performed using antioxidant enzymes. Pre-treatment (1 h) of HPAEC with both PEG-SOD and PEG-catalase, prior a 4-h exposure, had no significant effect on basal intracellular calcium level compared to control cells (21.4%, "ns") (Fig. 3a). However, antioxidant enzymes fully reversed FW2 NPs-induced increase in intracellular calcium basal level in cells co-treated with FW2 NPs, thus indicating that ROS production was involved in Ca 2+ signaling alterations.

Several experiments were then performed to elucidate the mechanism of this effect. To assess the role of the extracellular source in [Ca 2+ ] i rise, HPAEC were exposed to FW2 NPs in the presence and in the absence of extracellular Ca 2+ . Before experiments, EGTA (5 mM) was added on ECGM for chelating Ca 2+ ion. As shown in Fig. 3b,c, the absence of extracellular Ca 2+ had no effect on FW2 NPs-induced Ca 2+ response after 4-h exposure. This observation suggests that FW2 NPs-induced [Ca 2+ ] i rise could, thus, be mediated by intracellular Ca 2+ stores. To confirm this hypothesis, the intracellular Ca 2+ source and, more precisely, the release of Ca 2+ from the ER, was investigated. The replenishment of the reticulum calcium store was first evaluated in the presence of adenosine triphosphate (ATP) (20 µM) which induces, via P2Y receptor, the inositol 1,4,5 triphosphate (IP 3 ) pathway activation leading to calcium release from the reticulum [START_REF] Vishnu | ATP increases within the lumen of the endoplasmic reticulum upon intracellular Ca2+ release[END_REF]. Figure 4a shows that exposure of HPAEC to FW2 NPs significantly decreased, in a concentration-dependent manner, the ATP-induced calcium response from 5 µg/cm 2 (-0.58 Fmax/F0 Fluo-4, P < 0.001) as compared to control cells. After 1-h pre-treatment of HPAEC with both PEG-SOD and PEG-catalase, followed by 4-h FW2 NPs exposure, the antioxidant enzymes fully reversed the FW2 NPs-induced ATP response impairment.

The involvement of Ca 2+ from the ER was also investigated using thapsigargin (1 µM), an ER Ca 2+ -ATPase (SERCA) inhibitor, to deplete the Ca 2+ ER stores. After 4 h FW2 NPs exposure, thapsigargin-induced calcium release decreased, in a concentration-dependent manner, from 5 µg/cm 2 (-0.37 Fmax/F0 Fluo-4, P < 0.001) (Fig. 4b). Thus, ATP and thapsigargin experiments indicate that FW2 NPs exposure decreases calcium in ER. At last, to confirm whether the FW2 NPs-induced [Ca 2+ ] i rise was, indeed, mediated by ER [Ca 2+ ] stores, [Ca 2+ ] was measured in the ER by Fluo-4FF, AM probe with confocal microscopy (Fig. 4c). Results show that after 4-h FW2 NPs exposure, ER [Ca 2+ ] significantly decreased, in a concentration-dependant manner, from 5 µg/ cm 2 (88.6%, P < 0.001) as compared to control cells (100%). These results suggest that FW2 NPs-induced [Ca 2+ ] i rise mobilizes the ER source.

