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Background: Omega-3 polyunsaturated fatty acids (PUFAs) are potential targets for the treatment of skin diseases due to their anti- 
inflammatory and immunomodulatory effects. By leveraging a genetic approach known as Mendelian randomization (MR), we sought 
to determine the causal impact of PUFAs on the likelihood of developing skin diseases among individuals of European ancestry.
Methods: We integrated GWAS data from the CHARGE consortium and UK Biobank to identify genetic instruments for omega-3 
PUFAs and desaturase activity, using two-sample MR to assess their associations with six skin diseases.
Results: Elevated levels of omega-3 fatty acids were found to substantially lower the probability of experiencing atopic dermatitis 
(0.92, [0.85,0.98]), while increased DPA levels correlated with a substantial increase in the probability of squamous cell carcinoma 
occurrence (2.25, [1.29,3.92]). Increased DHA levels were also associated with a reduced risk of atopic dermatitis (0.90, [0.84,0.96]) 
but increased the risk of solar dermatitis (1.38, [1.09,1.73]). In addition, tissue-type specific MR analysis revealed that elevated FADS1 
expression in fibroblasts significantly inhibited atopic dermatitis development (β = −0.181, [−0.276,-0.0853]), while elevated FADS2 
expression in non-sun-exposed skin tissues was associated with a reduced risk of squamous cell carcinoma (β = −0.562, [−0.833,- 
0.029]). Conversely, heightened FADS2 expression was strongly linked to a greater likelihood of developing atopic dermatitis in both 
sun-exposed and sun-protected skin areas (β = 0.107, [0.0348,0.179]; β = 0.192, [0.114,0.0270], respectively).
Conclusion:  This study reveals the causal role of omega-3 PUFAs and FADS expression in specific tissues and blood in skin 
diseases. These findings underscore the potential of PUFA biosynthesis pathways as therapeutic targets for skin disease interventions.
Keywords: Mendelian randomization, ω3 polyunsaturated fatty acids, delta-5 desaturase, delta-6 desaturase, atopic dermatitis, 
squamous cell carcinoma

Skin diseases are a major global health concern, significantly impacting the health and quality of life of 30–70% of the 
population.1 Despite their prevalence, the absence of safe and effective treatments for many skin conditions not only 
prolongs patient suffering but also imposes a substantial burden on health-care systems. Identifying and investigating 
potential interventions and therapeutic targets to prevent or treat these conditions is essential for improving patient 
outcomes and advancing dermatological research and care.

Food intake is essential for sustaining vital functions and building the body’s organs. Among the nutrients obtained 
from food, Fatty acids, as one of the key nutrients derived from food, significantly contribute to the development of 
cellular structures and the proper functioning of cells. Omega-3 polyunsaturated fatty acids (PUFAs) are characterized by 
a carbon chain of 18 or more atoms, featuring a distinctive double bond near the terminal methyl group, include three key 
types: alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA).2 In the liver, ALA 
undergoes enzymatic processes (including desaturases, elongases, etc.) that in turn converts it to EPA and subsequently 
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into DHA. However, the efficiency of this conversion is extremely low due to limited enzyme availability, highlighting 
the importance of omega-3 supplementation through fish oil-rich foods or dietary supplements.3

Omega-3 PUFAs have demonstrated anti-inflammatory effects in systemic diseases. Through their metabolites, 
omega-3 PUFAs modulate various immune and structural cells in the skin, including dendritic cells, CD4+ T cell, NK- 
Cell, neutrophils, and epithelial cells.4,5 Despite the importance of this topic, large-scale observational studies and 
clinical trials in humans, particularly regarding malignant tumors, are lacking. Existing observational studies are further 
limited by inter-study heterogeneity and methodological issues. The relationship between dietary intake, as assessed 
through recall methods, and the levels of fatty acid biomarkers in the body has been shown to be weak to moderate. 
These gaps highlight the need for additional evidence to clarify whether omega-3 PUFAs have a causal role in skin 
diseases.6,7 Given that fatty acid composition is influenced by genetic factors, particularly in blood fractions, we 
conducted an MR study focused on evaluating the relevance of omega-3 PUFAs to specific skin diseases. Delta-5 
desaturase (D5D) and delta-6 desaturase (D6D) are crucial enzymes that play a central role in the production of 
polyunsaturated fatty acids, which require multiple metabolic steps. D6D catalyzes the desaturation of linoleic acid 
(LA) and alpha-linolenic acid (ALA) into gamma-linolenic acid (GLA) and stearidonic acid (SDA), respectively. 
Similarly, D5D catalyzes the desaturation of dihomo-gamma-linolenic acid (DGLA) and eicosatetraenoic acid (ETA) 
to produce arachidonic acid (AA) and eicosapentaenoic acid (EPA).8 To minimize the effects of horizontal pleiotropy, we 
used protein-level exposures for MR analysis. The primary focus was placed on the functional roles of delta-5 and delta-6 
desaturase enzymes, governed by genetic regions associated with fatty acid metabolism, specifically involving the 
FADS1 and FADS2 loci.9,10 By integrating expression quantitative trait loci (eQTLs) data from various tissues and 
cell types, MR analysis provides a robust framework for predicting the functional implications of these genes and their 
variants in the context of skin diseases(See Supplementary Table 1 for details).11

