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Polystyrene nanoplastics mediate oxidative stress, senescence, and apoptosis in a human alveolar epithelial cell line
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Background: Nanoplastics, an emerging form of pollution, are easily consumed by organisms and pose a significant threat to biological functions due to their size, expansive surface area, and potent ability to penetrate biological systems. Recent findings indicate an increasing presence of airborne nanoplastics in atmospheric samples, such as polystyrene (PS), raising concerns about potential risks to the human respiratory system.

Methods: This study investigates the impact of 800 nm diameter-PS nanoparticles (PS-NPs) on A549, a human lung adenocarcinoma cell line, examining cell viability, redox balance, senescence, apoptosis, and internalization. We also analyzed the expression of hallmark genes of these processes.

Results: We demonstrated that PS-NPs of 800 nm in diameter significantly affected cell viability, inducing oxidative stress, cellular senescence, and apoptosis. PS-NPs also penetrated the cytoplasm of A549 cells. These nanoparticles triggered the transcription of genes comprised in the antioxidant network [SOD1 (protein name: superoxide dismutase 1, soluble), SOD2 (protein name: superoxide dismutase 2, mitochondrial), CAT (protein name: catalase), Gpx1 (protein name: glutathione peroxidase 1), and HMOX1 (protein name: heme oxygenase 1)], senescence-associated secretory phenotype [Cdkn1a (protein name: cyclin-dependent kinase inhibitor 1A), IL1A (protein name: interleukin 1 alpha), IL1B (protein name: interleukin 1 beta), IL6 (protein name: interleukin 6), and CXCL8 (protein name: C-X-C motif chemokine ligand 8)], and others involved in the apoptosis modulation [BAX (protein name: Bcl2 associated X, apoptosis regulator), CASP3 (protein name: caspase 3), and BCL2 (protein name: Bcl2, apoptosis regulator)].

Conclusion: Collectively, this investigation underscores the importance of concentration (dose-dependent effect) and exposure duration as pivotal factors in assessing the toxic effects of PS-NPs on alveolar epithelial cells. Greater attention needs to be directed toward comprehending the risks of cancer development associated with air pollution and the ensuing environmental toxicological impacts on humans and other terrestrial mammals.
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1 Introduction

Plastic is one of the most convenient existing materials and is widely used worldwide. Counting statistics, the global production of plastics in Europe in 2021 has passed 58 million tons; thus, plastic waste is considered one of the main environmental challenges (1). Plastics are released into the environment constantly and differently and in large amounts. They exist in different environmental media for a long time and gradually degrade into microplastics (MPs) with a diameter smaller than 5 mm through different mechanisms, including fragmentation, biological degradation processes, and chemical aging (2). During and after these processes, they are widely distributed in the atmosphere (3).

The world distribution of MPs in the atmosphere seems to be quite ubiquitous. Many studies reported that quantifiable concentrations of MPs are detectable in the atmosphere of remote and uninhabited Artic regions (4), desolated mountain regions, such as French Pyrenees (5), and Rocky Mountain National Park in USA (6), whereas elevated concentrations have been measured in the atmosphere of the greatest cities of the world, such as in Asia (7).

In the atmosphere, the decomposition process continues through the reduction of the particles’ size in a time-dependent manner, leading to the formation of nanoplastics (NPs), defined as particles 1 nm ≤ x ≤ 1 μm (2). Their rapid accumulation in the air is mainly responsible for the resulting global pollution because they are more concentrated than MPs, and due to the lower dimension, they are easier to transport at long distances in the atmosphere (8).

The contact of airborne plastics with the respiratory tract by inhalation represents one of the prime routes of human exposition to air pollution. In this scenario, the lung is the most relevant potential target of air pollutants and airborne plastics. Due to their size and structure, MPs/NPs can enter the lungs (9), and recently, it has been shown that continuous exposition to MPs/NPs can induce potential respiratory occupational diseases, thus contributing to the induction of lung cancer (3, 7, 10). However, compared with soil and water, the quantitative analysis of MPs/NPs in the atmosphere and the effects of their inhalation on human health are still poorly investigated.

Currently, there are at least 45 different commercially available plastics, including polypropylene, polyethylene, polyethylene terephthalate, and polystyrene (PS). The latter represents more than 5% of the global demand for plastic and has been widely used in food containers, stuff packages, building insulation, inner liners for refrigerators, eyeglass frames, personal care products, and electronic goods (1, 11, 12).

The high diffusion of PS is due to its attractive features, such as low cost, low density, clarity, dimensional stability, and adaptability to radiation sterilization. PS is used in many medical and biomedical applications. In particular, it is present in thermoformed products such as catheters, heart pumps, and epidural trays, as well as in labware such as Petri dishes and other disposables for tissue culture. In addition, PS is also used in respiratory care equipment, syringe hubs, and suction canisters, and it is competitive with polypropylene and acrylics in labware and packaging for kits and trays (13).

Interestingly, PS is detected in the particulate matter (PM), a suspended combination of solid particles and liquid droplets, which, based on size, is divided into two main fractions containing particles with an aerodynamic diameter equal to or less than 2.5 (PM2.5) or 10 μm (PM10). These fractions have been recently reported to be 2.09 and 1.81 ng/m3 (14). Since PM2.5 can penetrate the respiratory tract and reach the circulatory system, it can cause human health problems, including different types of cancers (15, 16).

As reported above, NPs have smaller dimensions, larger specific surface area, and more substantial biological permeability than MPs. Consequently, they are easier to enter cells through biofilm, destroy organelles, interfere with cell homeostasis, and cause tissue injury (17). Interestingly, NPs can absorb different kinds of harmful environmental compounds, such as polycyclic aromatic hydrocarbons and heavy metals, thus exerting even more severe toxicity once inside the body (18).

Particles sized less than 10 μm enter the lungs and can reach the alveolar cells, which accumulate these air pollutants over a lifetime (19). A recent study found that PS-NPs could derange the lung cell barrier and affect normal lung function (20), whereas Xu et al. (21) showed that PS-NPs of 25 and 70 nm in diameter significantly modify the cell cycle in human lung adenocarcinoma cell line A549 cells, considered a representative in vitro model of the human alveolar epithelium (22). In the same cellular model, Shi et al. (23) found decreased metabolic cellular activity and increased inflammation when the cells were simultaneously exposed to PS-NPs (100 nm) and the organic pollutant phthalate. Goodman et al. (24) studied the effects of PS-MPs 1 or 10 μm, resembling particle size found in the atmosphere (25, 26) on A549 cells, showing that they caused inhibition of cell proliferation and major changes in cell morphology. In the present study, we investigated the potential toxicity of PS-NPs (800 nm) on A549 cells, which is close to this size range, but it remains largely unexplored (27). To this aim, we assessed the effects of PS-NP exposure on cell viability, the production of reactive oxygen species (ROS), antioxidant network activity, apoptosis occurrence, senescence onset, and PS-NP internalization uptake. The results of this study contribute to clarifying the mechanisms potentially involved in the toxicity elicitation by primary exposition to PS-NPs on the respiratory tract.



2 Materials and methods


2.1 Materials

The human lung adenocarcinoma cell line A549 and all the components used for cell cultures were purchased from Sigma-Aldrich (Milan, Italy). The CellTiter 96® AQueous One Solution Cell Proliferation Assay and ROS-GloTM H2O2 Assay were purchased by Promega (Madison, MI, United States). All components used for RNA extraction and RT-PCR, including TaqMan primers, were purchased from Invitrogen, Life Technologies (California, United States). The Bradford Assay reagent and iScript cDNA synthesis kit were purchased from Bio-Rad (Hercules, CA, United States). Nanoparticles based on polystyrene (800 nm) (PS-NPs) were obtained from Sigma-Aldrich (Milan, Italy).



