The exogenous natural phospholipids, EPA-PC and EPA-PE, contributes to ameliorate lipid accumulation and inflammation via activation of PPARα/γ 
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Abstract

Background and Purpose: PPARα/γ play an important role in glucose homeostasis and lipid metabolism making it an attractive anti‐diabetic target. Focusing on the development of PPARα/γ dual agonists, we evaluated the activity of phosphatidylcholine (EPA-PC) and phosphatidylethanolamine (EPA-PE) on PPARα/γ. Moreover, we investigated the long‐term effects of EPA-PC and EPA-PE on insulin resistance.

Experimental Approach: The activities of EPA-PC/PE with respect PPARα/γ transcription were tested using a luciferase reporter gene assay, lipid binding assay and a Protein-Lipid overlay assay. Moreover, the agonistic effects of EPA-PC/PE on PPARα/γ were evaluated in HepG2 and 3T3L1. respectively. In a 3T3L1/Raw264.7 transwell system, the effect of EPA-PC/PE on macrophages polarization and inflammation were studied. In mice, we sought to determine if insulin resistance and lipid accumulation induced by high-fat high-sucrose diet, was attenuated by EPA-PC or EPA-PE diet (0.3% of diet).

Key Results: EPA-PC/PE are potent PPARα/γ dual agonists, which promoted hepatic PPARα-mediated fatty acid oxidatio, and promoted the preadipocytes differentiation and PPARγ target genes expression in adipocytes. In mice on the HFSD, EPA-PC/PE significantly suppressed body weight gain and ameliorated insulin resistance as well as abnormal glucose and lipid metabolism. EPA-PC/PE could regulate PPARγ-responsive genes and slightly inhibited the phosphorylation of PPARγ at Ser273, resulted in adipose tissue remodeling. Finally, we found that EPA-PC/PE promoted macrophages polarization and attenuated inflammation in vitro and in vivo. 

Conclusion and Implications: These data indicate that the exogenous natural phospholipids, EPA-PC or EPA-PE, activate PPARα/γ, may be useful for treatment of insulin resistance.
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Bullet point summary: 

What is already known?

PPARα/γ is a therapeutic anti‐diabetic target.

What this study adds?

EPA-PC and EPA-PE are potent PPARα/γ dual agonists.

EPA-PC and EPA-PE treatment ameliorated insulin resistance by PPARα/γ activation

Clinical significance?

This study showed EPA-PC and EPA-PE will provide a new strategy for insulin resistance.
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Introduction

Insulin resistance is a fundamental defect in type 2 diabetes (T2D) and a defining feature of metabolic syndrome (Kriketos et al., 2005), which has emerged as a major health crisis due to its association with metabolic risk factors, such as inflammation (Xu et al., 2003, Van de Velde et al., 2019). Faced by an alarming increase in the incidence of diabetes and insulin resistance, there is an urgent need to develop effective treatment strategies. PPARs members: PPARα, PPARγ, and PPARβ/δ, each receptor appears to be the important gene regulators in glucose and lipid metabolism and modulate pathways at the interface between intermediary metabolism and inflammation (Gelman, Fruchart, & Auwerx, 1999, Chinetti, Fruchart, & Staels, 2000). PPARα, as a master regulator of lipid metabolism, is highly active in liver, brown adipose tissue, heart, and muscle tissue, where it regulates fatty acid transport, fatty acid activation and mitochondrial fatty acid β-oxidation (Verreth et al., 2004). PPARγ, which is mainly exdpressed in adipose tissue, is well known for the role in regulating adipogenesis, insulin sensitivity, and inflammation (Farmer, 2005, Miles et al., 2000, Law, 2005). Unfortunately, PPARγ agonists (thiazolidinedione class), which represent synthetic insulin-sensitizing drugs, provoke adverse side effects, including weight gain, fluid retention, bone fracture, and bladder cancer. PPARα/γ dual agonists appear to possess therapeutic potentials to treat diabetes (Cariou et al., 2013). Thus, dual-selective agonists of PPARα/γ have emerged as molecules of interest. 

Lipids are best known for their integral role in biological membranes and as signaling molecules in the cytoplasm. There are a wide variety of lipids (Davies et al., 2001, Egawa et al., 2016, Zhao et al., 2006, Fu et al., 2005, McIntyre et al., 2003, Ye et al., 2007) have been implicated in PPAR activation including saturated fatty acids, oxidized fatty acids (17-Hydroxy docosahexaenoic acid), fatty acid derivatives formed during lipolysis, lipogenesis or fatty acid catabolism (fatty acyl-CoA species), eicosanoids (prostaglandins, and HETEs), oleoylethanolamide, carbaprostacyclin, 5HT metabolites, lysophosphatidic acid (LPA), 15-deoxy6212,14-prostglandin J2 (15dPGJ2), and oxidized phospholipids. Tsukahara et al. provided evidence that cyclic phosphatidic acid (CPA) is generated in mammalian cells in a stimulus coupled-manner by Phospholipase D2, and binds to and inhibits PPARγ (Tsukahara  et al., 2011). Moreover, PC (16:0/18:1) was also identified as a physiologically relevant endogenous PPARα ligand, which is essential for hepatic PPARα activation and function (Chakravarthy et al., 2009). This phospholipid potently binds to PPARα, weakly to PPARδ, and has no interaction with PPARγ in vitro. Interestingly, it is clear that the PPARs all are lipid sensors that transcriptionally regulate diverse aspects in response to nutritional inputs, and serving as effective therapeutic targets for some types of lipid metabolic syndrome and the master regulator of lipid metabolism (Bishop-Bailey & Wray, 2003). Functional impairment or dysregulation of these receptors is shown to lead to obesity, fatty liver, insulin resistance. Lee et al. explored the nuclear activities of lipids, showing that a particular species of the phospholipid DLPC (which is a component of the food supplement lecithin) controls transcriptional programs of LRH-1 (Lee et al., 2011). These results suggest that targeting phospholipid signaling in the nucleus might be of value for treating human metabolic diseases (Ingraham, 2011). 

