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Abstract

:

Vascular oxidative stress is considered a worsening factor in the progression of Alzheimer’s disease (AD). Increased reactive oxygen species (ROS) levels promote the accumulation of amyloid-β peptide (Aβ), one of the main hallmarks of AD. In turn, Aβ is a potent inducer of oxidative stress. In early stages of AD, the concomitant action of oxidative stress and Aβ on brain capillary endothelial cells was observed to compromise the blood–brain barrier functionality. In this context, antioxidant compounds might provide therapeutic benefits. To this aim, we investigated the antioxidant activity of cerium oxide nanoparticles (CNP) in human cerebral microvascular endothelial cells (hCMEC/D3) exposed to Aβ oligomers. Treatment with CNP (13.9 ± 0.7 nm in diameter) restored basal ROS levels in hCMEC/D3 cells, both after acute or prolonged exposure to Aβ. Moreover, we found that the extent of CNP uptake by hCMEC/D3 was +43% higher in the presence of Aβ. Scanning electron microscopy and western blot analysis suggested that changes in microvilli structures on the cell surface, under pro-oxidant stimuli (Aβ or H2O2), might be involved in the enhancement of CNP uptake. This finding opens the possibility to exploit the modulation of endothelial microvilli pattern to improve the uptake of anti-oxidant particles designed to counteract ROS-mediated cerebrovascular dysfunctions.
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1. Introduction


Alzheimer’s disease (AD) is the most prevalent form of dementia, accounting for 50–75% of all 50 million people worldwide living with dementia in 2020 [1]. The etiology of AD is still unclear. The major pathological hallmarks of AD include senile plaques (mainly composed of aggregated amyloid-β peptide, Aβ), neurofibrillary tangles and synapse loss. The “amyloid hypothesis” has been the dominant model for several years, describing the imbalance between the production and clearance of Aβ as the causative event triggering Aβ accumulation and cognitive impairment [2,3]. Beside this hypothesis, increasing evidence recognizes the key role of cerebrovascular dysfunctions and blood–brain barrier (BBB) impairment in AD progression [4,5]. Aβ is a potent inducer of oxidative stress. Binding of Aβ to different surface receptors activates NADPH oxidase that in turn induces reactive oxygen species (ROS) generation in vascular endothelium [6,7,8]. Moreover, the deposition of soluble Aβ species (i.e., oligomers and small assemblies) in the wall of cerebral vessels causes a cascade of events, like the release of inflammatory mediators and the activation of the complement system, which are strongly intertwined with oxidative stress. Oxidative stress, known as an imbalance between free radicals and endogenous antioxidant defenses, is a crucial and early feature in the pathogenesis of AD, further contributing to BBB damage [9,10,11]. Research studies demonstrated that oxidative stress might directly contribute to the enhancement of the amyloidogenic metabolism, leading to Aβ generation, in brain capillary endothelial cells [12,13].



These two factors, Aβ production and ROS increase, may interact and amplify each other in a vicious cycle of toxicity, promoting endothelial inflammatory response, dysregulation of cerebral blood flow, local hypoxia/ischemia and the parenchymal and perivascular deposition of Aβ [9].



Therefore, reducing vascular oxidative stress could slow down AD progression. The use of antioxidant compounds for the management of neurodegenerative diseases is mainly limited by poor bioavailability, enzymatic degradation and scarce BBB crossing [14,15]. To overcome these issues, nanovectors for the delivery of antioxidants and inorganic nanoparticles (NPs) as free radical scavenger themselves have been proposed [14,16,17,18].



In this context, cerium oxide nanoparticles (CNP) have gained increasing relevance due to the promising results obtained as ROS scavenging agents [19]. Most interest is related to the self-regenerating mechanism of CNP antioxidant activity, which results from the continuous shift between the two oxidation states of Ce (Ce3+/Ce4+) on the surface of CNP, able to scavenge superoxide anions, H2O2 and peroxynitrite. By exploiting these properties, CNP act simultaneously like the endogenous antioxidant enzymes superoxide oxidase, catalase and oxidase [19,20]. Recently, CNP have shown promising results both in vitro and in vivo for the treatment of neurodegenerative disorders, including AD [21,22,23,24].



However, CNP efficacy against vascular oxidative stress has not been evaluated so far. Thus, the present study aimed to investigate in vitro the potentiality of CNP in controlling the Aβ-induced oxidative stress on human cerebral microvascular endothelial cells (hCMEC/D3).



The most important significance and novelty of this research resides in the identification of microvilli-like protrusions on microvascular endothelial cells that undergo structural and functional modifications after exposure to pro-oxidant agents (i.e., Aβ or H2O2), and can be exploited to facilitate CNP cellular uptake. These discoveries may contribute to an increase of knowledge about the Aβ-induced changes on BBB and they open the possibility to exploit microvilli-like structures to enhance the antioxidant nanoparticle delivery to the brain.




