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Abstract

:

This study aimed to assess the influence of varying dietary levels of astaxanthin (AST) on the growth, antioxidant capacity and lipid metabolism of juvenile swimming crabs. Six diets were formulated to contain different AST levels, and the analyzed concentration of AST in experimental diets were 0, 24.2, 45.8, 72.4, 94.2 and 195.0 mg kg−1, respectively. Juvenile swimming crabs (initial weight 8.20 ± 0.01 g) were fed these experimental diets for 56 days. The findings indicated that the color of the live crab shells and the cooked crab shells gradually became red with the increase of dietary AST levels. Dietary 24.2 mg kg−1 astaxanthin significantly improved the growth performance of swimming crab. the lowest activities of glutathione (GSH), total antioxidant capacity (T-AOC), superoxide dismutase (SOD) and peroxidase (POD) were found in crabs fed without AST supplementation diet. Crabs fed diet without AST supplementation showed lower lipid content and the activity of fatty acid synthetase (FAS) in hepatopancreas than those fed diets with AST supplementation, however, lipid content in muscle and the activity of carnitine palmitoyl transferase (CPT) in hepatopancreas were not significantly affected by dietary AST levels. And it can be found in oil red O staining that dietary 24.2 and 45.8 mg kg−1 astaxanthin significantly promoted the lipid accumulation of hepatopancreas. Crabs fed diet with 195.0 mg kg−1 AST exhibited lower expression of ampk, foxo, pi3k, akt and nadph in hepatopancreas than those fed the other diets, however, the expression of genes related to antioxidant such as cMn-sod, gsh-px, cat, trx and gst in hepatopancreas significantly down-regulated with the increase of dietary AST levels. In conclusion, dietary 24.2 and 45.8 mg kg−1 astaxanthin significantly promoted the lipid accumulation of hepatopancreas and im-proved the antioxidant and immune capacity of hemolymph.
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1. Introduction


Among invertebrates, crustaceans contain more carotenoids, and they can get this pigment by ingesting a variety of astaxanthin producing algae and microorganisms [1]. Astaxanthin is a naturally occurring fat-soluble red-orange oxidized carotenoid that was first isolated from the shells of shrimp and crabs in the 1930s and applied to aquaculture [2]. Crustaceans themselves cannot synthesize astaxanthin de novo [3], but they can obtain appropriate coloration by converting exogenous carotenoids in their diet to astaxanthin with synthetic canthaxanthin [4], or by directly store other carotenoids and astaxanthin in their diet. Therefore, the composition of feed has a great influence on the color of crustaceans, especially shells [5]. The structure of astaxanthin consists of a long non-polar conjugated polyene backbone connected to polar ionone rings located at each end which contains polar hydroxyl and carbonyl ionone rings, so it can exert its antioxidant effect by extinguishing singlet oxygen and eliminating free radicals [6,7].



A large number of studies have shown that astaxanthin (AST) exerts its antioxidant effect through a variety of mechanisms. These include regulating the PI3K/Akt pathway to directly clear reactive oxygen species (ROS) from the surface of cell membranes, and to protect mitochondrial functional integrity and REDOX balance (Nrf2)/antioxidant response elements (AREs) pathways by activating nuclear factor e2 associated Factor 2 (Nrf2)/antioxidant [8,9]. The PI3K/Akt signaling pathway influences multiple downstream pathways by directly regulating mitochondrial cascades and activating NADPH, or alternatively, by producing ROS as metabolic by-products, consequently leading to elevated ROS levels [10]. In crustaceans, several studies have demonstrated that the inclusion of a natural source of astaxanthin, incorporating Haematococcus pluvialis cell powder into the diet of Chinese mitten crab (Eriocheir sinensis) can significantly improve coloration, antioxidant capacity and proximate composition [11,12,13]. According to Niu et al. [9], dietary astaxanthin supplementation has been shown to improve the growth performance and increase resistance to pathogenic bacteria of Pacific white shrimp (Litopenaeus vannamei). Previous study reported that adding natural astaxanthin to the feed improved the digestive efficiency, antioxidant performance and immune response of juvenile red swamp crayfish (Procambarus clarkii), while also enhancing their resilience to the challenges of air exposure during transport [14]. Moreover, dietary 60 mg kg−1 microalgae astaxanthin supplementation could significantly improve the growth performance and survival of juvenile Chinese mitten crab, Eriocheir sinensis, as well as enhance antioxidant capacity, non-specific immunity, tissue astaxanthin content and resistance to ammonia nitrogen stress [15].



When astaxanthin was added into the diet, the symptoms of blood lymphocyte apoptosis and hepatopancreas structure damage caused by high pH stress were generally improved for swimming crab (Portunus trituberculatus) [16]. Dietary astaxanthin supplementation can reduce oxidative stress and increase the concentration of n-3 high unsaturated fatty acids (HU-FA) in the whole body, thereby improving the nutritional quality of products and promoting health [17]. Dietary astaxanthin supplementation can increase the activities of total antioxidant capacity (T-AOC), glutathione peroxidase (GPx) and acid phosphatase (ACP) in hemolymphatic, and increase the contents of total lipids and total carbohydrates in edible tissues of P. tritumetatus [18]. Meanwhile, dietary astaxanthin supplementation has the potential to affect glucose and lipid metabolism, adding astaxanthin to high-fat diet can significantly promote the growth, and reduce its liver index and abdominal fat percentage of largemouth bass (Micropterus salmoides) [19]. In the tiger puffer fish (Takifugu rubripes), dietary astaxanthin supplementation enhanced the activation of hepatic lipolysis and β-oxidation genes, while concurrently suppressing the activity of lipogenic-related genes [20]. However, there are few studies on astaxanthin in lipid metabolism in crustaceans, and it is unclear whether the above findings also exist.



The swimming crab (Portunus trituberculatus) occupies an important position among the marine crustaceans in China. Due to its delicious taste and culinary diversity, the species is highly sought after both for local consumption and as a valuable ingredient in the booming processing industry [21]. However, the area of scientific research into the nutritional quality of these crustaceans remains relatively unexplored. The aim of present study was to investigate the effects of different levels of astaxanthin on growth performance, antioxidant capacity and lipid metabolism of swimming crab.




