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This study investigated the effect of lipid levels on growth, body composition, lipid metabolism enzymes activity and related genes expression in hybrid grouper (♀Epinephelus fuscointestinestatus × ♂E. lanceolatu). Three diets with different lipid levels of 6% (low-lipid feed, LF), 11% (medium-lipid feed, MF) and 16% (high-lipid feed, HF) were designed and each diet was fed to triplicate groups of 30 fish each (6.73 ± 0.00g) for eight weeks. The results revealed the following. 1) The maximum weight gain rate (WGR), specific growth rate (SGR), protein efficiency ratio (PER) and the lowest feed conversion ratio (FCR) values were found in the HF group. There was no significant difference in the survival rate (SR) among the groups (P > 0.05). 2) Condition factor (CF), hepatosomatic index (HSI) and visceralsomatic index (VSI) increased with increasing dietary lipid. 3) Crude lipid content in the whole-body and muscle increased significantly as the dietary lipid level increased (P < 0.05). 4) Principal component analysis of fatty acids showed that sum n-3 polyunsaturated fatty acids (∑n-3PUFA)/sum n-6 polyunsaturated fatty acids (∑n-6PUFA) was significantly higher in the HF group than in the other two groups (P < 0.05). 5) Biochemical serum indexes showed higher triglycerides (TG), total cholesterol (TC), alkaline phosphatase (AKP) and low-density lipoprotein-cholesterol (LDL-C) levels but lower high-density lipoprotein-cholesterol (HDL-C) level in the HF group. 6) Liver lipid metabolism enzymes activity and biochemical indicators showed that fish fed the MF diet had higher lipoprotein lipase (LPL), hepatic lipase (HL) and triglyceride lipase (ATGL) activity but lower fatty acid synthase (FAS) activity and very-low density lipoprotein-cholesterol (VLDL-C) level. 7) The relative expression levels of lipoprotein lipase (lpl), adipocyte-type fatty acid-binding protein (a-fabp), liver-type fatty acid-binding protein (l-fabp), heart-type fatty acid-binding protein (h-fabp) and hormone-sensitive lipase (hsl) genes in the fish liver were higher in the MF group with increasing dietary lipid (P < 0.05), while the fatty acid synthase (fas) gene was expressed at lower relative level (P < 0.05). 8) Histological oil-red sections of the liver showed that fish in the HF group had larger and more hepatic lipid droplets than those fed the other diets. It was concluded that fish fed the HF diet had better growth performance but this diet was not conducive to the progress of lipid metabolism, resulting in lipid accumulation and affecting the quality of the fish. This study provides useful information for the formulation of environmentally friendly and cost-effective diets for hybrid grouper.
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Introduction

The grouper (Epinephelus spp.) is a valuable carnivorous fish of the lower and middle warm-water zones. It is one of the most economically important fish cultured in the southern coastal areas of China, especially in Guangdong, Fujian and Hainan provinces (Boonyaratpalin, 1997; Zhou et al., 2012). The hybrid grouper (♀Epinephelus fuscoguttatus × ♂Epinephelus lanceolatu) has the advantages of rapid growth, rich nutrition, delicate meat, high adaptability to the environment, strong disease resistance, high economic value and tolerance of a wide salinity range. It is suitable for pond, cage and factory farming. In recent years, large-scale farming has been carried out in Guangdong, Hainan and other places and the scale of farming and market demand have increased sharply (Liu et al., 2016; Fan et al., 2018; Zhao et al., 2019; Xu et al., 2021).

Fish meal, a high-quality protein source in feed, is in short supply due to limited fishery resources. Its price has increased continuously, making protein the most expensive feed ingredient. Therefore, reducing the content of fish meal in feed and improving the utilisation rate of feed protein can effectively save feed costs and decrease environmental pollution. The high digestibility of lipids can increase protein utilisation for tissue synthesis. Based on this principle that non-protein energy sources can decrease protein requirements, research is underway into an effective way to utilise lipids as energy to decrease feed protein requirements (Dias et al., 1998; Ai et al., 2004). Accordingly, the study of lipid-sparing protein has become a new research hotspot in aquaculture and the feed industry. Studies on hybrid grouper, Atlantic salmon (Salmo salar), cobia (Rachycentron canadum) and rainbow trout (Oncorhynchus mykiss) have shown that moderately increasing the lipid content in feed can save protein, improve feed utilisation and reduce nitrogenous waste emissions (Grisdale-Helland and Helland, 1997; Wang et al., 2005; Xie et al., 2021; Yight et al., 2002). The results of feeding hybrid grouper eight groups of diets containing 40%, 45%, 50% or 55% protein fraction and 7% or 14% lipid fraction (i.e. 40/7, 40/14, 45/7, 45/14, 50/7, 50/14, 55/7, 55/14), revealed a significant lipid-sparing protein effect, with the 50/14 group displaying the best utilisation of protein (Rahimnejad et al., 2015).

