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Abstract

:

Highlights


What are the main findings?




	
The hepatotoxic effects of nanoplastics (NPs) are evaluated in medaka fish.








What is the implication of the main finding?




	
Digestive, innate immune, and antioxidant enzyme activities are affected by NP exposure.



	
Histopathology confirmed direct liver tissue damage by NP exposure.



	
We conclude that NPs at as low as 10 items/L can be toxic to medaka in long term.









Abstract


Nanoplastic (NP) has become a global environmental concern due to its potentially wide distribution and unknown impacts on organisms. Many laboratory studies have reported the short-term toxicity of NPs but their long-term effects are unclear. Here, the chronic hepatoxic effects of NPs (diameter 100 nm; 0, 10, and 104 items/L) in medaka (Oryzias latipes) were evaluated after three-month exposure by investigating the alterations in enzymatic biomarkers (digestion, oxidative status, and immunity) and histopathology in the liver. The trypsin and chymotrypsin activities of digestive enzymes were induced at a low concentration of NPs (10 items/L) but inhibited at high concentration (104 items/L); only the amylase activity was significantly decreased in all NP-treated medaka. Oxidative stress was also induced by NP exposure, which was indicated by the responsive superoxide dismutase and catalase. Lysozyme was significantly reduced after exposure to a high concentration of NPs, while alkaline phosphatase was significantly induced at a low concentration. Exposure to NPs also caused liver damage (e.g., congestion and dilated sinusoids). Taken together, our findings show that chronic exposure to NPs at low particle concentrations can impair the liver health of medaka by affecting liver enzymatic functions and causing histological damage. This implies potentially long-term threats of NPs to aquatic organisms, which call for more long-term aquatic toxicological studies on various species using low environmental concentrations.
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1. Introduction


Plastics are applied around the world because of their low prices, endurance, and good insulation [1]. Hence, global plastic products have grown exponentially since the 1950s, reaching 348 million tons in 2018 [2]. Due to overuse and improper management of plastic waste, more and more plastic wastes end up in the environment, leading to serious environmental pollution [1,3]. Plastic fragments are known to be widely distributed in natural environments, including freshwater, marine, sediments, and terrestrial. Plastics can degrade into microscaled and nanoscaled fragments through weathering, biodegradation, and ultraviolet radiation under the natural environment [4]. Microplastics (MPs) are identified as having particle sizes under 5 mm, whereas particle sizes <1000 nm are defined as NPs [5]. NPs are considered more harmful to aquatic animals than MPs owing to their higher surface area, cell affinity, and adsorption ability, thereby allowing them to penetrate biological barriers and accumulate in different tissues more easily, including gut, liver, and kidney [6,7,8].



NPs have been reported to be associated with oxidative stress, reproduction, immunotoxicity, and the digestive system of organisms under laboratory conditions [9,10,11,12,13]. Specifically, oxidative stress can be manifested through changes in enzymatic activity [14]. Brandts et al. (2018) reported that NPs (45 nm) inhibited the activities of immune enzymes (e.g., alkaline phosphatase and esterase) in Dicentrarchus labrax within a 4-d exposure period [15]. The induction of systemic inflammation and oxidative stress was observed following exposure to 200-nm NPs (0.2 mg/L) in the zebrafish embryos within 96 h [16]. Moreover, a previous study demonstrated that all D. magna died after acute exposure to 52-nm particles at a concentration above 75 mg/L within 13 h [17]. Some other short-term toxic effects include impacts on immunity and digestive system, oxidation status, and even survival of organisms [18,19,20]. Lu et al. (2016) proved that histopathological changes (e.g., inflammation and oxidative stress) were found in the liver of zebrafish after being exposed to 70-nm NPs [7]. The digestive system is critical for the absorption of nutrients and the obtainment of energy with the help of related digestive enzymes, which are often used to manifest biotoxicity and digestibility [2]. Yet, data on the chronic effects of NPs on freshwater organisms remain limited, particularly under environmentally realistic scenarios, such as at low-particle-exposure concentrations [21].



