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Abstract

:

Emamectin benzoate (EMB) is a widely used pesticide and feed additive in agriculture and aquaculture. It easily enters the aquatic environment through various pathways, thus causing adverse effects on aquatic organisms. However, there are no systematic studies regarding the effects of EMB on the developmental neurotoxicity of aquatic organisms. Therefore, the aim of this study was to evaluate the neurotoxic effects and mechanisms of EMB at different concentrations (0.1, 0.25, 0.5, 1, 2, 4 and 8 μg/mL) using zebrafish as a model. The results showed that EMB significantly inhibited the hatching rate, spontaneous movement, body length, and swim bladder development of zebrafish embryos, as well as significantly increased the malformation rate of zebrafish larvae. In addition, EMB adversely affected the axon length of motor neurons in Tg (hb9: eGFP) zebrafish and central nervous system (CNS) neurons in Tg (HuC: eGFP) zebrafish and significantly inhibited the locomotor behavior of zebrafish larvae. Meanwhile, EMB induced oxidative damage and was accompanied by increasing reactive oxygen species in the brains of zebrafish larvae. In addition, gene expression involvement in oxidative stress-related (cat, sod and Cu/Zn-sod), GABA neural pathway-related (gat1, gabra1, gad1b, abat and glsa), neurodevelopmental-related (syn2a, gfap, elavl3, shha, gap43 and Nrd) and swim bladder development-related (foxa3, pbxla, mnx1, has2 and elovlla) genes was significantly affected by EMB exposure. In conclusion, our study shows that exposure to EMB during the early life stages of zebrafish significantly increases oxidative damage and inhibits early central neuronal development, motor neuron axon growth and swim bladder development, ultimately leading to neurobehavioral changes in juvenile zebrafish.
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1. Introduction


Emamectin benzoate (EMB), a new highly effective semisynthetic biological agent produced from avermectin B1, is widely used in production activities to eliminate agricultural pests [1]. Due to its high efficiency and long period of validity, EMB is widely used in the pest control of vegetables, fruit trees, cotton, and field crops as an alternative to highly toxic pesticides [2,3,4]. In addition, EMB is used as an additive in fish feeds to control parasites, commonly known as sea lice, in aquaculture [5]. Studies have reported a doubling of salmon production in Scotland between 2002 and 2015 and a 5-fold increase in the use of EMB [6]. EMB can enter the marine environment through fish feces or feed and settle into the sediment; its degradation rate is very slow, and it gradually diffuses into the water column over time [2]. Recent studies have reported that EMB was detected in sediments beneath Atlantic fish farms at fairly high levels, with concentrations ranging from 0 to 366 μg/kg (wet weight) [7]. In the vicinity of five aquaculture locations along the Norwegian coast, the concentrations of EMB detected in sediments exceed the UK Environmental Quality Standards [8]. This is likely to cause toxic effects on other aquatic organisms, which in turn affects population dynamics, community structure and food chain function.



EMB is moderately soluble in water (24 mg/L) and can be easily transferred to the aquatic environment [9]. EMB is classified as being very toxic to aquatic organisms and may cause long-term adverse effects in the aquatic environment according to the European Food Safety Authority [10]. The United States Environmental Protection Agency showed that the LC50 values of EMB on sheephead minnow (Cyprinodon variegatus), rainbow trout (Oncorhynchus mykiss), bluegill sunfish (Lepomis macrochirus) and fathead minnow (Pimephales promelas) were 1.43 mg/L, 0.174 mg/L, 0.18 mg/L and 0.194 mg/L, respectively [11]. Research on EMB residues in surface water is very limited. Benoit et al. reported that the sediment concentration of EMB downstream of freshwater aquaculture facilities ranged from <0.01–2.5 mg/kg [12]. The residue of EMB in the surface water of Chaohu Lake is lower than the detection limit (3.6 μg/L), and the residue in rice field water is 0.54 mg/L [13]. Although the residual concentration is low, it is considered to be persistent in the aquatic environment, with half-lives of more than 1000 days in water or sediment [10]. These characteristics suggest that EMB might cause toxicological effects to aquatic organisms for long periods of time. However, our in-depth understanding of EMB toxicity to aquatic organisms such as fish is limited.



EMB shares the same mechanism of action as avermectin, which mainly acts on the γ-aminobutyric acid (GABA) system of insect neuronal synapses or neuromuscular synapses, thus allowing a large amount of chloride ions to enter the nerve cells, causing loss of cell function and disrupting nerve conduction, leading to the eventual death of insects due to paralysis and food refusal [14]. Previous studies on the neurotoxicity of EMB have focused on rats as a model; for example, black cohosh oil (NSO) is a potential protective and therapeutic agent against EMB-induced neurotoxicity, relying mainly on its antioxidant, anti-inflammatory and anti-apoptotic activities [15]. In 1997, Wise et al. reported that high-dose EMB exposure in rats during gestation and lactation produced evidence of neurotoxicity in F1 offspring and established a no-observed-adverse-effect level (NOAEL) of 0.6 mg/kg/day for EMB on developmental neurotoxicity [16]. With the widespread use of EMB in agriculture, forestry and fishery production, its pollution of the aquatic environment and the threat it poses to aquatic organisms cannot be underestimated. However, the adverse effects of EMB on the nervous system of aquatic animals as well as the underlying mechanisms have not yet been well investigated.



As a nonmammalian model organism, zebrafish (Danio rerio) have been widely used in toxicity assessment because of their advantages of small size, low cost, rapid development, and easy observation [17,18]. Furthermore, nervous system development in zebrafish is very similar to that in mammals [19]. Therefore, zebrafish is used as a promising animal model for evaluating the neurodevelopmental toxicity of environmental pollutants [20].