2. Materials and Methods


2.1. Diets Preparation


Six isonitrogenous and isolipidic experimental diets were developed to contain increasing astaxanthin levels of 0 mg/kg, 24.2 mg/kg, 45.8 mg/kg, 72.4 mg/kg, 94.2 mg/kg and 195 mg/kg (according to the measured value to marker as groups of 0, 24.2, 45.8, 72.4, 94.2 and 195.0), respectively. The astaxanthin (AST) utilized in this study was sourced from a powder containing 10% AST, obtained from a reputable commercial company (DSM, Shanghai, China). The main protein sources used in this study were Peruvian fish meal and soybean meal and fish oil and soybean lecithin were utilized as the main lipid sources, with wheat flour being employed as the exclusive source of carbohydrates (refer to Table 1). The premix is formulated according Xie et al. [22]. The dietary components were all finely pulverized and mixed evenly step by step ac-cording to dietary formula after passing 60-mesh sieve. Subsequently, the oil source was incorporated and thoroughly mixed. Then mixed in a Hobart-type mixer and cold-extruded pellets produced (F-26, Machine factory of South China University of Technology. Guangzhou, China) with pellet strands cut into uniform sizes (diameter 3 mm and 5 mm) (G-250, Machine factory of South China University of Technology). Pellets were steamed for 8 h at 45 °C, and then airdried to approximately 9% moisture, sealed in vacuum-packed bags and stored at −20 °C until used in the feeding trial (Luo et al.) [23]. The color of the feed gradually turned red as the amount of astaxanthin added increased, as shown in Figure 1A.



Juvenile crabs were acquired from the Xianxiang, Ningbo, Zhejiang Province and the culture was carried out in the crab apartment on the second floor of the pilot base of Meishan Campus of Ningbo University. Each experimental group was comprised of four replicates, each containing eight crabs. A total of 192 crabs, similar in size (8.20 ± 0.01 g/crab). The allocation of crabs into each cubicle was done randomly. Throughout the experimental period, crabs were provided with a daily ration equivalent to 6–8% of their body weight, which was fed the diet at 6.00 pm every day, cleaned up the leftover diet of the previous day at 8.00 am the next day. The number of dead and molting crabs and remaining feed was recorded and removed before feeding. The average water temperature maintained a steady level of 25.9 ± 0.3 °C, while the salinity remained consistent at 24.7 ± 0.2 g/L.




2.2. Sample Collection


Upon the conclusion of the 8-week feeding trial, the surviving crabs in each replicate were meticulously tallied and their weights recorded. The collected data was used to determine important factors including survival rate, final weight (FW), percent weight gain (PWG), specific growth rate (SGR), and feed efficiency (FE). For each trial, a group of six crabs was chosen for hemolymph sampling. Following an overnight incubation period, the coagulated portion was separated, and the remaining liquid was preserved at −80 °C for future examination. Meanwhile, hepatopancreas and intestine samples from six crabs in each replicate were quick-freeze in liquid nitrogen, and then stored at −80 °C. And the remaining crabs in each group were boiled at 100 °C for 5 min to observe the color change show in Figure 1B.




2.3. Fatty Acids Analysis in Hepatopancreas


The method described by Jin et al. [24] was employed to analyze the fatty acid composition of the hepatopancreas. Samples that underwent freeze-drying were placed in a 12 mL volumetric glass screw tube with a lid and a Teflon gasket. Following this, methanol containing 1 N potassium hydroxide was introduced in a volume of 3 mL and the blend was subjected to incubation at a temperature of 72 °C in a water bath for a duration of 20 min. The cooling was applied, followed by the addition of 3 mL of methanol containing HCl at a concentration of 2 N, the blend underwent the process of being warmed up again at 72 °C for an additional 20 min. Previous tests validated the effectiveness of these esterification techniques for all fatty acids. Following the addition of 1 mL of hexane, the mixture was vigorously shaken for 1 min and then left to separate into two layers. Subsequently, the fatty acid methyl esters were isolated and quantified using gas chromatography-mass spectrometry GC-MS (Agilent Technologies 7890B-5977A instrument, Santa Clara, CA, USA).




2.4. Antioxidant and Non-Specific Immune-Related Enzyme Activities


Weigh approximately 0.5 g of hepatopancreas samples, transfer them to a centrifuge tube, and then add pre-cooled normal saline (PH7.0–7.5) in a 1:9 ratio. Homogenize the mixture using a tissue homogenizer. Centrifuge the homogenized solution at 8000 rpm at 4 °C for 15 min, and collect the supernatant as crude enzyme liquid for further analysis. Extract the hemolymph, refrigerate it for 12 h until it reaches a jelly-like consistency. After thoroughly mashing the hemolymph with a needle, centrifuge it at 8000 rpm at 4 °C for 15 min. Collect the upper layer of hemolymph and store it in a −80 °C refrigerator for subsequent analysis. The primary methods for detecting antioxidant enzymes include measuring superoxide dismutase (SOD) activity (reaction temperature: 25 °C) using the WST-1 method, determining the concentrations of glutathione (GSH) (reaction temperature: 25 ℃) and nitric oxide (NO) (reaction temperature: 37 °C), as well as acid phosphatase (ACP) and alkaline phosphatase (AKP) enzyme activities (reaction temperature: 37 °C) through the microplate method. Additionally, glutathione peroxidase (GPX) (reaction temperature: 25 °C), peroxidase (POD) (reaction temperature: 37 °C), and nitric oxide synthase (NOS) activities (reaction temperature: 37 °C) are assessed using the colorimetric method, while total antioxidative capacity (T-AOC) activity (reaction temperature: 37 °C) is determined using the ABTS method. The kits utilized for these tests were sourced from Nanjing Jiancheng Bioengineering Institute in China, with test procedures conducted in accordance with the kit instructions. Catalase (CAT) levels (reaction temperature: 37 °C) in both hemolymph and hepatopancreas were evaluated using a commercial kit from Qiaodu Biotechnology (Shanghai, China).




