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Abstract

Objective: Little is known about the effects of over-the-counter fish oil (FO) supplements 

on circulating omega-3 polyunsaturated fatty acid (n-3 PUFA)-derived specialized pro-resolving 

mediators (SPMs), nor about whether having a chronic inflammatory disease such as rheumatoid 

arthritis (RA) influences SPM levels. We investigated associations between over-the-counter n-3 

PUFA FO supplementation and circulating SPMs among patients with vs. without RA.
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Methods: We studied 104 participants: 26 with RA taking FO matched by age and sex 

to 26 with RA not taking FO, 26 without RA taking FO, and 26 without RA not taking 

FO. Targeted-liquid chromatography-tandem mass spectroscopy was performed on patient 

plasma to identify and quantify 27 lipid mediators (including eicosanoids and SPMs). We 

performed t-tests and then multivariable linear regression analyses to assess whether having 

RA or taking FO supplements was associated with circulating lipid mediator concentrations, 

adjusting for age, race, sex, smoking, body mass index, and current medication use (statins; 

prednisone and immunomodulators among RA cases only). We tested for interactions between FO 

supplementation and RA status. We also conducted Spearman’s correlations between EPA, DHA, 

and ARA and their downstream metabolites.

Results: Among patients who were taking FO compared to those who were not, in multivariable- 

adjusted analyses, SPM substrates EPA and DHA were both elevated as were several of their 

pro-resolving bioactive products, including 15- and 18-HEPE from EPA, and 14- and 17-HDHA 

from DHA, which are substrates for specific SPMs. While E-series and D-series resolvins were 

present and identified, we did not find statistical elevations of other SPMs. Results were similar 

among patients with RA and patients without RA, taking vs. not taking FO supplementation 

(no formal statistical interaction observed). There was a strong positive correlation between EPA 

and DHA and their immediate downstream SPM precursors (18-HEPE and 15-HEPE from EPA; 

17-HDHA and 14-HDHA from DHA) among all patients.

Conclusion: Patients taking FO supplements, regardless of RA status, not only had higher 

blood levels of EPA and DHA, but also of their enzymatic products 18-HEPE (E-series resolvin 

precursors), 15-HEPE and 17-HDHA (D-series resolvin and protectin precursors). Patients with 

RA, an inflammatory autoimmune disease, may be able to augment some SPM precursor reserves, 

similarly to matched controls without RA, by taking oral FO supplements.
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1. INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune inflammatory polyarthritis of incompletely 

understood etiology that attacks and destroys synovial joints, causing systemic 

complications and early mortality. RA strikes 1–3% of the population, a majority women, 

and has a peak incidence in mid-life.[1–3] Although we have an expanding array of 

medications to treat RA, none are curative and the costs of therapy, disability and lost 

productivity are still very high.[4] A hallmark of the long-term period leading to RA onset 

includes an upregulation of inflammatory biomarkers.[5,6]

Fish oil (FO) supplements contain omega-3 polyunsaturated fatty acids (n-3 PUFA), a 

higher intake of which has been associated with a lower risk of RA and conversely 

a lower intake has been associated with a higher risk of RA,[7,8] and derived from 

these n-3 PUFAs are lipid mediators known as specialized pro-resolving mediators (SPMs).

[9,10] (Figure 1) There is increasing evidence that the n-3 PUFA-derived SPMs, including 

resolvins, protectins, and maresins, have important pro-resolving capacities that are perhaps 
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dysregulated or overwhelmed in the pathogenesis of RA.[11] These bioactive lipid 

metabolites of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), the main 

n-3 PUFAs, have now been extensively biochemically characterized.[10–13] Reports of the 

pro-resolving actions of SPMs continue to accumulate, including dampening production 

of inflammatory mediators such as PGE2, LTB4, IL-1β and IL-6, promoting phagocytosis 

and efferocytosis, and increasing polarization of pro-resolving type 2 macrophages (M2), 

and thus SPMs have been proposed to have potential as therapy for human rheumatic 

inflammatory disease.[10–20] However, the associations between long-term n-3 PUFA 

intake and plasma SPMs and their precursors in humans with and without RA still need 

to be thoroughly investigated..

Randomized controlled trials in the 1990s suggested that FO supplements were effective 

in decreasing pain and inflammation in patients with RA.[21,22] Oral FO supplements 

were also shown to decrease circulating leukotriene B4 (LTB4), a potent leukocyte 

chemoattractant and inflammatory mediator.[21] However, FO supplements are still not 

widely prescribed or taken in the current era of stronger biologic agents for RA. It is 

not known, although it is hypothesized, that much of the beneficial effect of marine n-3 

PUFAs in RA is due to increased availability of SPMs for inflammation resolution, and 

taking FO supplements have been shown to increase SPM blood levels in clinical trials 

of healthy adults [23,24] and those with pre-existing conditions.[25,26] Moreover, it is not 

known whether taking an over-the-counter FO supplement, as many patients with RA do, 

is associated with higher chronic circulating concentrations of SPMs via an increase in the 

available substrate for their production, DHA and EPA.

