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Abstract

:

The present study was conducted to investigate the effects of dietary vegetable oils (VOs) replacing fish oil (FO) on fatty acid composition, lipid metabolism and inflammatory response in adipose tissue (AT) of large yellow croaker (Larimichthys crocea). The initial body weight of a large yellow croaker was 10.07 ± 0.13 g. Three iso-nitrogenous and iso-lipidic diets were formulated by replacing FO with 0% (the control group), 100% soybean oil (SO) and 100% linseed oil (LO). Results showed that the contents of C18:2n-6 and C18:3n-3 were significantly increased in AT of fish fed the SO and LO diets compared with the FO diet, respectively. The proportion of n-6 polyunsaturated fatty acid (PUFA) was increased in SO and LO diets, while the proportions of saturated fatty acid and n-3 LC-PUFA were decreased. Moreover, dietary SO and LO significantly induced excess fat accumulation of AT by increasing the triglyceride content and the hypertrophy of adipocytes. Dietary SO and LO significantly increased lipogenesis-related gene expressions (dagt2, fabp10, srebp1, cebpα and pparγ), while decreasing the gene expression of lpl. Meanwhile, dietary SO increased the expression of genes related to fatty acid β-oxidation (cpt1 and aco), while LO showed no differences. Furthermore, dietary SO and LO increased the pro-inflammatory gene expressions and decreased the anti-inflammatory gene il10 expression. The phosphorylation levels of p38 MAPK and NF-κB were significantly upregulated by dietary SO and LO. In addition, there was a significant increase in macrophage infiltration and M1 polarization in AT of fish fed SO and LO diets. In conclusion, the present study revealed that dietary SO and LO replacing FO affected fatty acid composition and induced lipid dysmetabolism and inflammatory response in the adipose tissue of large yellow croaker.
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1. Introduction


Fish oil (FO), with a relatively high content of long-chain polyunsaturated fatty acids (LC-PUFA), is used as the major lipid component in the fish diet. Due to the high price and limited supply of fish oil (FO), vegetable oil (VO) has been widely used as a promising alternative to FO in the fish diet due to its low price and high output [1]. Soybean oil (SO) and linseed oil (LO), which are enriched in linoleic acid (LA) and α-linolenic acid (ALA), respectively, are two of the most commonly used vegetable oils to replace FO [2]. Previous studies have confirmed that VO could partially replace FO without a significant reduction in growth performance in many fish species, such as Atlantic salmon (Salmo salar), rainbow trout (Oncorhynchus mykiss) and gilthead sea bream (Sparus aurata) [3,4,5]. However, the high percentage of dietary VO replacing FO always induces abnormal lipid deposition and inflammatory response due to the imbalance in fatty acid profile of the diet [6,7,8]. Therefore, exploring the mechanism of high levels of dietary VO on lipid metabolism and inflammatory response can improve the utilization of VO in aquafeed.



Adipose tissue (AT) is an important tissue for lipid storage [9]. In mammals, the hypertrophy of AT caused by excess fat accumulation results in lipid dysmetabolism, which is characterized by abnormal lipolysis and adipokine secretion [10,11]. Furthermore, AT has also been regarded as a tissue with an important immune function [12]. The enlargement of AT induced by excess fat accumulation leads to chronic-degree tissue inflammation, which is associated with an increased abundance of adipose tissue macrophages (ATMs) infiltrating into AT [13]. In fish, adipose tissue is also considered to be a specific tissue for fat deposition. Excess energy intake and a nutritionally unbalanced diet can induce excess fat accumulation in AT, which impairs fish health and reduces aquatic production [14]. In addition, previous studies also revealed that AT plays an important role in the regulation of inflammatory response in fish [15,16]. However, the regulatory mechanism of lipid metabolism and inflammatory response in response to VO in AT is still not completely understood.



Large yellow croaker (Larimichthys crocea) is an economically important mariculture fish in China, and the use of dietary VO is prevalent in large yellow croaker feed. Based on a large number of studies about dietary vegetable oils replacing fish oil, large yellow croaker is a good model to systematically explore the effect of VO on lipid metabolism and inflammation in fish [6,17,18,19]. This study hypothesized that the high level of VO replacing FO could affect lipid metabolism and inflammatory response in adipose tissue of large yellow croaker. Thus, the present study was conducted to investigate the mechanism of a high level of dietary SO and LO replacing FO in fatty acid composition, lipid metabolism and inflammatory response in large yellow croaker.