2.5. Lipid Metabolism-Related Enzyme Activities and Crude Lipid Content of Hepatopancreatic and Muscle


Hepatopancreatic lipid metabolism-related enzyme activities included fatty acid synthase (FAS) (reaction temperature: 37 °C) and carnitine palmitoyl transferase (CPT) (reaction temperature: 37 °C) were assayed by the commercial kits (Shanghai Qiaodu Biotechnology, China). The hepatopancreas supernatant was mixed with the reactants and recorded the absorbance corrected at 450 nm. The Spectramax m2 spectrophotometer was used enzyme-Linked Immunosorbent Assay’s (ELISA) technical readings of optical density. The crude lipid content of hepatopancreatic and muscle samples were analyzed using the methods outlined of the Association of Official Analytical Chemists (AOAC) [25] by using the Soxhlet method (SX360, OPSIS).




2.6. Tissue Section and Observation


Assessment was conducted on hepatopancreas samples taken from three individual crabs representing each dietary treatment, with one sample from each dietary replicate. Five measurements were taken for each hepatopancreas sample. The hepatopancreas samples underwent paraffin sectioning and histological analysis at Haoke Biological Co., Ltd. in Hangzhou, China). Following fixation in 4% paraformaldehyde for a minimum of 48 h, the hepatopancreas samples were dehydrated, embedded in paraffin and then cut into 4 µm sections. The sections embedded in paraffin were then deparaffinized in xylene, gradually rehydrated with ethanol, and stained with hematoxylin-eosin (HE) dye (Beyotime, Shanghai, China). After a series of ethanol dehydration steps, the sections were sealed with neutral resin. Histology images were captured using a Pannoramic MIDI pathology section scanner (Tangier, Jinan, China).



Following fixation in 4% paraformaldehyde for a minimum of 48 h, the hepatopancreas tissues were dehydrated, immersed in OCT medium, and then cut into slices with a thickness of 8−10 µm. These sections were then subjected to staining with Oil Red O for 15 min, ensuring they were kept away from light, and sealed with glycerin gelatin. The histology images were acquired using a Panoramic MIDI pathology section scanner.




2.7. Quantitative RT-PCR


The quantitative RT-PCR method described by Yang et al. [26]. In brief, total RNA was extracted from pooled hepatopancreas and intestinal samples using Trizol reagent (Vazyme Biotechnology Co., Ltd. Nanjing, China) according to the manufacturer’s protocol. The quality and concentration of the extracted RNA were assessed via 1.2% agarose gel electrophoresis and ultra-micro spectrophotometer (Nanodrop 2000, Thermo Fisher Scientific, Shanghai, China USA), respectively. Subsequently, the RNA samples were reverse transcribed into cDNA at a concentration of 1000 ng ml−1 using the HiScript II-RT Reagent Kit (Vazyme Biotech Co., Ltd., Nanjing, China), following the manufacturer’s instructions. The resulting cDNA was then diluted fourfold with DEPC water and stored at −80 °C for subsequent use. Specific primers were designed based on the corresponding cDNA sequences obtained from the National Center for Biotechnology Information (NCBI) database using Primer Premier 5.0 software (Supplementary Table S1). Alignment curves were established from gradient dilutions of cDNA samples at six concentrations. The amplification efficiency was calculated as E = 10 (−1/Slope) − 1 and ranged from 80% to 110% for all genes. The absolute values of ΔCT (target gene—internal reference gene, β-actin) were consistently below 0.100, indicating comparable amplification efficiencies between the target gene and the internal reference gene. Reverse transcription quantitative polymerase chain reaction (RT-qPCR) was conducted on a quantitative thermocycler (LightCycler 96, Roche, Zurich, Switzerland) using 10 μL reaction mixtures comprising 1 μL diluted cDNA, 0.5 μL of each primer, 5 μL 2× concentrated SYBR Green I Master (Roche, Switzerland), and 3 μL DEPC-treated water. The qPCR protocol began with a pre-warming step at 95 °C for 2 min, followed by 45 cycles of amplification at 95 °C for 10 s, 58 °C for 10 s, and 72 °C for 20 s. Relative expression levels of the target genes were determined using the 2−ΔΔCt method by Livak and Schmittgen [27]. The β-actin gene was chosen as the housekeeping gene due to its stability and the 0 mg kg−1 astaxanthin diet was used as the control (reference) group.




2.8. Statistical Analysis


The parameters were calculated as follows:


Percent weight gain (PWG, %) = 100 × (average final body weight of crab − average initial body weight of crab)/average initial body weight of crab










Specific growth rate (SGR, % day−1) = 100 × (Ln average final body weight of crab − Ln average initial body weight of crab)/feeding days










Feed efficiency (FE) = (final total weights + dead crab total weights − initial total weights)/total feed intake










Survival (%) = 100 × final number of crabs/initial number of crabs










Molting rate (MR) = 2 × molting number/(initial number of crabs + final number of crabs)











Total feed intake was the ration given minus the residual (uneaten) feed. The results were presented as means ± S.E.M. (n = 3). One-way analysis of variance (ANOVA) was used to test for the significance of differences between treatments in individual parameters. SPSS 20.0 software (SPSS Inc., Chicago, IL, USA) was used for statistical analysis of the data.





3. Results


3.1. Color Parameters


The effect of dietary astaxanthin levels on carapace color was shown in Figure 1. The carapace color of live crabs and cooked crabs significantly became red with dietary astaxanthin levels increasing from 0.0 to 195.0 mg kg−1.




3.2. Growth Performance and Survival


Effects of dietary astaxanthin levels on growth, survival and feed utilization were presented in Figure 2. Crabs fed diet with 24.2 mg kg−1 astaxanthin exhibited higher percent weight gain (PWG), specific growth rate (SGR), molting ratio (MR) and feed efficiency (FE) than those fed the other diets, and the lowest PWG, SGR, MR and FE were observed at crabs fed diet without astaxanthin supplementation (p < 0.05). There was no significant difference on survival among all treatments (p > 0.05).




3.3. Composition of Fatty Acids in the Hepatopancreas


The fatty acid composition of P. trituberculatus fed diets with different astaxanthin were exhibited in Table 2. Crabs fed diet with 195.0 mg kg−1 astaxanthin showed lower total saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), n-6 and n-3 poly unsaturated fatty acids (n-6 PUFA and n-3 PUFA) in hepatopancreas than those fed the other diets (p < 0.05). The highest DHA concentration in hepatopancreas was occurred at crabs fed diets with 72.4 and 94.2 mg kg−1 astaxanthin (p < 0.05).




