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Intake and metabolism of omega-3 and omega-6 
polyunsaturated fatty acids: nutritional implications for 
cardiometabolic diseases
Matthias B Schulze, Anne Marie Minihane, Rasha Noureldin M Saleh, Ulf Risérus

Prospective observational studies support the use of long-chain omega-3 polyunsaturated fatty acids (PUFAs) in the 
primary prevention of atherosclerotic cardiovascular disease; however, randomised controlled trials, have often reported 
neutral findings. There is a long history of debate about the potential harmful effects of a high intake of omega-6 
PUFAs, although this idea is not supported by prospective observational studies or randomised controlled trials. Health 
effects of PUFAs might be influenced by Δ-5 and Δ-6 desaturases, the key enzymes in the metabolism of PUFAs. The 
activity of these enzymes and modulation by variants in encoding genes (FADS1-2-3 gene cluster) are linked to several 
cardiometabolic traits. This Review will further consider non-genetic determinants of desaturase activity, which have 
the potential to modify the availability of PUFAs to tissues. Finally, we discuss the consequences of altered desaturase 
activity in the context of PUFA intake, that is, gene–diet interactions and their clinical and public health implications.

Introduction
Fatty acids present in different lipid molecules are the 
major components of dietary fats. The physical and 
chemical characteristics and the nutritional and health 
effects of dietary fatty acids are influenced greatly by the 
types and proportions of the component fatty acids.1 The 
predominant fatty acids are either saturated fatty acids or 
fatty acids that contain carbon–carbon double bonds—
ie, monounsaturated fatty acids with one double bond, 
and polyunsaturated fatty acids (PUFAs) with two or more 
double bonds. Although foods rich in saturated fatty acids 
(eg, fatty meat and dairy products, coconut and palm oil, 
confectionary and cakes) and monounsaturated fatty acids 
(some vegetable oils, meats) contribute to the intake of 
these fatty acids, they can also be produced endogenously. 
By contrast, the PUFA linoleic acid and α-linolenic acid 
are essential fatty acids and mainly derived from vegetable 
oils, nuts, and seeds.2 Humans have some capacity to 
synthesise eicosapentaenoic acid, and to a lesser extent 
docosahexaenoic acid, from α-linolenic acid.3 Although 
eicosapentaenoic acid and docosahexaenoic acid are long-
chain omega-3 PUFAs, and therefore not strictly essential, 
they are consumed together as fish or fish oil capsules 
(either as over-the-counter dietary supplements or 
pharmaceutical-grade preparations). Microalgae is a 
dietary source of long-chain omega-3 PUFAs for 
vegetarians. Although the intake of PUFAs has been a 
cornerstone of dietary recom men dations, controversy 
remains about the optimal absolute and relative intakes of 
the main dietary omega-3 and omega-6 PUFAs.2,3

Prospective observational studies support the role of 
long-chain omega-3 PUFAs, eicosapentaenoic acid and 
docosahexaenoic acid, in the primary prevention of 
atherosclerotic cardiovascular disease, with the under-
lying mechanisms of action widely described.4,5 However, 
randomised controlled trials (RCTs) have often reported 
neutral findings for these PUFAs,6,7 which called into 
question the use of fish oil supplements to reduce the risk 
of heart disease or stroke.8 There is also debate about 

potentially harmful effects of a high intake of omega-6 
PUFAs, specifically if omega-6 PUFAs far exceeds 
omega-3 PUFAs.9 Because omega-6 PUFAs account for 
the majority of PUFAs in normal diets,10 it is important to 
understand the complex epidemiology and metabolism 
related to PUFA intake, and the clinical and public health 
implications of omega-3 and omega-6 PUFA intake for 
cardiometabolic diseases, such as type 2 diabetes and 
atherosclerotic cardiovascular disease.

This Review starts with a summary of evidence relating 
intake of omega-3 and omega-6 PUFAs to cardiometabolic 
diseases. We then address how PUFA metabolism is 
linked to Δ-5 and Δ-6 desaturases, and review the 
evidence linking enzymes’ activities and their modulation 
by genetic determinants, specifically genetic variants in 
the FADS1-2-3 gene cluster, to several cardiometabolic 
traits. Finally, we discuss the consequences of altered 
desaturase activity in the context of PUFA intake, that is, 
gene–diet interactions and their clinical and public 
health implications.

Effect of omega-3 PUFA intake on atherosclerotic 
cardiovascular disease and type 2 diabetes
Prospective cohort studies consistently support the role of 
eicosapentaenoic acid and docosahexaenoic acid for 
primary prevention of atherosclerotic cardiovascular 
disease, with underlying mechanisms, including an effect 
on concentration of plasma triglycerides, size of 
lipoproteins, inflammation and plaque stability, vascular 
function, and arrhythmias.4,5,11 Existing RCTs on clinical 
endpoints are largely secondary prevention trials (eg, 
GISSI12 and Alpha Omega13) or mixed primary and 
secondary prevention trials (eg, JELIS,14 REDUCE-IT,15 and 
the Risk and Prevention Study;16 table 1). Only VITAL7 was 
a primary prevention study recruiting healthy men and 
women with no history of cardiovascular disease. Earlier 
secondary prevention trials reported a 20%–30% reduction 
in cardiovascular deaths.12,14,27 Similarly, advice to consume 
fatty fish lowered total mortality.28 However, subsequent 
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Population Intervention Duration Outcome Effect size Comment

Omega-3 PUFA

GISSI (1999)12 Post-myocardial infarction less 
than 3 months

850–882 mg/day 
eicosapentaenoic acid plus 
docosahexaenoic acid

3·5 years Primary: death, myocardial 
infarction, stroke; secondary: 
atherosclerotic cardiovascular 
disease death

Primary 0·85 (0·74–0·9); 
secondary 
0·70 (0·56–0·87)

Four medications prescribed, 
5% of patients on statins

JELIS (2007)14 Men with hypercholesterolaemia 
(aged 40–75 years) and 
postmenopausal women  
(aged ≤ 75 years)

1800 mg 
eicosapentaenoic acid 
(icosapent ethyl)

4·6 years Primary: sudden cardiac death, 
fatal and non-fatal myocardial 
infarction, unstable angina, 
angioplasty, stenting, coronary 
artery bypass graft

0·81 (0·69–0·95) All patients on statins, 64% on 
antihypertensive medication, 
14% on antiplatelet drugs, 
12% on hypoglycaemic agents

Alpha Omega 
(2010)13

Post-myocardial infarction 400 mg/day 
eicosapentaenoic acid plus 
docosahexaenoic acid 
(trigylcerides); 2 g/day 
α-linolenic acid

3·7 years Primary: fatal and non-fatal 
atherosclerotic cardiovascular 
disease, percutaneous coronary 
intervention, and coronary 
artery bypass graft

Eicosapentaenoic acid 
plus docosahexaenoic 
acid vs α-linolenic acid or 
placebo 1·01 (0·87–1·17); 
α-linolenic acid vs 
eicosapentaenoic acid 
plus docosahexaenoic 
acid or placebo 0·91 
(0·78–1·05)

Median eicosapentaenoic acid 
plus docosahexaenoic acid 
intake at baseline 
120–130 mg/day, no subgroup 
difference by baseline intake; 
suggestive effect of α-linolenic 
acid in women (HR 0·73 
[0·51–1·03])

ORIGIN (2012)17 High atherosclerotic 
cardiovascular disease risk and 
prediabetes or diabetes

900 mg/day 
eicosapentaenoic acid plus 
docosahexaenoic acid 
(ethyl esters)

6·2 years Primary: atherosclerotic 
cardiovascular disease death; 
secondary: non-fatal 
myocardial infarction, stroke, 
or atherosclerotic 
cardiovascular disease death

Primary 0·98 
(0·87–1·10); secondary 
1·01 (0·93–1·10)

High prevalence of 
cardiovascular medication, 
statin use 54%; median 
eicosapentaenoic acid plus 
docosahexaenoic acid intake 
at baseline 210 mg/day

Risk and 
Prevention Study 
(2013)16

At least four atherosclerotic 
cardiovascular disease risk factors 
or vascular disease, previous 
myocardial infarction precluded

850 mg/day 
eicosapentaenoic acid plus 
docosahexaenoic acid 
(ethyl esters)

5·0 years Primary: time to death from 
atherosclerotic cardiovascular 
disease or hospital admission 
for atherosclerotic 
cardiovascular disease; 
secondary: atherosclerotic 
cardiovascular disease death

Primary 0·98 
(0·88–1·08); secondary 
1·03 (0·82–1·30)

Nine medications were 
prescribed, statin use 41%; 
at 1 year the event rate was 
lower than anticipated and the 
primary endpoint was revised

ASCEND (2018)6 Type 2 diabetes, no evidence of 
atherosclerotic cardiovascular 
disease

840 mg/day 
eicosapentaenoic acid plus 
docosahexaenoic acid 
(ethyl esters)

7·4 years Primary: atherosclerotic 
cardiovascular disease death, 
myocardial infarction, stroke, 
or transient ischaemic attack; 
secondary: non-fatal 
myocardial infarction, 
non-fatal ischaemic stroke, 
or vascular death

Primary 1·00 
(0·91–1·09); secondary: 
non-fatal myocardial 
infarction 0·93 
(0·76–1·14), non-fatal 
ischaemic stroke 
1·01 (0·84–1·22), 
vascular death 0·81 
(0·67–0·99)

High prevalence of 
cardiovascular medication, 
statin use 75%

VITAL (2019)7 Healthy men (aged ≥50 years), 
women (aged ≥55 years)

840 mg/day 
eicosapentaenoic acid plus 
docosahexaenoic acid 
(ethyl esters)

5·3 years Primary: atherosclerotic 
cardiovascular disease death, 
myocardial infarction, 
or stroke; secondary: 
atherosclerotic cardiovascular 
disease death or total 
myocardial infarction

Primary 0·92 
(0·80–1·06); secondary: 
atherosclerotic 
cardiovascular disease 
death 0·96 (0·76–1·21), 
total myocardial 
infarction 0·72 
(0·59–0·90)

Atherosclerotic cardiovascular 
disease death, myocardial 
infarction, and stroke HR 0·81 
(0·67–0·98) and total myocardial 
infarction HR 0·60 (0·45–0·81) 
with fish intake less than 
1·5 servings per week; no effect 
in patients with high fish intakes 
of at least 1·5 servings per week 
(HR 1·08 and 0·94)

REDUCE-IT (2019)15 Atherosclerotic cardiovascular 
disease, or aged ≥ 50 years and 
had type 2 diabetes and at least 
one additional atherosclerotic 
cardiovascular disease risk factor

4 g/day eicosapentaenoic 
acid (icosapent ethyl)

4·9 years Primary: atherosclerotic 
cardiovascular disease death, 
myocardial infarction, stroke, 
coronary revascularisation, 
or unstable angina

0·75 (0·68–0·83) HR 0·74 (0·65–0·83) for 
composite atherosclerotic 
cardiovascular disease death, 
myocardial infarction, and 
stroke (key secondary endpoint)

STRENGTH 
(2018)18 and 
(2020)19

High atherosclerotic 
cardiovascular disease risk or 
previous atherosclerotic 
cardiovascular disease or type 2 
diabetes, high triglycerides and 
low HDL-cholesterol

2·2 g eicosapentaenoic 
acid plus 0·8 g 
docosahexaenoic acid 
(carboxylic acids)

·· Primary: cardiovascular death, 
non-fatal myocardial 
infarction, non-fatal stroke, 
emergent coronary 
revascularisation, elective 
coronary revascularisation, 
or hospitalisation for unstable 
angina

Trial stopped Intervention judged unlikely to 
show a benefit by the 
independent data monitoring 
committee

