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Could omega-3 fatty acids prevent rheumatoid arthritis?
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Rheumatoid arthritis (RA) is a systemic inflammatory disease in which both genetics and environment play a role. Diet is an environmental factor that has been studied in other inflammatory conditions [START_REF] Gobbo | ω-3 Polyunsaturated Fatty Acid Biomarkers and Coronary Heart Disease: Pooling Project of 19 Cohort Studies[END_REF][START_REF] Racine | Dietary Patterns and Risk of Inflammatory Bowel Disease in Europe: Results from the EPIC Study[END_REF][START_REF] Rodriguez-Cruz | Potential therapeutic impact of omega-3 long chain polyunsaturated fatty acids on inflammation markers in Duchenne muscular dystrophy: A double-blind, controlled randomized trial[END_REF]. Particularly, omega-3, also called n-3 polyunsaturated fatty acids (n3PUFAs); essential fatty acids (omega-3 FA) have been found to have a suppressive action on inflammation and are thought to modulate immune response [START_REF] Calder | Omega-3 polyunsaturated fatty acids and inflammatory processes: nutrition or pharmacology?[END_REF][START_REF] Zhang | Dietary (n-3) polyunsaturated fatty acids modulate murine Th1/Th2 balance toward the Th2 pole by suppression of Th1 development[END_REF][START_REF] Semerano | Nutrition and chronic inflammatory rheumatic disease[END_REF]. New data showed that omega-3 FA may also interfere in the pathophysiology of rheumatoid arthritis, namely in the steps that lead from the preclinical phase to established disease, which may open new perspectives for the prevention of this disease.

Mechanisms of action of omega-3 fatty acids: anti-inflammatory and immunomodulatory effects

Different mechanisms of action could explain the effects of omega-3 FA in the prevention of RA. Omega-3 FA have been shown to inhibit the inflammatory process by decreasing adhesion molecule expression, reducing chemotactic response of leucocytes and inducing the production of the anti-inflammatory lipid mediators protectins and resolvins [START_REF] Calder | Uptake and incorporation of saturated and unsaturated fatty acids into macrophage lipids and their effect upon macrophage adhesion and phagocytosis[END_REF]. They are also known to affect cytokine production, alter T-cell reactivity and proliferation [START_REF] Pompos | Antigen-driven murine CD4+ T lymphocyte proliferation and interleukin-2 production are diminished by dietary (n-3) polyunsaturated fatty acids[END_REF] and to modulate Th1/Th2 balance [START_REF] Zhang | Dietary (n-3) polyunsaturated fatty acids modulate murine Th1/Th2 balance toward the Th2 pole by suppression of Th1 development[END_REF]. Some of these effects can be explained by a change in the composition of inflammatory cell membrane phospholipids induced by incorporating omega-3 FA at the expense of arachidonic acid [START_REF] Calder | Uptake and incorporation of saturated and unsaturated fatty acids into macrophage lipids and their effect upon macrophage adhesion and phagocytosis[END_REF]. They can inhibit the expression of major histocompatibility complex class II molecules and thus alter antigen presentation function [START_REF] Hughes | Fish oil supplementation inhibits the expression of major histocompatibility complex class II molecules and adhesion molecules on human monocytes[END_REF]. More recently, one omega-3 FA, docosahexaenoic acid (DHA), has been identified as a powerful activator of the AMP-activated protein kinase/Sirtuine 1 pathway, which inhibits NF-kappaB-p65 and acts to redirect immune cells towards an immunoregulatory phenotype [START_REF] Xue | Omega-3 polyunsaturated fatty acids antagonize macrophage inflammation via activation of AMPK/SIRT1 pathway[END_REF]. Overall, both innate and immune adaptive responses seem to be affected by omega-3 FA. Thus, it seems relevant to investigate their role in the pathophysiology of RA throughout its different phases, from genetic predisposition, to pre-symptomatic autoimmunity, up to the established disease [Figure 1].

Omega-3 fatty acids in experimental models of arthritis

Experimental models have highlighted the immunomodulatory activity of omega-3 FA. In rat collagen induced arthritis (CIA), the preventive administration of a rich source of the omega-3 FA alpha linolenic acid (ALA), the Linum usitatissimum fixed oil (Linseed Oil), resulted in a significant reduction of joint swelling and lower serum TNF alpha levels [START_REF] Singh | Linseed oil: an investigation of its anti-arthritic activity in experimental models[END_REF]. Similar findings were reported in a study in which a diet supplemented with eicosapentaenoic acid (EPA) and DHA (contained in krill oil) significantly inhibited the development of arthritis in DBA/1 mice CIA [START_REF] Ierna | Supplementation of diet with krill oil protects against experimental rheumatoid arthritis[END_REF]. In this study, the preventive supplementation with krill oil, but not with fish oil, reduced inflammatory cell infiltration of the synovial membrane and led to a lower erosion score. Both diets led to significantly lower synovial hyperplasia score when compared with the control group. Krill oil and fish oil are particularly balanced in EPA and DHA.