Sea cucumber is rich sources of eicosapentaenoic acid in the form of phospholipids (EPA-PLs), which is known to be efficacious in preventing obesity. Phospholipids from sea cucumber inhibited lipid accumulation by increased lipolysis and Pparγ activation in iWAT (Zhang et al., 2020, Chang et al., 2018). Besides, phospholipids from sea cucumber was also found to significantly increase Cpt2 and Cpt1α mRNA levels and suppressed hepatic TG and TC levels in the liver of HFD induced obese mice (Liu et al., 2013). Recently, we reported that phosphatidylcholine from sea cucumber promoted mesenchymal stem cells (MSCs) differentiation into osteoblasts over adipocytes by increased runx2 and serine 112 phosphorylation of PPARγ (Mao et al., 2019). These observations indicate that PPARs regulation my pay a potentially powerful role for phospholipid signaling in diabetes and insulin resistance. In the current study, to demonstrate the link between phospholipids and PPARs regulation, we explored for compounds from sea cucumber phospholipids that bind with or activate PPARα and PPARγ in vitro and in vivo.

Materials and methods

Preparation of several phospholipids

EPA-PC (PC (16:0/20:5); PC (18:1/20:5)), prepared from sea cucumber as previously described (Wen et al., 2018). Briefly, sea cucumber powder was extracted with a 20-fold volume of chloroform-methanol solution (2:1, v/v) for 24 hours, and mixed with a one-fourth volume of water after filtration. The chloroform layer containing the total lipids was collected by rotary evaporation. EPA-PL were separated from total lipids by silica-gel column chromatography using chloroform, acetone, chloroform–methanol (9:1, v/v), chloroform–methanol (2:1, v/v) and methanol sequentially as eluents. EPA-PC were then purified from EPA-PL by a silica-gel column chromatography. 

EPA-PE, EPA-PG and EPA-PS was produced by phospholipase D mediated transphospatidylation from EPA-PC as described previously (Cao et al., 2018). Briefly, PLD-catalyzed transphosphatidylation reaction between phospholipid and L-serine, ethanolamine, glycerol, was carried out using a glass vial with screw caps. Phospholipids were dissolved in ethanol and mixed with silica, then the ethanol was removed by rotary evaporation. It was reacted in 50 mM acetic acid-sodium acetate buffer (pH=7.0) containing L-serine, ethanolamine, glycerol (1.6 M) and PLD (40 U/mL). Then, EPA-PE, EPA-PG and EPA-PS were purified by a silica-gel column chromatography.

Animal studies

All protocols were approved by animal welfare and ethical review bodies at Qingdao and ethical committee at Ocean University of China. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010) with the recommendations made by the British Journal of Pharmacology. C57BL/6 mice were purchased from Vital River Laboratory Animal Center (Beijing, China). In total, 24 male C57BL/6J mice, 5-weeks-old, 16-17 g, were established to insulin resistant model by feeding mice a chow diet or high-fat high-sucrose diet (HFSD, Research Diets, New Brunswick, NJ, USA; #D12331), which consisted of 20% protein, 25% fat, and 20% carbohydrate. This model of HFSD-fed mice replicates is a widely used model of prediabetes and has been well accept in preclinical studies to insulin resistance (Rasool et al, 2018). The HFSD-fed animals were randomly allocated to one of three groups: HFSD group (HFSD, n=6); HFSD supplemented with 0.3% EPA-PC (EPA-PC, n=6); and HFSD supplemented with 0.3% EPA-PE (EPA-PE, n=6). Mice were managed 12 weeks with the respective diet and water ad libitum with a 12-hr light/dark cycle (07:00–19:00). Another 15 male C57BL/6J (5-weeks-old, 16-17 g) were treated with chow diet (chow diet, n=5); chow diet supplemented with 0.3% EPA-PC (EPA-PC, n=6); and chow diet supplemented with 0.3% EPA-PE (EPA-PE, n=6) for 4 weeks. 

At the end of the experimental period, animals were fasted overnight and sacrificed. Blood samples were collected, and plasma was obtained by centrifugation. Liver tissues were immediately dissected, washed in ice-cold saline, and homogenized. The homogenate was centrifuged, and the supernatant was used for the estimation of various biochemical parameters. Perirenal, epididymal, and hypodermic fat samples were collected and weighed. 

Cell culture

HepG2 (RRID: CVCL_0027), 3T3-L1 preadipocytes (RRID: CVCL_0123) and Raw 264.7 (RRID: CVCL_0493) were purchased from American Type Culture Collection (Shanghai, China), were maintained at 37°C in 5% CO2 in DMEM with 10% FBS and 1% penicillin/streptomycin. For HepG2 experiments, cells were plated in DMEM with 10% FBS and 1% penicillin/streptomycin in six-well plates and incubated with 200 μg ml-1 EPA-PC and EPA-PE for 24h as indicated. 

3T3-L1 cells were induced to mature adipocytes as described by Liu et al. (2015). Briefly, 3T3-L1 cells were seeded into 24-well plates at the density of 2×104/well. At 48 h post-confluency, the cells were stimulated with differentiation medium (DMEM containing 10% FBS, 10 μg/mL insulin, 1 μM dexamethasone, and 0.5 mM IBMX for 48 h. Then, the cells were exposed in DMEM containing 10% FBS and 10 μg ml-1 insulin for a further 48 h, which was replaced with expansion medium (DMEM containing 10% FBS) every 2 days after then. At day 8, more than 90% cells were induced to mature adipocytes. Cells were treated with different concentrations of EPA-PC and EPA-PE (200 μg ml-1) with or without 100 nmol L-1 rosiglitazone (Rosi) or 10 μmol L-1 GW9662 or GW6471 or wy14643 (Sigma-Aldrich) from day 0 as indicated. 