3.4. Enzymes Activities of Non-Specific Immunity and Antioxidant in Hemolymph


Crabs fed diet with 94.2 mg kg−1 astaxanthin had higher activities of acid phosphatase (ACP) and alkaline phosphatase (AKP) in hemolymph than those fed the other diets (Figure 3A, p < 0.05), however, the activity of nitric oxide synthase (NOS) significantly decreased with dietary astaxanthin levels increasing from 0.0 to 45.8 mg kg−1, and then significantly increased with the further increase of dietary astaxanthin (Figure 3A, p < 0.05). However, nitric oxide (NO) in hemolymph was not significantly influenced by dietary astaxanthin levels. The activities of GSH and POD in hemolymph significantly increased with the increase of dietary astaxanthin levels (p < 0.05). Crabs fed diet without astaxanthin supplementation exhibited lower activities of T-AOC and SOD in hemolymph than those fed the other diets (Figure 3A, p < 0.05).



The activities of T-AOC, GSH and GPX in hepatopancreas significantly decreased with increase of dietary astaxanthin levels (Figure 3B, p < 0.05), however, the activities of POD, CAT and SOD in hepatopancreas were not significantly influenced by dietary astaxanthin levels (p > 0.05).




3.5. The Activities of Enzymes Related to Lipid Metabolism in Hepatopancreas and Oil Red Staining


Crabs fed diet without astaxanthin supplementation showed lower lipid content in hepatopancreas than those fed the other diets (Figure 4A, p < 0.05), however, lipid content in muscle was not significantly affected by dietary astaxanthin levels. The highest activity of fatty acid synthase (FAS) in hepatopancreas were observed at crabs fed diets with 24.2 and 45.8 mg kg−1 astaxanthin (Figure 4B, p < 0.05), moreover, there was no significant difference on the activity of carnitine palmitoyl transferase (CPT) in hepatopancreas. In the oil red O staining, it was found that the group with added astaxanthin showed a significant increase in the number of lipid droplets in hepatopancreas (Figure 4C).




3.6. Histological Structure in Hepatopancreas


The quantitative analysis of hepatopancreatic R cell characteristics revealed a significant increase in the number of R cells with the dietary astaxanthin level increasing from 0 to 45.8 mg kg−1, however, the number of R cells significantly decreased with dietary astaxanthin increasing from 94.2 to 195.0 mg kg−1 (Figure 5A,B, p < 0.05). The area of B cells in the hepatopancreas decreased significantly with dietary astaxanthin levels increasing from 0.0 to 45.8 mg kg−1, and then increased significantly with further increase of dietary astaxanthin levels (Figure 5C, p < 0.05).




3.7. The Expression of Genes Related to Immune-Related in Intestinal


Crabs fed diet with 94.8 mg kg−1 astaxanthin exhibited higher expression of hsp70 and hsp90 in intestinal than those fed the other diets, however, the highest expression of po was observed at crabs fed diet with 195.0 mg kg−1 astaxanthin (Figure 6A, p < 0.05).



The highest expressions of myd88, tlr4 and relish were occurred at crabs fed diet with 195.0 mg kg−1 astaxanthin (Figure 6B, p < 0.05). Crabs fed diet with 24.2 mg kg−1 astaxanthin exhibited higher expression of irak4 than those fed diets with 72.4, 94.2 and 195.0 mg kg−1 astaxanthin (Figure 6B, p < 0.05).




3.8. Expression of Genes Related to Antioxidant and Fatty Acid Metabolism in Hepatopancreas


Crabs fed diet with 24.2 mg kg−1 astaxanthin exhibited higher expression of pi3k, akt and nadph than those fed the other diets, and the lowest expression of ampk, foxo, pi3k, akt and nadph were found at crabs fed diet with 195.0 mg kg−1 astaxanthin (Figure 7A, p < 0.05).



Crabs fed diet with 45.80 mg kg−1 astaxanthin showed significantly higher expression of cMnsod and trx in hepatopancreas than those fed the other diets (Figure 7B, p < 0.05). The expression of gsh-px, cat and gst significantly down-regulated with the increase of dietary astaxanthin levels, and crabs fed diet with 195.0 mg kg−1 astaxanthin had significantly lower expression of cat and gsh-px than those fed the other diets (Figure 7B, p < 0.05). The expression of genes related to transport metabolism such as fabp1, fabp3, fabp4 and acox2 significantly down-regulated with the increase of dietary astaxanthin levels, and the highest expression of fabp1, fabp3 and acox2 were observed at crabs fed diet without astaxanthin supplementation (Figure 7C, p < 0.05).





4. Discussion


Astaxanthin, as an important nutritional supplement, has been extensively studied for its beneficial effects on promoting the growth and survival of aquatic organisms. Over time, studies on astaxanthin have yielded a variety of findings, most of which have focused on crustaceans [15,28]. More studies have shown that adding astaxanthin to feed can improve the growth and survival of fish and crustaceans [29]. However, some studies have failed to observe any significant enhancement in growth and survival of various aquatic organisms after adding astaxanthin to diets [30,31]. The results of present study indicated that dietary 24.20 mg kg−1 astaxanthin could significantly improve the growth performance of swimming crab P. trituberculatus. Similarly, adding 25 to 100 mg kg−1 astaxanthin to the diet can significantly improve the weight gain of Penaeus monodon, but has no significant effect on the survival [32]. Adding 380 mg kg−1 astaxanthin diet can significantly improve the survival of red king crab Paralithodes camtschaticus [33]. This compelling evidence consistently highlights the importance of dietary astaxanthin as a key nutritional additive to promote the growth and survival of aquatic organisms.



Previous studies demonstrated that dietary astaxanthin supplementation could improve the coloration of crabs. In Chinese mitten crab (Eriocheir sinensis), a diet rich in astaxanthin caused their shells to take on a deeper, more vivid red color, and likewise, red king crabs fed a diet rich in astaxanthin showed a more intense red color [11,12]. In this study, it was also found that dietary astaxanthin significantly improved the shell color of living crabs. After cooking at 100 °C for 5 min, with the increase of dietary astaxanthin, the shell redness of P. trituberculatus was significantly deepened. In contrast, adding carotenoids or astaxanthin to the diet had no effect on skin brightness (L*) in Australian snapper (Pagrus auratus) and large yellow croceus (Larimichthys croceus) [34,35]. The change of body color is affected by many factors and is a responsible process. The effect of dietary astaxanthin supplementation on the coloration of shell, hepatopancreas and gonads of crustaceans deserves further study.