2. Materials and Methods


2.1. Experiment Diets and Fish Culture


The design and fatty acid composition of the experimental diets (Table 1 and Table 2) were given in a previous study [6,20]. In brief, three iso-nitrogenous (43% crude protein) and iso-lipidic (12% crude lipid) diets were formulated by replacing FO with 0% (the control group), 100% SO and 100% LO. The SO was enriched with linoleic acid (LA; C18:2n-6) and the LO was enriched with α-linolenic acid (ALA; C18:3n-3). Large yellow croakers with the same initial size (mean weight 10.07 ± 0.13 g) were obtained from Fu Fa Aquatic Fishery Company (Ningde, Fujian, China). A total of 720 fish was randomly distributed into 12 floating sea cages (1 × 1 × 1.8 m). Four floating sea cages were used per group with 60 fish per cage. Fish were hand-fed twice daily for 10 weeks. The salinity ranged from 25.0 to 30.0 g/L, the water temperature ranged from 22.0 to 28.0 °C and the dissolved oxygen content was approximately 7.0 mg/L. At the end of the feeding experiment, fish were fasted for 24 h and anesthetized with MS-222 before sampling. Tissues were collected and frozen in liquid nitrogen and then stored at −80 °C or −20 °C for further analyses.



In the present study, all experimental procedures performed on fish were strictly according to the Management Rule of Laboratory Animals (Chinese Order No. 676 of the State Council, revised 1 March 2017).




2.2. Analysis of Fatty Acid Profiles


Adipose tissue from large yellow croakers was selected for the analysis of fatty acid profiles. Samples were placed in freeze-dryers (Alpha 1-4 LD Plus, Osterode, Germany) for 48 h. The analysis of fatty acid profiles was based on the previous method with some modifications using a gas chromatography-mass spectrometer (GS-MC; Shimadzu GSMC-QP2010 Ultra, Tokyo, Japan) [21]. In brief, samples were saponified with KOH-ethanol (1 N) and acid catalyzed with methanolic hydrogen chloride (2 N). The fatty acid methyl ester was quantified by GS-MC with a fused silica capillary column (007-CW, Hewlett Packard, Palo Alto, CA, USA).




2.3. Triglyceride (TG) Content Quantification


Tissue samples were lysed in a lysing solution for 10 min at room temperature. Then, the TG content of tissues was tested by a commercial assay kit (Applygen Technologies Inc., Beijing, China) according to the manufacturer’s instruction. The absorbance of samples was measured at 550 nm using a microplate reader (SpectraMax i3x, Silicon Valley, Francisco Bay, CA, USA). TG contents were adjusted by protein concentration per mg.




2.4. H&E Staining


Adipose tissues were soaked in 4% paraformaldehyde for 24 h and then dehydrated with a gradient of alcohol and dimethylbenzene. The dehydrated tissue was subsequently blocked using paraffin, followed by freezing and solidification. The paraffin-embedded tissues were sliced in a paraffin slicer at a thickness of 4 μm. Then, the slices were stained with hematoxylin–eosin (H&E) to observe the structure.




2.5. RNA Extraction, Complementary DNA (cDNA) Synthesis and Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)


Total RNA was extracted from adipose tissue using RNAiso Plus (Takara, Tokyo, Japan) according to the manufacturer’s instruction. The concentration and quality of extracted total RNA were measured by NanoDrop spectrophotometer (Thermo Scientific NanoDrop 2000, Waltham, MA, USA). Then, the extracted RNA was reversed to cDNA by PrimeScript™ RT reagent Kit (Takara, Maebashi, Japan) according to the manufacturer’s instruction. The mRNA expression levels were measured using SYBR qPCR Master Mix (Takara, Japan). RT-qPCR primer sequences for target genes were designed by Primer Premier 5.0 software according to the nucleotide sequences of large yellow croaker (Table 3). β-actin was used as the housekeeping gene in the present study. Gene expression levels were calculated and normalized via the 2−ΔΔCT method [22].




