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The economic loss of intestinal inflammation by histamine in diet has caused concern in eel culture; it is urgent to develop a natural feed additive to alleviate the negative effects of high-level dietary histamine. Oligomeric proanthocyanidins (OPCs), as the natural antioxidant to scavenge free radicals, were supplemented to alleviate the effects of dietary histamine on parameters of growth, serum biochemistry, and liver metabolites of juvenile American eels in the present study. Juvenile American eels with an initial body weight of 10.84 ± 0.16 g per fish were divided into a control group fed commercial diet, a HIS group fed commercial diet supplemented 300 mg/kg histamine, and an OPC group fed commercial diet supplemented 300 mg/kg histamine and 300 mg/kg OPC. The trial period was 11 weeks. Compared with the HIS group, the OPC group showed that dietary OPC supplementation could alleviate growth retardation; decrease activities of glutamic-pyruvic transaminase, glutamic-oxaloacetic transaminase, acid phosphatase, and alkaline phosphatase; and lower levels of immunoglobulin and complement 3 in serum. With the upregulation of L-cysteine and dihydrouracil involving cysteine and methionine metabolism, beta-alanine metabolism, sulfur metabolism, pantothenate and CoA biosynthesis, and pyrimidine metabolism in the liver, OPC supplementation could alleviate the effects of high-level dietary histamine on growth and serum biochemical parameters. There were no significant differences of growth performance and serum biochemical parameters between the HIS group and control group. These results indicated that OPC might act as a potential feed additive to effectively counteract the negative effects of dietary histamine on juvenile American eel.
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INTRODUCTION

The American eel (Anguilla rostrata) is a catadromous fish found in areas ranging from the Gulf of Mexico and Caribbean Sea to southern Greenland (Benchetrit and McCleave, 2016). During the past few years, this eel species has become one of the major eel species reared in southern China, especially in Fujian Province. In eel cultivation, the main ingredient of eel diet is white fish meal, which accounts for 60–70% (Tibbetts et al., 2000). However, with the global shortage and increasing price of white fish meal, brown fish meal was used to replace part of white fish meal in eel diet. It is well known that histamine content in brown fish meal is much higher than that in white fish meal (Ricque-Marie et al., 1998; Tapia-Salazar et al., 2001). The brown fish meal used in eel feed can greatly increase the level of dietary histamine, which is considered to be toxic. In previous studies, dietary histamine was found to possibly decrease growth performance of some catadromous fish species including American eel, Atlantic salmon (Salmo salar L.), Japanese seabass (Lateolabrax japonicus), and rainbow trout (Oncorhynchus mykiss) (Cowey and Cho, 1992; Opstvedt et al., 2000; Hu et al., 2013, 2019; Ma et al., 2020) and to damage some digestive organs of yellow catfish (Pelteobagrus fulvidraco) and Chinook salmon (Oncorhynchus tshawytscha, Walbaum) (Lumsden et al., 2002; Li et al., 2018). It was also found that higher levels of dietary histamine could cause oxidative stress by increasing the production of reactive oxygen species (Rada et al., 2013; Ma et al., 2020), and this might be the major factor to exert negative effects on those fish species.

Natural plant flavonoids supplemented in diet, as antioxidants, have attracted considerable attention to prevent or subdue oxidative stress and improve the health status in aquatic animals (Kao et al., 2010; Zhai and Liu, 2013; Zhai et al., 2018). Oligomeric proanthocyanidins (OPCs) are one of the commonest bioflavonoids with a special molecular structure, formed by oligomerization or polymerization of subunits catechin, epicatechin, and their gallic acid esters primarily known for their excellent antioxidant activity. It is widely reported that OPC could prevent oxidative damage in tissues by reducing lipid oxidation and/or inhibit production of free radicals (Sato et al., 2001; Bagchi et al., 2014; Gao et al., 2017) and has the ability to inhibit lipid peroxidation, platelet aggregation, capillary permeability, and fragility (Zhai et al., 2014; Nie and Stürzenbaum, 2019). In recent aquatic animal studies, dietary OPC supplementation was found to alleviate oxidative stress in juvenile tilapia (Oreochromis niloticus) and grouper (♀ Epinephelus fuscoguttatus × ♂ Epinephelus lanceolatus) under dietary cadmium stress (Wang et al., 2018; Zhai et al., 2018; Huang et al., 2019) and greenlip abalone (Haliotis laevigata Donovan) under heat stress (Duong et al., 2016; Shiel et al., 2017). There is no research about the effect of dietary OPC supplementation on growth, physiology, and metabolism of fish under stress of high-level dietary histamine. It was reported that the OPC level should be at least at 300 mg/kg supplement in diet to alleviate the retarded growth of some fish species exposed to stress condition (Wang et al., 2018; Zhai et al., 2018; Huang et al., 2019). In intensive eel culture, we observed that more than 500 mg/kg histamine in diet could cause growth retardation, intestinal inflammation, and economic loss; the same results were also found in our previous study (Ma et al., 2020). An approximate level of dietary histamine was used in the present study to induce negative effects on juvenile American eel. Therefore, the purpose of this study was conducted to evaluate the alleviation effect of 300 mg/kg OPC supplemented in diet on growth performance, serum biochemical parameters, and liver metabolites of juvenile American eels under stress of dietary histamine.