FW2 NPs increase mitochondrial O 2 -production

The effect of FW2 NPs on mitochondrial O 2 -production was assessed by MitoSOX probe (confocal imaging). Figure 5 shows, after 4-h exposure of HPAEC to FW2 NPs, a statistically significant, concentration-dependent augmentation in mitochondrial O 2 -production (5, 7.5 and 10 µg/ cm 2 ) as compared to control cells (67.1%, P < 0.01; 150.2% and 223.8%, P < 0.001). To elucidate whether FW2 NPsinduced mitochondrial oxidative stress was primarily related to cytosolic oxidative stress or to cytosolic calcium homeostasis alteration, the same experiments were performed using PEG-SOD (300 U/mL), PEG-CAT (600 U/mL) and BAPTA-AM (5 µM), respectively. After a 1-h pre-treatment of HPAEC with both PEG-SOD and PEG-catalase, followed by a 4 h-FW2 NPs exposure (5, 7.5 and 10 µg/cm 2 ), FW2 NPs-induced mitochondrial O 2 -production was significantly decreased as compared to FW2 NPs-treated cells (7.24% and 42.6%, "ns"; 68%, P < 0.01) (Fig. 5a,b). In cells co-treated with FW2 NPs and antioxidant enzymes, FW2 NPs-induced mitochondrial O 2 -production was fully reversed. In contrast, 30-min pre-treatment of HPAEC with BAPTA-AM, followed by 4-h FW2 NPs exposure, had no effect on FW2 NPs-induced mitochondrial O 2 -production (57%, P < 0.01; 144.2% and 231%, P < 0.001) (Fig. 5c). These results indicate that change in cytosolic calcium is not involved in the mitochondrial O 2 -production. The global oxidative stress, thus, plays a key role on the mitochondrial O 2 -production. 

FW2 NPs increase mitochondrial calcium level

To determine the effect of FW2 NPs on mitochondrial calcium signaling in HPAEC, mitochondrial calcium concentration ([Ca 2+ ] m ) was investigated after 4-h exposure to FW2 NPs by calcium imaging (Rhod-2, AM probe).

Figure 6a shows, in HPAEC, a statistically significant and concentration-dependent increase in [Ca 2+ ] m induced by FW2 NPs (5, 7.5 and 10 µg/cm 2 ) as compared to control cells (19.1%, P < 0.01; 45.6% and 55.1%, P < 0.001).

To elucidate whether FW2 NPs-induced impairment in mitochondrial calcium homeostasis was primarily related to oxidative stress or to cytosolic calcium homeostasis alteration, the same experiments were performed using PEG-SOD (300 U/mL), PEG-CAT (600 U/mL) and BAPTA-AM (5 µM), respectively. After 1-h pre-treatment of HPAEC with both PEG-SOD and PEG-catalase, followed by 4-h FW2 NPs exposure (5, 7.5 and 10 µg/cm 2 ), no significant effect of FW2 NPs on [Ca 2+ ] m was observed as compared to control cells (8.6%, 2.9% and 1%, "ns") (Fig. 6a). In contrast, 30-min pre-treatment of HPAEC with BAPTA-AM, followed by 4-h FW2 NPs exposure, had no effect on FW2 NPs-induced [Ca 2+ ] m rise (6.7%, P < 0.05; 33.4% and 55.2%, P < 0.001) (Fig. 6b,c). These results, thus, indicate that the increase in [Ca 2+ ] m seems to be related to cytosolic oxidative stress.

FW2 NPs decrease mitochondrial membrane potential (ѰMP)

The effect of FW2 NPs on ѰMP was assessed by TMRM probe (confocal imaging). The results show that 4-h exposure to FW2 NPs (5, 7.5 and 10 µg/cm 2 ) in HPAEC significantly decreased ѰMP in a concentration-dependent manner (59.7%, 50.1% and 43.7%, P < 0.001) (Fig. 7). To elucidate whether FW2 NPs-induced ѰMP decline was primarily related to cytosolic oxidative stress or to cytosolic calcium homeostasis alteration, the same experiments were performed using PEG-SOD (300 U/mL), PEG-CAT (600 U/mL) and BAPTA-AM (5 µM), respectively. After 1-h pre-treatment of HPAEC with both PEG-SOD and PEG-catalase, followed by 4-h FW2 NPs exposure (5, 7.5 and 10 µg/cm 2 ), FW2 NPs had no significant effect on ѰMP as compared to control cells (98.3%, 105.1% and 92.9%, "ns") (Fig. 7a,b). In contrast, 30-min pre-treatment of HPAEC with BAPTA-AM, followed by 4-h FW2 NPs exposure, had no effect on FW2 NPs-induced ѰMP decline (53.1%, 49.2% and 42.3%, P < 0.001) (Fig. 7c). Likewise, these results indicate that the modification of ѰMP seems to be related to cytosolic oxidative stress. 

