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Abstract

:

Selenium, an essential trace element, exerts beneficial effects on aquatic animals when present in suitable concentrations. This study investigates the effect of dietary nanometer selenium (Nano-Se) on the muscle selenium accumulation, nutrient composition, and antioxidant ability of Paramisgurnus dabryanus spp. Nano-Se was supplemented in the basal diets at levels of 0, 0.1, 0.2, 0.4, and 0.6 mg/kg. Three hundred fish, averaging 5.21 ± 0.06 g, were randomly divided into five groups and fed the experimental diet for 6 weeks. Fish with a dietary Nano-Se supplement of 0.2 mg/kg exhibited activities of SOD, GSH-Px, AKP, and CAT in the liver, which were significantly higher (p < 0.05) compared to the control diet, while MDA content was significantly lower (p < 0.05) in the 0.2 mg/kg group. The muscle selenium content significantly increased (p < 0.05) at ≥0.2 mg/kg Nano-Se levels. The highest levels of essential amino acids, EAA/TAA, and EAA/NEAA ratios were observed in fish fed 0.2 mg of Nano-Se. Thus, this study recommends incorporating 0.2 mg of Nano-Se per kg in the diet to enhance antioxidant defense, selenium content, and nutrient composition.
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Key Contribution: The proper amount of Nano-Se can elevate the nutritional value and antioxidant capacity of Paramisgurnus dabryanus spp.










1. Introduction


Selenium constitutes a vital nutritional element that is essential for the consistent growth of animals, exerting favorable effects on their physiological processes. Insufficient selenium levels in animals have been linked to changes in pathological tissue [1,2] and decreased immune enzyme activity [3]. Appropriate selenium supplementation can stimulate animal growth and enhance antioxidant and immune functions [4]. Nonetheless, selenium’s therapeutic window is narrow, lying between nutritional requirements and toxic thresholds; excessive selenium can prove highly toxic to animals [5,6]. Research indicates that suboptimal selenium doses can diminish sperm quality, trigger oxidative stress, and induce DNA damage in sperm [7].



Numerous studies underscore the essential role of selenium as a trace nutrient for promoting the robust growth of aquatic organisms [8,9]. The positive effects of selenium extend to enhancing antioxidant capacity and immune competence in aquatic animals. Selenium’s presence is integral to the constitution of glutathione peroxidase (GPH-Px), a crucial antioxidant enzyme safeguarding the cell membrane structure and function against oxidative damage by catalyzing the decomposition of hydrogen peroxide [10,11]. Incorporating suitable selenium into diets substantially enhances aquatic animal’s antioxidant capacity [12,13]. Moreover, mounting evidence supports selenium-supplemented diets in enhancing the nutritional profile of aquatic organisms [14,15]. Hao et al. (2020) [16] demonstrated significant alterations in muscle selenium concentrations in fish-fed selenium-enriched diets, which is consistent with findings in Morone saxatilis [17] and Cyprinus carpio [18]. Nano-Se administration was found to elevate total and essential amino acid contents in Eriocheir sinensis [15]. These investigations collectively suggest that selenium-enriched aquatic meat holds potential as a functional food source [19].



Currently, aquaculture predominantly employs either inorganic or organic selenium; however, both forms exhibit limitations in terms of their bioavailability, solubility, and adhesion [20]. In light of nanotechnology advancements, the integration of selenium nanoparticles into fish diets has garnered significant attention for its positive impact on fish well-being. Nano-Se offers distinct advantages over inorganic selenium, including heightened biological activity, reduced toxicity, enhanced particle dispersion, an expansive surface area, and an elevated absorption rate [21]. Consequently, the development of Nano-Se-enriched aquatic feed, characterized by high efficiency and minimal toxicity, holds the potential to optimize the health and productivity of aquatic organisms.