3T3L1 adipocytes and Raw 264.7 cells were either co-cultured in direct contact or separated by a transwell membrane. 3T3L1 adipocytes were plated in the lower wells which induced into mature adipocytes, Raw 264.7 macrophages were plated in the upper transwell inserts containing a 0.4-μm porous membrane, and cells were cultured overnight prior to treatment with Rosi (1μM), EPA-PC or EPA-PE (200 μg ml-1) .

Cell-based luciferase reporter gene assay

The determination of nuclear receptor activation was performed by Cell-based luciferase reporter gene assay. Briefly, NIH3T3 cells (RRID: CVCL_KS54) were transfected using X-tremeGENE HP DNA transfection reagent (Roche, Basel, Switzerland). NIH3T3 cells were transfected with the pGL3B-Luc reporter plasmids (with promoter region of PPARγ or PPARα) for 24h before treatment with Rosi (1μM), several phospholipids (200 μg ml-1) for 24h. The Luciferase Assay System (Promega, Madison, WI, USA) performed assays as manufacturer’s instructions. Normalized luciferase activities were then compared across all samples and the vertical axis represents the relative luminescent unit (RLU).

Identification of Lipids Associated with PPARα/γ

Nuclear extract from HepG2 or 3T3L1 adipocytes cells treated with lipids mixture (containing EPA-PC, EPA-PE, EPA-PS, EPA-PG, EPA, and Cholesterol) or vehicle for 16 hours at 4°C, prepared from cell lysates and subjected to hypotonic lysis as described (Zhu et al., 2017, Lodhi et al., 2012) and were immunoprecipitated (IP) with anti-PPARα (Abcam Cat# ab24509, RRID:AB_448110) or anti-PPARγ antibody (Cell Signaling Technology Cat# 2435, RRID:AB_2166051) to capture the PPARα/γ protein and any associated lipids under conditions and eluted with protein-A/G beads. The supernatant was discarded, the pellet was washed with ice-cold PBS, centrifuged for 3 minutes (4°C, 14,000 rpm). The pellet was collected and extracted with methanol/H2O (1:1). The solvent and water phase was blown dry with N2 and analyzed by HPLC-MS/MS.

Protein lipid overlay assay

The Protein Lipid Overlay (PLO) assay enables the identification of the lipid ligands with which lipid binding proteins interact. This method for preparing and detecting protein-lipid binding has previously been described (Shirey, Scott, & Stahelin, 2017). Briefly, the following list lipids were spotted on to the PVDF membrane: EPA-PC, EPA-PE, EPA-PS, EPA-PG, EPA and cholesterol were spotted onto a PVDF membrane. All the lipids were dissolved in a 2:1:0.8 ratio solution of MeOH:CHCl3:H2O and 2 μg lipids were spotted. The membrane was blocked overnight with a 3% fatty acid-free BSA solution. On the following day, membranes were incubated with recombinant hPPARα or hPPARγ for 1 h, washed extensively with TBS-T and incubated overnight with anti-PPARα (Abcam Cat# ab24509, RRID:AB_448110) or anti-PPARγ (Cell Signaling Technology Cat# 2435, RRID:AB_2166051) antibody. Next day, the membranes were washed and incubated with secondary antibody and the blots were analyzed.

Western blotting

Cells and mice tissue were lysed with RIPA buﬀer (Solarbio, Beijing, China) containing protease inhibitor cocktail (Sigma, St. Louis, MO, USA) and 1 mM phenylmethylsulfonyl fluoride (PMSF). Protein concentration was determined using the BCA kit (Solarbio, Beijing, China). Lysates were subjected to immunoblotting with the indicated antibody. The following antibodies were used: PPARγ (Cell Signaling Technology Cat# 2435, RRID:AB_2166051), PPARα (Abcam Cat# ab24509, RRID:AB_448110), CD36 (Proteintech Cat# 18836-1-AP, RRID:AB_10597244), IL1β (Abcam Cat# ab8320, RRID:AB_306474), CD206 (Abcam Cat# ab64693, RRID:AB_1523910), UCP1 (Abcam Cat# ab23841, RRID:AB_2213764), CPT1a (Abcam Cat# ab128568, RRID:AB_11141632), CPT2 (Santa Cruz Biotechnology Cat# sc-20671, RRID:AB_2084858), FABP4 (Abcam Cat# ab92501, RRID:AB_10562486), CDK5 (Abcam Cat# ab6543, RRID:AB_305556), GAPDH (Cell Signaling Technology Cat# 8884, RRID:AB_11129865), p273-PPARγ (Bioss Cat# bs-4888R, Woburn, MA).  
qRT-PCR

Total RNA was extracted from tissues and cells using TRIzol reagent according to the manufacturer’s instructions. The purity and concentration of the total RNA were determined by a NanoDrop spectrophotometer (ND-2000, Thermo Fisher). Total RNA was reverse transcribed using cDNA Synthesis SuperMix. Real-time PCR was carried out in a quantitative real-time PCR thermocycler (iQ5, Bio-Rad, Hercules, CA, USA) with SYBR Green PCR master mix (Roche, Basel, Switzerland) and gene-specific primers. The following conditions were used for real-time PCR: 95°C for 10min, then 95°C for 15 s and 60°C for 1 min in 40 cycles. The 2−ΔΔCT method was used to analyze the relative changes in gene expression normalized against β-actin mRNA expression.

