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Abstract 

Background Observational studies and conventional Mendelian randomization (MR) studies showed inconclusive 
evidence to support the association between omega‑3 fatty acids and type 2 diabetes. We aim to evaluate the causal 
effect of omega‑3 fatty acids on type 2 diabetes mellitus (T2DM), and the distinct intermediate phenotypes linking 
the two.

Methods Two‑sample MR was performed using genetic instruments derived from a recent genome‑wide associa‑
tion study (GWAS) of omega‑3 fatty acids (N = 114,999) from UK Biobank and outcome data obtained from a large‑
scale T2DM GWAS (62,892 cases and 596,424 controls) in European ancestry. MR‑Clust was applied to determine 
clustered genetic instruments of omega‑3 fatty acids that influences T2DM. Two‑step MR analysis was used to identify 
potential intermediate phenotypes (e.g. glycemic traits) that linking omega‑3 fatty acids with T2DM.

Results Univariate MR showed heterogenous effect of omega‑3 fatty acids on T2DM. At least two pleiotropic effects 
between omega‑3 fatty acids and T2DM were identified using MR‑Clust. For cluster 1 with seven instruments, increas‑
ing omega‑3 fatty acids reduced T2DM risk (OR: 0.52, 95%CI 0.45–0.59), and decreased HOMA‑IR (β = − 0.13, SE = 0.05, 
P = 0.02). On the contrary, MR analysis using 10 instruments in cluster 2 showed that increasing omega‑3 fatty acids 
increased T2DM risk (OR:1.10; 95%CI 1.06–1.15), and decreased HOMA‑B (β = − 0.04, SE = 0.01, P = 4.52 ×  10–5). Two‑
step MR indicated that increasing omega‑3 fatty acid levels decreased T2DM risk via decreasing HOMA‑IR in cluster 1, 
while increased T2DM risk via decreasing HOMA‑B in cluster 2.

Conclusions This study provides evidence to support two distinct pleiotropic effects of omega‑3 fatty acids on T2DM 
risk influenced by different gene clusters, which could be partially explained by distinct effects of omega‑3 fatty acids 
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on insulin resistance and beta cell dysfunction. The pleiotropic feature of omega‑3 fatty acids variants and its complex 
relationships with T2DM need to be carefully considered in future genetic and clinical studies.

Keywords Omega‑3 fatty acids, Type 2 diabetes, Mendelian randomization, Pleiotropic effects, Genetic epidemiology, 
Glucose metabolism

Introduction
Over the past decades, diabetes has become a prevalent 
public health challenge [1]. 537 million adults had been 
affected in 2021 and approximately 783 million adults 
were predicted to have diabetes in 2045 [2]. Type 2 dia-
betes mellitus (T2DM) is an important risk factor for 
cardiovascular disease and mortality [3]. Glucose level, as 
a biomarker for T2DM, is normally regulated by a feed-
back loop including islet beta cells and insulin-sensitive 
tissues, while insulin resistance and beta cell dysfunction 
are two major pathological features of T2DM [4]. As a 
complex disease, the causal risk factors of T2DM are still 
not fully understood. Among its intricate triggers, diet is 
a critical cornerstone in the prevention, delay, and man-
agement of T2DM [5].

Omega-3 fatty acids, commonly found in seafood or 
some plant oils, was previously acknowledged as a die-
tary supplement for its potential favorable effects on car-
diovascular risk [6]. However, some studies have showed 
conflict results, suggesting that omega-3 fatty acids have 
no benefit in the prevention of cardiovascular disease, or 
its protective effect is negligible [7, 8]. Moreover, existing 
clinical trials and observational studies provided heterog-
enous evidence to support the role of omega-3 fatty acids 
on T2DM [9–14]. A recent large-scale prospective study 
indicated that circulating omega-3 fatty acids was associ-
ated with lower risk of T2DM [10]. On the contrary, some 
studies suggested little evidence to support its prevention 
role on T2DM and glucose metabolism [9], or the ben-
efits were only efficient in certain populations [11] or on 
specific sources of omega-3 fatty acids [12]. Some studies 
even suggested an increased risk of T2DM [13, 14]. Pre-
vious studies further indicated that omega-3 fatty acids 
could preserve insulin sensitivity, lower triglycerides, and 
reduce inflammatory mediators [15–17], which implies 
that omega-3 fatty acids might influence T2DM through 
these pathways.

Large-scale RCT is the gold standard approach to 
estimate the causality of omega-3 fatty acids on T2DM. 
However, it is expensive and time-consuming, which 
restricted its application. Mendelian randomization 
(MR) uses genetic variants as instruments to estimate 
the causal effect of an exposure on an outcome. MR is 
generally not susceptible to confounding or reverse cau-
sation since alleles of genes are randomly assigned from 
parents to offspring during meiotic process, according 

to the Mendel’s law of independent assortment [18]. MR 
has previously been used to evaluate the causal effect of 
fatty acids on non-communicable chronic diseases risk 
[19–22]. Till now, one MR study suggested null effect of 
omega-3 fatty acids on T2DM [23], while another study 
focused on the individual components of omega-3 fatty 
acids and suggested that some increased while some oth-
ers decreased T2DM risk [24]. Previous genetic studies 
have showed that some omega-3 fatty acids associated 
genes, such as FADS genes, was pleiotropically associated 
with multiple fatty acids [20, 22], while other omega-3 
fatty acids associated genes such as GCKR are well-
known pleiotropic genes that associated with multiple 
diseases, including T2DM [24]. Most of these MR stud-
ies have not systematically investigated the pleiotropic 
mechanisms of omega-3 fatty acids, which could bias the 
MR estimates. MR-clust is a novel method that identify 
clusters of variants with heterogeneous effects to reflect 
different causal pathways [25]. MR-clust has the potential 
to provide new biological insights for T2DM aetiology 
and improve our understanding on how pleiotropic fea-
tures of omega-3 fatty acids instruments may influence 
its causal estimate on T2DM.

The aim of the present study was to examine the 
causal effect of circulating omega-3 fatty acids on risk of 
T2DM, establish potential distinct causal mechanisms of 
omega-3 fatty acids on T2DM and interpret the hetero-
geneity/pleiotropy pattern of omega-3 and T2DM.

Methods
Study design
Figure  1 illustrates the overview of this study. First, a 
two-sample MR analysis was conducted to estimate the 
overall effect of omega-3 fatty acids on T2DM using pub-
licly available genome wide association studies (GWAS; 
Additional file  1: Table  S1). Ethics committee approval 
and participant informed consent was obtained in the 
original studies. Second, MR-Clust was used to assess 
the distinct causal effects by which omega-3 fatty acids 
may influence T2DM [25]. Third, a two-step MR was 
conducted to identify potential intermediate pheno-
types linking omega-3 fatty acids with T2DM in different 
clusters. Glycemic traits, lipid profiles and inflamma-
tory indicators were selected as the intermediate phe-
notypes for the two-step MR since omega-3 fatty acids 
were reported to be associated with these phenotypes 
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[15–17]. This study is reported as per the Strengthening 
the Reporting of Observational Studies in Epidemiology 
(STROBE) guideline, specific for MR.