MATERIALS AND METHODS


Feeding Trial

One thousand Juvenile American eels were obtained from the Beixi eel farm in Tong’an District, Xiamen, China. Before the experiment, all fish were acclimatized in two PVC tanks with bottom center drains (110 cm diameter, 80 cm height) and about 1,000 L water volume supplied with 5 L/min of degassed and dechlorinated municipal water and were fed a commercial powder feed (Fuzhou Sea Horse Feed Co., Ltd., Fuzhou, China) two times daily (6:00 and 18:00). The powder feed was mixed with 1:1 volume water to form a dough shape, and then the dough feed was placed on a feeding table for fish. The commercial diet mainly contained white fish meal, brown fish meal, starch, yeast powder, extruded soybean, and compound premix; the ratio of white fish meal to brown fish meal was about 1:1. The common nutrient composition of the commercial diet was crude protein 46.58%, crude fat 6.70%, ash 12.35%, and moisture 7.36%. The histamine level in the commercial diet was 217 mg/kg. According to feedback from many eel farmers using this commercial diet, no intestinal inflammation and growth retardation were observed. This diet was also used in the formal trial. The following water quality parameters were maintained during the acclimation period: temperature 24–26°C, pH 7.0–7.5, dissolved oxygen 7.0–9.0 mg/L, total ammonia nitrogen <0.1 mg/L, and nitrite <0.005 mg/L. The uneaten feed was siphoned out 1 h after feeding.

After 4 weeks of acclimation, 360 American eels with similar body weight (10.84 ± 0.16 g per fish) were selected and divided randomly into three treatment groups. There were four replicates with 30 fish per replicate in each group. The three treatment groups were the control group (fed the commercial diet), HIS group (fed the commercial diet supplemented with 300 mg/kg histamine), and OPC group (fed the commercial diet supplemented with 300 mg/kg histamine and 300 mg/kg OPC). The trial period was 11 weeks. Histamine was provided by Shanghai Yuanye Biotechnology Co., Ltd., grinded to powder, and well mixed with the commercial diet. OPC was provided by Nanjing Zelang Pharmaceutical Technology Co., Ltd., extracted from grape seed with a content of 98%, powdered, and well mixed with the basal diet and histamine. The trial fish were cultured in 12 circular PVC tanks (320 L water) with a water recirculation system. An air pump was also provided for each tank. The fish management and water quality during the formal trial period were maintained the same as those in the acclimation period. The consumption of diet in each tank was recorded.



Sample Collection

At the end of feeding trial, the feed of each tank was deprived for 24 h, and then all the fish were anesthetized with eugenol at 2 g/L. All fish in each tank were weighed and counted to calculate the growth performance parameters. The blood of nine eels from each tank were sampled, treated, and mixed as one sample prior to analysis of serum biochemical parameters according to the procedure of Zhai et al. (2014). The eels were then dissected to obtain liver samples. The liver samples were quickly frozen in lipid nitrogen and then stored at −80°C prior to further analysis.