Immunohistochemistry and Tissue immunofluorescence staining

Liver and iWAT tissues were fixed in 4% (w/v) solution of paraformaldehyde in PBS overnight, rinsed with PBS and stored in 70% (v/v) ethanol. Samples were embedded in paraffin and 5 μm sections were obtained. For identification of macrophages, sections were stained with M1 macrophages CD68 (Abcam Cat# ab125212, RRID:AB_10975465). The average CD68 positive cell number was calculated in each mouse. To evaluate M1 and M2 macrophage, immunofluorescence staining of Raw 264.7 cells or iWAT tissues was performed. Sections were stained with macrophage phenotype markers IL1β (Abcam Cat# ab8320, RRID:AB_306474) for M1 and CD206 (Abcam Cat# ab64693, RRID:AB_1523910) for M2. The average IL1β and CD206 positive cell number was calculated in each mouse. 

Oil red O staining

For Oil Red O staining, the cells were fixed with 10% formaldehyde and stained with oil red O solution. After washing with 60% (v/v) isopropanol, Solubilized dye was quantified at 550 nm.

H&E staining 

Mice were euthanized and the tissues were immediately removed and immersed in pre-colded PBS, fixed in 10% formalin solution for 24-48 hours at 4°C. The samples were then incubated in 70% ethanol for 12 hours and embedded in paraffin and sectioned exhaustively into 5-μm-thick sections. All sections were stained with hematoxylin and eosin (H&E).

Statistical analysis

The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2018). All data and images were analyzed blindly. Statistical analysis was carried out using the software GraphPad Prism 8 (RRID: SCR_002798). The difference among multiple groups was assessed by the one-way ANOVA test. Probability of p value <[image: image1.png]


0.05 was indicated a significant difference.

Results

EPA-PC and EPA-PE have high binding affinity for PPARα/PPARγ

As shown in Figure 1A, phospholipids mainly contain EPA-PC, and then EPA-PE, EPA-PG, and EPA-PS are synthesized via phospholipase D-mediated transphosphatidylation of EPA-PC. Lipids binding to PPARα/γ was investigated by PLO assays on PVDF membranes. Figure 1B show PPARα and PPARγ binding to EPA-PC and EPA-PE but not to EPA-PS, EPA-PG, and EPA. To identify potential PPAR agonists, we screened a panel of naturally occurring EPA-phospholipids for their agonist activity. We first used a cell-based PPARγ-dependent reporter assay. All EPA-phospholipids and EPA showed PPARγ agonist activity, with EPA-PE being the most potent and efficacious (Figure 1C). We then tested EPA-phospholipids using a cell-based PPARα-dependent reporter assay. EPA-PC and EPA-PE showed significant PPARα agonist activity. One clear exception was EPA-PS, which was inactive in the assays (Figure 1C). These results indicated that EPA-PC or EPA-PE treatment significantly induced PPARα/γ transcriptional activity. 
Immunoprecipitation (IP) and HPLC-MS/MS predicted the function of PLs as PPAR ligands. As a test of specific binding, lipid analyses revealed the peaks of PC (16:0/20:5, [M+HCOO]+ = 824.56; 18:0/20:5; [M+HCOO]+ = 852.56) and PE (16:0/20:5, [M-H]+ = 736.50) bound to PPARγ, whereas PC (16:0/18:1); PC (16:0/20:5), PC (18:1/20:5) , and PE (16:0/20:5) showed some responses (Figure 1D) bound to PPARα. In particular, PPARα was recently reported to be specifically bound and activated by 1-palmitoyl-2-oleoyl (PC (16:0/18:1)), while DLPC and DUPC failed to activate PPARα (Chakravarthy et al., 2009), which is consistent with our data. These results showed that EPA containing PLs may bind to PPARα/γ structurally.
EPA-PC and EPA-PE activate PPARγ

To directly define the effect of EPA-PC and EPA-PE on adipogenesis, which is regulated by PPARγ, 3T3L1 cells were treated with EPA-PC and EPA-PE. Adipocyte differentiation and lipid accumulation, examined by oil red O staining, were enhanced by EPA-PC and EPA-PE (Figure 2A, B) with or without MDI cocktail treatment. Moreover, EPA-PC and EPA-PE promoted mRNA expression of Pparγ, Fabp4, Fas, and Cebp/α and protein abundance of PPARγ and CD36, as shown in Figure 2C and D. Consistent with these results, EPA-PC and EPA-PE diet for 30 days activated the expression of PPARγ and CD36 in white adipose tissue. The data suggest that EPA-PC and EPA-PE promote PPARγ regulation and adipogenic differentiation of adipocytes. Oil red O staining results further indicated that the effects of EPA-PC and EPA-PE on adipocyte differentiation are primarily due to PPARγ involvement because GW9662, the PPARγ antagonist, almost completely abolishes the effects of EPA-PC and EPA-PE, whereas Rosi, a selective PPARγ agonist, showed better activation (Figure S1). 

EPA-PC and EPA-PE activate PPARα

To verify the agonistic activity of EPA-PC and EPA-PE on PPARα, we examined the effects of the two lipids on PPARα targeted genes in HepG2 cells and the liver. As shown in Figure 2F, EPA-PC and EPA-PE treatment induced Pparα mRNA expression as well as its target genes, Acox1, Cpt1, and Cpt2 in HepG2 cells, suggesting activated PPARα transcription. As we know, PPARα mainly regulates genes involved in fatty acid β-oxidation and ketone bodies. Furthermore, we found that treatment with EPA-PC and EPA-PE induced PPARα expression in HepG2 cells and liver (Figure 2E), respectively. These results indicated that EPA-PC and EPA-PE activate hepatic fatty acid β-oxidation. To further elucidate the effects of EPA-PC on PPARα/γ, we examined its effects in mice with HFSD-induced insulin resistance. 
EPA-PC and EPA-PE ameliorate lipid accumulation via PPARα