Instrument selection for omega‑3 fatty acids
SNPs associated with total omega-3 fatty acids were 
obtained from a large-scale UK Biobank GWAS [21] of 

fatty acids with 114,999 individuals of European ances-
try. The mean concentration of total omega-3 fatty 
acids was 0.53 (SD 0.22) mmol/L. After excluding miss-
ing SNPs in the outcome data, 30 SNPs showed robust 
association with omega-3 fatty acids (with genetic asso-
ciation P value < 5 ×  10–8) and showed independence 
(with linkage disequilibrium [LD]  r2 < 0.001), which 

Fig. 1 Study Design. FPG fasting plasma glucose, FI fasting insulin, 2 h-PG 2 h‑postload glucose; TG triglycerides, CRP C‑reactive protein, WBC white 
blood cell, MR Mendelian Randomization, T2DM type 2 diabetes
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were selected as instruments for the MR analyses. 
Detailed information of the genetic instruments was 
present in the Additional file 1: Table S2.

Outcome selection
For each omega-3 fatty acids instrument, the genetic 
effect of the corresponding SNP on T2DM was obtained 
from the most recent GWAS with a total of 655,666 
Europeans (62,892 T2DM cases and 596,424 controls) 
[26]. Among them, 21,147 (33.6%) T2DM cases were 
from UK Biobank.

Selection of intermediate phenotypes
We searched PubMed and Embase from inception up to 
Oct 10, 2022 using the search terms: “fish oil”, “omega-
3”, or “omega 3 fatty acid”, without language restrictions. 
Lipid profiles and inflammation factors were included 
as intermediate phenotypes after the search [15–17]. In 
addition, glycemic phenotypes were included since their 
strong links with our primary outcome T2DM. Therefore, 
six glycemic traits [fasting plasma glucose (FPG), fast-
ing insulin (FI), 2  h-postload glucose (2  h-PG), HbA1c, 
HOMA-IR and HOMA-B], three lipid traits [triglycer-
ides, LDL and HDL], and seven inflammatory indicators 
[C-reactive protein (CRP), white blood cell (WBC) and 
five WBC subtypes] were considered as potential inter-
mediate phenotypes that may link omega-3 fatty acids 
with T2MD (Additional file 1: Table S1).

Statistical analyses
MR analysis
The summary genetic associations data sets were har-
monized using the “TwosampleMR” [27] package. The 
inverse variance weighted (IVW) [28] method was used 
to estimate the genetically predicted effect of omega-3 
fatty acids on T2DM in the primary MR analyses. The 
ORs and 95% CIs of T2DM with per unit increasement in 
omega-3 fatty acids were calculated.

MR‑Clust analysis
Next, MR-Clust was used to dissect heterogeneity in the 
estimated causal effects of omega-3 fatty acids on T2DM 
[25]. This algorithm accounts for differential uncertainty 
in the causal estimates, and divided all variants with 
similar causal estimates into distinct clusters. 30 genetic 
variants based on their causal estimates for omega-3 fatty 
acids and T2DM were used for the clustering processes. 
Cluster with at least four variants with the conditional 
probability ≥ 0.8 assigned to the cluster were selected. 
After clustering, two substantial clusters were identified. 

The MR effect estimates and the levels of heterogeneity 
and pleiotropy were evaluated in each cluster separately.

Two‑step MR analysis
The two-step MR was applied to identify potential inter-
mediate phenotypes linking omega-3 fatty acids with 
T2DM in each of the two identified clusters, which could 
indicate pleiotropic pathways and/or distinct biologi-
cal mechanisms in each cluster. The above-mentioned 
16 intermediate phenotypes were tested in this analysis. 
In the first step of the two-step MR, we used the IVW 
method to investigate the causal effect of omega-3 fatty 
acids on the intermediate phenotype as estimated by the 
SNPs belonging to that cluster. For MR estimates that 
showed strong evidence of heterogeneity, we used Radial 
MR [29] to identify and remove outliers to reduce hetero-
geneity. Intermediate phenotypes showing MR evidence 
(IVW P value < 0.05) in each cluster in the first step were 
selected as candidates for the second step MR. In the sec-
ond step, we used multivariable MR models to estimate 
the direct effects of omega-3 fatty acids and intermedi-
ate phenotypes selected in step one on the risk of T2DM. 
These analyses included SNPs selected for omega-3 fatty 
acids and for each of the intermediate phenotypes (with 
LD  r2 < 0.001 and P < 5 ×  10–8). Given limited power of the 
relevant GWAS, a more lenient threshold of P < 1 ×  10–6 
was used to identify instruments for HOMA-IR.

Assessment of MR assumptions
MR analysis assumes that a genetic variant used proxy 
traits 1) is robustly associated with the exposure (“rel-
evance”); 2) is not associated with confounders of the 
instrument-outcome relationship (“exchangeability”); 3) 
has no effect on the outcome except through the expo-
sure (“exclusion restriction”). To test these core MR 
assumptions, we performed the following sensitivity 
analysis.

The relevance assumption for MR was tested by gen-
erating estimates of the proportion of variance for the 
omega-3 fatty acids explained by the instrument  (R2) 
and F statistics. Conditional F statistic within the mul-
tivariable MR analysis was used to quantify instrument 
strength. An F-statistic value of at least 10 could indicate 
evidence to against weak instrument bias.

To test the MR assumption of exclusion restriction, 
we evaluated the horizontal pleiotropy for the associa-
tion between omega-3 fatty acids and T2DM. The pres-
ence of horizontal pleiotropy, which means a genetic 
variant influences an unintended phenotype through 
biological pathways that are independent of the expo-
sure, is a violation of the exclusion restriction criterion. 
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Therefore, sensitivity analyses, including MR-Egger 
[30], weighted median [31], simple mode, and weighted 
mode [32] method were performed to validate the IVW 
results. MR-Egger intercept and MR Pleiotropy RESid-
ual Sum and Outlier test (MR-PRESSO) [33] were used 
to estimate levels of horizontal pleiotropy. Presence of 
heterogeneity was assessed using Cochrane’s Q test for 
IVW analyses and Rücker’s Q test for MR-Egger analy-
ses [34, 35]. In addition, we used MR-Clust to charac-
terize and better understand the potential pleiotropic 
nature of omega-3 fatty acids genetic variants.