Growth Performance Parameter Calculation

The growth parameters of initial body weight (IBW) and final body weight (FBW) of fish, weight gain rate (WGR), feed conversion ratio (FCR), feed intake (FI), and survival rate (SR) were calculated as follows:

IBW (g/fish) = initial fish weight (g)/initial number of fish;

FBW (g/fish) = final fish weight (g)/final number of fish;

WGR (%) = 100 × [final wet weight (g) – initial wet weight (g)]/initial wet weight (g);

FCR = FI (g)/weight gain (g);

FI (g/fish) = feed consumption (g)/number of fish; and

SR (%) = 100 × (final number of fish/initial number of fish).



Biochemical Parameter Analysis

Serum samples from each group (four samples per tank) were selected for biochemical parameter analysis. Commercial kits produced by Nanjing Jiancheng Bioengineering Institute (Nanjing, China) were used to measure glutamic-pyruvic transaminase (GPT), glutamic-oxaloacetic transaminase (GOT), total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), acid phosphatase (ACP), alkaline phosphatase (AKP), immunoglobulin M (IgM), and complement 3 (C3) in serum of American eels. Spectrophotometer methods were used according to the manufacturers’ protocols.



Metabolite Extraction and LC-MS Analysis

For metabolomic analysis, eight liver samples from each group (two samples per tank) were selected for analysis of the liver metabolome; the extraction and analysis of metabolites in liver were assisted by the Beijing Allwegene Technology Co., Ltd. (Beijing, China). LC-MS/MS analyses were performed using a UHPLC system (1290, Agilent Technologies) with a UPLC BEH Amide column (1.7 μm, 2.1 mm × 100 mm, Waters) coupled to TripleTOF 6600 (Q-TOF, AB Sciex). The measurement steps, acquirement, and processing of UPLC-Q-TOF-MS data were described in the previous studies of Ma et al. (2018) and Zheng et al. (2020).



Statistical Analyses

The results of growth performance and serum biochemical parameters were presented as means ± SD (n = 4). Data from each group were subjected to one-way analysis of variance (ANOVA) by SPSS 20.0 statistical software (SPSS, Chicago, IL, United States). Duncan’s multiple range test was used to compare the difference of mean values among three groups after overall differences were significant (P < 0.05). For the data expressed as percentages or ratios, square arcsine transformation was subjected prior to further statistical analysis.

Partial least squares-discrimination analysis (PLS-DA) was used as a supervised method to identify important variables with discriminative power and employed with the first principal component of variable importance in projection (VIP) values (VIP > 1) combined with Student’s t-test (t-test) (P < 0.05) to determine the significantly different metabolites between the pairwise comparison groups. PLS-DA was conducted using the SIMCA-P 14.0 commercial software (Umetrics, Umea, Sweden). The metabolite pathways were searched by the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway1, and MetaboAnalyst was used for the pathway analysis2 (Hao et al., 2018; Huo et al., 2019).




RESULTS


Growth Performance

The effects of dietary OPC supplementation on growth performance of juvenile American eels fed a diet with a high level of histamine are shown in Table 1. FBW, WGR, and FI of the HIS group were significantly lower than those of the control group (P < 0.05); these parameters of the OPC group were significantly higher than those of the HIS group (P < 0.05). Compared with that in the HIS group, FCR was significantly lower in the control group and OPC group (P < 0.05). No significant differences of SR were found among the three groups (P > 0.05).


TABLE 1. Effects of OPC supplementation on the growth performance of juvenile American eels fed a diet with a high level of histamine.
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Serum Biochemical Parameters

The effects of dietary OPC supplementation on serum biochemical parameters of juvenile American eels fed high-level histamine are shown in Table 2. Compared with the control group, the HIS group had higher activities of GPT and GOT (P < 0.05); these two transaminase activities of the OPC group were similar with those of the HIS group (P > 0.05). The levels of TC, TG, LDL-C, and HDL-C were not significantly affected in the HIS group and OPC group (P > 0.05). Compared with the control group, the HIS group had lower activities of ACP and AKP and lower levels of IgM and C3 (P < 0.05); these parameters of the OPC group were significantly higher in comparison with those of the HIS group (P < 0.05). There were no significant differences of all serum biochemical parameters between the OPC group and control group (P > 0.05).


