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With the increasing presence of emerging pollutants in the environment, the combined toxic effects of organotin compounds and microplastics on aquatic organisms have garnered significant attention. This study investigated the individual and combined toxic effects of triphenyltin (TPT, 1 μg/L) and microplastics (MP, 0.5 mg/L) on oxidative stress, energy metabolism, and digestive function in Cyprinus carpio over a 42-day exposure period. The results demonstrated that TPT and MP combined exposure significantly reduced glutathione (GSH) activity, enhanced the activity of inflammatory factors (IL-1β) and upregulated the expression of antioxidant and inflammatory genes (gpx and il-1β) comparing with the control group in the liver, indicating severe oxidative stress. Combined exposure exhibited complex interactive effects, potentially involving adaptive or antagonistic mechanisms. Regarding energy metabolism, TPT and MP inhibited Na+/K+-ATPase activity, disrupting ion balance in the gills, whereas combined exposure promoted the expression of genes related to fatty acid metabolism (cpt1 and lpl). The combined exposure led to a partial restoration of ion pump activity, which implies the existence of a compensatory mechanism. TPT and MP exerted an inhibitory effect on the activity of digestive enzymes in the intestines, while they triggered a compensatory reaction by upregulating the expression of digestive enzyme genes. The combined exposure vividly unveiled the complex and intertwined interactions between the inhibitory and adaptive responses, highlighting the multifaceted nature of the biological impacts under such combined stressors. This study provides essential insights into the combined toxicity of TPT and MP, highlighting their ecological risks and underscoring the need for improved environmental monitoring and management strategies.
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1 INTRODUCTION
Triphenyltin (TPT), an organotin compound used in pesticides and antifouling paints, is a persistent organic pollutant due to its toxicity and environmental stability (Anastasiou et al., 2016; Lee et al., 2016; Snoeij et al., 1987) and it poses severe risks to aquatic ecosystems (Liu Q. et al., 2024; Song and Huang, 2005). Despite regulations from the International Maritime Organization (IMO) and European Union limiting its use (de Castro et al., 2012), the misuse of TPT persists globally (Antes et al., 2011; Li and Li, 2021). TPT is widely detected in aquatic environments, with varying concentrations across regions. In China, concentrations average 6.9 ng Sn/L in Bohai Bay (Hu et al., 2006), while higher levels are observed in freshwater systems such as the Yangtze and Jialing Rivers, reaching up to 37.2 ng Sn/L (Gao et al., 2013). Concentrations of 3.8–11.7 ng/L have been observed in Hong Kong waters (Sham et al., 2020). TPT accumulates in aquatic organisms (Liu et al., 2011; Wen et al., 2018), primarily in the liver (Morcillo and Porte, 1997; Harino et al., 2000; Berge et al., 2004), but also in muscle, gills, heart, and brain. It disrupts endocrine systems, affecting development, reproduction, and immunity in marine life (He et al., 2021; Li et al., 2025). Recently, TPT has also been detected in Marine organisms near the Fields Peninsula in Antarctica, and it has been confirmed that it can enter high-trophic organisms such as penguins and birds through the food chain. So biomagnification through the food chain increases TPT levels in higher trophic organisms, posing risks to human health through seafood consumption (Yi et al., 2012).
Microplastics (MPs), defined as plastic particles smaller than 5 mm (Ulluwishewa et al., 2011), are a major environmental pollutant found ubiquitously in aquatic systems, from coastal waters to deep oceans (Xu et al., 2021; Wan et al., 2019; Li X. et al., 2023). Their persistence enables them to adsorb chemical pollutants, including persistent organic pollutants such as TPT, thereby enhancing their toxicity (Pei et al., 2022; Li et al., 2013). MPs originate from tire wear, textile washing, personal care products, paint, and the breakdown of larger plastics (Kelly, 1977; Zitko and Hanlon, 1991). Microplastics have been found extensively in oceans, from coastal regions to the abyssal depths, and have even been discovered in polar areas, with concentrations of around 0.3 mg/L in the North Pacific Subtropical Gyre (Goldstein et al., 2012) and 3.02 mg/L in the Central Pacific Gyre (Sun et al., 2020). MPs significantly affect aquatic organisms by accumulating within their digestive tracts, causing mucosal damage, inflammation, and metabolic disorders (Pei et al., 2022; Lu et al., 2016). They can also enter muscle tissue through gills, inhibiting growth, survival, reproduction, and increasing oxidative damage (Rainieri et al., 2018). MPs disrupt gut microbiota and metabolomes, affecting sugar, lipid, and energy metabolism (Nelms et al., 2016). Their unique surface properties, such as small size and hydrophobicity (Dong et al., 2019), enable them to act as carriers for chemical pollutants, further increasing toxicity (Zhang et al., 2023). The multifaceted toxic effects of MPs pose a substantial threat to aquatic ecosystems. Combined exposure to TPT and MPs is also toxic. It can be neurotoxic to Marine medaka (Lin et al., 2024; Liu L. et al., 2024), and it also has a toxic effect on the gut-brain axis of carp (Zhang et al., 2023).