However, krill oil is different in that it contains a majority of omega-3 fatty acids in the form of phospholipids, which may possibly result in better bioavailability [START_REF] Köhler | Bioavailability of fatty acids from krill oil, krill meal and fish oil in healthy subjects-a randomized, singledose, cross-over trial[END_REF].

Omega-3 fatty acids and the incidence of RA in epidemiological studies

The possible preventive effect of omega-3 FA on the incidence of RA was investigated in several observational studies. All evaluated fish and oil fish intake based on food frequency questionnaires [START_REF] Pedersen | Diet and risk of rheumatoid arthritis in a prospective cohort[END_REF][START_REF] Rosell | EIRA study group. Dietary fish and fish oil and the risk of rheumatoid arthritis[END_REF][START_REF] Shapiro | Diet and rheumatoid arthritis in women: a possible protective effect of fish consumption[END_REF]. Overall results were conflicting.

A large cohort study showed that daily intake of fat fish was protective against RA whereas medium fat fish consumption was associated with an increased risk [START_REF] Pedersen | Diet and risk of rheumatoid arthritis in a prospective cohort[END_REF].

Nested case-control studies conducted within large cohorts compared newly diagnosed RA cases with controls for their fish consumption up to 5 years before disease clinical onset. The study conducted by Rosell et al. on the Swedish cohort EIRA was inconclusive [START_REF] Rosell | EIRA study group. Dietary fish and fish oil and the risk of rheumatoid arthritis[END_REF], likely because of high background consumption of fatty fish in Scandinavian populations. Conversely, in a US cohort, even moderate fish consumption was associated with a decreased risk of RA (adjusted odds ratio (OR): 0.57; 95% confidence interval (95%CI): 0.35-0.93) [START_REF] Shapiro | Diet and rheumatoid arthritis in women: a possible protective effect of fish consumption[END_REF]. Interestingly, in the latter study, the association became stronger when the analysis was restricted to rheumatoid factor positive patients.

More recently, a nation-wide Swedish prospective cohort study assessed long chain omega-3 FA dietary intake (calculated by the frequency and the nutrient content of portions) and the risk of developing RA among women aged 54 and older [START_REF] Giuseppe | Long-term intake of dietary long-chain n-3 polyunsaturated fatty acids and risk of rheumatoid arthritis: a prospective cohort study of women[END_REF]. After adjustment for other risk factors, long chain omega-3 FA consumption was associated to a lower risk of developing RA (relative risk: 0.65; 95%CI:0.48-0.9).

Long term intake during 10 years was more strongly protective.

The largest study was nested in the Nurse's Health Study and the Nurse's Health Study II cohorts and identified 1007 incident cases of RA [START_REF] Hu | Long-term dietary quality and risk of developing rheumatoid arthritis in women[END_REF]. Overall dietary quality as a risk factor for RA was assessed and a dietary index was calculated based on 11 foods (fruits, vegetables, nuts, whole grains, long chain (n-3) fat, polyunsaturated fat…).. Healthy dietary pattern reduced the risk of RA only in women aged 55 and younger (Hazard Ratio highest versus lowest quartile: 0.67; 95%CI: 0.51-0.88; p=0.002). In this study, as well, the protective effect was stronger for rheumatoid factor (RF) positive patients. Long chain (n-3) FA, however, were not found to be protective.

In most positive studies a dose-response relationship was noted. As such, the protective effect becomes evident only for moderate to high consumption of fat fish or moderate to high calculated intake levels of omega-3 fatty acid.

Omega-3 fatty acids potential role in preventing auto-antibody formation in subjects at risk for RA