Loach, recognized for its substantial nutritional and medicinal value, holds significance as a freshwater economic fish. Notably, China’s loach output reached 367,086 tons in 2021 (Fisheries and Fisheries Administration Bureau of the Ministry of Agriculture and Rural Affairs, 2022) [22]. Taiwanese loach (Paramisgurnus dabryanus spp.) has not yet reached significant species differentiation and is an endemic population of Paramisgurnus dabryanus [23]. Paramisgurnus dabryanus, a widely cultured loach variant, stands out due to its favorable nutritional composition, robust growth, and market demand [24,25]. However, intensive loach farming exposes it to a range of diseases [26]. Selenium, an essential nutrient, not only enhances growth performance but also bolsters disease resistance, thereby augmenting the economic viability of loach cultivation. While Nano-Se serves as a premium selenium source, its application in loach feed remains underexplored. This study aims to determine the optimal dietary Nano-Se requirement for Paramisgurnus dabryanus spp., elucidating the effects of Nano-Se dietary supplementation on antioxidant enzyme activity, muscle selenium concentration, and muscle amino acid content.




2. Materials and Methods


2.1. Diet Preparation


The basic diet used in this experiment is shown in Table 1. Nano-Se (provided by Guangzhou Bosio Biotechnology Co., Ltd., Guangzhou, China) was added to the basic diet at levels of 0 (control), 0.1, 0.2, 0.4, and 0.6 mg/kg, respectively. Ingredients were filtered through an 80-mesh sieve, mixed evenly, and made into granules with a diameter of 1.0 mm by a portable meat grinder; these were oven-dried at 55 °C for 24 h and stored at −20 °C for further use.




2.2. Experimental Design


Healthy fish were purchased from Loach Breeding Industrial Park in Lianyungang, China. The fish were acclimatized for 2 weeks prior to the experiment.



Before the feeding trial, 300 healthy fish of similar size (average body weight of 5.21 ± 0.06 g) were randomly distributed in fifteen tanks at a density of 20 individuals per tank. The 15 aquariums were divided into 5 diet groups with 3 triplicates for each group. Each group of fish was fed with the corresponding feed mentioned above, respectively.



The fish were hand-fed to satiation twice daily (9:00 and 17:00) during 6 weeks of the feeding trial. The feeding amount was appropriately adjusted according to the feeding behavior. It was appropriate to finish feeding within 1 h.



One-third of the fresh water was changed at 15:00 every day, and residual feed and feces were removed simultaneously. The water temperature was kept at 26 ± 1 °C, dissolved oxygen was 5.43 ± 0.76 mg/L, ammonia nitrogen was 0.28 ± 0.04 mg/L, pH = 7.48 ± 0.04, alkalinity was 2.43 ± 0.12 mmol/L, and natural lighting was used (12 h light/12 h dark).




2.3. Sample Collection


At the end of the feeding trial, the fish were starved for 24 h before sampling and then collected from the tanks. All fish were counted and weighed at the end of the trial to calculate the relative indices. Growth performance parameters were calculated according to the following formulae: survival rate (SR, %) = 100 × (final fish number/initial fish number), specific growth rate (SGR, %/d) = 100 × [(Ln (final body weight) − Ln (initial body weight))/days], weight gain rate (WGR, %) = 100 × (final body weight − initial body weight)/initial body weight, condition factor (CF, g/cm3) = 100 × [(final body weight)/(final body length)3], and feed conversion ratio (FCR) = dry feed fed/wet weight gain.




2.4. Determination of Whole Fish Body Composition


The moisture, crude protein, and crude lipid were analyzed according to the standard methods of AOAC (1995) [27]. Specifically, moisture was determined via drying at 105 °C to constant weight; crude protein was analyzed using the Kjeldahl method after digestion with sulfuric acid; crude lipid was determined via petroleum ether extraction using the Soxhlet method.




2.5. Determination of Selenium and Amino Acid Content


Selenium concentrations in diets and muscles were measured using inductively coupled plasma mass spectrometry (ICP-MS) (Thermo ICAP RQ; Thermo Fisher Scientific, Waltham, MA, USA).



