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OBJECTIVE

Prospective associations between n-3 fatty acid biomarkers and type 2 diabetes
(T2D) risk are not consistent in individual studies. We aimed to summarize the
prospective associations of biomarkers of a-linolenic acid (ALA), eicosapentaenoic
acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic acid (DHA) with T2D
risk through an individual participant-level pooled analysis.

RESEARCH DESIGN AND METHODS

For our analysis we incorporated data from a global consortium of 20 prospective
studies from 14 countries. We included 65,147 participants who had blood
measurements of ALA, EPA, DPA, or DHA and were free of diabetes at baseline.
De novo harmonized analyses were performed in each cohort following a pre-
specified protocol, and cohort-specific associations were pooled using inverse
variance-weighted meta-analysis.

RESULTS

A total of 16,693 incident T2D cases were identified during follow-up (median
follow-up ranging from 2.5 to 21.2 years). In pooled multivariable analysis, per
interquintile range (difference between the 90th and 10th percentiles for each
fatty acid), EPA, DPA, DHA, and their sum were associated with lower T2D
incidence, with hazard ratios (HRs) and 95% Cls of 0.92 (0.87, 0.96), 0.79 (0.73,
0.85),0.82(0.76,0.89),and 0.81 (0.75, 0.88), respectively (all P<0.001). ALA was
not associated with T2D (HR 0.97 [95% CI 0.92, 1.02]) per interquintile range.
Associations were robust across prespecified subgroups as well as in sensitivity
analyses.

CONCLUSIONS

Higher circulating biomarkers of seafood-derived n-3 fatty acids, including EPA, DPA,
DHA, and their sum, were associated with lower risk of T2D in a global consortium of
prospective studies. The biomarker of plant-derived ALA was not significantly
associated with T2D risk.
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n-3 polyunsaturated fatty acids (n-3
PUFAs), especially those from marine
sources, can improve cardiometabolic
risk factors and may have a role in the
prevention of type 2 diabetes (T2D)
(1,2). Meta-analyses of short-term ran-
domized controlled trials (RCTs) have
indicated that fish oil supplementation
may reduce adiposity, increase adiponec-
tin, lower circulating triglycerides and
inflammatory markers (3,4), and modestly
improve glycemic control (4,5). However,
observational studies on fish/seafood in-
take and T2D risk have been conflicting
(6). In particular, fish/seafood intake was
positively associated with T2D risk in
North America, whereas an inverse asso-
ciation was observed in Asia (6).
Compared with self-reported dietary
consumption, circulating n-3 PUFA bio-
markers are not subject to recall bias and
allow for objective assessment of indi-
vidual n-3 PUFAs (1). In addition, bio-
markers represent the combined influence
of diet and metabolism and thus may
better reflect bioavailable n-3 PUFA intake.
However, in contrast with studies of self-
reported dietary habits, fewer studies have
examined objective n-3 PUFA biomarkers
with incident T2D (7,8), and existing evi-
denceisinconclusive. In addition to sample
size limitations in certain biomarker stud-
ies, publication bias and inability to assess
heterogeneity by participant character-
istics also hinder the further understanding

of potentially important associations be-
tween n-3 PUFAs and T2D. Clearly, additional
research that addresses these limitations is
warranted. The importance of fish/seafood
consumption in many populations (9), the
increased availability of n-3—fortified foods
such as dairy products and eggs (10), and
increasing use of fish oil supplements (11) all
render the relationship of n-3 PUFAs with
T2D an important scientific, clinical, and
public health question (12,13).

Tofill this knowledge gap, we compiled
data from 20 prospective studies partici-
pating in the Fatty Acids and Outcomes
Research Consortium (FORCE) to evalu-
ate seafood- or plant-derived biomarkers
of n-3 PUFAs in relation to incident T2D.
We hypothesized that higher seafood- or
plant-derived n-3 PUFA biomarker levels
are associated with lower T2D risk.

RESEARCH DESIGN AND METHODS

FORCE
FORCE (https://force.nutrition.tufts.edu/)
originated from the Cohorts for Heart
and Aging Research in Genomic Epidemi-
ology (CHARGE) Consortium. Detailed in-
formation has previously been published
(14,15). Twenty cohorts agreed to be in-
cluded in the present analysis and were
selected based on prospective study design
(cohort or case-cohort), availability of fatty
acid biomarkers of interest, and ascertain-
ment of T2D.

We included adults (age =18 years)
with measurements for one or more of

a-linolenic acid (ALA), eicosapentaenoic
acid (EPA), docosapentaenoic acid (DPA),
ordocosahexaenoicacid (DHA) biomarkers
and who were free of diabetes at baseline.
Each participating study received corre-
sponding approval from their institutional
review boards, and all participants pro-
vided informed consent.

