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Abstract

Background—Oral supplementation with n-3 PUFA increases the omega-3 index, a biomarker 

of red blood cell eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), and plasma 

levels of biosynthesis pathway markers and potent lipid mediators involved in the resolution of 

inflammation among patients with peripheral arterial disease (PAD).

Objective—We aimed to quantify the association between an upstream change in the omega-3 

index and downstream changes in lipid mediator production.

Methods—We conducted a secondary analysis of the OMEGA-PAD I Trial, a randomized, 

placebo controlled trial investigating high-dose n-3 PUFA oral supplementation in PAD patients. 

Eighty subjects were randomized to either 4.4g of fish oil or placebo for one month. Regression 

analyses using generalized estimating equation techniques were used to investigate the relationship 

between changes in the omega-3 index and changes in lipid mediators, pre- and post-intervention.
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Results—In the fish oil group, there was a significant increase in the omega-3 index (5±1% to 

9±2%, p<0.001) as well as in the plasma levels of several downstream lipid mediator pathway 

markers of resolution, which are involved with the regulation of leukocyte effector function and 

host defense. A doubling of the omega-3 index correlated with increases of 2.3-fold in 18-

hydroxy-eicosapentaenoic acid (HEPE) (p<0.0001), 1.7-fold in 15-HEPE (p=0.03), 1.9-fold in 5-

HEPE (p=0.04), and 3.6-fold in 4-hydroxy-docosahexaenoic acid (HDHA) (p<0.001).

Conclusion—Among subjects with symptomatic PAD who took oral fish oil supplements for 

one month, observed changes in the omega-3 index were strongly associated with increases in 

downstream mediators in the biochemical pathways of resolution.

Keywords

peripheral artery disease; fish oil; n-3 polyunsaturated fatty acids; omega-3 index; specialized pro-
resolving mediators; lipid mediators; resolution of inflammation

Introduction

The atherosclerotic lesion, the hallmark of the disease process in peripheral arterial disease 

(PAD), represents a series of cellular and molecular responses that are the result of excess 

inflammation1, 2. In recent years, it has become appreciated that specific biochemical 

signals, rather than a passive decrescendo of inflammatory cytokines, leads to the resolution 

of inflammation. This work has demonstrated that a unique class of specialized pro-

resolving lipid mediators (SPMs) drives the process of resolution3. SPMs are derived from 

the omega-3 polyunsaturated fatty acids (n-3 PUFA), eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA), which are found in marine oils. It has long been recognized 

that fish oils have beneficial actions in cardiovascular disease4–6 and more recent work in the 

field of resolution biology has implicated SPMs as having a paramount role in a variety of 

inflammatory diseases7–12, many of which may be heralded by a resolution deficit.

The process by which n-3 PUFA impacts inflammation begins with the incorporation of EPA 

and DHA into cellular membranes. Once incorporated, n-3 PUFA can affect the activity of 

membrane proteins and physical membrane characteristics and, once released by 

intracellular phospholipases, they can be converted into a wide variety of bioactive lipid 

mediators13. Alternatively, circulating unesterified n-3 PUFA have been found to arrive at a 

site of inflammation where direct conversion to bioactive SPMs occurs14. Several families of 

structurally and functionally distinct SPMs have been identified including the E-series 

resolvins (RvE) derived from EPA via P450 metabolism or aspirin-acetylated 

cyclooxygenase (COX-2), and the D-series resolvins, protectins and maresins derived from 

DHA via lipoxygenase (LOX) or aspirin acetylated COX-23. More specifically, the 

formation of the RvE begins via the action of acetylated COX-2 or cytochrome P450 on 

EPA, which results in an intermediate known as 18-hydroperoxy eicosapentaenoic acid 

(HpEPE)15. 18-HpEPE is subsequently reduced by a peroxidase to form 18-hydroxy 

eicosapentaenoic acid (HEPE); this is followed by lipoxygenation by the enzyme 5-LOX to 

form a hydroperoxide, which is then transformed to an epoxide that undergoes enzymatic 

hydrolysis to form RvE115. The RvE have been found to act through G-protein coupled 

receptors to have potent anti-inflammatory and pro-resolving action16–19.
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The omega-3 index is a validated biomarker used to define the red blood cell (RBC) content 

of EPA and DPA, thus it reflects the interplay between oral intake and metabolism of n-3 

PUFA20. Erythrocyte fatty acid composition consists almost exclusively of phospholipids 

with little biologic variability between individuals21. Identifying the percentage contribution 

of EPA and DHA to total identified RBC fatty acids allows precise reflection of plasma and 

tissue levels of EPA and DHA22. However, the relationship between blood levels of these 

n-3 PUFA and the downstream biochemical pathways producing SPMs is poorly understood.