We further analyzed the expression of PPARα target genes related to β-oxidation in the liver of HFSD-fed mice. EPA-PC significantly increased the protein expression levels of PPARα, CPT1a, and CPT2, while EPA-PE significantly increased PPARα and CPT1a protein levels, but not CPT2 (Figure 3A). Quantitative RT-PCR analyses (Figure 3B) showed that EPA-PC and EPA-PE significantly increased the expression of Pparα and its target genes (Cpt1a and Cpt2). Figure 3C shows the pathological results for the liver tissues from the mice in the various groups following H&E and Oil Red O staining. H&E staining of liver tissue revealed improved lipid accumulation. Liver color and surface morphology were improved following treatment with EPA-PC and EPA-PE, while the liver color was yellow-brown and pathological abnormalities were observed in the HFSD group (Figure S3). Compared with the HFSD group, lipid droplets in the EPA-PC and EPA-PE groups were reduced, which revealed that EPA-PC and EPA-PE remarkably alleviated hepatic steatosis and lipid accumulation. In agreement with these findings, after three months of HFSD challenge, EPA-PC- or EPA-PE-treated mice had significantly reduced liver weight compared to the HFSD group (Figure 3D). In the diabetes mice, administration of EPA-PC and EPA-PE caused a reduction in hepatic steatosis, as evidenced by the significant reduction in liver triglyceride and NEFA levels, but not cholesterol levels (Figure 3E–G), suggesting a critical role of EPA-PC and EPA-PE in regulating hepatic lipid metabolism. 
EPA-PC and EPA-PE regulate PPARγ-responsive genes and alter adipose tissue remodeling

Cdk5-mediated phosphorylation of PPARγ has been reported to be involved in the pathogenesis of insulin resistance and diabetes (Choi et al., 2010). PPARγ protein expression increased, whereas CDK5-mediated phosphorylation of PPARγ did not increase after treatment with EPA-PC and EPA-PE (Figure 3A). Moreover, EPA-PC significantly increased the protein expression of FABP4 and CD36 by EPA-PC and EPA-PE. Gene expression analysis in the inguinal WAT (iWAT) demonstrated that EPA-PC significantly activated gene expressions involved in PPARγ2 target genes (Fabp4, Scd1, Cd36) and EPA-PE significantly activated the expression of PPARγ2 target genes (Scd1 and Cd36) at the mRNA level. EPA-PC and EPA-PE significantly suppressed the increase in weight of iWAT and epididymal WAT (eWAT) and perirenal WAT (pWAT), compared with the mice on the HFSD (Figure 3C). In the iWAT, H&E and oil red O staining revealed that adipocytes from mice fed HFD were considerably enlarged, while EPA-PC and EPA-PE feeding reduced the size of adipocytes and lipid droplets, as shown in Figure 3D and 3E. In addition, iWAT showed enhanced UCP1 protein and Pgc1α, and Dio2 mRNA expression levels under EPA-PC and EPA-PE feeding (Figure S1).
EPA-PC and EPA-PE promoted macrophages polarization 

The dynamic interplay between macrophages and adipocytes is currently considered one of the central mechanisms underlying the pathophysiology of insulin resistance (Lumeng & Saltiel, 2011), and much evidence points towards the pivotal role of macrophages in the adipose tissue remodeling events. The delicate balance of polarized populations of macrophages is necessary to maintain adequate adipocyte function. The obesity-driven phenotypic switch in macrophages from M1 to M2 is beneficial for the preservation of adipocyte function and insulin action in an obese setting (Sun, Kusminski, & Scherer, 2011).  Therefore, we determined whether EPA-PC and EPA-PE alter chronic inflammation and macrophage polarization. IHC staining of CD68 was used to quantify macrophage densities and macrophage infiltration in the liver and iWAT. CD68-positive M1 macrophage infiltration in the HFSD group was significantly increased compared with the lean control group and was significantly decreased after EPA-PC and EPA-PE treatments (Figure 5A, C). We assessed the expression of proinflammatory and macrophage marker genes in the liver and iWAT. As shown in Figure 5B and D, proinflammatory genes such as IL-6, Mcp-1, IL-1β, and Tnf-α were significantly reduced in iWAT and liver after treatment with EPA-PC and EPA-PE. In addition, the expression of other M1 macrophage marker genes (iNos) was also downregulated by EPA-PC and EPA-PE. The expression of M2 macrophage markers, including Cd206, Arg1, Tgf-β, and IL10, was increased by EPA-PC and EPA-PE feeding in iWAT and liver. Immunofluorescence co-location of macrophage marker IL1β and the M2 phenotype marker CD206, IF analysis after treatment with EPA-PC and EPA-PE in iWAT showed a lower expression of IL1β and higher expression of CD206 compared to the HFSD group (Figure 5D). This suggests that EPA-PC and EPA-PE may effectively polarize M2 to M1 macrophages in iWAT.
We further examined the expression of macrophage marker genes in Raw 264.7 adipocytes co-cultured with 3T3L1. Increased PPARγ was observed in 3T3-L1 adipocytes cultured alone (Figure 2C) or co-cultured with Raw 264.7 macrophages after EPA-PC and EPA-PE treatment (Figure 6B). During the co-culture, the mRNA expression of M2 macrophage genes, such as Cd206, Arg1, and IL10, was increased in Raw 264.7 macrophages co-cultured with EPA-PC and EPA-PE-treated adipocytes as well as in Rosi treated adipocytes (Figure 6C). The protein expression of IL1β was increased in adipocytes co-cultured with macrophages, probably via FFA- or adipocytokine-mediated proinflammatory responses in adipocytes, while it was reduced after administration of EPA-PC or EPA-PE. In contrast, CD206 expression was increased by EPA-PC and EPA-PE treatment during the co-culture. In agreement with these findings, the immunofluorescence analysis showed there was also a reduction in IL1β expression and a promotion of CD206 expression in Raw 264.7 (Figure 6E). Therefore, EPA-PC and EPA-PE stimulated M2 polarization of macrophages both in vivo and in vitro.
EPA-PC and EPA-PE improves insulin sensitivity in mice

