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Abstract

:

Residues of the pesticides chlorfenapyr (CFP) and emamectin benzoate (EMB) often coexist in the environment and can be accumulated in the body. To understand the impact of these two chemicals on health, we investigated their effect on the kidneys. In this study, rats were treated with CFP and/or EMB at low/medium/high doses of 1/3/9 mg/kg/day and 0.2/0.6/1.8 mg/kg/day, respectively, via oral gavage for 60 days. Kidneys and serum samples were collected and serum biochemistry and kidney histopathological changes were analyzed and examined. Kidney metabolome alterations were analyzed by using gas chromatography–mass spectrometry. The results showed that combined exposure to CFP and EMB elevated BUN levels and induced pathological damage, which presented as thinner renal tubular epithelial cells, an abnormal glomerular morphology, and an increased fibrotic area. CFP and/or EMB disrupted glutathione metabolism and carbohydrate metabolism, resulting in the alteration of kidney metabolomes and inducing oxidative stress in the cells of kidney tissues. In addition, CFP decreased ATP content and inhibited pyruvate PDH activity in the kidneys. These findings suggest that long-term exposure to CFP and EMB at environmentally relevant levels induce alterations in the renal metabolome, oxidative stress, and an insufficient energy supply, which may contribute to renal histopathological damage.
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1. Introduction


Chlorfenapyr (C15H11BrClF3N2O, CFP), a novel pyrrole insecticide, is extensively utilized due to its broad-spectrum insecticidal activity and unique mechanism of action [1]. CFP is used to control malaria vectors and termites and pests in fruits and vegetables [1,2]. The widespread application of CFP has resulted in notable environmental residues in soil, water, and food products. It was reported that CFP residues in water, soil, and fruits and vegetables were 2.03 μg/L, 1.64 mg/kg, and 1.45 mg/kg, respectively [3,4,5]. Humans poisoned with CFP initially present with drowsiness, chest tightness, and fatigue, subsequently progressing to profuse sweating and fever, which eventually leads to respiratory failure [6]. Numerous cases of CFP poisoning have been reported, with a high mortality rate of up to 75% [7]. CFP can be metabolized into tralopyril in target organisms and experimental animals [8,9,10]. Tralopyril, as a potent uncoupler of oxidative phosphorylation, can disrupt energy metabolism by inhibiting ATP synthesis [11,12]. It was found that CFP can induce hepatotoxicity and intestinal inflammation [13]. CFP and its metabolite could be accumulated in the kidneys of mice [14]. However, it remains unclear whether long-term exposure to low-dose CFP in mammals causes nephrotoxicity.



Emamectin benzoate (C56H81NO15, EMB), a macrocyclic lactone insecticide derived from avermectin, is often applied with CFP in combination. EMB targets GABA receptors, leading to paralysis and mortality in insects [15]. Although EMB has a shorter half-life than CFP, it is widely distributed in the environment due to its extensive agricultural application. It was reported that EMB residues in surface water, topsoil, and fruits and vegetables were 1.68 µg/L, 30.1 µg/kg, and 0.090 mg/kg, respectively [16,17,18]. EMB has proved toxic in humans and other animals. Symptoms of EMB poisoning include tremors, convulsions, vomiting, and, in severe cases, respiratory failure and paralysis. It was reported that EMB can induce neurotoxicity, hepatotoxicity, developmental toxicity, and nephrotoxicity [19,20,21,22,23]. CFP and EMB often coexist in the environment [24]. However, the effect of CFP and EMB on the kidneys remains unknown. In this study, we aimed to investigate whether individual or combined subchronic exposure to CFP and EMB at relatively low doses causes renal toxicity.




2. Materials and Methods


2.1. Chemicals


CFP (CAS: 122453-73-0, 98% purity), methoxyamine, and methyl-trimethylsilyl-trifluoroacetamide (MSTFA) were obtained from J&K Scientific Co., Ltd. (Beijing, China). EMB (CAS: 155569-91-8, 97% purity) was purchased from Shanghai Aichun Biotechnology Co., Ltd. (Shanghai, China). Thiobarbituric acid (TBA), trimethylchlorosilane (TMCS), and paraformaldehyde were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Trichloroacetic acid was purchased from Beijing Innochem Technology (Beijing, China). Hydrogen peroxide was purchased from Xilong Scientific Co., Ltd. (Shantou, China). 2,4-Dinitrophenylhydrazine (DNPH) was purchased from Beijing Chemical Corporation (Beijing, China). Guanidine hydrochloride was purchased from Beijing Xinjingke Biotechnology (Beijing, China). Streptomycin sulfate was purchased from Solarbio Science & Technology (Beijing, China). The heptadecanoic acid standard was purchased from CATO Research Chemicals Inc (Guangzhou, China). Hexane and methanol were purchased from Anpel Experimental Technology Inc (Shanghai, China). Trichloromethane was purchased from Beijing TongGuang Fine Chemicals Company (Beijing, China). Pyridine was obtained from Shanghai YiEn Chemical Technology (Shanghai, China).




2.2. Animals and Treatment


Male Sprague Dawley rats aged between six and eight weeks and weighing approximately 200 g were acquired from Beijing Vital River Laboratory Animal Technology (Beijing, China). They were kept under specific-pathogen-free conditions with a temperature of 22 ± 2 °C, relative humidity levels ranging from 50% to 60%, and a light/dark cycle of 12 h. The rats had unrestricted access to both water and food. They were randomly assigned to various groups and treated with CFP, EMB, or a combination of these two pesticides. The acute half-lethal oral doses (LD50) for CFP and EMB in rats were 441 mg/kg body weight (BW) and 88 mg/kg BW, respectively [25,26]. In this study, the three low, medium, and high doses were 1, 3, and 9 mg/kg BW/day for CFP and 0.2, 0.6, and 1.8 mg/kg BW/day for EMB, which are 1/450, 1/150, and 1/50 of the LD50 values of each chemical, respectively. The experimental design is shown in Table 1.



