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Plastic pollution is becoming a worldwide crisis. It can be found in all environmental matrices, from the seas to the oceans, from dry land to the air we breathe. Because of the various types of plastic polymers and waste degradation methods, the types of plastic particles we are exposed to are quite diverse. Plants and animals are continuously exposed to them, and as the top of the food chain, humans are as well. There are numerous studies that confirm the toxicity of these contaminants, yet there is still a significant vacuum in their epigenetics effects and gene expression modifications. Here we collect studies published to date on the epigenetics effects and gene expression modulation induced by micro and nanoplastics. Although published data are still scarce, it is becoming evident that micro- and nanoplastics, whether acutely or chronically administered, do indeed cause such changes in various model organisms. A future challenge is represented by continuing and deepening these studies to better define the molecular mechanisms underlying the observed toxic effects and above all to translate these results to humans to understand their impact on health.
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INTRODUCTION
Although plastic pollution has only recently achieved media notoriety, in the scientific literature, the negative impact of this environmental contamination on living organisms has been known since 1969, when two scientists first described the effects on seabirds of plastic fragments (Kenyon et al., 1969). In the paper, the authors found in more than 70 out of 100 Albatrosses about 2 g of plastic residues identifying toys, pouches and caps. The researchers hypothesized unintentional ingestion by the Albatrosses while fishing and consequently death from digestive and airway obstruction. By 2023, about 170 trillion plastic residues were estimated to be floating in the seas and oceans (Eriksen et al., 2023) subjected to transport by currents that concentrate them in areas of higher density, which can lead to the formation of large plastic islands varying greatly in concentrations in different areas of the Planet (Huserbråten et al., 2022).
Today, a term called “plasticosis” has been coined investigating the sequential effects, mainly fibrosis, that occur in seabirds due to ingestion of plastics (Charlton-Howard et al., 2023). The Shearwaters (Ardenna carneipes), collected dead, were analyzed for plastic ingestion and for plastic-induced fibrosis in the proventriculus by histopathological analysis. On a scale with grade zero no effect, going up one begins to observe progressive thinning of the collagen layer and increased disorganization of the submucosa and tubular glands of the proventriculus until the last grade, the fifth, with a total loss of the structure of the tubular glands and total disorganization of the submucosa. The authors concluded that the extent and severe presence of fibrosis is a consequence of plastic ingestion. It would be interesting to extend the study to other animal models to see if the term “plasticosis” can also be used more extensively on other organisms.
Once plastic waste is dispersed into the environment, it undergoes the action of chemical and physical processes that lead to degradation with the formation of fragments of various sizes (Figure 1A) (Lambert et al., 2016a; Lambert et al., 2016b). Degradation mechanisms are triggered by different factors, e.g., salinity, UV, physical interactions, and oxidation and generally lead to the formation of chains of radical reactions with release of small fragments (Gewert et al., 2015). Recently, an interesting publication indicates also biological factors, such as the ingestion of microplastics in crustaceans, as promoters of the degradation process (Dawson et al., 2018). Nowadays, there is still no legislative classification for plastic pollution, therefore the scientific community follows the general classification assigned to micro- and nanomaterials. Specifically, nanoplastics (NPs) include fragments of size between 1 and 100 nm, microplastics (MPs) between 101 μm and 5 mm and macroplastics if larger. Sometimes it is also included the term mesoplastics to refer to those between 1 and 5 mm (Ng et al., 2018). To follow the most recent publications on marine concentrations of MPs, a database has recently been developed that illustrates the results directly on a global map and shows how concentrations vary worldwide (Čerkasova et al., 2023). For NPs, there are still no widespread technologies for routine capillary sampling other than complex systems that, however, belong to only a few laboratories (Cerasa et al., 2021; Mariano et al., 2021). Although many cited works refer to aquatic matrices and organisms, plastic pollution is also a widespread phenomenon on lands (Hu et al., 2022). Even the air we breathe can contain traces of plastic fragments formed by aerosolization of polluted water or from emissions from motor vehicles or industrial processes in a wide variety of shapes and sizes (Abbasi et al., 2019; Allen et al., 2019; Bhat et al., 2023). In addition, the progressive accumulation of plastic waste can be used by geologists to identify our Era, as a stratigraphic indicator (Zalasiewicz et al., 2016).
[image: Figure 1]FIGURE 1 | (A) Schematic representation of MPs and NPs formation and general toxicity in exposed living organisms. (B) Brief summary of epigenetic and gene expression modifications in different model systems.
The growing need to understand the effects of plastic pollution and to standardise knowledge of their impact on our health makes it essential to continue and deepen studies on this global environmental problem.
The topic of this mini-review is to collect published literature on the epigenetic alterations and gene expression modulation induced by MPs and NPs.
General effects
The adverse effects induced by MPs and NPs were recently summarized by the World Health Organization (WHO) report manifesting the need to define the risk to which humans have been exposed for decades (WHO, 2022). Many studies have been carried out in vitro and reported a reduced cell viability likely caused by oxidative stress with increase in Reactive Oxygen Species (ROS) and detoxifying enzymes such as catalase, superoxide dismutase 1 and 2, and glutathione peroxidase. Increased levels of inflammation markers such as interleukins and TGF β were also observed (Hwang et al., 2019; Rubio et al., 2020). This stress in turn led to genotoxic damage assessed by comet and micronuclei assays (references in Table 1). In order to investigate the effects on organism level, several in vivo studies have been performed that show that MPs and NPs accumulate mainly in liver and fatty tissues indicating that they cross tissue barriers reaching different organs. The effects observed in vivo follow similar trends to those on cells (references in Table 1). More specific effects on complex organism’s aspects such as behavior, immune response, nervous system and microbiota, just to mention a few, were also observed.
TABLE 1 | Summarizes in vitro and in vivo general effects and related references.
