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Genetically Predicted Circulating Omega-3 Fatty Acids Levels Are Causally Associated With Increased Risk for Systemic Lupus Erythematosus
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Background: Accumulating evidence has demonstrated the associations of omega-3 or omega-6 polyunsaturated fatty acids (PUFAs) with the disease activity and inflammatory mediators of systemic lupus erythematosus (SLE), but the evidence of causal links of omega-3 or omega-6 PUFAs on the risk for SLE remains inconclusive.

Objectives: This study was conducted to evaluate the causal relationships between omega-3/omega-6 PUFAs and SLE by performing the Mendelian randomization (MR) analysis.

Methods: Genome-wide significant single-nucleotide polymorphisms (SNPs) were obtained from genome-wide association studies (GWASs) of circulating omega-3/omega-6 levels (n = up to 13,544) and GWAS meta-analyses of SLE (n = 14,267), respectively. The bidirectional two-sample MR (TSMR) analysis was conducted to infer the causality.

Results: The inverse-variance weighted (IVW) method revealed that genetically determined per SD increase in omega-3 levels were causally associated with an increased risk for SLE (odds ratios [ORs] = 1.49, 95% CI: 1.07, 2.08, p = 0.021), but no causal effect of omega-6 on the risk SLE was observed (IVW OR = 1.06, 95% CI: 0.72, 1.57, p = 0.759). In addition, there were no significantly causal associations in genetic predisposition to SLE with the changes of omega-3 and omega-6 levels, respectively (IVW beta for omega-3: 0.007, 95% CI: −0.006, 0.022, p = 0.299; IVW beta for omega-6: −0.008, 95% CI: −0.023, 0.006, p = 0.255).

Conclusion: The present study revealed the possible causal role of omega-3 on increasing the risk for SLE, it could be the potential implications for dietary recommendations.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is an autoimmune inflammatory connective tissue disease involving multiple organs and tissues that are characterized as the loss of immune tolerance and immune-complex deposition (1, 2). Increasing evidence has demonstrated that the disease onset of SLE was triggered by the interactions of genetic susceptibility and several environmental factors (3–5). Up to date, the associations of genetic components with SLE have been extensively studied, and there were more than one hundred susceptibility loci for SLE that have been identified (6, 7). Despite the implementation of many large-scale genome wide association studies (GWASs) with SLE, a better understanding of the causal roles of genetic susceptible loci would be helpful for the treatment and prevention of SLE.

Nutrition is an environmental factor of major importance. Polyunsaturated fatty acids (PUFAs) are a type of essential fatty acids that cannot be synthesized by humans. It has been demonstrated that PUFAs are localized in cell membrane and involve in a large number of physiological functions, such as inflammation, blood sugar control, regulation of blood pressure, and cell signaling (8–11). Based on the different position of the first double bond, PUFAs could be classified into two major classes: omega-3 and omega-6. Evidence from human and animal studies indicated that omega-3 PUFAs, especially eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), have anti-inflammation properties that showed some improvements in the rheumatic diseases (12–14). Recent meta-analysis of five randomized controlled trials (RCTs) suggested that the daily supplementation of omega-3 was more effective in alleviating the disease activity of SLE as compared with placebo (15). In contrast to omega-3, daily omega-6-rich diet has been shown to increase the levels of autoantibodies and causes proteinuria and glomerulonephritis in New Zealand black/New Zealand white (NZB/W) F1 mouse model of spontaneous SLE (16). Moreover, each unit increase of the omega-6 to omega-3 ratio was associated with an increased systemic lupus activity questionnaire (SLAQ) point (17). Although the emerging roles of omega-3 and omega-6 PUFAs in the treatment of SLE have been proposed, the causal associations of these two PUFAs with SLE are still unclear.

Mendelian randomization (MR) analysis is an emerging epidemiological technique that uses genetic variations as natural instrumental variables (IVs) to infer the causal correlation of exposure factors on health outcomes (18–22). MR relies on the natural, random assortment of genetic variants during meiosis yielding a random distribution of genetic variants in the population, thus MR, analogous to RCTs, is less prone to confounding and reverse causation than traditional observational studies (23). Two-sample MR analysis (TSMR) is a novel extension of MR, as compared with one-sample MR (effect estimates derived from the same sample), TSMR extracts the genetic effect estimates from two non-overlapping sets of individuals that would be effective to strengthen the causal inference (24).

In the present study, we obtained the genetic summary data from two independent large GWASs, and conducted the bidirectional TSMR analysis to infer the causal associations of omega-3 and omega-6 with SLE.



MATERIALS AND METHODS

The flowchart of MR analysis is displayed in Figure 1. We obtained genetic summary data from two large GWASs, after data prune and allele harmonization, MR analyses with four methods and sensitivity analyses were conducted to infer the causal associations between omega-3/omega-6 and SLE.
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FIGURE 1. The flowchart of Mendelian randomization (MR).