(Table 1 continues on next page)
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RCTs often observed no effect on atherosclerotic 
cardiovascular disease incidence or deaths.6,7,13,15–17 These 
RCTs were summarised by several systematic reviews that 
questioned the likely benefit of supplementation with 
long-chain omega-3 PUFAs in the secondary prevention of 
atherosclerotic cardiovascular disease.27,29 This notion 
seems to be generally supported by subsequent RCTs. For 
instance, no benefit was seen from eicosapentaenoic acid 
plus docosahexaenoic acid supplementation to prevent 
atherosclerotic cardiovascular disease in patients with 
type 2 diabetes or prediabetes in the ASCEND study,6 or in 
healthy individuals in the VITAL study.7 However, 
REDUCE-IT15 saw a significantly lowered risk of 
atherosclerotic cardiovascular disease and a non-significant 
reduction in mortality (hazard ratio [HR] 0·87, 95% CI 
0·74–1·02) with high doses (4 g/day) of icosapent ethyl (a 
highly purified and stable eicosapentaenoic acid ethyl 
ester) among patients with established atherosclerotic 

cardiovascular disease or risk factors (including a high 
concentration of triglycerides). Up to 4 g eicosapentaenoic 
acid plus docosahexaenoic acid is approved as an 
alternative to fibrates as a triglyceride-reducing agent.30 
The effect size in REDUCE-IT (HR 0·75) suggests benefits 
beyond triglyceride lowering.4,5 Because of the chemical 
form used (ie, icosapent ethyl) these results cannot be 
directly extrapolated to over-the-counter formulations. 
These RCTs were included in two meta-analyses published 
in 2019 and 2020.31,32 One analysis (13 RCTs) concluded that 
long-chain omega-3 PUFA supplementation reduced the 
risk of myocardial infarction, coronary heart disease death, 
total coronary heart disease, atherosclerotic cardiovascular 
disease death, and total atherosclerotic cardiovascular 
disease, with risk reductions linearly related to dose.31 
According to the latest Cochrane meta-analysis, 
supplementation with long-chain omega-3 PUFAs reduce 
coronary heart disease death and coronary heart disease 

Population Intervention Duration Outcome Effect size Comment

(Continued from previous page)

Omega-6 PUFA

LA veterans 
(1969)20

Men with or without coronary 
heart disease

Corn and soybean oil At least 
8 years

Myocardial infarction, sudden 
death, and cerebral infarction

0·74 (0·53–1·03) Confirmation of compliance by 
adipose tissue fatty acid 
analyses. Secondary outcome for 
total atherosclerotic 
cardiovascular disease showed 
approximately 30% reduced risk, 
RR 0·68 (0·52–0·91)

MRC Soy (1968)21 Men post-myocardial infarction Soybean oil 
80 g approximately

5 years Myocardial infarction, sudden 
death, and all-cause mortality

0·86 (0·61–1·22) Confirmation of compliance by 
weighted food records and 
adipose tissue fatty acid 
analyses; intake at least 
43 g soybean oil unheated 
(often drunk with fruit juice)

Oslo diet-heart 
study (1970)22

Men post-myocardial infarction Soybean oil, cod liver oil 5 years Myocardial infarction and 
sudden cardiac death

0·75 (0·57–0·99) Multifactorial intervention with 
modification of dietary 
composition other than fat

Finnish mental 
hospital study 
(1979)23

Men with myocardial infarction Soybean oil 6 years Myocardial infarction (ECG 
change) and coronary heart 
disease mortality

0·55 (0·34–0·88) Institutionalised population; 
assignment by hospital, 
not individually randomised; 
confirmation of compliance with 
a large increase of linoleic acid in 
adipose tissue

Finnish mental 
hospital study 
(1983)24

Women with myocardial 
infarction

Soybean oil 6 years Myocardial infarction (ECG 
change) and coronary heart 
disease mortality

0·64 (0·41–1·00) Institutionalised population; 
assignment by hospital, 
not individually randomised

Minnesota 
Coronary Survey 
(1989)25

Men and women Corn oil 4·5 years 
or less

Atherosclerotic cardiovascular 
disease events, atherosclerotic 
cardiovascular disease, and 
total mortality

1·08 (0·84–1·37) Institutionalised population; 
mean follow-up only 1 year; 
dropout rate approximately 
75%; high dose of corn oil 
(13% vs 3% energy from linoleic 
acid)

Sydney Diet Heart 
Study (1978)26

Men post-myocardial infarction 
or with coronary heart disease

Safflower oil 2–7 years Myocardial infarction and 
cardiac death

1·86 (0·63–5·44) Short study duration (median 
follow-up 39 months), with 
potential confounding by trans 
fatty acids; high dose of 
omega-6 PUFAs, without any 
increase in omega-3 PUFAs

Data are HR (95% CI) or RR (95% CI). The table does not provide an exhaustive description of all PUFA intervention studies done to date, but rather gives illustrative examples of earlier and later trials, and those 
that are discussed in the text. PUFAs=polyunsaturated fatty acids. RCT=randomised controlled trial.

Table 1: Key RCTs examining the effect of PUFA supplementation on incident cardiovascular disease
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events by approximately 10%, although no significant 
effect was shown for total atherosclerotic cardiovascular 
disease events or stroke.32

Making direct comparisons between observational and 
trial evidence has several limitations. Observational studies 
are generally prone to confounding, thus other factors 
associated with intake of long-chain omega-3 PUFAs 
might explain the observed benefits. Also, observational 
studies usually capture dietary sources of long-chain 
omega-3 PUFAs (fish intake), in which the long-chain 
omega-3 PUFAs are predominantly in the triglyceride 
form with some phospholipid eicosapentaenoic acid and 
docosahexaenoic acid also present, rather than supple-
mentation with isolated PUFAs alone. Also, when 
comparing outcomes from individual RCTs, it is important 
to consider various factors, such as the chemical form and 
dose of omega-3 PUFAs, whether the formulation contains 
eicosapentaenoic acid and docosahexaenoic acid, what 
their ratio to each other is, and whether the supplement 
used was an over-the-counter or a prescription-grade 
prepar ation. Supplemental (over-the-counter) or prescrip-
tion eicosapentaenoic acid and docosahexaenoic acid are 
available in free fatty acid, triglyceride, phospholipid, or 
ethyl ester forms. The bioavailability of fatty acids from 
ethyl esters is known to be substantially lower than that 
from the other forms, particularly if consumed when 
fasting or as part of a low-fat meal.33 Although bioavailability 
is unlikely to have been an issue in REDUCE-IT15 because 
of the high dose of eicosapentaenoic acid used, reduced 
eicosapentaenoic acid and docosahexaenoic acid bio-
availability might have contributed to the absence of 
efficacy seen in ORIGIN,17 Risk and Prevention Study,16 
ASCEND,6 and VITAL7 (table 1). Furthermore, increasingly 
intensive use of cardiovascular medications over the past 
2 decades might reduce the therapeutic opportunity, 
because eicosapentaenoic acid and docosahexaenoic acid 
have overlapping targets with the prescribed drugs. For 
example, both fibrates and long-chain omega-3 PUFAs 
mediate triglyceride lowering via PPAR-α-dependent 
mechanisms.34 However, subgroup analyses in ORIGIN, 
VITAL, or REDUCE-IT trials, and the positive effect of 
eicosapentaenoic acid in statin users in the JELIS trial, do 
not support a generally increased benefit of long-chain 
omega-3 PUFA supplementation among non-users of 
cardiovascular medication.7,14,15,17 However, RCTs might have 
the limitation of a high habitual intake of eicosapentaenoic 
acid and docosahexaenoic acid in trial participants at 
baseline.27 For example, in VITAL, subgroup analysis 
indicated an effect of eicosapentaenoic acid plus 
docosahexaenoic acid on major cardiovascular events 
(HR 0·81) and myocardial infarction incidence (HR 0·64) 
in people with low intakes of fish at baseline 
(<1·5 servings per week) but not in people with high 
intakes (≥1·5 servings per week).7 Although such a 
difference was not observed in the ORIGIN trial,17 there is 
no systematic evaluation of effect modification by baseline 
omega-3 PUFA status across existing trials, or an RCT that 

specifically tests the effect of supplements for individuals 
with a low habitual intake of omega-3 PUFAs.

Individual RCTs suggest beneficial effects of long-chain 
omega-3 PUFA supplementation on specific cardio-
vascular endpoints as secondary outcome measures. For 
instance, eicosapentaenoic acid plus docosahexaenoic 
acid reduced the risk of vascular death among patients 
with prevalent coronary heart disease, according to a 
meta-analysis of RCTs,35 and in patients with diabetes in 
the ASCEND study.6 Long-chain omega-3 PUFA 
supplements reduced risk of myocardial infarction in 
VITAL.7 There is no direct comparison of eicosapentaenoic 
acid versus docosahexaenoic acid in primary or secondary 
prevention trials, though such evidence is needed to 
inform policy, if individual eicosapentaenoic acid and 
docosahexaenoic acid recommendations are to be 
developed. Although docosahexaenoic acid is more 
effective than is eicosapentaenoic acid in reducing plasma 
triglycerides and improving vascular function, high-dose 
eicosapentaenoic acid reduced incidence of incident 
atherosclerotic cardio vascular disease in the REDUCE-IT 
trial.15,36 The STRENGTH trial,18 with a similar study 
population to REDUCE-IT,15 was stopped because of its 
low likelihood of showing a benefit.19 STRENGTH used a 
lower dose and different form of long-chain omega-3 
PUFAs (2·2 g eicosapentaenoic acid and 0·8 g 
docosahexaenoic acid as free fatty acids) than did 
REDUCE-IT (4 g eicosapentaenoic acid as ethyl ester). 
These findings suggest that the formulation of the long-
chain omega-3 PUFAs tested might be highly important.

Similar to long-chain omega-3 PUFAs, prospective 
cohorts indicate an approximate 10%–15% reduced risk of 
cardiovascular events associated with high α-linolenic acid 
intake.37,38 These observational data are supported by RCTs: 
a 2018 Cochrane review concluded that increased 
α-linolenic acid intake might slightly reduce the risk of 
cardiovascular events and probably reduces the risk of 
coronary heart disease mortality and arrhythmia with 
modest effect sizes.39 However, large-scale, long-term trials 
on α-linolenic acid supplementation are rather scarce 
(table 1). In the only trial meeting these criteria, the Alpha 
Omega trial,13 giving margarine rich in α-linolenic acid to 
patients with previous myocardial infarction did not 
significantly reduce major athero sclerotic cardiovascular 
disease events compared with a placebo margarine, 
although the effect size suggests such benefits exist. Any 
effect due to α-linolenic acid might be caused by an indirect 
effect on eicosapentaenoic acid status and a direct effect on 
other cardiometabolic pathways or risk factors.

There is little indication that eicosapentaenoic acid and 
docosahexaenoic acid improve indices of glycaemia and 
insulin sensitivity, or reduce risk of incident type 2 
diabetes.40 In a pooled analyses of cohort studies, long-
chain omega-3 PUFAs derived from seafood and fish had 
no clear association with type 2 diabetes risk.41 Intake of 
long-chain omega-3 PUFAs might be less important for 
diabetes risk than for atherosclerotic cardiovascular 
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disease risk. This idea is supported by Mendelian 
randomisation studies, which found that lowering 
triglyceride concentrations reduced atherosclerotic 
cardio vascular disease risk, but did not reduce type 2 
diabetes risk.42,43 By contrast, α-linolenic acid intake was 
inversely linked to type 2 diabetes risk, although 
modestly.41 An inverse association between plasma 
concentrations of α-linolenic acid and type 2 diabetes risk 
was also seen in the EPIC-InterAct study.44 However, 
evidence from RCTs on α-linolenic acid supplementation 
with type 2 diabetes as an endpoint is needed.40

Effect of omega-6 PUFA intake on atherosclerotic 
cardiovascular disease and type 2 diabetes
Several trials assessed the effect of replacing saturated fatty 
acids from dairy and meat with a diet rich in cholesterol-
lowering PUFAs on the risk of atherosclerotic cardio-
vascular disease and death (table 1).20–26 These trials mostly 
used linoleic acid as omega-6 PUFA, or a mixture of 
omega-6 (linoleic acid) and omega-3 (α-linolenic acid) 
PUFAs from vegetable oils. In one meta-analysis, PUFAs 
were associated with a moderate reduction of total coronary 
heart disease and fatal deaths compared with saturated 
fatty acids.45 The risk reduction (10% for each 5% of energy 
from saturated fatty acids substituted with PUFAs) 
accorded well with the lowering of serum cholesterol and 
the cholesterol to HDL ratio in these trials. Similarly, a 
2018 Cochrane review supports a risk reduction for 
myocardial infarction if omega-6 PUFAs replace saturated 
fatty acids, although no clear benefit was seen for overall 
atherosclerotic cardiovascular disease.46 No evidence was 
found for dose–response, but there was a suggestion of 
increased protection for atherosclerotic cardiovascular 
disease across outcomes in participants with low omega-6 
PUFA intake at baseline. The protective effects found in 
trials are consistent with a pooled analysis of 11 prospective 
cohort studies that evaluated replacing saturated fatty acids 
with PUFAs (mostly linoleic acid), and a meta-analysis of 
13 cohort studies comparing linoleic acid and saturated 
fatty acids.47,48 In prospective cohort studies with omega-6 
PUFA biomarkers (circulating or tissue linoleic acid 
concentrations), higher linoleic acid concentrations were 
associated with a lower risk of all atherosclerotic 
cardiovascular disease outcomes, including atherosclerotic 
cardiovascular disease mortality, even after taking omega-3 
PUFA concentrations into account.49 According to a 
2020 meta-analysis of cohort studies, high linoleic acid 
intake and tissue concentrations are related not only to 
lower atherosclerotic cardiovascular disease mortality, but 
also to lower total and cancer mortality.50 However, 
secondary analyses of recaptured data from two trials done 
during the 1970s–1980s suggest that a high intake of 
linoleic acid plus α-linolenic acid is more favourable than a 
high intake of omega-6 PUFA alone, which might have 
unwanted side-effects at high doses.51–53 However, these 
trials are difficult to interpret, because of the short duration 
of some trials, small numbers of events, high drop-out 

rates, and confounding by trans fats that were commonly 
abundant in the PUFA-rich margarines used (table 1). 
Meta-analyses of trials show inconsistent results for 
omega-6 PUFAs, depending on study inclusions.45,46,53–56 
Taken together, evidence from RCTs and prospective 
cohort studies suggests that plant oils rich in linoleic acid 
seem to be moderately protective against coronary heart 
disease, especially myocardial infarction.