Fatty Acid Assessments

Fatty acid measurements in each cohort
were performed with use of gas chroma-
tography in varying lipid compartments
including adipose tissue, erythrocyte/
plasma phospholipids, total plasma/serum,
cholesterol ester, and plasma triglycerides.
Cohort-specific protocols for the measure-
ment and quantification of fatty acids can
be found in Supplementary Approaches.
Concentrations of each fatty acid were ex-
pressed as a percentage of total fatty acids
in their respective lipid compartments.
Prior analyses have demonstrated rea-
sonable long-term reproducibility of n-3
fatty acid measurements over the span
of 6-13 years, with Spearman coeffi-
cients of 0.40-0.65 for ALA, 0.59-0.76
for EPA, 0.63-0.78 for DPA, and 0.71-
0.80 for DHA (16).

Assessment of Incident T2D

The outcome of T2D was ascertained
with one or more of the following def-
initions: 1) fasting glucose =126 mg/dL
(7.0mmol/L), 2) HbA,. =6.5%, 3) 2-h oral
glucose tolerance test =200 mg/dL
(11.1 mmol/L), 4) self-reported use of
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oral hypoglycemic medications orinsulin,
and 5) self-reported physician diagnosis
or linkage to disease registries. Cohort-
specific details regarding diabetes ascer-
tainment are presented in Supplementary
Approaches.

Statistical Analyses

Pearson correlation coefficients were
calculated between each individual n-3
fatty acid as well as with the sum of EPA,
DPA, and DHA for assessment of the
degree of correlation between each bio-
marker. For the two studies that used a
case-cohort design (European Prospec-
tive Investigation into Cancer and Nutri-
tion InterAct Consortium [EPIC-InterAct]
and Melbourne Collaborative Cohort
Study [MCCS]), correlation coefficients
were obtained among participants in the
subcohort. Individual participant—level
de novo analysis was performed in
each cohort with use of a prespecified
harmonized protocol. For prospective co-
hort studies, Cox proportional hazards
models were used to calculate hazard
ratio (HR) and corresponding 95% ClI.
Follow-up duration was calculated from
the time of fatty acid measurement to the
time of incident T2D diagnosis, death, loss
to follow-up, or the end of follow-up—
whichever came first. For prospective
case-cohort studies, HRs and 95% Cls were
obtained after application of the appro-
priate sampling weights. In the MCCS,
time-to-event information was not avail-
able, and therefore logistic regression was
used to calculate the odds ratios as an
estimate of the HR.

For facilitation of comparability across
different lipid compartments, the con-
centration of each fatty acid biomarker
was standardized to the interquintile
range (defined as the difference between
the 10th and 90th percentile of fatty acid
concentrations). Potential nonlinearity
was examined for each biomarker with
use of cohort-specific quintiles.

Prespecified covariates included sex
(male, female), age (years), field site,
race/ethnicity (with whites as the refer-
ence group), education (less than high
school, high school graduate, college or
higher, or cohort-specific categories),
smoking status (never, former, current),
physical activity (in kcal/week, METs/
week, or h/day), alcohol consumption
(drinks or servings/day, g/day, or mL/
day), treatment for or presence of hyper-
tension (yes, no), treatment for or

presence of hypercholesterolemia (yes,
no), prevalent coronary heart disease
(ves, no), BMI (kg/m?), waist circumfer-
ence (cm), and circulating linoleic acid (LA)
(18:2n-6) and trans fatty acids (total t-18:1
and t-18:2) (as % of total fatty acids).
Individuals with missing categorical cova-
riates were included with use of a missing
indicator. In secondary analyses, addi-
tional adjustments were made for circu-
lating triglycerides (mg/dL or mmol/L) as
well as fish/seafood intake (servings/week
or otherwise defined in each cohort, as
measured by dietary questionnaires). To
examine the robustness of associations,
we conducted sensitivity analyses by ex-
cluding T2D diagnosed within the first
2 years of follow-up to minimize reverse
causation biases (17) and restricting to the
first 6 years of follow-up to reduce mis-
classification due to within-person changes
in fatty acid concentrations over time.

Estimates of relative risks (RRs) (in-
cluding HRs or ORs) and corresponding
SEs from individual studies were pooled
with use of inverse variance—weighted
meta-analysis. To assess the robustness
of our findings, we also used a random-
effects model. Since several studies had
measured fatty acids in multiple lipid
compartments, the risk estimate from a
single compartment was selected for the
pooled analysis. We chose the lipid com-
partment that can best reflect long-term
dietary intake in the following sequence:
adipose tissue > erythrocyte phospholi-
pids > plasma phospholipids > total
plasma/serum > cholesterol esters >
plasma triglycerides (18,19). The consis-
tency of associations across different lipid
compartments was also assessed. Hetero-
geneity in the overall and compartment-
specific analyses was evaluated with use
of the I statistic.

