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The global concern about plastics has been amplified due to their widespread contamination in the environment and their ability to cross biological barriers in living organisms. However, our understanding of their bioaccumulation, toxicity, and interaction with other environmental pollutants remains limited. Plastics are classified into three categories: macro-(MAP > 5 mm), micro-(MIP, <5 mm), and nanoplastics (NAP≤ 100 nm). Among these, NAPs have superior sorption capacity, a large surface area, and a greater ability to release co-contaminants into tissues, resulting in more complex and harmful effects compared to MAPs and MIPs. To assess the toxic effects of NAPs, particularly their genotoxicity in fish, we carried out a bibliographic search in PubMed using the search terms “nanoplastics” and “fish,” which yielded 233 articles. These studies focused on various polymers including polyamide (PA), polycarbonate (PC), polyethylene (PE), polyethylene terephthalate (PET), polymethylmethacrylate (PMMA), polypropylene (PPP), polystyrene (PS), and polyvinyl chloride (PVC). We further refined our search by including fish species such as common carp, fathead minnows, medaka, tilapia, trout, and zebrafish and selected 114 articles for review. This article provides a comprehensive overview of the current state of knowledge on the effects of NAPs on fishes, emphasizing their interaction with co-contaminants including metals, polycyclic aromatic hydrocarbons, pharmaceuticals, pesticides, antibiotics, plastic additives, and endocrine disruptors found in the aquatic environments. Our findings indicate that among fish species, zebrafish (∼68%) is the most frequently studied, while PS (∼89%) is the most commonly encountered NAP in the aquatic ecosystems. Despite substantial experimental variability, our systematic review highlights that NAPs accumulate in various tissues of fish including the skin, muscle, gill, gut, liver, heart, gonads, and brain across all developmental stages, from embryos to adults. NAP exposure leads to significant adverse effects including increased oxidative stress, decreased locomotor and foraging activities, altered growth, immunity, lipid metabolism, and induced neurotoxicity. Furthermore, NAP exposure modulates estrogen–androgen–thyroid–steroidogenesis (EATS) pathways and shows potential intergenerational effects. Although the USEPA and EU are aware of the global impacts of plastic pollution, the prolonged persistence of plastics continues to pose a significant risk to both aquatic life and human health.
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1 INTRODUCTION
Plastic particles are introduced into the environment through industrial activities, human practices, and inadequate waste management systems (Chen et al., 2017a; Gigault et al., 2018; Cox et al., 2019; Ebere et al., 2019; Strungaru et al., 2019; Kokalj et al., 2021). In recent decades, plastic pollution has emerged as the second largest environmental challenge, ranking among global threats such as ocean acidification, climate change, and ozone depletion (Amaral-Zettler et al., 2015; Ma et al., 2016; Vethaak and Leslie, 2016; Schymanski et al., 2018; Alimba and Faggio, 2019). The predominant source of plastic pollution stems from poor waste management practices including garbage dumping, improper disposal of waste, and runoff from industrial or agricultural activities (Leslie et al., 2017; Mahon et al., 2017; Triebskorn et al., 2019). The onset of the COVID-19 pandemic further exacerbated plastic contamination with the widespread use of personal protective equipment (e.g., face masks) and single-use packaging materials, contributing to a significant rise in plastic waste (Aragaw, 2020; Fadare and Okoffo, 2020; Yudell et al., 2020; Patricio Silva et al., 2021; Vanapalli et al., 2021; Afrin et al., 2022; Cho et al., 2022). Plastic waste once released into the environment does not decompose rapidly. Instead, it undergoes gradual decomposition, involving photolysis, oxidation, abrasion, hydrolysis, and biodegradation over an extended period of time (Sudhakar et al., 2007; Watters et al., 2010; Andrady, 2011; Maity and Pramanick, 2020). Larger plastic particles eventually break down into microplastics (MIPs; diameter ranging between 100 and 50,00,000 nm) and nanoplastics (NAPs, diameter ≤100 nm) through mechanisms such as wave action, mechanical wear and tear, photooxidation, and microbial degradation (O’Brine and Thompson, 2010; Lambert et al., 2013; Cozar et al., 2014; Gigault et al., 2016; Lambert and Wagner, 2016). NAPs are potentially more hazardous than MIPs (Rochman et al., 2013; Almeida et al., 2019; Domenech et al., 2020; Liang et al., 2021; Yang and Wang, 2022; Yang and Wang, 2023; Huang et al., 2023; Huang et al., 2023). The European Food Safety Authority (EFSA) has indicated that particles less than 150 µm (150,000 nm) in diameter may cross the intestinal mucosal barrier, while particles less than 1.5 µm (1,500 nm) in diameter can be transported into deeper tissues, including vital organs. Several types of MIPs (<50,00,000 nm), including polystyrene (PS), polyvinyl chloride (PVC), polyethylene (PE), polyethylene terephthalate (PET), polymethyl methacrylate (PMMA), polyoxymethylene, and polypropylene (PPP), have been found in various environmental compartments (de Sa et al., 2018) and have also been detected in the liver tissue of individuals with liver cirrhosis (Horvatits et al., 2022).
NAPs, often used as raw materials in products such as facial cleaners, scrubs, toothpaste, and other personal care items, are unintentional byproducts of plastic degradation and manufacturing processes (Enfrin et al., 2020; Kim, 2021; Kim et al., 2021). These particles, typically less than 1,000 nm in size, exhibit colloidal behavior and possess distinct chemical and physical characteristics compared to bulk plastics (Sharifi et al., 2012; Chen et al., 2017b; Pitt et al., 2018a; Lee et al., 2019). Due to their small size and high surface area, NAPs are highly efficient at both physical and chemical absorption of other environmental contaminants (Hartmann et al., 2017; Lee et al., 2019; Trevisan et al., 2019; Bhagat et al., 2020; Bhagat et al., 2021). Moreover, they are easily transferred through the food chain (Chae et al., 2018). Once absorbed into the body, NAPs can spread into the organs, including the brain and gonads, by overcoming the biological barriers (Lehner et al., 2019). Therefore, understanding their environmental fate, bioavailability, intake, and the potential effects on different organisms, is critical (Parenti et al., 2019; Lins et al., 2022) for humans. The persistence and degradation of macro- and MIPs contribute to the increase in NAPs in aquatic environments, including seas (Thompson et al., 2004; Cole et al., 2011; Harshvardhan and Jha, 2013; Earni-Cassola et al., 2019; Gigault et al., 2016), shorelines (Browne, 2011), estuaries (Saedi and Thompson, 2014), beach sediments (Imhof et al., 2013), lakes (Eriksen et al., 2013; Free et al., 2014), and freshwater ecosystems (Wagner et al., 2014; Vendel et al., 2017; Brandts et al., 2018; Pitt et al., 2018a; b; Parenti et al., 2019; Barria et al., 2020). These particles not only pose a direct toxicological threat but can also adsorb harmful chemicals, further enhancing their potential for inflicting biological harm (Jinhui et al., 2019; Campanale et al., 2020; Gonzalez-Fernandez et al., 2021). In aquatic organisms, such as zebrafish, NPs can be ingested and bio-fragmented within the body, potentially leading to toxicity and other physiological disruptions (Jovanovic, 2017; Khan and Ali, 2023; Barria et al., 2020; Duan et al, 2020).
Although PS is often used in risk assessments due to its commercial availability and varied sizes and surface charges, other plastics such as PE and PPP are also prevalent in environmental debris but have been less studied (Koelmans et al., 2019; de Ruijter et al., 2020). The current research gap necessitates a more comprehensive investigation of NAPs from various plastic types to assess their toxicity and ecological impacts. The aim of this systematic review is to evaluate the toxicological potential of NAPs in relation to plastic type, particle size, and their ability to adsorb hydrophobic pollutants, with a particular focus on the genotoxic effects in aquatic organisms such as fish. We hypothesize that NAPs upon crossing biological barriers and entering cells may trigger oxidative stress, induce DNA damage, and enhance the bioactivity of adsorbed contaminants. These processes may disrupt critical biological functions, including digestion, metabolism, neural activity and behavior, reproduction, and development, and potentially lead to intergenerational/transgenerational effects that could have significant implications on human health.
2 MATERIALS AND METHODS
2.1 Literature search strategy
We conducted a comprehensive literature search to find journal articles that examine the toxic effects of NAPs on fish, with a special focus on the impacts at the molecular level. The electronic search was performed in PubMed (http://www.ncbi.nlm.nih.gov/pubmed) until 29 February 2024, using the following search terms: “nanoplastics,” “fish,” and the different polymers of NAPs found in the aquatic environment (e.g., PA, PC, PE, PET, PMMA, PPP, PS, and PVC) (Table 1). The search also included the common names of the six fish species: common carp, fathead minnows, medaka, tilapia, trout, and zebrafish, previously followed in the studies by Dasmahapatra et al. (2023), Dasmahapatra et al. (2024). PubMed was selected as the primary database due to its reputation as a reliable and authoritative source for peer-reviewed scientific literature.
TABLE 1 | Chemical structures of plastic polymers followed in this review.
[image: Table 1]For this review, we focused primarily on bony fish, with the selected species serving as representative examples of the class Osteichthyes (Figure 1). The term carp was used to refer collectively to several species, including common carp (Cyprinus carpio), grass carp (Ctenopharyngodon idella), silver carp (Hypophthalmichthys molitrix) and tooth carp (Aphaniops hormuzensis) (Estrela et al., 2021; Guimaraes et al., 2021; Hamed et al., 2022; Liu S. et al., 2022; Wu et al., 2022; Zhang X. et al., 2022; Saemi-Komsari et al., 2023; Li Z. et al., 2024; Zhang et al., 2024a). Similarly, the term medaka encompassed Chinese rice fish (Oryzias sinensis), Hainan medaka (Oryzias curvinotus), Japanese medaka (Oryzias latipes), and marine medaka (Oryzias melastigma) (Chae et al., 2018; Kang et al., 2021; Zhang et al., 2021; Zhang et al., 2024 YT.; He et al., 2022; Chen Y. et al., 2023; Gao D. et al., 2023; Li X. et al., 2023; Wang F. et al., 2023; Yu et al., 2023; Zhou et al., 2023a; Zhou et al., 2023b; Li X. et al., 2024). The term tilapia was used to refer to various species such as red tilapia (Oreochromis niloticus), Nile tilapia (Oreochromis niloticus), and Mozambique tilapia (O. mossambicus) (Ding et al., 2018; Pang et al., 2021; Hao et al., 2023; Wang W. et al., 2023; Zheng and Wang, 2024; Zheng et al., 2024).
[image: Figure 1]FIGURE 1 | Flow chart of the literature search in PubMed (http://www.ncbi.nlm.nih.gov/pubmed).
The search yielded 114 peer-reviewed articles that highlight potential developmental, reproductive, neurological, immunological, and behavioral disorders in fish exposed to NAPs (Figure 1; Tables 2–9). A comprehensive summary of the findings has been compiled in Supplementary Table S1, which has been deposited in a public repository [Figshare (https://figshare.com) for reference and future update, if necessary.
TABLE 2 | List of authors who studied the effects of NAPs on fish.
[image: Table 2]TABLE 3 | Articles excluded from reviews (based on the size and the mode of exposure).
[image: Table 3]TABLE 4 | Articles included both MIPs and NAPs during investigations.
[image: Table 4]TABLE 5 | Accumulation of nanoplastics in the specific organs of fish at various stages of development.
[image: Table 5]TABLE 6 | Effects of NAPs on fish targeting toxicological endpoints.
[image: Table 6]TABLE 7 | Genotoxic effects of NAPs on fish.
[image: Table 7]TABLE 8 | Effects of NAPs and various environmental contaminants used in coexposure studies on the toxicological endpoints of fish.
[image: Table 8]TABLE 9 | Genotoxic effects of NAPs with various environmental contaminants used in coexposure studies.
[image: Table 9]Among the 114 selected articles, we further screened by focusing only on studies on NAPs that are ≤100 nm in diameter/size; therefore, studies made focusing on plastic sizes >100 nm (15 articles) were excluded during evaluation (Table 3). Among these 15 articles, two articles, Monikh et al., 2022 (PE, PPP, PS, and PVC), and Tamayo-Belda et al., 2023 (LDPE, PLA, PPP, and PS), focused on more than one plastic type and included together in one article. Moreover, their studies examined various sizes of plastics, belonging to both NAPs and MIPs. Therefore, these two articles were included in both inclusion (Tables 2, 4) exclusion (Table 3) tables. Wang L. et al. (2023) did not mention the plastic types used for zebrafish embryos, although the size of the NAP was 100 nm. Therefore, we did not consider Wang L. et al. (2023) for review (Table 3). In addition, 26 articles included both MIP (>100 nm) and NAP (≤100 nm) in their investigations (Table 4). During the review process, we considered these 26 articles and focused only on the studies carried out on NAPs and excluded the studies carried out on MIPs (Table 4). Moreover, Tamayo-Belda et al. (2023) measured the diameter of the plastics (LDPP, PLA, PPP, and PS) every day during embryo development (4–96 hpf), and the diameter of the plastic particle was widely variable (>100 nm) within the days of exposure. However, in case of PS, the diameter of the plastic particle during the exposure (4 hpf) was 91 nm, which was below the exclusion limit of the MIPs (≤100 nm) followed in this study. In addition, for LDPE, the diameter of the plastic particle is 91 nm only on 4 dpf (96 hpf) of development (Table 4). We, therefore, consider PS and LDPE as NAPs during evaluation. Furthermore, three articles, namely, Manuel et al. (2022) (studies on PMMA and PS on zebrafish embryos); Monikh et al. (2022) (studies on PPP, PE, PS, and PVC on zebrafish embryos); and Tamayo-Belda et al. (2023) (studies on LDPE, PLA, PPP, and PS on zebrafish embryos), studied multiple plastic particles and described the results together in one article. Elizalde-Velazquez et al. (2020) studied the effects of PS on fathead minnows using two methods of exposure (IP and trophic transfer) and described the results together in one article. Moreover, we confined our search to in vivo studies and excluded in vitro studies (Greven et al., 2016). However, Greven et al. (2016), used two different sizes of PS (158.7 nm and 41 nm sizes) on fathead minnows and described the results together in one article. Therefore, 15 (13 + 2) articles, including studies by Monikh et al. (2022) and Tamayo-Belda et al. (2023), were excluded (Table 3), 26 articles were partly excluded from the review, and finally, 101 (99 + 2) articles were selected for NAP evaluation (Tables 5–9).
3 RESULTS
In laboratory studies, fish at different developmental stages (embryos, larvae, juveniles, and adults) were used for the assessment of NAP toxicity (Table 2). In embryos, NAPs were accumulated/agglomerated on the chorion after exposure (waterborne) and depending on the size of the NAPs and the pore diameter of the chorion (in zebrafish, the size of the chorion was 200–700 nm in diameter, Chen et al., 2020), NAP particles crossed the barrier and entered into the body of the developing embryos and gradually accumulated on different organs over time. In some experiments, NAPs were directly injected inside the eggs (Sokmen et al., 2020; Zhang et al., 2020). However, in larvae, juveniles, and adults, the fish when exposed to NAPs through waterborne mode, trophic transfer, or through diet entered inside the body through the mouth, gills, and skin. In a few cases, NAPs were directly administered through injections (Elizalde-Velazquez et al., 2020).
3.1 Effects of NAPs on fish
3.1.1 Polyethylene
Polyethylene (PE) is also known as polythene, is a synthetic resin and the most commonly used plastic in the world. It can only generate nonspecific van der Walls interactions (Geum and Yeo, 2022). Our literature search found only two fish species; common carp (one article) and zebrafish (four articles on PE and one article on LDPE; three on embryos and two on adults) were used to evaluate the toxic potential of PE/LDPE as NAPs. Moreover, two more studies were conducted on PE where the particle size was >100 nm (Sun et al., 2021; Khan and Ali, 2023), and were therefore excluded from evaluation. The 96 hpf no observed adverse effect level (NOAEL) found on the toxicity of PE in zebrafish embryos was 0.05 mg/L (hydrodynamic size 191.10 ± 3.13 nm) (Sun et al., 2021). Zebrafish adults exposed to pristine polyethylene (76,740 ± 14,070 nm) were able to excrete small PE (5,920 ± 4,960 nm) within 24 h of exposure (Supplementary Table S1), which indicates that PEMIP enters the gut, metabolizes to smaller fragments, and is excreted in the fecal material (Khan and Ali, 2023).
3.1.1.1 Common carp
In juvenile common carp (Cyprinus carpio), PE significantly decreased the enzyme activities (AChE and MAO) and NO content in the brain (Hamed et al., 2022) and caused histological damages, indicating varying degrees of necrosis, fibrosis, changes in blood capillaries, tissue detachment, edema, degenerated connective tissues, and necrosis of large cerebellar neurons and ganglion cells (Tables 2, 5, 6, Supplementary Table S1). In eyes, necrosis, degeneration, vacuolation, and curvature in the inner layer were observed after PE exposure.
3.1.1.2 Zebrafish
Both embryos and adults of zebrafish were used for the evaluation of PE toxicity (Tables 2, 5, 6; Supplementary Table S1). Zebrafish embryos within 6 hpf were exposed to PE (50 nm; 3 × 10−10/L) for 24 h or to LDPE (91–342 nm) for 96 h, and mortality and development were evaluated until 4–5 dpf (Tables 2, 5, 6; Supplementary Table S1). It was observed that PE did not induce mortality; however, delayed hatching was observed, and the hatched embryos were normal, although the larval body length was reduced when compared with that of controls (Monikh et al., 2022). The zebrafish larvae (120 hpf) exposed to LDPE during development showed slight locomotor activity during the light phase (Tamayo-Belda et al., 2023). Zebrafish adults were exposed to PE (70 nm) at a concentration of 20 μg/mL for 21 days (Tables 2, 5, 6; Supplementary Table S1), and the oxidative stress and AChE enzyme activity in the gill, gut, and liver of fish on 7, 14, and 21 days of exposure (Li R. et al., 2023) were investigated. Moreover, gut dysbiosis was also analyzed. Organ-dependent oxidative damage induced by PE was observed after chronic exposure. Insignificant differences in the neurotoxicity (inhibition of AChE activity) and dysbiosis of gut microbiota were also observed in fish exposed to PE (Li R. et al., 2023). The effects on GST, GSH, CAT, LPO, and SOD showed that PE induced organ-specific oxidative damage in the gill, gut, and liver (Li R. et al., 2023).
Taken together, it was observed that PE (50 nm) was able to reduce the length of zebrafish larvae when the embryos were exposed only for 24 h (Monikh et al., 2022).Juvenile common carp exposed to PE (<100 nm; 15 mg/L) for 15 days had disrupted brain structure (histology) and function (AChE and MAO activities and NO contents), while in adult zebrafish, PE (70 nm; 20 μg/L for 21 days) induced organ-specific oxidative stress (gill/gut/liver), inhibited AChE activity, and induced dysbiosis in gut bacterial communities (Li R. et al., 2023). Therefore, although the study is limited only to two fish models and studies on gene expression are lacking, PE was found to induce toxicity in fish, depending on the developmental stages, concentration, sizes, and the duration of exposure, as well as in different organs of the fish (Table 6).
3.2 Polyethylene terephthalate
Polyethylene terephthalate (PET) is one of the most used plastic polymers, particularly for containers (container for food, drinks, and plastic bags), owing to its transparency, flexibility, and innocuity (Dhaka et al., 2022). It is also used in textiles and as parts of automotives and electronics (Gwada et al., 2019; Dhaka et al., 2022). PET particles have been found in ground water, drinking water, soils, and sediments in the air (Dhaka et al., 2022; Jiang et al., 2022; Lin et al., 2022; Zhang H. et al., 2022). The hazardous effects of PET in the form of nanoparticles (PETNAPs) in marine organisms such as amphipods, copepods, and fish have been studied (Heinder et al., 2017; Ji et al., 2020). PETNAPs have raised severe concerns regarding potential danger and risks for nature and human wellbeing (Dhaka et al., 2022; Zhang H. et al., 2022). Studies on human cell culture showed that PETNAPs at a higher concentration have inhibitory effects on the cell viability (Margi et al., 2021; Zhang H. et al., 2022; Villacorta et al., 2022), and the interaction of PETNAPs with different contaminants (Hg2+, glyphosate, and levofloxacin) can significantly change the cell physiology (Margi et al. (2021)). Using human lung carcinoma cell culture, Zhang H. et al (2022) have shown that PETNAP increased levels of reactive oxygen species (ROS), which may affect mitochondrial potential. A comprehensive system-level tracking of the toxicity pathways affected by PETNAPs is necessary to understand the toxicity mechanisms of PETNAPs. Our literature search found that only zebrafish embryos were used (two articles) to evaluate the toxic potential of PETNAPs in fish (Bashirova et al., 2023; de Souza Toedoro et al., 2024).
3.2.1 Zebrafish
Zebrafish embryos (6 hpf and 72 hpf) were exposed to PET (70 ± 5 nm and 68.06+ nm) until 96–120 hpf (Bashirova et al. (2023) or 6 days (de Souza Toedoro et al. (2024) at concentrations ranging from 0.5 to 200 mg/L (Tables 2, 5, 6; Supplementary Table S1). PET was accumulated in liver, kidney, and intestine of the larvae (Table 5), and its exposure reduced the survivability and hatching of the embryos in a concentration-dependent manner. The heart rates remained unaltered. The locomotor activity of the larvae in the dark phase was reduced in a concentration-dependent manner. Quantitative analysis of the metabolites indicated a significant decrease in acetate, glucose, alanine, leucine, isoleucine, valine, glutamate, cystine, glycine, and GSH levels; however, a significant increase was noticed in lactate, choline, glycerophosphorylcholine and ethanolamine, tryptophan, phenylalanine, tyrosine, free fatty acids, and cholesterol levels (Bashirova et al., 2023). Higher levels of ROS were generated in the intestine, liver, and kidney region of the larvae (Bashirova et al., 2023). In contrast to the study, de Souza Toedoro et al. (2024) observed that PET accumulated on the surface of the chorion in a concentration-dependent manner, and no effect on the mortality and hatching of the embryos was observed. The heart rates of the treated embryos at 48 hpf increased significantly in a concentration-dependent manner, and the length of the hatched larvae did not change significantly; also, no effect on locomotor activity was observed. The interocular distance reduced significantly in embryos exposed to PET. Moreover, spontaneous tail coiling was diminished by PET exposure. No significant effect was observed in lipid peroxidation or total antioxidant capacity during embryo–larval development (de Souza Toedoro et al., 2024). Therefore, despite the differences between the two studies, PET was able to modulate the embryonic development as well as the behavior of the zebrafish larvae; however, there are few studies on the genotoxicity.
3.3 Polymethylmethacrylate
Polymethylmethacrylate (PMMA), is often used in electronic equipment and prosthetics, and 0.26 million tons were used in Europe in 2019 (Plastic Europe, 2022). However, the effect of PMMA on aquatic animals is poorly understood (Manuel et al., 2022). A recent study showed that 40-nm PMMA nanoparticles, at higher concentrations, impaired survival and growth in tadpoles and induced deformities (Venancio et al., 2022). In the marine fish, Sparus aurata, 40-nm PMMA nanoparticles demonstrated the ability to alter the antioxidant status and lipid metabolism pathways and induced genotoxic effects on red blood cells (Brandts et al., 2021). In our literature search, only zebrafish embryos (one article) were used to evaluate the toxic potential of PMMA in fish (Manuel et al., 2022).
Zebrafish embryos (2 hpf) were exposed to PMMA (32 nm; 0.001–100 mg/L) until 96 hpf (Tables 2, 5, 6; Supplementary Table S1), and the larvae (96 hpf) were used for evaluation of mortality, hatching, and pericardial edema (Manuel et al., 2022). The swimming behavior of the larvae was assessed after 120 hpf. It was observed that PMMA at the highest concentration induced mortality and delayed hatching of the embryos. No significant effect on the swimming behavior of the larvae was observed. AChE activity did not show any significant alterations, except for the larvae exposed to a concentration of 0.01 mg/L, in whom the activity significantly decreased when compared with controls. Among the antioxidant enzymes, GST did not show any significant alterations; however, GPX activity was enhanced only in larvae exposed to 10 mg/L PMMA. CAT activity, though nonlinear, was found to be enhanced in larvae exposed to concentrations of 0.001, 0.1, and 10 mg/L. Concerning energy reserves, no significant effect in terms of glycogen was observed (Manuel et al., 2022). Although the concentrations limited the toxic potential of PMMA in zebrafish, the effects were mediated through ROS and oxidative stress.
3.4 Polypropylene
Polypropylene (PPP) is one of the most widely used plastics, with the application ranging from food packaging to use as automotive parts, and it is also one among the most significant components of personal protective equipment such as masks, the use of which has increased since the COVID-19 pandemic (Aragaw, 2020; Patricio Silva et al., 2021; Vanapalli et al., 2021). A considerable amount of PPP waste has accumulated in the environment and is continuously converted to PPPMIPs by action of external factors such as UV radiation, oxidation, and biofilms (Min et al., 2020). PPPMIPs have been detected in the gastrointestinal tracts of sea turtles of the Atlantic Coastlines of Florida (White et al., 2018). In zebrafish embryos, PPP are internalized by ingestion and distributed in the intestine and eventually excreted (Lee et al., 2022). Adult zebrafish were exposed to the micro/nanoplastics extracted from food-grade PPP nonwoven bags for 2 and 14 days, and the activities/contents of several oxidative-stress related biomarkers (ROS, GSH, SOD, CAT, and MDA) were modulated in the gill and liver of the exposed fish (Li J. et al., 2023). Additionally, a recent study reported that PPPMIPs were released from infant feeding bottles during formula preparations (Li et al., 2020). Moreover, in a study on human-derived cell and animal models (zebrafish and nematodes), PPPMIPs induced cytotoxicity, proinflammatory cytokine activity, oxidative stress, and intestinal damage (Lei et al., 2018b; Hwang et al., 2019). Therefore, it was suggested that the preparation and labeling techniques for PPPNAPs as model plastic nanomaterials are important for enhancing toxicological and biodistribution studies (Cassano et al., 2021). Our literature search found that two fish species tilapia juveniles (one article) and zebrafish embryos (three articles) were used to study the toxic potential of PPPNAP; however, two of the articles (Lee et al., 2022 and Tomayo-Belda et al., 2023) used PPPMIPs.
3.4.1 Tilapia
Tilapia (body weight 10 ± 1 g; length 13 ± 1 cm) were exposed to PPPNAP (100 nm) in water for 21 days at three different concentrations (1, 10, and 100 mg/L), and the liver was used for metabolomics analysis (Tables 2, 5, 6; Supplementary Table S1). It was observed that the body weight and the hepatosomatic index (HSI) of the fish did not change after 21 days of exposure to PPP (Wu et al., 2023). However, the plastics induced significant effects on glycerophospholipid, arginine, and proline metabolism and on aminoacyl-tRNA biosynthesis (Wu et al., 2023).
3.4.2 Zebrafish
Embryos of zebrafish within 6 hpf were exposed to 3 × 1010 particles/L of PPP (50 nm) for 24 h (Tables 2, 5, 6; Supplementary Table S1). It was observed that although there was no induction in the mortality among the embryos, the hatching was delayed, and the larval length was reduced significantly. Moreover, 18% of the larvae exposed to PPP showed a curved spine (Monikh et al., 2022).
3.5 Polystyrene
Polystyrene (PS) plastic used in producing Styrofoam, which is used in food containers and packaging products (Kik et al., 2020). It is one of the most produced plastic polymers in the world; in 2019, there was a demand of 1.58 million tons alone in Europe (Manuel et al., 2022). Due to its significant use, often in single-use products associated with food packing, PS is the most detected plastic in the environment (Fahrenfeld et al., 2019) and the most studied plastic on aquatic organisms (Lu et al., 2016; de Sa et al., 2018; Peng et al., 2024). In addition, it is one of the most abundantly found plastics in the marine environment (Pitt et al., 2018b). Among the plastic polymers, PS has an intermediate density (1.05 g/cm3), with a value close to density of water (1–1.03 g/cm3); this makes PS plastics behave differently in waters of different salinity and thus become bioavailable for aquatic organisms, from surface waters to bottom waters or in sediments (Earni-Cassola et al., 2019). PS has a relatively higher adsorption capacity than PE (Geum and Yeo, 2022). The 96-h LC50 as determined in tooth carp (Aphaniops hormuzenis) was 19.3 mg/L (Saemi-Komsari et al., 2023). PSNAP produces ROS, which results in oxidative stress-mediated toxicity (Schirinzi et al., 2017; Lei et al., 2018a; Eom et al., 2020; Kim and Rhee, 2021). Our literature search showed that PS is the only plastic for which almost all the selected fish species were studied and the highest number (104) of articles (∼89%) were considered for review (Figure 1).
3.5.1 Carp
The search terms nanoplastics, PS, and carp identified articles on carp (one article), grass carp (five articles), silver carp (one article), and tooth carp (one article). Our search indicated that among all these carps, the toxic effects of PS were evaluated on embryos, larvae, and juveniles of grass carp and on adults of carp, silver carp, and tooth carp. Moreover, the size (20–8,000 nm), concentrations (5 μg–200 mg/L), duration (2 hpf–20 days), and the modes of exposure (waterborne and dietary) were widely variable (Tables 2, 5, 6). It was observed that in embryos (grass carp), the accumulation of NAPs was mostly on the chorion; in larvae (grass carp) in the intestine and nose area; in juveniles (grass carp) in the gut, intestine, blood, liver, and brain; while in adults (carp, silver carp, and tooth carp), PS was accumulated in the gill, gut, intestine, liver, heart, muscle, and skin (Table 5). The studied effects were mostly focused on toxicological endpoints (Table 6), while genotoxic effects were also investigated (Table 7).
PS (80 nm) was unable to induce any disorder in heart rates or mortality in grass carp embryos (Zhang C. et al., 2022), while in juveniles, PS increased liver weight (HSI), induced DNA damage in erythrocytes, lesion in the gills and intestine, and histological damages in the gut and brain (Table 5). Moreover, the overall antioxidant activities and LPO contents in the brain (CAT, GST, GPx, and SOD activities and GSH and MDA contents) increased, while NO contents remained unaltered. The enhancement of AChE activity in the brain did not affect locomotory movements (Table 6). Moreover, in the intestine of juveniles (grass carp), the expressions of several immunomodulatory genes (IL-6, IL-8, IL-10, IL-1β, TNF-α, and INF-γ2) were upregulated (Li Z. et al., 2024). In adults, PS induced apoptosis, inhibited antioxidant capacity, and increased the protein contents of TL4 and NOX2, which resulted in induction of apoptosis and myocardial injury (Wu et al., 2022). Moreover, the diversity and richness of gut microbiota increased after PS exposure (Zhang et al., 2024a). Taken together, despite the variations in the dose, duration, mode of exposure, and developmental stages, PS was found to be toxic to carps, and PS accumulation in the brain and induction of oxidative stress resulted in immunomodulatory effects in the intestine that disrupted the gut microbial communities.
3.5.2 Fathead minnows
The effects of PS were studied in fathead minnows both in vitro and in vivo. For in vitro effects, neutrophils were collected from adult fish and exposed to PS (41.0 nm diameter) either for 1 h (100 μg/L) or for 2 h at four different concentrations (0.025, 0.05, 0.1, and 0.2 μg/L) (Supplementary Table S1). PS induced degranulation of primary granules, and neutrophil extracellular traps were released in a concentration-dependent manner (Greven et al., 2016), even though nonlinear. However, oxidative burst was less affected.
Adult male fish were exposed to PS (50 nm) either by IP injection (0.1 mL of 5 μg/L) or by trophic transfer [fed PS-exposed (5 mg/L) daphnia to the experimental fish] and sacrificed after 48 h (Elizalde-Velazquez et al., 2020). PS was accumulated in the liver and head kidney of the exposed fish and regulated the expressions of four immune-related genes (ncf2, nox2, mst1, and c3) (Table 7; Supplementary Table S1). The expressions of mst1 and c3 were upregulated in fed animals and downregulated in injected fish (Elizalde-Velazquez et al., 2020). Moreover, the expression of ncf2 was downregulated and that of nox2 remained unaltered in both the liver and head kidney of fish exposed to PS either by injection or by feeding (Elizalde-Velazquez et al., 2020). In the head kidney, significant downregulation was observed in ncf2 expression in both methods of exposure, while mst1 expression was downregulated in injected fish and remained unaltered in fed ones. C3 in the head kidney was downregulated in fed fish and remained unaltered in PSNAP-injected fish (Tables 5, 6; Supplementary Table S1). Therefore, modes of exposure of PS to the fish played a significant role in the expression of immunomodulatory genes in fathead minnows.
3.5.3 Medaka
The search terms, nanoplastics, PS, and medaka identified 14 articles belonging to Chinese rice fish (one article), Hainan medaka (one article), Japanese medaka (two articles), and marine medaka (10 articles). Among these fish (medaka), embryos of marine medaka (Chen et al., 2022; Chen et al., 2023 Y.; Yu et al., 2023), larvae (9 dph) of Japanese medaka (Zhou et al., 2023b) and marine medaka (Kang et al., 2021; Li X. et al., 2024), juveniles of marine medaka (Li Y. et al., 2023; Li X. et al., 2023) and adults of Hainan medaka (Gao D. et al., 2023), Japanese medaka (Zhou et al., 2023a; Zhou et al., 2023b), and marine medaka (Zhang et al., 2021; He et al., 2022; Wang F. et al., 2023) were used for evaluation of PS toxicity. Accordingly, in these studies, the sizes (50 nm–45 µm or 50–45,000 nm), concentrations/doses (5.5 × 10−12 mg/L −5 mg/L), modes of exposure (waterborne, trophic transfer, and dietary), and duration (24 h–120 dph) of exposure with PSNAP were widely variable (Tables 2, 5). Moreover, the accumulation and the effects of PSNAPs in embryos (yolk sac, GI tract, intestinal villi, liver, and heart), larvae (gut, intestine, liver, muscle, and gonads), juveniles (intestine), and adults (gills, intestine, gut, liver, ovary, and testis) were dependent on the developmental stages of the fish (Tables 2, 5). Although the studies were focused on toxicological endpoints (Table 6), investigations on genotoxic effects (Table 7) as well as intergenerational effects have also been done. Moreover, because the diameter of the exposed PS particle was >100 nm, we have excluded the studies carried out by Zhang YT. et al. (2024) on adults of marine medaka in this review (Table 3).