We aimed to examine associations between over-the-counter FO supplementation and 

circulating SPMs in a clinical population of patients with RA enrolled in a large academic 

hospital biobank, and similar associations in age- and sex-matched individuals without RA. 

Our hypothesis was that the intake of FO supplements would be associated with higher 

circulating SPMs in both groups, but that we would detect less augmentation in circulating 

levels among those with RA due to their chronic inflammation.

2. MATERIALS AND METHODS

2.1 Study Population

We employed the Mass General Brigham (MGB) Biobank in Boston, MA to identify 

participants in our healthcare system who had provided stored plasma samples. 

We identified individuals with validated diagnoses of RA by American College of 

Rheumatology/European league against Rheumatism 2010 classification criteria and 

reviewed their medication lists at the time of sample donation to identify those who were 

listed as taking an over-the-counter FO/n-3 PUFA supplement;[27] supplement dosage was 

not routinely reported. These participants were then 1:1 matched by age and sex to a) 

participants with RA who were not taking a FO supplement, b) participants without RA 

who were taking a FO supplement and c) participants without RA who were not taking a 

FO supplement. Demographic and clinical features of all participants, including age, sex, 

race, body mass index (BMI in kg/m2), smoking status, and current prescribed medication 

use, were collected from detailed review of the electronic medical records, and from the 
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Health Information Survey, completed by the participants at the time of enrollment in the 

MGB Biobank and blood collection and storage. Exact preparations/name brands and doses 

of FO supplements were not documented in all medical records. Of the 52 subjects, 38 

had documented dose information (73%). Doses ranged from 100–4000 mg a day. The 

majority of patients reported a dose of 1000mg or less a day, which was true for 74% of 

the RA cases and 63% of matched non-RA controls. Medication data collected included 

prednisone, as well as immunosuppressants methotrexate, leflunomide, sulfasalazine, 

hydroxychloroquine, cyclophosphamide, cyclosporine, mycophenolate mofetil, etanercept, 

adalimumab, rituximab, infliximab, belimumab, tofacitinib, tocilizumab). Data on current 

statin use (pravastatin, atorvastatin, lovastatin, rosuvastatin, simvastatin) were also collected 

for all participants. Additional data for the individuals with RA, including their serostatus 

(rheumatoid factor [RF], anti-cyclic citrullinated peptide [anti-CCP], and recent erythrocyte 

sedimentation rate [ESR] and/or C-reactive protein [CRP]), were abstracted from the linked 

electronic medical records. Informed consent was obtained from study participants, and the 

Mass General Brigham Institutional Review Board approved all aspects of this study.

2.2 Identification and Quantification of SPM and Lipid Mediators by Targeted LC-MS/MS

Blood samples were retrieved from the −80° C MGB Biobank storage facility and thawed. 

Liquid chromatography-tandem mass spectroscopy (LC-MS/MS) was performed on patient 

plasma to quantify 27 lipid mediators (eicosanoids and SPMs), which were pre-classified as 

pro-inflammatory and pro-resolving mediators, each identified by matching their retention 

time and MS-MS spectra to those obtained with authentic standards for each mediator in 

identical chromatographic conditions as well as with >6 diagnostic ions in MS-MS matching 

those of synthetic standards. Briefly, plasma samples (100 μL) were defrosted from −80°C 

on ice. For purpose of quantification and recovery of the lipid mediators, deuterium labeled 

internal standards including d8-5S-HETE, d5-RvD2, d5-LXA4, d4-LTB4, and d4-PGE2 (500 

pg each, Cayman Chemical) in 1 mL of methanol were added to each sample thus covering 

the entire chromatographic profile by regions. Samples were then held in methanol at − 20 

°C for 45 min to allow protein precipitation. After centrifugation at 1000 g for 10 minutes 

at 4° C, supernatants were collected and solid phase extracted using an automated lipid 

mediator extractor (Extrahera, Biotage) using optimized methods.[15] Briefly, samples were 

acidified to pH 3.5 and loaded onto Isolute SPE C18 columns (100 mg, 3 mL, Biotage). 

C18 columns were rapidly neutralized with double-distilled water and washed with hexane. 