TABLE 2. Effects of OPC supplementation on the serum biochemical parameters of juvenile American eels fed a diet with a high level of histamine.
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Liver Metabolomics Profiling

The score plots and validation plots of PLS-DA from liver metabolite profiles of American eel between the control group and HIS group and between the HIS group and OPC group are shown in Figures 1, 2, respectively. Gross changes in the metabolic physiology were easily detectable by using PLS-DA of the entire set of measured analytes. The PLS-DA of the metabolic profiles between the control group and HIS group showed significantly separated clusters in each score scatter plot of the PLS-DA model under positive ion mode and negative ion mode (Figures 1A,C). As shown in Figures 2A,C, there were also clear separation and discrimination between the HIS group and OPC group. As shown in Figures 1B,D, 2B,D, the validation plots for the PLS-DA model showed that the permutation tests were valid with the R2 values being close to 1 (from 0.7971 to 0.9479), and lower Q2 intercepts (from −0.7005 to −0.3258) indicated the robustness of the models and showed a low risk of overfitting and reliability. These findings implied that the PLS-DA model could be utilized to identify the difference between pairwise groups.


[image: image]

FIGURE 1. The score plots and validation plots of PLS-DA from liver metabolite profiles of American eel in the control group and HIS group under positive ion mode (A,B) and negative ion mode (C,D) (n = 8). D1 = control group, D2 = HIS group.
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FIGURE 2. The score plots and validation plots of PLS-DA from liver metabolite profiles of American eel in the HIS group and OPC group under positive ion mode (A,B) and negative ion mode (C,D) (n = 8). D2 = HIS group, D3 = OPC group.


The results of volcano plots in the HIS group compared with the control group and OPC group are shown in Figures 3, 4, respectively. The volcano plots were used to screen the differential metabolites based on the criteria of VIP values > 1 and a false discovery rate-adjusted P-value < 0.05. After summarizing the differential metabolites under positive ion mode and negative ion mode, the HIS group had 101 upregulated metabolites and 42 downregulated metabolites in comparison with the control group (Figure 3). Among all the identified metabolites, there were 24 upregulated metabolites and 13 downregulated metabolites classified mainly to aromatic compounds, nucleoside, amino acids, lipid, unsaturated fatty acids, saturated fatty acids, and vitamin (Table 3). Compared with the HIS group, the OPC group had 24 upregulated metabolites and 13 downregulated metabolites. Among all the identified metabolites, there were eight upregulated metabolites and seven downregulated metabolites classified mainly to amino acids and nucleoside (Table 4).
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FIGURE 3. Volcano plots for the potential differential metabolites in the liver of American eels of the HIS group in comparison with the control group under positive ion mode (A) and negative ion mode (B). The point size represents the VIP value of the PLS-DA. Pink points indicate significantly upregulated metabolites, and blue points indicate significantly downregulated metabolites. D1 = control group, D2 = HIS group.
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FIGURE 4. Volcano plots for the potential differential metabolites in the liver of American eels of the OPC group in comparison with the HIS group under positive ion mode (A) and negative ion mode (B). The point size represents the VIP value of the PLS-DA. Pink points indicate significantly upregulated metabolites, and blue points indicate significantly downregulated metabolites. D2 = HIS group, D3 = OPC group.



TABLE 3. Identification of significant differential metabolites between the HIS group and control group.
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TABLE 4. Identification of significant differential metabolites between the OPC group and HIS group.
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The enriched KEGG pathways of significantly differential metabolites in the HIS group compared with the control group and OPC group are shown in Figures 5, 6, respectively. The main pathways in the HIS group compared with the control group were biotin metabolism, arachidonic acid (ARA) metabolism, glutathione (GSH) metabolism, tyrosine metabolism, fatty acid biosynthesis, histidine metabolism, and alanine, aspartate, and glutamate metabolism. The main pathways in the OPC group compared with the HIS group were cysteine and methionine metabolism, beta-alanine metabolism, pantothenate and CoA biosynthesis, pyrimidine metabolism, sulfur metabolism, taurine and hypotaurine metabolism, thiamine metabolism, and GSH metabolism.
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FIGURE 5. The scatter plot of the metabolic pathway impact and enrichment for all matching significant metabolites in the liver of juvenile American eels of the HIS group in comparison with the control group. The colored points represent different metabolic pathways. The various color levels indicate different levels of significance of metabolic pathways from low (white) to high (red). The different sizes of each point are based on the pathway impact values. Moreover, the most relevant pathways’ names of points are labeled according to the significance and impact value of the metabolic pathway.
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FIGURE 6. The scatter plot of the metabolic pathway impact and enrichment for all matching significant metabolites in the liver of juvenile American eels of the OPC group in comparison with the HIS group. The colored points represent different metabolic pathways. The various color levels indicate different levels of significance of metabolic pathways from low (white) to high (red). The different sizes of each point are based on the pathway impact values. Moreover, the most relevant pathways’ names of points are labeled according to the significance and impact value of metabolic pathway.


