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Abstract

:

Microplastic exposure has become unavoidable, leading to their presence in living organisms. One area of particular concern is the genotoxicity of microplastics, which has implications for reproductive health and cancer development. This review aims to highlight the genotoxic effects of microplastics on different organisms, focusing on their impacts on chromosomes, DNA, and gene expression. More than 85 papers, primarily published in the last five years, have been reviewed. This review indicates that microplastics can cause clastogenesis and aneugenesis at the chromosome level. Clastogenesis results in chromosome damage, while aneugenesis leads to failures in chromosome segregation without causing direct damage. Additionally, microplastics can fracture and damage DNA. These effects arise from (1) the direct genotoxicity of microplastics through interactions with chromosomes, DNA, and associated proteins; and (2) their indirect genotoxicity due to the production of reactive oxygen species (ROS) by oxidative stress induced by microplastics. Microplastics can trigger the activation of genes related to oxidative stress and the inflammatory response, leading to increased ROS production. Furthermore, they may alter gene expression in other biological processes. The genotoxicity linked to microplastics can stem from the particles themselves and their associated chemicals, and it appears to be both size- and dose-dependent.
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1. Introduction


Plastics are commonly utilized across various sectors, such as medical equipment, packaging, and electronics, because of their desirable characteristics like affordability, lightweight nature, and durability. The dramatic rise in plastic consumption over recent decades led to a total production of 400.2 million tonnes in 2022, with China contributing 32% of the plastics produced, followed by 19% from other regions of Asia and 17% from North America [1]. Unfortunately, a significant amount of plastics have made their way into seas and various waterways, primarily due to inadequate disposal practices. Over time, these larger plastic items undergo gradual degradation, facilitated by factors such as ultraviolet light, wave action, oxidation, and hydrolysis, leading to the creation of microplastics (MPs), which are plastic particles with sizes less than 5 mm [2].



MPs are now present in various environments. The concentration of MPs was measured across 24 marine bays, revealing a range from 0.72 to 1963.96 items per kg of dry weight, with the highest levels predominantly found in bays of East Asia. The distribution of these MPs was influenced by factors such as plastic emissions from rivers, aquaculture activities, and hydrodynamic conditions [3]. The presence of MPs in the freshwater ecosystems of North and South America ranges from 0.16 to 3437.94 items per m3. In European rivers, MP levels fluctuate between 0.28 and 1265 items per m3. In Asia, MP concentrations vary from 293 to 19,860 items per m3, with the highest concentration found in the Pearl River near Guangzhou City, China [4]. MPs have also permeated remote environments. Various plastics, differing in size and polymer type, have been discovered in the sediments, surface waters, and sea ice of Antarctica. MPs, primarily in the form of fibers, have been identified in both land and marine species [5].



Because of their diminutive size, aquatic organisms at various trophic levels can inadvertently be exposed to MPs. This can result in the buildup of these particles in their tissues and cells, potentially leading to various detrimental effects [6]. The harmful effects on animals typically include endocrine disruption, immune system suppression, interference with liver, kidney, and gastrointestinal functions, oxidative stress often associated with inflammatory responses, neurotoxicity, reproductive and developmental toxicity, and genotoxicity [7]. In aquatic organisms, for instance, research has indicated that polyvinyl chloride (PVC) MPs may lead to various toxic impacts, such as stunted growth, damage to the intestines, neurotoxic effects, liver toxicity, oxidative stress, and disruptions in immune function in different fish species [8,9,10]. Zebrafish (Danio rerio) exposed to polystyrene (PS) MPs exhibited a buildup of these particles in their gills, livers, and intestines. This exposure resulted in oxidative stress and heightened activity of the enzymes superoxide dismutase and catalase, along with inflammation and disturbances in lipid metabolism within the liver [11].



High-density polyethylene (HDPE) and polylactic acid (PLA) MPs at higher concentrations were found to increase the respiration rate of European flat oysters (Ostrea edulis) [12]. Similarly, an increase in respiration rate was noted in lugworm (Arenicola marina L.) when subjected to greater levels of PLA, HDPE, and PVC. This heightened respiration rate may result from the buildup of MPs in the digestive system of A. marina L. or due to inflammation caused by the toxic properties of these MPs [13]. Additionally, zebrafish and perch (Perca fluviatilis) exposed to PE MPs sized 10–45 μm and 106–125 μm for 21 days were observed to have higher concentrations of 10–45 μm PE MPs in the liver, while 106–125 μm PE MPs were predominantly found in the gills [14]. This exposure caused oxidative stress, leading to lipid peroxidation, DNA damage and ubiquitination, and activated signal transduction pathways associated with autophagy and apoptosis. The smaller PE MPs were found to induce more significant changes than the larger ones [14].



MPs have been found to impact various terrestrial organisms negatively. Specifically, soil nematodes (Caenorhabditis elegans) exposed to PS particles at a concentration of 1 mg/L for three days, with particle sizes between 0.1 and 5.0 µm, showed decreased body weight, a significantly lower survival rate, a shortened average lifespan, and alterations in the expression of unc-17 and unc-47 genes [15]. These disturbances damaged cholinergic and GABAergic neurons in the nematodes [15]. Furthermore, juvenile snails (Cantareus aspersus) exposed to low-density polyethylene (LDPE) MPs of different concentrations—10%, 25%, and 50% (v/v)—and particle sizes of 120, 292, 340, and 560 μm demonstrated no feeding avoidance of LDPE. Larger particles improved growth at low concentrations, while smaller particles caused oxidative stress without measurable cytotoxic or genotoxic effects [16]. A 28-day exposure of mice to 0.01 mg per day of 5 μm and 20 μm PS MPs caused a significant reduction in adenosine triphosphate (ATP) and total cholesterol levels, which indicate changes in lipid metabolism. This exposure also led to an increase in lactate dehydrogenase levels [17]. A higher concentration of 0.1 mg per day of PS MPs also caused significant oxidative stress. A decrease in superoxide dismutase levels was already detected at exposure to 0.01 mg per day of 20 μm PS MPs [17]. The consumption of PS particles in amounts ranging from 0.15 to 1.5 mg per day, specifically those measuring 0.5 μm, caused various negative effects in rats over a 90-day period [18]. These effects included a reduction in the size of developing follicles, lower levels of anti-Müllerian hormone secretion, heightened oxidative stress, granulosa cell apoptosis, and the development of fibrosis in the ovaries.