The physiological impact of oral supplementation of n-3 PUFA for each individual is 

variable depending on baseline characteristics such as prior dietary intake and hereditary 

metabolic factors20. In the OMEGA-PAD I Trial, we recently demonstrated the impact of 

n-3 PUFA supplementation on altering biochemical SPM pathways in PAD patients23. We 

aimed here to investigate if changes in lipid mediator pathways are associated with changes 

in the omega-3 index in a cohort of PAD subjects undergoing short-term (one month) fish oil 

supplementation.

Methods

Study Population, Intervention and Protocol

This study was a secondary data analysis of the randomized, double-blinded, and placebo-

controlled OMEGA-PAD I Trial; the methods of the OMEGA-PAD study have been 

previously published23, 24. Briefly, the study included 80 patients aged 50 and older with 

symptomatic lower extremity PAD, who presented to vascular surgery clinic at the Veterans 

Affairs Medical Center in San Francisco. Subjects were excluded from the trial if they were 

already taking a fish oil supplement. Subjects were randomized to 2.2g oral n-3 PUFA (Pro-

Omega; Nordic Naturals, Watsonville, CA, USA) twice daily (totaling 4.4g/day) or a 

matched placebo for one month. Each ProOmega capsule contained 325mg of EPA and 

225mg of DHA. Treatment corresponded to four capsules twice daily, totaling 2.6g of EPA 

and 1.8g of DHA daily.

Lipidomics

Lipid mediators in plasma samples were measured by liquid-chromatography-tandem mass 

spectrometry (LC-MS/MS) as previously described25, 26.

Omega-3 Fatty Acid Measurements

Packed RBCs were stored at −80°C until assayed for n-3 PUFA content of EPA and DHA, 

the omega-3 index, analyzed according as previously described27.

Statistical analysis

All statistical analyses were performed using Stata version 13.0 (StataCorp, College Station, 

Texas). The intervention group was compared to the placebo group for homogeneity of 

demographic and baseline clinical variables using the chi-squared test for categorical 

variables and Student’s t-test for continuous variables, with statistical significance defined as 

α ≤ 0.05. Regression analyses using generalized estimating equation (GEE) techniques were 

used to investigate the relationship between changes in the omega-3 index and changes in 
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lipid mediators, pre- and post-intervention. Measurements taken from the same person 

(“within-person”) are likely to be more highly correlated than those taken from different 

people (“between-person”). GEE accommodates the additional variability introduced by 

these correlated data by estimating the correlation structure from data in order to adjust 

standard errors in the model, while still averaging over all subjects. While a simpler analysis 

of the mean changes between two groups would also address this within-person correlation, 

GEE techniques provide very similar results while allowing for inclusion of subjects who 

have only one of two measurements for either lipid mediators or omega-3 index (subjects 

missing even one of the four measurements would be excluded in direct comparison of 

means changes). Because the distribution of lipid mediators and the omega-3 index tend to 

be skewed, all measurements were log-transformed. Log base 2 was used to provide an 

estimate for the fold increase in a lipid mediator when the omega-3 index is doubled.

Results

Eighty subjects with intermittent claudication participated in the study, with 40 randomized 

to the fish oil group and 40 randomized to the placebo group. Data on this cohort have been 

published previously23, and a summary of baseline characteristics is included in Table 1. 

The two groups were well balanced at baseline, with the only substantive differences 

between groups being prior history of coronary artery disease and use of a beta-blocker 

medication.