2. Materials and Methods


2.1. Materials


Cerium(IV) oxide and 1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindocarbocyanine Perchlorate (DiI) fluorescent dye was obtained from Sigma–Aldrich (St. Louis, MO, USA). Polyacrylic acid (PAA) was from Polysciences Inc. (Warrington, PA, USA). 1,1,3,3,3-hexafluoro-2-propanol (HFIP), Aβ1-40 and Aβ1-42 peptides were purchased from Sigma–Aldrich (Milan, Italy). EBM-2 basal medium was purchased from Lonza (Basel, Switzerland). Fetal bovine serum (FBS) was from Eurobio (Paris, France). Penicillin–streptomycin (P/S) solution 100× was purchased from Euroclone (Milan, Italy). Chemically defined lipid concentrate (CDLC), Hepes, basal fibroblast growth factor (bFGF), rat tail collagen type I, trypsin-EDTA solution, NuPAGE Bis-Tris (4–12%) precast gels and 4–20% Tris-Glycine gels were all supplied by Invitrogen (ThermoFisher Scientifics, Milan, Italy). Hydrocortisone and ascorbic acid were from Sigma–Aldrich (Milan, Italy). MTT was purchased from Sigma–Aldrich, LDH assay kit was from ThermoFisher Scientifics. Rabbit anti-ERM and rabbit anti-pERM antibodies were supplied by Cell Signaling Technology (Danvers, MA, USA). Mouse anti-β-actin antibody, AlexaFluor 633 phalloidin and HOECHST were from Invitrogen. Mouse anti-Aβ 1–16 antibody (clone 6E10) was purchased from BioLegend (San Diego, CA, USA). All other chemicals were of analytical grade and were obtained from either Sigma-Aldrich (St. Louis, MO, USA) or Merck (Darmstadt, Germany).




2.2. CNP Synthesis and Characterization


CNP were produced by direct precipitation from aqueous solution of cerium nitride and stabilized by PAA as described previously [20,25]. CNP were characterized by high-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD) and dynamic light scattering (DLS). Samples for HRTEM analyses were prepared by placing a drop of suspension of CNP (concentration 6 mg/mL) on ultrathin carbon membrane mounted on a 400-mesh copper grid and on 2.2 cm2 glass microscope slides, respectively, and left to dry. HRTEM imaging was performed using a FEI Titan 80–300 Cube transmission electron microscope (Hillsboro, OR, USA), operating at an acceleration voltage of 300 kV, equipped with a S-Twin objective lens, a FEI XFEG Schottky electron source and a 2k × 2k US1000 Gatan CCD Camera.



The XRD diffractograms were acquired in θ–θ mode, with a step of 0.03° 2θ and acquisition time of 20 s per step using a Bruker D8 Advance diffractometer (Bruker Corp., Billerica, MA, USA) with a Cu anticathode (λ-Cu-Kα = 1.541838 Å) operated at 40 kV and 40 mA.



Hydrodynamic diameters were obtained by a Nano ZS90 DLS apparatus (Malvern Instruments, Malvern, UK). Average sizes, distribution widths, polydispersion index, and associated standard deviations (SDs) were obtained for each sample from three measurements performed on diluted solutions (1 mg/mL).



For the preparation of fluorescent CNP, DiI fluorescent dye was dissolved in dimethylsulfoxide (1.2 mg/mL) and then added under stirring to the 6 mg/mL CNP suspension (1:20 v/v). DiI, as a lipophilic cation, produces a non-covalent hydrophobic interaction with PAA. The CNP suspension was centrifuged at 17,000× g for 20 min to remove free DiI in solution, and the pellet recovered in deionized water. A 10 nm-shift in the maximum of the emission spectra between DiI in DMSO and CNP (Supplementary Data: Figure S1) was an indication of successful intercalation of the fluorophore within the PAA hydrophobic microdomains [26].




2.3. Preparation and Characterization of Aβ Oligomers


Aβ1-40 and Aβ1-42 oligomers were prepared as previously described [27,28]. Briefly, the peptides were solubilized in HFIP (1 mg/mL) and air-dried in a chemical fume hood overnight. To obtain monomer-enriched preparations, the peptides were resuspended in DMSO (5 mM) and bath sonicated for 10 min (Aβ1-42) or 30 min (Aβ1-40). Then, samples were diluted in PBS at a final concentration of 100 μM of Aβ1-42 or Aβ1-40 and incubated for 24 h at 4 °C to obtain oligomeric Aβ preparations. The morphology of Aβ oligomers was assessed by atomic force microscopy (AFM), as described [29]. The aggregation state of the samples was evaluated by SDS-PAGE gel electrophoresis on a 4–20% Tris-Glycine gel, followed by immunoblotting analysis using 6E10 anti-Aβ antibody (1:1000). Aβ assemblies were visualized with enhanced chemiluminescence system by Amersham Imager 600 (GE Healthcare Srl, Milano, Italy).




2.4. Cells and Culture Conditions


Immortalized human cerebral microvascular endothelial cells (hCMECs) were provided by Dr. S. Bourdoulous (Institut Cochin, Inserm, Paris, France) and used as a model of the brain capillary endothelium [30]. Cells at passage between 25 and 35 were seeded on tissue culture flasks, pretreated with rat tail collagen type I (0.05 mg/mL). Cells were grown in complete culture medium (EBM-2 supplemented with 10% FBS, 1% CDLC, 1% P/S, 10 mM Hepes, 5 µg/mL ascorbic acid, 1 ng/mL bFGF and 1.4 µM hydrocortisone) and maintained at 37 °C, 5% CO2. Culture medium was changed every 2 days.




