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Semicarbazide (SMC), also known as carbamoyl hydrazide, is a key intermediate for the organic synthesis of drugs, pesticides, and a panoply of other applications. It is also regarded as a landmark metabolite of nitrofurazone, a banned veterinary drug. SMC produced in different ways will eventually enter the ocean and become an emerging marine pollutant, affecting the physiological metabolism, behavioral activities, and even survival of aquatic organisms. Sea cucumbers are sediment-feeding organisms, and their risk of exposure to pollutants has attracted increasing attention. In this study, an integrated proteomic and metabolomic approach was used to investigate the responses of Apostichopus japonicus treated with SMC (3.72 g/L) for 72 h. After SMC treatment, the proteins and metabolites of A. japonicus intestine changed significantly. The results showed that 342 differentially expressed proteins were identified, of which 174 were upregulated, 168 were downregulated, and 74 differentially expressed metabolites, of which 62 were upregulated and 12 were downregulated. These differential proteins and metabolites were primarily involved in energy metabolism, lipid metabolism, signal transduction, immune regulation, autophagy, and apoptosis. On the basis of a combination of proteomic and metabolomic data, a hypothetical network of proteins, metabolites, and pathways in sea cucumbers was also described; the resulting network indicated several significant biological activities in response to SMC. This work offers a thorough analysis of the intricate mechanisms by which sea cucumbers respond to SMC stress and indicates numerous possible indicators for further research on creatures exposed to SMC. Further, our results provide scientific guidance for pollution control of Apostichopus japonicus culture to ensure healthy breeding.
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Introduction

Semicarbazide (SMC) is a highly water-soluble compound [100.0 g/L (20°C)] that is mainly derived from azodicarbonamide’s thermal decomposition and nitrofurazone’s breakdown (Tarek et al., 1987; Maingot et al., 2013; Raja et al., 2017). The chemical structure of SMC is very stable, which facilitates its persistence in the environment (Dhandapani et al., 2014). At present, SMC accumulates in aquatic organisms as a new type of water environmental pollutant. According to earlier research, SMC caused male zebrafish (Danio rerio) to had lower plasma estrogen levels, thus demonstrating the stress of SMC on the nervous system (Yu et al., 2017). Additionally, a study revealed that SMC can change the morphological structures of important tissues and organs in Sprague-Dawley rats and that it has a certain degree of influence on the male and female reproductive system (Maranghi et al., 2009). Yue et al. (2017) demonstrated that SMC had an endocrine disrupting effect on the thyroid of Paralichthys olivaceus. SMC also interfered with neural signaling by antagonizing N-methyl-D-aspartate receptors (NMDARs) and inhibiting glutamate decarboxylase (GAD) (Santos et al., 2008). According to these results, SMC caused specific stress in aquatic creatures.

Apostichopus japonicus is a sediment-feeding organism that inhabits the shallow temperate coasts of the Pacific Northwest (Zhao et al., 2016). In China, it is an economically important food species, and sea cucumber culture has become an important part of the marine aquaculture industry (Xue et al., 2015). Due to the economic importance and ecological value of A. japonicus, research on the stress of sea cucumbers by marine pollutants has received increasing attention. In previous research, it was found that SMC was widely distributed in aquatic ecosystems, and the concentration of this compound in A. japonicus was very high (Zhao et al., 2016). However, no studies have focused on the stress response of A. japonicus to SMC or on its underlying molecular mechanisms.