The central aim of this study was to apply Mendelian randomization (MR) techniques to investigate the potential 
causal effects that omega-3 fatty acids may have on the occurrence of skin diseases. We focused on six skin diseases. 
Their prevalence in the European population is more than 20%, and there has been controversy in observational studies 
on the relationship between PUFAs and diseases. To identify potential genetic targets, we employed a cis-eQTL-based 
MR approach to assess the tissue type-specific and cell-type specific causal impact of FADS1 and FADS2 genetic 
expression on six distinct skin diseases.

Methodologies
General Study Design
Figure 1 illustrates the overall study design. The study consisted of three main components: (i) the definition of PUFA 
and the design of exposure tools (ii) two-sample MR analysis was applied to investigate the potential causal effects of 
omega-3 fatty acids on six skin diseases. (iii) Conducting specific MR analysis using tissue-type specific and cell-type 
specific eQTLs as instruments to assess the effects of functional genes (FADS1 and FADS2) in skin tissues, cells, and 
blood on six skin diseases. The necessary ethical clearances were acquired for each of the initial research studies.

Genome-wide association study (GWAS) summary statistics for omega-3 PUFAs—including those like ALA, EPA, DPA, 
and DHA—were sourced from the CHARGE consortium and the UK Biobank. Although minimal sample overlap exists 
between the data sources, the cis-eQTL data and the outcome datasets share no common genetic variants, thereby minimizing 
the impact of sample overlap on the majority of the MR results. To ensure robust instrumental variables, we performed linkage 
disequilibrium (LD) clumping on omega-3 PUFAs (EPA, DHA, DPA and ALA) and excluded SNPs with minor allele 
frequencies (MAF) <0.01 or those that did not meet the whole-genome level significance threshold (P ≤ 5 × 10−8).

For the primary exposure instrument (focused on omega-3 PUFAs), we selected the pooled data of 6 polyunsatu
rated fatty acids from 2 studies for LD clumping and selected the resulting variants as instruments. For omega-3 fatty 
acids, 43 SNPs were identified for omega-3 PUFA, and 34 SNPs were selected specifically for DHA from the UK 
Biobank. A meta-analysis using inverse-variance weighting was performed on data from 114,999 participants of 
European descent as part of the UK Biobank’s genome-wide association study. The CHARGE consortium analyzed the 
associations of plasma phospholipid levels of four types of omega-3 PUFAs in approximately 8,000 individuals of 
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Figure 1 Flow chart of the entire study design.
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European ancestry. From this dataset, instrumental variables were identified as follows: 8 SNPs for alpha-linolenic acid 
(ALA), 6 SNPs for docosahexaenoic acid (DHA), 26 SNPs for eicosapentaenoic acid (EPA), and 12 SNPs for 
docosapentaenoic acid (DPA).

Genetic Tools for FADS1 and FADS2 Expression in Specialized Tissues
The cis-eQTL data for FADS1 and FADS2 expression genes were sourced from the GTEx project (v8) and include 
various tissue types, such as skin from the suprapubic area (not exposed to sunlight), skin from the lower leg (sun- 
exposed), fibroblasts, and lymphocytes (See Supplementary Table 2 for details).

For these four tissues, the original study applied a threshold of a false discovery rate (FDR) below 5% to select 
independent cis-eQTLs, which were then used as instruments for tissue-type specific MR analysis. Finally, four cis-e 
QTLs for FADS1 gene and four cis-e QTLs for FADS2 gene were generated in four tissues.

Data related to cis-eQTL analysis at the single-cell level for the genes FADS1 and FADS2 were derived from the cell- 
type-specific research conducted by GTEx. This dataset included epithelial cells and keratinocytes derived from suprapubic 
skin (sunlight-unexposed) and lower-extremity skin (sunlight-exposed) (See Supplementary Table 3 for details). One 
FADS1 and one FADS2 expressing cis-eQTLs were detected in both types of cells, respectively (FDR < 0.05).