The embryos of marine medaka with PSNAP (50 nm; 55 μg/L) exposure exhibited reduced heart rates (6 dpf), induced mortality, and reduced larval body length (21 dpf); also, deformities in craniofacial structures and abnormalities were also observed in the histology of the liver and heart of the larvae (21 dpf) (Table 6). Moreover, embryos of marine medaka were exposed to PS-NH2 (80 nm) and PS-COOH (80 nm) at 10 μg/L concentration in regular sea water (pH 8.2) or in acidified sea water (pH 7.4) for 10 days and allowed hatching under a PS-free environment in sea water (Chen Y. et al., 2023). It was observed that both PS-NH2 and PS-COOH accumulated in the gut and intestinal villi of the larvae and induced toxic effects (mortality, hatching, heart rates, morphological abnormalities, malformations, and swimming speed and distance) during embryo–larval development (Chen Q. et al., 2023). PS-NH2 showed greater toxicity than PS-COOH; however, in acidified conditions (pH 7.4), the toxicity of PS-COOH was greater than that of PS-NH2 (Chen J. et al., 2023).
PSNAP has no effect on the length, weight, and eye diameter of the fish larvae exposed to PSNAP. Moreover, the oxidative stress (ROS content and the activities of CAT, SOD, and GST) induced by PSNAP exposure exhibited stronger effects and disruption of gut microbiota (Kang et al., 2021). In juveniles (2-month-old marine medaka), PSNAP (100 nm; 5 mg/L, 30 days) was unable to induce histopathological changes in the intestine; however, the mucus content was slightly increased, and the number of intestinal goblet cells significantly decreased with alteration in the gut microbial community (Li X. et al., 2023).
Exposure to PSNAP (80 nm; 250 μg/L) for 7 days in fasting conditions in Hainan medaka adults damaged the gills (fusion of the gill lamellae), liver (appearance of eosinophilic vesicles and vacuolization), and intestine (erosion of intestinal villi) (Table 6). Moreover, the oxidative enzymes (CAT and SOD) and the LPO content (MDA) were altered in these organs (Gao X. et al., 2023). The gut microbiota was also affected by PSNAP exposure. In adults of Japanese medaka, PSNAP induced concentration-dependent mortality and intestinal damage by enhancing the activities of trypsin and chymotrypsin and reducing the amylase activity (Table 6). Moreover, intestinal lipase contents tended to increase, and alkaline phosphatase contents decreased in a concentration-dependent manner (Zhou et al., 2023a; Zhou et al., 2023b). The gut permeability was also disrupted by PSNAP exposure, with enhancement in the diamine oxidase activity and decrease in the d-lactate contents. The oxidative stress-related enzyme (CAT) and MDA contents in the intestine were enhanced, and that of SOD was suppressed after PSNAP exposure. In contrast, the antioxidant enzymatic activities (SOD, CAT, GPx, and LZM) and the MDA content in the gonads were altered in a nonlinear fashion (Zhao et al., 2021). Gut microbial community diversity exhibited a decrease, and changes were observed in the composition (Zhou et al., 2023b). In gonads, a concentration-dependent inhibition in spermatogenesis and oogenesis was observed in Japanese medaka exposed to PSNAPs for 3 months (Zhou et al., 2023a).
Adults of marine medaka were exposed to PSNAPs (70 nm) by trophic transfer (fed with rotifers exposed to PSNAPs), which indicated accumulation in the gut of the fish. Moreover, long-term exposure (90 days) through trophic transfer not only damaged the tissues, including the intestine, liver (induced inflammation), muscle (decreased nutrient contents), and gonads (disrupted spermatogenesis and oogenesis) but also disrupted the gut microbial community. Moreover, reduction in fertility, inhibition of hatching, and disruption in the growth of the offspring were also observed (Li X. et al., 2024). Gene expression analysis indicated that the expressions of il6, il8, il1b, il10, and tnf, in the liver and intestine of the PSNAP (70 nm)-fed fish were upregulated, and in the liver, the expressions of lipid synthesis-related genes (fasn, srebf1, and pparg) and lipid transport-related genes (cetp, and ldlr) were upregulated and those of the lipid degradation-related genes (atg1, ppara, and aco) were downregulated (Li X. et al., 2024). The gene expressions of the Toll-like receptor 4 (TLR4) pathway (irf3, irak4, traf6, and tbk1) in the liver showed a trend of upregulation, while those in muscle development-related genes (myog, myod, mstn, myf5, and fgf6b) were downregulated after PSNAP exposure by trophic transfer (Table 6).
Marine medaka adults fed 5 mg/g (actual concentration was 3.45 mg/g) PSNAPs (100 nm) for 30 days and depurated for 21 days showed sex-specific dysbiosis in the gut microbial community (male fish were more effective than female fish), and during depuration, male fish recovered quickly than female fish (He et al., 2022). Moreover, the eggs produced at the 30th day of exposure by the parents (F0) were reared for 60 days without any additional treatments (F1), and the intergenerational effects on growth, gut microbial content, and the hepatic gene expressions related to oxidative stress (cat, sod, and gpx) and igf1 were evaluated (He et al., 2022). It was observed that parental exposure to PSNAP significantly reduced the body weight of F1 male fish and decreased the hepatic igf1 and decreased sod mRNA content than controls (F1); in female fish, no alteration in the hepatic igf1 mRNA level was observed (Tables 7). The composition of the gut microbiota of the F1 fish was altered when the parents (F0) were fed with PSNAP. The mRNA expression pattern of sod, cat, and gpx remained unaltered in female F1 fish (He et al., 2022). Adults of Chinese rice fish were exposed to PSNAPs (57.29–60.39 nm) either directly (5 mg/L) for 7 days or through trophic transfer by feeding daphnia (Daphnia magna), which consumed algae (Chlamydomonas reinhardtii) exposed to PSNAPs (Chae et al., 2018). Moreover, fertilized eggs laid by the parents during direct exposure periods were further exposed to PSNAPs (5 mg/L) for 24 h, and the unhatched embryos (144 hpf) and larvae (0 dph) were evaluated for accumulation of the PSNAPs (Supplementary Table S1). It was observed that both in trophic transfer and direct exposure, accumulation of PSNAPs was observed in the gut of the parents; in larvae (0 dph) and embryos (144 hpf), the PSNAPs were accumulated on the yolk sac. The locomotor activity of the larvae was also affected by PSNAP exposure. It was observed that the total distance covered during swimming tended to increase; however, the area traveled tended to decrease by the larvae (Chae et al., 2018).
3.5.4 Rainbow trout
The search terms nanoplastics, PS, and rainbow trout identified two articles focused only on juvenile fish (Supplementary Table S1). Moreover, among these studies, in one study (Clark et al., 2023a), the diameter of the exposed PS particle was >100 nm, which was excluded from this review (Table 3). Juvenile rainbow trout (5–10 g bodyweight) were exposed to PSNAP (35 ± 8 nm) through diet (5.9 μg/kg food; fed 2% of body weight) for 3, 7, and 14 days (Table 5), and it was observed that PSNAPs were accumulated in the hind intestine after 3 days and transferred to the liver after 7 days of exposure (Clark et al., 2023b).
3.5.5 Tilapia
The search terms nanoplastics, PS, and tilapia identified seven articles focusing on of two species, Oreochromis mossambicus (Mozambique tilapia, one article) and Oreochromis niloticus (Nile tilapia, six articles). Moreover, our literature search did not find any study on embryos or on adult tilapia; only larvae (Pang et al., 2021 Zheng and Wang, 2024; Zheng et al., 2024) and juveniles (Ding et al., 2018; 2020; Hao et al., 2023; Wang W. et al., 2023) were used in the studies. Although the mode of exposure of PSNAP was waterborne, the sizes (80 nm–90 µm or 80–90,000 nm), concentrations/doses (1 µg–100 mg/L), and duration (7–28 days) of exposure were highly variable (Tables 2, 5). Moreover, the whole larvae of Mozambique tilapia and gill, stomach, liver, intestine, muscle, and brain of Nile tilapia were considered targets of PSNAP toxicity. Although the studies were focused on toxicological endpoints (Table 6), investigations on genotoxic effects (Table 7) have also been done. Because the diameter of the exposed PS particle was >100 nm, we have excluded the studies conducted by Ding et al. (2020) on juvenile tilapia in this review (Table 3).
The gill of Nile Tilapia larvae consisted of twelve types of cells (Zheng and Wang, 2024; Zheng et al., 2024). After PSNAP exposure (80 nm, 100 μg/L, 28 days) differential damage in the gill tissue was induced, with a 22% decrease in cell types including endothelial cells, fibroblasts, macrophages, natural killer cells, and B-cells; only H+-ATPase-rich cells exhibited significantly higher cell counts (Zheng and Wang, 2024). The oxygen consumption, gill histopathology, and transcriptomic and metabolomics analyses of the genes in gills indicate that PSNAP exposure induced severe respiratory distress in tilapia (Table 6).
The larvae of Mozambique tilapia were exposed to PSNAP (100 nm, 20 mg/L) for 7 days and depurated for a week (Table 5). Transcriptomic and metabolomic analyses identified a total of 203 significantly changed metabolites and 2,152 differentially expressed unigenes after PSNAP treatment and recovery (Pang et al., 2021). Moreover, the study indicated that short-term exposure to PSNAPs induced abnormal metabolism of glycolipids, energy, and amino acids (Pang et al., 2021). Transcriptomic results suggested that PSNAP exposure caused signaling disorders, particularly the pathways associated with cell adhesion molecules (CAMs), neuroactive ligand–receptor interaction, and extracellular matrix (ECM)–receptor interactions. A series of differentially expressed genes related to CAMs revealed that PSNAP exposure might have caused early inflammatory responses (Pang et al., 2021). Moreover, the biological processes of “detection of chemical stimulus involved in sensory perception of smell” are affected by PSNAP exposure (Pang et al., 2021).
Juvenile Nile tilapia were exposed to PSNAPs (86–100 nm, 1–1,000 μg/L for 7–21 days), and some of them were under depuration for a week (Hao et al., 2023, Wang et al., 2023b). It was observed that PSNAP exposure did not induce any mortality or mechanical injury in the body and produced insignificant effects on feeding or swimming behavior. Moreover, PSNAP was internalized and accumulated in the gill, gut, intestine, liver, brain, and muscle tissues of the fish (Ding et al., 2018; Hao et al., 2023; Wang W. et al., 2023). The intestine exhibits severe damage in the mucosal layers, which leads to an impact on the microbial community. The intestinal injury was related to the induction of inflammation (upregulation of tnfα, il1β, and il8 and downregulation of il10) and oxidative stress (enhanced activities of SOD and GPx and MDA content) (Hao et al., 2023). In the liver, PSNAP induced hepatic steatosis, modulated the inflammatory response, and disrupted liver functions (Wang W. et al., 2023). The oxidative stress induced in the liver showed enhanced SOD activity with no alterations in the MDA content (Ding et al., 2018). The CYP enzymes, EROD (cyp1a) and BFCOD (cyp3a), showed inconsistent effects. Mechanistically, PSNAP perturbed protein homeostasis in the endoplasmic reticulum by inhibiting the expression of chaperon proteins and genes involved in endoplasmic reticulum-related degradation (Wang W. et al., 2023). The dysfunction of lipid metabolism in the liver was due to the activation of PERK-eIF2α and Nrf2/Keap1 pathways by PSNAP. Moreover, induction of oxidative stress (inhibition of SOD activity and enhanced level of MDA) is also involved in hepatic lipid accumulation (Wang W. et al., 2023). However, in the brain, the AChE enzymatic activity was significantly reduced by PSNAP exposure (Ding et al., 2018).
3.5.6 Zebrafish
The search terms nanoplastics, PS, and zebrafish identified 69 articles belonging to embryo larval development (45 articles) and adults (26 articles). Five articles (4 on embryos and 1 on adults) were excluded from the review because the diameter of the studied PSNAP was >100 nm (Table 3). In these studies, the structure of PS (pristine/acidic/alkaline/aged/non-aged), sizes (15 nm–234 µm or 15–234,000 nm), concentrations/doses (0.04 ng–400 mg/L), modes of exposure (waterborne, injection, trophic transfer, and dietary) exposure conditions (temperature, pH, and depuration), and duration of exposure (4 h–120 dph; with or without depuration) were highly variable (Tables 2, 5). The accumulation and the effects of PSNAPs in embryos (chorion, yolk sac, mouth, trunk, eye, tail, caudal fin, muscle, somite, gill, GI tract, gall bladder, liver, intestine, pancreas, pericardium, heart, brain, nerve tubes, neuromast, and swim bladder) and in adults (gills, blood, GI tract, intestine, liver, gall bladder, pancreas, testis, ovary, brain, muscle) were dependent on the developmental stages (embryos) and the age (larvae, juveniles, and adults) of the fish (Tables 2, 5). Moreover, the studies indicated that PSNAP accumulated in different tissues of zebrafish larvae and adults have altered transcriptomes affecting the physiology and behavior of the fish (Pedersen et al., 2020).
3.5.6.1 Embryo–larval development
Zebrafish embryos at different stages of development and transgenic zebrafish embryos were exposed to PSNAPs, and their effects on development (mortality, hatching rates, and morphology), cardiovasculature (heart rates, circulation, vessel formation, and endothelial cells), neurobehavior (spontaneous contraction in the early period of development, neurotransmitters, brain, eye, and movements), inflammation, oxidative stress, apoptosis, and gene expression were evaluated (Tables 6, 7). Although the 96-h LC50 of PSNAP (100 nm) on the 24-hpf zebrafish embryos was 431.1 mg/L (Feng et al., 2022), depending on the exposure routes and the concentration and duration of PSNAP exposure, inconsistent effects on survivability, malformation rates (pericardial edema, yolk sac edema, short tail, malformed head, jaw abnormalities, spontaneous movements of the embryos, sprouting of the transverse blood vessels, inhibition of myocardial diastolic functions, curved spine, scoliosis, and uninflated swim bladder), and hatching rates were observed; however, heart beats (bradycardia) and larval body length tended to reduce (Table 6). Moreover, concentration-dependent decline in ion contents (Na+, K+, and Ca 2+) and acid/ammonia excretion by skin cells of the embryos was observed after PSNAP exposure (Kantha et al., 2022). The number of active mitochondria in the ionocytes of the skin cells was also decreased by PSNAP accumulation in embryos in a concentration-dependent manner. Vascular malformations, including the ectopic sprouting of intersegmental vessels (ISVs), malformations of superficial ocular vessels (SOVs), and overgrowth of common cardinal veins (CCVs), as well as disorganized vasculature of the sub-intestinal venous plexus (SIVPs), were also observed in zebrafish embryos after PSNAP exposure (Dai et al., 2023). The gene expression analysis of the VEGFA/VEGFR pathways including vegfa, nrp1, klf6a, flt1, fih1, flk1, cldn5a, and rspa3 were altered in a time- and concentration-dependent manner (Dai et al., 2023). These studies indicated that PSNAP interferes with the VEGFA/VEGFR pathways during embryogenesis and induced malformed vasculature in zebrafish.
The metabolic levels of the liver were significantly increased in larvae owing to PSNAP exposure (Chen J. et al., 2023). Particles with smaller sizes and longer duration of exposure (PSNAP; 50 and 100 nm diameter, for 24–120 hpf.) induced higher aggregations of neutrophils and apoptosis of macrophages in the abdominal region of the larvae (Cheng et al., 2022). The glycogen concentrations showed a concentration-dependent increase and isocitrate dehydrogenase concentrations inconsistently decreased during larval development when exposed to PSNAPs (Manuel et al., 2022). Cortisol concentration in the whole larvae (72–120 hpf exposure) was increased significantly by PSNAP exposure in a concentration-dependent manner (Brun et al., 2019). The glucocorticoid receptor mutant zebrafish larvae (gr−/−) have high cortisol levels, and no significant difference was observed in these larvae (gr−/−) exposed to PSNAPs (Brun et al., 2019). The expression of fabp10a (liver-specific fatty acid binding protein) was enhanced in the larval liver by PSNAP exposure (Cheng et al., 2022) and upregulation of the expression of tg, trβ, and esr2 genes and enhanced expression of tshβ, thyroglobulin (tg), nis, dio2, and trβ and no effect on cyp1a1 expression by PSNAP were also observed (Wang et al., 2022).
Decrease in the frequency of the spontaneous contraction of the embryos during development (Santos et al., 2024) indicated that PSNAP modulated nervous system development in zebrafish embryos. Administration by microinjection also showed bioaccumulation of PSNAP in the brain, which induced DNA damage and resulted in excessive ROS and apoptosis (Sokmen et al., 2020). PSNAP exposure decreased the number of larval neurons, axonal abnormalities in motor neurons, and induced neuronal apoptosis (Zhou W. et al., 2023). Compared with controls, there was a decrease in the GAD1 activity and GABA and 5-HT contents of larvae and no effect on the activities of AChE, tyrosine hydroxylase (THY), TPH and acetylcholine (ACh), and dopamine (DA) contents in larvae exposed to PSNAP (Zhou W. et al., 2023). Cholinesterase activity remained unaltered in larvae exposed to PSNAP. However, the activity of AChE significantly decreased in lower concentrations (0.01 and 0.1 mg/L) of PSNAP and increased in the higher concentration (1 mg/L; 22 nm) group (Manuel et al., 2022). The AChE activity was significantly enhanced after 144 hpf, while during recovery (maintained in PSNAP-free media), there was no significant difference between control and the exposure groups (Liu Y. et al., 2022). Compared with the controls, PSNAP (50 nm) with concentrations 1, 5, and 10 mg/L for 144 hpf (6 days) enhanced AChE activity and dopamine content of the larvae (Wang Y. et al., 2023). Moreover, exposure to PSNAP (80 nm) increased neural and optical-specific mRNAs (Chen et al., 2024). Transcriptomic analysis indicated that neurodegeneration and motor dysfunction were induced during larval development when exposed to PSNAPs. Expressions of mbp (responsible for myelination of axons) and syn2α (a neuronal phosphoprotein which induced synaptogenesis) were downregulated only in injected groups, and that of gfap (an intermediate filament protein, expressed in astrocytes) was downregulated only in waterborne exposure groups (Zhang et al., 2020). In transgenic zebrafish larvae [Tg (atoh1a: dTomato)], PSNAP (50 nm; 1, 5, and 10 mg/L for 144 hpf) inhibited the expression of atoha1 mRNA in the cerebellum, thereby indicating damage to the central nervous system (Wang Y. et al., 2023). Single-cell RNA sequencing indicated PSNAP (12 h with 100 nm size PSNAP, 10 μg/L) regulated the expressions of olig2, foxg1a, fzd8b, sis3a, rx1, lhx2b, nkx2.1a, and sfrp5 to alter nervous system development, retinal development, and stem cell differentiation (Liu et al., 2021). Upregulation of gfap and α1-tubulin mRNAs (related to nervous system) by PSNAP was also observed (Chen et al., 2017a).
PSNAP induced morphological changes in the eyes (decreased eye area with reduced interocular distance) and head (increased head area and reduction in head width and depth) (Santos et al., 2024). Expressions of visual system cone genes (opn1sw2, opn1lw2 and opn1mw1) were downregulated by injection of PSNAP to the embryos; however waterborne exposure downregulated the expressions of opn1w2 and opn1mw1 only (Zhang et al., 2020). The gene expression analysis indicated PSNAP dominated the regulation of retinal system development genes (pax1, pax2, six3, lax9, and six6). However, increased cell density and disintegration of the retinal pigment epithelium occurred (Wang et al., 2022; Wang et al., 2023 L.). Genes related to visual system (rhodopsin, zfrho; blue opsin, zfblue) did not undergo significant alterations with PSNAP exposure (Chen et al., 2017a).
Metabolomic analysis revealed that the metabolic pathways of catabolic processes, amino acids, and purines were highly promoted by PSNAP exposure (Supplementary Table S1). Moreover, PSNAP induced the upregulation of several stress and immune-responsive genes (il6 and il1b), cytochrome P450s (cyp1a and cyp51), and initiation of ROS removal protein-encoding genes (sod and cat). Moreover, PSNAP was also accumulated in macrophages during early development of zebrafish (Martin et al., 2023). ROS generation was induced by PSNAPs during embryo–larval development (Cheng et al., 2022). The activities of GST, GPx, and CAT decreased, although inconsistent (Santos et al., 2022). Moreover, the LPO levels showed inconsistent effects (Manuel et al., 2022). No effect was observed on CAT and GPx activity on larvae (96 hpf) with PSNAP exposure; however, GSH content decreased significantly (Chen et al., 2017a). The integrated biomarker response/index based on the seven oxidative stress-related biomarkers (SOD, CAT, GPx, GSH, GR, MDA, and ROS) showed an increase after PSNAP exposure (Bhagat et al., 2022; Chen J. et al., 2023). Enhanced ROS content induced apoptosis and ferroptosis (cell death due to iron accumulation). Significantly increase in NO content and decrease in the activities of soluble guanylate cyclase (sGC) and protein kinase G (PKG) enzymes were observed. Gene expression analysis indicated that PSNAP exposure significantly upregulated gene expressions related to antioxidant enzymes (SOD, GPx, and GST) and downregulated the expression of aromatase (cyp19a1a and cyp19a1b) and DNA methyl transferases (dnmt3bb1) (Liu et al., 2021). The expression of GPX4, the key protein for ferroptosis, and of the genes Slc7a11, Acs14a, Keap1b, and Ncoa4 were higher in larvae exposed to PSNAP (Chen J. et al., 2023). The mRNA expressions of cat, gpx1a, sod1, and sod2 were downregulated in embryos exposed to PSNAP, however, the expression of casp3a (apoptotic marker) mRNA was upregulated and that of bcl2 mRNA (non-apoptotic marker) was downregulated in embryos exposed to PSNAP (Kantha et al., 2022). The activity of the caspase-3 and the expressions of bik, bad, bax, bim, bid, and bok were significantly increased by PSNAP exposure (Chen J. et al., 2023). Moreover, the expressions of several base excision pathway genes (lig1, lig3, polb, parp1, pold, fen1, nthl1, apex, xrcc1, and ogg1) were altered by PSNAP exposure (Feng et al., 2022).
The locomotor activity of the PSNAP-exposed larvae showed increased activity in the dark phase (Brun et al., 2019); however, the swimming behavior of the larvae exposed to PSNAPs (50 nm) did not show any significant change (Pedersen et al., 2020) but reduced counterclockwise and anticlockwise rotations (Zhang et al., 2020). Other behaviors (meander, angular velocity, and moving distance) remained unaltered (Zhang et al., 2020). In contrast, swimming behavior significantly decreased in the larvae (120 hpf) when the embryos were exposed to PSNAP (Barreto et al., 2023), or the effects observed in swimming behavior were found to be very insignificant (Parenti et al., 2019; Manuel et al., 2022; Tamayo-Belda et al., 2023). PSNAP exposure increased (50 nm; 1, 5, and 10 mg/L for 144 hpf) the swimming distance significantly by decreasing the swimming speed (Santos et al., 2024). However, PSNAP exposure suppressed the locomotor activity (total distance traveled) during the dark phase (Chen et al., 2017a). PSNAP exposure elicited complex effects on locomotor behavior with increased long distance and decreased short distance movements (Supplementary Table S1). When fish were allowed to recover (72 h), the locomotor behavior (swimming speed), compared with that in controls, significantly reduced during 144 hpf of development (Liu Y. et al., 2022). Behavioral analysis indicated that PSNAP exposure induced hyperactivity compared to control larvae (Santos et al., 2022; Gao X. et al., 2023). All these data suggested that PSNAPs have the potential to induce movement disorders in zebrafish.
Positively charged PSNAPs (PS-NH2) induced stronger developmental toxicity (decreased spontaneous movements of the embryos, heart beats, hatching rates, and larval length) and cellular apoptosis in the brain and greater impairment of neurobehavioral disorders (locomotor activity and behavior) than negatively charged PSNAPs (PS-COOH) (Teng et al., 2022a). A study compared the effects of pristine PS (80 nm, 0.5 and 5 mg/L), aged UV-PS (0.5 and 5 mg/L), and non-aged O3-PS (0.5 and 5 mg/L) on zebrafish embryos exposed for 8-120 hpf, indicated that these PSNAPs did not induce developmental toxicity (hatching, malformation, and mortality) (Chen J. et al., 2023). Cellular apoptosis was induced in 24 hpf embryos and 120 hpf larvae in all experimental groups (apoptosis mostly seen in embryonic tail and larval head region), except those exposed to O3-PS (Chen J. et al., 2023). Moreover, PS-NH2 interacted with neurotransmitter receptor N-methyl-D-aspartate receptor 2b (NMDA2B), whereas PS-COOH impacted on the G-protein coupled receptor (GPR1). The differences in the binding ability and affinity between neurotransmitter receptors (NMDA2B, and GPR1) as a function of positive or negative charge revealed the mechanism of different toxicity (Teng et al., 2022a).
The influence of temperature on the toxic effects of PSNAP on zebrafish embryos were studied after exposing the 4 hpf embryos to PSNAP (0.1, 0.5, and 1.0 mg/L) and then maintained at three different temperatures (24°C, 27°C, and 30°C) (Supplementary Table S1). The evaluation was made from 24 to 72 hpf (Duan et al., 2023). The elevated temperature promoted the accumulation of PSNAP during zebrafish development and resulted in an increase in the mortality of zebrafish larvae (Duan et al., 2023).
3.5.6.2 Juveniles and adult zebrafish
Juveniles and adults of zebrafish were exposed to PSNAPs, and the effects on mortality, morphology, cardiovasculature (heart rates, circulation, vessel formation, and endothelial cells), neurobehavior (swimming activity, aggressiveness, predator avoidance, and shoal formation), inflammation, oxidative stress and apoptosis, gut microbiota, and gene expressions (Tables 6, 7) were evaluated. Depending on the exposure routes and the concentration and duration of PSNAP exposure, inconsistent effects on survivability and malformation rates were observed; however, heart beats (bradycardia) and body length tended to reduce (Table 6).
In zebrafish larvae (72 hpf), PSNAPs (20 mg/L) were accumulated in the intestine, exocrine pancreas, and gall bladder (Table 5; Supplementary Table S1), while the swim bladder failed to inflate (Brun et al., 2019). No effect was observed on growth, although the length of the larvae tended to reduce after PSNAP exposure. Cortisol concentration in the whole larvae (72–120 hpf exposure) was increased significantly by PSNAP exposure in a concentration-dependent manner (Supplementary Table S1).
Zebrafish juveniles were exposed to 1,000 μg/L PSNAP (50 nm diameter) through diet (Tables 2, 5, 6; Supplementary Table S1). The feeding with regular diet was done for 3 weeks, while for PSNAP exposure, it was only for 1 week. It was observed that PSNAPs perturb lipid metabolism and gut microbiota stability in zebrafish (Du et al., 2024) despite no effects on the body weight. The CAT activity increased, and MDA content decreased, while SOD activities remained unaltered in the liver. The mRNA expression of cpt1ab was upregulated, that of fasn was downregulated, and that of hmgcra remained unaltered after PSNAP exposure (Du et al., 2024).
Juvenile/adult zebrafish were exposed to PSNAPs (44 nm) for 30 days (1, 10, and 100 μg/L), and growth and the brain–intestine–microbe axis were evaluated. It was observed that the growth of the fish (body length) was significantly inhibited in a concentration-dependent manner (Table 2; Supplementary Table S1). Moreover, metabolomic analysis revealed alterations in 42 metabolites involved in neurotransmission (Teng et al., 2022b). Moreover, changes in fourteen metabolites correlated to changes in three microbial groups, including Proteobacteria, Firmicutes, and Bacteroidetes, in fish exposed to PSNAPs. These findings suggest that PSNAPs cause intestinal inflammation, growth inhibition, and restricted development of zebrafish, which are strongly linked to the disrupted regulation within the brain–intestine–microbiota axis (Teng et al., 2022b).
In zebrafish adults, PSNAP exposure (either fluorescently labeled or regular) did not significantly affect the survivability, body length, BMI, or the observable health of the fish. The bioaccumulation of the PSNAP was dependent on the concentrations, duration of exposure, and tissue types (intestine, liver, gill, muscle, brain, and gonads) (Chen et al., 2017b; Sarasamma et al., 2020; He et al., 2021; Habumugisha et al., 2023; Lin et al., 2023; Yang et al., 2023; Ye et al., 2024; Zhang et al., 2024c). During depuration, PSNAP was eliminated from the gut within 2–3 days in a concentration-dependent manner (Yang et al., 2023).
In the intestine, the damage of the epithelium including a cilia defect and enhanced mucus secretion induced by PSNAP exposure depended on the size of the plastic; as the size decreased, the damage of the intestinal epithelium increased (Yu J. et al., 2022; Yu et al., 2022 Z.). The histophysiology indicated vacuolization of the intestinal goblet cells and mitochondria (Teng et al., 2023), and the intestinal villi were swollen and disorganized in the fish exposed to PSNAP, even though the height of the villi significantly decreased. Moreover, the ratio of the villus height/crypt depth or the ratio of the villus height/villus width was also significantly decreased by PSNAP exposure when compared with controls (Teng et al., 2023; Zhang et al., 2024c). The level of ROS in the intestine markedly increased and GSH content significantly decreased; however, SOD activity and MDA content remained unaltered (Zhang et al., 2024c). In contrast to these studies, Teng et al. (2023) observed a significant concentration-dependent increase of SOD activity and an inconsistent increase in MDA content in the intestine of zebrafish adults exposed to PSNAP (80 nm, 15–150 μg/L, 21 days). The mitochondrial DNA content was significantly reduced and that of TNF-α and immunoglobulin IgM was increased by PSNAP exposure in the intestine in a concentration-dependent manner. Moreover, in the intestine, 5-HT level tended to decrease in fish exposed to PSNAP (Zhang et al., 2024c). Compared with controls, the activity of MAO (the catalytic enzyme of 5-HT) and the mRNA level of mao in the intestine tended to decrease in fish exposed to PSNAP. The mRNAs (tph1a, tph1b, and tph2) of tryptophan hydroxylase (TPH), the rate-limiting enzyme for 5-HT synthesis, showed a tendency to downregulate in fish exposed to PSNAP (Zhang et al., 2024c). Concentration-dependent dysregulation of the gene expression of several genes in the intestine was observed in adult zebrafish exposed to PSNAP (downregulation of tnfα, il1β, il10, and chemokine 8a in fish exposed to 1 and 10 μg/L; upregulation of tnf, il1b, il6, il10, cxcl8a, inflammatory caspase B, and tight junction protein 2a in fish exposed to 100 μg/L), while the expression of ahr was downregulated by all concentrations of PSNAP used in the experiments (Teng et al., 2022b). PSNAP exposure decreased the expression of IL-6 and increased the expression of nuclear factor kappa-B (nf-κb) in the intestine. The expression of IL-1β in the intestine was upregulated by PSNAP exposure (15 μg/L) while downregulated by a higher concentration (150 μg/L). The expressions of tight junction proteins 2a (tjp2a) and tjp2b, cyp1a1, and cyp1b1 increased significantly in the intestine of fish when exposed to a lower concentration of PSNAP (15 μg/L) (Teng et al., 2023).
There are seven types of cells identified in zebrafish intestine: enterocytes, macrophages, neutrophils, B cells, T cells, enteroendocrine cells, and goblet cells (Yu J. et al., 2022), and the effects of PSNAP were found to be cell-specific. In macrophages, immune system-related DEGs (ctsba, nfkbiab, and pycard) were significantly altered by PSNAP exposure, and the genes related to MAPK signaling pathways (hsp70.1, hsp70.2, and hsp70l) remained unaltered. In enterocytes, genes related to GSH metabolism (gsta2, gsto1, gsto2, gpx1a, and mgst1.2) and cytochrome P450 remained unaltered. In B and T cells, upregulation of hsp70.1, hsp70.2, and hsp70.3 occurred in fish exposed to PSNAP. Gene ontology (GO) analysis found several other DEGs such as gadd45ba, jun, ccl35.2, and ccl35.2 remained altered in macrophages after PSNAP exposure. In enterocytes, GO analysis showed alterations in the expression of apoa4a, apoa1a, and apoea in fish exposed to PSNAP. Moreover, PSNAP (1 mg/L) induced dysbiosis in gut microbiota and significantly increased the abundance of Proteobacteria and decreased that of Fusobacteria, Firmicutes, and Verrucomicrobiota at the phylum level; at the genus level, Aeromonas abundance was increased by PSNAP exposure ((Xie et al., 2021; Yu Z. et al., 2022; Yang et al., 2023; Zhang et al., 2024c). Therefore, the diversity and abundance of the gut virome were also disrupted by PSNAP exposure (Teng et al., 2023).
In adult fish, PSNAP exposure increased HSI and also vacuoles and lipid droplets in the liver cell matrices (Li Y. et al., 2023). Moreover, the triglycerides and total cholesterol content also increased in the liver (Tables 5; Supplementary Table S1). A significant increase in MDA content and decrease in CAT activities and GSH levels suggests significant oxidative damage induced by PSNAP in zebrafish liver (Deng et al., 2023). Like the intestine, zebrafish liver also consists of nine different types of cells, of which 85% cells were hepatocytes belonged to male (52.39%) and female (33.63%) fish (Deng et al., 2023). The single-cell transcriptomic analysis (scRNA-seq) observed the heterogeneous response patterns of hepatocytes belonging to male and female fish (Supplementary Table S1; Deng et al., 2023). The peroxisome proliferator receptor activator (PPAR) signaling pathway was upregulated in hepatocytes of both male and female zebrafish (Deng et al., 2023). Lipid-metabolism-related functions were altered more notably in male-derived hepatocytes, while female-derived hepatocytes were more sensitive to estrogen stimulus. In macrophages, oxidation–reduction process and immune responses were significantly altered, while in lymphocytes, oxidation–reduction process, ATP synthesis, and DNA binding were mostly altered (Deng et al., 2023). Moreover, a nonlinear increase in the gene hydroxy-3-methylglutaryl-coenzyme A (hmgcra), sterol regulatory element-binding protein (srebp1), diacylglycerol aceyltransferase 1b (dgat1b), acetyl coenzyme A carboxylase (acc), and carbohydrate response element-binding protein (cvhrebp) by PSNAP exposure in the liver was observed; however, the expression of carnitine palmitoyl transferase 1 (cpt1) was decreased significantly by PSNAP exposure (Sarasamma et al., 2020). In the liver, biochemical biomarkers (tnfα, cortisol, vitellogenin, cyp1a1, cyp11a1, and cyp19a1) were altered after 30 days of exposure to PSNAPs; however, no alteration was observed in MDA content and EROD activities (Sarasamma et al., 2020). In addition, PSNAP exposure did not show any induction of esr2b, vtg1, or vtg2 mRNAs in the liver of both males and female fish (Ye et al., 2024). In contrast to the studies mentioned above, the studies carried out by Ling et al. (2022) indicated that the histology of the liver remained unaltered in the fish exposed to PSNAP (70 nm, 100 μg/L for 3 months) (Ling et al., 2022). HSI either remained unchanged (He et al., 2021) or a significant decrease was observed in both male and female fish (70 nm, 2 mg/L, 3 weeks) with exposure to PSNAP (Lin et al., 2023). The biochemical analysis of the oxidative stress-related mechanisms also showed that PSNAP was unable to induce any significant effects on the ROS, GSH, and MDA contents and the CAT activity (Ling et al., 2022). Consequently, gene expression analysis related to antioxidant mechanisms (p38a, p38b, ERK2, ERK3, Nrf2, H O -1, cat1, sod1, gax, JINK1, and gstr1), remained unaffected after PSNAP exposure (Ling et al., 2022).