2.2 Cell culture

A549 cells were grown in Dulbecco’s Modified Eagle Medium-High Glucose with phenol red (DMEM, Sigma-Aldrich) supplemented with 10% (v/v) heat-inactivated fetal bovine serum, 100 U/mL penicillin, 100 μg/mL streptomycin, and 1 mM sodium pyruvate. Cell culture was carried out in a humidified atmosphere of 5% CO2 at 37°C. When confluent, cells were detached enzymatically with trypsin-ethylenediamine tetra-acetic acid (Trypsin–EDTA, Sigma-Aldrich) and subcultured into a new cell culture flask. The medium was replaced every 2 days. Cells were used for the following experiments.



2.3 Cell viability

The 3-(4,5-dimethylthiazol-2-yl)−5-(3-carboxymethoxyphenyl)−2-(4-sulfophenyl)−2 H-tetrazolium (MTS) assay to evaluate cell viability was performed by using CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega Italia s.r.l., Milan, Italy), following the manufacturer’s protocol, as previously reported (28–32). To evaluate cell growth, in preliminary experiments (data not shown), cells were seeded and incubated at 37°C in a humidified atmosphere (95%) under 5% CO2 at different densities for each well (0–500–1,000–2,000–5,000–10,000–20,000–50,000) in 96-well plates. After 24, 48, 72, and 96 h, the plates were read with a SynergyH1 BioTek spectrophotometer (Agilent, Santa Clara, United States) at 490 nm. The cell density of 3,000 cells/well was chosen for cell viability assessment. In brief, cells were seeded at 3,000 cells/well and incubated overnight. Then, cells were treated with six different concentrations of PS-NPs (10–25–50–100–250–500 μg/mL). Cell viability was assessed after 24, 48, and 96 h of exposure. Negative control wells contained cells unexposed to PS-NPs but treated with MTS reagent. The culture medium alone or the culture medium including PS-NPs at tested concentrations was used as a control to determine the background values. After 3 h of incubation of the cells with the reagent in the dark, the plates were read at 490 nm with a SynergyH1 BioTek spectrophotometer (Agilent). The test was performed by evaluating two biological replicates and three technical replicates for each condition.



2.4 ROS production

The ROS production was evaluated using the ROS-GloTM H2O2 Assay kit following the manufacturer’s recommendations (33). In brief, 3.000 cells/well were seeded in white opaque 96-well plates (Corning, Sigma-Aldrich) and left to adhere overnight. Then, H2O2 substrate solution was added to the wells, and cells were treated with 6 different concentrations of PS-NPs (10–25–50–100–250–500 μg/mL) for 24, 48, and 96 h. Two hours before the end of the treatment, 100 μL of ROS-Glo detection solution was added to each well. After incubation at room temperature for 20 min, the luminescence was measured with a GloMax® Multi Detection System luminometer (Agilent, Santa Clara, United States). Two hours of treatment with menadione (20 μM) was carried out as a positive control, which produced a concentration of H2O2 of approximately 76 μM (data not shown). A standard curve with H2O2 concentrations in the 0–100 μM range was constructed. The experiments were conducted in wells containing only medium or with seeded cells. The test was performed using six independent experiments for each condition.



2.5 Quantification of IL-8/CXCL8 levels

A549 cells (500,000/well) were treated for 48 h with PS-NPs (10, 100, and 500 μg/mL). Then, cells were recovered for RNA extraction, as described below, while supernatants were collected and centrifuged at 14,000 rpm for 5 min to analyze protein levels of IL-8/CXCL8 by using the Human IL-8/CXCL8 Quantikine ELISA Kit (R&D System, Bio-Techne), according to the manufacturer’s procedure.



2.6 RNA extraction and qRT-PCR

Total RNA was extracted from A549 cells using a Pure link RNA Mini kit according to the manufacturer’s protocols. After removal of the genomic DNA through the DNAse kit, total RNA (2 μg) was reverse transcribed into cDNA using Iscript cDNA Synthesis Kit (Bio-Rad, Milan, Italy) according to the manufacturer’s protocols. For the reaction mixture, 100 ng of cDNA was used. For the assessment of gene expression in A549 cells, the amplification of GAPDH (protein name: glyceraldehyde-3-phosphate dehydrogenase), SOD1 (protein name: superoxide dismutase 1, soluble), SOD2 (protein name: superoxide dismutase 2, mitochondrial), CAT (protein name: catalase), GPX1 (protein name: glutathione peroxidase 1), HMOX1 (protein name: heme oxygenase 1), CDKN1A (protein name: cyclin dependent kinase inhibitor 1A), IL1A (protein name: interleukin 1 alpha), IL1B (protein name: interleukin 1 beta), IL6 (protein name: interleukin 6), CXCl8 (protein name: C-X-C motif chemokine ligand 8), BCL2 (protein name: BCL2, apoptosis regulator), BAX (protein name: BCL2 associated X, apoptosis regulator), and CASP3 (protein name: caspase 3) was performed using TaqMan gene expression assays (Hs99999905, Hs00533490, Hs00167309, Hs00156308, Hs00829989, Hs01110250, Hs00355782, Hs00174092, Hs01555410, Hs00174131, Hs00174103, Hs04986394, Hs00180269, and Hs00234387, respectively) according to the manufacturer’s instructions. Genes mRNA levels were normalized to Gapdh levels using a 7900HT Real-Time PCR (Applied Biosystems, CA, United States).



2.7 Senescence detection

The β-gal Substrate 4-Methylumbelliferyl β-d-galactopyranoside (4-MUG) consumption was used to detect Senescence-associated beta-galactosidase (SA-β-gal) activity in A549 cellular lysates. The cells were treated with 10, 100, and 500 μg/mL PS-NPs for 96 h. Upon binding to β-gal, 4-MUG is hydrolyzed to the fluorescent product 4-MU, which is measured at an excitation wavelength of 360 nm and an emission wavelength of 465 nm. Fluorescent intensity correlates with β-gal levels present in the sample. The experiment was performed with a cellular senescence assay kit (CellA28 Biolabs, CBA 231) according to manufacturer instructions. The value of each SA-β-Gal activity was standardized by its total protein concentration. Each data was measured from triple independent experiments.



2.8 Assessment of protein levels by Western blot analysis

A549 cells (500,000/well), untreated or treated with 10, 100, and 500 μg/mL PS-NPs for 48 h, were lysed in PBS Triton 1% with 1 mM of phenylmethylsulfonyl fluoride (PMSF) and complete ethylenediaminetetraacetic acid (EDTA)-free proteases inhibitors (Thermo Scientific, Rockford, IL United States). Proteins were loaded onto 4–15% Sodium Dodecyl Sulfate-PolyAcrylamide Gel Electrophoresis (SDS-PAGE), transferred to Polyvinylidene Difluoride (PVDF) membranes (GE Healthcare, Milan, Italy), and incubated with anti-Caspase 3 (Cell Signaling Technology, Danvers, MA), anti-Bcl-2 (Abnova Corporation, Taipei City, Taiwan), anti-p21 (Santa Cruz Biotechnology, Santa Cruz, CA, United States), and anti-β-actin (Cell Signaling Technology, Danvers, MA) antibodies. Membranes were developed using ECL Western Blotting Detection Reagents and analyzed using Alliance 1 D software (UVITEC, Cambridge, United Kingdom). The quantification of optical density (OD) of different specific bands was calculated and normalized to the OD of β-actin.



2.9 Flow cytometry analyses

To assess apoptosis, a FITC Annexin-V apoptosis detection kit (BD Pharmingen, San Diego, CA, United States) was used following the manufacturer’s instructions. The day before PS-NP treatment, cells were seeded at a density of 500,000/well and grown under standard culture conditions in 6-well plates. After 24 h, 10, 100, and 500 μg/mL of PS-NPs were added to cells, which were further incubated. After 96 h, 105 cells were gently re-suspended in 100 μL of binding buffer and incubated for 15 min at room temperature in the dark with 5 μL of Annexin-V-FITC and 5 μL of Propidium Iodide (PI). After the addition of 200 μL of binding buffer, samples were analyzed with a Cytoflex flow cytometer with the FL1 and FL3 detector in a log mode, using the Cytoexpert analysis software (both from Beckmann Coulter, Milan, Italy). For each sample, at least 5,000 events were collected. From the same samples, the dot plots of the autofluorescence parameters (forward and side scatter) were analyzed for changes in cell size and cellular content.



