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Abstract

:

Metabolic syndrome (MetS) is a global health problem, and EPA/DHA-enriched phospholipids (EPA/DHA-PLs) have been found to have positive effects on MetS improvement. Currently, research on EPA/DHA-PL mainly focuses on special and rare seafood, such as phospholipids derived from krill, sea cucumber, squid, and fish roe. However, it has been recently demonstrated that abundant EPA/DHA-PL can also be found in bulk fish and its by-products. Nonetheless, there is still limited research on the biological activities of EPA/DHA-PL derived from these sources. The aim of this study was to investigate the effect of phospholipid extracts from the heads of salmon and silver carp (S-PLE and SC-PLE) on the high-fat-diet-induced MetS in C57/BL mice. After an 8-week intervention, both SC-PLE and S-PLE had a significant ameliorating effect on MetS. Moreover, SC-PLE was more effective than S-PLE in reducing liver inflammation and fasting glucose. Both of the PL extracts were able to regulate the expression of key genes in lipid synthesis, fatty acid β-oxidation, and insulin signaling pathways. Compared with S-PLE, dietary SC-PLE had a greater influence on liver metabolomics. Pathway enrichment analysis showed that the differential metabolites of SC-PLE were mainly involved in arachidonic acid metabolism and glutathione metabolism. The results indicated that the different metabolic regulation methods of S-PLE and SC-PLE could be related to their variant molecular composition in EPA/DHA-PL.
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1. Introduction


Metabolic syndrome (MetS) is a group of metabolic disorders that includes insulin resistance, dyslipidaemia, central obesity, and hypertension [1]. In addition to individual genetic factors, the chronic consumption of high-calorie foods and reduced physical activity have contributed to the increased incidence of metabolic syndrome in recent years [2]. Moreover, if left untreated, metabolic syndrome is significantly associated with an increased risk of developing diabetes and cardiovascular diseases (CVDs). The molecular mechanisms underlying metabolic syndrome are not yet fully understood. Among the mechanisms proposed, insulin resistance, chronic inflammation, and neurohormonal activation appear to be key factors in the progression of MetS and its subsequent transition to cardiovascular disease and T2DM [3]. Macrophage infiltration in visceral adipose tissue intervals produces a pro-inflammatory state that promotes insulin resistance [4]. More recently, newer research has assessed the role of various metabolites in the pathogenesis of metabolic-disorder-related diseases [5]. It has reported significant changes in bile salts and glutathione-related biochemicals in patients with NAFLD [6].



n-3 polyunsaturated fatty acid phospholipids (n-3 PUFA-PLs), characterized by n-3 polyunsaturated fatty acids at the sn-2 or sn-1 positions, are positively correlated with the improvement of metabolic abnormalities [7]. EPA (C20:5) and DHA (C22:6) are precursors of anti-inflammatory lipid mediators [8]. A reduction in the amount of n-3PUFA has been observed in metabolic diseases and is speculated to accelerate inflammation. For example, EPA-PC and EPA-PE reduced the levels of TNF-α, IL-6, and MCP-1 in the liver [9]. Dietary EPA-PL reduced macrophage infiltration in the liver and adipose tissues [10]. In addition, n-3 PUFA-PLs in the diet, especially EPA/DHA-PL, can alleviate obesity and insulin resistance [11]. Some kinds of special and rare seafood are important sources of EPA/DHA-PL, such as krill [12], sea cucumber [13], squid, and fish roe [14]. However, most of them are expensive and less productive. Wang et al. showed that the mixture of ethanol and n-hexane (4:1, v/v) was a suitable solvent for extracting EPA/DHA-PL from by-products of shrimps [15]. Currently, there is a growing focus on the isolation and preparation of EPA/DHA-PL from by-products of seafood processing. Therefore, future research will primarily concentrate on investigating their biological activities.



The existence of small molecule metabolites in the body is closely related to the occurrence and development of diseases [16]. Metabolites in biological samples can be qualitatively and quantitatively analyzed by metabonomic analysis, so as to find the biomarkers of diseases [17]. Extensive targeted metabolomics has the advantages of both non-targeted and targeted metabolomics [18]. It has better repeatability and higher metabolic coverage. In recent years, a large number of studies have shown that the development of MetS may be related to liver metabolites [19]. However, there are few studies on the effects of phospholipids from aquatic products on liver metabolites.



In the face of the increasing demand for dietary supplements of EPA/DHA-PL, the use of fish-processing by-products has become crucial. Salmon is a promising marine biological resource found in the high latitude waters of Norway, the USA, and Canada [20]. Silver carp has the second-largest production amount of all freshwater farmed fish in China and has great potential for resource exploitation [21]. The heads of salmon and silver carp are by-products of processing and have been detected to be rich in n-3 PUFA PLs [22]. In this study, we aimed to explore the effect of salmon phospholipid extracts (S-PLE) and silver carp phospholipid extracts (SC-PLE) on high-fat-diet-induced MetS mice. In addition, metabolomic analysis was performed in order to explore the underlying mechanisms. Moreover, the potential role of lipid synthesis, fatty acid β-oxidation, and the IRS/PI3K/AKT signaling pathway were also assessed.




2. Results


2.1. Phospholipid Composition of SC-PLE and S-PLE


The content and number of phospholipid molecules in the two fish species is shown in Table 1. The phospholipid contents of S-PLE and SC-PLE were 65.49% and 66.16%, respectively. PC and PE, the most abundant PLs in the two species, played vital roles in the growth and metabolism of the organisms. Lower levels of LPC, LPE, and PI were detected in the two species; however, these lipids are vital to the fluidity of cellular membranes and signaling process. As one of the most important features of PLs, high levels of PUFAs were detected in the fatty acid chain of PL, especially in DHA and EPA. In this study, high percentages of DHA and EPA were present in the fatty acid chain of PC and PE (Table 2). About 4.29–5.49% of DHA-PC, 2.28–4.95% of EPA-PC, 1.07–4.98% of DHA-PE, and 0.16–0.58% of EPA-PE were detected in the two species. DHA-PC accounted for a large proportion of PUFA-PL and was the highest in S-PLE (5.49% of total PL), while EPA-PC was the highest (4.95% of total PL) in SC-PLE.




2.2. The Effect of S-PLE or SC-PLE on HFD-Induced Obesity and Hyperlipidemia


As shown in Table 3, HFD led to significant obesity and hyperlipidemia. Compared to the HF group, dietary S-PLE and SC-PLE significantly suppressed body weight gain, epididymal white adipose tissue (WAT), and serum levels of TG and TC (p < 0.05). In the S-PLE group, the body weight gain and serum levels of TG and TC decreased by 13.7%, 14.3%, and 16.7%, respectively (p < 0.05). In the SC-PLE group, the levels of body weight and serum lipid decreased by 53.44%, 36.1%, and 33.6%, respectively (p < 0.05), for body weight gain, serum TG, and serum TC. The results showed that the degree of decrease in the SC-PLE group was greater than that in the S-PLE group, indicating that SC-PLE had a greater improvement effect on obesity and hyperlipidemia.




2.3. The Effect of S-PLE or SC-PLE on HFD-Induced Glucose Tolerance and Insulin Sensitivity


To evaluate the effect of S-PLE or SC-PLE on glucose tolerance, an oral glucose tolerance test (OGTT) was performed. The results are shown in Figure 1. The glucose tolerance of the HFD group was impaired compared to that of the ND group. The concentration of serum glucose first increased and then decreased, and it reached a peak at 30 min in all of the groups. However, the level of serum glucose in the SC-PLE group decreased at 30 min compared with that of the HFD group, which indicated that SC-PLE restrained the rise in serum glucose levels. Nevertheless, both SC-PLE and S-PLE did not affect the AUC in the HFD-fed mice (Figure 1). The serum levels of fasting glucose and insulin were measured, as shown in Figure 1. Dietary SC-PLE supplementation notably reduced the elevated serum levels of fasting glucose and insulin (p < 0.05) in the HFD mice. However, S-PLE had no significant influence on the serum levels of fasting glucose and insulin. In a word, the SC-PLE group showed a greater improvement in glucose tolerance and insulin sensitivity than the S-PLE group.




