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Abstract

:

Metallic nanoparticles (mNPs) are widely used as food additives and can interact with gliadin triggering an immune response, but evaluation of the effects on crypts, hypertrophic in celiac subjects, is still lacking. This study evaluated the effects of gold and silver mNPs in combination with gliadin on crypt-like cells (HIEC-6). Transmission electron microscopy (TEM) was used to evaluate gliadin-mNP aggregates in cells. Western blot and immunofluorescence analysis assessed autophagy-related molecule levels (p62, LC3, beclin-1, EGFR). Lysosome functionality was tested with acridine orange (AO) and Magic Red assays. TEM identified an increase in autophagic vacuoles after exposure to gliadin + mNPs, as also detected by significant increments in LC3-II and p62 expression. Immunofluorescence confirmed the presence of mature autophagosomes, showing LC3 and p62 colocalization, indicating an altered autophagic flux, further assessed with EGFR degradation, AO and Magic Red assays. The results showed a significant reduction in lysosomal enzyme activity and a modest reduction in acidity. Thus, gliadin + mNPs can block the autophagic flux inducing a lysosomal defect. The alteration of this pathway, essential for cell function, can lead to cell damage and death. The potential effects of this copresence in food should be further characterized to avoid a negative impact on celiac disease subjects.
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1. Introduction


Celiac disease (CeD) is a multifactorial autoimmune disorder that develops in subjects carrying the specific genetic HLA-DQ2 and/or -DQ8 background, and it is triggered by the ingestion of gluten. Gluten is composed of a heterogeneous complex of proteins rich in glutamine and proline and is contained in several types of cereals such as wheat, rye and barley [1]. Even though gluten is a common component of the Western diet, and the HLA-DQ2 polymorphism is present in about 30% of the general population [2], CeD affects only 2–5% of these subjects, suggesting the presence of other environmental factors contributing to its etiology. In this sense, several efforts have recently been made to identify possible new ones, evaluating viral infections [3], increased intestinal permeability [4], variations in duodenal microbiota [5] and the growing use of food additives in the industry [6,7].



In this context, the appearance of metallic nanoparticles (mNPs) in the food chain seems particularly alarming, since their ingestion has been linked to intestinal permeability alterations, cytotoxic effects and immune system impairment [8], as well as to inflammatory bowel disease and colon neoplastic lesions [9,10]. However, the potential involvement of dietary mNPs in the increasing incidence of CeD is still poorly documented. mNPs present a typical dimension of 1–100 nm or higher, and their use in food is regulated by the European Food Safety Authority (EFSA) in Europe and the Food and Drug Administration in the US [11]. Their applications are numerous, including the agro/feed/food chain [12,13,14,15], in which they are used as dyes or additives to improve organoleptic properties, as antimicrobial agents to preserve foods or improve crop growth and to increase the bioavailability of nutritional supplements. Silver (AgNPs) and gold (AuNPs) metal nanoparticles are among the most commonly used mNPs in food, and their food additive codes in Europe are E174 and E175, respectively. If the use of AgNPs in food packaging for their antimicrobial properties does not raise many concerns, since it was demonstrated that the release of Ag ions is limited, the use of E174 and E175 as food colorants still needs to be fully characterized [16,17,18]. The main concerns about their presence in food include potential cytotoxicity, the induction of oxidative stress and dysbiosis for E174 and, mainly, the potential accumulation in tissues for E175, but more data are needed. Moreover, the EFSA has estimated that their daily intake is higher in children than in adults since they are mainly found in sweets and ultraprocessed food (estimated intake in toddlers: E174, 0.003–0.08 mg/kg/day; E175, 0.01–0.26 μg/kg/day), increasing the concerns about their potential effects on a growing intestine [17,18]. Although data about their toxicity on differentiated intestinal cells are increasing [7,19,20,21,22], studies regarding their potential effects on intestinal crypt-like cells have not been performed yet. In addition, mNPs can interact with food components forming agglomerates and aggregates, and many studies use different mNP concentrations, making it difficult to understand their main effects [23].



With these premises, the possible combined effects of digested gliadin (the main immunogenic gluten component) with Ag- or Au-NPs were analyzed on the normal human intestinal epithelial crypt-like (HIEC-6) cell line [24], a cell model that has been used for the evaluation of the mechanisms underlying intestinal stemness [25], differentiation [26] and cytotoxicity [27]. In particular, we focused on the potential effects of mNP-gliadin complexes on the macroautophagic process (hereafter referred to as autophagy), essential for cellular well-being. Briefly, various membrane reservoirs and factors are involved in the nucleation and expansion of the phagophore membrane, among which is Beclin-1. The small ubiquitin-like Atg8/LC3 protein family is implicated in the phagophore closure and in its maturation into the autophagosome; this process is characterized by the phosphatidylethanolamine (PE) conjugation of the microtubule-associated proteins 1A/1B light chain 3B (LC3-I) to form LC3-II protein. Finally, mature autophagosomes fuse with the lysosomes, where the sequestered materials are degraded, and most of their components are recycled [28]. Thus, autophagy is an important intracellular pathway involving the sequestration of different cargos, such as damaged organelles, aggregated proteins and pathogens, into double-membrane autophagic vacuoles (AVs) and their consequent lysosomal-mediated degradation [29].



It has been recently reported that the autophagic pathway may have a role in mNP toxicity and, even more interesting, in CeD pathogenesis, since the accumulation of mNPs or gluten peptides in autophagic vesicles seems to alter their proper functionality [8,30,31,32]. These impaired processes could be important not only in fully differentiated cells but also in all the different types of enterocytes, since Groulx et al. [33] showed that autophagy is active in intestinal proliferative/undifferentiated cell populations (e.g., the HIEC-6 cell line).



The data herein presented demonstrate the presence of autophagic alterations in response to mNP and gliadin exposure, which also involves the lysosomal function, as assessed by transmission electronic microscopy (TEM), the evaluation of the proteins involved in autophagosome formation and lysosomal assays.