Astaxanthin plays a crucial role in the cellular metabolism of marine organisms, and its antioxidant properties are closely related to the improvement of animal survival. The maintenance of cell homeostasis is largely dependent on the regulation of autophagy, promoting optimal cell function and enhancing physiological antioxidant capacity in response to various stress conditions [29]. Astaxanthin is known for its powerful antioxidant capacity due to its unique molecular structure filled with conjugated double bond chains modified by unsaturated carbonyl and hydroxyl groups. This ingenious arrangement gives it the ability to provide unpaired electrons that diligently neutralize harmful free radicals that attack the body [36,37]. The antioxidant defense system of crustaceans is composed of two major systems: enzymatic and non-enzymatic, the enzymatic system includes antioxidant enzymes such as SOD, CAT and GPX, while the non-enzymatic system includes vitamins, carotenoids, amino acids, proteins and metals, which can protect the body from free radicals under the synergistic interaction [38]. Some studies have shown that excessive addition of antioxidants to feed can have toxic effects on long-term aquaculture animals [39,40]. The main reason may be that the body cannot adapt to high levels of antioxidants, leading to a stress response, increasing the production of ROS in the body, indirectly damaging the cell membrane and organelles (endoplasmic reticulum, mitochondria), thereby reducing the body’s immunity and growth ability [41]. Research on Chinese mitten crabs has shown that excessive supplementation of vitamin A can have a negative impact on antioxidant enzyme activity to a certain extent [42]. In this study, with the increase of dietary astaxanthin levels, the activities of most antioxidant enzymes in hemolymph significantly increased, and the activities of GSH, T-AOC and SOD reached the maximum value in crabs fed diet with 195.0 mg kg−1 astaxanthin. The results of present study were consistent with those of Litopenaeus vannamei [38]. The activities of T-AOC, GPX and GSH in hepatopancreas significantly decreased with dietary astaxanthin levels increasing from 24.2 to 45.8 mg kg−1 astaxanthin. The reason may be that after ingestion of astaxanthin, crabs participate in the antioxidant process of the body as a non-enzymatic component, clearing excessive oxygen free radicals in the hemolymph, reducing the reaction substrate of antioxidant enzymes, and ultimately leading to a decline in its activity in hepatopancreas [43]. The potential factors contributing to the diminution of its antioxidant capacity are twofold. Firstly, as dietary astaxanthin supplementation escalates, there is a discernible augmentation in its deposition within the hepatopancreas, which, in turn, leads to a more efficient sequestration of astaxanthin. Secondly, the excessive presence of astaxanthin may engender its oxidative degradation, thereby inadvertently attracting a greater influx of free radicals.



The immune system of crustaceans often faces a variety of challenges from the surrounding environment, including protozoa, bacteria, viruses, and various kinds of stress [15,44]. Crustaceans tend to accumulate large amounts of carotenoids, especially astaxanthin, in their tissues. This accumulation is thought to regulate immunopathology and findings’ immune function, thereby improving the ability to adapt and accept environmental stress [45]. AKP and ACP are key phosphatases that control many immune functions in all organisms, and their activity is a barometer of the immune status of crustaceans [46,47]. In the present study, it was observed that the ACP and AKP activities of hemolymph increased significantly with the increase of dietary astaxanthin. The above important evidence showed that adding astaxanthin to the diet has a positive effect on the immune response of crabs. This finding was consistent with previous study on adult swimming crab [48], juvenile yellow perch (Perca flavescens) [49], and juvenile red swamp crayfish (Procambarus clarkii) [50]. Nitric oxide (NO), which is considered as a novel biological messenger and effector and immune regulation molecules, extensively exists in many organs and tissues of the organism and involves in many physiological processes, especially in immune response [51]. In organisms, NO was produced from L-arginine in the presence of nitric oxide synthase [52]. As NOS activity is closely related to pathogen infection and environmental stress, it has been used as an indicator to reflect the healthy condition and immunity of crustacean [53]. With the increase of dietary astaxanthin content, the activity of nitric oxide synthase (NOS) firstly decreased and then increased. This may be because the swimming crab ingests astaxanthin, which increases the content of astaxanthin in the hemolymph, thereby enhancing the body’s immune capacity and replacing some of the functions of NOS. Precisely measuring the expression levels of immune-related genes allows us to assess how specific biological triggers promote immune response and health in aquatic organisms. However, there is little information on the actual role of astaxanthin in regulating the expression of immune-related genes in crustaceans [29]. The primary defense mechanism of animals is the innate immune system, which is activated by toll-like receptors (TLRs) that recognize conserved patterns of pathogenic microorganisms [54]. It is worth noting that MyD88 and TRF-dependent pathways are two widely studied TLR signal transduction methods [55,56]. MyD88 and irak4 are key interacting components that initiate downstream gene expression in the MyD88-dependent pathway [57,58], while IRF3 and IRF7 are significant transcription factors involved in the TRIF-dependent pathway [59]. In the present study, the expression of myd88 in the intestine was notably up-regulated at the crabs fed diets with 72.4 and 195.0 mg kg−1 astaxanthin. The crabs fed diet with 24.2 mg kg−1 astaxanthin exhibited higher expression level of irak4 in the intestine than those fed diets with 72.4, 94.2 and 195.0 mg kg−1 astaxanthin.