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Epigenetics studies heritable effects that do not involve mutations in the DNA sequence. Epigenetics is closely linked to developmental processes and explains how an identical set of genomic instructions can give rise to the plethora of cells in a single organism. Epigenetics, turning on and off the expression of certain genes, drives the developmental processes controlling cells and tissues differentiation (Holiday, 2006). Moreover, epigenetics, through molecular processes, determines the plasticity of living organisms towards their environment allowing them to respond to many different external cues and stimuli. The first epigenetic mechanisms discovered are DNA methylation and histone modifications (Li, 2021). DNA methylation is still the analysis most frequently applied as well as the first to be historically characterized (Mattei et al., 2022). Histone modifications are more complex since not only there are different types of histones, but they can go through many types of modifications, e.g., methylation, phosphorylation and acetylation (Stillman, 2018).
Environmental epigenetics deals with the study of epigenetic alterations caused by environmental factors (Bollati and Baccarelli, 2010). For instance, it has been seen how some crustacean species respond to rising water temperatures by modulating genes involved in temperature stress response demethylating and acetylating histones (Hofmann, 2017; Eirin Lopez and Putnam, 2019). Several studies have proved that environmental pollutants can induce epigenetic modifications. A well-known example is the arsenic that induces several pathologies like cardiovascular diseases and cancer caused by general DNA hypomethylation due to arsenic detoxification pathway (Arita and Costa, 2009; Domingo-Relloso et al., 2022; Kirtana and Seetharaman, 2022). Epigenetics linked to MPs and NPs represent a research field of growing interest. Here, we collect published literature on the epigenetic alterations and gene expression modulation induced by MPs and NPs.
It has been widely documented that nanomaterials in general cause changes in gene expression in several exposed organisms, from microrganisms to plants, especially if the particles are charged or metal (Van Aken, 2015). For instance, Kaveh et al. (2013) demonstrated that exposure of A. thaliana to Ag nanoparticles increased plant growth at low doses and decreased plant growth at higher doses. Genes associated to metal and oxidative stress response were up-regulated while genes involved to pathogens and hormonal stimuli response were down-regulated. Changes in gene expression due to exposure to nanomaterials are also frequently reported in animal models where many biological processes are studied using molecular markers related to oxidative stress, cell metabolism, DNA repair and cell cycle regulation (Burkard et al., 2020).
PLANTS
The impacts of pollutants on plants are particularly important since they are crucial components in the ecology of an environment (Barton et al., 2019; Yin et al., 2021). Frequently observed outcomes of the MPs and NPs exposure in plants are reduced nutrient uptake from soil and photosynthesis rate (Matthews et al., 2021; Karalija et al., 2022). MPs, according to their size, usually cannot be absorbed by plant root systems, but recent data show that they might enter plant tissues through stomata. Conversely, NPs can easily enter the plant root system and cases of transport through the xylem to the upper parts of the plant have been recorded (Karalija et al., 2022).
In addition to the toxicity mechanisms described before, it has been shown that MPs and NPs can also induce alterations in gene expression in various plants. Lagarde et al. (2016) showed that in the microalga Chlamydomonas reinhardtii, polypropylene and high-density polyethylene MPs of sizes 400 and 1,000 μm (100 mg in both conditions) tend to form alga-MPs aggregates. Since it is known that extracellular polysaccharides (EPS) provides an attractive force that enhance aggregation of cells to abiotic surfaces, the authors measured RNA levels of genes involved in sugar biosynthesis pathways, such as upregulation of UDP-glucuronate decarboxylase and UDP-glucose-4-epimerase involved in xylose biosynthesis and a reduction for UDP-glucose-4-6-dehydratase. The expression of these genes was studied by quantitative Real Time-PCR (qRT-PCR) and interestingly they found that polyethylene appears to over-express these genes more than polypropylene.
In Allium cepa, a reduction in mitotic rate was observed in root cells, due to a dose-dependent (100 nm nanopolystyrene in different concentrations 25, 50, 100, 200, and 400 mg/L) decrease in gene expression of the G2-M transition factor cdc2 by qRT-PCR (Maity et al., 2020).
Sun et al. (2020) observed in A. thaliana that the administration of micro- and nanopolystyrene (less than 100 nm for NPs and between 0.1 and 5 mm for MPs) results in decreased root growth and elongation. A RNA-seq analysis showed that positive charged NP cause a more pronounced global gene expression alteration. More specifically, downregulation of genes involved in metabolic processes such as ROS, stimuli and stress responses was found for both charged NPs. A difference in upregulated gene expression was observed based on NPs charges.
The aforementioned results suggest that chemical composition of MPs and NPs could influence the biological effects and/or their intensity.
In wheat (Triticum aestivum L.), Lian et al. (2022) used integrated differentially expressed gene analysis and weighted correlation network analysis (WGCNA) to analyse the molecular mechanisms of NPs phytotoxicity. They found that 100 nm NPs (concentrations of 0.01, 0.1, 1, and 10 mg/L) significantly altered carbon metabolism, aminoacid biosynthesis, mitogen-activated protein kinase (MAPK) signaling pathway, hormone signal transduction potentially leading to a reduction in biomass and compromising food yield and quality.
Nowadays, to our knowledge, well-defined epigenetics effects of MPs and NPs on plants are not reported in the scientific literature.
ANIMALS
Studies on epigenetic alterations in animals are more advanced than those in plants, but still very few in numbers. The standard organism used for pollutant toxicity studies is Daphnia magna (Lee et al., 2009; Pellegri et al., 2014).
Martins et al. (2018) demonstrated that exposure to 0.1 mg/L of 1–5 μm diameter polymer MPs from parental generation can impair survival of subsequent generations that may lead to an increased probability of extinction across generations. However, no molecular analyses have been carried out to determine possibly epigenetic causes, but the effects observed in the parental generation after exposure, which manifest themselves again in subsequent filial generations after a recovery period, in our opinion, support a possible epigenetic mechanism as a memory of parental exposure (Müller-Xing et al., 2014). If the observed effects on next generations, were caused by a DNA mutation, no recovery period would be expected. However this possibility cannot be ruled out.