2.5. Cell Viability in the Presence of CNP or Aβ Oligomers


hCMEC/D3 cells were cultured on collagen-coated 96-wells plates (3 × 104 cells/cm2) for 48 h. To assess the biocompatibility of CNP, cells were incubated with different concentrations of CNP (ranging from 50 and 500 µg/mL) in complete cell culture medium, for 3 h and 24 h. At the end of treatment, cell viability was evaluated by MTT and LDH assays as previously described [31] using a microplate reader (SPECTROstar Nano, BMG LABTECH, Ortenberg, Germany). Cell viability after exposure to Aβ oligomers was also assessed. Briefly, hCMEC/D3 cells were incubated with 0.1, 1 and 10 µM of Aβ oligomers in the complete cell culture medium. After 24 h, the mitochondrial activity was measured by MTT assay.




2.6. Free Radical Scavenging Activity of CNP after hCMEC/D3 Exposure to Aβ Oligomers


hCMEC/D3 cells were seeded on collagen-coated 35 mm dishes at a density of 3.5 × 104 cells/cm2 and incubated at 37 °C, 5% CO2 for 48 h. Then, cells were incubated with 1 µM of Aβ oligomers in complete medium without FBS in order to prevent the Aβ sequestering by serum proteins [32]. Different conditions were set up according to the following scheme: (i) incubation with Aβ for 4 h; (ii) incubation with Aβ for 24 h; (iii) incubation with Aβ for 1 h, addition of CNP (50 µg/mL) to the medium and further incubation for 3 h and (iv) incubation with Aβ for 21 h, addition of CNP (50 µg/mL) to the medium and further incubation for 3 h. At the end of the incubations, cells were washed twice with PBS, detached using a scraper and sonicated on ice. Then, the samples were centrifuged at 12,000× g for 10 min at 4 °C and the supernatants were collected. The presence of ROS/RNS in the supernatants was detected using the Oxiselect In Vitro ROS/RNS Assay Kit (Cell Biolab, Inc., San Diego, CA, USA), according to the manufacturer’s instructions. The fluorescence intensity of dichlorodihydrofluorescein (DCF; λex = 480 nm, λem = 530 nm), which reflects the total level of ROS/RNS within the sample, was measured with Wallac 1420 Victor2 spectrofluorometer (Perkin Elmer, Waltham, MA, USA). A standard curve was obtained using scalar concentrations of DCF.




2.7. Uptake of CNP by hCMEC/D3 Cells


The internalization of CNP by hCMEC/D3 cells was evaluated under basal conditions and after exposure to Aβ oligomers. Cells were seeded on rat tail collagen I-coated 96-wells Cell Carrier Ultra plates (Perkin Elmer) at a density of 3 × 104 cells/cm2. After 2 days, cells were incubated with Aβ oligomers (1 µM) for 1 h in the complete culture medium without FBS in order to prevent the Aβ sequestering by serum proteins [32]. Then, 50 µg/mL of DiI-labeled CNP (λex = 549 nm, λem = 565 nm) were added to the medium and the cells were incubated for additional 3 h in the dark. At the end of the incubation, hCMEC/D3 cells were washed with PBS and fixed with 10% formalin. Then, cells were permeabilized with 0.2% Triton (v/v) in PBS for 15 min, followed by staining of actin cytoskeleton with Phalloidin AlexaFluor 633 (1:100 in PBS) for 1 h at room temperature (RT). After washes with PBS, nuclei were counterstained with Hoescht 33342 (1:5000 in PBS) for 15 min at RT. Cells were washed with PBS and images were acquired using the Operetta CLS High Content Analysis System (Perkin Elmer) equipped with 40× water objective and standard instrument filters. Ten different fields were imaged in each well. About 400 cells for each condition were analyzed and the fluorescence intensity of CNP was measured by the Harmony analysis software (PerkinElmer). For SEM analysis, fixed samples were coated with carbon film and analyzed with a field emission scanning electron microscope (Mira3 XMU; Tescan, Kohoutovice, Czech Republic) equipped with an EDAX EDS microprobe and backscattered electron (BSE) detector. The SEM was operated at an accelerating voltage of 15kV.




2.8. Binding of CNP to Aβ


To evaluate if CNP were able to bind Aβ, 1 uM of Aβ oligomers were added to 50 μg/mL of CNP in PBS, in order to prevent the Aβ sequestering by serum proteins [32]. Samples were incubated for 30 min at 37 °C and gently mixed every 10 min. After incubation, samples were centrifuged at 15,000× g for 15 min at RT. Supernatant (representing free Aβ) and pellet (representing Aβ-bound to CNP) were collected and the Aβ content was determined by the ELISA kit assay (IBL International, Hamburg, Germany).