All statistical tests were 2-sided and the significance 
threshold was set at P < 0.05. We also report the asso-
ciations with p-values < 0.05 after Benjamini–Hoch-
berg false discovery rate (FDR) correction in the 
two-step MR. All statistical analyses were performed 
using R (version 4.1.2). All the MR analyses were con-
ducted using the “TwosampleMR (version 0.5.6)” [27], 
“mrclust” [25], “RadialMR” [29], “MVMR” [36] R 
package.

Results
Genetic instruments for omega-3 fatty acids used in 
this study were listed in Additional file  1: Table  S2. F 
statistics ranged from 26.16 to 6315.26, suggesting that 
the estimates were not likely subject to weak instru-
ment bias. Instruments used in the multivariable MR 
analysis were presented in Additional file  2: Table  S3. 
The conditional F statistics within the multivariable 
MR analyses indicated that there was little probability 

of weak instrumental bias, except for HOMA-IR with 
the conditional F statistic of 6.71. We kept HOMA-
IR in our analysis but with the understanding that the 
genetic predictors could be influenced by weak instru-
ment bias.

Effect of omega‑3 fatty acids on T2DM
The MR estimates using IVW (OR: 0.97; 95%CI 0.87–
1.08; P = 0.60) and simple mode method (OR: 0.78; 95%CI 
0.57–1.06; P = 0.12) showed a tendency of negative asso-
ciation between omega-3 fatty acids and T2DM, while 
the weighted median and weighted mode approaches 
showed that increasing levels of omega-3 fatty acids 
increased risk of T2DM (OR: 1.08; 95% CI 1.03–1.13, 
P = 0.002) (Table  1 and Additional file  1: Fig S1). There 
was substantial imprecision in MR estimates and 95% CI 
overlapped between different methods. Strong heteroge-
neity across the genetic instruments was observed using 
both Cochrane’s Q test (P = 4.16 ×  10–37) and Rücker’s Q 
test (P = 2.71 ×  10–34; Table 1), suggesting robust evidence 
to support heterogenous effects of omega-3 fatty acids on 
T2DM risk. MR-PRESSO also provided evidence for the 
existence of overall horizontal pleiotropy among instru-
ments of omega-3 fatty acids (MR-PRESSO global test 
P < 0.001).

Clustering effect of omega‑3 fatty acids on T2DM
Based on the MR-Clust method, the 30 genetic instru-
ments associated with omega-3 fatty acids were classi-
fied into four clusters (Fig. 2A). After filtered by variant 
number and conditional probability over 0.8, two distinct 

Table 1 Mendelian randomization results of causal effect of omega‑3 fatty acids on type 2 diabetes in different clusters

IVW inverse variance weighted, OR odds ratio, CI confidence interval

Method No. SNPs Causal estimate Heterogeneity Pleiotropy

OR (95% CI) P Q P Intercept P

Total IVW 30 0.97 (0.87–1.08) 0.600 250.45 4.16 ×  10–37 – –

MR Egger 30 1.05 (0.90–1.21) 0.556 233.47 2.71 ×  10–34 − 0.0095 0.165

Weighted median 30 1.08 (1.03–1.13) 0.002 – – – –

Simple mode 30 0.78 (0.57–1.06) 0.120 – – – –

Weighted mode 30 1.08 (1.03‑ 1.13) 0.002 – – – –

Cluster 1 IVW 7 0.52 (0.45–0.59) 2.91 ×  10–21 10.33 0.111 ‑ ‑

MR Egger 7 0.55 (0.43–0.71) 0.006 9.57 0.088 ‑0.0055 0.555

Weighted median 7 0.59 (0.50–0.69) 6.62 ×  10–11 – – – –

Simple mode 7 0.60 (0.43–0.83) 0.023 – – – –

Weighted mode 7 0.60 (0.49–0.73) 0.002 – – – –

Cluster 2 IVW 10 1.10 (1.06–1.15) 4.41 ×  10–6 6.13 0.727 – –

MR Egger 10 1.09 (1.03–1.16) 0.021 5.73 0.677 0.0025 0.549

Weighted median 10 1.10 (1.05–1.15) 0.0001 – – – –

Simple mode 10 1.04 (0.91–1.19) 0.560 – – – –

Weighted mode 10 1.09 (1.04–1.15) 0.006 – – – –
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clusters remained, in which cluster 1 showed a negative 
effect and cluster 2 showed a positive effect on T2DM 
(Fig. 2B). Details of the genetic variants and assignment 
to clusters are shown in Additional file 1: Table S2. Clus-
ter 1 with 7 variants suggested that omega-3 fatty acids 
have a negative effect on T2DM risk (OR 0.52; 95%CI 
0.45–0.59, P = 2.91 ×  10–21). On the contrary, cluster 2 
comprised 10 instruments showed a positive effect (OR 
1.10; 95%CI 1.06–1.15; P = 4.41 ×  10–6). After applying the 
cluster approach, the observed heterogeneity in the main 
analysis was massively attenuated (P value of Cochrane’s 
Q statistics = 0.11; P value of Rücker’s Q statistics = 0.09). 
Little evidence was observed to support directional plei-
otropy  (PMR-Egger intercept = 0.555; Table 1).

Exploring distinct biochemical mechanisms and/
or pleiotropic pathways of omega‑3 fatty acids on T2DM
A two-step MR was applied to explore potential dis-
tinct biochemical mechanisms and/or pleiotropic 
pathways between omega-3 fatty acids and T2DM. In 
the first step, casual effects of omega-3 fatty acids in 

each cluster on intermediate phenotypes, including 
glycemic traits, lipid profiles and inflammation indi-
cators, were estimated (Additional file  1: Table  S4). 
Figure  3A intuitively displayed distinct causal effects 
of omega-3 fatty acids on the tested intermediate 
phenotypes in the two distinct clusters. For glycemic 
traits, at an FDR-corrected p-value < 0.05, we observed 
that increasing omega-3 fatty acid levels showed an 

Fig. 2 Clustered genetic associations with omega‑3 fatty acids and 
type 2 diabetes. Each genetic variant is represented by a point. A. 
Each variant is assigned to the cluster with the greatest conditional 
probability. B. Only clusters having at least 4 variants with the 
conditional probability ≥ 0.8. T2DM, type 2 diabetes.

