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Abstract

:

The marine and ocean water pollution with different-sized plastic waste poses a real threat to the lives of the next generations. Plastic, including microplastics, is found in all types of water bodies and in the organisms that live in them. However, given the chemical diversity of plastic particles, data on their toxicity are currently incomplete. Moreover, it is clear that different organisms, depending on their habitat and feeding habits, are at different risks from plastic particles. Therefore, we performed a series of experiments on feeding the gastropod scraping mollusk Littorina brevicula with two types of polymeric particles—polymethylmethacrylate (PMMA) and polytetrafluoroethylene (PTFE)—using a special feeding design. In the PMMA-exposed group, changes in gastrointestinal biochemical parameters such as increases in malondialdehyde (MDA) and protein carbonyls (PC) were detected, indicating the initiation of oxidative stress. Similarly, a comet assay showed an almost twofold increase in DNA damage in digestive gland cells compared to the control group. In mollusks fed with PTFE-containing food, no similar changes were recorded.
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1. Introduction


In recent years, ecotoxicological research has been strongly dominated by the spread of synthetic polymers, primarily “microplastics” (MP), into the biosphere [1,2]. Analysis of scientific data shows that the main efforts of numerous research teams have focused on monitoring MP in various environments, identifying regions of high MP concentration, changes over time, and assessing the risk of MP transmission through food chains. As a result, it has become apparent that the distribution of MP is global and MP particles have been found in all environments (water, land, air, and biota) [2,3,4,5,6,7]. In particular, in the global ocean, MP fragments are even present in the waters of the Arctic and Southern Oceans and at the bottom of deep-sea trenches [3,4]. Moreover, MP presence has been detected within organisms of different systematic and trophic levels [5,6,7,8,9,10]. Assessing the extent of spread and penetration of synthetic polymer particles into the biosphere, it is logical to assume that MP represents a potential ecological threat, as it can start the initiation of ecosystem transformation processes.



As a result, studies aimed at identifying the toxic characteristics of synthetic polymers are of particular significance. The number of publications evaluating the potential effects of ingestion of various plastic fragments by different organisms is steadily increasing [11,12,13,14,15]. To date, several key mechanisms of MP interactions with classical ecotoxicological models such as bivalves, crustaceans, and fish have already been investigated [16,17,18,19,20]. However, to understand the real situation in the marine environment, it is necessary to study these mechanisms in different taxonomic groups of marine fauna with specific feeding behavior.



In this fact, the group of littoral gastropods is of particular interest, typical representatives of which are species of the family Littorina. These organisms are at increased risk of interacting with artificial polymers, as they inhabit predominantly the littoral zone, where the main mechanical breakdown of large plastic fragments to MP occurs [21]. In addition, individuals of this family are characterized by a particular feeding strategy of scraping food particles from the surface of phytobenthos, which also contributes to the interaction and ingestion of different-sized plastic particles [21,22,23]. At the same time, according to experimental data, mollusks do not distinguish between food and polymeric particles [22].



It has been suggested that these gastropods may be more susceptible to the potentially damaging effects of MP, as they absorb more of them per body mass than other littoral species [21]. While the mechanisms of uptake, distribution in the digestive system, and excretion of MP particles in these mollusks are, at present, fairly well understood, the effects on physiological and biochemical processes have not been sufficiently addressed.



Thus, we made a series of experiments on the far-eastern gastropod Littorina brevicula to evaluate the effects of different-sized microparticles of plastic polymethylmethacrylate (PMMA) and polytetrafluoroethylene (PTFE) in contact with cells of the digestive system on biochemical mechanisms involved in the formation of oxidative stress and genotoxicity. For this purpose, we used the original food model proposed earlier [24], allowing not only control of littoral feeding conditions, concentration, and absorption of MP particles, regardless of their buoyancy, but also a collection of fecal residues and monitoring of physicochemical changes on polymer surfaces during transit through the mollusk digestive system.



A mixture of PTFE and PMMA microparticles widely used in human household and economic sectors were used as model particles to study the biological effects of plastics [25,26,27]. According to current polymer classifications [28,29], which are based on different criteria, PMMA is categorized as a potentially hazardous polymer, whereas PTFE, due to lack of sufficient information, is not classified.



Toxicological studies involving different systematic groups with different feeding behavior contribute to a better understanding of the key mechanisms of interaction between synthetic polymers and biochemical systems and may also be useful for improving the predictive assessment of the environmental and human health impacts of plastic pollution.




2. Results and Discussion


Plant-eating gastropods, a typical example of which is Littorina brevicula, feed by scraping phytosubstrate with a special organ called a radula [30]. In search of food particles, these mollusks excrete mucus, which has sticky properties, onto the surface of algae [22,31]. The deposited food particles and fragments of MP are retained by the mucus and, subsequently, carefully scraped off using the radula. In this respect, the method of feeding L. brevicula with a food substrate containing fragments of different-sized particles of two types of plastic (PMMA, PTFE) proposed earlier [24] and applied in our work, to a certain extent, imitates the natural way of feeding typical for these mollusks.