2.4. The Effect of S-PLE or SC-PLE on HFD-Induced Liver Fat Accumulation


The histopathological changes in the liver tissue of the mice were observed with a fluorescence microscope (Figure 2). The liver tissue slice of the ND group represented the normal liver state, which showed that the liver lobules were clear and complete. In contrast, the HFD group showed that the lipid droplets accumulated in the cytoplasm and nuclei at the edges of the liver cells, indicating the presence of lipids in the liver. Both the S-PLE and the SC-PLE treatments significantly improved the cellular structure of the liver tissue and reduced lipid droplets in HFD-induced mice compared to the HFD group.



The mice in the HFD group developed liver fat accumulation, and the levels of TG and TC in the liver were significantly higher than those in the ND group (p < 0.05) (Table 4). Moreover, S-PLE and SC-PLE improved the liver lipid levels to different degrees. Compared with the HFD group, the SC-PLE treatment consistently reduced the levels of TG and TC in the livers of the mice significantly (p < 0.05). The S-PLE treatment significantly decreased the levels of TG in the livers of the mice compared with the HFD group (p < 0.05) but had no significant influence on the levels of hepatic TC in the S-PLE group (p > 0.05).




2.5. The Effect of S-PLE or SC-PLE on HFD-Induced Chronic Liver Inflammation


To evaluate the effect of SC-PLE and S-PLE on chronic inflammation, levels of inflammatory cytokines in the liver were measured. The results are shown in Figure 3. The levels of TNF-α, IL-6, MCP-1, and IL-1β in the HFD group were significantly higher than those in the ND group (p < 0.05). Dietary SC-PLE supplementation reduced the levels of TNF-α, IL-6, IL-1β, and MCP-1 (p < 0.05) in the liver compared to the HFD group. However, dietary S-PLE administration had no influence on levels of inflammatory cytokines in the liver. The results indicated that the SC-PLE group had better efficacy in the intervention of chronic inflammation.




2.6. Effect of S-PLE and SC-PLE Supplementation on mRNA Expressions Associated with Lipid Metabolism in the Liver


The effect of S-PLE and SC-PLE on lipid metabolism was investigated by using q-PCR analysis in the liver, which is the largest visceral organ responsible for maintaining lipid homeostasis. As demonstrated in Figure 4, compared with the ND group, the relative mRNA expression levels of G6PDH and FAS in the HFD group significantly increased (p < 0.05). In contrast, the relative mRNA expression level of PPAR-α reduced considerably (Figure 5A). Compared with the HFD group, the relative expression level of these genes was highly reversed in the SC-PLE group and the S-PLE group. These results demonstrated that both the SC-PLE treatment and the S-PLE treatment could improve the expression of lipid metabolism genes.




2.7. Effect of S-PLE and SC-PLE Supplementation on mRNA Expressions Associated with the IRS/PI3K/Akt Signaling Pathway in Liver


The IRS/PI3K/AKT signaling pathway is the primary method for insulin to mediate glucose metabolism in the liver. As demonstrated in Figure 6, compared with the ND group, the relative mRNA expression levels of IRS1, Akt1, and GLUT2 in the liver tissues from the HFD group significantly decreased (p < 0.05). Compared with the HFD group, the relative mRNA expression level of IRS1 and Akt1 were reversed in the SC-PLE and S-PLE groups. In addition, compared with the HFD group, the mRNA expression level of GLUT2 in the S-PLE group significantly increased (p < 0.05), while the mRNA expression level of GLUT2 in the S-PLE group remained unchanged compared with that of the high-fat group.




2.8. Liver Metabonomic Profile Analysis


To further investigate the regulatory effect of SC-PLE and S-PLE on glycolipid metabolism, non-targeted metabolomics analysis of the mouse livers was performed. A total of 993 metabolites, including 339 amino acids and metabolites, 132 fatty acids, 130 organic acids and derivatives, and 83 nucleotides and metabolites, were detected in the liver samples. Orthogonal partial least squares discriminant analysis (OPLS-DA) is the most commonly used data analysis method in metabolomics and was selected for the dimension reduction analysis of metabolites in this study. The OPLS-DA score map for the different groups is illustrated in Figure 7. The degree of aggregation within the groups was good and the separation among the four different groups was complete. Subsequently, differential fold-change values (>2 or <0.5) and variable-important-in-projection (VIP) values (>1) for metabolites were used to screen for differential metabolites. The red dots in the volcanic map represent up-regulated levels of metabolites and the green dots represent down-regulated levels of metabolites (Figure 8). The levels of 82 metabolites were different in the ND vs. the HFD groups. The values for the differentially expressed metabolites in the HFD vs. S-PLE groups and the HFD vs. SC-PLE groups were 43 and 128, respectively.



Finally, we identified 12, 9, and 10 potential differential metabolites in ND vs. HFD, HFD vs. S-PLE, and HFD vs. SC-PLE, respectively. As shown in Table 5, compared with ND, there were eight metabolites up-regulated in HFD, including L-cystine, thromboxane B2, taurocholic acid, 13-oxo-9Z, 11E-octadecadienoic acid, 9-oxo-10E, 12Z-octadecadienoic acid, and 9,12,13-trihydroxy-octadecadienoic acid. At the same time, seven metabolites were down-regulated, including γ-L-glutamyl-L-cysteine, reduced glutathione, cortisol, taurocholic acid, 11-cis-retinol, all-trans-retinal, and cysteinylglycine. Compared with the HFD group, four substances were up-regulated in the S-PLE group, including N,N′-diacetylchitosan, deoxyguanosine diphosphate, 5′-adenosine sulfate, and (±)17-HDHA, and five metabolites were down-regulated, including carnosine, 4-hydroxy-2-ketoglutarate, DL-3,4-dihydroxy amygdalic acid, 13-hydroxy-9Z,11E,15Z-octadecatrienoic acid, and carnitine C8:0 (Table 6). In the liver, compared with HFD, the levels of glutathione, gamma-L-glutamyl-L-cysteine, cysteinylglycine, and (±) 5-HEPE were significantly increased by S-PLE, whereas the levels of thromboxane B2, prostaglandin A2, 15-keto-prostaglandin F2a, 11-beta-prostaglandin PGF2a, 12-prostaglandin J2, and 3,5-dihydroxy-3-methylpentanoic acid were decreased (Table 7).



The pathways of biomarkers among the groups were analyzed with KEGG, and four related metabolic pathways were identified (Figure 9). The high-fat diet interfered with multiple hepatic metabolic pathways, and the main metabolic pathways based on biomarkers were glutathione metabolism, retinol metabolism, bile acid metabolism, and linoleic acid metabolism (p < 0.05). SC-PLE intervention regulated arachidonic acid metabolism and glutathione metabolism, while the differential metabolites produced by S-PLE intervention were not enriched into significantly regulated pathways in the liver.





3. Discussion


The principal feature of MetS is that various metabolic disorders coexist in the same body, which can be regarded as a manifestation of a long-term high-calorie diet [23]. The disease components of MetS mainly include insulin resistance, hyperinsulinemia, abnormal blood sugar levels, dyslipidemia, and hypertension [2]. Our study demonstrates that S-PLE and SC-PLE have the potential to ameliorate obesity, dyslipidemia, hepatic lipid accumulation, hepatic inflammation, and insulin resistance, thereby aiding in the prevention of MetS caused by a high-fat diet.



