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Abstract

:

Oxidative stress is known to be associated with a number of degenerative diseases. A better knowledge of the interplay between oxidative stress and amyloidogenesis is crucial for the understanding of both, aging and age-related neurodegenerative diseases. Cerium dioxide nanoparticles (CeO2 NPs, nanoceria) due to their remarkable properties are perspective nanomaterials in the study of the processes accompanying oxidative-stress-related diseases, including amyloid-related pathologies. In the present work, we analyze the effects of CeO2 NPs of different sizes and Ce4+/Ce3+ ratios on the fibrillogenesis of insulin, SOD-like enzymatic activity, oxidative stress, biocompatibility, and cell metabolic activity. CeO2 NPs (marked as Ce1–Ce5) with controlled physical–chemical parameters, such as different sizes and various Ce4+/Ce3+ ratios, are synthesized by precipitation in water–alcohol solutions. All synthesized NPs are monodispersed and exhibit good stability in aqueous suspensions. ThT and ANS fluorescence assays and AFM are applied to monitor the insulin amyloid aggregation and antiamyloid aggregation activity of CeO2 NPs. The analyzed Ce1–Ce5 nanoparticles strongly inhibit the formation of insulin amyloid aggregates in vitro. The bioactivity is analyzed using SOD and MTT assays, Western blot, fluorescence microscopy, and flow cytometry. The antioxidative effects and bioactivity of nanoparticles are size- or valence-dependent. CeO2 NPs show great potential benefits for studying the interplay between oxidative stress and amyloid-related diseases, and can be used for verification of the role of oxidative stress in amyloid-related diseases.
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1. Introduction


The deposition of protein amyloid aggregates is associated with several degenerative diseases, including Alzheimer’s disease, Parkinson’s disease, and diabetes mellitus. There are numerous hypotheses on how the accumulation of amyloid aggregates is involved in cell and tissue degradation [1,2,3,4]. For example, detailed studies have described a functional link between protein amyloid formation and oxidative stress, and have revealed that oxidative stress can be either causative or consecutive to protein aggregation [5,6,7]. In fact, reactive oxygen species (ROS) can damage the key cellular components, such as the DNA, phospholipids, and proteins, which ultimately can lead to cell death; therefore, they play an important role in the pathogenesis of many diseases [6,8,9]. Some of the reports suggest that oxidative stress can be responsible for the formation of protein amyloid aggregates. It was demonstrated that oxidative stress-induced oxidation or modification of amino acids can lead to protein aggregation [5,10,11,12]. On the contrary, several studies showed that aggregation can generate oxidative stress or protect proteins against oxidative damage [12,13,14,15,16]. Therefore, a better knowledge of the interplay between oxidative stress and amyloidogenesis is essential for the understanding of both aging and age-related neurodegenerative diseases.



Many proteins can form intracellular or extracellular aggregates. It was suggested that the ability to form cross-β-sheet-rich amyloid fibrils may be a common property of the polypeptides [1,2,4]. Insulin is a disulfide-linked small globular protein consisting of two polypeptides, the A chain and the B chain. Insulin is one of the proteins able to form amyloid fibrils, especially under denaturing conditions, such as elevated temperatures, low pH, and agitation [17,18,19,20]. Moreover, it is documented that insulin amyloid aggregation is linked to many pathological processes [20], since insulin aggregates were identified in vivo near the sites of insulin injection [21,22,23]. The physiological and therapeutic importance of insulin, and the fact that insulin easily self-associates in vitro, have made this globular protein an outstanding model for protein amyloid aggregation studies.



Nanosized materials have been and are currently being extensively investigated for their potential medical uses, including drug delivery, medical imaging, antibacterial, and antiviral applications. Among the various nanosized substances, cerium dioxide nanoparticles (CeO2 NPs), due to their remarkable properties, attract much interest in the study of the processes accompanying oxidative stress-related diseases. Attractive physical–chemical properties of cerium are derived from shielded 4f-electrons in the electronic configuration of [Xe]4f26s2. In addition, the low redox potential of the Ce4+/Ce3+ redox couple (~1.52 V) allows the coexistence of both oxidation states III and IV [24,25,26]. Furthermore, the size of the synthesized nanoparticles can be controlled during synthesis [27,28,29]. Importantly, the Ce4+/Ce3+ ratio on the NPs’ surfaces affects their catalytic activity. The low toxicity of CeO2 NPs ensures the relative safety of its use in vivo, which makes it possible to consider this material as a potential drug for the treatment of some diseases primarily associated with oxidation stress, including age-related neurodegenerative diseases [30,31]. It should also be mentioned that because of the unique ability of CeO2 NPs to switch oxidation states between III and IV, CeO2 NPs were successfully used as biosensors for the detection of hydrogen peroxide, glucose, and other bioactive compounds and biomolecules [32,33,34]. Previously, we have demonstrated the antiamyloidogenic effect of uncoated, non-agglomerated crystallites of CeO2 NPs with average sizes of 5–6 nm synthesized by precipitation from reversal microemulsions based on the non-ionic detergent Triton-X-100 [35]. However, the synthesis of CeO2 NPs by precipitation in reversal microemulsions is rather complicated in terms of implementation and also expensive, since the yield of synthesized NPs is quite low. Recently, we successfully prepared and characterized a series of CeO2 NPs with controllable sizes and Ce4+/Ce3+ ratios using a method of precipitation in water–alcohol solutions [36].