The most relevant pathways based on the impact value and P-value and their corresponding metabolites in the HIS group compared with the control group and OPC group are shown in Tables 5, 6, respectively. The ARA metabolism, biotin metabolism, and GSH metabolism were characterized as the most relevant pathways in the HIS group compared with the control group. The 5(S)-hydroperoxyeicosatetraenoic acid (5-HPETE), biocytin, and 5-L-glutamyl-L-alanine levels were upregulated in ARA metabolism, biotin metabolism, and GSH metabolism, respectively. The 20-hydroxyeicosatetraenoic acid (20-HETE) was downregulated in ARA metabolism. The cysteine and methionine metabolism, beta-alanine metabolism, pantothenate and CoA biosynthesis, pyrimidine metabolism, and sulfur metabolism were characterized as the most relevant pathways in the OPC group compared with the HIS group. The L-cysteine was upregulated in cysteine and methionine metabolism and sulfur metabolism, and dihydrouracil was upregulated in beta-alanine metabolism, pantothenate and CoA biosynthesis, and pyrimidine metabolism. The dihydrothymine was downregulated in pyrimidine metabolism.


TABLE 5. The most relevant metabolic pathways and corresponding differential metabolites in the liver of juvenile American eels of the HIS group in comparison with the control group.
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TABLE 6. The most relevant metabolic pathways and corresponding differential metabolites in the liver of juvenile American eels of the OPC group in comparison with the HIS group.
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DISCUSSION

The histamine from feedstuff, one of biogenic amines, has obvious toxicity to some carnivorous fish species; it could not be removed by any methods at present (Lumsden et al., 2002; Li et al., 2018; Hu et al., 2019; Ma et al., 2020). The way it damages the digestive organs was by producing excessive reactive oxygen species to cause oxidative stress (Rada et al., 2013; Ma et al., 2020). The most common way to alleviate oxidative stress in vivo was to scavenge those excessive free radicals by supplementing natural antioxidants in fish diet (Bagchi et al., 2014; Gao et al., 2017). OPC has been widely used as a natural antioxidant in animal feed to counteract stress from different sources (Duong et al., 2016; Shiel et al., 2017; Wang et al., 2018; Zhai et al., 2018; Huang et al., 2019). In the present trial, growth depression and FI decrease were observed in juvenile American eel fed higher dietary histamine (517 mg/kg). Similar results were reported: dietary histamine levels of 414 or 534 mg/kg decreased the WGR of American eel (Hu et al., 2019; Ma et al., 2020). The WGR of rainbow trout was also decreased by supplementing 13.3 g/kg putrescine and 2 g/kg histamine in the diet (Cowey and Cho, 1992). A lower FCR was observed in Atlantic salmon fed a diet containing 169 mg/kg histamine and 195 mg/kg cadaverine (Opstvedt et al., 2000) and Japanese seabass fed a diet with common brown fish meal with a higher histamine level substituting for a high-quality fish meal with an extremely low level of histamine (Hu et al., 2013). Besides, decreased FI was found in the studies of American eel, rainbow trout, and Japanese seabass, which was consistent with the result of the present trial. The depressed growth of those fish species might be related to the damage of the gastrointestinal tract and liver caused by dietary histamine (Lumsden et al., 2002; Li et al., 2018). Compared with the HIS group, the growth performance of juvenile American eel was significantly improved by OPC supplementation. The same alleviation effects on growth performance of OPC supplementation in the diets were also observed in other studies of some stressed fish. Dietary 800 mg/kg OPC could improve the WGR, FCR, and FI in pearl gentian grouper exposed to 300 mg/kg dietary cadmium (Wang et al., 2018), and 400 mg/kg OPC supplementation in the diet could effectively improve the WGR, FCR, and FI and alleviate hepatopancreas oxidative stress of juvenile tilapia exposed to 100 mg/kg dietary cadmium (Zhai et al., 2018). In the study of greenlip abalone under heat stress, the FI was significantly increased by feeding a commercial diet supplemented with OPC (Duong et al., 2016; Shiel et al., 2017).