Numerous studies have indicated that consuming an appropriate amount of PUFA (such as EPA and DHA) can effectively reduce blood lipid levels and the incidence of cardiovascular diseases [24,25,26]. S-PLE and SC-PLE are rich in EPA/DHA-PL, which may be the primary reason for them improving MetS. n-3 PUFA serve as natural ligands for peroxisome proliferator-activated receptor α (PPAR-α) and modulate the expression of sterol regulatory element-binding protein (SREBP) [27]. The SREBP-1c regulates the transcriptional expression of key enzymes in the lipogenesis pathway, such as acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS), and stearoyl-CoA desaturase (SCD) [28]. The activation of PPAR-α, on the other hand, effectively increases the expression of peroxisome proliferator-activated receptors and enzymes associated with fatty acid beta-oxidation, such as acyl-CoA oxidase (ACO) and carnitine palmitoyltransferase (CPT) [29,30]. In fact, gene expression analysis revealed that S-PLE and SC-PLE can inhibit the expression of FAS and G6PDH, while activating PPAR-α and its downstream genes CPT-1a and CPT-2. This suggests that S-PLE and SC-PLE could regulate hepatic lipid metabolism disruption by modulating both lipid synthesis and fatty acid beta-oxidation. Ding et al. investigated the effects of DHA-PC and DHA-PS on age-related lipid metabolism disorders in SAMP8 mice [31]. The results demonstrated that both dietary DHA-PC and DHA-PS significantly reduced serum and hepatic lipid levels by inhibiting SREBP-1c-mediated fatty acid synthesis in the liver [31]. Furthermore, they activated hepatic fatty acid oxidation mediated by PPAR-α in SAMP8 mice. Through protein–lipid overlay experiments, Tian et al. demonstrated that EPA-PC and EPA-PE isolated from sea cucumber can bind to PPAR α/PPAR γ [32]. Additionally, they validated through preadipocyte differentiation experiments that EPA-PC and EPA-PE improve lipid accumulation and insulin resistance in mice by activating PPAR α/γ [32]. The experimental results from these studies are consistent with our findings.



The regulation of liver insulin metabolism is mainly mediated by the IRS/PI3K/AKT pathway [33]. The dysregulation of the IRS/PI3K/Akt signaling pathway is a direct triggering factor for insulin resistance [33]. IRS serves as a crucial substrate in insulin signaling transduction [34]. A high-fat diet suppresses the gene expression of IRS1, leading to the inhibition of PI3K and AKT activation [35]. Subsequently, the expression of downstream genes associated with glucose transport, such as GLUT2, is down-regulated. Ultimately, this results in a reduced ability of the body to utilize glucose, contributing to insulin resistance [36]. In this study, it was observed that S-PLE and SC-PLE up-regulated the expression of IRS1 and Akt1 in the IRS/PI3K/AKT pathway of high-fat-diet-fed mice. This indicates that S-PLE and SC-PLE can inhibit insulin resistance by mediating the IRS/PI3K/AKT pathway. There are various mechanisms involved in the disruption of the IRS/PI3K/Akt signaling pathway. Among them, chronic inflammation in adipose tissue plays a crucial role [37]. In vivo studies have demonstrated that TNF-α, IL-6, and IL-1β can directly impair the insulin signaling pathway by increasing the serine phosphorylation of IRS [37]. The research conducted by Gao et al. showed that EPA/DHA-PC could inhibit the activation of the NF-κB and JNK inflammatory pathways induced by a high-fat diet [11]. This leads to a reduction in the release of pro-inflammatory cytokines, thereby suppressing insulin resistance [11]. Our study also found that S-PLE and SC-PLE can reduce the levels of inflammatory factors in the liver. S-PLE and SC-PLE are rich in EPA/DHA-PC, which might be one of the reasons for their improvement of insulin resistance.



In addition to their ability to modulate the signaling pathways related to hepatic lipid metabolism and insulin resistance, S-PLE and SC-PLE exhibit significant effects on liver metabolism. Through potential differential metabolite screening and KEGG pathway analysis, it was found that these effects manifest as alterations in the metabolites involved in arachidonic acid metabolism and glutathione metabolism, as well as an increase in lipid metabolites associated with PUFA. Under the inflammatory stimulation induced by a high-fat diet, the activation of phospholipase A2 leads to the release of arachidonic acid (ARA) from membrane phospholipids at the sn-2 position [38]. ARA is subsequently converted by several enzymes, including cyclooxygenases (COX), cytochrome P450 enzymes, and lipoxygenases, into a variety of eicosanoids, such as prostaglandins and thromboxanes [39]. Therefore, extensive research indicates a positive correlation between the metabolites of arachidonic acid and the development of inflammation [40,41,42]. Our study demonstrates that intervention with SC-PLE results in the downregulation of the metabolites associated with arachidonic acid metabolism, including thromboxane B2, prostaglandin A2, 15-keto-prostaglandin F2a, 11-beta-prostaglandin PGF2a, and 12-prostaglandin J2. Simultaneously, an upregulation of oxidized lipid metabolites of EPA/DHA was observed in the intervention with S-PLE and SC-PLE. Both n-3 PUFA and arachidonic acid serve as substrates for COX-1 [43]. Therefore, consuming lipid sources rich in n-3 PUFA can exert a positive impact on inflammatory diseases through the action of COX-1. Furthermore, a high-fat diet can lead to hepatic oxidative stress, which is manifested by the downregulation of reduced glutathione in metabolites. Intervention with SC-PLE upregulates the metabolites of glutathione, indicating an alleviation of hepatic oxidative status. Sun et al. demonstrated that Antarctic krill oil can inhibit the hepatic oxidative damage induced by a high-fat diet, while reducing malondialdehyde (MDA) levels and increasing superoxide dismutase (SOD) levels [44]. Migliaccio et al. also provided evidence that a high-fat diet enriched with fish oil (HFO diet, primarily n-3 PUFA) can improve mitochondrial function and reduce the production of reactive oxygen species in the liver and skeletal muscle [45]. Therefore, we speculate that SC-PLE, which is rich in EPA/DHA-PL, may have a protective effect against hepatic oxidative stress.



In terms of the improvement of MetS, the effects of SC-PLE surpass those of S-PLE. Specifically, SC-PLE demonstrates a superior regulation of glucose intolerance, hepatic inflammation, and hepatic lipid metabolism abnormalities compared to S-PLE. This difference in efficacy may be attributed to the distinct phospholipid compositions of S-PLE and SC-PLE. While both S-PLE and SC-PLE are primarily composed of DHA phospholipids, SC-PLE exhibits higher levels of EPA phospholipids, particularly EPA-PC, while the proportion of DHA phospholipids in S-PLE is slightly higher than that in SC-PLE. A study focusing on atherosclerosis demonstrated that EPA-PL exhibited superior improvement in atherosclerotic lesions induced by a high-fat diet in apoE-/- mice compared to DHA-PL [46]. EPA-PL, but not DHA-PL, significantly reduced serum and hepatic lipid levels by modulating the mRNA and protein levels of genes related to hepatic cholesterol metabolism [46]. Therefore, we speculate that the difference in EPA/DHA phospholipid composition is the reason for the differential effects of S-PLE and SC-PLE in improving MetS. However, further analysis is needed in order to explore the potential mechanisms underlying the distinct effects of DHA-PL and EPA-PL in the context of MetS.




4. Materials and Methods


4.1. The Preparation and Characterization of SC-PLE and S-PLE


Using the method reported by Wang et al. [15], phospholipid crude extracts were extracted from silver carp heads and salmon heads with 80% (v/v) ethanol solution. Briefly, 10 g of freezing dried powder was completely mixed with 80 mL of 80% (v/v) ethanol solution. The mixture was then stirred quickly and allowed to stand at 35 °C for 4 h, and the separation was performed by suction filtration. Then, the liquid was collected, and the solvent was removed using vacuum rotary evaporation at 65 °C. Finally, lipid compositions were extracted with chloroform–methanol solvent (2:1, v/v) from the phospholipid crude extract and were washed with acetone. The SC-PLE and S-PLE were collected in small shading brown bottles and stored at −18 °C.



