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This study aimed to evaluate the effects of dietary bile acids on growth performance, feed utilization, body composition, digestive enzyme activity, and related gene expression in juvenile leopard coral grouper (Plectropomus leopardus). Five diets with varying levels of dietary bile acids (0, 0.15, 0.3, 0.45 and 0.6%) were formulated and each diet was fed to triplicate groups of 15 fish (13.14 ± 0.14 g) for ten weeks. Results showed that the significant enhancement in weight gain (WG) and specific growth rate (SGR) was observed in fish fed 0.3% bile acids (P < 0.05). Additionally, feed conversion ratio (FCR) was significantly improved with bile acids inclusion (P < 0.05). Higher feed intake was also recorded in bile acids inclusion groups, and significantly up-regulated gene expression of hypothalamus neuropeptide Y (NPY) was found in 0.3% group compared with the control group (P < 0.05). Dietary bile acids (0.3%) significantly decreased lipid deposition in the whole-body (P < 0.05), and lower hepatosomatic index (HSI) and viscerosomatic index (VSI) were also found in this group. Moreover, intestinal trypsin and lipase activities were significantly increased in 0.3% group (P < 0.05) to promote feed digestion. In addition, the relative expression levels of intestinal fatty acid binding protein 2 (FABP2) significantly up-regulated with inclusion of dietary bile acids, suggesting an enhancement of fatty acid transport (P < 0.05). In contrast, cholesterol transport related genes NPC1 like intracellular cholesterol transporter 1 (NPC1L1) and CD36 were notably down-regulated as bile acids inclusion (P < 0.05). This study provides valuable information for the formulation of diets for juvenile coral trout and indicates that dietary bile acids could potentially be used to improve growth performance and feed utilization.
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Introduction

Bile acids are synthesized from cholesterol in the liver, then conjugated to taurine or glycine to increase their solubility and stored in the gallbladder. Upon feed intake, bile acids are released into the intestine by stimulating the hormone cholecystokinin (CCK) (Di Ciaula et al., 2018). With amphipathic properties, they act as an emulsifier to facilitate the digestion and absorption of dietary lipids and fat-soluble nutrients through micellar dispersion (Macierzanka et al., 2019). Additionally, bile acids can improve digestion and assimilation of dietary proteins by accelerating the hydrolysis ability of pancreatic proteases (Gass et al., 2007). In recent decades, researches have revealed that bile acids are vital signaling molecules involved in modulating cell proliferation, gene expression, and nutrient metabolism through their receptors in different tissues, including farnesoid X receptor (FXR), G-protein-coupled bile acid receptor-1 (TGR5), and the liver X receptors α and β (LXR) (Lefebvre et al., 2009; Chiang, 2013; Shulpekova et al., 2022). Recent studies have also suggested that bile acids may be related to appetite regulation, mainly through the secretion of gastrointestinal hormones (Kuhre et al., 2018).

Based on the multiple physiological functions of bile acids in animals, bile acids have been authorized as a new feed additive in China, garnering increasing attention in the aquaculture industry since 2014 (Yao et al., 2021). The popularity of high-fat diet to improve protein utilization and aquaculture efficiency has been on the rise in recent years; however, long-term feeding of such diets can lead to adverse effects such as abnormal fat deposition and health issues, which can ultimately slow down the growth performance of fish (Tan et al., 2019; Li et al., 2022). Studies conducted on typical carnivorous species such as largemouth bass (Micropterus salmoides L.) (Yin et al., 2021) and large yellow croaker (Pseudosciaena crocea) (Ding et al., 2020) have demonstrated that suitable dietary bile acids can attenuate the negative effects of high-fat diets by improving lipid digestion and absorption, antioxidant capacity, and intestinal health status. Additionally, the increasing use of plant-based ingredients in fish diets has been shown to alter bile acid status in fish, resulting in diminished nutrient digestion and absorption (Romano et al., 2020). Dietary bile acid supplementation has been reported to attenuate the impairment of growth performance and digestive function of fish caused by low-fish meal diets (Yamamoto et al., 2007; Iwashita et al., 2009; Ni et al., 2021). Lastly, studies in grass carp (Ctenopharyngodon idella) have revealed that bile acids can increase intestinal microbiota diversity, induce community succession, and improve immune function (Xiong et al., 2018; Peng et al., 2019).