To clarify the role of EPA-PC and EPA-PE on insulin resistance, glucose tolerance test was performed after wild-type C57BL/6 mice were fed an HFSD containing EPA-PC and EPA-PE for 12 weeks. Glucose tolerance was markedly improved, with a reduction in body weight under EPA-PC, although there was no significant effect on insulin levels in mice directly treated with EPA-PC (Figure 7E). EPA-PE attenuated glucose intolerance and substantially reduced insulin levels, and the level of fasting blood glucose was significantly reduced in these mice (Figure 7D). Insulin resistance, as computed by HOMA-IR, showed a remarkable improvement after treatment with EPA-PC and EPA-PE (Figure 7F). Consistent with these results, serum TG and NEFA levels were significantly reduced by administration of EPA-PE (Figure 7G, H, and I). Furthermore, EPA-PC treatment significantly reduced plasma resistin and ADPN levels as well as EPA-PE treatment (Figure 7J, K). 
Discussion

Some studies have attempted to illustrate the potentially influential role of phospholipid signaling in several nuclear receptors, especially PPAR receptors (Ingraham, 2011, Crowder, Seacrist, & Blind, 2017). Oxidized phospholipids, such as oxidized phosphatidylcholine (oxPC) derived from modified low-density lipoprotein particles through the action of phospholipases or lipoxygenases, have been implicated in the activation of PPARα and PPARγ (Crowder, Seacrist, & Blind, 2017, H. Lee et al., 2000). In particular, Moore et al. and Semenkovich et al. reported an LRH-1 dependent phosphatidylcholine signaling pathway that regulates lipid metabolism and glucose homeostasis and an PPARα dependent phosphatidylcholine signaling pathway in the liver, respectively (Lee et al., 2011, Chakravarthy et al., 2009). PC (12:0/12:0) treatment decreases hepatic steatosis and improves glucose homeostasis in models of insulin resistance via LRH-1 activation. PC (12:0/12:0) and PC (11:0/11:0) can activate the LRH-1 reporter in vitro, while PC (16:0/18:1) and PC (16:0/16:0) did not show any strong stimulation. Of note, some phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) species (Lee et al., 2011) occupy the ligand-binding pocket in the human LRH-1 ligand-binding domain, with the most abundant peak corresponding to PG (16:1/18:1). In addition, PC (12:0/12:0) and PC (11:0/11:0) failed to activate PPARα, and PC (16:0/18:1) activated PPARα and acted as a physiologically relevant endogenous PPARα ligand. Besides, PC (16:0/18:2) and PC (18:1/18:1) are not endogenous ligands of PPARα, but can also bind to PPARα (Chakravarthy et al., 2009). Another high-abundance phospholipid, lyso-phosphatidic acid (LPA) and cyclic phosphatidic acid (CPA), can regulate PPARγ in cells, but not phosphatidic acid (McIntyre et al., 2003, Tsukahara et al., 2011, Davies et al., 2001). Another phosphatidylcholine species, PC (18:1e/16:0), enhanced PPARγ transcription increased the interaction between the PPARγ LBD and CBP1 N-terminus in a dose-dependent manner (Lodhi et al., 2012). Here, we demonstrated that PPARα and PPARγ show low affinity for some EPA-containing phospholipid molecular species, PC (16:0/20:5; 18:0/20:5) and PE (16:0/20:5), as shown in Figure 1B, D and Figure S1. As we known, individual phospholipids species vary in acyl chain length, the number of un-saturations, the polar group at the sn-3 position of the glycerol backbone, and the position of those oxidations in the fatty acyl chains, which gives rise to many PLs species and some of them may play a role in regulating PPARs activity. In screens of different phospholipid species on PPARα and PPARγ activation, EPA-PC and EPA-PE showed stronger stimulation than EPA-PG, EPA-PS, and EPA (Figure 1C). Since EPA-PC and EPA-PE are identified as dual PPARα/PPARγ ligands, the metabolic effects are also determined by the activity in tissues expressing PPARγ or PPARα, such as adipose tissue and liver, which showed that EPA-PC and EPA-PE increased the expression levels of PPARα and PPARγ target genes (Figure 2). Mechanistic studies on 3T3L1 cells suggest that EPA-PC and EPA-PE regulate the expression of PPARγ2 under MDI cocktail-treated conditions and accelerated 3T3-L1 differentiation. These results suggest that EAP-PC and EPA-PE activate PPARα/γ.
Insulin resistance resulting from increased adipose tissue mass has been identified as a key factor that could drive escalating increases in the prevalence of type 2 diabetes mellitus. The advantages of PPARα and PPARγ agonists in the treatment of metabolic syndrome have led to the discovery that PPARα/γ dual agonists are therapeutically promising candidates against insulin resistance. Sea cucumber is a conventional tonic to improve liver function in China, and it contains a wide variety of bioactive compounds such as polysaccharides, saponins, and phospholipids. Sea cucumber extracts containing saponins and phospholipids prevented OA-induced NAFLD via lipogenesis inhibition and β-oxidation enhancement in the liver (Oishi-Tanaka & Glass, 2010). EPA structured in the phospholipid form in sea cucumber possesses superior biological effects compared to the triglyceride form available in fish oil (Han et al., 2019). Our previous experiments have demonstrated that mice under HFSD containing EPA-PLs demonstrated decreased plasma TG and TC levels via the regulation of PPARα-mediated fatty acid β-oxidation. Sea cucumber methanolic extract treatment exhibited increased triglyceride accumulation in 3T3-L1 adipocytes via induced adipogenesis mediated by PPARγ and SREBP1 (Zhang et al., 2020, Chang et al., 2018). Thus, we hypothesize that PPARs may act as a key mechanism to regulate adipose tissue remodeling and attenuate insulin resistance. The aim of the present study was to investigate the effects of EPA-PC and EPA-PE supplementation on PPAR regulation in the development of insulin resistance in HFSD-fed mice.
Hepatic steatosis is closely associated with insulin resistance. Our current results show that EPA-PC and EPA-PE alleviated lipid accumulation in the liver by reducing TG and NEFA levels in HFSD-fed mice, which was associated with increased expression levels of Cpt1a and Cpt2, regulated by PPARα activation. Interestingly, unlike TZDs, which cause weight gain by increasing adiposity, EPA-PC and EPA-PE slightly inhibited phosphorylation of PPARγ at S273 but activated PPARγ, which improved insulin sensitivity in HFSD-fed mice without causing weight gain (Figure 7A). Phosphorylation of PPARγ S273 has been reported to affect the expression of downstream genes that are associated with insulin resistance, while inhibition of its phosphorylation at S273 has antidiabetic effects without the unwanted side effects of TZDs, such as weight gain and bone fracture. Of note, in our previous study, Rosi significantly decreased the phosphorylation level of PPARγ at serine 112, whereas EPA-PC promoted the phosphorylation of serine112 and MSC differentiation into osteoblasts and inhibited their differentiation into adipocytes, although they all showed activation of PPARγ (Mao et al., 2019). We also observed changes in UCP1 protein and mRNA levels in iWAT after administration, suggesting that browning of iWAT was induced by EPA-PC and EPA-PE. A few studies have demonstrated that dietary EPA-PLs significantly inhibited body weight gain and white adipose tissue accumulation in HFD-induced obese mice, which is consistent with our results. PPARα is also expressed in adipose tissue, and PPARα activation in adipose tissue contributes to the improvement of glucose metabolism disorders via the regulation of free fatty acid metabolism (Vaidya & Cheema, 2014). Indeed, we observed that EPA-PC and EPA-PE increased PPARα expression in iWAT (Figure S4). Several lines of evidence suggest that prevention of body weight gain and improved fat accumulation in mice after supplementation with EPA-PC and EPA-PE can be attributed to activated PPARα/γ and blocked phosphorylation of PPARγ.
Obesity and insulin resistance are closely associated with a state of low-grade inflammation (Sun, Kusminski, & Scherer, 2011). In liver and adipose tissue, IHC staining analysis of CD68 showed that HFSD induced overnutrition leads to macrophage infiltration (Figure 5A, 5C), which are proved to result in local inflammation that may potentiate insulin resistance. Indeed, HFSD induced proinflammatory and M1 macrophage marker genes were reduced by EPA-PC and EPA-PE. Moreover, IF co-location of IL1β/CD206 (M1/M2 macrophage) showed EPA-PC and EPA-PE redirects macrophages from an M1 to an M2 polarization state in iWAT. It is known that M1/M2 polarization of macrophages in the adipose tissue are closely involved in the onset and progression of insulin resistance. In response to nutrition changes from HFSD, the adipose tissue of HFSD fed mice undergoes dynamic remodeling including enlarged adipocytes and lipid droplets and qualitative alterations of adipose tissue-resident cells accompanied by alterations in adipokine secretion (Figure 3D). Pro-inflammatory cytokines, such as IL-1β, IL-6, and MCP-1, are also upregulated in the adipose tissue of HFSD fed mice, indicated that inflammatory cytokines secreted from the adipocytes contribute to insulin resistance, whereas these pro-inflammatory cytokines were reduced by supplymentary of EPA-PC and EPA-PE. Furthermore, this effect is also observed by co-culture of Raw 264.7 and 3T3L1 cells (Figure 6). Accordingly, EPA-PC and EPA-PE promoted the macrophage infiltration and suppressing the proinflammatory response in adipocytes, as well as regulating M1/M2 polarization in macrophages, so that ameliorating inflammation and insulin resistance. Furthermore, glucose tolerance test demonstrated suggesting that EPA-PC and EPA-PE improved insulin sensitivity significantly, which great value for the development of phospholipid signaling for treatment of insulin resistance.

