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Abstract
Background
	Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) may improve inflammatory conditions. We previously demonstrated that supplementation with EPA+DHA in adults elevates anti-inflammatory oxylipins in human plasma and adipose tissue. However, the localization of EPA/DHA in plasma lipid pools [phosphatidylcholines (PC), triglycerides (TAG), cholesteryl esters (CE), and non-esterified fatty acids (NEFA)] and how this relates to the downstream oxylipin levels remains unknown.  
Objectives
To identify the incorporation of supplemental EPA+DHA into plasma PC, TAG, CE, NEFA, and the impact on downstream oxylipins.  
Methods
We conducted an exploratory analysis with available samples (n=21, 20 female, 1 male, age 35-49 years) from a previous double-blind, placebo-controlled trial of participants randomized to consume either 3 g of EPA+DHA concentrate (1.1 g EPA + 0.8 g DHA) or corn oil (CO) (1.65 g linoleic acid (LA) + 0.81 g oleic acid) daily for 12-weeks. Plasma was analyzed using gas chromatography and mass spectrometry to quantify fatty acids and oxylipins, respectively. 
Results
EPA+DHA supplementation increased EPA levels across PC, CE, NEFA, and TAG pools, and increased DHA levels in PC, CE, and TAG pools. Conversely, supplementation decreased LA levels in PC, CE, and NEFA pools, and decreased arachidonic acid (AA) levels in PC and NEFA pools. EPA+DHA supplementation also led to significant shifts in oxylipin concentrations compared to baseline, with predominant increases in anti-inflammatory and decreases in pro-inflammatory oxylipins. CO supplementation decreased TAG AA levels and modified concentrations of several AA-derived oxylipins. Levels of EPA+DHA and derived oxylipins were significantly higher across lipid pools following supplementation with EPA+DHA versus CO. 
Conclusions
 These findings offer insights into supplemental EPA+DHA localization to different circulating lipid pools, which have implications for understanding how to mitigate systemic inflammation. Further studies are needed to evaluate relationships between the changes in PUFAs, oxylipins, and markers of inflammation.

Keywords: docosahexaenoic acid, eicosapentaenoic acid, oxylipins, fatty acids, inflammation



Introduction
Chronic low-grade inflammation is a key contributor to the development and progression of a wide range of diseases (1). In the U.S., the prevalence of chronic inflammatory conditions has risen steeply, with nearly 60% of Americans having at least one condition involving inflammation, and 42% having more than one such condition (2). This increase coincides with adopting the modern Western diet, which differs from the nutritional patterns consistent throughout human evolution (3). Characterized by processed foods, high saturated fat, and a skewed omega-6 to omega-3 fatty acid ratio, this shift has occurred within a few generations (3,4). However, high levels of omega-6 polyunsaturated fatty acids (PUFAs) may not be the cause of chronic low-grade inflammation, as many studies have shown the benefits of these PUFAs for health compared to the intake of saturated fatty acids (5). For instance, moderate intake of linoleic acid (LA) lowers total cholesterol by promoting hepatic low density lipoprotein (LDL) clearance through upregulating LDL receptor expression and upregulating bile acid synthesis (6). Rather than a high intake of omega-6 PUFAs being the main concern, the low intake of omega-3 PUFAs may be a more significant factor in creating a persistent pro-inflammatory state (1,4).
[bookmark: _Hlk208401933]The long-chain omega-3 PUFAs, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), have emerged as modulators of inflammation (5,7). Based on a comprehensive umbrella meta-analysis, EPA+DHA supplementation significantly reduced circulating concentrations of key inflammatory markers, including CRP, TNF-α, and IL-6 in patients with type II diabetes (8). Another prospective study found that EPA+DHA supplementation (3.2 g/day of EPA and 1.6 g/day of DHA for three months) significantly reduced insulin resistance, circulating triglycerides (TAG), and inflammatory markers in women with obesity and healthy controls (5). The supplementation also downregulated the expression of key inflammatory transcripts in CD4+ T-cells (5). Some benefits, such as reduced insulin, persisted for a month after stopping supplementation, whereas TAG levels and inflammatory markers reverted to baseline (5). At a molecular level, dietary supplementation with EPA+DHA modulates inflammation by targeting omega-6 PUFA levels and metabolism (6). Displacement of omega-6 PUFAs by omega-3 PUFAs reduces the production of pro-inflammatory oxylipins derived from arachidonic acid (AA) (6).  EPA and DHA generate a complex range of oxylipins with diverse immunomodulatory effects. These changes, along with the ability of omega-3 PUFAs to modulate intracellular signaling, gene expression, and cytokine production, contribute to their anti-inflammatory effects (8,9).
Our previous research examined the impact of EPA and DHA supplementation on the lipidome of subcutaneous white adipose tissue (scWAT) (9). Oxylipin profiling identified 111 fatty acid metabolites in scWAT, with 12 weeks of 1.1 g EPA + 0.8 g DHA daily producing changes in these oxylipin profiles: there was a significant decrease in several AA-derived metabolites, including 20-COOH-AA, 14-15-DHET, and LTE4, and an increase in several EPA- and DHA-derived metabolites (9). These results led to the present study, which is an exploratory analysis aimed at examining the circulating lipidomic profile following EPA+DHA or corn oil (CO) supplementation. The primary outcome is the change in PUFA levels across plasma lipid pools, including PC, CE, NEFA, and TAG. These lipid pools were specifically chosen because each plays a vital role in lipid metabolism and inflammation. PCs are the primary target of phospholipase activity during inflammation, fueling the production of inflammatory metabolites (10). CEs, particularly when oxidized, contribute to atherosclerosis by activating macrophages and promoting the release of cytokines (11). NEFAs can directly activate inflammatory pathways and impair insulin signaling at high concentrations (12). TAGs are the primary storage form of fatty acids, high circulating levels have also been linked to an increased risk of inflammatory diseases (13). While prior research has shown that omega-3 PUFA supplementation can replace and lower omega-6 PUFA levels in phospholipids, few studies have examined whether this replacement also occurs in distinct pools (14,15). 