2.6. Western Blot Analysis


First, total proteins were extracted from tissues with a total protein extraction kit (Beyotime Biotechnology, Shanghai, China). All protein concentrations were adjusted to the same level before heating. Proteins were loaded onto 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis with 20 μg protein samples and transferred to polyvinylidene difluoride (PVDF) membranes (Merck Millipore, Berlin, Germany). After incubation with 5% non-fat milk for 2 h, the membranes were incubated with the targeting antibody overnight at 4 °C. The primary antibodies used in this study were against the following proteins according to the previous study [23]: p38 (Cat. No. 8690, CST), phospho-p38 (Thr180/Tyr182; Cat. No. 9215, CST), IKKα/β (Cat. No. 2678, CST), phospho-IKKα/β (Ser176/180; Cat. No. 2697, CST) and GAPDH (AF1186; Beyotime Biotechnology). Then the membranes were incubated with the secondary antibody (HRP-labeled goat anti-rabbit IgG(H + L)) for 2 h at room temperature. Finally, the ECL Plus kit (Beyotime Biotechnology, China) was used to visualize the immune complex. The target proteins were quantified and analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).




2.7. Immunohistochemical (IHC)


The tissue sections used in IHC were preprocessed via antigen retrieval by citric acid, endogenous peroxidase activity blocking by hydrogen peroxide and serum sealing by 3% bovine serum albumin (BSA; Sangon Biotech, Shanghai, China). Then, the sections were successively incubated with primary antibodies, secondary antibodies and DAB color liquid. The polyclonal antibodies against CD68 were produced by immunizing rabbits with synthetic proteins according to gene sequences from large yellow croaker according to the previous study [24]. Brown areas represented the positive ratio and were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).




2.8. Statistical Analysis


The analyses were performed with SPSS 22.0 (IBM, Armonk, NY, USA). The results were presented as the mean with standard error of mean (S.E.M.). All data were subjected to one-way analysis of variance (ANOVA) followed by Tukey’s multiple-range test or independent sample t-tests in this study. A value of p < 0.05 was considered statistically significant.





3. Results


3.1. Dietary SO and LO Affected the Fatty Acid Profile of Adipose Tissue


Considering the difference in fatty acid profiles between FO and VO, we first detected the fatty acid profile of adipose tissue at the end of the feeding experiment (Table 4). Significant increases were observed in the contents of C18:2n-6 (LA) and C18:3n-3 (ALA) in adipose tissue of fish fed SO and LO diets compared with fish fed the FO diet (p < 0.05). The maximum content of C18:2n-6 (LA) was detected in the adipose tissue of fish fed the SO diet and the maximum content of C18:3n-3 (ALA) was detected in fish fed the LO diet. The contents of C16:0, C20:5n-3 (EPA) and C22:6n-3 (DHA) were significantly decreased in fish fed diets with SO and LO (p < 0.05). In addition, the proportion of n-6 PUFA was significantly increased in adipose tissue of fish fed SO and LO diets, while proportions of SFA and n-3 LC-PUFA were significantly decreased (p < 0.05).




3.2. Dietary SO and LO Induced Excess Fat Accumulation of Adipose Tissue


3.2.1. Dietary SO and LO Increased the TG Content in Adipose Tissue


To investigate whether the replacement of FO by VO in diets could induce excess fat accumulation, the TG content of adipose tissue was detected. Results showed that the TG content of adipose tissue was significantly increased when fish were fed SO and LO diets compared with the FO diet (p < 0.05) (Figure 1).




3.2.2. Dietary SO and LO Induced Hypertrophy in Adipose Tissue


Furthermore, H&E staining of adipose tissue showed that the average diameter and volume of adipocytes were significantly upregulated in fish fed the SO and LO diets compared with fish fed the FO diet (p < 0.05) (Figure 2). These results showed that dietary SO and LO increased hypertrophy of adipocytes in adipose tissue.