Both SC-PLE and S-PLE were separated with Shimadzu UPLC LC-30A ultra-performance liquid chromatography and analyzed via mass spectrometry with a Triple TOF mass spectrometer (UPLC-Q-TOFMS, Triple TOF 6600 system, AB Sciex, Concord, ON, Canada). The phospholipid molecular species of SC-PLE and S-PLE were determined by using the previous method and the results are shown in Supplementary Tables S2 and S3 [47].




4.2. Animal Grouping and Administration


All animal experiments were approved by the Animal Ethics Committee of Experimental Animal Care at the College of Food Science and Engineering, Ocean University of China (Qingdao, China; Approval no. SPXY2020101401). Five-week-old male C57BL/6J mice were purchased from the Vital River Laboratory Animal Center (Beijing, China). The mice were housed under specific pathogen-free conditions at a constant humidity of 65 ± 15% and a temperature of 24 ± 2 °C. After one week of adaption, the animals were randomly assigned to one of the following four groups (n = 10 per group): normal group (ND), high-fat-diet group (HFD), SC-PLE group, or S-PLE group. The normal group was fed with a normal chow diet. The remaining three groups were fed with a high-fat diet modified based on AIN-93G. Both feeds were from Research Diets, Inc. (New Brunswick, NY, USA). The HFD contents were 45% Kcal from fat and the ND contents were 10% Kcal from fat. The mice in the HFD group and ND group were orally gavaged with 1.2 g/kg BW of normal saline daily. The S-PLE group and SC-PLE group were orally gavaged with 1.2 g/kg BW of S-PLE emulsion and SC-PLE emulsion, respectively, on a daily basis. The gavage emulsions were obtained by dissolving S-PLE and SC-PLE in saline. The gavage dose was calculated based on the content of n-3PUFA in SC-PLE and S-PLE. Table 2 shows the fatty acid composition of SC-PLE and S-PLE. The previous literature suggested that n-3 PUFA supplementation in animal models of high-fat diet is mg/kg BW, which is approximately equivalent to the 1.2 g/kg daily gavage emulsion required for the mice in this study. After 9 weeks of treatment, the mice were sacrificed following a 12 h fasting period. Blood was collected to separate serum. Fresh tissue samples were fixed for histopathology determination or quick-frozen with liquid nitrogen.




4.3. Oral Glucose Tolerance Test (OGTT)


After 7 weeks of feeding, an oral glucose tolerance test (OGTT) was performed on the mice in each group. The OGTT was performed by detecting the blood glucose levels at 0, 0.5, 1, and 2 h after oral gavage of 2 g kg−1 glucose to the 12-h-fasted mice. The glucose levels were measured with an ACCU-CHEK Performa glucometer (Roche, USA). The area under the curve of the OGTT was calculated using the following equation: AUC = 0.25 × A + 0.5 × B + 0.75 × C + 0.5 × D, where A, B, C, and D represent the blood glucose levels at 0, 0.5, 1, and 2 h, respectively.




4.4. Serum and Liver Biochemical Measurements


The serum and liver concentrations of total cholesterol (TC), triglyceride (TG), and high-density lipoprotein cholesterol (HDL-C) were measured with commercial kits (Najing Jiancheng Bioengineering Institute, Nanjing, China). The hepatic levels of TNF-α, IL-6, MCP-1, and IL-1β were measured using ELISA kits (Beijing Suo Laibao Biotechnology, Beijing, China). The serum levels of insulin were accessed with ELISA kits (Cloud-Clone Company, Wuhan, China).




4.5. Histological Analysis


The liver tissues were removed rapidly from the mice and subsequently fixed in 4% formalin, paraffin embedded, sectioned, and, finally, stained with hematoxylin and eosin (H&E). The microscopic structure of the liver was observed and photographed using a fluorescence microscope (Eclipse Ci, Nikon, Tokyo, Japan).




4.6. Real-Time PCR Assay


The total RNA of the liver tissue was extracted with RNAex (Accurate Biology, Changsha, China). Real-time qPCR was performed according to the method described previously [48]. The primers were synthesized by Shanghai Sangon Gene Company (Wuhan, China) and the sequences are listed in Supplementary Table S1. The gene expression level was calculated using the comparative 2−∆∆Ct method and normalized to that of GAPDH, which was used as an internal control.




4.7. Metabolic Profiling Platform


The livers were thawed on ice, after which 400 μL of ice-cold 70% methanol (v/v) was added to 20 mg of liver. The mixture was swirled for 5 min and then centrifuged at 12,000 rpm and 4 °C for 10 min. The resulting supernatant was collected and centrifuged at 12,000 rpm and 4 °C for 3 min. Then, 200-μL aliquots of supernatant were transferred for LC-MS analysis.



A UPLC system (), with a Waters ACQUITY UPLC HSS T3 C18 column (1.7 µm × 2.1 mm × 100 mm) coupled to a QTRAP mass spectrometer (UPLC and MS/MS: Applied Biosystems 4500 Q TRAP, Sciex, Foster City, CA, USA), was utilized to carry out the liver metabolic profiling. The mobile phase consisted of ultra-pure water (A) and acetonitrile (containing 0.1% formic acid) (B). The elution gradient was set as follows: 0 min, 0% B; 0–11.0 min, 90% B; 11.0–12.0 min, 90% B; 12.0–12.1 min, 5% B; and 10.1–14.0 min, 5% B. The flow rate was 0.4 mL/min, and the injected volume was 2 μL. The electrospray ionization (ESI) source operation parameters were as follows: source temperature, 500 °C; ion spray voltage (IS), 5500 V (positive), −4500 V (negative); ion source gas I (GSI), gas II (GSII), and curtain gas (CUR) were set at 55, 60, and 25.0 psi, respectively; and the collision gas (CAD) was high. On the basis of the multiple reaction monitoring (MRM) mode, Analyst 1.6.3 (Sciex) was applied to acquire MS/MS spectra.



The original data of MS were converted to the mzXML format using Proteo Wizard and untargeted peak detection, peak extraction, peak alignment, and peak integration. The metabolites were identified using the in-house MS2 database (Metware).



After preprocessing the original data, OPLS-DA was applied to process the metabolomics analysis using R software (version 1.0.1). The fitness and reliability of the OPLS-DA were verified by the parameter values R2 and Q2. The permutation test of OPLS-DA was used to validate the model. The metabolites with significant differences (p < 0.05) were searched in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (www.genome.jp/kegg/ accessed on 23 September 2020).




4.8. Statistical Analysis


All data were expressed as Mean ± SD. The statistics were performed with Origin 9.0 software (Origin Lab, Northampton, MA, USA) and GraphPad Prism 7.0 software (La Jolla, CA, USA). One-way analysis of variance (ANOVA) and Tukey’s multiple tests were used to determine the significant differences in mean among the diet groups (p < 0.05)





5. Conclusions


In summary, both SC-PLE and S-PLE exhibit beneficial effects in improving MetS induced by a high-fat diet. SC-PLE and S-PLE alleviate obesity in mice and have preventive effects on hyperlipidemia, hyperglycemia, and hepatic lipid accumulation. Additionally, SC-PLE and S-PLE reduce the levels of hepatic inflammatory factors, namely TNF-alpha, IL-6, IL-1beta, and MCP-1. Furthermore, we observed that SC-PLE and S-PLE can improve hepatic lipid metabolism abnormalities and insulin resistance by modulating lipid synthesis, fatty acid beta-oxidation, and the IRS/PI3K signaling pathway. This study can provide reference for developing new functional lipid by-products of aquatic product processing and preventing MetS.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/md21070409/s1, Table S1: Primer sequences for RT-qPCR amplification; Table S2: PL molecular species of SC-PLE determined by ultrahigh-performance liquid chromatography-quadrupole-time-off light mass spectrometry (UHPLC-Q-TOF-MS); Table S3: PL Molecular species of S-PLE determined by ultrahigh-performance liquid chromatography-quadrupole-time-off light mass spectrometry (UHPLC-Q-TOF-MS).