The concentration of amino acid in the muscle was analyzed using a Waters e2695 HPLC system (Waters Technologies, Milford, MA, USA) fitted with a Waters AccQ-Tag Amino Acids C18 Column (3.9 mm × 150 mm, 4 μm) and a Waters 2475 fluorescence detector (Waters Technologies, Milford, MA, USA) at an excitation wavelength of 250 nm and emission wavelength of 395 nm at 37 °C. A sodium acetate buffer solution, acetonitrile, and water were used as mobile phases A, B, and C, respectively, for gradient elution, and the injection volume was 10 μL.




2.6. Hepatic Antioxidant Enzyme Activity Assay


The weighted liver tissues (100 mg) were homogenized in 10 volumes (w/v) of ice-cold physiological saline and then centrifuged at 4000 rpm for 10 min at 4 °C. The supernatant was carefully collected and frozen at −80 °C for enzyme activity analysis. The activities of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), catalase (CAT), alkaline phosphatase (AKP), and the content of malondialdehyde (MDA) were measured using the commercially available assay kit from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Enzyme activity was analyzed using a BioTek Synergy HT Multi-Detection Microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).




2.7. Statistical Analysis


The experimental data were presented as the mean ± standard deviation (S. D.) for each group. Statistical analyses of experimental data were performed using SPSS 26.0. Significant differences among the groups were tested using one-way analyses of variance (ANOVAs), followed by least significant difference (LSD) multiple comparison tests. The significance level was set at p < 0.05.





3. Results


3.1. Growth Performance


The results of growth performance and feed utilization are shown in Table 2. The survival rate of the 0.4 mg/kg group was the highest and significantly higher than that of the control group and the 0.1 mg/kg group (p < 0.05), but there was no significant difference among the 0.2, 0.4, and 0.6 mg/kg groups (p > 0.05). The weight gain rate (WGR) and specific growth rate (SGR) first increased and then decreased with the increase in Nano-Se in the diet. The highest WGR and SGR values were observed for the group with the supplementation of 0.2 mg/kg, which was significantly higher than the other groups (p < 0.05). The feed conversion rate (FCR) of the 0.2 mg/kg group was the lowest at 1.51 and significantly lower than the control, 0.1 and 0.4 mg/kg groups (p < 0.05). According to the results of the condition factor (CF), the 0.2 mg/kg group reached the highest level, but there were no significant differences among the groups (p > 0.05).




3.2. Antioxidant Ability


The antioxidant enzyme abilities in the liver of P. dabryanus spp. are shown in Figure 1. The SOD (Figure 1A), GSH-Px (Figure 1B), and AKP (Figure 1C) enzyme activities showed a trend of first increasing and then decreasing with the increase in the Nano-Se addition, with enzyme activities reaching the highest in the 0.2 mg/kg group, which was significantly higher than other groups (p < 0.05). The activity of the CAT (Figure 1D) enzyme increased gradually at first and then maintained a steady trend after the addition of Nano-Se reached 0.2 mg/kg. However, the MDA (Figure 1E) content in the liver of the 0.2 mg/kg group was the lowest and significantly lower than that of the control group and 0.6 mg/kg group (p < 0.05).




3.3. Body Composition


There were no significant differences in the muscle moisture and crude protein content of P. dabryanus spp. when fed with a different Nano-Se supplementation (Table 3). Unlike water and crude protein, the crude lipid content in muscle was affected by dietary Nano-Se inclusion. The highest content of crude lipid was observed in the 0.2 mg/kg group, which was significantly higher than the control, 0.1 and 0.6 mg/kg groups (p < 0.05).




3.4. Selenium Accumulation in Muscle


The selenium content in the muscle of P. dabryanus spp. gradually increased with the increase in Nano-Se addition (Table 4). The muscle selenium content in the 0.2, 0.4, and 0.6 mg/kg groups were significantly higher than that in the control and 0.1 mg/kg groups (p < 0.05), but there were no differences between the 0.4 and 0.6 mg/kg groups (p > 0.05).