3.3. Effects of Dietary SO and LO on the Expression of Lipid-Metabolism-Related Genes in Adipose Tissue


We further explored changes in the expression of genes related to lipid metabolism in adipose tissue. Results showed that the replacement of FO with SO in diets significantly increased the mRNA expression levels of genes, including dgat2, fabp10, cebpα, cpt1 and aco, while the mRNA expression levels of lpl and hsl were significantly decreased (p < 0.05) (Figure 3A–D). The mRNA expression levels of fas, fabp3, srebp1, pparγ and atgl showed no significant differences between FO and SO groups (p > 0.05). Moreover, the mRNA expression levels of genes, including fas, dgat2, fabp10, srebp1 and pparγ, were significantly increased in the LO diet compared with the FO diet, while the mRNA expression level of lpl was significantly decreased (p < 0.05) (Figure 3A–D). The mRNA expression levels of fabp3, cebpα, cpt1, aco and atgl showed no significant differences between FO and LO groups (p > 0.05).




3.4. Dietary SO and LO Induced the Inflammatory Response of Adipose Tissue


3.4.1. Dietary SO and LO Induced the Inflammation-Related Gene Expression


With the occurrence of excess fat accumulation, the effects of dietary SO and LO on the inflammatory response in adipose tissue were examined. Results showed that the replacement of FO with SO and LO in diets induced the inflammation-related gene expressions in adipose tissue. The SO diet significantly increased the mRNA expression level of il1β, while the mRNA expression of il10 was significantly decreased (p < 0.05) (Figure 4). The LO diet significantly increased the mRNA expression levels of il1β, il6, tnfα and tgfβ, while the mRNA expression of il10 was significantly decreased (p < 0.05) (Figure 4).




3.4.2. Dietary SO and LO Activated p38 MAPK and NF-κB Signaling Pathway


We further detected the activation of the inflammatory signaling pathway in adipose tissue. Compared with the control group, the SO diet significantly upregulated the phosphorylation level of p38 MAPK (p < 0.05), while the phosphorylation level of IKKα/β showed no significant differences (p > 0.05) (Figure 5). Meanwhile, the phosphorylation levels of p38 MAPK and IKKα/β were significantly increased in the LO diet compared with the FO diet (p < 0.05) (Figure 5).




3.4.3. Dietary SO and LO Induced Infiltration and Polarization of Macrophages


The inflammation of adipose tissue is also characterized by an increased abundance of pro-inflammatory macrophages. We next investigated whether dietary SO and LO induced macrophage infiltration and polarization in AT. Immunohistochemistry results showed that there was a significant increase in CD68+ (the M1 marker) positive macrophages in SO and LO diets compared with the FO diet (p < 0.05) (Figure 6). These results illustrated that dietary SO and LO induced the inflammatory response of adipose tissue.






4. Discussion


With resource shortages and price rises in fish oil, dietary VO replacing FO is widely used in aquaculture [25]. However, because the replacement of vegetable oil changed the fatty acid composition and supply in the diet, high-percentage replacement and long-term feeding could reduce the growth performance and induce inflammatory response in fish. This severely limits the application of high-percentage dietary VO in aquaculture. In the present study, fatty acid profile of adipose tissue in large yellow croakers was changed according to the fatty acid composition of the experimental diets. Dietary SO and LO mostly increased LA and ALA in AT, respectively, while the proportion of n-3 LC-PUFA (DHA and EPA) was significantly decreased. However, most marine fish (such as large yellow croaker) cannot synthesize LC-PUFA using LA and ALA due to the lack and low activity of some key enzymes in the synthesis pathway, so n-3 LC-PUFA is the essential fatty acid for marine fish [26,27]. Therefore, one of the reasons for the reduced growth performance of fish caused by the high proportion of VO replacement may be the lack of essential fatty acids. In fish, the degree of alteration in fatty acid tissue is always based on the composition of different dietary fatty acid [28]. Previous studies on many fish species have shown that dietary VO influences the fatty acid composition in liver, muscle and head kidney [17,29,30]. However, little attention has been given to adipose tissue in fish. As the main lipid storage depot, adipose tissue can secrete FFA in circulation, which further affects the function in other tissues [31].