2.10 Dynamic light scattering (DLS)

The hydrodynamic diameter of PS-NPs was evaluated by dynamic light scattering (DLS, Anton Paar Litesizer 500 Graz, Austria). PS-NPs were diluted 1:40, based on the optimized parameters such as the mean intensity (kcount/s) and the filter OD, considering that the PS-NPs detectable concentration was 400-fold lower than the considered dilution factor. The samples were thermostated for 2 min at 25°C before measurements, which were performed in a 2.5-mL disposable cuvette and then analyzed in triplicate using a 175° detection angle. The autocorrelation functions were fitted by applying the Kalliope software (Anton Paar, Graz, Austria).



2.11 Transmission electron microscopy (TEM)

The cells were washed twice in PBS at 37°C, fixed in 3.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2, and kept in fixative at 4°C before further use. For thin sectioning, the cells were post-fixed in 2% OsO4 for 2 h at room temperature and then contrasted in saturated uranyl acetate for 2 h at room temperature. The samples were embedded in Epon 812. EM ultra-thin sections (~50 nm of thickness) were cut from embedded samples using a Leica Ultracut R microtome (Leica Microsystem, Wien, Austria) with a 45° Diatome Ultra diamond knife (Diatome, Biel, Switzerland) and stained with lead citrate. Sections were viewed and photographed in a 120 kV JEM-1400 Flash Transmission Electron Microscope (TEM) (Jeol Ltd., Tokyo, Japan) equipped with CMOS camera Matataki and TEM Center software (Jeol Ltd.) at a magnification ranging between 2,500 and 50,000×.



2.12 Statistical analysis

The data were statistically analyzed using the Student’s t-test, and the values of the treated samples were compared with those of the untreated ones. All quantitative results were analyzed using Graph Pad Prism Software (version 9.00 for Mac; GraphPad, San Diego, CA, United States). Data are presented as means ± SD, unless otherwise specified, of at least three separate experiments, each analyzed at least in duplicate. Values of p ≤ 0.05 were considered statistically significant.




3 Results


3.1 Exposure to PS-NPs affects cell viability

The DLS analysis confirmed that PS-NPs had a hydrodynamic diameter of 802.0 nm (Supplementary Figure S1). Then, an MTS assay was performed to assess their effect on A549 cell viability. The cells were treated with 10, 25, 50, 100, 250, and 500 μg/mL PS-NPs for 24, 48, and 96 h. At all the concentrations tested, A549 cells treated for 24 h showed no reduction in viability relative to the untreated controls (Figure 1), whereas when exposed for 48 and 96 h, a significant reduction of viability was found at all the concentrations tested, when compared with the control condition. The maximum effect was recorded after treatment with 500 μg/mL PS-NPs for 48 and 96 h, when A549 viability was reduced by 21 and 22%, respectively (Figure 1).
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FIGURE 1
 Effects of PS-NPs on A549 cell viability. Increasing concentrations of PS-NPs (10–500 μg/mL) were added to A549 cells (3,000 cells/well). MTS assay was performed after 24, 48, and 96 h of incubation. Each value represents the mean ± SD of six independent experiments. p-values are expressed as ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, and *p ≤ 0.05 vs. untreated cells (CTR).




3.2 Exposure to PS-NPs induces oxidative stress

A rapid and sensitive luminescent assay was used to obtain information about the capability of PS-NPs to induce oxidative stress in A549 cells after 24, 48, and 96 h of treatment. The assay directly measures the hydrogen peroxide (H2O2) level in the culture medium. This reactive compound is the main ROS species produced by cells and is characterized by the most extended half-life (33). As shown in Figure 2, a significant H2O2 formation was observed at all the PS-NP concentrations tested in a dose and time-dependent manner. The cell exposure to PS-NPs for 96 h strongly stimulated H2O2 formation, which reached a maximum of 73.85 μM following treatment with 250 and 500 μg/mL PS-NPs (Figure 2).

[image: Figure 2]

FIGURE 2
 Effects of PS-NPs on the intracellular generation of reactive oxygen species in A549 cells. Increasing concentrations of PS-NPs (10–500 μg/mL) were added to A549 cells (3,000 cells/well). ROS-GloTM H2O2 assay was performed after 24, 48, and 96 h of incubation. Each value represents the mean ± SD of six independent experiments. p-values are expressed as **p ≤ 0.01 and *p ≤ 0.05 vs. untreated cells (CTR).


Free radicals are potentially toxic; they are usually inactivated or scavenged by antioxidants before they can cause damage to lipids, proteins, or nucleic acids. To ameliorate and cope with injury from oxidative damage and maintain redox homeostasis, eukaryotic cells have a complex defense system that includes antioxidant enzymes, such as SOD, which reduces the superoxide anion into hydrogen peroxide, CAT, and GPX1, that can reduce H2O2 to H2O (34).

Considering the effects of PS-NPs on intracellular H2O2 production, we analyzed by qPCR the expression levels of SOD1 (encoding for the cytoplasmic isoform) and SOD2 (encoding for the mitochondrial isoform), following A549 cell exposure to 10, 100, and 500 μg/mL of PS-NPs. SOD is considered a crucial player in scavenging most of the superoxide produced by respiration (35, 36). We also analyzed the expression levels of CAT and GPX1 in the same experimental conditions.

As shown in Figure 3, significant induction of SOD1 was detected as early as 2 h after treatment with all the PS-NP concentrations used (Figure 3A). The expression levels of this gene remained constant after 48 h of cell exposure to the stimuli (Figure 3B). Similar results were observed for the expression levels of SOD2 (Figures 3C,D), CAT (Figures 3E,F), and GPX1 (Figures 3G,H).
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FIGURE 3
 Effects of PS-NPs on the expression of oxidative stress-related genes in A549 cells. Selected concentrations of PS-NPs (10, 100, and 500 μg/mL) were added to A549 cells (500,000/well). After 2 (A,C,E,G,I) and 48 h (B,D,F,H,J) of incubation, the mRNA levels of SOD1 (protein name: superoxide dismutase 1) (A,B), SOD2 (protein name: superoxide dismutase 2) (C,D), CAT (protein name: catalase) (E,F), GPX1 (protein name: Glutathione Peroxidase 1) (G,H), HMOX1 (protein name: Heme Oxygenase 1) (I,J), and Gapdh were assessed by qPCR. Relative fold change in gene expression was calculated using untreated A549 cells as control (CTR, fold change = 1) and normalized to GAPDH as a housekeeping gene. Data are reported as mean ± SD of at least three independent experiments; p-values are expressed as ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, and *p ≤ 0.05 vs. Control (CTR).


Heme oxygenase-1 (HO-1) (encoded by the HMOX1 gene) is another key antioxidant enzyme reported to be highly expressed in the lungs (37). It catabolizes heme into ferrous iron, carbon monoxide, and biliverdin/bilirubin and represents the only inducible isoform within the HO family, which comprises two further constitutive forms, HO-2 and HO-3 (38). Similar to SOD1, SOD2, CAT, and GPX1, PS-NPs were able to significantly induce the HMOX1 expression at all tested concentrations (Figures 3I,J).



3.3 Exposure to PS-NPs induces cellular senescence

Together with apoptosis, cellular senescence is recognized as an equally important although biologically different type of ultimate cell-cycle exit program because of its lastingly persistent nature and cell-intrinsic and extrinsic roles within the tissue (39).