In the muscle, PSNAP exposure enhanced ROS content and reduced GR activity in female fish, while ATP content was decreased, and no alteration was observed in creatine kinase and hif1α contents (Pitt et al., 2018b; Sarasamma et al., 2020).
PSNAP, when accumulated in the brain of adult zebrafish, slightly increased (not significant) the craniosomatic index (CSI), resulted in damage to the brain histology, and reduced the number of neurons in a concentration-dependent manner (Aliakbarzadeh et al., 2023; Teng et al., 2023). Moreover, the basement membrane of the blood–brain barrier (BBB) was damaged, and a small amount of microthrombosis consisting of aggregated and dissolved red blood cells was observed; also, the mitochondria with a damaged membrane and loss of cristae were observed. Consequently, mitochondrial DNA copy number was significantly reduced, and the genes related to mitochondrial synthesis (pgc1-a and pgc1-b) in the zebrafish brain did not show any significant effects. However, the mitochondrial fusion-related gene (mfn1a, mf1b, and opa1) expressions were downregulated and those of mitochondrial division-related genes (drp1, mff, fis 1, mid49, and mid51) showed a tendency to upregulate (Zhang et al., 2023). The expression of genes related to mitophagy (ulk1a, and parl) were also upregulated by PSNAP exposure. The enzymatic activities of CAT, SOD, AChE, GR (females), glutamine synthase, and GSH contents in the brain were reduced by PSNAP exposure (Pitt et al., 2018b); moreover, GPx (only females) and glutamate dehydrogenase activity in the brain was increased in fish exposed to PSNAP, and upregulation of myelin/basic protein gene expressions occurred in the central nervous system of adult zebrafish (Chen et al., 2017b; Pitt et al., 2018b). Several neurotransmitter biomarkers (AChE, dopamine, melatonin, GABA, serotonin, vasopressin, kisspeptin, and oxytocin) were significantly altered in a concentration-dependent manner in fish exposed to PSNAPs, even though the acetylcholine, prolactin, and vasotocin levels remained unaltered (Chen et al., 2017b; Sarasamma et al., 2020).
The 5-HT level in the brain was significantly reduced in fish exposed to PSNAP, while the serum 5-HT levels remained unaltered. Among the 5-HT receptor mRNAs, expressions of htr1aa, htr1ab, and htr2c were significantly upregulated, while the expressions of htr1b and htr4 showed downregulation in the brain of fish. In addition to 5-HT, PSNAP exposure decreased GABA, dopamine, and oxytocin levels and enhanced cortisol content in the brain (Teng et al., 2023). The activity of MAO tended to decrease, while AChE activity remained unaltered (Zhang et al., 2023). The neurotransmitter catabolic gene mao was significantly downregulated, while the expression of ache tended to increase in the brain of fish exposed to PSNAP (Zhang et al., 2023). Compared with controls, the γ-H2AX levels (marker for DNA damage), 8-hydroxydeoxyguanosine (8-OHdG), and MDA contents were significantly higher in the brain of male and female fish exposed to PSNAP (Zhang et al., 2023). Moreover, the ATP and cyclin-dependent kinase levels were significantly lower and p53 levels were significantly higher in the brains of male and female zebrafish exposed to PSNAP, and the β-galactosidase and lipofuscin levels (aging markers) are significantly higher in the brain of zebrafish (both males and females) exposed to PSNAP, with higher levels of H2O2 and O2− in the brain (Zhou W. et al., 2023).
The impacts of PSNAP exposure (50 nm; 1.0 mg/L, 21 days) on the adult zebrafish were also focused on reproductive endpoints (Tables 6,7). It was observed that PSNAP was unable to alter the GSI in both males and female fish, cause histological alterations in the ovary and testis, egg production (fecundity) and hatching of the embryos, and the expressions of sgk1 (glucocorticoid-regulated kinase 1) and stc mRNAs in the ovary; moreover, the E2 level of the ovary and serum, T, GnRH, FSH, and LH contents in the ovary also remained unaltered after PSNAP exposure (Ye et al., 2024). In male fish, E2 levels in the serum and testis and the GnRH, FSH, and LH levels in the testis remained unaltered (Ye et al., 2024). The expressions of cyp17a2 and hsdβ1 mRNAs in the ovary and testis remained unaffected after PSNAP exposure.
Adult male and female zebrafish exposed to 2 mg/L PSNAP (46 nm) for 21 days (Table 2; Supplementary Table S1) showed no significant effects on HSI, GSI, histological alterations in the testis and ovary, spermatogenesis and oogenesis, VTG content, and E2 and T levels in male and female fish (He et al., 2021). However, the amount of mature sperm in the testis and the fecundity (total eggs produced during the experimental period) of the fish decreased in fish exposed to PSNAP (He et al., 2021). The spawning events, fertilization, and hatching rates of the eggs remained unaltered in fish exposed to PSNAP (He et al., 2021).
The studies conducted by Lin et al. (2023) indicated that PSNAP (70 nm, 2 mg/L, 21 days) exposure can decrease HSI and GSI in both male and female fish. Moreover, in male fish, the seminiferous tubules were deformed, and lacunae appeared in the testis; the spermatogonium and spermatocytes were increased (Lin et al., 2023). In female fish, PSNAP exposures showed more preovulatory oocytes and smaller mature oocytes than controls. The levels of E2 and T in PSNAP-exposed fish decreased in both male and female zebrafish (Lin et al., 2023). However, no effect of PSNAP on the E2/T ratio of male and female fish was observed. The VTG content of male fish remained unaltered, while in female fish, VTG content was induced by PSNAP exposure in a concentration-dependent manner. Moreover, no significant effects on the T3 and T4 levels of both male and female fish were observed after PSNAP exposure (Lin et al., 2023). Compared to controls, PSNAP exposure reduced fecundity, spawning events, fertilization, and hatchability of the embryos. In addition, PSNAP exposure induced abnormal development (teratogenic effects) of the larvae observed at 96 hpf (spinal curvature, pericardial cyst, and growth retardation) (Lin et al., 2023).
Behavioral alterations in locomotor activities (aggressiveness, shoal formation, and predator avoidance behavior) in adult zebrafish were affected by PSNAP exposure in a concentration-dependent manner, while the circadian rhythm of locomotor activity was dysregulated (Sarasamma et al., 2020). PSNAP exposure induced anxiety-like behavior; however, the average velocity and acceleration were unaffected by the treatment (Teng et al., 2023). Adult male and female zebrafish were exposed to 1 mg/L PSNAP (50 ± 3 nm) for 28 days, and the learning and memory (the primary cognitive functions of the brain) were assessed with classic T-maze exploration tasks. It was observed that PSNAP-exposed zebrafish (both males and female) took significantly longer time for their first entry and spent significantly less time in the reward zone in the T-maze task, indicating deficit in the learning and memory (Zhou W. et al., 2023). Adult male and female zebrafish were exposed to PSNAP (100 nm sizes) at a concentration of 1 mg/L for 30 days (Table 2; Supplementary Table S1). The anxiety-like behavior (evaluated by the open field test) showed those exposed to PSNAP alone spent more time in the lower layer than the upper layer, while controls spent uniform time in both upper and lower layers. Furthermore, in the T-maze test, control and PSNAP groups swam quickly in the feeding zone (F zone) and stayed there for long time (Zhang et al., 2024c), indicating effective learning and memory ability of the fish.
Zebrafish adults (3 months old, AB strain) were exposed to 25 mg/L PSNAP (134 ± 2.9 nm) at 28°C, 29°C, and 30°C for 96 h (Table 2; Supplementary Table S1). It was observed that PSNAP exposure with increased temperature induced DNA damage, degeneration, necrosis, and hyperemia in the liver, while in gills, adhesion of lamellae, desquamation, and inflammation in the lamellar epithelium and in muscle alteration in oxidative stress were observed (Senol et al., 2023). Moreover, the locomotor activity (total distance traveled, average speed, and average angular velocity) was decreased in PSNAP-exposed fish, and these effects were modulated by temperature (Sulukan et al., 2022b). The PSNAP was accumulated in the brain and induced degenerative necrosis changes in the medulla oblongata, medial longitudinal fascicle, lateral valvula nucleus, and thalamus, and the effect was increased with the increased in temperature (Sulukan et al., 2022b). Moreover, two proteins, Gfap (indicator of brain injuries) and 8-OHdG (indicator of oxidative DNA damage), were found to be increased in the damaged region of the brain, which is also temperature-sensitive (Sulukan et al., 2022b). Moreover, the temperature and PSNAP exposure caused a synergistic effect on the brain metabolomic alteration (Sulukan et al., 2022b)
3.5.6.3 Intergenerational effects
The intergenerational effects were evaluated in F1 embryos or adults exposing zebrafish embryos (1 article) or adults (3 articles) to PSNAPs in the F0/P1 generation for a reasonable period of time, and the effects on offspring (F1) without exposing them to the plastics were evaluated. In a study on zebrafish, fertilized eggs (4 hpf) were injected with PSNAPs (20 nm, ∼270 mg/L; 3 nL injected volume/egg) and grown in plastic-free media for 6 months (P1) and were allowed to breed, and the offspring (F1) were evaluated for morphological, molecular, and metabolomic disorders (Table 5; Supplementary Table S1). It was observed that compared with controls, parental PSNAP exposure (P1) induced significant malformations, decreased survival rates, increased heart rates, as well as decreased eye size and locomotor activity in the F1 offspring (Sulukan et al., 2022a). In addition, cell death and ROS were increased significantly; however, lipid accumulation was decreased in the F1 generation (Sulukan et al., 2022a).
AB strain zebrafish adults (90 dpf) were exposed to PSNAP (54.5 ± 2.8 nm; 10 mg/L, 90 days), waterborne and F1 larvae (without exposure to PSNAP) were evaluated for disruptions induced in the HPT axis (Table 2; Supplementary Table S1). Parental exposure (F0) to PSNAP reduced survival rates, hatching rates, and body length (7 dpf) and significantly enhanced the malformation rates during the embryo–larval development of F1 larvae (Zhao et al., 2021). Compared with controls, total T3 and T4 levels in F1 larvae remained unaltered; in F1 eggs, T4 level reduced significantly, while T3 level remained unaltered (Zhao et al., 2021). However, in F1 larvae, no significant changes in T3 and T4 contents were observed. In another experiment, adult zebrafish were exposed to 100 μg/L PSNAP (70 nm) for 21 days (P1), and the F1 larvae (120 hpf) were evaluated for intergenerational effects (Table 6; Supplementary Table S1). It was observed that due to parental exposure (F0), accumulation of PSNAP was detected in the testis and ovary of the F1 larvae (Zuo et al., 2021). PSNAP exposure to parents had no effect on the induction of developmental disorders and no alterations in the T4 and T3 levels. Gene expressions in the HPT axis and GH/IGF axis remained unaltered. In a study by Wu et al. (2021) in which parents (P1) were exposed to PSNAP (70 nm, 100 μg/L) for 45 days (Table 2; Supplementary Table S1), the F1 embryos/larvae were evaluated for intergenerational effects. It was observed that PSNAP was accumulated in the F1 embryos (Wu et al., 2021); however, compared with controls, no significant effect was observed on hatching rates (72 hpf), hatching enzymatic activities, and spontaneous tail movements (wagging). Moreover, no significant effect was observed on the AChE activity of the F1 embryos exposed to PSNAP, parentally; gene expression analysis related to hatching enzymes (tox 16, foxp1, ctslb, xpb1, klf4, cap1, bmp4, cd63, He1.2, zhe1, and prl), cholinergic system (ache and chrnα7), and muscle development (Wnt, MyoD, Myf5, Myogenin, and MRF4) indicated alterations in the F1 larvae exposed parentally to PSNAP (Wu et al., 2021). In another study, juvenile/adult zebrafish were exposed to PSNAPs (44 nm) for 60 days (1, 10, and 100 μg/L), and the intergenerational effects during embryo–larval development (F1) were evaluated (Teng et al., 2022b). Accumulation of PSNAPs in the GI tract after 60 days of exposure to the fish impaired the development of the F1 embryos, including reduced spontaneous movement, hatching rates, and larval length (Teng et al., 2022b). Moreover, accumulation of PSNAPs was observed in the intestine, liver, and pancreas of the F1 fish (Teng et al., 2022b).
Taken together, it was observed that PSNAP as a chemical is transferred to the next generation and is accumulated in the whole embryos, intestine, liver, pancreas, and gonads (testis and ovary) of the F1 offspring. Moreover, several of the toxic potentials observed in the P1 fish were also observed in F1 fish, which indicate that intergenerational effects of PSNAP were independent of the dose, duration, mode of exposure, and developmental stage of zebrafish.
3.6 Coexposure
NAPs with small particle sizes and high surface area/volume ratios easily absorb environmental pollutants and affect their bioavailability (Liu et al., 2021). Due to high adsorption activity, the toxic effects of NAPs could be modified by exposure to other toxic chemicals found in the environment. Moreover, NAPs can absorb contaminants and potentially decrease their uptake due to particle agglomeration or function as a vector to accumulate the hazardous chemicals inside the cell, which were unable to enter by themselves. Our literature search found several chemicals including hormones, pesticides, antibiotics, metals, organic chemicals, biological materials, and bacteria disposed/found in the environments used as additional contaminants along with NAPs during experiments (Tables 8, 9). In coexposure studies, the diameter of the PVC particles is 200 nm (Monikh et al., 2022). We therefore excluded this article from the review. Among thirteen fish species, only six species, grass carps (juveniles), silver carp (adults), tooth carp (adults), marine medaka (embryos, juveniles, and adults), Hainan medaka (adults), and zebrafish (embryo–larvae–juveniles–adults), were used in coexposure experiments (Tables 8, 9).
3.6.1 Carps
Juveniles of grass carp were coexposed with tetracycline (TC), ZnO, and also infected with pathogenic bacteria (Aeromonas hydrophilia) during PSNAP exposure (Table 8). TC coexposure showed pathogenic lesions in the gills and intestine and enhanced the oxidative stress-related changes (total antioxidant capacity and the activities of CAT and SOD) in the liver and intestine (Liu S. et al., 2022). The expressions of MMP2, MMP9, and IL-8 in the liver and intestine of the coexposed fish were also upregulated (Table 9; Supplementary Table S1; Liu S. et al., 2022). Coexposure with ZnO (750 μg/L) did not induce alterations in the locomotor activity, biochemical concentrations of the liver and brain (carbohydrates, proteins, and triglycerides in the liver and carbohydrate and protein contents in the brain), while it increased the oxidative stress-related activities and AChE activity in the brain (Estrela et al., 2021). Moreover, DNA damage in the erythrocytes was also observed. Injection of the pathogenic bacteria to grass carp, pre-exposed to PSNAP (80 nm diameter, 10–1,000 μg/L), showed enhancement in the enzymatic activities of CAT, SOD, and GST, and MPO and MDA contents were enhanced in the oxidative stress-related mechanisms in the grass carp gut after bacterial infection (Li Z. et al., 2024). Moreover, the microbial communities in the gut were also modified after injection of A. hydrophilia (Li Z. et al., 2024). In silver carp adults (Hypopthalmichthys molitrics), MCLR (1 μg/L) coexposure caused pathological damages in the gill, liver, and intestine of the fish (Zhang et al., 2024a) and aggravated the changes in the microbial community in the intestine and the metabolic patterns in the liver (Table 7). In tooth carp, coexposure with triclosan (TCS) did not significantly affect the uptake of PSNAPs in the organs of tooth carp and reduced the toxic effects induced by PSNAP in this fish (Saemi-Komsari et al., 2023).
3.6.2 Medaka
Embryos, juveniles, and adults of marine medaka were used in coexposure studies. Embryos were coexposed with BPA, juveniles with SMX, and adults with SMZ (Table 8). BPA reduced the accumulation of PSNAP in the embryos and thus mitigated the toxic effects of PSNAP on embryo mortality, heart rates, and larval body length during embryo larval development (Yu et al., 2023). In juveniles, SMX coexposure was unable to modulate the toxic effects (mucus content in the intestine, goblet cell number, and gut microbial community) induced by PSNAP exposure alone (Li X. et al., 2023). Coexposure of SMZ in adults (through diet) modulated the gut microbial community (Wang F. et al., 2023) and the intergenerational effects of PSNAP on growth, gut microbial content, and the hepatic gene expressions (cat, sod, gpx, and igf1) in F1 generation (He et al., 2022). Hainan medaka adults were coexposed with F-53B, which can interact with the effects induced by PSNAPs and modulated the effects on the accumulation, histology, antioxidant activity, and gut microbiota induced in fish after PSNAP exposure (Gao X. et al., 2023).
3.6.3 Zebrafish
In zebrafish, embryos along with PSNAP were coexposed with varieties of chemicals including acetaminophen (APAPM), Al2O3, Au, avobenzone (AVO), B(a)P, BDE-47, CeO2, diphenhydramine (DPH), DDE, EE2, glucose, PAHs, penicillin, mucin (jelly fish), phenmedipham, simvastatin (SIM), and sodium nitroprusside (SNP), and the toxic effects of PSNAP with interaction of these compounds were evaluated (Tables 8, 9).
It was observed that APAPM, a non-opioid and antipyretic agent used for treating pain and fever, potentiated the toxic effects of PSNAP in inducing edema, spinal curvature, pigment deficiency, melanocyte abnormalities, and reducing larval body length, and in the swimming behavior of zebrafish (Gao X. et al., 2023). Moreover, the downregulation of genes related to osteogenesis (runx2a, runx2b, sp7, bmp2b, and shh) by PSNAP was also observed with APAMP coexposure (Gao X. et al., 2023). AVO is an organic molecule used in sunscreens (cosmetics), and exposure to PSNAP alone enhanced the accumulation of AVO in zebrafish embryos in a time-dependent manner and did not produce any lethal effects and morphological disorders (Table 8); however, the heart rates increased and the locomotor behavior (swimming speed) significantly reduced (Liu et al., 2021; Liu Y. et al., 2022). In addition, oxidative stress, which was enhanced by exposure with PSNAP and AVO alone, was reduced in coexposed embryos (Liu et al., 2021). The AChE activity significantly enhanced during coexposure, while during recovery (maintained in treatment-free medium), there was no significant difference with the controls (Liu Y. et al., 2022). Gene expression analysis indicates that exposure to AVO and PSNAP alone significantly upregulated gene expressions related to antioxidant enzymes (CAT, SOD, GPx, and GST by AVO and SOD, GPx, and GST by PSNAP) and downregulated the expressions of aromatase (cyp19a1a and cyp19a1b) and DNA methyl transferases (dnmt1 and dnmt3aa by AVO and dnmt3bb1 by PSNAP); however, the coexposure reduced the adverse effects induced by PSNAP and AVO alone during the expression of all these genes (Liu et al., 2021). Moreover, genes in stem cells (foxg1, her5, her6, shha, and sox2) were responsive to exposure of both AVO and PSNAP (Liu Y. et al., 2022). During the early life stages of zebrafish, AVO dominated the regulation of nervous system-related genes (α1-tubulin, elav13, gap43, gfap, mbp, syn2a, lfing, her5, her6, her11, lfng, pax2a, and fgfr4), while PSNAP alters gene expression related to nervous system development, retinal development, and stem cell differentiation (pax1, pax2, six3, lax9, six6, olig2, foxg1a, fzd8b, sis3a, rx1, lhx2b, nkx2.1a, and sfrp5) (Liu et al., 2021; Liu Y. et al., 2022).
Zebrafish embryos were coexposed with BDE-47 (2,2′,4′-tetrabromodiphenyl ether; 10 ng/L), a flame-retardant, and the effects on accumulation, morphological deformities (pericardial edema, yolk sac edema, tail curvature, jaw malformation, and fin and heart malformation), spontaneous movement during embryonic development, survival and hatching, growth, feeding, oxygen consumption, larval movement, histopathology of the eye, muscle, and cartilage, and gene expressions in the HPT-, HPI-, and HPG-axis,VTG, and other genes (apoa1a, apoba, insa, insb, pck, pomca, and pomcb) were evaluated. It was observed that PSNAPs alone were quickly aggregated on the surface of the embryonic chorions and accumulated in the brain, mouth, trunk, gills, heart, liver, and GI tract of the larvae (Chackal et al., 2022; Wang et al., 2022; Wang Q. et al., 2023) and served as a vector for accumulation of B(a)P in the embryos (Martinez-Alvarez et al., 2022). Moreover, coexposure with BDE-47 exacerbates the morphological deformities induced by PSNAP with regard to hemorrhage, small head and eyes, yolk edema, pericardial edema, spine curvature, swim bladder deficiency, and curved tail (Wang et al., 2022; Wang et al., 2023 L.). In addition, coexposure caused lower survival rates and shorter body lengths and accelerated spontaneous movements of the embryos. Histopathological observations revealed that coexposure caused damage to retinal structures, muscle fiber, liver morphology (color), and cartilage tissues. Gene expression analysis further indicated that exposure to PSNAP alone upregulated the expressions of tshβ, tg, nis, dio2, and trβ and had no effect on cyp1a1 (Wang et al., 2022; Wang et al., 2023 L.); however, coexposure with BDE-47 upregulated the expressions of cyp1a1 and tg, while downregulating the expressions of tshβ, nis, ttr, doi2, trβ, and gpx1a in larvae (Wang et al., 2022; Wang et al., 2023 L.), which indicates the negative interaction with the gene expression made by BDE-47 was abolished by PSNAP (Chackal et al., 2022).
Zebrafish embryos (6hpf) were exposed to PSNAP either alone or with a mixture of river sediment extracts that contain PAHs for 96 hpf (Tables 8; Supplementary Table S1). It was observed that in coexposure, the incidence of disorders induced by PAH alone was reduced (Trevisan et al., 2019). Moreover, PSNAP, either alone or in coexposure increased NADH production. PSNAP alone accumulated in the yolk sac and brain; however, accumulation of PAH was observed only in the yolk sac when exposed to PAH alone; during coexposure, PAH accumulation was observed in the brain (Trevisan et al., 2020). This study indicates that PSNAPs can absorb contaminants and potentially decrease their uptake due to particle agglomeration or function as a vector to accumulate the hazardous chemicals inside the cell, which were unable to enter by themselves. Zebrafish embryos coexposed with PHE (an aromatic hydrocarbon; PSNAP + PHE) and jellyfish mucin (PSNAP + PHE + mucin) (Table 8) showed that PSNAP and PHE alone induced pericardial edema, yolk sac edema, and decreased hatching rates (Geum and Yeo, 2022), and PSNAP was agglomerated on the surface of the chorion of the embryos in PSNAP + PHE groups, while in coexposure with mucin (jellyfish), a clean chorion was observed (Table 8).
PSNAP enhanced the accumulation of aluminum and cerium in zebrafish embryos by inhibiting the ATP-binding cassette (ABC) transporter inhibitor activity, while no effect was observed on embryo mortality or malformation rates (pericardial edema, yolk sac edema, curved tail, and spinal curvature). The hatching rate declined in embryos co-exposed with CeO2. Coexposure with chloroauric acid (Au) synergistically exacerbated the marginal effects induced by PSNAP on the survival, hatching rate, developmental abnormalities, and cell death of zebrafish embryos, which was dependent on the production of ROS and the proinflammatory responses synergized by the combined toxicity of PSNAP and metal ions (Lee et al., 2019; Bhagat et al., 2022). Enhanced ROS production and oxidative stress lead to the activation of genes (gadd45a, p53, xrcc2, rad51, and trl3) associated with DNA damage and repair. Al2O3 alone upregulated the expression of gadd45a and xrcc2, and coexposure with PSNAP enhanced the expression of rad51 and p53; moreover, coexposure with CeO2 downregulated tlr3 and mt2 gene expressions (Bhagat et al., 2022). There was no change in metallothionine (mt2) expression by PSNAP alone, while both Al2O3 and CeO2 alone enhanced mt2 expression; surprisingly, coexposure with PSNAP significantly decreased the expression of mt2 compared to the expression induced by AL2O3 and CeO2 alone (Table 9). The expressions of abcc2 and P-gp mRNAs were upregulated, and those of abcc1, abcc4, and abcb4 mRNAs were downregulated (efflux transporter genes) by PSNAP exposure. Al2O3 alone, except abbcc2, downregulated the expression of the efflux transporter genes studied, while CeO2 alone downregulated the expressions of abcc1, abcc4, abcb4, and p-gp. Coexposure with Al2O3 (increased abcc4) and CeO2 (reduced abcc1 and p-gp) modulated the expression patterns of efflux transporter genes regulated by PSNAP (Table 9). The synergistic effects of PS on toxicity appeared to relate to the mitochondrial damage. Taken together, the effects of PSNAPs were marginal but could be a trigger for exacerbating the toxicity induced by metal ions (Lee et al., 2019; Bhagat et al., 2022).
Coexposure with antihistamine diphenhydramine (DPH) for 96 h induced embryo mortality, malformations, and decreased heart beats and hatching rates; moreover, the activities of GST and AChE increased, while that of CAT remained unaltered (Barreto et al., 2023). The movement disorders were also induced in larvae with PSNAP and DPH coexposure (Barreto et al., 2023). Moreover, coexposure of zebrafish embryos with phenmedipham (PHN), an herbicide, did not induce any significant change in embryo mortality or deformities; however, at 96 hpf, the PSNAP increased CAT activity, while coexposure increased both CAT and GST enzymatic activities (Santos et al., 2022). Behavioral analysis indicates that during 120 hpf (larvae), PS alone or coexposed with PHN induced hyperactivity (Santos et al., 2022). Moreover, cholinesterase activity was found to be decreased only in coexposed larvae and not in larvae exposed to PSNAP or PHN alone. In coexposure with DDE, due to its large surface area, PSNAP served as a carrier of the pesticide and enhanced toxicity (morphological, cardiac, and respiratory) in zebrafish embryos (Varshney et al., 2023). DDE alone or in combination with PSNAP induced pericardial edema, lordosis, and uninflated swim bladder (Table 8). No significant difference was observed in the oxygen consumption rate of the larvae exposed to PSNAP only; however, in DDE and PSNAP + DDE, oxygen consumption rates increased significantly. The locomotor behavior of the larvae (movement, distance moved, velocity, angular velocity, and rotations) did not change after PSNAP exposure, while significant alterations (reductions) were noticed in larvae exposed to DDE alone or DDE + PSNAP (Varshney et al., 2023). The uptake of EE2, a synthetic estrogen, by zebrafish embryos was reduced by PSNAP in coexposure; however, the body length of the larvae was reduced and locomotor activity (total distance travelled) during the dark phase was suppressed (Table 8). Upregulation of gfap and α1-tubulin mRNAs (related to nervous system) by PSNAP alone or coexposed with EE2 occurred in zebrafish larvae (Chen et al., 2017a).
Zebrafish embryos were exposed to pristine PS, aged UV-PS, non-aged O3-PS, and penicillin either alone or coexposed with antibiotics (Table 8). Penicillin alone did not induce developmental toxicity (hatching, malformation, and mortality); however, accumulation of PSNAP in the yolk sac, eye, head, and nerve tubes was interrupted by penicillin coexposure (Chen J. et al., 2023). It was observed that pristine PS and penicillin coexposure synergistically suppressed heart rates and spontaneous movements of the embryos and swimming behavior and touch responses of the larvae (Chen J. et al., 2023). Except those exposed to O3-PS, ROS levels were significantly increased in PS + penicillin and UV-PS + penicillin groups resulted in induction of cellular apoptosis (apoptosis mostly seen in the embryonic tail and larval head region) (Chen J. et al., 2023). Coexposure with penicillin affected the motor behaviors (spontaneous movements, touch response, and swimming) and heart beats of the embryos during development. Upon exposure with PS, aged PS, or penicillin co-exposed with PS, neurotransmitter metabolite expressions in zebrafish larvae were significantly dysregulated (Chen J. et al., 2023).
Coexposure with simvastatin (SIM) (an anticholesterolemic drug) increased hatching rates and heart beats, while SIM alone can delay hatching, reduce heart beats, induce edema, and cause mortality after 96 h of exposure (Barreto et al., 2021). Coexposure of zebrafish embryos with sodium nitroprusside (SNP) significantly reduced the accumulation of PSNAP in the larvae and antagonized the effects induced by PSNAP (20 mg/L) during embryo–larval development (spinal curvature, organ edema, and survival rates) (Table 8; Chen Q. et al., 2023). Moreover, the activities of several enzymes including soluble guanylate cyclase (sGC), protein kinase G (PKG), caspase 3, which were regulated by PSNAP exposure, were also antagonized by SNP coexposure. The oxidative stress and ROS levels, apoptosis and ferroptosis, GPX4 (the key protein for ferroptosis) content, and the expression of several PSNAP-responsive genes including Adma, Nos, Pde6d, prkg, bik, bad, bax, bim, bid, bok, Slc7a11, Acs14a, Keap1b, and Ncoa4 were also modulated by SNP exposure during embryo–larval development of zebrafish (Table 9; Chen Q. et al., 2023). Moreover, the increased proliferation of macrophages and neutrophils and the upregulation of tnfα, tgfβ, il-4, and il-6 mRNAs by PSNAP were alleviated by SNP exposure in coexposed embryos (Tables 8, 9; Chen Q. et al., 2023).
In larval zebrafish, PSNAP accumulated in the intestine, pancreas, and gall bladder and disrupted glucose homeostasis with increased cortisol secretion (Table 8). Moreover, coexposure with glucose did not show any significant response (Brun et al., 2019). The locomotor activity of the PSNAP-exposed larvae showed increased activity in the dark phase; coexposure with glucose diminished the hyperactivity. It was suggested that the adverse effects of PSNAPs are at least in part are mediated by glucocorticoid receptor activation, leading to aberrant locomotor activity (Brun et al., 2019).
Zebrafish juveniles were fed with regular diet, high-fat diet, and exposed to 1,000 μg/L PSNAP (50–1,000 nm diameter) either to fish fed with normal diet or fed with high-fat diet (Supplementary Table S1). The feeding with regular diet and high-fat diet has been done for 3 weeks, while for PSNAP exposure, it was only for 1 week. Despite no effects on the body weight, it was observed that PSNAP exposure perturbs lipid metabolism and gut microbiota stability in zebrafish (Du et al., 2024). Combined exposure of PSNAP with high-fat diet resulted in gastrointestinal injury and reduced the number of goblet cells in the intestinal layer (Du et al., 2024). The CAT activity increased, and MDA content decreased, while SOD activities remained unaltered in the liver of zebrafish after PSNAP exposure (Du et al., 2024). Moreover, the mRNA expression of cpt1ab was upregulated, that of fasn was downregulated, and that of hmgcra remained unaltered after PSNAP exposure (Du et al., 2024).
In adult zebrafish, the toxic potentials of PSNAP were also evaluated in the presence of other environmental pollutants, including arsenic, BPA, diethylstilbestrol (DES), homosolate, lead, MCLR, 4-nonylphenol (4-NP); oxytetracycline, triphenyl phosphate (TPhP), tris (1,3-dichloro-2-propyl) phosphate (TDCIPP), and vit D (Tables 8). Moreover, the expressions of several genes related to metabolism, immunity, oxidative stress, apoptosis, neurobehavior, reproduction, and growth were also evaluated (Table 9). Furthermore, the intergenerational effects of PSNAP exposure were also evaluated in some of these experiments in coexposure (Wu et al., 2021; Zhu et al., 2021).
During coexposure, the accumulation of PSNAP in different organs of adult zebrafish was interrupted by the presence of coexposed chemicals. For example, PSNAP nonlinearly enhanced the accumulation of TDCIPP in the whole fish (body burden) as well as in the eggs (ovary), and the order of accumulation was gut > gills > gonad > liver. The accumulation of TDCIPP in female fish tended to be higher than that in male fish (sex-specific) (Zhao et al., 2021). Moreover, the accumulation of PSNAP in the liver of zebrafish was independent of MCLR, while accumulation of MCLR in the liver of zebrafish was enhanced by PSNAP exposure (Ling et al., 2022). In addition, PSNAP exposure enhanced the accumulation of BPA in viscera, gills, head, and muscle of zebrafish (Chen et al., 2017b) and As in the intestine and brain. Accumulation of homosolate in the testis, ovary, liver, and brain of male and female fish was enhanced by PSNAP exposure (not significant). Coexposure with As or OTC has no effect on mortality (Zhang et al., 2023); however, exposure to TPhP alone was highly toxic to zebrafish (LC50 was 976 μg/L). It was also observed that Pb enhanced the accumulation of PSNAP in the intestine, while excessive Pb reduced the accumulation (Yu J. et al., 2022).