Many studies have shown that lipid metabolism in fish could be affected by the different dietary fatty acid compositions [32,33,34]. Therefore, we explored the effects of VO on lipid metabolism in AT. In this study, dietary SO and LO induced excess fat accumulation of AT by increasing the TG contents and adipocyte cell size, which reflected the hypertrophy and expansion of AT. Dietary LO showed a more effective capacity in inducing excess fat deposition than SO. Previous studies in gilthead sea bream have shown that a high level of mixed FO replacement could increase the adipocyte cell size and mesenteric fat mass [35,36]. However, the intermediate replacement level of VO showed no differences in visceral mass of Atlantic salmon [37]. Subsequently, the expression of genes related to lipid metabolism was examined to explain the hypertrophy of AT. The high level of SO and LO significantly increased the expression of genes related to lipogenesis and fatty acid transport, demonstrating an excessive TG biosynthesis and lipid intake. The promoted lipid accumulation and expanded adipocytes were consistent with the changes in lipid-metabolism-related gene expressions. In particular, dietary SO increased the fatty acid β-oxidation-related gene expressions (cpt1 and aco), while LO showed no changes. CTP1 and ACO are both rate-limiting enzymes for fatty acid β-oxidation in mitochondria and the increased expression is related to fatty acid utilization [38]. Previous studies in mammals have proven that abdominal fat accumulation could be inhibited by the induction of fatty acid β-oxidation [39,40]. Therefore, the increased gene expressions of fatty acid β-oxidation in SO diets may be to alleviate the excess fat accumulation of AT via negative feedback regulation, which was the probable reason for the lower TG content in the SO group than in the LO group. However, previous studies did not have uniform results on the changes in lipid-metabolism-related gene expressions in response to dietary VO in AT [4,36,41,42,43,44]. These inconsistent results may be due to the different replacement concentrations and the different resources of vegetable oil. Therefore, the lipid metabolism regulated by VO replacing FO remains to be further explored in fish.



Adipose tissue is not only a main site for lipid storage but also plays an important role during immunity modulation. Thus, we further explored whether dietary SO and LO could induce inflammatory response in AT. Dietary SO replacing FO increased the pro-inflammatory gene il1β expression and activated the p38 MAPK signaling pathway in AT of large yellow croaker. Meanwhile, LO increased the pro-inflammatory gene expressions of il1β, il6, tnfα and tgfβ and activated the p38 MAPK and NF-κB signaling pathways. In this study, LO showed a stronger ability to induce inflammatory response in AT. These results indicated that several inflammation-related signaling pathways play an essential role in VO-induced inflammation in fish. Previous studies in our lab have also shown that VO could induce inflammation by activating MAPK and TLR signaling pathways in liver and head kidney [21,29,45]. On the other hand, the inflammation of AT is closely related to the accumulation and M1 polarization of adipose tissue macrophages. Results in the present study showed that dietary SO and LO significantly induced infiltration and M1 polarization of macrophages in AT, which was consistent with previous studies in our lab using mixed SO and LO (1:1) replacing FO [16]. In mammals, evidence has suggested that n-3 LC-PUFA could suppress inflammation by preventing TLR4 translocation and subsequent downstream signaling activation and decreasing M1-type ATM polarization [46,47]. In addition, previous studies in Atlantic salmon and gilthead sea bream have shown that the increased ratio of n-6/n-3 reduced nonspecific immunity [48,49]. Therefore, the imbalance of n-6/n-3 PUFA ratio caused by the decrease in n-3 PUFA and the increase in n-6 PUFA is the main reason for the inflammatory response induced by VO replacing FO in AT of large yellow croakers.