The omics method in systems biology is a technology based on high-throughput analysis and includes transcriptomics, proteomics, and metabolomics. These methods can be used to analyze organisms’ responses to changes in their environment; in particular, the methods can provide richer transcript, protein, and metabolite level information for biological stress studies, thereby revealing biological stress responses to pollutants (Wu et al., 2013; Rossi et al., 2018; Sun et al., 2021). Proteomics involves the study of proteins, and it can identify significant differences between pollutant stress conditions and control conditions (Sun et al., 2016; Yu et al., 2016; Ji et al., 2019). This allows understanding of the complexity of cell functions and provides a direct explanation for the stress response of organisms following exposure to pollution. Metabolomics can accurately track the changes of metabolites in cells, tissues, and biological fluids (Zhao and Lin, 2014). Numerous metabolomic studies have been conducted to examine an organism’s stress response to toxic compounds (Ji et al., 2015; Yang et al., 2018; Cao et al., 2021). The production and metabolism of metabolites are the final results of a series of regulatory events, and the functional changes caused by the proteome will be amplified at the metabolic level. Combining proteomics and metabolomics can help us better understand the biological impacts of stresses on organisms since they both have the ability to quantify the disruption of proteins and metabolites engaged in the same metabolic pathway. (Ji et al., 2020). Therefore, in this study, isobaric relative and absolute quantification (iTRAQ) and liquid chromatography-tandem mass spectrometry (LC-MS/MS) were adopted to study the proteome and metabolome of A. japonicus after treatment with SMC in order to analyze the protein and metabolic changes, determine the molecular events and pathways that may be related to SMC stress, and ultimately decipher the relevant molecular and metabolic response mechanisms.



Materials and methods


Animals and SMC treatment

Forty A. japonicus (weight 100 ± 18 g) used in this experiment were obtained from Penglai Anyuan Aquatic Products Co., Ltd (Shandong Province, China). and were adapted for 10 days in the laboratory (18–20°C). After adapting to the environment, A. japonicus were divided into a control group (n = 20) and an SMC exposure group (n = 20). For treatment, 0.322 L of SMC hydrochloride solution (350 g/L) was added to the exposure group to control the concentration of SMC hydrochloride per tank to 3.72 g/L (LC50). The same amount of blank sea water was added to each tank of the control group. After 72 h of exposure, at least 15 A. japonicus were taken from each group, and their intestines were sampled, quickly frozen in liquid nitrogen, and then kept at −80°C until subsequent experiments. For proteomics analysis, three sets of biological replicates were performed in each group (the control groups were C1, C2, and C3, and the treatment groups were T1, T2, and T3). For metabolomics analysis, 10 samples were used for each group (C1–C10 for the control groups and T1–T10 for the treatment groups).



iTRAQ-based proteomic analysis

Samples were extracted by the lysis buffer (4% (w/v) SDS, 100 mM Tris/HCl pH 7.6, 0.1 M DDT) lysis method to extract a protein, and the BCA method was used to quantify the protein. Each sample’s protein was extracted in the proper quantity, and trypsin digestion was carried out using the filter-aided proteome preparation (FASP) technique. Then, we used a C18 Cartridge to desalt the enzymatically hydrolyzed peptides, after which the peptides were freeze-dried. Then, 40 µL of dissolution buffer was added for reconstitution, and the peptides were quantified (OD280) using isobaric tags for relative and absolute quantification (iTRAQ) technology. According to the manufacturer’s protocol, 100 µg peptide samples were labeled using iTRAQ 8-plex reagent (AB SCIEX). The labeled peptides of each group were mixed and graded with AKTA Purifier 100. Each fractionation sample was separated by an HPLC liquid system (Easy nLC) with a nanoliter flow rate. The materials were separated by chromatography and then examined using a Q-Exactive mass spectrometer. Protein identification and quantitative analysis were performed using the software Mascot 2.2, and Proteome Discoverer 1.4. Blast2GO (Version 3.3.5) was used to annotate the target protein set with GO functions. The online Kyoto Encyclopedia of Genes and Genome (KEGG) database (http://geneontology.org) was employed for pathway annotation. The distribution of each GO classification or KEGG pathway in the target protein and the total protein sets were compared using Fisher’s exact test, and GO annotation or KEGG pathway annotation enrichment analysis was performed on the target protein set.

The quantitative data of the target protein collection was first adjusted (normalized to the (1, 1) interval) for protein hierarchical clustering analysis. Then, the two dimensions of the sample and protein expression were categorized simultaneously (distance algorithm: Euclidean, connection type: Average linkage) using the Complexheatmap R package (R Version 3.4), which also produced a hierarchical clustering heat map.