In the present work, we analyzed the effects of CeO2 NPs of different sizes and Ce4+/Ce3+ ratios on the fibrillogenesis of insulin and the pseudo-enzymatic activity by monitoring the SOD activity, as well as the impacts on oxidative stress, biocompatibility, and cell metabolic activity. The results revealed the antiamyloid effects of all tested CeO2 NPs on insulin amyloid fibril formation. Moreover, the NPs exhibited significant antioxidant activity through regulating the oxidant and antioxidant cell balance. Therefore, the results suggest that CeO2 NPs can be used in future experiments to prove or disprove the hypothesis that oxidative stress may play a role in the modulation of protein amyloid formation.




2. Materials and Methods


2.1. Synthesis and Characterization of CeO2 NPs


A set of 5 CeO2 NPs (marked as Ce1, Ce2, Ce3, Ce4, and Ce5) was synthesized by precipitation in the water–alcohol (bi-distilled water and isopropanol (IPA)) solutions, where the concentrations of alcohol varied from 0 to 90%. Briefly, a water–alcohol solution of ammonium was added to the solution of cerium (III) nitrate with constant stirring. The obtained NPs were centrifugated and washed with ethanol and bi-distilled water. CeO2 NPs were characterized using physical methods of analysis: crystallographic properties such as the degree of crystallinity were studied using the X-ray diffraction method (XRD), the chemical states of the surface of CeO2 NPs (namely the percentage of Ce3+) were investigated via X-ray photoelectron spectroscopy (XPS), and the stability of the synthesized NPs in the aqueous suspensions was studied via dynamic light scattering (DLS). A detailed description of CeO2 NP synthesis and characterization via the above-mentioned techniques was published recently [36].



To study the morphology of CeO2 NPs, a drop of diluted CeO2 suspension was deposited onto the copper grid with the formvar film and air-dried. Micrographs of CeO2 NPs were recorded using a TEM JEOL JEM 1230 transition electron microscope. The particles sizes and their distributions were calculated using Image Tools and Origin 9.0 software packages (OriginLab Corp., Northampton, MA, USA).




2.2. Antiamyloidogenic Effects of CeO2 NPs on Insulin Amyloid Fibrillization


Insulin (human recombinant, expressed in yeast, 12643; Sigma-Aldrich, Inc., St. Louis, MO, USA) was dissolved in 100 mM NaCl solution, pH 1.6 (hereinafter referred to as NaCl solution), to a final concentration of 25 μM. The solution was incubated in an Eppendorf comfort thermomixer at 65 °C for 2 h under constant agitation (500 or 1200 rpm). The formation of insulin amyloid fibrils was monitored by fluorescence (Thioflavin T (ThT, T3516; Sigma-Aldrich, Inc., St. Louis, MO, USA)) and 1-anilinonaphyhalene-8-sulfonic acid (ANS, A1028; Sigma-Aldrich) assays and confirmed by atomic force microscopy (AFM).



To evaluate the antiamyloid activity of CeO2 NPs, two different strategies were used: (I) investigation of the concentration-dependent effects of CeO2 NPs; (II) monitoring of the time-dependent effects of CeO2 NPs on insulin self-association. Within dose-dependent experiments, we tested the ability of nanoparticles: (i) to affect insulin amyloid formation (inhibition of amyloid formation); (ii) to disassemble preformed amyloid fibrils, following recently described protocols [35,37,38]. For the dose-dependent analysis, the aliquots of CeO2 NPs samples (from freshly prepared stock solutions in ultrapure H2O) were added: (a) to 25 μM of insulin in NaCl solution at protein-to-CeO2 NPs ratios ranging from 1:0.01 to 1:10 (weight to weight ratio), with samples incubated at 65 °C for up to 2 h under constant agitation (500 or 1200 rpm) (inhibition measurements); (b) to 25 μM of preformed insulin fibrils in NaCl solution followed by incubation for 24 h at 37 °C (disassembling activity). ThT or ANS was added to the protein samples (5 μM of insulin) at a final concentration of 25 μM followed by incubation for 1 h at 37 °C. The fluorescence intensity measurements were performed in triplicate using a Synergy Mx (BioTek Inc., Crawfordsville, IN, USA) spectrofluorometer in a 96-well plate with excitation wavelengths set at 440 nm and 380 nm for ThT and ANS, respectively. The emission was recorded at 485 nm. The emission and excitation slits were set at 9.0/9.0 nm and the top probe vertical offset was 6 nm. The fluorescence intensities of samples were normalized to the fluorescence intensities of amyloid insulin aggregates prepared in the absence of NPs (taken as 100%). The error bars represent the average deviation for repeated measurements of three separate samples. The experimental data were fitted by varying four parameters in the sigmoidal logistic equation using SigmaPlot version 14.0 (Systat Software Inc.; Erkrath, Germany) as described previously [38]. The IC50 (the CeO2 NP concentration leading to 50% inhibition of amyloid fibrillization) and DC50 (the CeO2 NP concentration leading to 50% disassembly of pre-formed fibrils) values were calculated from the dose–response inhibition and disassembly curves, respectively.



In the next set of experiments, the effects of CeO2 NPs on the kinetics of insulin amyloid formation were assessed. For kinetic measurements, the aliquots of insulin solution incubated at 65 °C in the absence and presence of the desired concentration of CeO2 NPs were withdrawn at varying times, mixed with ThT, incubated at 37 °C for 1 h, and analyzed as described above. The experimental data were fitted using a 4-parameter sigmoidal logistic equation using SigmaPlot version 14.0 (Systat Software Inc.).