Fig. 3 Two‑step MR analysis identified potential intermediate 
phenotypes that linking omega‑3 fatty acids with type 2 diabetes 
and potential pleiotropic pathways and/or distinct biological 
mechanisms in each cluster. A. Causal association of omega‑3 fatty 
acids on potential mediators in different clusters. Estimated was 
presented as Z‑score. FPG fasting plasma glucose, FI fasting insulin; 
2 h‑PG, 2 h‑postload glucose, TG triglycerides, CRP, C‑reactive protein, 
WBC white blood cell. Baso%, Basophil percentage; Eo%, Eosinophil 
percentage; Lymph%, Lymphocyte percentage; Mono%, Monocyte 
percentage; Neut%, Neutrophil percentage. B. Summary of the effect 
of insulin resistance (HOMA‑IR) and beta cell dysfunction (HOMA‑B) 
on the distinct pathways for omega‑3 fatty acids on type 2 diabetes 
risks in the two clusters.
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effect on decreased FPG levels (β = -0.18; SE = 0.07; 
P = 0.006), FI levels (β = −  0.16; SE = 0.06; P = 0.007) 
and HOMA-IR levels (β = − 0.13; SE = 0.05; P = 0.018) 
in cluster 1. In contrast, increasing omega-3 fatty acid 
concentrations showed an effect on increased FPG lev-
els (β = 0.04; SE = 0.07; P = 3.49 ×  10–10) and decreased 
HOMA-B levels (β = −  0.04; SE = 0.01; P = 4.52 ×  10–5) 
in cluster 2. For lipid profiles, increased omega-3 fatty 
acids showed an effect on increased triglycerides lev-
els (β = 0.67; SE = 0.26; P = 0.01) in cluster 1. Since 
large heterogeneity (P value of Q statistics < 0.05, MR-
PRESSO global test P < 0.001) and over-dispersion 
were detected in cluster 2 (Additional file  1: Fig S2), 
we removed two variants in the IVW analysis and the 
results after removal suggested that omega-3 fatty acids 
marginally decreased triglycerides levels in cluster 2 
(β = -0.12; SE = 0.06; P = 0.03, FDR = 0.05). Besides, 
increasing omega-3 fatty acids showed an effect on 
increased LDL levels in both cluster 1 and cluster 2. 
Distinguished effect on inflammatory biomarkers 
across two cluster was also detected. Modest increased 
effect on CRP (β = 0.05; SE = 0.01; P = 1.95 ×  10–4) and 
WBC (β = 0.05; SE = 0.02; P = 0.002) was observed in 
cluster 2. In summary, increasing omega-3 fatty acids 
(and related instruments) in cluster 1 shown a pro-
tective effect on glycemic traits, but a harmful effect 
on lipids, while increasing omega-3 fatty acids (and 
related instruments) in cluster 2 shown effects on 
increased levels of glucose and inflammation indica-
tors (Fig. 3A).

In the second step, we conducted multivariable MR 
analyses to estimate the direct effect of omega-3 fatty 
acids on T2DM conditioned on intermediate pheno-
types in each cluster (Additional file 1: Table S5). For 
cluster 1, protection effects of omega-3 fatty acids on 
T2DM (OR: 0.59; 95%CI: 0.55–0.63; P = 4.64 ×  10–6) 
were independent to HOMA-IR, but not FPG, FI, 
2  h-PG, triglycerides, and LDL. For cluster 2, the 
direct effects of omega-3 fatty acids concentrations 
on T2DM conditioned on LDL, WBC, basophil per-
centage, or monocyte percentage were comparable 
between the univariable and multivariable MR esti-
mates. It provided little evidence of a risk increasing 
effect of omega-3 fatty acids on T2DM conditioned 
on FPG, HOMA-B, triglycerides, or CRP. Multivari-
able MR controlling the effect of omega-3 fatty acids 
suggested that increasing HOMA-IR increased risk of 
T2DM (OR: 2.52; 95%CI 1.90–3.33; P = 6.52 ×  10–4), 
while increasing HOMA-B decreased risk of T2DM 
(OR: 0.25; 95%CI 0.11–0.56; P = 0.008). The results 
were still significant after using the FDR method 
to correct the p-value. In outline, genetic variants 
increasing omega-3 fatty acid levels at least partly 

decrease T2DM risk via decreasing HOMA-IR in 
cluster 1, while increase T2DM risk via decreasing 
HOMA-B in cluster 2 (Fig. 3B).

Discussion
Omega-3 supplementation is controversial for the pre-
vention of cardiovascular metabolism disease, while 
T2DM is a heterogeneous disease with various patho-
genic mechanisms. Here, we identified two distinct 
causal effects of omega-3 fatty acids on T2DM risk by 
using MR-Clust, highlighting different underlying bio-
logical/pleiotropic pathways in the association between 
omega-3 fatty acids and T2DM. Cluster 1 with 7 vari-
ants suggested that genetically-predicted higher circulat-
ing omega-3 fatty acids reduced FPG, FI, HOMA-IR and 
T2DM risk. On the contrary, cluster 2 with 10 instru-
ments suggested that genetically-predicted higher cir-
culating omega-3 fatty acid levels showed an effect on 
decreased HOMA-B, and increased FPG, inflammation 
and T2DM risk. Multivariable MR further suggested that 
the estimated effect of omega-3 fatty acids on T2DM 
was not independent to intermediate phenotypes such 
as FPG and triglycerides. Importantly, insulin resistance 
and beta cell dysfunction estimated using HOMA mod-
els might help discriminate the two distinct biological/
pleiotropic pathways between omega-3 fatty acids related 
variants and T2DM. In summary, our study provided evi-
dence to support the pleiotropic/heterogenous feature of 
omega-3 fatty acids instruments and distinct pathways 
linking omega-3 fatty acids with T2DM using genetics.

Previous observational studies revealed great heteroge-
neity for the association between omega-3 fatty acids and 
T2DM [9–14]. A meta-analysis of 83 randomized con-
trolled trials suggested that omega-3 fatty acids had little 
effect on the prevention or treatment of T2DM and glu-
cose metabolism [9]. A global consortium of large pro-
spective studies indicated that circulating omega-3 fatty 
acids were associated with lower risk of T2DM [10]. On 
the contrary, it was reported that marine omega-3 fatty 
acids consumption was associated with higher T2DM 
risk in the Chinese population [37]. Such disparate find-
ings from observational studies are likely due to residual 
confounding, reverse causality, and diverse study popu-
lation. In the present study, we utilized the advanced 
feature of MR approach to control the influence of con-
founding and reverse causality when evaluating the effect 
of omega-3 fatty acids on T2DM risk.