Several prespecified subgroup analy-
seswere conducted by global region, age,
sex, race/ethnicity, BMI, LA biomarkers,
and triglycerides. Heterogeneity between
subgroups was assessed with inverse
variance-weighted meta-regression. For
these exploratory analyses, a more strin-
gent Bonferroni-adjusted P value of
<0.0014 (5 fatty acids X 7 subgroups)
was used to denote statistical significance.
In six cohorts (Framingham Heart Study
[FHS], Atherosclerosis Risk in Communities
study [ARIC], Hisayama Study, Three City
Study [3C], Finnish Diabetes Prevention
Study [FDPS], and Women'’s Health Initiative
Memory Study [WHIMS]), we calculated a
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weighted T2D genetic risk score (GRS) using
35 single nucleotide polymorphisms found to
be significantly associated with T2D riskin
prior genome-wide association studies (20)
(Supplementary Approaches). Interactions
between n-3 biomarkers and the GRS
were examined.

In sensitivity analyses, we performed a
dose-response meta-analysis within in-
dividual lipid compartments to assess for
potential nonlinearity between each bio-
marker and risk of T2D. Restricted cubic
splines that used three knots (at the 10th,
50th, and 90th percentiles of fatty acids in
each compartment) were used to model
the association.

Statistical analyses were performed
with Stata 15.1 (StataCorp, College Sta-
tion, TX). Pvalues <0.05 were deemed to
be statistically significant unless other-
wise specified.

RESULTS

Select baseline characteristics for the
studies and participants are presented
in Table 1. We included 18 prospective
cohorts and 2 prospective case-cohorts
from 14 countries in North America,
Europe/Australia, and Asia. The majority
of participants were of European ancestry.
The cohort-specific mean ages ranged
from 49.7 to 75.5 years and mean BMI
ranged from 23.1 to 31.1 kg/m?. Addi-
tional baseline characteristics can be
found in Supplementary Tables 1 and 2.

Lipid compartments measured across
the studies included phospholipids
(13 studies), total plasma/serum (6 stud-
ies), cholesterol esters (3 studies), trigly-
cerides (1 study), and adipose tissue
(1 study). Four studies measured fatty
acids in multiple lipid compartments
(Table 1 footnote and Supplementary
Fig. 1). Pearson correlations between
ALA and the other n-3 PUFAs were
generally weak to modest (|r] < 0.3)
(Supplementary Table 3). The correla-
tions of EPA, DPA, and DHA were stron-
ger, ranging from 0.4 to 0.8. Fish oil
supplement usage was rare (<5%), ex-
cept in the Age, Gene/Environment
Susceptibility-Reykjavik Study (AGES-R)
with 69.4% ever use (Supplementary
Table 1). Habitual fish/seafood intake
was quantified differently across cohorts
(e.g., servings per day or grams per
day) but tended to be higher in East
Asian and Nordic countries (Supplementary
Table 2).
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Table 2—RRs of n-3 fatty acid biomarkers and incident T2D