The protein interaction network analysis was based on the information in the IntAct (http://www.ebi.ac.uk/intact/main.xhtml) or STRING (http://string-db.org/) databases to identify the relationships between the target proteins. We identified the direct and indirect interaction linkages and generated and analyzed the interaction network using CytoScape software (version 3.2.1).



LC-MS/MS-based metabonomic analysis

The samples underwent full-spectrum analysis using HILIC UHPLC-Q-TOF MS technology and the data-dependent acquisition method to collect primary and secondary mass spectrometry data, and XCMS was utilized for peak extraction and metabolite identification. In short, each tissue sample (60 mg) was homogenized after being combined with 200 μL of ultrapure water. The sample was then mixed with 800 l methanol/acetonitrile (1:1, v/v) by eddy current, and then subjected to low-temperature ultrasonic treatment to induce precipitation. The protein precipitate was centrifuged at 13000 rpm for 15 minutes at 4°C after being incubated at −20°C for 1 hour. The supernatant was then collected for analysis. Throughout the analysis process, the sample was placed in an autosampler at 4°C. The sample was separated using an Agilent 1290 Infinity LC Ultra High Performance Liquid Chromatography (UHPLC) HILIC column; the column temperature was 25°C; the flow rate was 0.3 mL/min, and the injection volume was 2 µL. The mobile phase composition was A: water + 25 mM ammonium acetate + 25 mM ammonia; B: acetonitrile, and the gradient elution procedure was as follows: 0–1 min, 95% acetonitrile; 1–14 min, acetonitrile linearly decreasing from 95% to 65%; 14–16 min, acetonitrile linearly decreasing from 65% to 40%; 16–18 min, acetonitrile maintained at 40%; 18–18.1 min, acetonitrile linearly increasing from 40% to 95%; and 18.1–23 min, acetonitrile maintained at 95%. The QC samples were inserted in the sample queue for monitoring to evaluate the stability of the system and the reliability of the experimental data. Electrospray ionization (ESI) in both positive and negative ion modes was used to examine each sample. The samples were separated using UHPLC and analyzed on a Triple TOF 5600 mass spectrometer (AB SCIEX).

Peak alignment, retention time correction, and peak area extraction were performed using the XCMS program after the original data had been transformed by ProteoWizard to mzXML format. For metabolite structure identification, the laboratory’s self-built database was searched, and accurate mass matching (25 ppm) and secondary spectrum matching were utilized. We eliminated ion peaks from the XCMS data whose total was more than 2/3. Integration of the positive and negative ion peaks and application of SIMCA-P14.1 were used for pattern recognition. After the data were normalized and preprocessed, multi-dimensional statistical analysis was performed, including unsupervised principal component analysis (PCA), supervised partial least squares discriminant analysis (PLS-DA), and orthogonal partial least squares discriminant analysis (OPLS-DA). Single-dimensional statistical analysis included Student’s t-test. R software was used to draw a volcano map.




Results


Proteomic response of A. japonicus to SMC

iTRAQ quantitative proteomics technology was used to screen the differentially expressed proteins (DEPs) between the control group and the SMC treatment group. A total of 3953 proteins were identified in the SMC-treated and untreated control samples. The statistics of protein quantification results are displayed in the form of volcano plots (Figure 1). Differentially expressed proteins were screened according to the standard of expression fold change (FC) ≥ 1.2 (FC upregulation ≥ 1.2 or downregulation ≤ 0.83) and a p value < 0.05. Differential expression analysis showed that 342 proteins were significantly differentially expressed between the two groups. Among these, 168 proteins were downregulated and 174 proteins were upregulated. Full details of DEPs are presented in Table 1. In the GO enrichment analysis (Figure 2), dynactin complex was the most enriched cellular component, while the most enriched biological processes were nitrate assimilation, aminoglycan metabolic process, and nitrate metabolic process. The differentially expressed proteins were involved in molecular functions such as cation channel activity, oxygen carrier activity, molecular carrier activity, and oxygen binding. KEGG pathway enrichment analysis showed that DEPs were involved in glycerolipid metabolism, oxytocin signaling pathway, RNA degradation, myocardial contraction, and other important pathways (Figure 3).