Another validated bio-indicator of environmental stress are copepods being the main components of the freshwater interstitial communities (Di Cicco et al., 2021; Roncalli et al., 2021). In recent work by Lee et al. (2023), P. nana species were chronically exposed to 50 nm nanopolystyrene at a concentration of 10 mg/L. Multigenerational and transgenerational effects were evaluated in the study along with simultaneous presence of other environmental stresses such as water acidification (pH ranging from 7.0 to 8.0). The first result is that the co-presence of NPs and a second stress such as lower marine water pH led to a reduction in fertility in all exposed generations. Interestingly this fertility reduction was also observed in subsequent generations when only the parental generation was co-exposed. The authors, by whole-genome bisulfite sequencing, detected an increased DNA methylation in several genes (347 genes in the group in which each generation was exposed to NPs and 383 in the one where only the parental one was exposed) including those involved in responses to thermal stress, oxidative stress and cell death.
Among invertebrates, Caenorhabditis elegans is widely used to assess MPs and NPs toxicity. Yu et al. (2021) exposed the worm to 100 nm nanopolystyrene at a concentration of 50 mg/L for 72 h. In addition to numerous chromosomal aberrations during oocyte diakinesis and germline cell apoptosis, they observed transgenerational effects. Accordingly, significant levels of increased mRNA level of ced-3, −4, −9, genes involved in the process of apoptosis, were maintained for 4 generations after parental NPs exposure. The increased gene expression was associated to a DNA hypomethylation (by pyrosequencing) of proximal promoter of ced-3 gene in all four generations. In the same study, by qRT-PCR analysis the researchers also observed a reduced transcription of epigenesis-related genes such as met-2, set-2 and spr-5. They concluded that trans-generational effects is associated with epigenetic mechanisms. Wang et al (2021) exposed the worms to concentrations from 1 to 100 μg/L of 103 nm NPs and by qRT-PCR, observed reduced expression of methyltransferases met-2 and set-16. The involvement of the epigenetic mechanism in the response of C. elegans to NPs (100 nm) was confirmed by Qu et al. (2019). In Hiseq 2000 sequencing, a deregulation of 37 intergenic lncRNAs were found and specifically a downregulation of linc-50 and an increase in linc-2, linc-9, linc-18 and linc-61. These lncRNAs are associated with a high number of biological processes such as development, immune system responses, cell proliferation. Li et al. (2020) using an intestinal specific mutant mir-35 identified a signaling cascade of NDK-1-DAF-16/KSR-1/2 for the epigenetic control of toxicity response to nanopolystyrene (1, 10, 100, and 1000 μg/L of 100 nm). Moreover, other miRNAs, mir-76, mir-38 and mir-794, have been linked in C. elegans to defects in homeostasis and gut response following nanopolystyrene exposure (Qiu Y. et al., 2020; Yang et al., 2020; Liu H. et al., 2021).
In Drosophila melanogaster, Zhang et al. (2020) studied the combination of MPs with the environmental contaminant Cadmium (Cd). Several combination of NPs and Cd were used: negative control group, MP(L) group (containing 200 μg/mL 1-μm MPs), MP(S) group (containing 200 μg/mL 0.1-μm MPs), Cd group (1.5 mM Cd), Cd + MP(L) group (containing 1.5 mM Cd and 200 μg/mL 1-μm MPs), and Cd + MP(S) group (containing 1.5 mM Cd and 200 μg/mL 0.1-μm MPs). Position-effect variegation (PEV) is a marker of gene silencing via heterochromatin spreading in Drosophila and it is caused from loss of epigenetic modifications, such as histone methylation and acetylation (Elgin and Reuter, 2013; Wang and Elgin, 2019). Cadmium alone induces gene silencing via PEV in somatic eye tissue. Although MPs alone does not induce PEV, in combination with Cd, PEV is enhanced. A mechanism involved in this effect could be DNA methylation as shown in Guan et al. (2019). To date, this work represents the first and unique that indicates a role of MPs to induce chromatin structure changes and therefore epigenetic alterations in fruit fly. With regard to gene expression, recent work (Matthews et al., 2021) shows that exposure to MPs and NPs of polystyrene does not alter the expression of genes involved in oxidative stress but results in a significant upregulation of the hsp70 gene, which in Drosophila is induced by various physical, physiological and chemical stressors.
In Danio rerio, Qiang et al. (2020) to identify potential transgenerational effects on offspring generation, studied the expression of fish gonad-related genes. In particular, by qRT-PCR an increase in the mRNA expression of hmgcra, hmgcrb and hsd3b2 genes at 1,000 μg/L with 1 μm sized microplastics. Despite the changes in the expression of steroidogenic genes, they found no alteration in parental reproductive success and growth performance of offspring. Santos et al. (2022) observed a generalized reduction of survival and increased mortality after sub-chronic exposure to MPs and Cu alone and in combination. The authors investigated their impact on neuro-related genes and DNA methyltransferases and suggest that MPs and Cu, combined or not, can induce neurotoxicity by altering neural self-renewal, proliferation, differentiation and maturation related genes. Furthermore, they found reduced expression of DNA methyl transferases, known to be important factors in nerve development. Since the two classes of gene modulation cannot be directly linked going in opposite directions, the authors suggest the involvement of another molecular mechanism to be identified.
Pedersen et al. (2020) exposed fish to 10, 100, 1,000, and 10,000 ppb concentrations of 50 and 200 nm nanopolystyrene. They found significant hyperactivity compared to the negative control during hours of darkness associated with pathways related to nerve and movement diseases. In particular, by RNA Quant-Seq analysis differences were found in the expression of GABA channels as the likely cause of behavioral disorders. In addition, genes associated with lipid catabolism such as ppar and aco showed an initial increase with a subsequent decrease as concentrations rose (Cedervall et al., 2012).
Recently, interesting studies in mammals on transgenerational effects of MPs and NPs have been published. (Luo et al., 2019a; Luo et al., 2019b) investigated the effect of plastics during gestation and evaluated the potential effects on the mice offspring. A serum analysis of the metabolites showed an alteration of the molecules related to the metabolism of lipids and fatty acids together with a reduction in the weight of the offspring. Thus, using qRT-PCR, they found that genes regulating fatty acid transport (Fabp1, Fatp2), β-oxidation (Ppar-α, Acox, Cpt1-α, Mcad) and fatty acid synthesis (Srebp1c, Fas, Acl, Scd1) were significantly decreased in MPs-treated groups of F1 offspring (polystyrene MPs sizes 0.5 and 5 μm in diameter and 100 and 1,000 μg/L in drinking water). To evaluate the long-term consequences induced by MPs, the same authors analysed the transcriptome also in F2 generation. The effects found in F2 were much lower than those F1 offspring, although some genes were still significantly altered. These results show that there are still hidden molecular mechanisms that can cause adverse effects even in individuals not directly exposed through pathways yet to be determined.