2. Results


2.1. TEM Visualization of mNP-PT Complexes Taken up by HIEC-6


For the experiments, we selected HIEC-6 cells, which were originally isolated from the intestine of a human fetus. As previously reported, these cell express specific intestinal keratins 8, 18 and 21, as well as aminopeptidase N and dipeptidylpeptidase IV [24], but lack Cdx2 and HNF-1a like undifferentiated crypt cells [26]. Similarly to what we previously reported in CaCo2 cells [34], we selected a concentration of 25 μg/mL for AuNPs and 5 μg/mL for AgNPs since they were not inducing morphological changes in HIEC-6 cells (Figure S1). Previous TEM and spectrophotometric analysis performed in our laboratories demonstrated an increased aggregation of mNPs in the presence of digested gliadin (PT, 1 mg/mL) [34], a fact that could be important in determining their intracellular fate. Thus, HIEC-6 cells were treated for 24 h with mNPs and/or digested gliadin and then processed for TEM visualization. Controls showed a typical appearance of undifferentiated cells with a poorly organized cytoplasm and only a few intracellular vacuoles (Figure 1A,B). Cells treated with either PT (Figure 1C,D) or mNPs (Figure S1A–D) alone displayed a similar appearance as the controls. However, an important increase in the number of AVs, including both immature and mature autophagosomes, was observed in cells treated with the combination of mNPs and PT (Figure 1E–H). These results were similar to those obtained treating the cells with 50 nM bafilomycin (BafA), a compound able to neutralize the lysosomal pH through the inactivation of the proton pump V-ATPases but also able to block the autophagy flux via the inhibition of the autophagosome–lysosome fusion, thus inducing AV accumulation into the cells (Figure S1E,F) [35]. Moreover, a large amount of aggregated NPs were observed inside the cells after stimulations with the combination of PT and mNPs, particularly AuNPs (Figure 1E,F), and were strictly associated with the intracellular vacuoles. On the contrary, in cells stimulated with mNPs alone, a low percentage of vacuoles was seen, as well as a reduced number of aggregated or isolated mNPs in the endosomal vesicles (Figure S1A–D). Although we did not perform a physical analysis of the material present in the vesicles, the differences observed comparing the treatment with NPs alone or associated with gliadin suggest that there is an interaction between these two components that increases their ability to affect autophagy.




2.2. Molecular Markers Indicate Autophagy Alterations


2.2.1. Western Blot


LC3 is the most used molecular marker for the evaluation of autophagy [36]. It exists in two separated forms, LC3-I (16–18 kDa) and its PE-conjugated form LC3-II, which although larger in mass, shows faster electrophoretic mobility in SDS-PAGE gels. Particularly, LC3-II is a protein marker associated with complete autophagosomes. Therefore, measuring the transformation of LC3-I to LC3-II can give information about autophagy alterations [37]. Although no alterations in LC3-I were observed under the tested conditions (Figure 2A), a significant increase in LC3-II protein levels was seen after stimulation with both Au- and Ag-NPs when combined with PT versus both the untreated cells (p < 0.01 and p < 0.05, respectively) and the PT treatment alone (p < 0.01 and p < 0.05, respectively) (Figure 2B).



In addition, a slight increment in the LC3II/I ratio was observed after stimulations with the combination of AgNPs and PT (Figure 2C). To further characterize a possible alteration in the autophagic flux, we also evaluated the p62 protein level. p62 is a multiadaptor protein interacting with both polyubiquitinated proteins and LC3-II on autophagosomes for engulfment. At the same time, it remains incorporated into the autophagosome and is degraded only after fusion with the lysosome, thus serving as an index of autophagic degradation. A significant increase in its protein level was observed after stimulation with both the Au- and Ag-NPs complexes as compared to controls (p < 0.001) (Figure 2D). Since other signals may induce an increase in p62 through an induction in transcription, we also evaluated its mRNA level through qPCR (SQSTM1 gene), but only a slight increase in its transcript level was seen with the same stimulations (Figure S2A), thus confirming that the higher p62 protein level was related to an altered autophagy flux.



For further confirmation, we then measured levels of ATG6/Beclin-1, a component involved in the initial formation of AVs, and no increase was observed at both the mRNA (Figure S2B) and protein level (Figure S3A), indicating that mNP + PT stimulations did not induce an increase in AV formations. Considering the previously obtained results on the p62 protein, we thus hypothesized that mNP plus PT treatments may increase AVs by blocking their degradation.




2.2.2. Immunofluorescence


Further analyses were carried out performing indirect immunofluorescence of autophagy markers, staining cells with both anti-p62 and anti-LC3 antibodies (Figure 3).



Initially, for both the proteins evaluated, a diffuse pattern was observed in the negative control (untreated cells; Figure 3A) and under stimulation with PT (Figure 3B) or with mNPs alone (Figure S3). However, a more punctate pattern was seen in cells stimulated with mNPs and PT (Figure 3C,D), even if the average number of puncta per cell was less than in the positive 50 nM BafA control (Figure 3E), as expected from the TEM observations. However, the anti-LC3 antibody identifies both the LC3-I and LC3-II forms, but LC3 and p62 colocalize only in mature autophagosomes; therefore, overlaying the signal with p62 staining would more precisely indicate mature autophagosomes. Thus, the fraction of the LC3 signal overlapping the p62 one was quantified, and a higher colocalization of p62 and LC3 signals was observed following stimulation with the combination of mNPs and PT compared both to the control and to PT alone (Figure 3). In particular, the colocalization was significantly higher after AgNP + PT and BafA treatments (p < 0.05 vs. ctr) (Figure 4), confirming the accumulation of AVs in the cells.





2.3. The Accumulation of AVs Is Not Due to Autophagy Induction


Normally, autophagosome accumulation may be linked to an increased autophagy induction and/or to a block in the autophagy flux. This last mechanism can be induced by a block in the trafficking of AVs to lysosomes and/or by lysosomal dysfunctions, leading to a reduction in AV degradation. Therefore, to assess whether the observed alterations in the autophagy pathway involve a block in the flux or an increase in AV biogenesis, cells were incubated with mNPs + PT, with and without BafA.



In fact, the difference in the amount of LC3-II and p62 proteins, in the presence and absence of lysosomal inhibitors, can be used to examine autophagy flux. Higher protein levels with a specific treatment added with BafA, compared to the inhibitor alone, may indicate that the treatment increases AV biogenesis; on the contrary, if the specific treatment combined with BafA increases the protein level comparably to BafA alone, this may indicate a partial block in the autophagy flux [32]. As expected, stimulations with the positive control BafA induced an increase in both LC3-II (Figure 5C) and p62 proteins (p = 0.06) (Figure 5D), as well as a significant increase in the LC3-II/I ratio (p < 0.5) versus controls (Figure 5B).



Although a significantly higher level of these proteins (LC3-II; ratio LC3-II/I; p62) was seen after the combination of both AuNPs + PT and AgNPs + PT with BafA (p < 0.01 and p < 0.05; p < 0.05 and p < 0.01; p < 0.01 and p < 0.001; respectively) (Figure 5B–D, respectively), this increment was not significant compared to the BafA treatment alone, suggesting that mNP-PT complexes alter autophagy by blocking its flux.




2.4. EGFR Degradation Is Delayed by mNP + PT Complexes


Since EGFR is degraded through AVs in the presence of its ligand, EGF, a delay in its degradation upon EGF exposure could indicate defects in the AV flux. Therefore, to further confirm a block in the autophagy flux, we evaluated EGFR degradation after stimulations with either BafA or the combinations of PT plus Au- or Ag-NPs. As expected, we observed a significant reduction in the EGFR levels over time in the untreated cells exposed to EGF (Figure 6).