In addition to the proliferation arrest, other typical features characterize senescent cells, including the senescence-associated β-galactosidase activity (SA-β-Gal) and the secretion of a vast spectrum of cytokines, chemokines, proteases, and growth factors, referred to as senescence-associated secretory phenotype (SASP) (40, 41). To assess the potential capability of PS-NPs in inducing senescence, the SA-β-Gal activity in A549 cells exposed to these pollutants was evaluated. As shown in Figure 4A, PS-NPs were able to significantly induce SA-β-Gal activity, measured in A549 cell lysates, at all the concentrations tested. Five hundred μg/mL PS-NPs caused an increase of SA-β-Gal activity by 1.84-fold when compared to control cells (p ≤ 0.01).
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FIGURE 4
 Effects of PS-NPs on cellular senescence induction. Selected concentrations of PS-NPs (10, 100, and 500 μg/mL) were added to A549 cells (500,000/well) to evaluate effects of PS-NPs on SA-β-Gal activity (A) and the mRNA levels of CDKN1A (B), IL1A (C), IL1B (D), IL6 (E), and IL-8/CXCL8 (F) in A549 cells. The senescence-associated SA-β-Gal activity was evaluated after 96 h of incubation. Data are reported as mean ± SD of three independent experiments (A). The mRNA levels of CDKN1A (protein name: Cyclin-Dependent Kinase Inhibitor 1A, also called p21), IL1A (protein name: Interleukin 1 Alpha), IL1B (protein name: Interleukin 1 beta), IL6 (protein name: Interleukin 6), IL-8/CXCL8 (protein name: Interleukin 8), and GAPDH were assessed by qPCR after 48 h of incubation. Relative fold change in gene expression was calculated using untreated A549 cells as control (CTR, fold change = 1) and normalized to GAPDH as a housekeeping gene. Data are reported as mean ± SD of at least three independent experiments; p-values are expressed as ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, and *p ≤ 0.05 vs. control (CTR).


To further confirm the senescence occurring after 96 h of PS-NP exposure, we evaluated, by qPCR, the earlier mRNA expression levels of key cell molecules reported as markers of senescence, including CDKN1A, encoding for the protein Cyclin-Dependent Kinase Inhibitor 1A, also called p21, IL1A, IL1B, IL6, and IL-8/CXCL8, encoding for cytokines belonging to the SASP family (Figures 4B–F).

After 48 h of incubation, CDKN1A expression was increased by 13, 23, and 30% following cell exposure to 10, 100, and 500 μg/mL PS-NPs, respectively (Figure 4B). The induction of p21 was also confirmed by Western blot analysis in A549 cells treated for 48 h with PS-NPs (Supplementary Figures S2, S3). In the same way, but with a higher magnitude, IL1A, IL1B, IL6, and IL-8/CXCL8 mRNA levels were augmented when the cells were treated with the same concentrations of PS-NPs, and the effect is dose-dependent (Figures 4C–F).

Within the molecules analyzed as SASP, IL-8/CXCL8 is known to exert a crucial role in lung inflammation in vivo. It is also involved in modulating the hyperinflammatory response present in acute respiratory distress syndrome (ARDS) (42). Moreover, IL-8/CXCL8 levels have been reported to be dramatically higher in non-survivors compared to survivors of people with COVID-19 (43). Thus, we also evaluated the release of IL-8/CXCL8 in A549 cells in basal conditions and after exposure to PS-NPs (10, 100, and 500 μg/mL) for 48 h. The results showed a marked increase in IL-8/CXCL8 protein levels present in the cell medium at all the PS-NP concentrations used, thus confirming the upregulation described at the transcriptional level (Supplementary Figure S4).



3.4 Exposure to PS-NPs induces cellular apoptosis

Once the senescence occurrence was assessed, the apoptotic pathway was investigated as a potential alternative defense mechanism of A549 cells against the PS-NPs. The same three concentrations (10, 100, and 500 μg/mL) were chosen, and a flow cytometry Annexin-V/PI assay was performed after 96 h of incubation. Figures 5A,B show an increase in the percentage of apoptotic cells in all the samples exposed to the PS-NPs, with the 100 and 500 mg/mL having about a threefold increase when compared to the untreated cells.
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FIGURE 5
 Effect of PS-NPs on apoptosis in A549 cells. Selected concentrations of PS-NPs (10, 100, and 500 μg/mL) were added to A549 cells (500,000/well). Apoptosis was measured by Annexin-FITC/PI assay by flow cytometry after 96 h of incubation. Apoptotic cell population (Annexin-Vpos/PIneg and Annexin-Vpos/PIpos) can be discriminated from vital (Annexin-Vneg/PIneg) or necrotic cells (AnnexinVneg/PIpos), according to their fluorescence emission. (A) Dot plots are the most representative of the four experiments. (B) The graph represents the mean percentage ± SD of four experiments. Control (CTR) corresponds to untreated A549 cells. p-values are expressed as *p ≤ 0.05 vs. control (CTR). The mRNA levels of BAX (C), CASP3 (D), BCL2 (E), and GAPDH were assessed by qPCR after 2 h of incubation. Relative fold change in gene expression was calculated using untreated A549 cells as control (CTR, fold change = 1) and normalized to GAPDH as a housekeeping gene. Data are reported as mean ± SD of at least three independent experiments; p-values are expressed as ***p ≤ 0.001, **p ≤ 0.01, and *p ≤ 0.05 vs. control (CTR).


In Figures 5C–E, changes in the expression of the three apoptosis-related genes BAX, CASP3, and BCL2 are shown. Interestingly, the expression levels of the pro-apoptotic genes BAX (Figure 5C) and CASP3 (Figure 5D) were found to increase after just 2 h of exposure to the plastics, which is in line with the previous results. On the other hand, the anti-apoptotic gene BCL2 decreased at the lowest PS-NP concentrations, 10 and 100 μg/mL, and showed a slight increase at the highest concentration of 500 μg/mL (Figure 5E). As shown in Supplementary Figures S5, S6, in A549 cells incubated with PS-NPs for 48 h, the protein levels of Caspase 3 decreased (Supplementary Figures S5A,B), while the levels of fragmented protein were detectable only in PS-NPs-treated samples, suggesting the activation of apoptosis cascade (Supplementary Figures S5A,C). At the same time point, Bcl-2 protein expression was upregulated in treated cells (Supplementary Figures S5D,E).

Interestingly, flow cytometry dot plots for physical parameters (forward scatter vs. side scatter) showed an increase in the side scatter of all the cells, already at the concentration of 100 μg/mL, and further increased when 500 μg/mL of PS-NPs were administered to the cells (Supplementary Figure S7).



3.5 Cellular uptake of PS-NPs

Since the side scatter indicates the internal complexity, i.e., the granularity of the cells, we studied the internalization of PS-NPs in A549 cells by TEM, confirming the internalization by target cells.

Untreated A549 cells show electron-dense particles and autophagic vacuole (mainly multilamellar bodies), characteristics of adenocarcinoma cells (Figures 6A,B), which was increased in A549 cells treated with PS-NPs 100 μg/mL (Figures 6C,D) or 500 μg/mL (Figures 6E,F) in a concentration-dependent manner. At higher concentrations PS-NPs appear dispersed inside cellular endosomes (circular white areas), and cells start showing signs of toxicity. In Figures 6G–K, different phagocytosis steps are appreciable: (i) a PS-NP is “presented” on the surface of the A549 cell (Figures 6G,H); (ii) formation of phagocytic cups around PS-NP (Figure 6I); (iii) inclusion of several subsequent PS-NPs inside the same cell (Figure 6K), and (iv) process completion, PS-NPs are encapsulated within a phagosome, and start of the autophagic process (Figure 6J).

[image: Figure 6]

FIGURE 6
 Cellular intake of PS-NPs in A549 cells after 100 μg/mL or 500 μg/mL treatment. Transmission electron microscopy (TEM) analysis revealed the movement of nano-sized plastics into membrane structures (A,B,D,F,G–K). Active transport through the cell membrane (insets in G–K) may represent a significant gateway into the cell after treatment with different PS-NP concentrations (100 and 500 μg). Panels (C,E) reported images acquired from optical microscopy. Bars: (A,B,D,F) 2 μm; (C,E) 50 μm; (G–J) 0.5 μm; (K) 1 μm.





4 Discussion

Nanoplastics, a novel global environmental hazard, have become ubiquitous in daily life and pose a significant health risk when inhaled and lodged in the respiratory system. In our current research, we utilized A549 cells, a human lung adenocarcinoma cell line, and specifically employed PS-NPs as surrogates to explore the respiratory toxicity associated with airborne NPs. The selection of PS-NPs 800 nm was deliberate since this particular size range has been poorly investigated (27), and prior studies have linked distinct toxicities with different particle sizes (21, 44). Moreover, it is well known that developing analytical methodologies to identify and quantify plastic particles in complex matrices is an urgent need for research concerning quantitative toxicity assessment of plastic pollution. In this context, according to recent methodological studies (45), we are developing a flow cytometry analytical method to quantify plastic particles in blood from humans and mice. Preliminary data (not shown) indicated that it will allow detection of PS-NPs 800 nm. This analytical method will be used to perform in vivo studies designed to assess the impact of PS-NP (800 nm) exposure on the respiratory system and correlate it with PS-NP circulating levels.