However, MR has its own assumptions, which hetero-
geneity, including directional pleiotropy, is a key issue that 
need to be carefully accessed [38]. Previous studies sup-
port strong phenotypic and genetic correlation between 
fatty acids [21] and heterogeneity of the instruments of 
omega-3 fatty acids [20, 22, 23]. Indeed, shared enzymes, 
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such as fatty acid desaturases encoded by FADS1/2, are 
involved in or even the rate-limiting enzymes for the 
metabolism of almost all polyunsaturated fatty acids 
including omega-3 and omega-6 fatty acids [39]. A recent 
study using conventional MR approaches suggested lit-
tle evidence to support a causal effect of omega-3 fatty 
acids on T2DM in the general population [23]. Another 
study focused on the different components of omega-3 
fatty acids, found that some omega-3 fatty acids subtypes 
were associated with lower risk of T2DM, while others 
were associated with higher risk or ineffectiveness [24]. 
In this study, we also observed weak evidence to support 
an overall causal effect of omega-3 fatty acids on T2DM, 
but found strong evidence to support heterogeneity of 
the MR estimate. We therefore systematically analyzed 
the heterogeneity/pleiotropy feature of omega-3 fatty 
acids instruments and its heterogenous effects on T2DM 
using MR-Clust and successfully divided the instruments 
of omega-3 fatty acids into two distinct clusters that esti-
mated opposite directions of effects of omega-3 fatty acid 
levels on T2DM. After clustering the effects, the level of 
heterogeneity was notably attenuated. In addition, we 
showed that genetic variants belonging to each cluster 
were related to different intermediate phenotypes, illumi-
nating the nature of pleiotropic effects of genetic variants 
influencing circulating omega-3 fatty acids. This suggests 
caution in the interpretation of MR studies of circulating 
omega-3 fatty acids given the possibility of ubiquitous 
pleiotropy effects highlighted by this and previous stud-
ies [21, 22, 40]. MR-Clust provides an innovative strat-
egy, which can detect clusters of heterogenous effects of 
an exposure on an outcome [25]. We demonstrated the 
power of this method on dissecting heterogeneity using 
the relationship of omega-3 fatty acids and T2DM as an 
example.

MR-Clust also showed potentials to explore distinct 
mechanisms by which an exposure influences an out-
come. In this study, we developed a new pipeline that 
integrating MR-Clust with two-step MR to identify 
distinct mechanisms linking omega-3 fatty acids vari-
ants with T2DM. For glycemic traits, cluster 1 instru-
ments indicated an effect of increasing omega-3 fatty 
acids levels on lowering FPG, FI and HOMA-IR, which 
further reduced T2DM risk. But using cluster 2 instru-
ments, increasing omega-3 fatty acids were estimated 
to have an effect on increased FPG levels and reduced 
HOMA-B levels, which further increased T2DM risk. 
Our results from the multivariable MR further suggested 
that HOMA-IR and HOMA-B were independently asso-
ciated with T2DM even after controlling the omega-3 
fatty acids effect. This implies that omega-3 fatty acids 
are likely to show a causal/pleiotropic effect of preserv-
ing insulin sensitivity in cluster 1, while exacerbated beta 

cell function in cluster 2. A recent meta-analysis of RCTs 
confirmed the supplementation with omega-3 had ben-
eficial results on FPG and insulin resistance [41]. Previ-
ous mechanistic study suggested that omega-3 fatty acids 
caused GPR120-mediated anti-inflammatory and insulin 
sensitizing effects in  vivo [15]. Therefore, given the dis-
crepant effects between clusters, our findings reflect the 
pleiotropic nature of omega-3 fatty acids variants but 
may also reflect the distinct effects of omega-3 fatty acids 
on glucose homeostasis.

Another driving phenotype that could discriminate 
between the two clusters was serum triglycerides. Inter-
estingly, omega-3 fatty acids variants protect against 
T2DM but predispose to increased triglycerides in 
cluster 1, while increased T2DM risk but moderately 
decreased triglycerides in cluster 2. We observed almost 
contradictory effects on lipid and glucose metabolism for 
omega-3 fatty acids in both two clusters. This paradoxical 
observation of glucose and lipid metabolism might can 
be partially explained by potential protection effect of tri-
glycerides on the risk of T2DM. Findings from a previ-
ous MR study [42] suggested that triglycerides may show 
a causal effect on lowering risk of T2DM, although the 
effect was marginal. Apart from the influence of triglyc-
erides, the GCKR variant, which was reported to be asso-
ciated with decreased risk of T2DM but increased risk 
of dyslipidemia and fatty liver disease [43], may also play 
an important role to explain the pleiotropic pathways 
been identified. Detailed mechanisms on the association 
between omega-3 fatty acids, lipids and T2DM warrants 
to be explored in future studies.

For inflammation indicators, omega-3 fatty acids vari-
ants were associated with increased CRP and WBC in 
cluster 2. Previous studies suggested that omega-3 fatty 
acids could modulate inflammation by regulating mito-
chondrial function and endoplasmic reticulum stress 
[44]. Although we did not observe significant causal asso-
ciation between CRP and T2DM in the multivariable MR 
analysis, it did not preclude the possible that omega-3 
fatty acids variants may affect T2DM risk through other 
inflammation indicators.

Although trials investigating the effect of omega-3 
fatty acids interventions on T2DM suggested poten-
tial benefit of lipid metabolism [45, 46], inconsist-
ent effects on glycemic control and T2DM risks 
were reported [9, 41]. Until now, there was insuffi-
cient evidence to establish the effect of omega-3 fatty 
acids on the risk of T2DM. Our study demonstrates 
the pleiotropic feature of omega-3 fatty acids vari-
ants and its complex effects on T2DM. Whether fish 
oil and/or omega-3 fatty acids supplementary can 
be used as interventional target for prevention and/
or treatment of T2DM needs further validation that 
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taking the pleiotropic effect into account. Omega-3 
fatty acids using green nanomaterials to targeting 
cells and cell junctions may provide alternative future 
target therapeutics [47, 48]. As a main site for fatty 
acid β-oxidation, mitochondria play a central role in 
fatty acid metabolism. Understanding the molecu-
lar mechanisms that regulate mitochondrial function 
and omega-3 fatty acids may provide novel therapeu-
tic targets for T2DM treatment [49]. Precise effect of 
omega-3 fatty acids on T2DM should be investigated 
in future genetic and clinical studies.

Our study has several strengths. We firstly use the 
method of MR-Clust which can identify variants that 
reflect heterogenous/pleiotropic feature of genetic 
instruments, and identify distinct causal mecha-
nisms by integrating MR-Clust with two-step MR 
[25]. Based on this method, we identified two distinct 
causal effects of omega-3 fatty acids on T2DM risk 
for the first time, which highlight the need for care-
ful interpretation of previous MR studies. Further-
more, we used the largest GWAS samples available 
for the omega-3 fatty acids, intermediate phenotypes 
and T2DM, which guarantees sufficient and powerful 
instrument selection.