Feed lipid is important for the growth, development and reproduction of aquatic animals. Feed lipid not only serves as an important energy source to promote the growth and development of fish but also provides phospholipids, sterols and essential fatty acids for the body; facilitates the absorption, transfer and metabolism of lipid-soluble vitamins and other substances; and maintains the structure and physiological functions of biofilms (Lee et al., 2002; Leaver et al., 2008; Sun et al., 2013). Inadequate lipid content in feed can hinder the growth of farmed animals and reduce the quality of the product but excess lipid in feed has a detrimental effect on fish growth and development (Shiau and Lan, 1996; Perez‐Velazquez et al., 2017). Studies have shown that excessive lipid intake can lead to lipid deposition, metabolic disorders and immune reduction in farmed animals, which can lead to a fatty liver and affect the health status and growth rate (López et al., 2006; Han et al., 2014; Peng et al., 2017). Too much lipid in feed is also not conducive to feed storage (Song et al., 2010). For example, the liver lipid content of hybrid striped bass (♀Morone chrysops × ♂M. saxatilis) increased and growth declined when the dietary lipid content exceeded 20% (Gaylord and Gatlin Iii, 2000). The metabolism of lipid in the body requires a range of related enzymes. The expression of the lpl gene of red sea bream (Pagrus major) was affected by high lipid intake (Liang et al., 2002). Additionally, high-lipid supplementation of feed can reduce the stability of feed and increase its dissolution and loss, which can seriously affect the quality of aquafeeds, Too much lipid in feed can be easily oxidised, which is detrimental to feed storage (Tu et al., 2012). Therefore, an appropriate quantity of lipid in feed is essential to improve fish growth and optimise diet efficiency. For hybrid grouper fed with five groups of diets containing lipid fractions of 4.85%, 7.78%, 10.71%, 13.65% or 16.58%, the 13.65% group displayed a higher WGR, SGR and PER than the other four groups and the excretion rate of ammonia nitrogen was decreased (Xie et al., 2021).

Research on the nutrition of hybrid grouper is in its infancy. Some studies have shown that a diet with a crude protein content of 50%, a crude lipid content of 14% and an egg-to-energy ratio of 23.9 mg·kJ–1 can promote rapid growth. Thus, the purpose of this study was to investigate the effects of different dietary lipid levels on the growth, serum biochemical indexes, lipid metabolism enzymes and related genes of hybrid grouper.



Materials and methods

Based on the guidelines in the ‘Laboratory Animal Treatment and Usage Guide’, all animal researches were strictly conducted. Animal Ethics Committee of Guangdong Ocean University accepted the protocols (Zhanjiang, China).


Experimental diets

Three experimental diets with lipid contents of 6% (low-lipid, LF), 11% (medium-lipid, MF) and 16% (high-lipid, HF) were designed (Rahimnejad et al., 2015; Xie et al., 2021). All ingredients were crushed and passed through a 60-mesh sieve, then accurately weighed and thoroughly mixed using a progressive expansion method (Ayisi and Zhao, 2017), last mix well in the V-shaped stand mixer. The mixture was kneaded manually after the addition of fish oil and corn oil, then sieved and poured into the mixer. Added 30%-40% (mass fraction) distilled water and the ingredients were mixed evenly. The mixed ingredients were processed into 2.0 and 2.5 mm diameter pellets using a twin-screw extruder (F-26, South China University of Technology, Guangdong, China) and air-dried to a moisture content of approximately 10% at room temperature. The dried pellets were packed in bags, sealed and stored in a –20°C refrigerator for later use (Wei et al., 2021). The formulation and nutrient content are shown in Table 1.


Table 1 | Feed formulation and nutrient content of the test diets (% dry matter).