A delay in EGFR degradation was seen after stimulation with either PT or the mNPs alone, whereas an impairment in EGFR degradation similar to the one induced by BafA was caused by the combination of AuNPs + PT and AgNPs + PT, particularly after 60 min from the EGF pulsing (Figure 6). This confirms that mNPs + PT can alter the autophagy flux, either impairing vesicle trafficking or altering the lysosomal function. Thus, we decided to evaluate lysosome acidity and functionality.




2.5. Lysosomes Are Involved in the Impairment of the AV Flux


2.5.1. Acridine Orange Staining


To evaluate if defects in lysosomes are responsible for the observed AV alterations, both their acidity and the enzymatic functions were analyzed. Initially, lysosomal acidity was assessed using acridine orange (AO) staining. This is a fluorophore that dimerizes when it accumulates in an acidic environment, which causes a shift from green to red in its fluorescent emission. Consequently, the red emission is representative of the intracellular acidic lysosomal and autophagic vesicles, whereas the green signal stains the diffuse non-autophagic compartment. Since the signal may be affected by cell density and size, a red/green ratio was used to normalize the acidic AO signal (as described by SenthilKumar et al. and Thomé et al.) [38,39]. Therefore, alterations in lysosome acidity, as induced in our experiments by the positive control BafA 50 nM (p < 0.01 vs. ctr) (Figure 7A), were detected by a reduced AO red/green fluorescence.



Interestingly, a 30% reduction in the signal was observed after stimulations with mNPs plus PT (AuNPs + PT 0.98 ± 0.05; AgNPs + PT 0.97 ± 0.14; medium 1.47 ± 0.04; means ± SD), although it did not reach significance (Figure 7A), indicating a mild affection of lysosome pH.




2.5.2. Magic Red Assay


To fully evaluate lysosome functionality, it is also important to consider their enzymatic activity. To do so, we employed a Magic Red (MR) assay, which measures the enzymatic activity of cathepsin B, one of the major cysteine lysosomal proteases. In this case, a reduction in the MR fluorescent signal means a decrease in the lysosomal functionality. For this assay, we used leupeptin as a positive control, a potent inhibitor of cathepsin B in vitro. As expected, a significant reduction in the MR signal was observed after stimulation with leupeptin at a concentration of 20 uM (p < 0.0001) (Figure 7B). Similarly, the MR signal was significantly reduced by treatments with the combination of both Au- and Ag-NPs with PT (p < 0.001 and p < 0.0001, respectively) (Figure 7B). This confirmed an impairment in lysosome functionality caused by cell exposure to mNP + PT complexes, which could be the mechanism responsible for the observed defects in the AV flux.






3. Discussion


It is quite clear nowadays that the crosstalk between autophagy and immune-related signaling is one of the main defense mechanisms of cells, a fact which has led to the rising interest in these pathways when studying chronic diseases with an inflammatory and autoimmune background [40]. The uptake of external threats through the autophagic route is indeed a double-edged sword, since it is one of the most effective ways through which cells can dispose of them, but it can itself become problematic when it loses its efficiency. In fact, the engulfment of the autophagic pathway can lead to the accumulation of autophagolysosomes, triggering a pathway potentially even more toxic for the cell [8]. It has already been demonstrated that mNPs can be taken up through this mechanism, interfering with it and leading to their accumulation inside the cells. In turn, this could lead to the formation of ROS and cause a consequent cell toxicity [8].



For this study, we employed HIEC-6 cells, a nontumoral cell line derived from fetal intestine which maintains the characteristics of intestinal crypt cells, thus recapitulating the features of the cells that, in celiac disease, present an increased proliferation, due to the destruction of the villi and the deepening of the crypts [24,26]. The similarity with the crypt cells also regards authophagy, which is more abundant in undifferentiated HIEC-6 cells as well as in the cells present in the deeper part of the crypts [33]. Given the importance of these processes, we wanted to assess whether mNPs, alone or in combination with gliadin, were entering the cells and inducing an alteration of the cellular pathways. Indeed, we demonstrated that HIEC-6 intestinal cells can take up mNPs through endocytic vesicles, as clearly visible in the cell cytoplasm. This accumulation was even more evident when mNPs were combined with PT gliadin, the part of gluten responsible for the immunogenic reaction in celiac subjects, suggesting that the combination of mNPs + PT can affect more profoundly the autophagic route. The presence of a stronger effect with combination treatments had already been reported in our previous work on CaCo2 cells and biopsies from CeD subjects on a gluten-free diet, compromising the barrier integrity in the former and inducing inflammatory cytokines in the latter. In the same study, we also observed that PT could interact with the mNPs, as assessed by a change in their UV-vis spectra and TEM analysis [34]. This aspect is quite important, since mNPs have potential interactions with the food matrix and digestion fluids, which could induce mNP aggregation and the formation of a protein corona, thus altering mNP properties and their possible effects on the intestine, including the way they are handled in the phagocytosis process. Different works have tried to mimic a proper digestion system, analyzing how these processes changed the mNP toxicity and reactivity, but results were sometimes discordant, mainly because of the different settings and nonstandardized systems in the different studies [21,23,41].



We observed that mNPs + PT can cause the engulfment of the autophagic pathway, with the accumulation of mature autophagosomes in HIEC-6 cells. A crucial point in understanding the mechanisms underlying this accumulation is determining whether it is caused by an induction of the autophagic pathway itself or rather by its blockade. The potential induction of autophagy by mNPs has been investigated in the treatment of cancer, since it seems that silver nanostructures can induce a protective autophagy in HepG2 cells, but AgNPs could also cause lysosomal defects in PC-3 prostate cancer cells, suggesting that mNPs could impact on autophagy in different ways [42,43]. In the present work, our results suggest that the accumulation of AVs is mainly due to a blockade in the autophagic route rather than its induction, since the increase in the expression of LC3-II and p62 was only observed at the protein and not the mRNA level. Even if p62 is used as an index of autophagic degradation, different mechanisms could result in its increase [44], including the accumulation of misfolded proteins, a process that could be augmented by mNPs [44]. However, the eventuality of an induction in the autophagic processes was ruled out, since the contextual stimulation with BafA + the different treatments did not cause a significant increase in the protein levels of p62 and LC3 compared to BafA alone. On the contrary, these results indicate that the observed phenomena could be mainly due to a partial block in the autophagic flux [37], and the observed impairment in EGFR degradation was a further confirmation. Barone et al. previously demonstrated that the gliadin-derived peptides (in particular, peptide 31–43) can be taken up by endocytic vesicles and delay vesicle trafficking in intestinal cells, especially interfering with the degradation of EGFR [45,46]. This could, in turn, prolong EGFR activation and increase cell proliferation in crypt enterocytes, which is one of the features of the mucosal lesion typical of celiac disease. In HIEC-6 cells, we observed not only a delay in the degradation of EGFR caused by PT, but its combination with mNPs could totally impair its degradation, results similar to those observed after treatment with the positive control, BafA. Considering that HIEC-6 cells are, by definition, epithelial crypt-like cells, these effects should not be underestimated, and the downstream impact of the persistence of EGFR in the cell in the presence of mNPs + PT could be an interesting point to investigate in the near future. However, the lysosomal dysfunction observed in our experiments explained the block in autophagy. In fact, even if the lysosomal acidity was only partially disrupted, the enzymatic activity of cathepsin B was impaired by mNPs + PT.