Study Design

To minimize the distortion effects of confounding factors, the genetic variants used as IVs in MR analysis should meet three key assumptions: (1) the selected IVs must be strongly associated with the risk factors of interest (omega-3 or omega-6). In this study, F statistic was used to confirm the correlation strength between instrumental variables and exposure. F is expressed as R2 (n-k-1)/[k (1-R2)]. R2 represents the cumulative explained variance of the included single-nucleotide polymorphisms (SNPs) at the circulating omega-3 or omega-6 levels, n refers to the sample size, and k is the number of included SNPs. When F > 10, the correlation is considered strong enough to avoid the deviation caused by weak IVs (25); (2) IVs are independent of confounding factors; (3) IVs can only influence the outcome through their effect on exposure, nor are causal pathway to outcome other than exposure. MR-Egger regression was used to confirm the horizontal pleiotropy pathway between IVs and outcome (26).



Data Sources

In the current study, effect estimates of omega-3 and omega-6 associated SNPs were obtained from the published GWAS associations of the Kettunen J et al.'s consortium, which included up to 13,544 European ancestry (27). In their study, omega-3 and omega-6 were defined as circulating metabolites in the peripheral blood. Summary statistics of omega-3 and omega-6 related SNPs with genome-wide significance (p < 5 × 10−8) were collected as candidate IVs. The linkage disequilibrium (LD) among selected SNPs was tested within the condition of r2 < 0.001 to minimize the impact of strong LD. After clumping algorithm, there were 5 omega-3 SNPs and 9 omega-6 SNPs that were allocated for exposure datasets. The detailed information regarding effect allele (EA), other allele, effect allele frequency (EAF), effect sizes (Beta), SEs and p for omega-3 and omega-6 are displayed in Supplementary Tables 1, 2, respectively.

Genetic associations of SLE (outcome) were retrieved from another largest public GWAS meta-analysis of Bentham J et al., which included the genotyped dataset of 14,267 study subjects (5,201 patients with SLE and 9,066 controls) (28). The corresponding genetic information of SNPs about omega-3 and omega-6 were reviewed and collected in SLE consortium, respectively (Supplementary Tables 3, 4).



Statistical Analysis

Summary statistics about the exposure and outcome datasets were harmonized to maintain the effect of allele always reflecting the same allele between two datasets. TSMR analyses with inverse-variance weighted (IVW), median-based estimator (weighted median and weighted mode), and MR-Egger regression methods were implemented to infer the causality. The method of IVW equates to conduct a weighted linear regression of the correlation of the IVs with the outcome (29). It requires that all IVs are valid and without pleiotropic effects. Median-based estimator is used to combine multiple genetic variations into a causal estimate and it is suitable for the situations where up to 50% of the information comes from invalid IVs (30). MR-Egger regression method is used to confirm whether there are horizontal pleiotropic effects existence and its slope represents the potential causal effect (31). The heterogeneity between individual genetic variant was calculated, and leave-one-out sensitivity analysis was performed to test the stability and reliability of the pooled effect sizes of causal inference. All statistical analyses were performed in R (version 3.6.20 using the TSMR R package). Statistical significance was set as two-tailed p < 0.05.




RESULTS


Selection of IVs

Kettunen J et al. have identified a number of genome-wide significant SNPs that were associated with the circulating omega-3 (8 SNPs) and omega-6 (12 SNPs) levels. However, six genome-wide significant SNPs were excluded due to the following reasons: LD with other SNPs (omega-3: rs28834423 and rs28361029; omega-6: rs190934192), being palindromic (omega-6: rs10402112), and no corresponding SNPs in SLE consortium (omega-3: rs12524498; omega-6: rs76246956). Thus, the remaining five omega-3 SNPs and nine omega-6 SNPs that were selected as IVs and included for TSMR analysis, respectively. The five SNPs for omega-3 explained about 2.5% of the variances in circulating omega-3 levels. While, the nine SNPs for omega-6 explained the variances in circulating omega-6 levels were about 4.8%. In addition, to exclude the potential impacts of weak IVs, we used F statistic to test the correlation strength of IVs with exposure, and no evidence of significant weak IVs among the selected SNPs were observed (all F > 10).