A serious problem remains the lack of information on the concentrations of plastic particles on the surface of phytobenthos. Accordingly, the concentration of polymer particles in the food substrate used in our experiments (4 mg/cm2) is difficult to compare with the real ones in the environment. Therefore, in our study, we did not limit ourselves to determining the minimum effective concentrations based on the dose–response relationship but rather to identifying the sensitivity of the organism’s biochemical systems to degraded polymer particles during their passage through the digestive tract.



According to experimental data, gastropods do not differentiate between food and polymeric particles; thus, the MPs uptake with food enters the digestive system and, after some time, comes out with fecal pellets [22,23]. A similar pattern with the same plastic particles was observed in the experiment of Odintsov et al.: within a few hours, fragments of both types of plastic were recorded in the pellets. To control the physicochemical changes on the polymer surface during passage through the mollusk digestive system [24], fecal particles with MPs were again added to food agar plates for feeding (the cycle was repeated six times). During the experiments, no visible changes in feeding behavior and activities were recorded in the experimental mollusks compared to the control groups.



According to the biochemical results, the experiments with the diet containing MPs of both types of polymers showed that only the PMMA-induced biochemical shifts in the mollusk digestive cells were typical for the development of the oxidative stress processes. This was evidenced by reliable accumulation products of lipid peroxidation (LPO): levels of malonaldehyde (MDA) and protein carbonyls (PC) (Figure 1A,B, respectively).



According to the literature data, the obtained results are typical not only for the interaction of this type of plastic with L. brevicula. In this context, it is well known that different types of polymers, when interacting with marine organisms of different trophic levels and feeding types, usually have no noticeable effect on survival. Nevertheless, MPs caused various sublethal effects at a molecular and biochemical level related to the generation of reactive oxygen species (ROS) and the development of oxidative stress processes [11,32,33,34,35,36,37,38]. Although the detailed mechanism of ROS generation upon exposure of chemically inert polymer particles to biological systems is still unclear, the accumulation of lipid and protein peroxidation products (MDA and PC, respectively) are generally recognized as early and sensitive indicators of increased ROS generation and oxidative stress [11,39]. It should be particularly noted that we did not observe reliable changes in the level of antiradical potential (IAA-TOSC) of digestive cells in both experimental groups of litorin against the background of the accumulation of these products’ degradation of lipids and proteins (Figure 1C). A similar pattern occurred in the work of Avio and colleagues [32], in which MPs caused a decrease in lysosomal membrane stability (LSM) as a result of induction of ROS generation, with little or no effect on TOSC levels. Comparing these above data, it is logical to assume that the marker of oxidative stress IAA-TOSC, in this case, is less sensitive than the molecular biomarkers MDA, PC, and LSM or can be referred to as the markers that change under longer exposures.



In addition to the induction of peroxidation of basic biomolecules (lipids and proteins), exposure of L. brevicula to PMMA-containing food led to a 2-fold increase in the ratio of fragmented nuclear DNA migrating, according to the DNA comet method, from the nucleus to the “tail” of the comet (Figure 2).



For a more detailed analysis, the comets that were formed from digestive cell DNA in control and experimental mollusks were grouped by the level of genome fragmentation and presented in Figure 3.



In this case, it can be seen that the level of nuclear DNA fragmentation did not exceed 20–25% in 95% of cells in the digestive gland of the control groups of the gastropods. Whereas, in the experimental mollusks after feeding with PMMA, the proportion (<80%) of such cells with a relatively low level of genome damage sharply decreased. In addition, comet cells with more than 40–50% of DNA migrating to the “tail” were recorded. Overall, these results show that PMMA microparticles, entering the digestive tract of L. brevicula, exhibited biological activity in the genotoxicity type. In this regard, our results, although obtained with PMMA, were consistent with several studies obtained when different types of polymers were exposed to different biological models [11,14,39,40,41,42,43]. Apparently, the biochemical processes that result in increased DNA damage in our experiments and other studies were of a universal nature and were related to ROS generation [44,45].



Despite the growing interest in the genotoxic properties of various types of MPs, the question of how chemically inert polymers, entering biological systems, induce these negative biochemical reactions remains the subject of discussions.



It should be admitted that PMMA MPs were not retained in the L. brevicula digestive tract and were rapidly excreted with fecal residues in our experiments. It follows from this that the distinctive feature of our results is that the development of oxidative stress processes and genome damage in mollusk digestive cells are registered, apparently, without the intracellular accumulation of polymer particles. There is reason to believe that the biochemical effects inside the cell could be induced directly by polymer particles without penetration inside the cell. In this case, MPs, absorbed on the cell membrane surface, act as a physical factor initiating the receptor-signaling mechanism of the cell, as has been the case in several studies [46,47,48]. However, given that similarly sized PTFE particles did not induce any biochemical effect (Figure 1 and Figure 2), we consider this mechanism unlikely.