Several limitations of this study should be acknowl-
edged. First, the present MR analysis used GWAS data 
derived from populations of European ancestry. Hence, 
further multi-ancestry studies are needed to evaluate 
whether our findings can be generalized to individuals 
of other ancestries. Second, limited number of genetic 
instruments are available for HOMA-IR and HOMA-B, 
and weak instrument bias might exist in our multivari-
able MR analyses for HOMA-IR, which restricted our 
ability to identify the causal effect of the two glycemic 
traits on T2DM. Future efforts could be made to gen-
erate large-scale GWAS for HOMA-IR and HOMA-B. 
Third, the participants are partly overlap in the analysis 
of omega-3 fatty acids and T2DM, which may induce 
overfitting bias and lead to an estimate biased in the 
direction of the observational association. However, 
the overlap ratio was 33.6%, which is low. Therefore, 
the influence of sample overlap will be limited. Besides, 
after harmonization, only part of the omega-3 fatty 
acids variants (or LD proxies) can be found in the out-
come data, therefore we were not able to use the full list 
of 52 instruments found in previous study [26]. Forth, 
we assume linear relationship between omega-3 fatty 
acids and intermediate phenotypes on T2DM in this 
study. Further non-linear Mendelian randomization 
analyses are needed to understand the potential non-
linear effect of omega-3 fatty acids and intermediate 
phenotypes on T2DM. Another limitation of our study 
is that although MR-Clust provides a new angle to 

identify distinct causal effects, it is still difficult to fully 
distinguish the pleiotropic effects from distinct bio-
logical mechanisms linking the causal effect of omega-3 
fatty acids on T2DM.

Conclusions
We identified opposite causal effects of omega-3 fatty 
acid levels on T2DM risk estimated by two different 
cluster of genetic variants. One cluster of variants ame-
liorate insulin resistance and further decreased FPG, FI 
level and risk of T2DM, while the other one might relate 
to beta cell dysfunction further increased FPG level and 
T2DM risk. These findings highlight the heterogenous 
feature of omega-3 fatty acids instruments and its com-
plex effects on T2DM, which need to be carefully consid-
ered in future genetic studies.

Abbreviations
CRP  C‑reactive protein
FDR  False discovery rate
FPG  Fasting plasma glucose
FI  Fasting insulin
GWAS  Genome‑wide association study
IVW  Inverse variance weighted
LD  Linkage disequilibrium
MR  Mendelian randomization
MR‑PRESSO  MR Pleiotropy RESidual sum and outlier test
T2DM  Type 2 diabetes mellitus
WBC  White blood cell
2 h‑PG  2h‑postload glucose

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12967‑ 023‑ 04202‑7.

Additional file 1: Table S1. Details of studies and datasets used for 
Two‑sample Mendelian randomization analyses. Table S2. Characteristics 
of the selected genetic instruments for omega‑3 fatty acids. Table S4. 
Clustered causal estimates of omega‑3 fatty acids on potential intermedi‑
ate risk factors. Table S5. Multivariable Mendelian randomization analyses 
estimating the direct effects of omega‑3 fatty acids on T2DM, condition‑
ing on intermediate risk factors. Fig S1. Scatter plot for the genetic liability 
of omega‑3 fatty acids on type 2 diabetes. Fig S2. Radial plots of estimates 
between omega‑3 fatty acids and triglycerides in Cluster 2. 

Additional file 2 Table S3. Instruments used in the multivariable MR 
analysis.

Acknowledgements
The authors thank all investigators for the publicly available summary data.

Author contributions
JL, YB, JZ, and WW conceived and designed the study. CH, YLZ, XW, and X J 
analyzed data CH and YLZ wrote the manuscript. MCB and JZ provided sup‑
port in the data analysis, and reviewed and edited the manuscript. All authors 
were involved in writing and revising the paper. JL, Y.B, JZ, and WW are the 
guarantors of this work and, as such, had full access to all the data in the study 
and take responsibility for the integrity of the data and the accuracy of the 
data analysis. All authors read and approved the final manuscript.

https://doi.org/10.1186/s12967-023-04202-7
https://doi.org/10.1186/s12967-023-04202-7


Page 10 of 11Hu et al. Journal of Translational Medicine          (2023) 21:370 

Funding
This work was supported by the Ministry of Science and Technology of China 
(Grant No. 2022YFC2505202), National Natural Science Foundation of China 
(Grant No. 81970691, 82170819), Shanghai Outstanding Academic Leaders 
Plan (Grant No. 20XD1422800), Shanghai Medical and Health Development 
Foundation (Grant No. DMRFP_I_01), Clinical Research Plan of SHDC (Grant 
No. SHDC2020CR3064B), “Management strategy of the tertiary prevention 
and treatment of diabetes based on DIP system” supported by China Health 
Promotion Fundation, and Science and Technology Committee of Shanghai 
(Grant No. 20Y11905100, 19411964200). J.Z. is supported by the Academy of 
Medical Sciences (AMS) Springboard Award, the Wellcome Trust, the Govern‑
ment Department of Business, Energy and Industrial Strategy (BEIS), the British 
Heart Foundation and Diabetes UK (SBF006\1117), and the Vice‑Chancellor’s 
Fellowship from the University of Bristol. M.C.B was supported by a UK Medical 
Research Council Skills Development Fellowship (MR/P014054/1) and the 
Vice‑Chancellor’s Fellowship from the University of Bristol. The funders had 
no role in study design, data collection and analysis, decision to publish, or 
preparation of the manuscript.

Availability of data and materials
The GWAS summary statistics used in the current study are available from 
the IEU OpenGWAS database (https:// gwas. mrcieu. ac. uk/) or the primary 
study website. More detailed information could be found in Additional file 1: 
Table S1.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All the authors agreed to publish this article.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Endocrine and Metabolic Diseases, Shanghai Institute 
of Endocrine and Metabolic Diseases, Ruijin Hospital, Shanghai Jiao Tong 
University School of Medicine, 197 Rui Jin 2nd Road, Shanghai 200025, China. 
2 Shanghai National Clinical Research Center for Metabolic Diseases, Key 
Laboratory for Endocrine and Metabolic Diseases of the National Health Com‑
mission of the PR China, Shanghai Key Laboratory for Endocrine Tumor, State 
Key Laboratory of Medical Genomics, Ruijin Hospital, Shanghai Jiao Tong Uni‑
versity School of Medicine, Shanghai, China. 3 MRC Integrative Epidemiology 
Unit (IEU), Bristol Medical School, University of Bristol, Oakfield House, Oakfield 
Grove, Bristol BS8 2BN, UK. 4 Population Health Sciences, Bristol Medical School, 
University of Bristol, Bristol, UK. 

Received: 16 March 2023   Accepted: 14 May 2023

References
 1. Wang L, Li X, Wang Z, Bancks MP, Carnethon MR, Greenland P, Feng YQ, 

Wang H, Zhong VW. Trends in prevalence of diabetes and control of risk 
factors in diabetes among US adults, 1999–2018. JAMA. 2021;326:1–13.

 2. IDF Diabetes Atlas [https:// www. diabe tesat las. org]
 3. Bragg F, Holmes MV, Iona A, Guo Y, Du H, Chen Y, Bian Z, Yang L, Her‑

rington W, Bennett D, et al. Association between diabetes and cause‑spe‑
cific mortality in rural and urban areas of China. JAMA. 2017;317:280–9.