Causal Effects of Omega-3/Omega-6 on SLE

The results of IVW method indicated that genetically determined per SD increase in omega-3 showed positive association with disease risk for SLE, with the odds ratio (OR) of 1.49 (95% CI: 1.07, 2.08, p = 0.021) (Figure 2A and Table 1), the weighted median method yielded the consistent results (OR = 1.61, 95% CI: 1.14, 2.26, p = 0.007) (Table 1). Sensitivity analyses with the leave-one-out method suggested that such associations were not driven by any SNPs (Figure 2B). The horizontal pleiotropy of selected five SNPs on SLE was assessed by MR-Egger regression, and the results showed no evidence of horizontal pleiotropy in our analysis (intercept = 0.006; SE = 0.088, p = 0.946) (Figure 2C and Table 1). Furthermore, MR-Egger and IVW methods unveiled that there was no significant heterogeneity among the selected five SNPs in the causal inference between omega-3 and SLE (MR-Egger p = 0.084 and IVW p = 0.154) (Figure 2D and Table 1).
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FIGURE 2. Mendelian randomization study of the effects of omega-3 levels on systemic lupus erythematosus (SLE). Forest plot (A), leave-one-out sensitivity analysis (B), scatter plot (C), and funnel plot (D) of the effect of circulating omega-3 levels on SLE.



Table 1. Causal effects of Omega-3 on the risk for systemic lupus erythematosus (SLE).
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In relation to the causal effects of omega-6 on SLE, both the IVW and weighted median methods found that the changes of circulating omega-6 levels were not causally associated with the risk for SLE (IVW: OR = 1.06, 95% CI: 0.72, 1.57, p = 0.759; weighted median: OR = 1.13, 95% CI: 0.80, 1.61, p = 0.485) (Figure 3A and Table 2). Further sensitivity analysis reported the consistent results that omega-6 was not causally linked to SLE (Figure 3B). MR-Egger regression revealed that there was no horizontal pleiotropy among the selected nine SNPs (intercept = 0.009; SE = 0.066, p = 0.893) (Figure 3C and Table 2). However, the marked heterogeneity across the selected nine SNPs were observed (MR-Egger p = 0.001 and IVW p = 0.001) (Figure 3D and Table 2).


[image: Figure 3]
FIGURE 3. Mendelian randomization study of the effects of omega-6 levels on SLE. Forest plot (A), leave-one-out sensitivity analysis (B), scatter plot (C), and funnel plot (D) of the effect of circulating omega-6 levels on SLE.



Table 2. Causal effects of Omega-6 on the risk for SLE.
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Causal Effects of SLE on Omega-3/Omega-6

In contrast, to investigate the causal effects of SLE on circulating omega-3, we set SLE as exposure and circulating omega-3 as outcome to infer the causality. There was no evidence of a significant relationship between SLE and circulating omega-3 levels, with the IVW beta of 0.007 (95% CI: −0.006, 0.022, p = 0.299) (Figure 4A and Table 3). Furthermore, sensitivity analyses supported that there were no significant causal associations of the risk for SLE with circulating omega-3 levels (Figure 4B). No significantly horizontal pleiotropy was found (intercept = 0.004; SE = 0.006, p = 0.476) (Figure 4C and Table 3). In addition, the heterogeneity test showed no significant heterogeneity across the selected SNPs (MR-Egger p = 0.972 and IVW p = 0.975) (Figure 4D and Table 3).


[image: Figure 4]
FIGURE 4. Mendelian randomization study of the effects of SLE on omega-3 levels. Forest plot (A), leave-one-out sensitivity analysis (B), scatter plot (C), and funnel plot (D) of the genetically risk of SLE on circulating omega-3 levels.



Table 3. Causal effects of the risk of SLE on Omega-3.
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Moreover, the causality of genetically predicted risk for SLE on the effects of circulating omega-6 levels was investigated, the results implied that there was no evidence of causal links between SLE and omega-6 (IVW method: beta = −0.008, 95% CI: −0.023, 0.006, p = 0.255; weighted median method: beta = −0.016, 95% CI: −0.038, 0.006, p = 0.145, respectively) (Figure 5A and Table 4). Furthermore, sensitivity analysis by leaving out each SNP revealed that our results were reliable (Figure 5B). The horizontal pleiotropy test by using MR-Egger method showed a low likelihood of pleiotropy for all of SNPs (intercept = 0.001; SE = 0.006, p = 0.931) (Figure 5C and Table 4). Additionally, there was no heterogeneity among all 41 SNPs in the causal effects between SLE and omega-6 (MR-Egger p = 0.376 and IVW p = 0.419) (Figure 5D and Table 4).
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FIGURE 5. Mendelian randomization study of the effects of SLE on omega-6 levels. Forest plot (A), leave-one-out sensitivity analysis (B), scatter plot (C), and funnel plot (D) of the genetically risk of SLE on circulating omega-6 levels.



Table 4. Causal effects of the risk of SLE on Omega-6.
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DISCUSSION

In the current study, the results of MR analysis revealed that the genetically determined per SD increase of circulating omega-3 levels were causally associated with an increased disease risk for SLE. However, the genetic predisposition to omega-6 levels showed no causal relationships with SLE. Moreover, to unveil if there were causal associations of SLE with omega-3 and omega-6 levels, the bidirectional MR analyses were performed, and we found that there were no evidence of causal associations of SLE with omega-3 and omega-6, respectively. It suggested that the genetically determined increase of omega-3 levels may be regarded as a susceptible factor contributing to the pathogenesis of SLE.