FW2 NPs internalization in HPAEC and mitochondria ultra-structure observation

Transmission electronic microscopy (TEM) was performed to obtain information on the uptake and localization of FW2 NPs in HPAEC after 1-h exposure to FW2 NPs (7.5 µg/cm 2 ).

Representative micrographs are shown in Fig. 8. After a rapid internalization into cells, FW2 NPs were mainly clustered into vesicles (Fig. 8a2, b2, b3). Internalized NPs were mostly organized in aggregates of various sizes;, whereas single or isolated NPs were rarely observed. TEM images evidence that FW2 NPs were also localized very close to mitochondria (Fig. 8b2,b3) or to the nucleus (Fig. 8b2). However, no particles were observed inside these elements.

In addition, Fig. 8b2,b3) reveals changes in mitochondria morphology such as mitochondria swelling, decrease or even disappearance of mitochondrial cristae and vacuolization in FW2 NPs-treated cells as compared to control cells with normal intact mitochondria.

FW2 NPs impair mitochondrial dynamic

The effect of FW2 NPs (7.5 µg/cm 2 ) on mitochondrial dynamic was then examined using a specific mitochondrial Mitotracker probe (confocal imaging), after 4-h exposure to HPAEC. In negative controls, the mitochondrial network was dynamic showing typical fiber-like structure (Fig. 9a).

In positive control treated with CCCP (5 µM), a compound that induces fission of the network [START_REF] Itoh | Reactive oxygen species generated by mitochondrial injury in human brain microvessel endothelial cells[END_REF], mitochondria presented fragmentation and appeared as disconnected fragments (Fig. 9c). FW2 NPs-treated cells (7.5 µg/ cm 2 ) revealed mitochondria fragmentation (Fig. 9b), similar to that of cells treated with CCCP, suggesting a mitochondria network alteration.

FW2 NPs induce apoptosis

The effect of FW2 NPs was finally assessed on cell death (apoptosis) using a specific caspase-9 probe (confocal imaging) after 24-h exposure to HPAEC. In positive controls, H 2 O 2 (250 µM) exposure induced apoptosis. In FW2 a Effect of antioxidants enzymes: cells were exposed 4 h with FW2 NPs (5-10 µg/cm 2 ) after or not 1-h pre-treatment with PEG-SOD (600 U/mL) and PEG-catalase (300 U/mL). b HPAEC imaging of MitoSOX probe by confocal microscopy. Cells were exposed with FW2 NPs (10 µg/cm 2 ) in both conditions (with and without antioxidant enzymes). c Effect of extracellular calcium on mt O 2 -level rise: cells were exposed with FW2 NPs after 30-min pre-treatment with an intracellular calcium chelator (BAPTA-AM, 5 µM). The values were normalized to untreated cells, and results are expressed as the fold change of MitoSOX probe fluorescence intensity, relative to control cells. Data are mean ± SEM of three independent experiments (n = 3), (six wells/concentration). Statistically significant at P < 0.01(**) and P < 0.001(***), as compared to controls, statistically significant at P < 0.05(#) and P < 0.001(###), as compared to cells pre-treated with antioxidants enzymes, statistically significant at P < 0.01($$) and P < 0.001($$$), as compared to control with BAPTA-AM, according to ANOVA test, followed by Tukey's Multiple Comparison test. ns no significant ▸ NPs-treated cells (5, 7.5 and 10 µg/cm 2 ) caspase-9 fluorescence significantly increased, in a concentration-dependent manner (39.7%, 70.8% and 94.9%, P < 0.001) (Fig. 10), suggesting the induction of intrinsic apoptosis.