Author Contributions


Conceptualization, Q.W. and R.W.; methodology, R.W.; validation and investigation, X.D., X.Z. and Q.W.; writing—original draft preparation, R.W.; writing—review and editing, H.L. and P.Z.; supervision and project administration, Y.W.; funding acquisition, Y.W. and Q.W. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Key R&D Program of China (Grant No. 2018YFD0901103). We also gratefully acknowledge the support of Open Project Program of Hubei Key Laboratory for processing and Transformation of Agricultural Products (Wuhan Polytechnic University, Grant No. NJZ2022004).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Animal Ethics Committee of Experimental Animal Care at the College of Food Science and Engineering, Ocean University of China (protocol code SPXY2020101401 and date of approval).




Informed Consent Statement


Not applicable for studies not involving humans.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Grundy, S.M. Metabolic Syndrome Update. Trends Cardiovasc. Med. 2016, 26, 364–373. [Google Scholar] [CrossRef] [PubMed]

	



Fahed, G.; Aoun, L.; Zerdan, M.B.; Allam, S.; Zerdan, M.B.; Bouferraa, Y.; Assi, H.I. Metabolic Syndrome: Updates on Pathophysiology and Management in 2021. Int. J. Mol. Sci. 2022, 23, 786. [Google Scholar] [CrossRef] [PubMed]

	



Saltiel, A.R.; Olefsky, J.M. Inflammatory Mechanisms Linking Obesity and Metabolic Disease. J. Clin. Investig. 2017, 127, 1–4. [Google Scholar] [CrossRef] [PubMed]

	



Liddle, D.M.; Monk, J.M.; Hutchinson, A.L.; Ma, D.W.L.; Robinson, L.E. CD8+ T Cell/Adipocyte Inflammatory Cross Talk and Ensuing M1 Macrophage Polarization Are Reduced by Fish-Oil-Derived n-3 Polyunsaturated Fatty Acids, in Part by a TNF-α-Dependent Mechanism. J. Nutr. Biochem. 2020, 76, 108243. [Google Scholar] [CrossRef]

	



Ottosson, F.; Smith, E.; Ericson, U.; Brunkwall, L.; Orho-Melander, M.; Di Somma, S.; Antonini, P.; Nilsson, P.M.; Fernandez, C.; Melander, O. Metabolome-Defined Obesity and the Risk of Future Type 2 Diabetes and Mortality. Diabetes Care 2022, 45, 1260–1267. [Google Scholar] [CrossRef]

	



Frano, M.R.L.; Brito, A.; Johnson, C.M.; Wilhelmson, B.; Gannon, B.; Fanter, R.K.; Pedersen, T.L.; Tanumihardjo, S.A.; Newman, J.W. Metabolomics Reveals Altered Hepatic Bile Acids, Gut Microbiome Metabolites, and Cell Membrane Lipids Associated with Marginal Vitamin A Deficiency in a Mongolian Gerbil Model. Mol. Nutr. Food Res. 2020, 64, 1901319. [Google Scholar] [CrossRef]

	



Burri, L.; Hoem, N.; Banni, S.; Berge, K. Marine Omega-3 Phospholipids: Metabolism and Biological Activities. Int. J. Mol. Sci. 2012, 13, 15401–15419. [Google Scholar] [CrossRef]

	



Nieto, N.; Torres, M.I.; Ríos, A.; Gil, A. Dietary Polyunsaturated Fatty Acids Improve Histological and Biochemical Alterations in Rats with Experimental Ulcerative Colitis. J. Nutr. 2002, 132, 11–19. [Google Scholar] [CrossRef]

	



Zhou, L.; Wu, X.; Yang, F.; Zhang, M.; Huang, R.; Liu, J. Characterization of Molecular Species and Anti-Inflammatory Activity of Purified Phospholipids from Antarctic Krill Oil. Mar. Drugs 2021, 19, 124. [Google Scholar] [CrossRef]

	



Zhang, L.; Ding, L.; Shi, H.; Wang, C.; Xue, C.; Zhang, T.; Wang, Y. Eicosapentaenoic Acid-enriched Phospholipids Suppressed Lipid Accumulation by Specific Inhibition of Lipid Droplet-associated Protein FSP27 in Mice. J. Sci. Food Agric. 2020, 100, 2244–2251. [Google Scholar] [CrossRef]

	



Gao, X.; Du, L.; Randell, E.; Zhang, H.; Li, K.; Li, D. Effect of Different Phosphatidylcholines on High Fat Diet-Induced Insulin Resistance in Mice. Food Funct. 2021, 12, 1516–1528. [Google Scholar] [CrossRef]

	



Xiang, X.; Zhou, X.; Wang, W.; Zhou, Y.; Zhou, X.; Deng, S.; Zheng, B.; Wen, Z. Effect of Antarctic Krill Phospholipid (KOPL) on High Fat Diet-Induced Obesity in Mice. Food Res. Int. 2021, 148, 110456. [Google Scholar] [CrossRef]

	



Wang, X.; Cong, P.; Chen, Q.; Li, Z.; Xu, J.; Xue, C. Characterizing the Phospholipid Composition of Six Edible Sea Cucumbers by NPLC-Triple TOF-MS/MS. J. Food Compos. Anal. 2020, 94, 103626. [Google Scholar] [CrossRef]

	



Aubourg, S.P.; Trigo, M.; González, M.J.; Lois, S.; Medina, I. Comparative Study of Bioactive Lipid Extraction from Squid (Doryteuthis Gahi) by-Products by Green Solvents. Foods 2022, 11, 2188. [Google Scholar] [CrossRef]

	



Wang, J.-L.; Yu, Z.-L.; Yin, F.-W.; Li, D.-Y.; Liu, H.-L.; Song, L.; Zhou, D.-Y. Comparison of Different Solvents for Extraction of Oils from By-Products of Shrimps Penaeus Vannamei and Procambarus Clarkia. J. Food Process. Preserv. 2021, 45, e15754. [Google Scholar] [CrossRef]

	



Idle, J.R.; Gonzalez, F.J. Metabolomics. Cell Metab. 2007, 6, 348–351. [Google Scholar] [CrossRef]

	



Saigusa, D.; Matsukawa, N.; Hishinuma, E.; Koshiba, S. Identification of Biomarkers to Diagnose Diseases and Find Adverse Drug Reactions by Metabolomics. Drug Metab. Pharmacokinet. 2021, 37, 100373. [Google Scholar] [CrossRef]

	



Kokaji, T.; Hatano, A.; Ito, Y.; Yugi, K.; Eto, M.; Morita, K.; Ohno, S.; Fujii, M.; Hironaka, K.-I.; Egami, R.; et al. Transomics Analysis Reveals Allosteric and Gene Regulation Axes for Altered Hepatic Glucose-Responsive Metabolism in Obesity. Sci. Signal. 2020, 13, eaaz1236. [Google Scholar] [CrossRef]

	



Winther-Sørensen, M.; Galsgaard, K.D.; Santos, A.; Trammell, S.A.J.; Sulek, K.; Kuhre, R.E.; Pedersen, J.; Andersen, D.B.; Hassing, A.S.; Dall, M.; et al. Glucagon Acutely Regulates Hepatic Amino Acid Catabolism and the Effect May Be Disturbed by Steatosis. Mol. Metab. 2020, 42, 101080. [Google Scholar] [CrossRef]

	



Hersoug, B. Why and How to Regulate Norwegian Salmon Production?–The History of Maximum Allowable Biomass (MAB). Aquaculture 2021, 545, 737144. [Google Scholar] [CrossRef]