Lipid mediators were eluted with methyl formate. These lipid mediators-containing fractions 

were taken to dryness under a gentle stream of nitrogen gas using the automated evaporation 

system (TurboVap LV, Biotage) and immediately resuspended in methanol-water mixture 

(50:50, v/v). Lipid mediators present in the methyl formate fraction from solid phase 

extraction of each sample were measured at the Hospital for Sick Children Analytical 

Facility for Bioactive Molecules (Toronto, ON) using liquid chromatography-tandem mass 

spectrometry. Chromatography was performed with a Kinetex C18 column (100 × 4.6 mm, 

5 μ particle sizes) (Phenomenex, California, USA). The HPLC flow was maintained at 800 

μL/minute with a gradient consisting of A= Water/Acetonitrile (90/10) + 0.02% acetic acid 

and B = Acetonitrile/Isopropanol with a total run time of 19 minutes. A QTRAP 6500plus 

triple-quadruple mass spectrometer (Sciex: Framingham, Massachusetts, USA) in negative 

electrospray ionization mode was used for multiple reaction monitoring data acquisition 
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a SCIEX ExionLC HPLC (Framingham, Massachusetts, USA). Calibration curves were 

obtained for each mediator and used for quantitation of amounts present in pg/100 ul in each 

sample. For each lipid mediator (limits of detection ≈ 0.1 pg), the assayed levels were above 

the level of detection in the corresponding calibration curves.

2.3 Statistical Analyses

We examined the characteristics of the participants with RA and their matched controls 

without RA and compared them using Fisher’s exact tests for categorical variables and 

paired t-tests for continuous variables. Paired t-tests were initially performed to determine 

whether taking FO was associated with individual lipid mediator concentrations, overall 

and among the patients with RA and the matched controls without RA separately. The 27 

lipid mediators, for which mean log-transformed concentrations were calculated to improve 

normality, were divided into two groups: pro-inflammatory and pro-resolving. Measured 

pro-inflammatory lipid mediators included: arachidonic acid (ARA), prostaglandin D2 

(PGD2), prostaglandin E2 (PGE2), prostaglandin F2 alpha (PGF2a), thromboxane B2 

(TXB2), and leukotriene B4 (LTB4), while pro-resolving SPMs and their precursors 

included: eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), lipoxin A4 (LXA4), 

lipoxin B4 (LXB4), maresin 1–2 (MaR1–2), protectin D1 (PD1), D-series resolvins (RvD1, 

RvD2, RvD3, RvD4, RvD5, and RvD6), E-series resolvins (RvE1, RvE2, RvE3, and 

RvE4), 14-hydroxy-docosahexaenoic acid (14-HDHA), 15-hydroxyeicosapentaenoic acid 

(15-HEPE), 17-hydroxy-docosahexaenoic acid (17-HDHA), 18-hydroxyeicosapentaenoic 

acid (18-HEPE) (Figure 1). For each lipid mediator, we compared log mean concentrations 

using t-tests among three groups: (1) all patients with RA to all matched controls without 

RA, and then (2) among patients with RA, those taking over-the-counter FO to those not 

taking FO, and (3) among matched controls without RA, those taking over-the-counter FO to 

those not taking FO.

We then performed multivariable linear regression analyses to assess whether RA status 

was associated with lipid mediator concentration, and whether FO supplementation was 

associated with lipid mediator concentration, adjusted for age and race, sex, smoking 

status, BMI, and statin medication use, among all participants. We tested for interactions 

between RA status and FO supplementation in an additional multivariable model, assessing 

whether the associations between taking FO differed among patients with or without RA, by 

including an RA * FO interaction term.

We repeated these multivariable linear regression analyses among RA cases only, further 

adjusting for ESR and CRP (either above normal range or not), assessing associations 

between FO intake and lipid mediator concentrations. To allow for correlation between 

biomarkers and to control for the proportion of incorrectly rejected null hypotheses (based 

upon a pre-specified p-value of 0.05), all analyses were corrected for multiple comparisons 

using the Benjamini and Yekutieli false discovery rate (FDR) method.[28] However, as these 

analyses were also hypothesis-generating, we have reported and interpreted the nominal 

results as well.
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A Spearman’s correlation analysis was also run between all 27 lipid mediators to determine 

any relationship between EPA, DHA, ARA and their down-stream metabolites including 

their specialized pro-resolving lipid mediators.

All analyses were conducted in SAS v 9.4.