Methods

Participants
One hundred individuals aged 18-65 years were recruited into a double-blind placebo (comparator oil) controlled trial at the University of Southampton, UK between 2010-2015. 16 individuals withdrew, leaving 39 healthy-weight individuals and 45 individuals living with obesity to complete the study. After completing the study’s primary and secondary outcomes, plasma was available from 21 individuals, a mix of healthy-weight individuals and individuals living with obesity. The current study generated plasma PC, NEFA, CE, and TAG fatty acid profiles, as well as plasma oxylipin profiles, in the 21 individuals. All 21 participants had complete plasma samples at both baseline and week 12 and were included in all analyses. Due to the exploratory nature of this study, the sample size was determined by the availability of sufficient plasma for lipidomic analysis and was not based on a priori power calculation. 
Individuals outside the defined age and anthropometric categories, diagnosed with metabolic disease (e.g., diabetes, cardiovascular disease) or chronic gastrointestinal problems (e.g., inflammatory bowel disease, celiac disease, and cancer), using prescribed medicine to control blood lipids, blood pressure, or inflammation, consuming more than one serving of oily fish per week (140 g cooked), taking fish oil or other oil supplements, who were pregnant or planning to become pregnant during the study period, or were participating in another clinical trial were not eligible to be included in the study. The flow of participants through the full study is depicted in Supplemental Figure 1, which also shows the participants involved in the current exploratory study. The full study was approved by the National Research Ethics Service South Central - Berkshire Research Ethics Committee (submission no. 11/SC/0384) and was registered prospectively at www.isrctn.com (study ID: ISRCTN96712688). 
Study design
Fasted blood was collected at week 0 (baseline) and following 12 weeks of intervention (week-12), during which participants were randomized to consume either 3 g of EPAX6000 (Epax Norway AS, Alesund, Norway), providing 1.1 g EPA + 0.8 g DHA or 3 g of CO (providing 1.65 g LA and 0.81 g oleic acid) per day. The EPA and DHA in the supplement used in this study were in TAG form. Ten individuals were in the EPA+DHA group, and eleven were in the CO group. Both oils were provided in one-gram soft gel capsules, and the full composition of each oil is previously described (16,17). Treatment group blinding, randomization, and supplement packaging were completed independently by the Research Pharmacy at University Hospital Southampton, Southampton, United Kingdom. Blinding was maintained until the completion of statistical analysis for all primary outcomes. Adverse events (AEs) were reported for the wider original study, which included repeated adipose tissue biopsy (9). The majority of the AEs were not related to the study procedures or interventions, but several were related to bruising and bleeding at the adipose biopsy site, 1 was possibly related to cannulation for blood collection (arm pain at cannulation site), and 2 were possibly related to supplement consumption, which included headache and indigestion (9). 
Anthropometry
Height, weight, body composition, and waist and hip circumference measurements were made using a Seca stadiometer (Seca, Hamburg, Germany Seca), bioelectrical impedance apparatus (TANITA BC-418), and a tape measure, respectively, as previously described (16). 
Sample preparation
Approximately 5 mL of heparinized blood was collected and stored on ice. Plasma was prepared by centrifugation (1900 x g, 10 min, room temperature) and stored at -80°C until analysis. 
Fatty acid composition and oxylipin analyses
Approximately 500 uL plasma was used for fatty acid extraction with the following internal standards added: 15:0 PC, 21:0 NEFA, 17:0 CE, and 15:0 TAG (Sigma-Aldrich, UK). Total lipids were extracted from plasma and separated into PC, NEFA, CE, and TAG using solid phase extraction (SPE) with aminopropyl silica columns (Agilent, CA, USA) as previously described with serial elution using chloroform, chloroform:methanol (60:40 v/v), chloroform:methanol:glacial acetic acid (100:2:2 v/v), and hexane (17). Fatty acid methyl esters were prepared from each lipid fraction and were separated by gas chromatography on a BPX-70 fused silica capillary column (30 m x 0.2 mm x 0.25 μm; manufactured by SGE) in an HP6890 gas chromatograph fitted with a flame ionization detector. Run conditions were as described in detail elsewhere (16,17). 
Approximately 100 μL of plasma was used for oxylipin extraction as previously described with the following internal standards added: 5(S)-HETE-d8, 8-iso-PGF2a-d4, 9(S)-HODE-d4, LTB4-d4, LTD4-d5, LTE4-d5, PGE2-d4, PGF2a-d9, and RvD2-d5 (Cayman Chemical, Michigan, USA) (18). In brief, proteins were precipitated using ice cold methanol and supernatants were reconstituted in water:methanol (90;10 v/v) prior to SPE separation. Oxylipins were separated using Strata-X 33um 30mg/1mL SPE columns (Phenomenex, Torrance, CA) pretreated with 10% MeOH, by serial elution using 10% MeOH, methyl formate, and MeOH, drying each eluant under nitrogen then reconstituting in ethanol for analysis (18). Quantitation of oxylipins was performed using 2-dimensional reverse phase HPLC (Agilent 1260 (Agilent Technologies, CA), tandem mass spectrometry (LC/MS/MS) (Agilent 6490). HPLC pump 1 buffers: 0.1% formic acid in water (solvent A) and 9:1 v:v acetonitrile:water with 0.1% formic acid (solvent B); pump 2 buffers: 0.01% formic acid in water (solvent C) and 1:1 v:v acetonitrile:isopropanol (solvent D).  
Reconstituted oxylipins were injected on to an Agilent SB-C18 2.1X5mm 1.8um trapping column with the following instrument protocol: pump 1: 2 mL/min for 0.5 minutes with 97% solvent A: 3% solvent B, switching valve changing to the trapping column from pump 1 to pump 2 at 0.51 minutes.  The flow was reversed and the trapped oxylipins were eluted onto an Agilent Eclipse Plus C-18 2.1X150mm 1.8um analytical column using the following gradient at a flow rate of 0.3 mL/min:  hold at 75% solvent A:25% solvent D from 0-0.5 minutes, then a linear gradient from 25-75% D over 20 minutes followed by an increase from 75-100% D from 20-21 minutes, then holding at 100% D for 2 minutes.  During the analytical gradient pump 1 washed the injection loop with 100% B for 22.5 minutes at 0.2 mL/min (18). 
Mass spectrometric analysis was performed on an Agilent 6490 triple quadrupole mass spectrometer in negative ionization mode using the following instrument protocol: drying gas: 250°C at a flow rate of 15 mL/min; sheath gas: 350°C at 12 mL/min; nebulizer pressure: 35 psi; capillary voltage: 3500 V; data acquisition: dynamic MRM mode using collision energies obtained by analysis of authentic standards (18). 