Discussion

The present study was designed to assess the effect of FW2 NPs in HPAEC target cells, to better understand the underliyng toxic mechanisms with special attention to calcium signaling, a key factor in vascular diseases [START_REF] Berridge | Calcium signalling: dynamics, homeostasis and remodelling[END_REF]. First, we demonstrated that FW2 NPs induce a global overproduction of ROS and increase some free radicals, in particular O 2 -(Fig. 2b,c). These data are in line with those reported for silica nanoparticles [START_REF] Guo | Silica nanoparticles induce oxidative stress, inflammation, and endothelial dysfunction in vitro via activation of the MAPK/Nrf2 pathway and nuclear factor-kappaB signaling[END_REF]. In HPAEC, FW2 NPs also increased, concentration-dependently, basal [Ca 2+ ] i (Fig. 3a). This effect was strongly reduced by pre-treatment with antioxidant enzymes, thus suggesting that FW2 NPs-induced alteration in intracellular calcium homeostasis was also closely related to an increase in O 2 -and H 2 O 2 . Previous results have shown that calcium response in HPAEC differs according to particles type. FW2 NPs response is higher than that to PM 2.5 particles [START_REF] Deweirdt | Involvement of oxidative stress and calcium signaling in airborne particulate matter-induced damages in human pulmonary artery endothelial cells[END_REF], this difference being likely related to physicochemical characteristics of particles (composition, size, solubility, etc.) which determine their biological effects. In previous studies, it was demonstrated, in other vascular cells type such as PASM, that SiO 2 NPs-induced [Ca 2+ ] i rise involved the two main sources of calcium: the extracellular source, through the activation of both L-type Ca 2+ and transient receptor potential vanilloid (TRPV) channels, and the intracellular source via the activation of ER receptors [START_REF] Dubes | signalling induced by in vitro exposure to silicium dioxide nanoparticles in rat pulmonary artery smooth muscle cells[END_REF]. In contrast, the present findings suggest that FW2 NPs-induced [Ca 2+ ] i rise does not involve the extracellular source of calcium, since the absence of extracellular calcium had no effect (Fig. 3b). One of the reasons for this discrepancy could be the lack of expression of L-type Ca 2+ channels in HPAEC [START_REF] Oshima | Beneficial effect of T-type calcium channel blockers on endothelial function in patients with essential hypertension[END_REF] even though TRPV channels are present [START_REF] Cioffi | Redox regulation of endothelial canonical transient receptor potential channels[END_REF][START_REF]Evidence for functional and dynamic microcompartmentation of Cav-1/TRPV4/K(Ca) in caveolae of endothelial cells[END_REF]). An alternative was measured with Rhod-2-AM probe (1 µM), by confocal microscopy. a Effect of antioxidants enzymes: cells were exposed 4 h with FW2 NPs (5-10 µg/cm 2 ) after or not 1-h pre-treatment with PEG-SOD (600 U/mL) and PEG-catalase (300 U/mL). b Effect of cytoplasmic calcium on [Ca 2+ ] m : cells were exposed with FW2 NPs after 30-min pre-treatment with an intracellular calcium chelator (BAPTA-AM 5 µM). The values were normalized to untreated cells, and results are expressed as the fold change of Rhod-2 probe fluorescence intensity, relative to control cells. c HPAEC imaging of Rhod-2, AM probe by confocal microscopy. Cells were exposed with FW2 NPs (7.5 µg/cm 2 ) in both conditions (with and without BAPTA-AM). Data are mean ± SEM of three independent experiments (n = 3), (six wells/concentration). Statistically significant at P < 0.01(**) and P < 0.001(***), as compared to controls, statistically significant at P < 0.001(###), as compared to cells pre-treated with antioxidants enzymes, statistically significant at P < 0.05($) and P < 0.001($$$), as compared to control with BAPTA-AM, according to ANOVA test, followed by Tukey's Multiple Comparison test. "ns" meaning no significant ▸ signaling pathway implicating the intracellular Ca 2+ stores (such as ER) is therefore probably active. ER is an important organelle involved in different cellular functions including protein synthesis and acts as the main intracellular calcium