Fish and feeding trial

Hybrid grouper (♀Epinephelus fuscointestinestatus × ♂E. lanceolatu) larvae were purchased from a grouper hatchery on Donghai Island (Zhanjiang, China). They were temporarily reared in an outdoor concrete pond (2.0 m × 4.0 m × 2.0 m) and fed a commercial diet for one week to adapt to the experimental conditions. The breeding experiments were conducted at the Breeding Base of Guangdong Ocean University (Zhanjiang, China). The fish were grouped after fasting for 24 h. According to the experimental design, 270 healthy fish of uniform size and an initial average weight of 6.73 ± 0.00 g were randomly divided into three groups of three replicates each. One 1000 L tank (0.8m water depth) was a replicate, with 30 fish in each tank. The breeding trial lasted for eight weeks. The grouper was fed twice a day (8:00 and 16:00) to obvious satiation and the feeding amount was adjusted according to the weather and food intake. During the breeding period, the aeration was uninterrupted with air stones, and about 500 L of water was exchanged every day to maintain the water quality. Each tank had a 20.0 cm (diameter) × 30.0 cm (length) polyvinyl chloride (PVC) pipe as a shelter for the fish. Throughout the experiment, the water temperature was 29–32°C, the salinity was 26–28, the dissolved oxygen was 5–6 mg·L–1 (Lu et al., 2022) and the nitrate was maintained at < 0.03 mg·L–1.



Sample collection

Samples were taken after 24 h of fasting at the end of the experiment (Liu et al., 2021). The total number of fish in each tank was counted and weighed. Three fish per tank were randomly selected from each tank and their length and weight were measured to calculate the condition factor. These fish were then stored at –20°C prior to body composition analysis. Another three fish per tank were selected and weighed and the liver and viscera were dissected and weighed to calculate the HSI and VSI. Then, the dorsal muscles were dissected, placed in 10 mL centrifuge tubes and stored at –20°C for subsequent fatty acid and nutrient content measurements. Additionally, four fish from each tank were randomly selected for blood collection using a 1 mL sterile syringe. The blood was placed in 1.5 mL centrifuge tubes and stored at 4°C for 12 h. The blood was later centrifuged and the serum was collected and stored at −20°C for enzyme activity analysis. The supernatant was collected and stored at –80°C for enzymes activity measurement. The liver and intestinal tissues of another three fish were dissected and placed in 2 mL cryopreservation tubes, frozen in liquid nitrogen and then stored at –80°C for enzyme activity measurement. The livers of an additional three fish per tank were dissected and placed in 2 mL enzyme-free tubes, frozen in liquid nitrogen and then stored at –80°C for relevant genes expression determination. Finally, the livers of three fish per tank were quickly removed and stored in 4% formaldehyde solution for the preparation of oil-red slices.



Methods of analysis

The experimental nutrient content of feed, whole body and muscle was determined by the AOAC method (AOAC, 1995). Moisture content was determined by the drying to constant weight method at 105°C. Crude protein content was measured using the Skalar Dumas TN/TC/IC/TOC automatic analyser. Crude lipid content was determined by the Soxhlet extraction method (the extraction solvent was petroleum ether). The crude ash content was determined using a muffle furnace at 550°C. The sections were observed by fluorescent inverted microscope (Nikon Eclipse Ti-E). The fatty acid content of the whole-body and muscle was determined by GC-MS (Agilent technologies 7890B-5977A, USA) according to the method of Qiu et al. (2017). The Total cholesterol (TC), triglycerides (TG), low-density lipoprotein-cholesterol (LDL-C), high-density lipoprotein-cholesterol (HDL-C), alkaline phosphatase (AKP) level of serum and lipoprotein lipase (LPL), hepatic lipase (HL), triglyceride lipase (ATGL), fatty acid synthase (FAS) activity and very low-density lipoprotein-cholesterol (VLDL-C) level of liver were analysed using ELISA kits (Shanghai Enzyme Linkage Biotechnology Co., Ltd., Shanghai, China).



RNA extraction and cDNA synthesis

Total RNA was extracted by adding 1 mL of TransZol UP (TransGen Biotech, Beijing, China) to each sample according to the manufacturer’s instructions. RNA quality and concentration were measured using a spectrophotometer Nanodrop 2000c (Thermo, USA) and RNA integrity was determined using 1% agarose gel. First-strand cDNA was synthesised using the PrimeScript™ RT kit with cDNA Eraser (Takara, Japan) according to the manufacturer’s instructions. The cDNA was stored at –80°C and used for real-time quantitative polymerase chain reaction (RT-qPCR).