2.3. Atomic Force Microscopy


AFM is used for analyzing the morphology of formed amyloid aggregates alone and in the presence of CeO2 NPs, as well as for examination of the disassembly potential of CeO2 NPs. Samples analyzed using AFM were prepared by casting 10 μL aliquots on a freshly cleaved mica surface (the highest grade V1 mica discs, Ted Pella, Inc., Redding, CA, USA). After adsorption to the surface (5–10 min at 25 °C), the mica surface was washed with ultrapure water (18.2 MΩ cm) and the samples were dried under a stream of nitrogen. The AFM images were obtained using a scanning probe microscope (Veeco di Innova, Bruker AXS Inc., Madison, WI, USA) working in tapping mode. The scan rate range was 0.5–0.75 kHz. The resolution of the images was 1024 × 1024 pixels/image. All images are presented without smoothing or noise reduction. The AFM images were analyzed using NanoScope Analysis1.20 (Veeco di Innova, Bruker AXS Inc., Madison, WI, USA).




2.4. Pseudo-Enzymatic, Superoxide Dismutase Activity


The superoxide dismutase (SOD) activity was assessed via a colorimetric assay using an SOD determination kit (SIGMA-Aldrich, 19160) that utilized WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, a monosodium salt, which produces the water-soluble formazan dye upon reduction by superoxide anion. Briefly, 20 µL of CeO2 NPs dispersed in Mili-Q water was added to a well of a 96-well plate and mixed with 200 µL of WST 1. The reaction was started by the addition of 20 µL xanthine oxidase solution to the reaction mixture. After 20 min of incubation at 37 °C, the absorbance at 450 nm was measured using a microplate reader (Synergy BioTek). The SOD-like activity, ASOD (inhibition rate, %), was calculated using the following Equation (1):


  SOD   activity   ( inhibition   rate   % ) =  {     [   (   A  blank 1   −      A    blank 3    )  −  (   A  sample   −      A    blank 2    )   ]     (     A      blank 1   –      A    blank 3    )     }  ∗ 100  



(1)








2.5. Cell Culture


U87 MG human glioma cells (Cells Lines Services, Eppelheim, Germany) were grown in a complete cell culture medium. Dulbecco’s modified Eagle medium (D-MEM, Gibco Invitrogen, Life Technologies Ltd., Waltham, MA USA) was supplemented with 10% fetal bovine serum (FBS, Gibco Invitrogen, Life Technologies Ltd.). The medium contained L-glutamine (862 mg/L), sodium pyruvate (110 mg/L), glucose (4500 mg/L), and penicillin/streptomycin (1% w/w). Cells were dark-cultivated at 5% CO2 in a humified atmosphere.




2.6. MTT Assay


A metabolic assay on cell mitochondria was based on the transformation of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich, Taufkirchen, Germany) to purple formazan. The formazan (Sigma-Aldrich, Germany) production was measured in a 96-well plate reader (GloMax®-Multi + Detection System with Instinct Software, Promega Corporation, Madison, WI, USA). Cells were incubated for 24 h with Ce1 and Ce5 at concentrations of 50–400 µg/mL. The level of significance was evaluated with a one-way ANOVA test.




2.7. Microscopic Visualization of Cells


Cells were visualized in bright field and fluorescence modes using an inverted LSM700 confocal microscope (Zeiss, Jena, Germany) equipped with a 40× water immersion objective and a CCD camera (AxioCam HRm, Zeiss, Germany). The fluorescence of the samples was collected after excitation with an Hg lamp light filtered with appropriated filters (classical fluorescence images) or solid-state lasers at 405, 488, and 555 nm (confocal fluorescence images). Nuclei were stained by 10 µg/mL Hoechst 33,258 (ThermoFisher Scientific, Waltham, MA, USA), with excitation at 405 nm and emissions at 450 ± 40 nm in confocal fluorescence microscopy mode using an FS02 filter cube (ZEISS, excitation G 365, beam splitter FT 395, emission LP 420) for classical fluorescence microscopy. Lysosomes were stained with 200 nM LysoTracker Green (ThermoFisher Scientific, USA), with excitation at 488 nm and emissions at 500–540 nm using an FS10 filter cube (ZEISS, excitation BP = 450–490, emission BP = 515–565). The size of the lysosomes was measured using ImageJ software (National Institutes of Health; Bethesda, MD, USA). Cellular reactive oxygen species (ROS) were detected with the DCFDA/H2DCFDA cellular ROS assay kit (ab113851, Abcam, UK) via confocal fluorescence microscopy using 20 µM DCFDA (excitation at 488 nm and emission 500–540 nm). The mitochondrial membrane potential was visualized with 10 nM tetramethylrhodamine methyl ester (TMTM, Sigma-Aldrich, Darmstadt, Germany) with 555 nm excitation and emissions > 560 nm. Reduced glutathione (GSH) was detected by 20 µM ThiolTrackerTM Violet (T10095, ThermoFisher Scientific, USA) staining using fluorescence confocal microscopy (excitation at 405 nm and emissions at 500–540 nm).




2.8. Flow Cytometry


U87 MG cells were incubated for 24 h with insulin fibrils, Ce1, and Ce5 at concentrations of 45 and 375 µg/mL. Cells were detached before measurement and labeled for 30 min using Thiol Tracker Violet to detect GSH levels in cells. Cell populations were detected via flow cytometry (MACSQuant®Analyzer, Miltenyi, Germany) in a V1 (excitation 405 nm, emission 450/50 nm) channel and divided into four quadrants according to Thiol Tracker Violet fluorescence intensities.