In the fish oil group, as expected, the omega-3 index significantly increased (5 ±1% to 9 

±2%; p<0.001) while no change was observed in the placebo group (p=0.49) between 

baseline and post-intervention. In plasma, a significant increase was observed in 

biosynthesis pathway markers of SPMs generated from n-3 PUFA (Figure 1), specifically 

18-HEPE (32 ±65 to 383 ±359; p<0.00001), 15-HEPE (25 ±47 to 180 ±276; p=0.001), 5-

HEPE (46 ±160 to 173 ±236; p=0.001), and 4-hydroxy docosahexaenoic acid (HDHA) (13 

±27 to 100 ±139; p=0.001), in the fish oil cohort (Table 2). The change in omega-3 index 

was positively correlated with changes in plasma lipid mediators, with a doubling of the 

omega-3 index corresponding to a 2.3-fold increase in 18-HEPE (p <0.0001), a 1.7-fold 

increase in 15-HEPE (p=0.03), a 1.9-fold increase in 5-HEPE (p=0.04), and a 3.6-fold 

increase in 4-HDHA (p<0.0001) (Table 3). To examine whether a decrease in n-6 PUFA 

products compensated for the increase in n-3 PUFA products, we investigated the 

relationship between the change in the omega-3 index and the production of n-6 PUFA 

pathway markers (Table 3). In contrast to the n-3 PUFA products, no direct correlation was 

found between the change in omega-3 index and the measured levels of downstream n-6 

PUFA mediators.

Next, we separately investigated the relationship between the RBC EPA and DHA content 

with the production of each of the n-3 plasma lipid mediators that were detectable in our 

initial dataset. Similar to the results of the investigation using the omega-3 index, changes in 

RBC EPA and RBC DHA were positively correlated with changes in plasma lipid mediator 

production (Table 4). A doubling of the RBC EPA content corresponded to a 1.5-fold 

increase in 18-HEPE (p<0.0001), a 1.3-fold increase in 15-HEPE (p=0.03), and a 1.4-fold 
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increase in 5-HEPE (p=0.008). A doubling of the RBC DHA content corresponded to a 4.5-

fold increase in 4-HDHA (p<0.0001).

Discussion

We have demonstrated a direct correlation between changes in the omega-3 index and 

changes in levels of downstream n-3 PUFA metabolites in a group of individuals with PAD 

who took fish oil supplements for one month. Specifically, we have found that a change in 

the omega-3 index was significantly associated with changes in plasma 18-HEPE, 15-HEPE, 

5-HEPE, and 4-HDHA. The omega-3 index is a validated and easily measured biomarker 

that allows for precise reflection of recent intake of n-3 PUFA22. While one may assume that 

the change in each individual’s production of downstream metabolites would vary 

substantially with oral supplementation of n-3 PUFA based on hereditary factors and prior 

dietary consumption, we demonstrate that changes in select downstream metabolic pathways 

are closely associated with an individual’s omega-3 index. Thus, changes in the omega-3 

index have been found to strongly correlate with certain SPM pathway markers in our PAD 

population.

SPMs are generated locally by a variety of cell types and act to lessen inflammation and 

increase resolution via decreased production of inflammatory cytokines, increased 

production of anti-inflammatory cytokines, and increased clearance of cellular debris15. We 

show that a doubling of the omega-3 index is associated with a 2.3-fold increase in 18-

HEPE, the precursor to the potent E-series resolvins3, 7, which have been shown to have an 

important role in limiting macrophage-induced pro-inflammatory actions28. A doubling of 

the omega-3 index is associated with a 1.7-fold increase in 15-HEPE, a product of EPA 

metabolism, which is known to decrease neutrophil migration during inflammation29. 5-

HEPE, which is associated with a 1.9-fold increase with doubling of the omega-3 index, has 

been found to play a role in endocrine function30, and 4-HDHA, which is associated with a 

3.6-fold increase with doubling of the omega-3 index, is thought to decrease oxygen-induced 

retinopathy31. Not all lipid mediators investigated were significantly associated with a 

change in the omega-3 index. For example, 12-HEPE approached, but did not reach, 

significance. This could be attributed to the fact that plasma levels of 12-HEPE are higher at 

baseline than the other investigated mediators. In order to demonstrate a significant impact 

on the production of 12-HEPE with increased omega-3 index, a larger sample size may be 

necessary. Additionally, there exists competition in the metabolic pathways of lipid mediator 

generation. It is possible that the enzymes needed for production of some of the investigated 

pathway markers and SPMs have been out-competed, leading to production of alternate 

downstream mediators, even in the setting of a significant change in the omega-3 index. The 

precise pro-resolving mechanism for each of the lipid mediators has yet to be elucidated and 

is a field of active investigation.