Because of the widespread use of EMB and its high detection in the environment, in this study we used a zebrafish model to investigate the neurotoxic effects of EMB at different concentrations and related mechanisms. The effects of EMB on survival rate, hatching rate, malformation, neurobehavioral functions, nervous development, transcriptional changes in marker genes associated with neurodevelopment and oxidative stress were evaluated. Our findings provide further evidence to evaluate the safety of EMB.




2. Results


2.1. Developmental Toxicity of EMB to Zebrafish Embryos and Larvae


Zebrafish at the embryonic stage (4 hpf) were exposed to acute toxicity with EMB treatment groups at 0.1, 0.25, 0.5, 1, 2, 4 and 8 μg/mL concentration gradients. As shown in Figure 1a, the significant increase in the mortality of zebrafish in the 0.5, 1, 2, 4 and 8 μg/mL exposure groups compared to the control group showed a dose–effect relationship (Chi-square test: p < 0.05) with a 96 h-LC50 of 1.176 μg/mL. Since the mortality rate in the 4 and 8 μg/mL exposure groups was close to 100% at 144 hpf, none of the 4 and 8 μg/mL contamination groups were available for subsequent experiments. Similarly, EMB significantly inhibited the zebrafish embryo hatching rate, spontaneous movement, zebrafish body length, and swim bladder area compared to the control group (Chi-square test: p < 0.05) and significantly increased the rate of malformations in zebrafish larvae, e.g., spinal curvature (SC), yolk sac edema (Yse), tail deformation, tail malformation (TM), and pericardial edema (PE). Zebrafish deformities were significantly increased in the 0.5, 1 and 2 μg/mL exposure groups compared to the control group. In addition, we also found that EMB had a developmental inhibitory effect on the swim bladder of zebrafish larvae, with 0.5, 1 and 2 μg/mL swim bladder areas being 82.5%, 48.6% and 11.3% of the control group, respectively. In addition, the EC50 of EMB for zebrafish hatching rate, spontaneous movement, body length, spinal curvature malformation rate, yolk sac edema malformation rate and swim bladder area were 2.15, 3.54, 21.72, 1.72, 0.94 and 0.95 μg/mL, respectively. The above results suggest that YSE malformation rate is a sensitive indicator.




2.2. Effect of EMB on the Behavior of Zebrafish Larvae


Zebrafish embryos were continuously exposed to different concentration groups of EMB until the sixth day, and the movement trajectories of zebrafish larvae under light stimulation were recorded for 40 min in each treatment group using the zebrafish behavior monitoring box. As shown in Figure 2a–d, the movement distance and average speed were significantly inhibited in the exposed groups compared to the control group in a dose-dependent manner (ANOVA test: p < 0.05). Meanwhile, the effect of light stimulation disappeared in the 1 and 2 μg/mL-treated zebrafish larvae compared to the control group, which showed a significant dullness (significantly longer dullness time with increasing concentration). The dwell time of zebrafish larvae in the 0.5, 1 and 2 μg/mL treatment groups was significantly prolonged, by 1.29, 1.63 and 1.85 folds, respectively, compared to the control group.




2.3. Effect of EMB on Central Nervous Development in Zebrafish Larvae


Based on the inhibition of locomotor behavior of 6 dpf zebrafish larvae by EMB, we used a central nervous transgenic zebrafish line (HuC: eGFP) to investigate the effect of EMB on central nervous development. As shown in Figure 3, EMB treatment at 0.5, 1, and 2 μg/mL significantly inhibited neuronal development in the brain and spinal cord of the zebrafish at 72 and 144 hpf compared to the control (ANOVA test: p < 0.05). The above results suggest that EMB has a negative effect on the central neural development of zebrafish larvae.




2.4. Effect of EMB on Motor Nerve Development in Zebrafish Larvae


We also used a motor nerve transgenic zebrafish line (HB9: eGFP) to investigate the effect of EMB on motor nerve development in zebrafish larvae. As shown in Figure 4, the axon lengths of motor neurons in the transgenic HB9-GFP zebrafish line treated with 1 and 2 μg/mL EMB at 72 hpf were reduced by 33.0% and 46.2%, respectively, compared to the control group. At 144 hpf, 0.5, 1 and 2 μg/mL EMB treatment significantly reduced the axon lengths of zebrafish motor neurons compared to the control group (ANOVA test: p < 0.05). These results suggest that continuous exposure to EMB has a detrimental effect on motor nerve development in zebrafish larvae.




2.5. Effect of EMB on the Antioxidant System of Zebrafish


Figure 5 shows the alteration of the antioxidant system in 6 dpf zebrafish larvae after EMB exposure. The 0.5, 1 and 2 μg/mL EMB treatment groups significantly induced the production of reactive oxygen species in the head of zebrafish compared to the control group, 2.4-, 3.5- and 5.1-fold with respect to the control, respectively. In addition, CAT, SOD activity and MDA contents were significantly higher in zebrafish larvae exposed to 0.5, 1 and 2 μg/mL EMB compared to the control (Figure 5c–e) (ANOVA test: p < 0.05), and the above results suggest that EMB has a negative effect on the antioxidant system of zebrafish larvae.