The leopard coral grouper (Plectropomus leopardus), also known as coral trout, is a highly economically valuable marine fish species due to its desirable flesh taste and attractive colorful skin (Zhou et al., 2020). In recent years, the success of artificial breeding has enabled the rapid development of coral trout aquaculture along the southern coast of China in tropical and subtropical climates. The availability of highly qualified aquafeed is essential to support this growth, yet nutrition and feed studies in this fish species are still quite limited. It has only been reported that juvenile coral trout require a dietary crude protein content of 50% for optimum growth (Xia et al., 2020). Compared with other grouper species, coral trout have a slower feeding process and relatively lower feed utilization (Giri et al., 2021). With this collective background, the present study aims to evaluate the effects of dietary bile acids on growth and feed utilization of coral trout. Additionally, we also further investigated the transcriptional regulation of feeding-related neuropeptides and lipids transporters after bile acids supplementation.





Materials and methods

The animal experiment protocol was reviewed and approved by the Committee of Animal Welfare and Ethics of Hainan University (HNUAUCC-2021-00085).




Experimental diets

Five isonitrogenous (50%) and isolipidic (10%) experimental diets were formulated containing graded bile acids (0%, 0.15%, 0.3%, 0.45%, 0.6%) (Table 1). Bile acids were extracted from porcine bile (Shandong Longchang Animal Health Product Co., Ltd., Jinan, China; Purity 99%; containing 68% hyodeoxycholic acid, 17% chenodeoxycholic acid and 9% hyocholic acid). All ingredients were well ground, weighed, and mixed in a Hobart mixer (A-200T Mixer Bench Model) for 30 minutes. Fish oil and soybean oil were gradually added and mixed constantly. Subsequently, 30-50 mL of water per 100 g of dry matter were slowly blended into the premixed ingredients. The diets were produced to a noodle-like shape at 3 mm diameter in a twin-screw extruder (Institute of Chemical Engineering, South China University of Technology, Guangzhou) and were pelletized. All diets were air dried at 20°C and were stored at -20°C until use.


Table 1 | Formulation and proximate compositions of the experimental diets.







Fish and feeding trial

Juvenile coral trout were obtained from a local commercial hatchery (Wenchang, Hainan province, China). Fish were acclimated with commercial diets for 2 weeks prior to the experiment. 225 health fish with similar size (average body weight, 13.14 ± 0.14 g) were randomly distributed into 15 floating cages (L 60 cm×W 50 cm×H 50 cm) placed in an indoor cement tank (4×3×1.5 m3). The fish were fed to apparent satiation twice daily (8:00 am, 4:30 pm) over the 10-week trial. Water temperature (31 ± 0.5°C), total ammonia (0-0.10 mg/L) and dissolved oxygen (5.9 ± 0.2 mg/L) were monitored daily, and the fish were exposed to a 12 h: 12 h light: dark cycle.





Samples collection

After the experiment, all fish in each cage were counted and weighed after being subjected to a 24-h fasting period. Seven fish per cage were randomly collected and anesthetized with tricaine methanesulfonate (MS-222, 50 mg/L, Sigma, St. Louis, Missouri). Two of the fish were used to analyze whole-body composition. At the same time, three were individually weighed, measured, and then dissected to obtain viscera and liver for calculated body condition indices, including condition factor (CF) and hepatosomatic index (HSI). Muscle samples were collected from these three fish for chemical composition analysis. The remaining two fish had their liver samples kept in liquid nitrogen. Afterwards they were stored at -80°C for enzyme activity analysis. The mid-intestine samples from these two fish were collected for RNA extraction.





Biochemical analyses

The proximate composition of the fish whole-body, white muscle and experimental diets were analyzed according to the standard methods. Crude protein was determined by the Kjeldahl method after acid digestion using a Kjeltec 1030 Auto Analyzer system (FOSS Tecator, Sweden). Dry matter was determined by heating samples at 105°C. Crude lipid was quantified by ether extraction using a Soxtec System HT6 (Haineng SOX406, Shandong, China). Ash content was determined by heating 2 g samples at 550°C for 3 h.





Digestive enzyme activity assays

Mid-intestine samples were rinsed and homogenized in the commercial buffer (1:9 w/v) on ice. The supernatant of the enzyme extract was gently pipetted after the homogenate was centrifuged. Subsequently, the total protein content, trypsin and lipase activities were determined according to the methods of the commercial kits. Lipase kit was purchased from Shanghai Yifei Biotechnology Co. Ltd. (Shanghai, China). Trypsin and protein content kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).