3. Results and Discussion


3.1. Synthesis of Nanoparticles and Their Characterization


A set of five CeO2 NPs (marked as Ce1, Ce2, Ce3, Ce4, and Ce5) was synthesized via precipitation in water–alcohol solutions, as we reported recently [36]. According to published XRD data, synthesized CeO2 NPs were single-phase, had a crystalline structure with the space group of Fm3m, with particle sizes ranging from ~15 nm (Ce1 NPs) to ~6 nm (Ce5 NPs) and the degrees of crystallinity ranging from 80% to 65%, respectively. The obtained data demonstrated that the crystalline size of CeO2 NPs decreased with the increase in alcohol percentage in the reaction mixture used for the precipitation [36]. In the present work, detailed investigations of the morphology of the synthesized CeO2 NPs were performed using transmission electron microscopy (TEM), and representative TEM images are shown in Figure 1a–e. The calculated average particles sizes are summarized in Table 1. NPs were non-agglomerated and their sizes varied in the range of ~3 to ~14 nm. Figure 1f represents the normalized curves of size distributions for Ce1–Ce5 NPs. According to these curves, increasing the alcohol concentration in the reaction mixture resulted in the synthesis of CeO2 NPs with smaller sizes and narrower size distributions. The NP sizes observed via TEM for the smallest CeO2 NPs were quite different from the XRD published data. We believe that this difference was because the XRD method calculates the averaged crystalline diameter of NPs while the TEM also obtains the size distributions. Therefore, the insignificant number of the large-sized particles may have increased the XRD diameter compared to the TEM data. The obtained data also showed that the percentage of Ce3+ ions on the surface of CeO2 NPs increased with decreasing NP size. The behavior of the obtained CeO2 NPs in the aqueous suspensions, namely their stability, was studied via DLS analysis (detailed experimental data were reported recently [36]). The measured zeta potential values for a set of Ce1–Ce5 NPs were higher than ζ = +40 mV, suggesting the high stability of the aqueous suspensions of NPs without using any additional stabilizers. The results of the physical–chemical studies of NPs demonstrated that the synthesis of CeO2 NPs via precipitation in the water–alcohol solutions enables the production of the NPs with controlled sizes and Ce4+/Ce3+ ratios.




3.2. Assessment of the Antiamyloidogenic Activity


To perform a dose-dependent inhibition measurement, Ce1–Ce5 particles across a wide concentration range were added to 25 µM native insulin in NaCl solution and exposed to the conditions leading to the formation of amyloid structures as described in the Materials and Methods. The extent of insulin fibrillogenesis in the presence of CeO2 NPs was evaluated by fluorescence ThT assay based on increased fluorescence upon the binding of dyes to amyloid fibrils. The fluorescence intensity of control insulin samples (fibrils formed alone) was taken as 100% and the antiamyloid effect was quantified by normalizing a ThT fluorescence intensity of CeO2-NP-containing samples to the control. As documented in Figure 2, an increase in the CeO2 NPs concentration resulted in decreased fluorescence intensities, as presented for Ce1 (blue circles) and Ce5 (green triangles). The experimentally obtained data were further fitted using 4-parameter sigmoidal curves (Figure 2, upper panel). In general, a decrease in ThT fluorescence is interpreted as a decrease in the number of amyloid structures in the solution. Therefore, the data suggest that the antiamyloidogenic inhibition activity of the studied CeO2 particles is dose-dependent.



Moreover, sigmoidal decline curves enable quantification of the inhibiting activity by calculation of the half-maximal inhibiting IC50 values of CeO2 NPs. The calculated IC50 values for all 5 studied CeO2 NPs are listed in Table 1 and were found to be in the range of ~200 µg/mL to ~400 µg/mL. It appears that the calculated IC50 values exhibited a size-dependent tendency, i.e., the highest potential to inhibit insulin amyloid aggregation was observed for the smallest Ce5 particles, and on the contrary the weakest inhibition activity was shown for Ce1 particles. A size-dependent efficacy to alter amyloid aggregation was also observed for other types of nanoparticles, as documented for dextran-coated SPIONs (superparamagnetic iron oxide particles) [39]; plain-, positively- and negatively-coated SPIONs [40]; or modeled spherical Lennard–Jones particles [41]. L-glutathione-stabilized gold nanoparticles (AuNPs) differ in size and influence of Aβ fibrillization, whereby larger AuNPs accelerate fibrilization and small AuNPs significantly suppress the formation of fibrils, as observed by Gao et al. [42]. Similarly, Moore et al. emphasizes the important interplay between NP size and surface chemistry [43]. It is important to note that antiamyloid activity experiments have been performed in acidic conditions. Therefore, the zeta-potential of nanoparticles in pure NaCl solution as well as in the presence of native insulin, were measured (Table 1). At least two important conclusions can be made from the results. First, the NPs remained very stable, even at acidic pH, since zeta-potentials for CeO2 NPs in NaCl solution at pH 1.6, the range was from ~+33 up to ~+38 mV (Table 1). Second, a decrease in ζ-potential values in the presence of insulin indicates that the surface of CeO2 NPs is covered by insulin molecules. Thus, this may also affect the fibrillization of insulin. However, it should be noted that examined CeO2 NPs have rather low ability to disassemble pre-formed amyloid fibrils, as is shown in Figure 2 for two selected particles. The maximum disaggregation activity reached only 35–40% (Figure 2, upper panel).