As a major freshwater cultured fish, carp are economically valuable, easy to breed, and widely used in biological, aquaculture, and ecological research. Carp were chosen as the experimental model due to their environmental adaptability, economic value, and representation of freshwater fish exposed to pollutants. Their well-documented genome and allotetraploid nature (two sets of chromosomes) provide a robust basis for toxicological and gene expression studies. Carp’s polyploid characteristics enhance their adaptability to environmental changes and offer unique insights into polyploid organisms. Their complete genome information supports evolutionary research, while the expression divergence strategies of their A and B sub-genomes provide plasticity and tolerance, aiding gene expression regulation studies.
Despite MPs and TPT being recognized as agents capable of instigating oxidative stress, disrupting energy metabolism, and impeding digestion in fish, the combined toxicological impacts and ecological risks of their co-exposure remain underexplored. This study aims to elucidate the effects of TPT and MPs on carp under both individual and combined exposure scenarios, thereby addressing a critical gap in the existing literature.
2 MATERIALS AND METHODS
2.1 Reagents and experimental animals
2.1.1 Experimental reagents and reagent preparation
Triphenyltin chloride (96%, CAS 639–58-7) was obtained from Shanghai Macklin Biochemical Technology Co., Ltd. and used as the main pollutant. For the TPT stock solutions, dimethyl sulfoxide (DMSO, 99.5%, Solarbio, Beijing) was used as the solvent. Polystyrene microspheres (200 nm diameter, 0.025 g/mL stock concentration) were obtained from Wuxi RuiGe Technology Co., Ltd. Additionally, all reagents used in this study were of analytical grade to endure experimental reliability.
Preparation of TPT Exposure Solution: 30 mg of triphenyltin (TPT) powder was dissolved in 1 mL of dimethyl sulfoxide (DMSO) to produce a 30 mg/mL TPT stock solution. This stock solution was gradually diluted to achieve a concentration of 0.3 μg/μL TPT. A 1 μg/L TPT exposure solution was prepared by mixing 100 μL of the 0.3 μg/μL TPT solution with 30 L of water, and the mixture was stored at 4°C. To prevent contamination, the stock solution was dispensed into 1 mL centrifuge tubes before use. Preparation of MP Exposure Solution: 600 μL of the MP suspension stock solution (0.025 g/mL, polystyrene microspheres with a diameter of 200 nm) was added to 30 L of water to prepare a 0.5 mg/L MP exposure solution. Preparation of TPT and MP Combined Exposure Solution: The same protocol as described above was followed.
2.1.2 Experimental animals and cultivation environment
The carp utilized in this study were obtained from Tianjin Xinda Breeding Farm, and their weight and length measurements were presented (Table 1). Before the experiment, the fish underwent a 2-week acclimatization period, during which they were fed commercial bait twice daily (at 9:00 a.m. and 3:00 p.m.). Water changes were conducted every 2 days to remove excreta and uneaten bait. The water temperature was maintained at 23°C ± 1°C, and a photoperiod of 14 h of light and 10 h of darkness was implemented. The temporary rearing system comprised a temperature-controlled recirculating system equipped with multiple aeration stones to ensure sufficient dissolved oxygen levels.
TABLE 1 | The relative fatness of the experimental carp.
[image: Table 1]2.2 Exposure experiment and sampling
The study was conducted with a single control group alongside three distinct treatment groups. 0, 1 μg/L TPT, 0.5 mg/L MP and 1 μg/L of TPT with 0.5 mg/L of MP were adopted as the exposure concentrations. The concentration levels for these treatment groups were determined based on the environmental concentrations found in highly polluted regions and previous toxicological studies (He et al., 2022; Ding et al., 2022).