Interestingly, the alteration of lysosomal function can also induce defects in the intracellular trafficking, as has been described for sphyngolipids [47]. Thus, it is possible that other additional mechanisms may concur to the autophagy flux blockage, such as those altering the cytoskeleton, which has an essential role in this pathway, being involved in the delivery of both autophagosomes and endosomes to the lysosomes for their successive fusion [48,49]. Currently, we cannot exclude a partial effect of either gliadin or mNPs on this component. Different works have demonstrated that gliadin peptides can alter the actin cytoskeleton, as well as delay the endocytic trafficking [45,50], but these data were obtained employing CaCo2 cells, which present different characteristics compared to HIEC-6. It has also been shown that AgNPs at low concentrations might interfere with cytoskeleton dynamics in both adult neuronal progenitor cells and in colon cancer cells [51,52], but even in this case, data were obtained in cells either belonging to a different tissue or derived from a cancerous one.



It is interesting to note that in a recent paper by Xu et al., the effects of polistirene NPs (PS-NPs) on both cancerous and HIEC-6 cell lines were evaluated [53], obtaining results similar to those described here. In fact, it was observed that these kinds of NPs could be taken up both by cancerous and HIEC-6 cells through the autophagic pathway, accumulating in the autophagosomes. Additionally, the authors detected an impairment in the autophagic degradation due to lysosome dysfunction in cells but also an increase in the expression of LC3 and p62 protein in vivo, in mouse colon, after the oral administration of PS-NPs. These data suggest that even if the core material is different, the autophagic mechanisms impaired are similar and need to be further dissected.



The evaluation of the impairment of this pathway could also be very important considering the large use of dietary mNPs in prepared food, which is becoming increasingly consumed, especially in Western countries. Moreover, it must be remembered that the food color E171 has recently been advised as “not safe” by the European Food Safety Authority as a food additive for its content of TiO2 mNPs. For this reason, these initial results on the impact of gold and silver mNPs in combination with PT on HIEC-6 cells can be a starting point for the further evaluation of the risks of mNP use in food additives, especially in the population of subjects predisposed to develop CeD or other intestinal diseases with an inflammatory condition.




4. Materials and Methods


4.1. Enzymatic Digested Gliadin


Commercial wheat gliadin (Sigma-Aldrich, St. Louis, MO, USA) was subjected to pepsin (0.1 M HCl, pH 1.8) (Sigma-Aldrich, St. Louis, MO, USA) and then trypsin (pH 7.8) (Sigma-Aldrich, St. Louis, MO, USA) digestion at 37 °C for 4 h with vigorous agitation. The pH was adjusted to 4.5 resulting in a precipitate, which was removed by centrifugation. N-tosyl-l-phenylalanine chlorome-thyl ketone and N- α-tosyl-l-lysine chloromethyl ketone hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) were used to inhibit the residual enzymatic activity. The solution was dialyzed, filtered and lyophilized. The powder was dissolved in sterile water at 50 mg/mL, aliquoted and stored at −80 °C.




4.2. Nanoparticles


The commercial AgNPs (40 nm diameter) were purchased from Sigma-Aldrich (St. Louis, MO, USA; Cat #730807, 0.02 mg/mL in aqueous buffer, with sodium citrate as stabilizer); AuNPs (15 nm diameter) were obtained from Cytodiagnostics (Burlington, ON, Canada; Cat #CG-15-XX, supplied in 0.1 mg/mL citrate buffer supplemented with a proprietary stabilizing solution). The purchased nanoparticles were stored at 4 °C (according to the manufacturer’s instructions) until use. Nanoparticles, alone or in combination with gliadin, were analyzed by TEM and UV-Vis spectra as previously described [34]. Briefly, TEM confirmed the average size of the particles, i.e., 40 nm for silver and 15 nm for gold NPs, as well as their interaction with gliadin which caused a shift in the UV-vis spectra [34].




4.3. HIEC-6 Cell Culture


The crypt-like human intestinal epithelial cells (HIEC-6), as previously described [24], were grown in 75T culture flasks (with filter cap) with OptiMEM (GibcoTM—Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 4% FBS, 1% Hepes, 1% glutamine (all from EuroClone®, Pero, Italy) and 5 ng/mL hrEGF (GibcoTM—Thermo Fisher Scientific, Waltham, MA, USA). To maintain the cell’s characteristics, all the experiments were performed with cells before the 18th passage.



For the described experiments, cells were seeded with a density of 150 × 103/cm2 in 6 well plates. After reaching confluence, they were stimulated with peptic tryptic-digested gliadin (PT, 1 mg/mL) combined or not with AgNPs (5 μg/mL) and AuNPs (25 μg/mL), BafA (Sigma-Aldrich, St. Louis, MO, USA) 50 nM, leupeptin (Sigma-Aldrich, St. Louis, MO, USA) 20µM or left with medium alone (controls). Cells were incubated for 24 h with the different treatments, except for the stimulations with BafA or leupeptin which were added 2 h before the expiration of the other treatments. In order to maintain the necessary elements of the culture medium and avoid to concentrate the mNPs, procedure which carried the risk of aggregation, complete medium was concentrated 4× with SpeedVAC (Thermo Fisher Scientific, Waltham, MA, USA) at 30 °C for 1 h. The different treatments (PT, AuNPs, AgNPs) were then added to the 4× medium, followed by PBS 1× (EuroClone®, Pero MI, Italy), to reach a final volume of 750 uL/well and then were thoroughly mixed, just before dispensing them dropwise onto the confluent cells.




4.4. Transmission Electron Microscope (TEM)


After stimulations, cells were rinsed with phosphate-buffered saline (PBS) (EuroClone®, Pero, Italy), fixed for 30 min with freshly prepared 1.5% glutaraldehyde sodium cacodylate (0.1 M, pH 7.4) at room temperature and overnight with 2.5% glutaraldehyde sodium cacodylate (0.1 M, pH 7.4) at 4 °C. Subsequently, cells were washed twice with sodium cacodylate (0.1 M, pH 7.4) and postfixed in uranyl acetate 1% overnight at 4 °C (in darkness). Then, they were rinsed twice with distilled water and dehydrated with an increasing percentage of EtOH solutions (from 40% to 100%). Cells were then Epon-embedded and positioned on carbon-coated copper grids. Staining with uranyl acetate 2% was performed, and pictures were taken using a HITACHI H-7500 transmission electron microscope (Hitachi Ltd., Tokyo, Japan).