MPs also adversely affect plants, causing stunted growth, reduced or delayed seed germination, oxidative stress, and physical blockage of roots [19]. For example, they can alter chlorophyll levels, lipid profiles, photosynthetic efficiency, and algae growth rates [7,8]. Exposure to PE MPs for 6 days adversely affected seed germination, plant height, leaf count, and fresh biomass yield in garden cress (Lepidium sativum) while also causing oxidative stress in the plants [20]. The presence of PE microbeads in the root zone of hydroponically grown maize led to a notable reduction in transpiration rates, nitrogen levels, and overall plant growth [21]. Additionally, paddy plants (Oryza sativa L.) exposed to PS and PVC MPs at concentrations of up to 3 mg L−1 exhibited a decrease in photosynthesis rates by as much as 31.5% and 43.8%, respectively, in comparison to the control group. The presence of PVC MPs caused the greatest reduction in both the shoot and root growth, as well as in the fresh and dry biomass of the plants. The plants also experienced oxidative stress [22].



The expression of genes in organisms can be altered by their direct or indirect exposure to different environmental pollutants and stress-related factors, including MPs [23]. MPs have demonstrated effects on chromosomes, DNA, and gene expression that are linked to inflammation and oxidative stress [23,24]. However, few reviews are dedicated to the genotoxic effects of MPs. Most of the genetically related reviews on MPs center on antibiotic resistance genes induced by the positive pressure on bacteria inhabiting MPs contaminated with antibiotics [25,26,27,28]. These reviews do not discuss the various effects of MPs on chromosomes, genes, and DNA. Patra et al. reviewed the toxic effects of MPs on several biomarkers, including gene expression in general, without detailing the genes affected and the mechanisms involved [29]. Other reviews focus on the overarching health risks of MPs [7,24,30,31]. To fill in the gap, this review aims to specifically examine the genotoxic effects of MPs on different living organisms, particularly their effects on chromosomes, DNA, and gene expression. It contributes to a better understanding of the genetic risks of MPs, specifically their interactions with biological systems at a molecular level. This facilitates the assessment of their long-term health impacts and the prevention of diseases linked to MPs.




2. Methods


This narrative review involves a literature search using academic databases comprising Scopus, Web of Science, and ScienceDirect. The search terms consisted primarily of microplastics, genetic effects, genotoxicity, gene expression, chromosomal effects, and epigenetic effects. The search terms were combined to refine the search. Examples of the combined search terms are ‘genetic effects of microplastics’, ‘genotoxicity of microplastics’, and ‘gene expression effects of microplastics’. More than 85 papers were retrieved. The papers were screened using these criteria: (1) The papers must be published between 2014 and 2024, with priority given to those published between 2019 and 2024 (the priority here indicates that relevant papers from 2019 to 2024 would be given preference for inclusion in the review over those published before 2019 to ensure that the information is up-to-date); (2) They must report information on the genotoxic effects of MPs on different organisms. Those covering the general ecotoxicity of MPs without including the genotoxic effects were excluded; (3) The genotoxic effects comprise effects on DNA and chromosomes, epigenetic impacts, and alteration of gene expression; and (4) The genotoxic effects should come from MPs as a whole, not the individual additives in them.




3. Genotoxic Effects on Aquatic Organisms


Genotoxic effects refer to the ability of a substance or environmental agent to cause damage to genetic materials in cells. These damages often manifest as direct damage of DNA, changes in genetic expression, and chromosomal abnormalities, which may result from chromosomal structural damage or disruption in chromosomal segregation during cell division.



3.1. Chromosomal Effects


Chromosomal effects of MPs concern the direct or indirect disruptive effect of MPs on chromosomes, causing the chromosomes to be physically or chemically damaged or impairing chromosome segregation during mitosis or meiosis [32]. The former, called clastogenesis, involves structural changes or breaks in chromosomes, which cause deletion, duplications, translocations, inversions, or the formation of acentric (without centromere) or dicentric (two centromeres) chromosomes. The latter, otherwise known as aneugenesis, is demonstrated as chromosomal abnormalities due to aneuploidy, where chromosomes are lost or gained. Aneugenesis-induced aneuploidy can disrupt normal cellular functions, causing impaired division, senescence, or apoptosis [33]. Chromosomal effects may result in the formation of a micronucleus, which is a small, extranuclear structure that forms during cell division when a chromosome or a chromosome fragment fails to integrate into one of the daughter nuclei properly. It can be caused by clastogenesis or aneugenesis, reflecting chromosomal damage or missegregation during cell division [34].



Menezes et al. conducted a study to investigate how MPs impact the physiology of common carp (Cyprinus carpio) at the molecular level using MPs sourced from the recycling industry in sizes ranging from 125 to 1000 µm. Two concentrations relevant to environmental conditions were used: 0.75 µg/L and 8.25 µg/L. The findings showed a rise in the incidence of micronucleated cells with increasing MP concentration. This suggests that MPs can potentially cause genotoxic effects, posing a serious threat to fish health in the long run [23].