3.5. Amino Acid Analysis in Muscle


A total of 17 amino acids were detected in the muscle of P. dabryanus spp., including 7 essential amino acids, 10 non-essential amino acids, and 6 flavor amino acids (Table 5). The total amount of muscle amino acids in all groups fed with Nano-Se was significantly higher than that in the control group (p < 0.05), but there were no significant differences among the four Nano-Se addition groups (p > 0.05). The highest content of essential amino acids in the 0.2 mg/kg group was observed, and the essential amino acid contents of all groups with the addition of Nano-Se were significantly higher than that in the control group (p < 0.05). The contents of flavor amino acids in the four groups with added Nano-Se were significantly higher than that of the control group (p < 0.05), with the highest content observed in the 0.1 mg/kg group.



Among the 17 amino acids, the highest content was glutamic acid, with the highest content of 3.14 g/100 g in the 0.4 mg/kg group. The glutamic acid contents in all groups with Nano-Se addition were significantly higher than the control group (p < 0.05). In addition, amino acids with a higher content included lysine, leucine, aspartic acid, and arginine. Cysteine was the lowest among the 17 amino acids, with a content of only about 0.16 g/100 g, and there were no significant differences among all the experimental groups (p > 0.05). The EAA/TAA in each group range were 39.91–40.39%, and the EAA/NEAA were 66.42–67.75%.





4. Discussion


Selenium stands as a crucial trace element for aquatic organisms, and prior research revealed that incorporating an optimal selenium amount into their diet enhances the growth performance of aquatic animals [16,18]. This is attributed to selenium’s role as a cofactor for enzymes engaged in digestive enzyme synthesis, leading to the heightened activity of these enzymes and an improved absorption rate, directly fostering growth [28]. Furthermore, selenium’s presence as a key constituent in the deiodinase enzyme indirectly stimulates the growth of hormone synthesis and secretion, thus expediting animal growth and protein synthesis [29,30]. Additionally, research has underscored variances in the impacts of diverse selenium sources on aquatic animal growth. For instance, in Eriocheir sinensis, supplementation with 0.2 mg/kg of Nano-Se significantly enhances their specific growth rate and survival, comparable to the effects of a 1.0 mg/kg selenium yeast group [15]. Similarly, a study by Ibrahim et al. demonstrated that Nano-Se outperforms bulk selenium in enhancing the growth performance of Nile tilapia (Oreochromis niloticus) when incorporated into a commercial feed [31]. In our study, supplementing the diet of P. dabryanus spp. with Nano-Se displays a positive influence on the final body weight, weight gain rate (WGR), specific growth rate (SGR), and reduced feed conversion rate (FCR). Notably, the 0.2 mg/kg dosage group exhibits the most pronounced effects on P. dabryanus spp.’s growth and feed utilization efficiency. These outcomes align with prior research, underscoring the efficacy of judicious Nano-Se supplementation in promoting the growth performance of P. dabryanus spp.



The biological function of selenium is mainly realized by enzymes containing selenium. It was found that selenium is the active center of many enzymes, such as glutathione peroxidase (GSH-Px). GSH-Px is an important peroxidase widely existing in the body, and its active center is selenocysteine, and selenium plays an important role in the catalytic reaction of GSH-Px [32]. Selenium can prevent the ROS-induced lipid peroxidation of the subcellular unit membrane structure from producing unsaturated fatty acids and causing damage to cells by improving antioxidant enzyme activity [33]. It becomes evident that the judicious addition of selenium contributes to sustaining GSH-Px enzyme activity, effectively curbing peroxide accumulation in the organism. Our study revealed a notable rise in SOD and GSH-Px activities within the 0.2 mg/kg group, indicating that appropriate dietary selenium effectively increases the oxidative resistance of fish [16]. This may be because selenium is part of the active center of GSH-Px, which can catalyze a reduction in peroxides [34]. Moreover, significantly heightened CAT activity was observed in fish administered with doses of 0.2, 0.4, and 0.6 mg/kg. The MDA content can reflect the degree of cell damage and lipid peroxidation. In the current study, the lowest level of MDA was observed in the 0.2 mg/kg group. Similar results were also observed in other fish, such as Megalobrama amblycephala [16] and Cyprinus carpio [18]. These findings indicate that Nano-Se enhances GSH-Px, SOD, and CAT values while diminishing MDA values. Notably, the dietary inclusion of 0.2 mg of Nano-Se/kg proves more efficacious in fortifying the antioxidant system against oxidative stress compared to other Nano-Se levels. Comparable results have been documented in crucian carp [35], common carp [18,36], and red sea bream [37].