In a recent study (Xiong et al., 2023), mice were exposed to 80 nm, 0.5 and 5 μm (100 mg/L) MPs and changes of renal fibrosis were also investigated. By RNA-Seq, about 70 genes associated with lipid storage, cellular response, and circadian regulation were differentially expressed in all sized MPs. In this work, the authors highlighted MPs as a potential important risk factor in kidney disease. Moreover, Thorson et al. (2021) studied in rats the transgenerational epigenetic effects induced by associated plastic compounds, including bisphenol A (BPA) di-(2-ethylhexyl) phthalate (DEHP), and dibutyl phthalate (DBP). They observed in males sperm changes in the methylation pattern, by Methylated DNA Immunoprecipitation-Seq Analysis, in genes associated with kidney and testicular diseases. Compounds were injected in different conditions: BPA 25 mg/kg BW/day, DEHP 375 mg/kg BW/day, and DBP 33 mg/kg BW/day) or vehicle control dimethyl sulfoxide (DMSO).
DISCUSSION
The widespread plastic waste emergency is now public knowledge. It is crucial to understand not only the general direct and immediate effects on living beings, but also the underlying molecular mechanisms and potential transgenerational implications. Here, we focused on epigenetics and gene expression modulation induced by MPs and NPs. To underline the importance of epigenetics responses, it is worth emphasising that epigenetics mechanisms are also associated with pathologies such as Alzheimer, Parkinson and cancer (Pavlou and Outeiro, 2017; Nebbioso et al., 2018; Migliore et al., 2022; Sahafnejad et al., 2023). Recent toxicogenomics investigations also discovered that epigenetic indicators of nanoparticles stress response were becoming more significant. For instance, it was seen that C2H2 zinc finger subfamily (C2H2-ZNF), that are central in regulating chromatin accessibility, is an evolutionary response shared by many organisms when exposed to nanomaterials to decrease their toxicity (Del Giudice et al., 2023). Considering that plastic fragments have now been found in various human districts such as lungs, placenta, and breast milk, this area of investigation assumes a key role (Ragusa et al., 2021; Jenner et al., 2022; Ragusa et al., 2022). Although few studies at present have addressed the epigenetics alterations of MPs and NPs (Lopez et al., 2022), it is becoming more evident the involvement of epigenetics on the effects observed in many model systems.
Among the mentioned papers in these review, it emerges alteration of epi-genes such as methyl-transferases and modulation of stress responses such as apoptosis and immune system. Between metabolic pathways, the lipid metabolism is affected in different animal organisms. For instance, the expression of the peroxisome proliferator-activated receptors ppar is altered both in zebrafish and mouse suggesting that metabolic energy imbalance is a common outcome of MPs and NPs exposure. Interestingly, the Shearwaters “plasticosis” was found similarly in mice indicating tissue fibrosis as another possible common outcome in vertebrates.
In recent years, there has been an improvement in sequencing techniques and bioinformatic tools/pipelines for analysing big “omics” data, but a challenge in plastics research area is the design of experiments. The environmental concentration, size and exposure pathways of MP and NPs have not been fully elucidated, so it is difficult to establish the best protocol to mimic real-life conditions and therefore extrapolate results for human health. Moreover, MPs have also been found in breast milk and placenta indicating that humans are continuously exposed even before their birth. From this perspective, the multi- and trans-generational studies are the most realistic approach.
Actions to clean up contaminated matrices and limit future plastic waste are crucial in addition to the research being done by the scientific community (Onyena et al., 2022).
Considering the ability of certain bacteria to bioremediate plastics, many studies have focused on exploiting these bacteria as a biotechnological opportunity for plastic polymer degradation and waste clean-up. (De Tender et al., 2017; Jacquin et al., 2019; Farda et al., 2022).
In conclusion, there is a need to better understand the toxicity mechanisms relating to MPs and NPs pollution, as well as to increase and improve useful technologies for cleaning environmental matrices, improve recycling laws, and most importantly, raise awareness among the general public worldwide, especially in developing nations (Meegoda and Hettiarachchi, 2023).
AUTHOR CONTRIBUTIONS
AP and MA contributed to conception and design. MA, AP, and PM reviewed the literature and wrote the draft of the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
Financial support for this research was provided by FFO funding by University of L’Aquila to AP.
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.
REFERENCES
 Abbasi, S., Keshavarzi, B., Moore, F., Turner, A., Kelly, F. J., Dominguez, A. O., et al. (2019). Distribution and potential health impacts of microplastics and microrubbers in air and street dusts from Asaluyeh County, Iran. Environ. Pollut. 244, 153–164. doi:10.1016/j.envpol.2018.10.039
 Alaraby, M., Villacorta, A., Abass, D., Hernández, A., and Marcos, R. (2023). The hazardous impact of true-to-life PET nanoplastics in Drosophila. Sci. Total Environ. 863, 160954. doi:10.1016/j.scitotenv.2022.160954
 Allen, S., Allen, D., Phoenix, V. R., Le Roux, G., Durántez Jiménez, P., Simonneau, A., et al. (2019). Atmospheric transport and deposition of microplastics in a remote mountain catchment. Nat. Geosci. 12, 339–344. doi:10.1038/s41561-019-0335-5
 Arita, A., and Costa, M. (2009). Epigenetics in metal carcinogenesis: nickel, arsenic, chromium and cadmium. Metallomics 1 (3), 222–228. doi:10.1039/b903049b
 Barton, P. S., Evans, M. J., Foster, C. N., Pechal, J. L., Bump, J. K., Quaggiotto, M. M., et al. (2019). Towards quantifying carrion biomass in ecosystems. Trends Ecol. Evol. 34 (10), 950–961. doi:10.1016/j.tree.2019.06.001
 Bhat, M. A., Gedik, K., and Gaga, E. O. (2023). Atmospheric micro (nano) plastics: future growing concerns for human health. Air Qual. Atmos. Health 16 (2), 233–262. doi:10.1007/s11869-022-01272-2
 Bollati, V., and Baccarelli, A. (2010). Environmental epigenetics. Hered. (Edinb) 105 (1), 105–112. doi:10.1038/hdy.2010.2
 Brandts, I., Garcia-Ordoñez, M., Tort, L., Teles, M., and Roher, N. (2020). Polystyrene nanoplastics accumulate in ZFL cell lysosomes and in zebrafish larvae after acute exposure, inducing a synergistic immune response: in vitro without affecting larval survival in vivo. Environ. Sci. Nano 7, 2410–2422. doi:10.1039/d0en00553c
 Burkard, M., Betz, A., Schirmer, K., and Zupanic, A. (2020). Common gene expression patterns in environmental model organisms exposed to engineered nanomaterials: A meta-analysis. Environ. Sci. Technol. 54 (1), 335–344. doi:10.1021/acs.est.9b05170
 Cedervall, T., Hansson, L. A., Lard, M., Frohm, B., and Linse, S. (2012). Food chain transport of nanoparticles affects behaviour and fat metabolism in fish. PLoS ONE 7:e32254. doi:10.1371/journal.pone.0032254
 Cerasa, M., Teodori, S., and Pietrelli, L. (2021). Searching nanoplastics: from sampling to sample processing. Polym. (Basel) 13 (21), 3658. doi:10.3390/polym13213658