CFP and EMB were dissolved in corn oil and given daily to rats via oral gavage for 60 days. Rats in the control group received an equivalent volume of corn oil. All animal procedures were performed according to the applicable Chinese legislation, and the animal protocol was reviewed and approved by the Animal and Medical Ethics Committee of the Institute of Zoology, Chinese Academy of Sciences.




2.3. Sample Collection and Preparation


Rats were sacrificed after 60 days of experimental treatment. Blood samples were collected. Serum was obtained by centrifuge at 3000× g for 15 min and then stored at −80 °C until it was used for biochemical analysis. Kidney tissues that were snap-frozen in liquid nitrogen and then stored at −80 °C were used for biochemical and metabolomics analysis. The rest of the kidney tissues was fixed with 4% paraformaldehyde for subsequent histopathological identification.




2.4. Histopathology


Kidney tissues were embedded in paraffin after being dehydrated by gradient alcohol and xylene. Tissue blocks were sectioned at 5 μm thickness and then rehydrated for hematoxylin and eosin (H&E) and Masson staining. Then, the slides were observed using a microscope.




2.5. Serum Biochemical Analysis


Serum creatinine levels were measured by Jeff’s reaction [27]. Briefly, serum proteins were removed by sodium tungstate and sulfuric acid. Creatinine can react with picrate in sodium hydroxide and develop a red-orange color complex. The complex was measured by colorimetric analysis at a wavelength of 520 nm. Blood urea nitrogen (BUN) was measured by a commercial assay kit (Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions.




2.6. Determination of Oxidative Damage Parameters


Oxidation indicators including protein peroxidation and lipid peroxidation and antioxidant indicators including catalase (CAT) and superoxide dismutase (SOD) activities were determined by spectrophotometric methods. Protein carbonyl (PCO), a product of protein oxidation, was measured by reaction with DNPH [28], and malondialdehyde (MDA), one of the small-molecule end-products of the decomposition of lipid peroxidation which was used to reflect lipid peroxidation levels, was determined by reaction with TBA [29,30]. CAT activity was measured by the decomposition rate of H2O2 [31]. SOD activity was measured by the cytochrome c reduction method [32]. A 50% inhibition of the reduction of cytochrome c in a xanthine oxidase coupled reaction system is defined as one unit (U) of the enzyme activity of SOD.




2.7. ATP Determination


The levels of ATP were determined by a commercial ATP assay kit (Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions.




2.8. PDH (Pyruvate Dehydrogenase) Activity Determination


PDH activity was determined by a commercial assay kit (Solarbio, Beijing, China), according to the manufacturer’s instructions. In brief, PDH catalyzes the decarboxylation of pyruvate to produce hydroxyethyl thiamine pyrophosphate, which reduces 2, 6-dichlorophenolindophenol (2, 6-DCPIP), resulting in a decreased absorption in 605 nm. The consumption of 1 nmol of 2, 6-DCPIP per minute in the reaction system is defined as one unit (U) of enzyme activity.




2.9. Sample Preparation for GC-MS Analysis


The kidney samples were prepared as previously reported [33]. In brief, 100 mg of kidney tissue was homogenized by 600 μL of extracting solution (methanol/chloroform/water = 5:1:1), and then 10 μL of heptadecanoic acid (6 mg/mL) was introduced as an internal standard. Following this, the mixture was centrifuged at 15,000× g for 15 min at 4 °C, and the supernatant was collected and then dried in a vacuum concentrator. Fifty microliters (50 μL) of methoxyamine in pyridine was added to the dried metabolite extract and incubated for 16 h at room temperature. Then, 100 μL of derivatization reagent comprising a mixture of MSTFA and TMCS in a 100:1 ratio was added and then incubated for 1 h. Finally, 200 μL of hexane was added and the mixture underwent a final centrifugation at 15,000× g for 15 min. The supernatant was collected for GC-MS analysis.




2.10. GC-MS Analysis


For the GC-MS analysis, an Agilent 6890N gas chromatograph system (Palo Alto, CA, USA) equipped with an HP-5 MS capillary column (60 m × 0.25 mm × 0.25 μm) was employed. The injection volume used was 2 μL; the injection temperature was 250 °C, and the carrier gas flow rate was 1 mL/min. The temperature of the ion source was 200 °C. The column temperature was held at 90 °C for 1 min and then raised to 175 °C at a rate of 5 °C/min and held for 3 min. Then, the temperature was subsequently raised to 270 °C at a rate of 3 °C/min and raised to 310 °C at a rate of 20 °C/min. The temperature was maintained at 310 °C for 15 min. Ions were generated by a 70 eV in full scan mode, covering a mass-to-charge ratio (m/z) range of 40–600, with an acquisition rate of 20 spectra/s.




2.11. Metabolomics Data Analysis


An Agilent MassHunter workstation was used for deconvolution. Peaks with a signal-to-noise ratio higher than 3 were chosen for further analysis. NIST 2017 was used to identify the metabolites in the samples. Partial least-squares discriminant analysis (PLS-DA) for multivariate statistical evaluation was performed with SIMCA 14.1 software (Umetrics, Umea, Sweden). The differential metabolites were selected by VIP > 1 (calculated by SIMCA 14.1) and p < 0.05 (calculated by SPSS 26.0). The heatmap and pathway analysis were generated by the Metaboanalyst website.



To isolate the metabolites that uniquely responded to the conditions tested, the area under the curve (AUC) value for the receiver operating characteristic (ROC) of the differential metabolites was calculated by using SPSS 26.0 software. Metabolites with AUC > 0.9 or AUC < 0.1 were selected.