2.9. Visualization of Microvilli-Like Protrusions by SEM


hCMEC/D3 cells were grown on collagen precoated 35 mm dishes (3.5 × 104 cells/cm2) for 2 days, followed by incubation with 1 μM of Aβ oligomers in the complete medium for 24 h. Then, cells were washed with cacodylate 0.05 M and fixed with glutaraldehyde 2.5% (v/v) in cacodylate for 90 min. After washing with cacodylate 0.05 M, samples were dehydrated in an ethanol gradient (70%, 80%, 90% and 100% v/v in water, 15 min/each), followed by chemical drying with hexamethyldisilazane (HMDS). Briefly, cells were incubated with HMDS:ethanol (1:2) for 20 min, then with HMDS:ethanol (2:1) for 20 min and finally with 100% HMDS for 20 min. Fresh HDMS was added to the dishes and evaporated in a chemical fume hood overnight.



For SEM analysis, samples were coated with carbon film and imaged using secondary electrons (SE) and backscattered electrons (BSE) detectors. Microvilli length was measured from SEM-SE images by using ImageJ software. At least 10 cells and 300–400 protrusions were analyzed for each condition. For each image, the microvilli length was obtained by using the “segmented line” tool of the program and the resulting values were exported in Excel. For each condition, microvilli were subdivided, based on the frequency analysis, in three classes in relation to their length (short: 0–0.46; medium: 0.47–1.38; long: 1.39–2.53 μm) and expressed as a percentage.



To evaluate CNP binding to microvilli-like structures, cells seeded on 35 mm dishes were treated with 1 μM of Aβ oligomers in complete medium without FBS for 24 h. Then, CNP (50 µg/mL) were added to the medium and cells were incubated for 15 min at 37 °C. Samples were fixed, dehydrated and dried as described for SEM analysis. To visualize cell-surface bound CNP, samples were imaged using BSE detectors and an accelerating voltage between 5 and 10 kV.




2.10. In Vitro BBB Model


The in vitro BBB model was set up as previously described, with some modifications [27,33,34]. hCMEC/D3 cells were seeded at a concentration of 5 × 104 cells/cm2 on the apical side of Transwell inserts (polyester membrane inserts 1.12 cm2, pore size 0.4 μm, Greiner Bio-One, Kremsmünster, Austria) precoated with rat tail collagen type I (40 μg/cm2). The apical chamber (representing the blood) was filled with 500 μL of culture medium, while the basolateral chamber (representing the brain side) was filled with 1 mL of medium. hCMEC/D3 were grown for 3 days in complete cell culture medium. After 3 days, the medium was replaced with EBM-2 supplemented with 5% FBS, 1% CDLC, 1% P/S, 10 mM Hepes, 5 µg/mL ascorbic acid, 1.4 µM hydrocortisone and 10 mM LiCl. Cells were maintained at 37 °C, 5% CO2 and the medium was changed every 2 days.




2.11. Immunoblotting for pERM/ERM Levels


Six days after hCMEC/D3 seeding on the Transwell system, 0.5 mM H2O2 or different concentrations of Aβ oligomers (0.1–10 µM) were added to the apical compartment in complete culture medium. Otherwise, to assess if the expression of ezrin–radixin–moesin (ERM) protein complex was related to cell polarization, Aβ oligomers (0.1–10 µM) were incubated in the basolateral compartment. After 24 h, cells were washed with PBS, detached from the filter using trypsin-EDTA and centrifuged at 130× g for 5 min. The pellet was washed in cold PBS, resuspended in cold lysis buffer (50 mM Trizma, 150 mM NaCl, 2 mM EDTA, 1 mM MgCl2, 100 mM NaF, 10% glycerol, 1% Triton X-100, 1% sodium deoxycholate, 1% SDS, 125 mM sucrose, 1% protease and phosphatase inhibitor cocktails (Thermo Fisher Scientific)) and gently rotated for 30 min at 4 °C. After centrifugation at 13,000× g for 15 min at 4 °C, the supernatant was retained and total protein content was quantified by bicinchoninic acid assay (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific). Of the total proteins 30 µg was separated by SDS-PAGE using 4–12% NuPAGE Bis-Tris gel and blotted onto nitrocellulose membrane. After blocking with TBS-Tween 0.1% + 5% bovine serum albumin (BSA) for 1 h at RT, membranes were immunodecorated alternatively with the primary antibodies: rabbit anti-ERM (1:1000), rabbit anti-pERM (1:1000) and mouse anti-β-actin (1:1500) in TBS-Tween 0.1% + 5% BSA overnight at 4 °C. After washes with TBS-Tween 0.1%, nitrocellulose membranes were incubated with the appropriate HRP-conjugated secondary antibody goat anti-rabbit (1:20,000) or goat anti-mouse (1:20,000) diluted in TBS-Tween 0.1% + 5% BSA for 90 min at RT. Protein bands were detected with an enhanced chemiluminescence system using Amersham Imager 600 and analyzed using NIH ImageJ software. All the data have been normalized to β-actin.




2.12. Statistical Analysis


Data are expressed as the mean and standard deviation (SD). For CNP uptake quantification, data were analyzed by Student’s t-test. For all the other experiments, data were analyzed with one-way ANOVA. Experiments were performed at least in triplicate. The analysis was performed using GraphPad Prism software. A p-value < 0.05 was considered statistically significant.