The possible causes of the negative biochemical shifts shown in our experiments with PMMA may be the chemical compounds present in this polymer. It is probable that they enter during synthesis or are formed as a result of physicochemical or biological degradation processes when the particles pass through the digestive system of L. brevicula.



According to the classification of polymers ranked based on their chemical composition in terms of environmental hazard, PMMA is classified as a highly hazardous polymer [28,29]. It is noteworthy that PTFE is not ranked by hazard, due to a lack of experimental data on toxicity, unlike PMMA. PTFE is a soft plastic that is considered to be the most inert material known. It is resistant to gastric juice and is extremely stable. In confirmation of the inertness of this polymer, Naftalovich and colleagues [49] have experimentally shown that rats fed a diet containing 25% PTFE for 90 days showed no signs of toxicity. Furthermore, based on these results, they have suggested that this polymer could be used for food supplementation to significantly improve satiety and reduce caloric intake in humans.



The high toxic risk of PMMA is related to the presence of a series of acrylic acid derivatives in the polymer structure, which, by diffusing from the polymer, can enhance the generation of ROS and cause genotoxicity [50,51,52,53]. A good example is experiments showing that cytogenetic and genotoxic effects were detected with the exposure of sea urchin sperm (Sphaerechinus granularis, Paracentrotus lividus) with PMMA microparticles or with extracts of this polymer [54,55].



Based on the above studies and our results, it can be suggested that the PMMA structure contains relatively labile chemical components that induce damage to the cellular genome during passage through the digestive tract. Although specific studies of these reactive substances are beyond the scope of our work, it should be emphasized that the internal environment of the digestive system of L. brevicula may contribute to their mobilization from the polymer structure. In the clam digestive tract, microplastic particles are exposed to specific physicochemical conditions and may be exposed to digestive enzymes, ROS, and reactive metabolic intermediates that contribute to the chemical modification of the polymer. In addition, the presence of symbiotic microorganisms in the digestive tract of L. brevicula cannot be excluded, which may also contribute to the modification of the PMMA structure. These notions are based on the results of [24], in which it was convincingly shown that fragments of PMMA microparticles underwent significant physicochemical modifications after being in the digestive tract of L. brevicula. Such modifications in the polymer structure accompanied by changes in the physical and mechanical properties of PMMA particles may lead to a weakening of the forces holding non-covalently bound endogenous chemicals, including various synthesis additives and products of incomplete polymerization, in the polymer structure.



Biochemical system sensitivity for maintaining genome stability in L. brevicula to exposure to PMMA polymer microparticles, revealed in our work, is regarded as the initial stage of research, based on which we can, to a certain extent, estimate dose-dependent effects for the identification of minimum effective concentrations of plastic and how they correspond to the real ones in the marine environment.



Although a number of the statements made in our work are hypothetical, we suggest that dangerous toxic effects are not only determined by the concentration of plastic particles but are to some extent determined by the nature of the physicochemical modification of the polymer, which may significantly affect its bioavailability and toxicity mechanisms, when polymer particles penetrate the gastrointestinal tract.




3. Material and Methods


3.1. Description of the Experiment


Adult gastropods Littorina brevicula (mollusk shell height 10 ± 1 mm) were collected in the intertidal zone of Alekseev Bay (Peter the Great Bay, Sea of Japan). This species is a mass inhabitant of the coastal zone in the seas of the northwestern Pacific Ocean. The mollusks were divided randomly into three groups of 30 individuals each. Then, mollusks from each group were divided into 10 individuals and kept in three parallel glass tanks. All organisms were fed using the food model previously described [24]. For this purpose, plates (10 cm2) with 2 mL of dried seaweed (Porphyra) aqueous extract (Sin Young Food Co., Busan, Republic of Korea) were prepared based on 4% agar–agar. Similar plates were prepared for the experimental groups, but 40 mg of MPs of 0.1–10 µm polytetrafluoroethylene (PTFE) (Halopolymer Co., Ltd., Moscow, Russia) and 30–100 µm polymethylmethacrylate (Protacryl-M) (Nikadent Co., Ltd., St. Petersburg, Russia) were added, respectively. On the following day, after the food model had been consumed by animals, pellets were collected from the bottom of the cylinder and added to the next portion of food. This procedure was repeated six times. The total duration of the experiment was 7 days. Due to their physicochemical characteristics, both polymers were well-identified by microscopy and Raman microspectroscopy in both water and animal products [24].



On the seventh day, after 6 feeding cycles, the digestive gland of L. brevicula was used for biochemical studies. Nine specimens of mollusk were taken from each aquarium to determine the level of LPO and the degree of DNA damage. All procedures in the present work, as well as the mollusks disposal methods, were approved by the Commission on Bioethics at the V.I. Il’ichev Pacific Oceanological Institute, Far Eastern Branch of Russian Academy of Science (protocol №16 and date of approval 15 April 2021), Vladivostok, Russia.