The experimental carp were housed in a total of 12 aquariums, each with a volume of 70 L, dividing them into three replicates for every group. Each aquarium contained 12 carp, and the volume of the experimental solution used was 30 L. Throughout the experiment, the carp were fed commercial feed twice daily at 9:00 a.m. and 3:00 p.m. To ensure consistent experimental solution concentrations and maintain optimal water quality, water was replaced every 2 days, and waste materials, including uneaten food, were removed. All experimental protocols complied with the guidelines of the Chinese Association for Laboratory Animal Sciences and adhered to ethical standards for animal research stipulated by Shandong University, with humanitarian principles rigorously upheld.
The fish were exposed continuously to the experimental conditions for 42 days prior to sampling. A 24-h fasting period was implemented before tissue collection. During sampling, the carp were anesthetized with MS222, and their body weight and length were measured (Table 1). Tissues from the liver, intestine, and gills were immediately preserved by freezing in liquid nitrogen, followed by transfer to a −80°C freezer for long-term storage. These samples were later used for biochemical and RT-qPCR gene expression analyses. The exposure and sampling workflow is illustrated (Figure 1).
[image: Figure 1]FIGURE 1 | Exposure experiment and sampling process.
2.3 Biochemical index detection
Tissue samples were rinsed with cold physiological saline to remove residual blood, dried using filter paper, and accurately weighed before being transferred to 5 mL homogenizing tubes. Homogenizing medium (pH 7.4, composed of 0.01 mol/L Tris-HCl, 1 mmol/L EDTA-2Na, 0.01 mol/L sucrose, and 0.8% NaCl solution) was added to the tubes at a weight-to-volume ratio of 1:9 (g/mL). The tissues were homogenized in an ice bath using an internal cutting tissue homogenizer (10 s per cycle, with 30-s intervals, for 3–5 cycles) to ensure uniformity. Following centrifugation at 2500 rpm for 10 min, the supernatant was collected and further diluted with homogenizing medium to achieve the required concentration for subsequent analyses.
Biochemical markers, including glutathione, interleukin-1β, amylase, Na+/K+-ATPase, and total ATP, were measured in accordance with the protocols provided by Nanjing Jiancheng reagent kits.
2.4 qRT-PCR detection
A SYBR Green Premix Pro Taq HS qRT-PCR Kit was used for a 10 μL qRT-PCR reaction system. The template was diluted 5 times, and the amplification efficiency of the primers was obtained according to the standard curve. The specificity of qRT-PCR amplification was judged by the presence of a single peak at the expected Tm value on the melting curve. Each sample was repeated three times. The qRT-PCR reaction system was as follows: 2 × SYBR Green Pro Taq HS Premix, 5 μL; Template, <100 ng; Prime F (10 μM), 0.2 μL; Prime R (10 μM), 0.2 μL; ROX Reference Dye (4 μM), 0.2 μL; RNase-free water, up to 10 μL. The reaction mixture was mixed and briefly centrifuged. The reaction liquid was placed at the bottom of the wells of a 96-well plate and subjected to qRT-PCR reaction in a fluorescence quantitative qRT-PCR instrument (LightCycler 96) with the following program:
Two-step qRT-PCR reaction program: Step 1: 95°C, 30 s, 1 cycle; Step 2: 95°C, 5 s, 60°C, 30 s, 40 cycles; Step 3: Melting stage.
β-actin was stably expressed throughout the experiment and used as an internal control. The relative mRNA levels of the target genes were normalized using the 2-△△CT method for relative quantification (Table 2).
TABLE 2 | The primers used for qRT-PCR analysis (Zhang et al., 2021b; Hoseini et al., 2020; Al-Ghanem, 2011).
[image: Table 2]2.5 Statistical analysis
Statistical analysis was conducted using SPSS 27.0. One-way analysis of variance (ANOVA) followed by Duncan’s multiple comparison tests was used to compare the significant differences between different groups. Results were presented as mean ± standard deviation (SD), with significance determined at P < 0.05. GraphPad Prism 8.0.1 was used to generate plots, while Chiplot platform was utilized for analyzing principal coordinate.
3 RESULTS AND DISCUSSION
3.1 Oxidative stress
The oxidative stress responses were illustated in carp livers under different exposure conditions, including the control group (C), TPT exposure group (TPT), microplastics exposure group (MP), and the combined exposure group (TPT + MP).