Blood biochemical parameters have been considered as good indicators of health status in fish (de Pedro et al., 2005; Satheeshkumar et al., 2012; Yu et al., 2019). The higher activities of blood GPT and GOT might indicate the occurrence of liver injury or dysfunction (Wells et al., 1986). In the present study, the significant increase of serum GPT and GOT activities suggested that the liver damage could be caused by histamine. Although there were no statistical differences of serum GPT and GOT activities between the OPC group and HIS group, the increasing trend of GPT and GOT activities indicated that OPC might have a protective effect on liver injury caused by dietary histamine, which was in accordance with the results of studies on tilapia and mice exposed to stress by dietary cadmium (Long et al., 2016; Huang et al., 2019). The levels of TC, TG, LDL-C, and HDL-C were relevant with lipid metabolism; there were no research to study the effects of histamine on serum lipid levels. In the present study, they were not affected by dietary histamine or OPC. Under normal conditions without obvious stress, serum lipid levels could be lowered by OPC supplementation (Bladé et al., 2010; Zhai et al., 2014). Hypolipidemic effects of OPC were not observed in this trial, the reason for which should be clarified in a future study. In comparison with the HIS group, the OPC group showed significantly increased ACP and AKP activities. These two important phosphatase enzymes might take part in several metabolic functions, uptake and transport of nutrients (Guan et al., 2019). AKP was also involved in immune defense mechanisms and immune competence. C3 and IgM played an important role in the immune response in fish (Habte-Tsion et al., 2016). In our study, levels of C3 and IgM were significantly enhanced in American eels fed with OPC supplementation in comparison with the HIS group. The higher activities of ACP and AKP and higher levels of IgM and C3 indicated that OPC might improve the non-specific immunity ability of juvenile American eels.

Metabolomic results of American eel liver showed that high levels of dietary histamine could cause 5-L-glutamyl-L-alanine upregulation, which is a dipeptide composed of gamma-glutamate and alanine, derived from the decomposition of GSH by γ-glutamyl transpeptidase (Hanes et al., 1950; Meister and Tate, 1976). GSH is mainly produced and stored in the liver, and it also acts as a major non-enzymatic antioxidant in cells. The important role of GSH was widely documented as protecting the liver from free radical-mediated oxidative damage (Jia et al., 2015; Coutinho et al., 2017). Therefore, 5-L-glutamyl-L-alanine upregulation might promote GSH metabolism to increase GSH consumption and make the liver vulnerable to injury (Yuan et al., 2015; Chen et al., 2019; Ming et al., 2019). Biocytin was an important end product of the intraluminal digestion of dietary protein-bound biotin (Said et al., 1993). The upregulated biocytin in the HIS group might indicate that more biotin in fish might be utilized and weaken the antioxidant defense in liver by lowering the ability of scavenging free radicals and enzymatic antioxidant capacity (Feng et al., 2014). In addition, 20-HETE was generated from ARA through homolytic cleavage and removal of hydrogen on the pro-S hydrogen at carbon-7 (Radmark et al., 2015); it seemed that 20-HETE might participate in the regulation of liver metabolic activity and hemodynamics (Elshenawy et al., 2017). 5-HPETE was the intermediate from ARA and converted to biologically detrimental leukotrienes (Wang et al., 2019). The downregulated 20-HETE and upregulated 5-HPETE acid from ARA metabolism in the HIS group might disturb liver function and lower the resistance to stress and disease (Bae et al., 2010; Shahkar et al., 2016).