Regarding intake of omega-6 PUFAs and type 2 diabetes 
risk, there are no available data from trials designed to 
investigate diabetes incidence as an outcome.40 However, 
after considering short-term feeding trials and prospective 
cohort studies using omega-6 biomarkers or food 
questionnaires, a previous review suggests inverse asso-
ciations between omega-6 PUFA (linoleic acid in parti-
cular) and incident type 2 diabetes.57 This suggestion is 
supported by several subsequent cohort studies, including 
the pan-European EPIC-InterAct study,44 and the pooled 
meta-analyses from the FORCE consortium.58 FORCE 
considered linoleic acid and arachidonic acid concen-
trations in circulating lipids in prospective cohorts and 
found that linoleic acid, but not arachidonic acid, was 
inversely and linearly associated with incident type 2 
diabetes, and this robust association was not modified by 
omega-3 PUFA status.58 In support, numerous small and 
mostly short-term, randomised feeding trials indicated 
that PUFA, when isocalorically compared with saturated 
fatty acids or carbohydrates, improved markers of insulin 
sensitivity and glycaemic control,59 although additional 
definitive RCTs of a longer duration are needed.40

Role of the omega-6 to omega-3 PUFA ratio
Concerns that consuming a high proportion of dietary 
omega-6 fats compared with omega-3 fats can have 
detrimental effects, particularly on inflammatory status, 
are not generally supported by study evidence. Indeed, 
several feeding trials showed that increasing omega-6 
PUFA intake (eg, linoleic acid) while keeping omega-3 
PUFA intake unchanged (increasing several times the 
omega-6 to omega-3 ratio), has no adverse effects on either 
multiple markers of inflammation or oxidative stress,60 
even under energy excess conditions at high linoleic acid 
intake.61 In line with these findings, a meta-analysis did not 
find evidence to suggest an important role of the omega-6 
to omega-3 PUFA ratio on glucose metabolism.40 Although 
long-term RCTs on omega-6 PUFAs are insufficient to 
conclude on the relevance of the omega-6 to omega-3 
PUFA ratio,46 prospective cohort studies do not indicate 
any adverse role of a high omega-6 to omega-3 PUFA 
ratio.62 The reason that the omega-6 to omega-3 PUFA 
ratio seems unimportant in predicting cardiometabolic 
disease or inflammation is probably because concerns 
about this ratio are partly formed on the basis of a number 
of incorrect and simplified assumptions—for example, 
that omega-6 PUFAs overall are proinflammatory, that 
omega-6 PUFAs (and linoleic acid in particular) have 
adverse effects on cardiovascular disease risk (although in 
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fact omega-6 and omega-3 PUFAs are related to lower 
risk), and that reducing linoleic acid intake will lower 
arachidonic acid concentrations (by contrast, linoleic acid 
supplements do not increase arachidonic acid concen-
trations in plasma or adipose tissue).61,63,64 In addition, a 
clear problem arises when combining different omega-6 
(and omega-3) PUFAs despite the distinct inflammatory 
and cardiovascular effects and different metabolites of 
individual PUFAs.63 It is important to standardise the 
calculation of this ratio, because different studies have 
used different ratios (eg, some considered all omega-3 
PUFAs or eicosapentaenoic acid and docosahexaenoic acid 
only). Also, a ratio calculated from dietary intake data 
cannot be compared with a ratio calculated from plasma or 
tissue PUFA concentrations.

PUFA metabolism
PUFAs fulfil various functions within the human body in 
addition to being a source of energy. They are integral 
structural components of the phospholipid layer of cell 
membranes, influencing membrane fluidity and selective 
permeability. Furthermore, PUFAs can directly influence 
several metabolic pathways, being ligands for transcription 
factors, such as sterol regulatory element binding protein 1 
(SREBP-1), nuclear factor κB (NF-κB), hepatocyte nuclear 
factor 4α (HNF-4α), and PPARs, which have an important 
role in lipid metabolism. PUFAs are also substrates for 
the formation of various lipid-related metabolites 
(for example, eicosanoids, leukotrienes, prostaglandins, 
thromboxanes, lipoxygenase interaction products, 
endocannabinoids, or resolvins), which are highly 
bioactive. Prospective studies have also linked other lipid 
molecules, ceramides, to cardio metabolic risk,65,66 and 
experimental data suggest causal links to insulin 
resistance and potentially also to atherosclerotic 
cardiovascular disease.67 Omega-6 PUFA (linoleic acid) 
decreases several plasma ceramide species compared with 
saturated fatty acids.61

Importantly, although the essential precursor PUFAs, 
linoleic acid and α-linolenic acid, are the main PUFA 
sources in the diet, other PUFAs can be produced 
endogenously, although bioconversion efficiency to 
docosahexaenoic acid is modest.3 The bioconversion of 
linoleic acid and α-linolenic acid to the long-chain PUFAs 
(γ-linolenic acid, dihomo-γ-linolenic acid, arachidonic 
acid, eicosapentaenoic acid, docosahexaenoic acid) is 
catalysed by elongases and desaturases, with the Δ-6 and 
Δ-5-desaturases being the key enzymes in this process 
(figure 1). Specifically, Δ-6 desaturase is considered the 
rate-limiting step of conversion of linoleic acid and 
α-linolenic acid to downstream metabolites. Omega-6 and 
omega-3 PUFAs compete for the same enzymes in this 
process, although a preferential affinity to omega-3 PUFAs 
exists.68 PUFAs are the main dietary component that 
regulate the activity of these desaturases. In a rodent 
model, both desaturases seem to be suppressed by dietary 
PUFAs.69 A stable-isotope study showed that increased 

intake of long-chain omega-3 PUFAs inhibits α-linolenic 
acid bioconversion.3

PUFAs often exert their physiological effects through a 
number of oxidative bioactive products (figure 1), 
collectively named oxylipins, which are produced by the 
action of cycloxygenases (encoded by COX genes), lipoxy-
genases (encoded by ALOX genes), and some members of 
CYP450 superfamily (CYP1–4 families). Oxylipins have 
long been known to have a proinflammatory effect as 
thromboxanes, prostaglandins, and leukotrienes. Throm-
boxanes, 2 series-prostaglandins, and the 4 series-
leukotrienes are derived from arachidonic acid, and 
eicosapentaenoic acid metabolism produces 3 series-
prostaglandins and 5 series-leukotrienes. Eicosapentaenoic 
acid products are generally less proinflammatory than 
their arachidonic acid counterparts.70 However, the inflam  -
matory effect of arachidonic acid or eicosapentaenoic acid 
derivates is nuanced, with both producing pro inflam-
matory and anti-inflammatory products. For example, 
arachidonic acid-derived prostacyclin is known to inhibit 
platelet aggregation.71

In addition to competing with arachidonic acid, studies 
show that eicosapentaenoic acid and docosa hexaenoic acid 
have a direct anti-inflammatory and resolving role through 
the production of signalling molecules, named specialised 
pro-resolving mediators.72 The specialised pro-resolving 
mediators resolvins, protectins, and maresins, together 
with lipoxins produced from arachidonic acid, help to 
actively resolve inflammation by inhibiting the influx of 
neutrophils into the site of inflammation and from 
enhancing phagocytosis. Data are largely derived from 
rodent studies, and evidence of the role of specialised pro-
resolving mediators in human homoeostasis and 
pathophysiology is needed.

Figure 1: Key enzymes involved in the metabolism of polyunsaturated 
fatty acids

Conversion of linoleic acid and α-linolenic acid to longer-chain omega-6 and 
omega-3 polyunsaturated fatty acids is catalysed by the action of 

Δ-6 desaturase, Δ-5 desaturase, and elongases. AA, EPA, and DHA often exert 
their physiological effects through oxylipins produced by the action of 

cycloxygenases, lipoxygenases, and some members of the CYP450 superfamily. 
2-PGs=2-series prostaglandins. 3-PGs=3-series prostaglandins. 4-LTs=4-series 

leukotrienes. 5-HEPE= 5-hydroxyeicosapentaenoic acid. 5-LTs=5-series 
leukotrienes. AA=arachidonic acid. ALOX=arachidonate lipoxygenase. 

ALOX5AP=5-lipoxygenase activating protein. COX-2=cylclooxygenase-2. 
CYP2C=cytochrome P450 2C. CYP2J=cytochrome P450 2J. CYP4A=cytochrome 

P450 4A. CYP4F=cytochrome P450 4F. CYP-450=cytochrome P450. 
DHA=docosahexaenoic acid. DHEQs=dihydroxyeicosatetraenoic acids. 

DHET=dihydroxyeicosatrienoic acid. DiHDPA=dihydroxydocosapentaenoic acid. 
EDP=epoxydocosapentaenoic acid. EEQ=epoxyeicosatetraenoic 

acid. EETs=epoxyeicosatrienoic acids. EPA=eicosapentaenoic acid. 
HDHA=hydroxydocosahexaenoic acid. HEPE=hydroxyeicosapentaenoic acid. 

HETE=hydroxyeicosatetraenoic acid. HpDHA=hydroperoxide intermediate of 
DHA. LTA5=leukotriene A5. LTB5=leukotriene B5. LTE5=leukotriene E5. 
LXA4=lipoxin A4. LXA5=lipoxin A5. LXB4=lipoxin B4. LXB5=lipoxin B5. 

n-3=omega-3. n-6=omega-6. PGE2=prostaglandin E2. PGD2=prostaglandin D2. 
PGF2α=prostaglandin F2α. PG12=prostaglandin 12. PG13=prostaglandin 13. 

RvE1=Resolvin E1. RvE2=Resolvin E2. sEH=soluble epoxide hydrolase enzyme. 
TX=thromboxanes. TXA2=thromboxane A2. TXA3=thromboxane A3. 