2.6. Effects of EMB on Oxidative Stress-, Neurodevelopment-, GABA Pathway- and Swim Bladder Development-Related Gene Expression in Zebrafish Larvae


To further explore the neurological and developmental toxicity of EMB at the gene level, the effects of EMB at 144 hpf on genes involved in oxidative stress (cat, sod, and Cu/Zn-sod), GABA neural pathway-related (gat1, gabra1, gad1b, abat, and glsa), neurodevelopmental-related (syn2a, gfap, elavl3, shha, gap43 and Nrd) and swim bladder development-related (foxa3, pbxla, mnx1, has2 and elovlla) genes were evaluated. As shown in Figure 6, EMB reduced the expression of oxidative stress-, neurodevelopment- and swim bladder development-related genes in a dose-dependent manner compared to the control group (ANOVA test: p < 0.05). In addition, gat1 gene levels was significantly downregulated at 2 μg/mL compared to the control group; however, gabra1, gad1b and glsa gene levels were dose-dependently upregulated (ANOVA test: p < 0.05).





3. Discussion


While the use of pesticides has given a great impetus to modern agriculture, it has also caused serious pollution to the aquatic ecosystem, and in addition, it may result in potential long-term harm to aquatic organisms and even human health. EMB is readily accessible to the aquatic environment as a forest pesticide and is also used as a feed additive to control fish parasites, but its toxic effects on aquatic organisms and related mechanisms are still poorly understood.



In the present study, zebrafish embryos were used as an aquatic model to study the neurodevelopmental effects of EMB. In this study, we found that zebrafish showed developmental toxicity after early embryonic exposure to EMB (≥0.5 μg/mL), mainly in the form of increased embryonic mortality and malformation, decreased hatching rate and shortened body length. This is consistent with previous studies in which EMB at different concentrations (0.5, 1.0, 1.5 and 2 μg/mL) caused developmental toxicity in zebrafish [21]. In addition, we observed an inhibitory effect of EMB on swim bladder development in zebrafish larvae. The swim bladder is an important functional organ that helps fish with swim bladders perform physiological activities such as respiration, hydrostatics, and sound sensing. Previously, diazinon exposure was shown to cause a reduced hatching rate and shorter body length in medaka (Oryzias latipes) embryos with severe pericardial and yolk sac edema and noninflated swim bladders [22]. Polymyxin exposure caused developmental malformations in zebrafish embryos, including the absence of the hind bladder [23]. This is consistent with our findings, suggesting that some pesticide exposures can affect the normal development or inflation of the swim bladder and are a potential threat to the survival of fish with swim bladders.



Motor behavior assays are used to investigate the effects of environmental factors on biological toxicity, and motor behavior characteristics can partially reflect the neurodevelopment of an organism. Previous studies have shown that exposure of rats to EMB (100 mg/kg administered by gavage daily) resulted in adverse behavioral, motor, and cognitive neurotoxic effects, possibly due to oxidative damage, inflammation, and reduced levels of brain-derived neurotrophic factor (BDNF) [24]. In another study, evaluating the developmental neurotoxicity caused by emamectin benzoate in Sprague–Dawley rats, offspring derived from the high-dose group showed exposure related effects in behavioral tests [16]. In the present study, zebrafish exposed to EMB showed significant inhibition of locomotor behavior (decreased locomotor speed, marked sluggishness and disappearance of light and dark field stimuli), suggesting that EMB may be neurodevelopmentally toxic, which is consistent with the above findings. Additionally, the dysmorphic development of zebrafish caused by EMB can have a negative effect on the locomotor behavior of larval fish. In addition, to further confirm the effect of EMB on neurodevelopment, we next used neurotransgenic zebrafish to assess the neurotoxicity of EMB.



Altered early motor behavior in zebrafish larvae is often associated with their neurodevelopment, so we used central and motor nerve transgenic zebrafish (HuC: eGFP and hb9: eGFP) to assess the effect of EMB on neurodevelopment in zebrafish larvae at different concentrations. In Tg (HuC: eGFP) zebrafish, GFP expression is driven by the promoter of the neurodevelopmental marker gene elavl3, which specifically expresses the marker gene in neurons throughout the body. The elavl3 gene, alias huc, was first identified in Drosophila, and deletion of this gene causes visual neurological defects accompanied by neurological dysplasia and severe lethality [25]. In Tg (hb9: eGFP) zebrafish larvae, the expression of GFP was driven using the key gene for motor neurodevelopment, hb9, to label motor neurons throughout the zebrafish body [26]. Previous studies investigating the neurotoxic effects of nanotitanium dioxide using both transgenic zebrafish showed that nanotitanium dioxide treatment adversely affected motor neuron axon length in Tg (hb9: eGFP) zebrafish and central nervous system (CNS) neurons in Tg (HuC: eGFP) zebrafish and significantly inhibited locomotor behavior in zebrafish [27]. Similarly, BPAF, a typical analog of BPA, significantly reduced motor neuron length and decreased CNS neuron development in the transgenic line hb9-GFP zebrafish [28]. These studies are consistent with our results that different concentrations of EMB treatment inhibited central developmental neurons and motor neurons to different degrees at 72 and 144 hpf, respectively, while the dose–effect relationship indicated that EMB inhibition of locomotor behavior in zebrafish was positively correlated with central and motor nerve damage.



Regarding the potential mechanisms of EMB-induced toxicity, several studies have shown that oxidative stress plays a key role in the mechanism of EMB-induced cardiotoxicity [21]. Oxidative stress is an important toxicity mechanism for pesticide toxicity. For example, a previous study showed that the organophosphorus insecticide propamocarb (PFF) induced oxidative stress and induced DNA damage in the freshwater snail Lymnea luteola [29]. In addition, it has been shown that Nigella sativa oil (NSO) has antioxidant properties that protect against neurotoxicity induced by emamectin benzoate, suggesting that EMB has oxidative damage capacity [15]. In addition, Özge Temiz used a male mouse model by oral administration of EMB at doses of 25, 50 and 100 (mg/kg/day) for 14 days, and the in vivo results suggested that EMB significantly induced oxidative damage in liver tissues, as evidenced by increased TBARS levels and decreased GSH levels [30].