The eQTLGen Consortium provided cis-eQTL data for FADS1 and FADS2 expression across 31,470 individuals, 
identifying four and three cis-eQTLs, respectively.

Outcome Data
The genetic association data for genome-wide association studies concerning both skin diseases were sourced from the 
R10 dataset provided by the FinnGen consortium. We focused on six dermatologic conditions, and the specific inclusion 
data are listed below: Psoriasis (including 11,479 case and 437,420 control), Atopic Dermatitis (including 26,905 case 
and 394,476 control), Malignant melanoma of skin (including 3,932 case and 345,118 control), squamous cell carcinoma 
(including 4,078 case and 345,118 control), Allergic dermatitis (including 5,331 case and 394,476 control) and Solar 
Dermatitis (including 1,175 case and 438,369 control) (See Supplementary Table 4 for details). Individuals were 
excluded if they had undetermined gender, a high genotypic failure rate (>5%), or non-Finnish descent. Disease 
diagnoses were based on the International Classification of Diseases (ICD) codes from the 8th, 9th, and 10th revisions.

Statistical Analyses
After harmonizing the SNPs across exposure tools and six skin diseases, including psoriasis and squamous cell carcinoma, 
associations were estimated by inverse variance weighting (IVW) using the TwosampleMR R package (version 0.6.6).

A random effects framework was employed to calculate the variability of IVW estimates, except when analysis relied 
only on two or less separate SNP tools.12 To assess the robustness of the results, a leave-one analysis was performed to 
examine the effect of removing individual SNPs on association. An alpha threshold of 0.0083 (Bonferroni correction: 
0.05/6 skin diseases) was applied to identify statistically significant associations.12

MR Analysis of FADS1 and FADS2 expression in Whole Blood on Skin Diseases
The IVW method was applied to assess the influence of individual SNPs on the associations between FADS1 and FADS2 
expression in whole blood and skin diseases (See Supplementary Table 5 for details).

MR Analyses Tailored to Specific Tissues and Cell Types
In tissue-type specific MR analyses, data from GTEx were used to estimate the expression of FADS1 and FADS2 in four 
skin tissues, aiming to infer their causal effects on skin diseases. Given the availability of only one instrumental variable 
per tissue, the Wald ratio method was employed to estimate these causal effects.13

In cell type-specific MR analyses, the Wald ratio method was similarly used to evaluate the potential causal effect of 
FADS1 and FADS2 expression in two epithelial and two keratinocyte cell types. This analysis provided further insights 
into the role of these genes in specific cell types related to skin diseases (See Supplementary Table 6 for details).
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Leave-One-Out Analysis
Biomarkers of Enzyme Activity and Genetic Tools
To assess enzyme activity, the following product-to-substrate ratios were used as biomarkers:

D5D activity: The proportion of arachidonic acid relative to dihomo-gamma-linolenic acid (AA:DGLA) is used as 
a metric for analysis.

D6D activity: The proportion of gamma-linolenic acid relative to linoleic acid (GLA:LA) is used as a metric for analysis.
In the analysis of populations of European ancestry, we utilized Genome-Wide Inferential Statistics for Multiple 

Phenotypic Functions (GWIS) to examine pooled data for AA, DGLA, GLA, and LA from the CHARGE (sample size 
N = 8631).14 Genetic variations associated with D5D and D6D enzyme activity were identified by analyzing genome- 
wide data using statistical significance criteria, along with linkage disequilibrium (LD) clustering.

The SNP rs174546, located within the FADS gene region, was identified as the genetic variant most strongly associated 
with the AA:DGLA ratio trait. It was used as a genetic tool to infer the causal effect of PUFA desaturase activity via the 
Wald ratio method. To evaluate the broader genetic contributions, we excluded rs174546 and other FADS-related variations 
to assess the effects of genetic variants outside the FADS region (See Supplementary Table 7 for details).

Sensitivity Analysis Concerning Potential Violations of Assumptions
The derivation of causal effects from our estimations necessitates that a genetic variant be qualified as an instrumental 
variable, which is contingent upon its compliance with the following three methodological assumptions: 1. There is a strong 
association between the genetic variant and the exposure factor. 2. The genetic marker is independent of any confounding 
variables, including but not limited to BMI, social factors, ethnicity, gender, or age. 3. The genetic marker does not have 
a direct effect on the outcome but rather exerts influence solely via its relationship with the factor under study.