RNA extraction, reverse transcription, and real-time quantitative PCR analysis

Total RNA was extracted from the mid-intestine using Trizol Reagent (Invitrogen, Waltham, Massachusetts) followed by quality measurement on a 1.0% denaturing agarose gel and yield determination on a NanoDrop ND-1000 spectrophotometer (NanoDrop, Wilmington, Delaware). Subsequently, RNA was treated with RNA-free DNase (Takara, Japan) to remove genome DNA, and reversely transcribed to complementary DNA (cDNA) using the Revert Aid First Strand cDNA Synthesis Kit (Takara) as per the manufacturer’s instructions. The cDNA templates were stored at -20°C for further analysis. Primers were designed according to the related sequences on NCBI and verified before performing the quantitative PCR (Table 2). Real-time PCR was conducted using a quantitative thermal cycler (Roche Light Cycler 480, Switzerland) in a total volume of 20 μL containing 10 μL of Power SYBR Green PCR Master Mix (Takara), 0.8 μL of each primer (10 μmol), 6.4 μL of nuclease-free water, and 2 μL of cDNA mix. The real-time PCR program was as follows: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, 60°C for 20 s, and 65°C for 15 s for melting curve analysis. β-actin was used as the housekeeping gene to normalize the results. Three replicates were performed for each tested gene, and the expression levels of the target genes were calculated using the 2-ΔΔCt method (Livak and Schmittgen, 2001).


Table 2 | Primer sequences used for real-time PCR.







Calculation formula and statistical analysis

	

	

	

	

	

	

	

	

The normality and homogeneity of the data were assessed using Hartley’s test. Subsequently, a one-way analysis of variance (ANOVA) and Tukey’s Multiple Range Test (SPSS 22.0 for Windows, Chicago IL American) were conducted to determine if significant differences occurred between different treatments. Statistical significance was set at P < 0.05. All data are presented as mean ± S.E.M.






Results




Growth performance and feed utilization

The results of growth performance and feed utilization of juvenile coral trout are shown in Table 3. FBW and WG were increased as dietary bile acids level increased from 0% to 0.3%, and after that, it slowly decreased when dietary bile acids level continued to rise from 0.45% to 0.6%. Significant difference in growth performance was only found between 0.3% group and the control group (P < 0.05). Significantly higher FCR was found in the control group compared with those bile acids inclusion groups (0.3%, 0.45% and 0.6%), and the lowest value was recorded in 0.3% group. No significant difference in survival was observed among all the experimental groups (P > 0.05).


Table 3 | Growth performance, feed utilization and morphological indexes of coral trout fed the experimental diets for 10 weeks.







Whole-body composition, muscle composition and morphological indexes

As shown in Table 4, there were no significant differences in whole body moisture, crude protein and muscle composition among the five groups (P > 0.05), while the highest whole body and muscle crude protein were present in bile acids 0.3% group. In addition, fish in 0.3% group had the lowest whole-body crude lipid and significant difference was found between 0.3% group and the control group (P < 0.05), while no remarkable differences were observed between control group and other bile acids supplements groups (0.15%, 0.45% and 0.6%). There were no obvious differences in morphological indexes among all the experimental treatments (P > 0.05), while HSI and VSI were lower in 0.3% group compared with other treatments (Table 3).


Table 4 | Whole-body and muscle composition of coral trout fed the experimental diets for 10 weeks.







Intestinal digestive enzyme activities

Dietary bile acids levels significantly influenced intestinal trypsin and lipase activities (Figure 1). The significantly higher trypsin activity was found in 0.3%, 0.45% and 0.6% groups compared with the control groups (P < 0.05), while no significant difference was found between 0.15% and the control group (P > 0.05). As for lipase activity, significantly higher value was recorded in 0.3% group compared with other treatments (P < 0.05). Meanwhile, significant difference was also found between 0.45% group and control group (P < 0.05).




Figure 1 | Effects of dietary bile acids levels on intestine digestive enzyme activities of coral trout. Values are expressed as mean ± S.E.M (n=6). Different letters indicate significant differences among groups (P < 0.05).