Therefore, in this study, we sought to investigate whether oxidative stress plays a role in EMB-mediated neurodevelopmental toxicity induced by zebrafish larvae. Our study revealed that the antioxidant enzymes CAT and SOD and the lipid peroxidation byproduct MDA were all significantly upregulated after EMB exposure, and correspondingly, the reactive oxygen species levels in the heads of zebrafish larvae were significantly increased. In addition, the expression of cat, sod and Cu/Zn-sod mRNAs at the gene level also received significant inhibition by EMB. In a previous study on the neurotoxicity of pollutants (BPF) on zebrafish larvae through oxidative damage, CAT and SOD enzyme activities of zebrafish larvae were significantly elevated at 3 dpf and significantly inhibited by 6 dpf, but cat and sod1 were significantly inhibited at the gene level at both time periods [31], which is partially consistent with our results. In our study, zebrafish larvae showed an increase in MDA content under EMB, which is consistent with previous studies [32]. The above results suggest that EMB-induced neurotoxicity may be due to enhanced oxidative stress, which leads to a significant increase in lipid peroxidation and reactive oxygen species. Of course, if we want to further verify that oxidative damage is an important pathway for the neurotoxicity of EMB for zebrafish larvae, we should also use antioxidants to perform protective tests.



To further explore the molecular mechanisms of EMB-induced nerve damage in zebrafish, the expression of genes involved in oxidative stress-related, GABA receptor pathway-related, neurodevelopment-related and swim bladder development-related genes was examined. Numerous studies have shown that abnormalities in GABA and its receptors are associated with neurological disorders such as epilepsy, depression, anxiety, and amnesia [33]. The gat1, gabra1, gad1b, abat, and glsa genes play important roles in the exertion of major GABA physiological activities, such as the regulation of GABA neurotransmitter synthesis, conversion, and inactivation, respectively [34,35]. In this study, the gabra1, gad1b and glsa genes were significantly upregulated after EMB exposure, suggesting that EMB promotes the transport and conversion of GABA, which causes neurotransmitter disruption. The genes syn2a, gfap, elavl3, shha, gap43 and Nrd play key regulatory roles in neuronal development, transmitter release and synapse formation, respectively [36]. It has been previously shown that exogenous contaminants cause neurotoxicity in zebrafish by altering the expression of genes related to neurodevelopment. For example, bisphenol substitutes (BPS and BPF) inhibited the expression of neurodevelopmental genes such as a1-tubulin, elavl3, gap43, mbp, syn2a, and gfap, leading to sluggish movements in zebrafish larvae [31,37], which is consistent with our findings. EMB has a negative effect on the development and differentiation of neurons in zebrafish larvae. Furthermore, the downregulation of elavl3 mRNA transcript levels is consistent with reduced green fluorescence in HuC-GFP transgenic zebrafish. Finally, we examined the expression of important genes regulating swim bladder development in response to morphological changes in swim bladder development after EMB exposure. The foxA3 is normally expressed in swim bladder buds and other organs of intestinal origin [38]. The pbx1 is an important regulator of swim bladder progenitor development and plays an important regulatory role in the late development of the swim bladder [39]. The mnx1, has2 and elovl1a genes are considered marker genes for the development of the epithelium, mesoderm and mesocortex of the swim bladder, respectively [40,41]. The downregulation of these genes in the EMB-treated group suggests that EMB may impair the development of the swim bladder from the epithelial emergence stage to the growth stage, resulting in an abnormal morphology of the swim bladder.




4. Materials and Methods


4.1. Chemicals and Reagents


Emamectin benzoate (EMB, CAS No. 155569-91-8, purity > 95%) was purchased from Jiangxi Ruiweier Biotechnology Company (Ji’an, China). The Catalase (CAT) detection kit, Total Superoxide Dismutase (SOD) activity detection kit, Lipid Peroxidation (MDA) Assay Kit, Enhanced BCA Protein Assay Kit, and reactive oxygen species (ROS) detection kit were purchased from Beyotime Company (Shanghai, China).




4.2. Zebrafish Maintenance and Embryo Collection


The following zebrafish strains were used in this study: common wild-type zebrafish (AB), transgenic zebrafish Tg (HuC: eGFP) specifically labeled with central nerve, and transgenic zebrafish Tg (hb9: eGFP) specifically labeled with motor nerve, all purchased from Wuhan Institute of Aquatic Biology, Chinese Academy of Sciences. The zebrafish were reared in a recirculating fish culture system at the Nanjing Institute of Ecological and Environmental Sciences, Ministry of Ecology and Environment. The water used for zebrafish culture was aerated tap water with water temperature controlled at 27.5~28.5 °C, dissolved oxygen greater than 6 mg/L, pH maintained between 6.5~7.5, salinity of 0.25~0.50‰ and conductivity of 500~800 μS/cm. The light time of the zebrafish culture room was 14 h:10 h (day:night). Adult zebrafish were fed twice per day, and excess feed and excrement were removed in a timely manner. One-third water of the breeding system was replaced by freshly prepared aeration water every morning.



On the night before breeding, male and female fish are placed in the breeding box at a ratio of 1:1 or 2:1 according to the embryo demand. Early the next morning, the partition in the breeding box was removed, and the male fish started to chase the female fish to spawn under the stimulation of light. After spawning, the male and female breeding fish were separated and reared in their original tanks, and the fertilized eggs were collected. The normally developed fertilized eggs were selected under a microscope, the dead embryos were picked out after 4~5 h of incubation, and the remaining well-developed embryos were used for subsequent testing of toxicity. All animal experiments were conducted in accordance with the guidelines for the care and use of laboratory animals of Nanjing Institute of Environmental Science.