3. Results


3.1. Characterization of CNP


The CNP used in this study were obtained by direct precipitation from aqueous solution and wrapped with a coating of PAA as the protective substance [20]. XRD analysis showed that all diffraction peaks corresponded to the fluoritic CeO2 crystal structure (PDF 98-002-8709) (Figure 1A). HRTEM and the filtered bidimensional fast Fourier transform (2D-FFT), evidenced that CNP were monocrystalline, with a crystal structure in agreement with the XRD results. Moreover, HRTEM images showed neither evidence of internal defects nor of significant agglomeration and allowed estimating the particle mean size to be about 4 nm, not accounting for the polymeric shell (Figure 1B,C). The hydrodynamic diameter determined by DLS was 13.9 ± 0.7 nm, including the polymeric shell surrounding the CNP. No significant changes in diameter were detected after CNP dilution in culture medium. These results are in accordance with previous data, where CNP were prepared following the same procedure [20].




3.2. Cell Viability in the Presence of CNP or Aβ Oligomers


Before testing the antioxidant properties of CNP, the experimental conditions were set up in order to preserve cell viability.



The viability of hCMEC/D3 cells was monitored after exposure to different doses of CNP, ranging from 50 to 500 μg/mL, using two techniques that are described in Section 2 Materials and Methods. Cell treatment with CNP did not affect cell membrane integrity at any tested concentration, as assessed by measuring LDH release (Figure 2A). On the contrary, a reduction of cell viability (assessed by MTT assay) of 13% and 38% was observed after 3 h incubation with 100 μg/mL and 500 μg/mL of CNP, respectively (Figure 2B). These findings are consistent with previous studies showing that the viability of different cell lines is preserved after treatment with CNP up to 200 μg/mL [20,35,36], while doses higher than 400 μg/mL appear to be cytotoxic by interfering with mitochondrial functions [36]. Based on these results, the lowest CNP dose tested (50 μg/mL) corresponding to 1 × 104 CNP was selected for all the subsequent experiments.



Then, we evaluated the effect of Aβ oligomers, the most toxic Aβ species [37,38,39], on hCMEC/D3 cell viability. In particular, we tested the effect of both Aβ1-42, the most abundant fragment in both amyloid brain and vascular deposits, and Aβ1-40, which is enriched in the wall of brain vessels and capillaries [40]. Aβ1-40 and Aβ1-42 oligomers were characterized by SDS-PAGE/western blot (WB) and AFM. The results showed that the preparations were enriched in oligomers (MW between 6.5 and 17 kDa), and characterized by the absence of high molecular weights aggregates (Supplementary Data: Figure S2A, lane 1 and 2). Monomer-enriched preparations were also analyzed as control (Supplementary Data: Figure S2A, lane 3 and 4). These results are consistent with the AFM images, where only small assemblies are visualized (Supplementary Data: Figure S2B,C).



The cytotoxicity of Aβ oligomers was checked by the MTT assay on cultured brain vascular endothelial cells and the results showed that after 24 h of incubation with Aβ1-42 oligomers, the cell viability was not affected even at the highest dose (Figure 2C). Conversely, hCMEC/D3 exposure to Aβ1-40 oligomers caused a dose-dependent cytotoxicity. In particular, treatment with 1 µM and 10 µM of Aβ1-40 reduced cell viability of 36% and 57%, respectively (Figure 2D). Accordingly, Xu and colleagues demonstrated that incubation of bovine and murine cerebral endothelial cells with 1–10 µM of Aβ1-40 lead to a substantial increase in cell death [39]. The differences in cell viability between Aβ1-40 and Aβ1-42 treatment could be due to the higher tendency of Aβ1-42 than Aβ1-40 to form fibrils in culture medium at 37 °C, which are known to be less toxic compared to oligomers [41].



Based on these results, 1 µM of Aβ oligomers was selected for all the subsequent experiments in order to maintain the cell viability >60%.




3.3. Evaluation of the Antioxidant Activity of CNP in Cerebral Endothelial Cells Exposed to Aβ


To test if cell incubation with 1 μM of Aβ oligomers induces oxidative stress, the production of ROS/RNS by hCMEC/D3 was evaluated by the DCF assay, whose fluorescence is proportional to the level of ROS and RNS species produced. After 4 h of incubation with 1 μM Aβ oligomers, a 2-fold higher ROS/RNS production was observed compared to the basal condition of untreated cells.



Prolonged exposure to Aβ up to 24 h did not further increase the DCF fluorescence, suggesting that Aβ-induced oxidative stress is time-independent. These results are comparable to previous published data showing that the treatment of HUVEC cells with Aβ25-35 induces a strong increase of H2O2 production [42]. However, at the best of our knowledge there are no data about the effect of Aβ oligomers on ROS/RNS production by cerebral microvascular endothelial cells.



Incubation with CNP for 3 h in the presence of Aβ oligomers (as 1 h or 21 h of pretreatment, “a” and “b” respectively) leads to a significant reduction (−36% ± 6.2%) of ROS/RNS production by hCMEC/D3 cells in the tested conditions (Figure 3), thus suggesting that CNP scavenging activity is effective both as early treatment and after prolonged exposure to Aβ. This result supports the time-independent activity of Aβ in inducing ROS production.