Nuclear abnormalities were also observed in juvenile Poecilia reticulata exposed to PE MPs at a concentration of 60 mg/L in dechlorinated water for 48 h. Following this period, they were provided as food to adult D. rerio over 10 days to mimic a higher level of the food web [35]. The frequencies of total nuclear abnormalities in the groups exposed to PE MPs—both through diet and direct exposure—were 5.71 and 5.06 times greater, respectively, compared to the control group. The observed abnormalities included various nuclear irregularities such as constricted nuclei, binucleated erythrocytes, multilobed nuclei, the presence of micronuclei, and notched nuclei (Figure 1) [35]. These nuclear anomalies may have been caused by aneuploidy, which leads to the formation of micronuclei, or by disruptions in nucleoplasmic bridges during cytokinesis.



MPs-induced nuclear abnormalities are further supported by a study using PS, PET, and PE MPs measuring 3000 μm in simulated sea trout spawning habitats [36]. These particles were introduced at concentrations that reflect their presence in the environment, specifically 0.1% of the dry weight of sediment. The study found that exposure to these MPs led to the development of various genotoxicity indicators, such as nuclear buds, micronuclei, and blebbed nuclei cells (Figure 1). The overall genotoxicity levels in the erythrocytes of fish larvae increased substantially in this order: PS > PET > PE, indicating that different MP types cause different levels of genotoxicity [36].



The aging of MPs is known to influence their toxicity. Virgin and aged PE MPs have been observed to activate signaling pathways that caused DNA damage, nuclear irregularities, and metabolite alterations across all tissues of the freshwater fish P. fluviatilis following a 120-day exposure period [37]. Fish that consumed aged PE MPs showed more significant DNA damage, while the fish blood cells exposed to virgin PE MPs were more prone to nuclear irregularities than the aged PE MP group [37]. The DNA damage and the emergence of micronuclei in tissues could be attributed to the production of ROS [38]. A notable increase in nuclear irregularities, including the presence of binucleated cells and micronuclei either joined to or separated from the main nucleus, was observed after the fish were exposed to MPs. Generally, the impact was more severe in the blood cells of fish that were exposed to virgin PE MPs as opposed to those exposed to aged particles [37]. This could indicate differential genotoxicity of virgin and aged MPs on different fish parts, with blood cells more susceptible to virgin PE MPs.



Micronuclei and their associated nuclear anomalies, including nuclear buds and blebbed nuclei cells (Figure 1), act as biomarkers indicative of gene amplification, the removal of amplified DNA, DNA repair processes, and possibly the presence of extra chromosomes in aneuploid cells [39,40]. MPs can quickly initiate these reactions through physical interactions, which disturb regular cellular functions, including the mitotic spindle apparatus. Furthermore, the additives contained in MPs may cause genotoxic effects [38]. The development of micronuclei stems from aneuploidy events, which can result from various factors: (i) mistakes in the DNA repair mechanisms that create acentric chromosome fragments, (ii) improper segregation of chromosomes during cell division, and (iii) instability in the chromosomes themselves [41].




3.2. Alteration of Gene Expression and Effects on DNA


MPs have been shown to alter gene expression, which changes biological processes. Adult oysters (Crassostrea gigas) subjected to PS MPs measuring 2 and 6 µm in diameter, at a concentration of 0.023 mg L−1, for two months during their reproductive period demonstrated genetic changes related to enhanced glucocorticoid responses, fatty acid breakdown, respiratory activity, and cellular responses to mechanical forces [42]. In the gonadal tissues, 46 specific transcripts were found to be differently expressed when comparing the exposed oysters to the control group (Table 1). Key enriched processes included the synthesis of glutamine, stimulation of insulin secretion, promotion of epithelial cell growth, and adhesion between ovarian follicle cells [42]. In the oocyte cells, 81 transcripts displayed differential expression across the two treatment groups (Table 1). Biological processes that were notably enriched included proteolysis, the development of embryos, and ion binding [42]. Proteins associated with calcium (Ca2+) binding may have interfered with the Ca2+ signaling pathways in oocytes from the exposed group, potentially hindering the maturation of these cells [43]. Severin, a protein that binds to actin in a Ca2+-dependent manner and is essential for cell division, was found to be upregulated in these oysters [42,44]. This suggests that PS MP exposure might negatively affect the dynamics of the cytoskeleton, which are vital for processes such as oocyte maturation, fertilization, and embryo development. Furthermore, other downregulated transcripts in the exposed oocytes point to possible adverse effects on embryo development.



A 21-day toxicity study was conducted using increasing concentrations of PS MPs (0 μg/L, 40 μg/L, 400 μg/L, 4000 μg/L, and 40,000 μg/L) to assess their impact on mitten crabs (Eriocheir sinensis) [45]. The results indicated a reduction in the expression of several antioxidant-related genes, including superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and glutathione S-transferase in the liver tissue after initial exposure (Table 1). Notably, the expression trends for SOD, GPx, and glutathione S-transferase did not align with the enzyme activity changes observed. Furthermore, the variations in CAT gene expression were particularly distinct from the corresponding enzyme activity [45]. These irregularities in the expression patterns of antioxidant genes compared to the activities of their respective enzymes could imply a specific regulatory mechanism governing gene transcription during the early life stages of crabs subjected to environmental stressors, which may contribute to the detoxification capacity of an organism.



Exposure to MPs also led to an increase in the expression of the p38 gene associated with the mitogen-activated protein kinase (MAPK) signaling pathway (Table 1), while it significantly diminished the expression of genes encoding for extracellular signal-regulated kinase (ERK), protein kinase B (AKT), and MAPK/ERK kinase (MEK) [46] (Figure 2). The elevated levels of p38 expression indicate that MP exposure activated this protein, leading to higher phosphorylation levels. This activation ultimately resulted in processes such as apoptosis, nuclear condensation, and a further increase in oxidative stress [45]. The observed decline in ERK expression points to a suppression caused by MP exposure, which in turn affects intracellular transcription and compromises cell function (Figure 2).



AKT and MEK are critical genes that play a role in cell survival and proliferation [45,46,47]. The significant reduction in these genes implies that MPs induce oxidative stress and inflammation, resulting in lower cell growth and viability levels. This evidence suggests that MPs could speed up cell apoptosis by impacting the MAPK signaling pathway, potentially leading to diminished immunity, decreased growth, and impacted overall cellular health.