GSH activity was significantly reduced in the TPT and MP group compared to the control group, indicating that pollutants induces oxidative stress by depleting antioxidant reserves to neutralize reactive oxygen species (ROS). Interestingly, the TPT + MP group showed partial recovery in GSH activity compared to the MP group, possibly due to microplastics adsorbing TPT, reducing its bioavailability, activating Nrf2-ARE pathways to enhance antioxidant defenses, regulating mitochondrial GSH transport, and triggering compensatory physiological adaptations (Figure 2a).
[image: Figure 2]FIGURE 2 | Comparison of biochemical and RT-PCR indicators of oxidative stress levels among the control group (C), TPT exposure group (TPT), microplastics exposure group (MP), and the combined TPT and microplastics exposure group (TPT + MP). (a) Glutathione (GSH) activity (mmol/gprot); (b) Interleukin-1β (IL-1β) activity (pg/g); (c) Relative expression of the gpx; (d) Relative expression of the il-1β. Data are presented as mean ± SEM; Significance levels: **P < 0.01, ****P < 0.0001; ns indicates no significant difference.
IL-1β, a key inflammatory marker, was elevated in the TPT, MP and TPT + MP groups (P < 0.01), with the highest levels observed in the combined exposure group. This suggests that co-exposure exacerbates the inflammatory response, likely through a synergistic interaction between TPT and MP (Figure 2b). Previous studies indicate that TPT induces inflammation by activating pro-inflammatory cytokines (Li ZH. et al., 2023), while MP increases oxidative stress, which can amplify cytokine production (Pei et al., 2022).
Relative expression of gpx gene, a critical antioxidant enzyme, showed no significant difference among groups (P > 0.05). However, the TPT + MP group exhibited the highest mean value, suggesting that co-exposure may induce stronger oxidative stress, requiring upregulation of antioxidant defenses (Figure 2c). This trend aligns with previous findings that combined pollutants often enhance oxidative damage (Wang et al., 2023).
il-1β gene expression displayed no statistically significant changes among groups (P > 0.05), but the TPT + MP group showed a upward trend. This aligns with the biochemical data for IL-1β activity, indicating that transcriptional regulation of inflammatory responses may require further investigation under chronic exposure scenarios (Figure 2d).
Overall, these results confirm that TPT exerts a pronounced impact on oxidative stress and inflammation in carp livers, as evidenced by reduced GSH activity and increased IL-1β levels. MP exposure alone causes milder effects, but co-exposure results in complex interactions, likely synergistic, that exacerbate oxidative damage and inflammatory responses. TPT disrupts mitochondrial function and generates ROS, while MP induces membrane damage and oxidative stress, collectively amplifying toxicity. This highlights the need for further research on pollutant interactions and their ecological implications (Zhang et al., 2021a; Zhang et al., 2024; Zhou et al., 2019; Usman et al., 2021).
3.2 Energy metabolism
Significant disruptions were revealed in energy metabolism caused by TPT and MP exposure (Figure 3). Na+/K+-ATPase activity decreased in the TPT group compared to the control (P < 0.05), indicating ionic regulation impairment likely due to oxidative stress-induced membrane damage. In the MP group, a decrease in Na+/K+-ATPase activity was observed, while partial recovery in the TPT + MP group suggests compensatory mechanisms or interactions between MP and TPT mitigating toxicity (Figure 3a).
[image: Figure 3]FIGURE 3 | Comparison of biochemical and RT-PCR indicators of energy metabolism levels among the control group (C), TPT exposure group (TPT), microplastics exposure group (MP), and the combined TPT and microplastics exposure group (TPT + MP). (a) Na+/K+-ATPase activity (μmol/gprot); (b) Total ATP activity (μmol/gprot); (c) Relative expression of the Na+/K + -ATPase gene; (d) Relative expression of the CPT1 gene; (e) Relative expression of the LPL gene. Data are presented as mean ± SEM; Significance levels: *P < 0.05, ***P < 0.001, ****P < 0.0001.
Total ATP activity also increased in the TPT group and in the MP group (P < 0.05). However, in the TPT + MP group, ATP levels were restored to control-like levels, implying activation of alternative metabolic pathways to sustain energy homeostasis (Figure 3b).
qRT-PCR analysis highlights gene expression changes. cpt1, key lipid metabolism enzymes, were significantly upregulated in the TPT + MP group (P < 0.001), indicating enhanced fatty acid β-oxidation and lipolytic activity as adaptive responses. The TPT + MP group showed the highest cpt1 and lpl expression, reflecting synergistic metabolic stress from TPT and MP. Interestingly, lpl expression was suppressed in the TPT group and further reduced in the TPT + MP group, suggesting TPT-induced lipolysis inhibition (Figures 3c–e).