Figure 1 | The fold change of protein expression between the two groups of samples and the p value obtained by the T test were used to draw a volcano plot to show the significant difference between the two groups of sample data. The abscissa is the difference fold (the logarithmic change with the base of 2), the ordinate is the significant p value of the difference (the logarithmic transformation with the base of 10), and the red dots in the figure are the significantly differentially expressed proteins, and the black dots are the proteins with no difference.




Table 1 | Details of differentially expressed proteins (DEPs) in A. japonicus in response to SMC treatment.






Figure 2 | The 20 most significantly (p < 0.05) enriched GO terms based on differentially expressed proteins (DEPs) in SMC-treated sea cucumbers. GO enrichment for three ontologies (BP, biological process; MF, molecular function; CC, cellular component). The color bar shows the adjusted p-value calculated using Fisher’s exact test combined with Benjamini Hochberg’s correction. Rich Factor represents the ratio of the number of DEPs to the number of all annotated genes in this GO term, marked at the top of the bar graph.






Figure 3 | Enrichment analysis of KEGG pathway in control (C) and SMC-treated (T) group. The color bar displayed the corrected p-value, which was determined using the Fisher’s exact test and Benjamini-Hochberg adjustment. Rich Factor that means the ratio of the DEPs number and the number of all annotated genes in this KEGG pathway was labeled on the top of bar diagram.





Metabolic response of A. japonicus to SMC

Through the UPLC-Q-TOF-HDMS method, a total of 4450 ion signals were recorded in the positive ion mode, and 3916 ion signals were detected in the negative ion mode. Figure 4 shows the PCA score chart that represents the distributions between the control group and the treatment group in the positive and negative ion modes (Figures 4A, B). A clear separation between the control and treatment groups was observed, suggesting that SMC treatment significantly affected the metabolism of A. japonicus. As shown in Figure 5, the O-PLS-DA model demonstrated a significant (p < 0.05) metabolic difference between the control and SMC-treated groups, with Q2 values of 0.905 and 0.911 in the positive/negative ion mode, respectively (Figures 5A, B), indicating their robustness and reliability. According to the volcano plots (Figures 6A, B), there were significant differences in metabolites between the SMC-treated and control samples. In addition, high-resolution MS and MS/MS fragments and database analysis were used for metabolite identification. According to the above scheme, many different metabolites were identified; these are listed in Table 2, with VIP > 1.0 and p < 0.1 as the screening criteria. A total of 74 metabolites were identified in the SMC-treated A. japonicus samples, of which 62 were upregulated and 12 were downregulated. Several types of metabolites were identified, including amino acids (threonine, leucine, valine, tyrosine, aspartate, isoleucine), fatty acids (α-linolenic acid, stearic acid, oleic acid, palmitic acid), energy metabolites (inosine, phosphorylcholine), neurotransmitters (acetylcholine, dopamine), intermediates in the tricarboxylic acid cycle (succinic acid), and permeates (taurine). The pathways related to differential metabolites were identified via the KEGG pathway enrichment analysis. As shown in Figure 7, SMC treatment significantly affected a set of pathways in A. japonicus. Specifically, the ABC transporters, central carbon metabolism in cancer, protein digestion and absorption, aminoacyl-tRNA biosynthesis, and biosynthesis of unsaturated fatty acids were important pathways showing significant changes. According to these findings, A. japonicus was negatively affected by SMC stress, and several pathways were dysregulated.




Figure 4 | Plots of PCA scores of sea cucumber samples from control (C) and SMC-treated (T) samples in the positive and negative ion modes. (A), positive ion mode; (B), negative ion mode. t[1] represents the first principal component PC1, and t[2] represents the second principal component PC2.






Figure 5 | OPLS-DA score graphs of the control  and SMC-treated (T) sea cucumber samples in the positive and negative ion modes. (A), positive ion mode; (B), negative ion mode.