To obtain more detailed information about the process of inhibition, a kinetic study of insulin fibrillization alone and in the presence of all studied CeO2 NPs using the ThT assay was performed. In Figure 3, the time dependence of insulin fibrillization in the presence of the largest (Ce1, left panel) and smallest (Ce5, right panel) particles is shown. As expected, the fibrillization process exhibits a typical sigmoidal time dependency with four discrete phases: a first phase ~8–10 min long, a lag phase, and a ~20 min long elongation phase within fibrils, then finally the fibrillization culminated in a steady-state plateau phase when process reflected the presence of mature cross-β-rich amyloid fibrils. The presence of CeO2 NPs led to significantly altered kinetics and influenced the extent of insulin fibrillogenesis in a concentration-dependent manner. Figure 3 demonstrates the alterations in antiamyloid inhibition activity for two selected NPs, Ce1 and Ce5. At the protein-to-Ce1 nanoparticle ratio of 1:2 (mg/mg), a two-fold prolonged lag phase and moderate shallow S-curves were observed in comparison to the control insulin samples. The maximum ThT fluorescence intensity levels at the plateau phase reached ~80% of the control samples. Significant inhibition of the formation of amyloid structures in the presence of Ce1 was observed at the protein-to-nanoparticle ratio of 1:5, as documented by the pink symbols and pink curves (Figure 3, left panel). On the other hand, the smallest Ce5 particles characterized by lower IC50 values markedly affected the fibrillization, even at a 1:1 ratio (Figure 3, right panel, cyan symbols), when ThT fluorescence reached only 50% of control. Completely suppressed insulin fibrillization in the presence of Ce5 particles occurred at the protein-to-nanoparticle ratio of 1:2. The obtained results suggest that the antiamyloidogenic activity of CeO2 NPs arises from the inhibition of oligomerization and early stages of nucleation. A similar pattern of inhibition activity was also exhibited for CeO2 NPs prepared via precipitation from a reversal microemulsion [30]. The obtained results also suggested that the inhibition potential of newly prepared CeO2 NPs is most likely size-dependent. Smaller NPs more effectively bind to the ends of growing aggregates and more effectively inhibit fibrillization. However, the effects of the surface chemistry (represented by different Ce4+/Ce3+ ratios) cannot be excluded.



Recently, we demonstrated an inhibiting effect of cerium oxide nanoparticles synthesized by precipitation in a reversal microemulsion (CeO2ME NPs) on insulin fibrillogenesis [35]. These NPs were about 4–6 nm in diameter [35] and characterized by the presence of ~28% of Ce3+ on the surface. Thus, CeO2ME NPs combined the physical–chemical properties of Ce1 and Ce3 NPs. However, CeO2ME NPs were 1.4- and 1.6-fold more effective in inhibiting insulin fibrillization, respectively, but less effective than smaller Ce4 and Ce5 NPs with higher percentages of Ce3+. The effects of cerium oxide particles on amyloid aggregation were also observed on ntrinsically disordered/natively unfolded proteins, including Aβ1–42 peptide, β2-microglobulin and α-synuclein [44,45,46]. However, information regarding the antiamyloidogenic effect of CeO2 NPs on globular protein amyloidogenesis is very limited [35,47]. Zand et al. demonstrated that the presence of ~30 nm CeO2 NPs led to a longer lag phase and a decreased α-synuclein fibrillization level [46]. The effects of the extension of the lag phase and suppression of the growth phase of lysozyme fibrillization in the presence of pure and surface-modified ~18 nm CeO2 NPs were also demonstrated by Samai et al. [47].



To verify the results obtained using ThT and ANS fluorescence assays, atomic force microscopy was applied to visualize the morphology of insulin amyloid structures formed in the presence and absence of different concentrations of CeO2 NPs. When incubated alone, insulin formed typical fibrillar structures. As documented in Figure 4, several micrometer-long and unbranched insulin fibrils showed a tendency to associate into larger complexes. The typical topological features of insulin amyloid fibrils were changed when fibrils were formed in the presence of nanoparticles. In Figure 4, representative scans of fibrils formed in the presence of Ce2 are presented. At low concentrations of Ce2 (protein-to-Ce2 ratio of 1:0.2, mg/mg), a lower amount of insulin fibrils can be observed. Further increases in Ce2 concentration led to noticeable changes in both the fibrils’ morphology and extent of fibrillization. Finally, fibrillization of insulin in the presence of Ce2 > 1:2 (mg/mg) was significantly inhibited, since the formation of mainly amorphous and sporadic amyloid-like aggregates was observed.




3.3. The Antioxidative Potential of CeO2 NPs


As a result of the low redox potential, the coexistence of the Ce4+/Ce3+ redox pair, and the presence of oxygen vacancies on the surface, cerium oxide nanoparticles exhibit enzyme-like (nanozymes) catalytic activities [48,49,50,51,52]. In this work, we evaluated the antioxidant activity of a set of Ce1–Ce5 particles by monitoring their SOD-like activities.



To assess the impacts of the size and redox state (oxidation state) on SOD’s mimetic activity, the set of prepared Ce1–Ce5 particles was tested using a commercial colorimetric SOD kit. The studied nanoparticles at a final concentration of 75 µg/mL were added to well plates with WST-1 reagent. The reaction was initiated by adding xanthine oxidase to generate superoxide radical anions. The nascent superoxide radicals reduced a water-soluble tetrazolium salt to formazan. The SOD catalyzed the dismutation of the superoxide anion into hydrogen peroxide and molecular oxygen, resulting in decreased WST-1 reduction as monitored by absorbance at 450 nm. From the calibration curve obtained using the SOD enzyme, the SOD-like activity of nanoparticles is expressed as units of SOD activity (Table 2).



Our results demonstrate well-defined valence- and size-dependent SOD-like activity. The highest SOD-like activity was observed for the smallest (~2.8 nm) nanoparticles with a large ratio of the surface area to volume, but more importantly with a high percentage of Ce3+ at the surface. The detailed mechanism of SOD’s mimetic activity of cerium oxide nanoparticles was proposed by Celardo et al. [49]. As described by Celardo, the stoichiometry of the reaction requires two superoxide anions reduced for each H2O2 molecule that is oxidized [49]. However, alternatively, the second molecule of H2O2 may oxidize the reduced Ce3+, as proposed previously [36,52,53], leading to the formation of Ce4+ and reduction of H2O2 to H2O. The last case represents a true catalase-like dismutation cycle [49]. If this mechanism is confirmed, CeO2 NPs may scavenge two abundant types of ROS as an endless redox machine. This redox machine can protect both organic molecules and living cells from the oxidative action of hydrogen peroxide, as was demonstrated for non-doped and terbium-doped CeF3 nanoparticles [50].