To fill the knowledge gap, we investigated the long-term toxic effects of NPs on medaka fish (Oryzias latipes), focusing on the liver, which is the critical detoxification organ for foreign particulates. As a well-established model fish in ecotoxicology, medaka shows numerous advantages, including prolific egg laying, small size, rapid maturation, sexual dimorphism, and easy culture [22]. Although not well-demonstrated for nanoplastics, a number of earlier studies have shown that the liver is a key target organ of nanomaterials and is well-known for its critical biological roles in metabolism, digestion, immunity, and digestion function [23,24,25]. Therefore, we hypothesize that liver health and liver functions will be impaired after long-term exposure to NPs. To test this hypothesis, medaka were exposed to two relatively low particle concentrations of NPs for three months, simulating a more realistic environment scenario than many earlier acute tests that used high concentrations. Then, the effects of the NPs on the digestive system, antioxidant status, immune function, and histopathological changes in the liver of medaka were systematically quantified. These findings offer novel insights into the biological impacts of long-term exposure to NPs in fish, which is a prerequisite for ecological risk assessment of NPs.




2. Materials and Methods


2.1. Nanoplastics


One-hundred nanometer fluorescent polystyrene (PS) NPs (concentration: 10 mg/cm3; excitation: 488 nm; emission: 518 nm) were obtained from BaseLine Chromtech Research Centre (Tianjin, China). PS is one of the most commonly used plastic polymers worldwide [26] and has been successfully used as a model particle for studying the accumulation and biological effects of plastic particles in various organisms [27].




2.2. Experimental Fish


Medaka, fed with live Artemia sp. three times daily, was raised in a 14 h light/10 h dark cycle at 26 °C [28]. In addition, the dissolved oxygen (6 mg/L) and pH (6.5–7.0) were controlled in culture fresh water. The use of medaka fish was approved by the Committee for Laboratory Animal Research at Shanghai Ocean University.




2.3. Experimental Design


Before the experiment, 60 dph medaka were acclimated in a glass tank for two weeks and then randomly divided into glass tanks. For the toxicity test, the experimental fish were randomly divided into three different concentration groups. Each group comprised 3 replicate glass tanks and each tank contained 64 fish (32 females and 32 males). Low (10 items/L) and high (104 items/L) concentrations used in this study were selected, which is based on previously reported toxicological impacts of plastics on aquatic organisms [2]. Three concentration suspensions were prepared by diluting the NPs stock solution suspension, and ultrasonic treatment was required before preparation to disperse NPs in the suspension.



The NP suspension was renewed weekly during the exposure. All the medaka were exposed for three months and then collected and dissected for toxicological endpoint measurements. Before dissection, each fish was thoroughly rinsed with Milli-Q water to remove water-containing NPs on the skin surface. For liver histopathological analysis, livers of four fish were collected from each tank. For biochemical analysis, liver tissues from eight fish were pooled together as one replicate to ensure an adequate number of samples per group and to control for differences between individuals. The livers were stored at −80 °C before biochemical analysis.




2.4. Liver Histopathology


The livers from the NP-exposed and the control treatments were placed in 4% PFA. Then, the liver tissues were dehydrated with different ethanol, embedded in paraffin wax, sectioned at 4 μm-thickness, and then stained with hematoxylin & eosin (H&E). The liver tissue morphology was observed and then photographed using a Nikon Ds-Ri2 camera under an upright microscope (Nikon, Tokyo, Japan).




2.5. Biochemical Analysis


The liver tissue of medaka was weighed, homogenized in ice-cold PBS (phosphate-buffered saline), and centrifuged at 2500× g for 10 min (4 °C). The collected supernatant was used to measure enzyme activities (digestive, oxidative, and innate immune enzymes) using a commercial kit (Nanjing Jiancheng, Bioengineering Institute, Nanjing, China). Moreover, protein content was evaluated by the coomassie blue staining [29]. Each assay was measured in triplicate. Digestive enzymes included trypsin (TRS), lipase (LPS), chymotrypsin (CH Tr), and amylase (AMS); markers of oxidative stress included superoxide dismutase (SOD) and catalase (CAT); innate immune enzymes were lysozyme (LZM) and alkaline phosphatase (AKP).