Statistics 
All statistical analyses were conducted using GraphPad Prism version 10 for macOS (GraphPad Software, San Diego, CA, USA). Baseline differences between the two groups were evaluated with an unpaired t-test, paired t-tests were used to compare pre- and post-intervention values within each treatment group, and ANCOVA was used to compare values between the EPA+DHA and CO groups at week 12, correcting for baseline value. Paired t-tests were used to compare pre- and post-intervention values within each treatment group, and ANCOVA was used to compare values between the EPA+DHA and CO groups at week 12, correcting for baseline value. Statistical significance was set at p < 0.05. Data normality was assessed using the Kolmogorov-Smirnov tests for all fatty acid and oxylipin analyses. All statistical assumptions underlying the analyses were evaluated and found to be adequately met. Multiple comparisons were adjusted for using Bonferroni correction in order to reduce the likelihood of Type I errors.

Results
Table 1 presents the baseline characteristics of the participants included in this study.
Unpaired t-tests were conducted to assess baseline differences between the two groups. The groups were similar overall, except for mean age, HDL-cholesterol, and glucose, which were all significantly higher in the EPA+DHA group. Paired t-tests were used to evaluate within-group changes in weight and BMI between pre- and post-intervention, and no statistically significant changes were observed (EPA+DHA: weight p = 0.08, BMI p = 0.08; CO: weight p = 0.42, BMI p = 0.46).
Supplementation with EPA+DHA decreases omega-6 PUFAs across lipid pools
Figure 1 shows the percent abundance of key omega-6 fatty acids in the PC, CE, NEFA, and TAG pools (Fig. 1A-H). In the PC pool, 12 weeks of EPA+DHA supplementation led to significant decreases in omega-6 PUFAs 18:2n-6 (LA) by 0.86-fold (P = 0.002; CI: [-4.6, -1.4]; Fig. 1A) and 20:4n-6 (AA) by 0.84-fold (P = 0.012; CI: [-2.8, -0.4]; Fig. 1B) when compared to baseline. At week 12, PC 18:2n-6 was significantly higher in the CO group (1.25-fold, P = <0.001; CI: EPA+DHA [17.9, 20.6] & CO [21.8, 24.5]; Fig. 1A) compared to the EPA+DHA group at week 12. In the CE pool, in response to 12 weeks of EPA+DHA supplementation, 18:2n-6 decreased 0.92-fold (P = 0.02; CI: [-6.9, -0.8]; Fig. 1C) when compared to baseline. At week 12, CE 18:2n-6 was significantly higher in the CO group (1.16-fold, P = 0.002; CI: EPA+DHA [43.6, 47.7] & CO [48.7, 53.0]; Fig. 1C) compared to the EPA+DHA group at week 12. In the NEFA pool, 12 weeks of EPA+DHA supplementation decreased omega-6 PUFAs 18:2n-6 by 0.91-fold (P = 0.05; CI: [-2.2, -0.01]; Fig. 1E) and C20:4n-6 by 0.70-fold (P = 0.01; CI: [-0.9, -0.1]; Fig. 1F) when compared to baseline. In the TAG pool, the levels of omega-6 PUFAs remained unchanged following EPA+DHA supplementation when compared to baseline. However, TAG 20:4n-6 decreased 0.79-fold after 12 weeks of CO supplementation compared to baseline (P = 0.01; CI: [-0.8, -0.1]; Fig. 1H). No significant changes were observed in PC, CE, and NEFA pool omega-6 fatty acid compositions in response to 12-week CO supplementation when compared to baseline (Fig. 1A-1F).
Supplementation with EPA+DHA increases omega-3 PUFAs across lipid pools