Real-time quantitative polymerase chain reaction (RT-qPCR)

Real-time quantitative polymerase chain reaction (RT-qPCR) was performed on a 384-well plate in a reaction volume of 10 µL, containing 5 µL of 2X SYBR® Green Pro Taq HS Premix II (Accurate Biology, Hunan, China), 0.8µL of each primer, 1 µL of cDNA sample and 3.2 µL of Rnase Free dH2O. The PCR conditions were set using a thermal programmer: 95°C for 30 s, 40 cycles of 95°C for 5 s, then 60°C for 34s. Each experiment was conducted in triplicate. Primers for the reference gene (β-actin) and the target genes were designed with reference to published grouper sequences (Table 2). Threshold cycle (Ct) values were collected for each sample at the end of the treatment. The relative expression levels were calculated using the 2-ΔΔCt method (Livak and Schmittgen, 2001).


Table 2 | Primers used RT-qPCR.





Calculation formula and statistical analysis

Growth performance and morphological indicators:

Weight gain rate (WGR, %) = 100 × (final weight - initial weight)/initial weight;

Specific growth rate (SGR, %/d) = 100 × [ln (final weight) - ln (initial weight)]/days of experiment;

Feed conversion ratio (FCR) = feed intake/weight gain;

Survival rate (SR, %) = 100 × (total number of fish at termination/total number of fish stocked);

Protein efficiency ratio (PER) = average weight gain/average protein intake;

Hepatosomatic index (HSI, %) = 100 × (liver weight/body weight);

Visceralsomatic index (VSI, %) = 100 × (viscera weight/body weight);

Condition factor (CF, g/cm3) = 100 × weight of fish/(length of fish)3.

All data were first tested for chi-square using SPSS version 21.0 (SPSS Inc., USA). Results were analysed using one-way ANOVA and Tukey test. P < 0.05 was considered a statistically significant difference. The results were expressed as mean ± standard error (SEM).




Results


Growth performance and morphological indexes

The results of growth performance are presented in Table 3. The maximum WGR, SGR and PER values were observed in the HF group and were significantly higher than those in the LF group (P < 0.05) but not significantly different from those in the MF group (P > 0.05). FCR was significantly higher in the LF group than in the MF and HF groups (P < 0.05), while PER was significantly lower in the LF group than in the other two groups (P < 0.05). There was no significant difference in SR among the groups (P > 0.05).


Table 3 | Effect of dietary lipid levels on growth performance of hybrid grouper.



The morphological indexes are shown in Table 4. The highest values of CF and VSI were observed in the HF group and were significantly higher than those in the LF group (P < 0.05). There was no significant difference of VSI into the MF and HF groups (P > 0.05) and there was no significant difference in HSI among the treatments (P > 0.05).


Table 4 | Effect of dietary lipid levels on morphological indexes of hybrid grouper.





Whole body and muscle composition

The results of whole-body composition are shown in Table 5. As the dietary lipid level increased, the moisture and crude protein content of the whole body significantly decreased (P < 0.05) and the lipid content significantly increased (P < 0.05). The whole-body crude ash content of the HF group was significantly lower than that of the LF group (P < 0.05) but was not significantly different from that of the MF group (P > 0.05).


Table 5 | Effect of dietary lipid levels on whole body and muscle composition of hybrid grouper (% dry matter).



There was no significant difference in the moisture and crude ash content in muscle among the groups (P > 0.05). The muscle crude lipid content was significantly higher in the HF group than in the other two groups (P < 0.05) and the trend in crude protein content in muscle as the dietary lipid content increased was opposite to that of crude lipid in muscle.



Fatty acid composition of whole body and muscle

The whole-body fatty acid composition is shown in Table 6. With the lipid level in the diet increased, the Total saturated fatty acids (∑SAFA) and total monounsaturated fatty acids(∑MUFA) content of the whole-body decreased gradually and was significantly higher in the LF group than in the other two groups (P < 0.05). The MF group had significantly higher whole-body sum n-3 polyunsaturated fatty acids (∑n-3PUFA) and sum n-3 highly unsaturated fatty acids (∑n-3HUFA) content than the other two groups (P < 0.05). The whole-body sum n-6 polyunsaturated fatty acids (∑n-6PUFA) content of the HF group was significantly higher than that of the other two groups(P < 0.05) and the n3/n6 ratio showed the opposite trend. There was no significant difference in the whole-body Eicosapentaenoic Acid (EPA)/Docosahexaenoic Acid (DHA) ratio among treatments (P > 0.05).