The epigenetic effects of MPs were further elucidated following a 14-day exposure of common carp (C. carpio) to PVC MPs, which significantly increased the expression levels of several key proteins [48]. These proteins included intestinal heat shock protein 70 (HSP70), members of the cytochrome P450 family 1 subfamily A (CYP1A1), lysozyme (LYS), defensin (DEF), as well as mucin 2 (MUC2) and mucin 5 (MUC5). Exposure to PVC MPs led to damage in the intestinal tissues and a rise in the expression of genes associated with stress and immune function [48]. In another study, blue mussels (Mytilus sp.) were subjected to a blend of PE and PP MPs at concentrations of 0.008 µg/L, 10 µg/L, and 100 µg/L over 10 days, followed by 10 days of depuration [49]. The results showed no significant changes in the expression levels of key antioxidant enzymes, such as GPx, SOD, and CAT, in either the gills or digestive glands (Table 1). However, a notable increase in DNA damage was detected in mussels exposed to the higher concentrations of 10 μg/L and 100 μg/L, with increases of 30% and 54%, respectively, compared to the control group [49]. This suggests a trend correlating DNA damage with increasing MP concentration. Interestingly, the DNA damage observed in the hemocytes remained relatively low, with less than 15% showing DNA breaks. These findings align with previous research, such as that by Ribeiro et al. [50], which reported similar DNA damage in Scrobicularia plana exposed to PS at a concentration of 1 mg/L, and Brandts et al. [51], who noted effects in Mytilus galloprovincialis exposed to nano-PS across concentrations of 0.05 to 50 mg/L. Brandts et al. suggested that when mussels are exposed to MPs at levels commonly found in the environment, it may decrease the expression of genes involved in DNA repair in their gills. This effect mainly affects genes such as the tumor suppressor gene P53 (p53) and the damage-inducible gene 45 alpha (gadd45α) [51].



In a particular instance, clams (S. plana) were subjected to a PS treatment at a concentration of 1 mg L−1 (20 μm) for two weeks, followed by a week of depuration [50]. The observed DNA strand breaks in the hemocytes of these PS-exposed clams resemble the DNA damage seen in mussels exposed to PE MPs, which also showed a significant increase in strand breaks [50,52]. During the depuration phase, a comet assay showed an increase in both tail DNA (%) and olive tail moment in the organisms affected by PS, indicating DNA strand breaks or damage (Table 1) [50]. Larvae and young Japanese Medaka were provided with three different concentrations of MPs (0.01, 0.1, and 1% w/w in fish food) gathered from coastal areas on three islands near the north and south gyres of the Pacific Ocean for 30 days [53]. These MP levels represented ocean areas with moderate to heavy MP pollution. Juveniles that were two months old and fed with 0.01% MPs showed no noticeable symptoms, aside from an increase in DNA breaks, similar to the observations of Avio et al. [52,53].



The specific mechanism behind the genotoxic effects of these MPs is not yet understood. However, it is believed that these effects may be associated with the generation of ROS and oxidative stress beyond the capacity of the antioxidant defense system [54]. This can result in DNA damage through covalent binding or by hindering DNA synthesis, which inhibits cell division and DNA replication [55]. Additionally, due to their small size, MPs might also directly infiltrate cell membranes through endocytosis, potentially allowing them to reach and inflict harm on the nucleus [56]. Direct infiltration is particularly evident in nanoparticles.



Multiple studies link the DNA and nuclear damage to oxidative stress and ROS generation. Nugnes et al. examined the genotoxic impact of 1.0 μm PS MPs on the cladoceran species Ceriodaphnia dubia. Their findings revealed that these MPs can induce DNA damage in single C. dubia cells, with the percentage of damaged DNA detected in the tail varying from 2.1 ± 0.20% at a concentration of 0.85 μg/L to 28.60 ± 1.27% at 8500 μg/L (Table 1) [57]. Furthermore, they indicated that exposure to these plastic particles could result in a decrease in offspring and the occurrence of DNA lesions, which might be associated with elevated levels of ROS in the cells. In another study, 1% MPs measuring around 40 μm in a food mixture were introduced to Daphnia magna [58]. This led to an average of roughly 30 MPs in each of their digestive tracts, which indicates a notable level of MP contamination while still being environmentally relevant. In adult Daphnia, changes in the stress response gene expression, such as HSP60, HSP70, and GST, along with other genes related to bodily functions and makeup, like SERCA, were detected as early as 48 h after exposure [58].



Furthermore, PS MPs sized at 1 µm have been shown to cause significant DNA fragmentation in the sperms of sea urchins (Paracentrotus lividus) when exposed to a concentration of 50 µg/mL. This damage appears to be associated with the production of ROS [59]. While the precise mechanism remains unclear, it is understood that these particles may provoke inflammation and oxidation, leading to the generation of genotoxic ROS that can initiate apoptosis [60]. The oxidative stress triggered by plasticizers in MPs has also been frequently highlighted as a major contributor to the production of ROS or free radicals, which can harm genetic material and lead to micronuclei formation or promote the production of pro-inflammatory cytokines and chemokines, leading to inflammation [35,61]. Therefore, it is likely that both the MPs and the chemicals in them promote ROS generation. However, this review is interested in the genetic effects of MPs as a whole.





 





Table 1. A summary of the effects of MPs on gene expression and DNA of aquatic and terrestrial organisms.






Table 1. A summary of the effects of MPs on gene expression and DNA of aquatic and terrestrial organisms.