Analysis per interquintile range Analysis comparing Q5 vs. Q1
RR (95% Cl), RR (95% Cl), RR (95% Cl), RR (95% Cl),
Exposure Studies, nt Cases, nt fixed effect random effectt 2 (%) fixed effectf random effectt P (%)
ALA
Phospholipids 13 14,633 0.96 (0.91, 1.02) 0.99 (0.88, 1.11) 55.3 0.90 (0.80, 1.02) 0.94 (0.80, 1.12) 31.2
Total plasma/serum 7 1,967 1.03 (0.93, 1.14) 1.06 (0.90, 1.25) 52.8 1.07 (0.92, 1.24) 1.07 (0.92, 1.24) 0.0
Cholesterol esters 3 503 0.91 (0.72, 1.16) 0.91 (0.72, 1.16) 0.0 0.81 (0.60, 1.10) 0.81 (0.60, 1.10) 0.0
Triglycerides 1 101 0.92 (0.46, 1.83) 0.92 (0.46, 1.83) = 0.80 (0.36, 1.75) 0.80 (0.36, 1.75) =
Adipose tissue 1 99 0.65 (0.36, 1.16) 0.65 (0.36, 1.16) — 0.52 (0.24, 1.10) 0.52 (0.24, 1.10) —
Overall 20 16,693 0.97 (0.92, 1.02) 0.98 (0.90, 1.08) 48.6 0.94 (0.85, 1.03) 0.96 (0.87, 1.07) 16.7
EPA
Phospholipids 13 14,633 0.92 (0.86, 0.97) 0.94 (0.83, 1.07) 50.2 0.82 (0.73, 0.92) 0.81 (0.72, 0.92) 0.0
Total plasma/serum 7 1,967 0.93 (0.86, 1.00) 0.90 (0.79, 1.02) 42.8 0.81 (0.70, 0.94) 0.81 (0.64, 1.03) 54.4
Cholesterol esters 3 503 0.91 (0.72, 1.17) 0.92 (0.72, 1.17) 0.0 0.90 (0.66, 1.25) 0.90 (0.66, 1.25) 0.0
Triglycerides 1 101 1.05 (0.79, 1.39) 1.05 (0.79, 1.39) = 0.92 (0.49, 1.72) 0.92 (0.49, 1.72) =
Adipose tissue 1 99 1.12 (0.59, 2.13) 1.12 (0.59, 2.13) = 0.91 (0.44, 1.89) 0.91 (0.44, 1.89) =
Overall 20 16,693 0.92 (0.87, 0.96) 0.92 (0.85, 0.996) 39.0 0.82 (0.74, 0.89) 0.81 (0.74, 0.89) 0.0
DPA
Phospholipids 13 14,633 0.78 (0.71, 0.85) 0.83 (0.72, 0.94) 32.1 0.78 (0.70, 0.87) 0.78 (0.70, 0.87) 0.0
Total plasma/serum 6 1,316 0.93 (0.84, 1.04) 0.80 (0.62, 1.03) 75.9 0.73 (0.61, 0.88) 0.73 (0.60, 0.89) 9.1
Triglycerides 1 101 0.62 (0.31, 1.24) 0.62 (0.31, 1.24) = 0.54 (0.27, 1.05) 0.54 (0.27, 1.05) =
Adipose tissue 1 99 1.69 (1.03, 2.77) 1.69 (1.03, 2.77) — 1.87 (0.92, 3.79) 1.87 (0.92, 3.79) —
Overall 18 15,793 0.79 (0.73, 0.85) 0.83 (0.74, 0.94) 44.5 0.77 (0.70, 0.85) 0.77 (0.70, 0.85) 0.0
DHA
Phospholipids 13 14,633 0.80 (0.72, 0.89) 0.80 (0.72, 0.89) 0.0 0.76 (0.66, 0.87) 0.76 (0.66, 0.88) 3.6
Total plasma/serum 7 1,967 0.81 (0.72, 0.91) 0.81 (0.70, 0.93) 17.3 0.76 (0.65, 0.88) 0.76 (0.65, 0.88) 0.0
Cholesterol esters 3 503 0.93 (0.73, 1.17) 0.93 (0.73, 1.17) 0.0 0.85 (0.64, 1.15) 0.85 (0.64, 1.15) 0.0
Triglycerides 1 101 1.00 (0.69, 1.46) 1.00 (0.69, 1.46) = 0.67 (0.37, 1.19) 0.67 (0.37, 1.19) =
Adipose tissue 1 99 1.53 (0.99, 2.37) 1.53 (0.99, 2.37) — 1.81 (0.89, 3.67) 1.81 (0.89, 3.67) —
Overall 20 16,693 0.82 (0.76, 0.89) 0.83 (0.75, 0.92) 27.8 0.77 (0.70, 0.85) 0.78 (0.70, 0.88) 14.7
EPA + DPA + DHAS$§
Phospholipids 13 14,633 0.78 (0.70, 0.87) 0.78 (0.70, 0.87) 0.0 0.71 (0.62, 0.80) 0.71 (0.62, 0.81) 0.0
Total plasma/serum 7 1,967 0.84 (0.75, 0.94) 0.83 (0.71, 0.97) 31.1 0.77 (0.66, 0.89) 0.77 (0.66, 0.91) 7.4
Cholesterol esters 3 503 0.90 (0.71, 1.16) 0.90 (0.71, 1.16) 0.0 0.87 (0.64, 1.20) 0.87 (0.64, 1.20) 0.0
Triglycerides 1 101 0.98 (0.66, 1.48) 0.98 (0.66, 1.48) = 0.68 (0.36, 1.26) 0.68 (0.36, 1.26) =
Adipose tissue 1 99 1.55 (0.96, 2.48) 1.55 (0.96, 2.48) — 2.11 (1.01, 4.41) 2.11 (1.01, 4.41) —
Overall 20 16,693 0.81 (0.75, 0.88) 0.82 (0.75, 0.90) 19.3 0.74 (0.67, 0.82) 0.77 (0.68, 0.86) 20.0

tMultiple lipid fractions were available for some studies, but only one lipid fraction was used for the overall analysis. ¥Effect estimates were pooled with use of inverse variance—weighted fixed-effects or
random-effects meta-analysis. §For ULSAM-50 and CCCC, DPA measurements were not available. The risk estimates for EPA + DHA were included in this pooled result.
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study n case
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0.76 (0.42, 1.40)
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0.80 (0.65, 0.97)
0.83 (0.61, 1.14)
0.85 (0.44, 1.63)
0.85 (0.60, 1.21)
0.91(0.63, 1.31)
0.93 (0.77, 1.12)
0.94 (0.52, 1.71)
1.01 (0.59, 1.76)
1.12(0.82, 1.53)
1.55 (0.96, 2.48)
0.81 (0.75, 0.88)
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the legend to Table 1. case, number of cases.