3.4. CNP Cellular Uptake after Exposure to Aβ


To obtain high specificity and high resolution in the imaging of the internalized CNP, fluorescent microscopy and SEM have been combined [43]. Images (Figure 4A) showed that after 3 h of incubation, DiI-labeled CNP were internalized by hCMEC/D3 cells and gathered mainly in the perinuclear region of the cells as already reported for other NP [44,45]. Interestingly, an increased uptake of CNP (+43%) was detected in cells exposed to 1 μM Aβ oligomers, compared to untreated cells (Figure 4B).



These same observations were also confirmed by SEM analysis (Supplementary Data, Figure S3) where CNP are visible as bright spots on a darker background around cell nuclei.



Despite the negative surface charge, due to the presence of PAA, the CNP cellular internalization observed suggests that the electrostatic interactions only partly contribute to nanoparticle/cell interaction, as already shown for other negatively charged nanoparticles [44,46].




3.5. Pro-Oxidant Stimuli Affect the Architecture of Endothelial Microvilli


Since CNP were not surface functionalized to target BBB endothelial cells and since human endothelial cells do not possess specific receptors for CNP internalization, to gain insight into the mechanisms involved in the uptake of CNP, we explore the possibility that Aβ could act as a carrier for CNP internalization, since it is known that Aβ can be exploited to permeate the BBB [47]. Therefore, we analyzed the binding between Aβ oligomers and CNP by centrifugation and the results showed that less than 1% of total Aβ (for both fragments tested) was bound to the CNP surface, thus suggesting that CNP were uptaken in the Aβ-independent way.



Then, we evaluated the possibility that Aβ could induce some structural modifications on brain endothelial cells that may enhance the internalization of CNP. SEM photograms of hCMEC/D3 cells revealed small cellular membrane protrusions covering the surface of endothelial cells (Figure 5A). These protrusions, known as endothelial microvilli-like structures, have been firstly described by Gabbiani and coworkers in rat vessels [48]. A complete elucidation about the role of these microvilli on endothelial cells is still lacking, although their involvement in blood flow dynamics [49], leukocyte recruitment [50,51] and bacterial internalization [52] has been reported. Moreover, endothelial microvilli have been described as dynamic structures whose surface density and length is affected by different conditions, including ischemia and vessel injury [53,54]. For these reasons, we assessed the architecture of these protrusions on hCMEC/D3 in our experimental conditions. Although we did not find significant changes in microvilli density on hCMEC/D3 surface after exposure to both Aβ oligomers tested (CTRL = 0.67 microvilli/μm2; Aβ1-42 = 0.48 microvilli/μm2; Aβ1-40 = 0.51 microvilli/μm2), interestingly, the pattern of microvilli length was different (Figure 5B). In particular, untreated cells displayed mainly short membrane protrusions with an average length of about 0.45 μm. The incubation with 1 μm Aβ1-42 oligomers for 24 h induced a strong increase of medium-length microvilli with an average length of 0.82 μm. Curiously, also the treatment with 1 μm Aβ1-40 led to a strong increase of medium-length microvilli with an average length of 1.18 μm, but with a marked reduction (>90%) of short protrusions.



The formation of microvilli requires the activation of the ERM protein complex through the phosphorylation of a threonine residue in the conserved C-terminal domain of ERM proteins [52]. The phosphorylation unmasks F-actin binding sites in the C-terminal region of the proteins, and the active form of the complex act as a linker between the cytoskeleton and the cytoplasmic tail of plasma membrane proteins (such as CD44 and ICAMs), inducing the morphogenesis of cell protrusions [55,56,57].



Therefore, the phosphorylation of ERM complex (pERM) was assessed to confirm endothelial microvilli formation under Aβ exposure. After 24 h of incubation, hCMEC/D3 cells were collected and the cell lysates were analyzed by WB to detect ERM proteins. The results showed that the apical exposure of hCMEC/D3 cells to Aβ induced a significantly increase of pERM/ERM ratio of 1.4-fold for Aβ1-42 (Figure 6A) and of 1.6-fold for Aβ1-40 (Figure 6B), compared to untreated cells. Notably, the exposure to the highest Aβ concentrations tested (10 μM) did not increase the pERM/ERM ratio, possibly because of the impairment of the intracellular pathways involved in the organization of membrane protrusions. In this context, several evidence indicate that F-actin can undergo post-translational modifications (PTMs) under oxidative stimuli, leading to changes in protein polymerization [58,59,60]. While cell exposure to low levels of oxidative stress induces reversible actin modifications, high ROS concentrations promote irreversible PTM, which induce F-actin depolymerization and destabilize cell cytoskeleton, ultimately impairing cell survival [58,61]. In addition, Aβ exposure was found to increase actin aggregation and intracellular gap formation in a dose-dependent manner in endothelial cell cultures [62]. Together, these data support our findings that high Aβ concentrations may cause cytoskeleton remodeling that have repercussions on endothelial microvilli structure.



To understand if the observed cytoskeleton reorganization is directly attributable to Aβ or to Aβ-induced oxidative stress, a generic pro-oxidant agent (i.e., H2O2) was tested. The addition of a sublethal dose of H2O2 to culture medium showed a strong increase of pERM levels (+130%) compared to untreated cells, thus suggesting that a change in the pattern of microvilli protrusions correlates with the oxidative stress in endothelial cells (Supplementary Data, Figure S4A).