4.3. Embryonic Waterborne Exposure


Acute toxicological studies of EMB were performed on zebrafish embryos according to the previous study [37]. Briefly, ten zebrafish embryos were cultured in 6-well plates exposed to 5 mL of EMB (0.1, 0.25, 0.5, 1, 2, 4 and 8 μg/mL) treatments for 144 h. The EMB solution was renewed daily to ensure the stability of the solution concentration. During the experiment, the effects of different concentrations of EMB exposure on the hatching rate, mortality and malformation rate of zebrafish embryos were photographed and recorded twice daily using a stereomicroscope (Nikon, SMZ25, Tokyo, Japan), while dead embryos were removed as soon as possible to prevent contamination (the percentage of surviving, hatching and deformed fish divided by the total fish, n = 3). At 24 hpf, spontaneous movement (times, n = 12) of zebrafish embryos in different treatment groups was measured with EthoVision® XT 16 (Noldus, Wageningen, The Netherlands). At the same time, at 144 hpf, zebrafish larvae from different treatment groups were anesthetized with 0.02% MS-222, and the body length (μm, n = 12) and swim bladder area (μm2, n = 12) of the larvae were measured using NIS-Elements D software 5.41.00 (Nikon, Tokyo, Japan).




4.4. Detection of Locomotor Behavior of Zebrafish Larvae


Zebrafish larvae were randomly selected for continuous exposure to different concentrations of EMB treatment groups for 6 days and placed in 24-well plates with one fish and 2 mL of clean water per well (n = 24). The zebrafish larval behavioral trajectory tracking system (Noldus, Wageningen, The Netherlands) was turned on, and the observation area and detection program were set up according to the reference [27] and accompanied by photoperiodic light and dark field stimulation (10 min alternating light and dark). The movement trajectories of each group of zebrafish larvae within 40 min were collected separately using EthoVision® XT 16 (Noldus, Wageningen, The Netherlands), and the distance of movement behavior, procession time and the behavior trajectory of swimming were derived using the software. Then, the total distance travelled, the dwell time and the average speed under different light conditions were calculated for each group of fish and included in the statistics separately.




4.5. Fluorescence Image Observation of Neural Transgenic Zebrafish


Based on the effect of EMB on the locomotor behavior of zebrafish, zebrafish embryos of transgenic line HuC-GFP and transgenic line hb9-GFP were next exposed to different concentrations of EMB solution, which was used to assess the effect of EMB on the development of the nervous system of zebrafish larvae. Following the methodology of previous studies [28], we selected 72 and 144 hpf (early neurodevelopmental stage) to observe the expression of central and motor nerves in zebrafish larvae. Zebrafish larvae (n = 12) were randomly selected from each treatment group and fixed in 4% paraformaldehyde for 30 min. Images of the CNS and motor nerves of transgenic line HuC-GFP and transgenic line hb9-GFP larvae were taken and recorded by a stereo fluorescence microscope (Nikon, SMZ25, Tokyo, Japan). The fluorescence intensity of the corresponding green fluorescent protein (HuC: eGFP) and axon length of the motor nerve (hb9: eGFP) in zebrafish larvae were quantified using NIS-Elements D software (Nikon, Tokyo, Japan).




4.6. Detection of Oxidative Stress Levels


Fertilized embryos were treated with different concentrations of EMB for 6 days. A random selection of 6 dpf zebrafish larvae from each treatment group (20 larvae pooled as one sample, n = 3) was homogenized for analysis of SOD, CAT and MDA. After calibration of the concentrations using the Enhanced BCA Protein Assay Kit, SOD, CAT activities and MDA content were assayed as described in the kit instructions.



According to the previous method, in brief, 12 live larvae in each treatment group were randomly selected and stained with the diluted fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) at 28 °C for 20 min [42]. After washing three times with PBS, the fluorescence intensity was photographed and measured with a stereo fluorescence microscope (Nikon, SMZ25, Tokyo, Japan). All experiments were performed in three biological replicates.




4.7. Real-Time PCR


Total RNA was extracted from zebrafish larvae (20 larvae pooled as one sample, n = 3) of different treatment groups using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions, and its concentration was determined. RNA was reverse transcribed to cDNA using PrimeScript® RT (TaKaRa, Tokyo, Japan). The housekeeping gene β-actin was used as an internal reference. The expression of this gene was normalized to that of the housekeeping gene by using the 2−ΔΔCt method [43]. Based on the results of EMB neurotoxicity and developmental toxicity in juvenile zebrafish, we selected oxidative stress (cat, sod, and Cu/Zn-Sod), GABA neural pathway-related (gatl, gabral, gadlb, abat, and glsa), neurodevelopmental-related (syn2a, gfap, elavl3, shha, gap43, and Nrd), and swim bladder development-related (foxa3, pbxla, mnx1, has2 and elovlla) genes for the next step. Each sample was taken in triplicate, and the primer sequences of the selected genes are listed in Supplementary Table S1.




4.8. Statistical Analysis


All the contentious data were expressed as the mean ± SEM. One-way ANOVA was used for evaluating variance between groups, and the difference between the control group and each different exposure group was evaluated by Dunnett’s test. All statistical analyses were performed using SPSS (version 20.0, Chicago, IL, USA). p < 0.05 was identified as statistically significant.