Obesity and insulin resistance are closely associated with low-grade inflammation (Sun, Kusminski, & Scherer, 2011). In liver and adipose tissue, IHC staining analysis of CD68 showed that HFSD induced overnutrition leads to macrophage infiltration (Figure 5A, 5C), which are proved to result in local inflammation that may potentiate insulin resistance. Indeed, HFSD induced proinflammatory and M1 macrophage marker genes were reduced by EPA-PC and EPA-PE. Moreover, IF co-localization of IL1β/CD206 (M1/M2 macrophage) showed that EPA-PC and EPA-PE redirected macrophages from an M1 to an M2 polarization state in iWAT. It is known that M1/M2 polarization of macrophages in adipose tissue is closely involved in the onset and progression of insulin resistance. In response to nutritional changes from HFSD, the adipose tissue of HFSD-fed mice undergoes dynamic remodeling, including enlarged adipocytes and lipid droplets, and qualitative alterations of adipose tissue-resident cells accompanied by alterations in adipokine secretion (Figure 3D). Pro-inflammatory cytokines, such as IL-1β, IL-6, and MCP-1, are also upregulated in the adipose tissue of HFSD-fed mice, indicating that inflammatory cytokines secreted from the adipocytes contribute to insulin resistance, whereas these pro-inflammatory cytokines were reduced by the supplementation of EPA-PC and EPA-PE. Furthermore, this effect is also observed by co-culture of Raw 264.7 and 3T3L1 cells (Figure 6). Accordingly, EPA-PC and EPA-PE promoted macrophage infiltration and suppressed the proinflammatory response in adipocytes as well as regulating M1/M2 polarization in macrophages, thereby ameliorating inflammation and insulin resistance. Furthermore, glucose tolerance test demonstrated that EPA-PC and EPA-PE significantly improved insulin sensitivity, which is of significant value for the development of phospholipid signaling for the treatment of insulin resistance. 
Together, considering the above-mentioned roles of PPARα/γ, our results suggest that the administration of EPA-PC and EPA-PE prevented insulin resistance and improved inflammation, which could serve as a new therapeutic approach to combat insulin resistance and improve metabolic homeostasis. 
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Figure caption