2.12. Statistical Analysis


All data were statistically analyzed by using SPSS 26.0 (Armonk, NY, USA) and are presented as the mean with standard error (mean ± SEM). The difference among groups was determined by one-way ANOVA followed by Duncan’s multiple-range test. p < 0.05 was considered statistically significant.





3. Results


3.1. The Effect of CFP and EMB on Blood Biochemistry


To understand whether the two pesticides CFP and EMB induced kidney dysfunction, we determined serum creatinine and BUN. Serum creatinine levels did not exhibit significant variations after the exposure (Figure 1A). BUN levels did not change in the rats exposed to CFP or EMB alone; however, they were significantly elevated in the rats exposed to CFP and EMB in combination at medium and high doses (Figure 1B). The changes in BUN levels suggested that the mixture of CFP and EMB might induce kidney dysfunction.




3.2. CFP and EMB Exposure Resulted in Kidney Pathological Changes


We observed the pathological changes in the kidneys. The H&E staining results revealed an irregular glomerular morphology in the samples from the rats exposed to high dose of CFP and medium and high doses of CFP plus EMB (Figure 2A). CFP and/or EMB exposure caused dilated renal tubule lumens with decreased renal tubular epithelial cell height in the kidneys (Figure 2). Masson staining indicated increased fibrotic regions in the kidneys exposed to CFP and EMB alone or in combination, particularly in the medium- and high-dose groups (Figure 3). These findings suggested that individual and combined exposures to CFP and EMB caused significant renal pathological damage.




3.3. CFP and EMB Exposure Changed the Kidney Metabolome


To better understand the effects of CFP and/or EMB, we examined changes in the renal metabolome. The results of PLS-DA indicated that the CFP-L, EMB-L, and MIX-L groups were distinct from the control group, suggesting that the renal metabolome was altered after treatment with low-dose CFP and/or EMB (Figure 4A). Subsequently, we identified eighteen differential metabolites with VIP > 1 and p < 0.05 (Figure 4B). The majority of these differential metabolites were found to be elevated in rats exposed to low doses of CFP and/or EMB. We conducted ROC analysis on the eighteen metabolites (Table 2). The results indicated that the uniquely significant altered metabolites associated with CFP exposure were 2-aminomalonic acid, 2,3,4-trihydroxybutyric acid, and 2-desoxy-pentos-3-ulose. Glycine was the uniquely significant altered metabolite following EMB administration. The unique altered metabolites observed in rats treated with the combination of CFP and EMB included aspartic acid, sulfurous acid, pentitol, and d-glucose. These findings suggested that the combination of CFP and EMB induced distinct metabolic changes compared with their individual exposure.



Furthermore, we analyzed the differential metabolic pathways following exposure to CFP and/or EMB. Pathway enrichment analysis revealed that CFP and EMB alone or in combination influenced glutathione metabolism (Figure 4C). CFP affected the metabolism of cysteine and methionine, glycine, serine, and threonine, as well as arginine and proline, all of which are related to amino acid metabolism (Figure 4C). Pyruvate metabolism, glyoxylate, and dicarboxylate metabolism, starch and sucrose metabolism, and galactose metabolism, which pertained to carbohydrate metabolism, were disrupted following CFP exposure (Figure 4C). EMB impacted glycine, serine, and threonine metabolism; arginine and proline metabolism; alanine, aspartate, and glutamate metabolism; and phenylalanine, tyrosine, and tryptophan biosynthesis, all associated with amino acid metabolism. Additionally, starch and sucrose metabolism was also influenced by EMB exposure (Figure 4C). The combination of CFP and EMB administration affected starch and sucrose metabolism, galactose metabolism, glyoxylate and dicarboxylate metabolism, and pentose and glucuronate interconversions, all related to glycometabolism (Figure 4C). Moreover, the mixed exposure also impacted glycine, serine, and threonine metabolism; alanine, aspartate, and glutamate metabolism; and cysteine and methionine metabolism, which are linked to amino acid metabolism (Figure 4C). These findings indicated that exposure to CFP and EMB, both alone and in combination, caused significant metabolic alterations in the kidneys, with notable disturbances in amino acid metabolism, especially glutathione metabolism and carbohydrate metabolism. CFP and the mixture of CFP and EMB had a more significant influence on glycometabolism.




3.4. CFP and EMB Caused Oxidative Stress in the Kidneys


To assess the effect of CFP and EMB on oxidative stress in the kidneys, we evaluated the changes in the levels of the peroxidation of proteins and lipids and the activities of the antioxidant enzymes. The results showed that PCO, a well-established indicator of protein peroxidation, was significantly elevated with high-dose EMB administration (Figure 5A). MDA levels, a marker of lipid peroxidation, were markedly increased after exposure to higher doses of CFP and EMB and their combinations (Figure 5B). In addition to oxidative indicators, we also assessed antioxidant enzyme activities in the kidneys. We found that CAT activity decreased while SOD activity increased in the kidneys of the rats exposed to medium and high doses of CFP and EMB individually and in combination (Figure 5C,D). Taken together, these results suggest that exposure to CFP and EMB, alone or in combination, induces oxidative stress, which might be responsible for pathological kidney damage.




3.5. CFP Disrupted Energy Metabolism in the Kidneys


To understand whether CFP disturbed energy metabolism, we examined ATP content in the kidneys. The results showed that CFP or a mixture of CFP and EMB reduced ATP content, while EMB had no effect on that (Figure 6A). In addition, we measured PDH activity, which was a key enzyme during glucose metabolism and played a crucial role in ATP production. We found that the activity of PDH was inhibited by CFP, which was consistent with the changes in ATP content (Figure 6B). The above results suggested that CFP disrupted energy metabolism in the kidneys.