 Čerkasova, N., Enders, K., Lenz, R., Oberbeckmann, S., Brandt, J., Fischer, D., et al. (2023). A public database for microplastics in the environment. A Public Database Microplastics Environ. Microplastics 2 (1), 132–146. doi:10.3390/microplastics2010010
 Charlton-Howard, H. S., Bond, A. L., Rivers-Auty, J., and Lavers, J. L. (2023). 'Plasticosis': characterising macro- and microplastic-associated fibrosis in seabird tissues. J. Hazard. Mater. 450, 131090. doi:10.1016/j.jhazmat.2023.131090
 Chen, Q., Gundlach, M., Yang, S., Jiang, J., Velki, M., Yin, D., et al. (2017). Quantitative investigation of the mechanisms of microplastics and nanoplastics toward zebrafish larvae locomotor activity. Sci. Total Environ. 584-585, 1022–1031. doi:10.1016/j.scitotenv.2017.01.156
 Choi, D., Bang, J., Kim, T., Oh, Y., Hwang, Y., and Hong, J. (2020). In vitro chemical and physical toxicities of polystyrene microfragments in human-derived cells. J. Hazard. Mater. 400, 123308. doi:10.1016/j.jhazmat.2020.123308
 Dawson, A. L., Kawaguchi, S., King, C. K., Townsend, K. A., King, R., Huston, W. M., et al. (2018). Turning microplastics into nanoplastics through digestive fragmentation by Antarctic krill. Nat. Commun. 9 (1), 1001. doi:10.1038/s41467-018-03465-9
 De Tender, C., Devriese, L. I., Haegeman, A., Maes, S., Vangeyte, J., Cattrijsse, A., et al. (2017). Temporal dynamics of bacterial and fungal colonization on plastic debris in the north sea. Environ. Sci. Technol. 51 (13), 7350–7360. doi:10.1021/acs.est.7b00697
 Del Giudice, G., Serra, A., Saarimäki, L. A., Kotsis, K., Rouse, I., Colibaba, S. A., et al. (2023). An ancestral molecular response to nanomaterial particulates. Nat. Nanotechnol. doi:10.1038/s41565-023-01393-4
 Deng, Y., Zhang, Y., Qiao, R., Bonilla, M. M., Yang, X., Ren, H., et al. (2018). Evidence that microplastics aggravate the toxicity of organophosphorus flame retardants in mice (Mus musculus). J. Hazard. Mater. 357, 348–354. doi:10.1016/j.jhazmat.2018.06.017
 Di Cicco, M., Di Lorenzo, T., Fiasca, B., Ruggieri, F., Cimini, A., Panella, G., et al. (2021). Effects of diclofenac on the swimming behavior and antioxidant enzyme activities of the freshwater interstitial crustacean Bryocamptus pygmaeus (Crustacea, Harpacticoida). Sci. Total Environ. 799, 149461. doi:10.1016/j.scitotenv.2021.149461
 Domingo-Relloso, A., Makhani, K., Riffo-Campos, A. L., Tellez-Plaza, M., Klein, K. O., Subedi, P., et al. (2022). Arsenic exposure, blood DNA methylation, and cardiovascular disease. Circ. Res. 131 (2), e51–e69. doi:10.1161/CIRCRESAHA.122.320991
 Eirin-Lopez, J. M., and Putnam, H. M. (2019). Marine environmental epigenetics. Annu. Rev. Mar. Sci. 11:335–368. doi:10.1146/annurev-marine-010318-095114
 Elgin, S. C., and Reuter, G. (2013). Position-effect variegation, heterochromatin formation, and gene silencing in Drosophila. Cold Spring Harb. Perspect. Biol. 5 (8), a017780. doi:10.1101/cshperspect.a017780
 Eriksen, M., Cowger, W., Erdle, L. M., Coffin, S., Villarrubia-Gómez, P., Moore, C. J., et al. (2023). A growing plastic smog, now estimated to be over 170 trillion plastic particles afloat in the world's oceans-Urgent solutions required. PLoS One 18 (3), e0281596. doi:10.1371/journal.pone.0281596
 Farda, B., Djebaili, R., Vaccarelli, I., Del Gallo, M., and Pellegrini, M. (2022). Actinomycetes from caves: an overview of their diversity, biotechnological properties, and insights for their use in soil environments. Microorganisms 10 (2), 453. doi:10.3390/microorganisms10020453
 Gewert, B., Plassmann, M. M., and MacLeod, M. (2015). Pathways for degradation of plastic polymers floating in the marine environment. Environ. Sci. Process. Impacts 17 (9), 1513–1521. doi:10.1039/c5em00207a
 Gopinath, P. M., Saranya, V., Vijayakumar, S., Mythili Meera, M., Ruprekha, S., Kunal, R., et al. (2019). Assessment on interactive prospectives of nanoplastics with plasma proteins and the toxicological impacts of virgin, coronated and environmentally released-nanoplastics. Sci. Rep. 9, 8860. doi:10.1038/s41598-019-45139-6
 Guan, D. L., Ding, R. R., Hu, X. Y., Yang, X. R., Xu, S. Q., Gu, W., et al. (2019). Cadmium-induced genome-wide DNA methylation changes in growth and oxidative metabolism in Drosophila melanogaster. BMC genomics 20 (1), 356. doi:10.1186/s12864-019-5688-z
 Hofmann, G. E. (2017). Ecological epigenetics in marine metazoans. Front. Mar. Sci. 4, 4. doi:10.3389/fmars.2017.00004
 Holliday, R. (2006). Epigenetics: A historical overview. Epigenetics 1 (2), 76–80. doi:10.4161/epi.1.2.2762
 Hu, K., Yang, Y., Zuo, J., Tian, W., Wang, Y., Duan, X., et al. (2022). Emerging microplastics in the environment: properties, distributions, and impacts. Chemosphere 297, 134118. doi:10.1016/j.chemosphere.2022.134118
 Huserbråten, M. B. O., Hattermann, T., Broms, C., and Albretsen, J. (2022). Trans-polar drift-pathways of riverine European microplastic. Sci. Rep. 12 (1), 3016. doi:10.1038/s41598-022-07080-z
 Hwang, J., Choi, D., Han, S., Choi, J., and Hong, J. (2019). An assessment of the toxicity of polypropylene microplastics in human derived cells. Sci. Total Environ. 684, 657–669. doi:10.1016/j.scitotenv.2019.05.071
 Jacquin, J., Cheng, J., Odobel, C., Pandin, C., Conan, P., Pujo-Pay, M., et al. (2019). Microbial ecotoxicology of marine plastic debris: A review on colonization and biodegradation by the "plastisphere. Front. Microbiol. 10, 865. doi:10.3389/fmicb.2019.00865
 Jenner, L. C., Rotchell, J. M., Bennett, R. T., Cowen, M., Tentzeris, V., and Sadofsky, L. R. (2022). Detection of microplastics in human lung tissue using μFTIR spectroscopy. Sci. Total Environ. 831, 154907. doi:10.1016/j.scitotenv.2022.154907
 Jin, Y., Lu, L., Tu, W., Luo, T., and Fu, Z. (2019). Impacts of polystyrene microplastic on the gut barrier, microbiota and metabolism of mice. Sci. Total Environ. 649, 308–317. doi:10.1016/j.scitotenv.2018.08.353
 Johnston, H. J., Semmler-Behnke, M., Brown, D. M., Kreyling, W., Tran, L., and Stone, V. (2010). Evaluating the uptake and intracellular fate of polystyrene nanoparticles by primary and hepatocyte cell lines in vitro. Toxicol. Appl. Pharmacol. 242, 66–78. doi:10.1016/j.taap.2009.09.015
 Karalija, E., Carbó, M., Coppi, A., Colzi, I., Dainelli, M., Gašparović, M., et al. (2022). Interplay of plastic pollution with algae and plants: hidden danger or a blessing?J. Hazard. Mater. 438, 129450. doi:10.1016/j.jhazmat.2022.129450
 Kaveh, R., Li, Y. S,, Ranjbar, S., Tehrani, R., Brueck, C. L., and Van Aken, B. (2013). Changes in Arabidopsis thaliana gene expression in response to silver nanoparticles and silver ions. Environ. Sci. Techol 47(18):10637–10644. doi:10.1021/es402209w
 Kawata, K., Osawa, M., and Okabe, S. (2009). In vitro toxicity of silver nanoparticles at noncytotoxic doses to HepG2 human hepatoma cells. Environ. Sci. Technol. 43, 6046–6051. doi:10.1021/es900754q
 Kenyon, K. W., and Kridler, E. (1969). Laysan Albatrosses swallow indigestible matter. Auk 86, 339–343. doi:10.2307/4083505
 Lagarde, F., Olivier, O., Zanella, M., Daniel, P., Hiard, S., and Caruso, A. (2016). Microplastic interactions with freshwater microalgae: hetero-aggregation and changes in plastic density appear strongly dependent on polymer type. Environ. Pollut. 215, 331–339. doi:10.1016/j.envpol.2016.05.006