3.2. Comet Assay


To determine the amount of damage in the DNA molecule, we used the alkaline version of comet analysis [56], which successfully adapted to marine organisms. This approach is a promising modern diagnostic and prognostic tool for revealing hidden pathological changes in any organism [40]. Visualization and registration of DNA comets were performed using a scanning fluorescence microscope (Zeiss, Oberkochen, Germany, AxioImager A1) equipped with an AxioCamMRc digital camera. The computer program CASP software v 1.2.2 was used to process digital images. (CASPLab, Wroclaw, Poland; https://casplab.com, accessed on 15 March 2023), which allowed the calculation of various comet parameters that indicated the degree of damage to cellular DNA. For each comet, the proportion of DNA in the comet’s tail was calculated.




3.3. MDA Concentration


To determine malondialdehyde and the index of antiradical activity, the digestive gland was homogenized in 0.1 M phosphate buffer pH 7.0. The content of malondialdehyde (MDA), a product of oxidative degradation of fatty acids, was determined in tissues and subcellular fractions by color reaction with thiobarbituric acid (TBA, Merck KGaA, Darmstadt, Germany. CAS-no 504-17-6) [39,57]. The measurements were carried out at a wavelength of 580 nm and 532 nm, then the difference in the readings of the optical density was found. To calculate the MDA content, the molar extinction coefficient was used—1.56 × 105/cm/M. The relative content of MDA was expressed in µmol per mg of protein. The measurements were carried out on a Shimadzu UV-2550 spectrophotometer.




3.4. Integral Antioxidant Activity


The determination of the Integral antiradical activity of the digestive gland of mollusks was carried out by a spectrophotometric method based on the ability of the cellular antioxidant system to recover the radical cation ABTS+ (2, 2-azinobis 3-ethylbenzothiazoline 6-sulfonate), an oxidation reaction of ABTS+ by peroxyl, and alkoxyl radicals that result from thermal degradation of 2, 2-azobis (2 aminopropane) hydrochloride (ABAP). The reaction mixture was prepared in 0.1 M phosphate buffer (pH 7.0) and incubated at 37 °C [39]. The measurements were made using a Shimadzu UV-2550 spectrophotometer with a thermostatted cell at a wavelength of 414 nm. The magnitude of activity was calculated with a calibration plot using trolox (6-hydroxy-2,5,7,8-tetramethylchloraman-2- carboxylic acid, Sigma Aldrich, Taufkirchen, Germany).




3.5. Carbonyl Concentration


For the determination of protein carbonyls, the digestive gland was homogenized in 0.05 M phosphate buffer pH 7.0 supplemented with 1 mM PMSF (phenylmethanesulfonyl fluoride) to inhibit proteases. Carbonyl groups of proteins in the digestive gland and gills were determined by the alkaline method [39]. In total, 400 µL of DNPH (10 mM in 0.5 M H3PO4) was added to 400 µL of protein solution followed by a 10 min of incubation in dark. Then, 200 µL of NaOH (6 M) was added. Time exposure this mixture was 10 min as well. Absorbance was read at 450 nm by spectrophotometer Shimadzu UV-2550. The concentration of carbonyl groups (mMol/mg of proteins) in the investigated solutions was calculated using the molar absorptivity of 22,000 M−1 cm−1. The Lowry method was used to determine the protein concentration [58]. The Lowry method is based on two reactions. The first one consists of the formation of a complex of copper cations (Cu2+) with amide bonds of the protein, followed by the reduction of copper under alkaline conditions. The resulting product is called biuret chromophore, which is stabilized by the addition of tartrate. In the second reaction, the resulting copper–protein complex is reduced with Folin’s reagent. In this case, the protein solution turns blue. The transparency of the solution is determined spectrophotometrically in the wavelength at 660 nm. Calibration curves were built using solutions of bovine serum albumin, the concentrations of which were calculated based on the molar extinction coefficient.




3.6. Statistical Analysis


The experiment results were processed with MS Excel 2003 and Statistica 10 software package (StatSoft, Tulsa, OK, USA; http://statsoft.ru/resources/support/download.php, accessed on 2 May 2023). For the data, nonparametric Kruskal–Wallis ANOVA followed by pairwise Mann–Whitney tests were performed. A difference of p < 0.05 was considered statistically significant.





4. Conclusions


In this study, the dietary exposure of PTFE and PMMA particles to the induction of lipid and protein peroxidation and nuclear DNA damage in L. brevicula digestive cells was studied for the first time. Clearly, the biochemical disorders induced by PMMA polymer particles are more diverse and are not limited to the oxidative stress and genotoxicity identified in our work. However, within the considered problem, the ability of these polymer particles to induce the disruption of mollusk digestion cells’ involved genome structures is of the greatest interest. Due to the importance of genome integrity in carrying out the basic functions of any biological system, there is reason to be concerned about the genotoxic properties of PMMA with the risk of developing long-term negative consequences of this effect. Additionally, the comet assay applied in our work makes it possible to evaluate changes in the cell nucleus at the early stages of genome destruction; therefore, the identified genotoxic properties of PMMA particles are not only diagnostic but also prognostic.