4.5. Protein Extraction and Western Blot (WB)


Total proteins were extracted in Ripa buffer, and 30 ug of proteins was loaded for Western blot analyses, performed on SDS-PAGE gels under denaturing conditions. For the analysis of Beclin1, LC3 and p62 proteins, 12% bis-acrylamide gels were employed, whereas EGFR proteins were separated on Nu-PAGE 4–12% Bis-Tris Gel (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, USA). Proteins were then electrotransferred onto a nitrocellulose membrane, and nonspecific protein binding was blocked using 10% Blotto-0.1% Tween PBS or 5% BSA-0.1% Tween PBS, respectively. Membranes were incubated with primary antibodies (anti-LC3, L8918, Sigma Aldrich; anti-p62, 610832, BD Biosciences; anti-Beclin1, ab207612, Abcam; anti-EGFR, #2232, Cell Signaling; anti-β-actin A2066 Sigma-Aldrich) diluted 1:1000 in the blocking solution, overnight at 4 °C. Horseradish peroxidase-conjugated secondary antibodies (antimouse LNA931V, GE Healthcare, antirabbit LNA934V, GE Healthcare) were used to detect the primary antibodies, and blot density was quantified with ImageJ™ software (NIH, Bethesda, MD, USA). Protein band quantifications were normalized on the total protein band at 48 KDa (Ponceau Red band) or on β-actin, according to the most appropriate technique for the experiment.




4.6. Indirect Immunofluorescence


For immunofluorescence, HIEC-6 cells were fixed in MeOH (Sigma-Aldrich, St. Louis, MO, USA) for 10 min at −20 °C, and nonspecific sites were blocked for 1 h at room temperature with 10% Blotto-PBS (pH 7.4). Primary antibodies were diluted 1:1000 in a blocking solution containing 0.05% azide and incubated overnight at 4 °C. The secondary antibodies were used at 1:400 dilution in the blocking solution and incubated at room temperature for 1 h. Nuclei were stained with DAPI 1:3000 (Sigma-Aldrich, St. Louis, MO, USA) in PBS for 3 min at room temperature. The slides were visualized with a DMRXA microscope (Leica, Nussloch, Germany) equipped for epifluorescence and digital imaging (RTE/CCD Y/Hz-I300 cooled camera). Images were acquired using MetaMorph software (Universal Imaging Corporation, New York, NY, USA) with 20× and 40× objectives. Fluorescence was quantified with ImageJ™ software, JACoP plugin (NIH, Bethesda, MD, USA).




4.7. RNA Extraction, RT and Quantitative PCR


HIEC-6 cells were lysed with TRIzol (Invitrogen, Burlington, ON, Canada), RNA extracted according to the manufacturer’s protocol and treated with DNAse (Invitrogen™, Thermo Fisher Scientific™, Waltham, MA, USA). Retrotranscription was performed using SuperScriptII (Invitrogen™, Thermo Fisher Scientific™, Waltham, MA, USA) according to the manufacturer’s instructions. qPCR was performed using an Mx3000P system (Stratagene, Cedar Creek, TX, USA) and Brilliant II SYBR Green QPCR Master Mix (Stratagene). Differences in gene expression were evaluated by comparing untreated (medium) cells vs. stimulated ones. All data were normalized using HPRT1 and PPIA genes, and relative expression was assessed by the 2−ΔΔCt method using an external control. All samples were run in duplicate, and the nontemplate control did not show an amplification product.




4.8. Degradation of the Epidermal Growth Factor Receptor (EGFR)


HIEC-6 cells were exposed to 20 ng/mL of hrEGF (Gibco™, Thermo Fisher Scientific, Whaltham, MA, USA) for 0 to 60 min, after being pretreated with Ag- and Au-NPs ± PT for 24 h, BafA 50 nM for 2 h or left with medium alone. Cells were then lysed, protein extracted and resolved by WB analyses as previously described.




4.9. Acridine Orange (AO) and Magic Red Assay (MR)


Cells were seeded with a density of 62 × 103 cm2, and after reaching confluence, they were stimulated with Ag- and Au-NPs ± PT for 24 h, BafA 50 nM for 2 h or left with medium alone. Acridine orange (Bio-Rad, Hercules, CA, USA) at the concentration of 1 µg/mL was then added to the cells and incubated for 30 min. Cells were washed with PBS, and fluorescence signals (both red and green) were detected with a plate reader (excitation 480 nm; emission 620 nm for red, 550 nm for green). Data are presented as red/green signals ratio as previously described [38,39]. For the Magic Red assay, HIEC-6 cells were exposed to treatments for 24 h, leupeptin 20 nM for 2 h or left with medium alone. Magic Red (Bio-Rad, Hercules, CA, USA) was then added to the cells and incubated for 30 min. Cells were washed with PBS, and fluorescence signals were detected with a plate reader (excitation 595 nm; emission 635). The unlabeled cells and the noncellular test, run as negative controls, showed null or negligible signals.




4.10. Statistical Analyses


Independent experiments were repeated at least 3 times in duplicate. Due to the high number of tested conditions, an ANOVA multiple comparison test (Kruskal–Wallis statistical test) was performed. The evaluation of outliers was performed using the Grubbs’ and ROUT tests. Statistical analyses were performed with SYSTAT software (SPSS, Chicago, IL, USA).









Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ijms241713040/s1.





Author Contributions


Conceptualization, D.B., J.-F.B. and C.M.; methodology, J.-F.B. and S.J.; validation, C.M., E.T., E.G. and D.B.; formal analysis, C.M., E.T., E.G. and S.J.; investigation, C.M., E.T. and E.G.; resources, J.-F.B.; writing—original draft preparation, C.M., E.G. and D.B.; visualization, E.G.; supervision, J.-F.B. and D.B.; project administration, D.B.; funding acquisition, J.-F.B. and D.B. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Canadian Institute of Heath Research, grant numbers MOP-136991 and PJT-162423 (Beaulieu JF) and the University of Milano-Bicocca, grant number 2016-ATESP-0038 (Barisani D).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank Anne Vézina (Electron Microscopy Facility of the Faculty of Medicine and Health Sciences of the Université de Sherbrooke) for her help in the TEM procedures and analyses and Mario Mauri (Department of Medicine and Surgery of the University of Milano-Bicocca) for his help in the IF quantification.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Urade, R.; Sato, N.; Sugiyama, M. Gliadins from wheat grain: An overview, from primary structure to nanostructures of aggregates. Biophys. Rev. 2018, 10, 435–443. [Google Scholar] [CrossRef] [PubMed]

	



Megiorni, F.; Mora, B.; Bonamico, M.; Barbato, M.; Nenna, R.; Maiella, G.; Lulli, P.; Mazzilli, M.C. HLA-DQ and risk gradient for celiac disease. Hum. Immunol. 2009, 70, 55–59. [Google Scholar] [CrossRef] [PubMed]

	