5. Conclusions


In summary, in this study, EMB was shown for the first time to inhibit early central neuronal development, motor neuron axon growth and swim bladder formation in zebrafish, inducing neurodevelopmental toxicity in zebrafish larvae, which ultimately leads to behavioral changes. This study novelly uses two neurotransgenic zebrafish for rapid screening of EMB neurotoxicity, which facilitates later rapid screening of neurotoxicity against a large number of contaminants. These data strengthen our understanding of the mechanisms of EMB toxicity and may contribute to ecological risk assessment; however, further studies are still needed to explore the signaling pathways involved in EMB developmental neurotoxicity as well as swim bladder development.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24043757/s1.





Author Contributions


Conceptualization, J.G., G.J. and H.Z.; methodology, J.G. and G.J.; software, J.G., L.G. and Y.Z.; formal analysis, investigation, L.G.; resources, L.Q.; data curation, writing—original draft preparation, J.G.; writing—review and editing, G.J. and H.Z.; visualization, L.S.; supervision, project administration, G.J. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Central Scientific Research Projects for Public Welfare Research Institutes, National Key Research and Development program (2019YFC180404 and No. 2022YFC3902103).




Institutional Review Board Statement


All the animal experiments were conducted in accordance with the guidelines for the care and use of laboratory animals of the Nanjing Institute of Environmental Sciences (Approval code: IACUC-20200809).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



St-Hilaire, S.; Cheng, T.H.; Chan, S.C.H.; Leung, C.F.; Chan, K.M.; Lim, K.Z.; Furtado, W.; Bastos Gomes, G. Emamectin Benzoate Treatment of Hybrid Grouper Infected With Sea Lice in Hong Kong. Front. Vet. Sci. 2021, 8, 646652. [Google Scholar] [CrossRef]

	



Bloodworth, J.W.; Baptie, M.C.; Preedy, K.F.; Best, J. Negative effects of the sea lice therapeutant emamectin benzoate at low concentrations on benthic communities around Scottish fish farms. Sci. Total Environ. 2019, 669, 91–102. [Google Scholar] [CrossRef] [PubMed]

	



Wang, R.; Liu, B.; Zheng, Q.; Qin, D.; Luo, P.; Zhao, W.; Ye, C.; Huang, S.; Cheng, D.; Zhang, Z. Residue and dissipation of two formulations of emamectin benzoate in tender cowpea and old cowpea and a risk assessment of dietary intake. Food Chem. 2021, 361, 130043. [Google Scholar] [CrossRef] [PubMed]

	



Rahman, M.M.; Baker, G.; Powis, K.J.; Roush, R.T.; Schmidt, O. Induction and transmission of tolerance to the synthetic pesticide emamectin benzoate in field and laboratory populations of diamondback moth. J. Econ. Entomol. 2010, 103, 1347–1354. [Google Scholar] [CrossRef] [PubMed]

	



Sutherland, B.J.; Poley, J.D.; Igboeli, O.O.; Jantzen, J.R.; Fast, M.D.; Koop, B.F.; Jones, S.R. Transcriptomic responses to emamectin benzoate in Pacific and Atlantic Canada salmon lice Lepeophtheirus salmonis with differing levels of drug resistance. Evol. Appl. 2015, 8, 133–148. [Google Scholar] [CrossRef] [PubMed]

	



SPEA Review of Environmental Quality Standard for Emamectin Benzoate, Scottish Environment Protection Agency. Available online: https://www.sepa.org.uk/media/299675/wrc-uc12191-03-review-of-environmental-quality-standard-for-emamectin-benzoate.pdf (accessed on 21 October 2022).

	



Boxall, A.B.; Fogg, L.A.; Blackwell, P.A.; Kay, P.; Pemberton, E.J.; Croxford, A. Veterinary medicines in the environment. Rev. Environ. Contam. Toxicol. 2004, 180, 1–91. [Google Scholar]

	



Langford, K.H.; Øxnevad, S.; Schøyen, M.; Thomas, K.V. Do antiparasitic medicines used in aquaculture pose a risk to the Norwegian aquatic environment? Environ. Sci. Technol. 2014, 48, 7774–7780. [Google Scholar] [CrossRef] [PubMed]

	



Alister, C.; Araya, M.; Becerra, K.; Volosky, C.; Saavedra, J.; Kogan, M. Industrial prune processing and its effect on pesticide residue concentrations. Food Chem. 2018, 268, 264–270. [Google Scholar] [CrossRef] [PubMed]

	



EFSA. Available online: https://www.efsa.europa.eu/en/consultations/call/public-consultation-active-substance-emamectin-benzoate (accessed on 23 October 2022).

	



EPA. Available online: https://www.epa.gov/ (accessed on 24 November 2022).

	



Lalonde, B.A.; Ernst, W.; Greenwood, L. Measurement of oxytetracycline and emamectin benzoate in freshwater sediments downstream of land based aquaculture facilities in the Atlantic Region of Canada. Bull. Environ. Contam. Toxicol. 2012, 89, 547–550. [Google Scholar] [CrossRef] [PubMed]

	



Taozhong, S.X.M.; Rimao, H.; Feng, T. Determination of aminoabamectin benzoate in water by high performance liquid chromatography-fluorescence method. Environ. Chem. 2010, 29, 542–546. [Google Scholar]

	



Fanigliulo, A.; Sacchetti, M. Emamectin benzoate: New insecticide against Helicoverpa armigera. Commun. Agric. Appl. Biol. Sci. 2008, 73, 651–653. [Google Scholar] [PubMed]

	



Madkour, D.A.; Ahmed, M.M.; Orabi, S.H.; Sayed, S.M.; Korany, R.M.S.; Khalifa, H.K. Nigella sativa oil protects against emamectin benzoate-Induced neurotoxicity in rats. Environ. Toxicol. 2021, 36, 1521–1535. [Google Scholar] [CrossRef] [PubMed]