The nutritional quality of fish is primarily contingent on the protein and fat content in the muscle [38]. In this study, there were no significant alterations in the moisture and crude protein content of the entire fish, which is consistent with findings in Carassius auratus [35], Seriola lalandi [39], Cyprinus carpio [18], Cynoglossus semilaevis [40], and Megalobrama amblycephala [16]. However, the crude lipid content in the 0.2 mg/kg group notably surpassed that in the control group, and with the increase in Nano-Se, the crude lipid content gradually decreased. These trends align with results from studies on Japanese seabass by Guo et al. (2018) [41] and Chinese mitten crabs by Shi et al. (2015) [15]. Therefore, selenium has an effect on the body lipid metabolism of P. dabryanus spp. to some extent, but its mechanism needs further study. Divergent patterns, however, have emerged in other aquatic species. For instance, selenium yeast supplementation in diets enhanced the crude protein content while reducing crude fat in GITF tilapia [42]. Similar outcomes were identified in Ctenopharyngodon idella [43]. Discrepancies between our findings and those mentioned above may arise from fish species and specifications, selenium addition methods and levels, and distinct breeding environments.



The selenium concentration in muscle increased proportionally with the dietary amount of Nano-Se. Remarkable shifts in the muscle selenium content occurred when the dietary Nano-Se supplementation level exceeded 0.2 mg/kg. However, the rise in the selenium content exhibited a gradual trend in fish fed with Nano-Se supplementation, reaching 0.4–0.6 mg/kg. This pattern suggests that the deposition rate of selenium in the P. dabryanus spp. muscle diminishes after a certain concentration threshold is reached. These findings align with those observed in juvenile carp [44], common carp [18], and juvenile blunt snout bream [16]. Consequently, consuming P. dabryanus spp. fed with a Nano-Se content of 0.2 mg/kg feed can effectively serve as a means for humans to supplement the trace element selenium and enhance immune function.



The amino acid composition in fish muscles is influenced by the physiological status, breeding environment, water area, salinity, and feed, with feed exerting the most substantial impact [45]. Amino acids are categorized as essential and non-essential, where the former cannot be synthesized by the body and must be derived from food [41]. The content and proportion of essential amino acids significantly contribute to proteins’ nutritional value [46]. In this study, each group exhibited EAA/TAA ratios ranging from 39.91% to 40.39% and EAA/NEAA ratios between 66.42% and 67.75%, aligning with the FAO/WHO’s ideal protein pattern of approximately 40% for EAA/TAA and over 60% for EAA/NEAA. Notably, the 0.2 mg/kg group displayed the highest EAA/TAA and EAA/NEAA ratios, at 40.58% and 68.31%, respectively, indicating the superior utilization of essential amino acids compared to other groups. This underscores the benefit of incorporating 0.2 mg/kg of Nano-Se into the diet for optimizing muscle-protein ratios [42]. The content of flavor amino acids stands as a crucial indicator of meat freshness and nutritional value [47]. Glutamic acid and aspartic acid contribute to a fresh taste, while glycine and alanine are notable sweet characteristic amino acids. Prior research demonstrates the significance of glutamic acid in fish meat flavor and its hepatoprotective role through glutamine synthesis, which aids in detoxification [48,49]. In this study, glutamic acid and aspartic acid emerged as the most abundant flavors of amino acids, and their levels in all Nano-Se-supplemented groups significantly surpassed those in the control group. This signifies that Nano-Se supplementation enhances glutamic acid and aspartic acid content in the muscles, thereby enhancing the freshness of P. dabryanus spp. muscles. Additionally, these outcomes emphasize that both the flavor amino acid and essential amino acid content in Nano-Se-fed P. dabryanus spp. muscles surpass those in the control group. This emphasizes that deliberate Nano-Se supplementation can elevate the nutritional value and flavor of P. dabryanus spp. muscles.