CeO2 NPs possess enzyme-like properties that may affect the cell’s metabolic activity. Therefore, we evaluated the metabolic activity of cells in the presence of Ce1 and Ce5 using an MTT assay (Figure 5), which is a well-known indicator of cell viability, proliferation, and cytotoxicity. We did not detect significant changes in metabolic activity of U87 MG cells in the presence of CeO2 NPs, except a slight increase at the highest concentration (400 µg/mL) of Ce1 nanoparticles. The observed results were similar to those published previously [35].



Protein misfolding and the subsequent aggregation are associated with many metabolic dysfunction diseases. Recently, the strong cytotoxicity of pathogenic protein aggregates, insulin included, was demonstrated in rat adrenal gland cells [54]. In the present work, the morphology of U87 MG cells in the presence and absence of insulin fibrils and CeO2 NPs was visualized using confocal microscopy. Bright-field images showed dark vesicles (~1.2 µm in diameter) localized in the cytosols of the studied cells (see white arrows in Figure 6). More contrasted spots of Ce5 NPs were found in the perinuclear areas. Regarding the size of CeO2 NPs (2.8–13.4 nm), the NPs localized in the vesicles are organized in clusters. These clusters were also observed in the extracellular space in the medium. The distribution of CeO2 NPs and vesicles in cells can be better recognized through inverted contrast (Figure S1).



The morphology of the cells with insulin fibrils was similar to the control cells. Insulin fibrils can be recognized in the images as deposits of predominately individual fibrils (3–6 µm) localized near the cell surface in the extracellular area. In contrast, the added CeO2 NPs were absorbed on the fibril surfaces, which led to the formation of larger bunches of fibrils (see white arrows denoted with “f” in Figure S1). The deposits of fibrils in the presence of Ce1 were 5–6 µm in diameter, while fibrils after absorption of Ce5 formed larger deposits of 8–15 µm in diameter. The fibrillar structures in the cell medium were stained with Hoechst and the differences in their size can be recognized in Figure S2. In addition, the vesicles with the CeO2 NPs in the cytosol and aggregates of CeO2 NPs in the extracellular area were observed as well.



We assume that nanoparticles, due to their aggregation, size, and vesicle localization, are preferentially transported into the cells by endocytosis. Lysosomes are the most important organelles in this type of transport. Vassie et al. reported in their study that the uptake of nanoceria into ovarian and colon cancer cells is energy-dependent and internalizes into the lysosomes [55]. In our experiments, CeO2 NPs were incubated for 24 h in cell culture media with serum proteins that could enable coating of the CeO2 NP surfaces, facilitate its uptake by U87 MG. In fact, Mazzolini et al. posed the hypothesis that serum-protein-enriched medium can enable the formation of protein coronas on nanoceria with proteins involved in endocytosis [56]. U87 MG cells express receptors that can control and mediate endocytosis [57].



The distribution of lysosomes in U87 MG cells in the presence and absence of CeO2 NPs and insulin fibrils was detected with confocal fluorescence microscopy. Round-shaped lysosomes (green in Figure 7) were observed in control cells and cells subjected to Ce1 and Ce5 NPs. More lysosomes were found in cells treated with Ce1 than with Ce5 NPs. The size of lysosomes in the presence of Ce1 NPs was significantly larger (2.08 ± 1.06 µm in diameter) than in control and Ce5-NP-treated cells. Moreover, partial destabilization of lysosomes in the presence of Ce5 NPs caused diffused localization of Lysotracker Green fluorescence. Additionally, co-localization of the CeO2-NP-loaded vesicles and lysosomes can be seen in Figure 7 (3rd row). The application of insulin fibrils, which were applied together with nuclei labeled with Hoechst (blue in Figure 7), resulted in fusion and swelling of lysosomes. Significantly more cells with elongated lysosomes were detected in the presence of insulin fibrils. The number of lysosomes was less, but the organelles were significantly bigger (see Figure 7). In control cells, the size of the lysosomes was 0.97 ± 0.27 µm, while in the insulin-fiber-treated cells the size was 2.78 ± 0.9 µm in diameter. However, the application of CeO2 NPs rebutted this effect with the fission of lysosomes. The dynamics of lysosomal fission and fusion play important roles in endo- and exocytosis and in the detoxication of foreign particles in the cell. One of the proteins regulating lysosomal function and biogenesis is cathepsin B [58], the loss of which is attributed to lysosomal dysfunction [59]. Fluorescently immunolabelled U87 MG cells with cathepsin B (lysosomes), giantin (Golgi apparatus), and DAPI (nuclei) are presented in Figure S3. Giantin’s depicted Golgi apparatus assembly was composed of compact cisternae, which were surrounded by the number of round vesicles detected with cathepsin B. Elevated distribution of cathepsin B can be recognized in cells in the presence of CeO2 NPs and insulin fibrils. It should be noted that CeO2 NPs were also observed in the extracellular space (see an asterisk in Figure S3) after acetone fixation of cells. One should be aware of CeO2-NP-positive immunolabeling with cathepsin B and DAPI labeling of insulin fibrils. Bhoophathi et al. reported interplay between apoptosis and autophagy through the formation of autophagic vacuoles, induction of cathepsin B, and elevation of microtubule-associated protein light chain 3 (LC3) levels in secreted proteins, whereby the acidic and rich cysteine overexpressed primitive neuroectodermal tumor cells [60]. Song et al. in their work demonstrated that nanoceria coated with the organic surface can activate the lysosome autophagy system to detoxify human cervical cancer cells from nanoceria [61]. For this reason, we estimated the LC3B level in the U87 cells using the Western blot technique.