Expression of feed intake regulation-related genes in the hypothalamus

The gene expression of feed intake regulation related-peptide in the hypothalamus of coral trout is shown in Figure 2. NPY mRNA expression level was apparently higher in the 0.15 and 0.3% groups compared with the control group (P < 0.05), which was nearly 2 times than that in the control group. And there was no significant difference in NPY mRNA expression in the bile acids 0.45, 0.6, and control groups (P > 0.05). Ghrelin gene expression reached the highest level in the 0.3 group, while there was no significant difference among all the treatment groups (P > 0.05). The dietary fatty acid level did not significantly affect CCK and leptin mRNA expression (P > 0.05).




Figure 2 | Effects of dietary bile acids levels on feeding regulation-related gene expression in the hypothalamus of coral trout. Values are expressed as mean ± S.E.M (n=6). Different letters indicate significant differences among groups (P < 0.05). NPY, neuropeptide Y CCK, cholecystokinin.







Expression of lipids transport-related genes in the intestine

The effects of dietary bile acids on mRNA expression of lipids transport-related genes are shown in Figure 3. Fatty acid transporter CD36 mRNA expression was down-regulated with the inclusion of dietary bile acids, and significant difference was found between the control group and 0.15, 0.45 and 0.6% groups (P < 0.05). Cholesterol transporter NPC1L1 was also found, resulting in an over 1.5-fold decrease in bile acids inclusion groups compared with the control group (P < 0.05). In contrast, significantly up-regulated gene expression of FABP2 was recorded in group 0.3% compared with the control group (P < 0.05). As for FATP4 mRNA expression, a remarkable decreased was found in 0.6% group (P < 0.05), and no significance difference was found among other treatments (P > 0.05). In addition, the inclusion of bile acids did not affect IAP gene expression (P > 0.05).




Figure 3 | Gene expression levels of fatty acid transporters in the intestine of coral trout responded to the different dietary bile acids levels. Values are expressed as mean ± S.E.M (n=6). Different letters indicate significant differences among groups (P < 0.05). IAP, alkaline phosphatase; NPC1L1, NPC1 like intracellular cholesterol transporter 1; FABP2, fatty acid binding protein 2; FATP4, Fatty acid transport protein 4.







Expression of fatty acid biosynthesis-related genes and bile acids receptors in the intestine

Figure 4 presents the experimental data on the expression of ACACA and FASN genes affected by dietary bile acids levels. The transcripts expression of ACACA was significantly down-regulated when fish fed with moderate or higher levels (0.3%-0.6%) of bile acids (P < 0.05). In addition, the significantly lower gene expression of FASN was observed in higher bile acids inclusion groups compared with the control group (P < 0.05). Meanwhile, FASN mRNA expression in the 0.3% group was also lower than the control group, but no significant difference was found (P < 0.05).




Figure 4 | Effects of dietary bile acids levels on ACACA and FASN gene expression in the intestine of coral trout. Values are expressed as mean ± S.E.M (n=6). Different letters indicate significant differences among groups (P < 0.05). ACACA, Acetyl-coenzyme A carboxylase-α; FASN, fatty acid synthase.



As shown in Figure 5, bile acids inclusion profoundly affected the intestine gene expression of bile acids receptors. Generally, moderate bile acids inclusion (0.3%) produced a notable up-regulation of genes encoding receptors FXR and TGR5 (P < 0.05). As for LXR, gene expression was significantly up-regulated in 0.15% and 0.3% groups compared with the control group (P < 0.05).




Figure 5 | Gene expression levels of bile acids receptors in the intestine of coral trout responded to the different dietary bile acids levels. Values are expressed as mean ± S.E.M (n=6). Different letters indicate significant differences among groups (P < 0.05). FXR, Farnesoid X receptor; LXR, liver X receptor; TGR5, G-protein-coupled bile acid receptor-1.