TXB2=thromboxane B2. TXB3=thromboxane B3. 
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Prostaglandins and thromboxanes are produced mainly 
by the action of COX enzymes on arachidonic acid and 
eicosapentaenoic acid. COX-1 is involved in basic 
physiological functions, whereas COX-2 products are 
mainly produced in response to inflammation and in 
malignant conditions, such as colorectal cancer.73 COX-2 
oxylipin products and COX inhibitors are important 
modu lators of elements of the cardiometabolic phenotype, 
including blood pressure, platelet aggregation, and 
atherogenesis.74 It would be interesting to understand how 
the different effects of non-steroidal anti-inflammatory 
drugs (including aspirin), omega-3 PUFAs, and omega-6 
PUFAs on prostaglandin metabolism might relate to their 
different effects on atherosclerotic cardiovascular disease 
risk (eg, side-effects of selective COX-2 inhibitors vs 
aspirin).75

Lipoxygenases (encoded by ALOX5, ALOX5AP, 
ALOX12, and ALOX15) modulate the production of the 
proinflammatory leukotrienes and the anti-inflammatory 
specialised pro-resolving mediators.76 Greater ALOX5, 
ALOX12, and ALOX15 expression in adipose tissue was 
reported in people with obesity and type 2 diabetes than 
in people with obesity but without type 2 diabetes.77 The 
ALOX5 enzyme pathway is activated in cardiovascular 
diseases and suggests leukotrienes have an important 
role in atherosclerosis and its ischaemic compli-
cations, such as myocardial infarction and stroke.78 
CYP1–4 families produce epoxyeicosatrienoic acid and 
hydro xyeico satetraenoic acid from arachidonic acid, 
eicosapentaenoic acid, docosahexaenoic acid, with 
epoxyeicosatrienoic acids being further catalysed to their 
respective regioisomers (dihydroxyeicosatetraenoic acid) 
through soluble epoxide hydrolase. Preclinical and 
clinical studies show the potential role of these meta-
bolites as vasodilators and subsequent regulators of 
blood pressure, with some preliminary evidence of their 
antiarrhythmic and cardioprotective functions.79

Relationship between desaturase activity and 
cardiometabolic health
The relevance to cardiometabolic diseases of endogenous 
formation of more highly unsaturated fatty acids from 
dietary precursor fatty acids (linoleic acid and α-linolenic 
acid) has been investigated across different prospective 
cohorts. Because direct measurement of liver desaturase 
activity is not possible, most reports have relied on 
estimates of activities formed on the basis of product 
versus precursor ratios of fatty acids measured in blood 
fractions. Several studies saw that a high estimated Δ-6 
activity (ratio of γ-linolenic acid to linoleic acid) is related to 
an increased risk of type 2 diabetes, although high 
estimated Δ-5 activity (ratio of arachidonic acid to 
dihomo-γ-linolenic acid) was associated with reduced risk 
activity.44,58,80 A similar, though less clear, picture emerges 
for atherosclerotic cardiovascular disease, in which a 
pooled analysis of 30 cohort studies revealed inverse 
associations with type 2 diabetes risk for linoleic acid and 

arachidonic acid. However, there are few studies on 
atherosclerotic cardiovascular disease considering inter-
mediate omega-6 PUFAs or specific fatty acid ratios to 
reflect their bioconversion. Dihomo-γ-linolenic acid was 
related to increased coronary heart disease risk, but less 
convincing to increased stroke risk in the ARIC study,81,82 
but γ-linolenic acid and dihomo-γ-linolenic acid were not 
clearly associated with atherosclerotic cardiovascular 
disease risk in other studies.83–85 Overall, these studies 
suggest that increased Δ-6 activity and reduced Δ-5 activity 
lead to the accumulation of intermediate fatty acids 
(γ-linolenic acid and dihomo-γ-linolenic acid), which 
increases cardiometabolic risk.

Genetic determinants of PUFA metabolism
Genetic factors are linked to the fatty acid composition of 
biosamples, specifically blood fractions. Variations in 
FADS1 and FADS2, the genes encoding the Δ-5 and 
Δ-6 desaturases, have been related to PUFA blood concen-
trations by candidate gene approaches.86 Furthermore, 
genome-wide association studies identified this region as 
having the strongest genetic link to PUFA blood concen-
trations. For example, variant alleles at single nucleotide 
polymorphisms in the FADS1-2-3 gene cluster were 
associated with higher concentrations of α-linolenic acid 
and lower concentrations of eicosapentaenoic acid and 
docosapentaenoic acid in the CHARGE consortium meta-
analysis.87 The strongest associated single nucleotide 
polymorphisms explained approximate variance of 4% in 
α-linolenic acid, 2% in eicosapentaenoic acid, and 9% in 
docosapentaenoic acid. Similarly, variants in the 
FADS1-2-3 gene cluster were strongly associated with 
omega-6 PUFA con cen trations (linoleic acid, γ-linolenic 
acid, dihomo-γ-linolenic acid, arachidonic acid) in 
CHARGE, with the top single nucleotide polymorphism 
(rs174547) explaining approximately 10% variation in 
dihomo-γ-linolenic acid and more than 20% in arachidonic 
acid.88 Similarly, genome-wide association studies con-
sidering fatty acid ratios as estimates of Δ-5 or 
Δ-6 desaturase identified the FADS1-2-3 gene cluster as a 
prominent locus.89,90

In addition to their relationship to tissue fatty acid 
composition, variants in the FADS1–2-3 gene cluster are 
among the strongest genetic variants linked to triglyceride 
concentrations and are associated with other lipids, for 
example, cholesterol.91,92 Furthermore, genome-wide asso-
ciation studies support that variants in this gene cluster are 
among the strongest signals related to specific lipids, 
particularly phospholipids (phosphatidyl cholines and 
phosphatidylethanolamines).93,94 Several of these lipids 
were related to risk of type 2 diabetes and atherosclerotic 
cardiovascular disease in prospective studies.95,96

Variants in the FADS1-2-3 gene cluster have not been 
associated with risk of type 2 diabetes and atherosclerotic 
cardiovascular disease on a genome-wide level,97,98 despite 
their association with multiple other cardiometabolic 
traits, including inflammatory markers, and fasting 
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glucose.91,99 However, these variants have been used in 
Mendelian randomisation analyses to support causal 
roles of desaturases, PUFAs, and specific phospholipids 
for cardiometabolic diseases.100–102 Investigating genetic 
variation in the FADS1-2-3 gene cluster to disentangle 
the potentially different role of individual PUFAs is 
hampered by strong linkage disequilibrium in this 
region.80 Common variants in FADS1 are strongly 
associated with variants in FADS2, and minor alleles of 
variants in FADS1 are not only related to increased 
dihomo-γ-linolenic acid (substrate of Δ-5 desaturase) and 
reduced arachidonic acid concentrations (product), but 
also to increased linoleic acid and reduced γ-linolenic 
acid concentrations (substrate and product of Δ-6 
desaturase) in European populations.88 Importantly, 
prospective studies using PUFA biomarkers support the 
idea that Δ-5 and Δ-6 desaturases have opposing 
associations with cardiometabolic risk, and confounding 
by linkage disequilibrium in genetic studies might mask 
true associations.103

Genetic variants in the FADS1-2-3 gene cluster show 
strong variability in allele frequency across different 
populations. For example, the C-allele of FADS1 rs174547, 
related to reduced ability to convert plant-based PUFAs 
into longer-chain and higher unsaturated fatty acids, is 
largely absent in African, common in European, and 
dominant in American populations (figure 2).104 Similarly, 
the FADS2 variant rs174570 allele related to lower 
desaturase activity, is much more frequent in Greenland 
Inuit (allele frequency 99%) than in Chinese (34%) or 
European populations (16%).105 This disparity highlights 
a potential human adaptation to varying dietary PUFA 
sources. Variants in the FADS1-2-3 gene cluster that 
increase long-chain-PUFA synthesis from plant-based 
PUFAs might have been of advantage in geographic 
regions with little access to marine sources for long-
chain omega-3 PUFAs. At the other extreme are Inuit, 
who traditionally consume extremely high amounts of 
long-chain omega-3 PUFAs from fish and marine 
mammals, and for whom the FADS1-2-3 gene cluster 
was the strongest outlier region, based on patterns of 
allele frequency differentiation compared with other 
populations.105 There is little evidence that the FADS1-2-3 
gene cluster relates to systems and biological processes 
related to food preferences (eg, fish consumption).106

Genetic variations in ALOX, COX, and CYP-450 genes 
affect oxylipin production.79,107 ALOX genotype was asso-
ciated with cardiometabolic phenotypes in experi mental 
models and human investigations.92,108–110 In ALOX5 
knock-out mice, a reduction in LTB4 and reverse cholesterol 
transport suggests a new mechanism through which the 
lipoxygenase pathway is likely to influence atherogenesis.108 
Large-scale, genome-wide association studies reported 
associations between ALOX5 single nucleotide poly-
morphisms and HDL cholesterol concentrations in 
humans.92,108 Variation in the tandem repeats of the ALOX5 
promoter and in ALOX5 activating protein (ALOXAP) was 

associated with incident myocardial infarction in cohort 
studies.109,110 However, ALOX genotypes were not 
significantly associated with type 2 diabetes or coronary 
artery disease in genome-wide association studies.71,111

Consequences of altered desaturase and 
lipoxygenase activity
The strong association of variants in the FADS1-2-3 gene 
cluster with tissue PUFA concentrations suggests that 
response to dietary PUFA intake (in terms of blood PUFA 
composition) is modified by genetic architecture related to 
the activity of desaturases. However, this question has 
been investigated in few studies to date (table 2).112–119 
Unfortunately, most studies were cross-sectional in 
nature, or investigated intake of long-chain omega-3 
PUFAs, which are not the substrate of desaturases.112,114,116,117 
Only two trials investigated supplementation with plant-
derived PUFAs. Gillingham and colleagues115 compared 
intakes of a flaxseed oil rich in α-linolenic acid, a blend of 
oils typical of a western diet, and an oil rich in oleic acid. 
People who were minor allele carriers of four different 
variants in the FADS1-2-3 gene cluster had a substantially 
lower increase in eicosapentaenoic acid plasma 
concentrations after the α-linolenic acid intervention than 
did people with the wild type (α-linolenic acid intervention 
0·9% vs 2·2%, western diet fat 0·3% vs 0·6%, oleic acid 
diet 0·4% vs 0·7%; pinteraction<0·001).115 In the FADSDIET 
trial,119 arachidonic acid concentrations in plasma 
phospholipids decreased in participants with the rare CC 
genotype of FADS1 rs174550 in response to a linoleic acid-
rich sunflower oil, but arachidonic acid concentrations 
remained unchanged in individuals with the TT geno-
type.119 These findings are supported by animal studies. 

Figure 2: Allele frequencies (percent) for FADS1 rs174547 across populations
Genetic variation in FADS1 is in strong linkage disequilibrium with variation in 
FADS2. FADS1 rs174547, one of the lead single nucleotide polymorphisms 
related to circulating concentrations of polyunsaturated fatty acids identified in 
large-scale genome-wide association studies,88 shows strong differences across 
different populations worldwide. Data are from the 1000 Genomes Project 
phase 3.104
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Design and 
population

Intervention or exposure Genetic variants Outcomes Interaction

Fatty acid composition of blood fractions or breastmilk

Moltó-
Puigmartí et al 
(2010)112

Cross-sectional Fatty fish intake rs174575 Plasma and milk fatty acids Higher eicosapentaenoic acid or docosahexaenoic acid concentrations 
in human milk occurred with higher fatty fish intake only in major 
allele carriers; no difference in plasma phospholipid eicosapentaenoic 
acid or docosahexaenoic acid by genotype

Dumont et al 
(2011)113

Cross-sectional Dietary linoleic acid and 
α-linolenic acid

rs174546 Serum phospholipid fatty 
acids

No interaction

Al-Hilal et al 
(2013)114

RCT, healthy 
patients

Eicosapentaenoic acid plus 
docosahexaenoic acid 
(0·45 g/day, 0·9 g/day, 
and 1·8 g/day)

rs174537, rs174561, 
rs3834458

Fatty acids in plasma and 
red blood cells

Increase in Δ-5 desaturase activity (arachidonic acid to 
eicosapentaenoic acid ratio) occurred among T-allele carries of 
rs174537 with increased supplementation

Gillingham 
et al (2013)115

RCT, patients 
with 
hyperlipidaemia

Diet rich in α-linolenic acid 
(20·6 g/day)

rs174545, rs174583, 
rs174561, rs174537

Plasma fatty acids Substantially smaller absolute concentration of eicosapentaenoic acid 
occurred in minor allele homozygote after α-linolenic acid 
intervention than in major allele carriers

Smith et al 
(2015)116

Cross-sectional 
(consortium)

Dietary linoleic acid and 
α-linolenic acid

rs174538, rs174548 Long-chain omega-3 PUFAs 
of plasma or red blood cells

Interaction between α-linolenic acid intake and FADS1 variants on 
docosapentaenoic acid and docosahexaenoic acid

Takkunen et al 
(2016)117

Cross-sectional Long-chain omega-3 
PUFAs from fish

rs174550 Fatty acids in plasma and 
red blood cells

Stronger association between long-chain omega-3 PUFA intake and 
eicosapentaenoic acid in minor allele carriers than in major allele 
homozygote