5. Conclusions


In conclusion, the present study indicated that dietary VO replacing FO changed the fatty acid composition and induced excess fat accumulation by lipid dysmetabolism in adipose tissue of large yellow croakers. Moreover, VO diets induced the inflammatory response in adipose tissue, which was caused by the activation of the p38 MAPK and NF-κB pathways and the infiltration and polarization of macrophages. Compared with SO, LO showed a stronger capacity to induce fat accumulation and inflammatory response. These results could advance the understanding of the influence of dietary VO replacing FO and provide a potential target to decrease the lipid dysmetabolism and inflammatory response induced by VO, thereby improving the utilization rate of VO in aquafeed.
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Figure 1. Effects of dietary SO and LO on triglyceride (TG) contents in adipose tissue of large yellow croaker. Results were presented as the means ± S.E.M. and were analyzed using Tukey’s test (n = 4). Bars labeled with the same letters are not significantly different (p > 0.05). FO, fish oil; SO, soybean oil; LO, linseed oil. 
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Figure 2. H&E staining and the average diameter and area of adipocytes in adipose tissue of large yellow croaker fed SO and LO diets. Scale bars, 50 µm. Five adipocytes per slice were selected for measurement (n = 15). Results are presented as the means ± S.E.M. and were analyzed using Tukey’s test. Bars labeled with the same letters are not significantly different (p > 0.05). 
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Figure 3. Effects of dietary SO and LO on the gene expressions related to lipid metabolism in adipose tissue of large yellow croaker. (A,B) Lipogenesis and fatty acid transport; (C) lipolysis; (D) fatty acid β-oxidation. Results are presented as the means ± S.E.M. and were analyzed using Tukey’s test (n = 4). Bars labeled with the same letters are not significantly different (p > 0.05; no difference between the unlabeled bars). 
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Figure 4. Effects of dietary SO and LO on the mRNA expression of inflammatory-response-related genes in adipose tissue of large yellow croaker. Results are presented as the means ± S.E.M. and were analyzed using Tukey’s test (n = 4). Bars labeled with the same letters are not significantly different (p > 0.05; no difference between the unlabeled bars). 
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Figure 5. Effects of dietary SO and LO on the activation of p38 MAPK and NF-κB signaling pathways in adipose tissue of large yellow croaker. Results are presented as the means ± S.E.M. and were analyzed using Tukey’s test (n = 3). Bars labeled with the same letters are not significantly different (p > 0.05). 
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Figure 6. Immunohistochemical and the ratio of positive cells in adipose tissue of large yellow croaker fed SO and LO diets. Scale bars, 50 µm. Three visual fields per slice were selected for calculation (n = 9). Results are presented as the means ± S.E.M. and were analyzed using Tukey’s test. Bars labeled with the same letters are not significantly different (p > 0.05). 
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Table 1. Formulation and chemical proximate composition of the experimental diets (%. dry matter) [7].
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Ingredient a

	
Dietary Treatments b




	
Fish Oil (FO)

	
Soybean Oil (SO)

	
Linseed Oil (LO)






	
White fish meal b

	
35

	
35

	
35




	
Soybean meal b

	
28

	
28

	
28




	
Wheat meal b

	
23.8

	
23.8

	
23.8




	
Soybean lecithin

	
1.5

	
1.5

	
1.5




	
Vitamin premix c

	
2

	
2

	
2




	
Mineral premix c

	
2

	
2

	
2




	
Attractant mixture d

	
0.1

	
0.1

	
0.1




	
Mold inhibitor e

	
0.1

	
0.1

	
0.1




	
Fish oil

	
7.5

	

	




	
Soybean oil

	

	
7.5

	




	
Linseed oil

	

	

	
7.5




	
Total

	
100.00

	
100.00

	
100.00




	
Proximate analysis (%)

	

	

	




	
Crude protein

	
42.23

	
41.98

	
42.42




	
Crude lipid

	
12.05

	
12.19

	
12.14








a All of these ingredients were supplied by Great Seven Biotechnology Co., Ltd., Qingdao, China. b Fish meal (dry mater, %): 70.55% crude protein and 7.21% crude lipid; Soybean meal (dry mater, %): 51.89% crude protein and 1.16% crude lipid; Wheat meal (dry mater, %): 15.09% crude protein and 0.15% crude lipid. c Mixture of vitamin mixture and mineral mixture (mg/kg premix): cholecalciferol, 5 mg; retinol acetate, 32 mg; thiamin 25 mg; vitamin B12 (1%), 10 mg; riboflavin, 45 mg; pyridoxine HCl, 20 mg; ascorbic acid, 2000 mg; alpha-tocopherol (50%), 240 mg; vitamin K3, 10 mg; pantothenic acid, 60 mg; inositol, 800 mg; niacin acid, 200 mg; folic acid, 20 mg; biotin (2%), 60 mg; choline chloride (50%), 4000 mg; microcrystalline cellulose, 12.47 g; CuSO4·5H2O, 10 mg; Ca (IO3)2·6H2O (1%), 60 mg; CoCl2·6H2O (1%), 50 mg; FeSO4·H2O, 80 mg; MgSO4·7H2O, 1200 mg; MnSO4·H2O, 45 mg; NaSeSO3·5H2O (1%), 20 mg; ZnSO4·H2O, 50 mg; CaH2PO4·H2O, 10 g; zeolite, 8.485 g. d Attractant mixture: the mixture of 50% glycine acid and 50% betaine by weight. e Mold inhibitor: the mixture of 50% calcium propionic acid and 50% fumaric acid by weight.
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Table 2. Fatty acid composition of the experimental diets (% total fatty acids) [20].
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	Fatty Acid