Inhalation doses of plastic particles can vary depending on the type of textiles in use and other indoor environmental factors (such as ventilation) (46), and no standard method exists for determining NP and MP levels in air and dust. According to previous in vitro studies on A549 cells (21, 23, 24), we investigated the effects of PS-NPs (800 nm) exposure on this cell line at a concentration of 10–500 μg/mL, ranging from PS-MP concentrations experienced by residents of urban areas to those probably reflecting high-level exposure for workers at industrial manufacturing sites (24).

Our investigation unveiled that PS-NPs markedly decreased cell viability in a concentration-dependent manner. Additionally, these PS-NPs disrupted the cellular redox balance and activated pathways, leading to cellular senescence or apoptosis. This resulted in the production of SASP and eventual cell death.

The internalization of PS particles is a crucial step for cellular toxicity, and several processes involved in the mechanism of internalization have been proposed, depending upon the physiology of particles, such as size, charge, zeta potential, and shape (27). In this study, the internalization of PS-NPs (800 nm) was first suggested by alteration of the internal complexity or granularity (i.e., side scatter) of cells in a concentration-dependent manner (Supplementary Figure S7). TEM microscopy analyses confirmed the uptake of PS-NPs, describing effective internalization by a high level of phagocytosis. This process represents a mechanism of isolation of PS-NP particles aiming to reduce their cellular toxicity but represents a strict concentration-related reaction.

The aforementioned structural and functional analyses indicated that cell death resulting from redox imbalance likely plays a central role in lung injury induced by PS-NPs. Thus, we assessed oxidative stress levels, known for damaging cellular macromolecules—DNA, lipids, and proteins—ultimately leading to lung cell death and tissue damage (34, 47). Our study encompassed various indicators, including the production of hydrogen peroxide and expression of the main hallmark genes included in the antioxidant network, GPX1, CAT, SOD1, and SOD2, to comprehensively gauge the process (48, 49). Additionally, the gene expression of HMOX1, whose product is a ubiquitous stress-response protein, significantly increased following PS-NP treatment, signifying considerable oxidative stress. These changes in gene expression were significant already after 2 h of PS-NP exposure, up to at least 48 h, and were concentration-dependent. However, the expression of SOD2, the manganese-dependent, mitochondrial isoform, reached a maximum induction level already at the exposition to the lower concentration of PS-NPs (i.e., 10 μg/mL), suggesting that cytoplasm could be more interested and sensitive to an exogenous stimulus such as PS-NPs exposure. This collective analysis strongly suggests that PS-NPs induce oxidative stress, leading to lung cell death and tissue damage, potentially contributing to the pathogenesis of lung diseases. The cascade of critical adverse events initiated by the oxidative stress response to PS-NPs underscores its significance (50).

The decline in cell viability and the substantial, concentration-dependent increase in ROS production imply that PS-NP exposure poses potential genotoxic stress to A549 cells, jeopardizing genomic integrity. When the DNA repair machinery fails to mend damaged sites during a temporary cell-cycle arrest or when overwhelming genotoxic stress surpasses the repair capacity, cellular defense mechanisms such as apoptosis or senescence are activated to prevent the uncontrolled proliferation of these damaged and potentially harmful cells.

We established primarily that PS-NPs amplify cell death and tissue injury. Previous studies have confirmed the capacity of PS-MPs to induce apoptosis across various tissues and organs, including reproductive (51, 52), cardiovascular (53), and nervous systems (54). In our study, PS-NPs induced dose-dependent lung cell apoptosis, as revealed by FACS analysis. Further exploration into biological mechanisms unveiled significant activation of various apoptotic pathways in PS-NPs-treated lung cells. The use of PI allowed us to distinguish between apoptotic and necrotic cell death. However, it is crucial to note that nanoparticle-induced cell death encompasses a mixed form, not a singular mode (55). We described that expression levels of the pro-apoptotic gene BAX and the effector gene CASP-3 increase after 2 h of exposure to the plastics, which is in line with the previous results. On the other hand, the expression of the anti-apoptotic gene BCL-2 decreased at the lowest concentrations, namely 10 and 100 μg/mL, and showed a slight increase at the highest concentration, i.e., 500 μg/mL. Future investigations involving pyroptosis, autophagy, and ferroptosis are necessary for a comprehensive understanding of lung cell death induced by PS-NPs.

Despite decades of research primarily focusing on apoptosis, cellular senescence is increasingly acknowledged as an equally vital but fundamentally distinct cell-cycle exit program due to its persistent nature and multifaceted roles within both the tissue and tumor microenvironment. The cellular senescence, regarded as a cellular stress response, may have both beneficial and detrimental effects mediated by released bioactive molecules, including the SASP (39–41). This last has been reported to promote tumorigenesis and induce epithelial-to-mesenchymal transition, thus suggesting a role in metastasis formation (56). Typically, senescent cells are eliminated from the environment by infiltrating immune cells. However, when their clearance becomes compromised, as can happen under chronic exposure to environmental pollutants, they accumulate in tissues (57). Senescent cells exhibit distinct characteristics beyond proliferation arrest, including enlarged cellular morphology, the presence of SA-β-Gal, and the secretion of a diverse array of cytokines, chemokines, proteases, and growth factors constituting the SASP. In our experimental setup, due to the absence of a specific senescence-defining marker, assessing SA-β-Gal activity demonstrated that exposure to 10, 100, and 500 μg/mL of PS-NPs for 96 h induced senescence (Figure 4A). One of the hallmarks of the senescent phenotype, CDKN1A, increased its expression up to 30% following cell exposure to 500 μg/mL PS-NPs (Figure 4B). In the same way, but with a higher magnitude, IL1A, IL1B, IL6, and IL-8/CXCL8 mRNA levels were augmented when the cells were treated with the same concentrations of PS-NPs (Figures 4C–F). These effects followed a concentration-dependent trend (Figure 4). Within the molecules analyzed as SASP, we also evaluated the release of IL-8/CXCL8 protein in A549 cells under basal conditions and after exposure to PS-NPs (10, 100, and 500 μg/mL) for 48 h. The results showed a marked increase in IL-8/CXCL8 protein levels present in the cell medium at all the PS-NP concentrations used, thus confirming the upregulation described at the transcriptional level (Supplementary Figure S4). IL-8/CXCL8 is known to exert a crucial role in lung inflammation in vivo. It is also involved in the modulation of the hyperinflammatory response present in ARDS, a devastating pathological condition identified as the cause of 10% of intensive care unit admissions, with up to 23% of patients requiring mechanical ventilation. In ARDS, a role as a biomarker and prognostic factor for this proinflammatory cytokine has been hypothesized (42). Moreover, IL-8/CXCL8 levels have been reported to be dramatically higher in non-survivors compared to survivors of people with COVID-19 (43).

In conclusion, our study supports the emerging evidence indicating the deleterious effects of PS-NPs on lung epithelial cells (A549). At the tested size (800 nm), PS-NPs can enter lung epithelial cells, triggering oxidative stress, senescence, and cell death. Furthermore, these airborne particles may incite a senescent phenotype, elevating basal inflammation levels and diminishing lung tissue repair capabilities, potentially leading to prolonged lung diseases following chronic exposure.

Research on the respiratory toxicity of MPs/NPs remains significantly limited (20, 21, 23). A limitation of our study is the use of submerged cultures. Our future research will prioritize the comparison of the cytotoxicity of PS-NPs, varying their chemical composition and sizes in lung cells using a more advanced in vitro model in which epithelial lung cells are grown at the air-liquid interface (ALI) (58), thus better mimicking in vivo conditions.