0.5 1 1.5

Figure 1—Pooled RRs of T2D according to interquintile range (difference between 90th and 10th percentiles) of the sum of EPA, DPA, and DHA
biomarkers. The association between the sum of EPA, DPA, and DHA and T2D was assessed in multivariable models for each cohort, and the results were
pooled with use of inverse variance—weighted fixed-effects meta-analysis. In each cohort, multivariate RR was assessed with adjustment for sex, age,
field site (if appropriate), race, socioeconomic status (education, occupation), smoking status, physical activity, alcohol consumption, treatment for
hypertension, treatment for hypercholesterolemia, prevalent coronary heart disease, BMI, waist circumference, and biomarkers of LA (18:2n-6) and
trans fatty acids (total t-18:1 and t-18:2). If multiple biomarkers were available for a study, only one was used for the overall analysis based on the best
ability to reflect long-term dietary intake (in the following order of preference): adipose tissue, erythrocyte phospholipids, plasma phospholipids, total
plasma/serum, cholesterol esters, and triglycerides. For studies not mentioned elsewhere in the text, the expansions for study acronyms can be found in
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Table 3—Stratified analysis of n-3 fatty acid biomarkers by prespecified sources of heterogeneity
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ALA EPA DPA DHA EPA + DPA + DHA
RR (95% CI)  Ppet RR (95% ClI) Phet RR(95% CI)  Ppet  RR(95% CI)  Ppet RR (95% Cl) Phet

Overall estimate 0.97 (0.92, 1.02) 0.92 (0.87, 0.96) 0.79 (0.73, 0.85) 0.82 (0.76, 0.89) 0.81 (0.75, 0.88)

Global region 0.35 0.009 0.05 0.68 0.69
North America 1.04 (0.94, 1.16) 1.07 (0.96, 1.21) 0.86 (0.75, 0.99) 0.87 (0.75, 1.00) 0.86 (0.74, 0.99)
Europe 0.93 (0.88, 1.00) 0.88 (0.82, 0.93) 0.76 (0.69, 0.84) 0.80(0.71, 0.89) 0.77 (0.69, 0.87)

Asia 0.98 (0.86, 1.13) 0.94 (0.85, 1.03) 0.65 (0.44, 0.96) 0.83 (0.69, 1.00) 0.85 (0.72, 1.00)
Australia 1.03(0.80, 1.33) 0.73 (0.53,0.998) 1.16 (0.80, 1.67) 0.90 (0.66, 1.24) 0.83 (0.61, 1.14)

Age, years 0.27 0.82 0.86 0.57 0.81
<60 0.94 (0.88, 1.02) 0.92 (0.84,0.997) 0.78 (0.69, 0.88) 0.78 (0.69, 0.88) 0.79 (0.70, 0.89)
=60 1.00 (0.93, 1.09) 0.93 (0.87, 0.99) 0.79 (0.72, 0.88) 0.81 (0.74, 0.90) 0.80 (0.73, 0.88)

Sex 0.96 0.55 0.78 0.11 0.11
Male 0.98 (0.92, 1.05) 0.90 (0.84, 0.96) 0.77 (0.69, 0.87) 0.86 (0.77, 0.95) 0.85 (0.77, 0.93)
Female 0.98 (0.88, 1.09) 0.93 (0.86, 0.99) 0.79 (0.71, 0.88) 0.75 (0.67, 0.85) 0.75 (0.67, 0.84)

Race/ethnicity 0.62 0.04 0.29 0.60 0.32
Caucasian 0.98 (0.92, 1.03) 0.88 (0.83, 0.93) 0.77 (0.71, 0.84) 0.83(0.76,0.91) 0.82 (0.75, 0.89)

Black 0.97 (0.65, 1.44) 1.12 (0.91, 1.38) 1.06 (0.77, 1.47) 0.97 (0.65, 1.44) 0.98 (0.68, 1.42)
East Asian 0.97 (0.85, 1.10) 0.95 (0.87, 1.04) 0.73(0.52, 1.02) 0.82 (0.68, 0.99) 0.85 (0.72, 0.996)
Hispanic 0.68 (0.40, 1.15) 0.53 (0.26, 1.07) 0.78 (0.43, 1.44) 0.44 (0.13, 1.44) 0.39 (0.12, 1.23)

BMI, kg/m? 0.17 0.25 0.49 0.03 0.07
<30 0.95 (0.88, 1.01) 0.91 (0.87, 0.96) 0.79 (0.72,0.87) 0.86 (0.78, 0.94) 0.84 (0.77, 0.91)
=30 1.03(0.93, 1.14) 0.85 (0.77, 0.94) 0.75 (0.64, 0.87) 0.70 (0.59, 0.82) 0.71 (0.60, 0.83)