We also investigated if cell exposure to luminal or abluminal pro-oxidant stimuli differently affects the morphogenesis of microvilli, hCMEC/D3 cells were grown on transwell inserts and different concentrations of Aβ oligomers were added to the basolateral side of the transwell system (representing the brain side). The results showed that abluminal exposure to Aβ did not induce any significant change of pERM/ERM levels (Supplementary Data, Figure S4B), suggesting that only blood-derived stimuli can induce changes in microvilli structural organization.



Curiously, the presence of Aβ oligomers was sometimes observed in connection with membrane protrusions by SEM imaging (Figure 7). It will be interesting to deepen the interaction between Aβ and endothelial microvilli in order to understand how and if this association is involved in Aβ-mediated cell toxicity. This issue deserves further investigations.




3.6. CNP Tropism for Endothelial Microvilli


Finally, to demonstrate that CNP uptake is mediated by microvilli, hCMEC/D3 cells were exposed to 1 μM of Aβ1-42 oligomers for 24 h, followed by short-term incubation with CNP. Cells were then observed by SEM. Images showed that CNP co-localize with endothelial microvilli formed as a consequence of the stressor (i.e., Aβ) (Figure 8). This result proves that microvilli are involved in the CNP uptake, but the identification of the precise mechanism and the influence of CNP architecture need further investigations. Notably, data obtained in HeLa cells indicate that CNP interact specifically with the microvilli membrane and are subsequently internalized in endolysosomes (unpublished results), suggesting that microvilli are a target for CNP. However, there are data in literature suggesting that nanoscale particles can bind microvilli and, in turn, interact directly or indirectly with the actin filaments within microvilli can be internalized [63].



Taken together, our results suggest that Aβ induces oxidative stress on BBB endothelial cells that in turn promotes changes in the architecture of endothelial microvilli. This pathway supports particles recruitment, enhancing the uptake of CNP, which can exert their antioxidant effect.





4. Conclusions


Oxidative stress induces reorganization of the microvilli pattern on polarized brain capillary endothelial cells. This event fosters the internalization of antioxidant NP, which efficiently reduce ROS/RNS levels in cerebral microvascular endothelial cells.



Here we demonstrated that Aβ-induced oxidative stress promotes the formation of longer microvilli on endothelial cells, which favor the interaction of CNP with the cell surface and their internalization. The length of microvilli changed with the type of Aβ peptide (Aβ1-40 > Aβ1-42) and correlated with their cytotoxicity (Aβ1-40 > Aβ1-42). Internalized CNP efficiently reduces ROS/RNS levels in cerebral microvascular endothelial cells. It is important to highlight that the effect of CNP need to be evaluated in vivo because different issues could surface such as non-specific adhesion of CNP, long term toxicity, elimination, etc.



Therefore, NP with tropism for endothelial microvilli could be exploited to deliver exogenous antioxidants in a way proportional to the level of oxidative stress, thus reducing the local production of ROS and restoring the functionality of brain endothelium.