Figure 2 shows the percent abundance of key omega-3 fatty acids in the PC and CE pools (Fig. 2A-F). In the PC pool, in response to 12 weeks of EPA+DHA supplementation, the long-chain omega-3 PUFAs 20:5n-3 (EPA), 22:5n-3 (DPA), and 22:6n-3 (DHA) increased by 3.53-fold (P = <0.0001; CI: [2.2, 3.8]; Fig. 2A), 1.56-fold (P = 0.0007; CI: [0.3, 0.7]; Fig. 2B), and 1.70-fold (P = <0.0001; CI: [1.9, 3.2]; Fig. 2C), respectively, when compared to baseline. At week 12, the EPA+DHA group had significantly higher levels of  20:5n-3 (2.58-fold, P = <0.001; CI: EPA+DHA [3.6, 4.7] & CO [0.8, 2.0]; Fig. 1A), 22:5n-3 (1.41-fold, P = <0.001; EPA+DHA [1.2, 1.6] & CO [0.8, 1.1]; Fig. 1B), and 22:6n-3 (1.65-fold, P = <0.001; CI: EPA+DHA [5.7, 6.6] & CO [3.0, 3.9]; Fig. 1C) compared to the CO group at week 12. In the CE pool, in response to 12 weeks of EPA+DHA supplementation, 20:5n-3 and 22:6n-3 increased 3.81-fold (P = <0.0001; CI: [1.6, 2.9]; Fig. 2D) and 1.40-fold (P = 0.03; CI: [0.02, 0.5]; Fig. 2F), respectively, when compared to baseline. At week 12, significantly higher levels of CE 20:5n-3 (2.24-fold, P = <0.001; CI: EPA+DHA [2.7, 3.9] & CO [0.3, 1.6]; Fig. 2D) and 22:6n-3 (1.55-fold, P = 0.01; CI: EPA+DHA [0.06, 0.2] & CO [0.1, 0.2]; Fig. 2F) were observed in the EPA+DHA group compared to the CO group at week 12. No significant changes were observed in the PC or CE pool omega-3 fatty acid compositions in response to 12 weeks of CO supplementation when compared to baseline (Fig. 2A-2F). 
Supplemental Figure 2 presents the saturated and monounsaturated fatty acids in the PC and CE pools (Supp Fig. 2A-H). For the PC pool, after 12 weeks of EPA+DHA supplementation, 18:1n-9 decreased 0.94-fold (P = 0.040, CI: [-1.3, -0.06]; Supp Fig. 2D) when compared to baseline. All other PC saturated and monounsaturated fatty acids remained unchanged. For the CE pool, after 12 weeks of EPA+DHA supplementation, 16:0 increased by 1.08-fold (P = 0.004, CI: [0.4, 1.6]; Supp Fig. 2F). Additionally, at week 12 (post-supplementation), the EPA+DHA group had significantly higher levels of CE 16:0 compared to the CO group at week 12 (1.12-fold, P = 0.002, CI: EPA+DHA [12.9, 14.2] & CO [11.2, 12.5]; Supp Fig. 2F). All other saturated and monounsaturated fatty acids remained unchanged.
Figure 3 shows the percent abundance of key omega-3 fatty acids in the NEFA and TAG pools (Fig. 3A-F). In the NEFA pool, in response to 12 weeks of EPA+DHA supplementation, 20:5n-3 significantly increased 2.34-fold (P = 0.0002; CI: [0.2, 0.5]; Fig. 3A) when compared to baseline. At week 12, NEFA 22:6n-3 (2.66-fold, P = 0.02; CI: EPA+DHA [0.4, 0.6] & CO [0.2, 0.4]; Fig. 3C) levels were significantly higher in the EPA+DHA group in comparison to the CO group at week 12. In the TAG pool, in response to 12 weeks of EPA+DHA, 20:5n-3 and 22:6n-3 increased by 4.27-fold (P = 0.0004; CI: [1.1, 2.7]; Fig. 3D) and 3.34-fold (P = <0.0001; CI: [1.2, 2.4]; Fig. 3F), respectively, when compared to baseline. At week 12 (post-supplementation), the EPA+DHA group had significantly higher levels of 20:5n-3 (3.15-fold, P = <0.001; CI: EPA+DHA [2.1, 3.0] & CO [0.03, 1.0]; Fig. 3D), 22:5n-3 (1.57-fold, P = <0.001; CI: EPA+DHA [0.7, 0.9] & CO [0.3, 0.6]; Fig. 3E), and 22:6n-3 (2.66-fold, P = <0.001; CI: EPA+DHA [2.2, 3.1] & CO [0.4, 1.2]; Fig. 3F) compared to the CO group at week 12. No significant changes were observed in the NEFA and TAG pool omega-3 fatty acid compositions in response to 12 weeks of CO supplementation when compared to baseline.
Supplemental Figure 3 presents the saturated and monounsaturated fatty acids in the NEFA and TAG pool (Supp Fig. 3A-H). All the NEFA saturated and monounsaturated fatty acids remained unchanged. However, in the TAG pool, after 12 weeks of EPA+DHA supplementation, 18:0 increased by 1.20-fold (P = 0.03, CI: [0.1, 1.4]; Supp Fig. 3G) while 18:1n-9 decreased by 0.90-fold (P = 0.04, CI: [-7.2, -0.02]; Supp Fig. 3H) when compared to baseline. All other saturated and monounsaturated fatty acids remained unchanged.