The effect of PSNAP in coexposure with Pb, As, and OTC was evaluated in intestines of adult zebrafish (Yu J. et al., 2022; Zhang et al., 2024c). The intestinal villi were swollen, and the ratio of the villus height/crypt depth or the ratio of the villus height/villus width were decreased in fish exposed to As either alone or in combinations (Zhang et al., 2024c). Moreover, exposure of the fish to OTC alone caused damage of the lining epithelium of intestinal villi and vacuolation of intestinal epithelial cells, while coexposure with PSNAP alleviated the processes (Ye et al., 2024). There are seven types of cells found in the intestine (enterocytes, macrophages, neutrophils, B cells, T cells, enteroendocrine cells, and goblet cells) of adult zebrafish, and PSNAP and Pb exposure influenced enterocytes, macrophages, B cells, T cells, and goblet cells during coexposure (Yu J. et al., 2022). The PSNAP exposure induced the effects on macrophages by affecting the expressions of genes related to immunologic (ctsba, nfkbiab, and pycard) and apoptotic processes, while Pb exposure influenced the enterocytes by altering genes related to oxidative stress (gsta2, gsto 1, gsto2, gpx1a, and mgst1.2) and lipid metabolism. Consequently, in coexposure, the effects induced by PSNAP on macrophages were decreased by Pb, while in enterocytes, the Pb-induced effects were decreased by PSNAP exposure (Yu J. et al., 2022). In B and T cells, upregulation of hsp70.1, hsp70.2, and hsp70.3 occurred in fish exposed to PSNAP and Pb alone, and also in coexposure (Table 9; Yu et al.). The 8-hydroxy-2′-deoxygluconate (8-OHdG) and TNF-α levels were enhanced in the intestine by Pb exposure, and PSNAP synergized the effects. As, either alone or in combinations, markedly increased ROS and decreased GSH content in the intestine, while SOD activity and MDA content remained unaltered. The mitochondrial DNA copy number significantly reduced in fish exposed to PSNAP or As, either alone or in combinations. Moreover, 5-HT level in the intestine was decreased by As in coexposure, while in serum, it (5-HT) remained unaltered (Zhang et al., 2024c). The mRNA (tph1a, tph1b, and tph2) expressions of tryptophan hydroxylase (TPH), the rate-limiting enzyme for 5-HT synthesis, tended to downregulate in fish exposed to PSNAP and As either alone or in combinations (Zhang et al., 2024c). The intestinal microbiota was also altered by Pb, As, and OTC, either alone or in coexposed conditions (Yu Z. et al., 2022; Zhang et al., 2024c).
The effect of PSNAP in coexposure with TDCIPP, BPA, MCLR, and vit-D (dietary) was evaluated in the liver of adult zebrafish (Zhao et al., 2021; Ling et al., 2022; Li Y. et al., 2023). The HSI was increased by PSNAP and remained unaltered when fed with vit D (Li Y. et al., 2023), while MCLR induced cellular swelling, fat vacuolization, and cytoarchitecture of the organ, and coexposure with PSNAP exacerbated the effects (Ling et al., 2022). The biochemical analysis showed that MCLR alone enhanced ROS and MDA contents and reduced GSH and CAT activities in a concentration-dependent manner, while coexposure with PSNAP aggravated the effects (Ling et al., 2022). Consequently, gene expressions related to antioxidant mechanisms (p38a, p38b, ERK2, ERK3, Nrf2, HO-1, cat1, sod1, gax, JINK1, and gstr1) remained unaffected after PSNAP exposure, while MCLR enhanced the expression of several genes (ERK2, ERK3, p38a, Nrf2, gpx1a, gstr1, at1, and sod1) in a concentration-dependent manner, and coexposure with PSNAP exacerbated the expression of Nfr2 (Ling et al., 2022). TDCIPP alone or in combination with PSNAP upregulated the expressions of thyroglobulin (tg) and uridine diphosphate glucuronosyltransferase (ugt1ab) genes in the liver of female zebrafish. Moreover, the expressions of deiodinase 1 (dio1) and transthyretin (ttr) were downregulated, and the expression of deiodinase 2 (dio2) gene was upregulated in female fish exposed to TDCIPP either alone or in combination with PSNAP (Zhao et al., 2021). In the liver of male fish, the transcription of tg and ugt1ab genes was upregulated in fish exposed with TDCIPP alone or in combinations. Moreover, the expression of trβ remained unaltered in all the experimental groups, while trα expression in the liver of male fish was upregulated when exposed to TDCIPP alone or in combinations with PSNAP. In addition, a significant downregulation of ttr expression was observed in the liver of male fish exposed to TDCIPP either alone or in combinations (Zhao et al., 2021). Vit D altered the number of lipid droplets as well as the triglyceride and total cholesterol contents in the liver (Li Y. et al., 2023). Moreover, inconsistent effects were observed in CAT and SOD enzymatic levels and MDA contents in the liver. A nonlinear increase in the gene hydroxy-3-methylglutaryl-coenzyme A (hmgcra), sterol regulatory element binding protein (srebp1), diacylglycerol acetyltransferase 1b (dgat1b), acetyl coenzyme A carboxylase (acc), and carbohydrate response element binding protein (cvhrebp) by PSNAPs in the liver was ameliorated by high vit D diet (2800 IU/kg); in contrast, the expression of carnitine palmitoyl transferase 1 (cpt1) was decreased significantly by PSNAPs and was increased by vit D.
The effects of PSNAP in coexposure with BPA, TDCIPP, NP-4, and As were evaluated in the brain of adult zebrafish (Chen et al., 2017b; Zhao et al., 2021; Aliakbarzadeh et al., 2023; Zhang et al., 2023). It was observed that in the brain, similar to PSNAP, BPA alone can inhibit AChE activity and upregulate myelin basic protein (MBP) gene expression, while coexposure upregulated the expressions of myelin and tubulin protein/gene, dopamine content, and the mRNA expression of mesencephalic astrocyte-derived neurotrophic factor (MANF). However, AChE activity in the brain remained unaltered by coexposure (Chen et al., 2017b). Therefore, PSNAP by increasing the BPA concentration in the brain induced neurotoxic effects through a mechanism other than AChE inhibition (Chen et al., 2017b). TDCIPP alone can interrupt the thyroid hormone-dependent mechanisms in the brain of adult zebrafish. In female fish, the transcription of corticotropin-releasing hormone (crh) was upregulated in a nonlinear fashion in fish exposed to TDCIPP either alone or in combinations. However, the transcription of tshβ remained unaltered in fish exposed to PSNAP and TDCIPP either alone or in combinations. In the brain of male fish, transcription of crh and tshβ increased only in coexposed fish (TDCPP + PSNAP). The enzymatic activities of CAT, AChE, glutamine synthase, and GSH contents in the brain were reduced by 4-nolnynphenol (4-NP), either alone or in coexposure. However, the glutamate dehydrogenase activity in the brain was found to increase in fish exposed to PSNAP either alone or in combination with 4-NP (Aliakbarzadeh et al., 2023). The metalloid As was able to cross the blood–brain barrier and accumulated in the brain and enhanced ROS production by increasing the SOD activity and MDA content and decreasing the GSH levels. As a result, microthrombi were observed in the brain, and the mitochondrial DNA significantly reduced; the expressions of genes related to mitochondrial synthesis (pgc1-a and pgc1-b) and fusion (mfn1a, mf1b, and opa1) were downregulated, while those of the genes related to mitochondrial division (drp1, mff, fis 1, mid49, and mid51) were upregulated (Zhang et al., 2023). Moreover, the expressions of genes related to mitophagy (ulk1a, parl, parkin, pink 1 and fundc1) were upregulated. The neurotransmitter dopamine (DA) activity significantly decreased, and ACh activity increased. The activity of neurotransmitter catabolic gene mao was significantly downregulated, and the activity of MAO was significantly decreased, and the activity of AChE significantly increased in the brain of fish exposed to As. The expression of ache mRNA in the brain was upregulated, while 5-HT level in the brain was significantly reduced. PSNAP was able to promote the accumulation of As in the brain of adult zebrafish and potentiated most of the effects induced by As alone (Zhang et al., 2023). Moreover, PSNAP when coexposed with As decreased the swimming speed and induced anxiety-like behavior and affected learning and memory of the adult zebrafish (Zhang et al., 2024c).
The effect of PSNAP in coexposure with TPhP, TDCIPP, DES, and homosolate was evaluated in the gonads and hormone levels of adult zebrafish (He et al., 2021; Zhao et al., 2021; Lin et al., 2023; Ye et al., 2024). TPhP alone enhanced liver weight (HSI) and ovarian weight and disrupted spermatogenesis and oogenesis as well as the histological structure of the testis and ovary (He et al., 2021). Moreover, TPhP alone did not significantly disrupt the sex steroid levels (E2 and T), and thus the VTG content in male fish, even though VTG decreased in female fish (He et al., 2021). The fecundity (total eggs produced during the experimental period) of the fish decreased in fish exposed to TPhP alone (He et al., 2021). Coexposure of PSNAP along with TPhP (PSNAP + TPhP) increased HSI and GSI and reduced VTG content in both male and female fish. Moreover, coexposure also inhibited spermatogenesis with structural derangements (formation of lacunae and interstitial tissue) in the testis and induced follicular atresia (atretic follicles) in the ovary (He et al., 2021). The E2 level in male fish enhanced, while T level remained unaltered in both male and female fish in coexposure (He et al., 2021). The fecundity significantly reduced, and the number of spawning events, fertilization, and hatching rates of the embryos were also reduced (He et al., 2021). The synthetic estrogen, DES, like TPhP, decreased HSI and GSI in both male and female fish. Moreover, in the testis, DES alone or in coexposure induced lacunae and increased the number of spermatogonium and spermatocytes and induced the deformation of seminiferous tubules (Lin et al., 2023). In female fish, PSNAP and DES exposure showed more preovulatory oocytes and smaller mature oocytes. The levels of E2 and T in PSNAP- and DES-exposed fish either alone or in coexposure decreased in both male and female zebrafish (Lin et al., 2023). However, DES alone or in combination with PSNAP increased the E2/T ratio in a concentration-dependent manner in male fish. In female fish, a concentration-dependent reduction in the E2/T ratio was observed in fish coexposed with PSNAP and DES (Lin et al., 2023). DES alone or coexposed with PSNAP enhanced the VTG content in a concentration-dependent manner in both males and female fish. PSNAP exposure has no significant effects on the T3 and T4 levels of both male and female fish; however, DES alone or in combination with PSNAP decreased both T3 and T4 contents in male and female fish in a concentration-dependent manner (Lin et al., 2023). Moreover, PSNAP and DES alone or in combination reduced fecundity, spawning events, fertilization, and hatchability of the embryos. In addition, PSNAP and DES either alone or in combination induced abnormal development (teratogenic effects) of the larvae (spinal curvature, pericardial cyst, and growth retardation) (Lin et al., 2023). Adult zebrafish exposed to TDCIPP alone or in combinations with PSNAP decreased T3 and T4 levels in female and T4 level in male fish (Zhao et al., 2021). In eggs, only T4 level (no T3) was reduced significantly when the fish were exposed to PSNAP alone and in combination with TDCIPP (concentration-dependent). A concentration-dependent reduction in the T3 level was observed when the fish was exposed in a combination of TDCIPP and PSNAP. Coexposure with homosolate, an emerging POP, did not induce any alteration in the GSI of both male and female fish; however, it resulted in higher expression of sgk1 and promoted ovary development, while inhibiting spermatogenesis (Ye et al., 2024). Coexposure also modulated steroid hormone synthesis genes (cyp17a2 and hsd 17β1) and esr2b, vtg1, and vtg2 and resulted in higher E2 release in female fish. Conversely, male fish showed lower T and E2 levels and altered the expressions of cyp11a1, cyp11a2, cyp17a1, cyp17a2, and hsdβ1 (Ye et al., 2024).
The intergenerational effect of PSNAP in coexposure with MCLR was evaluated in F1 embryos/larvae, which were obtained from the parents exposed to PSNAP and MCLR either alone or in combinations for 45 days (Wu et al., 2021; Zhu et al., 2021). It was observed that PSNAP was accumulated also in the F1 embryos and influenced the accumulation of MCLR (Wu et al., 2021). A concentration-dependent reduction in hatching rates, hatching enzymatic activities, and tail wagging of the F1 embryos exposed to MCLR alone or in combination with PSNAP was observed (Wu et al., 2021). Pathological alterations in somite muscles (irregular somite boundaries) were observed in F1 larvae exposed parentally to MCLR alone or coexposed with PSNAP, while no significant effect was observed on the AChE activity; however, a concentration-dependent increase in the AChE activity was observed in F1 larvae coexposed to MCLR and PSNAP. Gene expression analysis related to hatching enzymes (tox 16, foxp1, ctslb, xpb1, klf4, cap1, bmp4, cd63, He1.2, zhe1, and prl), cholinergic system (ache and chrnα7), and muscle development (Wnt, MyoD, Myf5, myogenin, and MRF4) indicated alterations in the F1 larvae exposed parentally to PSNAP and MCLR either alone or in combinations (Wu et al., 2021). It was also observed that, due to parental exposure (F0) to PSNAP and PSNAP + MCLR, accumulation of PSNAP was detected in the testis and ovary of the F1 larvae, and the presence of PSNAP in the environment increased the accumulation of MCLR in F1 larvae (Zuo et al., 2021). Moreover, parental exposure of MCLR and PSNAP + MCLR affects the hatchability (decreased), malformation (decreased), mortality (increased), body length (decreased), and heart rates (decreased) of the F1 larvae; even though parents with PSNAP exposure alone had no effects on the induction of developmental defects in F1 larvae. Parental exposure to PSNAP alone did not alter the T4 and T3 levels in the F1 larvae. However, MCLR either alone or in coexposure reduced T4 and T3 levels of the F1 larvae. Gene expression in the F1 larvae of the HPT axis and GH/IGF axis remained unaltered when the parents were exposed to PSNAP alone; however, the expressions of HPT axis genes (trα, trβ, dio2, dio1, ttr, tg, tshr, nis, crh, pax8, and nkx2.1), except ugt1ab and tpo, were altered in F1 larvae after parental exposure either to MCLR alone or coexposed with PSNAP. Among GH/IGF axis genes (igf2α, igf1, gh, ghrh, ghrα, igf1ra, igf1rβ, igf2β, and igf2r), only igf1, igf2α, and ghrβ altered in F1 larvae when the parents were exposed to MCLR + PSNAP (Zuo et al., 2021).
4 DISCUSSION
In the systematic review, our search strategy collected literature on eight plastic polymers (PA, PC, PE, PET, PMMA, PPP, PS, and PVC) (Table 1) studied on 13 fish species, consisting of 114 articles (Figure 1; Table 2). The effects of the plastics on fish were evaluated either alone or when coexposed with other environmental pollutants, including heavy metals, POP, drugs, and bacteria. The accumulation of NAPs by fish was also influenced by the surface charge of the plastics and environmental conditions (temperature, pH, and diet). The information collected on plastic toxicity summarized from all these literatures was assembled in Supplementary Table S1 and deposited at Figshare (www.figshare.com) for reference and future upgradation, if needed.
Our strategies found a wide variation in the diameters of the plastic polymers used in these studies. Although the size of the MIPs is usually considered to be < 5,000,000 nm (5,000 µm), the size of NAPs has not yet achieved a consensus, with some considering it to be < 1,000 nm and others <100 nm (Torres-Ruiz et al., 2021). During the review, we considered the size/diameter of the NAPs as ≤100 nm and excluded 15 (13 + 2) articles, where the sizes of the studied plastic particles were >100 nm (Table 3). In addition, the diameter of the studied plastics (PE, PPP, PET, and PS) in 26 articles was ≤100 nm as well as > 100 nm (Table 4). In these studies, we have considered the effects observed on the plastic sizes ≤100, and the effects found on diameters >100 nm were excluded (Table 4). Moreover, our review focused mostly on whole/intact animals and embryos; therefore, the studies performed in vitro were also excluded from this review (Greven et al., 2016). In addition, in 48 articles, NAPs were coexposed with various environmental pollutants (Table 8). Moreover, in some studies, modifications in diet (high-fat diet) and environmental conditions (temperature and pH) were made. Considering all these variations, we have finally selected 101 (99 + 2) articles for review (Figure 1; Table 5).
Our findings revealed that among the five plastic polymers (PE, PET, PMMA, PPP, and PS), the studies were limited either to plastic types or the developmental stages (embryos, larvae, juveniles, and adults) of the fish (Table 5). For example, effects of PE/LDPE were studied on embryos and adults of zebrafish and juveniles of common carp; PET and PMMA were found on embryos of zebrafish, PPP in juveniles of tilapia and zebrafish, and PS on grass carp (embryos, larvae, and juveniles), silver carp (adults), tooth carp (adult), fathead minnows (adult male), Chinese rice fish (adults), Japanese medaka (larvae and adults), marine medaka (embryos, larvae, juveniles, and adults), rainbow trout (juveniles), Nile/red tilapia (larvae and juveniles), Mozambique tilapia (larvae), and zebrafish (embryos, larvae, and adults). Moreover, most of the studies on fish were focused on the effects of PS (∼89%), probably because of their wide availability and a well-characterized research material that can be manufactured with a large range of particle sizes, fluorescence labeling, as well as various surface modifications (Torres-Ruiz et al., 2021; Xu et al., 2022). In addition, among thirteen fish species, our search strategies found that zebrafish was the most studied fish (78 articles out of 114; ∼69%) than any other fish species included in this review. However, despite wide arrays of variability in the mode of exposures (waterborne, trophic transfer, dietary, injections, or coexposure with other environmental pollutants) and durations and concentrations, the study showed bioaccumulation of NAPs on chorion and embryos during embryo–larval development as well as in the gill, gut/intestine, liver, kidney, gonads (testis and ovary), muscle, and brain of larvae, juveniles, and adult fish. Moreover, accumulation of NAPs in the tissues/organs of fish induced multiple biological effects including body and bone morphology, teratogenic, cardiac, oxidative stress, inflammatory, genotoxic, hepatotoxic, neurotoxic, behavioral, reproductive, endocrine disruptions, and an intergenerational impact (Tables 5–9). In coexposure experiments, the combined effects of NAP and other environmental pollutants on fish can be observed as synergistic or antagonistic, while no influence of some of the chemicals was also noticed (Table 8). Our studies agree with the concept that in fish, NAPs due to their small size are able to penetrate tissues by crossing the biological barriers (chorions in the embryos and gill, skin, and gut in larvae, juveniles, and adults), as observed in humans (lung, skin, and gastrointestinal barriers in humans) and can induce toxicogenomic effects at the cellular level (Lehner et al., 2019; Mantovani et al., 2019). Although the bioaccumulation of NAPs in fish was evident from our literature survey, the data on LC50, NOEC, or LOEC are very limited. The 96 hpf NOAEL as determined on PE (hydrodynamic size 191.10 ± 3.13 nm; Sun et al., 2021) in zebrafish embryos was 50 μg/L, the 96 h LC50 for PS (diameter 100 nm) on zebrafish embryos (24 hpf) was 431.1 mg/L (Feng et al., 2022), while in tooth carp adults (PS, average diameter was 185 nm), it was 19.3 mg/L (Saemi-Komsari et al., 2023), which are significantly higher than the plastic concentrations found in the aquatic environments (Mojiri et al., 2024).
Oxidative stress and inflammation are the two major pathways commonly affected by exposure to NAPs in fish (Brun et al., 2019). Engineered nanoparticles are known as potent inducers of immune and inflammatory responses as well as for the generation of reactive oxygen species (Khanna et al., 2015). Although we have limited the diameter of NAPs to ≤ 100 nm (minimum is 15 nm), our literature survey showed that small NAPs can reach internal organs (brain, eyes, liver, pancreas, and heart), and comparatively larger particles accumulated in the gut, gill, and skin of fish (Table 5). In embryos, NAPs after crossing the chorion (probably through chorionic pores) were initially accumulated in the yolk sac and later transported to various organs, including the GI tract, liver, pancreas, gall bladder, kidney, heart, and brain (Table 6; Supplementary Table S1); while, in larvae, juveniles, and adults, the accumulation was initially observed on the gill, skin, and gut and then gradually transferred to the liver, pancreas, kidney, gonads, and brain. Consequently, as a part of the detoxification process (mediated by cytochrome P450-dependent mechanisms), the Oxidative stress induced, resulted in cellular apoptosis, histological damage in the accumulated organs, and activated immunomodulatory mechanisms. Accordingly, the genes belonging to these pathways were functional and controlled the processes as well (Aschner et al., 2025).
Oxidative stress is a key putative mechanism of NAPs causing imbalance of ROS (Sharpton, 2018), which is an intracellular chemical species that contain oxygen (O2) and are reactive toward lipids, proteins, and DNA (Glasauer and Chandel, 2013). Excessive ROS is a major cause of oxidative damage and weakens the immunity of fish (Ding et al., 2018; Sun et al., 2019). Enzymatic antioxidants such as SOD and CAT participate in protecting organisms from excesses of ROS, which was induced by exposure to xenobiotics (Mates, 2000). SOD encompasses mitochondrial Mn-SOD and cytosolic SOD (Cu and Zn-SOD) enzymes that convert the superoxide anion into H2O2, which was then converted by CAT into water and oxygen (Abele et al., 2011). The impairment of these oxidative enzymes damaged the cell membrane and DNA, resulting in a loss of defense capability (Matos et al., 2019). Both in embryos and adult fish, the major oxidative enzymes are CAT, SOD, GPx, GST, and the GSH and MDA, which were used as important biomarkers for NAP toxicity. The oxidative stress index (based on CAT, peroxidase, and SOD activities and GSH and MDA contents) was found to be increased in fish after NAP exposure (Bhagat et al., 2022; Chen J. et al., 2023). Our review indicated that the plastic particles we surveyed (PE, PET, PMMA, PPP, and PS) have the potential to regulate oxidative stress and ROS in the fish. Therefore, oxidative stress, calculated as the oxidative stress index, should be considered a potential indicator of NAP toxicity.
Our literature search also indicated that the effects of NAPs on gene expression analysis were observed in 33 articles (∼29%) and restricted only to PS (Tables 7, 9). No other plastic types were used for gene expression analysis. Moreover, in larvae (Mozambique tilapia and zebrafish), juveniles (grass carp and Nile tilapia), and adults (FHM, marine medaka, and zebrafish), the gene analyses were also restricted to PS, and the studied organs were gut/intestine (grass carp, marine medaka, Nile tilapia, and zebrafish), liver (FHM, marine medaka, Nile Tilapia, and zebrafish), kidney (FHM), ovary (zebrafish), brain (zebrafish), and muscle (marine medaka) of the fish (Table 7).
Our studies indicate that in zebrafish embryos, PSNAP either alone or in coexposure upregulated several genes which belonged to membrane transport, detoxification, oxidative stress, apoptosis and ferroptosis, inflammation, base excision pathways, VEGFA/VEGFR pathways, and also related to the liver, vasculature, nervous system, visual system, and HPT and HPG axis (Tables 7, 9), while downregulation of several genes was related to membrane transport, apoptosis, steroidogenesis, neurodegeneration and motor dysfunction, visual system, epigenome, VEGFA/VEGFR pathways, osteogenesis, thyroxin transport, and synthesis. Moreover, several of the studied genes belonged to detoxification, visual system, oxidative stress, metallothionein, DNA damage, and mitochondrial metabolism, and the central nervous system development remained unaltered (Tables 7, 9). In larvae, juveniles and adults, gene regulations were organ-specific and mostly related to the functions of the organs. Moreover, as in embryo–larval development, in coexposure with environmental pollutants, synergistic/antagonistic or no significant effects in gene expressions were observed (Table 9). In the gut/intestine, the gut microbiota played a significant role in gene regulations, which could be synergistic/antagonistic to the effects induced by PSNAP in other organs. The expressions of several genes related to oxidative stress and immunomodulation (IL-6, IL-8, IL-10, IL-1β, TNF-α, and INF-γ2) were upregulated by PSNAP (Li Z. et al., 2024). Moreover, in macrophages of the intestine, immune system-related DEGs (ctsba, nfkbiab, and pycard) were significantly altered by PSNAP exposure, and the genes related to MAPK signaling pathways (hsp70.1, hsp70.2, and hsp70l) remained unaltered. In intestinal enterocytes, genes related to GSH metabolism (gsta2, gsto1, gsto2, gpx1a, and mgst1.2) and cytochrome P450 remained unaltered. In intestinal B and T cells, upregulation of hsp70.1, hsp70.2, and hsp70.3 was observed in fish exposed to PSNAP.
In the liver, in addition to immunomodulation, lipid synthesis-related genes (fasn, srebf1, and pparg), and lipid transport-related genes (cetp and ldlr) were upregulated, and the lipid degradation-related genes (atg1, ppara, and aco) were downregulated (Li X. et al., 2024). The genes of the Toll-like receptor 4 (TLR4) pathway (irf3, irak4, traf6, and tbk1) in the liver showed a trend of upregulation, while muscle development-related gene (myog, myod, mstn, myf5, and fgf6b) expressions were downregulated, and no alteration was observed in creatine kinase and hif1α contents after PSNAP exposure (Pitt et al., 2018b; Sarasamma et al., 2020).
In the brain, the development of microthrombi in the basement membrane of the blood–brain barrier, a well-known toxicogenomic index, was associated with the downregulation of mitochondrial fusion-related genes (mfn1a, mf1b, and opa1), while the mitochondrial division-related genes (drp1, mff, fis 1, mid49, and mid51) showed a tendency of upregulation (Zhang et al., 2023). The expressions of genes related to mitophagy (ulk1a, and parl) were also upregulated by PSNAP exposure. Moreover, among the 5-HT receptor mRNAs, htr1aa, htr1ab, and htr2c were significantly upregulated, while the expressions of htr1b and htr4 showed downregulation in the brain of fish.
In zebrafish, PSNAP have the potential to accumulate in the gonads (testis and ovary), disrupted endocrine functions, impaired gametogenesis, interfere with intergenerational inheritance and thus embryonic development, and modulated the gene expressions related to hatching enzymes (tox 16, foxp1, ctslb, xpb1, klf4, cap1, bmp4, cd63, He1.2,zhe1,and prl), cholinergic system (ache and chrnα7), and muscle development in F1 offspring (Wnt, MyoD, Myf5, myogenin, and MRF4) (Wu et al., 2021). The molecular mechanisms underlying these effects, including oxidative stress, inflammation, and epigenetic modifications, highlighted the complex and multifaceted nature of NAP toxicity.
Taken together, even though much work remains to be done, our systematic review analysis on the effects of NAP on fish embryos and adults together with genetic analysis in vivo revealed a toxicity pathway starting with the particles entering the cell and inducing oxidative stress and immune responses that generated inflammation. Further intrusion of NAPs on the organelles such as mitochondria induced alterations in energy (carbohydrate) metabolism. The accumulation of NAPs in different organs was dependent on size, concentrations, and durations, influenced on specific neurobehavioral, cardiac, lipid metabolism, reproduction, and intergenerational inheritance.
Plastic pollution is a global problem and poses a significant threat to ecosystems, wildlife, and human health, with plastics taking hundreds of years to decompose in the environment. Several countries have recently introduced regulations and legislations focused on plastic. These are primarily aimed to reduce the consumption and improve waste management; however, attention should be given to plastic production. More than 60 countries have implemented bans and levies on plastic packaging and single-use waste. In 2018, the European Commission published its strategy to reduce usage of single-use plastics, followed by legislation in the form of the Single-Use Plastics Directive. In 2021, the EU has levied a “plastic tax” on all unrecycled plastic waste generated within the region. The EPA’s “National Strategy to Prevent Plastic Pollution” aims to eliminate the release of plastic waste into the environment by 2040. However, despite all these regulations and rules, we may all be aware of the problem and cooperate to implement the government policies to reduce plastic pollution in the environment.
5 CONCLUSION
Our systematic review has synthesized current knowledge on the toxicogenomic effects of NAPs in fish, using them as a model to assess the potential health risk to humans. Although methodological challenges and the limited scope of studies in plastics beyond PS remain, our findings indicate that the toxicity of NAPs can be influenced by several factors, including particle size, exposure duration, exposure route, tissue accumulation, and the chemical composition of plastics. Furthermore, NAPs pose risks to various organs through mechanisms such as oxidative stress, immune system modulation, and specific organ effects, including neurotoxicity, cardiotoxicity, genotoxicity, teratogenesis, endocrine disruption, energy metabolism alterations, and intergenerational inheritance. Despite the variability in fish species, sizes and types of the plastics, surface charge, environmental conditions, exposure routes, duration of exposure, and developmental stages of the experimental fish, our review highlights that NAPs can cross the biological barriers and gradually accumulate in the various parts/organs of the body in a non-specific manner. This accumulation occurs over time, further emphasizing the complex and potentially widespread impact of NAP exposure on aquatic organisms, with implications for human health. In summary, NAPs possess significant adsorptive properties and serve as vectors for other environmental contaminants, potentially exerting synergistic, antagonistic, or neutral effects on the tissues and organs of fish. The biotransformation process activates oxidative stress-dependent mechanisms, which in turn induce specific gene regulatory responses. In the gut/intestine, the toxicogenomic responses to NAPs exhibited either synergistic or antagonistic interactions with the gut microbiota. Intergenerational transfer of NAPs has been shown to disrupt embryo–larval development in the F1 generation. Although significant knowledge gaps remain, our systematic review addresses several critical scientific questions regarding the toxicological effects of NAPs, paving the way for future research into their environmental and health impacts.
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Ach Acetylcholine
AChE Acetyl cholinesterase
αKGPD alpha keto glutarate dehydrogenase
APAP Acetaminophen
AVO Avobenzone
FHM Fathead minnows
BAP Benzo [a] pyrene
BDE-47 Polybrominated diphenyl ethers
BFCOD 7-benzyloxy-4-trifluoromethyl-coumarin O-dibenzyloxylase
BMDMB butyl methoxydibenzoylmethane
BPA Bisphenol A
CAT Catalase
CCV Common cardinal vein
CO Cardiac output
c3 Complement component 3
DES Diethylstilbestrol
DA Dopamine
DPH Diphenhydramine
dph Day post hatch
EROD 7-Etoxyresorufin O-deethylase
EE2 17 α-Ethynyl estradiol
FHM Fathead minnows
GABA Gamma-aminobutyric acid
GAD Glutamic acid decarboxylase
GDH Glutamate dehydrogenase
GI-tract Gastrointestinal tract
GR Glutatione reductase
GS Glutammine synthetase
GSH Glutathione
GSSG Oxidized glutathione
GST Glutathione-S-transferase
HSI Hepatosomatic index
HPT Hypothalamus–pituitary–thyroid
5-HT Serotonin
ISV Intersegmental vessel
LDPE Low-density polyethylene
LOEL Lowest observed effect level
LZM Lysozyme
mst1 Macrophage-stimulating factor 1
MAO Monoamine oxidase
MAPs Macroplastics
MCL Microcystin-LR
MIPs Microplastics
NAPs Nanoplastics
ncf2 Neutrophil cytosolic factor 2
No Nitric oxide
NOAEL No observed adverse effect level
Noel No observed effect level
nox2 NADPH oxidase 2
PC Polycarbonate
PCP Personal care products
PE Polyethylene
PLA Polylactic acid
PMME Polymethylmethacrylate
PEMIP Polyethylene microplastics
PENAPs Polyethylene nanoplastics
PET Polyethylene terephthalate
PETNAPs Polyethylene terephthalate nanoplastics
PHE Phenanthrene
PHN Phenmediphamµ
POP Persistent organic pollutants
PP Polypropylene
PPAR Peroxisome proliferator activator receptor
PPPMIP Polypropylene microplastics
PS Polystyrene
PSMIPs Polystyrene microplastics
PSNAPs Polystyrene nanoplastics.
PU Polyurethane
PVC Polyvinyl chloride
SIM Simvastatin
SIVP Sub-intestinal venous plexus
SMX Sulfamethoxazole
SMZ Sulfamethazine
SNP Sodium nitroprusside
SOV Superficial ocular vessels
T-AOC Total antioxidant content
TC Tetracycline
TCS Triclosan
TDCIPP Tris 1,3-dichloro-2-propyl phosphate
TG Thyroglobulin
TGL Triglyceride
TLR Toll-like-receptor
TPH Tryptophan hydroxylase
TPhP Triphenyl phosphate
VEGFA Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
vit D Vitamin D
VTG Vitellogenin
wph Weeks post hatch
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1| Common carp (Cyprinus PE >5 mm->100 nm <100 nm Juvenile Hamed et al. (2022)
carpio)
2 Zebrafish PE 135 pm (13,500 nm) 70 nm Adult Li et al. (2023¢)
3 Zebrafish PET >100 nm ~2032 m (20,32,000 nm) 68.06-100 nm Embryos de Souza Toedoro
etal. (2024)
4 Carp PS 400 nm 50and 100 nm Adult Wu et al. (2022)
5a Grass carp PS 8 pm (8,000 nm) 80 nm Embryos Zhang et al. (2022b)
(Ctenopharyngodon
idella)
5b Grass carp s 5 um (8,000 nm) 50 nm Larvae Zhang et al. (2022b)
(Ctenopharyngodon
idella)
6 | Tooth carp (Aphaniops ps 300 nm 100 nm Adult Saemi-Komsari et al.
hormuzensis) (2023)
7 | Marine medaka (Oryzias PS 500 and 6,000 nm 50 nm Embryos Chen et al. (2022)
melastigma)
8 | Marine medaka (Oryzias s 45 pm (45,000 nm) 50 nm Larvae (7 dph) Kang et al. (2021)
melastigma)
9 | Marine medaka (Oryzias Ps 500 nm and 2 m (2,000 nm) 70 nm Larvae (3 dph) Li et al. (2024b)
‘melastigma)
10 Tilapia (Oreochromis PPP 100 pm (100,000 nm) 100 nm Juveniles Wu et al. (2023)
niloticus)
11 Tilapia (Oreochromis PS 2 and 20 pm (2,000 and 20,000 nm) 80 nm Larvae Zheng et al. (2024)
niloticus)
12| Nile tilapia (Oreochromis PS 185 nm 100 nm Juveniles Hao et al. (2023)
niloticus)
13 | Nile tilapia (Oreochromis PS 500 and 5,000 nm 100 nm Juveniles Wang et al. (2023b)
niloticus)
14 Zebrafish PS 41 pm (41,000 nm) 47 nm Embryos Chen et al. (2017a)
15 Zebrafish PS 250 and 700 nm 25 and 50 nm Embryos Van Pomeren et al.
(2017)
16 Zebrafish PS 200 and 500 nm 50 nm Embryos Lee et al. (2019)
17 Zebrafish s 200 nm 50 nm Embryos Pedersen et al. (2020)
18 Zebrafish Ps 500 and 4,500 nm 50 nm Embryos Martinez-Alvarez,
etal. (2022)
19 Zebrafish Ps 500 and 1,000 nm 100 nm Embryos Zhou et al. (2023¢)
20 Zebrafish PS 200 and 500 nm 80 nm Embryos and larvae Chen et al. (2024)
21 Zebrafish Ps 1,000 nm and 50 um 50 nm Larvae Sendra et al. (2021)
2 Zebrafish PS 5,800 nm 46 nm Adults (male and female) | He et al. (2021)
23 Zebrafish s 8,000 nm 80 nm Adults Xie et al. (2021)
b2 Zebrafish PS 394-407 nm, 4-8 pm, (4,000-8,000 nm), 40-54 nm Adults Yu etal. (2022b)
45-85 pm (45,000-85,000 nm), and 158-234 pm
(158,000-234,000 nm)
2 Zebrafish Ps 20 um (20,000 nm) 100 nm Adults Yang et al. (2023)
26a Zebrafish Ps 122,220, 712, and 825 nm 91 nm Embryos (4 hpf-96 hpf) | Tamayo-Belda et al.
(2023)
26b Zebrafish LDPE 164,106, 342, and 122 nm 91 nm Embryos (4 hpf-96 hpf) | Tamayo-Belda et al.