store in endothelial cells [START_REF] Bagur | Intracellular Ca( 2+ ) sensing: its role in calcium homeostasis and signaling[END_REF]. We found that exposure of HPAEC to FW2 NPs significantly decreased, in a concentrationdependent manner: (i) the ATP-induced calcium response; (ii) the thapsigargin response; and finally (iii) the ER [Ca 2+ ] content (Fig. 4). Data also show a decrease in ER [Ca 2+ ] and an increase in basal [Ca 2+ ] c after FW2 NPs exposure corresponding to a calcium outflow from the ER into the cytosol. The impairment of ATP-induced calcium response was strongly reduced by a pre-treatment with antioxidant enzymes (Fig. 4a) confirming that FW2 NPsinduced alteration of intracellular signaling is indeed closely correlated with oxidative stress. Collectively, these data suggest that FW2 NPs-induced [Ca 2+ ] i increase is mediated via release of the intracellular calcium source by disruption of ER calcium stores. Previous studies have shown the role of H 2 O 2 in ER stress via oxidation of proteins in cysteine, tyrosine and tryptophan residues [START_REF] Sharov | Diastereoselective protein methionine oxidation by reactive oxygen species and diastereoselective repair by methionine sulfoxide reductase[END_REF]. Oxidative stress can also break the S-S bonds or/and create new ones within proteins or peptides, which leads to ER disruption (van der [START_REF] Van Der Wijk | H 2 O 2 -induced intermolecular disulfide bond formation between receptor proteintyrosine phosphatases[END_REF]). The following two mechanisms may be involved: (i) constant leakage of Ca 2+ from the ER to the cytosol due to the protein oxidation via ROS overproduction [START_REF] Bhandary | An involvement of oxidative stress in endoplasmic reticulum stress and its associated diseases[END_REF], and/or (ii) SERCA pump disruption [START_REF] Evangelista | Nox4-and Nox2-dependent oxidant production is required for VEGF-induced SERCA cysteine-674 S-glutathiolation and endothelial cell migration[END_REF]. ER stress is tightly related to oxidative stress and to mitochondrial damages [START_REF] Deniaud | Endoplasmic reticulum stress induces calcium-dependent permeability transition, mitochondrial outer membrane permeabilization and apoptosis[END_REF]. However, the mechanism by which FW2 NPs interact with this intracellular target and induces HPAEC mitochondria dysfunction has not yet been investigated. We show, here, that after rapid (1-h) internalization into cells, FW2 NPs were mainly clustered into vesicles, organized in aggregates and rarely free in the cytoplasm (Fig. 8). Whereas no particles were actually found into mitochondria, the presence of FW2 NPs very close to mitochondria and the overproduction of intracellular ROS suggest that the function of this organelle could be impaired. The present data reveal an increase in mitochondria endogenous O 2 -production (from 5 µg/cm 2 , Fig. 5). Interestingly, at the same concentration, FW2 NPs decrease slightly (< 25%), but signif icantly, Fig. 7 Mitochondrial Membrane Potential (ѰMP) in HPAEC. ѰMP was measured with TMRM probe (100 nM), by confocal microscopy. a Effect of antioxidants enzymes: cells were exposed 4 h with FW2 NPs (5-10 µg/cm 2 ) after or not 1-h pre-treatment with PEG-SOD (600 U/mL) and PEG-catalase (300 U/mL). b HPAEC imaging of TMRM probe by confocal microscopy. Cells were exposed with FW2 NPs (10 µg/cm 2 ) in both conditions (with and without PEG-SOD and PEG-catalase). c Effect of [Ca 2+ ]c on the ѰMP: cells were exposed with FW2 NPs after 30-min pre-treatment with an intracellular calcium chelator (BAPTA-AM, 5 µM). ѰMP level was expressed as the fluorescence intensity of TMRM probe, and was compared to untreated cells. Data are mean ± SEM of three independent experiments (n = 3), (six wells/concentration). Statistically significant at P < 0.01(**) and P < 0.001(***), as compared to controls, statistically significant at P < 0.001(###), as compared to cells pre-treated with antioxidant enzymes, statistically significant at P < 0.001($$$) as compared to control with BAPTA-AM, according to ANOVA test, followed by Tukey's Multiple Comparison test. ns no significant ▸ 1 3 -production. This decrease in mitochondrial