Discussion

It has been reported that groupers have a low capability to utilize lipids as an energy source (Giri et al., 2021). Consequently, it is essential to formulate a diet that can improve feed efficiency and support the rapid growth of coral trout. Bile acids have been demonstrated to play a pivotal role in the digestion and absorption of dietary lipids in the intestine. Dietary supplements of bile acids have been reported to enhance growth performance in some carnivorous fish species, including Japanese flounder (Paralichthys olivaceus) (0.1%) (Alam et al., 2002), cobia (Rachycentron canadum) (Zhou et al., 2010), turbot (Scophthalmus maximus) (0.15%) (Sun et al., 2014) and hybrid grouper (Epinephelus fuscoguttatus♀ × E. lanceolatus♂) (0.09%) (Xu et al., 2022b). In the present study, WG was significantly improved when coral trout fed a diet containing 0.3% dietary bile acids compared with the control group (0%) after 10 weeks of feeding trail. A study by Yin et al. (2021) found that there were no significant differences in the WG of largemouth bass fed a high-fat diet with 0.03%, 0.06%, and 0.09% dietary bile acids. Similarly, dietary supplementation of lower levels of bile acids did not significantly affect the growth performance of black seabream (Sparus microcephalus) (0.02%) (Jin et al., 2019) and rainbow trout (Oncorhynchus mykiss) (Hang et al., 2022). Most of the studies including current study reported that fish fed with higher levels of dietary bile acids did not exhibit growth retardation. However, it has been observed that excessive dietary bile acids (1.8%) can negatively impact Atlantic salmon (Salmo salar L.) growth performance (Kortner et al., 2016). This suggests that the optimal and excessive dietary bile salt concentrations may be species-specific.

Feed intake is a major factor that influences the growth performance of fish by altering energy and metabolic balance. Measuring feed intake has been suggested as an important criterion for assessing the efficacy of different bile acids in aquafeeds (Romano et al., 2020). Our study showed that dietary bile acids increased feed intake compared with the control group. Similarly, a study conducted on yellowtail (Seriola quinqueradiata) revealed that increasing ursodeoxycholic acid (UDCA) concentration (0%, 0.4%, or 0.8%) resulted in a linear increase in feed intake (Deshimaru et al., 1982). To investigate the signaling pathway of orexigenic regulation of bile acids, we examined the expression of appetite-regulating peptides in the hypothalamus, a crucial area in the brain responsible for controlling feed intake. NPY has been identified as one of the brain’s most abundant neuropeptides, acting as an orexigenic factor (Loh et al., 2015). The present study showed that bile acids supplementation (0.15% and 0.3%) significantly improved hypothalamus NPY mRNA expression. Study has demonstrated that ghrelin is highly expressed in the stomach/gut of fish, with moderate levels detected in the brain, and that it is able to stimulate feed intake (Unniappan et al., 2005). However, the present study showed that dietary bile acids levels did not affect hypothalamus ghrelin mRNA expression. Additionally, this study found that the gene expression levels of CCK and leptin, which act as anorexigenic factors, were not significantly affected by dietary bile acids. These results may be attributed to the limited capability of bile acids to regulate fish feeding in this study, as although a higher feed intake was observed in bile acids supplement groups was observed, the difference was not significant. Previous research indicated that bile salts are highly effective facial taste stimuli, and that neural pathways exist to transmit bile salt information to the primary gustatory nucleus of the medulla (Rolen and Caprio, 2008). Further research is warranted to explore the regulation of bile acids on fish feeding in different species.

Efficient lipid digestion necessitates using bile acids as endogenous emulsifiers to mix lipids and related proteins in the proximal part of the digestive tract. Studies have suggested that bile acids may enhance fish growth performance by optimizing lipid digestion. Evidence has been presented that a deficiency in bile acids can decrease the efficiency of lipid digestion, thus harming growth performance (Deng et al., 2013; Kortner et al., 2013). The current study also showed that FCR was notably improved with the inclusion of 0.3-0.6% of dietary bile acids. In addition, bile acids not only increase the surface area of intraluminal lipids and promote adsorption of lipase, but also enhance lipase and proteolysis activities (Gass et al., 2007). Our study demonstrated that the inclusion of moderate bile acids (0.3%) significantly increased the intestinal lipase and trypsin activity of fish, which is in agreement with previous research conducted on snakehead (Channa argus) (Hou et al., 2019) and largemouth bass (Yin et al., 2021). The results of digestive enzyme assays in the present study were consistent with the enhanced growth performance of the fish. Consequently, as has been demonstrated to augment lipid digestibility in other studies, bile acids could be employed as a feed additive to enhance feed digestibility and utilization in coral trout.