Genetic Colocalization Analysis
Co-localization analyses were conducted to determine whether the observed associations between FADS1 and FADS2 
expression and six skin diseases shared the same causal genetic variants. This approach enabled the calculation of 
posterior probabilities, providing evidence to distinguish true causal relationships from spurious genomic confounding. 
By integrating this evidence, co-localization analysis helped validate the robustness of the observed associations and 
clarify the causal links between gene expression signals and disease phenotypes.

In this study, we used a Bayesian co-localization method called COLOC for gene co-localization analysis.15

Result
Effects of Omega-3 Fatty Acids on Six Skin Diseases
We evaluated the potential effects of omega-3 PUFAs with six skin diseases by MR analysis, which showed that certain 
omega-3 PUFAs were linked to the risk of some selected skin diseases (P < 0.0083): the omega-3 group exhibited a reduced 
likelihood of developing atopic dermatitis (OR = 0.92, 95% CI [0.86,0.98]); the DPA group was correlated with an increased 
risk of squamous cell carcinoma (OR = 2.25, 95% CI [1.29, 3.92]); The DHA group in the UK Biobank cohort demonstrated 
an increased likelihood of developing solar dermatitis. (OR = 1.38, 95% CI [1.09, 1.73]) and a lower risk of atopic dermatitis 
(OR = 0.90, 95% CI [0.84, 0.96]). Omega-3 PUFAs did not show any relevant impact on the other skin conditions studied. 
Previous studies have demonstrated that long-chain polyunsaturated fatty acids (PUFAs) potentiate ultraviolet radiation- 
induced oxidative stress in cutaneous cells.16 (Further significant results of the study can be found in Figure 2).

Additionally, MR analysis excluding instrumental variables within the FADS region showed no evidence of causal 
associations between omega-3 PUFAs and skin diseases (P > 0.0083).

Tissue type-specific and cell type-specific effect of FADS1 and FADS2 expression on skin diseases
Given the well-established importance of FADS in the development of six skin diseases, we carried out an in-depth analysis to 

investigate the gene expression effects of FADS1 and FADS2 across different tissues and cell types. We focused on five tissues 
containing FADS1 and four tissues containing FADS2. MR analysis results showed that in fibroblasts, elevated expression levels 
of FADS1 were associated with a reduced risk of atopic dermatitis (β = −0.181,95% CI (−0.276,-0.0853),P = 2.04 × 10−4). No 
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significant associations were observed for FADS gene expression levels in lymphocytes. In addition, no relationship between 
FADS expression levels and skin diseases was observed in skin tissues from the MUTHER experiment (See Figures 3 and 4 
further details).

In non-sun-exposed skin tissues (suprapubic), increased FADS2 expression suppressed the development of squamous 
cell carcinoma (β = −0.562, 95% CI [−0.833, −0.029], P = 4.97 × 10−5), whereas decreased FADS2 expression 
suppressed the development of atopic dermatitis (β = 0.192, 95% CI [0.114, 0.027], P = 1.30 × 10−6). In sun-exposed 
skin tissues (leg), elevated FADS2 expression was significantly and positively associated with increased atopic dermatitis 
occurrence (β = 0.107, 95% CI [0.0348, 0.179], P = 3.64 × 10−³) (See Supplementary Table 8 for details).

Mendelian Randomization analyses specific to different cell types, using cis-eQTL data from skin cells, indicated that 
FADS1 and FADS2 expression levels in these cells do not have a causal impact on the six skin diseases (P > 0.0083).

We then estimated the potential causal relationship between FADS1 and FADS2 expression in whole blood with six 
skin diseases, incorporating four cis-eQTL of FADS1 and three cis-eQTL of FADS2. MR analysis showed no significant 
associations with the six skin diseases. No signs of heterogeneity were found in any of the trials, with the exception of the 
causal link between FADS2 and psoriasis. The representative results selected based on colocalization analysis are shown 
in Figure 5; additional supporting images can be found in the supplementary material.

Discussions
This study revealed how the expression levels of FADS1 and FADS2 in different tissue types and cells influence the 
development of skin diseases, using genetic analysis techniques. Expression data in whole blood further confirmed the 
link between PUFA desaturase activity and disease.

Possible Mechanism
Our results suggest that heightened activity of PUFA desaturases may have a causal link to the risk of atopic dermatitis 
and cutaneous squamous cell carcinoma. This aligns with existing studies and reveals multiple mechanisms of PUFA 
metabolites in inflammatory and neoplastic diseases.