Figure 1 EPA-PC and EPA-PE showed binding affinity for PPARα/γ. A) Chemical structures of the EPA-PC and EPA-PE isolated from sea cucumber. B) Qualitative protein-lipid overlay assay shows that recombinant hPPARα and hPPARγ bind to several phospholipids. C) NIH3T3 cells were transfected with PPARα or PPARγ expression vector and a luciferase reporter and treated with Rosi, or several phospholipids (n=3). D) The cell lysates of HepG2 and 3T3L1 cells were incubated with mixture of several phospholipids or vehicle and then purified by immunoprecipitation to remove unbound phospholipids, and bound lipids were analyzed.

Figure 2 EPA-PC and EPA-PE activate PPARα/γ. A) Adipocytes differentiation and lipid accumulation was examined by oil red O staining with or without MDI cocktail-treatment (n=3), and B) cells was dissolved by isopropanol and measured at 570 nm to quantify the effect on adipocyte differentiation. Mice were fed a chow diet and treat them with EPA-PC (n=6) or EPA-PE (n=6) for 4 weeks, and 3T3L1 cells were treated with Rosi (n=3), EPA-PC (n=3) or EPA-PE (n=3) from day 0 to day 8, HepG2 cells were treated with EPA-PC (n=3) or EPA-PE (n=3) for 24hours. C) The protein and D) mRNA expression levels of PPARγ and its targeted genes were measured in iWAT tissue and 3T3L1 cells, E) The protein and F) mRNA expression levels of PPARα and its targeted genes were measured in liver tissue and HepG2 cells. Statistical significance. *p<0.05, **p<0.01 compared with the vehicle or chow diet group.

Figure 3 EPA-PC and EPA-PE improved lipid accumulation in liver. Mice was treated with HFSD (n=6), or HFSD with supplementation of EPA-PC (n=6) or EPA-PE (n=6) for 12 weeks. A) The protein and B) mRNA expression levels of PPARα and its targeted genes were measured in liver tissues. C) Representative images of H&E and oil red O staining of liver tissues. Scale bar, 100 μm. D-G) Tissue weight and hepatic triglyceride, cholesterol and NEFA in liver tissues. Statistical significance. #p<0.05, ##p<0.01 compared with the chow diet group, *p<0.05, **p<0.01 compared with the HFSD group.

Figure 4 EPA-PC and EPA-PE promoted adipose tissue remodeling. Mice was treated with HFSD (n=6), or HFSD with supplementation of EPA-PC (n=6) or EPA-PE (n=6) for 12 weeks. A) The protein and B) mRNA expression levels of PPARγ and its targeted genes were measured in iWAT. C) Tissue weight of iWAT, eWAT and pWAT. D) Representative images of H&E and oil red O staining of iWAT. Scale bar, 50 μm. E) Quantification of adipocyte size. Statistical significance. #p<0.05, ##p<0.01 compared with the chow diet group, *p<0.05, **p<0.01 compared with the HFSD group.

Figure 5 EPA-PC and EPA-PE improved chronic inflammation and promoted macrophages polarization in liver and iWAT. Mice was treated with HFSD (n=6), or HFSD with supplementation of EPA-PC (n=6) or EPA-PE (n=6) for 12 weeks. Immunohistochemical analysis of CD68, and quantification of CD68 positive M1 macrophages in A) liver and C) iWAT was performed. The mRNA expression levels of M1 and M2 macrophage marker genes were measured in B) liver and D) iWAT. E) Immunofluorescence staining reveals co-localization of IL1β (Green) and CD206 (Red) expression and quantification of CD206 and IL1β positive cells in iWAT tissue. Scale bar = 200 μm. Statistical significance. #p<0.05, ##p<0.01 compared with the chow diet group, *p<0.05, **p<0.01 compared with the HFSD group, n = 4-5 mice per group.

Figure 6 EPA-PC and EPA-PE promoted macrophages polarization in Raw 264.7. 3T3L1 was treated with Rosi (n=3), EPA-PC (n=3) or EPA-PE (n=3), and then co-cultured with Raw 264.7 in a transwell culture system. A) schematic diagram of 3T3L1 and Raw 264.7 transwell culture system. B) The protein levels of PPARγ in 3T3L1 cells harvested after the co-culture were measured. The C) protein and D) mRNA levels of M1 and M2 macrophage marker genes in Raw 264.7 cells harvested after the co-culture were measured. E) Immunofluorescence staining reveals co-localization of IL1β (Green) and CD206 (Red) expression and quantification of CD206 and IL1β positive cells in Raw 264.7. Scale bar = 100 μm. #p<0.05, ##p<0.01 compared with the vehicle (Single culture) group, *p<0.05, **p<0.01 compared with the vehicle (transwell system) group.

Figure 7 EPA-PC and EPA-PE improved insulin resistance. Mice was treated with HFSD (n=6), or HFSD with supplementation of EPA-PC (n=6) or EPA-PE (n=6) for 12 weeks. A) The body weight of HFSD-fed mice after treated with EPA-PC or EPA-PE. B) Blood glucose concentrations after a glucose injection at 0, 30, 60, and 120min. C) The area under the curve (AUC) of the GTT profile. D) Serum fasting glucose levels. E) Serum insulin levels. F) Serum HOMA-IR index. G-K) Serum triglyceride, cholesterol, NEFA, adiponecin, and resistin levels. Statistical significance. #p<0.05, ##p<0.01 compared with the chow diet group, *p<0.05, **p<0.01 compared with the HFSD group.