The hydrolysis of dietary lipids within the lumen of the intestine following the uptake of hydrolyzed products by enterocytes is a vital process in the absorption of lipids. To date, several proteins have been identified in fish as being involved in this process of lipid absorption. However, the response of intestinal lipid transporters to dietary bile acids in fish remains largely understudied. Our observations found that NPC1L1, a major transporter involved in the regulation of intestinal cholesterol absorption, was significantly decreased in the groups supplemented with bile acids. A study using human enterocytes found that LXR and LXR+RXR agonists significantly decreased NPC1L1 mRNA expression (Alvaro et al., 2010). In the present study, gene expressions of LXR, FXR and TGR5 were up-regulated in the dietary bile acids 0.3% group. Similar result was also recorded in the liver of hybrid grouper that fish fed bile acids inclusion diets altered FXR and TGR5 genes expression, and lipid metabolism (Xu et al., 2022a). In addition, research has demonstrated that receptor LXR acts as an oxysterol sensor of intracellular cholesterol homeostasis, and mice treated with the LXR agonist have decreased fractional absorption of dietary cholesterol (Levy et al., 2007). The digestive system is largely responsible for maintenance of cholesterol balance in the body. The synthesis of bile salts from cholesterol necessitates an accounting of cholesterol balance, which requires consideration of both bile salts and cholesterol (Cohen, 2008). It was reported that bile acids could inhibit intestinal cholesterol absorption to prevent cholesterol gallstone formation in several mice models (Wang et al., 2003). Study in white shrimp (Litopenaeus vannamei) exhibited that whole-body, hepatopancreas and hemolymph cholesterol concentration were significantly decreased in soybean meal-based bile acids supplementation diet compared with fishmeal diet (Lin et al., 2022). Additionally, the present results also showed that intestinal CD36 mRNA expression was significantly decreased as inclusion of the bile acids. It has been reported that CD36 could involve in cholesterol homeostasis through dietary cholesterol absorption, cholesterol synthesis, lipoprotein formation, reverse cholesterol transport, and synthesis and reabsorption of bile acids (Ulug and Nergiz-Unal, 2021). In vitro investigation of mouse enterocytes has demonstrated that dephosphorylation of CD36 by the co-localized intestinal IAP augments fatty acid uptake (Lynes et al., 2011). However, no significant effect of dietary bile acids on the expression of fish intestine IAP genes was observed.

FABP2 and FATP4 are cytosolic long-chain fatty acids transporter, mainly expressed in cells of intestinal tissue (Kaitetzidou et al., 2015; Xu et al., 2017). In this study, the supplement of bile acids (0.3%) significantly increased fish intestine FABP2 gene expression. The binding of fatty acids to FABPs could reduce fatty acid-mediated intracellular toxicity. To mitigate the toxicity of free fatty acids, rapid conversion to acyl-CoA followed by triglyceride synthesis has been proposed. In addition, our study revealed that the genes FASN and ACACA, which encode rate-limiting enzymes involved in fatty acid biosynthesis, were significantly down-regulated in response to the inclusion of dietary bile acids, indicating that bile acids may facilitate the intestine’s uptake of fatty acids.

Several studies have demonstrated that dietary bile acids could reduce body lipid deposition in fish fed high-lipid diets. For instance, similar whole-body crude lipid was recorded between the control group (7%) and high-lipid (13%) with bile acids group in black seabream (Jin et al., 2019). Similarly, we also observed a significant reduction in whole-body crude lipid content in the 0.3% group compared with the control group. Contrary to the findings of a study on largemouth bass (Yin et al., 2021), which showed that muscle lipid was decreased in a high-lipid diet supplemented with suitable bile acids, we did not observe a significant decrease in muscle lipid content across all treatments. The carcass characteristics of fish are of commercial significance, as lower lipid deposition in the liver or viscera is indicative of a higher filet yield at similar body weight. Our study revealed that the 0.3% group had lower HSI and VSI values compared with the control group, while no significant difference was found between these treatments. Similarly, study in hybrid grouper also showed that VSI was not significantly affected in high-fat diets supplement with bile acids, but HSI was significant lower in optimum bile acids group (0.09%) compared with high-fat diet control group (Xu et al., 2022b). The above variations in results may be attributed to the species of fish, dietary lipid content and bile acids levels.

In conclusion, this study has demonstrated that supplement suitable level (0.3%) of dietary bile acids can improve the growth performance and feed efficiency of juvenile coral trout. Bile acids could also enhance lipid digestion and absorption by modulating intestinal digestive enzyme activity and lipids transporters gene expression. Furthermore, bile acids could reduce body lipid deposition in juvenile coral trout. Therefore, bile acids can be used as a feed additive to enhance feed digestibility and utilization in coral trout. The findings of this study provide valuable information for the formulation of diets for juvenile coral trout.
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