 4. Gerich JE. Contributions of insulin‑resistance and insulin‑secretory 
defects to the pathogenesis of type 2 diabetes mellitus. Mayo Clin Proc. 
2003;78:447–56.

 5. Lazarou C, Panagiotakos D, Matalas AL. The role of diet in prevention and 
management of type 2 diabetes: implications for public health. Crit Rev 
Food Sci Nutr. 2012;52:382–9.

 6. Bhatt DL, Steg PG, Miller M, Brinton EA, Jacobson TA, Ketchum SB, 
Doyle RT Jr, Juliano RA, Jiao L, Granowitz C, et al. Cardiovascular risk 

reduction with icosapent ethyl for hypertriglyceridemia. N Engl J Med. 
2019;380:11–22.

 7. Manson JE, Cook NR, Lee IM, Christen W, Bassuk SS, Mora S, Gibson 
H, Albert CM, Gordon D, Copeland T, et al. Marine n‑3 fatty acids 
and prevention of cardiovascular disease and cancer. N Engl J Med. 
2019;380:23–32.

 8. Aung T, Halsey J, Kromhout D, Gerstein HC, Marchioli R, Tavazzi L, Gelei‑
jnse JM, Rauch B, Ness A, Galan P, et al. Associations of omega‑3 fatty acid 
supplement use with cardiovascular disease risks: meta‑analysis of 10 
trials involving 77917 individuals. JAMA Cardiol. 2018;3:225–34.

 9. Brown TJ, Brainard J, Song F, Wang X, Abdelhamid A, Hooper L, Group. 
Omega‑3, omega‑6, and total dietary polyunsaturated fat for prevention 
and treatment of type 2 diabetes mellitus: systematic review and meta‑
analysis of randomised controlled trials. BMJ. 2019. https:// doi. org/ 10. 
1136/ bmj. l4697.

 10. Qian F, Ardisson Korat AV, Imamura F, Marklund M, Tintle N, Virtanen JK, 
Zhou X, Bassett JK, Lai H, Hirakawa Y, et al. n‑3 fatty acid biomarkers and 
incident type 2 diabetes: an individual participant‑level pooling project 
of 20 prospective cohort studies. Diabetes Care. 2021;44:1133–42.

 11. Wallin A, Di Giuseppe D, Orsini N, Patel PS, Forouhi NG, Wolk A. Fish con‑
sumption, dietary long‑chain n‑3 fatty acids, and risk of type 2 diabetes: 
systematic review and meta‑analysis of prospective studies. Diabetes 
Care. 2012;35:918–29.

 12. Forouhi NG, Imamura F, Sharp SJ, Koulman A, Schulze MB, Zheng J, Ye Z, 
Sluijs I, Guevara M, Huerta JM, et al. Association of plasma phospholipid 
n‑3 and n‑6 polyunsaturated fatty acids with type 2 diabetes: The EPIC‑
InterAct case‑cohort study. PLoS Med. 2016;13: e1002094.

 13. Kaushik M, Mozaffarian D, Spiegelman D, Manson JE, Willett WC, Hu FB. 
Long‑chain omega‑3 fatty acids, fish intake, and the risk of type 2 diabe‑
tes mellitus. Am J Clin Nutr. 2009;90:613–20.

 14. Djousse L, Gaziano JM, Buring JE, Lee IM. Dietary omega‑3 fatty acids 
and fish consumption and risk of type 2 diabetes. Am J Clin Nutr. 
2011;93:143–50.

 15. Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga H, Fan W, Li P, Lu WJ, 
Watkins SM, Olefsky JM. GPR120 is an omega‑3 fatty acid receptor 
mediating potent anti‑inflammatory and insulin‑sensitizing effects. Cell. 
2010;142:687–98.

 16. Mozaffarian D, Wu JH. Omega‑3 fatty acids and cardiovascular disease: 
effects on risk factors, molecular pathways, and clinical events. J Am Coll 
Cardiol. 2011;58:2047–67.

 17. Skulas‑Ray AC, Wilson PWF, Harris WS, Brinton EA, Kris‑Etherton PM, 
Richter CK, Jacobson TA, Engler MB, Miller M, Robinson JG, et al. Omega‑3 
fatty acids for the management of hypertriglyceridemia: a science advi‑
sory from the American heart association. Circulation. 2019;140:e673–91.

 18. Zheng J, Baird D, Borges MC, Bowden J, Hemani G, Haycock P, Evans DM, 
Smith GD. Recent developments in mendelian randomization studies. 
Curr Epidemiol Rep. 2017;4:330–45.

 19. Park S, Lee S, Kim Y, Lee Y, Kang M, Kim K, Kim Y, Han S, Lee H, Lee J, et al. 
Causal effects of serum levels of n‑3 or n‑6 polyunsaturated fatty acids 
on coronary artery disease: mendelian randomization study. Nutrients. 
2021;13:1490.

 20. Jones HJ, Borges MC, Carnegie R, Mongan D, Rogers PJ, Lewis SJ, Thomp‑
son AD, Zammit S. Associations between plasma fatty acid concentra‑
tions and schizophrenia: a two‑sample mendelian randomisation study. 
Lancet Psychiatry. 2021;8:1062–70.

 21. Borges MC, Haycock PC, Zheng J, Hemani G, Holmes MV, Davey Smith G, 
Hingorani AD, Lawlor DA. Role of circulating polyunsaturated fatty acids 
on cardiovascular diseases risk: analysis using mendelian randomization 
and fatty acid genetic association data from over 114,000 UK biobank 
participants. BMC Med. 2022;20:210.

 22. Borges MC, Haycock P, Zheng J, Hemani G, Howe LJ, Schmidt AF, Staley JR, 
Lumbers RT, Henry A, Lemaitre RN, et al. The impact of fatty acids biosyn‑
thesis on the risk of cardiovascular diseases in Europeans and east Asians: 
a mendelian randomization study. Hum Mol Genet. 2022;31:4034–54.

 23. Adams CD, Neuhausen SL. Evaluating causal associations between 
chronotype and fatty acids and between fatty acids and type 2 dia‑
betes: a mendelian randomization study. Nutr Metab Cardiovasc Dis. 
2019;29:1176–84.

 24. Yuan S, Larsson SC. Association of genetic variants related to plasma fatty 
acids with type 2 diabetes mellitus and glycaemic traits: a mendelian 
randomisation study. Diabetologia. 2020;63:116–23.

https://gwas.mrcieu.ac.uk/
https://www.diabetesatlas.org
https://doi.org/10.1136/bmj.l4697
https://doi.org/10.1136/bmj.l4697


Page 11 of 11Hu et al. Journal of Translational Medicine          (2023) 21:370  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 25. Foley CN, Mason AM, Kirk PDW, Burgess S. MR‑Clust: clustering of genetic 
variants in mendelian randomization with similar causal estimates. Bioin‑
formatics. 2021;37:531–41.