Lerner, A.; Arleevskaya, M.; Schmiedl, A.; Matthias, T. Microbes and viruses are bugging the gut in celiac disease. Are they friends or foes? Front. Microbiol. 2017, 8, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Schumann, M.; Siegmund, B.; Schulzke, J.D.; Fromm, M. Celiac Disease: Role of the Epithelial Barrier. Cell. Mol. Gastroenterol. Hepatol. 2017, 3, 150–162. [Google Scholar] [CrossRef] [PubMed]

	



Caminero, A.; Galipeau, H.J.; McCarville, J.L.; Johnston, C.W.; Bernier, S.P.; Russell, A.K.; Jury, J.; Herran, A.R.; Casqueiro, J.; Tye-Din, J.A.; et al. Duodenal Bacteria from Patients with Celiac Disease and Healthy Subjects Distinctly Affect Gluten Breakdown and Immunogenicity. Gastroenterology 2016, 151, 670–683. [Google Scholar] [CrossRef] [PubMed]

	



Lerner, A.; Matthias, T. Changes in intestinal tight junction permeability associated with industrial food additives explain the rising incidence of autoimmune disease. Autoimmun. Rev. 2015, 14, 479–489. [Google Scholar] [CrossRef] [PubMed]

	



Mancuso, C.; Barisani, D. Food additives can act as triggering factors in celiac disease: Current knowledge based on a critical review of the literature. World J. Clin. Cases 2019, 7, 917–927. [Google Scholar] [CrossRef]

	



Stern, S.T.; Adiseshaiah, P.P.; Crist, R.M. Autophagy and lysosomal dysfunction as emerging mechanisms of nanomaterial toxicity. Part. Fibre Toxicol. 2012, 9, 1. [Google Scholar] [CrossRef]

	



Ruiz, P.A.; Morón, B.; Becker, H.M.; Lang, S.; Atrott, K.; Spalinger, M.R.; Scharl, M.; Wojtal, K.A.; Fischbeck-Terhalle, A.; Frey-Wagner, I.; et al. Titanium dioxide nanoparticles exacerbate DSS-induced colitis: Role of the NLRP3 inflammasome. Gut 2017, 66, 1216–1224. [Google Scholar] [CrossRef]

	



Bettini, S.; Boutet-Robinet, E.; Cartier, C.; Coméra, C.; Gaultier, E.; Dupuy, J.; Naud, N.; Taché, S.; Grysan, P.; Reguer, S.; et al. Food-grade TiO2 impairs intestinal and systemic immune homeostasis, initiates preneoplastic lesions and promotes aberrant crypt development in the rat colon. Sci. Rep. 2017, 7, 40373. [Google Scholar] [CrossRef]

	



More, S.; Bampidis, V.; Benford, D.; Bragard, C.; Halldorsson, T.; Hernández-Jerez, A.; Bennekou, S.H.; Koutsoumanis, K.; Lambré, C.; Machera, K.; et al. Guidance on technical requirements for regulated food and feed product applications to establish the presence of small particles including nanoparticles. EFSA J. 2021, 19, e06769. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Jiang, F.; Ma, C.; Rui, Y.; Rui, M.; Adeel, M.; Cao, W.; Xing, B. Alteration of Crop Yield and Quality of Wheat upon Exposure to Silver Nanoparticles in a Life Cycle Study. J. Agric. Food Chem. 2018, 66, 2589–2597. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, V.; Guleria, P.; Kumar, V.; Yadav, S.K. Gold nanoparticle exposure induces growth and yield enhancement in Arabidopsis thaliana. Sci. Total Environ. 2013, 461–462, 462–468. [Google Scholar] [CrossRef]

	



Verleysen, E.; Van Doren, E.; Waegeneers, N.; De Temmerman, P.J.; Abi Daoud Francisco, M.; Mast, J. TEM and SP-ICP-MS Analysis of the Release of Silver Nanoparticles from Decoration of Pastry. J. Agric. Food Chem. 2015, 63, 3570–3578. [Google Scholar] [CrossRef] [PubMed]

	



Athinarayanan, J.; Alshatwi, A.A.; Periasamy, V.S.; Al-Warthan, A.A. Identification of Nanoscale Ingredients in Commercial Food Products and their Induction of Mitochondrially Mediated Cytotoxic Effects on Human Mesenchymal Stem Cells. J. Food Sci. 2015, 80, N459–N464. [Google Scholar] [CrossRef]

	



Lambré, C.; Barat Baviera, J.M.; Bolognesi, C.; Chesson, A.; Cocconcelli, P.S.; Crebelli, R.; Gott, D.M.; Grob, K.; Lampi, E.; Mengelers, M. Safety assessment of the substance silver nanoparticles for use in food contact materials. EFSA J. 2021, 19, e06790. [Google Scholar] [CrossRef]

	



EFSA Panel on Food Additives and Nutrient Sources added to Food Scientific opinion on the re-evaluation of silver (E 174) as food additive. EFSA J. 2016, 14, 4364. [CrossRef]

	



EFSA Panel on Food Additives and Nutrient Sources added to Food Scientific Opinion on the re-evaluation of gold (E 175) as a food additive. EFSA J. 2016, 14, 4362. [CrossRef]

	



Walczak, A.P.; Kramer, E.; Hendriksen, P.J.M.; Tromp, P.; Helsper, J.P.F.G.; van der Zande, M.; Rietjens, I.M.C.M.; Bouwmeester, H. Translocation of differently sized and charged polystyrene nanoparticles in in vitro intestinal cell models of increasing complexity. Nanotoxicology 2015, 9, 453–461. [Google Scholar] [CrossRef]

	



Di Silvio, D.; Rigby, N.; Bajka, B.; MacKie, A.; Baldelli Bombelli, F. Effect of protein corona magnetite nanoparticles derived from bread in vitro digestion on Caco-2 cells morphology and uptake. Int. J. Biochem. Cell Biol. 2016, 75, 212–222. [Google Scholar] [CrossRef]

	



Zhang, Z.; Zhang, R.; Xiao, H.; Bhattacharya, K.; Bitounis, D.; Demokritou, P.; McClements, D.J. Development of a standardized food model for studying the impact of food matrix effects on the gastrointestinal fate and toxicity of ingested nanomaterials. NanoImpact 2019, 13, 13–25. [Google Scholar] [CrossRef] [PubMed]

	



Cao, X.; Zhang, T.; DeLoid, G.M.; Gaffrey, M.J.; Weitz, K.K.; Thrall, B.D.; Qian, W.J.; Demokritou, P. Evaluation of the cytotoxic and cellular proteome impacts of food-grade TiO2 (E171) using simulated gastrointestinal digestions and a tri-culture small intestinal epithelial model. NanoImpact 2020, 17, 100202. [Google Scholar] [CrossRef] [PubMed]

	



Vitulo, M.; Gnodi, E.; Meneveri, R.; Barisani, D. Interactions between Nanoparticles and Intestine. Int. J. Mol. Sci. 2022, 23, 4339. [Google Scholar] [CrossRef]

