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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%Cl 0.45-0.59), and decreased HOMA-IR (3=—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%Cl 1.06-1.15), and decreased HOMA-B (3=—0.04, SE=0.01, P=4.52x 10™). 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<5x107%) and showed independence
(with linkage disequilibrium [LD] r?><0.001), which
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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), HbAlc,
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% Cls 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.
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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 r?<0.001 and P <5 x 107%). Given limited power of the
relevant GWAS, a more lenient threshold of P<1x107°
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 (R?)
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 Riicker’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
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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=4.16x10~%") and Riicker’s Q
test (P=2.71x 107% 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 T”2DM

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

Method No. SNPs Causal estimate Heterogeneity Pleiotropy
OR (95% Cl) P Q P Intercept P
Total VW 30 0.97 (0.87-1.08) 0.600 25045 416x107 - -
MR Egger 30 1.05 (0.90-1.21) 0.556 23347 2.71%x1073 —0.0095 0.165
Weighted median 30 1.08 (1.03-1.13) 0.002 - - - -
Simple mode 30 0.78 (O 57-1 06) 0.120 - - - -
Weighted mode 30 1.08 (1.0 13) 0.002 - - - -
Cluster 1 VW 7 0.52 (045 059) 291x107% 1033 0111 - -
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) 662x 107" - - - -
Simple mode 7 0.60 (0.43-0.83) 0.023 - - - -
Weighted mode 7 0.60 (0.49-0.73) 0.002 - - - -
Cluster 2 VW 10 1.10 (1.06-1.15) 441%10° 6.13 0.727 - -
MR Egger 10 1.09 (1.03-1.16) 0.021 573 0677 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 - - - -

IVW inverse variance weighted, OR odds ratio, Cl con dence interval
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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=2.91x107%!). On the contrary, cluster 2
comprised 10 instruments showed a positive effect (OR
1.10; 95%CI 1.06-1.15; P=4.41 x 107°). 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 Riicker’s Q statistics =0.09).
Little evidence was observed to support directional plei-
otropy (Pyir_ggger 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
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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, I 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.

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
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effect on decreased FPG levels (p=-0.18; SE=0.07;
P=0.006), FI levels (B=— 0.16; SE=0.06; P=0.007)
and HOMA-IR levels (p=— 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 (3=0.04; SE=0.07; P=3.49x107'°) and decreased
HOMA-B levels (B=— 0.04; SE=0.01; P=4.52x107°)
in cluster 2. For lipid profiles, increased omega-3 fatty
acids showed an effect on increased triglycerides lev-
els (3=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
(p=-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 (f=0.05; SE=0.01; P=1.95x% 107% and
WBC (p=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°)
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=6.52x107%),
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
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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
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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 p-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
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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.
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