Figure 6 | Volcano plot of positive and negative ion mode data. The red dots in the figure are metabolites with FC > 1.5 and P value < 0.05, (A), positive ion mode; (B), negative ion mode, i.e., the differential metabolites screened by univariate statistical analysis.




Table 2 | The details of some differential metabolites in A. japonicus after SMC treatment.






Figure 7 | KEGG pathway enrichment analysis results of different metabolites. The color bars represent the adjusted p-values calculated using Fisher’s exact test in conjunction with Benjamini-Hochberg correction. Rich Factor means the ratio of the number of DEPs to the number of all annotated genes in this KEGG pathway; this is labeled at the top of the bar diagram.






Discussion


Overview of proteomics and metabolomics reactions

iTRAQ as an emerging omics combined with LC-MS can quantitatively screen the entire proteome within a detectable dynamic range to determine the differences in protein expression between individuals and groups under different physiological conditions (Xia et al., 2016). By seeking to capture whole metabolic networks rather than just a small number of individual metabolic pathways, metabolomics marks a paradigm change in metabolic research (Song et al., 2018). Briefly, metabolomics is the thorough analysis of endogenous metabolites in biological systems in relation to their total environment.

Currently, researchers have begun to use a combination of metabolomics and proteomics to identify biological stress responses to environmental pollutants. For example, combined metabolomic and proteomic methods confirmed that exposure to tetrabromobisphenol A (TBBPA) affected the growth, development, material metabolism, and energy metabolism of Mytilus galloprovincialis (Ji et al., 2016). Chen et al. (2016) studied P. martensii exposed to different concentrations of Benzo[a]pyrene (BaP) and observed severe disturbances in osmoregulation, energy metabolism, and signal transduction.

As an important component of marine ecosystems, A. japonicus is an echinoderm suitable for studying stress responses (Xue et al., 2015). The combination of metabolomic and proteomic analyses enables a deeper comprehension of molecular responses to SMC. Considering the important differential proteins and metabolites discovered from the aforementioned investigation, a hypothetical network of A. japonicus responses to SMC was summarized (Figure 8). Overall, SMC treatment significantly affected multiple biological pathways at the molecular level, including energy production, lipid synthesis, signal transduction, immune regulation, autophagy, and apoptosis. Possible detailed regulatory processes will be developed in the following discussion.




Figure 8 | Hypothetical network of proteins, metabolites, and pathways in A. japonicus affected by SMC treatment. The colors red and blue represent up- and down-regulation, respectively.





Changes in energy metabolism related to SMC

In this study, one of the most striking energy-related changes following SMC stress was the downregulation of oxidative phosphorylation and ATP synthesis-related proteins. It is well known that mitochondria are the main site of aerobic respiration in cells, as they participate in the regulation of energy metabolism through oxidative phosphorylation to produce adenosine triphosphate (ATP) (Papa et al., 2012). The primary source of oxidative phosphorylation and ATP generation, the mitochondrial respiratory chain, supplies around 95% of the energy needed for cell survival. The respiratory chain is located in the inner mitochondrial membrane and consists of four functional complexes (I–IV), NADH ubiquinone oxidoreductase (Complex I), succinate ubiquinone oxidoreductase (SQR) (Complex II), ubiquinone oxidoreductase (Complex II), quinone-cytochrome c reductase (QCR) (Complex III), cytochrome oxidase (Complex IV), and coenzyme Q and cytochrome C composition (Kim et al., 2015). In the present study, NADH dehydrogenase (ubiquinone) Fe-S protein 7 (NDUFS7), cytochrome C oxidase subunit 2 (COX2), and cytochrome C oxidase subunit 6b (COX6B) were significantly downregulated in the treatment group. NDUFS7 is an important part of mitochondrial complex I, and its mutation may lead to the degeneration of dopaminergic neurons (Shen et al., 2020). Studies have shown that COX6B1 is involved in various processes such as COX assembly, mitochondrial function, and oxidative phosphorylation (Faxén et al., 2005; Björck and Brzezinski, 2018; Björck et al., 2019). Both of these enzymes were significantly downregulated (Figure 8), indicating that SMC inhibited the function of A. japonicus mitochondria and reduced energy output. In the metabolomic analysis, the metabolite succinate involved in energy metabolism was significantly downregulated. Succinate is the end result of the anaerobic breakdown of glucose and is a crucial intermediate product in the energy metabolism pathway of invertebrates (Skorokhodova et al., 2013). This indicates that the energy metabolism dysfunction was caused by SMC in sea cucumbers.