activity could be correlated with a reduction in HPAEC cell viability. FW2 NPs exposure-induced increase in mitochondrial oxidative stress could alter mitochondria, exacerbating intracellular ROS production, thus generating a vicious cycle that contributes to the physiopathology of vascular diseases [START_REF] Zhang | Mitochondrial reactive oxygen species-mediated signaling in endothelial cells[END_REF]. Mitochondria also act as a calcium buffer site that cooperates with ER to regulate the intracellular calcium homeostasis [START_REF] Marchi | Mitochondrial and endoplasmic reticulum calcium homeostasis and cell death[END_REF]. By increasing mitochondrial ROS, FW2 NPs-induced mitochondrial alteration could, in turn, account for calcium homeostasis alteration induced by these particles. Indeed, [Ca 2+ ] m increase was strongly reduced by a pre-treatment with antioxidant enzymes, confirming that FW2 NPs-induced alteration in mitochondrial calcium homeostasis was closely correlated with an increase in O 2 -(Fig. 6a). Results with the intracellular calcium chelator (BAPTA-AM) suggest that the increase in [Ca 2+ ] m is not associated with a cytosolic effect (Fig. 6b). However, it can be hypothesized that calcium may directly pass from the reticulum to mitochondria via the Mitochondria-Associated ER Membrane (MAM) [START_REF] Ma | Comparative proteomic analysis of the mitochondria-associated ER membrane (MAM) in a long-term type 2 diabetic rodent model[END_REF][START_REF] Yu | Titanium dioxide nanoparticles induce endoplasmic reticulum stress-mediated autophagic cell death via mitochondriaassociated endoplasmic reticulum membrane disruption in normal lung cells[END_REF]. Alternatively, it can be also speculated that the up-regulated [Ca 2+ ] m could be explained by the inhibition of Na + /Ca 2+ mitochondrial activity exchanger [START_REF] Guo | Zinc oxide nanoparticles decrease the expression and activity of plasma membrane calcium ATPase, disrupt the intracellular calcium homeostasis in rat retinal ganglion cells[END_REF]) which limits the release of calcium from the mitochondria leading, in turn, to an increase in [Ca 2+ ] m . FW2 NPs-induced mitochondrial membrane depolarization could also be explained by mitochondrial ROS over-production since ѰMP decrease was significantly attenuated by inhibition of oxidative pathways (Fig. 7). It can be assumed that increased [Ca 2+ ] m , along with mitochondrial O 2 -overproduction in mitochondrial matrix, could open the mPT and release cytochrome c (often associated with lowering of transmembrane potential ΔΨm), which then induces apoptotic cell death [START_REF] Choi | Mitochondrial calcium uniporter in Drosophila transfers calcium between the endoplasmic reticulum and mitochondria in oxidative stress-induced cell death[END_REF]. Indeed, our final results show a concentration-dependent increase in caspase 9 activity after exposure to FW2 NPs, suggesting an intrinsic apoptosis (Fig. 10). In this connection, it has been shown that alteration in mitochondrial morphology induces mitochondrial membrane depolarization (Westermann 2010). Moreover, cellular uptake and trafficking of NPs play a key role in NPs-induced toxicity. Despite the fact that FW2 NPs were not observed in mitochondria and nucleus after internalization, large aggregates of FW2 NPs were present very close to mitochondria, and could critically interfere with mitochondrial functions. Some studies have reported that NPs (SiO 2 , Fe 2 O 3 ) cause mitochondrial swelling, cristae disruption or disappearance and mitochondria vacuolization in several cell types [START_REF] Faisal | Cobalt oxide nanoparticles aggravate DNA damage and cell death in eggplant via mitochondrial swelling and NO signaling pathway[END_REF]. Regarding mitochondria biogenesis and dynamic, this study provides evidence that FW2 NPs induce morphological and structural alterations (Fig. 8). The fact that mitochondrial dynamics alterations (fusion/ fission equilibrium perturbation) do alter mitochondrial morphology [START_REF] Zamponi | Mitochondrial network complexity emerges from fission/fusion dynamics[END_REF] supports the present findings (Fig. 9). Overall results are summarized in Fig. 11.