Atopic dermatitis (AD) is a T helper 2 cell (Th2)-mediated chronic inflammatory dermatosis characterized by 
inflammation and itching of the skin. The Th2-mediated inflammatory response is driven by factors such as skin barrier 
damage17 and prostaglandin activity.18

Among the omega-3 fatty acid metabolites, resolvin E1 (RvE1) exhibits significant anti-inflammatory properties, 
effectively attenuating AD-like lesions by inhibiting immune cell infiltration and inflammatory factor production. In the 

Figure 2 Association between genetically proxied polyunsaturated fatty acid and risk of skin diseases. Summary data on outcomes for skin disorders are from the FinnGen 
study.Summary data on fatty acid exposure were obtained from the CHARGE consortium or the UK Biobank.QP values were derived from Cochran‘s Q test for 
heterogeneity between MR results for SNPs in genetic instruments.The p-value column represents the p-value for the association between PUFA and skin disease, derived 
from inverse variance-weighted linear regression.The Number of SNPs column represents the number of SNPs present in the genetic tool.FADS regions are either included 
(black data points) or excluded (red data points). 
Abbreviation: PUFA, polyunsaturated fatty acids.
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DNFB-induced atopic dermatitis model in NC/Nga mice, RvE1 alleviated ear swelling and lesions on the dorsal skin 
through intraperitoneal administration. This treatment also inhibited the secretion of inflammatory cytokines IFN-γ and 
IL-4 from CD4(+) T cells, decreased IgE levels in the serum, and minimized the presence of immune cells, including 
eosinophils, mast cells, and T cells, in the skin lesions.19

In squamous cell carcinoma (SCC) of the skin, high FADS2 expression correlates with improved SCC outcomes. 
Epithelial-mesenchymal transition (EMT) represents a biological mechanism by which cells transition from epithelial 
traits to mesenchymal characteristics, a process that plays a significant role in tumor invasion and metastasis.20 

Annemarie Schwab et al demonstrated that FADS2 is highly expressed in less differentiated tumors, with high expression 
linked to increased sensitivity of cancer cells to ferroptosis inducers. FADS2 facilitates PUFA metabolism, enhancing 
ferroptosis in cancer cells and thereby improving patient outcomes. Additionally, RvD2, an omega-3 fatty acid metabolite 
derived from DHA, plays a critical role in combating squamous cell carcinoma (SCC). RvD2 reduces neutrophil 
infiltration, inhibits myeloperoxidase (MPO) activity, enhances phagocytosis by M2-type macrophages, and suppresses 
various pro-inflammatory signaling molecules, including chemokines and cytokines (eg, CXCL10, IL-6, MCP-1, and 
TNF-α), ultimately resulting in a significant inhibition of SCC development.21

However, increased D6D activity in skin tissues exacerbated atopic dermatitis risk. This may be due to LA 
metabolism via FADS2 and elongases, producing GLA and DLA metabolites, which enhance AA synthesis and 
cyclooxygenase analogs. Arachidonic acid is further converted by COX-2 into prostaglandin E2 and leukotrienes, 
promoting inflammation. Experimental studies demonstrate that docosahexaenoic acid (DHA) supplementation 

Figure 3 Forest plot illustrating the skin tissue-dependent association for FADS1 and FADS2 expression on atopic dermatitis. The dashed vertical lines represent null values 
for beta = 0, and the error bars correspond to 95% confidence intervals. Squares represent significant results, circles represent significant results.
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effectively reduces levels of the proinflammatory mediator prostaglandin E2 (PGE2) in cutaneous inflammation models. 
This occurs primarily through the generation of prostaglandin E3 (PGE3) and specialized pro-resolving mediators 
(SPMs): anti-inflammatory lipid molecules that counterbalance proinflammatory prostaglandins derived from arachidonic 
acid (AA).22 In psoriasis models, elevated levels of two proinflammatory mediators (5-lipoxygenase activity and 
leukotriene B4 [LTB4]) are observed, which correlate strongly with T helper 17 (Th17) cell activation and neutrophil 
infiltration in the skin.23,24 Conversely, the atopic dermatitis samples exhibit increased levels of specific metabolites 
(9-HETE, 11-HETE, and LTB4), which are associated with immunoglobulin E (IgE)-related impairment of the skin 
barrier function.25,26 Collectively, these findings indicate that ω-3 polyunsaturated fatty acids (PUFAs) alleviate chronic 
skin inflammation by generating anti-inflammatory mediators while suppressing proinflammatory lipid production. 
Similarly, studies utilizing cellular assays and diverse animal models substantiate the anti-cancer potential of ω-3 
PUFA derivatives. For instance, a metabolite of eicosapentaenoic acid (EPA), 17,18-epoxide, activates the p38 mitogen- 
activated protein kinase (MAPK) signaling pathway and downregulates the key cell cycle protein Cyclin D1, thereby 
inducing cancer cell cycle arrest and death.27 Another class of compounds, alkylphospholipids (ALPs), diminishes 
leukemic cell viability by disrupting specialized structures in cancer cell membranes, inhibiting the critical survival 
pathway PI3K/Akt, and triggering intracellular stress responses (endoplasmic reticulum stress). These mechanistically 
observed effects in preclinical models align with the anti-tumor efficacy of ALPs demonstrated in clinical trials involving 
skin cancer and leukemia patients,14 highlighting the translational potential of ω-3 PUFAs and their derivatives in multi- 
faceted anti-cancer strategies.