Author Contributions


Conceptualization, V.P.C., N.V.D. and V.S.O.; methodology, V.V.S. and A.A.K.; software, S.P.K., A.A.K. and M.A.K.; validation, V.V.S., A.A.M. and A.A.K.; formal analysis, S.P.K., A.A.M., N.V.D. and A.F.Z.; investigation, V.V.S., A.A.M. and A.A.K.; resources, V.P.C. and V.S.O.; data curation, V.P.C. and N.V.D.; writing—original draft preparation, V.P.C., V.V.S. and N.V.D.; writing—review and editing, V.V.S., S.P.K. and A.A.M.; visualization, S.P.K. and A.A.M.; supervision, V.V.S., N.V.D., M.A.K. and V.S.O.; project administration, V.P.C. and V.S.O.; funding acquisition, V.V.S. and N.V.D. All authors have read and agreed to the published version of the manuscript.




Funding


The study was supported by a grant from the Russian Science Foundation № 23-27-00361, https://rscf.ru/en/project/23-27-00361/ (accessed on 2 May 2023).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Stefatos, A.; Charalampakis, M.; Papatheodorou, G.; Ferentinos, G. Marine debris on the seafloor of the mediterranean sea: Examples from two enclosed gulfs in Western Greece. Mar. Pollut. Bull. 1999, 38, 389–393. [Google Scholar] [CrossRef]

	



Thompson, R.C.; Olsen, Y.; Mitchell, R.P.; Davis, A.; Rowland, S.J.; John, A.W.; McGonigle, D.; Russell, A.E. Lost at sea: Where is all the plastic? Science 2004, 304, 838. [Google Scholar] [CrossRef] [PubMed]

	



Barnes, D.K.; Walters, A.; Gonçalves, L. Macroplastics at sea around Antarctica. Mar. Environ. Res. 2010, 70, 250–252. [Google Scholar] [CrossRef] [PubMed]

	



Isobe, A.; Uchiyama-Matsumoto, K.; Uchida, K.; Tokai, T. Microplastics in the Southern Ocean. Mar. Pollut. Bull. 2017, 114, 623–626. [Google Scholar] [CrossRef] [PubMed]

	



Murray, F.; Cowie, P.R. Plastic contamination in the decapod crustacean Nephrops norvegicus (Linnaeus, 1758). Mar. Pollut. Bull. 2011, 62, 1207–1217. [Google Scholar] [CrossRef]

	



Van Cauwenberghe, L.; Janssen, C.R. Microplastics in bivalves cultured for human consumption. Environ. Pollut. 2014, 193, 65–70. [Google Scholar] [CrossRef]

	



Anbumani, S.; Kakkar, P. Ecotoxicological effects of microplastics on biota: A review. Environ. Sci. Pollut. Res. 2018, 25, 14373–14396. [Google Scholar] [CrossRef]

	



Bom, F.C.; Sá, F. Concentration of microplastics in bivalves of the environment: A systematic review. Environ. Monit. Assess. 2021, 193, 846. [Google Scholar] [CrossRef]

	



Boerger, C.M.; Lattin, G.L.; Moore, S.L.; Moore, C.J. Plastic ingestion by planktivorous fishes in the North Pacific Central Gyre. Mar. Pollut. Bull. 2010, 60, 2275–2278. [Google Scholar] [CrossRef]

	



Dellisanti, W.; Leung, M.M.L.; Lam, K.W.K.; Wang, Y.; Hu, M.; Lo, H.S.; Fang, J.K.H. A short review on the recent method development for extraction and identification of microplastics in mussels and fish, two major groups of seafood. Mar. Pollut. Bull. 2023, 186, 114221. [Google Scholar] [CrossRef]

	



Prokic, M.; Radovanovi´c, T.B.; Gavri´c, J.P.; Faggio, C. Ecotoxicological effects of microplastics: Examination of biomarkers, current state and future perspectives. TrAC Trends Anal. Chem. 2019, 111, 37–46. [Google Scholar] [CrossRef]

	



Agathokleous, E.; Iavicoli, I.; Barceló, D.; Calabrese, E.J. Micro/nanoplastics effects on organisms: A review focusing on ‘dose’. J. Hazard. Mater. 2021, 417, 126084. [Google Scholar] [CrossRef] [PubMed]

	



Berlino, M.; Mangano, M.; De Vittor, C.; Sarà, G. Effects of microplastics on the functional traits of aquatic benthic organisms: A global-scale meta-analysis. Environ. Pollut. 2021, 285, 117174. [Google Scholar] [CrossRef] [PubMed]

	



Roda, J.F.B.; Lauer, M.M.; Risso, W.E.; Bueno Dos Reis Martinez, C. Microplastics and copper effects on the neotropical teleost Prochilodus lineatus: Is there any interaction? Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2020, 242, 110659. [Google Scholar] [CrossRef]