Conclusion

The present study shows that, once internalized, FW2 NPs primarily activate intracellular ROS generation, leading to [Ca 2+ ] i rise. Global ROS production then induces: (i) overproduction of mitochondrial O 2 -, leading to [Ca 2+ ] m rise; (ii) ѰMP depolarization, resulting in mitochondrial dynamics alterations responsible for mitochondrial morphology modification; (iii) ER disturbance; and (iv) induction of apoptosis as a consequence of all these toxic effects. In summary, ROS overproduction, along with high surface reactivity of FW2 NPs, targets both mitochondria and ER, two calcium buffer sites that cooperate to regulate intracellular calcium homeostasis. This study, thus, reveals that intracellular calcium homeostasis is the main intracellular target of FW2 NPs that could lead to endothelial dysfunction, a critical event involved in cardiovascular diseases physiopathology. 

Fig. 1

 1 Fig. 1 Size distribution of FW2 NPs in endothelial cell growth medium measured by DLS. a Size distribution in intensity analyzed by SBL algorithm for two different concentrations of FW2 NPs sus-

Fig. 2

 2 Fig. 2 Cell viability and intracellular ROS production in HPAEC. a Cell viability after 24-h exposure with FW2 NPs (1-10 µg/cm 2 ) measured by WST-1 colorimetric assay. Results are expressed as the percentage of cell viability in treated cells, as compared to control cells (100%). Data are mean ± SEM of three independent experiments (8 wells/concentration). b ROS production after 4-h exposure with FW2 NPs was measured by spectrofluorimetry via CM-H 2 DCFDA probe assay. The values were normalized to untreated cells, and results are expressed as the fold change of CM-H 2 DCF fluorescence intensity, relative to control cells. c Intracellular O 2 -production after 4-h exposure with FW2 NPs, measured by EPR spectrometer with CMH probe. Results are expressed in EPR signal amplitude in arbitrary units (AU)/mg/mL of proteins. Data are mean ± SEM of three independent experiments (n = 3), in triplicate. Statistically significant at P < 0.05(*), P < 0.01(**), and P < 0.001(***), as compared to control, according to Kruskal-Wallis test, followed by Dunn's Multiple Comparison test

Fig. 4

 4 Fig. 4 Effect of endoplasmic reticulum on [Ca 2+ ]c level rise.[Ca 2+ ]c was measured with Fluo-4, AM probe (1 µM) and [Ca 2+ ] ER with Fluo-4FF, AM probe (10 µM), by confocal microscopy. a ATP response (20 µM) in HPAEC exposed 4 h with FW2 NPs (5-10 µg/cm 2 ) after or not 1-h pre-treatment with PEG-SOD (600 U/mL) and PEG-catalase (300 U/mL). b Thapsigargin response (1 µM) in HPAEC exposed with FW2 NPs. The values correspond to the fluorescence intensity of the response peak. c [Ca 2+ ] variation in endoplasmic reticulum. The values were normalized to untreated cells, and results are expressed as the fold change of Fluo-4FF probe fluorescence intensity, relative to control cells. Data are mean ± SEM of three independent experiments (n = 3), (six wells/concentration). Statistically significant at P < 0.05(*), P < 0.01(**) and P < 0.001(***), as compared to control, statistically significant at P < 0.05(#), as compared to cells pre-treated with antioxidants enzymes, according to ANOVA test, followed by Tukey's Multiple Comparison test. ns no significant