Figure 4 Forest plot illustrating the skin tissue-dependent association for FADS1 and FADS2 expression on squamous cell carcinoma. The dashed vertical lines represent null 
values for beta = 0, and the error bars correspond to 95% confidence intervals. Squares represent significant results, circles represent significant results.
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These findings highlight the dual role of PUFA metabolism in inflammatory skin diseases and tumors, offering critical 
clues for targeting lipid metabolism in future interventions.28

These results emphasize the dual functions of PUFA metabolism in controlling inflammatory skin conditions and skin 
cancers, and provide important clues for future intervention in skin diseases by regulating lipid metabolism. Future 
studies employing tissue-type specific metabolomics and interventional trials are warranted to validate these mechan
istically plausible targets.

Clinical Relevance
Our findings underscore omega-3 PUFAs as potential intervention targets for preventing and treating squamous cell 
carcinoma and AD via dietary intake or chemical synthesis.

Preventing and treating atopic dermatitis and squamous cell carcinoma is possible through the inclusion of omega-3-rich 
nutrients, either from dietary sources or additional supplementation. A clinical study explored the impact of omega-3 PUFAs 
on the treatment of atopic dermatitis, participants experienced an improvement of over 50% in the average severity scoring of 

Figure 5 Regional association plots of FADS2 expression in suprapubic skin (non-sun-exposed) on squamous cell carcinoma in the FADS region.
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atopic dermatitis after 8 to 16 weeks of treatment.29 Another double-blind trial demonstrated that individuals suffering from 
moderate to severe forms of atopic dermatitis who received n-3 fatty acid in unions exhibited significant improvements in 
disease severity, along with alterations in plasma and cell membrane fatty acid composition.30 Another study revealed that 
plasma DHA levels were significantly lower in patients with atopic dermatitis (AD), and the study also suggested that elevated 
plasma DHA concentrations were linked to a decreased likelihood of developing AD.31

In a subsequent investigation involving organ transplant recipients, administering high doses of omega-3 fatty acids 
demonstrated a positive effect in lowering the likelihood of squamous cell carcinoma.32

Advantages and Limitations
Several limitations of this study should be acknowledged. First, the genetic analyses were primarily conducted in 
European-ancestry populations, limiting generalizability to other ethnic groups. Genetic variations influencing PUFA 
metabolism (eg, in the Fatty Acid Desaturase (FADS) gene cluster) and disease susceptibility differ substantially across 
populations. Second, our assessment of PUFA metabolic activity relies on genetic variants as proxies for enzyme function 
and PUFA levels, rather than direct biochemical measurements (eg, tissue-type specific quantification of PUFA species or 
enzyme activities). While useful, these proxies may not capture dietary influences, post-translational regulation, or 
localized tissue metabolism, constraining mechanistic interpretations. Third, regarding data sources: omega-3 measure
ments and a subset of samples originated from the UK Biobank, introducing potential sample overlap; however, the cis- 
eQTL and outcome datasets did not share genetic variants, minimizing bias in most MR analyses. Additionally, the 
limited number of cis-eQTL instruments restricted sensitivity analyses (eg, MR-Egger), though co-localization supported 
shared causal variants. Finally, cell-type-specific eQTL instruments showed F-statistics <10, indicating possible weak 
instrument bias; nevertheless, primary findings relied on tissue-level eQTLs with robust instruments (F > 10). Future 
large-scale single-cell eQTL studies are needed to enhance statistical power for cellular analyses.
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