Microplastics and nanoplastics pervade the air, posing a significant threat to human health. While occupational studies highlight pulmonary effects linked to PS-NP inhalation, the tested concentrations likely surpass actual environmental levels. Notably, occupational particles might exhibit lower sorption of co-pollutants such as transition metals, organic compounds, and pathogenic microorganisms than environmental particles. Many adverse health effects associated with NPs might result from the desorption of these contaminants within the respiratory system post-inhalation. An essential inquiry pertains to whether inhaled plastics can translocate to the bloodstream or migrate to mediastinal lymph nodes. Given the diverse characteristics, sources, and fates of plastics, there is a need to reconceptualize MPs/NPs as distinct contaminant classes rather than singular pollutants—a viewpoint echoed by Rochman et al. (59). Recognizing the substantial threat to human health posed by inhaled NPs is crucial.

PS-NPs induce specific effects on the cellular phenotype by induction of oxidative stress and inflammation. In particular, we highlight that in addition to apoptosis induction, PS-NPs increase cellular senescence in a model of alveolar epithelial cells. This is the basis for a deeper understanding of the health effects of a “new” and partly unknown toxicological agent. The induction of cellular senescence is part of a broader framework of effects, which provides links with the pathophysiology of various chronic age-related diseases and tumors and, at the same time, allows to hypothesize scenarios for the design of new epidemiological studies.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

CM: Data curation, Investigation, Writing – original draft. EA: Data curation, Writing – review & editing, Formal analysis. PDC: Conceptualization, Writing – review & editing. AP: Conceptualization, Writing – review & editing. MG: Formal analysis, Investigation, Writing – review & editing. AB: Data curation, Writing – review & editing. MD: Investigation, Data curation. LM: Investigation, Writing – review & editing. MPD: Formal analysis, Writing – review & editing. VDG: Data curation, Writing – original draft. CP: Formal analysis, Writing – original draft. MP: Conceptualization, Data curation, Writing – original draft, Writing – review & editing. PB: Conceptualization, Data curation, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by Ministero dell’Università e della Ricerca (MUR) (University Scientific Research Funds).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2024.1385387/full#supplementary-material



References

 1. Plastics Europe AISBL (2023). Available at: https://plasticseurope.org/knowledge-hub/plastics-the-fast-facts-2023 (accessed January 26, 2024)


 2. Lehner, R, Weder, C, Petri-Fink, A, and Rothen-Rutishauser, B. Emergence of nanoplastic in the environment and possible impact on human health. Environ Sci Technol. (2019) 53:1748–65. doi: 10.1021/acs.est.8b05512 

 3. Prata, JC
. Airborne microplastics: consequences to human health? Environ Pollut. (2018) 234:115–26. doi: 10.1016/j.envpol.2017.11.043


 4. Bergmann, M, Mützel, S, Primpke, S, Tekman, MB, Trachsel, J, and Gerdts, G. White and wonderful? Microplastics prevail in snow from the Alps to the Arctic. Sci Adv. (2019) 5:eaax1157. doi: 10.1126/sciadv.aax1157 

 5. Allen, S, Allen, D, Phoenix, VR, Le Roux, G, Durántez Jiménez, P, Simonneau, A , et al. Atmospheric transport and deposition of microplastics in a remote mountain catchment. Nat Geosci. (2019) 12:339–44. doi: 10.1038/s41561-019-0335-5


 6. Wetherbee, G., Baldwin, A., and Ranville, J. (2019). It is raining plastic: U.S. Geological Survey open-file report 2019–1048. Available at: https://doi.org/10.3133/ofr20191048 (Accessed April 30, 2024)


 7. Chen, G, Feng, Q, and Wang, J. Mini-review of microplastics in the atmosphere and their risks to humans. Sci Total Environ. (2020) 703:135504. doi: 10.1016/j.scitotenv.2019.135504 

 8. Bianco, A, and Passananti, M. Atmospheric Micro and Nanoplastics: An enormous microscopic problem. Sustain For. (2020) 12:7327. doi: 10.3390/su12187327


 9. Fournier, SB, D'Errico, JN, Adler, DS, Kollontzi, S, Goedken, MJ, Fabris, L , et al. Nanopolystyrene translocation and fetal deposition after acute lung exposure during late-stage pregnancy. Part Fibre Toxicol. (2020) 17:55. doi: 10.1186/s12989-020-00385-9 

 10. Amato-Lourenço, LF, Dos Santos Galvão, L, de Weger, LA, Hiemstra, PS, Vijver, MG, and Mauad, T. An emerging class of air pollutants: potential effects of microplastics to respiratory human health? Sci Total Environ. (2020) 749:141676. doi: 10.1016/j.scitotenv.2020.141676 

 11. Abdallah, MA, Sharkey, M, Berresheim, H, and Harrad, S. Hexabromocyclododecane in polystyrene packaging: a downside of recycling? Chemosphere. (2018) 199:612–6. doi: 10.1016/j.chemosphere.2018.02.084 

 12. Li, J, Qu, X, Su, L, Zhang, W, Yang, D, Kolandhasamy, P , et al. Microplastics in mussels along the coastal waters of China. Environ Pollut. (2016) 214:177–84. doi: 10.1016/j.envpol.2016.04.012 

 13. Sastri, V.R. (2010). Chapter 6 – Commodity thermoplastics: polyvinyl chloride, polyolefins, and polystyrene.


 14. Costa-Gómez, I, Suarez-Suarez, M, Moreno, JM, Moreno-Grau, S, Negral, L, Arroyo-Manzanares, N , et al. A novel application of thermogravimetry-mass spectrometry for polystyrene quantification in the PM10 and PM2.5 fractions of airborne microplastics. Sci Total Environ. (2023) 856:159041. doi: 10.1016/j.scitotenv.2022.159041


 15. Akhbarizadeh, R, Dobaradaran, S, Nabipour, I, Tangestani, M, Abedi, D, Javanfekr, F , et al. Abandoned Covid-19 personal protective equipment along the Bushehr shores, the Persian Gulf: An emerging source of secondary microplastics in coastlines. Mar Pollut Bull. (2021) 168:112386. doi: 10.1016/j.marpolbul.2021.112386 

 16. Amato-Lourenço, LF, Carvalho-Oliveira, R, Júnior, GR, Dos Santos Galvão, L, Ando, RA, and Mauad, T. Presence of airborne microplastics in human lung tissue. J Hazard Mater. (2021) 416:126124. doi: 10.1016/j.jhazmat.2021.126124 

 17. de Souza Machado, AA, Kloas, W, Zarfl, C, Hempel, S, and Rillig, MC. Microplastics as an emerging threat to terrestrial ecosystems. Glob Chang Biol. (2018) 24:1405–16. doi: 10.1111/gcb.14020 

 18. Alimba, CG, and Faggio, C. Microplastics in the marine environment: current trends in environmental pollution and mechanisms of toxicological profile. Environ Toxicol Pharmacol. (2019) 68:61–74. doi: 10.1016/j.etap.2019.03.001 

 19. Wang, F, Liu, J, and Zeng, H. Interactions of particulate matter and pulmonary surfactant: implications for human health. Adv Colloid Interf Sci. (2020) 284:102244. doi: 10.1016/j.cis.2020.102244 

 20. Dong, CD, Chen, CW, Chen, YC, Chen, HH, Lee, JS, and Lin, CH. Polystyrene microplastic particles: in vitro pulmonary toxicity assessment. J Hazard Mater. (2020) 385:121575. doi: 10.1016/j.jhazmat.2019.121575 

 21. Xu, M, Halimu, G, Zhang, Q, Song, Y, Fu, X, Li, Y , et al. Internalization and toxicity: a preliminary study of effects of nanoplastic particles on human lung epithelial cell. Sci Total Environ. (2019) 694:133794. doi: 10.1016/j.scitotenv.2019.133794 

 22. Foster, KA, Oster, CG, Mayer, MM, Avery, ML, and Audus, KL. Characterization of the A549 cell line as a type II pulmonary epithelial cell model for drug metabolism. Exp Cell Res. (1998) 243:359–66. doi: 10.1006/excr.1998.4172 