LA (% of fatty acids) 0.34 0.05 0.56 0.42 0.32
<Median 0.95 (0.89, 1.02) 0.89 (0.85, 0.94) 0.79 (0.72, 0.87) 0.83 (0.75, 0.91) 0.83 (0.75, 0.90)
=Median 1.01(0.92, 1.10) 1.00 (0.91, 1.10) 0.75 (0.65, 0.87) 0.77 (0.68, 0.88) 0.76 (0.66, 0.87)

Triglycerides, mg/dL 0.55 0.66 0.98 0.77 0.33

<150
=150

0.99 (0.92, 1.07)
0.95 (0.87, 1.05)

0.94 (0.89, 0.999)
0.92 (0.85, 0.997)

0.75 (0.67, 0.84)
0.75 (0.66, 0.86)

0.83 (0.75, 0.92)
0.81(0.71, 0.93)

0.84 (0.77, 0.93)
0.78 (0.68, 0.89)

Multiple lipid fractions were available for some studies, but only one lipid fraction was used for the overall analysis. Effect estimates were pooled
with use of inverse variance-weighted fixed-effects meta-analysis. n, total number of participants in the particular study; Phet, Pheterogeneity-

After 586,497 person-years of follow-
up among 65,147 participants (median
follow-up ranged from 2.5 to 21.2
years), a total of 16,693 incident cases
of T2D were ascertained. In the primary
pooled analysis, ALA was not significantly
associated with T2D (RR per interquintile
range 0.97 [95% Cl 0.92, 1.02; F* =
48.6%]) (Supplementary Fig. 2A and Ta-
ble 2). In contrast, higher EPA (RR 0.92
[95% CI 0.87, 0.96]), DPA (0.79 [0.73,
0.85]), DHA (0.82 [0.76, 0.89]), and EPA +
DPA + DHA (0.81 [0.75, 0.88]) were
associated with lower diabetes incidence
(Supplementary Fig. 2B-D, Fig. 1, and
Table 2). There was moderate heteroge-
neity for the associations of EPA (> =
39.0%) and DPA (* = 44.5%) and low
heterogeneity for DHA (1> = 27.8%) and
EPA + DPA + DHA (P = 19.3%). Het-
erogeneity across different lipid compart-
ments was not appreciable (Table 2). A
positive association was seen between
adipose tissue DPA and T2D (RR 1.69 [95%
Cl11.03, 2.77]) in the Uppsala Longitudinal
Study of Adult Men (ULSAM)-70. In post
hoc analysis, exclusion of the cohort con-
tributing the largest weight (EPIC-InterAct)

did not materially alter our findings
(Supplementary Table 4). Asimilar pattern
of associations was observed in compar-
ison of extreme quintiles of fatty acids or
when a random-effects model was used
(Table 2).

Sensitivity analyses using restricted cu-
bic splines demonstrated similar patterns
of association with little evidence for
nonlinearity (Supplementary Fig. 3A-S).
Among different lipid compartments, a
significant inverse association was ob-
served for plasma phospholipid ALA
and T2D risk (nine cohorts). Findings
for EPA, DPA, DHA, and EPA + DPA +
DHA were similar to the main findings for
phospholipids and total plasma/serum
compartments, with no significant find-
ings in cholesterol esters (three cohorts).

In the prespecified subgroup analyses,
there was no significant effect modifica-
tion by baseline participant character-
istics (Table 3), although we observed
nominally significant heterogeneity by
global region for EPA (stronger inverse
association in Europe and Australia) and
by baseline BMI for DHA (stronger in-
verse association for BMI >30 kg/mz).

There wasalsoatrend toward a stronger
inverse association among individuals
with BMI >30 kg/m? for EPA + DPA +
DHA. No significant differences in asso-
ciations were observed for studies that
used a case-cohort versus a prospective
cohort design (data not shown). There
was no significant interaction with the
T2D GRS (Supplementary Table 5).

In models with additional adjustment for
circulating triglycerides and fish intake, the
risk estimates for each biomarker remained
essentially unchanged (Supplementary Fig.
4). Moreover, similar associations were
found in sensitivity analyses for which
cases of T2D ascertained in the first
2 years of follow-up were excluded or
follow-up was restricted to the first
6 years (Supplementary Table 4).

CONCLUSIONS

In this pooled analysis of 65,147 adults
from 20 prospective studies, seafood-
derived n-3 fatty acid biomarkers includ-
ing EPA, DPA, DHA, and their sum were
associated with lower risk of T2D. Plant-
derived ALA was not significantly
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associated with T2D. Our findings were
robust across subgroups and sensitivity
analyses and upon extensive adjustment
for sociodemographic factors, lifestyle
habits, medical diagnoses, and adiposity.
To our knowledge, the current study
represents the most comprehensive
assessment of n-3 fatty acid biomarkers
and risk of T2D.