TPT alone disrupted Na+/K+-ATPase activity via ROS-induced lipid peroxidation and membrane damage, while MP alone caused milder ion regulation impairment. In co-exposure, MP likely mitigated TPT toxicity by adsorbing it and activating Nrf2-ARE pathways to enhance antioxidant enzymes (e.g., GPx1), thereby partially restoring ion pump function. ATP levels increased in TPT/MP groups due to glycolysis activation or mitochondrial compensatory metabolism, whereas co-exposure restored ATP to control levels through repairing mitochondrial function and regulating energy metabolic pathways, indicating MP’s multi-target intervention to maintain energy homeostasis (Zhou et al., 2019; Feng et al., 2024; Shen et al., 2021; Zhang et al., 2022). Combined exposure reveals intricate compensatory and inhibitory interactions, underscoring the need for further research on pollutant co-toxicity mechanisms.
3.3 Digestive capacity
The impact of TPT and MP on digestive enzyme activity and gene expression was illustrated in carp intestines. The α-amylase activity was the highest in the control group, with no significant differences observed between the groups (P > 0.05) (Figure 4a). This indicates that starch digestion capacity remained stable despite exposure. However, at the molecular level, a significant upregulation of the α-amylase gene expression in the MP and group (P < 0.001), suggested transcriptional compensation for potential enzymatic inhibition. The TPT + MP group exhibited the higher α-amylase gene expression than the control group, implying a synergistic effect between TPT and MP that intensifies the demand for starch metabolism (Figure 4b). For lipase, the MP exposure group upregulated lipase gene expression (P < 0.01), possibly as an adaptive response to energy deficits (Figure 4c).
[image: Figure 4]FIGURE 4 | Comparison of biochemical and RT-PCR indicators of digestive capacity levels among the control group (C), TPT exposure group (TPT), microplastics exposure group (MP), and the combined TPT and microplastics exposure group (TPT + MP). (a) α-Amylase activity (μmol/gprot); (b) Relative expression of the α-Amylase gene; (c) Relative expression of the Lipase gene. Data are presented as mean ± SEM; Significance levels: **P < 0.01, ***P < 0.001; ns indicates no significant difference.
TPT directly inhibited α-amylase activity to disrupt starch digestion, while MP alone activated compensatory mechanisms (e.g., Nrf2-ARE pathways) to upregulate α-amylase gene expression. In co-exposure, MP likely reduced TPT bioavailability via adsorption and MP-induced mechanical damage or metabolic stress further activated compensatory demand for starch metabolism, leading to synergistic upregulation of α-amylase genes. Lipase activity decline was attributed to TPT’s direct toxicity on lipid metabolism, whereas MP alone induced lipidase gene upregulation via gut microbiota disruption or energy deficits; co-exposure exacerbated metabolic stress, sustaining high lipidase gene expression to maintain energy homeostasis (Jiang et al., 2023; Chen et al., 2020; Trestrail et al., 2021). These findings warrant further investigation into the molecular mechanisms underlying pollutant interactions in aquatic organisms.
3.4 Correlation analysis
The correlation heatmaps illustrate the complex interplay among biochemical parameters and gene expressions under pollutant exposure. Total ATP exhibits a positive correlation with IL-1β (r = 0.68), suggesting that inflammatory responses may influence cellular metabolic activity. Similarly, IL-1β is positively correlated with α-amylase (r = 0.66), highlighting the oxidative stress-mediated impact on digestive enzyme activity. Conversely, total ATP shows a negative correlation with Na+/K+-ATPase (r = −0.36), reflecting potential antagonism between energy metabolism and ion transport. The strong negative correlation between GSH and Total ATP (r = −0.86) suggests that oxidative stress significantly depletes antioxidant capacity. Hierarchical clustering reveals that GSH and Na+/K+-ATPase cluster closely, indicating oxidative stress-induced ion homeostasis disruptions, while the clustering of IL-1β and α-amylase suggests a mechanistic link between inflammation and digestive processes (Figure 5a).