	
Organism

	
MP Type

	
MP Size and Concentration

	
Method

	
Observation

	
Reference






	
Aquatic organism




	
Oyster (C. gigas)

	
PS

	
2 and 6 µm; 0.023 mg L−1

	
Transcriptomic analyses involving total RNA isolation, conversion to complementary DNA (cDNA), and quantification using quantitative real-time PCR with specific primers

	
46 transcripts differently expressed in gonadal tissues; 81 transcripts differently expressed in oocytes

	
[42]




	
Mitten crabs (E. sinensis)

	
PS

	
5 µm; 0, 40, 400, 4000, and 40,000 µg L−1

	
As above

	
Reduction in antioxidant-related genes (SOD, CAT, GPx, and glutathione S-transferase) expression in liver tissue; increased expression of p38 gene regulating MAPK signaling pathway, as indicated by relative mRNA expression

	
[45]




	
Blue mussels (Mytilus sp.)

	
PE and PP

	
<400 µm; 0.008, 10, and 100 µg L−1

	
As above for gene expression; comet assay

	
No significant change in the expression of key antioxidant enzyme genes; increased DNA damage at 10 and 100 µg L−1 (+30 and 54% mean tail DNA values, respectively)

	
[49]




	
S. plana

	
PS

	
20 µm; 1 mg L−1

	
Comet assay with measurement of olive tail moment, comet tail length, and percent tail DNA

	
DNA damage with notably increased olive tail moment (day 7); notable increase of olive tail moment and % tail DNA during depuration (day 21)

	
[50]




	
M. galloprovincialis

	
PS

	
Median diameter = 110 nm; 0.05–50 mg L−1

	
Transcriptomic analysis as above; comet assay

	
Gene hsp70 related to stress response was upregulated in the digestive gland; in gills, genes related to DNA repair (p53 ↓), stress response (hsp 70 ↓), immunity, and biotransformation (cyp 11 ↑, gst ↓) were changed; significant DNA damage

	
[51]




	
Japanese Medaka

	
Environmental MP

	
<1 mm; 0.01, 0.1, and 1% w/w in fish food

	
Comet assay

	
Increased DNA breaks

	
[53]




	
C. dubia

	
PS

	
1 µm; 0.85, 8.5, 85, 850, and 8500 µg L−1

	
Comet assay

	
DNA damage of 2.1 ± 0.20% at 0.85 μg/L to 28.60 ± 1.27% at 8500 μg/L; dose-dependent

	
[57]




	
Terrestrial organisms




	
C. elegans

	
HDPE

	
2.21 × 105, 3.96 × 105, 8.91 × 105, and 16.9 × 105 particles mL−1

	
RNAi screening test; transcriptomic analysis as above

	
Activation of genes responsible for nucleotide excision repair (DNA repair); upregulated expression of genes in TGF-β signaling pathway (daf-7, daf-4, and efl-1)

	
[62]




	
U-2 OS (human osteosarcoma) cells

	
Polyamide-12

	
1–5 µm; 100 µg mL−1

	
U-2 OS cells with p53-responsive luciferase reporter gene

	
p53 activation, indicated by notably higher luciferase induction activity

	
[63]




	
Vicia faba

	
PS

	
5 µm and 100 nm; 10, 50, and 100 mg L−1

	
Micronucleus assay; antioxidative enzyme activities

	
Increase in SOD, peroxidase, and CAT (100 nm), indicating oxidative stress; decreased mitotic index and increased micronuclei, indicating genotoxicity

	
[64]




	
Sprague Dawley rats

	
PS

	
80, 200, 500, and 1000 nm; 5 mg L−1 day−1

	
Immunohistochemistry kit

	
Increased levels of 8-OHdG and γ-H2AX (markers of DNA damage)

	
[65]




	
Caco-2/HT29-MTX-E12 (human intestinal epithelial cell lines)

	
PVC, PS, PS-NH2

	
1.22 µm; 5, 10, and 50 µg cm−2

	
Comet assay

	
Notable rise in DNA damage (PS-NH2)

	
[66]










3.3. Interference with Detoxification


A study exposing marine mussels (Mytilus sp.) to PS MPs of 2 μm and 6 μm combined at 32 μg L−1 for seven days, followed by an additional seven days of cleansing in a controlled laboratory setting, revealed that PS MPs may directly influence the detoxification processes related to polycyclic aromatic hydrocarbons (PAHs), as evidenced by reduced levels of P-glycoprotein mRNA in all mussels subjected to PS MPs exposure [67]. P-glycoproteins are transmembrane proteins essential for transporting various substances, including unmodified xenobiotics and PAHs [67]. Additionally, prior studies have highlighted the impact of PE microbeads on the detoxification mechanisms in juvenile common gobies (Pomatoschistus microps) and seabass (Dicentrarchus labrax) larvae [68]. Impaired detoxification could prolong the genetic effects of environmental chemicals present with MPs, thus indirectly contributing to genotoxicity. For instance, PAHs are known to induce ROS that damage DNA by causing strand breaks [69]. MPs aggravate the damage by interfering with the removal of these genotoxic substances from organisms while imparting genotoxicity themselves.




3.4. Implications


Most of the studies on the genotoxicity of MPs were conducted using PS. Table 1 provides further details on the type and the sizes of MPs used in some studies. These studies employed transcriptomic analyses typically involving the isolation of total RNA, followed by conversion of the RNA to cDNA and their amplification with quantitative PCR in the presence of primers specific to the genes of interest. An RNAi screening test was used in a study to identify genes involved in DNA repair and cellular signaling pathways [62]. The comet assay is commonly used to detect and measure DNA damage in individual cells. It gets its name from the appearance of the DNA after electrophoresis: a “comet-like” shape, where the head represents intact DNA and the tail reflects damaged or fragmented DNA. The “comet” is analyzed using imaging software to measure tail length reflecting the extent of DNA damage, the tail DNA content indicating the proportion of DNA in the tail, and the tail moment, a combined indicator of tail length and DNA content. Immunohistochemistry kits were occasionally used to detect markers of DNA damage [70].