3. RESULTS

One hundred and four participants were studied: 26 participants with RA taking FO were 

matched three ways to 26 participants with RA not taking FO, 26 participants without 

RA taking FO, and 26 participants without RA or FO supplementation. Their demographic 

and clinical characteristics are shown in Table 1. Patients with RA and matched controls 

without RA had a similar mean age (approximately 49–50 years, 85% female, and 90–92% 

White) as expected; however, those with RA had a slightly higher BMI and more were past 

smokers. Half of the patients with RA were positive for RF and 29% were positive for 

anti-CCP antibodies. Among patients with RA, 50% were RF positive and biomarkers of 

inflammation (ESR and/or CRP) were elevated in 24, normal in 25, and missing in 3.

Figure 2 displays comparisons of the mean log-transformed lipid mediator levels by 

participant group. Among all patients with RA compared to all matched-controls without 

RA, TXB2 (pro-inflammatory) and LXA4 (pro-resolving) concentrations were higher. 

Among patients with RA, those taking FO had higher levels of EPA metabolites 15-HEPE 

and 18-HEPE, and DHA metabolite 17-HDHA; this was also true among participants 

without RA. However, the participants without RA taking FO compared to those not taking 

FO also had higher levels of both EPA and DHA, and the DHA metabolite, 14-HDHA, as 

well as lower amounts of resolvin RvE3. Differences in EPA, 18-HEPE, and 17-HDHA were 

significant after adjustment for multiple comparisons among the non-RA cases, but the other 

findings were no longer significant. (All results also shown in Supplementary Appendix 

Table 1.)

The results of multivariable adjusted linear regression analyses including all 104 participants 

examining associations between taking FO or not, and having RA or not, and log circulating 

lipid mediator concentrations are shown in Table 2. After adjustment for age, sex, race, 

BMI, and statin use, taking vs. not taking FO was significantly associated with higher 

levels of EPA, and its pro-resolving metabolites 15-HEPE and 18-HEPE, and DHA, and 

its pro-resolving metabolites, 14-HDHA and 17-HDHA. All but the result for DHA were 

significant after adjustment for multiple comparisons. RA status itself was associated 

with higher LXA4 concentrations in these multivariable models (although significance did 

not persist after adjustment for multiple comparisons). Moreover, we did not detect any 

significant interactions by the RA status of the participants, meaning that having RA did not 

significantly modify the association between taking FO and circulating lipid mediators.

In RA case-only analyses, taking FO was associated with significant elevation of 15-HEPE 

only (Table 3). This was the case in analyses adjusting for age, sex, race, BMI and smoking 

status, as well as after additional adjustment for steroid and immunosuppressant use and 
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elevated inflammatory markers. This difference was not significant after adjustment for 

multiple comparisons.

The Spearman correlations between EPA, DHA, ARA and their metabolites were similar 

for patients with RA and their matched controls without RA (Table 4). There was a 

strong positive correlation between EPA and DHA and their immediate downstream SPM 

precursors, 18-HEPE and 15-HEPE, and 17-HDHA and 14-HDHA, respectively, but they 

were only weakly correlated with further downstream SPMs. ARA was not strongly 

correlated with its downstream metabolites.

4. DISCUSSION

Chronic inflammation in RA been posited to be due to a potential failure of endogenous pro-

resolution mechanisms, which may be overwhelmed by extensive pro-inflammatory signals.

[29,30] In this cross-sectional study, taking advantage of stored blood samples from patients 

with RA and those of well-matched controls, we examined both the association between RA 

itself and circulating lipid mediators and the association between taking over-the-counter FO 

supplements and these lipid mediator levels, among patients with and without RA. We found 

that patients with RA, compared to their matched controls without RA, had higher levels of 

TXB2 and LXA4 (neither association persisted after adjustment for multiple comparisons). 

It is easier to understand the elevation in pro-inflammatory TXB2 than perhaps it is to 

understand the elevated LXA4, although it may point to upregulated inflammation resolution 

responses ongoing in vivo or medication use. Taking oral FO was significantly associated 

with an increase in circulating levels of the omega-3 polyunsaturated fatty acids DHA and 

EPA, as well as SPM precursors, 14- and 17-HDHA (from DHA) and 15- and 18-HEPE 

(from EPA). Similar increases were observed in those with and without RA and there was no 

formal effect modification by RA status (although power was limited to detect differences in 

the subsets).