4. Discussion


Residues of CFP and EMB coexist and threaten environmental health [34]. The nephrotoxic effects of EMB have already been reported [19,35], while the nephrotoxicity of CFP was still unknown. Our study showed that combined exposure to CFP and EMB resulted in significant changes in BUN levels, potentially indicating alterations in glomerular filtration function. Correspondingly, notable changes in glomerular morphology were observed following exposure to medium and high doses of CFP and EMB in combination.



Metabolomics technology is extensively applied to investigate the responses to exogenous compounds due to its high sensitivity and correlation with clinical indicators. We explored the renal metabolic response to CFP and/or EMB by using the GC-MS technique and metabolome analysis. PLS-DA score plots indicated that results after exposure to EMB alone were closer to those of the control group compared with exposure to CFP alone or to CFP plus EMB, suggesting that EMB induced a smaller change in the kidney metabolome than CFP and the combination of EMB and CFP. Metabolomics analysis showed that low doses of CFP and EMB caused alterations in the kidney metabolome, although kidney pathological damage was not yet observed. The above results suggest that changes in the metabolome might precede the onset of kidney injury.



ROC analysis revealed that differential metabolites uniquely responsive to CFP were aminomalonic acid, 2,3,4-trihydroxybutyric acid, and 2-desoxy-pentos-3-ulose. Aminomalonic acid, an inhibitor of asparagine synthetase, is derived from cysteine and is recognized as a marker of oxidative stress [36,37]. Consistent with this, CFP influenced amino acid metabolism, especially glutathione metabolism. An abnormal glutathione metabolism usually implies oxidative and antioxidant imbalances. These findings suggested that CFP might induce oxidative stress in the kidneys, as evidenced by increased lipid peroxidation and suppressed CAT activity. Oxidative stress in the kidneys verified the results of metabolome analysis. 2,3,4-trihydroxybutyric acid is involved in ascorbate and aldarate metabolism, a subset of carbohydrate metabolism that is commonly associated with metabolic diseases [38,39,40]. Coincidentally, the results of pathway analysis showed that CFP affected carbohydrate metabolism. CFP inhibited kidney PDH activity, a key enzyme related to glucose metabolism. Carbohydrated metabolism is closely associated with energy supply. The inhibition of PDH activity proved the abnormal carbohydrate metabolism after CFP exposure. PDH was a crucial link between glycolysis and the tricarboxylic acid cycle. When PDH activity is inhibited, less acetyl coenzyme A is produced from pyruvate dehydrogenation. Then, the tricarboxylic acid cycle is hampered in the mitochondria, leading to a reduction in ATP production. ATP produced by carbohydrate metabolism is crucial for maintaining energy metabolism. Our study showed that CFP decreased kidney ATP content, which might be the result of an abnormal carbohydrate metabolism and inhibition of PDH. In addition, another reason for ATP decline in the kidneys might be that CFP could uncouple oxidative phosphorylation. These findings might elucidate the nephrotoxicity associated with CFP.



Glycine was the unique differential metabolite that responded to EMB exposure. Additionally, pyroglutamic also exhibited a response following the administration of low doses of EMB and the combination of CFP and EMB. Glycine and pyroglutamic acid are involved in glutathione metabolism and glycine, serine, and threonine metabolism [41]. These findings were consistent with the changes in differential metabolic pathways after EMB exposure. Disturbances in glutathione metabolism might lead to disruptions in redox balance within the kidneys. The results of PCO, MDA, and CAT proved that EMB induced oxidative stress in the kidneys. Previous studies have demonstrated that subchronic exposure to EMB at a dose of 1/10 of the LD50 induced oxidative stress in the kidneys of mice and rats [2,19]. Conversely, our findings suggested that exposure to EMB at a lower dose (1/50 of the LD50) was sufficient to trigger oxidative stress in the kidneys. Furthermore, EMB affected arginine and proline metabolism. Arginine is a precursor to proline, and metabolites of proline are electrons and reactive oxygen species, leading to oxidative stress [42]. Collectively, the results of metabolomics analysis after EMB exposure were mostly related to oxidative stress, which was confirmed in our study.



Combined exposure to CFP and EMB affected amino acid metabolism, such as glutathione metabolism and glycine, serine, and threonine metabolism, which are related to oxidative stress. Our results validated the finding that combined exposure to CFP and EMB triggered lipid peroxidation and CAT activity inhibition. However, the oxidative damage was not more severe than that observed with exposure to EMB alone. Glucose and pentitol, the unique differential metabolites whose changes we observed in rats exposed to CFP and EMB in combination, are involved in carbohydrate metabolism. Consistent with this, the combined exposure affected galactose metabolism, glyoxylate and dicarboxylate metabolism, starch and sucrose metabolism, and pentose and glucuronate interconversions, which are related to carbohydrate metabolism. The PDH activity and ATP content in the kidneys verified the results of pathways analysis after the administration of the mixture of CFP and EMB. An aberrant carbohydrate metabolism and alterations in PDH activity and ATP content were similar to the effects to exposure to CFP alone, suggesting that these changes after CFP and EMB co-exposure were mainly attributed to CFP. Furthermore, CFP and EMB induced elevated aspartic acid, another differential metabolite that responded to combined exposure to the two pesticides. Aspartic acid has been reported to be a predictor of chronic kidney disease and diabetic nephropathy [43,44]. Therefore, these findings indicated that long-term and low-dose exposure to CFP and EMB may increase the risk of developing chronic kidney disease.




5. Conclusions


In this study, we found that CFP and CFP combined with EMB at environmentally relevant levels interfered with renal metabolism, induced oxidative stress, disturbed energy metabolism, and resulted in renal pathological damage. Our findings suggest that long-term exposure to low doses of CFP and EMB may lead to nephrotoxicity.