Juan et al 
(2018)118

Cross-sectional Dietary linoleic acid, 
α-linolenic acid, 
eicosapentaenoic acid, 
and docosahexaenoic acid

rs174546 Plasma fatty acids Stronger positive associations between eicosapentaenoic acid and 
docosahexaenoic acid intake and eicosapentaenoic acid 
concentrations in minor allele carriers than in major allele 
homozygote; no interactions for other dietary PUFAs

Lankinen et al 
(2019)119

Single group 
trial

Sunflower oil rich in 
linoleic acid (17–28 g/day)

rs174550 Plasma phospholipid and 
cholesterol ester fatty acids

Decrease in arachidonic acid concentration in homozygote for minor 
allele, no effect in homozygote for major allele

Blood lipids

Lu et al 
(2010)120

Cross-sectional Dietary omega-6 and 
omega-3 PUFAs

rs174546, rs482548,
rs174570

Total cholesterol, 
HDL-cholesterol, and 
non-HDL-cholesterol

No interactions for total dietary omega-3 intake and all outcomes;
no interactions for dietary omega-6 PUFAs and most outcomes 
(only significant interaction was for HDL-cholesterol and rs174546)

Dumont et al 
(2011)113

Cross-sectional Dietary linoleic acid and 
α-linolenic acid

rs174546 Serum triglycerides, 
cholesterol, and lipoproteins

Lower total and non-HDL cholesterol concentration in minor allele 
carriers occurred with high α-linolenic acid intake only, not with low 
alpha-linolenic acid intake

Cormier et al 
(2012)121

Single group 
trial

1·9 g/day 
eicosapentaenoic acid and 
1·1 g/day 
docosahexaenoic acid

Selected single 
nucleotide 
polymorphisms of the 
FADS1–2-3 gene cluster

Plasma triglycerides No interaction observed

Standl et al 
(2012)122

Cross-sectional Dietary omega-3 PUFAs FADS1–2-3 gene cluster Total cholesterol, 
HDL-cholesterol, 
LDL-cholesterol, 
triglycerides

No interaction observed

Dumont et al 
(2018)123

Cross-sectional Dietary linoleic acid and 
α-linolenic acid

rs174547 HDL-cholesterol Lower HDL-cholesterol concentration with minor allele occurred only 
with high linoleic acid intake, not with low linolenic acid intake; no 
interaction with α-linolenic acid

Atherosclerotic cardiovascular disease or type 2 diabetes risk

Baylin et al 
(2007)124

Case-control α-linolenic acid from 
adipose tissue

Common FADS1 
deletion (T/-)

Non-fatal myocardial 
infarction

No interaction observed

Hellstrand et al 
(2014)125

Cohort Dietary linoleic acid and 
α-linolenic acid

rs174546 Atherosclerotic 
cardiovascular disease

An inverse association of α-linolenic acid to linoleic acid ratio or
α-linolenic acid with atherosclerotic cardiovascular disease or
stroke occurred only in minor allele carriers

Liu et al 
(2015)126 

Case-control Dietary eicosapentaenoic 
acid and docosahexaenoic 
acid

rs174547 Coronary artery disease Common T-allele associated with higher risk only among individuals 
with lower dietary eicosapentaenoic acid or docosahexaenoic acid 
intake, not with higher intake

Wu et al 
(2017)58

12 cohorts Linoleic acid and 
arachidonic acid 
biomarker

rs174547 Type 2 diabetes No interaction

Marklund et al 
(2019)49

13 cohorts Linoleic acid and 
arachidonic acid 
biomarker

rs174547 Atherosclerotic 
cardiovascular disease

Inverse association of linoleic acid with total atherosclerotic 
cardiovascular disease and stroke in homozygote carriers of the 
common allele, not in minor allele carriers; no interactions for 
atherosclerotic cardiovascular disease mortality or total coronary 
heart disease or for arachidonic acid

PUFAs=polyunsaturated fatty acids. RCT=randomised controlled trial.

Table 2: Studies investigating interactions between PUFA intake or status and variants in the FADS1–2-3 gene cluster and fatty acid concentrations or cardiometabolic outcomes
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Knockout of FADS2 in mice fed a linoleic acid-rich diet is 
related to reduced availability of arachidonic acid and 
incorporation of arachidonic acid into phospholipids.127,128 
Similarly, knockout of FADS2 depletes eicosapentaenoic 
acid and docosahexaenoic acid in mice fed an α-linolenic 
acid-rich diet.129 FADS2 variants alter FADS2 gene 
expression and tissue arachidonic acid concentrations 
in pigs.130 Similarly, FADS1 knockdown results in 

reorganisation of both omega-6 and omega-3 PUFA 
concentrations and their associated proinflammatory and 
pro-resolving lipid mediators.131

Similar to modifying effects on blood PUFA concen-
trations, modification of the effects of dietary PUFAs on 
blood lipid concentrations by variants in the FADS1-2-3 
gene cluster can be hypothesised. Studies addressing this 
question have found mixed results, but are mostly 

Figure 3: Conceptual framework for hypothesised cardiometabolic benefits of omega-6 and omega-3 polyunsaturated fatty acids intake depending on 
genetic variation in polyunsaturated fatty acids metabolism
Genetic variation in the FADS1-2-3 gene cluster relates to the activity of Δ-5 and Δ-6-desaturases, key enzymes in the formation of longer-chain higher-unsaturated 
PUFAs from precursor omega-3 ALA and omega-6 LA. Mutations related to lower desaturase activity are frequent in Greenlandic Inuit populations 
(eg, rs174570, 99%105), common in European populations (16%), and largely absent in African populations (1%).104 Higher Δ-5-desaturase activity and thus higher 
ability to metabolise LA and intermediate omega-6 PUFAs (GLA and DGLA) to arachidonic acid is related to lower cardiometabolic risk.49 In the presence of high 
intake of long-chain omega-3 PUFAs from fish and seafood, lower genetically determined desaturase activity might compensate for a decreased intake of plant-
based PUFAs. However, there is uncertainty about whether higher ALA intake is beneficial in the context of increased ability to convert ALA to long-chain omega-3 
PUFAs.128 ALA=α-linolenic acid. DGLA=dihomo-γ-linolenic acid. DHA=docosahexaenoic acid. DPA=docosapentaenoic acid. GLA= γ-linolenic acid. 
EPA=eicosapentaenoic acid. LA= linoleic acid. PUFAs=polyunsaturated fatty acids.
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observational and cross-sectional in nature (table 2).113,120–123 
Only one trial (208 participants) specifically focused on the 
triglyceride response to a dietary long-chain omega-3 
PUFA intervention, but did not see an effect modi-
fication.121 However, as mentioned earlier, long-chain 
omega-3 PUFAs are not the main substrate of desaturases. 
Given the current scarcity of interventional studies that 
have directly tested response to the intake of plant-derived 
linoleic acid and α-linolenic acid (rather than long-chain 
omega-3 PUFAs), this hypothesis remains unconfirmed. 
However, modifying effects of the FADS1-2-3 gene cluster 
have been described for other cardiometabolic risk factors. 
For example, the FADSDIET trial saw that FADS1 rs174550 
modified the inflammatory response to a diet rich in 
linoleic acid (as measured by a high-sensitivity C-reactive 
protein test).119 The influences of inhibited Δ-5 and Δ-6 
desaturase activities on glycaemic traits and atherosclerosis 
have been described from knockout animal studies.132

Whether variants in the FADS1-2-3 gene cluster modify 
the cardiometabolic effects of dietary PUFAs on risk of 
clinical endpoints has been investigated in two case control 
and several cohort studies (table 2).49,58,124–126 In a Swedish 
cohort study, high α-linolenic acid intake appeared to be 
more effective at reducing atherosclerotic cardiovascular 
disease risk among carriers of FADS1 rs174546 genotype 
related to lower desaturase activity.125 FORCE, a consortium 
of several prospective cohort studies, did not find that the 
FADS1 rs174547 variant modulated the relationship 
between linoleic acid and arachidonic acid biomarkers and 
type 2 diabetes risk.58 However, effect modification was 
seen for atherosclerotic cardiovascular disease endpoints, 
specifically stroke, which implies that a protective effect of 
high concen trations of linoleic acid is restricted to 
individuals homozygous for the common rs174547 allele, 
thus with an enhanced genetically-determined ability to 
convert linoleic acid to arachidonic acid and subsequent 
products.49 However, this FADS1 variant has a strong 
influence on linoleic acid concentrations in tissues, and 
interpretation of this PUFA biomarker as a proxy of dietary 
intake is problematic. Clearly, prospective studies investi—
gating associations between intake of plant-derived linoleic 
acid and α-linolenic acid, and the subsequent risk of type 2 
diabetes and atherosclerotic cardiovascular disease and its 
modification by variants in the FADS1-2-3 gene cluster, 
would help to substantiate the findings of FORCE.

There is scant study evidence for ALOX5 potentially 
modifying the effects of dietary PUFAs. Arachidonic acid 
intake was related to enhanced influence of the variant 
rs59439148, associated with the number of tandem repeats 
of the proximal specificity protein 1 binding site in the 
ALOX5 promoter (the rare allele having between one and 
two fewer tandem repeats), on arterial thickness in a cross-
sectional study and with the incidence of myocardial 
infarction in a cohort study.109,133 However, in the Danish 
Diet, Cancer and Health study,134 the same tandem repeat 
variant in ALOX5 did not interact with arachidonic acid 
and eicosapentaenoic acid in adipose tissue in relation to 

risk of myocardial infarction. In an intervention, an 
increase in eicosapentaenoic acid and docosahexaenoic 
acid concentrations in erythrocytes in response to a fish oil 
supplement was lower in people who were homozygous 
for the rare variant (deletion of tandem repeats) than in 
people with the common allele.135 Similarly, concentrations 
of eicosapentaenoic acid-derived metabolites showed a 
more marked increase after the fish oil supplementation 
in people who were homozygous for the common allele 
than in people who were carriers of the rare allele.136 
However, results of this small-scale trial have not yet been 
replicated.

Implications
Intake of omega-6 PUFAs varies largely across different 
global regions, ranging from 2·5% to 8·5% of daily 
energy according to the Global Burden of Disease Study.10 
Mean intake as a proportion of daily energy is estimated 
to be 5·2% in western Europe and 6·7% in the USA.10 

Even greater differences in omega-3 PUFA intake are 
evident, for example, intake of long-chain omega-3 
PUFAs from seafood within western Europe ranges 
between approximately 100 mg/day in Ireland and 
approximately 1200 mg/day in Denmark and Iceland, 
compared with a mean consumption of approximately 
140 mg/day in the USA. Approximate intake of plant-
based omega-3 PUFA (α-linolenic acid) varies by a factor 
of 10 across global regions, ranging from 300–3200 mg/day 
(ie, <1%–14% of a daily energy intake standardised to 
2000 kcal per day).