(% Total Fatty Acid)
	FO
	SO
	LO





	14:0
	8.77
	0.08
	0.07



	16:0
	19.15
	10.32
	5.39



	18:0
	4.26
	3.95
	3.76



	20:0
	1.18
	0.27
	0.17



	∑SFA 1
	33.26
	14.62
	9.39



	16:1n-7
	11.85
	0.09
	0.10



	18:1n-9
	9.75
	26.10
	20.45



	∑MUFA 2
	21.6
	26.19
	20.55



	18:2n-6 (LA)
	1.54
	49.65
	15.52



	20:4n-6
	1.30
	0.00
	0.00



	∑n-6 PUFA 3
	2.84
	49.65
	15.52



	18:3n-3 (ALA)
	0.76
	4.92
	53.02



	20:5n-3 (EPA)
	12.34
	0.00
	0.00



	22:6n-3 (DHA)
	7.30
	0.00
	0.00



	∑n-3 PUFA 4
	20.40
	4.92
	53.02



	∑n-3 LC-PUFA 5
	19.64
	0.00
	0.00







1 SFA: saturated fatty acids. 2 MUFA: monounsaturated fatty acids. 3 n-6 PUFA: n-6 polyunsaturated fatty acids. 4 n-3 PUFA: n-3 polyunsaturated fatty acids. 5 LC-PUFA: long chain-polyunsaturated fatty acids. Some fatty acids contents are minor, trace amount or not detected.
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Table 3. Primers used for RT-qPCR and genes’ accession numbers.
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	Target