Author Contributions


D.Z. and Y.-J.W. designed the experiments. D.Z., X.-H.S., D.Y., M.-Z.G., J.Q., H.-Q.J. and Y.-Y.S. conducted the experiments. X.-d.L. supervised the project. D.Z. and Y.-J.W. wrote the main text of the manuscript. D.Z. prepared the figures and tables. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


All animal procedures were performed in accordance with current Chinese legislation and approved by the Animal and Medical Ethics Committee (Approval code IOZ-IACUC-2020-041, 15 April 2020), which is affiliated with the Institute of Zoology, Chinese Academy of Sciences. All procedures were carried out in accordance with the ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets used and analyzed during the current study are available from the corresponding author on reasonable request. All data generated or analyzed during this study are included in the published article.




Conflicts of Interest


There is no conflict of interest regarding the publication of this paper.




References


	



Wang, X.; Wang, J.; Cao, X.; Wang, F.; Yang, Y.; Wu, S.; Wu, Y. Long-term monitoring and characterization of resistance to chlorfenapyr in Plutella xylostella (Lepidoptera: Plutellidae) from China. Pest. Manag. Sci. 2019, 75, 591–597. [Google Scholar] [CrossRef]

	



Tekeli, M.Y.; Eraslan, G.; Bayram, L.Ç.; Aslan, C.; Çalımlı, S. The protective effects of baicalin and chrysin against emamectin benzoate-induced toxicity in Wistar albino rats. Environ. Sci. Pollut. Res. Int. 2023, 30, 53997–54021. [Google Scholar] [CrossRef] [PubMed]

	



Moore, M.T.; Lizotte, R.E.; Knight, S.S.; Smith, S.; Cooper, C.M. Assessment of pesticide contamination in three Mississippi Delta oxbow lakes using Hyalella azteca. Chemosphere 2007, 67, 2184–2191. [Google Scholar] [CrossRef] [PubMed]

	



Ditya, P.; Das, S.P.; Sarkar, P.K.; Bhattacharyya, A. Degradation dynamics of chlorfenapyr residue in chili, cabbage and soil. Bull. Environ. Contam. Toxicol. 2010, 84, 602–605. [Google Scholar] [CrossRef]

	



Park, B.K.; Kwon, S.H.; Yeom, M.S.; Joo, K.S.; Heo, M.J. Detection of pesticide residues and risk assessment from the local fruits and vegetables in Incheon, Korea. Sci. Rep. 2022, 12, 9613. [Google Scholar] [CrossRef] [PubMed]

	



Comstock, G.T.; Nguyen, H.; Bronstein, A.; Yip, L. Chlorfenapyr poisoning: A systematic review. Clin. Toxicol. 2024, 62, 412–424. [Google Scholar] [CrossRef]

	



Chien, S.; Chien, S.; Su, Y. A fatal case of chlorfenapyr poisoning and a review of the literature. J. Int. Med. Res. 2022, 50, 3000605221121965. [Google Scholar] [CrossRef] [PubMed]

	



Yunta, C.; Ooi, J.M.F.; Oladepo, F.; Grafanaki, S.; Pergantis, S.A.; Tsakireli, D.; Ismail, H.M.; Paine, M.J.I. Chlorfenapyr metabolism by mosquito P450s associated with pyrethroid resistance identifies potential activation markers. Sci. Rep. 2023, 13, 20082. [Google Scholar]

	



Chen, Y.; Lei, Z.W.; Zhang, Y.; Yang, W.; Liu, H.F.; Zhou, Y.F.; Yang, M.F. Influence of pyranose and spacer arm structures on phloem mobility and insecticidal activity of new tralopyril derivatives. Molecules 2017, 22, 1058. [Google Scholar] [CrossRef]

	



Chen, X.; Zheng, J.; Teng, M.; Zhang, J.; Qian, L.; Duan, M.; Zhao, F.; Zhao, W.; Wang, Z.; Wang, C. Bioaccumulation, metabolism and the toxic effects of chlorfenapyr in zebrafish (Danio rerio). J. Agric. Food Chem. 2021, 69, 8110–8119. [Google Scholar] [CrossRef]

	



Xia, M.; Huang, R.; Shi, Q.; Boyd Windy, A.; Zhao, J.; Sun, N.; Rice Julie, R.; Dunlap Paul, E.; Hackstadt Amber, J.; Bridge Matt, F.; et al. Comprehensive analyses and prioritization of tox21 10K chemicals affecting mitochondrial function by in-depth mechanistic studies. Environ. Health Perspect. 2018, 126, 077010. [Google Scholar] [CrossRef]

	



Black, B.C.; Hollingworth, R.M.; Ahammadsahib, K.I.; Kukel, C.D.; Donovan, S. Insecticidal action and mitochondrial uncoupling activity of AC-303,630 and related halogenated pyrroles. Pestic. Biochem. Physiol. 1994, 50, 115–128. [Google Scholar] [CrossRef]

	



Xiong, Y.; Ma, X.; He, B.; Zhi, J.; Liu, X.; Wang, P.; Zhou, Z.; Liu, D. Multifaceted effects of subchronic exposure to chlorfenapyr in mice: Implications from serum metabolomics, hepatic oxidative stress, and intestinal homeostasis. J. Agric. Food Chem. 2024, 72, 7423–7437. [Google Scholar] [CrossRef]

	



Zhang, S.; Wang, X.; Yang, X.; Ma, Z.; Liu, P.; Tang, S.; Zhao, M.; Chen, H.; Qiu, Q.; Tang, M.; et al. Toxicokinetics, in vivo metabolic profiling and tissue distribution of chlorfenapyr in mice. Arch. Toxicol. 2024, 98, 3763–3775. [Google Scholar] [CrossRef]

	