Table 6 | Effect of dietary lipid levels on fatty acid composition of whole-body in hybrid grouper (% total fatty acids).



As shown in Table 7, the ∑SAFA and ∑MUFA content in muscle was significantly higher in the LF group than in the other two groups. The ∑n-3PUFA and ∑n-3HUFA in muscle increased and then decreased, with the highest value in the MF group, which was significantly higher than those in the other two groups (P < 0.05). As dietary lipid increased, ∑n-6PUFA and the EPA/DHA ratio of muscle significantly increased and the n3/n6 ratio significantly decreased (P < 0.05).


Table 7 | Effect of dietary lipid levels on fatty acid composition of muscle in hybrid grouper (%total fatty acids).





Biochemical indices in serum

Serum biochemical indexes are shown in Table 8. The TG and TC content decreased and then increased. The lowest value was in the MF group, which was significantly lower than that in the HF group but not significantly different to that in the LF group (P < 0.05). The dietary lipid level did not affect HDL-C or LDL-C serum level (P > 0.05).


Table 8 | Effect of dietary lipid levels on biochemical indices in serum of hybrid grouper.





Lipid metabolism enzymes activity in liver

Liver lipid metabolism enzymes activity and biochemical indexes are shown in Table 9. LPL, HL and ATGL activity first increased and then decreased as the dietary lipid level increased. The greatest values were in the MF group, which were significantly higher than those in the HF group (P < 0.05) but not significantly different to those in the LF group (except for HL) (P > 0.05). FAS activity and VLDL-C level had the opposite trend to LPL, with minimum values obtained in the MF group; these were significantly lower than those in the HF group (P < 0.05) but were not significantly different from those in the LF group (P > 0.05).


Table 9 | Effect of dietary lipid levels on lipid metabolism enzymes activity and biochemical indexes in liver of hybrid grouper.





Liver oil-red slices

Figure 1 shows that, as dietary lipid increased, the hepatic lipid droplets in the liver oil-red slices gradually increased and enlarged. Serious lipid accumulation was found in the HF group.




Figure 1 | Effect of dietary lipid levels on hepatic histology of hybrid grouper (oil-red × 400; The lipid deposition status is shown by arrows and ovals).





Expression of genes related to hepatic lipid metabolism

As shown in Figure 2, lpl, a-fabp, l-fabp, h-fabp and hsl mRNA expression first increased and then decreased. The expression of lpl, a-fabp, l-fabp, h-fabp, and hsl mRNA was significantly higher in the MF group than in the other two groups (P < 0.05), while expression of these genes was significantly lower in the HF group than in the other two groups (P < 0.05). The expression of fas mRNA was significantly higher in the HF group than in the other two groups (P < 0.05) and its expression in the MF group was significantly lower than in the other two groupsm (P < 0.05).




Figure 2 | Effect of dietary lipid levels on relative expression of hepatic lipid metabolism-related genes of hybrid grouper. Values are means ± SEM (n = 3). Different letters assigned to the bars represent significant differences using Tukey’s test (P < 0.05). lpl, lipoprotein lipase; a-fabp, adipocyte-type fatty acid-binding protein; l-fabp, liver-type fatty acid-binding protein; h-fabp, heart-type fatty acid-binding protein; hsl, hormone-sensitive triglyceride lipase; fas, fatty acid synthetase.