 Lambert, S., and Wagner, M. (2016b). Characterisation of nanoplastics during the degradation of polystyrene. Chemosphere 145, 265–268. doi:10.1016/j.chemosphere.2015.11.078
 Lambert, S., and Wagner, M. (2016a). Formation of microscopic particles during the degradation of different polymers. Chemosphere 161, 510–517. doi:10.1016/j.chemosphere.2016.07.042
 Lee, S. W., Kim, S. M., and Choi, J. (2009). Genotoxicity and ecotoxicity assays using the freshwater crustacean Daphnia magna and the larva of the aquatic midge Chironomus riparius to screen the ecological risks of nanoparticle exposure. Environ. Toxicol. Pharmacol. 28 (1), 86–91. doi:10.1016/j.etap.2009.03.001
 Lee, Y. H., Kim, M. S., Lee, Y., Kim, D. H., and Lee, J. S. (2023). Nanoplastics induce epigenetic signatures of transgenerational impairments associated with reproduction in copepods under ocean acidification. J. Hazard. Mater. 449, 131037. doi:10.1016/j.jhazmat.2023.131037
 Lehner, R., Wohlleben, W., Septiadi, D., Landsiedel, R., Petri-Fink, A., and Rothen- Rutishauser, B. (2020). A novel 3D intestine barrier model to study the immune response upon exposure to microplastics. Arch. Toxicol. 94, 2463–2479. doi:10.1007/s00204-020-02750-1
 Lian, J., Liu, W., Sun, Y., Men, S., Wu, J., and Zeb, A. (2022). Nanotoxicological effects and transcriptome mechanisms of wheat (Triticum aestivum L.) under stress of polystyrene nanoplastics. Journal of Hazardous Materials 423 (Pt B), 127241. doi:10.1016/j.jhazmat.2021.127241
 Li, D., Yuan, Y., and Wang, D. (2020). Regulation of response to nanopolystyrene by intestinal microRNA mir-35 in nematode Caenorhabditis elegans. Sci. Total Environ. 736, 139677. doi:10.1016/j.scitotenv.2020.139677
 Li, Y. (2021). Modern epigenetics methods in biological research. Methods 187, 104–113. doi:10.1016/j.ymeth.2020.06.022
 Lim, S. L., Ng, C. T., Zou, L., Lu, Y., Chen, J., Bay, B. H., et al. (2019). Targeted metabolomics reveals differential biological effects of nanoplastics and nanoZnO in human lung cells. Nanotoxicology 13, 1117–1132. doi:10.1080/17435390.2019.1640913
 Liu, H., Zhao, Y., Bi, K., Rui, Q., and Wang, D. (2021). Dysregulated mir-76 mediated a protective response to nanopolystyrene by modulating heme homeostasis related molecular signaling in nematode Caenorhabditis elegans. Ecotoxicol. Environ. Saf. 212, 112018. doi:10.1016/j.ecoenv.2021.112018
 Liu, S., Wu, X., Gu, W., Yu, J., and Wu, B. (2020). Influence of the digestive process on intestinal toxicity of polystyrene microplastics as determined by in vitro Caco-2 models. Chemosphere 256, 127204. doi:10.1016/j.chemosphere.2020.127204
 López de las Hazas, M. C., Boughanem, H., and Dávalos, A. (2022). Untoward effects of micro- and nanoplastics: an expert review of their biological impact and epigenetic effects. Adv. Nutr. 13 (4), 1310–1323. doi:10.1093/advances/nmab154
 Luo, T., Wang, C., Pan, Z., Jin, C., Fu, Z., and Jin, Y. (2019b). Maternal polystyrene microplastic exposure during gestation and lactation altered metabolic homeostasis in the dams and their F1 and F2 offspring. Environ. Sci. Technol. 53 (18), 10978–10992. doi:10.1021/acs.est.9b03191
 Luo, T., Zhang, Y., Wang, C., Wang, X., Zhou, J., Shen, M., et al. (2019a). Maternal exposure to different sizes of polystyrene microplastics during gestation causes metabolic disorders in their offspring. Environ. Pollut. 255 (1), 113122. doi:10.1016/j.envpol.2019.113122
 Maity, S., Chatterjee, A., Guchhait, R., De, S., and Pramanick, K. (2020). Cytogenotoxic potential of a hazardous material, polystyrene microparticles on Allium cepa L. J. Hazard. Mater. 385, 121560. doi:10.1016/j.jhazmat.2019.121560
 Mariano, S., Tacconi, S., Fidaleo, M., Rossi, M., and Dini, L. (2021). Micro and nanoplastics identification: classic methods and innovative detection techniques. Front. Toxicol. 3, 636640. doi:10.3389/ftox.2021.636640
 Martins, A., and Guilhermino, L. (2018). Transgenerational effects and recovery of microplastics exposure in model populations of the freshwater cladoceran Daphnia magna Straus. Sci. Total Environ. 631-632, 421–428. doi:10.1016/j.scitotenv.2018.03.054
 Mattei, A. L., Bailly, N., and Meissner, A. (2022). DNA methylation: A historical perspective. Trends Genet. 38 (7), 676–707. doi:10.1016/j.tig.2022.03.010
 Matthews, S., Mai, L., Jeong, C. B., Lee, J. S., Zeng, E. Y., and Xu, E. G. (2021a). Key mechanisms of micro- and nanoplastic (MNP) toxicity across taxonomic groups. Comp. Biochem. Physiology Part C Toxicol. Pharmacol. 247, 109056. doi:10.1016/j.cbpc.2021.109056
 Matthews, S., Xu, E. G., Roubeau Dumont, E., Meola, V., Pikuda, O., Cheong, R. S., et al. (2021b). Polystyrene micro- and nanoplastics affect locomotion and daily activity of Drosophila melanogaster. Environ. Sci. Nano 8, 110–121. doi:10.1039/d0en00942c
 Meegoda, J. N., and Hettiarachchi, M. C. (2023). A path to a reduction in micro and nanoplastics pollution. Int. J. Environ. Res. Public Health 20 (8), 5555. doi:10.3390/ijerph20085555
 Migliore, L., and Coppedè, F. (2022). Gene-environment interactions in alzheimer disease: the emerging role of epigenetics. Nat. Rev. Neurol. 18, 643–660. doi:10.1038/s41582-022-00714-w
 Müller-Xing, R., Xing, Q., and Goodrich, J. (2014). Footprints of the sun: memory of UV and light stress in plants. Front. Plant Sci. 5, 474. doi:10.3389/fpls.2014.00474
 Nebbioso, A., Tambaro, F. P., Dell'Aversana, C., and Altucci, L. (2018). Cancer epigenetics: moving forward. PLoS Genet. 14 (6), e1007362. doi:10.1371/journal.pgen.1007362
 Ng, E. L., Huerta Lwanga, E., Eldridge, S. M., Johnston, P., Hu, H. W., Geissen, V., et al. (2018). An overview of microplastic and nanoplastic pollution in agroecosystems. Sci. Total Environ. 627, 1377–1388. doi:10.1016/j.scitotenv.2018.01.341
 Onyena, A. P., Aniche, D. C., Ogbolu, B. O., Rakib, M. R. J., Uddin, J., and Walker, T. R. (2021). Governance strategies for mitigating microplastic pollution in the marine environment: A review. Microplastics 1, 15–46. doi:10.3390/microplastics1010003
 Paget, V., Dekali, S., Kortulewski, T., Grall, R., Gamez, C., Blazy, K., et al. (2015). Specific uptake and genotoxicity induced by polystyrene nanobeads with distinct surface chemistry on human lung epithelial cells and macrophages. PLoS One 10, e0123297. doi:10.1371/journal.pone.0123297
 Pavlou, M. A. S., and Outeiro, T. F. (2017). Epigenetics in Parkinson's disease. Adv. Exp. Med. Biol. 978, 363–390. doi:10.1007/978-3-319-53889-1_19
 Pedersen, A. F., Meyer, D. N., Petriv, A. M. V., Soto, A. L., Shields, J. N., Akemann, C., et al. (2020). Nanoplastics impact the zebrafish (Danio rerio) transcriptome: associated developmental and neurobehavioral consequences. Environ. Pollut. 266 (2), 115090. doi:10.1016/j.envpol.2020.115090
 Pellegri, V., Gorbi, G., and Buschini, A. (2014). Comet Assay on Daphnia magna in eco-genotoxicity testing. Aquat. Toxicol. 155, 261–268. doi:10.1016/j.aquatox.2014.07.002
 Poma, A., Vecchiotti, G., Colafarina, S., Zarivi, O., Aloisi, M., Arrizza, L., et al. (2019). In vitro genotoxicity of polystyrene nanoparticles on the human fibroblast Hs27 cell line. Nanomater. (Basel) 9 (9), 1299. doi:10.3390/nano9091299
 Qiang, L., Lo, L. S. H., Gao, Y., and Cheng, J. (2020). Parental exposure to polystyrene microplastics at environmentally relevant concentrations has negligible transgenerational effects on zebrafish (Danio rerio). Ecotoxicol. Environ. Saf. 206, 111382. doi:10.1016/j.ecoenv.2020.111382