2.6. Statistics


All data were statistically analyzed with SPSS 25 software (SPSS Inc., Chicago, IL, USA) and presented as means ± SD. All data were analyzed for distribution normality and variance homogeneity by using Shapiro–Wilk’s test and using Levene’s test, respectively. The effect of NP concentration on the enzyme activities of medaka was tested and considered significant (p < 0.05) by using one-way ANOVA followed by Tukey’s HSD tests. Origin 2018 was used for principal component analysis (PCA) on all enzymatic activities.





3. Results


3.1. Digestive Enzyme Activities


The CH Tr and TRS enzyme activities in the liver were induced by the low concentration (10 items/L) of NPs but inhibited by the high concentration (104 items/L) of NPs (Figure 1). Significant differences in all enzyme activities were detected between the low- and high-concentration groups. Significantly lower AMS enzyme activity was observed in NP-treated groups compared with the control (0 items/L) group.




3.2. Innate Immune Enzyme Activities


The LZM activity was significantly reduced at the high concentration of NPs (104 items/L) compared with the control (0 items/L) group. The enzyme activity of AKP was significantly promoted by low-concentration (10 items/L) NPs compared with the control (0 items/L), while no significant difference was found between the high-concentration (104 items/L) and control groups (Figure 2).




3.3. Antioxidant Enzyme Activities


As shown in Figure 3, under the low (10 particles/L) NP treatment, the SOD activity was significantly promoted but inhibited with a high concentration of NPs (104 items/L) compared with the control. The trend of CAT enzyme activity was similar to that of SOD enzyme activity.




3.4. Principal Component Analysis


The PC1 accounted for 75.9% of all variables (Figure 4). Unexpectedly, the low-concentration (10 items/L) exposure treatment was separated from other treatments due to a majority of tested variables induced by the low concentration of NPs, including CH Tr, TRS, LPS, AKP, SOD, and CAT.




3.5. Liver Histopathology


The tissue structure of the liver was normal in the control group (Figure 5A). Hepatocytes are irregular polygons with large and round nuclei, generally located near one-third of the hepatic sinusoids. The hepatocytes were arranged in two rows in a plate shape and the hepatocyte cords were scattered around the central vein. Between adjacent hepatocytes, cords were irregular and interconnected hepatic sinusoids. Hepatocyte cords were bent, branched, and anastomotic. In the low-concentration NPs group, edema of hepatocytes (EH) and dilated sinusoids (DS) were observed (Figure 5B). The high-concentration NPs group presented congestion (Figure 5C).





4. Discussion


4.1. Effects of Long-Term Nanoplastics Exposure on Digestive Enzymes


Digestive enzyme activity is a sensitive indicator of digestion and absorption capacity in the liver [30]. Digestive enzymes contribute to hydrolyzing lipids, carbohydrates, and proteins for energy production [31]. In this study, the CH Tr and TRS enzyme activities in the low-concentration NPs group were significantly promoted compared with the control. This suggests that a low NP concentration induced the activity of digestive enzymes in medaka, attempting to enhance the digestion of NPs. Although not investigated in the present study, the enhanced digestive activities could lead to higher energy consumption because of the lack of nutritional value of plastics [11,32] and further result in an imbalance in energy metabolism and net energy loss [31,33]. Another possible explanation for the increase in digestive enzymes is that this is a compensatory secretory response to the low nutrient content of NPs and NP-induced starvation to improve digestion and absorption capacity [11]. A significant enhancement in the digestive enzymes (CH Tr and TRS) due to food restriction was observed in the sea bass Dicentrarchus labrax larvae [34]. Romano et al. (2018) found that the activities of TRS and CH Tr were significantly elevated in silver barb Barbodes gonionotus fry exposed to MPs [11].