	



Perreault, N.; Beaulieu, J.-F. Use of the Dissociating Enzyme Thermolysin to Generate Viable Human Normal Intestinal Epithelial Cell Cultures. Exp. Cell Res. 1996, 224, 354–364. [Google Scholar] [CrossRef] [PubMed]

	



Guezguez, A.; Paré, F.; Benoit, Y.D.; Basora, N.; Beaulieu, J.F. Modulation of stemness in a human normal intestinal epithelial crypt cell line by activation of the WNT signaling pathway. Exp. Cell Res. 2014, 322, 355–364. [Google Scholar] [CrossRef] [PubMed]

	



Benoit, Y.D.; Paré, F.; Francoeur, C.; Jean, D.; Tremblay, E.; Boudreau, F.; Escaffit, F.; Beaulieu, J.F. Cooperation between HNF-1α, Cdx2, and GATA-4 in initiating an differentiation program in a normal human intestinal epithelial progenitor cell line. Am. J. Physiol.-Gastrointest. Liver Physiol. 2010, 298, G504–G517. [Google Scholar] [CrossRef] [PubMed]

	



Ferron, P.J.; Dumazeau, K.; Beaulieu, J.F.; Le Hégarat, L.; Fessard, V. Combined effects of Lipophilic phycotoxins (Okadaic acid, Azapsiracid-1 and Yessotoxin) on human intestinal cells models. Toxins 2016, 8, 50. [Google Scholar] [CrossRef]

	



Gianchecchi, E.; Delfino, D.V.; Fierabracci, A. Recent insights on the putative role of autophagy in autoimmune diseases. Autoimmun. Rev. 2014, 13, 231–241. [Google Scholar] [CrossRef]

	



Reggiori, F.; Ungermann, C. Autophagosome Maturation and Fusion. J. Mol. Biol. 2017, 429, 486–496. [Google Scholar] [CrossRef]

	



Comincini, S.; Manai, F.; Meazza, C.; Pagani, S.; Martinelli, C.; Pasqua, N.; Pelizzo, G.; Biggiogera, M.; Bozzola, M. Identification of autophagy-related genes and their regulatory miRNAs associated with celiac disease in children. Int. J. Mol. Sci. 2017, 18, 391. [Google Scholar] [CrossRef]

	



Manai, F.; Azzalin, A.; Gabriele, F.; Martinelli, C.; Morandi, M.; Biggiogera, M.; Bozzola, M.; Comincini, S. The in vitro effects of enzymatic digested gliadin on the functionality of the autophagy process. Int. J. Mol. Sci. 2018, 19, 635. [Google Scholar] [CrossRef]

	



Rajaguru, P.; Vaiphei, K.; Saikia, B.; Kochhar, R. Increased accumulation of dendritic cells in celiac disease associates with increased expression of autophagy protein LC3. Indian J. Pathol. Microbiol. 2013, 56, 342–348. [Google Scholar] [CrossRef] [PubMed]

	



Groulx, J.F.; Khalfaoui, T.; Benoit, Y.D.; Bernatchez, G.; Carrier, J.C.; Basora, N.; Beaulieu, J.F. Autophagy is active in normal colon mucosa. Autophagy 2012, 8, 893–902. [Google Scholar] [CrossRef] [PubMed]

	



Mancuso, C.; Re, F.; Rivolta, I.; Elli, L.; Gnodi, E.; Beaulieu, J.F.; Barisani, D. Dietary nanoparticles interact with gluten peptides and alter the intestinal homeostasis increasing the risk of celiac disease. Int. J. Mol. Sci. 2021, 22, 6102. [Google Scholar] [CrossRef] [PubMed]

	



Mauvezin, C.; Neufeld, T.P. Bafilomycin A1 disrupts autophagic flux by inhibiting both V-ATPase-dependent acidification and Ca-P60A/SERCA-dependent autophagosome-lysosome fusion. Autophagy 2015, 11, 1437–1438. [Google Scholar] [CrossRef] [PubMed]

	



Kabeya, Y.; Mizushima, N.; Ueno, T.; Yamamoto, A.; Kirisako, T.; Noda, T.; Kominami, E.; Ohsumi, Y.; Yoshimori, T. LC3, a mammalian homolog of yeast Apg8p, is localized in autophagosome membranes after processing. EMBO J. 2000, 19, 5720–5728. [Google Scholar] [CrossRef] [PubMed]

	



Klionsky, D.J.; Abdelmohsen, K.; Abe, A.; Abedin, M.J.; Abeliovich, H.; Arozena, A.A.; Adachi, H.; Adams, C.M.; Adams, P.D.; Adeli, K.; et al. Guidelines for the use and interpretation of assays for monitoring autophagy (3rd edition). Autophagy 2016, 12, 1–222. [Google Scholar] [CrossRef]

	



SenthilKumar, G.; Skiba, J.H.; Kimple, R.J. High-throughput quantitative detection of basal autophagy and autophagic flux using image cytometry. Biotechniques 2019, 67, 70–73. [Google Scholar] [CrossRef]

	



Thomé, M.P.; Filippi-Chiela, E.C.; Villodre, E.S.; Migliavaca, C.B.; Onzi, G.R.; Felipe, K.B.; Lenz, G. Ratiometric analysis of Acridine Orange staining in the study of acidic organelles and autophagy. J. Cell Sci. 2016, 129, 4622–4632. [Google Scholar] [CrossRef]

	



Cadwell, K. Crosstalk between autophagy and inflammatory signalling pathways: Balancing defence and homeostasis. Nat. Rev. Immunol. 2016, 16, 661–675. [Google Scholar] [CrossRef]

	



Marucco, A.; Prono, M.; Beal, D.; Alasonati, E.; Fisicaro, P.; Bergamaschi, E.; Carriere, M.; Fenoglio, I. Biotransformation of food-grade and nanometric TiO2 in the oral-gastro-intestinal tract: Driving forces and effect on the toxicity toward intestinal epithelial cells. Nanomaterials 2020, 10, 2132. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Zhang, B.; Chang, X.; Gan, J.; Li, W.; Niu, S.; Kong, L.; Wu, T.; Zhang, T.; Tang, M.; et al. Silver nanoparticles modulate mitochondrial dynamics and biogenesis in HepG2 cells. Environ. Pollut. 2020, 256, 113430. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Yang, T.; Chen, S.; Qi, S.; Zhang, Z.; Xu, Y. Silver nanoparticles regulate autophagy through lysosome injury and cell hypoxia in prostate cancer cells. J. Biochem. Mol. Toxicol. 2020, 34, e22474. [Google Scholar] [CrossRef] [PubMed]

	



Evans, T.D.; Jeong, S.-J.; Zhang, X.; Sergin, I.; Razani, B. TFEB and trehalose drive the macrophage autophagy-lysosome system to protect against atherosclerosis. Autophagy 2018, 14, 724–726. [Google Scholar] [CrossRef] [PubMed]