MPs typically cause oxidative stress, which in turn activates the expression of various antioxidant enzymes such as SOD, CAT, GST, and GPx. This suggests that these genes and their associated enzymes may be significant components of the cellular defense system against oxidative stress. However, Yu et al. observed a discord between the expression of genes encoding these antioxidant enzymes and the enzyme activities, suggesting certain epigenetic effects in the crabs studied, which require further study [45]. This review highlights that most of the deleterious effects of MPs are associated with their indirect genotoxic and epigenetic effects, which are closely linked to the oxidative stress they induce.



MPs alter the expression of genes causing inflammation and oxidative stress, such as p38, AKT, and MEK. These responses produce ROS, which activates genes encoding antioxidants, particularly SOD, CAT, and GPx, besides impacting cell survival. However, the increased oxidative stress caused by MPs might overwhelm the cellular antioxidant capacity, leading to the accumulation of ROS, which can damage cellular components, including DNA and chromosomes, causing clastogenesis and DNA breaks. Nonetheless, it is possible that genes involved in DNA repair in aquatic organisms, such as p53 and the gadd45α, are suppressed, resulting in DNA damage while not activating antioxidant enzymes.



In some cases, MPs, especially the smaller ones, can directly interact with DNA and chromosomes to cause their damage. MPs may penetrate cell membranes via the process of endocytosis, potentially enabling them to access and harm the nucleus. This is particularly evident for nanoplastics (NPs) that could enter cells easily and directly interact with the genetic materials, leading to mechanical disruption of the chromatin structure, physical obstruction of replication, and chromosomal aberrations [71]. Nonetheless, this review primarily focuses on the genotoxic effects of MPs and does not delve into those of NPs. In comparison to NPs, the direct genotoxicity of MPs is usually less pronounced.



Furthermore, MPs can cause aneuploidy by disrupting the assembly and functioning of the spindle apparatus, which is essential for accurate chromosome segregation. During aneugenesis, MPs may not directly damage the chromosomes but affect microtubule dynamics, centrosome function, or spindle formation, which results in chromosome misalignment or improper attachment to spindle fibers. This is often manifested as nuclear abnormalities.



MPs could prolong the genotoxic effects of other environmental pollutants by interfering with detoxification mechanisms, for instance, by reducing P-glycoprotein essential for removing PAHs from marine mussels. The chemicals leached from MPs could also interact directly with DNA or contribute to oxidative stress and ROS generation. However, reviewing the effects of individual plastic additives is beyond the scope of this article, which primarily aims to examine the genetic effects of MPs as a whole.





4. Genotoxic Effects on Terrestrial Organisms


4.1. Chromosomal Effects


The cellular impacts of MPs were demonstrated in a study on the effects of UV-aged and original PS MPs sized 1 µm and 5 µm on a monocyte-like cell line known as THP-1 [72]. The study found that the smaller size and aged condition of the MPs were linked to a higher incidence of genotoxic damage. Exposure to 1 µm original MPs led to a notable rise in the occurrence of micronuclei. Genotoxic assessments suggest that the detrimental impacts of MPs are largely influenced by their size and degree of aging [72]. Oxidized MPs tend to have a greater potential to induce DNA damage, probably due to their heightened negative surface charges, which facilitate stronger interactions with serum proteins and increase their availability within biological systems [73]. The effects of aneugenesis and clastogenesis seen in THP-1 cells following exposure to 1 µm MPs suggest that they lead to heightened genomic instability. The errors in chromosome separation likely stem from the interference these microparticles cause in the structure of the mitotic spindle [33].



A study exploring the genotoxic effects of PE MPs sized between 10 and 45 µm indicated that even minimal concentrations of these particles heightened the levels of genomic instability [33]. The findings demonstrated that exposure to MPs in vitro led to a significant rise in the frequencies of micronucleation, nucleoplasmic bridge formation, and the appearance of nuclear buds in human peripheral blood lymphocytes (Figure 1). From the examination of how larger MPs impacted lymphocytes, it is hypothesized that the mechanical interaction of MPs with the cells, along with the potential release of monomers and additives from the MPs, could be underlying mechanisms contributing to the increased genomic instability [33]. Additionally, it has been suggested that PE MPs might possess aneugenic properties, as micronuclei can contain entire chromosomes or chromatids that arise when chromosome segregation fails during anaphase [16]. This process of chromosomal segregation can be disrupted by various factors, including issues with spindle microtubules connecting to chromosome kinetochores, hypomethylation in the centromeric and pan-centromeric areas, and problems with the assembly of kinetochores [74].



A higher concentration of PE MPs significantly enhanced the occurrence of nucleoplasmic bridges (Figure 1) in human lymphocytes. Nucleoplasmic bridges arise when dicentric chromosomes are separated to the opposite poles during anaphase. Two proposed mechanisms for nucleoplasmic bridge formation include the improper repair of chromosomal breaks, or the fusion of telomere ends from two different chromosomes [40]. It has been noted that amplified DNA tends to localize at the nuclear periphery and is subsequently released from the nucleus as buds during the S phase of the cell cycle in in vitro cultures [75]. Furthermore, nuclear buds that form following the disruption of nucleoplasmic bridges are positioned between the two nuclei while the remaining part of the genome retracts back toward the nuclei [32].



A study investigated how PS MPs of different sizes (80 to 8000 nm) and concentrations (100 and 400 mg/L) affected the root length and chromosomal structure of root tip cells in A. cepa [76]. It was found that the mitotic index showed significant decreases based on both the size and concentration of the particles. The lowest mitotic index, at 12.06%, was observed with 100 nm MPs at a concentration of 100 mg/L. Additionally, the chromosomal abnormality index (CAI) and the nuclear abnormality index (NAI) demonstrated notable increases compared to the negative control group. MPs of various sizes also increased micro-nucleated cells in the Allium root tip cells, suggesting potential direct damage to DNA. High occurrences of chromosomal abnormalities, such as clumped chromosomes, c-mitosis, delayed anaphase, vagrants, bridges, and breaks, were observed [76]. These abnormalities can destabilize the genome, which leads to various genotoxic and mutagenic consequences. Such consequences include irregularities or deformities in the spindle fibers, failures in the movement of chromosomes, the breakage and fusion of chromosomes or chromatids, and shifts in chromosomal poles caused by the depolymerization of microtubules. Furthermore, there may be changes in the activation of enzymes essential for DNA replication [77].