Some digestive enzymes in the liver of medaka were inhibited after chronic NP exposure in this study. A significant decrease at high concentration (104 items/L) of NPs in CH Tr and TRS activity may be due to depletion of digestive enzymes, leading to digestive system failure [11]. Further, medaka may produce abnormal satiety due to the ingestion of high concentrations of NPs [35]. The activity of AMS showed a significant decrease in all NPs-treated groups, which implies that NPs inhibit carbohydrate metabolism [36]. Similarly, a reduction in digestive enzyme activities was found in different organisms upon NP exposure, e.g., the juvenile guppy (Poecilia reticulata) [33], juvenile large yellow croaker (Larimichthys crocea) [2], juvenile orange-spotted groupers (Epinephelus coioides), and thick-shell mussels (Mytilus coruscus) [37]. A decline in digestive enzymes due to exposure to plastics can reduce an organism’s energy reserves, as reduced digestibility limits the organism’s ability to obtain energy from food [31]. Kong et al. (2019) found that the decrease in digestive enzyme activity on marine mussels might be due to alternations in energy allocation and food intake [38].




4.2. Effects of Long-Term Nanoplastics Exposure on Innate Immune Enzymes


LZM and AKP have been used as effective indicators of immunity status in aquatic organisms [39,40]. LZM is considered to be a humoral defense factor in fish for combating external stressors [41]. In the immune system of fish, LZM is a lysosomal enzyme that fights against the invasion of foreign pathogens or viruses by lysing peptidoglycan in bacterial cell walls [1]. Our study showed that LZM in liver was significantly decreased in the medaka exposed to a high concentration of (104 items/L) NPs, which is consistent with previous studies conducted on blood clams Tegillarca granosa [42], juvenile large yellow croaker Larimichthys crocea [2], and juvenile Macrobrachium nipponense [1]. These results suggest that exposure to high levels of NPs may weaken lysosomal degradation ability and hamper the phagocytosis of pathogens. Based on the alterations in LZM activity, we speculated that the stress level had exceeded the LZM regulation capacity in the medaka’s immune defense system because of the prolonged exposure to NPs, resulting in damage to the immune system. AKP is the major phosphohydrolase in lysosomes [43] and has been applied as an indicator of immune response to environmental pollutants [44]. AKP can boost pathogen recognition and phagocytosis by altering the pathogen’s membrane structure and can also directly destroy pathogens by hydrolyzing phosphates present on their surface [45]. In the present study, after exposure to the low concentration of NPs (10 items/L), the AKP enzyme activity increased significantly in comparison with the control. This result suggests that a low concentration of NPs can activate the medaka’s immune system to fight against internalized NPs by accelerating the release of the AKP enzyme. Similar results in AKP activity were found in Mytilus, juvenile Macrobrachium nipponense, and Symphodon aequifasciatus [1,46,47]. The decrease in AKP activity in the high-concentration NP group may be attributed to the lysosomal membrane damage and permeability changes [48].




4.3. Effects of Long-Term Nanoplastics Exposure on Oxidase Enzymes


One of the plausible mechanisms of general toxicity of NPs is oxidative stress, which occurs when there is an imbalance between the production and elimination of reactive oxygen species (ROS) [23,49]. To maintain the balance, fish form a well-developed antioxidant defense system to scavenge excess ROS [50]. The antioxidant system mainly comprises both free radical scavengers and specific antioxidant enzymes (e.g., SOD, CAT, and GPX) [51]. Changes in antioxidant enzymes are often used as early indicators of oxidative stress [52]. Antioxidant enzymes can remove excess cellular ROS and other pro-oxidants [53]. SOD and CAT are key enzymes in the antioxidant defense system [54]. SOD can convert superoxide anion to H2O2, and then CAT catalyzes H2O2 into H2O and O2 [55]. The results in our study show that compared with control, an increase in the SOD and CAT enzyme activities was observed in the liver of medaka treated with a low concentration of (10 items/L) NPs, suggesting an activated antioxidant defense system. Similar results were observed in several other organisms such as Macrobrachium nipponense, Danio rerio, and Eriocheir sinensis [1,7,23,26]. At a higher concentration (104 items/L), chronic exposure to NPs inhibited the activities of SOD and CAT in the liver of medaka. This inhibition could be associated with the energy expenditure of the oxidative stress response to NPs exposure. Likewise, Li et al. (2020) stated that exposure to a high concentration of NPs (diameter 75 nm; 10, 20, 40 mg/L) reduced the activities of SOD and CAT in Macrobrachium nipponense, damaging the antioxidant defense system [1]. The decrease in antioxidant enzyme activity after prolonged exposure may be due to the gradual loss of resistance to ROS in medaka [56,57]. In summary, exposure to a low concentration of NPs enhances the antioxidant enzyme activities, attempting to maintain redox balance by eliminating excess ROS; exposure to a high concentration of NPs inhibits antioxidant enzyme activity and produces toxic effects due to its ROS exceeding the subscavenging threshold of the antioxidant defense system. PCA analysis showed that, in general, low-concentration NPs stimulated the enzyme activity and high-concentration NPs caused a significant inhibition in liver enzymatic activities.