Gene
	Forward (5’-3’)
	Reverse (3’-5’)
	Accession

Number





	β-actin
	TTATGAAGGCTATGCCCTGCC
	TGAAGGAGTAGCCACGCTCTGT
	XM_010732326



	fas
	CAGCCACAGTGAGGTCATCC
	TGAGGACATTGAGCCAGACAC
	XM_027289105



	dgat2
	TTCGGTGCTTTCTGCAACTTCG
	AAGGATGGGGAAGCGGAAGT
	XM_019255019



	fabp3
	CCAAACCCACCACTATCATCTCAG
	GCACCATCTTTCCCTCCTCTATTG
	XM_010731330



	fabp10
	CAATGGAACATGGCAGGTTTACG
	TGATTGGCTTGATGTCCTTGGC
	XM_010738161



	srebp1
	TCTCCTTGCAGTCTGAGCCAAC
	TCAGCCCTTGGATATGAGCCT
	XM_010730705



	cebpα
	GAGGCGGGAAGCACAAGAAG
	TTCGCCTTGTCGCGGCTCTTAC
	XM_027281242



	pparγ
	TGTCCGAGCTGGAAGACAAC
	TGGGGTCATAGGGCATACCA
	XM_010731330



	lpl
	GAATTCAACGCGGAAACACAG
	ACGCTCATAGAGGGCAGACAC
	NM_001303397



	hsl
	TCACAAAGTGCCTCAATGCC
	CAAACGGGTTCCTGATAATGG
	XM_019254673



	atgl
	ATTTCCGACAACCTCCCTCA
	CATCACTGCTCCCTCTTTCA
	NM_001303332



	cpt1α
	GCTGAGCCTGGTGAAGATGTTC
	TCCATTTGGTTGAATTGTTTACTG
	JX434612



	aco
	AGTGCCCAGATGATCTTGAAGC
	CTGCCAGAGGTAACCATTTCCT
	XM_010748324



	il1β
	CATAGGGATGGGGACAACGA
	AGGGGACGGACACAAGGGTA
	XM_010736551



	il6
	CGACACACCCACTATTTACAAC
	TCCCATTTTCTGAACTGCCTC
	XM_010734753



	tnfα
	ACACCTCTCAGCCACAGGAT
	CCGTGTCCCACTCCATAGTT
	NM_001303385



	ifnγ
	TCAGACCTCCGCACCATCA
	GCAACCATTGTAACGCCACTTA
	XM_010751697



	tgfβ
	ATCTTCCGTCTTCCAAACCA
	CCATTCACTCACTGCCTCTGT
	XM_027280465



	il10
	AGTCGGTTACTTTCTGTGGTG
	TGTATGACGCAATATGGTCTG
	XM_010738826







fas, fatty acid synthase; dgat2, diacylglycerol acyltransferase 2; fabp3, fatty acid binding protein 3; fabp10, fatty acid binding protein 10; srebp1, sterol regulatory element binding transcription factor 1; cebpα, CCAAT/enhancer binding protein α; pparγ, peroxisome proliferators-activated receptor γ; lpl, lipoprotein lipase; hsl, hormone sensitive lipase; atgl, adipose triglyceride lipase; carnitine palmitoyl transferase-1; aco, acyl CoA oxidase; il1β, interleukin-1β; il6, interleukin-6; tnfα, tumor necrosis factor-α; ifnγ, interferon-γ; tgfβ, transforming growth factor-β; il10, interleukin-10.
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Table 4. Fatty acid profiles (% total fatty acids) in adipose tissue of large yellow croaker (Larmichthys crocea) fed diets with FO replaced by SO and LO.
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	FO
	SO
	p-Value
	LO
	p-Value





	12:0
	0.325 ± 0.01
	0.151 ± 0.022
	0.006
	0.09 ± 0.01
	<0.001



	14:0
	3.422 ± 0.11
	1.149 ± 0.04
	<0.001
	1.11 ± 0.06
	<0.001



	16:0
	19.544 ± 1.76
	13.689 ± 0.43
	0.035
	12.82 ± 0.32
	0.020



	18:0
	4.815 ± 0.39
	4.39 ± 0.12
	0.373
	4.888 ± 0.38
	0.899



	20:0
	0.143 ± 0.02
	0.326 ± 0.06
	0.003
	0.323 ± 0.02
	0.002



	∑SFA 1
	28.249 ± 0.92
	19.705 ± 0.28
	0.019
	19.231 ± 0.26
	0.013



	16:1n-7
	5.686 ± 0.36
	1.712 ± 0.06
	<0.001
	1.599 ± 0.05
	<0.001



	18:1n-9
	15.444 ± 0.35
	13.794 ± 1.85
	0.566
	10.678 ± 4.17
	0.318



	∑MUFA 2
	21.13 ± 0.33
	15.461 ± 1.82
	0.110
	12.277 ± 4.19
	0.104



	18:2n-6 (LA)
	10.679 ± 0.76
	34.283 ± 1.27
	<0.001
	20.502 ± 0.44
	<0.001



	20:4n-6
	0.174 ± 0.03
	0.08 ± 0.02
	0.109
	0.127 ± 0.02
	0.262



	∑n-6 PUFA 3
	10.853 ± 0.079
	34.363 ± 1.19
	<0.001
	20.629 ± 0.4
	<0.001



	18:3n-3 (ALA)
	1.732 ± 0.11
	4.285 ± 0.14
	<0.001
	24.134 ± 0.18
	<0.001



	20:5n-3 (EPA)
	0.712 ± 0.06
	0.277 ± 0.03
	0.004
	0.375 ± 0.05
	0.013



	22:6n-3 (DHA)
	0.931 ± 0.09
	0.366 ± 0.04
	0.006
	0.359 ± 0.02
	0.003



	∑n-3 PUFA 4
	3.375 ± 0.13
	4.928 ± 0,17
	0.006
	24.868 ± 0.19
	<0.001



	∑n-3 LC-PUFA 5
	1.643 ± 0.08
	0.643 ± 0.03
	0.005
	0.734 ± 0.04
	0.005







1 SFA: saturated fatty acids. 2 MUFA: monounsaturated fatty acids. 3 n-6 PUFA: n-6 polyunsaturated fatty acids. 4 n-3 PUFA: n-3 polyunsaturated fatty acids. 5 LC-PUFA: long chain-polyunsaturated fatty acids. Some fatty acids are minor, trace amount or not detected. Data are presented as means ± S.E.M. Data were determined by independent sample t-tests and the p-value of each parameter was shown.
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