FO supplementation has been proven to reduce joint pain and swelling in RA, but the 

mechanisms have been incompletely understood. In double-blinded randomized controlled 

trials in the 1990s, Kremer et al demonstrated that oral n-3 PUFA supplementation 

had multiple beneficial effects in RA.[21,22] They reported significant reductions in 

tender joint counts, morning stiffness, physician and patient global assessments of disease 

activity, as well as a reduction in the use of non-steroidal anti-inflammatory drugs and a 

decrease in circulating IL-1β.[22] The mechanisms of these benefits were not completely 

understood, although it was hypothesized that the n-3 PUFAs led to a shift away from ARA 

inflammatory lipid mediators because DHA and EPA, the main n-3 PUFA components, 

suppress ARA-derived eicosanoids. In the current study, we did not find that individuals 

who took FO supplements had significantly lower circulating ARA-derived inflammatory 

eicosanoids, including PGD2, PGE2, PGF2a, TXB2 or LTB4. This contrasts to what has 

been shown in past animal model and human in vitro studies, and may reflect variation in 

FO doses, adherence, and timing of intake, as well as variation in individual inflammatory 

eicosanoid levels.[10–15] We did observe numerically lower levels of several of these 

inflammatory eicosanoids among those taking FO, but sample size was limited for the 

detection of small differences. It may also be that the beneficial effects of FO are through 
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induction of SPM production, rather than suppression of inflammatory eicosanoids, thus 

further research is warranted.

SPMs have been less studied in RA since they are relatively newly discovered, and 

their functions in resolving inflammation have only recently been elucidated.[9–13] When 

considering SPM precursors, which have been received research attention in the past, in 

observational studies, high fish and n-3 PUFA intakes were inversely associated with RA 

risk.[7,8,31] Low n-3 PUFA blood levels have been associated with increased risk of 

RA antibodies in healthy relatives of patients with RA, and higher risk of developing 

RA among asymptomatic individuals with anti-CCP antibodies.[32,33] In the VITamin D 

and omegA-3 Trial (VITAL), a 5-year double-blind randomized controlled trial of 25,871 

community-dwelling adults, 1 gm/day n-3 PUFAs (460 mg EPA and 380 mg DHA) reduced 

the risk of all incident autoimmune disease by 15% and of RA by 44% (p 0.07).[34]

The discovery and complete stereochemical characterization of the SPMs have opened 

the possibility of new therapeutic avenues for inflammatory rheumatic diseases, and may 

provide the biochemical mechanisms for the benefits of n-3 PUFA supplementation in 

RA.[10] Murine models have implicated the SPM metabolites of n-3 PUFAs, in particular 

the resolvins, in resolution of inflammation in RA. Arnardottir and colleagues studied the 

temporality of SPM production in a murine model of self-resolving inflammatory arthritis, 

focusing in particular on the resolvins.[30] They found the D-series resolvins (from DHA) 

were temporally produced in self-resolving arthritis, and that reduced RvD3 levels were 

associated with delayed resolution of inflammation and the arthritis in mice. Norling and 

colleagues studied synovial joint fluid from the murine K/BxN serum transfer arthritis 

model, with and without oral n-3 PUFA supplementation, and found elevated levels of 

intraarticular SPMs, in particular RvD1, in the n-3 PUFA supplemented mice.[29]

However, only a few past studies have examined EPA and DHA-derived metabolites and 

SPMs in humans with RA, a disease marked by failure of inflammation resolution on a 

chronic basis. Arnardottir and colleagues reported that serum levels RvD3 were reduced 

in three patients with RA compared to three healthy controls.[30] Norling and colleagues 

profiled synovial fluid from four patients with RA and reported physiological levels of 

RvD1.[29] Jeffrey et al observed that among 22 patients with established RA newly 

starting etanercept, an anti-tumor necrosis factor (TNF) drug, high baseline blood EPA and 

EPA/ARA ratio were associated with more favorable European League against Rheumatism 

(EULAR) response to anti-TNF at 3 months.[35]

Thus, the current study of 52 patients with RA compared to 52 matched controls without 

RA, investigating the effects of taking oral over-the-counter FO supplementation contributes 

meaningfully to the literature. We have found that taking FO supplements increases DHA 

and EPA as expected and the pool of important SPM precursors in both patients with RA 

and their matched controls without RA, with no significant effect modification by RA status, 

although the results among RA cases did not appear to be as robust numerically. Taking 

over-the-counter FO supplements was associated with increased 18-HEPE (from EPA) in 

those with and without RA, which is particularly interesting given that 18-HEPE has been 

shown to have potent inhibitory effects on macrophage-mediated proinflammatory activation 

Marchand et al. Page 8

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of cardiac fibroblasts in mouse models.[36] Further, both 18-HEPE and 17-HDHA are pro-

resolving mediators that have proven to be potent mediators in addition to being substrate 

for resolvins.[37] Other studies of FO supplementation and SPM levels in humans have 

found increased plasma levels of SPMs following FO supplementation in healthy adults, 

those with peripheral artery disease, and in obese adults where increased plasma levels of 

resolvin E1 and maresin 1 were observed in one study.[23–26,38] Some studies have not 

found similar results, however, these were of short duration and contained a small number of 

participants (n=12)[39] or included only participants with mild hypertriacylglycerolemia at 

baseline.[40]