Another way to investigate the role of omega-3 FA in the etiology of RA was to search for a possible effect in preventing the formation of autoantibodies in subjects at risk for RA, corresponding thus to the pre-RA setting. Several recent studies aimed to determine the association between omega-3 FA and the presence of anti-CCP antibodies in a population at risk for developing RA. In one study [START_REF] Gan | Lower omega 3 fatty acids are associated with the presence of anti -cyclic citrullinated peptide autoantibodies in a population at risk for future rheumatoid arthritis: a nested case-control study[END_REF], FA intake was assessed by a self-reported questionnaire and by measuring the percentage of omega-3 FA in erythrocyte membranes. Reference percentages were based on the findings of a previous study showing that RA patients had lower omega-3 FA levels in erythrocyte membranes than controls [START_REF] Lee | The association between n-3 polyunsaturated fatty acid levels in erythrocytes and the risk of rheumatoid arthritis in Korean women[END_REF]. Erythrocyte membrane omega-3 FA measurement is a relevant biomarker of fatty acid exposure as it reveals long term intake [START_REF] Arab | Biomarkers of fat and fatty acid intake[END_REF]. In RA-free individuals who were either HLA-DR4 positive or first degree relatives of RA patients, those who were anti-cyclic citrillunated peptide (anti-CCP) positive had significantly lower FA erythrocyte fraction and declared to consume less omega-3 FA supplements than controls (OR: 0.47, 95%CI: 0.24-0.92 for a S.D. increase in FA levels in erythrocytes, and OR: 0.14, %95 CI: 0.03-0.69, respectively), which supports a possible role of omega-3 FA in the prevention of autoantibody development.

When the subjects were stratified based on the positivity of the shared epitope, a negative association between omega-3 FA levels and the presence of autoantibodies (anti-CCP and RF) was observed in shared epitope positive subjects only [START_REF] Gan | Omega-3 fatty acids are associated with a lower prevalence of autoantibodies in shared epitope-positive subjects at risk for rheumatoid arthritis[END_REF]. Similarly, the use of omega-3 FA supplements was negatively associated with the presence of RF in shared epitope positive subjects but not in shared epitope negative ones [START_REF] Gan | Omega-3 fatty acids are associated with a lower prevalence of autoantibodies in shared epitope-positive subjects at risk for rheumatoid arthritis[END_REF].

Conversely, in a nested case-control study on incident cases of RA from the European Prospective Investigation into Cancer and Nutrition cohort (EPIC), De Pablo et al. failed to show any association between erythrocyte membrane omega-3 FA amount and the risk of developing RA [START_REF] De Pablo | High erythrocyte levels of the n-6 polyunsaturated fatty acid linoleic acid are associated with lower risk of subsequent rheumatoid arthritis in a southern European nested case-control study[END_REF]. Blood samples were collected at inclusion in the cohort (i.e. at the pre-RA phase), and subjects provided information on their diet during the follow-up. Whereas most studies showed a role of omega-3 FA but not omega-6 FA as protective factors in the development of RA, this study reports a significant negative association between erythrocyte membrane omega-6 FA linoleic acid (LA) and the risk of RA (highest tertile OR: 0.29; 95%CI 0.12 to 0.75; p=0.01). Such an association between low amount of omega-6 FA and RA was confirmed in the presence of shared epitope. Since this was the first study reporting a possible protective role of omega 6 FA in the development of RA, this finding needs to be confirmed. Although the n-6:n3 FA ratio was not associated with RA incidence in this study, this ratio, frequently used in in cardiovascular research [START_REF] Lee | Effect of altering dietary n-6:n-3 PUFA ratio on cardiovascular risk measures in patients treated with statins: a pilot study[END_REF] is probably a marker that better reflects the complexity of the system.

Omega-3 fatty acids and RA incidence in ACPA positive at risk subjects

After the investigation of the role of omega-3 FA in preventing autoimmunity in individuals at risk of RA, assessing their protective property on the transition from pre-clinical autoimmunity to the established RA, can be considered the next step.

The effect of omega-3 FA in ACPA positive RA-free subjects was reported in a prospective study where 35 anti-CCP3 positive individuals were followed for the determination of inflammatory arthritis [START_REF] Gan | The association between omega-3 fatty acid biomarkers and inflammatory arthritis in an anti-citrullinated protein antibody positive population[END_REF]. In this study, where 14 incident RA cases were diagnosed after 2.56 years of follow up, 1 S.D. increase in total n-3 FA amount in red blood cells was negatively associated with the incidence of RA (OR 0.09; 95%CI 0.01 to 0.85; p=0.03). The protective effect was as well observed with docosapentaenoic acid (DPCA), DHA and the association EPA+DHA, measured in erythrocyte membranes. In addition, DPCA % in red blood cells was inversely associated with the risk of incident RA (Hazard ratio 0.52; 95%CI: 0.27, 0.98; p=0.04).

In summary, despite the conflicting results of dietary studies, the protective role of omega-3 FA against RA development seems to be supported by new data in the setting of pre-RA. Omega-3 FA show a negative association with auto-antibody formation in genetically predisposed individuals, and with RA development in individuals who have already developed biological autoimmunity. Omega-3 FA may then be a clearly identified dietary factor, capable to modulate the course of RA from the pre-clinical phase to the established disease. Such observational data make the rationale for interventional study designed to assess whether omega-3 FA supplementation can actually prevent RA in predisposed individuals.