Furthermore, we examined whether a correlation existed between the change in omega-3 

index and the production of downstream n-6 PUFA mediators. We aimed to determine 

whether a decrease in n-6 products compensated for the increase in n-3 products, but no 

significant association was found. This is likely due to the fact that n-6 PUFA make up a 

much larger proportion of plasma and tissue total fatty acids. In order to impact downstream 
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n-6 mediator generation, a significantly larger impact would likely be necessary in the 

upstream n-6 PUFA.

Finally, we investigated how the individual content of RBC EPA and RBC DHA compared 

to the respective levels of EPA and DHA metabolites. Similar to the omega-3 index, RBC 

content of EPA and DHA were each directly associated with their respective metabolites. 

The metabolic factors that determine the kinetics of the n-3 (and n-6) PUFA metabolites are 

incompletely understood at present.

The precise physiologic implications from an increased omega-3 index and downstream 

lipid mediators are currently being investigated. It has been shown that an increase in the 

omega-3 index is associated with a decrease in heart rate, blood pressure, and 

triglycerides32, 33. The omega-3 index has also been suggested to be a risk marker for 

coronary heart disease and sudden cardiac death34, 35. It is likely that, at least in part, the 

beneficial effects observed from an increase in the omega-3 index are attributable to the 

associated increase in the downstream bioactive lipid mediators. For example, in the 

OMEGA-REMODEL study which demonstrated that treating patients who have had a recent 

acute myocardial infarction with high dose n-3 PUFA led to a decrease in adverse left 

ventricle remodeling36. The beneficial actions of n-3 PUFA seen in this study could be a 

result of the decreased inflammatory and pro-resolving actions of SPMs. Further research 

regarding the precise relationship between upstream n-3 PUFA and downstream SPMs in 

clinically relevant populations has great potential for elucidating the beneficial effects of 

these potent lipid mediators.

Limitations

Limitations of this study include the fact that it was a secondary data analysis based on a 

relatively small cohort. Additionally, not all lipid mediators that were investigated could be 

detected in subject plasma in the original study, so the relationship between the omega-3 

index and these mediators could not be analyzed. Specifically, this is true for 17-HDHA, the 

precursor to the D-series resolvins. This could be due to the sensitivity of the equipment 

used for lipid mediator analysis, and should be improved with enhancement in equipment, 

internal standards, and technique. Finally, the patient population investigated in this study 

included primarily Caucasian males, which may not be representative of the broader PAD 

population.

Conclusion

Prior to this work, no other studies have investigated the association between an upstream 

measurement of n-3 PUFA intake, the omega-3 index, and the downstream changes that 

occurred in important lipid mediators as a result of oral n-3 PUFA supplementation in the 

PAD population. We have demonstrated standardized effect variables quantifying the 

association between 18-HEPE, 15-HEPE, 5-HEPE, and 4-HDHA and a change in omega-3 

index that occur during one-month of oral supplementation with high dose n-3 PUFA. We 

will continue to examine the relationship between changes in the omega-3 index, 

downstream SPMs and markers of vascular inflammation in patients with PAD in a follow-
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up trial investigating the effects of a three-month treatment period with high-dose n-3 PUFA 

(OMEGA-PAD II; NCT01979874).
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Highlights

• Fish oil supplementation increases the omega-3 index and lipid mediator 

production

• An association between the omega-3 index and several lipid mediators is 

established

• Markers of resolution pathways can be estimated using the omega-3 index
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Figure 1. 
Biosynthetic pathway of identified pathway markers and specialized pro-resolving 

mediators. EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; HEPE, 

hydroxyeicosapentaenoic acid; HDHA, hydroxydocosahexaenoic acid.
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Table 1

Baseline Characteristics of Patients.