 Qiu, Y., Liu, Y., Li, Y., and Wang, D. (2020). Intestinal mir-794 responds to nanopolystyrene by linking insulin and p38 MAPK signaling pathways in nematode Caenorhabditis elegans. Ecotoxicol. Environ. Saf. 201, 110857. doi:10.1016/j.ecoenv.2020.110857
 Qu, M., Zhao, Y., Zhao, Y., Rui, Q., Kong, Y., and Wang, D. (2019). Identification of long non-coding RNAs in response to nanopolystyrene in Caenorhabditis elegans after long-term and low-dose exposure. Environ. Pollut. 255 (1), 113137. doi:10.1016/j.envpol.2019.113137
 Rafiee, M., Dargahi, L., Eslami, A., Beirami, E., Jahangiri-Rad, M., Sabour, S., et al. (2018). Neurobehavioral assessment of rats exposed to pristine polystyrene nanoplastics upon oral exposure. Chemosphere 193, 745–753. doi:10.1016/j.chemosphere.2017.11.076
 Raghnaill, M. N., Bramini, M., Ye, D., Couraud, P.-O., Romero, I. A., Weksler, B., et al. (2014). Paracrine signalling of inflammatory cytokines from an in vitro blood brain barrier model upon exposure to polymeric nanoparticles. Analyst 139, 923–930. doi:10.1039/C3AN01621H
 Ragusa, A., Notarstefano, V., Svelato, A., Belloni, A., Gioacchini, G., Blondeel, C., et al. (2022). Raman microspectroscopy detection and characterisation of microplastics in human breastmilk. Polym. (Basel) 14 (13), 2700. doi:10.3390/polym14132700
 Ragusa, A., Svelato, A., Santacroce, C., Catalano, P., Notarstefano, V., Carnevali, O., et al. (2021). Plasticenta: first evidence of microplastics in human placenta. Environ. Int. 146, 106274. doi:10.1016/j.envint.2020.106274
 Roncalli, V., Lauritano, C., and Carotenuto, Y. (2021). First report of OvoA gene in marine arthropods: A new candidate stress biomarker in copepods. Mar. Drugs 19, 647. doi:10.3390/md19110647
 Rubio, L., Barguilla, I., Domenech, J., Marcos, R., and Hernández, A. (2020). Biological effects, including oxidative stress and genotoxic damage, of polystyrene nanoparticles in different human hematopoietic cell lines. J. Hazard. Mater. 398, 122900. doi:10.1016/j.jhazmat.2020.122900
 Sahafnejad, Z., Ramazi, S., and Allahverdi, A. (2023). An update of epigenetic drugs for the treatment of cancers and brain diseases: A comprehensive review. Genes. (Basel). 14 (4), 873. doi:10.3390/genes14040873
 Santos, D., Luzio, A., Bellas, J., and Monteiro, S. M. (2022). Microplastics- and copper-induced changes in neurogenesis and DNA methyltransferases in the early life stages of zebrafish. Chemico-Biological Interact. 363, 110021. doi:10.1016/j.cbi.2022.110021
 Schirinzi, G. F., Pérez-Pomeda, I., Sanchís, J., Rossini, C., Farré, M., and Barceló, D. (2017). Cytotoxic effects of commonly used nanomaterials and microplastics on cerebral and epithelial human cells. Environ. Res. 159, 579–587. doi:10.1016/j.envres.2017.08.043
 Seetharaman, B., and Kirtana, A. (2022). Comprehending the role of endocrine disruptors in inducing epigenetic toxicity. Endocr. Metabolic Immune Disord. - Drug Targets 22, 1059–1072. doi:10.2174/1871530322666220411082656
 Stillman, B. (2018). Histone modifications: insights into their influence on gene expression. Cell. 175(1):6–9. doi:10.1016/j.cell.2018.08.032
 Stock, V., Böhmert, L., Lisicki, E., Block, R., Cara-Carmona, J., Pack, L. K., et al. (2019). Uptake and effects of orally ingested polystyrene microplastic particles in vitro and in vivo. Arch. Toxicol. 93, 1817–1833. doi:10.1007/s00204-019-02478-7
 Sun, X. D., Yuan, X. Z., Jia, Y., Feng, L. J., Zhu, F. P., Dong, S. S., et al. (2020). Differentially charged nanoplastics demonstrate distinct accumulation in Arabidopsis thaliana. Nat. Nanotechnol. 15 (9), 755–760. doi:10.1038/s41565-020-0707-4
 Thorson, J. L. M., Beck, D., Ben Maamar, M., Nilsson, E. E., and Skinner, M. K. (2021). Ancestral plastics exposure induces transgenerational disease-specific sperm epigenome-wide association biomarkers. Environ. Epigenetics 7 (1), dvaa023. doi:10.1093/eep/dvaa023
 Van Aken, B. (2015). Gene expression changes in plants and microorganisms exposed to nanomaterials. Curr. Opin. Biotechnol. 33, 206–219. doi:10.1016/j.copbio.2015.03.005
 Vecchiotti, G., Colafarina, S., Aloisi, M., Zarivi, O., Di Carlo, P., Poma, A., et al. (2021). Genotoxicity and oxidative stress induction by polystyrene nanoparticles in the colorectal cancer cell line HCT116. PLoS One 16 (7), e0255120. doi:10.1371/journal.pone.0255120
 Wang, S. H., and Elgin, S. C. R. (2019). The impact of genetic background and cell lineage on the level and pattern of gene expression in position effect variegation. Epigenetics Chromatin 12 (1), 70. doi:10.1186/s13072-019-0314-5
 Wang, S., Zhang, R., and Wang, D. (2021). Induction of protective response to polystyrene nanoparticles associated with methylation regulation in Caenorhabditis elegans. Chemosphere 271, 129589. doi:10.1016/j.chemosphere.2021.129589
 World Health Organization (2022). Dietary and inhalation exposure to nano- and microplastic particles and potential implications for human health. 
 Xiong, X., Gao, L., Chen, C., Zhu, K., Luo, P., and Li, L. (2023). The microplastics exposure induce the kidney injury in mice revealed by RNA-seq. Ecotoxicol. Environ. Saf. 256, 114821. doi:10.1016/j.ecoenv.2023.114821
 Xu, M., Halimu, G., Zhang, Q., Song, Y., Fu, X., Li, Y., et al. (2019). Internalization and toxicity: A preliminary study of effects of nanoplastic particles on human lung epithelial cell. Sci. Total Environ. 694, 133794. doi:10.1016/j.scitotenv.2019.133794
 Yan, Y., Chen, Z., Zhu, F., Zhu, C., Wang, C., and Gu, C. (2020). Effect of polyvinyl chloride microplastics on bacterial community and nutrient status in two agricultural soils. Bull. Environ. Contam. Toxicol. 107, 602–609. doi:10.1007/s00128-020-02900-2
 Yang, Y., Wu, Q., and Wang, D. (2020). Epigenetic response to nanopolystyrene in germline of nematode Caenorhabditis elegans. Ecotoxicol. Environ. Saf. 206, 111404. doi:10.1016/j.ecoenv.2020.111404
 Yin, L., Wen, X., Huang, D., Du, C., Deng, R., Zhou, Z., et al. (2021). Interactions between microplastics/nanoplastics and vascular plants. Environ. Pollut. 290, 117999. doi:10.1016/j.envpol.2021.117999
 Yu, C-W., Luk, T. C., and Liao, V. H.-C. (2021). Long-term nanoplastics exposure results in multi and trans-generational reproduction decline associated with germline toxicity and epigenetic regulation in Caenorhabditis elegans. J. Hazard. Mater. 412, 125173. doi:10.1016/j.jhazmat.2021.125173
 Zalasiewicz, J., Waters, C. N., Ivar do Sul, J. A., Corcoran, P. L., Barnosky, A. D., Cearreta, A., et al. (2016). The geological cycle of plastics and their use as a stratigraphic indicator of the Anthropocene. Anthropocene 13, 4–17. doi:10.1016/j.ancene.2016.01.002
 Zhang, Y., Wolosker, M. B., Zhao, Y., Ren, H., and Lemos, B. (2020). Exposure to microplastics cause gut damage, locomotor dysfunction, epigenetic silencing, and aggravate cadmium (Cd) toxicity in Drosophila. Sci. Total Environ. 744, 140979. doi:10.1016/j.scitotenv.2020.140979
Conflict of interest: The authors AP and PM declared that they were editorial board members of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
The remaining author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Poma, Morciano and Aloisi. 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/xhtml/nav.xhtml
Contents