C-mitosis can be triggered by disruption in the formation of disulfide bonds, which in turn affects the arrangement of tubulin essential for spindle microtubules. This disruption can lead to the presence of lagging chromosomes due to issues with the spindle or problems during the anaphase and prometaphase movements [78]. Moreover, sticky or clumped chromosomes may result from the improper functioning of certain non-histone proteins that play vital roles in the segregation and organization of chromatids. Additionally, the movement of chromosomes away from the anaphase pole or equatorial plate may be caused by external agents that exert c-mitotic forces, leading to the formation of vagrant chromosomes [79].



Chromosomal breaks can arise when DNA molecules are not adequately repaired, disrupting the linear integrity of the chromosome. Anaphase bridges are caused by various factors, including the breakage of chromosomes, their tendency to stick together, fusion events, para-centric inversions, and abnormalities in replication enzymes [77]. Ring chromosomes are formed when breaks occur in the chromosome arms, leading to the fusion of their proximal ends. This can result in the loss of material from the chromosome’s ends or the creation of ring structures. Furthermore, the dysfunction of telomeres can also contribute to the formation of ring chromosomes by causing the reactive ends of chromosomes to fuse together [80]. Table 2 summarizes various chromosomal abnormalities.



A study investigated the genotoxic effects of MPs and NPs with varying sizes (2 μm vs. 80 nm) and surface modifications (carboxylic and amino-functionalized PS), along with unmodified PS, on human alveolar basal epithelial (A549) cells [81]. The findings indicated that the genotoxicity observed in A549 cells from NPs was more pronounced than that from MPs, in line with Ding et al., Jiang et al., and Liu et al. [56,64,65]. Specifically, a greater accumulation of surface-functionalized PS NPs, particularly PS NH2, was noted within the cells compared to unmodified PS NPs. The study revealed that the induction of micronuclei occurred in a dose-dependent manner, with functionalized PS NPs resulting in higher micronuclei counts than unmodified PS NPs. Furthermore, surface-modified PS NPs, especially PS NH2, led to more significant toxicity in human A549 cells than their unmodified counterparts [81]. The results also suggested that these surface-modified PS NPs could induce cell death through an apoptotic pathway, which is associated with mitochondrial damage. Mitochondria play a crucial role in producing ROS, so impairing their function can lead to increased ROS generation [82]. Elevated levels of ROS may contribute to oxidative damage affecting lipids, proteins, and DNA.




4.2. Alteration of Gene Expression and Effects on DNA


RNA interference screening of transcription factors in the nematode C. elegans revealed a significant connection between the nucleotide excision repair and transforming growth factor-beta (TGF-β) signaling pathways and exposure to HDPE (Table 1) [62]. This finding was also validated in a zebrafish model, indicating that HDPE could interfere with genes responsible for DNA repair and cell signaling pathways regulating normal cellular function [62]. Kim et al. suggested that PE MPs could impair the repair of double-strand breaks or cause a decline in the DNA’s repair capability, indirectly leading to breaks in DNA strands [62].



U-2 OS (human osteosarcoma) cells transfected with a p53-responsive luciferase reporter gene were exposed to virgin and reused polyamide-12 MPs (at 100 µg/mL) for 21 days [63]. The p53-responsive luciferase reporter gene assay showed that particles per se were able to activate p53, being indicative of genotoxic stress (Table 1). This contrasts with the findings of Brandts et al., which show that p53 was suppressed in M. galloprovincialis exposed to nano-PS, thus compromising DNA repair [51]. This may constitute a distinction between how MPs affect p53 gene expression in an aquatic organism and a human cell line. Activation of p53 typically occurs in response to cellular stress or damage, such as oxidative stress and DNA damage. p53 induces the expression of a wide range of target genes, leading to outcomes such as cell cycle arrest, DNA repair, and apoptosis [83].



There are a few possible mechanisms that might result in DNA damage. First, physical disruption of the cell membrane by PA can create DNA lesions [63]. Second, the processes of endocytosis and internalization may interfere with intracellular signaling, which could also result in DNA damage [56,82]. Lastly, the transformation of PA within various intracellular compartments, like acidic (phago)lysosomes, might lead to the release of harmful chemicals, consequently damaging the DNA [84]. Genotoxicity at the intracellular level may be partly caused by a small fraction of monomer—around 4%—that does not fully bind with the polymerization products. This unbound portion can be released from plastic particles when they enter cells [85]. Furthermore, plastics often include different additives not chemically bonded to the polymer structure. These additives may be released in the harsh conditions of the cell, particularly within acidic (phago)lysosomes [33,86].



The root tips of the higher plant V. faba were subjected to 5 μm and 100 nm fluorescent PS MPs at concentrations of 10, 50, and 100 mg/L for 48 h [64]. Findings from the micronucleus assay and the assessment of antioxidative enzyme activities revealed that the 100 nm PS MPs induce more significant genotoxic and oxidative damage in V. faba compared to the larger 5 μm PS-MPs, confirming that smaller MPs generally demonstrate more severe genetic effects (Table 1) [56,64]. Additionally, it was confirmed that the 100 nm PS MPs penetrated the root system of V. faba. The build-up of these smaller MPs within the root tissue is likely to have obstructed cell connections or narrowed cell wall pores, which impaired nutrient transport [87]. This impairment is thought to be responsible for the noted oxidative and genetic toxicity.