(2023)

MIP, microplastics (diameter of the polymer is > 100 nm); NAPs, nanoplastics (diameter of the polymer is <100 nm); Tamayo-Belda t al. (2023) measured the diameter of the plastic every day
during the exposure period (day 0, day 1, day 2, day 3, and day 4).
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PE Common carp Juveniles 100 nm Waterborne-(15 mg/L)- | Brain and eye Hamed etal. (2022)
(Cyprinus carpio) 15 days)
LDPE Zebrafish (Danio rerio) | Embryos (4 hpf) 91 nm Waterborne (0.001, 0.01, | Vitelline membrane Tamayo-Belda et al.
0.1, 1, 10, and 10 mg/L), (2023)
96 hpf
PE Zebrafish (Danio rerio) | Embryos (6 hpf) 50 nm Waterborne (3 x 10" Whole embryo Monikh et al. (2022)
particles/L or 0.00025 mg/
L),24h
PE Zebrafish (Danio rerio) | Adults (3 months) 70 nm Waterborne (20 mg/L),  Gill/gut/intestine /liver  Li et al. (2023c)
21 days
PET Zebrafish (Danio rerio) | Embryos (6 and 72 hpf) | 70 £ 5 nm Waterborne (5, 10, 50, | Liver, intestine, and Bashirova et al.
100, and 200 mg/L), until | kidney (2023)
96-120 hpf
PET Zebrafish (Danio rerio) = Embryos 68.06 nm and above | Waterborne (0.5, 1, 5, 10, | Chorion surface de Souza Toedoro
and 20 mg/L), 6 days etal. (2024)
PMMA Zebrafish (Danio rerio) | Embryos 32 nm Waterborne (0.001, 001,  Whole embryo Manuel et al. (2022)
0.1, 1, 10, and 100 mg/
1), 96 h
PPP Tilapia (Oreochromis | Juveniles (10 + 1 g;length | 100 nm Waterborne (0.001, 0.01, | Liver Wu et al. (2023)
niloticus) 1341 cm) and 0.1 mg/L), 21 days
PPP Zebrafish (Danio rerio) | Embryos (6 hpf) 50 nm Waterborne (3 x 10 Whole embryos Monikh et al. (2022)
particles/L or
0.000022 mg/L), 24 h
s Carp Adults 50 and 100 nm Waterborne (0.1 mg/L), | Heart Wu et al. (2022)
28 days
s Grass carp Embryos (12 hpf) 50-80 nm Waterborne On the chorion Zhang et al. (2022b)
(Ctenopharyngodon (0.005-0.045 mg/L); 2,4,
idella) and 8 h
s Grass carp Juveniles 23.03%0266nm | Waterborne (0.76 mg/ | Blood/liver/brain Estrela et al. (2021)
(Ctenopharyngodon L),72h
idella)
s Grass carp Juveniles 20-26 nm Waterborne Liver/brain Guimaraes et al.
(Ctenopharyngodon (0.00000004-0.034 mg/L), (2021)
idella) 20 days
Ps Grass carp Juveniles 80 nm Waterborne, 0.02,0.2,and | Liver and intestine Liu et al. (2022a)
(Ctenopharyngodon 2 mg/L (7 days)
idella)
P Grass carp Juveniles 80 nm Waterborne (001, 0.1, | Gut/intestine Li et al. (2024a)
(Ctenopharyngodon and 1 mg/L), 8 days.
idella)
Ps Silver carp Adults 80 nm Waterborne (0.01 and Guv/intestine/liver Zhang et al. (2024a)
(Hypophthalmichthys 1 mg/L), 96 h
molitrix)
s Tooth carp (Aphaniops | Adult 100 nm Waterborne (1, 5, 10, 25, Gut, gill, liver, muscle, ~ Saemi-Komsari
hormuzensis) 50, 100, and 200 mg/L), | and skin et al. (2023)
96 h
Diet (0.01, 0.1, 1, and
5 mg/kg), 3, 14, and
28 days
s Fathead minnows Adult males 50 nm IP-injected (0.1 mLof ~ Liver and head kidney  Elizalde-Velazquez
(Pimephales promelas) 0.005 mg/L), 48 h et al. (2020)
s Fathead minnows Adult males 50 nm Trophic transfer Liver and head kidney  Elizalde-Velazquez
(Pimephales promelas) (0.005 mg/L), 48 h et al. (2020)
s Chinese rice fish Adults and F1 larvae 57.29-60.39 nm Waterborne (5 mg/L); Yolk sac Chae et al. (2018)
(Oryzias sinensis) (adults 7 days;
F1 larvae 24 h)
s Hainan medaka Adults 80 nm Waterborne (0.2 mg/L),  Gills and intestine Gao et al. (2023)
(Oryzias curvinotus) 7 days
s Japanese medaka Adults 100 nm 10, 10,and 10° particles/L | Gut Zhou et al. (2023b)
(Oryzias latipes) (1.79589 x 10" particles/
10 mg concentration)
s Japanese medaka Adults 100 nm Waterborne (10, 10%, and | Gonads (ovary/testis)  Zhou et al. (2023a)
(Oryzias latipes) 10° particles/L) or (5.5 x
107,55 10, and 5.5 x
107 mg/L), 3 months
s Japanese medaka Larvae (9 dph) 100 nm Waterborne (10" items/L | Gut Zhou et al. (2023b)
(Oryzias latipes) or 55 mg/L), 48 h
S Japanese medaka Adults (60 dph) 100 nm Waterbone (5.5 x Gut Zhou et al. (2023b)
(Oryzias latipes) 1072 mg/L, 5.5 x 10 mg/
L,and 55 x 107 mg/L),
90 days
PS Marine medaka Embryos PS (50 nm) ‘Waterborne (10° Whole embryo Chen et al. (2022)
(Oryzias melastigma) particles/L), 19 days
PS Marine medaka Embryos PS-NH (80 nm); PS- | Waterborne (0.01 mg/L), = Gastrointestinal tract Chen et al. (2023a)
(Oryzias melastigma) COOH (80 nm) 10 days (depurated for | and intestinal villi
10 days)
s Marine medaka Embryos (6 hpf) 50 nm Waterborne (0.055 mg/L),  Abdominal area/liver/  Yu et al. (2023)
(Oryzias melastigma) 21 days heart
s Marine medaka Larvae (7 dph) 50 nm Waterborne Gut Kang et al. (2021)
(Oryzias melastigma) (0.0025-0.01 mg/L); 1, 7,
14, and 120 dph
s Marine medaka Larvae (3 dph) 70 nm Trophic transfer (002, Intestine/liver /muscle/ | Li et al. (2024b)
(Oryzias melastigma) 0.2, and 2 mg/L), 90 days | gonad
s Marine medaka Juveniles (2 months) 100 nm Waterborne (1 mg/L), Intestine Li et al. (2023b)
(Oryzias melastigma) 30 days
PS Marine medaka Adults 100 nm ‘Waterborne (5 mg/g), Gut/intestine Zhang et al. (2021)
(Oryzias melastigma) 30 days
s Marine medaka Adults 100 nm Dietary (345 mgfg), Gut/liver of 60 dph He et al. (2022)
(Oryzias melastigma) 30 days F1 larvae
P Marine medaka Adults (4 months) 100 nm Dietary (5 mg/g), 30 days | Gut Wang et al. (2023a)
(Oryzias melastigma) (depurated for 21 days)
s Rainbow trout Juvenile 35 +8nm Dietary (0.0059 mg/g Hind intestine and liver | Clark et al. (2023b)
(Oncorhynchus mykiss) food); 3, 7, and 14 days
s Red tilapia Juveniles 100 nm Waterborne (0.001, 0.01, | Gut, gills, liver, and Ding et al. (2018)
(Oreochromis niloticus) and 0.1 mg/L), 14 days  brain
s Tilapia (Oreochromis | Larvae 80 nm Waterborne (0.1 mg/L),  Gills Zheng and Wang
niloticus) 28 days (2024)
P Tilapia (Oreochromis | Larvae 80 nm Waterborne (0.1 mg/L),  Gills Zheng et al. (2024)
niloticus) 28 days
s Tilapia (Oreochromis | Larvae (4 weeks old) 100 nm Waterborne (20 mg/L), | Whole fish Pang et al. (2021)
niloticus) 7 days (depurated for
7 days)
s Tilapia (Oreochromis | Juveniles 86 nm Waterborne (1 mg/L), Gill, stomach, intestine, | Hao et al. (2023)
niloticus) 21 days (depurated liver, and muscle
7 days)
s Tilapia (Oreochromis | Juveniles 100 nm Waterborne (1, 10, and  Gill, liver, intestine, and | Wang et al. (2023b)
niloticus) 100 mg/L), 7 days muscle
P Zebrafish (Danio rerio) | Embryos (3 hpf) 47 nm Waterborne (1 mg/L), Whole embryo Chen et al. (2017a)
120h
s Zebrafish (Danio rerio) | Embryos 25 and 50 nm Waterbone (25 mg/l; | Chorion (0 hpf); eye  Van Pomeren et al.
25 nm) (50 mg/L; 50 nm); | (72 hpf) (2017)
0-48 hpf, 24-72 hpf, and
72-120 hpf
s Zebrafish (Danio rerio) | Embryos (6 hpf) 51 nm Waterbome (0.1, 1,and | Yolk sac, GI tract, gall  Pitt et al. (2018a)
10 mg/L), 120 hpf bladder, liver, pancreas,
heart, and brain
S Zebrafish (Danio rerio) | Embryos (72 hpf) 25 nm Waterborne (20 mg/L),  Intestine, pancreas, and | Brun et al. (2019)
72-120 hpf, 48 h gall bladder
s Zebrafish (Danio rerio) = Embryos 50 nm Waterborne (0.1 mg/L); 6, Whole body Lee et al. (2019)
24, and 96 hpf
s Zebrafish (Danio rerio) | Embryos (6 hpf) 44 nm Waterborne (0.1, 1,and | Whole body Trevisan et al.
10 mg/L), 96 hpf (2019)
s Zebrafish (Danio rerio) | Embryos (6 hpf) 50 nm Waterborne (0.01, 0.1, 1, G tract, eye, liver, and | Pedersen et al.
and 10 mg/L), 120 hpf cranial region (2020)
s Zebrafish (Danio rerio) | Embryos 20 nm Microinjected to eggs Brain Sokmen et al. (2020)
(3 pL of 270 mg/L),
120 hpf
s Zebrafish (Danio rerio) | Embryos 44 nm Waterborne (1 mg/L), Yolk sac and brain Trevisan et al.
7 days (2020)
s Zebrafish (Danio rerio) | Embryos 70 £921 nm Microinjected to eggs Maximum in the yolk  Zhang et al. (2020)
(0.52 nL of 1,000, 3,000, | sac and followed by
and 5,000 mg/L), 4 weeks | brain > eyes > gut >
swim bladder
(maximum
accumulation in the
trunk region
s Zebrafish (Danio rerio) | Embryos 70 £921 nm Waterbomne (0.5 and Maximum Zhang et al. (2020)
5 mg/L), exposed until  accumulation in the
hatching and depurated | brain and eyes
for 4 weeks
s Zebrafish (Danio rerio) | Embryos 60 nm Waterborne (0.015, 1.5, Whole embryos Barreto etal. (2021)
and 150 mg/L, 96 h
P Zebrafish (Danio rerio) | Embryos (2 hpf) 100 nm Waterborne (0.01 mg/L); ~ Whole embryos Liu et al. (2021)
12 h (depurated 120 hpf)
s Zebrafish (Danio rerio) = Embryos 50 nm Waterborne 1 mg/L (9 h) ~ Whole embryo Bhagat et al. (2022)
s Zebrafish (Danio rerio) | Embryos 100 nm Waterborne (0.0025 and |~ Anterior part Chackal et al. (2022)
0.025 mg/L) 7 days containing the yolk sac
and digestive tract
s Zebrafish (Danio rerio) | Embryos 50 and 100 nm Waterborne (0.1, 0.5, Intestine and areas of  Cheng et al. (2022)
2 and 10 mg/L), 120 hpf  excretion
s Zebrafish (Danio rerio) = Embryos 100 nm Waterborne (100,200, Whole embryo Feng et al. (2022)
and 400 mg/L), 96 h
s Zebrafish (Danio rerio) | Embryos 50 nm Waterborne (5 mg/L), Surface of the chorion  Geum and Yeo,
4-96 hpf and the embryos (2022)
s Zebrafish (Danio rerio) | Embryos 25 nm Waterbone (10, 25, and | Whole embryo Kantha et al. (2022)
50 mg/L), 96 hpf
s Zebrafish (Danio rerio) | Embryos (2 hpf) 100 nm Waterborne (0.01 mg/L)  Whole embryo Liu et al. (2022b)
(144 hpf, depurated for
3 days)
S Zebrafish (Danio rerio) | Embryos 22 nm Waterborne (0.001, 001,  Whole embryo Manuel et al. (2022)
0.1, 1, 10, and 100 mg/L),
96 hpf
s Zebrafish (Danio rerio) | Embryos 50 nm Waterborne (0.000069,  Chorion, eye, tail, and  Martinez-Alvarez
0.00069, 0.069, 0.687, and  yolk sac etal. (2022)
6.87 mg/L), 120 hpf
s Zebrafish (Danio rerio) | Embryos 44 nm Waterborne (0.015, 0.15,  Whole embryo Santos et al. (2022)
1.5, 15, and 150 mg/L),
96-120 hpf
s Zebrafish (Danio rerio) | Embryos (4 hpf) 20 nm Injected (3 nL of 270 mg/  Whole embryo Sulukan et al.
L); grown for 6 months; (20220)
F1 embryos were
evaluated
s Zebrafish (Danio rerio) | Embryos PS-NH, (50 nm Waterborne (30 and GI tract, pericardium, | Teng et al. (2022a)
fluorescent) 50 mg/L to labeled or and brain
PS-COOH (30 nm | unlabeled PS-NH, or PS-
fluorescent) COOH), 120 hpf
PS-NH, (51 nm,
unlabeled) (+ve
charge)
PS-COOH (50 nm
unlabeled) (-ve
charge)
s Zebrafish (Danio rerio) = Embryos 80 nm Waterborne (0.05 mg/L,  Surface of the chorion, =~ Wang et al. (2022)
0.1 mg/L, 1 mg/L, 5 mg/L,  brain, gills, mouth,
and 10 mg/L) (120 hpf)  trunk, heart, liver, and
digestive tract
P Zebrafish (Danio rerio) | Embryos 44 nm Waterborne (0.015 and  Whole embryo Barreto et al. (2023)
1.5 mg/L), 96-120 h
s Zebrafish (Danio rerio) | Embryos (8 hpf) 80 nm Waterborne (0.5 and Yolk sac, eye, head, and | Chen et al. (2023b)
5 mg/L), 96 hpf nerve tubes
s Zebrafish (Danio rerio) | Embryos 50 nm Waterborne (0.1, 1, 5, 10, | Whole embryo Chen et al. (2023¢)
20, 30, and 50 mg/L),
5 days
s Zebrafish (Danio rerio) = Embryos 20 nm Waterborne (2, 5, and Whole embryo Dai et al. (2023)
8 mg/L); 22, 46, and 70 h
s Zebrafish (Danio rerio) = Embryos 50 nm Waterborne (0.1, 0.5, and | Chorion, abdomen, Duan et al. (2023)
1 mg/L); 4-72hat 24'C, | circulatory system,
27°C, and 30'C intestinal tract, and
excretory regions
s Zebrafish (Danio rerio) | Embryos (3 hpf) 80 nm Waterborne (0.005, 0.01,  Whole embryo Gao et al. (2023b)
0.025, 0.05, and 0.1 mg/
L), 96 h
s Zebrafish (Danio rerio) | Embryos 30 and 100 nm Waterborne (0.1, 1,and  Chorion, head, trunk,  Martin et al. (2023)
10 mg/L), 96 h and in the yolk
Ps Zebrafish (Danio rerio) | Embryos 30 nm Waterborne (0.1, 0.5, and | Whole embryo Martin-Folgar et al.
3 mg/L), 120 hpf (2023)
s Zebrafish (Danio rerio) | Embryos (4 hpf) PS (91, nm) Waterborne (0.001, 0.01, | Vitelline membrane Tamayo-Belda et al.
0.1, 1, 10, and 10 mg/L), (2023)
96 hpf
s Zebrafish (Danio rerio) | Embryos (2 hpf) 15 nm Waterborne (50 mg/ GI tract, pericardium,  Varshney et al.
1), 96 h eye, and cranial regions | (2023)
s Zebrafish (Danio rerio) | Embryos 80 nm Waterborne (0.0, 0.1, 1, | Gills, GI, liver, and Wang et al. (2023¢)
5, and 10 mg/L), 120 hpf | heart
s Zebrafish (Danio rerio) | Embryos (4 hpf) 50 nm Waterborne (1, 5, and Whole embryo Wang et al. (2023d)
10 mg/L), 144 hpf
S Zebrafish (Danio rerio) | Embryos (4 hpf) 100 nm Waterborne (10 mg/L),  Chorion, brain, yolk | Zhou et al. (2023¢)
5 days sac, muscle, GI tract,
pancreas, gall bladder,
liver, and swim bladder
s Zebrafish (Danio rerio) | Embryos (8 hpf) 80 nm Waterborne (0.1, 0.5, 1,5, Chorion, eye, brain,and | Chen et al. (2024)
10, 25, and 50 mg/L); dorsal trunk
120 hpf; some were
depurated for 10 days
s Zebrafish (Danio rerio) | Embryos PS (2303 + Waterborne In embryos, Santos et al. (2024)
0.266 nm) (0.00000004 mg/L, accumulation occurred
0.000034 mg/L, and in the chorion, muscle,
0.034 mg/L), 144 hpf gills, and head of the
fish; in larvae,
accumulation occurred
in the digestive system,
gills, and somite
s Zebrafish (Danio rerio) | Larvae (120 hpf) 50 nm Waterborne (10 mg/L),  Gut, skin, caudal fin,  Sendra et al. (2021)
24 h-7 days and eyes
s Zebrafish (Danio rerio) | Adults (6 months old) 47 nm Waterborne 1 mg/L Viscera, gills, head, and  Chen et al. (2017b)
(3 days) muscle
s Zebrafish (Danio rerio) | Adults 42 nm Dietary (1 mg/L); 7 days; | Yolk sac, GI tract, liver, | Pitt et al. (2018b)
F1 larvae were evaluated | pancreas, and gall
bladder
s Zebrafish (Danio rerio) | Adults (6 months old) 70 nm Waterborne (0.5, 1.5, and | Gonads, intestine, liver, = Sarasamma et al.
5 mg/L); 7 days, 30 days, | and brain tissues (2020)
and 7 weeks (observed after 30 days
of exposure)
s Zebrafish (Danio rerio) | Adults (male and female) | 46 nm Waterborne (2 mg/L), Gonads He et al. (2021)
21 days
s Zebrafish (Danio rerio) | Adults (male and female) | 70 nm Waterbome (0.1 mg/L), | Whole embryos (F1)  Wu et al. (2021)
45 days; F1 embryos were
evaluated
s Zebrafish (Danio rerio) | Adults 80 nm Waterborne (1 mg/L), Gut Xie et al. (2021)
21 days
s Zebrafish (Danio rerio) | Adults (90 days old) 545 +28 nm Waterborne (10 mg/L), | FO = gut > gills > Zhao et al. (2021)
120 days; both FO parents | gonad > liver
and F1 embryos were F1 = whole embryo/
evaluated larvae
s Zebrafish (Danio rerio) | Adults (90 days old) 70 nm Waterbore (0.1 mg/L), | Testis and ovary Zuo et al. (2021)
21 days; F1 larvae were (F1 larvae)
evaluated at 120 hpf
s Zebrafish (Danio rerio) | Adults (male and female) | 70 nm Waterborne (0.1 mg/L),  Liver Ling et al. (2022)
3 months
s Zebrafish (Danio rerio) | Adults (3 months old) | 100 nm Waterborne (25 mg/L); | Brain Sulukan et al.
96 h at 28°C, 29°C, (2022b)
and 30°C
s Zebrafish (Danio rerio) | Juveniles and adults 44 nm Waterborne (0.001, 0.01, | Gut-brain axis Teng et al. (2022b)
and 0.1 mg/L); 30 and
60 days
s Zebrafish (Danio rerio) | Adults 100 nm Waterborne (0.02 and Intestine Yu et al. (20222)
0.2 mg/L), 3 weeks
s Zebrafish (Danio rerio) | Adults 40-54 nm Waterborne Intestine Yu et al. (2022b)
(0.06-0.186 mg/L),
30 days
s Zebrafish (Danio rerio) | Adults 20-80 nm Waterborne (0.0001, Brain Aliakbarzadeh et al.
0.001,0.01,and 0.1 mg/L), (2023)
45 days
s Zebrafish (Danio rerio) | Adults 100 nm Waterborne (0.5 mg/L0), | Liver Deng et al. (2023)
28 days
s Zebrafish (Danio rerio) | Adults (male, 50 nm Waterbomne (5, 10, and | Intestine > liver > gill> Habumugisha et al.
4 months old) 15 mg/L), exposed for muscle > brain (2023)
30 days and depurated for
16 days
s Zebrafish (Danio rerio) | Adults 80 nm Waterborne (15 and Liver Li et al. (20232)
150 mg/L) (21 days)
s Zebrafish (Danio rerio) | Adults (5 months old; 70 nm Waterborne (2 mg/L), Gonads (testis and Lin et al. (2023)
male and female) 21 days ovary)
s Zebrafish (Danio rerio) | Adults 100 nm Waterborne (0.1 and Gut Yang et al. (2023)
1 mg/L); 4 days
(depurated for 3 days)
s Zebrafish (Danio rerio) | Adults 100 nm Waterborne (1 mg/L), Brain Zhang et al. (2023)
30 days
s Zebrafish (Danio rerio) | Adults (50 + 3 nm) Waterborne (1 mg/L), Brain Zhou et al. (2023d)
4 weeks
s Zebrafish (Danio rerio) | Adults 50-100 nm Waterborne/dietary Gut Du et al. (2024)
exposure toa high-fat diet
(21 days)
s Zebrafish (Danio rerio) | Adults 50 nm Waterborne (1 mg/L), Liver, brain, and gonads | Ye et al. (2024)
21 days (testis and ovary)
P Zebrafish (Danio rerio) | Adults 100 nm Waterborne (1 mg/L), Blood, intestine, and | Zhang et al. (2024c)