Limitations of this study include self-reporting which may be incomplete, lack of detailed 

data about the dose, preparation, and adherence to the FO supplements, and given the 

lack of standardization of these over-the-counter dietary supplements, there may have 

been variability. Moreover, while we did have access to complete medical records, we 

did not have simultaneous detailed physician-completed and standardized assessments 

of RA disease activity, or response to therapy, nor did we have measures of systemic 

inflammation or serostatus for the patients without RA. We assayed a panel of 27 central 

lipid mediators, including ARA, EPA, DHA and their metabolites, but were unable to 

study yet more potentially important lipid mediators and all their potentially interesting 

downstream metabolites due to financial constraints. This study focused on circulating blood 

concentrations and did not assess levels in specific tissues nor the time course of their 

production and metabolism, both subjects of research interest as well. Power was limited for 

stratified analyses and detection of interactions.

This is, however, the first study to examine the association between oral administration of 

FO and circulating levels of ARA, DHA and EPA and their important pro-inflammatory 

and pro-resolving mediators in the blood of humans with and without RA. These results 

are important and encouraging that patients with RA taking FO supplements generally 

have a similar increase in the pool of SPM precursors which may be essential for the 

local and timely production of SPMs at the site of inflammation. Future studies with more 

controlled administration of FO supplements should be undertaken among patients with 

RA and matched controls without RA to delineate the exact time course of their effects, 

to characterize circulating and local effects upon SPM production, as well as to decipher 

SPM actions on the cellular infiltrate, cytokine and chemokine production, and the resident 

components of synovial joints.

In conclusion, oral over-the-counter FO supplementation was associated with higher blood 

levels of pro-resolving 14- and 17-HDHA (from DHA) and 15- and 18-HEPE (from EPA), 

precursors of both protectins and resolvins. This was found in patients with and without RA, 

indicating that patients with RA do not appear to have a diminished ability to synthesize 

SPM precursors from fatty acid reserves, which may be important in resolving RA 

inflammation. Moreover, the powerful pro-resolution effects of the SPMs may offer a future 

non-immunosuppressive RA therapy. These novel findings deserve further confirmation and 

may point to how these pro-resolving mechanisms could be effectively targeted in RA.
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Abbreviations

ARA
Arachidonic acid

EPA
Eicosapentaenoic acid

DHA
Docosahexaenoic acid

LTB4
Leukotriene B4

LXA4
Lipoxin A4

LXB4

Lipoxin B4

Mar1 and Mar2
Maresin 1 and Maresin 2

PGD2

Prostaglandin D2

Marchand et al. Page 10

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://rc.partners.org/research-apps-services/identify-subjects-request-data
https://rc.partners.org/research-apps-services/identify-subjects-request-data


PGE2

Prostaglandin E2

PGF2a
Prostaglandin F2 alpha

TXB2

Thromboxane B2

PD1
Protectin D1

RA
Rheumatoid Arthritis

RvD1, RvD2, RvD3, RvD4, RvD5, and RvD6
D-series resolvins

RvE1, RvE2, RvE3, and RvE4
E-series resolvins

14-HDHA
14-hydroxy-docosahexaenoic acid

15-HEPE
15-hydroxyeicosapentaenoic acid

17-HDHA
17-hydroxy-docosahexaenoic acid

18-HEPE
18-hydroxyeicosapentaenoic acid
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HIGHLIGHTS

• Fish oil supplements contain omega-3 fatty acids from which specialized pro-

resolving mediators (SPM) are derived, including resolvins, protectins, and 

maresins. These have potential as therapy for human rheumatic inflammatory 

disease, however, little is known about the effect of fish oil supplementation 

on SPM blood levels in rheumatoid arthritis patients. But, previous research 

has shown that fish oil supplementation is associated with a lower risk of 

RA. Thus, we investigated associations between over-the-counter omega-3 

fatty acid FO supplementation and circulating SPMs among patients with and 

without RA.

• Among all patients, both with and without RA, oral over-the-counter fish 

oil supplementation was associated with higher blood levels of pro-resolving 

lipid mediators including 17-HDHA (from DHA) and 15- and 18-HEPE 

(from EPA), precursors of both protectins and resolvins.

• RA patients have the ability to augment their SPM precursor reserves, which 

may be important in resolving RA inflammation.
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FIGURE 1. 
Specialized Pro-resolving Mediators derived from Omega-3 and Eicosanoids from Omega-6 

fatty acids [9,10,41]

Specialized pro-resolving mediators are marked in bold font.