Fig

  Fig. 5 Mitochondrial O 2 -(mt O 2 -) production in HPAEC. mt O 2 was measured with MitoSOX probe (5 µM), by confocal microscopy.a Effect of antioxidants enzymes: cells were exposed 4 h with FW2 NPs (5-10 µg/cm 2 ) after or not 1-h pre-treatment with PEG-SOD (600 U/mL) and PEG-catalase (300 U/mL). b HPAEC imaging of MitoSOX probe by confocal microscopy. Cells were exposed with FW2 NPs (10 µg/cm 2 ) in both conditions (with and without antioxidant enzymes). c Effect of extracellular calcium on mt O 2 -level rise: cells were exposed with FW2 NPs after 30-min pre-treatment with an intracellular calcium chelator (BAPTA-AM, 5 µM). The values were normalized to untreated cells, and results are expressed as the fold change of MitoSOX probe fluorescence intensity, relative to control cells. Data are mean ± SEM of three independent experiments (n = 3), (six wells/concentration). Statistically significant at P < 0.01(**) and P < 0.001(***), as compared to controls, statistically significant at P < 0.05(#) and P < 0.001(###), as compared to cells pre-treated with antioxidants enzymes, statistically significant at P < 0.01($$) and P < 0.001($$$), as compared to control with BAPTA-AM, according to ANOVA test, followed by Tukey's Multiple Comparison test. ns no significant

Fig. 6

 6 Fig.6Mitochondrial calcium level([Ca 2+ ] m ) in HPAEC.[Ca 2+ ] m was measured with Rhod-2-AM probe (1 µM), by confocal microscopy. a Effect of antioxidants enzymes: cells were exposed 4 h with FW2 NPs (5-10 µg/cm 2 ) after or not 1-h pre-treatment with PEG-SOD (600 U/mL) and PEG-catalase (300 U/mL). b Effect of cytoplasmic calcium on [Ca 2+ ] m : cells were exposed with FW2 NPs after 30-min pre-treatment with an intracellular calcium chelator (BAPTA-AM 5 µM). The values were normalized to untreated cells, and results are expressed as the fold change of Rhod-2 probe fluorescence intensity, relative to control cells. c HPAEC imaging of Rhod-2, AM probe by confocal microscopy. Cells were exposed with FW2 NPs (7.5 µg/cm 2 ) in both conditions (with and without BAPTA-AM). Data are mean ± SEM of three independent experiments (n = 3), (six wells/concentration). Statistically significant at P < 0.01(**) and P < 0.001(***), as compared to controls, statistically significant at P < 0.001(###), as compared to cells pre-treated with antioxidants enzymes, statistically significant at P < 0.05($) and P < 0.001($$$), as compared to control with BAPTA-AM, according to ANOVA test, followed by Tukey's Multiple Comparison test. "ns" meaning no significant

Fig. 8

 8 Fig.8HPAEC observed by transmission electronic microscope (TEM). a HPAEC observed by TEM. a1: Untreated cells, control (×4000). a2: FW2 NPs (7.5 µg/cm 2 ) internalization and intracellular localization in HPAEC, after 1-h exposure (×6000). b HPAEC morphological changes in mitochondria. b1: Untreated cells, control (×11,000). b2 and b3: HPAEC after 1-h exposure with FW2 NPs

Fig. 9

 9 Fig. 9 FW2 NPs-induced mitochondrial dynamic alterations. The mitochondrial dynamic was measured with Mitotracker probe (1 µM), by confocal microscopy. a HPAEC untreated, negative control (×600). b FW2 NPs (7.5 µg/ cm 2 ) treated cells for 4 h (×600). c HPAEC exposed with CCCP (5 µM), positive control (×600). White arrows show typical fiber-like morphology. Red arrows show mitochondria fragmentation

Fig. 10 FW2Fig. 11

 1011 Fig. 10 FW2 NPs-induced apoptosis in HPAEC. Caspase-9 activity was measured with FAM-FLICA ® Caspase 9 probe, by confocal microscopy. Cells were exposed with FW2 NPs (5-10 µg/cm 2 ) during 24 h. Caspase-9 fluorescence level was expressed as the fluorescence intensity of caspase-9 probe, and was compared to untreated cells. Data are mean ± SEM of three independent experiments (n = 3), (six wells/concentration). Statistically significant at P < 0.01(**) and P < 0.001(***), as compared to controls, according to ANOVA test, followed by Tukey's Multiple Comparison test
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