Compared with that in the HIS group, L-cysteine in the OPC group was one of the upregulated differential metabolites, and it could act as the precursor that might promote the synthesis of GSH, which was helpful in detoxifying toxic substances and exerting anti-inflammation effects by its antioxidant ability (Han et al., 1997; O’Donovan and Fernandes, 2000; Lee et al., 2015). In addition, L-cysteine was involved in cysteine and methionine metabolism and sulfur metabolism. Cysteine and methionine are both sulfur-containing amino acids, and sulfur metabolism mainly occurs in hepatic tissues; both have a hepatoprotective activity (Lee et al., 2013, 2015). So the liver health status of American eel in the OPC group might be improved by upregulation of L-cysteine involved in related metabolism pathways; this could be confirmed by the changes in GPT and GOT activities in the serum. A recent study on tilapia showed that the oxidative stress-mediated liver damage by dietary cadmium could be alleviated by OPC supplementation in the diet (Zhai et al., 2018). Another differential metabolite in the OPC group was dihydrouracil related to beta-alanine metabolism, pantothenate and CoA biosynthesis, and pyrimidine metabolism. Dihydrouracil is an intermediate breakdown product from pyrimidine metabolism in the liver; it could be transformed into beta-alanine and then into malonyl CoA by transamination to participate in beta-alanine metabolism and pantothenate and CoA biosynthesis (López-Sámano et al., 2020). Beta-alanine is also one of the pantothenic acid ingredients. Pantothenic acid is a precursor of CoA and could protect the liver from injury caused by oxidative stress (Wojtczak and Slyshenkov, 2003). So the upregulation of dihydrouracil might be beneficial to protect liver from the damage caused by oxidative stress of dietary histamine. Dihydrothymine is an intermediate breakdown product of pyrimidine metabolism; however, it was also believed to represent the presence of potential DNA damage (Dawidzik et al., 2004). Downregulation of dihydrothymine of the OPC group suggested that DNA damage in the liver might be alleviated by the improvements of antioxidant capacity by OPC supplementation. It was found that higher levels of dietary histamine could stimulate the generation of reactive oxygen species to induce oxidative stress (Rada et al., 2013); the changes of differential metabolites and related metabolism pathways in the OPC group indicated that the liver health status might be improved through the OPC’s role as an exogenous antioxidant to maintain oxidant/antioxidant homeostasis under the stress caused by dietary histamine (Pekkarinen et al., 1999; Zhai et al., 2018).



CONCLUSION

In conclusion, there were counteracting effects of dietary 300 mg/kg OPC supplementation on the negative changes of growth and some serum biochemical parameters caused by 517 mg/kg histamine in the diet of juvenile American eel, with the upregulation of L-cysteine and dihydrouracil involved in cysteine and methionine metabolism, beta-alanine metabolism, sulfur metabolism, pantothenate and CoA biosynthesis, and pyrimidine metabolism and the downregulation of dihydrothymine involved in pyrimidine metabolism in the liver. These results suggested that OPC could effectively counteract the negative effects of dietary histamine on American eel.
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Pathway name Total Hits Up/Down

Cysteine and methionine metabolism 29 L-Cysteine Up
Sulfur metabolism 9 L-Cysteine Up
beta-Alanine metabolism 16 Dihydrouracil Up
Pantothenate and CoA biosynthesis 15 Dihydrouracil Up
Pyrimidine metabolism 41 Dihydrouracil Up

Dihydrothymine Down

Total, the number of metabolites in a certain pathway. Hits, the metabolites hit in a
certain pathway. Up/down, upregulation/downregulation of metabolites in the OPC
group in comparison with the HIS group.
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Pathway name Total Hits Up/Down

Gilutathione metabolism 26 5-L-Glutamyl-L-alanine Up

Biotin metabolism 5 Biocytin Up

Arachidonic acid metabolism 31 20-Hydroxyeicosatetraenoic acid Down
5(S)-Hydroperoxyeicosatetraenoic acid Up

Total, the number of metabolites in a certain pathway. Hits, the metabolites hit in a certain pathway. Up/down, upregulation/downregulation of metabolites of the HIS
group in comparison with the control group.
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gamma-L-Glutamyl-L-phenylalanine
Tyr-Val
N2-Acetyl-L-ornithine
N6-Methyladenine
Dihydrothymine
Dihydrouracil
Tryptamine

4-Pyridoxic acid

Ribitol

Oxyquinoline
Trimethylamine N-oxide

Biological roles

Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Nucleoside
Nucleoside
Nucleoside
Aromatic compounds
Vitamin
Carbohydrate
Others
Others

RT

307.8320
374.7170
396.7590
345.5310
327.6360
252.0910
1569.2110
171.3625
339.0525

39.8310
180.4220

41.7815

84.7835

45.5015
314.2930

VIP

1.9400
1.56813
1.56266
1.4995
1.7167
1.7145
2.0029
1.8622
2.3017
3.4075
1.9189
3.3001
1.9811
1.8303
2.7690