		Cover

		Beyond genetics: can micro and nanoplastics induce epigenetic and gene-expression modifications?		Introduction		General effects

		Epigenetics and gene expression modulation





		Plants

		Animals

		Discussion

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiers in Epigenetics and Epigenomics






OPS/images/freae-01-1241583-g001.gif





OPS/images/freae-01-1241583-t001.jpg
Particles size

Outcomes

References

In vitro studies

Intestinal cells

Lung cells
Hepatic Cells

Nervous system
cells

Epithelial cells
In vivo studies

Drosophila
melanogaster

Danio rerio

Mouse

Plants and algae

20 nm-10 pm

60 nm-2 pum
15 nm-200 nm

40 nm-10 um

100 nm-200 pm

10 nm-800 um

50 nm-45 pm

25 nm-5 pm

60 nm-1,000 pm

Reduced cell viability and intestinal barrier integrity, inflammation, genotoxcity,
oxidative stress, apoptosis, alteration of the cell cycle

Reduced cells viability, ROS formation, inflammation, genotoxicity
Reduced cells viability, ROS formation, genotoxicity proliferation, hemolysis

Reduced cells viability, ROS formation, inflammation

Reduced cells viability, ROS formation, genotoxicity

Oxidative stress, increase in expression of stress response genes, genotoxicity

Behavior alterations, Oxidative stress, less viability, movement reduction

Oxidative stress, neurotoxicity, metabolic disorder, intestinal barrier dysfunction,
dysbiosis

Reduced micronutrients uptake, photosynthetic rate, chromosomes aberrations

Lehner et al. 2020, Stock et al. 2019, Liu et al.
2020, Yan et al. 2020

Vecchiotti et al. 2021

Lim et al. 2019, Xu et al. 2019, Paget et al. 2015
Johnston et al. 2010, Kawata et al. 2019
Schirinzi et al.2017

Raghnaill et al. 2014

Chot et al. 2020, Poma et al. 2019

Alaraby et al. 2023

Brandts et al. 2020, Chen et al. 2017

Deng et al. 2018, Jin et al. 2018, Rafiee et al.
2018

Karalija et al. 2022 Gopinath et al. 2019









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Epigenetics and Epigenomics