	



Fang, D.; Fang, D.; Zhou, Y.; Ren, P.; Peng, Y.; Xue, X.; Ren, L.; Xu, D.; Xu, D. The Status of Silver Carp Resources and Their Complementary Mechanism in the Yangtze River. Front. Mar. Sci. 2022, 8, 790614. [Google Scholar] [CrossRef]

	



Wang, X.; Zhang, H.; Song, Y.; Cong, P.; Li, Z.; Xu, J.; Xue, C. Comparative Lipid Profile Analysis of Four Fish Species by Ultraperformance Liquid Chromatography Coupled with Quadrupole Time-of-Flight Mass Spectrometry. J. Agric. Food Chem. 2019, 67, 9423–9431. [Google Scholar] [CrossRef] [PubMed]

	



Fuentes, E.; Fuentes, F.; Vilahur, G.; Badimon, L.; Palomo, I. Mechanisms of Chronic State of Inflammation as Mediators That Link Obese Adipose Tissue and Metabolic Syndrome. Mediat. Inflamm. 2013, 2013, 136584. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Q.; Wei, Z. Food-Grade Systems for Delivery of DHA and EPA: Opportunities, Fabrication, Characterization and Future Perspectives. Crit. Rev. Food Sci. Nutr. 2023, 65, 2348–2365. [Google Scholar] [CrossRef]

	



Poudyal, H.; Panchal, S.K.; Diwan, V.; Brown, L. Omega-3 Fatty Acids and Metabolic Syndrome: Effects and Emerging Mechanisms of Action. Prog. Lipid Res. 2011, 50, 372–387. [Google Scholar] [CrossRef]

	



Rundblad, A.; Holven, K.B.; Bruheim, I.; Myhrstad, M.C.; Ulven, S.M. Effects of Krill Oil and Lean and Fatty Fish on Cardiovascular Risk Markers: A Randomised Controlled Trial. J. Nutr. Sci. 2018, 7, e3. [Google Scholar] [CrossRef]

	



Jump, D.B. Dietary Polyunsaturated Fatty Acids and Regulation of Gene Transcription. Curr. Opin. Lipidol. 2002, 13, 155–164. [Google Scholar] [CrossRef]

	



Zhang, M.; Chi, X.; Qu, N.; Wang, C. Long Noncoding RNA LncARSR Promotes Hepatic Lipogenesis via Akt/SREBP-1c Pathway and Contributes to the Pathogenesis of Nonalcoholic Steatohepatitis. Biochem. Biophys. Res. Commun. 2018, 499, 66–70. [Google Scholar] [CrossRef]

	



Zhao, S.; Li, R.; Dai, W.; Yu, B.; Chen, L.; Huang, X. Xuezhikang Contributes to Greater Triglyceride Reduction than Simvastatin in Hypertriglyceridemia Rats by Up-Regulating Apolipoprotein A5 via the PPAR-α Signaling Pathway. PLoS ONE 2017, 12, e0184949. [Google Scholar] [CrossRef]

	



Ren, G.; Rimando, A.M.; Mathews, S.T. AMPK Activation by Pterostilbene Contributes to Suppression of Hepatic Gluconeogenic Gene Expression and Glucose Production in H4IIE Cells. Biochem. Biophys. Res. Commun. 2018, 498, 640–645. [Google Scholar] [CrossRef]

	



Ding, L.; Zhang, T.; Che, H.; Zhang, L.; Xue, C.; Chang, Y.; Wang, Y. DHA-Enriched Phosphatidylcholine and DHA-Enriched Phosphatidylserine Improve Age-Related Lipid Metabolic Disorder through Different Metabolism in the Senescence-Accelerated Mouse. Eur. J. Lipid Sci. Technol. 2018, 120, 1700490. [Google Scholar] [CrossRef]

	



Tian, Y.; Liu, Y.; Xue, C.; Wang, J.; Wang, Y.; Xu, J.; Li, Z. Exogenous Natural EPA-Enriched Phosphatidylcholine and Phosphatidylethanolamine Ameliorate Lipid Accumulation and Insulin Resistance via Activation of PPAR-α/γ in Mice. Food Funct. 2020, 11, 8248–8258. [Google Scholar] [CrossRef]

	



King, G.L.; Park, K.; Li, Q. Selective Insulin Resistance and the Development of Cardiovascular Diseases in Diabetes: The 2015 Edwin Bierman Award Lecture. Diabetes 2016, 65, 1462–1471. [Google Scholar] [CrossRef]

	



Cai, Y.; Wang, Y.; Zhi, F.; Xing, Q.-C.; Chen, Y.-Z. The Effect of Sanggua Drink Extract on Insulin Resistance through the PI3K/AKT Signaling Pathway. Evid. Based Complement. Altern. Med. 2018, 2018, e9407945. [Google Scholar] [CrossRef]

	



Huang, X.-L.; He, Y.; Ji, L.-L.; Wang, K.-Y.; Wang, Y.-L.; Chen, D.-F.; Geng, Y.; OuYang, P.; Lai, W.-M. Hepatoprotective Potential of Isoquercitrin against Type 2 Diabetes-Induced Hepatic Injury in Rats. Oncotarget 2017, 8, 101545–101559. [Google Scholar] [CrossRef]

	



Wang, C.; Deng, Y.; Yue, Y.; Chen, W.; Zhang, Y.; Shi, G.; Wu, Z. Glutamine Enhances the Hypoglycemic Effect of Insulin in L6 Cells via Phosphatidylinositol-3-Kinase (PI3K)/Protein Kinase B (AKT)/Glucose Transporter 4 (GLUT4) Signaling Pathway. Med. Sci. Monit. 2018, 24, 1241–1250. [Google Scholar] [CrossRef]

	



Burhans, M.S.; Hagman, D.K.; Kuzma, J.N.; Schmidt, K.A.; Kratz, M. Contribution of Adipose Tissue Inflammation to the Development of Type 2 Diabetes Mellitus. Compr. Physiol. 2018, 9, 1–58. [Google Scholar] [CrossRef]

	



Lordan, R.; Tsoupras, A.; Zabetakis, I. Phospholipids of Animal and Marine Origin: Structure, Function, and Anti-Inflammatory Properties. Molecules 2017, 22, 1964. [Google Scholar] [CrossRef]

	



Calder, P.C. Marine Omega-3 Fatty Acids and Inflammatory Processes: Effects, Mechanisms and Clinical Relevance. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2015, 1851, 469–484. [Google Scholar] [CrossRef]

	



Serhan, C.N.; Chiang, N.; Dalli, J. New Pro-Resolving n-3 Mediators Bridge Resolution of Infectious Inflammation to Tissue Regeneration. Mol. Asp. Med. 2018, 64, 1–17. [Google Scholar] [CrossRef]

	



Francisco, V.; Ruiz-Fernández, C.; Pino, J.; Mera, A.; González-Gay, M.A.; Gómez, R.; Lago, F.; Mobasheri, A.; Gualillo, O. Adipokines: Linking Metabolic Syndrome, the Immune System, and Arthritic Diseases. Biochem. Pharmacol. 2019, 165, 196–206. [Google Scholar] [CrossRef] [PubMed]

	



Murakami, M. Lipid Mediators in Life Science. Exp. Anim. 2011, 60, 7–20. [Google Scholar] [CrossRef] [PubMed]

	



Dennis, E.A.; Norris, P.C. Eicosanoid Storm in Infection and Inflammation. Nat. Rev. Immunol. 2015, 15, 511–523. [Google Scholar] [CrossRef] [PubMed]

	



Sun, D.; Zhang, L.; Chen, H.; Feng, R.; Cao, P.; Liu, Y. Effects of Antarctic Krill Oil on Lipid and Glucose Metabolism in C57BL/6J Mice Fed with High Fat Diet. Lipids Health Dis. 2017, 16, 218. [Google Scholar] [CrossRef]