Supplementation with EPA+DHA increases plasma anti-inflammatory oxylipins and decreases pro-inflammatory oxylipins
Figure 4 illustrates the change in circulating plasma oxylipins derived from omega-3 PUFAs (Fig. 4A-E). In response to 12-week supplementation with EPA+DHA, there were significant increases in the EPA-derived oxylipins 5-HEPE, 15-HEPE, and 17,18-DiHETE by 3.60-fold (P = 0.0005; CI: [0.9, 2.3]; Fig. 4A), 3.46-fold (P = 0.001; CI: [0.2, 0.6]; Fig. 4B), 4.38-fold (P = 0.0002; CI: [0.5, 1.0]; Fig. 4C), respectively when compared to baseline. DHA-derived oxylipins also increased in response to 12-week EPA+DHA supplementation with 17(S)-HDHA and 8-HDoHE, increasing by 1.75-fold (P = 0.028; CI: [0.2, 3.5]; Fig. 4D) and 2.55-fold (P = 0.001; CI: [0.3, 0.8]; Fig. 4E), respectively, when compared to baseline. In response to 12-week CO supplementation, no significant changes were observed in any of the oxylipins mentioned above (Fig. 4A-4E). At week 12 (post-supplementation), the EPA+DHA group had significantly higher levels of 5-HEPE (2.85-fold, CI: [0.9, 2.3]; P = <0.001; Fig. 4A), 15-HEPE (2.65-fold, P < 0.001; CI: [0.2, 0.6]; Fig. 4B), 17,18-DiHETE (2.68-fold, P < 0.001; CI: [0.5, 1.0]; Fig. 4C), 8-HDoHE (2.18-fold, P = <0.001; CI: [0.3, 0.8]; Fig. 4E) compared to the CO group at week 12. 
Figure 5 illustrates the changes in circulating plasma oxylipins derived from omega-6 PUFAs (Fig. 5A-5I). In response to 12-week supplementation with EPA+DHA, there was a significant decrease in the AA-derived oxylipin 12-HETE by 0.32-fold (P = 0.0075, CI: [-26.7, -5.5]; Fig. 5A), and a significant increase in AA-derived oxylipin PGF2a by 2.10-fold (P = 0.0275, CI: [0.007, 0.1]; Fig. 5B) when compared to baseline. In response to 12-week supplementation with CO, there was a decrease in AA-derived compounds 5S-HETE, 14(15)-EET, and TXB2 by 0.74-fold (P = 0.049, CI: [0.007, 0.1]; Fig. 5C), 0.76-fold (P = 0.026, CI: [-1.2, -0.09]; Fig. 5D), and 0.56-fold (P = 0.046, CI: [-0.9, -0.01]; Fig. 5I), respectively, when compared to baseline. Conversely, in response to 12-week supplementation with CO, there was a significant increase in AA-derived compounds 13-HODE, 13-OxoODE, 9-HODE, and 9-HOTrE by 1.41-fold (P = 0.026, CI: [0.7, 8.4]; Fig. 5E), 1.56-fold (P = 0.0332, CI: [0.04, 0.9]; Fig. 5F), 1.40-fold (P = 0.045, CI: [0.1, 8.6]; Fig. 5G), and 1.67-fold (P = 0.02, CI: [0.01, 0.07]; Fig. 5H), respectively, when compared to baseline. We also analyzed additional oxylipins, which did not change with EPA+DHA or CO relative to baseline or at week 12, comparing EPA+DHA and CO (Supplemental Figures 4 and 5).
Discussion
	The pattern of EPA and DHA incorporation across various plasma lipid pools highlights the complex nature of omega-3 PUFA handling. After supplementation of 1.1 g EPA + 0.8 g DHA daily for 12 weeks, there were significant increases in EPA and DHA in the PC pool relative to baseline. These findings align with an existing study in which middle-aged males received 1.8 g EPA and 0.3 g DHA for eight weeks (19). In that study, the proportion of EPA in plasma PC increased by a 3.57-fold change, closely matching our observed fold-change of 3.53-fold for EPA relative to baseline (19). Interestingly, while that study reported no significant changes in DHA, our study showed a 1.70-fold increase from baseline (19). These differences are likely due to the lower amount of DHA in the supplement compared to the current study (0.3 g compared with 0.8 g) and possibly the difference in intervention duration between the two studies (8 weeks compared with 12 weeks) (19). 
After EPA+DHA supplementation, the relative abundance of EPA and DHA in the CE pool increased relative to baseline. The previously mentioned study among middle-aged males reported a rise in CE-associated EPA from 1.2% to 4.5% of total fatty acids, supporting the efficacy of supplementation in enriching EPA across lipid pools (19). EPA supplementation decreases CETP activity, which raises HDL-cholesterol while lowering LDL-cholesterol and VLDL-cholesterol, thereby supporting cardiovascular health (20). Our finding that DHA also increased in this pool contrasts with earlier reports that described selective incorporation of EPA over DHA in CEs (21,22). This difference in enrichment may reflect variations in enzymatic specificity governing cholesterol esterification and distinct metabolic turnover rates of EPA and DHA within lipid pools (15).
While literature assessing the incorporation of fatty acids within TAG is sparse, upon supplementation, omega-3s displace both MUFAs and SFAs within this pool (23). A supplementation study found that when plasma concentrations of both EPA and DHA increase, there are marked steric changes in the TAG molecule, resulting in preferential positioning of these omega-3 fatty acids at the sn-1 and sn-3 positions (24). These findings align with our research, where EPA+DHA showed significant increases in the TAG pool compared to their baseline levels after 12 weeks of EPA+DHA supplementation. 
The NEFA pool showed an increase in EPA, with no reported increases in DHA relative to baseline after EPA+DHA supplementation. Interestingly, when comparing post-supplementation (week 12) values between groups, we observed significantly lower DHA levels in the NEFA pool in the CO group compared to the EPA+DHA group. Since plasma NEFA represents fatty acids released from adipose tissue in the fasting state, these observations suggest limited adipose tissue incorporation of DHA during this 12-week timeframe compared to EPA (25). Previous work demonstrated that DHA supplementation for 6 weeks leads to a marked rise in DHA within the NEFA pool, with a 212% increase following low-dose supplementation (0.75 g/day) (25). The aforementioned research exclusively examined healthy Asian Indians, whereas our study focused on white females, which could influence metabolism due to genetic differences (25). There are known genetic variants in the cluster determining long-chain PUFA levels across tissues (26). Around 80% of African Americans have two copies of the alleles linked to elevated AA and reduced EPA/DHA, compared to around 45% of European Americans (26). 