Several plausible physiologic mecha-
nisms support our observations. In long-
term prospective observational studies
and meta-analyses of RCTs, higher fish
and n-3 fatty acid intake was associated
with less long-term weight gain and
lower waist circumference, BMI, and
body fat percentage, all of which have
been identified as risk factors for T2D
(3,21). Moreover, n-3 fatty acid supple-
mentation increases adiponectin levels,
a marker of improved insulin sensitivity,
lower inflammation, and reduced diabe-
tes risk (22,23). n-3 supplementation
may improve insulin sensitivity in certain
populations including women or individ-
uals with metabolic disorders and has
been shown to marginally improve gly-
cemic control in patients with T2D,
though findings were not entirely con-
sistent (4,24). Furthermore, n-3 fatty
acids downregulate triglyceride synthe-
sis and hepatic de novo lipogenesis and
increase fat oxidation, and all of these
effects may lead to reduced metabolic
risk (8,25). n-3 fatty acids have also been
shown to exert insulin-sensitizing and
anti-inflammatory effects through the
GPR120 signaling pathway as well as
through their metabolism into resolvins
and protectins (26,27). Lastly, n-3 fatty
acid biomarkers may also represent a
marker for other beneficial bioactive
compounds in fish/seafood, specifically
taurine, which may improve glucose me-
tabolism (28,29).

A recent meta-analysis of RCTs with
ALA or marine n-3 fatty acid supplemen-
tation did not find an overall effect on
T2D incidence (5), although there were
several notable differences between this
study and our pooled analysis. Firstly, the
vast majority of the RCTs tested fish oil
supplements, in contrast to our study,
which assessed biomarkers that are more
reflective of habitual dietary intakes
(given the low usage of fish oil supple-
ments). Moreover, the control arms in
the RCTs often included other bioactive
compounds, such as olive oil or n-6-rich
oils, which may have metabolic benefits

in their own respect (30), whereas in our
primary model, with the adjustment for
circulating LA and trans fats, we assessed
the impact of replacing saturated, mono-
unsaturated, and non-LA PUFAs with n-3
PUFAs. Similarly, the Prevencion con
Dieta Mediterranea (PREDIMED) trial,
where the Mediterranean diet arms sig-
nificantly increased dietary ALA and ma-
rine n-3 fatty acid intake, demonstrated
significantly lower T2D incidence in com-
parison with the low-fat arm (31). How-
ever, since PREDIMED led to multiple
dietary changes, we cannot readily attri-
bute these effects to n-3 PUFAs per se.
Finally, most existing supplement trials
have focused on patients with existing
cardiovascular disease or those at high
cardiovascular risk, with relatively short
follow-up duration, whereas our studies
examined generally healthy populations
with substantially longer follow-up time
(32). Therefore, future intervention stud-
ies should explore whether higher in-
takes of n-3 PUFA-rich foods, particularly
when used to replace other dietary com-
ponents, may be beneficial for the pre-
vention of T2D.

Contrary to prior studies (7,8), our
analysis did not show an overall beneficial
association between ALA biomarkers and
T2D risk. ALA is rapidly oxidized following
ingestion, which may explainthe generally
low correlations between ALA intake and
circulating levels (33). Hence, while foods
rich in ALA such as walnuts or flaxseeds
may be linked to lower risk of diabetes
(34), ALA biomarkers may not adequately
captureintakes of these foods (35). Onthe
other hand, other dietary constituents
present in ALA-rich foods, including fiber,
magnesium, and phenolics, may be me-
diating the beneficial associations seen in
observational studies (34). Our models
also adjusted for levels of LA, an n-6 fatty
acid that is often present in foods high in
ALA and previously found to be associated
with lower T2D incidence (15). Lack of
adjustment for circulating LA biomarkers
may have led to the observed inverse
associations for ALA with incident T2D (7).
It is worth noting that although, when
data across all compartments were
pooled, ALA levels were not associated
with T2D in the current analysis, we
observed a significant inverse association
between plasma phospholipid ALA levels
and T2D, based on nine cohorts in our
consortium. Hence, we cannot preclude
the possibility that ALA may mitigate T2D
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risk through certain metabolic pathways,
though this requires further confirmation.

Our findings are consistent with stud-
ies of self-reported fish and long-chain
n-3 PUFA intake in Asia but not for those
in North America or Europe (6). There are
several potential explanations. Firstly,
circulating n-3 PUFA biomarkers repre-
sent an objective measurement free of
recall/memory biases compared with
self-reported intakes. Our observations
are robust in sensitivity analyses, includ-
ing the exclusion of the largest con-
tributing study, EPIC-InterAct, which
independently reported borderline in-
verse associations for DPA and DHA
(7). The reasons for discrepancies in
the association observed for ALA and
EPA in our study compared with EPIC-
InterAct are unknown, although dif-
ferences in the adjusted covariates,
particularly other fatty acids, may play
a role. Adjustments for circulating LA
and trans fatty acids could further re-
duce dietary confounding, particularly
since deep-frying and broiling (with oils
high in n-6 or trans fats) are common
preparation methods for fish/seafood in
some Western populations (14). Further-
more, biomarkers represent the summed
influence of both diet and metabolism,
which may be more relevant to biologic
effects than diet alone. This is particularly
true for DPA, which is mostly derived from
endogenous elongation of EPA and may
be influenced by multiple factors in-
cluding EPA intake (36), FADS1/2 and
ELOVL2 variants (37), and hormonal reg-
ulation (38). Our results support the
need for future studies examining the
precise metabolic pathways through which
EPA, DPA, and DHA may act to modify
T2D risk.