European Food Safety Authority reference values for 
adults are 4% of energy from linoleic acid and 0·5% from 
α-linolenic acid.137 These values are based on the lowest 
estimated mean intakes for various populations across 
Europe without overt deficiency symptoms; they do not 
reflect optimum intake amounts for the prevention of 
cardiometabolic diseases. Reference values for omega-3 
and omega-6 PUFAs vary between the European Food 
Safety Authority and several European countries.2 
Recommended linoleic acid intake to reduce risk of 
chronic disease and ensure adequate essential nutrients 
has been specified as 5%–10% of energy intake by the US 
Institute of Medicine and 2·5%–9·0% by UN Food and 
Agriculture Organization and WHO.138,139 Linoleic acid 
intakes exceeding these ranges are considered suboptimal 
and potentially harmful, which is in contrast to European 
Food Safety Authority recommendations for omega-6 
PUFAs, which set no upper limit.137 Recommended intake 
for long-chain omega-3 PUFAs is set at 250–500 mg/day 
by most organisations.137–140

Guidelines and position statements of the American 
Heart Association27 and the European Society of 
Cardiology141 on PUFAs for the prevention of athero sclerotic 
cardiovascular disease highlight the impor tance of 
substituting energy from saturated fatty acids by PUFAs, 
but are less optimistic for long-chain omega-3 PUFAs.27,141 

Specifically, intake of fish oil supplements with doses of 
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eicosapentaenoic acid plus docosahexaenoic acid that are 
substantially higher than the adequate intake level is not 
routinely recommended at a population level. The 
American Heart Association, however, evaluates fish oil 
supplements as a reasonable (but not recom mended) 
treatment for secondary prevention among patients with 
pre-existing coronary heart disease.27 Benefi cial effects of 
fish oils in subgroups who are low consumers of fish seen 
in some trials also indicates cardio  protection in those with 
low status of eicosapentaenoic acid and docosahexaenoic 
acid, an area that needs closer attention in further research.7 
The American Heart Association and European Society of 
Cardiology recommend a usual intake of one to two 
portions of fish per week, mainly as a dietary source of 
long-chain omega-3 PUFAs.141,142 Inconsistent literature on 
fish intake (deemed beneficial, but largely based on 
observational studies) and individual trials on fish oil 
supplements show the complexity of assessing food 
bioactives in isolation from their complex food 
sources. However, the risk reduction in atherosclerotic 
cardiovascular disease seen in meta-analysis of trials 
implies that conservative recom mendations regarding 
eicosapentaenoic acid and docosahexaenoic acid supple-
ments might need to be revised.31 The strong role of PUFA 
metabolism (specifi cally of desaturases) highlights that fatty 
acid intake and availability, plus genetic variants that 
influence PUFA metabolism, might be considered 
when setting recom mendations for α-linolenic acid, 
eicosapentaenoic acid, and docosahexaenoic acid intake 
(figure 3). In global regions with little access to seafood, 
intake of plant-derived α-linolenic acid might need to be 

increased considerably, especially if there are genetic 
variants in the FADS1-2-3 gene cluster that limit biocon—
version of α-linolenic acid to long-chain omega-3 PUFAs. 
Supplementation with fish oil would be another option in 
such a setting. Similarly, if plenty of plant oils rich in linoleic 
acid and α-linolenic acid are consumed, and genetic make-
up supports bio con version to longer-chain higher-
unsaturated PUFAs, this could reduce the need for intake of 
long-chain omega-3 PUFAs from seafood or supplements.
Contributors
All authors contributed to literature search, data interpretation, writing, 
and critical revision of the manuscript.

Declaration of interests
MBS reports grants from European Commission and German Federal 
Ministry of Education and Research. RNMS reports grants from 
EU JPI-BBSRC (UK Government). AMM reports grants from 
EU JPI-BBSRC (UK Government). UR declares no competing 
interests.

Acknowledgments
This Review was funded in part by funding from the European 
Commission and national funding partners of the Joint Programming 
Initiative A Healthy Diet for a Healthy Life, within the ERA-HDHL 
cofounded joint call Biomarkers for Nutrition and Health.

References
1 Ratnayake WM, Galli C. Fat and fatty acid terminology, methods of 

analysis and fat digestion and metabolism: a background review 
paper. Ann Nutr Metab 2009; 55: 8–43.

2 Sioen I, van Lieshout L, Eilander A, et al. Systematic review on 
n-3 and n-6 polyunsaturated fatty acid intake in European countries 
in light of the current recommendations—focus on specific 
population groups. Ann Nutr Metab 2017; 70: 39–50.

3 Burdge GC, Finnegan YE, Minihane AM, Williams CM, 
Wootton SA. Effect of altered dietary 3 fatty acid intake upon plasma 
lipid fatty acid composition, conversion of [13C]alpha-linolenic acid 
to longer-chain fatty acids and partitioning towards beta-oxidation 
in older men. Br J Nutr 2003; 90: 311–21.

4 Harris WS, Zotor FB. n-3 fatty acids and risk for fatal coronary 
disease. Proc Nutr Soc 2019; 78: 526–31.

5 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.

6 Bowman L, Mafham M, Wallendszus K, et al. Effects of n-3 fatty 
acid supplements in diabetes mellitus. N Engl J Med 2018; 
379: 1540–50.

7 Manson JE, Cook NR, Lee IM, et al. Marine n-3 fatty acids and 
prevention of cardiovascular disease and cancer. N Engl J Med 2019; 
380: 23–32.

8 Keaney JF Jr, Rosen CJ. VITAL Signs for dietary supplementation 
to prevent cancer and heart disease. N Engl J Med 2019; 
380: 91–93.

9 Simopoulos AP. Evolutionary aspects of diet, the omega-6/omega-3 
ratio and genetic variation: nutritional implications for chronic 
diseases. Biomed Pharmacother 2006; 60: 502–07.

10 Micha R, Khatibzadeh S, Shi P, et al. Global, regional, and national 
consumption levels of dietary fats and oils in 1990 and 2010: 
a systematic analysis including 266 country-specific nutrition 
surveys. BMJ 2014; 348: g2272.

11 Zhang Y, Zhuang P, He W, et al. Association of fish and long-chain 
omega-3 fatty acids intakes with total and cause-specific mortality: 
prospective analysis of 421 309 individuals. J Intern Med 2018; 
284: 399–417.

12 GISSI-Prevenzione Investigators. Dietary supplementation with 
n-3 polyunsaturated fatty acids and vitamin E after myocardial 
infarction: results of the GISSI-Prevenzione trial. Gruppo Italiano 
per lo Studio della Sopravvivenza nell’Infarto miocardico. Lancet 1999; 
354: 447–55.

13 Kromhout D, Giltay EJ, Geleijnse JM. n-3 fatty acids and 
cardiovascular events after myocardial infarction. N Engl J Med 2010; 
363: 2015–26.

Search strategy and selection criteria

We searched PubMed for systematic review articles published 
in English between Jan 1, 1990, and March 31, 2020, 
to identify reports about associations of PUFA intake and 
cardiometabolic outcomes. The search terms used were 
“PUFA” OR “polyunsaturated fatty acids” OR “linoleic acid” OR 
alpha-linolenic acid” OR “eicosapentaenoic acid” OR 
“docosahexaenoic acids” OR “n-3 fatty acids” OR 
“n-6 fatty acids” AND “cardiovascular disease” OR “myocardial 
infarction” OR “stroke” OR “diabetes mellitus, type 2”. 
The reference lists of the identified papers were used to 
identify individual papers of interest. Furthermore, we 
searched PubMed for studies published in English between 
Jan 1, 1990, and March 31, 2020, on the interaction of FADS 
gene variants and PUFA intake using the search terms “FADS1” 
OR “FADS2” OR “fatty acid desaturase” OR “D5D” OR “delta-5-
desaturase” OR “D6D” OR “delta-6-desaturase” OR “FADS 
polymorphisms” OR “FADS gene variants” AND “PUFA” OR 
“polyunsaturated fatty acids” OR “linoleic acid” OR 
“alpha-linolenic acid” OR “eicosapentaenoic acid” OR 
“docosahexaenoic acids” OR “n-3 fatty acids” OR “n-6 fatty 
acids”. The final references list was selected on the basis of 
relevance to the subject of this Review.



928   

Review

14 Yokoyama M, Origasa H, Matsuzaki M, et al. Effects of 
eicosapentaenoic acid on major coronary events in 
hypercholesterolaemic patients (JELIS): a randomised open-label, 
blinded endpoint analysis. Lancet 2007; 369: 1090–98.

15 Bhatt DL, Steg PG, Miller M, et al. Cardiovascular risk reduction with 
icosapent ethyl for hypertriglyceridemia. N Engl J Med 2019; 
380: 11–22.

16 Roncaglioni MC, Tombesi M, Avanzini F, et al. n-3 fatty acids in 
patients with multiple cardiovascular risk factors. N Engl J Med 2013; 
368: 1800–08.

17 Bosch J, Gerstein HC, Dagenais GR, et al. n-3 fatty acids and 
cardiovascular outcomes in patients with dysglycemia. N Engl J Med 
2012; 367: 309–18.

18 Nicholls SJ, Lincoff AM, Bash D, et al. Assessment of omega-3 
carboxylic acids in statin-treated patients with high levels of 
triglycerides and low levels of high-density lipoprotein cholesterol: 
rationale and design of the STRENGTH trial. Clin Cardiol 2018; 
41: 1281–88.

19 Kemp A. Update on phase III STRENGTH trial for epanova in mixed 
dyslipidaemia. Jan 13, 2020. https://www.astrazeneca.com/media-
centre/press-releases/2020/update-on-phase-iii-strength-trial-for-
epanova-in-mixed-dyslipidaemia-13012020.html (accessed 
March 13, 2020).

20 Dayton S, Pearce ML, Hashomoto S, Dixon WJ, Tomiyasu U. 
A controlled clinical trial of a diet high in unsaturated fat in preventing 
complications of atherosclerosis. Circulation 1969; 40: 1–63.

21 Controlled trial of soya-bean oil in myocardial infarction. Lancet 1968; 
2: 693–99.

22 Leren P. The Oslo diet-heart study. Eleven-year report. Circulation 
1970; 42: 935–42.

23 Turpeinen O, Karvonen MJ, Pekkarinen M, Miettinen M, Elosuo R, 
Paavilainen E. Dietary prevention of coronary heart disease: the 
Finnish mental hospital study. Int J Epidemiol 1979; 8: 99–118.

24 Miettinen M, Turpeinen O, Karvonen MJ, Pekkarinen M, 
Paavilainen E, Elosuo R. Dietary prevention of coronary heart disease 
in women: the Finnish mental hospital study. Int J Epidemiol 1983; 
12: 17–25.

25 Frantz ID Jr, Dawson EA, Ashman PL, et al. Test of effect of lipid 
lowering by diet on cardiovascular risk. The Minnesota Coronary 
Survey. Arteriosclerosis 1989; 9: 129–35.

26 Woodhill JM, Palmer AJ, Leelarthaepin B, McGilchrist C, Blacket RB. 
Low fat, low cholesterol diet in secondary prevention of coronary 
heart disease. Adv Exp Med Biol 1978; 109: 317–30.

27 Siscovick DS, Barringer TA, Fretts AM, et al. Omega-3 
polyunsaturated fatty acid (fish oil) supplementation and the 
prevention of clinical cardiovascular disease: a science advisory from 
the American Heart Association. Circulation 2017; 135: e867–84.

28 Burr ML, Fehily AM, Gilbert JF, et al. Effects of changes in fat, fish, 
and fibre intakes on death and myocardial reinfarction: diet and 
reinfarction trial (DART). Lancet 1989; 2: 757–61.

29 Aung T, Halsey J, Kromhout D, et al. Associations of omega-3 fatty 
acid supplement use with cardiovascular disease risks: meta-analysis 
of 10 trials involving 77 917 individuals. JAMA Cardiol 2018; 3: 225–34.

30 Skulas-Ray AC, Wilson PWF, Harris WS, et al. Omega-3 fatty acids 
for the management of hypertriglyceridemia: a Science Advisory 
from the American Heart Association. Circulation 2019; 
140: e673–91.

31 Hu Y, Hu FB, Manson JE. Marine omega-3 supplementation and 
cardiovascular disease: an updated meta-analysis of 13 randomized 
controlled trials involving 127 477 participants. J Am Heart Assoc 
2019; 8: e013543.

32 Abdelhamid AS, Brown TJ, Brainard JS, et al. Omega-3 fatty acids 
for the primary and secondary prevention of cardiovascular disease. 
Cochrane Database Syst Rev 2020; 3: CD003177.

33 Maki KC, Dicklin MR. Strategies to improve bioavailability of 
omega-3 fatty acids from ethyl ester concentrates. 
Curr Opin Clin Nutr Metab Care 2019; 22: 116–23.

34 Contreras AV, Torres N, Tovar AR. PPAR-α as a key nutritional and 
environmental sensor for metabolic adaptation. Adv Nutr 2013; 
4: 439–52.

35 Rizos EC, Ntzani EE, Bika E, Kostapanos MS, Elisaf MS. 
Association between omega-3 fatty acid supplementation and risk 
of major cardiovascular disease events: a systematic review and 
meta-analysis. JAMA 2012; 308: 1024–33.

36 McManus S, Tejera N, Awwad K, et al. Differential effects of EPA 
versus DHA on postprandial vascular function and the plasma 
oxylipin profile in men. J Lipid Res 2016; 57: 1720–27.

37 Pan A, Chen M, Chowdhury R, et al. α-Linolenic acid and risk of 
cardiovascular disease: a systematic review and meta-analysis. 
Am J Clin Nutr 2012; 96: 1262–73.

38 Wei J, Hou R, Xi Y, et al. The association and dose–response 
relationship between dietary intake of α-linolenic acid and risk of 
CHD: a systematic review and meta-analysis of cohort studies. 
Br J Nutr 2018; 119: 83–89.