Nuclear factor-erythroid 2 p45-related factor 2 (Nrf2) is a fine transcription factor that coordinates the complex balance of cellular redox states by simultaneously controlling key components in the endogenous antioxidant enzyme system, attracting more free radical inflow [60]. Previous studies demonstrated the indispensable role of Nrf2 in upholding redox homeostasis in organisms, primarily through augmenting the abundance of nicotinamide adenine dinucleotide phosphate (NADPH) to instigate the activation of thioredoxin (Trx)-dependent antioxidant systems [61]. Notably, thioredoxin (Trx) assumes a paramount position among the antioxidant proteins, endowed with remarkable oxidoreductase activities [62,63]. More recently, further studies have shown that adding astaxanthin to the diet enhances mRNA expression of genes related to antioxidant (cat, cMnsod, and gpx) in the hepatopancreas [64]. The finding suggested that a decrease in antioxidant capacity may lead to lipid peroxidation. In this study, the expression of sod and trx in crabs fed diet with 45.8 mg kg−1 astaxanthin were significantly up-regulated, while the expressions of gsh-px, cat and gst were significantly inhibited. The expression of nadph in crabs fed diet with 24.2 mg kg−1 astaxanthin was significantly up-regulated. These findings clearly showed that dietary astaxanthin supplementation effectively enhances the ability of juvenile crabs to resist oxidative stress and strengthens their immune systems. However, it is necessary to further explore the underlying mechanism.



The hepatopancreas, an integral organ for lipid metabolism, nutrient homeostasis, and energy reservoir, serves as a valuable indicator to discern alterations in dietary nutrition [65]. Hence, a greater manifestation of hepatopancreatic impairment becomes discernible in the histopathological sections of the hepatopancreas exhibited H.E. staining. The present study indicated that the number of hepatopancreas R cells was significantly increased in crabs fed diet with 45.8 mg kg−1 astaxanthin, while the hepatopancreas lumen was significantly deformed in crabs fed diet with 195.0 mg kg−1 astaxanthin. Crabs fed diet without astaxanthin dramatically displayed a lower crude lipid content in hepatopancreas than those fed the other diets. This finding was also supported by hepatopancreas oil red O staining, which found that lipid accumulation in hepatopancreas was significantly enhanced by dietary astaxanthin supplementation. In addition, the activity of enzymes associated with lipid synthesis in hepatopancreas, especially fatty acid synthetase (FAS), was significantly enhanced by dietary supplementation with 24.2 and 45.8 mg kg−1 astaxanthin. One possible explanation for the observed increase in crude lipid content may be related to the optimal concentration of astaxanthin in the tissue. Reaching an ideal concentration of astaxanthin may lead to a reduction in energy expenditure and an increase in lipid storage in the hepatopancreas, the vital organ responsible for absorbing and storing consumed lipids [66]. Wang et al. [67] also reported higher crude lipid content in hepatopancreas of Chinese mitten crabs fed diet with 68 mg kg−1 astaxanthin compared to the control diet. Conversely, Han et al. [31] noted a reduction in crude lipid content in swimming crabs following the consumption of astaxanthin-enriched diets. Due to limited information, the exact reasons for these different results remain elusive. However, an in-depth study of the metabolic and physiological characteristics of these carotenoids in specific species is essential.



To investigate this phenomenon, fatty acid content in hepatopancreas was analyzed, and most fatty acids in crab fed diet with 195.0 mg kg−1 astaxanthin were significantly lower than those fed the other diets. The lowest concentration of docosahexaenoic acid (DHA), omega-3 polyunsaturated fatty acids (n-3 PUFA), and omega-6 polyunsaturated fatty acids (n-6 PUFA) in hepatopancreas were observed at crabs fed diet with 195.0 mg kg−1 astaxanthin. Lipid profiles in tissues reflect the complex interplay between dietary fatty acid composition and their subsequent deposition in the body [68,69]. As the principal reservoir for lipid storage, the hepatopancreas serves as a faithful sentinel, faithfully capturing the nuances of dietary fatty acid deposition [70]. Furthermore, FABP3, a lipid chaperone par excellence, assumes pivotal responsibilities in orchestrating the intricate symphony of lipid metabolism [71]. In the present study, crabs fed diet with 195.0 mg kg−1 astaxanthin showed the lowest expression of genes related to fatty acid transport such as fabp1, fabp3, fatp4 and acox2 among all treatments. The results suggested that the excessive intake of astaxanthin can lead to the disturbance of hepatopancreas lipid metabolism and the decrease of overall energy metabolism. It is evidenced that crabs fed diet with 195.0 mg kg−1 astaxanthin exhibited lower expression of ampk, foxo, pi3k and akt than those fed the other diets.