30 days

brain

Elizalde-Velazquez et al. (2020) used two different methods of exposure (injection and trophic transfer) of PS in fathead minnows and mentioned it in one article. Manuel et al. (2022) reported
the effects of PMMA, and PS in zebrafish in one article. Monikh et al. (2022) reported the effects of PE, and PPP in one article in zebrafish. Tamayo-Belda et al. (2023) reported the effects of PS,
one article in zebrafish. Zhang et al. (2020) used two different methods of exposure (injection and waterborne) of PS in zebrafish and mentioned in one article.
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Authors Fish/stage of Concentration Mode of

Development /dose exposure
/additives
1 Aliakbarzadeh ~ PS Zebrafish (Danio rerio)/  20-80 nm (average 0.1, 1, 10 and 100 pg/L. 45 days Waterborne/4-
etal, (2023) adults 57.5 nm) nonylphenol
(1pg/L)
2 Barretoetal,  PS Zebrafish (Danio rerio)/ 60 nm 0015, 1.5,and 150 mg/. 96 h Waterborne/SIM
(2021) embryos (0.015-150 pg/L)
3 Bametoetal,  PS Zebrafish (Danio rerio)/ 44 nm 0015, 1.5 mg/L 96-120 hpf Waterborne/
(2023) embryos DPH (0.01 and
10 mg/L)
4 Bashirova etal, | PET Zebrafish (Danio rerio)/ | Hydrodynamic 105,10, 50, 100,200 mg/L | Until 96- 120 hpf | Waterborne
(2023) embryos (6 and 72 hpf) | diameter 70+5 nm
5 Bhagat etal,  PS Zebrafish (Danio rerio)/ 50 nm 1 mg/L 96 h Waterborne/
(2022) embryos nAL203(1 mg/L)
and nCeO3 (1
mg/L)
6 Brun et al,, Ps Zebrafish (Danio rerio) | 25 nm 20 mg/L Until 120 hpf Waterborne
(2019) Jembryos (72 hpf)
7 Chackal et al,  PS Zebrafish (Danio rerio)/ 100 nm 2.5 and 25 pg/L Until 7 dpf Waterborne/
(2022) embryos BDE-47 (10
ng/L)
8 Chae et al,, Ps Chinese rice fish (Oryzias | 6039, 57.45, 5 mg/L Adults (F0) Waterborne
(2018) sinensis)/ adults (F0) and | 57.29 nm exposed for 7
larvac (F1) days; larvae (F1)
exposed for 24 h
9 Chen et al, Ps Zebrafish (Danio rerio)/ 47 and 41000 nm 1 mg/L 120 h Waterborne /EE2
(2017a) embryos (2 and 20 pg/L)
10 Chen et al,, Ps Zebrafish (Danio rerio)/ 47 nm 1 mg/L 3 days Waterborne/BPA
(2017b) adults (6 months old) (078 pg/L)
1 Chen et al, Ps Marine medaka (Oryzias | 50, 500, and 106 particles/L 19 days Waterborne
(2022) melastigma) /embryos 6000 nm
12 Chen et al, PS-NH2and | Marine medaka (Oryzias = 80 nm 10 pg/L 10 days with Waterborne
(2023a) PS-COOH melastigma) /embryos additional 10days | (regular or
depuration acidified sea
water)
13 Chen et al,, PS,UV-PS,  Zebrafish (Danio rerio)/ 80 nm 05 and 5 mg/L Until 120 hpf Waterborne/
(2023b) 03-PS embryos (8 hpf) i
14 Chen et al,, PS Zebrafish (Danio rerio)/ 50 nm 01,1,5,10,20,30,and 50  Until 120 hpf; ~ Waterborne/
(2023¢) embryos mg/L evaluated on 5th, ~ Sodium

7th, and 12th day  nitroprusside
(0.1,1, 10, 20, 30

and 40 pM)
15 Chen et al, Ps Zebrafish (Danio rerio)/ | 80,200,500 nm | 0.1,0.5,1,5,10,25,and 50 | 120 hpf, depurate | Waterborne
(2024) embryos (8hpf) mg/L. 10 days
16 Chengetal, | PS Zebrafish (Danio rerio)/ | 50, 100 nm and 01,052 and 10 mg/. | 120 hpf Waterborne
(2022) embryos micro-PS
17 Clark et al., Ps-Pd Rainbow trout 200 nm 10 mg/kg food 3and 7 days; Dietary
(2023a) (Oncorhynchus mykiss)/ depurated 7 days
juvenile
18 Clark et al,, s Rainbow trout 35:8 nm 59 uglg food 37,14 days Dietary
(2023b) (Oncorhynchus mykiss)/
juvenile
19 Dai et al, Ps Zebrafish (Danio rerio)/ | 20 nm 2,5,and 8 mg/L 22,46,and 72 hpf | Waterborne
(2023) embryos
20 Deng et al., Ps Zebrafish (Danio rerio)/ | 100 nm 500 ng/mL 28 days Waterborne
(2023) adults
21 De Souza PET Zebrafish (Danio rerio)/ | 68.06-955 nmand | 05, 1,5, 10, and 20 mg/L | 6 days Waterborne
Teodoro et al., embryos 1305000~
(2024) 2032000 nm
2 Ding et al,, s Red Tilapia 100 nm 1,10, 100 pg/L. 14 days Waterborne
(2018) (Oreochromis niloticus)/
juveniles
23 Ding et al., Ps Red Tilapia 300, 5000, 7000~ 100 pg/L 6 and 14 days Waterborne
(2020) (Oreochromis niloticus)/ | 9000 nm
juveniles
2 Duetal, (2024) PS Zebrafish (Danio rerio)/ ~ 50-100 nm 1000 pg/L 21 days Waterborne/
adults dietary exposure
to high fat diet
(24% crude fat)
25 Duan et al, Ps Zebrafish (Danio rerio)/ | 50 nm 0.1,05,and 1 mg/L 72h Waterborne
(2023) embryos (4 hpf)
26a Elizalde- Ps Fathead minnows 50 nm 5ug/L (0.1 mlinjected | 48 h P
Velazquez etal,, (Pimephales promelas)/ volume)
(2020) adult (males)
26b Elizalde- ps Fathead minnows 50 nm 5 g/l 48h Trophic transfer
Velazquez etal,, (Pimephales promelas)/ (fed with daphnia
(2020) adult (males) which were
consumed PS-
exposed green
algae)

27 Estrelaetal,  PS Grass carp 23.03£0.266 nm 760 pg/L 72h Waterborne/

(2021) (Ctenopharyngodon Zn02 (760 pg/L)
idella) juveniles

28 Feng et al,, Ps Zebrafish (Danio rerio)/ | 100 nm 100, 200, and 400 mg/L 96 h Waterborne

(2022) embryos
29 Gao etal, PS Hainan medaka (Oryzias 80 nm 200 pg/L 7 days Waterborne/
(2023a) curvinotus) E53B (500 pg/L)
30 Gao et al, s Zebrafish (Danio rerio) 80 nm 5,10,25,50,100 pg/L 96 hpf Waterborne/
(2023b) Jembryos (3 hpf) APAP (2-8 mM)
31 Geum and Yeo, PS Zebrafish (Danio rerio)/ 50 nm 5 mg/L 48,122432,48,  Waterborne/
(2022) embryos 72 hpf PHE (0.5 and 1
mg/L and mucin
from jelly fish (50
ug/L)
32 Greven etal, | PC Fathead minnows 1587 nm 0025, 005,0.1,02,and | 2h In vitro
(2016) (Pimephales promelas)/ 100 pg/mL
neutrophils of adults
32b Grevenetal, | PS Fathead minnows 41 nm 0025, 005,0.1,02,and | 12h In vitro
(2016) (Pimephales promelas)/ 100 pg/mL.
neutrophils of adults
33 Guimaraes et | PS Grass carp 23.03£0.266 nm 0.04 ng/L, 34ng/L,and 34 | 20 days Waterborne
al, (2021) (Ctenopharyngodon (20-26 nm) g/l
Idella) juveniles
34 Habumugisha ~ PS Zebrafish (Danio rerio)/ | 50 nm 5,10, 15 mg/L 30 days; Waterborne
etal, (2023) adults (males) depurated 16
days; evaluated;
evaluated on 3, 6,
12, 18, 24, 30, 34,
38, 42, and 46
days.
35 Hamed etal, | PE Common carp (Cyprinus 100 nm and > 100 mg/L 15 days Waterborne
(2022) carpio)/juvenile 100 nm
36 Hao et al, Ps Tilapia (Oreochromis 86 and 185 nm 1 mg/L 21 days, Waterborne
(2023) niloticus)/ juveniles depurated 7 days

37 Heetal, (2021). PS Zebrafish (Danio rerio)/ 46 and 5800 nm 2 mg/L 21 days Waterborne
adults (males and [TPhP (0.08, 0.5,
females) 07,11, 12, 15

mg/L)

38 Heetal, (2022) | PS Marine medaka (Oryzias | 100 nm 345 mg/g 30 days [Fo]. Dietary [0}/
melastigma)/adults [F1 offspring /SMG (94.62

were evaluated 60 | mg/g)
dph without any
exposure)
39 Kang et al,, PS Marine medaka (Oryzias | 50 nmand 45 ym | 10 pg/mL and 25 pg/mL | 24 h (10pg/L). | Waterborne
(2021) melastigma)/larvae (45,000 nm) 1,7, 14, and 120
(7 dph) days (2.5 pg/mL)
40 Kantha etal, | PS Zebrafish (Danio rerio)/ | 25 nm 10, 25, and 50 mg/L. 9% h Waterborne
(2022) embryos
a1 Khan and Ali | PE Zebrafish (Danio rerio)/ | 10-100 pm (10,000~ | Unknown 24h Waterborne
(2023) adults 100,000 nm)

2 Leeetal, (2019) | PS Zebrafish (Danio rerio)/ | 50,200,500 nm | 0.1 mg/L 6,24,96h Waterborne
embryos

43 Leeetal, (2022) = PPP Zebrafish (Danio rerio)/ | 562.15£118.47 nm | 50 mg/L 24h Waterborne
embryos (24 hpf and
72 hpf)

44 Lietal, (20232) PS Zebrafish (Danio rerio)/ 80 nm 15 and 150 mg/L 28 days Waterborne/
adults vitamin D (280

and 2800 TU/kg)

45 Lietal, (2023b) PS Marine medaka (Oryzias 100 nm 1 mg/L 30 days Waterborne/
melastigma) /juveniles (2 SMX (100ug/L)
months old)

46 Lietal,(2023c) PE Zebrafish (Danio rerio)/ 70 and 13500 nm 20 mg/L 21 days Waterborne/
adults PEMIP (20

mg/L)

47 Lietal, (2024a) PS Grass carp 80 nm 10, 100, 1000 pg/L 8 days; Waterborne/
(Ctenopharyngodon coexposure 3days  Aeromonas.
idella)/juveniles with 5 days hydrophilia

preexposure (2X107CFU/mL)
with PS

48 Lietal, (2024b) | PS Marine medaka (Oryzias | 70, 500 and 20,200, and 2000 /L 90 days Trophic transfer
melastigma) / larvae 2000 nm (fed to rotifers
(3 dph) and the rotifers

were fed by
the fish)

49 Linetal, (2023) PS Zebrafish (Danio rerio)/ 70 nm 2 mg/L 21 days Waterborne/DES
adults (males and (1,10, 100 ng/L)
females)

50 Ling et al, TS Zebrafish (Danio rerio)/ 70 nm 100pg/L 90 days Waterborne

(2022) adults (males and MCLR (09, 45,
females) and 22.5 ug/L)

51 Livetal, (2021) PS Zebrafish (Danio rerio)/ 100 nm 10 pg/L Until 120 hpf Waterborne/
embryos BMDBM (1,10,

and 100 pg/L)

52 Liu et al,, Ps Grass carp 80 nm 20, 200, 2000 pg/L 7 days Waterborne/TC

(20222) (Ctenopharyngodon (5000 pg/L)
idella) juveniles

53 Liu et al,, s Zebrafish (Danio rerio)/ 100 nm 10 pg/L 144h and Waterborne/

(2022b) embryos depurated 72 h AVO (10 pg/L)
S4a Manuel etal, | PMMA Zebrafish (Danio rerio)/ | 32 nm 0001, 0.01,0.1, 1, 10,100 | 96 h Waterborne
(2022) embryos mg/L

54b Manuel etal, | PS Zebrafish (Danio rerio)/ | 22 nm 0001, 0,01, 0.1, 1,10, 100 | 96 h Waterborne
(2022) embryos mg/L

55 Martin etal, | PS Zebrafish (Danio rerio)/ | 30 and 100 nm 0.1, 1, and 10 mg/L 96 h Waterborne
(2023) embryos

56 Martinez- PS Zebrafish (Danio rerio)/ 50, 500, and 0.069 pg/L- 50.1 mg/L 120 h Waterborne
Alvarez et al., embryos 4500 nm /B(@)P (0.1-10
(2022) mg/L)

57 Martin-Folgar | PS Zebrafish (Danio rerio)/ | 30 nm 0.1, 05 and 3 mg/L 120 hpf Waterborne

etal, (2023) embryos

58a Monikh etal, | PE Zebrafish (Danio rerio) | 50 nm 3X1010 particles/L (0.000 | 24 h Waterborne

(2022) Jembryos 25 mg/L)
(6 hpf)
58b Monikh etal, | PPP Zebrafish (Danio rerio) | 50 nm 3X1010 particles/L 24h Waterborne
(2022) Jembryos (00022 mg/L)
(6 hpf)
58¢ Monikh etal,  PS Zebrafish (Danio rerio) 200 and 600 nm  3X1010 particles/L (PS 24 h Waterborne/B(a)
(2022) /embryos 200 nm =0.13 mg/L; PS P (10 pg/L)
(6 hpf) 600=3.5 mg/L)
58d Monikh etal,  PVC Zebrafish (Danio rerio) 200 nm 3X1010 particle/L (0.7 24 h ‘Waterborne/B(a)
(2022) Jembryos mg/L) P (10 pg/L)
(6 hpf)
59 Pang et al,, Ps Tilapia (Oreochromis 100 nm 20 mg/L 7 days and Waterborne
(2021) mossambicus)/larvae depurated 7 days
60 Parentietal, | PS Zebrafish (Danio rerio) | 500 nm 1 mg/L 2 days (until Waterborne
(2019) Jembryos (72 hpf) 120 hpf)
61 Parkand Kim | PS Zebrafish (Danio rerio) | 400 and 1000 nm | 7.5-60 mg/L 3 days Waterborne
(2022) fembryos (1 dpf)
62 Pedersen et al, | PS Zebrafish (Danio rerio) | 50, 200 nm 10, 100, 1000, 10,000 pg/L. | Until 120 hpf Waterborne
(2020) Jembryos (6 hpf)
63 Pitt et al, Ps Zebrafish (Danio rerio) | 51 nm 0.1, 1, and 10 mg/L 120 h Waterborne
(2018a) Jembryos (6 hpf)
64 Pitt et al, Ps Zebrafish (Danio rerio)/ | 42 nm 1 mg/g 7 days Dietary
(2018b) adults
65 Saemi-Komsari  PS Tooth Carp (Aphaniops ~ 100-300 nm 1, 510,25, 100, 200 mg/L. ~ 96h Waterborne and
etal, (2023) hormuzensis)/ adults (average 185 nm)  and 1.1 0.1, 1, 5 mg/L.  (waterborne)/3, dietary/ TCS (0.5
14, 28 days mg/kg)
(dietary
exposure)
66 Santos etal,  PS Zebrafish (Danio rerio)/ 44 nm 0015, 15,15, and 150 96-120 hpf Waterborne/
(2022) embryos mg/L PHN (0.2, 2, and
20 mg/L)
67 Santos et al., PS Zebrafish (Danio rerio)/ 23.03 £0.266 nm 0.04 ng/l, 34 ng/L and 34 | 144 hpf Waterborne
(2024) embryos gL
68 Sarasamma et | PS Zebrafish (Danio rerio)/ | 70 nm 05, 15 and 5 mg/L 7 days, Waterborne
al, (2020) adults 30 days,
7 weeks
6 Sendraetal, | PS Zebrafish (Danio rerio) | 50,1000,50,000 nm | 10 mg/L 7 days Waterborne
(2021) Mlarvae (120 hpf)
70 Senol et al., Ps Zebrafish (Danio rerio)/ | 134£2.9 nm 25 mg/L 96 h Waterborne at
(2023) adults 28',29%,and 30°C
7 Sokmen etal, | PS Zebrafish (Danio rerio)/ | 20 nm 3 nL of 270 mg/L 120 h Injected to
(2020) embryos fertilized eggs
72 Sulukan etal, | PS Zebrafish (Danio rerio) | 20 nm 3 L of 270 mg/L Grown 6 months | Injected to
(20222) Jembryos (4 hpf) and evaluated F1 | fertilized eggs
offspring

73 Sulukan etal, | PS Zebrafish (Danio rerio)/ | 100 nm 25 mg/L 96 h Waterborne at

(2022b) adults 28°,29%,and 30°C

74 Sumanetal, | PS Zebrafish (Danio rerio)/ | 500 nm 0.1, 1, and 10 mg/L 6 days Waterborne

(2023) embryos
75 Sun et al, PE Zebrafish (Danio rerio) | Hydrodynamic size | 25, 50, 100, 200, 400, 600, | 48-96 h Waterborne
(2021) Jembryos (6 hpf) 19110 £3.13 nm | 800, 1000 pg/mL

76a Tamayo-Belda | LDPE Zebrafish (Danio rerio) | 164-91 nm 0001, 001,0.1,1, and 10 | 4h-96 h Waterborne

etal. (2023) Jembryos (4 hpf) mg/L

76b Tamayo-Belda | PLA Zebrafish (Danio rerio) | 122-712 nm 0001, 001,0.1,1, and 10 | 4h-96 h Waterborne

etal. (2023) Jembryos (4 hpf) mg/L

76c Tamayo-Belda | PPP Zebrafish (Danio rerio) | 164-220 nm 0001, 001,0.1,1, and 10 | 4h-96 h Waterborne

etal. (2023) Jembryos (4 hpf) mg/L

76d Tamayo-Belda | PS Zebrafish (Danio rerio) | 91-825 nm 0001, 0010.1,1, and 10 | 4h-96 h Waterborne

etal. (2023)) Jembryos (4 hpf) mg/L

77 Teng et al., PS-NH2 Zebrafish (Danio rerio)/ | 30-51 nm 30 and 50 mg/L 120h Waterborne

(20222) PS-COOH embryos
78 Teng et al,, s Zebrafish (Danio rerio)/ | 44 nm 1,10, and 100 pg/L 30and 60 days | Waterborne
(2022b) juveniles and adults
79 Teng et al, i) Zebrafish (Danio rerio)/ 80 nm 15 and 150 pg/L 21 days Waterborne/ vit
(2023) adults D (280-2800 1U/
kg, via food)
80 Trevisan etal,  PS Zebrafish (Danio rerio) 44 nm 111,10 mg/L 96 h Waterborne/
(2019) Jembryos (6 hpf) PAH (5.07-25.36
Hg/L)
81 Trevisan etal,  PS Zebrafish (Danio rerio)/ 44 nm 1 mg/L 7 days Waterborne/
(2020) embryos PAH (5.073
ng/mL)
82 VanPomerenet | PS Zebrafish (Danio rerio)/ 25, 50, 250,700 nm | 5-50 mg/L 48 h ‘Waterborne
al, (2017) embryos
83 Varshney etal,  PS Zebrafish (Danio rerio)/ 15 nm 50 mg/L. 96 h Waterborne/ p,
(2023) embryos p-DDE (100
bg/L)

84 Wang et al, s Zebrafish (Danio rerio)/ 80 nm 005, 0.1, 1, and 10 mg/L 120 hpf Waterborne/

(2022) embryos BDE-47 (0.1
mg/L)

85 Wang et al., PS Marine medaka (Oryzias 100 nm 5 mg/ g food 30 days Feeding/ SMG

(2023a) melastigma) / adults (05 and 5 mg/g
food)

86 Wang et al,, s Tilapia/juveniles 100, 500, and 1, 10, 100 pg/L 7 days Waterborne

(2023b) 5,000 nm
87 Wang et al, Ps Zebrafish (Danio rerio)/ 80 nm 005,0.1,1,5,and 10 mg/L. 12-120hpf Waterborne/
(2023¢) embryos BDE-47 (0.1 and
10 mg/L)
88 Wang et al,, PS-COOH Zebrafish (Danio rerio)/ | 50 nm 1,5, and 10 mg/L 144 h Waterborne
(2023d) embryos
8 Wang et al., Nanoplastics  Zebrafish (Danio rerio)/ 100 nm 1 mg/L 45 days Waterborne/
(2023¢) (NAPs) adults (120 dpf) BPAF (200 pg/L)
90 Wau etal, PS Zebrafish (Danio rerio)/ 70 nm 100 pg/L 45 days; F1 Waterborne/
(2021) adults embryos were MCLR (09, 45,
evaluated without  and 22.5 pg/L)
any further
exposure
91 Wuetal, s Carp /adult 50,100, and 400 nm | 1000 pg/L 28 days Waterborne
(2022)
92 Wu etal, PPP Tilapia (Oreochromis 100 nm and 100 gm | 1, 10, and 100 mg/L 21 days Waterborne
(2023) niloticus)/juveniles (100,000 nm)

93 Xieetal, (2021) | PS Zebrafish (Danio rerio)/ | 80 and 8000 nm | 1 mg/L (80 nm); 10 pg/L | 21 days Waterborne
adults (8000 nm)

94 Yang et al., Ps Zebrafish (Danio rerio)/ | 100 and 20,000 nm | 100 and 1000 pg/L 4 days, depurate 3 | Waterborne

(2023) adults days

95 Yeetal, (2024) PS Zebrafish (Danio rerio)/ 50 nm 1 mg/L 21 days Waterborne/

adults homosolate
(0.0262-262
ug/L)

96 Yu et al, Ps Zebrafish (Danio rerio)/ 100 nm 20 and 200 pg/L 3 weeks Waterbone/lead

(2022a) adults (50 pg/L)
97 Yuetal, s Zebrafish (Danio rerio)/  40-54 nm; 394-407 | 60-338 pg/L. 30 days Waterborne/
(2022b) adults nm; 4,000-8,000 tetracycline (100
‘nm; 45,000-85,000 /L)
nm; 158,000~
234,000 nm

98 Yuetal, (2023)  PS Marine medaka (Oryzias 50 nm 55 pg/L 21 days Waterborne
melastigma) / embryos /BPA (100 ug/L)
(6hpf)

99 Zhangetal, | PS Zebrafish (Danio rerio)/ | 70 + 921 nm Injected 0.52 nL of 1000, | Hatched larvae | Injected to eggs

(2020) embryos 3000, and 5000 mg/L depurate 4 weeks
99b Zhang etal, | PS Zebrafish (Danio rerio)/ | 70 + 9.21 nm 05 and 5 mg/L Until the Waterborne
(2020) embryos hatching,
depurate 4 weeks
100 Zhang etal,  PS Marine medaka (Oryzias 100 nm 5 mg/g food 30 days Feeding/SMG
(2021) melastigma) 0.5, and 5 mg/g
101a Zhang et al., Ps Grass carp 80 and 8000 nm | 5,15, and 45 pg/L 28h Waterborne
(2022b) (Ctenopharyngodon
idella)/ embryos (12hpf)
101b Zhang et al,, PS Grass carp 50 and 5000 nm 10 pg/L 1296 h Waterborne
(2022b) (Ctenopharyngodon (green
idella)/ larvae (24 hph) | fluorescence).
1000 and 5000 (red
fluorescence
102 Zhang et al., Polyamide Zebrafish (Danio rerio)/ | 5-50 pm (5,000~ 1,10, and 20 mg/L 2hpf-10dpf Waterborne
(2022¢) (PA) embryos 50,000 nm)
103 Zhangetal,  PS Zebrafish (Danio rerio)/ 100 nm 1 mg/L 30 days Waterborne/
(2023) adults arsenic (200
Hg/L)
104 Zhang etal,  PS Silver carp 80 nm 10 and 1000 pg/L 96 h Waterborne/
(2024a) (Hypophthalmichthys Microcystin-LR
molitrix)/ adults (1pg/L)
105 Zhang etal,  PS-plain, PS-  Marine medaka (Oryzias Z-average of plain  3.62 mg/g of food 30 days, Feeding/SMZ
(2024b) COOH, melastigma) /adults (10-  PS =244.0+11.6 depurated for 21 (462 mg/g food)
PS-NH2 12 months old) nm, PS-COOH days
=294.748.6 nm, and
PS-NH2 =
277.0£159 nm
106 Zhang et al., PS Zebrafish (Danio rerio)/ 100 nm 1 ng/L 30 days Waterborne/
(2024¢) adults arsenic (1 mg/L)
107 Zhao et al,, s Zebrafish (Danio rerio)/ 545 +2.8 nm 10 mg/L 120 days; Waterborne/
(2021) adults (males and evaluated FOand  TDCIPP (047,
females) Fl larvae without 264, or 1278
further exposure  pg/L)
108 Zheng and Ps Tilapia (Oreochromis | 80 nm and 20 um | 100 pg/L 28 days Waterborne
Wang (2024) niloticus)/larvae (20,000 nm)
109 Zhengetal, | PS Tilapia (Oreochromis | 80,2000, 20,000 nm | 100 pg/L 28 days Waterborne
(2024) niloticus)/larvae
110 Zhou et al, Ps Japanese medaka 100 nm 10, 104, 106 particles/ L 3 months Waterborne
(2023a) (Oryzias latipes)/ adults (179589 X1013 particles/
10 mg concentration)
11 Zhou et al, Ps Japanese medaka 100 nm Larvae= (1014 items/L or | Larvae 48 h. Waterborne
(2023b) (Oryzias latipes)/ larvae 55 mg/L). Adults 3 months.
(9 dph) and adults Adults= (10 items/L or
(60 dph) 55X10-12 mg/L; 104/L or
5.5X10-9 mg/L; 106 items/
L or 5.5X10-7 mg/L)
12 Zhou et al, Ps Zebrafish (Danio rerio)/ | 100, 500, 1000 nm | 10 mg/L or 2.2 X1012 5 days Waterborne
(2023¢) embryos particles/L for 100 nm;
176X1010 particles/L for
500 nm; 2.2X109 particle/
L for 1000 nm.
13 Zhou et al,, Ps Zebrafish (Danio rerio)/ | 50 +3 nm 1 mg/L 4 weeks Waterborne
(2023d) adults
114, Zuo etal, Ps Zebrafish (Danio rerio)/ 70 nm 100pg/L 21 days; F1 (120 Waterborne/
(2021) adults hpf) were MCLR (09, 45,

evaluated without ~ and 22.5 pg/L)
further exposure

Blocks highlighted in yellow are coexposure studies. Elizalde-Velazquez et al. (2020) used two different methods ofexposure (injection and trophic transfer) of PS and mentioned inone article.
Greven etal. (2016) studied the effects of PC and PS in one article. Manuel etal. (2022) reported the effects of PMMA and PS inzebrafish in one article. Monikh et al. (2022) reported the effects of
PE, PPP, PS, and PVC in one article. Tamayo-Belda et al. (2023) reported the effects of PLA, PP, PS, and LDPE in one article. Zhang et al. (2020) used two different methods of exposure
(injection and waterborne) of PS and mentioned in onearticle. Zhang C. etal. (2022) used two different lfe stages of zebrafish(embryo larvae) for PS exposure and described in one article. Wang
L. etal. (2023) did not mention the type of NAPs used inthe experiment AVO = avobenzone; BDE-47 = Polybrominated diphenyl ether: BUDBM = methoxydibenzoylmethane; BPA =
bisphenol A; EE2 =17 a-ethynyl estradiol; IP = intraperitoneal injection; LDPE = lowdensitypolyethylene; MCLR = microcystin-LR; PA = polyamide; PC = polycarbonate; PE = polyethylene;
PET = polyethyleneterephthalate; PHN = phenmedipham; PLA = polylactic acid; PMMA = polymethylmethacrylate; PP = polypropylene; PS =polystyrene; SIM =
sulfamethazine; TDCIPP = tris (1,3-dichloro-2-propyl) phosphate; TPhP =triphenyl phosphate; TC = tetracycline; TCS = triclosan.

mvastatin; SMZ =
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References

1 Zebrafish PA ~32, 500 nm Embryos (2 hpf) Zhang et al. (2022c)
2 Fathead minnows PC 158.7 nm (in vitro) Adults (neutrophils) Greven et al. (2016)
2b Fathead minnows PC 41 nm (in vitro) Adults (neutrophils) Greven et al. (2016)
3 Zebrafish PE 19110 £ 3.13 nm Embryos (6 hpf) Sun et al. (2021)

4 Zebrafish PE 10,000-100,000 nm Adults (8-10 months old) Khan and Ali (2023)
5 Zebrafish PPP 56215 £ 118.47 nm Embryos (24 hpf and 72 hpf) Lee et al. (2022)
6a Zebrafish PPP 164-220 nm Embryos (4 hpf ‘Tamayo-Belda et al.

(2023)
b Zebrafish PLA 122-712 nm Embryos (4 hpf ‘Tamayo-Belda et al.
(2023)

7 Marine medaka (Oryzias PS 244-277 nm Adult Zhang et al. (2024b)

melastigma)

8 Rainbow trout (Oncorhynchus Ps ~200 nm Juveniles Clark et al. (2023a)

mykiss)

9 Red tilapia (Oreochromis niloticus) 5 300, 500, and 7,000-9,000 nm Juveniles Ding et al. (2020)
10 Zebrafish Ps 500 nm Embryos (72 hpf) Parenti et al. (2019)
1la Zebrafish s 200 and 600 nm Embryos (6 hpf) Monikh et al. (2022)
11b Zebrafish PVC 200 nm Embryos Monikh et al. (2022)
12 Zebrafish s 400-1,000 nm Embryos (1 dpf) Park and Kim (2022)
13 Zebrafish Ps 500 nm Embryos Suman et al. (2023)
14 Zebrafish ps 134 +29 nm Adult Senol et al. (2023)
15 Zebrafish Nanoplastics 100 nm Adults (120 dpf) Wang et al. (2023¢)

Greven et al. (2016) studied the effects of PC and P$ on RBCs of adult fathead minnows in vitro. Monikh et al. (2022) studied the effects of PS and PVC on zebrafish and included in one article.
Tamayo-Belda et al. (2023) described the effects of PPP and PLA on zebrafish embryos in one article; Wang L. et al. (2023) did not mention the types of NAPs used in this study.
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Developmental
stages.

Embryos (3 )

Jovenis

Enbryes

Adas

Adit

Embryes

Embryos (2 )

Embryes

Enbryes

Enbryes

[r——

Embryos (6 bp)

Aduls 6 mondhs o)

Embryus

Enbryos

Ebryes

Aduls e snd el
S manbs old

Enbryos

Embryes

Adls (gt 255 +
017 o weight 40+
X

Larvse 720

Adls

Adls

Adus

Adls (e and el

Aduls (933 + 101 e
eogth, 10432341 5
weigh)

Adus

Aduls 6 monhs o)

Embryos (5 )

Embryen

Enbryes

Embryes

Embryes

Enbryes

Enbryes

Adls

Adts (5502 £ 1995 mg
body weigh)

prE—

Jovenies (2 months old)

Jovens

Adls

Aduls (e and ferale)

Aduls

A

Nanoplastics
(name/size/
concentrations)

S 50 ) (100 /1)

PS 50 ) (10,100, and.
1900 )

BS (50 m) (1 1)

S 100 am) 1 mgh)

S 100 am) (1 mgh)

S 100 ) (10 )

S 100 ) (10 /1)

PS GOnm) 0069065,
7, 30d 6570 )
(20hp).

5 (100 ) (25 and
)

BS (50 am) 005,01, 1,5,
and 10 .

5 (50 m) 005,01,
and 10 mgt)

S 100 ) (10 1)

P (50 ) (55 )

BS 47 am) (1 )

PS50 m) (1 )

S (50 m) 01 mt)

5 (15 ) 50 mg)

B 70 ) 2 )

BS 44 ) (0015 st
15 me)

P 47 ) 1 .

S 50 ) 200 )

B 25 ) (20 mg)

PS50 m) (1 )

S 100 ) (20 and
2041

B 70 ) (100 /1)

S 70 ) (100 )

S (50 ) (10and
1000 1)

5 2080 ) sversge e
575 m (01,1, 10,and
10041

B 10-51 am)
-3 )

B 50 ) 05 and
5 mgt)

5 50 ) 5 )

BS 44 ) (0015 and
15 me)

S 44 ) 01, 1, and
10 myt)

S 44 om) (1 )
S 60 ) (005 o

15 mg)

S (50 ) (20 mg)

S 100 ) 5 )

S 100 ) (345 )

PS 100 ) 5 )

S 100 am) 1 mgh)

S 50 ) (20,20, and.

2000 ) -

S 100 ) 05 )

PSNAP (46 0m) 2 1)

BS (545225 )
(0 mgt)

B 50 ) (15300
150myt)

PS (2308 £0266 )
o0 )

Mode of
exposure
and

duration

Pp—
(5 dap) bt
inection:
depurted for
s

Watehome
6 o)

Watchome
00 day)

Wtaborne
00 days)

Watchome
ey
Depursed i
120hpt

Watshome
(144 g0,
Depuraed for
s

Watchome
20 g0,

Watsbome
7ty

Watsbome
20p0)

Wasbome
20 p0)

Watshome
b

Wataborne
@ doy

Wasbome
5ty

Waaborme
(6 hp0)

Watebome 6
and 95190

Watshome
(6 hp)

Watehome
1 doy)

Watehome
oot

Watchome
a2

Watchome
7 dap)

Watehome
(eposd
72120 )

Wabomne days)

Wataborne
(o for
3weds)

Watehome (96 1)
21 days purenal
expostre (D) and
Filrac 120 bp)
wee costed
wilhou exposuee

waborme (96 1)
3 months

Wacborne (96 1)

Watahome
045 day)

Watchome
00 day)

wWataborne
120p0)

Watchome (.5,
12,20,32, 48 2nd.
)

Watsborme
(96-120 o)

wWtaborne
6 g0

Watchome
196490 7 o)

Watchome 96 1)

Watsbome
2day)

Dicary 50 day)

Dictary (50 i)
paracl (F0)
exposre
coluated sher
s

Dicary 30 da)
depuraed 21 days

Watchome
00 day)

Wtaborne
7 dap)

Dicary . 14, and
)

Watchome
1 day)

Watsborne
(120 day)
cxlusted 0 nd
F larvae wihaut
expoare)

Diery (e
2o

Waborme (721)

Results.