39 Abdelhamid AS, Brown TJ, Brainard JS, et al. Omega-3 fatty acids 
for the primary and secondary prevention of cardiovascular disease. 
Cochrane Database Syst Rev 2018; 11: CD003177.

40 Brown TJ, Brainard J, Song F, Wang X, Abdelhamid A, Hooper L. 
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; 
366: l4697.

41 Wu JH, Micha R, Imamura F, et al. Omega-3 fatty acids and 
incident type 2 diabetes: a systematic review and meta-analysis. 
Br J Nutr 2012; 107 (suppl 2): S214–27.

42 Sarwar N, Sandhu MS, Ricketts SL, et al. Triglyceride-mediated 
pathways and coronary disease: collaborative analysis of 101 studies. 
Lancet 2010; 375: 1634–39.

43 White J, Swerdlow DI, Preiss D, et al. Association of lipid fractions 
with risks for coronary artery disease and diabetes. JAMA Cardiol 
2016; 1: 692–99.

44 Forouhi NG, Imamura F, Sharp SJ, 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.

45 Mozaffarian D, Micha R, Wallace S. Effects on coronary heart 
disease of increasing polyunsaturated fat in place of saturated fat: 
a systematic review and meta-analysis of randomized controlled 
trials. PLoS Med 2010; 7: e1000252.

46 Hooper L, Al-Khudairy L, Abdelhamid AS, et al. Omega-6 fats for 
the primary and secondary prevention of cardiovascular disease. 
Cochrane Database Syst Rev 2018; 11: CD011094.

47 Jakobsen MU, O’Reilly EJ, Heitmann BL, et al. Major types 
of dietary fat and risk of coronary heart disease: a pooled analysis 
of 11 cohort studies. Am J Clin Nutr 2009; 89: 1425–32.

48 Farvid MS, Ding M, Pan A, et al. Dietary linoleic acid and risk 
oxnary heart disease: a systematic review and meta-analysis of 
prospective cohort studies. Circulation 2014; 130: 1568–78.

49 Marklund M, Wu JHY, Imamura F, et al. Biomarkers of dietary 
omega-6 fatty acids and incident cardiovascular disease and 
mortality. Circulation 2019; 139: 2422–36.

50 Li J, Guasch-Ferré M, Li Y, Hu FB. Dietary intake and biomarkers 
of linoleic acid and mortality: systematic review and meta-analysis 
of prospective cohort studies. Am J Clin Nutr 2020; 112: 150–67.

51 Ramsden CE, Hibbeln JR, Majchrzak SF, Davis JM. n-6 fatty 
acid-specific and mixed polyunsaturate dietary interventions have 
different effects on CHD risk: a meta-analysis of randomised 
controlled trials. Br J Nutr 2010; 104: 1586–600.

52 Ramsden CE, Zamora D, Leelarthaepin B, et al. Use of dietary 
linoleic acid for secondary prevention of coronary heart disease 
and death: evaluation of recovered data from the Sydney Diet 
Heart Study and updated meta-analysis. BMJ 2013; 346: e8707.

53 Ramsden CE, Zamora D, Majchrzak-Hong S, et al. Re-evaluation of 
the traditional diet-heart hypothesis: analysis of recovered data 
from Minnesota Coronary Experiment (1968–73). BMJ 2016; 
353: i1246.

54 Skeaff CM, Miller J. Dietary fat and coronary heart disease: summary 
of evidence from prospective cohort and randomised controlled trials. 
Ann Nutr Metab 2009; 55: 173–201.

55 Chowdhury R, Warnakula S, Kunutsor S, et al. Association of dietary, 
circulating, and supplement fatty acids with coronary risk: a 
systematic review and meta-analysis. Ann Intern Med 2014; 
160: 398–406.

56 Hamley S. The effect of replacing saturated fat with mostly 
n-6 polyunsaturated fat on coronary heart disease: a meta-analysis of 
randomised controlled trials. Nutr J 2017; 16: 30.

57 Risérus U, Willett WC, Hu FB. Dietary fats and prevention of type 2 
diabetes. Prog Lipid Res 2009; 48: 44–51.



www.thelancet.com/diabetes-endocrinology   Vol 8   November 2020 929

Review

58 Wu JHY, Marklund M, Imamura F, et al. Omega-6 fatty acid 
biomarkers and incident type 2 diabetes: pooled analysis of 
individual-level data for 39 740 adults from 20 prospective cohort 
studies. Lancet Diabetes Endocrinol 2017; 5: 965–74.

59 Imamura F, Micha R, Wu JH, et al. Effects of saturated fat, 
polyunsaturated fat, monounsaturated fat, and carbohydrate on 
glucose-insulin homeostasis: a systematic review and meta-analysis of 
randomised controlled feeding trials. PLoS Med 2016; 13: e1002087.

60 Johnson GH, Fritsche K. Effect of dietary linoleic acid on markers of 
inflammation in healthy persons: a systematic review of randomized 
controlled trials. J Acad Nutr Diet 2012; 112: 1029–41.

61 Rosqvist F, Kullberg J, Ståhlman M, et al. Overeating saturated fat 
promotes fatty liver and ceramides compared with polyunsaturated 
fat: a randomized trial. J Clin Endocrinol Metab 2019; 104: 6207–19.

62 Harris WS, Mozaffarian D, Rimm E, et al. Omega-6 fatty acids and 
risk for cardiovascular disease: a science advisory from the American 
Heart Association Nutrition Subcommittee of the Council on 
Nutrition, Physical Activity, and Metabolism; Council on 
Cardiovascular Nursing; and Council on Epidemiology and 
Prevention. Circulation 2009; 119: 902–07.

63 Harris WS. The Omega-6:omega-3 ratio: a critical appraisal and 
possible successor. Prostaglandins Leukot Essent Fatty Acids 2018; 
132: 34–40.

64 Bjermo H, Iggman D, Kullberg J, et al. Effects of n-6 PUFAs 
compared with SFAs on liver fat, lipoproteins, and inflammation in 
abdominal obesity: a randomized controlled trial. Am J Clin Nutr 
2012; 95: 1003–12.

65 Fretts AM, Jensen PN, Hoofnagle A, et al. Plasma ceramide species 
are associated with diabetes risk in participants of the Strong Heart 
Study. J Nutr 2020; 150: 1214–22.

66 Hilvo M, Meikle PJ, Pedersen ER, et al. Development and validation of 
a ceramide- and phospholipid-based cardiovascular risk estimation 
score for coronary artery disease patients. Eur Heart J 2020; 41: 371–80.

67 Chavez JA, Summers SA. A ceramide-centric view of insulin 
resistance. Cell Metab 2012; 15: 585–94.

68 Das UN. Essential fatty acids: biochemistry, physiology and pathology. 
Biotechnol J 2006; 1: 420–39.

69 Cho HP, Nakamura M, Clarke SD. Cloning, expression, and fatty acid 
regulation of the human delta-5 desaturase. J Biol Chem 1999; 
274: 37335–39.

70 Gabbs M, Leng S, Devassy JG, Monirujjaman M, Aukema HM. 
Advances in our understanding of oxylipins derived from dietary 
PUFAs. Adv Nutr 2015; 6: 513–40.

71 Dorris SL, Peebles RS Jr. PGI2 as a regulator of inflammatory 
diseases. Mediators Inflamm 2012; 2012: 926968.

72 Serhan CN, Krishnamoorthy S, Recchiuti A, Chiang N. Novel 
anti-inflammatory—pro-resolving mediators and their receptors. 
Curr Top Med Chem 2011; 11: 629–47.

73 Wang Y, Wang W, Sanidad KZ, Shih PA, Zhao X, Zhang G. 
Eicosanoid signaling in carcinogenesis of colorectal cancer. 
Cancer Metastasis Rev 2018; 37: 257–67.

74 Cannon CP, Cannon PJ. Physiology. COX-2 inhibitors and 
cardiovascular risk. Science 2012; 336: 1386–87.

75 Ye J, Ghosh S. Omega-3 PUFA vs. NSAIDs for preventing cardiac 
inflammation. Front Cardiovasc Med 2018; 5: 146.

76 Innes JK, Calder PC. Omega-6 fatty acids and inflammation. 
Prostaglandins Leukot Essent Fatty Acids 2018; 132: 41–48.

77 Heemskerk MM, Giera M, Bouazzaoui FE, et al. Increased PUFA 
content and 5-lipoxygenase pathway expression are associated with 
subcutaneous adipose tissue inflammation in obese women with 
type 2 diabetes. Nutrients 2015; 7: 7676–90.

78 Colazzo F, Gelosa P, Tremoli E, Sironi L, Castiglioni L. Role of the 
cysteinyl leukotrienes in the pathogenesis and progression of 
cardiovascular diseases. Mediators Inflamm 2017; 2017: 2432958.

79 Jamieson KL, Endo T, Darwesh AM, Samokhvalov V, Seubert JM. 
Cytochrome P450-derived eicosanoids and heart function. 
Pharmacol Ther 2017; 179: 47–83.

80 Kröger J, Schulze MB. Recent insights into the relation of 
Δ5 desaturase and Δ6 desaturase activity to the development of type 2 
diabetes. Curr Opin Lipidol 2012; 23: 4–10.

81 Wang L, Folsom AR, Eckfeldt JH. Plasma fatty acid composition and 
incidence of coronary heart disease in middle aged adults: 
the Atherosclerosis Risk in Communities (ARIC) study. 
Nutr Metab Cardiovasc Dis 2003; 13: 256–66.

82 Yamagishi K, Folsom AR, Steffen LM. Plasma fatty acid composition 
and incident ischemic stroke in middle-aged adults: the 
Atherosclerosis Risk in Communities (ARIC) Study. Cerebrovasc Dis 
2013; 36: 38–46.

83 Fezeu LK, Laporte F, Kesse-Guyot E, et al. Baseline plasma fatty acids 
profile and incident cardiovascular events in the SU.FOL.OM3 trial: 
the evidence revisited. PLoS One 2014; 9: e92548.

84 Wu JH, Lemaitre RN, King IB, et al. Circulating omega-6 
polyunsaturated fatty acids and total and cause-specific mortality: the 
Cardiovascular Health Study. Circulation 2014; 130: 1245–53.

85 Sun Y, Koh HW, Choi H, et al. Plasma fatty acids, oxylipins, and risk 
of myocardial infarction: the Singapore Chinese Health Study. 
J Lipid Res 2016; 57: 1300–07.

86 O’Neill CM, Minihane AM. The impact of fatty acid desaturase 
genotype on fatty acid status and cardiovascular health in adults. 
Proc Nutr Soc 2017; 76: 64–75.

87 Lemaitre RN, Tanaka T, Tang W, et al. Genetic loci associated with 
plasma phospholipid n-3 fatty acids: a meta-analysis of genome-wide 
association studies from the CHARGE Consortium. PLoS Genet 2011; 
7: e1002193.

88 Guan W, Steffen BT, Lemaitre RN, et al. Genome-wide association 
study of plasma N6 polyunsaturated fatty acids within the cohorts for 
heart and aging research in genomic epidemiology consortium. 
Circ Cardiovasc Genet 2014; 7: 321–31.

89 de Toro-Martin J, Guenard F, Rudkowska I, Lemieux S, Couture P, 
Vohl MC. A common variant in ARHGEF10 alters delta-6 desaturase 
activity and influence susceptibility to hypertriglyceridemia. 
J Clin Lipidol 2018; 12: 311–20.e3.

90 Marklund M, Morris AP, Mahajan A, et al. Genome-wide association 
studies of estimated fatty acid desaturase activity in serum and 
adipose tissue in elderly individuals: associations with insulin 
sensitivity. Nutrients 2018; 10: e1791.

91 Ligthart S, Vaez A, Hsu YH, et al. Bivariate genome-wide association 
study identifies novel pleiotropic loci for lipids and inflammation. 
BMC Genomics 2016; 17: 443.

92 Willer CJ, Schmidt EM, Sengupta S, et al. Discovery and refinement 
of loci associated with lipid levels. Nat Genet 2013; 45: 1274–83.

93 Illig T, Gieger C, Zhai G, et al. A genome-wide perspective of genetic 
variation in human metabolism. Nat Genet 2010; 42: 137–41.

94 Draisma HHM, Pool R, Kobl M, et al. Genome-wide association study 
identifies novel genetic variants contributing to variation in blood 
metabolite levels. Nat Commun 2015; 6: 7208.