	A central mechanism by which long-chain omega-3 PUFAs lower inflammation is through the decrease in omega-6 PUFAs, especially AA (6). In the PC and NEFA pool, significant decreases in both LA and AA were observed for the EPA+DHA group relative to baseline. This aligns with existing studies, which have shown that plasma PC exhibits a dose-dependent decrease in oleic acid and three n-6 PUFAs (linoleic acid, di-homo-γ-linolenic acid, and arachidonic acid) as EPA and DHA dosage and incorporation increase (23). Plasma PC fatty acid composition is believed to be closely related to that of cell and organelle membranes (27). Our findings align with recent studies showing that omega-3 PUFA supplementation (2 g EPA and 1 g DHA daily for 12 weeks) can significantly increase EPA and DHA in mitochondrial membranes while directly displacing omega-6 PUFAs across several phospholipid populations, suggesting a competitive relationship for membrane incorporation (27). We previously found a modest decrease in serum AA with a marine oil supplement in adults with obesity, findings consistent with those of the current study (28). 
After supplementation, we observed significantly lower LA levels within the CE pool in the EPA+DHA group compared to the CO group at week 12. This finding is particularly relevant, as previous research has shown that CEs enriched with omega-6 PUFAs are more susceptible to oxidation, potentially contributing to the progression of atherosclerosis (29). The reduced LA content in the CE pool following omega-3 PUFA supplementation may therefore represent a potential cardioprotective mechanism, as lower levels of oxidized LDL have been associated with a reduced risk of CVD (29). We also noticed changes in select saturated and monounsaturated fatty acids after 12 weeks of EPA+DHA supplementation. This is an interesting finding that suggests EPA+DHA may indirectly alter the metabolism and remodeling of other fatty acid classes, warranting further study. 
	After supplementation with EPA+DHA, EPA-derived oxylipins, 5-HEPE, 15-HEPE, and 17,18-DiHETE, were substantially increased relative to baseline. 5-HEPE plays a role in endocrine functions and can induce regulatory T-cells in murine models (29,30). 15-HEPE is known to decrease neutrophil migration during inflammation (29). While the role of 17,18-DiHETE is not well understood, higher levels are found in individuals after omega-3 PUFA supplementation compared to baseline (31). DHA-derived oxylipins, 17(S)-HDHA and 8-HDoHE, increased upon EPA+DHA intervention relative to baseline. 17(S)-HDHA has implications in pain modulation, with high circulating levels correlating with increased heat pain thresholds and reduced pain scores in patients with osteoarthritis (32). 
We also observed a significant increase in the pro-inflammatory oxylipin PGF2α with EPA+DHA relative to baseline. This finding is particularly intriguing, as PGF2α is derived from AA, which typically competes with EPA and DHA for the same enzymatic pathways (33). In our previous work, similar increases in PGF2α following marine oil supplementation were reported, which is likely driven by small amounts of AA in the oil (28). Additionally, after EPA+DHA supplementation, we observed a decrease in the pro-inflammatory oxylipin, 12S-HETE, relative to baseline. Thus, the lower concentrations of this oxylipin might relate to the lower AA seen after EPA+DHA supplementation in the PC pool. These decreases might be functionally significant. 12S-HETE plays a role in cell proliferation and metastasis (34). 
We observed that 12-week supplementation with CO resulted in significant changes in several oxylipins. 5S-HETE, 14(15)-EET, and TXB2 all decreased following supplementation. A prior study found that higher intake of LA resulted in a decrease in PC AA in HDL, indicating reduced AA availability as a substrate for eicosanoid synthesis (35). This is consistent with previous work in Atlantic salmon, where increasing dietary LA led to decreased TXB2 and other oxylipins in stimulated gill cells (36). We also observed increases in oxidized LA metabolites, including 13-HODE, 13-OxoODE, 9-HODE, and 9-HOTrE, following supplementation with corn oil. These oxidized LA metabolites (OXLAMs) are formed from LA through the action of oxidoreductases such as glutathione peroxidase and hydroxy fatty acid dehydrogenase (37). Given that our research showed CO supplementation to result in higher LA content in both PC and CE, this provides a direct explanation for the increased concentrations of these oxidized metabolites in circulation.
Our findings generally support the notion that EPA and DHA work through a dual mechanism, enhancing the synthesis of anti-inflammatory oxylipins while concurrently inhibiting the synthesis of pro-inflammatory oxylipins, resulting in a shift toward an overall anti-inflammatory profile. Notably, we did not find an increase in EPA and DHA-derived oxylipins of the specialized pro-resolving mediator (SPM) family. This may be due to the limited production and/or stability of SPMs. Previously, we observed an increase in some, but not most, SPMs in scWAT with a marine oil supplement in adults with obesity, consistent with several other studies (38). For example, patients with coronary artery disease have decreased SPMs at baseline compared to healthy individuals (39). Notably, upon EPA+DHA treatment for one year, only certain SPMs that enhanced macrophage-based clot phagocytosis increased, and there was no overall increase in omega-3-derived SPM family oxylipins (39). 
Compliance to the intervention was high at 90% in those receiving EPA+DHA and 89% in those receiving corn oil. However, this study has several limitations, as the analyses were exploratory.  This study is limited by its small sample size, with only 21 participants. This modest number of participants reduces statistical power and increases the likelihood of Type II error (40). Multiple comparisons were, however, adjusted for using Bonferroni correction in order to reduce the likelihood of Type I errors. In addition, the small sample size limits generalizability to broader populations (40). These findings should be validated in larger, more adequately powered studies designed to test these outcomes. 