Abbreviations: ARA, Arachidonic acid, EPA, eicosapentaenoic acid; DHA, docosahexaenoic 

acid; LTB4, Leukotriene B4; LXA4, Lipoxin A4; LXB4, Lipoxin B4; MaR1–2, Maresin 1–2; 

PGD2, Prostaglandin D2; PGE2, Prostaglandin E2; PGF2a, Prostaglandin F2 alpha; TXB2, 

Thromboxane B2; PD1, Protectin D1; RA, rheumatoid arthritis; RvD1, RvD2, RvD3, RvD4, 

RvD5, and RvD6, D-series resolvins; RvE1, RvE2, RvE3, and RvE4, E-series resolvins; 

14-HDHA, 14-hydroxy-docosahexaenoic acid; 15-HEPE, 15-hydroxyeicosapentaenoic acid; 

17-HDHA, 17-hydroxy-docosahexaenoic acid; 18-HEPE, 18-hydroxyeicosapentaenoic acid.
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FIGURE 2. 
Mean blood lipid mediator log concentrations (pg/ul) among participants from the Mass 

General Brigham Biobank with rheumatoid arthritis cases and their matched controls 

without rheumatoid arthritis, taking and not taking fish oil supplements

Unadjusted analyses. Abbreviations: ARA, Arachidonic acid, EPA, eicosapentaenoic acid; 

DHA, docosahexaenoic acid; LTB4, Leukotriene B4; LXA4, Lipoxin A4; LXB4, Lipoxin 

B4; MaR1–2, Maresin 1–2; PGD2, Prostaglandin D2; PGE2, Prostaglandin E2; PGF2a, 

Prostaglandin F2 alpha; TXB2, Thromboxane B2; PD1, Protectin D1; RA, rheumatoid 

arthritis; RvD1, RvD2, RvD3, RvD4, RvD5, and RvD6, D-series resolvins; RvE1, RvE2, 

RvE3, and RvE4, E-series resolvins; 14-HDHA, 14-hydroxy-docosahexaenoic acid; 15-

HEPE, 15-hydroxyeicosapentaenoic acid; 17-HDHA, 17-hydroxy-docosahexaenoic acid; 

18-HEPE, 18-hydroxyeicosapentaenoic acid.

* p value < 0.05

** FDR < 0.05
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TABLE 1.

Characteristics of participants with rheumatoid arthritis and matched controls without rheumatoid arthritis 

from the Mass General Brigham Biobank

Parameter Rheumatoid Arthritis Cases (n=52) Non-Rheumatoid Arthritis Matched Controls 
(n=52) P value*

Matching Factors

Age at blood draw (mean, SD) 50.0 (7.37) 49.5 (7.35) 0.73

Female, n (%) 44 (84.6) 44 (84.6) 1.00

Race 0.27

-White, n (%) 47 (90.4) 48 (92.3)

-Non-White, n (%) 5 (9.6) 2 (3.9)

Smoking Status 0.35

-Never, n (%) 33 (63.5) 34 (65.4)

-Past, n (%) 17 (32.7) 12 (23.1)

-Current, n (%) 2 (3.9) 4 (7.7)

Other Covariates

Body mass index kg/m2 (mean, SD) 29.8 (10.42) 26.0 (4.54) 0.02

Taking a statin medication, n (%) 6 (11.5) 4 (7.7) 0.74

Characteristics of Rheumatoid Arthritis cases

Rheumatoid factor positive, n (%) 26 (50.0)

Anti-CCP positive, n (%) 15 (28.9)

Elevated ESR or CRP, n (%) 24 (46.2)

Taking steroid, n (%) 8 (15.4)

Taking immunosuppressant, n (%) 43 (82.7)

Chi squared test for categorical values and t-test for continuous variables. N: number; SD: standard deviation; ESR: erythrocyte sedimentation rate; 
CRP: C-reactive protein; anti-CCP: anti-cyclic citrullinated peptide; Race data missing in 2 matched controls without RA. Smoking status missing 
in 2 matched controls without RA ESR or CCRP missing in 3 patients with RA
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TABLE 3.