Previous findings from FORCE demon-
strated stronger inverse associations of
n-3 fatty acid biomarkers in the phos-
pholipid and total plasma compartments
with incident coronary heart disease, as
well as borderline or lack of association
for these biomarkers in the cholesterol
ester or adipose tissue compartments
(14). We observed a similar pattern of
associations in our analysis on incident
T2D, providing further support that the
concentration of n-3 fatty acids in these
compartments may be most relevant for
cardiometabolic risk. Prior experimental
studies have demonstrated that n-3 fatty
acids, particularly EPA and DHA, tend to
be most concentrated in phospholipids,
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and the n-3 fatty acid concentrations in
this compartment is most responsive to
changes in dietary intakes or supplemen-
tation (14). This may be due to the fact
that phospholipid (for both plasma and
erythrocytes) n-3 fatty acids can most
readily exert membrane-stabilizing effects
and interact with cell membrane proteins,
including enzymes responsible for eicosa-
noid production, as well as influence gene
transcription by binding to nuclear recep-
tors such as the peroxisome proliferator—
activated receptors (39). Additionally, we
observed an inverse trend for triglyceride
DPA and incident T2D in a single cohort
but no association for the other n-3 fatty
acid biomarkers. Additional studies of n-3
fatty acids in triglycerides are warranted
to confirm this finding.

Our novel findings of no significant
interaction between n-3 PUFA bio-
markers and a T2D GRS build on and
expand a recent pooled analysis con-
ducted among adults of European an-
cestry that did not show a significant
interaction between self-reported esti-
mates of dietary n-3 PUFAsand a T2D GRS
(40). However, a limitation of this study
and our present genetic interaction anal-
ysisisthat the GRS used was derived from
populations of European ancestry, and,
hence, our findings do not preclude
potential gene—fatty acid interactions
among individuals of other ancestries.
Additional studies are warranted to con-
firm whether specific individuals may
derive greater long-term cardiometabolic
benefits from n-3 PUFAs.

Our study has several strengths. In
comparison with prior studies (7), we
included nearly all known studies with
measurements of n-3 biomarkers and
incident T2D, thus reducing the likeli-
hood of publication bias and increasing
statistical power for identifying associa-
tions and assessing sources of heteroge-
neity. Exposures, outcomes, covariates,
and analytical methods were harmonized
in de novo participant-level analyses, re-
ducing heterogeneity. In prior studies
investigators were often only able to
assess fatty acids in a single lipid com-
partment, while we examined multiple
compartments, with largely consistent
associations. Including participants from
multiple countries with varying dietary
cultures helps to enhance generalizability.

Potential limitations warrant consid-
eration. There were relatively few co-
horts with measurements in adipose

tissue, plasma triglycerides, or choles-
terol esters, which reduced the statistical
power to detect associations for these
compartments. The majority of partici-
pants were of European or East Asian
ancestry; thus, the generalizability of our
findings to other racial/ethnic groups
could be limited. Associations were
based on a single measurement of n-3
biomarkers, and changes over time may
tend to attenuate associations toward
the null. Prior studies have shown high
reproducibility of n-3 fatty acids over
time; thus, a single measurement may
be adequate for estimating their long-
term concentrations (16). Due to the
observational nature of this study, re-
sidual or unmeasured confounding can-
not be ruled out. However, the relative
consistency of our findings across diverse
populations, robustness in sensitivity
analyses, and supporting biologic plau-
sibility from effects on intermediary risk
factors collectively suggest that the as-
sociations were unlikely to be solely due
to confounding. The additional adjust-
ments for circulating LA and trans fatty
acid biomarkers may make it harder to
infer health benefits of specific n-3-rich
foods, particularly those high in ALA, due
tothe frequent presence of both ALA and
LAinthe same food. We did not adjust for
dietary factors besides fish/seafood in-
take, though the consistent findings of
n-3 biomarkers across populations with
varying dietary patterns suggest that
residual confounding from diet was likely
small. Nevertheless, the VITamin D and
OmegA-3 TrialL (VITAL), which seeks to
examine the effects of EPA + DHA sup-
plementation on chronic diseases, may
be able to shed light on the role for
increasing specific n-3 PUFAs in the pri-
mary prevention of T2D.

In conclusion, our study suggests
that higher circulating levels of seafood-
derived n-3 fatty acids, namely, EPA, DPA,
and DHA and their sum, are related to
lower T2D risk, whereas plant-derived
ALA was not associated with risk.
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