5. Conclusions


In summary, this study demonstrated that the supplementation of Nano-Se in the diet at a ratio of 0.2 mg/kg could enhance the antioxidant ability, increase the muscle selenium content, and improve essential amino acid, EAA/TAA, and EAA/NEAA ratios. Therefore, the data of the present study recommend adding 0.2 mg of Nano-Se per kg of the basic diet to improve antioxidant defense, selenium content, and nutrient composition.
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Figure 1. Effects of Nano-Se on activities of antioxidant enzyme in the liver of Paramisgurnus dabryanus spp. (A) SOD. (B) GSH-Px. (C) AKP. (D) CAT. (E) MDA. Values with different lowercase letters are significantly different (p < 0.05). 
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Table 1. Ingredients and proximate composition of basal diets (%).
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Ingredient

	
Diet




	
0

	
0.1

	
0.2

	
0.4

	
0.6






	
Fish meal

	
25.00

	
25.00

	
25.00

	
25.00

	
25.00




	
Prawn paste

	
2.00

	
2.00

	
2.00

	
2.00

	
2.00




	
Squid paste

	
2.00

	
2.00

	
2.00

	
2.00

	
2.00




	
Fish-soluble pulp

	
2.00

	
2.00

	
2.00

	
2.00

	
2.00




	
Soybean meal

	
30.00

	
30.00

	
30.00

	
30.00

	
30.00




	
Rapeseed meal

	
15.00

	
15.00

	
15.00

	
15.00

	
15.00




	
Strong wheat flour

	
18.00

	
18.00

	
18.00

	
18.00

	
18.00




	
Soybean phospholipid oil

	
2.50

	
2.50

	
2.50

	
2.50

	
2.50




	
Monocalcium phosphate

	
1.50

	
1.50

	
1.50

	
1.50

	
1.50




	
Choline chloride

	
0.50

	
0.50

	
0.50

	
0.50

	
0.50




	
Premix a

	
1.50

	
1.50

	
1.50

	
1.50

	
1.50




	
Total

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00




	
Nano-Se (mg/kg)

	
0.00

	
0.10

	
0.20

	
0.40

	
0.60




	
Proximate composition b

	

	

	

	

	




	
Crude protein

	
37.31 ± 0.14

	
37.57 ± 0.23

	
37.44 ± 0.18

	
37.37 ± 0.21

	
37.28 ± 0.09




	
Crude fat

	
6.86 ± 0.13

	
6.78 ± 0.15

	
6.75 ± 0.06

	
6.71 ± 0.09

	
6.82 ± 0.11




	
Ash

	
9.65 ± 0.12

	
9.59 ± 0.19

	
9.55 ± 0.17

	
9.71 ± 0.07

	
9.64 ± 0.13




	
Moisture

	
11.59 ± 0.13

	
11.62 ± 0.11

	
11.57 ± 0.08

	
11.65 ± 0.12

	
11.56 ± 0.07




	
Se concentration c

	
0.534 ± 0.03

	
0.626 ± 0.02

	
0.746 ± 0.04

	
0.932 ± 0.03

	
1.166 ± 0.05








a Vitamin–mineral premix contains (per kg premix): Vitamin A, 5500 IU; Vitamin B1, 35 mg; Vitamin B2, 60 mg; Vitamin B6, 25 mg; Vitamin B12, 0.2 mg; Vitamin D3, 3000 IU; Vitamin C, 300 mg; Vitamin E, 200 mg; Vitamin K3, 30 mg; Nicotinic acid, 200 mg; Folic acid, 10 mg; Biotin, 5 mg; Inositol, 400 mg; Calcium pantothenate acid, 200 mg; Potassium iodide, 1 mg; CuSO4·5H2O, 10 mg; NaCl, 800 mg; MgSO4·7H2O, 500 mg; MnSO4·4H2O, 40 mg; Zn