P-value

0.0280
0.0294
0.0410
0.0132
0.0482
0.0429
0.0496
0.0407
0.0115
0.0288
0.0209
0.0439
0.0330
0.0139
0.0087

FC

0.6651
0.7102
0.7591
1.2421
1.3639
1.3713
1.5144
0.6186
0.6501
2.31563
1.3730
0.3427
0.6488
1.3270
1.9098

RT, retention time; VIR, variable importance in projection, this value was obtained from the PLS-DA model with a threshold of 1. The significance P-value was obtained
from the Wilcoxon rank sum test with a threshold of 0.05. FC, fold change, mean value of peak area obtained from the OPC group/mean value of peak area obtained
from the HIS group. If FC was <1, it indicated that the metabolite of the OPC group might be downregulated in comparison with the HIS group. If FC was > 1, it indicated
that the metabolite of the OPC group might be upregulated in comparison with the HIS group.
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7-Dehydrocholesterol
20-Hydroxyeicosatetraenoic acid
PGB1
5(S)-Hydroperoxyeicosatetraenoic acid
Acetylvalerenolic acid
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Myristic acid

Sebacic acid
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Trimethylamine N-oxide
Swainsonine

Mirtazapine
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Biological roles

Aromatic compounds
Aromatic compounds
Aromatic compounds
Aromatic compounds
Aromatic compounds
Aromatic compounds
Aromatic compounds
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Nucleoside

Nucleoside

Nucleoside

Nucleoside

Nucleoside

Nucleoside

Amino acids

Amino acids

Amino acids

Amino acids

Amino acids

Lipid

Lipid

Lipid

Lipid

Unsaturated fatty acids
Unsaturated fatty acids
Unsaturated fatty acids
Unsaturated fatty acids
Saturated fatty acids
Saturated fatty acids
Saturated fatty acids
Vitamin

Vitamin

Others

Others

Others

Others

Others

RT

61.5035
161.6120
487.6570

37.1480
355.9345
1556.9970
222.0865
310.5440

48.6410
406.0200
334.1435
453.5560
429.6140
272.8560

46.6475
358.4565
384.0295
388.7100
411.3785
178.7080
339.6925
175.8450
175.9555

30.7100

46.6290

45.3595
159.7550

55.7910

61.8515
348.6535

48.7865

45.4630
314.2930
376.1420
488.9585

43.8785

83.2530

VIP

2.3199
1.8391
2.1107
1.9422
1.56215
2.7754
1.2516
2.1983
21977
1.0639
1.6960
1.4411
1.4977
1.7921
1.3772
1.6014
1.6249
1.3446
2.0718
4.4676
1.4139
2.0675
2.7526
4.5780
1.7451
1.4905
2.0665
1.3793
1.7704
2.9812
2.0602
1.9137
2.0383
1.4357
1.9378
1.8911
4.9812

P value

0.0361
0.0418
0.0158
0.0482
0.0499
0.0186
0.0413
0.0368
0.0251
0.0418
0.0149
0.0358
0.0470
0.0451
0.0301
0.0367
0.0382
0.0297
0.0199
0.0385
0.0231
0.0108
0.0140
0.0034
0.0392
0.0402
0.0069
0.0174
0.0295
0.0010
0.0419
0.0180
0.0237
0.0337
0.0278
0.0243
0.0001

FC

0.4840
0.6847
0.6555
0.7055
0.7752
1.9340
1.2505
1.5966
0.5684
1.1622
1.2648
1.2831
1.3006
1.6898
0.6420
0.7424
1.4170
1.4174
1.4922
0.2450
1.4616
1.6943
2.0311
0.1182
0.6816
1.56343
1.6925
1.1830
1.3273
1.7477
1.56976
1.7926
0.6289
0.7605
1.4514
1.7434
5.0758

RT, retention time; VIR, variable importance in projection, this value was obtained from the PLS-DA model with a threshold of 1. The significance P-value was obtained
from the Wilcoxon rank sum test with a threshold of 0.05. FC, fold change, mean value of peak area obtained from the HIS group/mean value of peak area obtained from
the control group. If FC was <1, it indicated that the metabolite of the HIS group might be downregulated in comparison with the control group. If FC was > 1, it indicated

that the metabolite of the HIS group might be upregulated in comparison with the control group.