Over the past two decades, the associations of omega-3 with human diseases have been documented in several literatures, where omega-3 PUFAs have been demonstrated to be associated with numerous health benefits, such as improvements in cardiovascular health, diabetes, and others (32, 33). In SLE, a number of studies have been conducted to evaluate the effects of supplementation of omega-3 on SLE. Previous clinical studies and meta-analysis reported the potential benefits of daily omega-3 supplementation on the improvements of endothelial function, disease activity, and inflammatory markers in patients with SLE (15, 34–36). However, there are also some controversies about the efficacy of omega-3 supplementation on SLE, where no differences on disease activity of SLE were observed between the omega-3 supplementation and placebo groups (37, 38). The suggestion of benefits reported in previous literatures may be due to the relatively small study population, altered doses of omega-3 supplementation, and follow-up time, these could cause an insufficient power to conclude the associations of omega-3 and SLE. While, our finding revealed that the OR (95% CI) for SLE was 1.49 (95% CI: 1.07, 2.08) per SD increase in circulating omega-3 levels, suggesting that the genetically determined increase of omega-3 levels were positively associated with the disease risk for SLE. In addition, further analysis found that the genetically predicted risk for SLE was not causally linked with the changes of circulating omega-3 levels. Our findings contrasted the results from most previous studies, and such differences might be explained by the following aspects. First, the levels of omega-3 and omega-6 in the current study were defined as circulating metabolites, while omega-3 in previous studies was used as supplements. The supplements of omega-3 could not be equal to the circulating omega-3 levels, and it may cause the contrasting associations with SLE. Second, MR study considered lifetime effects of the SNPs rather than a short period, which could also explain the differences in the results between our study and previous literatures.

Omega-6 PUFAs have been demonstrated to play a crucial role in stimulating the growth of skin and hair, regulating lipid metabolism, and improving bone health (39–41). Additional evidence has highlighted the important roles of omega-6 in cytokine production and monocyte chemotaxis (9, 42). However, as omega-3 and omega-6 compete for the same desaturation and elongation enzymes, the excessive intake of omega-6 causes an increased ratio of omega-6 to omega-3, and competes with benefits of omega-3, increasing the probability of CVD, cancers, and inflammatory diseases (43, 44). Up to date, there were limited studies that have investigated the effects of omega-6 on SLE. Elkan et al. performed a study to explore the associations of dietary habits with subcutaneous adipose tissue (AT) PUFAs in patients with SLE, and they observed that dietary intake of omega-6 (linoleic acid) positively correlated with systemic lupus activity measure (SLAM), and AT omega-6 (arachidonic acid) showed a positive association with the systemic lupus international collaborating clinics (SLICC) damage index (45). Moreover, a prior study has investigated the relationship of the ratio of omega-6 to omega-3 with self-reported disease outcome of SLE, it showed that the increased omega-6 to omega-3 ratio positively correlated with the increase of SLAQ score, but negatively associated with the sleep quality of patients with SLE (17). The findings of our study did not observe the presence of causal links of genetically determined omega-6 with diseased risk for SLE, nor did the causal associations of genetically predicted risk for SLE on the effects of circulating omega-6 levels, suggesting that omega-6 might not be a cause for the onset of SLE.

Our study is also subject to some limitations. First, the genetic data for exposure or outcome are GWAS summary data, which lack the age-specific or sex-specific data, therefore, the MR analyses with age or sex stratification are unavailable. Second, given the varied quality control when conducting individual GWAS, it may produce the potential confounding bias, and make the results that are not easily generalized. Third, the onset or development of SLE are triggered by genetic and several environmental factors, we only evaluated the associations of omega-3 and omega-6 with SLE from a genetic point of view. Finally, both the study population for exposure and outcome came from two independent European ancestries, it might lead to the results that are less generalizable to other ancestry.

Despite these limitations, the present study also has some advantages. We used genetic summary statistics from two large-scale GWASs that were the most representative studies with large-scale genome-wide association data sources in European ancestry, thus enhancing the statistical power for MR analysis. In addition, as compared with the traditional observational study, the use of MR could minimize the residual confounding and avoid reverse causation bias. Furthermore, there was no or very limited overlap in the study population between exposure and outcome datasets, thus it would be more effective to control the type 1 error at a low level.



CONCLUSIONS

In summary, using the approach of MR analysis, we observed a positively causal link between omega-3 and SLE, but no causal association of omega-6 with SLE was revealed. Our findings provided the evidence of that omega-3 might increase the risk for SLE, which would be insightful for the current dietary fish oil supplements. However, due to the study limitation, further large-scale studies or longitudinal studies are required to validate this finding.
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