S was unble o nducedeclopmental dorders (perkcadisl e, sinlcuntare, igent
dciceny, nd mlanoxyte dbormalies), which wee more pronounced wih cocxposure i
Arap
Body lengh tended 1 rduce with cocsposur ith APAP.

. PS nduced hyperciviy in swimning behaior of the arva. Coexposure with APAP casl
deprssd imming civiis ol danc, svimming st and the masimm acceion)

1. Pronouncd the st damag ndoced by the PS lone

2 Icressed the CAT,GST, SOD, nd MPO actviies nd MDA content i heestine induced by
e 7S sons

3. Indocd modfcutionsin the microbialcomposiion

L. S enanced the acumultion o ALO,
21 PSNAP o o in conbination cnhancd ROS.

3. Consposure signifanty decresed th P sctoty

4 Cocxposreenhanced GSH content, which emined b exosue o it P or 210,

1. PSNAP enbanced the sccumalaton of As n thebrin

2 Compared with contrls,theleveof KOS sgifcantyncresed nthe i of e exposed
10 FSNAP and s, e alon o in cocspased conditons

5. The SOD actviy significanty ncrased and the GSH content signfanly decessd the brain
of i coexosed 10 A + PSNAP.

4. The MDA content i the bri o ebrafsh, compared with onts, sgfcanty increased in
i cxposd 0 As shone or i <ombination with PSNAP.

5. Commpard with controbs, a smll mount of micr throbossconsistin o aggrgated 3
disoled ed lod cl 3 the tochondria it  dsnagedmeribrane and o o crisa
wereobscrvd i thebrsin ofth s exposd 0 PSNAP and Asher slone o incombinstions

. Themitochondril DNAcopy mumber was sgnfcanly reducd in s exposed 10 PSNAP, .
and o i combinatons b compared vih the conaols

1. Compared withcontrols thee ws o inifcantdifeence nthe moraly ofthe s xposcd o
PSNAP, A, and PSNAP + As groups.

2 The svimmingsped sgicnty decese in fh cxposed 1 PSNAP 3 As sl or i
combintons compard with contol

5. The amty-ikebehaior evaluted b the open-ed 1) showed the coexposar group and
thosecxpore o PSNAP o spent e e n he leraerthan i he upp Ly, whie:
conts and s groups spent unform e n bt upper snd bwer e

. The eaming mcmory sty ekt by T.mase tex) showed contol and PSNAP grops
vam quichly i e g one (F20ne andstayed ther fora g e, while the i cxposed
10 s nd n combinstions sy b i he F s and simoltingsone (5 000

5. Compured wih contos,the v of he S hydroxyypamine (51T ksl in the brin s
sigifcanyrduced i b exposed 10 PNAP and A oreone cocsosu rterpromted
e edction

6. The 5T vl i the sers rrsind unlerd i cxposed 0 PSNAP and Assnd e
sigifcany educed n cocaposregroups when compared with contrls

7. Ininestines the S HT kvl endd 0 deceasein i exposed o PSNAP nd Asalone i s
exposed 03 combinaion

5. Theactiviy of MAO (e catalyic cnnyne o 5-HT) and the RN leel ofmaointheincstine
tendd 0 decrease i cxposd t PSNAP ad s cther aloe o in combination when
compared with comtrols

7S decresd he sdsorption of AVO on cnbyos
2, Combined exposue causd kwer vl of cxidtive s than indiihal exposrs

1. S prornoed the sccumlation of AVO in b bryos

1. S fnction s 8 vector for BAP
2. Accumulationaf P wasobservd i hechorion, el and ylk s of e mbryos a difernt
time ponts of devlopment

Cooxposure ncrssed feingand oxygen consumpion s
BDE47-nduced gene caprsion s sbolhed by cocspose vith IS

1. Consposre cnbanced mortalty i - and concntraion-dependen mannee
Decesed ese s by BDE-47 and S coexpossre

3. Spontncous morement ofthe by daing 12 bt which vas st by BDE-A7 and
reduced by PS dring coesposre

4. Cooxposre o PSNAP e BDE-4 nduced gt damage o e rtivl st e 5.
sl e, and e e

1. No significant efct on moralty vas absrved i embryos exposed 0 S:howerer,
concntrton deendent st s oscred i cossgasregroaps (120 )

2 Hatcing simulatcd by P was modlsed by BDE-47 cocxposare

5. BDE-47 decesedheart s the 96 hfembryos, while P nhe coesosurs group s unle
o modulte the s

. Liver s s makedl reduced i cocsposare groups han the s exposed cithr o PS or
DR

5. Conposare cxacerbated ROS prosiction compard wih single xposie roups

1. Thebrsindeclopment hesd desloenent, snd nschsgnlingpthways were ter by bl
polltans

2 Amang the ol types ensed i bt ey (el aterior cls,ewralcest s,
eurlmid el el poserior s endoderm el mesdermcells,and pderml ) e
neuronal midcls r he g of both S and BNDBN

. Sgnifeant o i the ocomotor sty

1. Accumution of PS dectssd i th presece of BPA

2 Presence of BPA reduced the devlopmental sbrormales nducd by PS

5. The presenceof BPA rdacedthe hitopathologil hange induced by PSin the e
(cusion,spoposs, and ecros) nd het

1. Conposre icrcsed BPA upske

2. No nibiion of ACKE aciviy in cocsposre groups

3. Consposae upegued theexpresion ofmyclin,tbulin proscin/gne xprsion, dopanine
content.and the mRNA expresion o mesencphalic asrocyi-deived esrosrophic xctor
ey

. PS enbanced the sccumalation of Ce
The htching e dedined i eribeyos co-exposed wlh Ce0;
PS lon or I combination enhanced ROS
(CAT activty remained walred n fish exposed 0 Ce;alone o i combinations, which s
ncrssed by PS expoare
5. G was inducel i fh exposd 1 GOy lone howeer s sgnfcanly educed n i
cocxpored with PSNAP.

1. Chorsauric acid (hw fons) synrgsticaly eacrted th effects of S (hatching s,
devcopncs sbnormalis, s ol deth) i concenestion. snd e dependent manoce

1. Nosgsifcnt difrence s obsevsd nthe oygen conmption e of the arva exposed 0
PS only: howeer, in DDE and PS + DDE groups, axygen consunpion rats s
sigifcany compare t thos n controls

2. DDE o o i combinaion wih PSNAP induced perkardl s, lordoss, nd it
svim bldder

5. Locomoto behaviorof the e (movemen, disance moed.wlocity, angir velocy, and
otations) did no changeafer PSNAP expasure, whie sifcant lcraions (rductions) were
motcd n lrvac aposed to DD skne o DDE + FSNAP

. PSNPS and DES o rincosposueinducelacune i theosts nd crssd he e of
spemstogoniumsnd spermstocyc i th st moreunr deormtion of seinfrons taboles
i oberel

2 PSNAP and DES o orcocposegroups showed more preovltoy ocyis and sl
matre ocyes than contls

5. Both PSNAP and DES (concenraon-dependent) slone nd ncoesposure dcresd he el
of 2 a0d T in both male s fesle ebafih

4. The VTG contentof e enined unalerd s PSNAP eposars however, DESsloneor
cucxposed with PSNAP enhancd the VTG content i 8 concntsion-ependent manne i
mae s however, in female s, NPS sone o incombinaton nih DES tduced the VTG
contentin concntation-dependent manner

5. PSNAP cxposurehas nosignfcant s on the T3 and T4 el ofbosh e andferle .
oweer DESsloneor ncombination with PSNAP decrssd both T3nd T4 cotets in k-
and el s i  concentrton.dependent manner

6. Compared o contls, PSNAP and DESsonc or i combination duced fcundty, spowring
v, erilstion,snd atchabilty ofhe cmbryon

7. PSNAP and DES ciher lon o n combinaton induced sbnorml dveopment (cotagenc
) of he e obseredat 96 (il cumatare, pericrdil st and ronth
rendion)

e 56, coposare ndced morslty,mlfrmtion,dcresd et s, and atching

2 Aler 120 cocxpostre decrsed the svimming iy

5 e b, gotathion transirsse and cholimesterseactities incrcssd i cosxpasre goups,
il calase acivty remined wnalicrld

PS can dcethe ccumultonof EE2 in e
2 FE2 can chane the swimming beavior of the arva (hyposciy) induced by P

53 intrfees vith the secumdtion o PSNAPs i the gl and s
2 Avenustion of heptc dumage (ppesrnce of cosinphik vescesand vicsolzaton) by PS
nduced by E538

1. Thepresence o glacosehadnoclfc o hecortal concentrations induced by S Hyperciviy
(monement) o larvac nduced by P s educed by glcose

1. 15 coanced (v signfcant) the accumoltion o homasolte n the s, ovary, e, and
i of male snd e i
Exposure 1o SNAP lone wasunable ke the amout prcentae) of PO, LVO,CAO, and
VO inthe ovany however, coexposure it homosaate decsed the e of PO and
incrsed the muber of LVO and CAO snd EVO remsined nslred
5 1S sone hs o sgifcantcfc o the amoun o permatogonum, SprTIOSHEs.
spermatids, and spematazo (percent; howewer,coposare with homosolate sowed
Tesiclr damage (scune in the semiiferous tboles)wih  dcresed ot of
spermatonns s no efc o spermatogoni, spermacycs, o spermars
4. i production snd batchingrtes remaind unafoced by PSNAP exposresonc; boweser,
hching e, reducod n coespasurewih hnnaslt n 3 concentraton:dependent anner
PSNAP sloe has o signifcant ffecton F cmbryo morsiy;hovwever,cospose i
homosose nbanced F cmbryo morly
6 Nosignfcant cfc of PSNAP sone i the mallormaton of P s spinlcusstur, s
adder defomitis, mandidaemalformstion,bdy ema yolk s e pecadil e
and il eormity) was obserols hovwever,cocsposure with omosolae nbanced the
malformatio aesofthe 1 cnbryor
. Nocfet o PSNAP wasobserved i the cxresionsof ghl and e mRNAS nth vary of ol
ebrafs hoever, coexposurs vith omosae cohanced thecxpresions f ot gk and e
RN A i the ovry
. No fct was observd n the E2 kvl i the cvary and snun of e s xposed 1 PSNAP
lons howeve,cocxposare ith homosltc cbancod the 2 content n he ovary 3wl
the seram
9. cotent i th avry did ot e in b fe cxposare ith PSNAP lons or i
combnation with horosalate
10, SNAP shoe s bl o ser the Gl and FSH el i the vy however, PSNAP
st the s induced by bormoscte slon (ncrssd GaRH snd FSH) i th oary of
b
1. PSNAPdul ot it ay efct anthe LH contnt i the vty when expssd sonshoweve,
Coexposure with homoslte cnhanced the LH contnt n he vy
12. e i, serm E2 snd tessE2levesand G and FSH conents remind unlesd i
i exposed 10 PSNAP slones however, PSNAP atienuaed the fcts nducd by homosolate
lone (incrcsedseam T andtsis T and G and PH i the 1) he e
15, The L levels i theests sgnfcatlyrdoced withexposure o PSNAPlonc and coesposire
il homesolte agravted the et

. Lesd incrssed the sccumustion of FSin the ntstine

2. Thre e sventypesfcll populstons denifid i the ntstine:enerocye,macraphages.
ncurophi, B el T el enteroendorine e, and goblet el

Lead it P cnbancd the MDA conten i h intsinecompared 0 the s exposd o P

sone

. The . hydeony.2"deogloconste (5. OHIG) vl wasenbanced i th nestine by, and

prscnce of P n the mediom sgifcanty ncresed - OHG v induced by xposre o ead

tone

TN alevel was crcssd b S i concention-dependent manner,and prescnceof e

the mdum enbaned the TNF- level compred tothe s cxpsed 0 P o ead slone

. I mscrophages,imoman systen clted DEGS e, i, ad peand) were sy
alcred in PSNAP i than PSNAP + I groups, and the ges e 0 MAPK sigaling
pohways (0.1 702, and g0 were alerd i fsh xposed oy o ead

7. Inaercyss,gens reltd o ltathione metabolsn and cytochrome PA50 (o102 gt |
02, gt and s 2) were sty e s xposed 0 ead and ead + PSNAP.

.1 B and T cell, opregustion of b1, 0.2, and 703 ocured in o xposd to
PSNAP, lcsd,ad s n combinstions

9. Gene ontclgy (GO) sy found evrsl e DEG alerd in macrophages e PNAP
expore,sch s g, jun, 152, and 52 andin PSNAP + led grou were s
xcrt,and 210; e, e exposre alered 2 30d pard

10. Incntercytes, GO sl showodalesions i he cprssions f apoada apoala andapoc
i cposed 10 PSNAP and e e slone o incombiatons. Moreve,cxpresionsof
2 and prit e slered n s exposed 10 ead and led + PSNAP

1. Due o paral exposre, sccumdtion of P ws obsered i the st and avry of the FI
larac and P icressd the ccumulton o MCL in 1 s

2. sl cxposase o MCL and PSNAP + MCL fcsthebatchiy (dcsd). malformation
(dcreasd) oty (crcasd) bodyengh (dcressd) and et s (dcressd) of the F-
ey

5. Parntl exposre f MCL lthealone o i ccsposre i S reduced T4 and T vl of the
Floc

1. S cnanced the acumulton o ML in th e of ik

2 the ver, e swellig ot vacolstion,and cyasrhitectusl dmage were indcd by
MCL. and S exacerbotd thes adven sfcts

5. MOLR skne obancad ROS sd MDA contens ofthe e n  concentrstion-depedent
manner, nd he prsence o FS exacerbtd the s

. The ST and AT i reducd i concntsion-dependent e by MCLR, and the
prsenc o PSNAP frther rdced th enpymatc stiis

. The engh of st il i sgnifcatly shorcr
Imblane in gyceophorpholid metbolsn

. Increase in bty spce

. The divesiy nd rchncs in ot micrbios ncrese by S exposarewas fther cobancel
st

It of ACHE sty i the bsin nduced by PS nd 4:NP exposure s nibitd by

cocxposure it 4-NP and P

Theactivity of bringtain synthse (GS) dcrssd by PSNAP or & noylphenc xpose

slone was ncesed by coesposre

5. 4P lone o incombinations showed sever damage i neonal el ayers s wel s educed
e mmberof nesons

Theicstinl damages nduced by OTC (apane s o e it ayers nd icolaton

of he sl ) was rdocel by coesosure wih PSNAP

2. Thegut microbil divrity was signifcantly ffscid by PSNAP and OTC expsan ther sone
orin combinations

. Accumdtion of P i theyo s, e, head.and e e was rrpied by el
2 Penclin nteruptd mator behaiors (spomtancos movemes, touch respanse,and
svimming) and besr bess during descopment

1. Mo obstracted the sborpion o P snd PHE nt the crbryos

1. Thecffsts inducd by S nocomotonand oxidtiv s wee redced by PHN coesposure

. PS dereased the bsopion of the PAY
2 BS impird vasclr deeapment cased by PAY

PAH sccumlsion d ot nerup thesccumlsion o FS i the brsn
2. S ithe lon o n cocsposus nreased NADH prodacion

Htching delay and docesed heset bessindced by SIM e ineruped by PS xposire

SNP reduced the accumustonof PSin e

SNP sl th tone et o 1S

PS incresedthe NO contn, i co<sposue vith SNP d o ot the it

4. S derased the i ofslale guanyte s (GC)and protin insse G (PKG)
ensymes hwever coexposure with SNP dimindid the et o P on oy cits

5. S cxponore cnhanced ROS el nthe rvac and composare wilh NP dd ot ggrvate e
ROS coment

. The metsbolc el oftheliver s sigifcayncrssd i v by S, and SNP cocspose
alleistd the process

7. The oxidtive s nde (s on CAT,perosidas, ad SOD st nd GSH and MDA
comens) was sigificanty incresed by S, while SNP coeposure lleitedth process

. S cxposurecusd sgnfcant spoptssi e, whle P coxposresgifcandy allviied
the proces

9. S exposure cosed sgificant itochondsisl deolrizaton, which vas sleisted by SNP.
coesposre

10. The sty ofthe caspse wassgnificaly incresed by S, il cocsposre with SNP
alleiad he procss

1. P cxposan induced froptoss el desthdue o ron ccumulton), whie ocsposare with
SNP sl the process

12. P cxpoure sty nrased e prolferation of mactophages nd nevtrophis,
Coexposare with SNP sllisted te proces

Pt

1. Theimestinl oy nduced by SVEZ gt microbioa ad aidive s wasalleited by PS
expore

1. Thegrowh ofthe(hody weght)F s, reduced by PSexposare,was therincrssd by SMZ
coexposre

2 Sexspeccaliertions i the expresion ofsveral genes s nd car i the nsine f e
1 enhnced, while that ofsd n the s of e fsh emined cbanied by S and
remained at th same leve i coposare)

- Sexspcic lraons i gt il community
2 Dain the dpurating phase highr ccumence of pathogen bctera was ound in fih
onging o the combined xposure rocp han it xposd o il pollasnt

ot macs solume ncrssed snd bt el amber el
2 Gut miceobion slered

5 SMOX chanced the ntcstinl oy (dcrssd sl oot ey and compostion
and induced it il dmage) nduced by P exposcre

1. Enhanced the sl anoiduntcpacity and the aciviesof CAT and SO i helverand
ntestine
2 Indoced esions i the gl nd nstine

1.°TCS did n sgnfantly affctthe uptake o PS it the s

Sinifcant ncrese in the HSH by TPHP was aggravted by coceposre with PS

TPAP e decresed e GS1 i e nd ncresed n e, whencoesposed with 5.

and he GS1 vas icrssd i b e and female s

5. TPHP loe ntibied sprmtogencsis by rbancin the amoun of mmatur sprmtocycs
permatogoiam and spermatoytes) and rcin the amount of mature spermatoys
(Gpermtids s spematons). Wthcocsposareih S the smount ot spestogencic
cls decresedfrther,ad cunse snd st s were bsesed nsminros tbvles

4 TPHP inhibied ovarian development by nhibiing th maturtion process of the coetes
baving moreperielese andcoial holr cocytes n the e fehexpsed 0 TPPson
By cocsposre with PSNA, more penucea e corisaolrcocyes wee b, and
some of the mature fllls were st

5. Fihcxposed o PSNAP or TP lone did not affct the E2 and T contents of both e and
emale s, Combined cposr of PS nd TPP enbanced e E el n e i but ot n
e

6. P and TORP sone s o et on hevitclogenin (VTG) contnt in e i b,
coexpossre sigicnty incresd the VTG concenration i e s

7. I fenle i, S lon had no efc o the VTG conten, while THAP slon sy
nbbited VTG coment; coaposoe mitgated the fct o TPAP on VTG comten n sebrafils

. Sinicant o inthe fcundiy (sl g prodced)of o exposed 0 P o TPAP o
Howeser coespoare with P reduced the fcundiy frter

9. TPAP slone rncombination with P educed spening ves, rlzation and achig s
ofthe mbryos

PS enbanced the sccumulation of TDCIP ish

2 Total T3 and T vl F i and 1 v e not erd gnfanly whenexposd 1075
slone howeve, s exposd t TOCIPP slon i combinstons wlh P hd decresd T3 and
T el i FD female i and T el in FO e i

5 g, the T4 kvl was reduced signicanty when the i were exposed 10 S lon and i
combinaton with TOCIPP.

4. In L larvac,PS cxposare did ot induce any sgnfkant changes n T3 and T4 contents,whle:
TDCPP exposure dctasd T4 evesalone o incombination it P in 3 concenraion-
dependentmanner. A concentrtion-dependent rducton in he 3 e wasobserved whenhe

parnts were exposed 108 combination of TOCPP and PS.

1. Highvitain D dit prtllyreversd the ncreses i righceride nd ol colserol contnts
nduced by PSNAP exosure

2 Lipidomic anlis showed that n the e, PSNAP exposre changedthe i moeclar
contents et o cell membrane funcon nd lp bosynthsis: igh vi D di educed the
contnts ofpid ol et t i bisythss and ths alleited cl membrane
damage and pd doplet accumulaon nduced by PSNAP expostre.

1. Aflctd the rsponseon irrorests ongerimobily e ad shorer neracon it thie
images)

2 Simulted the ansoidin ctiviy o the b

3. Icreased ACKE acivy inthe b

. Indoced DNA dimage inerythrocyes
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Jwvenite

Aduis

Embryos

Jwventes

Aduls

Aduis

Adul )

Aduks nd P embryos

Aduls

Adut

Embryos

Jovnies

Adu

Jwenites

Iovnies

Jwentes

Enbryos
Embryos

Aduls

Embryos

Embryos

Embryos

Embryos

Adult

1 The ACHE and MAO sctviisand the NO concentstion decessed signianty

2. Varying degrcs of necross,brsischanes i blood caplaric, ssue dtachmen,odr, dgenertedconnective s, and necosis o
1arge csebella neuron and ganglion cl wer abserved i the tecum (i)

. Induced ecross, degeneration, vauolation,and curaure i the nnes ye o he r

1. Induced myocandal nury

2 Induced spoptosis nthe myoeytes

3. Incress n protin contets of TLRA 3nd NOX2

4. Prometed the el of 0, and MDA and inhibied te nsosidant capcity (CAT, SOD, and GPs eneymatc iy and GSH and T
AOC content) i the myocardl tsoe

1. Accumubted on the sursc of the horion
2 No emiryo mortlty
5. No difrence in embryonc hear s

1 St enbanced

2. Noafet on locomotor atvtis

. Incrssed ACRE ativity and LPO comtent i the brsin: o chang i itte production

. Stimulted the anoxidant aciviy ofthe ran and intestine (ncess in GSH and MDA conents: SOD, CAT, and GST activis: and
dipheny-1-pycribydrail (DPPH) adical scavnging sevity

5. No ffc on NO production i th brain

. Induced DNA damage n enhrocyics

7. tnduced esions in the gills and inestine

. & concemenion-dependenthistologial dsmage incresse i vacoles) of the gt

1 Iocrese i the hepstoyte spce
2. The diversity nd rchnes in got micrabiots s ncrssed
5. Imbalance induced i gycerophospholipid metbolsm

1 The 6 b LCa for P s 193 mglL.
2 Accumulated i the g, gl ver, musce, and skin afer 25 daysof ditary xposse

1. Immuomodsistoryefcts n the iver and head kidney
1. Locomotive sctivies were affcted

1. Fusion of thegill el

2. Appesrance of coninapilc vesices and acuolzaton inthe fvee

5. Eroson of itestina il

4 Nofct wasobservd o the MDA contet nd SOD acivit inthe gl nd sl while CAT sctivity dcresedinthe gilsand incrssed
in the muscle

5. SOD and CAT activiis remsined unshered i the iver and inetine

. Disupied gt microbial communiy

1. Concenention-dependent mortalty, with n efct on body kg, body mass, and e dismeer

2 In thegut, widening ofthe lamina proprs, shortning and sweling of vl cden, uion, nd cacking of il s obsrved

3. Thelpas and chymoteypinactities i the gt were sigifcanly highr: howeser nypsinactiycrasedat e conentratons whie
it detesed at higher conentatons

4. The SOD and allaline phosphtas acthiis and d lacte contnt reduced i the g, whie th CAT, soryme, and damine oxidsse
activites and MDA content incrssed

5. Disuptd gut microbis communiy

. Inthetestis andovary. concentation-dependent decess was obssrved i the cymatc actiiis of CAT and GPxandin LZM and MDA
contens,while SOD scivity s ncreused i the et and decresed i the ovry

7. Concentation-depndent nhibiion i spematogness (mature sperms were sighly decessd) and oogeness(nrese i primary
ocytes and decresse in mature spaving fliles)

1. Conceneation-dependent efects on mortly

2 Delyed hatehing

5. Incresed candin rtes

. nduced morphologclabnormlis(craniofacil deformitis, ok sacedema, i deoritis,spinl deformitypeicsrdladern, s
srtch hemorthaging, spinal curature, and fn dformities)

5. Liver hisopathology indictes infammatory responses (vcuolton, apoptoss, and necoss)

. nduced myocadia vl hining d reducd myocandis e and el in cardise morphelogy

7. Disupion of swimming velociy

1 Nofet on the body length weght condiion fcor, and e diamcter

2 Incressed dimine oxkdasesctivity n the gt

. HSHincreved and GS1 decrasd in male and feale s

4 Hepatoete vaculation,hyaline degeneration nd pid sccomulton n the lver

. Increasd SOD, CAT, and GST actviies n the gutand e tsucs, il he ROS el decrasd i the ot and ncessd n the iver

. Hepatic procn,suga, gycogen and e contents wer rduced,and trihceride (1G) contnts were incresed in  concenteton
dependent manner

7. Thetiber density and dameer i the e were decessed i concentraton-dependent manner: however, TG and ctate contcnts o the
muscle icreased and the ol sugar and lcogen coments dercased

5. Fecundity reducel, and o altraions i the erlzaton st were abserved

9. Disupied gt microbial communiy

1. Volume ofthe inestinal mucus tended to increase
2. Decras n gobict el numbers
3. Disuped gt microbial communiy

1 Nosgniican fficts o the mortlity: defomie,weigh,and condiion cors
2. Bodyweight rduced n F1 offsprig
5. Disrpied gt microbil commarity

1. Accumubston occured n thehind ntstin an then the paries transparted t the v

1. Noefect on the Hs
2 Sigifcant ffcts on hcerophospholpd,arginin, and prline mtsboi and aminosc RNA bisynthss

1. Ingilsthe mumber of broblats,macrophages,ntural ilecllsand B-cels reducd,whiethe mamber of ' ATPase rich celsncessed
2. Chromatin marginliztion and spopossinduced in gl cele

1. Noobserved moraliy

2 Pases trough the ntsinalwall and s defverd t oter tsies

5. Inthe testine, mucosallaye hining vas osrved, epthelalcls were isorderd, submucosal el nduced edera and cosinphilc
inflsions were observd

. Diamine oxidae actiiy and Hacate content of the ntesinal vll incessed

5. The SOD and GPx activite and the MDA conent i the ot increseds whi n the e, the GSH content remsned unserel, MDA
content ncessd, and SOD sctivityrduced

6. Induced hepac seatoss:the EROD (eyp1a) and BECOD (eypa) actiis were aleredin 3 nonlnear fashion

7. ACKE activiis i the brain e educed

. induced dybiois in gt ol communitis

1 No sgnifican ffecton hear rtes:during th ight phase,sight cffcts on arl mvement were observed

1. Delayed haching
2. Reduced bl body kength

1. No mrtly observd

2 I gill, GSH conent snd SOD actiiy remsined unalered, while CAT scivity and 1O inresd

5. I the intstinlgu, G conten and GST acivity were increased, PO lees decreased, CAT acivty remained wnalered, and SOD.
aciviy showed inconsisent alieratons

. Inthelver, GST ativty incrssed and SOD activiy and LPO levels showd inconsitent shertions

. The ACHE ity nthe gillad ot shoved inconsistent serations,whili the v, ACHE sty tnded torduce s il xposure

. Disupion of gut micobial community

1. Concenration-dependent reduction i hatching with enbanced morality and hertrates
2 Dininished sponancous ta culig.

5. Reduced interocular disancewithout sffting the body ngth

. Reucedbocomator sctiviy i the dak

5. mpaimentof mitochondeial mermbeane ety

6. No sigifiantchange in LPO leves and o atixidat capacity

1. Concenration-dependent mortaly, delayed hatching,and pericardia edema
2 No ignfant ffects on swiming behavior

3. Nonincarincresse in GPx atviy. nconstnt fct on LPO content and CAT scivity and o ffsct n GST sctivity
4 ACKE activity did not sho any signicant changs

1. Fald 0 deveop nommal morphology
2. Delyed hatcing and curved spin and educed avl by lngth were observed

1. Depending o the cxposure rotes, nconsistentefctsonsuriabilty,malfrmtion s (ercrdil o, inbiiion o myocardil
distolicfuncions cuvedspinesoloss anduniated svim adder and aiching ratswere observd:however,her rates and vl
body engh tended o rduce

2. Thedesclopmentof neurons and moto euronsin the brsnof ebrafish (72 hp) was ettt and there s sgnifcant reductonin
he touch rsponse

3. Posiiely chargd PS (PS-NH,) induced stroner desclopmental oxichy than negaivdly charged P (P5-COOH)

4 Unintated swin ladder (concenration dependent)

5 Decine in the HR. (1" ATPas)and NaK (Na” K-ATPase) el (onotes) denstics and active ioocyts i the skin el

6 Thetoallength ofmicroridgeson the ki kertinoeyesgmiicnty roduced, n he dstance between myosept s ound b sl

7. Distpions obcrved i the sproutin o inercgmentl sl ad smll vsels (s vesel,dorsl vesel, and vental vesels) .
promotes vsclogenes (ncrcusing the number and lngth ofextrinsic branches ofth sub et vepous pesss)

5 Induced osergrowth of the commn crdial vein (CCV) and endothelal el in CCV.

5. lcited comple efcts n locomotor bebavior

10, The ol bdy contets of N ofthe embryos and H' and N, secetion of he ki dedined

11 No et on GPxand CAT aciviy (o a few xcasions incras), SOD atvty nconsstent and GR iy decrasc GSH content
decrasedunalced nd MDA content remained nalered. [The oxidaive srss ndes (bsed on CAT, peresidase, and SOD atis
and GSH snd MDA contents)sigifcanly ncressed]

12. ROS contnt was enbanced, and apotoss and eroptsis (el desth due o ion accumuaion) were induced

13 Sgnicantyincresed NO cotent and decrasd the acivies of slbleguanate cyclase (4GC) and protcn kinase G (PRG) enymes

14 Induceddisorders namino ck metabolismincldingalin,leucine, andsolecin biosythessand . aanine, spaiat, nd gtamate
metsbolim

15, Nerophi population icresed and macrophage popultion decresed o th abdomiral are o the arvse

16 Sgnifcant decrsse i neutel lpid sorsge and incress i oxygen oncentation rte were obsered

17. Cortsl and lycogen concentrtions ncessed

18, ACHE activiy mty dcessed

19, Decease inthe mitochondsialcouling ffiency and inconsisencis i the NADH lvel were osrved

20 There was o change in metalltionine (MT) (mi2) expresion

21 Induced DNA damage n the bain

1. No mrtalty was obsrved
2. The number of eutrophils and macrophages ncessed n the gt nd caudl i
3. KOS content (stomach and gu) s ncrased