Discussion

Lipid is an important source of energy, providing essential fatty acids and phospholipids to the body, and plays an important role in fish nutrition (Lu et al., 2013b). An appropriate amount of lipid is essential to maintain the vital functions of fish but levels that are too high or too low will have negative effects on fish (Hansen et al., 2008). The lipid requirements of fish vary not only by species but also depending on their feeding habits, living environment, growth stage, and the protein and carbohydrate content in their feed (Jiang et al., 2015). Carp (Cyprinus carpio) can have a feed lipid content of up to 18%, while some tilapia (Oreochromis mossambicus) can have a maximum feed lipid content of 10% (Guillaume et al., 2001). The results of this study showed that, after eight weeks of feeding, the HF group had significantly improved growth, which was consistent with the results of studies on orange-spotted grouper (Epinephelus bleekeri), Grass carp (Ctenopharyngodon idella) and Large yellow croaker (Larimichthy scrocea) (Jin et al., 2013; Yi et al., 2014; Li et al., 2016). The growth-promoting effects of high dietary lipids are usually associated with the protein-producing effects of dietary lipids (Boujard et al., 2004). Increasing the lipid level of the feed can conserve protein, thus allowing more energy to be used for fish growth. The FCR and PER values were significantly higher in the LF group than in the other two groups, which reflected good feed acceptability. The HF group had a lower SR, which may have been because high lipid levels are detrimental to the survival of grouper.

Three morphological indicators, CF, HSI and VSI are often used to evaluate the response of fish to different nutrient levels (Luo et al., 2011; Chang et al., 2018). This study showed that the HF group had the highest CF, HSI and VSI levels. This may have been due to the greater lipid deposition in the viscera and fish body for the HF group. Studies on fish such as Culter alburnus (Erythrocutler ilishaeformis), cobia and eye-plaque-like headfish (Sciaenops ocellatus) have shown similar results (Wang et al., 2005; Liu et al., 2008; Xu et al., 2020). In general, increasing dietary lipid levels will increase the lipid content of the liver. High dietary lipid levels promote an increase in the number of adipocytes in the liver (Umino et al., 1996), increasing the volume of hepatic adipocytes (Bellardi et al., 1995) and allowing the liver to accommodate more lipid (Nanton et al., 2001), ultimately leading to an increase in HSI. However, the HSI of fish such as Atlantic salmon, hybrid Clarias catfish (♀Clarias macrocephalus × ♂C.gariepinus) and largemouth bass (Micropterus salmoides) did not increase significantly with increasing levels of dietary lipid (Jantrarotai et al., 1994; Helland and Grisdale-Helland, 1998; Zhu et al., 2018). These fish can store large amounts of lipid in the abdominal cavity as cellulite, which reduces the amount of lipid stored in hepatocytes. This effect may also be due to the decreased feeding efficiency of fish as the level of dietary lipid increases but more in-depth studies are needed, including on liver lipid metabolism, to verify this.

In this study, the whole-body and muscle crude lipid content were significantly higher in the HF group than that in the other two groups. The HF group also showed the highest liver lipid accumulation in the oil-red sections. Increased dietary lipid levels were observed in Asian seabass (Lates calcarifer), freshwater black snapper (Hephaestus fuliginosus), Large yellow croaker, and hybrid snakehead (♀Channa argus × ♂Channa maculata) (Catacutan and Coloso, 1997; Song et al., 2010; Wang et al., 2015; Zhao et al., 2016), resulting in greater body lipid deposition. The study of Dongtingking crucian carp showed that the crude muscle lipid content increased as the dietary lipid level increased and was significantly higher in the 12% lipid group than in the 0 and 4% lipid groups (Lei et al., 2020). In Carassius auratus gibelio, the crude muscle lipid content increased within the dietary lipid range of 6.04–9.88% (Wang et al., 2010). A similar result was also found in cobia (Wang et al., 2005). However, in the present study, the whole-body and muscle crude protein content of the HF group was significantly lower than that in the other two groups, which may have been due to the increase in whole-body lipid content.