	



Wise, L.D.; Allen, H.L.; Hoe, C.M.; Verbeke, D.R.; Gerson, R.J. Developmental neurotoxicity evaluation of the avermectin pesticide, emamectin benzoate, in Sprague-Dawley rats. Neurotoxicol. Teratol. 1997, 19, 315–326. [Google Scholar] [CrossRef]

	



Gibert, Y.; Trengove, M.C.; Ward, A.C. Zebrafish as a genetic model in pre-clinical drug testing and screening. Curr. Med. Chem. 2013, 20, 2458–2466. [Google Scholar] [CrossRef] [PubMed]

	



Planchart, A.; Mattingly, C.J.; Allen, D.; Ceger, P.; Casey, W.; Hinton, D.; Kanungo, J.; Kullman, S.W.; Tal, T.; Bondesson, M.; et al. Advancing toxicology research using in vivo high throughput toxicology with small fish models. Altex 2016, 33, 435–452. [Google Scholar] [CrossRef] [PubMed]

	



Charron, F.; Stein, E.; Jeong, J.; McMahon, A.P.; Tessier-Lavigne, M. The morphogen sonic hedgehog is an axonal chemoattractant that collaborates with netrin-1 in midline axon guidance. Cell 2003, 113, 11–23. [Google Scholar] [CrossRef]

	



D’Amora, M.; Giordani, S. The Utility of Zebrafish as a Model for Screening Developmental Neurotoxicity. Front. Neurosci. 2018, 12, 976. [Google Scholar] [CrossRef]

	



Lu, J.; Wang, W.; Xu, W.; Zhang, C.; Zhang, C.; Tao, L.; Li, Z.; Zhang, Y. Induction of developmental toxicity and cardiotoxicity in zebrafish embryos by Emamectin benzoate through oxidative stress. Sci. Total Environ. 2022, 825, 154040. [Google Scholar] [CrossRef]

	



Hamm, J.T.; Hinton, D.E. The role of development and duration of exposure to the embryotoxicity of diazinon. Aquat. Toxicol. 2000, 48, 403–418. [Google Scholar] [CrossRef]

	



Andrade, T.S.; Henriques, J.F.; Almeida, A.R.; Machado, A.L.; Koba, O.; Giang, P.T.; Soares, A.; Domingues, I. Carbendazim exposure induces developmental, biochemical and behavioural disturbance in zebrafish embryos. Aquat. Toxicol. 2016, 170, 390–399. [Google Scholar] [CrossRef]

	



Noshy, P.A.; Azouz, R.A. Neuroprotective effect of hesperidin against emamectin benzoate-induced neurobehavioral toxicity in rats. Neurotoxicol. Teratol. 2021, 86, 106981. [Google Scholar] [CrossRef]

	



Zhao, C.; He, X.; Tian, C.; Meng, A. Two GC-rich boxes in huC promoter play distinct roles in controlling its neuronal specific expression in zebrafish embryos. Biochem. Biophys. Res. Commun. 2006, 342, 214–220. [Google Scholar] [CrossRef]

	



Cheesman, S.E.; Layden, M.J.; Von Ohlen, T.; Doe, C.Q.; Eisen, J.S. Zebrafish and fly Nkx6 proteins have similar CNS expression patterns and regulate motoneuron formation. Development 2004, 131, 5221–5232. [Google Scholar] [CrossRef]

	



Gu, J.; Guo, M.; Huang, C.; Wang, X.; Zhu, Y.; Wang, L.; Wang, Z.; Zhou, L.; Fan, D.; Shi, L.; et al. Titanium dioxide nanoparticle affects motor behavior, neurodevelopment and axonal growth in zebrafish (Danio rerio) larvae. Sci. Total Environ. 2021, 754, 142315. [Google Scholar] [CrossRef]

	



Gu, J.; Guo, M.; Yin, X.; Huang, C.; Qian, L.; Zhou, L.; Wang, Z.; Wang, L.; Shi, L.; Ji, G. A systematic comparison of neurotoxicity of bisphenol A and its derivatives in zebrafish. Sci. Total Environ. 2022, 805, 150210. [Google Scholar] [CrossRef] [PubMed]

	



Ali, D.; Ali, H.; Alifiri, S.; Alkahtani, S.; Alkahtane, A.A.; Huasain, S.A. Detection of oxidative stress and DNA damage in freshwater snail Lymnea leuteola exposed to profenofos. Front. Environ. Sci. Eng. 2018, 12, 1–7. [Google Scholar] [CrossRef]

	



Temiz, Ö. Biopesticide emamectin benzoate in the liver of male mice: Evaluation of oxidative toxicity with stress protein, DNA oxidation, and apoptosis biomarkers. Environ. Sci. Pollut. Res. Int. 2020, 27, 23199–23205. [Google Scholar] [CrossRef]

	



Gu, J.; Wu, J.; Xu, S.; Zhang, L.; Fan, D.; Shi, L.; Wang, J.; Ji, G. Bisphenol F exposure impairs neurodevelopment in zebrafish larvae (Danio rerio). Ecotoxicol. Environ. Saf. 2020, 188, 109870. [Google Scholar] [CrossRef] [PubMed]

	



Ge, W.; Yan, S.; Wang, J.; Zhu, L.; Chen, A.; Wang, J. Oxidative stress and DNA damage induced by imidacloprid in zebrafish (Danio rerio). J. Agric. Food Chem. 2015, 63, 1856–1862. [Google Scholar] [CrossRef] [PubMed]

	