Individuals of healthy weight and those living with obesity were included in the study, which is reflected in the mean cohort BMI of 28.71 kg/m2. This may suggest the findings are most relevant to people living with overweight; however, as both individuals living at a healthy weight and those living with obesity were included, the findings are relevant to both these populations. Additionally, it is important to note that the baseline cholesterol and glucose levels differed significantly between the two groups, likely reflecting the inclusion of both individuals living at a healthy weight and those living with obesity. Because this was an exploratory analysis using participants with complete plasma fatty acid and oxylipin data, we did not pre-screen or stratify the groups by metabolic variables. Differences in these two parameters and BMI status could have introduced metabolic confounding. In addition, the preexisting gut microbiome among our study participants served as an uncontrolled variable that may have influenced the observed responses (41). Supplementation with long-chain omega-3 PUFAs has been shown to increase beneficial intestinal bacteria, including Lactobacillus and Bifidobacterium, while decreasing the pro-inflammatory species associated with the Western diet (42). These changes enhance gut barrier integrity, reduce systemic inflammation, and improve lipid metabolism, contributing to the observed health benefits (42). Variation of microbiome profiles at baseline may influence individual response to supplementation (41, 42). Studies have shown that gut microorganisms such as Bifidobacterium influence fatty acid metabolism and epithelial uptake into the intestine (42). 
We did not account for the genetic variation that affects omega-3 PUFA metabolism (41). In addition to the genetic variations mentioned earlier, a prior research study found that specific FADS gene variants in Hispanic populations reduce unsaturated fatty acid synthesis, and polymorphisms in the CYP 450 enzymes and the APOE genotype influence EPA and DHA metabolism and oxylipin production (43). Sex differences also impact PUFA metabolism, another limitation of this study (41). Although we only had one male participant, future studies should investigate sex differences, as research has shown that females accumulate omega-3 PUFA-derived oxylipins in plasma compared to males, despite no evident differences in precursor PUFA accumulation between sexes (44). Additionally, concentrations of 16 out of 62 measured oxylipins, including 5 out of 12 DHA-derived oxylipins, were higher in females than in males, suggesting sex differences in oxylipin metabolism (44). Thus, there is a need for studies that consider genotype and sex as variables.
Summary. As chronic low-grade inflammatory conditions continue to rise globally, our findings offer insights into the molecular pathways through which omega-3 PUFAs may exert their beneficial effects, highlighting the potential of nutritional interventions as therapeutic agents. We highlight limitations, including the study design, sample size, and potential influences from gut microbiome variability, genetic, and sex differences in omega-3 PUFA metabolism, which require consideration for translating these findings to broader populations. 
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Figure Legends
Figure 1. Relative concentrations of omega-6 fatty acids in plasma PC, CE, NEFA, and TAG before (baseline) and after (week-12) EPA+DHA or CO supplementation for n=10 and n=11, respectively. Data are expressed as the percentage of total fatty acids for (A) PC C18:2n-6, (B) PC C20:4n-6, (C) CE C18:2n-6, (D) CE C20:4n-6, (E) NEFA C18:2n-6, (F) NEFA C20:4n-6, (G) TAG C18:2n-6, (H) TAG C20:4n-6. Error bars represent mean ± standard deviation. Statistical significance was assessed as follows: baseline differences between the two groups were evaluated with unpaired t-tests; within-group changes from baseline to week 12 were analyzed using paired t-tests; and between-group comparisons at week 12 were performed with ANCOVA (*/+p < 0.05, **/++p<0.01,***/+++p < 0.001, ****/++++p < 0.0001). CE, cholesteryl esters; CO, Corn oil; DHA, Docosahexaenoic acid; EPA, Eicosapentaenoic acid; NEFA, Non-esterified fatty acids; PC, Phosphatidylcholines; TAG, Triglycerides.
Figure 2. Relative concentrations of omega-3 fatty acids in plasma PC and CE before (baseline) and after (week-12) EPA+DHA or CO supplementation for n=10 and n=11, respectively. Data are expressed as the percentage of total fatty acids for (A) PC C20:5n-3, (B) PC C22:5n-3, (C) PC C22:6n-3, (D) CE C20:5n-3, (E) CE C22:5n-3, (F) CE C22:6n-3. Error bars represent mean ± standard deviation. Statistical significance was assessed as follows: baseline differences between the two groups were evaluated with unpaired t-tests; within-group changes from baseline to week 12 were analyzed using paired t-tests; and between-group comparisons at week 12 were performed with ANCOVA (*/+p < 0.05, **/++p<0.01,***/+++p < 0.001, ****/++++p < 0.0001). CE, cholesteryl esters; CO, Corn oil; DHA, Docosahexaenoic acid; EPA, Eicosapentaenoic acid; PC, Phosphatidylcholines.
Figure 3. Relative concentrations of omega-3 fatty acids in plasma NEFA and TAG before (baseline) and after (week-12) EPA+DHA or CO supplementation for n=10 and n=11, respectively. Data are expressed as the percentage of total fatty acids for (A) NEFA C20:5n-3, (B) NEFA C22:5n-3, (C) NEFA C22:6n-3, (D) TAG C20:5n-3, (E) TAG C22:5n-3, (F) TAG C22:6n-3. Error bars represent mean ± standard deviation. Statistical significance was assessed as follows: baseline differences between the two groups were evaluated with unpaired t-tests; within-group changes from baseline to week 12 were analyzed using paired t-tests; and between-group comparisons at week 12 were performed with ANCOVA (*/+p < 0.05, **/++p<0.01,***/+++p < 0.001, ****/++++p < 0.0001). CO, Corn oil; DHA, Docosahexaenoic acid; EPA, Eicosapentaenoic acid; NEFA, Non-esterified fatty acids; TAG, Triglycerides.
Figure 4. Concentrations of significant omega-3 derived oxylipins before (baseline) and after (week-12) EPA+DHA or CO supplementation for n=10 and n=11, respectively. Data are expressed as the percentage of total oxylipins for (A) 5-HEPE, (B) 15-HEPE, (C) 17,18-DiHETE, (D) 17(S)-HDHA, and (E) 8-HDoHE. Error bars represent mean ± standard deviation. Statistical significance was assessed as follows: baseline differences between the two groups were evaluated with unpaired t-tests; within-group changes from baseline to week 12 were analyzed using paired t-tests; and between-group comparisons at week 12 were performed with ANCOVA (*/+p < 0.05, **/++p<0.01,***/+++p < 0.001, ****/++++p < 0.0001). CO, Corn oil; DHA, Docosahexaenoic acid; EPA, Eicosapentaenoic acid.