	



Migliaccio, V.; Sica, R.; Di Gregorio, I.; Putti, R.; Lionetti, L. High-Fish Oil and High-Lard Diets Differently Affect Testicular Antioxidant Defense and Mitochondrial Fusion/Fission Balance in Male Wistar Rats: Potential Protective Effect of Ω3 Polyunsaturated Fatty Acids Targeting Mitochondria Dynamics. Int. J. Mol. Sci. 2019, 20, 3110. [Google Scholar] [CrossRef]

	



Ding, L.; Zhang, L.; Wen, M.; Che, H.; Du, L.; Wang, J.; Xue, C.; Xu, J.; Wang, Y. Eicosapentaenoic Acid-Enriched Phospholipids Improve Atherosclerosis by Mediating Cholesterol Metabolism. J. Funct. Foods 2017, 32, 90–97. [Google Scholar] [CrossRef]

	



Xie, Y.; Wu, B.; Wu, Z.; Tu, X.; Xu, S.; Lv, X.; Yin, H.; Xiang, J.; Chen, H.; Wei, F. Ultrasound-Assisted One-Phase Solvent Extraction Coupled with Liquid Chromatography-Quadrupole Time-of-Flight Mass Spectrometry for Efficient Profiling of Egg Yolk Lipids. Food Chem. 2020, 319, 126547. [Google Scholar] [CrossRef]

	



Liu, X.; Cui, J.; Leng, K.; Xue, C.; Li, Z.; Xue, Y.; Wang, Y. Docosahexaenoic Acid-Enriched Phospholipids Exhibit Superior Effects on Obesity-Related Metabolic Disorders to Egg Yolk Phospholipids and Soybean Phospholipids in Mice. Eur. J. Lipid Sci. Technol. 2016, 118, 1712–1721. [Google Scholar] [CrossRef]








[image: Marinedrugs 21 00409 g001 550] 





Figure 1. Effect of S-PLE and SC-PLE on glucose homeostasis. The different lowercase letters indicated significant differences in the four groups (p < 0.05). (A) Serum Glucose; (B) Fasting Plasma Glucose (FPG); (C) Area Under Curve of Blood Glucose (AUC); and (D) Fasting Insulin (FINS). 
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Figure 2. Effect of S-PL and SC-PL on structure changes in liver tissue in MetS mice. (A) HFD group; (B) ND group; (C) S-PLE group; and (D) SC-PLE group. The lipid droplets accumulated in the cytoplasm and nuclei (arrows). 






Figure 2. Effect of S-PL and SC-PL on structure changes in liver tissue in MetS mice. (A) HFD group; (B) ND group; (C) S-PLE group; and (D) SC-PLE group. The lipid droplets accumulated in the cytoplasm and nuclei (arrows).



[image: Marinedrugs 21 00409 g002]







[image: Marinedrugs 21 00409 g003 550] 





Figure 3. Effect of S-PLE and SC-PLE on liver inflammatory cytokines in MetS mice. (A) TNF-α; (B) IL-6; (C) MCP-1; and (D) IL-1β. The different lowercase letters indicate significant differences in the four groups (p < 0.05). 






Figure 3. Effect of S-PLE and SC-PLE on liver inflammatory cytokines in MetS mice. (A) TNF-α; (B) IL-6; (C) MCP-1; and (D) IL-1β. The different lowercase letters indicate significant differences in the four groups (p < 0.05).



[image: Marinedrugs 21 00409 g003]







[image: Marinedrugs 21 00409 g004 550] 





Figure 4. Effect of S-PLE and SC-PLE on the expression of genes related to lipid anabolism in liver tissue. (A) Fatty Acid Synthetase (FAS); (B) Malic Enzyme (ME); (C) Glucose-6-Phosphate Dehydrogenase (G6PDH); (D) Acetyl-CoA Carboxylase (ACC). The different lowercase letters indicate significant differences in the four groups (p < 0.05). 
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Figure 5. Effect of S-PLE and SC-PLE on the expression of genes related to fatty acid β-oxidation in liver tissue. (A) Peroxisome Proliferator Activated Receptor α (PPAR-α); (B) Carnitine Palmitoyltransferase 1A (CPT-1A); (C) Carnitine Palmitoyltransferase-2 (CPT-2). The different lowercase letters indicate significant differences in the four groups (p < 0.05). 
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Figure 6. Effect of S-PLE and SC-PLE on the expression of genes related to the IRS/PI3K/Akt signaling pathway in liver tissue. (A) Peroxisome Proliferator Activated Receptor γ (RRARγ); (B) Insulin receptor substrate 1 (IRS1); (C) Protein Kinase B1 (Akt1); (D) Protein Kinase B2 (Akt2); (E) PI 3 Kinase p85 alpha (PI3Kr1); (F) Glycogen Synthase Kinase-3β (GSK-3β); (G) Glycogen Synthase 2 (GYS2); (H) Recombinant Glucose Transporter 2 (GLUT 2). The different lowercase letters indicate significant differences in the four groups (p < 0.05). 
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Figure 7. Orthogonal partial least squares discriminant analysis (OPLS−DA) score plots and permutation test of the OPLS−DA model. (A,B): ND vs. HFD; (C,D): HFD vs. S−PLE; and (E,F): HFD vs. SC−PLE. 
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Figure 8. Variable−important-in-projection (VIP) plots in OPLS-DA analysis of the serum metabolites. (A) ND vs. HFD; (B) HFD vs. S-PLE; and (C) HFD vs. SC-PLE. 
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Figure 9. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment plots of different metabolites. (A) ND vs. HFD; (B) HFD vs. S-PLE; and (C) HFD vs. SC-PLE. The bubble size is proportional to the impact of each pathway and bubble color denotes the significance from highest in red to lowest in purple. 
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Table 1. Number and content of phospholipid molecules in phospholipid extracts of salmon and silver carp heads (%, mol/mol).
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Lipid Classes

	
S-PLE

	
SC-PLE




	
Number of Species

	
Content/%

	
Number of Species

	
Content/%






	
PE

	
108

	
31.16

	
119

	
15.72




	
PC

	
46

	
43.38

	
55

	
56.53




	
LPC

	
15

	
12.37

	
23

	
15.15




	
LPE

	
20

	
2.75

	
19

	
0.93




	
PG

	
41

	
1.08

	
20

	
0.15




	
PS

	
16

	
1.56

	
16

	
1.04




	
LPA

	
3

	
0.06

	
5

	
0.72




	
LPG

	
13

	
1.22

	
7

	
0.11




	
LPI

	
3

	
0.06

	
2

	
0.01




	
LPS

	
9

	
1.05

	
11

	
1.04




	
PA

	
6

	
0.27

	
23

	
2.32




	
PI

	
14

	
5.40

	
19

	
6.25
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Table 2. Characteristic of the composition of EPA/DHA-PL in phospholipid extracts of salmon and silver carp heads (%, mol/mol).






Table 2. Characteristic of the composition of EPA/DHA-PL in phospholipid extracts of salmon and silver carp heads (%, mol/mol).