Ioriatti, C.; Anfora, G.; Angeli, G.; Civolani, S.; Schmidt, S.; Pasqualini, E. Toxicity of emamectin benzoate to Cydia pomonella (L.) and Cydia molesta (Busck) (Lepidoptera: Tortricidae): Laboratory and field tests. Pest. Manag. Sci. 2009, 65, 306–312. [Google Scholar] [CrossRef] [PubMed]

	



Tan, H.; Li, Q.; Zhang, H.; Wu, C.; Zhao, S.; Deng, X.; Li, Y. Pesticide residues in agricultural topsoil from the Hainan tropical riverside basin: Determination, distribution, and relationships with planting patterns and surface water. Sci. Total Environ. 2020, 722, 137856. [Google Scholar] [CrossRef] [PubMed]

	



Tan, H.; Zhang, H.; Wu, C.; Wang, C.; Li, Q. Pesticides in surface waters of tropical river basins draining areas with rice–vegetable rotations in Hainan, China: Occurrence, relation to environmental factors, and risk assessment. Environ. Pollut. 2021, 283, 117100. [Google Scholar] [CrossRef]

	



Wang, L.; Zhao, P.; Zhang, F.; Li, Y.; Du, F.; Pan, C. Dissipation and residue behavior of emamectin benzoate on apple and cabbage field application. Ecotoxicol. Environ. Saf. 2012, 78, 260–264. [Google Scholar] [CrossRef] [PubMed]

	



Abou-Zeid, S.M.; AbuBakr, H.O.; Mohamed, M.A.; El-Bahrawy, A. Ameliorative effect of pumpkin seed oil against emamectin induced toxicity in mice. Biomed. Pharmacother. 2018, 98, 242–251. [Google Scholar] [CrossRef] [PubMed]

	



Bi, Y.; Li, X.; Wei, H.; Xu, S. Resveratrol improves emamectin benzoate-induced pyroptosis and inflammation of Ctenopharyngodon idellus hepatic cells by alleviating oxidative stress/endoplasmic reticulum stress. Fish. Shellfish. Immunol. 2023, 144, 109276. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Madkour, D.A.; Ahmed, M.M.; Orabi, S.H.; Samy, 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]

	



Temiz, Z. In vivo neurotoxic effects of emamectin benzoate in male mice: Evaluation with enzymatic and biomolecular multi-biomarkers. Environ. Sci. Pollut. Res. Int. 2022, 29, 8921–8932. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Hu, S.; Meng, L.; Wang, K.; Zhang, X.; Li, K.; Wang, N.; Zou, N.; Xu, Y.; Li, B.; et al. Residue dissipation dynamics and dietary risk assessment of emamectin benzoate, chlorantraniliprole, chlorfenapyr, and lufenuron in cabbage. Environ. Sci. Pollut. Res. Int. 2023, 30, 121748–121758. [Google Scholar] [CrossRef] [PubMed]

	



United States Environmental Protection Agency (US EP). Fact Sheets on New Active Ingredients. Pesticide Fact Sheet: Chlorfenapyr. 2001. Available online: https://www3.epa.gov/pesticides/chem_search/reg_actions/registration/fs_PC-129093_01-Jan-01.pdf (accessed on 17 February 2022).

	



Wolterink, G.; van Kesteren, P.; McGregor, D. Emamectin benzoate. In Proceedings of the Joint Meeting on Pesticide Residues, Geneva, Switzerland, 20–29 September 2011; pp. 211–252. [Google Scholar]

	



Kumar, V.; Gill, K.D. To estimate creatinine level in serum and urine by Jaffe’s reaction. In Basic Concepts in Clinical Biochemistry: A Practical Guide; Kumar, V., Gill, K.D., Eds.; Springer: Singapore, 2018; pp. 75–78. [Google Scholar]

	



Levine, R.L.; Garland, D.; Oliver, C.N.; Amici, A.; Climent, I.; Lenz, A.; Ahn, B.; Shaltiel, S.; Stadtman, E.R. Determination of carbonyl content in oxidatively modified proteins. Methods Enzymol. 1990, 186, 464–478. [Google Scholar]

	



Janero, D.R. Malondialdehyde and thiobarbituric acid-reactivity as diagnostic indices of lipid peroxidation and peroxidative tissue injury. Free Radic. Biol. Med. 1990, 9, 515–540. [Google Scholar] [CrossRef]

	



Stocks, J.; Dormandy, T.L. The autoxidation of human red cell lipids induced by hydrogen peroxide. Brit J. Haematol. 1971, 20, 95–111. [Google Scholar] [CrossRef] [PubMed]

	



Sinha, A.K. Colorimetric assay of catalase. Anal. Biochem. 1972, 47, 389–394. [Google Scholar] [CrossRef] [PubMed]

	



Peskin, A.V.; Winterbourn, C.C. A microtiter plate assay for superoxide dismutase using a water-soluble tetrazolium salt (WST-1). Clin. Chim. Acta 2000, 293, 157–166. [Google Scholar] [CrossRef] [PubMed]

	



Xu, M.; Wang, P.; Sun, Y.; Wu, Y. Disruption of kidney metabolism in rats after subchronic combined exposure to low-dose cadmium and chlorpyrifos. Chem. Res. Toxicol. 2019, 32, 122–129. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Wyckhuys, K.A.G.; Jia, X.; Nie, F.; Wu, K. Fall armyworm invasion heightens pesticide expenditure among Chinese smallholder farmers. J. Environ. Manag. 2021, 282, 111949. [Google Scholar] [CrossRef] [PubMed]

	



Julinta, R.B.; Abraham, T.J.; Roy, A.; Singha, J.; Bardhan, A.; Sar, T.K.; Patil, P.K.; Kumar, K.A. Safety of emamectin benzoate administered in feed to Nile tilapia Oreochromis niloticus (L.). Environ. Toxicol. Pharmacol. 2020, 75, 103348. [Google Scholar] [CrossRef]

	