The presence of insulin fibrils in cell culture media increased LC3B levels in U87 MG cells (Figure S4). On the contrary, the application of CeO2 NPs decreased the LC3B level in cells. Two fractions, LC3B I and LC3B II, were recognized. Kabeya et al. reported that LC3B I is converted into LC3B II, which is integrated into the membranes during the formation of autophagic vesicles [62]. The ratio of LC3B II to LC3B I increases with autophagosomes formation. While Ce1 NPs decreased the LC3B II/LC3B I ratio in cells subjected to insulin fibrils, Ce5 NP application increased this ratio (Figure S4). The ratio was significantly higher in the absence than in the presence of insulin fibrils, but smaller than that of the natural polyphenol rottlerin (see Figure S5 in Supplementary Materials), a known autophagy inducer [63]. These results suggest that Ce5 NP application induces autophagy in glioma cells. Indeed, the fusion of lysosomes and cathepsin B observed in cells subjected to insulin fibrils may indicate autophagosome formation. However, the conversion of LC3B I into LC3B II was not observed (Figure S4). Moreover, a high level of cellular catalase was detected in these cells. It is well accepted that the cellular pool of ROS is constantly changing and balancing with the antioxidant system. The ROS balance is mainly governed by catalase, superoxide dismutase, and glutathione. The absence in the maturation of autophagic vesicles in cells subjected to insulin fibrils can be explained by the neutralization of ROS with catalase and catalase-like activity of CeO2 NPs. The application of CeO2 NPs further significantly decreased the catalase level. A clear difference between Ce1 and Ce5 NPs activities in cells was revealed. Yu et al. have shown that degrading the catalase can induce autophagy and cell death [64]. A significant reduction in catalase level and a high LC3B autophagic ratio was found in glioma cells in the presence of Ce5 NPs. SOD1 and thioredoxin levels in U87 MG cells were mainly affected by insulin fibrils (see Figure S6 in Supplementary Materials). Co-administration of CeO2 NPs reversed this effect.



Cytotoxicity and oxidative stress induced by cerium oxide nanoparticles were observed in different types of cells and were shown to be shape-, size-, and concentration-dependent [65,66,67]. In the present work, oxidative stress in cells was monitored with H2DCFDA fluorescence, which increased after ROS production, e.g., after H2O2 administration (see Figure 8). Insulin fibrils present in the cell culture media increased the ROS production in cells, as well extracellularly (Figure 8 and Figure S7). The application of CeO2 NPs significantly decreased the oxidative stress in cells. Ce1′s antioxidant effect on cells with insulin fibrils was stronger than that of Ce5. Regarding the results obtained via Western blot analysis (Figures S4 and S6), the antioxidant effects of CeO2 NPs can be related to peroxide and superoxide production and the activity of catalase and superoxide dismutase. A negligible effect of CeO2 NPs and insulin fibrils was observed on thioredoxin levels detected in cells. A rich mitochondrial network was detected with TMRM in cells without decreased mitochondrial potential (Figure 9).



The reduction in ThiolTracker related to GSH can be explained similarly as for catalase as being due to the antioxidant-like activity of CeO2 NPs. One can hypothesize that Ce5 NPs can play the role of a Trojan horse that “convinces the cells” to take over oxidative stress control. However, instead of proliferation, cells will undergo autophagy.





4. Conclusions


The major goal of this work was to establish whether CeO2 NPs could be used in future experiments to prove or disprove the hypothesis that oxidative stress may play a role in the modulation of amyloidogenic protein self-assembly. Therefore, we systemically analyzed the bioactivity of synthesized CeO2 NPs. A set of CeO2 NPs with different sizes ranging from ~3 to 14 nm and various Ce4+/Ce3+ ratios at the surface was synthesized by precipitation in water–alcohol solutions with isopropanol as a component. The larger Ce1 and smaller Ce5 are characterized by having the lowest and highest percentages of Ce3+ ions at the surface, respectively.



Regardless of the size or Ce4+/Ce3+ ratio, all tested NPs strongly inhibited the formation of insulin amyloid aggregates in vitro. Among the NPs tested, the smaller Ce5 (d = 2.8 nm), which is also characterized by having the highest percentage of Ce3+ at the surface (47%), exhibited the strongest inhibition effect, as demonstrated by both ThT and ANS fluorescence assays. Only limited disaggregation of the studied NPs was observed. The synthesized CeO2 NPs exhibited well-defined, valence-dependent SOD-like properties.



CeO2 NPs were well tolerated by glioma cells. The NPs localized in acidic compartments of cells affected the biogenesis of lysosomes, which was enhanced by the introduction of insulin fibrils. This effect was attributed to autophagy and confirmed by Western blot analysis and immunostaining of autophagic protein LC3B. Such biological activity led to decreased GSH levels in cells, especially when NPs with a higher percentage of Ce3+ were administered. This indicates the ability of CeO2 NPs to modulate oxidative stress in a biological environment.