	
Lipid Classes

	
PUFA Species

	
S-PLE/%

	
SC-PLE/%






	
PC

	
EPA

	
2.28

	
4.95




	
DHA

	
5.49

	
4.29




	
PE

	
EPA

	
0.58

	
0.16




	
DHA

	
4.98

	
1.07




	
PE-O

	
EPA

	
0.38

	
0.13




	
DHA

	
1.35

	
1.38




	
PE-P

	
EPA

	
0.27

	
0.17




	
DHA

	
1.68

	
0.86




	
LPC

	
EPA

	
0.36

	
1.02




	
DHA

	
0.69

	
6.22




	
LPE

	
EPA

	
0.06

	
0.02




	
DHA

	
0.46

	
0.30




	
PG

	
EPA

	
0.01

	
0.01




	
DHA

	
0.20

	
0.04




	
PS

	
EPA

	
/

	
0.01




	
DHA

	
0.14

	
0.14




	
PI

	
EPA

	
0.86

	
1.01




	
DHA

	
1.06

	
0.18




	
Total PL

	
EPA

	
4.79

	
7.48




	
DHA

	
16.05

	
14.47
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Table 3. Effects of S-PLE and SC-PLE on growth and serum lipids in HFD mice.
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ND

	
HFD

	
S-PLE

	
SC-PLE




	
Growth Parameters

	

	

	

	






	
Food intake (g/day)

	
2.83 ± 0.50 a

	
2.57 ± 0.50 b

	
2.37 ± 0.38 b

	
2.45 ± 0.46 b




	
Caloric intake (kcal/day)

	
10.91 ± 1.91 a

	
12.16 ± 2.38 ab

	
11.21 ± 1.82 a

	
11.58 ± 2.19 a




	
Initial BW (g)

	
20.75 ± 0.74

	
22.00 ± 0.85

	
21.40 ± 0.70

	
21.76 ± 0.79




	
Final BW (g)

	
26.00 ± 1.64 bc

	
29.35 ± 1.90 a

	
26.81 ± 0.90 b

	
25.32 ± 1.22 c




	
BW gain (g)

	
5.18 ± 1.34 b

	
7.26 ± 1.41 a

	
6.26 ± 1.40 b

	
3.38 ± 1.11 c




	
Kidney weight (g per 100 g BW)

	
1.41 ± 0.19

	
1.41 ± 0.11

	
1.37 ± 0.29

	
1.34 ± 0.15




	
Heart weight (g per 100 g BW)

	
0.64 ± 0.15 ab

	
0.52 ± 0.07 b

	
0.67 ± 0.13 a

	
0.57 ± 0.12 ab




	
Liver weight (g per 100 g BW)

	
3.27 ± 0.22 a

	
3.26 ± 0.34 b

	
3.18 ± 0.20 a

	
3.65 ± 0.31 a




	
Mesenteric WAT (g per 100 g BW)

	
0.47 ± 0.29 a

	
2.52 ± 0.75 c

	
1.81 ± 0.56 b

	
0.66 ± 0.32 a




	
Epididymal WAT (g per 100 g BW)

	
0.48 ± 0.16 a

	
0.91 ± 0.16 c

	
0.74 ± 0.16 b

	
0.48 ± 0.12 a




	
Serum lipids

	

	

	

	




	
TG (mmol/L)

	
0.72 ± 0.14 b

	
1.33 ± 0.30 a

	
1.14 ± 0.23 a

	
0.85 ± 0.21 b




	
TC (mmol/L)

	
3.51 ± 0.31 c

	
4.67 ± 0.42 a

	
3.89 ± 0.36 b

	
3.10 ± 0.22 d




	
HDL-C (mmol/L)

	
2.13 ± 0.19 a

	
2.08 ± 0.15 a

	
2.19 ± 0.18 a

	
2.06 ± 0.12 a








Note: BW, body weight. WAT, white adipose tissue. The different lowercase letters indicate significant differences in the four groups (p < 0.05).
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Table 4. Effect of S-PLE and SC-PLE on liver lipids in MetS mice.
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	TG (mmol/L)
	TC (mmol/L)





	ND
	0.72 ± 0.14 b
	3.51 ± 0.31 c



	HFD
	1.33 ± 0.30 a
	4.67 ± 0.42 a



	S-PLE
	1.14 ± 0.23 a
	3.89 ± 0.36 b



	SC-PLE
	0.85 ± 0.21 b
	3.10 ± 0.22 d







Note: The different lowercase letters indicate significant differences in the four groups (p < 0.05).
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Table 5. Differential hepatic metabolites in ND vs. HFD.
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	Metabolite
	Adduct
	Class
	VIP
	Fold-Change
	Type





	Glutathione
	[M-H]−
	Amino acids and their metabolites
	1.32
	0.48
	down



	L-cystine
	[M+H]+
	Amino acids and their metabolites
	1.51
	2.86
	up



	Gamma-L-glutamic acid-l-cysteine
	[M+H]+
	Amino acids and their metabolites
	1.47
	0.32
	down



	Thromboxane B2
	[M-H]−
	Fatty acyl
	1.45
	2.23
	up



	Cortisol
	[M+H]+
	Hormones and hormone-related substances
	1.93
	0.31
	down



	Taurocholic acid
	[M-H2O+H]+
	Bile acid
	1.37
	0.2
	down



	13-oxo-9Z,11E-octadecenoic acid
	[M-H]−
	Fatty acyl
	1.7
	3.88
	up



	9-oxo-10E,12Z-octadecenoic acid
	[M-H]−
	Fatty acyl
	1.7
	3.88
	up



	9,12,13-trihydroxy-octadecenoic acid
	[M-H]−
	Fatty acyl
	1.32
	3.73
	up



	11-cis-retinol
	[M+H]+
	Coenzyme and vitamin
	1.2
	0.16
	down



	All-trans retinol
	[M+H]+
	Coenzyme and vitamin
	2.11
	0
	down



	Cysteinyl glycine
	[M+H]+
	Amino acids and their metabolites
	1.51
	0.35
	down
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Table 6. Differential hepatic metabolites in HFD vs. S-PLE.
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	Metabolite
	Adduct
	Cless
	VIP
	Fold-Change
	Type





	N,N′-diacetyl chitobiose
	[M+H]+
	Carbohydrates and their metabolites
	1.06
	2.2
	up



	Carmine acid
	[M+H]+
	Amino acids and their metabolites
	1.68
	0.47
	down



	4-hydroxy-2-ketoglutaric acid
	[M-H]−
	Organic acids and their derivatives
	1.14
	0.47
	down



	DL-3,4-dihydroxy almond acid
	[M-H]−
	Organic acids and their derivatives
	1.32
	0.43
	down



	Deoxyguanosine diphosphate
	[M-H]−
	Nucleotide and metabolites thereof
	1.37
	2.06
	up



	5′-adenylate sulfuric acid
	[M-H]−
	Nucleotide and metabolites thereof
	1.23
	2.27
	up



	13-hydroxy-9Z,11E,15Z-octadecenoic acid
	[M-H]−
	Fatty acyl
	1.43
	0.49
	down



	Carnitine C8:0
	[M+H]+
	Fatty acyl
	1.5
	0.44
	down



	(±)17-HDHA
	[M-H]−
	Fatty acyl
	2.17
	3.97
	up
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Table 7. Differential hepatic metabolites in HFD vs. SC-PLE.
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	Metabolite
	Adduct
	Class
	VIP
	Fold-Change
	Type





	Thromboxane B2
	[M-H]−
	Fatty acyl
	1.24
	0.41
	down



	Prostaglandin A2
	[M-H]−
	Fatty acyl
	1.40
	0.34
	down



	15-keto-prostaglandin F2a
	[M-H]−
	Fatty acyl
	1.12
	0.13
	down



	11-beta-prostaglandin PGF2a
	[M-H]−
	Fatty acyl
	1.31
	0.46
	down



	δ 12-prostaglandin J2
	[M-H]−
	Fatty acyl
	1.40
	0.34
	down



	reduced glutathione
	[M-H]−
	Amino acids and their metabolites
	1.14
	2.01
	up



	3,5-dihydroxy-3-methylpentanoic acid
	[M-H]−
	Organic acids and their derivatives
	1.55
	0.17
	down



	Gamma-L-glutamic acid-l-cysteine
	[M+H]+
	Amino acids and their metabolites
	1.19
	2.46
	up



	Cysteinyl glycine
	[M+H]+
	Amino acids and their metabolites
	1.20
	2.29
	up



	(±)5-HEPE
	[M-H]−
	Fatty acyl
	1.84
	6.07
	up
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