 26. Xue A, Wu Y, Zhu Z, Zhang F, Kemper KE, Zheng Z, Yengo L, Lloyd‑Jones 
LR, Sidorenko J, Wu Y, et al. Genome‑wide association analyses identify 
143 risk variants and putative regulatory mechanisms for type 2 diabetes. 
Nat Commun. 2018;9:2941.

 27. Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, Laurin C, 
Burgess S, Bowden J, Langdon R, et al. The MR‑base platform supports 
systematic causal inference across the human phenome. Elife. 2018;7: 
e34408.

 28. Burgess S, Butterworth A, Thompson SG. Mendelian randomization 
analysis with multiple genetic variants using summarized data. Genet 
Epidemiol. 2013;37:658–65.

 29. Bowden J, Spiller W, Del Greco MF, Sheehan N, Thompson J, Minelli C, 
Davey Smith G. Improving the visualization, interpretation and analysis of 
two‑sample summary data Mendelian randomization via the radial plot 
and radial regression. Int J Epidemiol. 2018;47:1264–78.

 30. Bowden J, Davey Smith G, Burgess S. Mendelian randomization with 
invalid instruments: effect estimation and bias detection through egger 
regression. Int J Epidemiol. 2015;44:512–25.

 31. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estima‑
tion in mendelian randomization with some invalid instruments using a 
weighted median estimator. Genet Epidemiol. 2016;40:304–14.

 32. Hartwig FP, Davey Smith G, Bowden J. Robust inference in summary data 
Mendelian randomization via the zero modal pleiotropy assumption. Int J 
Epidemiol. 2017;46:1985–98.

 33. Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal 
pleiotropy in causal relationships inferred from mendelian randomization 
between complex traits and diseases. Nat Genet. 2018;50:693–8.

 34. Bowden J, Del Greco MF, Minelli C, Davey Smith G, Sheehan N, Thompson 
J. A framework for the investigation of pleiotropy in two‑sample sum‑
mary data mendelian randomization. Stat Med. 2017;36:1783–802.

 35. Greco MF, Minelli C, Sheehan NA, Thompson JR. Detecting pleiotropy in 
Mendelian randomisation studies with summary data and a continuous 
outcome. Stat Med. 2015;34:2926–40.

 36. Sanderson E, Spiller W, Bowden J. Testing and correcting for weak and 
pleiotropic instruments in two‑sample multivariable mendelian randomi‑
zation. Stat Med. 2021;40:5434–52.

 37. Zhang Y, Zhuang P, Mao L, Chen X, Wang J, Cheng L, Ding G, Jiao J. 
Current level of fish and omega‑3 fatty acid intakes and risk of Type 2 
diabetes in China. J Nutr Biochem. 2019;74: 108249.

 38. Lawlor DA, Tilling K, Davey Smith G. Triangulation in aetiological epidemi‑
ology. Int J Epidemiol. 2016;45:1866–86.

 39. Tosi F, Sartori F, Guarini P, Olivieri O, Martinelli N. Delta‑5 and delta‑6 
desaturases: crucial enzymes in polyunsaturated fatty acid‑related path‑
ways with pleiotropic influences in health and disease. Adv Exp Med Biol. 
2014;824:61–81.

 40. Yuan S, Back M, Bruzelius M, Mason AM, Burgess S, Larsson S. Plasma 
phospholipid fatty acids, FADS1 and risk of 15 cardiovascular diseases: a 
mendelian randomisation study. Nutrients. 2019;11:3001.

 41. Delpino FM, Figueiredo LM, da Silva BGC, da Silva TG, Mintem GC, 
Bielemann RM, Gigante DP. Omega‑3 supplementation and diabe‑
tes: a systematic review and meta‑analysis. Crit Rev Food Sci Nutr. 
2022;62:4435–48.

 42. White J, Swerdlow DI, Preiss D, Fairhurst‑Hunter Z, Keating BJ, Asselbergs 
FW, Sattar N, Humphries SE, Hingorani AD, Holmes MV. Association of 
lipid fractions with risks for coronary artery disease and diabetes. JAMA 
Cardiol. 2016;1:692–9.

 43. Brouwers M, Jacobs C, Bast A, Stehouwer CDA, Schaper NC. Modulation 
of glucokinase regulatory protein: a double‑edged sword? Trends Mol 
Med. 2015;21:583–94.

 44. Lepretti M, Martucciello S, Burgos Aceves MA, Putti R, Lionetti L. Omega‑3 
fatty acids and insulin resistance: focus on the regulation of mitochondria 
and endoplasmic reticulum stress. Nutrients. 2018;10:350.

 45. Ali F, Al‑Junaid A, Saleh AM. Omega‑3 fatty acids intervention and DASH 
diet ameliorates metabolic profiling in patients with diabetes mellitus 
type 2. Metab‑Clin Exp. 2022;128:S13–S13.

 46. O’Mahoney LL, Matu J, Price OJ, Birch KM, Ajjan RA, Farrar D, Tapp R, West 
DJ, Deighton K, Campbell MD. Omega‑3 polyunsaturated fatty acids 
favourably modulate cardiometabolic biomarkers in type 2 diabetes: 

a meta‑analysis and meta‑regression of randomized controlled trials. 
Cardiovasc Diabetol. 2018;17:98.

 47. Eftekhari A, Vahed SZ, Kavetskyy T, Rameshrad M, Jafari S, Chodari L, Hos‑
seiniyan SM, Derakhshankhah H, Ahmadian E, Ardalan M. Cell junction 
proteins: Crossing the glomerular filtration barrier in diabetic nephropa‑
thy. Int J Biol Macromol. 2020;148:475–82.

 48. Ramazanli VN, Ahmadov IS. Synthesis of silver nanoparticles by using 
extract of olive leaves. Adv Biol Earth Sci. 2022;7:238–44.

 49. Muoio DM, Neufer PD. Lipid‑induced mitochondrial stress and insulin 
action in muscle. Cell Metab. 2012;15:595–605.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Evaluating the distinct pleiotropic effects of omega-3 fatty acids on type 2 diabetes mellitus: a mendelian randomization study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study design
	Instrument selection for omega-3 fatty acids
	Outcome selection
	Selection of intermediate phenotypes
	Statistical analyses
	MR analysis
	MR-Clust analysis
	Two-step MR analysis
	Assessment of MR assumptions


	Results
	Effect of omega-3 fatty acids on T2DM
	Clustering effect of omega-3 fatty acids on T2DM
	Exploring distinct biochemical mechanisms andor pleiotropic pathways of omega-3 fatty acids on T2DM

	Discussion
	Conclusions
	Anchor 24
	Acknowledgements
	References