In the KEGG pathway enrichment analysis of the proteome, we found that eight differentially expressed proteins were significantly enriched in the oxytocin signaling pathway. Studies have shown that prolactin maintains energy balance by promoting the catabolism of fat and glucose in peripheral tissues (Florian et al., 2010; Eckertova et al., 2011). In addition, prolactin can increase the level of glucose in the plasma and increase the utilization of glucose by the body (Skowronski et al., 2017; Khant et al., 2021). Hypothermia, loss of thermoregulation, and altered expression of adrenergic receptor genes were observed in oxytocin receptor-deficient mice (Farland et al., 2017). These results suggest that under SMC stress, A. japonicus may decompose fat and glucose through the oxytocin signal transduction pathway to cope with the effects of impaired mitochondrial function and maintain energy balance.



Changes in lipid metabolism associated with SMC

Lipid metabolism is a process in which most of the ingested fat is emulsified into small particles by bile, and then the fatty acids are hydrolyzed to monoglycerides by lipase (Niot et al., 2009). Marine organisms are usually rich in polyunsaturated fatty acids (Ridzwan et al., 2014; Zhang et al., 2020). In this study, four distinct proteins involved in lipid metabolism were identified, namely, glycerol-3-phosphate O-acyltransferase (GPAT), glycerate 2-kinase (GLXK), monoacylglycerol lipase (MGLL), and phosphatidate phosphatase (PLPP). Only GK was upregulated in SMC-treated A. japonicus. GLXK is a key protein in glycerolipid metabolism that catalyzes the conversion of D-glycerate to 2-phospho-D-glyceride (Luzarowski et al., 2021). The hydrolysis of monoacylglycerols into glycerol and fatty acids is catalyzed in large part by MGLL (Jing et al., 2021). PLPP belongs to the phosphatidic acid phosphatase family and is a membrane protein that catalyzes the dephosphorylation of various phosphatidic acids (Carman and Han, 2009). Phosphatidic acid forms diglyceride under the catalysis of phosphatidic acid phosphatase and then generates triglyceride (TAG) under the catalysis of diacylglycerol acyltransferase (DGAT). TAG can regulate intracellular fat metabolism and lipid metabolism precipitation (Norbeck et al., 1996). The changes in these common proteins indicated that the lipid metabolism process of A. japonicus was disturbed due to the exposure to SMC. The changes in fatty acids such as the significant increases in oleic acid, α-linolenic acid, and palmitic acid, as well as the downregulation of lauric acid, also demonstrated the disturbance to normal lipid metabolism.

GPAT is distributed in the membranes of cells and is involved in various lipid biosynthesis processes such as dephosphorylation, phosphatidic acid, and long-chain fatty acid synthesis (Gimeno and Cao, 2008). In addition, studies have shown the importance of GPAT in regulating energy, glucose, and lipid homeostasis (Wang et al., 2007). GPAT is also a key protein that catalyzes the synthesis of glycerophospholipids (Cao et al., 2006). The majority of phospholipids in the body are glycerophospholipids. In addition to constituting biological membranes, they participate in the identification and signal transduction of proteins by cell membranes and are a component of bile and membrane surfactants. (Zheng and Zou, 2001). Downregulation of GPAT indicated that glycerophospholipid synthesis was inhibited; coincidentally, the significant downregulation of phosphatidylcholine, a common glycerophospholipid in metabolomics, also confirmed the inhibition of glycerophospholipid synthesis (Figure 8).