 23. Shi, Q, Tang, J, Wang, L, Liu, R, and Giesy, JP. Combined cytotoxicity of polystyrene nanoplastics and phthalate esters on human lung epithelial A549 cells and its mechanism. Ecotoxicol Environ Saf. (2021) 213:112041. doi: 10.1016/j.ecoenv.2021.112041 

 24. Goodman, KE, Hare, JT, Khamis, ZI, Hua, T, and Sang, QA. Exposure of human lung cells to polystyrene microplastics significantly retards cell proliferation and triggers morphological changes. Chem Res Toxicol. (2021) 34:1069–81. doi: 10.1021/acs.chemrestox.0c00486 

 25. Calcabrini, A, Meschini, S, Marra, M, Falzano, L, Colone, M, De Berardis, B , et al. Fine environmental particulate engenders alterations in human lung epithelial A549 cells. Environ Res. (2004) 95:82–91. doi: 10.1016/j.envres.2003.07.011 

 26. Kim, W, Jeong, SC, Shin, C, Mi-K, S, Cho, Y, Lim, J-H , et al. A study of cytotoxicity and genotoxicity of particulate matter (PM2.5) in human lung epithelial cells (A549). Mol Cell Toxicol. (2018) 14:163–72. doi: 10.1007/s13273-018-0018-0


 27. Shahzadi, C, Di Serafino, A, Aruffo, E, Mascitelli, A, and Di Carlo, P. A549 as an in vitro model to evaluate the impact of microplastics in the air. Biology. (2023) 12:1243. doi: 10.3390/biology12091243 

 28. Corsaro, A, Paludi, D, Villa, V, D'Arrigo, C, Chiovitti, K, Thellung, S , et al. Conformation dependent pro-apoptotic activity of the recombinant human prion protein fragment 90-231. Int J Immunopathol Pharmacol. (2006) 19:339–56. doi: 10.1177/039463200601900211 

 29. Cory, AH, Owen, TC, Barltrop, JA, and Cory, JG. Use of an aqueous soluble tetrazolium/formazan assay for cell growth assays in culture. Cancer Commun. (1991) 3:207–12. doi: 10.3727/095535491820873191 

 30. De Simone, A, La Pietra, V, Betari, N, Petragnani, N, Conte, M, Daniele, S , et al. Discovery of the first-in-class GSK-3β/HDAC dual inhibitor as disease-modifying agent to combat Alzheimer's disease. ACS Med Chem Lett. (2019) 10:469–74. doi: 10.1021/acsmedchemlett.8b00507 

 31. Milillo, C, Falcone, L, Di Carlo, P, Aruffo, E, Del Boccio, P, Cufaro, MC , et al. Ozone effect on the inflammatory and proteomic profile of human macrophages and airway epithelial cells. Respir Physiol Neurobiol. (2023) 307:103979. doi: 10.1016/j.resp.2022.103979


 32. Su, C, Wang, P, Jiang, C, Ballerini, P, Caciagli, F, Rathbone, MP , et al. Guanosine promotes proliferation of neural stem cells through cAMP-CREB pathway. J Biol Regul Homeost Agents. (2013) 2013:673–80.


 33. Kelts, JL, Cali, JJ, Duellman, SJ, and Shultz, J. Altered cytotoxicity of ROS-inducing compounds by sodium pyruvate in cell culture medium depends on the location of ROS generation. Springerplus. (2015) 4:269. doi: 10.1186/s40064-015-1063-y 

 34. Thannickal, VJ, and Fanburg, BL. Reactive oxygen species in cell signaling. Am J Physiol Lung Cell Mol Physiol. (2000) 279:L1005–28. doi: 10.1152/ajplung.2000.279.6.L1005


 35. Juarez, JC, Manuia, M, Burnett, ME, Betancourt, O, Boivin, B, Shaw, DE , et al. Superoxide dismutase 1 (SOD1) is essential for H2O2-mediated oxidation and inactivation of phosphatases in growth factor signaling. Proc Natl Acad Sci USA. (2008) 105:7147–52. doi: 10.1073/pnas.0709451105 

 36. Rotunno, MS, and Bosco, DA. An emerging role for misfolded wild-type SOD1 in sporadic ALS pathogenesis. Front Cell Neurosci. (2013) 7:253. doi: 10.3389/fncel.2013.00253 

 37. Yang, S, Ouyang, J, Lu, Y, Harypursat, V, and Chen, Y. A dual role of Heme Oxygenase-1 in tuberculosis. Front Immunol. (2022) 13:842858. doi: 10.3389/fimmu.2022.842858 

 38. Wilks, A
. Heme oxygenase: evolution, structure, and mechanism. Antioxid Redox Signal. (2002) 4:603–14. doi: 10.1089/15230860260220102 

 39. Nelson, G, Wordsworth, J, Wang, C, Jurk, D, Lawless, C, Martin-Ruiz, C , et al. A senescent cell bystander effect: senescence-induced senescence. Aging Cell. (2012) 11:345–9. doi: 10.1111/j.1474-9726.2012.00795.x 

 40. Coppé, JP, Kauser, K, Campisi, J, and Beauséjour, CM. Secretion of vascular endothelial growth factor by primary human fibroblasts at senescence. J Biol Chem. (2006) 281:29568–74. doi: 10.1074/jbc.M603307200 

 41. Dong, M, Yang, L, Qu, M, Hu, X, Duan, H, Zhang, X , et al. Autocrine IL-1β mediates the promotion of corneal neovascularization by senescent fibroblasts. Am J Physiol Cell Physiol. (2018) 315:C734–43. doi: 10.1152/ajpcell.00205.2017 

 42. Cesta, MC, Zippoli, M, Marsiglia, C, Gavioli, EM, Mantelli, F, Allegretti, M , et al. The role of Interleukin-8 in lung inflammation and injury: implications for the management of COVID-19 and hyperinflammatory acute respiratory distress syndrome. Front Pharmacol. (2022) 12:808797. doi: 10.3389/fphar.2021.808797 

 43. Nagant, C, Ponthieux, F, Smet, J, Dauby, N, Doyen, V, Besse-Hammer, T , et al. A score combining early detection of cytokines accurately predicts COVID-19 severity and intensive care unit transfer. Int J Infect Dis. (2020) 101:342–5. doi: 10.1016/j.ijid.2020.10.003 

 44. Qu, M, Qiu, Y, Kong, Y, and Wang, D. Amino modification enhances reproductive toxicity of nanopolystyrene on gonad development and reproductive capacity in nematode Caenorhabditis elegans. Environ Pollut. (2019) 254:112978. doi: 10.1016/j.envpol.2019.112978


 45. Li, J, Huang, F, Zhang, G, Zhang, Z, and Zhang, X. Separation and flow cytometry analysis of microplastics and nanoplastics. Front Chem. (2023) 11:1201734. doi: 10.3389/fchem.2023.1201734 

 46. Prata, JC, da Costa, JP, Lopes, I, Duarte, AC, and Rocha-Santos, T. Environmental exposure to microplastics: An overview on possible human health effects. Sci Total Environ. (2020) 702:134455. doi: 10.1016/j.scitotenv.2019.134455 

 47. Ryter, SW, Kim, HP, Hoetzel, A, Park, JW, Nakahira, K, Wang, X , et al. Mechanisms of cell death in oxidative stress. Antioxid Redox Signal. (2007) 9:49–89. doi: 10.1089/ars.2007.9.49


 48. Gobi, N, Vaseeharan, B, Rekha, R, Vijayakumar, S, and Faggio, C. Bioaccumulation, cytotoxicity and oxidative stress of the acute exposure selenium in Oreochromis mossambicus. Ecotoxicol Environ Saf. (2018) 162:147–59. doi: 10.1016/j.ecoenv.2018.06.070 

 49. Gopi, N, Vijayakumar, S, Thaya, R, Govindarajan, M, Alharbi, NS, Kadaikunnan, S , et al. Chronic exposure of Oreochromis niloticus to sub-lethal copper concentrations: effects on growth, antioxidant, non-enzymatic antioxidant, oxidative stress and non-specific immune responses. J Trace Elem Med Biol. (2019) 55:170–9. doi: 10.1016/j.jtemb.2019.06.011 