	



D’Costa, A.H. Microplastics in decapod crustaceans: Accumulation, toxicity and impacts, a review. Sci. Total. Environ. 2022, 832, 154963. [Google Scholar] [CrossRef]

	



Gonzalez-Soto, N.; Hatfield, J.; Katsumiti, A.; Duroudier, N.; Lacave, J.M.; Bilbao, E.; Orbea, A.; Navarro, E.; Cajaraville, M.P. Impacts of dietary exposure to different sized polystyrene microplastics alone and with sorbed benzo[a]pyrene on biomarkers and whole organism responses in mussels Mytilus galloprovincialis. Sci. Total. Environ. 2019, 684, 548–566. [Google Scholar] [CrossRef]

	



Détrée, C.; Gallardo-Escárate, C. Single and repetitive microplastics exposures induce immune system modulation and homeostasis alteration in the edible mussel Mytilus galloprovincialis. Fish Shellfish Immunol. 2018, 83, 52–60. [Google Scholar] [CrossRef]

	



Guzzetti, E.; Sureda, A.; Tejada, S.; Faggio, C. Microplastic in marine organism: Environmental and toxicological effects. Environ. Toxicol. Pharmacol. 2018, 64, 164–171. [Google Scholar] [CrossRef]

	



Revel, M.; Lagarde, F.; Perrein-Ettajani, H.; Bruneau, M.; Akcha, F.; Sussarellu, R.; Rouxel, J.; Costil, K.; Decottignies, P.; Cognie, B. Tissue-specific biomarker responses in the blue mussel Mytilus spp. exposed to a mixture of microplastics at environmentally relevant concentrations. Front. Environ. Sci. 2019, 7, 33. [Google Scholar] [CrossRef]

	



Wang, J.; Liu, X.; Li, Y.; Powell, T.; Wang, X.; Wang, G.; Zhang, P. Microplastics as contaminants in the soil environment: A mini-review. Sci. Total. Environ. 2019, 691, 848–857. [Google Scholar] [CrossRef]

	



Doyle, D.; Gammell, M.; Frias, J.; Griffin, G.; Nash, R. Low levels of microplastics recorded from the common periwinkle, Littorina littorea on the west coast of Ireland. Mar. Pollut. Bull. 2019, 149, 110645. [Google Scholar] [CrossRef]

	



Gutow, L.; Eckerlebe, A.; Giménez, L.; Saborowski, R. Experimental Evaluation of Seaweeds as a Vector for Microplastics into Marine Food Webs. Environ. Sci. Technol. 2016, 50, 915–923. [Google Scholar] [CrossRef] [PubMed]

	



Gutow, L.; Bartl, K.; Saborowski, R.; Beermann, J. Gastropod pedal mucus retains microplastics and promotes the uptake of particles by marine periwinkles. Environ. Pollut. 2019, 246, 688–696. [Google Scholar] [CrossRef] [PubMed]

	



Odintsov, V.S.; Karpenko, A.A.; Karpenko, M.A. Degradation of micro-nano-sized polytetrafluoroethylene and acrylic fluorinated copolymer particles in the periwinkle digestive tract. Environ. Sci. Pollut. Res. 2023, 30, 25972–25980. [Google Scholar] [CrossRef]

	



Albertini, R.J. The lower alkyl methacrylates: Genotoxic profile of non-carcinogenic compounds. Regul. Toxicol. Pharmacol. 2017, 84, 77–93. [Google Scholar] [CrossRef] [PubMed]

	



Venâncio, C.; Melnic, I.; Tamayo-Belda, M.; Oliveira, M.; Martins, M.A.; Lopes, I. Polymethylmethacrylate nanoplastics can cause developmental malformations in early life stages of Xenopus laevis. Sci. Total Environ. 2022, 806, 150491. [Google Scholar] [CrossRef] [PubMed]

	



Henry, B.J.; Carlin, J.P.; Hammerschmidt, J.A.; Buck, R.C.; Buxton, L.W.; Fiedler, H.; Seed, J.; Hernandez, O. A critical review of the application of polymer of low concern and regulatory criteria to fluoropolymers. Integr. Environ. Assess. Manag. 2018, 14, 316–334. [Google Scholar] [CrossRef]

	



Lithner, D.; Larsson, A.; Dave, G. Environmental and health hazard ranking and assessment of plastic polymers based on chemical composition. Sci. Total Environ. 2011, 409, 3309–3324. [Google Scholar] [CrossRef]

	



Yuan, M.; Huang, D.; Zhao, Y. Development of Synthesis and Application of High Molecular Weight Poly(Methyl Methacrylate). Polymers 2022, 14, 2632. [Google Scholar] [CrossRef]

	



Thompson, R.C.; Johnson, L.E.; Hawkins, S.J. A method for spatial and temporal assessment of gastropod grazing intensity in the field: The use of radula scrapes on wax surfaces. J. Exp. Mar. Biol. Ecol. 1997, 218, 63–76. [Google Scholar] [CrossRef]