1. nbibied ACKE activiy(nconsisten)
2 No ffct on fecundiy (1ol number of ggs ), reduced feundiy, spaving evnts,ferlizatin, and hatchabily ofthe embryos
5 Induced oxidative srss
2) GRactiity was lower n thebrsin and sl of females and mascle and et of males
) GPx actiiy was cevated only i the brai offmaks, while CAT sctivity remained unlcrd (sduced)
I thelier, noelfcs ot ROS (ncressd inthe brin) and MDA incresed i th ntstine s ver) <ontets and the GST and CAT,
(reduced i iver) ctivie were abseved. GSH activity decresed n the e
“The ygen consumpton at (OCR) i the heset and tess remained unlcrd,while i was exbanced in he vary
Signifcant expansion ofthe vl siucure ofthe nestina s ncessedmucus seceion, and decessed LZM atvy
Disrption of gt microbal commnity
Liver and nesine:
2 inconsiste et on HSI
1) Nosignican fetson VG contents of e o female (rduced) fsh
) Creting  lage number of sacuoes and lpl droplets i the er ol
8 Changed the lpi molcuar contnts rbted 0l membrane uncion and lipid bioynthesis
) MAO (the catlc eneyme of SHT) and the mRNA level of MAO in the nestne tended 10 decresse
5. brin,
) theistologyndictedthat s exposd 1 PSNAP shovwed dnage i theneuron aersas el s edcton i the neseonlcl nmber
1) small ameuntof micro thromboss cosisting of aggreated and disolved ed bood cls and the mtechondri it a amaged
membrane andlss of cstae
) the mitochondril DNA copy mumber vas signicanty reduced
9 MAO sty decresed ACRE activty nd dopsmin,melatonin, GABA, scotori 5 HT),vsaprssin isspeptn, xytoci,gotamine
syibase (G, and aKGPD activiycontents were sgnfcanty decresed
) o efct was observd n the ceylholine vl
1 changes in the brsin mesboltes ncding 3. dibydrosyphenylacetic acd snd ltamine,occured
) the gluamate dehydrogenase (GDH) actvty was enbanced
) thefpgalactsiase an Hipofusci eves(aging markers) ar inicanyiher n the bran ofsbrai (soth malesand female) xposed
o PSNAD.
i) temperture dependentdegenersivenecrotc change inthe medullablogsts, media ogtadinlfscic e vl nuces, s
halamus regions wereabservel
1 the X evels, . hydronydeusyguancsine - OHG) and MDA contents were sgicanly igherin the brinof maleand fenale s
exposd 1o PSNAP.
K0 ATP andcylin-dependent inase vl weresgnifcantylower nd pS3 kvl were sgnficantyhigher nthe rainsofmale and fral:
iy
9. Gonads
(s incomsisten ffect o GSI (no changedcresed)
(6 dcrene i spem content, s scunae snd il el were abseved i th s
©) o et on oaries
(0 il no affct 2 or T contents i femse and male i (decressd E2 and T)
(€ increased te mumber of spermatcgonia and sermatocyes i the et moreover, deformaton o seinerous ubules was abserved
() showod more provultory ooete and smallr mature ocyts Unabl oalterthe amount of PO, LVO, CAO, and EVO n he cvary
) o signfcan ffcts on the amount of spermatogoni, spermatocys, permaIocyes, STy, spermatids, nd spematonon
(percen) were oserved
(6 did ot it anyffcts o the L contents i the vy s E2 st E2 el and GriH and SH coments remainedunherd:
the Lt eves nthe testswere inifcantly educd by PSNAP xposurs significat sfcs o th T3 and T el wereobseved i both
mae and femal s
0. Beiorsl alestio in th locomotor scivity is tmpersture.dependent
1. No et on ertlzation ats and hatchingrtes
12 Inergeneratona:
4) due o paratal exposue, acumalation f PSNAP ws absrvein difernt organs o F (ylk s, I et e, pances,and gl
bladde: howevr,no developmentaldefect i Fi larvse ws abseved
1) parntal cxposre, did not alter T3 and T4 levels i FO i a5l s i I arac however, T4 el were rduced n s
) bradyeadia i hear, with rduced GR actiy (1)
0 spontancns movements of th ey, the heart beat, htching tes,adthe ength ofthe Flarvae wee fcted (spina curature,
pericardial s, and growth eardation).
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Polymer (name, method
of application, and

duration)

PS (80 nm) (10, 100, and 1000 g/l
waterborne, § days)

PS (50 nm) (IP injected) (0.1 mi. of
5 b/l injected volume) exposed
for 48 1

PS (50 nim) (iophic transfer) (48 h)

PS (100 o) [(5 mg/g): dictary,
30 days]

PS (100 nm) (3.5 mes dieary for
30 days) Parental exposure (FO); FI
was nat exposed (observed afer
60 dp)

PS (70 am) (20, 200, and 200 gt
twophic transir, 90 days)

PS (100 nm) (20 mgL, waterborne);
exposed for 7 days and depurated for
7days

PS (86 nm) (1 my/L, (waterborne,
exposed for 21 days and depurated for
7 days)

PS (100 nm) (waterborne, 1, 10, and
100 g/ for 7 days)

PS (47 nm) (1 mg/L, 120 waterborne)

PS (70  9.21 nm) (injected 052 nl
volume of 1,000, 3,000,nd 5,000 mg/L.
and also exposed to 05 and 5 mg/L
PSNAP waterborne until hatching),
depurated unil 4 weeks)

75 (100 ) (exposed 0 10 gl
vaterborne uni 12 hf)and
depurstd il 120 hp)

PS (50 nm) (exposed t0 1 mg/L;
waterborne untl 96 hpf)

PS (50 and 100 nm) (01, 05,2, and
10 mg/L; waterborne exposure 120 hpf

PS (100 nm) (100, 200, and 400 mg/L;
24 b vaterborne)

PS (100 nm) (10 g/, waterborne)
exposed for 144 hpf and depurated for
3days

PS (80 nm) (50 /L. 100 gL, 1 mglL,
5 my/L, and 10 mg/L; waterborne,
120 hpi)

PS (50 nm) (01, 1,5, 10, 20,30, and
50 mg/L) (waterborne exposure for
5 days and depurated until 12 days)

PS 20 nm) (2,5, and 8 my/L)
(waterbore, exposed for 22, 46,
and 70 h)

PS (80 nm) (5,10,25,50,and 100 /L)
(waterbome, exposed until 96 hpf)

PS (30 m and 100 am) (0.1, 1,
10 mglL, exposed for 96 h)

nd

PS (0 nm) (01, 05, and 3 my/L,
waterborne, exposed for 120 hpf)

PS (80 nm) (005, 0.1,1,5,and 10 mg/
L, vaterborne, exposed for 120 hpl)

PS (100 nm) (10 mgL, waterborre,
exposed for 5 days)

PS (80 ) (01,05, 1,5, 10,25, and
50 mgL) (watesborne, exposed for
120 hpf)

PS (80 nm) (1 my/L) waterborne,
exposed for 21 days.

PS (54,5 £ 2.8 nm) (10 mL),
waterborne, exposed for 120 days. Both
PLand FI

PS (70 m) (100 g/, waterbomne,
exposed for 3 months

PS (100 nm) (25 mL; exposed at 28,
29, and 30°C for 96 b)

PS (44 ) (1, 10, and 100 gL,
waterborne, exposed for 30 and
60 days)

PS (100 nm) (500 ng/mL) waterborne,
exposed for 28 days

PS (80 nm) (15 and 150 mg/L,
waterborne, exposed for 21 days.

PS (100 nm) (1 mg/L, vaterborne,
exposed for 30 days)

PS (50 nm) (10 mg/L, waterborne,
exposed for 21 days)

Fish (name and
developmental
stage)

Grass carp (juveniles)

Fathead minnows (adult male)

Fathead minnows (adult male)

Marine medaka (adults)

Marine medaka (aduls)

Marine medaka (adults)

‘Mozambigue tlapia (arvae)
(4 wecks old) (057 £ 0.13 g
body weight)

Nile tlapia (juvenils) (109 +
39 g body weight)

il tapia (juenile body
weight 15+ 5 )

Zebrafsh (embryos)

Zebrafsh (embryos)

Zebrafsh (embryos 2 hp)

Zebrafsh (embryos)

Zebrafsh (embryos)

Zebrafsh (embryos)

Zebrafsh (embryos, 2 hph)

Zebrafsh (embryos)

Zebrafsh (embryos)

Zebrafsh (embryos, 2 hph)

Zebrafsh (embryos 2 hp)

Zebrafsh (embryos 5 hp)

Zebrafsh (embryos, 1 hph)

Zebrafsh (fr

red eggs)

Zebrafish embryos (2 hp)

Zebrafish embryos (8 hph)

Zebrafish (aduls)

Zebrafsh (aduls)

Zebrafish (adult male and
female fish)

Zebrafish (adults, 3 morths old)

Zebrafsh (juveniles and aduls)

Zebrafish (aduls)

Zebrafish (aduls)

Zebrafish (aduls)

Zebrafish (aduls)

Organ and
gene types.

Gutfinestine

Liver and head
Kidney

Liver and kidhey

Gt

Liver

Intestin, livr,
musdle, and FI
offspring

Whole ish

Gutfinestine

Liver

Whole larvac

Whole larvac

Whole larvae

Whole larvae

Whole embryo

Whole embryo

Whole larvae

Whole larvac

Whole embryo

Whole larvae

Whole larvac

Whole larvac

Whole larvae

Whole larvae

Whole larvae

Gut
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GMP pthvay)

3. e, g, 4,16 Goammatory
aptokines)

4. bk, bad, b, i bid,and bk
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1. bel2a (antiapoptotic) 1
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coxt (mitochondsial
metabolism)

oplat (eytochrome P150)
Gfap, Syn2a, Mbpa, and alb-

tubulin (centeal nervous
system development)

. Bel2a (apoptosis)

il6 and ifuphi 1

. 1hf (female brain, FO)
. 1f (male lver, FO)

350,38, ERK2, ERKS, Nrf,
HO1, cat, sod, g JINKI,
and gerl (antiosidant)

Mitochondrial synthesis
(pgcl-a and pgel-b)in the
brain

Neurotransmitter synthase.
gene () and chat

. Sgkt and stc (ovary)
. opt7a2 and i (ovary)

er2h gl or g2 (emale
tiver)
20 or vig? (male iver)

References

Lietal. 20242)

Elizalde-Velazquer
etal. 2020)

Hizalde-Velazquez
etal. 2020)

Zhang.etal 2021)

He etal. 2022)

al. (2024b)

Pang et al. 2021)

Hao et al. (2023)

Wang et o,
(2023)

Chen etal. (20173)

Zhangetal 2020)

Liu etal. (2021)

Bhagat etal. (2022)

Chengetal. 2022)

Feng et al. (2022)

Liu etal. (20220)

Wang et al. 2022)

Chen etal. (2023¢)

Dai etal. (2023)

Gao etal. 2023b)
Martin ct al.

(2023)

Martin-Folgar et
al. (2023)

Wang et o,
(20230

Zhou etal. (2023)

Chen et al. (2024)

Xie etal. (2021)

Zhao etal. (2021)

Ling et al. 2022)

Sulokan et al.
(20220)

Tengetal. (20220)

Deng etal (2023)

Lictal. 2023)

Zhangetal. 2023)

Ye etal. (2020)





OPS/xhtml/nav.xhtml
Contents

		Cover

		A systematic review of the effects of nanoplastics on fish		1 Introduction

		2 Materials and methods		2.1 Literature search strategy





		3 Results		3.1 Effects of NAPs on fish

		3.2 Polyethylene terephthalate

		3.3 Polymethylmethacrylate

		3.4 Polypropylene

		3.5 Polystyrene

		3.6 Coexposure





		4 Discussion

		5 Conclusion

		Data availability statement

		Author contributions

		Funding

		Generative AI statement

		Publisher’s note

		Supplementary material

		References

		Glossary









OPS/images/cover.jpg
’ frontiers | Frontiersin Toxicology

A systematic review of the
effects of nanoplastics on fish





OPS/images/ftox-07-1530209-g001.gif
(@3 articles)

Macroplastics-Fish

| Microptasties-Fish |
| ass7artctes)

Plastics-Fish (7,320 articles)

h (233 articles)
Common ks | Tiapia ot Tebratih
carp minnows (4 articles) | Bapiclesy | (2 artictes) | (79 articles)
Oartices) | (2articles)

=) [ Paet
LA Pl bt
-1 pCe0 re-o
PEo oy PELDPEY
T PET=0 s
A= pavaso | padiaco || pere2
) orei uvaer
rs-2 00 =7 ey
Pvero e P57t

| |

Selected 114 articles
for review

Excluded R articles | based on plasti sizes > 100nm]

Sclected B9IEERY articles for peer-review consisting of plast

'™

sizes < 100






OPS/images/ftox-07-1530209-t001.jpg
Common name IUPAC name Chemical structure Molecular weight
and molecular (Da)/molar mass

formula (g/mol)

1 Polyamide Poly [imino (alkanedioy])] H 10,000-50,000 Da
g n
2 Polycarbonate (CiH1s05) | Acrylonitrile-butadiene-styrene H3 29032

3 Polyethylene (C,H,) Poly (methylenc) 2805
lr H
£
IL H
n

4 Polyethylene terephthalate | Ploy (ethyl benzene-1,4-

22819

(CioH1206) dicarbosylate) OH

H : Z

n

5 Polypropylene (CsHix03) | Poly (1-methylethylenc) H 35456
H CH3
n

6 Polyethylene methacrylate | Poly (methyl 2- 10213

(CsHy05) methylpropenoate) %}{3
H H3

7 Polystyrene (CH,CH(CgHy) | Poly (1-phenylethylene) O 201
(L H
H H
n
8 Polyvinyl chloride (C;H;Cl) | Poly (1-chloroethylene) lil Tl 6249
i H
n

LDPE = Low-density polyethylene; PA = polyamide; PC = polycarbonate; PE = polyethylene, PET = polyethylene terephthalate; PMMA = polyethylene methacrylate; PPP = polypropylene,
PS = polystyrene; PVC = polyvinyl chloride. In two articles, part of the studies used plastic sizes < 100 nm, and part of the studies used plastic sizes > 100 nm. For this reason, these articles are
- S P T -






OPS/images/ftox-07-1530209-t009.jpg
Additives (name/
concentration)

Type/
nature

Developmental
stages

Nanoplastics
(name/size/
ncentrations)

Mode of
exposure and
duration

Gene expressions.

References

Accaminophen (APAP)
and 3 M)

Aeromonas hrphitis 2
10 CEUmL)

Arseic (A5 200 )

A5 mgt)

Avabenzone (AVO) or bty
methoxydiensoyimethane
(BMDZM) (1, 10, 0 100 1)

BDE47 (01 mg)

BDE47 0.1 and 10 )

BMDBM o aobenzone 1,10, and
100 i)

1Ce0, (1 mgll)

Vi cbinyestradiol (EE2) (2 and.
EP)

Homesolate 00262-262 L)

Lead (50 1)

Microcysin LR (MCLR) (09,45,
and 25 )

Microysin LR (MCL) (09, 45,
and 225 )

Sodium mizopruside (8 )

Sulamethaine (SMZ) 05 and
Sy

Sullmethaine (SMZ) (462 mgle)

Teracydine (TC) (5000 L)

T 13-l 2 propyl)
phosphate (TDCIPP) (047, 261,01
1275 gty

Vitamin D (250 3nd 2400 10
body weighi

Vitamin D (250 and 2300 1Ukg
ody weighi

200 (60 )

Drug

Baceria

Meal

Meallid

Metllid

ror

Fame retadant

Flame retardant

fre—

Meal

Homone

Onginic
compoundiUV
fer

Meal

Amiiotcs

Aniiotcs

Inorgnic
compound!

Antimicrobial
g

Antimicrobial
agent

Amisotcs

Flame resedant

Vaamia

Metal xide

Zebratish (Danio reio)

G cap
(Ceropharyion
ey

Zebratish (Danio rerio)

Zebratish (Danio rerio)

Zebraish (Dani eio)

Zebraish (Do rerio)

Zebratish (Danio rerio)

Zebratish (Danio rerio)

Zebratish (Danio rerio)

Zebratish (Danio rerio)

Zebratish (Danio rerio)

Zebratish (Danio rerio)

Zebratish (Danio rerio)

Zebratish (Danio rerio)

Zebratish (Danio rerio)

Zebratish (Danio rerio)

Marin medska
(@ryias mlasigna)

Marine medska
(Orysias lastigna)

Gras carp

(Crenopharygodon
ety

Zebraish (Dario reio)

Zebeatish (Denio reio)

Zebratish (Do rerio)

Gassarp

(Crenopharygodon
i)

Embryos (3 hp)

Ioenies

Embryos

Aduls

Adu

Embryos

Embryos

Embryor

Enbryor

Embryos

Embryos

Aduls

Aduls

Aduls

Aduls e and female

Embryos

Aduls

Aduls (502 + 1895 mg.
body weight)

Iovenies

Aduls

Aduts

Aduls

Jovenies

PS (50 m) (100 )

PS (80 nm) (10, 100, and
1000 /1)

PS 50 om) (1 mt)

PS 0100 ) (1 mgt)

PS 0100 ) (1 )

PS (100 ) (10 )

PS 80 3m) 005,01, 1,5, a0
0mgt

PS (80 0m) (005,0.1,1, 5,200
10 m)

PSNAP (100 ) (10 )

PS (50 ) (1 mgr)

PS 47 o) (1 mg.

S 50 0m) (1 mgt)

PS 100mm) 20 and 200 gt)

PS 0 ) (100 1)

PS 00 ) (100 1)

PS (50 nm) (20 my)

BS (100 am) (5 )

5 (100 ) 345 mgie)

PS (80 o) (20,200, and
2000 )

PS (545 £ 28 am) (10 mg)

PS50 0m) (15 00 150 m1)

PS (50 0m) (15 0 150 m/t)

PS (2305 + 066 )
(760 1)

Waterborn (9 hph)

PS = vatcborne
5 day bcteris =
injcion; depurated or
S

Watesborne (9 hph)

Waterborne (30 days)

Waterborne (30 doys)

Waterborne (2-12 bp)
Depursted unil 120 hpt

Waterborne (120 ht)

Waterborne (120 ht)

Watrborne 120 ht)

Watctborne ( bph)

Waterborne 120

Watrborne @1 days)

Waterborne (posed for
3 wecks)

Waterborne (9 1)
21 days prenalexpossre
(F0) and F1 laac

(120 hp) were vl
without exposre

Waterborne (9 1)
3 monthe

Waterborne (12 days)

Dietary (30 diys)

Dictary 30 days)
parel (F0) exposure:
i cvlused ster 60 doys

Waterboene (7 days)

Waterboene (120 oy
cvlunted Foand FI
arae vihout exposure)

Dictry (e 21 day)

Waterborne 21 days)

Waterborne.

Downregltion of th expresion of genes (run2s, rm2h. 7 bp2b, and
) relted o oteoncss i PS slone nd coexpasre roups

L6 JL8 110 1. TNF..3nd INF.y2 i gens) xpresions were
upreglated in th intstine exposd 1 PS lone and infecton with A
ydrophilsin PS.exposedfh cnhancedthe e expresion induced by 7S
s

“Ther was o chang n the metallobioine (MT) (r12) expresion induced
by PSNAP expasreslone. Exposare with AL Oy alone enbanced 2
expresion; howerer cocapose with PSNAP sgniianty decrssed the
expresion of 2 compared o the expresion made b exposue 10 ALLO,
e

The xpresons of abce2 and Pgp mRNAS were upregubted,and thos of
e, abec,and bt mRNAS were dowregulaied (o ansporce
enes) with PSNAP exposare. Cocspostre with 2,0, modulated the
expresion patermsof flus ransportergenes incessd expresion nabc)
induced by PSNAP exposre.

Expressonsof enes elted o mitochondril synthess (sc-a snd et
he bin wee signifcnty downregulsted inish exposed 0 Asalone and n
combinaton it As  PSNAP:howeer, o sgnificant el s bserved in
i xposed 10 PSNAP alone

Compard withcotrol,the mitochandrs usion rsed ene (nfla, nf1h.
and apal) expresions wee downregubatd i the brai o fsh xposed 0
PSNAP, As,and in combintons
Theespresion of mitochandrial divison sl encs (. mi s, id,
and mids1) tendd 1o be upreguted by PSNAP exposure, A5 nd in
Combinatons

The xpresion o gnesrelated to miephagy (ki and par) were
upreglted by PSNAP and A cxposre cithe lon o i combinations.
Moreover,other mitophagygen (parkinpink 1 and funde) expresions wre
upreglted in combined exposre groups In ddiin,the expresion of
purkin s uprgulted i s exposed 0 As s

“The neurotrnsmite sybase gen () exprsion was sgnfcanty
downregulated.andthatofthech gene ws sigifcanly upregulted nthe
i s exposd 0 As + PSNAP roups The ther o groups (PSNAP
ad A9) did n induce any signifant change

“The cxpression of the newrtransmiter ctabolic g o s sigifantly
downregultedi thebrain of s exposed o PSNAP and s, etherlonc i
combinstons

“The mRNAS oftypophan ydrosylse TP, the rate imiting envyme foe
ST sy, pla 91, and (p2). ended 10 be dowregulated i fsh
exposed to PSNAP and s, citer shone o i combimations

‘Among the T ecetor RN A, il hilab and i expresions e
upregltedn the brain of s exposd t PSNAP and s, ither alon o in
coesposurs il the xpresionsof rland Aishowed downegulaton n
i xposed o PSNAP and As,ether skone o i coesposure

Expresions o a- ubulin, davt, sp13 g, mbp.and syn2s were
upreglted and g expresion s downreguled t 12 pf by AVO lone
orcocsposure. Howeser a 144 hpta-tubulin. e, apt3 and b did ot
Show ay sgnfcant aleratons,andafer rcovery,noalteraton wassn
the expresions ofall these s

The fosg (sem el expresion) s upreguted in AVO fsh and
downiegulted i fish exposs to PSNAP slon or i combinstions. Other
tem el rlted encs e, e, s, nd 02 wreleedsgifcanty
al hre cxposre roups. Hovever,aer recovery, o sigifcant diference
‘s obervd i the cxpresions of gl hert, e, and sox 2

“The gnesrelted to retinl syt devclopment were afced by PSNAP.
lone o in coesposue. The expressions of puc, past,and i3 were
upreglted, while that of 9 was ot

“Theepresion of the HPTaxis ene s was upreulaed by PSNAP exposire
sloneina concentraton dependent mamner however it sigificanty reduced
in coexposure groups compared with PSNAP alone (10 my/)

The xpresion o the sodium (o) iodide symprte (NI) ene s
signcanty upregulated by PSNAP alone in a concenration-dependent
mannerscocsposue showed  educing endency (v sgnifcanty diffcent)
Thyrogabulin(TG) e cxpresion wassgnfantly upreglatedin PSNAP
and BDE-17, cither slone o in coexposre in 3 concentraon depndert
The xpresion o thethyroxine trassprt protcin geve (TTR) shoved &
dcrsing endeny in v xposed o PSNAPand BDE-A7eher lon or
in combination

“The expresion of do2 showed a decessing tendeny i arvae xposed 10
PSNAP (st siniican) compared ithcontrobs. BDE-4 sone was bl o
upreglte dio? exprssion (st sgifican). Coesposu reduced the
expresion of o2

Theexpresionof raremained unlered il reatment groups: howeve, the
expresion f 1 wasuprgulted by BDE 47 snd PSNA exposue shone, nd
cocsposure showed tndency o rduce the xpresson compared with BDE-
7 slone

The xpresion o 52 endod o increase with PSNAP exposre slone (not
signfcant): bowever,coexposre with BDE. 17 tended to decrese the
expression o 52 (ot sigificant)

‘Compared withconrol,the i xpression was upregulated narvac xposed
10 PSNAP i a concentation dependent manner. Coexposue educed the
expresion of VTG compared withlarvae xposed 0 PSNAP lone

Expresion of goela(an nsoxidantgene) was downregultd by PSNAP and
BDE47 cither sone o in combination

Theexpression o eyl remsined unlered inava cposed o PNAP and
BDE4 alonc: however, coexposre uprgulted oyl cxpresion in &
concentation dependent manner

BMDBM exposure lone sgnificantly downregubted the expresons of
ot and dnt 3o, whik PSNAP cxposresone sgnficanty decresed the
expresions of bl and dnmi3E2

Coexposure of BMDBM and PSNAP dowregulted the xpresion of donil
nddnmtiaa whiledowengulstional dumt3bb2 s ntrruped s well 5 20
et was observd i the expresion of dmi36b1

BMDBM exposre slone sgnificantly dowaregubted the expresions of
p1Sla snd ypI3alh i concntraton-dependent manner, ik PSNAP.
exposane o o incombinaton did no afect th expresions ofthese s
(opisuia and opisall)

BMDBM st the difesntstion s e of nesrons nthe il nervous
system through the egulation of her, e, el g pax, and ot
PSNAP reglted the exprsions of ofg. foxyla, s i, e, I2h,
2 . and 55 0 sk nervous system declopment,rinal developmert,
and st cell iferntation

“There was o chunge n metalloionine () (n12) xpresion by PSNAP
expostreslone. Exposre with Ce, aone xbanced 2 epresions however,
cocsposure with PSNAP signifcanly decesed the expresion of mi2
compared o the expression indoced by Ce0; alone

“The xpresions of abce and Pgp mRNAS were upregted,and thos of
abee, abee, and abbt mRNAS were downregulied (et snsporce
enes) by PSNAP xposare

CeO; sone doenregulted th expresions o acl, abech, bt nd pp
Coexposure with P reduced the expresions f el and pp by CeO2
The expressions of guddia, 33, e, radS,and 3 remained nalerd in
i xposed 10 PSNA alone

Coeaposre with CeO; o PS downregulted 3 nd i gene exprssions

Upregltion of gfap snd bl mRNA exprssions (st tothe
nervous sysem) by PSNAP exposue lone o cocsposed with 2 occured
Gene related to e viul syt (hodopai,<ri; b opsin, ) were
ot signifcantly changed with PSNAP exposure

Nocfic of PSNAP wasbserved i hecxpresons of gkl and st mRNAs i
e oaryof adlt ebrafh; hvwever, coexposare ith homosoltecnhanced
he cxpresions of both k1 3nd sc mRNA in the ovary

“The xpresions of yp17a2 and sl mRNA i te ovary remained
amafscted in i xposedto PSNAP shons coexpars with homosast
enbanced the expesion

I thetetin homosolte.idced cbancement i theleclsof s, p15a1,
and p11a2 mRNAs wer atenuated by PSNAP dring cosposure

T the ler of femae o, PSNAP has o cffsct o the expresions of 25
gl o i mRNAS,but coexposure with homosolate upregubted the
expresionsof thse mRNAs i 3 concentston dependent manner

I the e of male fsh, PSNAP exposure slone has o effc o the
expresions of 2 or vig2 mRNAS: howerer, cocposute with homasolte
upreglted theexpressionsofthese mRNAS

I macrophages, immune sysemeated DEGS (s, nkiah nd pyeard
e sgnfanty leed in PSNAP fih than PSNAP  Jad groups, snd the
enes elated o MAPK sgnling pathways (0.1, 703, and 70 were
alredin fsh exposed anly to led

I nterocyes,gnes bt o gaathione metabolsmand ytochrone PiS0
(502 o 1, a2 e, and st 2) were signiicady changed i fsh
exposed tolud and lsd + PSNAP.

B and T ol upregulton o 701, sp702, and p703 exprssions
oceured n fish exposed to PSNAP,kad and as i combinations

Gene ntlogy (GO) sl found sversl e DEGssch g ju,
352 andce3s.were leredinmacrophages ferPSNAP exposars Andin
PSNAP + e group,cr9,cxcr,and b210 were aheeds howeer,lsd
exporare alered 2 and pvard

I eeroytes, GO aalss showedakraons i the xpresions of apoata,
apoat, and apoc i ish xposed o PSNAP and led ithe slone o i
Combinations. Morcove,expressions of 12 and prds] wer lerd in fish
expored tolsd andlsd + PSNAP

“The HT axis and GHIIGE axis gns i the FI lare remained ualcred
hen the paents wereexposd to PSNAP lonc; howeve,the cxpresion of
he HET axisgenes (1,1, dio. o, i, . past, and k2.,
excep gttt and 1o, wee lred i 1 s afer prentl exposteecber
10 MCLR alone or cocxposed wth PSNAP.

Among he GHIIGE sxsgens (2, i1 g g g, ifr, i, 28
and g2, only . g2 and g werealered inF araewhen he parents
wee exposed 10 MCL + PSNAP.

The gene et 1o aonidant rsponses (e, i, ERKC, ERKS, N2, H
0.1, cutl, s, g, JINKI, and g ndiaod that PSNAP exposue was
unable 0 produce any sgnficans et on the expresson of hee gees
MCLR lone enbanced the expresions o ERKC, ERKC, p3, Nif2.gpel
gt cat, and s genes i  concenration-dependent manner
‘Coesposur with PSNAP frthersggravad hecxpession of oy N2 geoe
induced by MCIR

“The xpresions o Adma, Nosand P wresigifcanl highe in PSNAP
roupsthan control o lrvac ocsposed with SNP;howerer e xpresion of
prkg s sniicanly rduced in PSNAP groups thn controland SNP
corsposed groups

Theactviyofth caspase-3 and the expresions f bk, b, b, i i, and
ok e sinicantly incressd by PSNAP exposue, while coexposre with
SNP alliaed th proces

“The expresion of P, the ey proteinforeroptsis andthose f the enes
ST, Ao, Keapls and Neowd wereigher i e xposed 10 PSNAP,
‘il cosposurs with SNP llted the procss

The expresionsof f 1. -4, 6 wee wpregalaed by PSNAP, while
cossposur it SNP alleitd the process

1 e i, histological and biochemical invesigtons ndicste that PSNAP.
eithraloneor incomtinatons with SMZ wereunable o e skt and px
ranscription i the intsine

o fmale s, PSNAP shone did ot se cat transeiption: howerer,
ignfcant redctons i ct o, nd cot tramscription were absered when
cocsposed with SMZ.

Nosignfiant diffrence was observd inthe exprssionof the i gevein the
e o FI female ish amon al four groups

Y e fish (F fod with PS),the xpresion of g i e showed
signfcant redction compare 1o the contels

Compaed o the P groups, th cxprsion ofthe gl gene inthe lverof
combined exposure (P + SNZ) group showed a signsicanty higher kvl of
expresion

Theexpressions fuandcotgenei emale s (F1) of he SMZ.+ S group
‘wresigificanty ighe tha those ofcontrols, Z, and S groups:and the
expresion of g remained walered

s s, cat nd g exprsions remained at the same leve amang the
fourgroups:whiethat of sodwaslevatd i PSgeoups han control nd SMZ.
+PS goups

Lesons in gl and ntsine
Enhanced the axidative.rtedchanges n thefvr and intsine
Upregltion of MM, MMP and IL8 expresions nhe er and intestine
of the coexposed fsh n a concenration-dependent manner

1 the brainoffmale adul s (F0) the transciption o cototopin-
elwsing hormone () was upreglted in & noliear fshion n i
expose to TDCPP ither sk o incombinstions f PSNAP. Howeer, the
trancriptonof 4 remsined unalrsd in 3l restment groups when
compared vith that in contrls

I the e of emale fsh (F0), the expresions f hyrolobuin () and
uridinediphosphtegacsronoslranslrse (gelab) wereupregltedn
exposed o TOCPPskoncorincombination ith PSNAP when compared with
control. Moreover, the expressions o defodinase 1 (dol)and transtyrein
(01 were downregubted,and th expresion ofhe deidinase 2 (o) gene
s preglatedin i exposd to TDCPP ithe sone rin combination with
PSNAP ina nonincar fshion when compared ithcontols

I the b of sl O . the transeripton ofcrt and f inresed only
the b exposed to TOCPP and PSNAP when compared with conrs

1 the e of male fh the tanscrpton o g and ugtab gens was
upregltedn fish cxposed 0 TDCPP alonc ot n combinations wih PSNAP.
hen compared with the controls n 4 nonliner ashion. Moreower, he
expresion of 1 remained unalered il he experimentalgroups, while re
expresion in the e of male s (F0) s upregubted when exposed o
TDCIPPsone o in combinations with PSNAPina nolncr fashion when
compared vith cotrols.Inadditon,  sigaiicant downeeglation o the 1
expresion s observd in the lver of mal 6uh when exposd to TOCIPP
cither slon o in combinstons i + onliner Fshion when comparedwith
controls

I Flarvs, eative o conto, the cxpresionsof . i, s, b8 nd gl
e enhanced in cocsposuregroups i  concenteton-dependent s
moreoverthe xprssionaf io2 vasuprgulted n TIDCIPP-cxposed e,
and coexposre furher cxhanced the expresion when compred with
Controls

Nowlinea incresse in thegene hydrosy. 3 mehylltarylcoenzyne A
(gera), sterl sty clemen binding protcin Grebp), discelglycerol
acerasterase 1b (dgti,sctyl coenzyme A carbosyase (ac), and
carbbydeae rsponse lement. binding proten (i) by PSNPs in the
e hsever, heexpression of carnitine plmito transfrse 1 (6pt1)
decreased sgnfianty with PSNAP exposure

Vit D reduced the sccumuston of PSNAP in the iestine
“The bload-brsin barrie bsement membrane damage by PSNAP s s
hen cosposed with it D

PSNAP exposure nduced ansiey lke behavor, while it D llevoted the
process

4 ViED coesposre inceasd 5-HT conten n the e

PSNAP exposure induced vconlizaton i intsinal gobict el nd
mitochondria and disnde in the arragement of nestinal il while
Cocsposure it it D lleted th procss.

“The SOD activity n the inestioe incresed by PSNAP exposur i o
concentaton dependent manner cocsposue it it D slvated the
process

“The MDA coment incrssed i fh xposed oy 0 15 gl PSNAP: vit D
aleised the proces

Affcted the ssponse on e ests (e immobilty e and shoree
intracion with thee images)

Simulated he sntoxidant sctivity o the besin

Incessd ACKE sctiviy i the brin

duced DNA damage inerthrocytes
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