Kang, D.K.; Jeong, J.; Drake, S.K.; Wehr, N.B.; Rouault, T.A.; Levine, R.L. Iron regulatory protein 2 as iron sensor. Iron-dependent oxidative modification of cysteine. J. Biol. Chem. 2003, 278, 14857–14864. [Google Scholar] [CrossRef]

	



Van Buskirk, J.J.; Kirsch, W.M.; Kleyer, D.L.; Barkley, R.M.; Koch, T.H. Aminomalonic acid: Identification in Escherichia coli and atherosclerotic plaque. Proc. Natl. Acad. Sci. USA 1984, 81, 722–725. [Google Scholar] [CrossRef]

	



Chalmers, R.A.; Lawson, A.M.; Hauschildt, S.; Watts, R.W.E. The urinary excretion of glycollic acid and threonic acid by xylitol-infused patients and their relationship to the possible role of ‘active glycoladehyde’ in the transketolase reaction in vivo. Biochem. Soc. Transact. 1975, 3, 518–521. [Google Scholar] [CrossRef] [PubMed]

	



Koga, M.; Otsuki, M.; Matsumoto, S.; Saito, H.; Mukai, M.; Kasayama, S. Negative association of obesity and its related chronic inflammation with serum glycated albumin but not glycated hemoglobin levels. Clin. Chim. Acta 2007, 378, 48–52. [Google Scholar] [CrossRef]

	



Zhang, J.; Qi, A.; Liu, L.; Cai, C.; Xu, H. Gas chromatography–mass spectrometry-based cerebrospinal fluid metabolomics to reveal the protection of coptisine against transient focal cerebral ischemia–reperfusion injury via anti-inflammation and antioxidant. Molecules 2023, 28, 6350. [Google Scholar] [CrossRef]

	



Bollenbach, A.; Tsikas, D. GC-MS studies on the conversion and derivatization of γ-glutamyl peptides to pyroglutamate (5-oxo-Proline) methyle ester pentafluoropropione amide derivatives. Molecules 2022, 27, 6020. [Google Scholar] [CrossRef]

	



Selen, E.S.; Bolandnazar, Z.; Tonelli, M.; Bütz, D.E.; Haviland, J.A.; Porter, W.P.; Assadi-Porter, F.M. NMR metabolomics show evidence for mitochondrial oxidative stress in a mouse model of polycystic ovary syndrome. J. Proteome Res. 2015, 14, 3284–3291. [Google Scholar] [CrossRef] [PubMed]

	



Chen, D.; Chen, H.; Chen, L.; Vaziri, N.D.; Wang, M.; Li, X.; Zhao, Y. The link between phenotype and fatty acid metabolism in advanced chronic kidney disease. Nephrol. Dial. Transpl. 2017, 32, 1154–1166. [Google Scholar] [CrossRef] [PubMed]

	



Hirayama, A.; Nakashima, E.; Sugimoto, M.; Akiyama, S.; Sato, W.; Maruyama, S.; Matsuo, S.; Tomita, M.; Yuzawa, Y.; Soga, T. Metabolic profiling reveals new serum biomarkers for differentiating diabetic nephropathy. Anal. Bioanal. Chem. 2012, 404, 3101–3109. [Google Scholar] [CrossRef] [PubMed]








[image: Toxics 13 00065 g001] 