Fatty acids have attracted increasing research attention because of their important role in lipid digestion, absorption and synthesis (Monge‐Ortiz et al., 2018). Fatty acids can maintain the normal growth of fish, improve feed utilisation and improve the fish survival rate. When fatty acids are deficient, fish grow slowly, develop diseases and even die (Tocher, 2003; Torstensen et al., 2004). Differences in the fatty acids composition of fish can be attributed to differences in fish species and size, feed lipid types and levels, feeding time and environmental factors (Jin et al., 2013). Generally, the feed lipid level directly affects the digestion and absorption efficiency of different fatty acids by fish, the amount of fatty acid deposition in fish and the composition of fatty acids in fish (Qin et al., 2013). In the present study, there was a correlation between the feed lipid content and the concentration of specific fatty acids in the whole body and muscle. Additionally, the accumulation pattern of different fatty acids in fillets and muscle was different. The results showed that whole-body and muscle ∑n-6PUFA were highest in the HF group but there was an opposite outcome for ∑n-3PUFA, which caused a significant reduction in n3/n6 for the HF group. This may have been due to the increase in lipid levels in the diet changing the n3/n6 fatty acid ratio. An imbalance between n-3 and n-6 fatty acids can weaken the exchange capacity of lipids and accelerate the rate of lipid deposition in fish, resulting in higher lipid content in fish (Verreth et al., 1994). The HF group had the highest proportion of polyunsaturated fatty acids (PUFAs) in the total fatty acid content. This was because, when the level of feed lipid is higher than that required by fish, fish preferentially use SAFAs and MUFAs to meet their energy needs and store PUFAs (Torstensen et al., 2004). For example, the C22:1n-11 content in cod did not increase as the feed lipid content increased, whereas the content of PUFAs increased proportionally; this indicated that the cod preferentially used C22:1n-11 for energy and PUFAs were mainly used for growth and development (Santos et al., 1993). In fish such as white seabass (Atractoscion nobilis), it has been found that, the higher the level of dietary lipid, the higher the proportion of PUFAs of the total fatty acid content (López et al., 2009). Similar results have also been reported in studies of carp and Nile tilapia (Géret et al., 2002; Böhm et al., 2014). Thus, the feed lipid level not only regulates the composition pattern of saturated/monounsaturated/polyunsaturated fatty acids in fish tissues but also affects the n3/n6 ratio.

In addition to affecting growth performance and fatty acid composition, feed lipid levels also affect the serum biochemical indicators in fish (Zhao et al., 2015; Xie et al., 2017). Fish blood is closely related to fish nutritional status, metabolism and disease. When fish are affected by external factors and undergo physiological or pathological changes, these are mainly reflected in blood indicators (Zhou et al., 2001). Therefore, blood lipid levels can reflect the level of lipid metabolism in fish. TG, an energy substance in fish, is involved in the release and storage of energy. Lipids in the form of TG are transported in the blood of fish, with the content of TG in serum being negatively correlated with the ability of the liver to decompose lipids (Hubacek and Bobkova, 2006). TC is used to assess the activity of endogenous lipid transport (Zhou et al., 2016). Thus, the levels of TG and TC in the blood are important physiological indicators reflecting the level of lipid metabolism in fish, with higher levels indicating greater lipid accumulation in the liver of fish (Kim et al., 2005; Tu et al., 2012). The HDL-C/LDL-C ratio can reflect the transport status of cholesterol in fish and act as an indicator of the degree of atherosclerosis (Yun et al., 2011). In the present study, the TG content of the HF group was significantly higher than that of the MF group and its TC content was significantly higher than that of the other two groups. The serum TG and TC levels of grass carp increased with increasing dietary lipid levels (Du et al., 2006), which was similar to the result of this study. Additionally, in the present study, the HF group had lower HDL-C level and higher LDL-C level compared to the other two groups. When the level of dietary lipid was too high, the level of serum HDL-C decreased; this is not conducive to metabolic energy production or the transport of TG and affects lipid metabolism in the liver. At the same time, the level of serum LDL-C increased; this causes TG to enter the bloodstream where excess TG accumulates on the vessel wall, increasing the risk of atherosclerosis (Fredenrich and Bayer, 2003).