5. Conclusions


In conclusion, dietary 24.2 mg kg−1 astaxanthin significantly increased the weight gain rate, specific growth rate and molt rate of swimming crab. Meanwhile, dietary 24.2 and 45.8 mg kg−1 astaxanthin significantly promoted the lipid accumulation of hepatopancreas and improved the antioxidant and immune capacity of hemolymph.
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Figure 1. Effects of dietary astaxanthin level on carapace color of juvenile Portunus trituberculatus. The color of diet (A), from left to right with 0, 24.2, 45.8, 72.4, 94.2 and 195.0 mg/kg astaxanthin, the scale is 1:10; (B): from left to right, crabs were fed diets with 0, 24.2, 45.8, 72.4, 94.2 and 195.0 mg/kg astaxanthin, the scale is 1:5. 
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Figure 2. Growth performance, survival and molting rate of Portunus trituberculatus fed different AST levels. Data are presented as means ± SEM of three replicates. Mean values in the same row with different superscript letters are significantly different (p < 0.05). FW, final weight; PWG, percent weight gain; SGR, specific growth rate; MR, Molting ratio. 
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Figure 3. Effects of dietary astaxanthin levels on antioxidant and immune-related enzyme activity of juvenile Portunus trituberculatus fed the experimental diets for 8 weeks in hemolymph (A) and hepatopancreas (B). Data are presented as means ± SEM of three replicates. Mean values in the same row with different superscript letters are significantly different (p < 0.05). ACP, acid phosphatase; AKP, alkaline phosphatase; NO, nitric oxide; NOS, nitric oxide synthase; GSH, glutathione; SOD, superoxide dismutase; T-AOC, total antioxidative capacity; POD, peroxidase; GPX, glutathione peroxidase; CAT, catalase. 
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Figure 4. Effects of dietary astaxanthin levels on lipid metabolism of juvenile Portunus trituberculatus fed the experimental diets for 8 weeks. (A) crude lipid content of hepatopancreatic and muscle; (B) Lipid metabolism-related enzyme activities in hepatopancreas. Data are presented as means ± SEM of three replicates. Mean values in the same row with different superscript letters are significantly different (p < 0.05). FAS, fatty acid synthase; CPT, carnitine palmitoyl transferase; (C) represent sections stained with oil red O staining photographed under 200× and 400× light microscope (scale bar, 100 μm or 50 μm respectively) in hepatopancreas, effects of dietary astaxanthin at (a) 0, (b) 24.2, (c) 45.8, (d) 72.4, (e) 94.2 and (f) 195.0 mg/kg respectively. 
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Figure 5. Effects of dietary astaxanthin on hepatopancreas histological structure of Portunus trituberculatus fed the experimental diets for 8 weeks (A), effects of dietary astaxanthin at (a) 0, (b) 24.2, (c) 45.8, (d) 72.4, (e) 94.2 and (f) 195.0 mg/kg respectively. Scale bar, 20 μm; 100× and 400× magnification). Data on R cells are provided in panels (B) numbers, (C) areas of B cell (n = 40), R (restzellen) cell; B, B (blasenzellen) cell; Lu, lumen structure. The arrows are showing where the R (restzellen) cell and B (blasenzellen) cells are located. Data are presented as means ± SEM of three replicates. Mean values in the same row with different superscript letters are significantly different (p < 0.05). 
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Figure 6. Relative expression of genes related to non-specific immunity in intestine (A,B) of Portunus trituberculatus. Data are presented as means ± SEM of three replicates. Mean values in the same row with different superscript letters are significantly different (p < 0.05). irak4, IL-1 receptor–associated kinase 4; myd88, myeloid differentiation factor 88; hsp70, heat shock protein 70; hsp90, heat shock protein 90; tlr4, toll like receptor 4; relish, target of rapamycin; po, phenol oxidase. 
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Figure 7. Effects of dietary astaxanthin level on the expression levels of genes related to antioxidant (A,B) and fatty acid transport metabolism (C) in hepatopancreas of Portunus trituberculatus fed the experimental diets for 8 weeks. Data are presented as means ± SEM of three replicates. Mean values in the same row with different superscript letters are significantly different (p < 0.05). cMnsod, superoxide dismutase; cat, catalase; gsh-px, glutathione peroxidase; ampk, Adenosine 5′-monophosphate (AMP)-activated protein kinase α2; foxo, forkhead box protein O1; pi3k, Phosphoinositide 3-kinase; akt, protein kinase B; nadph, nicotinamide adenine dinucleotide phosphate; gst, Glutathione S-transferase; fabp1, fatty acid binding protein 1; fabp3, fatty acid binding protein 3; fatp4, fatty acid transport protein 4; acox2, acyl-coenzyme A oxidase 2. 
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Table 1. Ingredients and proximate composition of the experimental diets (dry basis, %).
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Ingredients (Dry Weight, %)

	
Dietary Astaxanthin Levels (mg/kg)




	
0.0

	
24.2

	
45.8

	
72.4

	
94.2

	
195.0






	
Peru fish meal

	
30.00

	
30.00

	
30.00

	
30.00

	
30.00

	
30.00




	
Soybean meal

	
22.00

	
22.00

	
22.00

	
22.00

	
22.00

	
22.00




	
Soybean protein concentrate

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00




	
Poultry by-product meal

	
5.00

	
5.00

	
5.00

	
5.00

	
5.00

	
5.00




	
Yeast extract

	
3.00

	
3.00

	
3.00

	
3.00

	
3.00

	
3.00




	
Wheat flour

	
22.00

	
22.00

	
22.00

	
22.00

	
22.00

	
22.00




	
Fish oil

	
3.00

	
3.00

	
3.00

	
3.00

	
3.00

	
3.00




	
Soybean lecithin

	
3.00

	
3.00

	
3.00

	
3.00

	
3.00

	
3.00




	
Cholesterol

	
0.50

	
0.50

	
0.50

	
0.50

	
0.50

	
0.50




	
Vitamin premix 1

	
0.50

	
0.50

	
0.50

	
0.50

	
0.50

	
0.50




	
Mineral premix 2

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00




	
Ca(H2PO4) 2

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00




	
Choline chloride

	
0.30

	
0.30

	
0.30

	
0.30

	
0.30

	
0.30




	
Sodium alginate

	
2.00

	
2.00

	
2.00

	
2.00

	
2.00

	
2.00




	
BHT

	
0.20

	
0.20

	
0.20

	
0.20

	
0.20

	
0.20




	
Cellulose

	
0.50

	
0.475

	
0.45

	
0.425

	
0.40

	
0.30




	
Astaxanthin 3 (10%)

	
0.00

	
0.025

	
0.05

	
0.075

	
0.10

	
0.20




	
Proximate composition (%)




	
Dry matter

	
95.33

	
95.02

	
95.19

	
94.58

	
95.19

	
95.09




	
Crude protein

	
46.05

	
46.25

	
46.35

	
46.28

	
46.45

	
46.64




	
Crude lipid

	
10.05

	
10.42

	
10.37

	
10.32

	
10.72

	
10.30




	
Ash

	
9.73

	
9.75

	
9.85

	
9.62

	
9.80

	
9.91




	
Astaxanthin (mg/kg)

	
0.00

	
24.20

	
45.80

	
72.40

	
94.20

	
195.00








1, 2 Vitamin and Mineral premix were prepared from Xie et al. [22]. 3 Purchased from DSM company, Shanghai, China.













 





Table 2. Fatty acid composition in hepatopancreas of Portunus trituberculatus fed with different experimental diets.
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Fatty Acids (mg/g)

	
Dietary Astaxanthin Levels (mg/kg)