Figure 1. The effect of CFP and EMB on kidney function. SD rats received orally administered CFP at doses of 1, 3, and 9 mg/kg/day and/or EMB at doses of 0.2, 0.6, and 1.8 mg/kg/day for 60 consecutive days. Serum samples were collected after the 60-day exposure and the levels of creatinine (A) and blood urea nitrogen (B) in serum were measured. Data are presented as mean ± SEM (n = 4). Statistical significance among groups was evaluated using one-way ANOVA, followed by Duncan’s multiple-range test. Different letters indicate significant differences between the groups (p < 0.05), while the same letters indicate no significant difference (p > 0.05). Abbreviations: CFP, chlorfenapyr; EMB, emamectin benzoate; BUN, blood urea nitrogen; L, low dose; M, medium dose; H, high dose. 
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Figure 2. CFP and EMB induce pathological damage in the kidneys of rats. SD rats were treated orally with CFP at doses of 1, 3, and 9 mg/kg/day and/or EMB at doses of 0.2, 0.6, and 1.8 mg/kg/day for 60 consecutive days. Kidney samples were collected after the 60-day treatment. (A) Kidney tissue sections were stained by H&E. Scale bar: 100 µm. The triangle indicates thinned renal tubular epithelial cells, and the pentagram indicates an abnormal glomerular morphology. (B) Quantitative renal tubule (RT) cell height analysis was calculated by Image J (Version 1.48). Data are presented as mean ± SEM. Statistical significance among groups was assessed using one-way ANOVA followed by Duncan’s multiple-range test. Different letters indicate significant differences between the groups (p < 0.05), while the same letters represent no significant difference (p > 0.05). Abbreviations: RT, renal tubule; CFP, chlorfenapyr; EMB, emamectin benzoate; MIX, CFP plus EMB; L, low dose; M, medium dose; H, high dose. 
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Figure 3. CFP and EMB exposure resulted in fibrosis in the kidneys of rats. SD rats were orally treated with CFP at doses of 1, 3, and 9 mg/kg/day and/or EMB at doses of 0.2, 0.6, and 1.8 mg/kg/day for 60 days. Kidney samples were collected at the end of the 60-day administration. (A) Kidney tissue sections were stained by Masson’s trichrome method. Scale bar: 100 µm. (B) Quantitative analysis of fibrotic area was calculated by Image J (Version 1.48). Data are expressed as mean ± SEM. Statistical significance among groups was evaluated by one-way ANOVA followed by Duncan’s multiple range test. Different letters indicate a significant difference between the groups (p < 0.05), while the same letters indicate no significant difference (p > 0.05). Abbreviations: CFP, chlorfenapyr; EMB, emamectin benzoate; MIX, CFP plus EMB; L, low dose; M, medium dose; H, high dose. 
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Figure 4. CFP and EMB administration changed kidney metabolic profiles. SD rats were orally treated with CFP at doses of 1, 3, and 9 mg/kg/day and/or EMB at doses of 0.2, 0.6, and 1.8 mg/kg/day. After 60 consecutive days of exposure, kidney samples were collected, and metabolites were analyzed by using the GC-MS method. (A) PLS-DA score plots of kidney metabolite profiles of the rats following exposure of CFP (1 mg/kg/day) and/or EMB (0.2 mg/kg/day). (B) Hierarchically clustered heatmap of the 18 significantly altered metabolites. (C) Significantly affected metabolic pathways. Abbreviations: CTL, control; CFP, chlorfenapyr; EMB, emamectin benzoate; MIX, CFP plus EMB. 
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Figure 5. CFP and EMB administration caused renal oxidative stress in rats. SD rats were orally treated for 60 consecutive days with CFP at doses of 1, 3, and 9 mg/kg/day and/or EMB at doses of 0.2, 0.6, and 1.8 mg/kg/day. After exposure, kidney samples were collected, and then the levels of PCO (A) and MDA (B) and the activities of CAT (C) and SOD (D) were measured. Data are presented as mean ± SEM (n = 3–4). Statistical significance among groups was evaluated by one-way ANOVA followed by Duncan’s multiple-range test. Different letters indicate a significant difference between the groups (p < 0.05), while the same letters indicate no significant difference between the groups (p > 0.05). Abbreviations: CFP, chlorfenapyr; EMB, emamectin benzoate; PCO, protein carbonyls; MDA, malondialdehyde; CAT, catalase; SOD, superoxide dismutase; L, low dose; M, medium dose; H, high dose. 
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Figure 6. Effect of CFP and/or EMB on energy metabolism. ATP content (A) and PDH activity (B) were measured in the kidneys of rats exposed to CFP (9 mg/kg/day) and/or EMB (1.8 mg/kg/day) for 60 days. Data are presented as mean ± SEM (n = 4). Statistical significance among the groups was evaluated using one-way ANOVA, followed by Duncan’s multiple-range test. Different letters indicate significant differences between the groups (p < 0.05), while identical letters indicate no significant difference (p > 0.05). Abbreviations: CFP, chlorfenapyr; EMB, emamectin benzoate; MIX, CFP plus EMB; PDH, pyruvate dehydrogenase. 
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Table 1. Experimental design for combined effects of CFP and EMB.
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	Groups
	CFP (mg/kg/day)
	EMB (mg/kg/day)





	Control
	-
	-



	CFP-L
	1
	-



	CFP-M
	3
	-



	CFP-H
	9
	-



	EMB-L
	-
	0.2



	EMB-M
	-
	0.6



	EMB-H
	-
	1.8



	MIX-L
	1
	0.2



	MIX-M
	3
	0.6



	MIX-H
	9
	1.8







Note: SD rats received orally administered chlorfenapyr (CFP) at doses of 1, 3, and 9 mg/kg/day and/or emamectin benzoate (EMB) at doses of 0.2, 0.6, and 1.8 mg/kg/day for 60 consecutive days. CFP and EMB were dissolved in corn oil and administered via oral gavage. The control rats received an equivalent volume of corn oil. Abbreviations: L, low dose; M, medium dose; H, high dose; MIX, CFP plus EMB.













 





Table 2. AUC values of the metabolites that changed significantly in the kidneys of rats.
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Metabolites

	
p Value

	
AUC




	
CFP

	
EMB

	
MIX






	
L-Aspartic acid

	
0.012

	
0.625

	
0.813

	
1.000




	
L-Proline

	
0.000

	
1.000

	
0.125

	
1.000




	
2-Aminomalonic acid

	
0.002

	
1.000

	
0.406

	
0.500




	
beta.-Alanine

	
0.006

	
0.375

	
0.000

	
0.000




	
2-Desoxy-pentos-3-ulose

	
0.025

	
0.938

	
0.813

	
0.375




	
Sulfurous acid

	
0.016

	
0.188

	
0.500

	
0.938




	
2-Benzenedicarboxylic acid

	
0.002

	
1.000

	
0.750

	
0.063




	
2,3,4-Trihydroxybutyric acid

	
0.000

	
1.000

	
0.875

	
0.688




	
Myristic acid

	
0.037

	
0.875

	
0.500

	
0.563




	
Pentitol

	
0.036

	
0.500

	
0.563

	
0.000




	
d-Ribose

	
0.003

	
0.438

	
0.375

	
0.750




	
d-Glucose

	
0.008

	
0.875

	
0.500

	
1.000




	
Galactose oxime

	
0.017

	
0.875

	
0.188

	
0.219




	
D-Mannitol

	
0.035

	
0.875

	
0.875

	
0.438




	
2-Palmitoylglycerol

	
0.000

	
1.000

	
0.125

	
0.000




	
Glycerol monostearate

	
0.036

	
0.813

	
0.438

	
0.250




	
Pyroglutamic acid

	
0.021

	
0.500

	
1.000

	
1.000




	
Glycine

	
0.010

	
0.688

	
1.000

	
0.875








Note: p values for the comparison of the treatments and control were calculated using ANOVA. AUC values were calculated by using receiver operator characteristic analysis. Metabolites with 0.9 < AUC ≤ 1 or 0 ≤ AUC < 0.1 could effectively discriminate the treatment groups from the control group with high accuracy. Abbreviations: AUC, area under the curve; CFP, chlorfenapyr; EMB, emamectin benzoate; MIX, CFP plus EMB.
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