Overall, the results of the present study revealed the antiamyloid effect of cerium oxide nanoparticles synthesized by precipitation in water–alcohol solutions on insulin amyloid fibril formation. In addition, the NPs showed significant antioxidant activity by regulating the oxidant and antioxidant cell balance. Both the antiamyloid and antioxidant activity levels of NPs were size- or valence-dependent. Thus, CeO2 NPs show great potential for studying the interplay between oxidative stress and amyloid-related diseases and to prove or disprove the hypothesis that oxidative stress may play a role in the modulation of protein amyloid formation.
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Figure 1. Representative TEM images of CeO2 NPs Ce1 (a), Ce2 (b), Ce3 (c), Ce4 (d), and Ce5 (e), and normalized curves of the particle size distributions (f). 
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Figure 2. Concentration-dependent effects of CeO2 NPs on self-association of insulin monitored via ThT fluorescence assay. Upper panel—Ce1- and Ce5-NP-induced inhibition of insulin fibrillization and disassembly of preformed insulin fibrils. Lower panel—Detailed view on differences in the half-maximal inhibitory (IC50) values for all five studied CeO2 NPs. The antiamyloidogenic effect was quantified as a function of CeO2 NP concentrations ranging from 1:0.02 to 1:10 ratios (w/w) at a fixed 25 µM concentration of insulin/fibrils. 
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Figure 3. Time dependence of insulin fibrillization in the presence of CeO2 NPs evaluated by ThT assay. Ce1 (left panel) and Ce5 (right panel) particles were added to the freshly prepared insulin solution and samples were exposed to fibrillization conditions with and without CeO2 NP. 
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Figure 4. The AFM images of insulin amyloid fibrils formed alone (control) and in the presence of different concentrations of Ce2 (inhibition of amyloid aggregation). White scale bars represent 2 µm. 
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Figure 5. MTT assay of U87 MG cells in the absence (white columns) and presence of Ce1 (blue columns) or Ce5 (green hatched columns) nanoparticles at concentrations of 50, 200, and 400 µg/mL. The level of significance was evaluated with a one-way ANOVA test (** p < 0.01 in comparison to control). 
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Figure 6. Representative bright-field images of U87 MG cells were subjected to 150 µg/mL of Ce1 or Ce5 nanoparticles and 5 µM insulin fibrils (second row) for 24 h. White arrows point to nanoparticle and fibril localization. 
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Figure 7. Representative fluorescent images of U87 MG cells labeled with LysoTracker Green (green, lysosomes) and Hoechst (blue, nuclei). The cells were subjected for 24 h to Ce1 and Ce5 nanoparticles at a concentration of 150 µg/mL and to 5 µM insulin fibrils (IF). Tubular-shaped lysosomes in the presence of insulin fibrils are denoted with white arrows (2nd row). Insulin fibrils adsorbed to the cell surface can be observed as blue fibers (white asterisks). A representative overlap image of a bright-field image with the fluorescence of Hoechst (blue)- and LysoTracker Green (green)-labeled cells in the presence of Ce5 NPs (3rd row). Co-localization of lysosomes and Ce5-NP-loaded vesicles is denoted with a white arrow. The numbers of cells with round (white columns) and tubular (grey columns) lysosomes were evaluated (400 cells for each studied case). The size of the lysosome was measured as the diameter of the lysosome. The level of significance was estimated with a one-way ANOVA test: * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 8. Representative fluorescence images of H2DCFDA (green) and TMRM (red, in mitochondria) in U87 MG cells. The cells were subjected for 24 h to Ce1 and Ce5 nanoparticles at 150 µg/mL and with 5 µM insulin fibrils. ROS production was induced with 100 µM H2O2. Fluorescence intensity levels of H2DCFDA were plotted into the histograms (under fluorescence images). Fluorescence images in the absence of TMRM are depicted in Figure S7. 
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Figure 9. Reduced glutathione (GSH) levels in cells were monitored with ThiolTracker Violet fluorescence via flow cytometry. An illustrative fluorescence image of ThiolTracker Violet distribution in U87 MG cells is presented in the upper left panel. The cells were subjected to 5 µM insulin fibrils, and Ce1 and Ce5 nanoparticles at concentrations of 45 and 375 µg/mL. Cell populations in dot plots were divided into 4 quadrants (Q1–Q4). The numbers of cells and events are color-coded (blue—minima; red—maxima). Unlabeled cells were localized in Q1 (green histograms). Labeled untreated cell populations were identified in Q2 (blue histograms) and Q3 (yellow histograms). The quantification of cell populations is summarized in histograms (lower histograms—cells treated with insulin fibrils). 
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Table 1. Experimentally determined IC50 values and surface properties of the studied Ce1–Ce5 NPs.
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CeO2 NPs

	
Antiamyloid Inhibiting Activity IC50 in µg/mL

	
ζ-Potential [mV]

	
dTEM [nm] (a)

in H2O-IPA

	
w Ce3+ [%] (a)

in H2O-IPA




	
ThT

	
ANS

	
NaCl Solution

	
in the Presence of Insulin






	
Ce1

	
400 ± 18

	
126 ± 4

	
33.4

	
24.9

	
13.4

	
28




	
Ce2

	
390 ± 15

	
140 ± 8

	
35.3

	
28.9

	
8.0

	
35




	
Ce3

	
355 ± 20

	
103 ± 4

	
37.8

	
25.3

	
5.6

	
40




	
Ce4

	
183 ± 9

	
70 ± 4

	
36.9

	
29.5

	
3.5

	
42




	
Ce5

	
198 ± 4

	
50 ± 1.5

	
35.7

	
28.1

	
2.8

	
47








Note: (a) described recently by Shlapa et al. [36]; dTEM [nm] is the diameter of NPs determined by TEM; w Ce3+ [%] is the percentage of Ce3+ ions on the CeO2 surface.
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Table 2. The SOD-like activity of CeO2 NPs monitored using an SOD kit.
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CeO2 NPs

	
SOD-Like Activity of CeO2 NPs




	
Inhibition Rate %

	
U/mL






	
Ce1

	
12.5 ± 8.4

	
0.56 ± 0.047




	
Ce2

	
13.7 ± 8.1

	
0.61 ± 0.05




	
Ce3

	
13.9 ± 4.5

	
0.62 ± 0.028




	
Ce4

	
25 ± 3.6

	
1.18 ± 0.05




	
Ce5

	
33 ± 3.1

	
1.67 ± 0.052
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