[image: Figure 5]FIGURE 5 | Correlation heatmaps of biochemical parameters and gene expression levels. (a) Correlations among biochemical parameters; (b) Correlations among gene expression levels. Colors represent the strength of the correlations, with red indicating positive correlations and blue indicating negative correlations. Hierarchical clustering demonstrates potential interaction patterns among the indicators.
qRT-PCR data show that CPT1 and Lipase are strongly correlated (r = 0.66), indicating co-regulation of lipid metabolism. LPL and lipase also exhibit a high correlation (r = 0.71), reinforcing the disruption of lipid metabolism pathways. Interestingly, α-amylase is negatively correlated with Na+/K+-ATPase (r = −0.65), suggesting reduced energy metabolism impairs digestive enzyme activity. IL-1β displays a mild positive correlation with Na+/K+-ATPase (r = 0.23), implying inflammation may modulate ion transport. GPx is positively correlated with RT-LPL (r = 0.34) and lipase (r = 0.66), linking oxidative stress with lipid metabolic pathways (Figure 5b).
TPT disrupts mitochondrial fatty acid oxidation and induces inflammation, while MP enhances oxidative stress and membrane damage through physical and chemical interactions. Combined exposure synergistically amplifies these toxic effects, disrupting energy metabolism, antioxidant defense, and lipid pathways (Capitao et al., 2017; Solomando et al., 2020; Wright and Kelly, 2017).
The PCoA plot illustrates distinct clustering of experimental groups, indicating significant biochemical variations induced by pollutant exposure. Control (purple) and exposure groups (TPT, MP, TPT + MP) are well-separated along PCoA1 (95.25%), reflecting major differences in biochemical indicators. The TPT + MP group (green) diverges on both PCoA1 and PCoA2 axes, suggesting enhanced toxicity under combined exposure. Notably, MP (orange) and TPT (red) exhibit different patterns along PCoA2 (3.95%), highlighting distinct mechanisms of toxicity (Figure 6).
[image: Figure 6]FIGURE 6 | Principal coordinate analysis (PCoA) results of different treatment groups. PCoA1 explains 95.25% of the variance, and PCoA2 explains 3.95%. Samples include the control group (purple, type 0), TPT exposure group (pink, type 1), microplastics exposure group (orange, type 2), and the combined TPT and microplastics exposure group (green, type 3). Density curves illustrate the distribution trends of each group along PCoA1 and PCoA2 axes. The results demonstrate significant separation of treatment groups along PCoA1 (R2 = 0.9165, P = 0.0030), indicating notable differences in biochemical and gene expression parameters among groups.
Biochemical data support these findings. GSH levels were significantly reduced in all exposure groups, indicating oxidative stress. Elevated IL-1β levels confirm strong inflammatory responses, supported by increased RT-IL-1β expression in RT-PCR data. Na+/K+-ATPase activity decreased in exposure groups, reflecting ionic imbalance. Meanwhile, upregulated CPT1 and Lipase expression in TPT + MP groups indicates compensatory shifts in lipid metabolism under stress. These results underscore the synergistic effects of TPT and MP in disrupting oxidative balance, inducing inflammation, and altering energy metabolism.
4 CONCLUSION
This study investigated the toxic effects of triphenyltin (TPT) and microplastics (MPs) on carp (Cyprinus carpio) under single and combined exposure conditions over a 42-day period. Both TPT and MPs can trigger oxidative stress and inflammatory responses, and co-exposure has a more severe impact on the experimental subjects, characterized by reduced glutathione (GSH) activity and upregulated expression of antioxidant and inflammatory markers (GPx1 and IL-1β). As for energy metabolism, co-exposure may regulate gill ion homeostasis (restore Na+/K+-ATPase activity) through a compensation mechanism. TPT impaired both amylase and lipase activities in the intestines, suppressing starch and lipid digestion, while MP exposure upregulated the expression of digestive enzyme genes as a compensatory response. Co-exposure revealed a complex interplay, with potential adaptive adjustments in digestive metabolism.
These findings offer valuable insights into the individual and combined toxicities of triphenyltin (TPT) and microplastics (MPs), revealing their potential synergistic or antagonistic effects on aquatic organisms. Given the widespread presence of these pollutants in aquatic ecosystems, this study underscores the need for further mechanistic investigations to elucidate the molecular pathways underlying pollutant interactions. Moreover, this study was limited to a specific highly polluted environment, but its systematic analysis provided an important benchmark for understanding ecological responses under extreme pollution conditions. Subsequent research needs to further clarify the applicable scope and boundary conditions of the conclusion through multi-scale and multi-dimensional comparative experiments, thereby providing more precise scientific support for the differentiated protection of aquatic ecosystems. By enhancing our understanding of the ecological risks posed by TPT and MPs, this work provides a scientific basis for environmental risk assessment and the development of effective strategies to protect aquatic ecosystems and biodiversity.
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