Changes in signal transduction associated with SMC

A major source of Ca signaling is the internal store primarily located in the endoplasmic/sarcoplasmic reticulum (ER/SR), with cyclic ADP-ribose (cADPR) regulated Ca2+ release via ryanodine receptors (RyRs) (Otsu et al., 1990). Studies have shown that in mice in which the expression of ryanodine receptor 2 (RyR2) is inhibited, the calcium ion concentration and the expression of calcium ion pathway-related proteins are reduced (Tunwell et al., 1996). In this work, RYRs were significantly downregulated in SMC-treated A. japonicus, indicating that their intracellular Ca2+ release was inhibited.

Calmodulin is a multifunctional protein that is ubiquitously present in various eukaryotic cells and can bind to calcium ions (Sengupta et al., 1987). Calmodulin participates in a variety of intracellular signaling pathways and is essential for Ca2+-dependent signaling pathways. (Wawrzynczak and Perham, 1984). It is a dynamic Ca2+ sensor that can respond to a wide range of Ca2+ concentrations and transmit signals downstream (Chin and Means, 2000). Furthermore, Thibodeau et al. demonstrated that calmodulin is a partner of NCX4, an important mediator of Ca2+ efflux, especially in neurons associated with sensory conduction (Thibodeau et al., 2020). Calmodulin was downregulated in this study, indicating that calcium ion transport was inhibited. Myosin light chain kinase (MLCK) is a calmodulin-dependent protein kinase that promotes muscle contraction by mediating the phosphorylation of myosin-regulated light chain (Kazuhiro et al., 1996). In this study, the downregulation of MLCK indicated that SMC inhibited the contraction of A. japonicus intestinal muscles (Figure 8), which may be attributed to downregulated calmodulin. In metabolomics, two common neurotransmitters, acetylcholine and dopamine, with fold changes of 1.43 and 1.87, respectively, were significantly elevated. Choline acetyltransferase (CHAT) catalyzes the synthesis of the neurotransmitter acetylcholine from choline and acetyl-CoA. Dopamine is also an important chemical in the transmission of neural impulses (Chambers et al., 2019). Changes in these two metabolites support our hypothesis.

In addition, the neurotrophin signaling pathway was significantly enriched. This was manifested by upregulation of tyrosine protein phosphatase, phosphatidyl phospholipaseC (PI-PLC), and serine/threonine protein phosphatase. Neurotrophin signaling pathways control many aspects of neuronal survival, development, and function (Reichardt, 2006). Serine/threonine protein phosphatases and tyrosine protein phosphatases belong to the family of protein phosphatases, which control many physiological activities via diverse signaling pathways. (Zhang et al., 2011). PI-PLC regulates an increase in free Ca levels in the cytoplasm, a decrease in intercellular pH, and an oxidative burst (Abd-El-Haliem and Joosten, 2017). Moreover, other significantly enriched signaling pathways such as the NOD-like receptor signaling pathway, the Apelin signaling pathway, the cAMP signaling pathway, the AMPK signaling pathway, and the Ras signaling pathway were affected to varying degrees by SMC exposure.



Oxidative stress and immune response associated with SMC

Heat shock proteins (HSPs) are a family of stress-response proteins that have been shown to play important roles in surviving external environmental stressors by participating in oxidative stress and immune processes (Kregel, 2002; Liu et al., 2015). Recent studies have indicated that HSPs reduce the levels of reactive oxygen species (ROS) to protect the normal function of the body under stressful conditions (Heckathorn et al., 2002; Rahman et al., 2015). L-glutamate is an important neurotransmitter involved in immune regulation and anti-oxidative stress responses (Long et al., 2015). The significant upregulation of HSPs and the significant reduction of L-glutamate indicated that A. japonicus suffered significant oxidative stress on SMC exposure.