	



Barone, M.V.; Nanayakkara, M.; Paolella, G.; Maglio, M.; Vitale, V.; Troiano, R.; Ribecco, M.T.S.; Lania, G.; Zanzi, D.; Santagata, S.; et al. Gliadin peptide P31-43 localises to endocytic vesicles and interferes with their maturation. PLoS ONE 2010, 5, e12246. [Google Scholar] [CrossRef]

	



Barone, M.V.; Zanzi, D.; Maglio, M.; Nanayakkara, M.; Santagata, S.; Lania, G.; Miele, E.; Ribecco, M.T.S.; Maurano, F.; Auricchio, R.; et al. Gliadin-mediated proliferation and innate immune activation in celiac disease are due to alterations in vesicular trafficking. PLoS ONE 2011, 6, e17039. [Google Scholar] [CrossRef]

	



Futerman, A.H. Intracellular trafficking of sphingolipids: Relationship to biosynthesis. Biochim. Biophys. Acta-Biomembr. 2006, 1758, 1885–1892. [Google Scholar] [CrossRef]

	



Lee, J.-Y.; Koga, H.; Kawaguchi, Y.; Tang, W.; Wong, E.; Gao, Y.-S.; Pandey, U.B.; Kaushik, S.; Tresse, E.; Lu, J.; et al. HDAC6 controls autophagosome maturation essential for ubiquitin-selective quality-control autophagy. EMBO J. 2010, 29, 969–980. [Google Scholar] [CrossRef]

	



Tumbarello, D.A.; Waxse, B.J.; Arden, S.D.; Bright, N.A.; Kendrick-Jones, J.; Buss, F. Autophagy receptors link myosin VI to autophagosomes to mediate Tom1-dependent autophagosome maturation and fusion with the lysosome. Nat. Cell Biol. 2012, 14, 1024–1035. [Google Scholar] [CrossRef]

	



Reinke, Y.; Behrendt, M.; Schmidt, S.; Zimmer, K.P.; Naim, H.Y. Impairment of protein trafficking by direct interaction of gliadin peptides with actin. Exp. Cell Res. 2011, 317, 2124–2135. [Google Scholar] [CrossRef]

	



Spitzer, N.; Patterson, K.C.K.; Kipps, D.W. Akt and MAPK/ERK signaling regulate neurite extension in adult neural progenitor cells but do not directly mediate disruption of cytoskeletal structure and neurite dynamics by low-level silver nanoparticles. Toxicol. In Vitro 2021, 74, 105151. [Google Scholar] [CrossRef]

	



Xiao, H.; Chen, Y.; Alnaggar, M. Silver nanoparticles induce cell death of colon cancer cells through impairing cytoskeleton and membrane nanostructure. Micron 2019, 126, 102750. [Google Scholar] [CrossRef]

	



Xu, X.; Feng, Y.; Han, C.; Yao, Z.; Liu, Y.; Luo, C.; Sheng, J. Autophagic response of intestinal epithelial cells exposed to polystyrene nanoplastics. Environ. Toxicol. 2023, 38, 205–215. [Google Scholar] [CrossRef]








[image: Ijms 24 13040 g001] 





Figure 1. TEM images of HIEC-6 cells exposed for 24 hours to (A,B) medium alone; (C,D) PT gliadin 1 mg/mL; (E,F) AuNPs 25 ug/mL + PT1 mg/mL; (G,H) AgNPs 5 ug/mL + PT 1 mg/mL. Scale bars are reported on each panel. Arrows in panel (E) and (G) indicate mNPs outside the cells and inside autophagic vacuoles. Images were obtained with a HITACHI H-7500 TEM after proper fixation. 
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Figure 2. Protein quantification with Western blot assays of LC3-I (A), LC3-II (B), LC3-II/LC3-I ratio (C) and p62 (D). Target proteins were normalized with Ponceau staining in correspondence with the 48 kDa band. Significance over the ctr: * p < 0.05, ** p < 0.01, *** p < 0.001; significance over PT is represented with lines. Box plots represent the median, 25th and 75th percentiles. Whiskers indicate the 5th and 95th percentiles. Images are representative of at least three different experiments. 
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Figure 3. Indirect immunofluorescence of HIEC-6 cells after 24 hour treatment with (A) medium alone (ctr); (B) PT gliadin 1 mg/mL; (C) AuNPs 25 μg/mL + PT1 mg/mL; (D) AgNPs 5 μg/mL + PT 1 mg/mL; (E) bafilomycin 50 nM for 2 h. The green signal shows LC3; the red signal p62; the yellow signal shows the merger between the two. Images are representative of at least three different experiments. (40×). 






Figure 3. Indirect immunofluorescence of HIEC-6 cells after 24 hour treatment with (A) medium alone (ctr); (B) PT gliadin 1 mg/mL; (C) AuNPs 25 μg/mL + PT1 mg/mL; (D) AgNPs 5 μg/mL + PT 1 mg/mL; (E) bafilomycin 50 nM for 2 h. The green signal shows LC3; the red signal p62; the yellow signal shows the merger between the two. Images are representative of at least three different experiments. (40×).



[image: Ijms 24 13040 g003]







[image: Ijms 24 13040 g004] 





Figure 4. Quantification of the fraction of LC3 overlapping p62 in the indirect immunofluorescence images. Significance over the ctr: * p < 0.05,. Box plots represent the median, 25th and 75th percentiles. Whiskers indicate the 5th and 95th percentiles. 
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Figure 5. Protein quantification with Western blot assays of LC3-I (A), LC3-II/LC3-I ratio (B), LC3-II (C) and p62 (D). Target proteins were normalized with Ponceau staining in correspondence with the 48 kda band. Significance: * p < 0.05, ** p < 0.01, *** p < 0.001. Box plots represent the median, 25th and 75th percentiles. Whiskers indicate the 5th and 95th percentiles. Images are representative of at least three different experiments. 
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Figure 6. EGFR protein degradation was quantified with Western blot analysis. Before EGF pulsing, cells were treated for 24 hours with CTR = medium alone; PT = PT gliadin 1 mg/mL; Au = AuNPs 25 μg/mL; Ag = AgNPs 5 μg/mL; Au + PT = AuNPs 25 μg/mL + PT gliadin 1 mg/mL; Ag + PT = AgNPs 5 μg/mL + PT 1 mg/mL. BAFA = bafilomycin A 50 nM treatments for 2 h. EGFR blot quantification was normalized with β-actin protein. Significance of each treatment on its control: * p < 0.05, ** p < 0.01, **** p < 0.0001; significance among different treatments is shown with lines: # p < 0.05, ## p < 0.01, ### p < 0.001. Images are representative of at least three different experiments. 
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Figure 7. Evaluation of lysosome functionality: (A) evaluation of lysosome acidity through acridine orange staining; (B) evaluation of enzyme activity through Magic Red staining. Significance over the ctr: ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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