4.4. Histopathological Effects of Long-Term Nanoplastics Exposure on Liver


Histopathological changes caused by environmental pollutants are direct biomarkers and physiological endpoints of toxicity in fish [58,59,60]. Fish liver histopathology is a sensitive tool used to indirectly detect the occurrence of toxic pollutants in the environment [61,62]. Many studies suggest that the liver tissue is likely the main target organ of nanomaterials [63,64]. In this study, changes in liver enzymatic activities and structural damage of the liver confirm that chronic NP exposure impairs liver functions in medaka. Nanomaterial exposure resulted in hepatic sinusoids, hepatic edema, and hyperemia in the liver of goldfish [7]. It has been reported that under the general stress of environmental pollutants, the liver sinusoids can respond and dilate, which increases the material exchange capacity of the liver tissue, thereby reducing the liver damage of the organism. In addition, due to the sinusoid dilation, the exchange of substances between hepatocytes and blood could change, resulting in liver tissue edema [61,65,66,67]. The induced oxidative species may be associated with tissue damage (e.g., vacuolation, infiltration, and necrosis), which has been demonstrated in Epinepehlus coioides following exposure to NPs [68].





5. Conclusions


This study showed that long-term exposure to NPs at two relatively low concentrations (10 items/L and 104 items/L) negatively affected the liver health of medaka fish. NP treatment led to significant alterations in digestive, innate immune, and antioxidant enzymes and liver tissue damage, suggesting that the hepatotoxic effects of NPs on medaka were likely associated with the impact of NPs on digestive, immune, and antioxidant defense systems. Despite the limitations of this study (e.g., single polymer type, the single time point of evaluation, no confirmative data on NP concentration and uptake), these new findings improve our understanding of the chronic effects of PS-NPs in fish and highlight the need to systematically assess the long-term impacts NPs on other aquatic organisms.
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Figure 1. (A) CH Tr, (B) TRS, (C) LPS, and (D) AMS activities in the liver of medaka exposed to NPs (0, 10, 104 items/L) for three months (n = 8). Different lowercase letters indicate significant differences among treatments (p < 0.05). 
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Figure 2. (A) LZM and (B) AKP activities in the liver of medaka exposed to NPs (0, 10, 104 items/L) for three months (n = 8). Different lowercase letters indicate significant differences among treatments (p < 0.05). 
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Figure 3. (A) SOD and (B) CAT activities in the liver of medaka exposed to NPs (0, 10, 104 items/L) for three months (n = 8). Different lowercase letters indicate significant differences among treatments (p < 0.05). 
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Figure 4. Biplot originating from principal component analysis (PCA) integrating biochemical indi−cators (CH Tr, TRS, LPS, AMS, LZM, AKP, SOD, CAT) and three different treatments. 
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Figure 5. Liver histomorphology of medaka exposed to (A) 0 items/L (control), (B) 10 items/L, and (C) 104 items/L (H&E. Scale bar, 50 μm). Hc, Hepatocyte; Hs, Hepatic sinusoid; DS, Dilated sinusoids; EH, Edema of hepatocytes; CN, Congestion. 
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