95 Floegel A, Stefan N, Yu Z, et al. Identification of serum metabolites 
associated with risk of type 2 diabetes using a targeted metabolomic 
approach. Diabetes 2013; 62: 639–48.

96 Floegel A, Kühn T, Sookthai D, et al. Serum metabolites and risk of 
myocardial infarction and ischemic stroke: a targeted metabolomic 
approach in two German prospective cohorts. Eur J Epidemiol 2018; 
33: 55–66.

97 Mahajan A, Wessel J, Willems SM, et al. Refining the accuracy of 
validated target identification through coding variant fine-mapping in 
type 2 diabetes. Nat Genet 2018; 50: 559–71.

98 Nelson CP, Goel A, Butterworth AS, et al. Association analyses based 
on false discovery rate implicate new loci for coronary artery disease. 
Nat Genet 2017; 49: 1385–91.

99 Dupuis J, Langenberg C, Prokopenko I, et al. New genetic loci 
implicated in fasting glucose homeostasis and their impact on type 2 
diabetes risk. Nat Genet 2010; 42: 105–16.

100 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.

101 Jäger S, Cuadrat R, Hoffmann P, Wittenbecher C, Schulze MB. 
Desaturase activity and the risk of type 2 diabetes and coronary 
artery disease: a Mendelian randomization study. Nutrients 2020; 
12: 2261.

102 Jäger S, Wahl S, Kröger J, et al. Genetic variants including 
markers from the exome chip and metabolite traits of type 2 
diabetes. Sci Rep 2017; 7: 6037.

103 Kröger J, Zietemann V, Enzenbach C, et al. Erythrocyte 
membrane phospholipid fatty acids, desaturase activity, and 
dietary fatty acids in relation to risk of type 2 diabetes in the 
European Prospective Investigation into Cancer and Nutrition 
(EPIC)-Potsdam Study. Am J Clin Nutr 2011; 93: 127–42.



930   

Review

104 Sudmant PH, Rausch T, Gardner EJ, et al. An integrated map of 
structural variation in 2,504 human genomes. Nature 2015; 
526: 75–81.

105 Fumagalli M, Moltke I, Grarup N, et al. Greenlandic Inuit show 
genetic signatures of diet and climate adaptation. Science 2015; 
349: 1343–47.

106 Mozaffarian D, Dashti HS, Wojczynski MK, et al. Genome-wide 
association meta-analysis of fish and EPA+DHA consumption in 
17 US and European cohorts. PLoS One 2017; 12: e0186456.

107 Ross S, Eikelboom J, Anand SS, et al. Association of 
cyclooxygenase-2 genetic variant with cardiovascular disease. 
Eur Heart J 2014; 35: 2242–48.

108 Demetz E, Schroll A, Auer K, et al. The arachidonic acid 
metabolome serves as a conserved regulator of cholesterol 
metabolism. Cell Metab 2014; 20: 787–98.

109 Allayee H, Baylin A, Hartiala J, et al. Nutrigenetic association of 
the 5-lipoxygenase gene with myocardial infarction. 
Am J Clin Nutr 2008; 88: 934–40.

110 Gammelmark A, Nielsen MS, Lundbye-Christensen S, 
Tjønneland A, Schmidt EB, Overvad K. Common polymorphisms 
in the 5-lipoxygenase pathway and risk of incident myocardial 
infarction: a Danish case-cohort study. PLoS One 2016; 
11: e0167217.

111 Xue A, Wu Y, Zhu Z, et al. Genome-wide association analyses 
identify 143 risk variants and putative regulatory mechanisms for 
type 2 diabetes. Nat Commun 2018; 9: 2941.

112 Moltó-Puigmartí C, Plat J, Mensink RP, et al. FADS1 FADS2 gene 
variants modify the association between fish intake and the 
docosahexaenoic acid proportions in human milk. Am J Clin Nutr 
2010; 91: 1368–76.

113 Dumont J, Huybrechts I, Spinneker A, et al. FADS1 genetic 
variability interacts with dietary α-linolenic acid intake to affect 
serum non-HDL-cholesterol concentrations in European 
adolescents. J Nutr 2011; 141: 1247–53.

114 Al-Hilal M, Alsaleh A, Maniou Z, et al. Genetic variation at the 
FADS1-FADS2 gene locus influences delta-5 desaturase activity 
and LC-PUFA proportions after fish oil supplement. J Lipid Res 
2013; 54: 542–51.

115 Gillingham LG, Harding SV, Rideout TC, et al. Dietary oils and 
FADS1-FADS2 genetic variants modulate [13C]α-linolenic acid 
metabolism and plasma fatty acid composition. Am J Clin Nutr 
2013; 97: 195–207.

116 Smith CE, Follis JL, Nettleton JA, et al. Dietary fatty acids 
modulate associations between genetic variants and circulating 
fatty acids in plasma and erythrocyte membranes: meta-analysis 
of nine studies in the CHARGE consortium. Mol Nutr Food Res 
2015; 59: 1373–83.

117 Takkunen MJ, de Mello VD, Schwab US, et al. Gene-diet 
interaction of a common FADS1 variant with marine 
polyunsaturated fatty acids for fatty acid composition in plasma 
and erythrocytes among men. Mol Nutr Food Res 2016; 60: 381–89.

118 Juan J, Huang H, Jiang X, et al. Joint effects of fatty acid 
desaturase 1 polymorphisms and dietary polyunsaturated fatty 
acid intake on circulating fatty acid proportions. Am J Clin Nutr 
2018; 107: 826–33.

119 Lankinen MA, Fauland A, Shimizu BI, et al. Inflammatory 
response to dietary linoleic acid depends on FADS1 genotype. 
Am J Clin Nutr 2019; 109: 165–75.

120 Lu Y, Feskens EJ, Dollé ME, et al. Dietary n-3 and n-6 
polyunsaturated fatty acid intake interacts with FADS1 genetic 
variation to affect total and HDL-cholesterol concentrations in the 
Doetinchem Cohort Study. Am J Clin Nutr 2010; 92: 258–65.

121 Cormier H, Rudkowska I, Paradis AM, et al. Association between 
polymorphisms in the fatty acid desaturase gene cluster and the 
plasma triacylglycerol response to an n-3 PUFA supplementation. 
Nutrients 2012; 4: 1026–41.

122 Standl M, Lattka E, Stach B, et al. FADS1 FADS2 gene cluster, 
PUFA intake and blood lipids in children: results from the 
GINIplus and LISAplus studies. PLoS One 2012; 7: e37780.

123 Dumont J, Goumidi L, Grenier-Boley B, et al. Dietary linoleic acid 
interacts with FADS1 genetic variability to modulate HDL-cholesterol 
and obesity-related traits. Clin Nutr 2018; 37: 1683–89.

124 Baylin A, Ruiz-Narvaez E, Kraft P, Campos H. Alpha-linolenic acid, 
delta6-desaturase gene polymorphism, and the risk of nonfatal 
myocardial infarction. Am J Clin Nutr 2007; 85: 554–60.

125 Hellstrand S, Ericson U, Gullberg B, Hedblad B, Orho-Melander 
M, Sonestedt E. Genetic variation in FADS1 has little effect on the 
association between dietary PUFA intake and cardiovascular 
disease. J Nutr 2014; 144: 1356–63.

126 Liu F, Li Z, Lv X, Ma J. Dietary n-3 polyunsaturated fatty acid 
intakes modify the effect of genetic variation in fatty acid 
desaturase 1 on coronary artery disease. PLoS One 2015; 
10: e0121255.

127 Monk JM, Liddle DM, Cohen DJ, et al. The delta 6 desaturase 
knock out mouse reveals that immunomodulatory effects of 
essential n-6 and n-3 polyunsaturated fatty acids are both 
independent of and dependent upon conversion. J Nutr Biochem 
2016; 32: 29–38.

128 Stoffel W, Hammels I, Jenke B, et al. Obesity resistance and 
deregulation of lipogenesis in Δ6-fatty acid desaturase (FADS2) 
deficiency. EMBO Rep 2014; 15: 110–20.

129 Monteiro J, Askarian F, Nakamura MT, Moghadasian MH, Ma DW. 
Oils rich in α-linolenic acid independently protect against 
characteristics of fatty liver disease in the Δ6-desaturase null 
mouse. Can J Physiol Pharmacol 2013; 91: 469–79.

130 Gol S, Pena RN, Rothschild MF, Tor M, Estany J. A polymorphism 
in the fatty acid desaturase-2 gene is associated with the 
arachidonic acid metabolism in pigs. Sci Rep 2018; 8: 14336.

131 Gromovsky AD, Schugar RC, Brown AL, et al. Δ-5 Fatty acid 
desaturase FADS1 impacts metabolic disease by balancing 
proinflammatory and proresolving lipid mediators. 
Arterioscler Thromb Vasc Biol 2018; 38: 218–31.

132 Powell DR, Gay JP, Smith M, et al. Fatty acid desaturase 1 knockout 
mice are lean with improved glycemic control and decreased 
development of atheromatous plaque. Diabetes Metab Syndr Obes 
2016; 9: 185–99.

133 Dwyer JH, Allayee H, Dwyer KM, et al. Arachidonate 
5-lipoxygenase promoter genotype, dietary arachidonic acid, and 
atherosclerosis. N Engl J Med 2004; 350: 29–37.

134 Gammelmark A, Lundbye-Christensen S, Tjønneland A, 
Schmidt EB, Overvad K, Nielsen MS. Interactions between 
5-lipoxygenase polymorphisms and adipose tissue contents of 
arachidonic and eicosapentaenoic acids do not affect risk of 
myocardial infarction in middle-aged men and women in a Danish 
case-cohort study. J Nutr 2017; 147: 1340–47.

135 Armstrong P, Kelley DS, Newman JW, et al. Arachidonate 
5-lipoxygenase gene variants affect response to fish oil 
supplementation by healthy African Americans. J Nutr 2012; 
142: 1417–28.

136 Stephensen CB, Armstrong P, Newman JW, et al. ALOX5 gene 
variants affect eicosanoid production and response to fish oil 
supplementation. J Lipid Res 2011; 52: 991–1003.

137 European Food Safety Authority. Scientific opinion on dietary 
reference values for fats, including saturated fatty acids, 
polyunsaturated fatty acids, monounsaturated fatty acids, trans 
fatty acids, and cholesterol. EFSA J 2010; 8: 1461.

138 Trumbo P, Schlicker S, Yates AA, Poos M. Dietary reference intakes 
for energy, carbohydrate, fiber, fat, fatty acids, cholesterol, protein 
and amino acids. J Am Diet Assoc 2002; 102: 1621–30.

139 Food and Agriculture Organization of the UN. Fats and fatty acids 
in human nutrition—report of an expert consultation. Geneva: 
World Health Organization, 2010.

140 Scientific Advisory Committee on Nutrition. Advice on fish 
consumption: benefits & risks. London: Her Majesty’s Stationery 
Office, 2004.

141 Piepoli MF, Hoes AW, Agewall S, et al. 2016 European Guidelines on 
cardiovascular disease prevention in clinical practice: the sixth joint 
task force of the European Society of Cardiology and other societies 
on cardiovascular disease prevention in clinical practice (constituted 
by representatives of 10 societies and by invited experts). Developed 
with the special contribution of the European Association for 
Cardiovascular Prevention & Rehabilitation (EACPR). Eur Heart J 
2016; 37: 2315–81.

142 Rimm EB, Appel LJ, Chiuve SE, et al. Seafood long-chain 
n-3 polyunsaturated fatty acids and cardiovascular disease: 
a science advisory from the American Heart Association. 
Circulation 2018; 138: e35–47.

© 2020 Elsevier Ltd. All rights reserved.


	Intake and metabolism of omega-3 and omega-6 polyunsaturated fatty acids: nutritional implications for cardiometabolic diseases
	Introduction
	Effect of omega-3 PUFA intake on atherosclerotic cardiovascular disease and type 2 diabetes
	Effect of omega-6 PUFA intake on atherosclerotic cardiovascular disease and type 2 diabetes
	Role of the omega-6 to omega-3 PUFA ratio
	PUFA metabolism
	Relationship between desaturase activity and cardiometabolic health
	Genetic determinants of PUFA metabolism
	Consequences of altered desaturase and lipoxygenase activity
	Implications
	Acknowledgments
	References