 50. Hu, M, and Palić, D. Micro- and nano-plastics activation of oxidative and inflammatory adverse outcome pathways. Redox Biol. (2020) 37:101620. doi: 10.1016/j.redox.2020.101620 

 51. An, R, Wang, X, Yang, L, Zhang, J, Wang, N, Xu, F , et al. Polystyrene microplastics cause granulosa cells apoptosis and fibrosis in ovary through oxidative stress in rats. Toxicology. (2021) 449:152665. doi: 10.1016/j.tox.2020.152665 

 52. Hou, J, Lei, Z, Cui, L, Hou, Y, Yang, L, An, R , et al. Polystyrene microplastics lead to pyroptosis and apoptosis of ovarian granulosa cells via NLRP3/Caspase-1 signaling pathway in rats. Ecotoxicol Environ Saf. (2021) 212:112012. doi: 10.1016/j.ecoenv.2021.112012 

 53. Li, Z, Zhu, S, Liu, Q, Wei, J, Jin, Y, Wang, X , et al. Polystyrene microplastics cause cardiac fibrosis by activating Wnt/β-catenin signaling pathway and promoting cardiomyocyte apoptosis in rats. Environ Pollut. (2020) 265:115025. doi: 10.1016/j.envpol.2020.115025 

 54. Jung, BK, Han, SW, Park, SH, Bae, JS, Choi, J, and Ryu, KY. Neurotoxic potential of polystyrene nanoplastics in primary cells originating from mouse brain. Neurotoxicology. (2020) 81:189–96. doi: 10.1016/j.neuro.2020.10.008 

 55. Ou, L, Song, B, Liang, H, Liu, J, Feng, X, Deng, B , et al. Toxicity of graphene-family nanoparticles: a general review of the origins and mechanisms. Part Fibre Toxicol. (2016) 13:57. doi: 10.1186/s12989-016-0168-y 

 56. Birch, J, and Gil, J. Senescence and the SASP: many therapeutic avenues. Genes Dev. (2020) 34:1565–76. doi: 10.1101/gad.343129.120 

 57. Dimri, GP, Lee, X, Basile, G, Acosta, M, Scott, G, Roskelley, C , et al. A biomarker that identifies senescent human cells in culture and in aging skin in vivo. Proc Natl Acad Sci USA. (1995) 92:9363–7. doi: 10.1073/pnas.92.20.9363 

 58. He, RW, Braakhuis, HM, Vandebriel, RJ, Staal, YCM, Gremmer, ER, Fokkens, PHB , et al. Optimization of an air-liquid interface in vitro cell co-culture model to estimate the hazard of aerosol exposures. J Aerosol Sci. (2021) 153:105703. doi: 10.1016/j.jaerosci.2020.105703 

 59. Rochman, CM, Brookson, C, Bikker, J, Djuric, N, Earn, A, Bucci, K , et al. Rethinking microplastics as a diverse contaminant suite. Environ Toxicol Chem. (2019) 38:703–11. doi: 10.1002/etc.4371 


Copyright
 © 2024 Milillo, Aruffo, Di Carlo, Patruno, Gatta, Bruno, Dovizio, Marinelli, Dimmito, Di Giacomo, Paolini, Pesce and Ballerini. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpubh-12-1385387-g005.jpg
(fold change vs control)

PS-NPs 10 ug/mL

Bc e
: s
3 Fis
R v A e
sp3 100 g/t 7505 500 g/l
IS IS
% | & ¥

»
°

o

°

o
o

o
°

T e

2h

CASP3
(fold change vs control)

o

T

2h

% of apoptotic cells

25:

20;

15:

10:

o= cR

1 PS-NPs 10ugimL.
=1 PS-NPs 100ug/mL
B PS-NPs 500ug/mL

-
96h
E
_ 25
£
£ 20
o
=
N 215
28
@ "
£1.0 -
<
o
5 05
£
0.0

2h





OPS/images/fpubh-12-1385387-g006.jpg
Control cells PS-NPs treated cells






OPS/images/fpubh-12-1385387-g003.jpg
SOD2

3 PS-NPs 100ug/mL
Bl PS-NPs 500ug/mL

3 PS-NPs 10pg/mL

0 CTR

SOoD1

48h

x £ * £
5
M . )
o w < 0 e o w ] o 3
o - - o o o~ - - c o
a |013u02 A 8BuBYD PO} * T 1013u09 $A 86ueyo pjoy
o
N o b
.
& ~
o w 2 0 S < w 2 w S
SEENENERE: S 8 8 & 2
%) |013u0D sA 8Bueyd pjoy. %) 101U SA 8BUEBYD PIo}
' “ =
= % “._
. 2 +f N
————] — ST L & &
e w e 3 e S w0 ] L] o o - - )
& < < s s < < 8 S {oG9 s oBUED ploj
o 1013u00 A 3BUEYD PIO}. M w 1013u0d $A 9BUBYD PIO}. o
o 2 = N
L 4
- L. £
: f— L E—
. ;
A —] | E—
o w ] w o < © ] w >
S = oz B o2 3 2 9 =
o "3 o 0 ) w 1013u05 $A 8BUBYD Plo} - 1013u0 A 3BuEYD PO}
S s & o3

< |013U0 $A 3BUEY IO}





OPS/images/fpubh-12-1385387-g004.jpg
= PS-NPs 10pg/mL
1 PS-NPs 100pg/mL
Bl PS-NPs 500ug/mL

04 CTR

* =
]
4 <
T T 1
- °

o (1o13u09 sA abueyd pjoy)
Vi

< © ~ - o

o (jos3u0d sa abueyo pjoy)
VINXMAO

=

Ami\m«_:z wu:wuwwS:: m>_uu_wmv
asepisojoe|eb-g-ys

48h

<

48h

© ~ - o

w (jo13u09 sA abueyd pjoy)
870X2/8-1l

< © ~ - °

w (]013u0d sA abueyd pjoy)
9

® ~ -
_9_«:3 sA aBuey? pjoy)
a

48h

o





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Polystyrene nanoplastics mediate oxidative stress, senescence, and apoptosis in a human alveolar epithelial cell line



		1 Introduction



		2 Materials and methods



		2.1 Materials



		2.2 Cell culture



		2.3 Cell viability



		2.4 ROS production



		2.5 Quantification of IL-8/CXCL8 levels



		2.6 RNA extraction and qRT-PCR



		2.7 Senescence detection



		2.8 Assessment of protein levels by Western blot analysis



		2.9 Flow cytometry analyses



		2.10 Dynamic light scattering (DLS)



		2.11 Transmission electron microscopy (TEM)



		2.12 Statistical analysis









		3 Results



		3.1 Exposure to PS-NPs affects cell viability



		3.2 Exposure to PS-NPs induces oxidative stress



		3.3 Exposure to PS-NPs induces cellular senescence



		3.4 Exposure to PS-NPs induces cellular apoptosis



		3.5 Cellular uptake of PS-NPs









		4 Discussion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fpubh-12-1385387-g001.jpg
H
]

S
s
B3

o
7]
H
c
&
8
&

120
100
80
60
40

20

CTR
PS-NPs 10 pg/mL
PS-NPs 25 pg/mL
PS-NPs 50 pg/mL
PS-NPs 100 pg/mL
PS-NPs 250 pg/mL
PS-NPs 500ug/mL






OPS/images/fpubh-12-1385387-g002.jpg
H,0, (uM, mean + SD)

3 CTR
= PS-NPs 10 pg/mL
Hl PS-NPs 25 ng/mL
Bl PS-NPs 50 pg/mL
= PS-NPs 100 pg/mL
Bl PS-NPs 250 pg/mL
Bl PS-NPs 500 pg/mL

100

80+

60+

40+

20 .

0 T Il r [

24h 48h

96h





OPS/images/cover.jpg
& frontiers | Frontiers in Public Health

Polystyrene nanoplastics mediate
oxidative stress, senescence, and
apoptosis in a human alveolar
epithelial cell line












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Public Health