General Characteristics Fish Oil (n=40) Placebo (n=40) P Value

Age (years) 68±7 69±9 0.41

Male sex, % 39 (98) 39 (98) 1.0

Index ABI 0.72±0.02 0.71±0.02 0.74

BMI, kg/m2 27.1±0.68 28.5±0.76 0.17

Omega-3 Index, % 5.2±1.7 4.6±1.4 0.13

Walking Speed (score, 0–100) 22±23 30±27 0.18

Comorbidities

 Coronary artery disease, % 13 (33) 22 (55) 0.04*

 Hypertension, % 38 (95) 35 (88) 0.24

 Hyperlipidemia, % 32 (80) 36 (90) 0.21

 Diabetes mellitus, % 11 (28) 14 (35) 0.52

Medications

 Aspirin, % 24 (60) 31 (78) 0.09

 Statin, % 31 (78) 37 (93) 0.06

 β-Blocker, % 14 (35) 28 (70) 0.002*

 ACE inhibitor, % 16 (40) 18 (45) 0.65

PAD Risk Factors

 History of smoking, % 38 (95) 36 (90) 0.40

 Total cholesterol, mg/dL 175±8 161±6 0.15

 Triglycerides, mg/dL 157±16 150±11 0.71

 HDL, mg/dL 45±2 44±2 0.77

 LDL, mg/dL 100±7 87±5 0.12

 HbA1c, % 6.2±0.2 6.1±0.2 0.85

 Serum creatinine, mg/dL 1.06±0.07 1.14±0.06 0.42

Baseline Inflammation

 hsCRP, mg/L 4.34±0.74 4.24±0.65 0.91

Baseline Lipid Mediators (pg/mL)

 18-HEPE 32±65 19±38 0.32

 15-HEPE 25±47 14±31 0.26

 12-HEPE 155±359 129±298 0.75

 5-HEPE 46±160 37±84 0.77

 10,17-diHDHA 40±56 29±53 0.42

 4-HDHA 13±27 22±59 0.42

Values as “mean±SD” or “n(%)”. ABI indicated ankle-brachial index; ACE, angiotensin-converting enzyme; BMI, body mass index; HDL, high-
density lipoprotein; HbA1c, hemoglobin A1c; HDHA, hydroxydocosahexaenoic acid; HEPE, hydroxyeicosapentaenoic acid; hsCRP, high-
sensitivity C-reactive protein; LDL, low-density lipoprotein; PAD, peripheral artery disease.

Ɨ
P-values calculated using chi-square tests for frequencies and t-tests for continuous variables.
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*
P<0.05.
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Table 3

Omega-3 Index as predictor for change in lipid mediators.

Lipid MediatorƗ Odds Ratio* 95% CI P Value

EPA Products (n-3 PUFA mediators)

18-HEPE (n=39) 2.3 (1.7, 3.0) <0.0001

15-HEPE (n=36) 1.7 (1.1, 2.9) 0.03

12-HEPE (n=37) 2.8 (0.7, 10.8) 0.13

5-HEPE (n=28) 1.9 (0.8, 1.5) 0.04

DHA Products (n-3 PUFA mediators)

10,17-diHDHA (n=36) 1.0 (0.7, 1.4) 0.95

4-HDHA (n=28) 3.6 (2.8, 4.8) <0.0001

AA Products (n-6 PUFA mediators)

20-HETE (n=22) 0.9 (0.5, 1.5) 0.62

15-HETE (n=37) 0.6 (0.4, 1.0) 0.40

12-HETE (n=57) 1.3 (0.6, 1.1) 0.11

5-HETE (n=29) 0.7 (0.4, 1.4) 0.31

*
ORs calculated from regression models using GEE techniques. ORs are interpreted as follows: for each lipid mediator, the OR represents the 

percent increase when the omega-3 index is doubled.

Ɨ
EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; AA, arachidonic acid; HEPE, hydroxyeicosapentaenoic acid; HDHA, 

hydroxydocosahexaenoic acid; HETE, hydroxyeicosatetraenoic acid.

J Clin Lipidol. Author manuscript; available in PMC 2018 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Schaller et al. Page 16

Table 4

Red blood cell content of EPA and DHA as predictor for change in lipid mediators.

Lipid MediatorƗ RBC EPA

Odds Ratio* 95% CI P Value

EPA Products (n-3 PUFA mediators)

18-HEPE (n=39) 1.5 (1.4, 1.7) <0.0001

15-HEPE (n=36) 1.3 (1.0, 1.6) 0.03

12-HEPE (n=37) 1.5 (0.9, 2.6) 0.14

5-HEPE (n=28) 1.4 (1.1, 1.7) 0.008

RBC DHA

DHA Products (n-3 PUFA mediators)

10,17-diHDHA (n=36) 0.96 (0.6, 1.5) 0.87

4-HDHA (n=28) 4.5 (3.3, 6.2) <0.0001

*
ORs calculated from regression models using GEE techniques. ORs are interpreted as follows: for each lipid mediator, the OR represents the 

percent increase when the omega-3 index is doubled.

Ɨ
EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; HEPE, hydroxyeicosapentaenoic acid; HDHA, hydroxydocosahexaenoic acid.
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