Multivariable linear regression analyses of the association between fish oil supplementation and circulating 

lipid mediators, investigating the effect of adjusting for systemic inflammation, among patients with 

rheumatoid arthritis (n=49) from the Mass General Brigham Biobank

Lipid Mediator Beta (95%CI)* P value* FDR* Beta (95%CI)** P value** FDR**

Adjusted for age, sex, race, BMI, and smoking Fully adjusted model for systemic inflammation

Pro-Inflammatory

ARA −0.145 (−0.362, 0.073) 0.19 0.750 −0.114 (−0.345, 0.118) 0.33 0.87

PGD2 0.029 (−0.363, 0.421) 0.88 0.946 0.113 (−0.310, 0.537) 0.59 0.90

PGE2 0.690 (−0.132, 1.513) 0.10 0.660 0.568 (−0.324, 1.460) 0.21 0.87

PGF2a 0.072 (−0.450, 0.593) 0.78 0.946 0.128 (−0.438, 0.695) 0.65 0.90

TXB2 −0.149 (−1.095, 0.796) 0.75 0.946 −0.200 (−1.237, 0.837) 0.70 0.90

LTB4 −0.117 (−0.734, 0.500) 0.70 0.946 −0.148 (−0.856, 0.560) 0.67 0.90

Pro-Resolving

LXA4 −0.038 (−0.523, 0.447) 0.87 0.946 −0.075 (−0.591, 0.441) 0.77 0.90

LXB4 −0.181 (−0.724, 0.362) 0.51 0.853 −0.091 (−0.671, 0.489) 0.75 0.90

EPA 0.148 (−0.210, 0.505) 0.41 0.750 0.165 (−0.214, 0.543) 0.38 0.87

18-HEPE 0.498 (−0.024, 1.019) 0.06 0.547 0.500 (−0.027, 1.026) 0.06 0.56

15-HEPE 0.637 (0.193, 1.082) <.01 0.161 0.626 (0.179, 1.074) <0.01 0.20

RvE1 0.026 (−0.406, 0.459) 0.90 0.946 −0.059 (−0.520, 0.402) 0.80 0.90

RvE2 0.255 (−0.242, 0.751) 0.31 0.750 0.206 (−0.341, 0.753) 0.45 0.90

RvE3 −0.027 (−0.413, 0.358) 0.89 0.946 −0.130 (−0.535, 0.275) 0.52 0.90

RvE4 −0.507 (−1.300, 0.286) 0.20 0.750 −0.511 (−1.396, 0.374) 0.25 0.87

DHA 0.097 (−0.126, 0.321) 0.38 0.750 0.126 (−0.111, 0.363) 0.29 0.87

Mar1 0.209 (−0.220, 0.638) 0.33 0.750 0.140 (−0.343, 0.623) 0.56 0.90

Mar2 −0.005 (−0.158, 0.147) 0.95 0.946 0.005 (−0.165, 0.174) 0.96 0.96

PD1 0.028 (−0.739, 0.795) 0.94 0.946 0.157 (−0.653, 0.967) 0.70 0.90

17-HDHA 0.361 (−0.007, 0.729) 0.05 0.547 0.388 (−0.016, 0.791) 0.06 0.56

14-HDHA 0.289 (−0.211, 0.788) 0.25 0.750 0.248 (−0.246, 0.743) 0.32 0.87

RvD1 −0.046 (−0.596, 0.503) 0.87 0.946 0.194 (−0.347, 0.736) 0.47 0.90

RvD2 0.196 (−0.085, 0.476) 0.17 0.750 0.240 (−0.059, 0.538) 0.11 0.76

RvD3 −0.382 (−1.320, 0.556) 0.42 0.750 0.031 (−0.889, 0.951) 0.95 0.96

RvD4 −0.376 (−1.191, 0.438) 0.36 0.750 −0.371 (−1.215, 0.472) 0.38 0.87

RvD5 0.146 (−0.164, 0.456) 0.35 0.750 0.171 (−0.171, 0.513) 0.32 0.87

RvD6 0.129 (−0.612, 0.871) 0.73 0.946 0.029 (−0.741, 0.799) 0.94 0.96

*
Adjusted for age, sex, race, body mass index, and smoking status.

**
Additionally adjusted for statin, steroid and immunosuppressant use, and ESR/CRP (elevated or not).

Abbreviations: ARA, Arachidonic acid, EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; LTB4, Leukotriene B4; LXA4, Lipoxin 

A4; LXB4, Lipoxin B4; MaR1–2, Maresin 1–2; PGD2, Prostaglandin D2; PGE2, Prostaglandin E2; PGF2a, Prostaglandin F2 alpha; TXB2, 

Thromboxane B2; PD1, Protectin D1; RA, rheumatoid arthritis; RvD1, RvD2, RvD3, RvD4, RvD5, and RvD6, D-series resolvins; RvE1, RvE2, 

RvE3, and RvE4, E-series resolvins; 14-HDHA, 14-hydroxy-docosahexaenoic acid; 15-HEPE, 15-hydroxyeicosapentaenoic acid; 17-HDHA, 
17-hydroxy-docosahexaenoic acid; 18-HEPE, 18-hydroxyeicosapentaenoic acid.
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