The liver is the main metabolic centre of fish (Chi et al, 2017). It has the most active lipid metabolism and plays a central role in metabolic homeostasis, which is a complex process involving lipid uptake, transport and metabolism (Lu et al., 2013a). Dietary lipid levels not only affect the growth performance, fatty acid composition and serum biochemical parameters of grouper but also significantly influence the hepatic LPL, HL, ATGL, FAS enzymes activity and VLDL-C level. LPL and HL are two key enzymes involved in lipid catabolism, collectively referred to as total lipase (Chen et al., 2016). LPL can catalyse the hydrolysis of TG carried by VLDL-C and chylomicrons to glycerol and fatty acids for tissue storage and utilisation (Feoli-Fonseca et al., 1998; Huang et al., 2018). HL has a variety of lipase activity, acts as a ligand to facilitate the entry of LDL-C and chylomicrons into hepatocytes, and directly participates in the metabolism of TG and phospholipids in HDL-C. It is also one of the enzymes involved in the metabolism of endogenous TG in circulating blood and has a similar function to LPL (Cohen et al., 1999; Wong and Schotz, 2002). The activity of HL affects the content of HDL-C, producing small, dense LDL-C, which means that HL has a relieving effect on atherosclerosis (Schiekofer et al., 2017). ATGL is the rate-limiting enzyme for TC hydrolysis and it can also specifically hydrolyse the first ester bond of TG. ATGL deficiency leads to hepatic steatosis and the lipolytic process mediated by ATGL may be related to metabolic diseases such as fatty liver (Smirnova et al., 2006). Excessive deposition of VLDL in the liver affects the metabolic transport of lipids, leading to the disruption of lipid metabolism, which in turn leads to fatty liver disease (Young, 1990; Ma et al., 2015). FAS is a key enzyme involved in the ab initio synthesis of fatty acids in fish, with higher expression in liver and adipose tissue (Liu et al., 2010). The results of the present study showed that LPL and HL activity was lowest in the HF group and was significantly lower than in the MF group. This may have been because liver lipase activity gradually increased as the dietary lipid level increased, but excessive lipid caused liver damage and reduced lipase activity. ATGL activity was significantly lower in the HF group than in the MF group, which may have been because of the higher TC content in the HF group. The VLDL-C level in the HF group was significantly higher than that in the MF group, which may have affected lipid transport in the liver. The FAS content decreased in the MF group and increased in the HF group, which may have been because liver lipid synthase activity gradually decreased as the level of dietary lipid increased but excessive lipid caused liver damage and disrupted lipid synthesis.

The lipid metabolism process is a dynamic balance of lipid anabolism and catabolism (Zhu et al., 2012). The regulation of lipid synthesis and catabolism in animals is via the content and activity of key enzymes in lipid metabolism, with the expression levels of key enzyme genes determining the number and activity of enzyme proteins (Yue et al., 2012). LPL is related to lipid metabolism and obesity and can catalyse the breakdown of protein-related TG into glycerol and free fatty acids, thereby playing a key role in the metabolism of TG (Puigserver et al., 1999; Yue et al., 2012). It is generally believed that the measurement of HSL activity can reflect lipid breakdown, and hsl gene expression and HSL activity are affected by energy levels, lipid types and fasting (Sztalryd and Kraemer, 1994; Stich et al., 1997). FABPs are members of a multigene family of intracellular lipid-binding proteins (Huang et al., 2022). FABPS can increase the solubility of fatty acids and their transport from lipid membranes to oxidation sites and then to triglyceride or phospholipid sites, from where they enter the nucleus to exert regulatory effects (Di Pietro and Santomé, 2001). l-fabp mainly promotes the absorption, diffusion and metabolism of fatty acids (Her et al., 2003), while h-fabp mainly promotes the binding (Bransden et al., 2003) and transport of fatty acids and a-fabp mainly regulates the oxidative energy supply of fatty acids and the metabolism of phospholipids and triglycerides (Chmurzyńska, 2006). fas activity and gene expression level determine the rate of fatty acid synthesis. In the present study, the expression of lpl, hsl, a-fabp, l-fabp and h-fabp mRNA was significantly lower in the HF group than in the other two groups. This indicated that lipid transport and metabolism were most active in the MF group, while excessive dietary lipid levels inhibited the expression of lipolytic and lipid-binding enzymes, thus causing lipid accumulation. It has been shown that fas expression levels decrease as the level of ingested feed lipids increases (Leng et al., 2012; He et al., 2015). This is because exogenous lipid intake is sufficient at higher lipid levels in feed, thus reducing the synthesis of endogenous lipids. A dynamic balance between exogenous feed lipid absorption, utilisation and endogenous lipid synthesis is maintained (Rollin et al., 2003). In contrast, fas mRNA expression in the HF group was significantly higher than in the other two groups, showing the same trend as for enzyme activity. The reduction in fas expression in the MF group may have been to the inhibition of fatty acid synthesis and lipid accumulation, thus preventing cellular toxicity (Van Herpen and Schrauwen‐Hinderling, 2008). The increased expression of fas in the HF group may have been due to liver damage caused by excessive lipid, which led to the obstruction of endogenous lipid synthesis.



Conclusion

In summary, hybrid grouper fed a diet containing 16% lipid (HF) had better growth performance but this diet was not conducive to lipid metabolism in the serum and liver, resulting in the accumulation of lipid in the fish. Therefore, further research is needed to find feed additives that can alleviate the harm of high-lipid feed on the lipid metabolism of hybrid grouper.
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