Supplementary Materials


The following are available online at https://www.mdpi.com/2076-3921/10/2/266/s1, Figure S1: A shift of 10 nm in the maximum of the emission spectra between DiI and CNP was an indication of successful intercalation of the fluorophore within the PAA hydrophobic microdomains, Figure S2: Characterisation of Aβ oligomers. (A) Aβ samples were analysed by SDS-PAGE electrophoresis and immunoblotted with anti-Aβ 6E10 antibody, followed by ECL detection. Oligomeric Aβ1-40 (lane 1), oligomeric Aβ1-42 (lane 2), monomeric Aβ1-40 (lane 3) and monomeric Aβ1-42 (lane 4) are shown. M = molecular weight size marker. (B) AFM analysis of an oligomer-enriched sample of Aβ1-40. (C) AFM analysis of an oligomer-enriched preparation of Aβ1-42, Figure S3: Cell uptake and subcellular localization of cerium oxide nanoparticles (CNP). (A) SEM backscattered electrons images of hCMEC/D3 cells incubated with CNP in the presence or absence of Aβ1-42 oligomers. Due to the compositional contrast, CNP are visible as bright spots on a darker background. The images show the presence of internalized CNP with perinuclear distribution. (B) Example of accumulation of CNP in endolysosomes, visible as round structures, Figure S4: Expression levels of phosphorylated ERM (pERM) complex by hCMEC/D3 cells after exposure to pro-oxidant agents. Cells were seeded on transwell inserts and grown for 6 days. Then, 0.5 mM H2O2 was added to the apical compartment of the transwell system (A) or increasing concentrations (from 0.1 to 10 μM) of Aβ1-42 oligomers were incubated in the basolateral compartment (mimicking the ‘brain’-side) (B) and incubated for 24 h. At the end of the treatments, proteins were extracted and subjected to western blot analysis and then to immunoblotting of ERM and its phosphorylated form. The intensity of chemiluminescent band was estimated by Amersham 600 and normalized to β-actin. Results are expressed as mean ± SD from three independent experiments. Statistical analysis was performed using one-way Anova: *** p < 0.001.
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Figure 1. Physicochemical characterization of the synthetized CNP. (A) XRD pattern. (B) CNP diameter distribution as measured from several HRTEM images, fitted with a log-normal function (red line). (C) HRTEM images of representative CNP. Magnified regions show the single-crystalline structure of CNP, confirmed by the 2D-FFT diffractograms. For improved readability, only the main lattice planes are indicated in the insets. 
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Figure 2. Cell viability after exposure to cerium oxide nanoparticles (CNP) and Aβ. (A,B) Human cerebral microvascular endothelial cells (hCMEC/D3) were incubated with different doses of CNP (from 50 to 500 μg/mL) for 3 and 24 h. The cytotoxicity of CNP was assessed by LDH (A) and MTT (B) assays. (C,D) hCMEC/D3 were seeded on collagen-coated 96 well plates and after 48 h of culture, cells were incubated with increasing concentrations of Aβ oligomers, ranging from 0.1 to 10 μM. After 24 h of exposure to Aβ1-42 (C) or Aβ1-40 (D), cell viability was evaluated by MTT assay. Data are expressed as percentages relative to controls (untreated cells). Bars represent the mean of 3 replicates SD. Statistical analysis was performed using one-way ANOVA: * p < 0.05; ** p < 0.01; *** p < 0.0001; **** p < 0.0001. 
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Figure 3. Scavenging activity of cerium oxide nanoparticles (CNP) towards Aβ-induced free radical species. The fluorescence of dichlorodihydrofluorescein (DCF), which is proportional to the level of ROS/RNS species in the samples, was measured under basal condition, after incubation with Aβ oligomers (1 μM) for 4 and 24 h and after addition of 50 μg/mL CNP (“a” = 1 h Aβ alone + 3 h in the presence of CNP; “b” = 21 h Aβ alone + 3 h in the presence of CNP). Ctrl: mean of DCF levels of untreated cells after 4 or 24 h in culture. Data are expressed as mean ± SD from three independent experiments. Statistical analysis was performed using one-way ANOVA: * p < 0.05; ** p < 0.01. 
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Figure 4. Uptake of cerium oxide nanoparticles (CNP) by hCMEC/D3 cells. (A) Fluorescent microscopy images show the internalization of CNP (50 μg/mL, 3 h of incubation) by hCMEC/D3 cells under basal conditions (left panel) and after 1 h of exposure to 1 μM Aβ1-42 oligomers (right panel). Red staining is DiI-labeled CNP, orange staining is phalloidin-labeled cytoskeleton and blue is nuclear staining. (B) Quantification of CNP-associated fluorescence in the two experimental conditions. About 400 cells were analyzed per group. Data are expressed as mean ± SD from three independent experiments. Statistical analysis was performed using a Student’s t-test: * p < 0.05. 
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Figure 5. Morphological changes of endothelial microvilli after cell exposure to Aβ. (A) SEM-SE images of cell membrane protrusions formed by hCMEC/D3 cells under normal conditions or after incubation with 1 μM of Aβ1-42 or Aβ1-40 oligomers for 24 h. Magnified views of microvilli (30kx) are shown in the lower panels. (B) Classification and distribution of endothelial microvilli according to their length in the different experimental conditions. At least 10 cells and 300–400 protrusions were analyzed for each condition. Measurements were performed using ImageJ software. Control: untreated cells; Aβ1-42: cells exposed to Aβ1-42 oligomers; Aβ1-40: cells exposed to Aβ1-40 oligomers. 
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Figure 6. Expression of the ezrin–radixin–moesin (ERM) protein complex by hCMEC/D3 cells after exposure to Aβ. To set up an in vitro model of the blood–brain barrier (BBB), cerebral microvascular endothelial cells were seeded on transwell inserts. After 6 days of culture, different concentrations (from 0.1 to 10 μM) of Aβ1-42 (A) or Aβ1-40 (B) oligomers were incubated in the apical compartment of the transwell system for 24 h. Then, proteins were extracted and analyzed by SDS-PAGE/WB, followed by immunoblotting of ERM proteins and its phosphorylated form (pERM). The intensity of chemiluminescent bands was estimated by Amersham 600 and normalized to β-actin. Representative blots are shown. Data are expressed as mean ± SD from three independent experiments. Statistical analysis was performed using one-way ANOVA: ** p < 0.01; *** p < 0.001. 
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Figure 7. Binding of microvilli to Aβ aggregates. SEM-SE images of Aβ interaction with membrane protrusions formed by hCMEC/D3 cells when incubated with 1 μM of Aβ1-42 or Aβ1-40 oligomers for 24 h. The images show endothelial microvilli often contacting Aβ aggregates (arrows). 
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Figure 8. Binding of cerium oxide nanoparticles (CNP) to endothelial microvilli. SEM backscattered electrons images of CNP interaction with membrane protrusions formed by hCMEC/D3 cells after incubation with 1 μM of Aβ1-42 oligomers for 24 h. SEM secondary electrons (SEM-SE) image shows endothelial microvilli. SEM backscattered electrons (SEM-BSE) image shows CNP. The overlay of secondary electrons and backscattered electrons images (merge) and its magnified view (30kx) show the CNP (red) interaction with microvilli. 
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