Retinoic acid (RA) is an intermediate metabolite of vitamin A. Retinol dehydrogenase (RDH) is the main enzyme in the synthesis of RA. It plays a biological role through the RA signaling pathway and can promote epithelial differentiation and growth of cells involved in the regulation of the immune system (Pino-Lagos et al., 2008). The significant upregulation of RDH, as well as the increase of RA, suggested that A. japonicus may counteract the effects of SMC by accumulating RA and reducing ROS levels. Studies have linked cysteine to metals and oxidative stress. Cysteine is normally present at low levels in the body and can be upregulated when the organism is exposed to toxins (Takemoto, 2014). Similar results were obtained in our study, with a significant (3.89-fold) increase in cysteine after SMC exposure.

Hydrogen sulfide (H2S) molecules are present in the nervous system and smooth muscle cells, and H2S plays an important physiological regulatory role by participating in inflammation and anti-inflammatory responses (Kimura et al., 2005). Endogenous H2S is produced by cysteine as a substrate and is catalyzed by the rate-limiting enzymes cystathionine-β synthase (CBS) and cystathionine γ-lyase (CSE) (Chen et al., 2010). In this study, we found that CSE was significantly downregulated in SMC-treated A. japonicus, suggesting that it may affect the synthesis of H2S, leading to the occurrence of inflammatory reactions.



Autophagy and apoptosis associated with SMC

A cellular catabolic mechanism known as autophagy includes non-selective cytoplasmic component breakdown, organelle turnover, and protein degradation (van der Lienden et al., 2018; Fang et al., 2019). The autophagy process is controlled by a variety of proteins. Among the lysosomal proteins, cathepsin (CTS) is the most abundant protease required to activate autophagy, and it plays an important role in degrading proteins in lysosomes (Meijer and Codogno, 2004). In this work, three cathepsins (CTSB, CTSD, and CTSL) were identified as being reduced due to SMC treatment (Figure 8). Studies have shown that autophagy-lysosomal protein degradation was impaired in a CTS knockout mouse model, and mitochondrial clearance was defective, resulting in increased ROS (Lee et al., 2021). Furthermore, in this study, we initially found that the vacuolar protein sorting-associated protein 13A (VPS13A) was significantly downregulated in SMC-treated A. japonicus. Studies have shown that members of the VPS13 family are closely involved in a variety of neurodegenerative diseases (Seifert et al., 2011; Schormai et al., 2018). The reduction in autophagy seen in the absence of VPS13A may be the result of more general defects in endocytic transport and lysosomal degradation (Muñoz-Braceras et al., 2019). The latter study also discovered a strong relationship between VPS13A and mitochondria, indicating that VPS13A’s function in the endolysosomal pathway may be connected to intracellular communication. These results suggest that autophagy can be reduced through the mitochondrial pathway under SMC stress conditions.

Apoptosis, also known as programmed cell death, is a genetically programmed process that eliminates damaged or redundant cells by activating caspases (Savitskaya and Onishchenko, 2015). In this work, two apoptosis-related proteins were altered upon SMC treatment, manifesting as upregulation of poly[ADP-ribose]polymerase 1 (PARP) and caspase 6 (CASP6). PARP is a major molecule in apoptosis, and its overactivation uses a large amount of NAD+ as a substrate for poly-ADP-ribosylation, resulting in ATP depletion that eventually leads to cell death (Ahel et al., 2008). Caspases are a relatively evolutionarily conserved family of cysteinyl proteases that initiate and execute apoptosis through specific cleavage of a large number of cellular substrates via aspartic acid (Lee et al., 2006). Changes in these two proteins indicated increased apoptosis in A. japonicus cells after SMC stress.




Conclusion

In this study, proteomic and metabolomic techniques were used to analyze the proteins and metabolites of A. japonicus under SMC stress. The results showed that SMC inhibited the energy metabolism, fat metabolism, Ca2+ transmission pathway of A. japonicus, and was accompanied by severe oxidative stress and inflammation. In conclusion, this study provides a basis for the interpretation of the response mechanism of A. japonicus under SMC stress as well as a reference for the screening of molecular indicators for the detection of SMC pollution in A. japonicus in aquaculture. The findings are also of significance for the protection and utilization of A. japonicus resources in the natural environment.
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