Fontes, M.A.P.; Vaz, G.C.; Cardoso, T.Z.D.; de Oliveira, M.F.; Campagnole-Santos, M.J.; Dos Santos, R.A.S.; Sharma, N.M.; Patel, K.P.; Frézard, F. GABA-containing liposomes: Neuroscience applications and translational perspectives for targeting neurological diseases. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 781–788. [Google Scholar] [CrossRef]

	



Wu, X.; Wu, Z.; Ning, G.; Guo, Y.; Ali, R.; Macdonald, R.L.; De Blas, A.L.; Luscher, B.; Chen, G. γ-Aminobutyric acid type A (GABAA) receptor α subunits play a direct role in synaptic versus extrasynaptic targeting. J. Biol. Chem. 2012, 287, 27417–27430. [Google Scholar] [CrossRef] [PubMed]

	



Yan, W.; Li, L.; Li, G.; Zhao, S. Microcystin-LR induces changes in the GABA neurotransmitter system of zebrafish. Aquat. Toxicol. 2017, 188, 170–176. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Q.; Gundlach, M.; Yang, S.; Jiang, J.; Velki, M.; Yin, D.; Hollert, H. Quantitative investigation of the mechanisms of microplastics and nanoplastics toward zebrafish larvae locomotor activity. Sci. Total Environ. 2017, 584–585, 1022–1031. [Google Scholar] [CrossRef] [PubMed]

	



Gu, J.; Zhang, J.; Chen, Y.; Wang, H.; Guo, M.; Wang, L.; Wang, Z.; Wu, S.; Shi, L.; Gu, A.; et al. Neurobehavioral effects of bisphenol S exposure in early life stages of zebrafish larvae (Danio rerio). Chemosphere 2019, 217, 629–635. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y.; Li, W.; Yuan, M.; Liu, X. The synthetic pyrethroid deltamethrin impairs zebrafish (Danio rerio) swim bladder development. Sci. Total Environ. 2020, 701, 134870. [Google Scholar] [CrossRef]

	



Teoh, P.H.; Shu-Chien, A.C.; Chan, W.K. Pbx1 is essential for growth of zebrafish swim bladder. Dev. Dyn. Off. Publ. Am. Assoc. Anat. 2010, 239, 865–874. [Google Scholar]

	



Wendik, B.; Maier, E.; Meyer, D. Zebrafish mnx genes in endocrine and exocrine pancreas formation. Dev. Biol. 2004, 268, 372–383. [Google Scholar] [CrossRef]

	



Xu, J.; Zhang, R.; Zhang, T.; Zhao, G.; Huang, Y.; Wang, H.; Liu, J.X. Copper impairs zebrafish swimbladder development by down-regulating Wnt signaling. Aquat. Toxicol. 2017, 192, 155–164. [Google Scholar] [CrossRef]

	



Gu, J.; Wang, H.; Zhou, L.; Fan, D.; Shi, L.; Ji, G.; Gu, A. Oxidative stress in bisphenol AF-induced cardiotoxicity in zebrafish and the protective role of N-acetyl N-cysteine. Sci. Total Environ. 2020, 731, 139190. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]








[image: Ijms 24 03757 g001a 550][image: Ijms 24 03757 g001b 550] 





Figure 1. Developmental toxicity of EMB exposure to zebrafish embryos and larvae. (a) Survival rate—percentage of surviving fish divided by the total number of fish, n = 3; (b) hatching rate, percentage of hatching fish divided by the total number of fish, n = 3; (c) representative picture; 24 hpf (d) spontaneous movement, n = 12; (e) 144 hpf body length, n = 12; (f) abnormal spinal curvature rate, percentage of deformed fish divided by the total number of fish, n = 3; (g) abnormal yolk sac edema rate, percentage of deformed fish divided by the total number of fish, n = 3; and (h) results of fish bladder area statistics, n = 12. * p < 0.05, ** p < 0.01, *** p < 0.001, compared with control groups. 
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Figure 2. Altered locomotor behavior induced by exposure to EMB. Representative motion trajectories and heatmaps of motion trajectories (a), total distance of movement (b), dwell time (c) and mean velocity under bright- and dark-field stimulation (d). (n = 24 in each group) ** p < 0.01, *** p < 0.001, compared to the control group. 
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Figure 3. EMB exposure suppressed the expression of central nervous fluorescence in Tg (HuC-GFP) zebrafish. Green fluorescence images (a,b) and fluorescence statistics (c,d) of central nervous system (CNS) neurogenesis in Tg (HuC-GFP) zebrafish at 72 and 144 hpf (n = 12 in each group). ** p < 0.01, *** p < 0.001, compared to the control group. 
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Figure 4. EMB exposure negatively affects motor neuron axon length in Tg (hb9-GFP) zebrafish. Green fluorescence images of motor neuron axon length in Tg (hb9-GFP) zebrafish at 72 and 144 hpf (a,b) and fluorescence statistics (c,d) (n = 12 in each group). * p < 0.05, *** p < 0.001, compared with control groups. 
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Figure 5. EMB exposure induced oxidative damage in zebrafish. At 144 hpf, representative images of reactive oxygen species in the head of zebrafish larvae (a), fluorescence statistics (b), CAT enzyme activity (c), SOD enzyme activity (d), and MDA content (e), (20 larvae pooled as one sample, n = 3). ** p < 0.01, *** p < 0.001, compared with control groups. 
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Figure 6. Gene expression changes induced by exposure to EMB. EMB exposure altered oxidative stress (a), the GABA pathway (b), neurodevelopment (c), and swim bladder development-related genes (d), (20 larvae pooled as one sample, n = 3). * p < 0.05, compared with the control groups. 
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