	
0.0

	
24.2

	
45.8

	
72.4

	
94.2

	
195.0






	
12:00

	
0.08 ± 0.01

	
0.06 ± 0.02

	
0.07 ± 0.01

	
0.10 ± 0.02

	
0.09 ± 0.01

	
0.05 ± 0.00




	
14:00

	
4.36 ± 0.54 a

	
4.72 ± 0.46 b

	
4.03 ± 0.52 ab

	
5.06 ± 0.65 b

	
5.33 ± 0.08 b

	
2.79 ± 0.05 a




	
16:00

	
41.07 ± 1.43 b

	
38.70 ± 0.96 b

	
37.08 ± 1.91 b

	
40.60 ± 3.03 b

	
37.28 ± 3.09 b

	
28.34 ± 0.27 a




	
18:00

	
17.28 ± 0.91 b

	
15.04 ± 0.85 b

	
15.24 ± 0.62 b

	
17.31 ± 1.31 b

	
15.15 ± 1.35 b

	
11.37 ± 0.44 a




	
20:00

	
0.92 ± 0.07 c

	
0.81 ± 0.03 bc

	
0.76 ± 0.08 bc

	
0.79 ± 0.04 bc

	
0.66 ± 0.09 ab

	
0.47 ± 0.03 a




	
∑SFA 1

	
63.71 ± 2.95 b

	
59.35 ± 2.3 b

	
57.18 ± 2.9 b

	
63.86 ± 4.79 b

	
57.84 ± 5.19 b

	
43.02 ± 0.75 a




	
16:1n-7

	
7.68 ± 0.81 b

	
7.99 ± 0.80 b

	
8.24 ± 0.50 b

	
7.65 ± 0.08 b

	
9.17 ± 0.40 b

	
4.99 ± 0.33 a




	
18:1n-9

	
75.41 ± 4.09 b

	
66.24 ± 0.09 b

	
66.89 ± 3.53 b

	
75.87 ± 5.88 b

	
66.77 ± 5.46 b

	
48.28 ± 1.22 a




	
20:1n-9

	
3.20 ± 0.31 b

	
2.41 ± 0.09 ab

	
2.70 ± 0.27 b

	
2.81 ± 0.32 b

	
2.50 ± 0.21 b

	
1.67 ± 0.06 a




	
22:1n-11

	
0.56 ± 0.03 c

	
0.42 ± 0.02 bc

	
0.44 ± 0.00 bc

	
0.50 ± 0.07 bc

	
0.38 ± 0.06 ab

	
0.26 ± 0.02 a




	
∑MUFA 2

	
86.86 ± 5.23 b

	
77.07 ± 0.60 b

	
77.28 ± 4.37 b

	
88.29 ± 7.64 b

	
77.62 ± 6.93 b

	
55.20 ± 1.54 a




	
18:2n-6 (LA)

	
24.85 ± 1.77 b

	
25.30 ± 0.85 b

	
23.89 ± 0.66 b

	
25.95 ± 1.97 b

	
26.35 ± 1.10 b

	
16.71 ± 0.36 a




	
18:3n-6

	
0.09 ± 0.01 ab

	
0.11 ± 0.00 b

	
0.08 ± 0.01 ab

	
0.11 ± 0.02 b

	
0.12 ± 0.01 b

	
0.06 ± 0.01 a




	
20:2n-6

	
6.42 ± 0.21 d

	
4.78 ± 0.02 b

	
5.64 ± 0.33 c

	
5.29 ± 0.36 bc

	
5.46 ± 0.05 bc

	
4.00 ± 0.05 a




	
20:4n-6 (ARA)

	
2.58 ± 0.09 cd

	
2.78 ± 0.16 d

	
2.37 ± 0.08 bc

	
2.70 ± 0.18 cd

	
2.08 ± 0.05 ab

	
1.89 ± 0.01 a




	
∑n-6 PUFA 3

	
34.49 ± 2.29 b

	
32.87 ± 1.01 b

	
31.15 ± 1.36 b

	
35.18 ± 2.70 b

	
31.70 ± 2.43 b

	
22.67 ± 0.39 a




	
18:3n-3 (ALA)

	
3.99 ± 0.15 b

	
4.09 ± 0.39 b

	
3.23 ± 0.50 ab

	
4.03 ± 0.56 b

	
4.45 ± 0.21 b

	
2.26 ± 0.10 a




	
18:4n-3

	
0.45 ± 0.01 b

	
0.50 ± 0.08 b

	
0.41 ± 0.04 b

	
0.45 ± 0.05 b

	
0.53 ± 0.05 b

	
0.24 ± 0.01 a




	
20:4n3

	
0.37 ± 0.04

	
0.41 ± 0.06

	
0.42 ± 0.08

	
0.59 ± 0.09

	
0.51 ± 0.17

	
0.37 ± 0.04




	
20:5n-3 (EPA)

	
17.93 ± 1.11 b

	
16.75 ± 0.51 b

	
16.17 ± 1.00 b

	
18.27 ± 1.76 b

	
18.48 ± 0.84 b

	
11.68 ± 0.48 a




	
22:5n-3

	
2.61 ± 0.24 b

	
2.42 ± 0.11 b

	
2.38 ± 0.14 b

	
2.88 ± 0.26 b

	
2.89 ± 0.08 b

	
1.75 ± 0.04 a




	
22:6n-3 (DHA)

	
10.31 ± 0.61 ab

	
11.67 ± 0.80 bc

	
11.12 ± 0.40 bc

	
12.52 ± 1.10 c

	
12.57 ± 0.52 c

	
8.67 ± 0.11 a




	
∑n-3 PUFA 4

	
35.69 ± 2.62 b

	
36.34 ± 2.24 b

	
33.26 ± 2.32 ab

	
38.10 ± 4.03 b

	
40.24 ± 1.52 b

	
24.97 ± 0.69 a




	
DHA/EPA

	
1.66 ± 0.03 b

	
1.51 ± 0.06 b

	
1.52 ± 0.07 b

	
1.55 ± 0.07 b

	
1.39 ± 0.03 a

	
1.35 ± 0.04 a




	
∑TFA 5

	
220.75 ± 12.95 b

	
205.63 ± 6.15 b

	
198.87 ± 10.63 b

	
225.43 ± 19.10 b

	
203.39 ± 18.64 b

	
145.86 ± 3.10 a








1 SFA, saturated fatty acid: 16:0, 14:0, 18:0, 17:0, 20:0, 21:0, 22:0; 2 MUFA, monounsaturated fatty acids: 16:1 n, 18:1n-9, 20:1n-9, 22:1n-11; 3 n-6 PUFA: 18:2n-6, 20:2n-6, 20:4n-6, 22:4n-6; 4 n-3 PUFA: 18:3n-3, 18:4n-3, 20:4n-3, 20:5n-3, 22:5n-3, 22:6n-3; 5 TFA, total fatty acids. Values were represented as the means of three replications. Means in the same row with different superscripts are significantly different (p < 0.05).
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