Oxidative stress often leads to DNA damage, which can be assessed using immunohistochemical techniques to stain for 8-hydroxy-2′-deoxyguanosine (8-OHdG) and phosphorylated histone H2AX (γ-H2AX). 8-OHdG is a well-established marker for oxidative DNA modifications and is useful as a biomarker for detecting single-strand breaks in DNA [88]. Immunohistochemical analysis indicated that Sprague Dawley rats subjected to PS MPs of different sizes at a dosage of 5 mg L−1 day−1 for 90 days exhibited increased levels of 8-OHdG and γ-H2AX, which aligns with the oxidative stress experienced (Table 1) [65]. Furthermore, the rise in 8-OHdG and γ-H2AX was linked to the size of the particles, with smaller PS MPs resulting in greater DNA damage. It is worth mentioning that the concentrations of both 8-OHdG and γ-H2AX were significantly higher in the group exposed to PS NPs (80 nm) [65]. This finding further confirms that the genetic effects of MPs are influenced by their sizes.




4.3. Implications


Compared to studies on aquatic organisms, there are more studies on terrestrial organisms demonstrating the chromosomal effects of MPs. Again, these effects can be divided into clastogenesis and aneugenesis, involving chromosome damage and missegregation, respectively. These abnormalities could be caused by the direct genotoxicity of MPs, which damages DNA and chromosomes, or their indirect genotoxicity, triggering oxidative stress and producing ROS that damage DNA and chromosomes. Aneugenesis is typically caused by the epigenetic effects of MPs rather than their direct genotoxicity, which interfere with the microtubule dynamics, centromeric hypermethylation, histone modifications, and interference with cytokinesis. Certain studies reveal aneugenic micronuclei characterized by intact chromosomes that fail to segregate.



Aligning with the studies on aquatic organisms, studies on terrestrial organisms and cell lines also reveal the ability of MPs to promote ROS generation through oxidative stress and damage cellular components, such as mitochondria, thus indirectly contributing to DNA damage and the formation of micronuclei. These studies highlight that smaller MPs, especially NPs, have more potent genotoxicity because they can be internalized more easily, causing greater oxidative stress or direct interactions with DNA. Additionally, surface-functionalized MPs have a greater ability to induce DNA damage or nuclear abnormalities, and this ability could be dose-dependent. Surface functionalization of MPs is associated with MP aging. Oxidized MPs may have larger negative surface charges, facilitating stronger interactions with serum proteins and leading to higher bioavailability and oxidative stress.



More in vitro studies are available for terrestrial organisms, which typically test the genetic effects of MPs on a particular cell line. Human cell lines are often used to indicate the human genetic effects of MPs. The activation of p53 here is attributed to the genotoxic effect of MPs, which could be directly through the physical or chemical interactions between MPs or their constituents with DNA or indirectly through the triggering of intracellular signaling pathways and oxidative stress. This is contrary to the suppression of p53 reported in Mediterranean mussels that decreases the ability of the organisms to repair damaged DNA, thus conferring a predominantly epigenetic effect that passes on damaged DNA. HDPE and PE MPs were reported to impair DNA repair in terrestrial models. The genotoxicity of MPs can be attributed to the particles themselves, the monomers, and the plastic additives leached from MPs.



The difference in MP toxicity on aquatic and terrestrial organisms could be partly attributed to the contaminants present in the environmental media and the degree of MP aging in the media. Direct exposure to UV-degraded MPs in surface waters may introduce additional oxidative stress due to ROS, causing these MPs to demonstrate greater genotoxicity [37]. In terrestrial environments, MPs can interact with soil contaminants, particularly pesticides, petroleum hydrocarbons, polychlorinated biphenyls, and other persistent organic pollutants, which alter their genotoxicity [89]. This review indicates no significant differences in the biomarkers used for aquatic and terrestrial organisms, with the common ones being nuclear or chromosomal abnormalities, mitotic index, genes related to oxidative stress, DNA repair, and cellular signaling in response to stress, as well as comet assay showing DNA breaks/ damage. However, certain cellular signaling pathways, particularly p53 and TGF-β, are unique to animals. Immune, inflammatory, and apoptosis pathways are also more prevalent in animals [46]. Upregulated or altered expression of hsp70 has been commonly reported for aquatic organisms in response to pollutants, but hsp70 is also found in terrestrial organisms [51,90].





5. Conclusions


An examination of the genotoxic effects of MPs on aquatic and terrestrial organisms reveals that MPs impact chromosomes, DNA, gene expression, and, in some cases, detoxification mechanisms crucial for the protection of genetic materials. MPs can directly interact with chromosomes and DNA or induce the production of ROS, causing DNA and chromosome damage. Furthermore, MPs can affect the chromosomes epigenetically by impairing the mechanisms that regulate their normal segregation and modifying their structures or associated proteins without damaging them. This results in aneuploidy and nuclear irregularities in affected cells. MPs activate genes associated with oxidative stress and inflammatory response but may or may not alter the expression of genes encoding antioxidant enzymes in response to oxidative stress. They could also alter genes regulating biological processes in different cells. This review contributes to a better understanding of the ecotoxicological and health risks of MPs, particularly their risks to genetic materials. It sheds light on the genotoxicity of MPs and its potential linkage to diseases like cancer and infertility, the latter of which can be caused by aneuploidy in germ cells.



While this review aims to present a comprehensive evaluation of the genotoxicity of MPs, it is constrained by gaps in the current research, particularly (1) the variability in study designs involving the use of varying sizes, shapes, and chemical compositions of MPs, making it difficult to compare results or draw consistent conclusions; (2) the lack of standardized testing methods for assessing DNA damage and gene expression changes caused by MPs; (3) the size-dependent genotoxic effects of MPs; (4) the exact mechanisms of DNA damage, for instance, the specific interactions and pathways that induce genomic instability; (5) the limited information on how MPs influence epigenetic processes like DNA methylation and histone modification; and (6) limited data on how MPs affect gene expression across different cell types and organisms. These gaps shall set the tone for future studies.
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Figure 1. Nuclear abnormalities. 
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