	



Davies, M.S.; Beckwith, P. Role of mucus trails and trail-following in the behaviour and nutrition of the periwinkle Littorina littorea. Mar. Ecol. Prog. Ser. 1999, 179, 247–257. [Google Scholar] [CrossRef]

	



Avio, C.G.; Gorbi, S.; Milan, M.; Benedetti, M.; Fattorini, D.; Errico, G.; Pauletto, M.; Bargelloni, L.; Regoli, F. Pollutants bioavailability and toxicological risk from microplastics to marine mussels. Environ. Pollut. 2015, 198, 211–222. [Google Scholar] [CrossRef] [PubMed]

	



Cole, M.; Galloway, T.S. Ingestion of nanoplastics and microplastics by pacific oyster larvae. Environ. Sci. Technol. 2015, 49, 14625–14632. [Google Scholar] [CrossRef] [PubMed]

	



Bergami, E.; Bocci, E.; Vannuccini, M.L.; Monopoli, M.; Salvati, A.; Dawson, K.A.; Corsi, I. Nano-sized polystyrene affects feeding, behavior and physiology of brine shrimp Artemia franciscana larvae. Ecotoxicol. Environ. Saf. 2016, 123, 18–25. [Google Scholar] [CrossRef]

	



Jeong, C.B.; Won, E.J.; Kang, H.M.; Lee, M.C.; Hwang, D.S.; Hwang, U.; Zhou, B.; Souissi, S.; Lee, S.J.; Lee, J.S. Microplastic size-dependent toxicity, oxidative stress induction, and p-JNK and p-p38 activation in the monogonont rotifer (Brachionus koreanus). Environ. Sci. Technol. 2016, 50, 8849–8857. [Google Scholar] [CrossRef]

	



Paul-Pont, I.; Tallec, K.; Gonzalez-Fernandez, C.; Lambert, C.; Vincent, D.; Mazurais, D.; Zambonino-Infante, J.L.; Brotons, G.; Lagarde, F.; Fabioux, C. Constraints and priorities for conducting experimental exposures of marine organisms to microplastics. Front. Mar. Sci. 2018, 252, 1–22. [Google Scholar] [CrossRef]

	



Barboza, L.G.A.; Gimenez, B.C.G. Microplastics in the marine environment: Current trends and future perspectives. Mar. Pollut. Bull. 2015, 97, 5–12. [Google Scholar] [CrossRef] [PubMed]

	



Gambardella, C.; Morgana, S.; Bramini, M.; Rotini, A.; Manfra, L.; Migliore, L.; Piazza, V.; Garaventa, F.; Faimali, M. Ecotoxicological effects of polystyrene microbeads in a battery of marine organisms belonging to different trophic levels. Mar. Environ. Res. 2018, 141, 313–321. [Google Scholar] [CrossRef]

	



Dovzhenko, N.V.; Chelomin, V.P.; Mazur, A.A.; Kukla, S.P.; Slobodskova, V.V.; Istomina, A.A.; Zhukovskaya, A.F. Oxidative Stress in Far Eastern Mussel Mytilus trossulus (Gould, 1850) Exposed to Combined Polystyrene Microspheres (µPSs) and CuO-Nanoparticles (CuO-NPs). J. Mar. Sci. Eng. 2022, 10, 707. [Google Scholar] [CrossRef]

	



Chelomin, V.P.; Mazur, A.A.; Slobodskova, V.V.; Kukla, S.P.; Dovzhenko, N.V. Genotoxic Properties of Polystyrene (PS) Microspheres in the Filter-Feeder Mollusk Mytilus trossulus (Gould, 1850). J. Mar. Sci. Eng. 2022, 10, 273. [Google Scholar] [CrossRef]

	



Masiá, P.; Ardura, A.; García-Vázquez, E. Virgin Polystyrene Microparticles Exposure Leads to Changes in Gills DNA and Physical Condition in the Mediterranean Mussel Mytilus Galloprovincialis. Animals 2021, 11, 2317. [Google Scholar] [CrossRef] [PubMed]

	



Sun, H.; Chen, N.; Yang, X.; Xia, Y.; Wu, D. Effects induced by polyethylene microplastics oral exposure on colon mucin release, inflammation, gut microflora composition and metabolism in mice. Ecotoxicol. Environ. Saf. 2021, 220, 112340. [Google Scholar] [CrossRef] [PubMed]

	



Brandts, I.; Teles, M.; Tvarijonaviciute, A.; Pereira, M.L.; Martins, M.A.; Tort, L.; Oliveira, M. Effects of polymethylmethacrylate nanoplastics on Dicentrarchus labrax. Genomics 2018, 110, 435–441. [Google Scholar] [CrossRef] [PubMed]

	