Figure 5. Concentrations of significant omega-6 derived oxylipins before (baseline) and after (week-12) EPA+DHA or corn oil (CO) supplementation for n=10 and n=11, respectively. Data are expressed as the percentage of total oxylipins for (A) 12-S HETE (B) PGF2a, (C) 5S-HETE, (D) 14(15)-EET, (E) 13-HODE, and (F) 13-OxoODE, (G) 9-HODE, (H) 9-HOTrE, (I) TXB2. Error bars represent mean ± standard deviation. Statistical significance was assessed as follows: baseline differences between the two groups were evaluated with unpaired t-tests; within-group changes from baseline to week 12 were analyzed using paired t-tests; and between-group comparisons at week 12 were performed with ANCOVA (*/+p < 0.05, **/++p<0.01,***/+++p < 0.001, ****/++++p < 0.0001). CO, Corn oil; DHA, Docosahexaenoic acid; EPA, Eicosapentaenoic acid.
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Table 1. Characteristics of study participants at baseline for the EPA+DHA and CO groups. 
	Variable
	Mean ± SD
	P-Value2

	Supplementation Group
	EPA+DHA (n = 10)1
	Corn Oil (n = 11)1
	

	Sex M/F (n)
	1/9
	0/11
	

	Age (years)
	49.15 ± 17.45
	35.54 ± 13.12
	0.06

	Weight (kg)
	79.69 ± 20.99
	73.15 ± 21.32
	0.49

	BMI (kg/m²)
	29.81 ± 7.04
	27.65 ± 7.38
	0.50

	Waist (cm)
	97.72 ± 21.04
	85.07 ± 16.35
	0.13

	Hip (cm)
	107.76 ± 12.08
	104.21 ± 17.58
	0.60

	Body Fat (%)
	40.39 ± 6.86
	35.57 ± 10.81
	0.24

	Body Fat (kg)
	34.76 ± 12.12
	28.59 ± 15.93
	0.33

	Lean Mass (kg)
	49.19 ± 10.79
	45.94 ± 6.56
	0.41

	Cholesterol
	5.57 ± 0.98
	5.04 ± 1.05
	0.25

	HDL-cholesterol
	1.86 ± 0.42
	1.43 ± 0.31
	0.02

	LDL-cholesterol
	3.42 ± 1.09
	3.43 ± 0.87
	0.98

	Glucose
	5.95 ± 0.91
	4.81 ± 0.34
	0.001

	Insulin
	7.58 ± 2.94
	11.69 ± 8.68
	0.17

	HOMA-IR
	1.03 ± 0.41
	1.48 ± 1.07
	0.23


1Data are mean + standard deviation (n = 21). 2P-values were calculated using an unpaired t-test.
DHA, Docosahexaenoic acid; EPA, Eicosapentaenoic acid; HDL, High density lipoprotein; LDL, HOMA-IR, Homeostatic model assessment for insulin resistance; Low density lipoprotein. 