Von Moos, N.; Burkhardt-Holm, P.; Köhler, A. Uptake and effects of microplastics on cells and tissue of the blue mussel Mytilus edulis L. after an experimental exposure. Environ. Sci. Technol. 2012, 46, 11327–11335. [Google Scholar] [CrossRef]

	



Shukla, A.K.; Pragya, P.; Chowdhuri, K.D. A modified alkaline Comet assay for in vivo detection of oxidative DNA damage in Drosophila melanogaster. Mutat. Res. 2011, 726, 222–226. [Google Scholar] [CrossRef]

	



Bhattacharya, P.; Lin, S.; Turner, J.P.; Ke, P.C. Physical adsorption of charged plastic nanoparticles affects algal photosynthesis. J. Phys. Chem. 2010, 114, 16556–16561. [Google Scholar] [CrossRef]

	



Gambardella, C.; Morgana, S.; Ferrando, S.; Bramini, M.; Piazza, V.; Costa, E.; Garaventa, F.; Faimali, M. Effects of polystyrene microbeads in marine planktonic crustaceans. Ecotoxicol. Environ. Saf. 2017, 145, 250–257. [Google Scholar] [CrossRef]

	



Mazur, A.A.; Chelomin, V.P.; Zhuravel, E.V.; Kukla, S.P.; Slobodskova, V.V.; Dovzhenko, N.V. Genotoxicity of Polystyrene (PS) Microspheres in Short-Term Exposure to Gametes of the Sand Dollar Scaphechinus mirabilis (Agassiz, 1864) (Echinodermata, Echinoidea). J. Mar. Sci. Eng. 2021, 9, 1088. [Google Scholar] [CrossRef]

	



Naftalovich, R.; Naftalovich, D.; Greenway, F.L. Polytetrafluoroethylene Ingestion as a Way to Increase Food Volume and Hence Satiety Without Increasing Calorie Content. J. Diabetes Sci. Technol. 2016, 10, 971–976. [Google Scholar] [CrossRef]

	



Bakopoulou, A.; Papadopoulos, T.; Garefis, P. Molecular toxicology of substances released from resin-based dental restorative materials. Int. J. Mol. Sci. 2009, 10, 3861–3899. [Google Scholar] [CrossRef]

	



Araújo, A.M.; Alves, G.R.; Avanço, G.T.; Parizi, J.L.; Nai, G.A. Assessment of methyl methacrylate genotoxicity by the micronucleus test. Braz. Oral Res. 2013, 27, 31–36. [Google Scholar] [CrossRef] [PubMed]

	



Krifka, S.; Spagnuolo, G.; Schmalz, G.; Schweikl, H. A review of adaptive mechanisms in cell responses towards oxidative stress caused by dental resin monomers. Biomaterials 2013, 34, 4555–4563. [Google Scholar] [CrossRef] [PubMed]

	



Brauner, C.; Joveleviths, D.; Álvares-da-Silva, M.R. Hepatotoxicity by methyl methacrylate. Clin. Res. Hepatol. Gastroenterol. 2021, 45, 101513. [Google Scholar] [CrossRef] [PubMed]

	



Trifuoggi, M.; Pagano, G.; Oral, R.; Pavičić-Hamer, D.; Burić, P.; Kovačić, I.; Siciliano, A.; Toscanesi, M.; Thomas, P.J.; Paduano, L.; et al. Microplastic-induced damage in early embryonal development of sea urchin Sphaerechinus granularis. Environ. Res. 2019, 179, 108815. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, P.J.; Oral, R.; Pagano, G.; Tez, S.; Toscanesi, M.; Ranieri, P.; Trifuoggi, M.; Lyons, D.M. Mild toxicity of polystyrene and polymethylmethacrylate microplastics in Paracentrotus lividus early life stages. Mar. Environ. Res. 2020, 161, 105132. [Google Scholar] [CrossRef] [PubMed]

	



Collins, A.R. Investigating oxidative DNA damage and its pepair using the comet assay. Mutat. Res. 2009, 681, 24–32. [Google Scholar] [CrossRef]

	



Buege, J.A.; Aust, S.D. Microsomal lipid peroxidation. Methods Enzymol. 1978, 52, 302–310. [Google Scholar] [CrossRef]

	



Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951, 193, 265–275. [Google Scholar] [CrossRef]








[image: Ijms 24 08243 g001 550] 





Figure 1. Effect of different-sized polymethylmethacrylate (PMMA) and polytetrafluoroethylene (PTFE) particles on the levels of MDA (A), PC (B), and IAA (C) in cells of the digestive gland of L. brevicula (mean ± standard deviation, n = 27); *—difference from control was significant at p ≤ 0.05. 
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Figure 2. Level of nuclear DNA damage in L. brevicula digestive cells after feeding food containing PMMA and PTFE microparticles (mean ± standard deviation, n = 27); *—difference from control was significant at p ≤ 0.05. 
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Figure 3. Distribution of comets according to the degree of nuclear DNA damage in L. brevicula fed with Protacryl m particles. 
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